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Genetic differentiation and species cohesion in two
widespread Central American Begonia species

AD Twyford1,2,3, CA Kidner2,3 and RA Ennos4

Begonia is one of the ten largest plant genera, with over 1500 species. This high species richness may in part be explained
by weak species cohesion, which has allowed speciation by divergence in allopatry. In this study, we investigate species
cohesion in the widespread Central American Begonia heracleifolia and Begonia nelumbiifolia, by genotyping populations at
microsatellite loci. We then test for post-zygotic reproductive barriers using experimental crosses, and assess whether sterility
barriers are related to intraspecific changes in genome size, indicating major genome restructuring between isolated
populations. Strong population substructure was found for B. heracleifolia (FST¼0.364, F0ST¼0.506) and B. nelumbiifolia
(FST¼0.277, F0ST¼0.439), and Bayesian admixture analysis supports the division of most populations into discrete genetic
clusters. Moderate levels of inferred selfing (B. heracleifolia s¼0.40, B. nelumbiifolia s¼0.62) and dispersal limitation are
likely to have contributed to significant genetic differentiation (B. heracleifolia Jost’s D¼0.274; B. nelumbiifolia D¼0.294).
Interpopulation crosses involving a divergent B. heracleifolia population with a genome size B10% larger than the species
mean had a B20% reduction in pollen viability compared with other outcrosses, supporting reproductive isolation being
polymorphic within the species. The population genetic data suggest that Begonia populations are only weakly connected by
gene flow, allowing reproductive barriers to accumulate between the most isolated populations. This supports allopatric
divergence in situ being the precursor of speciation in Begonia, and may also be a common speciation mechanism in
other tropical herbaceous plant groups.
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INTRODUCTION

Species cohesion is maintained by gene flow (Slatkin, 1987;
Morjan and Rieseberg, 2004). If gene flow between populations is
disrupted, populations become genetically isolated from one another,
and reproductive barriers may subsequently evolve leading to
speciation (Coyne and Orr, 2004; Duminil et al., 2007; Martin and
Willis, 2010). Studying this trajectory, from panmictic population
to genetically differentiated species with strong reproductive
barriers, provides insights into the processes of speciation (Coyne
and Orr, 1989). Many factors will influence this trajectory,
some promoting genetic differentiation between populations,
others maintaining species cohesion in spite of reduced gene flow
(Wright, 1943).
One major factor influencing cohesion and differentiation pro-

cesses in plants is the rate of interpopulation gene flow (migration)
mediated by pollen and seed dispersal. The extent of pollen- and seed-
mediated gene flow in angiosperms can be estimated by comparing
genetic structure at maternally inherited chloroplast loci and bipar-
entally inherited nuclear loci (Ennos, 1994; Petit et al., 2005), which
experience different levels of gene flow (Petit and Excoffier, 2009).
Pollen is the main source for gene exchange between populations, as it
is normally dispersed over greater distances than seeds (Ennos, 1994;
Petit and Excoffier, 2005; Bacles et al., 2006, but see exceptions such as

Anthoxanthum odoratum L., Freeland et al., 2011). Pollen dispersal
may maintain species cohesion by homogenizing population differ-
ences at selectively neutral genes, or by transferring alleles for key
traits that are under strong selection. By this means, genome-wide
divergence may occur, with little differences at important quantitative
trait loci (Morjan and Rieseberg, 2004; Strasburg et al., 2012).
Although seed dispersal has a smaller role in gene flow, it is crucial
in colonization and subsequent expansion of a species range (Petit
et al., 2003). Therefore, studying genetic structure at both nuclear and
chloroplast loci in related species allows us to identify common
patterns of population dynamics and species cohesion within a group
of interest.
Mating systems, through their influence on pollen flow, affect

patterns of gene exchange between populations (Hamrick and
Godt, 1996). Obligate outbreeding species, such as dioecious or
self-incompatible species, maintain higher levels of genetic exchange
among populations (Charlesworth, 2003), than populations of species
that self-fertilize (Hamrick and Godt, 1996). Mating systems also
influence the effective population size (Ne), such that Ne in a fully
selfing population is half that in an equivalent outcrossing popula-
tion. Thus, an increased rate of selfing, through its effects on both
interpopulation gene exchange and effective population sizes, will
enhance the geographic structuring of genetic diversity that is the
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precursor of reproductive isolation and speciation (Hamrick and
Godt, 1996; Lasso et al., 2011).
While many factors, as outlined above, will promote genetic

divergence between populations (Charlesworth, 2009), speciation will
only result if gene flow among populations is limited by reproductive
barriers (Rieseberg and Blackman, 2010). Although both pre- and
post-zygotic barriers contribute to reproductive isolation, recent work
has shown that post-zygotic barriers can evolve rapidly (Widmer
et al., 2009; Jewell et al., 2012) and therefore will be polymorphic
within a species (Scopece et al., 2010) before lineages split. These
include sterility barriers that may evolve as a by-product of allopatric
divergence, either through selection on few adaptive loci for
important phenotypes (‘speciation genes’ see Wu, 2001) or by fixing
allelic differences at neutral or adaptive loci that negatively interact
between divergent lineages (Dobzhansky–Muller incompatibilities).
Isolation between incipient species may also be caused by chromo-
somal changes, such as large inversions or deletions, or whole-genome
duplications. Studies of incipient allopatric speciation will therefore
be most informative if they jointly estimate the degree of genetic
differentiation between populations, as well as whether genetic
incompatibilities have evolved as a by-product of divergence
(Scopece et al., 2010). Cytological or genome size data can then be
used to test whether genome restructuring is correlated with
reproductive isolation, or quantitative trait locus mapping used to
test the genetic architecture of population-level differences.
Understanding modes of speciation is of particular importance in

