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Abstract

Wild populations increasingly experience extreme conditions as climate change ampli-

fies environmental variability. How individuals respond to environmental extremes

determines the impact of climate change overall. The variability of response from indi-

vidual to individual can represent the opportunity for natural selection to occur as a

result of extreme conditions. Here, we experimentally replicated the natural exposure

to extreme temperatures of the reef lagoon at Ofu Island (American Samoa), where cor-

als can experience severe heat stress during midday low tide. We investigated the

bleaching and transcriptome response of 20 Acropora hyacinthus colonies 5 and 20 h

after exposure to control (29 °C) or heated (35 °C) conditions. We found a highly

dynamic transcriptome response: 27% of the coral transcriptome was significantly regu-

lated 1 h postheat exposure. Yet 15 h later, when heat-induced coral bleaching became

apparent, only 12% of the transcriptome was differentially regulated. A large propor-

tion of responsive genes at the first time point returned to control levels, others

remained differentially expressed over time, while an entirely different subset of genes

was successively regulated at the second time point. However, a noteworthy variability

in gene expression was observed among individual coral colonies. Among the genes of

which expression lingered over time, fast return to normal levels was associated with

low bleaching. Colonies that maintained higher expression levels of these genes

bleached severely. Return to normal levels of gene expression after stress has been

termed transcriptome resilience, and in the case of some specific genes may signal the

physiological health and response ability of individuals to environmental stress.
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Introduction

Global warming due to climate change involves shifts

in mean annual temperatures but also an increased fre-

quency of extremes (Seneviratne et al. 2014). Exposure

to transient extreme temperatures can cause mass mor-

tality and dramatic transformation of an ecosystem

(Dudgeon et al. 2010). Essentially, the response of

organisms to normal fluctuation in temperature is over-

whelmed during extreme conditions. As a consequence,

the impact of climate change on natural assemblages

depends on the rate of exposure to environmental

extremes, the rate of response and recovery, and the

ability of individuals to acclimatize or populations to

adapt (Palumbi et al. 2014).

Recent availability of transcriptome data from a wide

variety of species makes it possible to more finely study

the molecular stress response of organisms to extreme

temperatures (Runcie et al. 2012; Kenkel et al. 2013; Xie

et al. 2013) and can help us evaluate the capacity for

acclimatization and adaptation in populations of key

species (Hoffmann & Sgr�o 2011). For reef-building cor-

als, environmental data from around the tropics suggest

that ocean temperatures one or two degrees above aver-

age generate physiological stress (Jokiel & Coles 1990).

Prolonged low or acute level of temperature stress

cause coral bleaching, the expulsion of essential

Correspondence: Francois O. Seneca, Fax: 808 599 4817;

E-mail: seneca@hawaii.edu
†Present address: Kewalo Marine Laboratory, University of

Hawaii at Manoa, Honolulu, HI 96815, USA

© 2015 John Wiley & Sons Ltd

Molecular Ecology (2015) doi: 10.1111/mec.13125



endosymbiotic photosynthetic algae (reviewed by Weis

2008). The combination of a defined temperature trigger

(Tolleter et al. 2013), a disadvantageous physiological

response and a battery of transcriptome tools makes the

coral holobiont system adequate to describe the rates,

magnitudes and duration of reaction to extreme climate

events.

To date, twelve studies have investigated the tran-

scriptomic changes in corals and anemones responding

to heat stress. These studies have targeted the partial or

near complete transcriptomes of symbiotic cnidarians

including temperate anemones (Richier et al. 2008;

Moya et al. 2012), adult reef-building corals (DeSalvo

et al. 2008, 2010; Bellantuono et al. 2012; Barshis et al.

2013) and coral embryos (Voolstra et al. 2009; Polato

et al. 2010; Portune et al. 2010; Meyer et al. 2011). Signifi-

cantly regulated genes differ widely across these studies

(DeSalvo et al. 2008, 2010; Rodriguez-Lanetty et al. 2009;

Voolstra et al. 2009; Meyer et al. 2011; Bellantuono et al.

2012; Barshis et al. 2013). Although change in apoptosis,

antioxidant and heat-shock protein genes has been

repeatedly observed after high temperature treatment,

many other gene families are revealed in only one or a

handful of studies. Moreover, these studies typically

follow transcriptional changes that occur when bleach-

ing begins, well after heat treatments commence. They

show changes in transcription that occur after repeated

daily heat stress, as water temperatures increase during

the day, but have not focused on fast responses to

extreme temperature changes. Because the onset of

bleaching occurs one or several days after strong heat

stress, gene expression during bleaching may be very

different from gene expression a few hours postacute

heat exposure. In addition, because of high variability

in bleaching sensitivity among colonies, it is possible

that the reaction of gene expression during acute heat

stress, and the recovery of expression poststress, sets

the stage for later bleaching.

Transcriptome tools are also being used to document

acclimatization and adaptation among coral popula-

tions. For example, some corals in Ofu Island, American

Samoa, living in warm water back reef pools exhibit

high heat tolerance by constitutively expressing more of

certain stress-response genes (Barshis et al. 2013). Corals

living in cooler parts of this reef can acquire higher heat

tolerance after transplantation and show acclimatization

of gene expression patterns as well (Palumbi et al.

2014). However, about half the difference in heat toler-

ance among populations is not due to acclimatization.

Furthermore, genetic differences at about 100 loci

have been implicated in adaptation of these populations

to repeated temperature extremes (Bay & Palumbi

2014). Bellantuono et al. (2012) showed that corals

could acquire higher heat tolerance in as little as

2 weeks, but showed no constitutive transcriptional

changes associated with this physiological shift.

In this study, we conducted a whole-transcriptome

controlled heat stress experiment on corals from the

Ofu Island (American Samoa) lagoon, which can expe-

rience extreme daily change in temperatures during

summer low tides (+6 °C above the 29 °C summer

average) that can lead to bleaching. Despite such high

temperatures, there is a high abundance and diversity

of live corals within the lagoon (Craig et al. 2001),

some of which have shown relative resistance to those

challenging temperature events (Oliver & Palumbi

2011) as well as evidence of postbleaching resilience

(F.O. Seneca, personal observation). The response of

Ofu corals to such drastic change in temperature is rel-

evant to corals elsewhere, for example, populations

from the Arabian/Persian gulf can survive even more

extreme temperature regime (Riegl et al. 2011). Further-

more, it is becoming more evident that some corals

can gain thermotolerance or become dominant with

increasing exposure to bleaching temperatures (Guest

et al. 2012; Pratchett et al. 2013; Kemp et al. 2014),

which provides opportunities to study the mechanisms

of acclimatization and/or adaptation to climate change.

