Copyright 0 2000 by the Genetics Society of America

Evolution of Odorant Receptors Expressed in Mammalian Testes

Aron Branscomb,* Jon Seger’ and Raymond L. White*

*Department of Human Genetics and Huntsman Cancer Institute and 'Department of Biology,
University of Utah, Salt Lake City, Utah 84112

Manuscript received January 10, 2000
Accepted for publication June 15, 2000

ABSTRACT

About 10% of mammalian odorant receptors are transcribed in testes, and odorantreceptor proteins
have been detected on mature spermatozoa. Testis-expressed odorant receptors (TORs) are hypothesized
to play roles in sperm chemotaxis, but they might also be ordinary nasal odorant receptors (NORs) that
are expressed gratuitously in testes. Under the sperm-chemotaxis hypothesis, TORs should be subject to
intense sexual selection and therefore should show higher rates of amino acid substitution than NORs,
but under the gratuitous-expression hypothesis, TORs are misidentified NORs and therefore should evolve
like other NORs. To test these predictions, we estimated synonymous and nonsynonymous divergences
of orthologous NOR and TOR coding sequences from rat and mouse. Contrary to both hypotheses, TORs
are on average more highly conserved than NORs, especially in certain domains of the OR protein. This
pattern suggests that some TORs might perform internal nonolfactory functions in testes; for example,
they might participate in the regulation of sperm development. However, the pattern is also consistent
with a modified gratuitous-expression model in which NORs with specialized ligand specificities are both

more highly conserved than typical NORs and more likely to be expressed in testes.

ERTEBRATE odorant receptors (ORs) were iden-
tified by Buck and AXEL (1991). They form a large
clade within the seven-transmembrane-domain (7TMD)
G-protein-coupled receptor (GPCR) superfamily, which
includes opsins and a great diversity of neurotransmitter
and hormone receptors (YOKOYAMA and STARMER
1996). Testis-expressed ORs (TORs) were discovered by
PARMENTIER et al. (1992) during a study of other GPCRs,
and OR expression has been detected subsequently in
various nonolfactory tissues of several mammalian spe-
cies (ABE et al. 1993; VANDERHAEGHEN ¢l al. 1993, 1997;
DRUTEL ¢t al. 1995; WALENSKY et al. 1995, 1998; ASAT et
al. 1996; NEr and NEF 1997; DREYER 1998; RAMING et
al. 1998). Testis expression has been characterized by
RNase-protection assays (RPA), in sitw hybridizations,
and protein immunohistochemistry (VANDERHAEGHEN
et al. 1993, 1997; WALENSKY ef al. 1995, 1998; ASAT et al.
1996). Some TORs are known to be transcribed in the
olfactory epithelium as well as in the testis (e.g., VANDER-
HAEGHEN ¢t al. 1997), but patterns of expression have
been characterized directly for only a few OR genes, so
most tissue assignments are based on cloning [by reverse
transcriptase (RT)-PCR with degenerate primers] from
a nasal or a testis cDNA library.
There appear to be many fewer TORs (~50 per species
in rodents; VANDERHAEGHEN ¢/ al. 1997) than NORs
(500-1000 per species; Buck and AXEL 1991; LEVY et
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al. 1991; CHEss et al. 1994; MoMBAERTS 1999a), but
TORs occur throughout the odorant-receptor gene fam-
ily (PARMENTIER ¢t al. 1992; VANDERHAEGHEN el al. 1997,
see Figure 1) rather than being clustered in a few clades.
Several TORs have been cloned more than once from
the same species, and apparent orthologs have been
cloned from different species (VANDERHAEGHEN ef al.
1997); these independent rediscoveries of individual
TORs support the inference (originally based on other
lines of evidence) that the number of TORs is not very
large, and they imply that patterns of testis expression
may remain evolutionarily stable for at least a few tens
of millions of years.

Why are odorant receptors expressed in the testis?
The scattered phylogenetic distribution of TORs within
the OR gene family can be taken to support either of two
artifactual explanations: first, that TORs are ordinary
NORs transcribed gratuitously in the testis but not per-
forming any function there; and second, that most puta-
tive testis “cDNA” clones are amplified from contaminat-
ing genomic DNA (R. AXEL, personal communication;
but see VANDERHAEGHEN et al. 1997). In either case,
“TORs” would be misidentified NORs and therefore
would be expected to evolve like NORs.

Alternatively, TOR proteins might mediate sperm che-
motaxis, as suggested by PARMENTIER e/ al. (1992),
VANDERHAEGHEN ef al. (1993, 1997), WALENSKY el al.
(1995, 1998), and others. In this case, TORs would de-
termine phenotypes likely to become involved in male-
male competition and female choice. For example,
males could gain mating advantages by adding “decoy”
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compounds to their seminal fluids, to which other
males’ TORs (but not their own) were vulnerable. Sig-
nals used in mate choice are expected to be evolution-
arily unstable owing to the “antagonism” inherent in
such interactions; and as expected, sexual signals often
evolve rapidly (ANDERSSON 1994; EBERHARD 1996; RicE
1996, 1998; TsaUR and Wu 1997; ArRNQVIST 1998; METZ
et al. 1998; PARTRIDGE and HURST 1998; VACQUIER 1998;
CLARK et al. 1999; HoLrLAND and Rice 1999). Thus,
on the sperm-chemotaxis hypothesis, TORs might be
expected to show high rates of amino acid substitution.

