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Abstract

Gene flow can impede the evolution of reproductive isolating barriers between species.

Reinforcement is the process by which prezygotic reproductive isolation evolves in

sympatry due to selection to decrease costly hybridization. It is known that reinforce-

ment can be prevented by too much gene flow, but we still do not know how often

have prezygotic barriers evolved in the presence of gene flow or how much gene flow

can occur during reinforcement. Flower colour divergence in the native Texas wild-

flower, Phlox drummondii, is one of the best-studied cases of reinforcement. Here we

use genomic analyses to infer gene flow between P. drummondii and a closely related

sympatric species, Phlox cuspidata. We de novo assemble transcriptomes of four Phlox
species to determine the phylogenetic relationships between these species and find

extensive discordance among gene tree topologies across genes. We find evidence of

introgression between sympatric P. drummondii and P. cuspidata using the D-statistic,
and use phylogenetic analyses to infer the predominant direction of introgression. We

investigate geographic variation in gene flow by comparing the relative divergence of

genes displaying discordant gene trees between an allopatric and sympatric sample.

These analyses support the hypothesis that sympatric P. drummondii has experienced

gene flow with P. cuspidata. We find that gene flow between these species is asymmet-

rical, which could explain why reinforcement caused divergence in only one of the

sympatric species. Given the previous research in this system, we suggest strong selec-

tion can explain how reinforcement successfully evolved in this system despite gene

flow in sympatry.
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Introduction

An ever-increasing number of genomic studies are

revealing a history of gene flow between closely related

lineages (Mallet et al. 2016). The prevalence of

hybridization between taxa enlivens interest in how

barriers to reproduction evolve in the presence of gene

flow. Much research has focused specifically on under-

standing the role of gene flow during reinforcement.

Reinforcement is the process through which prezygotic

reproductive isolation evolves in response to selection

against costly hybridization (Butlin 1987; Hopkins 2013;

Liou & Price 1994; Servedio & Noor 2003). Reinforce-

ment occurs when diverged taxa hybridize and selec-

tion against inviable, maladapted or sterile hybrids

favours traits that increase prezygotic reproductive iso-

lation (Butlin 1987; Hopkins 2013; Liou & Price 1994;

Servedio & Noor 2003), leading to the evolution of

assortative mating in sympatric populations.

Dozens of empirical studies suggest the importance

of reinforcement during speciation (e.g. Albert & Sch-

luter 2004; Ortiz-Barrientos et al. 2004; Hoskin et al.

2005; Matute 2010; Hopkins & Rausher 2012), yet there

are still outstanding questions as to how this process

occurs in the presence of gene flow between
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hybridizing taxa. Extensive theoretical research has

investigated how gene flow can influence the successful

evolution of reproductive isolation in sympatry (e.g.

Barton & De Cara 2009; Felsenstein 1981; Kirkpatrick &

Servedio 1999; Liou & Price 1994; Liou & Price 1994;

Sanderson 1989; Servedio & Kirkpatrick 1997; Servedio

& Noor 2003), but there are few empirical studies vali-

dating this theory (but see Matute 2010).

Hybridization is a double-edged sword during the

process of reinforcement. Costly hybrid matings gener-

ate the selective force favouring the increase in repro-

ductive isolation, yet hybridization with gene flow can

erode species differences and prevent the fixation of

new barriers to reproduction (Bank et al. 2012; Kirk-

patrick 2000; Liou & Price 1994). As species diverge,

gene flow with recombination can break up the associa-

tions between co-adapted traits that define each lineage

and can prevent the evolution of new traits that could

cause reproductive isolation (Kirkpatrick 2000; Liou &

Price 1994; Nosil 2013; Nosil et al. 2003; Yukilevich

2012). It has therefore been argued that the evolution of

increased prezygotic reproductive isolation in sympatry

occurs with little or no gene flow (Felsenstein 1981; But-

lin 1987). Yet, theoretical research has shown that,

under certain evolutionary conditions, reinforcement

can be successful in the face of gene flow (Servedio &

Kirkpatrick 1997; Kirkpatrick & Servedio 1999; Kirk-

patrick & Ravigne 2002; Barton & De Cara 2009).

Empirical evidence that reinforcement does occur in

the face of gene flow is limited. An experimental evolu-

tion study in Drosophila demonstrated that reinforce-

ment can occur despite some gene flow between

lineages experiencing strong selection against hybrids

(Matute 2010). Furthermore, genomic analyses have

revealed a history of gene flow between Drosophila pseu-

doobscura and Drosophila persimilis (Kulathinal et al.

2009), which have undergone reinforcement for assorta-

tive mating in sympatry (Noor 1995). In other examples

of divergence likely caused by reinforcement, post-

zygotic reproductive isolation between sympatric lin-

eages is not complete, creating the potential for gene

flow (Gerhardt 1994; H€obel & Gerhardt 2003; Smadja &

Ganem 2005; Smadja et al. 2015). More research is

needed to determine if and how gene flow occurs dur-

ing the process of reinforcement.

A well-characterized example of reinforcement is

flower colour divergence in Texas wildflowers in the

Phlox genus (Levin 1985; Hopkins & Rausher 2011,

2012, 2014; Hopkins et al. 2012, 2014). Phlox drummondii,

Phlox cuspidata and Phlox roemeriana make up a mono-

phyletic clade of annual Phlox species that grow in

Texas (Ferguson et al. 1999a; Ferguson & Jansen 2002).

