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A major goal of speciation research is to understand the processes involved in the earliest stages of the evolution of reproductive

isolation (RI). One important challenge has been to identify systems where lineages have very recently diverged and opportunities

for hybridization are present. We conducted a comprehensive examination of the components of Rl across the life cycle of two

subspecies of Clarkia xantiana, which diverged recently (ca. 65,000 bp). One subspecies is primarily outcrossing, but self-compatible,

whereas the other is primarily selfing. The subspecies co-occur in a zone of sympatry but hybrids are rarely observed. Premating

barriers resulted in nearly complete isolation in both subspecies with flowering time and pollinator preference (for the outcrosser

over the selfer) as the strongest barriers. We found that the outcrosser had consistently more competitive pollen, facilitating

hybridization in one direction, but no evidence for pollen—pistil interactions as an isolating barrier. Surprisingly, postzygotic

isolation was detected at the stage of hybrid seed development, but in no subsequent life stages. This crossing barrier was

asymmetric with crosses from the selfer to outcrosser most frequently failing. Collectively, the results provide evidence for rapid

evolution of multiple premating and postzygotic barriers despite a very recent divergence time.
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Speciation requires the evolution of reproductive isolating mech-
anisms that provide barriers to hybridization between diverging
lineages (Dobzhansky 1937a; Mayr 1942; Coyne and Orr 2004).
Incipient species can be effectively reproductively isolated by one
or multiple prezygotic or postzygotic mechanisms as long as they
provide a strong barrier to gene flow (Dobzhansky 1937a; Coyne
1992; Schluter 2001; Coyne and Orr 2004; Nosil et al. 2005; Kay
and Sargent 2009). Natural selection is often an important com-
ponent of the speciation process and ecological factors have the
ability to promote speciation through divergent selection between
populations, which may contribute to both pre- or postzygotic
mechanisms of isolation upon secondary contact (Orr and Smith
1998; Schluter 2001; Sobel et al. 2010; Nosil 2012). Determin-
ing the timing and relative strength of prezygotic and postzygotic
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barriers particularly in young, rapidly diverging lineages will pro-
vide valuable insight into the speciation process even in the face
of ongoing gene flow.

During flowering plant diversification, one of the most fre-
quent transitions is in mating system, especially from outcross-
ing to selfing (Stebbins 1950). This transition is often accompa-
nied by changes in floral morphology and timing (e.g., smaller
less-attractive flowers, reduced herkogamy, reduced protandry,
more rapid development) generally termed the “selfing syndrome”
(Ritland and Ritland 1989; Goodwillie et al. 2010; Sicard and
Lenhard 2011; Kalisz et al. 2012; De Vos et al. 2014). These char-
acteristic changes may reduce gene flow between taxa through
a variety of premating isolating mechanisms, directly promoting
reproductive isolation (RI) between the derived selfing lineage
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and the progenitor outcrossing lineage (Levin 1978; Coyne and
Orr 2004; Hodges 2005; Martin and Willis 2007). Where RI has
been studied between incipient species with divergent mating sys-
tems, floral divergence associated with mating system has proved
important to RI (Martin and Willis 2007).

Even when RI is strong, gene flow is common between in-
cipient species that are in secondary contact (Sambatti et al. 2012;
Abbott et al. 2013). Patterns of introgression in hybrid zones are
often observed to be asymmetrical and these asymmetries can
arise from variations in the strength and direction of both pre-
mating and postmating reproductive isolating mechanisms (Petit
et al. 2004; Buggs 2007; Scascitelli et al. 2010; Toews and Brels-
ford 2012). Under traditional genetic models of intrinsic postzy-
gotic RI through Bateson—Dobzhansky—Miiller (BDMs) incom-
patibilities or chromosomal rearrangements, crossing barriers are
expected to be symmetrical (Bateson 1909; Dobzhansky 1937b;
Miiller 1942; Levin 1978). Yet, in animal, fungal and plant sys-
tems, crossing barriers between incipient species are frequently
asymmetric (Oliver 1978; Harrison 1983; Orr and Coyne 1989;
Gallant and Fairbairn 1997; Tiffin et al. 2001; Willett and Burton
2001; Presgraves 2002; Dettman et al. 2003; Bolnick and Near
2005; Palma-Silva et al. 2011; Ruhsam et al. 2011). In plants,
crossing barrier asymmetry is particularly common in species that
have diverged in mating system (Lewis and Crowe 1958; Brand-
vain and Haig 2005). Asymmetric crossing barriers can occur as a
consequence of (a) pollen—pistil interactions (e.g., gametophyte—
sporophyte interactions: Lewis and Crowe 1958; Kay 2006;
Aagaard et al. 2013; Goodwillie and Ness 2013), (b) cytonu-
clear interactions (Burton et al. 2013), and (c) divergence in gene
expression, including differential imprinting (Bushell et al. 2003).
Phenomena occurring after a potential crossing barrier can also
contribute to asymmetric patterns of introgression. For example,
differential selection against reciprocal hybrids (Campbell et al.
2008) or asymmetric backcrossing from hybrids to one parent
can influence the magnitude of introgression (Cruzan and Arnold
1994; Muranishi et al. 2013; Ruhsam et al. 2013).

Studies that thoroughly dissect RI between recently diverged
lineages are necessary to identify and characterize the order and
timing of mechanisms that contribute most to speciation, yet there
are still relatively few comprehensive studies and even fewer that
examine very recently diverged lineages. In studies that quan-
tify the strength and actual contribution of multiple components
of RI between plant species pairs, the predominant finding is that
prezygotic barriers are stronger than postzygotic barriers (Ramsey
et al.2003; Lowry et al. 2008; Dell’Olivo et al. 2011; Palma-Silva
et al. 2011), although there is variation in which prezygotic bar-
riers (and whether they are pre- or postmating) are of greatest
importance (Lowry et al. 2008). Alternately, in some systems
multiple pre- and postzygotic mechanisms are important for RI
to maintain species integrity (Sambatti et al. 2012; Scopece et al.
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2013). Further, although mating system transitions are often asso-
ciated with speciation events in plants, there is only one previous
study of an outcrosser—selfer pair that systematically documented
components of RI. Martin and Willis (2007) found several prezy-
gotic barriers, including pollinator isolation (associated with mat-
ing system divergence) and flowering phenology that resulted in
nearly complete RI between Mimulus guttatus and M. nasutus.
More studies, particularly in recently diverged lineages that differ
in mating system, are needed to better understand the timing and
order of the origin of RI mechanisms.

Here, we examine the evolution of RI between two subspecies
of Clarkia xantiana (Onagraceae): subsp. xantiana and subsp.
parviflora (hereafter xantiana and parviflora, respectively).
Xantiana is primarily outcrossing whereas parviflora is primarily
self-fertilizing, with reduced herkogamy, protandry, and corolla
size (Runions and Geber 2000; Moeller 2006; Moelleretal. 2012).
Phylogenetic analyses revealed that parviflora populations consti-
tute a monophyletic group, which is recently derived (ca. 65,000
years before present) from its outcrossing progenitor, xantiana
(Pettengill and Moeller 2012a). The taxa diverged to some extent
in allopatry and have since come into secondary contact follow-
ing range expansion (Pettengill and Moeller 2012b). At sympatric
sites, hybrids have been rarely observed. Population genetic stud-
ies have confirmed that there is some introgression, albeit limited
to the narrow zone of sympatry. Introgression was detected pri-
marily from parviflora to xantiana suggesting a possible asym-
metry in the strength and direction of RI (Pettengill and Moeller
2012a).

Xantiana and parviflora have been subject to divergent nat-
ural selection in their respective ranges, and such ecological
divergence has been suggested to be important in many in-
stances of incipient speciation (Sobel et al. 2010). The combined
range of xantiana and parviflora spans a roughly west-to-east
gradient of declining precipitation and temperature in the Sierra
Nevada Mountains of California (Eckhart and Geber 1999). The
two taxa have differentiated most strongly in flowering phenology
and floral traits, including those associated with mating system
(Eckhart and Geber 1999; Runions and Geber 2000). The sub-
species exhibit strong local adaptation to their respective ranges
(Eckhart et al. 2004; Geber and Eckhart 2005) and there is evi-
dence of adaptive differentiation across the same west—east gra-
dient within xantiana (Gould et al. 2014). The subspecies also
experience different pollination environments, and mating sys-
tem differentiation within and between subspecies is correlated
with the availability of effective pollinators (Moeller and Geber
2005; Moeller 2006). Solitary bees specialized on Clarkia (Mac-
Swain et al. 1973), which are important pollinators (Moeller 2005;
Eckhart et al. 2006), are only found in xantiana’s range and
where the subspecies are sympatric (Fausto et al. 2001; Moeller
2006).



