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Abstract

There is a recent emergence of interest in the genes involved in gametic recognition as drivers of reproductive isolation.
The recent population genomic sequencing of two species of sexually primitive yeasts (Liti G, Carter DM, Moses AM,
Warringer J, Parts L, James SA, Davey RP, Roberts IN, Burt A, Koufopanou V et al. [23 co-authors]. 2009. Population
genomics of domestic and wild yeasts. Nature 458:337-341.) has provided data for systematic study of the roles these
genes play in the early evolution of sex and speciation. Here, we discovered that among genes encoding cell surface
proteins, the sexual adhesin genes have evolved significantly more rapidly than others, both within and between
Saccharomyces cerevisiae and its closest relative S. paradoxus. This result was supported by analyses using the PAML
pairwise model, a modified McDonald-Kreitman test, and the PAML branch model. Moreover, using a combination of
a new statistic of neutrality, an information theory—based measure of evolutionary variability, and functional
characterization of amino acid changes, we found that a higher proportion of amino acid changes are fixed in the
sexual adhesins than in other proteins and a greater proportion of the fixed amino acid changes either between the two
species or the two subgroups of S. paradoxus are functionally dissimilar or radically different. These results suggest that the
accelerated evolution of sexual adhesin genes may facilitate speciation, or incipient speciation, and promote sexual
selection in general.

Key words: sex genes, cell surface proteins, yeast, modified McDonald-Kreitman test, evolutionary variability, adaptive
evolution.

localized on the cell surface of gametes and involved in
egg—sperm interaction (Aagaard et al. 2006, 2010; Gasper
and Swanson 2006; Panhuis et al. 2006; Jagadeeshan and
Singh 2007). Similarly, sexual adhesin proteins have been
found in yeasts and well characterized particularly in the
baker’s yeast, Saccharomyces cerevisiae (Dranginis et al.
2007). However, how these proteins have evolved and
how their evolution has contributed to speciation in this
group of organisms remain open questions.
Saccharomyces species have two mating types a or o, de-
termined by the presence a sex-specific allele at the mating
type locus MAT on chromosome Ill, which regulates the
secretion of sex pheromone peptides, their receptors, and
mating-specific cell adhesion proteins. Sexual adhesion of
a- and a cells in S. cerevisiae depends on the binding among
four proteins on the cell surface, encoded by AGA1, AGA2,
SAGT, and FIG2 genes, respectively (Terrance and Lipke
1987; Lipke and Kurjan 1992; Dranginis et al. 2007; Huang
et al. 2009; Xie and Lipke 2010). Mating-type specific binding
is mediated mainly by two sexual agglutinins, a-agglutinin and
o-agglutinin. a-Agglutinin consists of subunits Agalp and the
68-residue glycopeptide Aga2p, the latter of which is ex-

Introduction

Genes encoding cell surface proteins are highly variable,
and it has been argued that their diversification has pro-
duced the great diversity in cellular interactions and envi-
ronmental response (Verstrepen and Fink 2009; Baldo et al.
2010). Among cell surface proteins, those involved in ga-
metic recognition are particularly intriguing. Although
the evolution of sex-related genes has been extensively
studied in animals including Drosophila species, mammals,
and birds, it has rarely been examined in yeasts, one of the
sexually most primitive organisms. As opisthokonts, yeasts
share a common ancestor with animals and possess sexual
reproductive mechanism very similar to that in metazoans.
First, sexually reproducing yeasts often contain two mating
types, similar to the male and female sexes in animals. Sec-
ondly, during mating the two mating types of yeasts need
to first recognize each other, followed by cell fusion and
nuclear fusion, and ending with a diploid zygote (Lee et al.
2010), which is very similar to the fertilization process in
animals. Lastly, even the proteins involved in sexual repro-
duction in yeast and animals are very similar in 3D struc-

ture of their essential domains (Swanson et al. 2011). Thus,
the study of sexual reproduction in yeast could shed new
lights on the origin and evolution of sex.

Studies in animals, including Drosophila, abalone, and
human, show accelerated evolution of the proteins

pressed only on a-type cells. Agalp is anchored in cell wall
at one end and cross-linked to Aga2p through two disulfide
bonds at the other end (Roy et al. 1991; Cappellaro et al.
1994). During mating, Aga2p is bound to a-agglutinin, that
is, Sag1p, which is only expressed on the surface of a-type
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cells and anchored to cell wall polysaccharide (Lipke et al.
1987, 1989; Chen et al. 1995; de Nobel et al. 1996; Zhao
et al. 2001). In addition, mating-specific binding is strength-
ened by interactions between Agalp and Fig2p, with each
being expressed on both mating types (Huang et al. 2009).

