
Molecular Ecology (2010) 19, 5186–5203 doi: 10.1111/j.1365-294X.2010.04829.x
Comparative transcriptomics implicates mechanisms of
evolved pollution tolerance in a killifish population
A. WHITEHEAD,* D. A. TRIANT,† D. CHAMPLIN‡ and D. NACCI‡

*Department of Biological Sciences, 202 Life Sciences Building, Louisiana State University, Baton Rouge, LA 70803, USA,

†Department of Biochemistry and Molecular Genetics, University of Virginia, Charlottesville, VA 22908, USA, ‡Atlantic

Ecology Division, National Health and Environmental Effects Research Laboratory, Office of Research and Development, US

Environmental Protection Agency, 27 Tarzwell Drive, Narragansett, RI 02882, USA
Corresponde

E-mail: andre
Abstract

Wild populations of the killifish Fundulus heteroclitus resident in heavily contaminated

North American Atlantic coast estuaries have recently and independently evolved

dramatic, heritable, and adaptive pollution tolerance. We compared physiological and

transcriptome responses to embryonic polychlorinated biphenyl (PCB) exposures

between one tolerant population and a nearby sensitive population to gain insight into

genomic, physiological and biochemical mechanisms of evolved tolerance in killifish,

which are currently unknown. The PCB exposure concentrations at which developmental

toxicity emerged, the range of developmental abnormalities exhibited, and global as well

as specific gene expression patterns were profoundly different between populations. In

the sensitive population, PCB exposures produced dramatic, dose-dependent toxic

effects, concurrent with the alterations in the expression of many genes. For example,

PCB-mediated cardiovascular system failure was associated with the altered expression

of cardiomyocyte genes, consistent with sarcomere mis-assembly. In contrast, genome-

wide expression was comparatively refractory to PCB induction in the tolerant

population. Tolerance was associated with the global blockade of the aryl hydrocarbon

receptor (AHR) signalling pathway, the key mediator of PCB toxicity, in contrast to the

strong dose-dependent up-regulation of AHR pathway elements observed in the

sensitive population. Altered regulation of signalling pathways that cross-talk with

AHR was implicated as one candidate mechanism for the adaptive AHR signalling

repression and the pollution tolerance that it affords. In addition to revealing

mechanisms of PCB toxicity and tolerance, this study demonstrates the value of

comparative transcriptomics to explore molecular mechanisms of stress response and

evolved adaptive differences among wild populations.
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Introduction

Upon drastic or rapid environmental change, popula-

tion persistence may emerge if either inherent pheno-

typic plasticity enables physiological adjustment to new

conditions or natural selection sorts among genotypes

of varying fitness resulting in derived local adaptation.
nce: Andrew Whitehead, Fax: +225 578 2597;

ww@lsu.edu
Many estuarine habitats on the Atlantic coast of North

America have experienced recent (post-World War II),

dramatic and persistent change related to environmen-

tal releases of chemically stable, bioaccumulative and

toxic industrial pollutants. Populations of the killifish

Fundulus heteroclitus that persist in many of these toxic

industrially polluted habitats provide unique examples

of contemporary convergent local adaptation (Burnett

et al. 2007; Van Veld & Nacci 2008). Many populations

demonstrate inherited pollution tolerance, yet targeted
� 2010 Blackwell Publishing Ltd
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mechanistic studies have failed to reveal the genetic,

physiological and biochemical alterations that support

tolerance in any population. Here, we compare tran-

scriptome responses to pollutant exposure in tolerant

and sensitive killifish populations to provide insight

into the genomic mechanisms enabling contemporary

adaptation in the wild.

Chemical pollution tolerance has been characterized

in F. heteroclitus populations inhabiting at least four dif-

ferent polluted sites in Atlantic coast estuaries, includ-

ing New Bedford Harbor, MA, Bridgeport, CT, Newark,

NJ, and the Elizabeth River near Norfolk, VA (Nacci

et al. 2010). Although the chemical compositions pollut-

ing these sites vary considerably, one unifying feature

is widespread contamination with a group of mechanis-

tically related pollutants: specifically those that act

partly or wholly through the aryl hydrocarbon receptor

(AHR), including some polyhalogenated aromatic

hydrocarbons (polychlorinated dibenzodioxins, or diox-

ins, and polychlorinated biphenyls, PCBs) and polycy-

clic aromatic hydrocarbons (PAHs). Here, we compared

physiological and transcriptomic responses of one of

these populations (Bridgeport, CT) with those of a

nearby reference population from a clean environment

(Flax Pond, NY) following exposure to the model

dioxin-like compound (DLC) and AHR agonist, PCB

congener 3,3¢4,4¢,5 pentachlorobyphenyl or PCB126.

Laboratory studies show that lethal concentrations of

PCB126 are two orders of magnitude higher for Bridge-

port than Flax Pond killifish in early life stages (Nacci

et al. 2010).

Killifish from tolerant populations also demonstrate

resistance to the sublethal effects of DLCs. DLCs are

teratogens that stereotypically induce morphological

and functional cardiovascular system abnormalities in

developing fish embryos (Antkiewicz et al. 2005) and in

developing birds and mammals (Walker & Catron 2000;

Thackaberry et al. 2005). Yet, killifish from New Bedford

and Newark are unaffected by exposure to DLCs at con-

centrations at least two orders of magnitude higher than

those that induce characteristic deformities and death in

embryos and larvae from sensitive populations (Prince

& Cooper 1995; Nacci et al. 1999). Dioxin-like com-

pounds are ligands for the AHR transcription factor,

and AHR signalling is the key mediator of this develop-

mental toxicity in fish embryos (Prasch et al. 2003, 2006;

Carney et al. 2004; Antkiewicz et al. 2006; Jonsson et al.

2007), although the precise biochemical pathway linking

AHR activation to developmental toxicity has yet to be

defined. Similarly, all tolerant killifish populations stud-

ied to date are also resistant to AHR-mediated cyto-

chrome P450 1A (CYP1A) induction (Nacci et al. 2010).

These data suggest a common evolved mechanism of

tolerance associated with disruption of AHR-mediated
� 2010 Blackwell Publishing Ltd
signalling. Although polymorphisms in AHR can

account for species and strain-specific differences in

dioxin sensitivity in avian, mouse and rat models (Tho-

mas et al. 1972; Pohjanvirta et al. 1999; Head et al.

2008), preliminary population genetic and functional

studies have not isolated a single component of the

AHR pathway that can account for the profound toler-

ance in F. heteroclitus (Hahn et al. 2004, and M. Hahn,

personal communication of unpublished data).

The ecological relevance and fitness advantage of the

derived tolerance phenotype for polluted site residents

is clear, yet the genomic basis of this trait is unknown.

