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Abstract Coral reefs are restricted to warm waters, but are
increasingly threatened by coral bleaching induced by
sustained high sea surface temperatures. Coral endosym-
biont thermal resilience has been proposed to depend, at
least in part, on the lipid composition of their thylakoid
membranes, which influences photosynthetic performance
under sub- and super-optimal thermal conditions in pho-
tosynthetic organisms. Dinoflagellate symbionts of high-
latitude coral reefs experience large seasonal changes in
temperature, requiring a wide range of thermal tolerance,
and so the thermal responses of their membrane lipids are
of particular interest. Using gas chromatography—mass
spectrometry, we investigated the composition and
response to high- and low-temperature stress of thylakoid
fatty acids of dinoflagellate symbionts isolated from corals
of Lord Howe Island, the world’s southernmost coral reef.
We detected genotype-specific differences in the quality of
thylakoid fatty acids of two Cladocopium ITS2 consortia/
genotypes, C100/118 and C111*, common local symbionts
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of the corals Pocillopora damicornis and Porites hero-
nensis. The capability to adjust thylakoid fatty acid com-
position in response to temperature differed between
distinct Cladocopium genotypes, and between the same
Cladocopium consortium (C100/118) in the same coral
species from different locations. Fatty acid adjustments
were highly similar in response to short-term cold and heat
stresses, with substantial increases in long-chain polyun-
saturated fatty acids and a corresponding increase in the
ratio of unsaturated to saturated fatty acids, but these
changes did not correlate with the quantum yield of pho-
tosystem II. The response of thylakoid fatty acid compo-
sition to changes in temperature was a function of symbiont
genotype, coral host species and, potentially, environ-
mental history. Our data suggest the existence of common
responses to high- and low-temperature stresses and that
thylakoid fatty acid saturation is an unreliable predictor of
photosystem efficiency under thermal stress in dinoflagel-
late symbionts.

Keywords Coral bleaching - Fatty acids -
Photophysiology - Thylakoids - Symbiodiniaceae

Introduction

The mutualistic association of symbiotic dinoflagellates
(family Symbiodiniaceae) and their coral hosts is ecologi-
cally important but very sensitive to environmental per-
turbation (Davy et al. 2012; Hughes et al. 2018). Extreme
changes in temperature, often associated with high light
intensity, can induce cellular stress in either symbiotic
partner followed by bleaching, defined as reductions of
symbiont pigments or symbiont density (Hoegh-Guldberg
1999; Hughes et al. 2017; Oakley and Davy 2018).
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Although research has appropriately emphasized the
adverse effects of high sea surface temperature anomalies
in coral bleaching, low-temperature events and associated
bleaching and mortality have been reported in several reef
systems (Hoegh-Guldberg and Fine 2004; LaJeunesse et al.
2010; Kemp et al. 2011).

Bleaching is frequently associated with a decline of
photosynthetic function and carbon fixation in the algal
symbionts (Warner et al. 1996; Warner and Suggett 2016).
In the Symbiodiniaceae, acclimation to high temperature
requires adjustments to the thermal stability of photosyn-
thetic membranes (Ulstrup et al. 2009). The composition of
fatty acids (FAs) in the chloroplast thylakoids of higher
plants and algae affects membrane fluidity, light harvest-
ing, electron transport, ion barrier performance and the
function or turnover of thylakoid membrane-associated
proteins (Mullineaux and Kirchhoff 2009). Photosynthetic
microorganisms have the capability to adjust membrane
lipid composition in response to environmental change,
including the levels of FA unsaturation, chain length or
branching (Iba 2002; Morgan-Kiss et al. 2006). Thermally
driven changes in thylakoid membrane fluidity can
uncouple light harvesting and photochemistry, suppressing
NADPH and ATP synthesis and resulting in concomitant
increased production of reactive oxygen species (ROS)
(Tchernov et al. 2004). Excess ROS are cytotoxic com-
pounds which induce widespread cellular stress and can
induce coral mortality or expulsion of symbiont cells
(Oakley and Davy 2018; Rosset et al. 2021).

