
Limnol. Oceanogr. 9999, 2022, 1–14
© 2022 The Authors. Limnology and Oceanography published by Wiley Periodicals LLC on

behalf of Association for the Sciences of Limnology and Oceanography.
doi: 10.1002/lno.12094

Thermal plasticity of coral reef symbionts is linked to major alterations
in their lipidome composition

Marina T. Botana ,1*,a Adriano B. Chaves-Filho ,2 Alex Inague ,2 Arthur Z. Güth ,1

Flavia Saldanha-Corrêa ,1 Marius N. Müller ,3 Paulo Y. G. Sumida ,1 Sayuri Miyamoto ,2

Matthias Y. Kellermann,4 Raymond C. Valentine,5 Marcos Y. Yoshinaga 2*
1Instituto Oceanogr�afico, Universidade de São Paulo, São Paulo, São Paulo
2Instituto de Química, Universidade de São Paulo, São Paulo, São Paulo
3Departamento de Oceanografia, Universidade Federal de Pernambuco, Recife, Brazil
4Institute for Chemistry and Biology of the Marine Environment (ICBM), Carl-von-Ossietzky University, Oldenburg, Germany
5University of California, Davis, California

Abstract
Coral bleaching caused by ocean warming is leading to worldwide coral decline. The physiological processes

underlying this ecological event are still incompletely understood, although previous research has suggested oxi-
dative stress as major player in the impairment of symbiont thylakoid membranes and in symbiosis breakdown.
Lipids are interesting targets of investigation, given their susceptibility to thermal and oxidative stresses. Here,
an untargeted lipidomic approach was employed to examine changes in lipidome and pigments of three coral
reef symbionts (Symbiodiniaceae) after a heat shock in in vitro experiments. The acute thermal stress induced
species-specific changes in lipidome and pigments compositions of both heat sensitive and tolerant symbionts.
Heat sensitivity was characterized by a steep and steady decline in cell densities over time (4 and 240 h after
heat shock). At the membrane level, heat sensitive symbiont displayed a quantitative decrease in glycolipids
linked to polyunsaturated fatty acids, followed by enrichment in oxidized lipids and sphingolipids. Despite
showing distinct adaptations, the two heat tolerant symbionts were characterized by the preservation of mem-
brane lipids after heat shock, particularly glycolipids. This finding suggests the action of powerful antioxidant
systems, preventing the escalation of oxidized lipids concentration in thylakoid membranes under thermal
stress. Although limited by the examination of free-living symbionts, our study provides a solid baseline for the
investigation of lipidome and pigments alterations of Symbiodiniaceae in response to heat stress. Novel poten-
tial lipid biomarkers linked to thermal stress are suggested. In particular, oxidized lipids—which are implicated
in coral symbiosis establishment and breakdown—appear as attractive targets for further research.

The lipid composition of energy-transducing membranes
(e.g., cytoplasmic membranes of bacteria, thylakoid membranes
of chloroplasts, and mitochondrial inner membranes) is pivotal
for the survival of unicellular to complex organisms (Valentine
and Valentine 2009). Energy balance in living cells is highly
dependent on the efficiency of lipid membranes controlling the
permeability of ions and optimizing electron transport at the
membrane level, which creates proton gradients enabling
mechanical energy output in the form of adenosine triphos-
phate (Daum et al. 2010; Yoshinaga et al. 2016). This process is
mediated by modulation of membrane fluidity and viscosity
through regulation in the length and saturation levels of fatty
acid chains linked to different polar lipids (Sinensky 1974; Val-
entine and Valentine 2004). The adjustment of membrane lipids
(MLs) composition in response to external abiotic stressors was
suggested to be universally mediated by membrane homeo-
viscocity (Sinensky 1974; Cossins and Prosser 1978; Budin
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et al. 2018), which assures optimal cellular functions and inter-
links lipids with bioenergetics (Valentine and Valentine 2009;
Kellermann et al. 2016; Yoshinaga et al. 2016).

Membranes enriched in polyunsaturated fatty acids
(PUFAs) are more susceptible to oxidation by reactive oxygen
species (ROS), especially free radicals (Greenberg et al. 2008;
Yin et al. 2011). If not contained by the cellular antioxidant
machinery (e.g., enzymes and carotenoids), ROS can generate
lipid radicals, which might propagate ML oxidation (Smith
and Murphy 2008; Niki 2009; Yin et al. 2011)—ultimately
unbalancing proton gradients thereby disturbing the energy
balance of cells. Lipid oxidation resulting in reduced concen-
trations of PUFA in energy-transducing membranes is
suggested to impair distinct biological and ecological processes
across all life forms, as shown in the inhibition of plant and
algal growth (Falcone et al. 2004; Luo et al. 2014), coral
bleaching (Lesser 1997; Tchernov et al. 2004; Weis 2008), and
human neurodegenerative diseases (Farooqui et al. 2000; Cut-
ler et al. 2004; Chaves-Filho et al. 2019).

