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Balancing selection preserves variation at the self-incompatibility locus (S-locus) of flowering plants for tens of millions
of years, making it possible to detect demographic events that occurred prior to the origin of extant species. In contrast to
other Solanaceae examined, SI species in the sister genera Physalis and Witheringia share restricted variation at the
S-locus. This restriction is indicative of an ancient bottleneck that occurred in a common ancestor. We sequenced 14
S-alleles from the subtribe Iochrominae, a group that is sister to the clade containing Physalis and Witheringia. At least 6
ancient S-allele lineages are represented among these alleles, demonstrating that the Iochrominae taxa do not share the
restriction in S-locus diversity. Therefore, the bottleneck occurred after the divergence of the Iochrominae from the
lineage leading to the most recent common ancestor of Physalis and Witheringia. Using cpDNA sequences, 3 fossil
dates, and a Bayesian-relaxed molecular clock approach, the crown group of Solanaceae was estimated to be 51 Myr old
and the restriction of variation at the S-locus occurred 14.0–18.4 Myr before present. These results confirm the great age
of polymorphism at the S-locus and the utility of loci under balancing selection for deep historical inference.

Introduction

Theoretical population genetic studies of balancing se-
lection predict that it will greatly increase the coalescence
time of allelic polymorphism relative to neutral variation
(Takahata 1990; Vekemans and Slatkin 1994). This predic-
tion has been confirmed by studies of self-recognition loci
such as the MHC loci of jawed vertebrates (Klein et al.
1993) and the mating compatibility loci of both fungi
(Muirhead et al. 2002) and plants (Ioerger et al. 1990;
Richman and Kohn 2000; Castric and Vekemans 2004).
In all these systems, the time to coalescence of allelic var-
iation is far older than extant species. Loci under balancing
selection can therefore provide evidence of historical
genetic and demographic events that far predate current
species, a utility that has been termed ‘‘molecular paleopo-
pulation biology’’ (Takahata and Clark 1993).

In many flowering plants, self-incompatibility (SI)
systems allow hermaphroditic individuals to recognize
and reject their own pollen in favor of pollen from other
individuals, thus avoiding the deleterious effects of self-
fertilization (de Nettancourt 1977). In single-locus gameto-
phytic SI, as found in the Solanaceae (nightshade
family) studied here, a match between the S-allele carried
by the haploid pollen grain and either of the S-alleles in the
diploid style triggers pollen tube rejection, preventing self-
fertilization and also cross-fertilization if the cross-pollen
grain carries either allele found in the female parent. In such
systems, rare alleles have a selective advantage because
they are compatible with more mates (Wright 1939). Selec-
tion favoring rare alleles is quite strong, even with large
numbers of alleles segregating in populations. For instance,
a new pollen S-allele entering a population that already con-
tains 20 alleles has an 11.1% male mating advantage (Clark
1993).

Strong negative frequency–dependent selection is
responsible for the 2 outstanding features of S-locus

polymorphism. First, dozens of alleles occur in natural
populations with alleles accumulating until a balance is
reached between selection favoring rarity and drift causing
allele loss (Wright 1939; Lawrence 2000). Second, alleles
are often very old because, if any allele drifts toward rarity,
selection acts to increase its frequency (Ioerger et al. 1990;
Clark 1993). In the Solanaceae, the S-locus gene responsi-
ble for self-pollen recognition and rejection in the female
tissue is an RNase (S-RNase hereafter; McClure et al.
1989). The great age of polymorphism at the S-locus is ex-
emplified by the fact that S-RNase alleles from the same
diploid individual of Solanaceae often differ at more than
50% of their amino acid sites. In addition, S-RNase alleles
from species in different genera often cluster together in
phylogenetic analyses, evidence of broadly shared ancestral
polymorphism (Ioerger et al. 1990; Richman and Kohn
2000; Igic et al. 2004, 2006; Savage and Miller 2006).
Much of the S-locus polymorphism found in SI Solanaceae
was present in their common ancestor, which must also
have been SI (Igic et al. 2004, 2006).