The sensitivity of dinoflagellate photosynthetic mem-
branes to high temperatures, as defined by thylakoid
integrity, photochemical function, and chloroplast produc-
tion of ROS, has been linked to the level of FA unsatura-
tion (Tchernov et al. 2004). It is controversial, however,
whether FA composition could be generally diagnostic of
thermally robust Symbiodiniaceae cells (Diaz-Almeyda
et al. 2011). FA profiles of Symbiodiniaceae and other
dinoflagellates have previously been described (Bishop and
Kenrick 1980; Mansour et al. 1999; Zhukova and Titlyanov
2006), and thylakoid membrane melting points vary
between Symbiodiniaceae species (Mansour et al. 2018). In
symbiosis, changes occur in FA composition in the corals
Acropora aspera and Montipora digitata and their sym-
bionts in response to elevated temperatures (Papina et al.
2007; Hillyer et al. 2017b), as well as the synthesis and
mobilization of FAs in the model symbiotic cnidarian
Exaiptasia diaphana (Hillyer et al. 2017a). Whether the FA
composition of thylakoid membranes, in particular, may
adjust to sub- and super-optimal temperatures has not been
investigated in Symbiodiniaceae in hospite.

The family Symbiodiniaceae is composed of eleven
described genera and several undescribed genera-level
lineages (LaJeunesse et al. 2018, 2021; Nitschke et al.
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2020; Pochon and LalJeunesse 2021). This diversity is
reflected by differences in cellular morphology, physiol-
ogy, and bleaching responses (Berkelmans and van Oppen
2006; Hennige et al. 2008; Pettay et al. 2015; Suggett et al.
2015; Swain et al. 2017) as well as differential translocated
compounds and effects on host physiology (Matthews et al.
2017, 2018; Sproles et al. 2019). Cnidarian—dinoflagellate
symbioses are geographically restricted by seasonal ther-
mal minima, and beyond these ranges may be supplanted
by other algal symbionts (e.g. Trebouxiophyceae) in non-
coral hosts (Dimond et al. 2013). Endemic members of
Cladocopium sp., ITS2 genotypes C111* and C100/C118,
have been identified in the high-latitude coral reefs of Lord
Howe Island (LHI; 31°33’S, 159°05'E). These algae asso-
ciate with the corals Porites heronensis (C111*) and
Pocillopora damicornis (C100/C118), respectively (Wicks
et al. 2010a, 2010b). C100/118 has been demonstrated to
be susceptible to thermal bleaching, while C111* is more
tolerant (Pontasch et al. 2017). These high-latitude sym-
bioses are ideal for studying the effects of both high- and
low-temperature stress due to their relatively low sea sur-
face temperature maxima (26.5 °C) and minima (17 °C)
over the past decade (www.data.aims.gov.au).

The primary objective of this study was to compare the
composition of thylakoid FAs in Cladocopium C100/C118
and C111* genotypes harboured by the corals Pocillopora
damicornis and Porites heronensis, respectively, before
and after exposure to short-term heat and cold stress. In
doing so, we can investigate the links between thylakoid
FA composition and photosynthetic performance under
thermal stress. We hypothesize that FA composition of the
thylakoid membrane may contribute to the documented
differential thermal susceptibility between symbiont
genotypes, and that the thylakoid membrane will undergo
distinct changes in FA composition under high- and low-
temperature stress. If confirmed, FA composition may be
predictive of photosynthetic performance and bleaching
susceptibility.

