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Abstract

The evolution of self-fertilization is one of the most commonly traversed transitions in flowering
plants, with profound implications for population genetic structure and evolutionary potential. We
investigated factors influencing this transition using Witheringia solanacea, a predominantly self-
incompatible species within which self-compatible genotypes have been identified. We showed
that self-compatibility in this species segregates with variation at the S-locus as inherited by plants
in F1 and F2 generations. To examine reproductive assurance and the transmission advantage of
selfing, we placed self-compatible and self-incompatible genotypes in genetically replicated
gardens and monitored male and female reproductive success, as well as selfing rates of self-
compatible plants. Self-compatibility did not lead to increased fruit or seed set, even under
conditions of pollinator scarcity, and the realized selfing rate of self-compatible plants was less
than 10%. Self-compatible plants had higher fruit abortion rates, consistent with previous evidence
showing strong inbreeding depression at the embryonic stage. Although the selfing allele did not
provide reproductive assurance under observed conditions, it also did not cause pollen
discounting, so the transmission advantage of selfing should promote its spread. Given observed
numbers of S-alleles and selfing rates, self-compatibility should spread even under conditions of
exceedingly high initial inbreeding depression.
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INTRODUCTION

Mating systems determine how genes combine into genotypes, and therefore strongly affect
population genetic structure (Hamrick and Godt 1996, Glémin et al. 2006) and evolutionary
potential (Takebayashi and Morrell 2001, Goldberg et al. 2010, Igic and Busch 2013, Wright
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et al. 2013). The mating systems of flowering plants have been the subject of especially
intense scrutiny because of the many ways in which sexual organs can be deployed across
individuals and populations, the prevalence of animal-mediated mating, the array of
morphological and biochemical adaptations known to affect plant mating systems, and the
repeated evolution of largely self-fertilizing species from outcrossing ancestors (Darwin
1877, Stebbins 1957, Richards 1986). The dynamics of plant mating systems have attracted
theoretical attention ever since Fisher (1941) pointed out the substantive advantage of an
allele capable of self-fertilization. Inbreeding depression is generally credited as the only
force large enough to counter the automatic transmission advantage of selfing, although
numerous other factors influence mating system dynamics (reviewed by Goodwillie et al.
2005). In particular, pollen discounting, the extent to which selfing variants lose outcross
siring opportunities, may nullify the automatic transmission advantage of selfing (Nagylaki
1976, Holsinger et al. 1984). Seed discounting, the loss of outcrossed seed production due to
selfed seed production, can also reduce the benefit of selfing, especially in cases where
selfing does not provide reproductive assurance (Lloyd 1992, Busch and Delph 2012).
Genetic factors, including the genetic basis of inbreeding depression (Goodwillie et al.
2005) and genetic control of the mating system (Latta and Ritland 1993, Uyenoyama and
Vallejo-Marin 2004, Porcher and Lande 2005), also influence the evolution of selfing from
outcrossing.

Most empirical studies of plant mating system evolution have contrasted closely related
outcrossing and self-fertilizing taxa, or have focused on species showing quantitative
variation in morphological traits that affect selfing rates. Such studies have generated
valuable insights about the evolution of mating systems, including the roles of reproductive
assurance and inbreeding depression in facilitating or retarding the spread of self-
fertilization (reviewed by Eckert at al. 2006, Winn et al. 2011). However, both of these
approaches have limitations. Evolutionary models of mating systems often employ a
structure that describes the conditions under which a selfing variant can invade an
outcrossing population (e.g., Lloyd 1992, Porcher and Lande 2005). The study of closely
related selfing and outcrossing taxa allows us to observe results of the transition in mating
system, but not how selection acts on novel selfing variants. Studies of species with
quantitative control over the mating system do allow direct observation of selection on
selfing rate, but are not directly applicable to the case of invasion by a single selfing allele.
When possible, it will be valuable to observe selection on the mating system in species
where alleles segregating at a single locus have contrasting effects on the selfing rate (Kohn
and Barrett 1994, Busch et al. 2010) as this scenario likely resembles the initial transition
from obligate outcrossing to selfing in many hermaphroditic species of flowering plants
(Igic et al. 2008).