Besides sexual adhesin proteins, yeasts also express other
cell surface proteins. Some of these proteins, like mucin-like
MucTp (Flo11p), mediate cell aggregation and biofilm forma-
tion in yeast (Dranginis et al. 2007). Another group consists of
glycosyl enzymes that are involved in the glycosylation of cell
surface proteins, including glycosidases, glycosyl transferases,
and transglycosylases. Whether these proteins and their cod-
ing genes have evolved differently from sexual adhesin genes/
proteins is still a question to be answered (Xie and Lipke
2010). Recently, multiple strains of both S. cerevisiae and
its closest relative, S. paradoxus, have been genome-sequenced
(Liti et al. 2009). Here we present our study of the evolution of
73 genes encoding cell surface proteins in S. cerevisiae and S.
paradoxus. We found that sexual adhesin genes have evolved
much faster than any other cell surface-related genes both
between and within the two yeast species, which have impor-
tant implications to speciation and sexual selection.

Materials and Methods

Sequence Extraction, Quality Control, and
Alignment
The genomic sequences for 38 strains of S. cerevisiae and 36
strains of S. paradoxus were downloaded from the ftp site
of Sanger Institute (ftp://ftp.sanger.ac.uk/pub/dmc/yeast/
latest/, last accessed February 25, 2009), which were orig-
inally generated by the Saccharomyces Genome Rese-
quencing Project (Liti et al. 2009). The standard
sequences for a selected set of 73 cell surface—related genes
(Coronado et al. 2007), including the 4 sexual adhesin
genes, were obtained from the Saccharomyces Genome Da-
tabase (http://www.yeastgenome.org, last accessed March
3, 2011). For each of the 73 genes (supplementary table 1,
Supplementary Material online), both  NUCMER and
BlastN programs were used to find the best matching se-
quences in the genomes of all the strains in both species. A
series of custom scripts were used to distinguish orthologs
from paralogs, based on a combination of chromosome
number, chromosomal positions, and match quality (bit-
scores for Blastn or alignment length and percent identity
for NUCMER), and to extract the orthologous sequences.
The extracted sequences for each gene were aligned us-
ing both ClustalW (Larkin et al. 2007) and MUSCLE (Edgar
2004) programs as implemented in SeaView (Gouy et al.
2010), with manual adjustment for obviously less than op-
timal alignments particularly in the low-complexity re-
gions. The sequences were then carefully checked
against the National Center for Biotechnology Information
(NCBI) trace archive whenever needed and possible, with
some corrections made based on the trace files submitted
to NCBI by Sanger Institute. Given the approach used by
Sanger to fill in genomic sequencing gaps, we extracted
just unique haplotypes within each species for subsequent
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analyses. All sequences used for analysis are in coding
regions, with none of the genes containing any intron.

Pairwise Substitution Rates and Modified
McDonald-Kreitman Test

McDonald-Kreitman (MK) test (McDonald and Kreitman
1991) is often used to examine whether the amino acid
sequence changes between species is significantly different
from that within species, as an indicator of whether there is
“adaptive” evolution (positive selection) between species.
However, the traditional MK test uses only the total num-
bers of segregating sites both within and between species,
regardless of the frequencies of each allele, and thus could
be significantly skewed by rare alleles. To correct this prob-
lem, we designed a modified MK test by using the averaged
pairwise synonymous and nonsynonymous changes both
within and between species.

For each gene, the synonymous and nonsynonymous
substitution rates between any pair of sequences from ei-
ther the same or different species were first obtained using
PAML pairwise model with the maximum likelihood
method. The resultant files containing pairwise synony-
mous (dS) and nonsynonymous (dN) substitution rates
were parsed using a custom Perl script and plotted in R.

The numbers of synonymous (S) and nonsynonymous (N)
substitutions for each pair of sequences were then calculated
by parsing the mlc file from PAML analysis using another
custom script. These values were then used to calculate
the average numbers of synonymous and nonsynonymous
nucleotide changes both within and between the two species,
and the net between-species substitutions were calculated by
subtracting the average numbers of within-species substitu-
tions from the gross estimate of between-species substitu-
tions following Nei (1987, Equation 8.20). These numbers
in turn were used in a MK-like test to compare the rate
of evolution between species with that within species.