Materials and methods
Sampling and experimental procedure

In March 2011, three fragments each from four colonies of
Pocillopora damicornis and Porites heronensis were
sampled from the lagoon site of Sylph’s Hole
(S31°31'24.9”, E159°03'26.1"") and from each of four
colonies of P. damicornis from the lagoon site of Stephen’s
Hole (S31°32/10.9”, E159°03'08.3""). Fragments were each
approximately 10 cm long (P. damicornis) or 10 cm? area
(P. heronensis). Sylph’s Hole differs from Stephen’s Hole
in that turbidity is approximately 1.8-fold greater (Wicks
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et al. 2010b). All fragments were taken from a depth of
0.5-3 m at low tide from the top of the colony to ensure
that coral fragments had experienced the same light his-
tory. Immediately after sampling, fragments from each
coral colony were divided, for a total of 16 coral explants
of ~ 2 cm length each. One of the explants was preserved
in NaCl-saturated 20% dimethyl sulfoxide buffer for
symbiont genotyping. The remaining 15 explants per col-
ony were maintained in 50 L tanks (one tank per treatment)
at a temperature of ~ 24 °C and a flow rate of ~ 80 L
h™" unfiltered, aerated seawater from the lagoon. Given the
lack of replicate treatment tanks, “tank effects” cannot be
discounted. Natural irradiance was reduced with shade
cloth to an average daily maximum of 1240 pumol quanta
m s

After four days of acclimation to these conditions, the
explants were evenly divided (five fragments per tank)
between three temperature treatments: 16 °C £ 0.1
(mean =+ standard error), corresponding to 2 °C below the
monthly mean temperature minimum; 24 °C £+ 0.1 as a
control; or 28 °C &£ 0.1, which is 4 °C above the monthly
mean temperature maximum (NOAA Coral Reef Watch).
Tanks were adjusted to the designated temperature over
6—10 h. These thermal treatments lasted four days. One day
prior to beginning the thermal treatment and on the final
day, between 1400 and 15:00 h, two explants from each
coral colony were frozen in liquid nitrogen and stored
at —80 °C until analysis. Temperature and irradiance were
monitored continuously during the experiment by a sub-
mersible logger (HOBO, Onset Corp., USA).

Symbiont genotyping

DNA was isolated from preserved coral tissue using the
procedures of Stat et al. (2009). Symbiodiniaceae ITS2 was
amplified by PCR using the primers itsDINO (Pochon et al.
2001) and Its2CLAMP (LaJeunesse 2002). Amplicons
were separated using denaturing gradient gel elec-
trophoresis (Pontasch et al. 2017) and the resulting domi-
nant bands re-amplified and sequenced (Macrogen, South
Korea) in forward and reverse directions with the primer
set ITSDINO and ITS2REVint (5'-CCA-
TATGCTTAAGTTCAGCGGG-3’) to confirm symbiont
ITS2 identity.

Sample preparation

Frozen coral explants were airbrushed in TB buffer
(100 mM Tris—HCI pH 8.0, 2 mM MgCl,, 2 mM EDTA,
1 mM phenylmethyl sulfonyl fluoride), and the homo-
genates of two explants per colony and time point were
pooled. The combined homogenate was centrifuged at
800 x g for 5 min, the algal pellet washed four times with

TB buffer and then re-suspended in 16 mL TB buffer.
From this re-suspension, 11 mL was used for cell lysis and
enrichment of photosynthetic membranes, and the
remainder of the homogenate was stored at —80 °C in five
aliquots of 1 mL each.

Fractionation of photosynthetic membranes

Cell lysis and fractionation followed a modified protocol of
Diaz-Almeyda et al. (2011). Cells were broken by two
passes through a hydraulic French press at 6.9 kPa. Anal-
ysis by light microscopy showed that less than 5% of cells
remained intact after two passes. After centrifugation at
500 x g for 10 min to remove unbroken cells, the super-
natant was pelleted by ultracentrifugation at 50,000 x g
for 60 min at 4 °C. The cell pellet was re-suspended in
1 mL TB buffer, loaded onto a discontinuous sucrose
gradient (5, 10, 15, and 20%) and -centrifuged at
50,000 x gfor3 hat4 °C to separate cell components and
isolate photosynthetic membranes. The fraction containing
the membranes was re-suspended in 10 mL TB buffer and
stored at —80 °C. As thylakoids represent the largest part
of membranes in photosynthetic cells, this fraction is
referred to as ‘membranes enriched in thylakoids’.

