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Abstract
Genes involved in reproduction often evolve rapidly at the sequence level due to 
postcopulatory sexual selection (PCSS) driven by male–male competition and male–
female sexual conflict, but the impact of PCSS on gene expression has been under-
explored. Further, though multiple tissues contribute to male reproductive success, 
most studies have focused on the testes. To explore the influence of mating system 
variation on reproductive tract gene expression in natural populations, we captured 
adult males from monogamous Peromyscus californicus and polygynandrous P. boylii 
and P. maniculatus. We generated RNAseq libraries, quantified gene expression in 
the testis, seminal vesicle, epididymis, and liver, and identified 3627 mating system-
associated differentially expressed genes (MS-DEGs), where expression shifted in the 
same direction in P. maniculatus and P. boylii relative to P. californicus. Gene expression 
variation was most strongly associated with mating behaviour in the seminal vesi-
cles, where 89% of differentially expressed genes were MS-DEGs, including the key 
seminal fluid proteins Svs2 and Pate4. We also used published rodent genomes to 
test for positive and relaxed selection on Peromyscus-expressed genes. Though we 
did not observe more overlap than expected by chance between MS-DEGs and posi-
tively selected genes, 203 MS-DEGs showed evidence of positive selection. Fourteen 
reproductive genes were under tree-wide positive selection but convergent relaxed 
selection in P. californicus and Microtus ochrogaster, a distantly related monogamous 
species. Changes in transcript abundance and gene sequence evolution in associa-
tion with mating behaviour suggest that male mice may respond to sexual selection 
intensity by altering aspects of sperm motility, sperm-egg binding and copulatory plug 
formation.
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1  |  INTRODUC TION

Genes involved in reproduction often evolve rapidly due to male–fe-
male sexual conflict and male–male competition, collectively referred 
to as “postcopulatory sexual selection” (Figure 1a; Eberhard, 1996, 
reviewed in Birkhead & Pizzari, 2002; Swanson & Vacquier, 2002). 
Many studies of the rapid evolution of reproductive genes have fo-
cused on sequence evolution of genes involved in sperm production 
(e.g. Dorus et al., 2010; Torgerson et al., 2002), but in most animals, 
the male reproductive tract includes accessory glands that produce 
additional proteins for transfer to females during mating. For exam-
ple, many Drosophila seminal fluid proteins (Sfps) have extremely 
high rates of non-synonymous to synonymous substitutions (i.e. 
high dN/dS values; Begun et al., 2000; Haerty et al., 2007; Swanson, 
Clark et al., 2001; Wigby et al., 2020), suggesting that they are under 
positive selection. Experimental work has shown that Sfps play key 
roles in sperm storage (Avila & Wolfner, 2017; Bertram et al., 1996) 
and sperm competition (Clark et al., 1995; Patlar & Civetta, 2022). 
Sfps create a mating plug that may prevent female remating (Brown 
et  al.,  2023; Lung & Wolfner,  2001) and can temporarily alter fe-
male mating receptivity and egg laying (Findlay et al., 2014; Heifetz 
et al., 2000; Prout & Clark, 2000). Drosophila female reproductive 
proteins, such as egg-surface proteins that interact with sperm and 
regulate fertilization, also evolve rapidly (McDonough-Goldstein 
et al., 2021; Swanson et al., 2004).

The patterns of sexual selection and rapid reproductive protein 
evolution seen in Drosophila have been observed across a broad 
range of organisms from abalone and sea urchins to humans (e.g. 

Metz & Palumbi,  1996; Vicens et  al.,  2014; Yang et  al.,  2000). As 
in Drosophila, mammals have a complex male reproductive tract 
(Figure 1b) that includes the testes as well as the epididymis, which 
plays roles in sperm storage and maturation (Dean et  al.,  2008; 
Sullivan & Mieusset, 2016), and accessory glands such as the seminal 
vesicle, prostate gland and bulbourethral gland, which contribute car-
bohydrates, lipids and proteins to the seminal fluid (Claw et al., 2018; 
Linzey & Layne, 1969; Ramm et al., 2005). In some species, mamma-
lian seminal fluid forms a copulatory plug when it coagulates in the 
vagina (Schneider et al., 2016; Sutter et al., 2016; Voss, 1979) but can 
also mediate sperm–female reproductive tract interactions (Dean 
et  al., 2011; Kawano et  al.,  2014; Noda & Ikawa,  2019), stimulate 
female immune responses to mating (Schjenken & Robertson, 2020; 
Sharkey et  al.,  2007; Tollner et  al.,  2011), and interact with the 
neuroendocrine system to alter the timing of ovulation (Berland 
et al., 2016; Ratto et al., 2012).

Variation in mating behaviour can modulate the strength of 
postcopulatory sexual selection. Studies of gene sequence evo-
lution in primates (Dorus et  al.,  2004; Wyckoff et  al.,  2000) and 
rodents (Ramm et al., 2008, 2009) found a positive correlation be-
tween the rate of evolution of sperm protamines and semenogelin 
and the level of female polyandry and male–male competition. The 
strength of postcopulatory sexual selection also affects reproduc-
tive function and physiology. In species with sperm competition, 
males have larger testes and seminal vesicles (Harcourt et al., 1995; 
Ramm et al., 2005) and produce larger, faster sperm with more mito-
chondria (Anderson et al., 2005; Gomendio & Roldan, 2008; Lüpold 
et al., 2020; Snook, 2005; Tourmente et al., 2013).

F I G U R E  1 (a) Postcopulatory sexual 
selection consists of two potential 
biological interactions: male–male 
competition and female choice or sexual 
conflict. As male–male competition 
is only relevant when females mate 
with multiple males per estrous cycle, 
postcopulatory sexual selection is 
mediated by variation in mating behaviour. 
(b) The mouse male reproductive tract 
contains multiple tissues that contribute 
to sperm development, seminal fluid 
composition and mating outcome, all 
of which are potentially subject to 
postcopulatory sexual selection. (c) 
Abridged Peromyscus phylogeny (per Platt 
et al., 2015), with relevant variation in 
mating behaviour and the corresponding 
strength of postcopulatory sexual 
selection males experience. Focal species 
may interact where they co-occur, but are 
reproductively isolated from each other 
and represent distinct species groups 
within the Peromyscus genus.
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Although most previous studies of the evolution of reproduc-
tive genes in mammals have focused on nonsynonymous changes 
in protein-coding gene sequences, changes in gene expression 
are known to underlie much of evolution (Carroll,  2005; King & 
Wilson, 1975). Differential expression provides an alternative route 
to phenotypic change that may avoid the negative pleiotropic effects 
that can accompany gene sequence evolution (Brawand et al., 2011; 
Vicens et al., 2017).

