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A B S T R A C T

A fit animal must develop testes or ovaries, with brain and physiology to match. In species with alternative male
morphs this coordination of development across tissues operates within sexes as well as between. For
Pelvicachromis pulcher, an African cichlid in which early pH exposure influences both sex and alternative male
morph, we sequence both copies of aromatase (cyp19a1), a key gene for sex determination. We analyze gene
expression and epigenetic state, comparing gonad and brain tissue from females, alternative male morphs, and
fry. Relative to brain, we find elevated expression of the A-copy in the ovaries but not testes. Methylation
analysis suggests strong epigenetic regulation, with one region specifying sex and another specifying tissue. We
find elevated brain expression of the B-copy with no sex or male morph differences. B-copy methylation follows
that of the A-copy rather than corresponding to B-copy expression. In 30-day old fry, we see elevated B-copy
expression in the head, but we do not see the expected elevated A-copy expression in the trunk that would reflect
ovarian development. Interestingly, the A-copy epialleles that distinguish ovaries from testes are among the most
explanatory patterns for variation among fry, suggesting epigenetic marking of sex prior to differentiation and
thus laying the groundwork for mechanistic studies of epigenetic regulation of sex and morph differentiation.

1. Introduction

The relatively consistent and taxonomically pervasive outcome of
differentiating into either a male (sperm-producing) or female (egg-
producing) form is determined by a wildly diverse set of mechanisms
across different animal species. Sex determination systems range from
varieties of genetic sex determination (GSD) systems including XY or
ZW chromosomal systems, polygenic sex determination systems, hap-
lodiploidy, and paternal genome elimination, to environmental sex
determination (ESD) systems. While sex determination is relatively
static in some taxa, such as mammals and birds, in other lineages, such
as teleost fish, even related species exhibit a diversity of sex determi-
nation systems and a diversity of master sex determiner genes. As an
example of this rapid evolution, in the family Cichlidae alone, en-
vironmental influences of temperature and pH exist alongside striking
diversity of genetic factors including B-chromosome, XY and ZW het-
erogametic sex chromosome systems as well as complex polyfactorial
systems (e.g. Ser et al., 2010; Baroiller et al., 2009a; Yoshida et al

2011).
Downstream of this diversity in sex determination mechanisms lies a

more conserved gene network governing sexual differentiation (Herpin
and Schartl, 2015; Valenzuela et al., 2013). These ancestral and con-
served genes connect the master sex determiner with the start of sexual
differentiation pathways, and consistently show sexually differentiated
expression early in gonadal development (Heule et al., 2014b; Kikuchi
and Hamaguchi, 2013; Piferrer and Guiguen, 2008; Place and Lance,
2004; Valenzuela et al., 2013). In species exhibiting ESD, environ-
mental factors likely act either at or upstream of the conserved set of
downstream genes. One of these downstream genes in particular, the
cyp19a1 gene, has been consistently associated with ESD mechanisms
in a wide range of taxa including alligators, turtles, and fishes
(Anastasiadi et al., 2018; Baroiller et al., 2009b; Matsumoto et al.,
2013; Navarro-Martin et al., 2011; Parrott et al., 2014; Shen and Wang,
2014).

The cyp19a1 gene codes for an aromatase, the enzyme that converts
androgens to estrogens. Estrogens such as estradiol are an essential
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factor for ovarian differentiation throughout the vertebrate clade
(Callard et al., 2001), from fish (Cutting et al., 2013; Li et al., 2009) to
birds (Smith et al., 1997) and marsupials (Devlin and Nagahama, 2002;
Coveney et al., 2001), with placental mammals deviating in timing and
sensitivity (Yao, 2005). The cyp19a1 gene shows sexually dimorphic,
female-biased expression early in sex determination in a highly con-
served manner across vertebrates, putting regulation of this gene at the
crux of primary sex determination and gonadal differentiation (Diotel
et al., 2010; Lance, 2009; Valenzuela et al., 2013) though post-tran-
scriptional regulation may also be involved. In teleosts, the absence of
aromatase expression allows more testosterone to be converted to 11-
hydroxy-oxygenated androgens and ultimately to the main fish an-
drogen, 11-ketotestosterone (11-KT), blocking feminization and leading
to testicular development.

Aromatase also plays a critical role in the sexual differentiation of
the brain. The classic organizational/aromatization model of brain
masculinization, in which a surge of testicular testosterone is ar-
omatized to estradiol in the brain where estrogen receptor mediated
processes permanently masculinize neural circuitry, is well founded in
both birds and mammals (Balthazart et al., 2011; Maclusky and
Naftolin, 1981; McCarthy et al., 2009; Naftolin et al., 1975; Nugent and
McCarthy, 2011). Teleost fish, on the other hand, do not seem to have
such a permanent organizational-activational masculinization of the
brain. Rather, there is a life-long and reversible process of aromatase-
driven maintenance of masculinization (Le Page et al., 2010) accom-
panied by brain aromatase levels orders of magnitude higher, in both
sexes, than seen in mammals (Callard et al., 1990; Callard et al., 2001;
González and Piferrer, 2002, 2003 Diotel et al., 2010; Pasmanik and
Callard, 1985).

Most vertebrates have one aromatase gene (cyp19a1) with multiple
tissue-specific promoters (Bulun et al., 2003; Golovine et al., 2003).
Teleosts have two aromatase genes (cyp19a1A and cyp19a1B) resulting
from an ancestral whole-genome duplication (Chiang et al., 2001;
Taylor et al., 2003; Tchoudakova and Callard, 1998). These two ar-
omatase gene copies have evolved largely separate roles; the A-copy,
cyp19a1A, is expressed in the gonads and the B-copy, cyp19a1B, mainly
in the brain but also in other tissues in most species (Blazquez and
Piferrer, 2004; Callard et al., 2001; Cao et al., 2012; Chang et al., 2005;
Trant et al., 2001). The East African cichlid radiation is a known ex-
ception to this rule (Böhne et al., 2013), but most cichlids follow this
conventional pattern (Chang et al., 2005). In general, ovaries show
higher A-copy expression than testes. However, there is little con-
sistency within teleosts in the onset of this sex difference; zebrafish
Danio rerio show an increase at the time of sexual differentiation, while
medaka Oryzias latipes, European sea bass Dicentrarchus labrax, and
Japanese flounder Paralichthys olivaceus show it after (Kitano et al.,
1999; Navarro-Martin et al., 2011; Siegfried, 2010; Socorro et al.,
2007). Nile tilapia Oreochromis niloticus (D'Cotta et al., 2001; Siegfried,
2010) and Atlantic halibut Hippoglossus hippoglossus show increased
expression in females or female-biasing conditions (reviewed in: Shen
and Wang, 2014) as early as 5 days post fertilization (Ijiri et al., 2008;
Kobayashi et al., 2003), well before gonadal differentiation.

