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Many recent studies have addressed the mechanisms operating during the
early stages of speciation, but surprisingly few studies have tested theoreti-
cal predictions on the evolution of strong reproductive isolation (RI). To help
address this gap, we first undertook a quantitative review of the hybrid zone
literature for flowering plants in relation to reproductive barriers. Then,
using Populus as an exemplary model group, we analysed genome-wide
variation for phylogenetic tree topologies in both early- and late-stage spe-
ciation taxa to determine how these patterns may be related to the
genomic architecture of RI. Our plant literature survey revealed variation
in barrier complexity and an association between barrier number and intro-
gressive gene flow. Focusing on Populus, our genome-wide analysis of tree
topologies in speciating poplar taxa points to unusually complex genomic
architectures of RI, consistent with earlier genome-wide association studies.
These architectures appear to facilitate the ‘escape’ of introgressed genome
segments from polygenic barriers even with strong RI, thus affecting their
relationships with recombination rates. Placed within the context of the
broader literature, our data illustrate how phylogenomic approaches hold
great promise for addressing the evolution and temporary breakdown of
RI during late stages of speciation.

This article is part of the theme issue ‘Towards the completion of
speciation: the evolution of reproductive isolation beyond the first barriers’.

1. Introduction

Current research on speciation genomics strives to tackle two central questions
in evolutionary biology: what is the origin and evolution of reproductive bar-
riers in the genomes of diverging populations? And, how do divergent
populations or species respond when challenged by hybridization upon sec-
ondary contact [1-4]? Theory predicts that speciation may occur in the face of
ongoing or episodic gene flow [5]. A rapidly increasing number of speciation
genomic studies have started to address divergence with gene flow (DWGF)
in a range of different species [6,7], which has been greatly facilitated by
advances in second- and third-generation sequencing technologies [8-14].
Hence, speciation genomics has developed into a vibrant research field
[3,4,15-17], fuelling debates on topics of fundamental, philosophical and
applied interest.

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Rapid barrier evolution during DWGEF has been predicted
by population geneticists for decades and has become widely
known as the ‘coupling’ of individual barrier loci, resulting in
mutually strengthened total barriers to gene flow [3,18-21]. It
is thought that coupling creates coincidence among the
effects of single barrier loci (and thus the traits encoded by
them), which may lead to a substantial, but often incom-
plete, barrier to gene flow [21]. This leads to a ‘grey zone’
of speciation [22] which may well be responsible for many
of the great challenges experienced by taxonomists and sys-
tematic biologists in previous decades and centuries. Genetic
contact (hybridization) among divergent lineages at these
advanced stages of speciation can result in a range of
hotly debated outcomes [13,21,23,24]. These may include
both heterosis (hybrid vigour) and hybrid breakdown due
to genomic incompatibilities including the breakdown of
genomic co-adaptation [25-27].

Differentiation between populations and ultimately spe-
ciation yields complex patterns of divergence along the
genome [28,29]. Theory predicts that individual barrier loci
can result in peaks of divergence between species [12,30],
but in reality, the interplay of linked selection, variation of
recombination rates and density of functional sites results in
a complex landscape of peaks and troughs, which may be
independent of reproductive isolation (RI). For example,
background selection in regions of low recombination and
with a high density of functional sites can also lower diversity
within species, resulting in divergence peaks between species
[31,32]. Nonetheless, several studies have reported a posi-
tive correlation between introgression and recombination
rate [29,33]. These patterns are consistent with highly poly-
genic barriers to gene flow and the more efficient removal
of introgressed variation in regions of low recombination
[34]. However, it remains unclear whether the influence
of linked selection on introgressed variation diminishes
with time since divergence or whether it holds for organ-
isms with other life histories with high rates of effective
recombination.

