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Abstract

Divergence in phenotypic traits often contributes to premating isolation between lineages, but
could also promote isolation at postmating stages. Phenotypic differences could directly result in
mechanical isolation or hybrids with maladapted traits; alternatively, when alleles controlling these
trait differences pleiotropically affect other components of development, differentiation could
indirectly produce genetic incompatibilities in hybrids. Here, we determined the strength of 9
postmating and intrinsic postzygotic reproductive barriers among 10 species of Jaltomata
(Solanaceae), including species with highly divergent floral traits. To evaluate the relative
importance of floral trait diversification on the strength of these postmating barriers, we assessed
their relationship to floral divergence, genetic distance, geographical context, and ecological
differences, using conventional tests and a new linear mixed modeling approach. Despite close
evolutionary relationships, all species pairs showed moderate to strong isolation. Nonetheless,
floral trait divergence was not a consistent predictor of the strength of isolation; instead this was
best explained by genetic distance, although we found evidence for mechanical isolation in one
species, and an overall positive relationship between floral trait divergence and fruit set isolation
across species pairs. Overall, our data indicate that intrinsic postzygotic isolation is more strongly
associated with genome-wide genetic differentiation, rather than floral divergence.
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Introduction

The evolution of reproductive barriers that reduce or prevent gene flow among diverging
lineages is a key component of speciation (Coyne and Orr 2004). Numerous traits and
underlying mechanisms can contribute to reproductive barriers (Coyne and Orr 2004; Baack
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et al. 2015). However, studies often focus on phenotypic traits that differ markedly between
closely related taxa, and that could contribute to premating reproductive barriers between
these lineages (Maan and Seehausen 2011), including aspects of mating and courtship
displays (Masta and Maddison 2002; Shaw et al. 2007; Selz et al. 2016), and floral traits
relating to pollinator discrimination between plant species (Kay and Sargent 2009). These
traits also often mediate reproductive success within species (Higashi et al. 1999; Coyne and
Orr 2004; Ritchie 2007; Yukilevich et al. 2016), and can be subject to divergent natural or
sexual selection that accelerates their differentiation between lineages. Divergence in these
traits can play a key role in speciation via direct effects on reducing gene flow prior to
mating (Coyne and Orr 2004; Maan and Seehausen 2011; Mendelson and Shaw 2012),
however the potential for this trait divergence to promote the expression of isolating barriers
at other, later, reproductive stages remains unclear (Coyne and Orr 2004; Maan and
Seehausen 2011). To address these potential collateral effects of rapid mating trait
divergence, we require studies that examine multiple reproductive barriers among closely
related taxa that differ in such trait(s), and are therefore able to simultaneously assess the
relative importance of this divergence versus other axes of differentiation that might drive
isolation between lineages (e.g. Jewell et al. 2012; Martin and Mendelson 2016).

Divergent mating traits are one such class of traits that might contribute to isolation, both by
directly preventing or reducing the frequency of heterospecific mating, and via their later
effects on postmating and postzygotic isolation. Species differences in elaborated mating
traits have frequently been associated with premating reproductive barriers (Coyne and Orr
2004; Lowry et al. 2008; Baack et al. 2015), including behavioral isolation in diverse animal
groups such as birds (Seddon et al. 2013), fish (Mendelson 2003; Selz et al. 2016), and
especially insects (Mullen and Shaw 2014; Merrill et al. 2015), as well as pollinator
isolation in plants (specifically angiosperms). Divergent floral traits can produce strong
pollinator isolation via differential attraction or efficiency, and available data support a key
direct role for pollinators in reducing gene flow between lineages via premating effects (e.g.
Schemske and Bradshaw 1999; Hoballah et al. 2007; Kessler et al. 2015; and reviewed in
Lowry et al. 2008; Kay and Sargent 2009). Nonetheless, divergent floral traits could also
have collateral effects on later postmating and postzygotic reproductive barriers via both
direct and indirect mechanisms, although the strength and importance of these effects
remains much less well understood.

Floral differences could have direct effects on postmating barriers, for instance by mediating
mechanical isolation or extrinsic postzygotic isolation. In the first case, pollen from taxa
with short styles is unable to grow to the ovary of taxa with longer styles due to a
mechanical mismatch between style length of one species and the maximal pollen tube
length of the other (e.g., Williams and Rouse 1988; Lee et al. 2008). In the second case,
hybrids — once formed between species — can have unattractive or unmanageable floral trait
combinations, thereby reducing the attraction of or handling ability by pollinators of either
parental species (e.g. Schemske and Bradshaw 1999). These direct forms of postmating
isolation have been shown to reduce gene flow between some species (e.g. Lee et al. 2008;
Tong et al. 2016), although direct empirical evidence for extrinsic postzygotic isolation due
to floral traits is comparatively rare.
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In contrast to direct effects on postmating and extrinsic postzygotic barriers, floral
divergence might also contribute indirectly to additional isolating barriers. For instance, if
genes underlying floral trait transitions have pleiotropic roles in other aspects of
reproductive or morphological development, divergence in these mechanisms could result in
dysfunctional development — and therefore reduced viability or fertility — in hybrids
(Smaczniak et al. 2012; Haak et al. 2014). The resulting Dobzhansky-Muller
Incompatibilities (DMIs) in hybrids are postzygotic barriers that increase isolation by
preventing hybrid individuals from acting as conduits for gene flow across species
boundaries. Specific developmental loci—such as the MIKCC-type MADS-box genes and
their targets—are known to have functional roles in both flower and reproductive
development in angiosperms (Smaczniak et al. 2012; Dreni and Zhang 2016), and reduced
viability and fertility of hybrids has been observed in numerous plant groups (e.g. Moyle and
Nakazato 2008; Oneal et al. 2016; reviewed in Baack et al. 2015). However whether such
barriers are commonly due to pleiotropic consequences of floral trait differences between
parental taxa remains unknown. Indeed, there is as yet no consensus about the mechanism(s)
ultimately driving the association between species richness and floral diversity (Armbruster
2014), and floral trait variation could contribute to the evolution of reproductive isolating
barriers via such effects on postmating and postzygotic stages of reproductive isolation.

