Coral Reefs
https://doi.org/10.1007/s00338-023-02356-w

o)

Check for
updates

REPORT

Sterols, free fatty acids, and total fatty acid content
in the massive Porites spp. corals cultured under different pCO,

and temperature treatments

Nora S. H. von Xylander?>® - Simon A. Young! -
Catherine Cole* - Terry K. Smith! - Nicola Allison?

Received: 28 June 2022 / Accepted: 6 February 2023
© The Author(s) 2023

Abstract Lipids may serve as energy reserves to support
coral calcification, allow acclimation to higher temperatures,
and are implicated in the control of CaCO; precipitation.
Here, we report the lipid composition of the soft tissues
(including host and symbionts) of 7 massive Porites spp.
coral colonies (4 X P. lutea and 3 X P. murrayensis), which
were cultured under different pCO, concentrations (180,
260, 400 and 750 uatm) and at two temperatures (25 °C and
28 ‘C), below the thermal stress threshold. We report the
fatty acid methyl esters (FAME), free fatty acid (FFA) to
total fatty acid content, sterol and wax ester profiles, and
identify two ketones (n-alkanone) and three long chain alde-
hyde (n-alkanal) derivatives. Increasing seawater tempera-
ture significantly increases the contributions of FFAs to the
total lipids, of C18:2 and C20:0 to the total FFA pool, of
C14:0 to total FAME, and of campesterol to total sterol.
The temperature increase also reduces the contributions of
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unusual fatty acid derivatives to total lipids, of C14:0, C15:0,
C16:0 and C17:0 saturated free fatty acids to total FFAs, and
of C16:0 FA to total FAME. Fatty acids are implicated in
the control of membrane structure fluidity and the observed
changes may promote acclimation and thermostability as
temperature varies. Seawater pCO, has no significant effect
on the composition of tissue lipids with the exception that
the contribution of C14:0 FA to total lipid content is signifi-
cantly lower at 180 patm compared to 260 and 750 patm.
Decreased contribution of total sterols and unusual fatty
acid derivatives and increased contribution of total FFAs
to total lipids are observed in the fastest calcifying coral
(a P. lutea specimen) compared to the other corals, under
all pCO, and temperature conditions. Although a rapid cal-
cifier this genotype has been shown previously to exhibit
pronounced abnormal changes in skeletal morphology in
response to decreased seawater pCO,. Variations in tissue
lipid composition between coral genotypes may influence
their resilience to future climate change.

Keywords Coral lipids - Calcification - Seawater
temperature - pCO, - Ocean acidification -
Biomineralisation

Introduction

Lipids are a major component of the biomass of tropical
zooxanthellae corals (Patton 1977) and fulfil a range of
biological functions, acting as energy reserves, precursors
for hormones and vitamins, signalling molecules and mem-
brane components (Harland et al. 1993; Imbs et al. 2010;
Yamashiro et al. 1999). The neutral lipids, predominantly
the triacylglycerols (TAG) and wax esters, serve primarily as
energetic reserves of fatty acids, but can also be incorporated
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into phospholipids and ultimately into the lipid bilayer of
cell membranes (Athenstaedt and Daum 2006). Sterols are
essential lipid biomolecules involved in regulating numerous
cellular biological processes, including their role in sustain-
ing biophysical properties such as cell membrane fluidity
(Beck et al. 2007).

Lipids are also implicated in the control of biominer-
alisation (Reggi et al. 2016), the biologically controlled
process by which scleractinian corals build their skeletons
(Falini et al. 2015). The lipid composition of skeletal organic
materials is dominated by phospholipids and sterols with
waxes and sterol esters present in small amounts (Farre
et al. 2010). Free fatty acids and triglycerides have also been
resolved in lipid-rich skeletal samples (Farre et al. 2010).
Lipids extracted from coral skeletons affect the precipita-
tion rate, crystal morphology and porosity of CaCOj; pre-
cipitated in vitro (Reggi et al. 2016). However, their exact
role in biomineralisation has yet to be elucidated (Falini
et al. 2015). Corals may catabolise lipid reserves to meet
metabolic demands when growth conditions are sub-optimal
(Glynn et al. 1985; Spencer Davies 1991; Grottoli and Rod-
rigues 2011) and tissue lipid content is used as a proxy for
coral physiological condition (Anthony 2006). Field studies
indicate that seasonally low coral calcification rates often
coincide with periods of low coral tissue lipid biomass (Oku
et al. 2003; Mehdinia et al. 2015). Interpreting this correla-
tion is difficult as other seasonal factors may also affect coral
calcification and/or lipid biomass, e.g. water temperature
(Oku et al. 2003; Clausen and Roth 1975), light availability
(Marubini et al. 2001), water turbidity (Carricart-Ganivet
and Merino 2001), spawning (Mehdinia et al. 2015) and
nutritional strategy (Seemann et al. 2012; Crandall et al.
2016).

Mixed results have been reported in the response of cor-
als to environmental changes (Hoegh-Guldberg, et al. 2007;
Fabricius et al. 2011; Pandolfi et al. 2011; Schoepf et al.
2013; Tambutté et al. 2015), where coral skeletal growth and
densification were predicted to be quite sensitive to ocean
acidification (Burton and Walter 1987; Doney et al. 2009).
To date it appears that lipids may be involved in the response
of corals to environmental changes, such as ocean acidifica-
tion and rising seawater temperatures (Treignier et al. 2008;
Falini et al. 2015; Grottoli et al. 2017; Coronado et al. 2019).
Rapid acclimation of Porites divaricata to elevated seawater
temperatures was observed to occur within corals having
high-energy reserves and the ability to change their domi-
nant symbiont (Grottoli et al. 2014). Other results showed a
strong biological control (e.g. lipids) in the linear extension
of coral skeletons (Mollica et al. 2018).

