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Abstract

To test the hypothesis that alternative splicing could be an adaptive mechanism for populations 

subject to multi-generational estrogenic exposures, we compared estrogen receptor alpha (ERα) 

splicing variants in two populations of killifish (Fundulus heteroclitus): one resident in an 

estrogenic polluted environment (New Bedford Harbor, NBH, MA, USA) and one from a 

relatively uncontaminated reference site (Scorton Creek, SC, MA, USA). In total we identified 

nineteen ERα variants, each with deletions of one or more coding exons. Four of the variants with 

potential functional relevance were analyzed by qPCR to test for population differences in 

expression by tissue type, site, sex, seasonal reproductive status and estrogen treatment. 

Significantly, a 5′-truncated short form variant (ERαS) was highly expressed in liver and ovary, 

and was associated with seasonal reproductive activity in SC but not NBH fish. Both ERαS and 

the full-length long variant (ERαL) were estrogen-inducible (ERαS > ERαL) but the induction 

response was lower in NBH than in SC fish. In contrast, NBH killifish were hyper-responsive to 

estrogen as measured by expression of two other estrogen responsive genes: vitellogenin (Vtg) and 

aromatase B (AroB). Most strikingly, two ERα deletion variants (Δ6 and Δ6–8), lacking ligand 

binding and activation function domains, were identified in a subset of NBH fish, where they were 

associated with reduced responsiveness to estrogen treatment. Together, these results support the 

hypothesis that alternative splicing of the esr1 gene of killifish could be an autoregulatory 

mechanism by which estrogen modulates the differential expression of ERα, and suggests a novel 

and adaptive mechanistic response to xenoestrogenic exposure.
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1. Introduction1

Estrogen-like endocrine disrupting chemicals (EDCs) or xenoestrogens interact with the 

ligand-binding site of estrogen receptors (ER) to alter transcription (Diamanti-Kandarakis et 

al., 2009). However, the extent to which EDCs could alter estrogen signaling though 

mechanisms other than direct transcriptional regulation remains largely unexplored in both 

human and wildlife populations. Because such mechanisms could provide adaptive 

opportunities for populations subject to multi-generational EDC exposures, we chose to 

study two populations of killifish (Fundulus heteroclitus): one resident in a polluted EPA 

Superfund site, New Bedford Harbor (NBH), MA, USA, and one resident in a clean 

reference site, Scorton Creek (SC), MA, USA. The NBH site is highly contaminated with 

polychlorinated biphenyls (PCBs) whose metabolites are weak ER agonists (DeCastro et al., 

2006). Additionally, outflow from wastewater is the presumed source of several natural and 

synthetic estrogens that have been identified in NBH (Zuo et al., 2006), and other 

contaminants present in urban estuaries are also estrogenic (Benotti and Brownawell, 2007). 

The NBH killifish have demonstrated resistance to polycyclic aromatic hydrocarbons 

(PAHs), dioxins, and dioxin-like PCBs as measured by reduced toxicity and decreased 

cytochrome P450 1a1 (Cyp1a) expression and activity (Bello et al., 2001; Nacci et al., 

1999). This trait is heritable (Nacci et al., 2010), and has been ascribed to a genome-wide 

disruption of aryl hydrocarbon receptor (AhR) signaling (Oleksiak et al., 2011; Whitehead et 

al., 2010); however the exact mechanism remains to be determined (Aluru et al., 2011; Hahn 

et al., 2004; Reitzel et al., 2014).

ERα/β are members of the steroid receptor family of ligand-activated nuclear receptors and 

interact as homo- or heterodimers on estrogen responsive elements (ERE) of target gene 

promoters to enhance or repress transcription (Heldring, et al., 2007). In killifish, like other 

teleost fishes, estrogenic responses are mediated by three ERs (ERα, -βa, -βb) but only ERα 

is estrogen responsive (Greytak and Callard, 2007). As measured by increased expression of 

estrogen responsive genes in reproductively inactive adults (vitellogenin, Vtg; and the 

predominant brain form of cytochrome P450 aromatase, AroB) (Greytak et al., 2005), the 

NBH environment is highly estrogenic, but ERα mRNA (itself a marker of estrogen 

exposure) remains unchanged, nor are there changes in the non-estrogen-regulated ERβa and 

ERβb (Greytak and Callard, 2007). Moreover, seasonal increases in ERα mRNA seen in SC 

are dampened in NBH fish, for example, in female liver ~3.5-fold increases are reduced to 

less than 2-fold in NBH (Greytak and Callard, 2007; Greytak et al., 2005). Although this 

suggests attenuation of the ERα auto-regulatory feedback loop that amplifies estrogenic 

responses in teleosts, induction of Vtg and AroB mRNAs was the same or greater in NBH 

1Abbreviations: AhR, aryl hydrocarbon receptor; AroB, brain aromatase or cytochrome P450 19b; Cyp1a, cytochrome P450 1a; elfa, 
gene encoding elongation factor alpha; EDC, endocrine disrupting chemical; ER, estrogen receptor; esr1/ESR1, gene encoding ER 
alpha in teleosts/mammals; NBH, New Bedford Harbor, MA; PAH, polycyclic aromatic hydrocarbons; PCB, polychlorinated 
biphenyl; qPCR, quantitative PCR; SC, Scorton Creek, MA; SNP, single nucleotide polymorphism; UTR, untranslated region; Vtg, 
vitellogenin
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males as compared to SC male fish (Greytak et al., 2010). Paradoxically, NBH embryos/

larvae overexpress ERα ~five-fold, yet they are hypo-responsive to estrogen treatment as 

measured by ERα and AroB induction (Greytak and Callard, 2007; Greytak et al., 2010). 

Together these findings suggest that the mechanism by which NBH killifish may be resistant 

to estrogenic exposures is gene- and life stage-specific.

Alternative splicing of the esr1 gene encoding ERα, is a plausible candidate mechanism to 

explain the complexity and diversity of estrogenic responses in NBH killifish. Like other 

nuclear receptors, ERα is a modular protein with five distinct functional domains (A – F) 

encoded by 8 exons; the DNA- (DBD, D) and ligand-binding (LBD, E) domains; two 

activation functions (AF), the constitutively active AF-1 (AB) at the N-terminus and the 

ligand dependent AF-2 (EF) in the LBD (Heldring, et al., 2007). In humans and mice, 

differential splicing of the eight coding exons of the ESR1 gene generates an exceptional 

number of structurally and functionally different ERα splice variants, some of which are 

associated with disease phenotypes (for a review see, Taylor et al., 2010). Moreover, 

transcription and splicing are mechanistically coupled and co-regulated (Moore and 

Proudfoot, 2002; Auboeuf, et al., 2004), suggesting that xenoestrogens that regulate 

transcription of a gene target also have the potential to regulate its splicing. Initial cloning 

efforts demonstrated no significant site differences in single nucleotide polymorphisms 

(SNPs) in the coding region of the killifish esr1 gene (Greytak and Callard, 2007), nor were 

any identified in a more comprehensive candidate gene scan SNP analysis which included 

ERα (Proestou et al., 2014). However, one alternatively spliced ERα was cloned from 

killifish (ERαx), which was present in both SC and NBH populations (Greytak and Callard, 

2007). Alternatively spliced ERα variants have been identified in many fish species (Cotter 

et al., 2013; Pakdel et al., 2000; Patino et al., 2000; Pinto et al., 2012; Seo et al., 2006; Tan 

et al., 1996; Xia et al., 1999). In particular, the expression of alternative long (ERαL, full-

length) and short (ERαS, 5′-truncated) mRNA variants appears to be a conserved feature of 

teleosts (Cotter et al., 2013). In rainbow trout, where the processing of the esr1 gene and 

production of alternative ERαS and ERαL isoforms was first described, the two variants 

have different estrogen binding and transactivation functions (Menuet et al., 2001; Pakdel et 

al., 2000). Also, in zebrafish, alternatively spliced ERαL and ERαS transcripts are 

differentially expressed by tissue type, during development and in response to estrogens and 

xenoestrogens (Cotter et al., 2013).

