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Summary

 

Ancient polymorphism preserved at the self-incompatibility locus facilitates investi-
gation of historical occurrences far older than extant species. We outline two ways
in which studies of the S-locus can provide insights into patterns of speciation. First,
we review evidence concerning the prevalence of founder events in speciation. A
dramatic population size reduction is expected to reduce sequence diversity at the
S-locus for millions of years. Only one potential bottleneck is preserved at the
S-locus of the Solanaceae, suggesting that severe population size restrictions rarely
occur in successful lineages. This must be interpreted with caution because of
the restrictive conditions under which bottlenecks at the S-locus will be preserved.
Second, S-locus polymorphism provides a novel opportunity to reconstruct, with
considerable certainty, the presence or absence of self-incompatibility among ancestral
taxa. We demonstrate this approach using a phylogenetic analysis and find that
transitions from self-incompatibility to self-compatibility are common and essentially
irreversible in the Solanaceae. Self-incompatibility is ancestral, but self-compatible
taxa currently outnumber self-incompatible ones. Either self-incompatibility is
going extinct, or the presence of incompatibility increases the diversification rate,
maintaining a mixture of self-incompatible and self-compatible species in equilibrium.
We outline how phylogenetic approaches can be used to determine the effect of
incompatibility on diversification.
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Introduction

 

The ability of plants to recognize and reject their own pollen
(self-incompatibility) has been recognized as an important
trait at least since Darwin’s (1876) studies of the effects of
inbreeding on fitness. Because they are subject to diversifying
selection, self-recognition loci, such as the self-incompatibility
locus in flowering plants, harbor extreme polymorphism in
terms of the numbers of alleles maintained, the molecular

divergence among alleles, and the time to coalescence of the
polymorphism. Therefore, the study of the self-incompatibility
(S-) locus can provide information concerning mating system
transitions with potentially important population genetic
consequences, while also providing a source of historical
information that stretches further back in time than neutral
polymorphism. In this paper we review two uses of the self-
incompatibility locus both as a source of historical inference
about population sizes through time and as a mating system
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trait that may affect the rates at which speciation and
extinction occur.

Homomorphic self-incompatibility systems are generally
split into two types: gametophytic, in which the genotype
of the haploid male gametophyte determines specificity;
and sporophytic, in which the genotype of the pollen parent
determines specificity. Many of the applications of self-
incompatibility discussed in this paper apply to both types
of systems but we concentrate here on the RNase-based gameto-
phytic self-incompatibility (GSI). This form of incompatibility
is the most phylogenetically widespread, occurring in at least
three families: the Solanaceae (Anderson 

 

et al

 

., 1986; McClure

 

et al

 

., 1989), Rosaceae (Sassa 

 

et al

 

., 1993) and Scrophulariaceae
(Xue 

 

et al

 

., 1996). It is well established that the female com-
ponent of the SI reaction is an RNase, which both recognizes
and rejects self-pollen (Anderson 

 

et al

 

., 1986; McClure 

 

et al

 

., 1989).
Other mechanisms of incompatibility are known (Franklin-
Tong & Franklin, 2003; Hiscock & Tabah, 2003) but molecular
data from natural populations are much more abundant for
RNase-based GSI systems than for any others.

The gametophytic S-locus of flowering plants has attracted
the attention of population geneticists ever since Emerson
(1939) reported extraordinary S-polymorphism in the narrow
endemic 

 

Oenothera organensis

 

. Wright (1939) recognized the
power of negative frequency dependent selection to promote
extreme polymorphism and produced formulae that relate the
number of alleles maintained in populations to population
effective size. Strong negative frequency dependence arises
because rare alleles have access to more potential mates (Clark
& Kao, 1994). The allele in the haploid pollen assays two
alleles in each diploid style for a match and it can be shown that,
at equilibrium with 

 

n

 

 alleles in a population, the advantage of
the 

 

n

 

 + 1st allele is 

 

n

 

/(

 

n – 

 

2). Therefore, even with 20 alleles in
a large population, a newly arriving 21st allele has an average
selective advantage of more than 11%!

