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Abstract

Coral reef fishes are expected to experience rising sea surface temperatures due to climate
change. How well tropical reef fishes will respond to these increased temperatures and
which genes are important in the response to elevated temperatures is not known. Micro-
array technology provides a powerful tool for gene discovery studies, but the development
of microarrays for individual species can be expensive and time-consuming. In this study,
we tested the suitability of a 

 

Danio rerio

 

 oligonucleotide microarray for application in a
species with few genomic resources, the coral reef fish 

 

Pomacentrus moluccensis

 

. Results
from a comparative genomic hybridization experiment and direct sequence comparisons
indicate that for most genes there is considerable sequence similarity between the two
species, suggesting that the 

 

D. rerio

 

 array is useful for genomic studies of 

 

P. moluccensis

 

.
We employed this heterologous microarray approach to characterize the early transcrip-
tional response to heat stress in 

 

P. moluccensis

 

. A total of 111 gene loci, many of which are
involved in protein processing, transcription, and cell growth, showed significant changes
in transcript abundance following exposure to elevated temperatures. Changes in transcript
abundance were validated for a selection of candidate genes using quantitative real-time
polymerase chain reaction. This study demonstrates that heterologous microarrays can be
successfully employed to study species for which specific microarrays have not yet been
developed, and so have the potential to greatly enhance the utility of microarray technology
to the field of environmental and functional genomics.
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Introduction

 

Current models of climate change predict a rise in sea
surface temperatures of between 2 

 

°

 

C and 5 

 

°

 

C by the year
2100 (IPCC 2001; Done 

 

et al

 

. 2003). Such increased temper-
atures can have adverse effects on coral reef organisms. For
example, coral bleaching can occur when temperatures rise
only 1 

 

°

 

C to 2 

 

°

 

C above normal values (Hoegh-Guldberg

1999). Climate change of this magnitude therefore has the
potential to induce significant physiological stress and
mortality, and may drive shifts in geographical ranges
(Parmesan & Yohe 2003). To predict the effects of rising sea
surface temperatures on reef species, we need to under-
stand the extent to which rising temperatures will induce
stress in these species and the capacity of these species to
evolve resistance to such stresses.

While the responses of coral reef fishes to thermal stress
are poorly understood, the physiological response to
temperature stress in temperate fishes includes changes in
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gene expression, which vary depending on the type and
duration of the stress. For example, constant high, constant
low and fluctuating temperatures initiate a different tran-
scriptional response in the eurythermal killifish (

 

Austro-
fundulus limnaeus,

 

 Rambaut 1996; Podrabsky & Somero
2004). In channel catfish 

 

Ictalurus punctatus

 

, cold stress
initiates rapid expression changes at a large number of loci
(Ju 

 

et al

 

. 2002), and the transcriptional response to cold
stress in common carp 

 

Cyprinus carpio

 

 appears to resemble
that observed during muscular atrophy (Gracey 

 

et al

 

. 2004).
Acclimation to seasonal temperature shifts in temperate
fishes also entails changes in gene expression. The expression
of warm temperature acclimation-related protein (Wap65)
increases in summer-acclimated goldfish (

 

Carassius auratus,

 

Kikuchi 

 

et al

 

. 1995) and in warm-acclimated populations
of the salt-water minnow (

 

Fundulus heteroclitus,

 

 Picard &
Schulte 2004). Similarly, the expression of 

 

β

 

-actin and 5.8
rRNA increases during seasonal acclimation to higher
temperatures in common carp (Vera 

 

et al

 

. 1997; Sarmiento

 

et al

 

. 2000). Gene expression changes in response to thermal
stress are thought to help maintain cellular homeostasis
and function during altered environmental conditions
(Gabai & Sherman 2002; Sonna 

 

et al

 

. 2002).
Microarray technology has become a powerful tool for

studying stress-related gene expression responses in
teleosts because it allows screening of a large proportion
of the transcriptome (Gracey 

 

et al

 

. 2001; Williams 

 

et al

 

. 2003;
Gracey 

 

et al

 

. 2004; Koskinen 

 

et al

 

. 2004; Picard & Schulte
2004; Podrabsky & Somero 2004; Krasnov 

 

et al

 

. 2005). In
some cases where a species-specific microarray has not
been available, microarrays developed for a related species
have been used effectively (Girke 

 

et al

 

. 2000; Hittel & Storey
2001; Nowrousian 

 

et al

 

. 2005). Currently, however, there
are only a few examples of cross-species microarray experi-
ments in teleosts and these are limited to cDNA arrays
(Hogstrand 

 

et al

 

. 2002; Tsoi 

 

et al

 

. 2003; Renn 

 

et al

 

. 2004; Rise

 

et al

 

. 2004; Aubin-Horth 

 

et al

 

. 2005). Oligonucleotide arrays
may provide increased specificity and sensitivity as the
oligos deposited on the array can be especially designed
for this purpose (Kane 

 

et al

 

. 2000; Irizarry 

 

et al

 

. 2005). To
our knowledge, no examples of cross-species microarray
experiments using long oligonucleotide microarrays have
been reported to date. Given the potential utility of micro-
arrays for understanding stress responses in tropical reef
species and the low probability of the development of
species-specific microarrays for these species in the near
future, the potential to successfully perform heterologous
hybridizations on different microarray platforms warrants
further investigation.

In this study, we test the suitability of an oligonucleotide
microarray developed for the zebrafish 

 

Danio rerio

 

 for
application in the coral reef fish 

 

Pomacentrus moluccensis

 

.
The most recent common ancestor of 

 

P. moluccensis

 

 (Perci-
formes, Acanthopterygii, Teleostei) and 

 

D. rerio

 

 (Cyprini-

formes, Ostariophysi, Teleostei) dates from between 110
and 300 million years ago (Cantatore 

 

et al

 

. 1994; Wittbrodt

 

et al

 

. 2002). Therefore, successful cross-species hybridiza-
tion of 

 

P. moluccensis

 

 to the 

 

D. rerio

 

 microarray would depend
on significant sequence conservation. Sequence similarity
between 

 

D. rerio

 

 and 

 

P. moluccensis

 

 was estimated by direct
sequence comparison and by performing a comparative
genomic hybridization experiment where gDNA from 

 

D.
rerio

 

 and 

 

P. moluccensis

 

 was competitively hybridized to
the 

 

D. rerio

 

 microarray. We then employed this heterologous
microarray approach to compare the transcriptome of
heat-stressed 

 

P. moluccensis

 

 to that of 

 

P. moluccensis

 

 kept at
ambient temperature. The expression change for a selection
of candidate genes was further tested using quantitative
real-time polymerase chain reaction (PCR). Based on these
results we evaluate the utility of heterologous hybridiza-
tions on long oligonucleotide microarrays and discuss the
early gene response of 

 

P. moluccensis

 

 to heat stress.

