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Abstract

Over the past 10 years, DNA microarrays have been used for the analysis of gene

expression during various physiological, developmental or cellular processes in fish.

However, in the last few years, investigators have begun to use microarrays on fish to

address ecological, evolutionary and environmental questions including the vari-

ability of gene expression in natural populations, speciation, ecotypic diversity,

environmental remediation and host–pathogen interactions. Given their commercial

importance and the availability of several microarray platforms, most of the research

in these areas has focused on salmonids. However, the same issues could be studied in

a number of fish species of interest to world fisheries. The application of array

technology to analyse gene expression in exploited species may require the

development of new array platforms containing genes derived specifically from these

fish. The gene discovery required for developing these platforms will certainly be

facilitated by the new sequencing technologies that have recently been developed.

Further, given the quantum leap that has occurred in sequencing, and the likely

improvements in these technologies in the immediate future, it may be possible in

certain situations to use sequencing in place of arrays to measure global changes in

gene expression. Given the current technological development, sequencing has an

advantage over arrays in that it can be used as a tool for gene discovery as well as for

quantifying gene expression.
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Introduction

Functional genomics is the analysis of genetic

information and its biological function. Deoxyribo-

nucleic acid (DNA) sequencing provides the raw

material (i.e. genes) for functional genomics. How-

ever, transcriptomics, the analysis of messenger

ribonucleic acid (mRNA; transcript) expression, is

currently the primary tool used to study gene

function. The transcriptome is a collection of mRNA

within a cell, tissue or organism and, when anal-

ysed, represents the available transcripts at a given

point in time. Transcriptomes are not static and are

influenced by many factors. Therefore, transcript

expression profiles represent phenotypes shaped by

the genotype of an organism and its environment.

It has been roughly 30 years since the develop-

ment of Northern blotting as a technique to detect

and quantify the expression of mRNA transcripts

(Alwine et al. 1977). In Northern blotting, RNA or

mRNA is separated on an agarose gel and trans-

ferred to a membrane that is probed with a labelled

cDNA (complementary DNA) matching the gene of

interest. Since the development of Northern blots,

there has been an upsurge in molecular technology

that has driven new methods for the measurement

of gene expression. Many of these techniques rely on

the polymerase chain reaction (PCR) and one of the

first used was reverse transcription PCR (RT–PCR),

a process in which mRNA is reverse transcribed to

cDNA and then used in a PCR with gene-specific

primers. An estimate of relative transcript abun-

dance between samples can be obtained by observ-

ing the intensity of the resulting DNA fragments

(amplicon) following staining and separation on an

agarose gel. Using RT–PCR, the number of genes

that could be simultaneously assayed was some-

what limited, but, more importantly, the quantifi-

cation of the expression was generally crude.

Therefore, RT–PCR analysis was quickly followed

by the development of real-time quantitative PCR

(qPCR) (Higuchi et al. 1992). Quantitative PCR still

requires reverse transcription of the mRNA, but

during the subsequent PCR, the accumulation of

PCR product is estimated in ‘real-time’ by a

fluorescent label (e.g. SYBR Green). The rate of

increase of PCR product provides an accurate

estimate of original mRNA copy number. New

qPCR platforms (e.g. TaqMan" Custom Array) allow

hundreds of samples to be assayed at a time, and

even standard machines run samples in 96-well

plate format. While there is still considerable

discussion about the statistical analysis of qPCR

data (Yuan et al. 2006; Karlen et al. 2007), there is

no doubt that this technology provided two major

contributions to the analysis of gene expression by

increasing throughput and improving the accuracy

of quantification.

As the techniques for the quantification of gene

expression were being developed, sequencing tech-

nology was also improving rapidly, resulting in an

exponential increase in the number of sequences

that could be generated, even for non-model

organisms (Hauser and Seeb 2008). Thus, it became

relatively easy to generate cDNA libraries (collec-

tions of cloned cDNAs) and to perform large-scale

sequencing of these libraries, producing what are

referred to as expressed sequence tags (ESTs). ESTs

are subsequences of full transcripts and represent

collections of potentially expressed genes. As a

result, ESTs became the core materials for the

generation of cDNA microarrays, the next platform

developed for large-scale expression analysis.

DNA arrays are ordered microscopic arrays of

cDNAs or DNA oligonucleotides (small DNA frag-

ments) that are spotted at very high density on

substrates such as glass slides or nylon membranes.

The DNAs arrayed on a chip can represent the

genes expressed within an organism, within a

specific tissue or within a tissue at a specific stage.

Regardless, since the DNA sequences on the micro-

array are derived ultimately from mRNA transcripts

(e.g. ESTs), they represent a collection of potentially

expressed genes. For analysis, cDNA, derived from

RNA, is labelled with different fluorescent dyes,

commonly the cyanine dyes, Cy3 alone or also with

Cy5 depending on the experimental design. The

labelled cDNAs are hybridized (incubated) onto the

microarray and the relative expression of individual

mRNAs in the sample is compared between treat-

ments by measuring and comparing the average

fluorescence present at each replicate spot; a specific

DNA sequence of a transcript that is present in

multiple copies on an array. If a given treatment

regulates specific mRNA transcripts, then changes

in relative fluorescence for spots corresponding to

those transcripts will be detected at their respective

positions on the array. Based on the identities of the

transcripts on the microarray, the user can then

determine what genes or functional classes of genes

are being regulated under different experimental

conditions, and to what extent.

Over the past few years, a number of microarrays

have been developed for fishes (review: Douglas
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2006). High-density cDNA or oligoarrays have been

developed for developmental studies (e.g. zebrafish)

or aquaculture (e.g. salmonids, catfish, seabream

and halibut). Most of these chips have been

primarily used for fundamental investigations on

cell biology or physiology involving development,

growth, stress, effects of environmental pollutants

and reproduction. In addition, because of the

commercial emphasis on Atlantic salmon and

rainbow trout, the focus of applications has been

on salmonids. Salmonid and zebrafish arrays can be

hybridized with samples from other fish species (Rise

et al. 2004b; Kassahn et al. 2007), although some

information will probably be lost depending on

sequence similarity between species and on the

levels of transcripts being assayed. However, the

ability to sequence large numbers of ESTs has

provided an opportunity to develop species-specific

chips for non-model fish as well.

There are other extremely sensitive and compre-

hensive methods for the assessment of global gene

expression including serial analysis of gene expres-

sion (SAGE – Velculescu et al. 1995) and polony

multiplex analysis of gene expression (PMAGE –

Kim et al. 2007). These techniques do not use

hybridization technology like microarrays, but uti-

lize the power of sequencing extremely large num-

bers of potential transcripts within a sample and

then quantifying the frequency that given genes are

expressed. However, in SAGE and PMAGE the

sequences generated are relatively small (14–

21 bp). Thus, for annotation (identification of gene

function), the sequences must be compared with

homologous genomic sequences, which are known

for only a few fish species and not those generally

associated with fisheries. SAGE has been employed

with zebrafish (Knoll-Gellida et al. 2006) and

medaka (Ahsan et al. 2008), but to our knowledge

with no other fish species. There is potential for this

type of analysis on other species in the future but

that will depend on advances in sequencing tech-

nology (Hauser & Seeb 2008).