Here we investigated the hypothesis that the esr1 gene is differentially processed in NBH 

and SC killifish, and that resultant expression patterns of alternatively spliced ERα mRNAs 

could account for observed gene-, tissue-, and site-related differences in estrogen responses. 

We applied a targeted PCR cloning approach to characterize the killifish esr1 gene and to 

comprehensively survey the spectrum of ERα splice variants in fish from both sites. Four of 

the most abundant and functionally relevant variants were then analyzed by quantitative (q) 

and semi-quantitative (sq) PCR to document SC and NBH population differences in 

expression patterns by tissue type, reproductive status, and estrogen treatment. A total of 

nineteen alternatively spliced ERα transcripts were identified, some with more than one 

alternative splicing event. ERαL and ERαS transcripts were differentially expressed by site, 

tissue type, reproductive status, and estrogen treatment. Strikingly, two deletion variants 

Cotter et al. Page 3

Aquat Toxicol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



lacking exons that encode both the ligand binding and second activation domains were 

specific to a subset of fish from NBH and, in these individuals, were associated with reduced 

estrogen responsiveness.

2. Materials and Methods

2.1 Collection and treatment of adult killifish

To obtain tissues for PCR cloning and determine the tissue distribution of identified ERα 

mRNA variants (Section 3.3), adult killifish (six of each sex) were collected monthly from 

SC and NBH between May (reproductively active) and October (reproductively inactive), as 

described previously (Greytak and Callard, 2007; Greytak et al., 2005). Size, body weight 

and gonadosomatic index (GSI) of these fish were also reported in these earlier publications. 

Previously collected tissues and RNA extracts as an ethanolic precipitate used for cloning 

and variant analysis, respectively, were stored at −80 °C.

To determine effects of estrogen on expression of ERα, AroB and Vtg mRNAs, (Section 

3.4) additional reproductively active male and female killifish were collected from the two 

sites in June 2013 and kept until August 2013 in separate flow-through tanks with ambient 

temperature and light cycles at the National Health and Environmental Research Laboratory 

(Aquatic Ecology Division, US EPA), as previously described (Nacci et al., 1999), at which 

time they were past the period of seasonal reproductive activity at these sites (Greytak et al., 

2005). Fish were then injected intraperitoneally with 5 mg/kg 17β-estradiol (E2; Sigma, St 

Louis, MO) in sesame oil or vehicle alone 5 days before decapitation. This concentration 

was chosen based on previous studies (Greytak et al., 2010; Pait and Nelson, 2003; 

Urushitani et al., 2003), which demonstrated significant induction of Vtg, AroB, and ERα 

mRNAs with this dosing protocol. Average body weights of these groups were SC males 

8.13 g +/− 0.48 g, SC females 10.05 g +/− 0.85 g, NBH males 6.52 g +/− 0.34 g, NBH 

females 7.39 g +/−0.48 g, and reproductive regression was verified by visual inspection of 

the gonads. All fish were anesthetized in 0.06% MS-222 (Sigma) before decapitation. 

Tissues were immediately quick-frozen on dry ice, and stored at −80 °C.

2.2 RNA extraction and reverse transcription

Frozen tissues were homogenized in Tri Reagent (Sigma) and total RNA was extracted 

according to the manufacturer’s instructions. Extracts were treated with DNase I (Promega, 

Madison, WI) to minimize gDNA contamination. Concentration and quality of RNA was 

determined spectrophotometrically and confirmed by gel electrophoresis. Reverse 

transcription of 3 μg of total RNA (20 μl reaction volume) was performed using oligo(dT) 

priming and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA), according to the 

manufacturer’s instructions.

2.3 Oligonucleotides

Oligonucleotides used for PCR and qPCR are listed in Table 1 and Supplementary Table 2. 

Primers used in qPCR measurements of total ERα (Q5/Q6, Table 1), AroB (F-

ACGAGCACAGTCTGAGCATGAG; R- CTCAGATCCTCGTCATCGTTCA) and Vtg (F- 

GAGGATCTGTGCTGATGCAGTTGTG; R-GGGTAGAAGGCAGTCTTTCCCAGG) 
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mRNAs were previously published (Greytak and Callard, 2007; Greytak et al., 2005; 

Greytak et al., 2010). Primers were designed using the Primer Express 2.0 software program 

(Applied Biosystems, Foster City, CA). Primers for elfa were (F- 

TGATCCCCCAGAAGCCCATGGT; R-GCCACGGTCTGCCTCATG). All other primers 

were based on the previously published killifish ERα cDNA (GenBank # AY571785) and a 

preliminary annotation of the killifish genome (Fundulus.org) or based on homology to the 

marine medaka ERα cDNA (GenBank # AY917147) and the medaka genome (Ensembl.org, 

#ENSORLG00000014514).

2.4 Targeted PCR cloning and cDNA analysis

Reverse transcribed cDNA was amplified using exon-specific primers (2 mM each) and 

GoTaq Flexi polymerase (Promega) under the following conditions: 95 °C for 5 minutes; 40 

cycles of 95 °C for 30 seconds, 62 °C for 30 seconds, and 72 °C for 1 min/kb; and 72 °C for 

10 minutes. The ERα cDNA products were size separated on a 2% agarose gel, and the 

bands extracted using the MinElute Gel Extraction Kit (Qiagen, Hilden, Germany; 10 μl 

final volume). An aliquot (3 μl) of purified product was ligated into pGEM®-T Easy vector 

(Promega) and cloned using JM109 competent cells (Promega). Colonies were cultured and 

plasmid DNA was isolated using a Wizard® SV Minipreps DNA Purification System 

(Promega). Each sample was sequenced (Eurofins MWG Operon, Huntsville, AL or Eton 

Bioscience, San Diego, CA) in two directions using plasmid specific primers. Sequences 

were analyzed using BLAST.

2.5 Quantitative (q)PCR analysis

As previously described (Greytak and Callard, 2007; Greytak et al., 2005; Greytak et al., 

2010), qPCR analysis was performed using an ABI PRISM 7900 HT (Applied Biosystems, 

Foster City, CA) instrument with SYBR green fluorescent labeling. Amplifications were 

performed in triplicate for each cDNA sample in optically clear 384-well plates. Cycling 

parameters were as follows: 50 °C for 2 minutes, 95 °C for 10 minutes; 40 cycles of 95 °C 

for 15 seconds, 60 °C for 1 minute. Data were exported to Q-gene (Simon, 2003), adjusted 

for amplification efficiency, and normalized to elfa as previously described (McCurley and 

Callard, 2008). Results are expressed as mean normalized expression (MNE +/− SEM) of at 

least three independent biological replicates per experimental condition (see figure legends).

2.6 In vitro translation

To obtain the full coding region of ERαS, ERαL, and ERαSΔ6–8 end-to-end PCR was 

applied using specific primers in exons 2a, 2b, and 9 (Table 1) and NBH killifish liver 

cDNA. Variants were size separated on a 1% agarose gel, and the bands extracted using the 

MinElute Gel Extraction Kit and cloned into pcDNA3.1 mammalian expression vectors 

(Invitrogen). [35S]methionine-labeled ERα proteins were generated in vitro with a TNT 

coupled reticulocyte lysate system using 1 μg of the T7-promoter driven pcDNA template. 

