Chemosensation
The sense of smell and taste.

Multigene family

A group of genes that have
descended from a common
ancestor, and therefore have
similar functions and similar
DNA sequences.
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The evolution of animal chemosensory
receptor gene repertoires: roles of
chance and necessity

In animals, chemosensory receptors (CRs) are used to
find food, detect mates and offspring, recognize territo-
ries and avoid danger. Animal genomes contain a large
number of CR genes that allow these species to distin-
guish between a myriad of odour and taste chemicals.
Recent publications of the whole genome sequences
of various organisms have made it possible to identify
all of the CR genes'™ and study their evolution. These
studies have revealed that the numbers of these genes
are very large and vary enormously among different
species and that each genome contains a surprisingly
large number of CR pseudogenes. There are also sig-
nificant numbers of copy-number variations in the CR
genes within species. To explain these new findings,
various evolutionary theories have been proposed**.
Some interspecific variations in copy number can
readily be explained by the adaptation of organisms to
different environments, but adaptation theory does not
necessarily account for other aspects of changes, such
as dramatic increases in the number of pseudogenes, or
extensive gains and losses of genes during evolutionary
processes. It is a challenge to develop a comprehensive
theory that explains both interspecific and intraspecific
variation in gene copy numbers in various groups of
animals, particularly because only a limited number
of species have been studied and our understanding of the
biochemical basis of chemosensation is incomplete. Here,
we provide an overview of the general features of the
evolution of CR genes that have emerged from studies in
recent years.

Masatoshi Nei*, Yoshihito Niimura* and Masafumi Nozawa *

Abstract | Chemosensory receptors are essential for the survival of organisms that range from
bacteria to mammals. Recent studies have shown that the numbers of functional
chemosensory receptor genes and pseudogenes vary enormously among the genomes of
different animal species. Although much of the variation can be explained by the adaptation
of organisms to different environments, it has become clear that a substantial portion is
generated by genomic drift, arandom process of gene duplication and deletion. Genomic
drift also generates a substantial amount of copy-number variation in chemosensory
receptor genes within species. It seems that mutation by gene duplication and inactivation
has important roles in both the adaptive and non-adaptive evolution of chemosensation.

Receptor gene families and their functions
Vertebrate chemosensory receptors. The vertebrate CRs
are encoded by six different multigene families: olfac-
tory receptor (OR)’, trace amine-associated receptor
(TAAR)", vomeronasal receptor type 1 and 2 (VIR"
and V2R'>"?), and taste receptor type 1 and 2 (T1R'" and
T2R"™') genes. The OR, TAAR, VIR and V2R genes
encode olfactory or pheromone receptors, whereas the T1R
and T2R genes encode taste receptors (TRs). All of the
proteins encoded by the CR genes are G protein-coupled
receptors (GPCRs) that have seven transmembrane
a-helical regions (FIC. 1).

OR genes are predominantly expressed in sensory
neurons of the main olfactory epithelium (MOE) in the
nasal cavity. Mammals detect many types of chemicals in
the air and some in the water as odorants, whereas fishes
recognize water-soluble molecules, such as amino acids,
bile acids, sex steroids and prostaglandins. Some mam-
malian OR genes are known to be expressed in other
tissues, including the testis, tongue, brain and placenta.
However, the functional significance of such ‘ectopic
expression” of OR genes is not definitively known. TAARs
are also expressed in the MOE. These receptors were first
identified as brain receptors for the trace amines, a col-
lection of amines that are present at low concentrations
in the central nervous system'®. TAARs were originally
suspected to be involved in psychiatric disorders" but
are now known to function as a second class of olfac-
tory receptors'’. Some mouse TAARs recognize volatile
amines that are present in urine, and it seems that the
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Pheromone

A chemical substance that is
released and detected by
different individuals of the
same species, and triggers
physiological and behavioural
responses.

Main olfactory epithelium
A specialized epithelial tissue
in the nasal cavity in which
olfactory receptor genes are
expressed.

Ectopic expression

The expression of a gene in
tissues other than the tissue in
which it is normally expressed.

Vomeronasal organ

An auxiliary olfactory organ
that is found in many
mammals, reptiles and
amphibians.

Proboscis

The tubular organ in insects
that is used for feeding and
sucking.
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Figure 1| Chemosensory receptors and their genes. Typical membrane topologies of chemosensory receptors,
showing the orientation of the carboxyl terminus and the amino terminus, and the exon—-intron structures of their genes.
GR, gustatory receptor; OR, olfactory receptor; T1R, taste receptor type 1; T2R, taste receptor type 2; TAAR, trace
amine-associated receptor; V1R, vomeronasal receptor type 1; V2R, vomeronasal receptor type 2.

TAARs function to detect ligands associated with social
cues'®. TAARs share sequence similarity with ORs, and
both OR and TAAR genes lack introns in their coding
regions (FIG. 1).

Most mammals possess an additional olfactory organ
called the vomeronasal organ (VNO). The VNO is located
in a region that is proximal to the vomer bone in the nasal
cavity, and is distinct from the MOE, in which most of
the OR genes are expressed. Mammalian vomeronasal
receptor (VR) neurons express members of one of the two
families of chemosensory receptors, V1Rs'! and V2Rs'>*,
which are thought to be responsible for the detection of
pheromones (see REFS 20,21 for reviews). The VNO was
previously thought to be a specialized organ for pherom-
one detection, but it is now known that the VNO and
MOE share some overlapping functions®. Like the OR
genes, V1R genes have no introns, whereas the V2R genes
are interrupted by introns and the V2Rs are characterized
by a long extracellular amino-terminal tail (FIG. 1).

Two types of taste receptors, the T1Rs and T2Rs, are
expressed in the taste buds of the tongue. There are five
types of taste: sweet, sour, bitter, salt and umami (which
means delicious in Japanese and corresponds to the taste
of L-glutamate®). Of these five types of taste, salt and
sour are detected by ion channels. By contrast, sweet and
umami tastes are detected by T1Rs'", and bitterness is rec-
ognized by T2Rs'>'® (see REFS 24,25 for reviews). In gen-
eral, mammals have only three T1R genes (I'1RI, TIR2
and T1R3). T1R2 and T1R3 form a heterodimer that
functions as a sweet receptor that responds to a range of
sweet substances, whereas the TIR1-T1R3 heterodimer
acts as a umami receptor. T1Rs and T2Rs share signifi-
cant sequence similarity with V2Rs and V1Rs, respec-
tively (FIC. 1), whereas the ORs and TAARs, V1Rs and
T2Rs, and V2Rs and T1Rs share almost no sequence
similarity, despite their similar molecular structures.

