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INTRODUCTION

Coral reefs are the most diverse marine ecosystem,
yet numerous anthropogenic stressors currently
threaten their vitality (Hoegh-Guldberg et al. 2007).
Understanding how scleractinian corals and their asso-
ciated microbes (especially the photosynthetic dinofla-
gellates of the genus Symbiodinium) will respond to
future stress requires knowledge of the molecular and
cellular bases of the symbiosis itself and the events that
lead to the collapse of symbiosis (i.e. bleaching).
Genomic-scale approaches can help attain a new level
of understanding, which in turn can propel the study of
coral symbiosis into the realm of systems biology,
whereby predictive mathematical models can more
efficiently extract information from genomic studies.

Initial ventures into the field of coral functional ge-
nomics have focused on environmental stress in natural
populations of Montastraea faveolata (Edge et al. 2005,
2008, Morgan et al. 2005), thermal stress and bleaching
in M. faveolata (DeSalvo et al. 2008), development in
Acropora millepora (Grasso et al. 2008), and the tran-
scriptomic response to symbiosis establishment in M.
faveolata and Acropora palmata (Voolstra et al. 2009).
Also relevant to this burgeoning discipline are micro-
array studies on the temperate symbiotic anemone
Anthopleura elegantissima. Rodriguez-Lanetty et al.
(2006) measured transcriptomic differences between
symbiotic and aposymbiotic anemones, and Richier
et al. (2008) quantified gene expression following UV
and thermal stress. These initial studies have provided
a wealth of information on the molecular basis of
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cnidarian–algal symbioses and the transcriptomic re-
sponse to thermal stress and bleaching. Not only have
studies on stress corroborated early findings (e.g. the
involvement of oxidative stress and apoptosis), but they
have also revealed new aspects of cnidarian physiology
(e.g. the involvement of cytoskeletal remodeling, ribo-
somal protein transcript down-regulation, and Ca2+

homeostasis disruption) that are relevant to thermal
stress and bleaching (DeSalvo et al. 2008, Richier et al.
2008).

Perhaps the most exciting results from early tran-
scriptomic studies on cnidarian stress are transcripts
encoding cell signaling molecules, transcription fac-
tors, transport proteins, and extracellular matrix pro-
teins. These newly identified focal molecules are prime
candidates for future inquiries since the precise cellu-
lar signaling mechanisms of bleaching are still un-
known. For example, the following candidates overlap
between the differentially expressed genes reported
by DeSalvo et al. (2008) and those reported by Richier
et al. (2008): CCAAT/enhancer binding protein tran-
scription factors, tropomyosin (an actin-binding cyto-
skeletal protein), sec61 (an endoplasmic reticulum pro-
tein translocation channel), and tissue factor pathway
inhibitor (a member of the BPTI/Kunitz family of serine
protease inhibitors).

Studying bleaching mechanisms in zooxanthellate
cnidarians such as Anthopleura elegantissima, Aipta-
sia pallida, and scleractinian corals offers the advan-
tage of taking an evolutionary comparative approach.
The aforementioned anemones are highly amenable to
laboratory culture and manipulation, and thus hold
much promise in the study of cnidarian bleaching
mechanisms (Weis et al. 2008). In the interest of
directly studying bleaching in reef-building corals, we
have taken a comparative approach by investigating
the transcriptomic response to bleaching in the robust
clade coral Montastraea faveolata (DeSalvo et al. 2008)
and the complex clade coral Acropora palmata (pre-
sent study). This approach enables us to examine
whether coral species separated by 240 to 288 million
years (Medina et al. 2006) respond similarly (at tran-
scriptomic and organismal levels) to thermal stress and
bleaching. Despite known differences in the bleaching
susceptibilities of branching versus encrusting corals
(e.g. Loya et al. 2001), we hypothesized that the overall
transcriptomic responses to bleaching are consistent
in these divergent species. A similar approach used
by Voolstra et al. (2009) found that larvae of Acro-
pora palmata and M. faveolata responded similarly to
infection by competent and incompetent strains of
Symbiodinium spp.

In the present study, we report a microarray-based
experiment on thermal stress and bleaching in Acrop-
ora palmata. The experiment was performed concur-

rently with our previously published study on thermal
stress and bleaching in Montastraea faveolata (De-
Salvo et al. 2008). While A. palmata bleached faster at
the same temperature increase, the transcriptomic
response was very similar to that observed in M. fave-
olata. Specific similarities and differences are dis-
cussed in-depth, and the functional annotations of dif-
ferentially expressed genes are discussed in the
context of previous findings, thus extending the cur-
rent view of both the cellular stress response and the
cellular mechanisms underlying coral bleaching.

MATERIALS AND METHODS

Field experiment. The field experiment was per-
formed at the Smithsonian Tropical Research Institute’s
Bocas del Toro field station in Panamá during September
and October 2006. Four colonies of Acropora palmata
were sampled from 2 separate reefs that were 21 km
apart (2 colonies from Isla Solarte at 9° 19’ 56.78’’ N and
82° 12’ 54.65’’ W, and 2 colonies from Cayos Zapatillas at
9° 15’ 08.79’’ N and 82° 02’ 24.63’’ W). Each colony was
broken into 6 fragments using a hammer and chisel. For
each colony, 3 fragments were placed in a control aquar-
ium, and 3 fragments were placed in an experimental
aquarium that was fitted with two 200 W aquarium
heaters (each colony was represented by a pair of 75 l
aquaria). The 4 control and 4 experimental aquaria were
each placed in large fiberglass ponds with continuous
water flow to buffer ambient temperature fluctuations.

All aquaria were exposed to shaded ambient light, and
each aquarium was a closed system (but contained a
pump to generate continuous water flow). Fragments
were kept at a depth of ~25 cm. HOBO pendant temper-
ature/light data loggers (Onset, UA-002-64) recorded
temperature and light data every 3 min. These data log-
gers are not designed to measure photosynthetically ac-
tive radiation; therefore, relative light levels in the
aquaria are reported as percentages of the average 10:00
to 14:00 h light intensity that was measured on a
reef ~4 m deep in Bocas del Toro (9° 22’ 68.4’’ N,
82° 18’24.6’’ W) during September and October 2007.
Light intensity differed slightly among the 4 aquaria that
were fitted with HOBOs (control aquarium 1: 43%; con-
trol aquarium 2; 46%; heated aquarium 1: 35%; and
heated aquarium 2: 34% of reef light).

After a 4 d acclimation period at the natural temp-
erature of the seawater system (mean temperature:
30.29 ± 0.07°C), a fragment from each control and ex-
perimental aquarium was sampled (t0C and t0H). After
time 0 sampling, the heaters in each of the experimen-
tal aquaria were turned on. The temperatures of the
experimental aquaria increased to ~32°C over 3 h. The
mean temperature of the control aquaria during the
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entire experiment was 29.74 ± 0.03°C, while the mean
temperature of the heated aquaria was 32.72 ± 0.32°C.
Control and experimental fragments were sampled
again 1 d (1dC and 1dH) and 2 d (2dC and 2dH) after
the heaters were turned on. Heated fragments from
1 of the colonies (colony 3) showed extreme bleaching
after 1 d of thermal stress. The remaining fragment of
colony 3 was removed at this time to avoid fouling of
the water. Thus, there were 4 replicates for t0C, t0H,
1dC, and 1dH, and 3 replicates for 2dC and 2dH. All
samples were taken at night and frozen in liquid nitro-
gen. Immediately prior to freezing, a polyp-size tissue
scraping (~12.6 mm2) was preserved in 1 ml of 3.7%
formaldehyde for Symbiodinium cell density counts.

