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ABSTRACT

My thesis work explored the rich variation present in the lipidomes of the coccolithophore
Emiliania huxleyi and the dinoflagellate Oxyrrhis marina. Interactions between single-cell
marine predators and their prey are complex, and lipidomics analysis is a useful tool for
exploring this dynamic. Using PCA and presence/absence analysis, I investigated how the lipid
makeup of these two organisms changes due to differences in genotype and phenotype, as well as
in response to grazing. Specifically, I identified lipid classes and individual lipids in E. huxleyi
indicative of calcification state, ploidy level, and grazer exposure. In O. marina, 1 identified lipid
classes and individual lipids indicative of a fed state. I found that E. huxleyi lipidomes differ
based on calcification state and ploidy level and have both shared and strain-specific responses to
grazing stress. | found that the O. marina lipidome undergoes both general changes upon
feeding, as well as changes unique to consuming specific strains of E. huxleyi. Given how vital
phytoplankton are to the marine ecosystem, and the oversized effect that protist grazers have on
phytoplankton populations, increasing our understanding of the predator-prey dynamics between

these two groups of organisms is of the utmost importance.

INTRODUCTION

Phytoplankton are incredibly important members of the marine ecosystem. Through
photosynthesis, they account for half of the primary productivity on planet Earth, and half of all
oxygen production (Field et al., 1998). Phytoplankton also serve as the base of the oceanic food
web. Their numbers are primarily controlled by sunlight, dissolved nutrients, viral infection, and
grazing. Coccolithophores are single-celled, photosynthetic eukaryotes, which are known for

possessing a layered coating of calcium carbonate plates called coccoliths (Monteiro et al.,



2016). Coccolithophores are a prominent member of the phytoplankton, with hundreds of known
strains and many more likely undiscovered (Monteiro et al., 2016).

Emiliania huxleyi is one species of coccolithophore, also consisting of many different
strains, which is widely used as a model organism for phytoplankton research. Some E. huxleyi
strains exist in a naked (uncalcified) state while other strains possess various levels of
calcification. A great deal is known about coccoliths and their composition (Monteiro et al.,
2016), but little research has been done to explore what, if any, lipid biomarkers exist that can
differentiate between a naked and calcified state. E. huxleyi can also exist in a haploid state or a
diploid state. Haploid E. huxleyi are typically motile, naked, and resistant to viral infection, and
diploid E. huxleyi are typically nonmotile, may be calcified or naked, and are susceptible to viral
infection (Frada et al., 2008). While a good deal of research has been done that examines ploidy
level and susceptibility to viral infection, there has been little research done that examines
differences in the lipidomes of uninfected haploid and diploid E. huxleyi.

The calcium carbonate coccoliths present on calcified E. huxleyi and other
coccolithophores play a unique role in the marine carbon cycle (Brownlee et al., 2015).
Atmospheric CO; is absorbed by ocean waters via diffusion, and forms carbonic acid (H>COs3),
as well as bicarbonate (HCO5) and carbonate (CO3%7). Carbonate ions (CO3%) in the ocean are
used in the creation of coccoliths, and coccoliths then bring this carbon to the ocean floor when
coccolithophores die (Brownlee et al., 2015). Through using carbon to build their coccoliths and
then sequestering this carbon in the ocean floor upon their deaths, coccolithophores remove
carbon from the water column. Due to the sheer number of calcified coccolithophores present in

the ocean and the organism’s ability to form enormous blooms, their impact on the carbon cycle



can be significant. Therefore, gaining understanding into what influences the population
dynamics of these organisms is of great importance.

One prominent factor in the top-down control of phytoplankton, including
coccolithophores, is grazing by protists, which can drastically reduce daily primary productivity
(Calbet et al., 2013). Protist grazing is likely influenced by many factors in phytoplankton,
including chemical, morphological, and behavioral features (Harvey et al., 2015). The protist
grazer explored in this thesis, Oxyrrhis marina, is a heterotrophic dinoflagellate which is widely
used as a model organism to study grazing behavior. O. marina consumes a huge variety of prey
species via direct engulfment, and how the organism chooses between species, within a species,
and what factors influence these choices are all very active fields of research (Roberts et al.,
2011).

Previous research has found that O. marina is able to differentiate E. huxleyi cells based
on strain identity and individual characteristics of cells within a strain. For instance, O. marina
will select virally infected over non-virally infected E. huxleyi cells and can differentiate between
E. huxleyi cells based on their DMSP activity (Roberts et al., 2011). One, as of yet, unexplored
influencing factor involved in protist grazing is non-virally infected coccolithophore lipid
composition. Lipids are extremely diverse in their form and function, and the specific makeup of
these calorie-dense macromolecules in phytoplankton could influence predator growth and
reproduction, and ultimately the population sizes of both grazers and phytoplankton.

One area of active research explores the impact of viral infection on coccolithophores
(Sheyn et al., 2018). This research has looked at how different factors influence viral infection,
such as calcification, ploidy level, and strain identity, as well as the effect that viral infection has

on the transcriptome and lipidome (the complete collection of lipids in a cell or tissue type) of



infected coccolithophores. Another area of research that has no shortage of published works has
to do with the impact of the fatty acid composition of algae on the fatty acid composition of
copepod grazers, as copepods serve as a food source for many fish raised for human
consumption (Pan et al., 2018).

We do not know how the lipidome of coccolithophores is influenced by grazing, and
conversely, how the lipidome of coccolithophores influences grazing behaviors and the grazer
lipidome. In this thesis, I investigated the relationship between lipid profiles and grazing pressure
using E. huxleyi as a prey organism and O. marina as a protist grazer. I used lipidomic data
obtained from samples collected during a previous experiment examining the impact of
calcification in E. huxleyi on grazing by O. marina (Harvey et al., 2015). This previous study
found that, while calcification could explain some of the variation in O. marina ingestion and
growth rates when consuming different strains of E. huxleyi, calcification alone was not enough
to predict these differences. This indicated that other factors aside from calcification were
impacting predator-prey dynamics. One of those possible factors is E. huxleyi chemical
composition. In the original experiment, researchers found that the rate at which O. marina
ingested each E. huxleyi strain did not correspond to how quickly the O. marina grew while
ingesting those strains (Table 1; see also Figs. 1A, 3A and 4 in Harvey et al., 2015), suggesting

that not all strains are equally nutritious food sources.

Table 1. The four Emiliania huxleyi strains examined in this thesis. This information is taken from Harvey et al. (2015).
Calcification state and ploidy level are listed for each strain. Oxyrrhis marina ingestion rate (pg C pred! day™') and growth rate
(day™") are estimated using the graphs from Harvey et al. (2015) Figs. 1A and 3A, at a prey abundance of 700 ng C mL"!. Grazing
pressure refers to the combination of ingestion rate and growth rate across all prey abundances and their subsequent effect on E.
huxleyi populations.



Emiliania huxleyi Strains

379 374 624 607

Relevant Characteristics

Calcification State Naked Naked Heavily Calcified Lightly Calcified
Ploidy Level 1N 2N 2N 2N
O. marina Inggstio_n Rate* 600 750 2,300 400
(pg C pred-! day-)
O. marina Growth Rate™ 0.85 0.50 0.15 -0.15
(day™)
Grazing Pressure High Medium Low Extremely Low

*Estimated from graph 1A in Harvey et al. (2015)
**Estimated from graph 3A in Harvey et al. (2015)

To account for the impact of both O. marina ingestion rate and growth rate on E. huxleyi
populations over multiple prey concentrations, I have included my own term, grazing pressure
(Table 1). Grazing pressure, as defined here, describes the overall strain-specific effects that O.
marina has on E. huxleyi population size. For instance, strain 624 was grazed at a higher
ingestion rate than the other three strains, however O. marina growth rates were extremely low
when feeding on this strain. This resulted in much less top-down control from O. marina when
feeding on strain 624 than would be indicated from looking at ingestion rate alone. Grazing
pressure was greatest for strain 379, followed by strain 374, with strain 624 experiencing very
low grazing pressure, and strain 607 experiencing the lowest grazing pressure of the four E.
huxleyi strains (Table 1).

Collectively, these data indicate that both the attractiveness of each E. huxleyi strain to O.
marina and the efficiency with which each strain can be digested and used for growth and
reproduction in O. marina varies greatly among E. huxleyi strains. What modulates these
differences are likely related to numerous characteristics of cells, including the lipid profiles of

prey cells. To determine how the lipidomes of these organisms change in response to grazing



pressure, my thesis was divided into three main aims (Table 2). First, I examined the baseline
lipidomes of the four E. huxleyi strains, to find lipid class trends and individual biomarkers
indicative of calcification state and ploidy level, as well as lipids which were consistent across all
four strains. Second, I examined the lipidomes of all four E. hux/eyi strains after exposure to
grazers, both individually and as a group to identify lipid class trends and individual lipid
biomarkers indicative of stress. Third, I examined the lipidome of O. marina after consuming
each individual E. huxleyi strain to assess how protist lipid composition varies depending upon
food source. Together, these three goals open a window into how the E. huxleyi and O. marina
lipidomes change in response to grazing, and they provide possible explanations for the grazing
behavior trends observed in the Harvey et al. (2015) experiment. If confirmed experimentally,
which is not within the scope of this thesis, the lipid biomarkers identified by my work could be
used as clues to the state of predation in samples of E. huxleyi and O. marina taken from ocean
waters. This would bring us one tiny step closer to understanding the incredibly intricate and

dynamic predator-prey interactions that take place at the base of the marine food web.

