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Marine viruses that infect phytoplankton strongly influence the ecology and evolution

of their hosts. Emiliania huxleyi is characterized by a biphasic life cycle composed of a

diploid (2N) and haploid (1N) phase; diploid cells are susceptible to infection by specific

coccolithoviruses, yet haploid cells are resistant. Glycosphingolipids (GSLs) play a role

during infection, but their molecular distribution in haploid cells is unknown. We present

mass spectrometric analyses of lipids from cultures of uninfected diploid, infected diploid,

and uninfected haploid E. huxleyi. Known viral GSLs were present in the infected diploid

cultures as expected, but surprisingly, trace amounts of viral GSLs were also detected

in the uninfected haploid cells. Sialic-acid GSLs have been linked to viral susceptibility

in diploid cells, but were found to be absent in the haploid cultures, suggesting a

mechanism of haploid resistance to infection. Additional untargeted high-resolution

mass spectrometry data processed via multivariate analysis unveiled a number of

novel biomarkers of infected, non-infected, and haploid cells. These data expand

our understanding on the dynamics of lipid metabolism during E. huxleyi host/virus

interactions and highlight potential novel biomarkers for infection, susceptibility, and

ploidy.
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INTRODUCTION

Emiliania huxleyi (Lohmann) is the numerically dominant coccolithophore in the modern oceans
and an important component of phytoplankton assemblages, inhabiting all but extreme polar
oceans. Moreover, it forms large, dense blooms in high-latitude coastal and shelf ecosystems that
exert a critical impact upon the global carbon cycle and the earth’s climate (Westbroek et al., 1993;
Paasche, 2001; Tyrrell and Merico, 2004). In later stages these blooms become visible to satellites
as large scale cell death leads to the mass shedding of the highly scattering calcium carbonate
coccoliths that normally coat the surface of E. huxleyi cells (Holligan et al., 1983; Vardi et al., 2012;
Lehahn et al., 2014).
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Marine viruses are the most abundant biological agents in
the oceans (Fuhrman, 1999; Suttle, 2007). Specific, giant, lytic
double-stranded DNA E. huxleyi viruses (EhV), belonging to
the phycodnaviridae family that infect microalgae (Van Etten
et al., 2002) are heavily implicated in the decay of E. huxleyi
blooms (Bratbak et al., 1993; Brussaard et al., 1996; Vardi et al.,
2012; Lehahn et al., 2014). Viruses that induce host cell lysis
are thought to release particulate carbon and other nutrients
into the water column (the “viral shunt”), thus circumventing
the export of particulate organic matter to the deep ocean
by way of the biological pump (Fuhrman, 1999; Suttle, 2007;
Jover et al., 2014). Conversely, viral infection is also known to
induce increased production of transparent exopolymer particles
(TEP) in E. huxleyi, that accelerate the formation of sinking
particulates, enhancing the biological pump, and removing virus
particles from the upper water column (Vardi et al., 2012). The
efficacy of the biological pump, and thus the effect of viruses on
phytoplankton, has direct implications upon atmospheric carbon
dioxide (Suttle, 2007).

At the cellular level, as a large dsDNA virus with high
metabolic demand for the building blocks of DNA, lipids and
protein synthesis, EhV triggers a rapid remodeling of the host
metabolism (Rosenwasser et al., 2014; Schatz et al., 2014). In
particular, recent studies have highlighted the crucial role of
membrane lipids in the progression and regulation of EhV
infection (Vardi et al., 2009, 2012; Rosenwasser et al., 2014).
Evidence from genome and microscopic investigation suggests
that EhV86 utilizes an animal-like, membrane-dependent
infection strategy. EhV entry, bymembrane fusion or endocytosis
and the acquisition of host membrane lipids via budding
(Mackinder et al., 2009; Schatz et al., 2014), seem to be localized
to membrane lipid raft regions (Rose et al., 2014). Furthermore,
the EhV genome contains a cluster of genes composing a nearly
complete sphingolipid biosynthetic pathway analogous to the
host pathway (Wilson et al., 2005; Monier et al., 2009).

Glycosphingolipids (GSLs) bearing a sphingoid base derived
from palmitoyl-CoA—host glycosphingolipids (hGSL)—are
abundant in uninfected E. huxleyi. Under lytic infection however,
viral glycosphingolipids (vGSLs) derived from myristoyl-CoA
are synthesized de novo, and vGSLs are known to play a role in
the regulation of cell death in infected cells and are enriched in
the membrane of newly formed virions (Vardi et al., 2009; Fulton
et al., 2014; Rosenwasser et al., 2014). These vGSLs were detected
in coccolithophore populations in the North Atlantic, which
highlights their potential as biomarkers for viral infection in the
oceans (Vardi et al., 2009, 2012).

A glycosphingolipid with a sialic acid modified glycosyl
headgroup (sGSL) was recently described to have a direct
relationship with susceptibility to infection. Across 11 strains of
E. huxleyi (Fulton et al., 2014), sGSL was only detected at greater
than trace levels in susceptible host strains, but not in viral-
resistant host strains. Given the presence of a sialidase gene in
the EhV genome (Wilson et al., 2005), it has been speculated that
sGSL is a target for hydrolysis by EhV sialidases and/or a ligand
for attachment by EhV lectin proteins during infection (Fulton
et al., 2014). This mechanism is of an analogous fashion to a
range of human viral pathogens including influenza (Stray et al.,

2000). Additionally, betaine-like glycerolipids (BLL) were also
recently described whose fatty acid composition appears highly
indicative of the progression of infection. It was reported that
uninfected E. huxleyi BLL composition was almost exclusively
C16:0/C22:6 and C18:1/C22:6, while under viral infection the
total BLL composition shifted to contain 50% C22:6/22:6 (Fulton
et al., 2014).