The intent here is not to review the many reports

on gene expression (directed or global) in fish

biology. Rather the objective is to discuss the new

ways in which microarrays are being used to study

biological topics that are, or could be, of high

relevance to fisheries biology and management.

Many of the examples are from studies on salmo-

nids, primarily as a result of the availability of

microarray platforms for this group. However, in

most cases, it is easy to envisage a similar use for

studies on non-salmonid, marine species. As the

examples will show, microarray approaches have

now been employed to determine the degree of

natural genetic variation within populations, phe-

notypic divergence and parallel evolution in eco-

types, the basis for differences in life-history

strategies, the genomic effects of environmental

changes on fish populations and the strategies that

fish use in reacting to different pathogens. There is

still considerable controversy on the ways in which

microarray studies are carried out and analysed

(Marshall 2004; Salit 2006; Tarca et al. 2006), but

that is not a focus of the review and not considered

when discussing the examples.

Variation in gene expression in wild fish

populations: evidence for natural selection

and adaptation

Perhaps one of the most interesting uses of micro-

arrays in fish has been to study genomic variation

within natural populations (Oleksiak et al. 2002,

2005; Larsen et al. 2007, 2008) and between

sympatric ecotypes (Derome and Bernatchez 2006;

Derome et al. 2006; St-Cyr et al. 2008). Working

with a microarray composed of Fundulus heteroclitus

(Fundulidae) cardiac cDNAs, Oleksiak et al. (2002)

demonstrated that, while there are some differences

in the expression of certain genes between Fundulus

sampled from different populations (e.g. northern

vs. southern), there was also large variation in gene

expression between individuals within a given

population. In experiments on Fundulus hearts

provided with different energy substrates, there

was very high individual variation in the metabolic

use of the substrate, in mRNA expression and genes

associated with substrate-specific metabolism

(Oleksiak et al. 2005). Similar results have also

been reported for salmonids (Giger et al. 2006,

2008). These experiments indicate that there is

significant variation in gene expression among

individuals that should be taken into account when

utilizing global gene expression approaches.

In one of the few microarray studies on global

gene expression in wild populations of a marine fish

species, Larsen et al. (2007) examined the differ-

ences in liver transcriptomes in European flounder

(Platichthys flesus, Pleuronectidae) using a species-

specific cDNA array derived from liver ESTs

(Williams et al. 2003, 2006). Transcriptomic differ-

ences were observed directly from the livers of wild

fish sampled from the Baltic and North Sea, and
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after reciprocal transplantation and long-term accli-

mation to the differing salinities in the Baltic

(9 ± 0.5 ppt) and North (33 ± 0.5 ppt) Seas. Micro-

satellite analysis indicated that neutral genetic

differentiation between the two populations was

very low (FST = 0.006). Even so, microarray anal-

ysis indicated differential expression of transcripts

between the populations including ependymin,

apolipoprotein 1A, ferritin H1, beta-2 macroglobu-

lin, MHC class II genes and transferrin. Some of

these genes have also been observed to be differen-

tially expressed between populations of Atlantic

salmon (Salmo salar, Salmonidae) (Roberge et al.

2006). In addition, Larsen et al. (2007) observed

differences in the expression of genes involved with

iron/haem biosynthesis that they hypothesized

might be related to the adaptation of the two

flounder populations to environmental conditions

with different oxygen affinity requirements. In the

transplantation/acclimation experiments, they

observed differential expression of genes such as

the angiotensinogen precursor, prothrombin,

growth hormone and insulin-like growth factor 1

(Larsen et al. 2007). Changes in the expression of

growth hormone and angiotensinogen under differ-

ent salinity have also been shown in rainbow trout

and sea bream (Shepherd et al. 2005; Wong et al.

2006). Further, studies on brown trout (Salmo

trutta, Salmonidae) have demonstrated differences

between separate populations in the expression of

osmoregulatory and stress genes in relation to

salinity change; suggesting the presence of local

adaptations in gene expression (Larsen et al. 2008).

However, it is important to point out that while the

transplantation/acclimation approach used in the

flounder study (Larsen et al. 2007) would decrease

the effects of non-genetic factors on gene expression,

it does not necessarily remove all such factors.

Maternal and/or the effects of prior life-history

attributes could still influence gene expression in

wild fish acclimated and tested in the laboratory.

Variation in phenotypic traits across the geo-

graphic range of a species is common. Strong

environmental selection can produce ‘ecotypes,’

local morphological and physiological variants

associated with specific ecological conditions. Eco-

types are well documented in several subfamilies of

the Salmonidae, including chars (Adams and

Maitland 2006) and whitefishes (Lu and Bernatchez

1999; Ostbye et al. 2005). While there have been

several investigations on the genetic relationships

among ecotypes (Lu and Bernatchez 1999; Wilson

et al. 2004), the cellular and genomic basis for

phenotypic differences has only recently been

examined.

In a series of papers, Bernatchez et al. used

microarrays to examine differences in global gene

expression between sympatric whitefish (Coregonus

clupeaformis, Coregonidae) ecotypes, and between

ciscoes (Coregonus artedi, Coregonidae) and white-

fish. Dwarf and normal whitefish ecotypes are found

in small lakes in northern Maine and southeastern

Quebec (Lu and Bernatchez 1999). These ecotypes

utilize different niches, dwarfs occupying the pelagic

zone and feeding on plankton, whereas normal

whitefish forage on benthic prey. In association with

these different niches, dwarf whitefish are more

active swimmers with higher metabolism and have

lower growth rates than normal whitefish.

A study by Derome et al. (2006) used the

Genomics Research on Atlantic Salmon Project

(GRASP) 3557 cDNA microarray (Rise et al.

2004b) to examine global gene expression differ-

ences in white muscle between normal and dwarf

whitefish populations in two separate lakes. The

GRASP chip contains cDNAs from several salmonids

and can be hybridized across species (Rise et al.

2004b). The question addressed in this study was

whether parallel phenotypic evolution in different

lakes is associated with parallel genomic expression

and, if so, what types of genes were important. The

results demonstrated that there were parallel

expression differences for 16 genes on the chip

between the two whitefish ecotypes sampled from

two separate lakes. Of these 16 genes, 10 were

directionally upregulated in dwarf ecotypes of both

lakes relative to the normal whitefish, while five

were higher in normal whitefish than in dwarf

ecotypes (Fig. 1). However, six of the 10 genes

upregulated in dwarfs aligned to parvalbumin

homologues (Fig. 1), intracellular calcium binding

proteins that are involved in the regulation of

muscle contraction. Reportedly, parvalbumins

decrease the time of muscle relaxation between

contractions, thereby allowing for an increased

number of contractions/time. Other genes that were

upregulated in dwarfs included gamma-crystallin,

which Derome et al. (2006) suggested was actually

lactate dehydrogenase based on the evolution and

function of the beta/gamma-crystallin superfamily.