Table 2. A summary of the analyses and findings described in this thesis.

A " — Changes in E. huxleyi lipid in Changes in O. marina lipidome in
Main Goal Exploration of E. huxleyi lipidome response to grazer exposure response to feeding
Lipids Analyzed E. huxleyi control lipids E. huxleyi grazed lipids O. marina fed lipids

« Naked vs. calcified
Haploid vs. diploid Control E. huxleyi vs.

Lipids common to all four strains grazer exposed E. huxleyi Unfed O. marina vs. fed O. marina

Main Comparison

Strain-specific and overall lipid
biomarkers for O. marina fed each of
the four E. huxleyi strains

Lipid biomarkers for E. huxleyi
Findings calcification state, ploidy level, and an
overall ungrazed state

Strain-specific and overall lipid
biomarkers for grazed E. huxleyi



METHODS

AIM Ia: Naked vs. Calcified E. huxleyi

For this and subsequent analyses, I performed numerous principal component analyses
(PCA) and partial least squares-discriminant analysis (PLS-DA) using lipidomic data for F.
huxleyi or O. marina specific to the comparison being performed (Table 2). For AIM I analyses,
the lipidomes for all four E. huxleyi strains in the control (ungrazed) state were used. PLS-DAs
were used for analysis only when the corresponding PCA plot(s) did not show a clear separation
between the treatments being compared. A PCA is an unsupervised method which clusters
samples based on similarity. A PLS-DA is a supervised method which compares variables
depending on how the data are classified and ignores other factors which could be causing
variation between the treatments. All multivariate statistics described in this thesis (PCA, PLS-
DA, and oPLS-DA) were performed in MetaboAnalyst, a free web-based program designed to
analyze metabolomics data sets. Results obtained from MetaboAnalyst (loadings, weightings,
fold changes, etc.) were explored in Microsoft Excel.

For the naked vs. calcified data upload onto MetaboAnalyst (see supplementary material
part I for step-by-step instructions), I grouped the two naked strains together (374 and 379) and
the two calcified strains together (607 and 624) and created a PCA and PLS-DA for the
comparison. The PCA (Fig. 1A) did not show relevant separation on the PC1 or PC2 axis, so the
PLS-DA (Fig. 1B) was used for analysis where separation was observed between the calcified
and naked strains. I began my analysis by analyzing lipids with the lowest and highest 30
weights from the component 1 axis, which separated the strains based on calcification state.
From MetaboAnalyst, | downloaded the PLS-DA weights, fold change in relative concentration,

T-Tests and P-values for each lipid. The T-Test results were from the comparison of lipid



abundance in naked vs. calcified samples. The results of all statistical tests are available upon
request. In Microsoft Excel, I sorted the component 1 weights from lowest to highest, then
continued work on the top 30 largest and 30 smallest loadings. With 276 total lipids, 30 lipids
correspond to approximately 10% of an E. huxleyi lipid dataset. In Figure 1B, the PLS-DA
weights with positive values correspond to lipids that are more indicative of a naked state and the
weights with negative values correspond to lipids that are more indicative of a calcified state. All
of the lipids used for this and subsequent analyses had significant p-values (below 0.05) for their
corresponding fold changes. I then matched the lipid ID numbers, compound names obtained
from the LOBSTAHS database, and lipid classes to their corresponding PLS-DA weights.

Once these steps were complete, [ had an Excel spreadsheet with the 30 highest and 30
lowest PLS-DA weights, complete with the lipid identity, the class of that lipid, its fold change,
and T-Test results. I summarized the lipid class composition of these high and low PLS-DA
weights by making a pie graph for the 30 lipids associated with a naked state (Fig. 1C) and the
30 lipids most associated with a calcified state (Fig. 1D). Presence/absence analyses used to

determine individual lipids indicative of a state or treatment were found using Venny 2.1.

AIM Ib: Haploid vs. Diploid E. huxleyi

To determine the impacts of ploidy level on the lipidome, a PCA was performed as
described above which compared haploid strain 379 with the other three diploid E. huxleyi
strains (374, 607, and 624). The 30 highest and 30 lowest loadings were used to identify trends in
lipid classes as well as individual lipids that may serve as possible biomarkers for ploidy level in

E. huxleyi.
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AIM Ic: Commonalities among E. huxleyi strains

In order to identify the lipids that remain mostly constant among all four E. huxleyi
strains, I used loadings from the naked vs. calcified PCA plot (Fig. 1A) and analyzed the PC1
loadings that were close to zero. A PCA loading which is close to zero indicates a lipid that does
not change in abundance between different treatments and therefore is not indicative of any
specific treatment or state but is present in all samples similarly. Using the sorted PC1 values, I
located the point where negative PC1 loadings and positive PC1 loadings met and analyzed

approximately 5% of the lipids above and below this score, for a total of 30 lipids.

AIM II: Impact of grazing stress on E. huxleyi lipidomes

In order to explore the strain-specific differences in the lipidome, a PCA was performed
on each of the four individual E. huxleyi strains, comparing the control (“ungrazed”) state to the
grazer exposed (“grazed”) state in each strain. To explore the overall response of E. huxleyi to
grazing pressure regardless of strain identity, an orthogonal PLS-DA (oPLS-DA) was performed
comparing all four strains in an ungrazed state to all four strains in a grazed state. oPLS-DA is a
supervised method which is more accurately able to separate the variables in a dataset based on
group labels (in this case, ungrazed vs. grazed) than regular PLS-DA, which takes into account

more variables that are not related to group labels.

AIM III: Impact of feeding on O. marina lipid composition

To explore the differences in the Oxyrrhis marina lipidome before and after grazing on
each individual Emiliania huxleyi strain, four PCAs were performed which compared a single O.
marina control lipidome to O. marina lipidomes collected after grazing. These PCAs are

available in the supplementary materials in figures S2A-D. While the PCAs did show some
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separation between the unfed and fed states for O. marina before and after grazing, there was
overlap among the 95% confidence intervals on all the plots along the PC1 axis. This seemed to
be due to one of the O. marina control replicates (Oxy_12) not grouping tightly with the other
two replicates along either the PC1 or PC2 axis. Perhaps something occurred during the
cultivation or collection of this replicate which caused its lipidome to vary in numerous ways
from the other two replicates. In any case, this control replicate also caused four unfed vs. fed
PLS-DA plots (not shown) created for O. marina to be skewed. While these plots showed better
separation along the component 1 axis than the PCAs showed along the PC1 axis, the highest
weights (corresponding to most prominent unfed lipids) were dominated by lipids present in the
errant O. marina replicate. For this reason, orthogonal PLS-DA plots were used for the
comparison of the unfed O. marina lipidome vs. the O. marina lipidome after consuming each of
the four E. huxleyi strains (Fig. 6A-D). The same methods described in part I of the
supplementary materials document were used in MetaboAnalyst to obtain the oPLS-DAs and to
analyze the 30 highest and 30 lowest scores for O. marina after consuming each strain of E.

huxleyi.

RESULTS

AIM Ia: Naked vs. Calcified

The PCA analysis comparing naked strains to calcified strains did not show separation
between these two states along either the PC1 or PC2 axes (Fig. 1A). The PC1 axis seemed to be
separating based on ploidy level, with lipids more indicative of diploid strains 374, 607, and 624
assigned negative loadings, and lipids more indicative of haploid strain 379 being assigned

positive loadings. The PC2 axis did not separate based on any comparison I am performing in
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this thesis. Because the PCA indicated that the control lipidomes of the four E. huxleyi strains
have their strongest differences based on ploidy level, a PLS-DA was used to compare the
lipidomes of the naked and calcified strains (Fig. 1B). This analysis demonstrated clear
separation between the lipidomes of the naked strains and those of the calcified strains, which
accounted for >36% of the variation in the lipidomes. The PLS-DA weights with positive values
correspond to lipids that are more indicative of a naked state and the weights with negative
values correspond to lipids that are more indicative of a calcified state. The second component
shows the variation between the two strains in each grouping, indicating that the two calcified
lipidomes have more in common with one another than the two naked lipidomes have in
common with each other.

An analysis of the lipids with the largest weights on component 1 of the PLS-DA for
naked vs. calcified strains revealed trends in lipid class and individual lipids of note for each
state (Figs. 1C and 1D). Specifically, PCs, Fuco lipids, cholesterol esters, coprostanol esters,
MGDGs, DAGs, BLLs, PGs, and PDPTs were representative of calcified strains, while DGDGs,

S DGCCs, BLLs, PGs, and TAGs were more characteristic of naked strains.
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Figure 1. Results of the naked vs. calcified analysis of the Emiliania huxleyi lipidome. A, PCA scores plot of naked strain
lipidomes (374, 379) vs. calcified strain lipidomes (607, 624). B, PLS-DA scores plot of naked strain lipidomes (374, 379) vs.
calcified strain lipidomes (607, 624). Lipids with negative weights on the first component in the PLS-DA correspond to lipids
more prevalent in calcified strains (blue), while lipids with positive weights correspond to lipids more prevalent in naked strains
(purple). C, Pie graph representing a breakdown of the 30 most prominent lipid classes in naked strains, identified via the largest
positive component 1 loadings from the PLS-DA. D, Pie graph representing a breakdown of the 30 most prominent lipid classes
in calcified strains, identified via the largest negative component 1 loadings from the PLS-DA.

