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Inhibiting inositol transport disrupts
metaboliteprofilesandmimicsheatstress
in a model cnidarian-Symbiodiniaceae
symbiosis
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The nutrient exchange between corals and their symbiotic microalgae (Symbiodiniaceae) is vital for
coral survival. Disruptions in this mutualistic relationship, often due to stress-induced dysbiosis,
contribute significantly to coral mortality and reef decline globally. Dysbiosis is associated with
substantial shifts in various metabolites, notably a rise in inositol, a sugar alcohol, though its role in
coral-algae interactions remains unclear. Using a cnidarianmodel, we identify Symbiodiniaceae as the
main source of inositol, with myo- and scyllo-inositol being the dominant forms under normal
conditions. During heat stress, scyllo-inositol levels increase by 1.8 times in symbiotic hosts, and up to
26 times in cultured Symbiodiniaceae (Breviolum minutum). Meanwhile, myo-inositol decreases in
host tissues but doubles within Symbiodiniaceae, indicating altered nutrient-sharing or stress
signalling. In contrast, no changes are observed in aposymbiotic cnidarians (without
Symbiodiniaceae). Additionally, inhibiting inositol production and transport in symbiotic tissues
disrupts metabolite profiles, mimicking effects seen under heat stress, suggesting that inositol
transport is crucial for maintaining metabolic balance and nutrient exchange. These findings reveal
that disruptions in inositol dynamics play a critical role in stress responses, offering insights into
dysbiosis mechanisms driving coral reef crises.

Heat-induced bleaching reduces the density and function of Symbiodinia-
ceae in coral tissues, thereby diminishing or ceasing autotrophic input from
these symbionts1,2. A decline in the relative availability of glucose, a major
photosynthetic product transferred from in hospite Symbiodiniaceae to the
cnidarian host3, in coral tissues is one of the first metabolic symptoms
demonstrated by stress2,4,5. As glucose is crucial for central metabolic pro-
cesses such as glycolysis, its depletion severely impacts coral health and
survival, forcing the host to mobilise stored energy reserves to support vital
functions2,3,6. Also under heat stress, inositol concentrations can increase
dramatically up to 4-fold in Symbiodiniaceae while in hospite, 11-fold in
Exaiptasia pallida host tissues, 13-fold in Acropora tenuis host tissues, and
100-fold in cultured Symbiodiniaceae4,5,7. Changes in the glucose and ino-
sitol levels, among other metabolic shifts in the host, are a hallmark of
dysbiosis (i.e., functional and physical breakdown of the cnidarian-
Symbiodiniaceae symbiosis), ultimately contributing to coral bleaching,

which reduces immunity8, hampers reproductive rates9,10, and increases
mortality11. However, the underlying mechanisms affecting the functional
exchange of metabolites between host and symbiont remain unclear.

Inositol is a very small, polarmoleculewith nine isometric forms. Six of
these stereoisomers are naturally produced (myo-, D-chiro, L-chiro, scyllo,
muco, neo), withmyo-inositol being the most abundant in nature, as it can
be synthesised and used by many Archaea, bacteria, and all eukaryotes12,13.
Myo-inositol forms a structural basis for various lipids and phosphates14,15

such as the phosphoinositide signalling pathway involving phosphatidyli-
nositol (PI), which are important membrane lipids and secondary mes-
sengers in eukaryotes16,17. The role of inositol and its various isomers has
been heavily studied in other organisms. For example, myo-inositol is the
primary source of carbon for some yeast species18, and plays a role in the
virulence of the fungusCryptococcus neoformans through acting as a carbon
source and/or a signallingmolecule19. In animal-bacteria symbioses (e.g., the
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Hawaiian bobtail squid-Vibrio fischeri symbiosis), myo-inositol enhances
phagocytosis and therefore has a role in regulating bacterial abundances
within the host20,21. Furthermore, Arabidopsis secretes myo-inositol, a
compound essential for the growth and function of Bacillus megaterium,
which in turn promotes plant growth22. Disrupting the secretion of myo-
inositol significantly reduces the colonisation of this bacterium, highlighting
its critical role in the plant-microbe interaction and dysbiosis. D-chiro-
inositol is an intermediate of pinitol catabolism, which plays a role in the
ability of Sinorhizobium meliloti, the nitrogen-fixing symbiont of alfalfa, to
compete for nodule occupancy23.

Beyond heat stress, previous studies have shown that inositol levels in
cnidarians are influenced by various biotic and abiotic factors such as light,
salinity, pathogen presence, and associations with suboptimal
symbionts4,6,7,24,25 (Table 1). Thesefindings suggest a pivotal role for inositols
in cnidarian-Symbiodiniaceae stress responses, which may be due to their
functions as osmoprotectants, antioxidants, and regulators of key signalling
pathways such as PI4,26,27. In addition to the onset of host-symbiont
interactions28,29, PI signalling is known to regulate various stress- and
growth-related pathways through the coordinated activities of isoforms,
enzymes, kinases, and phosphatases, functioning to adapt growth and stress
responses in plants30. PI signalling, important in parasite-host infection31–33

may similarly influence the establishment and maintenance of
mutualisms28,29. Several proteins involved in the PI signalling pathway are
differentially expressed inbothcnidarianhosts (includingE. diaphana30,34,35)
and Symbiodiniaceae (including Breviolum30,36) in response to symbiotic
states4,6,34–39. In B. minutum, transcriptional changes in PI signalling com-
ponents point to broader roles for this pathway in thermal response38.
Phosphoinositides (PIPs), which are PI phosphates, are precursors to sec-
ondary messengers known as inositol polyphosphates (IPs). Inositol
monophosphate (IP) and inositol biphosphate (IP2) levels increased in
Pocillopora acuta adapted to high salinity mangrove environments during
heat stress40, though IP decreased by 0.7-fold in temperate Pocilloporid
corals under temperature stress conditions41. Yet, the role of inositols in
cnidarian-Symbiodiniaceae stress responses remains unclear.

