Chapter 7

Identification of Chemosensory Receptor Genes
from Vertebrate Genomes

Yoshihito Niimura

Abstract

Chemical senses are essential for the survival of animals. In vertebrates, mainly three different types of
receptors, olfactory receptors (ORs), vomeronasal receptors type 1 (V1Rs), and vomeronasal receptors
type 2 (V2Rs), are responsible for the detection of chemicals in the environment. Mouse or rat genomes
contain >1,000 OR genes, forming the largest multigene family in vertebrates, and have >100 V1R and
V2R genes as well. Recent advancement in genome sequencing enabled us to computationally identify
nearly complete repertories of OR, V1R, and V2R genes from various organisms, revealing that the num-
bers of these genes are highly variable among different organisms depending on each species’ living envi-
ronment. Here I would explain bioinformatic methods to identify the entire repertoires of OR, V1R, and
V2R genes from vertebrate genome sequences.
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1 Introduction

Chemical senses are essential for the survival of most animals. In
vertebrates, chemical molecules in the environment are mainly
detected by three different types chemosensory receptors, named
olfactory receptors (ORs), vomeronasal receptors type 1 (V1Rs),
and vomeronasal receptors type 2 (V2Rs) (for review, Ref. 1). All of
them are G protein-coupled receptors (GPCRs), membrane
proteins having seven transmembrane (TM) a-helical regions
(Fig. 1). Each type of receptors is encoded by a multigene family.
The three gene families share almost no sequence similarity, though
their molecular structures are similar to one another.

Among the three gene families, the OR gene family is by far
the largest (for review, Ref. 2). OR genes are predominantly
expressed in the olfactory epithelium of the nasal cavity and were
first identified from rats by Linda Buck and Richard Axelin 1991 [3].
The genomes of many mammalian species harbor ~1,000 or more
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Fig. 1 Structures of ORs, V1Rs, and V2Rs. Membrane topologies and exon—intron
structures of genes are shown

OR genes, which comprise 4-5 % of their protecomes. An OR is
~310 amino acids long on average, and typically the gene does not
have any introns in its coding region. OR genes are present in all
vertebrate species. Fishes have much smaller repertoires of OR
genes (~100) than mammals. However, despite smaller OR gene
repertoires in fishes, OR gene sequences in fishes are more diverse
than those in mammals [4, 5]. Amphibians and fishes have some
additional groups of OR genes that are not present in mammals.

V1R and V2R genes were discovered in 1995 [6] and 1997 [7—
91, respectively. They are expressed in vomeronasal organs in mam-
mals and are involved in pheromone detection. Fishes do not have a
discrete vomeronasal organ, but they do have both VIR and V2R
genes, which are expressed in olfactory epithelium in fishes [10, 11].
V1R genes are intronless like OR genes, whereas V2R genes consist
of multiple exons (Fig. 1). A V2R gene is characterized by a long
N-terminal extracellular domain, which is encoded by several exons,
while the TM domain typically corresponds to a single exon.

Recently the whole genome sequences became available from
diverse organisms, which enabled us to identify nearly complete
repertoires of chemosensory receptor genes in a given species.
Comparative genomic studies revealed that the repertoires of che-
mosensory receptor genes are highly variable among different
species (Refs. 4, 5, 12-14 for OR genes, Refs. 10, 15-18 for VIR
genes, and Refs. 17, 19, 20 for V2R genes). In this chapter,
I describe the methods to identify OR, V1R, and V2R genes from
vertebrate genomes. OR and V1R genes do not have any introns;
therefore, detection of these genes from genome sequences is
relatively easy. However, because the numbers of the genes are
huge, development of computation methods is requisite for the
identification of the entire gene repertoires. On the other hand,
identification of V2R genes is more difficult due to their complex
gene structures.
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2 Materials

1. The following computer programs need to be installed: BLAST
(http://blast.ncbi.nlm.nih.gov/; Ref. 21) for homology
searches, MAFFT (http://mafft.cbrc.jp/alignment/soft-
ware/; Ref. 22) for constructing multiple alignments, and
LINTREE (http://www.personal.psu.edu/nxm2 /software.
htm; Ref. 23) for phylogenetic tree construction. Moreover,
the HMMER package (http://hmmer.janelia.org; Ref. 24)
and the Wise2 package (http://www.ebi.ac.uk/Tools/
Wise2 /; Ref. 25) are used for the identification of V2R genes.

