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Reproductive success relies on the coordination of social behaviours, such as

territory defence, courtship and mating. Species with extreme variation in

reproductive tactics are useful models for identifying the neural mechanisms

underlying social behaviour plasticity. The plainfin midshipman (Porichthys
notatus) is a teleost fish with two male reproductive morphs that follow

widely divergent developmental trajectories and display alternative repro-

ductive tactics (ARTs). Type I males defend territories, court females and

provide paternal care, but will resort to cuckoldry if they cannot maintain

a territory. Type II males reproduce only through cuckoldry. We sought to

disentangle gene expression patterns underlying behavioural tactic, in this

case ARTs, from those solely reflective of developmental morph. Using

RNA-sequencing, we investigated differential transcript expression in the

preoptic area-anterior hypothalamus (POA-AH) of courting type I males,

cuckolding type I males and cuckolding type II males. Unexpectedly,

POA-AH differential expression was more strongly coupled to behavioural

tactic than morph. This included a suite of transcripts implicated in hormo-

nal regulation of vertebrate social behaviour. Our results reveal that

divergent expression patterns in a conserved neuroendocrine centre

known to regulate social-reproductive behaviours across vertebrate lineages

may be uncoupled from developmental history to enable plasticity in the

performance of reproductive tactics.
1. Introduction
Plasticity in social behaviour is crucial for survival and reproduction. To maxi-

mize reproductive success, individuals must make decisions such as investing

in defending a territory, courting mates, waiting until more resources are acces-

sible [1,2], or by taking any fitness opportunity available if unable to defend a

territory or attract mates [3–6]. Species that engage in alternative reproductive

tactics (ARTs) are excellent models for studying behavioural plasticity because

they provide examples of extreme intrasexual divergence in reproductive be-

haviour. ARTs are discontinuous variations in reproductive behaviour within

a sex, such as alternate morphs [4,6–8]. Furthermore, reproductive tactics or

morphs may be fixed during development or remain plastic throughout an

individual’s life [9]. Though ARTs are relatively common among teleost

fishes [7,10], they are also observed among other vertebrate taxa [11–15].

The plainfin midshipman (Porichthys notatus) is a teleost with two develop-

mentally fixed male reproductive morphs that dramatically diverge in a large

suite of behavioural and morpho-physiological traits, often with type II males

appearing feminized in relation to type I’s (electronic supplementary material,

table S1). Type I males excavate and defend nests, acoustically court females

with long duration advertisement calls known as hums, and provide paternal

care [16]. Type II males reach sexual maturity earlier [17] and do not engage

in these behaviours, but instead reproduce through cuckoldry by stealing
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fertilizations from courting type I males [16]. Reflecting

differences in reproductive tactic, type I males invest in

large vocal muscle mass, while type II males invest signifi-

cantly more in gonad size [16]. Though neither type II

males nor females hum, they both make brief agonistic

grunts [16]. Type I and II males also have distinctly different

steroid hormone profiles; 11-ketotestosterone (11-KT) and tes-

tosterone are the predominant androgens in type I and II

males, respectively [18]. Type II males, along with females,

also diverge from type I males in the dimensions of vocal

neuron (somata, axons, dendrites, neuromuscular junctions)

and muscle (total mass, myofibril ultrastructure) traits, and

vocal neurophysiology [19]. The two morphs also differ in

neuropeptide and steroid modulation of vocal circuit excit-

ability [20–22]: arginine-vasotocin (arginine-vasopressin

homologue) and 11-KT are effective in type I males, while

isotocin (oxytocin homologue) and testosterone are effective

in type II males and females. Unlike type II males that are

fixed in their cuckoldry tactic [6,16,23,24], adult type I

males that are unable to maintain a nest of their own may

resort to cuckoldry [6,24]. Here, we take advantage of this

plasticity to investigate patterns in brain gene expression

linked to ARTs within a single sex that are influenced by

developmental history (morph) or behavioural context

(courtship versus cuckoldry). Identifying differentially

expressed (DE) transcripts across alternative male morphs

and behavioural tactics may also explain how developmental

and behavioural decisions are regulated.