We exposed 20 Acropora hyacinthus colonies to con-

trolled bleaching conditions that mimic natural daily

cycles of high heat stress during extreme temperature

events. We compared changes in gene expression at

the onset of heat stress (1 h postheat exposure corre-

sponding to the 5-h time point) and 15 h later at the

onset of bleaching (i.e. at the 20-h time point) after col-

onies had been returned to normal temperatures. The

results show a surprisingly wide transcriptome

response before bleaching begins, and rapid return to

normal expression levels for many genes. The return

to normal gene expression levels varies from gene to

gene and colony to colony and may signal the resil-

ience of the transcriptome to environmental stress. This

variation in return to normal expression may underlie

some of the variation in stress response seen in previ-

ous studies and adds to other components of the stress

response in corals and other species.

Materials and methods

Sample preparation and experimental design

Twelve small nubbins (~3 cm3) of Acropora hyacinthus

(cryptic species E in Ladner & Palumbi 2012) were cut

from each of 20 colonies from the south lagoon of Ofu

Island, American Samoa (14°110S, 169°360W), and glued

underwater onto nylon bolts using two-part underwater

epoxy stick (Loctite� 82093). The nubbins were evenly

distributed among and screwed onto 12 egg crate
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platforms, which were then secured to the substratum

randomly across the area of sampling for a period of

acclimatization and growth.

After 17 months, eight nubbins from each of 18 colo-

nies and four nubbins from each of two colonies were

collected and used in a controlled heat stress experi-

ment as in the following design: (18 colonies in dupli-

cate + 2 colonies in singleton) 9 2 conditions 9 2 time

points (Appendix S1, Supporting information). Control

subjects were kept at a constant 29 °C, while the heat

stress treatment mimicked a natural bleaching tempera-

ture regime observed in the lagoon: heated corals were

ramped from 29 to 35 °C over 3 h, held at 35 °C for

1 h, and then freely returned to 29 °C in ~2 h. To coin-

cide with the natural circadian rhythm of corals, the

peak in heat stress was timed to occur in the early after-

noon, when corals would normally experience tempera-

ture highs. Samples were collected after 5 and 20 h

from the start of the experiment. The 5-h time point

occurred 1 h after the peak in heat stress and was cho-

sen to capture the changes taking place at the onset of

heat stress. Based on pilot experiments, the 20-h time

point was chosen to investigate the changes taking

place at the onset of visually detected bleaching. At that

time, heated colonies were graded on a five-point scale

of bleaching (1-normal = same as control, 2-slight = a

little pale, 3-moderate = half as coloured as control,

4-severe = very pale but still a tinge, 5-total = bone

white) in relation to the control nubbins. One half of

each nubbin was preserved in RNA stabilizing buffer

and stored at �80 °C until molecular analysis, and the

other half was preserved in 100% ethanol for chloro-

phyll a pigment extraction.

RNA isolation, sequencing and raw data processing

Total RNA was extracted from each sample following

the modified TRIzol� Reagent (Life Technologies) proto-

col in Barshis et al. (2013; Appendix S1, Supporting

information). A total of 152 libraries were constructed

using 1 lg of total RNA following the TruSeq RNA

Sample Prep v2 (LS) protocol (Illumina). cDNA was

synthesized using the SuperScript� III reverse transcrip-

tase (Life Technologies). Purification of cDNAs through-

out the TruSeq protocol was performed using the

Agencourt AMPure XP system (Beckman Coulter).

Sequencing was performed on the Illumina HiSeq 2000

sequencer at the Huntsman Cancer Institute of the Uni-

versity of Utah. All libraries were sequenced with 50-bp

single-end sequencing length. TruSeq raw sequences

were processed following the pipeline methodology

described in De Wit et al. (2012). Reads were mapped to

the de novo assembly constructed by Barshis et al.

(2013) to produce the raw gene expression count data

for further analysis.

Gene expression and statistical analysis

Gene expression analysis was performed with the DESEQ

package (Anders & Huber 2010) in R (R Core Team 2014).

After normalization for variation in library size, the data

variance (i.e. dispersion) was estimated and the signifi-

cance of heat stress at two different time points evaluated

using log ratio tests of nested negative binomial general-

ized linear models (GLMs), taking into account fixed

expression differences between individual coral colonies

regardless of heat stress (Appendix S1, Supporting infor-

mation). P-values were adjusted using the Benjamini–
Hochberg (BH) method controlling the false discovery

rate at a 0.01 level.

Differences in expression levels were calculated in

four comparisons: (i) control vs. heated at 5 h, (ii) con-

trol vs. heated at 20 h, (iii) control at 5 h vs. control at

20 h, and (iv) heated at 5 h vs. heated at 20 h, corre-

sponding to the onset of heat stress, the onset of bleach-

ing, the effect of time/acclimation, and the change from

heat stress to bleaching, respectively. We applied two

filters to exclude contiguous sequences (contigs) for

which we had little power to detect expression differ-

ences from multiple test correction: (i) low contig aver-

age in normalized expression across samples with a

cut-off of three reads (i.e. the sample average median

for normalized expression level across all contigs) and

(ii) high intercolony variability contigs (within-group

mean <1 standard deviation). PCAs were computed in

R using the entire normalized expression data in the

PCAGOPROMOTER package (Hansen et al. 2012).

Functional analysis

The 33 496 A. hyacinthus contigs were used to retrieve

homologous gene identification codes (IDs) from Uni-

Prot (UniProt Consortium 2008), KEGG (Kyoto Encyclo-

pedia of Genes and Genomes, (Kanehisa et al. 2004) and

GO (The Gene Ontology Consortium 2000) databases

using the Basic Local Alignment Search Tool (NCBI).