A striking contrast exists between the sequence diver-
sity of S-alleles from species of the closely allied genera
Physalis and Witheringia, and nearly all other Solanaceae,
whose S-alleles have been sampled (species of Brugman-
sia, Lycium, Nicotiana, Petunia, and Solanum). Although
the numbers of S-alleles present in Physalis and Witherin-
gia species are similar to those found in other Solanaceae
(Lawrence 2000; Stone and Pierce 2005; Savage and Miller
2006; Igic et al. 2007), all 93 S-RNases sequenced from
3 Physalis (Richman et al. 1996a; Richman and Kohn 1999;
Lu 2001) and 2 Witheringia (Richman and Kohn 2000;
Stone and Pierce 2005) species cluster within only 3 S-allele
lineages that predate the divergence of Physalis and
Witheringia. For other Solanaceae, even small samples
of alleles usually represent many more ancient lineages
(reviewed in Richman and Kohn 2000; Castric and
Vekemans 2004; see also Savage and Miller 2006; Igic
et al. 2007). This finding has been interpreted as evidence
of an ancient bottleneck that restricted variation at the
S-locus in some common ancestor of the genera Physalis
and Witheringia. No such restriction is evident at the
S-locus of any other sampled SI Solanaceae (Richman
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et al. 1996b; Richman 2000; Richman and Kohn 2000;
Igic et al. 2004; Stone and Pierce 2005; Igic et al.
2006) except for African species of the genus Lycium
(Miller et al. 2008), whose S-locus shows evidence of
a bottleneck associated with colonization of the Old World
from America. After the restriction of S-allele diversity in
some common ancestor of Physalis and Witheringia, the
remaining S-allele lineages diversified leaving the ob-
served pattern of large numbers of S-alleles representing
only a restricted number of ancient S-allele lineages.

In this paper, we date the historical restriction of S-locus
variation common to Physalis and Witheringia. First, we
examine S-locus diversity in the South American mono-
phyletic subtribe Iochrominae, which is found to comprise
the sister group of the lineage containing Physalis andWith-
eringia by Olmstead et al. (forthcoming). We ask whether
the Iochrominae share the reduced set of S-allele lineages
found in Physalis andWitheringia. If so, then the restriction
of diversity at the S-locus predates the most recent common
ancestor (MRCA) of the group containing the subtribe Io-
chrominae as well as Physalis and Witheringia. On the
other hand, if the Iochrominae harbor a wide diversity of
ancient S-allele lineages, then the restriction at the S-locus
must have occurred after the divergence of the Iochrominae
from the group containing Physalis and Witheringia but
before the MRCA of Physalis and Witheringia. We then
generated a cpDNA phylogeny of Solanaceae using a fos-
sil-anchored Bayesian-relaxed molecular clock approach,
to date the branch along which the bottleneck is shown
to have occurred.

Materials and Methods
Plant Material and Molecular Procedures

Stylar tissue from 1 to 4 individuals from 7 SI (Smith
and Baum 2006) species from the subtribe Iochrominae
(Dunalia brachyacantha Miers, Eriolarynx lorentzii
(Dammer) Hunz., Iochroma australe Griseb., Iochroma
cyaneum (Lindl.) M. L. Green, Iochroma gesnerioides
Miers, Iochroma loxense Miers, and Vassobia breviflora
(Sendt.) Hunz.) was collected from plants growing at the
University of Wisconsin greenhouse facility. Smith and
Baum (2007) determined these species’ SI status through
manual self- and cross-pollinations. Seeds for these taxa
were acquired largely from the Solanaceae Germplasm col-
lection at Radboud University, Nijmegen, The Netherlands
and a few from offspring of wild-collected individuals.
Voucher numbers and accession information are given in
Smith and Baum (2006, 2007) and in the Supplementary
Material online. No large population samples were avail-
able for any single species within the Iochrominae. Sam-
pling across species should provide an estimate of
S-locus diversity within a group with the caveat that occa-
sionally the same functional S-allele (same specificity) may
be sampled from more than one species, making the esti-
mate of the amount of S-allele diversity in the group
conservative. Total RNA was extracted and reverse tran-
scription performed to amplify S-alleles according to meth-
ods described by Richman et al. (1995), except for the
application of 3#-RACE as in Igic et al. (2007). The forward
degenerate primer PR1 (5#-GAATTCAYGGNYTNTGG-

CCNGA-3#) amplifies from the 5# end of the conserved re-
gion C2 (Ioerger et al. 1991) to the 3#end of the coding
region of the S-RNase cDNA. Products obtained via PCR
were cloned using the TOPO TA Cloning Kit (Invitrogen
Corp., Carlsbad, CA) to separate alleles at the obligately het-
erozygous S-locus. Amplified cloned PCR products were
screened by restriction digests (10 clones per individual,
on average) and sent for automated sequencing by Eton Bio-
science Inc. (San Diego, CA).