To this end, hybridizing species have become highly
appreciated ‘natural labs’ for studying speciation [35-37].
This holds true for hybrids formed either during primary
divergence or upon secondary contact, and whether the
genetic transitions seen in these zones fit with clinal or ‘geo-
graphic mosaic’ evolutionary models [2]. Divergent yet
hybridizing taxa can also serve as precious sources of recom-
binant crosses for studying the genomic architecture of RI
and inter-population trait differences [36,38—40]. In addition,
hybrid zones enable the impact of introgression on genomic
patterns of divergence to be investigated at recent time
scales by comparing parapatric populations flanking hybrid
zones with allopatric populations [12]. At deeper time
scales, studying hybridizing taxa also makes it possible to
address important questions regarding the sorting of ances-
tral variation in young or emerging species, past episodes
of gene flow and how this may relate to the evolution of RI
[11,33,41]. This is greatly facilitated by recent conceptual
developments in merging the analytical toolkits of popu-
lation genomics and phylogenomics [14,41]. This approach
may be particularly useful for organismal groups that main-
tain leaky reproductive barriers across species complexes for
many generations—and thus for millions of years—such as
perennial plants with relatively large effective population
sizes (N,), far-ranging pollen and seed dispersal, and the

ability to maintain viable genotypes in populations by
clonal reproduction [42,43].

Among different study systems for studying speciation in
plants, Populus has become a perennial model group because
of its ecological and economic importance and favourable gen-
etic attributes such as small genome size (less than 500 Mb;
2C=11pg in the case of Populus trichocarpa), diploidy
throughout the genus (211 =38), ‘porous’ species barriers [44-
46] and a well curated and annotated genome assembly [47].
Species of the genus are widespread across the Northern
Hemisphere [48]. Several studies have attempted to resolve
phylogenetic relationships of species in this genus [49,50],
most notably a recent study using resequenced genomes [51].
Obligate outcrossing (dioecy), abundant wind-pollination,
and mixed sexual and vegetative reproductive strategies in
poplars have led to extensive introgression among species
and relatively large effective population size (N,) [52-55],
which complicates phylogenetic inference.

Recent work on speciation genomics in Populus has
revealed several patterns relevant to understanding the
speciation continuum. Firstly, linked selection and recombi-
nation rate variation appear to have pervasive effects on
genome-wide patterns of genetic diversity and divergence
among poplar species, as exemplified by interspecific con-
trasts involving the two more closely related species
Populus tremula, Populus tremuloides and the more distantly
related P. trichocarpa. These effects are moderated by impor-
tant demographic factors and events, such as temporal and
interspecific changes in N, experienced by these temperate
tree species in response to climatic cycles [54,55]. At greater
levels of divergence (1.73-1.90 Myr), a landmark study by
Ma et al. [56] revealed the likely determinants of genome-
wide patterns of diversity in the two Eurasian desert poplar
species, Populus euphratica and Populus pruinosa, pointing to
important roles for the divergent sorting of ancestral poly-
morphisms and divergent ecological selection. Finally,
studies of the highly divergent Eurasian taxa Populus alba
and P. tremula have shown that despite greater than
2.8 Myr of divergence [8], strong post-zygotic barriers due
to genomic incompatibilities [57,58] and variable pre-zygotic
barriers [58], these taxa still form viable and fertile hybrids
within large mosaic hybrid zones in areas of both sym- and
parapatry [57,59]. Although these species thus represent a
useful showcase example for research on the late stages of
speciation, studies that examine genome-wide phylogenomic
patterns for taxa pairs representing the early and late stages
of speciation are required to better understand how the geno-
mic architecture of RI varies across the stages of speciation.

Beyond particular organismal model groups, categorizing
the stage of speciation is dependent on both understanding
the level of gene exchange among divergent taxa and identi-
fying the presence of reproductive barriers [60,61]. For plants,
the great diversity of mating systems, reproductive strategies
and life-history traits may interact to influence the tempo
and speed of speciation. Thus, we begin by undertaking a
broad analysis including 133 hybridizing species pairs to
examine the number of pre- and post-zygotic barriers and
how these relate to gene flow in flowering plants. Here, we
test the prediction of higher levels of gene flow in species
pairs with fewer reproductive isolating barriers. We then
‘zoom in’ on the genomic footprints of RI and introgressive
gene flow in species of the ‘model forest tree’ genus Populus
(poplars/aspens/cottonwoods). These include widespread,



