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1  | INTRODUC TION

Gene flow is generally believed to impede genetic divergence and 
speciation. The tension between these forces has led to recent inter‐
est in the extent to which speciation can proceed in the face of gene 
flow (Feder, Egan, & Nosil, 2012; Martin et al., 2013; Nosil, 2008; 
Papadopulos et al., 2011). While allele frequencies at neutral loci 
are expected to be homogenized between populations with only a 
small amount of gene flow (on the order of one successful migrant 

individual per generation; Wright, 1969), greater gene flow is needed 
to counteract divergent selection on individual loci. When divergent 
selection is intense, gene flow will not prevent allele‐frequency di‐
vergence, but can prevent alternate alleles from fixing in different 
populations. In particular, allele‐frequency divergence will reach an 
equilibrium reflecting a balance of selection tending to increase di‐
vergence and gene flow tending to reduce it. If selection is strong 
and there is little (but nonzero) gene flow, this equilibrium will be 
manifested by large differences in allele frequencies. By contrast, if 
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Abstract
Gene flow is thought to impede genetic divergence and speciation by homogenizing 
genomes. Recent theory and research suggest that sufficiently strong divergent se‐
lection can overpower gene flow, leading to loci that are highly differentiated com‐
pared to others. However, there are also alternative explanations for this pattern. 
Independent evidence that loci in highly differentiated regions are under divergent 
selection would allow these explanations to be distinguished, but such evidence is 
scarce. Here, we present multiple lines of evidence that many of the highly divergent 
SNPs in a pair of sister morning glory species, Ipomoea cordatotriloba and I. lacunosa, 
are the result of divergent selection in the face of gene flow. We analysed a SNP data 
set across the genome to assess the amount of gene flow, resistance to introgression 
and patterns of selection on loci resistant to introgression. We show that differentia‐
tion between the two species is much lower in sympatry than in allopatry, consistent 
with interspecific gene flow in sympatry. Gene flow appears to be substantially 
greater from I. lacunosa to I. cordatotriloba than in the reverse direction, resulting in 
sympatric and allopatric I. cordatotriloba being substantially more different than sym‐
patric and allopatric I. lacunosa. Many SNPs highly differentiated in allopatry have 
experienced divergent selection, and, despite gene flow in sympatry, resist homoge‐
nization in sympatry. Finally, five out of eight floral and inflorescence characteristics 
measured exhibit asymmetric convergence in sympatry. Consistent with the pattern 
of gene flow, I. cordatotriloba traits become much more like those of I. lacunosa than 
the reverse. Our investigation reveals the complex interplay between selection and 
gene flow that can occur during the early stages of speciation.
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selection is weak and there is substantial gene flow, allele‐frequency 
differences may be small or absent (Bulmer, 1972; Haldane, 1930; 
Wright, 1931).

These considerations suggest that incipient species connected 
by gene flow should exhibit substantial variation in divergence across 
the genome, with genetic divergence maintained at loci subject to di‐
vergent selection but homogenization at neutral loci (Noor, Grams, 
Bertucci, & Reiland, 2001; Noor, Grams, Bertucci, & Reiland, et al., 
2001; Nosil et al., 2009; Rieseberg, 2001; Wu & Ting, 2004). There 
is considerable evidence to support this suggestion. For example, 
studies in hybrid zones have commonly found variation in the degree 
to which different loci introgress (Larson, White, Ross, & Harrison, 
2014; Maroja, Andrés, Harrison, 2009; Payseur, Krenz, & Nachman, 
2004; Teeter et al., 2008), a pattern which has been interpreted as 
due to variation in the strength of divergent selection opposing gene 
flow. Many studies have also used genome scans to document the 
spatial pattern of variation in divergence and have found genomic 
regions that show substantial divergence compared to the remainder 
of the genome (Carneiro et al., 2014; Ellegren et al., 2012; Gagnaire, 
Normandeay, Pavey, & Bernatchez, 2013; Harr, 2006; Hohenlohe, 
Bassham, Currey, & Cresko, 2012; Hohenlohe et al., 2010; Nadeau 
et al., 2012; White, Cheng, Simard, Costantini, & Besansky, 2010). 
However, this pattern is not universal (Garrigan et al., 2012; Kenney 
& Sweigart, 2016; Michel et al., 2010). Theory predicts that such 
highly divergent regions result from strong divergent selection on 
specific loci, which effectively shields closely linked loci from gene 
flow (Charlesworth, Nordborg, & Charlesworth, 1997; Feder & Nosil, 
2010; Via, Conte, Mason‐Foley, & Mills, 2012), while the remainder 
of the genome that is not subject to divergent selection is homoge‐
nized by gene flow.

Although variation in divergence is consistent with variation in 
the strength of divergent selection, other explanations are possible. 
One is that at least some of this variation is due to chance effects. 
Such effects may be especially likely if one or both incipient spe‐
cies have gone through recent bottlenecks, possibly associated with 
speciation. Studies that attribute divergent selection to outlier loci 
are particularly vulnerable to this criticism (Bierne, Roze, & Welch, 
2013). A second possibility is that regions of high divergence may 
result from a combination of background selection and low rates of 
recombination, which results in reduced within‐species variation in 
regions of low recombination, and thus inflation of divergence mea‐
sures such as Fst that are commonly used to quantify divergence 
(Charlesworth, Charlesworth, & Morgan, 1995; Cruickshank & Hahn, 
2014; Noor & Bennett, 2009). Finally, a similar effect can result from 
global fixation of an adaptive allele, the opposite of divergent selec‐
tion (Bierne, 2010).

Ideally, inferences that regions of high divergence are due to di‐
vergent selection would be supported by independent evidence that 
loci in those regions are subject to such selection. However, only a 
limited amount of direct evidence of this type exists. Some studies 
have reported that QTLs suspected to be subject to divergent selec‐
tion coincide with genomic regions of elevated divergence (Carling 
& Brumfield, 2009; Janoušek et al., 2012; Kenney & Sweigart, 2016; 

Via et al., 2012), although a few studies have failed to observe such 
coincidence (Eckert et al., 2010; Yatabe, Kane, Scotti‐Saintagne, & 
Rieseberg, 2007). Other studies have documented a negative cor‐
relation between absolute divergence and recombination rate, 
pointing to variation across the genome in the strength of purifying 
selection against introgressing loci (Brandvain, Kenney, Flagel, Coop, 
& Sweigart, 2014; Kenney & Sweigart, 2016).

One type of evidence that would strongly support the hypothe‐
sis that highly divergent loci are subject to strong divergent selection 
would be a strong correlation between divergence in allopatry and 
resistance to introgression in sympatry (Harrison & Larson, 2016; 
Noor & Bennett, 2009). However, investigations that have con‐
ducted this type of analysis find only partial or weak correspondence 
of this type (Gompert et al., 2012; Hamilton, Lexer, & Aitken, 2013; 
Larson, Andrés, Bogdanowicz, & Harrison, 2013; Parchman et al., 
2013; Taylor, Curry, White, Ferretti, & Lovette, 2014). While evi‐
dence suggests that some regions of elevated divergence are likely 
to reflect strong divergent selection, this may not be true generally. 
More information is thus needed on the extent to which regions of 
elevated differentiation in incipient species experiencing gene flow 
correspond to regions experiencing strong divergent selection.

Gene flow is expected to affect phenotypic divergence between 
species. For characters that have diverged in allopatry by genetic 
drift, the underlying loci are expected to be largely neutral and not 
resistant to homogenization. Consequently, gene flow upon sec‐
ondary contact is expected to act to reduce differentiation in these 
types of characters and, over long periods, even eliminate pheno‐
typic differences. Whether the change in the character is symmetric 
(equal in both directions) or asymmetric (one species changes more 
than the other) will be influenced by any asymmetry in gene flow. 
It may also be influenced by genetic architecture. For example, if 
there is directional dominance in the character, change is expected 
to be greater in the species with the recessive alleles. By contrast, 
for characters that have diverged due to selection, gene flow may 
reduce character differences compared to what they would be in the 
absence of gene flow, but not eliminate those differences, as long 
as selection in sympatry is similar to selection in allopatry. Despite 
these expectations, we are unaware of any previous studies that 
have tested them.

In this report, we investigate the relationship between divergent 
selection and genetic differentiation by examining gene flow, resis‐
tance to introgression and patterns of selection on loci that have 
diverged in frequency between two sister species of morning glory, 
Ipomoea cordatotriloba and I. lacunosa. To characterize patterns of di‐
vergence, gene flow and introgression, we compare allele‐frequency 
differences between allopatric and sympatric samples of the two 
species at single nucleotide polymorphisms (SNPs) from transcrip‐
tome sequence data and ask whether SNPs that are highly differen‐
tiated in allopatry are also resistant to homogenization in sympatry. 
We then use an extension of the standard McDonald–Kreitman 
(M‐K) test (McDonald & Kreitman, 1991) to ascertain the extent to 
which divergent selection contributes to highly divergent SNPs. In 
addition, we characterize phenotypic divergence in allopatry and 
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sympatry for floral and inflorescence traits to determine the extent 
to which gene flow reduces character divergence in sympatry com‐
pared with allopatry.

2  | METHODS

2.1 | Study system

Ipomoea cordatotriloba and I. lacunosa are annual weeds in the 
Batatas section of the genus Ipomoea (Convolvulaceae) and have 
overlapping ranges (Figure 1). Ipomoea lacunosa, which is highly 
selfing (Duncan & Rausher, 2013a), extends north into Canada and 
west to Texas, while I. cordatotriloba, a mixed‐mater with an average 
selfing rate of 0.5 (Duncan & Rausher, 2013a), is found from North 
Carolina to Mexico (USDA, NRCS 2019; Figure 1). The geographical 
extent of range overlap is large, spanning across the Southeast from 
Texas to North Carolina. At some localities within the range of over‐
lap, the two species occur sympatrically, with individuals of the two 
species often growing intertwined. At other sites within the range of 
overlap, only one of the species occurs. This geographical arrange‐
ment allows us to compare genetic differences between allopatric 
samples to determine the effects of gene flow on divergence.