Symbiodinium cell counts and 18S rRNA gene
restriction fragment length polymorphism (RFLP)
analysis. The formaldehyde-fixed tissue scrapings
were homogenized by maceration with a dissecting
needle and vortexed. Cell counts were performed
using a hemocytometer. Eight replicate cell counts
were averaged for each coral genotype at each time
point. After testing for normality and equal variances
within time points, significance of differences between
time points was assessed using 1-way ANOVA and
pairwise post-hoc testing via the Fisher LSD method.
All statistical tests were performed using SigmaStat
3.11.

Genomic DNA was isolated from frozen coral pow-
der (see next section) using the PowerPlant DNA isola-
tion kit (MoBio). The Symbiodinium 18S ribosomal
RNA gene was amplified from all samples using the
primers ss5 and ss3Z (Rowan & Powers 1991). The
resulting 1.5 kb fragment was digested with Taq I
restriction enzyme, and the resulting fragments were
compared with Symbiodinium clade standards (Rowan
& Knowlton 1995).

RNA extraction and microarray hybridization. Total
RNA from all frozen coral fragments was isolated using
QIAzol lysis reagent (Qiagen). Coral tissue was chis-
eled off each coral fragment and homogenized using a
pre-chilled mortar and pestle (this method did not effi-
ciently lyse endosymbiont cells). The frozen powder
was transferred directly to QIAzol. Three chloroform
extractions were performed, followed by isopropanol
precipitation and 3 washes in 70% ethanol. RNA pel-
lets were re-dissolved in nuclease-free water and
cleaned with RNeasy mini columns (Qiagen). RNA
quantity and integrity were assessed with a NanoDrop
ND-1000 spectrophotometer and an Agilent 2100 Bio-
analyzer, respectively.

The microarray used in this study consisted of 2059
PCR-amplified cDNAs (spotted in duplicate) that were
chosen from coral host-specific cDNA libraries
described by Schwarz et al. (2008). Sequences were
annotated via comparison with the SwissProt database

using the BLAST algorithm and an E-value cutoff of
10–5 (the significance of a sequence match increases as
the E-value approaches 0). Microarray post-processing
and hybridization protocols followed previously pub-
lished methods (DeSalvo et al. 2008), with a few slight
changes. Briefly, 1 µg of total RNA was amplified using
the MessageAmp II aRNA kit (Ambion), and 3 µg of
aRNA per sample were primed with 10 µg random
nonamer for 10 min at 70°C. Reverse transcription (RT)
lasted for 2 h at 50°C using a master mix containing a
4:1 ratio of aminoallyl-dUTP to TTP and SuperScript III
reverse transcriptase (Invitrogen). Following RT, sin-
gle-stranded RNA was hydrolyzed by incubating the
RT reactions in 10 µl of 0.5 M EDTA and 10 µl of 1 M
NaOH for 15 min at 65°C. After hydrolysis, RT reac-
tions were cleaned using MinElute reaction cleanup
columns (Qiagen). Cy3 and Cy5 dyes (GE Healthcare)
were dissolved in 18 µl of DMSO, and the coupling
reactions lasted for 1 h at room temperature in the
dark. Dye-coupled cDNAs were cleaned (MinElute),
and Cy3- and Cy5-labeled cDNAs were mixed to-
gether in a hybridization buffer containing 0.25%
sodium dodecyl sulphate (SDS), 25 mM HEPES, and 3×
saline sodium citrate (SSC). The hybridization mix-
tures were boiled for 2 min at 99°C, and then allowed
to cool at room temperature for 5 min. The cooled
hybridization mixtures were pipetted under an
mSeries Lifterslip (Erie Scientific), and hybridization
took place in custom-fabricated hybridization cham-
bers overnight at 63°C. Microarrays were washed
twice in 0.6× SSC and 0.01% SDS, followed by a rinse
in 0.06× SSC and drying via centrifugation.

Microarray data analysis. Slides were immediately
scanned using an Axon 4000B scanner (Molecular
Devices) where care was taken to balance photomulti-
plier tube (PMT) settings. Gridding was performed
using GenePix Pro 6.0. TIGR Express Converter was
used to convert GenePix results files into .mev files for
input into TIGR MIDAS 2.19 (Saeed et al. 2003). Data
for a particular spot were discarded according to the
stringent 1 bad channel policy. Additional data were
discarded if spots had been flagged during gridding in
GenePix, and if the intensity in either channel was
<30 000 units. After filtering, background-subtracted
median intensity values were LOWESS normalized,
and in-slide duplicates were averaged. Both PMT bal-
ancing and LOWESS normalization equalize for differ-
ing amounts of host RNA input (a potential issue when
processing tissue where endosymbiont densities can
vary). Microarray hybridization data (both raw and
normalized) were deposited in GEO with the series
record number GSE16151.

We employed a reference design where all control
and heat-stressed samples (labeled with Cy5) were
compared to a pooled reference aRNA sample (labeled
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with Cy3) composed of aRNA from the 4 t0C frag-
ments. Since all RNA samples were compared to the
reference sample, direct comparisons of gene expres-
sion across all time points and conditions can be per-
formed. Furthermore, dye swapping is not needed in a
reference design since all samples contain the same
dye bias.

Genes were included in statistical analyses only if
there were data for 3 out of 4 replicates for t0C, t0H,
1dC, and 1dH, and 2 out of 3 replicates for 2dC and
2dH. This left 1697 genes for statistical analyses of gene
expression. Missing values were imputed using PAMR
(Tibshirani et al. 2002). The ratio between the fluores-
cence intensity of the 2 channels was then used as input
for BAGEL (Bayesian Analysis of Gene Expression Lev-
els) (Townsend & Hartl 2002). The BAGEL software
uses Bayesian probability to infer a relative expression
level for each gene and statistical significance of differ-
entially expressed genes. BAGEL computes an esti-
mated mean and 95% credible interval of the relative
level of expression for each gene in each treatment and
time point (i.e. t0C, t0H, 1dC, 1dH, 2dC, and 2dH). We
used the conservative gene-by-gene criterion of non-
overlapping 95% credible intervals to regard a gene as
significantly differentially expressed. Genes that were
significant at 1 d satisfied the following conditions:
t0C = t0H, 1dH ≠ t0C, 1dH ≠ t0H, 1dH ≠ 1dC. Genes that
were significant at 2 d satisfied the following condi-
tions: t0C = t0H, 2dH ≠ t0C, 2dH ≠ t0H, and 2dH ≠ 2dC.
Genes that were significantly different at both days
were the overlap between the 2 previous tests. Genes
that were significantly different between 1dH and 2dH
had to be among those genes that were significant on
both days and also satisfied the additional test 1dH ≠
2dH. Clustering of genes that were differentially ex-
pressed at both 1 and 2 d was performed in TIGR
TMEV 4.0 (Saeed et al. 2003) using hierarchical cluster-
ing according to Euclidean distance and average link-
age. To assess over-representation of gene ontology
(GO) terms in the lists of significant genes, we used de-
fault values in GOEAST (Zheng & Wang 2008) except
that no correction was made for multiple testing, and
the significance cutoff was set to α = 0.01. These
parameters were empirically chosen as they produced
results that were best reflected by the data. All
clone annotations are available via our expressed se-
quence tag (EST) database: http://sequoia.ucmerced.
edu/SymBioSys/index.php.

