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Abstract—Transcriptomics and population genomics are two complementary genomic approaches that can be used to gain insight into
pollutant effects in natural populations. Transcriptomics identify altered gene expression pathways, and population genomics
approaches more directly target the causative genomic polymorphisms. Neither approach is restricted to a predetermined set of genes
or loci. Instead, both approaches allow a broad overview of genomic processes. Transcriptomics and population genomic approaches
have been used to explore genomic responses in populations of fish from polluted environments and have identified sets of candidate
genes and loci that appear biologically important in response to pollution. Often differences in gene expression or loci between polluted
and reference populations are not conserved among polluted populations, suggesting a biological complexity that we do not yet fully
understand. As genomic approaches become less expensive with the advent of new sequencing and genotyping technologies, they will be
more widely used in complementary studies. However, although these genomic approaches are immensely powerful for identifying
candidate genes and loci, the challenge of determining biological mechanisms that link genotypes and phenotypes remains. Environ.

Toxicol. Chem. 2011;30:283-289. © 2010 SETAC
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GENOMICS WITH NATURAL POPULATIONS

The power of genomic tools is the ability to simultaneously
query large portions of the genome of an organism. These tools
are just beginning to be harnessed for studies of aquatic
toxicology in natural populations. The advantage of genomic
approaches used in aquatic toxicology studies of natural pop-
ulations is that an a priori choice of biomarkers of an adverse
effect is not necessary. This can be particularly important when
organisms are exposed to mixtures of chemicals, as is often the
case in environmental studies. Because the biological targets of
pollutants often are not fully known, the global view gained
with genomic approaches can be particularly valuable.

Two complementary genomic approaches that are becoming
easier and cheaper to implement with non-model, natural
populations are microarrays and population genomics. Micro-
arrays allow expression levels of many thousands of genes to be
measured simultaneously, giving information about what genes
are expressed or repressed where (tissue-specific expression),
when, and why (under what conditions). Although enzyme
activities or protein concentrations in a cell are not regulated
solely by messenger RNA levels, this knowledge can give
insights regarding gene function, interacting genes, and gene
pathways. Moreover, changes in cell type, development, or
physiological states often are affected by changes in messenger
RNA. Most microarray studies have examined physiological or
dose responses in select species. Far fewer microarray studies
have been used to measure changes in gene expression in
natural populations.
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Population genomic approaches more directly target the
underlying variation found in the DNA among individuals
and populations. Population genomics involves genome-wide
sampling of sequence variation and is based on the premise that
demography and the evolutionary history of populations will
affect neutral loci similarly, whereas loci under selection will be
affected differently [1]. Different population genomic appro-
aches are just now being used with natural aquatic populations
to identify adaptively important sequence variations [2]. As
more genetic markers become available via high-throughput
sequencing technologies and genotyping becomes less expen-
sive, population genomics will be more widely used on a
diversity of species.

Together, global gene expression analyses (transcriptomics)
and population genomics have the potential to influence studies
of diverse aquatic species and populations that offer many
different ecological, physiological, and evolutionary questions
with respect to pollutant exposure. Diverse fish species offer
many different ecological, physiological, and evolutionary lines
of query, and as such, provide powerful models for environ-
mental genomics [3].

Although most fish genomes are not yet sequenced,
expressed sequence tags (ESTs) have been developed and used
with microarrays to provide genome-wide gene expression data
within and among natural fish populations. Currently, the
National Center for Biotechnology Information database con-
tains EST collections with greater than 10,000 sequences for
three dozen teleost species [4]. Most of these EST collections
were developed from normalized complementary DNA (cDNA)
libraries and sequenced using Sanger sequencing [5], which is
relatively expensive compared with newer sequencing technol-
ogies. New sequencing technologies such as Roche (454) FLX,
Illumina Genome Analyzer, ABI SOLiD, and HeliScope
sequencing (see Morozova et al. [6] for a review of next-
generation sequencing) can be used to sequence thousands of
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transcripts at a time much more quickly and cost-effectively. In
contrast to the ESTs from cDNA libraries, one does not gain a
physical clone of each sequence obtained using high-throughput
sequencing methods. However, the resulting sequences can and
have been used to design microarrays for studies of natural
populations [7]. Thus, high-throughput sequencing technolo-
gies make transcriptomic studies possible in virtually any
species.

