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Abstract

Populations of the teleost fish Fundulus heteroclitus inhabit and have adapted to highly polluted
Superfund sites that are contaminated with persistent toxic chemicals. Populations inhabiting
different Superfund sites provide independent contrasts for studying mechanisms of toxicity and
resistance due to exposure to environmental pollutants. To identify both shared and unique responses
to chronic pollutant exposure, liver, metabolic gene expression in F. heteroclitus populations from
each of three Superfund sites (New Bedford Harbor, MA, Newark Bay, NJ, and Elizabeth River,
VA) were compared to two flanking reference site populations (9 populations in total). In
comparisons to their two clean reference sites, the three Superfund sites had 8 to 32% of genes with
altered expression patterns. Between any two Superfund populations, up to 9 genes (4%) show a
conserved response, yet among all three populations, there was no gene which had a conserved,
altered pattern of expression. Across all three Superfund sites in comparison to all six reference
populations, the most significant gene was fatty acid synthase. Fatty acid synthase is involved in the
storage of excess energy as fat, and its lesser expression in the polluted populations suggests that the
polluted populations may have limited energy stores. In contrast to previous studies of metabolic
gene expression in F. heteroclitus, body weight was a significant covariate for many of the genes
which could reflect accumulation and different body burdens of pollutants. Overall, the altered gene
expression in these populations likely represents both induced and adaptive changes in gene
expression.
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Introduction

F. heteroclitus are widely distributed estuarine fish found in polluted waters. Liver gene
expression was measured in three independent, polluted populations to determine similarities
and differences in gene expression. These populations inhabit three different Superfund sites
(sites identified by the U. S. Environmental Protection Agency (EPA) that contain high levels
of avariety of lipophilic, persistent and toxic contaminants and are worthy of remediation using
Federal funds) and are exposed to some of the highest concentrations of aromatic hydrocarbon
pollutants of any vertebrate species (Wirgin and Waldman 2004). The overall goal is to
elucidate the molecular mechanisms underlying biological effects of environmental chemical
exposure. Such a mechanistic understanding is important both to understand the responses of
animals to chronic chemical exposure and to identify molecular markers of susceptibility
associated with increased risk in populations of animals, including humans.

The most northern E. heteroclitus population examined inhabits New Bedford Harbor, MA, a
federal Superfund site that is heavily contaminated with polychlorinated biphenyls (PCBs) and
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other halogenated aromatic hydrocarbons (HAHS) (Pruell et al. 1990, Lake et al. 1995). F.
heteroclitus from this site have accumulated extraordinarily high concentrations of PCBs (272
19/g dry weight) and have reduced sensitivity to aryl hydrocarbon receptor agonists compared
with fish collected from a reference site (Bello et al. 2001). The reduced sensitivity is systemic
and exhibits compound-specific differences in magnitude. These fish also exhibit heritable
resistance to toxic effects of planar halogenated aromatic hydrocarbons (PHAHS), including
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and PCBs (Bello et al. 2001).

A E. heteroclitus population from Newark Bay, New Jersey also was examined. Newark Bay
is part of a large, highly urbanized estuarine system that is chemically impacted from
wastewater treatment plant discharge, combined sewer overflow, urban runoff, petrochemical
factories, illegal dumping and accidental spills. Contaminants include polycyclic aromatic
hydrocarbons (PAHS), PCBs, pesticides, and metals (Long et al. 1995, Wolfe et al. 1996). Both
adult and larval fish from Newark Bay have altered response to CYP1A inducers that is
persistent and possibly heritable (Elskus et al. 1999). In addition, a subpopulation of F.
heteroclitus from Newark Bay was found to be resistant to TCDD: they did not exhibit TCDD-
dependent lesions or death (Prince and Cooper 1995).

The third polluted F. heteroclitus population examined was from the Southern Branch of the
Elizabeth River in Virginia. This Superfund site is highly contaminated with PAHs. PAHs
occur in extremely high concentrations in the sediments (2200 mg/kg dry weight) in the vicinity
of a site where creosote historically was used to treat wood for use in the marine environment
(Greaves 1990, Alden and Winfield 1995). Grossly visible liver lesions were present in 93%
of the F. heteroclitus collected at this site and 33% of the fish had liver cancers (VVogelbein et
al. 1990). F. heteroclitus from sites with low levels of PAHs (730 and 35 times less) in the
sediments showed no indication of disease (Vogelbein et al. 1990). In the majority of hepatic
neoplasms, over-expression and altered patterns of the xenobiotic transporter P-glycoprotein
were observed (Cooper etal. 1999). Like New Bedford Harbor and Newark Bay fish, Elizabeth
River F. heteroclitus from highly polluted sites are resistant to CYP1A inducers (Vogelbein et
al. 1996), and they appear to have heritable tolerance to contaminated sediments (Ownby et
al. 2002).

