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Letter

Species Specificity in Rodent Pheromone

Receptor Repertoires

Robert P. Lane,'-? Janet Young,? Tera Newman,? and Barbara J. Trask?

"Department of Molecular Biology and Biochemistry, Wesleyan University, Middletown, Connecticut 06459, USA; ?Division
of Human Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA

The mouse VIR putative pheromone receptor gene family consists of at least 137 intact genes clustered at multiple
chromosomal locations in the genome. Species-specific pheromone receptor repertoires may partly explain
species-specific social behavior. We conducted a genomic analysis of an orthologous pair of mouse and rat VIR gene
clusters to test for species specificity in rodent pheromone systems. Mouse and rat have lineage-specific VIR
repertoires in each of three major subfamilies at these loci as a result of postspeciation duplications, gene loss, and
gene conversions. The onset of this diversification roughly coincides with a wave of Linel (LI) retrotranspositions into
the two loci. We propose that LI activity has facilitated postspeciation VIR duplications and gene conversions. In
addition, we find extensive homology among putative VIR promoter regions in both species. We propose a
regulatory model in which promoter homogenization could ensure that VIR genes are equally competitive for a
limiting transcriptional structure to account for mutually exclusive VIR expression in vomeronasal neurons.

[Supplemental material is available online at www.genome.org.]

The mammalian vomeronasal organ (VNO) recognizes phero-
mones that provide information about the social and reproduc-
tive status of other individuals (Aujard 1997; Keverne 1999;
Krieger et al. 1999; Curtis et al. 2001; Del Punta et al. 2002). The
putative pheromone receptors expressed in the VNO are encoded
by at least two G-protein-coupled receptor gene families: VIR
receptors are expressed in the apical compartment of the VNO,
and V2R receptors are expressed in the basal domain (Dulac and
Axel 1995; Herrada and Dulac 1997; Matsunami and Buck 1997;
Ryba and Tirindelli 1997; Pantages and Dulac 2000). The mouse
V1R gene family consists of at least 137 intact genes from at least
12 distinct subfamilies (Rodriguez et al. 2002). VIR genes are
clustered at multiple loci in the genome; large V1R clusters have
been described on mouse Chromosomes 6, 7, 13, and 17 (Lane et
al. 2002; Rodriguez et al. 2002).

Distinct social and sexual behaviors exhibited by different
species are likely to be reflected in differences in the repertoire of
pheromones and their receptors (Lane et al. 2002; Rodriguez and
Mombaerts 2002). Species-specific pheromone recognition can
contribute to prezygotic barriers that reduce the frequency of
unproductive mating. Experimental results affirm that sensory
cues used in assortive mating behaviors (“won’t mate”) arise
shortly after the establishment of zygotic incompatibility (“can’t
mate”; Dobzhansky and Pavlovsky 1971; Noor 1995). The impli-
cation of these observations is that pheromone systems might be
subject to abrupt postspeciation diversification.

Individual neurons in the VNO express one allele of a single
V1R gene such that the function of the sensory cell is defined by
the receptor gene that is transcribed (Rodriguez et al. 2002). Un-
like olfactory receptors expressed in the main olfactory epithe-
lium of the nose, V1Rs are thought to interact with a narrow
range of odorants, if not single pheromone substances (for re-
view, see Zufall et al. 2002). Therefore, duplication and/or dele-
tion of individual V1R genes during evolution could result in
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gain and/or loss of the ability to detect specific pheromones,
resulting in distinct differences in social behavior.

We have conducted a comparative genomic analysis of or-
thologous mouse and rat V1R clusters to test for species specific-
ity in VIR repertoires. We find that the clusters in these two
species have diverged along species lines shortly after the mouse-
rat split by a combination of duplications, deletions, and gene
conversions. We propose that this postspeciation V1R divergence
was driven by a wave of retrotransposition into the loci that
began during or shortly after the mouse-rat split. We also find
that the V1R genes at these loci have a putative promoter region
that is highly conserved in both species. We suggest a model in
which promoter homogenization could be beneficial in the co-
regulation of these genes.