All three species share a similar light-blue flower colour

throughout most of their ranges, but where

P. drummondii and P. cuspidata co-occur in sympatry,

P. drummondii has dark-red flower colour (Fig. 1a). The

evolution of flower colour in sympatry decreases

hybridization by as much as 50% (Hopkins & Rausher

2012). Despite the reduction in hybridization, hybrids

can be found in nature (Levin 1967; Ferguson et al.

1999b; Ruane & Donohue 2008; Ruane 2009). Low fertil-

ity in hybrids causes selection against hybridization and

favours flower colour divergence (Hopkins et al. 2012).

Fig. 1 Distribution and phylogenetic relationships of Texas

Phlox. (a) Schematic of Texas Phlox ranges with representative

flowers of each species. Coloured circles around flowers corre-

spond to range colour on map. (b) Cladogram summarizing

results from phylogenetic analyses of Texas annual Phlox tran-

scriptomes. Phlox pilosa was used as outgroup. Analyses of

concatenated sequences and gene trees converged on the same

topology. On the right of tree nodes, we show concordance fac-

tors from the consensus tree, and bootstrap support from the

parsimony-based analysis, respectively. Analyses of the con-

catenated alignment resulted in fully supported phylogenies,

while analyses employing gene tree topologies had lower sup-

port (see Table S1, Supporting information).
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Yet this hybrid sterility could also prevent gene flow

between these two Phlox species. It is unclear based on

field observations if gene flow occurs (or has occurred)

between these species.

Recent advancements in methods to detect introgres-

sion using genomic data offer a new opportunity to

understand the process of reinforcement (Holder et al.

2001; Joly et al. 2009; Martin et al. 2015; Rosenzweig

et al. 2016). Here, we employ transcriptome data from

P. drummondii and P. cuspidata in three complementary

strategies to detect the presence and direction of gene

flow during reinforcement. First, we investigate patterns

of divergence at multiple informative sites using the D-

statistic [otherwise known as the ‘ABBA-BABA’ test

(Green et al. 2010)]. Second, we use gene trees to esti-

mate phylogenetic networks—which include reticulate

events such as hybridization (Sol�ıs-Lemus & An�e 2016)

—and to estimate the amount of gene flow between lin-

eages (Gronau et al. 2011). Finally, we investigate geo-

graphic variation in gene flow by comparing the

relative divergence of genes with discordant gene trees

across multiple samples. Our results suggest that

P. drummondii and P. cuspidata exchanged genes

recently, in the presence of strong reinforcing selection.

Methods

Below we describe our strategy for sequencing and

assembling de novo transcriptomes from five Phlox

individuals and discuss our analyses for inferring intro-

gression and divergence using these data. For readabil-

ity, we have listed the specific parameter values for

each software package in Table S1 (Supporting informa-

tion).

Transcriptome assembly and orthology inference

RNA extraction and sequencing. We sequenced the tran-

scriptomes of four Phlox species growing natively in

Texas: Phlox drummondii with dark-red flowers (here-

after named DruR), Phlox cuspidata (Cusp), Phlox roeme-

riana (Roem) and Phlox pilosa (Pilo, Fig. 1a, Table S2,

Supporting information). To avoid biased estimates of

introgression, we selected plants that phenotypically do

not look like hybrids and are from populations that

include no visible hybrids. Early-generation hybrids can

be easily distinguished on the basis of their reproduc-

tive and vegetative morphologies (Levin 1975). We sam-

pled five tissues from one individual of each species:

flower bud, mature flower, leaf, stem and root. RNA

was extracted using E.Z.N.A.� Plant RNA Kit (Omega

Bio-tek�), including three additional washes with 70%

ethanol before membrane elution. Equimolar amounts

of RNA from the different tissues of an individual were

pooled. The four pools were prepared using Apollo

Poly-A isolation and mRNA directional library prepara-

tion, and then, 2 9 150-bp paired-end sequences were

obtained using an Illumina HiSeq 2500. Sequencing and

library preparation was conducted at the Bauer Core of

Harvard University.

Additionally, we sequenced the transcriptome of a

second P. drummondii individual with light-blue flower

colour (named DruB). For the remainder of this study,

we refer to the two P. drummondii samples by their col-

our (i.e. light blue and dark red). This individual had

only three of its tissues sampled (flower, bud, leaf);

here, RNA was extracted using the SpectrumTM Plant

Total RNA Kit from Sigma Aldrich, and mRNA isolated

for sequencing using a polyA SpinTM Kit. For this sam-

ple, 2 9 125-bp paired-end reads were sequenced on an

Illumina HiSeq 2500 at the ICMB Genomic Sequencing

and Analysis Facility of The University of Texas at Aus-

tin.

Transcriptome assembly and orthology inference. We used

Trimmomatic (Bolger et al. 2014) to filter low-quality

paired-end sequence reads, and Trinity (Grabherr et al.

2011; Haas et al. 2013) to de novo assemble the tran-

scriptome of each of the five individuals. Assembly

statistics are provided in Table 1. We identified coding

sequences (CDS) using TRANSDECODER (Haas et al. 2013),

and reduced sequence redundancy with CD-HIT-EST

(Li & Godzik 2006).

