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Abstract

The functional importance of variable, transcriptional regulatory sequences within and
among natural populations is largely unexplored. We analysed the cytochrome P4501A
(CYP1A) promoter in three populations of the minnow, Fundulus heteroclitus, because
two SNPs in the promoter and first intron of CYP1A are under selection in populations
adapted to pollutants. To define the importance of these SNPs, 1630 bp of the CYP1A
promoter and first intron and exon were sequenced in eight individuals from three
populations: a population from a polluted environment resistant to some aromatic
pollutants and two flanking reference populations. CYP1A is induced by many aromatic
pollutants, but in populations adapted to pollutants, CYP1A has been shown to be
refractory to induction. We were interested in understanding whether variation in the
CYP1A promoter explains mechanism(s) of adaptation to these aromatic pollutants. The
CYP1A promoter was extremely variable (an average of 9.3% of the promoter nucleotides
varied among all populations) and exhibited no fixed differences between populations.
As CYP1A is poorly inducible in adapted fish, we hypothesized that CYP1A promoter
regions might vary functionally between populations. Unexpectedly, in vitro analysis
showed significantly greater transcription from CYP1A promoters found in the
population from the polluted environment relative to promoters found in both reference
populations. Thus, despite extensive variation among populations and lack of fixed
differences between populations, individuals from a polluted environment have
significantly enhanced promoter activity. These data demonstrate that intraspecific
variation, which provides the raw material for natural selection to act on, can occur while
maintaining promoter function.
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Introduction

The estuarine minnow, Fundulus heteroclitus, inhabits
several of the most heavily polluted estuaries in the
world (Wirgin & Waldman 2004), including New Bed-
ford Harbor, Massachusetts, USA, a Superfund site pol-
luted with high levels of polychlorinated biphenyls
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(PCBs) (Weaver 1983). While this site has only been
contaminated for approximately 100 years, F. heterocli-
tus has adapted to its seemingly inhospitable conditions
(Nacci et al. 1999, 2010). Recently, two SNPs in the
proximal promoter of the hepatic monooxygenase, cyto-
chrome P4501A (CYP1A) were shown to be under selec-
tion in the New Bedford Harbor population as
compared to clean, reference populations (Williams &
Oleksiak 2011) indicating a genetic underpinning for
adaptation. CYPIA transcription is induced by some
polychlorinated biphenyls and some halogenated and
nonhalogenated aromatic hydrocarbons via the aryl
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hydrocarbon receptor (AHR) pathway (Whitlock et al.
1996). Ligand-activated AHRs bind to well-conserved
xenobiotic response elements (XREs) upstream of the
transcriptional start site in promoters to enhance gene
transcription. Yet, F. heteroclitus individuals from New
Bedford Harbor are refractory to CYP1A induction by
prototypic inducers (Nacci et al. 1999; Bello et al. 2001)
and have lower CYP1A enzyme activity as compared to
reference populations (Bello 1999). The basis for this
refractory phenotype has not been characterized, but
could involve the SNPs under selection either directly
or through linkage to areas responsible for modulating
CYP1A transcription.

The mechanism of differential sensitivity to pollutants
has been proposed to involve the AHR signalling path-
way, whose activation via pollutant binding is signalled
by CYPIA induction. The refractory nature of CYP1A
induction in the New Bedford population supports the
linkage between differential sensitivity and the AHR
pathway, although the direct role of CYP1A in toxicity
and/or tolerance is unclear (Hahn et al. 2004). Efforts
have been made to explore the adaptive role of AHR
and other AHR pathway components. AHR (1 and 2),
aryl hydrocarbon receptor nuclear translocator (ARNT),
and AHR repressor (AHRR) gene expression patterns
do not differ between New Bedford Harbor and refer-
ence populations, nor does the methylation status of the
AHR promoter (Powell et al. 2000; Karchner et al. 2002;
Aluru et al. 2011). While the AHR1 and AHR2 loci are
polymorphic and have different allele frequencies in
New Bedford Harbor and reference populations that
may have been driven by selective pressures related to
polluted environments (Hahn et al. 2002, 2004), no vari-
ants have been shown to be functionally important in
vitro (Hahn et al. 2004).

However, two polymorphisms in or near the CYP1A
promoter are under selection or linked to areas of the
genome under selection in F. heteroclitus from New
Bedford Harbor (Williams & Oleksiak 2011). One selec-
tively important SNP is located at —670 bp upstream of
the +1 transcriptional start site and the other at 173 bp
into the first intron of the CYP1A gene. These selec-
tively important SNPs may alter transcription factor
binding or be linked to areas affecting transcription and
may be responsible for the refractory induction of
CYP1A in the New Bedford Harbor population.