The homologous gene IDs for the filtered differentially

expressed contigs (DECs) subsets from the gene expres-

sion analyses were used in comparative and functional

enrichment analyses using three methods: UniProt IDs

with the Database for Annotation, Visualization and

Integrated Discovery (DAVID 6.7; Huang et al. 2008),

KEGG Orthology (KO) codes with KEGG mapper

(Kanehisa et al. 2014) and GO terms with keywords to

compute hypergeometric probabilities (Appendix S1,

Supporting information).
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Results

Our samples from 20 genetically distinct colonies

exposed to control and heated conditions at two time

points (5 and 20 h) constitute a total of 152 sequenced

transcriptomes, which to our knowledge, is one of the

largest and most replicated genomics data sets to study

heat stress in a marine organism. The reference tran-

scriptome of Acropora hyacinthus used in this study was

previously assembled de novo (Barshis et al. 2013) and

consisted of 33 496 unique contigs including 24 980

(75%) matching nucleotide collection (nr/nt) entries

(e-value < 10�4, The National Center for Biotechnology

Information). Based on the 27 000 predicted transcripts

from the genome of the congener Acropora digitifera

(Shinzato et al. 2012), the data generated in this study

likely represents a large fraction of the transcriptome of

Acropora hyacinthus.

On average, over one million reads were analysed

per sample, with 50% of the contigs represented by ≥3
reads on average across all samples. Further compari-

son to curated functional databases led to the additional

annotation of the transcriptome with 24 394 UniProt,

10 168 KEGG, 16 117 GO-Cellular Component, 18 297

GO-Biological Process and 17 448 GO-Molecular Func-

tion homologous gene IDs (e-value < 10�4). Overall, the

lists of DECs detected at both time points were signifi-

cantly enriched for 71 functional annotation clusters

(using EASE score < 0.05 and high classification strin-

gency in DAVID 6.7; Huang et al. 2008) as well as 36

molecular pathways supported both by the mapping to

KEGG Orthology and the representation of pathway

keywords across GO terminologies (hypergeometric

probability < 0.01).

Overall transcriptome changes

At the onset of heat stress, 1 h postheat exposure (5-h

time point), a total of 8913 DECs (27% of all contigs,

p-adj < 0.01; Fig. 1) were found between heated and

control samples (negative binomial GLM with a paired

design by genotypes). Among these DECs, 4283 and

4630 were up- and downregulated, respectively (�19.2>
fold change (FC) <36.9, FC medians at �1.9 and 1.8).

Fifteen hours later, when bleaching became obvious

(Fig. 3b), 3846 DECs (12%) were detected between

heated and control samples (1975 up- and 1871 down-

regulated, �18.6> FC < 19.1, FC medians at �1.6 and

1.6), representing a drop of 15% in overall transcriptom-

e activity.

Comparing expression in heated samples, 8372 DECs

(25%) differed with time after heat stress (4247 up- and

4125 downregulated, �45.2> FC < 19.0, FC medians at

�1.8 and 1.9). Some of these were genes that returned

to normal expression after changing at 5 h. Others

altered expression only after the 5-h time point. A simi-

lar analysis across time points using control samples

revealed 3358 DECs (10%) that changed between 5 and

20 h in the control tanks. These differences were influ-

enced by circadian rhythm and acclimation to tank con-

ditions (1517 up- and 1841 downregulated, �10.5>
FC < 14.4, FC medians at �1.5 and 1.4).

Principal component analyses (PCAs) corroborated

the major gene expression patterns. The PCA compar-

ing controls between time points reveals some influence

of time and acclimation, but the overall difference

between time points is small when considering the

large overlap in the 95% confidence intervals of each

treatment (Fig. 2a). Conversely, there was a clear sepa-

ration of the 95% confidence intervals between the con-

trol and heated samples at 5 h (Fig. 2c) and between

the heated samples at each time point (Fig. 2b). In both

analyses, the treatment groups distinctively separated

along principal component 2, which explains 14% of the

variance for both analyses (Fig. 2c,b). By the time

bleaching was observed (20 h), a portion of the heat

stress-responsive transcripts had already returned to

control activity level as shown by (Fig. 2d): (i) the over-

lap in the 95% confidence intervals between the heated

and control samples and (ii) only 9% of the variance

explained by principal component 2.

A detailed analysis of the gene expression profiles

among all differentially expressed contigs detected in

our experiments revealed four main subsets of contigs

coexpressed over time. We refer to these expression

profiles as transient, slow return, late, and lingering

responses for clarity. Figure 3a shows the absolute

mean fold change representative of these main gene

Fig. 1 Venn diagram showing the number of differentially

expressed contigs detected in analyses addressing the change

in gene expression level at the onset of heat stress, during the

time interval leading to bleaching, and at the onset of bleach-

ing.
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expression profiles and the number of genes exemplify-

ing them.

Transient response—genes that were different at 5 h but not

at 20 h. Among the differentially expressed contigs

detected at 5 h, 5042 DECs (Fig. 1) showed different

expression levels at 5 h in heated vs. control corals, but

subsequently returned to control level by the time

bleaching was observed at the 20-h time point (Fig. 1),

except for eight contigs. These changes in expression

occurred in 57% of the contigs that showed a heat stress

response at 5 h and thus represent the transient compo-

nent in prebleaching gene expression activity.

This transient response was divided into 2311 up-

and 2731 downregulated contigs at 5 h. The genes that

were upregulated at 5 h but returned to control level at

20 h were significantly enriched for: (i) the GO-BP

including apoptosis, protein transport/localization/pro-

cessing, regulation of phosphorylation, and lymphocyte

activation, (ii) the GO-MF including GTPase regulator

and threonine-type endopeptidase activity, GTP and

HSP binding and (iii) the GO-CC including cytoplasmic

vesicle, membrane fraction and proteasome (Table 1).

Among the downregulated genes at 5 h that returned

to control level at 20 h, two main cellular activities were

identified from the functional annotation clusters

(DAVID): (i) ribosomal RNA processing and protein

import into nucleus and (ii) messenger RNA process-

ing/transport (Table 1).

Slow return response—genes that were different at 5 h and

were returning towards normal at 20 h. Another smaller

set of genes (1215 DECs) also showed expression

changes in 5 h but not 20-h-heated samples. However,

they did not show significant differences between 5 and

20 h in heated samples. For 178 of these contigs, this

trend resulted from similar expression values seen in

5-h-heated and 20-h-heated samples, and a change in

expression in 20 h controls instead. The remaining 1037

contigs showed a tendency of heated samples to be

more like control levels at 20 h, which resulted in no

longer being significantly different from controls at

20 h, but not enough change had occurred to be statisti-

cally different from 5-h-heated samples. These genes

can be considered to be at an intermediate stage of the

return to control level exemplified by the genes of the

transient response.

These 1215 DECs were divided into 611 up- and 604

downregulated contigs. Among the genes that were

upregulated at 5 h, the GO-BP negative regulation of

cell migration and the regulation of phospholipase/

lyase activity were significantly represented. The down-

regulated contigs were enriched for the GO-BP antibi-

otic transport and mRNA splicing/processing (Table 1).