In keeping with its high selfing rate, I. lacunosa exhibits many 
characteristics of the “selfing syndrome” (Ornduff, 1969; Sicard & 
Lenhard, 2011) compared with I. cordatotriloba, including smaller 
flowers with less nectar and pollen (McDonald, Hansen, McDill, & 
Simpson, 2011; Duncan & Rausher, 2013a; Rifkin, 2017; also see 
below). Vegetatively, the two species appear very similar. Both 
species are visited primarily by bumblebees. In areas of sympatry, 

we have observed movements of individual bees between species, 
suggesting the possibility of pollen transfer. The two species exhibit 
partial cross‐incompatibility in both directions (Duncan & Rausher, 
2013b). In addition, there is at least some postzygotic incompatibility 
(Rifkin, unpublished data). Both of these phenomena would tend to 
restrict, but not eliminate, gene flow between species in sympatric 
populations.

We collected or obtained 31 accessions of I. lacunosa and 30 
accessions of I. cordatotriloba, where an accession is either an in‐
dividual plant or a single seed (Supporting Information Table S1, 
Appendix S1). From all except one site, with four I. lacunosa ac‐
cessions, we used no more than 3 accessions of each species, and 
from many sites, there was only a single accession. Accessions 
were categorized into one of three categories (Figure 1, Supporting 
Information Table S1): (a) Sympatric. These accessions were from 
sites where we observed the two species growing within 10 m. of 
each other and often intertwined. Accessions of both species were 
collected at these sites. (b) Allopatric. These accessions were from 
sites where we only observed one of the species; the other species 
did not grow within 1 km. Accessions were categorized as allopatric 
if we collected them and searched for the other species in the vicin‐
ity, or if accessions were outside the geographic range of the other 
species. (c) Unknown. These accessions were from inside the area 
of range overlap, but detailed information about the collecting site 
was absent (e.g., accessions obtained from USDA). Under this cat‐
egorization, there were 13 sympatric, 16 allopatric and 2 unknown 
I. lacunosa accessions and 11 sympatric, 14 allopatric and 4 unknown 
I. cordatotriloba accessions (Figure 1, Supporting Information Table 
S1). Because of the limited number of samples per site and apparent 

F I G U R E  1   Distribution map of Ipomoea cordatotriloba and Ipomoea lacunosa by county in the southeastern United States with locations 
of sites used in the study. I. cordatotriloba's distribution extends south into Mexico, but detailed locality records are not available. I. lacunosa 
extends north into Canada, but we only used samples from as far north as Kansas. Background colors indicate range data for the two species 
(pink: I. lacunosa; lavender: I. cordatotriloba; gray: both species) taken from the most recent USDA NRCS distribution records (https://plants.
usda.gov/core/profile?symbol=IPCO8 and https://plants.usda.gov/core/profile?symbol=IPLA). Inset indicates the sympatric and “close” 
allopatric sites. The asterisk (*) in inset indicates the location of the I. cordatotriloba SOS site. A list of all samples is found in Supporting 
Information Table S1

Sympatric

Unknown - I. lacunosa
Unknown - I. cordatotriloba
Allopatric - I. lacunosa
Allopatric - I. cordatotriloba

**

https://plants.usda.gov/core/profile?symbol=IPCO8
https://plants.usda.gov/core/profile?symbol=IPCO8
https://plants.usda.gov/core/profile?symbol=IPLA
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lack of genetic structure among sites within species, we perform all 
analyses on individual samples.

For some of our analyses, we contrast allopatric and sympat‐
ric samples. In order to account for geographic divergence within 
species, we do this in two ways, which differ in what samples are 
included in the allopatric category: (a) all samples known to be al‐
lopatric (“known allopatric samples”); (b) allopatric samples that are 
in the region of the sympatric sites (i.e., NC and SC, “close allopatric 
samples”) (Figure 1, Supporting Information Table S1).

We have classified 3 accessions of I. cordatotriloba from the SOS 
site as allopatric (Figure 1, with an asterisk) even though there are 
indications that I. lacunosa may have recently been present. This 
population contains some I. cordatotriloba individuals that have white 
flowers like I. lacunosa. Unpublished evidence from our laboratory in‐
dicates that variation in a single gene is responsible for the difference 
in flower colour between the two species (I. cordatotriloba typically 
has purple flowers). All the white‐flowered I. cordatotriloba individu‐
als we have investigated carry an allele of that gene that is identical 
to that in I. lacunosa, consistent with recent introgression between 
the two species at this location. The sympatric populations we sam‐
pled from CCR, Site 1, CHAD and POL also contained white‐flowered 
I. cordatotriloba individuals, but none of the known allopatric popula‐
tions besides SOS did, a pattern consistent with introgression at SOS. 
However, because we cannot yet prove introgression of this gene, 
we conservatively classify these accessions as allopatric because 
they satisfy our criterion. The classification is conservative because 
it would tend to make sympatric accessions appear genetically more 
similar to allopatric accessions when testing for divergence and gene 
flow. However, we also performed all analyses with SOS samples 
classified as sympatric. These analyses yielded similar conclusions 
and are reported in the Supporting Information Appendix S1.

2.2 | Genome sequencing and assembly

For this investigation, we used a draft assembly of the I. lacunosa 
genome that our laboratory has produced. Here, we provide a brief 
description of this genome; a fuller description will be published 
elsewhere. The assembled genome has a total length of 431 Mb, 
comparable to the estimated genome size of 497 Mb determined by 
flow cytometry (Duncan & Rausher, 2013b). It consists of 2064 con‐
tigs, an N50 of approximately 550 Kb, and the length of the longest 
contig is approximately 4.7 Mb. Annotation with MAKER (Cantarel 
et al., 2008) yielded 32,757 unigenes composed of a total of 191,171 
coding sequence features (i.e., exons). Preliminary comparisons in‐
dicate it is largely colinear with the draft genomes of I. trifida and 
I. triloba, two other species in the Batatas section of Ipomoea (http://
sweetpotato.plantbiology.msu.edu/index.shtml; Wu et al., 2018).

2.3 | Transcriptome sequencing and SNP 
identification

One individual of each accession was grown in the Duke University 
Greenhouses from December 2014 to June 2016. For each accession, 

we extracted RNA from a single young leaf (0.5–2 cm) using a modi‐
fied version of the standard TRI Reagent (Sigma‐Aldrich) protocol. 
The modifications include an additional TRI Reagent:chloroform 
clean‐up step, adding the suggested amount of glycogen and three 
ethanol washes before drying the RNA pellet. RNA was resuspended 
in 30 μl of RNase‐free water. RNA quality was assessed using the 
2200 TapeStation system (Agilent Technologies); all samples had an 
RNA integrity score of 7 or higher. A complete extraction protocol 
is available on https://github.com/joannarifkin/IpomoeaSNPCalling. 
We generated RNA libraries starting with 4 μg of total RNA using the 
KAPA Stranded mRNA‐Seq Kit (KAPA Biosystems) and multiplexed 
using NEBNext Multiplex Oligos for Illumina (New England BioLabs). 
The libraries were quality checked using the Bioanalyzer Agilent High 
Sensitivity DNA kit (Agilent Technologies) and Qubit Fluorometer 
(Thermo Fisher Scientific). We pooled 20 or 21 libraries per se‐
quencing lane; the samples were sequenced using three lanes on an 
Illumina HiSeq 4000 v4 platform running 150‐bp paired‐end reads 
at the Duke Sequencing & Genomic Technologies Shared Resource.

We identified SNPs using a modified version of the GATK best 
practices for RNAseq (Van der Auwera et al., 2013). Specifically, 
after aligning reads to the I. lacunosa genome using STAR 2‐pass 
(Dobin & Gingeras, 2015) and cleaning the alignments with Picard 
Tools (http://broadinstitute.github.io/picard), we used the GATK 
Joint Genotyper in ‐erc GVCF mode to identify SNPs. SNPs were 
hard‐filtered (Fisher Strand bias <30, quality‐by‐depth <2, SNP 
clustering) and kept only if the minimum depth was 10 reads. We 
eliminated all nonvariant sites and all SNPs not called in at least 60 
individuals. This filtering produced 66,729 SNPs that were used in 
the analyses. Although the minimum depth cut‐off may eliminate 
some singletons, and thus bias our estimates of genetic diversity 
downwards, it should not bias estimates of differences in measures 
of genetic diversity or divergence between species or sets of sam‐
ples. All SNP‐calling scripts are available at https://github.com/
joannarifkin/IpomoeaSNPCalling.

SNPs were categorized as synonymous, nonsynonymous, non‐
coding or unknown by comparing SNP positions to assembled 
transcripts in the annotated I. lacunosa draft genome using an APL 
(Iverson, 1962) script written by MDR (scripts available in .pdf for‐
mat at DRYAD Digital Depository, https://doi.org/10.5061/dryad.
f6qb7c5). This categorization resulted in 27,079 synonymous SNPs 
and 21,746 nonsynonymous SNPs. Of the remaining SNPs, 11,281 
were contained in transcripts that aligned to annotated genes, but 
lay outside the coding regions of those genes. These SNPs, which 
we designate as noncoding, are potentially regulatory in function 
since they occur in the 5′ untranslated or 3′ untranslated regions 
that could contain regulatory sequences.

2.4 | Data analysis

For PCA and population structure analyses, we conducted LD‐based 
SNP pruning on the SNP data set to remove SNPs that were under 
high LD to avoid correlated SNPs from strongly influencing these 
analyses. We performed the pruning in the r package SNPRelate 

http://sweetpotato.plantbiology.msu.edu/index.shtml
http://sweetpotato.plantbiology.msu.edu/index.shtml
https://github.com/joannarifkin/IpomoeaSNPCalling
http://broadinstitute.github.io/picard
https://github.com/joannarifkin/IpomoeaSNPCalling
https://github.com/joannarifkin/IpomoeaSNPCalling
https://doi.org/10.5061/dryad.f6qb7c5
https://doi.org/10.5061/dryad.f6qb7c5
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using the snpgdsLDpruning function (Zheng et al., 2012) with a 
threshold of 0.3, which resulted in a pruned SNP data set of 10,173 
SNPs. The snpgdsPCA function was used to perform principal com‐
ponent analysis. We then took a Bayesian clustering approach using 
structure (Pritchard, Stephens, & Donnelly, 2000) and instruct (Gao, 
Williamson, & Bustamante, 2007) to find the genetic structure of the 
two species. instruct uses a similar algorithm to structure, but allows 
equilibria to differ from Hardy–Weinberg within clusters. This is im‐
portant because these populations are known to be moderately to 
highly selfing, which can lead to spurious results if inbreeding is not 
accounted for. Both structure and instruct were run similarly, with a 
burn‐in step of 205 and simulated for 106 iterations for clusters K = 1 
to K = 10. The structure and instruct results were visualized using 
CLUMPAK (Kopelman, Mayzel, Jakobsson, Rosenberg, & Mayrose, 
2015). Results from structure and instruct were similar. We there‐
fore report the latter in the main text, while those from the former 
are reported in the online Supporting Information Appendix S1.