Quantitative real-time PCR (qRT-PCR). To validate
and complement microarray gene expression patterns,
qRT-PCR was performed for 3 housekeeping genes
(HKGs) and 3 differentially expressed genes. Addition-
ally, we quantified the expression of 8 genes to evaluate
pathways that are thought to be involved in the cellular
mechanisms of cnidarian bleaching. cDNAs were syn-

thesized from 1 µg of aRNA using SuperScript III reverse
transcriptase (Invitrogen). cDNA synthesis reactions
were diluted 10-fold to a final volume of 200 µl. qRT-PCR
primers (Table S1 available as supplementary material at
www.int-res.com/articles/suppl/m402p097_app.xls)
were designed using Primer Express 3.0 (Applied
Biosystems) based on available Acropora palmata EST
sequences, and test-PCRs confirmed the specific am-
plification of the desired amplicons (70 to 100 bp). Two µl
of cDNA were used in triplicate 12.5 µl qPCR reactions
with 0.2 µM primers and Power SYBR Green PCR Mas-
ter Mix (Applied Biosystems) for 40 cycles. Six candidate
HKGs were identified using previously described quan-
titative methods (Rodriguez-Lanetty et al. 2007). The 3
most stable HKGs were identified using geNORM soft-
ware (Vandesompele et al. 2002). The pairwise variation
in the normalization factor based on the 3 HKGs was
0.082 (less than the 0.15 cutoff suggested in Vandesom-
pele et al. (2002)). The 3 HKGs were (1) AOKF904,
BUD13 homolog (E = 1e–46): an mRNA splicing protein;
(2) AOKF1782, Ribokinase (E = 8e–88): a protein involved
in D-ribose metabolism; and (3) AOKF1657: a Ca2+-
dependent protein kinase (E= 6e–6). Using calculations
outlined in Vandesompele et al. (2002), the qRT-PCR ex-
pression values for the assayed genes were normalized
to the geometric mean of the 3 HKGs. Statistical signifi-
cance of qRT-PCR data was assessed on the normalized
expression levels for each time point and treatment us-
ing SigmaStat 3.11. If normality and equal variance tests
were satisfied, 1-way ANOVA and Holm-Sidak post-hoc
testing were performed. If the normality test failed,
Kruskal-Wallis 1-way ANOVA on ranks was performed
with post-hoc testing via Dunn’s method.

RESULTS

Visual observations of bleaching and
Symbiodinium cell densities

Heat-treated Acropora palmata displayed a high, yet
variable sensitivity to a 3°C temperature increase.
While 1 replicate (colony 1) showed no appreciable
bleaching after 1 d of stress, 2 replicates (colonies 2
and 4) showed definite slight bleaching, and the final
replicate (colony 3) showed extreme bleaching. After
2 d of thermal stress, colonies 1 and 2 showed signifi-
cant partial bleaching, and colony 4 displayed near-full
bleaching.

Densities of Symbiodinium within the experimental
coral fragments largely corroborate visual observations.
After 1 d of thermal stress, colony 1 experienced no re-
duction in Symbiodinium density; colonies 2 and 4,
roughly 50% reductions; and colony 3, a 75% reduction.
This high variability can be seen in Fig. 1 (high SD for the
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1 d heated replicates). In contrast, the Symbiodinium
densities of the 3 heat-stressed replicates displayed low
variability after 2 d. Colony 1 experienced a 60% reduc-
tion; colony 2, a 50% reduction; and colony 4, a 70% re-
duction. The 1-way ANOVA revealed a significant dif-
ference among the treatment groups (p = 0.01), and
post-hoc pairwise testing revealed significant differ-
ences in the following comparisons: t0C vs. 1dH (p =
0.008); and all controls vs. 2dH (p < 0.05) (Fig. 1).

Symbiodinium 18S rRNA gene RFLP genotyping
analyses revealed that all fragments housed Symbio-
dinium clade A (data not shown). This finding is con-
sistent with previous reports documenting the monoas-
sociation of Acropora palmata with clade A (Baker et
al. 1997).

Microarray gene expression analysis

Genes that were differentially expressed across the
entire experiment represent the overlap between sig-
nificant genes at 1 and 2 d. Seventy-four genes showed
stable expression among the non-heat-treated groups
and marked changes upon thermal stress (Fig. 2). Of
these 74 genes, 43 were down-regulated (56% anno-
tated), and 31 were up-regulated (58% annotated).
Fold changes and functional groupings for selected
genes presented in Fig. 2 are listed in Table 1 (annota-
tions and fold changes for all differentially expressed
genes can be found in Table S2 available as supple-
mentary material at www.int-res.com/articles/suppl/
m402p097_app.xls).

GOEAST identified 23 statistically over-represented
GO terms among the list of 74 significant genes
(Table S3 available as supplementary material at www.
int-res.com/articles/suppl/m402p097_app.xls). Over-
representation of the cellular component ‘chromatin’
(GO:0000785), the biological process ‘DNA replication’
(GO:0006260), and the molecular function ‘chromatin
binding’ (GO:0003682) strongly suggests reduced
DNA replication and cell division in heat-stressed sam-
ples since all of the differentially expressed genes in
these categories were down-regulated (see ‘Cell cycle
regulation’ in Table 1 and ‘CC’ superscript in Fig. 2).
Additionally, the up-regulation of 11-cis retinol dehydro-
genase (AOKF1403) and syntenin-1 (CAOH975), and
the down-regulation of eyes absent homolog 3
(AOKG2092) led to the over-representation of the bio-
logical processes ‘sensory perception’ (GO:0007600) and
‘neurological system process’ (GO:0050877) (see ‘Sen-
sory perception’ in Table 1).

We identified 204 differentially expressed genes in
the 1 d heat-stressed samples. Of these 204 genes, 115
were up-regulated, and 89 were down-regulated fol-
lowing thermal stress. Approximately 54% of the up-
regulated genes were annotated, while 56% of the
down-regulated genes were annotated. These 204
genes contain the 74 genes that were differentially ex-
pressed across the entire experiment, which leaves 130
genes that were unique to the 1 d samples. Some clear
trends emerge from studying the 130 genes that were
expressed after 1 d of thermal stress. Modification of
the actin cytoskeleton, down-regulation of cell cycle
transcripts, up-regulation of protein-folding tran-
scripts, up-regulation of transport transcripts, and dif-
ferential expression of many signaling molecules and
transcription factors emerge as the cellular processes
that were effected following 1 d of thermal stress
(Table 1). GOEAST over-representation analysis of
these 130 genes corroborates some of these findings.
For example, the molecular functions ‘heat shock pro-
tein binding’ (GO:0031072) and ‘transcription factor ac-
tivity’ (GO:0003700) were over-represented. In addi-
tion, the up-regulation of polyadenylate-binding
protein 4 (AOKF1142), selenoprotein S (AOKF908), and
transcriptional repressor NF-X1 (AOKG1293) tran-
scripts led to the over-representation of the biological
processes ‘response to external stimulus’ (GO:0009605)
and ‘inflammatory response’ (GO:0006954) (Table S3).

In the 2 d heat-stressed samples, 105 genes were dif-
ferentially expressed. Of these 105 genes, 44 were up-
regulated, and 61 were down-regulated following ther-
mal stress. Approximately 56% of the up-regulated
genes were annotated, while 61% of the down-regu-
lated genes were annotated. Again, these 105 genes
contain the 74 genes that were significant across the
entire experiment, which leaves 31 genes that were
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Fig. 1. Acropora palmata. Symbiodinium cell counts illustrat-
ing bleaching over 2 d. Mean cell densities of 4 replicate
fragments are shown with SDs. One-way ANOVA with post-
hoc pairwise testing via the Fisher LSD Method showed that
the 1 d heated samples (*) were significantly different from
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Fig. 2. Acropora palmata. Heat map of genes that are differentially expressed at both 1 and 2 d post-heat stress. For each gene,
BAGEL assigns the value of 1 to the class with the lowest expression, and calculates the expression of the other classes relative
to 1. Thus, down-regulated genes have values that are >1 in the controls and approach 1 in the heat-stressed samples. Con-
versely, in up-regulated genes, the control values approach 1 and the heat stressed samples have values that are >1. Super-
scripts in the functional annotation column denote categories used in Table 1: CC = cell cycle regulation; SIG = cell
signaling/transcription factor activity; ECM = extracellular matrix proteins; SP = sensory perception; PD = protein degradation; 
AC = actin cytoskeleton; and MT = metabolite transfer. In the scale bar: t0, 1d, 2d = time; C = control sample; H = heated sample.