Genealogy of S-alleles from Solanaceae

For phylogenetic analysis of S-RNase sequences from
the Iochrominae, additional S-alleles were obtained from
GenBank for the following species (number of alleles): Ly-
cium andersonii (10), Nicotiana alata (6), Petunia integri-
folia (6), Physalis cinerascens (12), Solanum carolinense
(9), and Witheringia solanacea (15) (see Supplementary
Material online for GenBank accession numbers). We
chose the taxa and allele sequences used for the phyloge-
netic analysis based on 3 criteria. First, we aimed for broad
taxonomic representation across the Solanaceae. Second,
S-RNase sequences had to cover at least the entire region
between conserved regions 2 and 5 as described by Ioerger
et al. (1991). Many sequences in GenBank are shorter and
were discarded. Third, in order to apply maximum likeli-
hood (ML) and Bayesian methods without prohibitively
long computation times, we reduced the number of sequen-
ces used in the final data set by first constructing a Neighbor-
Joining tree in PAUP* v4.0b10 (Swofford 2002) using
71 S-allele sequences from GenBank along with our Io-
chrominae sequences. We then removed one of any intra-
specific sister pair of non-Iochrominae alleles with fewer
than 10 amino acid differences. Twelve alleles were re-
moved in this manner. This should not affect our goal of
determining the number of ancient S-allele lineages repre-
sented among alleles recovered from the Iochrominae. Al-
leles that arose prior to the divergence of the Iochrominae
are unlikely to fall between any very closely related pair of
alleles from within a given species.

DNA sequences were manually aligned using BioEdit
7.0.1.4 (Hall 1999) and Se-Al 2.0 (Rambaut 1996) for phy-
logenetic analysis. Because many S-allele sequences in
GenBank do not include the 3#end of the gene, this region
was removed from all sequences leaving 354 bp in the final
alignment used for phylogenetic analysis. This represents
approximately 62% of the coding region of the S-RNase
gene including the hypervariable regions most frequently
implicated as involved in specificity determination (Ioerger
et al. 1991; Savage and Miller 2006; Igic et al. 2007).

We generated an ML tree of S-alleles using PAUP*
v4.0b10 (Swofford 2002). ML model parameters were de-
termined using Modeltest 3.0 (Posada and Crandall 1998).
The Akaike Information Criterion (Akaike 1974) best-fit
model (TVM þ I þ C) was used to heuristically search
for the ML phylogeny. One S-RNase from Antirrhinum his-
panicum (Plantaginaceae; Xue et al. 1996) was used as the
outgroup. Bootstrap values were generated using aML heu-
ristic search of 1,000 replicates using the same base fre-
quencies found above to produce a 50% majority rule
consensus tree.
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We also used MrBayes v3.1.1 (Ronquist and
Huelsenbeck 2003) to generate a 50% majority consensus
tree for comparison with the ML tree. Bayesian analysis was
run using 4 simultaneous Markov chain Monte Carlo
(MCMC) chains (3 heated and 1 cold) with a GTRþ C sub-
stitution model across sites. The analysis was run for
1 000000 generations, sampling every 100th tree for a total
of 10000 trees. After determining stationarity, the initial
2 501 trees were discarded from the burn-in phase. The re-
maining trees represent generations 250001 to 1 000 000
(7 500 trees) on which posterior probabilities were calculated.

Species Phylogeny and Divergence Time Estimation

The chloroplast sequences used for species divergence
time estimation represent a subset of a much larger sample
(200 species) of Solanaceae (Olmstead et al. forthcoming).
To reduce computational time needed for divergence time
estimation, we limited our taxonomic sample to 29 Solana-
ceae representing only genera from which S-alleles have
been sampled, or genera that represent basal nodes in the
diversification of the Solanaceae (e.g., Schizanthus and
Cestrum [Olmstead and Sweere 1994; Olmstead et al. forth-
coming]) but from which no S-locus information is cur-
rently available. An alignment of sequences from 2
chloroplast regions, ndhF coding (2 116 bases) and
trnL–trnF coding, and intergenic spacer sequences
(1 377 bases) was used for a combined total of 3 488 bases.
For outgroup comparison and root placement, we included
ndhF and trnL–trnF sequence information from 2 species
of Convolvulaceae (Ipomoea batatas and Convolvulus ar-
vensis) which is considered to be the sister family to the
Solanaceae (Olmstead and Sweere 1994). Because our
small taxonomic sample could lead to erroneous estimation
of relationships, we assumed the topological constraints
(ordering of generic divergences) found in the larger phy-
logenetic analysis of Olmstead et al. (forthcoming) which
all receive "90% bootstrap support.