To test these predictions, we compared the evolution
of orthologous NOR and TOR genes in rat and mouse.
We found, to our surprise, that the amino acid se-
quences of 10 TORs are more highly conserved, on
average, than those of 8 NORs. The greater conservation
of TORs is concentrated in the extracellular end of the
fourth transmembrane domain (TM4, thought to be
involved in ligand binding) and the third intracellular
loop (IC3, which interacts with G-proteins). This distinc-
tive pattern of amino acid substitution contradicts
straightforward predictions of the gratuitous-expres-
sion, nonexpression, and sperm-chemotaxis hypothe-
ses. We consider two alternative models that might ex-
plain the relatively stringent conservation of at least
some TORs. In the first model, some TORs are recruited
to novel internal (developmental or physiological) func-
tions that differ from those performed by canonical
nasal odorant receptors. In the second model, some
NORs evolve highly focused specificities for odorants
of special ecological importance; this tight focus on
single ligands causes these specialized NORs to evolve
relatively slowly at the amino acid sequence level and
to acquire increased levels of expression in the olfactory
epithelium; as a side effect, they are at greater than
average risk of being transcribed gratuitiously in nonol-
factory tissues, especially the testis. We discuss the kinds
of evidence needed to test these two models.

A phylogenetic analysis of 160 paralogous OR genes
confirms that TOR and NOR lineages interdigitate ex-
tensively and suggests that recruitment between nasal
and testicular expression patterns may occur in both
directions. However, small differences in the assumed
ease of recruitmentin each direction lead to large differ-
ences in the estimated numbers of N— Tand T — N
recruitments. In the future, when patterns of nasal and
testicular expression have been documented for many
orthologs and closely related paralogs in species repre-
senting a range of divergence times, it should become
possible to resolve histories of expression and of amino
acid sequence change with enough precision to say
whether sequence conservation precedes or follows ex-
pression in the testis. In either case, conserved ORs
could be important to the evolution of the odorant-
receptor gene family as a whole if they periodically give
rise (by duplication or gene conversion) to new NOR
lineages of greater average longevity than those derived
from typical, less well-conserved NORs.

MATERIALS AND METHODS

Sequence names: We add lowercase species prefixes to
names that do not otherwise indicate their source (m, mouse;
r, rat; h, human; d, dog; p, pig), and we shorten some names.
Thus F6 becomes rF6 and MTPCR09 becomes mT09, but
CfOLF1 (from dog, Canis familiaris) remains CFOLF1. A conve-
nient feature of this system is that corresponding postfixes can
be used to identify orthologs (e.g., mT09r is the rat ortholog of
mT09m).

PCR and sequencing: Published NOR or TOR cDNA se-
quences from rat or mouse were used to design primers that
specifically amplify both the original sequence (in the source
species) and a presumptive ortholog (in the other species)
from genomic DNA (Sprague-Dawley rat or BALB/c mouse;
Clontech, Palo Alto, CA). Several partial TOR sequences were
extended to nearly full length by inverse PCR. Primer se-
quences and reaction conditions can be obtained from the
first author (A.B.). PCR products were sequenced directly
on ABI (Columbia, MD) 373 and 3877 automated fluorescent
sequencing machines.

The original sequences are rF6 (M64378), rF12 (M64381),
I8 (M64387), rI9 (M64388), mK7 (L14566), mK20 (U28770),
mM31 (U28777), mT09 (X89681), mT15 (X89683), mT33
(X89685), rT07 (X89697), rT09 (X89698), and rT18 (X89-
702). We redetermined all except rI9 as positive controls, and
these differ by no more than three nucleotide substitutions
from the originals. Several genes from each tissue are repre-
sented by nearly full-length coding sequences (TM1 through
TM7), and several are represented by shorter sequences. Five
genes are represented by published sequences: the apparently
orthologous relationships of mOR3/rT44 (M84005, X89706),
rT05/mT07 (X89695, X89680), rT19/mT18 (X89703, X89-
684),and rT38,/mT53 (X89705,X89691) were noted indepen-
dently by us and by VANDERHAEGHEN e/ al. (1997), and rI7m
(AF106007, the mouse ortholog of rI7r, M64386) was obtained
intentionally by KrRauTwURST el al. (1998). Also, mM64
(U28781) appears to be an allele or a very closely related
paralog of rF12m. The sequences newly described here have
been submitted to GenBank under accession nos. AF271033—
AF271057. We classify genes known to be expressed both in
the testis and the nose as TORs.

Sequence divergence: Synonymous (Ks) and nonsynony-
mous (K,) substitutions were estimated by the method of
L1 (1993) and PamiLo and BiancH1 (1993). Protein domain
boundaries were defined by alignment with the structural
model of PrLpEL and LANCET (1999), and domain-specific
nonsynonymous divergence estimates and K,/ Ks ratios were
analyzed by nested ANOVA as implemented in JMP 3.1 (SAS
Institute, Cary, NC). Tissue (nose or testis) and domain (major
extracellular, intracellular, and transmembrane segments of
the protein) were treated as fixed effects, with sequence iden-
tity as a random effect nested within tissues.

Phylogeny: We aligned DNA sequences for mammalian
odorant receptors derived from tissue-specific cDNA libraries,
or for which a site of expression was determined directly. We
reduced sets of alleles, closely related paralogs, and obvious
orthologs to a single representative each. Many of the se-
quences are fragments representing one-third to one-half of
a complete coding region; our alignment comprises a 112-
codon region of shared homology that begins immediately
after the MAYDRYVAIC motif at the boundary between TM3
and IC2, which is frequently used as a binding site for degener-
ate primers. One hundred and sixty sequences (94 NORs and
66 TORs) are included. Accession numbers and the alignment
can be obtained from the second author (J.S.). Phylogenetic
relationships were estimated by DNA maximum-likelihood
analysis as implemented in DNAML 3.6 (FELSENSTEIN 1981,
1989); we used the fast-search and global-rearrangement op-
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tions, with four categories of sites evolving at relative rates of
1, 8, 16, and 24; sites were assigned to categories on the basis
of a parsimony reconstruction of nucleotide substitutions on
a preliminary three-category maximum-likelihood (ML) tree.
The categories’ template and other details can be obtained
from J.S. The tree shown in Figure 1 is the best of five found
with different random input orders of the sequences. Histories
of recruitment between nose and testis were estimated by
MacClade 3.07 (MappisoN and MaDpDISON 1992). Histories
of amino-acid substitution for clades of interest were estimated
by MacClade, by PROTPARS 3.57 (FELSENSTEIN 1989), and
from the ancestral DNA sequences estimated by DNAML.

