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Abstract

The self-incompatibility § gene in flowering plants has long been appreciated as an example of extreme allelic
polymorphism maintained by frequency-dependent selection. Recent studies of population sarSméslef
sequences obtained by RT-PCR from five species of Solanaceae now reveal a picture of conspicuous inter-specific
variation in bothS-allele number and age. Explanations for this variation are examined with reference to current
theory. We propose that changes in species’ effective population size, particularly those associated with the evo-
lution of different life histories, best account for interspecific differences in both the number and averag&age of
alleles.

Introduction erations [41, 42]. Rare allele advantage resulting from
negative frequency-dependent selection is responsible
Self-incompatibility (SI) in flowering plantsis of inter- ~ for two of the most conspicuous features ®fene
est to biologists working at all levels of organization, polymorphism: (1) the maintenance of large num-
from those concerned with the molecular basis of self bers of differentS alleles within populations and (2)
recognition and rejection, to population biologists in- very long persistence of these alleles in populations
vestigating the evolution of genetic polymorphism. and species compared to the persistence of selectively
Here we review empirical work which takes advan- neutral allelic polymorphism.
tage of recent progress in understanding the molecular  The expectation that frequency-dependent selec-
genetics of gametophytic self-incompatibility (e.g. [2, tion can maintain large numbers 8falleles within
4, 8, 38] to study population genetic variation at the populations is born out by empirical studies. For ex-
self-incompatibility gene in the Solanaceae. ample, 10-50 different alleles have been estimated
In the Solanaceae, self-incompatibility is deter- to occur within single natural populations in the
mined by a single$ gene with multiple alleles. A Solanaceae [23]. In addition to maintaining many al-
pollen tube is rejected in the style if it carries either leles in populations, frequency-dependent selection
allele expressed in the stylar tissue of the pollen re- also tends to preserve allelic variation over time, be-
cipient. An important consequence of this form of cause rare allele advantage will tend to rescue from
self-incompatibility for the evolution of genetic poly- extinctionSalleles which become rare due to chance.
morphism is that the fithess of &uallele is inversely Thus allelic polymorphism at th8 gene can be ex-
related to its frequency in the population. Alleles tremely old. A key observation concerning the age
which become rare due to chance will on average of Sallelic polymorphism in the Solanaceae is trans-
more frequently encounter compatible mates com- specific and often trans-generic evolution, where an
pared to other (more common) alleles, and therefore allele found in one species is more closely related to
will tend to increase in frequency in successive gen- an allele in another species or genus than to other
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Current taxa served domains known to be involved in RNA catal-
ysis [16] as well as hydrophilic and highly variable
regions which may play a role in determining allelic
specificity [10, 15, 20]. Extreme sequence divergence
is commonly observed amortgalleles, with alleles
from the same species often differing at 50% or more
of amino acid residues [31]. Such extreme sequence
divergence among alleles at this locus reflects the joint
contributions of (1) the great age of many alleles, (2)
diversifying selection for novel allelic specifities and
(3) the lack of the homogenizing effect of recombi-
nation. While points 1 and 2 are readily understood as
consequences of frequency-dependent selection acting
to preserve allelic variation, the absence of recombina-
tion is also important in maintaining allelic variation,
because repeated exchanges of homologous regions
among different alleles would be expected to homog-
Ancestral species enize differences among alleles, obscuring our ability
Figure 1. Trans-specific evolution as a consequence of long persis- to reconstruct the history of allelic diversification us-
tence of allelic lineages. Two allelic lineages present in an ancestral iNg phylogenetic methods. However, recombination in
species are each inherited by two daughter species. In this case thethe region of theS gene appears to be suppressed,
closest rglative Qf an allele in one daughte_r species is found not in greatly simplifying phylogenetic and molecular se-
that species but in the other daughter species. . .
guence analyses. Evidence for absence of recombina-
tion comes from molecular sequence analyses of the
conspecific alleles [3]. This observation indicates that S gene [3] and nearby regions [1, 5]. For example,
the origin of the allelic lineage predates the origin of RFLP patterns and DNA sequences of regions flank-
the species in which it is currently found (Figure 1). ing theSgene differ markedly amongalleles in the
Trans-specific evolution is also observed in the sporo- same species, indicating the absence of recombina-
phytic self-incompatibility system of the Brassicaceae tion which would be expected to homogenize these
[9], and in other genes under balancing selection, of sequences.
which frequency-dependent selection at $xgene is Richmanet al. [22-24, 27, 28] used RT-PCR to
a special case [36], including the MHC class Il genes amplify S alleles from species in the Solanaceae us-
of vertebrates [11], and the self-recognition genes of ing RNA extracted from styles. Amplification resulted
some fungi [43]. in a single band of expected size. RFLP analysis of
In this chapter we review recent empirical stud- RT-PCR products from single individuals revealed the
ies of Sallele variation in the Solanaceae which presence of two different sequences, as expected for
find marked inter-specific differences in bdshallele the obligately heterozygouS gene. PCR products
number and age. We evaluate recent models of thewere cloned to separate the two paralleles prior
evolution of S.gene polymorphism which attempt to to sequencing. In single donor matings, transmission
account for this variation, and conclude that the evo- of PCR-amplified sequences was consistent with ex-
lution of ecological differences among species is the pectation for a gametophytggene. For example, in
most important factor affecting inter-specific variation crosses where donor and recipient share $adlele
in allele number and persistence. in common, only the compatible paternal allele was
transmitted to offspring [22, 27]. While it is possi-
ble to determine the number of mating type alleles
Background in a population with gametophytic self-incompatibility
from large diallele crossing experiments [6, 12], the
Inthe Solanaceae, the styBgene productis an extra-  use of a molecular sampling technique allows work on
cellular RNase which is both necessary and sufficient species not amenable to greenhouse studies (e.g. [25])
to determine the specificity of rejection of incompati- Wwhile atthe same time providing sequence information
ble pollen [13]. This molecule contains relatively con- otherwise unavailable.