New Statistic to Test Evolutionary Neutrality

The ratio of nonsynonymous to synonymous substitutions,
N/S, is another commonly used method to detect selection.
However, the N/S ratio could not be defined or is mean-
inglessly large when S (the number of synonymous
changes) is, or close to, zero. Recently, the fraction of non-
synonymous changes among all evolutionary changes,
N/(N + S), has been independently suggested as an im-
provement over the simple N/S ratio (Stoletzki and
Eyre-Walker 2011), making it applicable to all situations,
even when the number of synonymous changes is zero.
Here we present a further improvement by using the rates,
instead of the numbers, of synonymous and nonsynony-
mous substitutions, producing a new measure called the
fraction of nonsynonymous substitution rate:

fu=dN/(dN + dS)

where dS and dN were calculated as the average synonymous
and nonsynonymous substitution rate, respectively, based on all
the pairwise sequence comparisons using maximum likelihood
methods. Compared with N/(N + S) ratio, this modification
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standardizes the number of synonymous and nonsynonymous
substitutions by the number of potential synonymous and non-
synonymous substitution sites, respectively, and at the same
time corrects codon bias and the unequal probability of gener-
ating synonymous versus nonsynonymous substitutions from
DNA mutations by using maximum likelihood calculation. fy
between species was then plotted against that within species
for each gene in R, and the comparison was then used to infer
whether the gene has evolved neutrally or not. The difference in
fn between species compared with that within species could be
further quantified as:

DiS :fN—between - fN-within

where DiS denotes the difference in selection regime between
within-species and between-species. This is analogous to the sta-
tistics of o (the proportion of adaptive amino acid substitution,
Smith and Eyre-Walker 2002) or DoS (direction of selection, Sto-
letzki and Eyre-Walker 2011), but its calculation is based on av-
erage synonymous and nonsynonymous substitution rates,
rather than simple counts of synonymous and nonsynonymous
substitution sites. The new statistic, termed “Difference in Selec-
tion,” does not depend on the assumption that within-species
evolution is always neutral, an assumption of o and DoS.

PAML Analyses Using Branch and Site Models

To further test whether the four sexual adhesin genes have
evolved at different rates between the two yeast species
compared with that within the two species, we first per-
formed PAML analysis using the branch models (Yang
2007) with trees reconstructed using the Neighbor-Joining
method. Two models, one assuming a single dN/dS ratio (w)
on all branches and the other setting the branch between
the two species to have a different dN/dS ratio from that
within species, were statistically tested for significant differ-
ence using the log-likelihood ratio test. We then used PAML
site models in attempt to identify specific codon sites that
might have been under positive selection in each of the four
sexual adhesin genes, with the same neighbor-joining tree
being used for each gene. The M1a model assumes there are
only two types of sites in the gene sequence of interest (one
neutral with @ = 1 and the other nearly neutral with o <
1), whereas the M2a model assumes there is a third class of
positively selected sites with @ > 1. These two models were
statistically tested using the log-likelihood ratio test to see if
one explained the data significantly better than the other.

Site-Specific Characterization of Evolutionary
Variability and Biochemical Similarity

We used information theory to quantify sequence variabil-
ity at individual alignment positions (Schneider 1999).
Based on the information theory, we used mutual informa-
tion (MI) to quantify sequence variations associated with
species divergence. Ml measures the association of an
amino acid residue (aa) with a species (sp) at each site:

MI(aa; sp) = ZZf(aa,-;spj)
x log,{f(aa;; sp;)/[f(aai) x f(sp))l},

where f(aa;sp)) is the frequency of residue i occurring in spe-
cies j and f(aa;) and f(sp;) are marginal frequencies of residue i

and species j, respectively. Furthermore, we normalized MI by
total uncertainty to obtain:

U(aa;sp) = 2MlI(aa;sp)/[H(aa) + H(sp)],

where H is the Shannon entropy (Witten and Frank 2000).
This normalized MI (U) measures the proportion of variability
associated with species relative to the total amount of se-
quence and species diversity at an alignment site. The larger
the U value, the higher is the proportion of sequence variabil-
ity associated with different species. In our study, sites with U
= 0 are invariant across the two Saccharomyces species
whereas those with U = 1 demonstrate as fixed differences
between the two species. To reduce statistical uncertainties,
we calculated U scores only for gene that have at least five
alleles present in either species.

We further characterized the amino acid changes at in-
dividual sites using the amino acid similarity/dissimilarity
matrix included in BLOSUMG62 (Henikoff S and Henikoff
JG 1992). The distribution of U and BLOSUM®62 scores
for segregating sites in sexual adhesins were then statistically
compared with that in proteins of other functional groups.

Results

Accelerated Rate of Amino Acid Substitutions in
Sexual Adhesins

For each of 73 cell surface protein—related genes, we cal-
culated synonymous and nonsynonymous substitution
rates between each pair of sequences using both Nei
and Gojobori (1986) and maximum likelihood methods,
as implemented in PAML. The results from the two meth-
ods were quite similar, and we use the maximum likelihood
measures for further analysis because this method has
taken into consideration of codon bias and mutation rate
difference between transitions and transversions.