(a)

(c) (d)

(b) Fig. 2 PCAs of normalized expression

values for all 33 496 contigs of each sam-

ple in all four comparisons: (a) 5 vs. 20 h

in controls, (b) 5 vs. 20 h heated (c) con-

trol vs. heated at 5 h and (d) control vs.

heated at 20 h. Axes labels show the pro-

portion of variance explained by each

principal component. Symbols (time

points) and colours (treatments)

explained in key at bottom. The coloured

ellipses show the 95% confidence inter-

vals for each treatment, and the dotted

line ellipse corresponds to the overall

95% confidence interval.
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Late response—genes that were different at 20 h but not at

5 h. At the 20-h time point, 417 differentially expressed

contigs that were at control level at 5 h, showed differ-

ent expression levels in heated vs. control samples

(Fig. 1), representing a late response relative to the heat

stress. Another larger set of 773 contigs showed a simi-

lar trend, however, like the Slow return genes, these

genes (773 DECs) did not show different expression lev-

els between 5 and 20 h in heated samples. For 344 of

the 773 DECs, the difference in expression levels at 20 h

resulted from changes in the control samples over time.

The remaining 429 DECs were excluded from the 5 h

comparison by the statistical filters.

Among the genes that were unresponsive to heat

stress at 5 h but showed a significant change in expres-

sion at 20 h (417 and 773 DECs), 485 upregulated con-

tigs were significantly enriched for proteinaceous

extracellular matrix (ECM). The 705 downregulated

contigs at 20 h were enriched for regulation of actin

and tissue morphogenesis (Table 1).

Lingering response—genes that were detected at both 5 and

20 h. There were 2656 contigs (2040 and 616 DECs)

with different expression levels in heated vs. controls at

both 5 and 20-h time points (Fig. 1). The 616 contigs

that were differentially expressed in heated vs. control

samples at both time points remained the same in

heated samples from 5 to 20 h, representing a lingering

response to heat stress until the onset of bleaching. The

other 2040 contigs showed significant changes in

expression levels at 5 and 20 h but also differed in

heated samples between 5 and 20 h. Similarly to the

1215 and 5042 DECs above, most of the genes repre-

sented in the 2040 DECs showed an attenuation

towards control levels over time. In other words,

expression levels in heated samples were closer to con-

trol levels at 20 h than at 5 h.

Of the combined 2656 DECs, 1235 and 1040 were

up- and downregulated at both time points, respec-

tively. The remaining 381 DECs showed opposite fold

changes at the two time points: 126 DECs upregulated

at 5 h were downregulated at 20 h and 255 DECs exhib-

ited the reverse pattern. The consistently upregulated

DECs (1235) represented the functional annotation

clusters for regulation of immune system, apoptosis and

transcription. Other functional clusters included in the

upregulated genes were G protein-coupled receptor

protein signalling, myosin filament assembly, protein

phosphorylation and vesicle targeting (Table 1). The

consistently downregulated genes (1040) were signifi-

cantly enriched for: (i) the collagens, ECM and lyso-

some GO-CCs, (ii) the cation/ion transport, antioxidant

activity, ubiquinone and steroid metabolic processes,

nucleosome assembly and negative regulation of tran-

scription GO-BPs and (iii) the ECM structural constitu-

ent, carbonate dehydratase activity, sodium and

selenium ion binding, and serine hydrolase activity

GO-MFs (Table 1).

(a)

(b)

(c)

Fig. 3 (a) Mean absolute fold change for DECs belonging to

the four main gene expression profiles identified during the

bleaching experiments. (b) The average loss of chlorophyll a

pigments in heated samples across colonies at the 20-h time

point. (c) Summer temperature anomaly logged in situ in the

Ofu Island southern lagoon.
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Table 1 Broad biological processes, molecular functions and cellular components for which the transient, slow return, late and lingering DEC groups were enriched using Uni-

Prot IDs (DAVID high classification stringency, EASE score < 0.05)

GO_Cellular components GO_Biological processes GO_Molecular functions

Transient: upregulated

at 5 h and recover

over time

GO:0031410~cytoplasmic vesicle

GO:0016023~cytoplasmic

membrane-bounded vesicle

GO:0031988~membrane-bounded

vesicle

GO:0012501~programmed cell death

GO:0006915~apoptosis
GO:0016265~death
GO:0008219~cell death

GO:0060589~nucleoside-
triphosphatase regulator activity

GO:0005083~small GTPase

regulator activity

GO:0030695~GTPase regulator

activity

GO:0044433~cytoplasmic vesicle part

GO:0030662~coated vesicle membrane

GO:0030659~cytoplasmic vesicle

membrane

GO:0012506~vesicle membrane

GO:0015031~protein transport

GO:0045184~establishment of protein localization

GO:0008104~protein localization

GO:0005525~GTP binding

GO:0019001~guanyl
nucleotide binding

GO:0032561~guanyl
ribonucleotide binding

GO:0005839~proteasome core complex GO:0030163~protein catabolic process

GO:0009057~macromolecule catabolic process

GO:0051603~proteolysis involved in cellular protein

catabolic process

GO:0044257~cellular protein catabolic process

GO:0044265~cellular macromolecule catabolic process

GO:0019941~modification-dependent protein

catabolic process

GO:0043632~modification-dependent

macromolecule catabolic process

GO:0031072~heat shock
protein binding

GO:0005626~insoluble fraction

GO:0000267~cell fraction
GO:0005624~membrane fraction

GO:0045321~leucocyte activation

GO:0046649~lymphocyte activation

GO:0001775~cell activation

GO:0004298~threonine-type
endopeptidase activity

GO:0070003~threonine-type
peptidase activity

GO:0006886~intracellular protein transport

GO:0034613~cellular protein localization

GO:0070727~cellular macromolecule localization

GO:0042325~regulation of phosphorylation

GO:0045859~regulation of protein kinase activity

GO:0019220~regulation of phosphate metabolic process

GO:0051174~regulation of phosphorus metabolic process

GO:0043549~regulation of kinase activity

Transient: downregulated

at 5 h and recover

over time

GO:0031974~membrane-enclosed

lumen GO:0043233~organelle lumen

GO:0070013~intracellular
organelle lumen

GO:0031981~nuclear lumen

GO:0042254~ribosome biogenesis

GO:0016072~rRNA metabolic process

GO:0006364~rRNA processing

GO:0016859~cis-trans
isomerase activity

GO:0003755~peptidyl-prolyl
cis-trans isomerase activity

GO:0005840~ribosome
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Table 1 Continued