Previous brain transcriptomic studies of fishes with ARTs

have yielded varied results, potentially owing to variation in

reproductive tactics across species, although some trends

have emerged [25–32]. In particular, transcripts related to

hormone signalling commonly exhibit differential expression

patterns. However, these studies are often limited by their

use of whole-brain RNA, which prevents drawing con-

clusions about gene expression in specific brain regions that

are important for social behaviour [33]. Studies of species

with other forms of reproductive plasticity that investigate

expression changes in specific regions focus on candidate

genes rather than global gene expression, and may have

missed genes of functional importance [34–36].

We took a targeted approach, using RNA-sequencing

(RNAseq) to examine transcript expression in one brain

region, the preoptic area-anterior hypothalamus (POA-AH),

a key node for neuro-hormonal integration and regulation

of multiple social behaviours in fishes and other vertebrates

[37,38], including reproduction [39–41], aggression [42] and

parental care [43,44]. The teleost POA-AH contains homol-

ogues of the anterior hypothalamus in tetrapods (hence the

designation POA-AH) [45–47], including neurons that pro-

duce neuropeptides implicated in the regulation of social

behaviour, such as arginine-vasotocin and isotocin [48–51].

The majority of neuroendocrine studies of fishes with ARTs

focus on nonapeptides, particularly arginine-vasotocin and

gonadal steroids [9,50]. We sought to identify differential

expression of transcripts related to these, as well as other hor-

mones or neuromodulators that have not been as well studied

in the context of ARTs.

To separate expression patterns linked to behavioural

tactic from those reflective of developmentally fixed morph,

we compared expression differences in the POA-AH of court-

ing type I, cuckolding type I and cuckolding type II male

midshipman. Given the large suite of male morph-specific
traits (electronic supplementary material, table S1), including

differences in the POA-AH [20,52], we expected POA-AH

gene expression to be more strongly linked to morph pheno-

type; however, our results demonstrate that behavioural

tactic is a stronger driver of differential expression. Further-

more, we identified a suite of DE transcripts that are

emerging as key regulators of vertebrate social behaviour.
2. Material and methods
(a) Animal subjects and behavioural design
We followed previously established methods for promoting

cuckoldry in type I male midshipman [6,24]. Briefly, adult mid-

shipman were collected from nests in Washington state and

transferred to outdoor tanks at the University of Washington

Big Beef Creek Field Station (Seabeck, WA) in May and June

2014. Males were held in tanks with limited artificial nests

made of ceramic plates resting on a rim of bricks (figure 1a).

At the start of the experiment, each tank held eight type I

males and three to four type II males, with four nests. As with

previous studies [6,24], larger type I males were expected to

socially dominate smaller males and control nests, while smaller

type I males were expected to be forced into cuckolding beha-

viours for any reproductive success. Females were kept in

separate holding tanks. All tanks were exposed to ambient temp-

erature and light. Average daily high temperature during the

experiment was 19.6+2.98C (mean+ s.d.) and average daily

low temperature was 7.5+2.28C. Sunrise time ranged from

05.13 to 05.22 h and sunset time ranged from 20.54 to 21.12 h.

Spawning trials (figure 1b) took place 10–27 days after collec-

tion. Females were added to male tanks between 21.00 and

23.00 h after audible courtship advertisement humming was

observed in a tank. The following morning, between 06.00 and

08.00 h, nests were checked for the presence of a female. Nests

where spawning occurred were observed by the experimenters

for cuckolding males for up to 30 min. Fish that were observed

spawning, or found in the nest were collected and sacrificed.

Type I males found inside the nest were identified as courters

or cuckolders on the basis of size, as larger type I males dominate

nest sites [6,24]. After spawning, nests were removed to ensure

that the number of available nests remained limited.

Fish were deeply anesthetized in 0.025% benzocaine (Sigma-

Aldrich, St Louis, MO) and exsanguinated from the heart. The

brain was removed, transected at the midbrain-hindbrain bound-

ary and stored in RNAlater (Life Technologies, Carlsbad, CA)

overnight at 48C, then at 2208C. Brains were shipped overnight

to Cornell University (Ithaca, NY) on dry ice, then stored at

2208C until use. Morph type was confirmed at sacrifice on the

basis of body, gonad, and swim bladder muscle size and body

coloration [16,24,53].