Crossing studies using plants from natural populations have
repeatedly found abundant functional polymorphism with
dozens of S-alleles maintained in single populations at this locus
(reviewed in Lawrence, 2000). More recently, progress in under-
standing of the molecular basis of incompatibility in a number
of plant families (reviewed in Franklin-Tong & Franklin, 2003;
Hiscock & Tabah, 2003) led to the development of molecular
techniques for assaying S-allele diversity in natural popula-
tions. In parallel, application of coalescence approaches to loci
under diversifying selection led to the prediction (Takahata,
1990; Vekemans & Slatkin, 1994), confirmed by molecular
data (Ioerger 

 

et al

 

., 1990; Richman 

 

et al

 

., 1995, 1996a,b) that
negative frequency dependent selection greatly increases the
time-depth of polymorphism at the S-locus relative to neutral
polymorphism. Such extreme and ancient polymorphism can
be used as a tool to answer questions related to speciation and
the effect that mating system traits may have upon it.

In the Solanaceae, the major outcomes of diversifying selec-
tion on S-RNase evolution were immediately apparent from

molecular population surveys and interspecific studies (Ioerger

 

et al

 

., 1990; Richman 

 

et al

 

., 1995, 1996b) which found large
numbers of functionally distinct S-alleles in natural popula-
tions. In addition, alleles from the same species often differed
at more than 50% of amino acid residues, an outcome of both
strong selection to diversify and great age of the polymorphism.
Finally, phylogenetic analyses found that S-alleles from different
species and genera were often more closely related to one
another than were alleles within the same species. This phe-
nomenon, known as trans-specific or trans-generic poly-
morphism arises when polymorphism in a common ancestor
is passed down, with modification, to multiple descendent
taxa (Fig. 1). The alternative hypothesis, that phylogenetic
reconstruction inappropriately unites alleles from different
taxa because of rampant homoplasy, is both unlikely (trans-
specific polymorphism is the expectation under diversifying
selection) and has been rejected by a shared polymorphism
test (Ioerger 

 

et al

 

., 1990).

 

Population genetic inferences

 

A phylogenetic reconstruction of S-alleles from Solanaceae is
shown in Fig. 2. The key feature to note is that all sampled
species possess alleles representing multiple lineages that
predate the diversification of the six genera represented. This
is diagnosed by the existence of multiple well-supported

Fig. 1 Trans-specific polymorphism. Polymorphism present in the 
ancestral species is passed on, with modification, to descendent taxa. 
Alleles from the same lineage, rather than of the same species, will 
group together in phylogenetic reconstructions.
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clades comprised of alleles drawn from different genera. The
last common ancestor of these genera is thought to have
lived approx. 30–40 million yr ago (Ioerger 

 

et al

 

., 1990). As
predicted by theory, diversifying selection succeeds in preventing
complete lineage sorting over this entire time period and
reciprocal monophyly of S-alleles is not observed among any
pair of taxa.

Takahata (1993) pointed out the possibility of using loci
under diversifying selection for ‘paleo population genetic’
purposes. The expected coalescent structure of polymorphism
under several forms of diversifying selection, including that
found at the gametophytic S-locus, closely resembles that of
neutral polymorphism with the exception of a greatly increased
time scale. This makes possible, at least theoretically, the infer-
ence of population sizes through time extending back tens of
millions of years. In practice, such inference is made difficult
by the fact that S-allele genealogies from individual taxa often
fail to meet shape expectations of a constant birth-death process
(Uyenoyama, 1997; Richman & Kohn, 2000). Nevertheless,
severe and/or repeated population restrictions in the histories

of lineages are expected to leave a lasting impression on the
S-locus. Such historical restrictions should be diagnosable as a
reduction in the number of S-lineages followed by diversifica-
tion of alleles from within this reduced set and should be
observable for tens of millions of years following the event.