Likewise, there is no consistent sex bias for brain aromatase ex-
pression during development. Strongly bimodal expression in whole
zebrafish fry is not associated with fry sex (Kallivretaki et al., 2007).
Initial studies (Kwon et al., 2001) found a non-significant body-wide
trend for higher B-copy expression in XX than XY Nile tilapia but later
studies found no sex difference in whole brain samples during devel-
opment (Chang et al., 2005; Sudhakumari et al., 2005). Medaka have
inconsistently shown female-biased B-copy expression in brains during
early development (Patil and Gunasekera, 2008) (but see: Okubo et al.,
2011). Similarly, European sea bass inconsistently show sex differences
in brain aromatase (but see: Blazquez et al., 2008). These diverse and
conflicting results suggest species-specific patterns and heterogeneity
across brain regions.

Epigenetic modifications such as DNA methylation and chromatin

structure are thought to be central to the ESD mechanism through
which early life environment influences sex (Gorelick, 2003; Piferrer,
2013). A wide range of species with temperature sex determination
(TSD) show precisely such an effect in the cyp19a1 promoter (Piferrer,
2013), with higher methylation in testes than ovaries. Furthermore,
male-biasing temperatures lead to increased methylation of the A-copy
promoter within sexes for several fish species including European sea
bass (Navarro-Martin et al., 2011), Nile tilapia (Wang et al., 2017) and
mangrove killifish Kryptolebias marmoratus (Ellison et al., 2015). The
same patterns are seen under ESD for species with only one copy of
cyp19a1: male-producing temperatures result in higher cyp19a1 pro-
moter methylation and decreased gonadal aromatase expression, and
female-producing temperatures result in lower cyp19a1 methylation
and increased in aromatase expression, in the American alligator Alli-
gator mississippiensis (Parrott et al., 2014), Reeves’ turtle Mauremys re-
evesii (Ru et al., 2017), and the red-eared slider turtle Trachemys scripta
(Ramsey et al., 2007). In red-eared slider turtles, the brain initiates
sexual differentiation and is sensitive to temperature effects prior to
gonadal differentiation (Crews et al., 1996; Czerwinski et al., 2016).
Exposure to masculinizing (high) temperatures also increases brain
aromatase expression in the Mozambique tilapia Oreochromis mossam-
bicus (Tsai et al., 2003). The degree to which within-sex variation in
methylation impacts phenotypic variation is unknown, but exposure to
sex-biasing temperatures also produces within-sex effects on sexual and
territorial behaviors in the leopard gecko Eublepharis macularius (Flores
et al., 1994; Rhen and Crews, 1999; Tsai et al., 2003).

Here we examine the epigenetic underpinnings of sex and male
morph determination in a West African cichlid fish, Pelvicachromis
pulcher, in which more acidic conditions during the first 30 days of
development result in a more male-biased adult sex ratio (Heiligenberg,
1965; Reddon and Hurd, 2013). In the lab, P. pulcher males show four
alternative morphs that are assumed to also exist in nature and are
named for their opercular coloration (Linke and Staeck, 1994). The
most common and best studied are “red” males and “yellow” males
which represent up to 90% of the males in the lab population, and here
we also include less common “green” males (but we omit “blue” males,
due to their rarity). In a semi-naturalistic setting, both yellow and red
males bred monogamously, but about half of red males hold harems,
while no yellow males do (Martin and Taborsky, 1997). Red males are
more aggressive than yellow males, while females are less aggressive
still (Seaver and Hurd, 2017). Male morph was previously thought to be
genetically determined and fixed for life (Heiligenberg, 1965; Martin
and Taborsky, 1997), but exposure to masculinizing low pH during the
critical period produces more males of the more aggressive, haremic-
tending, red morph; up to 70% compared to 13% at neutral pH con-
ditions (Reddon and Hurd, 2013) with no published evidence for adult
plasticity. The degree to which environmental factors and the me-
chanisms involved in ESD also influence the dramatic discrete within-
sex phenotypic variation associated with the development of alternative
reproductive tactics (ARTs) (Gross, 1996; Johnson and Brockmann,
2012; Moore et al., 1998; Taborsky et al., 2008) is largely unknown. P.
pulcher promises to be a valuable model in which to explore the link
between mechanisms of sex determination and intrasexual variation of
ARTs.

In this study, we sequenced both copies of the P. pulcher cyp19a1
gene, and performed gene expression analysis and DNA methylation
analysis in both gonad and brain tissue to compare females, two male
morphs, and fry. We examined patterns of methylation in two different
regions upstream of each gene and asked whether a signal of incipient
sexual differentiation was present in fry tissues.

2. Materials and methods

2.1. Ethical approval

This work and all protocols were approved by the University of
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Alberta Biological Sciences Animal Policy and Welfare Committee
(protocol number 00000055) and adhere to the guidelines of the
Canadian Council for Animal Care. All euthanasia necessary for tissue
collection was conducted using tricaine methanesulfonate (MS-222),
and no other experimental conditions causing stress, harm or anesthesia
were involved. All fish were descended from store-bought fish intended
for the hobby trade assumed to have been in captivity for multiple
generations.

2.2. Animal husbandry and sampling

Sexually mature adults were sampled from the lab stock population
for DNA and RNA. Brains and gonads were dissected and placed in 95%
EtOH for DNA (females: n = 4; yellow males: n = 5; red males: n = 4;
green males: n = 4) or in RNAlater (Thermo Fisher) for RNA (females:
n = 4, yellow males: n = 4, and red males: n = 4; the less common
green males were not available at the time of RNA sampling and
therefore not included).

Fry were obtained from adult breeding pairs of yellow males and
females (n = 3) from the lab stock population and housed in ten-gallon
tanks with sand substrate, a bubble filter, a plastic plant and three
terracotta pot shards for cover at constant temperature (24 ± 2 °C) and
neutral pH (7.0 ± 0.5) with 30% water changes every 1–3 days to
maintain pH. These conditions are expected to produce a sex ratio of
approximately 20% male (Rubin, 1985; Reddon and Hurd, 2013).
Spawning took place within a month producing species-typical brood
sizes of approximately 30–50 fry. Males were removed at 11 days post-
spawning, while females were kept with their fry. Fry were sacrificed at
day 30, as pH exposure prior to this age influences sex and morph
determination (Reddon and Hurd, 2013). Precise timing of gonad de-
velopment in this species is not known, but this is the end of the critical
period for ESD in Apistogramma cichlids (Römer and Beisenherz,
1996). Fry from a single brood of each breeding pair were individually
euthanized and, given the difficulty of dissecting brain and gonad tissue
from 30 day old fry, were divided in half (head and trunk) (Heule et al.,
2014a) without histological analysis of the presumptive gonads and
placed in 95% EtOH for DNA (n = 3–5 per brood) or in RNAlater
(Thermo Fisher) for RNA (n = 3–5 per brood). Separate individuals
were used for DNA and RNA for technical reasons to ensure that the
DNA and RNA samples obtained were high quality.