REPRODUCTIVE ISOLATION AND MATING SYSTEM EVOLUTION

Our first objective was to examine individual components of
RI throughout the life cycle of xantiana and parvilfora using a se-
ries of field studies and greenhouse experiments over four years.
From these studies, we quantified the contribution of premating,
postmating-prezygotic, and postzygotic isolation to the total RI.
Given the very recent divergence time of the two taxa, we tested
two main hypotheses: (1) RI is conferred primarily by premat-
ing isolation whereas intrinsic postzygotic isolation contributes
minimally to RI (either individual or absolute); (2) premating RI
arises primarily as a by-product of adaptation to contrasting envi-
ronments and that the most strongly adaptively differentiated traits
(flowering phenology and floral/mating system traits) contribute
most significantly to premating isolation. Our second objective
was to examine alternative hypotheses for observed asymmetric
introgression to the outcrosser, xantiana, from its selfing deriva-
tive, parviflora. Here, we tested whether an asymmetric crossing
barrier (caused by postmating-prezygotic or postzygotic barriers)
limited introgression into one taxon, or whether processes oc-
curring after hybrid formation influenced hybrid fitness and the
potential for backcrossing.

Methods

STUDY SYSTEM

Clarkia xantiana A. Gray ssp. xantiana (hereafter xantiana) and
C. xantiana A. Gray ssp. parviflora H. Lewis & P. R. Raven
(hereafter parviflora) are winter annual plants endemic to the
southern Sierra Nevada foothills, primarily in Kern and Tulare
counties, CA (Lewis and Lewis 1955). The two subspecies have a
parapatric distribution along a west-to-east environmental gradi-
ent: xantiana is found in western foothill oak woodlands whereas
parviflora populations are found in eastern, more xeric habitats
extending nearly to the Mojave Desert. There is a narrow area of
sympatry (~5 km) at the eastern range edge of xantiana’s and
the western range edge of parviflora’s range (Eckhart and Geber
1999; Eckhart et al. 2004) (Fig. 1). Within this zone of sympatry,
subspecies can be found within meters to tens of meters of each
other. No formal quantitative analysis of cross-compatibility has
previously been reported.

TOTAL RI BETWEEN C. XANTIANA SUBSPECIES

We quantified the magnitude of RI for both subspecies across
most of the life cycle including potential premating and postmat-
ing isolating barriers. RI mechanisms are sequential; those that
promote RI later in the life cycle can only contribute to RI after
accounting for earlier or simultaneously acting mechanisms. We
calculated the contributions of individual RI mechanisms and the
absolute contributions of RI mechanisms following the methods
of Sobel and Chen (2014); this approach relates observations of

gene flow to random expectations and allows for comparisons
between pre- and postzygotic isolation. We computed the total RI
by summing all of the absolute contributions of RI mechanisms.
Summing across components of RI to obtain total RI requires that
the quantification of prezygotic barriers account for the expected
probability of mating to be comparable to postzygotic components
(Martin and Willis 2007). A total RI of one indicates complete
isolation and a total RI of zero indicates no isolation.

PREMATING BARRIERS

Ecogeography

We quantified RI due to ecogeography using data on the
frequency of populations of each taxon found in sympatry
versus allopatry. We gathered site record information on all
known C. xantiana populations for both subspecies from the
Jepson Herbarium (http://ucjeps.berkeley.edu/interchange.html)
and populations found through extensive searches over ca. 20
years by our research group and colleagues (Fig. 1). We defined
sympatry in two ways. We considered populations of each taxon
to be sympatric if they occurred within 1 or 3 km of the nearest
heterospecific population (Table S1). We quantified RI due to eco-
geographic overlap for xantiana and parviflora using the methods
from Sobel and Chen (2014) for barriers that affect co-occurrence
(equation Rlsc), where Rlecogeographic = 1 — (number of sympatric
populations for a subspecies / number of total populations for a
subspecies).

Phenology

To document the flowering phenology of xantiana and parviflora,
we conducted repeated censuses every three to four days (mean
= 13.2 visits/site) at four sympatric sites (sites 7, 65, 106, 11)
from 6 May to 21 June 2013. At all sites, we walked semiper-
manent transects that were stratified across each site (mean total
transect length = 78.6 m/site). Two parviflora populations (sites
65, 111) were exhaustively sampled because they were small and
patchy (for details see Table S2). During the first survey at each
site, we counted all fruits, flowers, and buds for both subspecies
to estimate total reproductive effort for the season. During each
subsequent visit, we counted fruits, flowers, and buds on all plants
that were still actively flowering. We quantified flowering over-
lap in two ways. First, we calculated the proportion of flowers
for each subspecies that bloomed during the period of overlap.
Second, we calculated the proportion of days that the blooming
periods overlapped for the two subspecies. Because 2013 was an
extremely dry year, we were not able to record the date of first
flower for any parviflora population. During another extremely
dry year (1999), the date of first flower was never before 30
April (Eckhart and Geber 1999). Therefore, we conservatively
estimated the date of first flower for all parviflora populations as
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Figure 1. Map of geographic ranges and area of overlap for xantiana and parviflora in southern California, USA. All known xantiana
sites are shown as open circles and all known parviflora sites are shown as closed circles. Axes are the Northing and Easting in kilometers
for UTM zone 11S. The known geographic range of xantiana is outlined in a dotted line and the known range of parviflora is outlined
in a dashed line. The area of sympatry is where the two ranges intersect in and around Lake Isabella. Populations used for experimental

manipulations to assess Rl are marked with arrows and their corresponding population identification number. The inset map shows the
sympatric populations used for experimental manipulations in the Lake Isabella region.

25 April 2013. We calculated Rlphenology Using equation Rlys, in
Sobel and Chen (2014) for each site individually and averaged
across sites to obtain an estimate of mean Rl penology. This met-
ric of RI accounts for differences in flowering time and relative
abundance. It assesses deviations from random mating, where
populations flower simultaneously and have equal abundances.

Differential pollen production
To quantify pollen production for each subspecies, we grew plants

of both subspecies from two sympatric populations (74 and 77,
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Fig. 1) and collected all four long anthers from one flower per
individual at anthesis (N = 20 plants/subspecies/population). We
gently macerated anthers with a probe and vortexed with 75 pl
of lactophenol aniline blue. We counted two 10 wl aliquots for
each sample using a dissecting microscope. We analyzed differ-
ences in pollen production using a linear model with population,
subspecies, and their interaction as fixed factors. We calculated

Rlpifferential pollen production Using equation RI45 of Sobel and Chen
(2014), which calculates deviations from expectations of random

mating, where pollen production is equal between subspecies.
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Pollinator preference and constancy

To measure pollinator preference and constancy, we placed arrays
of potted plants in the field at three sympatric sites (site 9, 77,
and 22). We performed two sequential rounds of the experimental
arrays at each site. Each round was in the field for 10-11 days
and composed of different individual plants. Plant genotypes in
an array originated from the site in which the arrays were placed.
We constructed circular arrays (diameter of ca. 5 m), composed
of 64 individuals, half from each subspecies, and systematically
rotated subspecies around the array (spaced ca. 25 cm apart).
Arrays were placed into the field just prior to the flowering of
natural xantiana populations to minimize any influence of local
populations on pollinator behavior in arrays. Bee visitors, includ-
ing specialists, were common in arrays after a two-day acclima-
tion period. Three researchers simultaneously watched different
positions (10—12 plants) in an array. During 10-min observation
periods, we recorded individual pollinator movements, keeping
track of the plant genotype and the sequence of flowers visited
for each bee. In each round, we watched each array for a total of
12 h (72 observation hours in total).

We estimated pollinator preference for each observation pe-
riod by calculating the proportion of xantiana flowers visited and
the proportion of flowers that were xantiana in that section of
the array. We then used a Wilcoxon signed rank test to deter-
mine if pollinators visited xantiana at a greater frequency than
would be expected by chance. We calculated RI for preference by
comparing the expected visitation per flower with the observed
visitation per flower for the two subspecies using equation Rlss
from Sobel and Chen (2014), where the expected per flower vis-
itation is equal. We estimated pollinator constancy by extracting
all pollinator bouts that included a visit to at least one flower
of each subspecies and recorded all of the transitions within and
between subspecies. We pooled data across sites because only a
small proportion of foraging bouts included intersubspecific tran-
sitions. We then used a chi-square analysis with a permutation
test of significance to determine if the observed pattern of transi-
tions differed from random expectation based on the proportion
of xantiana and parviflora visited. For calculations of RI, we
compared the observed number of transitions between subspecies
in either direction to the expected number of transitions between
subspecies in either direction using equation Rlyc from Sobel
and Chen (2014) for reproductive barriers with unequal random
mating expectations.