In addition to specific components of mating trait divergence directly or indirectly driving
the evolution of postmating and postzygotic isolation, other factors such as geographical or
ecological context, as well as general genomic differentiation over time, could be important
determinants of the type and strength of such barriers. For instance, differential adaption to
spatially varying environmental factors could pleiotropically contribute to postzygotic
barriers via DMIs (Coyne and Orr 2004) so that the strength of isolation scales with
environmental divergence. Alternatively, geographical sympatry with other closely related
species can directly select for increased premating isolation to reduce the frequency of low
fitness matings between sympatric heterospecifics (i.e. reinforcement; Coyne and Orr 1989;
Mendelson 2003; Hopkins 2013). Postmating and postzygotic barriers may also accumulate
as the consequence of more general genomic differentiation between lineages over time. The
resulting roughly monotonic increase in the strength of some stages of RI with increasing
genetic distance (evolutionary time) has been observed in both animal (Coyne and Orr 1997,
Presgraves 2002) and plant (Moyle et al. 2004; Scopece et al. 2007, 2008; Pinheiro et al.
2015) groups (reviewed in Coyne and Orr 2004; Baack et al. 2015).

One general approach to tease apart the relative importance of these effects is to examine
multiple axes of divergence among a common set of taxa, so that their joint and individual
effects on the accumulation of reproductive isolation can be simultaneously evaluated. For
instance, pairwise data on genetic and geographical distance between numerous closely
related species pairs, in conjunction with divergence in specific trait values and ecological
factors, can be used to assess which axes of divergence are most strongly associated with the
observed strength of reproductive isolation at one or more stages among these species pairs.
While these kinds of comparative approaches have been used to identify key factors
contributing to the evolution of reproductive isolation (Jewell et al. 2012; Martin and
Mendelson 2016, and see above), they also have some limitations. Present methods do not
allow inclusion of multiple potential predictors within the same statistical model, preventing
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direct assessment of their relative contributions to the strength of isolation. Further,
compatibility data are typically non-independent, as the same species are used in multiple
comparisons, but current methods to account for this non-independence also have
shortcomings. Mantel tests (Mantel 1967) can potentially have elevated Type | error rates
(Legendre 2000; Harmon and Glor 2010), whereas Phylogenetically-Independent Contrasts
(PICs, Felsenstein 1985), which account for phylogenetic structure among included species,
can have reduced power. To better understand which factors best explain patterns of
isolation, a more robust statistical approach would allow multiple predictors (including both
continuous and categorical variables), as well as account for phylogenetic structure among
included species. Here we implement a linear mixed modeling approach that includes
phylogenetic structure as a random effect matrix (Castillo 2016) to overcome several of
these limitations of current methods.

We examined the strength and accumulation of postmating reproductive isolation among 10
species in a plant genus with extensive floral diversity: Ja/fomata (Solanaceae). Notably, this
floral variation — including novel variation in petal and nectar color, overall size, and shape
of floral organs (Figure 1), appears to have arisen within the last 5 MY (Sarkinen et al.
2013), likely in response to pollinator preferences (e.g. Fenster et al. 2004; and see
Discussion). Moreover, these traits appear to be highly phylogenetically labile, indicating
multiple independent transitions to similar floral forms (Miller et al. 2011). Jalfomata
therefore provides an excellent opportunity to examine whether floral diversification
influences the strength of postmating stages of reproductive isolation among multiple
closely related species, while simultaneously considering genetic, geographical, and
ecological relationships. In this study, we quantified reproductive isolation (RI) at up to 9
reproductive barriers (1 postmating and 8 intrinsic postzygotic) among these 10 species, and
characterized floral trait variation and pairwise genetic, geographic, and ecological distance.
Overall, our goals were: 1) to determine the relative contributions of floral trait divergence,
geographical context/spatial distance, ecological divergence, and genetic distance to
observed levels of RI between our species pairs, and, 2) to specifically assess evidence for
the collateral (pleiotropic) effects of floral divergence on the strength of postmating and
intrinsic postzygotic isolation barriers, in this florally diverse system.

Materials and Methods

Study system

Jaltomata (Schlechtendal; Solanaceae) is the sister genus to the large and economically
important Sofanum (Olmstead et al. 2008; Sarkinen et al. 2013), and includes approximately
60-80 species distributed from the Southwestern United States to the Andes in South
America, in addition to several species endemic to the Greater Antilles and the Galapagos
Islands (Miller et al. 2011; T. Mione, pers. comm.). Although highly florally diverse, species
exhibit one of three general floral morphologies: rotate (calyx and corolla are flat),
campanulate (corolla is at least partially fused and shaped like a bell or cup), or tubular
(corolla is mostly fused into a tube). Nectar color also ranges from essentially colorless to
deep red, and may function as an honest signal to pollinators (Hansen et al. 2007). Current
phylogenetic treatment of the genus (Miller et al. 2011; M. Wu, J.L. Kostyun, and L.C.
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Moyle, unpub.) indicates these variable floral traits are also highly evolutionarily labile, with
evidence for multiple independent transitions among rotate, campanulate, and tubular floral
forms. Therefore, species pairs can have similar floral forms either via shared ancestry, or
via evolutionary convergence.

Species of Jaltomata also live in a variety of habitats, including tropical rainforests, rocky
foothills, and /omas formations (patches of vegetation within desert supplied by fog).
Although many Jaltomata species are sympatric, naturally occurring hybrids have yet to be
observed (T. Mione, pers. comm.), suggesting the presence of reproductive barriers that
reduce or prevent their formation. All examined Jalfomata species are self-compatible
(Mione 1992; J.L. Kostyun and T. Mione, unpub.), unlike most other genera within the
Solanaceae that exhibit genetically-determined self-incompatibility in some or all species
(Goldberg et al. 2010).