To begin to understand what changes allow these three F. heteroclitus populations to inhabit
and even thrive in these highly polluted environments, metabolic gene expression patterns were
measured. Gene expression often is altered as a result of toxicant exposure (Thomas et al.
2001, Hamadeh et al. 2002) and thus is a sensitive, measurable endpoint for toxicity that can
serve as an early warning of compromised health. Natural populations exposed to complex
suites of pollutants likely will show a polygenic response involving changes in gene expression,
and microarrays can be used to discover which genes respond. Fundulus cDNA microarrays
were used to compare metabolic gene expression patterns in the livers of individuals from nine
populations: three independent, polluted Superfund populations and two genetically similar,
reference populations flanking each Superfund population (9 populations in total, Table 1).

Materials and Methods

Field fish collection, care and sampling

F. heteroclitus were collected using minnow traps in the spring of 2003. Collection sites
included three Superfund Sites (New Bedford Harbor, MA; Newark Bay, NJ; Elizabeth River,
VA, [EPA ID MAD980731335, NJD980528996, and VAD990710410, respectively]), and six
reference sites. Pairs of reference sites were located north and south of each polluted site
(Sandwich, MA and Pt. Judith, RI for New Bedford Harbor, MA; Tuckerton NJ and Clinton,
CT for Newark, NJ: and Magnatha, VA and Manteo, NC for Elizabeth River, VA; Table 1).
Fish were kept in a common re-circulating aquarium system with controlled temperature and
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salinity of 20°C and 15 ppt salinity for four months before experiments in order to minimize
physiologically induced differences, particularly differences due to reproductive status. Thus,
six weeks after field collection, fish were subjected to pseudo-winter (6:18, light: dark cycle)
for four weeks, then maintained for 6 weeks with a light cycle of 16:8, light:dark. After the
pseudo-winter, Fundulus came into reproductive condition and spawned, and reproductive
tissues regressed. The reproductive tissues were in regression when fish were assayed. Effluent
from tanks was passed through an activated charcoal filter and 20% water changes were
performed weekly. Tanks were cleaned and fish checked for health status on a daily basis. Fish
were fed once daily a 33% mixture of brine shrimp flake, blood meal flake and Spirulina flake
(FOD, Aquatic Ecosystems).

Populations and individuals within a population were chosen randomly for sacrifice and
sampled in the morning and early afternoon in order to minimize physiological changes due
to diurnal cycles. Five fish from each of 9 populations were sacrificed by cervical dislocation.
Fish were mixed sex and ranged in weight, with an average weight of 5.6 + 0.41g. Sex was not
asignificant variable in the mixed models used to discern treatment (location) effects discussed
below, and analysis of covariance (ANCOVA) with log;g body weight as the covariate was
used to control for effects of weight in the analyses. Livers were dissected, immediately frozen
in adry ice/ethanol bath and stored at —80° C for subsequent RNA extraction. This experiment
was performed according to an approved Institutional Animal Care and Use Committee at
North Carolina State University.

RNA extraction, amplification, hybridization, scanning

Total RNA was isolated from each liver using a guanidinium thiocyanate buffer (Chomczynski
and Sacchi 1987) followed by purification using the Qiagen RNeasy Mini kit (Qiagen Inc.,
Valencia, CA, USA) according to the manufacturer's protocols. Purified RNA was quantified
with a spectrophotometer, and RNA quality was assessed by gel electrophoresis. RNA for
hybridization was prepared by one round of amplification (aRNA) using Ambion's Amino
Allyl MessageAmp aRNA Kit to form copy template RNA by T7 amplification. Amino-allyl
UTP was incorporated into targets during T7 transcription, and resulting amino-allyl aRNA
was coupled to Cy3 and Cy5 dyes (GE Healthcare, Piscataway, NJ, USA).