We used the tree-based ortholog identification pipe-

line described in Yang & Smith (2014) across our five

samples. In short, we used all-by-all BLASTN (Altschul

Table 1 Summary of transcriptome assemblies

Taxa Number genes Isoforms/gene N50 length Median length Average length Assembled bases

Phlox cuspidata 104 573 1.44 612 342 503.74 76 081 919

Phlox drummondii light-blue 99 962 1.74 1312 698 903.84 157 040 540

P. drummondii dark red 72 749 1.48 592 339 489.62 52 718 969

Phlox pilosa 75 304 1.39 515 321 453.39 47 571 874

Phlox roemeriana 81 709 1.63 778 374 574.13 76 289 085
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et al. 1997) and MCL (Enright et al. 2002; Van Dongen &

Abreu-Goodger 2012) on all nonredundant CDS

sequences to obtain clusters of similar sequences, which

were then aligned with MAFFT (Katoh & Standley 2013),

and trimmed with Phyutility (Smith & Dunn 2008). Ini-

tial phylogenetic trees were then estimated for each

cluster using FASTTREE (Price et al. 2010). Because these

trees may contain long branches resulting from misas-

sembly, recombination or paralogy, we trimmed

branches more than 10 times longer than the average

distance to tips seen in its sister clade, and longer than

0.4 substitutions per site. Sequences from each subtree

were realigned using MAFFT, and gene trees were re-

inferred using RAXML (Stamatakis 2006) and submitted

to one last removal of long branches.

We further pruned the homologous gene trees to a

single orthologous sequence per sample using the maxi-

mum inclusion (MI) method (Dunn et al. 2008, 2013;

Smith et al. 2011; Yang & Smith 2014). This method

involves isolating the subtree with the highest number

of taxa without taxon duplication. The resulting trees

were the final gene trees used in downstream analyses.

The two genes causing flower colour divergence in

sympatric P. drummondii populations due to reinforce-

ment (Flavonoid 3050 hydroxylase and R2R3-Myb transcrip-

tion factor, Hopkins & Rausher 2011) were not

recovered in all species and therefore were not included

in any of the analyses.

Genomewide differences between the species

SNP detection. We used BWA (Li & Durbin 2009) to

align trimmed Illumina reads from each of the five sam-

ples to the ortholog consensus sequences we created as

described above. We combined alignments from the dif-

ferent samples using SAMTOOLS (Li et al. 2009) and used

the POPOOLATION2 PIPELINE (Kofler et al. 2011) to identify

variable positions. This provided us with the number of

reads for each allele in the five samples. For each sam-

ple, we called a heterozygous site if the allele with less

coverage represented at least 10% of the reads. These

alignments were used for the G-PHOCS analysis described

below.

Diversity and divergence. We used sequence alignments

from orthology inference (without heterozygous posi-

tions) to calculate sequence similarity using the D statis-

tic (Nei & Li 1979) for all pairwise comparisons of Phlox

species (Table S4, Supporting information), where D is

defined as number of diverged sites between two spe-

cies divided by the alignment length. We then calcu-

lated the relative node depth (RND) of two taxa

compared to an outgroup (Feder et al. 2005). RND is

calculated as the divergence between two species (as

measured by d) divided by the average divergence

between each species and the outgroup (in our case,

P. pilosa, also as measured by d).

Species tree estimation

The Phlox species tree was obtained using four different

methods: (i) maximum-likelihood estimation with RAXML

(Stamatakis 2014), (ii) majority rule extended consensus

from the set of gene trees using PHYLIP (Felsenstein

2002), (iii) pseudolikelihood coalescent-based species

tree estimation using MP-EST (Liu et al. 2010) and

(iv) maximum parsimony using PHYLONET (Than et al.

2008). Methods (i) and (iv) employed an alignment that

was created by concatenating ortholog alignments at

least 400 bp long that included the full taxon set (all five

samples) and no gaps. All methods converged on the

same species tree (Table S3, Supporting information).

Analyses of introgression

D-statistic. We tested for introgression between Texas

Phlox species using the D-statistic, otherwise known as

the ABBA-BABA test, which compares counts of discor-

dant site patterns (Durand et al. 2011). For this analysis,

we used ortholog alignments that contained all five

samples were at least 400 bp long and had no gaps; 131

orthologs were discarded from this analysis because

they were monomorphic or too short. We had a total of

1978 orthologs consisting of 1 111 392 aligned base

pairs and 42 478 variable sites.

We used Hybridcheck (Ward & Oosterhout 2015) to

count the number of ABBA and BABA site patterns in

two types of four-taxa phylogenies. First, we used phy-

logenies containing the four species with a single

P. drummondii sample. We tested for introgression

between P. drummondii and P. cuspidata, and between

P. roemeriana and P. cuspidata using these trees. We

counted sites for which the derived allele was present

in both P. drummondii and P. cuspidata, but not in P. roe-

meriana (ABBA sites), and the number of variable sites

for which the derived allele was present in P. cuspidata

and P. roemeriana, but not in P. drummondii (BABA

sites). We expect equal counts of the two site patterns

(ABBA and BABA) when incomplete lineage sorting

(ILS) causes discordance. If discordance is caused by

introgression, we expect one of the site patterns to be

more prevalent than the other. We performed these

analyses using the dark-red P. drummondii sample (i.e.

using the topology Roem, DruR, Cusp, Pilo) and the

light-blue P. drummondii sample (i.e. using the topology

Roem, DruB, Cusp, Pilo) separately.

Second, we counted discordant variable sites using a

phylogeny containing the two P. drummondii samples,
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P. cuspidata and P. pilosa (i.e. DruB, DruR, Cusp, Pilo).

This analysis allows testing for differential gene flow

between either of the two P. drummondii samples and

P. cuspidata.

We tested for differences in discordant site pattern

counts using the D-statistic as implemented in Hybrid-

check (Ward & Oosterhout 2015). Although a full gen-

ome alignment (or other linkage information) is not

available for Phlox, the transcriptome loci we sampled

likely represent a random sample of mostly unlinked

markers from across the genome. Under these circum-

stances, we used a jackknife approach to test for geno-

mewide variation in incongruence (Meyer et al. 2012;

Eaton & Ree 2013).