POSTMATING-PREZYGOTIC BARRIERS

Pollen tube growth

We quantified postmating-prezygotic isolation by measuring
pollen tube growth rates following single-donor intra- and in-
tersubspecific crosses in a greenhouse. Crosses were performed

between subspecies within each of two sympatric sites (74 and
77, Fig. 1). One individual from 20 maternal families per sub-
species per site was grown in conetainers and randomized across
conetainer racks such that individuals from both subspecies from
both sites were found in each rack. We performed 249 crosses
within and between the two subspecies by gently swiping fresh
pollen on all lobes of fully receptive stigmas. For parviflora, we
bud-emasculated flowers to prevent autonomous self-fertilization.
After 4-6 h, we excised the styles, fixed them in FAA (15%
Formaldehyde, 2.5% Glacial Acetic Acid, and 50% Ethanol in
water), and stained using lactophenol aniline blue. We measured
the maximum length of the style and the length of the longest
pollen tube in the style.

We analyzed pollen tube growth rate using a linear mixed
model. Fixed factors included maternal subspecies and paternal
subspecies. Random factors included population, date of cross,
and rack. We also included a covariate of the number of minutes
from pollination to style fixation to account for some variation
among crosses in the total period of pollen tube growth. Anal-
yses were carried out in the R statistical environment (R Core
Development Team 2012) using the lmer function in the Ime4
package (Bates et al. 2013) and the pamer.fnc function using the
conservative degrees of freedom in the LMERConvenienceFunc-
tions package (Tremblay 2012). We calculated RI using equation
RIsa (Sobel and Chen 2014), which compares pollen tube relative
growth rates in heterospecific versus conspecific pistils to assess
deviations from random mating expectations.

Gametophyte competition
We performed reciprocal crosses between subspecies using mixed
pollen loads of the two subspecies to quantify the effect of male
gametophyte competition on RI. As above, we used two sympatric
sites, 74 and 77 (Fig. 1). All crosses (n = 351) were performed
within populations and for all intraspecific crosses we avoided
pairing individuals of the same genotype. In order to eliminate
pollen load as a potential cause of variation in seed set, we ap-
plied standardized pollen loads for each cross that far exceeded
the number of ovules. Based on estimates of the number of pollen
grains per anther for both subspecies, we applied 0.25 of a xan-
tiana anther (half of one locule) and 1.5 parviflora anthers to
each stigma to approximately standardize pollen loads. We ro-
tated between applying parviflora versus xantiana pollen first
to the stigma to account for any effect of order and to examine
the effect of pollen precedence on fertilization rates. Fruits were
allowed to ripen on the plant and collected before dehiscence.
To quantify hybridization rates, we planted up to 24 seeds
from each fruit (n = 2124). Plants were grown in a greenhouse
until flowering, at which time we measured four floral traits (petal
size, herkogamy, protandry, and petal color), which are diagnostic
of subspecies. From these traits, we determined whether offspring
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were hybrids or not. Microsatellite genotyping has confirmed that
floral traits are highly informative at scoring unknown offspring
as xantiana, parviflora, or hybrid (see Supporting Information for
more detail on scoring procedures).

We determined if there were differences in the probability
of hybrid formation between subspecies using a binomial mixed
model with a logit link function. We treated maternal subspecies,
first pollen donor and their interaction as fixed factors. Population
and the crossing round were treated as random factors. Analyses
were carried out using the glmer function in the Ime4 package
(Bates et al. 2013) in the R statistical environment (R Core Devel-
opment Team 2012). We calculated RI using equation Rl45 from
Sobel and Chen (2014) to determine how hybrid seed production
differed from parity. We did not include this measure of RI in
the estimation of absolute contributions to RI because it overlaps
with RI generated from both pollen tube growth and single-donor
Crosses.

POSTZYGOTIC BARRIERS

Single-donor crosses

We performed intra- and intersubspecific crosses in the green-
house to test for and quantify the extent of postzygotic isolation
at the level of seed production. We used individuals from sym-
patric sites 74 and 77 and allopatric 17, 26, 87, and 112 for
xantiana and 20 and 46 for parviflora (Fig. 1). For sympatric
sites, we performed crosses within subspecies and between the
two sympatric subspecies from the same site. For allopatric sites,
we performed crosses within each population and between each
pair of allopatric populations from the opposite subspecies. For
parviflora, we performed intraspecific crosses by outcrossing one
set of flowers and selfing a second set. When parviflora flow-
ers were outcrossed, they were first bud emasculated to prevent
self-pollination. For the sympatric crosses, 50 crosses were con-
ducted for each cross-type for each of the two populations. For
the allopatric crosses, between 50 and 70 crosses were conducted
for the pure cross-types (x—x and p—p, pself) in each popu-
lation, whereas between 15 and 70 crosses were conducted for
the heterospecific crosses between two specific populations (n =
1375 total crosses). Pollen loads for crosses were standardized for
the two subspecies using the same procedure as described above
(see gametophyte competition). For each fruit, we determined the
number of seeds, fertilized but aborted ovules, and unfertilized
ovules. We verified our ability to visually distinguish between
fertilized and unfertilized ovules using an experiment (see Sup-
porting Information for details).

We analyzed seed set per fruit and aborted ovules per fruit
separately using a binomial mixed model with a logit link func-
tion. We treated region (allopatric vs. sympatric), maternal sub-
species, and paternal subspecies as fixed factors. Maternal and
paternal populations were treated as random factors. Analyses
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were carried out using the glmer function in the Ime4 package
(Bates et al. 2013) in the R statistical environment (R Core Devel-
opment Team 2012). We calculated RI for number seeds produced
from intersubspecific versus intrasubspecific crosses using Rlsa
(Sobel and Chen 2014) for sympatric crosses.

F1 hybrid seed viability

We tested hybrid seed viability by assessing the proportion of
seeds from intersubspecific crosses that were viable compared
to seeds from intrasubspecific crosses. First, we assessed germi-
nation for each cross-type using seeds from eight greenhouse-
generated maternal families from site 22. For each family, we
placed 20 fully formed seeds on filter paper moistened with 2 ml of
ultrapure water in a Petri dish and sealed the dishes with parafilm.
We kept Petri dishes in a cold room set to 12°C with full lights for
24 h/day. We counted the number of seeds that had germinated af-
ter three weeks and planted them to assess growth (see below). We
determined the viability of the remaining seeds by cutting them in
half and soaking them in a solution of 0.2% tetrazolium chloride.
After 48 h, we determined whether seeds stained red and were
viable or did not stain red and were inviable. We analyzed the
number of viable seeds (germinated + ungerminated but viable)
out of all seeds tested for each maternal family using a fully fixed
general linear model with a quasibinomial error structure and
logit link function to account for overdispersion in the data. We
included maternal subspecies, paternal subspecies, and their inter-
action as factors in the model. Analyses were carried out using the
glm function in the R statistical environment (R Core Develop-
ment Team 2012). We calculated RI using RI44 (Sobel and Chen
2014) to compare observed differences in parental and F1 seed
viability with the expectation that seeds would be equally viable.

F1 hybrid growth

We grew plants from the seed viability study (above) to assess
hybrid performance. Germinated seedlings were carefully trans-
ferred from the filter paper to conetainers filled with soil and
grown in the greenhouse and fertilized. After plants were estab-
lished and entering a rapid growth phase (~ 6 weeks after plant-
ing), we counted all leaves on each plant twice, two weeks apart.
We determined performance using growth rates. To assess growth
rates, we analyzed the number of leaves added over two weeks
using a mixed model ANCOVA. Maternal subspecies, paternal
subspecies, and their interaction were included as fixed factors
and the number of leaves at first measurement was included as a
covariate to account for differences in initial plant size. We also
included block and maternal family as random factors. Analyses
were carried out using the Imer function in the Ime4 package of the
R statistical environment (R Core Development Team 2012). The
two subspecies differ inherently in growth rates, so we expected
viable hybrids to exhibit intermediate growth rates (and final plant
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size), whereas we expected less-viable hybrids to exhibit slower
growth rates (and smaller final size) than either of the parental
subspecies. Because the potential intermediacy of hybrid growth
rates is not indicative of hybrid inviability, we did not include this
measure in overall calculations of RI.