While the PLS-DA identified lipids whose changes in abundance are strongly indicative
of a certain state, it was important to examine presence/absence data as well. Through examining

the entire E. huxleyi lipids dataset, I uncovered which lipids are only present in certain strains.
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When looking at lipids unique to naked strains, six lipids were present in strains 374 and 379
only (PDPT 32:2 +20, PG 46:0 +40, S DGCC 46:3 +10, S DGCC 37:5 +40, BLL 49:4 +10,

and TAG 62:15 +30). Notably, five of these lipids were also relevant in the PLS-DA (Table 3).

Table 3. A list of lipids that are present only in naked Emiliania huxleyi strains that are also present in the top 30 naked PLS-DA
weights. The lipid name (“Lipid”), the lipid’s rank (1-30) in the PLS-DA weights (“PLS-DA Rank”), and the P-value from a t-
test of peak areas in naked vs. calcified strains (“P-value”) are provided.

Lipid PLS-DA Rank P-value
S DGCC 37:5 +40 5 1.71 x 10-6
PG 46:0 +40 9 3.71x 10-5
S DGCC 46:3 +10 10 3.15x 10-5
PDPT 32:2 +20 11 8.43x 10-6
BLL 49:4 +10 16 1.46 x 10-4

Five lipids were unique to calcified strains 607 and 624 (MGDG 37:1 +30, S DGCC
43:1 +40, PC 40:10, PDPT 36:1 +40, PDPT 41:2 +20). All five of these lipids were also found
to be listed prominently on the sorted PLS-DA loadings for a calcified state (Table 4). These

lipids are possible biomarkers for calcification in E. huxleyi.
Table 4. A list of lipids that are present only in calcified Emiliania huxleyi strains that are also present in the top 30 calcified

PLS-DA weights. The lipid name (“Lipid”), the lipid’s rank (1-30) in the PLS-DA weights (“PLS-DA Rank”), and the P-value
from a t-test of peak areas in naked vs. calcified strains (“P-value”) are provided.

Lipid PLS-DA Rank P-value
PDPT 41:2 +20 1 3.4x10-7
S-DGCC 43:1 +40 2 4.25x 10-7
MGDG 37:1 430 3 7.02x 10-7
PDPT 36:1 +40 4 1.08 x 10-6
PC 40:10 9 1.53x 10-5

AIM Ib: Haploid vs. Diploid
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The PCA which compared the lipidomes of the haploid vs. diploid strains revealed
separation along the PC1 axis (Fig. 2A) which explains >40% of the variation among lipidomes.
The scores with positive values correspond to haploid strain 379, while the scores with negative
values correspond to lipids from diploid strains 374, 607, and 624.

An analysis of PCA loadings for the haploid vs. diploid strains revealed trends in lipid
class between these two states (Fig. 2B and C). When compared to the diploid strains, the top
loadings for haploid strain 379 contained a higher percentage of SQDGs and S-DGCC:s.
Conversely, the top loadings for the diploid strains contained coprostanol esters, cholesterol
esters, and cholesterol acetate, along with a higher proportion of wax esters than the haploid

strain.
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Figure 2. Results of the haploid vs. diploid analysis of the Emiliania huxleyi lipidome. A, PCA scores plot of haploid strain
lipidome 379 (yellow) vs. diploid strain (374, 607, 624) lipidomes (pink). The majority of the variation between the haploid and
diploid lipids is explained by PC1 (40.2%). B, Classes of the 30 lipids with the largest PC1 loadings, indicative of haploid strain
379. C, Classes of the 30 lipids with the smallest PC1 loadings, indicative of diploid strains.

Three lipids were present only in haploid strain 379 (TAG 64:16, TAG 59:13, S DGCC
50:4 +10) (Fig. 3), yet none of these three lipids were present in the lipids with the largest 30
PC1 loadings. The three lipids found by the PCA to be the most indicative of a haploid state

were PDPT 34:4 +10, PDPT 28:0, and DGDG 32:3. Twenty-two lipids were shared by diploid
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strains 374, 607, and 624. Of these 22 lipids, there were four cholesterol esters, three coprostanol
esters, three DGDGs, two wax esters, two TAGs, two S DGCCs, two PGs, one BLL, one PC,
one PDM, and one SQDG. Nineteen of these lipids were present in the top 30 diploid loadings of

the PCA (Table 5).

Table 5. A list of lipids that are present only in diploid Emiliania huxleyi strains that are also present in the top 30 diploid PCA
loadings. The lipid name (“Lipid”), the lipid’s rank (1-30) in the PCA loadings (“PCA Rank”), and the P-value from a t-test of
peak areas in haploid vs. diploid strains (‘“P-value”) are provided.

Lipid PCA Rank P-value
Coprostanol Esters 25:2 +20 1 499 x 10-11
Coprostanol Esters 25:1 +20 2 6.97 x 10-11
Cholesterol Esters 24:1 +20 3 1.24 x 10-10

BLL 40:10 +40 4 5.21x 10-8
S-DGCC 38:0 +30 5 1.69 x 10-10
DGDG 35:5 +20 6 1.75 x 10-10
DGDG 35:6 +20 7 1.25X10-9
Coprostanol Esters 24:2 +30 8 1.86 x 10-8
Cholesterol Esters 25:1 +30 9 2.29x 10-9
PG 40:1 +40 11 1.32x 10-9

Wax Ester 32:2 +10 15 3.47x 10-6
TAG 62:16 +20 16 2.89x 10-6
SQDG 30:1 17 1.53 x 10-6

PG 47:0 +40 19 1.22x 10-5
Cholesterol Esters 25:2 +30 22 1.87x 10-5
DGDG 37:6 23 3.62x 10-5

TAG 52:10 24 4.68 x 10-6
Coprostanol Esters 11:0 26 5.15x 10-5
PC 38:9 +10 29 7.83 x 10-5
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AIM Ic: Shared E. huxleyi Lipids

To find lipids that are common across all four strains of E. huxleyi tested, the 30 lipids
with loadings closest to zero for the PCA used in aim I (Fig. 1A) revealed lipids that are
consistently present in all four strains tested. A breakdown of these loadings revealed many of
the same lipid classes as the earlier analyses. DGDGs, SQDGs, S DGCCs, and TAGs were all
prominent. One lipid class that was revealed only in this comparison, however, was PUA, a type

of oxylipin that is formed by fatty acids when phytoplankton are stressed (Ribalet et al., 2014).

PCA SCORES NEAR ZERO - LIPID SUBCLASS
A B 379 374

Coprostanol Ester

Wax Ester

Figure 3. Emiliania huxleyi lipids that are present in similar amounts in all four strains, regardless of ploidy level or calcification
state. A, Lipid classes represented in the 30 loadings closest to zero on PC1. B, Venn diagram comparing the lipidomes of all four
E. huxleyi strains (created using Venny 2.1).

My analysis revealed that out of 276 total E. huxleyi lipids, 185 lipids (>67%) were
shared by all four ungrazed strains (Fig. 3B). Of these 185 lipids, 22 had PC1 loadings near zero

(Table 6), showing that there is consistency in the lipid profiles of different strains.

Table 6. A list of lipids that are present in all four ungrazed Emiliania huxleyi strains which also have PC1 loadings near zero.
The lipid name, (“Lipid”) and the PC1 loading value (“PC1 Loading”) are provided.

Lipid PC1 Loading
SQDG 32:1 -0.017896
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DGDG 36:9 -0.013979
Wax Ester 41:4 +20 -0.012256
S DGCC 28:3 +10 -0.011397
DGDG 21:2 +20 -0.010109
SQDG 33:3 -0.007791
S DGCC 35:4 -0.006791
PDPT 37:6 -0.005667
PUA 12:2 -0.003361
DAG 36:9 -0.001143
SQDG 40:8 0.0034094
SQDG 29:0 0.0037516
PDPT 38:3 +40 0.0042128
DGDG 34:6 0.0043485
DGDG 36:10 0.0045905
S DGCC 36:9 +30 0.0048069
Coprostanol Esters 18:2 +40 0.0079783
TAG 56:2 0.009371
S DGCC 43:8 +40 0.011026
S_DGCC 39:8 40 0.011042
S DGCC 28:0 +20 0.012071
TAG 52:9 0.012682

AIM Ila: Individual strain responses to grazing stress
The E. huxleyi lipidome showed marked differences between an ungrazed and a grazed

state, both within individual strains (Fig. 4) and when comparing all four strains (Fig. 5). When

looking at strain specific responses, PCA showed clear separation between ungrazed and grazed-

stressed conditions along PC1 (Fig. 4A-D). In each PCA, the loadings with negative values
correspond to lipids in an ungrazed (control) state, while the loadings with positive values

correspond to lipids in a grazed state.
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Figure 4. Results of the ungrazed vs. grazed lipidome analysis of all four individual Emiliania huxleyi strains. PCA scores plot
of A, strain 374 lipidome B, 379 lipidome C, 607 lipidome and D, 624 lipidome. The negative PC1 scores on each plot
correspond to lipids in an ungrazed state (blue), while the positive scores on each plot correspond to lipids in a grazed state (tan).
E, Lipid classes represented in the 30 lipids with lowest loadings on PC1 in ungrazed strain 374 (“Control”) and the 30 lipids
with the highest loadings (“Grazed”). F, Lipid classes represented in the 30 lipids with lowest loadings on PC1 in ungrazed strain
379 (“Control”) and the 30 lipids with the highest loadings (“Grazed”). G, Lipid classes represented in the 30 lipids with lowest
loadings on PC1 in ungrazed strain 607 (“Control”) and the 30 lipids with the highest loadings (“Grazed”). H, Lipid classes
represented in the 30 lipids with lowest loadings on PC1 in ungrazed strain 624 (“Control”) and the 30 lipids with the highest
loadings (“Grazed”).

