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1 | INTRODUCTION

Trace amines (TAs) in the mammalian brain have been investigated for four decades. Trace
amine-associated receptors (TAARs) were discovered during the search for receptors activated
by TAs. TAARs are considered a second class of vertebrate olfactory receptors and successfully
proliferated in conjunction with adaptation to living on the ground to detect carnivore odors.
Thus, therian mammals have a high number of TAAR genes due to rapid species-specific gene
duplications. In primate lineages, however, their genomes have significantly smaller numbers of
TAAR genes than do other mammals. To elucidate the evolutionary force driving these patterns,
exhaustive data mining of TAAR genes was performed for 13 primate genomes (covering all four
infraorders) and two nonprimate euarchontan genomes. This study identified a large number of
pseudogenes in many of these primate genomes and thus investigated the pseudogenization
event process for the TAAR repertoires. The degeneration of TAARs is likely associated with
arboreal inhabitants reducing their exposure to carnivores, and this was accelerated by the
change in the nose shape of haplorhines after their divergence from strepsirrhines. Arboreal life
may have decreased the reliance on the chemosensing of predators, suggestive of leading to the
depauperation of TAAR subfamilies. The evolutionary deterioration of TAARs in primates has
been reestablished in recently derived primates due to high selection pressure and probably

functional diversity.
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discovered in search of the receptors activated by TAs in the
brain.'**? The TAAR6 gene (also known as TRAR4 or TA4) is sus-

Trace amines (TAs) are endogenous biogenic amine compounds that
include p-tyramine, B-phenylethylamine, tryptamine, para-octopamine,
3-iodothyronamine and N,N-dimethyltryptamine. TAs are present in
the brain at very low levels (<10 nM) but are important to the under-
standing of a number of diseases of the human brain because they are
generally considered to be important regulatory elements. For exam-
ple, elevated TA levels are associated with depression and other neu-
ropsychiatric disorders.? Recent studies have also suggested that the
regulatory role of the TA system affects neurological disorders such
as substance abuse, insomnia, depression, attention deficit hyperactiv-
ity disorder, bipolar disorder, schizophrenia and other neuropsychiat-

ric diseases.>™*° The trace amine-associated receptors (TAARs) were

pected to increase susceptibility to schizophrenia, with evidence of
a genetic linkage.>*!® The rat TAAR1 gene is not only activated
by classical TAs but also by synthetic analogues such as
3,4-methylenedioxymethamphetamine (MDMA, known as ecstasy), d-
lysergic acid diethylamide (LSD) and amphetamine.! Due to these
associations, TAs and TAARs are important in understanding many
human psychiatric disorders.

Interestingly, TAAR repertoires are strongly related to danger-
associated behavioral responses in terrestrial mammals and thus play a
critical role in sensing predator and prey odors. In particular, Ferrero
et al’® showed that TAAR4 is closely associated with odor

detection, with rat and mouse TAAR4 shown to be activated by
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B-phenylethylamine, a carnivore odor from mountain lions, tigers and
jaguars. The removal of a single TAAR gene (TAAR4) in mice elimi-
nated their innate aversion to predator odors such as puma urine
volatiles.*®

Our previous study found that the size of TAAR gene repertoires
varies widely among tetrapods, ranging from 0 in dolphins and 1 in
zebra finches to 26 in flying foxes, while terrestrial mammals generally
have a higher number of TAARs compared with the platypus, archo-
saurs and amphibians'®; the latter have up to four TAAR subfamilies
from among TAAR1-5, whereas therian mammals have more TAAR
subfamilies (TAAR6-9, E1 and M1-3; named therian-specific TAAR
subfamilies) with TAAR1-5.1¢ These therian-specific TAAR subfamilies
are found to have been subject to rapid species-specific gene duplica-
tions with positive selection and thus adaptation to different ecologi-
cal niches has been considered.'®'” For example, the mouse and rat
genomes have experienced frequent species-specific tandem gene
duplications, but no functional TAAR gene has been found in the dol-
phin genome.®81? From these results, it is very likely that TAARs
proliferated in conjunction with adaptation to living on the ground to
detect predator odors. It can be hypothesized that TAAR genes have
less critical functions for nonground living mammals, such as arboreal
species, due to the lower exposure to ground-living predators. Arbore-
ality is relatively rare among extant placental mammals, but primates
are common arboreal inhabitants of tropical and subtropical forests.2°
These primates have special adaptations for that lifestyle, such as their
hands and feet being able to grasp twigs and branches rather than
grappling tree trunks.?°

In contrast to most mammals, some primate species show a con-
spicuously small number of TAAR gene families. The human genome
has six subfamilies (with no gene duplication) and does not have func-
tional TAAR3, TAAR4 and TAAR7 genes.'®'? Pseudogenization of
TAARS3 and TAAR4 occurred before the divergence of humans and
orangutans (for TAAR3) or humans and gorillas (for TAAR4).2? Inde-
pendent pseudogenization has occurred in the marmoset lineage for
both TAAR3 and TAAR4,?! leaving the marmoset genome with only
two TAAR genes (TAAR1 and TAARS5).X¢ Therefore, it is of interest
whether the reduction in the number of TAAR gene families is specific
to a certain group of primates or to all primates as a whole. The pseu-
dogenization events of TAAR3, TAAR4 and TAARS happened before
the divergence of humans and gorillas,?! but the therian-specific
TAAR repertoires in primates are unknown. In particular, our previous
study has found that mammalian TAAR7 genes are subject to positive
selection, while this gene has been lost from the human and marmoset
genomes.'®