Lactate dehydrogenase is correlated with glycolytic

capacity, and higher levels have been reported in

the more active cisco relative to normal whitefish.

Thus, the genes upregulated in dwarf ecotypes
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would favour enhanced muscle contraction and

energy production. The authors suggest that the

genes exhibiting parallel directional changes in

the ecotypes across the two lakes correlate with

the phenotypic differences observed between these

ecotypes, with dwarfs being more active swimmers

with higher metabolic activity than normal white-

fish. Their study provides evidence that parallel

phenotypic evolution involves parallel genotypic

evolution. Further, based on the small number of

genes that they observed to be differentially regu-

lated in parallel, the authors suggest that adaptive

phenotypic divergence is accompanied by relatively

few genetic changes. However, the limited gene

coverage offered by the GRASP 3557 microarray

should be taken into account when drawing these

conclusions.

In a second study, Derome and Bernatchez

(2006) used the GRASP 3557 cDNA microarray

to compare gene expression in white muscle

between white fish ecotypes and the cisco, another

whitefish species that occupies the same ecological

niche as the dwarf whitefish. However, dwarf

whitefish do not co-occur with ciscoes, most likely

as ciscoes outcompete the dwarf ecotype (Derome

and Bernatchez 2006). Ciscoes and dwarfs are

similar in that they are very active swimmers with

high metabolic rates and correspondingly low

growth rates compared with normal whitefish. In

the cisco study, the hypothesis tested was whether

the transcriptomic changes that were initially

observed between dwarf and normal whitefish

would also be observed in ciscoes given the trophic

overlap between them and the dwarf whitefish. In

comparison with normal whitefish, there were 18

genes that were differentially expressed in the same

direction when comparing two cisco populations

with normal whitefish populations. As with dwarfs,

parvalbumin and gamma-crystallin were upregu-

lated in ciscoes compared with normal whitefish.

When ciscoes were compared with dwarfs, both

pavalbumin and gamma-crystallin were upregulated

in ciscoes suggesting that ciscoes may outcompete

dwarfs because they are more active. Several

structural genes, including those for actin and

myosin proteins, were lower in ciscoes compared
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with both dwarf and normal whitefish. The authors

speculated that this pattern ‘may reflect a trade-off

between force and speed in muscle contraction as a

reduced actomyosin filament concentration charac-

terizes fastest twitch fibres, whereas high concen-

tration of parvalbumin may be associated with

increased rate of muscle contraction’ (Rome 2006).

Thus the cisco may favour speed over strength of

contraction. Overall, when analysed on a functional

group basis, the types of genes regulated in ciscoes

relative to normal whitefish were similar to those

regulated by the dwarf ecotype in relation to

whitefish but more accentuated in the case of

ciscoes (Fig. 2).

In a third paper from this group, the larger

GRASP 16006 gene cDNA array (von Schalburg

et al. 2005) was used to investigate global gene

expression in the livers of dwarf and normal

whitefish ecotypes (St-Cyr et al. 2008). Given the

differences in growth, metabolism and overall

activity, it was hypothesized that genes related to

‘survival through enhanced activity’ (e.g. genes

related to energy and lipid metabolism) would be

significantly elevated in dwarf vs. normal whitefish

ecotypes, and that the opposite relationship would

be observed with genes potentially associated with

‘growth’ (e.g. genes related to protein synthesis, cell

growth and cell cycle). Given the larger number of

genes represented on the 16006 GRASP array and

the more complex tissue, more genes were differen-

tially regulated between dwarf and normal whitefish

than in the previous studies on muscle. When

analysed as functional groups, the differential

expression of genes generally supported the hypoth-

esis that there appeared to be a ‘trade-off’ in the life-

history strategy of these two ecotypes, with dwarfs

having enhanced metabolism, activity and energy

for foraging and predatory avoidance but slower

growth and reduced fecundity. Dwarf whitefish had

a higher percentage of upregulated genes in general

(70.6%), and most of these genes were related to

energy metabolism, lipid metabolism, iron metabo-

lism and detoxification, genes that were considered

to be involved with enhanced metabolic activity.

However, the difference between dwarf and normal

whitefish in expression of genes that could poten-

tially be involved with growth and fecundity was

less clear.

For mammals, whole genome transcript profiling

is possible (e.g. Illumina Sentrix" Human Expres-

sion BeadChips, Illumina, Inc., San Diego, CA, USA).

The capacity to profile the entire transcriptome of

an organism with a sequenced genome has led to

the ability to determine the heritability of transcript

expression and the characterization of what are

called expression quantitative trait loci (eQTLs;

Goring et al. 2007). eQTLs are obtained by combin-

ing QTL mapping (Naish and Hard 2008) with gene

expression profiling, and allow for the identification

of loci associated with the expression of a transcript.

This approach is a powerful way to identify candi-

date genes that are involved in complex phenotypes.

Recently, eQTL analysis was conducted on the

dwarf and normal whitefish species pairs discussed

above (Derome et al. 2008). There were 253 genes

differentially expressed in white muscle between

these two coregonid ecotypes, and 33 of them were

associated with 53 eQTL. These differentially

expressed genes belonged primarily to three func-

tional groups, including (i) muscle contraction,

energetics and repair, (ii) energetics and metabolism

and (iii) protein synthesis. Of these, 12 genes were

expressed in the same direction between dwarf and

normal whitefish raised either in controlled envi-
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Cisco vs.
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Cisco vs.
dwarf

1 
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Muscle contraction regulation
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Figure 2 Partitioning of the main functional groups

associated with upregulated white muscle genes in the

dwarf vs. normal whitefish (Coregonus clupeaformis,

Coregonidae), cisco (Coregonus artedi, Coregonidae) vs.

normal whitefish and cisco vs. dwarf whitefish array

(GRASP 3557) comparisons. Numbers in bars indicate the

number of differentially expressed white muscle genes

observed. Figure modified from Figure 4 – Derome and

Bernatchez 2006.
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ronmental conditions or between wild fish analysed

for the original study by Derome et al. (2006).

Besides the mapping of transcripts that were

expressed differentially between ecotypes, major

findings from these analyses were the larger number

of eQTL in female datasets than in male datasets of

equal size, and several major eQTL ‘hotspots’

(aggregations of eQTLs) in females.