Lipid extraction and derivatization

Lipids of membranes enriched in thylakoids were extracted
using the modified Folch method (1957). All solvents
contained 0.002% butylated hydroxytoluene to suppress
autoxidation of FAs (Diaz-Almeyda et al. 2011). At all
times, crude extracts, lipid extracts and FAs were pro-
cessed and stored under nitrogen gas.

Membranes enriched in thylakoids were lyophilized
under vacuum at —60 °C overnight. Lipids were extracted
twice in a total volume of 4 mL dichloromethane/methanol
(2: 1, v/v) for 18 h at 4 °C with gentle agitation of 25 rpm
in the presence of the internal standard C19:0 methyl ester
(methyl nonadecanoate). Proteins were precipitated by the
addition of 800 pL 0.9% NaCl, resulting in phase separa-
tion. The organic phase, containing the lipid fraction, was
recovered and transferred to a glass tube. Solvents were
evaporated at 40 °C under nitrogen. Fatty acid methyl
esters (FAMEs) were synthesized by transesterification
with 2% concentrated H,SO, in methanol/toluene (20: 1,
v/v) for 2 h at 90 °C. FAMEs were extracted with hexane/
NaCl (5%) (2: 1, v/v) for 15 h at —80 °C. Extracted
FAMEs were stored under nitrogen at —20 °C before gas
chromatography—mass spectrometry.

The gas chromatograph (QP2010-Plus, Shimadzu) was
fitted with a RTX-5SiIMS column (30 m x 0.25 mm
i.d. x 0.25 pm film thickness) and attached to an electron
impact mass spectrometer operating at 70 eV in positive
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ion mode, scanning from m/z 40-600 at 3.33 Hz. Samples
(1 pL) were introduced with split injection (20:1) at an
injector temperature of 260 °C using He as the carrier gas
at a linear velocity of 1.58 mL min~' at constant flow.
Each sample was injected with an initial oven temperature
of 50 °C for 2 min, followed by a ramp of 4 °C min~" to
190 °C, held for 10 min, followed by a second gradient of
3 °C min~' to 240 °C. FAMEs were identified by com-
parison of both retention time and mass spectra with
mixtures of known standards and were quantified by
comparing the respective peak areas to the peak area of the
internal standard (Diaz-Almeyda et al. 2011). The total
lipid concentration was calculated from the sum of total
FAME:s resolved, with the FAMEs presented as relative
percentages of total lipids.

Symbiont cell density and chlorophyll concentration

Symbiont cell density was determined by six replicate
counts with a haemocytometer and standardized to cells
cm 2 coral surface area as determined using the paraffin
wax method (Stimson and Kinzie 1991). Chlorophyll was
extracted from a pellet of 1 mL symbiont cells using 90%
acetone for 24 h at 4 °C. Chlorophyll a and ¢, concentra-
tions were determined by spectrophotometry using the
equation of Jeffrey and Humphrey (1975) and the corrected
coefficients for dinoflagellates (Ritchie 2006).

Chlorophyll fluorescence

Chlorophyll fluorescence was measured using an imaging
pulse amplitude modulated fluorometer (Walz, Germany).
The maximum quantum yield of photosystem II (F,/F,,)
was measured daily at 1900 h, and the effective quantum
yield of photosystem II (AF,/F,,) and non-photochemical
quenching (NPQ) were measured daily at noon. Corals
were dark-acclimated for 20 min prior to measurement of
F... After this first saturation pulse, corals were exposed to
186 umol quanta m~2 s~ actinic light for 180 s, after
which a second saturation pulse was applied to determine
F,/ and light-acclimated AF,/F,,. The saturating irradi-
ance was not measured and may be greater than 186 pmol
quanta m~2 s~ '; previously measured values in P. dami-
cornis range from 47 to 233 pmol quantam ™2 s~ ' (Ulstrup
et al. 2006; Schrameyer et al. 2014). The resulting NPQ
calculations may therefore be an underestimate. The fluo-
rometer settings were measuring intensity = 3, saturation
intensity = 8; saturation width = 0.8; gain =1 (F,/F,, at
19:00 h) or 3 (AF,/F,, and NPQ at noon).
NPQ is calculated as

NPQ = (Fy— Fu!) [ Fu!

