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Letter

Extreme variability among mammalian V1R gene
families
Janet M. Young,1,3 Hillary F. Massa,1 Li Hsu,2 and Barbara J. Trask1

1Division of Human Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA; 2Biostatistics and

Biomathematics Program, Division of Public Health Sciences, Fred Hutchinson Cancer Research Center, Seattle,

Washington 98109, USA

We report an evolutionary analysis of the V1R gene family across 37 mammalian genomes. V1Rs comprise one of three
chemosensory receptor families expressed in the vomeronasal organ, and contribute to pheromone detection. We first
demonstrate that Trace Archive data can be used effectively to determine V1R family sizes and to obtain sequences of
most V1R family members. Analyses of V1R sequences from trace data and genome assemblies show that species-specific
expansions previously observed in only eight species were prevalent throughout mammalian evolution, resulting in ‘‘semi-
private’’ V1R repertoires for most mammals. The largest families are found in mouse and platypus, whose V1R repertoires
have been published previously, followed by mouse lemur and rabbit (~215 and ~160 intact V1Rs, respectively). In
contrast, two bat species and dolphin possess no functional V1Rs, only pseudogenes, and suffered inactivating mutations
in the vomeronasal signal transduction gene Trpc2. We show that primate V1R decline happened prior to acquisition of
trichromatic vision, earlier during evolution than was previously thought. We also show that it is extremely unlikely that
decline of the dog V1R repertoire occurred in response to selective pressures imposed by humans during domestication.
Functional repertoire sizes in each species correlate roughly with anatomical observations of vomeronasal organ size and
quality; however, no single ecological correlate explains the very diverse fates of this gene family in different mammalian
genomes. V1Rs provide one of the most extreme examples observed to date of massive gene duplication in some genomes,
with loss of all functional genes in other species.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to GenBank (http://Genbank/Genbank/) under accession nos. FJ713544–FJ713565.]

Pheromones are chemical signals used for intraspecies communi-

cation that affect many important mammalian behaviors, in-

cluding aggression, maternal behavior, courtship, and mating

(Wyatt 2003). In rodents, pheromone detection was previously

thought to be accomplished solely through the vomeronasal organ

(VNO), but it is now recognized that the main olfactory epithelium

is also involved in pheromone sensing (Brennan and Zufall 2006).

Neurons of the vomeronasal epithelium project to the accessory

olfactory bulb (AOB), from which signals are passed on to various

other areas of the brain, including some areas that seem to control

innate and stereotyped behavioral and endocrine responses (Dulac

and Axel 1995).

Several large families of 7-transmembrane G-protein–coupled

receptors (GPCRs) are expressed in neurons of the vomeronasal

and main olfactory epithelia and recognize odorant and phero-

mone ligands directly. These GPCR families include olfactory re-

ceptors (ORs) and trace-amine associated receptors (TAARs) in the

main olfactory epithelium and three families expressed in the

vomeronasal organ (V1Rs, V2Rs, and formyl peptide receptor-like

proteins [FPRs]) (Dulac and Axel 1995; Mombaerts 2004; Liberles

and Buck 2006; Rivière et al. 2009). Based on analysis of a limited

number of genome assemblies, the size and composition of these

gene families are known to differ between mammalian species

(Ache and Young 2005; Young et al. 2005; Grus et al. 2005; Liberles

and Buck 2006; Young and Trask 2007; Shi and Zhang 2007; Rivière

et al. 2009), with the V1R and V2R families appearing especially

variable. There are over 100 functional V1Rs in the rat and mouse

genomes, but only five (or fewer) intact V1Rs in the human and

chimpanzee genomes along with a large number of pseudogenes

(Liman 2006). The platypus possesses the largest V1R repertoire of

any mammal studied to date, with more than 270 intact V1Rs

(Grus et al. 2007).

Here, we examine V1Rs in a much larger and more diverse set

of 37 mammalian genomes to address several questions that were

difficult to examine with smaller data sets. Is the variation in V1R

family size seen in the eight previously analyzed species a preva-

lent feature across the mammalian tree? Are the large V1R reper-

toires seen in platypus, rat, and mouse exceptional among mam-

mals, with most mammalian genomes encoding small functional

V1R repertoires like primates and dog? Or do most mammals, like

rodents, have large V1R repertoires? Can any correlations between

V1R family size and ecological or behavioral observations be seen

by studying a much larger range of mammalian species? And, with

data from many more primate genomes, we could examine a pre-

vious hypothesis that functional decline of the V1R family in

humans and other apes and Old World monkeys might reflect

a decreased reliance on chemical sensing due to the acquisition of

trichromatic visual abilities (Liman and Innan 2003; Zhang and

Webb 2003). In order to address these questions, we took advan-

tage of ongoing efforts to generate low-redundancy comparative

sequence data on numerous mammalian genomes (Margulies et al.

2005). Such data, although not providing full coverage of the ge-

nomes being sequenced, allow both the estimation of the number

of V1Rs possessed by various mammals and the generation of

partial phylogenies of mammalian V1Rs. We show that the size of
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the V1R repertoire varies widely among mammals and that most

mammals examined appear to have experienced species-specific

duplications resulting in ‘‘semi-private’’ functional V1R reper-

toires.