Coral bleaching is characterized by the physiological impair-
ment of symbiosis between cnidarian hosts and their zooxan-
thellae symbionts (Symbiodiniaceae) and/or by loss of
symbionts’ photosynthetic pigments (Glynn 1993), potentially
triggered by excessive ROS generation in the symbionts and/or
the host (Los and Murata 2004). Higher temperatures lead to
increased fluidity of highly unsaturated fatty acids of thylakoidal
membranes and may cause leakage of high-energy electrons from
the water splitting reaction at the photosystem II (PSII) in
Symbiodiniaceae (Slavov et al. 2016). This process is suggested to
lead to increased production of ROS and cell damage in the sym-
bionts (Lesser 1997, 2006; Goyen et al. 2017). In addition to
increased temperatures, excessive light stress can also intensify
the production of ROS via generation of singlet oxygen
(Pospíšil 2016). Symbiodiniaceae thylakoid membranes are
enriched in glycolipids linked to PUFA (Leblond and Chap-
man 2000). The greater number of double bonds as compared to
mono (MUFA) and saturated (SFA) fatty acids in glycolipids sig-
nificantly increase their susceptibility to ROS (Yin et al. 2011).
Several studies have suggested that Symbiodiniaceae thermal tol-
erance and bleaching susceptibility of their coral hosts are
defined by saturation levels of fatty acids contained in the symbi-
ont’s thylakoid membranes. Nonetheless, this possible mecha-
nism was inferred from the analysis of bulk fatty acid
composition (Tchernov et al. 2004; Bachok et al. 2006; Kneeland
et al. 2013) or from a limited number of lipid classes (Tolosa
et al. 2011; Imbs and Yakovleva 2012; Rosset et al. 2019; Solo-
mon et al. 2020).

The oxidative stress theory provides a reasonable concept to
explain coral bleaching leading to worldwide coral decline
(Oakley and Davy 2018). However, currently, a lipid-based
molecular explanation of thermal stress leading to thylakoid
membrane oxidative damage is still missing. Here, we show a
time-dependent cell fitness (evaluated by population density)
and a comprehensive untargeted lipidomic analysis of a heat

shock experiment (sudden rise of 12�C for 4 h) with three differ-
ent species of coral reef symbionts: Symbiodinium microadriaticum,
Breviolum minutum, and Cladocopium goreaui. Although studied
here in in vitro cultures, all three symbionts are commonly associ-
ated with coral hosts (LaJeunesse et al. 2018) and, importantly,
were reported to display distinct thermal tolerances. Previous
studies have suggested B. minutum as a thermal sensitive symbi-
ont, whereas S. microadriaticum and C. goreaui have been deemed,
comparatively, more thermal tolerant species (Swain et al. 2017;
Lesser 2019). The heat shock experimental design was aimed at
investigating the physiological adaptation of symbionts to ther-
mal stress rather than environmental thresholds of temperature,
similarly to previous studies using distinct model organisms
(Légeret et al. 2016; Higashi and Saito 2019). Our detailed moni-
toring of lipid molecular species enabled us to identify bio-
markers associated with physiological acclimation strategies in
response to extreme heat stress in Symbiodiniaceae. In addition
to symbionts lipidome, major pigments (carotenoids and chloro-
phylls) and plastoquinone were also analyzed to evaluate stress
response at the membrane level.

Methods
Experimental setup

Symbiodiniaceae monocultures (S. microadriaticum—ITS2 A1,
ID: CassKB8; B. minutum—B1, Ap04 and C. goreaui—C1, Mp)
were received from the University at Buffalo (New York) and kept
in BMAK microalgae facility at the Instituto Oceanogr�afico from
Universidade de São Paulo (Brazil). The cultures of each symbiont
were replicated equally into six 1-liter Erlenmeyer bottles (heat
shock and control samples were performed in triplicates) con-
taining sterile natural sea water with f/2 nutrient conditions
(Guillard and Ryther 2011). Bottles were randomly distributed in
a water bath maintained at 22�C. Sterilized temperature sensors
(� 0.5�C) were added inside the cultures of each bottle to moni-
tor temperature throughout the experiment. Cool fluorescent
lights were used, and light availability kept constant at 80 μE m�2

s�1 in a 12:12 h light/dark cycle. Initial cell numbers in each bot-
tle was 500 cells mL�1 and population densities were monitored
over time using a Neubauer counting chamber. Heat shock was
performed once all cultures were in exponential growth (10 d of
cultivation). A separate water bath was used and prewarmed to
34�C using electrical aquarium heaters (�0.5�C). Three bottles of
each symbiont (nine in total) were transferred from 22�C to the
preheated water bath container where a temperature of 34�C was
reached after 20 min (T0). Subsequently, the 34�C heat shock
period was applied for 4 h. Samples were immediately taken at
the end of heat shock period (T4) to evaluate short-term lipidome
alterations between the heat shock and control populations.
Afterward, culture bottles were transferred back to the 22�C water
baths. Both groups were sampled again after 240 h (T244) for ana-
lyses of long-term lipidome changes. Additional samples were
collected from the heat shock populations 1 d after the event
(T28) to describe potential rapid recovery of lipidome profiles
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after a return to the initial temperature (please see experimental
design in Supporting Information Fig. S1). Bottles were slowly
hand rotated for homogenization before sampling, which
occurred all at the same time during the light phase. Samples for
lipid and pigment analysis were taken with sterile pipets and sub-
sequently filtered onto precombusted GF/F filters (10 h under
300�C). Cell numbers exceed 1 million per filter and the true
number of cells per filter was then calculated from the cell den-
sity in the remainder of the cultures after filtration on the
sampling days.

