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Abstract The numbers of functional olfactory receptor
(OR) genes in humans and mice are about 400 and 1,000
respectively. In both humans and mice, these genes exist
as genomic clusters and are scattered over almost all
chromosomes. The difference in the number of genes
between the two species is apparently caused by massive
inactivation of OR genes in the human lineage and a
substantial increase of OR genes in the mouse lineage
after the human–mouse divergence. Compared with
mammals, fishes have a much smaller number of OR
genes. However, the OR gene family in fishes is much
more divergent than that in mammals. Fishes have many
different groups of genes that are absent in mammals,
suggesting that the mammalian OR gene family is
characterized by the loss of many group genes that ex-
isted in the ancestor of vertebrates and the subsequent
expansion of specific groups of genes. Therefore, this
gene family apparently changed dynamically depending
on the evolutionary lineage and evolved under the birth-
and-death model of evolution. Study of the evolutionary
changes of two gene families for vomeronasal receptors
and two gene families for taste receptors, which are
structurally similar, but remotely related to OR genes,
showed that some of the gene families evolved in the
same fashion as the OR gene family. It appears that the
number and types of genes in chemosensory receptor
gene families have evolved in response to environmental
needs, but they are also affected by fortuitous factors.
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Introduction

Olfaction, the sense of smell, is essential for the survival
of animals. Olfactory signals are used to find foods,
identify mates and offspring, recognize territories, and
avoid danger. The proteins for detecting odor molecules
are called olfactory receptors (ORs). In order to distin-
guish among a wide variety of odor molecules in the
environment, there are a huge number of OR genes in
animal genomes. In the case of mice, the number of OR
genes is as large as 1,000, which comprises about 4% of
the entire proteome. OR genes form the largest multi-
gene family in mammals.

Olfactory receptor genes were discovered by Buck and
Axel (1991), and this discovery opened the door for
molecular studies of the olfactory system. For this
achievement, they were awarded the 2004 Nobel Prize in
Physiology or Medicine (Firestein 2004). OR genes are
mainly expressed in sensory neurons of main olfactory
epithelia (MOEs) in the nasal cavity. It is generally be-
lieved that each olfactory neuron expresses only one of
the hundreds of functional OR genes (Chess et al. 1994;
Malnic et al. 1999; Serizawa et al. 2000), but this one
neuron–one receptor hypothesis is still controversial
(Mombaerts 2004a). OR genes are also expressed in testis,
and it has been suggested that they mediate sperm che-
motaxis (Parmentier et al. 1992; Spehr et al. 2003). ORs
are G-protein coupled receptors (GPCRs) that contain
seven transmembrane a-helical regions. It has been sug-
gested that an odor molecule binds to a pocket formed by
the third, fifth, and sixth a-helices (Hall et al. 2004; Kat-
ada et al. 2005). Binding of an odorous ligand to an OR
activates a G protein and subsequent signaling cascades.
OR genes do not have any introns in their coding regions,
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as in many other GPCR genes. This makes it easy to
identify OR genes from genomic sequences.

Since the genomic sequence is now available from a
number of species in vertebrates, many authors have at-
tempted to determine the total number of OR genes in
each model organism (e.g., humans or mice). Although
the number of genes identified in this way is not neces-
sarily accurate, this information has contributed greatly
to our understanding of the patterns and mechanisms of
evolution of OR genes (reviewed by Firestein 2001; Lau-
rent 2002; Mombaerts 2004b; Ache and Young 2005). In
the past few years, we have also studied this problemusing
the DNA sequences of functional OR genes and pseud-
ogenes that were determined as accurately as possible
(Niimura and Nei 2003, 2005a, 2005b, 2005c).

In this paper we present a brief review of recent pro-
gress in the study of evolution of OR genes in vertebrates.
However, we are not intending to cover all the papers
concerning this subject. Rather, we are interested in
discussing the general principles of evolution of OR
genes. We are also going to include a substantial amount
of our own work to illustrate our major arguments,
partly because it has been done recently and partly be-
cause we are familiar with detailed aspects of the research
conducted. Furthermore, we will consider the evolution
of vomeronasal and taste receptor genes to have a better
understanding of chemosensory receptor genes.

OR genes in the human genome

Number of functional genes and pseudogenes

The number of OR genes in humans has been studied by
a number of authors (Glusman et al. 2001; Zozulya et al.
2001), but these early studies were conducted by using
draft human genome sequences. In view of this situation,
we decided to use the final (or semi-final) human genome
sequence data and identified all the functional OR genes
and pseudogenes by using bioinformatic techniques
(Niimura and Nei 2003). Here, any gene with a complete
open reading frame was defined as a functional gene
(intact gene), and a gene with interrupting stop codons,
frameshift mutations or long deletions was defined as a
pseudogene. The numbers of functional genes and
pseudogenes identified in this way were 388 and 414
respectively. The number of functional genes was con-
siderably greater than the previous estimates (Glusman
et al. 2001; Zozulya et al. 2001).