We also generated additional sequence from V1R family

members in wolves to examine the evolutionary timing of the

decline of the dog V1R repertoire to only approximately nine ap-

parently intact V1R genes and ;60 pseudogenes (Grus et al. 2005;

Young et al. 2005). Dog also has only pseudogenes in the V2R

family (Shi and Zhang 2007; Young and Trask 2007) and possesses

a relatively thin vomeronasal epithelium and relatively small AOB

(Dennis et al. 2003). Vomeronasal decline is surprising given that

dogs and wolves appear to exhibit pheromone-based behaviors

(Anisko 1976; Goodwin et al. 1979), such as the well-known effect

of a female in heat on males, and urine-marking and examination

of urine marks. We and others considered the idea that selective

pressures imposed by humans during dog domestication favoring

more docile, human-centric animals might have led to a rapid,

recent degeneration of the dog V1R repertoire to pseudogenes

(Grus et al. 2005; Young et al. 2005). Here, we disprove that hy-

pothesis by sequencing the least degenerated dog V1R pseudo-

genes (i.e., those most likely to be recently inactivated) from wolf

DNA, finding that they are also pseudogenes in wolf. Our result

implies that loss of functional V1R genes occurred before dogs were

domesticated.

Results and Discussion

Trace Archive data provide good coverage of the V1R family

We have greatly extended previous studies on V1R repertoire sizes

and evolution to a much more comprehensive set of mammalian

species. Previous analyses examined V1Rs in a total of eight mam-

mals using draft whole-genome assemblies (Grus et al. 2005,

2007; Young et al. 2005; Shi and Zhang 2007). Here, we add an-

other five species for which relatively high-coverage assemblies are

available (orangutan, macaque, marmoset, guinea pig, and horse)

and take advantage of the rapidly increasing availability of large

amounts of low-grade comparative genomic sequence (‘‘Trace Ar-

chive’’ data) to add 24 more species to our study. First, we provide

proof-of-principle evidence that reasonable estimates of V1R rep-

ertoire size and sequences of most V1R family members can be

obtained from Trace Archive data as well as from whole-genome

assemblies, and then discuss our findings.

Trace Archive data consist of millions of individual sequenc-

ing traces generated by subcloning random fragments of the entire

genome of an organism and sequencing a large number of sub-

clones. Although Trace Archive sequences are short (;800 bp),

contain errors, and do not provide complete genomic coverage,

they still yield very useful genomic surveys (Margulies et al. 2005).

We modified our series of V1R gene-identification scripts in order

to work with Trace Archive data as well as with complete assem-

blies, incorporating a phredphrap assembly phase into our analysis.

V1R genes comprise a single coding exon of ;900 bp (Dulac and

Axel 1995) and therefore are tractable for analysis using Trace

Archive data, because assembly of a small number of overlap-

ping reads is enough to cover an entire gene, unlike most intron-

containing coding regions.

The V1R family contains many recently duplicated members

whose high levels of sequence identity complicate sequence as-

semblies. Without extremely high sequence coverage and in-

tensive manual finishing efforts such as those performed for the

human and mouse genomes, close duplicates in the V1R and other

gene families may never be satisfactorily resolved (see Supple-

mental Table 1). Such intensive finishing work is unlikely ever to

happen for other mammalian genomes due to the time and ex-

pense involved. Therefore, the analyses we describe here, as well as

those in previous publications on assemblies other than human

and mouse, must be considered as approximate surveys rather

than accurate estimates of gene numbers. A second important ca-

veat to our findings is that, as with any bioinformatic study, we are

inferring function based on sequence similarity without experi-

mental evidence. Although it is quite likely that these V1R-like

sequences function as receptors for external signals in the vom-

eronasal organ, it is possible that some of the sequences have taken

on a novel function in a different organ in one or more species. For

example, some human, goat, and mouse V1Rs have been suggested

to function in the main olfactory epithelium rather than the

vomeronasal organ (Rodriguez et al. 2000; Wakabayashi et al.

2002; Karunadasa et al. 2006).

In the following analysis, we classify the V1R sequences we

find as being either ‘‘intact’’ (for which full-length protein-coding

sequence was obtained that does not contain any frameshift

or nonsense mutation) or ‘‘other,’’ a category that includes true

pseudogene sequences as well as intact V1Rs with sequence errors

and V1Rs for which only partial sequences are available so that it is

not possible to determine whether or not they are intact.

We tested our strategy using trace data from rat, cow, and

opossum, where high-coverage draft genome assemblies are also

available. Although these genome assemblies are not 100% com-

plete or correct, they provide a useful benchmark against which to

test our strategy of mining V1Rs from Trace Archive data. We did

not perform tests with mouse and human, because the BAC-based

strategies used to sequence these genomes were very different to

the random shotgun sequencing approach used for all other spe-

cies in our analysis. For our tests, we constructed artificial ‘‘Trace

Archive’’ databases containing varying numbers of rat, cow, or

opossum sequence traces (filtered to include only whole-genome

shotgun traces and not, e.g., BAC-derived shotgun sequences) and

identified V1Rs in those data sets using the same series of steps as

for the other species. We compared the resulting V1R data sets to

those identified using the corresponding whole-genome assembly.