2.3. Gene and promoter sequencing

The P. pulcher cyp19a1A and cyp19a1B genes and their upstream
intergenic regions were Sanger sequenced using both degenerate and
non-degenerate primers designed to regions conserved among other
cichlid species, and gaps were filled by sequencing with P. pulcher-
specific primers (GenBank: MN178255, MN178256). Open reading
frames and transcription start sites were predicted with Geneious v5.6.5
(https://www.geneious.com) and exon locations were predicted with
the GeneWise tool (https://www.ebi.ac.uk/Tools/psa/genewise/)
based on Nile tilapia sequences (NP_001266515.1 and
NP_001266519.1). All CpG sites were identified in each upstream re-
gion.

2.4. Quantitative real-time PCR (qPCR)

To measure aromatase gene expression, we performed RT-qPCR on
RNA samples from fry head and trunk samples as well as male and
female adult gonadal and brain tissues including yellow and red males
to address the alternate male phenotypes. Total RNA was extracted
(Maxwell 16: Promega), DNase treated (TURBO DNA-free: Invitrogen),
quantified by Nanodrop (Thermo Scientific) and checked for integrity
by ethidium bromide gel. Approximately 100 ng of RNA was reverse
transcribed in a 20 µl reaction (SuperScript III; Invitrogen). qPCR was
conducted for cyp19a1A, cyp19a1B and the reference gene GAPDH
(genbank accession AF520612.1) (primers: Table 1) with duplicate
20 µl qPCR reactions including 4 µl cDNA template (diluted 1:4 with
water), forward and reverse primers (each at 500 nM), and Roche
LightCycler 480 SYBR Green master mix. The amplification protocol
(CFX Connect real-time PCR instrument; Bio-Rad) included a dena-
turation (10 min at 95 °C) followed by 40 cycles of 10 s at 95 °C, 20 s at
70 °C, 30 s at 72 °C, and optical detection each cycle, and a melt curve
from 65 °C to 95 °C in 0.5 °C steps. To account for primer efficiency,
each gene in each sample was quantified against a five-step four-fold
dilution series of a pooled sample template that was a mixture of fry,
adult male, and adult female RNA. To obtain a relative expression level
for cyp19a1A and cyp19a1B, these quantities were normalized in re-
ference to the quantity of GAPDH in each sample, thereby accounting
for the low primer efficiency in a manner analogous to a delta/delta CT
calculation, and allowing relative comparison of expression level for
cyp19a1A and cyp19a1B within tissue. Comparison of gene expression
level between tissues should be viewed conservatively because GAPDH
may be expressed at different levels in brain and gonad.

2.5. Methylation assay

2.5.1. Bisulfite amplicon sequencing
We used amplicon sequencing, previously validated for methylation

analysis (Bernstein et al., 2015; Masser et al., 2015), which allows
quantification of methylation patterns as well as overall percent me-
thylation. Genomic DNA was extracted by proteinase K digestion and
phenol:chloroform purification. Approximately 500 ng of each genomic
DNA sample was bisulfite treated (Zymo Research EZ Methylation-Gold
kit), converting cytosine to uracil but leaving methylated cytosines
intact. Upon PCR amplification and subsequent sequencing, the con-
verted bases are read as thymine. First round PCR (PCR-1) with locus-
specific primers designed with MethylPrimer Express including Illu-
mina compatible ends (Figs. 1 and 2; Table 2) amplified two regions of
each aromatase gene upstream intergenic region, one proximal to the
transcription start site (AP, BP), similar to studies performed in other
fish species (Navarro-Martin et al., 2011), and a second toward the
middle of the intergenic region (AI, BI) as this area contains numerous
transcription factor binding sites (Böhne et al., 2013) but has not pre-
viously been included in methylation studies.

This information from previous studies was taken into consideration
when selecting sites to target in the current study. We also attempted to
target regions with a high density of CpG sites. As applied to methy-
lation analysis, the amplicon strategy is constrained by the ability to
design and optimize primers that cannot span a CpG and must anneal

Table 1
Primers used for quantitative PCR.

Gene Primer sequence Amplicon length Primer Efficiency R2 dil. series

cyp19a1A F: AACACAGGCCGAATGCACCGC
R: GCGAGGGCCTGAACCGAATGG

113 bp 69.5% 0.998

cyp19a1B F: ACTACTTTGAGACCTGGCAAACAG
R: GCTCTCCATCGCATCTTGCAG

116 bp 45.0% 0.977

GAPDH F: TTCCGTGTTCCCACCCCCAA
R: TGGGTCCATTAGAGGCTTCCTTCA

112 bp 39.1% 0.985
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specifically despite the reduced sequence complexity that results from
bisulfite treated DNA that converts all non CpG Cs to T. The AI and AP
amplicons span 10 and 7 CpGs respectively. One additional CpG em-
bedded in the AP forward primer was excluded from analysis. The BI
amplicon and BP amplicons span 4 and 7 CpGs respectively with 3 of
the CpGs in BP amplicon downstream of the predicted transcription
start site.

PCR-1 was carried out in 50 µl reactions using Immomix (Bioline),
with 10 ng of bisulfite treated template DNA and primers (Table 2) at
0.8 µM each. The amplification protocol included a denaturation (95 °C
for 10 min) and an initial 5 cycles of 95 °C for 30 s, 30 s at the amplicon-
specific annealing temperature (Table 2), and 72 °C for 10 s, followed
by 45 cycles of 95 °C for 30 s, 67 °C for 30 s, and 72 °C for 10 s, and
72 °C for 10 min. Fragments were visually checked by gel before and

after magnetic bead cleanup (PCRCLEAN DX, Aline Biosciences).
Sample-specific barcodes were added in a second round of PCR (PCR-2)
in 25 µl reactions using Phusion HF (NEB), with 4 µl purified PCR-1
product as template and Nextera index primers (Illumina) at 0.1 µM
according to manufacturer’s protocol. The amplification protocol in-
cluded denaturation (98 °C for 2 min) followed by 8 cycles of 98 °C for
10 s, 53 °C for 30 s, and 72 °C for 15 s, and 72 °C for 5 min.

PCR-2 products were visually checked on a gel and quantified with
SYBR Green dye (Invitrogen) in 96 well format (Twinkle LB970;
Berthold Technologies). Barcoded samples for all 4 amplicons from up
to 95 samples (including experimental samples described elsewhere)
were pooled at equal concentrations, column purified (Qiagen) and
quantified (NanoDrop 1000, Marshall Scientific). Each pooled sample
was diluted to 10 nM, spiked with 10% PhiX to increase library com-
plexity, and sequenced on one of two runs on the MiSeq platform
(Illumina) using V2 sequencing chemistry to produce 250 bp paired-end
reads.

