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e It has been suggested that clonality provides reproductive assurance in cross-
fertilizing species subject to pollen limitation, relieving one of the main selective
pressures favoring the evolution of self-fertilization. According to this hypothesis,
cross-fertilizing species subject to pollen limitation should often be clonal. Here, we
investigated the association between clonality and a genetic mechanism enforcing
outcrossing, self-incompatibility, in Solanum (Solanaceae).

e We collected self-incompatibility and clonality information on 87 species, and
looked for an association between these two traits. To account for the contribution
of shared evolutionary history to this association, we incorporated phylogenetic
information from chloroplast (NADH dehydrogenase subunit F) sequence data.

* We found that self-incompatibility is strongly associated with clonal reproduction:
all self-incompatible species reproduce clonally, while the absence of clonality is
widespread among self-compatible taxa. The observed correlation persists after tak-
ing into account shared phylogenetic history, assumptions about the evolutionary
history of self-incompatibility, uncertainty associated with phylogeny estimation,
and associations with life history (annual/perennial).

e Our results are consistent with the hypothesis that clonality provides reproductive
assurance, and suggest that the consequences of clonal growth in the evolution of
plant reproductive strategies may be more significant than previously thought.
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. fact, the ability to reproduce under conditions unfavorable
Introduction bl . . .
for cross-fertilization, i.e. reproductive assurance, is considered

Most flowering plants are potentially self-fertilizing herma-
phrodites, yet a vast number of species display mechanisms
that encourage or enforce cross-fertilization (Darwin, 1876).
Cross-fertilization is thought to be advantageous under
certain conditions because it reduces inbreeding, which is
often associated with the production of offspring of lower
genetic quality. However, alleles favoring mechanisms
enforcing cross-fertilization may incur high evolutionary costs
if low pollinator or mate availability in turn limits
reproductive success (Burd, 1994; Larson & Barrett, 2000;
Vallejo-Marin & Uyenoyama, 2004; Knight ez a/, 2005). In
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to be a major selective force driving the evolution of self-
fertilization (Darwin, 1876; Baker, 1955; Stebbins, 1957;
Schoen et al.,, 1996; Pannell & Barrett, 1998). Self-fertilization
allows individuals to produce offspring even when the
availability of compatible mates or pollinators limits the
success of cross-fertilization (hereafter ‘pollen limitatior’).
When other mechanisms provide reproductive assurance,
the selective advantage of self-fertilization may be reduced.
Vegetative (clonal) reproduction, which occurs concurrently
with sexual reproduction in a large proportion of flowering
plants (Richards, 1986), may provide an alternative way to
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achieve reproductive assurance. In this sense, clonality may
act as a mechanism of uniparental reproduction comparable
to selfing (Nagylaki, 1976; Charlesworth, 1980) that allows a
genotype to persist and increase in numbers under conditions
of pollen limitation (Baker, 1955; Dole, 1992; Holsinger,
2000). In species that are often subject to pollen limitation,
such as colonizing species, clonality may thus relieve the selective
pressure favoring the breakdown of outcrossing mechanisms.
A simple prediction arising from this hypothesis is that
obligate outcrossing should often be associated with the ability
to reproduce clonally in colonizing species.

In this study we assessed whether clonal reproduction and
self-incompatibility, a genetic mechanism enforcing cross-
fertilization, are associated in a plant group that includes many
colonizing taxa. We focused on Solanum (Solanaceae), which
exhibits variation among species in self-incompatibility and
clonality (defined here as the ability to spread vegetatively
through root- or stem-derived organs) (Whalen & Anderson,
1981). Solanum is a widespread genus composed of over 1000
species (D’Arcy, 1972; Nee, 1999) that comprises important
crops (e.g. Solamun tuberosum (potato) and Solanum melongena
(eggplant)) as well as noxious weeds (e.g. Solanum carolinense
(horsenettle) and Solanum eleagnifolium (silverleaf night-
shade)). Plants in this genus often occur as colonizers of open,
disturbed or ephemeral habitats such as old-fields, forest edges
or seasonally dried water-pools (Whalen, 1979; Symon, 1981;
Nee, 1999), and are thus expected to grow in conditions con-
ducive to pollinator and mate limitation (Wilcock & Neiland,
2002). Indeed, pollen limitation has been shown experi-
mentally for S. carolinense (Steven et al., 1999). The mechanism
of self-incompatibility in the Solanaceae is gametophytic (de
Nettancourt, 1977), which precludes the fertilization of
ovules by pollen matching the same (haploid) allele at the
self-incompatibility locus (S-locus) as either of the two alleles
carried by the maternal plant. Solanum species have served as
a model system for studies of the evolutionary dynamics of
self-incompatibility (Igic ez al, 2004, 2006; Stone, 2004).
Studies suggest that self-incompatible (SI) is the ancestral
state in Solanum, and that evolutionary transitions to a self-
compatibile (SC) state are irreversible (Igic ez al, 2004,
2006). Although the extent to which the breakdown of a SI
state always increases self-fertilization in natural populations
of Solanum is not known, this breakdown is a prerequisite for
the evolution of self-fertilization, and it has been shown in
other species that the frequency of SC variants in SI popula-
tions is strongly associated with changes in mating system and
genetic diversity (e.g. Mable ez 4., 2005).