Although nearly complete genomes have been released from
13 primates, there have been few in-depth studies of the chemosen-
sory evolution of these primates, thus they remain poorly understood
compared with humans.??72? Research into the evolution of the che-
mosensory system of primates will provide insight into human adapta-
tion. In this study, the complete repertoires of functional TAAR genes
and pseudogenes are identified in 13 primate genomes, which include
members of all four infraorders (Lorisiformes, Lemuriformes, Tarsii-
formes and Simiiformes). The genomes of the Malayan colugo (Sunda
flying lemur, Galeopterus variegatus) and the northern treeshrew

(Tupaia belangeri) are also examined because these species are crucial

to addressing questions regarding chemosensory evolution of pri-
mates being members of the most closely related outgroup for pri-
mate species.®® The inclusion of 15 euarchontan genomes greatly
increases the ability to draw inferences related to the patterns and
timing of TAAR evolution. This study is the most comprehensive com-
parative study to date of TAAR gene family evolution in Grandorder
Euarchonta. As such, this study could serve as a critical starting point
in the generation of hypotheses related to how different TAARs may
have evolved and been depauperated in the adaption to a diverse
range of ecological niches.

2 | MATERIALS AND METHODS

2.1 | Genome sequences and TAAR gene mining

Fifteen euarchontan genomic sequences were obtained from multiple
sources (Supporting Information, Table S1). Previously reported TAAR
sequences were used as queries.*® A similarity search was performed
using tblastn of the Basic Local Alignment Search Tool (BLAST, ver.
2.7.1) programs.®332 putative TAAR genes were searched against
genome sequences with an E-value threshold of 1 x 1072 (see Eyun
et al® for details). In order to obtain comparable E-values, a database
size of 1.4 x 10%° (using the “-dbsize” option) was set to be equiva-
lent to the size of the nonredundant (NR) protein database from the
National Center for Biotechnology Information (NCBI, http://www.
ncbi.nlm.nih.gov).3® Based on searches using blastp against the NR
database, sequences were considered to be TAAR gene candidates if
the top hit from the search was a previously known TAAR. Newly
identified primate TAAR candidates were subsequently used as
queries against their genomes to find additional candidates. These
steps were performed recursively until no other TAAR candidate
sequences were detected for each genome. For a more sensitive
search, profile hidden Markov models (HMM) were constructed for
each TAAR subfamily sequence, including newly identified TAAR sub-
families (TAAR M1-M3 and E1; see Section 3.1.1). Each genome was
searched using the hmmbuild and hmmsearch programs of the
HMMER package (ver. 3.0) for building and calibrating HMMs3*
However, no additional sequences were obtained through this search.

The naming of TAAR genes followed the nomenclature in

Maguire et al.®®

The TAAR genes and their positional information are
summarized in Tables 1 and S2. All of the aligned sequences are avail-
able in Figure S1.

All TAAR genes are intron-less and encoded in a single exon.
TAAR2 genes (also known as GPR58) are the exception; they have
two exons. To determine the exon and intron boundaries for TAAR2,
the coding sequences were predicted using GeneWise (ver. 2.2).3¢
The conserved first exons were found in six primates (humans, chim-
panzees, bonobos, gorillas, orangutans and rhesus macaques)
(Figure S1B). The average length of the six TAAR2 introns was
6070 bps (6042 bps in orangutans to 6097 in chimpanzees). Chim-
panzee TAAR2P (NC_006473.3) from NCBI is a pseudogene due to a
nucleotide deletion (nucleotide position 861 in human TAAR2), which
is shared by the bonobo TAAR2P (Figure S1B). Bonobo TAAR2P
(XM_003827664.1) from NCBI was annotated as an intact gene and


http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov

EYUN

Genes, Brain 30f12

and Behavior

TABLE1 The number of TAAR genes identified in 13 primate and 5 other genomes

Order (group)/species name

Primates (Haplorhini)

[Simiiformes (Catarrhini)]

Common name

Total number®

Homo sapiens Human 6(3)
Pan troglodytes Chimpanzee 3(6)
Pan paniscus Bonobo 2(7)
Gorilla gorilla Gorilla 3(6)
Pongo pygmaeus abelii Sumatran orangutan 4 (6)
Nomascus leucogenys White-cheeked gibbon 1(3)
Macaca mulatta Rhesus macaque 6(3)
Papio hamadryas Hamadryas baboon 5(3)
Papio anubis Olive baboon 6(2)
[Simiiformes (Platyrrhini)]
Callithrix jacchus Common marmoset 2(6)
[Tarsiiformes]
Tarsius syrichta Philippine tarsier 5(3)
Primates (Strepsirrhini)
[Lemuriformes]
Microcebus murinus Gray mouse lemur 7 (1)
[Lorisiformes]
Otolemur garnettii Bushbaby 8 (0)
Dermoptera
Galeopterus variegatus Malayan colugo 8(2)
Scandentia
Tupaia belangeri Northern treeshrew 10 [2] (5)
Rodentia
Mus musculus House mouse 15 (1)°
Rattus norvegicus Norway rat 17 (2)°
Artiodactyla
Bos taurus Cow 21 (8)°

Number of TAAR subfamily genes®
T1 T2 T3 T4 T5 T6 T7 T8 T9

1 1 o1 0@ 1 1 o) 1 1
1 0o(1) o0(1) 0@ 1 1 0(1) o0(1) 0()
1 o1 o o0@ 1 0(1) 0(1) o0(1) o)
1 1 o1 o@ 1 0(1) 0(1) o0(1) 0(1)
1 o) o) 1 1 0(1) 0@ 0@ 1
1 0 0 0(1) o0() o0 0 0 0(1)
1 1 1 1 1 1 o(1) o) 01
1 1 1 1 o(1) 1 0 0(1) 0(1)
1 1 1 1 1 1 0 0(1) o0(
1 o(1) o o0@ 1 0(1) o0 0(1) 0(1)
1 1 1 1 0(1) o0() o o) 1
1 1 1 1 o) 1 0 1 1
1 1 1 1 1 1 0 1 1
0(1) 1 1 1 1 1 0 2(1) 1
o) 1 1 1 1 2(2) 0 52 1
1 1 1 1 1 1 5(1) 1
1 1 1 1 1 1 7(2) 1
1 1 1 1 1 52) 74 32 1

@ TAAR gene candidates are divided into three categories: intact, incomplete and pseudogenes. The first number shown is that of intact genes, which con-
tain full-length open reading frames with seven complete transmembrane regions. The numbers of the incomplete genes due to contig ends and pseudo-
genes due to premature stop codons or frame-shifting insertions or deletions are given in square brackets and in parentheses, respectively.