A basic feature of E. huxleyi is the possession of a biphasic,
haplodiplontic, and heteromorphic life cycle comprising a
diploid (2N) coccolith-bearing phase that is non-motile and
involved in the formation of blooms and a contrasting haploid
(1N) form bearing flagella and non-mineralized organic body-
scales (Green et al., 1996; Houdan et al., 2004). The vast majority
of research on E. huxleyi has been conducted with 2N cells,
and yet recent transcriptomic analyses have revealed a dramatic
differentiation between 1N and 2N cells, with less than 50%
of transcripts estimated to be shared between the two phases,
unraveling a deep degree of physiological segregation (Von
Dassow et al., 2009; Rokitta et al., 2011). Interestingly, whilst
the 2N form is generally susceptible to EhV infection, the 1N
form appears completely resistant to EhV (Frada et al., 2008).
Furthermore, when 2N E. huxleyi are subject to EhV infection,
a transition toward the resistant 1N flagellated form is induced,
likely allowing for continuity of E. huxleyi following viral bloom
termination (Frada et al., 2008, 2012).

Given the central role that membrane lipids play in the
progression and regulation of EhV infection and the resistance
to EhV infection exhibited by 1N E. huxleyi, a number of
questions arise that are as yet unanswered. Early targeted analyses
have shown similar compositions with respect to the major
structural lipids, storage lipids, and pigments between 1N and
2N cells in the case of a single strain of E. huxleyi (Bell and
Pond, 1996). Minor or novel lipid classes however, are as yet
uncharacterized in the 1N cell lipidome and it is unknown
whether the susceptibility marker sGSL is absent from EhV
resistant 1N cells. By characterizing these lipids and the lipidome
as a whole, we can gain insight into the mechanism of 1N E.
huxleyi resistance to EhV infections and potentially highlight
biomarkers of each of the life cycle phases.

We present herein, a detailed characterization of the lipidomes
of cultured E. huxleyi, an uninfected 2N strain (RCC 1216), the
2N strain under infection with coccolithovirus (RCC 1216 +

EhV201), and an uninfected 1N strain (RCC 1217). Total lipid
extracts derived from these cultures collected over 120 h post-
infection were characterized by mass spectrometry. We used
two approaches, targeted analysis for quantification of known
GSL/glycerolipid species and untargeted analyses for screening
for unknown lipids.

MATERIALS AND METHODS

Culturing Procedures
The calcifying, 2N Emiliania huxleyi strain RCC1216 and the
non-calcified, flagellated 1N E. huxleyi RCC1217 (isolated from
RCC1216 following a partial phase change (2N to 1N), were
used for this study (Houdan et al., 2005). Cells were cultured
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in K/2 medium (Keller et al., 1987) and incubated at 18◦C
with a 16 : 8 h, light: dark illumination cycle. Light intensity was
provided at 100µmol photons m−2 s−1 with cool white LED
lights. All experiments were performed in duplicate. The virus
used for this study is the lytic E. huxleyi virus EhV201 (Schroeder
et al., 2002) used at an initial multiplicity of infection (MOI) of
0.2 viral particles cell−1. Samples of 25mL were collected daily
over 120 h post-infection by gentle vacuum-filtration onto pre-
combusted GFF filters (Whatmann) and stored at −80◦C until
further analysis.

Targeted Lipid Analysis
Lipid abbreviations as indicated in the results section. Total lipid
extracts were prepared from the cell isolates by a modified Bligh
and Dyer extraction (Bligh and Dyer, 1959; Popendorf et al.,
2013), with addition of the internal standard DNP-PE(16:0/16:0)
(2,4-dinitrophenylmodified PE). The prepared total lipid extracts
were then subjected to targeted lipid analysis by normal
phase high performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS) on an Agilent 1200 HPLC coupled
to a Thermo Scientific TSQ Vantage triple quadrupole MS.
Chromatography and mass spectrometry conditions were as
described by Popendorf et al. (2013).

Lipid classes were identified by retention time and
characteristic MS2 fragmentation (Popendorf et al., 2013;
Fulton et al., 2014) and quantified based upon peak area within
a given MS2 mass chromatogram. Quantification was achieved
relative to external standard response factor calibrations. These
calibrations were generated immediately before each analytical
run, from a mixture of standards in a dilution series. PC, PG,
PE, and DNP-PE (Avanti Polar Lipids, Alabaster, AL, USA);
MGDG, DGDG (Matreya LLC, Pleasant Gap, PA, USA), and
SQDG (Lipid Products, South Nutfield, UK) standards were
used to generate calibrations for the glycerolipids. DGCC was
quantified based on a purified extract from cultured Thalassiosira
Pseudonana (Popendorf et al., 2013). DGTS was quantified
based upon the DGCC calibration subject to a scaling factor
(Popendorf et al., 2011b). The internal standard mixture was
run after every seven samples as a control upon instrument
variability. Quantities were corrected based upon the quality
control run prior to a given sample. BLL and PDPT were
quantified directly from the DNP-PE internal standard, as a
semi-quantitative solution in the absence of an available internal
standard. Quantification of hGSL, vGSL, and sGSL was based
upon the response factor calibration of soy glucocerebroside
extract (Avanti Polar Lipids, Alabaster, AL, USA) (Fulton et al.,
2014).

While uninfected 1N cells have been reported to have a smaller
diameter than calcified uninfected 2N cells, this difference is
thought to be due primarily due to the presence of the calcified
skeletons as opposed to large difference in cytoplasmic volume
(Mausz and Pohnert, 2014). Furthermore, uncalcified 2N cells
were found to be of comparable diameter to the 1N cells
(Klaveness, 1972; Mausz and Pohnert, 2014). Therefore, we
assume that the biovolume of 1N and 2N cells was similar, and the
measured lipid quantities were normalized to cell concentration
for ease of interpretation.

All data represent the mean average of two biological
replicates with error bars of one standard deviation. Statistical
significance for the targeted analyses was determined by two-
tailed, paired equal-variance T-test. A Bonferroni correction
was applied to the significance threshold to account for
dual comparisons (uninfected 2N/uninfected 1N, uninfected
2N/infected 2N), thus a p-value of <0.025 was considered
statistically significant. Any such significant variation is described
in the results section. P-values were indicated as ∗p < 0.025;
∗∗p < 0.0025 where appropriate.