allele 1a allele 2a allele 1b  allele 2b

~&—— Speciation

allele 1 allele 2
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Two distinct aspects of genetic variation at the  lihood interval [18], based on the number of different
gene are accessible through molecular sequence analyalleles recovered from a population sample of a given
sis at the population level. The first is the number size. The assumption of a uniform frequency distribu-
of Salleles found in different populations or species. tionis evaluated using Mantel’s test [14]. Formulae for
As the number of alleles increases under frequency- estimating the expected number of alleles in a sample
dependent selection, the strength of selection favoring from a finite population are given by Yokoyama and
rare alleles becomes attenuated. At equilibrium, selec- Hetherington [45].
tion favoring new alleles is balanced by the force of In analyzing variation in allele age among sam-
drift which removes variation. The number of alleles ples, we focus on the number of trans-generic lineages
at equilibrium is expected to increase with increasing recovered in a population sample, as inferred from
population size, because the effect of drift is weaker phylogenetic analysis. Because samples differ in size,
in large populations than in small ones. The number we use a coalescent model to adjust for differences
of alleles is also expected to evolve relatively rapidly in sample size when estimating the amount of allelic
in response to changes in population size, due to in- extinction and origination (turnover) consistent with
creased strength of selection relative to drift following observed differences in the number of trans-generic
population expansion, and conversely the increasedlineages among samples [35]. Differing amounts of
importance of drift relative to selection upon reduction allelic turnover in population samples are then at-
in population size. tributable to differences in population size, which