Analyses of the top 30 PCA loadings for ungrazed and grazed states in each individual E.
huxleyi strain revealed similarities and differences in the classes of lipid that were indicative of
exposure to grazers. These lipid class breakdowns are visible in figures 4E-H. In all four strains,
a grazed state was strongly associated with the presence of TAGs, which made up between 30 -

45% of the lipids present in the top 30 loadings associated with grazed state for each strain.
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Grazing was also associated with a decrease in DGDGs and an increase in PC lipids in all four
strains.

There were also many differences in the lipid class breakdowns that were limited to
specific strains. In strain 374 (Fig. 4E) prominent “grazed” lipids were unique in that they
contained a large percentage of wax esters. Lipids with large loadings in strain 379 (Fig. 4F)
were unique in that they contained astaxanthin, a pigment lipid with a myriad of uses ranging
from a purported human health supplement to pigmentation for animal products (Ambeati et al.,
2014). The top loadings for strain 624 (Fig. 4H) were unique in that they contained FFAs.

There were also many differences in lipid class breakdowns that were associated with
various subsets of E. huxleyi strains. For instance, the lipids with high loadings in strains 374 and
624 contained coprostanol esters, and the top loadings for strains 374, 379, and 607 contained
PGs, suggesting that the relative concentrations of these lipids were increased in grazer-exposed
cultures. Interestingly, the lipids with large loadings in calcified strains 607 and 624 contain

DGDGs, while the naked strains do not appear to have DGDGs as biomarkers for grazing.

AIM IIb: Common responses to grazing stress

While each individual E. huxleyi strain showed numerous unique differences between
ungrazed and grazed states, the comparison of the ungrazed vs. grazed states of all four
combined strains revealed the lipid classes that are indicative of a generalized grazer exposed
state. Due to considerable variation in how the lipidomes of each strain changed in response to
grazing, neither the PCA (Fig. 5A) nor the PLS-DA (Fig. 5B) performed on the combined E.
huxleyi lipidomes showed separation between the control and grazed states on either axis. In
order to properly analyze the lipids most indicative of ungrazed and grazed states, an orthogonal

PLS-DA (oPLS-DA) was performed (Fig. 5C). The oPLS-DA separated the lipids according to
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their ungrazed and grazed states, with this variation being accounted for by the T score on the
first axis. In the oPLS-DA, lipids that are more prevalent in an ungrazed state have negative

loadings whereas lipids with positive loadings are indicative of exposure to grazers.
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F E. hux Control E. hux Grazed

Figure 5. Results of the ungrazed vs. grazed lipidome analysis of all four Emiliania huxleyi strains. A, PCA scores plot
comparing all four E. huxleyi strains in ungrazed cultures (“control”) and grazer exposed (“grazed”) cultures. B, PLS-DA plot
comparing all four E. huxleyi strains in an ungrazed state to all four strains in a grazed state. C, Orthogonal PLS-DA comparing
all four E. huxleyi strains in an ungrazed state to all four strains in a grazed state. In all three plots, the negative scores/loadings
along the PC1/component 1/T score axes correspond to lipids in an ungrazed state (blue), while the positive scores on each plot
correspond to lipids in a grazed state (tan). D, Control lipid classes represented in the 30 lipids with the lowest scores on T score
1. E, Grazed lipid classes represented in the 30 lipids with the highest scores on T score 1. F, Venn diagram comparing the 185
lipids shared by all four E. huxleyi strains in ungrazed (“control”) cultures to the 142 lipids shared by all four E. huxleyi strains in
grazed cultures.

Analysis of the top 30 oPLS-DA loadings for ungrazed and grazed cultures for all four E.
huxleyi strains revealed remarkable differences between the two groupings of lipids. The lipid
breakdown indicates that lipid classes most indicative of ungrazed cultures are SQDGs, DGDGs,
S DGCCs, and PDPTs (Fig. 5D). Lipid classes most indicative of a grazed state in E. huxleyi are
TAGs, coprostanol esters, PCs, and wax esters (Fig 5E). One very notable trend within and
among strains, was the sharp reduction in DGDG lipids associated with grazed cultures.

A Venn diagram comparing the grazed lipidomes of all four Emiliania huxleyi strains is
available in the supplementary materials (Fig. S1). This comparison revealed lipids unique to
strains 374 and 607 after grazing and revealed numerous lipids that were shared by two or more
strains after grazing. The single lipid unique to grazed strain 374 was wax ester 32:0 +30.
However, this lipid was not present in the top 30 grazed PCA loadings for this individual strain,

nor was it present in the oPLS-DA loadings corresponding to grazing in all strains. The Venn
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diagram also revealed two lipids unique to grazed strain 607 only: PC 44:10 and TAG 59:14
+10. Neither of these lipids is present in the top 30 PCA loadings associated with a grazed state
in strain 607, but PC 44:10 is identified as indicative of a grazed state in the top loadings of the
combined strain oPLS-DA analysis.

While there were only three lipids unique to individual E. hux/eyi strains in a grazed
state, there were 35 lipids shared by two strains, 93 shared by three strains, and 142 total lipids
being shared among all four (Fig. S1). Out of these 142 shared lipids, 32 (>14%) were unique to
a grazed state (Fig. 5F). Of these 32 lipids, 19 were present in the top loadings taken from the
combined-strain oPLS-DA in figure 5C and are listed in Table 7. Any or all of these lipids are

potential biomarkers for a grazed state in Emiliania huxleyi.

Table 7. A list of lipids only present in all four grazed Emiliania huxleyi strains that are also present in the top 30 oPLS-DA
loadings. The lipid name (“Lipid”), the lipid’s rank (1-30) in the orthogonal PLS-DA weights (“oPLS-DA Rank”), and the P-
value from a t-test of peak areas in control vs. grazed strains (“P-value”) are provided.

Lipid oPLS-DA Rank P-value
PC42:10 +10 1 4.64x 10-10
PC 44:11 430 2 7.43 x 10-9
Coprostanol Esters 24:2 +40 3 2.16 x 10-7
TAG 64:15 +30 4 1.08 x 10-6
TAG 53:8 5 7.13 x 10-7
TAG 51:8 6 1.02 x 10-6
TAG 55:11 7 6.02 x 10-7
Coprostanol Esters 20:0 +40 8 3.01x 10-5
S DGCC 48:4 +10 9 1.28 x 10-6
TAG 53:5 11 227 x 10-5
TAG 55:10 17 7.13 X 10-6
Coprostanol Esters 22:1 +40 18 8.97 x 10-5
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PC 40:10 20 4.39x 10-5
Coprostanol Esters 24:1 +40 23 520x 10-4
PC 42:10 +10 24 432x10-4

TAG 62:15 +30 26 1.90x 10-4

S DGCC 46:3 +10 27 1.46 x 10-4
TAG 52:10 29 3.64x 10-4

S DGCC 50:4 +10 30 7.00 x 10-4

AIM III: O. marina lipidomic response to food

There were numerous differences in the O. marina lipidome after feeding on the four E.

huxleyi strains, with only a few changes to the O. marina lipidome being dependent on specific

strains. Overall, there appeared to be a great amount of similarity amongst the fed O. marina

lipidomes. In the oPLS-DA plots, loadings with negative values correspond to O. marina lipids

after grazing on one of the four E. huxleyi strains, and loadings with positive values correspond

to O. marina lipids in an unfed state.
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Figure 6. Results of the unfed vs. fed lipidome analysis of Oxyrrhis marina fed each of the four Emiliania huxleyi strains.
Orthogonal PLS-DA scores plot of the O. marina lipidome before and after grazing on A, E. huxleyi strain 374. B, E. huxleyi
strain 379. C, E. huxleyi strain 607. D, E. huxleyi strain 624. The negative scores on each plot correspond to O. marina lipids
present after grazing on a specified E. huxleyi strain (red), while the positive scores on each plot correspond to O. marina lipids
in an unfed state (blue). E, Lipid classes represented in the 30 lipids with lowest weights on T score 1 in unfed O. marina
(“Unfed”) and the 30 lipids with the highest loadings in O. marina fed strain 374 (“Fed”). F, Lipid classes represented in the 30
lipids with lowest weights on T score 1 in unfed O. marina (“Unfed”) and the 30 lipids with the highest loadings in O. marina fed
strain 379 (“Fed”). G, Lipid classes represented in the 30 lipids with lowest weights on T score 1 in unfed O. marina (“Unfed”)
and the 30 lipids with the highest loadings in O. marina fed strain 607 (“Fed”). H, Lipid classes represented in the 30 lipids with
lowest weights on T score 1 in unfed O. marina (“Unfed”) and the 30 lipids with the highest loadings in O. marina fed strain 624
(“Fed”). I, Venn diagram of the O. marina lipidome after being fed each of the four E. huxleyi strains. J, Venn diagram
comparing the lipids shared by all four O. marina fed lipidomes to the O. marina control (unfed) lipidome.