Untargeted Lipid Analysis
Total lipid extracts from the 48 h samples were also analyzed by
untargeted reverse phase HPLC-MS methodology on an Agilent
1200 HPLC coupled to a Thermo Scientific Exactive orbitrap
high resolution mass spectrometer. Chromatography and mass
spectrometry conditions were as described by Hummel et al.
(2011) with the exception of a Waters XBridge C8 column
(5 uM packing, 150 × 2.1mm). During each sample run, the
mass spectrometer continuously cycled between full positive,
full negative, positive all ion fragmentation, and negative all
ion fragmentation modes, generating spectra with high mass
accuracy.

The data was processed with the Thermo Scientific Sieve
software package using the component extraction algorithm for
chromatographic alignment, peak detection, and integration.
Identified peak areas were then normalized to the DNP-PE
internal standard and number of cells isolated. These unbiased
analyses yield relative quantification; hence the abundance of a
givenmolecular species is only comparable with the abundance of
the same molecular species in other samples. The extracted data
was filtered to remove molecular species where the deviation in
abundance between replicates exceeded a factor of 10.

Peak areas were mean centered, level scaled to their means
(Van den Berg et al., 2006) and used to build a Partial Least Square
Discriminant Analysis Model (PLS-DA), using the Classification
Toolbox for MATLAB (Ballabio and Consonni, 2013). PLS-
DA models (Positive ions/Negative ions) were built using the
following parameters: two components, Bayes assignment, six
cross validation (CV) groups in contiguous blocks (i.e., Leave-
One-Out validation as six samples were used). The positivemodel
described 94% of the variance and had an error and CV error rate
of 0. The negative model described 89% of the variance and had
an error and CV error rate of 0. Ions from the mass spectrometry
data were ranked upon their contribution (loading) toward the
model score of samples of a given culture type (Supplementary
Figure 2).

The top five ions ranked as indicative of each culture type
in positive and negative ion mode were identified by matching
to an extensive, accurate mass, structure query language (SQL)
lipid database. The database was populated by permutations of
fatty acids (chain length/degree of unsaturation) and common
glycerolipids/sphingolipids. The complete LIPID MAPS (version
20130306) structural database (Sud et al., 2007) and MaConDa
mass spectrometry contaminants database (Weber et al., 2012)
were also included. The chemical formulae of database entries
were then used to calculate accurate mass m/z values based upon
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a list of common molecular ion adducts in ESI-MS (Huang et al.,
1999). Database hits were within 2.5 ppm of the measured m/z.
Supporting MS2 fragmentation and diagnostic retention time
information was recorded for the assignments presented in the
Results and is included in Supplementary Figures 3, 4.

RESULTS

Host Cell and Viral Dynamics and Relative
Abundances
Uninfected 2N and uninfected 1N cultures grew at a comparable
average rate of 0.023 h−1, reaching a population density
of 4.07 × 106 ± 0.39 × 106 cells mL−1 and 4.79 × 106 ±

0.28 × 106cells mL−1 respectively within 120 h (Figure 1A). In
contrast, the infected 2N culture population peaked at 5.07× 105

± 1.15 × 104 cells mL−1 at 31 h and rapidly declined thereafter
concomitant with the emergence of EhV particles in the medium.
EhV concentration peaked at 54 h at 9.17 × 107 ± 0.71 × 107

virions mL−1 in the infected 2N cultures (Figure 1C). The
decline phase was accompanied by an increase in the percentage
of non-calcified (low scatter) cells from 17.70 ± 0.73% at 0 h
to 80.05 ± 2.63% at 48 h. Bacteria concentration (Figure 1D),
whilst remaining low in the uninfected 2N control, increased at
a rate of 0.037 h−1 in the infected 2N cultures after the onset of
infection reaching a maximum of 1.15 × 107 ± 8.39 × 105 cells
mL−1 at 120 h.

Glycerolipid Targeted Lipidomics
The polar glycerolipids phosphatidylcholine (PC),
diacylglyceryl-3-O-carboxy-(hydroxymethyl)-choline (DGCC),
digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacyl
glycerol (SQDG), and the sulfur containing phospholipid
phosphatidyl-S,S-dimethylpropanethiol (PDPT) (Fulton et al.,
2014) did not vary between cultures (Supplementary Figure 1).
However, several other classes of polar glycerolipid showed
interesting differences.

Phosphatidylglycerol (PG) quantity per cell (Figure 2A) in the
uninfected 2N and uninfected 1N cultures was statistically similar

through time. PG per cell in the infected 2N cultures initially
declined by 0.27 ± 0.023∗ fold at 31 h relative to the uninfected
2N control. A large increase in infected 2N PG per cell of 30.29
± 21.80 fold was observed at 120 h, although relative to the
uninfected 2N control cultures the increase was not statistically
significant (p = 0.12), due to a large variation between the
biological replicates at this time point.

Phosphatidylethanolamine (PE) quantity per cell (Figure 2B)
showed a decreasing trend through time in the uninfected 1N and
uninfected 2N cultures. PE was slightly elevated in the uninfected
1N cultures compared to the uninfected 2N control, this was
statistically significant only at 24 h, where PE per cell in the
uninfected 1N was 1.57 ± 0.16∗ fold higher than in uninfected
2N. PE quantity per cell in the infected 2N cultures diverged from
the uninfected 2N control after 24 h, progressively increasing to
4.58 ± 0.18∗∗ fold greater at 54 h. In common with PG, a large
increase of infected 2N PE per cell at 120 h, of 180.10 ± 105.19
fold, was not statistically significant (p = 0.10), due to variability
in the replicate samples at this time point.