P T1-T9: TAAR1 to TAARY.
¢ These numbers were taken from Eyun et al.*®

had “N” in that position with “low-quality position.” However, this
bonobo gene has a nucleotide deletion in the same position as the
chimpanzee TAAR2P, as well as a unique stop codon at N-terminus
(Figure S1B). Therefore, these genes were considered to be pseudo-
genes and named TAAR2P.

Dong et al*’

reported the number of TAARs from five primate
genomes (Homo sapiens, Pan troglodytes, Pongo pygmaeus abelii,
Macaca mulatta and Callithrix jacchus). However, the number of
TAARSs in this study differed. For example, the C. jacchus genome has
only one TAAR in Dong et al but two in this study. Also, Dong
et al identifies five human TAARs (TAAR1, TAAR2, TAAR3, TAAR4
and TAARS5) compared with the six TAARs (TAAR1, TAAR2, TAARS5,
TAAR6, TAARS8 and TAARY) in the present study. This study analyzed
three human genome assemblies: the International Human Genome
Sequencing Consortium (IHGSC), Celera (an individual human, J. Craig
Venter) and Han Chinese (HC) (Table $1).2874° TAAR3 was identified

as a pseudogene in the three assemblies and TAAR9 was an intact

gene in two of the assemblies (For details, see the Sections 3 and 4).

Dong et al®”

used automatic data-mining methods, which are likely to
be less precise and which have some limitations in terms of correcting

frame shift errors.

2.2 | Multiple sequence alignments

Multiple alignments of TAAR protein sequences were generated using
MAFFT with the L-INS-i algorithm (ver. 7.273).** All of the amino acid
positions in this study were numbered based on the human TAAR
sequences in the alignment (see Figure S1). The Ballesteros and Wein-
stein system numbering is presented as a superscript according to the
turkey pl-adrenergic receptor sequence (B1AR, NCBI accession num-
ber: P07700.1). All pseudogenes identified in this study were trimmed
after removing the codon to have frame-shifting indels (insertions/
deletions) or in-frame stop codons and were included in the multiple

alignments and the phylogenetic analysis.
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2.3 | Phylogenetic analysis models, (c) branch-site models and (d) Clade models. For site models,

Phylogenetic relationships were reconstructed using the maximum-
likelihood method with the PROTGAMMAJTT substitution model
(JTT matrix with gamma-distributed rate variation) using RAXML (ver.
8.1.3).%2 The neighbor-joining phylogenetic method was employed
using the Phylip package (ver. 3.67).*® Protein distances were esti-
mated using the JTT substitution model with gamma-distributed rate
variation (a = 1.3)* estimated from the maximum-likelihood method
in RAXML. Bayesian phylogenetic inference was performed using the
MrBayes package (ver. 3.2.5)*° with the JTT substitution model with
gamma-distributed rate variation. A Markov chain Monte Carlo search
was run for 10° generations, with a sampling frequency of 108, using
three heated and one cold chain with a burn-in of 10° trees. Nonpara-
metric bootstrapping with 1000 pseudo-replicates*® was used to
estimate the confidence of the branching patterns for the maximum-
likelihood and neighbor-joining methods. The phylogenies were
visualized with FigTree (ver. 1.4.3) (http://tree.bio.ed.ac.uk/software/
figtree).

To confirm the taxonomic relationships among the 13 primates
and 2 outgroup orders, phylogenetic analysis was conducted based on
the concatenated TAAR protein supermatrix (2810 amino acids)
including the 13 primates, Malayan colugo (G. variegatus), treeshrew
(T. belangeri), mouse and rat (all belong to Euarchonta). Cow TAAR
sequences were used as an outgroup. The white-cheeked gibbon
(Nomascus leucogenys) was also included despite having only one
intact and three pseudogenes and thus its phylogenetic position
should be regarded as tentative. The resultant phylogeny shown in
Figure S2 is consistent with recent primate phylogenetic studies and

the known taxonomical relationship among these species.*”*®

2.4 | Transmembrane topology prediction and
homology modeling of protein structure

To predict the transmembrane (TM) protein topology, which includes
the N-terminal, TM, intercellular loop (IC), extracellular loop (EC) and
C-terminal regions, HMMTOP (ver. 2.1)*° and Phobius (ver. 1.01)*°
were used.

Homology-based structural modeling of two TAAR proteins was
performed using the SWISS-MODEL web server (http://swissmodel.
expasy.org).’! The same template, the B-chain of the turkey (Meleagris
gallopavo) p1-adrenergic receptor (B;AR; 4AMJ), was selected for the
human TAAR2 and chimpanzee TAAR6 proteins. The root mean-
squared deviation (RMSD) for the human TAAR2 and chimpanzee
TAAR6 was 2.30 and 2.20 A and the QMEAN score was 0.251 and
0.241, respectively. The graphical representation of TAAR structures
was constructed using PyMOL (ver. 1.3; DelLanoScientific, San Carlos,

California).