Proteins were then separated by SDS-PAGE gel and visualized by autoradiography.
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2.7 Statistics

Statistical analysis by one-way analysis of variance (ANOVA) followed by Tukey’s 

multiple comparisons test was performed using JMP 11.0 (SAS, Cary, NC). Normality and 

equal variance of the data sets were analyzed by Shapiro-Wilk and O’Brien tests 

respectively, and those that did not pass both tests were transformed using log or arcsine 

methods as indicated in the figure legends. The dataset for the effects of estrogen on Vtg 

failed normality testing despite attempted transformations and, therefore, was rank 

transformed prior to ANOVA. Student’s standardized t-test was performed where specified 

using the online QuickCalcs calculator (GraphPad). See figure legends for details. 

Significance was set at P ≤ 0.05.

Statistical analysis by analysis of covariance (ANCOVA) was performed using JMP 11.0 

(SAS) to determine the predictors of expression changes in estrogen responsive genes. 

Utilizing data from individual fish, we investigated the effect of the independent variables, 

ERα isoform expression (ERαS or ERαL), population (SC, NBH, NBH del), and their 

interactions on the dependent variable, expression of Vtg, AroB, or ERα. Variables were 

removed in a backwards, stepwise fashion if their effect was not significant (P < 0.05).

3. Results

3.1 Identification of short and long 5′-end ERα variants and structure of the esr1 gene

Previous research in rainbow trout and zebrafish (see Introduction) described two ERα 

isoforms, ERαL (long isoform) and an N-truncated ERαS (short isoform), which are 

generated by alternative use of transcription and translation start sites. In killifish, the 

previously cloned ERα cDNA (GenBank # AY571785; Greytak and Callard, 2007), 

(GenBank # AB097197; Urushitani et al., 2003) corresponds to the transcript encoding the 

short isoform of rainbow trout and zebrafish, and is predicted to be lacking the A functional 

domain. To determine if killifish have an additional ERαL mRNA, we used a homology 

cloning approach. In silico analysis of the ERαL cDNA previously cloned from the 

taxonomically related marine medaka (Japanese killifish; GenBank # AY917147), when 

aligned with the medaka genome (Ensembl.org, #ENSORLG00000014514), indicated the 

possibility of two 5′-end variants. We first designed a degenerate forward primer (#1, Table 

1) in the presumed exon 2a of the medaka gene and paired it with a reverse primer (#2) 

targeting sequence downstream of the translation start codon (presumed exon 2b) of the 

cloned killifish ERαS transcript. A 153 bp cDNA fragment was amplified from killifish liver 

cDNA, indicating a second 5′-end transcript. Further analysis of killifish liver cDNA using a 

forward primer (#3) positioned in the 5′-UTR of the cloned killifish ERαS (presumed exon 

1) paired with the same reverse primer (#2) in exon 2b generated two products (114 and 314 

bp) that were identical in sequence at their 5′- and 3′-ends but the longer clone had a 200 bp 

insertion (presumed exon 2a). These results were confirmed using genomic DNA, indicating 

the presence of both ERαS and ERαL in killifish. Unlike rainbow trout and zebrafish, 

however, the 2092 bp killifish long isoform utilizes the same transcription start site (TSS) as 

the short isoform, and the two variants differ only in the alternative splicing of exon 1 onto 

exons 2a (long) or 2b (short) (Figure 1). Translation of the killifish ERαL is predicted to 

begin at ATGII in exon 2a, resulting in a 620 aa protein containing a complete A domain 
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(Figure 2A). In contrast, the killifish ERαS is predicted to be translated from ATGI in exon 

2b, resulting in an N-truncated protein that is lacking the 47 aa that comprise the A domain 

(Figure 2A). The predicted protein sizes for ERαS and ERαL were confirmed via in vitro 

translation of the full-length cDNAs resulting in 65 and 70 kDa proteins respectively (Figure 

2B). The killifish long ERα cDNA sequence was entered into GenBank as accession number 

HM641843.3 (Table 2).

Mapping of our killifish ERαS and ERαL cDNAs onto the medaka genome, and a 

preliminary annotation of the esr1 gene from the killifish genome (Fundulus.org), revealed a 

structure similar to the zebrafish esr1 gene (Ensembl.org, #ENSDARG00000004111), with 

the only major difference being insertion of intronic sequence in exon 5. Cloning of this 

region using killifish genomic DNA and primers in exon 5 (#4/6) confirmed that there is a 

140 bp intron that divides exon 5 into two parts of 179 and 154 bp, respectively termed 

exons 5a and 5b (Figure 1). The size and sequence of all other introns (with the exception of 

introns 3, 6, and 8) was confirmed using exon specific primers and killifish genomic DNA 

(unpublished data) and is shown diagrammatically in Figure 1 and detailed in 

Supplementary materials (Table S1; Genbank # KM236111).

3.2 Identification of ERα variants with deleted internal exons

Targeted PCR cloning was applied to identify other possible alternative splicing events 

affecting the killifish esr1 gene, and liver cDNA from killifish from both SC and NBH sites 

was routinely used. First, deletions exclusive to the N-terminus of the predicted protein were 

examined using a forward primer in exon 1 and a reverse primer in exon 5b (#3/7, Table 1), 

resulting in the identification of four ERα variants, which were then extended in the 3′ 

direction using variant specific forward primers (see Supplementary Table 2) and a reverse 

primer in the 3′ UTR (#9). The first two (termed ERαΔ2, GenBank: HM641845; and 

ERαΔ2–3, GenBank: KF931638) resulted from the direct splicing of exon 1 to exons 3 or 4 

respectively (Figure 1, circled g/h). The second two (named ERαΔ2.5, GenBank: 

KF931639; and ERαΔ2.75, GenBank: KJ650315) resulted from the splicing of exon 1 to 

internal splice acceptor sites approximately one-half or three-quarters into exon 2b (Figure 

1, circled e/f). The predicted translation start site for ERαΔ2 is about halfway through exon 

3 resulting in a protein missing all of the A and B domains, while translation of ERαΔ2–3 is 

predicted from an ATG in exon 4 resulting in a protein missing the A, B and the first 38 aa 

of the C (DNA binding) domains (Supplementary Figure 1, Table 2). Translation of both 

ERαΔ2.5 and ERαΔ2.75 is predicted to begin at a start codon at the end of exon 2b, 

resulting in the same 492 aa protein missing the entire A domain (AF-1 Suppression), and 

the first 81 aa of the B domain (AF-1) (Supplementary Figure 1, Table 2).

Next, possible larger deletions in the ERα mRNA were explored using the same exon 1 

forward primer (#3) paired with a reverse primer in exon 8 (#8), and culminated in the 

discovery of four additional variants, which were then extended in the 3′ direction using 

variant specific forward primers (see Supplementary Table 2) and a reverse primer in the 3′ 

UTR (#9). Sequence analysis indicated that the first two of these variants (named ERαSΔ2–

3.5, GenBank: KM040769; and ERαSΔ2.5–3.5, GenBank: KM040770) resulted from the 

splicing of internal regions of exon 2b onto internal regions of exon 3 (Figure 1, circled c/d). 
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The predicted protein translated from ERαΔ2–3.5 is expected to be the same as ERαΔ2, 

while ERαΔ2.5–3.5 is expected to be the same as ERαΔ2–3 (Supplementary Figure 1, Table 

2). The other two variants (termed ERαΔ2–6, GenBank: HM641844; and ERαLΔ2b-7.5, 

GenBank: KJ650316) resulted from either the direct splicing of exon 1 onto exon 7, or the 

splicing of the end of exon 2a to an internal splice site halfway through exon 7 (Figure 1, 

circled i/j). The predicted translation start site for ERαΔ2–6 is at the beginning of exon 7, 

while ERαLΔ2b-7.5 contains ATGII in exon 2a, resulting in 206 and 179 aa proteins 

respectively, both missing all of the A–D domains, and one-third of the E domain (Ligand 

Binding/AF-2) (Supplementary Figure 1, Table 2).