Two non-phosphorous polar glycerolipids showed interesting
and significant dynamics. Monogalactosyldiacylglycerol
(MGDG) quantity per cell (Figure 2C) was statistically similar
in all of the cultures before 52 h, but showed a decreasing trend
with time. However, at 120 h MGDG in the infected 2N cultures
increased by 9.31 ± 5.68∗ fold, relative to the uninfected 2N
cultures. Diacylglyceryltrimethylhomoserine (DGTS) quantity
per cell (Figure 2D) appeared to be approximately half as
abundant in the uninfected 1N compared with the uninfected
2N control cultures at 0.55 ± 0.12∗ fold less at 24 h and 0.66 ±

0.01∗∗ fold less at 48 h. DGTS per cell in the infected 2N cultures
did not vary statistically significantly from the uninfected 2N
control, with the exception of a 1.29 ± 0.02∗∗ fold increase
at 48 h. Similar to PG, DGTS levels in the uninfected 2N and
uninfected 1N cultures remained relatively consistent through
time.

Total Betaine-Like Lipid (BLL; Fulton et al., 2014) quantity
per cell (Figure 3A) varied considerably in all cultures, ranging
from a minimum of 35.55 ± 21.35 amol cell−1 at 24 h in the
uninfected 1N cultures to a maximum of 86.07 ± 27.21 amol

FIGURE 1 | Host cell and viral dynamics during infection: Total Host Cell Concentration (A); Non-calcified Cell Percentage of Total (Host Cell, B); EhV

Particle Concentration (C); Bacterial Cell Concentration (D). Data represent the mean average of two biological replicates with error bars of one standard

deviation.
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FIGURE 2 | Polar glycerolipid quantity per E. huxleyi cell: Phosphatidylglycerol (PG, A); Phosphatidylethanolamine (PE, B);

Monogalactosyldiacylglycerol (MGDG, C); and Diacylglyceryltrimethylhomoserine (DGTS, D). Data represent the mean average of two biological replicates

with error bars of one standard deviation. See Supplementary Table 1 for tabulated data.

FIGURE 3 | Betaine-Like Lipid (BLL), total quantity per cell (A), and

ratio of BLL(902; 22:6/22:6) quantity to BLL(856; 18:1/22:6) quantity (B).

Data represent the mean average of two biological replicates with error bars of

one standard deviation. See Supplementary Table 1 for tabulated data.

cell−1 at 120 h in the infected 2N cultures. Only at 31 h were
significant differences observed, where the infected 2N cultures
were 0.58 ± 0.05 fold less and the uninfected 1N cultures were
0.73 ± 0.05∗ fold less than in the uninfected 2N control. No
clear trend was evident in the total BLL quantity per cell, in
response to time or between the different cultures. However, the
ratio between two BLL molecular species, BLL(22:6/22:6) and
BLL(18:1/22:6) showed marked differences (Figure 3B). In the
uninfected 2N and uninfected 1N cultures, the ratio was <0.1
throughout, representing the relative absence of BLL(22:6/22:6)
compared to BLL(18:1/22:6) when uninfected. The ratio of these
species rose rapidly under infection reaching 10.46 ± 1.56 at
120 h after inoculation of the infected 2N cultures.

Glycosphingolipid Targeted Lipidomics
Concentrations of two classes of glycosphingolipids were highly
dynamic through the course of infection. The infection marker
viral glycosphingolipid (vGSL, Figure 4A) was abundant only
in the infected 2N cultures. Infected 2N vGSL concentration

rose consistently through time from absent at 0 h to 169.32 ±

73.77 amol cell−1 at 120 h, concomitant with the increase in EhV
concentrations. Interestingly, lower levels of vGSL (4–8 amol
cell−1) were also detected in the uninfected 1N cultures, reaching
a maximum of 7.63± 0.13 amol cell−1 at 120 h.

The susceptibility marker sialic glycosphingolipid (sGSL,
Figure 4C) was abundant in the uninfected 2N control, with
no clear time dependence, between a range of 132.32 ± 4.09
amol cell−1 at 24 h and 193.76 ± 3.20 amol cell−1 at 6 h. The
concentrations of sGSL in the infected 2N cultures displayed an
approximately decreasing trend from 191.07± 35.35 amol cell−1

at 6 h to 51.59 ± 0.57 amol cell−1 at 54 h. Importantly, sGSL
was absent from the uninfected 1N cultures. In contrast to vGSL
and sGSL, a third class of glycosphingolipid, the intrinsic host
glycosphingolipid (hGSL, Figure 4B) presented no statistically
significant variation between cultures, and no trend was evident
with the progression of time.

Untargeted Lipidomics and Biomarker
Selection
Untargeted lipidomic data were collected from the incubations
at 48 h and subsequent PLS-DA analysis revealed a number of
potential biomarkers for E. huxleyi life stages and viral infection.
The top 5 loadings that were indicative for each culture type,
bearing significant differences by univariate statistics (p =< 0.05
by single factor ANOVA), were assigned by database matching
(Table 1). All ion fragmentation MS2 data was used to confirm
database hits (Supplementary Figures 3, 4).

The potential biomarkers for the 2N control cultures were
sGSLs, bearing various adducts and plus or minus one double
bond resulting in the highest positive loadings on PC2. In
positive ion mode (Table 1A), tentatively assigned sGSL+H2,
sGSL–H2, and sGSL (with two different adducts) gave normalized
abundances of 0.81, 0.79, 0.78, and 0.72 respectively, where the
sGSL of calculated m/z 870.6665 [M+H]+ is regarded as the
archetypal sGSL (Fulton et al., 2014). A 752.5226m/z species,
with a database hit to PC(34:5) showed a normalized abundance
of 0.60. In negative ion mode (Table 1B), sGSL+H2, sGSL and
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FIGURE 4 | Glycosphingolipid quantity per E. huxleyi cell: Viral glycosphingolipid (vGSL, A); Host glycosphingolipid (hGSL, B); Sialic-acid

glycosphingolipid (sGSL, C). Data represent the mean average of two biological replicates with error bars of one standard deviation. See Supplementary Table 1 for

tabulated data.

BLL(18:1/22:6) showed a normalized abundance of 0.82, 0.79,
and 0.61 respectively. Species of m/z 827.4963 and 949.5362
with hits to MGDG(36:9) and SQDG(40:8) respectively showed
normalized abundances of 0.60 and 0.58.