Inositol cotransporters, such as proton-coupled myo-inositol trans-
porters (HMIT), are upregulated in symbiotic cnidarians compared to those
without Symbiodiniaceae (aposymbiotic)6. Similarly, the Na+-myo-/scyllo-
inositol co-transporter SMIT1 and the myo-/chiro-inositol transporter
SMIT2 are exclusively expressed in symbiotic E. diaphana35. While HMIT
and SMIT primarily mediate the transport of myo-inositol, they can also
transport other inositols. For example, scyllo-inositol can induce similar
fluxes in both SMIT142 and HMIT43, while SMIT2 can accept chiro-
inositol44. Additionally, these transporters can also mediate the movement

ofmonosaccharides, such as glucose, fructose, and xylose34,45,46. The shifts in
inositol and glucose levels during stress2, coupled with the symbiosis-
dependent expression of these transporters35, suggest that inositol transport
plays a crucial role in maintaining a functional symbiosis. Therefore,
understanding the dynamics of inositol transport during dysbiosis could
offer significant insights into the breakdownofmetabolite exchange and the
mechanistic disruption of the cnidarian-Symbiodiniaceae symbiosis. We
employed advanced techniques in chemical analysis and pharmacology to
examine inositol dynamics in a model cnidarian-Symbiodiniaceae sym-
biosis. We hypothesise that inositol isoforms are actively produced and
exchanged between the partners and that stress profoundly alters their
production and dynamics, potentially impacting the stability of the sym-
biotic relationship.

Results and discussion
Scyllo-inositol is themain isoformproduced bySymbiodiniaceae
and shared to cnidarian hosts
Previous studies have reported the detection ofmyo-, chiro, scyllo-inositols
and various inositol phosphates in Exaiptasia diaphana and coral
tissues5,24,41,47. In cultured Symbiodiniaceae, two different inositol stereo-
isomers have been detected, but were not distinguished7,25. Here, we
employed targeted Gas Chromatography–Mass Spectrometry (GC-MS) to
quantify the concentration of myo-, chiro, scyllo-inositols in symbiotic
cnidarians (Exaiptasia diaphana) and their microalgal symbionts.

We detected myo- and scyllo-inositol in cultured Symbiodiniaceae
(Breviolum minutum) and B. minutum in hospite (Fig. 1, Supplementary
Data 1), but not chiro-inositol (Supplementary Data 1). Over the light cycle
(measured at mid- (6 h; T1) and end-light cycle (9 h; T2)), intracellular
concentrations of scyllo-inositol consistently exceeded those ofmyo-inositol
in cultured B.minutum (One-sided T-test, T1: T = 4.84, df = 8, p < 0.01; T2:
T = 2.11, df = 8, p = 0.03; Fig. 1A, C, Supplementary Data 1). This result was
unexpected, given that scyllo-inositol isomer is usually rare in nature13,16,48.
We also identified an ortholog for scyllo-inositol-2-dehydrogenase, the
enzyme involved in the conversion of scyllo-inosose to scyllo-inositol, in B.
minutum, Cladocopium goreaui, and Durusdinium trenchii genomes
(SupplementaryData 2), suggesting that the ability to synthesise this isomer
is widespread in Symbiodiniaceae. By the end of the light cycle, scyllo-
inositol levels were 2-fold higher thanmyo-inositol in cultured B. minutum
(Fig. 1A, C, Supplementary Data 1). Both inositols reached their lowest
abundance during the dark phase (T3; 12 h dark, 24 h total), with myo-
inositol decreasing 3-fold and scyllo-inositol levels decreasing 7-fold
(Fig. 1A, C, Supplementary Data 1). These two molecules were also detec-
ted in the spentmediumofB.minutum cultures duringmid-light cycle (but

Table 1 | Summary table of studies and their results that have observed inositol in cnidarians and/or Symbiodiniaceae during
periods of stress

Specimen Stressor Change in abundance Study

Aiptasia and Symbiodiniaceae Heat stress Scyllo- 11-fold increase in host Hillyer et al.5

Chiro- 0.5-fold increase in host

Scyllo- 4-fold increase in symbiont

Anemones Increased depth Myo- 2.6-fold increase Yancey et al.62

Scyllo- 1.5-fold increase

Coral Heat stress Chiro- 13-fold increase in host Hillyer et al.4

Scyllo- 1.25-fold increase in host

Coral Heat stress Scyllo- 0.3-fold increase González-Pech et al.41

Myo- 0.5-fold decrease

InsP – 0.7-fold increase

Coral Microplastic No abundance data given Lanctôt et al.47

Symbiodiniaceae in culture Heat stress and high light intensity 100-fold increase (no isomer distinguished) Klueter et al.7

Symbiodiniaceae in culture Increased salinity 19-fold increase (no isomer distinguished) Ochsenkühn et al.25
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not in all samples) with concentrations 433 times (myo-inositol) and 1495
times (scyllo-inositol) lower than those measured intracellularly, but then
became undetectable at the end of the light cycle (Supplementary Data 3).
This result supports previous evidence of limited extracellular transport of
inositol when not in hospite3.

E. diaphana is a model cnidarian frequently used to study coral-
Symbiodiniaceae symbiosis, as it can be easily rendered aposymbiotic and
maintained in this state indefinitely49–53. Bothmyo- and scyllo-inositol were
detected in aposymbiotic and symbiotic E. diaphana tissues (in symbiosis
with B. minutum), while chiro-inositol was not detectable (Fig. 1B, D,
Supplementary Data 1). Intracellular concentrations of both myo- and
scyllo-inositolwere significantly lower inB.minutum inhospite compared to
cultured B. minutum cells across the light cycle (Tukey HSD, p < 0.001;
Fig. 1B, D, Supplementary Data 1). While we cannot completely rule out a
bacterial contribution to the inositol levels measured in culture, previous
evidence shows that removing bacteria increases the inositol levels per
Symbiodiniaceae cell54. This suggests that the observed differences in ino-
sitol concentrations between culture and in hospite conditions are more
likely driven by their association with the cnidarian host rather than their
bacterial symbionts. In symbiotic E. diaphana tissues, scyllo-inositol con-
centrations were 73.8-fold higher on average than in aposymbiotic tissues
and were 2.1-fold higher on average thanmyo-inositol across the light cycle
(Fig. 1, Supplementary Data 1). Conversely, in aposymbiotic anemones,
myo-inositol concentrations were 2.45-fold higher on average than scyllo-
inositol (Fig. 1, Supplementary Data 1). E. diaphana possesses genes
involved inmyo-inositol biosynthesis (e.g., inositolmonophosphatase 1 and
inositol-3-phosphate synthase)13,49 and can convert myo-inositol to the
intermediate scyllo-inosose (through the enzyme inositol dehydrogenase).
However, current genomic data suggest that scyllo-inositol-2-dehy-
drogenase genes are absent in the genome of E. diaphana55 (Supplementary
Data 2), as well as the genomes of corals Acropora millepora56 and A.
digitifera57. Therefore, as scyllo-inositol is the most abundant isoform in
Symbiodiniaceae cells in culture but is significantly reduced when in hospite
(Tukey HSD, p < 0.001; Supplementary Data 1), and this compound is
almost two orders of magnitude higher in symbiotic compared to apos-
ymbiotic E. diaphana, we conclude that E. diaphana obtain most of this
metabolite from its resident Symbiodiniaceae.