Fed

A breakdown of the lipid classes indicative of unfed and fed states in O. marina after

consumption of each of the four E. huxleyi strains reveals several interesting trends in lipid class



(Fig. 6E-H). Overall, the lipid class most indicative of a fed state in O. marina was TAGs, with
this lipid class making up between 25% - 75% of the top oPLS-DA fed loadings. Another lipid
class found to be more prominent in a fed state than an unfed state regardless of food sources
was PCs as well as one DAG lipid (DAG 44:12). Overall, the prominent lipid classes in O.
marina fed E. huxleyi strains 374, 379, and 624 were largely similar. However, the lipidome of
O. marina consuming E. huxleyi strain 607 (Fig. 6G fed) had a striking difference; nearly 50% of
the top oPLS-DA loadings were wax esters: O. marina fed strain 607 had 14 wax esters in the
top 30 oPLS-DA loadings, while the O. marina fed the other three strains had only one or two
wax esters prevalent in their lipidomes.

There were numerous lipids which were unique to O. marina having grazed on one or
more E. huxleyi strains (Fig. 61). One lipid, S DGCC 31:3 +10 was present in the O. marina
lipidome only after feeding on strain 624, however it was not present in the oPLS-DA loadings
for a fed state after consuming strain 624. The presence of this lipid in the control O. marina
lipidome means that this is not a potential biomarker for O. marina after feeding on strain 624.

Three lipids, wax ester 27:4 +20, wax ester 49:2 +10, and DAG 33:0 +40 were present
in O. marina only after consuming strains 374, 607, and 624. However, all three of these lipids
were present in the O. marina unfed lipidome as well, and none of these three lipids were present
in the top 30 fed oPLS-DA loadings for O. marina after grazing on each of these three E. huxleyi
strains. Therefore, these three lipids are not appropriate biomarker lipids indicative of O. marina
consuming diploid E. huxleyi.

A comparison of the 135 lipids present in O. marina after being fed each of the four F.
huxleyi strains to the O. marina control lipidome is shown in figure 6J. 134 lipids are present in

O. marina in both a control state and after feeding on all four E. huxleyi strains. One lipid, PC
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44:12 +40, is present in O. marina only in a fed state. This lipid was found among the top 30 fed
oPLS-DA loadings only in the strain 607 analysis (with a loadings rank of 22). The presence of
this lipid in the fed state only after feeding on all four E. huxleyi strains and its prominence in
one of the oPLS-DAs makes this lipid a potential biomarker of a fed state in O. marina, at least
within the scope of the dataset used for this report.

The lack of individual lipid biomarkers for O. marina fed specific E. huxleyi strains was
striking. Only one lipid, S DGCC 31:3 +10, was unique to the O. marina lipidome after
consuming E. huxleyi strain 624, and three lipids were unique to O. marina after consuming
diploid strains of E. huxleyi (374, 607, and 624). However, all four of these lipids were also
present in the unfed O. marina lipidome, and none were found to be prominent in the top 30
oPLS-DA loadings for O. marina fed these respective strains. Contrary to this, of the 148 total O.
marina lipids present after grazing, 135 were shared by O. marina after feeding on each of the
four E. huxleyi strains. This illustrates that the vast majority of O. marina lipids were
upregulated in response to grazing regardless of which E. huxleyi strain was consumed. Some
lipids were more upregulated after consuming some strains when compared to others, for
instance, the predominance of wax esters in O. marina after consuming E. huxleyi strain 607, but
the individual lipids created were by and large, shared. This makes sense, as within a given
species, many of the same lipids are created despite varied sources of food, as the same
biosynthetic pathways are at play when digesting each of the four E. huxleyi strains (Dairi et al.,

2011).
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DISCUSSION

AIM Ia: E. huxleyi lipidomes differ based on calcification state

My comparison of naked (strains 374 and 379) and calcified (strains 607 and 624)
revealed differences in lipid class composition in naked vs. calcified strains. Coccoliths are
intricate calcium carbonate sheets which form in layers around cells in calcified strains of E.
huxleyi and have multiple functions. In my analysis, the presence of wax esters and coprostanol
esters in the largest PLS-DA loadings indicates that these lipid classes could be important
predictors of calcification in E. huxleyi. There are many published works that study these lipid
classes in zooplankton (where they serve as long-term storage lipids), but few investigate the
functioning of these lipids in phytoplankton. In the plant Arabidopsis thaliana, wax esters on the
surface of leaves and stems are associated with tolerance to drought (Patwari et al., 2019), and
are also important components on the surfaces of primary shoots and within seed oils (Li et al.,
2008). Coprostanol esters are a product of cholesterol metabolism, and in plants, coprostanol
esters accumulate in seeds and cell membranes. In seeds, they help with cell proliferation and
differentiation, and in cell membranes they can help regulate fluidity and permeability (Piironen
et al., 2000). Naked and calcified strains have many differences in their biochemical pathways
and internal structures (Taylor et al., 2017), and the observed differences in my analysis could
reflect this. Calcite coccoliths are created within the cell, inside of specialized compartments
called coccolith vesicles. Once mature, coccoliths are moved to the membrane exterior where
they assemble in layers to surround the cell (Brownlee et al., 2015). One possibility then for the
observed differences in lipid class makeup, is that the lipid classes found to be more prominent
in calcified E. huxleyi are components of these coccolith vesicles or are otherwise involved in the

myriad of biosynthetic processes required to create coccoliths.
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Another possibility is that calcified coccolithophores inhabit different environmental
niches and experience a different suite of stressors than their naked counterparts, leading to
differences in lipid makeup that provide advantages to these habitats. For instance, it has been
suggested that calcified E. huxleyi are typically found deeper in the water column than naked
cells (Taylor et al., 2017), which provides a possible explanation for the greater quantity of
coprostanol esters observed in the calcified PLS-DA weights. Deeper water is usually cooler than
surface water, so cholesterol and corresponding coprostanol esters in the membranes of E.
huxleyi could help maintain membrane fluidity at these greater depths. Wax esters help provide
structural support and protection against dehydration in A. thaliana, and they could provide
similar advantages to calcified E. huxleyi. The deeper a cell is in the water column, the greater
the water pressure that cell will experience. Thus, it is possible that wax esters are present in
greater amounts due to their possible role in helping to maintain cell shape and integrity in

calcified E. huxleyi.

AIM Ib: Ploidy level influences E. huxleyi lipid composition

My comparison of haploid strain 379 and diploid strains 374, 607, and 624 revealed
differences in lipid class composition based on ploidy level. One possible explanation for these
differences has to do with the different susceptibilities of haploid and diploid E. huxleyi to viral
infection. It has been known for some time that haploid E. huxleyi have a natural resistance to
viral infection, which diploid E. hux/eyi do not possess. Coccolithophore populations are even
able to switch from a primarily diploid to a primarily haploid composition in response to viral
infection (Frada et al., 2008). E. huxleyi viruses (EhVs) penetrate host cells via membrane fusion
and leave host cells via budding, which requires a host cell membrane that will readily fuse with

a viral lipid envelope and results in viruses leaving a host while containing host-cell lipids
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(Fulton et al., 2014). Haploid E. huxleyi could contain membrane lipids that prevent this viral
fusion, while diploid E. huxleyi could contain membrane lipids that facilitate it. Numerous
studies have found that sGSL (glycosphingolipid) content in E. huxleyi cell membranes is
positively correlated with susceptibility to viral infection (Fulton et al., 2014). However, no
prominent glycosphingolipids were found in my analysis, which suggests these lipids are not
influential in grazing. Studies have also found that EhV infection leads to extreme remodeling of
the host-cell lipidome (Hunter et al., 2015). It is possible that haploid E. huxleyi is also less
susceptible to this remodeling than diploid E. huxleyi.

One study of viral infection in E. huxleyi haploid vs. diploid cells obtained data on an
uninfected haploid and diploid strain (Hunter et al., 2015), which was useful to compare to my
own results. Possible haploid biomarkers identified by Hunter et al. (2015) were WE 31:0, GSL
40:0 and 40:1, and MGDG 32:5, although none of these were present in the lipidome obtained
for haploid E. huxleyi from the Harvey et al. (2015) analysis. Possible diploid biomarkers
identified by Hunter et al. (2015) were MGDG 36:9, SQDG 40:8, BLL 18:1, PC 34:5, and
numerous sGSLs. However, only one of these lipids, SQDG 40:8, was found in my analysis, and
it was detected in all four E. huxleyi strains tested here. This suggests that this indeed may not be
an ideal biomarker for diploid E. huxleyi, as my analysis found it was present in haploid strain
379.