RESULTS AND DISCUSSION

We analyzed orthologous V1R gene clusters on mouse Chromo-
some 6 and rat Chromosome 4 (Fig. 1). The mouse locus contains
=21 V1R genes, including 15 intact open reading frames (ORF),
and the rat locus contains =25 V1R genes, also including 15
intact ORFs. Both loci have gaps in the sequence assembly, and
therefore the complete gene content is not known. A maximum
likelihood tree partitions the majority of these mouse and rat
V1R genes into three major subfamily clades that diverged from
each other before the mouse-rat split (Fig. 2, A, A7, and B). Both
loci also contain divergent genes that do not belong to the three
major subfamilies. Notably, each of the major subfamilies delin-
eates into species-specific clades, suggesting that subfamily ex-
pansions occurred independently in the two species after the
mouse-rat split. The mouse and rat loci have also diverged by
postspeciation V1R gene deletion and/or pseudogenization. For
example, the rat counterpart of the mouse A9 gene has either
been deleted or is missing within gaps, the mouse ortholog of the
rat R1 gene is a pseudogene (ps1), and the clade of rat Rps1, Rps2,
and Rps7 pseudogenes has no mouse counterpart.

Sequence similarity between subfamily members extends
over 2-25 kb blocks of duplicated material (e.g., Fig. 3, R6 vs. R9).
We compared noncoding portions of these blocks to further in-
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Figure T Synteny maps depicting rodent V1R clusters on mouse Chromosome 6 (90.2-90.9 Mb, February 2003 release, Mouse Genome Sequencing
Consortium 2002) and rat Chromosome 4 (123.9-125.0 Mb, June 2003, Rat Genome Sequencing Project Consortium 2004). The V1R clusters in both
species are immediately flanked by single-copy orthologs: the thioredoxin and glutathione reductase (tgr) gene and the Kruppel-like factor 15 gene
(kIf15). VIR genes are indicated by flags; the subfamily is indicated by color (red, A; blue, B; yellow, A7; gray, others). Pseudogenes are named with a
“ps” and “Rps” prefix in mouse and rat, respectively. Mouse V1R nomenclature is derived from previous reports (Lane et al. 2002; Rodriguez et al. 2002),
and the rat V1R genes are numbered according to position in the cluster. The mouse B8 and A3 genes and rat Rps710 and R13 genes (boxed) are not
present in the current assembly and are positioned according to previous assemblies (Lane et al. 2002 for mouse, November 2002 and January 2003
sequence releases for rat). Because these maps are derived from draft sequences, the relative position and orientation of some of the genes should be
considered tentative. L1 repeat content and gaps in the assembly are as reported in the UCSC genome browser (http://genome.ucsc.edu) and are shown
beneath the maps. The relative order and orientation are known for all contigs. Contiguous synteny between the mouse and rat loci as determined by
dot plots (data not shown) is indicated by unfilled bars on both maps; synteny extends beyond the tgr and k/f15 genes.

vestigate the timing of subfamily expansions. Orthologous
mouse and rat sequences not under selection are expected to
differ by ~25% (Li et al. 1987; Bulmer et al. 1991). The maximum
pairwise divergence observed between paralogs within the three
major V1R subfamilies is 30%, and 77% of the paralogous pairs
within subfamilies exhibit 15%-25% divergence (Fig. 4A). These
data suggest that paralogs within each subfamily coalesce around
the time of the mouse-rat split, and that many of these paralo-
gous duplications occurred shortly after the two species diverged.

The species-specific clades of major V1R subfamilies at this
locus could be the result of postspeciation duplications and/or
gene conversion events among subfamily members. To investi-
gate the possibility of gene conversions, we examined portions of
paralogous blocks for marked differences in substitution levels.
Several pairs of coding regions exhibit substantially lower syn-
onymous substitution (dS) levels than the average substitution
levels of the surrounding noncoding portions of these blocks
(Fig. 4A). Such low relative dS levels suggest either that purifying
selection acts at the nucleotide level in coding sequences or that
the ancestry of the coding and noncoding portions of some
blocks differ. We found statistically significant evidence
(p = 0.05) of nine gene conversion events by applying Sawyer’s
GeneConv algorithm (Sawyer 1989) to sets of genes from within
each subfamily (Table 1). These events occurred in the promoter,
coding, and intervening noncoding regions of the gene blocks.
Some of these gene conversion events could explain the low rela-
tive dS levels observed for two of the gene pairs marked in Figure
4A; an event involving a third pair, R7-R11, reaches statistical
significance when a different portion of their noncoding se-
quence is used as GeneConv input (data not shown). Therefore,
coalescence times within subfamilies appear more recent than
speciation because of a combination of gene conversion events
and species-specific duplications. Because gene conversion oper-
ates at these loci, more than one gene could have been present in
each subfamily in the common ancestor.