To further explore the CYP1A promoter and the role
of these SNPs in resistance to anthropogenic contami-
nant mixtures, we sequenced 1630 bp of the promoter
and the first (noncoding) exon and intron in multiple
individuals from New Bedford Harbor and reference
populations to assess promoter-wide patterns of varia-
tion and to conduct evolutionary analyses among and
between populations. To assess the functional behav-

iour of the promoter, we measured promoter activity
and inducibility in a fish cell line. The null hypothesis
was that the variation in the promoter would not lead
to functional differences in promoter activity between
populations. Alternatively, promoters from the differ-
ent populations could exhibit differences in inducible
activity, perhaps attributable to nucleotide differences.
Thus, we tested the inducibility of CYP1A promoters
from 12 individuals to a prototypic PAH using a tran-
sient luciferase transfection assay in a fish cell line to
determine CYPIA promoter activities within and
between populations. Based on published in vivo stud-
ies, we expected that induction from the CYP1A pro-
moters of the resistant New Bedford Harbor
population would be lower than that from promoters
of the reference populations.

Materials and methods

Genomic clones

Fundulus heteroclitus were collected using minnow traps
during the spring of 2005. Fin clips were sampled from
eight individuals from each of the three collection sites
along the Atlantic Coast of the United States since we
were only interested in the underlying genomic infor-
mation and not epigenetic factors such as methylation
(Fig. 1). One of the three collection sites was an Environ-
mental Protection Agency (EPA) Superfund site: New

Atlantic Ocean

Massachusetts

Harbor, MA
Point Judith, RI

50 Km

Fig. 1 Fundulus heteroclitus collection sites. Superfund site
(New Bedford Harbor, MA, USA) is denoted by a star, and
north and south clean, reference sites are denoted by circles.
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Bedford Harbor (EPA ID: MAD980731335) and the other
two represent clean reference sites that flank the polluted
site equidistant north and south, Sandwich, MA (41° 44’
N and 70° 23’) and Point Judith, RI (41° 21.7” N and 71°
28.9" W). These sites differ in their sensitivities to PCBs:
fish from reference sites have a LC20 in the range of
20 ng PCB126/L and fish living in the polluted New
Bedford Harbor site have a LC20 of 42 845 ng PCB126/L
(Nacci et al. 2010). Fundulus grandis, a sister species to
F. heteroclitus (Gonzalez et al. 2009), was collected from
Port O’Connor, TX (28° 26" N and 96° 24" W) in the
spring of 2008 and was used as an outgroup.

Genomic DNA from fin clips was extracted using a
modified version of Aljanabi & Martinez (1997), and
DNA was resuspended in 50 uL 0.1X TE buffer. 2 kb of
the CYP1A promoter and first intron and two exons
were amplified using PCR from the genomic DNA of
each individual. The forward primer (5-AGTTAT
AGCCACAGTCCAGTCATTT-3") was located 1575 bp
upstream of the transcriptional start site and the reverse
primer (5-CAAGGCTATCAAACCCTCAGACAC-3)) was
526 bp downstream of the transcriptional start site in the
second exon (Powell et al. 2004). PCR amplification
products were ligated into a Promega pGEM-T vector
overnight at 16 °C with T4 DNA ligase and transformed
into electrocompetant JM109 Escherichia coli cells, which
were grown on carbenicillin selective plates. Colonies
were screened for insert with PCR using vector specific
primers. Insert PCR products from three clones per
individual were sequenced in both directions using ABI
BigDye terminator chemistry providing 6x coverage of
each nucleotide. Sequences were aligned in MACVECTOR
8.0 (Olson 1994) and CAP3 (Huang & Madan 1999).

Sequence analysis

CYP1A sequences from each of eight individuals in
New Bedford Harbor, Point Judith and Sandwich and
one Fundulus grandis individual were analysed with
DnaSP (Librado & Rozas 2009) to determine patterns of
sequence variation along the promoter as well as in the
first and second intron and first exon of the CYPIA
gene. For Tajima’s D and Fu and Li’s D, the significance
of D was evaluated with 10 000 coalescent simulations.
Linkage disequilibrium (LD), Gsr and Fsr were
extracted from DnaSP. For linkage disequilibrium, only
polymorphic nucleotides were considered in the analy-
sis. The degree of LD was estimated by the following
parameters: D (Lewontin & Kojima 1960), D’ (Lewontin
1964), R and R? (Hill & Robertson 1968). Both the two-
tailed Fisher’s exact test and the chi-square test are
computed to determine whether the associations
between polymorphic sites are significant. DnaSP also
performs the Bonferroni correction for multiple tests.