Lastly, we targeted further possible ERα mRNA variants by performing end-to-end PCR 

using the exon 1 forward primer (#3), and a reverse primer in the 3′ UTR (#9). This 

technique yielded four remaining variants; two of which (named ERαΔ3–7.5 and ERαΔ2–7) 

were created by the alternative splicing of a site within exon 2b to a site either halfway 

through exon 7 or at the beginning of exon 8, and the other two (ERαΔ6 and ERαΔ6–8) 

consisting of the direct splicing of exon 5b onto exon 9 (Figure 1, circled k/l/m/n). All four 

have either the short or the long variation at the 5′ end and as such translation is predicted to 

start from either ATGI or ATGII. Δ3–7.5 would therefore yield protein of two sizes, 160 aa 

(ERαSΔ3–7.5, GenBank: KJ650313) and 207 aa (ERαLΔ3–7.5, GenBank: KJ650314), both 

of which are missing half of the B and E domains, and all of the C and D domains 

(Supplementary Figure 1, Table 2). On the other hand Δ2–7 would yield two proteins that 

are 191 aa (ERαSΔ2–7, GenBank: KF931636) and 238 aa (ERαLΔ2–7, GenBank: 

KF931637), both of which are missing most of the B domain, all of the C and D domains, 

and half of the E domain (Supplementary Figure 1, Table 2). Depending on ATG usage, Δ6–

8 would be translated into two proteins of 333 aa (ERαSΔ6–8, GenBank: KJ650320) and 

381 aa (ERαLΔ6–8, GenBank: KJ650321) which, due to a frame shift, would be missing 

almost all of the E domain and the complete F domain (agonist/antagonist distinction) with 

an additional 10 aa at the C-terminus (Figure 2A, Table 2). The two variants of Δ6 

(ERαSΔ6, GenBank: KJ650318 and ERαLΔ6, GenBank: KJ650319) would have a frame 

shift similar to the Δ6–8 splice variant and would result in similar proteins (Figure 2A). The 

predicted protein size for ERαSΔ6–8 was confirmed by in vitro translation, which yielded a 

42 kDa protein (Figure 2B).

In addition to the combination of internal deletions with either the short or long 5′ ends, we 

identified several variants produced by more than one splicing event. For instance, Δ2b-7.5 

co-occurred with the previously identified ERαx variant (Greytak and Callard, 2007) and 

predicted a 69 aa protein (GenBank: # KJ650317) containing only small fractions of the E 

and F domains. Moreover, the Δ2–3.5 and Δ6–8 deletions co-occurred to predict a 197 aa 

protein (GenBank: KF931640) that would be missing all of the B and F domains and most 

of the E domain (Supplementary Figure 1, Table 2).

3.3 Differential expression of short, long, and total ERα mRNAs by tissue-type in 
reproductively active and inactive SC and NBH killifish

In previous studies, we reported that ERα mRNA expression varies by tissue-type, sex and 

reproductive status in SC and NBH killifish (Greytak and Callard, 2007; Greytak et al., 
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2010). To determine whether these variables affect the relative abundance of short and long 

ERα mRNAs we applied qPCR analysis using variant specific primers. Forward primers 

(Q1 and Q3) targeted sequences at the 5′ end that are exclusive to either ERαS or ERαL (the 

exon 1/2b boundary or exon 2a, respectively), while the reverse primers (Q2 and Q4) 

targeted exon 2b, which is common to both forms (Table 1; Figure 1). As a control, we used 

the same primer set that was used in our earlier study (Greytak and Callard, 2007). This 

primer pair (Q5/6) targeted sequence in exons 7 and 8 that is common to both ERαS and 

ERαL (termed “total” ERα). A similar strategy was used to demonstrate differential 

regulation of 5′-end ERα variants in zebrafish (Cotter et al., 2013). Confirming our earlier 

results, total ERα expression in reproductively active SC fish was highest in liver (female > 

male) and ovary, with ~10-fold lower levels of expression in brain and testis and ~100-fold 

lower expression in eye (Figure 3A). Overall, the tissue-specific pattern of total ERα mRNA 

expression was similar for reproductively active SC and NBH killifish but NBH fish had 

significantly lower mean levels of total ERα mRNA in male brain, female liver, and ovary. 

In general, the pattern of ERαS expression was similar to that of total ERα: highest in liver 

(female > male; SC > NBH), with moderate (ovary, ~10-fold lower) or much lower levels 

(100-fold lower) in other tissues (Figure 3B). In contrast to ERαS, ERαL was more evenly 

distributed across different tissues, yet highest in female liver and testis (Figure 3C).

As shown in Figure 3, the transition to reproductive inactivity in SC killifish significantly 

decreased expression of total ERα in female liver and ovary and also decreased ERαS in 

both male and female liver and ERαL in ovary. Interestingly, these fish also demonstrated a 

small, but significant, 1.5-fold increase in ERαS mRNA in the male brain over their active 

counterparts (Figure 3E). By contrast, the already low levels of ERα mRNA in 

reproductively active NBH fish did not further decrease with the transition to reproductive 

inactivity. Indeed, when reproductively inactive fish are compared at the two sites, NBH 

killifish had higher levels of ERαS mRNA in male brain and testis (Figure 3E). In addition, 

the transition from reproductive activity to inactivity in NBH killifish significantly increased 

ERαS (5.5-fold) and ERαL (2.5-fold) in testis (compare Figure 3 panels B and E, and C and 

F), which may reflect previously reported differences in testicular size and cellular 

composition rather than transcriptional activity per se.

3.4 Effects of estrogen on expression of total, short and long ERα mRNAs in the liver of 
reproductively inactive male and female SC and NBH killifish

In our earlier study, we reported that a single submaximal estradiol injection upregulates 

mRNAs of total ERα and Vtg in liver and AroB in brain of reproductively inactive males at 

both sites after 5 days but there was a high degree of inter-individual variability, especially 

in NBH fish (Greytak et al., 2010). To confirm these results and determine if estrogen 

differentially regulates ERαS and ERαL in the liver of killifish, we quantified total, ERαS 

and ERαL mRNAs in reproductively inactive male and female killifish from both sites using 

the same treatment paradigm. As measured by one-way ANOVA separately for each mRNA 

species, total ERα, ERαS and ERαL were estrogen responsive (see legend to Figure 4); 

however, further analysis using Tukey’s multiple comparisons test revealed a complex 

pattern of isoform-, sex- and site-related differences in basal and estrogen induced mRNA 

levels. For example, total ERα was significantly upregulated by estrogen in SC males and 
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females but not in NBH fish of either sex (Figure 4A). Moreover, when basal or estrogen-

induced levels of ERαS (Figure 4B) or ERαL (Figure 4C) were compared in males or 

females at a given site or across sites, mean differences were not significant. Consistent with 

earlier reports (Greytak et al., 2010), total ERα expression was highly variable but not 

significantly upregulated by estrogen in the brain and gonads of males or females at either 

site, nor did estrogen induce expression of ERαS or ERαL in these tissues (Table 3).