 

Materials and methods

 

Thermal stress experiments

 

Adult 

 

Pomacentrus moluccensis

 

 were collected around
Lizard Island, northern Great Barrier Reef, Australia (14

 

°

 

40

 

′

 

S,
145

 

°

 

28

 

′

 

E) by divers on SCUBA using barrier and scoop nets
and transferred to the Lizard Island Research Station. Fish
were housed in groups of up to 20 individuals in aquaria
supplied with flow-through seawater at ambient temper-
ature (approximately 26 

 

°

 

C). Sections of PVC pipes and dead
branching coral were provided for shelter. After 2 days of
acclimation to these conditions, animals were transferred
for 3 hours to individual tanks containing water of either
34 

 

°

 

C (thermal stress) or 26 

 

°

 

C (ambient, control). It is
possible that handling and capture stress amplified the
effects of the heat stress treatment, in particular since
the acclimation period to the aquarium environment was
relatively short. However, fish that were kept at ambient
temperature would have also suffered from the same
handling and capture stress. It is likely therefore that fish
kept at ambient conditions provided an adequate baseline
for comparison with heat-stressed fish and that the
differences between treatments observed here are mainly
associated with the effects of heat stress. Previous studies
have shown that the transcriptional response to temper-
ature stress in teleosts starts within hours after exposure
(Ju 

 

et al

 

. 2002; Podrabsky & Somero 2004), suggesting that
a relatively short exposure to heat stress should lead to
measurable changes in gene expression. Following these
thermal treatments, fish were killed by placing them on ice.
Livers were excised and stored in RNAlater (QIAGEN) for
microarray and quantitative real-time PCR analysis.
Gonads were preserved in formaldehyde 4%, acetic acid
5%, calcium chloride 1.3% (FAAC) so the fish could be
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sexed. In teleost fishes, gene expression can vary con-
siderably between the sexes with females showing larger
interindividual variation than males (Williams 

 

et al

 

. 2003).
Because such interindividual variation could obscure
the identification of those genes involved in the stress
response, we restricted our analyses to adult male fish of
similar standard length (46 

 

±

 

 4 mm).

 

Microarray platform

 

Because there is currently no microarray available for any
species of pomacentrid fish (family Pomacentridae), we
tested the suitability of a 

 

Danio rerio

 

 microarray for applic-
ation in 

 

P. moluccensis

 

. We used the Compugen 16K 

 

D. rerio

 

oligonucleotide microarray, which contains 16 399 oligos
(65-oligomers) representing 15 806 unique 

 

D. rerio

 

 gene
clusters plus controls. This array platform represents
one of the largest fish microarrays available and there-
fore offered the greatest chance of detecting large num-
bers of genes involved in temperature stress responses.
The arrays were printed by the Adelaide Microarray
Facility. The list of genes immobilized on the array is
available at www.microarray.adelaide.edu.au/libraries/
microarrays.html.

 

Comparative genomic DNA hybridization experiment

 

In order to assess the hybridization potential of 

 

P. moluccensis

 

DNA to the 

 

D. rerio

 

 microarray, we performed four
comparative genomic DNA hybridizations on 

 

D. rerio

 

microarrays. Genomic DNA for 

 

D. rerio

 

 was prepared by
pooling an equal amount of gDNA from three individuals
of 

 

D. rerio

 

. Four biological replicates of 

 

P. moluccensis

 

 gDNA
were fluorescently labelled, then each was mixed with an
aliquot of fluorescently labelled 

 

D. rerio

 

 pooled gDNA.
Each of the four gDNA mixtures was hybridized to an
individual 

 

D. rerio

 

 microarray. We swapped dye usage
between 

 

P. moluccensis

 

 and 

 

D. rerio

 

 samples in order to
account for potential dye bias. Genomic DNA was extracted
from fish caudal fins of both species using cetyltrimethyl
ammonium bromide (CTAB) (Murray & Thompson 1980)
and quantified using a spectrophotometer. Five 

 

µ

 

g of gDNA
per sample was digested with 

 

Dpn

 

II and labelled using the
BioPrime Plus Array CGH Genomic Labeling System
(Invitrogen). Prior to hybridization, each microarray slide
was immersed in distilled water at 60 

 

°

 

C for 5 min and
dried by centrifugation at 650 

 

×

 

 g for 5 min. Fifty 

 

µ

 

g of
human Cot-1 was added to each labelled gDNA sample,
dried under reduced pressure, resuspended in 14 

 

µ

 

L
formamide and 14 

 

µ

 

L of 6.25

 

×

 

 SSC, denatured by heating
to 100 

 

°

 

C for 3 min and transferred directly to ice. Finally,
0.6 

 

µ

 

L of 10% SDS was added to each sample. The probes
were applied to the array and incubated at 42 

 

°

 

C overnight
in a humidified chamber. The arrays were washed in 0.5

 

×

 

SSC containing 0.01% SDS for 1 min, 0.5

 

×

 

 SSC for 3 min and
0.2

 

×

 

 SSC for 3 min. The slides were scanned using an Axon
4000B microarray scanner. Single image.tif files were saved
for data analysis.

 

Microarray analysis of heat-stressed 

 

Pomacentrus 
moluccensis

 

Total RNA from liver tissue of heat-stressed 

 

P. moluccensis

 

and 

 

P. moluccensis

 

 kept at ambient temperature was extracted
using TRIzol (Invitrogen) according to the manufacturer’s
instructions and purified using RNeasy columns (QIAGEN),
ethanol-precipitated and subsequently resuspended in
nuclease-free water. The concentration and purity of RNA
was determined by spectrophotometer readings at 260 nm
and 280 nm. The integrity of the RNA was confirmed by
agarose gel electrophoresis. Forty 

 

µ

 

g of total RNA was
mixed with 4 

 

µ

 

g of anchored polyT(V)N and 0.5 

 

µ

 

g of
random hexamers, and incubated at 70 

 

°

 

C for 10 min. The
samples were placed on ice and mixed with 6 

 

µ

 

L of 5

 

×

 

Superscript II buffer (Invitrogen), 2 

 

µ

 

L of 0.1 

 

m

 

 dithiothreitol
(DTT), 2 

 

µ

 

L of Superscript II (200 U/

 

µ

 

L) (Invitrogen) and
0.6 

 

µ

 

