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Summary

A few studies have holistically examined successive
changes in coral holobionts in response to increased tem-
peratures. Here, responses of the coral host Pocillopora
damicornis, its Symbiodiniaceae symbionts, and associ-
ated bacteria to increasedwater temperatureswere inves-
tigated. High temperatures induced bleaching, but no
coral mortality was observed. Transcriptome analyses
showed thatP.damicornis respondedmorequickly to ele-
vated temperatures than its algal symbionts. Numerous
genes putatively associated with apoptosis, exocytosis,
and autophagy were upregulated in P. damicornis,
suggesting that Symbiodiniaceae can be eliminated or
expelled through these mechanisms when P. damicornis
experiences heat stress. Furthermore, apoptosis in P.
damicornis is presumably induced through tumour necro-
sis factor and p53 signalling and caspase pathways. The
relative abundances of several coral disease-associated
bacteria increased at 32�C, which may affect immune
responses in heat-stressed corals and potentially acceler-
ates the loss of algal symbionts. Additionally, consistency
of Symbiodiniaceae community structures under heat
stress suggests non-selective loss of Symbiodiniaceae.
We propose that heat stress elicits interrelated response
mechanisms in all parts of the coral holobiont.

Introduction

Coral reefs are threatened by global climate change, increasing
sea surface temperatures and ocean acidification
(Anthony, 2016). It is increasingly recognized that higher sea
surface temperatures are the most immediate threat to coral
reef survival (Hoegh-Guldberg et al., 2007; Hughes
et al., 2017) as they cause coral bleaching which can lead to
coral morbidity and mortality and has substantially decimated
coral reefs over the past two decades (Heronet al., 2016;Oliver
et al., 2018). An additional adverse effect is the global increase
in the prevalence of various coral diseases due to environmen-
tal changes (e.g., sea surface temperature increases) caused
by anthropogenic activities (Sokolow, 2009).

Corals exhibit a range of cellular responses to heat stress,
and the underlying molecular mechanisms have been stud-
ied in depth (Pinzón et al., 2015; Rosic et al., 2015; Brener-
Raffalli et al., 2018; Hou et al., 2018; van de Water
et al., 2018). In particular, corals subjected to heat stress are
known to upregulate expression of heat shock proteins
(Lesser, 2011; Brener-Raffalli et al., 2018; van de Water
et al., 2018). Furthermore, over-expression of p53 proteins in
Montastraea faveolata after exposure to heat stress was
shown to be associated with DNA damage and coral
bleaching (Lesser and Farrell, 2004). Caspase activity, which
is involved in apoptosis, was also found to increase in corals
subjected to heat stress (Yu et al., 2017; Brener-Raffalli
et al., 2018; van de Water et al., 2018). In addition to apopto-
sis, cell necrosis was also observed to be induced by oxida-
tive stress, which may have been caused by increased
temperatures (Lesser, 2011). Moreover, multiple genes asso-
ciated with immune responses in corals are known to be
upregulated in response to heat stress (Rodriguez-Lanetty
et al., 2009; Barshis et al., 2013; Pinzón et al., 2015; Ander-
son et al., 2016; Davies et al., 2016; van de Water
et al., 2018). These cellular responses to environmental
stress are directly associated with coral health and viability.

Corals are associated with diverse microbiota compris-
ing photosynthetic algae of the family Symbiodiniaceae,
as well as bacteria, fungi, archaea, protists and viruses,
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which together with their coral host comprise the holobiont
(Rohwer et al., 2002). Many coral-associated microorgan-
isms play important roles in a range of biological pro-
cesses, and they are sensitive to environmental
perturbation (Muscatine and Porter, 1977; Raina
et al., 2009; Lema et al., 2012). The microbiome is critical
to host fitness and viability (Bourne et al., 2016); for exam-
ple, a symbiosis of corals and Symbiodiniaceae may be
disrupted by heat stress, resulting in the expulsion of algal
endosymbionts, leading to coral bleaching (Weis, 2008;
Baird et al., 2009; Davy et al., 2012). Coral bleaching thus
eliminates a major source of energy for the coral holobiont
(Davy et al., 2012); however, coral bleaching may also
exert protective or adaptive functions for the coral–algal
symbiosis. Expulsion of algal endosymbionts may reduce
oxidative stress in corals and may allow establishing new
symbiotic relationships between coral and other
Symbiodiniaceae species with a higher tolerance for
increased temperatures (Jones et al., 2008; Sampayo
et al., 2008; Baird et al., 2009; Obura, 2009; Cunning and
Baker, 2013; Fujise et al., 2014). This concept is termed
‘adaptive bleaching hypothesis’ (Buddemeier and
Fautin, 1993; Baker, 2003). Moreover, when exposed to
increased temperatures, Symbiodiniaceae show substan-
tial transcriptomic alterations, particularly regarding genes
associated with photosynthesis, metabolism, antioxidant
activity and immune responses, which may contribute to
the disruption of symbiosis (Lesser, 2011; Rosic
et al., 2015; Gierz et al., 2017) and may be exacerbated
by heat stress-induced pathogen invasion or viral infection
(Levin et al., 2017; van de Water et al., 2018).

Structural changes in communities of coral-associated
bacteria due to heat stress have been observed frequently
in previous studies (Ainsworth and Hoegh-Guldberg, 2009;
Littman et al., 2010, 2011; Lee et al., 2015; Nguyen-Kim
et al., 2015; Tout et al., 2015; Ziegler et al., 2017; Grottoli
et al., 2018), and these changes in the coral-associated
bacteria may increase the abundance of potential patho-
gens (Littman et al., 2010, 2011; Nguyen-Kim et al., 2015;
Tout et al., 2015). Hence, a considerable abundance of
pathogenic agents may help explain the collapse of a coral
holobiont. In addition, coral-associated bacterial communi-
ties seem to affect tolerance of the coral host to tempera-
ture stress (Littman et al., 2010; Ziegler et al., 2017;
Grottoli et al., 2018; Epstein et al., 2019), suggesting that
adaptation through changes in bacterial communities may
constitute another possible mechanism to counteract
adverse environmental effects (as described by the coral
probiotic hypothesis; Reshef et al., 2006; Ziegler
et al., 2017). Furthermore, putatively beneficial bacteria
isolated from corals were shown in inoculating experi-
ments to act as probiotics that can partially mitigate coral
bleaching (Rosado et al., 2019). Taken together, these
insights highlight the complexity and importance of

comprehensive responses of the coral host, algal endo-
symbionts and coral-associated bacteria to heat stress
(Littman et al., 2010; Ziegler et al., 2017; van de Water
et al., 2018).

