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Mate choice can play a pivotal role in the nature and extent of reproductive
isolation between species. Mating preferences are often dependent on an
individual’s social experience with adult phenotypes throughout develop-
ment. We show that olfactory preference in a swordtail fish (Xiphophorus
malinche) is affected by previous experience with adult olfactory signals.
We compare transcriptome-wide gene expression levels of pooled sensory
and brain tissues between three treatment groups that differ by social experi-
ence: females with no adult exposure, females exposed to conspecifics and
females exposed to heterospecifics. We identify potential functionally rel-
evant genes and biological pathways differentially expressed not only
between control and exposure groups, but also between groups exposed
to conspecifics and heterospecifics. Based on our results, we speculate that
vomeronasal receptor type 2 paralogs may detect species-specific phero-
mone components and thus play an important role in reproductive
isolation between species.

1. Introduction

Mate preferences can be influenced by social learning throughout life [1].
Experience with a particular phenotype can elicit preferences either for or
against that trait, which can have important ecological and evolutionary conse-
quences by promoting assortative mating [2,3] or outcrossing by what Darwin
called ‘antipathy”’ [4], respectively. Individuals can be genetically predisposed
to favour early learning of familiar stimuli [5] or may favour traits that are
rare or novel [6,7]. In certain scenarios, learned preferences can strengthen
reproductive isolation between species [8-11] and can be an important mech-
anism in preventing hybridisation. For example, in sticklebacks learned
preferences for familiar odour and colour act to minimize hybridisation
between benthic and limnetic ecotypes [8]. Alternately, in certain contexts
learned preferences can promote hybridisation (reviewed in [12]). For example,
in Darwin’s finches, mis-imprinting on heterospecific songs promotes hybridis-
ation [13]. In zebra finches, mating preferences for hybrid individuals can
further be specified through exposure to a mixed social environment early in
life [14]. These studies show that learned mate preferences can have a major
impact on reproductive isolation between species. Determining the proximate
mechanisms underlying learned preferences will help us understand their
evolutionary impact.

In vertebrates, notably fishes, olfactory cues are important to conspecific
mating preferences. In insects, odorant receptors at the periphery play a deter-
mining role in mate choice. The vertebrate olfactory periphery has the potential
to play a similar role: it includes a relatively large repertoire of olfactory recep-
tors (OR), allowing for the evolution of specialized receptor families, such as
olfactory receptors and vomeronasal receptors (vomeronasal receptor type 1,
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VIR and vomeronasal receptor type 2, V2R). This receptor
diversity at the olfactory periphery allows for the evolution
of specific behavioural responses to unique cues.

As with other cues, response to olfactory cues depends on
previous experience. A compelling mechanism for experience-
dependent plasticity in olfactory responses is the ‘tuning’ of
olfactory receptor neurons (ORNSs) in the sensory periphery.
Electrophysiological studies in salmon [15] and zebrafish
[16] found that exposure to artificially supplied chemicals
during development altered sensitivity to these odorants
later in life. In zebrafish, learned sensitivity to new odours
was accompanied by increased expression of genes involved
in odorant receptor cell neurogenesis [16]. In mice, fear
conditioning with acetophenone results in an increased
number of ORNs expressing an acetophenone receptor. This
increase can even be passed on to offspring through epige-
netic mechanisms [17]. More generally, olfactory sensitivity
at the periphery can be mediated by differential proliferation
of ORNSs sensitive to specific odorants, which is associated
with stable differential expression (DE) of the OR genes [18].
In zebrafish, OR mRNA levels are highly correlated with
their respective sensory neuron counts [19]. We therefore
sought to test whether learned differences in olfactory
mating preferences are associated with DE of odorant receptor
genes with RNAseq.

ORN:Ss project to the olfactory bulb, which further project
throughout the forebrain and other brain regions. Individuals
have been shown to have a neuronally plastic response in
the forebrain to varying levels of social exposure [20—22]. For
example, visual familiarization to a potential mating partner
activates terminal nerve gonadotropin releasing hormone 3
neurons, leading to preference for familiar individuals in
medaka fish [23]. Hence, environmental cues detected by the
sensory periphery often have downstream effects at the struc-
tural and transcriptomic levels. Therefore, we included a
portion of the forebrain in our genetic analysis to examine
the effect of social exposure on the gene expression profile of
first-order processing brain regions such as the olfactory bulb.