Quantifying Floral Trait Variation

Wild-collected seeds from 10 Jalfomata species (Figure 1; Supp. Table 1) were germinated
and plants cultivated under standard greenhouse conditions in our university research
greenhouse. To characterize floral trait variation, we measured 15 floral traits on at least 3
individuals per species: 12 morphological, 2 color (petal and nectar), and 1 physiological
(nectar volume). Our morphological traits were inflorescence size (humber of flowers/buds),
calyx diameter, sepal length, corolla diameter, corolla depth, corolla fusion, petal length,
stamen length, anther length, ovary diameter, style length, and herkogamy (Supp. Figure 1),
which were measured with a hand-held caliper. Nectar volume per flower was measured to
the nearest 1L using a pipette. Petal and nectar color were quantified from digital
photographs (Kendal et al. 2013; Garcia et al. 2014): dissected petals and nectar drops were
photographed on a standard background along with white and black color standards. Light
conditions were standardized for all images using RAW Therapee (RAW Therapee
Development Team 2012), and color space attributes were measured in ImageJ (Schneider et
al. 2012). Because RGB (red-green-blue) color attributes are device-dependent, color values
were also converted into device-independent L*a*b color attributes, using the ImageJ Color
Space Converter plugin (Schwartzwald 2012) (Supp. Table 2).

We used two approaches to characterize floral trait differences for each species pair. First,
species pairs were categorized based on whether they had the same general floral form (i.e.
rotate, campanulate, or tubular) or not. Pairs with different general floral forms were
categorized as “Divergent” (n=29 pairs), and pairs with the same general floral form were
categorized as “Similar” (n=15 pairs). Within this second class, “Similar” species pairs were
further classified based on current inferred phylogenetic relationships as “Shared” (share
morphology from a common ancestor, n=>5 pairs) vs. “Convergent” (similar morphology, but
from different origins, n=10 pairs) (Supp. Table 3). Because different alleles may be
responsible for phenotypically convergent floral traits, crosses involving these two different
classes of ‘Similar” species pairs might be expected to have different outcomes for the
expression of postmating (especially postzygotic) species barriers.

Second, we generated a composite quantitative estimate of pairwise multi-trait floral
divergence (‘floral distance”) between species. We first used Principle Component Analysis
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(PCA,; R statistical environment, R Core Team 2005) to summarize differences in floral trait
axes explaining the relevant variation among species, as well as to standardize variance
across traits (especially those with different units of measurement e.g. corolla diameter vs.
nectar volume vs. color attributes). Then we calculated the pairwise Euclidean distance
between species means in PC space for all species pairs. For comparison, we also calculated
a separate ‘morphological floral distance’ and “color floral distance’” (using PCA on just the
relevant traits for these subsets of floral divergence; Supp. Table 3), because different alleles
controlling floral morphology, may be more likely to contribute to intrinsic incompatibilities
in hybrids, compared to floral color differences (Haak et al. 2014; D. Castillo 2016).

Genetic Distance and Phylogenetic Relationships

Pair-wise genetic distance among species was estimated using a set of 60 orthologous
transcripts (expressed loci) assembled from RNA-seq data (M. Wu, J.L. Kostyun, and L.C.
Moyle, unpub.). Two RNA libraries (vegetative and reproductive tissues) were sequenced
from each species, except for J. procumbens and J. grandibaccata for which only vegetative
RNA was obtained. The vegetative libraries contained pooled (equi-molar) RNA from roots,
leaf buds, immature leaves, and mature leaves; the reproductive libraries contained pooled
RNA from 3 floral bud stages, pistillate flowers, hermaphroditic (mature) flowers, pollinated
flowers, and early fruit. Tissues were collected from the same developmental stage under
equivalent conditions (i.e. same temperature, lighting, and watering regimes) across species.

To identify orthologous transcripts for estimating genetic distance, reproductive and
vegetative transcripts were first pooled for each species, and then aligned to the domestic
tomato genome (Tomato Genome Consortium 2012) via all-by-all blastn and MCL
clustering following van Dongen and Abreu-Goodger (2012) and Yang and Smith (2014).
The 60 loci chosen to characterize genetic distance here were distributed across all 12
chromosomes (5 per chromosome, based on assumed synteny with the tomato genome;
Supp. Table 4) and met the following criteria: all 10 Ja/fomata species expressed transcripts
at that locus, and reads from all species were in the central 50% of transcript length
distribution. A concatenated sequence alignment of all 60 transcripts was used to calculate
Ks (humber of synonymous substitutions per synonymous site) in PAML v4.8a (YYang 2007),
with codeml parameters runmode = -2, seqtype = 1, and codonFreq = 2 (Supp. Table 5).
This concatenated alignment was also used to reconstruct phylogenetic relationships among
species, using maximum likelihood (GTRCAT model) in RAXML (Stamatakis 2014) with
100 bootstraps. Short-read sequence data are available in NCBI Short Read Archive
(SRX2676115-SRX2676141; BioProject PRINA380644).

Geographical and Ecological Distances

Collection locations (latitude and longitude) of the 10 Jalfomata accessions were mapped in
Google Earth (Figure 1; Supp. Table 1), and pairwise geographical distances (km) among
these locations were calculated using the online program Movable Type Scripts (Veness
2002-2015) (Supp. Table 6). Because geographic distance contains information about both
physical separation and potential ecological differences between species, a separate
‘ecological distance’ was also calculated between lineages. Nineteen bioclimatic variables
for species collection locations were obtained from the WorldClim database (Hijmans et al.
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2005) and, similar to ‘floral distance’, ‘ecological distance’ was calculated by using PCA to
summarize variation in these climatic variables among each collection location, followed by
taking the pairwise Euclidean distance between species PC values (Supp. Table 6). For
completeness, we also calculated a ‘species-average ecological distance’ using a parallel
approach but based instead on averages of WorldClim variables extracted for all known
collection locations within each of our focal species (T. Mione, pers. comm.; J.L. Kostyun,
unpub.; Supp. Table 7). Our results did not differ between these alternative metrics and, as
individual population locations are more directly characteristic of the specific environmental
conditions of the genotypes we examined here, we report analyses using ‘ecological
distance’ in the main text and ‘species-average ecological distance’ in supplementary
material (Supp. Tables 10-11, 16). In addition, species pairs were classified as allopatric or
sympatric; allopatric species pairs were those with no known range overlap, while sympatric
were those where the accession collection location occurred within the other species known
range (Supp. Table 6) (T. Mione and S. Leiva G., pers. comm; J.L. Kostyun, unpub.).