© 2011 Blackwell Publishing Ltd

Fsr (Fst = (Hr—Hs)/Ht) was calculated in DnaSP using
the equations of Lynch & Crease (1990) on a per locus
basis (Lynch & Crease 1990). For Ggr, as the data are
unphased, DnaSP first reconstructs the haplotype
phases. This haplotype reconstruction is conducted
using the algorithms provided by PHASE (Stephens
et al. 2001; Stephens & Donnelly 2003), fastPHASE
(Scheet & Stephens 2006) and HAPAR (Wang & Xu
2003). After reconstructing haplotypes, Gsr is calculated
using the method of Hudson et al. (1992) where a per-
mutation-based test is performed to detect genetic dif-
ferentiation of subpopulations at different localities
(Hudson et al. 1992). Ggr is defined 1-(Hs/Ht) where
Hg is a weighted average of estimated haplotype diver-
sities in the subpopulations, and Hy is an estimate of
the haplotype diversity of the total population.

Functional sites were defined in silico using ALIBABA 2
(Grabe 2002), a program which predicts transcription
factor binding sites using TRANSFAC 7.0 (Wingender et al.
1996).

Reporter gene constructs

CYP1A was inserted into the pGL3-Basic vector
upstream of the luciferase gene using restriction endo-
nucleases. Specifically, CYP1A genomic DNA, originally
cloned into pGEM-T vector, was digested with Apa I
and the 5overhang filled in with T4 DNA polymerase;
CYP1A was then released from the pGEM-T vector by
digestion with Sac I. Promega pGL3-Basic vector con-
taining the Firefly luciferase gene was linearized by
digesting with Kpn I and the 3" overhang filled in with
T4 DNA polymerase. This blunting was followed by
digestion with Sac I. Digested insert DNA and pGL3-
Basic vector were gel purified using Zymoclean Gel
DNA recovery kit and ligated together overnight at
16 °C. Ligation product was transformed into electro-
competant JM109 Escherichia coli cells, and plated on
carbenicillin selective plates. Colonies were screened for
insert with PCR using vector specific primers.

Cell culture and transfection

Fish hepatoma cells PLHC-1 (Poeciliopsis lucida hepa-
toma cell) (Ryan & Hightower 1994) were grown in
Gibco CO, independent media supplemented with 5%
FBS and 50 U/mL of penicillin G/50 pg/mL streptomy-
cin in a 30 °C incubator. PLHC-1 cells function similarly
to Fundulus heteroclitus liver in that they have intact, cat-
alytically active and AHR-mediated inducible CYP1A
protein (Hahn ef al. 1993). Cells were usually split
every 4 days by dissociating with 0.05% (w/v) trypsin
and 0.5mm EDTA and subcultured at 2 x 107 cells
per each 75 cm?® tissue culture flask. Using Fugene 6
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transfection reagent (Boehringer), cells at 50-80%
confluence were transiently co-transfected in 12-well
plates at a density of 2 x 10° cells per well with the
reporter gene vector and an internal control vector
expressing Renilla luciferase under the control of a cyto-
megalovirus promoter (pRL-CMV) (Promega). Cells
were treated with 3-methylcholanthrene (3-MC) dis-
solved in DMSO, or with DMSO only. 3-MC is a proto-
typic inducer of CYPIA through the AHR pathway
(Meyer et al. 2002). Although PCBs are the pollutants
most represented in New Bedford Harbor, PCB-resis-
tant New Bedford Harbor fish also are resistant to
PAHs (specifically 3-MC), showing the same refractory
phenotype (Nacci et al. 1999), and we treated cells with
this PAH due to its higher toxicity. Luciferase and Re-
nilla activities were measured using the Promega Dual-
Luciferase Reporter Assay System.

Results

Proximal and first exon and intron sequences
of CYP1A

A total of 2013 nucleotides (Fig. S1, Supporting Infor-
mation; 1630 in the promoter (5 to the start of tran-
scription) and 383 from the first exon and intron) were
sequenced from eight individuals from each of three
populations (Sandwich, New Bedford Harbor, and
Point Judith) and one Fundulus grandis individual (sister
species). SNPs (927 and 1890 bp) were found to be
under selection in a previous study (Williams & Olek-
siak 2011). Among the 1630 bp of promoter sequence
are 16 putative transcription factor binding sites that
make up 9.2% of the promoter sequence (150 bp)
including an intact TATA box at 1594 bp. Among the
16 binding sites, only the three xenobiotic response ele-
ments (XRE, at 799, 848 and 1403 bp) have been defined
experimentally by their ability to bind AHR in vitro
(Powell et al. 2004).

For the 1630 bp of the promoter, 10.3% of the nucleo-
tides are variable among all individuals in both species.
Within Fundulus heteroclitus, 9.3% of promoter sites are
variable, with 3.7, 6.3, and 0.4% within Sandwich, New
Bedford Harbor, and Point Judith individuals, respec-
tively. The promoter has 106 parsimony informative
sites (shared derived), and 22 fixed differences between
F. heteroclitus and its sister species F. grandis (Fig. SI,
Supporting Information). Two of the three xenobiotic
response elements (XRE2 and 3 (Powell et al. 2004))
had three polymorphisms across populations and spe-
cies (Fig. S1, Supporting Information). XRE3 had two
polymorphisms present only in the New Bedford Har-
bor population at nucleotides 1404 and 1405, where
New Bedford Harbor individuals NBH6 and NBH13