F1 hybrid pollen fertility

We tested for a reduction in hybrid fertility by assessing the pro-
portion of viable pollen in F1 progeny compared to parental sub-
species. We germinated seeds from parental families and F1 hy-
brids, both of which were generated from single-donor crosses
for two populations, sites 74 and 77 (Fig. 1). Plants were reared in
growth chambers and completed development in the greenhouse
as described above. For one flower of each individual plant, we
collected all four long anthers. We placed anthers in a microcen-
trifuge tube, macerated the tissue gently with a probe, and vortexed
the tube with 75 WL of lactophenol aniline blue. Lactophenol ani-
line blue will stain viable pollen grains deep blue while inviable
grains remain unstained or only lightly stained. Viable pollen
grains are also larger than inviable grains. We counted viable and
inviable pollen grains from two 25 pl aliquots of the solution
under a dissecting microscope. For the analysis, we used a fully
fixed binomial model with a logit link using the glm function. We
included population and the maternal and paternal subspecies of
the individual and all interactions as independent factors. We ex-
cluded individuals of all cross-types with pollen viability of less
than 2% as outliers (N = 4 records), although this did not change
the overall results. We calculated RI using RI44 (Sobel and Chen
2014) to compare observed differences in parental and F1 pollen
viability with the expectation that pollen would be equally viable.

Results

TOTAL RI BETWEEN C. XANTIANA SUBSPECIES

The subspecies of C. xantiana are highly reproductively isolated
and the isolating barriers are asymmetric in their strength. We
found some RI for at least one subspecies at every component
we measured (Table 1; Fig. 2A). Including all components of
RI, parviflora is 98.7% isolated and xantiana is 99.8% isolated
(Table 1). Much of the isolation is due to premating barriers
including ecogeography, phenology, and pollinator preference.
When ignoring ecogeography and considering RI only in sympa-
try, total RI decreases only slightly for parviflora to 96.5% and
for xantiana to 99.5% (Table 1; Fig. 2B). For postzygotic mech-
anisms alone, xantiana has much higher levels of RI (30.8%)
compared to parviflora (8.2%; Table 1).

PREMATING BARRIERS

Ecogeographic

The latitudinal and longitudinal expanse of xantiana and parvi-
flora’s range is approximately 125 and 80 km, respectively, with

an overlap zone of approximately 5-10 km (Fig. 1). Despite this
narrow overlap, 43% of all known xantiana sites are within 3
km of a parviflora site and 44% of all parviflora sites are within
3 km of xantiana. When the radius is decreased to 1 km, 29%
of xantiana sites are sympatric and 31% of parviflora sites are
sympatric (Table S1).

Phenology

At all sites, parviflora was considerably less abundant than xan-
tiana. On average, parviflora population sizes, measured in num-
ber of individuals, were 27.5% of xantiana population sizes (range
among four sites: 11-689 parviflora and 670-1343 xantiana).
Parviflora populations also produced on average only 17.9% of
the flowers produced by xantiana populations (range among four
sites: 31-1713 parviflora and 1990-9417 xantiana). On average
across sites, parviflora had 26% of all flowers and buds remaining
when xantiana began to bloom (range among four sites: 19—44%)
and 86% of xantiana flowers bloomed before the parviflora sea-
son ended (range among four sites: 70-100%; see Table S2 for
specific sites). Seventy percent of the total flowering season in-
cluded flowers of both xantiana and parviflora (see Table S2 for
specific sites).

Differential pollen production

Xantiana anthers produced nearly five times the amount of pollen
as parviflora anthers (sample means: xantiana = 321.78 4= 14.93;
parviflora = 65.3 4+ 15.23), which was a significant difference
(Fy78 = 145.77; P < 0.0001). There was no difference in pollen
production between populations (F;73 = 2.26; P = 0.1366) or
interaction between population and subspecies (F 73 = 0.52; P
= 0.4733).

Pollinator movement

Pollinators exhibited strong and consistent preference for xan-
tiana over parviflora (Wilcoxon signed rank test: V=3523,P <
0.0001). Compared to random expectations, pollinators overvisit
xantiana by approximately 26%. Of all recorded pollinator ob-
servation periods, 81% (223 out of 276) included only visits to
xantiana flowers despite the presence of parviflora flowers.

Of 289 pollinator foraging bouts, 27 bouts included at least
one transition between subspecies (90 transitions within and
among subspecies across the 27 bouts). When considering only
these foraging bouts, there was no evidence of constancy to either
subspecies. Our observed transition probabilities did not differ
significantly from random expectations (x> = 0.93, P = 0.807;
Table S3).
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Figure 2. Reproductive isolation (RI) between parviflora and xantiana. Panels show (A) the individual contribution of the isolating
mechanisms to Rl as calculated in the text and (B) the cumulative contribution to Rl of a mechanism after accounting for previous
mechanisms. The contribution of ecogeography is excluded from panel B to emphasize the relative importance of isolating mechanisms
where the taxa are sympatric. Parviflora is shown in black circles and xantiana in open diamonds.

POSTMATING-PREZYGOTIC BARRIERS
Pollen tube growth

Maternal and paternal subspecies both significantly influenced
pollen tube growth rates, with maternal style environment having
had the strongest effect. On average, pollen tubes grew 112%
faster in xantiana than in parviflora styles (F210 = 140.22; P
< 0.0001; Table S4). Xantiana pollen tubes grew significantly

faster in both maternal style environments and on average 31%
faster than parviflora pollen tubes (F) 0 = 17.07; P < 0.0001;
Table S4).The maternal by paternal subspecies interaction had a
marginally significant effect on growth rates (Fj,10 = 3.34; P
= 0.069; Table S4) due to a proportional increase in the growth
rate of xantiana pollen tubes in xantiana styles (Fig. 3A). The
covariate of growth period was not significant (F; 20 = 0.04; P
= 0.850; Table S4).
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Figure 3. Components of reproductive isolation between parviflora and xantiana. In all panels, the x-axis indicates the maternal
subspecies in crosses within and between subspecies. Different symbols distinguish paternal subspecies contributions to the cross: open
circles for xantiana and closed circles for parviflora. All estimates are least square means and error bars indicate standard errors. (A) Pollen
tube growth rates (mm/h). (B) Pollen competition measured as the proportion of hybrids formed in fruits of a particular competitive
cross. In these crosses, pollens from both subspecies were applied to each stigma. Different symbols indicate which subspecies was the
first pollen donor of the cross. (C) Proportion of fully formed seeds set in fruits from single-donor crosses. (D) Proportion of aborted
seeds from single-donor crosses. (E) Vegetative growth of reciprocal F1 hybrids and parentals (y-axis is the number of leaves added in
a two-week period) in a greenhouse common garden study. (F) Proportion of viable pollen in reciprocal F1 hybrids and parentals in a
greenhouse common garden study.
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POSTZYGOTIC BARRIERS

Gametophyte competition

The probability of hybrid formation in mixed crosses was signif-
icantly affected by the maternal parent, the subspecies of the first
pollen donor, and their interaction (Fig. 3B; Table S5). Parviflora
mothers were almost four times more likely to produce hybrids
than xantiana mothers, resulting in a highly significant effect of
maternal subspecies in the model (x> = 118.39; df = I; P <
0.0001). There was a significant pollen precedence effect where
stigmas pollinated first with xantiana were more likely to produce
hybrids than those pollinated first with parviflora (x> = 6.69; df =
1; P =0.0097). Parviflora that were first pollinated with xantiana
pollen had a 61% higher probability of producing hybrids than
those pollinated first with parviflora pollen (Fig. 3B). Xantiana
was very unlikely to produce hybrids regardless of the subspecies
of the first pollen donor (Fig. 3B).

Single-donor crosses

We detected a significant reduction in crossing success between
subspecies compared to within. Notably, crosses from parviflora
to xantiana resulted in lower seed set (proportion of ovules con-
verted to seeds) than in the reciprocal direction; this asymmetry
was apparent in a highly significant maternal by paternal sub-
species interaction (Table S6; Y% =746.95;df = 1; P < 0.0001).
The proportion of seeds set by xantiana when sired by parviflora
was significantly reduced by 27.4% compared to when sired by
xantiana. Parviflora seed set was reduced by 8.6% seeds when
sired by xantiana compared to when sired by parviflora (Fig. 3C).
We also detected significant regional interaction effects in the
model (Table S6). The magnitude of the maternal by paternal
subspecies interaction was somewhat stronger in allopatry than
sympatry for the cross from parviflora to xantiana (the cross most
likely to fail; Fig. S1).