A putative historical bottleneck occurred in the common
ancestor of the genera 

 

Physalis

 

 and 

 

Witheringia

 

. All sampled
species in these two genera possess S-alleles that are restricted
to only three lineages, whereas all other sampled Solanaceae
contain many more ancient S-lineages (Richman 

 

et al

 

., 1996b;
Richman & Kohn, 2000; Lu, 2001). This implies that a
reduction in S-allele diversity occurred before the divergence
of 

 

Physalis

 

 and 

 

Witheringia

 

. Subsequent diversification of the
remaining three S-lineages resulted in current species in these
two genera having numbers of alleles similar to those of other
Solanaceae, but these alleles show much lower levels of molec-
ular divergence. Thus estimates of current population sizes
based on allele numbers for species in the genera 

 

Physalis

 

 and

 

Witheringia

 

 are unremarkable among Solanaceae but long-
term population sizes estimated from the number of ancient

Fig. 2 A phylogenetic tree of S-alleles from 8 SI Solanaceae species shows extensive trans-generic polymorphism. The most likely tree obtained 
during an Markov Chain Monte Carlo search in Mr Bayes (Huelsenbeck & Ronquist, 2001) is shown. Posterior probabilities receiving > 60% 
support from 1600 trees kept after 1 million generations are shown above branches. Historically bottlenecked species (Witheringia maculata, 
Physalis cinerascens, and P. longifolia) possess alleles from three allelic lineages. The sequence data used for this analysis are from Richman 
et al. (1995), Golz et al. (1998), Richman & Kohn (1999), Wang et al. (2001), Lu (2001), and Kondo et al. (2002a). A representative, rather 
than exhaustive, sample of alleles and taxa were used to simplify the presentation. More exhaustive analyses (Richman & Kohn, 2000; Lu, 2001) 
confirm the results shown here.
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S-lineages are at least an order of magnitude smaller (Richman

 

et al

 

., 1996b; Richman & Kohn, 2000).
It is possible that forces other than bottlenecks could have

caused the observed pattern. For instance, Uyenoyama (1997,
2003) suggests that genetic load linked to the obligately het-
erozygous S-locus could reduce the rate at which new alleles
enter populations slowing the rate of lineage sorting even fur-
ther than expected under negative frequency-dependent selec-
tion. Under this view, the ancestor of 

 

Physalis

 

 and 

 

Witheringia

 

lost the load associated with at least some S-alleles, which then
proliferated more rapidly causing higher rates of lineage
sorting. Uyenoyama (1997) suggests, however, that the loss of
load itself may have been caused by fixation of deleterious
recessives held in common by the few alleles remaining after
a population bottleneck. It is also conceivable that certain
S-lineages evolved to a molecular space that made mutations
to new specificities more likely and these proliferated. However,
because separate lineages of S-alleles appear to have initiated
rapid diversification at approximately the same time (Fig. 2;
Richman, 2000), a bottleneck remains the best explanation of
the observed pattern.

It may always be difficult to tie a genetic pattern created
millions of years ago, such as the reduction of molecular diver-
sity at the S-locus in 

 

Physalis

 

 and 

 

Witheringia

 

, to a specific
cause such as a bottleneck. Nevertheless, one should not lose
sight of the more general observation that only one such puta-
tive event is observed in the current sample. There is no evi-
dence for severe restrictions at the S-locus throughout the
history of the vast majority of SI Solanaceae. If severe bottle-
necks were commonly associated with speciation, we would
expect to see increased lineage sorting at the S-locus. Thus it
would appear that most speciation events do not entail a
severe restriction in population size. A major caveat, however,
is that if bottlenecks are accompanied by a complete loss of
incompatibility, such events would be undetectable by ana-
lyses of S-allele diversity. All conversions to self-compatibility
are expected to collapse polymorphism at the S-locus,
whether or not such conversions are accompanied by restric-
tions in population size. Even if SI is not lost, little evidence
of an historical bottleneck at the S-locus will be detectable
unless bottlenecks are severe, prolonged, and subsequent gene
flow is prevented. This is because even rather small popula-
tions can harbor substantial S-diversity (a population of size
100 harbors 6 alleles at equilibrium) and it may take dozens
of generations to reach equilibrium allele numbers following
a reduction in population size (Crosby, 1966). Finally,
because gene flow at the S-locus is enhanced by frequency-
dependent selection, subsequent gene flow will tend to pref-
erentially draw in alleles from other populations if S-allele
number is below equilibrium. The pattern of trans-specific
evolution at the S-locus observed in the Solanaceae shows that
such severe population restrictions have not occurred during
the historical diversification leading to the vast majority of SI
taxa.