Recent increases in frequency and severity of coral
bleaching and other heat-stress-associated coral dis-
eases prompted many studies to help understand the
intricate mechanisms underlying these events (Bourne
et al., 2016). It is crucial, however, to understand how
each compartment of the coral holobiont responds to
increased temperatures and which response interactions
may occur between them. So far, most studies investi-
gated the responses of coral host, algal symbionts and
bacteria to environmental changes in isolation, and only
a few studies attempted a holistic approach to assess
effects of heat stress on the microbiome and gene
expression patterns in corals (Leggat et al., 2011; Rosic
et al., 2015; Lin et al., 2017; Grottoli et al., 2018; van de
Water et al., 2018). In addition, successive changes in
coral microbiome communities due to increasing temper-
ature have rarely been studied (Lee et al., 2015). We
therefore investigated the effects of increased tempera-
tures on cell densities, community structures and trans-
criptome profiles of the Pocillopora damicornis coral
holobiont, which is widely distributed in the Indo-Pacific
region (Veron, 1993). Uncontrolled environmental factors
in in situ studies may confound results (Lee et al., 2015);
therefore, responses of the coral holobiont to gradually
increasing temperatures were examined under controlled
laboratory conditions in the present study. We hypothe-
sized that the coral host, Symbiodiniaceae and coral-
associated bacteria would respond in different ways to
increasing seawater temperatures, and that their sequen-
tial responses would be interdependent. Investigating
responses of coral holobionts to gradually increasing
temperatures will help understand the dynamic relation-
ships between corals and their associated
microorganisms.

Results

Abundance of Symbiodiniaceae algae

Water temperature was increased from 25 to 32�C over a
period of 16 days and was subsequently maintained at
32�C for 7 days. At the beginning of the experiment (T0;
25�C), the density of Symbiodiniaceae algae in P.
damicornis was 3.13 ± 0.93 × 106 (mean ± SD) cells
cm−2 and was decreased to 2.88 ± 1.47 × 105 cells cm−2

at the end of the experiment (T7; corals maintained at
32�C for 7 days; Fig. 1A). A slight decrease was
observed in corals maintained at 25�C for 23 days (group
Cf) with a final density of 1.68 ± 0.25 × 106 cells cm−2

(P = 0.198, Dunn–Bonferroni post hoc test after a
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Fig 1. (A) Density of Symbiodiniaceae cells in coral tissue. Numbers are shown as means ± standard deviations, which were calculated based
on triplicate coral nubbins. Asterisks indicate significant differences at P < 0.05, compared with the initial 25�C treatment. B. Durusdinium subtype
composition of each replicate. Bars indicate relative abundance of each subtype. Subtypes with relative abundance <1% are combined as
‘others’.
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Kruskal–Wallis test). Dunn–Bonferroni post hoc analyses
executed after significant Kruskal–Wallis tests revealed
that the strongest effect of temperature occurred at 31�C
(T4, day 16; T0 vs. T4: P = 0.027) and at 32�C (T0 vs. T5
[corals maintained at 32�C for 2 days; day 18]: P = 0.014;
T0 vs. T6 [corals maintained at 32�C for 5 days; day 21]:
P = 0.002; T0 vs. T7 [corals maintained at 32�C for
7 days; day 23], P < 0.001). Although Symbiodiniaceae
cell density was significantly reduced in response to heat
stress, coral mortality was not observed during the
experiment.

Symbiodiniaceae community changes

The SymTyper pipeline (Edmunds et al., 2014) was used
to assign Symbiodiniaceae sequences of groups T0–T7 to
the genus Durusdinium. Of these, 2 789 749 sequences
were assigned to 14 sub-clade types, and 10 393
sequences were considered ‘putatively novel’. These
novel sequences clustered in eight de novo operational
taxonomic units ([OTUs]; 97% similarity; Table S1).
Durusdinium subtypes D110, D112 and D_I:0 were pre-
dominant across all samples and accounted for 94.85% of
the Symbiodiniaceae sequences (Fig. 1B). Subtype D1a.3
was relatively abundant in one sample cultured at 27�C
(relative abundance: 37.38%) and in one sample cultured
at 29�C (relative abundance: 32.64%). In all other sam-
ples, the relative abundance of subtype D1a.3 was below
5.64% (Fig. 1B). All other previously described and novel
subtypes constituted the ‘Symbiodiniaceae rare biosphere’
(Boulotte et al., 2016). Symbiodiniaceae community struc-
ture was relatively stable despite increasing temperatures
(permutational multivariate analysis of variance [PER-
MANOVA]: F = 0.976, R2 = 0.299; P = 0.517). Beta diver-
sity dispersion did not differ significantly between groups
(F = 1.288; P = 0.305).

Changes in bacterial community structure

After quality filtering, the remaining 870 582 sequences from
27 sequencing libraries were classified in 26 bacterial phyla.
The most abundant coral-associated bacterial phyla or
classes (relative abundance >5% in at least one coral
sample) were Actinobacteria, Bacteroidetes, Cyanobacteria,
Firmicutes, Halanaerobiaeota, Alphaproteobacteria, Delta-
proteobacteria, Gammaproteobacteria and Verrucomicrobia
(Fig. 2A). Furthermore, we selected OTUs with significantly
enriched (i.e., more abundant) or reduced relative abundance
using a corrected threshold of significance (P< 0.05; Fig. 2B).
When temperatures were increased from 25�C to 27–30�C,
we found no enrichment or reduction of any OTU, compared
with original communities; however, at 31�C, the relative
abundance of one RuegeriaOTU increased 44-fold and that
of an Endozoicomonas OTU was reduced by half. After

5 days at 32�C, an OTU assigned to the taxon
Terasakiellaceae was enriched. After 7 days at 32�C, more
pronouncedOTU changeswere observed, including a reduc-
tion in relative abundance by more than 70% in five OTUs
belonging to the taxa Clostridium (sensu stricto),
Endozoicomonas (two OTUs), Nitrincolaceae and
Terasakiellaceae, as well as over 28-fold enrichment of
OTUs including Alphaproteobacteria (Altererythrobacter,
Ruegeria, Micavibrionaceae [two OTUs]), Dadabacteriales,
Flavobacteriaceae (two OTUs), Gammaproteobacteria,
Haliangium (Deltaproteobacteria), Phycisphaeraceae (two
OTUs) and phylumWPS-2.

Overall, coral-associated bacterial communities dif-
fered significantly between treatments at <31�C and
≥31�C, as revealed by a principal component analysis
(PC1 and PC2 explained 20% and 15% of the variance
respectively; Fig. 2C) and PERMANOVA (F = 4.290,
R2 = 0.146; P = 0.001). No significant differences in bac-
terial communities were observed among samples cul-
tured at <31�C (F = 0.739, R2 = 0.228; P = 0.877;
PERMANOVA) or at ≥31�C (F = 1.454, R2 = 0.353;
P = 0.057; PERMANOVA). Beta diversity dispersion did
not differ significantly between low-temperature (<31�C)
and high-temperature (31–32�C) groups (F = 2.953;
P = 0.101) or among high-temperature (F = 0.334;
P = 0.810) and low-temperature groups (F = 1.426;
P = 0.298). The results showed that coral-associated
bacterial communities were stable at 25–30�C, but not at
temperatures of 31�C or higher.