NA: non-annotated
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Clone ID Common name E-value Fold change
1dH 2dH

Cell cycle regulation
AOKG1979 Cell division cycle protein 20 homolog 1E–129 –1.53 –
AOKF610 DNA replication licensing factor mcm7-A 2E–44 –4.66 –5.03
CAOH556 G1/S-specific cyclin-D2 7E–80 –2.53 –
AOKF732 Protein BTG1 6E–12 4.49 3.56
AOKF1223 Protein regulator of cytokinesis 1 1E–35 –1.84 –
AOKF1767 Ribonucleoside-diphosphate reductase large subunit 1E–107 –2.20 –
AOKF771 Ribonucleoside-diphosphate reductase subunit M2 1E–151 –3.40 –2.44

Cell signaling / transcription factor activity
CAOH623 cAMP-responsive element-binding protein-like 2 2E–18 2.32 –
AOKF917 Cyclic AMP-dependent transcription factor ATF-2 8E–31 2.70 –
CAOH936 Cyclic AMP-dependent transcription factor ATF-4 1E–13 2.42 –
CAOH485 NF-κB p105 subunit (Ankyrin repeat domain) 2E–37 2.01 –
AOKF1682 NF-κB p105 subunit (Death domain) 6E–07 7.12 5.57
AOKF1550 Nuclear factor erythroid 2-related factor 3 5E–08 2.99 –
AOKF942 Nuclear factor erythroid 2-related factor 3 5E–08 2.77 –
AOKF775 Protein sprint 5E–06 3.28 3.42
AOKF1938 Receptor-type tyrosine-protein phosphatase alpha 6E–45 1.83 –
AOKF494 Serine/threonine-protein kinase 6 1E–109 – –1.96
AOKF654 Transcription initiation factor TFIID subunit 13 5E–21 – –1.71
AOKG1293 Transcriptional repressor NF-X1 8E–36 1.59 –
CAOI879 Transmembrane emp24 domain-containing protein 1 2E–25 – 1.58

Extracellular matrix proteins
AOKF1161 Carboxypeptidase inhibitor SmCI 2E–09 2.26 2.56
AOKF900 Collagen alpha-1(II) chain 3E–35 –20.69 –22.16
AOKF939 Papilin 2E–12 – 1.89
AOKF401 Stromal cell-derived factor 2 3E–63 2.08 1.90
AOKF1669 Tolloid-like protein 2 2E–30 1.49 –

Sensory perception
AOKF1403 11-cis retinol dehydrogenase 7E–27 7.99 6.39
AOKF2211 Cryptochrome-1 9E–74 1.54 –
AOKG2092 Eyes absent homolog 3 1E–34 –1.91 –1.73
CAOH975 Syntenin-1 5E–80 2.14 1.96

Protein degradation
CAOG662 E3 ubiquitin-protein ligase DZIP3 3E–09 1.54 1.41
AOKF1969 E3 ubiquitin-protein ligase NRDP1 6E–52 2.40 –
AOKF1154 Ubiquitin 4E–35 1.49 –
AOKG649 Ubiquitin-conjugating enzyme E2 A 1E–78 2.85 –

Actin cytoskeleton
CAOH739 Actin, cytoplasmic 0E+00 –2.28 –
CAOG410 Gelsolin 1E–47 –1.82 –
AOKF396 Myosin-10 2E–18 3.18 3.63
CAOH671 Myosin-2 essential light chain 4E–25 –1.80 –
AOKF554 Tropomyosin 8E–14 – –2.13
AOKF1962 Tropomyosin-2 2E–21 –1.53 –

Heat shock proteins
CAOH1088 DnaJ homolog subfamily A member 2 1E–10 1.83 –
AOKF1222 DnaJ homolog subfamily B member 11 1E–112 2.11 –
AOKG405 Heat shock cognate 71 kDa protein 2E–38 1.56 –
AOKF986 Heat shock protein HSP 90-alpha 0E+00 2.20 –

Metabolite transfer
AOKF1308 1,4-α-glucan-branching enzyme 6E–30 – –2.08
CAOG693 Carnitine O-acetyltransferase 5E–61 – 1.86
AOKG2283 Glyceraldehyde-3-phosphate dehydrogenase 5E–163 –2.17 –
AOKF1837 Isocitrate lyase 1E–151 – 2.85

Table 1. Acropora palmata. Significantly differentially expressed genes identified in a cDNA microarray experiment compar-
ing gene expression between control and heat-stressed fragments from 4 colonies. Common names and E-values are for the
top BLAST hit to the SwissProt database. Fold changes in 1 d and 2 d heat-stressed fragments (1dH and 2dH) are relative to the 

average of the 4 control groups (t0C, t0H, 1dC, and 2dC). –: not significant

(Table continued on next page)
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uniquely expressed at 2 d of heat stress. Some notable
differentially expressed genes are listed in Table 1. The
up-regulation of isocitrate lyase (AOKF1837), 1,4-α-
glucan-branching enzyme (AOKF1308), synaptic gly-
coprotein SC2 (AOKF818), and carnitine O-acetyltrans-
ferase (CAOG693) transcripts led to the statistically
significant over-representation of the GO biological
processes ‘carbohydrate metabolic process’ (GO:00059
75), ‘carboxylic acid metabolic process’ (GO:0019752),
and ‘lipid metabolic process’ (GO:0006629). Another
notable over-represented GO category was the cellular
component ‘ribonucleoprotein complex’ (GO:0030529),
which was represented by the down-regulation of 3
ribosomal protein transcripts and the up-regulation of
La-related protein 7 transcripts (Table S3).

We were also interested in genes that were differen-
tially expressed between 1dH and 2dH. Among the 74
genes that were significant across the entire experi-
ment (Fig. 2), only 2 genes were significantly different
between 1dH and 2dH. NF-κB p105 subunit (Death do-

main, AOKF1682) decreased in expression from 1dH
to 2dH, as did CAOI1144 (non-annotated). Thus, over
90% of the genes that were differentially expressed at
both 1 and 2 d did not change expression as bleaching
progressed.

Quantitative real-time PCR

For the 3 genes that we validated via qRT-PCR, the di-
rection of change was consistent with the microarray re-
sults. However, their normalized expression estimates
were less than (26S proteasome non-ATPase regulatory
subunit 5), greater than (11-cis retinol dehydrogenase),
or highly similar to (NF-κB) the microarray-estimated
fold changes (Table 2). Instead of confirming the signif-
icance of more differentially expressed genes, we chose
to assay 8 genes that were not present on the microarray
in order to evaluate pathways that are thought to be in-
volved in the cellular mechanisms of cnidarian bleach-
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Clone ID Common name E-value Fold change
1dH 2dH

Metabolite transfer
AOKF1692 Methylenetetrahydrofolate reductase 1E–22 –1.86 –
AOKF1956 Multifunctional protein ADE2 1E–142 –2.21 –2.14
AOKF878 Neutral and basic amino acid transporter 5E–36 –2.53 –2.51
AOKF818 Synaptic glycoprotein SC2 2E–88 – –2.23
CAOH1099 Vitellogenin-2 4E–22 –5.74 –

Ribosomal proteins
CAOH815 40S ribosomal protein S15a 6E–60 – –1.76
CAOG595 40S ribosomal protein S8 3E–78 –1.70 –1.95
CAOH441 60S acidic ribosomal protein P1 2E–17 – –1.82
CAOG952 60S ribosomal protein L11 5E–82 – –1.47

Ca2+ homeostasis proteins
AOKF800 Calcyphosin-like protein 5E–52 – –2.04
CAOG430 Calmodulin 5E–79 –2.12 –1.60
CAOI402 Sarcoplasmic reticulum histidine-rich Ca-binding protein 7E–15 –1.85 –
AOKF1965 Troponin C, skeletal muscle 1E–11 –1.84