To investigate the relationship between tissue lipids,
seawater temperature, and pCO,, we analysed the tissue
lipid compositions of a suite of massive Porites spp. corals,
known to be important contributors to coral reef accretion
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in the Indo-Pacific (Pichon 2011), which were maintained
in laboratory aquaria at different pCO, and 25 or 28 °C. The
7 coral genotypes studied here exhibited widely varying cal-
cification rates even when cultured under similar conditions
(Cole et al. 2018) and we explore the relationships between
calcification rate, lipid compositions and seawater tempera-
ture/pCO,. We utilised modern sensitive mass spectrometric
approaches to probe more detailed information about the
lipid composition of each individual.

Methods
Coral culturing

We cultured massive Porites spp. corals over a range of
seawater pCO, (180, 260, 400 and 750 patm) and at either
25 or 28 °C in two experiments, previously described (Cole
et al. 2016, 2018). These pCO, reflect conditions in the Last
Glacial Maximum, the preindustrial, the present day and
a potential future pCO, scenario (Barry et al. 2011). Both
temperatures are within the seasonal range observed at the
coral collection site (Fiji) and are assumed to be below the
thermal stress threshold.

Large coral heads were imported and maintained in a pur-
pose-built aquarium system at the University of St Andrews,
U.K. For each experiment, we sawed the heads into multiple
pieces (sub-colonies, each~ 12 cm in diameter) so that at
least one large sub-colony could be cultured in each sea-
water pCO, treatment. The coral heads were considered
to represent different genotypes when they were collected
from spatially separate (non-adjoining) colonies. We used
large sub-colonies (each> 12 cm diameter) in each treat-
ment, as small experimental colonies are not indicative of
the physiological performance of larger colonies (Edmunds
and Burgess 2016).

Coral sub-colonies were housed in 21 L cast acrylic tanks
supplied with seawater from large (900 L) high-density poly-
ethylene seawater reservoirs bubbled with air at the required
CO, composition at 10L min~! (Cole et al. 2018). A 12 h
light: 12 h dark cycle was programmed with LED lighting
(Maxspect R420R 160w-10000 k), and wavelength settings
of 100% A and 20% B, such that light intensity at coral depth
was approximately 300 pmol photons m~2 s~!. Corals were
fed weekly with rotifers, and samples for lipid analyses were
collected > 72 h after feeding. Zooplankton digestion in cor-
als takes 1-3 days (Leal et al. 2014) and we consider that
undigested rotifers do not contribute to the total coral lipids.

The total alkalinity, [Ca] and [Sr] of the culture sea-
water were maintained within narrow limits (Cole et al.
2016, 2018) by automated 200 pL additions of 0.6 M
Na,COj; and 0.58 M CaCl, +0.02 M SrCl, evenly spaced
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over a 24 h period. Automated variable speed powerheads
(VorTech, Ecotech Marine, USA) in the coral tanks created
a chaotic water flow mimicking that of a high-energy reef
environment.

In the first experiment, corals were maintained at target
pCO, and 25 “C for > 6 months before sampling. In the sec-
ond experiment, the same sub-colonies were maintained at
target pCO, throughout but at 2 temperatures at different
times of the experiment. Corals were initially kept at 28 C
for > 5 months before parts of the sub-colonies (~25% of
total) were removed by saw for lipid analysis. The tempera-
ture was then decreased to 25 “C over a period of 1 month,
while the sawn colony edges were overgrown with fresh
coral tissue. Sub-colonies were held at 25 °C for at least 2
more months before lipid sampling.

Tissue sampling and lipid extraction

We analysed the lipids in tissues from 7 coral genotypes
from both experiments (3 from experiment 1 and 4 from
experiment 2), and we adopt the same genotype numbering
convention used in Cole et al. (2018). Corals were identified
to species level using the skeletal corallite structure (Veron
2000). Three colonies were identified as P. murrayensis and
four colonies as P. lutea, although we note that molecular
markers indicate that globally, corals identified as this spe-
cies fall into three genetically distinct groups (Forsman et al.
2009).

To obtain samples, small blocks (~2 X2 cm), including
skeleton and overlying tissue, were sawn from the central
area of each sub-colony and flash-frozen in liquid nitrogen.
Replicates samples were taken from 5 sub-colonies to test
for variability in tissue lipids. After thawing, the coral tissue
was blasted from the skeleton with fresh artificial seawater
using an artist’s airbrush and collected in 15-mL plastic cen-
trifuge tubes on ice. This method may result in incomplete
removal of the tissue from the skeleton (Conlan et al. 2017)
resulting in underestimation of both tissue and lipid biomass.
However, the alternative (crushing the tissue and skeleton
in the lipid extractant) results in the contamination of the
tissue lipids by skeletal lipids which are present in the coral
aragonite in different compositions to the coral tissue (Farre
et al. 2010) and in endolithic algae and fungi (Le Campion-
Alsumard et al. 1995a, b). The chosen technique resulted
in the tissue lipid extraction of the whole coral holobiont,
thus including any tissue lipids that might be present in the
coral host, algal symbiont, and microbiome present (Goulet
et al. 2020).

The tissue-seawater slurry was centrifuged (3000 rpm,
4 °C, 15 min), the supernatant seawater was removed, and
the pelleted tissue was frozen at — 20 C, freeze-dried, and
weighed to give a dry tissue weight. The dry tissue was
homogenised by vortex in 1 mL PBS and then transferred

to a pre-weighed glass vial. The lipid fraction was extracted
following the method of Bligh and Dyer (1959): A mix-
ture of chloroform and methanol (1:2 v/v) was added to the
homogenised tissue, vortexed, and agitated on a shaking
platform at 4 ‘C overnight. Samples were then brought to
room temperature, and the lipid phase was separated by suc-
cessive additions of chloroform and deionised water. The
biphasic samples were centrifuged at room temperature
(800x g, 10 min), and the lower lipid phase was carefully
withdrawn with a pipette. Finally, the total lipid extract was
dried under a stream of nitrogen and weighed.

We analysed the free fatty acid (FFA), sterol, wax esters,
and fatty acid methyl ester (FAME) compositions of all of
the coral samples and performed high-performance thin
layer chromatography (HPTLC) on a subset of the samples.

