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Trace amine-associated receptors (TAARs) in mammals recently
have been shown to function as olfactory receptors. We have
delineated the taar gene family in jawless, cartilaginous, and bony
fish (zero, 2, and >100 genes, respectively). We conclude that taar
genes are evolutionary much younger than the related OR and
ORA/V1R olfactory receptor families, which are present already in
lamprey, a jawless vertebrate. The 2 cartilaginous fish genes
appear to be ancestral for 2 taar classes, each with mammalian and
bony fish (teleost) representatives. Unexpectedly, a whole new
clade, class lll, of taar genes originated even later, within the
teleost lineage. Taar genes from all 3 classes are expressed in
subsets of zebrafish olfactory receptor neurons, supporting their
function as olfactory receptors. The highly conserved TAAR1
(shark, mammalian, and teleost orthologs) is not expressed in the
olfactory epithelium and may constitute the sole remnant of a
primordial, nonolfactory function of this family. Class Ill comprises
three-fourths of all teleost taar genes and is characterized by the
complete loss of the aminergic ligand-binding motif, stringently
conserved in the other 2 classes. Two independent intron gains in
class Il taar genes represent extraordinary evolutionary dynamics,
considering the virtual absence of intron gains during vertebrate
evolution. The dn/ds analysis suggests both minimal global nega-
tive selection and an unparalleled degree of local positive selection
as another hallmark of class Il genes. The accelerated evolution of
class lll teleost taar genes conceivably might mark the birth of
another olfactory receptor gene family.
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race amine-associated receptors (TAARS) are close relatives of

G protein-coupled aminergic neurotransmitter receptors (1).
Initially, TAARSs have been considered neurotransmitter receptors
as well, based on the expression and effects of some family members
in the central nervous system (1). However, recently, Liberles and
Buck (2) reported for several mammalian taar genes, some of whom
they could deorphanize, the expression in olfactory sensory neu-
rons. Thus, the faar genes joined a growing number of GPCR
families that serve as olfactory receptors (see ref. 3). Surprisingly,
the fish taar gene repertoire appeared to be much larger than the
mammalian repertoire (4, 5), whereas the opposite holds true for
the other olfactory receptor families. After the cloning of the first
TAAR receptors in mammals (6), TAAR genes have been found
in genomes from lower vertebrate species (4), and recently, it has
been suggested that the family occurs already in lamprey (5).
However, in this study, the delineation from classical aminergic
neurotransmitter receptors has not been investigated comprehen-
sively, and consequently both the scope of the TAAR family and its
evolutionary origin are still unknown. Because all further phyloge-
netic analysis critically depends on the correct delineation of the
family, we have performed exhaustive data mining for taar genes in
14 vertebrate genomes: 5 teleosts, 2 basal fish, and 7 higher
vertebrates.

We report a late evolutionary origin of the taar gene family after
the divergence of jawed and jawless vertebrates. Taar genes segre-
gate into 3 classes, with the third and youngest class emerging in
teleost fish. Members of all 3 classes were found to be expressed in
subsets of olfactory receptor neurons of zebrafish, with exception of
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TAARI. Class IIT of the faar gene family is characterized by the loss
of the aminergic ligand motif, extensive recent gene duplications,
and 4 independent intron gain/loss events and is likely to be under
unusually strong positive Darwinian selection. Thus, class III taar
genes seem to have acquired a so far unknown set of ligands and
appear poised to eventually become an olfactory receptor gene
family.

Results

A Monophyletic Origin and Distinct Consensus Motifs Distinguish
TAAR Genes from the Monophyletic Group of Aminergic GPCRs. Using
a recursive search strategy, we retrieved the complete taar gene
repertoire of 5 teleost fish species, a shark, frog, chicken, 4
placental, and 1 marsupial mammalian species [supporting infor-
mation (SI) Table S1 and Table S2]. All taar genes analyzed
subdivide into 28 different subfamilies. Subfamilies 1 to 9 corre-
spond to previously identified TAARs, with mostly mammalian
members, whereas subfamilies 10 to 28 are fish-specific. The
subfamilies segregate into 3 major clades (Fig. 1 and Fig. S1), which
we designated class I to III, in analogy to corresponding subdivi-
sions in the odorant receptor (OR) gene family (7). Class I
(TAARLI, 10-11, 21, 27) and class II (TAAR2-9, 12-13) contain
both tetrapod and teleost genes, but class I11 is restricted to teleosts
(TAAR14-20, 22-26, 28).