Haploid and diploid cells have also been found to prefer different habitats, with haploid
cells being more prolific in cool, nutrient poor waters and diploid cells being more well adapted
to warmer nutrient-rich waters (Taylor et al., 2017). In my analysis, the PCA found SQDGs and
betaine lipids (S-DGCCs) to be important indicators of a haploid state. SQDGs are present in

thylakoid membranes and help in photosynthesis, and betaine lipids can replace phospholipids in

32



times of stress, such as phosphate limitation, nitrate limitation and low temperatures (Huang et
al., 2019; Murakami et al., 2018). Perhaps, in nutrient poor waters, SQDGs help with additional
photosynthesis necessary to power movement, and perhaps betaine lipids help haploid cells cope
with environmental stress and a life spent in cooler waters. The PCA revealed that coprostanol
esters, and wax esters are important indicators of a diploid state, which were also indicators of a
calcified state. Because many diploid E. huxleyi strains are (to our knowledge) also calcified, the

biomarkers for a calcified state could be similar to those for a diploid state.

AIM Ic: E. huxleyi strains share a core lipidome

The lipidomes of the four E. huxleyi strains showed remarkable variation in their changes
in lipid makeup in response to grazing (see aim II), their effect on predator growth rate (Harvey
et al., 2015), and in the quantity of different lipids that were present in each strain. However,
there were still many shared lipids found in my analysis, with 68% of the lipids present in the E.
huxleyi analysis found in all four strains. Astaxanthin, a red pigment lipid with numerous
commercial uses (Ambati et al., 2014), was one of these shared lipids.

Other studies have found many of the same classes and individual lipids found in the
Harvey et al. (2015) dataset and discussed in this analysis (Aveiro et al., 2020). However, there
were numerous individual lipids and lipid classes identified in Aveiro et al. (2020) that were not
present in my dataset (e.g., MMPE, sGSL, PI, etc.), and the authors mentioned that the individual
lipids and lipid classes they identified differed from previous research as well. They postulated
that strain identity and growth conditions can have large effects on the lipid makeup of E.
huxleyi, making it difficult to compare studies. This variability also makes it difficult to study the
lipidome of the E. huxleyi species as a whole. While an in-depth analysis of the E. huxleyi

lipidome in general was not feasible for this thesis, the list of 185 lipids shared by all four strains,
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as well as the lipids identified by the PCA as present but mostly unchanging between strains,
does provide some clues as to what lipids were not strain-specific. For instance, the lipid class
breakdown of the oPLS-DA results shows that many DGDGs, TAGs, SQDGs, betaine lipids, and
wax esters are present in all £. huxleyi strains (Fig. 3A), and therefore may not be decent
biomarker classes for ploidy level and calcification state. Rather, only individual lipids should be
used for this purpose. For instance, the PUA 12:2 lipid (polyunsaturated aldehyde), was not
identified by PCA analysis in either the ploidy or calcification state comparisons, so this lipid
could be a biomarker lipid that remains unchanged in the four E. huxl/eyi strains used in this
experiment.

A distinct limitation of the above analysis and those throughout this thesis, is that [ am
only working with data from four total E. huxleyi strains and one strain of O. marina. In addition,
each of the four E. huxleyi strains differs greatly in their individual lipidomes, ploidy level,
calcification state, and in how they are impacted by predation (Harvey et al., 2015). It is not yet
known how many strains of E. huxleyi exist in the ocean, but the number is likely in the hundreds
or thousands (Monteiro et al., 2016). O. marina also has large amounts of intraspecies variation,
with 38 named strains and many more likely in existence (Lowe et al., 2011). With so few strains
to work with and so much variability between the strains, applying my findings to E. huxleyi and

O. marina at large is impossible.

AIM 1I: E. huxleyi lipidomes have both shared and unique responses to grazing stress

In aim I, the ungrazed lipidomes of Emiliania huxleyi were explored, looking at lipids
common to a general unstressed state, as well as lipids specific to calcification state and ploidy
level. In aim II, the impact of grazing on the E. huxleyi lipidome was explored, both among each

individual strain and all four strains as a whole. It was discovered that while the lipidome of each
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E. huxleyi strain responds to grazing in a unique way, there are some commonalities shared by all
four. When looking at grazing-induced changes in the lipid classes represented in the
PCAs/oPLS-DA, there were two notable changes that were shared among all four strains. These
changes were a large decrease in DGDGs and a marked increase in TAGs. Another lipid class
that was prominent in the combined strain analysis as well as two of the individual strains (374
and 624) was coprostanol esters. The decrease in DGDGs and corresponding increase in TAGs,
as well as the presence of coprostanol esters and their possible connections to a grazed state will
be discussed below.

One initial worry during initial analysis of aim II data, was that the TAGs present in the
grazer exposed E. huxleyi lipidomes could be contamination from the Oxyrrhis marina lipidome.
However, terrestrial plants as well as many types of phytoplankton not only produce small
amounts of TAGs at all times but accumulate TAGs in large quantities in response to changes in
their environment (Lu et al., 2020; Sayanova et al., 2017). In diatoms and other types of
phytoplankton, cells can produce large amounts of TAGs in response to nutrient deprivation and
other environmental stressors, such as high temperatures and light intensity (Maeda et al., 2017;
Zienkiewicz et al., 2016). Most of these TAGs are created through the remodeling of lipids in the
chloroplast membrane (Maeda et al., 2017). In the present study, DGDGs (present in thylakoid
membranes) experienced a large decrease along with the corresponding increase in TAGs when
exposed to grazers (Fig. 5D and E). If the DGDGs in E. huxleyi are being remodeled into TAGs
in response to grazing pressure, this would explain both the increase in TAGs and the decrease in
DGDGs observed in this analysis. Indeed, studies have shown that TAG formation is highly
correlated with chloroplast degradation in phytoplankton, with increases in TAGs occurring in

concert with decreases in chloroplast membrane and pigment lipids (Zienkiewicz et al., 2016).
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The lipid classes most indicative of an ungrazed state in E. huxleyi include two chloroplast
pigment lipids, and a large number of the chloroplast membrane lipids DGDGs and SQDGs (Fig.
5D). The lipids most indicative of a grazed state do not include DGDGs, include only one SQDG
lipid, no chloroplast pigment lipids, and a large number (over half of the 30 most prominent
grazed lipids) of TAGs (Fig 5E).

One possible reason for chloroplast degradation in favor of TAG production is that
stressful conditions cause phytoplankton cells to enter into a quiescence phase (Zienkiewicz et
al., 2016). In this phase, cells temporarily stop dividing and rewire their metabolisms in a way
that will best help them survive the stressful situation. Typically, this means taking apart the
photosynthetic membranes in chloroplasts and using those lipids to create massive amounts of
TAGs, which provide energy to the cell throughout the stressful period. While the environmental
stressors explored in the literature center around nutrient deprivation, elevated temperatures, and
light stress, it is reasonable to assume that grazing pressure from a protist predator could invoke
a very similar stress response in phytoplankton.

Coprostanol esters are a type of plant sterol, which are plant compounds similar in
structure to cholesterol. Plant sterols play many roles, such as signal transduction and the
regulation of membrane fluidity (Piepho et al., 2010). Studies have found that plant sterols
increase in response to environmental stressors, such as nutrient deprivation and high light
intensity (Gordillo et al., 1998; Piepho et al., 2010). The exact biochemical pathways involved in
creating these plant esters are not as well studied as those involved in TAG synthesis. While the
analysis of grazer exposure responses in the four E. huxleyi strains used in this analysis indicates
coprostanol esters are prominent lipids produced in response to grazing pressure, there is not

enough evidence to postulate why at this time.
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Along with the lipidome changes shared by all four strains in response to grazing, there
were also many changes in lipid classes that were strain specific. After grazing, strain 374 and
the combined-strain analysis saw an increase in wax esters; strain 379 had astaxanthin present,
and strain 624 had a large increase in FFAs.

In the literature, wax esters are typically discussed in relation to zooplankton, with
common belief holding that marine phytoplankton contain only low levels of this type of lipid
(Sargent et al., 1977). Indeed, there were surprisingly few studies that look at the role of this
lipid class in phytoplankton. However, in A. thaliana, wax esters on the surface of leaves and
stems are associated with an increased tolerance to drought (Patwari et al., 2019), and are also
important on the surfaces of primary shoots and as components of seed oils (Li et al., 2008).
Strain 374 experienced strong grazing pressure, second only to that experienced by 379. It’s
possible that the creation of TAGs and corresponding depletion of chloroplast and cell
membrane lipids in the naked strain 374 leave the cells vulnerable to outside elements. Perhaps
wax esters can accumulate in and on top of cell membranes, providing structural support and
protection from the elements, including water loss to a high-salinity environment.

Alternatively, the reorganization of the cell membrane could be a direct response to
chemical cues from O. marina predators. Indeed, previous research has shown that
phytoplankton can respond quickly when they sense chemical cues from predators, with some
species capable of inducing toxicity (Selander et al., 2015). So, it is possible that this increase in
wax esters occurs in response to predation signals from both predators and other phytoplankton.
The changes in lipid composition may then make E. huxleyi less palatable to O. marina, with

wax esters being their own type of inducible chemical defense.
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It is also possible that populations of strain 374 consist of cells that have natural lipidome
differences, including their relative abundances of wax esters. O. marina engulfs its prey, and
during engulfment it can sense how palatable the prey is. E. huxleyi with larger amounts of wax
esters present in the cell membrane could be less palatable to O. marina than E. huxleyi with
lower amounts of wax esters. Previous research has shown that zooplankton can sense
unpalatable and/or toxic substances in prey, and selectively consume prey with lower levels of
unpalatable or toxic compounds (Brown et al., 2021). Thus, through selectively grazing only on
E. huxleyi cells with lower wax ester levels, O. marina predation could be driving the increase in
wax esters in strain 374.