MICROARRAYS WITH POLLUTED FISH POPULATIONS

Gene expression often is altered as a result of toxicant
exposure [8,9] and thus is a sensitive, measurable endpoint
for toxicity that can serve as an early warning of compromised
health. The challenges are to identify genes that respond to
toxicant exposure, to discover novel gene interactions, and to
improve knowledge of complex regulatory networks and cross-
communication between different pathways in both health and
disease. Microarrays that measure most, if not all, genes
expressed in a tissue can be used to discover which of these
genes respond.

Importantly, microarrays can be used to examine polymor-
phic responses among individuals. Because individuals have
variation in gene expression [10,11], one must quantify indi-
vidual variation in gene expression within and among popula-
tions. In so doing, genes consistently associated with exposure
to xenobiotics can be identified. This knowledge serves two
purposes: to identify genes that respond to and affect exposure
to xenobiotics and to identify genes that have little variation
within polluted populations and thus are of greater utility as
biomarkers in future analyses of toxicant effects on gene
expression. Finally, knowledge of individual variation within
a natural population, which cannot be inferred using cell
cultures or inbred strains, permits realistic extrapolations to
highly variable human populations.

EUROPEAN FLOUNDER (PLATICHTHYS FLESUS)

Multiple transcriptomic studies have been done on natural
populations of European flounder (Platichthys flesus) collected
from polluted sites (Table 1). This species was chosen as a good
candidate for pollution monitoring because of its wide distri-
bution throughout estuarine environments in Western Europe,
many of which are significantly impacted by toxicants including
xenoestrogens, heavy metals, polycyclic aromatic hydrocar-
bons (PAHs), and dioxins [12]. The first microarray study used
a targeted array on liver samples of fish collected from polluted
and reference estuaries and identified 11 transcripts (7%) with
significantly different expression between males from polluted
and reference sites. Although a number of transcripts were
differentially expressed between females from reference and
polluted sites, the altered expression profiles were not signifi-
cant because of high interindividual variation. The European
flounder array has since been expanded to approximately
14,000 elements representing 3,336 unique expressed sequence
tag clusters. This expanded array was used with male flounder
collected from six sampling sites with differing levels of heavy
metals, petroleum hydrocarbons, PAHs, and polychlorinated
biphenols (PCBs) to determine gene expression differences
related to pollutant impact [13]. Combined with expression
data from acute laboratory exposure studies, a model was
developed to identify the site of origin of field-collected fish.
Surprisingly, only 16 clones predicted the site of origin of an
independent sample of 15 fish from three of the sites with 100%
accuracy. These data suggest that some expression changes

Table 1. Studies using microarrays with natural fish populations from polluted areas.

References

Major findings

Comparison

Tissue

Major pollutants

Species

[13]

Identified 16 clones predictive of the site of origin

One reference population versus any
one of six polluted populations
Fish from two different polluted sites

Liver

PAHs?, and PCBs®

Heavy metals, petroleum hydrocarbons,
Chemical and waste effluents

(Platichthys flesus)

European flounder
Hornyhead turbot

[14]

Altered gene expression in genes with potential

Liver

endocrine effects
Most genes with altered expression were sex and site

compared with reference fish
Fish from two different polluted sites

(Pleuronichthys verticalis)
Atlantic cod (Gadus morhua)

[15]

Cd, Zn, Pb, Cu, and Hg and chlororganic Liver

specific. Farmed fish were most different from

reference fish.
Gene expression patterns of fish captured at the

compared with reference fish, and

compounds PCBs and dioxin-like

PCBs

Killifish (Fundulus heteroclitus) Chromium

farmed fish compared with reference fish

Fish from a chromium contaminated

[19]

Liver

Superfund site became increasingly similar to

Superfund site versus reference fish

those of fish captured at the reference site during

remediation of the Superfund site.
Gene expression for 8-32% of genes showed potentially
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[20,21]

Brain and liver Three chronically polluted populations, each

PCBs, PAHs, pesticides, and heavy

adaptive changes in gene expression. Few significant
genes shared among different polluted populations.
No genes were significantly different, suggesting

compared with two flanking reference

populations
Stage 31 embryos Embryos from parents collected from

metals

[25]

canalization of developmental gene expression and

gene by environment effects.

two chronically polluted populations

compared with three reference populations
Embryos from parents collected one chronically Altered expression of genes representing biomarkers of

[26]

Embryos

Tomcod (Microgadus tomcod)  PCBs

cardiomyopathy in mammals

polluted population compared with two

reference populations

#Polycyclic aromatic hydrocarbons.