A study was recently conducted to investigate

possible differences in gene expression between

brown trout exhibiting migratory and ‘sedentary’

(non-migratory) behaviour (Giger et al. 2008). Liver

transcriptomes were surveyed for 80 juvenile brown

trout sampled from three migratory and three

sedentary populations. These were analysed on an

individual basis using an array containing 1098

gene probes. Thus, this study could take into

account the variation between individuals that

was highlighted earlier as a possible issue for

microarray studies. A migratory Atlantic salmon

population was also compared to the brown trout

populations. From the analysis of all pairwise

population comparisons between and within differ-

ent populations, there was a subset of five genes

that consistently showed a difference in expression

between life-history phenotypes (i.e. migratory vs.

sedentary) but not between populations within a

phenotype. They included two genes with unknown

functions, and transaldolase 1, constitutive heat

shock protein HSC70-1 and endozepine. An addi-

tional study (Amstutz et al. 2006) using qPCR has

demonstrated a temporal correlation of transaldo-

lase with changes in body condition factor in

migratory and sedentary brown trout, validating

the results observed with microarrays.

When pooled samples of sedentary and migratory

populations were analysed, 227 genes showed

differences between phenotypes. Further sorting of

these genes using linear discriminant analysis pared

this number to 12 genes, whose expression could

correctly discriminate migratory vs. sedentary indi-

viduals by 98.8%. When novel (not analysed

previously) individuals of both phenotypes were

analysed using these 12 genes, 17 of 18 individuals

were correctly classified as being migratory or

sedentary. When all of the regulated genes were

analysed according to their gene ontology (GO)

annotation (classification based on function; http://

www.geneontology.org/), genes within several

related GO functions were observed that were

consistently regulated between phenotypes

(Fig. 3). Based on GO annotation, a number of

these functions appeared to be focused on structural

and binding aspects of blood, and therefore might be

adaptations to oxygen concentrations in the envi-

ronment. This is interesting as Larsen et al. (2007)

also found that a number of genes related to iron/

haem biosynthesis were different between flounder

populations and speculated that this might also

indicate adaptation to environments with different

oxygen characteristics.

Finally, a recent study (Roberge et al. 2007a)

used the GRASP 16 006 gene array to investigate

the differences in transcriptomes between two

Atlantic salmon subpopulations that reproduce in

upstream and downstream areas of the same river
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Figure 3 Gene ontology (GO)

groups that showed significant over

representation in the list of genes

that were significantly differentially

regulated between sedentary and

migratory brown trout (Salmo trutta,

Salmonidae) life-history phenotypes.

‘Functional Category’ is a description

of the GO group and bars represent

the number of gene elements on the

array within a given GO category

that were either upregulated in the

livers of sedentary (black bars) or

migratory (white bars) phenotypes.

Figure adapted from Table 5 – Giger

et al. 2008.
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and, based on microsatellite analysis, exhibit some

genetic divergence. The unique aspect of this

investigation was the use of microarrays to analyse

samples from half-sib families of crosses between

these subpopulations and to determine the herita-

bility of genes whose transcripts were detected on

the microarrays. The authors applied a ‘transcrip-

tome scan’ in which they calculated the distribution

of quantitative genetic differences between the two

populations (QST) for genes that exhibited significant

heritability. The hypothesis was that genes falling

into the upper tail of this distribution would

potentially be under directional selection and

diverging between populations. The divergence of

gene expression between the progeny of the two

subpopulations was also analysed without consid-

ering heritability. The transcriptome scan identified

16 cDNAs on the microarray that fell within the

upper 1.5% of the distribution and were, therefore,

considered candidates for directional selection. Ten

of these genes were not annotated and the remain-

ing six represented various functional classes

including oxidant defence, RNA processing/tran-

scription, immunity (e.g. bacteriolysis, granulocyte

markers), and tetrahydrobiopterin recycling and

biosynthesis. Interestingly, the analysis of genes

differentially expressed between the two populations

in the absence of heritability revealed 12 genes that,

while overlapping in some functional classes with

the transcriptome scan (e.g. immunity), held only

one gene in common, nucleolar RNA helicase II.

Several possible reasons were presented to explain

why this might have occurred (Roberge et al.

2008). This paper is of particular significance in

that the authors used microarrays to determine

genes that would potentially be under directional

selection by analysing differences in gene expression

as heritable phenotypic traits.

The studies described above demonstrate that

gene expression profiles can successfully character-

ize life-history phenotypes and therefore can be used

as predictors. What is unknown at this point is

whether the transcriptional profiles are the conse-

quence or the cause of these phenotypes.

Variation in gene expression in impacted fish

populations: evidence for anthropogenic

influences

Microarrays have been used recently to assess

global changes in transcriptomes of wild fish pop-

ulations resulting from human impacts including

the escape of farmed fish and the release of

pollutants to the environment. There has been

considerable concern about the effects on wild

populations of genetically engineered and/or artifi-

cially selected fish in the aquaculture industry. Fish

that may escape from net pens are considered to be

a significant risk to wild populations of the same

species (McGinnity et al. 2003). This is a significant

problem for the Atlantic salmon (S. salar) industry

where there may be large numbers of escaped fish.

However, the impact of these fish on wild popula-

tions is unknown as the overall difference at the

genomic level of artificially selected salmon is not

known. The aquacultured stocks have been selected

for fast growth, age at sexual maturity and path-

ogen resistance, yet what that means from a

genomic perspective is unclear. Therefore, a recent

study used the GRASP 3557 gene cDNA array

to investigate global differences in transcripto-

mes between farmed and wild Atlantic salmon in

Canada and Norway (Roberge et al. 2006). Progeny

from the breeding programmes in each country

were compared to their population of origin (River

Namsen, Norway, and St John River, Canada).

While there were several genes differentially

expressed between farmed and wild salmon, seven

genes were differentially expressed in parallel (i.e.

regulated in the same direction) between farmed

and wild salmon in both Canada and Norway.

These genes included several unknowns (no anno-

tation), Ran protein, transducer of ERBB-2, ferritin

H2, ATP synthase gamma chain, ATP synthase

lipid-binding protein and glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH). Farmed salmon

have been selected for faster growth and also for

increased fat. Some of the genes that were regulated

in parallel between farmed and wild salmon might

be implicated in fat metabolism (e.g. lipid binding

protein) as well as metabolism in general (e.g.

GAPDH). There appeared to be differences between

Canadian and Norwegian salmon in the distribution

of differentially regulated genes among functional

groups, although only one of these differences was

statistically significant. Genes involved in energy

metabolism, cellular growth and division, metal ion

transport and sequestration appeared in larger

proportion in Canadian comparisons, while genes

for chaperones, blood transport, signal transduction

and lysosomal enzymes were in greater proportion

in the Norwegian comparisons. These differences

could be a result of different selection strategies but

could also reflect differences in the population of
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origin. As the authors indicate, the significance of

their study is the demonstration of differences in

transcription between farmed and wild Atlantic

salmon after only five to seven generations of

domestication, which could have impacts if escaped

farmed salmon breed with wild fish.