Swordtail fishes (genus Xiphophorus) rely primarily on
olfactory signalling for conspecific mate preference [24—-27].
In the naturally hybridising sister species [28] Xiphophorus
malinche and Xiphophorus birchmanni, wild-caught females
prefer the chemical cues of conspecific males [29]. For
X. birchmanni, the preference for conspecifics is dependent on
both early [16] and recent [30] experience with conspecifics;
females prefer familiar olfactory cues regardless of whether
they are conspecific or heterospecific. Short-term exposure of
X. malinche has the opposite effect, with familiarity breeding
contempt: females exposed to X. birchmanni preferred
X. malinche scent [31]. This stark difference in how these sister
species respond to social experience may suggest distinct
neural processes beyond the sensory periphery and has motiv-
ated us to test whether X. malinche females showed similar
disdain for cues learned before sexual maturity and to explore
the neurogenomic processes responsible for modulating the
effects of social experience on mating preference.

In the present study, we perform long-term exposure of
female X. malinche to different visual and olfactory adult
cues starting early in life through sexual maturity. We exam-
ine the effects of this exposure on behavioural mating
preferences and use RNA sequencing to quantify the effects
of learning on gene expression in the forebrain and sensory
periphery. We show that social experience induces major

gene expression changes in X. malinche. A smaller subset of n

genes was differentially expressed between conspecific and
heterospecific treatments, indicating differential neuro-
genomic responses to species-typical adult cues. These
genes were enriched for gene ontology (GO) categories tied
to behaviour, neurogenesis and synaptic transmission. Also,
we found enrichment of three biological pathways with pre-
viously established roles in addiction, emotional learning and
preference for familiar individuals. Intriguingly, we found
upregulation of a rapidly evolving pheromone receptor
gene in response to conspecific exposure.

2. Material and methods

(a) Fish collection and exposure treatments

Offspring of 16 wild-caught X. malinche females were reared
under one of three treatment groups: (i) M-EXP (starting N = 33
both sexes, females surviving to adulthood N =17) visually
and chemically exposed to two males and two females of adult
X. malinche from the Chicayotla locality [29]; (ii) B-EXP (starting
N =34 both sexes, surviving females N = 18) exposed to two
males and two females of adult X. birchmanni from the Garces
locality [29] and (iii) controls (starting N = 55 both sexes, surviv-
ing females N =26), which did not receive adult stimulus
exposure. Once all females had matured, we tested female prefer-
ence for visual and olfactory cues of X. birchmanni and
X. malinche. After all behavioural trials were concluded, females
were rinsed in tank water and returned to their respective treat-
ment for an additional two months before sample collection to
minimize possible short-term effects from behavioural trials.
To compare the preferences of lab-reared and naturally raised
individuals, we also tested mate preference of wild-caught
X. malinche females. For detailed methods on rearing conditions,
see electronic supplementary material, I.

(b) Preference trials

To assess visual preference, we used previously described
computer animation playback techniques [27,30,32] and a well-
established dichotomous choice design [27,30,32] to test focal
females’ preferences for X. birchmanni versus X. malinche visual
cues, using association time as a proxy for preference. We
tested 26 (19 responsive) control, 18 (18 responsive) B-EXP and
17 (13 responsive) M-EXP females.

Two days after the visual trials, we tested female preference
for conspecific versus heterospecific male odours following a
protocol described in previous studies [24,26,27]. Briefly, olfac-
tory cues obtained from model conspecific and heterospecific
males were dripped on either side of the trial tank according to
species. To account for potential side biases, each female was
tested twice back-to-back with the location of each cue switched.
We averaged the association time in the two trials for data analy-
sis. If the female was unresponsive (did not visit both cue zones
within 5min), we only included association time from the
responsive trial in analysis. We tested 26 (18 responsive) control,
18 (17 responsive) B-EXP and 17 (17 responsive) M-EXP females.
Wild-caught females described above were also tested for
olfactory preference (N = 10 responsive).

We tested the normality of association time datasets using
Shapiro—Wilk tests. For datasets fitting the normality assumption,
we used paired Student’s t-tests to detect differences in mean
association time between two stimuli for each group. Unpaired
t-tests assuming equal variance were used to test for group-
wise differences. A one-way ANOVA on preference index (time
with X. malinche—time with X. birchmanni) was used to test
whether exposure experience significantly affected mate
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preference. We used non-parametric tests (Wilcoxon signed-rank
tests and Kruskal-Wallis rank-sum tests) for datasets violating
the normality assumption. For detailed methods on preference
trials and analysis, see electronic supplementary material, II.