Likelihood ratio tests (Felsenstein 1988) were used to
determine whether sequence data conformed to the expec-
tation of a molecular clock. ML models with and without
the enforcement of a clock were performed using PAUP*
on the constrained topology for each gene separately and on
the combined data set (both genes). The 2-parameter
HKY85 model (Hasegawa et al. 1985) was selected with

a 4-category gamma distribution of rates across sites esti-
mated from the data. Base frequencies, the transition/
transversion ratio, and the gamma distribution shape param-
eter were estimated while running theML analyses. The test
statistic null model settings for each partition correspond to
HKY85 þ I þ C þ c with the alternative model being
HKY85 þ I þ C assuming N # 2 degrees of freedom
where N is the number of terminal sequences. The distribu-
tion of likelihood ratio test under the hypothesis
K5ð#2½lnclock=lnwithout clock&Þ was assumed to be as a v2.

Because the data do not conform to a strict molecular
clock (see Results), a Bayesian method (Thorne et al. 1998;
Thorne and Kishino 2002; Drummond et al. 2006) of relax-
ing this assumption was used to estimate divergence times
among species. The program BEAST v1.4 (Drummond and
Rambaut 2007) performs both exponential and lognormal
uncorrelated rate estimates of nucleotide substitution along
lineages of a phylogeny using aMCMC simulation process.
The Bayesian method of Drummond and Rambaut (2007)
also allows the user to specify uncertainty in fossil dates
using softbound priors which is not possible using likeli-
hood methods of divergence times (Yang 2006). Our prior
probability parameters were as follows: we assumed the
HKY85þCmodel of nucleotide substitutionwith a propor-
tion of invariant sites estimated from the sequence data. We
fixed the mean substitution rate at the root node to be
0.0007 substitutions per Myr, consistent with estimated
coding and noncoding rates of cpDNA evolution (Palmer
1991; Schnabel and Wendell 1998). We assumed an uncor-
related lognormal relaxed model of rate heterogeneity
among branches and a Yule prior model of speciation.
The software also allows the user to calibrate specific nodes
on the phylogeny to estimated fossil dates along with con-
fidence intervals as priors. We used 2 fossil dates within the
Solanaceae (Solanum-like and Physalis-like seeds from
mid-Miocene and a Lower Eocene Convolvulaceae fossil,
Benton 1993) as prior constraints of particular nodes (table 1).
Based on these fossils, we assumed normally distributed
priors of 10 Myr (standard deviation [SD] 5 4.0 Myr)
for the age of both Solanum and Physalis and a mean of
52Myr (SD 5 5.2Myr) for the outgroup (Convolvulaceae)
divergence (Magallón et al. 1999). The SDs on the priors
represent the upper and lower bounds of the geological
epochs from which the fossils were obtained.

We constrained the starting tree and all subsequent
trees in the MCMC analysis to conform to the topology

Table 1
Prior Probability and Posterior Distribution Estimates for Calibration of the Solanaceae
Phylogeny

Node constrained
Normal prior distribution Posterior distribution
Mean, SD, (95% CI) Mean, (95% HPD)

tMRCA Physalis 10 Myr, 4.0, (3.4, 16.6) 11.9 Myr, (7.9, 15.8)
tMRCA Solanum 10 Myr, 4.0, (3.4, 16.6) 16.1 Myr, (12.2, 20.6)
tMRCA Convolvulaceae and Solanaceae 52 Myr, 5.2, (43, 60) 62.1 Myr, (54.4, 69.7)

NOTE.—Priors are normal distributions based on fossils of seeds (Benton 1993) as follows: Physalis-like seeds from the mid-

Miocene, Solanum-like seeds from mid to upper Miocene, and Convolvulus-like seeds from the lower Eocene. Median values of

particular epochs were used as mean dates (in Myr) for calibration points and each was issued an associated SD and 95%

confidence interval (CI) that was normally distributed based the upper and lower bounds of the epoch. The HPD values and their

means from the 2 combined MCMC runs are reported in the third column. Posterior distribution values are the result of 2 runs of