2.5 | Tests of selection patterns

Stiubert et al?! pointed out that primate TAAR3, TAAR4 and TAAR5
were subject to purifying selection. This study has expanded to
include all primate TAAR subfamilies. Four different approaches were
employed using codeml of the Phylogenetic Analysis by Maximum
Likelihood (PAML) package (ver. 4.9 g)°% (a) site models, (b) branch

the one-ratio model (MO) for estimating an equal o (or dn/ds) ratio for
all branches in the phylogeny was compared against the discrete
model (M3), which allows for heterogeneous o ratios among sites.
This MO/M3 comparison was used to test the heterogeneity of the
selective constraints among sites. Branch models were used to deter-
mine whether the “foreground” lineage evolved under different selec-
tion pressures relative to the rest of the phylogeny (the “background”
lineage). Likelihood-ratio tests (LRTs) were performed between the
one-ratio model (R1; the same w for all branches) and the two-ratio
model (R2; two independent «'s).”>** Branch-site models were
employed to detect positively selected sites along specific
branches.’*>> Positively selected amino acid sites were identified
based on Bayes Empirical Bayes posterior probabilities.>® In these
models, positive selection was allowed on a specific foreground
branch and LRTs were conducted against null models that assumed no
positive selection. The branch-site test of positive selection (“Test 2"
in Zhang et al55) has four site classes: O, 1, 2a and 2b. For site classes
0 and 1, all codons operate under purifying selection (0 < wg < 1) and
neutral evolution (w; = 1), respectively, on all branches. For site clas-
ses 2a and 2b, positive selection was allowed on the foreground
branches (0, = 1) but the other background branches were placed
under purifying selection (0 < wg < 1) and neutral evolution (v, = 1),
respectively. For the null model, w, was fixed at 1. Clade models take
a similar approach to the branch-site models but also allow among-site
variation using the M2a_rel null model for Clade model C (CmC).>>>”
All PAML analyses were carried out using the F3X4 model of codon
frequency.®® The level of significance (P) for the LRTs was estimated
using a »2 distribution with given degrees of freedom (df). The test
statistic was calculated as twice the difference of the log-likelihood
between the models (2AInL = 2[InL; — InLg], where L, and Lg are the

likelihood of the alternative and null models, respectively).

3 | RESULTS AND DISCUSSION

3.1 | Identification of TAAR genes in Euarchonta
genomes

TAAR gene candidates were identified in 13 primate species and two
outgroup orders, the Malayan colugo (G. variegatus; Dermoptera) and
the northern treeshrew (T. belangeri; Scandentia) (Table S1). From the
13 primate genomes, a total of 107 TAAR genes (including 49 pseudo-
genes) were identified (Table 1). All of the identified primate TAAR
genes can be classified into one of nine TAAR subfamilies
(TAAR1-TAARY). The two outgroup orders have all TAAR subfamilies
except for TAAR1 and TAAR7 (see below; Table 1). A recent study
found more TAAR subfamilies (TAAR M1-M3, and E1) in mammalian
genomes.*® However, there are no newly identified TAAR subfamilies
(such as TAAR E1 and M1-M3) in the genomes in the present study
(see the next section for details). The number of TAAR genes varies
significantly among the primate species, ranging from one in the
white-cheeked gibbon (N. leucogenys) to eight in the bushbaby (Otole-
mur garnettii) (Table 1). This study found that the primate genomes

generally have a smaller number of functional TAAR genes compared
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with other terrestrial mammalian species. This study also found that
many primate TAAR genes have been lost in a lineage-specific manner
and the proportion of TAAR pseudogenes in nonhuman apes (approxi-
mately 69%) is significantly larger than that in the mouse and rat
genomes (approximately 8%).

For humans, three human genome assemblies (IHGSC, Celera and
HC) were analyzed (see Section 2) (Table S1). This study found five
intraspecific nucleotide variations: one in TAAR1, three in TAARS and
one in TAARY. Of the five variations, four nucleotide sites are synony-
mous, but one variation (position 181 in human TAAR9) leads the in-
frame stop codon (AAA in IHGSC and HC, but TAA in Celera)
(Figure S1H). In the NCBI dbSNP database (http://www.ncbi.nlm.nih.
gov/SNP), this position is associated with the allele frequency of
rs2842899. The allele frequency of A is set at 0.8057 and that of T is
0.1943. Thus, the majority of human genomes have an intact TAAR9.
Note that TAAR? is a therian-specific gene family (also known as
newer types of mammalian TAARs) and generally consists of single-
copy orthologs (except for the opossum genome).'® TAAR9 is repre-
sented by pseudogenes in many mammals®® and all simian primates

except for humans and orangutans.

3.2 | Phylogenetic analysis of primate TAARs

To clarify the classification and evolutionary relationships among the
euarchontan TAAR genes, phylogenetic analyses were conducted
(Figure 1). Three sea lamprey TAAR-like proteins were used as out-
groups because they are the most ancestral among all TAAR
genes.?®® Al identified TAAR genes from the 15 euarchontan
genomes belong to one of the nine main subfamilies (TAAR1-TAAR9)
but none of TAAR M1-M3 and E1 (Figure 1). This indicates that TAAR
M1-3 are restricted to metatherian mammals and that TAAR E1
emerged in early eutherians but was lost in many laurasiatherian line-
ages and the ancestors of euarchontoglireans.'® Seven TAAR7 genes
were identified from six primates (Table 1), but these have many pre-
mature stop codons and frame-shifting indels and are thus considered
pseudogenes.