(c) Tissue sample collection

We randomly selected four females from each of the treatment
groups (M-EXP, B-EXP and control, 12 samples). Females were
euthanized with an overdose of MS-222; whole heads were pre-
served in Trizol solution and stored at —80°C until use. Females
were dissected to ensure that females carried unfertilized eggs
(and thus were sexually mature and showed no evidence of phys-
ical contact with males) and showed no sign of parasitic infection.
Chemoreceptive tissue was dissected from the head by making a
single 45° cut with dissection scissors in front of the anterior
edge of the orbits. This tissue sample includes the lips, tongue,
olfactory epithelium, olfactory bulb and the anterior portion of
the telencephalon (electronic supplementary material, figure S1).
Specifically, this sample includes the medial and lateral zones of
the dorsal telencephalon (Dm and Dl), regions previously known
to have important roles in the mesolimbic reward system [33]
and mate choice decision-making [34] in teleosts. Pooling different
tissues in the same library was required to obtain sufficient RNA
for library preparation. Our results on differential gene expression
should be considered conservative because pooling decreases
power due to the dilution of transcript copies [35].

(d) RNA extraction and library preparation

Total RNA extraction followed a Trizol protocol. Sequencing
library was constructed with Illumina’s TruSeq mRNA Sample
Prep Kit with minor modifications. Trimmomatic [36] was used
to clean the raw reads (electronic supplementary material, III).

(e) Read mapping

Reads were mapped to a pseudogenome assembly (heterozy-
gous sites hard-masked) of X. malinche at approximately 35X
coverage [28,37] with TopHat 2.0.10 (electronic supplementary
material, IIT). We repeated mapping to the Xiphophorus maculatus
reference genome (a de novo assembly [38]) to confirm robust-
ness of results (electronic supplementary material, IV). We also
confirmed results by choosing a different mapping algorithm
(electronic supplementary material, V).

(f) Odorant receptor identification and molecular
evolution

We followed a previously described workflow [39,40] to annotate
odorant receptor genes in the X. maculatus genome (electronic
supplementary material, VI). Briefly, teleost V2R [39], OR [39],
trace amine-associated receptor (TAAR) [39] and VIR (from
GenBank) sequences (electronic supplementary material, files
1-4) were aligned to the X. maculatus genome with megablast-
dc [41], followed by Genewise v. 2.2.0 [42] to predict gene
models. In most cases, observed RNAseq reads mapped to
these predicted gene models more accurately than to Ensembl
(version 74) [43] gene predictions (electronic supplementary
material figure S2). The number of odorant receptors found
through this method is well within the range of odorant receptor
families found throughout teleost fish [44]. Newly predicted
odorant receptors were added back to the alignment for the
next iteration. Two iterations were performed before no more
new V2R, OR, TAAR or VIR sequences were identified
(GTF file in electronic supplementary material, file 5, matched to
X. maculatus genome, Ensembl version 74). Phylogenies of the
identified sequences were reconstructed with RAXML v. 7.2.6
[45] with GTR + Gamma model with 100 rapid bootstraps for

each family (electronic supplementary material, files 6-8) except n

for VIR because we found only two paralogs.

We extracted orthologous odorant receptor sequences from
polymorphism-masked pseudogenomes of five Xiphophorus
species [28,37,38] using the exon structure identified by Gene-
wise. In case multiple paralogs are mapped to the same
reference locus, all differing sites are masked and thus conserva-
tive for non-synonymous divergence/synonymous divergence
ratio (dN/dS) analysis. Sequences containing premature stop
codons were discarded from further analysis (11 ORs, 8
TAARs, 0 VIR and 8 V2Rs excluded). We test for diversifying
selection using a likelihood ratio test approach in Codeml, com-
paring M8 versus M8a, and M8 versus M7 models [46,47], with
gene trees separately built for each paralog using RAXML [48]
(details in electronic supplementary material, VI).