RESULTS

Divergence between orthologs: Synonymous substitu-
tion rates vary widely among hundreds of genes that
have been sequenced in rat and mouse (WoLrE and

SHARP 1993; MakaLOWSKI and BoGcuski 1998); this vari-
ation is thought to be caused mainly by regional varia-
tion in mutation rates (WOLFE el al. 1989; L1 1997,
McVEaN and HursT 1997). The distribution of Ky for
the 18 ortholog pairs (Table 1) is fully consistent with
the overall distribution for rat and mouse orthologs;
the mean and variance fall well within the ranges ex-
pected for a sample of this size, and the combined
synonymous divergence for NORs (K5 = 0.20) is very
close to that for TORs (K5 = 0.19). However, the nonsyn-
onymous divergence for NORs (K, = 0.040) is twice as
large as that for TORs (K, = 0.020). This difference
falls just short of formal significance by ¢-tests on the
18 gene-specific K, values, raw amino acid differences,
and K,/ K; ratios, owing to the large variance within
each tissue and consequently broad overlap between

TABLE 1

Divergences of orthologous odorant-receptor genes in rat and mouse

Orthologs Raw differences Estimated substitutions
Rat Mouse cdn dl d2 d3 aa aa/cd K (SD) K, (SD) K,/ Ky
NORs
mK20r mK20m 86 9 1 9 9 0.105 0.12 (0.042) 0.048 (0.0164) 0.39
rF12r rF12m 266 17 16 46 32 0.121  *0.23 (0.039) 0.066 (0.0112) 0.28
rI8r rI8m 267 25 17 59 40 0.150  *0.32 (0.046) 0.078 (0.0120) 0.25
rI9r rI9m 262 12 8 33 19 0.073 0.18 (0.033) 0.035 (0.0080) 0.20
mK7r mK7m 133 4 2 17 6 0.045 0.17 (0.045) 0.024 (0.0092) 0.14
mM31r mM31m 89 5 1 19 7 0.079  *0.32 (0.082) 0.037 (0.0142) 0.12
rFé6r rF6m 263 4 6 34 8 0.030 0.17 (0.030) 0.017 (0.0058) 0.10
rI7r rI7m 270 6 1 24 5 0.019 0.13 (0.026) 0.009 (0.0041) 0.07
All sequences 1635 82 52 241 126 0.077 0.20 (0.014) 0.040 (0.0034) 0.20
K =02 1014 35 18 117 47 0.046 0.16 (0.015) 0.023 (0.0033) 0.15
TORs
rT19r mT18m 112 12 5 16 19 0.170  *0.24 (0.074) 0.075 (0.0177) 0.32
rTO7r rT07m 126 4 2 8 5 0.040 0.08 (0.028) 0.019 (0.0086) 0.24
mT09r mT09m 268 19 10 50 24 0.092  *0.27 (0.041) 0.050 (0.0096) 0.18
rT09r rT09m 261 9 4 37 9 0.034 0.19 (0.033) 0.020 (0.0058) 0.11
rT44r mOR3m 157 3 3 19 5 0.032 0.17 (0.042) 0.018 (0.0076) 0.10
mT15r mT15m 133 1 17 2 0.015 0.13 (0.036) 0.010 (0.0060) 0.08
rT05r mT07m 157 2 1 20 3 0.019 0.16 (0.038) 0.009 (0.0054) 0.06
mT33r mT33m 264 6 2 38 4 0.015 0.20 (0.034) 0.009 (0.0041) 0.04
rT38r mT53m 157 3 21 2 0.013 0.20 (0.048) 0.008 (0.0045) 0.04
rT18r rT18m 263 3 31 0.000 0.18 (0.034) 0.002 (0.0018) 0.01
All sequences 1898 62 27 257 73 0.038 0.19 (0.012) 0.020 (0.0023) 0.11
Ks=0.2 1518 31 12 191 30 0.020 0.17 (0.013) 0.011 (0.0019) 0.07

The length of each aligned sequence pair is given in codons (cdn), with differences at first, second, and third positions (d1,
d2, d3), and the number (aa) and proportion (aa/cd) of amino acid differences. Estimated synonymous substitutions per
synonymous site (K;) and nonsynonymous substitutions per nonsynonymous site (K,) are given with their standard deviations.
K; is highly variable (si = 0.064), and K; and K, are correlated over these 18 gene pairs (r = 0.57), as they are for other pairs
of putative orthologs in rat and mouse (WOLFE and SHARP 1993; MakaLowsKI and BoGuskl 1998). *, the five K values >0.2
[slightly less than one standard deviation above the mean for hundreds of rat-mouse orthologs (MAKALOWSKI and BOGUSKI
1998) ]; most analyses are performed both with and without these homolog pairs, which are presumably the ones at greatest risk
of being paralogous. The ratio K,/ Ks estimates the probability of fixation for a nonsynonymous (amino acid changing) mutation,
relative to the probability for a synonymous mutation, and therefore indicates the apparent efficiency with which selection resists
amino acid substitutions (smaller values of K,/ Ks indicating more stringent selection). The 10 TOR sequences combined show
a K,/ K ratio 55% as large as for the 8 NORs (47% as large for genes with Ks = 0.2). The overall K, for TORs is 50% as large
as for NORs (48% as large for genes with K5 = 0.2), and TORs show 49% as many amino acid differences per codon (43% as
many for genes with K5 = 0.2).



788 A. Branscomb, J. Seger and R. L. White

the two distributions. (It is not legitimate to combine
the genes within each tissue/species combination and
then test the overall difference between the resulting
aggregated ratmouse NOR and TOR divergences
against its formal standard error, because of the rate
heterogeneity among genes.) However, several other
features of the pattern indicate that many TORs belong
to a population of genes different from that represented
by most odorant receptors.