Lipid and pigment standards
Internal standards (IS) for sphingolipids, phospholipids,

and storage lipids were obtained from Avanti Polar Lipids.
They were added to each sample allowing for further identifi-
cation and quantitative corrections. Description and concen-
tration of each component are shown in Supplementary
Table S8. Aminolipids and glycolipids as well as pigments were
quantified using external calibration curves with standards
obtained from Avanti Polar Lipids and DHI Labs, respectively.

Lipid extraction
Lipid extraction, including pigments and plastoquinone, was

performed according to Yoshida et al. (2008). Each GF/F sample
filter was macerated and homogenized in 1 mL of 10 mM phos-
phate buffer (pH 7.4) containing deferoxamine mesylate
100 μM as chelating agent. Then, 800 μL of methanol and
200 μL of IS mix (10 μg mL�1, diluted in methanol:isopropanol
[1:1]) were added. Next, 4 mL of chloroform:ethyl acetate (4:1)
were added to each mixture and thoroughly vortexed for 1 min.
Samples were sonicated for 20 min and all procedures were per-
formed on top of crushed ice to minimize evaporation of the
solvents. After centrifugation (2000 � g for 6 min at 4�C), the
lower phase containing the total lipid extract (TLE) was trans-
ferred to a new tube and dried under N2 gas. Dried TLE was
again dissolved in 100 μL of isopropanol for analysis and the
injection volume was set at 1 μL.

Lipidomic analysis and data processing
TLE was analyzed using an electrospray time-of-flight mass

spectrometer (ESI-TOFMS, Triple TOF 6600, Sciex) interfaced
with an ultra high-performance LC system (UHPLC Nexera,
Shimadzu), as described previously in Chaves-Filho et al. (2019).

MS/MS data were analyzed with PeakView® and lipid molecu-
lar species were manually identified and annotated. The interpre-
tation of MS/MS spectra, showing fragment ions as well as exact
masses and retention times used for identification, is presented
in the Supporting Information. Our strategy was to describe the
most abundant ions obtained by MS/MS experiments, covering
in general more than 80% of the total ion counts. Pigments,
plastoquinone, cholesterol, diacylglycerol (DAG), triacylglycerol
(TAG), and cholesteryl ester (CE) were analyzed in the positive
mode whereas MLs such as aminolipids and glycolipids were
identified in the positive mode, but quantified in the negative

mode. All other MLs and free fatty acids (FFA) were analyzed in
the negative mode. The peak areas of lipid molecular species
were obtained by MS data, within 5 ppm accuracy, from
MultiQuant®. For quantification, the peak areas of lipid species
were divided by the peak areas of their corresponding IS (shown
in detail in Supplementary Table S8). Pigments, cholesterol, and
FFA had external calibration curves relative to LysoPC (17:0) IS;
DAG had external calibration curve relative to TAG (17:0/17:0/
17:0) IS. Phosphatidylinositol (PI), aminolipids, and glycolipids
had external calibration curves relative to PC (17:0/17:0) IS. They
were injected separately following dilution curves with 11 points
each based on concentration ranges described in Supplementary
Tables S9, S10. Throughout the dilution curves, each point had
half the concentration of the previous point and lower limits
were defined based on MS inferior limit of detection. Specific cor-
rection factors were calculated as slopes from graph curves of
each external standard divided by their respective
abovementioned IS. For these specific groups, final concentra-
tions were obtained from the peak area ratio divided by their
respective IS area ratio and multiplied by their respective correc-
tion factor (for details, see Supplementary Tables S9, S10). No
external calibration was performed for plastoquinone. Its peak
area was divided by the peak area of Lyso PC (17:0) given
their similarities in retention time. Therefore, plastoquinone con-
centrations are not comparable to the other lipid compounds,
but they are still largely comparable among samples. During our
untargeted analysis, several oxidized PUFA were identified and
quantified both as MLs and their FFA forms. The lipidomic anal-
ysis, however, did not allow distinguishing the exact position of
monohydroxides and hydroperoxides from these oxidized PUFA.
For this purpose, we conducted an additional analysis using
targeted oxylipidomics to ascertain the composition of specific
isomers of oxidized fatty acids (see below).

Oxylipidomic analysis
Different abiotic and biological processes, including singlet

oxygen, radical, and enzymatic oxidation generate specific iso-
mers of oxidized fatty acids. To determine the contribution
of specific isomers of oxidized fatty acids, a targeted oxyli-
pidomic method was applied to monohydroxides derived from
linoleic and docosahexaenoic acids (DHA), respectively,
hydroxyoctadecadienoic (HODE) and hydroxydocosahexaenoic
(HDoHE) acids available in our laboratory. The HODE and
HDoHE standards were synthesized and purified as previously
described in Derogis et al. (2013). In brief, TLE was spiked with
the deuterated IS 5-hydroxyeicosatetraenoic acid (5-HETE-d8)
(100 ng) and 9-hydroxyoctadecadienoic acid (9-HODE-d4)
(100 ng) and analyzed using an ESI-TOFMS interfaced with a
UHPLC system. Samples were loaded into a BEH column
(UPLC® C18 column, 1.7 μm, 2.1 mm i.d. � 100 mm) with a
flow rate of 0.5 mL min�1 and oven temperature at 35�C. For
reverse phase (RP) LC, the mobile phase A consisted of acetic
acid:water:acetonitrile (0.02:50:50), while mobile phase B com-
posed of acetic acid:acetonitrile:isopropanol (0.02:50:50) and