In Figure 1, each cluster of the eight main subfamilies
(TAAR1-TAARY) is strongly supported by high bootstrap values (>77%
in the maximum likelihood phylogeny, >90% in the neighbor-joining
phylogeny and 100% posterior probability in the Bayesian phylogeny).
Based on functional assays, TAARs can be classified into two groups
(TAAR1-4 vs TAAR5-9) based on whether they preferentially detect
primary or tertiary amines.>® Phylogenetic analysis also supports this
two-group classification (>86% by the maximum-likelihood, neighbor-
joining and Bayesian inference) (Figure 1). Tertiary-amine detecting
TAARs except for TAARS are the recently diverged TAAR subfamilies,
emerging after the divergence between prototherian and therian

).2 They have been sub-

mammals (230-166 million years ago; MYA
jected to rapid species-specific tandem gene duplication in most mam-
malian species. For example, the cow (Bos taurus) genome possesses
16 therian-specific TAARs (5 TAARé6s, 7 TAAR7s, 3 TAAR8s and
1 TAARY). In euarchontoglirean species, two Rodentia genomes (the
mouse and rat) also have all four therian-specific TAARs and a high
number of TAAR7 (5-7 genes) and TAARS genes (3 genes) (Table 1).

This pattern is consistently observed in the Malayan colugo and

and Behavior

northern treeshrew genomes, which have colugo-specific and
treeshrew-specific duplicated copies of TAAR6 and TAARS (Figure 1).
In the primate lineage, however, no extra copy (gene gain or duplica-
tion) of any TAAR gene was found. A possible gene duplication event
was identified only for two orangutan TAAR7Ps. However, this event
appears to have occurred very recently after pseudogenization
because they have 100% identical nucleotide sequences but different
genomic locations. All functional primate TAAR genes have apparently
remained as single-copy genes. This is obviously different from what

has been typically observed in mammalian TAAR evolution.

33 |

All primate TAARs have only experienced gene losses with no gene

Pseudogenization of TAAR subfamilies

gains. Pseudogenization events were identified in all 15 euarchontan
genomes, whereas gene duplications have only occurred in Scandentia
and Dermoptera. In Figure 2, all pseudogenization (or gene loss)
events that have occurred during primate evolution are summarized.
Frequent gene losses have occurred particularly in haplorhine pri-
mates, and a higher proportion of pseudogenization can be observed
in Hominoidea after the divergence from Cercopithecoidea, reaching
approximately 69% in nonhuman apes. These results are consistent
with Stiubert et al,>* who reported that pseudogenization events in
TAARS3-5 are more frequent in primates than in other mammals.

TAART1 is highly conserved in sequence and represents the oldest
TAAR subfamily, as its origin can be traced back to jawed verte-
brates.X® This study shows that all 13 primate TAAR1s are intact, but
the TAAR1s are pseudogenes in the Malayan colugo (G. variegatus)
and the northern treeshrew (T. belangeri) due to the presence of four
different indel nucleotides and a premature stop codon, respectively.
In tetrapods, only a few lineages (the bottlenosed dolphin, Tursiops
truncatus; the dog, Canis familiaris; and the tammar wallaby, Macropus
eugenii) have been reported as TAAR1 pseudogenes.'®° The dog
TAAR1 is thought to be a case of independent pseudogenization in a
recent event (~54.2 MYA) because the TAAR1s are all pseudogenes in
the dog, the wild gray wolf, and four other caniforms, but they remain
intact in cats.°

The results of the present study show the TAAR7 subfamily to be
completely absent from all 15 euarchontan genomes. In mammals,
TAAR7 genes have the greatest variation in gene number (1 in the
horse and armadillo to 16 in the flying fox). In Euarchontoglires, the
mouse and rat genomes have multiple TAAR7 genes (5-7 genes)
(Table 1). This subfamily has also been shown to evolve under the
influence of positive selection.'® In contrast, none of the 13 primate
genomes examined in this study had an intact TAAR7. The bushbaby
(O. garnettii) belongs to the suborder Strepsirrhini and, with lemurs,
diverged from other primates earlier. The bushbaby genome pos-
sesses eight TAAR subfamilies, but no identifiable TAAR7 gene nor
pseudogene exists in the bushbaby genome. The order Dermoptera,
which includes the Malayan colugo (G. variegatus), is the closest out-
group to the primates.®® The Malayan colugo genome possesses all
intact TAAR gene subfamilies except for TAAR1 and TAAR7, as does
the northern treeshrew (T. belangeri; Scandentia) genome. Therefore,
TAAR7 genes emerged in a common ancestor of eutherians, was

maintained until the euarchontoglirean lineages, but was then
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FIGURE 1 Evolutionary relationship among the TAAR subfamilies from 13 primates, the Malayan colugo, and the northern treeshrew. The
phylogenetic tree is reconstructed using the maximum-likelihood method. All TAAR7 pseudogenes were excluded from the analysis. Three sea
lamprey TAAR-like proteins were used as outgroups. The numbers for the internal branches show the bootstrap support values (%) for the
neighbor-joining and maximum-likelihood phylogenies and the posterior probability (%) for the Bayesian phylogeny in this order, with asterisks
indicating scores of 100%. Supporting values are shown only for the major internal branches. Gray names indicate pseudogenes. The two red-
colored branches and arrows indicate those that were identified to be subject to positive selection by PAML branch-site models (see Table S5).
The TAAR subfamily names are shown in different colors based on their taxonomic distribution as follows: TAAR1 found in jawed vertebrates in
red, tetrapod-specific TAAR4 in dark blue, amniote-specific TAAR2 and TAARS in purple, mammalian-specific TAARS in orange, therian-specific
TAAR? in cyan and eutherian-specific TAAR6 and TAARS in light green
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FIGURE2 TAAR gene gains and losses in euarchontan genomes. TAAR gene gain (red) and gene loss (including pseudogenization; blue) events
are shown along the branches. T1 to T9 indicate TAAR1 to TAAR9. The current consensus for primate phylogenies with their approximate
divergence times (MYA) was obtained from Perelman et al.*’ All species belong to Euarchonta except for the mouse (gray, Mus musculus), which is
used as an outgroup. The species are listed in the same order as shown in Table 1 (from the top, except for the rat and the cow)

subsequently lost in the common ancestor of the Euarchonta
(Primates, Dermoptera and Scandentia) (Figure 2).