have a TT rather than an AC. The average nucleotide
diversity, defined as the average number of nucleotide
differences per site between two sequences, for the
proximal promoter for F. heteroclitus among all three
populations is 0.0150 (excluding gaps; N = 1538 bp).
Heterozygosity or theta (0) is 0.027 where 0 is defined
as 4Nu, N is the effective population size and u is the
mutation rate per nucleotide (or per sequence) and per
generation, per site (Jukes & Cantor 1969). Per popula-
tion, the average nucleotide diversity is 0.012 for Sand-
wich (N =1528 bp), 0.021 for New Bedford Harbor
(N =1538 bp), and 0.0016 for Point Judith
(N = 1529 bp).

The first exon and intron (383 bp) also were
sequenced, as one of the SNPs under selection (Wil-
liams & Oleksiak 2011) was located in the first intron
(at nucleotide 1890). For the 383 bp of the first intron
and exon, 11% of the nucleotides are variable among
all individuals in both species. Within F. heteroclitus
10.2% of sites are variable, with 5.2, 7.3 and 0.5%
within Sandwich, New Bedford Harbor and Point
Judith individuals, respectively. The first exon con-
tained two informative sites, and the first intron con-
tained 24 informative sites. All polymorphisms were
synonymous substitutions and thus did not alter the
amino acid sequence. The average nucleotide diversity
for the first exon was 0.018 for Sandwich (N = 111 bp)
and 0.009 for New Bedford Harbor (N = 111 bp); Point
Judith contained no polymorphisms. The average nucle-
otide diversity for the first intron was 0.017 for Sand-
wich (N =268), 0.040 for New Bedford Harbor
(N = 268), and 0.005 for Point Judith (N = 267).

Based on the sequence variation, populations are dis-
tinct with significant genetic distances (Table 1).
Between the two most geographically proximal sites,
Sandwich and New Bedford Harbor, the Ggt was 0.028
and Fsr was 0.054. Between New Bedford Harbor and

Table 1 Measures of population divergence between Fundulus
heteroclitus populations

Population 1 Population 2 Ky Gst Fst

Sandwich New Bedford 42.11 0.028 0.054
Harbor
Sandwich Point Judith 41.14 0.040 0.410
New Bedford Point Judith 46.09 0.037 0.405
Harbor

K,y = nD (average number of pairwise nucleotide differences).
Gsr is Nei’s coefficient of gene variation and defined as
1-(Hs/Hrt) where Hg is a weighted average of estimated
haplotype diversities in the subpopulations, and Hr is an
estimate of the haplotype diversity of the total population. Fsr
is Wright's inbreeding coefficient and is defined as
(Hy—Hs)/Hy.

© 2011 Blackwell Publishing Ltd
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Point Judith, the Ggr was 0.037 and Fst was 0.405.
Sandwich and Point Judith, the two furthest sampling
sites from each other, had a Ggt of 0.040 and a Fst of
0.410. The disparity in the population differentiation
calculations (Ggr and Fgr) is a result of the way in
which each is calculated. For Ggr, haplotypes were
reconstructed using several different methods. How-
ever, almost every single individual had a different
haplotype. The basis for the differences between the
values may lie in the fact that Ggr is examining haplo-
types and Fgr is examining differentiation between pop-
ulations on a per locus basis. Thus, the haplotypes are
unable to accurately differentiate the populations, but
the locus by locus Fst method is able to detect this dif-
ferentiation, a measure that was previously reported
using AFLPs (Williams & Oleksiak 2008). The average
number of pairwise nucleotide differences (K,,) were
similar in all three pairwise comparisons, with 42.11 for
Sandwich vs. New Bedford Harbor, 41.14 for Sandwich
vs. Point Judith, and 46.09 for New Bedford Harbor vs.
Point Judith (Table 1).

Linkage disequilibrium (LD) was compared for all
polymorphic nucleotides along the promoter and the
first exon and intron. For Sandwich, 558 of the total
12 483 pairwise comparisons of polymorphic loci (4.5%)
were in significant LD (Fig. S2, Supporting Informa-
tion). New Bedford Harbor had 2175 significant pair-
wise comparisons in LD, of a total of 33 871 pairwise
combinations (6.4%) (Fig. S3, Supporting Information).
Point Judith had the fewest significant pairwise com-
parisons (158) but had the highest percentage of signifi-
cant comparisons (46.76%) among the 338 pairwise
comparisons (Fig. 5S4, Supporting Information). Sand-
wich sequences showed strong LD among nucleotides
in the 5" end of the promoter. In New Bedford Harbor,
the sequence "ACTT’ spanning nucleotides 1972-1975 at
the 3" end of the first intron was in LD with a large
portion (40%) of the other polymorphic nucleotides
within the promoter, first exon and first intron. This
"ACTT’ sequence was also present in a Sandwich indi-
vidual as well as all Point Judith individuals, but not in
strong LD with other polymorphic nucleotides within
the promoter. Point Judith sequences also have a large
block of LD in the 5 end of the promoter where an
ancestral insertion occurs. There is no LD among the
SNPs (927 and 1890 bp) found to be under selection in
the previous study (Williams & Oleksiak 2011) with the
remainder of the promoter, intron one or exon one.
There was no significant LD among any known or
putative transcription factor binding sites with the
exception of XRE3 in the New Bedford Harbor popula-
tion. XRE3 (1403-1408) had significant LD to nucleo-
tides 1334-1359, which are just upstream of the XRE3
binding site.

