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among divergent species [19], VR evolution is characterized
by rapid gene turnover wherein receptors are quickly gained
and lost over evolutionary time [20-22]. This pattern of
gene birth-and-death results in lineage-specific receptor rep-
ertoires [19]. Consequently, there are substantial differences
in receptor sequences and repertoire size across divergent
species [22—29]. For example, among three mammalian spe-
cies (dog, opossum, and house mouse) there are virtually no
one-to-one VR orthologs [19]. This is perhaps not surprising
given the broad evolutionary timescale examined. However,
even among two murine rodent species (the rat and house
mouse), the majority of VRs fall into lineage-specific clades
with very few orthologs [21, 24]. In addition to the evolu-
tionary changes resulting from gene turnover, selection ana-
lyses on VRs across mouse species have revealed mixed
results. Some studies find evidence for positive selection and
lineage-specific pseudogenization [30, 31], while another de-
tects evidence of genetic drift and negative selection [32].

As one of the leading model organisms, further under-
standing the evolution of chemosensation in the house
mouse will provide insight into how chemical stimuli
mediate distinct behavioral and neural responses. House
mice are valuable models for examining VRs as they
have large VR repertoires and there exists a wealth of
knowledge on their social behavior, neural activity, and
genetics [14-18, 33-39]. Currently, very few VRs have
known ligands, which presents a significant barrier to
studying the mechanisms underlying social behavior in
house mice [33, 40—42]. By examining the evolutionary
trajectories of VRs, we may uncover evolutionary pat-
terns among receptor clades, and thereby identify targets
for study based on the extent of turnover or conserva-
tion observed.

Vomeronasal sensory neurons express two major gene
families in a cell-specific manner: V1Rs (type-1 VRs) and
V2Rs (type-2 VRs) [4, 23]. VIRs consist primarily of
single-exon genes whereas V2Rs are multi-exonic [43].
Structurally, VIRs have a short N-terminal extracellular
region whereas V2Rs have long and highly variable N-
terminal domains [4, 43]. We focus on VIRs in this
study due to the genetic tractability of their simpler gene
structure for transcriptome assembly and sequence ana-
lysis. In functional terms, V1Rs primarily detect airborne
volatiles [13, 14, 43—46]. In house mice, V1Rs have been
implicated in detecting a wide range of volatiles, includ-
ing urinary steroid molecules that are crucial for gender
discrimination and sexual behaviors [40, 47-51].

Here, we characterize patterns of VIR evolution
among the house mouse and relatives. We take a mo-
lecular evolutionary approach and analyze VIR reper-
toires across six species within the genus Mus (Fig. 1):
M. m. domesticus (house mouse), M. spicilegus, M.
macedonicus, M. spretus, M. caroli, and M. pahari. By
examining the under-explored timescale of VR evolution
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Fig. 1 Mus species phylogeny. Includes all species in study [52, 53].
Rat (Rattus norvegicus) provided as outgroup. Species colors
used throughout

among closely related species, this dataset offers new
insight into the dynamics of VR evolution and provides
a framework for understanding the selective pressures
shaping VIR clades. Investigating the evolutionary his-
tory of VIR clades may in turn guide future efforts to
deorphanize receptors in the house mouse, as the evolu-
tionary trajectories of receptors are shaped by the li-
gands they detect. Ultimately, molecular evolutionary
approaches to sensory gene repertoires seek to link func-
tion to evolutionary patterns [25, 26, 54—56]. For ex-
ample, we can hypothesize that receptors detecting
predator odors are highly conserved among mice due to
shared or closely related predators among mouse species
[57]. The present lack of resolved receptor-ligand rela-
tionships for most V1Rs precludes a comprehensive ana-
lysis of how patterns of gene turnover and selection
regimes relate to ligands. The present work lays the
foundation for such analyses in the future when more
VIR ligands have been identified. In the present study,
we provide detailed analyses of VIR clades known to de-
tect estrus and pup cues in house mice [40, 42, 49].

Results

VNO sequencing, assembly & V1R recovery

Using wild-derived inbred mouse lines, we characterize
VIR repertoires for five Mus species of varying evolu-
tionary distance from the house mouse (1.5-7 mya, Fig.
1) by sequencing their VNO transcriptomes using short-
read platforms. By sequencing both males and females
from inbred mouse lines our aim was to characterize the
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V1R gene family for each species, rather than differential
gene expression or within-species variability, and subse-
quently compare those data to the house mouse refer-
ence genome. The final transcriptome assemblies for
each species are of good quality (Table 1). We detect ap-
proximately twice the number of V1Rs than are cur-
rently annotated in the genomes of M. spretus, M. caroli,
and M. pahari and provide the first M. macedonicus
VIR dataset (Table 1). The number of V1Rs identified in
M. spicilegus is in good agreement with existing genome
annotations (Table 1). For one species (M. spretus), the
short-read sequencing was performed at greater depth,
and an additional round of long-read sequencing was
done. This allows us to examine the effectiveness of
short versus long-read sequencing for assembling large
and highly duplicated gene families such as V1Rs. The
total number of assembled transcripts is greater for the
M. spretus short-read dataset, as expected from greater
sequencing depth (Table 1).