The breakdown of genetically-enforced self-incompatibility provides a useful opportunity to
study invasion of an historically outcrossing population by an allele that permits self-
fertilization. Self-incompatibility systems have evolved independently several times within
the flowering plants, and therefore have diverse genetic and biochemical foundations, but in
general the female reproductive tract rejects pollen that fails to be recognized as non-self (de
Nettancourt 2001). The simplest systems possess a multi-allelic S-locus encompassing
linked genes that govern male and female function, with pollen rejected according to its
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haploid genotype. In the widespread S-RNase based self-incompatibility system ancestral to
flowering plants (lIgic and Kohn 2001) a variety of mutational mechanisms have permitted
self-fertilization, including duplication of the S-locus, loss-of-function mutations at the S-
locus, and mutations at unlinked modifier genes required for functional self-incompatibility
reactions (Stone 2002, Igic et al. 2008). The relative importance of these various mutational
mechanisms in natural populations is unknown, in part because subsequent loss-of-function
mutations accumulate rapidly following the causal one (lgic et al. 2008), but theory predicts
that selection favors S-linked mutations under a wider range of conditions than unlinked
ones (Porcher and Lande 2005). No matter the mutational mechanism, an allele conferring
self-compatibility would confront strong inbreeding depression, often leading to a realized
selfing rate substantially lower than the primary selfing rate at the time of fertilization
(Husband and Schemske 1996).

The evolution of self-fertilization plays out in an ecological as well as genetic context
because autonomous selfing provides reproductive assurance when pollinators are scarce
(Baker 1955, Stebbins 1957, Lloyd 1979, Morgan et al. 2005). Within species, selfing rates
often increase in small or peripheral populations, or in populations where pollinators are less
abundant (e.g., Rick et al. 1979, Barrett and Shore 1987, Barrett et al. 1989, Fausto et al.
2001, Kalisz et al. 2004, Busch 2005, Moeller 2006). Unfortunately, population size,
geographic location, and pollinator abundance are frequently conflated in natural
populations, so that it can be challenging to isolate the effect of these factors individually.
Experimental arrays established across a range of habitats can control for population size
and location, permitting a focus on the role of pollinator abundance in reproductive
assurance (Busch 2005, Moeller and Geber 2005).

In this study, we sought to evaluate the transmission advantage and reproductive assurance
provided by a selfing allele in an ancestrally self-incompatible (SI) species. We first sought
to establish whether the breakdown of self-incompatibility was consistent with a null allele
at the S-locus by examining segregation of self-incompatibility phenotypes and S-locus
genotypes in progeny created from a cross between self-incompatible and self-compatible
(SC) individuals. We then established nine genetically replicated gardens, with each garden
containing SI and SC genotypes. We evaluated reproductive assurance by contrasting
maternal reproductive success of Sl and SC variants under conditions of pollinator
abundance and pollinator scarcity, and we sought evidence for embryonic inbreeding
depression by examining dates to abscission for flowers that do not produce ripe fruit. The
transmission advantage of selfing was estimated using microsatellite markers to determine
the paternal reproductive success of Sl and SC variants. We compare our results to
phenotypic and genetic models that consider both reproductive assurance and the
transmission advantage of selfing (Porcher and Lande 2005, Busch and Delph 2012).

MATERIALS AND METHODS

Study system and inheritance of self-compatibility

Witheringia solanacea is a long-lived shrub, 0.5-2 m in height, with a Central American
distribution. In Costa Rica, it is found primarily between 1000 and 1500 m.a.s.l. (meters
above sea level) in the central highlands and Pacific slope, extending to sea level in the
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southwest. Population size generally declines with increasing elevation. The species flowers
and fruits year-round. The small (~ 1 cm) flowers have anthers that form a cone surrounding
the stigma. Anthers gradually dehisce over the course of a day, and individual flowers
persist for about two days. W. solanacea possesses an S-RNase-based gametophytic self-
incompatibility system, with an estimated number of 30 S-alleles in the Monteverde region
(Stone and Pierce 2005). SC individuals have been documented in several populations,
including but not limited to those with small population sizes at the periphery of the species
range (Bohs 2000, Stone and Pierce 2005, Stone et al. 2006). SC individuals set fruit
autonomously in a pollinator-free greenhouse although morphological modifications are not
evident.