L of aminoallyl (aa) dNTP mix (25 m

 

m

 

 dATP, 25 m

 

m
dGTP, 25 mm dCTP, 10 mm dTTP and 15 mm aa dUTP).
After incubation at 42 °C for 2.5 h, residual RNA was
hydrolysed in 10 µL of 0.25 m NaOH and 10 µL of 0.5 m
EDTA (pH 8.0) by incubating at 65 °C for 15 min. The
reactions were neutralized by adding 15 µL of 0.2 m acetic
acid and purified using a QIAquick PCR purification kit
(QIAGEN). The purified cDNA was dried under reduced
pressure, dissolved in 9 µL of 0.1 m NaHCO3 (pH 9.0),
mixed with Cy3 or Cy5 and left in the dark to couple at
room temperature for 60 min. The labelled cDNA was
mixed with 41 µL of MilliQ water and purified using a
QIAquick PCR purification kit (QIAGEN). The purified
fluorescently labelled cDNA samples were eluted into a
clean tube with 90 µL of MilliQ water and dried under
reduced pressure. Equal amounts of RNA samples from
four P. moluccensis kept at ambient temperature were
pooled and used as a common reference. Labelled cDNA
from four heat-stressed P. moluccensis was competitively
hybridized against the pooled control in four microarray
hybridizations using dye swaps. Microarray hybrid-
izations of labelled cDNA were performed as described
for the gDNA samples above except that 2.5 µg human
Cot-1 and 4 µg poly A were added to each labelled cDNA
sample.

Microarray statistical data analysis and data mining

The Cy5 and Cy3 fluorescent signal intensity of each
gene on the array was extracted using spot software
(CSIRO Mathematical and Information Sciences, Australia).
The background fluorescence was subtracted and the
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ratio of the resultant signal intensities (Cy5/Cy3) was
log2-transformed. Statistical analyses were performed
using the software package limma (Smyth 2005), following
Smyth (2004). The transformed signal intensities of each
grid on the array and global signal intensity were print-tip
Loess normalized (Smyth & Speed 2003), and scale
normalized between arrays.

Pomacentrus moluccensis gDNA will not preferentially
hybridize to a D. rerio oligonucleotide microarray in the

presence of D. rerio gDNA. We were therefore able to
measure the random noise in the comparative genomic
hybridization experiment by using spots with positive M
values (Fig. 1). Due to the Loess normalization discussed
above potentially shifting the M value corresponding to
equal hybridization away from M = 0, we used the modal
M value, estimated from a density estimate of M values, as
the centre of the distribution. The 99th percentile of spots
with M values greater than this mode was taken as a

Fig. 1 MA plot of the comparative genomic hybridization experiment in which Pomacentrus moluccensis gDNA and Danio rerio gDNA were
competitively hybridized to the D. rerio array. The plot illustrates the relative signal intensity difference between P. moluccensis and D. rerio
against average signal intensity A. Each dot represents one of the 15 806 genes represented on the microarray. The solid line represents the
modal M value of the distribution of M values. The dashed lines represent the M value corresponding to the 99th percentile of positive M
values and its extrapolation towards negative M values. Genes that show reduced hybridization signal for P. moluccensis as compared to
D. rerio have negative M values that fall below this threshold (�). MA values for six nuclear gene loci that are known to have high sequence
similarity between P. moluccensis and D. rerio are also marked (�).
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threshold to decide which spots had poorly hybridized
with the P. moluccensis gDNA and spots with M values that
exceeded this threshold below the mode were flagged as
such (Fig. 1). Genes with negative M values outside this
range are attributed to D. rerio gDNA hybridizing in pre-
ference to P. moluccensis gDNA due to sequence divergence
between the two taxa. In contrast, genes that lie within
the 99th percentile show similar hybridization signal in
P. moluccensis and D. rerio and are thus considered to share
significant sequence similarity in the two taxa. Although
we take no account of variability among replicates and
the 99th percentile is somewhat arbitrarily chosen, this
approach identifies more spots as poorly hybridized than
several other methods we have considered. Ultimately, the
purpose of the comparative genomic hybridization ex-
periment was to identify any spots that show any evidence
of reduced hybridization when using P. moluccensis on the
D. rerio microarray. Spots identified in this way were
excluded from further analysis of the gene expression data.

This approach provides a conservative estimate of the
number of genes involved in the heat stress response of
P. moluccensis.

For analysis of the gene expression data, a moderated
t-statistic was calculated for each gene on the array employ-
ing an empirical Bayes method (Smyth 2004). This method
uses the information from all genes represented on the
array in order to moderate the standard errors of the esti-
mated expression changes for each individual gene. This
approach results in more stable inference and improved
power and is particularly useful for experiments with
small numbers of arrays (Smyth 2004). Benjamini & Hoch-
berg’s (1995) method for controlling the false discovery
rate (FDR) was used to control experiment-wise error rates
in the face of multiple testing. Genes with FDR-adjusted
P values < 0.1 were considered differentially expressed. The
raw microarray data on which these analyses are based
is deposited at the Gene Expression Omnibus website
(www.ncbi.nlm.nih.gov/projects/geo/ Barrett et al. 2005)

Fig. 2 Volcano plot of Log odds B against relative expression differences between heat-stressed Pomacentrus moluccensis and P. moluccensis
kept at ambient temperature. Each dot represents one of the 15 806 genes represented on the microarray after having excluded spots that
showed poor hybridization for Pomacentrus moluccensis. The X-axis displays log2-transformed signal intensity differences between heat-
stressed and nonstressed P. moluccensis; the Y-axis is the Log odds B for differential expression between heat-stressed and nonstressed P.
moluccensis. The horizontal dashed line represents significance threshold corresponding to Bmin with FDR-corrected P value < 0.1. The
vertical dashed lines represent twofold expression changes. All spots above the horizontal dashed line are genes that were identified as
showing differential expression following heat stress in P. moluccensis (�).
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under the following accessions: GPL3365 (microarray
platform), GSE4047 (data series), GSM104737, GSM104739,
GSM104741, GSM104742, and GSM92653 to GSM92656
(samples). The raw image.tif files can be downloaded at
ftp://ftp.ncbi.nih.gov/pub/geo/DATA/.

Gene annotation was performed using the program
resourcerer 12.0 (Tsai et al. 2001). Gene function of iden-
tified candidate genes was estimated by gene functions
determined for D. rerio using a combination of amigo (The
Gene Ontology Consortium 2000) (www.godatabase.org/
cgi-bin/amigo/go.cgi), iHop (www.pdg.cnb.uam.es/
UniPub/iHOP/) (Hoffmann & Valencia 2004), and
databases at NCBI (www.ncbi.nlm.nih.gov/). Over-
representation of gene ontologies in candidate genes com-
pared to the total of genes represented on the microarray
was tested using the program the ontologizer 2.0
(Robinson et al. 2004) and data files downloaded from
the Gene Ontology (gene_ontology.obo accessed Septem-
ber 27, 2005; www.geneontology.org/) and the Zebrafish
Information Network (gene_association.zfin September
21, 2005; http://zfin.org).