the tropics, given the extremely high levels of species diversity and
endemism. Baker (1959) and Fedorov (1966) proposed a model of
speciation for tropical trees, whereby high levels of self-fertilization
occur due to low population densities, which restricts gene flow
between populations, and results in allopatric divergence (Lasso et al.,
2011). Although this model has since been largely rejected for trees
(but see Dick et al., 2008) due to numerous molecular studies
showing frequent long-distance gene flow and low levels of self-
fertilization (for example, Chase et al., 1999), a recent study of the
genus Piper (Lasso et al., 2011) has revisited this theory for shrubs and
herbaceous plants. The authors found a pattern of fine-scale spatial
genetic structure over short spatial scales, and strong population
substructure over larger geographic areas, suggesting attributes of
herbs and shrubs (such as limited pollen and seed dispersal and self-
fertilization) may promote allopatric speciation.
A particularly suitable system to test modes of speciation in the

tropics is the genus Begonia. Population genetic analyses have shown
strong populations substructure in a number of African species (for
example, Begonia sutherlandii, FST¼ 0.485, F0ST¼ 0.896; Hughes and
Hollingsworth, 2008; Begonia dregei, FST¼ 0.882; Begonia homonyma,
FST¼ 0.937; Matolweni et al., 2000). At the species level, phylogenetic
work has shown geographically constrained monophyly of species
radiations (Forrest and Hollingsworth, 2003; Thomas et al., 2011).
This suggests that microevolutionary processes of high genetic
differentiation, caused by limited dispersal and inbreeding,
may be driving macroevolutionary patterns of recurrent speciation
and frequent endemism (Hughes and Hollingsworth, 2008).
These patterns can be studied in more detail using recently
developed molecular resources (Brennan et al., 2012), and
using conventional genetic approaches that exploit the cross-
compatibility and relatively short life-cycle of Begonia species
(Dewitte et al., 2011).
Here, we investigate whether there is evidence of incipient

speciation between populations in two widespread Central
American Begonia species. B. heracleifolia Cham. and Schltdl. and

B. nelumbiifolia Cham. and Schltdl. are genotyped at nine nuclear
microsatellite markers to estimate genetic differentiation. The data
from nuclear markers are compared with plastid data (Twyford et al.,
2013b), to infer the ratio of interpopulation pollen and seed dispersal.
The co-dominant data are also used to infer the level of selfing, which
may further contribute to genetic differentiation. We then test
whether genetic incompatibilities have accumulated between
differentiated populations, by looking at the fertility of crosses
between populations. The hybrid sterility data are related to
population differences in genome sizes, to test whether genome
restructuring is associated with hybrid sterility. The joint genetic,
crossing and genome size data are used to test whether allopatric
divergence in situ within Begonia species could be the precursor of
allopatric speciation.

MATERIALS AND METHODS
Study species
B. nelumbiifolia and B. heracleifolia were chosen because they are two of the

most widespread Central American Begonia species in a genus of mostly

narrowly distributed endemics (Hughes and Hollingsworth, 2008). They are

both found throughout Mexico and their ranges extend south into Central

America (B. heracleifolia to Honduras; B. nelumbiifolia to Columbia,

Burt-Utley, 1985). Although they occur over similar geographic ranges, the

species differ in the degree of morphological differentiation exhibited among

populations. B. nelumbiifolia is relatively uniform in morphology across its

range. In contrast, B. heracleifolia is highly variable in leaf shape and leaf

colour, and many regional varieties have been recognized (Burt-Utley, 1985).

Studying genetic differentiation and reproductive isolation in such a species

may provide an insight into the early stages of incipient speciation. The species

are easily distinguished from related Begonia taxa by their leaf and flower

morphology (Burt-Utley, 1985). They also differ in their ecologies, with

B. nelumbiifolia growing in moist shaded areas and B. heracleifolia in dry

sun-exposed areas. These species typically occur in small isolated populations,

although they can be locally abundant and form dense stands (Twyford,

personal observation). Both species can be propagated by splitting rhizomes,

allowing them to be easily transported, and grown in cultivation to be used in

experimental crosses.

Sampling
To test the patterns of genetic diversity and differentiation, an average of 25

individuals were sampled from each of 13 populations of B. heracleifolia, and 7

populations of B. nelumbiifolia (Table 1). Samples of B. nelumbiifolia were

taken from the Mexican Gulf region, whereas samples of B. heracleifolia were

made over a broader sampling distance from South Mexico to Guatemala

(Figure 1). A representative specimen from each population was placed in the

herbarium in Edinburgh (E) except for the sample from the Guatemalan

population, which was sent to the University of San Guatemala (BIGU).

Genotyping
DNA extraction from silica dried material was performed using a modified

protocol for the DNeasy 96-sample kit (Qiagen, Germantown, MD, USA),

described in Twyford et al. (2013a). A preliminary test of nuclear microsatellite

amplification was made with the 14 loci listed in Twyford et al. (2013a). The

nine loci that amplified uniformly across species and populations were then

used for the full genotyping of the population samples, with the same PCR

protocol and amplification programme. Input files for genetic analysis were

converted between formats with the programme CREATE (Coombs et al.,

2008). To test whether data from microsatellite loci are independent of each

other, linkage disequilibrium between markers was tested in FSTAT 1.2

(Goudet, 1995).