A second kind of genetic variation, the age of determines the rate of loss of balanced lineages due
alleles as inferred from either the number of trans- to drift. The method is a specific application of coa-
generic lineages represented in the sample or thelescent analysis of balanced genealogies, an approach
amount of sequence divergence among alleles, is ex-pioneered by Takahata who showed that the genealogi-
pected to evolve much more slowly than allele number. cal structure of balanced polymorphism is expected to
For example, the number of trans-generic lineages in be mathematically analogous to that of neutral poly-
the population or species is expected to evolve more morphism, differing by a constant scaling factor [33].
slowly than the number of alleles, because loss of a A coalescent model specific to gametophytic self-
trans-generic lineage requires the loss of all alleles incompatibility was investigated by Vekemans and
represented within a lineage [35]. Allele age may also Slatkin [40].
be inferred from molecular sequence divergence, be-  The sophistication of coalescent models is a po-
cause apparently very few changes may be requiredtential drawback if assumptions underlying them are
to alter allelic specificity [15, 29]. The accumulation not met. Uyenoyama [39] developed tree-shape statis-
of molecular sequence differences at thgene can tics including Rsq, the sample size-independent ratio
occur over millions of years, as inferred from levels of the sum of all terminal branch lengths in the ge-
of sequence divergence among alleles within speciesnealogy relative to the depth (the length from the
showing trans-generic evolution [28]. base to the tip) of the genealogy. We use this statis-

Variation in S allele nhumber and age afford dif- tic to test whether sequences recovered from a sample
ferent opportunities for historical inference. Because have a genealogical structure consistent with assump-
the number of alleles is expected to respond relatively tions of the coalescent model. We compare thg
rapidly to changes in population size, it is expected value derived from sampled alleles to the expected
to reflect more recent history (changes in population mean and variance of this statistic estimated by com-
size) of these taxa. In contrast, the slower evolution puter simulation of populations under gametophytic
of the age ofS alleles reflects historical changes in self-incompatibility.
population size which may have occurred in the distant In comparative analysis of samples from different
past [23, 28], before the origin of extant species. species, we will often be interested in determining

In analyzing molecular genetic data from popula- whether samples differ statistically in various aspects
tion samples oSalleles, we take advantage of current of their genealogy, correcting for inevitable differ-
theory on maintenance of variation at t8gene. For ences in sample size. The use of Uyenoyama’s statis-
example, frequency-dependent selection is expectedtics is intended to test the fit of genealogy to theoretical
to maintain alleles at equal frequency, and this per- expectation, and is not necessarily the most efficient
mits efficient estimation of the number of alleles in the way of examining whether two genealogies differ sig-
population [21] and a corresponding asymmetric like- nificantly in shape. In particular, the method corrects
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oPhysalis cinerascens

Witheringia maculata
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e Nicotiana alata
VPetunia hybrida
Convolvulaceae

e] —

Figure 2. A. Neighbor joining topology forS-allele DNA sequences in the Solanaceae. Citations for publiSheeljuences and/or their
GenBank accession numbers are given in [24-26] with the exception of the Rosaceae [2, 44]. Estimation of pairwise distances using the
Kimura 2-parameter model and phylogeny construction were carried out in Pf82P DNA sequences used correspond to amino acid
positions 1-129 in Figure 1 of Richman al. [28]. B. Phylogeny of selected genera in the Solanaceae [19].
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for differences in sample size based on the assumption ~ 1=22k=12 n=26k=2
. " . L. andersonii P. crassifolia

of equilibrium conditions which may not hold. As an n=13 k=8

alternative, we use resampling statistics to correct for S. carolinense

differences in sample size when comparing genealo- 0.5

n=13,k=3

gies of different population samples. We then take P cinerasoens

advantage of theoretical models in investigating the
cause of observed differences among species in alleleg,, ; o.s
age.

n=11,k=3
W. maculata

Results of empirical studies ofS gene

polymorphism 0.2 0.2 0.6 0.8 1 1.2 1.

t
Variation among species in both the number and age  Figure 3. Likelihood estimatesg(, ;) of a given amount of allelic
of Salleles origination and extinctiont) given the number of trans-specific lin-

eagesK) detected in a population sample of siz85]. A value of
Studies in five species of Solanaceae reveal marked?! = 1 indicates complete turnover (the loss of all lineages present
. . at time 0). The definition of a trans-specific lineage used to olftain

dlf,ferences in allele number recovered_ from popu- (the number of lineages sampled which were present atstis®)
lation samples (Table 1). Three speciedolanum is any lineage pre-dating the divergence of the four geSetanum
carolinense Physalis cinerascensand Witheringia Lycium Physalisand Witheringia as inferred from Figure 2. Be-
macu|ata have estimated allele numbers of 15 or ¢ause the time that has elapsed for the obsemastik is the same