We found that the total number of V1Rs identified by our method

increases with the size of the trace data set that was analyzed, ap-

proximately following a Poisson curve (Fig. 1) as predicted from

Lander and Waterman’s mathematical model (Lander and Waterman

1988). We also found that at ;23 coverage, the minimum level

used in the real data sets we analyzed, we identify at least 90% of

the V1Rs we would have found using the whole-genome assem-

blies; ‘‘23 coverage’’ means that each base pair in the genome is

found in an average of two sequence reads. Our independent

tests using data sets of conserved sequences (see Methods) also

indicate that all the data sets we analyzed contain sequences rep-

resenting at least 80% of the genome (Supplemental Table 2) and

thus should allow identification of the majority of V1R family

members in each species. At high coverage (>10 billion bp), we

actually found slightly more V1Rs using Trace Archive data than

with the whole-genome assembly. In most cases the extra genes

appear to be true recent duplicates that had been merged together

in the whole-genome assemblies, but were left as separate contigs

in our phredphrap reassembly of V1R-like traces because they have

noticeable, albeit low, levels of sequence divergence (data not

shown). The finding that draft assemblies underestimate numbers

of recent gene duplicates is not surprising: Our analyses of several
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versions of the mouse genome assembly show that, even though

earlier drafts were based on reasonably high levels of coverage,

many additional V1Rs were found as finishing efforts progressed

(Supplemental Table 1). For ease of comparison between species,

we decided to adjust trace numbers so that they are comparable to

the numbers we find in draft assembled genomes, rather than

trying to adjust all numbers to account for falsely merged recent

duplicates in draft genome assemblies. This approach might un-

derestimate true V1R numbers.

The number of intact V1Rs identified rises with trace database

size, as does the total number of V1Rs (Fig. 1). However, in order to

obtain the ‘‘correct’’ number of intact V1Rs, a higher level of cov-

erage is required than is needed to simply count V1Rs (Fig. 1). At

lower levels of coverage, frameshifting errors cause some intact

genes to be miscalled as pseudogenes, and partial genes are more

frequent.

Given that our proof-of-principle studies show that V1Rs can

be effectively mined from Trace Archive data, we identified V1R

gene sequences from any mammalian species for which whole-

genome shotgun sequence data of at least ;23 coverage was

available (Methods; Supplemental Table 2). We used the most re-

cent versions of high coverage (>;53) genome assemblies, where

available, and used Trace Archive data sets for the remaining spe-

cies. The three species studied in our proof-of-principle experi-

ments exhibit similar relationships between the numbers of V1Rs

found and the trace data set size (Fig. 1). We therefore fit curves to

the coverage measures according to Lander and Waterman’s model

(Fig. 1) and used them to adjust the numbers of intact and total

V1Rs to account for the varying sizes of the trace data sets searched

(Methods; Supplemental Methods), so that numbers we obtain

from Trace Archive data sets are approximately comparable to

those we obtain from whole-genome assemblies. The slight dif-

ferences we observe among the three test species in their re-

lationships between data set size and coverage are likely due to

genome size differences, to variation in sequence read quality, and/

or to possible differences in the history of V1R evolution between

species (for example, it might be more difficult to estimate V1R

numbers in species that have experienced more recent V1R du-

plications than others). However, the differences between the

species’ relationships are small and are well covered by the confi-

dence intervals of our predictions, enabling us to use a single

modeled relationship to adjust V1R numbers for all species studied.

A caveat to our analyses is that our model might not perform well

for any species with a particularly unusual genome size compared

to other mammals (see Supplemental Text).

Functional V1R repertoire size varies widely among mammals

We identified a total of 6853 V1R-like sequences in the 37 species

studied, of which 1809 V1Rs are intact and the rest are either in-

complete sequences or contain inactivating mutations/sequence

errors. Adjusting these numbers to account for the fact that we

used low-coverage trace data, we estimate a total of ;6580 V1Rs in

the 37 genomes, of which ;2280 are intact (about one-third).

The size of the V1R repertoire varies widely among mamma-

lian species, as does the proportion of V1Rs that appear functional

Figure 1. Proof-of-principle studies show that Trace Archive data can
provide good estimates of V1R repertoire sizes. We used sequence traces
from rat (circles), cow (triangles), and opossum (squares) to create arti-
ficial Trace Archive data sets of varying sizes. We compared the numbers
of V1Rs found using these artificial data sets with the numbers expected
based on analysis of draft genome assemblies to determine what pro-
portion was successfully found (expressed as a percentage). As expected,
the proportion of total V1Rs found increases as trace data set size increases
(solid lines). Likewise, as trace data set size increases, the proportion of
intact V1Rs found also increases (dashed lines), but more slowly than does
the total V1R number. The thicker lines show curves fitted to these data
using Poisson models based on Lander and Waterman’s predictions
(Lander and Waterman 1988; see Supplemental Methods). The vertical
dotted lines show the minimum and maximum trace data set sizes used in
our study; within these limits, coverage is reasonably high, and actual
numbers follow modeled numbers well. Shaded gray areas show the 95%
prediction limits resulting from our modeling.

Figure 2. Numbers of intact V1Rs and V1R pseudogenes we estimate
to be present in various mammalian genomes. The tree depicts mam-
malian species relationships and is adapted from supporting Figure 6E of
Margulies et al. (2005) (for details, see Supplemental Methods). Black and
gray rectangles indicate the size of the V1R repertoire in each species—the
total area (black plus gray) is proportional to total V1R repertoire size, and
the relative size of the black area reflects the proportion of V1Rs that are
intact. Numbers in square brackets after species names are the numbers of
intact V1Rs. The estimates derived from analyses of Trace Archive data
have been adjusted using the fitted curves shown in Figure 1 so that they
are comparable to numbers obtained from draft-level whole-genome as-
semblies. The human and mouse genome assemblies are exceptions in
that they are ‘‘finished’’ and likely deal better with very recent duplicates
than do any of the other assemblies. Numbers for all other species likely
represent underestimates of true V1R numbers.

