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ABSTRACT The function of the self-incompatibility locus
(S locus) of many plant species dictates that natural selection
will favor high levels of protein diversity. Pairwise sequence
comparisons between S alleles from four species of Solanaceae
reveal remarkably high sequence diversity and evidence for
shared polymorphism. The level of amino acid constraint was
found to be significantly heterogeneous among different regions
of the gene, with some regions being highly constrained and
others appearing to be virtually unconstrained. In some regions
of the protein, there was an excess of nonsynonymous over
synonymous substitution, consistent with the strong diversify-
ing selection that must operate on this locus. These hypervari-
able regions are candidates for the sites that determine func-
tional allelic identity. Simple contingency table tests show that
sites that have polymorphism shared between species have
more nonsynonymous substitution than polymorphic sites that
do not exhibit shared polymorphism. This is consistent with the
idea that adaptive evolution favoring amino acid replacement
is occurring at sites with shared polymorphism. Tests of
clustered polymorphism reveal that an unusually low rate of
recombination must be occurring in this locus, allowing very
ancient alleles to preserve their identity.

The S locus of the gametophytic self-incompatibility system
encodes a pistil-specific protein, the S protein, which func-
tions in the recognition and rejection of pollen bearing the
same allele (1). This mechanism ensures that the only suc-
cessful pollen bears an allele different from either allele in the
pistil, so that all plants in a population must be heterozygous
at the S locus. Although, in principle, a population could
survive with only three self-incompatibility alleles, all species
examined have a very high number of S alleles (2, 3). The
recent cloning and sequencing ofcDNAs encoding S proteins
from several species of Solanaceae have provided the op-
portunity to test the molecular consequences of the potent
selection acting on this locus. Extraordinary sequence diver-
gence among S alleles, both within and among species, and
sharing ofancient polymorphisms between species have been
documented (4).
There is a rich literature on the population genetic theory

of self-incompatibility beginning with Wright's (5) analysis of
a single gametophytic S locus. Wright's conclusion was that
such a locus favors the introduction of new alleles because
the probability of avoiding a pistil bearing the same allele as
the pollen is greatest for rare alleles. This results in a reduced
rate of loss of new alleles from a population (compared to
neutral alleles), so that an S locus will have many more alleles
than a neutral locus at equilibrium. Wright also demonstrated
that S alleles remain in a population much longer than neutral
alleles, which should result in S alleles accumulating greater
sequence diversity than neutral alleles. Maruyama and Nei

(6) found that the number of alleles maintained in a finite
population with overdominance greatly exceeds the neutral
expectation. These results were extended for the specific
case of an S locus (which can be thought of as a form of
overdominance) by Yokoyama and Hetherington (7), who
also determined the theoretical sampling distribution of S
alleles. Recently, the coalescence properties of alleles at a
locus undergoing overdominant selection were investigated
by Takahata (8) and Takahata and Nei (9), and they found that
the structure of a gene genealogy of alleles at an overdomi-
nant locus differ from a neutral locus only in having a much
longer time scale. Thus, we have formal theoretical grounds
for expecting S alleles to be highly diverse.
The two goals of this report are to examine the pattern of

the rates of synonymous and nonsynonymous substitutions
among the S alleles and to test for the occurrence of signif-
icant clusters ofpolymorphic sites. Significant heterogeneity
in synonymous substitution would indicate that the neutral
substitution rate varies across the gene, whereas heteroge-
neity in nonsynonymous substitution may indicate that se-
lective constraints vary along the gene. These comparisons
may provide a means of identifying putative sites that are
involved in the functional identity of allelic products (anal-
ogous to the antigen recognition site of major histocompat-
ibility complex; ref. 10). The methods of Stephens (11) and of
Sawyer (12) are used to identify departures from a null
hypothesis of unclustered polymorphisms, and both tests
reveal that an unusually low rate of intragenic recombination
has occurred.