There was a wide range of variation among the 73 genes
in their synonymous and nonsynonymous divergence rates
between the two species (fig. 1). Genes encoding cell wall
structural proteins (light green in fig. 1, same below) and
the enzymes involved in modifications of cell wall proteins
(green) varied broadly in synonymous substitution rates
between the two yeast species, but their nonsynonymous
substitution rates seemed to be very limited, a pattern con-
sistent with high levels of functional constraints on these
proteins. The results were similar for genes encoding trans-
membrane proteins, cytoplasmic proteins, and mating
pheromone and receptors. The genes coding for sexual ad-
hesins (red) showed relatively low to moderate levels of
synonymous substitution rates, but their nonsynonymous
substitution rates were significantly higher than those for
the genes in all the other groups, both between species
(fig. 1) and within species (supplementary figs. 1A and
1B, Supplementary Material online). The between-species
patterns of divergence in these different groups of genes
were also reflected in fy, the fraction of nonsynonymous
substitution rate, which was much higher for the four sex-
ual adhesin genes, though none of them had a ratio greater
than 0.5, which is equivalent to a dN/dS ratio of 1 (fig. 2,
supplementary fig. 2, Supplementary Material online).
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Fic. 1. The between-species dN and dS for genes in different groups.
All the 73 genes under study are grouped based on their functions
and cellular locations and shown in different colors. The sexual
adhesin genes, shown in red, clearly have higher nonsynonymous
substitution rates whereas their synonymous substitution rates are
within the range of the other genes. The line indicates dN/dS = 1.

Interestingly, the sexual adhesins have higher rates of
between-species divergence than other sex-related genes.
For example, the sex pheromone and receptor genes vary
broadly in the synonymous rates (dS), but show very similar
low nonsynonymous rates (dN) (figs. 1 and 2). Four of these
genes are among the most conserved as measured by fy
(fig. 2 and supplementary fig. 2, Supplementary Material
online), whereas the other two genes are still far below
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Fic. 2. The fraction of nonsynonymous substitution rate (fy)
between species for different gene groups. The gene grouping
scheme is the same as those in figure 1. The variation in fy for each
gene group is shown in box plot, with each circle representing an
outlier pair of sequences from the two different species.
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Table 1. Modified MK Test and Neutrality Indices for the
Evolution of Four Sexual Adhesin Genes.

Gene S-Within S-Between N-Within N-Between P Value DiS

AGA1 40 190 30 184 0.40 0.0634
AGA2 6 25 7 26 0.90 -0.0287
FIG2 48 561 65 649 0.49 -0.0389
SAG1 21 173 26 195 0.88 -0.0233

Note.—Columns 2-3 indicate the number of synonymous changes within and
between the two yeast species, respectively. Similarly, columns 4-5 represent the
number of nonsynonymous changes either within or between the two species.
Column 6 shows the P value for the modified MK test.

those of the sexual adhesin genes. Sexual adhesins are also
distinct from other extracellular proteins, including FLO10,
the only FLO gene for which enough reliable sequences
were obtained. The genes coding these extracellular pro-
teins are quite similar to sexual adhesins in synonymous
substitution rates, their nonsynonymous substitution rates
vary to some degree but are still distinctly lower than those
of the sexual adhesins (fig. 1). Consequently, the fy meas-
ures for these extracellular proteins are much lower than
those for sexual adhesins (fig. 2 and supplementary fig. 2,
Supplementary Material online).

Between- and Within-Species Comparison and Test
of Neutrality

To test whether the rate of amino acid sequence changes
between species is significantly different from that within
species for the four sexual adhesin genes, we carried out
a modified MK test (see Materials and Methods). The re-
sults showed that although the four sexual adhesin genes
had much higher nonsynonymous substitution changes be-
tween the two species compared with other groups of
genes, the rate of nonsynonymous changes between spe-
cies is not significantly higher than that within species for
any of the four sexual adhesin genes (P = 0.40, 0.90, 0.49,
and 0.88 for AGA1, AGA2, FIG2, SAGT, respectively, table 1),
which differs from the results of the traditional MK test,
particularly for AGAT (supplementary table 2, Supplemen-
tary Material online).