Botana et al. Heat shock modulates Symbiodiniaceae’s lipidome - as given before

3



lipid analyses were performed in negative ionization mode
(Wang et al. 2014). The linear gradient during RP LC was as fol-
lows: from 0.1% to 55% B over the first 4 min, 55% to 99% B
from 4 to 4.5 min, hold at 99% B from 4.5 to 6.5 min, decreased
from 99% to 0.1% B from 6.5 to 7 min, and hold at 0.1% B
from 7 to 10 min. The MS operated in negative ionization
mode, and the scan range set at a mass-to-charge ratio of
200–1000 Da. Data for lipid molecular species identification and
quantification were obtained with a targeted product ion acqui-
sition method. Data acquisition, using Analyst® 1.7.1 with an
ion spray voltage of �4.5 kV and the cone voltage at �80 V,
was performed with a period cycle time of 0.56 s with 100 ms
acquisition time for the MS1 scan and 10 ms for the MS/MS
scan. The curtain gas was set at 25 psi, nebulizer and heater
gases at 50 psi, and interface heater at 500�C. Specific fragments
used for each oxidized lipid were manually identified using
PeakView® and ChemDraw® software (Supplementary
Table S11), as previously described (Derogis et al. 2013). Identifi-
cation and quantification were performed by monitoring spe-
cific fragments from each analyte using Multiquant® software.
The area of analytes was obtained by using 5 mDa as the maxi-
mum acceptable mass error. The area ratio obtained for lipid
molecular species was calculated by dividing the peak area of
the lipid by the corresponding IS (Supplementary Table S11).
The concentration of lipid species was calculated by applying
the area ratio in a calibration curve constructed for each analyte.
Data are presented as relative percentages. This analysis was per-
formed separately from lipidomics, so that data generated here
are not comparable to relative percentages, neither to abun-
dances of lipid compounds monitored through lipidomics.

Statistical analysis
All lipid compounds described in our work (260 lipid mole-

cules) were sorted into the main lipid classes and subclasses
(Supplementary Table S1). Differences among the lipidomes of
symbionts growing at 22�C (controls) were established before
applying the heat shock considering the total sum of compounds
concentrations in each lipid class. For that, we used a one-way
ANOVA analysis followed by Tukey’s HSD (p < 0.05) and false
discovery rate correction using MetaboAnalyst 4.0 software
(Chong et al. 2019). A two-way analysis of covariance (ANCOVA)
was performed to test for significant differences in cell density
development over time between the control and heat shock
groups of each species. ANCOVA used time (hours of experi-
ment) as a covariable and heat shock ([T]/control [C])) nested
within each lipid. Pairwise comparisons between heat shock and
control within the same time; and heat shock over time (T4, T28,
and T244), for each symbiont were tested with Tukey’s HSD post
hoc test (p < 0.05) (JMP v8.0 statistical software).

Overall individual lipid alterations caused by heat shock in
each symbiont species were validated by t-test (p < 0.05) in
pairwise comparisons (heat shock � control) at T4 and T244

considering changes relative to the total number of lipid
molecular species. Further quantitative differences focused on

MLs and pigments exclusively (133 features). First, multi-
dimensional scaling (MDS) and analysis of similarity
(ANOSIM) (both ran with Primer 6.0; Clarke et al. 2014) were
used to visualize and test the differences among heat shock
and control in each and among symbiont species. Positive
pairwise R values from ANOSIM were used as indicators of the
intensity of ML remodeling caused by heat shock in each
Symbiodiniaceae. Principal component analysis (PCA) was
used to identify the subclasses of MLs responsible for the main
differences caused by heat shock. After this screening, each
one of these subclasses was tested for significant differences
among the experimental units with a three-way mixed
ANOVA to evaluate the differences between heat shock and
control among symbiont species using heat shock (HS; two
levels: control and treatment) orthogonal to time (Ti; two
levels: T4 and T244) and nested within each Symbiodiniaceae
species (Spp.; three levels: A1, B1, and C1). A further two-way
crossed ANOVA was performed to evaluate the differences
between heat shock and control individually in each symbiont
species using heat shock (HS; two levels: control and treat-
ment) orthogonal to time (Ti; two levels: T4 and T244).
Pairwise comparisons were tested with Tukey’s HSD test, and
the significance threshold was set at p < 0.05. The same matrix
of 133 lipids was used for similarity percentages (SIMPER) ana-
lyses (using Primer 6.0) comparing heat shock and control of
each symbiont for identification of individual lipid compound
as heat stress biomarkers. All data of parametric tests were
tested for homoscedasticity and log-transformed when neces-
sary. Data was log-transformed (except in SIMPER analyses),
so that the variations in less abundant lipids are comparable
to more abundant compounds.