We also determined the genomic location of all of
these genes. This study showed that OR genes exist as
genomic clusters (clusters of genes in specific genomic
locations; Fig. 1), and these clusters are scattered all
over the chromosomes except chromosomes 20 and Y,
as was previously observed (Glusman et al. 2001). Here,
a genomic cluster was defined as a cluster of OR genes
that are located within 500 kb or less between any pair
of neighboring OR genes in a given genomic location.
Examining all chromosomes, we identified 95 genomic

clusters. Here, an OR gene that exists as a singleton is
also regarded as a cluster.

To understand the evolutionary relationships of the
functional OR genes, we constructed a phylogenetic tree
using the neighbor-joining (NJ) method (Saitou and Nei
1987). This tree (Fig. 2a) showed that OR genes can be
classified into class I and II genes, as was previously
noted (Glusman 2000). Class II genes can further be
divided into 19 monophyletic clades (A�S) that are
supported by high bootstrap values (>90%) and con-
tain five or more member genes. The genes showing
unclear phylogenetic relationships were called ‘‘unclas-
sified genes.’’

Tandem gene duplication and chromosomal
rearrangement

When we examined the relationships between the phy-
logenetic clades and genomic clusters, we found that
many genes belonging to a phylogenetic clade were lo-
cated in the same genomic cluster. In particular, all 57
genes belonging to phylogenetic clade class I are located
in the genomic cluster 11.3. In our study genomic clus-
ters were designated according to the chromosome
number and its location in the chromosome. For
example, the cluster 11.3 represents the third cluster in
chromosome 11. Figure 2b shows the chromosomal
maps of genomic clusters 1.5, 11.11, and 14.1. Cluster
14.1 contains 21 clade A genes (including pseudogenes),
7 clade S genes, and 2 unclassified genes (X). All of the
clade A genes are tandemly arranged, and so are most of
the clade S genes. Similarly, clade B, C, and L genes in
cluster 1.5 each form a tandem gene cluster, though a
few clade L genes are included in the clade B gene
cluster. The same pattern of gene arrangement was ob-
served in most genomic clusters examined here. This
suggests that the majority of human OR genes are gen-
erated by tandem gene duplication.

However, one genomic cluster often contained the
genes belonging to different phylogenetic clades. For
example, cluster 1.5 contains the genes belonging to the
clades B, C, and L, which are distantly related to one
another as shown in Fig. 2a. Moreover, the genes
belonging to the same phylogenetic clade can be located
in several different genomic clusters. For example, clade
A genes are located in clusters 11.11 and 14.1 (and many
other clusters). This kind of relationship between phy-
logenetic clades and genomic clusters was often ob-
served. This is apparently caused by chromosomal
rearrangements or translocations that have occurred in
the regions of OR genomic clusters in the past.

Positive Darwinian selection

Gilad et al. (2000, 2003) reported that the human
olfactory genes are under positive selection, whereas
Gimelbrant et al. (2004) could not find any such
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evidence. As will be mentioned later, the number of OR
genes varies extensively among vertebrate species, and
the number of genes rapidly increased in some species,
whereas massive pseudogenization occurred in other
species. This suggests that the ability of olfaction is
largely determined by the number of genes. If this is the
case, a small degree of positive selection would not be
important even if it occurs.

Pseudogenes

Earlier we mentioned that the human genome contains a
larger number of pseudogenes (52%) in comparison to
the number of functional genes. Why are there so many
pseudogenes? An answer to this question is that humans
do not need so many OR genes compared with other
mammals, possibly because olfaction is less important in
humans in the presence of well-developed visual sense
(Gilad et al. 2004). This problem will be considered later
in some detail.

Evolutionary relationships of human and mouse OR genes

Mouse OR genes

The OR genes in mice have also been studied extensively
because of the availability of the genome sequences

(Zhang and Firestein 2002; Young et al. 2002; Zhang
et al. 2004; Godfrey et al. 2004). Niimura and Nei
(2005a) conducted a detailed study of functional OR
genes and pseudogenes in mice. They identified 1,037
functional genes and 354 pseudogenes. The numbers of
functional genes is �2.7 times greater than that of hu-
mans, whereas the number of pseudogenes is slightly
smaller in mice than in humans. Therefore, the propor-
tion of functional genes in mice is 75% and is much
higher than that (48%) in humans. These results are
essentially the same as those obtained by previous
studies (Zhang and Firestein 2002; Young et al. 2002;
Zhang et al. 2004). The genomic locations of all OR
genes were determined, and the results showed that all
chromosomes except chromosomes 18 and Y contained
OR genes. These genes were distributed in 69 genomic
clusters, and this number is smaller than that in humans.
However, many OR gene clusters in the human genome
contain a small number of member genes. Actually, the
numbers of clusters containing five or more genes are the
same (34) in humans as in mice.