The white-cheeked gibbon (N. leucogenys) possesses only one
intact TAAR1 gene and three pseudogenes (Table 1). Hylobatidae is
known to have experienced extremely rapid chromosome evolu-
tion.4142 All tetrapod TAAR genes are located in a region of a single
chromosome.'®*® The syntenic relationships of all TAARs and the
adjacent genes are highly conserved as a single gene cluster.X® All
great ape TAAR genes are located on chromosome 6 (Table S2).
Human chromosome 6 corresponds to six chromosomes (NLE1, NLE3,
NLE8, NLE17, NLE18 and NLE22) in the white-cheeked gibbon
genome,®! suggesting an association with TAAR gene losses. Although
all gibbon TAAR genes are located on a single chromosome (chromo-
some 3, NC_019818.1) (Table S2), a higher rate of segmental rearran-
gement may have led to the relaxation of negative selection and acted
as a driving force in TAAR gene loss in the white-cheeked gibbon.

Based on shared indel positions, the timing of pseudogenization
events can be estimated using the previous phylogenetic analyses. For
the TAAR2 gene, one shared nucleotide deletion (nucleotide position
861 in human TAAR2) can be observed in the genus Pan (chimpanzees
and bonobos) (Figure S1B). Thus, the pseudogenization of the TAAR2
gene in the genus Pan may have happened very recently after the
divergence of humans and the genus Pan but before the divergence
of chimpanzees and bonobos (4.5-1.0 MYA)® (see Section 2 for
details regarding pseudogene assignment). Species of the subfamily
Homininae (African apes) share the same positions of the indel events
in the TAARS3 and TAAR4 genes, which is consistent with results from
Stiubert et al.2* Two nucleotide deletions (position between 136 and
137 in human TAAR3P), and one or two nucleotide insertions (posi-
tion 749 in human TAAR4P) can be observed in the African apes
(Figure S1C,D). Thus, the indels associated with pseudogenization in
TAARS and in TAAR4 seem to have occurred in the lineage leading to
the subfamily Homininae. Independent pseudogenization events for

TAAR4 can be observed in the white-cheeked gibbon (N. leucogenys)

and common marmoset (C. jacchus). This indicates that the pseudo-
genization of TAAR4 is not shared ancestral event but rather the

result of multiple lineage-specific independent events.

3.4 | TAARS pseudogenes in Haplorhini except for
humans

Except for the white-cheeked gibbon (N. leucogenys), 12 TAAR8
sequences were identified from the 13 primate genomes (Table 1). All
Haplorhini TAAR8s are characterized by multiple premature stop
codons and frame-shifting indels except for human TAARS, although
the four TAARS8s in Strepsirrhini and the two outgroup orders are
intact (Figure S1G). Seven additional TAARS8 sequences were obtained
from the NCBI database; these sequences belong to Haplorhini
(Figure 3). All TAARSs identified in haplorhines are pseudogenes
except for those in humans. These pseudogenization events were
mapped to the consensus primate phylogeny (Figure 3). Of the multi-
ple pseudogenization events in the TAAR8 sequences, two nucleotide
deletions at positions 748 and 749 are shared in the lineage leading to
the infraorder Simiiformes, except for human TAARS8 (Figures 3 and
S1G). Note that the three human genome assemblies have 100% of
the TAARS8 nucleotides without variation (Figure S1G). Two positions
are associated with rs537864861 (NCBI dbSNP database) and
$51376213897 (1000 genomes), but the allele frequency of the dele-
tion is less than 0.002. Furthermore, the Neanderthal genome has not
experienced a deletion in this position (http://www.eva.mpg.de/
neandertal).* This suggests two possibilities. First, two nucleotide
deletions occurred independently at the same position in each simian
species. Second, these two deletions occurred in a common ancestor
of simians and were subsequently resurrected in humans by regaining
the two missing nucleotides. The second explanation is more likely
because it is more parsimonious than multiple independent events. In
addition, based on the number of TAAR8 pseudogenization events,

the functional constraint was likely relaxed earlier than other TAAR
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FIGURE 3 TAARS pseudogenization events for 17 Haplorhini species. The position numbers (in red) for the ORF disruptions such as stop codons
and indel events are based on the human TAAR nucleotide sequence. All species belong to the Haplorhini. The TAARS8 gene was not identified in
the white-cheeked gibbon (Nomascus leucogenys) genome (gray). It is likely that TAAR8 was pseudogenized in Simiiformes but subsequently

resurrected in humans (magenta). The tree is obtained from recent primate phylogenetic studies

(MYA) are obtained from Perelman et al.*”

subfamilies because the primate TAAR8 subfamily has had the most
frequent indel events among the TAAR pseudogenes (Figure 3). For
example, once a functional gene became a pseudogene, the gene usu-
ally accumulates deleterious mutations over time.®> All simian pri-
mates except humans and bonobos have experienced other
pseudogenization events in addition to the shared two nucleotide
deletion event. This suggests that TAAR8 pseudogene events may
have a long history in the haplorrhine lineage. Although it is a very
rare case, similar resurrection events have been reported in cows and
humans.47%® The ruminant pancreatic seminal ribonuclease gene
became a pseudogene before the divergence of ruminants (~39
MYA),24%7 thus gaining deleterious mutations or not being expressed,
but it was revived recently in cows.®4%7 Also, a resurrection event has
been posited for the IRGM gene, a member of immunity-related
GTPases (IRGs), in some primates.®® The single-copy IRGM gene
became pseudogenized in the common ancestor of Simiiformes but
was restored in the common ancestor of humans and great apes, pos-
sibly due to the insertion of a retroviral element.® These results indi-

cate that some pseudogenes are likely to have been restored.