ecologically divergent Eurasian taxa that provide key
examples of the evolutionary mechanisms operating during
the late stages of speciation. We analyse 36 re-sequenced gen-
omes from seven species of this Eurasian species complex to
examine how the genomic architecture of RI and introgressive
gene flow varies across the stages of speciation. Then we
analyse the data in a phylogenomic context and examine
genome-wide relationships among well sorted versus intro-
gressed tree topologies and recombination rates during both
the early and late stages of speciation. Our purpose is to
determine how genome-wide phylogenomic patterns
(genome-wide tree topologies) are mediated by the genomic
architecture of RI and the recombination landscape, and test
whether these relations hold across the speciation continuum.
Using tree typology weighting and phylogenetic tests for
introgression, we compare the amount of gene flow and the
relation between introgressed typologies and recombination
rate, on five anciently diverged (late-stage speciation) and
five recently diverged (early-stage speciation) species. Taken
together, this broad to narrow approach provides novel
insights into the processes and outcomes of DWGF from the
early to late stages of speciation.

2. Material and methods

(a) Plant literature survey

To investigate the interaction between the presence of pre- and
post-zygotic reproductive isolating barriers and gene flow, we
collated data on hybridization in 133 species pairs, representing
72 genera and 41 plant families (for full description of methods,
see Pickup et al. [62]). Following Abbott [63], we categorized
gene flow into four categories: very low, low, high and variable
(different among hybridizing populations) based on criteria
and descriptions outlined by Pickup et al. [62], which were
based on quantitative information on the frequency of hybrids
and backcrosses (see also electronic supplementary material,
‘plant literature survey: categorization of gene flow’). For each
taxon pair, we identified the presence (1) or absence (0) of each
of a set of pre-zygotic and post-zygotic barriers (but we did
not attempt to quantify their strength) based on Abbott [63]
and descriptions or quantitative assessments from each individ-
ual study. Pre-zygotic barriers were: (i) geography (spatial
isolation of parental species), (ii) habitat divergence (divergent
habitat preference), (iii) divergent flowering phenology, (iv)
divergent floral structure, (v) pollinator preference, (vi) mating
system and (vii) pollen competition. Mating system (vi) was
classified as a pre-zygotic barrier for taxon pairs with divergent
mating systems. These include: (i) taxon pairs with a predomi-
nantly outcrossing self-compatible species and a highly selfing
self-compatible species, (ii) pairs where both taxa are selfing
and (iii) pairs including a self-incompatible and self-compatible
species (see Pickup et al. [62] for details). Post-zygotic barriers
were: (i) reduced hybrid viability, (ii) cyto-nuclear interactions,
(iii) intrinsic genomic incompatibilities (the interaction between
alleles results in lower fitness of individuals), and (iv) extrinsic
(ecological context-dependent) incompatibilities, which require
divergent ecological environments for the two populations and
selection against maladapted hybrids in both environments. A
#° contingency test was used to examine if the categories of
gene flow (high versus low; combining low, very low and low
variable) were associated with the total number of reproductive
isolating barriers (combining pre- and post-zygotic barriers) for
123 species pairs where gene flow could be categorized (see
Pickup et al. [62]). Statistical analysis was conducted in R and
tested at a=0.05.

(b) Poplar species and populations sequenced de novo
for this study

According to the most commonly used classification of Populus,
the genus comprises six sections and 29 species [48]. De novo
sequence data collection for this study was focused on seven clo-
sely related species from section Populus (aspens and white
poplars) that provide examples of large N, and large geographi-
cal distribution versus small N. and narrow distributions,
sympatric versus parapatric versus allopatric distribution.
Among these, P. alba (white poplar) and P. tremula (Eurasian
aspen) are the two most widespread taxa, the former being
widely distributed across large parts of southern Eurasia and
North Africa, and the latter extending all the way from Scotland
to eastern Russia and from northern Scandinavia to the Mediter-
ranean [64]. The two species are at a late stage of speciation, as
indicated by partial pre-zygotic and strong post-zygotic repro-
ductive barriers [57,58] and an estimated divergence time of
greater than 2.8 Myr [8]. Nevertheless, they still hybridize
within large ‘geographical mosaic’ hybrid zones across a broad
zone of overlap in Europe and Asia [8,59,65,66]. This species
pair serves as a showcase example for the late stage of speciation
in this study.

