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Abstract
The molecular mechanisms underlying phenotypic plasticity are not well understood.
Identifying mechanisms underlying alternative reproductive tactics (ARTs) in species
for which the behavioural and fitness consequences of this variation are well characterized provides an opportunity to integrate evolutionary and mechanistic understanding
of the maintenance of variation within populations. In the ocellated wrasse Symphodus
ocellatus, the behavioural phenotypes of three distinct male morphs (sneakers, satellites and nesting males), which arise from a single genome, have been thoroughly
characterized. To determine the neuroendocrine and genomic mechanisms associated
with discrete phenotypic variation and ARTs in S. ocellatus in their natural environment, we constructed a whole-brain de novo transcriptome and compared global patterns of gene expression between sexes and male morphs. Next, we quantified
circulating cortisol and 11-ketotestosterone (11-kt), mediators of male reproductive
behaviours, as well as stress and gonadal steroid hormone receptor expression in the
preoptic area, ventral subpallial division of the telencephalon and dorsolateral telencephalon, critical brain regions for social and reproductive behaviours. We found
higher levels of 11-kt in nesting males and higher levels of cortisol in sneaker males
relative to other male morphs and females. We also identified distinct patterns of brain
region-specific hormone receptor expression between males such that most hormone
receptors are more highly expressed in satellites and nesting males relative to sneakers
and females. Our results establish the neuroendocrine and molecular mechanisms that
underlie ARTs in the wild and provide a foundation for experimentally testing
hypotheses about the relationship between neuromolecular processes and reproductive
success.
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Introduction
Defining and characterizing the basic biological mechanisms that give rise to phenotypic variation, and serve as
a substrate for selection and ultimately species
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diversification, is a fundamental challenge in modern
biology. Individuals of a single species can display discrete variation in behavioural repertoire, maximizing
their reproductive success as a consequence. Across taxa,
frequency- and condition-dependent reproductive success has selected for the presence of discrete morphological and behavioural phenotypes, referred to as
alternative reproductive tactics (ARTs; Brockmann 2001;
Taborsky et al. 2008). In some species, ARTs grant
© 2016 John Wiley & Sons Ltd
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reproductive opportunities to subordinate animals,
allowing them to circumvent direct competition with
dominant competitors by adopting alternative behaviours (Brockmann 2001; Taborsky et al. 2008). Not surprisingly, ARTs are among the best-studied examples of
behaviour patterns that show marked variation within
sex, yet their molecular and physiological underpinnings
are still largely unknown. Differences in hormone signalling and neural gene expression between reproductive types are presumed mechanisms and have been
characterized in several fish species (Oliveira et al. 2001a,
b; Knapp 2003; Aubin-Horth et al. 2005; Knapp & Neff
2007; Fraser et al. 2014; Stiver et al. 2015). Further characterization of the mechanisms underlying alternative
reproductive phenotypes will be necessary to determine
whether these mechanisms are conserved across taxa.
The well-characterized ocellated wrasse, Symphodus
ocellatus, a teleost fish from the Mediterranean, has three
distinct male phenotypes, each with its own behavioural
repertoire and physical features (Warner & Lejeune
1985; Taborsky et al. 1987). Nesting males are large,
colourful and socially dominant. As their name suggests,
nesting males build nests out of algae and defend their
territory against predators, takeover by neighbouring
nesting males and parasitic spawning by sneaker and
satellite males. Nesting males court and spawn with
females for 3–5 days before transitioning to a paternal
phase, wherein they remain in close proximity to their
brood, fanning the eggs within their nest and chasing off
predators (Warner & Lejeune 1985; Taborsky et al. 1987;
Alonzo 2004). The second male morph, the satellite male,
cooperates with nesting males by courting females and
chasing off sneaker males, the third male morph (Stiver
& Alonzo 2013). Satellites do not build nests or engage
in paternal care, but they may assist nesting males in
attracting females (Taborsky et al. 1987; Stiver & Alonzo
2013). Because the satellite engages in transient cooperation with the nesting male, the nesting male tolerates his
presence, enabling the satellite to remain in close proximity to the nest where he engages in parasitic spawning
behaviour, also known as ‘sneaking’ (Taborsky et al.
1987; Stiver & Alonzo 2013). Finally, sneaker males are
small, cryptically coloured males resembling females,
that engage in parasitic spawning at the nest and do not
engage in any courtship or parental behaviours (Warner
& Lejeune 1985; Taborsky et al. 1987). Females produce a
new batch of eggs every few days and visit several nests
before spawning (Warner & Lejeune 1985; Taborsky
et al. 1987). Their nest choice is influenced by the presence of other females at a nest, referred to as mate-choice
copying (Alonzo 2008).
An additional dimension of plasticity in the ocellated
wrasse arises from the age dependency of their phenotype. Most S. ocellatus males transition between
© 2016 John Wiley & Sons Ltd

phenotypes across breeding seasons (Alonzo et al. 2000).
Based on otolith analysis used to determine age, we
know that in their first reproductive season, males are
sneakers or satellites, or they remain nonreproductive.
In their second season, sneaker males can transition to
satellites or nesting males, and satellites and nonreproductive males can transition to nesting males (Alonzo
et al. 2000). The precise environmental and/or social
cues that determine these phenotypic transitions are
unknown, but the developmental origin of phenotypic
traits, and the ability to transition between morphs, suggests epigenetic underpinnings (Cardoso et al. 2015).
While differences in genetic background can determine reproductive behaviour and other traits in some
species, they do not determine the life histories of juvenile male S. ocellatus (Alonzo et al. 2000). In many species with ARTs, developmental differences in
environmental and physiological factors converge to
determine an individual’s phenotypic fate (West-Eberhard 2003; Oliveira et al. 2008). In S. ocellatus, developmental conditions leading to disparities in early growth
rate likely influence which male morph a juvenile will
adopt (Alonzo et al. 2000). Male ARTs are likely determined by early differences in growth and fall along two
life history pathways. Some males breed as sneakers in
the first year and as a satellite male in the second, while
others switch from being a satellite or nonreproductive
male to nesting in their second reproductive season
(Alonzo et al. 2000).
Steroid hormones, such as androgens, oestrogens and
glucocorticoids, have been consistently linked with
reproductive, social and parental behaviours across
phyla and are likely involved in the display of alternative reproductive behaviours. Steroid hormone receptors, such as oestrogen receptors alpha and beta (ERa
and ERb), the androgen receptor (AR), and the glucocorticoid and mineralocorticoid receptors (GR and MR),
are all members of an extended family of nuclear transcription factors that, when bound to a ligand, can
dimerize, enter the nucleus and directly regulate transcription (Evans 1988). Steroid hormones can also have
rapid, nongenomic effects, which allows for immediate
behavioural flexibility in specific social contexts (Schumacher 1990; Falkenstein et al. 2000). Thus, differences
in circulating steroid hormones and steroid hormone
receptor expression in the brain can have large impacts
on gene expression, and ultimately the neural physiology producing differences in behaviour.
Because of their ability to have both rapid and longterm effects on brain and behaviour, hormones are a
likely candidate mechanism mediating ARTs (Knapp
2003). In males, high androgen levels are typically associated with male reproductive behaviours, aggressive
behaviours and high social status (Oliveira et al. 2001a;
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Parikh et al. 2006; Desjardins et al. 2008; Schradin et al.
2009; Taves et al. 2009; O’Connell & Hofmann 2011a).
The dominant androgen in teleost fish, 11-ketotestosterone, is more often associated with differences in masculine behaviour than testosterone (Borg 1994), and this is
also the case in S. ocellatus (Stiver et al. 2015). Within
the brain, androgens can be aromatized to oestradiol
(Naftolin 1994), which has also been shown to influence
aggression and territorial behaviour (Nelson & Chiavegatto 2001; Trainor et al. 2006; O’Connell & Hofmann
2011a; Huffman et al. 2013). Circulating cortisol levels
may also influence social status (DiBattista et al. 2005;
Korzan et al. 2014). In addition to steroid hormones,
peptide hormones are also critical mediators of social
behaviours (Insel & Young 2000). The peptide hormone
arginine vasotocin (AVT), homologue to the mammalian vasopressin, has been associated with social status, parental care, as well as courtship in teleost fish
(Grober et al. 2002; Carneiro et al. 2003; Greenwood
et al. 2008; Godwin & Thompson 2012; O’Connell et al.
2012; O’Connor et al. 2015).
The behavioural and physiological consequences of
hormone receptor activation are determined by the
region of the brain where receptor activation occurs,
such that expression and activation of a given receptor
in one region may result in different effects on behaviour than expression and activation of the same receptor in a different region (Bixo et al. 1995; Bale et al.
2001; Nomura et al. 2003). Numerous examples of
region-specific effects of hormone receptor activation
are seen in the rodent literature, for example oestradiol
implants into the paraventricular nucleus of the
hypothalamus (PVN) increase food intake and body
weight with no impact on reproductive behaviours,
whereas implants into the preoptic area (POA) or ventromedial hypothalamus (VMH) stimulate reproductive
behaviours (Butera & Beikirch 1989). In addition, some
neuroendocrine systems are highly localized to one
brain region, such as AVT, which in teleosts is mainly
expressed in the preoptic area, although its V1a receptor is widely distributed (Huffman et al. 2012). This is
why examination of differences in hormone receptor
expression must be conducted in a region-specific manner to gain insight into the molecular mechanisms
underlying differences in social and sexual behaviours.
For most of the brain regions that are critical for
social and reproductive behaviour homology, relationships have been inferred across the major vertebrate lineages (Insel & Young 2000; Goodson 2005; O’Connell &
Hofmann 2012; Goodson & Kingsbury 2013). Together,
these regions comprise the social decision-making
(SDM) network, a network of brain regions important
for social behaviours, such as reproduction, parental
care and aggression, as well as reward processing