(b) RNA extraction and sequencing
Brains in RNAlater (n ¼ 5 per group) of courting type I males

(75–245 g, 17–26 cm standard length (s.l.)), cuckolding type I

males (35–140 g, 12–21 cm s.l.) and cuckolding type II males

(20–65 g, 11–16 cm s.l.) were thawed on ice, then the POA-AH

was isolated by cutting away the telencephalic lobes and then

cutting the POA-AH from the remaining brain (figure 1c). Dissec-

tion was done in RNAlater. Additional dissected brains were

sectioned frozen in the transverse plane at 30 mm to confirm

that the dissected region contained the POA-AH (see [54–56]

for description of POA-AH in midshipman fish). RNA was

extracted using Trizol (Invitrogen, Carlsbad, CA), treated with

DNase I (Invitrogen) and reverse transcribed using Superscript

III (Invitrogen) following manufacturer’s protocols. cDNA

(2.228–4.56 mg) was sent to Polar Genomics (Ithaca, NY) for
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Figure 1. Experiment design (a) Overhead view of behaviour tank with four nests (i) with non-nesting males visible (arrows), and close up of individual nest (ii).
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PPa, anterior parvocellular preoptic area; PPp, posterior parvocellular preoptic area; Tel, telencephalon.
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strand-specific RNAseq library preparation. Each barcoded

library contained cDNA from one individual. Sequencing was

performed by the Cornell University Biotechnology Resource

Center Genomics Facility on the Illumina NextSeq 500.

(c) Transcriptome assembly and annotation
Illumina quality filtering removed read pairs in which either read

was poor quality. Trimmomatic (v. 0.32) [57] removed adapter

sequences and trimmed low quality nucleotides from reads

(PHRED ¼ 5, SLIDINGWINDOW ¼ 4:15). Reads of fewer than

25 base pairs (bp) after trimming were discarded. Only read

pairs that both survived trimming were used for transcriptome

assembly. Libraries from the courting type I male, cuckolding

type I male and cuckolding type II male with the most reads

after trimming were pooled to assemble a reference transcrip-

tome using TRINITY (v. 2.1.1) [58] on the Pittsburgh Super

Computing Center’s Greenfield system. Length distribution stat-

istics were obtained using PRINSEQ (v.0.20.4) [59]. TRANSRATE [60]

was used to assess assembly quality and remove sequences

with low read support. Reference transcriptome completeness

was evaluated using BUSCO [61], and KALLISTO was used to esti-

mate abundance [62]. Transcripts with estimated expression

below 0.5 transcripts per million (TPM) reads across any library

were removed using a TRINITY accessory script. The TRANSRATE-

and TPM-filtered reference transcriptome was annotated using

TRANSDECODER [63] and BLAST2GO [64]. Transdecoder identified

open reading frames (ORFs) and translated nucleotide sequences

to peptide sequences, which were annotated using BLAST2GO

with the NCBI non-redundant database. Sequences were sub-

mitted to blastp with an e-value cut-off of 1 � 10210. If

transcripts produced multiple peptide sequences with different

BLAST hits, the hit with the lowest e-value was retained.

Sequences without a vertebrate BLAST hit were removed prior

to differential expression analyses. Gene ontology (GO) enrichment

analysis was performed in BLAST2GO using single tailed Fisher’s

exact test with false discovery rate (FDR) , 0.05 as a cut-off.

(d) Differential expression
Differential expression analyses were conducted using edgeR

(BIOCONDUCTOR, v. 3.16.5) [65,66]. Transcript-level abundance
estimates were imported using tximport (BIOCONDUCTOR,

v. 1.2.0) [67]. Abundance data were fit to a glm model, and com-

parisons made between all type I and type II males, all

cuckolding and courting males, as well as paired comparisons

between each morph-behaviour group. FDR , 0.05 was used

as a cut-off for significance. Differences between groups were

reported as log2-fold change (logFC) in transcript expression.