. .. . I for all taxa, differences in the likelihood estimatetaihay be at-
fewer while the remaining tWORhysa“S crassifolia tributed to differences in effective population size (and/or generation
and Lycium andersonji have estimated allele num-  time).
bers in excess of 35. The 95% likelihood intervals on

the estimates from these two groups do not overlap . = . . )
(Table 1). indicating reduction of the number of trans-generic

Phylogenetic analysis dallele sequences sam- lineages occurred in a common ancestor of these taxa

pled from multiple genera of Solanaceae finds a strik- (Figure 2). )
ing difference among species in the relative age of ~ Because the number of alleles sampled varied
alleles as well. We estimated the number of trans- @MONg species, we estimated the amount of allele
generic lineages as the number of allelic lineages in a turnover (origination and extlnctlpn) consistent with
sample that predate the divergence of the four genera®Pserved number of trans-generic lineages in a sam-
under study ycium Physalis Solanum and With- ple using the likelihood approaph _of Takahata [34,
eringia). For instance, an allele or group of alleles 3°l- The number of trans-generic lineages in a pop-
from Solanum carolinensis considered trans-generic u_Iatlon sample was used to estimate lineage turnover
if it joins the genealogy oS alleles from Solanaceae  Since the most recent common ancestor of these gen-
(Figure 2A) at or above a node which includes an €2 Likelihood estimates of the amount of allelic
allele from Lycium Nicotiana or Petunia Such a turnover broadly overlap fd8. carolinensandL. an-
node must predate the divergence géiumfrom the dersoniias do the estimates fovitheringia maculata
other three genera from which population samples are @1d Physalisspp., while there is little overlap be-
drawn (Figure 2B). Confidence intervals on the num- tWeen the estimates from these two groups (Figure 3).
ber of transgeneric lineages (Table 1) were estimated | NiS analysis indicates differences in the amount of
by bootstrap resampling of the data and counting tUrnover between these groups persists when dlﬁer-
the number of trans-generic lineages for each species€CeS in sample size are corrected for, supporting

in each bootstrap replicate. Whereas alleles sampledthe result that a common explanation is required for
from S. carolinenseand L. andersoniishow exten- the observation of extensive trans-generic evolution in

sive trans-generic evolution, estimates fenysalis ~ S°lanumand Lycium relative to Physalisand With-
andWitheringiaspp. are much lower, indicating more ~ €fingia. Richmaret al.[28] interpreted recerg-allele
extensive lineage turnover (Table 1). Further, all alle- diversification inP. crassifoliaas evidence for a se-

les sampled fronPhysalisandWitheringiaarise from vere population restriction in the history of 'Fhis_ taxon
the same limited number of trans-generic lineages, which caused the loss of most trans-generic lineages,
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Table 1. Allele number and age in five species of Solanaceae. Sample sizes, numbers of
alleles recovered, and the maximum likelihood estimate of population allele number and
corresponding 95% likelihood interval are given for each speciesSFearolinensgtwo
populations were assayed allowing the estimate of overlap between the two samples and
the species-wide estimate of allele number. The number of trans-generic lineages is the
number of alleles or clades of alleles from each species that join the genealogy in Figure 2
at a node as old as or older than the most recent common ancestor of these four genera.
Confidence intervals on the number of trans-generic lineages were estimated using 100
bootstrap replicates of the data in FigureRdg (see text) for the five species was estimated

for species-specific gene genealogies determined using the program KITSCH in PHYLIP

(71

Species Solanum carolinense Physalis crassifolia
Population NC TN Deep Canyon, CA
Plants sampled 12 14 22

Alleles recovered 12 11 28

ML estimate of allele number 12 (11-15) 14 (13-18) 44 (33-60)