Quantifying Reproductive Isolation

We quantified up to 9 metrics of isolation (1 postmating prezygotic, and 8 intrinsic
postzygotic (Table 1)), among all species in a full reciprocal diallel design, with at least 3
biological replicates per crossing direction per species combination for each relevant
reproductive stage. For species pairs that produced viable F1 hybrids, hybrid fertility was
scored on at least 3 adult F1 individuals.

Controlled intra- and interspecific pollinations were performed among individuals, and
successful fruit set (mature fruit produced over total pollinations), mature fruit size (average
mass [g]), seed set per fruit, and viable seed set per fruit (based on the proportion that
germinated in a subset of seeds), were scored. These data were used to calculate 4 metrics of
intrinsic postzygotic compatibility (fruit set, fruit size, seed set, and seed viability). For
species combinations that produced viable F1 hybrids, we calculated three additional metrics
of F1 hybrid female fertility (successful fruit set, fruit size, and seed set per fruit, following
back-cross pollinations with parental pollen) and one of F1 hybrid male fertility
(proportional viable pollen grains). The latter was quantified using established protocols
(Jewell et al. 2012); briefly, undehisced anthers from 3 flowers per individual were
individually collected into aniline blue pollen stain, each sample was ground to release
pollen, and pollen grains were counted and evaluated for viability (darkly stained cytoplasm)
under an EVOS FL Digital Inverted Fluorescence Microscope (Fisher Scientific).

In species combinations that did not produce fruit in our initial inter-specific pollinations, we
further assessed evidence for pollen-pistil compatibility by examining pollen tube growth
within heterospecific styles using epi-fluorescence microscopy. Additional pollinations were
performed on emasculated undehisced flowers, and styles were collected 24 hours following
pollination (except J. umbellata styles, which were collected after 48 hours), as 24 hours is
sufficient for intra-specific pollen to reach the ovary in all species (except J. umbellata,
which requires ~48 hours). Pollinated styles were collected into 3:1 95% ethanol: glacial
acetic acid, and stored at 4°C for at least 24 hours prior to analysis. Styles were then
softened in 5M NaOH for 20 hours, stained with Aniline Blue Fluorochrome (BioSupplies)
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for 3.5 hours in the dark, and examined under the DAPI setting on an EVOS scope. Pollen-
pistil compatibility was calculated as the ratio of pollen tube length to style length, following
measurement in ImageJ (Schneider et al. 2012). For species pairs with evidence of fruit
production from our initial crosses, pollen-pistil compatibility was scored as 1 (pollen tubes
reach ovary).

Reproductive isolation (RI) was calculated for each species pair combination at each barrier,
following Sobel and Chen (2014) (Supp. Table 8-9). This metric is similar to previous
measures (e.g. Rl = 1- inter-specific value/intra-specific value; Coyne and Orr 1989), but
ranges from —1 to 1 (and therefore allows cases where interspecific success exceeds
intraspecific success), in addition to better allowing comparison across reproductive barriers
and study systems. All results reported below use these RI values, however for completeness
we provide equivalent analyses based on RI values calculated following Coyne and Orr
(1989), in supplementary information (Supp. Tables 10-11). Note that our qualitative
inferences from these alternative approaches do not differ. Because reproductive barriers are
often asymmetric (Tiffin et al. 2001; Turelli and Moyle 2007), RI values were calculated
separately for each direction of the cross, and also averaged to produce a joint value for each
species pair. In instances where RI could only be measured in one direction of the cross, this
value was used as the joint value. Following Sobel and Chen (2014), the cumulative strength
of each barrier (which takes into account the effect of earlier-acting barriers on how much
later-acting barriers can further limit gene flow), total cumulative isolation of the 9
quantified barriers, absolute vs. relative (i.e. cumulative effect/total isolation) contributions
of each barrier to estimated isolation, were calculated for each species pair (Supp. Table 12).

Statistical Analyses

Comparisons among reproductive barriers—We compared the relative strength of
different barriers across species pairs using an ANOVA, followed by Tukey’s HSD.
Following Sobel and Chen (2014, and above), we used the absolute sequential contribution
of each barrier in order to take into account the effect of earlier-acting barriers on later-
acting ones. To assess asymmetry in the strength of isolation between reciprocal crosses, the
magnitude (i.e. absolute value) of their difference was calculated for each barrier for each
species pair (Supp. Table 13). A one-sample t-test (null: differences between reciprocals are
not different from 0) was used to determine whether individual barriers were significantly
asymmetric across species pairs. Under some speciation models, the magnitude of isolation
asymmetry between reciprocal species combinations can vary depending upon time since
divergence (Turelli and Moyle 2007), so we also evaluated the relationship between
magnitude of asymmetry and genetic distance, using linear regression (Supp. Table 14).
Because RI values among developmentally related reproductive stages (e.g. fruit size and
seed number) might be correlated, we assessed the magnitude of correlations among RI
values at all examined stages (Supp. Table 15). Note that because fruit size and seed set per
fruit were highly correlated, we calculated Total RI and Total Postzygotic RI and performed
all analyses with fruit size both included and excluded (Supp. Tables 10, 11, 14, 16, 17);
results of the alternative analyses were qualitatively indistinguishable so only analyses
including fruit size are reported in the Results. All analyses were run within the R statistical
environment (R Core Team 2005).
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Relationship between Rl and other metrics of divergence—In conventional
comparative analyses, the relationship between RI values and other metrics of pairwise
divergence are assessed using Mantel tests (e.g. Jewell et al. 2012) (matrix regression,
Mantel 1967), which were designed to account for non-independence among pair-wise data.
However, these tests have both statistical and inferential limitations: under some conditions
they produce elevated Type | errors (Legendre 2000; Harmon and Glor 2010), and they can
fail to appropriately account for autocorrelation within data (e.g. phylogenetic signal)
(Guillot and Rousset 2013). In addition, they cannot appropriately accommodate categorical
predictors (such as allopatric vs. sympatric range), including those with more than 2 levels
(such as different floral divergence categories), and they do not support more than one
potential predictor within a single model, preventing robust simultaneous assessment of the
relative contributions of multiple factors to RI values. Therefore, to assess the relationship
between RI values and potential factors associated with their accumulation (genetic,
geographical, ecological, and floral distances), we used a linear mixed model approach
which allows inclusion of categorical predictors and more than one predictor in a single
model, while accounting for phylogenetic structure among species pairs by specifying this as
a random effect matrix (Castillo 2016). Specifically, we generated a standardized matrix of
ranked relatedness based on the estimated topology of species relationships (see Figure 2);
although this topology was inferred from the same loci as our genetic distance metric (Supp.
Table 4), our relatedness matrix solely specifies relative ranking of shared ancestry but does
not include data on branch lengths (Supp. Table 5).