Comparison of genomic clusters between humans
and mice

Figure 3a shows the relationships of OR genes in several
homologous genomic regions between humans and mice.
In general, the gene order and the transcriptional

Fig. 1 Distribution of olfactory
receptor (OR) genes in human
chromosomes. Vertical bars
above and below the
chromosomes indicate locations
of OR functional genes and
pseudogenes respectively. The
height of each bar represents
the number of OR genes in a
non-overlapping 500-kb
window at the position.
Chromosomes 20 and Y are
omitted, because OR genes
were not found in these
chromosomes. Modified from
Niimura and Nei (2003)
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orientations of orthologous OR genes are well con-
served. Apparently, the gene arrangement of OR gene
clusters did not substantially change from the most re-
cent common ancestor (MRCA) of the two species to the
present humans or mice. However, there were a few
cases in which the organization of OR genes is quite
different between the two species. For example, cluster
1.5 in humans (Hs1.5) contains the genes that are or-
thologous to the mouse genes located in four different
chromosomes. This is apparently due to the transloca-
tion of chromosomes that occurred in the mouse lineage.

The orthologous relationships of OR genes are often
one copy to many copies or many copies to many copies
rather than one to one. This indicates that human or
mouse genes are frequently duplicated after the separa-
tion of the two species. Figure 3a also indicates that the
number of OR genes in a mouse cluster is usually larger
than that in the corresponding human cluster, as

expected from the OR gene repertoire, which is larger in
mice than in humans. Therefore, it appears that the
difference in OR gene numbers between the two species
was generated primarily by tandem gene duplications
within each genomic cluster.

Evolutionary changes in the number of OR genes
in the human and mouse lineages

Gilad et al. (2004) reported that the fraction of OR
pseudogenes is significantly higher in humans, apes,
and Old World monkeys (OWMs) than in most New
World monkeys (NWMs) or mice. From this obser-
vation, they suggested that a large fraction of pseud-
ogenes in higher primates is caused by the acquisition
of a full trichromatic vision. Their reasoning was that
since full trichromatic vision helps higher primates to

Fig. 2 a Neighbor-joining (NJ) phylogenetic tree of 388 human
functional OR genes constructed by using Poisson correction
distances (Nei and Kumar 2000) for all pairs of genes. b Arrange-
ment of OR genes in three genomic clusters. The position of each
OR gene is shown by a vertical bar above or below a horizontal line,

the latter indicating the opposite transcriptional direction to the
former. The phylogenetic clades are defined by the tree in a. A
pseudogene is represented by a shorter bar. X indicates an
unclassified gene. Modified from Niimura and Nei (2003)
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Fig. 3 a Orthologous relationships of OR genes between mouse
(Mm) and human (Hs) genomic clusters. Long and short vertical
bars show the locations of functional and nonfunctional OR genes
respectively. A vertical bar above a horizontal line indicates the
opposite transcriptional direction to that below a horizontal line.
Different colors represent different phylogenetic clades. Unclassi-
fied class II OR genes are shown in black. Red and blue lines
connecting mouse and human OR genes represent orthologous
gene pairs. Red lines indicate that transcriptional directions of
orthologous genes are conserved between mice and humans,
whereas blue lines indicate that they are inverted. b Evolutionary
changes in the numbers of OR genes in the human lineage (right)
and in the mouse lineage (left). Right: it was estimated that 691

functional genes in the most recent common ancestor (MRCA; red )
have generated 1,037 functional genes (orange) and 267 pseudog-
enes out of 354 (green) in mice. The other 87 pseudogenes in mice
were estimated to have originated from 63 functional genes in the
MRCA (blue). From these numbers, the number of functional
genes in the MRCA is estimated to be 754. Left: it was estimated
that 326 functional genes in the MRCA (red) have generated 388
functional genes and 193 pseudogenes in humans. Out of the 428
functional genes in the MRCA that were inactivated in the human
lineage, 179 genes were estimated to have become 221 pseudogenes.
The other 249 genes appear to have been eliminated from the
genome. Modified from Niimura and Nei (2005b)
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find food, mates, territory, etc., there is no strong
demand for olfaction and consequently many func-
tional OR genes have become inactivated. Therefore,
the smaller number of functional OR genes in humans
than in mice can be explained by the hypothesis that
the number of OR genes has decreased in the human
lineage. However, it can also be explained by the
hypothesis that the number of OR genes has increased
in the rodent lineage because rodents probably need a
higher level of olfaction to survive in heterogeneous
environments.