We performed an analysis of the association between clon-
ality and self-incompatibility in a representative subset of
species. Species may share traits that evolved in their common
ancestor, and therefore may represent nonindependent data,
inflating the statistical significance of associations among
traits (Felsenstein, 1985; Harvey & Pagel, 1991). We accounted
for this by using methods that explicitly incorporate informa-
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tion about the phylogenetic relationships among taxa. In
addition, our analyses allowed us to account for the uncer-
tainty inherent in phylogenetic reconstruction, as well as for
associations between clonality and life history (annual or
perennial). Our results indicate that self-incompatibility
and clonality have indeed evolved in a correlated fashion in
Solanum. We briefly discuss the implication of our results for
assessing potential evolutionary scenarios that may help to
explain the distribution of clonality and self-incompatibility
in flowering plants.

Materials and Methods

Assignment of character states

We collected information on self-incompatibility, clonal
reproduction, and life history (annual/perennial) for as many
Solanum species as possible through extensive bibliographical
searches (see References in the supplementary material,
Table S1). We scored species as SI or SC as reported in the
literature. This scoring generally meant that an author
considered a species SI if it failed to set fruit or had extremely
low seed set after self-pollination, and SC if it set fruit either
autonomously or following artificial self-pollination. Species
were considered clonal if they had the ability to spread
vegetatively through root- or stem-derived organs. In Solanum
these are the two only mechanisms of clonal growth reported
in the literature. Taxa were assigned to one of two life history
groups; strict annuals, and perennials including short-lived
species that can occur as annuals. In this genus all reported
clonal species are perennial (e.g. Symon, 1981), and thus
clonal species for which no data on life history were available
were scored as perennials in our survey. We determined the
state of missing characters (at least one character missing in
n= 50 species; see Supplementary Material, Table S1) through
direct observations of material grown in pollinator-free glass-
houses (Duke University, Durham, NC, USA and Radboud
University, Nijmegen, the Netherlands). For these species, a
SC state was assumed if abundant autonomous seed set was
observed in plants. Species were scored as nonclonal unless
there was clear evidence of spontaneous formation of additional
shoots or if above-ground stems rooted at the nodes. If the
plant was a woody shrub or tree it was scored as a perennial.
We obtained information on all three characters for 87 species
for which a full list of references is given in the supplementary
material (Table S1). Our sample represents ~9% of species in
the genus, and includes five Solanum subgenera (sensu D’Arcy,
1991) (Fig. 1). Because this is admittedly a small sample, the
analyses presented here may only detect strong evolutionary
associations between characters. Thirty-three species in our
sample (38%) were SI, which is close to the estimates for SI
taxa in the Solanaceae (39%, Igic ez al, 2004). Among all
species, 50 were clonal perennials, 26 nonclonal perennials,
and 11 strict annuals (Table 1).
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Table 1 Distribution of self-incompatibility, clonality, and life history
in 87 Solanum species

Clonal Nonclonal

perennial  perennial Annual  Total
Self-incompatible (SI) 33 0 0 33
Self-compatible (SC) 17 26 11 54
Total 50 26 11 87

Associations between self-incompatibility and clonality

Using two states for self-incompatibility and three states for
life history (SI or SC, and clonal perennials, nonclonal
perennials or strict annuals, respectively), we performed a
3 X 2 % test of the null hypothesis that self-incompatibility
status is independently distributed in relation to the ability to
reproduce clonally. Because any observed departure from a
random distribution of character states could be a result of the
association between annual life history and SC, we excluded
strict annuals and performed a 2 X 2 % test on the resulting
data set. This latter analysis tests the null hypothesis that
self-incompatibility and the ability to reproduce clonally
are independently distributed in perennial plants, while
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controlling for associations between SC and annual life
history.