These models were applied in two parallel analyses: First, we analyzed our data using
separate RI values from each direction of reciprocal cross (where maternal species:paternal
species interaction was also included as a random effect); and second, we analyzed species
pair average RI values (averaged between both directions of the cross). Starting with the
least complex model (i.e. Rl ~ (1|random effect)), we determined the model of best fit for
each barrier by step-wise adding potential predictors and comparing these nested models
with likelihood ratio tests. All linear mixed model analyses were performed within the R
package nlme (Pinheiro et al. 2016). For completeness, and to facilitate comparison with
other prior comparative analyses, we also analyzed our data with conventional Mantel tests,
with significance levels determined based on 10000 permutations, as implemented in the R
package vegan (Oksanen et al. 2016); results for these are reported in supplementary
material (Supp. Table 16).

Floral traits are highly divergent among species, although not associated with genetic,
geographic, or ecological measures of divergence

As expected, overall floral and morphological distances were associated with our qualitative
floral morphology categories: “Divergent” species pairs had significantly higher trait-based
distance than either “Shared” or “Convergent” pairs (/=36.06; /=38.72, both p< 0.00001,
Tukey HSD, p < 0.00001), while “Convergent” and “Shared” pairs were not significantly
different (Tukey HSD, p < 0.066). Nonetheless, floral trait differentiation among species was
not associated with genetic, geographic or ecological distance, with one exception (a
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significant positive correlation between genetic distance and morphological floral distance
(Mantel’s r=0.251, p=0.048; Supp. Table 16)). Genetic distance also did not significantly
differ between qualitative floral morphology categories, for either “Similar” vs. “Divergent”
(¢=10.233, p=10.817), or “Shared” vs. “Convergent” vs. “Divergent” (F=1.282, p=0.288)
comparisons, and neither did geographic distance (“Similar” vs. “Divergent” (£= 0.279, p=
0.782); “Shared” vs. “Convergent” vs. “Divergent” (F= 0.113, p= 0.893)).

Jaltomata species pairs exhibit a broad range of isolating barriers, that are often

asymmetric

Reproductive isolation was quantified for a total of 74 unique species combinations (44
species pairs) for up to 9 postmating isolation metrics (Figure 2; Supp. Tables 8-9), in
addition to two cumulative estimates (Table 1; Supp. Table 12). Levels of RI varied greatly
among species pairs, ranging from species isolated by strong pollen-pistil barriers through to
pairs that successfully produced backcross fruits and seeds. Rl values among some
developmentally associated stages (e.g. fruit size and seed set) were significantly correlated,
while values among unrelated measures (e.g. seed viability and F1 hybrid pollen viability)
were not (Supp. Table 15). F1 pollen viability and F1 fruit set were also significantly
correlated, indicating that both pollen and seed fertility problems have accumulated among
some of the relatively closely related species examined here.

As the majority of species combinations (44 of 74) produced at least some fruit from
pollinations, most of the species isolating barriers we detected appear to be postzygotically
acting. Of the 30 species combinations that did not produce fruit from interspecific
pollinations, we observed pollen tubes successfully reached the ovary in 12 combinations,
consistent with other later acting reproductive barriers, such as incompatible pollen-ovule
signaling (postmating prezygotic RI) or very early seed failure (postzygotic RI), preventing
successful fruit production. Because at least some of these crosses produced noticeably
swollen ovaries that then failed to develop, the barrier(s) are more likely to be early acting
postzygotic. The operation of pollen-pistil barriers in nine additional combinations,
involving a single maternal species (J. yungayensis), could not be directly tested because this
species stopped flowering during the course of the experiment. We directly observed that
pollen tubes did not reach the ovary in the remaining 9 combinations, all of which involve
just two maternal species (J. procumbens and J. umbellata) (Figure 2; Supp. Table 8; and see
further below). Note that because pollen-pistil isolation was only directly evaluated in
crosses that failed to produce fruits, partial or incomplete isolation at this stage—for
example, that reduced the frequency with which fruits were formed—may be present in
other untested species pairs, especially those with low levels of fruit production. Therefore
our assessment of pollen-pistil isolation can be considered a minimum quantitative estimate
of this species barrier.

Of the 44 species combinations (33 pairs) that produced fruit, 14 (9 pairs) produced at least
some viable F1 hybrid seeds (Figure 2). All F1 hybrids were vegetatively robust and
produced flowers, although in four cases these flowers were sterile (produced non-functional
gametes). Together, the examined 9 postmating metrics contribute 38 — 100% reproductive
isolation among species pairs (ranging from —55 — 100% among species combinations;
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Supp. Tables 9 and 12). Of these barriers, RI at the fruit set stage (i.e. the proportion of
successful fruit following pollination) was the strongest across species pairs (F=48.09, p <
0.00001; Tukey HSD, p< 0.00001; Table 1; Figure 2; Supp. Figure 2).