Heat stress triggers an increase in inositol isoform
concentrations
We examined the effects of acute heat stress58 (Supplementary Fig. 1) on the
abundance of inositol stereoisomers in cultured B. minutum and symbiotic
and aposymbiotic E. diaphana. Heat stress significantly reduced the

maximum quantum yield of PSII (Fv/Fm) in B. minutum cultures (One-
sided T-test, t = 19.308, df = 8, p < 0.001; Supplementary Data 4), confirm-
ing physiological stress59. Concomitantly, myo-inositol increased sig-
nificantly in cultured B. minutum under heat stress, with concentrations
reaching 4.9 times higher than in control cultures (Fig. 1C, Supplementary
Data 1). During recovery, levels remained elevated (2.9-fold over controls)
(Fig. 1C, Supplementary Data 1). Actinidia plants follow a similar pattern
under salinity stress, where myo-inositol can increase linearly as stress
intensifies before decreasing after the removal of stress60. These observations
point to a broader role for myo-inositol in managing environmental stress
across taxa.

Interestingly, scyllo-inositol concentrations increased 7.3-fold in heat-
stressed B. minutum cultures and were 26-fold higher than controls at peak
heat stress (Fig. 1A). During recovery, scyllo-inositol levels declined but
remained 7 times higher than in controls (Fig. 1A, Supplementary Data 1).
The rapid and substantial increase suggests that scyllo-inositol plays a key
role in responding to temperature stress, potentially as anosmoprotectant or
stabiliser of cellular function, as seen in other marine organisms61–64.

In symbiotic E. diaphana, we observed an average decline in pho-
tosynthetic efficiency in heat-exposed anemones compared to controls;
however, this reduction was not statistically significant (Supplementary
Data 5). Interestingly, chiro-inositol was only detected in heat-stressed
host extracts, although the concentration of this compound was sig-
nificantly lower than the other two stereoisomers throughout (Tukey
HSD, p < 0.001; Supplementary Data 1). Chiro-inositol has previously
been reported to increase in heat-stressed E. diaphana and A. tenuis
tissues, and similarly, was not detected in Symbiodiniaceae in hospite4,5.
Chiro-inositol is present in other symbioses, for example between soy-
bean and bacteroids65, where it is used as a carbon source along withmyo-
inositol by the symbiotic bacteria65.

Intracellular scyllo-inositol concentrations in heat-exposed symbiotic
host tissues doubled at peak heat exposure compared to controls and con-
tinued to increase throughout the recovery period, whereas levels in control
tissues remained stable throughout (Fig. 1, Supplementary Data 1). In in
hospite B. minutum, scyllo-inositol levels doubled at the onset of heat
exposure but returned to control levels during peak heat exposure and
recovery (Fig. 1, Supplementary Data 1). Meanwhile, in aposymbiotic E.
diaphana, scyllo-inositol levels did not change in heat-exposed or control
conditions (Fig. 1, Supplementary Data 1). This suggests that scyllo-inositol
may play a role in the early stages of heat adaptation in symbiotic cnidaria,
particularly in host tissues. As this response was dependent on symbiotic
state, it further supports a role of this metabolite in Cnidaria-
Symbiodiniaceae signalling and symbiotic function.

Fig. 1 | Absolute concentrations of inositol isoforms in cultured and in hospite
Symbiodiniaceae (Breviolum minutum), and symbiotic and aposymbiotic cni-
darians (Exaiptasia diaphana), under control and heat-stressed conditions.
Concentrations of scyllo-inositol (A, C, E, G) and myo-inositol (B, D, F, H) are

shown for B. minutum cultures (A, B), symbiotic B. minutum (C, D), symbiotic E.
diaphana tissues (E,F), and aposymbiotic host tissues (G,H). Note: y-axes are scaled
differently to increase readability. Data and statistical comparisons are provided in
Supplementary Data 1 (n = 5 per treatment).
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In contrast, myo-inositol followed a more complex pattern, with its
dynamics likely reflecting shifts in metabolic priorities between host and
symbiont under stress. In E. diaphana, we observed thatmyo-inositol levels
decreased inhost tissuesduring earlyheat exposure butdoubled in in hospite
B. minutum (Fig. 1D). This suggests a potential disruption in metabolite
translocation between symbiont and host, possibly indicating shifts in
nutrient-sharing dynamics or stress signalling during early heat stress4,30.
After recovery, myo-inositol levels in symbiotic host tissues surged, while
they returned to control levels in the in hospite B. minutum, possibly
reflecting restored metabolite transfer and signalling from the symbionts.

Blocking inositol transport leads to metabolic signatures undis-
tinguishable from heat stress
We pharmacologically inhibited inositol by dosing symbiotic E. diaphana
with lithium, and assessed symbiont photophysiology, and the metabolite
profiles of separated host and symbionts usingGC-MSmetabolite profiling.
Lithium ions inhibit inositol monophosphatase (IMPase), which converts
IP to inositol, and indirectly inhibit the activity and expression of SMIT
transporters66. After optimising lithium concentrations in cultured B.
minutum to determine the minimum effective dose that alters scyllo- and
myo-inositol levels (Supplementary Data 5; Supplementary Fig. 2), we
exposed symbiotic E. diaphana to acute heat stress58, with or without
0.1mM lithium for 96 h. Heat stress significantly reduced algal photo-
synthetic efficiency (Fv/Fm; Repeated Measure ANOVA, p < 0.05; Supple-
mentary Data 6), while lithium exposure at 0.1mM under control
conditions had no effect (Repeated Measure ANOVA, p = 0.13; Supple-
mentary Data 6). The metabolite profiles of symbiotic E. diaphana (Sup-
plementary Data 7) and B. minutum symbionts (Supplementary Data 8)
under control conditions without lithium were significantly different from
those subjected to lithium dosing and/or heat stress (PERMANOVA;
p < 0.05, Fig. 2, Supplementary Data 9). There is some overlap in the
metabolite profiles of heat with lithium and control without lithium sym-
biont samples, suggesting that lithiummay influence symbiont metabolism
independently of heat stress. Additionally, heatmap clustering shows closer
alignment in 3 out of 5 host samples and 4 out of 5 symbiont samples
between these treatments. This could indicate a potential “rescue effect,”
where lithium mitigates heat stress signals from the host to the symbiont,

preserving symbiosis. However, the high variability within the heat with
lithium treatment and statistical test results suggests that any such effect is
inconsistent.