Which hypothesis is more likely to be correct, the first
or the second? To gain some insight into this question, we
have developed a method to estimate the number of
functional OR genes in the MRCA between humans and
mice (Niimura and Nei 2005b). We first constructed a
phylogenetic tree for all the functional genes from hu-
mans and mice. We then constructed a linearized tree
(Nei and Kumar 2000) and counted the number of gene
duplications that occurred in either human or mouse
lineage after the human–mouse divergence. In this way,
we estimated that the human and mouse lineages ac-
quired about 60 and 350 new OR genes after the diver-
gence respectively. We also estimated that the numbers of
functional genes in the MRCA that were inactivated in
the human and mouse lineage were about 430 and 60
respectively (see Niimura and Nei 2005b for details).
From these numbers, the number of functional genes in
the MRCA was calculated to be 754 (Fig. 3b). This
number is close to the mean of the numbers of functional
genes in current humans and mice. Therefore, it appears
that the gene loss in the human lineage and the gene gain
in the mouse lineage have nearly equally contributed to

the generation of the difference in the number of OR
genes between the two species. This result suggests that
both of the above hypotheses are partially correct.

However, it is interesting to note that dogs, which are
believed to have a good sense of smell, have a smaller
number of functional OR genes than mice or rats
(Table 1). This suggests that there are factors determin-
ing the ability of olfaction other than the number of OR
genes. In fact, the relationship between the number of OR
genes and the sense of smell may not be straightforward.
Several studies have suggested that humans have an equal
or even better sense of smell for detecting some odors
than rats or dogs (Laska et al. 2000; Shepherd 2004),
though rats and dogs have about 1,200 (Quignon et al.
2005) and 900 functional OR genes (Quignon et al. 2003,
2005; Olender et al. 2004) respectively (Table 1). Shep-
herd (2004) pointed out that many different regions in the
brain are actually involved in olfactory perception. For
this reason, he hypothesized that higher brain mecha-
nisms such as good memory may give humans better
olfactory ability than expected from the small number of
genes, particularly in detecting fine differences in food
flavors. Nevertheless, the number of OR genes should be
an important factor for determining the sense of smell.
We therefore consider this factor only in this paper.

Evolutionary dynamics of OR genes in vertebrates

OR genes in different vertebrate species

Olfactory receptor genes are present in all vertebrate
species (Table 2). Fishes recognize water-soluble

Table 1 Numbers of functional genes and pseudogenes for olfactory and other chemosensory receptor genes in vertebrate species. ND not
determined

OR V1R V2R T1R T2R

Human 388 (414)a 2 (115)f 0i 3l 25 (11)l

Mouse 1,037 (354)b 165 (165)f 61 (148)j 3l 35 (6)l

Rat 1,201 (292)c 106 (110)f 57 (111)j 3l 37 (5)l

Dog 872 (222)c 8 (22)g ND 3l 15 (5)l

Cow ND 32 (41)g ND ND 12 (15)l

Opossum ND 49 (53)g ND 3l 26 (5)l

Chicken 82 (476d)e ND ND 2l 3 (0)l

Frog 410 (478d)e ND ND 0l 49 (12)l

Pufferfish 44 (54d)e 1h ND 4l 4 (0)l

Zebrafish 102 (35d)e 1h 70 (18)k 1l 4 (0)l

Number of pseudogenes is shown in parentheses. If the number of pseudogenes has not been determined, it is not shown
aFrom Niimura and Nei (2003)
bFrom Niimura and Nei (2005a)
cFrom Quignon et al. (2005)
dBecause the draft genome sequence used for the analysis contained many short fragments, this number may include a considerable
number of partial sequences of functional genes
eFrom Niimura and Nei (2005c)
fFrom Young et al. (2005)
gFrom Grus et al. (2005)
hFrom Pfister and Rodriguez (2005)
iFrom Bjarnadottir et al. (2005)
jFrom Yang et al. (2005)
kFrom Hashiguchi and Nishida (2005)
lFrom Shi and Zhang (2006)
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odorants such as amino acids, bile acids, sex steroids, and
prostaglandins. Ngai et al. (1993) reported that the OR
gene family in fishes is much smaller than that in mam-
mals and estimated the number of OR genes in fishes to
be about 100. Later on, several OR genes have been
identified from lampreys, one of the most primitive ver-
tebrate species (Berghard and Dryer 1998; Freitag et al.
1999). Lampreys possess two different groups of genes
for odor detection. One group of genes are members of
the vertebrate OR multigene family, whereas the other
group of genes shows a higher similarity to amine
receptors than to OR genes in jawed vertebrates.
Therefore, it has been speculated that the latter group of
genes have acquired the ability of detecting odors inde-
pendently in the lamprey lineage and that their ligands
might be lamprey-specific odors such as bile acids re-
leased from ammocoete larvae (Dryer 2000). For this
reason, the latter group of lamprey OR genes were not
included in our phylogenetic analysis (Fig. 4a). Recently,
Satoh (2005) has identified a putative GPCR gene as
having significant similarity to known vertebrate OR
genes from amphioxus, the closest relative to vertebrates.
However, it appears that Ciona intestinalis, a basal
chordate, does not have any genes that are orthologous
to vertebrate ORs (Satoh 2005), though its whole genome
draft sequence is known (Dehal et al. 2002).