Phylogenetic inference of introgression. If there is intro-

gression among Texas annual Phlox species, their rela-

tionship can be inferred using a phylogenetic network

that allows for reticulate events (Huson & Bryant 2006;

Huson et al. 2011). We created a phylogenetic network

using the PHYLONETWORKS software (Sol�ıs-Lemus & An�e

2016) and all 2109 gene trees that contained all five

samples (the two P. drummondii and the three other

Phlox species), with P. pilosa as an outgroup. We used

SNAQ (Sol�ıs-Lemus & An�e 2016) to evaluate the most

likely network given the species tree and gene trees and

to calculate c, the vector of inheritance probabilities,

describing the proportion of genes inherited by a

hybrid node from one of its parents.

We also used a Bayesian coalescent-based approach

to estimate introgression rates and divergence times in

our Phlox phylogeny as implemented in G-PHOCS (Gro-

nau et al. 2011). G-PHOCS conditions its inference on a

given phylogeny and uses information from local

genealogies at short loci to generate estimates of demo-

graphic parameters (Gronau et al. 2011). This method

integrates over possible phasings of diploid genotypes,

making use of both chromosomes per individual. We

used custom Perl scripts to create diploid sequence

alignments for orthologs using genotypes from read

mapping. IUPAC ambiguity codes (R, Y, S, W, M and

K) were used for heterozygous sites. We included 2937

orthologs from our five sampled taxa in the analysis.

To test for introgression between Phlox species in G-

PHOCS, we created 14 ‘migration bands’ representing all

possible directions of gene flow between branches of

our 5-taxon phylogeny (Table S5, Supporting informa-

tion). We computed the posterior mean and the 95%

Bayesian credible interval for divergence times (s), pop-
ulation sizes (h) and migration rates (m) in mutation

units (Table S5, Supporting information). To obtain esti-

mates of effective divergence times in years, we

assumed a generation time of 1 year and used the aver-

age substitution rate for land plants of l = 4 9 10�9

(Magall�on et al. 2013). The divergence time equals:

Tdiv = (s + 0.5 9 h)/l. To obtain the per generation

migration rate (Mgen, the proportion of individuals that

arose by migration per generation), we multiplied m by

the mutation rate: Mgen = m 9 l. Finally, to obtain the

total migration rate (Mtotal), we multiplied the per gen-

eration rate times the number of generations that migra-

tion is allowed: Mtotal = Mgen 9 Tdiv. Mtotal represents

the probability that a lineage from the target population

originated in the source population and is equivalent to

c from SNAQ.

Testing for recent gene flow between P. drummondii and

P. cuspidata. As discussed in the ‘Results’, we find evi-

dence of gene flow between P. cuspidata and the dark-

red P. drummondii sample, but not between P. cuspidata

and the light-blue P. drummondii sample. We hypothe-

size this inconsistency is due to recent gene flow in

sympatry, as represented by the dark-red sample, and a

lack of recent gene flow in allopatry, as represented by

the light-blue sample. To test this hypothesis, we inves-

tigated patterns of relative divergence in genes for

which the P. drummondii sequences were sister to

P. cuspidata sequences.

Although both the light-blue and the dark-red

P. drummondii samples have many genes showing sister

relationships with P. cuspidata, we hypothesize the

excess of genes with this discordant gene tree in the

dark-red sample is due to gene flow in sympatry. Both

ILS and introgression can result in the same gene tree

topology, but relative divergence between sequences in

different taxa showing introgression is predicted to be

much less than divergence of sequences that underwent

ILS (Fig. 4a). We therefore predict that if the excess of

genes showing discordant gene trees in the dark-red

sample is due to gene flow, these genes will have a

lower relative divergence with P. cuspidata sequences

than genes that show the same gene tree topology in

the light-blue sample. To test this prediction, we used

the set of orthologs containing all five samples (a total

of 2109 genes) to create two sets of four-taxon gene

trees, one using the dark-red P. drummondii sample, the

other the using the light-blue P. drummondii sample. For

each of these two sets of gene trees, we identified all

the discordant trees for which P. drummondii and P. cus-

pidata were sister taxa (they are not sister in the inferred

species tree). We then classified these genes into three

categories: genes that show this topology (i) for both

P. drummondii samples (‘Both’, 433 genes), (ii) for just

the dark-red P. drummondii sample (‘DruR only’, 193

genes) and (iii) for just the light-blue P. drummondii

sample (‘DruB only’, 63 genes).

If gene flow is recent, we expect the ‘DruR only’ cate-

gory to be enriched with recently introgressed loci,
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having relatively low divergence between P. drummondii

and P. cuspidata. We predict that the ‘DruB only’ and

‘Both’ data sets will consist mostly of ancestral polymor-

phism sampled in both lineages due to ILS. We measured

divergence between the dark-red P. drummondii and

P. cuspidata lineages (i.e. RNDDruB-Cusp), and compared

these values between genes contained in the ‘DruR only’

and ‘Both’ categories. Similarly, we compared the genes

in the ‘DruB only’ and ‘Both’ categories using the diver-

gence between the light-blue P. drummondii and P. cuspi-

data (i.e. RNDDruB-Cusp). We used a t-test to assess

significant differences between categories. Our expecta-

tion is that the genes showing P. drummondii sister to

P. cuspidata in only the dark-red sample are recently

introgressed and will therefore have a lower RND than

the genes showing the same topology in both P. drum-

mondii samples, for which discordance should be likely

due to ILS. The same pattern of lower RND is not

expected in the light-blue only category, as recent intro-

gression is not predicted in the recent history of this allo-

patric individual. Because our gene tree categories

contained different numbers of genes, in addition to test-

ing for RND differences between categories, we calcu-

lated 95% bootstrap confidence intervals.