We adopt a comparative transcriptomics approach to

characterize evolved population differences in response

to PCB challenge across a wide range of doses. Individu-

als from the polluted and reference sites were main-

tained for up to two generations in the laboratory under

the same ‘common garden’ clean conditions. This was

important to minimize the likelihood that observed pop-

ulation differences are physiological (habitat induced)

and that detected population differences in response to

PCB challenge are primarily heritable and therefore

genetically based. Experiments were designed to expose

ecologically relevant population-by-environment inter-

actions with respect to toxicity and gene expression. The

transcriptomic status of developing embryos was char-

acterized for each individual within a treatment group

(rather than for pools of individuals). This enabled iden-

tification not only of group effects of PCB exposure and

population effects on gene expression, but also to link

gene expression to measures of individual-specific toxic-

ity. These experiments yield insights into mechanisms of

PCB toxicity and importantly into the potential mecha-

nisms of evolved pollution tolerance.
Methods

Animals

Source populations for this comparative experiment

were collected from Bridgeport, Connecticut (tolerant

population; 41.1470�N, 73.2189�W) and from Flax Pond,

Stony Brook, New York (sensitive population;

40.9637�N, 73.1342�W). Like many other urban harbours

of the northeastern United States, Bridgeport Harbor

sediment pollution increased dramatically throughout

the 20th century in relation to increasing human popu-

lation density and industrialization (http://www.

preserveamerica.gov/PAC-bridgeport.html). By the 1980s,

sediments and biota from the Bridgeport site were

highly contaminated with organic and inorganic chemi-

cals including metals (Cu, Cr, Zn, Pb, Ni, Cd, Hg),

PAHs, PCBs and dioxins (Rogerson et al. 1985) and

were shown to be toxic to marine organisms (e.g.,
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Gardner et al. 1992). The Bridgeport fish collection site

is over three orders of magnitude more contaminated

with PCBs, alone, than the Flax Pond reference site

(Nacci et al. 2010), which has been used as a reference

site in other toxicological studies using killifish (e.g.,

Arzuaga & Elskus 2002).

To minimize habitat-induced differences in gene

expression and to isolate the heritable portion of popu-

lation-specific responses to PCB exposure, experiments

were conducted with fish that were maintained in the

laboratory under clean and identical conditions for one

or two generations. As described in greater detail else-

where (Nacci et al. 2002), adult killifish (�100–200 fish

per site) were collected using baited traps and trans-

ported alive to the U.S. EPA Atlantic Ecology Division,

Narragansett, RI. Fish were held in laboratory aquaria

with flowing, ambient temperature sea water for over

6 months or up to 2 years to minimize the transfer of

maternal contaminants to embryos, and then used as

breeding stock. These conditions provided seasonally

reproductive breeding stocks, and embryos were col-

lected following unstimulated spawning events.

Embryos were used in laboratory tests to characterize

sensitivity to PCB126, as described below, or allowed to

grow to maturity (at least 1 year) in the laboratory.

Experimental fish from the polluted site (Bridgeport,

CT) were two generations removed from field-collected

fish, and experimental fish from the clean reference site

(Flax Pond, Stony Brook, NY) were one generation

removed from the field.
PCB exposure experiments

Responsiveness of killifish embryos to the most toxic

dioxin-like PCB congener, PCB 126 (supplied by Accu-

Standard, New Haven, CT, USA), was evaluated using

laboratory test procedures developed to compare the

DLC sensitivity of U.S. Atlantic coastal killifish popula-

tions (e.g., Nacci et al. 2010). Briefly, 1-day post-fertil-

ization (dpf) embryos were individually transferred to

20 -mL glass vials containing sea water with either

0.01% acetone carrier (supplied by Sigma Chemical, St.

Louis, MO, USA), identified as level 0 for the purposes

of statistical analyses, or PCB126-acetone stocks at nom-

inal concentrations ranging in log increments from two

through 200 000 ng PCB126 ⁄ L, which were identified as

levels 1–6, respectively. Individual embryos (up to 20

per treatment) remained in sealed vials for 7 days, after

which embryos were transferred to vials containing

clean sea water until 10 days post-hatching. During

these 10 days, embryos were held in incubators at

23 �C, with 12:12 light cycle and observed daily for sur-

vival. At 10 dpf, embryos were rated for developmental

anomalies related to dioxin toxicity, then flash frozen in
liquid nitrogen and archived at )80 �C until transcrip-

tomic analysis. To assess hatching and survival effects

of PCB126, two replicate tests (similar and concurrent

with tests used for generating samples for microarray

analysis) were performed for each population; however,

rather than sacrificing biological samples at 10 dpf as

for samples for microarray analysis, they were main-

tained and observed until 7 days post-hatching

(<28 days in total). Survival up through 7 days post-

hatching was used to estimate concentrations lethal to

50% of the tested population (LC50), using models

described elsewhere (Nacci et al. 2010). General linear

modelling methods were used to compare treatment

effects on phenotypic rating, and relationships between

survival and phenotypic rating between populations

(using SAS software; SAS Inc., Cary, NC, USA).
Scoring of developmental abnormalities

The DLC-tolerant phenotype was defined operationally

by observing embryos microscopically at 10 dpf in late

organogenesis, or approximately stage 34 (Armstrong &

Child 1965). Because DLC-mediated developmental tox-

icity is not observable until early organogenesis (stage

30) and becomes more pronounced as development pro-

ceeds, we selected a mid-developmental stage to assess

embryonic phenotypes for tolerance: at earlier stages,

sensitive and tolerant embryos were indistinguishable,

and at later stages, some sensitive embryos had died

(D. Nacci, unpublished data). At 10 dpf, each embryo

was observed using a dissecting stereoscope (50–80·)

and scored for the presence of the abnormalities charac-

teristic of DLC toxicity (Antkiewicz et al. 2005). The

summed score of abnormalities, defined as the pheno-

typic abnormality (PA) rating, describes a gradient of

toxicity ranging from 0, reflecting no observable abnor-

malities, to 4, reflecting multiple co-occurring and often

increasingly severe abnormalities. Examples of some of

the developmental anomalies characteristic of dioxin-

like toxicity are shown in Fig. 1A–E and include those

associated with mild toxicity such as mild pericardial

oedema and those representing increasing circulatory

failure such as severe pericardial oedema, abnormal

heart size or chambering (e.g., a severely deformed

heart can appear chamberless, which is referred to as

‘tube heart’) and tail and head haemorrhaging. Other

anomalies such as small body ⁄ head size and other mis-

cellaneous abnormalities were also noted and were

included in the phenotypic abnormality rating.
Transcriptomics data collection

RNA was extracted and purified from frozen whole

embryos (n = 4 or 5 per treatment) using chaotropic
� 2010 Blackwell Publishing Ltd
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Fig. 1 Phenotypic effects of polychlorinated biphenyl (PCB)126 exposure in embryos 10 days post-fertilization. (a–e) Characteristic

embryonic deformities following exposure. (a) Unaffected embryo (phenotypic rating = 0); (b) low dioxin toxicity, some tail haemor-

rhage or some pericardial oedema, top arrow indicates slight tail haemorrhaging (one deformity, phenotypic rating = 1); (c) moderate

dioxin toxicity, pericardial oedema and tail fin ray haemorrhage (two deformities, phenotypic rating 2); (d) high dioxin toxicity,

extensive tail haemorrhage and extensive pericardial oedema and moderate body size (three deformities, phenotypic rating 3); (e)

severe dioxin anomalies, including extreme cardiac oedema or ‘tube heart’ in addition to other deformities (phenotypic rating = 4).