Labeled aRNA samples (5 pmol/ul) were hybridized to slides in 12 ul of hybridization buffer
(50% formamide buffer, 5x SSPE, 1% sodium dodecyl sulfate, 0.2 mg/ml bovine serum
albumin, 1 mg/ml denatured salmon sperm DNA (Sigma), and 1 mg/ml RNAse free poly(A)
RNA (Sigma) for 42.5 hours at 42° C. Slides were prepared by blocking according to the
manufacturer's recommendations with an additional treatment of 66 mM sodium borohydride
to minimize background autofluorescence (Raghavachari et al. 2003). After hybridization, non-
specifically bound probe was washed off with SSC and the slides were spun dry and scanned
using a ScanArray Express 4000 (Perkin Elmer). Resulting 16 bit Tiff Images were quantified
using lconoClust® (CLONDIAG, Jena, Germany) spotfinding software.

Metabolic arrays

Amplified cDNA sequences for 384 metabolic genes from F. heteroclitus heart and liver
libraries were spotted onto CodeLink activated slides (GE Healthcare, Piscataway, NJ) at the
University of Miami core microarray facility (slides were the kind gift of D. Crawford). Each
slide contained 4 spatially separated arrays, and each array contained 4 replicates of 384 spots
(genes) including controls. Printed cDNAs encode essential proteins for cellular metabolism
based on KEGG (Kyoto Encyclopedia of Genes and Genomes;
http://www.genome.ad.jp/kegg). Sequence information, annotation and gene ontology are
available for Fundulus on the FunnyBase website
http://genomics.rsmas.miami.edu/sandbox22/sandbox22.html.
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Not all 384 gene-spots were analyzed. Unanalyzed spots included negative controls (random
genomic amplification or Ctenophore specific cDNAS) and genes that either saturated the
photomultiplier tube or had signals less than the negative controls. The number of genes
examined were 296, 260, and 239 for the New Bedford Harbor, Newark Bay, and Elizabeth
River comparisons, respectively, and the analysis combining all locations (9 populations) used
216 common genes.

Experimental design

A loop design was used for the microarray hybridizations where each sample is hybridized to
2 arrays using both Cy3 and Cy5 labeled fluorophores (Kerr and Churchill 2001). In this
experiment, each loop consisted of Cy3 and Cy5 labeled liver aRNA from 5 individuals from
a polluted site (P) hybridized to Cy3 and Cy5 labeled liver aBRNA from 5 individuals from each
of 2 adjacent reference sites (R1 and R2), for a total among the 3 loops of 45 individuals
hybridized to 45 microarrays. Each array had different combinations of individuals, and each
loop formed was P1— R1.1— R2.1— P2 — R1.2— R2.2— P3— R1.3— R2.3— P4— R1.4—
R2.4— P5 — R1.5— R2.5— P1 where each arrow represents a separate hybridization (array)
with the individual at the base of the arrow labeled with Cy3 and the individual at the head of
the arrow labeled with Cy5.

Statistical analysis

Log, measures of gene expression were normalized using a linear mixed model in SAS (JMP
v6.0.2 with a microarray platform) to remove the effects of dye (fixed effect) and array (random
effect) following a joint regional and spatial Lowess transformation in MAANOVA Version
0.98.8 for R to account for both intensity and spatial bias (Wu et al. 2003). The model was of
the form yjj = u + A + Dj + (AXD);j + ejj, where, yjj is the signal from the it array with dye j,
w is the sample mean, A and Dj are the overall variation in arrays (1-15) and dyes (Cy3 and
Cy5), (AxD)jj is the array x dye interaction and e;; is the stochastic error (Wolfinger et al.
2001). When comparing all nine sites (3 polluted and 6 reference populations hybridized across
3 separate loops), a loop term (L) was added in the mixed model normalization according to
the model yjj = n + Aj + Dj + (AxD);; + L + ejji. Residuals from these models were used for
gene-by-gene analyses (below).