() Differential expression analyses

Gene models (v. 74) for X. maculatus were downloaded from
Ensembl. Because this file does not contain information for
manually annotated genes (described above), we added entries
into the gene annotation file (GTF file) for the V2R, OR, TAAR
and VIR receptors identified. With this updated GTF file, we
counted the number of reads uniquely mapping to each gene
using the python package htseq-count (strand-specific: no,
mode: union, counted feature: exon), requiring a mapping qual-
ity of 20. These raw counts were imported into the edgeR 3.0.8
[49] and DESeq 1.20.0 [50] packages (for DESeq analysis, see
electronic supplementary material, VII) for DE analysis. We visu-
alized gene expression profiles of individuals by conducting a
constrained correspondence analysis on edgeR normalized
gene counts using the vegan package in R [51].

Using edgeR, we performed two sets of analyses for DE by
olfactory treatment (i) restricting our analysis to OR genes and
(i) a transcriptome-wide analysis. For the first analysis, we
extracted expression levels of transcripts that we had annotated
as members of the V2R, OR, TAAR or VIR gene families from
edgeR results. We calculated g values using the R package
‘Qvalue’ [52] for all the raw p-values for these genes given by
edgeR. Three comparisons were made: B-EXP to M-EXP, B-EXP
to Control and M-EXP to Control.

For the second analysis, we followed a previously described
analysis protocol [53]. The only modification of this workflow
was that we required that at least four individuals had to surpass
a 0.5 counts per million threshold in order for a given transcript
to be analysed.

Lastly, the inclusion of non-neuronal tissue into our sample
could have driven the differentially expressed patterns. To rule
out such possibilities, we repeated the edgeR and GO analyses
after excluding zebrafish orthologues showing higher expression
in the skin and muscle tissue compared to the olfactory epithelium
and the brain (see electronic supplementary material, VIII).

(h) gPCR validation of candidate genes

We validated the following genes using qPCR with increased
sample size (n =8 per group): V2R6 and V2R40. Primers were
designed with the NCBI primer design tool on predicted
coding sequences. We determined the primer efficiency and the
total cDNA input to each reaction (electronic supplementary
material, IX). We normalize CT values by total input cDNA,
and we compare the means between groups using non-para-
metric tests (Wilcoxon for pairwise and Krusalis—Wallis for
three groups; electronic supplementary material, X).

Norm_concentration = —C; — log,.D,
where E is the primer efficiency, C, is the cycle number to reach

the target threshold and D is the amount of cDNA (ng) used in
the qPCR reaction.
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Figure 1. Preferences of female X. malinche varying in early social experience
for different stimulus pairs. (a) Visual cues: computer animations representing
mean male X. birchmanni and X. malinche phenotypes; (b) olfactory cues:
water containing male pheromones of each species. Bar height represents net
association time with the heterospecific X. birchmanni + SEM. *p << 0.05,
**p <001, **p < 0.001.
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(i) Gene ontology enrichment and PANTHER pathway
analysis

To determine whether particular functional categories and path-
ways were enriched in genes differentially expressed between the
treated and control groups and the birchmanni-exposed and
malinche-exposed females, we performed GO enrichment analy-
sis. We used the annotated X. maculatus genome to assign
Human Genome Organization (HUGO) gene symbols to each
gene. All genes that passed coverage filtering in edgeR, excluding
all manually predicted genes (see above), were included as part of
the gene universe and we tested for significant enrichment
(FDR < 0.05) of different biological processes and pathways by
comparing the gene universe to lists of significant genes using
the PANTHER Classification System [54] (release 20160321).
Briefly, genes are organized into families and subfamilies accord-
ing to sequence homology and functional similarity. They are
then assigned GO terms (‘GO biological processes complete’)
and placed within one of 177 "'PANTHER Pathways’ (for detailed
methods, see [55]). Gene lists are compared to the gene universe
to find GO terms or pathways that are statistically over-
represented or under-represented using a binomial test.
We used REVIGO [56] (http://revigo.itb.hr/) to visualize GO
categories, clustered by semantic similarities (SimRel).

3. Results

(a) Female preference behaviour

Regardless of learning experience (one-way ANOVA, F; ,= 0.36,
p=0.70), all three groups of X. malinche females showed
preferences for heterospecific X. birchmanni visual cues (con-
trol: t13=2.85, p = 0.010; X. birchmanni exposed: t;,= 2.34,
p = 0.030; X. malinche exposed: t;,= 222, p = 0.046, figure 1).
Only females exposed to adult X. birchmanni showed a signifi-
cant olfactory preference for conspecific (X. malinche) male
water (Wilcoxon signed-rank, T=5, p<0.001, N=17);
other females did not show significant olfactory preferences
(control: T=158.5, p=0.25, N=18; M-EXP: T=73, p=0.89,
N = 17). Early social experience had a significant effect on olfac-
tory preference (Kruskal-Wallis rank-sum test, 3 = 9.6172,
p = 0.0082), driven by the fact that the B-EXP group preferred

