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A major goal of modern evolutionary biology is to understand the causes and

consequences of phenotypic plasticity, the ability of a single genotype to

produce multiple phenotypes in response to variable environments. While

ecological and quantitative genetic studies have evaluated models of the evol-

ution of adaptive plasticity, some long-standing questions about plasticity

require more mechanistic approaches. Here, we address two of those questions:

does plasticity facilitate adaptive evolution? And do physiological costs place

limits on plasticity? We examine these questions by comparing genetically

and plastically regulated behavioural variation in sailfin mollies (Poecilia
latipinna), which exhibit striking variation in plasticity for male mating behav-

iour. In this species, some genotypes respond plastically to a change in the

social environment by switching between primarily courting and primarily

sneaking behaviour. In contrast, other genotypes have fixed mating strategies

(either courting or sneaking) and do not display plasticity. We found that gen-

etic and plastic variation in behaviour were accompanied by partially, but not

completely overlapping changes in brain gene expression, in partial support of

models that predict that plasticity can facilitate adaptive evolution. We also

found that behavioural plasticity was accompanied by broader and more

robust changes in brain gene expression, suggesting a substantial physiological

cost to plasticity. We also observed that sneaking behaviour, but not courting,

was associated with upregulation of genes involved in learning and memory,

suggesting that sneaking is more cognitively demanding than courtship.
1. Introduction
Phenotypic plasticity, the ability of a genotype to produce different phenotypes

in different environments, is widespread and has been considered a potential

adaptation for thriving in variable environments (reviewed in [1–3]). A variety

of approaches have demonstrated that plasticity can be adaptive [4], but several

long-standing controversies are likely to be resolved only through a mechanis-

tic understanding of phenotypic expression [5–7]. One unanswered question is

whether plasticity facilitates adaptation to new environments. The traditional

view is that plasticity retards adaptation by shielding organisms from natural

selection [8–12]. A competing hypothesis is that plasticity precedes and facilitates

adaptive evolution by allowing organisms to persist in novel environments to

which they are initially poorly adapted [3,13–17]. Plasticity might also facilitate

adaptation through genetic assimilation or by producing evolvable genetic archi-

tectures [6,18,19]. This idea that plasticity might be the first step in adaptive

evolution has proved to be controversial [6,20–22]. While some models of this

hypothesis have supported it [18,19], others have shown that plasticity might

have minor effects on the rate of adaptation [6,12]. A potential resolution to

these mixed results is the idea that plasticity is most likely to facilitate adaptive

evolution when genetic and plastic changes to the phenotype depend on the

same underlying proximate mechanisms [3,23–25].
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A second unresolved issue is the nature and magnitude of

the cost of plasticity [26,27]. There must be a net fitness cost

of plasticity or plasticity would be unlimited. Costs are posi-

ted to arise through a fitness mismatch between a plastically

produced phenotype and its environment [28], energetic

demands of sensory and physiological systems that support

plasticity [29], or fitness costs of pleiotropic effects of systems

necessary to support plasticity [30]. While ecological exper-

iments can detect fitness costs and mismatches, detecting the

energetic costs requires mechanistic understanding [31,32].

Both these fundamental questions are particularly rele-

vant to understanding behavioural plasticity and evolution.

Strong arguments have been made that plasticity facilitates

behavioural evolution [3,33,34], and considerable effort has

been devoted to understanding the mechanistic control of

plasticity to illuminate this issue [7,35]. Costs of behavioural

plasticity are often overlooked, but they are central to under-

standing animal personalities; the existence of personalities

[36] and behavioural syndromes [37,38] reflects the fact that

plasticity is limited. Whether ecological or energetic costs are

most important in limiting behavioural plasticity is a ques-

tion that can only be answered if both kinds of costs can be

quantified in the same system.