Mice in the genus Peromyscus provide an excellent opportu-
nity to study the influence of mating system on both gene expres-
sion and protein sequence evolution for male reproductive genes. 
Polygynandry (loosely affiliative multimale–multifemale mating 
system) is the ancestral state in Peromyscus, and different species 
in this genus exhibit broad variation in mating ecology (Bedford & 
Hoekstra, 2015; Meléndez-Rosa et al., 2019; Weber & Fisher, 2023). 
Here, we compare gene expression and gene sequence evolution 
across the male reproductive tract in three species of Peromyscus 
(Figure  1c). Using wild-caught, reproductively mature mice, we 
quantified gene expression in the testis, seminal vesicle, epididymis 
and liver in monogamous P. californicus (PECA), polygynandrous P. 
maniculatus (PEMA) and polygynandrous P. boylii (PEBO) (Birdsall & 
Nash, 1973; Ribble, 1991; Ribble & Stanley, 1998).

We address five major questions. First, are different patterns of 
gene expression associated with different mating systems? Second, 
which male reproductive tissues show the greatest changes in gene 
expression in different mating systems? Third, which specific genes are 
expressed at very high levels in polygynandrous species and at low lev-
els in monogamous species? Since monogamy is the derived condition 
and does not involve sperm competition, the identification of highly 
expressed genes in polygynandrous species that are lowly expressed in 
monogamous species may identify genes that are particularly import-
ant in postcopulatory sexual selection. Fourth, what phenotypes are 
associated with the most rapidly evolving male reproductive genes? 
And finally, which genes, if any, show both rapid protein evolution and 
changes in gene expression associated with different mating systems?

We discovered many genes that show differences in expression 
associated with mating system, most notably in the seminal vesicles. 
The most rapidly evolving genes included those involved in sperm 
motility and sperm-egg binding, though for the most part, rapidly 
evolving genes did not overlap with mating-system associated dif-
ferentially expressed genes. Together, these results illustrate the 
distinct roles that gene expression and protein sequence evolution 
play in male reproductive tissues and identify a set of genes likely to 
be important in postcopulatory sexual selection.

2  |  MATERIAL S AND METHODS

2.1  |  Field methods

To explore gene expression variation in the context of naturally oc-
curring postcopulatory sexual selection, we trapped reproductively 
mature P. californicus californicus and P. boylii rowleyi at Hastings 

Natural History Reserve (Carmel Valley, CA, USA), and P. maniculatus 
gambellii at the Field Station for the Study of Behaviour, Ecology and 
Reproduction (Berkeley, CA, USA). Mice were captured using 
Sherman traps following trapping procedures outlined in the 
American Society of Mammalogists Guidelines (Sikes, 2016).

Scrotal adult males were sacrificed via isoflurane and cervical 
dislocation. To control for circadian variation in gene expression, all 
mice were sacrificed and all tissues were sampled between 9 am and 
1 pm. First, we took standard body measurements (total length, tail 
length, hind-foot length, ear length and weight) and recorded testis 
length, width and mass. Tissues were sampled in a consistent order 
within 10 mins of euthanasia to minimize RNA degradation and were 
preserved in RNAlater before transfer to a −80°C freezer. Museum 
skins and skulls were prepared and deposited in the mammal col-
lection of the UC Berkeley Museum of Vertebrate Zoology (MVZ); 
specimens and MVZ catalogue numbers are provided in Table  S1. 
We sacrificed and sampled tissues from 10 scrotal males per species 
with a goal of obtaining at least five samples per tissue from each 
species. Trapping, tissue collection, and specimen preparation were 
approved under UC Berkeley ACUC protocol AUP-2019-03-11939.

Field observation-based species identification was confirmed by 
amplifying and sequencing the cytochrome B mitochondrial locus 
via PCR and Sanger sequencing (as in Meléndez-Rosa et al., 2019). 
One animal identified in the field as P. maniculatus was reassigned to 
P. boylii following cytB amplification.

2.2  |  RNA extraction and library preparation

We sampled the following tissues from each individual for mRNA 
sequencing: a single whole cauda epididymis, one half of a single 
testis, one half of a single seminal vesicle and approximately 10 mg 
of liver. RNA was extracted using the Qiagen RNEasy PowerLyzer 
kit. RNA concentration was quantified and quality assessed using an 
Agilent 2100 Bioanalyzer RNA Pico 6000 chip. Only samples with 
RNA integrity number (RIN)  scores greater than 7 were used for 
library preparation, and four low-concentration samples with high 
RIN scores were reconcentrated using a bead-based mRNA capture 
step following extraction.

We prepared five samples per tissue per species for RNAseq (or 
5 samples per tissue × 3 species × 4 tissues = 60 samples total). Due 
to difficulty in extracting RNA from seminal vesicles and epididy-
mes, we sampled the following numbers of individuals per species: P. 
californicus, 9 individuals; P. maniculatus, 7 individuals; and P. boylii, 7 
individuals (Table S1).

RNA libraries were prepared using a KAPA Hyperprep RNAseq 
kit with a bead-based mRNA capture step to exclude ribosomal 
and non-coding RNAs. mRNA was fragmented for 5 mins, and 
15 cycles of PCR were used to amplify cDNA following the RNA-
cDNA conversion step; all other steps were standard as per the 
Hyperprep protocol. Samples were bioanalyzed again to check 
for appropriate fragment length and amplified and sequenced 
to an average depth of 30 million reads per sample on a 150 PE 
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NovaSeq Illumina S4 at the Vincent J Coates Genome Sequencing 
Laboratory at UC Berkeley.

2.3  |  RNAseq data processing

Raw reads were demultiplexed by the sequencing facility and re-
turned as paired end .fastq files for each individual tissue sample 
(Voss & Nachman, 2024). We used fastQC v.0.11.9 (Andrews, 2010) 
to assess raw read quality and fastp v.0.23.2 (Chen et al., 2018) to 
trim adapter sequences and remove short reads and low-quality 
bases.

2.4  |  Transcriptome assembly and annotation

Since high-quality genomes are not available for all species, we 
separately assembled a de novo transcriptome for each species 
to minimize bias in assembly. We combined reads to include all 
tissues for one sample from each species. As testis RNAseq sam-
ples had the highest complexity and lowest duplication rates, 
we included two testis samples from each species to maximize 
transcriptome completeness. We used Trinity v.2.15.1 (Haas 
et  al.,  2013) to assemble transcriptomes, followed by CD-HIT 
v.4.8.1 (Fu et  al.,  2012; Li & Godzik, 2006) to cluster sequences 
with greater than 95% sequence similarity and rnaquast v.2.2.2 
(Bushmanova et  al.,  2016) to remove chimeric or misassembled 
sequences. We obtained 906,044 to 924,059 transcripts in each 
transcriptome (Table S2). This number of transcripts is typical due 
to the sensitivity of the Trinity assembler.