2.5.2. Computational analysis of methylation data
Using Bowtie2 v2.2.9 (Langmead and Salzberg, 2012), paired for-

ward and reverse reads were aligned to reference amplicon sequences
that were in silico bisulfite converted (Cs converted to Ts) with Bismark
genome preparation software v0.15.2 (Krueger and Andrews, 2011). At
CpGs, samtools v1.9 mpileup (Li et al., 2009) and custom Python scripts
were used to count the number of Cs (methylated) versus Ts (un-
methylated) at each CpG to calculate percent methylation (C/
(C + T)*100). At non-CpG C bases, the frequency of Ts revealed
99.25% ± 0.16% bisulfite conversion completeness, on par with pre-
vious reports (96%: Wang et al., 2017; 98%: Navarro-Martin et al.,
2011). For non-C bases, the frequency of incorrect nucleotides revealed

Fig. 1. Multiple sequence alignment for cyp19a1A and upstream genomic region. Genomic sequence was aligned using Geneious alignment algorithm in v5.6.5. Gene
CDS alignments were derived from O. niloticus versions of aromatase (NP_001266515.1) and gliomedin A (XP_005463224.1). Binding sites within amplicon regions
were adapted from Böhne et al (2013). Sequence percent identity was calculated using all unambiguous bases at each site and was smoothed within a 20 bp window.
Base pair coordinates refer to the length of the multiple sequence alignment and includes gaps in genomic sequences.

Table 2
Primers used for amplification from Bisulfite converted gDNA.

Amplicon Primer sequence† Amplicon
length

Annealing
temp °C

AI F: TGTTTTTTAGGAGAAATAAAGGG
R: TGTTTTTTAGGAGAAATAAAGGG

277 bp 58.4

AP F: TAGTTGAAAATTTTTTYGTTAATAAA
R: CAAACAAAAATCAAATCCATAA

280 bp 56.1

BI F: TTTGTGTTAAAGGAGGTAAGGA
R: CTAATTTCAAAACCAAACCAAC

320 bp 62.4

BP F: AAGAAGGTAATAGGAAGGTTATTTA
R: TCTCCAAATAATAAAAAACAACA

259 bp 60.0

†Forward primers included the 5′ Illumina compatible end TCGTCGGCAGCGT
CAGATGTGTATAAGAGACAG and reverse primers included the 5′ Illumina
compatible end GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG.
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a sequencing error rate of 0.62% ± 0.33%.
To determine whether the methylation states of multiple CpGs were

linked, we analyzed the specific methylation pattern along each read of
each amplicon, termed the “epiallele”. Paired forward and reverse reads
were merged using FLASH2 v1.2.11 and aligned to the in silico bisulfite
converted amplicon sequences with Bowtie2. Multiple alignment of
reads was carried out with MUSCLE v3.8.31 (Edgar, 2004) and for each
amplicon and each sample, custom python scripts and usearch v5.2.236
(Edgar, 2010) were used to count the number of occurrences of each
unique epiallele. We report only on the methylation state of each CpG
in the amplicon and do not analyze the full region for genetic poly-
morphisms.

2.6. Statistical analyses

Statistical tests and visualization were carried out in R version 3.6.0
(R-Core-Team, 2017). Data manipulation was performed using base R
and packages stats, dplyr (Wickham et al., 2018), and reshape
(Wickham, 2007). Linear models, ANOVAs, and principal component
analyses were all performed using the package stats. Mixed-effect
models were conducted using the lme4 and lmerTest packages (Bates
et al., 2015; Kuznetsova et al., 2019) and the emmeans package (Lenth
et al., 2019) for post-hoc Tukey HSD tests. Fixed effects models were
conducted with the Anova function from the car package (Fox and
Weisberg, 2019) and TukeyHSD from the stats package.

3. Results

3.1. Gene structure

The final genomic regions assembled encompass a 7001 bp and a
6126 bp sequence containing the gene and upstream intergenic region
for cyp19a1A and cyp19a1B respectively (Figs. 1 and 2). The predicted
aromatase coding regions span 2860 bp (cyp19a1A) and 2717 bp
(cyp19a1B), including introns, while the upstream intergenic sequences
are 3434 bp (cyp19a1A) and 2142 bp (cyp19a1B) in length. For each
gene, the upstream neighbor, transcribed from the opposite strand, is a
copy of the gliomedin gene, a ligand for neurofascin known to function
at the nodes of Ranvier in mammals (Eshed et al., 2005). The aromatase
genes themselves are structurally conserved. Both have 9 exons and
relatively short introns, similar to other fishes (Tanaka et al., 1995).

To initiate a study of epigenetic regulation, we focused on CpG sites,
which present the opportunity for DNA methylation. The intergenic
upstream region of the A-copy is relatively CpG dense with a total of
117 sites while the intergenic upstream region of the B-copy is rela-
tively CpG sparse with only 23 sites. For the A-copy and the B-copy
respectively, 48 and 3 of the CpGs are conserved across the cichlid
species for which sequences of this region were available at the time
(Nile tilapia, Astatotilapia burtoni, Pundamilia nyererei), while 63 of the
117 CpG sites in the A-copy intergenic region and 9 out of the 23 CpG
sites in the B-copy region are shared with at least one of the three
available cichlid sequences. Using an amplicon sequencing strategy that
targets short regions in the genome, we assessed methylation state for
17 of the 117 CpGs from the A-copy upstream intergenic region and 8 of
the 23 CpGs from the B-copy upstream intergenic region. Three of the
surveyed CpGs in the A-copy region were polymorphic. At a con-
servative estimate, 5 adult males, including all color morphs, were
heterozygous (C/G) for the fifth CpG in the AP amplicon (AP05); 5 fry
from one brood were heterozygous (C/T) for the second CpG in the AI
amplicon (AI02); and 4 fry from another brood were heterozygous (C/
T) for the tenth CpG in the AI amplicon (AI10), out of 30 individuals
total. The two polymorphisms in the intergenic amplicon were re-
cognized in individuals in specific broods with roughly 50% more T’s
than other samples, which would be incorrectly interpreted as bisulfite
converted unmethylated bases. While potentially very interesting, these
polymorphic CpGs were not detected in any of our adult samples and

were therefore omitted from any further analysis.
Although we did not perform functional analyses, we note that

based on alignment to other cichlid species (Böhne et al., 2013) our
amplicons span several conserved putative binding sites for transcrip-
tion factors implicated in sex determination and differentiation (Figs. 1
and 2). The AP amplicon includes, among others, binding sites for sf-1
and Sox5, while AI includes a binding site for Sox5 and two Sox2
binding sites, one of which spans a conserved CpG. The BI amplicon
similarly includes a Sox2 binding site, though it was removed from the
CpG analysis for being 3′ to the gene start site.