Begonia species can reproduce asexually, and clumps of clonal individuals

may arise by rhizomatous growth or from vegetative material being broken off

and rooting. The probability that individuals in a population shared identical

genotypes at all nine loci through random mating was calculated using the

approach of Parks and Werth (1993). Genotypes not considered a product of
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sexual mating (Psex) at Po0.01 when non-random mating was allowed

(positive FIS value), were removed from analyses. Individuals from populations

where putative hybrids were found were only included if they were confidently

considered pure species (that is, assigned to a ‘pure’ parental class with at

least 95% probability in New Hybrids, Anderson and Thompson, 2002;

Twyford unpublished data). This approach was validated as removing

populations where hybrids occurred did not affect values of F-statistics (results

not shown).

Measures of genetic diversity
Diversity statistics were calculated per locus and per population in FSTAT v1.2

(Goudet, 1995). The statistics calculated were: number of alleles (A, calculated

per locus only), gene diversity (hS, Nei, 1987), and allelic richness corrected for

sample sizes (Ae, rarefaction method, Mousadik and Petit, 1996). Allelic

richness was calculated only for populations where at least 10 individuals were

scored for each locus, after considering missing data. The number of private

alleles per population was scored manually and private allelic richness (pAe)

calculated by rarefaction using HP-RARE (Kalinowsi, 2005).

Measures of inbreeding
FIS values were calculated per locus and per population, with significance

values calculated by jackknifing (per locus) or randomization test (per

population) in FSTAT v1.2. For each species, the inferred selfing rate was

calculated from the inbreeding coefficient, using the formula of Allard et al.

(1969):

S¼ 2FIS/(1þ FIS)

This approach does not take into account bi-parental inbreeding, which was

not directly addressed in this study.

Self-compatibility was confirmed using greenhouse-grown plants. One

cultivated accession of B. nelumbiifolia and five accessions of B. heracleifolia

from different populations were self-fertilized. Seeds were germinated in 9-cm

pots of finely sieved bark, which were kept in a propagator at 25 1C, and

germination was recorded after 6 weeks.

Table 1 Collection sites and estimates of genetic diversity per population

Pop. Locality State Latitude Longitude Ng Nadj Ae pAe hS FIS

B. heracleifolia

h2 4km NE San Andrés Tuxtla Veracruz 18.4785 �95.1780 19 19 2.121 0.232 0.257 0.01NS

h3 7km NE San Andrés Tuxtla Veracruz 18.5034 �95.1682 34 33 2.388 0.199 0.263 0.224*

h5 9km NE San Andrés Tuxtla Veracruz 18.5201 �95.1618 26 26 1.966 0.049 0.209 0.111NS

h8 Agua Azul Chiapas 17.2212 �92.1107 14 14 — — 0.222 0.514*

h12 Ocozocuatla biosphere reserve Chiapas 16.9465 �93.4565 28 27 2.153 0.105 0.286 0.294*

h13 Near Berriozábal Chiapas 16.8669 �93.3278 6 6 — — 0.292 0.684*

h15 5km south of Orizaba Veracruz 18.7825 �97.0851 27 27 2.381 0.262 0.300 0.083NS

h21 Highway 175 between Jasaa and San Juan Bautista Oaxaca 17.7436 �96.3280 31 31 2.536 0.120 0.390 0.338*

h23 Near Santa Maria Jacatapec Oaxaca 17.8642 �96.2138 25 25 3.105 0.141 0.491 0.316*

h24 Motzorongo Oaxaca 18.6695 �96.7871 37 37 2.328 0.140 0.280 0.274*

h26 San Jeronimo Zoochina Oaxaca 17.2212 �95.2355 28 28 2.263 0.044 0.269 0.171*

h28 Santa Maria Xanabi Oaxaca 15.9881 �96.1106 12 12 1.555 0.041 0.154 0.491*

h-g1 Cobán Alta Verapaz

(Guatemala)

15.4755 �90.3787 26 23 2.217 0.211 0.169 0.22*

Average across populations 24.1 23.7 2.274 0.140 0.276 0.287*

B. nelumbiifolia

n1 Near Los Tuxtlas biological station Veracruz 18.5903 �95.0788 20 20 2.437 0.092 0.450 0.327*

n3 7km NE San Andrés Tuxtla Veracruz 18.5034 �95.1682 12 12 — — 0.473 0.444*

n5 9km NE San Andrés s Tuxtla Veracruz 18.5201 �95.1618 30 30 2.727 0.041 0.492 0.328*

n18 valley 25km East of Huastusco Veracruz 19.2037 �96.7426 16 16 — — 0.368 0.535*

n21 Highway 175 between Jasaa and San Juan Bautista Oaxaca 17.7436 �96.3280 41 41 3.040 0.299 0.497 0.407*

n25 Arroya Zacata Oaxaca 17.7398 �95.7913 27 27 2.009 0.008 0.276 0.471*

n26 San Jerónimo Zoochina Oaxaca 17.2212 �95.2355 31 31 2.629 0.187 0.367 0.306*

Average across populations 25.3 25.3 2.569 0.125 0.417 0.403*

Abbreviations: Ae, allelic richness rarefied to 11 individuals; FIS, inbreeding co-efficient; Nadj, adjusted number of individuals after suspected clones removed; Ng, number of individual genotyped;
hS, gene diversity; pAe, private allelic richness rarefied to 22 gene copies.
Significance of FIS values from randomization tests: NS, not significant; *Po0.05.