We assessed transcriptome completeness using Busco v.5.4.5 
(Simão et  al.,  2015) with Euarchontoglires odb10 database. For 
each of the three transcriptomes, we then used TransDecoder 
v.5.7.0 to predict open reading frames, followed by Trinotate 
v.3.2.2 (Bryant et  al.,  2017) with the P. maniculatus Ensembl 
protein database (Lassance & Hoekstra,  2018; HU_Pman_2.1.3 
GenBank: GCA_003704035.3) to identify genes and annotate 
transcriptomes.

Using the three annotated transcriptomes (Table  S2), we used 
Salmon v.1.10.0 (Patro et al., 2017) to quantify transcript expression 
from raw RNAseq reads for each sample and converted transcript 
counts to gene counts using tximport. At this point, we removed 
two samples (one P. boylii seminal vesicle and one P. boylii epididy-
mis) due to atypically low percent reads mapping back to the tran-
scriptome. We then used DeSeq2 v.1.40.1 (Love et  al.,  2014) in R 
(v.4.2.2) to apply a negative binomial generalized linear model (GLM) 
to raw read counts outputted from Salmon. This approach normal-
izes library size variation across samples and applies a correction for 
differences in transcript length across transcriptomes, minimizing 
potential bias towards longer genes or any differential annotation 
due to variation in sequence similarity to the reference species (P. 
maniculatus). As all samples were sequenced on the same machine 
at the same time, there were no batch effects, and environmental 

variability was minimized as much as possible during field sampling. 
We filtered out genes with a mean expression level of fewer than 10 
counts per sample.

We used Biomart to obtain the external gene name, gene de-
scription and gene ontology terms for all genes. We also curated a 
list of GO terms related to reproduction, sperm, reproductive tract 
development, seminal vesicle, epididymis and testis for comparison 
and reference during downstream statistical testing and identifica-
tion of genes of interest (Table S3).

2.5  |  Differential gene expression analyses

Using DeSeq2, we separately analysed each tissue for differences 
in gene expression between species, then combined all tissues, ap-
plied a variance stabilizing transformation and performed a principal 
components analysis on the full dataset.

For each tissue, we used a Wald test to identify genes with sig-
nificant differences in expression between species and applied a 
Benjamini-Hochberg procedure for multiple testing to correct for 
false discovery rate (p-adj <.01 and log2-fold change >1.0). As we 
were specifically interested in the impact of differences in mating 
behaviour on gene expression, we performed three pairwise com-
parisons: two monogamous–polygynandrous (P. californicus–P. 
maniculatus, P. californicus–P. boylii) comparisons, and one polygy-
nandrous–polygynandrous (P. maniculatus–P. boylii) comparison. We 
then looked for genes with significant differences in expression in 
the same direction in both polygynandrous–monogamous compar-
isons (i.e. up- or down-regulated in both P. maniculatus and P. boylii 
relative to P. californicus), hereafter referred to as mating system-
associated differentially expressed genes (MS-DEGs).

We overlapped genes that met these criteria with the curated 
reproductive gene ontology term list (Table S3) to find genes with 
known reproductive function whose differential expression might 
relate to differences in postcopulatory sexual selection. We also que-
ried the Mouse Genome Informatics (MGI) Mammalian Phenotype 
database with all significant DEGs from testis, seminal vesicle and 
epididymis that are linked to known reproductive phenotypic vari-
ation. Finally, we performed a Gene Ontology overrepresentation 
test with PANTHER v.17.0 (Mi et al., 2019; Thomas et al., 2022) to 
ask if any molecular functions were over-represented among DEGs.

2.6  |  Gene expression profiles across tissues

To explore how overall gene expression varies across different tis-
sues, we compared the number of genes expressed in each tissue 
and ranked genes by expression level. To rank genes for each tissue, 
we calculated the mean expression of each gene (from transcript 
counts) across individuals from all three species. We also identified 
the most highly expressed genes from each tissue and asked if those 
genes differed significantly in expression across species in the focal 
tissue.
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2.7  |  Weighted gene correlation network analysis

We performed a weighted gene correlation network analysis 
(WGCNA, Langfelder & Horvath, 2008) for each tissue individually 
in R. WGCNA identifies clusters or ‘modules’ of genes with corre-
lated expression patterns and produces an ‘eigengene’ score that 
summarizes the module value for each sample. We ran WGCNA and 
then identified modules whose summary ‘eigengene’ score corre-
lated with mating behaviour. We further identified genes present in 
these modules that had reproduction GO terms.

2.8  |  Examining rates of gene sequence evolution

To compare gene expression with gene sequence evolution, we used 
publicly available data to formally test genes for evidence of positive 
or relaxed selection. We included two of the focal taxa, P. maniculatus 
(Lassance & Hoekstra, 2018; GenBank: GCA_003704035.3 Refseq CDS), 
and P. californicus (Trainor et al., 2022; GenBank: GCA_007827085.3 
Refseq CDS), as well as a broader set of muroid rodents, including P. 
leucopus (Long et al., 2019; GCF_004664715.2), Microtus ochrogaster 
(prairie vole; Di Palma et al., 2012; GCF_000317375.1), Microtus oregoni 
(creeping vole; Couger et al., 2021; GCF_018167655.1), Mesocricetus 
auratus (golden hamster; Harris et al., 2021; GCF_017639785.1), Mus 
musculus (Genome Reference Consortium, 2020; GCF_000001635.27) 
and Rattus norvegicus (Howe & Wellcome Sanger Institute,  2020; 
GCF_015227675.2). Since a reference genome is not available for P. 
boylii, we excluded it from these analyses.

We filtered CDS files for the longest transcript of each gene ex-
pressed in the differential expression dataset and used OrthoFinder 
(Emms & Kelly, 2015) to identify, align and construct gene trees for 
a set of 4816 single copy orthologues present in all eight species. 

We then used two HyPhy analysis methods: BUSTED (Murrell 
et  al.,  2015), which tests for evidence of positive selection acting 
upon a gene in a test branch set or across the whole tree, and RELAX 
(Wertheim et  al.,  2015), which identifies instances of relaxed se-
lection on a test branch or set of branches. Both methods identify 
genes where a model with a high dN/dS best explains patterns ob-
served across the tree at some proportion of sites.