Phylogenetic analyses

To correct for shared phylogenetic history among taxa, tests of
correlated evolution were performed in a subset of the species
for which molecular information (NADH dehydrogenase
subunit F (#ndhF)) was available to infer phylogenetic relation-
ships (Bohs, 2005). Analyses were conducted on all available
Solanum species and on a subset including only perennial taxa.

Data assembly and phylogenetic tree sampling Partial chloro-
plast #dhF sequences from Bohs (2005) were obtained from
GenBank and manually aligned. We performed heuristic
searches using maximum likelihood (ML) with 10 random
sequence addition replicates using PAUP* 4.0b10 (Swoford,
2003). To assess branch support and to determine the effect
of topological uncertainty, we also conducted Bayesian
Markov chain Monte Carlo (MCMC) analyses (1.5 million
generations plus 0.5 million generations burn in; sampling
every 500 generations) using MRBAYES 3.0 (Huelsenback &
Ronquist, 2001). We pruned outgroup taxa from the phylo-
genies and recalculated branch lengths using ML with the
molecular clock enforced using PAUP*.
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Correlated evolution analysis We used Pagel’s phylogenetic
methods (Pagel, 1994; Pagel & Meade, 2006) for detecting
correlated evolution between two binary characters. To test
for a correlation between self-incompatibility and life history
(annual/perennial) we grouped clonal and nonclonal
perennials, and compared them against annuals. To test
for correlated evolution between self-incompatibility and
clonality, we compared nonclonal perennials and annuals
with clonal perennials, and compared nonclonal perennials
with clonal perennials to account for the contribution of
annual life history.

Tests of correlated evolution were performed with the pro-
grams DISCRETE and BAYES MULTISTATE AND DISCRETE (Pagel,
1994; Pagel & Meade, 20006), using the ML option. Statistical
significance was assessed by comparing the likelihood ratio
(LR) test statistic of the independent and dependent models
(i.e. —2LR) to a ? distribution with 3 degrees of freedom
(d.f.), as recommended for data sets with a small number of
taxa (Pagel, 1994). Empirical P-values obtained through 1000
Monte Carlo simulations (Pagel, 1994) indicated that a x?
distribution with 3 d.f. was a slightly conservative criterion for
the present analyses (data not shown). The effect of topological
uncertainty was assessed by repeating the correlation analysis
on the 2000 topologies obtained from the MCMC tree samples.
The consequences of assigning SI as the ancestral state, and
restricting back transitions to SC to zero (Igic ez al., 2004,
2006), were evaluated in DISCRETE. These two restrictions
were also used to calculate transition rates among character
states (ql.j) in the correlated evolution model.

Results

We detected a strong departure from random association
between the ability to reproduce clonally and the presence/
absence of self-incompatibility (x*=39.343, P<0.0001,
n=287). This nonrandom distribution remained highly
significant when annual plants were excluded from the
analysis (x> =32.621, P<0.0001, »=76). In the sample
analyzed here, all SI species were clonal, and all strict annuals
were SC (Table 1). Perenniality by itself was not a good
predictor of self-incompatibility as perennials were equally
likely to be SI or SC (40 and 60%, respectively; x> = 1.883,
P=0.169, n=43; Table 1).