All other statistics were calculated using custom APL (Iverson, 
1962) scripts written by MDR (scripts available in .pdf format at 
DRYAD Digital Depository, https://doi.org/10.5061/dryad.f6qb7c5). 
We calculated admixture proportions for sympatric samples of both 
species using a modified version of the approach described by Hanis, 
Chakraborty, Ferrell, and Schull (1986). In particular, the original 
method assumes complete outcrossing and estimates m, the propor‐
tion of alleles in sympatric samples that are derived from I. cordato-
triloba allopatric samples. Our modification additionally allows for a 
proportion s of offspring to be produced by selfing. It calculates the 
log‐likelihood for different combinations of m and s (each ranging 
between 0.01 and 0.99) and determines the values that yield the 
maximum log‐likelihood (see Appendix). Sympatric samples of each 
species were analysed separately. Based on our finding that a sub‐
stantial fraction of SNPs with allopatric frequency difference ≥0.9 
(“highly divergent SNPs”) were subject to divergent selection but no 
selection was detected on SNPs with a frequency difference <0.9 
(“less‐divergent SNPs”), admixture proportions were calculated for 
two groups of SNPs separately: those for which the allele‐frequency 
difference in allopatry was <0.9, and those for which this difference 
was greater than or equal to 0.9. We excluded loci at which the same 
allele was fixed in allopatric samples of both species because these 
loci are uninformative. For comparison with sympatric samples, self‐
ing rates were estimated for allopatric samples of each species as 
described in the Appendix. In all of these likelihood analyses, we 
assessed differences in the values of s and m among groups by com‐
paring 99% confidence intervals between pairs of estimates. Such 
confidence intervals are normally calculated as the values that are 
3.3 ln‐likelihood units on either side of the mean. In our maximum‐
likelihood analyses, intervals between successive values of s and m 
were 0.1. In all cases, the ln‐likelihoods between successive values 
differed by much more than 3.3 units. We therefore take (mean – 
0.01, mean + 0.01) as a conservative estimate of the 99% confidence 
interval. In other words, if s1 and s2 are maximum‐likelihood esti‐
mates of s for two groups, then we concluded the estimates were 
significantly different at p < 0.01 if |s1−s2| > 0.02.

We calculated admixture linkage disequilibrium using Eq. (5) 
from Loh et al. (2013). Specifically, we calculated admixture LD, 𝛼̂(d), 
for SNPs within a given distance bin S(d), as

where ̂cov(X,Y) is the covariance between SNPs X and Y in the ad‐
mixed (sympatric) sample (either I. lacunosa or I. cordatotriloba), pi( j) 
is the estimated frequency of the reference allele at SNP j in allopat‐
ric samples of species i, and |S(d)| is the number of SNPs in bin S(d).

We employed the McDonald–Kreitman (M‐K) test (McDonald 
& Kreitman, 1991) to determine whether divergent selection con‐
tributed to fixed or nearly fixed differences between the two spe‐
cies. In particular, we performed two types of M‐K analyses. The 
first type asked whether the set of fixed or nearly fixed SNPs is 
enriched with nonsynonymous SNPs. We defined “fixed” SNPs as 
those that exhibited a frequency difference between species equal 
to 1, whereas “nearly fixed” SNPs were those with a frequency 
difference greater than or equal to 0.9 but <1. Preliminary anal‐
yses provided no evidence that any SNPs with smaller frequency 
differences (i.e., <0.9) were subject to selection. For each of these 
categories, we tabulated the number of nonsynonymous and syn‐
onymous SNPs that were fixed, nearly fixed, or polymorphic. The 
latter category excludes fixed or nearly fixed SNPs. Separate G 
tests were then performed for fixed vs. polymorphic and nearly 
fixed vs. polymorphic SNPs using an APL program written by MDR. 
We estimate the proportion of nonsynonymous SNPs fixed or 
nearly fixed by selection, α, using the heuristic approach of Messer 
and Petrov (2013). Because this analysis requires that frequencies 
of derived alleles be known, we polarized the alleles at our loci by 
mapping our SNPs to the I. triloba and I. trifida genomes. To do this, 
we used the whole genome aligner Progressive Cactus (https://
github.com/glennhickey/progressiveCactus; Paten, Diekhans, 
et al., 2011; Paten, Earl, et al., 2011) and extracted the allele from 
the corresponding position in the other species based on the .maf 
alignment file. Because the species in our study are more closely 
related to I. triloba than to I. trifida (Muñoz‐Rodríguez et al., 2018), 
we used the I. triloba allele as the ancestral allele when alleles for 
I. triloba and I. trifida differed, and the I. trifida allele when the I. tri-
loba allele was unidentified. This mapping yielded ancestral alleles 
for approximately 55% of our SNPs, primarily because many of our 
SNPs did not map uniquely to either genome. However, as long as 
the SNPs with missing ancestral alleles are a random subset, our 
estimates of α should not be biased. 95% confidence intervals for α 
were calculated by bootstrapping (1,000 replicates) over SNPs as 
in Messer and Petrov (2013).

Traditionally, the M‐K test has been used to determine whether 
nonsynonymous sites are over‐represented compared to synon‐
ymous sites in sites that exhibit fixed or nearly fixed differences 
between species. However, as Egea, Casillas, and Barbadilla (2008) 
point out, the same test can be applied to different classes of sites, 

𝛼̂(d)=
∑

S(d)

�cov(X,Y)
(
pA (x)− pB (x)

) (
pA (y)− pB (y)

)
∕ ||S (d)||

https://doi.org/10.5061/dryad.f6qb7c5
https://github.com/glennhickey/progressiveCactus
https://github.com/glennhickey/progressiveCactus
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such as noncoding sites. We therefore performed a second type of 
M‐K analysis, which asked whether the set of fixed or nearly fixed 
SNPs is enriched with noncoding SNPs, compared to synonymous 
SNPs, as would occur if divergent selection acted on regulatory 
SNPs. These analyses were performed in exactly the same manner 
as described above, except the set of noncoding SNPs was substi‐
tuted for the set of nonsynonymous SNPs. We interpret significant 
enrichment of fixed or nearly fixed SNPs with noncoding SNPs as 
indicative of selection. We believe this interpretation is appropri‐
ate because if all noncoding SNPs are neutral, the ratio of fixed to 
polymorphic noncoding SNPs should equal the ratio of fixed to poly‐
morphic synonymous SNPs, based on an argument analogous to the 
justification for the standard M‐K test. An excess of fixed noncoding 
SNPs thus implies that some non‐neutral process, that is, selection, 
has operated.

As a measure of divergence between the two species, we used 
πLC, the average of pairwise π values, where pairs included all com‐
binations of samples from one species with all samples from the 
other species (πXY of Nei & Li, 1979). For each pair, we calculated 
a difference value, d, for each SNP, which was 0 if the two samples 
were homozygous for the same allele, 1 if homozygous for different 
alleles, and 0.5 otherwise. These values are the probabilities that an 
allele drawn randomly from each sample will be different. The values 
for each SNP were then summed over all SNPs and divided by the 
total number of bp in the transcriptome (30,036,768) to yield the π 
value for that pair of samples. The π values were then averaged over 
all pairs to yield πLC. Separate values of πLC were calculated for sym‐
patric and allopatric samples, and the significance of the difference 
between these values was determined by bootstrapping over sam‐
ples. We calculated the divergence between allopatric and sympatric 
samples within each species, πAS, in similar fashion.

We also quantified divergence between species using allele 
frequencies. For each SNP, we first determined the allele with the 
greatest frequency in the combined samples from the two species. 
We then calculated Δp for this allele as pC ─ pL, where pi is the fre‐
quency of this allele in species i. To calculate the average allele‐fre‐
quency difference between allopatric samples, we calculated the 
average absolute frequency difference over SNPs, D = 

∑
j �Δpj�∕n, 

where n is the number of SNPs, and j represents an individual SNP. 
To calculate the corresponding average allele‐frequency difference 
between sympatric samples of the two species, D, we used the for‐
mula D = 

∑
j �Δpj∕n, where δ = 1 if Δpj>0 in the corresponding allo‐

patric comparison and δ = −1 if Δpj<0 in the corresponding allopatric 
comparison, which allows for the difference in sympatry to be in the 
opposite direction from the difference in allopatry. Differences in 
frequencies between allopatric and sympatric sites within a species 
were calculated similarly. The significance of allele‐frequency differ‐
ences was determined by bootstrapping over samples 500 or 1,000 
times depending on the analysis.

Differences in genetic composition between populations (sites) 
within a species can complicate comparisons of differentiation both 
between species and between allopatric vs. sympatric populations 
within species. In such circumstances, a possible strategy is to 

analyse only one sample per population. Unfortunately, this type of 
subsampling restricts the power of analyses. As will be seen below, 
however, there is little evidence that populations (sites) are geneti‐
cally differentiated within I. lacunosa or within allopatric or sympatric 
populations in I. cordatotriloba in genetic composition. Consequently, 
in our analyses, we use all samples from each population (site).