(O’Connell & Hofmann 2012). Here, we focus on three
central nodes of the SDM network to determine their
role in ARTs. Arguably, the most critical region for the
expression of male reproductive behaviours in vertebrates is the preoptic area (POA; Malsbury 1971; Arendash & Gorski 1983; Koyama et al. 1984; Moore &
Lindzey 1992; Ball & Balthazart 2004; Goodson 2005). In
teleost fish, activation of the POA has been linked to
male reproductive behaviours, aggression and paternal
care (Soma et al. 1996; O’Connell & Hofmann 2011b;
O’Connell et al. 2012; Huffman et al. 2013), making it a
critical candidate region for the control of behavioural
differences across alternative male phenotypes (Foran &
Bass 1999; Goodson & Bass 2000; Greenwood et al. 2008;
O’Connell & Hofmann 2011a). The ventral subpallial
division of the telencephalon (VS) is the putative homologue to the medial amygdala, another region implicated in control of male reproductive behaviours,
aggression and fear (Koolhaas et al. 1990; Davis 1992;
Newman 1999; Goodson 2005; O’Connell & Hofmann
2012; Goodson & Kingsbury 2013). Finally, the dorsolateral telencephalon (DL) is considered the homologue to
the mammalian hippocampus and may be involved in
learning, memory and stress responsivity (Rodrıguez
et al. 2002; Goodson 2005; O’Connell & Hofmann 2011b;
Goodson & Kingsbury 2013), all important processes
mediating complex social interactions.
To determine the molecular and hormonal mechanisms controlling male ARTs, we quantified and correlated behaviours, circulating hormones and neural gene
expression in wild S. ocellatus males and females. We
constructed a de novo transcriptome using whole-brain
RNA from females, sneakers, satellites and nesting
males, and used this resource as a tool to conduct quantitative real-time PCR analysis of hormone receptor
expression within distinct brain regions controlling
social and sexual behaviours. Our goal was to determine whether hormone receptor expression in critical
brain regions differs between male morphs and whether
these differences are associated with particular behavioural repertoires. To understand the relationships
between brain hormone receptor expression patterns
and differences in circulating hormones across sexes
and male morphs, we linked region-specific brain
mRNA expression with circulating levels of the 11-ketotestosterone (11-kt), the dominant androgen in teleost
fish, and the glucocorticoid cortisol. Finally, we associated variation in natural behaviours in wild fish with
both region-specific gene expression and circulating
hormones to identify potential neuroendocrine mediators of naturally occurring variation in male social and
reproductive behaviours.
We predicted that circulating hormone levels and
brain region-specific hormone receptor expression
© 2016 John Wiley & Sons Ltd
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underlie the marked behavioural variation in S. ocellatus
and would show marked differences between females,
sneakers, satellites and nesting males.

Materials and methods

Behavioural data were analysed by two-tailed, t-test to
compare behaviour counts between satellite and nesting
males using P < 0.05 as a criteria for statistical significance in R (R Development Core Team 2011); however,
figures were made using PRISM 6 (GraphPad, Inc).

Animals

Hormone assays

All behavioural observations and sample collections
were made during Symphodus ocellatus’s breeding season May–June at the University of Liege Marine Laboratory (La Station de Rescherches Sous-Marine et
Oceanograhic, STARESO), near Calvi, Corsica, France.
Samples collected during the 2010 field season were
used to generate the S. ocellatus transcriptome and for
whole-brain gene expression analysis for transcriptome
validation. Samples collected during the 2013 field season were used for region-specific gene expression, behaviour and hormone quantification. Gene expression
levels were not directly compared between these two
cohorts. In the waters surrounding STARESO, S. ocellatus nests are built at depths ranging between 2 and
12 m. Only animals at nests with active spawning, with
at least two sneakers and females, were chosen for
inclusion in these studies. From each nest, one nesting
male, satellite, sneaker and female were collected. The
Yale University Institutional Animal Care and Use
Committee approved all procedures involving animals.

Commercially available enzyme immunoassay (EIA) systems were used to quantify free plasma cortisol (Enzo
Life Sciences) and 11-ketotestosterone levels (Cayman
Chemical) as per the manufacturer’s instructions and as
previously described (Kidd et al. 2010). Plasma from the
2013 cohort of S. ocellatus samples was diluted 1:30 for
11-kt measurement and 1:50 for cortisol quantification.
Hormone data were analysed by two-tailed, one-way
ANOVA to compare levels across morphs using P < 0.05
as a criteria for statistical significance (n = 4–6/group) in
R and figures were made using PRISM 6 (GraphPad, Inc).

Behaviour quantifications
Nests were observed (and in 2013 video recorded) for
10 min prior to capture of each nest’s nesting and satellite male, along with one sneaker and female per nest.
The number of sneakers and females at each nest and
the nesting male’s proximity to the nest were quantified
in addition to nesting male and satellite behaviours
(n = 8–10/phenotype). The behaviours quantified were
the number of spawns, aggressive behaviours, parental
behaviours and courtship behaviours, sneaks and submissive behaviours (operationally defined in Warner &
Lejeune 1985; Alonzo & Warner 2000; Stiver & Alonzo
2013). Since sneakers and females often transiently visit
and leave nests, and because differentiating individual
sneakers and females is not always feasible at very
active nests, behavioural data for individual sneakers
and females were not scored. Following capture, fish
were rapidly transported to an above-water researcher
who collected blood, brains and gonads from each animal. Collections were completed within 25 min of behavioural observations (the mean time from catch to
sample collection was 18 min). Brains and gonads were
stored in RNAlater (Ambion) for 24 h at room temperature, then at 20 °C until processed further.
© 2016 John Wiley & Sons Ltd