Insect chemosensory receptors. Insects have only two dif-
ferent multigene families for CRs: ORs***” and gustatory
receptors (GRs)? (see REFS 29,30 for reviews). Insect OR

and GR genes are distantly related and constitute a large
superfamily of insect CR genes®. In Drosophila spp., the
olfactory organs consist of the antenna and the maxil-
lary palp on the head, whereas the gustatory organs are
distributed on the entire body, including the proboscis,
wings and legs®. ORs and GRs are primarily responsi-
ble for detecting odorants and tastants, respectively, but
recent studies have suggested that some GRs recognize
carbon dioxide* and pheromones®. There are common
neuroanatomical features between the insect and ver-
tebrate olfactory systems, but insect and vertebrate CR
genes are strikingly different and share no sequence simi-
larity®. Insect CRs have a seven-transmembrane region
similar to vertebrate CRs, but their membrane topology is
inverted compared with that of classic GPCRs, such that
the N-terminal tail of the insect CR is found in the intra-
cellular region* (FIG. 1). Furthermore, insect ORs function
as heterodimers. The active receptor complex is formed
by the heterodimerization of a member of the OR family
with the ubiquitously expressed receptor Or83b*.

Evolution of vertebrate receptors

OR genes. FIGURE 2a shows the numbers of functional
genes and pseudogenes for CRs in various vertebrate
species. All of the tetrapod animals that have been exam-
ined so far (including mammals, birds and amphibians)
have 400-2,100 OR genes, but 20-50% of these are pseu-
dogenes. These numbers are small compared with the
number of potential odorants. However, ORs are known
to detect odorants in a combinatorial manner?. Thus,
a single OR may detect multiple odorants and a single
odorant may be detected by multiple ORs. Therefore,
millions of different odorants may be detected by a
limited number of OR genes. There are a large number
of OR subfamilies, which are loosely related to differ-
ent types of odorants®, but the detailed relationships
between receptors and odorants remain unclear. In
each species, the OR genes are distributed throughout
the genome but usually exist as clusters of closely related
genes® (FIC. 3).
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Figure 2 | Numbers of chemosensory receptor genes in vertebrates and insects. The red and blue bars represent
the numbers of functional (intact) genes and pseudogenes (disrupted genes), respectively. Truncated genes, which
are sequences that have a coding region without disruptive mutations but are apparently truncated owing to
incomplete sequence assembly, are provisionally counted as functional genes. The numbers next to each bar represent
the number of functional genes and the number of pseudogenes, which is shown in parentheses. A question mark
indicates that data are unavailable. In part a, the OR data are from REFS 39,44,50 and Y.N. (unpublished observations),
the TAAR data are from REFS 65,68,135 and M.N. (unpublished observations), the V1R data are from REFS 67,68,75, the
V2R data are from REFS 68,69,75, the T1R data are from REF. 78 and Y. Go (personal communication), and the T2R data
are from REF. 78 and Y. Go (personal communication). In part b, the Drosophila data are from REFS 81,85,136, the malaria
mosquito data are from REFS 137,138, the yellow-fever mosquito data are from REFS 138,139, the silkworm data are
from REF. 140, the red flour beetle data are from REFS 83,84 and the honeybee data are from REF. 82. The Drosophila spp.
and mosquitoes belong to the order Diptera, and the remaining three species (silkworm, red flour beetle and honeybee)
belong to different orders (Lepidoptera, Coleoptera and Hymenoptera, respectively). The Xenopus species referred to is
the Western clawed frog, Xenopus tropicalis. GR, gustatory receptor; MYA, million years ago; OR, olfactory receptor; T1R,
taste receptor type 1; T2R, taste receptor type 2; TAAR, trace amine-associated receptor; V1R, vomeronasal receptor
type 1; V2R, vomeronasal receptor type 2.
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< Figure 3 | Distribution of chemosensory receptor genes in the human genome.
a | The vertical bars above and below the chromosomes represent the locations of
functional genes and pseudogenes, respectively. The height of each bar indicates the
number of genes present in a non-overlapping 1 Mb window. b | The gene content of
the OR gene cluster indicated by the arrow in part a. The diagram (left) represents a
0.6 Mb region on chromosome 3. ¥ indicates a pseudogene. All of the OR genes are
encoded on the same strand. The phylogenetic tree for the genes of this cluster (right)
shows that the genes that are closely located to each other on a chromosome tend to
be closely related evolutionarily. A human class | OR gene, HsOR11.3.2, was used as
the out-group®. OR, olfactory receptor; T1R, taste receptor type 1; T2R, taste
receptor type 2; TAAR, trace amine-associated receptor; V1R, vomeronasal receptor
type 1; V2R, vomeronasal receptor type 2. Part b is modified, with permission, from
REF. 29 © (2003) National Academy of Sciences.

Non-synonymous nucleotide
substitution

Anucleotide substitution that
results in a change of an amino
acid within the coding region of
agene.

Synonymous nucleotide
substitution

A nucleotide substitution that
does not change an amino acid
in the coding region of a gene.

Electroreception
The ability of an animal to
perceive electrical pulses.

Mechanoreception

The ability of an animal to
detect certain kinds of stimuli,
such as touch, sound and
changes in atmospheric
pressure or posture in its
environment.

Toothed whales

A suborder of cetaceans that
have teeth rather than baleens
(plates of whalebone). Toothed
whales include dolphins,
sperm whales, beaked whales
and killer whales.

Echolocation

A biological sonar mechanism
used by several mammals,
such as whales and bats.

A high-pitched sound (usually
clicks) is sent out by an animal,
the sound bounces off an
object and some of the sound
returns to the animal. Whales
perceive this returning echo to
determine the shape,
direction, distance and texture
of the object.

OR genes are present in all vertebrate species. Several
OR genes were identified in the lamprey, a primitive
jawless vertebrate'**. Fishes have approximately 100 OR
genes, but this number is much smaller than the number
of OR genes present in mammals (FIG. 2a). Phylogenetic
analysis has shown that vertebrate OR genes can be class-
ified into at least nine groups (o, B, ¥, 3, €, §, 1, 6 and
K), each of which originated from one or a few ancestral
genes in the most recent common ancestor (MRCA) of
fishes and tetrapods® (FIC. 4a). Interestingly, there was
an enormous expansion in the number of genes in the
o and y groups in tetrapods, and these genes are often
called the class I and II OR genes, respectively*.. By
contrast, the remaining groups of OR genes are present
primarily in the fish and amphibian genomes. This
observation suggests that the o and y group genes func-
tion mostly to detect airborne odorants, and that the
primary function of the remaining groups is to detect
water-soluble odorants. It seems that the expansion of
the group o and y OR genes played important parts
in the evolution of the teleost fishes into land verte-
brates. Therefore, if we know the function of the groups
of genes that expanded or contracted during the evo-
lutionary process, it is easier to identify their adaptive
significance.