2.5 | Simulating the effects of gene flow

We report data that suggest that while gene flow in sympatry ho‐
mogenizes most less‐divergent SNPs, highly divergent SNPs appear 
to be resistant to homogenization. We used simulations to deter‐
mine whether this pattern can be explained by gene flow alone as 
opposed to requiring divergent selection. Our logic is as follows: If 
highly divergent SNPs are not subject to divergent selection in sym‐
patry, then the effective amount of introgression should be the same 
for both categories of SNPs. By contrast, if highly divergent SNPs 
are subject to divergent selection, the magnitude of introgression 
should be lower for highly divergent SNPs. This simulation involved 
two steps (Supporting Information Figure S1). First, we created 
initial “newly sympatric” samples for each species by replacing the 
sympatric genotypes of that species with the allopatric genotypes of 
that species at each locus. This was meant to model the genotypes in 
sympatric populations upon secondary contact, that is, those geno‐
types should reflect the extant genotypes from allopatric sites.

Second, at each locus, we replaced a fraction f of genotypes (ran‐
domly chosen) in the newly sympatric I. cordatotriloba samples with 
randomly chosen genotypes from the newly sympatric I. lacunosa 
samples. This was meant to mimic the effects of one‐way gene flow 
from I. lacunosa to I. cordatotriloba in homogenizing those loci. We 
employed one‐way gene flow because our results indicate that gene 
flow from I. cordatotriloba to I. lacunosa is negligible. This second re‐
placement involved genomic blocks rather than individual loci. The 
assembled genome was broken into a set of blocks of approximately 
100 kb in length, informed by the extent of admixture linkage dis‐
equilibrium (see below). If a genome contig was <100 kb in length, it 
was considered a block. If a contig was >100 kb, it was broken into 
successive approximately 100‐kb blocks: The first SNP in the con‐
tig was combined with all SNPs within 100 kb of it to form the first 
block. The next SNP not included in the first block then formed the 
second block, along with all other SNPs within 100 kb of it, and so 
forth. Preliminary analyses with different block sizes yielded similar 
results. For all SNPs in a block, genotypes from the same I. lacunosa 
samples were substituted for the same I. cordatotriloba samples.

We show below that gene flow results in a decreased between‐
species π in sympatry compared with allopatry. To estimate the 
effective amount of introgression for the two SNP classes, we cal‐
culated between‐species π in sympatry for different values of f. We 
took the value that corresponds to the observed value of π (f*) to 
indicate the effective amount of introgression that occurred.

Both the observed and predicted values of π have error asso‐
ciated with them. We estimated the error for the observed value 
by bootstrapping over samples to produce a 95% credible interval. 
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To estimate the error in the predicted π associated with a particular 
value of f, we ran 20 replicate simulations for that value of f and de‐
termined the 95% confidence interval.

For these analyses, we calculated π in a different way from above 
because there are different numbers of highly and less‐divergent 
SNPs. In particular, we calculated π*, which is the average value of π 
for all combinations of sympatric samples for the two species.

For each replicate array, we assessed how well the array matched 
the corresponding array constructed from the actual data. For cor‐
responding cells in the two arrays, we calculated the squared differ‐
ences in number of loci, then summed these over all cells to obtain 
a Sum of Squares (SS) associated with the replicate simulated array. 
We then averaged these SS's over all replicates for a given value of 
f. The f with the smallest mean SS was chosen as the appropriate f 
value for further analyses.

To determine whether loci showing fixed or nearly fixed dif‐
ferences (frequency difference ≥0.9) in allopatry were resistant to 
homogenization, we compared plots of proportion of loci with sym‐
patric frequency differences in bins of width 0.1 for the actual and 
simulated data. One pair of plots was constructed for each allopatric 
frequency difference bin of width 0.1.

2.6 | Phenotypic divergence

We grew selfed seeds derived from the same accessions used for 
genotyping in a glasshouse and measured eight traits known or sus‐
pected to differ between these two species: corolla length, corolla 
width, cyme length (length of inflorescence from stem to flower 
base), herkogamy (position of anthers relative to the stigma, which 
determines selfing rate in these species; Duncan & Rausher, 2013a), 
nectar volume, nectar sugar concentration, pollen grains per ovule 
and flowers produced per day.

Corolla and inflorescence traits were measured using a digital 
calliper (“Mitutoyo Digimatic CD6″ CS). Herkogamy was measured 
as the number of anthers below and not touching the stigma; in 
highly outcrossing populations, the stigma is exserted well above 
the anthers whereas in selfing populations, it is nested within them 
(Duncan & Rausher, 2013a). To quantify nectar volume, the day be‐
fore a flower opened, the bud was capped with a plastic straw cov‐
ered with parafilm. The next morning, all nectar was extracted from 
the base of the flower with a 2‐μl microcapillary tube (Drummond 
Scientific) and the height of the nectar in the tube was measured with 
the digital calliper. Because each tube is 32 mm long and holds 2 μl in 
total, this measurement was converted to volume with the formula 
V = 2 μl*(height of nectar in tube/32 mm). Nectar sugar concentration 
was quantified by expelling all of the nectar from the microcapillary 
tube onto a Master‐53M ATAGO refractometer. The refractometer 
was standardized with water at the start of each day's measure‐
ments. Because refractometer readings are often imprecise with 
low volumes, two sugar concentration measurements were taken: 
undiluted nectar and nectar diluted with 2.5 μl water. Refractometer 
readings, in weight/weight (w/w) percentages, were converted 
into concentrations according to the recommendations of Bolten, 

Feinsinger, Baker, and Baker (1979) as follows: using the table 
“Concentrative Properties of Aqueous Solutions: Density, Refractive 
Index, Freezing Point Depression, and Viscosity” for sucrose solu‐
tions from Handbook of Chemistry & Physics (Rumble, 2018), sucrose 
solute values were converted into mg/ml by multiplying the molarity 
(mol/L) values by the molecular weight of sucrose (342.2964 g/mol). 
A plot of values between mass (w/w) and mg/ml was generated, and 
a polynomial line of best fit was created to convert w/w to mg/ml 
(mg/ml = 0.0524(w/w)2 + 9.6554(w/w) + 1.3904). For nectar diluted 
with 2.5 μl water, the diluted sugar concentration was first converted 
into mg/ml and then multiplied by the ratio: (actual nectar amount + 
2.5 μl)/actual nectar amount. The diluted and undiluted nectar sugar 
concentration values in mg/ml were averaged to produce the nec‐
tar sugar concentration used in our analyses. To quantify pollen per 
ovule, anthers were removed the day before anthesis, dried over‐
night in an open tube and resuspended in 500 μl 70% ethanol. We 
manually counted all pollen grains in a 100 μl aliquot from each sam‐
ple under a dissecting microscope, multiplied by five (500 μl/100 μl) 
and divided by 4 (the number of ovules in both species; McDonald 
et al., 2011). Nectar and pollen measurements were taken from 1 to 
3 flowers per individual and averaged by individual using the R func‐
tion aggregate (R Core Team, 2016).

To test whether phenotypic differences between species were dif‐
ferent in allopatry and sympatry, we performed a two‐factor ANOVA 
in JMP using the “Fit model” platform. In our model, species and loca‐
tion (sympatry vs. allopatry) were crossed fixed effects and accession 
was included, nested within species, as a random effect. A significant 
interaction effect between species and location indicates that the dif‐
ference between species was not the same in allopatry and sympatry. 
In all cases in which this effect was significant, this difference was 
smaller in sympatry. We further tested for asymmetry using the “Effect 
Details” function to test the contrast (allopatric I. cordatotriloba − sym‐
patric I. cordatotriloba) – (sympatric I. lacunosa − allopatric I. lacunosa) = 
0. This tests whether in sympatry the character in one species changed 
more towards the mean than in the other species, compared to the 
value in allopatry. In addition, we performed contrasts testing whether 
for either species there was a significant difference between allopatry 
and sympatry. In particular, if gene flow is substantial from I. lacunosa 
to I. cordatotriloba, but minimal in the opposite direction, we would ex‐
pect I. cordatotriloba to show significant differences between allopatry 
and sympatry, but would not expect I. lacunosa to do so. For these 
contrasts, the mean square for accession was used as the denominator 
means square in F tests. All tests were corrected for multiple compari‐
son using either corrections for false discovery rate (FDR; Benjamini & 
Hochberg, 1995) or a Binomial test.

3  | RESULTS

3.1 | Patterns of genetic divergence

Ipomoea cordatotriloba and I. lacunosa are unambiguously geneti‐
cally differentiated. In the instruct and structure analyses, the op‐
timal number of genetic groups corresponds to K = 3. One group 
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consists of all I. lacunosa samples, while I. cordatotriloba consists of 
two differentiated groups (Figure 2a, Supporting Information Figure 
S2). Samples from five known allopatric I. cordatotriloba sites fall 
into one group (orange in Figure 2a), while samples from the four 
sympatric I. cordatotriloba sites and the SOS allopatric site fall into 
the other group (purple in Figure 2a). A Fisher exact test indicates 
that this association of allopatry vs. sympatry site category with the 
two genetic groups is statistically significant (p = 0.0476, two‐tailed 
test), suggesting that the two groups represent populations with dif‐
ferent histories of gene flow. As described above, the presence of 
white‐flowered I. cordatotriloba at SOS suggests that this site may 
have recently been sympatric. If SOS is treated as sympatric, then 
this association becomes even more significant (p = 0.00476).

Samples where it is unknown whether they are sympatric or al‐
lopatric (“U” in Figure 2a) fall into both genetic groups. Interestingly, 
when K = 2, the two I. cordatotriloba groups fuse to form a single 
group. Within this group, the sympatric and SOS samples exhibit a 
greater contribution from the I. lacunosa group (blue) than the known 
allopatric samples, consistent with introgression from I. lacunosa in 
sympatry (Figure 2a, Supporting Information Figure S2).

Principal components analysis yields a similar pattern. In the PC1–
PC2 plane, I. lacunosa samples form a tight cluster that is separated 
from the I. cordatotriloba samples (Figure 2b; see also the interactive 
version of this figure, available at https://plot.ly/~joannarifkin/8 and 
in the Supporting Information Appendix S1 as a downloadable zip ar‐
chive of an .html folder, which identifies each point by site and sample), 

F I G U R E  2   instruct and PCA plots. (a) instruct results from simulating populations K = 2 to K = 5. U = unknown; A = allopatric; 
S = sympatric. Red arrows indicate the Ipomoea cordatotriloba samples from SOS. Asterisk (*) indicates model with best DIC score. (b) PCA 
showing the genetic divergence of the samples. CS = I. cordatotriloba sympatric samples; LS = Ipomoea lacunosa sympatric samples; CA = 
I. cordatotriloba allopatric samples; LA = I. lacunosa allopatric samples; CU = I. cordatotriloba unknown samples LA = I. lacunosa allopatric 
samples. Ipomoea lacunosa (triangles) cluster together in the upper right‐hand corner while I. cordatotriloba is separated into 2 clusters that 
generally follows the pattern of sympatry (upper left) and allopatry (lower right). An interactive version of this figure, with points labelled 
with the identities of the sites, is available at https://plot.ly/~joannarifkin/8 and in the Supporting Information Appendix S1

U

I. lacunosa I. cordatotriloba

US S

K = 2

K = 3*
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while I. cordatotriloba forms two clusters, one consisting of the sym‐
patric and SOS samples, the other consisting of the remaining samples.