Interestingly, lithium exposure at control temperatures produced
metabolite profiles highly similar to those observed in both heat-stressed
(PERMANOVA; p = 0.70) and heat-plus-lithium-treated E. diaphana
(PERMANOVA;p = 0.75) (Fig. 2, SupplementaryData 9). The resemblance
between themetabolite profiles of heat-stressedE. diaphana (not exposed to
lithium) and control E. diaphana treated with lithium supports a functional
role of inositol in maintaining optimal symbiosis and provides mechanistic
insight (e.g., via inhibition of inositol co-transport) into the breakdown of
this symbiosis under stress.

Individual metabolite analysis revealed that myo-inositol significantly
decreased in E. diaphana host tissues following lithium exposure and heat
stress (ANOVA, p < 0.05, Fig. 3A, Supplementary Data 10). This is con-
sistent with the blocking of host SMIT transporters in the heat and lithium-
exposed anemones, including SMIT2,which transport bothmyo- and chiro-
inositols. Chiro-inositol competes with myo-inositol in SMIT2-mediated
transport and has been used as a specific inhibitor of SMIT2, but not
SMIT148. Converse tomyo-inositol, chiro-inositols significantly increased in
E. diaphana host tissues following both lithium exposure under control
temperatures, and heat stress with and without lithium (ANOVA, p < 0.05,
Fig. 3, Supplementary Data 10). Chiro-inositols were previously undetected
in E. diaphana under control conditions (SupplementaryData 1), therefore,
the inhibition of the SMIT2 transporters under the control temperatures
could reduce the effective export of the chiro-inositol isoforms, leading to
their intracellular accumulation.

Scyllo-inositol levels varied significantly across all treatments, with the
highest concentrations observed in heat-stressed anemones without
lithium, and the lowest in the control group, consistent with previous
findings (ANOVA, p < 0.05, Supplementary Fig. 3, Supplementary
Data 1 and 10). Notably, both the heat-stressed and heat-plus-lithium-
treated anemones exhibited significantly higher scyllo-inositol concentra-
tions than the lithium-treated control group, suggesting that these trans-
porters may not be the sole source of scyllo-inositol. This also points to the
potential mobilisation of stored scyllo-inositol within the anemones under
stress conditions. For example, heat stress and lithium can affect the PI

Fig. 2 | Principal Component Analysis (PCA) of E. diaphana and B. minutum
metabolite profiles under heat- and lithium-exposure. PCA reveals the differences
in the metabolite profiles of E. diaphana host (A) and Breviolum minutum

(B) symbionts following exposure to heat and lithium treatments. Data are provided
in Supplementary Data 8 and 9. PERMANOVA statistics are provided as inserts and
are detailed in Supplementary Data 9.
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signalling system by elevating inositol monophosphate (IP) levels, followed
byphosphoinositols accumulation67, whichmight lead to the elevated scyllo-
inositol levels.

Besides the inositols, the abundance of 27 other metabolites was sig-
nificantly altered by heat and lithium exposure in the host tissues (ANOVA,
p < 0.05, Fig. 3A, SupplementaryData 10).Most of thesemetabolites (25/27)
were significantly different between the controls with and without lithium,
and between controls and heat-exposed anemones without lithium
(ANOVA, p < 0.05, Supplementary Data 10). This indicates that heat stress
elicits a response in Exaiptasia similar to that triggered by lithium exposure
and supports the hypothesis that disruptions in inositol translocation play a
role in the organism’s response to heat stress.

While glucose abundance remainedunchanged, gluconic acid,which is
enzymatically formed from glucose via glucose oxidase (a process that
generates hydrogen peroxide), was elevated in both heat and lithium
treatments compared to controls (ANOVA, p < 0.05, Fig. 3A, Supplemen-
taryData 10).Gluconic acid, therefore, serves as amarker of oxidative stress,
further supporting that similar stress-related mechanisms are triggered
when these transporters are blocked.

Interestingly, palmitoleic acid (C16:1) was the only metabolite sig-
nificantly higher in the control group compared to the treated groups. This
fatty acid is crucial for the synthesis of C16 polyunsaturated fatty acids in
corals, and both palmitic acid (C16:0) and palmitoleic acid are major
components of total lipids in both cnidarians and Symbiodiniaceae24.
Additionally, several intermediates of fatty acid metabolism were more
abundant in the heat and lithium-treated anemones (Fig. 3A, Supplemen-
tary Data 10), suggesting an upregulation of lipid metabolism and mobili-
sation of stored energy4. This shift away from central metabolism further
underscores the similarity in metabolic stress and dysfunction caused by
inositol transporter inhibition and heat exposure.

Scyllo-inositol concentrations were the only inositols affected in the
symbiont cells, showing increased abundance under both heat and lithium
exposure (ANOVA, p < 0.05, Fig. 3B, Supplementary Data 10). Notably,
glucose and galactose levels also increased in the lithium and heat-exposed

symbiont cells compared to the controls (ANOVA, p < 0.05, Fig. 3B, Sup-
plementary Data 10), possibly due to a failure in translocation to the host,
leading to their accumulation within the symbiont2. Similarly, several
metabolites involved in the urea cycle, such as ornithine, arginine, and
glutamine, were more abundant in symbiont cells under lithium and heat
stress (ANOVA, p < 0.05, Fig. 3B, Supplementary Data 10). This finding is
particularly important considering recent evidence highlighting the
importance of nitrogen cycling during nutrient dysbiosis1,68. Compared to
cultured cells, in hospite B. minutum shows an upregulation of phosphati-
dylinositol 4-phosphate 5-kinase (PI4P5K) activity30, which plays an
important role in endosomal trafficking. This could reflect an increased
demand for vesicle transport after colonisation of a host, underscoring a role
for PI signalling and nutrient transfer in the regulation of the symbiosis30,39.

Conclusions
The evidence presented here suggests that inositols play a key role in nutrient
exchange and symbiosis function within cnidarian-Symbiodiniaceae sym-
bioses, with changes in inositol dynamics potentially serving as markers of
the early stages of dysbiosis under heat stress (Fig. 4). Inositol transport could
play a role in regulating the PI signalling pathways in the cnidarian-
Symbiodiniaceae symbiosis30,34, asmyo-inositol serves as a precursor for these
pathways (including the PI signalling system and the inositol phosphate
metabolism pathways) and scyllo-inositol can be converted intomyo-inositol
(Fig. 4). Inositol may also function as an alternative carbon source in the
symbiosis, as observed in many bacteria, plants, and fungi, though this
function has not been observed as such in metazoans16. Beyond its metabolic
role, inositol also acts as an antioxidant and compatible solute, stabilising
cellular proteins under environmental stressors such as heat and high sali-
nity. Many eukaryotes across diverse environments use inositols and
inositol-derived cyclitols as compatible solutes for cytoprotection. For
example, hyperthermophilic archaea from marine hydrothermal vents
accumulate di-myo-inositol phosphate and K+ to withstand extreme tem-
peratures and salinities62, whilemyo-inositol is widely used as a feed additive
in aquaculture to promote growth and enhance antioxidant capacity69,70.