Our phylogenetic analyses indicate that the observed asso-
ciation between clonality and self-incompatibility cannot be
explained exclusively by shared phylogenetic history. We
detected a correlation between self-incompatibility and clon-
ality based on the results of our correlated character analysis
using the phylogenetic relationships suggested by the ML tree
(LR=10.53, P=0.014, n=29 species; Fig. 1). To control
for the contribution of annual life history to the observed cor-
relation, we conducted a further analysis excluding annual
species. When annual species were excluded, the correlation
between SI/SC and clonality was significant on the ML tree
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Fig. 2 Transition rates between the four possible character-state
combinations for two binary characters (self-incompatibility and
clonality) among sampled Solanum species. The parameter g;;
represents transitions from state / to state j. 1, self-incompatible,
clonal (SI C); 2, self-incompatible, nonclonal (SI NC); 3,
self-compatible, clonal (SC C); 4, self-compatible, nonclonal

(SC NC). The model used to calculate the transition rates assumes
that self-incompatibility is the ancestral state in the group (circled),
and that transitions from self-incompatibility to self-conpatibility are
irreversible (Igic et al., 2004, 2006) (g3, = g4, = 0.00001; lines not
shown). Line types indicate the magnitude of the transition rates:
q; < 1,dashed line; q; < 10, thinline; q; < 100, thick line. *, transition
rates significantly greater than zero. Values and significance of
individual transition rates are provided in Table 2. n, number of taxa
in each character state combination.

(LR =8.13, P=0.043, n= 24 species) as well as on all of the
2000 topologies of our Bayesian tree sample (LR range =
8.09-8.24). By contrast, we failed to reject the model of inde-
pendent evolution between mating system and life history
when comparing perennials (both clonal and nonclonal) and
annuals (LR =2.13, P=0.543, n= 29 species), and this cor-
relation was not significant in any of the 2000 topologies in
our Bayesian tree sample (LR range = 1.30-3.80). The corre-
lation between self-incompatibility and clonality was not
affected by restricting the ancestral state of mating system
to SI and setting back transitions from SC to SI to zero
(LR=10.80, P=0.012, n=29 species). Transition rates
among character states are graphically shown in Fig. 2, and
their numerical values are presented in Table 2. Only the
transitions from SI/clonal to SC/clonal (g,5), and from SC/
clonal to SC/nonclonal (g;,) were statistically different from
zero (Fig. 2, Table 2).

Discussion

Our results demonstrate a strong correlation between self-
incompatibility and clonality. This correlation persisted after
incorporation of phylogenetic relationships among taxa,
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Table 2 Likelihood ratios (LRs) of models excluding one of the
transition rates (q;) compared with a model in which this particular
rate is freely estimated

Maximum

likelihood
Parameter estimate -2LR P-value
94y 0.000562 —0.00034 0.9852
q13 23.29191 3.823523 0.050
G 22.303968 0.000226 0.988
Goa 45.553848 —0.00018 0.989
Gs4 50.004586 5.790648 0.016
Gaz 6.7496 0.430665 0.511

The parameter g;; represents transitions from state / to state j.

1, self-incompatible (SI), clonal; 2, SI, nonclonal; 3, self-compatible
(SQ), clonal; 4, SC, nonclonal. All models assume that Sl/clonal is the
ancestral state, and that transitions from Sl to SC are irreversible (i.e.
G54 =q,, ~ 0; Fig. 2) (Igic et al., 2004, 2006; see Discussion section).

different assumptions about the evolutionary history of self-
incompatibility, and uncertainty associated with phylogeny
estimation, and after exclusion of annual species from the
analysis. All SI species in our data set were recorded as clonal,
consistent with the hypothesis that clonality provides
reproductive assurance in species subject to pollen-limited
conditions. However, like all correlations, this relationship
does not necessarily imply causation. It is possible that both
traits have evolved as a correlated response to the same
environmental variable, or as a by-product of genetic cor-
relations with an unmeasured character. Furthermore, clonal
reproduction may alter other important mating components
in addition to providing reproductive assurance, which may
result in correlated evolution between self-incompatibility
and clonality. Below we briefly outline two additional
mechanisms that have the potential to affect the evolution of
reproductive systems including self-incompatibility.

First, clonal growth alters the spatial arrangement of flowers
and inflorescences, affecting patterns of pollen transfer and
changing the rate of self-pollination through geitonogamy
(i.e. pollen transfer among flowers of the same plant) (Cook,
1983; Handel, 1983, 1985; Charpentier, 2002). Clonality
can increase geitonogamy between flowers of the same genetic
individual or genet by increasing both the size of floral displays
and the distance between different genets (Handel, 1985;
Charpentier, 2002). Because geitonogamy requires pollen
vectors regularly involved in outcrossing, an increase in geito-
nogamy may in turn reduce the numbers of both ovules and
pollen grains available for cross-fertilization (Lloyd, 1992).
Empirical evidence suggests that clonality may indeed increase
the production of selfed offspring because of geitonogamy
(Handel, 1985; Eckert, 2000) and reduce pollen export to other
genets (Handel, 1985; Reusch, 2001). Changes in mating
patterns as a result of clonal reproduction may result in corre-
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lated evolution of self-incompatibility and clonality. For instance,
it has been proposed that the avoidance of self-fertilization
promotes SI expression in animal-pollinated species (Arroyo,
1976). Unfortunately, we are not aware of any studies providing
quantitative estimates of the extent to which clonal propagation
influences self-fertilization in natural populations of Solanum
species.