(f, g) Early life stage survival (circles, primary Y-axis) and developmental abnormalities (triangles, secondary Y-axis) in Flax Pond

population (f) and Bridgeport population (g) killifish exposed to PCB126 ⁄ acetone in sea water at these treatment levels: 0 (acetone

only, dose 0), 2 ng ⁄ L (dose 1), 20 ng ⁄ L (dose 2), 200 ng ⁄ L (dose 3), 2000 ng ⁄ L (dose 4), 20 000 ng ⁄ L (dose 5, and 200 000 ng ⁄ L (dose

6, Bridgeport population only). Fifty per cent lethal concentrations for PCB126 (LC50): Flax (F1), 59 ng ⁄ L; Bridgeport (F2), 9041 ng ⁄ L.
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buffer and spin column technology (for protocol details,

see Triant & Whitehead 2009). High-quality total RNA

for each sample was verified by microfluidic gel electro-

phoresis (Experion; Bio-Rad Inc., Hercules, CA, USA)

and then antisense RNA (aRNA) prepared using the

MessageAmp II aRNA amplification kit (Applied Bio-

systems ⁄ Ambion, Austin, TX, USA). Samples were then

coupled with Alexa fluor� dyes (Alexa fluor 555 and

647; Molecular Probes, Inc.) and competitively hybrid-

ized to Agilent custom oligonucleotide microarrays

(Whitehead et al. 2010) and incubated at 60 �C for 18 h

in a SureHyb microarray hybridization chamber (Agi-

lent Technologies, Santa Clara, CA, USA). Arrays

included duplicate printings for each of 6800 putative

genes, plus control elements, and probes were designed

using OLIGOWIZ software (Wernersson et al. 2007) pri-

marily from F. heteroclitus ESTs (Paschall et al. 2004)

and other Fundulus transcript sequences available

through GenBank, with position preference towards the

3¢ end of target sequences. Four to five individual

embryos (biological replicates) within each population-
� 2010 Blackwell Publishing Ltd
by-dose treatment were hybridized in a balanced loop

design (e.g., Oleksiak et al. 2002) in duplicate including

a dye-swap. Following hybridization, slides were

washed following the manufacturer’s protocols, slide

images were captured using the Packard Bioscience

ScanArray Express (PerkinElmer Inc., Waltham, MA,

USA), and spot intensities were assayed for each chan-

nel using ImaGene software (Biodiscovery Inc., El Seg-

undo, CA, USA).
Transcriptomics data analysis

Of the 6800 unique probes on the microarray, 962 spots

were excluded because they were either too bright in

any array (median spot intensity >65 000) or too faint

(median spot intensity <2 standard deviations above

background) in most (90%) arrays, leaving 5838 ele-

ments that were included in normalization and statisti-

cal analyses. Median raw spot intensity data were

log2 transformed, lowess-normalized to correct for

intensity bias (JMP-Genomics; SAS Institute Inc.), then
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normalized using linear mixed models to account for

fixed (dye) effects and random (array) effects. Our

objective was to detect PCB-induced changes in gene

expression that differ between tolerant and sensitive

populations. To specifically isolate PCB-induced effects,

our experimental design compared PCB dose exposures

to vehicle (acetone) control exposures. We avoided

direct comparison of absolute gene expression levels

between populations in the control sample because it

was not possible to disentangle constitutive baseline dif-

ferences in expression among populations from a vehi-

cle exposure–induced difference between populations.

Accordingly, expression level for each gene and for

each sample was further normalized relative to the pop-

ulation-specific vehicle control average, so that average

gene expression for each population’s vehicle control

treatment was zero.

Normalized data were used for statistical analysis of

PCB-induced changes in gene expression using mixed

linear models with ‘population’ and ‘dose’ as main

effects, including an interaction term. Dye was mod-

elled as a fixed effect and array and replicate individu-

als within treatment were modelled as random effects,

and denominator degrees of freedom were 48 (6

doses · 2 populations · 5-1 individuals per treatment).

P-values were adjusted for multiple tests using Q-value

(Storey & Tibshirani 2003). The interaction term identi-

fied the genes with PCB-induced alterations in gene

expression that differed between populations (q < 0.1,

equivalent to P < 0.0032). As gene expression response

to dose may be nonlinear (Andersen et al. 2002; Calzo-

lai et al. 2007), mixed linear models may lack sensitivity

for detecting many genes with expression responses

that differ between populations. Accordingly, we used

spline-fitting models using the software EDGE (using the

natural cubic spline option with ‘population’ specified

as the class covariate; Storey et al. 2005) to further iden-

tify genes with different dose responses among popula-

tions (q < 0.1). A second mixed model was used to test

for the association between gene expression and devel-

opmental abnormality index scores, by specifying ‘pop-

ulation’ and ‘phenotype score’ (PA rating) as main

effect terms, including an interaction term that identi-

fied genes differentially associated with developmental

phenotype in different populations (q < 0.1). Note that a

fully specified model including main effect terms for

‘dose’, ‘population’ and ‘phenotype’ was not possible

because phenotype categories were not equally repre-

sented within each dose-by-population group. Treat-

ment means for all genes differentially expressed

among doses (‘dose’ term from mixed model signifi-

cant, q < 0.1) or with different dose responses among

populations (interaction term from mixed model signifi-

cant, q < 0.1; or EDGE analysis significant, q < 0.1) were
included for principal components analysis (PCA) per-

formed using MeV (Saeed et al. 2006; median centring

mode specified). Identification of co-regulated gene sets

was performed by hierarchical clustering based on

Euclidian distance and average linkage clustering. Gene

ontology enrichment analysis of co-regulated gene sets

was performed using the Functional Annotation Clus-

tering tool within the DAVID Bioinformatics Database

(Huang et al. 2009; http://david.abcc.ncifcrf.gov/home.

jsp), and inference of gene interaction networks was

performed using Ingenuity Pathway Analysis (Inge-

nuity Systems Inc, Redwood City, CA, USA) and

refined manually with input from recent literature.
Results and discussion

Developmental toxicity

This study was designed to characterize responses to

increasing concentrations of PCB126 of 10 dpf embry-

onic killifish from Flax and Bridgeport. Survival data

from replicate exposures, where embryos were

observed until 7 days post-hatching (or 28 days post-

fertilization, in the event of nonhatching) shown in

Fig. 1f,g, resulted in LC50 values of 59 and 9041 ng

PCB126 ⁄ L for Flax Pond F1 and Bridgeport F2 embryos,

respectively. This represents >150-fold difference in

chemical tolerance, consistent with a previously pub-

lished report (Nacci et al. 2010). In general, the occur-

rence of individuals with developmental anomalies and

the magnitude of individual PA ratings increased with

increasing PCB exposure in both populations (Fig. 1).

Phenotypic abnormality ratings were positively corre-

lated with dose (P < 0.0001), yet populations differed in

phenotypic responses (P = 0.0008), as they differed with

respect to survivorship responses (Fig. 1). Phenotypic

anomalies spanned the entire continuum of severity in

the sensitive population, whereas tolerant population

individuals did not express the highest phenotypic

abnormality ratings (at least as observed at 10 dpf),

even at doses that were lethal later in development

(Fig. 1). Analysis of variance indicated that phenotypic

abnormality rating was negatively correlated with

embryonic and larval survival (P = 0.0002), although

this relationship differed between populations

(P = 0.0263). In summary, groups from each population

differed in sensitivity to PCB126 measured both by

appearance of toxicity and by survivorship in develop-

ing embryos.