To ascertain the effectiveness of the estrogen treatment paradigm in this experiment we also 

measured Vtg and AroB mRNAs, which are known to be more robust than ERα as markers 

of estrogen responsiveness in many teleosts, including killifish (Greytak et al., 2010). As 

shown in Figure 5, one-way ANOVA separately for each mRNA species showed a highly 

significant effect of estradiol on induction of Vtg (50 –2000-fold) and AroB (5 – 10-fold) 

mRNAs. Interestingly, although estrogen increased mean levels of AroB mRNA in the brain 

of killifish at both sites, the induction response reached significance only in NBH fish, and 

was double that seen in SC fish. Similar to qPCR analysis of the three ERα mRNAs (Figure 

4 and Table 3), there was a high degree of inter-individual variability in values obtained for 

Vtg and AroB mRNAs.

3.5 NBH-specific expression of 3′-end ERα deletion variants

Whereas the majority of the ERα exon deletion variants identified in this report were 

expressed at very low levels in adult killifish from both sites, ERαΔ6 and ERαΔ6–8 mRNAs 

were exceptional in that one or both were present in a subset of NBH killifish only and, 

where present, their PCR products were relatively high in abundance when compared to the 

normal transcript on agarose gels (Figure 6). Although we were unable to design suitable 

specific qPCR primers to quantify these variants, PCR analysis with primers that bracketed 

the region between exon 5b and exon 9 (Figure 6) shows that five out of ten NBH males (#1, 

3, 5, 8, 10) and three out of ten NBH females (#4, 5, 6) expressed ERαΔ6 and/or ERαΔ6–8 

mRNAs, whereas none of the SC individuals had detectable amounts of these two variants. 

Interestingly, individuals that expressed one or both of the 3′-end variants in liver also 

expressed these variants in testis and ovary (Supplementary Figure 2). Smaller amounts of 

the previously identified ERαx deletion variant (Greytak and Callard, 2007) were detected 

in both SC and NBH killifish.

3.6 Correlation between expression of ERα variants and induction of total ERα, Vtg and 
AroB mRNAs

Consistent with our previous study (Greytak et al., 2010) and as shown here (Figures 4 and 

5, Table 3), there was a high degree of biological variability in the measured mRNAs, as 

would be predicted for a wild population. To investigate the possibility that variability 

within the two populations masks significant differences between populations, we utilized 

analysis of covariance (ANCOVA) to test correlations between expressed levels of ERαS or 

ERαL mRNAs (independent variables) and expressed levels of each of the estrogen 

responsive mRNAs (dependent variables: total ERα, Vtg, AroB) in individual fish, 

combining males and females, and estrogen treated and untreated individuals, segregated by 

population. In addition to the SC population, NBH killifish were separated into two sub-

populations: NBH+del, expressing one or both of the 3′-end deletion variants (ERαΔ6, 
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ERαΔ6–8), and NBH-del, all remaining NBH killifish. Tables 4 and 5 summarize the 

statistical comparisons of the regression plots shown in Figure 7 and Supplementary Figure 

3.

As shown in Figure 7 and Supplementary Figure 3, the expression of Vtg mRNA in liver, 

and total ERα mRNA in liver, brain, testis and ovaries, were all significantly related to the 

expression of ERαS and ERαL in the same tissue. The relationship between each of the 5′-

end variants and Vtg was also significantly related to population (different intercepts), but 

there was no significant interaction between ERαS/ERαL expression and population (similar 

slopes) (Figure 7A, B). Specifically, the Vtg/ERαS relationship in SC fish differed 

significantly from that in both NBH+del and NBH-del fish and, although the Vtg/ERαs 

relationship did not differ significantly between NBH-del and NBH+del, expression of the 

deletion variant (NBH+del) tended to shift the intercepts closer to those of the SC 

population (e.g., attenuated estrogen hyper-responsiveness; Figure 7A). In marked contrast 

to the Vtg/ERαs relationship, there was no significant relation between the expression of 

AroB and either ERαS or ERαL in brain of the killifish examined (Figure 7C/D) but AroB 

expression was related to population. Although expression of total ERα, ERαS or ERαL in 

liver, brain, and ovary was not significantly related to population (Supplementary Figure 3), 

testicular expression of these transcripts was significantly related to population, as revealed 

by different intercepts, but not to an interaction between either of the ERα isoforms and 

population, as demonstrated by similar slopes for all regression lines (Figure 7E/F). These 

population effects were specific to the NBH+del population, with no significant differences 

seen between SC and NBH-del (Table 5).

4. Discussion

To explain the reproductive success of the NBH killifish population, despite intense long-

term multi-generational exposure to estrogenic environmental pollutants and evidence of 

ongoing endocrine disruption, we hypothesized that adaptations in ER-mediated signaling 

pathways somehow attenuate or neutralize the effects of estrogenic chemicals. In earlier 

studies, no population-related differences were found in the coding sequences of the three 

killifish esr genes, or in basal or estrogen induced levels of ERα, –βa or βb mRNAs, that 

could be interpreted as adaptive (see Introduction). Here we investigated the possibility that 

dysregulation of normal gene splicing patterns, by altering the spectrum of functionally 

relevant ER transcripts, could account for maladaptive (endocrine disrupting) as well as 

adaptive (tolerance, resistance) effects of environmental xenoestrogens. Using a targeted 

PCR cloning approach, we systematically documented ERα variants in the two killifish 

populations. A total of nineteen splice variants were identified, most of which were low in 

abundance and presumably functionally irrelevant. However, two major alternatively spliced 

5′-end transcripts, predicting a full length (long, ERαL) and an N-truncated (short, ERαS) 

isoform, were identified in both NBH and SC fish. In addition, two deletion variants 

(ERαΔ6–8, ERαΔ6), lacking some or all of the exons encoding functionally critical LBD/

AF-2 domains, were unique to a subset of individuals in the NBH population and, where 

expressed, were relatively abundant as compared to the corresponding exon-retained forms. 

To understand how these variants might contribute to endocrine disruption or adaptation, we 

used variant-specific PCR primers to compare expression by tissue type, sex, reproductive 
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condition and estrogen treatment in the two populations, and applied correlational analysis 

to examine the relationship between expressed levels of the key 5′-and 3′-end ERα variants 

and estrogen responses as measured by markers of estrogen exposure and effect (ERα, Vtg, 

AroB) in individual NBH and SC killifish.

4.1 Alternative 5′end ERα transcripts

In addition to the previously cloned “short” ERα transcript (Greytak and Callard, 2007; 

Urushitani et al., 2003), we identified a second alternatively spliced “long” ERα transcript in 

killifish. Production of ERαL and ERαS mRNAs in killifish is consistent with findings in 

rainbow trout (Pakdel et al., 2000) and zebrafish (Cotter et al., 2013) and, together with a 

survey of publically available ERα mRNA sequences in forty-nine taxonomically diverse 

fish species (Cotter et al., 2013), indicates that alternative splicing at the 5′ end of the esr1 

transcript is a conserved feature of teleosts (see Introduction). In killifish, ERαL and ERαS 

mRNAs are produced by inclusion or skipping of sequence at the proximal end of exon 2 

but originate from a single transcription start site, implying a single promoter and regulatory 

region. By contrast, alternatively spliced long and short transcripts in trout and zebrafish are 

produced from two transcription start sites, which is consistent with distinct promoters and 

regulatory regions. In silico translation of long and short transcripts in all three species 

predicts use of two different ATG codons and is supported by the sizes of the in vitro 

translated proteins. Functional analysis of the long and short rainbow trout transcripts after 

transfection into mammalian cells demonstrates that ERαL is activated only in the presence 

of ligand, whereas ERαS displays some ligand-independent activity but its maximal 

transactivation activity is higher (Pakdel et al., 2000). Further studies indicate that the A 

domain of the rainbow trout long isoform is responsible for suppressing its constitutive 

ligand-independent activity (Metivier et al., 2000; Métivier et al., 2002), a function that was 

also demonstrated with human ERα (Nicol-Benoit et al., 2011). Thus, based on ERα 

structure alone, it is unclear whether the long or the short isoform would be adaptive in an 

estrogenic environment.