We performed both analyses three times, with P. maniculatus as 
the test branch, P. californicus as the test branch, and P. californicus 
and M. ochrogaster (an independently monogamous rodent) as joint 
test branches. We also ran BUSTED on the whole tree to test for 
widespread positive selection, which might be expected if a repro-
ductive gene is under postcopulatory sexual selection across multi-
ple lineages. We then applied a Benjamini-Hochberg correction for 
multiple testing and asked which genes showed significant evidence 
of positive or relaxed selection, with a focus on differentially ex-
pressed genes or genes with reproductive GO terms.

Since the set of eight species included only 4816 single-copy or-
thologues, we were also interested in exploring sequence evolution in 
a broader set of Peromyscus genes. To do this, we used orthologr to 
estimate pairwise Peromyscus maniculatus–Mus musculus dN/dS values 
for 13,869 one-to-one orthologues present in gene expression data.

3  |  RESULTS

3.1  |  Reproductive phenotypes

To capture variation in gene expression in a natural setting, we 
sampled testes, cauda epididymes, seminal vesicles and liver from 
10 wild-caught, reproductively mature P. californicus, P. boylii and P. 
maniculatus (Figure 2a and Table S1). When scaled by body mass, P. 

F I G U R E  2 (a) Mice were collected and testes, seminal vesicles, cauda epididymes, and liver were preserved from two locations: Hastings 
Natural History Reserve, Carmel Valley, CA (P. californicus abbrev. PECA and P. boylii abbrev. PEBO) and the Field Station for the Study of 
Behaviour, Ecology and Reproduction, Berkeley, CA, USA (P. maniculatus abbrev. PEMA). (b) Polygynandrous species have larger testes than 
monogamous species. When scaled by body mass, testis mass differs significantly between both polygynandrous species and monogamous 
P. californicus (n = 30, ANOVA, Tukey HSD: PECA-PEBO p = .00016, PECA-PEMA p = .000011), but not between the two polygynandrous 
species P. boylii and P. maniculatus (p = .58). Error bars represent standard error.
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maniculatus and P. boylii had significantly larger testes than P. califor-
nicus (n = 30, ANOVA, Tukey HSD: PECA-PEBO p = .00016, PECA-
PEMA p = .000011, PEBO-PEMA p = .58, Figure  2b). Peromyscus 
maniculatus had significantly larger seminal vesicles relative to body 
mass than either P. boylii or P. californicus, but P. boylii and P. cali-
fornicus did not differ significantly from each other (n = 28, ANOVA, 
Tukey HSD: PECA-PEBO p = .93, PECA-PEMA p = .0038, PEBO-
PEMA p = .0097, Figure S1).

3.2  |  De novo transcriptome assemblies

We assembled and annotated three de novo Peromyscus transcrip-
tomes with the Trinity-Trinotate pipeline (Bryant et al., 2017; Haas 
et al., 2013). For each species, we used a combined set of two testis 
samples, one seminal vesicle, one epididymis and one liver sample to 
maximize transcriptome completeness. Transcriptomes assembled 
for P. maniculatus, P. californicus and P. boylii contained an average 
of 917,847 transcripts, 18,616 P. maniculatus-annotated genes and 
87.8% BUSCO completeness (Table S2).

3.3  |  Differential gene expression associated with 
different mating systems

A total of 16,183 genes were expressed in all three species at a mini-
mum of 10 mean counts per sample (normalized for transcript length 
and library size). In a principal components analysis (PCA), samples 
clustered first by tissue (Figure 3a) along PCs 1 (33.3% of variation 
explained) and 2 (17% of variation explained) and then by species 
(Figure  3b), with monogamous P. californicus separating from po-
lygynandrous P. boylii and P. maniculatus along PC3 (9.3% variation 
explained).

We identified differentially expressed genes for each tissue in-
dividually and found 3627 mating system-associated differentially 
expressed genes (MS-DEGs) where expression shifts in the same di-
rection in both polygynandrous species relative to monogamous P. 

californicus using a multiple testing-adjusted p-value p < .01 and log2-
fold change >1 across the three reproductive tissues (Figures S2–
S5). Of these, 295 MS-DEGs are associated with reproductive gene 
ontology terms or phenotypes from the Mouse Genome Informatics 
database (Table S4).

We performed a Gene Ontology (GO) term analysis to ask 
whether any molecular function categories were over-represented 
among the 3627 reproductive tract MS-DEGs. Endopeptidase, pep-
tidase inhibitor and signalling receptor GO terms were all enriched 
when compared to the background set of genes expressed in the 
male reproductive tract (Table S5).

3.4  |  More MS-DEGs in seminal vesicle than in 
other reproductive tissues

For each tissue, we calculated the proportion of DEGs that were 
MS-DEGs (Table 1). For example, 1522 of 3050 testis differentially 
expressed genes changed in the same direction (gene expression 
increased or decreased in both PEBO and PEMA compared with 
PECA), or approximately 50% of DEGs were MS-DEGs. A similar pro-
portion was seen in the epididymis. In contrast, a far greater propor-
tion (1993 of 2232 DEGs or 89.3%) of seminal vesicle DEGs shifted in 
the same direction (χ2 test p < .0001, Table S6). When a reduced set 
of genes with reproductive functions was tested, the higher propor-
tion of MS-DEGs in the seminal vesicle persisted (χ2 test p < .0001). 
MS-DEGs could arise from parallel changes in the same direction in 
both P. boylii and P. maniculatus, or perhaps more likely, from changes 
arising in P. californicus. Of the 1993 seminal vesicle MS-DEGs, a 
slightly greater proportion of genes decreased (n = 1040 genes) than 
increased (n = 953 genes) in expression in P. californicus relative to P. 
boylii and P. maniculatus (χ2 test p = .0513).

We explored whether these differences in gene expression 
might be a result of a small number of coordinated shifts in gene 
expression using a weighted gene co-expression network anal-
ysis (WGCNA). One to two modules per tissue had per-sample 
WGCNA summary ‘eigengene’ scores that varied significantly 

F I G U R E  3 Principal components 
analysis of gene expression variation 
across all species and tissues after 
applying a variance-stabilizing 
transformation to all counts data 
(n = 16,183 genes). (a) Principal 
components 1 and 2 explain a combined 
50% of variation and cluster samples by 
tissue. (b) Principal components 2 (17% 
variation explained) and 3 (9.3% variation 
explained) separate samples by tissue, 
then by mating behavioural variation 
(Monogamy ♂♀; Polygynandry ♂♂♀♀).