Hierarchical clustering of DE transcripts was performed using

limma (BIOCONDUCTOR, v. 3.30.13) [68].
3. Results
(a) Reference transcriptome
Illumina sequencing resulted in 41 814 685+ 3 208 582.186

(mean+ s.d.) read pairs per library. Of the total, 92.79%+
2.88% of reads survived quality trimming. TRINITY assembly

produced 887 303 sequences with a mean length of

498.79+635.76 bp, TRANSRATE score of 0.0429, 79.50% com-

plete BUSCOs and 13.9% missing BUSCOs. TRANSRATE and

TPM filtering of the original assembly resulted in a transcrip-

tome with 196 626 sequences with a mean length of 926.25+
1063.60 bp, TRANSRATE score of 0.2291, 72.97% complete

BUSCOs and 19.88% missing BUSCOs. TRANSDECODER ident-

ified 78 370 ORFs and generated peptide sequences for

each, of which 85.87% had significant BLAST hits and

47.64% received full functional annotation from BLAST2GO.

Each of the top 20 BLAST hit species were ray-finned fish

(electronic supplementary material, figure S1); however, five

of the top 30 species were plants of the genera Solanum or

Nicotiana. To remove contamination from non-vertebrate

transcripts, sequences were removed if they did not receive

a vertebrate BLAST hit, resulting in a transcriptome of

58 878 sequences used for differential expression analyses

(available through Dryad, DOI: https://doi.org/10.5061/

dryad.d08g0) [69]. The majority of filtered sequences at this

step (11 083) were removed owing to lack of significant

BLAST hit. The remainder had significant hits for ‘Plants

and Fungi’ (4243), or other lineages, but lacked a vertebrate

https://doi.org/10.5061/dryad.d08g0
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https://doi.org/10.5061/dryad.d08g0
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Figure 2. Differential expression trends. (a) Volcano plot showing differentially expressed (DE) transcripts across morph. Transcripts on the left are upregulated in
type II and those on the right in type I males. (b) Volcano plot of DE transcripts across behavioural tactic. Transcripts on the left are upregulated in cuckolding males,
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hit or were duplicate ORFs from the same transcript. Just one

GO term, ‘hormone activity’, was found to be overexpressed

among DE transcripts (FDR ¼ 0.00653).
(b) Differential expression—general trends
There were a greater number of DE POA-AH transcripts across

males engaged in different behavioural tactics than between

morphs (figure 2a,b). A total of 147 transcripts were signifi-

cantly DE when comparing all cuckolding males to courting

males, while 55 were significantly DE when comparing all

type I males to type II males (figure 2c). Furthermore, hierarch-

ical clustering of DE transcripts showed that cuckolding type I

males clustered more closely to cuckolding type II males than

to courting type I males (figure 2d).

Of the 202 transcripts DE in either the morph or behav-

ioural tactic comparison (electronic supplementary material,

table S2), 17 were significant in both comparisons

(figure 2c). To better understand which expression
differences were driving the significance, we also compared

each morph/behaviour group in pairs (electronic supplemen-

tary material, figure S2). From these comparisons, 59

transcripts were found to be DE between courting type I

males and type II males, which was the highest of the three

comparisons. Fifty-one transcripts were DE between type I

males engaged in courtship versus cuckoldry. Only 17 tran-

scripts were DE between cuckolding type I males and type

II males. Thus, hierarchical clustering of DE transcripts and

pairwise comparisons support the conclusion that POA-AH

transcriptional activity is more strongly associated with

behavioural tactic than developmental morph.
(c) Differential expression—genes of interest
Based on the results of the enrichment analysis, we searched

for DE transcripts that mapped to the GO term ‘hormone

activity’ to identify transcripts of potential functional interest.

Given prior work highlighting the importance of
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nonapeptides in regulating teleost reproductive behaviour

plasticity, including midshipman [20,70–74], we also

searched the GO terms ‘oxytocin receptor activity’ and ‘vaso-

pressin receptor activity’. Six transcripts were linked to one or

more of these GO terms—galanin, urocortin-3-like (UC-3),

corticotropin-releasing hormone (CRH) precursor, oxytocin

receptor (OTR), thyrotropin subunit beta and growth hor-

mone (GH). Other GO terms associated with these

transcripts of interest were ‘signal transduction’ (galanin,

UC-3, CRH, thyrotropin and GH), and ‘response to stress’

(UC-3 and CRH).