Similar to an approach used to identify gene flow in

humans (Kuhlwilm et al. 2016) and other apes (de Man-

uel et al. 2016), we also compared the genetic divergence

between P. drummondii and P. cuspidata with the diver-

gence between P. drummondii samples. For each of the

ortholog groups containing all five samples, we calcu-

lated three values of genetic divergence: RNDDruR-Cusp,

RNDDruB-Cusp and RNDDruB-DruR. We created two sets

containing the genes with lowest values of interspecific

divergence using the lower 5% tails of the distribution of

RNDDruB-Cusp and RNDDruR-Cusp. Following similar logic

outlined above, candidates for recent introgression will

likely be in these 5% tails. We compared the mean

intraspecific divergence (i.e. RNDDruB-DruR) between

these two sets using a t-test. Our expectation is that genes

showing low divergence between P. drummondii and

P. cuspidata because of recent gene flow will show high

divergence between the two P. drummondii samples.

Confidence intervals for each category were determined

using bootstrap resampling with replacement within

each category. This analysis was conducted in R.

Results

Transcriptome assembly and orthology inference

We carried out de novo transcriptome assembly from

multiple species and identified orthologs in these

assemblies to study the evolutionary history of a small

clade of Phlox wildflowers native to Texas. Our

assembled transcriptomes contained between 73 000

and 105 000 putative genes with 1.5 � 0.2 ‘isoforms’

(i.e. putative haplotypes or splice variants) per gene

(Table 1). We detected open reading frames (ORFs) in

36–47% of the transcripts, but only 20% of these ORFs

contained both start and stop codons. Our short contig

lengths (mean N50 = 582 � 174) indicate that a large

proportion of genes were not entirely assembled. For

orthology inference and phylogenetic reconstruction, we

only used CDS and excluded UTRs and noncoding

transcripts, as this facilitates sequence alignment and

minimizes the amount of missing sequence resulting

from RNA degradation or sequencing errors (Yang &

Smith 2014). Using the MI method of orthology infer-

ence (Dunn et al. 2008, 2013; Smith et al. 2011), we iden-

tified more than 2000 ortholog clusters containing all

five samples. Orthologous regions from different species

were 97% identical on average, while orthologs from

the two Phlox drummondii samples shared 98% identity.

Phylogenetic relationship between Texas annual Phlox

We inferred the phylogenetic relationships among Texas

Phlox species using maximum likelihood and maximum

parsimony with concatenated sequence alignments, and

consensus and coalescent-based methods with individ-

ual gene trees. All of our analyses placed P. drummondii

sister to Phlox roemeriana (Figs 1b and S2, Table S3, Sup-

porting information). These relationships had 100%

bootstrap support in analyses of concatenated

sequences, but were less supported in consensus analy-

ses (incongruence is reflected in concordance factors,

which ranged from 36% to 55%; see Fig. 1 and

Table S3, Supporting information).

Evidence for introgression between P. cuspidata and
P. drummondii

D-statistic. Nearly 60% of individual gene trees were

inconsistent with the species tree (Fig. 2a, b). Our four-

species (including the outgroup) phylogeny allows for

two possible discordant gene trees: one containing the

clade (Phlox cuspidata, P. drummondii), the other with

(P. cuspidata, P. roemeriana). Using the dark-red P. drum-

mondii sample, more genes were observed to support

P. drummondii and P. cuspidata as sister species (35% of

all gene trees) than P. roemeriana and P. cuspidata (25%

of all gene trees). This asymmetry in the proportion of

discordant phylogenies suggests gene flow between

P. drummondii and P. cuspidata. No such asymmetry

was detected using the light-blue P. drummondii sample

(Fig. 2b).

We explicitly tested for asymmetry in discordance

patterns using the D-statistic (Green et al. 2010; Durand
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et al. 2011). Because this test requires sets of four taxa,

we conducted three tests: to test for introgression

between P. cuspidata and P. drummondii or between

P. cuspidata and P. roemeriana we calculated D using a

phylogeny with only one of the two P. drummondii sam-

ples and the three other species. We observed a signifi-

cantly positive D value for analyses including the dark-

red sample (NABBA = 1787, NBABA = 1282; D = 0.165,

P < 0.001), which suggests gene flow between P. cuspi-

data and dark-red P. drummondii. We did not find

strong support for gene flow in analyses including the

light-blue P. drummondii and the other three species

(NABBA = 1145, NBABA = 1391; D = �0.097, P = 0.031).

Note that D in this analysis is negative, suggesting gene

flow between P. roemeriana and P. cuspidata. To directly

compare gene flow between P. cuspidata and the two

P. drummondii samples, we performed this test using a

phylogeny containing both the light-blue and the dark-

red P. drummondii, P. cuspidata and P. pilosa. We found

a positive and highly significant D value (NABBA = 1323,

NBABA = 572; D = 0.396, P < 0.001), indicating that the

dark-red P. drummondii sample has exchanged genes

with P. cuspidata. It is important to note that the D-sta-

tistic suggests the presence of introgression but cannot

be used to determine absolute rates of gene flow. We

therefore used multiple additional phylogenetic meth-

ods to determine the most likely migration events

between Phlox samples.

Phylogenetic inference using networks. We used a recently

developed method (Sol�ıs-Lemus & An�e 2016) to infer a

phylogenetic network of the Texas Phlox samples from

individual gene trees (Fig. 3). Unlike in the ABBA-

BABA tests, we used all five samples for this analysis.