Results
A comprehensive untargeted lipidomic assessment was per-

formed under standard culture conditions (22�C; see the
Methods section for details) to establish a baseline for compar-
ing the three Symbiodiniaceae species: S. microadriaticum (ITS2
type A1), B. minutum (B1), and C. goreaui (C1). A total of
260 compounds were identified and sorted into seven classes
(i.e., pigments, MLs as glycolipids, aminolipids, phospho-
lipids, and sphingolipids; storage lipids and others) (see Sup-
plementary Table S1 and Supporting Information Fig. S2, data
available at doi:10.17632/cpr9skxb4j.1). We have also
reported the relative abundance of 16 different isomers of
monohydroxy fatty acids (see below). The most significant dif-
ference in abundance of lipid classes among the three species
was observed in the concentration of MLs (Supplementary
Table S2), which was up to 40% lower in B. minutum than in
the other two species (Fig. 1a). Most of the individual lipid
compounds (75 out of 86) that significantly differed among
the three species were ML components (Supporting Informa-
tion Fig. S2). Of these 75 compounds, 43 of them were esteri-
fied to omega-3 fatty acids, either octadecatetraenoic acid
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(18:4n-3), octadecapentaenoic acid (18:5n-3), or DHA (22:6n-
3). Glycolipids were predominantly linked to 18:4 and 18:5,
whereas phosphatidylcholine (PC) and 1,2-diacylglyceryl-
3-(O-carboxyhydroxymethylcholine) (DGCC) were mostly
linked to DHA (Supplementary Table S1). The amounts of
membrane-bound oxidized PUFA (oxy-PUFA) did not differ
significantly among the three species at baseline (Fig. 1b).

To assess the influence of heat shock on Symbiodiniaceae
fitness, both heat shock and control cultures of each symbiont
were sampled over time for population density. Biomass sam-
pling for lipidomics was performed immediately after the 4-h-
long heat shock (T4), then a day later (T28), and finally at the
end of the experiment of 240 h (T244). Even though the con-
trol of S. microadriaticum had low population density number
at T244, no significant differences among the growing control

cultures of the three species were noticed (Fig. 2). Although
the population density number of C. goreaui was not signifi-
cantly reduced by the heat shock, both S. microadriaticum and
B. minutum showed an initial reduction to about half of their
population compared to control already at T4, resulting in sig-
nificantly affected growth curves (Fig. 2; Supplementary
Table S3). The only symbiont that fully ceased growth was
B. minutum, indicated by the constant decline in its popula-
tion density after heat shock (Fig. 2).

Overall alterations in lipidome profiles after heat shock
Qualitative changes in the symbionts’ lipidome were exam-

ined by t-test in pairwise comparisons at 4 (T4) and 240 h
(T244) after heat shock relative to time-matched control sam-
ples. Our findings revealed an intense lipidome remodeling
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already at T4. All species displayed around 50 significant
changes in lipid composition, including up- and down-
regulated compounds (Fig. 3a; Supplementary Table S4). At
T244, S. microadriaticum showed fewer alterations in lipidome

(ca. 20 lipids) as compared to the other two species that pres-
ented ca. 100 significantly altered lipids (Fig. 3b; Supplemen-
tary Table S4). As shown in the Venn diagrams, only few
overlapping alterations in lipidome were observed, suggesting

Fig. 3. Qualitative alterations in the number of individual lipids and pigments, and their contribution within subclasses, significantly altered (t-test;
p < 0.05) in Symbiodiniaceae after heat shock as compared to controls. Venn diagrams displaying the number of compounds significantly up- and down-
regulated in pairwise comparisons at 4 (T4) and 240 h (T244) after heat shock vs. their controls (a and b, respectively). Contribution of altered individual
compounds to the total number of compounds within a subclass (in %) at T4 and T244 vs. their controls (c and d, respectively). Red star symbols indicate
the number of significantly altered oxidized lipids within a given subclass. Analyses details are shown in Supplementary Table S4. Pigments (Pigm), plasto-
quinone (Plasto), CEs and free cholesterol (Sterols), glycerolipids (GL) represented by TAG and DAG; FFA, phospholipids (PL), aminolipids (AL), glycolipids
(Glyco), and sphingolipids (SL).
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that changes in lipid and pigment compositions were largely
species-specific. Figure 3c,d illustrates the contribution of
changes in symbionts’ lipidome with respect to the percentage
of individual lipids within a subclass. The initial alterations
(i.e., 4 h after the heat shock) were associated with decreased
concentrations of MLs such as aminolipids and glycolipids as
well as an increase in sphingolipids for all three symbiont spe-
cies (Fig. 3c; Supplementary Table S4). Lipidome alterations at
T244 revealed different strategies for B. minutum and C. goreaui,
the two species displayed around 100 significant changes. In
contrast to the upregulation of pigments and glycerolipids,
particularly TAG, in C. goreaui, lipidome changes in
B. minutum were related to reduced concentrations of pig-
ments, increased concentrations of FFA and MLs, the latter
mostly linked to saturated fatty acids (Fig. 3d; Supplementary
Table S4). Of note, over 50% of all FFA and sphingolipids
exhibited increased concentrations at T244 in B. minutum.
Finally, a number of changes in lipid composition were related
to oxidized forms annotated as “red star symbols” in Fig. 3c,d.
This finding again suggests species-specific physiological adap-
tations to heat stress. For instance, whereas the concentrations
of oxidized lipids were relatively reduced in C. goreaui, these
bioactive compounds were enriched relative to control sam-
ples at T4 and T244 in S. microadriaticum and B. minutum,
respectively.