2. The genome sequences of various vertebrate species can be
downloaded from the Web sites of the University of California
Santa Cruz (http://genome.ucsc.edu), Ensembl Genome
Browser (http://ensembl.org), the Genome Sequencing
Center at Washington University School of Medicine (http://
genome.wustl.edu), the Broad Institute (http://www.
broadinstitute.org), etc.

3 Methods

3.1 Identification
of OR Genes

Here I would explain the method for identifying OR genes in some
detail. Figure 2 illustrates the flowchart of OR gene identification.
OR genes are classified into three categories: intact genes, trun-
cated genes, and pseudogenes. An intact gene putatively encodes a
functional OR. A pseudogene is defined as a sequence containing
interrupting stop codons, frameshifts, and/or gaps within con-
served regions. A truncated gene is a partial intact sequence encod-
ing a part of OR and is located at the contig end. It is either a
functional gene or a pseudogene. Therefore, the fraction of pseu-
dogenes in a given species is overestimated if only intact genes are
considered to be functional. This effect is critical for the species
with low-coverage genome data, which contain many short contigs
[5, 12, 14]. For this reason, some caution is necessary to estimate
the fraction of pseudogenes.

The methods to identify VIR and V2R genes were described
in Refs. 15, 16 and Refs. 19, 20, 26, respectively. The methods
explained here are based on these articles with some modification.

1. Conduct TBLASTN searches [21] with a cutoff E-value of
le-5 against a given genome sequence using known OR genes
as queries (se¢ Note 1). Use the option “-F F” (filtering
low-complexity regions is not used) (see Note 2).

2. Because multiple sequences are used as queries, a number of
different queries may hit the same genomic region. In such a
case, choose a BLAST hit with the lowest E-value (called a
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Fig. 2 Flowchart for the identification of intact OR genes, truncated OR genes, and OR pseudogenes from
vertebrate genome sequences

“best-hit”) among all BLAST hits to a given genomic region.
Extract all best-hits from the genome sequence.

3. To identify intact OR genes from the best-hit sequences, several
criteria are used. First, discard the best-hit sequences shorter
than 250 amino acids (criterion 1 in Fig. 2; see Note 3).

4. For each of the best-hit sequences remaining after step 3,
extend it to both directions along the genome sequence. Then,
extract the longest coding sequence from an ATG codon to a
stop codon (Fig. 3a). If the length of the sequence after exten-
sion is less than 250 amino acids, discard it (criterion 2 in
Fig. 2). If the extended sequence contains undetermined
nucleotides, the sequence should also be discarded.

5. Construct a multiple alignment from the remaining sequences
after step 4 by using the program MAFFT [22] (se¢e Note 4),

and assign the positions of seven TM regions according to
Ref. 27.
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Fig. 3 (a) Extension of a best-hit along the genome sequence to take the longest
coding sequence. (b) Extension of a best-hit that is located near the end of a
contig. C-missing, N-missing, and NC-missing sequences are shown separately

6. If'a sequence has a gap of five or more amino acids within TM
regions, exclude it (criterion 3 in Fig. 2).

7. Construct a multiple alignment once again from the remain-
ing sequences after step 6 by using MAFFT [22] (see Note 4).
Then choose the most proper ATG codon as the initiation
codon in case that a sequence examined contains two or more
ATG codons in the N-terminal tail region (the upstream of the
first TM region; sec Note 5).