To further understand the potential functional significance of the two N-terminal isoforms in 

killifish, we designed variant specific primers to measure ERαS and ERαL mRNAs by qPCR 

in different tissue types from reproductively active and inactive male and female fish at the 

two sites, and also tested the effects of estradiol treatment. Primers that targeted a region 

common to both long and short transcripts were used as a control to estimate overall esr1 

expression (“total” ERα mRNA). In general, expressed levels of ERαS and ERαL mRNAs 

reflect differences in total ERα mRNA, which confirm results of our previous studies 

(Greytak and Callard, 2007; Greytak et al., 2010). Where the two transcripts differ is in the 

magnitude of tissue-specific differences, and the degree of change when different 

physiological conditions (male/female, reproductive activity/inactivity, estrogen treatment) 

and fish populations (SC/NBH) are compared. For example, the tissue distribution of total 

ERα and ERαS in killifish (female liver > male liver = ovary > other tissues) agrees with our 

previous analysis of total ERα and ERαS in zebrafish (Cotter et al., 2013). Although the 

distribution of ERαL to some extent reflects the more robust tissue differences of ERαS in 

killifish, ERαL mRNA does not differ significantly in different tissue types in zebrafish. 

These species differences are likely due to the fact that ERαS and ERαL share a single 
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transcription start site in killifish while the two mRNAs utilize separate transcription start 

sites in zebrafish, and further suggest that tissue factors selectively regulate production of 

ERαS. Similar to tissue-specific patterns of expression, comparison of expressed levels of 

ERαS are significantly related to reproductive status, sex or site whereas ERαL mRNA 

shows little or no change with physiological status.

In zebrafish embryos, ERαS but not ERαL is robustly estrogen-inducible (Cotter et al., 

2013), strong evidence that the short isoform is the main component of the autoregulatory 

feedback loop that advances and amplifies estrogenic responses. We infer from this that 

promoter switching from the short to the long transcript is a mechanism that could attenuate 

the autoregulatory feedback loop, which would be adaptive in an estrogenic environment. 

Contrary to this prediction, both ERαS and ERαL are upregulated by estradiol in killifish at 

the two sites. Although basal and induced levels of ERαL are lower than ERαS, they 

generally reflect changes in total ERα, again, consistent with a shared transcription start site.

4.2 3′-end ERα deletion variants

Two of the nineteen internal deletion variants identified, namely, ERαΔ6 and ERαΔ6–8, 

were cloned exclusively from NBH killifish. In silico translation of these variants indicates a 

frame-shift after exon 5 and predicts proteins missing the entirety of the E and F domains, 

including the functionally important LBD and AF-2 domains. These variants were not 

identified in zebrafish (Cotter et al., 2013), but a similar variant (ERΔE5) with a deletion in 

exon 5 (corresponding to exon 6 in killifish) has been identified in humans and also results 

in a frame-shift that translates to a protein similar in size to the killifish ERαΔ6–8 (Bollig 

and Miksicek, 2000). The human ERΔE5 variant displays a complete inability to bind ligand 

and, although it lacks transactivating activity of its own, it functions as a dominant negative 

when co-transfected with full-length ERα. Interestingly, a 3′-end deletion variant (ERαx) 

previously identified in killifish (Greytak and Callard, 2007) and zebrafish (Cotter et al., 

2013) is affected in the E and F domains and corresponds to a splice variant termed ERαΔ7 

in human (Herynk and Fuqua, 2004).

Using a PCR approach to co-amplify normal and variant products at the 3′-end, we found 

that ERαΔ6 and ERαΔ6–8 are expressed in a subset of individuals in the NBH killifish 

population and are relatively abundant compared to the exon-retained normal product in the 

same fish. Of twenty vehicle and estrogen-treated male and female NBH fish examined, a 

total of eight expressed variable amounts of one or both of these deletion variants as 

indicated by band intensity. Interestingly, individuals expressing ERαΔ6 and/or ERαΔ6–8 

mRNA in the liver expressed the same forms in the testis or ovary. This suggests that the 3′-

end deletion variants result from a genome-wide change in factors or mechanisms 

controlling ERα pre-mRNA processing rather than from tissue-, sex- or estrogen-specific 

regulatory factors. Neither our earlier analysis of exonic sequences (Greytak and Callard, 

2007), nor our preliminary analysis of intronic sequences (unpublished data), of esr1 in 

NBH killifish identified sequence changes that could be implicated in splicing control, but 

global changes in gene splicing could also be controlled by changes in exonic DNA 

methylation (Maunakea et al., 2013) or by genetic or epigenetic changes altering the 
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expression of serine/arginine-rich (SR) proteins or other splicing regulatory proteins (Chen 

and Manley, 2009).

4.3 Relation between ERα variants and estrogen responses in SC and NBH killifish

Based on lower basal levels of ERα mRNA in several tissue types of NBH killifish (Greytak 

et al., 2010), we initially postulated that tolerance to an estrogenic environment could be 

explained by acquired hypo-responsiveness to estrogen. Indeed, results here show that the 

response to administered estrogen is reduced in NBH fish when measured as upregulation of 

total ERα mRNA (but not ERαS and ERαL). Nonetheless, we confirm here that NBH fish 

are actually hyper-responsive to estrogen when Vtg is measured in liver and AroB is 

measured in brain. Although induction of AroB is strictly ERβb mediated, estrogen 

upregulation of ERα and Vtg mRNAs are ERα-mediated, at least in zebrafish (Griffin et al., 

2013). Also, the normal or exaggerated estrogen responses we record in adult male and 

female killifish are in contrast to the hypo-responsiveness seen when ERα and AroB 

mRNAs are measured in NBH embryos (Greytak et al., 2010), and when a variety of 

estrogen markers are measured in killifish from other polluted sites (Bugel et al., 2014; 

Bugel et al., 2011).

Here and in our previous studies (Greytak et al., 2010) we noted the high degree of 

variability in the estrogen responses of killifish in general and NBH fish in particular, which 

may indicate evolving pre-adaptive or adaptive mechanisms. Killifish are known to be 

highly polymorphic (Burnett et al., 2007), and variability would not be surprising if we 

consider environmental estrogens as agents of selection for adaptations in estrogen signaling 

pathways. Consistent with this idea, some but not all NBH killifish express ERα deletion 

variants with potential to function as dominant negatives.

For all tissues examined using ANCOVA, the expressed levels of ERαS and ERαL were 

significantly correlated with expressed levels of total ERα mRNA, indicating that there is 

little regulation of either isoform that is independent of regulation of total ERα mRNA. 

Expressed levels of Vtg mRNA were also significantly correlated with ERα isoform 

expression, while the expression of AroB was not. This is consistent with results of our 

study using morpholino technology to demonstrate that estrogen upregulation of Vtg is 

mediated, at least in part, by ERα while AroB upregulation is mediated exclusively by ERβ 

b in zebrafish embryos (Griffin et al., 2013).

Interestingly, significant population effects are revealed by ANCOVA but these are 

manifested not as differences in slope but as differences in the position of the regression line 

on the scatter plot (y-intercept). To illustrate, in SC and NBH killifish, every increment in 

ERαS expression is significantly related to an increase in Vtg expression; however, for each 

increment in ERαS mRNA there is greater amount of Vtg expressed in NBH than in SC fish. 