Here we should note that insects also have genes called
‘‘olfactory receptors’’ or ‘‘ORs’’. Their function is similar
to that of vertebrate OR genes and they are also GPCRs
with seven transmembrane regions (for reviews, see
Matsunami and Amrein 2003; Dahanukar et al. 2005).
However, insect OR genes do not show any significant
sequence similarity to vertebrate OR genes and they have
introns in the coding regions unlike vertebrate ORs.
Moreover, they are not evolutionarily related to
vomeronasal or taste receptor genes in vertebrates (see
below). In this review, we would like to confine our con-
sideration only to vertebrate chemosensory receptor
genes.

Evolution of vertebrate OR genes

In order to examine the long-term evolution of verte-
brate OR multigene families, we conducted an extensive
homology search for OR genes against the draft genome
sequences of zebrafish, pufferfish, western clawed frogs
(Xenopus tropicalis), and chickens (Niimura and Nei
2005c). Table 1 summarizes the numbers of OR genes
(or OR-like genes; see below) identified from these and
some other species. Note that the numbers of functional
genes represent the lower bounds, because genome
sequencing for some species is still incomplete. For
example, the chicken genome sequence used for this
analysis (version 2) contained many short contigs that
are a few kilobases long, and thus the number shown in
parentheses (476) is thought to include a considerable
number of partial sequences of functional OR genes. For
this reason, we cannot directly compare the fractions of
OR pseudogenes among the species in Table 1.

We constructed an NJ phylogenetic tree for all the
functional genes from the four species mentioned above
and humans. The result showed that about 90% of frog
and chicken genes form a tight phylogenetic clade with
human class II genes. We called the genes belonging to
this clade the group c genes (see below). To examine the
evolutionary relationships among vertebrate OR genes
in more detail, we then constructed a phylogenetic tree
using all the non-group c genes and only four repre-
sentative group c genes to reduce the size of the tree. The
result (Fig. 4a) suggested that the vertebrate OR genes
can be classified into two groups; types 1 and 2 genes.
The clade of type 1 genes contained lamprey genes,
suggesting that the divergence between types 1 and 2
genes predates the divergence between jawed vertebrates
and jawless vertebrates. Figure 4a also indicates that the
MRCA between fishes and tetrapods had at least nine
ancestral OR genes and that all OR genes identified were
classified into nine groups (a�j) each of which origi-
nated from one ancestral gene. For example, the group e

Table 2 Numbers of functional OR genes belonging to different groups in six vertebrate species. A airborne odorants, W water-soluble
odorants

Type Groupa Zebrafish Pufferfish Frog Chicken Mouse Human Putative ligand

1 a (I) 0 (0) 0 (0) 2 (0) 9 (11) 112b (11) 57 (15) A
b (I) 1 (1) 1 (2) 5 (1) 0 (0) 3b(0) 0 (0) ?
c (II) 1 (1) 0 (0) 370 (90) 72 (88) 922 (89) 331 (85) A
d (I) 44 (43) 28 (64) 22 (5) 0 (0) 0 (0) 0 (0) W
e (I) 11 (11) 2 (5) 6 (1) 0 (0) 0 (0) 0 (0) W
f (I) 27 (26) 6 (14) 0 (0) 0 (0) 0 (0) 0 (0) W

2 g 16 (16) 5 (11) 3 (1) 0 (0) 0 (0) 0 (0) W
h 1 (1) 1 (2) 1 (0) 1 (1) 0 (0) 1?c (0) ?
j 1 (1) 1 (2) 1 (0) 0 (0) >1c (0) 0 (0) ?
Total 102 (100) 44 (100) 410 (100) 82 (100) 1,037 (100) 388 (100)

Numbers in parentheses represent the percentage of the genes belonging to each group
a(I) and (II) indicate class I and class II genes respectively
bThese numbers are different from Niimura and Nei (2005c), because we have recently found that three class I genes in mice should be
classified into group b rather than group a
cWe have recently found that humans and mice have some group h or j genes that were not described in Niimura and Nei (2005c). They
were not included in the total number of OR genes in humans or mice. These genes will be described in detail elsewhere
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clade was supported by a high bootstrap value (99%)
and consisted of two subclades, the tetrapod-specific
subclade and the fish-specific subclade. This indicates
that the MRCA between fishes and tetrapods is likely to
have had one ancestral group e gene. The group a clade
was specific to tetrapods. However, clade b, the sister

clade of clade a, contained both tetrapod and fish genes,
implying that the divergence between clade a and clade b
occurred before the divergence between fishes and tet-
rapods. Therefore, the MRCA between fishes and tet-
rapods should have had at least one ancestral group a
gene. Group a genes were not observed from the fish