Transcriptomic responses of the coral holobiont to heat
stress

Samples collected from specimens cultured at 25�C (day
1), 29�C (day 10), 31�C (day 16) and 32�C for 7 days (day
23) were used for transcriptomic analyses. In total, 12 188
coral unigenes (Table S2) and 4460 Symbiodiniaceae
unigenes (Table S3) were identified. In addition,
78 unigenes were considered to belong to both corals and
Symbiodiniaceae. We observed 12.94%–19.12% dissimilar-
ity in coral gene expression profiles between samples col-
lected at each time point (Fig. S1a). Significant differences
in coral gene expression levels between temperature treat-
ments were observed using non-metric multidimensional
scaling and PERMANOVA analyses (Fig. S1b; F = 7.389,
R2 = 0.425; P = 0.001; PERMANOVA). Compared with cul-
turing at 25�C (samples collected on the first day), differen-
tial expression was observed in 267 coral host genes
(2.19%) at 29�C, in 1380 genes (11.32%) at 31�C and in
2911 genes (23.88%) at 32�C (T7, day 23; Fig. 3). Most dif-
ferentially expressed genes (DEGs) were upregulated
(Figs 3 and 4).

Symbiodiniaceae gene expression profiles showed
10.17%–17.02% dissimilarity between samples collected
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Fig 2. (A) Bacterial composition
of each replicate. B. Bacterial
OTUs with significant alterations
in relative abundance due to the
higher temperatures (≥31�C) in
comparison with the initial 25�C
treatment. Each cell represents a
log10-transformed relative abun-
dance of each OTU. Before
log10-transformation, relative
abundance was multiplied by one
hundred, and then 1 was added
to cope with zero in the data.
OTUs without symbols appeared
to be reduced/enriched after
7 days at 32�C; symbols indicate
following results: *OTU was
reduced/enriched at 31�C; #OTU
was enriched after 5 days at
32�C; §For this OTU, before
log10-transformation, the relative
abundance was multiplied by
10, and then 1 was added.
C. Principal component analysis
plot of bacterial community struc-
tures in each sample. Symbols
indicate bacterial populations in
each sample. Samples collected
at 25�C, 27�C, 29�C and 30�C
are shown in turquoise; samples
collected at 31�C and 32�C are
shown in red.
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at each time point (Fig. S2a). Symbiodiniaceae genes
were also significantly differentially expressed among
groups (Fig. S2b; F = 14.591, R2 = 0.593; P = 0.001;
PERMANOVA). A small number of genes were differen-
tially expressed at 29�C (88 genes; 1.97%) and at 31�C
(179 genes; 4.01%), compared with the initial 25�C treat-
ments, and 1620 genes (36.32%) were differentially
expressed in Symbiodiniaceae algae at 32�C. In contrast
to coral DEGs, most algal DEGs were downregulated
(Figs 3 and 4).

Gene ontology and pathway functional enrichment in
corals

Gene ontology (GO) enrichment results showed that
hydrolase activity was significantly enriched, mainly due
to upregulation of the respective coral genes at
29, 31 and 32�C (Table S4). In addition, corals cultured
at 32�C showed significant differential responses in the
GO categories ‘guanyl nucleotide binding’, ‘guanyl ribo-
nucleotide binding’, ‘GTP binding’, ‘ion transmembrane
transporter activity’, ‘regulation of RNA splicing’, ‘mitotic
checkpoint complex’ and ‘bub1-bub3 complex’. While not
enriched in any GO term, genes related to heat shock
proteins (Hsp40, Hsp70 and αB-crystallin) were
upregulated after the temperature increased to 29�C;
however, the expression of Hsp70 was seen to reduce
at 32�C.

No significant Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathway enrichment was observed in
coral DEGs at 29�C, compared with the samples col-
lected at 25�C (day 1). At 31 and 32�C, several KEGG
pathways were significantly enriched, predominantly in
upregulated coral genes, including those assigned to the
pathways ‘apoptosis’, ‘cytokine-cytokine receptor interac-
tion’, ‘bacterial and viral infection’, ‘p53 signalling path-
way’, ‘transcriptional misregulation in cancer’ and ‘axon
guidance’ (Table 1, Fig. S3a). In addition, DEGs associ-
ated with ‘one carbon pool by folate’, ‘central carbon
metabolism in cancer’, ‘aminoacyl-tRNA biosynthesis’,
‘non-homologous end-joining’ and ‘NOD-like receptor sig-
nalling’ pathways were significantly enriched at 32�C,
which occurred primarily in upregulated genes (Tables 1
and S5; Fig. S3b). DEGs annotated as NLRP3, APAF1,
CASP3, CASP8, hspa2, ROCK1, ROCK2, TNFRSF16,
TRAF1, ANKRD17, SAPK/JNK, NOD1, NOD2 and
NLRC4 were involved in more than one pathway which
were presumably associated with immune and stress
responses (Fig. S3). Moreover, in pathways associated
with transcriptional misregulation and central carbon
metabolism in cancer, most DEGs were associated with
immune responses or apoptosis (NLRP3, TNFRSF16
and TRAF1), oncogenesis (FGFR and RET) and regula-
tion of cell proliferation (GTPase KRas; Table S5;
Fig. S3).

Fig 3. Differentially expressed coral
and Symbiodiniaceae genes in
response to elevated water tempera-
tures, compared with the initial 25�C
treatment.
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GO and pathway functional enrichment in
Symbiodiniaceae

Gene enrichment analysis based on GO annotations
showed that catalytic activity, binding molecular functions
and protein folding were affected by a temperature
increase to 29�C (Table S4). Both upregulated Hsp70
and downregulated Hsp60 were involved in binding func-
tions, and Hsp60 was also involved in protein folding.
Several molecular functions associated with transferase,
ligase and hydrolase activities were enriched in
upregulated Symbiodiniaceae genes at 32�C, whereas
translation, protein folding, and amide and peptide bio-
synthetic processes were primarily enriched in down-
regulated genes. Regarding cellular components,
phosphatase complex, endoplasmic reticulum exit site,
cytoplasm, thylakoid and ribosome were also significantly

affected by the 32�C treatment (Table S4). Although the
GO term ‘thylakoid’ was not enriched, the genes puta-
tively annotated as thylakoid formation protein were sig-
nificantly downregulated after water temperature
increased to 29�C.