 

The history of self-incompatibility in the 
Solanaceae

 

Phylogenetic analyses of S-RNases from the Solanaceae,
Scrophulariaceae and Rosaceae, together with all available
plant RNases of the same gene family, find that RNase-based
GSI is ancestral in approximately three quarters of eudicot
families (Igic & Kohn, 2001; Steinbachs & Holsinger, 2002).
This implies that RNase-based SI is ancestral even in lineages
that have lost this form of SI and subsequently acquired
a new mechanism for self-recognition. Consequently, several
other forms of SI have independent origins, including the
well-characterized, nonhomologous mechanism that operates
in the Brassicaceae (Igic & Kohn, 2001; Nasrallah, 2002).

The loss of self-incompatibility is certainly reversible on
time scales equal to the divergence of families with nonho-
mologous SI. However, transitions from SC to SI are expected
to be rare within lineages roughly at the rank of families
(Igic & Kohn, 2001; Steinbachs & Holsinger, 2002). The
wide distribution, persistence, and occasional origination of
nonhomologous forms of SI suggest that incompatibility plays
an adaptive role in the evolution of plant lineages. Nevertheless,
many species are self-compatible, and a close examination of
extant taxa reveals a pattern of commingled SC and SI popu-
lations and species. This pattern is well documented in the
three families with RNase-based SI (Whalen & Anderson,
1981; Ueda & Akimoto, 2001; Vieira & Charlesworth, 2002,
B. Igic, unpublished), as well as at least six other families
with uncharacterized or nonhomologous SI systems (Arroyo,
1981; Gibbs, 1990; Weller 

 

et al

 

., 1995; Goodwillie, 1999).
This pattern suggests that SI systems are frequently lost but
rarely regained within families. Independent evidence for this
is found in molecular genetic studies that suggest involvement
of many genes and existence of many routes leading to the
loss of SI (Kondo 

 

et al

 

., 2002b; Stone, 2002; Tsukamoto 

 

et al

 

.,
2003a,b).

Frequent loss relative to gain of SI begs the question of how
SI persists in the face of extreme inequality of character state
transition rates. Here we use data from the Solanaceae to
demonstrate a general method to reconstruct the evolutionary
history of self-incompatibility in groups where the molecular
basis of SI is at least partially known. We calculate the transi-
tion rates between SI and SC character states, and conduct a
test that fails to reject the hypothesis of irreversibility of loss
of SI. Finally we discuss the implications of irreversibility
with respect to the continued persistence of SI and outline
a method for testing the effect of a binary character state (SI vs
SC) on diversification rates.

 

Unique properties in ancestral state reconstruction

 

Reconstructions of ancestral states often attempt to infer the
evolutionary path of a complex character that is frequently
lost and difficult to gain (Kohn 

 

et al

 

., 1996; Omland, 1997;
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Cunningham, 1999). Such studies generally rely on arbitrary
weighting schemes to find the transition parameters and
ancestral states of characters. Because the ancestral states are
usually unknown, studies of character history cannot objectively
or accurately evaluate the application of various transition
weights (in a parsimony framework) or accurately estimate
transition parameters (maximum likelihood (ML)). Trans-
specific polymorphism can be used to objectively assign
ancestral states to many internal nodes of a species-level
phylogeny and assess the transition rates between SI and SC.
The knowledge of states at internal nodes, lacking from most
current studies, is akin to possession of fossil character states,
considered a critical component for accurate assessment of
character evolution (Cunningham, 1999; Takebayashi &
Morrell, 2001).

For reconstruction of the history of incompatibility, we rely
heavily on the system’s unorthodox preservation of polymor-

phism. An important inference from the observed 

 

trans

 

-generic
sharing of S-alleles is that SI has been present continuously
since the common ancestor of all sampled SI species (Fig. 3,
marked species). When SI is broken down, whether by muta-
tion in the S-locus or an unlinked modifier locus (Stone,
2002), the previously numerous S-alleles become effectively
neutral, and are expected to be lost by drift. Because the S-
locus requires three alleles to function, or else all individuals
are mutually incompatible, the loss of polymorphism at the
S-locus is expected to make the regain of RNase-based GSI
difficult. Fig. 2 records only a single case of recovery from
restricted numbers of S-lineages (the common ancestor of