The probability of seed abortion from single-donor crosses
was significantly influenced by both the maternal and pater-
nal subspecies identity. Maternal xantiana had a significantly
higher probability of abortion overall compared to parviflora
(61.5% greater). Intersubspecific crosses had higher abortion rates
for both cross directions compared to intrasubspecific crosses
(Fig. 3D; Table S6; x> = 380.13,df = 1, P < 0.0001). We did
not detect significantly different abortion rates in sympatric and
allopatric crosses.

F1 hybrid seed viability

The majority of seeds were viable for all cross-types (range:
61.25-94.38%). There was a significant main effect of paternal
subspecies (x?> =222,df =1, P < 0.0001), where fruits with
seeds sired by parviflora pollen had 36.8% more viable seeds than
those sired by xantiana pollen.

F1 hybrid growth

Hybrid growth rates were intermediate when compared to the
growth rates of the two parental subspecies, suggesting that hy-
brid offspring exhibited similar viability to parental genotypes
(Fig. 3E). Parental parviflora produced 38.6% more leaves than
parental xantiana. There was a significant maternal effect (F =
8.00; df = 1, 98; P = 0.0057); plants with parviflora mothers
produced 22.6% more leaves than plants with xantiana mothers.
This maternal effect was evident but not significant in F1 hybrids.

F1 hybrid pollen viability

We did not find evidence for elevated pollen sterility in F1 hy-
brids. We detected maternal and paternal effects on pollen viabil-
ity, where individuals with a xantiana mother and father had 9.7%
and 14.7% higher pollen viability, respectively (maternal effect:
¥? =4.07,df = 1, P = 0.0438; paternal effect: x> = 10.04, df =
1, P =0.0015). However, we did not detect a significant two-way
interaction indicating lower hybrid pollen viability (Fig. 3F; x> =
0.14,df = 1, P = 0.7104); there was only a subtle difference be-
tween parental xantiana and F1 hybrids with xantiana mothers in
post hoc tests. We found a significant difference between popula-
tions (x2 =4498,df =1,P < 0.0001) and there was a significant
three-way population by maternal by paternal subspecies interac-
tion (X2 = 7.256,df =1, P = 0.0071; Table S7). Although we
did not observe elevated hybrid sterility in either population, the
pattern of the maternal by paternal subspecies interaction differed
between them (Fig. S2).

Discussion

We found that RI between xantiana and parviflora was nearly
complete (xantiana: 99.8%; parviflora: 98.7%) despite the rela-
tively recent divergence time between the subspecies (ca. 65,000
years bp). Similar to findings in other species pairs, premating
barriers contributed disproportionately to RI (Lowry et al. 2008).
The absolute contributions of individual premating barriers were
generally higher than for postmating mechanisms (Table 1), con-
firming our initial hypothesis. Further, when accounting for the
sequential nature of isolating barriers, the reproductive barrier
between the subspecies was nearly complete after accounting for
all premating mechanisms (xantiana: 99.6%; parviflora: 98.5%)
and the results were similar when considering barriers only in
sympatric populations (xantiana: 99.1%; parviflora: 96.1%). De-
spite the limited overall contribution of postmating barriers to
RI, we did discover a pronounced asymmetry in seed production
for interspecific crosses. This postmating asymmetry is common
between diverging plant species (Tiffin et al. 2001), but the mech-
anisms underlying most instances are unknown. In this system,
the asymmetric barrier arose strictly during seed development and
did not involve pollen—pistil interactions.
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Xantiana and parviflora have experienced ecological diver-
gence in traits due to environmental differences between their
respective ranges, especially the pronounced west-to-east precip-
itation and temperature gradient (Eckhart et al. 2004; Geber and
Eckhart 2005). Adaptation to their respective ranges has resulted
in geographic differences that prevent mating opportunities in
allopatric populations. For both xantiana and parviflora, approx-
imately 57% of all known populations are considered allopatric,
limiting the opportunity for the taxa to hybridize. Ecological diver-
gence has also led to differences in flowering phenology between
xantiana and parviflora. As part of adaptation to drier environ-
ments, parviflora has evolved a life-history strategy consistent
with drought avoidance; plants do not exhibit elevated tolerance
to drought conditions, but instead develop rapidly and flower
prior to water stress (Mazer et al. 2010). In 2013, we found that
74% of parviflora flowers produced during the season did not
overlap with xantiana, limiting mating opportunities. This was a
very dry year where parviflora’s flowering season was earlier and
compressed. Flowering phenology had one of the largest absolute
contributions to RI for parviflora. Although this is undoubtedly
an important mechanism and may greatly limit interspecific mat-
ings within a particular season, flowering phenology is also highly
temporally variable. We have observed years in which sympatric
populations have flowered nearly synchronously. Flowering time
divergence may therefore be unreliable and of limited importance
in promoting complete RI over long periods of time.

Aside from flowering time, xantiana and parviflora are most
highly diverged in mating system (Eckhart and Geber 1999;
Runions and Geber 2000). Parviflora evolved autonomous self-
pollination and floral characteristics associated with the “selfing
syndrome” (Goodwillie et al. 2010) in allopatry and subsequently
experienced western range expansion to the area of sympatry
(Pettengill and Moeller 2012b). Parvifiora flower size is reduced
with limited to no herkogamy or protandry (Runions and Geber
2000; Moeller 2006). This pattern of floral divergence is strongest
in sympatric populations, especially for parviflora (Briscoe
Runquist and Moeller 2014). Floral divergence had important
consequences for pollinator behavior and the probability of
interspecific movements. In experimental arrays, there was a
pronounced preference for xantiana over parviflora. In indi-
vidual contribution to RI, pollinator preference had a large ef-
fect (76%) and contributed 6.1% to total RI after accounting
for differences in phenology and relative abundance of plants
and pollen. Our results are similar to Martin and Willis (2007),
the only other comprehensive study of RI between sister out-
crossing and selfing taxa. In their study, flowering phenol-
ogy and mating system were also the most important isolat-
ing mechanisms between M. guttatus and M. nasutus, which
diverged approximately 200,000-500,000 years bp (Brandvain
et al. 2013). Investigations of RI between young species pairs are
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particularly necessary for distinguishing mechanisms associated
with the speciation process from subsequent evolution between
diverging lineages. The very recent divergence of xantiana and
parviflora (ca. 65,000 years bp; Pettengill and Moeller 2012a)
highlights that isolating barriers that confer nearly complete RI
can evolve quite rapidly.

In the absence of premating crossing barriers, xantiana and
parviflora are partially isolated through postzygotic mechanisms;
xantiana had a total postzygotic RI of 30.8% and parviflora had
a total postzygotic RI of 8.2%. This degree of postzygotic RI
between such recently diverged lineages is surprising and in-
dicates the fixation of BDM incompatibilities in both lineages.
Similar evidence of postzygotic isolation has been observed in
other closely related outcrosser—selfer pairs including Arenaria
uniflora (Fishman and Stratton 2004) and M. guttatus (Fishman
and Willis 2001). Our experiments also compared postmating RI
between allopatric populations to test the hypothesis that post-
mating RI is elevated in sympatry. The reinforcement hypothesis
predicts that premating and postmating-prezygotic isolating bar-
riers will be elevated in sympatry relative to allopatry (Coyne
and Orr 1989). The experiment we present here only includes the
contribution of postmating processes. We did not find support for
this prediction as we find similar to slightly higher postmating
RI between allopatric populations. Of the few previous studies
examining sympatric and allopatric crosses, some find similar
postmating barrier strength (Moyle et al. 2004) whereas others
have found stronger pollen—pistil interactions in sympatry (Kay
and Schemske 2008). Ongoing work on C. xantiana tests whether
premating barriers are elevated in sympatry.

For xantianal/parviflora, some of the BDMs are unidirec-
tional because there is asymmetry in the crossing barrier (Turelli
and Moyle 2007). BDMs may have fixed either through drift
during geographic separation or as a by-product of divergent se-
lection in both lineages. Fixation of BDMs due to drift may be
less likely, considering their very recent divergence time. Even
when populations experience severe bottlenecks, such as in the
evolution of selfing (Schoen et al. 1996), fixation of incompati-
bilities via drift is not often observed (Turelli et al. 2001). It may
be more likely that genetic divergence due to selection and the
accelerated fixation of advantageous alleles in both subspecies re-
sulted in the crossing barrier. As previously discussed, selection
in xantiana and parviflora has acted on a diverse array of traits
affecting development, physiology, and mating system (Eckhart
and Geber 1999; Runions and Geber 2000; Eckhart et al. 2004;
Geber and Eckhart 2005; Moeller 2006; Mazer et al. 2010). Al-
leles fixed by positive selection during reciprocal adaptation to
xantiana and parviflora’s respective ranges could contribute to
allelic incompatibilities causing postzygotic RI.