As in corals, no KEGG pathways were significantly
enriched in Symbiodiniaceae DEGs at 29�C, compared
with the samples collected at 25�C (day 1). While only
pathways associated with bacterial and parasitic dis-
eases were significantly enriched in DEGs at 31�C
(Table 1; Fig. S4a), several pathways associated with cir-
cadian entrainment, calcium signalling pathway, cAMP
signalling, cellular senescence, meiosis, RNA transport
and messenger RNA (mRNA) surveillance were enriched
at 32�C, predominantly in downregulated genes (Table 1;
Fig. S4b). DEGs annotated as calmodulin-like protein

Fig 4. Timeline showing changes in the coral host, Symbiodiniaceae algae, and bacteria at different temperatures and their potential interactions.
Symbiodiniaceae cell density was significantly decreased after water temperature was increased to 31�C, and community structures were stable.
Only a few genes were differentially expressed in Symbiodiniaceae at 29�C and 31�C, compared with the initial 25�C treatment; in contrast, a
higher number of DEGs was observed at 32�C. Most DEGs were downregulated in Symbiodiniaceae, and functions putatively associated with cir-
cadian entrainment, signal transduction, cell growth and death, translation, and photosynthesis were affected at 32�C. Damage to
Symbiodiniaceae thylakoid caused by heat stress was likely involved in coral apoptosis (indicated by green wireframe and curved arrows). In
total, 267 DEGs were observed in corals at 29�C, 1380 genes at 31�C, and 2911 genes at 32�C, compared coral genes in the initial 25�C treat-
ment, and most were upregulated. Many over-expressed genes at 31 and 32�C were associated with apoptosis and immune responses; they
presumably contributed to the loss of algal symbionts (indicated by green wireframe and curved arrows). OTUs that were significantly enriched
(more abundant) or reduced (P < 0.05) due to increasing water temperatures are indicated by " (enriched) and # (reduced). Enrichment of coral
disease-associated bacteria at 32�C, such as OTUs assigned to Sphingomonadaceae, Flavobacteriaceae and Rhodobacteraceae may elicit
immune responses in heat-stressed corals, which may then accelerate the loss of algal symbionts (indicated by green wireframe and curved
arrows).
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(CALML12), calcium channel subunit, calcium/calmodu-
lin-dependent protein kinase (CAMK2) and protein phos-
phatase 1 subunit were involved in multiple pathways
associated with signal transduction, cell growth and
death, and environmental adaptation (Table S6; Fig. S4).

Discussion

Individual responses of coral host, Symbiodiniaceae and
bacteria to increased temperatures are crucial for the
holobiont regarding effects of heat stress; however, also
interactions between these responses are likely critical
for acclimation and survival of corals exposed to temper-
ature changes. In the current study, tripartite dynamic

responses to increased temperatures were examined,
and interactions between them were explored.

Deep sequencing of Symbiodiniaceae showed that only
species in the genus Durusdinium were associated with P.
damicornis corals collected from the Luhuitou fringing reef
at Sanya. This was consistent with the results of a previ-
ous study that used PCR-Restriction Fragment Length
Polymorphism analysis of the 28S rRNA gene (Dong
et al., 2008). In contrast, on Lord Howe Island, Taiwan,
and in New Caledonia, P. damicornis was predominantly
associated with the Symbiodiniaceae genus Cladocopium
(formerly known as Clade C; Boulotte et al., 2016; Brener-
Raffalli et al., 2018). Pocillopora damicornis has been
found to harbour more than one Symbiodiniaceae clade,
and typically, one clade is dominant (Cunning et al., 2015;

Table 1. Pathways significantly enriched in the DEGs (corrected P-value ≤0.01).

Pathway Pathway ID No. of DEGs at 31�C No. of DEGs at 32�C

Coral
Downregulated Axon guidance ko04360 1 –

Legionellosis ko05134 – 8
Salmonella infection ko05132 – 1
Virus infection ko05164 – 5a

Transcriptional misregulation in cancer ko05202 – 2
Central carbon metabolism in cancer ko05230 – 2
NOD-like receptor signalling pathway ko04621 – 1
One carbon pool by folate ko00670 – 2
Aminoacyl-tRNA biosynthesis ko00970 – 4
Non-homologous end-joining ko03450 – 1

Upregulated Axon guidance ko04360 30 58
Apoptosis - multiple species ko04215 20 27
p53 signalling pathway ko04115 30 36b

Cytokine–cytokine receptor interaction ko04060 18 25
Legionellosis ko05134 25 38
Salmonella infection ko05132 33 59
Virus infection ko05164 40 60a

Transcriptional misregulation in cancer ko05202 33 52
Central carbon metabolism in cancer ko05230 - 45
NOD-like receptor signalling pathway ko04621 – 92
One carbon pool by folate ko00670 – 17
Aminoacyl-tRNA biosynthesis ko00970 – 16
Non-homologous end-joining ko03450 – 11

Symbiodiniaceae
Downregulated Parasitic infection ko05144 9 11

Legionellosis ko05134 3 –

Circadian entrainment ko04713 – 42
Calcium signalling pathway ko04020 – 56
cAMP signalling pathway ko04024 – 45
Meiosis ko04114 – 21
Cellular senescence ko04218 – 20
RNA transport ko03013 – 82
mRNA surveillance pathway ko03015 – 66

Upregulated Parasitic infection ko05144 1 –

Legionellosis ko05134 6 –

Calcium signalling pathway ko04020 – 1
cAMP signalling pathway ko04024 – 8
Meiosis ko04114 – 8
Cellular senescence ko04218 – 6
RNA transport ko03013 – 2
mRNA surveillance pathway ko03015 – 6

aThis pathway was enriched in the DEGs at 32�C with corrected P-value 0.02.
bThis pathway was enriched in the DEGs at 32�C with corrected P-value 0.34.
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Boulotte et al., 2016; Brener-Raffalli et al., 2018). These
results support Pocillopora can establish endosymbiotic
relationships with different Symbiodiniaceae species
(Putnam et al., 2012).
The density of symbiotic algae cells decreased with

increasing temperatures, however, no changes in
Symbiodiniaceae community were observed. It should be
noted that although Symbiodiniaceae densities did not
differ significantly between the initial and the final 25�C
treatments, a comparison of control (25�C) and heat-
stressed corals at the same time points is relevant. The
results of the present study suggest that elimination or
expulsion of algal symbionts from P. damicornis is a non-
selective process with respect to the taxon of symbiotic
algae. However, further studies are required to investi-
gate whether such selection depends on the physiologi-
cal status of algal cells, for instance, the preferential
expulsion of dividing, photosynthetically damaged or
competent symbiotic algal cells from P. damicornis
(Baghdasarian and Muscatine, 2000; Ladriere
et al., 2008; Fujise et al., 2014). In previous studies, no
changes in the dominance of Symbiodiniaceae taxa dur-
ing bleaching were observed in experimental or natural
settings (Bellantuono et al., 2012; Boulotte et al., 2016
respectively), whereas several switching events have
been known to occur in the rare biosphere (Boulotte
et al., 2016). No switching in species composition was
detected in the present study, likely due to the experi-
ment being conducted in a laboratory, which prevented
the acquisition of new exogenous Symbiodiniaceae taxa.
In the present study, substantial changes in