However, it is not a simple task to uncover general
principles of the evolution of OR genes that are appli-
cable to a wide range of organisms. Primate species
(human, chimpanzee and macaque) generally have
a smaller number of OR genes than rodents, but the
proportion of pseudogenes is higher in primates than
in rodents (FIC. 2a). For example, mice have approxi-
mately 600 more genes than humans but have a much
lower proportion of pseudogenes (approximately 24%
compared with 52%)**2. Why does this conspicuous
difference in the proportion of pseudogenes in rodents
and primates exist? A popular explanation is that homi-
noids and Old World monkeys are equipped with a
complete trichromatic colour-vision system, and there-
fore the requirement for olfaction declined, which has
resulted in a higher proportion of OR pseudogenes in
hominoids and Old World monkeys (the vision-priority
hypothesis)®. However, if we consider all of the placental
mammals, this hypothesis does not hold, because the
cow has dichromatic vision but still has a high propor-
tion of pseudogenes (46%). Of course, one can argue that
the proportion of pseudogenes is unimportant to test the
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vision-priority hypothesis, because the important issue
is whether functional genes become pseudogenes with
improved colour vision. If we accept this view and only
consider the number of functional genes, the vision-
priority hypothesis holds, because all three primate
species have a substantially lower number of functional
genes compared with other placental mammals.

The vision-priority hypothesis can be tested in
another way by examining the extent of purifying selec-
tion in OR genes. Purifying selection is implied when the
ratio (w) of the number of non-synonymous nucleotide sub-
stitutions per non-synonymous site (d,) to the number of
synonymous nucleotide substitutions per synonymous site
(ds) is smaller than 1 (REF. 43). When we compared 490
orthologous OR genes between mice and rats, the aver-
age value was 0.19 (M.N., unpublished observations),
whereas the same ratio for 257 orthologous OR genes
between humans and chimpanzees was 0.94 (REF. 44).
Therefore, purifying selection has apparently been
relaxed in humans and chimpanzees. This observation
supports the vision-priority hypothesis. It is theoreti-
cally possible that the larger primate value of w is partly
due to the difference in the effective population sizes of
primates and rodents*. However, the difference between
0.19 and 0.94 (P < 3 x 10°°) seems too high to be due to
this factor alone.

It is also interesting that both chickens and Xenopus
spp. have excellent colour vision although the underly-
ing genetic mechanism is different from that present in
primates®. Although the quality of the genome sequence
obtained from these species is currently low, the propor-
tion of pseudogenes is also low (31% for chicken and
37% for Xenopus spp.; Y.N., unpublished observations).
Both these observations and the presence of a well-
developed olfactory system in birds* are not consistent
with the vision-priority hypothesis. However, because
there are major differences in the anatomy, physiology
and lifestyle of chickens, Xenopus spp. and primates, it
is unclear whether this type of study is meaningful. An
alternative hypothesis called the brain-function hypoth-
esis could explain the reduced number of OR genes in
primates*®*. According to this hypothesis, higher brain
function (such as good memory in primates) confers a
greater olfactory ability than would be expected from
the small number of OR genes. This hypothesis is
attractive, but difficult to test.

The platypus also has a smaller number of func-
tional OR genes and a larger fraction of pseudogenes
(approximately 52%) than other mammals (FIC. 2a) but
this observation can be explained in the following way*.
Platypuses are semi-aquatic animals and have evolved
from a land animal with OR genes that are primarily
used to detect airborne odorants. They have a special
sense in their bills, which combines electroreception and
mechanoreception®’. Platypuses can find prey with their
eyes, ears and nostrils closed®, and therefore many OR
genes that were primarily used for airborne odorants
may have become pseudogenes. The evolution of the
platypus olfactory system is similar to that of toothed
whales (including dolphins), in which the olfactory
system deteriorated considerably when the echolocation
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Figure 4 | Evolutionary dynamics of olfactory receptor genes. a | A phylogenetic tree of olfactory receptor (OR)
genes from five vertebrate species. The genes that belong to different groups are represented by different coloured
triangles. The size of each triangle is approximately proportional to the number of OR genes from each species.

The colours that are obscured at the top of a triangle indicate that some gene duplications occurred before the
divergence of the species. The root of the tree was determined using non-OR G protein-coupled receptor (GPCR)
genes as the out-group. The a and y group genes are proposed to primarily detect airborne odorants because they
exist in tetrapods, whereas the 9, €, { and 1| group genes that exist in fishes and Xenopus spp. appear to primarily
detect water-soluble odorants. The functions of the group 8, 6 and k genes are unclear. b | Evolutionary change of the
number of OR genes in mammals. The numbers in rectangles represent the numbers of functional OR genes in the
extant or ancestral species. The numbers with plus and minus signs indicate the numbers of gene gains and losses,
respectively, for each branch. ¢ | Evolutionary change of the number of OR genes in Drosophila spp. Truncated genes
are excluded from the analysis in parts b and c. MYA, million years ago. Part b is modified from REF. 50. Part c is
modified, with permission, from REF. 85 © (2007) National Academy of Sciences.

system evolved to allow adaptation to full aquatic
life>>. Recent studies have shown that the proportion
of pseudogenes in toothed whales is high (more than
75%), although only a small number of genes have been
examined® .

Nevertheless, the proportion of pseudogenes is not
always a good criterion for the study of the evolution of
OR genes. Theoretically, the number of pseudogenes
can rapidly increase through duplication because they
are essentially neutral®*”’, but pseudogene copies should
eventually become deleted or unidentifiable because of
mutations. Furthermore, because functional genes are
more important for adaptation, they should be retained
in the genome longer than pseudogenes. However, the
evolutionary changes that occur in functional OR genes
or pseudogenes seem to be more complicated. Zhang
et al.*® recently reported that 67% of human OR pseu-
dogenes and 80% of intact OR genes are expressed in

the MOE. Some RNAs that are transcribed from pseu-
dogenes have regulatory roles in gene expression®-*'. In
these cases, there is an unclear boundary between the
definition of the intact genes and pseudogenes, and if
transcripts from OR pseudogenes can also participate in
regulation, we will need to study both intact OR genes
and pseudogenes more carefully using gene-expression
experiments. The human OR gene ORIE3 (OR17-
210), which was originally identified as a pseudogene
owing to a two-nucleotide frameshift, was later found
to be functional®. The presence of an initiation codon
downstream of the frameshift mutation site allowed
the ORIE3 gene to encode a new protein sequence and
acquire a function. The OR encoded by ORIE3 lacks the
first two transmembrane domains but contains a new
domain at the carboxyl terminus. Because there are a
large number of OR genes, there may be many other
pseudogenes that have a function.