8. Construct a neighbor-joining phylogenetic tree [28] using the
remaining sequences after step 7 together with several non-
OR GPCR genes as the outgroup (see Note 6). Run the pro-
gram njboot in LINTREE [23] with the option “-d28”
(Poisson correction distance) and “-b500” (bootstrap resam-
plings for 500 times).

9. Eliminate non-OR genes on the basis of the phylogenetic tree
constructed in step 8 (criterion 4 in Fig. 2; see Note 7). When
a given sequence is located out of the OR gene clade in the
phylogenetic tree, it should be discarded (see Note 8).

10. Construct a multiple alignment from the remaining sequences
after step 9 by MAFFT [22] (see Note 4), and eliminate the
sequences having gaps within TM regions or at other conserva-
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tive amino acid sites by visual inspection (criterion 5 in Fig. 2).
The remaining sequences are regarded as intact OR genes.

To identify non-intact OR genes, perform TBLASTN searches
[21] against the genome sequence using all intact OR genes
identified in step 10 as queries with the E-value below le-20
(see Note 9).

Extract all best-hit sequences in the same way as step 2.

Exclude all of the intact OR genes obtained in step 10 (crite-
rion 6 in Fig. 2). All remaining sequences are regarded to be
truncated genes or pseudogenes.

Extract the best-hit sequences that meet both of the following
conditions. (1) There are no interrupting stop codons and
frameshifts (criterion 7 in Fig. 2). (2) The distance between
the end of the sequence and the end of the contig containing
the sequence is less than 30 bp (criterion 8 in Fig. 2).

Classify the remaining sequences after step 14 into three cat-
egory, C-missing, N-missing, and NC-missing (Fig. 3b). For a
C-missing sequence, the upstream of the best-hit is present in
the contig examined, whereas its downstream is missing.
Conversely, for an N-missing sequence, its downstream is pres-
ent in the contig, while its upstream is missing. An NC-missing
sequence lacks both upstream and downstream portions (see
Note 10).

For a C-missing sequence, extend it along the genome
sequence and extract a sequence from the most upstream ATG
codon to the most downstream in-frame codon without any
interrupting stop codons (Fig. 3b, top).

Construct a multiple alignment using the extended C-missing
sequences obtained in step 16 together with some representa-
tive intact OR genes by MAFFT [22], and choose the most
proper ATG codon as the initiation codon for each sequence in
the same manner as step 7 and Note 5.

For an N-missing sequence, extend it and extract a sequence
from the most upstream in-frame codon to the stop codon
(Fig. 3b, middle).

For an NC-missing sequence, extend it and extract the longest
sequence from the most upstream in-frame codon to the most
downstream one (Fig. 3b, bottom).

Construct a multiple alignment using all of the extended
C-missing, N-missing, and NC-missing sequences obtained in
steps 17-19 together with some representative intact OR
genes by MAFFT [22].

Exclude the sequences that contain gaps within TM regions
or at other conservative amino acid sites by visual inspection
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3.2 Identification
of V1R Genes

3.3 Identification
of V2R Genes

22.

(criterion 9 in Fig. 2). The remaining sequences are regarded
to be truncated genes.

Exclude all truncated genes from the best-hit sequences
obtained in step 13. All remaining sequences are regarded as
OR pseudogenes.

. Conduct TBLASTN searches [21] with a cutoff E-value of

le-5 against a given genome sequence using known VIR
genes as queries. The following options should be used: “-F F”
for that filtering low-complexity regions is not used and “-v
1000 -b 1000” for the number of hits reported.

. From the results obtained in step 1, extract all best-hit

sequences in the same manner as Subheading 3.1, step 2.

. For each of the best-hit sequences, conduct BLASTP searches

[21] against the nr database of GenBank to ensure that the
best hit is a V1R gene. Discard the sequences showing higher
similarity to non-V1R genes (se¢ Note 11).