First, some TORs are highly conserved. Three of the
10 in Table 1 have K,/ K; ratios <0.05, and 1 has identi-
cal amino acid sequences in rat and mouse, with a K,/ Ks
<0.01 despite a typical level of synonymous divergence.
The most highly conserved NOR shows a K,/ Ks of 0.07
and 5 amino acid differences; a typical full-length NOR
(Ky/ Ks=0.20) would show ~21 amino acid differences.
For comparison, a sample of 14 other (non-OR) GPCR
rat-mouse ortholog pairs from the GPCR database shows
a mean (combined) K,/Ks of 0.13 (data not shown),
and a sample of 470 rat-mouse ortholog pairs of all
kinds shows a mean K,/Ks of 0.19, with 283% of the
individual values <0.05 and 6% <0.01 (MAKALOWSKI
and BocGuskr 1998).

Second, the average relative difference between
NORs and TORs increases when the samples are culled
to remove ortholog pairs with synonymous divergences
(Ks) >0.2 (slightly above the mean K; for all rat-mouse
comparisons). The resulting samples, restricted to in-
clude only pairs with K5 = 0.2, should be relatively un-
likely to include putative ortholog pairs that are, in fact,
closely related paralogs. If the overall nonsynonymous
difference between NORs and TORs had been caused
by a greater number of misidentified paralogs in the
NOR sample, then the exclusion of pairs with K5 >
0.2 should have reduced the difference between the
samples rather than increased it.

Third, each of three TOR ortholog pairs is signifi-
cantly more strongly conserved than a closely related
NOR pair (Figures 1 and 2). These comparisons are of
particular interest because, in principle, some odorant-
receptor subfamilies might be inherently less tolerant
of amino acid substitutions than others; if our 10 or-
thologous TOR pairs happened to be sampled largely
from such subfamilies, then their slower evolution might
have nothing to do with expression in the testis (L. B.
Buck, personal communication). On this hypothesis,
there should be a large phylogenetic component to the
variation in K,/ K ratios. In particular, closely related
NOR/TOR pairs should show similar ratios. This spe-

cific prediction is not satisfied by the three such cases
in our data set (Figure 2), and the more general predic-
tion is not supported by the overall distribution of K,/
K; ratios on the phylogeny (Figure 1). In principle, the
high average K,/ K; ratios of NORs might be an artifact
if some are pseudogenes, but this seems unlikely be-
cause all show ratios significantly <1.0, and all show
several strictly conserved amino acids shared by other
odorant receptors (data not shown).

Fourth, amino acid substitutions are distributed het-
erogeneously among functional domains of the OR pro-
tein, both in NORs and TORs (Table 2), but the pattern
differs significantly between the two tissues (Table 3).
For example, the fourth transmembrane domain (TM4)
includes amino acid positions that vary extensively
among paralogous members of the OR family; this varia-
tion is concentrated in the extracellular end of the do-
main and along the face of the a-helix that is inferred
to orientinward toward TMb5 and to participate in ligand
binding (P1LPEL and LaNceT 1999). We find a similar
pattern in the substitutions that have accumulated be-
tween rat and mouse orthologs (Table 2). Overall, TM4
shows a higher rate of amino acid substitution than any
other domain, but the rate in TORs is far lower than
the rate in NORs; in the restricted sample (K5 = 0.2),
only 6 amino acid substitutions occur in the TM4 do-
mains of eight TORs, but 12 occur in five NORs; all 6
of the TOR substitutions are located near the cyto-
plasmic end of TM4, while the 12 NOR substitutions
are distributed roughly uniformly along the length of
TM4 (data not shown). TM1 and especially IC3 also
appear to be more strongly conserved in TORs than in
NORs (Table 2).

In summary, some of the TORs in our sample appear
to have experienced stronger or more constant purify-
ing selection than typical NORs, especially in certain
functional domains of the protein. This distinctive his-
tory of selection appears to be inconsistent with the
sperm-chemotaxis hypothesis and with at least the sim-
plest version of the gratuitous-expression hypothesis.

Phylogenetic distribution of testis expression: NOR
and TOR lineages interdigitate extensively in the odor-
ant receptor phylogeny (Figures 1-3), suggesting that
recruitments between tissues have occurred on many
occasions and in both directions. This pattern is some-
what surprising. If TORs were functionally distinct from
NORs then they might be expected to be evolutionarily
distinct as well; they might be expected to derive from
one or a few recruitments and thus to form one or a