The asymmetry that we observed is common in plants
(Tiffin et al. 2001) and may be caused by pollen—pistil interactions
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(Ruane 2009; Yost and Kay 2009), cytonuclear incompatibilities
(Bomblies 2010), or expression-related maternal effects (Turelli
and Moyle 2007). We found no evidence of pollen—pistil inter-
actions, as xantiana pollen tubes consistently grew faster than
parviflora. These results are consistent with theoretical predic-
tions about outcrossers having higher male competitive ability
than selfers (Kondoh and Higashi 2000; Brandvain and Haig
2005) and contradict a recent field study where parviflora was
unexpectedly found to have higher pollen tube growth rates than
xantiana (Hove and Mazer 2013). Beyond pollen tube growth
rates, we have also observed successful fertilization of ovules in
interspecific crosses, with no apparent inhibition of pollen tubes
in styles of the other subspecies. Interestingly, our results run
counter to those in the outcrosser—selfer pair, M. guttatus and M.
nasutus, where conspecific pollen precedence is pronounced in
guttatus styles but not nasutus styles (Kiang and Hamrick 1978;
Fishman et al. 2008). Because postmating-prezygotic barriers can
be shaped by selection, it has been predicted that they may evolve
more rapidly than postzygotic barriers. Our findings do not sup-
port this prediction much like previous work by Moyle et al.
(2004).

Asymmetry in postmating RI was more clearly observed dur-
ing seed development. In crosses from parviflora to xantiana, we
observed significantly reduced seed set and elevated seed abortion
rates. In the opposite direction, we detected a less severe reduction
in seed set and no strong evidence of elevated abortion rates. These
results suggest that xantiana ovules are successfully fertilized by
parviflora pollen tubes but fail to fully mature. Although this pat-
tern could result from cytonuclear interactions, our evidence does
not appear to support this mechanism. When cytonuclear interac-
tions are important, hybrid inviability and sterility is common in
F1s and/or segregating in F2s (e.g., chlorotic seedlings; Stubbe
1964; van der Meer 1974; Burton et al. 2013). In C. xantiana,
however, after successful F1 seed development, we have not ob-
served any reduction in seed viability, germination rate, growth, or
fertility in F1s (reported here) or F2s (R. D. Briscoe Runquist and
D. A. Moeller, unpubl. data). Expression-related maternal effects
can also act as unidirectional BDMs. In plants, incompatibilities
can occur in the developing zygote or in the development of the
triploid endosperm (Cresti and Tiezzi 1997). Hybrid seed failure
has frequently involved abnormal endosperm development due
to interactions between the haploid male and double haploid fe-
male genetic components (Lin 1984; Haig and Westoby 1991;
Katsiotis et al. 1995; Bushell et al. 2003; Gutierrez-Marcos
et al. 2003). Differential imprinting may be one maternal ef-
fect that results in endosperm dysfunction (Haig and Westoby
1991), particularly when crosses occur between outcrossers and
selfers (Brandvain and Haig 2005). The role of maternal effects in
postzygotic RI between xantiana and parviflora is unknown and
warrants further investigation.

Finally, population genetic analyses have indicated that there
is introgression of parviflora alleles into xantiana genomic back-
grounds, with introgressed alleles limited only to the narrow zone
of sympatry (Pettengill and Moeller 2012a). Introgression from
xantiana to parviflora is less apparent, but gene flow in this di-
rection is harder to detect because segregating ancestral variation
may persist in derived selfing lineages (Brandvain et al. 2013).
Nevertheless, the direction of introgression is counter to that of
the observed crossing barrier, which suggests that processes oc-
curring after F1 formation may contribute more importantly to
the pattern of introgression in the nuclear genome. For exam-
ple, a higher probability of backcrossing from Fls to xantiana
may more frequently introduce parviflora alleles into xantiana
than the reverse. Because F1 hybrids’ flowering time is inter-
mediate between subspecies, the later flowering xantiana may
disproportionately sire offspring on Fl1s with female phase flow-
ers. In addition, because bee visitors discriminate against small
C. xantiana flowers (D. A. Moeller, unpubl. data), backcrossing
with parviflora may be particularly unlikely. Field experiments
examining pollinator responses to hybrid phenotypes are needed
to directly test this hypothesis.

Conclusions

Our examination of the components of RI between xantiana and
parviflora indicate that both premating and postzygotic barriers
have evolved rapidly because the recent divergence of the taxa.
Premating barriers, especially flowering time and pollinator pref-
erence, result in limited opportunities for hybridization. These
results are quite similar to those of Martin and Willis (2007), the
one other study to comprehensively examine RI between sister
outcrossing and selfing taxa. The genetics of postzygotic isola-
tion, however, depart significantly from previous studies. Despite
the very recent divergence time, we find substantial (and asym-
metric) barriers to seed production that arise strictly during seed
development. The absence of pollen—pistil interactions and hybrid
inviability or sterility suggest that expression-related maternal ef-
fects on seed development may be a plausible mechanism. Taken
together, the results explain the rarity of hybrids in sympatry and
suggest that mating system divergence may have important con-
sequences for the formation of new species.

ACKNOWLEDGMENTS

We are grateful to M. Geber and V. Eckhart for sharing their knowledge
of this system and unpublished work, which set the stage for this project.
Our studies benefited from the careful assistance of E. Beckman, T. Keith,
B. Kimbel, M. Lyons, J. Pettengill, C. Smith, and K. Tuininga. This work
was supported by a grant from the National Science Foundation (DEB-
1025004).

DATA ARCHIVING
The doi for our data is 10.5061/dryad.n4mm0.

EVOLUTION OCTOBER 2014 2897



RYAN D. BRISCOE RUNQUIST ET AL.

LITERATURE CITED

Aagaard, J. E.,R. D. George, L. Fishman, M. J. MacCross, and W. J. Swan-
son. 2013. Selection on plant male function genes identifies candi-
dates for reproductive isolation of yellow monkeyflowers. PLoS Genet.
9:e1003965.

Abbott, R., D. Albach, S. Ansell, J. W. Arntzen, S. J. E. Baird, N. Bierne,
J. W. Boughman, A. Brelsford, C. A. Buerkle, R. Buggs, et al. 2013.
Hybridization and speciation. J. Evol. Biol. 26:229-246.

Bates, D., M. Maechler, and B. Bolker. 2013. Package ‘lme4’ version
0.999999-2: linear mixed effect models using S4 classes.

Bateson, W. 1909. Heredity and variation in modern lights. Cambridge Univ.
Press, Cambridge, U K.

Bolnick, D.I.,and T.J. Near. 2005. Tempo of hybrid inviability in centrarchid
fishes (Teleostei : Centrarchidae). Evolution 59:1754-1767.

Bomblies, K. 2010. Doomed lovers: mechanisms of isolation and incompati-
bility in plants. Annu. Rev. Plant Biol. 61:109-124.

Brandvain, Y., and D. Haig. 2005. Divergent mating systems and parental con-
flict as a barrier to hybridization in flowering plants. Am. Nat. 166:330—
338.

Brandvain, Y., A. M. Kenney, L. Flagel, G. Coop, and A. L. Sweigart. 2013.
Speciation and introgression between Mimulus nasutus and Mimulus
guttatus. PLoS Genet. 10:¢1004410.

Briscoe Runquist, R. D., and D. A. Moeller. 2014. Floral and mating system
divergence in secondary sympatry: testing an alternate hypothesis to
reinforcement in Clarkia. Ann. Bot. 113:223-235.

Buggs, R. J. A. 2007. Empirical study of hybrid zone movement. Heredity
99:301-312.

Burton,R.S.,R.J.Pereira,and F. S. Barreto. 2013. Cytonuclear genomic inter-
actions and hybrid breakdown. Annu. Rev. Ecol. Evol. Syst. 44:14.11—
14.22.

Bushell, C., M. Spielman, and R. J. Scott. 2003. The basis of natural and
artificial postzygotic hybridization barriers in Arabidopsis species. Plant
Cell 15:1430-1442.

Campbell, D. R., N. M. Waser, G. Aldridge, and C. A. Wu. 2008. Lifetime
fitness in two generations of Ipomopsis hybrids. Evolution 62:2616—
26217.

Coyne, J. A. 1992. Genetics and speciation. Nature 355:511-515.

Coyne, J. A. and H. A. Orr. 1989. Patterns of speciation in Drosophila.
Evolution 43:362-381.