Fig. 4 a Condensed phylogenetic tree (Nei and Kumar 2000) at the
70% bootstrap value level for 310 functional OR genes and two
outgroup non-OR G-protein coupled receptor (GPCR) genes
(bovine adenosine A1 receptor and rat a2B-adrenergic receptor).
This condensed tree was produced from the NJ tree by assuming
that all the interior branches showing <70% bootstrap values had
a branch length of 0. Note that this tree represents the topology
only and the branch lengths do not reflect their evolutionary
distances. Gray bars are fish genes from the species other than
zebrafish or pufferfish that are available from databases. Black and
white dots at nodes indicate the branches supported by >90% and
>80% bootstrap values respectively. b Evolutionary dynamics of
vertebrate OR genes. The MRCA between jawed and jawless
vertebrates and that between fishes and tetrapods were estimated to
have had at least two and nine OR genes respectively. Fishes

currently retain eight out of nine group genes that were present in
the MRCA between fishes and tetrapods, probably because their
environment has not changed substantially compared with that of
the MRCA. In the tetrapod lineage, group a and c genes seem to
have acquired the ability to detect airborne odorants at the time of
terrestrial adaptation. It appears that the importance of olfactory
information is greater in terrestrial organisms than in marine
organisms, and therefore the OR genes, especially group c genes,
have expanded enormously in the former. In mammals and birds,
the genes that are specific to water-soluble odorants have
apparently been eliminated from the genome because they are
useless for terrestrial life. On the other hand, amphibians still keep
the genes for water-soluble odorants, reflecting that they have
adapted to both aquatic and terrestrial environments. Modified
from Niimura and Nei (2005c)
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species examined, apparently because they were lost in
the fish lineage or because the availability of fish genome
sequence data is limited. Using this logic, we estimated
that the number of ancestral OR genes in the MRCA
was at least nine.

Table 2 showed the number of functional OR genes
belonging to each group. The results can be summarized
in the following way:

1. Eight out of the nine group genes were observed in
current fish species, while only two group (a and c)
genes were found from mammalian or avian genomes
with a few exceptions. Therefore, although the sizes
of these OR gene families in fishes are smaller than
those in mammals or birds, the diversity of the OR
gene family in fishes is much larger than that in
mammals or birds.

2. Group a and c genes, which are abundant in mam-
mals or birds, are virtually absent in fishes. On the
other hand, four major group (d, e, f, g) genes present
in fishes are completely absent in mammals or birds.

3. In mammals, birds, and frogs, about 90% of OR
genes belong to group c. At the same time, frogs have
group d, e, and g genes, which are abundant in fishes.
Therefore, the frog OR gene family has both mam-
mal-like and fish-like genes.

These observations suggest that group a and c genes
are specific for detecting airborne odorants, whereas
group d, e, f and g genes are for detecting water-soluble
odorants. The functions of group b, h, and j genes are
unclear at this stage. It is likely that group h and j genes
are not odorant receptors and have other functions,
because they are highly divergent from other docu-
mented OR genes, but are conserved from fishes to
mammals. Therefore, it would be appropriate to call
group h and j genes ‘‘OR-like’’ genes. These groups of
genes will be discussed in more detail elsewhere.

The evolutionary dynamics of vertebrate OR genes
that were inferred from the above observations are
presented in Fig. 4b. The difference in OR gene reper-
toire among vertebrate species is probably due to the
environmental changes that organisms have experienced
after the divergence between fishes and tetrapods. In the
tetrapod lineage, repeated gene duplications and massive
gene losses appear to have occurred to adapt in the
terrestrial environment, whereas the change in the OR
gene repertoire in the fish lineage seems to be small,
possibly because the environmental change has been
small in the fish lineage. These findings indicate that the
OR gene family is subject to an extreme form of birth-
and-death evolution (Nei et al. 1997 ; Nei and Rooney
2005 and the references therein).

Classification of vertebrate OR genes

As shown in Fig. 2a, mammalian OR genes are clearly
separated into two groups called class I and class II

genes (Glusman et al. 2000). Note that this class I/II
distinction is different from the type 1/type 2 distinction
mentioned above. Mammalian class I genes correspond
to our group a genes and a few group b genes (Table 2),
while class II genes are equivalent to our group c genes.
Therefore, both class I and class II genes belong to type
1 genes. Previously, it was generally believed that all
jawed vertebrate OR genes can be classified into class I
and class II genes and that all fish genes belong to class I
(Glusman et al. 2000). The distinction between class
I and class II genes was first proposed by Freitag et al.
(1995) on the basis of Xenopus laevis OR genes. X. laevis
has two anatomically different nasal cavities, water-filled
lateral diverticulum and air-filled medial diverticulum.
They found that class I genes were exclusively expressed
in the lateral diverticulum and were similar in amino
acid sequence to fish OR genes that were known at that
time, whereas class II genes were exclusively expressed in
the medial diverticulum and were similar to known
mammalian OR genes. For this reason, they called class
I and class II genes ‘‘fish-like’’ and ‘‘mammalian-like’’
OR genes respectively. In Freitag et al. (1998), they ex-
tended this view and proposed that fishes have only class
I genes, mammals have only class II genes, and
amphibians have both of them. For this reason, class I
genes were assumed to be specialized for water-soluble
odorants and class II genes were for airborne odorants.