GO_Cellular components GO_Biological processes GO_Molecular functions

GO:0008380~RNA splicing

GO:0006397~mRNA processing

GO:0016071~mRNA metabolic process

GO:0003735~structural
constituent of ribosome

GO:0051028~mRNA transport

GO:0050657~nucleic acid transport

GO:0050658~RNA transport

GO:0051236~establishment of RNA localization

GO:0015931~nucleobase, nucleoside, nucleotide
and nucleic acid transport

GO:0006403~RNA localization

GO:0017038~protein import

GO:0033365~protein localization in organelle

GO:0006605~protein targeting

GO:0006606~protein import into nucleus

GO:0051170~nuclear import

GO:0034504~protein localization in nucleus

GO:0000375~RNA splicing, via transesterification reactions

GO:0000377~RNA splicing, via transesterification reactions

with bulged adenosine as nucleophile

GO:0000398~nuclear mRNA splicing, via spliceosome

Slow return:

upregulated at 5 h

GO:0005840~ribosome GO:0030336~negative regulation of cell migration

GO:0040013~negative regulation of locomotion

GO:0051271~negative regulation of cell motion

GO:0003735~structural
constituent of ribosome

GO:0030127~COPII vesicle coat

GO:0012507~ER to Golgi transport

vesicle membrane

GO:0030134~ER to Golgi transport

vesicle

GO:0007200~activation of phospholipase C activity by

G-protein coupled receptor protein signaling pathway

coupled to IP3 second messenger

GO:0007202~activation of phospholipase C activity

GO:0010518~positive regulation of phospholipase activity

GO:0010863~positive regulation of phospholipase C activity

GO:0045761~regulation of adenylate cyclase activity

GO:0051339~regulation of lyase activity

GO:0031279~regulation of cyclase activity

Slow return:

downregulated at 5 h

GO:0008021~synaptic vesicle

GO:0030135~coated vesicle

GO:0044433~cytoplasmic

vesicle part

GO:0042891~antibiotic transport

GO:0015904~tetracycline transport

GO:0015893~drug transport

GO:0015307~drug:hydrogen
antiporter activity

GO:0008493~tetracycline
transporter activity

GO:0015520~tetracycline:
hydrogen antiporter activity
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Table 1 Continued

GO_Cellular components GO_Biological processes GO_Molecular functions

GO:0042895~antibiotic
transporter activity

GO:0008380~RNA splicing

GO:0016071~mRNA metabolic process

GO:0006397~mRNA processing

Late: upregulated over

time and upregulated

at 20 h

GO:0031012~extracellular matrix

GO:0005578~proteinaceous
extracellular matrix

GO:0044421~extracellular
region part

Late: downregulated over

time and downregulated

at 20 h

GO:0031224~intrinsic
to membrane

GO:0016021~integral
to membrane

GO:0008064~regulation of actin polymerization or depolymerization

GO:0030832~regulation of actin filament length

GO:0032956~regulation of actin cytoskeleton organization

GO:0032970~regulation of actin filament-based process

GO:0030837~negative regulation of actin filament polymerization

GO:0032272~negative regulation of protein polymerization

GO:0051693~actin filament capping

GO:0031333~negative regulation of protein complex assembly

GO:0030834~regulation of actin filament depolymerization

GO:0030835~negative regulation of actin filament depolymerization

GO:0051493~regulation of cytoskeleton organization

GO:0043242~negative regulation of protein complex disassembly

GO:0051494~negative regulation of cytoskeleton organization

GO:0043244~regulation of protein complex disassembly

GO:0044087~regulation of cellular component biogenesis

GO:0010639~negative regulation of organelle organization

GO:0030833~regulation of actin filament polymerization

GO:0002009~morphogenesis of an epithelium

GO:0016331~morphogenesis of embryonic epithelium

GO:0060429~epithelium development

GO:0048729~tissue morphogenesis

GO:0016331~morphogenesis of embryonic epithelium

GO:0001838~embryonic epithelial tube formation

GO:0035148~tube lumen formation

Lingering: upregulated

at 5 and 20 h

GO:0002520~immune system development

GO:0048534~hemopoietic or lymphoid organ development

GO:0030097~hemopoiesis

GO:0004713~protein tyrosine

kinase activity
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Table 1 Continued

GO_Cellular components GO_Biological processes GO_Molecular functions

GO:0010557~positive regulation of macromolecule biosynthetic process

GO:0031328~positive regulation of cellular biosynthetic process

GO:0010604~positive regulation of macromolecule metabolic process

GO:0009891~positive regulation of biosynthetic process

GO:0045941~positive regulation of transcription

GO:0010628~positive regulation of gene expression

GO:0045893~positive regulation of transcription, DNA-dependent

GO:0045935~positive regulation of nucleobase, nucleoside, nucleotide

and nucleic acid metabolic process

GO:0051254~positive regulation of RNA metabolic process

GO:0051173~positive regulation of nitrogen compound metabolic process

GO:0004860~protein kinase

inhibitor activity

GO:0019210~kinase inhibitor

activity

GO:0007186~G-protein coupled receptor protein signaling pathway

GO:0012501~programmed cell death

GO:0006915~apoptosis
GO:0008219~cell death
GO:0016265~death
GO:0042088~T-helper 1 type immune response

GO:0042108~positive regulation of cytokine biosynthetic process

GO:0045410~positive regulation of interleukin-6 biosynthetic process

GO:0042981~regulation of apoptosis

GO:0010941~regulation of cell death

GO:0043067~regulation of programmed cell death

GO:0030241~muscle thick filament assembly

GO:0031034~myosin filament assembly

GO:0031033~myosin filament assembly or disassembly

GO:0014866~skeletal myofibril assembly

GO:0006468~protein amino acid phosphorylation

GO:0016310~phosphorylation
GO:0006796~phosphate metabolic process

GO:0006793~phosphorus metabolic process

GO:0051650~establishment of vesicle localization

GO:0006903~vesicle targeting

GO:0051648~vesicle localization

Lingering:

downregulated

at 5 and 20 h

GO:0005581~collagen GO:0006814~sodium ion transport GO:0005201~extracellular
matrix structural constituent