Consistent with general expression trends, cuckolding

type I males had intermediate expression levels or were

more similar to type II males for each transcript of interest.

Four genes were most highly expressed in courting type I

males. Galanin (figure 3a) and UC-3 (figure 3b) were signifi-

cantly upregulated in courting type I’s compared to all

cuckolders and in all type I compared to type II males. Pair-

wise comparisons showed each were upregulated in courting

type I’s compared to type II males (see figure 3 for all stat-

istics). CRH and OTR were each upregulated in courting

type I males compared to all cuckolders (figure 3c,d ).

Two genes exhibited highest expression in type II males.

Thyrotropin (figure 3e) was upregulated in all cuckolders

compared to courters, in type II males compared to all type

I’s, and in type IIs compared to courting type I’s. Growth hor-

mone (figure 3f ) showed the same pattern but was also

significantly upregulated in cuckolding type I’s compared

to courting type I’s.
4. Discussion
The findings reported here represent an advance in

understanding brain gene expression related to ARTs in two

key ways. First, while some previous studies compared

behaving animals [27,29–31], this is, to our knowledge, the

first investigating differential expression of specific transcripts

to include individuals of different morphs engaged in the

same tactic. This is critical for identifying which transcripts

are DE owing to developmental differences between morphs

and which are related to behavioural tactic. This strengthens

our ability to identify candidate genes that are most probably

regulating reproductive behaviour plasticity in species with

ARTs and, more broadly, that underlie plasticity in social be-

haviour across vertebrate taxa. Second, this is, also to our

knowledge, the first study of global patterns of transcript

expression in fishes with ARTs to focus on a single brain

region, in this case the POA-AH, rather than whole brain.

We are able to replicate key findings of prior studies and

advance their findings by identifying the brain region where

previously observed differential expression is likely to be

acting. Additionally, because our region of interest is a

major neuroendocrine centre of the brain, our dataset

highlights testable candidate genes that may play a role in

the control of ARTs, namely peptide hormones and receptors

that can be manipulated in future experiments. Thus, we are

probably better able to identify DE transcripts relevant to

reproductive behaviour plasticity specifically, and decrease

the number of DE transcripts in our dataset that do not

play a predominant role in the behaviour.

The results reveal a strong influence of behavioural tactic

in determining global transcript expression patterns in the
POA-AH. This result was somewhat unexpected as prior

studies of midshipman and other teleosts have emphasized

morph-specific patterns for many traits, including gene

expression profiles, neurophysiology, and neuropeptide

neuron size and number in the POA-AH (electronic

supplementary material, table S1) [16,20–22,75]. GO

enrichment analysis of DE transcripts identified a suite of

neuro-hormonal transcripts coupled to ARTs that includes

genes such as galanin and oxytocin receptor that are strongly

implicated in the control of social behaviour across vertebrate

lineages. As discussed, this further leads to the proposal

that an evolutionarily conserved set of genes plays a pre-

dominant role in regulating the choice to follow one social

behaviour tactic over another, for example, between a

mating tactic, parental behaviour or aggression.

(a) Differential expression—general trends
Prior studies in midshipman that focused on the actions of

specific hormones in adulthood have demonstrated a strong

influence of developmental history in determining the behav-

ioural and neural phenotypes of the two male morphs

[20–22,45,76]. However, these studies, along with most

prior transcriptomic studies of teleosts with ARTs

[25,26,28–31], did not include animals of different morphs

engaged in the same tactic, so they may have missed

tactic-specific changes. One study, conducted in sailfin mollies

(Poecilia latipinna), found a stronger influence of male morph

on whole brain transcript expression, though behavioural

tactic, influenced by social environment, also had a significant

effect [27]. There are two key differences between that and the

present study that may explain the divergence with our

results. First, the molly study used whole brain RNA, while

we used RNA from one brain region, the POA-AH. This

suggests that regulation of expression may differ between

one specific neuroendocrine centre and the brain as a whole.

Second, sailfin molly morphs are determined by genetic

alleles, while morph determination in midshipman appears

to be strongly influenced by environment (rearing studies

suggest morph determination is dependent on the density

of animals raised together [77]). This may explain the stronger

link between morph and gene expression in mollies.