MATERIALS AND METHODS
Sequences and Alignment. Nucleotide sequences of the 12

S alleles examined in this study include S, (13), S2nic (14), SF11
and Slnic (A. Kheyr-Pour and T.-h.K., unpublished data), and
S3nic and 56nic (M. A. Anderson and A. E. Clarke, personal
communication) from Nicotiana alata, an ornamental to-
bacco species; Sipe, and S2pet (Y. Ai and T.-h.K., unpublished
data) and S3pet (15) from Petunia inflata, a species of wild
petunia; S2so1 and S3,01 from Solanum chacoense (16), a wild
potato species; and 5Syc, an allele from Lycopersicon peru-
vianum (D.-S. Tsai and T.-h.K., unpublished data), a species
of wild tomato. Nucleotide sequence alignments were con-
structed by first performing an amino acid alignment, then
constructing a neighbor-joining tree (17), and finally optimiz-
ing the nucleotide alignment to maximize similarity with the
algorithm of Lipman et al. (18).

Graphical Procedure for Analysis of Synonymous and Non-
synonymous Substitutions. A heuristic graphic approach was
taken to observe the substitution events in pairwise compar-
isons of alleles. For each pair of alleles, a computer program
considered a window of 20 codons sliding along the se-
quences. For each window, the method of Nei and Gojobori
(19) was applied to estimate the number of synonymous
substitutions per synonymous site (ps) and the number of
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nonsynonymous substitutions per nonsynonymous site (Pn).
Ps and Pn were averaged among all allele pairs for each
window and plotted against the location of the beginning of
the window. Such graphs indicate variation across the gene
in these proportions and may identify regions with an excess
of nonsynonymous substitution. The sanie procedure was
repeated by using the method ofLi et al; (20) to calculate rates
of substitution at nondegenerate, 2-fold, and 4-fold degener-
ate sites.

Heterogeneity Test for Rates of Synonymous and Nonsyn-
onymous Substitution. One observation from the graphs ofp,
and Pn is that these proportions appear to vary widely across
the gene. A test of the significance of this heterogeneity was
performed as follows. First' the variance in p, and p- across
the gene was calculated, treating each window of 20 adjacent
codons as an observation. The null distribution of this
variance was then &onstructed by permuting the sequences
and recalculating the variance of the permuted sequences.
The shuffling was done such that the ith nucleotide in a
permutation was thejth nucleotide in the original order for all
alleles. The observed variance was compared to the distri-
bution of 1000 such variances of the -shuffled data. The null
hypothesis is that the rates of substitution; both synonymous
and nonsynonymous, are homogeneous across the gene.

Test for Excess of Nonsynonymous Substitutions. at Sbared
Polymorphic Sites. In a previous paper; an excess of shared
polymorphism (a particular site having the same pair of
nucleotides in two or more different species) both at the
nucleotide and amino acid levels was established (4). One
means of testing the selective neutrality of shared polymor-
phisms is to ask whether they have a greater chance of being
associated with nonsynonymous substitutions than do non-
shared polymorphisms. This was tested by first dichotomiz-
ing the polymorphic amino acid positions into those that were
shared polymorphisms and those that were not. For each

group, we then applied method I of Nei and Gojobori (19) to
determine the number and proportions of synonymous and
nonsynonymous nucleotide substitutions that were repre-
sented by these differences. A 2 x 2 contingency table was
constructed for counts of shared vs. nonshared polymor-
phisms and synonymous vs. nonsynonymous substitutions
tallied over all pairs of alleles. The null hypothesis that these
attributes are independent of one another was tested by ax2
statistic.