Fig. 3 | Heatmap visualisation of significantly altered metabolites in E. diapha-
naand B. minutum under heat and lithium exposure. Significantly different
metabolites (ANOVA, p < 0.05) between heat- and lithium-exposed treatments in

E. diaphana (A) and B.minutum symbionts (B).Metabolite intensities are log-2 fold
change. Data is available in Supplementary Data 10.
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Additionally, oral administration of scyllo-inositol has been shown to alle-
viate symptoms of Alzheimer’s disease in mouse models by inhibiting
amyloid beta (Aβ) aggregation71. These diverse protective functions highlight
inositol’s potential role in maintaining symbiosis. This study expands the
known roles of inositols beyond animal-bacteria20,21 and plant-microbe22

interactions to include animal-microalgae symbioses, supporting the
hypothesis that inositol’s role in symbiotic interactions is evolutionarily
conserved.

The similarity in metabolite profiles of heat-stress and inositol-
inhibited host and symbiont cells provide important insights into the
breakdownof symbiotic nutrient exchanges under stress. The accumulation
of key metabolites like scyllo-inositol, glucose, and nitrogen-related com-
pounds in symbiont cells suggests that disruptions in transportmechanisms
lead to a metabolic imbalance that mirrors patterns of nutrient dysbiosis.
This highlights the critical role ofmetabolite transport inmaintaining coral-
symbiont equilibrium and suggests that targeting these transport processes
could be pivotal for understanding and mitigating stress-related break-
downs in coral symbioses. While the concentration changes in inositol
during periods of stress is unknown for many species of coral, the increases
during a variety of stressors, including temperature stress has been observed
across E. diaphana, Pocillopora acuta, and members of the genus Platygyra
and Acropora4,5,40,41,72, making inositol a likely ubiquitous stress marker that
could be used in future studies and management practices. To establish

inositol as a reliable biomarker for coral restoration strategies, future studies
should assess inositol isoform expression across diverse coral genera and
under various stressors, such as high light exposure73. Integratingmetabolite
profilingwith the analysis of transporter activity through transcriptomic6 or
proteomic34,74 analyses could clarify the role of PI signalling in symbiosis and
stress responses30, helping to define the thresholds and timing of inositol-
related stress signals. Once inositol biomarker responses are better char-
acterised across coral genera, optimising in situ measurement techniques
will be crucial. Methods such as the enzymatic UV-based assay developed
for myo-inositol detection in animal feeds, foods, and other materials offer
promising avenues for application in coral monitoring and restoration
efforts.

Methods
Culture maintenance
Symbiodiniaceae cultures (Breviolumminutum (ITS2: B1, culture ID: RT2,
CCMP2463)) originally isolated from E. diaphana diaphana were sub-
cultured (n = 5) fromexisting stocks at theUniversity ofTechnologySydney
by adding 10mL of original cultures in 90mL of autoclaved and filter
sterilised (0.22 µm) artificial seawater (ASW) and F/2 media. Cultures were
grown for onemonth (to achieve aminimum cell density of 106 cells/mL) at
26 °C with an irradiance of 85 ± 15 µmol photons m−2 s−1 (Philips TLD
18W/54 fluorescent tubes, 10,000K on a 12 h:12 h light:dark cycle). Before

Fig. 4 | Schematic representation of the production of inositols and hypothesised
pathway activity under lithium and heat stress. Arrow thickness indicates
observed pathway activity, while colours denote different conditions: control
(black), heat stress (red), and lithium exposure (orange). Solid arrows represent
established pathways, whereas dotted lines indicate hypothesised pathways based on
the current data. (1) Under normal conditions, myo-inositol is synthesised by host
cells and translocated from the symbiont via SMIT1/2 and HMIT transporters (not
shown). Under heat and lithium stress, myo-inositol levels in the host decrease,
potentially due to: (i) reduced synthesis or diversion into phosphatidylinositol (PI)
metabolism and signalling within host tissues, or (ii) reduced translocation from the
symbiont, possibly caused by decreased synthesis, mobilisation from stored sources,
or increased conversion to scyllo-inositol by Symbiodiniaceae (see point 4). (2)
Under normal conditions, scyllo-inositol is synthesised and translocated by the
symbiont, likely via SMIT1transporters. In the host, scyllo-inositolmay be converted

back tomyo-inositol or serve other, yet unidentified, functions. (3) Lithium exposure
inhibits IMPase and IPPase enzymes in both the host and symbiont, while also
indirectly affecting SMIT1/2 function. This inhibition leads to a reduction in myo-
inositol abundance in both host and symbiont cells. (4) Heat stress significantly
decreasesmyo-inositol levels while increasing scyllo-inositol abundance in symbiont
cells, suggesting an upregulation of scyllo-inositol synthesis. (5) Chiro-inositol is
detected only in host tissues under heat stress and lithium exposure. (6) While not
directly measured, inositol pathway alterations under stress may impact PI signal-
ling, potentially triggering a stress response in the host. (7)Whether through inositol
metabolism or other mechanisms, host responses to heat and lithium stress share
common metabolic consequences. Glucose-6-P Glucose-6-Phosphate, IP inositol
monophosphate, InsP3 Inositol triphosphate, myo-Ins myo-inositol, scyllo-Ins
scyllo-inositol, chiro-Ins chiro-inositol, Li Lithium, PI phosphatidylinositol. Created
in BioRender. Matthews JL (2025) https://BioRender.com/8eo2upj.
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use, cells were centrifuged at 700 × g for 10min at 26 °C and rinsed twice
with ASW to remove residual media solution. Cells were resuspended in
100mL ASW+ F/2 media in sterile culture flasks. Cell counts were con-
ducted through flow cytometry for each Symbiodiniaceae subculture. Spe-
cifically, an aliquot of 100 µL was collected from each 1mL sample, diluted
1:10 and directly used for flow cytometry analysis (CytoFLEX S, Beckman
Coulter, CA, United States). Symbiodiniaceae cells were identified accord-
ing to their chlorophyll a fluorescence (650 nm) and subsequently enum-
erated. Sample blanks (n = 4)were run alongside, and their average number
of events subtracted from each sample (blank correction). Symbiodiniaceae
flowcytometer gating strategy is shown in Supplementary Fig. 4. Cell counts
were used to calculate the volumeneeded for 50mLof 20,000 cells/mLprior
to metabolomics extraction.