 

Physalis

 

/

 

Witheringia

 

 is represented by only three lineages) and
no cases of rediversification from fewer than three lineages.
Re-invention of the same system after fixation on a single
allele is an unlikely proposition, but should it ever have
occurred in the Solanaceae, it would stand in sharp contrast

Fig. 3 Solanaceae species cladogram, SI lineages in black, SC in white, uncertain character state hatched. Bottom: Unweighted analysis (1 : 1; 
gain and loss of SI equally weighted) produces a minimum of 2 reversals. Species labelled with circles and stars appear in Fig. 2 and show trans-
generic S-allele sharing. Top: Parsimony analysis with 5 : 1 weight applied to favor loss of SI. This is the minimum weighting needed to connect, 
with uninterrupted ancestry of SI, all SI taxa showing trans-specific S-polymorphism. This weighting produces no inferred reversals from SC to 
SI. Parsimony analyses were conducted in MacClade 4.0 (Maddison & Maddison, 2000). See text for results of maximum likelihood (ML) 
analyses. Black arrows show an important polytomy and its conservative resolution used in the ML analyses presented. Labeled groups follow 
Olmstead et al. (1999) and are encoded as follows: A, subfam. Petunioideae; B, subfam. Nicotianoideae; C–E, subfam. Solanoideae, with C, 
(tribes Lycieae + Hyoscyameae); D, (tribe Datureae + genus Jaltomata); E, tribe Capsiceae; Solanum (genus).



 

Research review

 

www.newphytologist.org

 

© 

 

New Phytologist

 

 (2003) 

 

161

 

: 97–105

 

Review102

 

to the observed pattern of trans-specific polymorphism (Fig. 2).
We use trans-specific evolution at the S-locus, and the implied
continuous presence of SI connecting sampled species, to
infer with certainty the ancestral states of deep nodes. SI
therefore offers a unique opportunity for reconstructing the
evolution of a binary mating system character, with SI or SC
states, and assessment of the effect of each character state on
patterns of diversification.

Future studies of the S-locus may provide for a finer scale
of analysis. Loss of SI reduces the mean coalescence time
of S-locus polymorphism to 4N generations. Because the SC
allele is assumed to be favored during SI loss, we expect this
time is often an overestimate. Thus loss of SI is expected to
result in fixation on a single S-allele in a comparatively short
time. If closely related self-compatible taxa are fixed on the
same S-allele, they likely share a single ancestral transition
to the SC condition. However, if they are fixed on different
S-alleles, then multiple transitions from one or more SI ances-
tors may have occurred. Therefore, studies of the S-locus in
SC taxa could provide information on both phylogenetic rela-
tionships and the numbers of transitions from SI to SC among
a group of related species.

Available studies corroborate the expectation of rapid loss
of S-allele diversity following transition to SC (Golz 

 

et al

 

.,
1998; Kondo 

 

et al

 

., 2002a), but fixation is not always observed
(Kondo 

 

et al

 

., 2002a; Tsukamoto 

 

et al

 

., 2003b) perhaps as a
result of population structure and repeated recent transitions
to SC. These observations complicate the pattern of S-locus
evolution during and after the transition to SC. For instance,
the finding of more than one SC allele within and among SC

 

Solanum

 

 section 

 

Lycopersicum

 

 species (Kondo 

 

et al

 

., 2002a)
could result from multiple independent transitions to SC or
incomplete fixation before diversification of SC taxa. Recent
diversification of this group makes it difficult to establish
whether or not the SC species are monophyletic, further
clouding inference. At present, it seems reasonable to assume
that if SC species share the same S-allele, they share a single
historical transition to SC but the converse may not always be
true and further work on the fate of S-alleles in SC species is
needed.