Symbiodiniaceae gene expression occurred at 32�C,
whereas in corals, gradual changes were already
observed at 29�C. These results suggest that at a tran-
scriptional level, corals responded more quickly to
increased seawater temperatures than Symbiodiniaceae
(Fig. 4). Moreover, as the water temperature increased,
Symbiodiniaceae DEGs predominantly showed down-
regulation, whereas DEGs of coral hosts were mostly
upregulated at 29, 31 and 32�C. In Symbiodiniaceae,
several genes associated with protein folding and thyla-
koid formation were downregulated when the tempera-
ture increased to 29�C, which suggested misfolding of
proteins and damage to proteins and thylakoid caused by
increased temperature. Meanwhile, hydrolase activity
was increased in the coral host. These results suggest
that photosystem and nutrient availability were affected
by increased water temperature (Morris et al., 2019). Fol-
lowing this, many genes associated with translation, mei-
osis, signal transduction and circadian entrainment of
Symbiodiniaceae were downregulated, whereas most
genes associated with apoptosis, immunity, translation,
and replication and repair were upregulated in corals.
Growth and physiological activity appeared to be

negatively affected in Symbiodiniaceae, whereas immune
and stress responses in corals were enhanced in
response to increasing water temperature. The function-
ally intact coral-zooxanthella symbiosis is a controlled
homeostatic state (Weis, 2008; Obura, 2009), and
responses in Symbiodiniaceae and coral hosts suggest
impaired homeostatic symbiosis under heat stress. The
design of the current study may have introduced bias
due to non-synchronized sampling of treatments and
controls; potential effects of such bias should be
assessed in future studies to test comparability at differ-
ent time points.

Previous studies proposed a model based on the
stress response syndrome or the general adaptive mech-
anism (Obura, 2009). It was hypothesized that before
bleaching, there is a controlled state in the coral-
zooxanthellae symbiosis (i.e., functioning symbiosis mod-
ulated by healthy host-symbiont interactions) under low
levels of stress maintained by various stress responses
(Obura, 2009). Coral and Symbiodiniaceae algae genes
that were putatively annotated, such as Hsp70 and αB-
crystallin which were upregulated at 29�C, may be
involved in first-order stress responses so as to keep the
internal physiological stress below a threshold for
bleaching (Downs et al., 2000; Obura, 2009); however,
bleaching occurred under increased stress in the current
study.

Transcriptional responses to heat stress offered some
insight regarding mechanisms associated with bleaching
in P. damicornis due to heat stress. We observed the
effects on the thylakoid when the water temperature
reached 29�C; as the temperature increased further,
these effects became stronger. This probably led to the
generation of reactive oxygen species (Weis, 2008). The
Symbiodiniaceae DEGs identified in the present study
did not include superoxide dismutase or ascorbate perox-
idase; however, superoxide dismutase was over-
expressed in corals, suggesting oxidative stress due to
increased temperatures which could cause P. damicornis
bleaching through activation of immunity in corals
(Weis, 2008; Lesser, 2011). Apoptosis and p53 signalling
pathway-associated genes were enriched in corals at
31 and 32�C, which contributed to the expulsion of algal
symbionts (Gates et al., 1992; Douglas, 2003;
Weis, 2008; Lesser, 2011); this is one possible explana-
tion for the observed significant reduction in algal symbi-
ont density after the water temperature increased to
31�C. In addition to oxidative stress induced by increased
temperature, photosynthate may also be reduced due to
damaged photosystems in Symbiodiniaceae; therefore, a
nutrient reduction may also lead to coral bleaching
through the photo-oxidative pathway (Morris et al., 2019).
Moreover, coral disease-associated bacteria enriched at
32�C are possibly other potential elicitors of coral innate
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immunity, which may contribute to the elimination of
symbiont algae (as discussed in detail below). Notably,
genes putatively annotated as TNF receptors and TNF
receptor-associated factors showed significantly
increased expression under heat stress. The respective
gene products initiate signal transduction, which can
result in caspase activation and apoptosis and eventually
induce coral bleaching (Barshis et al., 2013; Quistad
et al., 2014; Yuan et al., 2017). These results suggest
that these genes are important regulators of apoptosis in
P. damicornis under heat stress. In addition to apoptosis
over-expression of putative autophagy and exocytosis-
related proteins mainly was observed at 32�C, which pro-
vides evidence of the in situ degradation and exocytosis
of symbionts from heat-stressed P. damicornis
(Weis, 2008). Previous studies showed that CAMK is
expressed in various Symbiodiniaceae clades, and it may
play an important role in aiding communication between
eukaryotic cells and establishment of coral–algal symbio-
sis (Nagamune and Sibley, 2006; Rosic et al., 2015).
Thus, downregulation of the genes annotated as CAMK
in Symbiodiniaceae due to heat stress may contribute to
the disintegration of coral–algal symbiosis, which may be
involved in the bleaching cascade.

Algal symbiont density in corals decreased considerably
when water temperature increased to ≥31�C, which also
produced significant changes in bacterial community struc-
ture (Fig. 4). No significant changes in the relative abun-
dance of OTUs were observed at lower temperatures
(<31�C). Similar phenomena were previously observed in
Acropora muricata (Lee et al., 2015). These results sug-
gest complex interactions between coral bleaching and
changes in coral-associated bacterial communities. During
heat stress, photosynthate translocation and metabolite
profiles of corals and their symbionts are substantially
altered (Sogin et al., 2016; Hillyer et al., 2017; Morris
et al., 2019). In the current study, numerous genes pre-
sumably associated with hydrolase activity and proteolysis
were up-regulated in corals after water temperature
increased to 29�C, which may contribute to increased
catabolism of carbohydrates and amino acids (Hillyer
et al., 2017). We suggest that the changes in bacterial
community structure resulted from the physicochemical
environmental perturbations in the coral microhabitats dur-
ing bleaching. A large diversity of metabolic capabilities
and regulatory pathways likely contribute to the enrich-
ment of Ruegeria spp. when nutrients are limited during
coral bleaching (Luo and Moran, 2014). Loss of
Endozoicomonas from the P. damicornis bacterial com-
munity during heat stress may be associated with the
depletion of products such as dimethylsulfopropionate
(DMSP; Bourne et al., 2013; Correa et al., 2013) that are
derived from photosymbionts, the abundance of which
was substantially reduced. Moreover, Endozoicomonas is

commonly associated with corals, likely as beneficial sym-
bionts, which can regulate further bacterial colonization
through the production of bioactive secondary metabolites
or by competitive exclusion (Rua et al., 2014; Neave
et al., 2016, 2017). Reduced abundance of this group
would therefore also diminish its regulatory effect on the
microbial community associated with the coral. Apart from
nutrients, light and temperature in coral microenvironments
are also likely to vary during coral bleaching
(Fabricius, 2006; Wangpraseurt et al., 2017), which may
also affect bacterial community structures. However, com-
prehensive understanding of bacterial responses to altered
physicochemical environmental factors in coral microhabi-
tats during bleaching requires comprehensive investiga-
tions of microenvironmental properties, metabolic
networks and microbial consortia, particularly the abun-
dance and activity of microbes, which are sensitive to oxy-
gen content or which take part in carbon and nitrogen
cycling and DMSP degradation (e.g., Endozoicomonas
which were correlated with the presence of photo-
symbionts) (Bourne et al., 2013; Bourne and
Webster, 2013; Morris et al., 2019).