To address these questions, we exploited a system in which

the same phenotypic transition is accomplished either by plas-

ticity or by genetic polymorphism, and both these strategies

coexist in the same population. Male sailfin mollies (Poecilia
latipinna) vary widely in body size and mating behaviour

based on a Y-linked polymorphism [39–44] (details in elec-

tronic supplementary material). Males can exhibit courtship

and ‘sneaking’ mating behaviour, but the degree of plasticity

in behaviour depends on genetically determined male body

size [44,45]. Large males typically perform courtship displays

(raising and spreading of the dorsal fin towards a female,

often accompanied by a C-shaped curving of the body), and

small males adopt a ‘sneaker’ strategy: they attempt copula-

tion without apparent female cooperation by thrusting the

gonopodium at the female’s gonopore [40]. In contrast, inter-

mediate-size males are plastic in behaviour, adopting a

courting strategy in the absence of other males and a sneaking

strategy in the presence of other males. The courtship/sneaking

dichotomy is thus genetically determined between males at the

extremes of the size distribution but environmentally regulated

in intermediate-size males.

This system is especially useful for investigating mechan-

isms underlying plasticity because we can separate responses

to an environmental change from responses directly associated

with a change in the phenotype. That is, we can expose both

‘fixed’ and ‘plastic’ genotypes to the same range of envi-

ronments, but only the plastic genotype will respond to the

environment by altering its phenotype. This separation has

not been possible in other investigations of phenotypic plas-

ticity [24,46,47], including studies of alternative reproductive

tactics [48–50], because these studies did not have access to

morphs that do and do not display plasticity under the same

environmental conditions.

To investigate the molecular basis of variation in plasticity,

we used data on brain transcriptional state. Although transcrip-

tional data do not provide a complete description of the

molecular and genomic mechanisms that regulate behaviour,

they have several advantages for our study. First, environmental

effects on the phenotype are likely to be mediated by changes in

gene expression [51,52]. Second, gene expression measures
provide an assay of ‘first-order phenotypes’ that underlie

variation in ‘higher-order’ observable phenotypes [7]. Third,

recent gene-network models of plasticity are explicitly based

on interactions between gene products in transcriptional net-

works [6,18,19]. Finally, high-throughput technologies deliver

reliable information about gene expression that does not

depend on prior knowledge of specific gene networks [53,54].

We therefore used RNA-sequencing (RNA-Seq) to assay gene

expression in the brains of male mollies that varied in their

degree of plasticity for mating behaviour.

We tested two hypotheses derived from our broader ques-

tions. First, plastic and genetic regulation of behaviour should

be associated with similar changes in brain gene expression

patterns. This hypothesis emerges from the theoretical demon-

stration that plasticity is more likely to facilitate adaptive

evolution if genetic and plastic changes are underlain by the

same mechanisms [3,23–25]. Second, the plastic expression of

mating behaviour in intermediate males should be associated

with greater change in brain gene expression patterns than

seen in small males exposed to the same environmental shift.

This hypothesis derives from the idea that behavioural plas-

ticity is limited because it incurs energetic or metabolic costs

that are absent when individuals exhibit non-plastic behaviour

over the same range of environments [36,38]. In addition to

testing these hypotheses, we sought to identify unique tran-

scriptional profiles associated with courtship and sneaking

behaviour because these alternative reproductive tactics are

common, and sneaking strategy has previously been associ-

ated with upregulation of genes involved in learning and

memory [50].
2. Material and methods
(a) Experimental animals
We used wild-caught males from the salt marsh population at

Bald Point, Florida, USA (W 8482002700, N 2985402100). We classified

males by size following Travis & Woodward [45] with slight modi-

fications; small males were less than 3.4 cm standard length (SL),

intermediate males were 3.4–4.8 cm SL and large males were

more than 4.8 cm SL (see electronic supplementary material).

Large males were rare, so we used them only as social context

fish and restricted focal fish to either small or intermediate-sized

males. We tested 31 males (17 small, 14 intermediate) in two differ-

ent social environments (single-male and multimale groups). To

establish appropriate size distributions and sex ratios for social

treatments, context fish were collected from nearby sites but

were not used for any molecular analyses. Whenever possible all

female context fish in a given trial were from the same population

and context males were from another population (electronic sup-

plementary material, table S1). All focal males were collected on

either 6 May or 20 August 2010; capture date did not significantly

affect any behaviour (see Results). Fish were kept on a 14 L : 10 D

schedule and fed crushed flake fish food (Tetramin) ad libitum

twice daily.
(b) Mating trials
We used a protocol similar to that of Travis & Woodward [45].