956 | DECEMBER 2008 | VOLUME 9

www.nature.com/reviews/genetics

© 2008 Macmillan Publishers Limited. All rights reserved


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=8389&ordinalpos=36&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum

So far, we have only discussed the evolutionary change
in gene copy number in the genome. In practice, it is
important to identify the amino-acid changes that alter
the function of OR genes, but this is a difficult problem to
resolve because there are many gene copies and olfaction
is determined in a combinatorial manner, as mentioned
earlier. We discuss this complex problem for OR and
other CR genes in a later section.

TAAR genes. The number of TAAR genes is generally
smaller than the number of OR genes, except in zebrafish,
and consequently the interspecific variation in TAAR
gene copy number is also smaller than in OR genes
(FIG. 2a). The reason for this low level of variation has
not been well studied. However, gene families that have
a low copy number throughout vertebrate species are
expected to have some important biochemical function
and to evolve slowly because of functional constraints.
Indeed, in tetrapods, TAAR genes seem to be evolving
at a slower rate in terms of amino-acid substitution
compared with OR genes®. If TAAR genes are evolving
more slowly, the degree of interspecific variation in these
genes is expected to be small. However, the number of
TAAR genes is unusually large in zebrafish®®. A large
number of TAAR genes have also been observed in sev-
eral other teleost fishes, such as stickleback (64 genes)
and medaka (32 genes)®. In these species, the copy
number of a specific group of TAAR genes seems to have
increased rapidly by tandem duplication®. However, the
reason for the emergence of this group of genes is
unclear.

VR genes. The numbers of VIR and V2R genes also vary
extensively among mammalian orders®* (FIC. 2a). Even
if we consider only functional genes, the number of VIR
genes varies from 0 (chimpanzee) to 270 (platypus),
and the number of V2R genes varies from 0 (human,
chimpanzee, macaque, dog and cow) to 121 (mouse).
There is no clear relationship between the numbers of
VIR and V2R genes. The numbers of VIR and V2R
genes also do not seem to be correlated to the number
of OR genes. The proportion of pseudogenes in the
genome varies extensively, as for OR genes. In homi-
noids and Old World monkeys, the high proportion of
VIR pseudogenes was initially thought to be related to
the acquisition of trichromatic vision””". However, if we
consider the variation in pseudogene number among
all tetrapod species (FIC. 2a), it is difficult to relate varia-
tion to any specific environmental factor. There are six
vertebrate species in which no functional V2R genes
are observed, but all of these species, except chicken,
have about a dozen or more pseudogenes. Theoretically,
some pseudogenes may be transcribed, and the RNAs
produced may have some gene regulatory functions,
as mentioned earlier. However, we currently have no
evidence to suggest that this theory is correct.

Humans have no functional V2R genes but have five
intact VIR genes. It has been argued that although these
five V1R genes have an open reading frame, they are not
functional because a calcium channel gene (TRPC2)
that is essential in the signal transduction pathway of
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the mouse VNO has become a pseudogene in the line-
age that leads to hominoids and Old World monkeys™”".
However, at least one of the five V1R genes is expressed
in the human olfactory mucosa’. Furthermore, a recent
study suggests that these five genes can activate an OR-like
signal transduction pathway in a heterologous expression
system”. It is therefore possible that the products of these
genes function as pheromone or olfactory receptors.
Adult humans do not have a VNO but seem to be sensi-
tive to pheromones™. Another interesting observation is
that chickens have no functional or non-functional VIR
and V2R genes or a VNO?, although birds use phero-
mones for mate choice and other behaviours”. It is pos-
sible that some OR genes in the MOE are able to detect
pheromones, as in humans”””.

TR genes. The number of T2R (bitter taste receptor)
genes is generally larger than the number of T1R (sweet
and umami receptor) genes (FIC. 2a). This difference is
probably due to the presence of various types of toxins
in the environment and because a large number of T2R
genes are required to protect animals from these toxins.
The number of T2R genes also varies among different
species, suggesting that different species encounter dif-
ferent toxins. The small number of T2R genes in dogs
and cows could be explained by the fact that dogs are
exclusively carnivorous and toxic substances are less
common in animals than in plants. Dogs may there-
fore encounter toxic chemicals less frequently than
omnivorous animals, and consequently may not need
a large number of T2R genes’. Cows are ruminants
and effectively carry out detoxification processes, and
therefore the detection of dietary poisons might not be
as important as in other mammals’. Compared with
other organisms, Xenopus spp. have a large number of
T2R genes.

By contrast, there are only three T1R genes (TIRI,
TIR2 and T1R3) in all of the mammalian species exam-
ined, except cats, in which TI1R2 is pseudogenized”.
In other species, few or no T1R genes are present. The
low number of T1R genes probably arises because each
T1R is broadly tuned to detect various types of tastants.
Phylogenetic analysis of T1R genes from all vertebrate
species showed that the TIRI, TIR2 and TIR3 genes
diverged before the separation of fishes and tetrapods™*.
During vertebrate evolution, gene duplication or dele-
tion rarely occurred in the TIR gene family, except in
a few species. Chickens and cats lost the TIR2 gene,
resulting in a loss of their ability to detect sweet tastes”™”.
Xenopus spp. apparently lost all three T1R genes. By
contrast, the number of T1R genes increased in some
teleost fishes. Fugus have one T1R1, three TIR2 and one
TIR3 gene, whereas sticklebacks have eight TIR2 genes,
in addition to one TIRI and one T1R3 gene®. The evo-
lutionary importance of the new duplicate T1R2 genes
in teleost fishes is currently unknown.