@ Springer

Maximum midday excitation pressure over PSII (Q,,)
(Iglesias-Prieto et al. 2004) was calculated as in Fisher
et al. (2012):

O, = 1 —([AF,/F,/] at noon / [F,/F,] at dawn of day 0)

Statistical analyses

Data were analysed using SPSS (v20.0, IBM Corp.).
Repeated measures analysis of variance (rmANOVA) and
post hoc pairwise comparison with Bonferroni adjustment
were used to test (p < 0.05) F,/F,, Q,,, and NPQ. Data
were arcsine transformed (F,/F,,) or log transformed (Q,,,)
to meet assumptions of normality. When assumptions of
equality of the variances were violated, the Greenhouse—
Geisser correction is reported. rmANOVA with Bonferroni
adjusted post hoc pairwise comparisons or univariate
ANOVA with post hoc Tukey HSD tests was used to test
effects on symbiont density, pigment concentration and
arcsine-transformed FA parameters. When assumptions of
normality were violated, statistical results were confirmed
using the nonparametric Kruskal-Wallis test and post hoc
pairwise comparisons with Bonferroni-Dunn adjustments.

Results
Symbiont genotyping

Pocillopora damicornis from both sampling locations
hosted a mixed symbiont ITS2 assemblage of C100 and
C118. Porites heronensis from Sylph’s Hole harboured
ITS2 type C111%*. The ITS2 sequences are available from
NCBI, accessions KF194189 (C100/118) and KF194186
(C111%).

Bleaching descriptors

On day 0, symbiont cell density and chlorophyll concen-
trations (on both a per cell basis and coral surface area
basis) were approximately twofold greater in P. heronensis
than P. damicornis from both sampling locations (Fig. 1).
Symbiont cell density, chlorophyll concentration and chl
cy/a ratio after four days of temperature exposure showed
no difference to the beginning of the experiment in all
treatments in both coral (Fig. 1).

Chlorophyll fluorescence
F,/F,, decreased markedly at 16 °C, but not 28 °C, by

54-68% in all symbiont genotypes after four days (Fig. 2a—
¢). This corresponded with an increase in Q,, of 65-85% in
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Fig. 1 Symbiont cell density (a—c), chlorophyll a concentration (d—f), and chl c;:chl a ratio (g—i) of Cladocopium sp. isolated from Pocillopora
damicornis and Porites heronensis from reefs of Lord Howe Island on day O and day 4 of thermal treatments. Values are means £+ S.E, n = 4

all symbiont genotypes under cold stress (Fig. 2d—f). NPQ
was suppressed by 40% after four days of cold stress in
Cl111* (Fig. 2g-1).

Thylakoid fatty acids

While the total amount of thylakoid-enriched FAs was
similar between species (20.8-25.6 pg cell ™), the compo-
sition and ratios of FAs differed between Cladocopium
C100/118 and those of C111* (Table 1) before beginning
the thermal treatments. On day 0, the relative proportion of
saturated FAs (£ SFA) in C111* was lower and that of
mono-unsaturated and polyunsaturated FAs (X MUFA and
2 PUFA) was higher, compared with C100/C118 (Table 1).
This resulted in a higher baseline ratio of unsaturated FAs
to saturated FAs (UFA:SFA) in C111* compared with
C100/118 (Fig. 3a—c). Cl111* membranes enriched in

thylakoids had a significantly lower relative content of
short chain FAs (C14 and C16) and a higher content of
long-chain FAs (C18, C20, and C22) than did C100/C118
on day O (Fig. 4a—c, Table 1).