Oxidative stress
AOKG480 Glutaredoxin-3 1E–110 1.94 –
AOKF1142 Polyadenylate-binding protein 4 2E–55 1.51 –
AOKF908 Selenoprotein S 2E–20 1.80 –

Vesicle/ion/macromolecule transport
AOKF1016 ADP-ribosylation factor GTPase-activating protein 3 2E–27 1.74 –
AOKF1971 ATP-binding cassette sub-family A member 3 2E–77 3.74 2.26
AOKF1543 BTB/POZ domain-containing protein KCTD7 3E–18 – –1.58
CAOH817 Pituitary tumor-transforming gene 1 interacting protein 2E–20 2.41 –
CAOH1006 Protein RER1 4E–54 2.15 –
AOKF821 Vacuolar proton pump subunit E 7E–66 1.64 –

Miscellaneous
AOKF1649 Apoptosis regulator R1 (Fragment) 1E–20 1.65 –
AOKG615 Atrial natriuretic receptor A 7E–47 1.68 –
AOKF638 Cytochrome b-245 light chain 2E–36 1.70 –
AOKG407 Endothelin-converting enzyme 1 1E–16 2.19 –
AOKF2276 Riboflavin-binding protein 3E–25 –4.68 –4.30

Table 1 (continued)
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ing. Three of these 8 genes were not significantly differ-
entially expressed in the thermally stressed samples
(Cu/ZnSOD, E3 ubiquitin-protein ligase Mdm2, and cas-
pase-3). Of the remaining 5 genes, 2 were up-regulated
upon thermal stress: TNF receptor-associated factor 3
(TRAF3) and NF-κB p105 (Rel homology domain); and 3
were down-regulated upon thermal stress: nitric oxide
synthase-interacting protein (NOSIP), TP53-regulated
inhibitor of apoptosis 1 (p53CV), and autophagy-related
protein 12.

DISCUSSION

Cellular stress response of Acropora palmata

Many differentially expressed genes identified in the
present study are involved in the cellular stress
response, which can be defined as the response of the
coral to stress-induced damage to cellular macromole-
cules. In the case of symbiotic corals, multiple stressors
can lead to bleaching. For example, thermal stress
causes bleaching, but the bleaching process is invari-
ably the result of both thermal and oxidative stress
(Lesser 1997) since thermal stress causes reactive oxy-
gen species (ROS) formation in the host mitochondria
(Dykens et al. 1992, Nii & Muscatine 1997), and heat
and light stress causes ROS generation in Symbio-
dinium chloroplasts (Jones et al. 1998, Lesser 2006). As
the number of endosymbionts dwindles and metabo-
lites cease to be transferred from endosymbiont to host
and vice versa, osmotic stress is produced (Mayfield &
Gates 2007).

Our results provide solid evidence of thermal and
oxidative stress, and include possible signatures of
osmotic stress. We identified transcripts encoding 4
heat shock proteins (HSPs) that were up-regulated in
the 1 d samples (Table 1). Interestingly, no HSPs were
differentially expressed in the 2 d samples, which is
consistent with the idea that HSP expression ramps up
in waves that are consistent with protein turnover
(Gates & Edmunds 1999). With respect to oxidative
stress, the up-regulation of transcripts encoding gluta-
redoxin-3 (AOKG480) and selenoprotein S (AOKF908)
represents increased protective mechanisms against
ROS. Additionally, oxidative stress-responsive tran-
scription factors were up-regulated during thermal
stress: nuclear factor erythroid 2-related factor 3
(Nrf3) homologs (AOKF942 and AOKF1550) (Vargas et
al. 2006) and cAMP-dependent transcription factor
ATF4 (CAOH936) (Harding et al. 2003). Interest-
ingly, copper/zinc superoxide dismutase (Cu/ZnSOD,
CCHX1276), which was measured via qRT-PCR, was
not significantly up-regulated in thermally stressed
samples, although the 1 d stressed samples had an
increase in expression (Table 2). This protein was pre-
viously shown to increase in expression during thermal
and light stress (Downs et al. 2000, Lesser & Farrell
2004). The low light levels during our experiments may
explain the insignificant Cu/ZnSOD up-regulation.
With respect to osmotic stress, the up-regulation of
transcripts involved in ion/macromolecular transport
(Table 1) may indicate osmoregulation. In our earlier
study on Montastraea faveolata (DeSalvo et al. 2008),
we observed transcriptomic signatures of heat and
oxidative stress but not of osmotic stress.
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Clone ID Common name E-value qRT-PCR Heat-stressed Microarray 
controls 1dH 2dH fold change

(Mean ± SD) 1dH 2dH

AOKF1403 11-cis retinol dehydrogenase 7E–27 2.10 ± 1.67 56.38* 186.76* 7.99 6.39
AOKF1682 NF-κB p105 (Death domain) 6E–07 1.21 ± 0.26 7.91* 5.45* 7.12 5.57
AOKF2255 26S proteasome non-ATPase reg. subunit 5 9E–19 1.77 ± 0.08 1.06* 1.0* –3.08 –3.62
CCHX1276 CuZn superoxide dismutase (Cu/ZnSOD) 2E–56 1.17 ± 0.12 1.50 1.0 – –
CCHX14559.b1 NOS-interacting protein (NOSIP) 3E–60 1.56 ± 0.15 1.12* 1.0* – –
CCHX13018.g1 E3 ubiquitin-protein ligase Mdm2 3E–13 1.30 ± 0.25 1.01 1.09 – –
CCHX1211 TP53-regulated inhibitor of apoptosis 1 5E–16 2.35 ± 0.33 1.21* 1.0* – –
CCHX2749.b1 Autophagy-related protein 12 6E–24 2.19 ± 0.43 1.16* 1.0* – –
CCHX15353.b1 Caspase-3 4E–36 1.06 ± 0.06 1.06 1.03 – –
CCHX4259.b1 TNF receptor-assoc. factor 3 (TRAF3) 6E–53 1.27 ± 0.22 27.04* 29.24* – –
CCHX9815 NF-κB p105 (Rel homology domain) 1E–38 1.96 ± 0.77 12.97* 13.29* – –

Table 2. Acropora palmata. Results of qRT-PCR analyses on control and heat-stressed fragments from 4 colonies. We validated
the microarray-based results for the first 3 genes listed, and chose an additional 8 genes that were not present on the microarray
to further implicate certain cellular processes involved in the thermal stress response and bleaching. Common names and E-val-
ues are for the top BLAST hit to the SwissProt database. Similar to the microarray data output from BAGEL, we set the lowest ex-
pression class to 1 and calculated the expression of the other classes relative to 1. qRT-PCR-estimated expression for the controls
is represented by the mean of the 4 control groups (t0C, t0H, 1dC, and 2dC). (*) Statistically significant differences (p < 0.05) in 

the heat-stressed samples (1dH and 2dH) (1-way ANOVA and post-hoc testing)
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Growth arrest

As discussed by Kultz (2003), the cellular stress
response is highly conserved in all organisms, and
includes 4 main mechanisms: (1) growth arrest; (2) up-
regulation of chaperones (see previous paragraph); (3)
nucleic acid stabilization and repair; and (4) removal of
damaged macromolecules. We found a marked down-
regulation of numerous genes involved in DNA repli-
cation and cell cycle progression in the present study
(Table 1, Fig. 2). Suppressing cell proliferation during
stress conserves energy and ensures that cells with
damaged DNA do not divide. This transcriptomic
response was found in fish (Gillichthys mirabilis) that
was exposed to hypoxia (Gracey et al. 2001) and ther-
mal stress (Buckley et al. 2006), and in murine kidney
cells in response to hyperosmotic stress (Kultz et al.
1998). The need to conserve energy during cellular
stress is also the likely reason behind the observed
down-regulation of ribosomal protein transcripts,
which is consistent with previous studies in yeast (Her-
ruer et al. 1988), Drosophila (Bell et al. 1988), and
Montastraea faveolata (DeSalvo et al. 2008).