(a) (b)
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    |  7 of 17VOSS and NACHMAN

with mating behaviour (Figure S6). These modules contain a mix 
of reproductive and non-reproductive genes, but seminal vesicle 
module 2 contains twice as many reproductive genes that are sig-
nificant MS-DEGs as other mating behaviour correlated-modules 
(Table S7).

To compare variation in gene expression profiles among tissues, 
we ordered and plotted genes from lowest to highest mean expres-
sion in each tissue (Figure 4). We observed broad variation in expres-
sion profiles: the seminal vesicle stands out for having a few genes 
that are very highly expressed (Figure  4d), while testis had more 
genes expressed at an intermediate to high level and the most total 
genes expressed (Figure 4b), and epididymis showed lower overall 
gene expression (Figure 4c).

3.5  |  Copulatory plug genes Svs2 and Pate4 are 
expressed at a lower level in monogamous mice

The two most highly expressed genes in the seminal vesicle, seminal 
vesicle secretory protein 2 (Svs2) and prostate and testis expressed 
4 (Pate4), were expressed at a more than two log-fold lower level 
in monogamous P. californicus compared to polygynandrous P. man-
iculatus and P. boylii (Svs2: p = .000575, ANOVA, Figure  4e; Pate4: 
p = .000885, ANOVA, Figure 4f). To investigate differential expres-
sion in seminal fluid proteins more broadly, we identified 96 semi-
nal fluid proteins (Sfps) from a proteomic study of Mus seminal fluid 
(Smyth et al., 2022) that are expressed in the Peromyscus male repro-
ductive tract (Table S8). Many Sfps (n = 84) are present in all three 
reproductive tissues, but 60 are most abundantly expressed in the 
epididymis, and 20 are MS-DEGs (Table S9). Five of the most abun-
dant Sfps, including Svs2 and Pate4, were primarily expressed in the 
seminal vesicle.

3.6  |  Rapidly evolving genes are associated with 
sperm motility and sperm-egg binding

Across a phylogeny of eight muroid rodents, 958 of 4816 single 
copy orthologues analysed displayed significant evidence of positive 
selection (Figure 5a and Table 2). Significantly more genes showed 
evidence of positive selection in P. maniculatus than P. californicus 
(p = .0016, Fisher's exact test). Gene ontology terms related to pepti-
dase and protease function, ATP-dependent activity, cilia and cell 
surface receptor signalling were over-represented in genes show-
ing evidence of tree-wide positive selection (PantherDB: p-adj < .05 
with FDR correction). Moreover, 64 genes under tree-wide positive 
selection had functions related to sperm motility and sperm-egg 
binding, including Ovch2, Spaca1, Acrbp and female-derived Zp2 
(Table S10).

3.7  |  Overlap between rapidly evolving and 
differentially expressed genes

Across the male reproductive tract, we identified 203 MS-DEGs 
with evidence of positive selection, which did not exceed the 
amount of overlap expected by chance (Figure  5b and Table  2, 
p = .337, Fisher's exact test). However, 17 genes with reproductive 
functions were both rapidly evolving and MS-DEGs in the male re-
productive tract. In a separate analysis of pairwise P. maniculatus–M. 
musculus dN/dS, MS-DEGs had higher dN/dS than the genome-wide 
average (MS-DEG mean dN/dS: 0.170, genome-wide mean dN/dS: 
0.158, p = 1.178 × 10−5, Mann–Whitney U Test bootstrapped with 
1000 replicates, Figure S7).

Genes can evolve rapidly due to either positive selection or re-
laxation of purifying selection (Dapper & Wade, 2020). We therefore 

Significance 
threshold

Testis no. 
genes

Seminal vesicle no. 
genes

Epididymis no. 
genes

Liver no. 
genes

Genes expressed 15,893 14,178 15,557 13,505

Genes expressed 
with reproductive 
gene ontology (GO) 
termsa

792 638 732 581

DEGsb 3050 2232 2000 2053

MS-DEGs 1522 1993 1027 1048

Proportion of 
MS-DEGs out of all 
DEGs

49.9 89.3c 51.4 51.0

MS-DEGs with 
reproductive GO 
terms

88 137c 72 54

aGene ontology terms via Mouse Genome Informatics, Uniprot and NCBI databases.
bDifferentially expressed genes identified using a Wald test with Benjamini-Hochberg correction 
for multiple testing (p-adj < .01, LFC >1).
cProportion of differentially expressed genes associated with mating system differs significantly in 
seminal vesicle compared with other tissues (χ2 test p < .0001) for all MS-DEGs and the subset of 
genes with reproductive GO terms.

TA B L E  1 Summary of differential 
expression results by tissue (testis, 
seminal vesicle, epididymis and liver), with 
emphasis on mating system-associated 
differentially expressed genes (MS-DEGs).
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8 of 17  |     VOSS and NACHMAN

also looked for overlap between MS-DEGs and those genes showing 
relaxed selection. Overall, fewer genes showed evidence of relaxed 
selection (n = 458) than positive selection (n = 523) on Peromyscus 
branches (p = .031, Fisher's exact test), but we identified more genes 
with evidence of relaxed selection in P. maniculatus (n = 260) than 

in P. californicus (n = 198). Though there was not more overlap than 
expected by chance between genes under relaxed selection and re-
productive tract MS-DEGs (Figure 5b, p = .416, Fisher's exact test), 
several reproductive genes (n = 14) showed evidence of relaxed se-
lection in both monogamous lineages tested (P. californicus and M. 

F I G U R E  4 Ordering genes expressed in each tissue from lowest to highest reveals overall and species-specific variation in gene 
expression profiles across tissues. (a–d) The 10 most highly expressed genes in each tissue (calculated as mean expression across species, 
square-root transformation applied to plots). (e, f) Svs2 and Pate4, two of the most abundant genes expressed in the seminal vesicle, are 
required for copulatory plug formation in laboratory mice and show more than two log-fold lower expression in mongamous P. californicus 
(Svs2: p = .000575, Pate4: p = .000885, ANOVA), joining a category we describe as mating system associated differentially expressed genes 
(MS-DEGs). Confidence intervals represent standard error and points indicate expression level in each individual sampled.
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    |  9 of 17VOSS and NACHMAN

ochrogaster) despite significant tree-wide positive selection (Table 3). 
Six of these genes are MS-DEGs, which is more than expected by 
chance (Fisher's exact test, p = .000055). Genes that showed relaxed 

constraint in association with monogamy displayed functions such 
as sperm-egg binding, sperm flagellar motility, and regulation of mei-
osis and gamete production.

