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Abstract

The eastern oyster, Crassostrea virginica, and the
Pacific oyster, C. gigas, are species of global econo-
mic significance as well as important components
of estuarine ecosystems and models for genetic and
environmental studies. To enhance the molecular
tools available for oyster research, an international
group of collaborators has constructed a 27,496-
feature cDNA microarray containing 4460 sequen-
ces derived from C. virginica, 2320 from C. gigas,
and 16 non-oyster DNAs serving as positive and
negative controls. The performance of the array was
assessed by gene expression profiling using gill and
digestive gland RNA derived from both C. gigas and
C. virginica, and digestive gland RNA from C.
ariakensis. The utility of the microarray for detec-
tion of homologous genes by cross-hybridization
between species was also assessed and the correla-
tion between hybridization intensity and sequence
homology for selected genes determined. The oyster

cDNA microarray is publicly available to the
research community on a cost-recovery basis.

Keywords: bivalve — Crassostrea gigas —
Crassostrea virginica — heterologous hybridization —
microarray — oyster

Introduction

Oysters are members of the Lophotrochozoa, one of
the three clades of Bilateria and a relatively under-
studied group that lacks well developed genetic
models. The eastern oyster, Crassostrea virginica,
and the Pacific oyster, C. gigas, are major compo-
nents of a global aquaculture industry; C. gigas
alone accounts for an annual production of greater
than 4 million tons with a value in excess of $3
billion. Regular disturbances in the production of C.
gigas have been experienced for decades, however,
with mortalities reported during summer periods in
Japan (Koganezawa 1974), United States (Cheney et
al. 2000), and France (Goulletquer et al. 1998;
Soletchnik et al. 1999). Oysters are importantCorrespondence to: Matthew Jenny; E-mail: mjenny@whoi.edu
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components of the estuarine marine ecosystem (Newell
1988), but overharvesting, loss of habitat, declines in
environmental quality, and increased incidence of
disease have led to a dramatic reduction in the health
of entire ecosystems, making oysters an important
indicator species of estuarine health. In addition, the
oyster has proved a useful model for studying the
population biology and genetics of a highly fecund
organism (Hedgecock et al. 2005).

In acknowledgment of the oyster_s commercial
and ecological importance, as well as its underuti-
lization in mainstream genetics research, the Oys-
ter Genome Consortium was formed to advocate for
and cooperate in the development of genetic and
genomic tools for oysters. This international com-
munity has been instrumental in the construction
of bacterial artificial chromosome (BAC) libraries
for C. gigas and C. virginica (Cunningham et al.
2006) and in the adoption, by the Community
Sequencing Program at the Joint Genome Institute,
of C. gigas for a preliminary BAC and expressed
sequence tag (EST) project. Further, in recent years
the availability of oyster DNA sequence informa-
tion has been growing, with several groups reporting
EST collections for C. gigas and C. virginica (Jenny
et al. 2002; Gueguen et al. 2003; Boutet et al. 2004;
Huvet et al. 2004; Peatman et al. 2004; Tanguy et al.
2004, 2005; David et al. 2005). These collections
have proven to be invaluable resources for oyster
gene discovery, as they contain genes whose expres-
sion is regulated in response to environmental,
chemical, and biological stressors that are thought
to have contributed to the decline in health of
oyster populations worldwide. To maximize the
utility of these collections and to address the need
for microarrays to facilitate functional genomic
studies in oysters, the community of researchers in
this area pooled their EST resources for construction
of a publicly available cDNA microarray. Such a
microarray would have practical uses including
ecological monitoring, evaluation of oyster live-
stock for selective breeding programs, and under-
standing of higher-order gene regulation in oysters.

In this report, we introduce the first publicly
available oyster microarray. We describe the content
and design of the array, and we report the degree of
cross-species hybridization between the C. gigas
and C. virginica features and include hybridization
information about an oyster species not included in
the array (C. ariakensis).