3.2. cyp19a1A and cyp19a1B gene expression

3.2.1. Adult expression
We analyzed log transformed expression of the A-copy and B-copy

transcripts relative to GAPDH with qRT-PCR using type-II ANOVAs with
tissue type (brain, gonad) and sex/color morph (female, red male,
yellow male) as fixed effect factors (Table 3, Fig. 3). Post-hoc Tukey
HSD tests provide the specific comparison p-values reported.

We found the expected increase in expression of the A-copy in
ovaries relative to testes (post-hoc group comparisons, ovaries relative
to yellow males: p = 0.0008; relative to red males: p < 0.0001,
Fig. 3A) but no difference between yellow and red males (post-hoc
group comparison p = 0.90). We found no difference between adults in
the expression of the A-copy in brain tissue (all post-hoc group com-
parisons p > 0.99, Fig. 3B). In red, but not yellow males, expression of
the A-copy was lower in testes than in brain tissue (red: p = 0.009;
yellow: p = 0.29).

In adults, the B-copy also followed the conventional teleost pattern,
being expressed more strongly in the brain than gonads (p < 0.0001,
Fig. 3C & D). While the effect was strongest in females, it was also seen
in both yellow and red male morphs (all p < 0.0001). There were no
significant differences between the sexes/morphs in expression of the B-
copy in brain tissue (all p > 0.43, Fig. 3D), nor were there any sex or
morph differences in B-copy expression in gonads (all p > 0.90,
Fig. 3C).

3.2.2. Fry expression
We analyzed expression of both A and B copies in fry following the

same methods applied to adults, except that mixed effects models were
used to incorporate random effects terms for fry brood and assay plate,
while the fixed effects were limited to tissue type (head, trunk) since the
fry had no identified sex (fixed effects reported in Table 3). Post-hoc
Tukey HSD tests provide the specific comparison p-values reported.

We found a non-significant increase in expression of the A-copy in
the trunk (gonads) of day 30 fry relative to heads (p = 0.44). A-copy
expression was dramatically lower than B-copy expression in both trunk
and head (both p < 0.0001) suggesting that the gene may not yet be
active. We did find significantly higher in expression of the B-copy in
the heads (brain) relative to trunk (p < 0.0001, Fig. 4, Table 3). For
both genes, the expression level calculated relative to GAPDH is an
order of magnitude lower in the fry samples than in adult samples,
likely due to the dilution of aromatase mRNA in these mixed tissue
samples.

3.3. Percent methylation

We measured methylation at CpG sites in brain and gonad tissues
from adults and fry for the four different amplicons (AI, AP, BI and BP)
using different adult individuals for the methylation analyses from
those assayed for gene expression for technical reasons, and testing
head and trunk tissue from 30 day old fry from different individuals but
the same broods assayed for gene expression. We expected to find re-
duced methylation in tissues and sexes for which we saw increased
aromatase expression.
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3.3.1. Percent methylation in adults
Percent methylation was analyzed for each amplicon as a function

of tissue type (brain, gonad), and sex/morph (female, yellow male, red
male, green male) using type-II ANOVAs (Table 4). Post-hoc Tukey HSD
tests provide the specific comparison p-values reported.

Percent methylation in both the AI and AP amplicons showed sig-
nificant effects of sex/morph, and an interaction of sex/morph with
tissue; gonadal tissue was significantly more methylated than brain
tissue in the AI but not AP amplicon (Table 4, Fig. 5). Given the strong
ovarian expression of the A-copy, we expect decreased methylation of
this enhancer in female gonad samples. Females did indeed show the
expected reduction in methylation relative to males of each color/re-
productive morph for the AI (all three post-hoc group comparisons,

p < 0.0001 Fig. 5A) and to a lesser degree the AP amplicons
(p < 0.0005 Fig. 5B) in the gonads. Methylation levels were lower in
ovarian tissue than in female brain tissue (AI p = 0.09, AP p = 0.004),
but higher in testicular tissue than brain (all male AI comparisons
p < 0.0001; AP comparisons p = 0.33, 0.03, 0.51 for yellow, red, and
green respectively). We found no significant differences between any of
the male morphs for percent methylation in either tissue (all
p > 0.30).

We did not have strong expectations for sex-specific methylation
status of the A-copy promoter in brain tissue, since it is not expressed in
this tissue for either sex. Surprisingly, for a gene that is turned off, there
was low methylation (50% or less) of the AI amplicon (Fig. 5C). The
uniformly high methylation level of the AP amplicon (Fig. 5D) is more
consistent with the expectations for a gene that is turned off (Dunham
et al., 2012; Jones, 2012). These results indicate a tissue-specific en-
hancer influenced by methylation in the AP region that is sufficient for
reducing A-copy expression in the brain, as well as a sex-specific en-
hancer influenced by methylation in the AI region that is responsible for
reducing A-copy expression in the male testes.

Percent methylation in B-copy CpG sites was higher in gonadal than
brain tissue in the BI amplicon, but otherwise showed no significant
differences between tissues or sexes/morphs (Table 4, Fig. 6,). Given
the elevated expression of the B-copy in brains, we predicted low levels
of methylation for amplicons BI and BP in brain tissue. This is evident
for the BI amplicon where methylation averages approximately 50%
(Fig. 6C), but less so for BP (Fig. 6D). Given the uniformly minimal
expression of the B-copy in the gonads, we predicted high levels of
methylation across all samples, which was somewhat the case, though
we again observed variation (Fig. 6). Inexplicably, while methylation

Fig. 2. Multiple sequence alignment for cyp19a1B and upstream genomic region. Genomic sequence was aligned using Geneious alignment algorithm in v5.6.5. Gene
CDS alignments were derived from O. niloticus versions of brain aromatase (NP_001266519.1) and gliomedin B (uncharacterized protein LOC100693335:
XP_003443992.2). Binding sites within amplicon regions were adapted from Böhne et al. (2013). Sequence percent identity was calculated using all unambiguous
bases at each site and was smoothed within a 20 bp window. Base pair coordinates refer to the length of the multiple sequence alignment and includes gaps in
genomic sequences.

Table 3
Gene Expression ANOVA Tables.

Adult Sum Sq F (df) p-value

A-copy Tissue 0.0039 0.0097 (1,13) 0.92
Sex/Morph 17.1 21.27 (2, 13) <0.0001
Tissue × Sex/Morph 19.8 24.6 (2,13) <0.0001
Residuals 5.2

B-copy Tissue 87 265 (1,15) <0.0001
Sex/Morph 1.4 2.2 (2,15) 0.15
Tissue × Sex/Morph 0.1 0.2 (2,15) 0.81
Residuals 4.9

30 day Fry t (df) p-value
A-copy Tissue 3.39 (1,21.0) 0.003
B-copy Tissue 18.4 (1,21.1) <0.0001
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levels of the B-copy amplicons do not appear to explain expression, the
level of methylation between intergenic, BI (Fig. 6A), and proximal, BP
(Fig. 6B), amplicons and the decreased methylation in female ovaries,
though not statistically significant, parallels the pattern seen for the A-
copy amplicons.