In addition to variation in the strength of isolating barriers among species pairs, Rl was also
frequently asymmetric within individual species pairs (i.e. differed depending on the
direction of the cross) (Figure 3; Supp. Table 13). When considering all species pairs,
reproductive isolation values were significantly asymmetric for 7 of the 11 examined
isolation metrics (9 measured traits and 2 cumulative isolation estimates; Table 1).
Nonetheless, the magnitude of asymmetry in Rl was not significantly associated with
genetic distance (as a proxy of divergence time) for any of our reproductive barriers,
including total RI (Supp. Table 14).

Mechanical isolation is not a widespread species barrier

Differences in style length specifically (rather than overall floral differences) could
contribute directly to postmating mechanical isolation via incomplete pollen tube growth.
However our data support this as a potential mechanism of postmating prezygotic isolation
for only one species. Of the species pairs that were directly tested, we detected pollen-pistil
isolation in two species when acting as the maternal parent, J. procumbens and J. umbellata
(Figure 2; and see above), which are the shortest-styled and the longest-styled species,
respectively, in our dataset (Supp. Table 2). It is therefore likely that mechanical isolation
contributes to observed RI in the latter case (J. umbellata); indeed, of the interspecific pollen
that did not reach the ovary of J. umbellata, pollen from species with shorter styles tended to
result in higher levels of pollen-pistil RI, although this was not significant (F=2.86, p=
0.094) (Supp. Figure 3). Although mechanical isolation likely contributes to pollen-pistil RI
in this species, it is not a common explanatory mechanism for Rl among our Jalfomata
species pairs more broadly. Indeed, neither linear mixed models nor Mantel tests on separate
reciprocal RI values (which account for the direction of style length difference), support
significant associations between style length difference and level of pollen-pistil Rl (Table 2;
Supp. Table 16). Note that mechanical isolation also does not appear to be contributing to
quantitative reductions in fruit set from crosses for which we did not directly assess pollen-
pistil interactions; in particular, fruit set Rl was not associated with style length difference
between species (Mantel 7= 0.084, p=0.372; Imm p=0.952), suggesting that pollen-pistil
mechanical isolation is not driving patterns detected for this later stage of isolation.

Accumulation of intrinsic postzygotic reproductive isolation is best explained by overall
genetic distance, rather than floral differentiation or geographical and ecological factors

We found little evidence for a general association between quantitative divergence in floral
traits and the strength of intrinsic postzygotic isolation. Floral morphological distance was
marginally significant as a predictor in the linear mixed model of best fit for fruit set Rl (p <
0.067; Table 2) in the pair averaged dataset. A similar result was obtained with a partial
Mantel test controlling for genetic distance, of this relationship (Supp. Table 16). However,
neither quantitative measures of floral distance nor qualitative categories were significant
predictors for any other barriers, regardless of statistical approach.
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In contrast, analyses support a strong association between genetic distance and most of our
metrics of postzygotic R, based on both linear mixed models and Mantel tests (Table 2;
Supp. Table 16). Indeed, genetic distance is the strongest predictor of overall patterns of
intrinsic postzygotic isolation, regardless of specific statistical approach, or whether analyses
were based on separate reciprocal RI values or on species pair average RI values. Consistent
with this, genetic distance was also significantly associated with total Rl based on both
approaches, and with both reciprocal and averaged RI datasets. In comparison, genetic
distance was clearly not associated with pollen-pistil RI, based on either of the statistical
approaches or datasets (Table 2; Supp. Table 16).

Compared with genetic distance, geographical or ecological factors explained little of the
observed variation in isolation metrics, with the exception that both genetic and geographic
distances were significantly associated with F1 pollen viability and F1 fruit set, based on
linear mixed model analyses (Table 2). No significant associations between RI values and
either geographic or ecological distance were detected with partial Mantel tests, once genetic
distance was controlled for (Supp. Table 16). Moreover, the categorical predictor of species
ranges (allopatric vs. sympatric) was not significant for any of the examined RI barriers in
linear mixed models. Consistent with this, the strength of isolation did not differ between
allopatric and sympatric species pairs, for any of the examined barriers, including total
isolation (Tukey HSD, p=0.99).

Discussion

Differences in showy phenotypic traits are often thought to contribute disproportionately to
reproductive isolation between species via their effects on premating barriers. These traits
could also contribute to the evolution of postmating barriers, however this potential
mechanistic relationship remains comparatively less studied (Haak et al. 2014; Baack et al.
2015). Here we assessed the presence and strength of multiple postmating reproductive
barriers among 10 florally diverse Jalfomata species (44 pairs). Our analysis revealed that
moderate to strong, often asymmetric postmating prezygotic and/or intrinsic postzygotic
reproductive barriers isolate all examined species pairs. Moreover, the predominant predictor
of intrinsic postzygotic isolation accumulation was not floral differentiation, or geographical
or ecological context, but instead overall genome-wide divergence. Together, these results
suggest the rapid accumulation of multiple postmating and intrinsic postzygotic barriers over
a relatively brief evolutionary period in this group but, interestingly, little evidence for a
direct or indirect role of floral trait divergence in the erection of the specific isolation
barriers examined here.