Dioxin-like compounds are extremely toxic to verte-

brates, and especially toxic to the early development of

many fish species including killifish (reviewed in Van

Veld & Nacci 2008). In developing fish embryos (Ant-

kiewicz et al. 2005), and also in birds (Walker & Catron
� 2010 Blackwell Publishing Ltd
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2000) and mammals (Thackaberry et al. 2005), toxicity is

largely mediated by disrupting the cardiovascular sys-

tem. Anomalies observed in developing killifish

exposed to DLCs include reduced heart size, oedema,

and haemorrhaging (Fig. 1a–e), similar to other fish

species (Antkiewicz et al. 2005). Multiple, concurrent

anomalies within individuals are consistent with cardio-

vascular failure and contribute to the increase in aver-

age PA ratings at exposure concentrations that are

ultimately lethal (Fig. 1). Despite a reputation for hardi-

ness (Burnett et al. 2007), killifish from unpolluted sites

such as the Flax population studied here are relatively

sensitive to DLCs compared to other fish species (Van

Veld & Nacci 2008). In contrast, embryos from the pop-

ulation resident to the highly polluted Bridgeport site

are orders of magnitude more resistant to DLC toxicity

compared to the population from the clean Flax site

(Fig. 1). Not only are many killifish populations from

polluted sites more than three orders of magnitude

more tolerant to DLCs than clean site populations (Nac-

ci et al. 2010), they are also more than two orders of

magnitude more tolerant than the most tolerant species

of fish reported so far (Van Veld & Nacci 2008). That is,

the DLC sensitivity range exhibited by populations of

F. heteroclitus far exceeds the sensitivity range of all fish

species.
General transcriptome response

Differences in biological responsiveness to PCB126

between populations were evident in comparisons of

transcriptome responses: the transcriptional response to

PCB exposure was much more dramatic in the sensitive

population than in the tolerant population (Fig. 2; a list

of genes with results from statistical tests is in Table S1).

Many transcripts were up- or down-regulated in the

sensitive population at each dose relative to the control

(931 transcripts @ q < 0.1, 1167 transcripts @ P < 0.05),

and the number of genes and magnitude of expression

response tended to increase with dose (Fig. 2a). At

higher (ultimately lethal) exposures where sampled

embryos were highly abnormal, expression response was

skewed towards down-regulation (rather than up-regu-

lation). Intriguingly, most of the putative transcripts that

were down-regulated upon PCB exposure could be

assigned homology to known genes in UniProt (80% of

transcripts with significant similarity; BLASTx threshold

E-value = 1e)5), yet identities for most of the PCB up-

regulated genes are unknown (only 40% of transcripts

with significant BLASTx similarity). PCA indicated that the

largest transcriptome changes occurred between mid-

range doses for the sensitive population (Fig. 2c).

In contrast, far fewer genes were regulated in

response to PCB exposure in the tolerant population (25
� 2010 Blackwell Publishing Ltd
transcripts @ q < 0.1, 444 transcripts @ P < 0.05), and

the number of genes and magnitude of expression

response did not tend to increase with dose (Fig. 2b).

Furthermore, expression responses tended to be skewed

towards up-regulation at each dose relative to the con-

trol. In the tolerant population, most transcriptome vari-

ation among doses was accounted for by PC1 (81%)

(Fig. 2c). Little variation was partitioned between the

control and low doses up to dose 4 (especially along

PC1), and only at extreme (and ultimately lethal) doses

did transcriptome characteristics start to diverge from

control in the tolerant population. When dose responses

of each population were plotted together in principal

components space, the dramatic response of the sensi-

tive population relative to the minimal response of the

tolerant population is particularly apparent (Fig. 2c),

especially along PC1.

Genes down-regulated only in the sensitive popula-

tion were enriched for gene ontology terms contractile

fibre, response to wounding, angiogenesis, cell adhesion,

oxidative phosphorylation, glycolysis, calcium ion bind-

ing and protease inhibitor. Genes up-regulated only in

the sensitive population were enriched for gene ontol-

ogy terms cytochrome P450 and haeme binding. All

major co-regulated sets of genes, with associated gene

ontology enrichment categories, can be found in Fig. S1.
Gene expression is more predictive of individual
phenotype than of dose, particularly in the tolerant
population

Dose accounted for the expression patterns of more

genes in sensitive than tolerant embryos, which is con-

sistent with differences in biological responsiveness to

PCB exposures between populations. In contrast, phe-

notype accounted for many gene expression patterns in

both the sensitive and tolerant populations. In the sensi-

tive population, grouping gene expression by pheno-

type or by dose implicates a largely overlapping set of

genes (Fig. 3a). Furthermore, the distributions of F-

ratios (which illustrate of the proportion of variation

partitioned among groups compared to the proportion

partitioned among individuals within groups), whether

grouping individuals by dose or phenotype, are largely

the same (P = 0.1, Kolmogorov–Smirnov test; Fig. 3b).

However, in the tolerant population, much more

individual variation in gene expression is partitioned

among phenotypes than among doses (Fig. 3b),

reflected by distributions of F-ratios that are signifi-

cantly different between dose and phenotype (P <

0.001, Kolmogorov–Smirnov test; Fig. 3b). This remains

true even for effects-matched doses relative to the con-

trol for each population (for doses 2 and 3 for Flax, and

doses 4 and 5 for Bridgeport) (data not shown). For
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Fig. 2 Volcano plots and PCA illustrating general transcriptome response to polychlorinated biphenyl (PCB) exposures in tolerant

and sensitive populations. Panels (a) and (b) Volcano plots of gene expression change for each of five or six PCB exposure levels

compared to the control for the sensitive Flax Pond population (a) and the tolerant Bridgeport population (b). Genes that are up- or

down-regulated relative to the control are represented by right and left arms of each plot, respectively. X-axis is the mean log2 differ-

ence in gene expression in the PCB-exposed group relative to the control. Y-axis is )log10 P-value of PCB exposure effect from ANOVA.

Solid line indicates P = 0.05, dashed line indicates q = 0.1. Top pair of numbers beside right and left arms of volcano plot within each

figure indicates number of genes significantly up- or down-regulated, respectively, at q < 0.1. Bottom pair of numbers indicates num-

ber of genes significant at P < 0.05. Panel (c) First two principal components of the transcriptome response to PCB exposure for each

PCB exposure level (numbers associated with spots; ‘0’ is ‘control’) for the sensitive population (open circles), the tolerant population

(shaded circles) and both populations’ response plotted in the same PC space. Treatment means for all genes differentially expressed

among PCB exposure levels (‘PCB’ term from mixed model, q < 0.1) or with different dose responses among populations (interaction

term from mixed model significant, q < 0.1; or EDGE analysis significant, q < 0.1) were included for PCA.
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example, at the most extreme dose (dose 6:

200 000 ng ⁄ L), a significant subset of genes is up-regu-

lated in the two ‘normal’ individuals, but not regulated

above control levels for the three developmentally

compromised individuals (Fig. 4, set 4; Fig. S1). We

interpret this pattern of expression as ‘protective’,

where up-regulation above control doses is correlated

with a normally developing embryo, but failure to up-

regulate is associated with developmentally compro-

mised individuals. Expression of these genes may be

associated with the evolved mechanism of pollution tol-

erance in the Bridgeport population (see further Results

and discussion below).