Although the two species are clearly differentiated, allele‐fre‐
quency differences between the species are moderate, with the 
average allele‐frequency difference being only 0.234. Generally, fre‐
quency differences were below 0.5, but approximately 10% of loci 
exhibited larger frequency differences, including 2372 (3.6%) for 
which different alleles were fixed or nearly fixed (frequency differ‐
ence ≥ 0.9) (Figure 3).

3.2 | Positive selection

We performed a McDonald–Kreitman analysis on all samples to 
determine whether selection contributed to fixed or nearly fixed 
differences in nonsynonymous SNP frequencies between the two 
species. For both fixed and nearly fixed SNPs, there was a sig‐
nificant excess of nonsynonymous SNPs (Table 1), indicating the 
occurrence of divergent selection. The estimated proportions of 
fixed and nearly fixed SNPs subjected to divergent selection were 
0.55 and 0.45 respectively, while the estimated numbers of such 
SNPs were 105 and 290 (Table 1, Supporting Information Table S2).

We also performed an analogous test comparing noncoding 
and synonymous SNPs. For SNPs with fixed differences and nearly 
fixed differences, there was a significant excess of noncoding SNPs 
(Table 1). By analogy with a standard M‐K test, we interpret this ex‐
cess as indicating that positive selection contributed to fixation or 
near fixation of regulatory SNPs. Approximately 30% of fixed non‐
coding differences, or 32 noncoding SNPs, are attributable to se‐
lection, whereas approximately 7.5%, or 25 nearly fixed noncoding 
SNPs, are attributable to selection (Supporting Information Table S2).

3.3 | Gene flow

Our approach to ascertaining whether there is ongoing gene flow 
between the two species is to ask whether genetic differentiation is 
lower between sympatric samples of the two species than between 

allopatric and samples (Kulathinal, Stevison, & Noor, 2009; Martin 
et al., 2013; Noor & Bennett, 2009). As measured by πLC, divergence 
between allopatric samples was approximately 1.65–1.85 times 
greater than between sympatric samples, depending on whether 
known allopatric samples or close allopatric samples were used. 
In both cases, the difference was highly significant (Table 2). The 

F I G U R E  3   Frequency histogram of allele‐frequency differences 
between Ipomoea cordatotriloba and I. lacunosa for 66,729 SNPs

TA B L E  1  McDonald‐Kreitman test table for all samples. (a) Loci are considered fixed if allele‐ frequency difference = 1. (b) Loci are 
considered nearly fixed if allele‐frequency difference is greater than or equal to 0.9 but <1. G = G‐statistic of association. Prob = the 
probability of no association. α = estimated proportion of nonsynonymous fixed differences that were fixed by selection. “Fixed by 
selection” is the estimated number of fixed differences that were fixed by selection

Nonsynonymous Synonymous Noncoding Synonymous

(a) Sympatric frequency difference = 1

Fixed differences 190 169 107 169

Polymorphisms 21,556 26,910 11,153 26,910

G (Prob) 10.219 (=0.00139) 11.236 (=0.000802)

α (Fixed by selection) 0.55 (105) 0.30 (32)

(b) Sympatric frequency difference ≥ 0.9, < 1

Fixed differences 644 699 333 699

Polymorphisms 20,912 26,211 10,820 26,211

G (Prob) 6.729 (=0.00949) 4.423 (=0.035)

α (Fixed by selection) 0.45 (290) 0.075 (25)
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divergence between allopatric and sympatric I. cordatotriloba was 
also about 6–7 times greater than the analogous divergence for I. la-
cunosa. This difference was significant regardless of whether known 
or close allopatric samples were used (Table 2). These results are 
consistent with gene flow occurring in sympatry and with greater 
gene flow occurring from I. lacunosa to I. cordatotriloba than in the 
reverse direction.

Analysis of allele‐frequency differences yields a similar conclu‐
sion. Average allele‐frequency differences between the species are 
more than twice as large when allopatric samples are compared 
than when sympatric samples are compared, with these effects 
being highly significant when either known or close allopatric sam‐
ples are used (Table 3, Figure 4). Within both species, the average 
difference in allele frequency between allopatric and sympatric 
samples is significantly >0, indicating genetic differentiation consis‐
tent with gene flow in sympatry (Table 3). However, this difference 
is much smaller for I. lacunosa than for I. cordatotriloba (Table 3), 
again suggesting greater gene flow from I. lacunosa to I. cordatotri-
loba than vice versa.

3.4 | Resistance to gene flow

We examined the degree to which gene flow in sympatry homog‐
enized allele frequencies by examining the relationship between 
allele‐frequency divergence between the species in allopatry and al‐
lele‐frequency divergence in sympatry (Figure 5). There appear to be 
two categories of SNPs: one in which allele‐frequency differences in 
allopatry are greater than or equal to 0.9 (“highly divergent” SNPs), 

and one in which those frequencies are <0.9 (“less‐divergent” SNPs). 
These two categories differ markedly in the proportion that are ho‐
mogenized. Most less‐divergent SNPs exhibit frequency differences 
in sympatry that are near 0, indicating substantial homogenization 
(Figure 5a,b). By contrast, there was substantially less homogeniza‐
tion of highly divergent SNPs, with the modal frequency difference 
in sympatry being >0.9 (Figure 5a,b) and with most of these SNPs 
having a frequency in sympatry >0.5, suggesting that these SNPs are 
resistant to homogenization. This pattern is exhibited when either 
known allopatric samples or close allopatric samples are compared 
with sympatric samples.

The previous analyses of divergent selection, which found sig‐
nificant positive selection for highly divergent nonsynonymous 
and noncoding SNPs, are consistent with the interpretation that 
highly diverged SNPs are subject to divergent selection. These 
analyses, however, used all samples, whereas the data indicating 
resistance to homogenization used only known (or close) allopat‐
ric and sympatric samples. We therefore performed a second set 
of M‐K analyses that omitted unknown samples, asking whether 
nonsynonymous or noncoding SNPs were subject to selection. For 
analyses using known allopatric samples and analyses using close 
allopatric samples, both fixed and nearly fixed nonsynonymous 
SNPs show evidence of selection (Table 4). The estimated propor‐
tion of nonsynonymous SNPs subject to selection range from 0.39 
to 0.56, with an estimated 303 fixed and nearly fixed SNPs fixed 
by selection in the known allopatric analysis and an estimated and 
227 fixed and nearly fixed SNPs fixed by selection in the close al‐
lopatric analyses (Table 4, Supporting Information Table S2). The 

Between species πLC p Hypothesis tested

a. Known allopatric 
samples

0.651 ─ ─

b. Close allopatric 
samples

0.580 ─ ─

c. Sympatric samples 0.352 ─ ─

d. a. – c. 0.299 <0.001 Sympatric divergence = Allopatric 
divergence (a. – c. = 0)

e. b. – c. 0.228 <0.001 Sympatric divergence = Allopatric 
divergence (b. – c. = 0)

Within species, 
between sample 
categories

πAS

f. C. (Known allopatric 
vs. sympatric)

0.592 ─ ─

g. L. (Known allopatric 
vs. sympatric)

0.083 ─ ─

h. C. (Close allopatric 
vs. sympatric)

0.518 ─ ─

i. L. (Close allopatric vs. 
sympatric)

0.083 ─ ─

j. f. – g. 0.509 <0.001 Equal divergence for C. and L. (f. – g. = 0)

k. h. – i. 0.435 =0.005 Equal divergence for C. and L. (h. – i. = 0)

TA B L E  2  Analysis of π between and 
within species. Between species values 
(πLC) are average π values of pairwise 
comparisons between a sample from 
Ipomoea lacunosa (L.) and a sample from 
Ipomoea cordatotriloba (C.). Within species 
values (πAS) are average π values of 
pairwise comparisons between samples 
from allopatry and sympatry. p values 
determined from 1,000 bootstrap 
samples. Reported π values are 1,000 
times actual value
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remainder of the fixed and nearly fixed SNPs are presumably neu‐
tral but resist homogenization because they are linked to the se‐
lected SNPs.

The set of SNPs resistant to selection also include noncoding 
SNPs that have experienced divergent selection. However, esti‐
mates of the proportion of such SNPs subject to selection are <10%, 
with the estimated number of such SNPs being 17 or less (Table 5, 
Supporting Information Table S2).