HPTLC

Lipid extracts were separated by high-performance thin layer
chromatography (HPTLC) for a subset of G1 (P. lutea), G3
(P. murrayensis), and G5 (P. lutea) sub-colonies cultured at
25 °C. Dried lipid samples were re-suspended in a volume of
chloroform/methanol (2:1 v/v) such that an 8 pL aliquot con-
tained 50 g of lipid. Samples of 50 g lipid were applied to
10 cm x 10 cm HPTLC plates (Merck), and the plates were
developed to full height in equilibrated tanks containing,
successively, hexane and then toluene. Finally, plates were
developed to half height in hexane:ether:acetic acid (70:30:1,
v/v/v). After air-drying, plates were developed using a fine
spray of phosphoric acid/33% acetic acid/sulfuric acid/0.5%
copper sulphate (5:5:0.5:90, by vol.) and heated at 100 °C for
15 min. The plates were scanned under UV light, and Image
Quant TL software was used to measure spot intensity of the
separated lipid fractions. Relative abundance of each lipid
class was estimated as a % of the total lipid. A synthetic
mix containing a sterol ester (cholesterol palmitate), TAG
(tristearin), free fatty acid (C18:1), and sterol (cholesterol)
was used as a standard alongside the samples to confirm the
identity of the spots.

Analysis of free fatty acids, sterols, and wax esters

An appropriate amount of lipid extract was dissolved in
20 pL dichloromethane, and 1 pL was analysed by gas
chromatography-mass spectrometry (GC-MS). An Agilent
Technologies mass selective detector (GC-6890N, MS detec-
tor-5973) was used, with a ZB-50 column (15 M X 32 mm
ID x 0.5 mm thickness, (Phenomenex)), injector at 270 ‘C
with a temperature programme of 100 “C for 1 min followed
by arising gradient to 200 “C at 8 °C /min and held at 200 C
for a further 2 min, followed by a second gradient at 3 °C /
min up to 300 °C for a further 15 min. Mass spectra were
acquired from 50 to 550 amu, and sterol and other lipids
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were identified by comparison with a range of standards pur-
chased from Sigma and Matreya. The relative proportions
of individual molecular species within each lipid class were
calculated as a % of the total within that class.

FAME analysis

The global fatty acid composition of coral lipids was ana-
lysed by the conversion to FAME. Total fatty acids were
isolated from the Porites lipid extracts and converted to
FAME for GC-MS characterization following the method
of Ichihara and Fukubayashi (2010). This trans-methylation
reaction forms methyl esters of all fatty acids in the sample,
regardless of the lipid they were attached to. Lipid sam-
ples were suspended in 300 pL of 8% (w/v) solution of HCl
in methanol water (85:15 v/v) and 200 pL of toluene and
1.5 mL of methanol were added prior to incubation over-
night at 45 “C. Samples were dried down under nitrogen
and 500 pL hexane and 500 pL distilled water were added
to create a biphasic mixture, of which the FAME contain-
ing upper hexane layer was extracted and dried again under
nitrogen. FAME samples were dissolved in 20 pL dichlo-
romethane and analysed by injection of 1 pL into an Agilent
Technologies GC-MS (GC-6890N, MS detector-5973) using
aZB-5 column (30 M X 25 mm X 25 mm, Phenomenex) with
a temperature programme of 50 °C for 10 min followed by a
rising gradient to 220 °C, at 5 °C /min and held at 220 °C for
a further 15 min. Mass spectra were continuously acquired
in the range of 50-500 amu, and peak identification was
performed by comparison of the retention times and frag-
mentation patterns with a bacterial FAME standard mixture
that contains both odd and even fatty acid chains (SIGMA
Supelco 47,080-U).

Statistical analysis

A preliminary review of the data indicated that large varia-
tions in lipid composition were observed between some coral
genotypes. We focus statistical analyses on the corals from
experiment 2 (G4-G7) as sub-colonies of these genotypes
were cultured at each pCO, and temperature. Significant
differences (p <0.05) in lipid composition between pCO,
treatments and genotypes are tested using one-way ANOVA
followed by a Tukey post hoc test in R studio. Both tem-
peratures and either all pCO, treatments or genotypes are
combined for analysis. We test for differences in the con-
tribution of each lipid group to total lipid class (e.g. each
sterol group to total sterols) at 25 °C and 28 °C using a
paired #-test, matching the lipid data for each individual sub-
colony at 25 °C and 28 °C for each pair. A similar approach
is used to compare the ratios of unsaturated to saturated fatty
acids and fatty acid methyl esters, as well as for the ratio of
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n-alkanal to n-alkalone fatty acid derivatives as a function
of temperature.

Results
HPTLC

Free (non-esterified) sterols are the dominant lipid class
present in both coral species, contributing 24-51% of the
total spot volume (Fig. 1a). Sterol esters make up 14-21%;
wax esters 8—13%; monoalkyldiacylglycerols (MADAG)
6—-13%; triacylglycerols (TAG) 11-16%; and free fatty acids
(FFAs) 9-14%. These relative spot intensities do not trans-
late directly to lipid proportions in the tissue, since each
lipid class consists of a range of lipid species with different
masses, but they can be useful for highlighting key differ-
ences between coral lipid profiles. No significant differences
were found for all the lipid classes between the different
pCO, treatments. Phospholipids do not migrate away from
the origin in this solvent system and so cannot be quantified
by densitometry.

GC-MS

We observe excellent separation of the free fatty acids,
sterols and wax esters in both P. lutea and P. murrayensis
samples (Fig. 1b, c), enabling relative quantification of the
abundance of individual lipid species within these classes.