Cross-subfamily comparisons reveal a large region (~1 kb) of
highly conserved noncoding upstream sequence likely under
strong selection (Fig. 4B; Supplemental Fig. 1, and examples in
Fig. 3 [R6 vs. RS and R12]). We previously mapped mouse tran-
scription start sites by RACE-PCR to these upstream homologous
regions (Lane et al. 2002), indicating that they might be promot-
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ers (Supplemental Fig. 1 available online at www.genome.org).
All intact rat V1Rs at this locus also exhibit this putative pro-
moter homology, suggesting that these V1Rs are regulated by
common mechanisms in both species.

The selection acting on A subfamily promoter sequences
appears greater than on B subfamily promoters (Fig. 4B). Several
A subfamily promoters are even more conserved than corre-
sponding coding regions (data not shown). The substitution rates
in the promoters of A subfamily members average 79% and 52%
of those of substitution rates in noncoding blocks when or-
thologs or paralogs are compared, respectively. The correspond-
ing values for the B subfamily are 94% and 90%, indicating sig-
nificantly higher conservation of promoters than surrounding
blocks for the B subfamily orthologs and paralogs (p-values of
0.003 and 0.0005, respectively, in two-tailed paired T-test). Thus,
both A and B subfamily promoters appear to be under selection.

Each vomeronasal neuron expresses only a single VIR (or
V2R) gene (Rodriguez et al. 1999). A competition-based model, in
which promoter regions must compete for limiting regulatory
factors to achieve this singular gene choice, could account for the
high conservation of these regions (Lane et al. 2001). The fact
that only genes within this particular VIR gene cluster exhibit
this promoter homology (data not shown) suggests that the regu-
latory significance of this homology is locus-specific. It will be
interesting to test whether VIR genes, unlike several tested OR
transgenes (e.g., Qasba and Reed 1998; Vassalli et al. 2002), are
regulated by locus-dependent mechanisms.

However, such a broad region of high and contiguous simi-
larity remains a conundrum, seeming to be too large to be caused
by conservation of individual transcription-factor-binding sites.
The extensive homology within promoter regions could be due
partly to gene conversions. This hypothesis is consistent with
paralogous promoters being more conserved relative to se-
quences in the surrounding block than orthologous promoters
(Fig. 4B), because orthologous sequences cannot gene-convert.
Gene conversion events involving BI (Table 1) could explain the
proximity of the B1 and B2 genes in the promoter tree (Supple-
mental Fig. 1) as compared with the coding sequence tree (Fig. 2).
However, the topologies in the two trees are generally in good
agreement. Therefore, if gene conversions are largely responsible
for the extensive promoter similarity, then these gene conver-
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Figure 2 Maximum likelihood phylogram of VIR genes and pseudo-
genes in mouse Chromosome 6 and rat Chromosome 4 clusters. Rat V1R
gene clades are shaded gray. To construct this tree, 675 bp of nucleotide
sequence was manually aligned such that gaps were minimized. The tree
is rooted by the ps1/R1 orthologs based on an outgroup analysis using
more distant V1Rs (data not shown). The root branches for the three
major subfamily clades (B, A7, and A) are indicated. Bootstrap values
(1000 parsimony replicas) are shown on branches if >50%.

sions are mostly occurring between pairs of genes that are already
nearest neighbors in the coding tree.

Therefore, the similarity of these V1R promoters can be due
to both selective pressure and gene conversions. We propose that
gene conversions have been more prevalent among the A sub-
family promoters to account for the significantly higher degree
of similarity in paralogous versus orthologous promoters of this
group relative to their surrounding sequence (promoter:
block = 0.52 and 0.79 for paralogs and orthologs, respectively).
Yet, even with gene conversions at play, these promoter se-
quences are likely under selective pressure because orthologous
promoter sequences, which cannot gene-convert, are signifi-
cantly more conserved than surrounding block sequences, both
within and between subfamilies. The unexpected large size of
these conserved regions may provide insight into the nature of
V1R transcriptional machinery, or more generally, into the find-
ings of large conserved nongenic blocks (>100 bp) elsewhere in
the genome (Dermitzakis et al. 2002; Thomas et al. 2003).