To evaluate thermal susceptibility (defined by changes in
the population densities of each symbiont) together with the

intensity of ML remodeling, both between species and time-
dependent variation within species, the MDS plot was applied
(Fig. 3a). B. minutum greatly changed its membrane lipidome
(R = 0.75) with no recovery at 24 and 240 h after heat shock
(Fig. 4a), which suggests irreversible damaged and/or cell
death. S. microadriaticum displayed intermediate heat tolerance
(R = 0.73) and C. goreaui was the most heat tolerant symbiont
(R = 0.68). Differences among treatments of both
S. microadriaticum and C. goreaui were within 30 Bray–Curtis
similarity indices, independent of heat shock treatment at all
monitored times. The same similarity was shared only by the
control of B. minutum (Fig. 4a). Glycolipids, plastoquinone,
and pigments, together with cardiolipin, PC, and the total
sum of oxy-PUFA esterified to glycolipids and DGCC were the
ML classes that exhibited the highest variation among
Symbiodiniaceae after heat shock, according to PCA (Fig. 4b).
The greater distancing of heat shock-treated samples of
B. minutum evidenced in both PCA and MDS (i.e., filled red
symbols; Fig. 4) also suggests that this heat sensitive symbiont
suffered the greatest lipidome alterations.

Quantitative alterations in the heat sensitive symbiont
B. minutum

The concentration of glycolipids (as the sum of all molecular
species from monogalactosyl-diacylglycerol [MGDG] and dig-
alactosyl-diacylglycerol [DGDG] ) in B. minutum was 77% lower
than the controls at T4 (Fig. 5a). This variation is explained by
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the reduction of PUFA linked to glycolipids (i.e., the sum of all
PUFA within this lipid subclass; Fig. 5a,b). At T244, the concen-
tration of PUFA linked to glycolipids was 91% lower, whereas
the concentration of oxy-PUFA linked to glycolipids increased
by 20 times compared to the control (Fig. 5b). The glycolipid

species MGDG (18:4/18:5-OH) and DGDG (18:4/18:5-OH) were
among the top 20 most relevant altered lipids at T244 relative to
controls (Supplementary Table S7). Their concentrations
increased by 1.47 and 1.12 pg, respectively, whereas concentra-
tions of their precursors (MGDG [18:4/18:5] and DGDG
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[18:4/18:5], respectively) dropped to about half at T4 and did
not recover at the end of experiment (Supplementary Table S7).
The concentrations of lysolipids and free oxy-PUFA (oxylipins)
also increased significantly at T244 (Fig. 6c,d). The positional

isomers of monohydroxyoctadienoic (HODE) and
monohydroxydocosahexaenoic (HDoHE) acids, derived from
linoleic acid (LA; 18:2n-6) and DHA (22:6n-3), respectively,
were further investigated by oxylipidomics. The most abundant
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LA-derived oxylipins, independent of heat shock exposure,
were 9- and 13-HODE isomers (Supporting Information Fig. S5).
Relative percentages of 14- and 19-HDoHE isomers were higher
than control only at 240 h after heat shock compared to con-
trol (Supporting Information Fig. S6). Concentrations of both
plastoquinone and chlorophyll (Chl) a were reduced after heat
shock (Fig. 6a,b), similarly to glycolipids. The concentrations of
PC, DGCC, and cholesterol decreased after heat shock, whereas
sphingolipids (i.e., the sum of ceramides, phytoceramides, and
hexosyl-ceramides) increased, exhibiting a more than fivefold
gain at T244 (Supporting Information Fig. S4). Overall, the stor-
age lipids did not change significantly after heat shock, but the
MUFA content increased in TAG at T244 (Fig. 5c,d).

Quantitative alterations in the heat tolerant symbionts
S. microadriaticum and C. goreaui

In S. microadriaticum, the concentrations of Chl a and the
sum of molecular species in glycolipids, oxylipins, sphingolipids,
and storage lipids did not change significantly (Figs. 5, 6a,d, and
Supporting Information Fig. S4). Plastoquinone, free cholesterol,
and the sum of lysolipids, PC, and DGCC slightly increased at
either T4 or T244 or both (Fig. 6b,c and Supporting Information
Fig. S4). In C. goreaui, plastoquinone, PC, and DGCC concentra-
tions decreased similarly (Fig. 6b and Supporting Information
Fig. S4), whereas Chl a decreased at T4, but increased at the end
of experiments, compared to control (Fig. 6a). Significant
decrease in glycolipids concentration in C. goreaui at T244 was
only validated by a two-way ANOVA species-specific analysis
(Supplementary Table S6) representing a drop of 35% compared
to the control samples (Fig. 5b). The concentration of oxy-PUFA
esterified to glycolipids was uniquely lower than control at T4 in
C. goreaui (Fig. 5a). C. goreaui also displayed the lowest oxylipins
content (among all symbionts), independently of heat shock
(Fig. 5a,b). Interestingly, storage lipids concentration increased
in C. goreaui at T244, and the greatest change was observed for
PUFA acyl chains esterified to TAG, which were three times
greater than the controls (Fig. 5d). Regarding the relative per-
centages of HODE and HDoHEs isomers, similar contributions
were observed after heat shock compared to controls in both
heat tolerant symbionts (Supporting Information Figs. S4, S6).