Materials and Methods

Libraries and EST Collections. Clones from
8 unmodified cDNA libraries and from 24 suppression

subtractive hybridization (SSH) generated libraries of C.
virginica and C. gigas were used to construct the
microarray (Table 1). The details of the construction of
many of these libraries have been reported elsewhere
(Jenny et al. 2002; Gueguen et al. 2003; Boutet et al.
2004; Huvet et al. 2004; Peatman et al. 2004; Tanguy et
al. 2004, 2005; David et al. 2005). The construction of
cDNA libraries not previously reported is described
below. All of the previously unreported C. gigas and C.
virginica SSH clone sequences are publicly accessible
in the NCBI dbEST database or at http://
www.marinegenomics.org (McKillen et al. 2005).
Contig analysis and optimal microarray probe
selection was performed on the C. virginica ESTs to
minimize redundancy of the clones printed on the
microarray (Chen et al. 2004).

Environmental Challenges and SSH Library

Construction. Adult C. virginica were exposed to
metal challenge, hypoxia followed by hyperthermia,
and immune stimulation. For metal challenge,
oysters were exposed to 0.44 mM cadmium (CdCl2

salt) for 24 h. For the hypoxia/hyperthermia
challenges, oysters were exposed to air for 30 h at
room temperature (23-C) and then placed in a
beaker of filtered natural seawater (25 ppt) at 32-C
for 90 min. Immune challenge was by an injection
of a suspension of heat-killed bacteria and fungi
prepared from Vibrio parahemolyticus, Micrococcus
luteus, Bacillus subtilus, and Fusarium oxysporum.
The final stock concentration of the bacterin/fungal
suspension was created from a pool of 1�109 cfu/ml
of each bacterium and 2.5�106 spores/ml of the
F. oxysporum, which was heated in boiling water for
5 min before aliquoting and storage at –20-C. The
oyster shells were notched opposite the adductor
muscle and 100 ml of the suspension were injected
using tuberculin needles into the adductor muscle.
Samples were collected 4 and 24 h after challenge.
Hemocytes and/or digestive gland were taken after
each challenge and homogenized in RLT buffer
containing 0.05% vol/vol b-mercaptoethanol and
stored at –20-C until total RNA isolation by
RNeasy\ Miniprep kits (Qiagen, Valenica, CA). C.
virginica SSH libraries were created using the
Clontech PCR-Selecti cDNA Subtraction Kit
(Clontech Laboratories, Mountain View, CA)
according to the manufacturer_s protocols. For
library construction, 2 mg of total RNA from
control and challenged oysters, respectively, were
used for first- and second-strand cDNA synthesis.
Hybridization and subtraction steps were carried
out in both the forward and reverse directions. PCR
products were cloned into the pCR\2.1-TOPO
vector as per the manufacturer_s instructions
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(TOPO TA Cloning Kit, Invitrogen, Carlsbad, CA).
The pCR\2.1-TOPO constructs were transformed
into chemically competent XL1 Blue MRF_ E. coli
cells. Plasmids were isolated using Qiagen\

Turboprep 96 kits and the Qiagen\ Biorobot 9600,
according to the manufacturer_s instructions
(Qiagen). Plasmid inserts were sequenced using
standard M13F and M13R primers.

cDNA Library Construction. The SMARTi cDNA
Library Construction Kit (Clontech Laboratories)
was used for construction of the libraries. cDNA
was ligated into a lTriplEx2 vector and packaged
using the Gigapack\ Gold l (Stratagene, LaJolla,
CA) packaging system. The cDNA libraries were
mass transformed by infecting the BM25.8 strain of
E. coli with the packaged phage at a 1:10 ratio of
phage to bacteria at 31-C for 90 min. Transformed
bacteria were selected on LB plates with carbenicillin

(50 mg/ml) and incubated overnight at 31-C. A Qbot
(Genetix, New Milton, UK) was used to pick 4608
clones from each library. Cultures were incubated
overnight in 96-well plates with LB media and
carbenicillin (50 mg/ml). Expressed 5¶ sequence tags
were generated by sequencing of plasmids using the
standard sequencing primer for pTriplEx2 (Clontech
Laboratories). The immune-challenged cDNA
library was constructed by mixing equal amounts of
total RNA from control and immune-stimulated
hemocyte samples. The digestive gland cDNA
library was constructed by combining total RNA
from control, 4 and 24 h immune-stimulated,
cadmium-treated, and hypoxia/hyperthermia-
treated oysters.

cDNA Microarray Construction. Amplicons were
generated via polymerase chain reaction (PCR)
amplification from bacterial stocks or plasmid