To determine whether self-compatibility co-segregates with the S-locus, we created F1 and
F2 generations from a cross between SC and Sl individuals, and monitored segregation of S-
alleles and the incompatibility phenotype. The SC individual originated from Vara Blanca,
Costa Rica. It consistently produces fruit autonomously and accepts self-pollen as revealed
by fluorescence microscopy. The Sl individual originated from Monteverde, Costa Rica and
rejects self-pollen as indicated by fluorescence microscopy as well as lack of autonomous
fruit set. S-alleles for parental plants were obtained by RT-PCR on stylar mMRNA as
previously described (Stone and Pierce 2005). The Sl parental plant was heterozygous for Sy
and Sy, and the SC parental plant amplified for only the Sp3 allele. The crossing results
reveal whether the SC plant was homozygous for So3 or heterozygous for So3 and a null-
allele (Sp). Allele-specific primers for the three amplifying alleles were developed (Table 1).
Twenty progeny from the F1 generation were evaluated for their ability to produce fruit
autonomously. We genotyped these progeny for alleles Sq, Sy, and Sy3 by extracting
genomic DNA from fresh leaf tissue with the Qiagen DNeasy Plant Mini Kit (Germantown,
Maryland), and using allele-specific PCR. PCR was carried out in 25uL volumes in standard
buffer with 1.5 mM MgCl,, 0.8mM dNTPs, 0.5uM each primer, 2 U Taq polymerase, and
20 ng genomic DNA. Cycling conditions consisted of an initial 1 min denaturation at 94°C,
40 cycles each with 15 s denaturation at 94°C, 1 min annealing at 58°C, and 1 min extension
at 72°C, followed by a 7 min extension at 72°C. The F2 generation was created by crossing
two SC F1 individuals, one of which amplified only for S; and the other of which amplified
only for S4. Fourteen F2 individuals were evaluated for autonomous fruit production and
genotyped for alleles Sq and S4. We predicted that if self-compatibility in this species is
governed by a non-functional allele at the S-locus, self-incompatibility should re-emerge in
the F2 for individuals inheriting both functional S-alleles.

Establishment of common gardens

Each garden contained 18 individual plants, an array size within the range of natural
population sizes. Genotypes were clonally propagated in August, 2009. SI genotypes were
collected at a spacing of at least 20 m from populations in the Monteverde Reserve (1550
m.a.s.l.), the Monteverde Community (1400 m.a.s.l.), and the UGA field station at San Luis
de Monteverde (1100 m.a.s.l.). A total of 12 SI genotypes were used in the experiment, four
from each of the three original populations. Each Sl genotype was represented once per
garden. SC genotypes were identified from previous collections housed in an insect-free
greenhouse at Colby College. The SC genotypes set fruit autonomously, repeatedly, over a
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period of years during which Sl plants did not produce fruit. Two of the SC genotypes
originated from Vara Blanca, Costa Rica, in a small population previously documented for
SI/SC polymorphism (Bohs 2000, Stone et al. 2006). The other two SC genotypes originated
from the Monteverde region: one from the Monteverde Community and one from San Luis.
To ensure representation of SC genotypes, two replicates each of the two local SC genotypes
were planted in each garden.

Each genotype was propagated from cuttings 8-10 cm tall and 1-1.5 cm thick. Cuttings were
first established in 0.5 L plastic bags and later transplanted into 3-gallon pots. All soil was
obtained from the A layer of an andisol soil at a single locality in San Luis. Cuttings were
fertilized monthly using 10:30:10 liquid fertilizer with 1% micronutrients. We established
nine garden sites in three transects spanning the range of elevations at which this species is
normally found in the Monteverde area (Table 2). The eastern transect descends lower in
elevation than the other two, because suitable habitat extends to lower elevation in the San
Luis valley. Gardens were 8 x 5 m, with plants established in a 6 x 3 grid at 1 m spacing. SC
genotypes were distributed evenly, as were Sl genotypes originating from the three natural
populations. Bottoms of pots were removed so that plant roots could extend into the soil, and
competing vegetation was cut back at two-month intervals. Six castor bean (Ricinus
communis L.) plants were planted amongst the W. solanacea plants to provide partial shade.
Gardens were fenced to exclude deer and cattle.

Pollinator visitation and female fitness

We monitored pollinator visitation and marked pedicels to record fruit set during two rainy
seasons (June- mid August 2010 and 2011) and two dry seasons (January 2011and 2012).
We recorded pollinator activity by focusing on a single plant in each garden for 30-minute
periods between 0900 and 1200, which has previously been shown to represent peak visitor
activity. We monitored the plant in each garden with the largest number of flowers that day.
Observers rotated among sites. A floral visitor was recorded as a pollinator if it contacted
floral organs, and visits were counted as distinct if they were separated by more than 3
minutes. We recorded pollinator visitation at one to two-day intervals at each site, for a total
of 277.5 hours of observation during the rainy seasons and 74.5 hours during the dry
seasons. During the rainy season of 2010, we also devoted 23 half-hour observation periods
to observing pollinators at natural populations of plants 500 m from the array at the
Monteverde Reserve.