Consistent with our previous results, the phylogenetic

network that best fits our data included one hybrid

edge connecting the branches leading to the dark-red

P. drummondii and P. cuspidata. The direction of this

hybrid node, which reflects the direction of gene flow,

was from P. cuspidata into the sympatric dark-red

P. drummondii. The vector of inheritance probabilities

(c) for this node was estimated to be 0.25 (Sol�ıs-Lemus

& An�e 2016). We also used a Bayesian approach (Gro-

nau et al. 2011) to infer migration rates among all

branches in our phylogenetic tree. The inferred demo-

graphic model suggests gene flow from P. cuspidata into

the dark-red P. drummondii (Fig. 3). We also found

Fig. 2 Gene tree patterns. Number and proportion of gene

trees presenting the three possible four-species topologies with

the dark-red Phlox drummondii sample (a) and the light-blue

P. drummondii sample (b). DruR = dark-red P. drummondii;

DruB = light-blue P. drummondii; Roem = Phlox roemeriana;

Cusp = Phlox cuspidata; Pilo = Phlox pilosa.

Fig. 3 Introgression model of Phlox history. Phylogeny of Texas

Phlox with the migration event inferred by both G-PHOCS and

SNAQ represented as a grey arrow. Next to the arrow are the

probability of hybrid descent (c) estimated with SNAQ and the

95% Bayesian credible intervals of total migration rates (Mtotal)

estimated with G-PHOCS. We also inferred four minor gene flow

events (<1% total migration rate, Table S5, Supporting informa-

tion) with G-PHOCS.
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some support for very low levels of gene flow from the

light-blue P. drummondii into P. roemeriana, from the

ancestors of P. drummondii into P. cuspidata, and

between P. roemeriana and P. cuspidata (Fig. 3, Table S5,

Supporting information).

Using levels of divergence to test for gene flow. The results

from both the D-statistic and the phylogenetic analyses

indicate gene flow between P. cuspidata and the dark-

red P. drummondii, but not between P. cuspidata and the

light-blue P. drummondii. We further tested the hypothe-

sis that this difference is due to recent introgression

between the sympatric species using two methods.

First, we investigated the divergence in genes with

topologies showing P. drummondii sister to P. cuspidata.

This method compares the genetic divergence between

genes with discordant topologies to distinguish between

ILS and introgression (see ‘Methods’ and Fig. 4a, b). We

predict that recently introgressed loci will have

discordant gene tree topologies and display low inter-

specific divergence. We found that genes that have

P. drummondii sister to P. cuspidata in only the dark-red

sample had a significantly lower RND than genes

where P. cuspidata is sister to both P. drummondii sam-

ples (Fig. 4b, right side). Genes showing P. drummondii

sister to P. cuspidata only in light-blue samples have

RND values indistinguishable from genes showing this

topology in both samples (Fig. 4b, left side). These find-

ings support our hypothesis that the dark-red P. drum-

mondii experienced recent introgression from

P. cuspidata.

Second, we compared the genetic divergence between

P. drummondii and P. cuspidata to that between the two

P. drummondii samples (as in Kuhlwilm et al. 2016). We

found that genes in the dark-red P. drummondii genome

that show low divergence with P. cuspidata also have

high divergence in comparison with the light-blue

P. drummondii genome (Fig. 4c). In contrast, light-blue

Fig. 4 Tests of recent introgression in

sympatry. (a) Schematic showing how

introgression and incomplete lineage

sorting create discordant phylogenetic

signals. We represent a derived allele

(‘B’—thick line) that is shared between

Phlox drummondii and Phlox cuspidata. We

use grey highlighting to indicate areas on

the gene trees for which the derived

allele is independently diverging in the

two taxa. Introgressed loci are expected

to show lower interspecific divergence

than loci showing similarity due to

incomplete lineage sorting. (b) Interspeci-

fic divergence for genes that show

P. drummondii as sister to P. cuspidata in

both P. drummondii samples (‘Both’), only

in the light-blue P. drummondii sample

(‘DruB only’) and only in the dark-red

P. drummondii sample (‘DruR only’).

RND was calculated either comparing

P. cuspidata and the light-blue P. drum-

mondii (‘Cusp-DruB’) or P. cuspidata and

the dark-red P. drummondii (‘Cusp-

DruB’). (c) Intraspecific divergence in

genes showing low interspecific diver-

gence in the light-blue P. drummondii

(DruR) and dark-red P. drummondii

(DruR). Introgressed loci are expected to

show higher intraspecific divergence.

Results from t-tests comparing the means

are shown. Bars indicate 95% confidence

intervals as calculated using bootstrap

resampling.
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P. drummondii genes that show low divergence with

P. cuspidata show much less divergence with dark-red

P. drummondii (Fig. 4c). These patterns support the

hypothesis of recent gene flow in sympatry.

Discussion

Hybridization is a pervasive evolutionary force that can

influence the process of speciation. Can hybridization

and gene flow prevent the evolution of reproductive

isolation in sympatry? New genomic analyses provide

an exciting opportunity to test theories on the impact of

hybridization during lineage diversification (Gompert &

Buerkle 2016; Payseur & Rieseberg 2016; Vallejo-Mar�ın

& Hiscock 2016). Here we use transcriptome sequencing

to ask whether gene flow occurred during a classic

example of reinforcement in Texas Phlox. Using multi-

ple analyses of phylogenetic discordance, we demon-

strate that recent gene flow occurred between sympatric

Phlox drummondii and Phlox cuspidata.