© 2011 Blackwell Publishing Ltd

Evolutionary analyses of promoters

The CYPIA proximal promoter sequence variation
between Fundulus heteroclitus populations can be visual-
ized in sliding window comparisons (Fig. 2). In the
comparison of Sandwich to New Bedford Harbor, simi-
lar areas of the promoter are equally variable between
populations except between nucleotides 1551-1617
(upstream of the TATA box at 1594 bp), where there is
a difference between the nucleotide substitutions per
site between the two populations. In this area, there are
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0tr Within Sandwich !

l
— 1 I
0.08 Between New Bedford | !
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Fig. 2 Sliding window comparisons of average nucleotide sub-
stitutions per site within Fundulus heteroclitus populations (Pil
and Pi2) and between populations (D,y). Plots for the sliding
window use a 50 bp-wide window and 10 bp step size.
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several polymorphisms that only exist in one individual
in one population, increasing the Dxy value. In the
comparison of New Bedford Harbor to Point Judith,
Dxy exceeds the nucleotide substitution per site among
populations in the 3" end of the promoter spanning nu-
cleotides 1464-1553. In this area, Point Judith individu-
als do not have any sequence variation, and there is
moderate variation in three individuals (4, 6, 13) in the
New Bedford Harbor population. When clean, reference
sites Sandwich and Point Judith are compared, the
same area that had a large Dxy value in the Point
Judith vs. New Bedford Harbor comparison (nucleo-
tides 1464-1553) exhibits the same pattern due to the
lack of sequence variation in the Point Judith popula-
tion and moderate variation in the Sandwich popula-
tion. There are no clear patterns of variation near
predicted functional regions of the promoter between
New Bedford Harbor and its clean, reference sites.

A similar lack of a clear pattern in variation along the
CYP1A promoter can be visualized by plotting Tajima’s
D and Fu and Li's D and F statistics by population
(Fig. 3). The Tajima test for data from a single locus
(Tajima 1989) compares the estimate of theta (0) based
on the number of segregating sites to that based on the
average number of pairwise differences. Tajima’s D was
—0.202 for Sandwich, 0.034 for New Bedford Harbor
and 0.496 for Point Judith populations. None of these
values were significant at a P-value of 0.01. The test of
Fu and Li's D (Fu & Li 1993) with an outgroup
(F. grandis in this case) compares estimates of the num-
ber of segregating sites to the number of mutations on
external branches expected under neutrality and was
2.10 for Sandwich (P < 0.02), 2.04 for New Bedford Har-
bor (P < 0.02) and 0.96 for Point Judith (P > 0.10) popu-
lations. The Fu & Li’s F test statistic (Fu & Li 1993) is
based on the differences between the total number of
mutations in external branches of the genealogy and the
average number of nucleotide differences between pairs
of sequences. The F-test statistic is 0.83 for Sandwich,
0.97 for New Bedford Harbor and 0.23 for Point Judith
populations, and none of these values were significant
at a P-value of 0.01. Sandwich, New Bedford Harbor
and Point Judith sequences have generally positive Taj-
ima’s D and Fu and Li’s F statistics along the promoter
signifying low levels of both low and high frequency
polymorphisms and indicating a decrease in population
size and/or balancing selection. Fu and Li’s D statistic
was significantly positive (at a P-value of 0.01) in the
New Bedford Harbor population at the sliding win-
dows of nucleotide regions 1249-1340 bp. This region
contains a predicted Oct2 transcription factor binding
site, an enhancer that has been found to regulate immu-
noglobulin heavy-chain (IgH) genes in other teleosts
(Cioffi et al. 2002).
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Fig. 3 Sliding window plots of Tajima’s D, Fu and Li’s D and
Fu and Li’s F. (a) Tajima’s D calculations, (b) Fu and Li’s D cal-
culations, and (c) Fu and Li's F calculations using a sliding
window with a 50 bp-wide window and a 10 bp step size for
each Fundulus heteroclitus population. Solid and dashed lines
represent the estimated values (D or F) and 99% confidence
interval, respectively, obtained through 10 000 coalescent simu-
lations. Green line: Sandwich population. Blue line: New Bed-
ford Harbor population. Red line: Pt. Judith population.
Asterisk (*) indicates the significant deviations of D.