(b) Differential expression—genes of interest
Consistent with the strong influence of behavioural tactic, the

expression of neurohormonal transcripts of interest showed

two general patterns: significantly different between cuckold-

ing and courtship tactics alone (OTR and CRH) or with

cuckolding type I males having intermediate levels between

the morphs (galanin, UC-3, thyrotropin and GH). As dis-

cussed below, integrating the results of comparative studies

of reproductive plasticity, inclusive of ARTs, among teleosts

together with the present results for midshipman lead to

identification of one group of transcripts (galanin, OTR,

UC-3 and CRH) most strongly associated with male territor-

ial defence, courtship and parental care, and a second

(thyrotropin and GH) with male cuckoldry.

(i) Transcripts associated with territorial-courting-parental
phenotype

Two of the DE transcripts with highest expression levels

in type I male courters, galanin and OTR, are linked
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Figure 3. Differentially expressed transcripts of functional interest (n ¼ 5 animals per group). Boxplots showing expression levels of (a) galanin, (b) urocortin-3-like,
(c) corticotropin-releasing hormone precursor, (d ) oxytocin receptor, (e) thyrotropin subunit beta and ( f ) growth hormone. Expression displayed as log2 of transcript
count estimate þ1. Median, maximum and minimum values are indicated. Open circles represent outliers. Letters indicate significant differences between groups.
Courting males significantly different from all cuckolding males in (c) and (d); see (g) for statistics. (g) Statistics for all comparisons of transcripts annotated by
‘hormone activity’, ‘oxytocin receptor activity’ or ‘vasopressin receptor activity’. Values are log2FC (FDR), ns, not significant. (Online version in colour.)
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to a territorial-courting-parental (TCP) phenotype. Similar

to our results, galanin prepropeptide transcripts are also

upregulated in whole brain of TCP males compared to cuck-

older-sneaker bluegill sunfish (Lepomis macrochirus) [30]. The

bluegill result is notable, as its mating system is the most

similar to midshipman among brain transcriptomic studies

of teleosts with ARTs. Male bluegills develop into either

type I-like TCP or type II-like earlier maturing cuckolder

morphs [78,79]. In Astatotilapia burtoni cichlids, galanin is

also upregulated in whole brain of reproductive (R) males

that defend a territory and court females (but do not provide

parental care) compared to non-reproductive (NR) males

[2,80]. Among mammals, galanin is also a potent regulator

of reproductive and parental behaviour; microinjection in

the medial preoptic nucleus (MPON) of female rats primed

with steroids elicits sexual behaviour [41], and mouse

MPON-galanin neuron activity is critical for parental

behaviour [44].

OTR (isotocin in teleosts) and CRH (below) were the most

strongly associated with behavioural tactic, with significantly

higher expression in courting than cuckolding males of both

midshipman morphs. The OTR result parallels the bluegill

transcriptome; cuckolder/sneaker males have the lowest

expression levels of oxytocin peptide [30]. Together with

studies in other teleosts [43,81–83], the results point to a

specific role for isotocin in promoting territorial defence and

paternal care, two hallmark features of the type I midshipman

phenotype. Additionally, a large body of work demonstrates

the importance of oxytocin in regulating social behaviours

in tetrapods, including parental [84] and reproductive

behaviour [85,86] and territorial aggression [87,88].

Two closely related transcripts, UC-3 and CRH that are

members of the corticotropin releasing factor protein

family, were also DE in the POA-AH. UC-3 expression paral-

leled that of galanin, while CRH was significant across

behavioural tactics alone. Both genes were most highly

expressed in courting type I males. Upregulation of UC-3

and CRH in courting type I males may be linked to energetic

demands and behavioural trade-offs [89] of courtship hum-

ming during consecutive nights [90], and defending a nest

and caring for developing eggs for weeks throughout the

breeding season [16,91,92]. Among mammals, UC-3 increases

blood glucose levels [93], and injection into the ventromedial

hypothalamus of rats suppresses feeding, but does not acti-

vate the hypothalamic-pituitary-adrenal axis [94]. Similarly,

CRH acts as a feeding suppressant in goldfish [95]. Thus,

upregulation of UC-3 in courting type I male POA-AH

could reduce appetite in the breeding season, during which

type I males show a significant reduction in body weight

[96]. Although CRH receptor (CRHr) was upregulated in

sneaker male bluegills [30], a pattern reversed from that

observed for CRH in midshipman, the bluegill study was

of whole brain samples, and the relationship between

expression of CRH and CRHr is not necessarily positively

related, as CRH injection can decrease CRHr in rats [97].
(ii) Transcripts associated with cuckolder male phenotype
Two transcripts, thyrotropin beta subunit and GH, were