Table 1. Summary of libraries from which clones were derived

Tissue/cell type Library type Challenge/treatment Species

Hemocyte (F & R) SSH 4-h bacterin challenge C. virginicaa

Hemocyte (F & R) SSH 24-h 50 ppb Cd exposure C. virginicaa

Hemocyte (F & R) SSH 24-h hypoxia/hyperthermia C. virginicaa

Digestive gland (F) SSH 4-h bacterin challenge C. virginicaa

Digestive gland (F) SSH 24-h bacterin challenge C. virginicaa

Digestive gland (F) SSH 24-h 50 ppb Cd exposure C. virginicaa

Digestive gland (F) SSH 24-h hypoxia/hyperthermia C. virginicaa

Hemocyte (F & R) SSH Perkinsus marinus challenge C. virginicab

Hemocyte (F & R) SSH Perkinsus marinus challenge C. gigasb

Gill (F & R) SSH Perkinsus marinus challenge C. virginicab

Gill (F & R) SSH Perkinsus marinus challenge C. gigasb

Hemocyte (F & R) SSH Lipopolysaccharide injection C. gigasc

Mantle/gonad (F) SSH BSummer mortality^ resistance C. gigasd

Digestive gland (F & R) SSH Hydrocarbon mixture C. gigase

Digestive gland (F & R) SSH Pesticide exposures C. gigasf

Gill (F & R) SSH Pesticide exposures C. gigasf

Digestive gland (F & R) SSH Hypoxia exposures C. gigasg

Gill (F & R) SSH Hypoxia exposures C. gigasg

Mantle (F & R) SSH Hypoxia exposures C. gigasg

Hemocyte Unmodified Control, 25 ppt natural seawater C. virginicah

Hemocyte Unmodified Control and bacterin injected C. virginicaa

Digestive gland Unmodified Multiple stressors C. virginicaa

D-veliger larvae Unmodified Control, 25 ppt natural seawater C. virginicaf

Gonadal tissue Unmodified Control C. virginicai

Gill Unmodified Control C. virginicai

Hemocyte Unmodified Vibrio spp. injection C. gigasj

Mantle Unmodified Control C. gigask

F, Forward subtracted library; R, reverse subtracted library.
aJenny M, http://www.marinegenomic.sorg.
bTanguy et al. (2004) Gene 338, 121–131.
cCunningham http://www.marinegenomics.org.
dHuvet et al. (2004) Gene 343, 211–220.
eBoutet et al. (2004) Gene 329,147–157.
fTanguy et al. (2005) FEBS J 272, 390–403.
gDavid et al. (2005) FEBS J 272, 5635–5652.
hJenny et al. (2002) Mar Biotechnol 4, 81–93.
iPeatman et al. (2004) Proc Mar Biotechnol 6, S491–S496.
jGueguen et al. (2003) Gene 303,139–145.
kCunningham C, unpublished data.
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Figure 1. Gene ontology annotation of the Crassostrea microarray ESTs. Functional annotation of ESTs displaying ho-
mology to the GO database. Each pie chart represents the distribution of the GO annotations into the major functional
categories for each division. The values in parentheses represent the number of functional annotations in each division
for C. gigas (left) and C. virginica (right), respectively.
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DNA preparations using SP6, T7, T3, M13F, M13R
primers or pTriplEx2. PCR reactions were
performed in 96-well plates and purified using the
Qiagen\ Turboprep 96 kits and the Qiagen\

Biorobot 9600 (Qiagen). The success of the PCR
amplification and purification was assessed by
agarose gel electrophoresis. Purified amplicons
were quantified using a SPECTRAmax PLUS
spectrophotometer (Molecular Devices, Sunnyvale,
CA), vacuum dried, and resuspended in 30% dimethyl
sulfoxide to a final concentration of 250 mg/ml. The
arrays were constructed using a Genetix QArrayMax
microarray printer (Genetix) fitted with a 24-pin
head, from 12�384-well source plates (Genetix) on
GAPS II amino-silane coated slides (Corning,
Corning, NY). A 575-feature per subarray pattern
layout was used with amplicons printed as side-by-
side duplicates. The cDNA microarray slide consists
of two complete, side-by-side arrays, with each array
containing a total of 24 subarrays (48 subarrays per
slide). Slides were fixed by baking for 2 h at 80-C. Spot
morphology was checked by hybridization with a
SpotQC kit using a Cy3TM dye-labeled oligo-
nucleotide probe (Integrated DNA Technologies,
Coralville, IA).