Normalized data were modeled by analysis of covariance (ANCOVA) with logyo body weight
as the covariate on a gene-by-gene basis using a linear mixed model in SAS using PROC
MIXED. To test for a treatment effect (effect of chronic exposure to pollution), normalized
data (residuals from the mixed model normalization) were modeled using treatment and dye
as fixed effects and array and spot nested in array as random effects according to the model
lijkm = K+ Aj + Dj + Ty + S(A)mi + €jjkm, Where T is the kth treatment (polluted or reference)
and S(A)ni is the mth spot nested in array. To compare all nine populations, population was
used as a fixed effect in the gene-by-gene model according to the model rjjgm = p + Aj + Dj +
Pgt S(A)mi + €jjgm- To examine individual variation among locations, the mixed model gene-
by-gene analysis was analyzed by location and used individual and dye as fixed effects
according to the model rijhm = u + Aj + Dj + Iy + S(A)mi + €jjhm-

Mixed model analyses were performed for each loop or combined loop analysis, and a nominal
p-value cut-off for significant genes of p < 0.01 was used. Using this p-value reveals more
genes that may be differentially expressed at the risk of identifying genes that may be false
positives. Genes identified as also being significant after false positives are reduced by a more
stringent multiple comparison correction were analyzed using a Bonferroni correction (p =
0.05).
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Results

Differences within and among populations

To establish the variation within a population, a mixed model was used to test for variation in
gene expression among individuals within each of the nine populations. This analysis showed
that gene expression varied significantly among individuals within a population for up to 49%
of the genes. This large variation among individuals within a population is similar to previous
studies of Fundulus metabolic gene expression (Oleksiak et al. 2005, Fisher and Oleksiak
2007).

A mixed model also was used to establish variation among all nine populations. This analysis
showed that 15-40% of the genes have significant differences in gene expression among any
two of the nine populations (p < 0.01). The fewest differences were found between the New
Bedford Harbor and Pt. Judith, RI populations, and the most differences were found between
the New Bedford Harbor and Elizabeth River populations. These pair-wise comparisons did
not consider geography, and geographically, the New Bedford Harbor and Pt. Judith, RI sites
are two of the closest populations and the New Bedford Harbor and Elizabeth River sites two
of the most distant. Because these Fundulus populations show a significant correlation between
genetic and geographical distance (Adams et al., 2006), the fewer differences between New
Bedford Harbor and Pt. Judith individuals likely are due to genetic similarities. Similarly, the
differences between New Bedford Harbor and Elizabeth River reflect the steep clinal genetic
variation between northern and southern populations of Fundulus (Smith et al. 1998, Adams
et al. 2006).

In order to obviate problems of neutral genetic drift associated with the steep cline, gene
expression in a Superfund population was tested specifically for statistical differences from
gene expression in two adjacent reference populations (Table 1). That is, gene expression was
tested for statistical differences in each Superfund site (N=5) as compared to the northern and
southern reference population (N= 10). This comparison captures two sources of variation:
variation associated with outbred individuals and, most importantly, variation associated with
neutral genetic drift due to the steep northern-southern cline. This ensures that differences
among Superfund and reference populations are not simply due to genetic distances because
the reference populations are geographically more distant from each other than either is to the
respective Superfund population.

A linear mixed model was used to test for differences between each Superfund population
versus its two surrounding reference sites (Table 2) (Wolfinger et al. 2001). The Elizabeth
River, VA population has the smallest number and smallest percentage of differentially
expressed genes compared to its two reference populations (20 genes or 8%, p < 0.01). The
New Bedford Harbor, MA population has 47 genes that are differently expressed (16%, p <
0.01). The Newark Bay, NJ population has the most differently expressed genes (82 genes or
32%, p < 0.01). These numbers are greater than the 2-3 genes expected by chance (i.e. 1% of
analyzed genes). After a Bonferroni correction for multiple comparisons, 2, 8 and 16 genes are
significantly different in Elizabeth River, New Bedford Harbor, and Newark Bay populations,
respectively.

Shared Differences in Gene Expression

Significantly differentially expressed genes found in more than one population can suggest
both shared mechanisms to cope with or that result from stress. Three genes, acyl-CoA-binding
protein, the MNLL subunit of NADH-ubiquinone oxidoreductase, and thioredoxin, are
significantly differentially expressed in all three polluted populations (Figure 1), yet none of
these genes is consistently expressed in all 3 of the polluted populations. Acyl-CoA-binding
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protein is more highly expressed in the Elizabeth River population as compared to its respective
reference sites but less highly expressed in the New Bedford Harbor and Newark Bay
populations as compared to their respective reference sites. Similarly, both the MNLL subunit
of NADH-ubiquinone oxidoreductase and thioredoxin are more highly expressed in the
Elizabeth River population and less highly expressed in the New Bedford Harbor and Newark
Bay populations as compared to their respective reference sites. In total, 8 genes that are
significantly differently expressed are shared between the New Bedford Harbor and Elizabeth
River populations, 10 genes are shared between the New Bedford Harbor and Newark Bay
populations, and 7 genes are shared between the Newark Bay and Elizabeth River populations

(Fig. 1).