Ficure 1.—Phylogenetic relationships of mammalian odorantreceptor genes as estimated by maximum-likelihood analysis.
TORs are indicated in boldface type and NORs in regular type. K,/ Ks ratios from Table 1 are represented by the areas of solid
circles connected to individual sequences by dashed arrows. Three closely related NOR-TOR pairs (Figure 2) are boxed. The
tree is rooted arbitrarily at its midpoint. Almost all internal branches are of lengths significantly greater than zero, and bootstrap
analyses of neighbor-joining trees derived from protein distances suggest that many of the relatively distinct clades that appear
here are probably real (data not shown). However, many features of this tree are undoubtedly incorrect, so it should be viewed
only as a rough guide to the probable history of the odorant-receptor gene family.
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FIGURE 2.—Amino acid substitutions in the recent histories of closely related NOR and TOR ortholog pairs. Branch lengths
are roughly proportional to K values, except that the splits between orthologs (solid circles) are forced to occur at the same
depth (representing the time of the last common ancestor of rats and mice), and all tips are forced to occur at the same distance
from the root. At each speciation, the rat branch (r) goes right and the mouse branch (m) goes left. In all three cases illustrated
here, the ancestral sequence is inferred to be an NOR (N); thus testicular expression (T) arises on the right-hand branch
following the gene duplication represented by the first split. Ticks represent amino acid substitutions (inferred by PROTPARS)
in the 112-codon region used to construct Figure 1; in each case, many related sequences not shown here were included in the
analysis. The 2 X 2 contingency tables show synonymous (Syn) and nonsynonymous (Non) nucleotide substitutions for the nasal
(N) and testicular (T) orthologs in each pairwise comparison. Synonymous and nonsynonymous substitutions were determined
by inspection of the aligned orthologous sequences and were unambiguous in every case; the tabulations use all nucleotide
positions available for each orthologous pair. Two-tailed significance levels (P) were estimated by Fisher’s exact test (SOKAL and
RoHLF 1995); similar values (all formally significant) were obtained by other procedures (e.g., G-tests) and for sequences restricted
to the 112-codon region. (a) The NOR ortholog pair in this comparison (mM31) shows above-average synonymous divergence
(Ks = 0.32) and modestly strong conservation (seven amino acid differences in 89 codons; K,/ Ks = 0.12). The TOR pair (rT18)
shows typical synonymous divergence (K5 = 0.18) and extremely strong amino acid conservation (no amino acid differences in
263 codons; K,/ Ks = 0.01). The branches leading to mM31m and mM31r carry a total of nine ticks even though the sequences
differ at only seven amino acid positions, because at two positions, different amino acid substitutions are inferred to have occurred
on each branch. The number of nonsynonymous substitutions (8) is also greater than the number of amino acid differences
because nonsynonymous differences occur at both the first and second nucleotide positions in one codon. (b) This NOR pair
(mK20) shows very low synonymous divergence (Ks = 0.12), a typical level of amino acid divergence (nine differences in 86
codons; K, = 0.048), and thus a high K,/ K ratio (0.39). The TOR pair (rT09) is typical for TORs (K5 = 0.19, K, = 0.02, K,/
Ks = 0.10). (c) This NOR (rF12) and TOR (mT15) are not each others’ closest relatives among the sequences in Figure 1, so
additional sequences (not orthologous to either one) are included in this tree. rF12 is represented here by two sequences from
mouse (the full-length rF12m from this study and the shorter mM64m from SULLIVAN et al. 1996). When paired with the rat
ortholog rF12r, both show significant excess nonsynonymous substitution relative to the TOR pair (mT15). Remarkably, when
paired with each other these two alleles (or very closely related paralogs) also show a significant excess of nonsynonymous (6)
to synonymous (1) substitution relative to the ratio in mT15 (2-16).

few clades adjacent to or nested within the larger family NOR lineages derive from TORs at least 2 times (and
of NORs. However, if TORs are simply misidentified potentially as many as 18 times), while TOR lineages
NORs, then they should be scattered randomly through derive from NORs at least 32 times (and potentially as
the family. many as 48). Similar numbers are obtained from trees

In fact, the observed distribution appears to be nearly on which nasal and testis tissue assignments have been
random. When the history of expression is estimated scrambled randomly. A relative excess of NOR — TOR

by parsimony analysis (MADDISON and MADDISON 1992), derivations is expected under the random-assignment
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TABLE 2

Amino acid, nonsynonymous, and synonymous substitutions in orthologous
rodent odorant receptors, by segment

NORs (N = 8) TORs (N = 10)
Segment Naa DIF Pow K, K K,/ K Nia DIF Porr K, K K./ K
All sequences
™1 126 14 0.11 0.061 0.18 0.34 104 6 0.06 0.027 0.27 0.10
IC1 24 1 0.04 0.016 0.31 0.05 20 0.00 0.000 0.27 0.00
T™M2 115 2 0.02 0.009 0.18 0.05 92 3 0.03 0.016 0.19 0.09
EC1 94 10 0.11 0.064 0.34 0.19 72 5 0.07 0.033 0.07 0.45
TM3 119 9 0.08 0.040 0.22 0.19 96 1 0.01 0.008 0.26 0.03
1C2 76 4 0.05 0.022 0.16 0.14 104 0.00 0.004 0.24 0.02
TM4" 208 36 0.17 0.092 0.18 0.51 267 18 0.07 0.036 0.19 0.20
EC2 263 12 0.05 0.021 0.21 0.10 330 14 0.04 0.022 0.11 0.21
TMb5 175 11 0.06 0.030 0.18 0.17 220 12 0.06 0.027 0.22 0.12
1C3* 170 19 0.11 0.062 0.19 0.32 254 9 0.04 0.019 0.22 0.09
T™6 120 1 0.01 0.004 0.11 0.04 180 2 0.01 0.008 0.11 0.07
EC3 48 3 0.06 0.036 0.22 0.16 63 2 0.03 0.025 0.17 0.14
™7 98 4 0.04 0.020 0.31 0.06 110 1 0.01 0.008 0.34 0.03
All 1636 126 0.08 0.040 0.20 0.20 1912 73 0.04 0.020 0.19 0.11
NORs (N = 5) TORs (N = 8)
Segment N DIF Py K, K K,/ K Naa DIF Py K, K K./ Ks
Restricted sample (Ks = 0.2)
™1 74 7 0.09 0.045 0.14 0.32 78 0.00 0.000 0.28 0.00
IC1 14 0.00 0.000 0.25 0.00 15 0.00 0.000 0.20 0.00
T™M2 69 0.00 0.000 0.12 0.00 69 1 0.01 0.008 0.26 0.03
EC1 58 3 0.05 0.025 0.24 0.10 54 2 0.04 0.017 0.06 0.29
T™3 71 1 0.01 0.006 0.19 0.03 72 1 0.01 0.011 0.25 0.04
1C2 45 0.00 0.000 0.13 0.00 80 0.00 0.006 0.24 0.03
TM4" 127 12 0.09 0.049 0.13 0.39 213 6 0.03 0.014 0.14 0.10
EC2 164 4 0.02 0.010 0.15 0.07 264 6 0.02 0.014 0.09 0.15
TMb5 109 4 0.04 0.018 0.19 0.10 176 6 0.03 0.018 0.19 0.10
1C3° 113 11 0.10 0.054 0.16 0.34 207 3 0.01 0.009 0.22 0.04
TM6 80 0.00 0.000 0.08 0.00 160 2 0.01 0.006 0.10 0.06
EC3 32 2 0.06 0.037 0.20 0.19 55 2 0.04 0.028 0.17 0.16
™7 58 3 0.05 0.028 0.23 0.12 90 1 0.01 0.005 0.28 0.02
All 1014 47 0.05 0.023 0.16 0.15 1533 30 0.02 0.011 0.17 0.07