Evolution of insect chemosensory receptor genes
The number of CR genes in insects is much smaller than
in vertebrates. Drosophila melanogaster has only 62 types
of ORs that are encoded by 59 genes through alternative
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Box 1| Models of olfactory receptor gene expression in mice and Drosophila spp.

a Mouse

b Drosophila
OR83b
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In mice (see figure, part a), olfactory receptor (OR) genes are present as genomic clusters that are located on
different chromosomes. A single olfactory neuron expresses a single functional OR gene from a genomic region. It
has been proposed that a functional OR gene is stochastically chosen to be expressed (broken arrows) in each
olfactory neuron (only the first three OR genes are shown in each neuron), and the expression of that OR gene
prevents the activation of other OR genes through negative feedback regulation®#’. Consequently, each individual
has a different expression pattern of OR genes. According to this model, it is probable that the duplication or
deletion of an OR gene does not affect the expression of any existing OR gene and therefore the number of OR
genes could change easily during the evolutionary process. In Drosophila spp. (see figure, part b), OR genes are
scattered throughout the genome and only some are clustered. It has been proposed that each olfactory neuron
expresses one specific OR gene together with the ubiquitously expressed gene, Or83b (grey boxes). The specific OR
gene tends to be expressed deterministically in a given olfactory neuron?#%%. Therefore, the expression pattern of
OR genes is essentially identical for different individuals. In this case, if an OR gene is duplicated or deleted, the

gene expression pattern may be disturbed.

splicing, and 73 types of GRs that are encoded by a dif-
ferent set of 60 genes®"*!. Interestingly, there are similar
numbers of OR and GR genes in all of the insect species
that have been studied so far, except for the red flour
beetle and the honeybee (FIC. 2b). As for vertebrate OR
genes, there is a considerable amount of interorder vari-
ation in the number of insect CR genes, and this variation
seems to be partly generated by adaptation to different
environmental conditions. For example, the honeybee
has more than 160 intact OR genes but only 10 intact
GR genes®. Most honeybee OR genes belong to a bee-
specific subfamily. The occurrence of bee-specific gene
expansion presumably facilitated the evolution of the
remarkable olfactory abilities of the honeybee, includ-
ing the recognition of diverse floral odours and complex
pheromone blends, which allowed the coordination of
caste-specific tasks in the social colony®2. By contrast,
the ability of the bee to detect toxic substances may have
deteriorated owing to the presence of nurturing pre-adult
individuals in the hive and a symbiotic relationship with
certain plants. It was recently reported that the red flour
beetle, Tribolium castaneum, has an even larger repertoire
of OR genes than the honeybee®**. However, many intact
genes in this species do not seem to be expressed, prob-
ably because of mutations that affect the regulation of
gene expression®.

The extent of interspecific variation in the CR genes
seems to be smaller in insects than in vertebrates.
FIGURE 2a shows how the evolution of tetrapod animals
(from Xenopus spp. to humans) has occurred during the
last 360 million years. Similarly, FIC. 2b shows how
the insect species considered in this Review have evolved
during nearly the same evolutionary time. However, the
variation in the number of olfactory or taste receptor
genes is much lower in insects than in vertebrates. This
is particularly evident in the red flour beetle if only the
intact OR genes (146 genes) that are transcribed are
considered®. The main reason for the difference in the
extent of CR gene interspecific variation between ver-
tebrates and insects is probably the greater diversity in
ecological conditions, lifestyle, anatomy and physiology
in vertebrates compared with insects. Vertebrate species
live in water, land and air, and their living conditions are
diverse compared with those of the insects considered
here, although this is a subjective view.

With regard to gene expression, there is another
explanation at least for the difference in the interspecific
variation of vertebrate and insect OR genes®®: there are
differences between the gene expression regulatory sys-
tems of vertebrates and insects (BOX 1). In mice, a group
of OR genes exists as a cluster on a chromosomal region,
and it has been suggested that any one of these genes
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Birth-and-death evolution
An evolutionary mechanism
that occurs in multigene
families, in which new genes are
created by gene duplication
and some are retained in the
genome for a long time as
functional genes, but other
genes are inactivated or
eliminated from the genome.

Genetic drift
The random change of the
allele frequency in populations.

Hitch-hiking

The increase in the frequency
of a neutral allele at a locus
that is physically linked to an
advantageous allele at a
different locus.

is randomly chosen to be expressed in each olfactory
neuron®*¥. Therefore, the OR gene expression pattern in
mammalian species may remain unchanged even when
gains or losses of OR genes occur. However, in D. mela-
nogaster, each OR gene tends to exist in an isolated state
and is expressed in a deterministic manner in a particular
olfactory neuron with the ubiquitously expressed Or83b
gene?™®%_The expression pattern of OR genes is there-
fore more stringent in D. melanogaster, and if gains or
losses in the number of OR genes occur this may disrupt
the defined expression pattern. Nevertheless, substan-
tial amounts of gene duplication and gene deletion have
occurred in insects, as mentioned below. Therefore, the
actual OR gene expression patterns in insects may not
be as stringent as the above model of gene expression
suggests.

Genomic drift and adaptation

The number of chemosensory receptor genes varies
extensively among different vertebrate or insect species,
owing to repeated gene duplication and deletion, as well
as the evolution of pseudogenes. This type of evolutionary
change is called birth-and-death evolution®®'. Most multi-
gene families are subject to this mode of evolution”, but
OR and VR genes represent extreme cases.

A simple way to detect birth-and-death evolution
is to examine the numbers of gains and losses of genes
for each branch of the phylogenetic tree of the species
studied. These numbers can be estimated using different
statistical methods®****. FIGURE 4b shows such estimates for
the birth-and-death process of OR genes for eight mam-
malian species™. The estimates show that the number
of gains and losses of genes can be as large as several
hundreds for every branch of the tree. For example, the
opossum lineage gained 759 genes and lost 63 genes from
the MRCA of opossums and placental mammals. Even
if two extant species have similar numbers of genes, the
number of gains and losses of genes can be substantial,
as for humans and macaques. This observation indicates
that the gene contents of the two species may be different
even if the number of genes is nearly the same in both of
the species. A similar result has been reported for humans
and chimpanzees*.

Birth-and-death evolution can be caused by both
adaptation and random events. Gene duplication occurs
primarily by unequal crossover, excluding rare genome-
duplication events, and the occurrence of gene duplica-
tion is dictated by chance events. However, fixation of
duplicate genes in the genome can be aided by natural
selection or can occur by random effects. If a higher
number of gene copies enhance the ability of an organ-
ism to adapt to a particular environment, the number of
genes will increase. We have seen that when teleost fishes
evolved into land vertebrates there was a large increase in
the number of OR genes that detect airborne odorants,
such that current mammalian species have hundreds to
thousands of OR genes. We have also discussed the pos-
sibility that the small number of functional OR genes in
aquatic and semi-aquatic mammals is caused by a reduc-
tion in gene number during the process of adaptation to
new environments.
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Nevertheless, the large numbers of gains and losses of
genes observed for almost all branches of the mammalian
tree suggest that a substantial portion of gene number
changes must be due to random gene-duplication and
inactivation events. This random change in gene copy
number is called genomic drift, analogous to the random
genetic drift of gene frequencies in population genetics®.
The data shown in FIC. 4c suggest that genomic drift also
occurs in Drosophila spp. OR genes because there is no
directional change in the number of genes. However, the
extent of genomic drift seems to be lower in Drosophila
spp. than in mammals, because the number of gains and
losses of OR genes are much smaller in Drosophila spp.
than in mammals and Drosophila spp. have a more rigid
regulatory system of gene expression, as explained earlier.
It should be noted that pseudogenes are also subject to
genomic drift, because pseudogenes are non-functional
and are thought to evolve in a neutral manner*. The inter-
order variation of OR pseudogenes in mammals seems to
be as large as the variation of OR functional genes.