Tests of Clustered Polymorphic Sites. The tests of Stephens
(11) and of Sawyer (12) were applied to these data in order to
determine the degree ofclustering ofpolymorphic sites. Both
tests use information on the clustering to make inferences
about recombination (including classical crossing-over and
gene conversion). The test of Stephens (11) examines all
ways in which the polymorphic sites partition the alleles into
groups and uses combinatorial algebra to calculate the prob-
ability of partitions. The null hypothesis is that sites associ-
ated with a particular partition are no more clustered than
they would be by chance (in the absence ofexchange events).
The Stephens test makes use of the phylogenetic relations
among alleles. The Sawyer test examines all alleles in a
pairwise fashion and tests clustering with a statistic, SSCF
(sum of the squared lengths ofcondensed fragments), formed
by summing the squared lengths of runs of exact matches.
The significance of this test statistic is determined by con-
structing its null distribution from randomly permuted se-
quences.

RESULTS
Rates of Nonsynonymous Substitution Are Heterogeneous.

Plots of the proportion of synonymous substitutions per
synonymous site and nonsynonymous substitutions per non-
synonymous site (Ps and Pn) were constructed for windows
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FIG. 1. Proportion of synonymous substitutions per synonymous site (ps, solid line) and nonsynonymous substitutions per nonsynonymous
site (p., dotted line) for sliding windows of 20 codons. (A) Average of these statistics for all pairwise comparisons of the six Nicotiana alleles.
(B) The three Petunia alleles. (C) The two Solanum alleles. (D) All 12 alleles, including 1 tomato allele.
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of 20 codons sliding along the sequence alignment for each
species and for the entire data set. Fig. 1A shows the plot
obtained for Nicotiana. Note that there is a region from about
codons 40-80 in which pn gets as high, but not higher than,
ps. Elsewhere in the sequence, Ps is substantially greater than
Pn, consistent with the hypothesis that selective constraints
operating on this part of the protein result in fewer nonsyn-
onymous substitutions. The Petunia S alleles are more sim-
ilar to one another, and the corresponding graph for these
alleles gives the appearance that the entire molecule is
constrained (Fig. iB). In Solanum, the region from codons
40-80 again shows an elevated Pn (Fig. 1C). Fig. iD shows
the Ps and Pn statistics averaged across all pairwise compar-
isons (including interspecific comparisons) and yields a pat-
tern rather like that of Nicotiana alone. The plots from
individual species give the appearance of high heterogeneity
in Pn across the gene, motivating the heterogeneity test
described below.
Histograms of variance across the gene in Ps and Pn for

random permutations of the sequences appear in Fig. 2. The
permutations were done in such a way that codons were
preserved, but their order across the gene was shuffled. The
arrows in Fig. 2 indicate the observed variances ofp, and Pn.
Note that in the case ofps, the observed variance falls within
the middle of the range of the permuted distribution, and we
conclude that there is no excess variance in observed Ps. Pn,
on the other hand, had a variance well above that expected
from a random permutation, indicating an excess heteroge-
neity across the gene.
Shared Polymorphic Sites Have an Excess of Nonsynony-

mous Substitutions. Contingency tables were constructed for
all species pairs for which intraspecific polymorphism data
were available and for the complete set of 12 alleles from four
species. For each comparison, every codon was classified
into a 2 x 2 table according to whether a codon had a shared
polymorphism or not and according to whether the substitu-
tions within the respective codon resulted in an amino acid
replacement or not. The results, summarized in Table 1,
show that in all cases the x2 statistic was significant, with a
deviation in the direction of shared polymorphisms having an
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FIG. 2. Histograms of the variance (x 103) of I
across the gene obtained for 1000 random permuta
allele sequences. Arrow in A represents the observ
and shows that the observed variance is not dif
random expectation. Arrow inB shows that the obse
Pn is significantly greater than expected because no
tation had as big a variance.

excess proportion of nonsynonymous substitutions. A re-
lated analysis following the methods of ref. 20 showed that
nondegenerate and 2-fold degenerate sites had a higher rate
of substitution if they were associated with a shared poly-
morphism than if they were not shared.