Experimental Design. To determine tissue-specific
gene expression profiles and occurrence of cross-
hybridization between species, gill and digestive
gland tissue were collected from each of three
individual C. virginica and C. gigas; and digestive
gland was also collected from three C. ariakensis.
Tissues from the three individuals of each species
were pooled together for a total of five separate
tissue samples, three from digestive gland and two
from gill. The tissues were homogenized in RLT
buffer containing 0.05% (vol/vol) b-mercaptoethanol
and stored at –20-C. To assess technical replicability
of the microarray, and to compare gene expression
profiles of tissues and species, three replicate
labelings and hybridizations were performed for
each RNA sample, for a total of 15 hybidizations.

Microarray Hybridization and Data Collection. Total
RNA was isolated from oyster tissues using the
RNeasy\ Miniprep kits (Qiagen) with an on-
column DNase treatment. The mRNA used as
positive controls (K. brevis clones) was generated
from plasmid templates by in vitro transcription
using the MEGAscript\ T7 kit (Ambion, Austin,
TX) according to the manufacturer_s protocol. In
brief, double-stranded DNA template for in vitro
transcription was generated by PCR from plasmid
stocks [cloned transcripts include a poly(A) tail] using
standard T7 and SP6 primers. The PCR products were
gel purified using the NucleoTrap\Gel Extract Kit

(Clontech Laboratories) and 1 mg of DNA was used as
template for the reaction. In vitro transcribed mRNA
was purified using the RNeasy\ Miniprep kits
(Qiagen). Antisense RNA (aRNA) was synthesized
from 1 mg of oyster total RNA or 1 mg of in vitro
transcribed RNA for each of the positive controls
using the Amino Allyl MessageAmpi Kit (Ambion)
according to the manufacturer_s protocol. A mixture
of Bspiked in^ positive control RNA_s was created so
that 10 ml of the mixture contained four separate
control RNAs in a 10-fold serial dilution (100 ng,
10 ng, 1 ng, 0.1 ng; 111.1 ng total) to be added to the
oyster aRNA. Amino allyl aRNA (mixture of 10 mg of
oyster aRNA and 111.1 ng of control aRNA) was
coupled with an amine-reactive Cy3 dye, column
purified, and diluted (1:3) in hybridization buffer
[50% formamide, 2.4% sodium dodecyl sulfate (SDS),
4� SSPE, 2.5� Denhardt_s solution, plus 1 ml of
blocking solution (1 mg Cot-1 DNA and 1 mg
polydATP)]. The probe was then boiled for 1 min and
incubated in the dark for 1 h at 50-C. Microarray slides
were prewashed with 0.2% SDS for 2 min, boiled in
deionized water for 2 min, rinsed in 70% ethanol for
2 min, and then dried. Slides were prehybridized in a

Table 2. Non-oyster genes used for spiked and negative
controls

NCBI accession no.

Karenia brevis
(dinoflagellate, Dinophyceae)
Chlorophyll A/B binding protein CO059871
Flavodoxin CO065421
Photosynthesism core protein CO062297
Photolyase CO064781
Anas platyrhynchos:
(duck, Chordata)
IgY heavy chain X65218
Litopenaeus vannamei:
(shrimp, Arthropoda)
Hemocyanin CK572324
Ictalurus punctatus:
(catfish, Chordata)
BOB. 1 M. Lennard et al.

(Fpers com_)
Oct-1 AJ000267
Oct-2a Y12651
Oct-2b Y12652
Tursiops truncatus:
(dolphin, Chordata)
Hemoglobin b chain DT660258
IL-1a DT660180
IL-8 DT660217
White Spot Syndrome Virus:
(virus, Nimaviridae)
Viral-coat protein 19 Robalino et al. 2005
Viral-coat protein 26 CK572418
Putative DNA polymerase CK572871
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hybridization oven with a prehybridization buffer
(33.3% formamide, 1.6% SDS, 2.6 SSPE, 1.6�
Denhardt_s solution, and 0.1 mM salmon sperm
DNA) in the dark for 1 h at 50-C. Slides were
hybridized with Cy-3-aaRNA in the dark for 16 h at
50-C. After the hybridization, slides were rinsed in 2�
saline sodium citrate (SSC), 0.1% SDS and soaked in
0.2� SSC, 0.1% SDS for 15 min in the dark at room
temperature, followed by a rinse in 0.2� SSC, soaking
in 0.2� SSC for 15 min, 0.1� SSC for 15 min, and
finally deionized water for 5 min in the dark to remove
residual SDS. The microarrays were then dried and
immediately scanned.