® Polychlorinated biphenyls.
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caused by short-term exposures can be used to infer longer-term
exposures accumulated over months or years of exposure [13].

HORNYHEAD TURBOT (PLEURONICHTHYS VERTICALIS)

Similar pollutant monitoring approaches using microarrays
have been implemented with other fish species. Baker et al. [14]
designed a microarray as a diagnostic tool to screen the endo-
crine effects of environmental chemicals in fish: microarray
probes were based on sequences from Tetraodoniformes (Fugu
and Tetraodon), Perciformes (cichlid, tilapia, sea bass, sea
bream), available sequences from medaka, stickleback, and
zebrafish, as well as hornyhead turbot-specific cDNA sequences
obtained by degenerate polymerase chain reaction cloning
[14]. The goal of the study was to quantify gene expression
in wild hornyhead turbot (Pleuronichthys verticalis) collected
from polluted (chemical and waste effluent sites) and clean
coastal waters in Southern California, USA. Similar to Euro-
pean flounder, the bottom-feeding hornyhead turbot are a
sentinel fish because they are at higher risk of exposure to
chemicals that accumulate in sediments. These fish also have a
restricted range, which allows one to localize the site of
chemical pollution. Hornyhead turbot sampled at two polluted
sites exhibited strong increases in the expression of cytochrome
P4503A, retinoid X receptor, estrogen receptor 3, vitellogenin 2,
and aldosterone receptor relative to control fish. The vitamin D
receptor also was up-regulated compared with control fish,
whereas transcripts encoding the farnesoid X receptor, perox-
isome proliferator-activated receptor o, and thyroid receptors
o and 3 were down-regulated [14]. These data suggest that
endocrine disruptors are affecting hepatic gene expression in
the pollution-impacted hornyhead turbots.

ATLANTIC COD (GADUS MORHUA)

Atlantic cod (Gadus morhua) has been used for environ-
mental monitoring and as a model species to investigate bio-
logical effects of contaminants emitted from industry and the
petroleum sector in Norwegian waters [15]. A custom cDNA
array, the CodStress array, which contains 746 stress-responsive
genes and genes relevant to immunity, was used to quantify
gene expression in two natural populations of Atlantic cod from
western Norway. Fish were collected from two sites: one site
was highly polluted with a wide range of metals (Cd, Zn, Pb, Cu,
and Hg) and chlororganic compounds; a second site had high
levels of PCBs and dioxin-like PCBs [15]. Similar to the
European flounder study, most altered genes were sex-specific,
and no genes were significantly altered in both sexes and in both
sites. The authors also compared gene expression profiles of
farmed fish with gene expression profiles of fish from the
reference site; surprisingly, the largest number of significantly
differentially expressed genes was detected in the farmed group
compared with those from the reference site [15]. These results
highlight the importance of distinguishing impacts of contam-
inants from biogeographic structuring or evolutionary history.

KILLIFISH (FUNDULUS HETEROCLITUS)

Targeted arrays also have been used with Fundulus hetero-
clitus. Fundulus heteroclitus is an important model organism
found in estuarine habitats along the east coast of the United
States. Extensive background information is available on the
ecology, reproduction, physiology, biochemistry, and pathol-
ogy of this fish [16]. Importantly, F. heteroclitus has been the
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subject of extensive studies involving the fate and effects of
environmental chemicals (reviewed in Burnett et al. [16]).