Individual plants typically produced zero to four new flowers each day. To obtain estimates
of flower production, we counted the number of new flowers produced at two-day intervals
for two western transects during the 2010 rainy season and the 2011 dry season. We marked
up to two flowers per day to monitor fruit set, choosing the flowers from different
inflorescences. To mark pedicels, we attached a noose of thread sealed by a small piece of
laboratory tape labeled with the date. Pollinators appeared to be unaffected by the floral
markers. We monitored plants weekly, collecting marked fruits when ripe. During the rainy
season of 2011, we recorded presence or absence of all 4093 marked flowers at two-day
intervals so that we could detect timing of abscission for flowers that did not produce ripe
fruit. We counted seeds from 4-7 fruits per genotype per garden, for a total of 1428 fruits.
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We carried out a small-scale experiment to compare fitness of progeny from SC and Sl
genotypes. For each ramet grown in each garden, we planted five seeds per cell in each of
four randomized blocks, for a total of 3240 seeds. The seeds were planted in local soil in
August 2011, placed on a bench in ambient conditions under a translucent plastic cover at
the Monteverde Reserve and watered from below. Germination was recorded weekly. At 20
weeks, the largest surviving plant in each cell was transplanted into a 0.5 mL black plastic
bag filled with local soil, placed on the bench in four randomized blocks, watered from
above, and fertilized weekly. Plants were transplanted into 3-gallon pots at 28 weeks, and
harvested at one year. We recorded survivorship, stem thickness, height, and reproductive
status.

Statistical analysis of pollinator visitation and female function

Male fitness

We tested hypotheses concerning pollinator visitation using a split-plot ANOVA with
season and elevation as main effects, and sites nested within elevation. Elevation was treated
as a random effect and tested over site nested within elevation. Season was treated as a fixed
effect and tested over the interaction of season by site nested within elevation (Sokal and
Rohlf 1995). Pollinator visits per observation period were square-root transformed before
analysis. A Mann-Whitney U-test was used to compare pollinator visits per observation
period of the natural population versus the experimental array within the Monteverde Cloud
Forest Reserve.

We tested hypotheses concerning fruit set using a split-plot ANOVA, with season and
mating type as fixed effects and genotype nested within mating type. Mating type was tested
over genotype, and genotype within mating type was tested over the residual. Two
interaction terms were included: season by mating type and season by genotype within
mating type. Both season and the interaction between season and mating type were tested
over the interaction of season by genotype (Sokal and Rohlf 1995). To evaluate whether
seed number varied by mating type, we used a nested ANOVA with genotype nested within
mating type. Seed counts were first square-root transformed, then averaged by individual
plant before analysis. A Mann-Whitney U-test was used to compare median days to
abscission for Sl and SC plants. We evaluated the hypothesis that germination differed by
mating type using ANOVA on mean seeds germinated for each maternal genotype across
the nine gardens. Block was included as a random factor, and mating type was tested over
genotype nested within mating type. Post-germination fitness components for progeny of S
and SC plants were compared using a series of Mann-Whitney U-tests on mean values for
each maternal genotype grown in all gardens. A Fisher’s exact test was used to test whether
probability of reaching reproductive maturity after one year was independent of maternal
mating type. Statistical analyses were carried out using Stata 12.0 (StataCorp 2011).

and selfing rate

We estimated paternity and selfing rates using seedlings grown from seeds produced during
the 2010 rainy season. Seeds from all mothers in all nine gardens were planted in Fafard
superfine germination mix (Sun-Gro Horticulture, Agawam, Massachusetts) and watered
from above in the greenhouse at Colby College. Seedlings were harvested and air-dried
when the leaves were about 1 cm long. DNA was extracted using the Qiagen DNeasy 96
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Plant Kit and amplified using touchdown PCR for microsatellite loci WsolcaA3, WsolcaE2,
and WsolgataA6 as described previously (Stone et al. 2010). Four additional loci were also
amplified (Table 1). We used the software PatQuest (Smouse and Meagher 1994; available
at http://eggg.standrews.ac.uk/software/) to create matrices of genetic segregation
probabilities for each progeny, given its maternal parent and the possible male parents.
PatQuest assigns fractional paternity to seedlings having multiple possible sires and
conducts a maximum-likelihood estimate of total contribution of each sire to the progeny
array. Analyses were conducted on 20-39 seedlings per garden from the seven gardens with
greater than 50% germination rates. Of the 184 seedlings analyzed, 145 had genotypes
consistent with fathers established in the array, 129 had a single most likely father, and 103
had only one possible father. Fractional paternity for each genet was averaged across all
gardens. We allocated paternity for the local SC genotypes equally across the two ramets of
these genotypes planted in each garden. We used the segregation matrices generated by
PatQuest to determine selfing rates from 79 seedlings of SC mothers. In 77 of these cases,
the seedlings were unambiguously selfed or outcrossed. For the two seedlings with possible
outcross or self sires, we assigned self-fertilization according to the probability that that the
mother was the sire.