Rows summarize amino acid and nucleotide substitutions within individual structural domains of the odorant-
receptor protein, for all of the ortholog pairs sampled from a given tissue. Transmembrane (TMx), intracellular
(ICx), and extracellular (ECx) domains are listed as they occur topologically in the primary structure of the
protein; the poorly conserved amino- and carboxyl-terminal tails are omitted. For each domain, the columns
give total numbers of codons compared (N,,), raw numbers of amino acid differences (DIF), proportion of
amino acid differences (Pp), and estimated rates of nonsynonymous and synonymous substitution (K., K;,
and their ratio K,/ K;). Data for NORs and TORs are summarized separately in the lefthand and right-hand
sides, respectively. The top summarizes data for all 18 genes (8 NORs and 10 TORs). The bottom excludes 3
NORs and 2 TORs for which K; > 0.2; these genes are presumably the ones at greatest risk of being represented
by mouse and rat sequences that are paralogous rather than orthologous (see Table 1).

“Relative rates of amino acid substitution are strikingly higher for NORs than for TORs in these domains,
but not in any other domains with large numbers of sampled codons. The first five and last three domains
are represented by fewer genes (and hence relatively fewer codons) than the block from IC2 through IC3,
because some genes in the data set are represented by partial sequences (Table 1).
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null model because there are many more NORs than
TORs on the tree; nasal expression therefore tends to
reconstruct as ancestral under the default assumption
that recruitments in either direction are equally likely
a prioni.

However, there is no reason to expect recruitments
in both directions to occur with equal ease. If the penalty

for NOR — TOR changes is increased from 1 evolution-
ary step to 1.2 steps, then the most parsimonious expres-
sion history includes just 18 NOR — TOR recruitments
and the number of TOR — NOR recruitments increases
to 34, despite the numerical preponderance of NORs.
An equivalent (20%) penalty bias in the other direction
gives 48 unambiguous NOR — TOR recruitments and
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TABLE 3
ANOVA significance tests of effects on domain-specific K,/ Ks values

Source SS MS DF F P
All sequences
Tissue 0.248 0.248 1 3.61 0.072
Gene [ tissue ]{random} 1.31 0.082 16 2.99 0.0005
Domain 0.899 0.112 8 4.10 0.0003
Domain*Tissue 0.529 0.066 8 2.41 0.021
Restricted sample (K5 = 0.2)

Tissue 0.397 0.397 1 6.17 0.027
Gene|tissue]{random} 0.835 0.076 11 2.94 0.0034
Domain 0.519 0.065 8 2.52 0.019
Domain*Tissue 0.605 0.076 8 2.93 0.0076

K, was estimated separately for each domain of each pair of orthologous OR sequences and then normalized
by the overall estimate of Ks for that gene; these normalized nonsynonymous substitution rates were used as
the dependent (response) variable. The independent variables were tissue (nose or testis), domain, and gene
identity (which was nested within tissues and treated as a random effect). The very short and relatively poorly
represented IC1 domain was omitted. The analysis was performed both with and without the five genes showing
K values >0.2. Not surprisingly, genes and domains show strong and significant main effects in both analyses.
The most interesting result is the significant domain*tissue interaction, which also appears in both analyses.
This indicates that the NOR and TOR samples show distinct patterns of differences (in levels of amino acid
conservation) among domains of the OR protein (see Table 2). Owing to the significance of this interaction
effect, the main effect of tissue has no simple interpretation and therefore should not be taken at face value.

2 unambiguous TOR — NOR recruitments (Figure 3). HAEGHEN ¢t al. 1997). NORs tend to show phylogenetic
In the absence of detailed information on patterns of biases among studies (see Figure 3 legend) for reasons
expression for orthologs and for entire subfamilies of easily attributed to primer sequences and other aspects
paralogs in several species, we doubt that robust esti- of cloning strategies that vary among studies and pre-
mates of these relative recruitment probabilities can be sumably select for different sequence subfamilies. As a
made. consequence, distinctive NOR subfamilies are still being

It is surprising (on any hypothesis) to find the known discovered nearly a decade after Buck and AXeL (1991)
TORs distributed as randomly on the OR phylogeny as identified the odorantreceptor family. These empirical
they are, because most of them were cloned in one ascertainment biases would be expected to apply to
laboratory during what amounts to one study (VANDER- TORs as much as to an equivalent collection of NORs.

F1GURE 3.—Inferred histories of nasal and testicular expression within the odorant-receptor gene family. Branches are colored
by MacClade (MappisoN and MADDISON 1992) to indicate TOR (solid) and NOR (open) lineages, as reconstructed under two
contrasting models for recruitment between nasal and testicular expression. (a) In the first model, recruitments from the testis
to the nose cost 1.2 evolutionary steps relative to a cost of 1 step for recruitments from the nose to the testis; in other words,
T — N recruitments are assumed to be inherently ~20% less likely to occur (per opportunity) than N — 7T recruitments. The
most parsimonious character-state reconstruction (on this assumption) is one in which there are 48 recruitments from the nose
to the testis, but just 2 from the testis to the nose. (There are no ambiguous nodes under either model.) (b) In the second
model, the relative costs are reversed to favor recruitment from the testis to the nose. On this assumption, the most parsimonious
history is one with 18 recruitments from the nose to the testis and 34 from the testis to the nose, and testis expression reconstructs
as ancestral for the odorant-receptor family as a whole. Taken literally, this latter inference seems highly implausible, but the
lineages represented as “testis-expressed” can be interpreted more generally as “relatively well conserved” (for example, under
the focused-olfaction model), in which case a bias toward relatively well-conserved ancestral lineages makes obvious sense. The
visual impression that TORs are distributed randomly (uniformly) over the phylogeny is supported by comparisons of average
evolutionary distances between sequences on the maximum-likelihood tree (Figure 1). For all 160 sequences, the average sum
of intervening branch lengths is 1.62 estimated substitutions per nucleotide position. For 66 TORs, the average pairwise distance
is 1.48 (91% of the expected value), indicating that TORs are only weakly clustered within the OR family (at least as currently
represented by sequences in the database). By contrast, 10 rat NORs identified by Buck and AXEL (1991) show an average
distance of 1.17 (72% of expectation), indicating much stronger clustering. Other collections of NORs derived from ¢cDNA
libraries by PCR with degenerate primers are less strongly clustered, but often more so than the TORs. For example, 20 mouse
NORs from SULLIVAN et al. (1996) show an average distance of 1.43 (88%), and 11 pig NORs from MATARAZZO et al. (1998)
show an average distance of 1.33 (82%). However, 17 mouse NORs from KRAUTWURST ¢t al. (1998) are as uniformly distributed
as TORs, with an average distance of 1.51 (93%), and 13 mouse NORs selected for their functional responses to a panel of
chemically related odorants (MALNIC et al. 1999) show an average distance of 2.00 (123%).
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The apparently random distribution of TORs therefore
hints at a potentially excessive evenness. Such evenness
might be expected if TORs frequently give rise to NORs.