ML estimate of overlap 12

Species allele number 15

Trans-generic lineages (95% ClI) 8482) 2(2-3)

Rsq 6.27+* 2.64%

Species Physalis cinerascens Lycium andersonii
Population TX Granite Mtns., CA
Plants sampled 12 16

Alleles recovered 12 22

ML estimate of allele number 14 (320) 38 (28-55)
Trans-generic lineages (95% ClI) 343) 12 (9-14)

Rsq 2.59% 5.42%*

Species Witheringia maculata

Population Monte Verde, Costa Rica

Plants sampled 12

Alleles recovered 10

ML estimate of allele number 115 (12-23)

Trans-generic lineages (95% ClI) 343)

Rsg 1.48

** P<0.001; 0.+ P>0.05

followed by rediversification within the few surviving the depth of the genealogy (Table 1). We find that
lineages. Subsequent work summarized here (Fig-the genealogies db. carolinenseand L. andersonii
ure 2A; and see [24, 26]) shows that the bottleneck deviate significantly from expectation, in that termi-
event occurred in a common ancestoMdtheringia nal branches are too long relative to the depth of the

andPhysalis genealogy. Allelic genealogies f@hysalisandWith-
eringia species tend in the same direction (towards

Testing the fit of allelic genealogies to theoretical long tips), although in these cases the deviation is

expectation not significant. Although application of Uyenoyama’s

[39] method fails to indicate that allelic genealogies
We examined whether species-specific allelic genealo- jn physalisandWitheringiadeviate significantly from
gies conformed to expectation for a coalescent model expectation, there is reason to be skeptical about
specific to balancing selection at tf®gene using  this result. These taxa experienced a dramatic loss
the tree-shape statistiBsq = S(1 — 1/n)/D [39] of trans-generic lineages, followed by rediversifica-
where S is the sum of terminal branch lengths,  tjon of Salleles within surviving lineages (Figure 2).
is the number of sequences in the sample Bni$ It is therefore unlikely these genealogies meet equi-
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librium assumptions, which include the assumption a s P=0.02
of constant population size. Failure of Uyenoyama’s 1o |W.maculata
method to detect a deviation from equilibrium upon
diversification following a relatively recent bottleneck 5
event suggests that the method is insensitive to im- | |
portant aspects of variation in tf&gene genealogy. Total Terminal Branch Length
As a consequence, we have used resampling meth-
ods which control for differences in sample size in b. v p s
order to compare the shape of allelic genealogies from N
post-bottleneck species. TR
10
Statistical comparison of allelic genealogies by 5
resampling analysis 0o 14 1o 28
Total Genealogy Length
We use a resampling procedure to show that there c
are significant differences in the shape of allelic ge- " W, magulata oo
nealogies of post-bottleneck species. We argue that 5 o
inter-specific differences in the shape of the allelic ge- 10
nealogy are due to differences in the rateSedllelic 5
diversification in different taxa. Ao ] o
The genealogy folV. maculatashows diversifi- 0.175 Geng;fggy Dgfj&l

cation from the same, limited number of lineages

found in Physalis(Figure 2) However. the estimate Figure 4. Frequency distributions for statistics 8fallele genealo-
’ ’ gies generated by randomly resampling subset®.afrassifolia