Later Glusman et al. (2000) collected more than 800
OR genes from various species that were available in the
database and conducted a phylogenetic analysis. On the
basis of this analysis, they suggested that all vertebrate
OR genes were classified into class I and class II genes
with several unclassified genes and that all fish genes and
some non-fish genes including human genes were cate-
gorized into class I. However, their phylogenetic analysis
appears to be unreliable, because many partial sequences
were included and therefore the number of informative
sites used for phylogenetic analysis was small, and be-
cause the bootstrap value supporting the class I clade
was not shown. At this stage, a small number of mam-
malian class I genes were known, and they were assumed
to be evolutionary relics. However, Glusman et al.
(2001) found that the human genome sequences actually
contain more than 100 putatively functional class I
genes. Zhang and Firestein (2002) reached the same
conclusion for the mouse OR gene family. Because class
I genes were believed to be for water-soluble odorants,
the function of class I genes in mammals has become
enigmatic. However, this difficulty can be resolved if
mammalian class I genes are not ‘‘fish-like’’ genes. Our
results showed that mammalian class I genes are not
necessarily closely related to fish genes, and therefore the
division of vertebrate OR genes into class I (‘‘fish-like’’)
and class II (‘‘mammalian-like’’) genes should be aban-
doned. Yet, the classification of mammalian genes into
class I and class II genes is convenient and is well
established with a few exceptions (Table 2). Therefore,
we propose that this terminology should be used only
for mammalian genes.
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Evolution of other chemosensory receptor genes

Vomeronasal receptors

In addition to OR genes, four more GPCR gene families
are involved in vertebrate chemosensation: two families
of vomeronasal receptors (V1Rs and V2Rs) and two
families of taste receptors (T1Rs and T2Rs; Table 1). In
mice, V1Rs and V2Rs are expressed in the vomeronasal
organ (VNO), which is located at the base of the nasal
cavity and is separated from the MOEs expressing ORs
(reviewed by Dulac and Torello 2003; Brennan and
Keverne 2004; Mombaerts 2004b). Previously, the VNO
was regarded as an organ specialized for pheromone
detection. However, it now appears that the olfactory
and vomeronasal systems have some overlapping func-
tions (Baxi et al. 2006). Although the chemical structures
of insect pheromones have been well characterized, the
molecular identity of mammalian pheromones is still
poorly understood with a few exceptions (Dulac and
Torello 2003; Brennan and Keverne 2004; Stowers and
Marton 2005, and the references therein). Recently,
Kimoto et al. (2005) identified a sex pheromone in mice,
which is a male-specific peptide secreted from the eyes
and is encoded by a multigene family closely linked to
the major histocompatibility complex (MHC) class I
region.

The family of V1Rs were first identified in rats (Dulac
and Axel 1995). Like OR genes, they are GPCRs and do
not have introns in the coding regions. V2Rs were re-
ported in 1997 as the second GPCR family that is found
in the VNO (Herrada and Dulac 1997; Matsunami and
Buck 1997; Ryba and Tirindelli 1997). They have a large
N-terminal extracellular domain encoded by multiple
exons. Recently, it was reported that non-classical MHC
class I genes are co-expressed with specific V2Rs (Ishii
et al. 2003; Loconto et al. 2003). ORs, V1Rs, and V2Rs
show virtually no sequence similarity to one another
despite their similar tertiary structure.

The entire sets of V1R genes in humans, mice, and
rats have been identified by Rodriguez et al. (2002),
Grus and Zhang (2004), Zhang et al. (2004), Shi et al.
(2005), and Young et al. (2005; Table 1). Mice and rats
have more than 100 intact V1R genes. In contrast, only
two or five intact V1R genes were found from the human
genome sequence, though there are more than 100
pseudogenes (Rodriguez and Mombaerts 2002; Young
et al. 2005). Among them, at least one V1R gene is ex-
pressed at the mRNA level in the human olfactory
mucosa (Rodriguez et al. 2000). However, although the
VNO develops in the human fetus, it degenerates before
birth. Anatomical evidence suggests that any VNO-like
structures in human adults are vestigial (Trotier et al.
2000; Meredith 2001). Moreover, the gene encoding an
ion channel named TPR2 (Liman et al. 1999), which is
essential for VNO function in mice, is a pseudogene in
humans, apes, and OWMs (Zhang and Webb 2003; Li-
man and Innan 2003). Therefore, it appears that the

deterioration of the vomeronasal system occurred in
parallel to the inactivation of OR genes mentioned
above. Grus et al. (2005) and Young et al. (2005) re-
ported a dramatic variation in the number of V1R genes
among different mammalian orders. While rodents have
more than 100 functional genes, dogs have only eight
intact V1R genes, although they have a functional VNO
(Table 1). Fishes seems to have only one functional V1R
gene (see below).