Figure 1 Collection sites of B. heracleifolia (orange circles) and B.

nelumbiifolia (blue squares) from South Mexico and Guatemala.
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Measures of population structure and genetic differentiation
FST statistics were calculated between sampling sites for each species, as well as

between the distinct genetic clusters identified in the BAPS analysis (see

below). FST statistics were also calculated for B. heracleifolia populations in the

Mexican Gulf area (h2, h3, h5, h15, h21, h23, h26) to allow like-for-like

comparisons between the two species over a similar geographic area. Weir and

Cockerham’s (1984) estimator of FST, which is a measure of the genetic

structure in the data, was calculated in FSTAT v1.2, along with 95% confidence

intervals across loci. A standardized measure of population structure that takes

into account sample sizes and allelic diversity (F 0
ST) was calculated by using

RecodeData v0.1 (Meirmans, 2006) and FSTAT. Absolute differentiation was

measured with D (Jost, 2008) using SMOGD (Crawford, 2010), and

confidence intervals calculated by bootstrapping with 1000 replicates. An FST
analogue, which incorporates allele size length (RST) was calculated with

SPAGeDI v1.3 (Hardy and Vekemans, 2002). We inferred whether there is

phylogeographical signal in the data by testing for a significant difference

between RST and FST by permutation test in SPAGeDI. The between-species

FST was also calculated, which shows the similarities in allele frequencies

between the species.

The ratio of interpopulation pollen–to-seed dispersal can be estimated using

formula 5a of Ennos (1994), which relates the FST for biparentally inherited

nuclear markers (FST(b)) and maternally inherited plastid markers (FST(m)), as

well as the level of inbreeding (FIS). Maternal inheritance of plastids in Begonia

have been confirmed by cytological observations (Corriveau and Coleman,

1988) and sequencing plastid DNA in experimental crosses (Peng and Chiang,

2000). No variation was found at seven plastid microsatellite markers in B.

nelumbiifolia (Twyford et al., 2013b), so the pollen-to-seed ratio could not be

calculated for this species. For B. heracleifolia, FST(m) was calculated from the

plastid microsatellite data in Twyford et al. (2013b) using the same populations

sampled for the nuclear microsatellites, and compared with the FST(b) and

the FIS.

To test whether dispersal between populations fits a simple model of

dispersal limitation between more distant populations (the stepping stone

model of dispersal, Kimura and Weiss, 1964), the relationship between genetic

similarity and geographic distance was tested using isolation-by-distance

analysis. Pairwise comparisons of FST/(1-FST) for each population were plotted

against the natural logarithm of geographic distance as suggested by Rousset

(1997), and implemented in the Isolation by Distance Web Service v3.21

(Jensen et al., 2005).

We used the Bayesian clustering programme BAPS (Corander et al., 2008) to

visualize the spatial structuring of populations. The ‘clustering of groups of

individuals’ setting was used, and the number of genetic clusters (K) evaluated

was K¼ 1–13 for B. heracleifolia and K¼ 1–7 for B. nelumbiifolia. Five

replicates were made for each K value, and the results file was then used as

the input for admixture analysis using the ‘mixture clustering option’. The

minimum size of each population was set to three individuals, and runs were

made of 10 000 iterations, and 5000 reference individuals were used. The

optimum value of K is automatically calculated in BAPS using a greedy

stochastic optimization algorithm (Corander et al., 2008). The BAPS admix-

ture bar plots produced by the programme were used to display the results,

with only significant admixture shown (Po0.05).

We confirmed our Bayesian clustering results from BAPS by re-analysing

our data in InStruct (Gao et al., 2007), which accounts for deviations from

Hardy–Weinberg caused by inbreeding (see Results), as well as STRUCTURE

(Pritchard et al., 2000), using the following settings. Runs of 100 000

generations were performed following a burn-in of 100 000 generations. K

values between 1 and 13 were evaluated for B. heracleifolia, and 1 and 7 for

B. nelumbiifolia, with 10 independent replicates per K value. The ad hoc

statistic DKwas calculated across runs, and the greatest value inferred to be the

optimal K value (Evanno et al., 2005). For analyses of a given K value, a

consensus file correcting for equally optimal solutions (multi-modality) and

label switching was produced in CLUMPP (Jakobsson and Rosenberg, 2007),

and the results displayed in DISTRUCT (Rosenberg, 2004).

To visualize the relationship between populations, a neighbour-joining tree

was constructed for each species. Allele frequencies from FSTAT were used as

the input for POPTREE2 (Takezaki et al., 2010), where a neighbour-joining

tree was constructed using the distance measure of Nei et al. (1983). The tree

was edited in FigTree v1.2.2 (available from http://www.tree.bio.ed.

ac.uk/software/figtree/).

Measures of reproductive isolation
To gain a first insight into reproductive isolation between differentiated

populations of B. heracleifolia, pollen fertility was scored in artificial

interpopulation crosses. We then tested whether reduced pollen fertility is

associated with large-scale chromosome reorganization events, by comparing

pollen viability results to a survey of genome sizes in representative individuals

from a subset of populations.