. Among the remaining sequences after step 3, extract sequences

that do not contain any interrupting stop codons or frame-
shifts. For each of these sequences, extend it to both directions
along the genome sequence and extract the longest coding
sequence from an ATG codon to a stop codon.

. Construct a multiple alignment from the sequences obtained

in step 4 by MAFFT [22] and choose the most proper initia-
tion codon from each sequence.

. Assign the location of TM regions in the multiple alignment.

If a sequence contains gaps within TM regions or other highly
conserved regions, it should be regarded as a pseudogene. The
remaining sequences are regarded to be intact VIR genes.

. Exclude all intact VIR genes (step 6) from the sequences

obtained after step 3. The remaining sequences are regarded
as VIR pseudogenes.

. The first step is to perform TBLASTN searches [21] against a

given genome sequence using known V2R genes as queries. To
this end, construct a multiple alignment by MAFFT [22] from
the known V2R query sequences (see Note 12).

. Trim the multiple alignment to extract the TM domain (from

the first TM region to the C-terminal end) according to Ref. 8.
The TM domain in each V2R gene is used as a query sequence

of TBLASTN searches (see Note 13).

. Conduct TBLASTN searches [21] with a cutoff E-value of

le-5 using the TM domain of known V2R genes as queries.
The following options should be used: “-F F” for that filtering
low-complexity regions is not used and “-v 1000 -b 1000” for
the number of hits reported.
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11.

. From the results obtained in step 3, extract all best-hit

sequences in the same manner as Subheading 3.1, step 2.

. For each of the best-hit sequences, extract the genomic

sequence together with 200 kb upstream and 1 kb downstream
regions (se¢ Note 14).

. Construct a profile Hidden Markov Model (HMM) from the

alignment generated in step 1. (Here use the alignment includ-
ing the entire coding region rather than a TM domain). Run
the program hmmbuild in the HMMER package, version
2.3.2 [24] for the MAFFT output file with options “--fast
--gapmax 0.95 -s” [20]. Then run the hmmcalibrate program
subsequently.

. Align each of the elongated best-hit sequences obtained in

step 5 with a profile HMM created in step 6 by the program
genewisedb in the Wise2 package [25]. Use the following
options: “-splice flat -cut 20 -alg 623 -aalg 623 -pretty -para
-pseudo -genes -sum -cdna -trans -gff -gener” [20].

. When two neighboring elongated best-hit sequences (from

step 5) are overlapped, the same genomic region may be
detected as a result of the genewisedb searches. In such cases,
extract only one genewisedb hit showing the highest score
among all overlapping hits.

. For each of the genewisedb hits obtained in step 8, conduct

BLASTP searches [21] against the nr database of GenBank to
ensure that the best hit is a V2R gene. Discard the sequences
showing higher similarity to non-V2R genes (se¢ Note 15).
All remaining sequences are regarded to be V2R genes.

Discard the sequences (1) that contain interrupting stop
codons or frameshifts, (2) that have gaps within TM regions or
other highly conserved regions, and (3) that are shorter than
750 amino acids. The remaining sequences are regarded to be
intact V2R genes.

Exclude all intact V2R genes (step 10) from the sequences
obtained after step 9. The remaining sequences are regarded
as V2R pseudogenes.

4 Notes

. As for query sequences, an OR gene set with sufficient sequence

diversity should be used to retrieve all putative OR genes from
the genome. However, currently thousands of OR genes are
available in the databases; therefore, to reduce a computational
time, highly similar sequences should be eliminated from the
queries. To this aim, classify candidate query genes into groups
using a given sequence similarity cutoft] e.g., 50 % amino acid
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identity, and choose one representative sequence from each
group. To examine amniote (mammalian, avian, and reptilian)
genomes, human and /or mouse OR genes can be used as que-
ries. On the other hand, to investigate amphibian or fish
genomes, OR genes from fishes (e.g., zebrafish) and /or frogs
should be used as queries, because amphibian and fish OR
genes are more diverse than amniote OR genes [5]. OR gene
sequences in mammals and other vertebrates can be obtained
from Refs. 12, 14, 29 and Ref. 5, respectively.