Quantitative real-time polymerase chain reaction 
verification of array data

In order to independently verify that candidate genes for
heat stress identified in the heterologous microarray
experiments were indeed differentially expressed, we
performed quantitative real-time PCR on a selection of six
candidate genes. These genes were chosen because their
reported gene function made them interesting candidates,
and because combined they represent a variety of functional
classes. With the exception of β-actin, degenerate primers
to amplify the selected candidate genes in P. moluccensis
were designed using blockmaker and codehop (http://
blocks.fhcrc.org/codehop.html) (Rose et al. 1998; Rose
et al. 2003) and sequence information available on
GenBank for other vertebrates. For β-actin we used the
primers of Forlano et al. (2005) (Table S1, Supplementary
material). Where possible, PCR amplification targeted the
same gene region that was represented by the oligo on the
microarray. However, the choice of gene region for PCR
amplification also depended on sequence information
available in GenBank and the availability of suitable
priming sites. Gene fragments of 217 bp to 729 bp per gene
were amplified using cDNA synthesized with oligo dT
primers. PCR products were cloned into pGEM-T Easy
Vector Systems (Promega) following the manufacturer’s
instructions. Clones were sequenced using DYEnamic ET
Dye Terminator (GE Healthcare) on an ABI PRISM 377
automated sequencer. Sequence homology to genes of
interest was confirmed using blastx search, translated
query vs. protein database, on the NCBI website (all E-
values = 3e−24, Table S1). Real-time PCR primers specific

for P. moluccensis were designed using a combination of
primer express Software version 2.0 (Applied Biosystems)
and primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi) (Rozen & Skaletsky 2000) following
the recommendations of Bustin (2000) and Giulietti et al.
(2001), in particular with respect to primer annealing
temperature and amplicon length (Table S2, Supplementary
material).

Samples for quantitative real-time PCR data validation
consisted of the same RNA samples employed in the
microarray experiment, except for one control sample,
which had been completely used up, and hence was not
available for the real-time PCR assay. In order to maximize
sample sizes for quantitative real-time PCR, RNA from
five nonstressed fish and two heat-stressed fish that had
not been used in the microarray experiment were added to
the sample pool, resulting in a total of eight and six samples
from nonstressed and heat-stressed individuals, respectively.
All RNA samples were treated with DNA-free DNase
Treatment and Removal Reagents (Ambion) in order to
remove any contamination with genomic DNA. The absence
of genomic DNA contamination after DNase treatment
was confirmed by the absence of bands following PCR
with β-actin genomic DNA primers. The quality and quantity
of total RNA was assessed using spectrophotometry and
formaldehyde-agarose gel electrophoresis. One microgram
of total RNA was used for cDNA synthesis using oligo dT
primers and the SuperScript III First-Strand Synthesis Sys-
tem for RT-PCR (Invitrogen) following the manufacturer’s
instructions. After treatment with RNase H, cDNA samples
were cleaned of free nucleotides and enzyme using QIAquick
PCR clean-up columns (QIAGEN) and eluted in 30 µL of
nuclease-free water. The amount of cDNA was quantified
using spectrophotometry. PCRs were carried out in duplicate
using a Corbett Robotics CAS-1200 and run on a Corbett
Research Rotor-Gene 3000. PCR were carried out in a final
volume of 15 µL containing 7.5 µL SYBR Green PCR Master
Mix (Applied Biosystems), 5 ng of cDNA, and between
50 nm and 900 nm forward and reverse primers. Optimum
primer concentrations for each gene were determined
using different combinations of 50 nm, 300 nm, and 900 nm
forward and reverse primers (Table S2). In order to reduce
between-run variability, the same dilution of cDNA samples
and the standard were used in each PCR run. PCR con-
ditions were one cycle of 95 °C for 10 min, followed by 40
cycles of 95 °C 15 s and 60 °C 1 min. During each of the 40
cycles the fluorescence was acquired at the end of the
60 °C step. The PCR run was followed by a melt-curve
analysis in order to confirm amplification of specific pro-
duct only. Negative controls for PCRs included RNA that
had not been reverse-transcribed as well as no-template
controls.

The amount of cDNA was quantified using the standard
curve method. Each PCR run included serial dilutions of

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://blocks.fhcrc.org/codehop.html
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the cDNA sample designated as standard, ranging from
10 ng cDNA to 0.05 ng cDNA. PCR efficiencies (E) were
calculated using the dilution series of the standard and the
formula E = 10(−1/slope) implemented in the program rest
(Pfaffl et al. 2002). PCR efficiencies ranged between 1.90
and 2.06 with R2 values between 0.994 and 0.999 indicating
good PCR performance for all loci. Two commonly used
housekeeping genes, 18S rRNA and hypoxanthine-
guanine phosphoribosyl transferase (HPRT), were also
amplified for each sample for use as endogenous controls.
The program bestkeeper by Pfaffl et al. (2004) and not-
normalized results from the randomization test in rest
were used to test the stability of the two housekeeping
genes. Both, HPRT and 18S were suitable reference genes
based on their invariant expression among control and
treatment samples and the significant correlation between
HPRT and 18S values. For relative quantification, the real-
time PCR data were normalized to the geometric mean of
18S and HPRT following the method of Vandesompele
et al. (2002). The nonparametric Mann–Whitney U-test for
two independent samples was used to test for significant
differences in group means between heat-stressed and
nonstressed fish.

Direct sequence comparison between Danio rerio and 
Pomacentrus moluccensis

As part of designing the real-time PCR assay, we sequenced
segments of the coding region of eight nuclear gene loci in
P. moluccensis. We were thus able to directly compare
sequence similarity between P. moluccensis and D. rerio at
these loci. The D. rerio data consisted of the clone sequences
represented on the microarray and sequence data down-
loaded from GenBank. Sequences were aligned using se-al
version 2.0a11 (Rambaut 1996) and sequence similarity was
calculated using mega 3.1 (Kumar et al. 2004).

Results

Estimation of sequence similarity between Danio rerio 
and Pomacentrus moluccensis

Direct sequence comparison between Danio rerio and
Pomacentrus moluccensis at eight nuclear gene loci revealed,
on average, 81% DNA sequence similarity (Table 1, see
Fig. S1, Supplementary material for sequence alignments).
The below-average level of sequence similarity at locus
cebpd was due to 18 codon insertions and two codon
deletions. Six of the eight nuclear gene loci sequenced were
represented on the microarray. The M values for these six
loci did not exceed the threshold for M values set in the
comparative genomic hybridization experiment, indicating
that hybridization to the D. rerio array at these loci was
comparable for the two species (Fig. 1). We have therefore
demonstrated that genes with high sequence similarity
between P. moluccensis and D. rerio produce similar
fluorescent signals in both species when competitively
hybridized to the D. rerio array.