Most importantly, for the relationship between the short and long isoforms and Vtg 

expression, displacement of the regression line on the scatter plot relative to the SC controls 

is greater in fish not expressing the deletion variants ERαΔ6 or ERαΔ6–8 (NBH-del) than in 

killifish in which the variants are present (NBH+del). This suggests that the presence of the 

variants somehow “normalizes” the ERα/Vtg relationship. Whether ERαΔ6 or ERαΔ6–8 
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function as dominant negatives in vivo, thereby reducing availability of transcriptionally 

active ERα, and perhaps the ERβa and ERβb, requires further study.

A possible explanation for the observed population differences in the ERα/Vtg relationship 

and the hyper-responsiveness of Vtg to estrogen may lie with transcriptional memory as a 

result of the long-term exposure of the NBH fish to their estrogenic environment. It has been 

thoroughly documented that prior estrogen exposure substantially increases the rate and 

magnitude of Vtg upregulation after subsequent exposures, and this phenomenon is true for 

chickens (Beuving and Gruber, 1971), frogs (Baker and Shapiro, 1978), and fish (Le Guellec 

et al., 1988). Although the exact mechanism of the Vtg memory effect remains a matter of 

debate, a recent study in rainbow trout implicates the short ERα isoform in the maintenance 

of transcriptional memory (Nicol-Benoit et al., 2011). Further, there are numerous studies 

demonstrating that developmental exposure to EDCs affects estrogen responsiveness later in 

life (Ceccatelli et al., 2006; Maerkel et al., 2005; Newbold et al., 2004; Roepke et al., 2006) 

and some of these effects could be mediated by epigenetic changes (Bromer et al., 2010).

An alternative explanation for the observed population differences in the ERα/Vtg 

relationship and the hyperresponsiveness of Vtg to estrogen is that it compensates for an 

inhibitory factor in the NBH environment. In mice, AhR transcriptionally represses ERα 

(Tian et al., 1998), and previous studies have established that there are dioxin-like chemicals 

and changes in the AhR signaling pathway in NBH killifish (Bello et al., 2001; Nacci et al., 

1999; Powell et al., 2000). It remains to be determined whether there are differences in the 

estrogen response of NBH fish that have been depurated of PCBs and other persistent and 

bioaccumulative chemicals that may act as EDCs.

It has been previously demonstrated that alternative splicing can act as a mechanism for 

adaptation to various environmental pressures. In plants, this phenomenon has been very 

well studied, and changes in splicing have been implicated in adaptation to changes in 

photoperiod, temperature, salt stress, and disease resistance (Ding et al., 2014; Kwon et al., 

2014; Yang et al., 2014). Alternative splicing has also been associated with pesticide 

resistance in several insect species (Fabrick et al., 2014; He et al., 2012; Xu et al., 2005) and 

has been widely linked to the adaptive resistance of multiple cancer types to chemotherapy 

and other treatments (Dehm, 2013; Krett et al., 2013; Sprenger and Plymate, 2014).

In conclusion, these results demonstrate that there is a significant number of alternatively 

spliced ERα mRNAs in killifish, which are differentially regulated in various tissues and in 

response to estrogen. Altered expression of these mRNAs, including the induction of two 

novel NBH-specific variants, could reflect adaptive responses to multi-generational 

exposures to xenoestrogens and other pollutants. Although formal proof of the dominant 

negative functions of these variants in vitro and in vivo is required, our results strongly 

support the idea that deletion variants are negatively regulating (attenuating/neutralizing) the 

hyper-responsiveness of this population. It is interesting to speculate that the presence of 3′-

end deletion variants in some but not all NBH killifish indicates that the population is still 

evolving. In this context, it will be important to determine if mechanisms that result in the 

NBH-specific deletion variants are heritable and, if so, whether heritability is genetic or 

epigenetic in nature. The NBH killifish provide a unique and valuable resource to study 
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molecular mechanisms of adaptation. Their responses to further environmental changes such 

as remediation or many other factors (e.g., climate change) provides a continually evolving 

“natural” experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Nineteen ERα variants were identified in killifish from NBH and SC

• ERαS and ERαL differed by tissue type, site, sex, and reproductive status

• ERαS was hypo-responsive to estrogen in NBH fish

• Vtg and AroB were hyper-responsive to estrogen in NBH fish

• Variants lacking E/AF2 domains were linked to ERαS hypo-responsiveness in 

NBH fish
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Figure 1. Organization and alternative splicing (circled a–n) of the killifish esr1 gene, as 
determined by targeted PCR cloning and sequence analysis of ERα cDNAs
See text for the cloning strategy, Table 1 for primer sequences and Table 2 for mRNA 

characteristics and GenBank Accession numbers. Cloned cDNAs were assembled and 

mapped onto the marine medaka genome (Ensembl.org, #ENSORLG00000014514) and 

subsequently confirmed by mapping onto a preliminary draft of the killifish genome 

(Fundulus.org) and by PCR cloning and sequencing of selected introns. See Table S1 for 

comparison of exon and intron sizes in killifish, medaka and zebrafish. A single 

transcription start site (TS) and two translation start sites (ATGI, ATGII) were identified. A 

transcript with alternative splicing between exon 1 and an internal acceptor site in exon 2 

(circled a) resulted in a short transcript lacking exon 2a and predicting translation from 

ATGI in exon 2b. A second transcript with alternative splicing between exon 1 and exon 2a 

(circled b) is predicted to begin translation at ATGII in exon 2a. Additional alternative 

splicing events (circled c – m) resulted in mRNAs with deletions of one or more internal 

coding exons. The previously cloned ERαx mRNA splice variant (circled n) is included for 

reference (Greytak and Callard, 2007). The six functional domains (A–F) of the human ERα 

protein (Krust et al., 1986) are shown below the corresponding exons. Although the esr1/

ESR1 gene has 8 coding exons in all vertebrates, by convention the first coding exon is 

termed exon 2 in zebrafish and rainbow trout (Menuet et al., 2004; Pakdel et al., 2000) but 

exon 1 in mouse and human (Ponglikitmongkol et al., 1988; White et al., 1987).
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Figure 2. (A) ERαS, ERαL ERαSΔ6 and ERαSΔ6–8 isoform structure as predicted in silico. (B) 
Short, long and Δ6–8 ERα isoform size as confirmed by in vitro transcription/translation
(A). Lower case letters in parenthesis are keyed to the splicing events shown in Figure 1. 

The previously identified ERαS was produced from the splicing of exon 1 to exon 2b (b), 

and was predicted to use ATGI resulting in a protein of 573 aa lacking the A domain. The 

newly identified ERαL was produced from the splicing of exon 1 to exon 2a (a), and its 

translation is predicted from ATGII in exon 2a resulting in a protein of 620 aa containing all 

six functional domains. A deletion variant lacking exon 6 (Δ6, m) was paired with both the 

short and long 5′ends predicting a 333 (short) or 380 (long) aa protein, respectively (only the 

short is shown). A deletion variant lacking exons 6, 7, and 8 (Δ6–8, n) was paired with both 

the short and long 5′ends, predicting a 334 (short) or 381 (long) aa protein, respectively 

(only the short is shown, b). Both Δ6 and Δ6–8 are predicted to be missing most of the E and 

all of the F domains. The key to the functional domains of the ERα protein as defined in 
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human (Krust et al., 1986) and rainbow trout (Pakdel et al., 2000) is shown at the bottom of 

the panel. Hatched regions indicate novel amino acid sequences generated by frame shifts. 

Predicted protein structure of additional cloned mRNAs is included in Supplementary 

materials (Figure S1). Characteristics of the variant mRNAs and predicted proteins are 

summarized in Table 2.