Functional assays

To assess whether luciferase expression increased in a
dose-dependent manner in cells transfected with the
CYP1A proximal promoter, induction of luciferase

© 2011 Blackwell Publishing Ltd
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1 2 New Bedford Harbor (r2=0.97)
m Sandwich (r?=0.71)

Fold induction over control
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Fig. 4 Induction of luciferase activity from Fundulus heterocli-
tus CYP1A reporter gene constructs from a New Bedford Har-
bor and Sandwich individual. CYP1A promoter strength was
assayed in PLHC-1 cells treated with 3-MC. Asterisks (*) indi-
cate a significant fold induction over control (P < 0.05).

expression was measured in PLHC-1 cells transfected
with CYPIA proximal promoter reporter gene con-
structs from a clean (Sandwich individual 527) and pol-
luted (New Bedford Harbor individual NBH6)
individual and treated with 3-MC (Fig. 4). The pro-
moter construct was 6831 bp in length, of which
2011 bp was CYP1A promoter, first intron and first
exon, with the start of transcription at 1628 bp (Fig. S1,
Supporting Information). There was an intact TATA
box at 1594 bp. Upstream of the transcriptional start
site, there were three XRE sites at 799, 848 and
1403 bp.

Transiently transfected cells were treated with 3-MC
or treated with vehicle control (DMSO) as described in
Williams et al. (Williams et al. 2000) at concentrations
ranging from 0.001 to 2 pm. At lower concentrations
(<0.05 pm), luciferase expression was similar for both
constructs and not significantly different from vehicle-
treated control (Fig. 4). At 0.05 pm 3-MC, the New Bed-
ford Harbor construct had significant induction over
control. At concentrations of 0.1 um and above, both
Sandwich and New Bedford Harbor constructs had sig-
nificant induction over control. The New Bedford Har-
bor construct also had a significantly higher (P < 0.05)
fold induction in comparison to the Sandwich construct,
ranging from 1.5 to 1.9 times greater. A horizontal
asymptote occurs at the 1 um concentration, indicating
that maximal induction of the promoter occurred at or
around that concentration.

To determine if there are individual and population
differences between the inducibility of CYP1A promot-
ers, luciferase activities from four individual promoter

© 2011 Blackwell Publishing Ltd

Average fold induction over control
w

0 -

Point Judith  New Bedford Harbor
Population

Sandwich

Fig. 5 Average fold induction of the CYP1A promoter over
control for Sandwich, New Bedford Harbor and Point Judith
populations. N = 4/population at a 1 pum concentration of 3-
MC. A one-way anova found a significant difference in the
average fold induction between populations (P < 0.0001) and
a Tukey’s HSD post hoc test determined that New Bedford
Harbor was significantly different from Sandwich (P < 0.0001)
and Point Judith (P < 0.0001), but Sandwich and Point Judith
were not significantly different from each other (P = 0.258).
Significant induction in the New Bedford Harbor population
compared to the reference populations is denoted by an
asterisk (*).

constructs were compared within and between the three
populations (Fig. 5) at a concentration of 1 pm 3-MC
(maximal induction). The pattern observed was very
similar to that of the dose-response curve: promoter
constructs from reference populations Sandwich and
Point Judith had on average a fold induction over con-
trol of 2.66 and 2.39, respectively, which was signifi-
cantly lower than the New Bedford Harbor population
promoter constructs, with an average fold induction
over control of 4.54. Within population average fold
induction over control variability was minimal, ranging
from 0.14 to 0.30. A one-way ANoOvA determined a sig-
nificant difference between populations (P < 0.0001),
and a Tukey’s HSD post hoc test determined that New
Bedford Harbor promoter constructs were significantly
different from Sandwich (P < 0.0001) and Point Judith
promoter constructs (P < 0.0001), but Sandwich and
Point Judith promoter constructs were not significantly
different from each other (P = 0.258).

Discussion

This study sought to determine variation within the
CYP1A promoter between populations from clean and
polluted environments and establish whether the pro-
moter plays a functional role in the CYP1A phenotype
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that has been described in the New Bedford Harbor
population: in the New Bedford Harbor population
CYP1A is refractory to prototypic CYP1A inducers
(Nacci et al. 1999; Bello et al. 2001).