RNA-seq and de novo transcriptome assembly
Whole-brain RNA was extracted from 7 to 8 brains/
morph using a standard TRIZOL (Life Technologies) protocol. Briefly, whole brains were homogenized in 1 mL of
TRIZOL and incubated for 5 min at room temperature
(RT). Two hundred microlitre of chloroform (Sigma) was
added to each sample, vortexed, incubated at RT for
2–3 min and centrifuged at 12,000 rpm for 15 min at
4 °C. Aqueous phase was mixed with an equal amount
of isopropanol, incubated at RT for 10 min and centrifuged at 12,000 rpm for 10 min at 4 °C. RNA pellets
were washed twice with 1 mL of 75% EtOH, air dried
and resuspended in 30 lL of RNase-free water. Sample
quality and concentration were assessed on a Bioanalyzer (Agilent) using a RNA 6000 Nano chip. Four
morph-specific cDNA libraries were constructed using
the NEBNEXT mRNA Library Prep Master Mix Set for
Illumina (New England Biolabs) according to the manufacturer’s protocol. Five samples per morph, with RNA
integrity numbers (RIN) above 5, were pooled and
mRNA was isolated using a MICROPOLY(A) Purist Small
Scale mRNA Purification kit (Ambion), according to the
manufacturer’s protocol. Two hundred and fifty ng of
mRNA per library was fragmented to 350 bp, and 45 ng
of fragmented mRNA was added to cDNA synthesis
reactions. Following second-strand cDNA synthesis, end
repair, dA-tailing and adaptor ligation, each sample was
purified/size selected using Ampure XP magnetic beads
(Agencourt). The final cDNA libraries were 250 bp each
with concentrations ranging from 3.03 to 4.92 ng/lL.
Paired-end sequencing (100 bp) of barcode-ligated
libraries was conducted on an Illumina HiSeq 2000 at
the University of Texas Genome Sequencing and
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Analysis Facility. Reads (NM: 43.5 million, SAT: 51.8
million, SN: 30.5 millions and FEM: 35.6 million) were
sorted, barcodes were clipped using custom python
scripts, and read quality was assessed by FASTQC
(Andrews 2010). De novo transcriptome assembly was
performed with Trinity (Haas et al. 2013) using reads
from all four phenotypes. Lowly abundant transcripts
with an FPKM <0.5 were filtered by RSEM, resulting in
an assembly with 80,103 contigs with an N50 of 2119.
To annotate the S. ocellatus transcriptome, we employed
BLASTX
(using a conservative E-value cut-off of
1 9 1010) on protein sequences for Oryzias latipes and
Takifugu rubripes obtained from the ENSEMBL BIOMART
database, which resulted in the alignment of 25,856 contigs to the O. latipes genome and 25,213 contigs to the
T. rubripes genome. Contigs that aligned with high confidence to more than one database were annotated
based on the lowest E-value and highest % identity to
either reference genome, resulting in an assembly where
roughly 32% of high-quality contigs were successfully
annotated, similar to recent reports of de novo transcriptome assembly in the teleost brain (Schunter et al. 2014).
Normalized reads from each morph’s pooled mRNA
were mapped back to the transcriptome using Bowtie
(Langmead & Salzberg 2012). SAM files were converted to
BAM files using SAMTOOLS (Li et al. 2009). Pairwise differential expression estimations were performed using EDGER
with default settings for an exact test for the negative binomial distribution with a dispersion value of 0.4 (Robinson
et al. 2010). As RNA was pooled prior to library generation,
n = 1/group. PANTHER pathway analysis (Mi et al. 2013)
was used to assess potential biological processes associated
with differential gene expression in genes with a log fold
change >1.5 and P value <0.05. Heatmap of differentially
expressed genes (Figure 1, Supporting information) was
made using gplots (Warnes et al. 2009) in R with default
options for hierarchical clustering (i.e. ‘complete’ linkage
method in hclust).

Quantitative real-time PCR
We first confirmed the gene expression patterns
obtained by transcriptome analysis from whole brains
collected from a separate cohort of fish (n = 7/phenotype). RNA was extracted using TRIZOL as described
above and assayed using quantitative real-time PCR
(qPCR, as described below). The results confirmed transcriptome expression estimates for 4 out of 5 randomly
selected genes, validating our overall approach (Figure 2,
Supporting information).
For region-specific gene expression analysis, RNA was
extracted from tissue punches (0.3 lm diameter, 300 lm
thickness) using a QUICK-RNA MICROPREP kit (Zymo
Research) according to the manufacturer’s instructions.

To increase RNA yield, a proteinase K digestion was performed by adding 20 lL of proteinase K (20 mg/mL) to
tissue punches in RNA/DNA shield (Zymo Research)
and incubating at 55 °C for 2 h prior to performing the
extraction. cDNA was synthesized using the GOSCRIPT
Reverse Transcription system (Promega) with random
primers and oligo(dT). All primers for whole-brain transcriptome validation and region-specific gene expression
analysis (Table 1) were designed against sequences in the
S. ocellatus transcriptome, except for vasotocin 1a receptor (V1aR), which was not identified in our transcriptomic analysis. To generate primers for V1aR, previously
published degenerate primers designed to consensus
sequences from teleosts (Lema et al. 2012) were used to
amplify S. ocellatus whole-brain cDNA. The PCR product
was purified and sequenced at the University of Texas at
Austin DNA Sequencing Facility. V1aR primers were
designed based on partial cDNA sequences for S. ocellatus. For region-specific gene expression, n = 8 sneakers,
n = 9 females and nesting males, and n = 10 satellites.
Data points were not removed in any analysis unless they
were too low to detect by qPCR.
Transcript expression was quantified in triplicate for
each gene on a VIIA7 Real-time PCR System (Life Technologies) using GOTAQ qPCR Master Mix (Promega). Standard curves for each gene were generated from serial
dilutions of purified PCR products for each gene. Following the cycling protocol, continuous fluorescence was
measured to generate a melting curve from 60 to 95 °C.
VIIA7 software automatically generates baseline and
threshold values for each gene, and the threshold cycle
(Ct) values for each sample were used to determine
cDNA quantity. Primer amplification efficiencies and relative expression levels were determined using MCMC.QPCR
Bayesian analysis package in R (Matz et al. 2013), with
GTP-binding protein (GTPbp) as a control gene (see Figure 3, Supporting information). Normalized relative
expression values were analysed by one-way ANOVA
across morphs using P < 0.05 as a cut-off for statistical
significance. Pearson’s correlation coefficients with
P < 0.05 were considered significant in the gene behaviour and gene hormone correlation analyses. Correlation
data were analysed using the HMISC (Harrell 2015) package in R, and P-values were Bonferroni corrected using
the stats package in R (R Development Core Team 2011).

Results
Behaviour quantifications in wild Symphodus ocellatus
males
Prior to collecting the fish used in the present study, we
quantified the behaviour of satellite and nesting males
at each nest (Fig. 1). Sneakers and females were found
© 2016 John Wiley & Sons Ltd
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Table 1 Primer sequences used for quantitative real-time PCR in whole-brain and region-specific analyses
Gene

Primer

Sequence (50 –30 )

Amplicon size (bp)

Efficiency 1

AR

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

TGCGAGATAACTGCTGGTCA
ATGACTCCTGCTCGTTTCCT
TGGGATGCTAAAAGAGGGA
GTCGGGCATGGCAAATAACT
GAGGCACAGTCCGAAATTCC
TCCTCCAGTCCAGAAAGTG
TGCTGAAGTACAACGAGGGT
GCACCACAAGTCAAAGCTCT
ACCCGACAAGAGAGGAGTTG
CGATGTAACCGTCACCGTTC
CAGTGGCCCAGTACAACAAC
CTGACATAGCGTTGTGTGGG
GACCGAACGCCTCTAAGTCT
GCACACCGTTATCCAGTGTAC
GGAATGAGGAGGTGGCTCAA
CCAGGCTCAGGTGTTTGATG
GTCCTTCTAGTGGGCTTGGT
GTCCTTCTAGTGGGCTTGGT
CCCACGACGAGTATTTGTGC
GAGCTGATAGAAACGCTGCC
ATGAATCACAAACAGGGCCG
CTGCAGGTGGATGAAGAACG
GGGCATTTTGTTCCACCGAT
ATGAAGCGGAAGTGGACTGA
AAAAAGTCCCTGTCCCCAAT
TTATAAACCGCCAGCCAATC

173

1.90

200

1.99

208

1.94

168

1.85

186

2.06

174

1.96

186

1.97

150

2.02

150

1.92

179

1.96

184

1.93

151

1.94

192

2.01

ERa
ER|3
ankrd22
EBF3
CYP2K1
EPAS1
VI aR
MR (nr3c2)
GR
EF1
GTPbp
BDNF

in high density at focal nests and individuals visited
and left frequently, and therefore we did not score their
behaviour. As previously reported, Symphodus ocellatus
nesting males and satellites display differences in their
behavioural repertoires (Warner & Lejeune 1985;
Taborsky et al. 1987; Stiver & Alonzo 2013). However,
both male types engage in courtship and aggression,
which is typically directed towards sneaker males or
encroaching foreign satellites or nesting males. Courtship is typically more frequent in satellites than nesting
males, which was consistent in the current cohort
(t(17) = 3.407, P < 0.01). We found no differences in the
number of aggressive behaviours displayed by satellites
and nesting males (Fig. 2; t(17) = 0.5241, P = 0.61). Satellite males often display submissive behaviours towards
the nesting male and occasionally attempt to sneak
spawns in the nest. The vast majority of spawning
events were accomplished by nesting males compared
to satellites (t(16) = 4.056, P < 0.001). Paternal behaviour
was solely displayed by nesting males (Fig. 1).

Circulating 11-kt and cortisol levels differ between
sexes and male morphs
Nesting males had significantly higher levels of circulating 11-kt than females and sneakers (Fig. 2A;
© 2016 John Wiley & Sons Ltd

F(3,19) = 4.906, P < 0.05). However, we did not find a statistically significant difference in 11-kt levels between
satellites and nesting males (P = 0.062). Plasma cortisol
levels were higher in sneakers compared to females,
satellites and nesting males (Fig. 2B; F(3,20) = 6.553,
P < 0.01).