3.3.2. Percent methylation in 30-day fry
We analyzed differences in mean CpG methylation between tissues

(head vs. trunk) for each of the four amplicons using an analysis of
variance that included the fry’s brood as a random effect (Table 5,
Fig. 7). Given the low A-copy expression in both fry tissues, we con-
sidered the possibility of elevated methylation rather than the canonical
demethylation associated with expression in ovaries. We did expect to
see reduced methylation in B-copy amplicons for head tissue where
expression was elevated.

We found relatively high methylation in the AP amplicon, and no
significant difference between the two tissues (Fig. 7B). However,
counter to our predictions, we found a very strong effect in the opposite
of the predicted direction for the AI amplicon (Fig. 7A), with low me-
thylation levels in head tissue relative to trunk. Methylation was higher
in the fry AP amplicon than AI (mixed-effect ANOVA with tissue and
amplicon as fixed effects, and individual as a random effect, main effect
of amplicon F(1,46) = 230.0, p < 0.0001).

For both of the B-copy amplicons, we saw the anticipated reduction
in methylation in head tissue where the gene is expressed, but not to the
point of statistical significance (BI p = 0.28, BP p = 0.11, Table 5,
Fig. 7). Similar to the A-copy amplicons in fry, the amplicon proximal to
the gene showed overall higher levels of methylation (Fig. 7C) than the
intergenic amplicon (Fig. 7D) (mixed-effect ANOVA with tissue and
amplicon as fixed effects, and individual as a random effect, main effect
of amplicon F(1,46) = 18.0, p < 0.0001).

3.4. Variation in methylation patterns

Across tissues and sexes, the mean level of methylation among
adults in the A-copy promoter conformed to predictions based on gene
expression. Because the regulation of gene expression occurs on a per-
chromosome basis, with each chromosome having just one set of me-
thyl marks, the specific pattern of methylated and unmethylated CpGs
(the epiallele) may be important. We investigated whether epialleles
were of particular importance in the gonads. With six CpG sites in the
AP amplicon and eight in the AI amplicon there are 64 and 256 possible
epialleles included in our analysis, 63 and 250 of which were seen in
our adult gonad samples. We compared the frequencies at which
epialleles were found in samples from ovaries and testes adult females
and males. Sex differences in epiallele frequency (p < 0.05 in a t-test)
were found in 53 of 313 (16.9%) of A-copy epialleles (not all possible
epialleles were present), which is far above the expected 5% rate under
the null hypothesis (binomial test p≪ 0.0001). This contrasted with the
0.02% of B-copy epialleles showing sex differences in gonads, and the
on 5.01% and 4.2% of epialleles showing sex differences in the brain
(A-copy and B-copy respectively), binomial tests all p > 0.17. Since we
find no evidence of sex differences in epialleles outside of the A-copy in
gonads we restrict further analysis to this gene and these tissues.

We found three epialleles of the AP amplicon and nine epialleles of
the AI amplicon which differ in frequency of occurrence between
ovaries and testes after FDR correction and which comprise at least 1%
of the reads for a sample on average (Table 6). Two of the sex-biased AP
epialleles are testes-biased and one ovary-biased. Of the nine sex-biased
AI epialleles, six are more common in testes, and three more common in
ovaries. As expected for a gene that is expressed primarily in ovaries,
the female-biased epialleles included the all-unmethylated epialleles
and those in which all but one CpG is unmethlyated (read as Ts), while
the male-biased epialleles included those that are fully methylated, and
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those in which all but one CpG is methylated (read as C). The only
exception was the female-biased AP epiallele in which the three 5′ CpGs
were methylated and the three 3′ CpGs were unmethylated. The most
common epialleles in our data included the male-biased all-methylated
epialleles of AP (average 65.6% of the reads per male sample) and AI
(average 47.6%) as well as the female-biased all-unmethylated epiallele
for AI (average 53.8% of reads per female sample). The all-un-
methylated epiallele for AP, while female-biased, did not differ sig-
nificantly in prevalence between males and females, which is consistent
with the interpretation of AP as a tissue-specific rather than sex-specific

promoter region.
The most common epialleles in our fry samples were the all-me-

thylated epialleles for both the AP (average 62.5% of reads per sample)
and AI amplicons (average 38.2%). Although the A-copy is not ex-
pressed at a high level in the trunk of these fry at day 30, and the
overall methylation for fry trunk samples was 90% for AP and 75% for
AI amplicons (Fig. 7), we were interested to know whether the variation
for the proportion of different epialleles among individual fry reflected
the sex biases seen in adult gonads. To assess individual variation
among fry, we performed PCA and identified seven epialleles that were
weighted heavily (> 2 standard deviations from the mean) on the first
two principal components (Table 6, Fig. 8), which combined which
account for 54.8, and 13.4% of the variation (respectively) among fry.
These seven epialleles were all found in> 2% of the total reads among
fry, and four of them (all-methylated for AI and AP, all-unmethylated
for AI, and the AP epiallele in which the three 5′ CpGs are methylated
and the three 3′ CpGs are unmethylated) were among those that were
highly represented and significantly sex-biased in adults. While highly
explanatory of PC2, the all-unmethylated epiallele indicative of female
ovaries (average 53.8% of reads per female sample) is found in only an
average of 5.8% of the epialleles in fry samples. Across all A-copy
epialleles, there was a significant negative correlation between the size
effect of the difference between ovary and testicular expression in
adults and PC1 scores in trunk tissue in fry (Spearman's rho = −0.118,
p = 0.037), the effect was even stronger on fry trunk PC2 scores
(Spearman's rho = −0.244, p < 0.0001).

Taken together, these results show that the epialleles which differ
most strongly between ovaries and testes in adults are also those which
show the greatest variation in the trunk tissue of 30 day-old fry. This
suggests that despite the tissue complexity, immature state of the
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Table 4
Percent Methylation ANOVA Tables; Adult tissues.