Strong, diverse, and asymmetric postmating and postzygotic reproductive isolation isolate
these closely related species

All examined species pairs showed evidence of postmating or intrinsic postzygotic isolation,
with substantial diversity in the type and magnitude of RI separating individual species
pairs, suggesting that multiple mechanisms contribute to reproductive isolation in this
system. Moreover, most species pairs (37 pairs) appear to be completely isolated when
considering the cumulative effects of all the examined barriers. For the remaining 7 species
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pairs, total estimated isolation ranged from ~40 to 99.9%. This is, of course, a minimum
estimate of total isolation as these species pairs likely have additional prezygotic or extrinsic
postzygotic reproductive barriers that were not examined here. Pre-mating or extrinsic
postzygotic isolation via differential pollinator behavior has not yet been directly
experimentally evaluated in this group. However, both opportunistic field observations of
different pollinators visiting species with divergent floral traits (e.g. hymenopterans vs.
hummingbirds; T. Mione, pers. comm.; J.L. Kostyun, unpub.), and floral trait suites that are
consistent with distinct pollinator syndromes (i.e. Fenster et al. 2004), suggest the presence
of such barriers among some species pairs, as well as the potential for pollinator-mediated
extrinsic postzygotic isolation. Regardless, the moderate to very strong postmating and
intrinsic postzygotic reproductive barriers identified here appear to have evolved relatively
recently (i.e. <5 MY; Sarkinen et al. 2013), and could act as effective mechanisms to reduce
gene flow between extant lineages, over and above the direct effects of floral trait divergence
on pollinator mediated isolation.

We also found that isolation was often asymmetric depending on the direction of the cross
(Figures 2-3; Supp. Table 13). Such asymmetry in Rl appears to be common across taxa
(including both animals and plants), and is likely caused by nuclear-cytoplasmic interactions
in hybrids themselves, or by unidirectional DMIs which can arise during imbalanced
interactions of maternal and paternal genomes at earlier reproductive or developmental
stages (i.e. pollen-pistil interactions or seed development in angiosperms) (Turelli and
Moyle 2007; Lafon-Placette and Kéhler 2016). While additional experiments would be
needed to dissect the specific nature and relative contributions of bidirectional and
unidirectional DMIs in these cases, we did find that RI at these stages was significantly
asymmetric across Jaltomata species pairs (Table 1), consistent with some contribution of
unidirectional DMIs to these observed patterns of asymmetry. The fact that these barriers
were often strong even among closely related species is also consistent with the rapid
observed accumulation of improper parental genome dosage in some hybrids, especially
during seed development (Lafon-Placette and Kéhler 2016).

Limited evidence for a strong role of floral trait divergence in postmating prezygotic

isolation

Even though exaggerated floral trait (i.e. style length) divergence could directly elevate
postmating prezygotic isolation, we detected direct evidence for pollen-pistil isolation in
only two species; in one instance, pollen-pistil isolation appears to follow simple mechanical
isolation, while in the other, evidence suggests that pollen-pistil incompatibility is due to
other molecular or physiological mechanisms. Note that this potentially underestimates the
frequency of quantitative or partial pollen-pistil barriers, especially in species pairs with low
fruit set, as we only directly assessed pollen-pistil isolation in species pairs that did not
produce fruit. However our data do indicate that complete pollen-pistil Rl does not appear to
be a frequent direct pleiotropic effect of rapid floral divergence among the species pairs
examined here.

For one of our species with frequent pollen-pistil isolation, patterns are consistent with
simple mechanical isolation: J. umbellata has the longest style of the examined species and,
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in interspecific crosses where pollen does not reach the J. umbellata ovary, we found a
roughly linear relationship between parental style length difference and how far pollen
travels down the J. umbellata style after 48 hours (Supp. Figure 3). These observations
indicate mismatched style length/pollen tube growth differences between species (i.e.
mechanical isolation) likely explain the patterns of postmating isolation observed for this
species, suggesting a direct role for floral divergence (i.e. lengthening of the style) in the
expression of postmating isolation in this case.

In contrast, several lines of evidence suggest that the other clear instance of pollen-pistil RI
involves molecular mechanisms of pollen-pistil incompatibility, rather than mechanical
isolation. In our dataset, J. procumbens has the shortest style, yet we observed that it rejected
pollen from most other species when used as the pistil parent. In contrast, in reciprocal
crosses its pollen tubes reach the ovary of other species, indicating that the pollen-pistil
barrier involves pistil-side rejection specifically by J. procumbens, rather than generalized
bilateral ‘incongruity’ between heterospecific pollen and pistil signals (de Nettancourt
2001). Unilateral heterospecific pollen rejection is a common postmating reproductive
barrier in several plant groups, including other Solanaceous systems (Lee et al. 2008;
Bedinger at al. 2011); however, most of these instances appear to involve proteins that also
function in self-incompatibility rejection mechanisms (Murfett et al. 1996; McClure et al.
2011; Tovar-Mendez et al. 2014), such that pistils of SI species reject pollen from self-
compatible (SC) species but the reciprocal cross is successful. Because all examined
Jaltomata species including J. procumbens are self-compatible (J.L. Kostyun and T. Mione,
unpub.), unilateral pollen-pistil barriers are unlikely to be related to factors involved in self-
incompatibility, although they might involve S-RNase independent mechanisms which have
also been described in the Solanaceae (Bedinger et al. 2011). Regardless, it is possible that
the lack of functional SI within Ja/tomata might explain the relatively modest overall
contribution of strong pollen-pistil barriers to reproductive isolation in this group, despite
being widespread in other related genera.

Intrinsic postzygotic isolation is best explained by genome-wide genetic distance rather
than floral divergence, geographic context, or ecological differences

Another goal of this study was to examine evidence for indirect effects of recent rapid floral
divergence on the expression of intrinsic postzygotic isolation. Interestingly, we found
limited evidence for a strong association between the strength of intrinsic postzygotic
isolation and the magnitude of floral trait divergence between species, although our analysis
of floral variation confirmed that these traits are highly labile among species, including
highly divergent floral traits between very closely related species. Nonetheless, we found
that levels of intrinsic postzygotic isolation among examined Ja/tomata species pairs are by
far best explained by overall genome-wide genetic distance. This relationship was significant
for most of the examined postzygotic barriers, and by both statistical approaches (Table 2;
Supp. Table 16), suggesting a monotonic or roughly ‘clock-like” accumulation of isolation
over evolutionary divergence. (Alternatively, the strength of postmating and postzygotic
barriers could itself determine the extent of genome-wide divergence although, in the
absence of evidence for substantial recent or ongoing gene flow between species, this
explanation for the observed relationship is less likely.) A positive relationship between RI
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and genetic distance has been found in numerous other studies across diverse taxa (Coyne
and Orr 1989, 1997; Presgraves 2002; Mendelson 2003; Moyle et al. 2004), indicating DMIs
might frequently accumulate in concert with genome-wide evolutionary divergence.