These two hypotheses which aim to explain the increase in wax esters; reorganization of
the E. huxleyi membrane in response to grazing stress vs. selective grazing by O. marina, are not
mutually exclusive. Indeed, it is likely that the increase of wax esters observed in strain 374 upon
grazing, and many of the other lipid class changes observed in E. hux/eyi under grazing stress,
are a combined result of lipid remodeling in response to stress and selective grazing by O.
marina. In order to parse apart these causes and effects, however, further experimental work
would be needed.

Notably, the most prominent lipid classes for grazer exposed naked strain 379, which
experienced the highest grazing pressure out of all the strains, do not contain wax esters. This
could be due to the fact that strain 379 is motile, and a large accumulation of wax esters in and
on the cell membrane might impede motility. In addition, along with motility comes the ability to
evade predators, which could limit the ability of O. marina to engage in selective grazing of cells
with low wax ester content. However, given the high rate at which 379 was consumed, this

hypothesis is unlikely. Interestingly, instead of the wax esters seen accumulating in strain 374,
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strain 379 sees a large increase in phospholipids PC, PG, and PA, indicating that in this strain,
the depletion of DGDG lipids for TAG production is accompanied by an increase in other
phospholipids.

In addition to the increase in membrane lipids discussed above, 379 grazer-exposed
lipidomes contain one notable lipid, astaxanthin. This red pigment lipid has been extremely well
studied due to its numerous commercial applications (Ambati et al., 2014). Astaxanthin is
produced by phytoplankton and certain types of bacteria when experiencing environmental
stressors such as low pH and high light intensity, and the art of finding the stressors that cause
different organisms to produce maximum amounts of this lipid is a very active field of research
(Hwang et al., 2019). All four strains of E. huxleyi in my analysis produced astaxanthin in both
an ungrazed and grazed state, however the difference in production between an ungrazed and
grazed state appears to be strain dependent. On average, strains 374 and 624 lipidomes increased
in astaxanthin abundance upon grazing, while strain 607 decreased in astaxanthin abundance due
to grazing. Strain 379 was the only strain which recorded a very large increase in production
upon grazing, with an average log> fold change of 7.64 between an ungrazed vs. grazed state.
Because astaxanthin is a lipid found to be created due to environmental stress, strain 379’s large
increase could be due to this strain experiencing the strongest grazing pressure out of the four E.
huxleyi strains (Harvey et al., 2015). Indeed, strain 607 experienced the least grazing pressure out
of all four strains, and this strain had decreased astaxanthin production in a grazed state when
compared to an ungrazed state. Studies have found that the amount of astaxanthin produced by
phytoplankton is dependent upon the type and amount of stress an organism experiences (Hwang
et al., 2019), so it is possible that grazing pressure is correlated with astaxanthin production in E.

huxleyi. More research would be needed to determine whether this is the case.
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Another unique lipidomic response to grazing is the increase in FFAs seen in strain 624.
The presence of FFAs was not seen in the other three individual strains nor the combined strain
analysis in a grazed state. Interestingly, it has been found that some free fatty acids can have
inhibitory effects on the growth of other marine organisms by interfering with biochemical
processes and damaging cell structures (Wu et al., 2006). For instance, certain fatty acids in
cyanobacteria have been found to inhibit the growth of some types of green algae (Ikawa et al.,
1996), and other fatty acids in cyanobacteria have been found to have antibacterial properties
(Mundt et al., 2003). Interestingly, certain fatty acids have also been found to act as a defense
against grazers in diatoms, with 5,8,11,14,17-eicosapentaenoic acid being found to be a cause of
diatom biofilm toxicity to grazers (Juttner, 2001). Strain 624 experienced low grazing pressure,
with O. marina experiencing a low growth rate despite consuming strain 624 cells at a rate
comparable to the other strains. One possible reason for this low growth rate upon consuming
strain 624 is that the FFAs present in strain 624 in a grazed state inhibit the growth of O. marina

in some way, perhaps by interrupting certain biochemical pathways in O. marina cells.

AIM III: The O. marina lipidome has both shared and unique responses to feeding on
different E. huxleyi strains

This analysis found that how the O. marina lipidome changes in response to feeding on
different E. huxleyi strains is largely similar for strains 374, 379, and 624, with some striking
differences arising upon consumption of strain 607. oPLS-DAs were performed which compared
the lipidomes of unfed O. marina vs. O. marina fed each of the four E. huxleyi strains, which
provided data used to uncover prominent lipid classes and individual lipid biomarkers indicative
of consuming one or more specific strains. While this analysis did not reveal any individual lipid

biomarkers indicative of consuming specific strains of E. huxleyi, there was one individual lipid,
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PC 44:12 +40, and two prominent lipid classes, TAGs and PCs, which were indicative of an
overall fed state in O. marina. In addition, there was one lipid class, wax esters, which appeared
to be indicative of a fed state in O. marina only after consuming strain 607.

The abundance of TAGs in O. marina after consuming each of the four E. huxleyi strains
is well-supported by the literature. Marine zooplankton consist of four main types of storage
lipids. These are TAGs, wax esters, phospholipids, and diacylglycerol ethers (Lee et al., 2006).
TAGs are the most prominent storage lipid in terrestrial animals, and the same has been found to
be true of many zooplankton species as well, where an abundance of TAGs is typically indicative
of recent food consumption (Lee et al., 2006).

A recent study of the transcriptomic response of O. marina to starvation and feeding
lends further support to the results of my aim III analysis. Transcripts found to be upregulated in
response to feeding were involved in the synthesis of fatty acids and storage carbohydrates,
cytoskeleton rearrangement and changes in cell shape, the detection of prey and increases in
movement (Rubin et al., 2019). These results suggest that in response to feeding, O. marina cells
process their food and create fatty acids and carbohydrates to store consumed energy, alter their
cell shape and size, and increase their movement and activate different sensory channels that
help them sense prey. In this way, the increase in TAGs present in O. marina after consuming
each of the four E. huxleyi strains can be explained by the fact that FFAs are created to store
energy after food consumption, and TAGs are created through the linkage of three fatty acids
with a glycerol molecule. When fed, O. marina creates FFAs, many of which are converted into
TAGs. Over a period of starvation, these TAGs are used for energy, which explains the reduction
in TAGs present in the oPLS-DA loadings for the unfed O. marina in my analysis. This also

could explain the DAG lipid present in O. marina after consuming all four strains of E. huxleyi,
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as diglycerides are created when two fatty acids bond to a glycerol molecule. PC lipids are
created using a similar biochemical pathway as DAG (Lu et al., 2020), which could explain the
increase in PC lipids seen in O. marina after grazing. PC, being a phospholipid, could also be
increasing in quantity due to the increases in membrane size that occur in response to the
increased cell division that accompanies a fed state in O. marina (Rubin et al., 2019), although
direct evidence of this is lacking.

While the O. marina lipid classes most indicative of the consumption of strains 374, 379,
and 624 did contain one or two wax esters each, most of the lipids indicative of a fed state were
TAGs. In the breakdown of the O. marina lipid classes most indicative of the consumption of
strain 607, most of the storage lipids present were wax esters. TAGs are the predominant form of
storage lipid in many zooplankton species, but in others, specifically those which are present in
deep waters and/or high latitudes, wax esters are the most prominent storage lipid (Lee et al.,
2006). In zooplankton, TAGs are found to be indicative of recent food consumption and are
broken down more quickly for energy than wax esters, which are used for more long-term energy
storage (Lee et al., 2006; Roohani et al., 2019). E. huxleyi strain 607 experienced the lowest
grazing pressure, and O. marina had a negative growth rate when consuming this strain, with
some O. marina dying (Harvey et al., 2015). It is possible that something about E. huxleyi strain
607 makes it toxic and/or extremely difficult to digest in some way, meaning very little of the E.
huxleyi consumed can be digested and stored as energy by O. marina.

It has been suggested that O. marina will create wax esters during periods of low prey
abundance (Roohani et al., 2019). While the O. marina grazing upon E. huxleyi strain 607 had a
large abundance of prey, the E. huxleyi cells were apparently of very low nutritional quality.

Sensing this low abundance of usable nutrients, the O. marina consuming strain 607 could have
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stored much of what was consumed as wax esters, as the ability to extract energy from the food
source at hand was quite low, and long-term energy storage molecules were created to enhance
the probability of survival. In effect, the O. marina consuming strain 607 stored energy from E.
huxleyi as though it were in an environment with low food abundance, perhaps due to the poor
nutritional quality of this strain. The O. marina consuming the other three strains, which did
seem to be of acceptable nutritional quality, might have stored most of the energy consumed as
TAGs because they sensed a suitable food source was abundant.