Microarray Data Analysis. The microarray slides
were scanned using a ScanArray Express microarray
scanner at 75% photomultiplier tube (PMT) gain and
90% laser power in conjunction with the SpotArray
software package (Perkin Elmer, Boston, MA).
Hybridization data were obtained by determining spot
intensity, background, and QA/QC features with the
QuantArray Histogram method (Perkin Elmer). The
microarray hybridization data and the MIAME
protocols have been deposited at the GEO site (Series
no. GSE5293; Accession nos. GSM119921 to
GSM119935; www.ncbi.nlm.nih.gov/geo/) and at
www.marinegenomics.org.

Figure 2. Boxplots of hybridization intensity before and after normalization. The top chart represents the array data that
have been log transformed. The bottom chart represents the array data after normalization using the variance stabilized
transformation (VSN). Each boxplot represents a single array (Dig Gl = digestive gland). The red crosses represent extreme
values exceeding the interquartile range by a factor of 1.5.
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A robust generalized log transformation, vari-
ance stabilized normalization (VSN) method (Huber
et al. 2002), was used to normalize the data before
our analyses to eliminate observed variance-versus-
mean dependence in the intensity signals. A two-
way ANOVA (Kleinbaum et al. 1998) was then used
to assess differential gene expression between tis-

sues and among species for all of the oyster clones
on the array. We estimated q values using the
software Q-value (Storey 2002; Storey and Tibshirani
2003) to decide significant features on the arrays
for multiple-hypothesis testing. This approach
adjusting for multiple-hypothesis testing based on
controlling the false discovery rate (Benjamini and

Figure 3. Variance stabilization after normalization. Variance-versus-mean dependence is apparent in the top chart, where
the standard deviation (SD) of raw intensity values (after background subtraction) increases dramatically as the ranked
mean intensity increases. The bottom chart illustrates the stabilization of the variance after VSN transformation. More
details can be found in Huber et al. (2002).

M. J. JENNY ET AL.: AN OYSTER CDNA MICROARRAY 583



Holchberg 1995) has become popular for genome-
wide and high-throughput studies. The proportion of
truly null features, nondifferential expressed genes
among species and between tissues, was estimated,
respectively. Differential expression between species
for large numbers of genes was apparent during
preliminary examination, and therefore, a more
stringent false discovery rate method was chosen
for evaluating the effect of species as compared to
that of tissue. The Euclidean distance between
normalized expression values was calculated and
average linkage method was used for hierarchical
cluster analysis (Statistical Toolbox of MATLABi).
Clustergrams (combination of expression heat map
and dendrogram) were used to visualize the relation-

ships of differential gene expression between tissues
and among species (Martinez and Martinez 2002).
Pairwise Spearman rank correlation coefficients were
calculated using mean expression values of the four
replicate spots for all genes on the microarray to
estimate the technical reproducibility of the oyster
microarrays.

Results

The Oyster Microarray EST Collection. A
combination of unmodified cDNA libraries,
representing unbiased sampling of the transcriptome
of diverse tissues and developmental stages, and SSH

Figure 4. Validation of Bspiked-in^ RNAs from K. brevis. Chloroplast genes used as positive controls. In vitro transcribed
RNA from four K. brevis genes involved in photosynthesis were added (+) to oyster RNA samples in a 10-fold dilution
series before labeling and hybridization The strong R2 values are indicative of consistent labeling and hybridization. In
contrast, those oyster RNA samples without the Bspiked^ RNA (–) do not display hybridization intensity values above
normal background.