2. If the number of BLAST hits is expected to large, e.g., when
mammalian genome sequences are examined, “-v” and “-b”
options should also be used to change the number of hits and
alignments shown.

3. The cutoff length of 250 amino acids is sufficiently shorter
than that of any known functional OR genes.

4. When the number of sequences is large (e.g., >400), it is better
to separate them into several groups to reduce a computational
time.

5. For most of the known functional OR genes in mammals, the
length of the N-terminal tail is between 21 and 34 amino acids.
Therefore, to choose the initiation codon, the following crite-
ria can be used. If an ATG codon is present in the region
(named “region A”) between the positions -34 and -21 (here
the amino acid position is indicated as the relative position to
the boundary between the N-terminal tail and the first TM
region), choose the one as the initiation codon. In case that
two or more ATG codons are present within the region A,
choose the most downstream one among them. If ATG codons
are not present in the region A, choose the closest one to the
region A.

6. The following genes can be used as the outgroup sequences:
alpha-1A-adrenergic receptor isoform 1 (GenBank protein id,
NP_000671), beta-1-adrenergic receptor (NP_000675), ade-
nosine A2b receptor (NP_000667), histamine receptor H2
(NP_071640), 5-hydroxytryptamine (serotonin) receptor 1B
(NP_000854), 5-hydroxytryptamine (serotonin) receptor 1F
(NP_000857), 5-hydroxytryptamine (serotonin) receptor 6
(NP_000862), galanin receptor 1 (NP_001471), and soma-
tostatin receptor 4 (NP_001043). These genes are relatively
close to OR genes among the genes belonging to the
rhodopsin-like GPCR superfamily [30].

7. When the number of sequences is large (e.g., >200), it is better to
separate them into several groups to reduce a computational time.

8. In a phylogenetic tree, OR genes form a monophyletic clade
with a high bootstrap support [5]. Therefore, non-OR genes
are easily distinguishable from OR genes.
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15.

. The reason for using the cutoff E-value of 1e-20 is as follows.

First, the E-value of a best-hit to the genomic region corre-
sponding to a non-OR gene is le-18 or larger. Second, all
best-hit sequences with the E-value below 1e-20 obtained by
OR gene queries are more similar to OR genes than to any
known non-OR genes. Therefore, non-intact OR genes can be
distinguished from non-OR genes by using the cutoft E-value
of 1e-20.

Note that NC-missing sequences are found only on a contig
shorter than the length of an OR gene (~930 bp).

This step is necessary to exclude some other receptors (e.g.,
T2R taste receptors) that are homologous to V1Rs.

A V2R gene set with sufficient sequence diversity should be
used as query sequences. These sequences are also used to con-
struct a profile HMM (see step 6). To search for mammalian
V2R genes, for example, 75 intact V2R genes in mice with the
prefix “mouseMay04V2R” in Ref. 20 can be used as queries.
Fish V2R gene sequences are available in Ref. 19.

The N-terminal extracellular domain shows a higher extent of
sequence diversity [26]; therefore, if N-terminal extracellular
domain is used as a query, homology searches give a large
number of non-V2R hits. For this reason, it is better to use
only a TM domain rather than the entire sequence of a V2R
gene as a query.

For extracting the entire coding exons of a V2R gene, it is
necessary to examine a long upstream genomic sequence,
because the N-terminal extracellular domain is encoded by
multiple exons (Fig. 1). (Note that a query sequence for
homology searches contains only a TM domain.) The reason
for using the 200 kb limit is that it is longer than the genomic
extent of all previously described V2R genes [20].

This step is necessary, because some other receptors (e.g., cal-
cium-sensing receptors and T1R taste receptors) are known to
be homologous to V2Rs.
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