All taar genes identified form a monophyletic group, clearly
distinct from their close relatives, the aminergic neurotransmitter
receptors (Fig. 1). The TAAR gene family also segregates with
maximal bootstrap values from the ORs, which are less closely
related, but belong to the same major family of GPCRs, the
rhodopsin type GPCRs (8). We emphasize that the appropriate
choice of outgroups is especially relevant for the proper delineation
of the TAAR gene family. The classical aminergic neurotransmitter
receptors are relatively close neighbors in the phylogenetic tree, but
constitute a rather diverse group by themselves. Inclusion of just a
few aminergic receptors (see ref. 5) can lead to erroneous conclu-
sions. Thus, we found it necessary to include representatives from
all major aminergic receptor subtypes (cholinergic, dopaminergic,
histaminergic, noradrenergic, and serotinergic receptors) in the
phylogenetic analysis to avoid spurious results.

Taar genes frequently show low identity values <30% in pairwise
comparisons. We have therefore analyzed the retention of consen-
sus motifs to obtain a second line of evidence for proper delineation
of the faar gene family. Of 48 aa positions absolutely conserved
between human and rodent TAARs (1), the vast majority (41 aa)
are highly conserved in fish TAARs. Besides general GPCR motifs
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Fig. 1.  Phylogenetic tree of TAAR family members and estimated minimal

evolutionary age. (A) Radial tree of teleost and tetrapod TAARs, species groups
are color-coded. We analyzed 5 teleost genomes (Danio rerio, zebrafish; Gaster-
osteus aculeatus, 3-spined stickleback; Oryzias latipes, medaka; Takifugu ru-
bripes, fugu; Tetraodon nigroviridis, tetraodon), 5 mammalian genomes (Mono-
delphis domestica, opossum; Bos taurus, cow; Mus musculus, mouse; Rattus
norvegicus; rat, Homo sapiens, human), avian (Gallus gallus, chicken), amphibian
(Xenopus tropicalis, clawed frog), lamprey (Petromyzon marinus), and elephant
shark (Callorhinchus milii) genome. Zebrafish and mouse aminergic neurotrans-
mitter receptors were used as outgroup together with a selection of ORs. A group
of lamprey receptors considered TAARs by ref. 5 has aminergic receptors as closest
neighbors, not TAARs. (Scale bar, 10% divergence.) For accession numbers and/or
gene Ids, see Table S2. (B) The estimated minimal evolutionary age of TAAR
subfamilies and genes is shown. Open circles represent the gene gain events in
each lineage, and filled circles represent the gene loss events. Inside each circle is
the name of the respective gene or subfamilies. Emergence of the taar gene
family and of the 3 classes of taar genes is indicated by ovals. The major phylo-
genetic transitions are indicated: bo/nobo, bony fish/cartilaginous fish; ac/sa,
actinopterygian/sarcopterygian split, i.e., between the ray-finned bony fish (te-
leosts) and the lobe-finned fish giving rise to tetrapods; os/neo, ostariophysii/
neoteleosteisegregation between less derived (zebrafish) and more modern fish
(medaka, stickleback, pufferfish). The maximum-parsimony principle was
followed, thus gene gains are depicted at the last possible stage before
additional gains would become necessary for explanation but may in fact
have occurred earlier. A gene gain implies a preceding gene duplication on
the same branch of the species tree that gave rise to the new subfamily.
Subsequent gene duplications generate the extant members of the
subfamily.
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many TAAR-specific motifs are in this group that are not present
even in the closely related aminergic receptors (Fig. 2). The
characteristic TAAR fingerprint motif, described to be 100%
sensitive and specific for mammalian TAARs (1), is strikingly
conserved in all fish faar genes analyzed (Fig. 2). In contrast, 2 of
the TAAR-specific amino acids from this motif are absent in the
lamprey receptors, and 2 others are only weakly conserved, further
delineating the TAAR receptors from the group of aminergic
receptors in general and from the lamprey aminergic receptor
family in particular. As expected, amphibian and avian TAAR
sequences share the great majority of conserved motifs as outlined
above, supporting their assignment as taar genes. Some motifs
distinguish the 3 classes of TAARs from 1 another, including the
aminergic ligand motif (9), which is highly conserved in class I and
IL, but absent from all but one class III faar genes (Fig. S2).