Nonetheless, we detected one suggestive instance where intrinsic postzygotic isolation might
be related to floral trait differences — an association between floral morphological distance
and fruit set RI — which was significant based on partial Mantel tests controlling for genetic
distance, and marginally so in linear mixed model analyses (v < 0.067) for averaged species
pair values. This relationship is fairly weak, so interpreting its significance for species
isolation requires caution. However, if this relationship were to hold with additional data
from Jaltomata, it suggests that genetic changes underlying differences in floral
morphological traits among species (for which multivariate floral distance is a proxy here)
might exacerbate the failure of interspecific crosses to successfully produce fruit (the
strongest barrier observed across species pairs; Table 1). We observed aborted fruits in many
of these crosses, so that isolation at this stage is likely predominantly due to early seed
failure. For hybrid inviability via seed failure to be mechanistically associated with floral
trait differences between parents, divergent alleles controlling these floral differences would
also need to function during seed development, and genetic differences in these loci would
need to pleiotropically interfere with hybrid seed development. (The alternative—that these
alleles are tightly linked to loci which produce genetic incompatibilities, e.g. Wright et al.
2013—is unlikely to lead to a general association between floral divergence across multiple
species pairs.). There are a priori reasons to expect that these different reproductive stages
are developmentally associated and therefore could influence each other pleiotropically. For
example, the MIKCC-type MADS-box genes (which encode transcription factors) and their
targets function in both flower and seed development (Smaczniak et al. 2012; Dreni and
Zhang 2016). In addition, because many MADS-box proteins are obligate hetero-dimers
(especially in core eudicots, such as Solanaceae; Bartlett et al. 2016), hybrids inheriting
protein partners from different parents could experience functional disruption if those
partners no longer dimerize. Further, these genes have undergone extensive duplication (Kim
et al. 2004; Smacziak et al. 2012), and several studies have found functional divergence
among paralogs (Sharma and Kramer 2013), including within other Solanaceous systems (de
Martino et al. 2006; Geuten and Irish 2010).

Finally, while we cannot exclude the possible influence of other finer-scale ecological or
geographical factors than those examined here, we observed little independent role for
geographical or ecological (abiotic climatic) factors in the evolution of the isolating barriers
examined here or, indeed, of floral trait divergence. Although genetic distance was strongly
correlated with both geographic and ecological distances, partial Mantel tests and linear
mixed models consistently supported genetic distance as the best explanatory predictor
(Table 2; Supp. Table 16). Similarly, we also found no evidence that stronger postmating
pollen-pistil barriers were associated with geographical sympatry. This is inconsistent with a
strong role for direct selection to increase the strength of this barrier in response to
detrimental heterospecific reproductive interactions (i.e. reinforcement). It remains possible
that reinforcement could be operating on other prezygotic (especially premating) barriers not
examined here (e.g. several sympatric species pairs differ in at least one floral trait that could
contribute to pollinator discrimination); however, more generally, there was a trend for
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sympatric species pairs to have less diverged floral traits compared to allopatric pairs (lower
floral distance for both morphological and color traits, including marginally significantly for
morphological floral distance £=2.212, p=0.051). Therefore, in contrast to several studies
in animals (Coyne and Orr 2004; Mendelson 2003), as well as some in angiosperms
(Hopkins 2013), we did not find patterns of RI strongly consistent with reinforcement on
pollen-pistil (or floral trait) isolation. This in turn suggests that reproductive interactions
with heterospecifics (i.e. avoidance of heterospecific gene flow) is not the factor
predominantly driving floral diversification in this group.

Conclusions

Although florally diverse species are typically thought to be maintained primarily by
differential pollinator attraction (Kay and Sargent 2009; Moyle et al. 2014), we have
demonstrated that Ja/tomata species have numerous diverse (and often strong) postmating
barriers. In two instances, these isolating barriers might be related to floral trait differences:
pollen-pistil isolation via mechanical isolation in one species, and a positive (although weak)
relationship between divergence in morphological floral traits and level of fruit set RI.
However, our data generally suggest that intrinsic postzygotic isolation accumulates with
overall genome-wide divergence, rather than being strongly shaped by geographic context,
ecological differentiation, or rapid recent evolution of floral trait differences in this florally
diverse plant group. In the latter case, this finding suggests that divergence in these mating
traits has few strong pleiotropic effects on later reproductive compatibility between lineages,
despite potential physiological, developmental, and genetic connections between these
isolation stages.
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Figure 1.
Jaltomata is native to Central and South America, with ranges for the 10 species included in

this study shown, along with collection locations (filled circles) and representative flowers.
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Reproductive isolation for examined species combinations, across 9 postmating stages.
Columns represent species acting as the mother while rows represent species acting as the
father, arranged in phylogenetic order as shown in the cladogram. Cladogram based on the
60 transcripts used to estimate genetic distance (see Methods). Within each cell, different
barriers are arranged along the x-axis, and RI values ranging from —0.5 to 1 along the y-axis.
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Figure 3.
Reproductive isolation in both reciprocal directions for two focal stages, Pollen-Pistil

(bottom diagonal) and Fruit Set (top diagonal). Each cell represents a single inter-specific
pair with RI values from Species A x Species B and Species B x Species A plotted
adjacently. The y-axis represents Rl values ranging from —0.5 to 1. Species are arranged
phylogenetically following Figure 2, although J. dendroidea and J. grandibaccata are not
included because they were primarily used as pollen donors (therefore asymmetry could not
be calculated).
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