3.5 | Asymmetric admixture

We further examined the hypothesis that highly divergent genes 
in allopatry are resistant to homogenization in sympatry in two 
ways. One involved an admixture analysis, while the second in‐
volved simulating gene flow. If this hypothesis is true, then we 
would expect that loci that are highly divergent in allopatry would 
exhibit less admixture than loci that are less divergent in allopatry. 
We therefore compared admixture of highly divergent loci with 

Between species D p Hypothesis tested

a. Known allopatric 
samples

0.311 ─ ─

c1. Sympatric samples 0.148 ─ ─

b. Close allopatric 
samples

0.313 ─ ─

c2. Sympatric samples 0.165 ─ ─

d. a. – c1. 0.164 =0.004 Sympatric divergence = Allopatric 
divergence (a. – c. = 0)

e. b. – c2. 0.148 =0.006 Sympatric divergence = Allopatric 
divergence (b. – c. = 0)

Within species, between sample categories

f. C. (Known allopatric 
─ sympatric)

0.154 <0.001 Allele frequency difference = 0

g. L. (Known allopatric 
─ sympatric)

0.008 =0.001 Allele frequency difference = 0

h. C. (Close allopatric ─ 
sympatric)

0.135 =0.004 Allele frequency difference = 0

i. L. (Close allopatric ─ 
sympatric)

0.013 =0.242 Allele frequency difference = 0

j. f. – g. 0.146 =0.004 Equal divergence for C. and L. (f. – g. = 0)

k. h. – i. 0.121 =0.006 Equal divergence for C. and L. (h. – i. = 0)

TA B L E  3  Analysis of average allele‐
frequency differences between species 
for allopatric and sympatric samples, D. 
Between species values are average D 
comparing the two species. Within 
species values are average D values for 
comparisons between allopatric and 
sympatric samples for a given species. C.: 
Ipomoea cordatotriloba. L.: Ipomoea 
lacunosa. p values determined from 1000 
bootstrap samples. Note: c1. and c2 differ 
slightly because in the analysis with close 
allopatric samples, some SNPs dropped 
out because they were no longer variable

F I G U R E  4  Frequency histograms of SNP allele‐frequency differences between species, D, in allopatry (a, b) and in sympatry (c). (a) 
Differences for known allopatric samples. (b) Differences for close allopatric samples. (c) Differences for sympatric samples. Negative values 
arise if the more‐frequent allele in allopatry is the less‐frequent allele in sympatry. Frequency histograms of known allopatric samples (a) and 
close allopatric samples (b) are very similar. Bin labelled 1.05 corresponds to an allele‐frequency difference of 1.0
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less‐divergent loci. For the highly divergent loci, the I. cordatotri-
loba sympatric samples exhibit less admixture (1 – m = propor‐
tional contribution from I. lacunosa = 0.17 and 0.16 for known and 

close allopatric analyses, respectively) than less‐divergent loci (1 – 
m = 0.69 and 0.62, respectively; Figure 6, Supporting Information 
Figure S3), consistent with highly divergent loci being resistant 

F I G U R E  5  Frequency histogram of SNP allele‐frequency differences between species in sympatry vs. differences in allopatry. (a and b) 
Percentages within each allopatric frequency difference category were normalized to sum to 1. (c and d) Numbers of SNPs. Bin midpoints 
are labelled. Bins labelled 1.05 and −1.05 indicate fixed differences between the species. (a and c) Data from known allopatric and sympatric 
samples. (b and) Data from close allopatric and sympatric samples [Colour figure can be viewed at wileyonlinelibrary.com]

Known allopatric samples Close allopatric samples

Nonsynonymous Synonymous Nonsynonymous Synonymous

(a) Sympatric frequency difference = 1

Fixed 
differences

314 274 292 265

Polymorphisms 19,773 25,301 17,270 22,510

G (Prob) 21.44 (<0.00001) 17.96 (=0.000023)

α (Fixed by 
selection)

0.56 (176) 0.47 (137)

(b) Sympatric frequency difference ≥0.9, <1

Fixed 
differences

255 255 232 226

Polymorphisms 19,478 25,046 17,038 22,284

G (Prob) 7.947 (=0.0048) 9.799 (=0.00175)

α (Fixed by 
selection)

0.50 (127) 0.39 (90)

TA B L E  4  McDonald‐Kreitman test 
table for positive selection on SNPs for 
which the allele‐ frequency difference in 
allopatry is greater than or equal to 0.9 
and the corresponding difference in 
sympatry is as indicated. G is G statistic of 
association. Prob is the probability of no 
association. α is estimated proportion of 
nonsynonymous focal SNPs that were 
fixed by selection. “Fixed by selection” is 
estimated number of nonsynonymous 
SNPs that were fixed by selection. Tests 
for sympatric allele‐frequency differences 
<0.9 were all non‐significant
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to homogenization by gene flow. By contrast, for both highly and 
less‐divergent loci, there is no evidence of introgression from 
I. cordatotriloba into the sympatric I. lacunosa samples (m = propor‐
tional contribution from I. cordatotriloba = 0.01 for both known and 
close allopatric analyses) (Supporting Information Figures S3 and 
S4). Gene flow thus seems to be highly asymmetric, with most oc‐
curring from I. lacunosa to I. cordatotriloba, and little in the reverse 
direction.

Admixture creates linkage disequilibrium within an admixed 
sample. To determine the scale of this LD, we calculated ad‐
mixture LD as a function of SNP separation distance. For both 
the I. cordatotriloba and I. lacunosa sympatric samples, admix‐
ture LD decayed almost completely within 100 kb (Supporting 
Information Figure S5). At low distances, admixture LD was about 
2.5 times higher for I. cordatotriloba than for I. lacunosa, a pattern 
consistent with evidence above suggesting that introgression is 
greater from I. lacunosa to I. cordatotriloba than in the reverse 
direction.

3.6 | Simulating the effects of gene flow on 
differentiation

Our second approach for testing the hypothesis that highly diver‐
gent loci are resistant to homogenization was to use simulation to 
ask whether effective introgression from newly sympatric I. lacunosa 
samples into newly sympatric I. cordatotriloba samples (estimated by 
f*) was less for highly divergent SNPs than for less‐divergent SNPs.

In our simulations, the best fitting values of effective introgres‐
sion, f*, for highly divergent SNPs were 0.19 and 0.18 for analyses 
using known and close allopatric samples, respectively. By con‐
trast, the comparable values for less‐divergent SNPs were both 
0.59. Both sets of values are very similar to the admixture pro‐
portions estimated by the admixture analysis (Figure 6). The 95% 
credible intervals for f* for highly divergent SNPs were 0.15 – 0.23 
for both analyses, while for less‐divergent SNPs, they were 0.50 – 
0.64 and 0.49 – 0.63 for analyses using known and close allopatric 
samples, respectively (Figure 7). Since the credible intervals for 

TA B L E  5  McDonald‐Kreitman test tables for all positive selection on noncoding SNPs for which the allele‐frequency difference in 
allopatry is greater than or equal to 0.9 and the corresponding difference in sympatry is 1. G is G statistic of association. Prob is the 
probability of no association. α is estimated proportion of nonsynonymous focal SNPs that were fixed by selection. “Fixed by selection” is 
estimated number of noncoding SNPs that were fixed by selection. Tests for sympatric allele‐frequency differences <1 were all 
non‐significant

Known allopatric samples Close allopatric samples

Noncoding Synonymous Noncoding Synonymous

Fixed differences 172 274 165 265

Polymorphisms 10,318 25,301 9,018 22,510

G (Prob) 18.65 (=0.000016) 18.133 (=0.000021)

α (Fixed by selection) 0.096 (17) 0.0 (0)

F I G U R E  6  Admixture contributions 
to sympatric samples of Ipomoea 
cordatotriloba. Numbers are percentages 
and correspond to m (I. cordatotriloba 
contribution) and 1 – m (Ipomoea lacunosa 
contribution). (a, b) contributions for 
less-divergent SNPs (allopatric allele‐
frequency difference between species 
<0.9). (c, d) contributions for highly 
divergent SNPs (allopatric frequency 
difference ≥0.9). (a, c) analyses using 
known allopatric samples. (b, d) analyses 
using close allopatric samples. Differences 
between less divergent and highly 
divergent samples are highly significant 
(p < 0.001) for both known and close 
allopatric samples [Colour figure can be 
viewed at wileyonlinelibrary.com]
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the two types of SNPs fail to overlap, we can reject the hypothe‐
sis that effective introgression was similar for highly diverged and 
less‐diverged SNPs. In particular, effective introgression was sub‐
stantially lower for the highly diverged SNPs, consistent with the 
operation of divergent selection in preventing homogenization of 
these SNPs in sympatry.

3.7 | Phenotypic divergence and convergence

In an analysis using known allopatric samples, all eight characters 
examined exhibited a highly significant difference between species 
(p < 0.0003 in all cases; Supporting Information Table S3). Six charac‐
ters (corolla length, corolla width, herkogamy, nectar sugar concentra‐
tion, nectar volume and cyme length) exhibited nominally significant 
(p < 0.05) species x location (allopatric vs. sympatric) interactions, and 
all of these except corolla width remained significant after correcting 
for false discovery rate (Supporting Information Table S4). For these 
characters, species differed less in sympatry than in allopatry. For 
these five characters, the asymmetry contrast was nominally signifi‐
cant (Supporting Information Table S3, Figure 8), with two remaining 

significant after FDR correction (Supporting Information Table S3). In 
addition, in I. cordatotriloba, all five characters were significantly smaller 
in sympatry than in allopatry after correction for multiple comparisons, 
whereas in I. lacunosa, none of the characters were significantly differ‐
ent in allopatry vs. sympatry (Figure 8, Supporting Information Table 
S4).

These patterns are consistent with gene flow partially reducing 
phenotypic differences in these characters. Moreover, the direc‐
tion of asymmetry is consistent with the asymmetry in gene flow: 
Phenotypically, I. cordatotriloba changes more (becomes more like 
I. lacunosa) than I. lacunosa (Figure 8). An analysis using only close 
allopatric sites produced a qualitatively similar result: All characters 
exhibited differences between species in allopatry; five characters 
exhibited nominally significant species x location interactions, with 
three remaining significant after correction for multiple compari‐
sons; and four of the five exhibited significant asymmetric conver‐
gence, with I. cordatotriloba converging substantially more towards 
I. lacunosa than the reverse (Supporting Information Figure S6 and 
Tables S3, S4).

The reduction of herkogamy in sympatric I. cordatotriloba sam‐
ples compared to allopatric samples suggests there might also be an 
increase in selfing rate. Our estimates of selfing rates confirm this 
expectation (Supporting Information Table S5). Selfing rate in sym‐
patric I. cordatotriloba is significantly increased (p < 0.01) compared 
to allopatric samples. By contrast, selfing rates are essentially the 
same in sympatric and allopatric samples of I. lacunosa, which does 
not experience gene flow from I. cordatotriloba in sympatry.