3.5 | The degeneration of TAAR gene repertoires in
Euarchonta

The evolutionary deterioration of TAARs appears to be a major trend
in Euarchonta (Figure 2). The present study found that the initial

breakdown of TAARs occurred in basal euarchontan species and has

474884 and their approximate divergence times

happened more often in primates than in other mammals. Mammalian
TAARs are known to have a lower proportion of pseudogenes com-
pared with odorant receptor (OR) genes.'® For instance, mouse and
rat genomes have 15 and 17 intact TAARs but only 1 and 2 pseudo-
genes, respectively, while their genomes have more than 1000 OR
genes, more than 23.5% of which are pseudogenes.®” The degenera-
tion of TAAR gene repertoires likely began in the common ancestor of
Euarchonta and is highly likely to be related to arboreal living. The
two nonprimate euarchontan genomes have a smaller number of
TAARs compared with Rodentia (the mouse and rat) and Artiodactyla
(the cow) (Table 1). They have already lost TAAR1 and TAAR7. The
euarchontan ancestor probably arose from arboreal animals, and pri-
mates became more arboreal than this euarchontan ancestor. Certain
characteristics of the primate ancestor remain as adaptations to this
lifestyle, such as a shortened rostrum with stereoscopic vision, an
opposable hallux and pollex, and a highly mobile radius and ulna in the
forelimb.207071

Living in trees significantly reduces exposure to predators and
facilitates escape from ground-living predators.”? Thus, it is conceiv-
able that arboreal life may have decreased the reliance on the chemo-
sensing of predators, leading to the nonfunctionalization of primate
TAARs. For instance, TAAR4 is stimulated by B-phenylethylamine,
which is a carnivore odor that evokes physiological and behavioral
responses in two prey species (the mouse and rat).1* The genetic dele-
tion of TAAR4 in mice specifically eliminates high-sensitivity

responses to p-phenylethylamine and puma urine volatiles.*®
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Interestingly, all African apes (Homininae) have lost TAAR4. Two inde-
pendent TAAR4 pseudogenization events in two arboreal primates,
the white-cheeked gibbon and the marmoset, were also observed. In
contrast, three cercopithecid species, including the macaque and two
baboon species have functional TAAR4 genes and a higher number of
TAARs (approximately five genes) compared with other haplorhines.
They still face a wide array of predators such as leopards, tigers and
cheetahs, thus they display a variety of behaviors in response to the
threat of these predators.”>’4 Therefore, reduced pressure from
ground-dwelling predators for primate TAARs has altered evolutionary
selection processes. Whether the low number of TAARs is specific to
euarchontan species or whether it is shared with other arboreal spe-

cies requires further testing.

3.6 | Sensory trade-offs for primate chemosensory
receptors

This study has found that pseudogenization events were more fre-
quent in Haplorhini (including Simiiformes and Tarsiiformes) after the
divergence from Strepsirrhini (including Lemuriformes and Lorisi-
formes) (87 MYA). More than half of TAARs have been lost due to
multiple independent pseudogenization events, particularly in Homi-
noidea genomes outside of humans (Table 1). The proportion of TAAR
pseudogenes in nonhuman apes (approximately 69%) is significantly
larger than in other primates (approximately 31%) and significantly
larger than in the mouse and rat (approximately 8%). Although pri-
mates are traditionally divided into two suborders, Simiiformes
(Anthropoidea) and Prosimii (Tarsiiformes, Lemuriformes and Lorisi-
formes), Haplorhini and Strepsirrhini are divided on the basis of the
shape of the nose.?®”> The name Strepsirrhini derives from the “curly”
nostrils of the rhinarium (the moist area of the nasal tip in mammals or
wet nose, an ancestral condition), while Haplorhini means “simple
nose” in that it lacks a rhinarium.?® Mammals with a rhinarium are
known to have a very sensitive and more acute olfaction capacity. In
addition to the loss of the rhinarium, the size of the main olfactory
epithelium (MOE, the back of the nose into which air flows) is reduced
in haplorhines compared with strepsirrhines.”® In the mammalian
MOE, the sensory neurons have two types of chemosensory receptor,
ORs and TAARs.”” Thus, the loss of the rhinarium and the smaller
MOE in haplorhines is very likely associated with a reduction in the
reliance on olfaction sensitivity.?%”® Haplorhini OR gene repertoires
have also exhibited consistent deterioration compared with other
mammals.?472¢ Therefore, the frequent pseudogenization of TAARs
and ORs in the Haplorhini lineage can be considered a result of
relaxed selection due to the lower reliance on olfaction.

Most haplorhines except tarsiers are diurnal and have well-
developed color vision systems, while most strepsirrhine species are
nocturnal.2¢7?8% This observation suggests a relationship between
the acquisition of well-developed trichromatic vision and reduced che-
mosensory function, such as olfaction.?>?® This has been referred to
as a sensory trade-off hypothesis, in which lower olfaction sensitivity
can be compensated for by other sensory mechanisms such as better
vision. All apes, three Old World monkeys, and the common marmoset
(depending upon gender) possess full trichromatic vision, but the pro-

portion of TAAR pseudogenes in these species has a large variation

and Behavior

(25% in the olive baboon to 78% in the bonobo). Thus, the sensory
trade-off hypothesis may not be a factor in haplorhine TAAR evolu-
tion. In addition, the gradual degeneration of OR gene repertoires in
primates has been observed in every lineage and thus cannot be
directly linked to full trichromatic vision.?® Furthermore, a relatively
smaller proportion (37%-46%) of OR pseudogenes are found in
macaques and marmosets,?® but TAAR pseudogenes exhibit a large
variation (33% in the macaque to 75% in the marmoset). Therefore,
the relationships among the three chemosensory receptors (opsins,
ORs and TAARs) in primates cannot be simply explained by the trade-
off hypothesis.