Because of the complex structure of V2R genes, their
identification from the genomic sequences is more diffi-
cult than that for OR or V1R genes. More than 50 intact
V2R genes were identified from the mouse and rat ge-
nomes (Yang et al. 2005), whereas no intact V2R genes
were found from the human genome (Bjarnadottir et al.
2005) and all the V2R genes identified from goats were
pseudogenes (Wakabayashi et al. 2002). It is therefore
possible that the numbers of functional V2R genes in
non-rodent placental mammals are quite small.

Discrete VNOs do not exist in fishes. It is generally
believed that the first animals that had separate olfac-
tory and vomeronasal organs were early tetrapods
(Eisthen 2004; Baxi et al. 2006). However, V2R genes are
known to exist in goldfish (Cao et al. 1998) and puffer-
fish (Naito et al. 1998). V2R genes are actually expressed
in olfactory epithelia in fishes. Therefore, it might be
more appropriate to call them ‘‘V2R-like’’ genes.
Hashiguchi and Nishida (2005) identified 70 intact V2R
genes in the zebrafish genome. The presence of V2R
genes in X. laevis has also been reported, and they are
predominantly expressed in the VNO (Hagino-Yamag-
ishi et al. 2004). Recently, Pfister and Rodriguez (2005)
reported the existence of a single V1R gene in the ge-
nomes of several fish species. This V1R gene is expressed
in olfactory neurons.

Taste receptors

Mammals can perceive five major types of taste: sweet,
sour, bitter, salty, and umami (taste of L-glutamate). Of
these five modalities, salty and sour tastes are detected
by ion channels, whereas sweet, bitter, and umami
tastes are perceived by two distinct families of GPCR
genes: T1R and T2R genes (reviewed by Lindemann
2001; Montmayeur and Matsunami 2002; Mombaerts
2004b). T1Rs are associated with sweet and umami
tastes (Nelson et al. 2001, 2002; Li et al. 2002), and
T2Rs are for detecting bitter tastes (Adler et al. 2000;
Chandrashekar et al. 2000; Matsunami et al. 2000).
T1R and T2R genes exhibit no significant sequence
similarity to each other. Interestingly, however, T1Rs
and T2Rs are closely related to V2Rs and V1Rs
respectively. T1R genes contain multiple introns and
have long N-terminal domains like V2R genes, whereas
T2R genes are intronless like V1R or OR genes.
Mammals have only three T1R genes, which are named
T1R1, T1R2, and T1R3. They form heterodimers.
T1R1 and T1R3 are combined to function as an
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umami taste receptor. Interestingly, when T1R3 is
combined with T1R2, it functions as a sweet taste
receptor. In contrast to T1R genes, humans and mice
have about 30 T2R genes (Conte et al. 2003; Shi et al.
2003). This might be due to the importance of the
ability of bitter taste perception, which enables animals
to avoid ingesting potentially toxic and harmful sub-
stances. As shown in Table 1, the number of T1R
genes repertoire is virtually the same for all mammals,
whereas the number of T2R genes shows a large vari-
ation (Shi and Zhang 2006). Wang et al. (2004) and Go
et al. (2005) suggested that the selective constraint for
T2R genes has been relaxed in humans in comparison
with those in non-human primates or rodents. There-
fore, it appears that the capability of all the three
chemosensory systems involved in olfactory, phero-
mone, and taste perception has declined in the human
lineage in comparison with other mammals. Chickens
and fishes also tend to have a smaller number of genes
in the three chemosensory systems. These species are
known to have generally small-sized multigene families.

Conclusions

In this paper we examined the pattern of evolutionary
change of OR genes, which form a large gene family
composed of about 1,000 genes in mammals. In hu-
mans and mice these genes are located in almost all
chromosomes. Comparison of the human and mouse
OR genes indicated that the increase in gene number in
this gene family occurred primarily by tandem gene
duplications, and these genes were dispersed on differ-
ent chromosomal locations by chromosomal translo-
cation or rearrangement. The number of genes in this
family expanded enormously from a small number in
fishes to a large number in mammals. However, most
mammals have many pseudogenes, the proportion of
pseudogenes being as high as 52% in humans. Phylo-
genetic analysis of these genes suggested that this gene
family has been subjected to an extreme form of birth-
and-death evolution (Nei et al. 1997; Nei and Rooney
2005). The expansion and contraction of the gene
family can be explained by natural selection due to
environmental changes, but some parts of the changes
seem to be fortuitous. We also examined the evolu-
tionary dynamics of gene families for pheromone and
taste receptors. Some of the gene families showed an
evolutionary pattern similar to that of OR genes, but in
other gene families almost the same number of genes
was maintained for the entire evolutionary process
from fishes to mammals. At the present time, however,
the number of species studied is too small to draw a
general conclusion.
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selection on the olfactory receptor gene family in humans and
chimpanzees. Am J Hum Genet 73:489–501

Gilad Y, Wiebe V, Przeworski M, Lancet D, Pääbo S (2004) Loss
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