All polluted versus all reference site populations

A second approach to discerning patterns of gene expression unique to polluted populations is
to compare all of the Superfund populations to all of the reference populations for significant
differences in gene expression (Table 3). Again, a mixed model was used for this comparison,
and 33 genes are differently expressed in the Superfund populations (15%, p < 0.01). With a
Bonferonni correction for multiple testing, this number is reduced to 6.

Discussion

The goal of this work was to better understand how natural populations cope with chronically
polluted habitats. Targeted microarrays were used to gain a snapshot of altered gene expression
in natural populations of F. heteroclitus populations inhabiting three different Superfund sites
as compared to relatively clean reference populations. A fundamental problem with comparing
any two populations is that one expects differences between the populations yet cannot know
whether the differences are due to random genetic drift or to other more important factors, in
this case, chronic pollution exposure. In order to identify differences due to pollution, one can
ask which differences are significant in the polluted population compared to two flanking
reference populations. In this joint comparison, the combined genetic drift in between the two
reference site populations should be greater than that between each reference and polluted
population because the reference populations are geographically more distant from each other
than to the polluted population. This comparison assures that identified differences in gene
expression are not simply due to genetic drift or clinal variation common to this species. Thus,
each of the three Superfund populations was compared with its respective flanking reference
sites. Note that although these fish were “common gardened” in the laboratory for four months,
these comparisons could identify both physiologically induced changes in gene expression due
to any remaining chemical body burden as well as evolved changes in gene expression due to
natural selection in the different sites. For instance, while Fundulus eliminate TCDD rapidly
(the half-life is < 60 hours (Prince and Cooper 1995)), PCBs have a half-life of ~4.7 months
in Fundulus (Elskus et al. 1999), and methyl mercury has a half-life that ranges from 100 to
1000 days in different fish species (Huckabee et al. 1979). Therefore, these fish likely retain
some of the pollutants from their natal environments, and because the polluted versus two
reference populations comparison incorporates variation due to random genetic distance,
significant differences in gene expression between the polluted population and both reference
populations most likely reflect a combination of physiological responses to pollution and
evolved differences in gene expression.

In the New Bedford Harbor population, 16% of the genes are significantly differently expressed
compared to two flanking reference sites, in Newark Bay, the percentage of significantly

differently expressed genes is 32, and in the Elizabeth River population, this percentage is 8.
Why are so many more genes significantly differently expressed in the Newark Bay population
as compared to the New Bedford Harbor and Elizabeth River populations? One explanation is

Aquat Toxicol. Author manuscript; available in PMC 2009 November 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Oleksiak

Page 7

that the Newark Bay population may be exposed to a broader diversity of pollutants. The New
Bedford Harbor site is predominantly contaminated with PCBs and metals, the Elizabeth River
site is predominantly contaminated with PAHs and metals, and the Newark Bay site is
contaminated with PAHSs, PCBs, pesticides, and metals. Additionally, compared to both New
Bedford Harbor and the Elizabeth River, Newark Bay is part of a much larger and more highly
urbanized environment with greater potential for urban runoff, illegal dumping, and accidental
spills. Finally, there will be differential metabolism and mobilization of the chemicals during
four months of depuration. Many of the less lipophilic compounds may be completely
eliminated while other compounds are only partially mobilized, if at all. Thus, the greater
number of changes in Newark Bay may reflect a greater number of induced changes in gene
expression due to mobilized but not eliminated pollutants. This idea is strengthened by the fact
that the Newark Bay fish were larger than the fish in the surrounding reference sites (t-test, p
< 0.01), and although ANCOVA was used to account for body weight, bigger fish will have a
greater body burden of pollutants and will depurate more slowly. Interestingly, previous studies
have not found a significant effect of body weight on gene expression (Oleksiak et al. 2002,
Oleksiak et al. 2005). Thus, the effect of weight seen in these analyses might be a reflection
of physiological induction due to incomplete depuration. Whether the differences among
superfund sites are due to physiologically induced changes or evolved changes in gene
expression due to chronic pollutant exposure can only be determined by comparing fish that
have been completely depurated or by comparing laboratory raised progeny.