DISCUSSION

Testis-expressed odorant receptors appear to repre-
sent a population of genes that differs in significant
respects from the population of canonical nasal odorant
receptors. Typical TORs appear to evolve more slowly
than typical NORs, especially in certain domains of the
OR protein, and some are very well conserved between
ratand mouse. These differences contradict predictions
derived from both the sperm-chemotaxis and the gratu-
itous-expression hypotheses. The most obvious alterna-
tive explanation is that at least some TORs perform
nonolfactory internal functions and that selection for
precise or efficient performance of such functions con-
serves the amino acid sequences of these TORs. Com-
pared to many kinds of genes, typical NORs evolve fairly
rapidly. This could reflect changing olfactory environ-
ments, or weak selective constraints associated with the
broadly overlapping ligand specificities of most NORs
(see below), or both.

The hypothesis that nasal odorant receptors might
occasionally be recruited to participate in various devel-
opmental processes (e.g., sperm maturation) seems
plausible given that NORs mediate axonal pathfinding
by olfactory sensory neurons (MOMBAERTS et al. 1996;
WANG et al. 1998; MOMBAERTS 1999a,b; EBRAHIMI and
CuEess 2000). Odorant receptors constitute ~1% of
mammalian genes and undoubtedly possess diverse
functional properties, so perhaps it should be expected
that some members of this huge family would acquire
novel functions in nonolfactory tissues (DRUTEL et al.
1995; NEF and NEF 1997; DREYER 1998). Even within a
given tissue, different ORs could play different roles. For
example, TORs expressed postmeiotically in spermatids
may represent a small subset of those expressed in the
testis as a whole (WALENSKY et al. 1998), so our sample of
10 TORs from whole-testis cDNA libraries might contain
few if any genes expressed in spermatids. Perhaps we
failed to sample (or to sample adequately) a small class
of TORs that mediate sperm chemotaxis as originally
proposed (PARMENTIER et al. 1992) and that evolve rap-
idly owing to their involvement in sexual selection.

But might the testis expression of conserved TORs
be a consequence of their conservation, rather than
their conservation being a consequence of nonolfactory
functions? We considered several models that reverse
the chain of causation in this way. Most rest on question-
able assumptions, but one seems plausible. It begins
with the observation that some odorants are likely to
be ecologically critical, in the sense that an individual’s
fitness will depend strongly on detecting these odorants
at low concentrations and distinguishing them accu-
rately from other, chemically similar odorants. In re-

sponse to selection for “focused” olfactory functions,
some NORs would become specialized for detection
of certain odorants, to the exclusion of others. Such
specialist NORs would tend to evolve relatively slowly
after they became optimized for detection of single
odorants. Such NORs might also acquire relatively high
levels of expression in the olfactory epithelium so as to
lower the animal’s threshold for detection of the critical
odorants, either by increasing receptor concentrations
within individual sensory neurons or by increasing the
numbers of neurons that select these NORs for expres-
sion. As an incidental consequence of the properties
that lead to high expression in the olfactory epithelium,
some such odorant-specialist NORs might come to be
expressed gratuitously in testes (see below). Odorant
receptors cloned from testis cDNA libraries therefore
would tend to show greater than average levels of amino
acid sequence conservation.

This model rests on testable assumptions. For exam-
ple, it assumes that odorant receptors vary in their de-
grees of ligand specificity. Typically only one odorant
receptor is expressed in a given olfactory sensory neu-
ron, and neurons expressing a given receptor are distrib-
uted more or less randomly within one of several zones
in the olfactory epithelium (NEF e al. 1992; VASSAR et
al. 1993; RESSLER ¢t al. 1993; CHESS et al. 1994; MALNIC et
al. 1999). It has long been believed that typical odorant
receptors must respond to at least a few different odor-
ants, because mammalian olfactory systems are able to
discriminate tens of thousands of odorants using less
than 1000 odorant receptors. Thus the olfactory “code”
must be combinatorial, with chemically similar ligands
being distinguished through patterns of differential re-
sponse by sensory neurons that respond at least weakly
to a number of related ligands. This model has received
support from studies that characterize the responses of
individual receptors, neurons, and olfactory-bulb glo-
meruli (KRAUTWURST et al. 1998; DuCHAMP-VIRET el
al. 1999; MALNIC et al. 1999; RuBiN and KaTtz 1999;
TOUHARA el al. 1999; reviewed by Buck 2000). In one
experiment, isolated mouse sensory neurons (express-
ing single odorant receptors that were subsequently
identified) responded with varying strengths to several
different chemically related odorants. Each odorant
produced a different pattern of responses among the
members of a set of neurons, each of which responded
to at least a few of the odorants in the set (MALNIC et
al. 1999). The fact that individual odorant receptors
may discriminate more or less sharply among closely
related odorants implies that their global breadths of
response probably vary as well and have been subject to
adjustment by natural selection. The focused-olfaction
model predicts that highly conserved receptors should
tend to have narrowly tuned patterns of response; this
prediction could be tested by means of techniques like
those used by KRAUTWURST et al. (1998), MALNIC et al.
(1999), and RuBiN and KaTz (1999).