Taar Genes Are an Evolutionary Young Family: Class | and Il Emerge
After the Segregation of Jawed from Jawless Fish, and Class Il Even
Later, After the Divergence of Tetrapods from Bony Fish. TAARI1
orthologs occur in both tetrapods and teleosts (Fig. 1), i.e., TAARI
ought to have been present already in the most recent common
ancestor (MRCA) of both lineages. To determine the evolutionary
origin of the taar gene family, we have searched all currently
available sequence information for cartilaginous fish and jawless
fish. Two taar genes, both with a perfectly conserved TAAR-
specific fingerprint motif (1), were uncovered in the elephant shark,
one of them an ortholog of TAARI1 (Fig. 1). Cartilaginous fish are
considered basal to all jawed vertebrates (10), so TAARI was
present already in the MRCA of bony fish and cartilaginous fish and
may be the ancestral member of class I. All tetrapod species
analyzed contain a TAARI ortholog, as does the avian genome
examined here. Interestingly, no orthologs for TAARI could be
found in any of the neoteleost species analyzed, i.e., this ancestral
gene appears to have been lost in neoteleosts.

The other shark gene exhibits a basal location in class IT (Fig. 1)
and may thus correspond most to the ancestral class II faar gene.
Despite an extensive search, no taar genes were uncovered in the
genome of a jawless vertebrate (sea lamprey). Thus, the taar gene
family appears to have originated in the MRCA of cartilaginous and
bony fish as a pair of genes that later expanded into class I and IT
genes. No shark representative of class III was found, consistent
with a later evolutionary origin of this class, after the segregation
of the tetrapod from the ray-finned bony fish lineage.

Genomic Arrangement of Teleost taar Genes Pinpoints the Evolution-
ary Origin of Class Ill. Mammalian faar genes are found without
exception in a single cluster in the genome (11). All newly identified
mammalian, avian, and amphibian faar genes conform to this
previously described pattern (Table S2). In contrast, teleost taar
genes are found in 2 large clusters and a few solitary genes
(chromosomal allocation for zebrafish and medaka, large scaffolds
for stickleback). Within the clusters, genes are organized mostly in
accordance to phylogenetic relationship (Fig. S3), consistent with a
genesis of the clusters by recurrent local gene duplication. A few
exceptions to the colinearity of phylogenetic relationship and
genomic location do occur (see Table S2), possibly caused by recent
genomic rearrangements involving these genes. Interestingly, taarl
gene is always located at one end of the cluster in tetrapod and avian
species, consistent with an asymmetric process being responsible for
at least some of the repeated gene duplications.

Average intergenic distance is 7.9 = 0.5 kb (mean * SEM, n =
97) in the zebrafish gene clusters, with exception of a large
intervening region at approximately the same relative position in
both clusters (see Table S2). This similarity in cluster structure is
consistent with the 2 clusters resulting from the whole genome
duplication known to have occurred in early teleosts (12). Indeed,
the cluster positions for zebrafish and medaka are syntenic not only
within and between species, but also to the human cluster (see
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Fig. 2. aasequence conservation in the fish taar gene repertoire. Sequence logo representation of the alignment of all 223 fish full-length TAAR sequences,
the height of the 1-letter amino acid code in the logo reflects the degree of conservation. Sequence logos were generated as described (32). TM, transmembrane
region; IC, intracellular loop; EC, extracellular loop; plus signs, broadly conserved in rhodopsin type GPCRs; circles, conserved in some rhodopsin type GPCRs but
not in aminergic receptors; asterisks, conserved in TAARs but not in other rhodopsin type GPCRs. Two triangles in TM 3 and TM 7 depict the aminergic ligand
motif (9); filled rectangle motif in TM 7, the characteristic fingerprint for TAARs (1).