Table 3. Technical reproducibility of the Crassostrea cDNA microarray

Spearman
correlation

Between replicate
1 and 2

Between replicate
1 and 3

Between replicate
2 and 3

Median
correlation

Cv Gill 0.90 0.88 0.87 0.88
Cv Digestive gland 0.94 0.88 0.88 0.88
Cg Gill 0.74 0.69 0.75 0.74
Cg Digestive gland 0.83 0.86 0.85 0.85
Ca Digestive gland 0.73 0.69 0.61 0.69
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cDNA libraries for transcripts putatively induced or
suppressed by a variety of challenges were used to
create a collective pool of transcripts with which the
oyster microarray was constructed (Table 1). A total
of 5586 and 3961 sequences from C. virginica and C.
gigas, respectively, were collected from these cDNA
libraries and subjected to Gene Ontology (GO)
analysis allowing putative functional annotation
(molecular function, biological process, and cellular
component) of the sequences (Ashburner et al. 2000)
to determine the diversity within the EST collections
used to construct the microarray. Approximately
67% of C. virginica and 60% of C. gigas sequences
had no significant homology with annotations in the
GO database, but of the sequences that could be
putatively annotated, 11,211 and 3394 biological
process, 1048 and 322 molecular function, and 2504
and 974 cellular component annotations were
obtained for C. virginica and C. gigas, respectively
(Figure 1). Each of the three major categories has also
been divided into its major hierarchies (Figure 1)
representing broadly specialized functions or
components. Although C. virginica has a much
greater number of annotations, the distribution of
functional annotations is diverse and broadly
equivalent for both oyster species. In an effort to
determine the extent of mitochondrial sequences

within the collection of ESTs the 5586 and 3961
sequences from C. virginica and C. gigas,
respectively, were compared to the complete
mitochondrial genome sequences for both species
(NC_005881, AY905542, NC_001276, AF177226). Of
the C. virginica ESTs, 8.8% of the sequences were of
mitochondrial origin, and of the C. gigas ESTs 10.4%
of the clones were of mitochondrial origin. The EST
collections from both species of Crassostrea were
subjected to redundancy analysis and subsets of
clones were chosen to be included on the microarray.

Design of the Crassostrea cDNA Microarray. The
Crassostrea cDNA microarray slide consists of two
complete, side-by-side arrays, with each array
containing duplicate spots for 4460 C. virginica
amplicons and 2320 C. gigas amplicons and 96
amplicons representing 16 different non-oyster
controls (see later) for a total of 13,752 features per
array (27,504 features per slide). Of the 6780
Crassostrea amplicons on the array, only 355
represent clones that have not been sequenced, and
based on the redundancy analysis less than 8% of the
total numbers of clones are estimated to represent
sequences of mitochondrial origin. Each array
contains a collection of non-oyster cDNAs to serve
as negative controls for nonspecific background

Figure 5. Species-specific hybridization to the oyster microarray. The bar graph highlights the percentage of features,
separated by species, displaying significant intensity (at least 2-fold above background) after hybridization with samples
from two different tissues collected from three different oyster species.
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detection and as positive controls for Bspiked-in^
control RNA samples (Table 2). Included among the
non-oyster transcripts spotted onto the array are four
dinoflagellate (Karenia brevis) chloroplast transcripts
involved in photosynthesis (Lidie et al. 2005), as well
as copies of the duck (Anas platyrhynchos) IgY heavy
chain and shrimp (Litopenaeus vannamei) hemocyanin
transcripts, that are provided to serve as targets for
Bspiked-in^ control RNA samples. Eight to twelve
copies of all six of these transcripts were printed per
slide. The remaining non-oyster transcripts (Table 2)

were printed at a higher frequency (16 to 88 copies per
slide) and are intended to serve as negative controls for
the detection of nonspecific hybridization.

Validation of the Microarray. To normalize the
gene expression data sets, a robust generalized log
transformation and variance stabilization and
normalization (VSN) method was applied (Huber et al.
2002). The success of the VSN normalization in
producing a smoother and more consistent intensity
distribution among the various arrays compared to a

Figure 6. Homologous and heterologous hybridization with features on the oyster microarray. Pairwise comparisons of
tissue-specific gene expression profiles between both C. virginica and C. gigas were performed to determine the specific
percentages of clones displaying homologous and heterologous hybridization (determined as at least 2-fold above back-
ground).
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standard log2 transformation is illustrated in Figure 2.
Moreover, the variance-versus-mean dependence was
minimized after normalization before our analyses
(Figure 3). The median Spearman correlation for all
the replicated arrays was 0.85 and the correlation for
each pairwise comparison of the technical replicates is
shown in Table 3. Technical reproducibility of the
oyster microarrays can also be observed in Figures
8 and 9.