Among the other, more narrowly distributed species, Populus
davidiana (the Chinese aspen) is distributed from the central to
the northeastern part of China, while the Himalayan aspen
Populus rotundifolia is narrowly endemic to the high-altitude
regions of the Qinghai-Tibetan plateau. The two species are
thought to have undergone recent parapatric, ecological specia-
tion in the face of gene flow [67]. This species pair thus serves
as a showcase example for the early stages of speciation in this
study. Among the remaining species sampled and sequenced
de novo, Populus adenopoda grows in warm and moist subtropical
areas of south and east China [68], whereas Populus giongdaoensis
is a rare species only known from Hainan island. Publicly avail-
able data for the widespread North American trembling aspen
P. tremuloides were included for comparative purposes.

Our sampling for de novo genome sequencing included 36
accessions from these seven ingroup species and two outgroup
taxa from section Tacamahaca, P. trichocarpa (black cottonwood)
and Populus balsamifera (balsam poplar) (electronic supplemen-
tary material, table S1). We collected three to five individuals
for each species. For species collected in China, genomic DNA
was extracted from silica-dried leaves by using the plant
DNeasy mini kit (Qiagen, Germany). To increase the quality of
total DNA, we used NucleoSpin gDNA clean-up kits for purifi-
cation of DNA extracts. All libraries were 2x 150 bp paired-end
sequenced on an Illumina HiSeq 3000 sequencer at the Institute
of Genetics, University of Berne, Switzerland. Illumina HiSeq
paired-end reads for P. tremuloides and the two outgroup species
were downloaded from NCBI using the NCBI SRA toolkit under
accession numbers PRJNA299390 and PRJNA276056. Further
details about sampling locations and distributions are provided
in electronic supplementary material, table S1. The reads of
each individual were mapped to the P. trichocarpa reference
genome using BWA [69]. Details about sequence data processing,
variant calling and single nucleotide polymorphism (SNP) quality
filtering are provided as electronic supplementary material.

(c) Phylo- and population genomic data analyses

To assess population structure in our whole-genome dataset, prin-
cipal component analysis (PCA) was carried out based on biallelic
SNPs using PLINK [70]. As an alternative means of depicting gen-
etic relationships, a neighbour-joining (NJ) tree was constructed
using PHYLIP v. 3.696 (http://evolution.genetics.washington.
edu/phylip.html) and visualized using FigTree v. 1.4.3 (http://
tree.bio.ed.ac.uk/software/figtree/).
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Owing to the limits of concatenation methods to infer a
species tree, especially for species with large effective population
size, we constructed a species tree using MP-EST v. 1.5 [71] based
on the multi-species coalescent, established statistical support by
bootstrapping and estimated divergence times using MCMCTree
software in the PAML package [72] as described in the electronic
supplementary material. To infer species” demographic histories
including N, changes and the relative timing of species splits, we
employed SMC++ v. 1.12.1, which combines a coalescent HMM
approach with the computational efficiency of the site frequency
spectrum for demographic inference [73]. This approach can use
unphased data and has been shown to produce robust results in
both the recent and ancient past.

To select poplar taxa at late and early stages of speciation,
respectively, we explored the sharing of identity-by-descent
(IBD) blocks between pairs of species using BEAGLE v. 4.1 [74]
and the parameter settings: window=100 000; overlap =10 000;
ibdtrim = 50; ibdlod =10, impute =false. To examine variation
in genealogies along the genome and identify regions whose
evolutionary history deviates from the species tree, we used top-
ology weighting by iterative sampling of subtrees (TWISST) [75]
to infer the weights (i.e. frequencies) of all different possible tree
topologies for windows along the genome. Data were phased
and imputed with BEAGLE v. 4.1 [76] and non-overlapping win-
dows of 50 SNPs were used for inferring trees using PhyML [77].
In order to test the effect of different levels of divergence on tree
topologies, we selected five anciently diverged (=late-stage
speciation) and five recently diverged (=early-stage speciation)
taxa for TWISST analysis. The five late-stage species included
the well-studied hybridizing species pair P. alba and P. tremula
introduced earlier, and the five early-stage species included the
Chinese aspen P. davidiana and the Himalayan aspen P. rotundifolia.
Based on Zheng et al. [67] and our own NJ analysis, we separated
P. davidiana into two local taxa according to geography, central
and northeastern China. All Python scripts used for this analysis
can be downloaded at https://github.com/simonhmartin/twisst.
Weightings for all topologies were plotted across chromosomes
with loess span value set to 0.03. Chromosome-level averages of
topology weights were compared with local recombination rates
in P. tremula [54] in windows of 100 kb.