Nucleic acid stabilization and repair

Our results do not show the up-regulation of classic
DNA repair proteins; however, Kultz (2003) men-
tioned p53 and NF-κB as eukaryotic pathways
involved in DNA repair and chromatin stabilization.
The p53 transcription factor was previously found to
be up-regulated during heat and light stress in Mon-
tastraea faveolata (Lesser & Farrell 2004). p53 is not
present on our microarray, nor is it present in our
Acropora palmata EST libraries. However, we quanti-
fied the expression of 2 genes within the p53 pathway
using qRT-PCR: E3 ubiquitin-protein ligase Mdm2
(CCHX13018.g1) and TP53-regulated inhibitor of
apoptosis 1, also known as p53CSV (CCHX1211)
(Table 2). Mdm2-p53 binding prevents p53 from act-
ing as a transcription factor and targets p53 for
proteolytic degradation (Prives & Hall 1999). Mdm2
was not differentially expressed in A. palmata. While
Mdm2 down-regulation would have suggested p53
activation, our results suggest that corals may regu-
late p53 activity via phosphorylation and acetylation,
which is consistent with other study systems (Prives &
Hall 1999). p53CSV mediates survival in a p53-
dependent manner (Park & Nakamura 2005). We
found this gene to be 2-fold down-regulated in ther-
mally stressed samples. Interestingly, Park & Naka-
mura (2005) found that p53CSV was not induced dur-
ing severe DNA damage. Thus, our results indicate
either severe DNA damage, or lack of p53 activation.

The NF-κB family of transcription factors regulates
genes that control cell death, cell adhesion, innate
immunity, proliferation, inflammation, the cellular
stress response, and tissue remodeling (Perkins 2007).
One member of this family is the NF-κB p105 precur-
sor, which encodes a protein that contains a Rel homo-
logy domain (RHD), an ankyrin repeat domain (ARD),
and a death domain (DD). The p105 precursor is post-
translationally modified to generate the p50 subunit
(RHD-containing transcription factor) and I-κB (an
inhibitor of the p50 subunit containing the ARD and
DD) (Pereira & Oakley 2008). Differences in NF-κB
p105 gene architecture are apparent in cnidarians. In
Nematostella vectensis, all characterized NF-κB genes
lack the I-κB-like sequences; however, loci that are
distinct from NF-κB encode for I-κB-like genes (Sulli-
van et al. 2007). Our results show the up-regulation of
transcripts encoding 2 proteins that contain homology
to NF-κB p105: (1) CAOH485 (2-fold up-regulated at
1 d), which contains the ARD; and (2) AOKF1682 (over
5-fold up-regulated on both days), which contains the
DD (Table 1). Additionally, we performed qRT-PCR on
CCHX9815, another EST with homology to NF-κB
p105 (containing the RHD) and found it to be over
5-fold up-regulated in the heat-stressed samples
(Table 2). Based on our most current EST assembly,
CAOH485 (an I-κB-like sequence) and CCHX99815
(an NF-κB-like sequence) contain a poly-A tail, but
AOKF1682 does not. While further sequencing is
needed to resolve NF-κB p105 gene architecture in
Acropora palmata, our results preliminarily indicate
that the gene architecture in A. palmata is similar to
that in N. vectensis in that NF-κB genes may be en-
coded by loci that are distinct from I-κB genes. We also
quantified the expression of TNF receptor-associated
factor 3 (TRAF3–CCHX4259.b1), which is a protein
involved in the activation of NF-κB, via qRT-PCR.
TRAF3 was up-regulated over 20-fold in heat-stressed
samples (Table 2). Interestingly, the expression levels
of the I-κB-like sequences became nonsignificant
(CAOH485) or decreased (AOKF1682) after 2 d of
stress, but the levels of the transcription factor and the
activator increased. These results show for the first
time the role of NF-κB in signaling mechanisms during
coral bleaching and suggest that the balance between
NF-κB inhibition and activation may have been tipped
towards activation in our experiment.

Removal of damaged macromolecules

Thermal and oxidative damage to cellular proteins
leads to increased protein degradation via ubiquitin/
proteasome-mediated proteolysis. In the context of
coral health, increased protein levels of ubiquitin were
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found in stressed corals (Downs et al. 2000, 2002,
2005). We clearly see up-regulation of transcripts in-
volved in protein degradation. Ubiquitin (AOKF1154),
E3 ubiquitin protein ligase NRDP1 (AOKF1969), and
ubiquitin-conjugating enzyme E2A (AOKG649) were
1.5- to 2.9-fold up-regulated at 1 d. Furthermore, E3
ubiquitin protein ligase DZIP3 (CAOG662) was up-
regulated at both days (Table 1). The up-regulation of
ubiquitin and ubiquitin-conjugating enzyme E2A
clearly suggests increased targeting of proteins for
degradation in the proteasome.

When stress intensity increases to a point at which
the organism can no longer maintain homeostasis, cell
death pathways are often initiated as part of the stress
response (Kultz 2003). Apoptosis, or programmed cell
death, has received considerable attention in the coral
bleaching field, and indeed, numerous studies have
found apoptotic bodies or apoptosis molecular markers
in bleached tissue preparations (reviewed by Weis
2008). Two additional bleaching mechanisms have
recently been studied in symbiotic cnidarians: auto-
phagy, the process by which a cell degrades its own
components, e.g. organelles (Dunn et al. 2007); and
symbiophagy, an autophagic process whereby the host
consumes its endosymbiont (Downs et al. 2009).

Our previous study (DeSalvo et al. 2008) contained 2
pro-apoptotic signals; however, the present study
contains both pro- and anti-apoptotic signals. Transcrip-
tional repressor NF-X1 (AOKG1293) and polyadenylate-
binding protein 4 (PABP4, AOKF1142), whose tran-
scripts were both up-regulated at 1 d (Table 1), together
stimulate telomerase reverse transcriptase, which en-
hances anti-apoptotic signaling during oxidative stress
(Katzenellenbogen et al. 2007). The up-regulation
of apoptosis regulator R1 (AOKF1649) is also anti-
apoptotic. This gene is a member of the Bcl-2 family,
which contains potent inhibitors of cell death (Hocken-
bery et al. 1990, Shimizu et al. 1996, Clem et al. 1998).
We measured the mRNA transcript levels of caspase-3
(CCHX15353.b1) via qRT-PCR and found that the gene
was not differentially expressed during thermal stress
(Table 2). This likely reflects previous findings that
caspase-3, which is an executioner caspase, requires ac-
tivation via post-translational modification (Boatright &
Salvesen 2003). The only pro-apoptotic signal among the
differentially expressed genes was the aforementioned
down-regulation of TP53-regulated inhibitor of apopto-
sis 1 (CCHX1211). This protein mediates survival by
inhibiting the activation of caspases (Park & Nakamura
2005), thus down-regulation would seem to be pro-
apoptotic. Simultaneous pro- and anti-apoptotic signals
likely point to tissue-specific responses to thermal stress.

Autophagy and symbiophagy also represent mecha-
nisms by which the coral can rid itself of damaged
macromolecules, organelles, and endosymbionts. We

quantified the transcript abundance of autophagy-
related protein 12 (CCHX2749.b1) via qRT-PCR and
found it to be nearly 2-fold down-regulated in stressed
Acropora palmata (Table 2). Since this protein is
required for autophagy (Mizushima et al. 1998), this
result provides evidence against autophagic processes
occurring in the present experiment.