Both the mouse and rat V1R clusters are densely packed with
L1 repeats (~44% and ~52% of the mouse and rat sequence, re-
spectively). This L1 density is far greater than that of the sur-
rounding non-V1R territory (~6% and ~5%, respectively) and at
least double the L1 density expected from whole-genome surveys
(~22% in areas with A-T base-pair compositions comparable to

this region [59%]; Mouse Genome Sequencing Consortium
2002). We estimated the age of each L1 repeat by examining
divergence from consensus L1 sequences. Using this measure, the
peak time for L1 integration began approximately when mem-
bers of each major V1R subfamily coalesce (Fig. 4A).

The temporal correlation between the onset of retrotrans-
position and local gene duplications/conversions suggests a pos-
sible cause—effect relationship. The reiterating patterns of V1Rs
embedded among numerous L1 repeats are ideal templates for
unequal meiotic crossover events. However, meiotic crossovers
mediate tandem duplication (Tharapel et al. 1999), whereas the
closest V1R paralogs are typically not adjacent. VIRs in tandem
sets with similar orientations, subfamily representation, and di-
vergence are also not observed. If all duplications happened in
tandem, we would need to invoke extensive postduplication re-
arrangement of the clusters and/or gene conversion between
nonadjacent paralogs to explain the current gene arrangement.
Another mechanism that could generate the structure of the clus-
ter is nonallelic strand invasion during DNA repair, which is
known to be able to cause duplication (Smithies and Kim 1994;
Ferguson and Holloman 1996; van den Bosch et al. 2002). Such
strand invasion could result from gap repair following L1 inte-
gration at the VIR locus. This model predicts the observed tem-
poral overlap between L1 activity and V1R duplications.

Eldredge and Gould’s theory of punctuated equilibrium is
based on interpretation of the fossil record in which morpho-
logical divergence associated with speciation occurs abruptly and
is followed by long periods of morphological constancy (El-
dredge and Gould 1972). This model of speciation predicts that
genomes undergo burst-like periods of reorganization. Genomic
repeats could facilitate such adaptive bursts, because repeat ac-
tivity is associated with various forms of genome shuffling (Dehal
et al. 2001; Hughes and Coffin 2001; Gilbert and Lutz-Prigge
2002; Symer et al. 2002), retrotransposition is induced during
periods of cellular stress (Ratner et al. 1992; Li et al. 1999; Rocha
et al. 2002), and periodic repeat activities can lead to adaptive
founder effects in populations (Naas et al. 1995).