Transcriptomics in the S. ocellatus brain
De novo construction of the ocellated wrasse whole-brain
transcriptome enabled gross evaluation of global gene
expression patterns across sexes and morphs. Clustering
analysis of total gene expression indicated that females
and nesting males had the most divergent patterns of
gene expression in the brain (Figure 1a, b, Supporting
information). There were a total of 258 genes with significant differences [logFC > 1.5, P < 0.05; top DE genes
provided in Table 1 (Supporting information)] in expression level between nesting males and females, with 163
genes expressed at higher levels in nesting males compared to females and 95 with higher expression levels in
females. PANTHER biological process gene ontology
(GO) analysis indicated that about half of the DE genes
in nesting males vs. females and nesting males vs. the
other male morphs are involved in metabolic and cellular processes (Figure 1c, Supporting information). Our
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Fig. 1 Behavioural repertoires of wild
satellite and nesting male S. ocellatus.
Behaviour was quantified for each satellite and nesting male prior to collection
for analysis of circulating cortisol and 11kt, and neural gene expression. Both
male morphs engage in courtship and
aggression, but more courtship displays
were present in satellites compared to
nesting males. Satellites often engage in
submissive behaviours and sneaking
spawns, whereas nesting males do not.
Spawning behaviour is significantly more
frequent among nesting males compared
to satellites. Satellites do not engage in
paternal behaviours as nesting males are
the sole providers of parental care. Error
bars indicate mean  s.e.m. **P < 0.01,
***P < 0.001.

Nesting males

10
8
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Satellites

analysis indicated that the groups with the most similar
patterns of gene expression and the fewest DE genes
were females and satellite males, which had only a total
of 63 differences in gene expression (Figure 1a, b, Supporting information).

Brain region-specific gene expression across sexes and
morphs
Using our de novo transcriptome as a tool to identify
potential genetic contributors to differential social and
sexual behaviours, we quantified mRNA levels of several hormone receptors known to control social and sexual behaviours in brain regions within the neural SDM
(O’Connell & Hofmann 2012), namely the POA, VS (medial/central amygdala homologue) and DL (hippocampus homologue).
We quantified ERa, ERb, AR and V1aR mRNA in the
POA of all morphs, as shown in Fig. 3A. Levels of ERa
in the POA were significantly higher in satellite and
nesting males compared to both females and sneakers
(F(3,29) = 49.05, P < 0.0001). Levels of ERb were too low
to reliably detect in the female and sneaker POA, and
there was not a significant difference in ERb mRNA
expression between satellites and nesting males
(t(16) = 0.6106,
P = 0.55,
satellite
mean = 6.38,
s.e.m. = 0.39; nesting male mean = 6.7, s.e.m. = 3.247).

Nesting males

Females had significantly lower levels of AR in the POA
compared to satellite and nesting males (F(3,29) = 7.276,
P < 0.001), suggesting that, in general, steroid hormone
receptor expression is highest in older, socially dominant
males compared to females and sneaker males.
Although V1aR was highly expressed in the POA in all
groups, there were no statistically significant differences
across sex or male morph (F(3,34) = 0.5390, P = 0.66).
In the VS, the putative medial amygdala/extended
central amygdala homologue, we measured ERa, ERb,
AR and V1aR (Fig. 3B). As in the POA, ERa was significantly higher in the satellite and nesting male VS compared to sneakers and females (F(3,25) = 39.56,
P < 0.0001). AR expression displayed the same pattern as
ERa in the VS and was significantly higher in satellite
and nesting males (F(3,25) = 38.87, P < 0.0001). Levels of
ERb and V1aR were too low to reliably detect in the sneaker and female VS. However, we found higher mRNA
expression levels of both of these receptors in the nesting
male VS compared to satellites (V1aR t(14) = 4.470,
P < 0.001, satellite mean = 4.38, s.e.m. = 0.27; nesting
male mean = 5.8, s.e.m. = 0.17; ERb t(14) = 2.506,
P < 0.05, satellite mean = 6.83, s.e.m. = 0.19; nesting
male mean = 7.36, s.e.m. = 0.08).
In the putative hippocampus homologue DL, we
quantified the adrenal hormone receptors GR and MR,
as well as the neurotrophin brain-derived neurotrophic
© 2016 John Wiley & Sons Ltd
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Fig. 2 Circulating 11-kt and cortisol levels in wild S. ocellatus.
(A) 11-kt levels were significantly higher in nesting males relative to females and sneakers, whereas (B) sneakers had the highest levels of circulating cortisol compared to females and other
male morphs. Error bars indicate mean  s.e.m. *P < 0.05 compared to nesting males and #P < 0.05 compared to sneakers.

factor (BDNF), a critical regulator of synapse formation
in the hippocampus that is regulated by gonadal and
adrenal hormones (reviewed in Pluchino et al. 2013;
Fig. 3C). We found large differences and low variability
in GR expression across morphs. Females and sneakers
had very low GR expression in the DL compared to
satellites and nesting males (F(3,27) = 1221, P < 0.0001).
Although in whole brain, MR expression was highest in
nesting males (Figure 2, Supporting information), satellite males had the highest levels of MR in the DL compared to all other groups (F(3,27) = 176.8, P < 0.0001).
MR was also higher in nesting males compared to
females and sneakers (P < 0.001). BDNF was higher in
the nesting male and satellite DL compared to females
and sneakers (F(3,28) = 91.57, P < 0.0001). Importantly,
there were no significant differences in expression of
our control gene, GTPbp across groups in any brain
region (Figure 3, Supporting information).

Associations between male behaviours, hormones and
neural gene expression
We sought to identify the biological links between
region-specific gene expression levels, circulating
© 2016 John Wiley & Sons Ltd

hormone levels and variation in behaviour. We correlated hormone levels and region-specific gene expression among all animals sampled (Fig. 4A) and
performed an additional correlation analysis adding
satellite and nesting male behavioural data (Fig. 4B) to
identify relationships between genes, hormones and
behaviours. Levels of 11-kt and cortisol did not significantly correlate with expression of any hormone receptor gene when analysed across all morphs (Fig. 4A;
Table 2, n = 36), although we identified many correlations between genes in the brain (Fig. 4A; Table 2).
When data from satellite and nesting males were
combined (n = 19), we found statistically significant correlations between GR in the DL and ERa (R2 = 0.88,
P < 0.01) and AR (R2 = 0.88, P < 0.01) in the VS
(Fig. 4B; Table 3). ERa and AR expression levels in the
VS were strongly linked (R2 = 1, P < 0.001) in satellites
and nesting males. ERb levels also positively correlated
with V1aR in the VS (R2 = 0.81, P < 0.05). In addition,
we found a statistically significant correlation in courtship behaviours with MR in the DL (R2 = 0.81, P < 0.01;
Fig. 4B; Table 3).

Discussion
Dynamic neuroendocrine control of gene expression is
associated with phenotypic plasticity across taxa. Here,
we describe the development of a de novo transcriptome, hormone profiles and brain region-specific gene
expression profiles in the ocellated wrasse, Symphodus
ocellatus, a reef fish with thoroughly characterized ecology and social dynamics (Warner & Lejeune 1985;
Taborsky et al. 1987; Stiver & Alonzo 2013). Previous
analysis of circulating hormones in S. ocellatus revealed
higher levels of oestradiol in females compared to
males, with no differences among male morphs; 11-kt
levels were highest in nesting males compared to both
females and other male morphs, while testosterone did
not vary significantly across morphs or sexes (Stiver
et al. 2015). In the current cohort, we confirmed that
nesting males had significantly higher levels of circulating 11-kt compared to females and sneakers. Although
11-kt was lower in satellites than nesting males as previously described (Stiver et al. 2015), differences did not
reach statistical significance in the current cohort. Elevated 11-kt levels have been associated with paternal
care and enhanced aggression in other teleost species
(Rodgers et al. 2006; Pradhan et al. 2014), and therefore
higher 11-kt in nesting males relative to other morphs
is consistent with their behavioural repertoire. However, satellite males also exhibit high levels of aggression towards sneakers despite their low levels of
circulating 11-kt. Thus, the biological mechanisms controlling aggressive behaviours in S. ocellatus males
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Table 2 Gene/hormone correlates in wild S. ocellatus. Pearson’s correlation coefficients corrected for multiple comparisons are shown