Extreme variability among mammalian V1R families
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(Fig. 2). Variation had been noted in previous studies based on only

eight whole-genome assemblies (Grus et al. 2005, 2007; Young

et al. 2005). Our analysis of a much more diverse set of 37 species

shows that V1R family evolution has been extraordinarily dy-

namic across the entire mammalian family and illuminates the

biology of many additional species, as discussed below. Where

previously published V1R repertoire sizes are available, our num-

bers compare well (Grus et al. 2005, 2007; Young et al. 2005), with

the exception of the mouse and platypus repertoires. The dis-

crepancy for mouse stems from the use of a greatly improved ge-

nome assembly (Supplemental Table 1). For platypus, we de-

liberately took a less conservative approach toward counting

possible recent duplicates/allelic variants than did Grus et al.

(2007), and thus we report a greater number of platypus V1R

pseudogenes.

Of the 37 species studied, platypus (;280 intact V1Rs) (Grus

et al. 2007), mouse (;240 intact V1Rs), mouse lemur (;210 intact

V1Rs), and rabbit (;160 intact V1Rs) have the largest V1R reper-

toires (Fig. 2). A large group of species have ;60 to ;110 intact

V1Rs, including all remaining members of the glires (rodents and

lagomorphs) as well as bushbaby, treeshrew, shrew, hedgehog, and

the two marsupials. Almost all of the species with large V1R rep-

ertoires have well-developed vomeronasal organs and/or AOBs,

where anatomy has been studied (Evans and Schilling 1995;

Meisami and Bhatnagar 1998; Malz et al. 2000; Takami 2002;

Smith et al. 2005; Schneider et al. 2008). The sole possible excep-

tion is the shrew, which appears to have a small AOB (Meisami and

Bhatnagar 1998) despite its fairly large intact V1R repertoire (;80).

On the opposite end of the spectrum, the genomes of dol-

phin, little brown bat, and flying fox (a megabat) appear to contain

no intact V1Rs. This lack of V1Rs might be expected given the

absence of a vomeronasal organ in these species (in the case of the

flying fox, whose vomeronasal anatomy has not been described,

we assume the organ is absent because all eight other members of

the same genus that have been examined lack a VNO) (Oelschlager

1989; Bhatnagar and Meisami 1998). In addition, our analyses of

the Trpc2 gene in each of these genomes suggest that the gene has

acquired inactivating mutations in all three species (Supplemental

Fig. 1). Trpc2 is a signaling molecule necessary for neuronal sig-

naling in the vomeronasal organ (although a recent study suggests

that some vomeronasal function may be Trpc2-independent, likely

through V2R-expressing neurons) (Kelliher et al. 2006). Trpc2 is

also a pseudogene in apes and Old World monkeys (Liman and

Innan 2003; Zhang and Webb 2003), species that have almost no

intact V1Rs (Fig. 2). The adaptation of the dolphin’s ancestor to

a fully aquatic lifestyle likely rendered its chemosensory apparatus

ineffective and removed selective pressure maintaining function

of its chemosensory components. Paralleling V1R loss in dolphin,

most OR sequences identified in other cetaceans are pseudogenes

(Kishida et al. 2007).

V1R/Trpc2 loss in bats is more difficult to explain. Flying fox

and little brown bat are representatives of the two deeply diverged

bat suborders, Megachiroptera and Microchiroptera, respectively.

Because some of the little brown bat’s microchiropteran relatives

possess well-developed VNOs (Bhatnagar and Meisami 1998), it

appears that the flying fox and little brown bat independently lost

functional VNOs (and thus V1Rs). Reduced importance of chem-

ical signaling in bats due to acquisition of echolocation and en-

hanced auditory function might at first appear an attractive hy-

pothesis. However, this hypothesis is not supported by the fact

that other bat species with well-developed VNOs also use echolo-

cation (Bhatnagar and Meisami 1998). Furthermore, flying fox and

other present-day megabat species do not appear to echolocate, yet

flying fox still has no functional V1Rs. Thus, echolocation is not

a prerequisite for V1R loss, although it is possible that an ancestor

of flying fox might have acquired echolocation abilities, with

subsequent loss in all present-day Megachiroptera (Teeling et al.

2000). It would be interesting to perform a more comprehensive

study of V1Rs, V2Rs, FPRs and their downstream partners such as

Trpc2 across the bat superfamily to determine whether bats with

a more well developed VNO retain functional versions of these

genes.