Sterols

GC-MS analysis detected 7 different sterol species (Fig. 1b,
peaks o, p, r—u, w). Variations in total sterol, stigmasterol,
brassicasterol and fucosterol between corals are shown in
Fig. 2, whilst variations in all sterols are shown as a heat
map in supplementary Fig. 1. Campesterol and stigmasterol
are the most abundant sterols in both genotypes, followed
by brassicasterol with cholesterol, C29, C30, and fucosterol
each contributing ~ 1% of the total sterol composition (Sup-
plementary Fig. 2). We observe no significant effect of sea-
water pCO, on sterol composition (Table 1 and Supplemen-
tary table 1), but increasing temperature causes a significant
increase in the contribution of campesterol to total sterol.
Stigmasterol contributes a significantly higher proportion
of the total sterol in genotype G7, while brassicasterol con-
tributes a significantly higher proportion of total sterol in
G5 compared to the other corals (Fig. 2b and c). Fucosterol
is identified only in the G5 and G7 P. lutea coral colonies
(Fig. 2d). Total sterols make a significantly smaller contribu-
tion to total lipids in G7 than in the other genotypes tested
(Fig. 2a, Table 1 and supplementary Table 1).
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Fig.1 Composite image of the HPTLC spot sizes and GC-MS spec-
tra. a shows the spot intensity for each of the lipid classes (sterol
ester, wax ester, monoalkyldiacylglycerol (MADAG), triacylglyc-
erol (TAG), free fatty acid (FFA), and sterol) as a % of the total spot
intensity, in coral tissue extracts separated by HPTLC. Error bars
show + 1o of the mean from duplicate samples. b and ¢ show repre-

Wax esters

Four different wax esters were identified (Fig. 1b, c, peaks
n, q, v, x) of which C32 palmityl-palmitate was dominant
(typically >70% of total wax esters, Supplementary Fig. 3).
The remaining wax esters are largely composed of two iso-
meric mixtures: C34 palmityl stearate/stearyl palmitate and
C30 myristyl palmitate/palmityl myristate, whilst a larger
(C36 linoleyl stearate) wax ester is present at~ 1%. No sig-
nificant differences are observed in the contributions of each
wax esters to the total between pCO, treatments or coral
genotype. (Table 1; supplementary Fig. 4 and supplementary
Table 2).

sentative spectra of the total ion current chromatogram of the total
lipid extracts from P. lutea and P. murrayensis samples, respectively.
Lettering denotes free fatty acids (a, d, f, i-m), n-alkanones (b, g),
n-alkanals (c, e, h), wax esters (n, g, v, x) and sterols (o, p, r—u, w).
Unidentified putative apocarotenoids are indicated by * while #
shows a common GC-MS contaminant dibutylphthalate (plasticiser)

Free fatty acids

GC-MS analysis identifies a mixture of saturated and unsat-
urated free fatty acids (FFAs) (Fig. 1b, c, peaks a, d, f, i-m).
Variations in all FFAs are shown as a heat map in Fig. 3,
with their relative compositions shown in supplementary
Fig. 5. Variations in total FFAs, myristic acid, palmitic acid,
linoleic acid, and linolenic acid, across the different pCO,
and temperature treatments are shown in supplementary
Fig. 6. Palmitic acid (C16:0) and stearic acid (C18:0) are
the most abundant FFAs in all coral genotypes. Odd chain
fatty acids C15:0 and C17:0 and polyunsaturated fatty acids
(PUFAs): C18:2 and C18:3 typically contribute 5-10%
each to FFAs. No significant differences are observed in the
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contributions of each FFA to the total between CO, treat-
ments, but increasing temperature significantly increases the
contributions of the polyunsaturated FFA C18:2, as well as
C20:0, whilst decreasing the contributions of saturated FFAs
C14:0, C15:0, C16:0, and C17:0 (Table 1 and Supplemen-
tary table 3). Total FFAs were significantly higher at 28 C
compared to 25 “C. In the G7 colony myristic acid (C14:0),
C17:0, and linoleic acid (C18:2) make a significantly smaller
contribution to the total FFAs than in the other experiment
2 genotypes, while linolenic acid (C18:3) makes a greater
contribution. An overall higher contribution of total FFAs is
found within the G7 colony. Some other minor differences
in FFA composition are observed between the other corals.

Unusual FA derivatives and other lipids

We observe for the first time in Porites spp. corals the pres-
ence of unusual fatty acid derivatives (Fig. 1b, c). Two
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n-alkenones: C16 (hexadecan-2-one) and C18 (octadecan-
2-one) (Fig. 1b, c, peaks b and g) and three n-alkanals C16
(hexadecanal), C17 (heptadecanal) and C18 (octadecanal)
(Fig. 1 peaks c, e and h) have been identified. Variations
in the total unusual fatty acid derivatives, as well as hex-
andecan-2-one, and octadecanal between corals and vary-
ing conditions are shown in Fig. 4, whilst variations in all
detected unusual fatty acid derivatives can be found as a heat
map in supplementary Fig. 8. Octadecan-2-one, octadeca-
nal, and hexadecan-2-one are the most abundant unusual
FA derivative detected (supplementary Fig. 7). The relative
total abundance of the n-alkanals is noticeably lower than
the n-alkenones in all genotypes except for the G1 P. lutea
genotype. We observe no significant effect of seawater pCO,
on FA derivatives, but the contribution of FA derivatives to
total lipids is significantly lower at the high seawater temper-
ature and within the G7 coral colony (Fig. 4a, Table 1, and
Supplementary table 4). Octadecanal makes a significantly
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Table 1 Summary table of