GO:0005578~proteinaceous
extracellular matrix

GO:0031012~extracellular matrix

GO:0016209~antioxidant activity
GO:0016684~oxidoreductase activity, acting on

peroxide as acceptor

GO:0004601~peroxidase activity

GO:0004089~carbonate
dehydratase activity

GO:0005586~collagen type III
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Table 1 Continued

GO_Cellular components GO_Biological processes GO_Molecular functions

GO:0042375~quinone cofactor metabolic process

GO:0006743~ubiquinone metabolic process

GO:0006744~ubiquinone biosynthetic process

GO:0045426~quinone cofactor biosynthetic process

GO:0031402~sodium ion binding

GO:0031420~alkali metal ion

binding

GO:0000323~lytic vacuole

GO:0005764~lysosome

GO:0005773~vacuole

GO:0008203~cholesterol metabolic process

GO:0016125~sterol metabolic process

GO:0008202~steroid metabolic process

GO:0008236~serine-type
peptidase activity

GO:0017171~serine hydrolase

activity

GO:0004252~serine-type
endopeptidase activity

GO:0065004~protein-DNA complex assembly

GO:0006334~nucleosome assembly

GO:0031497~chromatin assembly

GO:0034728~nucleosome organization

GO:0006333~chromatin assembly or disassembly

GO:0008430~selenium binding

GO:0045892~negative regulation of transcription,

DNA-dependent

GO:0051253~negative regulation of RNA

metabolic process

GO:0016481~negative regulation of transcription
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Molecular pathways involved in heat stress and
bleaching responses

Using the KEGG maps as backgrounds, 15 molecular

pathways were significantly represented at 5 h (control

vs. heated) and 24 pathways were identified at 20 h

(control vs. heated; Table S1, Supporting information).

Four of these pathways were common to both time

points. Mapping against the KEGG Orthology system

provides an informative and immediate visualization of

the representation of genes potentially involved in the

same molecular pathway(s) over a background of all

genes present in the transcriptome. Additionally, a com-

plementary analysis using GO terms and keywords pro-

duced results based on much more exhaustive

functional annotation information. The GO analysis

identified 24 and 22 enriched molecular pathways

among DECs at 5 and 20 h, respectively (Table S1, Sup-

porting information). Sixteen pathways were in com-

mon to both time points. Combining the results from

the KEGG and GO analyses allowed identifying the five

and eight most robust pathways for the 5 and 20 h

comparisons, respectively (Table S1, Supporting infor-

mation). At 5 h, the pathways influenced by heat stress

were protein processing in the endoplasmic reticulum,

cell cycle, metabolism and pyruvate metabolism. On the

other hand, RNA transport, spliceosome, DNA replica-

tion, extracellular matrix receptor interaction, osteoclast

differentiation, glutathione metabolism and mismatch

repair were implicated during the onset of bleaching at

20 h. Only one pathway was found to be in common to

both analyses and both time points: ribosome biogene-

sis in eukaryotes.

Transcriptome resilience and bleaching

The return of gene expression values to control levels

after acute stress has been called transcriptome resil-

ience and is a key feature of the gene expression pat-

terns we observe. For each colony, we correlated gene

expression levels at 20 h against bleaching score

(1 = none, 5 = total, see Materials and methods) for all

contigs. Overall, only about 5.3% of contigs had indi-

vidually significant correlation coefficients (RSQ

(18) > 0.444, P < 0.05), but contigs in the Lingering

response category showed much higher levels (i.e.

18.4% for Lingering compared to 5.7% for Transient,

8.7% for Late, and 4.8% for Slow return response cate-

gories, 2 9 4 contingency table, P < 0.001, Fig. 4).

For example, expression at 20 h of the Tumor Necro-

sis Factor Receptor-associated Factor 3 gene (TRAF3)

shows a significant positive correlation with bleaching,

indicating that low expression correlates with low

bleaching and high expression to high bleaching at 20 h

(Fig. 4 inset). For this gene, the low expression at 20 h

in more resistant colonies resulted from a faster decline

from high levels at 5 h. In this case, a more rapid return

to control levels (i.e. transcriptome resilience) is associ-

ated with thermal tolerance. This pattern appears many

times among Lingering genes: out of the 100 contigs

with the best correlation between 20 h expression levels

and bleaching, 91 showed more rapid return to control

levels in more resistant colonies. For these 100 genes,

expression in colonies showing none or slight bleaching

returned to 98% of control values whereas for colonies

showing severe or complete bleaching, expression

remained 2.5-fold higher than controls. These data show

that although Lingering genes remain differentially

expressed on average across all colonies and through-

out the experiment, in some colonies, transcriptome

resilience for those same genes tends to be most associ-

ated with bleaching resistance.

Discussion

Our results show that corals mount a large and rapid

transcriptional response to acute thermal stress that

leads to bleaching. Over ¼ of the transcriptome of

A. hyacinthus was quickly influenced by the bleaching

temperatures used here, but 57% of those genes showed

clear transcriptome resilience (i.e. the Transient

response) over 15 h. In addition, among the genes still

regulated after 15 h, some exhibit a fast return to nor-

mal expression in colonies showing bleaching resis-

tance. Our data also show that heat stress broadly

Fig. 4 Distribution of Pearson product moment correlation

coefficients (RSQ) relating expression at 20 h after acute heat

stress to bleaching score. The Lingering category of genes has

a larger set of high-correlation genes. Inset: An example from

TRAF3, which shows lower bleaching with lower expression at

20 h. Low bleaching and low expression occur when colonies

return TRAF3 expression to near normal by 20 h. High bleach-

ing and high expression occur when high levels are maintained

over the time interval.

© 2015 John Wiley & Sons Ltd
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affects protein processing, cell cycle and metabolism at

first, while the later bleaching response correlated with

activity in RNA transport, extracellular matrix, calcifica-

tion, and DNA replication and repair.

Immediate effects of heat stress on the coral
transcriptome

Previous heat and bleaching stress experiments on cor-

als and other cnidarians have generally found fewer

genes being regulated and lesser overlap between suc-

cessive time points in response to thermal challenges

than that documented here (Table S2, Supporting infor-

mation). The primary difference between our experi-

mental design and previous studies is the use of an

immediate poststress time point followed by a time

point during bleaching within 24 h of the acute heat

exposure. Previous studies exposed adult corals for at

least 1 day before collecting samples for gene expres-

sion. Here, we took advantage of the natural system

found in the backreef lagoon of Ofu Island, where cor-

als can experience conditions that can trigger bleaching

over a single tidal cycle during summer. Those acute

temperature anomalies capable of triggering bleaching

over a shorter time period than what was observed in

the past are likely to become more common and to

occur in many other places across the tropics as climate

change progresses (Cai et al. 2014).