® : e control
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0.2 ; * M-exp
~ O 1 a
S .. &
=
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g ® . &
2 ]
@)
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Figure 2. Constrained correspondence analysis plot of gene expression
dimensions 1 and 2 including all genes passing 0.5 cpm filter in at least
four individuals. Each point represents an individual used for the RNAseq
analysis. Standard lengths by group (n = 4): control 35.28 + 4.43 mm,
B-exp 37.25 + 1.5 mm, M-exp 34.88 + 2.66 mm. Analysis was generated
using the vegan package in R.

X. malinche (conspecific) cues more than the control group
(Wilcoxon rank sum, W=092, p=0.046) and the M-EXP
group (Wilcoxon rank sum, W= 53.5, p = 0.0018, figure 1).

(b) Transcriptome-wide differential expression

Social environment had a dramatic effect on gene regulation
(figure 2). Following quality trimming, an average of
24 million reads were retained per individual, and 81.3% of
these were mapped by TopHat [57] (electronic supplemen-
tary material table S1). After coverage filtering with edgeR,
17765 genes were retained. The control group showed gene
expression patterns that were clearly distinct from both
social exposure groups (figure 2). After false discovery
correction at FDR = 0.05, 2248 and 1939 genes were signifi-
cantly differentially expressed in B-EXP and M-EXP groups
compared to the control group, respectively (electronic sup-
plementary material, table S2). Most genes differentially
expressed between the treated and control groups were con-
sistent; 58% of genes differentially expressed in the
birchmanni-exposed group were shared with the malinche-
exposed group and 67% of genes differentially expressed in
the malinche-exposed group were shared with the birch-
manni-exposed group (electronic supplementary material,
figure S3). Of the 1295 genes that were significantly differen-
tially expressed in both olfactory treatment groups, 99% had
the same direction of expression relative to the control (e.g.
up- or downregulated). Many fewer genes showed differen-
tial regulation between conspecific and heterospecific
exposures (N =330, electronic supplementary material,
figure S3; table S2). These results remain robust after exclud-
ing ‘skin/muscle-specific’ genes identified in zebrafish
orthologues (electronic supplementary material, VIII).

(c) Differential expression of olfactory receptors
We separately investigated expression levels of OR candidate
genes. Six V2R receptors were significantly differentially
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Figure 3. Boxplot showing expression levels of V2R6 (in counts per million
reads, N =4 per group) by treatment; V2R6 is differentially expressed
between females exposed to conspecifics and heterospecifics. Insets show
gPCR validation with eight individuals per treatment group. Raw p values
are indicated. (Online version in colour.)

expressed between the control and malinche-exposed individ-
uals, five ORs were differentially expressed and one of the
ORs survived FDR correction for 83 genes. In the control
versus birchmanni-exposed comparison, two ORs, one
TAAR and two V2Rs were differentially expressed; one
V2R survived FDR correction. Twelve V2R receptors were
significantly differentially expressed between malinche and
birchmanni-exposed females, though none of these were
significant following multiple testing correction (electronic
supplementary material, table S3). We used qPCR on an
increased number of individuals (n =8, 4 used in RNAseq)
to verify whether the top candidate V2R genes differentially
expressed between malinche-exposed and birchmanni-exposed
individuals but not surviving FDR correction (V2R_6,
V2R_40) are indeed differentially expressed. We found that
these two genes generally showed the same trend of expression
as observed with RN Aseq data, but only V2R_6 remained stat-
istically significant between B-EXP and M-EXP groups
(Wilcoxon rank sum, W= 13, p=0.049, N = 8, figure 3).

(d) Gene ontology and PANTHER pathway analysis

To investigate whether particular functional categories were
enriched in the differentially expressed genes, we performed
GO enrichment analysis. In both comparisons versus control,
‘response to organic substance’ (GO:0010033) was the most
significantly enriched process (both FDR < 0.001, electronic
supplementary material, tables S5 and 56). In genes differen-
tially regulated between B-EXP and M-EXP females,
‘single-organism behaviour’ (GO:0044708) and ‘behaviour’
(GO:0007610) were the most significantly enriched biological
process categories (FDR < 0.001; electronic supplementary
material, figure S5). In total, 61 GO categories were signifi-
cantly enriched or underrepresented at p < 0.05 (after FDR
correction) between the two olfactory treatments (electronic
supplementary material, table S4). Between treated and con-
trol individuals, 133 and 102 GO categories were significantly
enriched or underrepresented at p<0.05 (after FDR
correction) for malinche- and birchmanni-exposed groups,
respectively (electronic supplementary material, tables S5
and table S6). The major results are robust to the exclusion
of muscle-specific and skin-specific genes from these analyses
(electronic supplementary material, figure S5b).