pf t.he number .Of a"elels frqm the populatlon sample sequences. Arrows indicate the value of these statisticé/fonac-
indicates that it has significantly fewer alleles than ulata a. Total terminal branch length, the sum of the lengths of
P. crassifolia(Table 1), suggesting that it has diversi- all terminal branches. b. Total length of the genealogy, the sum
fied at a slower rate since the bottleneck event. Limited o &' branch lengths. c. Depth of the genealogy, the sum of the
. e . " branches from the base to any terminal tip. Sdferassifolia
d'Ver.S'f_'Cauon is also suggested by the qbsefvat|0n t.hat alleles (P12, 15, 18, 19, 23, and 24; see [28]) were omitted from re-
the limited number of alleles detected in this species sampling because the available partial sequence information would
nevertheless tend to group together in phylogenetic result in biased estimates of branch lengths [26]. Trees for resam-
. . " . pled P. crassifoliasequences were estimated using the KITSCH
analySlS _(Flgure 2)' To evaluate the S|g_n|f|canc§ of this algorithm in PHYLIP. The method assumes a molecular clock, and
observation, we tested whether an equivalent size sam-this assumption was examined using the computer package LINTRE
ple of alleles fronP. crassifoliawould be expectedto  [37]. The assumption of a molecular clock is not rejected for data
contain similarly close pairs of alleles using a resam- Sets considered here [24, 28].
pling analysis. Tree measures (total genealogy length,
genealogy depth, total terminal branch length) of the

W. maculatasample were compared to random sam-

ples of alleles fronP. crassifol'iaof equivalent size.  \,51d not be expected to contain such close pairs (Fig-
Total length of the genealogy is the sum of all branch ;e 4y Because random sampling tends to recover the
lengths, total term!nal branch length is the sum of the deeper branches of the genealogy preferentially [39],
lengths of all terminal branches, and depth of the ge- 1ocqyery of close pairs of alleles indicates that we have
nealogy is the sum of the branches from the base 10 g3 mp|ed a greater fraction of the alleleséhmaculata
any terminal tip. _ o than in P. crassifolig implying that there are fewer
The W. maculatagenealogy differs significantly g 5jjeles species-wide iW. maculatacompared to
from the resampled genealogies [26] in both total p crassifolia Because the time since the bottleneck
length of the genealogy and total terminal branch oyentjs the same for both taxa, lowgallele number
length but not in the depth of the genealogy, In- iy W maculataelative toP. crassifoliaalso indicates

dicating that the cause of the difference is signifi- i ersification ofSalleles inW. maculatéas occurred
cantly shorter terminal branches, and not differences ; o siower rate than iR. crassifolia

in branch lengths deeper in the genealogy. This occurs 11 sample oSalleles fromP. cinerascens sim-
because several close pairs of alleles were recovered o to that for W. maculatain having significantly

in theW. maculatasample, whereas resampling statis-
tics indicate that an equal-size sampld otrassifolia
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Figure 5. Frequency distributions for statistics 8fallele genealo-
gies generated by randomly resampling subset®. afrassifolia
sequences. Arrows indicate the value of these statisticP.foin-
erascensa. Total terminal branch length, the sum of the lengths of
all terminal branches. b. Total length of the genealogy, the sum of all

P. crassifolia All alleles recovered fronP. cineras-
censare most closely related to alleles or lineages
found inP. crassifoliarather than to conspecific alleles
(Figure 2) indicating that none of the alleles sam-
pled fromP. cinerascensarose after divergence from
the common ancestor of both species. Conversely,
many alleles in the more diverde crassifoliaare
also quite closely related to alleles frof cineras-
cens(Figure 2), indicating that most alleles in both
taxa arose prior to species divergence and therefore
that low allele number irP. cinerascenss recently
derived from a common ancestor with allele num-
ber similar to that found currently iF. crassifolia
Importantly, the observation of significantly longer
terminal branches fd?. cinerascensgelative to its con-
gener suggests that the loss of alleles did not occur at
random. Instead, more divergent alleles were prefer-
entially maintained during reduction in allele number
resulting in significantly longer terminal branches than
found in resampled data fé crassifolia[24].