Secondly, theoretical studies suggest that clonality has the
potential to change the degree of inbreeding depression
through its effects on life-span and (somatic) mutation rates
(Morgan et al., 1997; Muirhead & Lande, 1997; Morgan,
2001; see also Scofield & Schultz, 2006). The specific effects
of clonality on inbreeding depression (fitness of selfed/out-
crossed offspring) depend on the assumptions of the different
models and parameter values, but clonality has been found to
increase (Morgan ez al., 1997; Muirhead & Lande, 1997) as
well as decrease (Morgan, 2001) inbreeding depression
relative to nonclonal taxa. Changes in inbreeding depression
associated with clonality may either facilitate the maintenance
of self-incompatibility (high inbreeding depression) or promote
its breakdown (low inbreeding depression) (Charlesworth
& Charlesworth, 1979; Uyenoyama, 1988; Steinbachs &
Holsinger, 1999). To the extent that clonality does increase
inbreeding depression in Solanum, the higher genetic cost of
producing inbred offspring may favor the maintenance of self-
incompatibility (Morgan ez al, 1997; Muirhead & Lande,
1997). Empirical surveys of inbreeding depression in clonal
and nonclonal species in Solanum and other taxa are needed
to evaluate the specific effect of clonality on the degree of
inbreeding depression.

The hypothesis of clonality conferring reproductive assur-
ance provides a scenario for the evolutionary sequence of
character states. Self-incompatibility is thought to be ancestral
in Solanum because polymorphisms at the S-locus are shared
with SI species in other genera of the Solanaceae (Igic ¢t al,
2004, 2006). As all extant SI species examined are clonal (sup-
plementary material, Table S1), we assume that the ancestor
was SI/clonal (SI/C; Fig. 2). Under this scenario, clonality in
SI/C taxa is maintained though selection favoring reproduc-
tive assurance, and thus transitions towards SI/nonclonal (SI/
NC) should be rare. By contrast, the transition away from the
SI/C state should occur more often when SI breaks down
first, yielding SC/clonal taxa (SC/C). Consistent with this
sequence of events, the magnitude of the transition rate from
SI/C to SI/NC (g;,) is low and undistinguishable from zero,
while the transition rate from SI/C to SC/C (g,5) is larger
and statistically different from zero (Fig. 2, Table 2). Subse-
quently, in SC/C taxa, clonality may be maintained or lost
according to the ecological pressures acting on each species,
although our analysis suggests that the transition from SC/C
to SC/NC is relatively frequent (Fig. 2). Although further
studies are required to establish why clonality may be dis-
favored in SC taxa, some possibilities include selection to
reduce self-fertilization among plants of the same genetic
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individual, or a reduced selective advantage of clonality in taxa
in which selfing already provides a mechanism of uniparental
reproduction (cf. Charlesworth, 1980).

Perhaps because of the wide occurrence of joint sexual and
asexual reproduction in a large number of angiosperms (Rich-
ards, 1986), the consequences of clonality for mating system
evolution have increasingly attracted the attention of evolution-
ary biologists (e.g. Stebbins, 1950; Handel, 1985; Eckert, 20005
Reusch, 2001; Charpentier, 2002; Dorken & Barrett, 2003).
Odur results demonstrate that, in Solanum, self-incompatibility
and clonality do not evolve independently. Although further
studies are required to test whether mating system and the
ability to reproduce clonally, as well as the type of clonal
growth (e.g. phalanx vs guerrilla strategies), evolve in a corre-
lated manner in other taxa (cf. grasses, Stebbins, 1950; see also
Ruggiero et al., 2005), our results suggest that the conse-
quences of clonal growth in the evolution of reproductive
strategies may prove wider than previously acknowledged.
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