PANTHER pathway analyses revealed four significantly
enriched biological pathways in the lists of differentially
expressed genes across the three exposure groups. When
compared to the control group, angiogenesis (P00005) was
the only enriched pathway after FDR correction in both the

malinche (p = 0.002) and birchmanni (p = 0.035) comparisons. “

In genes differentially expressed between M-EXP and
B-EXP females, cholecystokinin receptor (CCKR) signalling
map (P06959: p =0.002), gonadotropin-releasing hormone
(GnRH) receptor pathway (P06664: p = 0.005) and endogenous
cannabinoid signalling (P05730: p = 0.046) were significantly
enriched after FDR correction.

(e) Amino acid divergence in differentially expressed
odorant receptors

One hypothesis for the difference in olfactory responses
between X. birchmanni and X. malinche females is that the
odorant receptor proteins in the olfactory periphery are func-
tionally divergent between species [58]. Using orthologous
sequences from five Xiphophorus species, representing all
three major clades [28], we found better support for the M8
model assuming some non-zero proportion of the sites with
a dN/dS ratio > 1 (conserved + neutral 0 < wl <1 B distrib-
uted, and faster-than-neutral: w2 > 1) compared to the null
model assuming only 0 < wl <1 (model M7) or the null
model having w? fixed at 1 (M8a) on four V2R receptors (elec-
tronic supplementary material, table S8; M8-M7 p < 0.05,
M8-M8a p <0.02, electronic supplementary material,
figure S9), one OR receptor (M8-M7 p < 0.05, M8-M8a
p < 0.02, electronic supplementary material, figure S10) and
five TAAR receptors (M8—M7 p < 0.05, M8-M8a p < 0.02,
electronic supplementary material, figure S11). This may
suggest diversifying selection on these genes. Both VIR
receptors are conserved in the Xiphophorus phylogeny
(M8-M7 p > 0.4, M8-M8a p > 0.1).

Within the two differentially expressed (raw p < 0.01)
V2Rs between M-EXP and B-EXP groups, V2R_46 is con-
served while V2R_6 shows a signature of positive selection
(electronic supplementary material, figure S8). The differen-
tially expressed V2R between control and B-EXP groups is
conserved (electronic supplementary material, figure S8).
The differentially expressed (raw p < 0.01) TAAR and OR
are both conserved in sequence (electronic supplementary
material, figures S9-S11).

4. Discussion

(a) Xiphophorus malinche females avoid familiar
olfactory phenotypes

Female Xiphophorus malinche showed experience-independent
preferences for visual cues and negative experience-
dependent preferences for olfactory cues, in contrast to
females of the sister species X. birchmanni that previous
work has shown to have positive experience-dependent pre-
ferences in both modalities [27]. These patterns mirror the
effects of short-term social experience on olfactory preferences
in adult X. malinche and X. birchmanni females, where
X. malinche females avoided heterospecific males after a one-
week exposure to heterospecifics, while X. birchmanni females
did not [31].

(b) Social exposure alters gene expression related
to behaviour and synaptic plasticity

Our results show a strong gene expression response to social
exposure (electronic supplementary material, figure S3), and
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Figure 4. DE and signature of positive selection plotted on a V2R phylogeny of five Xiphophorus spp. Because all orthologues are monophyletic for the five species,
the tips are pruned to leave a single representative gene. *CodeML dN/dS M8-M8a model p << = 0.01; BM, differentially expressed between birchmanni — malinche
exposures; (B, differentially expressed between control and birchmanni-exposed. The phylogeny is rooted at a clade containing V2R_71, corresponding to OIfCc1

(v2r1l) in zebrafish, a previously known basal V2R. (Online version in colour.)