Amplicon Sum Sq F (df) p-value

AI Tissue 6643.9 212.6 (1,24) <0.0001
Sex/Morph 4077.7 43.5 (3,24) <0.0001
Tissue × Sex/Morph 4596 49.0 (3,24) <0.0001
Residuals 749.9

AP Tissue 57.8 2.8 (1,24) 0.105
Sex/Morph 427.8 7.0 (3,24) 0.0015
Tissue × Sex/Morph 767.5 12.6 (3,24) <0.0001
Residuals 488.3

BI Tissue 7257 17.1 (1,24) 0.00037
Sex/Morph 2347.5 1.84 (3,24) 0.17
Tissue × Sex/Morph 1792.1 1.41 (3,24) 0.27
Residuals 10,195

BP Tissue 313.6 2.18 (1,24) 0.15
Sex/Morph 878.1 2.04 (3,24) 0.14
Tissue × Sex/Morph 1163.9 2.7 (3,24) 0.068
Residuals 3447.6
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gonads at day 30, and lack of A-copy expression, we are still able to
detect the epigenetic marks of sex determination on the A-copy pro-
moter.

4. Discussion

Here, we sequenced the promoter and coding region for both the
brain and the gonad copies of the aromatase gene from a cichlid fish
species, Pelvacachromis pulcher, in which pH (and possibly other

environmental factors) is known to influence sex ratio as well as male
morph proportions, and we examined tissue and sex differences in their
expression and their promoter methylation state. Similar studies, con-
ducted for species with TSD, reveal environmental effects at the epi-
genetic and transcriptomic level that vary between and within sex.
Functional studies, such as that in the red-eared slider turtle (Ramsey
et al., 2007), demonstrate that temperature-based female-biased
cyp19a1 expression is attributable to demethylation impacting binding
sites for FOX and SF-1 transcription factors and the TATA box in the
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promoter region upstream of cyp19a1 (Matsumoto et al., 2013). Simi-
larly, in vitro studies show temperature sensitive methylation at the A-
copy impacts a flounder Nr5a2 binding site (Fan et al., 2017), the sea
bass SF-1 and Foxl2 sites (Navarro-Martin et al., 2011), and cAMP
binding in rice eel Monopterus albus (Zhang et al., 2013). The degree to
which species-specific results reflect underlying differences in biology
or differences in experimental approach requires further comparative
and functional analyses. Data from turtles, alligators, and fish show
environmental effects on the expression of several transcription factors,
many of which are known to impact expression of aromatase, or
themselves be regulated by estrogens justifying future genome wide
analyses.

Though we did not intentionally conduct a population survey for
genetic polymorphisms, we encountered several SNPs in the upstream
regulatory region. Notably, three CpG sites at the A-copy locus are
polymorphic. Neither of the polymorphisms in AP were present among
the adult samples sequenced and the single SNP in AI occurred in all
male morphs, so we have no information suggesting a functional in-
fluence. Similar to our results, SNPs are known to exist in the sea bass

A-copy regulatory region, with no identified consequence for aromatase
expression (Galay-Burgos et al., 2006).

4.1. Gonadal aromatase

We found expression of the A-copy to be much higher in ovaries
than testes. Low levels of estrogen production via aromatization in
testes is necessary for spermatogenesis (Schulz et al., 2010), but fish
typically show higher expression in ovaries than testes; exceptions exist
such as the Tanganyikan cichlid Ophthalmotilapia ventralis in which the
A-copy is expressed similarly in ovaries and testes (Böhne et al., 2013).
We detected no significant differences in A-copy expression among the
male color morphs tested. Bluehead wrasse Thalassoma bifasciatum also
show no difference in gonadal aromatase expression between initial
phase (sneaker) and terminal phase (territorial) males (Todd et al.,
2018).

We found that A-copy expression in the testes was even lower than
in the brain in red males. However, others have found the opposite - A-
copy expression higher in testes than brain - in five cichlid species, and
no significant difference in another four (Böhne et al., 2013). Few
studies have addressed the role of gonadal aromatase in teleost brain
tissue, and it may simply be that the expression is level is so low relative
to the extremely high level of B-copy expression (Blazquez and Piferrer,
2004; Diotel et al., 2010) that it has no functional consequence.

As expected, the overall percent methylation in gonad samples had
an inverse relationship with the sex bias in expression even though
different individuals were used for the two analyses; ovaries showed
less methylation than testes (Fig. 9A). Epigenetic analyses of ESD have
largely focused on CpG sites within 500 base pairs of the gonadal ar-
omatase promoter (red-eared slider turtle: Matsumoto et al., 2013;
European sea bass: Navarro-Martin et al., 2011; black porgy Acantho-
pagrus schlegeli: Wu et al., 2012; Nile tilapia: Wang et al., 2017;
flounder: Fan et al., 2017). Our results suggest that sites farther up-
stream may also be involved sex-biased regulation. The sex bias in
methylation percentage was even more dramatic for the AI amplicon,
1341–1065 bp upstream of the gene, than it was for the AP amplicon,
260 bp upstream to 19 bp within the gene. Methylation in female
ovaries was even lower in AI than in AP.

Interestingly, we show that methylation levels in AI and AP am-
plicons were very different from each other in brain tissue. The very
low levels of expression in brain for both sexes would lead to the ex-
pectation that A-copy methylation regulating expression in this tissue
should be high, but this was true for only the AP amplicon (Fig. 9A).
Methylation was uniformly low for the AI amplicon in brain. These
results suggest that methylation of the region proximal to the gene is
sufficient to downregulate expression of the A-copy in brain tissue.
While functional studies are necessary to confirm the role of the AI
amplicon region in regulating sex-biased expression of gonadal ar-
omatase, the strong correlation is highly suggestive. Importantly, these
results indicate different mechanisms or promoter sites for tissue-spe-
cific expression and sex-specific expression.

4.2. Brain aromatase

As expected, we found high levels of B-copy expression in brain
tissue relative to gonads, but no significant differences between sexes or
male morphs and no strong relationship with methylation level at the
sites we assayed (Fig. 9B). Male-biased B-copy activity has been noted
in tilapia (D'Cotta et al., 2001), but a more recent survey of cichlids
showed no significant sex bias for B-copy expression in the brain (Böhne
et al., 2013). Brain aromatase is often studied in conjunction with be-
havioral differences associated with sex change, again with inconsistent
or contradictory results, highlighting the importance of species-specific
functions (Black et al., 2005; Breton et al., 2015; Todd et al., 2018;
Zhang et al., 2008) as well as suggesting a role for post-transcriptional
regulation (Aguiar et al., 2005).

Table 5
Percent Methylation ANOVA Tables; Fry tissues.