We find that all Old World monkey and ape V1R repertoires

also consist primarily of pseudogenes, but that marmoset has eight

apparently intact V1Rs. In contrast, their relative the tarsier has

;40 intact V1Rs, and the two prosimian species (mouse lemur and

bushbaby) have very large intact V1R repertoires (;210 and ;80

intact V1Rs, respectively). Previous primate V1R studies had ex-

amined the complete repertoires of only human and chimpanzee

(Rodriguez and Mombaerts 2002; Young et al. 2005). Even the few

remaining potentially intact human V1Rs and their ape orthologs

appear to be evolving neutrally (Zhang and Webb 2003). Our new

data show that V1R loss must have begun in the common ancestor

of New and Old World primates and/or occurred independently

in the New World monkey and Old World lineages. This finding

refutes an earlier hypothesis that large-scale vomeronasal de-

generation in primates was temporally correlated with the acqui-

sition of trichromatic vision in the common ancestor of Old World

monkeys and apes, after divergence from New World monkeys

(Liman and Innan 2003; Zhang and Webb 2003). Although mar-

moset has a very small repertoire of intact V1Rs, its functional

repertoire appears larger than that of other primates. This result

suggests that some V1R-mediated signaling is still important in

marmoset behavior, consistent with the presence of an apparently

functional vomeronasal organ, albeit a less well-developed organ

than that of rodents (Dennis et al. 2004). Primate V1R repertoire

sizes correlate well with anatomical observations: The vomero-

nasal system is well-developed in bushbabies and lemurs (Evans

and Schilling 1995; Smith et al. 2005) and is present in marmosets

and neonatal tarsiers (Dennis et al. 2004), but is absent in apes and

Old World monkeys (Liman 2006).

Thus, V1R repertoire sizes across the mammalian tree corre-

late approximately with anatomical observations of VNO and/or

AOB size and quality, supporting previous observations based on

fewer species (Grus et al. 2005, 2007). We referred above to the

well-developed vomeronasal system anatomy and large V1R rep-

ertoires of rodents, rabbit, platypus, and mouse lemur and the

poorly developed or absent vomeronasal structures of apes, Old

World monkeys, some bats, dolphins, and dogs. Among species

with intermediately sized V1R repertoires, the elephant (;30 in-

tact V1Rs) appears to have a well-developed VNO (Johnson and

Rasmussen 2002), as do the cat (;30 intact V1Rs) (Salazar et al.

1996) and armadillo (;60 intact V1Rs) (Carmanchahi et al. 1999),

albeit not the same armadillo species from which DNA sequences

are available. We have not attempted any quantitative compari-

sons here due to the difficulty of comparing anatomical observa-

tions between different studies, especially when the species stud-

ied have vastly differing body and relative brain sizes.

Most mammalian genomes experienced species-specific V1R
gene family expansions

Phylogenetic trees of the V1R sequences we identified (Fig. 3;

Supplemental Figs. 2, 3) contain a large number of species-specific

Young et al.
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Figure 3. V1R phylogenetic tree showing that species-specific gene duplications have resulted in ‘‘semi-private’’ V1R repertoires. The tree shows the
relationships between predicted protein sequences of 4954 of the V1Rs we identified, including intact genes, sequences that contain inactivating
mutations/sequence errors (frameshifts corrected where necessary for alignment), and some genes for which full-length sequence is not available, but
excluding sequences too short for phylogenetic analysis (see Methods). We also included zebrafish V1R1 (GenBank ABL01523) as an outgroup sequence
to root the tree. We used the neighbor-joining method with Jones-Taylor-Thornton amino acid distances to create a tree. Terminal branches are colored
according to species. Internal branches share the species color if all descendent terminal taxa are from the same species, or black if descendents are from
two or more species. Thus, clusters of same-colored branches reflect species-specific duplications (and possibly some post-speciation gene-conversion
events). Internal black branches help distinguish species-specific clades from clades of mixed species especially when the colors used to represent those
species are similar. Due to the difficulties of displaying such a large phylogenetic tree and finding enough colors to distinguish so many species, we also
provide subtrees constructed from only glires (rodents and lagomorphs) or primate V1Rs in Supplemental Figures 2 and 3. The lower part of the figure
provides a higher resolution view of a selected part of the tree and uses letters (see key) to label non-mouse V1Rs to help distinguish species. All species-
specific clades containing more than 30 members are indicated in the large tree using brackets with letters to indicate species (see key), except for a clade
containing mouse V1Rs that are found in a large copy-number variable (CNV) region (see text), which is instead labeled in the higher-resolution subtree in
the lower half of the figure.
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clades that likely arose due to post-speciation duplication. The

homogenizing effects of post-speciation gene-conversion events

might also have contributed to the semi-private nature of these

V1R repertoires. Studies of eight mammalian genomes had detected

the phenomenon of species-specific V1R clades (Rodriguez and

Mombaerts 2002; Grus and Zhang 2004; Grus et al. 2005; Young

et al. 2005); here we show that it is widespread across the entire

mammalian tree. We constructed the trees after aligning predicted

V1R protein sequences (artificially correcting frameshifting muta-

tions/sequence errors where necessary) and excluding sequences

that were too short to allow effective phylogenetic inference.

Our trees show that species-specific V1R subfamilies are

common throughout the entire mammalian phylogeny and are

especially apparent in species with large V1R repertoires. Most

V1Rs we identify are the product of duplication since divergence

from any other species in our study. In fact, ;80% of all the V1Rs

we found have a more similar match in the same genome than in

any other species’ genome in our study (i.e., paralogs have higher

amino acid identity than orthologs in BLASTP comparisons of all

;6850 V1Rs found, see Methods). This finding also holds true if we

use a more conservative subset of the data (Supplemental Table 2)

that includes only one member of any group of sequences having

at least 98% nucleotide identity in order to avoid possible inflation

of species-specific duplication estimates caused by incomplete as-

sembly of highly similar sequences, such as atypically divergent

allelic pairs. In this more conservative set, 71% of the V1Rs have

a more similar paralog than ortholog. Many of the remaining 29%

V1Rs are from ape or Old World monkey species, a mammalian

clade where draft-level sequence is available from an unusually

dense sampling of species; if we exclude all ape/Old World monkey

sequences, we find that only 19% of the V1Rs in this conservative

subset have a closer ortholog than paralog.