To gain deeper insights into the ancient and recent admixture
events presumably responsible for the observed genome-wide
patterns of topology weights for anciently and recently diverged
species (above), we examined patterns of IBD tract sharing
(above) and inferred ancient and recent admixture using
D-statistics to test for gene flow [78]. To estimate the extent
and direction of gene flow for late-stage speciation taxa, we con-
ducted Dgoyp, five-taxon tests in 10 kb windows along the
genome [78] using P. trichocarpa as an outgroup. For early-
stage speciation taxa, we quantified gene flow using four-taxon
D-statistics and P. alba as an outgroup; four-taxon tests were
deemed sufficient here since our focus was on a single pair of
species, P. davidiana and P. rotundifolia.

3. Results and discussion

(a) Relationships between reproductive barriers and
introgressive gene flow in flowering plants

Of the 133 species pairs examined in our literature survey of
flowering plants, 105 (78.9%) reported the presence of one or
more pre-zygotic reproductive isolating barriers (figure 1a).
The highest proportion had a single pre-zygotic barrier
(n=56, 42.1%) followed by the presence of two barriers
(n=36, 27.1%, figure 1a). Fewer taxon pairs had three pre-
zygotic barriers (n=11, 8.3%), and only two pairs (1.5%)
recorded four pre-zygotic barriers. In contrast with the high
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Figure 1. The number of (a) pre-zygotic and (b) post-zygotic reproductive
isolating barriers for 133 angiosperm species pairs. (c) The association
between the number of reproductive isolating barriers ( pre- and post-zygotic)
and categories of gene flow for the 133 taxa pairs. I. var., low variable;
v. low: very low.

prevalence of pre-zygotic barriers, fewer than half (42.9%) of
the taxon pairs recorded post-zygotic reproductive barriers.
Overall, there were also fewer post-zygotic barriers, with
most taxon pairs recording only one barrier (n=>51, 38.3%;
figure 1b). Although these analyses only examined the
presence or absence of a barrier—rather than its strength—
they provide an important overview of how the number of
reproductive isolating barriers varies across plant taxa.

To assess the prediction that reproductive isolating bar-
riers are related to introgressive gene flow [1,2,6,23,63], we
examined if there was an association between the total
number of barriers (combining pre- and post-zygotic) and
the categories of gene flow (high versus low) for the taxon
pairs included in our survey. If reproductive isolating barriers
are important for the degree of introgressive gene flow, then
we would expect higher gene flow for hybridizing taxa with
fewer barriers. Indeed, we found a significant negative
association between the gene flow categories (high versus
low) and the number of reproductive barriers (;(2:9.5793,
d.f.=1, N=123, p=0.048) (figure 1c). Although there are
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Eurasian Populus species. (b) PCA of SNP data from resequenced genomes for seven Populus species, including the six Eurasian species (a) and one North American
species, P. tremuloides. (c) Rooted N tree based on the genomic data, with P. trichocarpa and P. balsamifera as outgroups. (1) and (2) highlight the taxa selected for
focused phylogenomic analysis in early stages of speciation (1) and late stages of speciation (2) as determined by IBD tract sharing (figure 3a). Species abbreviations:
pade, P. adenopoda; palb, P. alba; pdav, P. davidiana; pqio, P. giongdaoensis; prot, P. rotundifolia; ptma, P. tremula; ptmd, P. tremuloides; pbal, P. balsamifera; ptri,

P. trichocarpa.

caveats to this approach (given that presence/absence does
not quantify barrier strength [61] and there was not adequate
replication to enable a phylogenetically controlled analysis),
our results provide some insights into the potential variation
in speciation stage across hybridizing plant taxa. Moreover,
plants exhibit extensive variation in both life history and
mating system [62,79,80]. These differences in life history
may mediate the strength of this association between
reproductive barriers and gene flow.