Gene expression patterns at the level of individuals,

beyond simple analysis of mean group effects, were

highly informative in this study in that many more
genes with PCB-induced toxicity-related patterns of

expression were identified especially in the tolerant

population. Extensive variation in gene expression is

partitioned among individuals within populations of

F. heteroclitus (Oleksiak et al. 2005; Whitehead & Craw-

ford 2005) and likely in most wild outbred species

(Whitehead & Crawford 2006). Much of this variation is

heritable and of physiological and evolutionary rele-

vance (Crawford & Oleksiak 2007). For example, gene

expression patterns distinguished individual killifish

with cardiac metabolism differences (Oleksiak et al.

2005) and distinguished individual honey bees with dif-

ferent behaviours (Whitfield et al. 2003). Linking the

phenotypic variation observed among individuals

within populations to individual variations in gene

expression is likely to enable more nuanced exploration
� 2010 Blackwell Publishing Ltd



(a)

(b)

F-Phenotype

89

279
499

Phenotype-T (504)Phenotype-S (368)

652
20

5

Dose-S (931) Dose-T (25)

1600

2000

1600

2000 TolerantSensitive

F-PCB exposure
800

1200

800

1200

F
re

q
u

en
cy

0

400

0

400

F-ratio

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
F-ratio

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Fig. 3 Gene expression is highly predictive of phenotype, especially in the tolerant population. (a) Venn diagrams represent sets of

genes significantly (q < 0.1) associated with polychlorinated biphenyl (PCB) exposure level (blue) or phenotype (red) for sensitive (S)

population (solid fill) and tolerant (T) population (grid fill). (b) Curves are smoothed frequency histograms of ANOVA F-ratios for PCB

exposure term (blue) and for phenotype term (red) for each of sensitive and tolerant populations. Exposure and phenotype distribu-

tions are not different for the sensitive population, but these distributions are significantly different for the tolerant population

(P < 0.001, Kolmogorov–Smirnov test).
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of the functional links between genotype and pheno-

type, especially for studies in wild species that are

emerging as important models for ecological and evolu-

tionary genomics research.
Cardiovascular gene expression is associated with
toxicity in the sensitive population only

Dioxin-like compounds are well-known developmental

toxicants (Theobald et al. 2003) where exposure stereo-

typically causes cardiovascular system failures, espe-

cially in fish where exposure causes pericardial

oedema, reduction in cardiomyocyte proliferation, heart

size reduction and atrial elongation (Guiney et al. 2000;

Antkiewicz et al. 2005). Consistent with the occurrence

of these abnormalities (Fig. 1), a large set of co-regu-

lated genes were down-regulated upon PCB exposure

in the sensitive population but did not change with

exposure in the tolerant population (Fig. 4, set 1), and

this set was enriched for genes associated with gene

ontology categories ‘muscle contraction’, ‘sarcomere’

and ‘actin cytoskeleton’ (P < 0.01, FDR <0.1). Indeed,

many genes showing this pattern of expression form an

interaction network, are localized to the sarcomere, are

involved in angiogenesis or are known regulators of

myogenesis (Fig. 5, network model). Mutants or mis-

regulation of many of these genes has been associated
� 2010 Blackwell Publishing Ltd
with various cardiomyopathies (Fig. 5—blue spots),

including for FHL1 (Knoblauch et al. 2010), FHL2

(Arimura et al. 2007), MLP (Knoll et al. 2002; Geier

et al. 2003), MYH6 (Niimura et al. 2002), MYBPC (Mar-

ian & Roberts 2001), MYL3 (Olson et al. 2002), MYOZ2

(Chen et al. 2008b), PDLIM7 (Camarata et al. 2010),

TMOD1 (Fritz-Six et al. 2003), TnT (Marian & Roberts

1995; Sehnert et al. 2002), TPM3 (Marian & Roberts

1995) and TTN (Itoh-Satoh et al. 2002; Carmignac et al.

2007; Seeley et al. 2007). Fly homologs for several of

these genes have also been implicated by RNA knock-

down as necessary for normal sarcomere assembly

(Fig. 5—green spots; Schnorrer et al. 2010). Other

intriguing genes within this co-expressed group include

basigin (EMMPRIN) and blood vessel epicardial sub-

stance (BVES). Knockdown of basigin, which is impor-

tant for intercellular recognition, caused sarcomere

disassembly in Drosophila (Schnorrer et al. 2010). BVES

is known to be expressed in cardiac tissues especially

during development, and expression knockdown is

associated with defects in muscle repair (Andree et al.

2002), wound healing (Ripley et al. 2004) and embry-

onic development (Lin et al. 2007), and expression of

mutant BVES is associated with inhibition of myogene-

sis (Smith et al. 2008). This regulation of cardiovascular

system genes is consistent with the stereotypical devel-

opmental consequences of dioxin toxicity and with how



Fig. 4 Scores of phenotypic developmental abnormalities for each embryo (bar graph) associated with gene expression responses of

individuals (heat maps). Bar graph illustrates phenotypic abnormality score for each individual from each treatment group. Treat-

ment groups are clustered by alternate vertical panels of white and grey shading, and the identifier at the top of each panel indicates

treatment group [‘S’ and ‘T’ represent sensitive and tolerant populations, respectively, and numbers 0–6 represent polychlorinated

biphenyl (PCB) exposure level]. X-axis identifiers of bar graph represent replicate individual within each treatment group. Increasing

numbers along bar graph Y-axis represent increasing severity of deformity (see Methods). Heat maps illustrate expression level for

each individual (columns) for specific genes (rows) identified on the right side of each heat map set. Colour of each cell represents

expression level: yellow and blue indicate up- and down-regulation, respectively, relative to the mean of control group expression

level (black) calculated separately for each population. Sets 1 and 4 were defined by hierarchical clustering, and sets 2 and 3 were

defined by network interaction. Intensity is scaled by log2 fold change relative to control for each heat map set (see scale legend

below each set). Red line graph between heat map sets 3 and 4 represents expression level of nitric oxide synthase (NOS) super-

imposed on the bar graph of individual deformities. The secondary Y-axis represents log2 fold expression level relative to average

control group expression for each population. Gene names are as follows: AHNAK, neuroblast differentiation-associated protein

AHNAK; AHR1, aryl hydrocarbon receptor 1; AHR2, aryl hydrocarbon receptor 2; ANF, atrial natriuretic factor; ANGPTL4, angio-

poietin-related protein 4; ARID1A, AT-rich interactive domain-containing protein 1A; ARNT2, aryl hydrocarbon receptor nuclear

translocator 2; ATP2A1, sarcoplasmic ⁄ endoplasmic reticulum calcium ATPase 1; B3GNT5, beta-1,3-N-acetylglucosaminyltransferase

5; BVES, blood vessel epicardial substance; CAPZA2, F-actin-capping protein subunit alpha-2; CD9, CD9 antigen; CYB5, Cytochrome

b5; CYP1A1, cytochrome P450 1A1; CYP1B1, cytochrome P450 1B1; CYR61, cysteine-rich angiogenic inducer 61; EMMPRIN, basigin;

FHL1, four and a half LIM domains protein 1; FHL2, four and a half LIM domains protein 2; GCH1, GTP cyclohydrolase 1; HIF1A,

hypoxia-inducible factor 1 alpha; HSP90AA1, heat shock protein 90 alpha 1; IGFBP1, insulin-like growth factor–binding protein 1;

IGFN1 (probes )1776 and )5607), immunoglobulin-like and fibronectin type III domain-containing protein 1; JUN, proto-oncogene

c-jun; MLP, muscle LIM protein; Murc, muscle-related coiled-coil protein; MURF2, muscle-specific RING finger protein 2; MYBPC,

myosin-binding protein C; MYH10, myosin heavy chain 10; MYH6, myosin heavy chain 6; MYL3, myosin light chain 3; MYL4, myo-

sin light chain 4; MYOZ2, myozenin-2; NOS, putative neuronal nitric oxide synthase; NPPB, brain natriuretic peptide; PDLIM3, PDZ

and LIM domain protein 3; PDLIM7, PDZ and LIM domain protein 7; REN, renin; S100-A11, S100 calcium-binding protein A11;

TMOD1, tropomodulin 1; TnT, troponin T; TPM3, tropomyosin alpha-3 chain; TTN (probes )1476, )8099, )9045), titin; TTN-10541,

titin a; UDPGT, UDP-glucuronosyltransferase; WISP1, WNT1-inducible-signalling pathway protein 1.
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this toxicity is clearly differentially manifest among tol-

erant and sensitive populations of F. heteroclitus.