(B). In vitro translation of ERαS, ERαL, and ERαSΔ6–8 with TnT-coupled reticulocyte 

lysate in the presence of 35S-labeled methionine resulted in proteins of 65, 70, and 42 kDa, 

respectively, corresponding with the in silico size predictions.
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Figure 3. Differential expression of total ERα, ERαS, and ERαL mRNAs by tissue type in 
reproductively active (A, B, C) and inactive (D, E, F) SC and NBH killifish, as determined by 
qPCR analysis
Tissues from SC and NBH killifish of both sexes were pooled by site, sex, reproductive 

condition and tissue type (2 fish per pool) and analyzed using primers specific for ERαS or 

ERαL. Additional primers targeted sequence common to both variants (“total” ERα). Results 

are expressed as mean normalized expression (MNE) +/− SEM of 3 (liver, brain, gonads) or 

6 (eye) independent pools per tissue type. Sex-related differences in expression were not 

significant in the eye, so male and female data were combined. Analysis by log-transformed 

one-way ANOVA separately for each mRNA species showed significant differences by 

tissue type (total ERα: F = 45.99, P < 0.001; ERαS: F = 81.14, P < 0.001; ERαL: F = 13.52, 

P < 0.001). Asterisks indicate a significant difference in expression between sites or by sex 

at a given site as determined by t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Pound signs 

indicate a significant difference in expression between reproductively active and inactive 

fish from the same site as determined by t-test: P < 0.05. Note the logarithmic scale of the y-

axis.
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Figure 4. Induction effects of estradiol on total ERα, ERαS, and ERαL mRNAs in the liver of 
reproductively inactive male and female SC and NBH killifish
Reproductively inactive adult killifish were collected at each site, acclimated in the 

laboratory for 8 weeks, and then injected with 5 mg/kg of estradiol in sesame oil or vehicle 

alone. Tissues were collected for analysis 5 days post-injection. Results are expressed as 

mean normalized expression (MNE) +/− SEM of 5 individuals per sex, site, and treatment 

type. Analysis by arcsine- (total) or log- (ERαS and ERαL) transformed one-way ANOVA 

separately for each mRNA species showed that estradiol significantly upregulated total ERα 

(F = 17.21, P < 0.001), ERαS (F = 18.52, P < 0.001) and ERαL (F = 10.68, P < 0.01) 

mRNAs in liver. Letters indicate which samples differed significantly (P < 0.05) within an 

mRNA subtype as determined by Tukey’s multiple comparisons test. Note the logarithmic 

scale of the y-axis. For effects of estradiol on ERα, ERαS, and ERαL mRNAs in brain and 

gonads see Table 3. Induction effects of estradiol on hepatic Vtg and brain AroB mRNAs 

are shown in Supplementary Materials (Fig. S3).
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Figure 5. Effects of estrogen on expressed levels of (A) Vtg and (B) AroB mRNAs in male and 
female SC and NBH killifish
Adult killifish were injected with estradiol or vehicle alone and tissues processed for qPCR 

analysis (see legend to Figures 4). Results are expressed as mean normalized expression 

(MNE) +/− SEM of 5 individuals per sex, site, and treatment type. Analysis by rank- (Vtg) 

or arcsine- (AroB) transformed one-way ANOVA separately for each mRNA species 

showed a significant effect of estradiol on induction of hepatic vitellogenin (F = 114.29, P < 

0.001) and brain aromatase (F = 39.21, P < 0.001). Letters indicate which samples differed 

significantly (P < 0.05) within an mRNA subtype as determined by Tukey’s multiple 

comparisons test. Note the logarithmic scale of the y-axis in panel A.
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Figure 6. Expression of 3′-end ERα variants in the liver of individual male (A) and female (B) 
killifish after treatment with estradiol or vehicle alone, as determined by PCR analysis and 
agarose gel electrophoresis
Adult killifish were injected with estradiol or vehicle alone (see legend to Figure 4) and 

livers processed to RNA. cDNA from individual male or female killifish livers (lanes 1–10) 

was amplified with primers in exon 5 (#5) and the untranslated region of exon 9 (#9) in 

order to generate full-length and possible 3′-end deletion variants of ERα at the same time. 

Products were size-separated on agarose gels: full-length, 806 bp; ERαΔ6, 668 bp; ERαx, 

476 bp; ERαΔ6–8, 350 bp. RNA extraction, reverse transcription, polymerase, primer 

concentrations, cycling parameters, and agarose gel electrophoresis were exactly as 

described in Materials & Methods (sections 2.2 and 2.4).
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Figure 7. Relationship between mRNAs of ERαS (A, C, E) or ERαL (B, D, F) and estrogen 
responsive mRNAs (Vtg: A, B; AroB: C, D; total ERα: E, F) in individual killifish from SC (all) 
as compared to NBH fish expressing ERαΔ6 and/or ERαΔ6–8 ERα deletion variants (NBH+del) 
or all other remaining NBH fish (NBH-del)
Adult male and female killifish from NBH or SC were injected with estradiol or vehicle 

alone and tissues processed for qPCR analysis (see legend to Figure 4). Results were 

expressed as MNE and log transformed. Analysis of covariance (ANCOVA) was applied 

separately by site and the presence of deletion variants (SC, NBH+del and NBH-del). For 

each estrogen responsive mRNA (Y-axis, dependent variable), ERαS or ERαL mRNA was 

plotted on the X-axis (independent variable). See Table 4 for statistical analysis of the 

relationships, and Table 5 for significance between regression lines for different population 

pairs.
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Table 1

Oligonucleotide primer sequences. Numbering of nucleotide position corresponds to ERαL (GenBank: 

HM641843) except for the ERαS-specific primers Q1 and Q2, indicated by asterisk (*), where numbering 

corresponds to position in ERαS (GenBank: AY571785). With the exception of primer set Q5/Q6 (Greytak 

and Callard, 2007; Greytak et al., 2010), all other primers were designed in this study. See Supplementary 

Table 2 for additional primers.

Primer Exon Position Nucleotide Position Sequence 5′-3′

PCR cloning 1 (F) Exon 2a 162–186 GCAAAATKGGAKARRSRAGTCTAAATC

2 (R) Exon 2b 294–314 GGAGAGGGTCTCCAGCTCTGA

3 (F) Exon 1 1–23 GCCCCGAGGATGATTCATGTATAA

4 (F) Exon 5a 1138–1157 GGGACAGATCTTCAGTGGCC

5 (F) Exon 5b 1286–1305 CAAGGAGCTGGTCCACATGA

6 (R) Exon 5b 1219–1238 TCGGCTAAGTTTTTGACGGG

7 (R) Exon 5b 1230–1255 GTGACCTCGGTGTAGGGTCGGCTAAG

8 (R) Exon 8 1674–1692 TGAGAGCGTCGGTGATGGT

9 (R) Exon 9 2074–2092 TTCAGGCCTCCGACTCACA

qPCR Q1 (F) Exons 1/2b 8–33* GATGATTCATGTATAAAGGGCAGAAC

Q2 (R) Exon 2b 94–114* GGAGAGGGTCTCCAGCTCTGA

Q3 (F) Exon 2a 110–132 GAAAAGGGTGAGACCCAGAGAGA

Q4 (R) Exon 2a 191–210 CACGGCAGCACTGATAAGCA

Q5 (F) Exon 7 1540–1558 GCATGCTCAAGCTCAAACC

Q6 (R) Exon 8 1611–1627 GTGCCGGTGCAGAAAGA

Expression vector cloning SF Exon 2a 357–374 CACCATGTACCCTGAAGAGAGC

LF Exon 2b 216–233 CACCATGTTGCTCAGGCAGAAC

R Exon 9 2060–2078 TCACAGGACCTGGGCACAG
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