The comparative genomic hybridization experiment
identified loci where hybridization of P. moluccensis to the
D. rerio array may have been compromised. Using the
M values greater than the mode (Mmode = 0.038) we chose
the 99th percentile as a threshold and classified all spots
below the mode minus this threshold as showing evidence
of reduced hybridization in P. moluccensis. The negative
threshold chosen by this method was −0.584 and this
resulted in 985 spots, approximately 6% of genes assayed,
being classified as showing evidence of reduced hybrid-
ization (Fig. 1, Table S3, Supplementary material). These
loci were excluded from analysis of the microarray gene
expression data. Differences in hybridization signal at
these loci were as great as 50-fold, but only 112 genes showed
a fivefold change or larger. It is likely that hybridization at

Table 1 Direct sequence comparison of Pomacentrus moluccensis and Danio rerio nuclear genes

Gene name

GenBank 
Accession 
P. moluccensis 
clone

GenBank 
Accession 
D. rerio 
clone

Length of 
sequence 
alignment   
(bp)

Percentage 
nucleotide 
similarity

Percentage of 
nucleotide changes 
that occur at third 
codon position

Percentage
amino acid
similarity

rhoC DQ243817 AI959074 165 80.0 81.8 98.2
cdk5 DQ243818 AF203736 588 81.3 81.8 99.0
Loc402870 DQ243819 BM181148/BC056714 441 79.6 83.3 94.6
cebpd DQ243820 BE017827/NM131887 525 63.0 44.3 62.3
cct6a DQ243821 AI437239/NM201290 963 79.1 81.1 91.9
beta-actin DQ243822 AF025305 618 90.0 75.8 98.1
HPRT DQ243824 BC046003 171 79.5 85.7 94.7
18S DQ243823 BX296557 618 95.3 noncoding noncoding
Average 81.0 76.3 91.3
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these gene loci was compromised due to sequence diver-
gence between P. moluccensis and D. rerio. However, for
most gene loci, the fluorescent signal in the comparative
genomic hybridization experiment was comparable
between the two taxa, suggesting that P. moluccensis
hybridizes well to the D. rerio array (Fig. 1).

The early gene expression response to heat stress

Relative to P. moluccensis kept at ambient temperature,
heat-stressed P. moluccensis showed expression changes in
111 genes, approximately 0.8% of assayed genes, as assessed
by false discovery rate (FDR) (Table 2, Fig. 2, Table S3,
Supplementary material, Table 3). All but six of these genes
were down-regulated in the heat-stressed samples with
fold changes of up to 3.8 (Table 2). Information was
available regarding the functions of 55 of the 111 differ-
entially expressed genes (Table 2). While many functional
classes of genes were affected by heat-stress, many of these
candidate genes are involved in protein processing (15%),
cell cycle and cell growth (15%), and transcription and
translation (8%) (Table 2, Fig. 3). Differentially expressed
genes in this group included several ribosomal proteins
(28S ribosomal protein S15, 40S ribosomal protein S17, 40S
ribosomal protein S5), the transcription factors cebpd, ercc8,
and nkrf, the growth factors cspg5 and FGF1, and ANAPC4,
a gene involved in cytokinesis (Table 2). Most of these
genes were down-regulated following heat stress, except
40S ribosomal proteins S5 and S17 and carboxypeptidase
A2, which were up-regulated. A further 11% of identified
candidate genes are cytoskeletal proteins or are involved in
their processing. Several gene ontologies were over-
represented in the identified candidate genes as compared
to the total of genes represented on the microarray
(Table 3). In particular, ‘macromolecule metabolism’ and
‘protein processing’ were over-represented in the category
Biological Process, ‘structural molecule activity’ and
‘motor activity’ in the category Molecular Function, and
‘ribosome’, ‘actin cytoskeleton’, and ‘actin filament’ in the
category Cellular Component. The gene ontologies of five

candidate genes, rhoC, α-cardiac actin, cebpd, cct6a and
β-actin, included the response to stress.

Verification of microarray data using quantitative 
real-time polymerase chain reaction

The real-time PCR results supported the results from the
microarray analyses. Four of the five genes that were
down-regulated according to our microarray analyses
were also down-regulated according to our qPCR results,
and cct6a, which was up-regulated in the microarray analyses
showed the same trend in the qPCR results (Table 2, Fig. 4).
While qPCR confirmed the trend for down-regulation at
locus cebpd, the qPCR results were not significant at the α-
level of 0.05, which was most likely due to difficulties in
precisely estimating group means at this locus.

Fig. 3 Gene ontologies of the 111 candid-
ate genes identified in the microarray
analysis of heat-stressed Pomacentrus
moluccensis.

Fig. 4 Normalized gene expression level of candidate genes in
heat-stressed Pomacentrus moluccensis (*, n = 6) and P. moluccensis
kept at ambient temperature (�, n = 8) as determined by quan-
titative real-time PCR. Expression levels were normalized to the
geometric mean of the two housekeeping genes 18S and HPRT.
Significance values between group means were determined by the
nonparametric Mann–Whitney U-test (* P< 0.05; *** P< 0.001).
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Table 2 Changes in mRNA expression levels in heat-stressed Pomacentrus moluccensis (only genes with information regarding gene function are shown; where multiple functions are
associated with a gene the gene function most relevant in the context of this study is represented). GenBank Accession nos refer to the Danio rerio clones represented on the microarray.
Genes were ranked according to statistical significance as determined by Bayesian analysis of the expression response across four biological replicates. Negative values of fold change
indicate down-regulation of gene in heat-stressed P. moluccensis, while positive values indicate up-regulation (P values are FDR-corrected). qPCR data for six candidate genes are provided
for comparison to the array data (–, indicates loci for which qPCR was not performed)

Rank

GenBank 
Accession 
D. rerio clone

UniGene
ID Gene Symbol Putative identification Functional classification

Fold 
change 
array P

Fold 
change
qPCR

Protein processing
5 AW344170 Dr.7695 gp25L2 Glycoprotein 25L2 precursor Protein Carrier −2.55 0.027 —
7 AI957736 Dr.33713 wu:fd02h12 Aurora-like serine/threonine kinase Cytokinesis, Protein Kinase −2.62 0.027 —
8 BI880263 Dr.4218 ubiE Ubiquinone methlytransferase Ubiquinone Biosynthesis −2.58 0.027 —
33 AF203736 Dr.10688 cdk5 Cyclin-dependent protein kinase 5 Protein Kinase −2.19 0.044 −1.92
42 AW826222 Dr.23208 zgc:64014 zgc:64014 Protein Binding −1.82 0.046 —
83 AW019487 Dr.31372 Ela2 Elastase 2 Proteolysis and Peptidolysis −2.69 0.078 —
101 AI641408 Dr.1576 si:ch211–240l19.1 si:ch211–240l19.1 ATP Binding, Protein Kinase −1.95 0.091 —
108 BI887176 Dr.20448 kpnb1 Importin beta-1 subunit Protein Binding −1.63 0.095 —