Several bacterial taxa such as Sphingomonadaceae,
Flavobacteriaceae and Rhodobacteraceae, which have
been associated with coral diseases (Gignoux-Wolfsohn
and Vollmer, 2015; Rosales et al., 2019), were found to
occur at relatively high abundance in corals at 32�C. This
was probably related to the reduction of Endozoicomonas,
the regulatory effect of which on coral-associated
microbes was diminished. Here, it should be mentioned
that the reduction/augmentation of the relative abundance
does not necessarily imply a decrease/increase in the
number of bacterial cells within the coral holobiont. In addi-
tion, genes presumably associated with bacterial and viral
infections were upregulated in corals, suggesting that
increased temperatures cause pathogenic threats to
corals. This may explain the higher prevalence of many
coral diseases in the context of global warming (Willis
et al., 2004; Bruno et al., 2007; Maynard et al., 2015). Fur-
thermore, these alterations were probably associated with
immune responses in P. damicornis as we observed that
a large number of upregulated genes were presumably
associated with the NOD-like receptor signalling pathway
at 32�C, which may perceive the presence of pathogens
and induce apoptosis. Besides playing a crucial role in
host innate immune responses to pathogens, apoptosis is
also one of the mechanisms involved in algal symbiont
elimination (Weis, 2008; Lesser, 2011). Therefore, our
results suggest that immune responses elicited by micro-
biome alterations following heat stress, which may
increase pathogen pressure, accelerate the loss of algal
symbionts.

Among indicator bacteria that have been identified in
heat-tolerant corals by Ziegler et al. (2017),
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Phycisphaerales and Myxococcales were also found to
be enriched in P. damicornis under heat stress in the pre-
sent study. According to the previous report, these bacte-
ria may contribute to coral resilience under heat stress
(Ziegler et al., 2017). No mortality was observed in corals
in the present study, despite bleaching induced by heat
stress. Therefore, we suggest that the Phycisphaerales
and Myxococcales bacteria in heat-stressed corals may
have contributed to the individual fitness of the bleached
P. damicornis. Studying the transcriptional characteristics
of bacteria in the future will facilitate a better understand-
ing of their role in coral holobiont faced with heat stress.
Transcriptional misregulation and central carbon

metabolism in cancer pathways were enriched in coral
DEGs at 31 and 32�C, most of which were related to
immune responses, apoptosis, oncogenesis and regula-
tion of cell proliferation. Ten overexpressed genes were
annotated as fibroblast growth factor receptor (FGFRs),
which are involved in various biological processes,
including cell proliferation, differentiation, survival, migra-
tion and apoptosis (Haugsten et al., 2010), and they play
a critical role in cnidarian development (Matus
et al., 2007; Turwankar and Ghaskadbi, 2019). Deregula-
tion of FGFR signalling is implicated in several develop-
mental syndromes and in many types of cancer
(Haugsten et al., 2010), and it is associated with growth
anomalies in Platygyra carnosa (Zhang et al., 2017).
Additionally, the RET gene, which is associated with
oncogenesis in mammals (Takahashi et al., 1985), was
over-expressed in P. damicornis under heat stress.
Expression of RET protooncogenes is also significantly
increased in heat-stressed Acropora hyacinthus, presum-
ably as a regulative function of apoptosis or other forms
of cell death (Barshis et al., 2013). Changes in FGFR
and RET expression were observed in heat-stressed P.
damicornis; however, their roles in thermal bleaching
remain to be elucidated.
In response to elevated temperatures, corals showed ear-

lier transcriptional responses than Symbiodiniaceae algae.
During heat stress, algal symbionts of P. damicornis were
probably eliminated by the coral host through mechanisms
including apoptosis, autophagy and exocytosis. Moreover,
apoptosis may be induced by thermal stress through the
tumour necrosis factor and p53 signalling and caspase path-
ways in P. damicornis. Bacterial community alterations
seemed to accompany substantial reductions in
Symbiodiniaceae algae densities. In bacterial communities,
a drastic reduction in the abundance of the potential symbiont
Endozoicomonas might produce niches for other bacteria
including coral disease-associated taxa. Potential pathogens
may cause immune responses in the coral host, which may
also contribute to algal symbiont elimination. Consistent
Symbiodiniaceae community structure suggests non-
selective elimination or expulsion of Symbiodiniaceae algae

during P. damicornis bleaching. As no mortality was
observed in the present study, we suggest thatP. damicornis
bleach to resist heat stress and that bleaching is likely regu-
lated by responses of all three compartments of the holobiont.
Based on the results of the present study, heat stress likely
threatens coral health due to the interconnected responses
of the coral host and its associatedmicrobiome.

Experimental procedures

Heat stress experiment

Four P. damicornis colonies were collected from the
Luhuitou fringing reef at Sanya, China (109�280 E, 18�130

N) in December 2015 by SCUBA diving at a depth of
3–5 m while maintaining a distance of 0.5 m between col-
onies. Seawater temperature was approximately
25–26�C, the average pH was 8.18 ± 0.01 and salinity
was approximately 34‰. Coral samples were kept in
seawater and were transported to the South China Sea
Institute of Oceanology, Guangzhou, China. The four
donor corals were divided into 72 nubbins (approximately
6–7 cm) which were then attached to ceramic reef discs.
The nubbins were transferred to an indoor aquarium with
circulating artificial seawater (25�C), which was prepared
by mixing deionized water with Reef Crystals sea salt
(Aquarium Systems). Corals were then allowed to accli-
mate for 15 days. After this, coral nubbins were removed
from the acclimation tank and were randomly assigned to
12 10-L tanks, with six nubbins per tank (Fig. 5). The
tanks were supplied with artificial seawater at a flow rate
of 300 ml min−1 from the same circulation pump and
were illuminated with approximately 150 μmol photons
m−2 s−1 in a 12:12-h light/dark cycle.

To test effects of gradual heat stress on corals, the
water temperature was increased gradually from 25 to
32�C in nine tanks and was maintained at 25�C in three
control tanks (Fig. 5). We used 32�C as the maximum
temperature because this was identified as the bleaching
threshold temperature of corals on the Luhuitou reef
(Li et al., 2008, 2012). In each of the nine experimental
tanks, the temperature was increased to 26�C on the first
day of the experiment, and to 27�C on the second day
which was maintained for 3 days; it was increased to
28�C on the fifth day which was maintained for 2 days,
and then increased to 29�C on the seventh day, and
thereafter increased by 1�C every 3 days to 32�C. The
temperature in experimental tanks was then maintained
at 32�C for 7 days. The total experimental period was
23 days. The water temperature of each tank was regu-
lated using a 25-W submersible aquarium heater
(EHEIM, GmbH & KG, Deizisau, Germany).