Other patterns of differential gene expression

Restructuring of the extracellular matrix (ECM)

Thermal stress and bleaching in Acropora palmata
was marked by a strong differential expression of ECM
protein transcripts (Table 1). Collagen α-1(II) chain
(AOKF900) was the most differentially expressed gene
in the experiment — over 20-fold down-regulated in
both 1 and 2 d samples. Interestingly, the ortholog of
AOKF900 in Montastraea faveolata (AOSF1268) was
also down-regulated during bleaching (DeSalvo et al.
2008). The down-regulation of collagen indicates ei-
ther (1) reduced calcification during stress since this
type of collagen is an ECM structural constituent
(GO:0005201) that is involved in chondrocyte differen-
tiation and skeleton formation in vertebrates (Cheah et
al. 1991, Li et al. 1995); or (2) modified cell adhesion
properties since ECM deposition in coral cells (com-
posed mainly of collagen) was previously shown to me-
diate cell–cell and cell–substrate adhesion (Helman et
al. 2008). Disrupted cell adhesion in A. palmata may
point to bleaching via cell detachment (Gates et al.
1992). The remaining differentially expressed ECM
genes were up-regulated in the stressed samples. Pa-
pilin (AOKF939) and carboxypeptidase inhibitor SmC1
(AOKF1161) are both Kunitz-type serine protease in-
hibitors. The activities of these enzymes warrant fur-
ther study since the ortholog of AOKF1161 in M. faveo-
lata (AOSF907) was responsive to thermal stress
(DeSalvo et al. 2008), and a protein with a Kunitz do-
main was also identified in Anthopleura elegantissima
that was exposed to UV stress (Richier et al. 2008). Tol-
loid-like protein 2 (AOKF1669), an ECM matrix metal-
loprotease that is involved in skeletogenesis (Scott et
al. 1999), is also a candidate for further study.

Sensory perception

Another group of differentially expressed genes in
Acropora palmata are related to ‘neurological system
processes’ (GO:0050877) and ‘visual perception’ (GO:
0007601). 11-cis retinol dehydrogenase (AOKF1403, 8-
and 6.4-fold up-regulated at 1 and 2 d, respectively)
catalyzes the final step in the biosynthesis of 11-cis
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retinaldehyde, which is the universal chromophore of
visual pigments. Cnidarian visual ecology consists of a
large body of literature dedicated to the camera-type
eye of the cubozoan Tripedalia cystophora (e.g. Koz-
mik et al. 2008) and eyeless photoreception in Hydra
(e.g. Santillo et al. 2006). It is worthy to note that our
A. palmata EST libraries include other vision-related
genes such as micropthalmia-associated transcription
factor Mitf (CCHX11178), opsin-1 (CCHX12957.b1),
and phosducin-like protein (CCHX14045.b1). Addi-
tionally, cryptochrome-1 (AOKF2211, involved in circa-
dian rhythms) was up-regulated 1.5-fold at 1 d. How
these sensory perception proteins may be involved in
thermal stress responses, bleaching, or be affected by
the breakdown of symbiosis is unknown. Since the
control aquaria received roughly 10% more light than
the heated aquaria, there is also the possibility that the
differential expression of sensory genes was con-
founded by the different light fields present during the
experiment. Another possibility unrelated to vision is
that the up-regulation of 11-cis retinol dehydrogenase
is related to nuclear retinoic acid receptor activation
and transcription regulation (Ross 1993).

Metabolite transfer between host and endosymbiont

The transfer of metabolites between the coral host
and Symbiodinium is at the core of this ecologically
successful mutualism. The coral host provides Symbio-
dinium with glycine, ammonium, nitrate, sulfate, and
guanine; Symbiodinium provides the coral host with
glycolic acid, glycerol, glucose, alanine, lipids, and
CO2; and both partners shuttle cystine, methionine,
and cystathione back and forth (e.g. Muscatine 1967,
Patton et al. 1977, Trench 1979, Papina et al. 2003). The
down-regulation of the following protein transcripts
suggests changes in the dynamics of transfer from host
to endosymbiont: (1) multifunctional protein ADE2
(AOKF1956), involved in purine synthesis (Chen et al.
1990, Gavalas et al. 1993); (2) methylenetetrahydrofo-
late reductase (AOKF1692), involved in methionine
synthesis (Yamada et al. 2005); and (3) a neutral and
basic amino acid transporter (AOKF878), involved in
the transport of cystine.

Conversely, the down-regulation of the following
protein transcripts suggests changes in the dynamics
of transfer from endosymbiont to host: (1) 1,4-α-
glucan-branching enzyme (AOKF1308), needed to
increase the solubility of glycogen, the stored form of
glucose; (2) glyceraldehyde-3-phosphate dehydroge-
nase (AOKG2283), responsible for transforming glyc-
erol into glyceraldehyde-3-phosphate; and (3) vitel-
logenin-2 (CAOH1099), the major precursor of egg
yolk proteins. The ortholog of vitellogenin-2 in Mon-

tastraea faveolata (AOSF1022) was also down-regu-
lated during bleaching (DeSalvo et al. 2008). While the
activities of the first 2 genes listed above indicate the
lack of exchange of glucose and glycerol from endo-
symbiont to host, suppressed host metabolism during
thermal stress can also explain these observations.
Additionally, the activity of vitellogenin-2 may also be
due to less vitellogenesis in stressed corals, which is
consistent with findings of lower reproduction in
bleached corals (Ward et al. 2000). Lastly, the up-regu-
lation of cAMP-dependent transcription factor ATF4
(CAOH936), which is responsive to amino acid starva-
tion (Harding et al. 2003), supports the idea that the
coral host loses the amino acid input from its endosym-
bionts during bleaching.

In addition to identifying genes involved in the trans-
fer of metabolites, our results also indicate the pres-
ence of an alternative metabolic pathway in corals —
the glyoxylate cycle. Isocitrate lyase converts isocitrate
to succinate and glyoxylate during the first step in the
glyoxylate cycle. The glyoxylate cycle allows the use of
fats to synthesize carbohydrates (Kornberg & Madsen
1958). The pathway is present in bacteria, yeast,
plants, nematodes, and has more recently been discov-
ered in insects and vertebrates (Popov et al. 2005). The
near 3-fold up-regulation of isocitrate lyase (AOKF
1837) at 2 d suggests that the host is not receiving suf-
ficient carbohydrates from its endosymbionts. In addi-
tion to isocitrate lyase, malate synthase is another gly-
oxylate cycle-specific enzyme present in our EST
libraries (CCHX12543.b1). Malate synthase catalyzes
the transformation of glyoxylate and acetyl-coA into
malate. Both malate synthase and isocitrate lyase are
also present in the aposymbiotic larval transcriptome
of Acropora millepora (Meyer et al. 2009), and phylo-
genetic analysis shows that both enzymes were
acquired by cnidarians through horizontal gene trans-
fer (Kondrashov et al. 2006).

Nitric oxide signaling

Perez & Weis (2006) provide evidence that nitric
oxide (NO) signaling is involved in the bleaching pro-
cess. They showed that exogenous NO causes bleach-
ing in Aiptasia pallida, and that oxidative stress trig-
gers host production of NO. The hypothesized
signaling events lead from ROS production to activa-
tion of NF-κB, which causes up-regulation of inducible
nitric oxide synthase (iNOS). NO then acts as a sec-
ondary messenger leading to cell death and thereby
bleaching. While neither our EST libraries nor our
microarray contains iNOS, our results support this
hypothesized pathway given the strong up-regulation
of NF-κB at both 1 and 2 d of stress. We targeted eNOS
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interacting protein (NOSIP, CCHX14559.b1) for qRT-
PCR analysis to further study NO signaling events dur-
ing bleaching. NOSIP is a negative modulator of eNOS
activity in vertebrates (Dedio et al. 2001); therefore,
down-regulation of NOSIP indicates increased NO
production. Indeed, our qRT-PCR results show a signif-
icant down-regulation of NOSIP transcripts in ther-
mally stressed samples (Table 2). Lastly, the 2.2-fold
up-regulation of HSP90 (AOKF986) at 1 d is notewor-
thy in the context of NO signaling since HSP90 is an
allosteric enhancer of iNOS (Yoshida & Xia 2003).