Amplicon t (df) p-value

AI Tissue 680.4 149.8 (1,22) <0.0001
Residuals 99.9

AP Tissue 36.4 2.46 (1,22) 0.13
Residuals 324.8

BI Tissue 338 1.23 (1,22) 0.28
Residuals 6073

BP Tissue 207.6 2.71 0.11
Residuals 1685.5
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Fig. 7. Aromatase gene promoter percent methylation for both of the A-copy (A
& B) and the B-copy (C & D) amplicons assayed for 30-day old fry trunk (white)
and head (grey) sample (*** = P < 0.001).
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Brain aromatase expression has also shown a mixed or contradictory
relationship within sex with territorial vs. sneaker ARTs in fish, with
higher B-copy expression in the brains of territorial male peacock
Salaria pavo (Goncalves et al., 2008), black-faced blennies Tripterygion
delaisi (Schunter et al., 2014), and bluegill sunfish Lepomis macrochirus
(Partridge et al., 2016); the opposite effect is seen in plainfin mid-
shipman Porichthys notatus (Fergus and Bass, 2013), while no significant
difference is seen in wrasse morphs (Todd et al., 2018). Simply put,
there is no consistent relationship between brain aromatase level and
reproductive strategy. In fact, brain aromatase expression has been
known to vary with the season in several vertebrate species (reviewed
in: Forlano et al., 2006) and is regulated according to reproductive
status in male A. burtoni brains (Renn et al., 2008), suggesting that
expression and methylation patterns at this gene may reflect current
behavioral status rather than early life experience as occurs under ESD.
Compared to red males, yellow P. pulcher males are more female-like in
behavior (Seaver and Hurd, 2017) and their B-copy expression may also
tend to be more female-like, but their methylation state is not, at least
for the CpGs included in our analysis (Fig. 9B).

4.3. Development

We found the B-copy expressed in the head and to a lesser extent in
the trunk of fry old enough to have been impacted by the sex de-
termining effects of the environment. However, we did not see the A-
copy expression we expected to see in developing ovaries. Interestingly,
while overall methylation levels of the A-copy promoter are relatively
high at this developmental stage, the epialleles that distinguish testes
from ovaries are among the most explanatory patterns for variation
among individual fry. This suggests the potential epigenetic marking of
sex prior to differentiation and expression of the A-copy in the gonads.

That we do see variation in the overall percent methylation among
fry, and specifically variation among fry with regard to the prevalence
of the completely unmethylated epiallele for the AI amplicon, suggests
that the epigenetic mark for later expression regulation (Turecki and
Meaney, 2016) may be present. While the proportion of unmethylated
epialleles in fry trunk samples was much lower than detected in adult
gonads, and the diversity of epialleles present was higher, this is likely
due to the tissue complexity introduced with crude bisection of the fry
into head and trunk without dissection of brain and gonads.

Table 6
Sex-biased epialleles in adult gonad samples.

Amplicon Epiallele*sequence t df p-value† Female mean‡ Male mean‡ Fry mean‡ PCA§ Rotation weight# Fig. 8 label

Sexually dimorphic epialleles
AP CCCCCC −5.916 12.97 0.002 31.2 65.6 62.5 PC1 0.926 A

CCCTTT 6.261 12.83 0.001 8.9 2.6 3.1 PC1 −0.2144 B
CTCCCC −4.363 11.33 0.015 1.4 5.8 2.1 C

AI CCCCCCCC −13.50 12.13 < 0.00001 2.5 47.6 38.2 PC2 0.244 D
TTTTTTTT 10.06 3.62 0.013 53.8 8.6 5.8 PC2 −0.3914 E
TCTTTTTT 5.58 11.72 0.003 4.4 2.2 1.1 F
CCCCCCTC −5.32 12.06 0.004 0.6 1.8 4.2 G
TCCCCCCC −11.93 11.47 0.00001 0.1 1.9 1.9 H
CTTTTTTT 15.07 3.47 0.005 1.8 0.2 0.3 I
CCCTCCCC −4.67 10.57 0.012 0.2 1.2 2.7 J
CTCCCCCC −5.537 12.26 0.003 0.2 1.0 1.1 K
CCCCTCCC −8.534 11.57 0.0002 0.6 1.0 1.2 L

Non-sexually dimorphic epialleles with large PC1 or PC2 loadings
AP CCCCTT 0.41 7.32 0.69 2.1 1.8 3.0 PC1 −0.234 M

CCCCCT −0.51 8.38 0.62 2.9 3.5 3.8 PC2 −0.4244 N
CCTTTT 2.62 3.19 0.07 1.5 0.2 2.2 PC2 −0.51534 P

* – Epiallele sequence C represents methylated CpG, and T represents an un-methylated CpG that is converted to T by bisufite treatment.
† – P-value corrected for false discovery rate.
‡ – Mean percentage of reads per sample for specific epiallele.
§ – Principle component on which epiallele weights for description of variation among fry trunk samples.
# – Rotation weights for those epialleles > 2 standard deviations from the mean weight.

Fig. 8. PC1 (A) and PC2 (B) factor loadings for
epiallele variation fry trunk as a function of the
effect size for the adult sex-bias of each epiallele
in gonad. Effect size is calculated as the differ-
ence in means (ovaries minus testes) divided by
the pooled standard deviation so negative effect
sizes indicate a testis-bias and positive values
indicate ovary-bias. Labelled points refer to
Table 6 and indicate epialleles found in at least
1% in the reads, that also show significant sex-
bias (points A-L) or have PC loadings with ab-
solute values greater than two standard devia-
tions from the mean (points M−P). Significant
(negative) rank order correlations exist between
adult sex-bias size and fry epiallele variation in
both PC1 (p = 0.04) and PC2 (p < 0.0001).
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Less developmental work has addressed the timing of brain ar-
omatase expression or methylation, and what work has been done
shows no clear and simple pattern (Blazquez and Piferrer, 2004; Chang
et al., 2005; Kallivretaki et al., 2007; Patil and Gunasekera, 2008; Trant
et al., 2001; Vizziano-Cantonnet et al., 2011). Understanding the im-
portance of brain aromatase to development and differentiation would
seem to depend less on comparative surveys of the timing of expression
and more on in-depth studies examining in a single species how the
various aspects of differentiation are organized through this me-
chanism.

5. Conclusions

By sequencing both copies of the cyp19a1 gene and performing gene
expression analysis and epigenetic analysis of two tissues in adult and
fry, we have established P. pulcher as a system for the comparative study
of mechanisms underlying environmental sex determination and alter-
native male morph development. In this species, the canonical teleost
pattern of elevated expression of the A-copy in the female ovary and
elevated expression of the B-copy in the brain was explained by

methylation patterns most strongly for the A-copy in gonads according
to our amplicon sequencing strategy. This is consistent with the relative
density of CpGs upstream of these two genes. While we did not identify
specific individual functional methylation sites, the different regions of
the A-copy gene (intergenic vs. proximal) suggest independent tissue
and sex-specific functions. Importantly, we showed that the discrete
methylation patterns that differentiate male and female sex are among
the most explanatory patterns for variation among individual fry, sug-
gesting potential epigenetic marking of sex prior to differentiation and
expression of the A-copy. A more detailed developmental time course
and discrete dissection of gonads in fry will be helpful in addressing the
epigenetic marks potentially introduced by environmental pH leading
to male vs. female development or male morph expression.
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