F I G U R E  5 We tested 4816 genes across eight muroid rodents for evidence of positive or relaxed selection (HyPhy BUSTED and 
RELAX methods). (a) phylogenetic relationships between taxa included in selection analyses (phylogeny from Platt et al., 2015; Steppan & 
Schenk, 2017). (b) Of the 4816 genes tested for positive selection, 958 had significant evidence of positive selection, 1019 of genes tested 
were male reproductive tract MS-DEGs, and 300 had known reproductive functions. Two hundred and three genes were both differentially 
expressed and best described by an evolutionary rate model including positive selection, which is not more overlap than expected by chance 
(p = .337, Fisher's exact test). Additionally, 458 genes had evidence of relaxed selection in Peromyscus. Overlap between genes with evidence 
of relaxed selection and other gene categories is indicated in parentheses.

(a) (b)

Positive selection analyses
No. 
genes

No. reproductive 
genes

All results Single-copy orthologous genes 
analysed

4816 300

Tree-wide significant 958 64

Peromyscus maniculatus test 
branch significant

297 19

Peromyscus californicus test 
branch significant

226 19

Overlap with MS-DEGs All reproductive tissues—tree-
wide significant

203 17

Testis—tree-wide significant 75 3

Seminal Vesicle—tree-wide 
significant

120 12

Epididymis—tree-wide significant 54 4

Liver—tree-wide significant 63 6

Note: Positive selection tests performed using HyPhy BUSTED, p-values adjusted for multiple 
testing with a Benjamini-Hochberg correction. Gene ontology terms via Mouse Genome 
Informatics, Uniprot and NCBI databases.

TA B L E  2 Summary of positive 
selection results including tree-wide and 
branch-specific tests, including extent of 
overlap between positively selected genes 
and MS-DEGs across male reproductive 
tissues.
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10 of 17  |     VOSS and NACHMAN

4  |  DISCUSSION

Postcopulatory sexual selection is mediated by mating behaviour: if 
a female mates with multiple males per estrous cycle, her male mat-
ing partners must compete to fertilize eggs and exclude the sperm 
of rival males, while monogamous males do not contend with male–
male sperm competition. Rapid evolution of reproductive protein-
coding gene sequences has been thoroughly documented (e.g. Dean 
et al., 2009; Swanson, Clark et al., 2001; Wyckoff et al., 2000), but 
gene expression has been under-explored in the context of mating 
ecology and postcopulatory sexual selection. Here, we captured 
adult males in the wild to investigate differential expression and 
rates of gene sequence evolution across the testis, seminal vesicle 
and epididymis, all of which contribute to male fertility and repro-
ductive success.

In monogamous P. californicus, male–male competition is re-
duced and postcopulatory sexual selection should be weak in com-
parison with polygynandrous P. maniculatus and P. boylii. A recent 
study showed that traits under postcopulatory sexual selection, 
such as sperm production efficiency and sperm swimming speed, 
are increased and show a stronger correlation with female traits 

such as oviduct length in more polygynandrous Peromyscus (Weber 
& Fisher,  2023). This suggests that the extent of both male–male 
competition and male–female sexual conflict varies with mating 
behaviour. In keeping with these predictions, we found that wild-
caught P. californicus had smaller testes than P. maniculatus and P. 
boylii relative to body size, suggesting that monogamous males in-
vest less in sperm production.

4.1  |  Broad patterns of differential expression 
in the male reproductive tract

Peromyscus mice exhibit differential gene expression in associa-
tion with variation in postcopulatory sexual selection: we iden-
tified 3627 mating system-associated differentially expressed 
genes (MS-DEGs) in the male reproductive tract. Several gene co-
expression modules followed this pattern as well, suggesting that 
some of these genes may be co-regulated by shared transcription 
factors. Peromyscus maniculatus and P. californicus are more closely 
related to each other than either is to P. boylii (Figure 1c), so MS-
DEGs could result from convergent changes in gene expression 

TA B L E  3 Genes with reproductive function gene ontology terms that show evidence of relaxed selection in monogamous Peromyscus 
californicus and Microtus ochrogaster, but positive selection across the gene tree (Figure 5a).

Gene name Gene description RELAX adj. p-value Gene function

Cfap43 Cilia and flagella associated protein 43 0 Flagellated sperm motility, sperm axoneme 
assembly

Mov10l1a Move10 like RISC complex helicase I 0 Male meiotic nuclear division, male gamete 
generation, spermatogenesis

Dcdc2c Doublecortin domain containing 2c 2.72 × 10−6 Sperm flagellum

Hexba Hexosaminidase B 5.48 × 10−6 Acrosomal vesicle, penetration of zona pellucida

Gli2 GLI-Kruppel family member GLI2 .00042688 Sperm cilia axoneme, prostatic bud formation

Cct3 Chaperonin containing TCP1 subunit 3 .00146991 Sperm-zona pellucida binding, protein folding 
chaperone

Cfap65a Cilia and flagella associated protein 65 .00495139 Flagellated sperm motility, sperm axoneme 
assembly, sperm midpiece, acrosomal vesicle

Dnai1a Dynein axonemal intermediate chain 1 .0097493 Cilia dynein complex, spermatozoa and 
testis-expressed

Hoatza HOATZ cilia and flagella associated 
protein

.01265645 Spermatogenesis, flagellated sperm motility

Cav1a Caveolin 1 .01205785 Sperm acrosomal membrane, sperm cilia

Catsper1 Cation channel, sperm associated 1 .02466398 Flagellated sperm motility, CatSper complex, fusion 
of sperm to egg plasma membrane, fertilization, 
sperm principal piece

Majin Membrane anchored junction protein .02509069 Homologous chromosome pairing, meiotic 
recombination, spermatogenesis

Dmc1 DNA meiotic recombinase 1 .02624595 Male meiosis I, homologous chromosome pairing, 
spermatid development, oocyte maturation

Brdta Bromodomain testis associated .04592722 Sperm DNA condensation, male meiotic nuclear 
division

Note: Relaxed selection tests performed using HyPhy RELAX, p-values adjusted for multiple testing with a Benjamini-Hochberg correction. Gene 
descriptions via Mouse Genome Informatics, Uniprot and NCBI databases.
aMale reproductive tract MS-DEGs.
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    |  11 of 17VOSS and NACHMAN

in both polygynandrous species, or from a single change in mo-
nogamous P. californicus. The latter explanation is simpler since it 
only involves changes in one lineage. The comparisons between 
the two polygynandrous species and P. californicus are not phylo-
genetically independent, but they do provide a more stringent test 
for differential expression than a single pairwise polygynandrous–
monogamous comparison.