Via POA
AR POA
ERalpha_POA
ERalpha_VS
AR VS
GR_DL
MR DL
BDNF DL
Cortisol
KT

Via POA

AR_POA

ERalpha_POA

ERalpha_VS

AR_VS

GR_DL

MR_DL

BDNF_DL

Cortisol

0.03
0.25
0.24
0.24
0.24
0.27
0.02
0.29
0.06

0.28
0.41
0.41
0.51
0.5
0.60*
0.18
0.2

0.93***
0.93***
0.94***
0.92***
0.74***
0.45
0.27

1.00***
0.99***
0.97***
0.85***
0.05
0.37

0.99***
0.97***
0.85***
0.05
0.37

0.98***
0.88***
0.42
0.32

0.85***
0.48
0.27

0.15
0.29

0.03

Data from all groups are combined (n = 36) *P < 0.05. ***P < 0.001.

warrant further exploration in future studies. Cortisol
levels were highest in sneaker males, which is consistent with findings in other teleost species in which
sneaker and subordinate-type males have high cortisol
relative to their dominant conspecifics (Fox et al. 1997;
Knapp & Neff 2007; Bender et al. 2008; Arterbery et al.
2010). Surprisingly, we found no statistical associations
between circulating hormone levels and brain hormone
receptor gene expression despite the well-documented
ability of circulating hormones to regulate the expression of their own, and related, receptors (Evans 1988;
Beato 1993; Beato et al. 1995).
The use of microarray platforms, next-generation
sequencing and de novo transcriptome construction has
already enabled analysis of gene expression patterns in
several nontraditional model species with ARTs (Renn
et al. 2004; Aubin-Horth et al. 2005, 2007; Cummings
et al. 2008; Schumer et al. 2011; Fraser et al. 2014; Schunter et al. 2014; Stuglik et al. 2014; Feng et al. 2015; Stiver
et al. 2015). Whole-brain transcriptome analysis by
RNA-Seq in the current study confirmed our previous
microarray-based analyses of whole-brain gene expression in this species, with sneakers and nesting males
displaying the most divergent patterns of gene expression across both males and females, and females and
satellites exhibiting similar patterns of gene expression
(Stiver et al. 2015). Greater variation in whole-brain
gene expression within sex compared to across sex is
surprising, but has been reported previously in the teleost brain (Schunter et al. 2014; Stiver et al. 2015). There
is, at this point, no good explanation for the similarities
in whole-brain, global gene expression profiles between
females and satellites. We previously hypothesized that
these differences could be due to their comparable
social status at the nest (Stiver et al. 2015), wherein their
presence is encouraged by nesting males while being
subordinate targets for nesting male aggression (Stiver
& Alonzo 2013). The distinct behavioural and hormonal
© 2016 John Wiley & Sons Ltd

profiles of sneakers and nesting males are mimicked by
their large differences in neural gene expression. As
sneakers had significantly higher levels of cortisol, and
nesting males had significantly higher levels of 11-kt
compared to satellites and females, the observed patterns of whole-brain gene expression across morphs
and sexes might indicate the influence of these hormones on transcriptional regulation, resulting in similar
patterns of gene expression in satellites and females,
which have lower levels of both of these hormones.
Neural gene expression patterns might to some extent
also be due to age (Stiver et al. 2015), which is well
established in mammals (Somel et al. 2006). Sneakers
are all roughly 1 year old around the breeding season,
whereas satellites and females are roughly 1–2 years
old, and nesting males are all 2+ years old (Alonzo
et al. 2000). However, our region-specific candidate gene
analysis did not provide any evidence for age-dependent gene expression patterns, suggesting that socially
relevant gene expression is not strongly associated with
age, but rather influenced by sex and phenotypic status.
Our whole-brain transcriptome allowed us to identify
sequences of critical hormone receptor genes in S. ocellatus. This enabled use of a candidate gene approach to
quantify differential patterns of hormone receptor
expression in the POA, VS and DL, regions associated
with reproductive behaviours, aggression, parental care
and stress responsivity. Hormone receptor signalling in
discrete brain regions is critical for the display of complex social and sexual behaviours. We predicted that
hormone receptor expression likely contributes to differences in discrete behavioural variation displayed by
S. ocellatus males and that hormone receptor mRNA
expression levels would vary greatly between sexes and
male morphs. We observed higher levels of hormone
receptor mRNA expression in satellites and nesting
males across brain regions in nearly all genes of interest. Further, when data were correlated across sexes

Pearson’s correlation coefficients corrected for multiple comparisons are shown. Satellite and nesting male data are combined (n = 19) *P < 0.05. **P < 0.01, ***P < 0.001.
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Table 3 Gene/hormone/behaviour correlates in wild satellite and nesting male S. ocellatus
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and male morphs, we found strong correlations
between expression levels of hormone receptors. Specifically, we found strong associations between DL glucocorticoid signalling, important in social cognition and
sexual/aggressive behaviours (Maruska et al. 2013) with
sex steroid signalling in VS and POA, which have both
been implicated in sexual behaviour (O’Connell & Hofmann 2011a). These expression patterns may suggest
that gonadal and adrenal steroid hormone signalling
work together across multiple brain regions to regulate
behaviour. A more likely explanation derives from our
findings that, in general, satellites and nesting males
have higher levels of hormone receptor expression relative to sneakers and females. This means that intersex
and morph correlations may be skewed by sex and
male age/morph.
The consistent elevation of hormone receptor gene
expression levels in satellites and nesting males was not
due to technical or experimental error, since we found
no differences in AR and V1aR in the POA (Fig. 3) and
varying patterns of expression in randomly selected
genes used to validate expression patterns in our transcriptome (Figure 2, Supporting information). These
results are likely indicative of enhanced hormonal signalling activity in the satellite and nesting male brain.
V1aR expression in the POA did not differ between
groups despite the well-known role of AVT signalling
in this region in dominance, aggressive behaviours and
paternal behaviours in teleosts (Greenwood et al. 2008;
Backstr€
om & Winberg 2009; Almeida et al. 2012; O’Connell & Hofmann 2012; Huffman et al. 2015).
Satellites and nesting males display distinct, yet similarly complex behaviours (Fig. 1). The behaviours displayed
by
both
male
morphs
necessitate
neuroendocrine signalling, yet result in divergent physiological outcomes to produce distinct behavioural phenotypes. Satellites and nesting males both display
courtship behaviour and aggression towards sneakers.
When we correlated the frequency of these behaviours
in both male morphs combined with neural hormone
receptor expression, we found a statistically significant
association between MR and courtship behaviours.
Courtship and appetitive reproductive behaviours have
been associated with cortisol signalling in other taxa
(Rose et al. 1993; Cease et al. 2007; Lutterschmidt &
Maine 2014), suggesting that S. ocellatus may share a
common physiological mechanism controlling courtship
behaviour.
Although hormone receptor expression levels are
high in both satellites and nesting males, these receptors are associated with different behaviours and physiology in each male type, creating specific
neuroendocrine profiles for each. These divergent neuroendocrine profiles may have been selected to
© 2016 John Wiley & Sons Ltd
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maximize morph-specific behaviour, creating male alternatives. For future studies, a larger sampling of satellite
and nesting males will enable within-morph characterization of neuroendocrine control of behaviour.
Male S. ocellatus transition between morphs across
breeding season, suggesting that differences in circulating hormones and brain hormone receptor expression
are developmentally dependent but plastic. The cues
that initiate phenotypic transitions are currently
unknown, but epigenetic phenotypic control likely
underlies both developmental programming determining life history path and phenotypic plasticity in S. ocellatus. Epigenetic mediators of gene expression have
been identified as critical regulators of phenotypic plasticity across taxa (Kucharski et al. 2008; Smith et al.
2011; Foret et al. 2012). Epigenetic processes, such as
DNA methylation and histone modifications, are plausible mechanisms for enabling enough control of gene
expression to drive discrete variation in behaviour and
physiology, while maintaining the ability to display
marked plasticity and are therefore likely contributors
to the aetiology of plasticity in male alternatives. Steroid
hormones have recently been shown to influence DNA
methylation patterns responsible for long-term programming of gene expression in the mammalian brain
(Nugent et al. 2015), which may also underlie phenotypic programming and plasticity in teleosts. In addition, age-related changes of DNA methylation have
been reported on hormone receptor promoters and
other genes in the brain (Schwarz et al. 2010; Hernandez
et al. 2011). Manipulation studies are necessary to determine whether epigenetic processes are involved in
S. ocellatus phenotypic plasticity and to further characterize the contribution of specific neuroendocrine mechanisms in the physiological and behavioural differences
in S. ocellatus males. These studies will provide insight
into the importance of particular hormones or hormone
receptors in the reproductive success of each morph.