— ——.2004. Speciation. Sinauer Associates, Inc., Sunderland, MA.

Cresti, M., and A. Tiezzi. 1997. Sexual plant reproduction. Springer-Verlag,
Berlin.

Cruzan, M. B., and M. L. Arnold. 1994. Assortative mating and natural selec-
tion in an Iris hybrid zone. Evolution 48:1946-1958.

De Vos,J.M.,R. O. Wiiest, and E. Conti. 2014. Small and ugly? Phylogenetic
analyses of the “selfing syndrome” reveal complex evolutionary fates of
monomorphic primrose flowers. Evolution 68:1042-1057.

Dell’Olivo, A., M. E. Hoballah, T. Giibitz, and C. Kuhlemeier. 2011. Isolation
barriers between Petunia axillaris and Petunia integrifolia. Evolution
65:1979-1991.

Dettman, J. R., D.J. Jacobson, E. Turner, A. Pringle, and J. W. Taylor. 2003.
Reproductive isolation and phylogenetic divergence in Neurospora:
comparing methods of species recognition in a model eukaryote. Evo-
lution 57:2721-2741.

Dobzhansky, T. 1937a. Genetics and the origin of species. Colombia Univ.
Press, New York, NY.

Dobzhansky, T. H. 1937b. Genetics and the origin of species. Columbia Univ.
Press, New York, NY.

Eckhart, V. M., and M. A. Geber. 1999. Character variation and geographic
distribution of Clarkia xantiana (Onagraceae): flowers and phenology
distinguish two subspecies. Madrofio 46:117-125.

2898 EVOLUTION OCTOBER 2014

Eckhart, V.M., M. A. Geber, and C. M. McGuire. 2004. Experimental studies
of adaptation in Clarkia xantiana. 1. Sources of trait variation across a
subspecies border. Evolution 58:59-70.

Eckhart, V.M.,N. S.Rushing, G. M. Hart,and J. D. Hansen. 2006. Frequency-
dependent pollinator foraging in polymorphic Clarkia xantiana ssp.
xantiana populations: implications for flower colour evolution and pol-
linator interactions. Oikos 112:412-421.

Fausto, J., V. Eckhart, and M. Geber. 2001. Reproductive assurance and
the evolutionary ecology of self-pollination in Clarkia xantiana (On-
agraceae). Am. J. Bot. 88:1794-1800.

Fishman, L., and D. A. Stratton. 2004. The genetics of floral divergence
and postzygotic barriers between outcrossing and selfing populations of
Arenaria uniflora (Caryophyllaceae). Evolution 58:296-307.

Fishman, L., and J. H. Willis. 2001. Evidence for Dobzhansky-Muller in-
compatibilities contributing to the sterility of hybrids between Mimulus
guttatus and M. nasutus. Evolution 55:1932-1942.

Fishman, L., J. Tuthill, and J. E. Aagaard. 2008. The evolutionary genomics
of the gametophyte stage: patterns of transmission ratio distortion in
monkeyflower (Mimulus) hybrids reveal a complex genetic basis for
conspecific pollen precedence. Evolution 62:2958-2970.

Gallant, S. L., and D. J. Fairbairn. 1997. Patterns of postmating reproductive
isolation in a newly discovered species pair, Aquarius remigis and A.
remigoides (Hemiptera; Gerridae). Heredity 78:571-577.

Geber, M. A., and V. M. Eckhart. 2005. Experimental studies of adaptation
in Clarkia xantiana. 11. Fitness variation across a subspecies border.
Evolution 59:521-531.

Goodwillie, C., and J. M. Ness. 2013. Interaction of hybridization and mating
systems: a case study in Leptosiphon (Polemoniaceae). Am. J. Bot.
100:1002-1013.

Goodwillie, C., R. D. Sargent, C. G. Eckert, E. Elle, M. A. Geber, M. O.
Johnston, S. Kalisz, D. A. Moeller, R. H. Ree, M. Vallejo-Marin, et al.
2010. Correlated evolution of mating system and floral display traits
in flowering plants and its implications for the distribution of mating
system variation. New Phytol. 185:311-321.

Gould, B., D. A. Moeller, V. M. Eckhart, P. Tiffin, and M. A. Geber. 2014.
Local adaptation and range boundary formation in response to complex
environmental gradients across the geographic range of Clarkia xantiana
ssp. xantiana. J. Ecol. 102:95-107.

Gutierrez-Marcos, J. F., P. D. Pennington, L. M. Costa, and H. G. Dickinson.
2003. Imprinting in the endosperm: a possible role in preventing wide
hybridization. Philos. Trans. R. Soc. Lond. B 358:1105-1111.

Haig,D., and M. Westoby. 1991. Genomic imprinting in endosperm: its effect
on seed development in crosses between species, and between different
ploidies of the same species, and its implications for the evolution of
apomixis. Philos. Trans. R. Soc. Lond. B 333:1-13.

Harrison, R. G. 1983. Barriers to gene exchange between closely related
cricket species. 1. Laboratory hybridization studies. Evolution 37:245—
251.

Hodges, S. A. 2005. One begets two. Am. J. Bot. 92:1215-1218.

Hove A. A., and S. J. Mazer. 2013. Pollen performance in Clarkia taxa
with contrasting mating systems: implications for male gametophytic
evolution in selfers and outcrossers. Plants 2:248-278

Kalisz, S., A. Randle, D. Chaiffetz, M. Faigeles, A. Butera, and C. Beight.
2012. Dichogamy correlates with outcrossing rate and defines the selfing
syndrome in the mixed-mating genus Collinsia. Ann. Bot. 109:571-582.

Katsiotis, A., R. E. Hanneman, and R. A. Forsberg. 1995. Endosperm bal-
ance number and the polar-nuclei activation hypothesis for endosperm
development in interspecific crosses of Solanaceae and Gramineae re-
spectively. Theor. Appl. Genet. 91:848-855.

Kay, K. M. 2006. Reproductive isolation between two closely related
hummingbird-pollinated neotropical gingers. Evolution 60:538-552.



REPRODUCTIVE ISOLATION AND MATING SYSTEM EVOLUTION

Kay, K. M., and R. D. Sargent. 2009. The role of animal pollination in plant
speciation: integrating ecology, geography, and genetics. Annu. Rev.
Ecol. Evol. Syst. 40:637-656.

Kay,K.M.,and D. W. Schemske. 2008. Natural selection reinforces speciation
in a radiation of neotropical rainforest plants. Evolution 62:2628-2642.

Kiang, Y. T., and J. L. Hamrick. 1978. Reproductive isolation in the Mimulus
guttatus—M . nasudus complex. Am. Mid. Nat. 100:269-276.

Kondoh, M., and M. Higashi. 2000. Reproductive isolation mechanism result-
ing from resolution of intragenomic conflict. Am. Nat. 156:511-518.

Levin, D. A. 1978. The origin of isolating mechanisms in plants. Evol. Biol.
11:185-317.

Lewis, D., and L. K. Crowe. 1958. Unilateral interspecific incompatibility in
flowering plants. Heredity 12:233-256.

Lewis,H.,and M. E. Lewis. 1955. The genus Clarkia: University of California
Publications in Botany, Vol. 20. University of California Press, Berkeley
& Los Angeles, CA.

Lin, B. Y. 1984. Ploidy barrier to endosperm development in Maize. Genetics
107:103-115.

Lowry, D. B.,J. L. Modliszewski, K. M. Wright, C. A. Wu, and J. H. Willis.
2008. The strength and genetic basis of reproductive isolating barriers
in flowering plants. Philos. Trans. R. Soc. Lond. B 363:3009-3021.

MacSwain, J. W., P. H. Raven, and R. W. Thorp. 1973. Comparative behavior
of bees and Onagraceae. IV. Clarkia bees of the western United States.
Univ. Calif. Publ. Entomol. 70:1-80.

Martin, N. H., and J. H. Willis. 2007. Ecological divergence associated with
mating system causes nearly complete reproductive isolation between
sympatric Mimulus species. Evolution 61:68-82.

Mayr, E. 1942. Systematics and the origin of species. Columbia Univ. Press,
New York, NY.

Mazer,S.J.,L.S.Dudley, A. A.Hove,S.K.Emms,and A.S. Verhoeven. 2010.
Physiological performance in Clarkia sister taxa with contrasting mating
systems: do early-flowering autogamous taxa avoid water stress relative
to their pollinator-dependent counterparts? Int. J. Plant Sci. 171:1029—
104.