Table S2) (12, 13). Class III taar genes are found in both genomic
clusters and consequently, class III appears to be older than the
whole genome duplication observed in early teleost evolution (12).
Because, on the other hand, class III is restricted to teleosts, it
appears to have originated shortly after the segregation of the
teleost and tetrapod lineages.

Gene Duplication Rate and Gene Divergence Are Much Higher in
Teleost Compared with Mammalian Species, Suggesting a Teleost-
Restricted Rapid Evolution of taar Genes. The teleost TAAR reper-
toires range from 112, 48, 25, to 18 genes (zebrafish, stickleback,
medaka, and pufferfish, respectively), whereas mammalian families
just reach minimal fish family size, and avian and amphibian
families are minuscule, with only 3 genes each (see Table S1 and
Table S2). Most of these differences are caused by massive recent
gene expansions in teleosts that led to 30 members within a single
zebrafish-specific subfamily, TAAR?20, and 28 genes in the stick-
leback-specific subfamily TAAR26. Only TAAR11 and TAAR24
have not undergone recent gene duplications. In contrast, mam-
malian gene expansions are less frequent, and also much smaller,
maximally to 6 genes in opossum TAARO. No recent gene expan-
sions were found for TAARI, 2, 3, and 5. No recent gene dupli-
cations have been observed in amphibian and avian species (Fig. 1).

Individual teleost TAAR genes rarely possess any orthologs.
Thirteen of 19 subfamilies are restricted to a single species each, i.e.,
all gene duplications giving rise to these genes appear to have
occurred after the respective species diverged from the other 4 (Fig.
1B). Only 2 subfamilies contain genes from all 4 neoteleost species
examined, and none contain genes from zebrafish and neoteleosts
(see Table S1). Even in the case of subfamilies containing orthologs,
a gene expansion may occur in one species but not another, e.g.,
TAAR27 has expanded to 7 genes in tetraodon but remains a single
gene in both stickleback and fugu (see Table S2). Thus, most gene
duplications have occurred rather recently, after the divergence of
the teleost and neoteleost species analyzed here (Fig. 1B) and many
even after the 2 pufferfish species diverged ~20-30 million years
ago (14).

In contrast, orthologs are readily identifiable between all mam-
malian species analyzed. We uncovered bovine orthologs for all 9
previously identified mammalian taar subfamilies (Table S1 and
Table S2). In humans, all 9 subfamilies are represented by 1 member
each, albeit 3 of them by pseudogenes (Table S2). Seven of the 9
subfamilies are detected also in opossum, a marsupial mammal
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(Table S1), ie., should be present already in the MRCA of
marsupials (15) and modern mammals. Although very small, with
3 genes each, the amphibian and avian taar gene repertoires are not
located at the base of the tetrapod tree and clearly belong to
different mammalian subfamilies. Thus, gene losses appear to have
shaped the avian and amphibian gene families.

We selected a mammalian and a fish species pair with approx-
imately equal evolutionary distance for an initial comparison of
evolutionary rates. Rat and mouse diverged ~23 million years ago
(16), very similar to the 18—30 million years given for tetraodon and
fugu (14). For both pairs of species, many orthologs or ortholog
subfamilies are observed. Differences between orthologs accumu-
late only after the separation of the respective species, thus larger
divergence in 1 pair of species indicates a faster evolutionary rate.
We find that maximal ortholog divergence is, without exception,
higher for pufferfish than for rodent pairwise comparisons, maxi-
mally 68% for pufferfish, but only 16% for the rodents (Fig. S4).
These data suggest a faster evolutionary rate in bony fish compared
with tetrapods.

Strong Local Positive Selection in Teleost taar Genes Is Masked by
Global Negative Selection. To better understand the evolutionary
dynamics of the faar genes, we analyzed the selective pressure on
these genes using both global and local analysis of substitution rates
in synonymous vs. nonsynonymous base positions. The global dn/ds
values calculated for each of the ortholog groups show that all of the
gene groups are under negative selection (Fig. 3 and Table S3), but
the extent varies considerably, from 0.09 (pronounced negative
selection) up to 0.8 (close to neutral selection). The average dn/ds
value for the teleost-restricted class III is by far the highest, more
than double the value for class II taar genes and significantly
different from both class I and class II values (Fig. 3).