The top potential biomarker for uninfected 1N cells, in
positive ion mode, was a wax ester/alkanoate WE(31:0) with two
and one acetonitrile adducts, which was detected solely in the
1N cultures yielding normalized abundances of 1.00 and 1.00
respectively. Two GSLs, GSL(t40:0) and GSL(t40:1), distinct to
previously documented GSLs in the E. huxleyi host/virus system,
had normalized abundances of 0.67 and 0.65 respectively. Finally,
MGDG(32:5) was ranked fifth with a normalized abundance
of 0.70. In negative ion mode, a lyso-MGDG (bearing a single
fatty acid rather than a pair), LMGDG(22:6) was most strongly
indicative of the uninfected 1N cultures with a normalized
abundance of 0.87. Ceramide species, chemically similar to
sGSL but lacking any headgroup and bearing a hydroxy fatty
amide, Cer(d18:1/22:0(OH)), and Cer(d18:1/22:1(OH)) in the
uninfected 1N cultures had normalized abundances of 0.70
and 0.61 respectively. Lastly, digalactosyldiacylglycerols and
DGDG(32:5) and DGDG(30:6) were enriched in the uninfected
1N cultures with normalized abundances of 0.71 and 0.69
respectively.

The potential biomarkers for the infected 2N cells were
highly diagnostic, with 7 out of the top 10 yielding normalized
abundances of 1.00. In positive ion mode, a series of
triacylglycerols (TAGs) gave the highest negative loadings on
PC1 andwere ranked highest. TAG(50:6); TAG(51:4); TAG(46:1);
TAG(48:2); and TAG(51:5) each had normalized abundances of
1.00. In negative ion mode, previously described biomarkers
vGSL (with a chloride adduct); vGSL; BLL(22:6/22:6); and vGSL
+ CH2 had normalized abundances of 1.00, 1.00, 0.98, 0.97, and
0.86 respectively, where vGSL of calculated m/z 802.6414 [M-
H]− is regarded as the archetypal vGSL (Vardi et al., 2009). A
fatty acid/wax ester like FA/WE(36:2) species was ranked fifth in
negative ion mode with a normalized abundance of 0.86.

Further to the assigned species (Table 1) there were many
molecular species of interest that could not be assigned by
accurate mass database matching (Supplementary Table 2).

DISCUSSION

Host Cell and Viral Dynamics and Relative
Abundances
Uninfected 2N and uninfected 1N E. huxleyi populations
increased exponentially through time with a similar growth rate
and maximum population, but the infected 2N cultures peaked
at 31 h and declined thereafter, consistent with typical lytic viral
infection by EhV (Bratbak et al., 1993; Wilson et al., 2002)
(Figure 1A). This decline was concomitant with a rapid increase
in EhV particles and non-calcified, low side scatter E. huxleyi
cell concentration in the growth media, indicating both viral
burst from infected cells and the demise of 2N calcified cells
(Figures 1B,C). These growth dynamics reflect identical trends
to those previously described (Frada et al., 2008, 2012). High
scatter cells were predominate in the uninfected 2N control,
representing the coccolith bearing 2N phase. Conversely, cells in
the uninfected 1N cultures were mostly low scatter, indicative of
the non-calcifying 1N phase.

The cultures used in this study were non-axenic, and a rapid
increase in bacterial numbers in the infected 2N cultures was
likely fuelled by the release of organic carbon during cell lysis.
However, in terms of overall biomass, the level of contamination
from bacteria is comparatively minor: considering the cell
concentrations of E. huxlyei and bacteria, and cellular carbon
quotas of 2 pmol C cell−1 and 1 fmol C cell−1, respectively
(Gundersen et al., 2002; Borchard and Engle, 2012), E. huxleyi
dominate biomass by approximately a factor of 20. Based on the
cell counts of the uninfected 2N and uninfected 1N cultures, we
would expect this factor to be orders of magnitude higher. Thus,
except in the case of a few specific lipid molecules (discussed
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TABLE 1 | Top 5 loadings (assigned species only) for each culture type in the PLS-DA model: Positive ions (A) and Negative ions (B).

Normalized abundance represents the average abundance of an ion in the specified culture type divided by the total abundance of that ion in all three cultures. M/Z represents the mass

to charge ratio of a given molecular ion. AcN and HAc represent acetonitrile and acetate adducts respectively. *p = <0.05, **p = <0.005 by single factor ANOVA.

below) we would expect the lipidomes of our samples to be
overwhelmingly dominated by contributions from E. huxleyi.

Glycerolipid Targeted Lipidomics
For the most part, polar glycerolipids per cell were largely
invariant between cultures and with time, with only a few

notable exceptions. Despite the relatively small contributions of
bacterial biomass, the observed increase in PG concentration in
the infected 2N cultures (Figure 2A) was most likely due to an
increase in the bacterial population (Figure 1D). Thus, this result
is not entirely unexpected since PG generally composes about half
of the glycerolipids inmarine bacteria, while in E. huxleyi PG only
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represents 0.2% of the lipidome (Fulton et al., 2014; Carini et al.,
2015).

In the infected 2N cultures, PE quantity also increased
compared to the uninfected 2N control after 24 h (Figure 2B).
Like PG, PE is also a major component of bacterial membranes
but is scarce in E. huxleyi (Van Mooy et al., 2009; Popendorf
et al., 2011a; Carini et al., 2015), and thus a contribution from
bacteria is possible (Fulton et al., 2014). Alternatively, this
increase in PE may be derived from the host cell’s autophagy
machinery (Schatz et al., 2014). Autophagy is a highly conserved
eukaryotic mechanism for the degradation of damaged organelles
and unwanted macromolecules (Shemi et al., 2015). It has been
demonstrated that autophagy is induced during the lytic phase
of EhV infection and plays a role in the propagation of the virus
(Schatz et al., 2014). A well-known hallmark of autophagy is PE
lipidation of the Atg8 protein, as also reported in E. huxleyi under
EhV infection (Schatz et al., 2014). Thus, the observed increase in
PE under EhV infection may be attributable to the induction of
autophagy via lipidation of the Atg8 protein. Interestingly, total
PE appeared slightly more abundant per cell in the uninfected 1N
cultures, relative to the uninfected 2N control.

