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Abstract 

Atlantic killifish (Fundulus heteroclitus) inhabiting the PCB-contaminated Superfund site 

in New Bedford Harbor (MA, USA) have evolved genetic resistance to the toxic effects of these 

compounds. They also lack induction of cytochrome P4501A (CYP1A) and other aryl 

hydrocarbon receptor (AHR)-dependent responses after exposure to AHR agonists, suggesting 

an overall down-regulation of the AHR signaling pathway. In this study, we hypothesized that 

the genetic resistance is due to altered AHR expression resulting from hypermethylation of DNA 

in the promoter region of AHR genes in fish inhabiting New Bedford Harbor. To test this 

hypothesis, we cloned and sequenced AHR1 and AHR2 promoter regions and employed bisulfite 

conversion-polymerase chain reaction (BS-PCR) followed by clonal analysis to compare the 

methylation status of CpG islands of AHR1 and AHR2 in livers of adult killifish collected from 

New Bedford Harbor and a reference site (Scorton Creek, MA). No significant differences in 

methylation profiles were observed in either AHR1 or AHR2 promoter regions between NBH 

and SC fish. However, hypermethylation of the AHR1 promoter correlated with low expression 

of transcripts in the liver in both populations. In comparison to AHR1, hepatic mRNA expression 

of AHR2 is high and its promoter is hypomethylated.	   Taken together, our results suggest that 

genetic resistance to contaminants in NBH fish is not due to altered methylation of AHR 

promoter regions, but that promoter methylation may control tissue-specific expression of AHR 

genes in killifish.  
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Introduction 

The Atlantic killifish, Fundulus heteroclitus, has become an important model species for 

studying the mechanisms of evolved resistance to toxicants (Hahn, 1998; Weis et al., 2001; 

Wirgin and Waldman, 2004; Burnett et al., 2007; Van Veld and Nacci, 2008).  Populations of 

killifish inhabiting highly contaminated estuaries and coastal areas along the North Atlantic U.S. 

coast have evolved resistance to polynuclear aromatic hydrocarbons (PAHs), polychlorinated 

biphenyls (PCBs), and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Nacci et al., 1999; Elskus et 

al., 1999; Powell et al., 2000; Bello et al., 2001; Meyer et al., 2002). One such heavily 

contaminated site is the Acushnet River estuary located near New Bedford Harbor (NBH), 

Massachusetts, which is characterized by very high PCB concentrations in the estuarine 

sediments and in the tissues of resident killifish (Lake et al., 1995; Bello et al., 2001; Nacci et al., 

2002). In comparisons of F. heteroclitus populations on the east coast of the United States, NBH 

killifish are among the least sensitive to the biochemical and toxic effects of dioxin-like 

compounds (Nacci et al., 1999, 2002, 2010; Bello et al., 2001).  The resistant phenotype is seen 

in embryonic and larval stages as well as in adult fish (Nacci et al., 1999; Bello et al., 2001).  

The mechanism of action of certain PAHs, non-ortho-substituted PCBs, TCDD, and other 

dioxin-like compounds is under the control of the aryl hydrocarbon receptor (AHR) locus. The 

AHR protein is a ligand-activated transcription factor through which these compounds alter gene 

expression and cause toxicity. Upon ligand binding, AHR heterodimerizes with AHR nuclear 

translocator protein (ARNT), binds to the AHR response elements in the target genes, and 

initiates their transcription (Hankinson, 1995). Killifish express two AHR isoforms (AHR1 and 

AHR2), the products of distinct loci (Hahn et al., 1997; Karchner et al., 1999). AHR1 is 

expressed in a tissue-specific manner, whereas AHR2 is ubiquitously expressed (Karchner et al., 

1999; Powell et al., 2000). Although the respective functions of these two AHR forms are not 

well understood (Merson et al., 2009), AHR2 appears to play a major role in mediating the 

developmental toxicity of PAHs and PCBs (Clark et al., 2010).   