statistical results obtained from Temperature pCO, Genotype
pooling together all (%orals Stigmasterol n.s n.s G7>G4,G5,G6
cultured under experiment Campesterol 25<28 n.s G5<G4, G6, GT
2. All corals of all genotypes
were pooled together to test Brassicasterol n.s n.s G5>G6,G7
for differences between pCO, Fucosterol n.s n.s G5, G7>G4,G6
treatments, whilst all corals of C29 sterol s s G6> G5, G7
g}epscaglf wgz?:;};p;;;ﬁzrg(gte;jr Total sterols n.s n.s G7<GS5,G6
to test for differences between Myristyl palmitate (C30) 25>28 n.s. n.s
genotypes by one-way ANOVA Palmityl palmitate (C32) n.s n.s n.s
analysis using R studio. Paired Stearyl palmitate (C34) n.s n.s n.s
t tests were used to compare the
lipid compositions of samples Total wax esters s ns s
cultured at 25 °C and 28 °C. Myristic acid (C14:0) 25>28 n.s G7<GS5,G6
Any non-significant differences Pentadecanoic acid (C15:0) 25>28 n.s n.s
found during analysis are Palmitic acid (C16:0) 25>28 n.s G6> G5, G7
denoted as n.s. in the table Heptadecanoic acid (C17:0) 25>28 ns G7<G4, G5, G6
Stearic acid (C18:0) n.s n.s n.s
Linoleic acid (C18:2) 25<28 n.s G7 <G4, G5,G6
Linolenic acid (C18:3) n.s n.s G7>G4,GS5,G6
C20:0 25<28 n.s G6<G5
Total free fatty acids 25<28 n.s G7> G4, G5, G6
Hexadecan-2-one (C16) n.s n.s G7<G6
Octadecan-2-one (C18) n.s n.s n.s
Octadecanal (C18) n.s n.s G7>G6
Total fatty acid derivatives 25>28 n.s G7<G4, G6
Fatty acid methyl ester C14:0 25<28 180 <260, 750 n.s
Fatty acid methyl ester C15:0 25>28 n.s n.s
Fatty acid methyl ester C16:0 25>28 n.s G5 <G4, G6, G7
Fatty acid methyl ester C17:0 n.s n.s G5>G7
Fatty acid methyl ester C18:0 n.s n.s G7> G4, G6
Fatty acid methyl ester C18:1 n.s n.s n.s
Fatty acid methyl Ester C18:2 n.s n.s n.s
Fatty acid methyl ester C20:0 n.s n.s G5> G4, G6, G7
Unsaturated:saturated FFAs n.s n.s n.s n.s
Unsaturated:saturated FAME n-alkanal: n.s n.s n.s
n-alkanone FAds n.s n.s n.s

higher contribution to total FA derivatives in G7, while
hexadecan-2-one makes a significantly lower contribution.
In addition, there are a number of putative apocarotenoids
present in variable amounts in the genotypes, though the
specific identification of each pigment remains unknown at
this time.

FAME analysis

The total fatty acid content of the tissue is determined
utilising fatty acid methyl esters (FAME) analysis, which
identifies a mixture of saturated and unsaturated fatty acids
(FAs), similar to the detected FFAs through GC-MS anal-
ysis. Variations in the subset of FAMEs identified in this
study are shown as a heat map in Fig. 5, with their relative

compositions shown in supplementary Fig. 9. Variations
in C14:0, C16:0, C17:0, C18:0, and C20:0 FAME, across
the different pCO, and temperature treatments, are shown
in supplementary Fig. 10. C16:0 is the most abundant
FAME (58 +2%), and C18:0 is also a significant con-
tributor within all coral genotypes (24 +2%). Unsaturated
fatty acids C18:1 and C18:2 make a minor contribution
total FAME in both P. lutea, and P. murrayensis. Increas-
ing seawater pCO, increases the contribution of C14:0 to
total FAME but otherwise has no other significant effects
(Table 1 and supplementary table 5). Increasing seawa-
ter temperature increases the contribution of C14:0 and
decreases the contributions of C15:0 and C16:0. A sig-
nificantly lower portion of C16:0 to total FAME, and a
significantly higher portion of C17:0 and C20:0 to total
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C14:0 C15:0 C16:0
G1 180ppm 25°C 7.0 7.4
T G1400ppm25°C| 45 9.0
g G1750ppm25°C 71 3.7
'§_ G3 180ppm 25°C 6.1 34
3 G3 400ppm 25°C 5.3 8.4
G3 750ppm 25°C 6.4 5.1
G4 180ppm 25°C 6.8 6.0 33
G4 260ppm 25°C 6.7 36
G4 260ppm 28°C 6.6 3.4
G4 400ppm 25°C 5.5 4.4
G4 750ppm 25°C 9.4 5.9
G4 750ppm 28°C 6.8 35
G5 180ppm 25°C 74 5.5
GS 180ppm 28°C 5.0 3.0
GS 260ppm 25°C 9.0 5.8
GS 260ppm 28°C 6.1 3.6
GS 400ppm 25°C 99 5.9
~ GS 750ppm 25°C 75 3.4
€ G5750ppm28°C 69 26
E  G6180ppm25°C 94 76
8  G6180ppm 28°C 6.6 37
8 G6260ppm 25°C 7.0 69
G6 260ppm 28°C 74 43
G6 400ppm 25°C 7.0 44
G6 750ppm 25°C 103 7.3
G6 750ppm 28°C 7.4 4.2
G7 180ppm 25°C 44 5.5
G7 180ppm 28°C 38 39
G7 260ppm 25°C 5.8 5.0
G7 260ppm 28°C 5.5 5.0
G7 400ppm 25°C 38 48
G7 750ppm 25°C 8.6 4.6
G7 750ppm 28°C 5.5 48

Fig. 3 Heat map showing the relative composition of free fatty acids
(FFAs) measured by GC-MS in 6 of the Porites spp. colonies cul-
tured under varying pCO, and temperature. Relative concentrations
are presented as percentages of the total of all FFAs, as well as a total

FAME are detected within the G5 coral colony in Experi-
ment 2. C18:0 FAME is significantly higher within the G7
P. lutea genotype compared to G4 and G6 P. murrayensis
genotypes within experiment 2.