A striking feature of the genes that are significantly differently expressed in the Newark Bay
comparison is the number that are involved in the oxidative phosphorylation pathway (Table
2). 34% of the significantly differentially expressed genes are involved in this pathway. In
comparison, only 2% of the significantly differently expressed genes in the New Bedford
Harbor comparison and 1% in the Elizabeth River comparison are involved in the oxidative
phosphorylation pathway. This suggests that pollution may have a significant effect on energy
metabolism in these fish.

In New Bedford Harbor, the most significantly differently expressed gene is the down
regulation of isopentenyl-diphosphate delta-isomerase. Isopentenyl-diphosphate delta-
isomerase catalyzes a central reaction in the biosynthesis of isoprenoids and is necessary for
the synthesis of a wide variety of essential cellular metabolites, including dolichols, vitamins
A, D, E, and K, sterols, steroid hormones and bile acids (Ramos-Valdivia et al. 1997). It also
is involved in cholesterol biosynthesis. Interestingly, the second most significant gene in the
New Bedford Harbor population is the down regulation of 3-hydroxy-3-methylglutaryl-CoA
reductase which is also involed in cholesterol biosynthesis (Goldstein and Brown 1990).

In Newark Bay, the most significantly differently expressed gene is thioredoxin. Thioredoxin
is a ubiquitous and evolutionarily conserved protein that modulates the structure and activity
of proteins involved in a spectrum of processes, such as gene expression, apoptosis, and the
oxidative stress response (Kumar et al. 2004). Thioredoxin is significantly less expressed in
the Newark Bay population and also in the New Bedford Harbor population but is significantly
more highly expressed in the Elizabeth River population. Its altered regulation in these polluted
populations may reflect response to oxidative stress previously measured in some of these
populations (Meyer et al. 2003). This difference between populations for thioredoxin
expression also was seen in a study of brain gene expression using the same arrays and same
populations (Fisher and Oleksiak 2007). In this study, thioredoxin was significantly less highly
expressed in the brain in the New Bedford Harbor and Elizabeth River populations but
significantly more highly expressed in the Newark Bay population suggesting tissue specific
differences in regulation.
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Cytochrome P4502N2 (CYP2N2) shows both the smallest p-value and greatest magnitude of
change in the Elizabeth River population comparison; it is significantly more highly expressed
in the Elizabeth River population. It also is significantly less highly expressed in the New
Bedford Harbor population. CYP2NZ2 is an arachidonic acid epoxygenase and hydroxylase,
and is potentially involved in xenobiotic metabolism (Oleksiak et al. 2000). It has been shown
to be a good indicator of exposure to anthracene at a range of concentrations in laboratory
exposures as well as in field collected F. heteroclitus collected from a PAH contaminated site
(Peterson and Bain 2004), showing statistically significant up-regulation. This up-regulation
is similar to what was found for the Elizabeth River population; PAHs, including anthracene,
are predominant pollutants in the Elizabeth River.

Significantly differentially expressed genes are found in more than one population suggest
shared mechanisms to cope with pollutants or genes whose expression may be more sensitive
to stress and thus more labile. The latter is suggested when a gene is significantly more highly
expressed in one polluted population compared to both reference populations and significantly
less expressed in a different polluted population compared to its reference populations. In total,
8 significantly differently expressed genes are shared between the New Bedford Harbor and
Elizabeth River populations, 10 genes are shared between the New Bedford Harbor and Newark
Bay populations, and 7 genes are shared between the Newark Bay and Elizabeth River
populations (Fig. 1, Table 2). However, six of the shared genes between the New Bedford
Harbor and Elizabeth River populations are not similarly expressed in the two populations:
thus, a gene more highly expressed in the New Bedford Harbor population compared to its
reference populations is less highly expressed in the Elizabeth River population or vice
versa. The two genes with a conserved response in the New Bedford Harbor and Elizabeth
River populations, aldo-keto reductase (family 1 member Al) and fatty acid binding protein
(H6-isoform), both are less expressed in these populations compared to the reference
populations. Similarly, between the Elizabeth River and Newark Bay populations, only one of
the seven shared genes is significantly altered in the same direction; the transcription factor
forkhead box P2 is significantly less expressed in the Superfund populations. In contrast, the
New Bedford Harbor population has more similarities with the Newark Bay population with
nine of the ten shared, significantly differently expressed genes being in the same direction
(acyl-CoA-binding protein, 6-phosphogluconolactonase, ATP synthase H+ transporting
mitochondrial FO complex subunit f isoform 2, cytochrome ¢ oxidase polypeptide VIIA,
Fructose-1,6-bisphosphatase, the MNLL subunit of NADH-ubiquinone oxidoreductase, O-
methyltransferase, ornithine decarboxylase, and thioredoxin).