Altered transcript abundance for this group of genes

could be a cause or a consequence of developmental
abnormalities. Low abundance could be a consequence of

the developmental phenotype, where proteins preferen-

tially expressed in the heart appear in lower abundance

mainly because cardiac tissue contributes less to the
� 2010 Blackwell Publishing Ltd
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overall tissue composition of the embryo in develop-

mentally compromised individuals; in severely deformed

embryos (developmental index >3), the heart is small. If

low abundance of these transcripts was a consequence

of developmental abnormality, one would expect low

abundance to be confined to individuals exhibiting

reduced heart size. This is not observed in our data set.

Alternatively, altered expression of these genes could

contribute to causing the observed developmental abnor-

malities. Many of these genes are down-regulated in

individuals from the sensitive population at the lowest

doses, even in individuals that do not yet exhibit signs

of cardiac abnormality. Intriguingly, these genes do not

appear down-regulated in those tolerant population

individuals that exhibit cardiovascular abnormalities at

extreme doses (Fig. 4, set 1). These data indicate that

mis-regulation of sarcomere development is a compo-

nent of the mechanism leading to PCB-induced cardiac

developmental abnormalities in the sensitive population

but that similar cardiac abnormalities observed at

extreme PCB doses in the tolerant population emerge

from other mechanisms.

Expression of some structural cardiac sarcomere pro-

teins is interdependent, where alteration in the expres-

sion of one protein affects the expression of others

(Sehnert et al. 2002); this mis-regulation can result in

altered sarcomere assembly during development and

manifest as cardiac dysfunction in zebrafish. Although

the data presented here strengthen the evidence that

disrupted sarcomere assembly is mechanistically related

to DLC-induced cardiac toxicity in developing fish

(Handley-Goldstone et al. 2005), the intervening links

between AHR activation by DLCs and regulation of

myocyte protein expression remain to be determined

(though see recent progress by Carney et al. 2006; Chen

et al. 2008a).
Global disruption of AHR pathway in the tolerant
population

The AHR signal transduction pathway is activated

upon binding of the DLC agonist to the cytosolic

HSP90-associated AHR. The ligand-bound complex

translocates to the nucleus where it dissociates from

HSP90 and dimerizes with aryl hydrocarbon receptor

nuclear translocator (ARNT), then binds to promoter

elements to initiate transcription of a battery of genes,

and transcription is feedback-regulated by aryl hydro-

carbon receptor regulator (AHRR) (Rowlands & Gu-

stafsson 1997; Hahn et al. 2009). The AHR signalling

pathway is the key mediator of the developmental

toxicity of DLCs; morpholino knockdowns for AHR2

(Prasch et al. 2003; Carney et al. 2004; Antkiewicz et al.

2006) and ARNT1 (Antkiewicz et al. 2006; Prasch et al.
� 2010 Blackwell Publishing Ltd
2006) are protective of dioxin-induced developmental

toxicity in zebrafish embryos, and mutant AHR is pro-

tective in mice (Bunger et al. 2008). AHR2 knockdown

also protects against embryo toxicity for other AHR

ligands including PCB126 (Jonsson et al. 2007).

One might propose three broad categories of mecha-

nisms whereby tolerance to dioxins is derived in F. het-

eroclitus populations such as Bridgeport. First, the AHR

signalling pathway may be generally blocked, thereby

protecting cells from diverse downstream transcrip-

tional and biochemical responses to signalling that initi-

ate and propagate toxicity. Second, the AHR signalling

pathway may be generally functional, but the AHR-

mediated signal to the subset of AHR targets that

directly mediate toxicity may be selectively blocked.

Third, the AHR signalling pathway could be entirely

functional, but the cells protected by downstream signal

disruption or efficient prevention or repair of responses

that normally result in developmental abnormalities.

Our data best support the first scenario, in that the

target genes for direct AHR activation are stereotypi-

cally activated in the sensitive population, but not acti-

vated in the tolerant population (Fig. 4, set 2). In the

tolerant Bridgeport population, the stereotypical AHR-

regulated genes appear up-regulated, if at all, only at

extreme doses. For example, the following are genes

known to be regulated directly by the AHR mechanism,

in that expression of these genes is consistently up-regu-

lated by AHR agonists in many species and many have

been shown to contain AHR-binding elements in

upstream promoters: CYP1A (Nebert et al. 2004), CYP1B

(Nebert et al. 2004), UDPGT (Nebert et al. 2000), CYB5

(Andreasen et al. 2006; Franc et al. 2008), IGFBP-1

(Marchand et al. 2005), S100A4 (Cao et al. 2003) and

JUN (Weiss et al. 2005). These genes are significantly

up-regulated in the sensitive population, most even at

the lowest doses. In contrast, in the tolerant population,

these genes are not responsive to PCB exposure, indicat-

ing that AHR signalling is blocked. For many of these

genes, including the well-characterized AHR-mediated

DLC responsive genes (e.g., the CYP450s and UDPGT),

up-regulation in the tolerant population is only

observed at the most extreme doses. Similar to the mini-

mal transcriptional response in the tolerant Bridgeport

killifish (Fig. 2), Ahr-null mice demonstrated a minimal

transcriptional response to dioxin exposure relative to

mice with intact AHR signalling (Tijet et al. 2006).

Population differences in the expression of genes that

directly mediate AHR signalling were subtle (Fig. 4, set

3) and do not appear to implicate differential regulation

of these genes as part of the adaptive mechanism.

Expression of AHR1, the AHR paralog that does not

appear to bind dioxin in zebrafish (Karchner et al. 2005),

was not associated with PCB exposure in either popula-
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tion, nor was expression of ARNT2. Expression of AHR2,

the AHR paralog that does mediate DLC toxicity in ze-

brafish (Prasch et al. 2003; Carney et al. 2004; Antkiewicz

et al. 2006; Jonsson et al. 2007), was subtly increased in

the tolerant population (P = 0.003, q = 0.19), but not in

the sensitive population. The AHR repressor can regu-

late and suppress AHR signalling (Hahn et al. 2009), but

hybridization to probes for this gene did not occur above

background on our microarray. Expression of these same

genes (AHR, ARNT, AHRR) did not explain repression of

AHR signalling in Elizabeth River and New Bedford

Harbor tolerant F. heteroclitus populations (Powell et al.