Ratios of unsaturated versus saturated lipid classes

Here, we report the ratios of total unsaturated versus total
saturated, free fatty acids, fatty acid methyl esters, or the
ratios comparing n-alkanal fatty acid derivatives to n-alka-
lone (Fig. 6). No significant differences are found, when
comparing between either temperatures, pCO, treatments,
or genotypes, (Table 1 and supplementary table 6).
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% of total FFAs % total lipids
C17:0 C18:0 C18:2 C18:3 C20:0 Total FFAs
5.6 27 5.6 46 19
7.6 26 5.5 55 16
39 25 14 35 5.3 23
5.7 25 22 36 18
114 23 s oo a6 13
85 21 15 31 43 17
6.3 24 20 2121 24 14
55 20 26 48 20
5.1 16 33 43 5.9 21
6.7 3 12 15
7.4 20 19 37 16
4.0 18 27 45 10.1 24
6.5 22 20 45 16
43 18 19 5.3 17.7 17
45 18 23 28 7.9 18
5.0 21 20 23 15.4 18
71 21 18 13
5.3 16 26 34 111 15
39 19 22 20
7.9 21 17 15
6.1 18 29 20
7.5 22 18 14
6.4 16 26 20
6.8 21 23 12
6.3 22 14 20
5.5 21 17 27 10.8 19
37 25 13 12.9 8.8 26
36 20 17 13.7 12.7 27
34 22 13 11.7 5.5 30
33 26 15 10.0 9.3 27
39 19 12 18.6 8.5 26
3.2 27 14 9.1 5.6 29
34 26 12 6.3 13.2 34

of all FFAs to total lipids. G1 & G3 genotypes were cultured under
experiment 1 at either 180, 400, or 750 ppm and 25 °C, whilst experi-
ment 2 genotypes (G4, G5, G6 & G7) were cultured under varying
pCO, (180, 260, 400, & 750 ppm) and at either 25 °C or 28 C

Lipid concentration and calcification rate

The calcification rates of each coral sub-colony were meas-
ured 2—4 times in the 4 weeks period preceding tissue sam-
pling using the alkalinity anomaly technique under both light
and dark conditions (Cole et al. 2018). Here, we plot calcifi-
cation rate as a function of the different percentage contribu-
tion of lipid classes to total lipids detected through GC-MS
analysis (Fig. 7). We observe significant negative relation-
ships between % contribution of both sterols and unusual FA
derivatives to total lipids versus coral calcification rate. We
also observe significant positive relationships between the
% contribution of both FFAs and wax esters to total lipids
versus coral calcification rate. Genotype G7 had a higher cal-
cification rate at all pCO, and temperatures compared to the
other corals, and if we remove this genotype from the data
set, then the relationships between calcification rate and the
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Fig. 4 Bar graphs showing
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% contributions of both FFAs and unusual FA derivatives to
total lipids become insignificant.

Discussion

Lipids in the coral holobiont are derived from algal biosyn-
thesis (Muscatine 1990; Papina et al. 2003; Teece et al. 2011;
Baumann et al. 2014), coral biosynthesis (Chen et al. 2021),
heterotrophic feeding (Tolosa et al. 2011), and conversions
between existing lipids in the holobiont. The tissue sterol
compositions in the present study are dominated by campes-
terol, stigmasterol, and brassicasterol (supplementary Fig. 2),
which are all phytosterols previously observed in marine algae

(Abdul et al. 2016; Lee et al. 2020). Heterotrophic feeding
enhances the abundance of unsaturated fatty acids in coral
tissues (Imbs 2013), and the low abundance of these forms
in our samples (supplementary Fig. 5 and 9) likely indicates
that the corals were predominantly autotrophic. The observed
odd-chain fatty acids and unusual fatty acid derivatives may
originate from endosymbiotic bacteria within the coral host
(Kaneda 1991; Al-Lihaibi 2007; Tolosa et al. 2011).
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C14:0
G1 180ppm 25°C 4.6
G1 400ppm 25°C
G1 750ppm 25°C
G3 180ppm 25°C
G3 400ppm 25°C
G3 750ppm 25°C
G4 180ppm 25°C
G4 260ppm 25°C
G4 260ppm 28°C
G4 400ppm 25°C
G4 750ppm 25°C
G4 750ppm 28°C
G5 180ppm 25°C
GS 180ppm 28°C
GS 260ppm 25°C
G5 260ppm 28°C
G5 400ppm 25°C
GS 750ppm 25°C
G5 750ppm 28°C
G6 180ppm 25°C
G6 180ppm 28°C
G6 260ppm 25°C
G6 260ppm 28°C
G6 400ppm 25°C
G6 750ppm 25°C
G6 750ppm 28°C
G7 180ppm 25°C
G7 180ppm 28°C
G7 260ppm 25°C
G7 260ppm 28°C
G7 400ppm 25°C
G7 750ppm 25°C
G7 750ppm 28°C

C15:0

Experiment 1

Experiment 2

Fig. 5 Heat map showing the relative composition of fatty acid
methyl esters (FAME) measured by GC-MS in 6 of the Porites spp.
colonies cultured under varying pCO, and temperatures. Relative
concentrations are presented as percentages of the total of all FAME.
Experiment 1 G1 & G3 genotypes were cultured at either 180, 400,

The influence of environmental change on coral tissue
lipids

Temperature

Raising temperature (from 25-28 °C) increases the contribu-
tion of FFAs to total lipid and the contribution of unsatu-
rated FFA C18:2 to the total FFA pool, but decreases the
contribution of the saturated FFAs C14:0, C15:0, C16:0
& C17:0 to total FFAs and of C16:0 to the total fatty acid
(FAME) of the total lipids, as well as the total contribution
of unusual FA derivatives to total lipids (Table 1). Fatty
acids (FA) represent a large group of molecules that are uti-
lised by the majority of lipid classes found within organisms,
playing a wide range of roles in mechanisms, such as cell
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C16:0