Conclusions
Massive genomic plasticity in the absence of genetic differences underlies phenotypic plasticity in some species
with ARTs (Renn et al. 2004; Aubin-Horth et al. 2005,
2007; Cummings et al. 2008; Schumer et al. 2011; Fraser
et al. 2014; Schunter et al. 2014; Stuglik et al. 2014; Feng
et al. 2015; Stiver et al. 2015). In the ocellated wrasse,
this genomic plasticity, and the changes in reproductive
morph associated with divergent brain transcriptomic
and neuroendocrine profiles, might be age-related. Our
data suggest that as S. ocellatus males transition
between morphs, they undergo large changes in hormone production as well as brain hormone receptor
expression, giving rise to striking differences in
© 2016 John Wiley & Sons Ltd

physiology and behaviour. The question remains as to
how these differences are developmentally programmed
and maintained, and whether the mechanisms controlling phenotypic plasticity in this and other teleosts are
similar to those found in other taxa.

Acknowledgements
We would like to thank Susan Marsh-Rollo and Holly Kindsvader for their assistance in the field as well as Dr. Pierre Lejeune, Alexandre Volpon and the entire staff at the Station de
Recherches Sous-Marines et Oceanographique (STARESO). We
would also like to thank Benjamin Goetz and James Derry
from the University of Texas Center for Computational Biology
and Bioinformatics for the assistance with transcriptome
assembly and Dr. Tessa Solomon-Lane and Dr. Rebecca Young
for reading earlier versions of the manuscript. The authors
acknowledge the Texas Advanced Computing Center (TACC)
at The University of Texas at Austin for providing computing
resources that have contributed to the research results reported
within this paper. http://www.tacc.utexas.edu. This work was
supported by the Gaylord Donnelly Environmental Postdoctoral Fellowship from the Yale Institute for Biospheric Studies
awarded to BMN. This material is also based upon work
supported by the National Science Foundation (under Grant
Number IOS-0950472) and Yale University.

References
Almeida O, Gozdowska M, Kulczykowska E, Oliveira RF
(2012) Brain levels of arginine–vasotocin and isotocin in
dominant and subordinate males of a cichlid fish. Hormones
and Behavior, 61, 212–217.
Alonzo SH (2004) Uncertainty in territory quality affects the
benefits of usurpation in a Mediterranean wrasse. Behavioral
Ecology, 15, 278–285.
Alonzo SH (2008) Female mate choice copying affects sexual
selection in wild populations of the ocellated wrasse. Animal
Behaviour, 75, 1715–1723.
Alonzo SH, Warner RR (2000) Dynamic games and field experiments examining intra-and intersexual conflict: explaining
counterintuitive mating behavior in a Mediterranean wrasse,
Symphodus ocellatus. Behavioral Ecology, 11, 56–70.
Alonzo SH, Taborsky M, Wirtz P (2000) Male alternative reproductive behaviours in a mediterranean wrasse, Symphodus
ocellatus: evidence from otoliths for multiple life-history pathways. Evolutionary Ecology Research, 2, 997–1007.
Andrews S (2010) FastQC: A Quality Control Tool for High
Throughput Sequence Data. Available from http://www.bioinformatics.babraham.ac.uk/projects/fastqc.
Arendash GW, Gorski RA (1983) Effects of discrete lesions of
the sexually dimorphic nucleus of the preoptic area or other
medial preoptic regions on the sexual behavior of male rats.
Brain Research Bulletin, 10, 147–154.
Arterbery AS, Deitcher DL, Bass AH (2010) Corticosteroid
receptor expression in a teleost fish that displays alternative
male reproductive tactics. General and Comparative Endocrinology, 165, 83–90.
Aubin-Horth N, Landry CR, Letcher BH, Hofmann HA (2005)
Alternative life histories shape brain gene expression profiles

5224 B . M . N U G E N T E T A L .
in males of the same population. Proceedings of the Royal Society B: Biological Sciences, 272, 1655–1662.
Aubin-Horth N, Desjardins JK, Martei YM, Balshine S, Hofmann HA (2007) Masculinized domnant females in a cooperatively breeding species. Molecular Ecology, 16, 1349–1358.
Backstr€
om T, Winberg S (2009) Arginine–vasotocin influence
on aggressive behavior and dominance in rainbow trout.
Physiology & Behavior, 96, 470–475.
Bale TL, Davis AM, Auger AP, Dorsa DM, McCarthy MM
(2001) CNS region-specific oxytocin receptor expression:
importance in regulation of anxiety and sex behavior. The
Journal of Neuroscience, 21, 2546–2552.
Ball GF, Balthazart J (2004) Hormonal regulation of brain circuits mediating male sexual behavior in birds. Physiology &
Behavior, 83, 329–346.
Beato M (1993) Gene regulation by steroid hormones. In: Gene
Expression (ed. M Karin), pp. 43–75. Birkh€auser, Boston.
Beato M, Herrlich P, Sch€
utz G (1995) Steroid hormone receptors: many actors in search of a plot. Cell, 83, 851–857.
Bender N, Heg-Bachar Z, Oliveira RF, Canario AVM, Taborsky
M (2008) Hormonal control of brood care and social status in
a cichlid fish with brood care helpers. Physiology & Behavior,
94, 349–358.
Bixo M, Winblad B, Andersson A (1995) Estradiol and testosterone in specific regions of the human female brain in different endocrine states. The Journal of Steroid Biochemistry and
Molecular Biology, 55, 297–303.
Borg B (1994) Androgens in teleost fishes. Comparative Biochemistry and Physiology Part C: Pharmacology, Toxicology and
Endocrinology, 109, 219–245.
Brockmann HJ (2001) The evolution of alternative strategies
and tactics. Advances in the Study of Behavior, 30, 1–51.
Butera PC, Beikirch RJ (1989) Central implants of diluted estradiol: independent effects on ingestive and reproductive
behaviors of ovariectomized rats. Brain Research, 491, 266–273.
Cardoso SD, Teles MC, Oliveira RF (2015) Neurogenomic
mechanisms of social plasticity. The Journal of Experimental
Biology, 218, 140–149.
Carneiro LA, Oliveira RF, Canario AVM, Grober MS (2003)
The effect of arginine vasotocin on courtship behaviour in a
blenniid fish with alternative reproductive tactics. Fish Physiology and Biochemistry, 28, 241–243.
Cease AJ, Lutterschmidt DI, Mason RT (2007) Corticosterone
and the transition from courtship behavior to dispersal in
male red-sided garter snakes (Thamnophis sirtalis parietalis).
General and Comparative Endocrinology, 150, 124–131.
Cummings ME, Larkings-Ford J, Reilly CRL, Wong RY, Ramsey M, Hofmann HA (2008) Sexual and social stimuli elicit
rapid and contrasting genomic responses. Proceedings of the
Royal Society B: Biological Sciences, 275, 393–402.
Davis M (1992) The role of the amygdala in fear and anxiety.
Annual Review of Neuroscience, 15, 353–375.
Desjardins JK, Stiver KA, Fitzpatrick JL et al. (2008) Sex and
status in a cooperative breeding fish: behavior and androgens. Behavioral Ecology and Sociobiology, 62, 785–794.
DiBattista JD, Anisman H, Whitehead M, Gilmour KM (2005)
The effects of cortisol administration on social status and
brain monoaminergic activity in rainbow trout Oncorhynchus
mykiss. Journal of Experimental Biology, 208, 2707–2718.
Evans RM (1988) The steroid and thyroid hormone receptor
superfamily. Science, 240, 889–895.