E. diaphana (AIMS 4 genotype75,76) were maintained in ASW, with
30−50 µmols/m2/s1 of light ona12 h:12 h light:dark cycle and inwater baths
maintained at 26 °C ± 0.5 °C. E. diaphana were provided with constant
aeration to prevent oxygen depletion. E. diaphana were fed with freshly
hatchedArtemianauplii twiceweekly, withwater changes occurring the day
after feeding to manage water quality and ensure digestion of food. E.
diaphana were starved for one week before experimentation and moved to
experimental containers the day prior to experimentation to allow for
attachment.

Scyllo-inositol-2-dehydrogenase detection
To identify whether B. minutum possesses scyllo-inositol-2-dehydrogenase,
we conducted a BLAST search and a gene ortholog finder. For the BLAST
search, we curated 22 known Iol genes in 7 species from NCBI (Supple-
mentary Data 2). The protein blast identified four B. minutum candidate
genes, with only one (“symbB.v1.2.001032”) passing the criteria of per cent
identity >30%, per cent coverage >50% and e-value < 1e−5 using DIA-
MONDversion 2.1.977. In gene orthologs among 15 species (Supplementary
Data 2), Orthofinder version 2.5.5 resulted in 56,046 ortholog groups78. Of
these orthologs, three ortholog groups contained scyllo-inositol-2-dehy-
drogenase (Supplementary Data 2), which identified 5 potential Iol genes,
including symbB.v1.2.008936, symbB.v1.2.008937, symbB.v1.2.001032,
symbB.v1.2.040931, and symbB.v1.2.018378. Only symbB.v1.2.001032
appeared in both the BLAST andOrthofinder searches. It was present in all
Symbiodiniaceae species examined, but not Exaiptasia diaphana (Supple-
mentary Data 2).

Menthol bleaching
E. diaphana underwent a 5-week menthol treatment to render them
aposymbiotic79 as successfully implemented in previous metabolomics
studies6,24. E. diaphana were incubated in 0.19mM final concentration of
menthol (using a stock solution of 20% menthol w/v in 100% ethanol) for
5–7 h daily, before being rinsed and returned to ASW. Incubation occurred
during the light cycle, and feeding occurred twice a week on days without
menthol incubation. This process was repeated for 4 consecutive days,
followed by a 3-day relief, and this pattern was repeated for 4 weeks. After
4 weeks of treatment, the final concentration was increased to 0.27mM for
4 days to remove residual symbionts that had not yet been expelled. E.
diaphana were confirmed symbiont-free using fluorescence microscopy
(NikonNiAutomatedUPRIGHTMicroscope) under an excitation band of
578 ± 10.5 nm and an emission band of 641 ± 37.5 nmwith amagnification
of 10×. Aposymbiotic E. diaphanaweremaintained in dark containers after
the first week of menthol treatment under the same temperature, feeding,
and aeration conditions as the symbiotic E. diaphana. Aposymbiotic E.
diaphana were not treated with menthol and starved for one week prior to
experimentation.

Heat stress exposure
Symbiodiniaceae cultures, aposymbiotic E. diaphana, and symbiotic E.
diaphana, were exposed to a standardised heat stress design (Coral
Bleaching Automated Stress System (CBASS))58. Two water baths were
used: one remained at a constant 26 °C, while the other followed the CBASS

acute heat treatment protocol58. Theheat treatment began atmid-light cycle,
after 6 h of light at 26 °C, gradually increasing to 33 °Cover three hours. The
temperature was then maintained at 33 °C for an additional three hours
before cooling back to 26 °C over one hour in the dark. Following this,
samples remained at 26 °C in the dark for 11more hours, bringing the total
experiment duration to 24 h. This widely used and standardised heat stress
assay allows for cross-comparison between studies80.

Sampling for the initial heat stress experiment, which aimed to identify
inositol isomers in Symbiodiniaceae cultures and both symbiotic and
aposymbiotic cnidarians, occurred at three time points (Supplemen-
tary Fig. 1):
• T1: Mid-light phase, once the temperature reached 33 °C.
• T2: End of the light phase, after 3 h at 33 °C.
• T3: Dark phase, following the recovery period (after 12 h in the dark,

24 h total).

Lithium incubations
To determine the minimum concentration of lithium chloride that effec-
tively blocks inositol transport in the cnidarian-algal symbiosis without
causing harm to the organisms (measured via the typical stress proxy of
symbiont photophysiology, Fv/Fm), Symbiodiniaceae cultures (n = 3) were
incubated in several concentrations of lithium chloride based on con-
centrations previously used on Hydra, a freshwater cnidarian81. Lithium
chloride was dissolved in ASW and added into Symbiodiniaceae cultures to
reach final concentrations of 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2mM81. These
samples were compared to a control without lithium chloride (n = 3).
Incubations occurred for 96 h with daily measurements of photo-
physiological performance (see below; Photophysiological sampling of
Symbiodiniaceae) at mid-light cycle. Samples were collected for inositol
metabolite profiling at the end of the 96-hour incubation. Results demon-
strated a concentration of 0.1mMwas the minimum to achieve significant
changes in inositol concentrations without significantly affecting photo-
physiology (Supplementary Data 6).

Symbiotic E. diaphana (n = 5 biological replications, each consisting of
10 individuals) were used to investigate the role of inositols within the
cnidarian-algal symbiosis. Following the results from incubations on
Symbiodiniaceae cultures (Supplementary Data 6), a concentration of
0.1mM lithium chloride dissolved in ASW was used. Incubation occurred
for 96 h with photophysiological measurements (see below; Photo-
physiological sampling of E. diaphana) taken daily at mid-light cycle. Sam-
pleswere collected formetabolite profiling at the end of the 96-h incubation.
Treatments consisted of control temperatures (26 °C for 96 h) without and
with 0.1mM lithium, heat exposure (33 °C for 96 h) without and with
0.1mM lithium (n = 5 open treatment, total n = 20).