2000; Karchner et al. 2002; Meyer et al. 2003), though

experiments in the Newark Bay tolerant population find

lower levels of AHR protein in livers of adult fish com-

pared to sensitive fish (Arzuaga & Elskus 2002). Expres-

sion of HSP90, the protein that stabilizes cytosolic AHR,

was slightly decreased in the tolerant population

(P = 0.01, q = 0.29), but not in the sensitive population

relative to control exposure levels. This is intriguing

given that HSP90 can act as an evolutionary capacitor

where altered regulation can expose previously hidden

phenotypic variation in populations to natural selection

(Rutherford & Lindquist 1998). It is not clear whether the

subtle increase in AHR2 and decrease in HSP90 expres-

sion we observe in the Bridgeport population may be

functionally associated with resistance to PCBs, or

whether these differences in expression may be a conse-

quence of some feedback regulation from AHR signal

impairment achieved by other means.

It is well known that derived tolerant populations of

F. heteroclitus tend to be refractory to CYP1A induction

by DLCs (Nacci et al. 1999, 2010; Bello et al. 2001;

Meyer et al. 2003). However, this is the first study to

indicate that most known targets of the AHR gene bat-

tery are refractory to induction at least in one tolerant

(Bridgeport) killifish population. These data indicate

that the mechanism of evolved tolerance in this popula-

tion is associated with generalized blockade of AHR-

mediated signalling, and only at the most extreme

doses does this blockade become leaky resulting in ste-

reotypical AHR-mediated gene expression responses

and developmental abnormalities, which are observed

at much lower doses (more than two orders of magni-

tude lower) in the sensitive population.

The AHR signalling pathway provides many candi-

date molecular targets to effect adaptive signal impair-

ment. Whereas mammals have one AHR gene, teleost

fishes including F. heteroclitus have at least two func-

tional copies of the AHR gene designated AHR1B and

AHR2 (Hahn et al. 1997; Karchner et al. 2005), and these

paralogs exhibit developmental stage–specific and tis-

sue-specific expression (Karchner et al. 1999; Powell

et al. 2000) and diversified function; notably, in zebra-
fish, AHR2 appears to mediate DLC toxicity (Prasch

et al. 2003; Carney et al. 2004; Antkiewicz et al. 2006;

Jonsson et al. 2007), whereas AHR1B is not dioxin

inducible (Karchner et al. 2005). Similarly, two paralogs

of the AHR nuclear translocator (ARNT) differentially

mediate dioxin-induced toxicity in zebrafish embryos

(Antkiewicz et al. 2006), and paralogs of the aryl hydro-

carbon receptor repressor (AHRR) differentially regulate

AHR signalling (Jenny et al. 2009).

Although the physiological role of AHR signalling is

often considered in the context of defence against xeno-

biotics, a physiological role in mediating embryonic

development has also been implicated by studies using

AHR knockout mice (Fernandez-Salguero et al. 1995;

Schmidt et al. 1996). Because tolerant killifish develop

normally, we can speculate that the AHR may act

through different signalling pathways in development

than in xenobiotic responses. Alternately, functional

redundancy facilitated by duplicate copies of many of

the proteins involved in AHR signalling in teleost fishes

may enable adaptive blockage of DLC-induced signal-

ling while retaining AHR signalling necessary for devel-

opment in tolerant F. heteroclitus killifish.

Polymorphisms in AHR can account for species and

strain-specific differences in dioxin sensitivity in some

avian, mouse and rat models (Thomas et al. 1972;

Pohjanvirta et al. 1999; Head et al. 2008) but not all

(Kawakami et al. 2006). Although population genetic

analyses have revealed differences in haplotype frequen-

cies between the New Bedford and a nearby sensitive

killifish population, polymorphisms for AHR1 (Hahn

et al. 2004) (or AHR2 or ARNT, M. Hahn, personal com-

munication) are not fixed between populations and vari-

ants do not differ functionally when assessed using in

vitro mammalian systems. However, absent tests of func-

tionality in vivo, the candidacy of these genes to explain

DLC tolerance cannot be definitively ruled out. Alterna-

tively, other AHR-interacting genes [such as AHRR,

HSP90 and AIP (Bell & Poland 2000)], and genes in sepa-

rate but interacting signalling pathways [such as hypoxia

signalling (Prasch et al. 2004); see discussion below],

remain as plausible targets for selective modification of

AHR signalling in derived tolerant populations.
Genes ‘protective’ in the tolerant population only:
potential mechanisms of adaptive AHR signal
disruption

Our data indicate that the mechanism of evolved toler-

ance to PCBs in the Bridgeport killifish population

involves generalized blockage of AHR-mediated signal-

ling. This blockage could emerge from either altera-

tions in the proteins that are directly involved in AHR

signalling (such as AHR, ARNT, AHRR, HSP90, AIP) or
� 2010 Blackwell Publishing Ltd
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AHR signalling interference mediated by other path-

ways that cross-talk with the AHR pathway. Differences

in nitric oxide synthase gene expression between toler-

ant Bridgeport and sensitive Flax Pond populations are

suggestive of the latter scenario.

Nitric oxide synthase (NOS) exhibits a ‘protective’ pat-

tern of gene expression in the tolerant population, where

the gene is up-regulated relative to control at the lowest

PCB doses but not in the few individuals that exhibit

PCB-induced developmental abnormalities at extreme

doses (Fig. 4—line graph, and top line of heat map set

4). In contrast to the tolerant population, NOS is only

slightly up-regulated with respect to dose in the sensi-

tive population. The potential role of NOS in the mecha-

nism underlying evolved tolerance in the Bridgeport

population derives from four sources. First, the pattern

of expression suggests a protective role in the tolerant

population. Second, nitric oxide is a signalling molecule

that is a key mediator of cardiac remodelling (Massion

& Balligand 2007), and disruption of cardiovascular

system development is evident in our data and is the

stereotypical toxic response to DLCs in developing fish

embryos (Antkiewicz et al. 2005). Third, pre-exposure to

hypoxia is protective of dioxin toxicity in developing

fish embryos (Prasch et al. 2004), and nitric oxide

synthesis is induced by hypoxia signalling in fish

(McNeill & Perry 2006) (Fig. 6). Finally, Kim & Sheen

(2000) provide evidence that nitric oxide blocks dioxin-

induced AHR-mediated CYP1A promoter activity

(Fig. 6). Although dioxin-induced developmental toxic-

ity appears independent of CYP1A (Carney et al. 2004),

perhaps the mechanism whereby nitric oxide blocks

AHR regulation of CYP1A (which is currently unknown)

is generally effective at blocking AHR induction of other

genes in the AHR battery, including those through

which developmental toxicity is typically mediated

(which are also currently unknown). NOS up-regulation

is possibly a consequence (rather than a cause) of AHR
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blockage, but NOS was not among the small set of

dioxin-regulated genes in AHR-null mice (Tijet et al.

2006). Our data and literature promote the intriguing

possibility that signalling pathways associated with

increased nitric oxide synthesis are a component of the

adaptive mechanism of tolerance to pollution that is

recently derived in some populations of killifish.

The mechanism underlying NOS up-regulation fol-

lowing PCB126 exposure in resistant individuals from

the Bridgeport population is unclear, though AHR sig-

nalling pathways cross-talk with multiple signalling

pathways including those that regulate NOS expression

(Fig. 6). For example, in human endothelial cells, expo-

sure to PCB126 is correlated with increased eNOS

expression and depends on both AHR and oestrogen

receptor (ER) signalling pathways (Omori et al. 2007).