Copy-number variation within species
If genomic drift occurs frequently, one would expect that a
substantial amount of copy-number variation is generated
among individuals of the same species. In recent years,
many authors*** have studied the extent of copy-number
variation in various regions of the human genome (see
REFS 97,98 for reviews). These studies have shown that
the extent of copy-number variation is at least as great
as the extent of allelic polymorphism at single loci. The
most extensive study was carried out by Redon et al.*,
who studied copy-number variations (CNVs) among 90
African, 90 Asian and 90 European individuals. The origi-
nal analysis of these data was crude because gene ontology
data were used for gene classification, but more detailed
analyses were later conducted for each gene family (FIC. 5).
Gene-family analysis has shown that CR gene families
generally contain a substantial number of CNVs®%*1%,
The most conspicuous example was the OR gene family,
in which approximately 30% of the functional OR genes
were polymorphic with respect to copy number among
270 humans®. The extent of copy-number variation in
CR genes in mice is also substantial but slightly lower
than that in humans®. Studies of other gene families also
showed a substantial number of CNVs'%, but the extent
of variation was generally smaller than that observed for
the CR gene families in humans®**'* and mice'*>'%.
Another interesting observation was that there is an
almost normal distribution of the number of gene copies
per individual when a large number of genes are exam-
ined, as for the OR genes® (FIC. 5b). This type of normal
distribution is expected to occur when the gene family
is subject to a random birth-and-death process or when
there are a large number of factors (for example, gene
fixation by genetic drift, hitch-hiking, gene interaction, and
gene loss by deletion or inactivation) that contribute to
the increase or decrease in the number of genes. Notably,
both the numbers of functional OR genes and pseudo-
genes have similar standard deviations (FIC. 5b). Because
the evolutionary changes that occur in pseudogenes are
presumably neutral, these results suggest that the copy
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Figure 5| Copy-number variation and genomic drift. a | A simple example showing how copy-number variation is
measured. Four genomes (haplotypes) from two diploid individuals are shown. Individual 1, who has the genomes A
and B, is arbitrarily chosen as the reference individual. Genome A contains six genetic loci that each have one copy of
agene, whereas genome B has seven gene copies at the six loci because a gene at locus 6 is duplicated compared
with the standard genome, for which the whole genome sequence is available. The genes at loci 1-3 are deleted from
genome C of individual 2, and the genes contained in genome D are the same as those present in genome A. In this
case, there are four copy-number polymorphic loci in copy-number variable regions (CNVRs) | and Il and three of
these are for olfactory receptor (OR) genes (grey boxes). Because the copy numbers in two genomes of an individual
cannot be measured separately, we consider the total number of gene copies in each individual. The total numbers of
OR genesinindividuals 1 and 2 are seven and four, respectively. Therefore, the number of OR genes for individual 2
relative to the number for the reference individual (individual 1) is calculated by 4 — 7 = -3. The relative number for the
reference individual is defined as 0. b | Distributions of relative copy number of OR genes in humans. The relative copy
number represents the difference in copy number between a sampled individual and the reference individual, as
shown in part a. The curve represents the normal distribution. ¢ | Genomic drift is a random process of copy-number
changes that occur by duplication, deletion and inactivation of genes®®. In this case, a distribution of gene copy
number will follow the normal distribution if the number of gene copies is sufficiently large. Consequently, a natural
population has a substantial amount of copy-number variation (shown by the curve on the left) by genomic drift as
long as the copy number is within a range determined by functional requirements (shown by the background colour).
In the case of chemosensory receptor genes, this copy-number range is generally large. Therefore, when a population
is separated into two geographic populations, these populations can have different distributions of copy number
(middle graph). When these populations evolve into different species, the copy-number difference may be even larger
owing to genomic drift (shown by the graph on the right). A new species can also be generated when a group of
individuals who have a larger number of genes (the small peak in the middle diagram) moves to a new niche where a
larger number of genes is more advantageous (the right peak on the right graph). SD, standard deviation. Parts b and c
are modified, with permission, from REF. 8 © (2007) National Academy of Sciences.

number of functional OR genes is also determined largely
by random factors®. Young and colleagues'® also reported
that CN'Vs of OR genes accumulate in a neutral way in
humans. These observations suggest that although the
large variation in gene copy number among distantly
related species is apparently caused by adaptation, the
intraspecific variation is almost neutral. In other words,
the number of gene copies may vary considerably as long
as this number is within the upper and lower limits deter-
mined by the physiological requirements of the organism,
and the extent of the copy-number variation determined
in this way is considerable.

Functional changes and the role of selection

So far, we have discussed the evolution of chemosensation
in terms of gene copy number and related the long-term
evolution of chemosensation to the genetic change within
populations. This type of study has only become possible

because genome sequence data are now available for
many different species. In classic evolutionary genetics, it
is customary to identify polymorphic alleles and examine
the allele frequency change caused by natural selection or
genetic drift. Theoretically, this approach can also be used
to study CR genes, but this may be challenging because
there are many CR gene copies, with the exception of T1IR
genes, and it is often difficult to detect clear relationships
between genotypes and phenotypes.

Recently, several groups have used another approach to
study the effect of natural selection at the DNA sequence
level: they estimated the d, :d, ratio for a set of homologous
genes or specific set of codons. When a large number of
full-length sequences were examined using non-likelihood
methods®, positive Darwinian selection was suggested
to have occurred in only a small number of cases™*"1%,
However, when a likelihood method with a codon substi-
tution model in the computer program PAML'” was used,
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Overdominant selection
A form of selection caused by
heterozygote advantage.

signatures of positive selection were often obtained'*'*.
These results indicated that CR genes, particularly OR
genes, may have evolved under positive selection.