The utility of the non-oyster genes added to the
microarray, as both positive controls (with Bspiked-
in^ labeled RNA) and as negative controls (to detect
both background and any inappropriate hybridiza-
tion of oyster sequences) was addressed. The addi-
tion of in vitro transcribed K. brevis RNAs to either
C. virginica or C. gigas total RNA samples in a 10-
fold serial dilution demonstrated that these tran-
scripts would serve effectively as a positive control
(Figure 4). The Bspiked in^ K. brevis RNA hybrid-
ized specifically to the features that contained its
cognate sequences, and the K. brevis spots on the

array did not show hybridization with oyster tran-
scripts when the Bspiked-in^ RNA was not added to
the labeling reaction. Other non-oyster sequences
printed on the microarray also serve as negative
controls for the detection of nonspecific hybridiza-
tion. None of the negative controls showed hybrid-
ization exceeding background intensity levels with
RNA samples from either gill or digestive gland of
the three oyster species tested (Figure 4).

Cross-Hybridization Detection Across Species. The
utility of the oyster microarray as a multispecies
tool can be enhanced by the degree of cross-
hybridization it is capable of detecting. This
potential was investigated by analysis of detectable
hybridization when using the microarray to
interrogate the transcriptomes not only of the two
species represented on the microarray (C. gigas and
C. virginica) but also that of a third species (C.
ariakensis). For the purposes of classifying a feature
on the microarray as positive for hybridization in

Figure 7. Relationship between cross-species hybridization and DNA sequence similarity. Six genes (percent sequence
identity calculated from a minimum of 200 bp of overlapping contiguous sequence; values in parentheses) were comp-
ared for hybridization intensity with RNA from gill and digestive gland of C. gigas and C. virginica. The difference of
VSN normalized intensity value from C. gigas RNA subtracted from the VSN values from C. virginica RNA was plotted
against the % sequence identity. C. virginica and C. gigas accession numbers in parentheses, respectively.
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this comparison, a conservative threshold of 2-fold
above the average background was used (Gracey et al.
2001; de Lorgeril et al. 2005). The percentage of
microarray features of C. gigas or C. virginica origin
that were positive when hybridized with RNA from
each of the three different oyster species is shown in
Figure 5. As expected, RNA from C. gigas and C.
virginica showed the highest levels of hybridization
(between 32% and 45% of features) in a species-
specific manner (Figure 5). However, significant
cross-species hybridization was observed with all
samples, including C. ariakensis digestive gland
RNA, which hybridized with greater than 16% of
the total number of oyster features on the
microarray. Pairwise comparisons of tissue-specific
C. virginica and C. gigas gene expression profiles
demonstrate that approximately 30% to 40% of the
clones (for both species) displaying significant
hybridization were reciprocal for both species and
8% to 10% of the features displayed significant

hybridization solely with RNA samples from the
opposite species (Figure 6).

To assess the effect of sequence difference on
the observed cross-hybridization, a plot was made of
changes in hybridization intensity against percent
sequence identity for six genes (Figure 7). Despite
the unknown impact upon the results of different
transcript abundance between the two species of
oyster, the observed strength of cross-hybridization
intensity between the two species is clearly posi-
tively correlated with the degree of sequence iden-
tity (Figure 7).

Differential Expression of Genes Between Tissues and

Species. In comparing the hybridization to the
microarray observed with gill and digestive gland
RNA from two and three species of oyster,
respectively, it is reasonable to anticipate that
significantly different levels of observed hybridization
to given genes on the microarray will reflect both the

Figure 8. Clustergram of the 2717 genes differentially expressed between species and tissues. Each column represents a
single array and the clustering of the arrays demonstrates the high reproducibility of the technical replicates. Gene
expression intensity is represented by a color- coded scale based on the VSN transformed values. Tree branch length is a
measure of Euclidean distance.
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differential abundance of transcripts and the
differential efficiencies of hybridization, as a result of
nucleotide sequence divergence. In spite of these two
potential effects, a global comparison identified 2541
genes with significantly different expression
intensities between species (when controlling the
FDR at 0.001) and 438 genes significantly different
between tissues (when controlling the FDR at 0.01). A
clustergram (Figure 8) of expression pattern of these
genes showed a basal distinction at the species level,
with a C. virginica branch and one that includes both
C. gigas and C. ariakensis. The microarrays
hybridized (in groups of 3) against single tissues from
each species showed not only the closest
relationships, but also very similar patterns of
expression, confirming the technical reproducibility
of the microarray (Figure 8). In a cluster analysis
focused on differential expression between gill and
digestive gland tissue of C. virginica, both the
technical reproducibility and the ability of the
microarray to distinguish tissue-specific gene
expression (in this case of 438 differentially
expressed genes between tissues when controlling
the FDR at 0.01) could also be visualized (Figure 9).