The CYP1A proximal promoter, cloned from eight
individuals from each of three populations, is extremely
variable: up to 9.3% of the nucleotides in the promoter
vary among Fundulus heteroclitus individuals. This level
of variation is at least fourfold larger than variation
found in promoters and enhancers: CCR5 5 cis-regula-
tory region (2.1%; (Bamshad et al. 2002) and G protein-
coupled receptor kinase 4 promoter [0.94%;(Hasenkamp
et al. 2008)] in humans; the first intron of Adh [(1.7%;
(Kreitman 1983)] and the eve enhancer [0.87%; (Ludwig
& Kreitman 1995)] in Drosophila melanogaster; the chal-
cone synthetase promoter in Arabidopsis thaliana (1%;
(de Meaux et al. 2005)). This level of variation is similar
to the promoter variation in other loci that are evolving
by natural selection: the Ldh-B proximal promoter in
F. heteroclitus (6.1%; (Crawford et al. 1999); and the
endol6 promoter in the purple sea urchin (10%; (Balhoff
& Wray 2005). The percentage of polymorphisms in
predicted transcription factor binding sites (8.8% or 13
polymorphisms in 148 bp of in silico predicted func-
tional nucleotides among all individuals and popula-
tions) is similar to the percentage of polymorphisms
found within the promoter in the putative nonfunc-
tional nucleotides (9.4%, nucleotides that do not bind
transcription factors in silico). Yet, even though func-
tional binding sites are not well characterized in the
CYP1A promoter, it is difficult to explain this level of
polymorphism. These sequence data alone suggest the
evolutionary maintenance of polymorphisms thus sug-
gesting a heterozygote advantage. Analysis of SNPs in
the CYP1A promoter (Williams & Oleksiak 2011) sug-
gest that natural selection is responsible for the
increased frequency in the population from the polluted
environment. Thus, in combination with earlier work,
these data strongly suggest that natural selection may
be acting to maintain CYP1A proximal promoter poly-
morphisms.

Fundulus heteroclitus is a nonmigratory species (Skin-
ner et al. 2005), living in large subpopulations (Adams
et al. 2006). These large subpopulations maintain high-
standing genetic variation (Oleksiak 2010), allowing
adaptation through natural selection to changing envi-
ronmental conditions. Plots of variation between popu-
lations (Fig. 2) reveal that each population surveyed
had a substantial and similar amount of variation. It is
likely that this variation is entirely neutral. However, it
also has been hypothesized that stabilizing selection on
transcriptional output allows slightly deleterious muta-
tions to persist, compensated for by adaptive changes
elsewhere in the promoter and resulting in continuous

binding-site turnover (Ludwig et al. 2000; Balhoff &
Wray 2005). This alternative hypothesis is supported for
Sandwich and New Bedford populations by the Fu and
Li’s D test for selection, which found significantly posi-
tive values for the promoter. Significantly positive val-
ues for this statistic reflect an excess of intermediate-
frequency alleles, which can result from population bot-
tlenecks, structure and/or balancing selection. Con-
versely, Tajima’s D and Fu and Li's F for each
population were not significant. Tajima’s D has been
found to be more powerful than Fu and Li’s D test to
test for very strong, recent directional selection (Braver-
man et al. 1995; Simonsen et al. 1995). However, it has
been shown that Tajima’s D and Fu and Li's D test
have very low power to detect balancing selection
(Charlesworth et al. 1995). Fu and Li's F-test (Fu & Li
1993), which has a slightly higher power to detect bal-
ancing selection, found no significant patterns of varia-
tion along the CYPIA promoter in any population. As
only one of the three tests for selection was significant,
the evidence for balancing selection acting on the
CYP1A promoter is not overwhelming. Signatures of
selection may be more obvious in functional sequences.
However, because the majority of the polymorphisms
in putative functional sequences were in one or a few
individuals across populations, there was no significant
selection signal on those areas in Tajima’s D or Fu and
Li’s D and F statistics; significant values for these tests
would require shared polymorphisms between individ-
uals within populations. In addition, if balancing selec-
tion were maintaining those sites, one would also
expect to find high linkage disequilibrium between the
nucleotides of each site and other functional sites (Wall
1999; Charlesworth 2006); this was not the case. Given
these data, the most parsimonious explanation for the
unusually large nucleotide variation in the CYP1A pro-
moter is that it is most likely maintained by neutral
processes including large population sizes and migra-
tion. However, the power of these tests to detect selec-
tion is relatively weak (Wayne & Simonsen 1998),
especially given the lack of fixed differences in the pop-
ulation from the polluted site and the extensive
sequence variation among individuals.

The evolutionary analyses of nucleotide variation sug-
gest that the most parsimonious explanation for the
promoter variation among populations is that it is due
to neutral processes. This differs from SNP analyses
that demonstrated that two SNP in the CYP1A promo-
ter and first intron were evolving by natural selection
(Williams & Oleksiak 2011) and may reflect a lack of
power of the evolutionary analyses of nucleotide varia-
tion. In addition, we show here a functional difference
in promoter activity: among all four individuals from
New Bedford Harbor, there is greater induction in

© 2011 Blackwell Publishing Ltd
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response to a prototypic PAH (Fig. 5). The observation
that these individuals have better induction (vs. constit-
utive expression) suggests that the observed differences
are not due to experimental artefact. That is, the fact
that the constitutive expression was similar among indi-
viduals and the expression of reporter genes linked to
New Bedford Harbor promoters showed a statistically
significant increase indicates that these promoter
sequences are responsible. Yet there is a conundrum:
there is no one nucleotide or set of nucleotides shared
by New Bedford Harbor individuals that explains this
significantly greater induction. There was a polymor-
phism in the XRE3, where the XRE site was
“CTTGCGA” rather than the consensus sequence
“CACGCGA” in New Bedford Harbor individuals 6
and 13. However, there is no difference among New
Bedford Harbor individuals with or without this poly-
morphism in AHR-ARNT binding sites. While the XREs
described in the CYPIA promoter do bind the AHR-
ARNT complex in vitro (Powell et al. 2004), the func-
tional significance of each of these XREs is still unclear
with respect to inducing CYPIA transcription.