Discussion
An increasing interest in lipid analysis of Symbiodiniaceae

has been witnessed over the past two decades (Tchernov
et al. 2004; Bachok et al. 2006; Tolosa et al. 2011; Imbs and
Yakovleva 2012; Kneeland et al. 2013; Rosset et al. 2019; Solo-
mon et al. 2020; Roach et al. 2021), mainly given the high
sensitivity of lipids to thermal alterations and oxidative stress.
Here, we applied a comprehensive lipidomic analysis to under-
stand lipidome remodeling of three symbiont species after
heat shock. Our data revealed considerable alterations in lipid
and pigment compositions at 4 (T4) and 240 h (T244) after
heat shock, with the number of significantly altered

compounds ranging from ca. 20 to 100 relative to control
samples (Fig. 3a,b). Lipidome remodeling was largely species-
specific and occurred in both heat sensitive (B. minutum) and
heat tolerant (S. microadriaticum and C. goreaui) species.

The growth arrest in B. minutum was initially (already at T4)
linked to reduced concentrations of glycolipids, pigments
such as Chl a and the PSII electron transporter plastoquinone,
suggesting impaired thylakoid membrane function. Subse-
quently, the data also revealed an increase in the concentra-
tion of oxy-PUFA esterified to glycolipids and aminolipids
after heat shock, which indicates that a cellular damage caused
by heat stress was associated with the oxidation of MLs. In
line with this idea and supporting the detoxifying roles of
enzymes such as ML-specific lipases (van Kuijk et al. 1987;
Miyamoto et al. 2003), the total amounts of lysolipids and free
oxylipins were also increased in B. minutum, particularly at the
end of the experiment when population densities were the
lowest (Figs. 6c,d, 2, respectively). Given the steep drop in cell
densities already at T4 and their continued decline toward the
end of experiment, we cannot rule out a major event of cellu-
lar death during the heat stress incubations with B. minutum.
Nonetheless, individual compounds from distinct lipid classes
displayed increased concentrations at T244 (Figs. 3b, 5b,d, 6c,
d), suggesting active lipid synthesis by this symbiont.

Despite the distinct lipidome strategies adopted by the
heat-tolerant S. microadriaticum and C. goreaui, the protection
of their energy-transducing membranes against lipid oxidation
may be attributed to efficient antioxidant enzymes (Imlay 2013).
B. minutum has been shown to have a less efficient enzymatic
antioxidant machinery than S. microadriaticum and C. goreaui
when exposed to heat stress (McGinty et al. 2012), which is con-
sistent with the considerable reduction in its population density
after heat shock. C. goreaui has been reported to present the
highest baseline levels of superoxide dismutase and peroxidases
(putative antioxidant enzymes that avoid propagation of super-
oxide and peroxide ions, respectively) among the three investi-
gated species (Ladner et al. 2012; McGinty et al. 2012; Krueger
et al. 2014). This is in line with our findings that revealed
C. goreaui as the most tolerant symbiont (Fig. 2) as well as the
one with the lowest concentrations of both, oxy-PUFA esterified
to MLs (Fig. 5a,b) and oxylipins (Fig. 6d). Population density of
C. goreaui did not change significantly after heat shock, but the
concentrations of most of its MLs (including some glycolipids),
chlorophyll, and plastoquinone were reduced when compared
to control (Figs. 3, 5 and Supporting Information Fig. S4). In ret-
rospect, lipidome data at T244 indicated increased concentrations
of storage lipids, especially those linked to PUFA (Fig. 3d, 5d). In
C. goreaui, reallocating PUFA from MLs to TAG or CE (Fig. 5c,d)
may represent a strategic mechanism to avoid oxidative stress
(Bailey et al. 2015; Chaves-Filho et al. 2019), preserving thyla-
koid membranes from further damage.

S. microadriaticum has been reported to have lower basal
antioxidant enzyme levels than C. goreaui, although it can
boost the production of antioxidant enzymes under stress
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(McGinty et al. 2012). Interestingly, an increase in individual
compounds of oxidized glycolipids was observed at T4

(Fig. 3c), whereas at the end of experiment this symbiont dis-
played the lowest numbers of changes in lipid and pigment
compositions (Fig. 3d). Of note, S. microadriaticum increased
the concentration of some subclasses of MLs after exposure to
high temperatures (Fig. 5a,b), particularly at T4 (Fig. 3c). The
synthesis of both antioxidants and MLs is energetically costly
and might result in relocation of available energy at the
expense of other physiological needs such as growth. Such
strategy could explain the large drop in population density of
S. microadriaticum at T4 (Fig. 2) and its recover at the end of
the experiment, even though with significantly lower cell den-
sities as compared to C. goreaui. In the case of C. goreaui, no sig-
nificant drop in its population was observed, but cells had an
intense lipid remodeling (Figs. 3d, 5, 6a,b,d, and Supporting
Information Fig. S4a,b), which could have reflected epigenetic
adaptation (Duncan et al. 2014; Alves Monteiro et al. 2020).
Symbionts with such heat resistant traits or that are capable of
rapidly remodel their phenotype in response to stressful condi-
tions are more likely to thrive in future warmer oceans
(Bindoff 2019). The efficiency of these phenotypic traits for the
metabolic symbiosis within coral hosts remains to be explored
and might be crucial to predict the success of coral reefs in
warmer oceans.