Three groups of crosses were made (selfs, close outcrosses and wide

outcrosses, herein), and pollen sterility compared between the groups. First,

plants from South Oaxaca (population h28), which was found to be genetically

divergent from populations in the Mexican Gulf (see Results), were used in

wide outcrosses. Two individuals were selected, and used as pollen recipients

from populations in the Mexican Gulf chosen at random. These crosses were

compared with outcrosses between geographically proximal populations (close

outcrosses) as well as selfed crosses, given that self-pollination may be common

in the wild (see Results). Six maternal parents from different populations

across the Gulf of Mexico were selected, and each used in self-pollinations, and

outcrosses with plants from other populations. For each cross, the pollen

donor was selected at random from the plants in flower. Crosses were

performed by rubbing the dehiscing anthers against the stigma. Flowers were

labelled and surrounding flowers removed to prevent cross-contamination of

pollen. Seed capsules were harvested at maturity and stored at 4 1C. Seeds were

germinated on finely sieved bark, and 6-week-old seedlings were transferred to

9-cm pots in sterilized potting mix (16 bark: 3 peat: 1 perlite plus finely sieved

osmocote) and grown at 28 1C to flowering. Pollen sterility was measured by

acetocarmine staining, which is a reliable method for viability assessment in

Begonia (Dewitte et al., 2011), and corresponds well to artificial pollen

germination and fluorescent staining (Twyford and Kidner, unpublished data).

Dehiscing pollen from one flower per plant was stained with 1M acetocarmine,

visualized under a Leica Microscope, and the proportion of well-stained pollen

recorded out of 200 pollen grains.

Fully expanded leaf material from four accessions of B. nelumbiifolia and

five of B. heracleifolia were selected from different populations (Table 3) for

preliminary evaluation of intraspecific nuclear DNA content (C-value) varia-

tion by flow cytometry, following the procedure of Brennan et al. (2012).

Two to four technical replicates per accession were processed and the resulting

fluorescence histograms were analysed with FlowMax software (Partec GmbH,

Münster, Germany). The mean and standard error for each individual, and per

species, were calculated.

RESULTS

Genetic diversity
A total of 306 individuals from B. heracleifolia and 177 from
B. nelumbiifolia were genotyped. Five individuals of B. heracleifolia
were identical to another at nine polymorphic loci, and are likely to
be clones (Po0.01), so were removed from the data set (Table 1).
Descriptive statistics are summarized per population in Table 1 and

per locus in Table 2. All loci were polymorphic, except B5347, which
was monomorphic in B. nelumbiifolia. Overall, the levels of genetic
diversity were low for both B. heracleifolia (mean values across
populations: A¼ 6.6; Ae¼ 2.274, hS¼ 0.276) and B. nelumbiifolia
(A¼ 4.7; Ae¼ 2.569, hS¼ 0.417). Seventeen of the 54 alleles (29.8%)
detected in B. heracleifolia were private alleles, as were nine of the
44 alleles (20.4%) in B. nelumbiifolia.

Inbreeding
The average FIS value across loci was 0.249 (s.e. 0.062) and 0.454 (s.e.
0.095) for B. heracleifolia and B. nelumbiifolia, respectively. FIS values
varied from 0.01 in population h2 to 0.684 in population h13
(B. heracleifolia), and 0.306 in population n26 to 0.535 in population
n18 (B. nelumbiifolia), see Table 2. The values for the inferred selfing
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rate (s) calculated from the inbreeding coefficient FIS, were 0.399 for
B. heracleifolia, and 0.624 for B. nelumbiifolia. Seed set was high
(490%) in the self-pollination experiment with B. heracleifolia
(n¼ 5) and B. nelumbiifolia (n¼ 1).

Population structure and genetic differentiation
Significant population substructure was found by FST analysis
(average across loci, B. heracleifolia, FST¼ 0.364; s.e. 0.028, 95%
confidence interval 0.315–0.423; Po0.05; B. nelumbiifolia,
FST¼ 0.277; s.e. 0.055, 95% confidence interval 0.181–0.380;
Po0.05), as well as when the FST was standardized for the maximum
possible value for the loci sampled (B. heracleifolia, F 0

ST¼ 0.506,
B. nelumbiifolia, F 0

ST¼ 0.439). Moderate levels of differentiation were
found with Jost’s estimator of absolute differentiation D, with average
values per locus for B. heracleifolia (D¼ 0.274, Po0.05), and
for B. nelumbiifolia (D¼ 0.294, Po0.05). Recalculating measures of
population substructure and genetic differentiation for the
genetic clusters identified in the BAPS analysis for B. heracleifolia
had little effect (results not shown). RST values, which use allele size
lengths and a stepwise mutation model, were significantly different

from 0 (B. heracleifolia RST¼ 0.212; B. heracleifolia RST¼ 0.257), but
were not significantly larger than the GST values (not shown),
suggesting the absence of phylogeographical structure. Isolation-
by-distance accounted for a modest amount of the genetic variance
(B. heracleifolia, R2¼ 0.250, P¼ 0.001; B. nelumbiifolia, R2¼ 0.289,
P¼ 0.016). The FST value between species was 0.466 (Po0.01). When
the B. heracleifolia populations over a similar spatial scale as B.
nelumbiifolia were considered, values of genetic differentiation and
population substructure were reduced (FST¼ 0.233, s.e. 0.04;
F 0