To elucidate the mechanistic basis of resistance in killifish, several studies have focused 

on AHR-dependent regulation of gene expression. One of the widely reported differences 

exhibited by resistant populations is the significantly reduced inducibility of cytochrome P4501A 

(CYP1A) as compared to the strong CYP1A inducibility in fish from uncontaminated sites (Van 
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Veld and Westbrook, 1995; Nacci et al., 1999; Elskus et al., 1999; Powell et al., 2000; Bello et 

al., 2001). Increased CYP1A expression is regarded as a hallmark of AHR pathway activation. 

The refractory CYP1A phenotype has been observed in killifish populations inhabiting several 

Superfund sites including NBH, Newark Bay, NJ and Elizabeth River, VA, and resistance to 

CYP1A induction is highly correlated with resistance to embryotoxicity (Nacci et al., 2010).  

The resistant phenotype of NBH killifish is heritable (Nacci et al., 2010). Studies in 

rodents have provided evidence that environmental toxicant-induced disease states can be 

transmitted through multiple generations and that the transgenerational effects may involve gene-

specific changes in DNA methylation (Anway et al., 2005). This led to the hypothesis that 

epigenetic modifications such as DNA methylation of CYP1A1 promoter are responsible for 

stable long term transcriptional silencing of CYP1A gene expression in the resistant populations 

of killifish (Wirgin and Waldman, 2004; Arzuaga et al., 2004; Timme-Laragy et al., 2005). 

However, studies to date have found no evidence to support this hypothesis (Arzuaga et al., 

2004; Timme-Laragy et al., 2005). 

Recently, it has become evident that the resistance to gene induction in PCB- and PAH-

resistant killifish populations is not restricted to CYP1A but occurs also for other AHR target 

genes, such as other CYP1 genes as well as AHRR (Karchner et al 2002; Wills et al., 2010). In 

addition, microarray-based gene expression profiling suggests that the resistant populations 

exhibit a genome-wide loss of responsiveness in AHR signaling (Whitehead et al., 2010; 

Oleksiak et al., 2010).   Thus, epigenetic mechanisms, if they are operating, are more likely to be 

upstream of AHR target genes, possibly affecting one or both AHRs themselves.  The objective 

of the study described here was to test the hypothesis that fish from PCB-resistant and PCB-

sensitive populations of killifish in NBH and Scorton Creek, MA (SC), respectively, exhibit 

different patterns of DNA methylation in the promoters of AHR genes.  

DNA methylation (i.e., cytosine methylation) is defined as a covalent modification in 

which the 5’ position of cytosine is converted to 5’methylcytosine in a reaction catalyzed by 

DNA methyltransferases using S-adenosyl-methionine as the methyl donor (Razin and Riggs, 

1980). High densities of CpG dinucleotides, commonly called CpG islands, are associated with 

the promoter regions of genes and are typically unmethylated in active genes (Gardiner-Garden 

and Frommer, 1987). Methylation of CpG islands located in the 5’ promoter region of genes has 
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been associated with transcriptional inactivation (“silencing”) of genes. Aberrant de novo 

methylation of CpG islands is seen in several human cancers and silencing of tumor suppressor 

genes due to hypermethylation of CpG islands has been demonstrated (Feinberg, 2007). AHR 

expression can be regulated by changes in methylation of its promoter.  For example, in human 

acute lymphoblastic leukemia cells, low constitutive AHR expression was shown to be due to a 

hypermethylated promoter region and this impaired the binding of transcription factors, such as 

Sp1, necessary for AHR expression (Mulero-Navarrao et al., 2006).  

In this study, we tested the hypothesis that hypermethylation of hepatic AHR promoters 

is associated with decreased sensitivity to PCBs in NBH killifish compared to fish from a 

reference site, Scorton Creek, MA, USA. In order to test the hypothesis, we cloned and 

sequenced AHR1 and AHR2 promoters and then used bisulphite conversion of DNA followed 

by DNA sequencing of PCR products to analyze the methylation status of CpG islands in the 

promoter regions of livers of individual killifish from resistant (NBH) and sensitive (SC) 

populations. We analyzed CpG island methylation in the liver because it is an important organ 

involved in xenobiotic and energy metabolism, and because previous studies have demonstrated 

that this tissue is among those of NBH fish that are refractory to effects of dioxin-like 

compounds (Bello et al., 2001).  