Discussion

There is marked variation among species in both the
number and age d alleles

branch lengths. c. Depth of the genealogy, the sum of the branches Samples from different species vary significantly in

from the base to any terminal tip. Statistics were calculated for
P. cinerascensequences excluding PCIN1, which does not fall into
either of the main clades éfthysalisalleles (see Figure 2). Because
PCINL1 is relatively divergent from all othéthysalisalleles, its ex-
clusion is conservative with respect to testing the hypothesis that
P. cinerascen$as long terminal branch lengths relativeRocras-
sifolia. SomeP. crassifoliaalleles (P12, 15, 18, 19, 23, and 24; see
[23]) were omitted from resampling because the available partial
sequence information would result in biased estimates of branch
lengths [24].

fewer alleles than is found iR. crassifolia(Table 1).
However, a parallel resampling analysis comparing the
genealogy oP. cinerascento that obtained for equiv-
alent size resamples &f crassifoliaalleles finds that
terminal branches are significantly longer Fn cin-
erascendhan inP. crassifolia opposite to the result
obtained for thewW. maculatagenealogy (Figure 5,
see also [24]). Whereas the lo®allele number in
W. maculataappears to have been due to limited
diversification over an extended period, the I&v
allele number inP. cinerascensappears to be more
recently derived, due to loss of alleles from an ances-
tor with high S-allele number similar to its congener

both the number and age 8élleles (Table 1), whether
the latter is inferred from the degree of trans-generic
evolution or from variation among species in terminal
branch lengths of species-specific genealogies (Fig-
ures 4 and 5). While significance tests take account of
variation in sample size, most estimates of the number
of alleles in Table 1 are based on samples from single
populations, raising the possibility that other popula-
tions may contain additional alleles. For the inference
of significant inter-specific differences in the number
of alleles this issue is important only with respect
to samples with lowS-allele number §. carolinensg

P. cinerascend/V. maculaty, because additional sam-
ples from species with high numbeP.(crassifolia

L. andersonij can only increase current estimates. The
estimate of the number of alleles B. carolinense

is based on two widely separated population samples
[22], and is therefore not subject to this concern. Es-
timates forP. cinerascensndW. maculataare based

on single population samples, but genealogical analy-
ses indicate tha®. cinerascenhas undergone a recent
and significant reduction in allele number relative to
its congeneP. crassifoliawhereas a parallel analysis



in W. maculataindicates that it has maintained low
Sallele number for a longer time [26]. Because the
genealogy is in large measure older than current pop-
ulation structure, this constitutes evidence for lower
diversity at the global scale in these taxa.

There is no association betweS8rallele number and
age

The shapes o&-allele genealogies fdb. carolinense
andL. andersoniideviate from expectation under bal-
ancing selection in that terminal branch lengths are
too long. To explain the observation of long terminal
branches relative to expectation, Uyenoyama [39] sug-
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Evidence that more divergent alleles are
preferentially maintained

We propose that long terminal branches relative to
expectation may result from violations of assump-
tions of the coalescent model other than change in the
origination rate. In particular, there is evidence from
P. cinerascenshat more divergent alleles are selec-
tively retained during a reduction igallele number.
This may occur given linked genetic load [39], or if
the ability to discriminate self from non-self is a func-
tion of the degree of pairwise sequence divergence and
matings between close alleles are sometimes falsely
rejected. The latter mechanism differs from a mech-

gested that the accumulation of deleterious recessiveanism of genetic load in that the inhibiting effect on

mutations arising in close linkage with the obligately
heterozygous gene could inhibit allelic origination.
A new allele arising in the population would share a

origination of new alleles cannot be purged, so no as-
sociation between allele number and age is expected.
In this case, speciesallele genealogies with long

similar genetic background to the allele from which terminal branches may be derived secondarily by the
it is descended, resulting in the expression of linked Selective maintenance of more divergent alleles. In
genetic load in individuals carrying both ancestor and support of this possibility, analyses presented here
descendant alleles. This would result in a relative fit- indicate that lowS-allele diversity inP. cinerascens

ness disadvantage of both alleles compared to otherwas apparently derived from a more diverse ances-

alleles in the population, leading to the preferential
elimination of one or the other allele and leaving no
evidence of diversification on the genealogy. Under
this view, the importance of a bottleneck event, as
was inferred for the common ancestorWfitheringia

andPhysalisspp., is to purge genetic load which has
accumulated over time, allowing rap&lallele diver-

sification and an increase in the number of alleles
maintained at equilibrium. Uyenoyama’s model there-

tor similar to the congend®. crassifolia and alleles
which were retained were significantly more divergent
on average, generating a genealogy with significantly
longer terminal branches. The evolution of a weedy
habit and consequent reduction in population size may
have triggered the loss & allele diversity inP. cin-
erasceng24] (and see below). Thus perturbations of
the genealogy driven by the evolution of life history
characters affecting population structure and persis-

fore predicts a negative association between the agetence may best account for the observation of long

and number of alleles. This prediction was consis-

terminal branches and high average age&dleles

tent with inferences based on samples then availablein some population samples.