ST¼ 0.339; D¼ 0.164, Po0.05).
When the FST value (FST(m)¼ 0.728) from the highly polymorphic

plastid microsatellites (total 39 haplotypes, mean 5.2 alleles per locus,
hs¼ 0.44, Twyford et al., 2013b) was related to the FST for nuclear
microsatellites (FST(b) 0.364), while also considering inbreeding
(FIS¼ 0.249), the ratio of pollen-to-seed dispersal for B. heracleifolia
was found to be 3.8. Transmission of genes through pollen is therefore
B4 times more effective than through the seed.
The most likely number of genetic clusters for B. heracleifolia in the

BAPS analysis was K¼ 11. The genetic clusters were the same as the
sampled populations, with two exceptions (Figure 2a). Populations h3

Table 2 Species-level estimates of genetic diversity and genetic differentiation per locus

Species Locus A Ae pAe hT FST FIS

B. heracleifolia B4329 4 1.981 0.021 0.303 0.460** 0.118NS

B3043 6 1.974 0.164 0.181 0.462* 0.689**

B6278 2 1.149 0.033 0.036 0.676NS 0.700NS

B5347 7 2.551 0.194 0.316 0.342** 0.324**

B3348 9 3.157 0.169 0.498 0.312** 0.223**

B7112 6 1.763 0.212 0.116 0.140NS 0.320**

B3820 10 3.349 0.199 0.484 0.350** 0.046NS

B134 8 2.752 0.163 0.396 0.269* 0.244*

B332 5 1.789 0.108 0.150 0.492** 0.340*

Across loci 6.3 2.274 0.140 0.276 0.364** 0.249**

B. nelumbiifolia B4329 5 3.382 0.072 0.536 0.266* 0.060

B3043 8 3.284 0.297 0.457 0.188** 0.373*

B6278 5 2.904 0.219 0.472 0.144* 0.421**

B5347 1 1.000 0 0 NA NA

B3348 4 2.955 0.096 0.488 0.125** 0.316**

B7112 4 1.946 0.181 0.335 0.383* 0.372**

B3820 4 2.400 0.001 0.302 0.554** 0.512*

B134 6 2.138 0.075 0.323 0.142* 0.234**

B332 5 3.108 0.188 0.428 0.315* 0.868**

Across loci 4.7 2.569 0.125 0.371 0.277** 0.454**

Abbreviations: A, total number of alleles per locus; Ae, allelic richness rarefied to 11 individuals; pAe, private allelic richness rarefied to 22 gene copies; hT gene diversity; NS, not significant.
*Po0.05; **Po0.01.

Table 3 Collection sites and mean estimates of genome sizes

Pop. code Locality State Latitude Longitude 1C genome size in pg

B. heracleifolia

h2 4km NE San Andrés Tuxtla Veracruz 18.47850 �95.17800 0.79

h13 Near Berriozábal Chiapas 16.86693 �93.32780 0.78

h16 30km east of Huatusco Veracruz 19.2011 �96.67139 0.78

h21 Highway 175 between Jasaa and San Juan Bautista Oaxaca 17.74356 �96.32800 0.78

h28 Santa Maria Xanabi Oaxaca 15.98808 �96.11060 0.88

B. nelumbiifolia

n7 Road to Ocosingo from Palenque Chiapas 17.42477 �91.99712 0.55

n11 Ocozocuatla biosphere reserve Chiapas 16.92489 �93.45090 0.54

n19 3km north of Josaa Oaxaca 17.64247 �96.337472 0.53

n21 Motzorongo Oaxaca 18.66953 �96.787139 0.54
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and h5, which are separated by less than 2 km, shared a common gene
pool. BAPS assigned population h13, which contained only six
individuals, as admixed between populations h3, h5, and h8
(270 km away). BAPS revealed seven main clusters corresponding to
the seven populations genotyped for B. nelumbiifolia (Figure 2b).
Levels of admixture were low, with nine individuals (5%) having
admixed ancestry. Analyses in STRUCTURE and InStruct gave
broadly consistent results to BAPS (that is, same optimum number
of clusters, and similar population groupings), but showed higher
admixture (Supplementary Figures S1–S4).
The average value for the pairwise population distance measures

(Nei et al., 1983), which were used to build the neighbour-joining
trees, were 0.231 (0.011s.e.) for B. heracleifolia and 0.201 (0.013s.e.)
for B. nelumbiifolia. The tree for B. heracleifolia included two long
branches, connecting populations h28 (mean pairwise DNei¼ 0.360)
and h-g1 (mean pairwise DNei¼ 0.313; Figure 2c). Neither of these
divergent populations (h28 and h-g1) showed an aberrant genetic
signature at microsatellite loci (for example, multiple bands). The tree
for B. nelumbiifolia was roughly star-shaped (Figure 2d).

Reproductive isolation
The mean pollen stainability of selfed B. heracleifolia plants was 97.5%
(s.e. 1.26, n¼ 18), and only one plant had a value below 85%.
Progeny from close outcrosses were similarly pollen-fertile, with a
mean pollen stainability of 98.7% (s.e.¼ 1.97, n¼ 10). Progeny from
wide outcrosses involving a B. heracleifolia individual from Oaxaca
(h28) and populations from the Mexican Gulf (h8, h21, h24) had a
mean viability of 78.3% (s.e.¼ 1.70, n¼ 3).
Our preliminary average 1C genome size estimates for B. heraclei-

folia and B. nelumbiifolia were 0.80 pg and 0.54 pg, respectively
(Table 3). Genome size estimates were very consistent in
replicates of each individual (results not shown), and across indivi-
duals within species, except for the B. heracleifolia individual
from Oaxaca population h28 that had an estimated genome size
of 0.88pg, which is 10% higher than all other samples from the
same taxon.