3.7 | Selection patterns and selective forces
operating on TAAR subfamilies

In order to examine selective constraint patterns, the ratio of nonsy-
nonymous to synonymous distances (o or dy/ds) was estimated for
each TAAR subfamily. Overall, the average o for the TAAR subfamilies
was ~1.5 times higher in primates than in nonprimate mammalian
orthologs (0.2232 for primates and 0.1523 for nonprimate mammals)
(Table S3). Furthermore, the overall average o (0.3813) was signifi-
cantly higher when estimated using only haplorhines than when using
nonprimate mammals (P = 0.0367 with the Mann-Whitney U test)
(Table S3). This indicates that primate TAARs have been subject to
relaxed purifying selection, a process which has been accelerated in
haplorhines.

In order to confirm the hypothesis that there are different selec-
tive pressures within primate TAAR subfamilies, PAML tests based on
the branch and Clade models were conducted (Table $4).52°5%7 The
branch model tests an alternative hypothesis where two 's are
allowed within specific branches against the null hypothesis that there
is a single o for all branches. Using this test, the patterns of selective
pressure are compared between Haplorhini TAARs and Strepsirrhini
TAARs. The alternative hypothesis with two ®'s was found to be sig-
nificantly stronger than the null hypothesis for most of the TAAR sub-
families (P < 0.01 for TAAR2, TAARS3, TAAR4, TAARS and TAARY;
Table S4). The estimated w's were about two or three times higher in
Haplorhini (w, in R2) compared with that of the Strepsirrhini lineages
(g in R2) (Table S4) indicating further relaxed selective constraints in
Haplorhini TAAR subfamilies after the divergence from Strepsirrhini
TAARs.

Statistically significant differences also appeared in the results for
the Clade models. Large increases in the w's of haplorhine primates
from Clade model analysis were observed (Table S4). The divergent
ratio estimates for haplorhine TAARs (TAAR4, TAAR5, TAARG and
TAAR9) were significantly greater than o = 1 (P < 0.01), indicating a
small proportion of relaxed constraints or positive diversifying selec-
tion (Table S4). Taken together, these results indicate that Haplorhini
TAARs have been subject to significantly relaxed selection constraints
and more derived primate TAARs have evolved under more relaxed
selection. This is most likely associated with the major morphological
transition from Strepsirrhini to Haplorhini described above. Relaxed
selection pressure on TAAR subfamilies in haplorhines has led to the
accumulation of multiple independent mutations, resulting in the non-

functionalization of numerous TAAR genes.
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FIGURE4 Three-dimensional-structural model and partial sequence alignments for TAAR2 and TAARG proteins. (A) A 3D-structural model of the
human TAAR2 (yellow) and chimpanzee TAAR6 protein (cyan) superimposed with the Turkey p1-adrenergic receptor (31AR, gray). The ligand
B1AR (dobutamine) is shown as a stick model. Positively selected sites are indicated in orange (human TAAR2) and dark cyan (chimpanzee
TAAR6). Two positive selection sites (positions 2 and 7) are not shown due to the lack of a 3D protein model. (B) The partial sequence alignment
of primate TAAR2 and TAARG. The nine residues predicted to be under positive selection are shown in boldface (indicated by the yellow boxes).

The pseudogenes are in gray

3.8 | Positive-selection sites located in potential
ligand-binding sites

Amino acid sites exhibiting positive selection signatures were identi-
fied using PAML branch-site models with Bayes Empirical Bayes infer-
ence.®® PAML tests with branch-site models can detect a short
episode of positive selection in a small fraction of amino acids.>®> The
tests were conducted both with and without pseudogenes. The
models that allowed > 1 exhibited a significant fit for the data for
chimpanzee TAAR6 (P < 0.0001) and a marginally significant fit for
human TAAR2 (P < 0.05) (Table S5). In analyses including all TAAR
sequences and excluding pseudogenes, six sites were identified in
chimpanzee TAARG (positions 7, 96325 97326 114343 115%4* and
195°4%) and three sites in human TAAR2 (positions 2, 99328 and
130%°%) (Table S5). Four of the six sites identified in chimpanzee
TAARG (positions 9632°, 97326 114343 and 115%*4) had posterior
probabilities higher than 95%, indicating strong positive selection.
Three positively selected sites in chimpanzee TAARG (positions 96%2°
and 195>%) and human TAAR2 (position 99°2%) corresponded to resi-
dues identified to be directly involved with ligand-binding on
p-adrenergic receptors 1 and 2 (Figure $3).8278% To determine the spa-
tial distribution of these nine positive-selection sites, homology
modeling of the TAAR protein structure was conducted (Figure 4). Six
of the nine amino acids identified as being under positive selection
are located in or near the extracellular regions of the receptors (includ-
ing two in the N-terminal region) (Figure 4). Thus, the locations of pos-
itive selected sites are found in the area around ligand-binding site

pockets in human TAAR2 and chimpanzee TAAR6. These

substitutions may have affected ligand-binding activity and the speci-
ficity of these TAARs. The TAARs in more recently derived primates

have likely been rebuilt with possible positive selection.

4 | CONCLUSION

This study identified the complete TAAR gene repertoires in
15 euarchontan genomes and showed that gradual to rapid degenera-
tion of TAARs in primates has occurred without gene duplication. The
arboreal lifestyle derived from the Euarchonta ancestor may have
reduced reliance on the chemosensing of predators, leading to the
depauperation of TAAR subfamilies. This was likely to have been
accelerated after the change in nose shape in Haplorhini species.
Relaxed selection in primate TAARs has resulted in multiple indepen-
dent mutations and thus smaller numbers of TAAR genes compared
with other mammalians. In recently derived primates, human TAAR2
and chimpanzee TAAR6 experienced positive selection. Human
TAARS is likely to have been restored in an unknown resurrection
event. Although TAARs are likely to be associated with adaptation to
ground living, some primate TAAR genes have been reestablished

under high selection pressure, probably due to functional divergence.
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