Similarly, the modified MK test was carried out on all the
other 69 genes and then compared with the results from
the traditional test (supplementary table 3, Supplementary
Material online). For genes shown to be significantly differ-
ent for their within- and between-species evolutionary pat-
terns using the traditional test, the modified test tends to
reduce the significance of that difference, though not al-
ways. Nineteen genes are shown to be significantly more
constrained in nonsynonymous changes between the
two yeast species in the traditional MK test, but the signif-
icance levels are reduced in the modified test for 17 of them
(supplementary table 3, Supplementary Material online).
For those genes not shown to be significant in the tradi-
tional MK test, the change in direction and degree of P
value varies case by case. Furthermore, none of these genes
show both statistical significance for within- and between-
species difference (indicated by the P value) and a positive
value of o or DiS, the combination of which is a signature of
positive selection for amino acid changes between species.
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As an independent test for selection, we carried out
PAML branch model analysis for the four sexual adhesins
to examine whether the branch between the two species
has evolved at different rates than that within the two spe-
cies because they showed accelerated amino acid substitu-
tion rates both between and within species compared with
other groups (figs. 1 and 2, supplementary figs. 1 and 2,
Supplementary Material online). The results show that
there is no significant difference in the model assigning
the branch between the two species a different o and that
assuming all branches have evolved at the same rate (sup-
plementary table 4, Supplementary Material online). The
above results together suggest that these four sexual adhe-
sin genes have evolved at similarly high rates both within
and between species.

We further quantified the fraction of nonsynonymous
substitution rates (fy) both between and within species
(fig. 3). There is a linear relationship between the average
N-between and fn-within fOr most of the genes, and the best-fit
regression line for the data was fy.pecween = —0.01322 +
0.52943 X fr.within (fig. 3). So the nonsynonymous substi-
tution rate between the two species is only roughly half of
that within the species, which suggests that purifying selec-
tion is much stronger between the two yeast species than
that within the species for most of these genes. However,
the four sexual adhesin genes differed from all the other
genes in having higher nonsynonymous substitution rates
both within and between species but still a higher ratio be-
tween the two than most of the other genes. These results
suggest the sexual adhesin genes might have evolved under
either weaker functional constraint or stronger positive se-
lection, particularly between the two yeast species, than
other genes.

Functionally Correlated Selection Regimes at
Different Sites in Sexual Adhesins

As expected, different sites within a gene/protein sequence
might have evolved under different evolutionary pressures,
often in correlation with functional differences among sites.
We further examined the evolution of the sexual adhesin
genes in detail by characterizing the evolutionary variability
using the information theory—based measure U and the
chemical properties of amino acid changes. The index U
defines the pattern of occurrence for each position in a pro-
tein sequence as a number between 0 (conserved in all se-
quences) and 1 (a fixed difference between species). Figures
4 and 5 show that most positions contain either low var-
iability or fixed differences between species. Similar to the
fixed amino acid differences between the two yeast species,
some sites in the four sexual adhesin genes also possess
fixed amino acid changes between two groups of S. para-
doxus, though the number of such sites is much smaller
than that of fixed differences between the two species. Rel-
atively few positions show the intermediate variability char-
acteristic of relaxed selection.

The Conservation of Known Binding Sites in Sexual
Adbhesins

Several motifs and residues in Agalp, Aga2p, Saglp, and
Fig2p are known to be involved in the interactions among
these sexual adhesins. We examined how these sites have
evolved both within and between the two yeast species. In
general, we found high conservation of sites known to be
involved in binding between the adhesins though there are
many species-specific differences in the sequences near
these sites (fig. 4).

In a-agglutinin, Sag1p, all cysteine residues are conserved
(U = 0), as well as the residues proposed to interact with its
ligand Aga2p. The Saglp Asp”®'-His-Ala-Leu-Glu*>
(DHALE) motif in the third immunoglobulin region
(Cappellaro et al. 1991) and other residues (including As-
p>'°Tyr) shown to be important in the binding to
a-agglutinin (de Nobel et al. 1996) are all conserved both
within and between the two species (U = 0, fig. 4A).

The a-agglutinin subunit Aga2p has two regions involved
in its binding with a-agglutinin, Sag1p (fig. 4B). The first re-
gion, which consists of 15 contiguous amino acids at posi-
tions 47-61, is highly conserved both within and between
the two species, except for only one fixed amino acid dif-
ference between the species. However, the amino acids in-
volved, lysine in S. cerevisiae and arginine in S. paradoxus, are
both long-chain basic residues, and the substitution may
have only a very minor effect on activity. At the C-terminal
region of Aga2p, the sequence INTQYVF is necessary for
tight binding (Shen et al. 2001) and is completely conserved
(U = 0) both within and between the two species.

The a-agglutinin subunit Aga2p is bound through two
disulfide bonds to Agal1p, which in turn is cross-linked into
the cell wall through a modified glycosyl phosphatidylino-
sitol anchor (Dranginis et al. 2007). In particular, Cys’ and
Cys*° in Aga2p are bonded to two cysteines in the first re-
peat motif of Agalp (Cappellaro et al. 1994; Shen et al.
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2001), and these four sites are perfectly conserved in the
two species (U = 0, figs. 4B and 4C).