In one ‘social context’ the focal male was tested alone with

three females. In the alternative context, a focal male was

tested with two other males (such that all three size classes of

males were present) and six females. In most cases, focal inter-

mediate males were tested with a small and a large context

male, and small focal males were tested with an intermediate
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and a large context male. Owing to limited availability of large

males, in three trials the focal intermediate male was the largest

male in the trial, but this had no effect on behaviour (all p . 0.50

in one-way ANOVA models, for all behaviours described below).

In total, four experimental groups were used: intermediate males

tested alone (IA; n ¼ 7, SL (mean+ s.e.) ¼ 4.12+0.16), inter-

mediate males in multimale groups (IM; n ¼ 7, SL ¼ 4.04+
0.16), small males tested alone (SA; n ¼ 9, SL ¼ 2.76+0.14)

and small males in multimale groups (SM; n ¼ 8, SL ¼ 2.83+
0.14). IA and IM males differed only in the social context used

in the mating trials—a short-term difference that nonetheless

produced dramatic variation in behaviour (see the Results sec-

tion). By contrast, IA and SA males represent animals that

behave differently even when they are reared and tested under

identical conditions [55]; behavioural differences can therefore

be attributed to genotypic effects.

Prior to mating trials, all animals were housed in group tanks

(10–114 days, mean 80 days). Focal and context males were

isolated and placed in separate tanks the night before the trial.

Females were taken from their home tanks immediately before

the trial. Focal males were used only once, while context males

and females were used in multiple trials. Focal males, con-

text males and context females used in the same trial were all

from different home tanks (electronic supplementary material,

table S1). Context males were chosen so that size difference

between males was more than or equal to 0.5 cm SL; prior

work [56] indicates that males can distinguish between females

more than or equal to 0.6 cm different so we are confident that

males can perceive body length differences among males of at

least 0.5 cm. Females were chosen to be approximately the

same size (within 1 cm SL) and to have not given birth within

the previous 3 days to minimize differences in attractiveness to

males [57]. All males were placed into the observation tank

(30 � 75 � 30 cm with opaque sides) simultaneously and left to

acclimate for 5 min. Females were then added to the tank, and

behavioural observations began immediately and continued

for 30 min. All fish were fed at least 3 h before the trial com-

menced. All trials took place between 11.00 and 13.00, 27

July–14 October 2010, within the mating season of the species

[39]. Temperature and salinity were kept constant at approxi-

mately 2688888C and 6 ppt, respectively. Each tank had its own full

spectrum light source.

We quantified three sexual behaviours as instantaneous

events [58] in accordance with Travis & Woodward [45]: (i) court-

ship displays involve raising and spreading of the dorsal fin

towards a female, often accompanied by a C-shaped curving of

the body; (ii) nibbles are oral contact by a male of the female’s

gonopore; (iii) gonoporal thrusting is an attempt to insert the gono-

podium into the gonopore of the female. We also quantified male–

male aggression: the number of chases and the number of times

being chased. Total activity was calculated as the sum of activity

in each of these categories.
(c) RNA sequencing
Immediately after the trial, focal males were euthanized in cold

water. A coarse dissection removed the braincase, which was

placed in RNAlater (Ambion, Austin, TX), stored in 488888C for 24 h,

then stored at 28088888C. Whole brains were later dissected completely

from the brain case. To minimize variation associated with season-

ality, we evaluated gene expression only on males collected on 6

May 2010 and used in mating trials that took place between 27

July and 3 August 2010. Eleven males met these criteria: three

from each size class and treatment, except for IM, which had two

males. We prepared RNA-Seq libraries from whole brains of each

individual (see electronic supplementary material). To control for

lane effects, each of three sequencing lanes contained an aliquot of

all 11 samples.
Sequencing reads (100 bp, single-end) were mapped to a

high-quality brain-specific reference transcriptome of the

congener, Poecilia reticulata (Trinidad guppy). The assembly con-

tains 41 347 contigs, N50 ¼ 2548, and recovers 63% of Tilapia

(Oreochromis niloticus) Ensembl proteins (Release 70). See elec-

tronic supplementary material, table S2 for assembly and

mapping details. We aligned sequencing reads to the reference

using BOWTIE2 v. 2.0.0 retaining mappings with quality scores

more than 30 (less than 0.001 probability that the read maps else-

where in the reference), keeping only contigs represented by at

least 1 count per million reads in at least three samples, resulting

in 31 869 contigs in the dataset.
(d) Data analysis
We used general linear models to analyse phenotypic variation in

behaviour, with size and social context as crossed fixed effects,

and date collected, trial date and observation tank as covariates.