Moeller, D. A. 2005. Pollinator community structure and sources of spatial
variation in plant-pollinator interactions in Clarkia xantiana ssp. xan-
tiana. Oecologia 142:28-37.

— ——.2006. Geographic structure of pollinator communities, reproductive
assurance, and the evolution of self-pollination. Ecology 87:1510-1522.

Moeller, D. A., and M. A. Geber. 2005. Ecological context of the evolution of
self-pollination in Clarkia xantiana: population size, plant communities,
and reproductive assurance. Evolution 59:786-799.

Moeller, D. A., M. A. Geber, V. M. Eckhart, and P. Tiffin. 2012. Reduced
pollinator service and elevated pollen limitation at the geographic range
limit of an annual plant. Ecology 93:1036—1048.

Moyle L.C.,M.S. Olson, and P. Tiffin. 2004. Patterns of reproductive isolation
in three angiosperm genera. Evolution 58:1195-208.

Muranishi, S., I. Tamaki, S. Setsuko, and N. Tomaru. 2013. Asymmetric
introgression between Magnolia stellata and M. salicifolia at a site where
the two species grow sympatrically. Tree Genet. Genomes 9:1005-1015.

Miiller, H. J. 1942. Isolating mechanisms, evolution and temperature. Biol.
Symp. 6:71-125.

Nosil, P. 2012. Ecological speciation. Oxford Univ. Press, Oxford, U.K.

Nosil, P., T. H. Vines, and D. J. Funk. 2005. Perspective: reproductive isolation
caused by natural selection against immigrants from divergent habitats.
Evolution 59:705-719.

Oliver, C. G. 1978. Experimental hybridization between nymphalid butter-
flies Phyciodes tharos and Phyciodes campestris montana. Evolution
32:594-601.

Orr, H. A.,and J. A. Coyne. 1989. The genetics of postzygotic isolation in the
Drosophila virilis group. Genetics 121:527-537.

Orr, M.R.,and T. B. Smith. 1998. Ecology and speciation. Trends Ecol. Evol.
13:502-506.

Palma-Silva, C., T. Wendt, F. Pinheiro, T. Barbara, M. F. Fay, S. Cozzolino,
and C. Lexer. 2011. Sympatric bromeliad species (Pitcairnia spp.) facil-
itate tests of mechanisms involved in species cohesion and reproductive
isolation in Neotropical inselbergs. Mol. Ecol. 20:3185-3201.

Petit, R. J., C. Bodenes, A. Ducousso, G. Roussel, and A. Kremer. 2004.
Hybridization as a mechanism of invasion in oaks. New Phytol. 161:151—
164.

Pettengill,J. B.,and D. A. Moeller. 2012a. Tempo and mode of mating system
evolution between incipient Clarkia species. Evolution 66:1210-1225.

— ——.2012b. Phylogeography of speciation: allopatric divergence and sec-
ondary contact between outcrossing and selfing Clarkia. Mol. Ecol.
21:4578-4592.

Presgraves, D. C. 2002. Patterns of postzygotic isolation in Lepidoptera. Evo-
lution 56:1168-1183.

R Core Development Team. 2012.R version 2.15.1: “Roasted Marshmallows.”
The R Foundation for Statistical Computing, Vienna, Austria. Available
at www.r-project.org.

Ramsey, J., H. D. Bradshaw, and D. W. Schemske. 2003. Components of
reproductive isolation between the monkeyflowers Mimulus lewisii and
M. cardinalis (Phrymaceae). Evolution 57:1520-1534.

Ritland, C., and K. Ritland. 1989. Variation of sex allocation among eight taxa
of the Mimulus guttatus. Am. J. Bot. 76:1731-1739.

Ruane, L. G.2009. Post-pollination processes and non-random mating among
compatible mates. Evol. Ecol. Res. 11:1031-1051.

Ruhsam, M., P. M. Hollingsworth, and R. A. Ennos. 2011. Early evolution
in a hybrid swarm between outcrossing and selfing lineages in Geum.
Heredity 107:246-255.

— ——.2013. Patterns of mating, generation of diversity, and fitness of off-
spring in a Geum hybrid swarm. Evolution 67:2728-2740.

Runions, C. J., and M. A. Geber. 2000. Evolution of the self-pollinating
flower in Clarkia xantiana (Onagraceae). 1. Size and development of
floral organs. Am. J. Bot. 87:1439-1451.

Sambatti, J. B. M., J. L. Strasburg, D. Ortiz-Barrientos, E. J. Baack, and L. H.
Rieseberg. 2012. Reconciling extremely strong barriers with high levels
of gene exchange in annual sunflowers. Evolution 66:1459-1473.

Scascitelli, M., K. D. Whitney, R. A. Randell, M. King, C. A. Buerkle, and
L. H. Rieseberg. 2010. Genome scan of hybridizing sunflowers from
Texas (Helianthus annuus and H. debilis) reveals asymmetric patterns
of introgression and small islands of genomic differentiation. Mol. Ecol.
19:521-541.

Schluter, D. 2001. Ecology and the origin of species. Trends Ecol. Evol.
16:372-380.

Schoen,D.J.,M.T.Morgan,and T. Bataillion. 1996. How does self-pollination
evolve? Inferences from floral ecology and molecular genetic variation.
Philos. Trans. R. Soc. Lond. B 351:1281-1290.

Scopece, G., A. Croce, C. Lexer, and S. Cozzolino. 2013. Components of
reproductive isolation between Orchis mascula and Orchis pauciflora.
Evolution 67:2083-2093.

Sicard, A.,and M. Lenhard. 2011. The selfing syndrome: a model for studying
the genetic and evolutionary basis of morphological adaptation in plants.
Ann. Bot. 107:1433-1443.

Sobel, J. M., and G. F. Chen. 2014. Unification of methods for estimating the
strength of reproductive isolation. Evolution 68:1511-1522.

Sobel, J. M., G. F. Chen, L. R. Watt, and D. W. Schemske. 2010. The biology
of speciation. Evolution 64:295-315.

Stebbins, G. L. 1950. Variation and the evolution of plants. Columbia Univ.
Press, New York, NY.

Stubbe, W. 1964. The role of the plastome in the evolution of the genus
Oenothera. Genetica 35:28-33.

EVOLUTION OCTOBER 2014 2899



RYAN D. BRISCOE RUNQUIST ET AL.

Tiffin, P., M. S. Olson, and L. C. Moyle. 2001. Asymmetrical crossing barriers
in angiosperms. Proc. R. Soc. Lond. B 268:861-867.

Toews, D. P. L., and A. Brelsford. 2012. The biogeography of mito-
chondrial and nuclear discordance in animals. Mol. Ecol. 21:3907—
3930.

Tremblay, A. 2012. Package “LMERConvenienceFunctions.” Pp. 36. A suite
of functions to back-fit fixed effects and forward-fit random effects,
as well as other miscellaneous functions. CRAN: Comprehensive R
Archive Network.

Turelli, M., and L. C. Moyle. 2007. Asymmetric postmating isola-
tion: Darwin’s corollary to Haldane’s rule. Genetics 176:1059—
1088.

Turelli, M., N. H. Barton, and J. Coyne. 2001. Theory and speciation. Trends
Ecol. Evol. 16:330-343.

van der Meer, J. P. 1974. Hybrid chlorosis in interspecific crosses of
Oenothera: polygenic inheritance of the nuclear component. Can. J.
Genet. Cytol. 16:193-201.

Willett,C.S.,and R. S. Burton. 2001. Viability of cytochrome C genotypes de-
pends on cytoplasmic backgrounds in Tigriopus californicus. Evolution
55:1592-1599.

Yost,J.M.,and K. M.Kay.2009. The evolution of postpollination reproductive
isolation in Costus. Sex. Plant Reprod. 22:247-255.

Associate Editor: K Bomblies

Supporting Information

Table S1. Proportion of sites within the sympatric zone.
Table S2. Phenological transect details.

Table S3. Test of pollinator constancy in sympatric arrays.
Table S4. Pollen tube growth rates.

Table S5. Gametophyte competition.

Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. Three-way interaction plot for regional, maternal subspecies, and paternal subspecies effects on seed set from single-donor crosses.
Figure S2. Proportion of viable pollen in reciprocal F1 hybrids and parentals in a greenhouse common garden study of two populations.
Figure S3. Correlations between pairs of traits measured from offspring that resulted from gametophyte competition crosses.

Figure S4. Proportion of seeds aborted from crosses involving different numbers of pollen grains.

Table S6. Analysis of deviance tables for binomial mixed models of seed set and aborted seeds in single-donor crosses.

2900 EVOLUTION OCTOBER 2014