Differences among species in codon usage may be a
complicating factor in comparing the proportions of nonsyn-
onymous substitutions, so tables of codon usage were ex-
amined with x2 contingency tests (data not shown). Although
there were significant codon usage biases, the four species
were consistent in the bias (the heterogeneity x2 was not
significant). Furthermore, the codon usage of the S locus was
not found to differ significantly from that of the RBCS gene.
This negative result must be interpreted cautiously because
the power of these tests is not as high as those that examine
codon usage in large numbers of genes (21).

Tests of Clustered Polymorphic Sites Reveal a Lack of
Intragenic Recombination. The Stephens test (11) places
polymorphic sites into phylogenetic partitions and deter-
mines whether the sites corresponding to each partition are
significantly clustered. In the absence of recombination, the
test indicates a lack of significant clustering. When the
Stephens test (11) was applied to the Nicotiana alleles alone,
it was found that 41 sites support the partition that puts SF11
and Sz together and lumps the remaining alleles in a second
group (Table 2). This partitioning is seen as a deep branch in
the phylogeny given by loerger et al. (4). Altogether, the
Nicotiana alleles had five significantly clustered partitions,
none of which was split by a significant gap. The Petunia
alleles had no significant partitions, but two of the three
partitions listed had significant gaps, indicative of cold spots
of substitution. When all alleles of the four species were
considered together, there were two significant partitions and
one significant gap. The observation of significant partitions
implies that there are sets of sites that split the alleles into the
same groups, and this may be due either to recombination or
to certain types of selection or other means of altering the
substitution rate locally. When the test was repeated on only
the silent sites, which greatly reduces the chance that selec-
tion is responsible for the clustering, no significant partitions
were found.
The Sawyer test (12) gave very much the same results

(Table 3). This test is very sensitive to clustering, and when
all polymorphic sites were used, both alleles from individual
species and groups of alleles across species yielded test
statistics that indicated significant clustering. However,
when only silent polymorphic sites were used, none of the
tests rejected the null hypothesis. Given that the Sawyer test
detects rare recombination among bacterial genes (12), our
result suggests that the S locus has a remarkably low level of
intragenic exchange.

DISCUSSION
The lack of significant heterogeneity across the gene in the
synonymous substitution rate is expected under a simple
neutral model, but it should be noted that synonymous
substitution rates differ among genes within an organism and
between organisms (22). The cause of heterogeneity among
genes in synonymous substitution rates may be differences in

________ the neutral mutation rate or regional biases in substitution.
8.0 9.0 10.0 The fact that homogeneity of Ps was observed across the S

locus allows us to conclude that the heterogeneity inp, is due
to differences in selective constraints acting on different parts

lS (A) andof (B) ofthe S protein. The picture is not as clear as that for the class

ed variance in ps I major histocompatibility complex molecules, in which the
fferent from the antigen recognition site could be determined from the protein
,rved variance in structure. In that case, the antigen recognition site had an
'random permu- excess of nonsynonymous substitutions (10) and an increase

in charge profile diversity (23). Our failure to find such a
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Table 1. Tests of homogeneity of counts of substitutions among sites that do and do not exhibit
shared polymorphism

Synonymous Nonsynonymous

Shared Not shared Shared Not shared 2

Nicotiana vs. Petunia 0.564 0.528 0.459 0.392 29.19***
(642) (2414) (3132) (8,997)

Nicotiana vs. Solanum 0.526 0.511 0.449 0.376 60.34***
(1101) (4132) (5292) (15,271)

Petunia vs. Solanum 0.35 0.60 0.57 0.53 3.88*
(6) (40) (47) (127)

All 12 alleles 0.525 0.513 0.450 0.376 67.97***
(1151) (4329) (5548) (15,998)