upregulated in cuckolding compared to courting male

POA-AH. Relatively little work has been done investigating

the social behavioural role of these hormones. Thyrotropin

is a glycoprotein hormone related to gonadotropins [98]. It
has also been proposed that CRH and thyrotropin work

synergistically to regulate vertebrate life stage transitions

[99], although it is unclear how these two hormones may

be interacting in adult midshipman or other species with

ARTs. Our results for GH reflect those from whole-brain

microarray experiments in Atlantic salmon (Salmo salar),

which found that GH-related genes were upregulated in

mature parr (sneaker males) compared to immature males

[25], and that GH itself was upregulated in parr compared

to early migrating, mature anadromous males [26].

(c) Summary: divergent behavioural phenotypes
While each of the transcripts discussed here are candidate

regulators of reproductive-related social plasticity, it is impor-

tant to acknowledge that differences in transcript expression

relate to a suite of behaviours and developmental history

extending beyond the minutes to hours involved in the act

of spawning itself that we used as a timepoint for tissue col-

lection. Over weeks to months in the breeding season, nesting

type I males engage in courtship, parental care and driving

off cuckolders, while cuckolders must choose between

attempts to sneak or satellite spawn, escape aggression

from nesting males or attempt a nest take-over in the case

of type I cuckolders [6,16,24,92]. Additionally, morph-related

traits (electronic supplementary material, table S1) may

explain, in part, the cases where type I male cuckolders

have intermediate levels of expression compared to courting

type I and type II males. Furthermore, although we identified

relationships between behavioural tactic and transcript

expression, influence of internal state cannot be discounted,

for example for UC-3 [94], oxytocin [100], CRH [95] and gala-

nin [101], which are regulators of feeding [89]. Thus, DE

transcript patterns probably reflect both external and internal

stimuli related to broad differences in state associated with

courtship and cuckoldry tactics, such as the case of type I

male courters that show weight loss [96] during consecutive

days and weeks of nest fidelity and more limited foraging

opportunities [90–92].

Surprisingly, DE patterns did not emerge for steroid sig-

nalling pathways despite numerous studies, including those

of midshipman, documenting their abundant expression in

the POA-AH [9,42,102]. Differential steroid action may have

occurred earlier in morph development, and morph-specific

steroid action in adulthood may be carried out by differences

in circulating steroid levels [18], rather than changes in

expression of their receptor in the POA-AH.
5. Conclusion
This study demonstrates that behavioural tactic is more

strongly coupled to POA-AH transcript expression than

developmental history in a species exhibiting extreme intra-

sexual variation, and identifies key candidate transcripts for

regulating ARTs that represent extremes in social behaviour

plasticity in vertebrates. We found that males of different

morphs engaged in the same behavioural tactic had more

similar patterns of differential transcript expression than

males of the same morph engaged in different behavioural

tactics. In addition, we identified DE transcripts related to

hormone activity and nonapeptide signalling that may be

key regulators of behavioural plasticity. These include

galanin, UC-3, CRH and OTR that were most strongly
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associated with a TCP phenotype, as well as GH and thyro-

tropin that were strongly associated with cuckoldry. This

suite or module (see [80]) of genes may function as a behav-

ioural switch mechanism between cuckoldry and courtship in

adult type I males. Such a switch may be suppressed or per-

manently turned on to cuckoldry in type II males during

development or in adulthood. By focusing in on a specific

brain region of interest, we conclude that the expression of

a conserved suite of genes in a conserved neuroendocrine

centre, the POA-AH, plays a central role in the flexible selec-

tion of social tactics across multiple vertebrate lineages,

exemplified here by a species with extreme intrasexual vari-

ation known as ARTs.
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