Case studies of closely related groups of species can pro-
vide further data on the processes underlying RI [6,7]. For
example, within our literature survey, there were five hybri-
dizing taxon pairs within the genus Populus that are all
similar in life history (woody trees) and mating system (di-
oecious). Of these, P. alba and P. tremula provide an
example of late-stage speciation, with these two taxa exhibit-
ing a number of different reproductive isolating barriers,
including habitat divergence, intrinsic incompatibilities and
cyto-nuclear incompatibilities [43,57,58,65]. In comparison,
P. davidiana and P. rotundifolia are two recently diverged
species that inhabit distinct environments, and which provide
an excellent example for the study of RI in the early stage of
speciation [67].

Whole-genome resequencing and reference-mapping of 36
individuals from seven ingroup and two outgroup taxa
onto the P. trichocarpa genome assembly resulted in an aver-
age of 91.7% genomic regions covered, with an average
coverage depth of 26.48x, yielding 7026036 high-quality
SNPs (electronic supplementary material, table S2). Populus
davidiana (the Chinese aspen) and P. rotundifolia (the Himala-
yan aspen), the two most recently derived species, were not
monophyletic in NJ analysis. However, the three sequenced
individuals of P. davidiana from central China were placed
together with P. rotundifolin sampled in sym-/parapatry in
the same geographical region (figure 2), rather than with
conspecific individuals of P. davidiana from northeastern

China, where its sister taxon P. rotundifolia is absent. This is
suggestive of hybridization between these species in central
China where they co-occur, thus also corroborating recent
findings obtained with far more intensive biogeographic
sampling but much sparser sampling of the genome [67].
Our two showcase species for late-stage speciation, P. alba
and P. tremula, on the other hand, were clearly separated in
PCA and NJ analysis (figure 2).

Our coalescent-based, dated species tree (electronic sup-
plementary material, figure S1 and table S3) broadly
reflected genetic relationships seen in the NJ tree and in a
recent large-scale phylogenomic study of Populus [51], and
demographic analysis using the site frequency spectrum
and SMC++ complemented this coalescent-based analysis
(electronic supplementary material, figure S2). SMC++ indi-
cated an initial reduction in N, in all species, coincident
with the divergence of the major lineages in section Populus
followed by population recovery to varying degrees (elec-
tronic supplementary material, figure S2). The results also
reflected species splits seen in our coalescent-species tree,
with N, curves for P. alba and P. tremula splitting much
further back in time than those for P. davidiana and P. rotun-
difolia. As expected, the N, trajectories for P. alba and
P. tremula separated more recently than those for P. alba
and the North American aspen P. tremuloides, consistent
with reports of hybridization and introgression between
the partially sym-/parapatric Eurasian species P. alba and
P. tremula [8,45,59,65].

Genome-wide patterns of IBD tract sharing (figure 3a)
allowed us to select groups of both early- and late-stage spe-
ciation taxa for subsequent phylogenomic analyses and
contrasts. We selected five more recently diverged taxa with
weak barriers [67], including P. davidiana and P. rotundifolia,
and five more anciently diverged taxa with strong barriers
[57,58], including P. alba and P. tremula, for genome-wide
analyses of tree topologies using TWISST (figure 4). We
found a high percentage of discordant tree topologies,
especially in early-stage speciation taxa (figure 4), indicating
extensive introgression or incomplete lineage sorting (ILS). Of
the 15 possible topologies in late-stage speciation taxa, the
three most common ones ordered by their frequency were
topob6 (green), topo4 (purple) and topo5 (black), and topo6
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was consistent with the species tree. As expected, more than
10% of genome windows reflecting the species tree (topo6)
had completely sorted genealogies in these late-stage specia-
tion taxa (indicated by ‘% windows with a weighting of 1°).
The high weightings of genealogies topo4 and topo5 are
indicative of either ILS or ancient introgressive gene flow
involving P. tremula, P. alba, and the ancestor of P. adenopoda
and P. giongdaoensis. The ancient gene flow hypothesis was
supported by Dgoy, five-taxon tests (figure 3b,c), which
have been validated to function even with high levels of
ILS [78]. This is broadly consistent with widespread inter-
specific gene flow in Populus detected in a recent large-scale
phylogenomic study [51].