5 000 000 generations each, sampled every 500th generation. These were combined into 1 log file and resampled at a frequency of

every 1 000th generation for a total of 10 000 trees.
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estimated by Olmstead et al. (forthcoming). This preserves
species relationships but allows for variation in node
heights that translate to ages in millions of years. The
MCMC was run twice each for 5 000 000 generations,
sampling every 500th tree with a burn-in phase of
500 000 generations for each run. The 2 runs were checked
for convergence, and the posterior age distributions of the
nodes of interest were analyzed using Tracer v1.3 (Rambaut
and Drummond 2004). The estimated node ages for both
runs were combined and resampled at a frequency of every
1 000th tree, providing a sample of 10 000 trees. The time
between the MRCA of Physalis and Witheringia and the
MRCA of those genera plus the Iochrominae was estimated
by subtracting the relevant node ages for each of the 10 000
samples. The results of the MCMC procedure are given as
the mean and the 95% highest posterior density (HPD) in-
tervals in millions of years. The mean and SD of the dura-
tion of this branch were calculated from these values. Trees
from both runs were combined to produce an ultrametric
consensus tree using FigTree1.0 (Rambaut 2006). It should
be noted that although the Bayesian program MULTIDIV-
TIME (http://statgen.ncsu.edu/thorne/multidivtime.html)
does not allow softbound prior distributions on fossil dates,
similar estimates for ingroup divergences were achieved us-
ing the above priors. We present the analysis using BEAST
because it facilitates the estimation of the duration and as-
sociated error of the branch during which the restriction of
variation at the S-locus occurred (see below).

Results
S-Allele Genealogy

A total of 14 different alleles from 15 individuals from
the 7 Iochrominae species were successfully amplified and
sequenced. The low number of alleles relative to the num-
ber of individuals sampled resulted from 2 causes. First,
several individuals shared common alleles. For example,
4 individuals of Iochroma australis and 4 of E. lorentzii
possessed only 3 different alleles per species. Our sample
of plants was derived from small germplasm collections
that likely contain lower S-locus diversity than would be
found in nature. Second, only 1 allele was successfully iso-
lated from 2 individuals.

As found in previous studies, the genealogy of Sola-
naceae S-alleles shows extensive shared ancestral polymor-
phism among most species (fig. 1B). The S-alleles of each
species of Petunia, Nicotiana, Lycium, and Solanum repre-
sent 5–7 lineages that arose before the divergence of these
genera. This is true even though only a subset of available
alleles and species were included to simplify the analysis. In
contrast, all alleles from P. cinerascens and W. solanacea
fall within only 3 lineages that predate the MRCA of these
2 genera. Previous studies that incorporated additional
S-alleles and species have consistently found the same re-
sult (Richman et al. 1996b; Richman and Kohn 2000; Lu
2001; Stone and Pierce 2005).

Despite the limited sampling of Iochrominae alleles,
several observations can be made. First, in 2 cases, very
similar alleles were recovered from different species of Io-
chrominae. These close pairs (E.lor1 and I.lox2, I.cya1 and

I.ges2) differ by 2 and 3 amino acid residues, respectively,
over the region compared, and may represent sequence di-
vergence within a specificity that arose after species diver-
gence. Therefore, the 14 Iochrominae alleles sampled may
represent fewer than 14 specificities. Among this set, we
recovered at least 6 ancient Iochrominae S-allele lineages
5 of which diverged from one another prior to the origin
of the genus Solanum (fig. 1). Alleles from group 1 (fig. 1)
are more closely related to alleles from Solanum than to
other Iochrominae alleles. Given uncertainty in the topol-
ogy in figure 1, this group of alleles could represent either
1 or 2 S-allele lineages that diverged prior to the origin of
Solanum. Iochrominae S-allele lineages 2, 3, and 5 are each
found to be sister to different S-alleles from Nicotiana and
group 6 is sister to a pair of alleles from Petunia and
Lycium. Iochrominae S-alleles from group 4 are more
closely related to alleles from Physalis and Witheringia
than to alleles from other sampled genera. Only 1 Iochro-
minae S-allele (I.aus 2) falls within any of the 3 clades of
alleles found in Physalis andWitheringia. The placement of
that allele is uncertain; it may be sister to all other members
of clade I (fig. 1). A basal position for this allele would be
consistent with diversification of this clade of alleles in
Physalis and Witheringia after divergence of the Iochromi-
nae. Most S-alleles recovered from Iochrominae fall neither
within nor sister to the 3 clades of alleles represented in
species of Physalis and Witheringia.