More recently, Roberge et al. (2008) examined

gene transcriptional differences between wild sal-

mon and a backcross of farmed · wild hybrids with

wild salmon. Even after correcting for differences in

experimental design, the number of differentially

expressed genes between wild salmon and the

backcross was greater than in comparison between

wild and farmed salmon (Roberge et al. 2006).

A majority of the genes that were differentially

regulated between wild and farmed salmon in the

earlier study showed either non-significant or

smaller transcriptional differences, suggesting an

additive genetic control of gene expression. How-

ever, a number of genes that were differentially

regulated between wild and farmed stocks showed

higher transcriptional differences between wild and

hybrid fish, indicating the occurrence of non-addi-

tive effects as well. Further, the authors suggested

that the larger number and magnitude of differen-

tially expressed genes observed between wild and

backcross fish when compared to pure wild and

farmed salmon indicated that interbreeding of wild

and farmed salmon could modify the genetic control

of gene transcription in natural populations

(Roberge et al. 2008).

There have been many papers using microarrays

to observe the effects of pollutants on fish (Douglas

2006); however, recently there have been several

unique studies using microarrays to look at pollu-

tant effects on wild fish populations. Fisher and

Oleksiak (2007) used a directed ‘metabolic’ array

containing genes generated from Fundulus heart

and liver cDNA libraries to study the comparative

transcriptomics of wild Fundulus from several

superfund sites (highly polluted properties desig-

nated under the US. Comprehensive Environmental

Response, Compensation, and Liability Act as to be

remediated) along the Atlantic coast, including

New Bedford Harbor (Massachusetts), Newark Bay

(New Jersey) and Elizabeth River (Virginia). Array

comparisons were made between each superfund

site and two nearby reference sites as well as

between all three superfund sites. As these inves-

tigators have previously reported (Oleksiak et al.

2002, 2005), there was considerable variation in

gene expression among individuals within a given

superfund or reference population. When compar-

ing the fish at a particular superfund site with its

two reference sites, the highest (28 genes) number

of differentially expressed genes were observed in

the New Bedford Harbor site and the lowest (five

genes) were observed for comparisons in the

Elizabeth River site. Of these, there were several

genes in common between the different superfund

sites (relative to the reference site), but only two

that were common to all three sites: NADH-

ubiquinone oxidoreductase AGGG subunit precur-

sor (NDUB2) and thioredoxin. However, only

NDUB2 was upregulated in all three superfund

sites relative to the reference site. Thioredoxin was

more highly expressed in one superfund site but

less in the other two sites. NADH–ubiquinone

oxidoreductase AGGG subunit precursor is involved

in oxidative phosphorylation and the authors

indicate that this gene would be a good candidate

for ‘resistance to pollution stress.’ Thioredoxin is a

general protein disulphide oxidoreductase. When

looking at all genes that were differentially regu-

lated (higher or lower) relative to the reference site,

several had clear physiological implications includ-

ing cytochrome P450 1B1 (CYP1B1) and cyto-

chrome P450 2N2 (CYP2N2) that are involved in

the biotransformation of pollutants. Based on the

overall data, the authors suggest that ‘multiple

Fundulus populations have independently evolved

common mechanisms of adaptive resistance to

complex suites of pollutants.’

In another paper on Fundulus, Roling et al.

(2007) used a targeted cDNA array of Fundulus

genes involved in the response to exposure to

chromium, arsenic and polyaromatic hydrocarbons,

to assess the effectiveness of remediation at a

superfund site in Charleston, South Carolina. The

array was used to assay liver transcriptomes of

Fundulus collected at the superfund site at the

beginning of remediation (2000) and 3 (2003) and

5 (2005) years later. Besides transcriptomes, body

burdens of chromium were also assessed. There

were several differentially expressed genes between

Fundulus livers from the superfund site relative to a

nearby reference site, but the overall data indicated

that the number of differentially regulated genes

was correlated with chromium body burdens and

not with the amount of chromium in the sediments

(Fig. 4). The relationship for this particular site was

complex since remediation resulted in the continual

decrease in chromium in the sediments but not

necessarily in body burden (Fig. 4), possibly because
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of the release of chromium to the water by dredging

during the 5-year study. The other interesting

observation was that very few genes differentially

regulated in wild Fundulus from the superfund site

were detected in prior studies on Fundulus exposed

to chromium in the laboratory (Roling et al. 2006).

The authors suggested that the difference observed

between wild and laboratory analyses might be a

result of exposure conditions, in particular the

length of exposure or the exposure to pollutant

mixtures. In this regard, experiments using isogenic

rainbow trout (to reduce inter-individual variation)

exposed to six model toxicants including ethinylest-

radiol, trenbolone, 2,2,4,4-tetrabromodiphenyl

ether, benzo[a]pyrene, Diquat and chromium VI,

demonstrated that there were unique gene expres-

sion signatures for each pollutant on the GRASP

16006 cDNA array (Hook et al. 2006). Further, the

regulation of some genes could be in opposing

directions depending on the pollutant effect and

mode of action. Additional studies by Hook et al.

(2008) exposing isogenic trout to ethinylestradiol,

2,2,4,4-tetrabromodiphenyl ether and chromium

VI individually or in a mixture, demonstrated that

individual pollutant microarray signatures could

definitely be observed in fish exposed to a mixture

of the three chemicals. However, there were also

unique gene expression changes when the three

pollutants were mixed together that did not appear

in any of the three individual exposures. Thus, a

mixture of pollutants, as would be expected in

the wild, might elicit a complex gene expres-

sion profile not resembling that caused by single

pollutants.

Using transcriptomics to understand and

combat disease

Pathogen emergence and the spread of infectious

disease in natural and cultured fish populations are

considered serious threats in marine and freshwater

ecosystems and also in aquaculture. In fish, the

(a) 

(b) 

(c) 

(d)

(e) 

Figure 4 Comparison of chromium sediment concentra-

tions, chromium body burden and number of differentially

expressed genes in Fundulus. (a) Chromium body burden in

fish captured at Shipyard Creek, South Carolina, USA, from

2000 to 2005. (b) Sediment chromium concentrations

measured before and during remediation and measure-

ments taken from years 1995 to 2005. (c) The number of

differentially expressed genes as determined using targeted

Fundulus arrays from fish captured from 2000–2005 at

Shipyard Creek (contaminated/remediated site) compared

to Winyah Bay National Estuarine Research Reserve

(NERR – control site). (d) The average absolute magnitude

of expression of those genes that are differentially

expressed when compared to the NERR site. (e) The

absolute magnitude of expression from each gene that was

differentially expressed in Shipyard Creek captured fish

(figure from Roling et al. 2007).
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advent and availability of microarray technology

has provided tools for researchers to describe viral,

bacterial and parasitic disease processes in a num-

ber of host species with an emphasis upon aqua-

cultured species (review: Douglas 2006). Host

response and resistance to disease involves a com-

plex interplay between the two arms of the immune

system: the innate and adaptive immune responses.