 

Data from the Solanaceae: irreversible loss of SI

 

We collected a database of incompatibility character states
from 410 species, or roughly 20% of Solanaceae (primarily
from Whalen & Anderson (1981)). We also constructed a
composite tree (Fig. 3) made from a number of recent
molecular phylogenies of Solanaceae. The composite tree
consists of a skeletal family phylogeny (Olmstead 

 

et al

 

., 1999;
Bohs & Olmstead, 2001), augmented by insertion of clades
obtained from detailed phylogenetic studies of established
monophyletic groups (Spooner & Systma, 1992; Anderson

 

et al

 

., 1996; Kardolus 

 

et al

 

., 1998; Mace 

 

et al

 

., 1999; Miller &
Venable, 2000; Bohs & Olmstead, 2001; Fukuda 

 

et al

 

., 2001;

Marshall 

 

et al

 

., 2001; Peralta & Spooner, 2001; Walsh &
Hoot, 2001; L. Bohs, unpublished). The 120 taxa whose
compatibility status is known and whose relationships can be
inferred from existing molecular phylogenies are drawn in
Fig. 3. The proportion of SI and SC species on the tree (39%
SI, 57% SC, 4% polymorphic) is not significantly different
from those in the 410 Solanaceae whose compatibility status
is known (

 

P

 

 = 0.44). Subsequent analyses required fully
dichotomous trees. We resolved all polytomies in a way that
would result in the fewest possible transitions from SI to
SC – resolution that is conservative with the respect to the
hypothesis of irreversibility. ML procedures require branch
length information, which is unavailable in this composite
tree. Therefore, we set all branches equal to unit length. Our
composite tree is based on a variety of data sources which are
not strictly comparable. If data for all taxa on the tree were
analyzed simultaneously, a different topology might result.
With this uncertainty in mind, we performed sensitivity
analyses (Donoghue & Ackerly, 1996), which revealed that
the obtained data are robust to modest changes in branching
order (B. Igic, unpublished). Details of the methods used in
this paper can be obtained from the authors.

Results of reconstructions of transition parameters and
ancestral states are presented in Table 1. If molecular data are
ignored, and the ancestral states are reconstructed based solely
on the character states of extant taxa, maximum likelihood
analyses reject the one-rate model (

 

−

 

2 

 

∆

 

L = 5.69, 

 

P

 

 < 0.02)
and the irreversibility of loss of SI (

 

−

 

2 

 

∆

 

L = 22.07, 

 

P

 

 << 0.001).
In other words, the use of unrestricted separate forward (SI
to SC, 

 

β

 

) and reverse (SC to SI, 

 

α

 

) transition rates fits signi-
ficantly better than use of a single parameter (

 

α

 

 = 

 

β

 

). More
importantly, however, use of the unrestricted two-parameter

Table 1 Log-likelihood tests for parameter estimates obtained from 
enforcement of restricted models compared with an unrestricted 
two-parameter model

(a) Parameters and likelihood values were calculated from a tree 
whose internal states connecting molecularly characterized SI 
species were not fixed

α β Log-likelihood P-value
Unrestricted 0.093 0.218 −143.450 –
α = β 0.188 0.188 −146.295 < 0.02
α = 0 0 0.222 −154.484 < 0.001

(b) Parameters and likelihood values calculated from a tree whose 
internal states connecting molecularly characterized SI species were
 fixed

α β Log-likelihood P-value
Unrestricted 0.0005 0.2213 −154.51 –
α = β 0.1897 0.1897 −170.35 << 0.001
α = 0 0 0.2216 −154.52 0.888 NS

Analyses were performed in Discrete (Pagel, 1999). Model 
restrictions are listed in the first column. α = SC to SI transition rate; 
β = SI to SC transition rate
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model is also significantly better than irreversibility (α = 0,
unrestricted β). Thus, irreversibility is not supported using
this model. Consideration of the molecular genetic data, in
particular the knowledge that SI was present in all nodes con-
necting the extant SI taxa with trans-specific polymorphism
at the S-locus, is expected to provide improved accuracy of re-
construction of ancestral states and transition rates. This analysis
also strongly rejects the one-parameter model (−2 ∆L = 31.68,
P << 0.001), but cannot reject irreversibility (−2 ∆L = 0.02,
P = 0.888). Therefore, failure to consider the molecular
genetic data results in a false rejection of irreversibility.

Parsimony reconstruction also suggests that equal weight of
gain and loss of SI is untenable. Equal weighting results in
reconstruction of repeated gains of SI. Fig. 3 shows the results
of the application of equal weights (1 : 1) and minimum un-
equal weight required for recovering an unbroken line of SI
leading to taxa with known trans-specific lineages.