In this study, we documented a much higher

response to heat stress at earlier sampling time points.

The consistent response to heat stress across 20 coral

colonies consisted of 27% of the transcriptome being

influenced. Other transcriptome-wide studies on marine

organisms including copepods, mussels, oysters and

fish have tended to find less gene expression activity

(Lang et al. 2009; Lewis et al. 2010; Lockwood et al.

2010; Schoville et al. 2012; Liu et al. 2013). For example,

the molecular heat-shock response of copepods 1 h after

exposure to 15 °C above ambient temperature (for 1 h)

only involved 0.88–1.49% of the transcriptome (Scho-

ville et al. 2012). Similarly, mussels exposed to ramping

temperature (1 °C/1 h) and held at 11, 15 and 19 °C
above ambient for 1 h, showed change in only 3.4% of

the genes investigated (Lockwood et al. 2010). This dif-

ference between our study and others is partially the

result of our large data set and differential gene expres-

sion detection methods. However, even after applying a

cut-off of � twofold change on our list of DECs (FDR

corrected P-value < 0.01), which represents an even

more stringent detection level than in the studies afore-

mentioned, 11% of the coral transcriptome is still

engaged at this level.

The substantial gene expression changes detected

immediately after heat stress suggests that corals may

suffer a large energetic cost from their heat response

due to declines in genes involved in metabolism and

cell cycle. In addition, the main source of energy for the

host—their symbiotic algae—decreases as a result of

bleaching. It is therefore conceivable that the fate of the

colony depends on a balance between the cost of the

early molecular response and the source of energy still

available for recovery after bleaching. However, another

aspect of the stress response demonstrated here in cor-

als is likely to play a part in the colony’s fate: its capac-

ity to quickly return to homeostasis or transcriptome

resilience.

Transcriptome resilience postheat stress

The experimental design used here revealed the capac-

ity of corals to respond to improving environmental

conditions quickly, a phenomenon described as tran-

scriptome resilience by Franssen et al. (2011). Over the

15-h time interval separating the early heat stress

response from the onset of bleaching, 57% of the genes

detected at the first time point returned to control

expression levels. This resilience may have reduced the

number of genes seen to be involved in the heat stress

response in some previous studies (Table S2, Support-

ing information). Two prior studies used earlier time

points, yet detected slight gene expression activity dif-

ferences between 12, 24.5 and 48 h (Voolstra et al. 2009;

Portune et al. 2010).

Here, the transient genes group showed evidence for

protein degradation, transport, catabolic process, phos-

phorylation and chaperone activity being positively reg-

ulated as a result of heat stress and recovering quickly

as conditions improved. This provides evidence for the

importance of maintenance of protein conformation and

activity as well as the recycling of damage molecules

shortly to minimize energetic cost. On the other hand,

the downregulation of ribosome and mRNA processing

suggest a trade-off limiting post-transcriptional activity.

This may point to essential cellular mechanisms taking

place at the forefront of the cellular heat stress response

but which also have to be under tight regulatory control

to allow for recovery and survival of the organism once

the conditions improved.

Transcriptome resilience may therefore be important

to the resistance of corals to climate change. The capac-

ity to rapidly return to homeostasis (normal cellular

function) following stress is crucial to survival (de

Nadal et al. 2011). A study looking at congeners of a

temperate seagrass species with different thermal back-

grounds showed that they have similar molecular heat

stress responses, but differ in the speed of their recov-

ery postheat treatment (Franssen et al. 2011). Such tran-

scriptome resilience was proposed to be analogous to

© 2015 John Wiley & Sons Ltd
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ecological resilience (Franssen et al. 2011). In our study,

transcriptome resilience linked to bleaching perfor-

mance was discovered among genes that overall

respond early to heat stress and remain differentially

expressed at the onset of bleaching. For these Lingering

response genes, a return to control levels at the onset of

bleaching correlates with resistance to bleaching. In

other words, colonies showing no or slight bleaching

response had a subset of the Lingering response genes

returned to control levels, whereas colonies severely to

totally bleached were still expressing these genes at 2.5-

fold higher levels than controls. Whether these genes

mediate bleaching when expressed at high or low levels

for longer, or are symptoms of physiological stress lev-

els is not yet known.

Gene expression changes occurring with the onset of
bleaching

At the 20-h time point, 31% of the genes that changed

in expression had not changed by the 5-h time point

(the Late genes). These late genes include extra cellular

matrix proteins, and genes involved in regulation of

actin and morphogenesis of the epithelium, suggesting

that structural events of cells and tissues, such as exocy-

tosis and cell detachment (Weis 2008), are important at

this stage.

On the other hand, 25% of the genes that responded

early were still differentially expressed when bleaching

became apparent (The Lingering genes). For example,

the positive regulation of the G protein-coupled recep-

tor protein signalling pathway, kinase/kinase inhibitor

activity, T-helper type immune response and apoptosis

strongly suggest that the breakdown of symbiosis

begins with the sensing of extracellular molecules and

stress signal transduction leading to apoptosis. In the

light of recent findings on the role of the TNF pathway

in apoptosis of corals (Quistad et al. 2014), we hypothe-

size that stress molecule receptors such as TNFR are

involved in signalling. Many other immune-related

genes such as Toll-like receptor, C-type lectin and FC

receptor homologues are in this Lingering category,

supporting the role of an immune response in the initia-

tion of bleaching.

Gene expression changes occurring with time in
controls

Natural light phases synchronize behavioural and phys-

iological cycles over varying time periods in both plants

and animals (Beckwith & Yanovsky 2014). Corals like

plants are sessile organisms depending on sunlight for

energy and not surprisingly exhibit diel cycles of physi-

ology and gene expression (Ruiz-Jones and Palumbi,

submitted). In this study, we timed the peak in heat

stress to occur in the early afternoon (i.e. 14:00–15:00),
an ecologically relevant time for corals to experience

elevated temperature in the native field environment.

The same period also represents a significant stage in

coral circadian rhythm, as demonstrated by the com-

mon peak in expression of a suite of genes independent

of daylight or temperature (Levy et al. 2011). Among

those genes evident in the control comparison that fluc-

tuated with time only, cryptochromes were some of the

most regulated genes, corroborating the suggestion that

this group follows a circadian rhythm (Levy et al. 2007).

In our experiment, cryptochrome-2 is notably downreg-

ulated over time in controls but not in heated samples.