% of total FAME
C17:0
26

C18:0 C18:1 C18:2

5.1 45

C20:0
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or 750 ppm and 25 °C, whilst experiment 2 genotypes (G4, G5, G6 &
G7) were cultured under varying pCO, (180, 260, 400, & 750 ppm)
and at either 25 C or 28 °C. Error bars show + 16 of the mean from
duplicate samples

signalling, membrane structure fluidity, and energy storage
(Samori et al. 2017). The compositions of both the FFAs
and the fatty acid components of all lipids (FAME) in this
study are dominated by C16:0 and C18:0, with C18:3 (an
omega-3 fatty acid) also making a significant contribution
(Figs. 3, 5). These are the predominant fatty acid species
previously identified in Porites spp. field corals (Harland
et al. 1991; Latyshev et al. 1991) and C16:0 and C18:0, are
the key precursors for the biosynthesis of polyunsaturated
fatty acids (e.g. 18:2 and 18:3) (Al-Moghrabi et al. 1995),
and are essential building blocks for a range of other lipid
species (Imbs 2013). A twofold increases in FFAs occurred
in Acropora intermedia under acute heat stress (Imbs &
Yakovleva 2012), but the changes in this study (when the
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Fig. 6 Bar graphs showing the ratios of total unsaturated (UNSAT)
versus total saturated (SAT) a free fatty acids b fatty acid methyl
esters, or ¢ the ratios comparing n-alkanal fatty acid derivatives to

thermal stress threshold of the corals was not breached) are
much more subtle.

Palmitate, C16:0 is respired during periods of increased
energy consumption to maintain coral metabolism (Tolosa
et al. 2011) and is the dominant fatty acid in the triglycer-
ides (TAGs) of reef building corals (Yamashiro et al. 1999;
Imbs 2013). The reduced contribution of C16:0 to both FFAs
and FAME at high temperature in this study could reflect
catabolism of TAGs in response to increased temperature.
However, a decrease in the contribution of a specific FFA to
total FFA at high temperature does not necessarily imply that
the tissue concentration of the specific FFA has decreased.
As total FFAs increase at high temperature (by on average
3%), minor decreases in the contributions of specific FFAs,
e.g. C14:0 (decreased by 2%) to total FFAs may reflect that
their tissue concentrations remain approximately constant,
while other FFAs concentrations are increased. The ratio

EEESEEE S

AP AP A0 A
FEREFEEERE 668 dEe

n-alkalone, identified through GC-MS analysis, for both experiment
1 and 2 Porites spp. genotypes cultured at varying pCO, and at either
25°Cor28°C

of unsaturated FAs to saturated FAs indicates the ability of
zooxanthellae algae to endure thermal stress (Wada 1994;
Tchernov et al. 2004) and polyunsaturated FAs have been
found to decrease at higher temperatures in photosynthetic
organisms (Marr and Ingraham 1962; Murakami et al. 2000;
Falcone et al. 2004). This appears to be a result of lipid
peroxidation, due to saturated FAs being less susceptible to
peroxidation compared with PUFAs (Ramalho et al. 1998;
Lesser 2006), and to preserve the host-membrane integrity
(Hubert 2003; Imbs and Yakovleva 2012). We observed no
significant change in the ratio of total unsaturated FAs to
total saturated FAs in response to temperature (Fig. 6). The
corals studied here did not appear stressed and exhibited
calcification and photosynthetic rates that were comparable
to those of field specimens (Cole et al. 2018).

Our observation that the contribution of unsaturated FFA
C18:2 to total FFAs increases at higher temperature agrees

@ Springer



Coral Reefs

P. murrayens:s

40

=] ‘ a
g 30 B O
= ... [R2=047, p= 1.1e-05%]
Po| 2 oax
g w0 A %gio..é@o =
0 ® -
20 0 6O 80
40 ﬁ
C
g ¥ [R2 =0.46, p= 13e05"| 0=
o
E 20 A+ x+ .'-..'.".__,‘... D
i pr
¢ S,
) @
0
0 10 20 30 40

% Free Fatty Acids

Fig. 7 Regression graphs for daily calcification rate (umol CaCOj;
cm™2 d7Y) versus a %sterols b %wax Esters ¢ %free fatty acids d
%unusual FA derivatives, detected through GC-MS analysis within
Gl and G3 Porites spp. genotypes cultured during experiment 1,
as well as G4, G5, G6, G7 Porites spp. genotypes cultured during

with studies in other photosynthetic organisms, such as the
Arabidopsis plant (Falcone et al. 2004), and suggests that
this unsaturated FFA may be involved in acclimation to
higher temperatures. Defined proportions of saturated and
unsaturated fatty acids are required within membrane lipids
to allow for photosynthetic thermostability and acclimation
to higher temperature (Falcone et al. 2004). Polyunsaturated
C18:2 and C18:3 are essential fatty acids which animals are
unable to synthesise de novo (Latyshev et al. 1991; Bachok
et al. 2006; Bell et al. 2007). C18:3 is concentrated in the
symbiont fraction of the coral, while C18:2 predominantly
occurs in the host (Imbs et al. 2014), implying that C18:3
is synthesised by the algae, while C18:2 is mainly derived
from heterotrophy. The % contribution of C18:2 to coral
total fatty acids is increased by heterotrophy (Tan and Johns
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1991; Yu et al. 2021) and the C18:2 increase observed in our
study could reflect increased feeding at higher temperatures.

Seawater pCO,

We observe no significant variations in any of the lipids
in response to seawater pCO,, with the exception that the
contribution of C14:0 to FAME is significantly higher in
corals cultured at both 750 patm and 260 patm compared to
180 patm. Myristic acid (C14:0) is incorporated within the
phospholipid bilayer of cell membranes and acts as a lipid
anchor binding to protein receptors responsible for trigger-
ing various cellular responses (Cox and Nelson 2005). Cor-
als cultured at high seawater pCO, may catabolise tissue
lipids to maintain calcification rates comparable to those
of low seawater pCO, corals (Wall et al. 2017) although a
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decrease in tissue lipid is not observed in all studies when
corals (e.g. Montipora monasteriata) sustain calcification
at high seawater pCO, (Schoepf et al. 2013). Overall, our
results show that changes in seawater pCO, have relatively
little effect on coral tissue lipids in Porites spp., where
higher temperatures have been previously reported to buffer
the negative effects of increased pCO, (Schoef et al. 2013).