Cell cycle and cell growth
12 BM182231 Dr.9164 ANAPC4 Anaphase promoting complex subunit 4 Cytokinesis −2.16 0.027 —
24 BI710602 Dr.41827 cspg5 Chondroitin sulphate proteoglycan 5 Growth Factor −2.04 0.029 —
26 AW173992 Dr.669 sycp3 Cholinephosphotransferase 1 Cell Growth −1.93 0.035 —
31 BG306448 Dr.27147 FGF1 Heparin-binding growth factor 1 precursor Growth Factor −1.80 0.044 —
89 AI496860 Dr.31546 CPA2 Carboxypeptidase A2 Cell Growth +3.78 0.081 —

Cytoskeleton
4 AF116824 Dr.10694 actcl Alpha-cardiac actin Cytoskeleton −2.31 0.027 —
111 AF025305 Dr.1109 bactin2 Beta-actin Cytoskeleton −2.28 0.095 −3.59

Transcription and translation
15 AI545168 Dr.31567 hnrpab Heterogeneous nuclear ribonucleoprotein A/B DNA Binding −2.93 0.027 —
22 BI709452 Dr.9814 MRPS15 28S ribosomal protein S15 Protein Biosynthesis −2.68 0.027 —
27 AW116173 Dr.35537 ADA2B Transcriptional adaptor 2: ADA2 beta Transcription −2.13 0.035 —
45 BE017827 Dr.1280 cebpd cebpd protein/transcription factor CC/EBP-2 Transcription Factor −1.91 0.046 −1.5
52 BI888812 Dr.29118 RPS17 40S ribosomal protein S17 Protein Biosynthesis +2.30 0.047 —
64 BI879671 Dr.32926 im:7151282 Retinoic acid-responsve protein Transcription −2.71 0.059 —
78 BM155576 Dr.36769 ercc8 Cockayne syndrome WD × repeat protein CSA RNA PolII Transcription Factor −1.73 0.072 —
81 BI325685 Dr.5816 ING1 Inhibitor of growth family, member 1-like Signal Transduction −1.62 0.078 —
112 BE017895 Dr.1324 rps5 40S ribosomal protein S5 Protein Biosynthesis +3.48 0.095 —
114 AI545725 Dr.4910 nkrf NF-kappa-B-repressing factor DNA Binding, Transcription −1.54 0.095 —
118 BG306385 Dr.2818 zgc:91986 zgc:91986 Transcription −1.83 0.097 —
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Cell communication
1 AI959074 Dr.18762 rhoC GTP-binding gene RhoC Signal Transduction −3.05 0.027 −1.48
6 AF146429 Dr.8086 dLc DeltaC Cell Communication −2.43 0.027 —
16 BM181148 Dr.28227 Loc402870 similar to KIAA0887 protein/ETEA Signal Transduction −1.92 0.027 −1.56
20 AW174595 Dr.30368 FLJ22649 Microsomal signal peptidase 23 kDa subunit Signal Peptidase −1.92 0.027 —

28 AI793549 Dr.27534 Tc-mip Truncated c-Maf-inducing protein Signal Transduction −1.91 0.035 —
69 BI843324 Dr.14009 GPR125 G protein-coupled receptor 125 Signal Transduction −1.64 0.061 —
74 Y08426 Dr.114 ihhb Indian hedgehog protein precursor (IHH) Cell Communication −1.91 0.071 —
100 L27585 Dr.36 shh Sonic hedgehog protein precursor (SHH) Cell Communication −1.84 0.091 —

Carbohydrate metabolism
3 BI705511 Dr.9278 HK1 Hexokinase 1 Glycolysis −2.45 0.027 —
35 AW115515 Dr.32807 PFKFB3 Inducible 6-phosphofructo-2-kinase Fructose Metabolism −2.53 0.046 —
110 BM183964 Dr.10029 glo1 Glyoxalase 1 Carbohydrate Metabolism −1.96 0.095 —

Response to Stress
62 AI437239 Dr.6928 cct6a chaperonin containing TCP1, subunit 6 A Molecular Chaperone +1.88 0.058 +1.33

Others
18 AI957907 Dr.11635 COX15 Cytochrome c oxidase assembly protein Electron Transport −2.14 0.027 —
19 AW133635 Dr.1943 abce1 ATP-binding cassette, subfamily E, member 1 Electron Transport −2.19 0.027 —
34 BG891929 Dr.1183 slco3a1 Solute carrier anion transporter, member 3A1 Ion Transport −2.60 0.046 —
48 BI980125 Dr.30642 zgc:85626 similar to LOC394884 protein Oxidoreductase −1.87 0.046 —
53 AI477980 Dr.31384 vg1 Vitellogenin 1; 28 kDa-1e apolipoprotein Lipid Transport −2.99 0.047 —
59 BE202218 Dr.23559 gst-13 Glutathione S-transferase subunit 13 Conjugation of Glutathione −1.78 0.054 —
61 BI888327 Dr.28391 zdhhc24 zinc finger, DHHC-type containing 24 Zinc Ion Binding −1.88 0.058 —
87 BM025184 Dr.16893 zgc:77412 Zgc:77412 protein Phosphate Transport −2.36 0.079 —
88 BI891136 Dr.322 wu:fa10g06 Zgc:77804 protein Spliceosome Assembly −1.64 0.079 —
95 BM026665 Dr.17063 ND6 NADH dehydrogenase I chain J Electron Transport −2.10 0.089 —
103 BG302556 Dr.26431 SCDR9 Short chain dehydrogenase reductase 9 Oxidoreductase −1.75 0.091 —
106 BM071886 Dr.9766 cox5a Cytochrome c oxidase subunit Va Electron Transport +1.98 0.094 —
107 BE200900 Dr.9792 zgc:66385 zgc:66385 Intracellular Transport −1.96 0.095 —
109 AI958567 Dr.441 col9a2 Type IX collagen alpha 2 Phosphate Transport −2.11 0.095 —
113 AI415849 Dr.2389 si:ch211–101n13.1 Asparaginase Glycoprotein Catabolism −1.59 0.095 —

Rank

GenBank 
Accession 
D. rerio clone

UniGene
ID Gene Symbol Putative identification Functional classification

Fold 
change 
array P

Fold 
change
qPCR

Table 2 Continued
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Discussion