In the wall-bound subunit Agalp, all of the 10 Cys res-
idues are conserved (U = 0), including those proposed as
participants in disulfide bonding to Aga2p (Shen et al
2001). Each of the two repeats in Agalp also contains three
known motifs, Trp-Cys-Pro-Leu (WCPL), Cys-(aa)4-Cys
(CX4C), and Cys-(aa),-Cys (CX,C), and some of these mo-
tifs are important for the Aga1p-Fig2p binding (Huang et al.
2009). As shown in figures 4C and 4D, these motifs in both
repeats are conserved, except for two sites within the first
CX,4C motif, each being polymorphic in S. paradoxus.

Fig2p contains five WCPL motifs as repeats and at least
nine CX,C motifs that are largely separate from the WCPL
repeats. Six of the nine CX,C motifs are clustered in the C-
terminus in S. cerevisiae, whereas S. paradoxus contains ex-
tra CX,4C motifs, particularly in one of the subgroups. It has
been suggested that Fig2p might interact with Agalp
through disulfide bonding (Huang et al. 2009). Correspond-
ingly, most of the sites in these motifs, particularly WCPL
residues, are conserved (figs. 4E—H). Similarly, all the cyste-
ine residues in the nine conserved CX,C motifs have U = 0.
We have also found many other sites are either completely
or largely conserved in the two species, though their func-
tions are not yet known (figs. 4A-H).

In addition, we checked whether the pattern of binding
site conservation held across broader taxonomic distances.
A Blast search and multiple alignment showed that the sexual
adhesin binding sites in Aga2p and a-agglutinin were by-and-
large conserved in closely related S. sensu stricto species, but
diverged in S. sensu lato (data not shown), in correlation with
the phylogenetic relationship of the two species complexes.

High Level of Polymorphism at Sites with ® > 1

In the first attempt to examine whether any site in the sex-
ual adhesin genes have been positively selected, we fol-
lowed the traditional method using the PAML site
models by statistically comparing one model assuming
no site with @ > 1 and the other allowing a class of codon
sites to have » > 1 (for details, see Materials and Methods).
The likelihood ratio test revealed that for AGAT and FIG2,
the model containing a group of sites with > 1 explains
the data significantly better than the model containing no
such group. Bayes empirical Bayes analysis, as implemented
in PAML, further identified 29 such codon sites in FIG2 and
10 sites in AGAT, but none in AGA2 and SAGT. However,
none of the 29 sites in FIG2 are statistically significant,
whereas half of the sites in AGAT demonstrate strong sta-
tistical significance (Pr[w > 1] > 99%, supplementary table
5, Supplementary Material online).

However, further analysis of the pattern of amino acid
variation at the five sites with Pr(w > 1) > 99% in AGA1
shows that they are highly polymorphic within either one
or both species (supplementary table 6, Supplementary
Material online). Furthermore, these highly polymorphic
sites do not seem to be in linkage disequilibrium with
any other sites in the gene, an expected signature of pos-
itive selection on these sites (data not shown).

Adaptive Fixed Nonconservative Amino Acid Substitutions
in Sexual Adhesins

Subsequently, we characterized all amino acid variation in
sexual adhesins and tested whether the divergence had
a characteristic profile of specific substitutions. The U index
summarizes the occurrence of substitutions at one position
in the protein sequence in association with a particular spe-
cies, and we compared its value with the nature of the sub-
stitutions themselves. Each amino acid substitution was
scored for similarity or dissimilarity by the value of the sub-
stitution in the BLOSUMG62 sequence comparison matrix
(Henikoff S and Henikoff JG 1992). Figure 5A shows that
the four sexual adhesins showed a high degree of variation,
with 884 substitutions at 3,995 sequence positions (22% of
positions in the alignment) compared with 2,214 substitu-
tions at 30,009 positions in 60 other proteins in our data set
(7% of positions). In total, 78.7% of the substitutions in the
sexual adhesins are fixed either between the two species or
between the two subgroups of S. paradoxus (U > 0.8),
whereas only 45.4% of the substitutions are fixed for the
other genes combined together (fig. 5A).

There is an unusual proportion (45.7%) of radical or non-
conservative amino acid substitutions in the sexual adhe-
sins, as indicated by a BLOSUM®62 substitution value <0,
whereas only 26.8% of the substitutions are nonconserva-
tive in the other genes combined. In addition, the propor-
tion of fixed nonconservative amino acid substitutions is
3-fold greater in the sexual adhesins (fig. 5A). A frequency
plot of the BLOSUM®62 scores shows that within the sexual
adhesins, the score distribution is much more negative (fig.
5B). The difference in the distribution of different catego-
ries of amino acid changes is statistically significant be-
tween the four sexual adhesin genes and all the others
(x> = 689.17, degrees of freedom = 3, P < 0.0001).