Fundulus heteroclitus populations within major bays and
estuaries are genetically distinct, and adaptive differences
among populations are not uncommon [17]. Particularly strik-
ing are populations of F. heteroclitus that have adapted to
highly polluted environments. These populations show evolved
tolerance or resistance to the pollutants in their environment, in
contrast to individuals from reference (unpolluted) sites: resist-
ant individuals have been shown to be more than three orders of
magnitude more tolerant to environmental pollutants (most
notably to dioxin-like compounds) compared with individuals
from nearby reference populations [18].

The first arrays used to examine polluted populations of
F. heteroclitus were targeted arrays. Roling et al. [19] used a
cDNA array containing genes differentially expressed on expo-
sure to PAHs and several metals to monitor a Cr-contaminated
Superfund site (Shipyard Creek, Charleston, SC, USA) under-
going remediation [19]. As remediation progressed, the gene
expression patterns of F. heteroclitus captured at the Superfund
site became increasingly similar to those of individuals captured
at a nearby reference site. Furthermore, the gene expression
profiles associated with chromium bioavailability and body
burden demonstrate the use of arrays as multidimensional
biomarkers to monitor site mitigation.

In addition to use for monitoring purposes, targeted meta-
bolic arrays were used to discern evolved responses to pollu-
tants from adaptive ones in three independent, polluted
populations of F. heteroclitus [20,21]. In these studies, gene
expression was quantified in individuals collected from three
Superfund sites (New Bedford Harbor, MA, Newark Bay, NJ,
and Elizabeth River, VA, USA; Fig. 1). New Bedford Harbor is
highly polluted with PCBs and other halogenated aromatic
hydrocarbons [22], Newark Bay is polluted with a variety of
pollutants including PAHs, PCBs, pesticides, and metals [23],

New Bedford

Harbor, MA
Newark Bay, NJ +

POLLUTED

Elizabeth
River, VA A4

Reference

Atlantic Ocean

Fig. 1. Sampling sites along the East Coast of the United States and
experimental contrasts for Fundulus heteroclitus populations. Diamonds are
polluted (Superfund) sites, and circles are reference sites. Variation among
the two reference sites captures the random/neutral variation. Thus,
differences in a polluted population versus both reference populations
most likely are attributable to evolved responses to pollution.
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and the Elizabeth River is contaminated with creosote, a com-
plex mixture of PAHs [24]. In contrast to the F. heteroclitus
collected in Shipyard Creek, fish from New Bedford Harbor,
Newark Bay, and Elizabeth River populations were common-
gardened in the laboratory for four months to one year to
minimize physiologically induced differences. Gene expression
patterns in individuals from each polluted site were compared
with gene expression patterns in individuals from flanking
reference sites, one north and one south of each polluted site
(Fig. 1). This experimental design was used because differences
shared between each polluted site and both reference popula-
tions (i.e., polluted vs both reference 1 and reference 2) are more
likely to be attributable to pollution (i.e., the effects of pollution
are no longer confounded with either temperature or genetic
drift). Using this design, gene expression was quantified in both
liver and brain from F. heteroclitus collected from New Bedford
Harbor, Newark Bay, and Elizabeth River, and compared with
gene expression levels in individuals from flanking reference
sites. A number of genes (5-32%) showed significantly altered
gene expression patterns that likely evolved because of chronic
exposure to pollution [20,21]. Although many genes (up to
32%) had significantly altered gene expression patterns, few
genes were similarly altered in all three polluted populations
(Fig. 2). The lack of concordance in genes with altered expres-
sion patterns among polluted populations is perhaps not sur-
prising given the complexity of the polluted environments as
well as the different pollutants found at each site. These results
are similar to results in European flounder and Atlantic cod, in
which different polluted populations showed largely unique
patterns of altered gene expression.

A similar experimental design to that used with the nine
adult F. heteroclitus populations was used on stage 31
F. heteroclitus embryos collected from parents from Newark
Bay, Elizabeth River, and reference populations. This study
used a larger array representing approximately 7,000 unique
expressed sequence tag clusters. In surprising contrast to
the large number of differentially expressed genes found in
the adult studies, no genes were differentially expressed
between embryos from polluted and reference populations
[25]. This lack of difference in gene expression in a common
garden environment suggests that gene expression is canalized
during development and that gene-by-environment interactions
may be necessary to clarify differences among embryos from
polluted and reference populations.