In a seminal paper, Tchernov et al. (2004) suggested that sym-
bionts with high concentrations of PUFA in thylakoid mem-
branes were more sensitive to heat stress, given the susceptibility
of PUFA to oxidative damage. However, our findings suggest that
heat tolerance/sensitivity in Symbiodiniaceae may not be defined
by membrane saturation at baseline. Recall that the heat sensi-
tive B. minutum displayed the lowest contribution of PUFA in
ML at baseline, contrasting sharply with the high PUFA content
in MLs of heat tolerant symbionts (Fig. 1b). Our data are thus
consistent with thermal tolerance being defined by the capacity
of symbionts to maintain membrane homeoviscocity particularly
at the level of structural MLs (Figs. 5, 6). In energy-transducing
membranes, high unsaturation levels in MLs enable fast electron
flow thereby leading to high energy production (Valentine and
Valentine 2004; Kellermann et al. 2016; Budin et al. 2018). Such
efficiency in energy transduction provided by highly unsaturated
MLs is, however, only plausible with either an extremely con-
stant environment or a concurrent evolution of powerful antiox-
idant machinery to preserve membrane PUFA against oxidation
(Greenberg et al. 2008; Valentine and Valentine 2009;
Imlay 2013). In summary, we suggest that lipidomic analysis of
oxidized lipids (both membrane-bound and free derivatives) may
pave way to discover novel potential biomarkers for symbiont
physiological status, including those mediating coral symbiosis
establishment and breakdown. Further studies are nonetheless
needed especially regarding the definition of positional isomers.
For instance, oxylipins in coral hosts (e.g., eicosanoids, prosta-
glandins, and aldehydes) have been shown to mediate
symbiont–host communication and symbiosis impairment

might represent a final consequence of the accumulation of
these signaling molecules in response to stress (Hillyer
et al. 2016; Matthews et al. 2017; Roach et al. 2021). In addition
to free radicals, enzymes such as lipoxygenases may also generate
oxylipins, with a few specific types of positional isomers formed
by this pathway. Despite described for phytoplankton (Gerwick
1994; Ruocco et al. 2020; Russo et al. 2020) and macroalgae
(Chen et al. 2019), enzymes such as lipoxygenases have never
been investigated in Symbiodiniaceae. Nevertheless, the great
diversity of isomers detected in the heat shock samples com-
pared to controls (see Supporting Information Figs. S5, S6), with-
out preferential generation of positional isomers, suggests
oxidized lipids being generated predominantly by free radicals
rather than enzymatically.

Finally, increased concentrations of individual sphingolipids
components were observed at T4 as a common feature of all
symbionts (Fig. 3c; Supplementary Table S4). Accumulation of
sphingolipids in response to heat stress has been reported across
all life forms from unicellular bacteria and yeast to plants and
mammals, as a strategy to adjust membrane fluidity and perme-
ability (Sollich et al. 2017; Fabri et al. 2020). Furthermore, cell
death through canonical apoptosis, such as proposed for mito-
chondria under oxidative stress, is known to be linked to the
upregulation in sphingolipids such as ceramides (Ariga
et al. 1998; Hannun and Obeid 2008). In the marine environ-
ment, apoptosis mediated by mitochondrial damage in cnidarian
host cells was proposed to result in symbiont–host association
impairment and to promote bleaching (Dunn et al. 2012). Inter-
estingly, concentrations of all characterized sphingolipids were
increased relative to control samples at the end of the heat shock
experiment in B. minutum (Figs. 3d, 5d). In contrast, concentra-
tions of sphingolipids in the heat tolerant species displayed no
alterations relative to control at T244 (Figs. 3d, 5d). Despite our
limitation to define whether B. minutum underwent significant
cell death after heat shock, sphingolipids appear as interesting
markers to access heat-associated changes in the physiological
status of symbionts.

Our study provides a comprehensive baseline for investigat-
ing lipidome alterations of Symbiodiniaceae in response to heat
stress, with additional support to the oxidative stress theory of
coral bleaching (Lesser 1997, 2006). Novel potential biomarkers
that are sensitive to physiological changes of Symbiodiniaceae
under thermal stress were revealed, including oxidized lipids
and sphingolipids. Even though the experiments have been
designed for an acute heat stress during a short period of time,
which unlikely reflects environmental conditions, our findings
revealed relevant species-specific strategies to cope with thermal
stress. Such experimental approach has been previously applied
to understand organism’s adaptation to thermal stress (Légeret
et al. 2016; Higashi and Saito 2019). Nonetheless, whether the
adaptations at the membrane levels observed in our study of
free-living symbionts would be applicable to the holobiont
and/or in the environment remain to be tested. The unbiased,
untargeted lipidomic approach was pivotal to describe 260 major
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compounds comprising symbionts’ lipidome and pigments as
well as to monitor their fine regulation after heat shock. This
study thus also highlights the importance of lipidomics for
omics-based systems biology studies aimed to mechanistically
understand coral bleaching, which perhaps will contribute to
improved strategies for reef conservation in warmer future
oceans.

Data availability statement
The data supporting the findings of this study are openly

available from Mendeley Database doi:10.17632/cpr9skxb4j.1.
Data analyses are provided on Supplementary Tables S2–S7.
Additional information about lipidomics and oxylipidomics
analyses is available on Supplementary Tables S8–S11.
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