To test whether any other individual group show similar
patterns of protein evolution, we compared each of them
with sexual adhesins using both U and BLOSUM®62 scores
as above. The results demonstrate that sexual adhesins are
statistically significantly different from all the other individ-
ual groups in clearly having much higher proportion of
fixed and radical amino acid changes between species (sup-
plementary fig. 3, supplementary table 7, Supplementary
Material online).

Therefore, the sexual adhesions are characterized not
only by a higher frequency of fixed substitutions between
the two species or the two incipient species of S. paradoxus
but also by a higher frequency of biochemically nonconser-
vative changes among the fixed substitutions, suggesting
these changes in sexual adhesins are adaptive.

Discussion

Our study revealed that yeast sexual adhesin proteins and
their coding genes have evolved much faster than other cell
surface proteins and genes. To our knowledge, this is the
first time that the evolution of sexual adhesions has been
described in the two closely related yeast species. Our find-
ing is consistent with the general evolutionary pattern of
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sex-related genes as previously reported in various animal
systems, particularly in the model system for evolutionary
genetics study, Drosophila (Mueller et al. 2005; Haerty et al.
2007; Jagadeeshan and Singh 2007), as well as in abalone
(Aagaard et al. 2006, 2010; Panhuis et al. 2006) and humans
(Wyckoff et al. 2000; Gasper and Swanson 2006).

Many previous studies have relied on the traditional MK
test (McDonald and Kreitman 1991) to detect adaptive
selection between species (Begun et al. 2000; Wyckoff
et al. 2000; Lawniczak and Begun 2007). However, because
this method uses the total counts of synonymous and non-
synonymous changes within species, regardless of the fre-
quency of each allele, the result can be greatly skewed by
low-frequency alleles. The more low-frequency alleles there
are within species, the less accurate the result is. The major
method that has been proposed to tackle this problem is to
remove sites that contain singletons or alleles below an ar-
bitrary frequency (Fay et al. 2001, 2002; Bierne and
Eyre-Walker 2004; Zhang and Li 2005 Charlesworth
and Eyre-Walker 2006). In contrast, our modified MK test
still considers all the alleles in a data set, but weighs all
alleles based on their frequencies, and thereby corrects bias
caused by singletons or low-frequency alleles. This method
does not rely on the assumption that these alleles are nec-
essarily slightly deleterious; in fact, it is independent of any
hypothetical fitness effects of these alleles.

The results reported in this study for the modified MK
test differ from those of the traditional test in two aspects
by using averaged pairwise measures of synonymous and
nonsynomous changes, which in turn were calculated
based on maximum likelihood method taking into consid-
eration of codon frequency and different substitution rates
among bases. As expected, the former has often reduced, in
some cases dramatically, the counts of both synonymous
and nonsynonymous segregating sites within species,
whereas the latter has often increased the counts of fixed
differences between species for both synonymous and non-
synonymous changes. However, the overall effect of such
changes still varies among genes, though for most of the
genes studied here the modified MK test reduces the sta-
tistical difference, or suggests more similar evolutionary
patterns, between within-species and between-species. It
is possible, however, to modify the traditional MK test
in a slightly different way, by using the averaged pairwise
counts of synonymous and nonsynonymous changes cal-
culated using Nei and Gojobori (1986) method, which
though is less preferable than the maximum likelihood
method used in this study.

Whether such modifications would make much differ-
ence depends on the specific data set being studied, but
the modified test would be less sensitive to the cases in
which there are many singletons or low-frequency alleles.
AGAT is the only gene for which the traditional MK test
shows the rate of nonsynonymous changes between
species is significantly higher (supplementary table 2,
Supplementary Material online); however, the modified
MK test for this gene is not significant (table 1), a result
consistent with other analyses reported in this paper. These

results suggest adaptive evolution may have been
overestimated in some previous studies that did not deal
with within-species singletons or low-frequency alleles
appropriately, though in other cases it may have been
underestimated as recently shown by Charlesworth and
Eyre-Walker (2008).

However, the lack of significance for all the four sexual
adhesin genes in the modified MK test itself should not be
interpreted as lack of adaptive divergence between the two
species, as commonly assumed. The result simply means
the rate of nonsynonymous changes between species is
not significantly higher than that within species. Given
the accelerated rates of nonsynonymous substitutions in
these genes, they could have evolved adaptively both
within and between species, but just at similar rates.