The two symbiont genotypes also varied in the response
of their thylakoid FA chain length compositions and FA
saturation to thermal extremes. C100/C118 Stephen’s
maintained its FA chain length composition over time at all
temperatures (Fig. 4a,d), while in C100/C118 Sylph’s, the
long-chain FA C22 increased at 16 °C, decreased at 24 °C
and was unchanged at 28 °C. FAs with shorter chains
remained constant over time. In C111%*, there was a trend
towards fewer shorter-chain FAs (C16, C18) and increases
in longer-chain FAs (C20, C22) at thermal extremes
(Fig. 4f). The short chain FA Cl4 was relatively
stable over time at all temperatures. The total content of
thylakoid FAs was not affected by temperature over time.
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excitation pressure over PSII (Q,; d-f) and non-photochemical
quenching (NPQ; g—i). Values are means &+ S.E, n = 4. Significant

Discussion

We found variation in the baseline FA composition of
thylakoid-enriched membranes and their response to ther-
mal stress between distinct Cladocopium genotypes.
Cladocopium C100/C118 in P. damicornis from Stephen’s
Hole maintained a stable thylakoid lipid composition over
time under all temperature treatments, while C100/C118 in
P. damicornis from Sylph’s Hole adjusted the quality of
photosynthetic membranes in response to exposure to
16 °C and 24 °C, but not 28 °C (Fig. 4). C111* exten-
sively remodelled FAs in membranes enriched in thy-
lakoids at all temperature treatments. This agrees with
earlier findings, which demonstrated species-specific dif-
ferences in the composition of total cellular FAs (Bishop
and Kenrick 1980; Mansour et al. 1999; Zhukova and
Titlyanov 2003) and FAs of photosynthetic membranes
(Diaz-Almeyda et al. 2011) in the Symbiodiniaceae. It is
not known whether the composition of thylakoid FAs is a
primary determinant of thermal robustness or sensitivity of
PSII in the Symbiodiniaceae (Tchernov et al. 2004; Diaz-
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Day

differences are a 16 °C vs. 24 °C, b 16 °C vs. 28 °C, and ¢ 24 °C vs.
28 °C (p < 0.05, rmANOVA and pairwise comparison with Bonfer-
roni correction)

Almeyda et al. 2011), and therefore whether it is central to
the loss of photosynthetic efficiency that often accompa-
nies thermal bleaching (Takahashi et al. 2013). Symbiont
genotypes or consortia in the current study varied in their
flexibility to modulate thylakoid FA quality under short-
term cold and heat stress, but this flexibility was neither a
sole function of symbiont species nor dependent on host
species. Both high- and low-temperature stress induced an
increase in the relative content of long-chain polyunsatu-
rated fatty acids in Cladocopium C111%, but only a limited
response in C100/C118 (Fig. 4). These modifications were
not related to impairment of PSII fluorescence at a given
temperature. These results indicate that, in thermally
stressed Cladocopium cells, photosynthetic performance
(estimated by chlorophyll fluorescence of PSII) is not
dependent on the relative degree of thylakoid FA unsatu-
ration and the related physiochemical properties of the
thylakoid membrane, but rather raise potential alternative
roles of long-chain polyunsaturated FAs during thermal
stress.
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content of saturated fatty acids; MUFA, relative content of mono-unsaturated fatty acids; PUFA, relative
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chains of 14-22 carbon atoms. PdSt, Pocillopora damicornis from Stephen’s Hole; PdSy, Pocillopora
damicornis from Sylph’s Hole; PhSy, Porites heronensis from Sylph’s Hole
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Fig. 3 Effect of temperature over a four-day period on the ratio of
unsaturated fatty acids (UFAs) to saturated fatty acids (SFAs) (A-C)
and ratio of C18:1(cis) to C18:4. Values are means + S.E, n = 4.