Only three genes are significantly differently expressed in all three polluted populations (Figure
1). Yet, the pattern of expression (whether relatively up or down) differs among the three
Superfund sites. All three of these genes, acyl-CoA-binding protein, the MNLL subunit of
NADH-ubiquinone oxidoreductase and thioredoxin, are more highly expressed in the Elizabeth
River population and less highly expressed in the New Bedford Harbor and Newark Bay
populations. The different patterns of gene expression among the three Superfund populations
suggest that there are multiple ways to adapt to toxicants; differences seen among these
populations may be due to both individual variation and different pollutant exposures.

The comparison of all Superfund individuals versus all reference individuals is more powerful
than the individual Superfund population comparisons because the sample size is increased 3-
fold. As in each individual Superfund comparison, this comparison controls for genetic drift
because the reference site populations are geographically more distant from each other than
they are to the Superfund site populations. In this comparison, 33 genes (15%) are significantly
differently expressed and include 6 genes not found in any of the paired analyses (Table 3).
However, the results need to be considered carefully because significant changes in gene
expression in only one or two populations can drive the results (see Table 3). Yet, for 58% (19
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genes) of the significantly differentially expressed genes, the pattern of change is shared among
all three Superfund sites. Fatty acid synthase is the most significantly differently expressed of
this 58%. Fatty-acid synthase is down-regulated in all the polluted populations as compared
to the reference populations. A primary function of the fatty acid synthesis pathway is to store
excess energy as fat (Kuhajda 2000). The down-regulation of fatty acid synthase in the polluted
populations suggests that fish from these populations may have less stored energy. Since the
fish had been on the same diet for four months, this is not due to diet, but instead may be due
to an extra energy cost due to coping with pollution. For instance. during short-term ethanol
stress in Saccharomyces cerevisiae, global gene expression studies show that a large number
(17%) of the up-regulated genes are involved in energy metabolism (Alexandre et al. 2001).
Thus, the down-regulation of fatty acid synthase in polluted populations might reflect a
generalized result of stress: a decrease in available energy.

Conclusions

Between any two Superfund populations, up to 9 genes show a consistent difference in gene
expression. The most parsimonious explanation for shared differences is that they are due to
similar pollutant exposures. Shared pollutant exposures can result in both similar induced
responses and similar adaptive responses. Due to the lipophilic and persistent nature of many
of the pollutants at the Superfund sites and the short depuration period of four months, the
altered gene expression patterns in the Superfund populations most likely represent both
induced and adaptive strategies for responding to pollution.
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Figure 1.
Venn Diagram showing numbers of significant genes for each polluted versus reference sites

comparison. Three genes are significantly different in all three polluted Superfund populations
compared to their respective reference populations. NBH = New Bedford Harbor comparison,
Newark = Newark Bay comparison, ER = Elizabeth River comparison.
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Sample locations

Table 1

Site descriptions (Reference or Superfund) and geographical locations for F. heteroclitus populations.

Page 13

Reference/Superfund Location Latitude (N) Longitude (W)
Reference Sandwich, MA 41°44.0' 70°23.0'
Superfund New Bedford, MA 41°34.0 70°54.9'
Reference Point Judith, RI 41°21.7 71°28.9'
Reference Clinton, CT 41°15.3' 72°32.8'
Superfund Newark, NJ 40°41.2' 74°06.7'
Reference Tuckerton, NJ 39°32.2' 74°19.4'
Reference Magotha, VA 37°10.6 75°56.5'
Superfund Elizabeth River, VA 36°48.5' 76°17.7'
Reference Manteo, NC 35°53.8' 75°36.9'
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