The relaxed negative selection observed especially for class IIT
TAAR subfamilies may result from an overall pronounced negative
selection masking positive selection at some sites. To clarify this
point, we analyzed the dn/ds values for each individual codon
position for all genes of a particular taar subfamily. As predicted by
the analysis of the previously calculated global dn/ds values, neg-
atively selected sites were found without exception throughout all
of the taar gene families, with some preponderance in the trans-
membrane regions (Fig. 3). Consistent with the results of the global
analysis, class 11 taar genes contain only approximately half as many
negatively selected sites as the other 2 classes (Table S3).
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Fig.3. Evolutionary distances and selective pressure on taar genes. (A) dy/ds
ratios of the TAAR ortholog groups in which this analysis was possible (>2
genes per group). Genes are arranged by class, the class average is indicated
by background shading. (B and C) A representation of site-by-site selective
pressure is shown for 2 TAAR sequences (negative selection in light blue, P <
0.2 or blue, P < 0.1, neutral selection in gray, positive selection in orange, P <
0.2, andred, P <0.1). (B) Results for TAAR21, a class | subfamily, which includes
ortholog genes of all 4 neoteleost species. (C) Results for stickleback-specific
TAAR26, a class Il subfamily.

Excitingly, the site-by-site analysis suggested a significant number
of sites under positive Darwinian selection that were masked by the
predominance of negative selection in the global analysis. Although
there are few such sites in class I and II faar genes (0-2 sites per
gene), several genes in class III show much higher values of up to
20 sites per gene (Fig. 3 and Table S4). The values for class I and
II taar genes are comparable with those reported for other olfactory
receptor gene families (1-2 sites, see refs. 17and 18). We repeated
the analysis for zebrafish OR genes (7) using the identical algorithm
and obtained a range of 0-5 sites, on average 1 site per gene (see
Table S5). To the best of our knowledge, the much larger number
of such sites in class III faar genes is without precedent in olfactory
receptor gene families. We conclude that the teleost-restricted class
II1, which is evolutionary much younger than class I and class II, is
likely to have undergone extensive positive selection. The more
rapid evolution of class III has resulted in massive expansion of gene
families beyond that observed in the older classes I and II.

Dynamic Loss and Gain of Introns Restricted to the Class Ill of
Neoteleost taar Genes. Generally faar genes are monoexonic, like
the related ORs (but see ref. 5). We report that, without exception,
all class I, class II, and class III zebrafish taar genes are monoexonic.
However, from class III, all taar genes of neoteleost subfamilies
23-26 and some genes from subfamily 28 contain an intron between
TM1 and TM2 (Fig. 4). The intron is rather short, in the range of
76 to 373 nt, with an average value of 155 nt. Homologies between
introns parallel those of the corresponding coding regions. The
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Fig. 4. Intron dynamics in class Il neoteleost taar genes. (A) By using

maximum parsimony, predictions for all independent events of intron gain or
loss are depicted in the phylogenetic tree detail. (B) A representative subset of
taar genes sharing an early intron gain exhibits a strictly conserved intron/
exon border (boxed). The intron interrupts a loop between TM 1 and TM 2.

intron/exon border is strictly conserved (OLtaar23d and Tr_taar28f
show a slightly extended first exon), consistent with a single
phylogenetic event early in the neoteleost lineage subsequent to the
segregation from the more basal ostariophysan fish (Fig. 4). Con-
sequently, the most parsimonious explanation for the absence of
this intron in subfamily 22 and some genes of subfamily 28 is a
secondary loss, which must have happened at least 2 times inde-
pendently. The intron loss in subfamily 28 occurred very late, after
the segregation of the 2 pufferfish species (Fig. 4), indicative of the
unusually high intron dynamics in the faar gene family compared
with the tiny average frequency of intron losses after the divergence
of fugu and tetraodon (19).

Another intron gain is predicted in an individual stickleback gene
(Gataar22a, class I1I), but not in its pufferfish or medaka orthologs,
i.e., late in the neoteleost evolution (Fig. 4). It is caused by insertion
of a short repeat that leads to the expansion of a short, conserved
poly CV stretch (see Fig. 2) into much of TM4. In total, at least 4
independent intron gain/loss events have occurred after the neote-
leosts emerged. Because genome-wide searches so far have failed
to identify a single intron gain in vertebrates (19), the 2 gain events
documented here appear to be an extremely rare case and may be
related to the selection for divergence of class III taar genes.