MGDG quantity per cell was similar between uninfected
2N and uninfected 1N cultures, while the infected 2N cultures
showed a large increase in MGDG quantity per cell at 120 h
post-inoculation (Figure 2C). MGDG is often associated with the
thylakoid membranes of the chloroplast (Sakurai et al., 2006) and
hence variationmay indicate a consequence of infection upon the
host photosynthetic machinery. In contrast, a decrease inMGDG
under EhV infection of E. huxleyi has been shown elsewhere
(Fulton et al., 2014). Furthermore, a recent study on another
haptophyte Haptolina ericina infected with a dsDNA virus
observed a decrease in glycolipid abundance under infection (Ray
et al., 2014). This decrease was suggested to derive from cell
disruption during infection, resulting in a loss of chloroplasts
during sample preparation. The haptophyte Phaeocystis pouchetii
did not display a major loss of cellular MGDG when infected
with a dsDNA virus (Ray et al., 2014). MGDG is one of the
most abundant lipids in E. huxleyi (Fulton et al., 2014), but this
molecule is scarce in bacteria because they have a clear preference
for synthesizing phospholipids over glycolipids when phosphate
is abundant, as in the K/2 medium used here (Popendorf et al.,
2011a; Carini et al., 2015); thus, it is unlikely that the MGDG
observed in the infected 2N cultures is of bacterial origin.
Clearly at this stage we have an incomplete understanding of the
behavior of MGDG under viral infection in haptophytes such as
E. huxleyi.

Total DGTS abundance per cell in the uninfected 1N cultures
was consistently around half of its abundance in the uninfected
2N control (Figure 2D). Betaine lipids such as DGTS are known
to substitute for membrane phospholipids (primarily PC) under
phosphorus stress in many eukaryotic phytoplankton. As such
the BL/PC ratio has been considered as a measure for phosphorus
limitation in the environment (Van Mooy et al., 2009; Martin
et al., 2011). Reduced DGTS abundance from 1N cells within
an environmental population would impact such a measure.
Furthermore, when coupled with a slight increase in PE in the 1N
case, outlined earlier, this may shift the glycerolipid stoichiometry

to an N: P ratio lower than the 2N counterpart (Van Mooy et al.,
2009; Carini et al., 2015).

Whilst total BLL quantity per cell was generally similar
(Figure 3A), BLL(22:6/22:6) was present only at trace level
in the uninfected 2N cultures and increased dramatically in
abundance in the infected 2N cultures. BLL(18:1/22:6) was
present in the uninfected 2N and uninfected 1N cultures and
we found that the ratio between BLL(22:6/22:6)/BLL(18:1/22:6)
was a strong indicator of infection in these experiments
(Figure 3B). We suggest that in light of these and previous
observations (Fulton et al., 2014), that BLL(22:6/22:6) and
ratios thereof may be a useful biomarker of EhV infection to
compliment vGSL. Application as a biomarker would require
further investigation to verify BLL(22:6/22:6) presence/absence
under the infected/host states is conserved across different
E. huxleyi and viral strains and specific to E. huxleyi. The
presence/absence relationship has been to date demonstrated
in E. huxleyi 1216 (2N), 1217 (1N), and 1216 with EhV201 in
this study and E. huxleyi 374 (2N) with EhV86 (Fulton et al.,
2014).

Notably, the polar glycerolipids PC, DGCC, DGDG, SQDG,
and PDPT were effectively identical in all three cultures through
time (Supplementary Figure 1). This observation, in conjunction
with the many similarities in PG, PE, and MGDG indicates that
the overall polar glycerolipid content is not radically affected by
life cycle or even viral infection, except potentially at the very
termination of the lytic phase; only DGTS and BLL (22:6/22:6)
show notable earlier variations. Bell and Pond (1996) observed
that the distributions of fatty acids within polar glycerolipids were
also fairly similar in uninfected 2N and 1N cells. Thus, overall
these molecules seem to play a largely passive role in life cycle
differentiation and infection. Furthermore, since the cellular lipid
content of the major glycerolipids is mostly similar in all three
cultures and cellular lipid content is a first-order approximation
of cellular biomass, these data validate our assumption that the
different types of cells do not vary greatly in size (i.e., biomass
content) and support our decision to normalize all lipid data to
cell abundance.

Glycosphingolipid Targeted Lipidomics
In contrast to the polar glycerolipids, the glycosphingolipids were
highly dynamic, showing marked differences between culture
treatments and through time. The infection marker vGSL was
absent from the uninfected 2N cultures and abundant in the
infected 2N cultures, rising through time with the progression of
infection (Figure 4A), in agreement with previous observations
(Vardi et al., 2009, 2012). Interestingly, low levels of vGSL-
like molecules were detected in the uninfected 1N cultures.
These vGSL-like species produce the same diagnostic glycosyl
headgroup fragments and co-elute with previously characterized
vGSLs. Untargeted lipidomic data, discussed below, suggest
however that these molecules may not be exactly the same as
the vGSLs in the infected diploid cultures originally recognized
by Vardi et al. (2009). Future developments in targeted lipidomic
methods hold the promise of being able to distinguish true vGSL
from infected diploid cells and this novel vGSL-like molecule
from uninfected haploid cells.
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Host intrinsic hGSL did not vary in quantity per cell between
the uninfected 2N control and the infected 2N cultures, in line
with previous studies (Vardi et al., 2009, 2012; Fulton et al.,
2014). Furthermore, we find that hGSL cellular abundance is also
statistically similar in the uninfected 1N cultures (Figure 4B).