Transmission advantage of selfing

RESULTS

According to the classical phenotypic model that incorporates seed and pollen discounting
(Lloyd 1992, reformulated by Busch and Delph 2012), an increase in the selfing rate is
favored whenever:

2(1 = 0)>(2z — zs)/y+(px — Ps)/y

where &= inbreeding depression, y = selfed seeds, X, = outcrossed seeds produced by Sl
plants, Xg = outcrossed seeds produced by SC plants, py = outcrossed seeds sired by Sl
plants, ps = outcrossed seeds sired by SC plants, (xy — Xg)/y = seed discounting, and (py —
ps)/y = pollen discounting. We calculated the average number of outcross seeds per day
produced by Sl and SC plants during the rainy and dry seasons by multiplying median
flower number times average fruit set times the outcrossing rate for each mating type times
average number of seeds per fruit. We gain more precise estimates by calculation than by
direct count because idiosyncratic environmental factors affected size of individual plants
substantially in our gardens, and proportional fruit set controls for this variation. Outcrossed
seeds sired were calculated by multiplying the total number of outcrossed seeds produced
times the paternal reproductive success by mating type times the outcrossing rate for each
mating type.

Inheritance of self-compatibility

In the F1 generation, Sl segregated with possession of two functional S-alleles, and SC
segregated with possession of a single S-allele (Table 3). In the F2 generation, created by
crossing two SC parents, about ¥ of the progeny regained S, consistent with single locus
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control of the breakdown of SI. Sl segregated with the presence of two functional S-alleles
(Table 3).

Pollinator visitation

During the rainy season, pollinator visitation to focal plants ranged from 2 -14 visits/hr, with
a mean of 6.2 visits per hour across all sites and both years. During the dry season,
pollinator visitation ranged from 0 - 2.6 visits/hr, with a mean of 0.8 visits per hour. The
most abundant pollinators were halictid bees in the genus Lasioglossum. There was no
consistent relationship between pollinator visitation rate and elevation (Table 4; F, g = 1.96,
P = 0.20), but pollinator visitation was dramatically lower during the dry season than the
rainy season (Fig. 1; Table 4; F1 ¢ = 47.5; P = 0.0005). During the rainy season of 2010,
pollinators visited plants of a natural population in the Monteverde Reserve at a rate of 3.4
visits per hour, significantly less than the mean rate of 13.4 visits/hr to the nearby garden
array (U = 4.4, =23, np=25, P < 0.0001).

Female fithess

Across all plants, sites, and seasons, an average of 18.6% of flowers developed into ripe
fruits. Fruit set was significantly higher in the rainy season than the dry season (Fig. 2; F1 16
= 31.68, P < 0.0001). Fruit set varied significantly by genotype (F1g, 421 = 3.92, P <
0.0001), but SC and Sl genotypes did not significantly differ overall (F; 16 = 0.65, P =
0.84). Mating type and season did interact significantly (Fig. 2; Table 5; Fy 16 =5.76, P =
0.0289), with SI plants setting relatively more fruits during the rainy season. Ripe fruits
contained 68 seeds on average. Seeds per fruit varied by maternal genotype (F1g, 261 = 9.42,
P < 0.0001), but not by mating type (F1 16 = 0.47, P = 0.50).

The mean number of days required to produce a ripe fruit was 56 (SE = 0.23). For flowers
that did not produce fruit, days to abscission had a highly skewed distribution (Fig. 3). Half
of all flowers that did not set fruit abscised within 7-8 days for both mating types. The 75t
percentile for S plants was 13 days, and for SC plants was 23 days. Proportionally more
fruits on SC than on Sl plants were initiated but subsequently aborted (Fig. 3; U = 2.00,
n;=96, ny=46, P = 0.0451).

Mean seed germination was 0.51 (SD = 0.19), and the proportion of germinated seedlings
that survived to 20 weeks was also 0.51 (SD = 0.27). Neither germination (F1 16 = 1.67, P =
0.2145) nor survival to 20 weeks (F1 16 = 0.34 P = 0.5672) varied by mating type. The
grand mean height at 20 weeks was 3.1 cm (SD = 0.82). Following transplantation, 71% of
plants survived to 28 weeks, and 94% of those survived to one year. The grand mean height
at one year was 19.0 cm (SD = 3.45), and the mean stem diameter was 5.8 mm (n =82, SD
= 1.20). No growth or survivorship measures differed by mating type (ny =12, np, =6, P>
0.09 for all comparisons). Of the 92 surviving progeny of SI mothers, four were
reproductively mature at one year; of the 38 surviving progeny of SC mothers, eight were
reproductively mature at one year. Progeny of SC mothers were more likely than progeny of
SI mothers to reach reproductive maturity at one year of age (Fisher’s exact test; P = 0.005).
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Male fitness and selfing rate

The proportion of seedlings sired by each individual ranged from 0.000 to 0.143, with means
of 0.052 (SD=0.044) for Sl plants and 0.062 (SD=0.044) for SC plants, a non-significant
difference (U = 0.75, n1=12, n,=6, P = 0.45). Sl plants were not observed to produce selfed
progeny. The estimated selfing rate of SC mothers was 0.076.