This response is orchestrated by pathogen recogni-

tion receptors, which are present in all animal

species and detect specific pathogen groups via

pathogen-associated molecular patterns; specific

small molecular motifs conserved across pathogen

groups (e.g. flagellin – the major component of

bacterial flagellum). Through this recognition sys-

tem, distinct transcription programmes are acti-

vated such as the antiviral response, leading to an

immediate activation of specific innate host-defence

modules (a heterogeneous group of leucocytes

acting in a complementary fashion). This is followed

by specific adaptive defence modules that act to

eliminate a particular class of pathogens (Medzhitov

2007). A specific immune response involves more

transcriptional changes than most other physiolog-

ical responses (Abbas et al. 2005; Table 1).

Although in its infancy in fish research, microarrays

have begun to identify distinct gene expression

profiles and specific cassettes of responsive genes

whose regulatory patterns are conserved across

different fish species in response to specific groups of

pathogens such as the Rhabdoviridae.

A number of papers, mainly addressing disease

processes in salmonids and in the Japanese flounder

(Paralichthys olivaceus, Pleuronectidae), have addres-

sed viral diseases including infectious salmon

anaemia (Jorgensen et al. 2008) and rhabdovirus

infections including infectious haematopoietic necro-

sis (IHN; Purcell et al. 2006; Mackenzie et al. 2008),

viral haemorrhagic septicaemia (VHS; Byon et al.

2005, 2006) and hirame habdovirus infection

(HIRRV; Yasuike et al. 2007). For bacterial diseases

in salmonids, both Aeromonas salmonicida (Aeromo-

nadaceae) infections (Tsoi et al. 2003; Ewart et al.

2005; Martin et al. 2006) and Salmon Rickettsial

Disease (Rise et al. 2004a) have been investigated. In

other fish species, infection with Edwardsiella ictaluri

(Enterobacteriaceae), the causative agent of enteric

septicaemia in the catfish (Peatman et al. 2007,

2008) and Japanese flounder (Matsuyama et al.

2007a), have been addressed. Differential gene

expression profiles reported in fish for other patho-

gens include the fungal disease, saprolegniasis

(Roberge et al. 2007b), and amoebic gill disease in

the Atlantic salmon (Morrison et al. 2006), the

protozoan Myxobolus cerebralis (Myxobolidae) infec-

tion in the rainbow trout (Baerwald et al. 2008), and

infection by the monogenean parasite Neoheteroboth-

rium hirame (Diclidophoridae) in the Japanese floun-

der (Matsuyama et al. 2007b). Significant progress

has also been made in studies addressing pathogen

genomes, which is highlighted by the publication of

the first full genome of a fish pathogen, Flavobacte-

rium psychrophilum (Flavobacteriaceae) the causative

agent of rainbow trout fry syndrome and bacterial

cold-water disease (Duchaud et al. 2007).

In a commercial setting, the contribution of

transcriptomics to disease control management

can take two significant forms: (i) the design,

development and evaluation of vaccines, and

(ii) the development of biomarkers to support

selective breeding programmes for disease resis-

tance. Due to the relatively large body of published

research using transcriptomics to study host–

pathogen interactions in fish, in the present review

we have chosen to highlight selected examples of

published research addressing rhabdoviral infection

and recent progress towards prognostic markers for

disease resistance in salmonids.

Table 1 Performance of salmonid fish microarray plat-

form (SFM 1.0) under diverse experimental conditions.

Experimental

condition

Treatment

(tissue type) DEG

Relative

DEG (%)

Developmental

disturbance

M74 (embryos) 507 36

Ecotoxicology Pyrene (liver) 141 8

CCL4 (liver) 128 9

Resin acids (liver) 238 13

Cadmium (liver) 309 17

Bacterial pathogenicity

(in vitro macrophage)

LPS 70 5

LPS (ovary) 3 0.2

Viral pathogenicity

(head kidney)

IHNV 426 30

DEG indicates the number of differentially expressed genes

(P < 0.01) and relative DEG the percentage of expressed genes

related to testing clones in each platform. See the references for

details: M74 (Vuori et al. 2006); pyrene, CCL4, resin acids

(Krasnov et al. 2005, 2007); cadmium (Merilainen et al. 2007);

macrophage (MacKenzie et al. 2006a); ovary (MacKenzie et al.

2006b); IHNV (Mackenzie et al. 2008). M74, salmonid yolk-sac

fry mortality; CCL4, hepatotoxic compound carbon tetrachloride;

LPS, bacterial lipopolysaccharide; IHNV, infectious haemorrhag-

ic necrosis virus.
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Development and evaluation of vaccines and

characterization of host–vaccine responses

A good example of the potential of microarray

analysis to help understand pathogenesis in fishes

has been the elucidation of innate and adaptive

immune responses to rhabdoviral infection. DNA

vaccines against rhabdoviral infections (IHN, VHS,

HIRR) have proven to be highly successful in fish

(Lorenzen and LaPatra 2005). Intramuscularly

administered DNA containing the viral G-glycopro-

tein gene confers protective immunity in all species

so far vaccinated and tested (Boudinot et al. 1998;

LaPatra et al. 2001; Byon et al. 2005; Seo et al.

2006; Yasuike et al. 2007). A DNA vaccine against

IHN is currently under commercial license in

Canada (Novartis Animal Health Canada, Inc.).

Kim et al. (2000) used three DNA vaccine prepara-

tions of serologically unrelated rhabdoviruses, each

encoding the G gene of either IHN virus (IHNV),

snakehead rhabdovirus or spring viraemia of carp

virus, and were able to show protective immunity in

rainbow trout subjected to a lethal dose of IHNV.

This suggests that rhadoviral G proteins elicit a non-

specific antiviral immune response.

In a series of papers, Aoki et al. used a cDNA

microarray enriched with 213 immune-related

genes, to study the immune response and the

efficacy of DNA vaccines containing the viral

G-protein genes of VHS virus (VHSV) and HIRRV

in the Japanese flounder (Byon et al. 2005; Yasuike

et al. 2007). As expected, all DNA vaccines con-

taining the viral G-glycoprotein gene conferred

specific protection to fishes challenged 1 month

after vaccination. The protection was hypothesized

to occur via the type 1 interferon (IFN) system due

to the number of IFN-related genes upregulated in

both studies including IFN-stimulated gene 15 kDa

(ISG15), IFN-stimulated gene 56 kDa (ISG56) and

the Mx protein. In the previously mentioned studies

on VHSV and HIRRV in the Japanese flounder, the

majority of differentially upregulated genes were

identified between 3 and 7 days post-vaccination.