Most taar Genes Are Expressed in Sparse Olfactory Sensory Neurons.
The rapid evolution and positive selection observed in the faar gene
family in teleosts are consistent with expectations for olfactory
receptor genes (see ref. 18), because efficient adaptation to chang-
ing environmental stimuli may require high evolutionary rates.
Another requirement for olfactory receptor genes is an expression
in the olfactory epithelium. This was analyzed by in situ hybridiza-
tion using a representative subset of 8 taar genes from all 3 classes
(class I, TAARLI, 10; class II, 12f, 13c; class III, 14d, 15a, 191, 20t).
Probes were chosen to minimize cross-reactivity with related taar
genes as far as possible.

All genes tested were expressed in the adult zebrafish olfactory
epithelium (Fig. 5), except TAARI. Labeled cells were sparsely
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Fig. 5. Expression of taar genes in the zebrafish olfactory epithelium (OE).
A schematic representation shows the approximate position of the olfactory
epithelium in the zebrafish, the morphology of a horizontal section (lamellae
are cut perpendicular to their flat face) and finally an enlargement of 2
lamellae. The central blue-colored area in the lamellae indicates the location
of the sensory neuroepithelium (see ref. 20); gray areas and thin dotted line,
basal lamina; black dots and asterisk, lumen. In situ hybridization was per-
formed in horizontal sections with antisense RNA probes. The top row depicts
the sensory region of several lamellae, whereas the other 2 rows show
enlargements of 1 lamella, corresponding approximately to one-half of the
schematical representation (Center Right). Red arrowheads point to labeled
neurons, other symbols as above. Taar genes 10, 12f, 13¢, 14d, and 15a are
expressed in sparse cells, whereas taar 191 and 20t label a somewhat larger
subset of cells within the sensory surface, probably because of cross-
hybridization in the large and closely related subfamilies taar 19 and taar 20.

distributed within the sensory area of the olfactory epithelium. A
higher density of labeled cells for genes 191 and 20t (Fig. 5)
presumably is caused by unavoidable cross-reactivity in these large
and highly homologous subfamilies. No expression was observed in
the outer, nonsensory ring of the nasal epithelium. Within the
sensory surface individual faar genes are expressed in overlapping,
but clearly distinct, concentric expression domains (Fig. S5). Taar
genes 191 and 20t occupy the most distal positions, with peak
expression frequencies rather close to the border between sensory
and nonsensory epithelium, and show a correspondingly skewed
distribution, whereas taar genes 10 and 12f show more medial and
more symmetrical radial distributions (Fig. 5, Fig. S5). These spatial
patterns are reminiscent of the ring-like expression domains ob-
served for zebrafish ORs (20, 21) (see also ref. 22). Thus, the spatial
expression patterns observed for TAARSs support an expression in
olfactory sensory neurons, consistent with an expression of most or
all taar genes in these neurons. Furthermore, the frequency of
labeled cells [10-50 per section, without taar (19, 20)] is within the
range observed for ORs and the V1R-related ORAs (20, 21).

Discussion

TAARs, unlike the other 3 families of olfactory receptor genes
(OR, VIR, V2R), have not undergone major radiation in mam-
mals. We were thus interested in defining the characteristic prop-
erties of the family responsible for the extensive ramification
observed in teleosts. Currently, rather completely sequenced ge-
nomes are available for several teleost species, and we have taken
advantage of this large improvement in data bank quality to
establish the complete faar gene repertoire in 5 teleost fish species.
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Previous estimates of family size have been either too low (see
ref. 4), presumably because of incomplete databases or too high
because of inadequate delineation of the taar gene family from the
related aminergic neurotransmitter receptors (see ref. 5). In our
experience, it is necessary to include representatives from all major
aminergic receptor families to obtain a proper delineation of the
taar gene family, which is supported by the presence of the
characteristic TAAR fingerprint motif (1). In this analysis, all
lamprey receptors previously considered TAARs (5) clearly seg-
regate with teleost and tetrapod aminergic receptors and not with
teleost or tetrapod taar genes. Despite an extensive search, no
further lamprey faar genes were found. Consequently, the origin of
the TAAR family appears to be more recent than previously
thought. The discovery of shark faar genes allows us to place the
origin within the MRCA of cartilaginous and bony fish.