Species Phylogeny and Divergence Estimates

Likelihood ratio tests strongly rejected the molecular
clock for each chloroplast gene individually (v2 distribu-
tions—ndhF: K 5 2[6867.69 # 6830.92] 5 73.53, P ,
0.001, 29 degrees of freedom [df]; trnLF: K 5 2[4319.25 #
4211.59] 5 215.32, P , , 0.001, 28 df) and for both
genes combined (ndhF þ trnLF: K 5 2[11354 #
11247.94] 5 212.84, P , , 0.001, 31 df). Using the
program BEAST (Drummond and Rambaut 2007) we
were able to relax the assumption of a strict molecular
clock and determine an approximate time interval during
which the bottleneck event occurred. The species phylog-
eny (fig. 2) shows an estimated crown group age of 51
Myr. The mean estimated age of the MRCA of the Iochro-
minae, Physalis, and Witheringia was 18.4 MYA (95%
HPD: 12.9, 24.2), whereas the mean estimated age of
the MRCA of Physalis and Witheringia was 13.9 MYA
(95% HPD: 9.6, 18.9). The mean difference between these
2 divergence times from 10,000 samples from the Bayes-
ian analyses was 4.5 Myr (SD 5 2.10).

Discussion

Even the relatively small sample of S-alleles from the
subtribe Iochrominae shows that they do not share the re-
striction in the diversity of S-allele lineages found in Phys-
alis and Witheringia. Instead, they have a diverse set of
S-alleles that comprise at least 6 lineages that predate
the MRCA of the Iochrominae with Solanum. Only 1
S-allele sampled from the Iochrominae groups within
any of the 3 S-allele clades found in Physalis and
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Witheringia and the position of this S-allele could be basal
in that lineage. The diversity of S-allele lineages provides
strong evidence that the restriction of S-locus variation
common to Physalis and Witheringia occurred after diver-
gence of the subtribe Iochrominae from the lineage leading
to Physalis and Witheringia. Fossil-calibrated Bayesian-
relaxed molecular clock methods estimate the date of the

restriction of diversity at the S-locus to between 14.0
and 18.4 Myr before present.

Our analysis is in remarkable agreement with other
evidence concerning the timing of S-locus restriction in
Physalis and Witheringia. Richman (2000) used a line-
age-through-time approach to show that diversification
within the S-allele lineages found in Physalis began

FIG. 1.—ML phylogeny of 72 S-alleles from Solanaceae. Symbols correspond to alleles from taxa in the species phylogeny (inset A). The species
phylogeny is redrawn from Olmstead et al. (forthcoming). All nodes in the species phylogeny have.90% bootstrap support. All alleles from the genera
Physalis and Witheringia are restricted to 1 of 3 lineages (indicated by Roman numerals) (B). The 14 alleles from the Iochrominae species (boldface)
comprise at least 6 groups (indicated with Arabic numerals and shaded boxes) that predate the Iochrominae. Five of these lineages (all but lineage 4)
predate the divergence of Solanum from the other genera sampled. The S-allele phylogeny was constructed in PAUP* v4.0 (Swofford 2002). Bootstrap
scores are indicated above branches and posterior probabilities .80% generated by MrBayes v3.0 (Ronquist and Huelsenbeck 2003) are below
branches.
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approximately one-third of the way back from the present to
the coalescence of all Solanaceae S-alleles. By comparison,
S-alleles drawn from nonbottlenecked Solanaceae show
a burst of diversification at the origin of S-allele genealo-
gies, followed by a relative slowdown in diversification to-
ward the present (Uyenoyama 1997; Richman and Kohn
2000; Savage andMiller 2006). Phylogenetic analyses have
shown that the common ancestor of the Solanaceae pos-
sessed RNase-based SI (Igic and Kohn 2001; Steinbachs
and Holsinger 2002; Igic et al. 2004, 2006). Our Bayesian
estimate of the time of the MRCA of all extant Solanaceae
is 51MYA (fig. 2), whereas the midpoint of the estimate for
the time of the restriction of S-locus diversity is 16.2 MYA,
very close to one-third (32%) of the way from the present to
the MRCA of extant Solanaceae. Our dating results are also
similar to those of Wikström et al. (2001) who used se-
quence data alone to estimate the age of the divergence
of the Solanaceae from the Convolvulaceae as 65 (þ/#4)
Myr. However, in the absence of fossil data, their estimates
of crown group and internal node ages for Solanaceae are
somewhat younger than ours.