TOMCOD (MICROGADUS TOMCOD)

Similar to F. heteroclitus, populations of tomcod (Micro-
gadus tomcod) show differential sensitivity to dioxin-like com-
pounds; embryos from the Hudson River (NY, USA) population
are resistant to PCB-induced cytochrome P4501A (CYP1A)
expression and early life stage toxicity compared with embryos
from reference sites. The basis of this resistance was explor-
ed using microarrays made from a cardiac cDNA library [26].
Although the authors did not find any genes with a similar
expression profile as cytochrome P4501A on exposure to PCBs
(i.e., PCB induced expression in reference but not polluted fish),
they did find that several transcripts representing biomarkers of
cardiomyopathy in mammals (cardiac troponin T2, cathepsin
L, and atrial natriuretic peptide) were differentially altered by
PCBs among polluted and reference tomcod populations.

Thus, microarray studies have been used to detect both
adaptive and evolved responses to pollutants. Further studies
often are needed to understand the mechanistic implications
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Fig. 2. Gene expression differences between polluted and reference
populations. Significances of differences as -log;o(p values) are plotted
against log, differences in expression for the New Bedford Harbor, Newark
Bay, and Elizabeth River triads (USA). The only three genes with
significantly different expression in all three polluted populations show
opposite patterns of expression in New Bedford Harbor and Newark Bay
Fundulus heteroclitus as compared with Elizabeth River F. heteroclitus.
Open diamonds: Acyl C-A binding protein; open squares: NADH ubiquinone
oxidoreductase MNLL subunit; open circles: Thioredoxin.

of changes in gene expression. Even so, microarray studies
broaden our understanding of biological processes affected by
pollution, provide new directions for future studies, and are
useful in environmental impact assessments.

TRANSCRIPTOME ANALYSIS USING
HIGH-THROUGHPUT SEQUENCING

Currently, microarrays are the least expensive means to
interrogate the transcriptome of an organism, but microarrays
suffer from two major drawbacks. First, quantification of tran-
script abundance is indirect: similar to Northern analyses of
gene expression, quantification of gene transcripts using micro-
arrays is based on hybridization intensity and is not a direct
measure of transcript abundance. Second, unless a gene is on
the microarray, it will be missed. Thus, expression of novel
genes will be missed. These drawbacks are overcome by new,
high-throughput sequencing technologies that can be used for
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transcriptome analyses. High-throughput sequencing allows
sufficient sequencing depth to gain an adequate representation
of all of the expressed transcripts, and Roche (454) FLX,
[llumina Genome Analyzer, and ABI SOLiD sequencing tech-
nologies have been used for whole transcriptome sequencing
[6]. Unlike microarrays, whole transcriptome sequencing data
provide sequences from any location within all expressed tran-
scripts. In addition to gene expression profiling, the sequencing
data allows analysis of coding sequences of the expressed
transcripts; these sequences can give insights into protein poly-
morphisms, mutations, and altered splice sites.

Whole transcriptome sequencing has many advantages com-
pared with microarray analyses, yet cost still remains a major
factor in using this approach. This is particularly the case in
natural populations in which the transcriptomes of more than a
few individuals would need to be sequenced to get an adequate
representation of the population. Moreover, the data analysis of
short sequence reads is greatly facilitated by the presence of a
reference genome sequence against which to align the short
sequences, and these reference genomes are still lacking for
most organisms. Even for model species, more sophisticated
data analyses are needed to better understand the massive
amounts of sequence data generated by new sequencing meth-
ods. Thus, until cost is significantly decreased and data analysis
is optimized for non-model species, whole transcriptome
sequencing is unlikely to be widely used for quantitative gene
expression studies of natural populations.