We observe several particularly large species-specific V1R

clades in our tree, including clades with 30 or more members in

platypus, mouse, treeshrew, pika, guinea pig, kangaroo rat, rabbit,

hedgehog, armadillo, lemur, squirrel, and shrew (Fig. 3, brackets).

One of the largest species-specific clades comprises a subfamily of

;90 mostly intact mouse V1Rs, almost all of which are clustered

on chromosome 7. This cluster appears to have arisen by a series of

local duplication events since mouse diverged from its closest se-

quenced relative, the rat. Interestingly, this cluster shows extensive

copy-number variation: Many mouse strains appear to have fewer

genomic copies of this region of chromosome 7 than does the

reference strain, C57BL/6J (Cutler et al. 2007; Graubert et al. 2007),

suggesting that at least some of the duplications that expanded

this subfamily in C57BL/6J happened very recently indeed or that

some duplicated copies were deleted in other mouse strains. It

would be interesting to see whether behavioral differences exist

between these mouse strains. Knockout mice lacking 16 V1Rs on

chromosome 6 show altered male sexual behavior and maternal

aggression (Del Punta et al. 2002), but the phenotypic effect of

having additional, slightly divergent V1R copies is unknown.

Close examination of our phylogenetic trees (e.g., Supple-

mental Fig. 3) reveals many examples of V1Rs that appear to have

duplicated after losing function (or, where an inactivating muta-

tion spread to several related V1Rs by gene conversion). These

duplications occur in many of the species we analyzed and are

evident as clades in which several V1R pseudogenes from the same

species share the same inactivating mutation. These cases are likely

to be examples of neutral changes being fixed by genetic drift, as

it is difficult to imagine any selective advantage to these duplica-

tions/gene-conversion events.

Dog V1R deterioration is not correlated with domestication

We explored the idea that domestication might have imposed se-

lective pressures favoring the acquisition of inactivating mutations

in dog V1Rs. Over time, humans might have selected animals that

were least responsive to pheromonal cues and therefore perhaps less

distracted by conspecifics. Our analysis of Trace Archive sequence

data shows that another carnivore, cat, has ;30 intact V1Rs, in-

dicating that the dog lineage indeed suffered substantial V1R de-

terioration after canines and felines diverged. However, the wolf

DNA sequences we obtained indicate that this deterioration likely

occurred before wolf and dog diverged (i.e., before domestication).

In detail, we selected seven dog V1R pseudogenes with fewer

disruptions than most others, each containing one to three in-

activating mutations (in-frame stop codons, frameshifts, or in-

sertion of interspersed repeats). We reasoned that, given their small

number of inactivating mutations, these V1Rs likely became

pseudogenes relatively recently in evolutionary time and thus

are the best candidates for genes that might have experienced

domestication-related selection for loss of function, if such selec-

tion had occurred. We designed oligonucleotides from the se-

quences of these seven V1R pseudogenes (Supplemental Table 3)

along with one intact V1R and used these primers to amplify and

sequence DNA from a dog and two unrelated wolves, one from

Spain and one from Alaska.

We found that all seven dog pseudogenes are also pseudo-

genes in wolf. The wolf genes contain the same inactivating mu-

tations as their dog counterparts (Supplemental Table 4). These

inactivating mutations must therefore have been acquired before

dog domestication, making it very unlikely that domestication

drove V1R loss. The intact dog gene also appeared intact in both

wolves. The remaining possibility that a set of V1R genes was en-

tirely deleted from the dog genome during domestication seems

remote given that dog retains V1R pseudogenes in most V1R

families (Young et al. 2005). A definitive answer to the question of

whether dog domestication was associated with any V1R loss could

be obtained by determining sequences of the full wolf V1R reper-

toire. However, without whole-genome sequence, this might be

impossible: The enormous sequence diversity of the V1R family

makes an exhaustive PCR-based V1R survey exceedingly difficult—

we and others have tried and failed to develop universal degenerate

V1R primers (Mombaerts 2004; data not shown).

Concluding remarks

We have shown that variation in V1R repertoire size and species-

specific V1R subfamilies are widespread phenomena across the

mammalian tree. An approximate correlation of V1R repertoire

size with anatomical observations (Grus et al. 2005) is also wide-

spread among mammals: species with many intact V1Rs tend to

have well-developed vomeronasal organs and AOBs, but these

structures are absent or poorly developed in species with few V1Rs.

However, we see no obvious correlation across all mammals of V1R

repertoire size with ecological factors such as body size, noctur-

nality, diet, sociality, or mating system. Our addition of V1R data

from marmoset argues against one previous suggestion that de-

generation of primate V1Rs occurred when trichromatic vision was

acquired. We also show that the decline of the dog V1R repertoire

almost certainly did not occur in response to selective pressures

imposed during domestication.