The timing of the loss of S-locus diversity in Physalis
andWitheringia might be further narrowed down by exam-
ining S-allele diversity in the genusWithania.Withania and
its close relatives have been placed sister to the group con-
taining Physalis and Witheringia in a recent molecular

phylogenetic analysis using nuclear loci (Smith and Baum
2006) but this group is placed sister to the clade containing
the Iochrominae plus Physalis and Witheringia using
a much larger taxonomic sample and the cpDNA regions
used here (Olmstead et al. forthcoming). Strong (.90%)
bootstrap support for alternative topologies in these studies
may result from incongruity in the histories of nuclear and
chloroplast loci or from differences in taxon sampling. So
far, no SI species of Withania have been reported (Kaul
et al. 2005; Anderson et al. 2006). If one were found
and shared the restricted number of S-lineages observed
in Physalis and Witheringia, this would indicate both that
Withania is more closely related to Physalis and Witherin-
gia than are the Iochrominae and further constrain the win-
dow of time during which the restriction at the S-locus took
place.

Restriction of sequence variation, but not S-allele
number, in Physalis and Witheringia has been interpreted
as resulting from a population bottleneck that severely re-
duced the number of S-alleles. Following the bottleneck,
diversification of the remaining S-allele lineages restored
S-allele numbers (Richman et al. 1996b; Richman 2000;
Richman and Kohn 2000; Igic et al. 2004; Stone and Pierce
2005). Severe bottlenecks are required to reduce the num-
ber of lineages in a group to only 3. Even a population of
constant size 100 is expected to maintain 6 alleles at

FIG. 2.—Bayesian consensus species phylogeny and divergence time estimates of the Solanaceae based on sequence data from 2 chloroplast genes.
The root of the tree was estimated to be 62 Myr (95% HPD: 54.4, 69.7 Myr), and the crown group age was estimated at 51 Myr (95% HPD: 38.6, 63.7)
using BEAST v1.4 (Rambaut and Drummond 2007). HPD represents the 95% confidence intervals around the mean in millions of years. Reduction in
the diversity of S-lineages in Physalis and Witheringia (see fig. 1) occurred between the 2 nodes indicated by arrows. The intervening branch is
estimated to have a duration of 4.5 (SD 5 2.10) Myr.
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equilibrium (Wright 1939). Further loss of alleles after de-
mographic recovery from a bottleneck is unlikely due to the
strong selection favoring maintenance of alleles when the
population is below the equilibrium allele number. Main-
tenance of small population size over a protracted period
decreases the time to coalescence, increasing the rate of loss
of S-allele lineages. However, the size and duration of
a population restriction needed to cause substantial turnover
of S-allele lineages appears somewhat unrealistic. For in-
stance, over the reasonable range of rates of origination
of new S-alleles (10-6 to 10-9 per gene per generation;
Vekemans and Slatkin 1994), the expected time to coales-
cence of S-allele variation in a population of constant size
100 ranges from 3 ( 105 to 1 ( 108 generations, respec-
tively (Vekemans and Slatkin 1994). Thus, either extremely
long periods of reduced population size, or a brief but
severe bottleneck, would be needed to cause substantial
turnover of S-allele lineages.

A founder event in which extremely few, perhaps only
2, individuals began a new population could have reduced
S-allele number to the 3 lineages observed. However, if
such an event were the cause, the new population would
have had to maintain strict isolation from its source popu-
lation and give rise to the genera Physalis andWitheringia.
Any subsequent gene flow from the ancestral source pop-
ulation would almost certainly have increased the diversity
of S-allele lineages above the 3 observed. In addition, any
population founded with only 3 alleles would potentially
suffer reproductive losses due to the fact that 1 in 3 potential
mates would be incompatible.

Miller et al. (2008) provide the only example of a re-
striction in S-locus diversity in the Solanaceae outside of
Physalis and Witheringia. In that case, the cause is almost
certainly a founder event associated with long-distance dis-
persal. The genus Lycium (Solanaceae) is thought to have
originated in South America (Levin and Miller 2005; Levin
et al. 2007) but also occurs on several oceanic islands as
well as southern Africa. African species form a monophy-
letic clade nested within the genus suggesting a single col-
onization event. A sample of S-alleles from African Lycium
species contains significantly fewer lineages that predate
the genus than similar samples of from NewWorld species,
suggesting a bottleneck associated with the colonization of
Africa.