 

Materials and Methods 

Animals 

Adult Atlantic killifish were collected from NBH and SC in May 2009 using minnow 

traps as described previously (Karchner et al., 1999). Liver and brain tissues were dissected from 

8-10 fish per site and quickly frozen in liquid nitrogen. Tissues were stored at -80oC until further 

analysis. All the animal husbandry practices followed were according to the regulations of the 

Animal Care and Use Committee of the Woods Hole Oceanographic Institution. 

Genomic DNA isolation  

Genomic DNA was isolated using the Nucleospin DNA trace kit (Macherey-Nagel, 

Germany) following manufacturer’s instructions. It involved proteinase K digestion followed by 

RNase treatment. The concentration of DNA was determined using a NanoDrop Spectrometer 
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and A260/280 ratios were between 1.9-2.1. The quality of DNA was checked by running an 

aliquot on a 0.8% agarose gel and visualizing the DNA with ethidium bromide staining under 

UV light.   

AHR promoter sequencing 

AHR1 and AHR2 promoters were amplified using the Genome Walker (Clontech, 

California, USA) kit following manufacturer’s instructions. Briefly, the genomic DNA was 

digested by blunt end cutting restriction enzymes, DraI, PvuII, EcoRV and StuI and ligated with 

adaptors. This adaptor ligated DNA was used as a template in a primary PCR reaction with 

forward adaptor primer (AP1) and gene specific reverse primer (GSP1). The product of the 

primary PCR reaction was then diluted and used as a template for the secondary PCR with the 

nested adaptor primer (AP2) and nested gene-specific (GSP2) primer. The major PCR products 

were gel extracted using the Gene Clean II kit (MP Biomedicals, OH) and cloned into the 

pGEM-T easy vector (Promega, Wisconsin, USA) before sequencing. This whole procedure was 

repeated to obtain approximately 2kb of the 5’ promoter region. All the primer sequences used in 

promoter sequencing are listed in Table 1.  

Bisulphite conversion of DNA  

Bisulphite conversion of DNA was done using the EZ methylation kit (Zymo Research 

Corporation, CA, USA) following instructions provided. Briefly, one microgram of genomic 

DNA was denatured by the addition of dilution buffer and incubation at 37oC for 15 minutes. 

Following denaturation, 100 µL of CT conversion reagent was added to the DNA and incubated 

in the dark for 3.5 hours at 65oC for bisulphite conversion. Bisulphite converted DNA was 

purified using spin columns and eluted from the column matrix in a total volume of 10 µL. BS-

DNA was stored at -20oC for later use.  

Identification of CpG islands in AHR promoter regions 

The identification of CpG islands was based on the criteria by Takai and Jones (2002). 

They define CpG islands as being longer than 500 bp and having a GC content greater than 55% 

and an [observed CpG]/[expected CpG] ratio ≥ 0.65 (Takai and Jones, 2002). AHR promoter 

sequences were analyzed for CpG islands using the CpG Island searcher 

(http://cpgislands.usc.edu) using the above settings. 
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 Bisulphite PCR (BS-PCR) 

Methylation analysis of AHR CpG islands was performed by BS-PCR. A 25 µl PCR was 

carried out in 1X PCR buffer, 5 mM MgCl2, 1 mM dNTP mix, 1 unit of Taq polymerase, 50 

pmol each of the forward primer and reverse primer and ~50 ng of bisulfite-treated genomic 

DNA. BS-PCR primers were designed using the sense strand of the bisulphite-converted DNA; 

the primer sequences are provided in Table 2. PCR cycling conditions were 94°C for 10 min, 

followed by 40 cycles of [94°C for 30 s, 55°C for 30 s and 72°C for 30 s], followed by 72°C for 

8 min and stored at 4oC. PCR products were electrophoresed on 1% agarose gels, bands excised 

and gel extracted using the Gene Clean II kit. Purified PCR products were cloned using the 

pGEM-Teasy cloning kit as per the manufacturer’s protocol. Mini-preps were prepared using 

Pure Yield plasmid miniprep Kit (Promega). For each sample, a minimum of 5 clones were 

sequenced. BS-PCR together with sequencing of several clones provides allele-specific 

methylation profiles. This approach also helps in identifying single nucleotide polymorphisms 

(SNPs) within the CpG islands. 