Number of displays, thrusts, nibbles and aggressive interactions

were standardized by overall activity, and these proportions

were arc-sine square-root transformed to improve normality

and homoscedasticity of residuals.

We assessed differential gene expression using generalized

linear models (GLMs) with number of sequencing reads mapping

to a contig as the dependent variable and log-transformed TMM-

normalized library size as a model offset [59]. Size, social context

and their interaction were fixed effects. To test the hypothesis

that plastic and genetic variation in behaviour are underlain by

the same molecular processes, we determined whether transcripts

that were differentially expressed (DE) in intermediate males

across social contexts (IA versus IM) were also DE between dif-

ferent genotypes tested in the single-male context (IA versus SA).

We identified these two groups of transcripts by first selecting

transcripts with a significant size-by-context interaction in the

GLM, then testing for a significant pairwise difference in the

appropriate model contrast (IA–IM or IA–SA) and selecting

those with FDR , 0.05. To determine whether more transcripts

than expected appeared on both lists and had DE in the same direc-

tion, we used a x2-test of association. To account for potential bias

in this association test (because variation in IA contributes to both

comparisons), we also evaluated the overlap between lists using

permutation tests (electronic supplementary material).

To identify transcripts with expression patterns that changed

across social contexts in one size class but not the other, we applied

three criteria: (i) a significant size � context interaction; (ii) a sig-

nificant linear contrast between contexts in one size class; (iii)

similar expression in the other size class. Significance cutoffs for

criteria (i) and (ii) were the same as above. Criterion (iii) is equiv-

alent to accepting the null hypothesis that expression does not

differ across contexts, so we used the least-squares method of iden-

tifying true null hypotheses implemented in SAS Proc Multtest [60]

to evaluate this criterion. We identified transcripts with expression

patterns that were associated directly with behaviour by first filter-

ing on a significant size � context interaction, and then on a

significant linear contrast in expression between IA males (the

only ones to display courtship) and mean expression in the other

groups of males (IM, SA and SM).

We used gene ontology (GO) classification to evaluate enrich-

ment of functional classes, using GO IDs derived from GI-to-GO

mappings (UniProt, downloaded 3 October 2013). We evaluated

over-representation of biological process, molecular function and cel-

lular component ontologies using the topGo package and the elim
algorithm [61] to account for correlation in the graph topology (elim-

inating genes from ancestor terms if they are significantly enriched

in a child term). Beyond setting a stringent p-value cutoff, we did

not apply formal correction for multiple testing. When p-values of

GO terms are conditioned on neighbouring terms, tests are not

independent and multiple testing theory does not strictly apply [61].
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Figure 1. (a – c) Courtship behaviour of focal males. Behaviour in mating trial
including only the focal male (alone), and when trials included small, intermedi-
ate and large males (multimale). Open circles represent least-square means of
untransformed data for small males. Filled squares represent intermediate
males. Bars are standard errors calculated from the GLM. Note the differences
in the scale of the y-axis.
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Figure 2. Social and genetic regulation of gene expression. The x-axis shows
the difference in transcript abundance across social contexts in intermediate
males, illustrating social regulation; the y-axis shows difference in transcript
abundance between intermediate and small males when tested alone, illustrat-
ing genotypic regulation. Expression differences are standardized by mean
abundance of each transcript such that values represent a proportion of
mean transcript abundance. Grey points are transcripts significantly DE in
both contrasts, based on permutation tests. Black line indicates equivalent
differential expression in both contrasts. Most points fall above this line, illus-
trating the tendency for individual transcripts to show larger effects of
genotypic than of social regulation.
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3. Results
(a) Intermediate and small males differ in

behavioural plasticity
Intermediate males were highly plastic in mating behaviour,

but small males were not (figure 1). Intermediate males devoted

about 75% of their actions to courtship displays when in single-

male trials, but devoted about 75% of their actions to gonoporal

thrusts or nibbles when the social environment contained other

males. In contrast, about 80% of the actions of small males

were gonoporal thrusts or nibbles, irrespective of their social

environment. For both displays and thrusts, the size � social

environment interaction was significant (displays: F1,21¼ 7.4,

p ¼ 0.01; thrusts: F1,21¼ 10.1, p ¼ 0.005). For nibbles, the

interaction was non-significant (F1,21¼ 3.9, p ¼ 0.06). Total

activity did not differ among groups (all p . 0.1), so variation

in behavioural repertoire was not confounded with differences

in activity (full model results for all behaviours in electronic

supplementary material, table S3).