Falkenstein E, Tillmann H-C, Christ M, Feuring M, Wehling M
(2000) Multiple actions of steroid hormones—a focus on
rapid, nongenomic effects. Pharmacological Reviews, 52, 513–
556.
Feng NY, Fergus DJ, Bass AH (2015) Neural transcriptome
reveals molecular mechanisms for temporal control of vocalization across multiple timescales. BMC Genomics, 16, 408.
Foran CM, Bass AH (1999) Preoptic GnRH and AVT: axes for
sexual plasticity in teleost fish. General and Comparative
Endocrinology, 116, 141–152.
Foret S, Kucharski R, Pellegrini M et al. (2012) DNA methylation dynamics, metabolic fluxes, gene splicing, and alternative phenotypes in honey bees. Proceedings of the National
Academy of Sciences, 109, 4968–4973.
Fox HE, White SA, Kao MHF, Fernald RD (1997) Stress and
dominance in a social fish. The Journal of Neuroscience, 17,
6463–6469.
Fraser BA, Janowitz I, Thairu M, Travis J, Hughes KA (2014)
Phenotypic and genomic plasticity of alternative male reproductive tactics in sailfin mollies. Proceedings of the Royal Society B: Biological Sciences, 281, 20132310.
Godwin J, Thompson R (2012) Nonapeptides and social behavior in fishes. Hormones and Behavior, 61, 230–238.
Goodson JL (2005) The vertebrate social behavior network: evolutionary themes and variations. Hormones and Behavior, 48,
11–22.
Goodson JL, Bass AH (2000) Forebrain peptides modulate sexually polymorphic vocal circuitry. Nature, 403, 769–772.
Goodson JL, Kingsbury MA (2013) What’s in a name? Considerations of homologies and nomenclature for vertebrate
social behavior networks. Hormones and Behavior, 64, 103–
112.
Greenwood AK, Wark AR, Fernald RD, Hofmann HA (2008)
Expression of arginine vasotocin in distinct preoptic regions
is associated with dominant and subordinate behaviour in
an African cichlid fish. Proceedings of the Royal Society of London B: Biological Sciences, 275, 2393–2402.
Grober MS, George AA, Watkins KK, Carneiro LA, Oliveira RF
(2002) Forebrain AVT and courtship in a fish with male
alternative reproductive tactics. Brain Research Bulletin, 57,
423–425.
Haas BJ, Papanicolaou A, Yassour M et al. (2013) De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis. Nature
Protocols, 8, 1494–1512.
Harrell FE, with contirbutes from Charles Dupont and many
others (2015) HMISC: Harrell Miscellaneous. R package version
3.17-1.
Hernandez DG, Nalls MA, Gibbs JR et al. (2011) Distinct DNA
methylation changes highly correlated with chronological
age in the human brain. Human Molecular Genetics, 20, 1164–
1172.
Huffman LS, O’Connell LA, Kenkel CD et al. (2012) Distribution of nonapeptide systems in the forebrain of an African
cichlid fish, Astatotilapia burtoni. Journal of Chemical Neuroanatomy, 44, 86–97.
Huffman LS, O’Connell LA, Hofmann HA (2013) Aromatase
regulates aggression in the African cichlid fish Astatotilapia
burtoni. Physiology & Behavior, 112, 77–83.
Huffman LS, Hinz FI, Wojcik S, Aubin-Horth N, Hofmann HA
(2015) Arginine vasotocin regulates social ascent in the

© 2016 John Wiley & Sons Ltd

T R A N S C R I P T O M I C S A N D N E U R O E N D O C R I N O L O G Y I N A R T S 5225
African cichlid fish Astatotilapia burtoni. General and Comparative Endocrinology, 212, 106–113.
Insel TR, Young LJ (2000) Neuropeptides and the evolution of
social behavior. Current Opinion in Neurobiology, 10, 784–789.
Kidd CE, Kidd MR, Hofmann HA (2010) Measuring multiple
hormones from a single water sample using enzyme immunoassays. General and Comparative Endocrinology, 165, 277–285.
Knapp R (2003) Endocrine mediation of vertebrate male alternative reproductive tactics: the next generation of studies.
Integrative and Comparative Biology, 43, 658–668.
Knapp R, Neff BD (2007) Steroid hormones in bluegill, a species with male alternative reproductive tactics including
female mimicry. Biology Letters, 3, 628–632.
Koolhaas JM, Van den Brink THC, Roozendal B, Boorsma F
(1990) Medial amygdala and aggressive behavior. Aggressive
Behavior, 16, 223–229.
Korzan WJ, Grone BP, Fernald RD (2014) Social regulation of
cortisol receptor gene expression. The Journal of Experimental
Biology, 217, 3221–3228.
Koyama Y, Satou M, Oka Y, Ueda K (1984) Involvement of the
telencephalic hemispheres and the preoptic area in sexual
behavior of the male goldfish, Carassius auratus: a brainlesion study. Behavioral and Neural Biology, 40, 70–86.
Kucharski R, Maleszka J, Foret S, Maleszka R (2008) Nutritional control of reproductive status in honeybees via DNA
methylation. Science, 319, 1827–1830.
Langmead B, Salzberg SL (2012) Fast gapped-read alignment
with Bowtie 2. Nature Methods, 9, 357–359.
Lema SC, Slane MA, Salvesen KE, Godwin J (2012) Variation
in gene transcript profiles of two V1a-type arginine vasotocin
receptors among sexual phases of bluehead wrasse (Thalassoma bifasciatum). General and Comparative Endocrinology, 179,
451–464.
Li H, Handsaker B, Wysoker A et al. (2009) The sequence
alignment/map format and SAMtools. Bioinformatics, 25,
2078–2079.
Lutterschmidt DI, Maine AR (2014) Sex or candy? Neuroendocrine regulation of the seasonal transition from courtship
to feeding behavior in male red-sided garter snakes (Thamnophis sirtalis parietalis). Hormones and Behavior, 66, 120–134.
Malsbury CW (1971) Facilitation of male rat copulatory behavior by electrical stimulation of the medial preoptic area.
Physiology & Behavior, 7, 797–805.
Maruska KP, Becker L, Neboori A, Fernald RD (2013) Social
descent with territory loss causes rapid behavioral, endocrine
and transcriptional changes in the brain. The Journal of Experimental Biology, 216, 3656–3666.
Matz MV, Wright RM, Scott JG (2013) No control genes
required: Bayesian analysis of qRT-PCR data. PLoS ONE, 8,
e71448. doi: 10.1371/journal.pone.0071448.
Mi H, Muruganujan A, Casagrande JT, Thomas PD (2013)
Large-scale gene function analysis with the PANTHER classification system. Nature Protocols, 8, 1551–1566.
Moore MC, Lindzey J (1992) The physiological basis of sexual
behavior in male reptiles. Biology of the Reptilia, 18, 70–113.
Naftolin F (1994) Brain aromatization of androgens. The Journal
of Reproductive Medicine, 39, 257–261.
Nelson RJ, Chiavegatto S (2001) Molecular basis of aggression.
Trends in Neurosciences, 24, 713–719.
Newman SW (1999) The medial extended amygdala in male
reproductive behavior a node in the mammalian social

© 2016 John Wiley & Sons Ltd

behavior network. Annals of the New York Academy of Sciences,
877, 242–257.
Nomura M, Korach KS, Pfaff DW, Ogawa S (2003) Estrogen
receptor b (ERb) protein levels in neurons depend on estrogen receptor a (ERa) gene expression and on its ligand in a
brain region-specific manner. Molecular Brain Research, 110,
7–14.
Nugent BM, Wright CL, Shetty AC et al. (2015) Brain feminization requires active repression of masculinization via DNA
methylation. Nature Neuroscience, 18, 690–697.
O’Connell LA, Hofmann HA (2011a) Social status predicts how
sex steroid receptors regulate complex behavior across levels
of biological organization. Endocrinology, 153, 1341–1351.
O’Connell LA, Hofmann HA (2011b) The vertebrate mesolimbic
reward system and social behavior network: a comparative
synthesis. Journal of Comparative Neurology, 519, 3599–3639.
O’Connell LA, Hofmann HA (2012) Evolution of a vertebrate
social decision-making network. Science, 336, 1154–1157.
O’Connell LA, Matthews BJ, Hofmann HA (2012) Isotocin regulates paternal care in a monogamous cichlid fish. Hormones
and Behavior, 61, 725–733.
O’Connor CM, Marsh-Rollo SE, Ghio SC, Balshine S, AubinHorth N (2015) Is there convergence in the molecular pathways underlying the repeated evolution of sociality in African cichlids? Hormones and Behavior, 75, 160–168.
Oliveira RF, Canario AVM, Grober MS (2001a) Male sexual
polymorphism, alternative reproductive tactics, and androgens in combtooth blennies (Pisces: Blenniidae). Hormones
and Behavior, 40, 266–275.
Oliveira RF, Canario AVM, Grober MS, Santos RS (2001b)
Endocrine correlates of male polymorphism and alternative
reproductive tactics in the Azorean rock-pool blenny, Parablennius sanguinolentus parvicornis. General and Comparative
Endocrinology, 121, 278–288.
Oliveira RF, Taborsky M, Brockmann HJ (2008) Alternative
Reproductive Tactics: An Integrative Approach. Cambridge
University Press, Cambridge.
Parikh VN, Clement TS, Fernald RD (2006) Androgen level
and male social status in the African cichlid, Astatotilapia burtoni. Behavioural Brain Research, 166, 291–295.
Pluchino N, Russo M, Santoro AN et al. (2013) Steroid hormones and BDNF. Neuroscience, 239, 271–279.
Pradhan DS, Connor KR, Pritchett EM, Grober MS (2014) Contextual modulation of androgen effects on agonistic interactions. Hormones and Behavior, 65, 47–56.
R Development Core Team (2011) R: a language and environment for statistical computing (RDC Team, Ed.). R Foundation for Statistical Computing, 1, 409.
Renn SCP, Aubin-Horth N, Hofmann HA (2004) Biologically
meaningful expression profiling across species using heterologous hybridization to a cDNA microarray. BMC Genomics,
5, 42.
Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics (Oxford, England), 26,
139–140.
Rodgers EW, Earley RL, Grober MS (2006) Elevated 11-ketotestosterone during paternal behavior in the Bluebanded goby
(Lythrypnus dalli). Hormones and Behavior, 49, 610–614.
Rodrıguez F, L
opez JC, Vargas JP et al. (2002) Spatial memory
and hippocampal pallium through vertebrate evolution:

5226 B . M . N U G E N T E T A L .
insights from reptiles and teleost fish. Brain Research Bulletin,
57, 499–503.
Rose JD, Moore FL, Orchinik M (1993) Rapid neurophysiological effects of corticosterone on medullary neurons: relationship to stress-induced suppression of courtship clasping in
an amphibian. Neuroendocrinology, 57, 815–824.
Schradin C, Scantlebury M, Pillay N, K€
onig B (2009) Testosterone levels in dominant sociable males are lower than in
solitary roamers: physiological differences between three
male reproductive tactics in a sociably flexible mammal. The
American Naturalist, 173, 376–388.
Schumacher M (1990) Rapid membrane effects of steroid hormones: an emerging concept in neuroendocrinology. Trends
in Neurosciences, 13, 359–362.
Schumer M, Krishnakant K, Renn SCP (2011) Comparative
gene expression profiles for highly similar aggressive phenotypes in male and female cichlid fishes (Julidochromis).
Journal of experimental biology, 214, 3269–3278.
Schunter C, Vollmer SV, Macpherson E, Pascual M (2014) Transcriptome analyses and differential gene expression in a nonmodel fish species with alternative mating tactics. BMC
Genomics, 15, 167.
Schwarz JM, Nugent BM, McCarthy MM (2010) Developmental
and hormone-induced epigenetic changes to estrogen and
progesterone receptor genes in brain are dynamic across the
life span. Endocrinology, 151, 4871–4881.
Smith CR, Smith CD, Robertson HM et al. (2011) Draft genome
of the red harvester ant Pogonomyrmex barbatus. Proceedings
of the National Academy of Sciences, 108, 5667–5672.
Soma KK, Francis RC, Wingfield JC, Fernald RD (1996) Androgen regulation of hypothalamic neurons containing gonadotropin-releasing hormone in a cichlid fish: integration with
social cues. Hormones and Behavior, 30, 216–226.
Somel M, Khaitovich P, Bahn S, P€a€abo S, Lachmann M (2006)
Gene expression becomes heterogeneous with age. Current
Biology, 16, R359–R360.
Stiver KA, Alonzo SH (2013) Does the risk of sperm competition help explain cooperation between reproductive competitors? A study in the ocellated wrasse (Symphodus ocellatus).
The American Naturalist, 181, 357–368.
Stiver KA, Harris RM, Townsend JP, Hofmann HA, Alonzo SH
(2015) Neural gene expression profiles and androgen levels
underlie alternative reproductive tactics in the ocellated
wrasse, Symphodus ocellatus. Ethology, 121, 152–167.
Stuglik MT, Babik W, Prokop Z, Radwan J (2014) Alternative
reproductive tactics and sex-biased gene expression: the
study of the bulb mite transcriptome. Ecology and Evolution,
4, 623–632.
Taborsky M, Hudde B, Wirtz P (1987) Reproductive behaviour
and ecology of symphodus (crenilabrus) ocellatus, a European wrasse with four types of male behaviour. Behaviour,
102, 82–117.
Taborsky M, Oliveira RF, Brockmann HJ (2008) The evolution of
alternative reproductive tactics: concepts and questions. Alternative Reproductive Tactics: an Integrative Approach, 1–21.
Taves MD, Desjardins JK, Mishra S, Balshine S (2009) Androgens and dominance: sex-specific patterns in a highly social
fish (Neolamprologus pulcher). General and Comparative
Endocrinology, 161, 202–207.
Trainor BC, Greiwe KM, Nelson RJ (2006) Individual differences in estrogen receptor a in select brain nuclei are

associated with individual differences in aggression. Hormones and Behavior, 50, 338–345.
Warner RR, Lejeune P (1985) Sex change limited by paternal
care: a test using four Mediterranean labrid fishes, genus
Symphodus. Marine Biology, 87, 89–99.
Warnes GR, Bolker B, Bonebakker L et al. (2009) gplots: various
R programming tools for plotting data. R package version
2.17.0.
West-Eberhard MJ (2003) Developmental Plasticity and Evolution.
Oxford University Press, Oxford.

B.M.N., S.H.A. and H.A.H. designed the study. All
molecular techniques (transcriptome library prep, quantitative PCR, hormone assays) and subsequent data
analysis were performed by B.M.N. Brains for transcriptomics were collected in the field by K.A.S. and S.H.A.
Brains and blood for region-specific qPCR and hormone
assays were collected in the field by B.M.N., K.A.S. and
S.H.A. K.A.S. analysed behavioural data. H.A.H. provided additional support for molecular studies and
analysis. B.M.N., S.H.A. and H.A.H. wrote the manuscript.

Data accessibility
Raw reads are available at the Sequence Read Archive
(SRA), BioProject: PRJNA316102, BioSamples: SAMN047
6443-6. Reference transcriptome is available at Dryad:
doi:10.5061/dryad.fj34d.

Supporting information
Additional supporting information may be found in the online version of this article.
Fig. S1 Transcriptomics in S. ocellatus brain reveal differences
in gene expression patterns across morphs. (A) Summary table
of gene expression differences in ocellated wrasse whole brain.
Column headers indicate group with higher gene expression
relative to group indicated by row header (i.e. 163 genes were
significantly higher in nesting male whole brain compared to
females), based on a fold change >2 and P < 0.05. (B) Heatmap
of all genes with differences in gene expression across 2 or
more morphs. (C) Pie charts of GO pathways associated with
genes with differential expression in the nesting males vs.
females, and nesting males vs. satellites and sneakers.
Fig. S2 qPCR Transcriptome Validation in Whole Brain. Five
genes indicated as differentially expressed between sexes/
morphs were chosen for differential expression validation in a
separate cohort of wrasse brains. In our transcriptome, we
detected a greater number of reads corresponding to nr3c2, the
gene that encodes the mineralocorticoid receptor (MR), in nesting males compared to other groups. qPCR analysis for nr3c2
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revealed significantly higher expression in both nesting males
and satellite males compared to females and sneakers
(ANOVA; F(3,20) = 34.95, P < 0.0001). Ankyrin repeat domain
22 (ankrd22) was most abundant in sneakers compared to other
groups in the wrasse transcriptome, and there was a statistical
trend towards higher expression when quantified by qPCR
(F(3,24) = 2.854, P = 0.0584). The monooxygenase cytochrome
p450 (CYP2K1) was significantly higher in the nesting male
brain compared to sneakers (F(3,24) = 4.655, P < 0.05), confirming transcriptome patterns. EPAS1, a transcription factor also
known as HIF2a, was significantly higher in sneakers compared to females (F(3,23) = 4.549, P < 0.05), yet qPCR results did
not reach significance between sneakers and satellites and
sneakers and nesting males by Tukey HSD post hoc test. We
did not confirm significant differences in expression of the
transcription factor EBF3 (F(3,24) = 1.564, P = 0.224), when
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measured by qPCR. Transcriptome read counts are displayed
below their respective group. Error bars indicate mean 
s.e.m. *P < 0.05 compared to females, #P < 0.05 compared to
sneakers.
Fig. S3 No differences in control gene, GTPbp across groups in
any brain region. We found no statistical differences in our
control gene, GTP-binding protein (GTPbp) in any of our analyses. POA F(3,31) = 1.062, P = 0.3794; DL F(3,28) = 0.2706,
P = 0.846; VS F(3,28) = 1.144, P = 0.3485. Error bars indicate
mean  s.e.m.
Table S1 Top DE genes in S. ocellatus whole brain. Contig tag
#s, gene symbols, statistics, and relative comparisons are provided for differentially expressed genes among all groups. Differences with FDR values >0.5 are shown.