As sperm production is phenotypically plastic and males are 
known to alter investment based on perceived risk of male–male 
competition (Firman et al., 2018; Ramm et al., 2015), most studies 
of postcopulatory sexual selection take place in a laboratory set-
ting with unmated, singly housed males. Here, we measured gene 
expression in wild mice. This undoubtedly increases noise since 
wild mice likely vary in reproductive status, time since last mating, 
age, nutrition and pathogen exposure. However, one advantage of 
field studies is that gene expression variation can be studied in a 
natural reproductive context. Here, we were able to identify genes 
with strong differences in expression between species and mating 
systems despite the “noisiness” of gene expression data collected 
in the field.

Numerous genes with functions related to spermatogenesis, 
sperm motility and sperm–egg binding were MS-DEGs, including the 
four most abundant reproductive genes in the testis: Spata6, Crisp2, 
Ropn1, and Zpbp (Figure  6), which all show reduced expression in 
P. californicus. These decreases in gene expression may reflect de-
creased investment in sperm production, which is reflected in the 
relatively smaller testes of P. californicus. Prkar1a, which has been 
implicated in sperm midpiece length and swimming speed in P. ma-
niculatus and P. polionotus (Fisher et al., 2016), also shows reduced 
expression in the P. californicus testis.

Mating system-associated differentially expressed genes con-
stituted roughly half of all DEGs in the testis and epididymis but 
nearly 90% in the seminal vesicle. This implies that changes in gene 
expression in the seminal vesicles might be particularly important 
in species with different mating systems. If most MS-DEGs arose 
from changes in P. californicus associated with a transition to mo-
nogamy, and if the change in mating system entailed a relaxation 
of selection for particular gene products, we might expect that 
most MS-DEGs would be downregulated in P. californicus semi-
nal vesicles compared to the other two species. A slightly greater 
but non-significant proportion of seminal vesicle MS-DEGs were 
downregulated than upregulated in P. californicus compared with 
the polygynandrous species, suggesting that expression differs 
broadly, but not uniformly, in the P. californicus seminal vesicle, 
though a handful of key genes show strongly reduced expression.

4.2  |  The seminal vesicle and decreased copulatory 
plug investment in monogamous mice

The seminal vesicle also had a distinct gene expression profile 
from the testis and epididymis, with a small number of very highly 
expressed genes. Svs2 is one of 96 known Mus seminal fluid pro-
teins (Sfps) expressed in Peromyscus (Noda & Ikawa, 2019; Shindo 
et  al.,  2019). Svs2 and Pate4 are the most abundantly expressed 
genes in the seminal vesicle, but we observed a two log-fold reduc-
tion in expression in Svs2 and similar reduction in Pate4 in monog-
amous P. californicus. In the laboratory, Svs2−/− sperm can fertilize 
eggs, but do not make a copulatory plug and undergo a premature 
acrosome reaction or die in the uterus, suggesting multiple roles 

F I G U R E  6 Postcopulatory sexual selection (PCSS) combines two potential biological interactions: male–male competition and male–
female sexual conflict. Peromyscus mice respond to PCSS with a combination of differential gene expression and molecular sequence 
evolution; changes in gene expression or gene sequence may occur in response to male–male competition, male–female conflict, or a 
combination of the two. Genes involved in sperm motility, seminal fluid composition, and sperm-egg binding that display evidence of mating 
system-associated differential expression and positive selection or relaxed constraint are depicted in the context of the postcopulatory 
interactions that occur within the female reproductive tract.
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12 of 17  |     VOSS and NACHMAN

including sperm-uterine fluid interaction and sperm acrosome reac-
tion timing (Kawano et al., 2014; Shindo et al., 2019). Pate4 knock-
out mice are subfertile and form severely reduced copulatory plugs 
(Noda et al., 2019).

The seminal fluid and copulatory plug are costly physiological 
investments (Mangels et al., 2016). Male laboratory mice subject to 
sexual selection show increased Svs1 and Svs2 expression (Simmons 
et al., 2020) despite energetic costs, suggesting that high Svs expres-
sion confers fitness benefits to polygynandrous males. It is possible 
that selection has favoured a significant reduction in Svs2 and Pate4 
expression in P. californicus to decrease physiological investment in 
seminal fluid proteins. However, Gubernick (1988) reported that in a 
laboratory setting, P. californicus often forms a copulatory plug even 
though females are not known to mate multiply. The size and func-
tion of the Peromyscus copulatory plug has not been quantified, but 
we hypothesize that P. californicus still makes a copulatory plug and 
expresses Svs2 and Pate4 at lower levels due to the roles that these 
genes play in protecting sperm and preventing premature sperm ca-
pacitation (Schneider et al., 2016).

4.3  |  Positive and relaxed selection in the male 
reproductive tract

There are inherent challenges to identifying genes that are involved 
in reproduction and may be under positive selection: rapidly evolv-
ing genes often lack one-to-one orthologues across larger clades, so 
they cannot be included in formal tests of selection, and gene func-
tion annotations may be missing or incomplete. However, comparing 
patterns of positive and relaxed selection across species and tissues 
can still be informative. We speculated that P. maniculatus might 
have more reproductive genes with evidence of positive selection 
and P. californicus more genes under relaxed selection due to re-
duced male–male competition. Instead, we observed that P. manicu-
latus showed more evidence of both positive and relaxed selection.

In rodents, which most often show loosely affiliative multiple-
mating systems, positive selection drives the evolution of faster 
sperm, effective sperm-egg recognition and fertilization, and copu-
latory plug formation (Firman et al., 2014; Hook et al., 2021; Mangels 
et  al.,  2016; Tourmente et  al.,  2011, 2013). Consistent with these 
patterns, we observed evidence of tree-wide positive selection 
in sperm-egg binding proteins such as Ovch2, Spaca1 and Acrbp. 
However, Dapper and Wade (2020) argue that reproductive genes 
may evolve rapidly even in the absence of positive selection. Since 
genes that promote male fertility are only under selection 50% of 
the time, and vice versa for female fertility genes, selection acting 
upon them may be relaxed compared with genes that are expressed 
in non-reproductive contexts in both sexes. Thus, relaxed selection 
may be the most appropriate null model for sequence evolution in 
the context of postcopulatory sexual selection. Though we observe 
more genes under positive than relaxed selection in both P. manic-
ulatus and P. californicus, a substantial proportion (11.67%) of genes 
with reproductive gene ontology terms showed evidence of relaxed 

selection. This is slightly but not significantly higher than the pro-
portion of non-reproductive genes under relaxed selection (8.78%), 
which is consistent with Dapper and Wade's  (2020) hypothesis. 
Reproductive genes in both P. californicus and P. maniculatus may be 
under relaxed selection in comparison with genes involved in devel-
opment and organismal function in both sexes.