Polymorphic codons were first dichotomized into sites that exhibited a shared polymorphism
between species and those that did not. Respective codons were then subjected to analysis by method
I of Nei and Gojobori (19). Numbers of synonymous and nonsynonymous sites were tallied, as were
the numbers of synonymous and nonsynonymous substitutions for all pairwise comparisons of alleles.
Table entries give the proportion of sites that were substituted and counts of respective sites (in
parentheses) for each category. A x2 test was performed on the 2 x 2 table of substitutions to determine
whether the counts were independent of whether a site was a shared polymorphism or not. In all cases,
there was an excess of nonsynonymous substitution at shared polymorphic sites. *, P < 0.05; ***, P
< 0.001.

dramatic excess ofp. overps may be because of the extreme
age of these alleles, such that the regions of importance in
identifying selfmay be nearly maximally diverse. Indeed, the
proportions of synonymous substitutions per synonymous
site are so high as to preclude the use of the Jukes-Cantor
formula in estimating rates of substitution.
The analysis of such highly diverse alleles poses its own set

of problems. Lewontin (24) argued that estimation of the
number of evolutionary events that separate two sequences
requires one approach when amino acid sequences are highly
conserved and a much simpler approach when amino acid
sequences are unconstrained. For intermediate levels of
constraint (measured by the difference between synonymous
and nonsynonymous rates of substitution), Lewontin sug-
gested that no inferences can be made concerning the number
of evolutionary events, because the level of constraint itself
must vary in time. The sequence data from S alleles fall into
this intermediate level of constraint, in part because there is

Table 2. Stephens test on all polymorphic sites
Partition nsites do P(d < do) go P(g > go)

Nicotiana
112222 41 545 0.024 73 0.110
121112 4 126 0.028 84 0.285
111213 3 70 0.034 64 0.140
112221 4 100 0.014 57 0.444
111123 3 65 0.030 62 0.062

Petunia
112 38 584 0.281 108 0.018
121 33 581 0.318 125 0.014
123 10 382 0.053 165 0.087

All alleles (12 alleles, 4 species)
123333222422 2 2 0.006 2
111122111211 2 1 0.003 1 -
112111111111 3 111 0.083 110 0.001
Each partition represents the grouping of alleles that is consistent

with the number of sites (nrite) spanned by do nucleotides. The digits
describing each partition correspond to the alleles in the same order
as they appear in Materials and Methods. The probability that the
sites for each given partition are significantly clustered, P(d < d.),
is obtained as described by Stephens (11). go is the maximum number
of adjacent sites observed that do not support a particular partition
but are embedded within a set of sites that do support the partition.
The significance ofgo is given in the column headed P(g > go). When
the Stephens test is run on only silent polymorphisms (ofwhich there
were 39 among the 12 alleles), no significant partitions are found (P
> 0.05).

heterogeneity within the gene. Ad hoc tests that dichotomize
sites into shared and nonshared polymorphisms have enabled
us to extract information from this highly diverse gene
without estimating the number of evolutionary events that
separate the sequences. By examining numbers of synony-
mous and nonsynonymous substitutions within and between
species, we have constructed a picture of the evolutionary
past of this locus.
The test for differences in numbers of substitutions at

synonymous and nonsynonymous sites (or nondegenerate,
2-fold, and 4-fold degenerate sites) between sites that exhibit
shared polymorphism and those that do not is based on the
following scenario. Nonsynonymous mutations that occur in
constrained regions of the gene are generally deleterious and
will be underrepresented in the data. Because these muta-
tions are deleterious, they reside in the population for a short
time and are thus unlikely to be found among the shared
polymorphisms. Hence, polymorphisms that are not shared
will occur mostly at synonymous sites. Nonsynonymous
mutations that are involved in the function of the S protein
through pollen recognition are more likely to be maintained
as shared polymorphisms, particularly if they result in a new
functionally distinct allele. Hence, the comparison of shared

Table 3. Sawyer test of clustered polymorphic sites
n SSCF P MCF P

All polymorphic sites
Nicotiana 342 9,093 <0.0001 20 0.035
Petunia 148 326 0.083 9 0.017
All alleles 395 60,293 <0.0001 37 0.018

Silent polymorphic sites
Nicotiana 44 1,276 0.746 12 0.263
Petunia 42 63 0.908 3 0.697
All alleles 39 6,800 0.825 17 0.723
n is the number of polymorphic sites upon which the test is based.