The marker lipid sGSL was recently described as indicative
of susceptibility to viral infection in E. huxleyi (Fulton et al.,
2014) and we found that sGSL was abundant in the virus-
susceptible 2N strain used in this study, RCC1216. Levels of
sGSL were somewhat reduced with the progression of infection
in the infected 2N cultures at intermediate time, before returning
to a level statistically similar to that of the uninfected control
(Figure 4C). This contrasts with a previous study with a different
E. huxleyi strain (Fulton et al., 2014) showing an increase in sGSL
cellular abundance under infection. The same report however,
included mesocosm field experiments that showed decreases in
sGSL abundance per cell subject to EhV infection (Fulton et al.,
2014); these results were interpreted as preferential infection of
sGSL rich cells and relative growth of sGSL poor virus resistant
cells. In light of our finding that sGSL is absent in 1N cells, the
interpretation of Fulton et al. (2014) is entirely consistent with
the observations of Frada et al. (2012) from the same mesocosms
showing that 1N cells became proportionally more abundant, an
affirmation of the Cheshire Cat hypothesis (Frada et al., 2008).
Although the dynamics of sGSL subject to EhV infection appear
variable between 2N systems (Fulton et al., 2014), the discovery
here that sGSL is absent in 1N E. huxleyi cells could make sGSL
an even more important biomarker for viral infection dynamics
and associated shifts in ploidy.

Since 1N cells are resistant to viral infection (Frada et al.,
2008) and sGSL is linked with susceptibility in several strains of
2N E. huxleyi (Fulton et al., 2014), the absence of sGSL from
1N cells further implicates sGSL as playing a key role in viral
infection (Fulton et al., 2014). Sialic acid moieties similar to that
of sGSL are implicated as ligands for viral attachment in the
cyanobacterium Prochlorococcus (Avrani et al., 2011; Fulton et al.,
2014). It has been speculated therefore, that viral attachment
and entry, facilitated by sGSL, may be the means by which this
resistance is achieved (Fulton et al., 2014). Furthermore, it has
been speculated that sGSL may have intrinsic function in the
production or externalization of the coccoliths that characterize
the exterior of the calcifying 2N phase (Fulton et al., 2014). It is
noteworthy therefore, that the 1N phase that does not produce
sGSL also does not produce coccoliths, further suggesting a link
between sGSL and calcification.

Untargeted Lipidomics and Biomarker
Selection
By using PLS-DA to analyse the untargeted lipidomic data, we
have highlighted molecular species diagnostic of each 1N, 2N,
and infected 2N cells (Table 1). These species were assigned
identities based upon matches between accurate m/z and an
extensive database of lipids. The included assignments are
supported by secondaryMS2 data. Due to the nature of the all ion
fragmentation MS2 method applied in the interest of unbiased
methodology, incorrect assignments of co-eluting species may
occur in some cases. As such the assigned lipid identities in

the unbiased analyses are presented as tentative. The differential
abundances of each species give a quantitative representation for
the discovery of potential biomarkers.

For the uninfected 2N control, the known susceptibility
biomarker sGSL (Fulton et al., 2014) and related species were
the top ranked assigned hits, in both positive and negative ion
mode. This observation is in agreement with the targeted data,
where sGSL was absent from the uninfected 1N cultures, and
reduced in abundance in the infected 2N case. In negative ion
mode, BLL(18:1/22:6) was ranked 3rd for the uninfected 2N
cultures. BLL(18:1/22:6) is a known marker of E. huxleyi, whose
concentration has been shown to drop under viral infection
(Fulton et al., 2014). At the present time, sGSL and BLL
(18:1/22:6) have not been reported in any other species than E.
huxleyi. By contrast, PC(34:5), MGDG(36:9), and SQDG(40:8)
which were ranked 5th in positive, 4th and 5th in negative ion
mode respectively, are common polar membrane glycerolipids
in eukaryotic microalgae (Popendorf et al., 2011a; Brandsma
et al., 2012). These observations underscore the challenge of
developing these biomarkers for use in the field: a molecule must
be both diagnostic for E. huxleyi viral infection and ploidy and
absent in all other marine microbes. The former criterion is
addressed with the data presented here, but the latter will only
be met after the lipidomes of many additional marine taxa are
examined using the techniques similar to those employed here.
In the meantime, the biomarkers we identified by untargeted
lipidomics should be applied with due discretion.

In the uninfected 1N cultures, the top hits in positive ion
mode appeared to be a form of 31:0 wax ester or alkenoate.
It is possible that changes in this molecule could reflect
differences in the amounts of long chain alkenones in 1N cells.
Alkenones are widely used in palaeoceanography temperature
reconstructions (Volkman et al., 1980; Prahl and Wakeham,
1987). Direct comparisons between this 31:0 wax ester/alkenoate
and alkenones remain to be conducted.

The 3rd and 4th ranked species in 1 N cultures in positive
ion mode were matched to a GSL(t40:0) and GSL(t40:1)
species. These GSLs appear to share some structural similarities
with archetypal forms of hGSL (GSL(d41:5(OH)) and vGSL
(GSL(t39:0(OH)) identified by Vardi et al. (2009, 2012). These
haploid specific GSLs may be the source of the observed
vGSL-like species in the targeted uninfected haploid analyses,
discussed previously. In light of the aforementioned targeted
GSL data, these haploid GSLs certainly warrant further
characterization. In negative ionmode, Cer(d18:1/22:0(OH)) and
Cer(d18:1/22:1(OH)) hydroxyceramide species were ranked 2nd
and 3rd for the uninfected 1N cultures. These ceramides are
effectively the same chemical composition as GSL minus the
glycosyl headgroup. Furthermore, it is likely that the GSL(t40:1)
highlighted is in fact the Cer(d18:1/22:0(OH)) ceramide moiety
with a glycosyl headgroup, although this could not be confirmed
from the MS2 data. Interestingly, upregulation of enzymes
responsible for the production of ceramides from the hydrolysis
of the beta-glycosidic linkages of GSLs is a characteristic response
of 2N cells to viral infection (Rosenwasser et al., 2014). To
our knowledge, the GSL(t40:0) and GSL(t40:1) species have not
been previously reported in any marine microbial organism,
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although they are closely related chemically to the other GSLs.
Thus, these GSL species represent, pending further validation
and characterization, candidate biomarkers for 1N E. huxleyi.
1N E. huxleyi are not easily identifiable in field samples by
classic microscopy techniques (VonDassow et al., 2009) and lipid
biomarkers have particular utility in bulk environmental samples,
such as filtered particulate organic material collected from the
water column or sinking particulate trap matter, where other
methods may not be applicable.