Such an expression profile implies that heat stress

inhibits normal circadian gene regulation. This result

highlights the importance of accounting for the natural

temporal regulation of genes in the interpretation of

coral bleaching gene expression.

Evidence for TNF-mediated apoptosis during coral
bleaching

The importance of the coral TNF pathway in the bleach-

ing response was emphasized by the involvement of

many genes and several pathways with ties to the

immune and apoptosis response. In addition to its obvi-

ous function in disease response (Pinzon et al. 2014),

coral immunity is attracting increasing attention for its

possible role in adaptation to climate change (Hayes

et al. 2010; Iguchi et al. 2011) through its likely involve-

ment in symbiosis (Kvennefors et al. 2010). Recent

genomewide studies of bacterial cell wall exposure and

the NOD-like receptor genes in corals have revealed an

extraordinary complexity in immune-related genes

compared to human and ecdysozoans (Hamada et al.

2013; Weiss et al. 2013), implicating the importance of

coral immunity in the evolution of symbiosis with both

diverse bacterial communities (Sharp & Ritchie 2012)

and Symbiodinium types (Kvennefors et al. 2010).

We hypothesize that dysfunctional Symbiodinium cells

caused by heat stress might cease to be accepted; as a

result, the now foreign body triggers the TNF signalling

pathway to lead to apoptosis, an immune response, or

cell survival (Traylor-Knowles & Palumbi 2014). The

significance of coral TNF family genes was unmistak-

able in our results through several enriched biological

processes and molecular functions, including apoptosis,

lymphocyte activation and immune system develop-

ment. In a recent report, Quistad et al. (2014) showed

that apoptosis and bleaching in corals could be trig-

gered via the activation of the TNF pathway using

human TNF-alpha and that corals possess more TNF

family members than any organisms sequenced thus

© 2015 John Wiley & Sons Ltd
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far. In a subset of the corals from this experiment, we

recently identified members of the TNF superfamily as

components of thermo-tolerance (Barshis et al. 2013)

acquired through acclimatization (Palumbi et al. 2014).

Despite these results, it remains to be shown, how-

ever, that TNF-mediated cellular events play a role in

temperature driven coral bleaching. We identified two

distinct groups of TNFR genes in the present data set

showing divergent regulation, and a potential connec-

tion to different downstream gene pathways (Traylor-

Knowles et al. submitted). The intracellular, TNFR-

linked TRAF genes also play a significant role: in partic-

ular expression of TRAF3 at 20 h is linked to colony

bleaching performance (Fig. 4 inset). Altogether these

results emphasize the central involvement of the TNF

family and immunity in the coral response to climate-

driven temperature anomalies. We encourage future

studies to investigate the role of the TNF signalling

pathway during bleaching and in the fate of corals

through climate change.

Multiple aspects of the response of corals to climate
stress

Future climate change is likely to increase the intensity

and the frequency of ocean warming events and storms,

the rate of ocean acidification and sea level rise. Expo-

sure to new environmental extremes constitutes a

strong selective pressure, and populations that harbour

adaptive polymorphisms in their response to extreme

conditions may subsequently evolve. Here, we studied

the transcriptome-wide response to a simulated sum-

mer peak in temperature in a population of corals liv-

ing across a marked temperature mosaic, to understand

the effects of such anomalies on the molecular machin-

ery of stress responses.

Previous work in this region has identified several

mechanisms that are associated with coral bleaching.

Corals living at warmer conditions constitutively upre-

gulate a set of genes that are otherwise induced only

during heat stress. By frontloading these gene products,

these colonies may be better prepared to circumvent

stress or respond to it (Barshis et al. 2013). In addition,

these colonies also show a combination of acclimatiza-

tion and genetic adaptation. Reciprocal transplants

between warmer and cooler environments show that

corals can acquire heat resistance and that acclimatiza-

tion is associated with location-specific gene expression

differences (Palumbi et al. 2014). However, acclimatiza-

tion accounts for approximately 50% of the enhanced

resistance to warm water with the balance probably

due to fixed effects such as evolutionary adaptation or

epigenetics. Bay & Palumbi (2014) showed that 114 loci

were strong candidates for genes under selection for

heat resistance in these corals. These results suggested

that heat resistance was a polygenic trait contributed to

by many loci with diverse cellular functions.

To this palette of heat response mechanisms—front-

loading, acclimatization and adaptation—the current

study adds a fourth, transcriptome resilience. By study-

ing the short-term dynamics of gene expression

response across many colonies for the first time, we

found that many more genes than previously thought

respond to acute heat stress. The pace of return of some

of these genes to normal levels within individual colo-

nies is strongly associated with bleaching resistance

among colonies showing a range of bleaching

responses. We do not know if this fast return to homeo-

stasis of these genes in resistant colonies signals low

potential for bleaching. Alternatively, prolonged unu-

sual gene expression level may cause bleaching.

Nevertheless, our data suggest two kinds of impor-

tant areas for future research on stress resistance: short-

term expression dynamics and interindividual variation

in gene expression. In the current study, both have been

important for discovery of transcriptome resilience as a

stress-mitigating factor. The exposure of populations to

extreme conditions can spark diverse physiological

responses and gene expression profiles in different indi-

viduals. These different responses are the raw material

for natural selection—either for increased acclimatory

ability, increased stress resistance or both. As climate

change exerts a higher level of environmental extremes

on populations, the basis for their ability to evolve in

the future is an important area of research.

Conclusion

Our study reveals the surprising capacity of corals to

mount a large and rapid molecular stress response to

heat stress many hours prior to bleaching. The later

response shows important additional activity of the ani-

mal host transcriptome coinciding with the observation

of bleaching. Moreover, between the heat and bleaching

stress responses, a large portion of the genes returned

to control level by the time bleaching started, suggest-

ing transcriptome resilience. Importantly, the resilience

of a subset of genes correlates with bleaching resistance.

Among the many molecular pathways detected, the

TNF signalling pathway possibly linked to apoptosis

stands out as the most likely path leading to the break-

down of the symbiosis between the host and the algae

and may also play a role in the resistance to bleaching.

This study greatly improves the current state of knowl-

edge on the gene expression activity in a key organism

under heat and bleaching stress. Further characteriza-

tion of the immunity/apoptosis genes combined with

population genetics surveys and detailed studies of
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naturally occurring variation in thermo-tolerance will

shed light on the capacity of corals to acclimatize and/

or adapt to future climate change.
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