Unexpectedly, the major clade of taar genes, class III, emerged
even later, within the teleost lineage of bony fishes, i.e., after the
segregation from the tetrapod lineage. This clade shows several
exceptional properties that stand out from class I and II taar genes
(and, incidentally, from all other known olfactory receptor gene
families). Class III contains three-fourths of all teleost taar genes
and exhibits no evidence of gene loss, in contrast to the loss of class
IT and TAARI in neoteleosts.

A hallmark of class III taar genes is the strong positive selection
suggested by the unusually high dn/ds ratios observed in this clade.
Three species-specific subfamilies of class III show dn/ds ratios >1
at many individual sites, 10-fold above the maximal number deter-
mined for class I and II genes, which are comparable with ORs and
V2R-like OIfC genes in this respect (17, 18). Not a single positively
selected site was found in another group of olfactory receptor genes,
the V1R-like ORAs (21). Positive selection is a rare event genome-
wide (23); thus, its large frequency in class I1I zaar genes high above
that found in other olfactory receptor genes is very significant.

A high dn/ds ratio is usually taken as evidence for a selective
pressure on sequence divergence. However, because of several
confounding influences, among them saturation of mutations and
nucleotide bias, calculated dn/ds ratios may not accurately reflect
the factual selective pressure. Nevertheless, with the possible ex-
ception of very closely (>90% amino acid homology; see ref. 24) or
very distantly related genes, high dx/ds ratios appear to be a reliable
indicator of positive selection (see refs. 23 and 25). The average
homology for groups of taar genes analyzed here was nearly always
in the range between 90% and 60%, predominantly <80% . Thus,
the dn/ds ratios >1 obtained for several class III taar genes appear
likely to reflect positive Darwinian selection. Once ligands become
available for class III TAARs, it will be informative to directly
examine the adaptive value of the divergence observed in class II1
taar genes. For ORs, positive selection has been argued as a
mechanism to maximize the odor space recognizable by the recep-
tor repertoire. The likely presence of extensive positive selection in
the teleost faar gene family supports a role as olfactory receptor
genes.

Two independent intron gains and 2 independent intron losses,
all exclusively in the neoteleost faar genes of class II1, underscore
an evolutionary dynamics unprecedented for olfactory receptors
(see ref. 7) and beyond. Although there has been some controversy
surrounding intron gains in higher eukaryotes (see ref. 26), it is now
commonly thought that very few, if any, intron gains occurred
during vertebrate evolution (19, 27). Thus, the independent gain of
2 introns in a single subclade of a single gene family constitutes an
extraordinary finding. Intron retainment may be favored by the
selective pressure toward divergence as evidenced by dn/ds ratios
>1. Taken together, the accelerated evolution of class III teleost
taar genes conceivably might mark the birth of another olfactory
receptor gene family.

Teleost taar genes from all 3 classes are expressed in generally
sparse olfactory receptor neurons. The frequency of expression
appears to lie in the range of that described for ORs (20) and would
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be consistent with monogenic expression, which already has been
demonstrated for mammalian TAARs (2). The mostly intermedi-
ate position of labeled neurons in the apical-basal dimension of
each lamella is consistent with an expression in ciliated receptor
neurons (see ref. 22), which again would be analogous to the
mammalian situation. TAARs are expressed in ring-like domains
similar to those described for teleost ORs (20), possibly suggesting
some similarity in regulation of expression of ORs and TAARs. The
ligands of teleost TAARs from class I and class II may include
amines (see refs. 1 and 2) for mammalian TAARs, consistent with
the presence of the aminergic ligand motif (9) and the detection of
amines by the fish olfactory system (28). A comprehensive analysis
of ligand spectra for a representative subset of taar genes will be
required to obtain a robust understanding of olfactory represen-
tation of the amine group of odors at the peripheral level.