Genomic regions corresponding to the CpG islands were also amplified from untreated 

genomic DNA for comparison purposes using primers designed based on a genomic DNA 

template (Table 2). PCR cycling conditions were 94°C for 10 min, 40 cycles of [94°C for 30 s, 

60°C for 30 s and 72°C for 45 s], followed by 72°C for 8 min and stored at 4°C. Genomic PCR 

products were also cloned and a minimum of 5 clones were sequenced as described above. All 

the clones were sequenced using either SP6 or T7 primers. Sequencing was done on an ABI 

3730xl DNA analyzer by Eurofins MWG Operon (Huntsville, AL). 

Real-time RT-PCR 

Total RNA was isolated using the standard protocol for RNA STAT60 (Tel-Test Inc., 

Texas, USA). cDNA was synthesized from 1 µg total RNA using random hexamers and the 

Omniscript cDNA Synthesis Kit (Qiagen, Valencia, CA). Quantitative PCR was performed using 

the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) in a MyiQ Single-Color Real-Time PCR 

Detection System (Bio-Rad). Real-time PCR primers for β-actin, AHR1 and AHR2 are listed in 

Table 3. The PCR conditions used were 95°C for 3 min and 95°C for 15 s/64°C (AHR1) or 66oC 

(AHR2 and β-actin) for 1 min (40 cycles). At the end of each PCR run, a melt curve analysis was 

performed to ensure that only a single product was amplified. Three technical replicates were 
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used for each sample. Relative expression was normalized to that of β-actin (2-∆Ct; where ∆Ct = 

[Ct(AHR) – Ct(β-actin)]. AHR1 and AHR2 mRNA expression levels in liver and brain were 

compared using paired t-test (GraphPad Prism version 5.3). A probability level of p < 0.01 was 

considered statistically significant.  

Results 

CpG islands in AHR promoter regions 

 We cloned 2269 base pairs (bp) of the AHR1 promoter (GenBank accession number 

HQ241280). The AHR1 promoter region has two CpG islands of 489 bp (CpG island I; -1548bp 

to -2037bp) and 784 bp (CpG island II; -812bp to -28bp). CpG islands I and II have 17 and 27 

CpG dinucleotides, respectively, based on the genomic DNA sequences (Fig. 1A).  

The AHR2 promoter of 2157 bp length was cloned and sequenced (GenBank accession 

number HQ241281). The AHR2 promoter has only one CpG Island of 662 bp in length (-661bp - 

+1bp) with 41 CpG dinucleotides (Fig. 1B). 

 Single nucleotide polymorphisms (SNPs) (C/T and G/A substitutions) were identified in 

several of the CpG dinucleotides. These SNPs were found in both AHR1 and AHR2 CpG islands 

in both NBH and SC fish. The locations of SNPs are illustrated in Figs. 2-4. 

DNA methylation profile of the AHR1 promoter 

 AHR1 CpG island I was highly methylated, with ≥80% methylation at 11 of 17 CpG 

sites, with ≥50% methylation at most of the remaining sites (Fig. 2A,B). In contrast, CpG island 

II of AHR1 was highly unmethylated (Fig. 3). There were no significant differences between 

NBH and SC killifish in hepatic DNA methylation profiles for CpG islands I or II of AHR1 

(Figs. 2,3). 

DNA methylation profile of the AHR2 promoter 

 The CpG island in the AHR2 promoter was highly unmethylated (Fig. 4). There were no 

significant differences between NBH and SC killifish in hepatic DNA methylation profiles for 

the CpG island of AHR2 (Fig. 4). 