There is a second complexity in the data: when
whole organisms are exposed to PAHs, CYP1A tran-
scription has little or lower induction in New Bedford
Harbor fish (Nacci et al. 1999; Bello et al. 2001). Thus,
it was expected that the CYP1A promoter for this pop-
ulation would be less inducible by prototypic PAHs as
compared to populations without environmental con-
tamination histories, yet the opposite was found. Two
immediate explanations for this discrepancy between in
vivo and in vitro results are that (i) the regulatory
sequence responsible for the in vivo repression of tran-
scriptional phenotype lies further upstream or down-
stream of the CYPIA promoter region that was
sequenced (1630 bp) or (ii) regulation involves proteins
(trans- acting factors), which were not present in the
cell line in which the transfection assays were com-
pleted. Either explanation needs to address the obser-
vation that the proximal promoter (approx, 1kb 5 to
start site) from the polluted population effect a greater
induction and has a SNP that appears to be evoluting
by natural selection. Epigentic factors such as methyla-
tion status or microRNA-based regulation also are pos-
sible. However, no differences in CYP1A methylation
were found in two other Superfund populations (Eliza-
beth River, VA and Newark Bay, NJ, USA) sharing the
same refractory phenotype (Arzuaga et al. 2004; Tim-
me-Laragy et al. 2005), and to date, there is little
known about microRNA regulation in Fundulus hetero-
clitus. Compound specific differences in induction,
which have been observed in other resistant fish popu-
lations (Courtenay et al. 1999), might be found if a
PCB were used rather than a PAH. However, in vivo,

© 2011 Blackwell Publishing Ltd

New Bedford Harbor fish are refractory to CYP1A
induction by PAHs as well as PCBs (Nacci et al. 1999;
Bello et al. 2001). Regardless of the discrepancy
between in vivo and in vitro results and despite extre-
mely high levels of sequence variation in the CYP1A
promoter within and between populations, we found
significant differences in CYP1A promoter strength
between the polluted Superfund population (NBH) and
two flanking reference populations. These data and
SNP analyses suggest that the simplest explanation of
the sequence variation (that the promoter variation
among populations is due to neutral processes) is
incorrect. Instead, we would suggest that a selectively
important change in the NBH population is effecting a
change in CYP1A expression.

We can only speculate what the molecular mecha-
nism is that would explain the in vivo, in vitro and evo-
lutionary results. Because the SNP nucleotide variation
in the proximal promoter is adaptively important and
has a functional effect (although the opposite of what is
found in vivo), our data suggest that the transcription
factor(s) binding to the proximal promoter in vivo is dif-
ferent than that found in cell culture. Alternatively,
there could be an upstream element that interacts with
the proximal promoter to alter the enhancer effect of
this site from stimulatory to repressive. Resolving this
problem would require defining all the binding sites
that are affected by PCBs or PAHs and the transcription
factors that bind these sites.

Conclusion

The CYP1A promoter is extremely variable in both pre-
dicted functional (8.8% variation) and nonfunctional
sequence (9.4% variation). Patterns of variation differ
among the three tested populations; however all are
equally variable. One experimentally verified functional
site, XRE3, which differed in two New Bedford Harbor
individuals, did not affect the inducibility of the CYP1A
promoter in vitro to a prototypic inducer. Despite the
extreme variability of the CYP1A promoter within and
among populations, we found significant differences in
promoter strength among the population from the pol-
luted environment (New Bedford Harbor) and flanking
reference populations, corroborating previous results
(Williams & Oleksiak 2011), which identified selectively
important SNPs in the CYP1A promoter of individuals
from chronically polluted populations. The fact that our
subsequent analyses of promoter sequences showed no
signature of selection in promoters from individuals
from the polluted environment likely reflects a lack of
statistical power. In contrast to in vivo data, promoters
from individuals from the polluted environment
induced gene expression more strongly than promoters
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from individuals from the reference sites. This result
suggests that the large nucleotide divergence affects
CYP1A expression, but other cis or trans acting factors
must also exist to reproduce gene expression found in
nature. These data demonstrate that intraspecific varia-
tion, which provides the raw material for natural selec-
tion to act on, can occur while maintaining promoter
function.
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