DISCUSSION

The reproductive assurance provided by self-fertilization has long been recognized as an
important force promoting its spread in flowering plants, especially for autonomous self-
fertilization in environments where pollen or pollinators are limiting (Darwin 1876, Baker
1955). We found that mutations permitting autonomous self-fertilization in W. solanacea did
not provide reproductive assurance: seed discounting was complete (Table 6). During the
dry seasons, when pollinators were scarce, flower production and fruit set for the two mating
types was equal. During the rainy seasons, when pollinators were abundant, SC plants
produced about 50% more flowers but had about 50% lower fruit set than Sl plants.
Pollinator visitation to experimental arrays did not systematically decline with elevation, as
it does in natural populations (Stone and Jenkins 2008). Pollinators are evidently responding
to abundance of floral resources and other habitat qualities, rather than to elevation per se.
Supplemental pollinations carried out during dry seasons have demonstrated strong pollen
limitation for fruit set across the range of elevations and population sizes in the Monteverde
region, at similar pollinator visitation rates to those observed here (Stone and Jenkins 2008).
Pollen limitation of fruit set has not been evaluated during the rainy season.

Even when increased selfing does not provide reproductive assurance, it is still predicted to
spread by transmission advantage if it does not cause a decline in male outcross reproductive
success, i.e., pollen discounting (Nagylaki 1976, Holsinger et al. 1984). Pollen discounting
is classically envisioned as ranging from zero to one, but may in fact be negative if changes
in floral display or morphology simultaneously promote self-fertilization and pollen export
(Johnson et al. 2009). Our experiment demonstrated negative pollen discounting: SC plants
had higher siring success than Sl plants (Table 6). Individual flowers of W. solanacea do not
display obvious morphological modifications associated with mating type, but SC plants
produce many more flowers during the rainy season than do Sl plants. SC plants also abort
more immature fruits than do Sl plants. Negative pollen discounting in this system is likely a
side effect of embryonic inbreeding depression which causes fruit abortion and subsequent
re-allocation of resources to flower production. Counter-intuitively, because of its effects on
fruit abortion and re-allocation to flower production, the SC allele is currently selected more
through male than female function. Also surprising is that the SC allele is most favored
during the season with high pollinator visitation, because this is the season in which plentiful
water permits abundant flowering, fruit set, and high outcross siring success.

Given our estimates of seed and pollen discounting, the threshold level of inbreeding
depression permitting a selfing allele to invade exceeds one (Table 6), so selection should
strongly favor the spread of the selfing allele. Several caveats apply to this prediction. First,
genetic analysis was carried out only for seeds collected during the rainy season. Male
reproductive success and selfing rate of SC morphs almost certainly differ across seasons. In
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particular, SC plants should lose their siring advantage over Sl plants during the dry season
when the two morphs produce the same number of flowers. It also seems likely that selfing
rate increases during the dry season, explaining the parity in fruit set of SC and SI morphs
under conditions of pollinator scarcity. If we assume equal siring success and a doubled
selfing rate during the dry season, seed discounting remains complete and threshold
inbreeding depression is reduced to 0.5 (Table 6). The dry season extends over about four
months in Monteverde (Clark et al. 2000), so selection overall should still favor the SC
allele. A second caveat is that our finding of negative pollen discounting during the rainy
season relies upon the validity of our paternity estimates. Although it is reasonable to think
that higher flower production would lead to greater male reproductive success, it is prudent
to recognize that siring success varied among genotypes within each mating type, and that
there was no statistically significant difference between mating types in siring success
overall. If paternal reproductive success is equivalent by mating type, pollen discounting
returns to zero and the SC allele would be favored according to the classical model only if
inbreeding depression fell below 0.5.

As a complement to phenotypic models that treat inbreeding depression as a fixed entity, it
is useful to consider models that incorporate the evolution of inbreeding depression. Porcher
and Lande (2005) evaluate conditions permitting the breakdown of gametophytic self-
incompatibility by invasion of SC alleles acting either at the S-locus or at a modifier locus.
In general, an SC mutant invades more easily under limited numbers of S-alleles, pollen
limitation, lack of genetic load linked to the S-locus, and low background genetic load due
to nearly additive mildly deleterious mutations. Mutations at the S-locus spread more easily
than those at modifier loci. Under models of static inbreeding depression, a non S-linked
mutation can invade when & < 1/2, but a linked mutant can invade if § <; 2/3 because
heterozygotes for SC will reject only pollen bearing the Sl allele (Charlesworth and
Charlesworth 1979). When inbreeding depression is allowed to evolve, purging of
deleterious recessive mutations makes the spread of an SC allele even more permissive,
however, its success depends upon the primary selfing rate (Porcher and Lande 2005). With
a finite number of S-alleles and inbreeding depression due primarily to recessive lethals,
transmission advantage favors the spread of S-linked SC mutations under any initial
inbreeding depression when selfing rates are non-zero but less than ~ 0.2 or greater than ~
0.8. Higher selfing rates favor the spread of SC due to rapid purging of genetic load; lower
selfing rates favor its spread because they enhance the transmission advantage of SC pollen.
Restricted but realistic combinations of parameter values in this model can also lead to
stable polymorphism.