AHR transcript levels 
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We observed tissue-specific differences in levels of AHR1 transcripts in both NBH and 

SC fish. AHR1 transcript levels were substantially lower (NBH: 85-fold; SC: 22-fold) in the 

liver in comparison to the brain (Fig. 5A). No significant differences in hepatic AHR1 transcripts 

were observed between the sites. In the brain, AHR1 levels were 69% higher in NBH fish than in 

fish from SC. AHR2 transcripts showed no tissue-specific or site-specific differences (Fig. 5B). 

A comparison of AHR1 and AHR2 levels in the liver suggests that AHR2 transcripts were more 

abundant (22-fold) than AHR1 transcripts in this tissue. A similar comparison in the brain 

revealed no significant differences in the relative abundance of AHR1 transcripts as compared to 

AHR2 transcripts. 

 

Discussion 

The mechanisms underlying the heritable resistance to environmental chemicals in fish 

populations are not completely understood. Field and laboratory studies so far have demonstrated 

that killifish populations from Superfund sites have developed heritable resistance to AHR 

agonist-induced CYP1A expression (Van Veld and Nacci, 2008). Similarly, the expression of 

aryl hydrocarbon receptor repressor (AHRR), a key player in repressing AHR-mediated 

transcription, was not elevated in NBH fish (Karchner et al., 2002) and was also not inducible by 

PCB126 in the NBH progeny (Jenny M et al., unpublished). Recent microarray studies also 

suggest that the resistance to gene induction is not specific to CYP1A alone, but also is observed 

in several other genes likely to be under the control of AHRs (Whitehead et al., 2010).  

In addition to aberrant transcriptional profiles of AHR-regulated genes, previous studies 

have also shown population and tissue specific differences in AHR mRNA profiles (Karchner et 

al., 1999; Powell et al., 2000). In adult killifish from SC, AHR2 was ubiquitously expressed, 

while AHR1 was expressed only in ovary, brain, heart and testis (Karchner et al., 1999). In 

contrast, in PCB-resistant NBH fish, AHR1 was expressed in almost all the tissues, suggesting 

that chronic exposure to contaminants causes altered AHR gene expression. This was 

hypothesized to be due to differences in the properties of the AHR1 promoter regions between 

the resistant and sensitive populations (Powell et al., 2000).  

In this study we compared the DNA methylation profiles of AHR1 and AHR2 promoters 

in the livers of adult fish from NBH and SC to determine if differences in the methylation 
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patterns are responsible for differential sensitivity to PCBs and for differences in AHR 

expression. DNA methylation of CpG islands in the promoter regions can interfere with binding 

of transcription factors by recruiting various methylated-DNA binding factors and changing the 

chromatin conformation from an active (euchromatin) to inactive (heterochromatin) state (Razin 

and Riggs, 1980; Feinberg, 2007). We did not observe any significant differences between NBH 

and SC fish in methylation patterns of CpG islands in either AHR gene, suggesting that the 

differential sensitivity is not due to changes in DNA methylation of hepatic AHR promoters.  

Our studies focused on possible changes in DNA methylation of AHR promoters, but no 

population differences were found.  Similarly, previous investigations of DNA methylation at 

killifish CYP1A promoters also showed no significant differences between contaminated 

(Elizabeth River, VA) and reference fish populations (King’s Creek) (Timme-Laragy et al., 

2005). In addition, exposure of developing embryos to the DNA methylation inhibitor, 5-aza-

CdR did not change their sensitivity to PCB-induced CYP1A catalytic activity in Newark Bay 

(NJ) resistant population (Arzuaga et al., 2004). Although we cannot rule out the possible role 

for AHR methylation in other tissues or life stages, these results suggest that resistance to AHR 

agonists is not due to aberrant promoter methylation, at least at these loci. Thus, the mechanism 

of resistance is more likely to be genetically based rather than epigenetic. Killifish from NBH, 

Newark Bay, and Elizabeth River have been chronically exposed to toxicants for several 

generations, providing strong selection pressures favoring fish with the resistant phenotype. 

Killifish are well known for developing genetically based adaptive phenotypic traits in response 

to environmental changes (Schulte et al., 2000). Population genetic studies currently underway 

could shed some light on the mechanisms involved in developing resistance (Hahn et al., 2004, 

2005; Williams and Oleksiak, 2008; Williams et al., 2010).  