strikingly, that patterns of gene expression change compared
to control are highly similar in response to both conspecific
and heterospecific cues. Most differentially expressed genes
in both olfactory treatment groups also show the same direc-
tion of expression change compared to control. This pattern
underscores that not only are similar genes involved in learn-
ing based on conspecific and heterospecific cues in
X. malinche, but the direction of their response is nearly iden-
tical. The similarity in patterns of DE suggests that similar
proximate mechanisms are being evoked by social exposure,
regardless of species identity of the cue (given that the model
species are closely related), and the neurogenetic response to
species-specific adult exposure may be relatively small.
Though the chemical identity of male pheromone com-
ponents is unknown in Xiphophorus, in other fish species
pheromones contain metabolites or hormonal derivatives
[59-63] that may be shared across species and associated
with genetic compatibility or body condition. Thus, a
strong gene expression response to social exposure likely
reflects a proximate response to these components of chemi-
cal and visual stimuli shared between closely related species.

The functions of differentially expressed genes are related
to neural plasticity. GO analysis reveals an enrichment of
genes involved in response to chemical stimulus in all three
comparisons (electronic supplementary material, figures
55-58). Interestingly, we found enrichment of GO terms
related to behaviour, cognition, neurogenesis and synaptic
transmission between the conspecific and heterospecific
olfactory treatments (electronic supplementary material,
figure S5). The transcript detected to be the most significantly
differentially expressed among the three exposure groups is
AFosB (electronic supplementary material, figures S6A and

S7), an isoform of the fosb gene that is known to be associated
with long-term memory [64-67].

Interestingly, all three biological pathways significantly
enriched in the differentially expressed genes between
X. malinche- and X. birchmanni-exposed females (electronic
supplementary material, table S7) are important in shaping
experience-dependent female preference or disdain. Chole-
cystokinin is implicated in avoidance behaviour in rats
[68,69], endogenous cannabinoid signalling is involved in
emotional associative learning [70] and a gonadotropin-
releasing hormone has previously been suggested to play
an essential role in shaping visual preferences for familiar
males in female medaka [23].

These results suggest that olfactory learning in Xiphophorus
triggers different responses in neural plasticity-related genes
depending on whether the cue is conspecific or heterospecific.
Though behavioural research demonstrates that females can
distinguish between con- and heterospecific cues [24,25], it
was unknown what the relative contributions are from the
sensory periphery and higher-order neuronal processes that
contribute to this behaviour. While our results highlight the
large gene expression response that social exposure has on
the sensory periphery and forebrain, they also show that
cues produced by the two species of Xiphophorus elicit differ-
ent, albeit relatively subtle, responses in X. malinche females,
particularly in relation to genes involved in neural plasticity.
This study focused on the transcriptomic implications of
learning in only a small portion of the forebrain, and future
studies are required to determine the impact of differential
social exposure on the whole brain. Nevertheless, these results
confirm that the region we sampled exhibits a socially sensi-
tive, neural response that functionally pertains to behaviour
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and cognition. Furthermore, future experiments will focus on
localizing these enriched genes in the brain to verify whether
candidate brain regions involved in olfactory learning show
distinct responses
olfactory cues.

to conspecific versus heterospecific

(c) Vomeronasal receptors type 2 as candidates
for species-specific cue detectors

Vomeronasal receptor families—VIR and V2R—are associ-
ated with pheromone detection in vertebrates, especially
mammals [71]. Recent studies have suggested that the main
olfactory pathways (those expressing ORs) also detect certain
components of sex pheromones. Despite VIR being impli-
cated in pheromone detection in fish [72], we detect neither
DE (possibly due to low expression levels, as found in
other teleosts [18]) nor a signature of positive selection of
this gene family. On the other hand, we did detect expression
of a large number of V2R receptors. V2R receptors are of par-
ticular interest in olfactory preference because they have been
implicated in pheromone detection in both mammals and
fish. In mice, V2Rs are co-expressed with major histocompat-
ibility proteins (MHC), which have been implicated in
individual recognition and compatibility-based mate choice
in a wide variety of taxa [73]. V2R neurons detect MHC-1
ligands [74] and respond to proteinaceous pheromone
components in mice [75] and fish [76], respectively. In mice,
social exposure has been shown to increase the number
of classical OR neurons [17], but the effect on V2R neurons
is unknown.