Interestingly, Mx, an antiviral protein that is

commonly used as a marker for antiviral activity

in animal species, was consistently upregulated

across vaccinations (Yasuike et al. 2007). A similar

observation, in which IRF-3, Mx, Vig-1 and Vig-8

were upregulated, was reported by Purcell et al.

(2006) using the 16 006 feature GRASP cDNA

microarray to expression profile rainbow trout at

the site of DNA vaccination against IHNV 7 days

post-vaccination. These results suggest that the

host-expressed viral glycoprotein induces a systemic

antiviral state indicative of the non-specific type 1

IFN innate immune response. However, the mech-

anism(s) for the development of a specific cytotoxic

T- or B-lymphocyte-mediated humoural response in

fish vaccinated with the plasmid DNA-IHNV G gene,

which confers protective immunity over periods up

to 25 months post-vaccination, is yet to be clearly

identified and remains an area of uncertainty in fish

immunology (Kurath et al. 2006).

In two recent studies in which virulent forms of

IHNV and infectious salmon anemia virus (ISAV)

were analysed using a targeted 1.8K salmonid array

(Mackenzie et al. 2008), evidence from specific gene

expression profiles suggests that the adaptive

immune response is indeed activated at early stages

in the response to viral infection. Mackenzie et al.

(2008) compared IHNV, attenuated IHNV and LPS

challenges in rainbow trout over a short time frame

of 1 and 3 days post-challenge. Three days after

infection, a significant change in the transcriptional

programme of the head kidney revealed an immu-

nological shift orientated towards the activation of

adaptive immunity. This shift was IHNV-dependent

as determined by differences between the attenuated

and virulent IHNV-specific expression profiles. The

rapid systemic spread of IHNV inhibited TNFa, MHC

class I, and several macrophage and cell cycle/

differentiation markers and favoured an MHC class

II, immunoglobulin and MMP/TBX4 enhanced

immune response. Using the same salmonid micro-

array, Jorgensen et al. (2008) reported a significant

increase in adaptive immunity markers after ISAV

infection in Atlantic salmon and, importantly, a

progressive increase in IgZ mRNA in parallel with a

decrease in IgM expression that peaked >30 days

post-infection. A coordinated increase in a suite of

genes related to B-lymphocyte differentiation and

maturation and activation of T-lymphocyte-medi-

ated immunity, including CD4, TGFb, CD8a and

IFNc, was also reported. Therefore, from the results

of microarray studies, evidence is accumulating for

the coordinated regulation of the two arms of the

piscine immune system in response to viral infection

and illustrates the utility of this transcriptomic

approach.

An interesting microarray study published by

Dang et al. (2007) utilized a viral DNA microarray

containing 92 putative transcripts for the red

seabream iridovirus (RSIV) to characterize tran-

scriptional profiles of RSIV in the spleen and kidney
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of infected red seabream (Pagrus major, Sparidae). Of

particular note is that the iridoviral disease has been

described in a large number of marine species

(Kawakami and Nakajima 2002), and in a recent

study, 10 different ornamental fish species tested

positive for infectious spleen and kidney necrosis

virus disease (Jeong et al. 2008). Furthermore, a

number of fish were asymptomatic carriers that

were considered to constitute a significant risk for

the transmission and outbreak of this viral disease.

Using the viral microarray, Dang et al. (2007) were

able to identify the spleen as being the most

susceptible organ for viral gene expression and

replication in which the classic temporal expression

pattern for viral genes was observed including the

coordinated expression of immediate-early, early

and late genes throughout the 10-day infective

period. Highly expressed viral genes may provide

material for the development of DNA vaccines

against this disease. Interestingly, the spleen has

been identified as a target organ for both the Taiwan

and Singapore Grouper viruses (TGIV, SGIV), both

of which belong to the same viral group as RSIV

(Qin et al. 2002; Chao et al. 2004).

Prognostic biomarkers for disease resistance

As the identification of virulence genes in pathogens

is of key importance for vaccine development, the

identification of prognostic biomarkers for disease

resistance is a major aim for aquaculture. Disease

resistance is normally measured by challenging

with a pathogen of interest and then assessing

cumulative mortalities. Surviving fish, or non-chal-

lenged siblings from the same family, are then

considered ‘resistant.’ This process is costly and

there is a need for prognostic measurements of

resistance ideally based upon molecular determi-

nants of resistance that can be measured by non-

lethal methodologies. In a first example of this

approach, Rise et al. (2004a) used the GRASP 3557

cDNA array to identify biomarkers of in vitro

macrophage and in vivo head kidney (major hae-

matopoietic tissue in fish) responses to Piscirickettsia

salmonis (Piscirickettsiaceae) infection. This

approach yielded a number of regulated genes

common to both challenges, and the researchers

proposed that 19 highly regulated transcripts could

be used as potential biomarkers to evaluate the

efficacy of vaccines against P. salmonis. C-type lectin

2-1, a gene whose product is involved in endocy-

tosis and the C/EBP-driven inflammatory response

(Matsumoto et al. 1999), was identified in the Rise

et al.’s (2004a) study, and has been identified in

almost all reports in which bacterial preparations

have been used to challenge fish in vivo (Rise et al.

2004a; Ewart et al. 2005; MacKenzie et al. 2006a;

Mackenzie et al. 2008; Martin et al. 2006). The

utility of using C-type lectin and other potential

biomarkers for disease resistance will require further

effort to develop if individual variation in disease

resistance is taken into account. This includes both

genetic and epigenetic factors that will influence the

immune performance of an individual in a given

environment.

The ability to compare microarray experiments

across different platforms still remains a difficult and

relatively unaddressed issue in studies on fish. Using

the salmonid cDNA 1.8K microarray discussed

earlier, Mackenzie et al. (2008) compared the

response of the rainbow trout head kidney to

in vivo virulent IHNV, attenuated IHNV and bacte-

rial lipopolysaccharide (LPS) challenge. From

selected differentially expressed genes, the differen-

tial response was evaluated using a database

containing over 155 experiments performed with

the same array platform to ascertain those genes

co-expressed in each or all experimental conditions.

A total of 49 regulated genes specific to both LPS

and viral stimuli were identified that were often

directionally opposed. A further analysis restricted

to viral-specific genes gave a total of 28 genes that

were highly specific to viral responses when com-

pared across multiple experiments. Using the same

microarray platform, Jorgensen et al. (2008) exten-

sively analysed a highly virulent ISAV infection in

Atlantic salmon to identify differences between early

and late mortalities and further characterize molec-

ular determinants of resistance. Using linear discri-

minant analysis based upon qPCR, they were able to

identify a minimum set of genes including

5-lipoxygenase activating protein, cytochrome

P450 2K4, galectin-9 and annexin A1. These genes

were chosen from an unbiased (expression profiles

only, no functional inference) microarray dataset

derived from individual liver samples and could be

used to predict whether an individual fish fell into

an early or late mortality group.