Our results confirm the utility of using a heterologous
Danio rerio oligonucleotide array for gene discovery
studies in Pomacentrus moluccensis. For a cross-species
microarray platform to be useful, sequence similarity
needs to be great enough to allow cross-hybridization
of the heterologous sample to the array. We assessed
sequence similarity between P. moluccensis and D. rerio and
hybridization potential of P. moluccensis to the D. rerio
array in a number of ways and also validated results from
the microarray study using an alternative method for
measuring differential expression. First, direct sequence
comparison between P. moluccensis and D. rerio at a
selection of nuclear gene loci revealed an average sequence
similarity of 81% and, as expected, these selected gene loci
showed similar fluorescent intensities for both taxa in the
comparative genomic hybridization experiment (Fig. 1).
These data suggest that the hybridization of DNA to
oligonucleotide microarrays is robust to some level of
sequence variation between target and oligo. These results
are in accordance with Kane et al. (2000) who have
demonstrated that 75% sequence similarity between target
and oligo is sufficient to produce significant hybridization
signal on oligonucleotide microarrays. Second, the com-
parative genomic hybridization experiment demonstrated
that for most genes hybridization of P. moluccensis gDNA
to the D. rerio array was comparable to the hyrbidization
observed for D. rerio gDNA. Thus, the two fish taxa appear
to share significant sequence similarity at most gene loci
suggesting that the heterologous microarray is useful for
studies of P. moluccensis. Last, we employed quantitative
real-time PCR to verify differential expression following

heat stress for a selection of candidate genes. Four of the
six candidate genes that were followed-up also showed
significant expression changes in the real-time PCR assay.
While the remaining two loci showed the same direction
of expression change (down- or up-regulation) as in the
microarray data, the results were not statistically significant
at α-level 0.05, due to the relatively large variability
observed between biological replicates of the outbred fish
population and the small fold changes measured. Thus,
use of a heterologous microarray approach produced gene
expression data that was confirmed by an alternative
method. The sequence alignments for eight nuclear gene
loci further show that the majority of nucleotide changes
(76.3%, Table 1) occur at the third codon position, and thus
would not affect amino acid sequences. The high degree
of amino acid sequence similarity (average of 91.3% and
up to 99%, Table 1) suggests that homologous genes in
P. moluccensis and D. rerio largely function in the same
way, potentially allowing inference of gene function in
P. moluccensis from known gene function in D. rerio.

Interpreting results from heterologous microarray 
experiments

The level of cross-hybridization to a heterologous array
depends on sequence similarity and therefore, on phylo-
genetic distance between the probe and target species. The
greater the divergence, the smaller the number of hybrid-
ized spots and the lower the power to detect small fold
changes in gene expression (Renn et al. 2004). However,
significant and biologically meaningful results can still
be obtained using heterologous microarrays, even ones
developed for distantly related species (Renn et al. 2004).

Table 3 Over-representation of gene ontologies among candidate genes for heat shock in Pomacentrus moluccensis as compared to the total
of genes represented on the microarray

Category Gene ontology term ID Count

Percentage 
candidate 
genes

Percentage 
microarray E value

Biological process Macromolecule metabolism GO:0043170 14 16.67 10.2 0.04
Cellular protein catabolism GO:0044257 4 4.76 1.56 0.04
Protein processing GO:0016485 3 3.57 0.07 0.00002
Intein-mediated protein splicing GO:0016539 2 2.38 0.02 0.00009

Molecular function Structural molecule activity GO:0005198 5 5.95 2.06 0.03
Peptidase activity GO:0008233 4 4.76 1.57 0.04
Structural constituent of ribosome GO:0003735 3 3.57 0.91 0.04
Structural constituent of cytoskeleton GO:0005200 2 2.38 0.1 0.003
Motor activity GO:0003774 2 2.38 0.36 0.04

Cellular component Ribosome GO:0005840 3 3.57 0.84 0.03
Peroxisome GO:0005777 2 2.38 0.09 0.003
Actin cytoskeleton GO:0015629 2 2.38 0.34 0.03
Microbody GO:0042579 2 2.38 0.09 0.003
Actin filament GO:0005884 2 2.38 0.1 0.003
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Our study is the first to use a 65-mer oligonucleotide
microarray in heterologous microarray experiments. Our
results suggest that long oligonucleotide microarrays also
have potential use in heterologous experiments.

Signal specificity may be affected in heterologous micro-
array experiments. In such experiments, the number of
‘yellow spots’ that indicate nondifferential gene expression
might be expected to be greater than in species-specific
hybridizations due to nonspecific binding. This will be true
especially if the stringency of the hybridization conditions
is reduced in order to encourage binding of the sample to
the array. Therefore, the biological significance of genes
that are not differentially expressed is hard to gauge in
heterologous microarray experiments. Here, we limit our
discussion to those genes that were differentially expressed
in the early response to heat stress. We cannot, however,
dismiss the possibility that genes other than those discussed
here may have been regulated. In contrast to the possibility
of not detecting genes that are regulated, false-positives in
candidate gene identification due to cross-species hybrid-
izations are less likely. False-positives require considerable
sequence similarity between a probe and an unrelated
target. Such similarity is unlikely to occur, except for
closely related members of a gene family. Cross-reactivity
between gene family members increases as their sequence
similarity increases and this also applies to species-specific
hybridizations (Evertsz et al. 2001; Miller et al. 2002). The
susceptibility to cross-hybridization also depends on
the design of oligonucleotides on the microarray. Oligo-
nucleotide arrays of the type used here are thought to pro-
vide increased specificity compared to cDNA microarrays
(Cossins & Crawford 2005). However, since the purpose of
our heterologous microarray experiments was to identify
the participation of genes in the early response to heat
stress, false-negatives and cross-hybridization between
closely related gene family members constitute a minor
problem. Therefore, the genes we report here as being
involved in the early response to heat stress are likely to be
an underestimate of all the genes involved.

The early gene response to heat stress

While quantitative PCR confirmed the results of the
microarray gene expression analyses for a selection
of identified candidate genes, the limited number of
biological replicates (n = 4) employed in this study calls for
cautious interpretation of the observed expression changes
following heat shock. It is possible that the transcriptional
responses observed here are not representative of this coral
reef fish population as a whole. Nevertheless, genes that
showed significant expression changes in this study
constitute good candidates for follow-up study and the
transcriptional profiles discussed here may guide such
future work.

In heat-shocked P. moluccensis, the greatest expression
changes occurred at CPA2 (3.8-fold up-regulation), rps5
(3.5-fold up-regulation), and rhoC (3.1-fold down-regulation).
CPA2 has been previously associated with cell growth,
vacuolar protein catabolism, and metal ion binding
(Pascual et al. 1989). Up-regulation of CPA2 during heat
stress may thus be related to increased rates of protein
catabolism under conditions of heat stress. Increased pro-
tein catabolism appears to be a key response in the early
response to heat shock in this study (Table 3). The ribos-
omal protein rps5 is a component of the 40S subunit of
ribosomes and thus associated with protein biosynthesis.
Typically, heat shock causes the suppression of ribosomal
protein synthesis (Bell et al. 1988). However, transcription
of some ribosomal proteins, for example 40S ribosomal
protein 8 A, increases in response to heat stress (Podrabsky
& Somero 2004). It is possible that some ribosomal proteins
are particularly sensitive to heat and that rates of tran-
scription reflect the different heat sensitivities of ribosomal
proteins.