Photophysiological sampling of Symbiodiniaceae
Photophysiological performance of Symbiodiniaceae was assessed using a
SolienseLIFT (Light InducedFluorescenceTransient)-FRR (FastRepetition
Rate) fluorometer (LIFT-FRRf; Soliense Inc. USA)49. All cultures were low
light (ca. 5–10 µmol photonsm−2 s−1) acclimated for at least 30min prior to
measurements. An aliquot of 200 µL for each culture replicate (n = 5, dis-
tinct samples) was transferred to the LIFT-FRRf optical chamber and
diluted with 800 µL ASW. Excitation was delivered using a blue LED
excitation source (peak excitation 445 nm), delivering single turnover
fluorescent transients of 100 flashlets of 1.6 µs at 2.5 µs, followed by 127
flashlets of 1.6 µs. All fluorescence yields were adjusted for baseline fluor-
escence using ASW+ F/2. Light response protocols were used to derive the
maximumPSII photochemical efficiency (Fv/Fm, dimensionless) as a proxy
for tracking cellular health. using amodeldescribing the light dependencyof
PSII photochemistry (as per Suggett et al. 2022).

Photophysiological sampling of E. diaphana
To assess the photophysiological performance of symbiotic E. diaphana
during the CBASS experiments without lithium incubations, the Fv/Fm
was measured using the multi-taxa phenotyping (MTP) design82. The
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MTP consists of two instruments, an Imaging PAM and a thermocycler
(Abi Veriti), which allowed for the temperature conditions of the CBASS
to be maintained throughout dark adaptation and sampling82. Fv/Fm
measurements were taken after 15min of dark adaptation (settings:
actinic light: 3, shutter: 1, sensitivity: 50.2).

During the lithium incubations, the photophysiological health of E.
diaphana (n = 5 per treatment per time point, distinct samples) were
measured using MAXI Imaging PAM (Walz) (settings: light intensity: 3,
measuring light frequency: 1, and actinic light: 4) placed over the containers
in the water baths to maintain temperatures. This ensured limited handling
of lithium-dosed samples. Measurements were taken daily in the middle of
the light cycle.

Metabolite sampling and extractions
Samples were collected to quantify the inositol stereoisomers in Symbio-
diniaceae cultures (free-living) and in hospite (symbiont pellets isolated
from symbiotic E. diaphana via centrifugal separation – see below) and
cnidarians without symbionts (aposymbiotic) and symbiotic host tissues
(the host fractions of the separatedE. diaphana – see below), and the relative
changes in stereoisomer concentration during heat stress (n = 5 per species
per treatment, distinct samples).

For Symbiodiniaceae cultures, 106 cells (based on flow cytometry
counts above) were collected onto a 0.22 µm filter fitted with a vacuum
pump, filters removed with tweezers and placed in cryovials, and samples
snap frozen in liquid nitrogen.All equipmentwas rinsedwithmethanol and
ultrapure water between each replicate, and to ensure no contamination
between samples, a blank of ultrapure water was also run after every 5
replicates and extractedusing the samemethodsoutlinedbelow.All samples
were stored at−80 °C until extraction.

All subsequent steps were performed at 4 °C to prevent metabolite
losses during extraction. Metabolite extractions, analysis and data proces-
sing are based on themethods described inMatthews et al.83. Tofirst remove
residual salts (which affect GC-MS analysis), filtrates (including blank
samples) were resuspended in 500 µL cold (4 °C) ultrapure water and
centrifuged at 3000 × g for 5min at 4 °C. The supernatant was discarded,
andpelletswere frozenat−80 °C for 1 h and lyophilised at−105 °C for 18 h.
The semi-polar metabolites were extracted by adding approximately 10mg
acid-washed glass beads to each pellet and 200 µL 100% cold (−20 °C)
methanol spikedwith 20 µg/mL final concentration of the internal standard
D-sorbitol-6-13C, and cells were lysed using a beadmill at 50Hz for 3min.A
further 800 µL of 100% coldmethanol (+ IS) was added to each cell slurry,
and sampleswere vortexed for exactly 1min each. Cell debriswas pelleted at
3000 × g for 30min at 4 °C, and the supernatant collected. To each cell
debris, a further 1mL 50% cold (−20 °C)methanol was added and samples
vortexed for 30 s. Cell debris was pelleted at 3000 × g for 30min at 4 °C, and
the supernatant was combined with the 100% methanol extracts. Samples
were centrifugedat 16,000 × g for 15min at 4 °C, and5 × 50 µL (250 µL total
volume) dried in a glass insert in a concentrator at 30 °C.

Solid phase extractions (SPE) from 50mL of culture media were per-
formed to detect inositols excreted by Symbiodiniaceae cells. Samples were
acidified to a pH of 2 with 20% HCl and added to Waters Oasis Columns
(Oasis HLB 6 cc Vac Cartridge, 200mg Sorbent per Cartridge) under a
vacuum between 0 and 5 Hg to ensure a slow movement through the
cartridges84. Metabolites were then eluted from the cartridges using 75%
methanol (with internal standard D-Sorbitol-6-13C at 5 µM).

Inositol isoforms were extracted from symbiotic and aposymbiotic E.
diaphanabasedonmethodsdescribed inMatthews et al.6. To ensure enough
biomass for metabolite detection, 10× E. diaphana with an oral disk of
between 2 and 4mm were pooled for each replicate (n = 5 per treatment,
distinct samples). At each sampling point (Supplementary Fig. 1), E. dia-
phana were collected from their incubations using a Pasteur pipette, the
seawater removed, and the pooled E. diaphana were snap frozen in liquid
nitrogen and stored at −80 °C until further processing.

E. diaphana were rapidly homogenised with a mechanical saw-tooth
homogeniser (IKA T10 BS5, ThermoFisher Scientific) for 1min at a mid-

speed setting in 1mLof cold (4 °C)ultrapurewater. Symbiontswerepelleted
by centrifugation (2500 × g for 5min at 4 °C), and the host supernatant was
transferred to a new tube. Symbiont pellets were diluted with 1mL of cold
(4 °C) ultrapurewater, all samples vigorously vortexed for 1min followedby
a second centrifugation (2500 × g for 5min at 4 °C). For host samples, the
host supernatant was transferred to a new tube, leaving any residual sym-
bionts, and for symbiont pellets, the supernatant on the symbiont pellet was
discarded. Subsamples (n = 5) of the host material were confirmed for
Symbiodiniaceae absence by light microscopy (at ×40 magnification). The
cleaned host and symbiont fractions were frozen at −80 °C for 1 h and
lyophilised for 18 h at −105 °C.