Although we found no population-specific differences in methylation, patterns of 

methylation were AHR gene-specific and showed an inverse relationship with hepatic mRNA 

levels. The CpG island I in the AHR1 promoter was highly methylated in the liver and this 

corresponded with low AHR1 mRNA levels in this tissue, whereas the CpG island in the AHR2 

promoter was unmethylated and this correlated with high levels of AHR2 transcripts in liver. Our 

results are in agreement with earlier findings that AHR1 is highly expressed in some extra-

hepatic tissues but poorly expressed in the liver of fish from the sensitive fish populations from 

SC (Karchner et al., 1999; Powell et al., 2000). The present results suggest that these tissue-
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specific differences in AHR gene expression could be due to the methylation status of their 

promoter regions.  

In an earlier study from our laboratory, Powell et al. (2000) reported that AHR1 mRNA 

levels in NBH fish showed aberrant widespread expression in several tissues, including liver. We 

did not observe high hepatic AHR1 expression in the NBH fish in the current study. This 

discrepancy could reflect differences in sample preparation. In this study, we quantified the 

mRNA levels using individual fish livers, whereas pooled liver samples were used in the earlier 

study. We have noticed differences in the expression patterns between individual fish from NBH, 

with a small percentage of fish expressing high levels of AHR1 (unpublished results) and this 

could have affected the earlier results obtained using pooled livers.  

We identified SNPs within CpG dinucleotides in both AHR promoters; C/T and G/A 

were the most prevalent substitutions. SNPs in CpG islands have been extensively studied in the 

context of mutation-induced human diseases, because methylated cytosines are prone to 

mutations by spontaneous deamination to thymidine (Selker and Stevens, 1985; Cooper et al., 

1987; Cooper and Krawczak, 1989). We did not see any population specific differences in these 

SNPs, but to understand their possible roles a more detailed population genetic analysis would 

need to be conducted. Previously, several SNPs have been identified within the AHR coding 

regions in this species, but functional studies revealed no differences in the ligand binding 

properties (Hahn et al., 2004). However, distinct patterns in the distribution of these alleles 

among sensitive and resistant populations have been observed (Hahn et al., 2005). Studies are 

currently in progress to ascertain the role of these SNPs in developing toxicant resistance.  

In conclusion, our results demonstrate that there are no differences in hepatic AHR 

promoter methylation patterns between PCB-resistant (NBH) and PCB-sensitive (SC) fish 

populations. Our results agree with previous findings on the AHR mRNA expression patterns 

and we provide evidence that tissue and isoform-specific mRNA expression may be related to 

differences in DNA methylation of AHR promoter regions. 
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List of Tables 

Table 1: List of primers used to sequence AHR1 and AHR2 promoters using genome walker kit. 
GSP-gene specific primer; AP- adaptor primer 

 

 

 

 

Gene  Primer Sequence (5’-3’) 
AHR1 GSP1 CAGCATACATGACTGTTCCTTTTGTGTG 

 GSP2 CTCTGGACGGGTTTTCTCCTCTTGCGTC 
AHR2 GSP1 GACGGGCTTCTTCCTCTTCT 

 GSP2 CCGCTCGGTTCTTCTCAGT 
 GSP3 GACCGTTGACACCACAGCAT 
 GSP4 AACCTGCCTGCTGTGTTCCT 
 AP1 CCATCCTAATACGACTCACTATAGGGC 
 AP2 ACTCACTATAGGGCTCGAGCGGC 
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Table 2: List of primers used to amplify CpG islands in AHR1 and AHR2 promoters. BS-PCR 
primers were designed based on bisulphite converted DNA template sequence. Genomic DNA 
corresponding to CpG islands were amplified using genomic DNA primers.  