Finally, a number of glyceroglycolipids appeared indicative
of the uninfected 1N cultures. MGDG(32:5) was ranked 5th
in positive ion mode and LMGDG(22:6), DGDG(32:5) and
DGDG(30:6) were ranked 1st, 4th, and 5th in negative ion mode.
Glyceroglycolipids are typically associated with the thylakoid
membranes of the chloroplast (Petroutsos et al., 2014). Our
analysis highlights differences in these photosynthetic membrane
lipids and alludes to some implication of ploidy upon the
photosynthetic apparatus. However, these are fairly common
molecules that are unlikely to be of much utility as biomarkers
for E. huxleyi viral infection or ploidy (Popendorf et al., 2011a;
Brandsma et al., 2012).

For the infected 2N cultures, the PLS-DA model highlights
a series of TAGs found under positive ionization as indicative.
TAG biosynthesis is commonly upregulated in phytoplankton
in response to a variety of stressors, and TAGs are found
primarily in lipid bodies. TAGs are unlikely to be attributable to
heterotrophic bacterial contaminants as they are not generally
produced in significant quantities by bacteria (Alvarez and
Steinbüchel, 2002). It has been proposed that EhV capsid
assembly occurs via a mechanism similar to that of the Hepatitis
C virus (Herker and Ott, 2011; Fulton et al., 2014), where
lipids are incorporated from the interface of lipid bodies and
the endoplasmic reticulum. In uninfected 2N E. huxleyi, these
lipid bodies are composed mainly of alkenones, alkenoates, and
small quantities of TAGs and other lipids (Eltgroth et al., 2005).
Research on human hepatocyte cells shows that TAGs are critical
to Hepatitis C capsid assembly (Liefhebber et al., 2014). Thus, we
speculate that the observed increase in a number of TAG species
in E. huxleyi under EhV infection may result from the virus
upregulating TAG biosynthesis in order to assist capsid assembly.

In negative ion mode, vGSL and BLL(22:6/22:6) represent
the top four assigned species indicative of the infected cultures,
in line with previous observations (Vardi et al., 2012; Fulton
et al., 2014) and the targeted data discussed previously, while a
36:2 wax ester/alkenoate species is ranked fifth. None of these
molecules are likely to be derived from contaminating bacteria in
the cultures, but instead are of decidedly coccolithophore origin
(Eltgroth et al., 2005; Fulton et al., 2014; Ray et al., 2014). A
molecule with the exact same elemental formula, 36:2 methyl
alkenoate, was identified in E. huxleyi lipid bodies (Eltgroth
et al., 2005). Closely related alkenones are abundant in EhV
virions and alkenone content in infected E. huxleyi has previously
been demonstrated to be increased (Fulton et al., 2014). As
mentioned previously, alkenoates and alkenones are thought
to occur primarily in lipid bodies (Eltgroth et al., 2005). We
suggest therefore, that this 36:2 wax ester/alkenoate species we
observed was likely localized to lipid bodies. If true, this result,
in conjunction with the TAG data mentioned above, further

implicates the role of lipid bodies in viral assembly (Fulton et al.,
2014).

In addition to the assigned species discussed previously, many
novel biomarkers could not be assigned from our database and/or
corroborated by all ion fragmentation MS2 (Supplementary
Table 2). Many of these species demonstrate absence/presence
behavior between cultures and have potential as biomarkers
of EhV infection or ploidy in E. huxleyi. The assigned and
unassigned candidate biomarkers discovered by these unbiased
analyses are tantalizing. A further biomarker validation study,
utilizing targeted MS2/MS3 fragmentation in conjunction with
high resolution mass spectrometry has the potential to assign and
confirm the identities of the additional molecular species.

CONCLUSIONS

We have presented critical new data on the glycerolipids and
glycosphingolipids of 1N E. huxleyi by the application of a
targeted lipidomics approach. Comparison of these data to that of
infected and uninfected 2N E. huxleyi has provided new insights
on ploidy and viral infection. Firstly, we note the detection of
trace levels of the EhV type viral glycosphingolipid (vGSL) in the
uninfected 1N samples. The implications of this observation are
as yet unclear but should be considered in the application of vGSL
as a biomarker of EhV infection. Secondly, we find that the sialic
glycosphingolipid (sGSL), a proposed marker of susceptibility to
EhV infection in E. huxleyi, was absent from the uninfected 1N
cell. This absence provides further evidence for the role of sGSL
in EhV infection and may confer 1N E. huxleyi its documented
resistance to EhV.

In addition, we have highlighted promising lipid biomarker
candidates for each of the uninfected 2N, 1N, and infected 2N
cases by way of untargeted lipidomics. Differentially enriched
biomarker candidates have been tentatively identified, such
as novel glycosphingolipids, hydroxyceramides and a wax
ester/alkanoate that are highly indicative of the 1N phase.
Following further biomarker validation and structural studies
these lipids may yield powerful lipid biomarkers for the
determination of 1N E. huxleyi, identification of which is not
feasible by classic microscopy techniques.

These findings contribute to our understanding of the critical
role of lipids in E. huxleyi/EhV interactions. Moreover, our
findings further the potential of lipid based biomarkers as
indicators of the progression of infection and life cycle in E.
huxleyi. Extrapolation from simplified cell culture models to
complex environmental systems must be approached with due
caution and the discussed biomarkers require further validation
in culture and in situ. However, such biomarkers have the
potential to yield great insight into the processes that dictate
the characteristics of E. huxleyi blooms, translating to substantial
implications for global carbon cycling and climate.
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