Response to short-term cold stress

Cold stress negatively affects photosynthesis in the Sym-
biodiniaceae and has been shown to result in lower quan-
tum yields of chlorophyll fluorescence, to decrease the
activities of enzymes involved in carbon fixation (Saxby
et al. 2003; Thornhill et al. 2008; Roth et al. 2012; Oakley

Significant differences are a 16 °C vs. 24 °C, b 16 °C vs. 28 °C, and
¢ 24 °Cvs. 28 °C, and (*) day O vs. day 4 (p < 0.05, rmANOVA and
pairwise comparison with Bonferroni correction)

et al. 2014), and to reduce membrane fluidity (Thornhill
et al. 2008). Membrane fluidity is determined by properties
of the FA chain constituents of thylakoid lipids and other
membrane-stabilizing components (Guschina and Harwood
2006a). Membranes with a greater content of unsaturated,
shorter, or branched FA chains are more fluid at a given
temperature than are membranes with a higher content of
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Fig. 4 Fatty acid composition by chain length on day 0 (a—c) and day
4 (d-f) of temperature treatment. Values are means + S.E, n = 4.
Significant differences are a 16 °C vs. 24 °C, b 16 °C vs. 28 °C, and

saturated, longer or un-branched FA chains (Iba 2002;
Morgan-Kiss et al. 2006). Increased FA unsaturation is a
common acclimatory mechanism among many eukaryotes
and is believed to counteract the increasing rigidity of
membranes under cold stress, although the roles of highly
unsaturated FAs may be more complex (Guschina and
Harwood 2006Db).

In this study, short-term cold stress caused substantial
reductions in F,/F,, and increased excitation pressure over
PSII (Q,,) in all coral-symbiont associations (Fig. 2). No
adverse effects of cold stress on pigment concentration or
symbiont density were observed. Cladocopium C111* had
a considerably higher relative content of baseline MUFAs
and PUFAs than C100/C118 from either sampling location
(Table 1). While the level of FA unsaturation increased in
response to cold stress, F,/F,, of C111* was not enhanced
over that of C100/C118 from Stephen’s Hole (Figs. 3, 4).
Taken together, the cold sensitivity of PSII was not asso-
ciated with the overall membrane fluidity determined by
FA unsaturation or chain length of the thylakoid FAs.

Response to short-term heat stress

None of the photophysiological parameters F,/F,,, NPQ,
O, or pigment profile, nor symbiont density, were affected
in any of the corals by short-term exposure to 3 °C above
the typical bleaching threshold at Lord Howe Island
(25 °C, www.coralreefwatch.noaa.gov). Furthermore, thy-
lakoid FA composition in Cladocopium C100/C118 did not
change in response to heat stress (Fig. 4). Unexpectedly,
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¢ 24 °Cvs. 28 °C, and (*) day 0 vs. day 4 (p < 0.05, rmANOVA and
pairwise comparison with Bonferroni correction)

under high temperature, Cladocopium C111* showed very
similar dynamics of thylakoid membrane lipid elongation
and desaturation to those seen under cold stress (Fig. 4).
These modifications included those that would be expected
to lower the melting point of the membranes: an overall
reduction in the relative content of SFAs, mainly C16:0,
and increases in the relative content of C20 and C22
PUFAs (Fig. 4). The relative content of the branched FA
C18:1(n-9)cis increased, and C18:4(n-3) decreased, in both
C111* and C100/C118 over time (Fig. 3, Tables S1-S3).
This shift in the C18.1:C18:4 ratio is proposed to enhance
the ‘free volume’ of the thylakoid bilayer and hence flu-
idity of the membrane (Heipieper et al. 2003). Tchernov
et al. (2004) used this ratio to differentiate between ther-
mally robust and sensitive symbiont strains. In their study,
strains with a lower ratio of C18:1 to C18:4 exhibited
losses of thylakoid integrity and photochemical efficiency
and increased ROS concentrations compared to others. In
contrast, Diaz-Almeyda et al. (2011) did not establish a
correlation between the ratio of C18:1 to C18:4 and the
melting point of the respective thylakoid membranes.
Prolonged, severe thermal stress results first in thylakoid
reorganization followed by loss of membrane integrity
(Slavov et al. 2016). Here, exposure to 24 °C, a moderate
temperature for the local reef environment, resulted in a
similar decrease in the relative content of C18:4 compared
to C18:1 (Fig. 3), indicating that temperature-independent
factors might be responsible for this adjustment. Heat stress
resulted in a change of FA composition in C111%, but
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whether this response improved thermal tolerance needs
further exploration.