In summary, fish immunomics has provided a

substantial number of datasets and potential tools

that are mainly geared towards the study of disease

processes in species of commercial aquaculture

interest. The major aim has been to functionally

identify the intensity of responses to specific
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pathogens and their associated molecular compo-

nents and to identify transcripts in a whole organ-

ism or specific tissue context that contribute to these

responses. Microarrays have been used to investi-

gate the basis for disease resistance in aquacultured

strains of rainbow trout (e.g. whirling disease –

Baerwald et al. 2008), but could be used for

investigating resistance in wild populations of fish

as well. However, the complex biology of the

immune response, in which different spatial–

temporal expression profiles will occur in multiple

cell types at distinct body locations, make complete

mapping of a response difficult and expensive. Thus,

the identification through global transcriptomics of

host- and pathogen-specific expression profiles and

candidate gene markers will make an important

contribution to vaccine design as well as the

identification of asymptomatic pathogen carriers.

Future of global expression analysis

There have been many investigations that have

used microarrays with fish, but the studies high-

lighted here were chosen based on their unique

experimental designs or for the range of biological

problems addressed. We also believe that the

examples cover the use of transcriptomic analysis

to address questions that could be applied generally

to species relevant to the marine fisheries.

While there has been significant progress in the

use of microarrays for analysing gene expression in

fish, there are some significant limitations, some of

which are a result of the array platforms currently

available. In many cases, existing platforms may be

missing a significant number of genes that could be

important for the interpretation of array experi-

ments. This issue was highlighted earlier in relation

to the number of genes altered during specific

immune responses (Table 1) but may apply to other

physiological processes that we are not aware of.

Owing to the nature of cDNA hybridization and

the inherent long-length of cDNAs spotted onto

slides, significant cross-hybridization will be

obtained from mRNAs that share a high level of

homology. Thus, cDNA arrays are unable to discern

between closely related mRNAs, and the resultant

signal may represent a family of mRNAs hybridizing

to the same target. Therefore, subtle variations in

the differential expression of related genes may not

be detected and would require a complex oligoarray

design that is currently only available for model

species. In the end, however, the biological question

that is being addressed should be the primary issue

and the approach that is used needs to take that into

account together with the technological resources

available to the investigator. As cDNA microarrays

are capable of describing regulated genes, pathways

or networks, this level of descriptive complexity is

normally sufficient to identify regulatory patterns of

interest that provide an initial road map for future

studies. Further, cross-hybridization on cDNA

arrays may not be a problem when addressing

comparative gene expression studies across non-

model fish species. Heterologous hybridization to

cDNA microarrays using samples from closely

related species has been reported in salmonids

(von Schalburg et al. 2005) and in cichlids (Renn

et al. 2004), and even between distantly related

species (Kassahn et al. 2007), showing that cDNA-

based transcriptomic profiling is useful as a method

to identify both common and divergent traits in fish.

It is common practice to validate or confirm the

results obtained from microarrays using qPCR on a

subset of regulated genes. However, in many of the

examples used in this review, particularly those

investigating differential gene expression in eco-

types, alternative life-history strategies or fish under

anthropogenic influences, there was no qPCR val-

idation (exception: Roberge et al. 2008). This is an

important issue given the strong conclusions that

were frequently developed around specific genes or

gene patterns observed to be regulated on micro-

arrays. Arrays will be used more frequently in the

future for the types of ecological and evolutionary

investigations discussed in this review, and some

validation of the results should be incorporated and

expected by reviewers of these papers in the future.

Given the advances in sequencing technology

and the reduction in sequencing costs, a reasonable

question is whether microarrays will be the tool that

is used in the future for analysing gene expression

on a global scale (Salisbury 2008). Gene arrays

currently have the advantage of being less expen-

sive for large-scale experiments in which, for

example, multiple treatments and sampling periods

are being analysed. There have been some direct

comparisons made for expression analyses between

microarrays and sequencing (Chen et al. 2007), but

those comparisons have not used some of the

newest sequencing technologies.

New sequencing platforms such as the Roche

Genome Sequencer FLX (454 Life Sciences, Bran-

ford, CT, USA), Illumina Solexa (Illumina Inc., San

Diego, CA, USA) and ABI SOLiD (Applied Biosystems,
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Foster City, CA, USA) have the advantage of

providing hundreds of thousand to millions of

sequences per run. With that number of sequences,

comparative transcriptomics can be performed by

analysing gene frequency as recently described for

PMAGE (Kim et al. 2007). A drawback of some of the

new sequence technologies is the short sequence

lengths they produce, complicating gene annotation

except for organisms with sequenced genomes or

large EST databases. In addition, assembly of short

reads to contiguous sequences (contigs) for annota-

tion would be difficult. However, some sequencers

such as the Roche Genome Sequencer FLX have

longer read lengths (200–400 bp) and these have a

greater potential for direct annotation and/or assem-

bly to produce larger contigs for annotation. The

advantage of using sequencers over arrays to

compare transcriptomic profiles is that there are no

preconceived ideas of which genes are important.

Arrays are only as good as the genes they contain,

while sequencers could theoretically provide the

entire transcriptomic profile (Hauser and Seeb

2008). If this argument sounds familiar, it should.

The same arguments were used 5–10 years ago to

justify the use of subtractive cloning, differential

display PCR and suppression subtractive hybridiza-

tion vs. candidate gene approaches. It was argued

that subtractive or differential cloning approaches

would isolate all the genes important in a given

comparison, not just the ones expected to be

important based on preconception. The advantage

in using sequencing over arrays would be that

transcript quantification and gene discovery could

be carried out simultaneously. Of course, if sequenc-

ing is used in this way, un-normalized libraries or

cDNAs must be used. For some tissues (e.g. muscle),

this will be a problem given their lack of transcript

complexity. In the end, it will become a matter of the

number of sequences that need to be generated to

obtain a statistical difference between samples that

are being compared. Currently there are few pub-

lished examples other than SAGE to determine this

number, and none on non-model organisms.

Microarrays certainly have an important role in

that they can efficiently and cost-effectively quantify

the difference in expression of many genes simulta-

neously and this can be done on a large number of

samples. At this point, comparing transcriptomes of

many samples by sequencing is not feasible. How-

ever, until arrays are developed for non-model

species that contain every transcript that can theo-

retically be produced, it would make sense to use

sequencing as a first approximation for global gene

expression analysis. This approach would be discov-

ery driven and could then be followed by the devel-

opment of a focused array based on the initial

sequencing analysis. The focused array would then

be used for the quantification of large numbers of

samples. In essence, microarrays would then become

to sequencing what qPCR is currently to micro-

arrays, further increasing our ability to resolve

differences in gene expression and to quantify those

differences across many genes simultaneously.
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