Comparison with bleaching in Montastraea faveolata

Our previous microarray study documented the tran-
scriptomic response of Montastraea faveolata to ther-
mal stress and bleaching (DeSalvo et al. 2008). Despite
<30% of the differentially expressed genes having
functional annotation, we were able to corroborate past
findings and provide new information regarding the
cellular mechanisms of cnidarian bleaching. In the pre-
sent study, differentially expressed genes were nearly
60% annotated. The gene overlap between the 2
microarray platforms is small (~10%) (Voolstra et al.
2009). Despite the low overlap and differences in the
level of annotation between both microarrays, there are
many parallels between the 2 studies. We identified the
following transcriptomic responses in both studies:
(1) an increase in heat shock protein (HSP) expression;
(2) an increase in antioxidant enzymes; (3) a decrease in
expression of Ca2+ homeostasis proteins; (4) a restruc-
turing of the ECM; (5) a rearrangement of the actin
cytoskeleton; and (6) a decrease in ribosomal protein
expression. In contrast, the following responses identi-
fied in the present study were not seen in M. faveolata:
(1) osmotic stress; (2) p53 and NF-κB signaling; (3) sen-
sory perception; (4) the glyoxylate cycle; and (5) nitric
oxide signaling. Overall, the bleaching model pre-
sented in DeSalvo et al. (2008) is supported by the pre-
sent study, and in addition, we have identified numer-
ous other proteins (e.g. cell signaling molecules and
ECM proteins) that await future functional work to as-
sess their specific role in the coral–algal symbiosis.

A remarkable difference between the 2 studies (the
present study and DeSalvo et al. 2008) is related to
temporal patterns of bleaching. Given the same
increase in temperature, Montastraea faveolata expe-
rienced a 60% reduction in Symbiodinium cell density
after 9 d. In the present study, Acropora palmata
reached a 60% reduction in Symbiodinium cell density
after only 2 d. Thus, the intensity of stress felt by A.
palmata was greater than that felt by M. faveolata.
This could explain why fold change estimates in A.
palmata were (on average) higher than those mea-

sured in M. faveolata. This difference in bleaching sus-
ceptibility is consistent with previous studies showing
that branching corals, especially acroporids, are more
susceptible to bleaching compared to encrusting/
hemispherical corals (Harriott 1985, Glynn 1988, 1993,
Hoeksema 1991, Gleason 1993, Hoegh-Guldberg &
Salvat 1995, Marshall & Baird 2000, Loya et al. 2001).
Loya et al. (2001) provide a sound discussion of likely
differences between branching and encrusting colo-
nies that underlie their differential bleaching suscepti-
bilities. They found that massive and encrusting spe-
cies have thicker tissue, which renders them less
susceptible to bleaching because thicker tissue is more
photoprotective and self-shading, especially when
polyps are retracted (Brown 1997, Hoegh-Guldberg
1999). Another hypothesis posited by Loya et al. (2001)
involves differential mass transfer. These ideas are dis-
cussed further in Nakamura & van Woesik (2001) and
hold that high water flow allows more efficient transfer
of mass (i.e. metabolites, and ROS), which is especially
needed during stress. Indeed, higher coral survival
was evident in high- compared to low-flow regimes
(Nakamura et al. 2003). These notions ultimately apply
to colony morphology; flat, encrusting coral colonies
experience higher flow than branching colonies.

While bleaching susceptibility due to colony mor-
phology is likely involved in the observed differential
response between Montastraea faveolata and Acrop-
ora palmata, we also cannot ignore the influence of
Symbiodinium genotype (Rowan et al. 1997, Baker et
al. 2004, LaJeunesse et al. 2007, Sampayo et al. 2008).
Given that we observed no differences in bleaching
susceptibility between clade A-associated and multi-
clade-associated M. faveolata (DeSalvo et al. 2008),
and that subclade genotyping to differentiate between
clade A within M. faveolata and clade A within A.
palmata is not available, we cannot state whether a
Symbiodinium clade effect influenced the differential
response between M. faveolata and A. palmata. Differ-
ences in Symbiodinium clades might also contribute to
the greater fold changes measured in A. palmata.
Since the effect of the Symbiodinium clade on the host
transcriptome can be greater than that of thermal
stress (DeSalvo et al. 2010), controlling for the Symbio-
dinium clade content within experimental fragments is
likely to increase the resolution at which gene expres-
sion can be measured.

CONCLUSIONS

Despite little overlap between the Acropora palmata
and Montastraea faveolata microarrays, we found sim-
ilar processes that are differentially expressed in
response to thermal stress and bleaching in both spe-
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cies. Much of this conserved transcriptomic stress
response is part of the cellular stress response that was
already present in the last universal common ancestor
(i.e. predating the evolution of the 3 domains of life;
Kultz 2003, 2005).

Focusing on the cellular stress response and how it
has allowed corals to persist through geologic time is
incomplete without taking into consideration the con-
tribution of their endosymbionts in the evolutionary
success of the Scleractinia. For example, the adaptive
radiation of scleractinians in the Late Triassic (200–
228 Ma) may be correlated with the initiation of sym-
biosis with dinoflagellate endosymbionts (Stanley
1981). Thus, it is also important to identify scleractin-
ian- and symbiosis-specific cellular responses to ther-
mal stress. For example, while down-regulation of
cytoskeletal components (also seen in Montastraea
faveolata) is certainly related to the conserved cellular
stress response (Loven 1988, Shyy et al. 1989, Chowd-
hury et al. 1992, Orrenius et al. 1992, Muller et al.
2007), we cannot ignore the possibility that the cyto-
skeleton must reorganize as cells change their adhe-
sion properties and/or become devoid of their intracel-
lular endosymbionts. Likewise, a rearrangement of the
ECM (also seen in M. faveolata), along with the
metabolite transfer systems, which involve molecules
specific to different symbioses (Trench 1979), are also
likely to be bleaching responses specific to zooxanthel-
late corals.

Identifying responses that are specific to symbiosis
breakdown is a daunting task. Future transcriptomic
studies using stressors other than temperature (e.g.
cold shock, darkness, high light) in corals and other
symbiotic cnidarians will allow us to identify cellular
processes that are common among different stressors.
Utilizing the amenable symbiotic cnidarian Aiptasia
pallida (Weis et al. 2008, Sunagawa et al. 2009), one
could measure the transcriptomic response to a given
stressor in both symbiotic and aposymbiotic anemones,
and thus use a subtractive approach to determining
symbiosis-specific stress responses. These experimen-
tal approaches will ultimately lead to a more complete
understanding of the molecular mechanisms of coral
symbiosis and bleaching.

Finally, our study demonstrates how genomic tools
are helping to reconstruct the ancestral coral and how
it was equipped to cope with stress over geologic time.
For example, early scleractinian corals survived many
paleoclimatic changes, such as sea-level rise and cli-
matic warming in the Late Triassic, the Paleocene–
Eocene thermal maximum, and repeated sea-level and
climatic changes during the Neogene (Stanley & van
de Schootbrugge 2009). The resilience of coral commu-
nity structure during global climate fluctuations of the
Pleistocene (Pandolfi & Jackson 2006) also suggests

that corals are equipped to survive drastic environ-
mental transitions. While the resiliency of corals over
geologic time suggests that they may indeed be able to
cope with thermal stress related to contemporary cli-
mate change, it is becoming abundantly clear that
numerous other human impacts are acting synergisti-
cally with climate change to shift coral community
structure (Hughes et al. 2003, Pandolfi et al. 2003, Pan-
dolfi & Jackson 2006).
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