There was only one lipid present in O. marina fed all strains, PC 44:12 +40, that was
also not present in the unfed O. marina lipidome. While this single lipid could be viewed as a
potential biomarker for fed O. marina, we cannot claim this lipid is a biomarker for fed O.
marina at large. Unfed O. marina and fed O. marina are not two completely divorced states;
rather, they are two points along a spectrum. There are many different stages of feeding, from
grazing on just enough prey for survival to gorging on a large abundance of prey. Where an
unfed state begins is also somewhat arbitrary and is decided upon by the experimenter. Is it one
day after eating? A week after eating? The endpoint of an unfed state, death, is clear. In this
experiment, O. marina was considered to be in an unfed state four days after their last meal.
However, the O. marina was by no means on the brink of death, and each cell still had varying
amounts of 147 different individual lipids present. Indeed, studies have shown that during
starvation, primarily wax ester stores are depleted (after TAG stores are used), while the types
and ratios of different lipids present in an organism remain more or less constant (Roohani et al.,
2019). In line with those findings, it seems as though in the Harvey et al. (2015) experiment,
starved O. marina maintained the diversity of its lipidome during its period of food deprivation,

while depleting the large variety of wax esters and TAGs it had in store. It is impossible to know
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whether or not more time in an unfed state would lead to more lipids being absent from the
starved O. marina lipidome, or if less time in an unfed state would have led to lipid PC 44:12
+40 being present in the unfed O. marina lipidome. In other words, it is very possible that PC
44:12 +40 was simply the first lipid to be completely broken down during the period of
starvation that the O. marina in this experiment underwent. If less time had been spent in an
unfed state, the lipid may still have been present in the unfed lipidome. If more time had been
spent in an unfed state, there could have been more lipids absent from the unfed lipidome.
Taken together, this data suggests that while the O. marina lipidome reacts to feeding on
different E. huxleyi strains in a similar way, there are numerous strain-specific differences which
have the potential to impact O. marina growth rate. The Harvey et al. (2015) experiment found
that there were differences in both O. marina ingestion rate and O. marina growth rate
depending on which E. huxleyi strain was consumed. However, the rate at which O. marina
ingested each E. huxleyi strain did not correspond to how quickly the O. marina grew while
ingesting these strains (Table 1), indicating that consuming different E. huxleyi strains could lead
to differences in energy storage and processing in O. marina. Based on the results of my aim III

analysis, this hypothesis remains a distinct possibility.

CONCLUSIONS & FUTURE DIRECTIONS

My aim I analysis examined the ungrazed E. huxleyi lipidome, looking for variations due
to calcification state and ploidy level, as well as lipids that were at relatively constant levels in all
four strains. DGDGs, PGs, TAGs, and S DGCCs were classes found to be more prominent in a
naked state (Fig. 1C), with five individual lipids found to be unique to and indicative of a naked

state (Table 3). Wax esters, coprostanol esters, and PDPTs were classes found to be more
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prominent in a calcified state in E. huxleyi (Fig. 1D), with five individual lipids found to be
unique to and indicative of a calcified state (Table 4). SQDGs and S DGCCs were found to be
more prominent in the haploid strain (Fig. 2B), however no individual lipids were found to be
indicative of a haploid state. Wax esters and coprostanol esters were found to be more prominent
in diploid strains (Fig. 2C), with 19 individual lipids found to be unique to and indicative of a
diploid state. An analysis of lipids common to all four E. huxleyi strains revealed that 67% of E.
huxleyi lipids are shared by all four strains in an ungrazed state (Fig. 3B). Of these 185 shared
lipids, 22 were found to be largely unchanging due to calcification state and ploidy level (Table
6). Overall, my aim I analysis found numerous lipid classes and individual lipids that are
indicative of various states in ungrazed E. huxleyi. This indicates that the lipidomes of the four E.
huxleyi strains in this analysis have both a core lipidome that is common between them, as well
as numerous differences which make the lipidome of each strain unique.

My aim II analysis examined the E. huxleyi lipidome of each individual strain, as well as
all four combined strains, in response to grazing. The main finding of this analysis was that the
E. huxleyi lipidome reacts to grazing in a very strain-specific way. There were numerous lipids
and lipid classes found to be indicative of each specific strain in a grazed state, as identified by
PCA analysis (Figs. 4E-H). In strain 374, wax esters and coprostanol esters were found to
become more prominent after grazing. Strain 379 saw a large increase in astaxanthin, PGs, and
PCs. Strain 607 experienced an increase in PGs and PCs. Strain 624 had increases in FFAs and
coprostanol esters. The analysis which compared all four E. huxleyi strains in an ungrazed vs.
grazed state (Fig. 5D,E) revealed that increases in TAGs, coprostanol esters, and PCs are
indicative of an overall grazed state in E. huxleyi. There were also 19 lipids identified which

were found to be unique and indicative to a grazed state in all four E. huxleyi strains (Table 7).
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The results of this aim II analysis indicate that some lipid classes, such as TAGs, increase in all
four E. huxleyi strains upon exposure to grazing pressure, while other lipid classes and individual
lipids change in response to grazing in a very strain specific way.

In my aim III analysis, the response of the O. marina lipidome to feeding on each
individual E. huxleyi strain was explored. The results of this analysis showed that the O. marina
lipidome responded to grazing in a very similar way when consuming all four strains (Figs. 6E-
H), with large increases in TAGs found to be indicative of a fed state, along with a suite of other
lipid classes. The O. marina lipidome after feeding on strain 607 differed from that of the other
three strains in one notable way, with O. marina experiencing a large increase in wax esters after
grazing on this strain (Fig. 6G). Since the growth rate of O. marina was negative while
consuming strain 607 (Table 1), this result is exciting and ripe for future analysis. Overall, these
results show us that the O. marina lipidome reacts to feeding in a very similar way, regardless of
strain identity. The results also indicate that wax esters, found to be prominent in the O. marina
lipidome after feeding on strain 607, may be indicative of consuming a toxic or non-nutritious
food source.

For this thesis, I relied heavily on principal component analysis and presence/absence
analysis to find individual lipids and lipid classes which are indicative of certain strains and
states in E. huxleyi and O. marina. However, there are many other types of analysis that can be
performed with lipidomics datasets. One such analysis, PLSR (partial least squares regression)
has the potential to identify correlations between lipidomes and other variables, such as O.
marina growth rate as measured in the Harvey et al. (2015) experiment. Using a Solo software
program, I performed three preliminary PLSR analyses which compared O. marina growth rate

to all four E. huxleyi control lipidomes, all four E. huxleyi grazed lipidomes, and O. marina
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lipidomes after grazing on all four strains. Of these three PLSRs, the comparison between O.
marina growth rate and the O. marina grazed lipidome seemed quite promising and will be
further explored. This future work is performed in recognition of the fact that the lipidome of an
organism is both a reflection of the state and experiences of that organism, as well as a variable
that will impact the behavior and lipidome of the predators that consume that organism. The
lipidome of a phytoplankton or zooplankton can have an impact on top-of-the-food-chain
predators, and the future examination of E. huxleyi and O. marina lipidomes and their correlation
with O. marina grazing behavior and growth rate, brings us one small step closer to
understanding this incredibly complex interplay between biomolecule composition and
predation.

It is useful to note that while changes in the lipidome are only one of many ways to
investigate the predator-prey dynamic between E. huxleyi and O. marina, they have a number of
advantages that other bioinformatic tools lack. While a similar analysis could have been
performed which examined changes in the transcriptomes or proteomes of E. huxleyi and O.
marina under different states and in response to grazing, the lipid makeup of these organisms
could only be loosely estimated at best. There are numerous ways in which lipid-building
enzymes are regulated post-transcriptionally, and many lipids can be in varying states of
breakdown or synthesis that cannot be predicted from the transcriptome or proteome alone. The
nuances of these changes, and the absolute values of different types of lipids present, would be
lost with other types of bioinformatic analysis. A very useful approach for future lipidomics
work may be to combine different bioinformatic analyses. For instance, one could perform both a
lipidomic and transcriptomic analysis on a set of samples. This would provide information about

which genes were active in an organism in a certain state or treatment, as well as the type and
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quantity of lipids created from these gene products. In addition to information on the lipidome,
this type of combined analysis would provide a host of additional information regarding the
proteins, RNAs, and other biomolecules present in cells in certain states and undergoing different
treatments.

Taken together, the results of my three aims indicate that lipidomics analysis can be a
useful tool when studying different states in E. huxleyi and O. marina. While the lipidome itself
may not be sufficient to concretely identify different strains and states, the changes observed in
this analysis provide insight into the internal functioning of these organisms under different
growth conditions. Lipidomic analysis is uniquely suited to the study of grazing interactions for
several reasons. First, because lipids make up the membranes of E. hux/eyi cells, they are the first
molecules that O. marina encounters upon physical contact. Thus, changes in this lipid bilayer
makeup could lead to selective grazing by O. marina. Second, lipids are much more concentrated
sources of energy than carbohydrates or protein and are widely known to influence predators’
perceived palatability of prey. In addition, the amount and type of lipids present in prey are
known to influence the health and growth potential of predators. Therefore, the overall lipid
makeup of E. huxleyi could have a larger influence on O. marina growth rate than the makeup of
carbohydrates or proteins. Third, the ability of the lipidome to change in response to stress is
well known. Therefore, the changes seen in the E. huxleyi lipidome due to grazing pressure, and
the changes in the O. marina lipidome in response to consuming strain 607, provide windows
into how these organisms respond to stress. Considering the role of phytoplankton in the marine
food web as well as global cycling, and how grazing by protists is one of the largest top-down
controls on phytoplankton populations, understanding how the lipidomes of grazers and their

prey influence each other is incredibly important.
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