The large number of genetic and ecological changes seen

along all branches of the mammalian tree makes it very difficult

to correlate changes in V1R family composition with ecological
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factors, especially given that several ecological factors vary simul-

taneously in the species studied. We also note that effective pop-

ulation sizes and demographic histories likely differ dramatically

between the species we have studied, meaning that there will be

differences between species in the efficiency of selection and

likelihood that genetic drift could fix selectively neutral changes.

Population genetics might, in some cases, impact V1R gene family

dynamics as much as ecology and behavior. It would be in-

formative to compare V1R repertoires of several closely related

species in subfamilies such as lemurs, rodents, bats, or shrews,

where only a few ecological factors vary between species, effective

population sizes are roughly similar, and less evolutionary time has

elapsed since their divergence. With sets of closely related species,

more sophisticated methods of comparing V1R repertoires with

ecological factors could be explored, such as the use of phyloge-

netically independent contrasts (Felsenstein 1985).

Almost all of the mammals we studied possess species-specific

V1R subfamilies. We and others previously suggested that species-

specificity in the V1R repertoire might arise in response to the need

to reinforce, or possibly even establish, mating barriers during

speciation (Lane et al. 2002; Grus and Zhang 2004). The species in

our study are all separated by millions of years of evolution. In

order to elucidate whether changes in the V1R repertoire are in-

volved in speciation, it would be interesting to examine the V1R

repertoires of subspecies pairs currently undergoing speciation or

to test whether or not V1R copy-number polymorphisms observed

among laboratory mouse strains impact their mating preferences.

Given that there are two other families of vomeronasal re-

ceptors, the V2Rs and FPRs, and increasing evidence that the main

olfactory epithelium in rodents can detect pheromones via TAARs

and perhaps also ORs, the data we present here form just one part

of the story of the highly variable importance of chemical com-

munication among the amazingly diverse mammals of the world.

Methods

V1R identification from low-redundancy comparative
sequence data
We obtained Trace Archive sequences from NCBI (http://www.
ncbi.nlm.nih.gov) and genome assemblies from the UCSC Ge-
nome Bioinformatics site (http://genome.ucsc.edu). We also per-
formed pilot studies on a small number of ;23 coverage genome
assemblies from the Broad Institute but found that we obtained
less fragmented V1R data sets and greater numbers of distinct in-
tact V1Rs by using raw sequence traces (data not shown). In ad-
dition, Trace Archive data sets offered an opportunity to search
recently generated sequence traces that were not included in as-
semblies; for example, Ensembl reports that the Broad Institute
bushbaby assembly has coverage of ;1.53, whereas the Trace Ar-
chive contains >15 million bushbaby traces, coverage of ;4.53

(Supplemental Table 2). Download dates, numbers of sequences
analyzed, and other characteristics of the data sets we used are
given in Supplemental Table 2.

Our V1R identification method is described in full in a pre-
vious publication (Young et al. 2005). We performed an initial
round of sensitive TBLASTN searches (Altschul et al. 1997), using
local copies of sequence databases for each species, to identify any
Trace Archive sequence or genome assembly segment that had
even very weak V1R homology. Our queries for this round of
TBLASTN searches were 49 divergent V1Rs (Young et al. 2005), and
we considered any match with E-value < 10 in our subsequent
analysis, filtering out non-V1R sequences at a later stage. For

genome assemblies, we extracted sequences of matching regions
along with 1 kb of flanking sequence on each side.

For Trace Archive data sets, we used NCBI’s query_tracedb
interface to download chromatogram files corresponding to any
matching sequences and used phredphrap (http://www.phrap.org)
to determine DNA sequences from those chromatograms. In-
terspersed repeat sequences were masked from the resulting FASTA
files of individual sequence reads using RepeatMasker (AFA Smit,
R Hubley, and P Green, 1996–2004. RepeatMasker Open-3.0; http://
www.repeatmasker.org), and masked sequences were used to
BLAST the appropriate Trace Archive database once again to obtain
overlapping traces, this time using MEGABLAST (Zhang et al.
2000). Chromatograms were obtained for any sequences matching
for at least 100 bp with at least 95% identity, and phredphrap was
run again to assemble overlapping sequences into contigs where
possible. The ‘‘contigs’’ and ‘‘singletons’’ files produced by phred-
phrap were concatenated (singletons are traces that failed to as-
semble with others into a contig), and a second round of TBLASTN
searches (using the same 49 V1R queries and E-value threshold)
was used to determine which of these contigs and singletons
contain candidate V1R sequences.

The resulting ;3-kb sequences (from genome assemblies) and
contigs/singletons files (from Trace Archive data sets) were further
analyzed for V1R content, using slightly modified versions of our
V1R-identification scripts (Young et al. 2005). A brief description of
the scripts and full details of the modifications are provided as
Supplemental Methods.

Modeling numbers of V1Rs found in Trace Archive data sets
of different coverage levels

In order to compare the numbers of intact and total V1Rs we
obtained from Trace Archive databases (which have varying levels
of coverage) with one another and with numbers obtained from
draft genome assemblies, we used the following method to adjust
gene numbers. We performed tests of our strategy using artificial
trace data sets of varying sizes (increasing in increments of 2.5
million traces) from rat, cow, and opossum (using only traces
with the tag ‘‘trace_type_code = WGS’’, to avoid BAC shotgun se-
quences, EST traces, etc.). We compared the numbers of intact and
total V1Rs obtained from those trace data sets with the numbers we
obtained from the corresponding genome assemblies (see Fig. 1
and legend) and found that the proportion of V1Rs found varied
with trace data set size in a predictable way that could be modeled.
We then used those modeling results to adjust Trace Archive V1R
numbers according to the trace data set size, so that they would be
comparable to numbers obtained from draft genome assemblies of
typical coverage. Further details of the modeling process are given
as Supplemental Methods.