Our observations fit well with this model of speciation: each
of two rodent species has undergone a burst of independent du-
plications and/or gene conversions, possibly caused by a flurry of
L1 repeat activity, that has resulted in divergence of pheromone
receptor subfamilies shortly after the mouse-rat split. The post-
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Figure 3 PipMaker plots of the rat R6 gene (A7 subfamily) versus the rat
R9 (A7 subfamily), rat R5 (A subfamily), rat R72 (B subfamily), and mouse
A8 (A7 subfamily) genes. Homology is plotted according to position and
percent identity. Homology does not extend beyond the regions shown.
The coding region (C) is indicated by a black horizontal arrow; note that
sequences immediately surrounding the coding regions are also appar-
ently under selection (outlined gray in cross-subfamily comparisons). The
conserved promoter regions (P) are indicated by a black bar.
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Figure 4 Scatterplots of substitution levels in pairwise comparisons
within subfamilies of noncoding and coding regions (A) and noncoding
and promoter regions (B). Noncoding block substitutions were calculated
using RepeatMasked sequences not apparently under selection; thus, we
excluded the conserved promoter regions, conserved coding regions, as
well as regions immediately upstream of the coding regions (see Fig. 3).
The substitution levels are Jukes-Cantor adjusted (Jukes and Cantor 1969)
for multiple substitutions. For coding regions, we considered only sub-
stitutions in synonymous sites. Comparisons among A, B, and A7 sub-
family paralogs are plotted in red, blue, and green, respectively; com-
parisons among mouse paralogs are plotted with triangles, and rat para-
logs are plotted with squares. Cross-species intrafamily comparisons are
plotted with gray circles. The diagonal black lines (slope = 1.0) indicate
equal noncoding block and synonymous codon position (or promoter)
substitution levels. (A) The average orthologous block divergence within
subfamilies is indicated by the vertical line (25% = 3%). The average
paralogous block divergence within subfamilies is 20% (SD + 5%; 25-th
percentile = 17%, 50-th percentile = 22%, 75-th percentile = 24%). On
the whole, B subfamily paralogous pairs (average = 22% = 5%; 25-th
percentile = 20%, 50-th percentile = 23%, 75-th percentile = 25%) ex-
hibit greater divergence than A subfamily paralogous pairs (aver-
age = 18% =+ 5%; 25-th percentile = 15%, 50-th percentile = 18%, 75-
th percentile = 21%). Gene pairs that exhibit at least twofold difference in
their synonymous and noncoding block substitution levels are labeled.
The bar graph at the bottom of the A panel is the age distribution of L1
repeats that integrated in the mouse and rat loci as determined by Re-
peatMasker (% divergence from consensus, Jukes-Cantor-adjusted). The
numbers of L1 repeats identified in each bin is indicated. The gray shad-
ing indicates the fraction of these L1s located between duplicated gene
blocks. (B) The average orthologous and paralogous promoter:noncod-
ing block substitution ratios are indicated for the A (red labels) and B
(blue labels) subfamilies, respectively. These average ratios range be-
tween 0.52 (A paralogs) and 0.94 (B orthologs), indicating a range of
apparent selective pressures. Note: most pseudogenes are missing the
putative promoter sequence, and therefore, fewer pairwise comparisons
are shown in B than in A.
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speciation changes in V1R repertoires might have contributed to
distinguishable lines of pheromone communication within, but
not between, these two species, requiring that rat and mouse
evolve different sensory capabilities. Consistent with this idea,
we find that several amino acid residues in these V1R genes show
evidence for diversifying (positive) selection. We performed
maximum likelihood analysis using PAML (Yang 1997) on a sub-
set of intact V1R genes that are unlikely to have been involved in
gene conversion, as such sequence shuffling may cause false posi-
tives when testing for diversifying selection (Anisimova et al.
2003). Models of evolution that include a subset of residues un-
der positive selection fit the data much better than correspond-
ing simpler models allowing only purifying and neutral evolu-
tion (model 2 vs. 1, p < 10~ %; model 3 vs. 1, p < 10~ %; model 8 vs.
7, p < 10~ % see Methods). The three models that permit positive
selection (models 2, 3, and 8) predict 7% (o = 3.4), 4% (v = 3.3),
and 11% (w = 2.3), respectively, of residues to be under positive
selection. Four residues in particular (amino acid position 77 in
the intracellular loop between the first and second transmem-
brane [TM] domains, position 152 in the third TM domain, and
positions 182 and 188 in the second extracellular loop between
the fourth and fifth TM domains) are especially likely (>90%
under all three models) to have been subject to diversifying se-
lection. TM3 and especially the extracellular loop between TM4
and TMS are regions of the predicted protein structure that are
thought to be important in G-protein-coupled receptor interac-
tions with ligands (Palczewski et al. 2000; Zhang et al. 2002; Man
et al. 2004).

Our results raise several important questions about genome
and gene family evolution that could be addressed by extending
the study to other loci/species. For example, have other V1R sub-
families undergone similar species-specific expansion since the
mouse and rat diverged? Does gene-family expansion at other
loci temporally correlate with repeat-integration events? Do sub-
sequent murine speciation events correlate with expansions of
different V1R subfamilies? A more global analysis involving ad-
ditional murine loci and species should provide further insights
into the connections between V1R evolution, repeat activity, and
speciation.

METHODS

Sequence Assembly

The sequence of the mouse Chromosome 6 (February 2003 re-
lease, Mouse Genome Sequencing Consortium 2002) and rat V1R
chromosome 4 (June 2003 release) loci were taken from the pub-
lic draft assemblies available at the UCSC genome browser server
(http://genome.ucsc.edu/).

Table 1. Pairs of Genes with GeneConv Statistical Support for
Gene Conversion Events

Gene pair Regions involved Length (bp) P-value
Mouse
A5-A6 Noncoding to coding 3042 0.00097
A5-Al Noncoding to coding 487 0.0092
A6-ps3 Noncoding 430 0.0064
A7-A8 Promoter to coding 7221 0.0098
B1-B2 Promoter 633 0.0024
B3-B1 Coding 442 0.031
B4-B1 Coding 397 0.034
Rat
R10-R5 Coding 234 0.0041
R6-R9 Coding 418 0.0021
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Bioinformatics Tools