Discussion

The oyster microarray described in this report contains
sequences expressed in C. gigas and C. virginica.
These sequences were derived from different tissues
and developmental stages as well as oysters exposed
to different physical, chemical, and biological chal-
lenges. The data presented document the reproduc-
ibility and utility of this microarray in probing gene
expression profiles from different tissues and from
different species of oyster (including C. ariakensis,
which was not represented on the array).

The gill and digestive gland were tissues chosen
for the initial characterization of the microarray
because of their important physiological roles and
relatively large size. While both tissues gave robust
expression profiles, in the case of both C. virginica
and C. gigas, the digestive gland gave the strongest
profile in terms of the number of features displaying
significant hybridization intensity. This is likely due
to the cellular heterogeneity and functional diversity
of this tissue, as well as to the strong representation
of clones derived from digestive gland libraries on the
array. However, the diversity of tissues used for EST
collections, which included hemocytes, mantle, and
gonad, suggests that the microarray should be a
useful tool for examining gene expression in tissues
other than gill and digestive gland.

During the initial planning for printing the
oyster microarray it was decided that including
genes from both C. virginica and C. gigas could
enhance the effective size and experimental value of
the array by heterologous hybridizations. Recent
publications have highlighted the utility of this
approach in other groups of related species (Adjaye
et al. 2004; Renn et al. 2004; von Schalburg et al.
2005). Predicting the level of sequence identity
necessary to ensure effective and specific cross-
hybridization is not straightforward because factors
beyond percent identity (such as GC content and
the length of contiguous stretches of identity) play a
role in the hybridization efficiency (Chen et al.
2006). However, in the case of heterologous hybrid-
ization an increase in phylogenetic distance corre-
lates with a loss of hybridization efficiency (Renn et
al. 2004). It is clear that in the present study, a
substantial proportion of features on the oyster micro-
array are capable of providing useful gene expression
information through cross-species hybridization. Al-
though the columns representing C. ariakensis in
Figure 8 may suggest that this species provided very
limited hybridization to the array it is important to
point out that greater than 16% of all the oyster
features on the array (õ13% of the C. virginica and
23% of the C. gigas features) displayed significant

Figure 9. Tissue-specific gene expression profiles from C.
virginica. A clustergram of the 438 genes differentially
expressed between gill and digestive gland tissue. Each
column represents a single array and gene expression inten-
sity is represented by a color-coded scale based on the
VSN transformed values.
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hybridization with RNA from C. ariakensis (Figure 5).
Because the clustergram (Figure 8) represents differ-
ences in expression, it is likely that the significant
hybridization from C. ariakensis RNA is the result of
greater shared homology to Bhousekeeping^ genes.
The unique observation that 8% to 10% of the
features displaying significant hybridization resulted
from heterologous hybridization (Figure 6) is most
easily explained by differential gene expression
between individual samples. Many of these results
are similar to observations made with a salmonid
gene array that assessed the levels of heterologous
hybridization from several fish species against genes
selected from the Atlantic salmon and the rainbow
trout (von Schalburg et al. 2005). It seems clear that
the potential utility of the oyster microarray has been
greatly enhanced by the inclusion of features from
both C. virginica and C. gigas.

In an effort to determine how much overlap in
cross-species hybridization can be expected from
the two oyster species, a comparison of differences
in hybridization intensity of several putative
Bhousekeeping^ genes was used to highlight the rela-
tionship between sequence similarity and hybridiza-
tion efficiency (Figure 7). Although the analysis is
based on the assumption that the homologous genes
were expressed at similar levels in both oyster species,
the observed correlations are quite consistent with the
expected relationship.

Even though the oyster microarray described
here represents only a portion of the oyster tran-
scriptome, the results presented, coupled with the
deliberate bias of using genes regulated in response
to stress and environmental challenge on the array,
indicate that it should prove a useful tool for studies
of the oyster transcriptional response to a variety of
challenges, including those relevant to the marine
estuarine habitat of the oyster.
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