However, it is necessary to interpret these results with
caution. First, non-synonymous nucleotide substitutions
measured by d do not necessarily indicate positive selec-
tion, because most amino-acid substitutions seem to be
almost neutral, as shown by early molecular evolution-
ists'>"7. In a recent experimental study of the evolution of
visual (thodopsin) genes from a large number of verte-
brate species, about 94% of a total of 191 amino-acid sub-
stitutions were shown to be roughly neutral and only 15
substitutions resulted in functional changes in the visual
genes''®. Second, the likelihood method of inferring posi-
tive selection is known to frequently yield false-positive
results'22. When Yokoyama et al."'® used this method,
none of the amino-acid sites that were statistically pre-
dicted to be under selection matched with the adap-
tive sites that have been demonstrated experimentally.
These authors therefore emphasized the importance of
experimental verification of statistical inference using
site-directed mutagenesis. Third, the relationship between
amino-acid substitution and change in fitness is complex,
particularly for a character controlled by a large number
of genes. In the case of OR genes, it is sometimes pos-
sible to identify the effect of a particular mutant allele on
olfactory ability and evaluate the evolutionary signifi-
cance of this effect by specific experimental methods™'%.
However, because olfaction occurs with a combinatory
set of OR genes, the study of a single mutation may not
reveal the adaptive importance of that particular muta-
tion. Furthermore, the fitness or the expected number of
offspring per individual may not be severely affected by a
set of polymorphic alleles, because fitness is determined
by many other characteristics in addition to olfaction,
such as vision, physical strength, mental ability and resist-
ance to diseases. Even individuals with no sense of smell
(anosmics) do not seem to have any fertility problems.
Therefore, it will be a challenge to study the evolution of
chemosensation by natural selection, except by using a
gene family with a small number of genes.

Three eminent evolutionists in the twentieth century,
R. A. Fisher, E. B. Ford and J. Huxley, famously proposed
that the polymorphism of the T and ¢ alleles at the locus
of the phenylthiocarbamide (PTGC; bitter) taste receptor,
TAS2R38, in humans is caused by overdominant selection,
because the polymorphism is shared by both humans and
chimpanzees and therefore must have been maintained
in the population for a long time'**. A recent study of the
molecular basis of the PTC polymorphism has shown
that the T and ¢ alleles in humans and chimpanzees are
different and originated independently in recent years,
and that the ¢ allele in the chimpanzee contains an inter-
rupted reading frame'”. These results do not support
the hypothesis of Fisher et al., but from examining the
pattern of DNA polymorphism at this locus, it is still
argued that the PTC polymorphism in humans is due to
overdominant selection.

A similar study that used the population genetics
methods described by Tajima'*® and McDonald and
Kreitman'” analysed human and chimpanzee OR genes”,
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and some signatures of positive selection were obtained
for a number of genes*””. However, these population genet-
ics approaches only provide suggestive evidence'?"'%, and
experimental studies are required to obtain a definitive
conclusion. However, at present we are left with only sug-
gestive evidence, because it is difficult to experimentally
verify natural selection. This challenge is partly due to the
large number of stochastic errors associated with allele
frequency changes within populations. This problem can
be largely overcome by comparing distantly related species
to study long-term evolution, as discussed above.

Conclusions

We have described how the evolution of CR genes occurs
by both directional selection and random forces, as for
other characteristics. However for CR genes, a large
number of genes is involved, with the exception of the
TIR and TAAR genes, and this number often changes
dramatically during the evolutionary process. The basic
processes involved in the evolution of CR genes are gene
duplication and deletion, which occur almost randomly.
We have called this random contribution to changes
in gene number genomic drift. Genomic drift is a new
aspect of CR gene evolution that had been previously
unrecognized”. It has a dual role in evolution and causes
both adaptive and neutral changes in phenotypic charac-
teristics. The CNV's observed within populations may be
largely neutral, but if a population moves to a new niche,
a portion of these may be used selectively for that popu-
lation to adapt to the new niche (FIC. 5¢). In this case, a
species-specific expansion of a certain group of CR genes
may occur by further gene duplication.

We have described several cases in which gene
expansion occurred without a clear adaptive explanation
(for example, the opossum OR genes). In these cases,
gene expansion may have occurred by genomic drift.
In fact, if we introduce the concept of genomic drift,
many such observations can be explained. However, this
concept should not be abused to produce various just-so
stories (ad hoc hypotheses). It is important to study the
number of genes in closely related and distantly related
species to identify the adaptive and random forces of
evolution. It is also important to consider other aspects
of evolution and examine whether adaptive forces are
involved, as we examined the w value in relation to the
vision-priority hypothesis. Another problem that com-
plicates the evolutionary study of CR genes is the pres-
ence of a large number of pseudogenes. The number
of OR pseudogenes is particularly large in cows and
Xenopus spp. Why are so many pseudogenes retained
in the genome? In this Review, we have considered the
possibility that pseudogenes are transcribed and that
the transcripts regulate the expression patterns of func-
tional genes. There is currently no evidence to support
this proposition, but it is an interesting possibility for
further investigation.

According to the widely accepted neo-Darwinian
theory of evolution, the evolution of phenotypic charac-
ters is almost exclusively determined by natural selection
and mutation merely provides raw genetic material for
natural selection to produce novel characteristics'-'3!.

NATURE REVIEWS | GENETICS

VOLUME 9 [ DECEMBER 2008 | 961

© 2008 Macmillan Publishers Limited. All rights reserved



http://www.uniprot.org/uniprot/P59533

REVIEWS

22.

23.