4  | DISCUSSION

Ipomoea cordatotriloba and I. lacunosa appear to be at an intermedi‐
ate stage in the process of speciation. Allele‐frequency divergence is 
generally low. Although some degree of both prezygotic isolation and 
postzygotic isolation have evolved (Duncan & Rausher, 2013b; Rifkin 
unpublished data), hybrids that are generally healthy and fertile can 
form, allowing for the possibility of gene flow. Our investigation 
has revealed four key findings that are relevant for understanding 
the processes that contribute to divergence and speciation in this 
system: (a) Natural selection appears to have caused divergence be‐
tween the two species at a small number of loci; (b) substantial, but 
asymmetric, gene flow occurs at sites at which the two species are 
sympatric; (c) gene flow is sufficient to homogenize allele frequen‐
cies at apparently neutral loci, but insufficient to homogenize diver‐
gently selected loci; and (d) the two species are phenotypically more 
similar in sympatry than in allopatry, with asymmetry in phenotypic 
convergence being consistent with the asymmetry in gene flow. In 
the following sections, we discuss each of these findings in turn.

4.1 | Divergence and selection

Although allele‐frequency divergence between I. cordatotriloba and 
I. lacunosa is generally low, for approximately 12 per cent of SNPs 

F I G U R E  7   Determination of effective introgression rate for highly 
divergent (red) and less‐divergent (blue) SNPs. Points (circles) indicate 
average predicted value of π* for a given value of f (20 replicates). 
95% confidence intervals are indicated by error bars (most within 
the circles). Rectangular boxes indicate the 95% credible interval for 
the observed value of π*. Dashed lines indicate overlap between π* 
credible interval and predicted values of π*, which represents the 
credible values of f* (thick bars at base of dashed lines)
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frequency divergence is >0.5. While most of this divergence appears 
to be caused by genetic drift, our M‐K analyses indicate that diver‐
gence at a small number (between 200 and 450) of highly divergent 
SNPs was likely caused by selection. This is likely an underestimate 
of the number of SNPs involved in adaptive divergence because the 
M‐K test examined only SNPs in transcripts. While we detected di‐
vergent selection acting on a small number of noncoding, and pre‐
sumably regulatory, SNPs, our transcriptome‐based approach likely 
failed to detect many SNPs in regulatory regions, particularly those 
upstream of the transcription start site, downstream of the polyade‐
nylation site and in introns. Additionally, because we only sampled 
leaf tissue, our analyses do not include possibly divergent genes 
expressed in other tissues. Nevertheless, our results indicate that 
selection has played a role in genetic divergence of the two incipi‐
ent species. This conclusion is consistent with Qst‐Fst analyses of 
character divergence, which have indicated that selection has con‐
tributed to divergence in floral characters between the two species 
(Duncan & Rausher, 2013a; Rifkin, 2017), although we are currently 
unable to associate selected SNPs with particular traits.

4.2 | Gene flow

Our approach to determining whether ongoing or recent gene 
flow has occurred between the two species was to ask whether 
the two species are less differentiated when growing sympatri‐
cally than when they grow allopatrically. Three different types 
of evidence exhibit this pattern. First, in our structure and in-
struct analyses with two genetic groups, the two species sepa‐
rated unambiguously into the two groups. However, sympatric 
I. cordatotriloba samples exhibited evidence of greater admixture 
with I. lacunosa, consistent with gene flow from I. lacunosa to 
I. cordatotriloba. Similarly, in our PCA analysis, sympatric I. corda-
totriloba samples were intermediate between allopatric I. corda-
totriloba and I. lacunosa. Second, divergence, as measured both 
by between‐species π and allele‐frequency differences, was 
significantly less between sympatric samples than between al‐
lopatric samples of the two species. Finally, our admixture analy‐
sis indicated substantial admixture in sympatric I. cordatotriloba 
samples.

F I G U R E  8   Comparison of mean trait 
values between Ipomoea cordatotriloba 
and Ipomoea lacunosa in allopatry (outside 
bars) and sympatry (inside bars) for traits 
showing significantly smaller differences 
in sympatry than in allopatry. Error bars 
indicate standard error. Asterisk indicates 
difference significant at overall level of 
p < 0.05 after correction for multiple 
comparisons [Colour figure can be viewed 
at wileyonlinelibrary.com]
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One possible alternative explanation for these patterns is that 
variation within each species is structured geographically. If, for ex‐
ample, populations of both species far from the sympatric sites have 
diverged from those near sympatric sites because of environmen‐
tal differences, the average divergence for all known allopatric sites 
could be elevated. However, this explanation is not supported by the 
analysis using close allopatric sites, which shows the same extent 
of reduced divergence in sympatry as the analysis using all known 
allopatric sites (Supporting Information Table S1). We thus believe 
the data are best interpreted as indicative of recent gene flow in 
sympatry.

Our observation of flower‐colour variation supports this inter‐
pretation. In particular, we have found white‐flowered I. cordatotri-
loba plants in all of the sympatric populations we examined, but in 
none of the known allopatric populations. Given that preliminary 
results of complementation tests indicate that the same alleles at 
the same locus cause white flowers in both species, this pattern is 
consistent with introgression of this allele from I. lacunosa into I. cor-
datotriloba, and thus gene flow, in all sympatric populations. Our fail‐
ure to ever observe a purple‐flowered I. lacunosa is also consistent 
with our inference of very low gene flow from I. cordatotriloba into 
I. lacunosa.

As has been found in other closely related species pairs involving 
a highly selfing species and a more outcrossing species (Brandvain 
et al., 2014; Kenney & Sweigart, 2016; Palma‐Silva et al., 2011; 
Ruhsam, Hollingsworth, & Ennos, 2011; Sweigart & Willis, 2003), we 
observed asymmetric gene flow, with greater introgression from the 
selfer I. lacunosa into the mixed‐mater I. cordatotriloba than in the 
opposite direction. Common explanations for this pattern include 
the following: 1) Highly selfing species tend to produce less pollen 
than outcrossing species (McDonald et al., 2011); 2) pollen from the 
selfing species is likely less competitive (Diaz & Macnair, 1999); 3) 
pollinators tend to visit outcrossing flowers more than selfing flow‐
ers (Brandvain et al., 2014); and 4) novel alleles spread more easily in 
outcrossing than in selfing populations (Morjan & Rieseberg, 2004). 
Under these circumstances, F1 hybrids are more likely to be pro‐
duced by an outcrosser pollinating a selfer than vice versa because 
pollen from the outcrosser is highly competitive when placed on the 
selfer's stigma, while pollen from the selfer is not very competitive 
when placed on an outcrosser's stigma (Brandvain & Haig, 2005). 
Regardless of how an F1 hybrid is produced, however, it is more 
likely to successfully pollinate an outcrossing parent than a selfing 
parent because the selfer has a greater tendency to self‐pollinate be‐
fore it is visited by a pollinator. This asymmetry in pollen flow would 
contribute to an asymmetry in introgression. To the extent that pol‐
linators are more likely to visit the outcrossing parent than the self‐
ing parent, an F1 individual is also more likely to be pollinated by an 
outcrossing parent than by a selfing parent. In addition, the produc‐
tion of more pollen and more competitive pollen by the outcrossing 
parental species will tend to exacerbate this trend (Sweigart & Willis, 
2003; Palma‐Silva et al., 2011; Ruhsam et al., 2011; Brandvain et al., 
2014). These patterns would tend to create backcross offspring that 
are more like the outcrossing parent. As in the F1, any tendency of 

these hybrids to mate more readily with the outcrossing parent than 
the selfing parent would also contribute to asymmetric introgression 
from the selfer to the outcrosser.

Features of I. cordatotriloba and I. lacunosa are consistent with 
this explanation. Flowers of the mixed‐mater I. cordatotriloba pro‐
duce about 2.99 times as much pollen (McDonald et al., 2011), 
and pollen that is 1.17 times larger (Rifkin unpublished data), 
than the highly selfing I. lacunosa (Rifkin unpublished data). And 
while comparative pollination studies of these two species have 
not been performed, I. lacunosa has smaller flowers that produce 
substantially less nectar than I. cordatotriloba, presumably making 
them less attractive to pollinators and thus visited less frequently 
(Rifkin, 2017). In addition, I. lacunosa anthers are more tightly clus‐
tered around the stigma (Duncan & Rausher, 2013b), which may 
constitute an impediment to outcross pollen that is not present in 
I. cordatotriloba.

Despite the likelihood that these factors contribute to the ob‐
served asymmetry in gene flow, other factors may also be involved. 
While Duncan and Rausher (2013b) found that prezygotic or very 
early acting postzygotic incompatibilities appear to be symmetric, 
this study was based on only a few crosses. It is thus possible that 
these incompatibilities may more generally be asymmetric, which 
could also contribute to the asymmetry in gene flow.

4.3 | Homogenization and resistance to 
introgression

When there is gene flow between genetically differentiated incipi‐
ent species, two patterns are expected. First, as long as effective 
migration rates are greater than about one individual per genera‐
tion, homogenization of allele frequencies is expected at neutral loci 
(Wright, 1969). Second, for loci subject to divergent selection, diver‐
gence in allele frequencies between species is expected, with the 
difference increasing with the strength of selection (Haldane, 1930; 
Wright, 1931). Together, these patterns can produce substantial 
variation in the degree of divergence exhibited across the genome. 
In particular, strong divergent selection in the face of gene flow is 
expected to create local regions of divergence within the genome 
(Charlesworth et al., 1997; Harr, 2006; Feder & Nosil, 2010; White 
et al., 2010; Carneiro et al., 2014; Nadeau et al., 2012; Via et al., 
2012; Hohenlohe et al., 2010, 2012; Ellegren et al., 2012; Gagnaire 
et al., 2013; Delmore et al., 2015).

Our analysis demonstrates both of these patterns. For SNPs 
that exhibit a between‐species allele‐frequency difference <0.9 in 
allopatry (less‐divergent SNPs), almost complete homogenization 
takes place in sympatry. Homogenization occurs for synonymous, 
nonsynonymous and noncoding SNPs. The synonymous SNPs are 
most likely subject almost entirely to drift; we infer the latter are 
largely neutral or nearly neutral because we failed to detect any ev‐
idence of selection on them in our M‐K analyses. Thus, these neu‐
tral variants appear to be effectively homogenized by gene flow.