Under linked selection encompassing both directional
selection and background selection against deleterious
mutations, we would expect the weights of TWISST species
tree topologies to be highest with low recombination rates,
while the weights of introgression topologies (or admixture-
related parameters more generally) should be released from
this constraint or even increase with recombination [33].
This is analogous to the expectation that in the presence of
hybrid incompatibilities, introgressed ancestry in populations
is more likely to persist in regions of high recombination [81].
In line with this expectation, we observed the expected
increase in species tree weights with reduced recombination
rates for both early-stage and late-stage speciation taxa
(figure 5; electronic supplementary material, table S4;
topo6). The weights of putative introgression topologies in
late-stage speciation taxa, however, did not show the
expected increase for greater recombination rates (figure 5;
electronic supplementary material, table S4; topo4 and
topob). Rather, these topologies received appreciable weights
across all observed recombination rates. This is consistent
with a breakdown in correlation between recombination
rate and shared haplotype length in deeply divergent Populus
spp. [51], and suggests that introgressed segments are able to
escape barrier loci and linked selection over time, especially
in species with high recombination rates.

Outcrossing, wind-pollinated trees such as poplar and
aspen species exhibit fairly large N, (greater than 100 000)
and low levels of linkage disequilibrium (LD), consistent
with high levels of effective recombination [52]. The decay
of LD along chromosomes is even more rapid in species
with continuous distributions such as P. tremula than in
floodplain poplar species with more patchy distributions
[53,55,82]. In such high recombination genomes, it should
be easier to escape barrier loci [18,83] compared with other
organisms with smaller N, and slower LD decay [14,33].
Also, like other long-lived outcrossing perennial plant
species, poplars harbour large amounts of standing genetic
variation. This results in complex population genomic signa-
tures of local adaptation, frequently involving subtle allele
frequency shifts at many loci [10,66,84]. Importantly, these
intraspecific patterns are mirrored by polygenic architectures
of fitness-related trait differences between hybridizing
species, including our two showcase species for late-stage
speciation studied here, P. alba and P. tremula [39]. In fact,
the observed relationships of tree topology weights with
recombination rate in strongly divergent species [57,58] are
consistent with the polygenic, complex architecture of fit-
recently identified by
‘admixture mapping’ genome-wide association studies in

ness-related trait differences
hybrids [39]. Genomic regions supporting the species tree
topology in late-stage speciation taxa apparently accumu-
lated owing to linked selection across the genome.
Nevertheless, this pattern is also expected to arise as a
result of background selection or selective sweeps unrelated
to reproductive barriers, effectively lowering N, for chromo-
somal regions with low recombination rates [31,32]. Despite
these confounding signals, recent simulation studies have
shown that background selection alone may not be sufficient
to explain recombination rate-dependent divergence land-
scapes in Ficedula flycatchers [85] and monkeyflowers [29],
and such modelling approaches using more extensive popu-
lation genomic data will be useful to further characterize the
architecture of RI in deeply divergent poplars.
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abbreviations follow figure 2.

In our five selected early-stage speciation taxa, the intro-
gression topology, topo4 (purple)—in which the locally
parapatric populations P. rotundifolia and central P. davidiana
were sister taxa—received even higher weightings than the
species tree, topol (pink) (figure 4). The introgression top-
ology also received consistently higher weightings in
well delimited chromosome segments along the genome
(electronic supplementary material, figure S3), which is remi-
niscent of haplotype signatures commonly observed with
introgressive gene flow [40,86]. Accordingly, P. rotundifolia
and P. davidiana exhibited extensive sharing of long IBD
tracts (figure 3). This might also explain the conspicuous
negative correlation between introgressed topology weight-
ings (topo4) and recombination rate seen for these species
(figure 5; electronic supplementary material, table S4), with