Effect of coral genotype and calcification rate

Genotype G7 was the fastest calcifying coral in all seawater
pCO, and temperature treatments (Cole et al. 2018) and this
genotype exhibits multiple significant differences in lipids
composition compared to the other corals (Table 1). Given
the mixotrophic nature of the coral organism, we note that
different coral genotypes of the same species may have
vastly different nutritional strategies (Fox et al. 2019). The
PUFAs C18:2 and C18:3 make significantly smaller and
greater contributions, respectively, to the total FFA pool of
this genotype. C18:3 is characteristic of zooxanthellae corals
(Latyshev 1991; Imbs et al. 2010) and predominantly found
in the symbiont fraction, while C18:2 is primarily located
in the host (Imbs et al. 2014). We did not monitor the feed-
ing of the corals in this study and the pattern observed in
G7 could reflect a shift towards a higher contribution of
autotrophy (versus heterotrophy) to the lipid pool compared
to the other genotypes. Although we note that both gross
and net photosynthetic rates in G7 were comparable to other
corals in the study (Cole et al. 2018). Organisms can convert
C18:2 to C18:3, but not vice versa (Cerone and Smith 2022)
and the G7 pattern could alternatively indicate a higher con-
version of C18:2 to C18:3 in this coral. C18:3 increased in
Montipora digitata at higher irradiance (Papina et al. 2007),
suggesting photosynthesis may promote C18:3. However,
C18:3 also increased at depth in Stylophora pistillata (Laty-
shev et al. 1991), suggesting the relationship between PUFA
and photosynthesis is not straightforward.

Genotype G7 also has lower contributions of total sterols,
total unusual fatty acid derivatives, C17:0 FFA, and hexade-
can-2-one, and higher contributions of total FFAs, stigmas-
terol, and octandecanol, to their relative groups. The coral
animal is unable to synthesise sterols (Baumgarten et al.
2015; Hambleton et al. 2019) and coral tissue sterols are
largely derived from the algae hosted in the coral (Treignier
et al. 2008). Genotype-dependent variations in sterol com-
position could reflect changes in the algal strains hosted
in the coral (Treignier et al. 2008; Babcock-Adams et al.
2016). Reef-building corals show plasticity in their sterol
acquisition, and symbiont-derived sterol variants can sub-
stitute for prey-derived forms (e.g. cholesterol) (Hambleton
et al. 2019). The decrease in unusual fatty acid derivatives
coupled with an increase in FFAs in the G7 genotype may

indicate catabolism of the derivatives to form an additional
source of FFAs.

Coral calcification rate is positively related to the % con-
tributions of wax esters and FFAs and negatively related to
the % contributions of sterols and unusual fatty derivatives
to lipids (Fig. 7). Coral genotype G7 has a different lipid
composition compared to the other corals and if we remove
this genotype from the dataset then significant relationships
are only observed between calcification rate and % sterols
and % wax esters. Lipids are important in coral biominerali-
sation as they can serve as an energy source to support the
metabolic costs of calcification and may also be involved in
the control of CaCOj, precipitation, e.g. via Ca’" binding
(Isa and Okazaki 1987; Reggi et al. 2016). The exact roles of
lipids in biomineralisation are unknown. Wax esters provide
lipid storage in zooplankton (Lee et al. 2006), as well as in
corals (Grottoli et al. 2004), and we hypothesise that high
concentrations of these lipids in the coral tissues may sup-
port rapid calcification. Sterols are observed in the skeletal
organic material (Farre et al. 2010) and a reduction in their
contribution to tissue lipids at high calcification rates may
reflect their consumption in biomineralisation.

It is unclear if the altered lipid compositions in coral
G7 act to increase the calcification rate of this genotype or
reflect other influences. FFAs and sterols, combined with
PUFAs, represent the majority of membrane lipids (Boutry
et al. 1979; Wada 1994; Yamashiro 1999; Tchernov et al.
2004; Sharma 2006; Hambleton et al. 2019) and act as
important regulators of both coral metabolism and stress
resistance (Ward 1995; Hulbert 2003). Although the most
rapidly calcifying coral, genotype G7 exhibited pronounced
abnormalities in skeletal morphology in response to reduced
seawater pCO, (Allison et al. 2022), suggesting this coral
may have a low stress resilience. Further work is required to
define the roles of lipids in calcification and in susceptibility
to climate change.

Relevance to a changing climate

Massive tropical corals, such as Porites spp. are important
reef-builders and support rich and diverse ecosystems across
the Indo-Pacific region. Whilst calcifying marine organisms
are increasingly vulnerable to rising sea surface tempera-
tures and ocean acidification, some studies have shown that
massive poritid corals may be less sensitive to these changes
than other coral species (Gleason 1993; Baird and Marshall
2002; van Woesik et al. 2011; Fabricius et al. 2011; Crook
et al. 2012). High coral energy reserves and changes in the
dominant Symbiodiniaceae endosymbiont were found to
allow rapid acclimation of the Porites divaricata Caribbean
coral to experimentally elevated seawater temperatures,
whilst low energy reserves and a relatively static Symbiod-
iniaceae composition increased the susceptibility of Porites
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astreoides to bleaching, thus affecting coral health (Grottoli
et al. 2014). Some effects on lipid composition are observed
with increasing seawater temperature in the present study.
The largest changes in lipid composition are observed
between Porites spp. genotypes, regardless of treatment.
The corals exhibited a broad range of calcification rates in
this study (Cole et al. 2018), and some of these variations are
correlated with calcification rate suggesting potential roles
of lipids in biomineralisation.

Overall, our findings illustrate that the largest changes in
lipid compositions are observed between massive Porites
spp. genotypes rather than between temperature or seawa-
ter pCO, treatments. However, interesting differences in
saturated and unsaturated fatty acid compositions between
temperature treatments are also found. Large variations in
calcification rate can be observed between coral genotypes
and these can exceed calcification variations in response to
ocean acidification within coral genotypes (Cole et al. 2018).
Further work is required to determine if rapidly calcifying
corals are more or less resilient to environmental changes
and to identify how this relates to the lipid profiles of indi-
vidual corals.
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