By contrast, SNPs that exhibit an allele‐frequency difference 
in allopatry of greater than or equal to 0.9 (fixed and nearly fixed 
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SNPs) appear to be resistant to homogenization due to divergent se‐
lection. Three types of evidence point to this conclusion. First, our 
M‐K analysis indicates that a substantial fraction of nonsynonymous 
and noncoding SNPs in this category experience divergent selection. 
Second, admixture in sympatric I. cordatotriloba was much less for 
highly diverged SNPs than for less‐diverged SNPs. And finally, our 
simulations indicate that substantially less introgression occurred for 
highly diverged SNPs than for less‐diverged SNPs, consistent with 
the admixture analysis. We take this evidence to mean that diver‐
gent selection is strong enough to resist the tendency of gene flow 
to eliminate allele‐frequency differences at these SNPs. However, 
we also observed that the between‐species allele‐frequency differ‐
ences for these loci are generally smaller in sympatry than in allo‐
patry, pointing to an effect of gene flow short of homogenization.

There are certainly limitations to our simulation analyses. For 
example, our approach does not allow for different loci to experi‐
ence different rates of gene flow for stochastic reasons. It also fails 
to take into account genetic drift that may occur after gene flow. 
Nevertheless, we believe that the similarity of the simulation results 
to those of the admixture analyses indicate that they capture the 
general features of differential introgression between highly diver‐
gent and less‐divergent SNPs and are showing a true effect of diver‐
gent selection on resistance to homogenization.

This pattern raises the question as to why synonymous SNPs, 
as well as the majority of presumably neutral nonsynonymous and 
noncoding SNPs, exhibiting fixed or nearly fixed allopatric fre‐
quency differences are not homogenized. Such SNPs could be pro‐
tected from homogenization if they are linked to SNPs subject to 
divergent selection: Theory indicates a neutral SNP will be resistant 
to homogenization as long as it is close enough to a selected SNP 
that the recombination rate is substantially lower than the selection 
coefficient (Barton & Bengtsson, 1986; Nordborg, 1997). This ef‐
fect is enhanced with high selfing rates (Charlesworth et al., 1997; 
Nordborg, 1997), such as those of the species in this study. But if 
this explanation is true, it raises yet another question: Why would a 
large majority of neutral highly divergent SNPs become dispropor‐
tionately linked to divergently selected SNPs, rather than scattered 
throughout the genome?

One possible answer to this question is that the demographic 
and geographic history of the two species may have been complex. 
In particular, the following scenario can explain this pattern: Initial 
divergence between the two species occurred in allopatry. During 
this phase, divergent selection led to the fixation or near fixation 
of perhaps a couple hundred nonsynonymous and noncoding SNPs. 
During the same period, genetic drift also fixed or nearly fixed neu‐
tral variants throughout the genome. Subsequently, species ranges 
shifted, perhaps caused by Pleistocene climatic changes, causing 
secondary contact with extensive gene flow between the species. 
This gene flow would have homogenized the frequencies at neu‐
tral SNPs unlinked to the selected SNPs. The only neutral SNPs re‐
maining with fixed or nearly fixed differences would be those that 
were protected by linkage to selected SNPs (Barton & Bengtsson, 
1986)—those that today in allopatry exhibit large divergence. Finally, 

if ranges shifted again so that they were largely allopatric, drift 
would cause frequency divergence at SNPs unlinked to the selected 
SNPs. If this last phase was short enough, few of these diverging 
SNPs would have diverged sufficiently to become fixed or nearly 
fixed differences. At this stage, fixed or nearly fixed neutral SNPs 
would be linked to the selected SNPs, while neutral SNPs exhibit‐
ing less divergence would be unlinked. In populations that regained 
secondary contact—those that correspond to the sympatric sites in 
our study—gene flow would homogenize the unlinked SNPs, but not 
the linked SNPs. In other words, gene flow would homogenize neu‐
tral SNPs with low between‐species frequency differences, but not 
neutral SNPs that exhibited fixed or nearly fixed differences. This 
pattern is exactly what we have observed.

4.4 | Phenotypic divergence

Gene flow is expected to reduce between‐species phenotypic di‐
vergence for two reasons. First, for characters that diverged due to 
drift, the variation at the underlying loci is neutral and is expected 
to be homogenized by gene flow. Second, for characters that have 
diverged due to selection, divergence at the underlying loci will be 
reduced by gene flow, at least to some extent. Our analysis of phe‐
notypic divergence provides evidence consistent with gene flow 
reducing phenotypic divergence: Five of eight characters examined 
exhibit smaller differences in sympatry than in allopatry. Moreover, 
reduction in divergence was asymmetric and consistent with the 
asymmetry in gene flow: Gene flow was greater from I. lacunosa to 
I. cordatotriloba than in the reverse direction, and there was greater 
phenotypic change in I. cordatotriloba.

Finally, gene flow from the highly selfing I. lacunosa appears to 
have increased the selfing rate in the sympatric I. cordatotriloba sam‐
ples, consistent with the observed reduction in herkogamy. However, 
selfing rate in sympatric I. cordatotriloba remains below that in I. la-
cunosa, which is the same in both sympatric and allopatric samples. 
Because increased selfing can reduce gene flow from heterospe‐
cifics, it can serve as a prezygotic isolating mechanism (Hu, 2015). 
This suggests that gene flow may have strengthened reproductive 
isolation between the two species in sympatry. Increased selfing in 
sympatry may be a simple consequence of gene flow causing intro‐
gression of alleles that reduce herkogamy. Alternatively, or in addi‐
tion, reinforcement may have contributed to this increase because 
there is some reduction in hybrid fitness (Rifkin, 2017). Additional 
studies will be necessary to determine the relative contributions of 
these two processes.

The failure of any of the characters in I. cordatotriloba to com‐
pletely converge on those of I. lacunosa, given that gene flow ap‐
pears to homogenize neutral loci, indicates that these characters, 
and the loci underlying them, are likely subject to strong divergent 
selection, even in sympatry. Because in sympatry the two species 
grow in what appear to be identical environments (they often grow 
intertwined), it seems unlikely that this divergent selection is caused 
directly by environmental factors. Instead, we suggest that diver‐
gent selection may arise from selection to maintain a functioning 
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suite of developmentally integrated floral traits to ensure successful 
pollination. If true, this suggests that the two species occupy sepa‐
rate peaks in the phenotypic adaptive landscape with respect to flo‐
ral form and function. In this situation, gene flow in sympatry would 
be pulling I. cordatotriloba down from its adaptive peak, but is not 
strong enough to make it cross the adaptive valley separating it from 
I. lacunosa's peak.

5  | CONCLUSIONS

Our investigation reveals the complex interplay between selection 
and gene flow that can occur during the early stages of speciation. In 
our system, selection appears to have driven frequency divergence 
at a number of loci. To the extent that selection on these loci repre‐
sents adaptation to different environments, they constitute extrin‐
sic isolating mechanisms (Rundle & Nosil, 2005; Seehausen et al., 
2014). At the same time, gene flow has prevented overall genomic 
divergence and has reduced phenotypic divergence, at least at loca‐
tions where both species are present. In these locations, gene flow 
appears to homogenize loci that have not diverged to the extent 
of near fixation. That gene flow fails to homogenize the frequen‐
cies of presumably neutral loci that have diverged to fixation, or 
near fixation, suggests that a complex history of secondary con‐
tact, separation and recontact between the species has occurred. 
Our results thus suggest that explaining the genomic pattern of 
divergence between closely related species may require further ex‐
ploration of the historical dynamics of species population sizes and 
range overlap. Finally, our results support suggestions that the spe‐
cies boundaries may be maintained in the face of gene flow because 
divergent selection prevents homogenization of loci contributing to 
those boundaries (Noor, Grams, Bertucci, & Reiland, 2001; Noor, 
Grams, Bertucci, & Reiland, 2001; Noor, Grams, Bertucci, & Reiland, 
et al., 2001; Rieseberg, 2001; Wu & Ting, 2004).
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APPENDIX 
E S TIMATING ADMIX TURE PROPORTIONS

Hanis et al. (1986) describe a method for estimating admixture pro‐
portions in a population. This approach assumes complete outcross‐
ing. Here, we show how this procedure can be modified to 
incorporate the possibility of selfing.

Following Hanis et al. (1986), let there be a population C that rep‐
resents admixture of two other populations, A and B. Define m as the 
proportional representation of alleles from population A in popula‐
tion C. For a given locus i, at which there are two alleles, let the fre‐
quency of allele 1 in population A be piA and the frequency in 
population B be piB. Then, the corresponding frequencies of allele 2 

are qiA = (1 – piA ) and qiB= (1 – piB ). The frequency of allele 1 in popula‐
tion C is

and the frequency of allele 2 is

If population C is completely outcrossing, then the probability 
that individual j is homozygous for allele 1 is

However, if the selfing rate in population C is s, then the probabil‐
ity that an individual is homozygous for allele 1 is

where

Holsinger (2017). The analogous probabilities for heterozygous 
individuals and individuals homozygous for allele 2 are

and

The likelihood of the data is then

where G ϵ (11, 12, 22). The log‐likelihood is then

To find the maximum ln L, Equation 3 was evaluated for different 
combinations of m and s, with both parameters running between 
0.01 and 0.99 using and APL script written by MDR.

E S TIMATING SELFING R ATE S IN ALLOPATRIC 
SAMPLE S
As above, in a population with sefing rate s, at a given locus the prob‐
ability that an individual j will be a particular genotype at locus i is 
given by

and

where pi is the frequency of allele 1, qi = 1− pi is the frequency of allele 
2, and K is as defined above. The log‐likelihood of the data is then

as above. To find the maximum‐likelihood estimate of s, this equation 
was evaluated for different values of s between 0.01 and 0.99 using 
an APL script written by MDR.

piC=mpiA+ (1−m)piB

qiC=mqiA+ (1−m)qiB.

Pij(11)= (piC)
2

Pij(11)= (piC)
2+K,

K=
s piC

(
1− piC

)

2
(
1−

s

2

)

Pij(12)=2piC qiC−2 K

Pij(22)= (qiC)
2+K.

L=
∏

i

∏
j
Pij

(
G
)
,

(1)ln L=
∑

i

∑
j
ln Pij

(
G
)

Pij(11)= (pi)2+K

Pij(12)=2pi qi−2K

Pij(22)= (qi)
2+K,

ln L=
∑

i

∑
j
ln Pij

(
G
)
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