Sequences were analyzed for gene content using the UCSC ge-
nome browser and associated links (http://genome.ucsc.edu). Re-
peat content and base-pair composition were analyzed using Re-
peatMasker (http://ftp.genome.washington.edu/cgi-bin/
RepeatMasker). L1 divergence from consensus sequences was
provided by RepeatMasker outputs. Alignment of coding and
noncoding sequences was aided by PIPMAKER (http://
bio.cse.psu.edu/pipmaker/), BLAST (http://www.ncbi.nlm.nih.
gov/BLAST/), and CLUSTALW (http://searchlauncher.bcm.tmc.
edu/multi-align/multi-align.html). Phylogenetic reconstructions
were produced using PAUP (Sinauer Associates). Synonymous
substitution levels were determined using SNAP (http://
hiv-web.lanl.gov/content/hiv-db/SNAP/WEBSNAP/SNAP.html).
We parsed PIPMAKER outputs to calculate average percent diver-
gence for portions of the noncoding block that do not exhibit
cross-subfamily homology (i.e., excluding any promoter or cod-
ing region homology that is demonstrably under selection).
PIPMAKER was used with default settings (no chaining). Box-
shade alignments of promoter regions were obtained from
http://www.ch.embnet.org/software/BOX_form.html.

GeneConv Analysis

We analyzed all V1R genes and upstream sequence using Gene-
Conv (http://www.math.wustl.edu/~sawyer/geneconv) to iden-
tify apparent gene conversion events (Sawyer 1989). GeneConv
implements an algorithm that compares an alignment of at least
three nucleotide sequences, identifies sites of paralogous varia-
tion among them, and for each pair, measures the length of
stretches of shared variants. The length of these stretches is com-
pared to a simulated distribution (10,000 iterations) of the same
number of sequences with a similar average density of variation
and used to calculate a Bonferroni-corrected P-value. A low P-
value indicates a high probability that gene conversion occurred.

Error Analysis

All substitution rates used are Jukes-Cantor-adjusted to correct
for multiple hits (Jukes and Cantor 1969). We also used the Jin-
Nei adjustment method (Jin and Nei 1990) on a randomly se-
lected 10% of the comparisons, and the results were within 0.5%
of our Jukes-Cantor results. An estimate of standard error is based
on variance of the estimate of each parameter, as described by the
following equation for binomial probability: s* = p(1 — p)/
(n — 1), where s is the standard error, p is the fraction of nucleo-
tides that are substituted, and n is the number of nucleotides
compared. Binomial sampling errors range from ~3.9 to ~2.4%
for synonymous sites (152-bp sample size), ~2.3 to ~1.5%
for promoter regions (483 bp), and ~5.4 to ~0.5% for noncod-
ing blocks (78-4305 bp) for 35% to 10% substitution levels,
respectively.

PAML Analysis

A codon-based alignment of the BS, B2, B7, B9, R2, R7, A3, Y,
R15,R13,R12, R14, A9, and R1 V1R sequences was used to derive
a maximum likelihood tree using PAUP’s heuristic search algo-
rithm. The tree and alignment were used to test the likelihood of
obtaining the observed sequences under various models of evo-
lution using PAML version 3.13 (Yang 1997). Each model allows
various classes of residue with different o values (Yang et al.
2000). o values represent the likelihood of amino acid change
being fixed during evolution, with neutrally evolving residues
having » values of 1, residues under purifying selection having
values of less than 1, and residues under diversifying (or positive)
selection having values >1. Briefly, model 1 allows two classes of
residue—one evolving neutrally (v = 1) and the other under strict
purifying selection (w = 0). This model was compared with two
other models that both allow at least one of the three classes of
w to vary, thereby allowing for the possibility of positive selec-
tion at some residues (model 2 has ws of 0, 1, and a third class
with o estimated for this data set to be 3.4; model 3 has three
classes with estimated ws of 0.3, 1.1, and 3.3). In addition, model

7 (10 classes of residue, in which ws follow a 3 distribution with
all values between O and 1) was compared with model 8 (8 dis-
tribution plus an eleventh class of positively selected residues
with o estimated at 2.3). Significance of the difference in log-
likelihoods was determined as described in Yang et al. (2000).
The algorithm converged on the same likelihood values and pa-
rameter estimates when run using three different starting w val-
ues (0.2, 1, and 3.14159), indicating that the estimated param-
eters are likely to represent global rather than local maxima.
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