Testis-Expressed Odorant Receptors 795

The assumption that different NORs might be ex-
pressed at different levels in the olfactory epithelium
also seems plausible, and some evidence supports it.
Widely varying numbers of olfactory neurons are labeled
by in situ hybridizations with probes made from different
odorantreceptor genes (e.g., RESSLER ef al. 1993, 1994).
The interpretation of these experiments is complicated
by the fact that hybridization probes may identify several
closely related paralogous genes, but there is no reason
to assume that all odorant receptors should be ex-
pressed by equal numbers of sensory neurons, and no
evidence points toward such a conclusion. The focused-
olfaction model predicts that highly conserved recep-
tors should often be expressed abundantly, and this
prediction could be tested through approaches that
minimize the detection of more than one related se-
quence.

The focused-olfaction model predicts that odorants
recognized by highly conserved receptors will be ones
of special ecological importance; this implies that such
odorants signal either great danger or great opportu-
nity. The identities of such odorants, once determined,
should be consistent with this interpretation. For exam-
ple, animals exposed to such odorants might show signs
of unusual agitation or interest in the source of the odor.
These predicted associations could also be pursued in
the opposite direction, from an ecologically derived un-
derstanding of significant odorants, toward an analysis
of the expression, tuning, and evolutionary conservation
of their receptors. Related species with similar ecologies
should tend to share more of these “most significant”
odorants than equally related species with dissimilar
ecologies; thus, under the focused-olfaction model (but
not under the internal-function model), ecologically
similar species should share greater numbers of highly
conserved TORs than ecologically dissimilar species, all
else being equal.

Male and female ecologies often differ, especially with
respect to reproductive strategies. The focused-olfaction
model therefore suggests that some specialist odorant
receptors might be expressed mainly or exclusively in
the members of one sex. Indeed, a potential mechanistic
explanation for the gratuitous expression of some con-
served ORs in testes might be that they are specialized
to detect odorants of particular importance to males
and that their expression tends to increase in response
to androgens (appropriately in the olfactory epithelium,
gratuitously in the testes). Sexually dimorphic expres-
sion of conserved odorant receptors would support the
focused-olfaction model, but dimorphic expression is
not a strong or necessary prediction of the model in its
general form. Many components of the RNA polymerase
II transcription complex appear to be expressed at high
levels during the early haploid phases of meiosis, giving
rise to “a permissive environment for transcription initi-
ation” (ScaMipT 1996). If ORs that are relatively highly
expressed in the olfactory epithelium tend to be espe-

cially liable to gratuitous expression under such condi-
tions, then a correlation between evolutionary conserva-
tion and testicular expression could occur under the
focused-olfaction model, even in the absence of sexually
dimorphic expression in the olfactory epithelium.
Four TORs in our data set (rT19/mT18, rT09, rT05/
mT07, and rT38/mT53) were tested for expression in
the olfactory epithelia of mice and/or rats by VANDER-
HAEGHEN ¢t al. (1997). Two show obvious signals (rT09
and rT05/mT07, with intermediate to modestly high
conservation, respectively) and two do not (rT19/mT18
and r'T38/mT53, with very low and rather high conserva-
tion). These RPA experiments used mRNA pools de-
rived from both male and female olfactory epithelia (P.
VANDERHAEGHEN, personal communication), so they
imply that not all well-conserved TORs are expressed
at high levels in the nose. However, they do not provide
evidence for or against sexually dimorphic expression.
Distinctive predictions can be derived also from the
internal-function model. For example, mice carrying
targeted disruptions of conserved TORs (or carrying
constructs that overexpress such genes) might show re-
productive deficits either in traditional phenotypic
screens or in tests of reproductive success in competi-
tive seminatural social settings, which can reveal subtle
functional differences that would otherwise be difficult
to detect (PorTs et al. 1994). Cetaceans (especially
toothed whales) have greatly reduced olfactory systems
(OELSCHLAGER 1989), so under either model their
odorant-receptor gene families should be reduced.
However, the internal-function model predicts that ceta-
ceans will retain a set of conserved TORs equivalent to
those of their closest relatives (hippopotamuses and
ruminants; NIKAIDO et al. 1999), while the focused-olfac-
tion model predicts that cetacean TORs will be as se-
verely reduced as their NORs. This latter prediction
is supported weakly by a sample of 17 cetacean OR
sequences cloned by PCR with degenerate primers from
genomic DNA of the striped dolphin, Stenella coeruleoalba
(FREITAG el al. 1998). Every one of the 17 sequences
contains at least one frameshift mutation or premature
stop codon, consistent with the hypothesis that cetacean
ORs have lacked function for millions of years and there-
fore have not been subject to selection. However, these
sequences were cloned from the genome at large, not
from a testis cDNA library, so this result does not rule
out the possibility that a few ORs [not sampled in the
study by FREITAG et al. (1998)] remain active in cetacean
testes and subject to selection for some function there.
If typical NORs respond to several different odorants,
and if typical odorants stimulate sensory neurons ex-
pressing several different NORs, then most NORs are
somewhat functionally redundant. How can such a large
set of individually nonessential genes be maintained?
As subfamilies of NORs diversify, selection on their indi-
vidual member genes should often become rather weak.
Disabling mutations of weakly selected ORs might there-
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fore be carried to fixation at relatively high rates, con-
verting formerly functional NORs to pseudogenes. NOR
“deaths” would need to be replenished from some
source. To the degree that successful new NOR lineages
tend to derive from relatively well-conserved sequences,
and to the degree that the birth-and-death process turns
over quickly, most functional NORs might come to de-
scend (if not immediately, then at modest removes)
from a relatively small number of highly conserved (per-
haps often testis-expressed) ancestors. In this model,
conserved OR lineages (whatever the reason for their
conservation) would form the “trunks” of most subfam-
ily gene trees and would thereby contribute strongly to
the shape and diversity of the entire odorant-receptor
family.
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