To apply the dynamic model of Porcher and Lande to W. solanacea, we require estimates of
the primary selfing rate, before seed maturation and germination. We previously conducted
a pollen-chase study which allowed us to estimate early-acting inbreeding depression by
comparing fruit and seed set for flowers receiving bud-self pollinations relative to those
receiving bud-outcross pollinations (Stone et al. 2010). We can therefore estimate primary
selfing rate for our SC genotypes using the method of Maki (1993), as re-stated by Husband
and Schemske (1996):
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r=ry,/[1—641md]

where r = primary selfing rate, ry, = measured selfing rate after germination, and & =
inbreeding depression for seed production and germination. The SC genotypes from Vara
Blanca had an early-acting inbreeding depression of only 0.02, so primary selfing rate was
nearly identical to their measured selfing rate of 17%. Genotypes from Monteverde had
nearly complete early-acting inbreeding depression, yielding estimates of primary selfing
rate for the two local SC genotypes at 21% and 76%. Given our observed number of 30 S-
alleles (Stone and Pierce 2005), if primary selfing rates are below about 20%, an S-linked
SC mutant should be able to invade even though inbreeding depression due to recessive
mutations is nearly absolute. In contrast, an SC mutant unlinked to the S-locus would be
impervious to strong inbreeding depression only under very high selfing rates, where
purging is most effective.

Our genetic crossing study used a SC genotype from the VVara Blanca population, rather than
an indigenous SC genotype from Monteverde, so we cannot say whether SC plants at
Monteverde bear S-linked null alleles. We suspect that the one with the lower selfing rate
does not because it produces fruit autonomously even though fluorescence microscopy
reveals its capacity to reject self-pollen (Stone et al. 2006). The other SC genotype from MV
consistently rejects self-pollen, and is more likely to possess a null S-allele. Presumably, as
in other species, loss-of-function mutations arise independently in different populations and
SC has the potential to evolve independently in each (e.g., Rick et al. 1979, Husband and
Barrett 1993, Shimizu et al. 2008, Busch et al. 2011). For W. solanacea, self-compatibility is
most pronounced in small, peripheral populations (Stone et al. 2006). The population at
Vara Blanca is tiny; we have found only seven plants there despite intensive searching, but
both SC and Sl individuals persist (Bohs 2000). The Monteverde population contains
hundreds of plants, and only four SC individuals have so far been identified. We are
currently engaged in a large-scale study to estimate selfing rates of small and large
populations across the 200-km range of the species in Costa Rica.

Given certain caveats, phenotypic and genetic models predict that the SC allele in W.
solanacea should spread even when it is not selected by its capacity to provide reproductive
assurance. Although embryonic inbreeding depression is a formidable barrier, the Vara
Blanca population demonstrates that purging of early-acting genetic load is possible. An S-
linked SC allele confers substantial transmission advantage, and should spread when
primary selfing rates are relatively low, as observed in the Monteverde populations, or high,
as in populations on the periphery. Given the selective advantage of SC alleles, it is not clear
why they are not more common. Indeed, this is a conundrum faced by Porcher and Lande
(2005). Intermediate selfing rates together with high embryonic inbreeding depression may
tip the balance in favor of Sl alleles in larger populations.

Although the breakdown of self-incompatibility is one of the most commonly traversed
transitions in the history of flowering plants, polymorphic species are uncommonly
identified. To our knowledge, ours is the first study to evaluate selection on a loss-of-
function S-allele within replicated SI populations. Our results show that the automatic
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transmission advantage of selfing strongly favors the SC allele, even in the face of high
inbreeding depression, because increased selfing does not decrease siring success. Enhanced
breakdown of Sl in small or peripheral populations may be caused as much by transmission
advantage due to few S-alleles or by rapid purging of genetic load as by reproductive
assurance. For the many lineages of flowering plants in which self-compatibility arises
through a loss-of-function mutation, the transmission advantage of selfing can be a powerful
force promoting its spread.
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Figure 1.