GENOME SCANS

Whole transcriptome approaches can identify significant
changes in gene expression that are potentially biologically
important. Yet, the genomic basis underlying these altered
patterns of gene expression is mostly unknown. Population
genomics is one approach to better understand the genomic
basis of adaptive divergence, and it requires large numbers of
loci. These loci, genetic markers in the genome, are statistically
analyzed for nonrandom patterns [1]. At loci under selection,
local adaptation and directional selection should reduce
genetic variability within populations and increase variation
among populations. Thus, statistical tests are used to determine
whether an individual locus acts as an outlier compared with
loci in the rest of the genome [27]. Population genomic
approaches are useful for understanding adaptation in genet-
ically uncharacterized natural populations [1], because genetic
markers can be generated without a sequenced genome. Addi-
tional advantages of population genomics approaches include
the ease of generating large numbers of genetic markers, the
ability to scan the genome without measuring phenotypes, and
the ability to sample individuals without knowledge of their
breeding history [28].

Loci used in population genomics studies include micro-
satellites, single nucleotide polymorphisms (SNPs), amplified
fragment length polymorphisms (AFLPs), randomly amplifi-
ed polymorphic DNA (RAPDs), and sequences (e.g., whole
genome sequences). Microsatellites often are used for genetic
studies because they exhibit high levels of variation. This high
variation provides high statistical power. However, microsa-
tellites require species-specific marker development, which
can be labor intensive. Microsatellites also suffer from a high
potential for null alleles and, because of their size-based nature,
are prone to genotyping errors. These limitations, combined
with the fact that experience and expertise are required for
analysis of microsatellite loci, make data comparisons among
laboratories and with published data challenging [29].
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Single nucleotide polymorphisms (SNPs) have recently
attracted the interest of both geneticists and biotechnology
companies; although SNPs also require species-specific marker
development, they have potential for automation and high
throughput as well as lower genotyping errors than micro-
satellites [30]. Single nucleotide polymorphisms analyses can
use DNA of varying quality, and because SNPs provide
sequence data, the data are directly transferable among different
laboratories. In humans, SNPs occur on average every 1,000 to
2,000 bases when two individuals are compared [31], but
discovering SNPs is not trivial in organisms with no genomic
information. One straightforward method to identify SNPs is to
mine EST data collections for putative SNPs [32]. Aslong as the
ESTs were derived from multiple individuals, ideally from
multiple populations that encompass all populations of interest,
putative SNPs can be identified in sequence alignments. One
advantage of this approach to SNP discovery is that any SNPs
identified as important through population genomic approaches
are already associated with a sequenced gene transcript.
Because generating EST data as well as genomic sequences
for any species is relatively simple and inexpensive with high-
throughput sequencing technologies, SNPs and microsatellites
now are relatively easy to isolate.

Current, high throughput, genotyping technologies examine
genetic variation in the form of SNPs because of ease of
automation. New genotyping platforms (for a review of differ-
ent platforms, see Ragoussis [33]) can assay more than one
million SNPs at a time and most often are used for genome-wide
association studies. Because of the loss of power attributable to
multiple test corrections (significance for one million tests is
quite low), such large genotyping efforts often are followed
by genotyping of smaller marker sets (10-20,000), often using
larger sample sizes than the original study. High-throughput
genotyping assays capable of assaying millions of markers
at the same time are available off the shelf only for model
organisms. For nonmodel organisms, lower-throughput,
custom platforms are available [34]. Although these platforms
are robust and can be used for high sample (vs genotype)
throughput, because of their custom nature, they are much
more expensive (in the region of 100- to 1,000-fold [33]) than
off-the-shelf, high-throughput platforms. Yet even with the
additional cost, custom SNP genotyping platforms provide a
means to quickly and accurately genotype hundreds to thou-
sands of individuals [32]. Genotypes from large numbers of
individuals allow one to use population genomic approaches
with multiple populations to discover biologically important
sequence variations.