Independent estimates of proportion of genome present
in Trace Archive data sets

We also wanted to obtain a measure of the proportion of the
genome present in each Trace Archive database, so that we did
not have to rely wholly on the number of traces searched (e.g., if
a large number of poor-quality traces were present, the true cov-
erage might be lower than that expected from the number of traces
searched). We therefore collected two data sets of highly conserved
sequences that should be present and easily identified in all mam-
malian genomes, blasted those sequences against genome assem-
blies/Trace Archive data sets, and determined how many of the
conserved sequences were found in each database (see Supple-
mental Methods). We were also concerned that species mislabeling
might be a problem for some Trace Archive sequences—our analyses
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indicate that this is a very infrequent issue (see Supplemental
Methods).

Multiple alignments and phylogenetics

In order to create a multiple sequence alignment of the V1R gene
and pseudogene sequences we identified, we first aligned all intact
V1Rs to a hidden Markov model (HMM) representing V1R pro-
teins. We then grouped the other V1Rs (pseudogenes, partial V1Rs,
and V1Rs with sequencing errors) by sequence similarity and, for
each group, chose a best-matching intact V1R, taking the match
with highest amino acid identity to any sequence in the group. We
then aligned each V1R in the group to that best-matching intact
V1R and used that pairwise alignment to add each sequence to the
aligned intact V1Rs. Details of this procedure are provided in the
Supplemental Methods. Prior to constructing trees, we removed
any sequence with length <60% of typical full-length V1Rs to
ensure at least some overlap between all sequences in the align-
ment. Phylogenetic trees were obtained using the neighbor-joining
method (Saitou and Nei 1987) as implemented in the neighbor
algorithm of the PHYLIP package (J. Felsenstein, University of
Washington, Seattle), using protein distances calculated using
protdist (PHYLIP) and the Jones-Taylor-Thornton method. Trees
were displayed and colored using a custom R script that uses the
ape package (Paradis et al. 2004).

Other sequence analyses

In order to determine the proportion of V1Rs that appear to be the
product of duplication since divergence from any other species in
our study, we compared all V1Rs to each other using BLASTP
(Altschul et al. 1997) and determined whether the non-self match
with the highest amino acid identity was from the genome of the
same or a different species (only considering matches of at least
30% identity over at least 30 amino acids, with E-value # 10�5).
Using BLAST-based counts for this analysis allowed us to include
a larger fraction of genes than if we had examined the structure of
the phylogenetic tree, because the tree omits the ;30% of V1Rs
found that were too short for phylogenetic analysis.

We also performed the analysis on a more conservative subset
of the data (where we included only one member of any group of
sequences with at least 98% nucleotide identity) to avoid possible
inflation of species-specific duplication estimates caused by in-
complete assembly of highly similar sequences such as unusually
divergent allelic pairs. To create this conservative subset, we used
BLASTN (Altschul et al. 1997) to compare all V1R nucleotide se-
quences (RepeatMasked using the appropriate species settings for
each sequence, because some V1R pseudogenes are interrupted by
internal repeat sequences) with one another, and a custom Perl
script to perform single linkage clustering of groups of sequences
with $98% pairwise nucleotide identity over $200 bp. We then
retained the longest sequence in each subset in our conservative
data set.

PCR and sequencing

DNA samples from two wolves from Alaska and Spain were kindly
provided by R. Wayne and M. Gray (Department of Ecology and
Evolutionary Biology, University of California, Los Angeles), and
dog DNA was obtained from Clontech. These two wolf samples
should represent a true predomestication outgroup to dogs: Other
genotype data obtained from the same samples show no evidence of
dog introgression (M Gray and R Wayne, pers. comm.). Further-
more, recent genome-wide SNP analyses show that, apart from some
Italian animals that are clearly wolf-dog hybrids, wolf genomes do

not contain significant genetic contributions from domesticated
dogs, except at a positively selected locus for melanism (Anderson
et al. 2009); this locus is unlinked to any of the V1Rs we study here.

V1Rs were PCR amplified using standard conditions (avail-
able on request). Amplified products were purified using Sephacryl
S-300 (Amersham Biosciences) and subjected to big-dye sequenc-
ing (Applied Biosystems) using standard protocols. Sequencing
primers included those used for PCR as well as additional internal
primers. All primer sequences are provided in Supplemental Table
3. One pseudogene consistently failed to amplify in the Spanish
wolf but was successfully amplified from dog and Alaskan wolf
(Supplemental Table 4). We did not determine whether this failure
was due to a SNP in the primer site or to a whole or partial deletion
of this gene in that animal.

The wolf and dog sequence data from this study have been
submitted to GenBank (http://www.ncbi.nlm.nih.gov/Genbank/)
under accession nos. FJ713544–FJ713565. All V1R sequences iden-
tified from genome assemblies and Trace Archive sequence data are
provided in Supplemental Datafiles 1 and 2; 3532 of them are also
in RefSeq, and accession numbers are provided in Supplemental
Table 6.
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