Box plot showing pollinator visitation to focal plants within experimental gardens over two
rainy and two dry seasons. N=555 (rainy seasons); N=149 (dry seasons).
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Figure 2.

Fruit set for SI and SC genotypes of W. solanacea planted in nine replicated garden arrays.
Box plots constructed using fruit set for each plant in each array over two field seasons, with
N =197, 96, 115, and 49 from left to right.

Evolution. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Stone et al. Page 17

Self-incompatible (S1) genotypes

Self-compatible (SC) genotypes

Frequency

0 20 40 60 80
Days to abscission of flower or fruit

Figure 3.
Frequency distribution of days to abscission for 3038 marked flowers that did not develop

into ripe fruits during the rainy season of 2011. Dashed lines indicate the 75! percentiles for
abscission dates of Sl and SC genotypes. Median time from flower to ripe fruit was 56 days.
Proportionally more fruits on SC than Sl plants were initiated but subsequently aborted.
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Primers used to amplify S-alleles and microsatellite loci from genomic DNA of W. solanacea.

Table 1

Primer Sequence Amplifies Tm bp
WsolS1L GGGGTGAGATGTTCAATGCT S-RNase S1 60.4 175
WsoIS1R TGTCTTTTAAGCGCAAGGCTA 58.7

WsolS4L GACTTGCTCGTGGAAGAAGC S-RNase S4 62.4 227
WsoIS4R GTTATTGCCCTGACGGTGTT 60.4

WsoIS23L AGTCGAACGGACCAACGTAT S-RNase S23  60.4 158
Wso0IS23R CCCGGAACAATTCTCTCTGA 60.4
WsoICTA3L ATATCTACAAAGAAACCAAAACACACA microsatellite  59.4  145-160
WsoICTA3R CTCTCTTTACATTTGCTTTATCACAA 58.2
WsoICTB11L CGTCAGCCCATTACCATCTC microsatellite  60.5 172-181
WsoICTB11R TCAGTTCATGGTTGTGTGAGC 59.7
WsoICTE2L GCCTCAATTACAGCAGGTACAG microsatellite  58.9  192-202
WsoICTE2R GGGTTCTTCAACTTCAAAGAAAA 58.8
WsoICTF2L GCCTTTGATTAGACGTG microsatellite  54.8  286-296
WsoICTF2R CCCTTGAGAGTTTGTCTAAGT 58.7
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Location of experimental arrays.

Name

Transect Latitude

Casa de los Murcielagos
Pasto El Brillante
Reserva Monteverde
Bajo Tigre

Monteverde Institute
Cerro Plano Arriba
Valle Escondido
Cabafias los Pinos

Estacion Bioldgica

East 10° 17.050”
East 10° 17.191”
East 10° 18.266”
Central ~ 10° 18.308”
Central ~ 10° 18.388’
Central ~ 10° 18.796’
West 10° 18.496”
West 10° 18.805”
West 10° 19.054°

Table 2
Longitude  Elevation
(m.as.l.)
-84° 47.559’ 1120
-84° 47.335” 1280
-84° 47.750” 1520
-84° 48.892’ 1360
-84° 48.498° 1430
-84° 48.379’ 1500
-84° 49.102° 1330
-84° 48.823’ 1430
-84° 48.552 1510
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S-locus genotypes and Sl phenotypes for progeny from experimental crosses. The F1 was created by crossing
an Sl individual of genotype S1S4 and an SC individual of genotype S,3Sq, Where Sy is a null allele. The F2

was created by crossing F1 individuals of genotypes S1Sg and S4Sg.

Generation  Genotype Phenotype  Number
observed

F1 S:1So sC 3

F1 S4So sC 9

F1 $1S3 sl 4

F1 S4Sp3 sl 4

F2 S6So sC 4

F2 S1So sc 3

F2 S4So sc 2

F2 S1S4 sl 5
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Table 4

Rates of pollinator visitation to single well-flowered plants within arrays containing 18 individuals of
Witheringia solanacea. N = number of 30-minute observation periods.

Elevation Year Season N Visits/half hour
Mean + SD

Low 2010 rainy 74 3.35+£0.36
Low 2011 rainy 108 3.06 £0.38
Mid 2010 rainy 72 3.14+0.42
Mid 2011 rainy 107 0.82+0.12
High 2010 rainy 86 4.49 £ 0.40
High 2011 rainy 108 4.31+0.53
Low 2011 dry 26 0.65+0.17
Low 2012 dry 21 0.33+0.13
Mid 2011 dry 26 0.27 £0.17
Mid 2012 dry 20 0.05 +0.05
High 2011 dry 27 0.52+0.18
High 2012 dry 29 0.45+0.18

See Table 2 for array locations.
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