Male–male aggression (which could only be measured

in multimale trials) did not differ between small and inter-

mediate males. Neither the number of chases nor the number

of times chased differed significantly between groups,

although there was a trend for small males to be chased more
often than intermediate males (electronic supplementary

material, figure S1 and table S3).

(b) Transcriptional differences associated with plasticity
are also associated with genotypic variation

To test the hypothesis that plastic and genetic variation in

behaviour are underlain by the same molecular processes,

we determined whether transcriptional differences associated

with a plastic behavioural response to social environment in

intermediate males (IA compared with IM males) were also

DE between intermediate and small males when tested in

the same single-male social context (IA and SA). Recall that

behavioural differences between IA and SA males persist

when reared in a common environment and are therefore

regulated by genotype. Of the transcripts with a significant

size�social context interaction in the GLM, 2466 were concor-

dantly DE in both comparisons (i.e. the difference between IA

and IM males was in the same direction as that between IA

and SA males), significantly more than expected if the two

lists were independent (x2
1 ¼ 1047, p , 0.0001). Only four

transcripts appeared on both lists and had discordant

expression differences. To account for potential bias due

to correlated errors in the above test, we performed permuta-

tion tests to call individual transcripts DE and to determine

the number of transcripts expected to meet our criteria if

the two lists were independent. Based on these tests, 2190

transcripts were significantly and concordantly DE in both

the IA versus IM and IA versus SA contrasts, while only

three transcripts were discordantly DE (figure 2). The

number concordantly DE is much larger than the median of

118 (interquartile range ¼ 70–232) in the 100 permuted data-

sets (electronic supplementary material, figure S2). Thus,

both the conventional tests and the permutation tests
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indicated that many more transcripts overlapped between

these two lists than expected. Concordantly DE transcripts

tended to exhibit larger genetically regulated change in

expression than socially regulated change (Wilcoxon’s paired

Z ¼ 7.5 � 105, p , 0.0001; figure 2).

(c) Intermediate and small males exhibit very
different brain transcriptional responses to the
social environment

Twenty-eight percent of all transcripts in the dataset (8838)

displayed a significant size � social context interaction,

suggesting that intermediate and small males had different

transcriptional responses to change in the social environment.

Indeed, 6% of tested transcripts (1830) responded to the social

environment only in intermediate males, 4% (1287) responded

only in small males and another 4% (1357) responded robustly

but in opposite directions in the two kinds of males (electronic

supplementary material, figure S3). Only 0.3% (102) responded

significantly and in the same direction in both genotypes.

Overall, more transcripts changed across contexts in inter-

mediate than in small males, and the magnitude of change

tended to be larger in intermediate than in small males

(15.78+0.86 and 13.48+0.65 counts per million reads,

respectively; Wilcoxon’s Z ¼ 3.1 � 105, p , 0.0001).

(d) Sneaking behaviour is associated with upregulation
of genes involved in neurotransmission, learning
and mechanosensory processes

In the comparison between IA males, which performed

mainly courtship, and the other groups of males, which per-

formed mainly sneaking, 1520 transcripts were significantly

upregulated in sneakers and 500 transcripts were upregulated

in the IA courting males. Surprisingly, transcripts upregu-

lated in ‘sneaker’ males were highly significantly enriched

for GO terms relating to neurotransmission, learning and

locomotory behaviour. In contrast, transcripts upregulated

in courting males were enriched for functions related to

mRNA processing and translation (electronic supplementary

material, table S4).
4. Discussion
We investigated mating behaviour and brain gene expression

patterns of sailfin mollies that exhibited both genotypic

and plastic regulation of behaviour. Intermediate-size males

changed from a courting to a sneaking mating strategy

depending on their social environment. Small males exhibited

a sneaking strategy in both environments. This behavioural

variation was associated with a broad neurogenomic response;

one-third of brain transcripts we examined were associated

with genotypically determined male size, the social environ-

ment or an interaction between the two. This transcriptional

response is nearly as large as differences seen between behav-

ioural castes in honeybees [62]. Aubin-Horth et al. [50] also

reported a substantial neurogenomic difference between

alternative Atlantic salmon male morphs, where approxi-

mately 15% of the interrogated brain transcripts differed

between age-matched morphs collected from the same natural

population.
Although behavioural trials lasted only 30 min, it is prob-

able that small and intermediate males differed in behaviour

and brain transcriptional patterns during most of their adult

lives; transcriptional variation related to the main effect of

male size probably reflects these long-standing differences.