SSCF is the sum of the squared lengths of condensed fragments,
where a condensed fragment is a run of exact base matches between
a pair of alleles. The sum is taken over all pairwise comparisons
within each species and over all alleles (there were not enough alleles
to perform the test on Solanum or Lycopersicon). P is the probability
of obtaining a larger SSCF by chance and is calculated by randomly
permuting the sequences 1000 times. MCF is the maximum length of
a condensed fragment, and P indicates the fraction of random
permutations with a larger MCF. The number of silent sites is smaller
when all alleles are included because the additional alleles of other
species add gaps to the aligned sequences (see ref. 4), which are not
included in the analysis of clusters.
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and nonshared polymorphisms is expected to reveal an
excess of nonsynonymous substitution among shared poly-
morphisms, and this is what was found.
The occurrence of recombination is relevant to the obser-

vation ofexcess shared polymorphism. Only when alleles are
extremely old can shared polymorphisms be attributable to
common ancestry (4), and even low rates of intragenic
recombination may obscure the deep branches in the gene
genealogy. The sequence diversity in the immediate flanking
regions of the S gene is remarkably high (C. E. Coleman and
T.-h.K., unpublished results), and this observation is con-
sistent with the very low apparent rate of intragenic recom-
bination in this region. While this raises the question of
allelism ofthese sequences, extensive genomic Southern blot
analyses continue to support the uniqueness of the S gene in
these species and show perfect correlation of the allele-
specific restriction patterns with respective alleles in genetic
crosses (refs. 14 and 25; C. E. Coleman and T.-h.K., unpub-
lished results). The Stephens and Sawyer tests both indicate
clustering ofnonsynonymous polymorphic sites, but the tests
cannot distinguish the effects of recombination from the
effects of natural selection favoring diversity in local regions
of the gene. The heterogeneity ofpn suggests that such local
regions do exist. To avoid confounding inference of recom-
bination with selection, both analyses were repeated on only
the silent polymorphic sites. Both tests then fail to reject the
null hypothesis of random accumulation of polymorphisms
and suggest that an extraordinarily low rate of intragenic
recombination is occurring. Further direct tests of suppres-
sion ofrecombination in this region are strongly motivated by
these findings.
Analyses of S allele sequences have produced results that

are consistent with predictions of Wright's classical one-
locus population genetic model of gametophytic self-
incompatibility (5). In this model, functionally new alleles
generated by newly arisen mutations are initially favored
over extant alleles because their initial low frequency in the
population ensures that pollen of the new allele will be less
likely to land on a stigma of the same allele. These function-
ally new alleles must be the result of nonsynonymous sub-
stitutions. Opposing this selectively favored introduction of
new variation is the loss of alleles by random genetic drift.
The model attains an equilibrium in which many more alleles
are maintained in a finite population than could be maintained
at a strictly neutral locus. The model therefore predicts an
excess of nonsynonymous polymorphism at sites that are
involved in the determination of self. Recent theoretical
analyses show that the residence times and expected coales-
cence times of alleles at an S locus far exceed those of neutral
alleles (9). The inevitable consequence of the extreme age of
alleles is that they will have highly divergent sequences.
Interestingly, loci involved in mating self-incompatibilities in
the fungi Ustilago and Neurospora also bear highly divergent
alleles (26, 27).
The formal mechanism for the rejection of self-pollen must

be better understood at the molecular level before we can be
too confident of any evolutionary model. Theory suggests

that modifier loci must be present to allow invasion of
self-incompatibility into a self-compatible species (28), and
empirical evidence for this is being marshalled (29). Finally,
the consequences on P. and Pn of selection acting on con-
strained and diversity-favoring sites in the same gene need to
be further characterized.
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