For Physalis and Witheringia, several nondemo-
graphic phenomenamust also be considered that could have
reduced the number of old S-allele lineages. First, a com-
mon ancestor of these 2 genera might have temporarily lost
SI over most or all of its range and then regained it after
most S-allele diversity had been lost. Loss of SI is expected
to lead to the collapse of S-locus polymorphism because it
is no longer maintained by negative frequency–dependent
selection (Igic et al. 2008). If all functional S-allele poly-
morphism is lost, the system cannot be regained because
3 alleles are needed for it to function or else all individuals
would be mutually incompatible (Wright 1939). In addi-
tion, subsequent to the fixation of a mutation causing
self-compatibility (SC), loss-of-function mutations in other
genes involved in the SI reaction typically arise (reviewed
in Stone 2002; Igic et al. 2008), making the loss of SI
essentially irreversible (Igic et al. 2006). However, Rick

and Chetelat (1991) found that offspring of crosses among
widely separated SC populations of the otherwise SI Sola-
num habrochaites (formerly known as Lycopersicon hirsu-
tum) were restored to SI. Apparently, different mutations
caused SC in the 2 populations. In situations such as this,
it might be possible for a species to revert to SI if the se-
lective forces acting on SI were to reverse before functional
polymorphism at the S-locus was lost and before additional
loss-of-function mutations accumulated. An additional pos-
sibility of this sort would be the restoration of SI in an SC
species through interspecific hybridization. Such a scenario
would have to involve extremely few hybridization events,
however, because of the strong negative frequency–
dependent selection favoring interspecific transit of addi-
tional S-alleles.

Selective sweeps reduce variation and have been
inferred in resistance loci such as the R-loci of plants
(Bergelson et al. 2001) and the MHC of vertebrates
(de Groot et al. 2002) thought to normally be subject to
some form of balancing selection. For resistance loci, selec-
tion might at times be directional due to the prevalence of
a certain disease for which one or a few alleles confer re-
sistance. For the S-locus, such a scenario does not seem
plausible. S-RNases are expressed only in stylar tissue
and have no known function outside of incompatibility.
Therefore, conversion of balancing selection to directional
selection favoring a particular allele seems unlikely.

Selective sweeps involving loci linked to the site of
interest can also cause loss of variation. The S-locus com-
prises both pollen specificity and stylar specificity–encoding
loci, plus at least several other genes in a region of much
reduced recombination (Stephan and Langley 1998; Wang
et al. 2003; McClure 2006). However, it would be exceed-
ingly difficult for directional selection on a linked locus to
work against the strong force of negative frequency–dependent
selection acting on the S-locus. Directional selection on
a linked locus would have to be strong and linkage extraor-
dinarily tight for one or a few S-allele lineages to diversify
and replace all others because of selection favoring a linked
gene.

Finally, it is possible that certain S-allele lineages
might diversify more rapidly than others leading to the loss
of those that diversify more slowly. For instance, fewer
amino acid substitutions might be needed to alter the spec-
ificity of alleles in some S-allele lineages. This explanation
is unlikely, given that the multiple remaining S-allele lin-
eages in Physalis and Witheringia began diversifying at
roughly the same time (Richman 2000; Igic et al. 2004).
Uyenoyama (1997, 2003) suggested another factor that
might affect the diversification rate of particular S-allele lin-
eages. She noted that enforced heterozygosity at the game-
tophytic S-locus could shelter deleterious recessive
mutations in genes linked to it. When a new allele arises,
matings between it and its ancestral allele express this ge-
netic load, lowering the fitness of both alleles until one or
the other goes extinct leaving no evidence of diversifica-
tion. Loss of load linked to certain S-alleles could lead
to increased rates of diversification. Some experimental ev-
idence for genetic load linked to the S-locus exists, at least
for certain alleles (Stone 2004). However, Uyenoyama
(1997) suggests that the loss of load linked to the S-alleles
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of an ancestor of Physalis and Witheringia may itself have
been caused by fixation of deleterious recessives held in
common by the few alleles remaining after a demographic
bottleneck.

No scenario for the reduction in S-allele lineages seen
in Physalis andWitheringia appears particularly persuasive
or unequivocal. Whatever caused the loss of S-allele line-
ages in a common ancestor of Physalis andWitheringia rep-
resents an ancient and rare event during the estimated
50 Myr diversification of the Solanaceae. Among taxa so
far sampled, only the African clade of Lycium (Miller
et al. 2008) suffered a similar restriction. Because of the
long duration of polymorphism at this locus, we can infer
that no ancestor of any SI Solanaceae whose S-alleles do
not show reduced numbers of ancient lineages suffered
a historical restriction of S-allele diversity. These results
provide strong evidence that events which occurred more
than 10 MYA can leave a persistent signature on loci under
balancing selection. Inferring the precise cause of this re-
striction of S-locus diversity appears to be a considerably
more difficult problem than documenting and estimating
the time of occurrence.

Supplementary Material

Supplementary material containing the accession
numbers of all sequences and plants used are available at
Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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