Though relaxed selection may be relevant in both polygynan-
drous and monogamous contexts, we sought to identify genes that 
might be responding to changes in the strength of postcopulatory 
sexual selection. In keeping with the ancestral state of loosely affil-
iative polygynandry, sperm-egg binding proteins Hexb and Catsper1 
and sperm flagellum proteins Cfap43 and Dcdc2c (Table 3) show evi-
dence of tree-wide positive selection, but relaxed selection on both 
monogamous branches (P. californicus and M. ochrogaster). These 
genes may be under positive selection when postcopulatory sexual 
selection is strong but experience relaxed selection in monogamous 
species where male–male competition is absent.

4.4  |  Integrating gene sequence and 
expression evolution

Altering gene expression can be a way to avoid negative pleio-
tropic effects associated with gene sequence evolution (Brawand 
et al., 2011). We explored whether the same genes are rapidly evolv-
ing and differentially expressed in the male reproductive tract. If the 
same genes are both evolving rapidly and differentially expressed, 
postcopulatory sexual selection might act strongly on a few genes. If 
instead, separate sets of genes show rapid gene sequence evolution 
versus differential expression, they may be responding to postcopu-
latory sexual selection in different ways because of distinct advan-
tages or constraints on expression and protein function.

We did not observe more overlap than expected by chance be-
tween genes under positive selection and MS-DEGs (Figure 5b and 
Table  2). The lack of overlap between these two gene categories 
suggests a broad partitioning of gene sequence evolution and gene 
expression evolution in the male reproductive tract. However, 17 
MS-DEGs with known reproductive functions showed evidence of 
positive selection, and 6 MS-DEGs showed evidence of tree-wide 
positive selection and P. californicus-specific relaxed selection. 
These genes may be important for male reproductive success when 
male–male competition is strong and experience relaxed selection 
on both gene sequence and expression when male–male competi-
tion is reduced.

Sperm motility genes suggest ways in which gene sequence and 
gene expression might both be relevant to changes in PCSS. Sperm 
swimming speed depends on sperm size, sperm tail protein efficacy, 
and midpiece and flagellum gene expression (Tourmente et al., 2013; 
Vicens et al., 2014), and is correlated with male–male competition 
intensity (Firman & Simmons,  2011; Gomendio & Roldan,  2008; 
Tourmente et  al.,  2011). Sperm flagellar genes such as Ropn1 and 
Spata6 showed decreased expression in the P. californicus testis, 
and sperm flagellum genes Cfap65, Hoatz, and Dnai1 were under 
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tree-wide positive selection but showed both decreased expres-
sion and relaxed selection in P. californicus, together suggesting that 
selection on sperm swimming speed may be relaxed in monogamy. 
Observed decreases in sperm gene expression could reflect lower 
investment in sperm production more generally, but it is important 
to also note that many testis MS-DEGs increase in abundance in P. 
californicus.

Though we could not formally test seminal vesicle MS-DEGs 
Pate4 and Svs2 for evidence of positive selection since they were 
not recovered in all eight species with genome data, they had among 
the highest pairwise P. maniculatus–M. musculus dN/dS values we 
observed (Pate4 dN/dS = 1.052, Svs2 dN/dS = 1.276). Prior work in 
Peromyscus and Mus has shown that Svs2 is under positive selection 
in rodents and suggests that an accumulation of glutamine residues, 
which are targets for copulatory plug catalyst Tgm4 (Dean,  2013; 
Tseng et al., 2009, 2012), might lead to formation of a more effective 
copulatory plug (Ramm et al., 2008, 2009). Svs2 may thus respond 
to postcopulatory sexual selection via changes in both protein abun-
dance and gene sequence: polygynandrous rodents express more, 
longer Svs2 transcripts.

This study represents a thorough but incomplete evaluation 
of the association between mating ecology and gene expression 
in focal Peromyscus species. Since we have excluded the prostate, 
coagulating gland, and bulbourethral gland, we did not comprehen-
sively survey gene expression across the male reproductive tract. 
Further, the testis and epididymis are complex tissues with multi-
ple cell types that contribute to different stages of spermatogene-
sis (Hermann et al., 2018; Majane et al., 2022; Shi et al., 2021). We 
assessed variation in gene expression across whole tissues or tissue 
compartments (as in the cauda epididymis), but RNA sequencing of 
cell-type-enriched cell populations as in Kopania et al. (2022) could 
clarify which cell types show differential expression in response to 
postcopulatory sexual selection in Peromyscus.

Additionally, without exploring female reproductive tract gene 
expression, our understanding of the relevance of gene expression 
to male–female sexual conflict is one-sided (Firman, 2018; Firman 
et  al.,  2017; McDonough-Goldstein et  al.,  2021). For example, 
there is strong evidence that some female reproductive proteins 
are evolving rapidly in Peromyscus and other mammals (Swanson, 
Yang et al., 2001; Turner & Hoekstra, 2006, 2008), but we do not 
know whether gene expression varies across females that expe-
rience different levels of polygynandry (e.g. Veltsos et al., 2022). 
Recent work in Drosophila also suggests that some genes that were 
thought to be male-specific Sfps are expressed in the female repro-
ductive tract, bringing into question the roles of male–female con-
flict versus male–female cooperation in reproduction (Cridland & 
Begun, 2023). Exploring female reproductive tract gene expression 
would address whether any ‘male fertility’ genes are expressed in 
the female reproductive tract or vice versa and would contribute to 
our understanding of female defence traits such as egg extracellu-
lar matrix and uterine fluid composition (Hook et al., 2022; Weber 
& Fisher, 2023).

4.5  |  Conclusion

Exploring gene expression in monogamous and polygynandrous 
mice yielded insights into PCSS dynamics across the male repro-
ductive tract: the seminal vesicle showed the most mating system-
associated differential expression of any tissue, suggesting that gene 
expression is more flexible and selection perhaps more relaxed in the 
context of monogamy. Gene expression in the testis and epididymis 
is likely more constrained and under stronger stabilizing selection, 
as both are involved in sperm production and gene expression is 
conserved during meiosis and early spermatogenesis (Burgoyne 
et al., 2009; Good & Nachman, 2005; Kopania et al., 2022).

Several gene-specific findings also suggest that P. californicus 
males may have reduced investment in male–male competition strat-
egies (Figure 6); these genes may be responding to male–male com-
petition and/or male–female sexual conflict. In sum, male Peromyscus 
mice exhibit changes in gene expression, gene sequence evolution, 
and sometimes both in association with the varying demands on 
sperm function, sperm–egg binding, and seminal fluid–uterine fluid 
interactions that constitute postcopulatory sexual selection.
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