Interestingly, the most significant differentially expressed
odorant receptors between the conspecific versus heterospeci-
fic social treatments are V2Rs (cut-off at raw p < 0.02, g < 0.1;
electronic supplementary material, table S3; figures S9-S11).
Within 65 odorant receptors that passed coverage cut-off, on
average the raw p-values of V2Rs are lower than non-V2Rs
(nine ORs and eight TAARs) in the conspecific versus hetero-
specific comparison compared to the other two comparisons
(linear model, p=0.00082; full model in electronic sup-
plementary material, table S9). qPCR validation showed
that the most differentially expressed V2R, V2R_6, is most
highly expressed in the conspecific exposure treatment,
lowest in heterospecific treatment and intermediate in
controls (electronic supplementary material, figure S6B).
Intriguingly, this gene also has the highest rate of molecular
evolution of V2Rs among 5 Xiphophorus species (figure 4;
electronic supplementary material, figure S8). There are 13
amino acid substitutions between X. birchmanni and
X. malinche sequences at this gene, 9 of which are located on
the N-terminus (electronic supplementary material, figure
S8), where the putative ligand-binding domain is located
[77]. These results suggest that the V2R paralog may have
functionally diverged between X. birchmanni and X. malinche,
and its higher expression level in conspecific exposure makes
it an interesting candidate for detecting a species-specific
component in male olfactory cues. We can also confidently
conclude that these observed differences in gene expression
profiles are occurring at the sensory periphery, as there is
little to no expression of odorant receptor genes within the
brain of other teleosts (electronic supplementary material,
figure S12).

Other V2Rs that are differentially expressed in response
to conspecific and heterospecific cues do not show this

signature of positive selection (electronic supplementary
material, figure S9), which could suggest detection of
conserved chemical components [59]. Consistent with the
interpretation of a conserved response to social stimuli,
differentially expressed odorant receptors in control versus
exposure comparisons are all structurally conserved in the
five species of Xiphophorus analysed. It is consistent with a
recent finding that the hormone derivative prostaglandin
F2a signals female reproductive state through detection by
the OR family [78]. Together, these observations are consist-
ent with the hypothesis that certain components in the sex
pheromone blend are chemically conserved, and information
is conveyed through ratio or concentration variations.

(d) Periphery and higher-order neuronal processes
in relation to mate choice evolution

Our results suggest that the detection of sexual signals at the
periphery has the potential to evolve independently of, or
interact with, how these are evaluated at higher levels. In par-
ticular, conspecific exposure elicits higher expression of a
rapidly diverging V2R receptor, suggesting that this receptor
evolves to maximize detection of conspecific signals. How-
ever, a putatively greater sensitivity at the periphery does
not result in higher preference for conspecifics in this species.
A possible explanation is that this species has evolved aversion
to learned olfactory cues independent of the sensory periph-
ery. The three biological pathways found to be differentially
regulated between exposure treatments have been established
as playing functional roles in emotional learning [70], aversion
[68,69] and even establishing mating preferences for familiar
individuals [23]. Therefore, these pathways could play a role
in explaining how learned aversion evolved in this system.
Future studies should examine the neurogenomic response
to social exposure in the sister species preferring familiar
cues, X. birchmanni, which should be expected to have sharply
different or opposite neurogenomic responses to social stimuli.

5. Conclusions

There is a large literature on the role that learned mate prefer-
ences may play in maintaining reproductive isolation
between species by preventing hybridisation [7-10]. How-
ever, some learned preferences, particularly preferences for
novel traits, may actually promote hybridisation, as is the
case with X. malinche. In the X. malinche-X. birchmanni
system, natural populations vary in their degree of exposure
to heterospecifics and hybrids [79]. Our results suggest that
exposure to heterospecifics during development could then
play an important role in determining a female’s learned pre-
ference through changes at both the sensory periphery and
central nervous system, ultimately impacting evolutionary
processes. Specifically, the results of this experiment predict
that hybridisation might be common when X. malinche
females have only had contact with conspecific cues during
development. However, we note that in natural environments
both the learning scenario and dynamics of hybridisation
are complex. Some contact zones between X. birchmanni
and X. malinche are hybrid swarms, as might be predicted
by our olfactory learning and visual preference results.
In other hybrid populations, by contrast, X. malinche individ-
uals discriminate against heterospecifics [79]. Ultimately,
understanding the neurogenomic mechanisms of sexual
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imprinting can help biologists make predictions about mate
choice and evolutionary outcomes in the wild. By revealing
potential candidate genes and biological pathways that con-
nect developmental social environment with mate choice
outcomes, this study provides a necessary first step in
understanding the neurogenetic mechanisms that regulate
reproductive isolation.
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