On average, 126 VIR transcripts are recovered from
each species’ short-read assembly (Table 1). A subset are
transcript variants or gene duplicates, with homology to
the same gene in the mouse reference genome
(GRCm38.p6). The majority of VIRs are single-exon
genes, however, a substantial number contain introns
and express transcript variants (Table 1 & Fig. 2) [38].
For a conservative estimate of VIR genes, only unique
transcript annotations are included (Table 1). When pu-
tative gene duplicates are added, the number of VIR
genes increases markedly (Table 1). Compared to the
house mouse the 5 sequenced Mus species have smaller
VIR repertoires, consistent with VIR gene expansion in
the house mouse (Table 1). However, the addition of
long-read sequencing for M. spretus increases the num-
ber of VIR genes detected, resulting in a repertoire size
similar to the house mouse (Table 1). Therefore,
whereas the M. spretus VIR repertoire is likely close to
complete, long-read sequencing may detect additional
V1Rs in M. spicilegus, M. macedonicus, M. caroli and M.
pahari. Importantly, our analysis of VIR evolution in
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Mus is based on (1) a well-annotated mouse reference
genome, (2) a comprehensive M. spretus VIR dataset,
and (3) >100 VI1Rs for all 6 Mus species. Therefore,
small gaps in detection across the entire VIR family
should not bias the broad patterns of V1R evolution re-
ported here. Furthermore, the discrepancy in repertoire
size between the house mouse and other species appears
largely accounted for by a putative house mouse specific
gene expansion, discussed in further detail below.

V1R evolution across Mus species

To explore VIR evolution, we characterize which recep-
tors share a common ancestor (i.e. are orthologous) by
examining relationships within a V1R gene tree contain-
ing six Mus species (the 5 sequenced species and the
house mouse reference, Additional File 1). A subset of
receptors does not exhibit a clear orthologous relation-
ship to any VIR annotated in the mouse reference gen-
ome and are classified as non-orthologous genes,
indicating either gene loss in the house mouse lineage or
lineage-specific expansions in other species (Fig. 2).
Similarly, a set of receptors annotated in the mouse ref-
erence genome are not detected in any other species,
suggesting recent expansion in the house mouse lineage
(Fig. 2).

We classify VIRs into three broad categories based on
their orthologous relationships: (1) V1Rs present only in
the mouse reference genome, (2) non-orthologous V1Rs
found in species other than the house mouse, and (3)
V1Rs with orthology across multiple species. V1Rs with
orthology across multiple species are further categorized
based on the number of species represented in each
orthologous receptor group (orthogroup). Orthogroups
with 2-3 species are classified as “low orthology,” and
orthogroups with 4-6 species as “high orthology” (Fig.
2a). The majority of transcripts have some evidence for
orthology (88.5%, Fig. 2a). Furthermore, most transcripts
are highly orthologous (75.1%, Fig. 2a), indicating that
missing V1Rs are unlikely to bias broad patterns identi-
fied here. Although many receptors are shared across

Table 1 VNO transcriptome assembly statistics, VIR transcript recovery and genome annotations

Species Total Mean N50 % with  Total VIR V1Rs With Unique V1R Genes Detected (With ~ Genome
Transcripts  Length (bp) ORF Transcripts Annotations Duplicates) Annotated V1Rs

M. m. - - - - 263 - 208 208

domesticus®

M. Spici/egusb 228,809 664 1632 43 122 105 119 120

M. 255,395 649 1630 42 129 17 126 -

macedonicus

M. spretus® 1,181,673 688 1587 31 134 (253) 108 (146) 120 (180) 85

M. carol® 384,865 460 1919 42 131 110 126 50

M. pahari® 450,181 305 3107 45 117 93 113 45

The mouse reference genome is shown for comparison (M. m. domesticus, top)®. Recovery estimates combining short and long-read datasets for M. spretus are
indicated in bold. 2GRCm38.p6, ®GenBank accession#: QGO000000000, “SPRET_EIJ_v1.1, “CAROLI_EIJ_v1.1, °PAHARI_EIJ_v1.1, 'ORF: open reading frame
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