Although transition to SC was long thought to be common
(Stebbins, 1974), quantitative empirical evidence has lagged.
While there is support for occasional origination of non-
homologous SI in various angiosperms, transitions to SC appear
to be remarkably common, by comparison. Therefore, while
loss of SI has been essentially irreversible in the Solanaceae, it
has obviously not been strictly irreversible at deeper taxonomic
levels. While the relatively closely related Scrophulariaceae
and distantly related Rosaceae share a homologous SI system
with the Solanaceae, the Convolvulaceae, a family sister to
Solanaceae, contains many SI species with nonhomologous
sporophytic incompatibility (Kowyama et al., 1980). If the
common ancestor of Convolvulaceae was SC, its SI system
represents a gain. However, measured as a rate, the loss of SI
remains much more common than its reversal, so as to be con-
sidered de facto irreversible in higher lineages.

The consequences of SI: a deterministic model

The above analysis implies that SI was ancestral in Solanaceae,
with transitions to SC common and irreversible, and that
SC species currently outnumber SI species in the Solanaceae.
Two explanations for the observed pattern (Fig. 3) are
possible. First, the pattern might imply that SI and SC are not
in equilibrium, such that SI, while ancestral, is headed for
extinction. This hypothesis is difficult to reconcile with the
reconstructed history of RNase-based GSI. Second, long-
term persistence of SI, in the face of constant attrition as a
result of largely irreversible transitions to SC, may imply that
SI lineages have an advantage in evolutionary time, measured
by an increased net diversification (speciation minus extinction)
rate relative to SC lineages.

Given that SC lineages may contain primarily outcrossing
taxa, the detection of a comparative advantage for SI lineages
would be remarkable. Such a conservative comparison of the
macroevolutionary effects of outcrossing is expected to suffer
from a lack of statistical power as a result of large variance in

outcrossing rates among SC taxa. However, a large sample of
taxa may offset this potential weakness.

A simple deterministic model (A. Lande et al., unpublished)
suggests conditions under which a constant proportion of SI
and SC species will be maintained at equilibrium and those
under which SI decreases towards extinction. Assuming that
SI loss is irreversible (α = 0; see above), and allowing exponen-
tial growth of species numbers, the growth rates for species
numbers of each character state are as follows:

dNSC/dt = rSCNSC + βNSI

dNSI/dt = rSINSI − βNSI

where NSC and NSI are numbers of SC and SI species, rSI and
rSC are net diversification rates of SI and SC species, with a
transition rate β (SI to SC). There exists an equilibrium
proportion of SI species, pSI = 1 – β/(rSI – rSC), if rSI > rSC + β.
Equilibrium conditions require that the net diversification rate
of SI species is larger than the sum of the net diversification
rate of SC and the transition rate β. Otherwise, if rSI < rSC + β,
then the proportion of SI species declines to 0. This simple
model suggests that future studies should aim to determine
transition and diversification rate parameters to test whether
SI is destined for extinction or equilibrium frequency. In
particular, lineages-through time approaches (Harvey et al.,
1994; Nee et al., 1994; Pybus & Harvey, 2000) and Pagel’s
method of detecting lineage-specific speciation rates (Lutzoni
& Pagel, 1997; Pagel, 1997) may be used to test whether or
not the equilibrium hypothesis is tenable and to find if rates
of speciation and extinction differ for the two character states.

We hypothesize that the presence of SI is unlikely to
increase the speciation rate because populations of selfing taxa
experience higher levels of genetic isolation, an aid to differ-
entiation and speciation. Rather, we suspect that incompati-
bility increases levels of genetic variation in taxa that express
it and also increases the cohesiveness of species, helping to
maintain effectively high gene flow in the face of geographical
isolation. This may serve to substantially decrease the extinction
rate of SI relative to SC taxa. Such a hypothesis would be con-
sistent with the general finding that SI taxa do not outnumber
SC taxa in groups in which SI occurs (e.g. the Solanaceae;
Heilbuth, 2000) and could also explain the long term persistence
of incompatibility in the face of constant and near-irreversible
transitions to SC.
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