Thylakoid fatty acid adjustments independent
from thermal stress

Thylakoid FAs were remodelled when exposed to 24 °C,
which corresponded to the sea surface temperature in the
lagoon at the time of the experiment. The adjustments were
evident in Cladocopium C100/C118 and C111* hosted by
P. damicornis and P. heronensis from Sylph’s Hole, but
not in C100/C118 hosted by P. damicornis from Stephen’s
Hole. C100/C118 reduced its relative content of the PUFAs
C18:4(n-3) and C22-6(n-3), while Cladocopium C111%*
reduced the relative content of all PUFAs and simultane-
ously increased the relative content of the SFAs C16:0 and
C18:0 (Tables S1-3). The reduced PUFA and increased
SFA levels may be a response to reduced nutrient avail-
ability, as Sylph’s Hole can experience 1.8-fold increases
in turbidity relative to Stephen’s Hole (Wicks et al. 2010b).
The flow-through lagoon seawater used for experimental
incubation may have relatively low nutrient levels to
Sylph’s Hole, and limiting inorganic N or P results in lipid
body growth in coral symbionts in hospite (Rosset et al.
2015, 2017). A reduction in the relative content of the
major PUFAs C18:4(n-3), C20:5(n-3), and C22:6(n-3) and
an increase in the relative content of C16:0 have also been
observed in the total lipids of Gymnodinium sp. in response
to nutrient limitation (Reitan et al. 1994).

The ability to adjust FA unsaturation or elongation in
photosynthetic membranes in response to changes in tem-
perature seems to be dependent on Cladocopium type and
environmental conditions and history. This study demon-
strates that, in Cladocopium C111%, the responses of thy-
lakoid FAs to short-term cold and heat stress are highly
similar, suggesting a common mechanism to initiate these
modifications. Increased levels of unsaturation did not
enhance PSII capability under cold stress, nor impair PSII
efficiency under heat stress. The absence of such correla-
tion suggests that photosynthetic electron transport is
unaffected, or at least not salvaged, by increased thylakoid
FA unsaturation and membrane fluidity, as has been
reported for cyanobacteria (Nanjo et al. 2010). Alternate
hypotheses for the increased unsaturation of thylakoid
membranes under thermal stress include the possibility that
certain FAs may be required for the binding of membrane-
stabilizing proteins (Takahashi et al. 2013). It has also been
suggested that FA unsaturation could provide protection
from oxidative stress in single-celled eukaryotes via the
consumption of oxygen by the unsaturation reactions
(Guerzoni et al. 2001). An increasing body of evidence
suggests that PUFAs, especially C22:6(n-3) and C20:5(n-
3), are relatively unaffected by oxidative damage in vivo

(Araseki et al. 2005; Okuyama et al. 2008) and may pro-
vide an antioxidant function by absorbance of photosyn-
thetic ROS (Schmid-Siegert et al. 2016). In Cladocopium
C111%*, C20:5(n-3), alongside other PUFAs, increased in
response to both cold and heat stress (Table S3). If the
synthesis of C20:5(n-3) is photoprotective, via the utiliza-
tion of excess electrons, then one might expect a lower
pressure over the photosystem, which was not evident. The
simultaneous analysis of FA composition, intracellular
ROS concentrations and lipid peroxidation would be
greatly informative to assess the importance of PUFAs in
controlling oxidative stress. Targeted study of the pro-
cesses and pathways induced by both high- and low-tem-
perature stress may reveal common sensory and response
mechanisms and provide greater detail on the thermal
resilience of dinoflagellate symbionts.
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supplementary material available at https://doi.org/10.1007/s00338-
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