 

 

 

 

 

 

 

 

 

 

 

 

Gene CpG island  Primer Sequence (5’-3’) 
BS-PCR primers 

AHR1 CpG island I Forward GTTATGATGTATTTTTTTAATAAGTTGTTT 
  Reverse CTAAACAACAAAAACTTTCTAACATAAC 

AHR1 CpG island II Forward GTTTTGTTTTATTTAAGTTGTTAGAGG 
  Reverse ACAAAACCCAACACATCTCTTCTAC 

AHR2 CpG island  Forward TATGTTTTTTTGAATTATGGTAATAG 
  Reverse AACTTCTTCCTCTTCTTATTAAC 

Genomic DNA primers 
AHR1 CpG island I Forward  CAGTTGGCAGAACAGCAGATAG 

  Reverse GTGAACATAGAGCTCCACAGCA 
AHR1 CpG island II Forward AGACATCTGCTTCCGTGTCTTT 

  Reverse GAATCTTCCGCCTGTACTCATC 
AHR2 CpG island  Forward GCAGCAGTATGCTGTGGTGT 

  Reverse CCGCTCGGTTCTTCTCAGT 
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Table 3: Real-time PCR primers for AHR1 and AHR2. 

 

 

 

 

Gene  Primer Sequence (5’-3’) 
AHR1 Forward CAGGACTCCTCCCAAGAGATGG 

 Reverse GAAGCTGCTCCGGGTTGTAGG 
AHR2 Forward GCAGTGATGTACAACCCTGAGC 

 Reverse CCCGTGGAACTTCAGTGCCAGG 
β-actin Forward TGGAGAAGAGCTACGAGCTCC 

 Reverse CCGCAGGACTCCATTCCGAG 
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List of Figures 

Figure 1. CpG islands in AHR promoters. Representation of CpG islands in the 5’ region of the 

AHR1 (A) and AHR2 (B) promoters. Each vertical line represents a single CpG dinucleotide. 

The numbers on the left and right sides indicate the relationship to the translational start site 

(ATG; +1). 

Figure 2. CpG island I in AHR1 promoter: Hepatic methylation patterns in NBH and SC fish.  

(A) Lollipop diagram showing the differences in methylation status between NBH and SC fish. 

Numbers 1-4 refer to individual fish from each site. Each line represents one sequenced clone. 

Each lollipop represents one CpG dinucleotide. Filled and open circles denote methylated and 

unmethylated sites, respectively. Single nucleotide polymorphisms (SNPs) are represented by red 

circles. (B) Histogram showing the percentage of methylation for each CpG site in CpG island I. 

Percent methylation was calculated by dividing the number of clones that were methylated at a 

particular site by the total number of clones sequenced and multiplying by 100. CpG sites with 

SNPs were not considered in calculating the percentage of methylation (N = 4 individual fish per 

site; 5-9 clones per fish). All values represent mean + Standard error of mean (S.E.M.). No 

significant differences in percentage of methylation were observed. 

Figure 3. CpG island II in AHR1 promoter: Hepatic methylation patterns in NBH and SC fish. 

Lollipop diagram showing methylation profile of each CpG dinucleotide. Filled and open circles 

represent methylated sites and unmethylated sites respectively. Red circles are the CpG positions 

where single nucleotide polymorphisms (SNPs) were observed. Methylation profiles were 

determined in 4 individual fish from each site and 5 or 6 clones were sequenced from each fish. 

Figure 4. CpG island in AHR2 promoter: Hepatic methylation patterns in NBH and SC fish. . 

Lollipop diagram showing methylation profile of each CpG dinucleotide. Filled and open circles 

represent methylated sites and unmethylated sites respectively. Red circles are the CpG positions 

where single nucleotide polymorphisms (SNPs) were observed. Methylation profiles were 

determined in 4 individual fish from each site and 5-7 clones were sequenced from each fish.  

Figure 5. AHR1 and AHR2 transcript levels in liver and brain of NBH and SC fish. The delta Ct 

method (2 -∆Ct ; ∆Ct = (AHR-β-actin)) was used to calculate the relative expression of AHR1 and 

AHR2 mRNA. All values represent mean + standard error of mean (S.E.M; n = 4-6). * denote 
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statistically significant difference in AHR1 mRNA levels between liver and brain tissues. The 

same four samples that were used for determining methylation profiles were used to determine 

the transcript levels.  
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Figure 1. 
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Figure 2. 
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Figure 4. 
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Figure 5.  
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