DISCUSSION

Strong population substructure and genetic differentiation in
widespread Begonia species
Dispersal limitation has left a clear genetic signature in populations of
two widespread Central American Begonia species, B. heracleifolia and
B. nelumbiifolia. This was evident from strong population substruc-
ture (B. heracleifolia FST¼ 0.364; B. nelumbiifolia, FST¼ 0.277),
significant genetic differentiation (B. heracleifolia Jost’s D¼ 0.274;
B. nelumbiifolia D¼ 0.294), and Bayesian structure analyses dividing
most populations into discrete genetic clusters (Figure 2). These data
suggest Begonia populations are isolated, with little homogenizing
gene flow between them. These results are consistent with the high
level of genetic differentiation at plastid loci for B. heracleifolia
(Twyford et al., 2013b). Strong genetic differentiation is likely
promoted by small census population sizes (B10–500 individuals,
AD Twyford personal observation), and significant selfing rates
(described below), which contributes to differentiation by the joint
effects on interpopulation gene flow and reduction in effective
population size (Charlesworth, 2003).
In a broader context, genetically isolated Begonia populations have

been inferred from population genetic analyses of three other Begonia
species (B. sutherlandii, Hughes and Hollingsworth, 2008; B. dregei,
B. homonyma, Matolweni et al., 2000). Each of these studies has
inferred limited gene flow between populations, even over small
spatial scales, which likely reflects the absence of mechanisms that
promote dispersal. The joint use of plastid and nuclear markers in this
study allowed us to infer an equilibrium ratio of pollen-to-seed flow
for B. heracleifolia (r¼ 3.8), which was at the lower end of the range
seen in plants (for example, r¼ 4–196, Ennos, 1994). Similarly, low
pollen-to-seed ratios (r¼ 4.0) have been found for other herbaceous
plants such as Dysosma versipellis (Hance) M. Cheng ex T.S. Ying
(Berberidaceae) (Guan et al., 2010), or other plant species that grow
below the forest canopy, such as the epiphytic bromeliad Vriesea
gigantea Lem. (Bromeliaceae) (r¼ 3.3, Palma-Silva et al., 2009).
Overall, results of population structure across Begonia species suggest
a common set of population-level mechanisms (genetic drift in
isolated populations) have a role in the evolution of intraspecific

Figure 2 Bayesian assignment to genetic clusters and the relationships between populations. Bayesian admixture results in BAPS for B. heracleifolia (a)

and B. nelumbiifolia (b). Each individual is represented by a vertical bar, and different colours represent the different genetic cluster. Asterisk indicates

population h13. Neighbour-joining trees of Nei’s (1983) measure of population divergence for B. heracleifolia (c) and B. nelumbiifolia (d). Branches are

coloured to correspond with the genetic clusters from the BAPS analyses.
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genetic diversity in the genus. This supports the prevailing view that
the partitioning of genetic diversity between populations is often
conserved among related species, due to shared ecological attributes
and dispersal traits (Duminil et al., 2007).
The FST values among populations of B. heracleifolia and

B. nelumbiifolia, as well as those for other Begonia species
(Matolweni et al., 2000; Hughes and Hollingsworth, 2008), indicate
a higher level of population structure than most other plant species
(Gitzendanner and Soltis, 2000; Hey and Pinho, 2012). Particularly
high pairwise FST values were found in this study between popula-
tions separated by major geographic barriers, such as the Southern
Oaxacan population h28 (mean pairwise FST¼ 0.463, range 0.342–
0.638), isolated from other populations by the Sierra Madre del Sur.
The geographic structuring of genetic diversity across this barrier
has been found in other organisms, such as the bush-tanager
(Garcı́a-Moreno et al., 2004), the bark beetle Dendroctonus mexicanus
Hopkins. (Anducho-Reyes et al., 2008) and the western lyre snake
(Devitt, 2006). However, relatively high pairwise FST values were also
found between populations in close proximity across semi-continuous
habitats. Plant species with higher FST values distributed over
similarly large geographic areas are typically much more patchy
in their distribution, or are highly selfing. One example of this is
the bromeliad Pitcairnia geyskesii L.B.Sm., where there is strong
population structure (FST¼ 0.533) between the large emergent rocky
outcrops (inselbergs) where the species grows in French Guiana
(Boisselier-Dubayle et al., 2010). Selfing species with higher FST
values than Begonia species include Arabidopsis thaliana L.
(FIS¼ 0.969, FST¼ 0.61, Bomblies et al., 2010); Bromus tectorum L.
(FIS¼ 1, FST¼ 0.53; Ramakrishnan et al., 2006) and Medicago
truncatula Gaertn. (FIS¼ 0.978, FST¼ 0.3–0.75, Siol et al., 2008).