for S. carolinenseand P. crassifolia[28, 39]. How-
ever, further population samples from additional taxa
now indicate that variation iis-allele number is de-
coupled from variation in average age Sfalleles
(Table 1). Species which share a historical bottleneck
in Slineages show the same range of variatiorsin
allele number as those that do not. Moreover, the
genetic load hypothesis cannot explain significant dif-
ferences in diversification rate fa/. maculataand

P. crassifolig since species arising after the bottleneck

Association between the ecology of species and allele
number

We propose that differences in species’ life histories
affecting population size and persistence are the pri-
mary contributors to inter-specific variation@allele
number. In particular, a conspicuous aspect of life
history variation among species in the Solanaceae is
the frequent evolutionary transition between a weedy
and a non-weedy habit, where weediness is defined by

event share the same history of purging. These resultsy, ¢ oy |oitation of transient disturbed habitats. Weedy

suggest that postulated differences in origination rate
are not the primary determinants of variation in the
number ofSalleles maintained in these species.

species typically share a nhumber of life history char-
acteristics suggesting small population size compared
to non-weedy taxa, including small and short-lived
populations, and (partial) clonal reproducti&.car-
olinense P. cinerascensand W. maculata species
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with low allele number, are weedy herbaceous species already been shown for genes under overdominant bal-
with small and short-lived populations which suggests ancing selection [34]. This is not surprising, because
reduced species effective population size relative to a migrant allele not already represented in the popula-
P. crassifoliaand L. andersonii which are common  tion has an immediate advantage in finding compatible
perennial species of undisturbed habitats. matings, increasing the effective migration rate atShe
locus relative to neutral markers. Thus the estimate of
Low S-allele number has been achieved by different  population size is necessarily averaging over a larger
evolutionary pathways area than neutral markers. An important future goal
is to determine the scale at which population size is
Our analyses indicate that SDECieS with low allele num- being measured in a local Samp|e by determining the
ber have arisen by different evolutionary processes, spatial distribution of-allele diversity in natural pop-
with the implication that the common thread uniting ylations [12, 17]. Itis possible, given the high effective
the observation of lowS-allele number in different migration at theS gene, that the local Samp'e reflects
taxa is the evolution of a Weedy life history and as- diversity at the Species |eve|, as Suggested by the ob-
sociated population structure. Genealogical analysis servation that weedy species appear to show low allele

suggests that lo&-allele number irP. cinerascenss number not only at the local but the global scale as
due to a relatively recent reduction in diversity froma \ye|l, due to the combination of high effective migra-
more diverse ancestor similar to its congeResrassi-  tjon and high population turnover [22]. High effective

folia at present. Perhaps the evolution of a weedy habit migration at theSgene provides a theoretical justifica-
in P. cinerascensriggered a reduction in effective size  tjon for the interpretation of local estimates®#llele

and corresponding reduction in the number of alle- hymber as functions of inter-specific differences in
les maintained at equilibrium. Lo&-allele numberin |ife history characters. Just as the long persistence of
W. maculatéhas an origin different from that inferred  palanced genetic polymorphism has been recognized
for P. cinerascensW. maculatehas apparently main- a5 providing a unique opportunity for historical infer-
tained lowS-allele number for a longer time period.  ence Sallele number offers a similar opportunity with
The observation of relatively few but closely rela®d  respect to estimating population size over a larger area.
alleles inW. maculatas consistent with the proposi-

tion that small effective size has limited the extent of Acknowledgement
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