increased weightings at low recombination rates. Increased
introgression is not a priori expected in low recombination
regions [33,81]. The high introgressed topology weightings
at low recombination rates (figure 5) can alternatively result
from insufficient time to break up long haplotypes stemming
from recent introgressive gene flow. A strong positive corre-
lation of the introgression tree and recombination rates as
seen in other systems [87] may also be masked by extensive
levels of ILS among windows supporting topo4, as suggested
by the high frequency of the ‘mirrored’ topology, grouping
together eastern P. davidiana and P. rotundifolia (topol3,
magenta; figure 4). Topo13 also showed a weak negative cor-
relation with recombination rate, highlighting how extensive
standing variation in species with large N, may slow down
formation of strong reproductive barriers.
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4. Conclusion

Our literature survey of hybridizing flowering plant species
points to important roles for both pre- and post-zygotic bar-
riers in plant speciation, and indicates that barrier complexity
(i.e. the number of different barriers) is linked to an overall
reduction in gene flow. Future efforts should explore how
different aspects of life-history traits and mating systems
(for which plants exhibit extraordinary variation; [62]) mediate
the strength of this association, and how plants, animals and
fungi differ in this regard. The model tree genus Populus
offers suitable taxon pairs or groups for addressing the
evolution of strong RI during plant speciation; this includes
late-stage speciation taxa that are strongly isolated by multiple
barriers, but which nevertheless form fertile hybrids. An
important future task will be to assess the cumulative action
of different pre- and post-zygotic barriers in this group, and
how their effects become coupled towards the development
of strong RI [4,21]. Each single barrier effect may have a
simple or polygenic basis, and some traits may affect multiple
barriers [88]. Thus, we anticipate that understanding the
evolution of strong RI will benefit greatly from advances
in high-throughput phenotyping and the quantitative
evolutionary genomics of multivariate trait space.

Our phylogenomic data for a poplar species complex
mirrored those from our literature survey, with stronger diver-
gence and greatly reduced IBD tract sharing for late-stage
speciation taxa separated by multiple barriers, in contrast
with pronounced IBD sharing and topology discordance for
early-stage taxa separated mainly by a weak eco-geographic
barrier. Genome-wide variation in phylogenetic tree topologies
based on 36 sequenced genomes highlights the potential role
of both ancient and recent introgressive gene flow for the geno-
mic composition of extant poplar species. This is in addition to
ILS, which we must expect to be present at these evolutionary
time scales [51]. While the weightings (frequencies) of species
tree topologies—and their relationships with recombination
rate variation along the genome—were broadly consistent
with polygenic barriers and linked selection pinpointed by
other studies on Populus spp. [54,55], the lack of a strong

relationship of putatively introgressed topologies with recom-
bination rates highlights the complexities of barrier formation
in this group [39,89]. Complex architectures are expected to
arise from a number of factors including (i) high levels of
recombination and rapid LD decay along chromosomes in
poplars [52,53,55], (ii) long generation times accentuated by
the ability of viable genotypes to persist as clones [43], and
(iii) large N, which enables these completely outcrossing,
wind-pollinated tree species to hold extraordinary levels of
standing genetic variation. For early-stage speciation taxa,
the genome-wide topology/recombination rate relationship
pointed to a protracted speciation process and the absence
of strong barriers because of the apparent presence of both
long introgressed haplotype tracts and high levels of ILS.
A similarly protracted process may have been at work for
late-stage speciation taxa, supported by an extended period
of genetic exchange between the ancestor of P. adenopoda and
P. giongdoaensis and both P. tremula and P. alba. Indeed, phylo-
genomic approaches based on tree topology variation appear
to lend themselves to studies of the evolution of strong RI
during speciation and the extended time scales this may
take. In species complexes of poplars, it appears that despite
a polygenic basis of barriers, numbers of barrier loci are still
too low (relative to recombination rates and individual selec-
tion coefficients) to facilitate strong coupling [86] and thus to
prevent the escape of locally adaptive alleles. We hope this
work will encourage more studies exploring discordance and
concordance between patterns of RI seen through the lenses
of different, complementary approaches available to speciation
geneticists addressing different time scales.
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