Also, dioxin stimulates cellular production of growth

factors and cytokines like TNFa (Matsumura 2003),

which in turn can regulate NOS (Li et al. 2002).

Intriguingly, pre-exposure to hypoxia diminishes

dioxin induction of CYP1A and diminishes dioxin toxic-

ity in developing zebrafish embryos (Prasch et al. 2004),

but pre-exposure to dioxin does not diminish the

hypoxia response (Prasch et al. 2004). Both AHR (the

dioxin sensor) and HIF-1a (the hypoxia sensor) are

members of the same family of transcription factors (Gu

et al. 2000), and both form heterodimers with ARNT to

become transcriptionally active (Fig. 6). Perhaps tolerant

population-specific HIF-1a activation sequesters avail-

able ARNT, thereby preventing transcriptional activation

by AHR (Prasch et al. 2004). Indeed, HIF-1a expression

is highly correlated with NOS expression (Fig. 4),

although up-regulation of HMOX, a classic biomarker of

HIF-1a activation (Lee et al. 1997), is not evident in the

tolerant population (data not shown). Alternatively,

other genes that are activated by hypoxia such as NOS

(McNeill & Perry 2006) may be responsible for the

protective effect of hypoxia on embryonic DLC toxicity.
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Increased NO has been associated with inhibition of

dioxin induction of CYP1A (Kim & Sheen 2000),

although it is currently unknown whether NO can block

induction of other transcriptional targets of the AHR.

Over 70 genes are co-expressed with NOS (Fig. S1),

and this group is enriched for gene ontology categories

including nucleic acid binding, RNA metabolic process,

chromosome organization and biogenesis, and anatomi-

cal structure development. Some of these genes with

‘protective’ patterns of gene expression strongly corre-

lated with NOS are highlighted in Fig. 4 (set 4) and

include myosin heavy chain 10 (MYH10), titin (TTN)

and other titin-like proteins including IGFN1 and ARID

domain-containing protein 1A (ARID1A). Both TTN and

IGFN1 are sarcomeric, and members of the same protein

family (Fürst & Gautel 1995; Mansilla et al. 2008). TTN,

the largest known protein, is a major structural constitu-

ent of the cardiac sarcomere, and abnormal titin is asso-

ciated with cardiac disease and muscular dystrophy in

humans (Hackman et al. 2002; Itoh-Satoh et al. 2002;

Carmignac et al. 2007; Pollazzon et al. in press). The

titin protein is considered a key integrator of mechanical

and stress-induced signalling pathways during cardio-

myocyte development. In mammals, one copy of the

TTN gene is present in the genome, and alternate splic-

ing of the protein adjusts cardiomyocyte stiffness during

development and disease (Kruger & Linke 2009). In tele-

ost fishes, two titin copies exist (Seeley et al. 2007).

In zebrafish, the paralogs TTNa and TTNb are differen-

tially expressed during development, and expression
knockdown of TTNa (but not TTNb) disrupts sarcomere

assembly (Seeley et al. 2007).

The ARID1A gene also exhibits this ‘protective’ pat-

tern of expression (Fig. 4 set 4) and is intriguing

because the protein is a key member of the SWI ⁄ SNF

chromatin remodelling complex (Wang et al. 2004),

which promotes the activation of androgen, oestrogen

and glucocorticoid receptor signalling pathways (Inoue

et al. 2002). The ER and AHR signalling pathways inter-

act (Matthews & Gustafsson 2006; Ahmed et al. 2009),

knockdown of ER expression reduces dioxin-induced

expression of CYP1A (Matthews et al. 2005), and both

pathways may contribute to DLC-induced regulation of

NOS (Omori et al. 2007) (Fig. 6).
Summary and conclusions

Much variation in gene expression is partitioned among

individuals, populations and species, and much variation

in gene expression is induced by environmental change.

Importantly, some adaptive patterns of gene expression

may only emerge in specific environments as taxon-by-

environment interactions (Aubin-Horth & Renn 2009).

Indeed, little transcriptome variation was detected

between developing embryos from pollution-tolerant and

pollution-sensitive populations of F. heteroclitus raised in

a common clean environment (Bozinovic & Oleksiak in

press). In contrast, population comparative experiments

reported here that included challenge to PCBs revealed

extensive, evolved, functional genomic variation between
� 2010 Blackwell Publishing Ltd
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tolerant and sensitive populations. Studies that are

designed to test for taxon-by-environment interactions

may accelerate the discovery of adaptively important

functional genomic variation and accelerate functional

annotation of the many currently uncharacterized, but

potentially ecologically relevant, genes.

We found that gene expression was highly correlated

with individual phenotype and that individual-specific

measures were powerful for detecting PCB exposure–

related expression patterns that were not detected with

measures of mean group (exposure level) effects. This

was particularly noticeable in the tolerant population.

Individual-specific measurements enabled greater scope

for inference and highlighted the potential benefits of

measuring gene expression in individuals especially in

studies including wild outbred populations that may

express extensive inter-individual phenotypic variation.

Consistent with the cardiovascular system toxicity phe-

notype, a large group of genes were down-regulated and

predictive of cardiac toxicity in the sensitive population

only. The interaction network, putative function and sub-

cellular localization of these proteins further strengthens

evidence that sarcomere mis-assembly is the mechanism

through which PCB exposure induces cardiovascular sys-

tem toxicity in developing fish embryos. Intriguingly,

these genes were not similarly regulated in the few

Bridgeport individuals exhibiting cardiovascular system

abnormalities at extreme doses, implying that similar

phenotypes may emerge through alternate mechanisms

in tolerant versus sensitive populations.

Our data indicate that derived tolerance in the

Bridgeport population is associated with global block-

ade of the AHR signalling pathway (the key pathway

that mediates DLC toxicity) but that the blockade

becomes leaky at the most extreme PCB exposures

where toxicity starts to emerge. Several previous studies

have demonstrated that CYP1A, one target of AHR sig-

nalling, is refractory to PCB induction in tolerant killi-

fish populations. However, data presented here are the

first to indicate that most known gene targets of AHR

signalling are refractory to induction in a tolerant killi-

fish population. Global disruption of AHR signalling

could be a result of mutations in AHR signalling pro-

teins (such as AHR, ARNT, AHRR, AIP), although pop-

ulation genetic and functional assays to date have not

provided support for any single candidate. Alterna-

tively, altered signalling in cross-talking pathways

could contribute to derived disruption of AHR signal-

ling. The derived ‘protective’ pattern of nitric oxide syn-

thase expression is a candidate for cross-talk disruption

of AHR signalling. Expression of this gene is highly

predictive of normal development in tolerant popula-

tion individuals only, it is regulated by pathways

known to interact with AHR signalling and repress
� 2010 Blackwell Publishing Ltd
DLC toxicity, and nitric oxide is important for cardio-

vascular system function and appears to block some

AHR-mediated gene induction. The normally DLC-

inducible AHR signalling pathway is refractory to

induction in the derived tolerant population, which

appears adaptive to canalize development in the face of

extreme environmental stress. Comparative studies

including additional tolerant and sensitive populations

are ongoing and may yield key insights into molecular

mechanisms underlying convergence of pollution toler-

ance in killifish.
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