This view has recently been challenged by Nei®*'%,
Stoltzfus'?, Lynch'** and others, who argue that mutation
is the driving force of evolution and that natural select-
ion is of secondary importance (neomutationism). In the
context of this Review, mutation refers to gene dupli-
cation or gene inactivation, whereas natural selection
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	Receptor gene families and their functions
	Abstract | Chemosensory receptors are essential for the survival of organisms that range from bacteria to mammals. Recent studies have shown that the numbers of functional chemosensory receptor genes and pseudogenes vary enormously among the genomes of different animal species. Although much of the variation can be explained by the adaptation of organisms to different environments, it has become clear that a substantial portion is generated by genomic drift, a random process of gene duplication and deletion. Genomic drift also generates a substantial amount of copy-number variation in chemosensory receptor genes within species. It seems that mutation by gene duplication and inactivation has important roles in both the adaptive and non-adaptive evolution of chemosensation.
	Figure 1 | Chemosensory receptors and their genes. Typical membrane topologies of chemosensory receptors, showing the orientation of the carboxyl terminus and the amino terminus, and the exon–intron structures of their genes. GR, gustatory receptor; OR, olfactory receptor; T1R, taste receptor type 1; T2R, taste receptor type 2; TAAR, trace amine-associated receptor; V1R, vomeronasal receptor type 1; V2R, vomeronasal receptor type 2.
	Evolution of vertebrate receptors
	Figure 2 | Numbers of chemosensory receptor genes in vertebrates and insects. The red and blue bars represent the numbers of functional (intact) genes and pseudogenes (disrupted genes), respectively. Truncated genes, which are sequences that have a coding region without disruptive mutations but are apparently truncated owing to incomplete sequence assembly, are provisionally counted as functional genes. The numbers next to each bar represent the number of functional genes and the number of pseudogenes, which is shown in parentheses. A question mark indicates that data are unavailable. In part a, the OR data are from REFS 39,44,50 and Y.N. (unpublished observations), the TAAR data are from REFS 65,68,135 and M.N. (unpublished observations), the V1R data are from REFS 67,68,75, the V2R data are from REFS 68,69,75, the T1R data are from REF. 78 and Y. Go (personal communication), and the T2R data are from REF. 78 and Y. Go (personal communication). In part b, the Drosophila data are from REFS 81,85,136, the malaria mosquito data are from REFS 137,138, the yellow-fever mosquito data are from REFS 138,139, the silkworm data are from REF. 140, the red flour beetle data are from REFS 83,84 and the honeybee data are from REF. 82. The Drosophila spp. and mosquitoes belong to the order Diptera, and the remaining three species (silkworm, red flour beetle and honeybee) belong to different orders (Lepidoptera, Coleoptera and Hymenoptera, respectively). The Xenopus species referred to is the Western clawed frog, Xenopus tropicalis. GR, gustatory receptor; MYA, million years ago; OR, olfactory receptor; T1R, taste receptor type 1; T2R, taste receptor type 2; TAAR, trace amine-associated receptor;  V1R, vomeronasal receptor type 1; V2R, vomeronasal receptor type 2.
	Figure 3 | Distribution of chemosensory receptor genes in the human genome. a | The vertical bars above and below the chromosomes represent the locations of functional genes and pseudogenes, respectively. The height of each bar indicates the number of genes present in a non-overlapping 1 Mb window. b | The gene content of the OR gene cluster indicated by the arrow in part a. The diagram (left) represents a 0.6 Mb region on chromosome 3. Ψ indicates a pseudogene. All of the OR genes are encoded on the same strand. The phylogenetic tree for the genes of this cluster (right) shows that the genes that are closely located to each other on a chromosome tend to be closely related evolutionarily. A human class I OR gene, HsOR11.3.2, was used as the out-group39. OR, olfactory receptor; T1R, taste receptor type 1; T2R, taste receptor type 2; TAAR, trace amine-associated receptor; V1R, vomeronasal receptor type 1; V2R, vomeronasal receptor type 2. Part b is modified, with permission, from REF. 39  (2003) National Academy of Sciences.
	Figure 4 | Evolutionary dynamics of olfactory receptor genes. a | A phylogenetic tree of olfactory receptor (OR) genes from five vertebrate species. The genes that belong to different groups are represented by different coloured triangles. The size of each triangle is approximately proportional to the number of OR genes from each species. The colours that are obscured at the top of a triangle indicate that some gene duplications occurred before the divergence of the species. The root of the tree was determined using non-OR G protein-coupled receptor (GPCR) genes as the out-group. The α and γ group genes are proposed to primarily detect airborne odorants because they exist in tetrapods, whereas the δ, ε, ζ and η group genes that exist in fishes and Xenopus spp. appear to primarily detect water-soluble odorants. The functions of the group β, θ and κ genes are unclear. b | Evolutionary change of the number of OR genes in mammals. The numbers in rectangles represent the numbers of functional OR genes in the extant or ancestral species. The numbers with plus and minus signs indicate the numbers of gene gains and losses, respectively, for each branch. c | Evolutionary change of the number of OR genes in Drosophila spp. Truncated genes are excluded from the analysis in parts b and c. MYA, million years ago. Part b is modified from REF. 50. Part c is modified, with permission, from REF. 85  (2007) National Academy of Sciences.
	Evolution of insect chemosensory receptor genes
	Box 1 | Models of olfactory receptor gene expression in mice and Drosophila spp.
	Genomic drift and adaptation
	Copy-number variation within species
	Figure 5 | Copy-number variation and genomic drift. a | A simple example showing how copy-number variation is measured. Four genomes (haplotypes) from two diploid individuals are shown. Individual 1, who has the genomes A and B, is arbitrarily chosen as the reference individual. Genome A contains six genetic loci that each have one copy of a gene, whereas genome B has seven gene copies at the six loci because a gene at locus 6 is duplicated compared with the standard genome, for which the whole genome sequence is available. The genes at loci 1–3 are deleted from genome C of individual 2, and the genes contained in genome D are the same as those present in genome A. In this case, there are four copy-number polymorphic loci in copy-number variable regions (CNVRs) I and II and three of these are for olfactory receptor (OR) genes (grey boxes). Because the copy numbers in two genomes of an individual cannot be measured separately, we consider the total number of gene copies in each individual. The total numbers of OR genes in individuals 1 and 2 are seven and four, respectively. Therefore, the number of OR genes for individual 2 relative to the number for the reference individual (individual 1) is calculated by 4 – 7 = –3. The relative number for the reference individual is defined as 0. b | Distributions of relative copy number of OR genes in humans. The relative copy number represents the difference in copy number between a sampled individual and the reference individual, as shown in part a. The curve represents the normal distribution. c | Genomic drift is a random process of copy-number changes that occur by duplication, deletion and inactivation of genes8,93. In this case, a distribution of gene copy number will follow the normal distribution if the number of gene copies is sufficiently large. Consequently, a natural population has a substantial amount of copy-number variation (shown by the curve on the left) by genomic drift as long as the copy number is within a range determined by functional requirements (shown by the background colour). In the case of chemosensory receptor genes, this copy-number range is generally large. Therefore, when a population is separated into two geographic populations, these populations can have different distributions of copy number (middle graph). When these populations evolve into different species, the copy-number difference may be even larger owing to genomic drift (shown by the graph on the right). A new species can also be generated when a group of individuals who have a larger number of genes (the small peak in the middle diagram) moves to a new niche where a larger number of genes is more advantageous (the right peak on the right graph). SD, standard deviation. Parts b and c are modified, with permission, from REF. 8  (2007) National Academy of Sciences.
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