For collecting control samples, we selected a random
nubbin from each control tank according to case
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randomization that was executed using SPSS, and nub-
bins were collected using sterile forceps. Samples were
collected at the beginning (day 1, group T0; 25�C) and at
the end (day 23, group Cf; 25�C) of the experiment. For
sample collecting from experimental tanks, three tank
numbers were randomly selected, and one random coral
nubbin per tank was collected from treatments cultured at
27�C (group T1, day 5), 29�C (group T2, day 10), 30�C
(group T3, day 13), 31�C (group T4, day 16), after 2 days
at 32�C (group T5, day 18), after 5 days at 32�C (group
T6, day 21) and after 7 days at 32�C (group T7, day 23)
respectively. Corals from temperature treatments lasting
3 days (27, 29, 30 and 31�C) were sampled on the
respective third day. Selected nubbins were removed
from ceramic reef discs and were gently washed using fil-
tered autoclaved artificial seawater, which was produced
using Sea salts (Sigma-Aldrich, USA). Subsequently,
each nubbin was cut into three fragments (approximately
2 cm) using a sterilized bone cutter. One fragment of
each nubbin was placed in a falcon tube on ice and was
used to determine Symbiodiniaceae cell abundance
within 30 min after sampling. The remaining fragments
were immediately placed in 15-ml falcon tubes containing
sufficient RNAlater solution (QIAGEN GmbH, Hilden,
Germany) to completely immerse the fragment. Samples
were then stored at −80�C until DNA or RNA extraction.

Symbiodiniaceae density

Tissue was removed from the coral skeleton using
0.2-μm-filtered autoclaved artificial seawater that was
sprayed using a syringe. Samples were vortexed to main-
tain micro-algae in suspension, and Symbiodiniaceae
cells in droplets of the resulting homogenized tissue

suspension were counted using a Neubauer improved
haemocytometer (Paul Marienfeld GmbH & KG, Lauda-
Königshofen, Germany). Ten replicate counts using
10 droplets of 10 μl each were performed per sample.
The coral surface area was measured using the alumin-
ium foil coating method (Marsh Jr., 1970), and the density
of Symbiodiniaceae algae was calculated as an average
number of cells cm−2 coral surface area. Normality and
homogeneity of variance of Symbiodiniaceae algal den-
sity data were tested using SPSS Statistics Version 21.
Variances were non-equal, thus densities were compared
using a Kruskal–Wallis test.

DNA and RNA extraction

Tubes containing coral fragments were placed on ice,
samples were removed from RNAlater solution, and
excess solution was removed using kimwipes. Coral tis-
sue was removed from skeletons in conical flasks using
a water pick and 0.2-μm-filtered autoclaved artificial sea-
water. Tissue suspensions were then centrifuged at
13 000g for 5 min, and DNA was extracted from the cell
pellet using the MO BIO Power Soil DNA Kit (Mo Bio,
Carlsbad, CA, USA), according to the manufacturer’s
instructions. Two replicates of blank extractions
(i.e., without coral DNA) were produced simultaneously.

The remaining coral fragments were placed in bead
tubes (RNA PowerSoil Total RNA Isolation Kit; Mo Bio)
containing 5 ml QIAzol Lysis Reagent (QIAGEN Sci-
ences, Valencia, CA, USA). The sample was then
homogenized for 6 min using a Vortex-Genie 2 (MO BIO),
and RNA was extracted using the RNeasy Plus Universal
Midi Kit (QIAGEN GmbH). Isolated RNA was dissolved in
RNase-free water and was stored at −80�C. RNA quality

Fig 5. Heat-stress experiment set-up. Tanks contained artificial seawater that was circulated using the same pump.
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and quantity were assessed using electrophoretic profil-
ing, performed on an Agilent 2100 BioAnalyzer (Agilent
Technologies, Santa Clara, CA, USA).

16S rRNA gene amplification, sequencing and analysis

PCR was performed using two universal bacterial
primers, 338F (50-ACTCCTACGGGAGGCAGC-30) and
806R (50-GGACTACVSGGGTATCTAAT-30) incorporated
a 12-bp barcode on the 50 end unique to each sample.
These primers were used to amplify the hypervariable
V3–V4 region of the bacterial 16S rRNA gene. The 50-μl
PCR reaction mixture contained 25 μl TaKaRa Ex Taq
Premix (TaKaRa Biotechnology [Dalian], China), 1 μl of
each primer (10 μM) and 5 μl (10–20 ng) template DNA.
Extraction blanks and sterilized deionized water were
used as negative controls. The PCR cycling conditions
were 95�C for 5 min, followed by 30 cycles of 94�C for
30 s, 53�C for 1 min, and 72�C for 1 min, and a final
extension step at 72�C for 10 min. Each PCR was per-
formed using three replicates. Product replicates of each
sample were pooled, and amplicons were purified using
the QIAquick Gel Extraction Kits (QIAGEN GmbH). Prod-
uct quality was assessed using a NanoDrop spectropho-
tometer (Thermo Scientific, Vantaa, Finland), and
sequencing was performed using an Illumina MiSeq plat-
form with 2 × 300 bp paired-end reads.
Raw reads were quality-filtered using Trimmomatic

(V0.33, Bolger et al., 2014), and filtered paired-end reads
were merged using FLASH v1.2.11, (Magoč and
Salzberg, 2011) with a minimum overlap of 10 nucleo-
tides. Maximum allowed error rate in the overlap region
was 0.2. The resulting sequences were grouped by
barcode using QIIME v1.9.1 (Caporaso et al., 2010) and
were clustered as OTUs at 97% sequence identity using
UCLUST (Edgar, 2010). After clustering, singleton OTUs
were removed using usearch v10.0.240 (Edgar, 2010),
and chimeras were detected and removed using the
UCHIME v4.2.40 de novo algorithm (Edgar et al., 2011).
OTUs were taxonomically identified using the SILVA_132
database and VSEARCH global alignments (Rognes
et al., 2016). Non-target OTUs such as mitochondria,
chloroplasts, archaea, eukaryotes, and unidentified
sequences, and OTUs with abundances below 0.005%
(minimum number of representative sequences, Bokulich
et al., 2013) were removed.

Internal transcribed spacer 2 fragment amplification,
sequencing, and analysis

The internal transcribed spacer 2 region of Symbiodiniaceae
nuclear ribosomal DNA was PCR-amplified using specific
primers (forward: 50-GTGAATTGCAGAACTCCGTG-30;
reverse: 50-CCTCCGCTTACTTATATGCTT-30 contained a

12-bp barcode on the 50 end unique to each sample; Boulotte
et al., 2016). The 50-μl PCR mixtures contained 25 μl
TaKaRa Ex Taq Premix, 1 μl of each primer (10 μM) and 5 μl
(10–20 ng) template DNA. PCR cycling conditions were
95�C for 5 min, followed by 30 cycles of 95�C for 30 s, 52�C
for 40 s, and 72�C for 45 s and a final extension step of 72�C
for 5 min. PCRs were performed in triplicates, and products
were pooled and purified using the QIAquick Gel Extraction
Kits (QIAGEN). Quality of purified PCR products was
assessed using a NanoDrop spectrophotometer (Thermo
Scientific). Sequencing was performed on an Illumina HiSeq
2500 platformwith 2× 250 bp paired-end reads.