Phylogenetic relationships between annual Phlox

Previous studies across the Phlox genus indicate that

the three species P. drummondii, P. cuspidata and Phlox

roemeriana form a monophyletic clade (Ferguson et al.

1999a; Ferguson & Jansen 2002). These are the only

annual species in the genus, and they have overlapping

ranges in Texas. According to our transcriptome-wide

phylogenetic analysis, P. roemeriana and P. drummondii

are sister species (Fig. 1b). These relationships were

supported by both P. drummondii samples (Fig. 2) but

were unexpected given that P. roemeriana has multiple

derived traits, including five ovules per locule instead

of one, a long calyx, and a yellow eyespot on the corolla

(Ferguson et al. 1999a). Incongruence between individ-

ual gene trees indicates ILS and possibly gene flow dur-

ing the divergence of these species. Given the

abundance of discordant gene trees, it is not surprising

that previous phylogenetic analyses based on limited

gene sampling suggested that P. roemeriana was sister to

P. cuspidata (Ferguson et al. 1999a; Ferguson & Jansen

2002).

The impact of gene flow during reinforcement

Four-taxon analyses of introgression provided strong

evidence for gene flow between the sympatric dark-red

P. drummondii and P. cuspidata. Furthermore, phyloge-

netic network analysis and a Bayesian phylogenetic

approach also indicate that the most likely evolutionary

history of these species includes gene flow from the

P. cuspidata lineage into the dark-red P. drummondii lin-

eage (Fig. 3). We do not believe our results are due to

sampling a rare backcross individuals as our estimates

of gene flow between P. cuspidata and the dark-red

P. drummondii are too low for an early hybrid, and are

comparable to levels found in species with moderate

levels of hybridization (Cahill et al. 2016; Sol�ıs-Lemus &

An�e 2016). Together, these analyses demonstrate that

reinforcement in sympatry between P. drummondii and

P. cuspidata occurred despite gene flow between these

taxa. This is one of the first empirical demonstrations

that reinforcement does occur in nature in the presence

of gene flow.

Hybrids between P. drummondii and P. cuspidata are

observed in the field (Levin 1967, 1975, 1985; Ferguson

et al. 1999b; Ruane & Donohue 2008; Ruane 2009) but

have high sterility (Ruane & Donohue 2008). Common-

garden field experiments indicate that these hybridiza-

tion events are twice as frequent when P. drummondii

has the ancestral light-blue flower colour than when it

has the derived dark-red flower colour (Hopkins et al.

2012), suggesting that prior to flower colour divergence

hybridization was more frequent. This high hybridiza-

tion rate not only provides the source of selection driv-

ing reinforcement, but also allows for gene flow

between these sympatric species. Here, we confirm that

the production of these hybrids resulted in gene flow

between P. drummondii and P. cuspidata. Although we

found no evidence of greater gene flow before diver-

gence of the allopatric and sympatric P. drummondii

populations (Fig. 3), the fast evolution of flower colour

under strong reinforcing selection would limit our abil-

ity to distinguish between gene flow that occurred dur-

ing and after flower colour divergence.

How did reinforcement successfully cause flower col-

our divergence in P. drummondii despite gene flow? In

order for new alleles causing assortative mating

between sympatric species to evolve, they must remain

in linkage disequilibrium with alleles causing hybrid

sterility or inviability (Servedio 2009). Population

genetic theory predicts that selection can build up link-

age disequilibria between uninked loci (Kimura 1956;

Slatkin 1975). Furthermore, theoretical work specifically

demonstrates that strong selection can drive the evolu-

tion of RI even when diverging lineages experience

gene flow (Liou & Price 1994; Caisse & Antonovics

1978; Dickinson & Antonovics 1973; Servedio & Kirk-

patrick 1997). Therefore, the strength of reinforcing

selection likely enabled the successful evolution of

flower colour divergence in P. drummondii despite gene

flow with P. cuspidata.

The strength of reinforcing selection is determined by

the amount of hybridization and the cost of hybridiza-

tion. In Phlox, the hybridization rate between light-blue

P. drummondii and P. cuspidata is high, with common-

garden estimates at 40% (Hopkins et al. 2012), and the
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cost of hybridization is high, with sterility estimated

between 50% and 100% (Ruane & Donohue 2008). Pre-

vious research determined that flower colour diver-

gence between allopatric and sympatric populations is

caused by strong selection; selection coefficients are esti-

mated to be 0.14 at one locus and 0.47 at the other

flower colour locus (Hopkins et al. 2014). This selection

is likely strong enough to explain how reinforcement

successfully evolved in sympatric Phlox populations

despite gene flow.

Gene flow can prevent the evolution of reinforcement

by allowing recombination to break down the genetic

associations between alleles causing assortative mating

and alleles causing post-zygotic or post-mating repro-

ductive isolation. There are two hypothesized mecha-

nisms to overcome the problem of recombination—one-

allele mechanisms and reduced recombination mecha-

nisms (Servedio 2009). The one-allele mechanism

describes a scenario in which a novel allele causes

assortative mating when present in either sympatric spe-

cies (Felsenstein 1981). Flower colour variation in Phlox

is not determined by one allele and therefore this mech-

anism cannot explain how reinforcement overcame gene

flow in this system.

In the case of flower colour in Phlox, recombination

could cause individuals with P. cuspidata alleles at the

hybrid sterility loci to have dark-red flowers. This

breakdown in the association between sterility alleles

and flower colour alleles means assortative mating

based on flower colour could result in sterile hybrids.