Metabolites were extracted from the dried symbiont pellets as above.
For the E. diaphana host tissue, 1 mL of 100% methanol (−20 °C)
containing the internal standard D-Sorbitol-6-13C at 10 µM was added to
~30mg of lyophilised host material to extract the semi-polar metabolites.
The host fractions were sonicated for 30min at 4 °C in an ultrasonic bath
and centrifuged (3000 × g for 30min at 4 °C), and the supernatant
containing the extracted metabolites was collected and stored at −80 °C.
Extraction was then repeated with 1 mL of 50% MeOH (–20 °C) to
extract the polar fraction. Samples were then centrifuged (3000 × g for
30min at 4 °C) and the supernatant pooled with the first extract. The
total extract was then further centrifuged at 16,100 × g for 15min at 4 °C
to ensure the removal of all particulates. Aliquots (total volume 200 μL)
were then concentrated under vacuum (Eppendorf Concentrator 5301)
at 30 °C until dry. For data normalisation, the protein content of the
pellet that remained after extractions was measured using a modified
Bradford Assay85.

Absolute quantification of inositol stereoisomers
Inositol analysis was performed using gas chromatography–mass spectro-
metry (GC/MS). Extracts were spiked with internal standard, sorbitol and
derivatised using the following protocol: 20 μLN-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA) was added and incubated at 37 °C for 30min,
while agitating at 750 rpm. Derivatised samples were analysed using a GC-
MS-QP2020 (Shimadzu Corporation, Kyoto, Japan) equipped with an
AOC-20is autosampler (Shimadzu Corporation). The column used was an
SH-Rxi-5SilMS fused silica capillary column(30.0 m × 0.25mm× 0.25μm)
operating in electron impact mode at 70 eV. Heliumwas used as the carrier
gas at a constant flow of 1.0mLmin−1 and an injection volume of 1 µL, with
an injector temperature of 280 °C and an ion source temperature of 230 °C.
The oven temperature was programmed for a gradient of 50 °C (held for
2min) to 220 °C (4 °C/min); 220 °C to 300 °C (60 °C/min) and held for
3min. Mass spectra were obtained in the selective ion monitoring (SIM)
mode. The quantitative ions for myo-, scyllo- and chiro inositol were m/z
305, 318 and 305, respectively. Inositol peaks were identified by comparison
of their retention times with analytical standards (Fig. S5) and quantified
using 7-point calibration curves.

Targeted GC/MS metabolite profiling analysis of E. diaphana
For metabolite profiling of lithium-dosed E. diaphana, both host and
symbiont metabolite extracts were prepared as above from the four
treatments (Control and heat stress, both with and without lithium, n = 5
per treatment per species, distinct samples). Dried samples (3 × 75 µL
aliquots dried in a glass insert, total 225 µL) were derivatised online using
the Shimadzu AOC6000 autosampler robot. Derivatisation was achieved
by adding 25 µL of methoxyamine hydrochloride (30 mg/mL in Pyr-
idine), followed by shaking at 37 °C for 2 h. Samples were then deriva-
tised with 25 µL of N,O-bis (Trimethylsilyl)trifluoroacetamide (BSTFA)
with 1% Trimethylchlorosilane (TMCS) (Thermo Scientific) for 1 h at
37 °C. The sample was left for 1 h before 1 µL was injected onto the GC
column using a hot needle technique. Split (1:10) injections were done for
each sample. The GC-MS system used consisted of an AOC6000 auto-
sampler, a 2030 Shimadzu gas chromatograph and a TQ8040 quadrupole
mass spectrometer (Shimadzu, Japan). The mass spectrometer was tuned
according to the manufacturer’s recommendations using tris-
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(perfluorobutyl)-amine (CF43). GC-MS was performed on a 30m Agi-
lent DB-5 column with 1 µm film thickness and 0.25mm internal dia-
meter. The injection temperature (Inlet) was set at 280 °C, the MS
transfer line at 280 °C and the ion source adjusted to 200 °C. Helium was
used as the carrier gas at a flow rate of 1 mL/min, and Argon gas was used
as the collision cell gas to generate the MRM product ion. The analysis of
the derivatised samples was performed under the following temperature
programme; start at injection 100 °C, a hold for 4 min, followed by a
10 °C min−1 oven temperature ramp to 320 °C following a final hold for
11min. Approximately 520 quantifying multiple reaction monitoring
(MRM) targets were collected using Shimadzu Smart Database, along
with a qualifier for each target, which covers about 350 endogenous
metabolites and multiple 13C labelled internal standards. Both chroma-
tograms and MRMs were evaluated using the Shimadzu GC-MS browser
and LabSolutions Insight software.

Metabolite profiling data analysis
Metabolite profile data of the lithium-dosed experiment were normalised to
the peak area of the internal standard D-sorbitol-6-13C and then to the
protein content of the cell debris pellet83. Data were filtered using a relative
standarddeviation threshold of 40%, yielding 100metabolites inhost tissues
and 88metabolites in symbiont cells (Supplementary Data 7 and 8). To test
for overall differences in metabolite pools between treatments, statistical
analyses (described below) were performed using MetaboAnalyst 6.086,
where data were tested for normality and homogeneity, before being log-
transformed and mean-centred. Data were visualised using Principal
Component Analysis (PCA) computed using the Euclidean distance based
on PCs 1 and 2 and PERMANOVA. Multivariate (ANOVA) and Fisher’s
LSD were performed on the samples collected after 96 h to identify indi-
vidual metabolites that varied significantly between the heat stress and
control treatments, both with and without lithium. Statistically different
metabolites were determined based on a False Discovery Rate (FDR) cor-
rected significance value (p adj < 0.05). The statistically different metabolites
were used to construct heatmaps based on normalised, autoscaled data.
Samples were clustered according to similarity in expression profiles using
Ward’s method, while metabolites were clustered using the Euclidean dis-
tance metric

Statistics and reproducibility
Cell count data were recorded using CytExpert Version 2.4. Mass spectra
were collected electronically using a GC-MS-QP2020 (Shimadzu Cor-
poration, Kyoto, Japan) equipped with an AOC-20is autosampler (Shi-
madzu Corporation) or AOC6000 autosampler, a 2030 Shimadzu gas
chromatograph and a TQ8040 quadrupole mass spectrometer (Shimadzu,
Japan). Photophysiology was collected on a Soliense LIFT (Light Induced
Fluorescence Transient)-FRR (Fast Repetition Rate) fluorometer (LIFT-
FRRf; Soliense Inc. USA) or MAXI Imaging PAM (Walz). Statistics were
carried out in R v4.1.187, and Metaboanalyst 6.086. Packages used in R were
ggplot2 v3.5.1, dplyr v1.1.4, and car v3.1.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The raw mass spectral data reported is available in Zenodo (10.5281/
zenodo.14053065)88. All other raw data is available as Supplementary Data.

Code availability
The code used in this work is publicly available and will be publicly main-
tained and updated at https://github.com/JenMatthews/CoralInositols.
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