The absence of the aminergic ligand motif in class III genes
suggests an evolutionary shift in ligands, away from amines, for this
largest class of teleost TA ARs. An understanding to what extent the
rapid evolution of class III taar genes may enable rapid adaptation
to changing ecologies both within and between species will have to
await the identification of ligands for these receptors. The genesis
of class III appears to be already the second shift in function in the
evolution of the TA AR family. The earlier shift occurred during the
genesis of the class I and class II genes, because the most ancient
of all extant faar genes found in teleosts and tetrapods, TAARI, is
not an olfactory receptor and not detected in either zebrafish or
mouse olfactory epithelium (2). Thus, the TAAR family appears to
have begun its existence with a function different from the one
currently emphasized.

Materials and Methods

Data Mining. All annotated TAAR sequences were compiled and used as query in
TblastN searches in the National Center for Biotechnology Information (NCBI)
and Ensembl data banks. Additionally blastP searches were performed in the
NCBI databanks and automated ortholog prediction was used in the Ensembl
data bank (29). For shark, lamprey, and zebrafish, also EST databanks were
searched, in addition, for elephant shark WGS sequences with 1.4-fold genomic
coverage were analyzed. Search was recursive until no new candidates were
found. Validation of candidates as proper taar genes required: (i) position within
the TAAR clade in the phylogenetic analysis; (ii) application of the BLASTP
algorithm in the NCBI nonredundant database should result in confirmed TAARs
as first hits; (iii) presence of typical TAAR family motifs; (iv) CDS length between
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800 and 1300 aa; (v) presence of 7 transmembrane domains (regions assignment
according to conserved position as described in ref. 1. For accession numbers see
Table S2.

Phylogenetic Analysis. MAFFT, version 5.8 (http://align.omr.kyushu-u.ac.jp/
mafft/online/server/), was used for multiple protein alignments using the E-INS-i
strategy with the default parameters. Phylogenetic trees were constructed by
using neighbor joining (NJ), maximum parsimony (MP), and maximum likelihood
(ML) methods (30, 31). Subclades within the taar gene family were determined
from the tree as the largest clades that fulfilled 2 criteria: the clade had >70%
bootstrap support in the NJ analysis (except the closely related families 18-20),
was supported in the MP and ML, and all members within the clade had at least
40% protein identity to each other (except taar23 and 24, which cannot be
resolved well and have to be considered provisional). Twenty-eight such sub-
clades or subfamilies were identified, comprising both previously uncharacter-
ized subfamilies and genes from previously known subfamilies.

dn/ds Analysis. The global dy/ds ratios for the full-length ORF of the 223 fish TAAR
receptor coding sequences were determined by using the HyPhy package
(www.datamonkey.org), which implements a previously published method (25).
The nucleotide alignment was manually edited, and gap positions present in
>85% of the sequences were removed. To make inferences about selective
pressure (positive and negative selection) on individual codons (sites)
within the TAAR coding sequences, the Single Likelihood Ancestor Count-
ing (SLAC) package was used (www.datamonkey.org), which implements
the Suzuki-Gojobori method (25).

Cloning of Full-Length DNA for 8 taar Genes and in Situ Hybridization. Zebrafish
genomic DNA (strain Ab/TU) was generated by using standard protocols. Full-
length taar clones were generated by PCR using 16-25-base-long primers. All
genes were cloned into pDrive (Qiagen) and confirmed by sequencing. The
templates for the probes were amplified from the cloned DNA by using the same
forward primers as above and reverse primers with a T3 promoter site (TATTA-
ACCCTCACTAAAGGGAA) attached to their 5’ end. Reverse primers were chosen
to obtain probes of ~600-bp length and minimal cross-reactivity within the TAAR
family. For primer sequences and PCR conditions, see Table S6. Digoxigenin (DIG)
probes were synthesized according to the DIG RNA labeling kit supplier protocol
(Roche Molecular Biochemicals). Sections were fixed in 4% paraformaldehyde for
10 min at room temperature. Hybridizations were performed overnight at 60 °C
by using standard protocols. Anti-DIG primary antibody coupled to alkaline
phosphatase (Roche Molecular Biochemicals) and NBT-BCIP (Roche Molecular
Biochemicals) were used for signal detection.
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