The GTPase rhoC is one of the four differentially expressed
genes, α-cardiac actin, β-actin, rhoC, and cct6a, that encode
cytoskeletal proteins or are involved in their processing. As
a result, the gene ontologies ‘structural molecule activity’,
‘structural constituent of cytoskeleton’, ‘motor activity’,
‘actin cytoskeleton’, and ‘actin filament’ were over-represented
in the group of candidate genes. rhoC is involved in the
organization and biogenesis of the actin filament, while
the molecular chaperone cct6a is important for the folding
of actin. Cytoskeletal proteins have been previously shown
to be regulated in response to temperature stress in teleosts
(Sarmiento et al. 2000; Ju et al. 2002; Podrabsky & Somero
2004) possibly because the cytoskeleton needs to be stabil-
ized during temperature stress (Podrabsky & Somero
2004). The expression pattern of β-actin during tempera-
ture stress and acclimation is complex. For example,
summer-acclimatized carp have increased β-actin levels
as compared to winter-acclimatized carp (Sarmiento et al.
2000). However, when channel catfish are transferred to
cold, β-actin levels are similarly induced and return to
baseline levels only 6 weeks after acclimation to the cold
environment (Ju et al. 2002).

The molecular chaperone cct6a, which was up-regulated
following heat shock in this study, belongs to the cytosolic
chaperonin-containing t-complex polypeptide 1. It assists
in the proper folding of many cellular proteins, including
actin and tubulin, and consists of multiple subunits with
each subunit exhibiting a unique expression pattern (Kubota
2002). Other subunits can also be affected by temperature
stress in teleosts (Gracey et al. 2004; Podrabsky & Somero
2004). Cct7 is induced during heat stress and repressed
during cold stress (Podrabsky & Somero 2004), while cct5
is induced during cold stress (Gracey et al. 2004). Contrary
to expectation, no other molecular chaperones, such as heat
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shock proteins, were among the differentially expressed
genes. In our study and based on the values of the moder-
ated t-statistic, the highest ranked heat shock proteins were
hsp47 and hsp4 (FDR-corrected P values of 0.164 and 0.278,
respectively). The comparative genomic hybridization
experiment showed no evidence of reduced hybridization
potential at these loci suggesting that the array is useful to
measure their regulation during heat stress. Both loci
showed small, 1.4- and 1.6-fold, changes in heat-stressed
fish and there was comparatively large individual variation
in gene expression amongst biological replicates (Kassahn,
unpublished data). It is possible that the small magnitude
of expression change and the high variability amongst rep-
licates prevented them from being classified as differential
expressed or that these loci are not regulated in the early
response to heat stress in this species. Real-time PCR may
be used to follow-up on individual genes of interest.

New candidate genes identified in this study and which
— to our knowledge — are not typically associated with
heat shock responses include the hedgehog proteins shh
and ihhb. Hedgehog proteins have known functions in cell
communication and development, but their role in heat
shock responses is yet to be determined. This study further
identified a number of heat-responsive genes with unknown
function, for example zgc:64014, si:ch211–240|19.1, zgc:91986
(Table 2). Their homology to genes from other organisms
has not yet been determined. Fifty-six of heat-responsive
genes in this study are unidentified (Table S3, Supple-
mentary material). It is likely that this group includes many
novel genes and their identification and annotation will
benefit from genome sequence data that is accumulating
for other teleosts and vertebrates.

Stress responses in teleosts commonly result in gene
expression changes at a large number of loci associated
with protein processing, transcription and translation
(Gracey et al. 2001; Williams et al. 2003; Gracey et al. 2004;
Podrabsky & Somero 2004; Krasnov et al. 2005). Cold stress
appears to induce transcription and protein translation
(Gracey et al. 2004). This response may reflect compensa-
tion for decreased enzymatic rates, resulting from low
temperatures, by increased protein synthesis in order to
maintain biochemical function. In contrast, other stressors,
including heat stress, appear to repress transcription and
protein synthesis, probably reflecting the suppression of
noncritical activities during stress. These responses, how-
ever, can vary among genes. Some translation elongation
factors and ribosomal proteins are induced following
chronic heat stress (Podrabsky & Somero 2004). In our
study, the ontology of 15% of the differentially expressed
genes included protein processing and another 8% trans-
lation and transcription. Over-representation of the gene
ontology ‘cellular protein catabolism’ among candidate
genes in this study suggests increased protein breakdown
following the onset of heat stress. Most differentially

expressed genes were down-regulated in this study indicating
a repression of transcriptional activity. Down-regulation
was also observed for genes involved in cell cycle and cell
growth, such as CPA2, sycp3, and the growth factors cspg5
and FGF1. This gene expression profile is likely to reflect
suppressed cell growth during stress. Such a response is
consistent with gene expression responses reported for
other species experiencing different types of stress. The
yeast Saccharomyces cerevisiae responds to a range of en-
vironmental stressors with a stereotypical change in gene
expression and the suppression of around 10% of assayed
genes, many of which are involved in protein synthesis and
cell growth (Gasch et al. 2000). In the goby Gillichthys mirabilis,
hypoxia causes down-regulation of many cytoskeletal and
ribosomal proteins and this transcription profile may reflect
the reorganization of metabolism and the suppression of
major energy-requiring processes shortly after the onset of
stress (Gracey et al. 2001). The gene expression response of
P. moluccensis to heat stress observed in this study indicates
suppressed cell growth, the repression of transcriptional
activity and increased protein breakdown. These re-
sponses are consistent with an interpretation of metabolic
re-organization following the onset of stress, which would
precede the induction of genes and de novo synthesis of
proteins, which may ultimately allow the organism to cope
with prolonged exposure to stress. Future studies using
longer-term exposure to heat stress are needed to reveal
those genes involved in stress responses beyond the initial
genomic responses observed here.

Coral reef fishes are predicted to experience a significant
rise in sea surface temperatures within the next decades. It
is likely that different species of coral reef fishes differ at
loci that will be important for thermal stress resistance in
the future, and that this will result in varying success among
species in coping with the predicted climatic change. In this
study, we have shown that transcriptome profiling of the
response to heat stress using a heterologous microarray
approach is useful for identifying genes associated with
heat stress resistance and their regulation in coral reef fishes.
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