Compared with other genetic markers, the big advantage
of AFLPs and RAPDs is that no prior sequence information
is required. Thus, without a genome, these markers provide
the easiest and cheapest method to genotype large numbers
of loci, and they have been widely used since first
described [35] because of their ease of use in any species.
Shortcomings of AFLP and RAPD analyses are that they
require high-quality DNA and provide only dominant markers,
so heterozygotes cannot be directly measured. Similar to
microsatellites, AFLP and RAPD loci can be scored incor-
rectly because of their size-based nature (the same-sized band
can represent multiple loci). One big disadvantage of AFLPs
and RAPDs as well as many SNPs and microsatellites used
in population genomics is that they often are anonymous or
in nonfunctional areas of the genome, so linking a candidate
locus to a causative gene or mutation requires further
experiments.
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Many studies have used different genetic markers to exam-
ine the effect of environmental contaminants on the genetic
structures of populations (see Theodorakis et al. [36] and
references therein). However, although population genomic
approaches using high-density genetic markers have been used
with a variety of fish species to detect selectively important loci
[32,37-40], these approaches have rarely been used with pol-
luted fish populations. We used AFLP analyses with polluted
and reference F. heteroclitus populations to identify loci indi-
cative of adaptation in the polluted populations [41]. Thus,
similar to the gene expression studies with F. heteroclitus,
AFLPs were used to contrast resistant populations of
F. heteroclitus from three polluted environments with six
reference or nonpolluted populations (Fig. 1). A population
genomics modeling approach was used to test for outlier loci
[41]. Briefly, one looks for outliers within hundreds of loci,
assuming that a majority of differences among loci are either
nonfunctional (a polymorphism with no phenotypic effect) or
neutral (variation whose phenotypic effect has no or little fitness
consequences; i.e., the selective advantage is < 1/2N.). The
outlier loci have significantly different divergence versus a
random permutation or modeling of the data. Statistical model-
ing of the AFLP data implicated 1 to 6% of loci as being under
selection or linked to areas of the genome under selection in the
three polluted F. heteroclitus populations [41]. However, sim-
ilar to the gene expression analyses in these same populations,
few loci were shared outliers between and among the polluted
populations [41]. This suggests a complexity in response to
these highly polluted environments that we are just beginning to
understand.

FUTURE DIRECTIONS

The challenges of Omics technologies are similar to the
challenges of basic biological research: inferring biological
importance from the data. However, instead of a single gene,
protein, or polymorphism, one potentially has thousands of
genes, proteins, and polymorphisms to examine. The biggest
shortcoming in using natural populations with Omics studies is
the lack of biological replicates. Yet one of the biggest advan-
tages of natural populations is the use of biologically realistic,
genetically variable individuals to quantify individual response
because susceptibility to toxic substances released into the
environment depends on the organism’s genotype and the
manner in which it interacts with the polluted environment
[42]. Thus, Omic approaches that analyze genetically variable
individuals allow one to extrapolate a population response
rather than a strain-specific response.

Natural populations introduce additional challenges by
inhabiting uncontrolled environments. In natural environments,
pollutants most often are present as complex mixtures rather
than discrete chemicals. A more focused approach, using known
inducers and inhibitors present in such mixtures and analyzing
responses of specific targets, such as tissues or cell types, can
provide insights into mechanisms of toxicity seen in natural
populations. Thus, just as the integration of laboratory and field
studies has provided insights into studies of particular genes and
proteins, so too will the integration of laboratory and field
studies be critical for Omic approaches. For example, gene
expression profiles of the European flounder collected from
multiple polluted environments were interpreted using compar-
isons with gene expression patterns measured in flounder
exposed to selected toxicants under controlled laboratory con-
ditions [13].

G. Bozinovic and M.F. Oleksiak

Just as combinations of field and laboratory studies are
valuable for understanding the biological significance of omic
data, so too are combinations of different traits. For instance,
correlations between gene expression and altered phenotypes
have been used to implicate several hundred candidate genes
that affect different phenotypes in 40 unexposed fly strains
derived from one natural population [43]. Thus, gene expression
profiles accompanied by toxicant-induced changes in morphol-
ogy, histopathology, physiology, biochemistry, and behavior
during pollutant exposure can be a powerful tactic to identify
candidate genes that play a critical role during stress response.

Finally, the results of different Omics technologies are com-
plementary. Population genomics approaches provide insights
into the sequence variations that underlie differences in gene
expression and protein polymorphisms. Transcriptomics pro-
vide insights into altered protein levels (proteomics). Hence,
analyses that combine multiple Omics approaches give a better
understanding of biological effects at multiple levels. Undoubt-
edly, multiple genomic approaches will be invaluable for
studies of aquatic toxicology in natural populations.
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