Physical linkage that reduces recombination between

alleles causing assortative mating and alleles causing

hybrid sterility would increase the feasibility of rein-

forcement (Servedio 2009; Trickett & Butlin 1994; Kirk-

patrick & Servedio 1999; ). For example, in the Ficedula

flycatcher system, loci controlling divergence in plu-

mage colour, which evolved due to reinforcement

(Sætre et al. 2003), and loci associated with hybrid

female sterility colocalize on the sex chromosomes

(Sætre et al. 1997; Sæther et al. 2007). In Phlox, we do

not know the genomic location of loci causing hybrid

sterility or flower colour variation. Future research is

necessary to determine whether genetic linkage, along

with strong selection, can explain how increased assor-

tative mating evolved despite gene flow.

Asymmetric gene flow and asymmetric divergence

Our phylogenetic analyses suggest that the most likely

evolutionary history of these lineages involved asym-

metric gene flow from P. cuspidata into P. drummondii.

This presumably occurred because hybrids backcrossed

with P. drummondii more than with P. cuspidata. This

direction of gene flow agrees with predictions based on

mating systems of these two species. P. cuspidata is

self-compatible and undergoes high rates of self-fertili-

zation, while P. drummondii is predominantly self-

incompatible, and thus depends on out-crossed pollen

for seed-set. Because P. cuspidata has a lower out-cross-

ing rate than P. drummondii, there is less opportunity

for receiving pollen from hybrid individuals, which

could explain the asymmetric gene flow.

The asymmetric gene flow in Phlox is also consistent

with the asymmetric morphological divergence in the

sympatric zone: while P. drummondii displays a flower

colour change in sympatry, P. cuspidata has the same

flower morphology across its range. In all known cases

of reinforcement in plants, only one of the two species

diverges in phenotype in sympatry (Hopkins 2013).

Why is divergence asymmetric? One leading hypothesis

is that there is an asymmetric cost to hybridization

causing reinforcing selection to be stronger in one spe-

cies than the other (Jaenike et al. 2006; Cooley 2007).

Our results support this hypothesis. More introgression

of heterospecific genetic material into P. drummondii

than into P. cuspidata could represent a higher cost to

hybridization and explain why reinforcing selection

caused divergence in one species and not the other. The

predominant direction of gene flow should be con-

firmed with further sequencing of more samples as lim-

ited conclusions can be made from two individuals.

Geographic variation in gene flow

We performed genomic analyses of introgression using

light-blue and dark-red flowered P. drummondii individ-

uals. These plants are found in allopatry and sympatry

with P. cuspidata, respectively. We found significant evi-

dence for introgression between the dark-red sample

and P. cuspidata, but not between P. cuspidata and the

light-blue sample. This finding is consistent with gene

flow between Phlox in sympatric populations.

We took advantage of the sister relationships between

the two colour morphs in P. drummondii and their geo-

graphic separation to further test the hypothesis of

introgression. We first compared divergence in genes

with discordant phylogenetic signals. This analysis is

based on two assumptions. First, recent gene flow is

likely to result in geographic variation in introgression

because, compared to ILS and ancient introgression,

there is less time for novel alleles to spread across pop-

ulations. Second, loci that were recently exchanged

between species will show higher sequence similarity

than loci undergoing ILS as introgressed sequences

have had less evolutionary time to diverge in each lin-

eage (Fig. 4a). Therefore, we predict that (i) sequences

from sympatric samples will have more discordant gene

tree topologies putting P. cuspidata and P. drummondii
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as sister taxa, and (ii) those sequences showing discor-

dance only in sympatry will have lower between-spe-

cies divergence than genes showing the same pattern of

discordance in both allopatric and sympatric samples.

Consistent with these predictions, we find an excess of

genes supporting P. cuspidata as sister to P. drummondii

using the dark-red sample, but not using the light-blue

sample (Figs 2 and 4c). Furthermore, we find that those

genes having the aforementioned discordant gene tree

exclusively in the dark-red sample are significantly less

diverged than those whose discordant gene trees were

present in both samples (Fig. 4b).

We then compared interspecific genetic divergence to

intraspecific divergence (Kuhlwilm et al. 2016). As

expected under a scenario of recent introgression in

sympatry, genes showing low divergence between the

dark-red P. drummondii and P. cuspidata show high

divergence between the two P. drummondii samples

(Fig. 4c).

As with many genomewide analyses inferring gene

flow, our study depends on analysing patterns across

many loci in a limited number of individuals. Sequenc-

ing more individuals from throughout the Phlox ranges

will provide stronger estimates of the timing and

amount of gene flow across the landscape.

Conclusions

Our transcriptome analyses provide strong evidence of

gene flow during the process of reinforcement. Intro-

gression can be detected with a variety of methods

(Payseur & Rieseberg 2016), but unfortunately most of

them cannot be applied to our data given the small

number of samples and the use of transcriptomes com-

posed of short contigs. Although all the analyses

applied in this study were originally designed for a

small number of samples (Green et al. 2010; Gronau

et al. 2011; Payseur & Rieseberg 2016), we acknowledge

that some of our results will benefit from confirmation

using more samples. In particular, sampling allopatric

and sympatric individuals from the three species will

allow a better quantification of the timing, magnitude

and direction of gene flow. Larger genomic surveys will

also allow us to explore the identity and function of

genes exchanged between Phlox species.

This is a promising system for future analyses of

introgression because of the extensive knowledge about

the biogeography of the species (Erbe & Turner 1962;

Levin 1967; Ruane 2009) and the strength of reinforcing

selection (Hopkins & Rausher 2012, 2014; Hopkins et al.

2014). Future studies will be able to incorporate this

biologically relevant information into studies of geno-

mic variation between and within species.
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