Inbreeding promotes genetic differentiation
Both Begonia species were found to be fully self-compatible, with
inferred equilibrium selfing rates of 40% for B. heracleifolia and 62%
for B. nelumbiifolia. Marked population variation in inbreeding
also occurs, as seen in B. heracleifolia (Table 1). The mechanisms
underlying inbreeding in Begonia are not currently clear; it may either
be autopollination or self-fertilization mediated by insect pollinators
(geitonogamy). Most Begonia species are self-compatible (Ågren and
Schemske, 1993; Dewitte et al., 2011; Wyatt and Sazima, 2011;
Twyford and Kidner, unpublished data), with only two species studied
to date not setting seed in a small number of experimental crosses
(Brazilian Begonia integerrima Spreng. and Begonia itatinensis Irmsch.
Ex Brade; Wyatt and Sazima, 2011). Levels of inbreeding in Begonia
species varies, from close to panmictic (B. sutherlandii, mean
FIS¼ 0.158, seven microsatellites) to fully selfing (B. hirsuta single-
locus outcrossing rate 0.03±0.01, 1 isozyme locus, Ågren and
Schemske, 1993). Most Begonia species are monoecious and func-
tionally protandrous, producing male flowers on an inflorescence
before females (Forrest and Hollingsworth, 2003). However, as many
inflorescences are borne over a flowering season, there are plenty of
opportunities for self-pollination. This would particularly be the
case for species such as B. nelumbiifolia, which produces many
densely-packed inflorescences that can easily become intertwined.
Self-pollination in such a way would assure mating success if
pollinators are rare, which may be expected in the isolated popula-
tions in which Begonia species typically grow.
The inferred equilibrium selfing rates estimated here are upper

estimates, and actual values may be lower due to technical artefacts of
the loci sampled, and the population substructure. A positive FIS
value can occur due to null alleles (Pemberton et al., 1995).

This, however, seems unlikely given that few individuals could not
be amplified for a given locus (null homozygotes), and considering
primers were designed from transcriptome sequence data (Brennan
et al., 2012) and have been shown to be conserved over a broad
phylogenetic range (Twyford et al., 2013a), suggesting interpopulation
polymorphisms in the primer regions are unlikely. Another factor
contributing to the positive FIS may be the strong population
substructure (discussed above). If sampling areas are large and span
multiple populations that seldom interbreed, a positive FIS value may
be obtained when the populations are ‘lumped’ together. This
was considered a contributing factor to the positive FIS in a study
of Begonia sutherlandii (Hughes and Hollingsworth, 2008), a species
with very strong population substructure. We expect the contribution
of population substructure to the FIS of the Begonia species we
sampled here to be relatively small, as populations tended to be dense
and continuous, and the FIS value was relatively consistent across loci
and populations. Finally, the positive FIS value may actually be a
product of bi-parental inbreeding, rather than self-fertilization. This
would seem possible given the limited seed dispersal range, allowing
many related individuals to grow in a particular patch. The presence
of bi-parental inbreeding could be tested by comparing single-locus
and multi-locus outcrossing rates in progeny arrays (Ritland, 2002,
and references therein).

Reproductive isolation
In this study, we have identified intraspecific variation for post-
zygotic reproductive isolation within a Begonia species. We showed an
B20% reduction in pollen stainability in experimental crosses
between divergent populations in B. heracleifolia. Moreover, we could
relate this to cryptic genome size variation within the species, as the
Oaxacan population had an B10% higher C-value relative to the
species mean (Table 3). Although our C-value estimates are
preliminary data based on few samples, the significantly higher value
for population h28, low variance between other populations and the
relationship to pollen sterility in crosses, is a striking result. These
results support populations being isolated from homogenizing gene
flow for sufficient time to allow diverge on a potential route towards
speciation. The timing of which the Southern Oaxacan population
has been isolated is currently uncertain, as this area has a complex
geographic history, with mountain building occurring gradually since
the late Cretaceous until the early Holocene (Anducho-Reyes et al.,
2008, and references therein).
The evolution of reproductive isolation within species has

only been studied to a limited extent, and has been identified as an
important future research direction (Lexer and Widmer, 2008;
Scopece et al., 2010). There are even fewer studies that have
investigated intraspecific variation for reproductive isolation in
species-rich tropical taxa. Pinheiro et al. (2013) reported polymorphic
post-zygotic reproductive isolation between populations of Epiden-
drum denticulatum Barb.Rodr. (Orchidaceae) in South America, with
greatly reduced seed set between individuals with different chloroplast
haplotypes. They suggest variation in crossing results between
populations may be a product of many loci of small effect. In
contrast, the consistency between reduced pollen stainability in
crosses and population differences in genome size suggests large-scale
genome restructuring may be involved in this pattern of isolation in
Begonia. Future studies should look at more pairwise comparisons of
fertility and sterility, as well as estimate genome sizes in more
populations (also sampling intrapopulation genome size variation),
to better understand the relationship between divergence and
reproductive isolation in B. heracleifolia.
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CONCLUSION

The mean FST values for these species, and the other Begonia species
studied to date, approach or exceed the threshold value of FST¼ 0.35
suggested by Hey and Pinho (2012) for delimiting species. In addition
to this strong geographic structure caused by dispersal limitation,
inbreeding may further reduce the level of gene flow between
populations and promote divergence. The joint role that genetic drift
and inbreeding have on levels of genetic differentiation in species-
rich tropical plant lineages is now beginning to be appreciated
(the Baker–Fedorov hypothesis, Lasso et al., 2011). Moreover, we
have shown the early stages of reproductive isolation between Begonia
populations, supporting the hypothesis that differentiation leads
to the accumulation of incompatibilities that may be involved in
reproductive isolation, in a trajectory towards allopatric speciation.
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conducting fieldwork, Fredy Archila for proving DNA samples from

Guatemala, Neil Watherston, Fiona Inches and Bruce Robertson for care of the

living plants, Alex Clarke, Rhiannon Crichton, Michelle Hollingsworth, Ruth

McGregor and Markus Ruhsam for help in the lab, and Peter Hollingsworth
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