PAML site analysis has often been used to purportedly
detect positive selection at individual codon sites by iden-
tifying sites with dN/dS (w) > 1. Such an analysis has
indeed identified some sites of such characteristics in
two sexual adhesin genes (AGAT and FIG2) in our study.
However, these sites have dN/dS > 1 only because of
the high level of within-species polymorphism and do
not show any other signatures of selection including link-
age disequilibrium between these sites and the neighboring
regions. Therefore, these sites with dN/dS > 1 may actually
have evolved neutrally, rather than under positive selec-
tion, suggesting dN/dS > 1 from PAML site analysis is
in itself not sufficient to detect positive selection, at least
in some cases.

However, adaptive evolution could be inferred by com-
paring genes of interests to other genes and by biochemical
and functional characterization of amino acid changes.
First, the nonsynonymous substitution rate in sexual adhe-
sin genes is very different from that in other sex-related
genes. For example, the mating pheromones and their re-
ceptors are highly conserved (figs. 1 and 2, supplementary
fig. 2), consistent with other studies suggesting that the
pheromone and its receptor have coevolved together
among different Saccharomyces species, which constrains
the evolution of both (McCullough and Herskowitz
1979; Egel-Mitani and Hansen 1987; Marsh 1992; Sen
et al. 1997). In contrast, the four sexual adhesin genes have
much higher rates of nonsynonymous changes both within
and between the two yeast species, which is more remark-
able given their relatively low rates of synonymous
substitutions.

In further support of a difference between the sexual
adhesin genes and genes of other functional groups is
the difference in the fraction of nonsynonymous substitu-
tion rate fy = dN/(dN + dS). We found for most of the
genes in our study, there is strong purifying selection
against nonsynonymous changes between the two yeast
species, but the four sexual adhesin genes are clearly differ-
ent from them (fig. 3), consistent with either weaker pu-
rifying selection or stronger positive selection between
species.

However, our further analysis of evolutionary variability
and functional characterization of amino acid changes
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provide strong evidence that the fixed amino acid changes
could likely create functional divergence in these sexual
adhesins, both between the two yeast species and between
the two subgroups of S. paradoxus. In particular, the fixed
substitutions near the known binding sites in the four sex-
ual adhesin proteins (fig. 4) could change the chances and
rates of interaction as proteins physically approach each
other (Janin and Chothia 1990; van der Merwe et al.
1995). Taken together, the significant differences in nonsy-
nonymous substitution rate, the significantly higher
prevalence of non-conservative amino acid replacements,
and the biophysical effects of the substitutions are consis-
tent with the idea that the rapid evolution of sexual
adhesion genes has been adaptive.

Given the critical roles of sexual adhesins in yeast sexual
reproduction, their rapid evolution could have promoted
assortative mating and caused reproductive isolation (i.e.,
speciation) as a result. The divergence of sexual adhesions is
correlated with the level of interbreeding between the two
yeast species as well as between the two subgroups of
S. paradoxus. The deep divergence of the two yeast species
at genomic level (Liti et al. 2009) and the severely reduced
interbreeding between them suggest reproductive isolation
between the two species (Lee et al. 2010), whereas the con-
sistent and substantial divergence between the two
subgroups of S. paradoxus at the genomic level indicates
the interbreeding between the two has also been relatively
rare.

In general, the rapid evolution of gametic recognition
proteins and the associated functional changes would limit
reproductive compatibility to only certain combinations of
gametes of different sexes. In animals, this could promote
promiscuous sexual behaviors when individuals cannot tell
with which of the mating partners they will be reproduc-
tively compatible or most compatible, and the promiscu-
ous mating behaviors in turn would create the
phenomenon of “sperm competition.” However, monoga-
mous sexual relationship might be formed when one has
learned exactly which type of mating partners is reproduc-
tively most compatible with oneself, which could thus
maximize its reproductive success rate.

In conclusion, genes involved in sexual adhesion in two
yeast species, S. cerevisiae and S. paradoxus, have evolved
much faster compared with genes in other functional
groups, including other cell surface proteins. Through
a modified MK test and PAML branch model analysis,
we found these genes have evolved at similarly high rates
both within and between the two yeast species. Through
a combination of information theory—based analysis of
evolutionary variability and functional characterization
of amino acid changes, we discovered that the substitu-
tions in sexual adhesins are biased toward dissimilar
amino acids relative to other cell surface proteins. The
fixed amino acid changes in these sexual adhesins might
have created functional divergence either between the
two yeast species or between the two subgroups of
S. paradoxus, promoting sexual selection and facilitating
speciation.
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