Raw sequencing reads were quality-filtered, merged
and demultiplexed as described above. For taxonomic
classification, the Symbiodiniaceae-specific bioinformat-
ics pipeline SymTyper was used with a reference data-
base comprising 719 Symbiodiniaceae sequences
(Dryad data archive, doi: 10.5061/dryad.32md8).
Sequences were assigned to Symbiodiniaceae clades
using a Hidden Markov Model in SymTyper, with a
threshold of e-value 10−20 and a ratio of 10−5 relative to
the next best clade hit. Sequences classified in clades
were then assigned to subtypes according to Cunning
et al. (2015). Sequences not assigned to a subtype were
clustered at 97% similarity (Arif et al., 2014) using the
‘uclust’ algorithm of QIIME. Symbiodiniaceae subtypes
with abundances below 0.005% were removed (Bokulich
et al., 2013). Leaf taxa closest to internal nodes and
BLAST hits closest to the de novo clusters are shown in
Table S1. Read counts of both known Symbiodiniaceae
taxa and newly designated clusters were used for diver-
sity analyses.

RNA sequencing and data analyses

According to observed changes in Symbiodiniaceae den-
sity and in the bacterial community, samples collected at
25�C (day 1), 29�C (day 10), 31�C (day 16) and 32�C for
7 days (day 23) were used for transcriptomic analyses.
Eukaryotic mRNA was isolated from total RNA, which
had been treated with DNase I, using magnetic bead-
labelled oligo(dT)s. RNA sequencing libraries were pre-
pared and were sequenced on an Illumina HiSeq 4000
platform using a commercial service (BGI, Shenzhen,
China). Approximately 120.57 Gb sequencing data were
generated, and after quality filtration, Trinity v2.0.6
(Grabherr et al., 2011) was used to de novo assemble
clean reads. Tgicl v2.0.6 (Pertea et al., 2003) was used
to cluster transcripts in unigenes.

Unigenes were annotated using databases including
the nucleotide sequence database, the non-redundant
protein sequence database (NR), clusters of orthologous
groups, KEGG and SWISSPROT using Blast v2.2.23
(Altschul et al., 1990). Blast2GO v2.5.0 (Conesa
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et al., 2005) was used to produce GO annotations based
on NR annotation. To identify coral and Symbiodiniaceae
sequences, unigenes were aligned with the mRNA
sequences of Acropora digitifera (Shinzato et al., 2011)
and Breviolum minutum (formerly Symbiodinium
minutum; Shoguchi et al., 2013) using BLAST, with an e-
value threshold of 1−5.

Clean reads were mapped to unigenes using Bowtie2
v2.2.5 (Langmead and Salzberg, 2012), and gene
expression levels in each sample were calculated using
RSEM v1.2.12 (Li and Dewey, 2011). Based on unigene
expression results, differential gene expression between
groups was assessed using DEseq2 (Love et al., 2014)
with a negative binomial distribution. Genes were consid-
ered significantly differentially expressed when the fold
change was ≥2, and the adjusted P-value was ≤0.05. GO
and KEGG pathway functional enrichments of DEGs
were determined using phyper in R; P-values were
corrected using the false discovery rate. DEG functions
were considered significantly enriched when corrected
P-values were ≤0.01.

Statistical analyses

To all read counts, 1 was added to cope with zero in the
data for the centred log-ratio (clr) transformation (Gloor
et al., 2017). Read counts were transformed using the clr
transformation by using the R package compositions
(van den Boogaart and Tolosana-Delgado, 2008), and
then Aitchison distances were calculated using the rob-
Compositions package (Templ et al., 2011). A principal
component analysis of Aitchison distances was per-
formed using the R package vegan (Dixon, 2003).
Symbiodiniaceae cell density was significantly reduced
after water temperature was increased to 31�C, providing
a physiological sign of coral bleaching (Siebeck
et al., 2006). Using this threshold, samples were grouped
in ‘low temperature’ (<31�C) and ‘high temperature’
(≥31�C) groups. Differences between microbial commu-
nity structures were tested using PERMANOVA with
999 permutations (Clarke, 1993) in vegan, based on
Aitchison distances. Group dispersions were calculated
based on Aitchison distances using the betadisper func-
tion of the vegan package. Differential taxa between tem-
peratures were determined using clr-transformed data
and the aldex.glm function of ALDEx2 (Gloor
et al., 2017).

To compare gene expression profiles of corals and
Symbiodiniaceae, a Bray–Curtis distance matrix was pro-
duced from the gene expression matrix (in fragments per
kilobase of transcript per million mapped reads), and a
non-metric multidimensional scaling profile was gener-
ated. Differences in transcriptomes of corals and
Symbiodiniaceae among temperature treatments were

tested using PERMANOVA with 999 permutations
(Clarke, 1993).
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version of this article at the publisher’s web-site:

Figure S1. (a) Dissimilarity in coral gene expression profiles
between samples collected at each time point. (b) Non-
metric multidimensional scaling (nMDS) plot representing the
differences in the overall gene expression patterns in corals
exposed to elevated water temperatures.

Figure S2. (a) Dissimilarity in Symbiodiniaceae gene
expression profiles between samples collected at each time
point. (b) Non-metric multidimensional scaling (nMDS) plot
representing the differences in the overall gene expression
patterns in Symbiodiniaceae endosymbionts exposed to ele-
vated water temperatures.
Figure S3. Heatmap of differentially expressed genes
involved in the enriched pathways in the coral Pocillopora
damicornis following exposure to 31�C (a) and 32�C (b).
Each cell represents the log2-fold change value of each
gene. The dot shows the gene involved in a certain pathway.
Figure S4. Heatmap of differentially expressed genes
involved in the enriched pathways in Symbiodiniaceae fol-
lowing exposure to 31�C (a) and 32�C (b). Each cell repre-
sents the log2-fold change value of each gene. The dot
shows the gene involved in a certain pathway.
Table S1. Internal node and de novo taxa among reference
sequences of Symbiodiniaceae. The closest leaf taxon and
distance to that taxon are given for internal nodes (‘D_I:X’).
The closest BLAST hit from the reference database and
associated e-value are given for de novo taxa (‘D_d:X’).
Table S2. Coral gene expression profiles under different
temperatures. Data in columns 7 to 18 are FPKM
(Fragments per kilobase Million) for each gene at 25, 29,
31 and 32�C.
Table S3. Algal symbiont gene expression profiles under dif-
ferent temperatures. Data in columns 7 to 18 are FPKM
(Fragments per Kilobase Million) for each gene at 25, 29,
31 and 32�C.
Table S4. Gene ontology terms significantly (with corrected
P-value ≤0.01) enriched in the differentially expressed genes
in the coral Pocillopora damicornis and Symbiodiniaceae fol-
lowing exposure to elevated seawater temperatures.
Table S5. Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathways significantly (with corrected P-value
≤0.01) enriched in the differentially expressed genes in the
coral Pocillopora damicornis following exposure to elevated
seawater temperatures.
Table S6. Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathways significantly (with corrected P-value
≤0.01) enriched in the differentially expressed genes in
Symbiodiniaceae following exposure to elevated seawater
temperatures.
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