However, the transcriptional response to the social environ-

ment must have been triggered by the experiment, because

all males inhabited similar physical and social environments

before their mating trials. The rapid and divergent transcrip-

tional responses in small and intermediate males suggests

that their brains are ‘primed’ to respond differently to changing

social conditions because of differences in neural architecture or

physiology. Variation in transcriptional response is a product

of these underlying differences.

Several authors have argued that plasticity is likely to facili-

tate adaptive evolution when genetic and plastic changes to

the phenotype depend on the same underlying mechanisms

[3,23–25], and gene network models that predict this facilita-

tion implicitly make this assumption [18,19]. Using a system

in which both plastic and genetically regulated phenotypes

occur in the same population, we found that these two types

of variation did significantly overlap in their transcriptional

patterns, supporting the idea of shared molecular mechanisms.

The overlap we observed was not complete, however, with

about half of the transcripts in each contrast not being found

in the other, and with generally larger magnitude of genetic

regulation compared with social regulation. The recent

models of phenotypic plasticity do not address how quantitat-

ive variation in the level of ‘transcriptional similarity’ affects

the likelihood that plasticity facilitates subsequent evolution.

Development of such models would allow more refined tests

of the hypothesis.

In small males, a large number of transcripts were DE

across social environments, despite displaying very similar be-

haviour. That is, transcriptional plasticity was not directly

proportional to the behavioural plasticity we observed,

although small males might have changed behaviour or physi-

ology in ways that we did not measure. Nevertheless, both the

number of transcripts responding and the magnitude of

change were larger in intermediate than in small males. If tran-

scriptional regulation incurs a fitness cost [63–65] (but see

[66]), these results imply that the plasticity we observed in

this experiment incurs a cost. This cost of plasticity per se is

one of the avenues through which costs can limit the evolution

of plasticity [29,32]. Reviews of the cost of plasticity [26,27]

have found limited evidence for this type of cost because few

studies have been designed to find it; there is little relevant

information outside of model systems [67] and few studies of

the cost of behavioural plasticity in contexts other than learning

[68–70]. Our results suggest that there are transcriptional costs

of behavioural plasticity and that it is possible to estimate the

magnitude of these costs in a variety of empirical systems. If

the behavioural plasticity can be linked to fitness variation,

then the cost incurred by phenotype–fitness mismatches [28]

could also be estimated.

In addition to these general patterns, we observed a dra-

matic enrichment of gene products related to cognitive and

locomotory functions in males that performed mainly sneaking

behaviour (across both size morphs) compared with males that

performed courtship. Strikingly, this enrichment occurred

among transcripts that were upregulated in sneakers, but not

in those upregulated in courting males. This pattern suggests

that sneaking involves the active regulation of many neural
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functions, whereas courtship behaviour does not. A similar

pattern has been reported in a comparison between mature

sneaker males and age-matched immature Atlantic salmon,

Salmo salar [50]. Those authors proposed that mature sneaker

males experienced greater cognitive demands than did imma-

ture males that were destined for an anadromous life history.

Our results suggest that these differences might be a general

feature of alternative male reproductive tactics.

Studies of other taxa with alternative male morphs are

needed to determine whether the neurogenomic patterns

observed by Aubin-Horth et al. [50] and by us are general.

Nonetheless, sailfins should be a useful model for investigating

mechanisms underlying this pattern. Males of all sizes mature

in less than a year, sneaking and courting are almost mutually

exclusive between males at the extremes of the body size dis-

tribution [40], and the conditions that induce a shift from
courting to sneaking in intermediate males are straightforward

to reproduce. Moreover, populations of sailfins differ in the

relationship between size and behaviour [43], and these

differences could be exploited to investigate the genetic and

environmental regulation of both traits.

All procedures were conducted in accordance with Florida State
University policies and were approved in Protocol no. 1001.
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