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Abstract

Elucidating the mechanisms underlying the genetic divergence between closely related species is crucial to understanding the origin
and evolution of biodiversity. The genus Aquilegia L. has undergone rapid adaptive radiation, generating about 70 well-recognized
species that are specialized to distinct habitats and pollinators. In this study, to address the underlying evolutionary mechanisms that
drive the genetic divergence, we analyzed the whole genomes of two ecologically isolated Aquilegia species, A. oxysepala and A.
Japonica as well as their putative hybrid. Our comparative genomic analyses reveal that while the two species diverged only recently
and experienced recurrent gene flow, a high level of genetic divergence is observed in their nuclear genomes. In particular, candidate
genomic regions that show signature of selection differ dramatically between the two species. Given that the splitting time of the two
species is broadly matched with the decrease in effective population sizes, we propose that allopatric isolation together with natural
selection have preceded the interspecific gene flow in the process of speciation. The observed high genetic divergence is likely an
outcome of combined effects of natural selection, genetic drift and divergent sorting of ancestral polymorphisms. Our study provides
a genome-wide view of how genetic divergence has evolved between closely related species.
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Introduction

Unravelling the evolutionary mechanisms whereby the species
arise and adapt to diverse environments is fundamental to
understanding the origin and persistence of biodiversity
(Schluter 2000; Coyne and Orr 2004; Nosil 2012). A critical
step in elucidating this issue is to determine how the genetic
divergence evolved between incipient species and to what
extent it caused the occurrence of reproductive isolation (RI)
(Coyne and Orr 2004; Gavrilets 2004; Nosil and Feder 2012).
In general, the establishment of RI can be driven by either
natural selection acting on locally adaptive alleles (extrinsic

reproductive isolation) or by the evolution of genetic incom-
patibilities through genetic mutation, random drift, and ge-
nomic conflict (intrinsic reproductive isolation) (Crespi and
Nosil 2013; Seehausen et al. 2014; Trucchi et al. 2017). In
the model of speciation with gene flow, three fundamental
mechanisms can promote the evolution of Rl (Feder et al.
2012, 2013). The initial stage of genetic divergence is initiated
by natural selection directly acting on the loci correlated with
environmental differences or mate choice (Feder et al. 2013;
Riesch et al. 2017). Then, the combination of divergence
hitchhiking and genome hitchhiking may further promote
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the magnitude and spread of “genomic islands of
divergence” across the genome (Feder et al. 2012, 2013).
Genetic evidence supporting this “genic model of speciation”
(Wu 2001) was reported in diverse animals (e.qg., stickleback,
Darwin'’s finch, and cichlid) and plants (e.g., monkey flower
and Arabidopsis) (Hancock et al. 2011; Arnegard et al. 2014;
Lamichhaney et al. 2015; Malinsky et al. 2015; Ferris 2016).
On the other hand, reproductive barriers can also evolve in the
absence of gene flow through rare founder effects or rapid
evolution of RI associated with standing and/or novel varia-
tions (Mayr 1963; Barton and Charlesworth 1984; Gavrilets
2004, Kirkpatrick and Barton 2006; Nosil et al. 2017). In the
geographic speciation model, for example, genetic diver-
gence can arise rapidly as a result of geographic isolation
and random genetic drift (Wright 1943; Slatkin 1993).
These empirical studies suggest that Rl can evolve in the pres-
ence or absence of gene flow due to the combination of
different evolutionary mechanisms.

The genus Aquilegia L. is a model system to study the ge-
netic basis underpinning adaptive radiation and floral devel-
opment (Hodges and Derieg 2009; Kramer 2009; Kramer and
Hodges 2010; Sharma et al. 2014). This genus encompasses
~70 recently diversified species that are distributed in the
temperate zones of northern hemisphere and specialized to
distinct ecological habitats and pollinators (Munz 1946;
Hodges and Arnold 1994; Nold 2003; Kramer and Hodges
2010). Phylogenetic and biogeographic analyses revealed
Eastern Asia origin of the Aquilegia species, followed by
two independent adaptive radiations in North America and
Western Eurasia, respectively (Bastida et al. 2010; Fior et al.
2013). In North American columbines, floral or flower mor-
phologies and flower colors are specialized to different polli-
nators (Hodges and Derieg 2009). For example, the changes
in spur length and flower orientation are highly correlated
with the shifts of pollinators from bee to hummingbird and
hummingbird to hawkmonth (Fulton and Hodges 1999;
Hodges et al. 2002; Whittall and Hodges 2007). Genetic dis-
section of these floral traits revealed that nucleotide substitu-
tions and expression changes of genes involved in the
flavonoid pathway (e.g., CHS and ANS) and cell division
(e.g., KNOX and APETALA3) are tightly associated with the
floral morphological differences (Hodges and Derieg 2009;
Sharma and Kramer 2013; Yant et al. 2015). Among the
European columbines, climatic oscillations during the
Quaternary period resulted in the formation of multiple geo-
graphically and ecologically isolated species (Fior et al. 2013).
In contrast, while >20 morphologically distinct species are
identified in Asia, evolutionary mechanisms underlying the
diversification of these species remain largely unclear. Fior
et al. (2013) proposed that the central Asian species share
the most recent common ancestor (MRCA) with the
European columbines, and the North Asian species are estab-
lished through a back-to-Asia recolonization from the
European stock. In northeastern Asia, five well-recognized

species are found, of which the species A. amurensis and A.
parviflora are restricted to the northern Greater Khingan
Mountains and phylogenetically close to the North
American columbine species; the remaining three species,
A. viridiflora, A. oxysepala, and A. japonica, share the
MRCA with North Asian and European columbine species
(Fior et al. 2013). Of significance, the species pair, A. japonica
and A. oxysepala, are closely related species that inhabit the
alpine tundra and low altitude forest niches, respectively (Li
et al. 2011, 2014). Our previous study demonstrated that
although the two species diverged from each other recently
and experienced gene flow during the adaptation process,
high genetic divergence was observed at the analyzed loci
in the nuclear genome (Li et al. 2014). However, these obser-
vations mainly relied on a limited number of chloroplast and
nuclear loci, while the genome-wide patterns of genetic di-
vergence and natural selection remained uninvestigated.

In this study, a total of 32 accessions of the species A.
oxysepala and A. japonica were selected according to their
geographical distribution and genetic background. Our previ-
ous study identified putative hybrids in the contact zone of
the two species (Li et al. 2014). Here, we sequenced the
genomes of two accessions to assess genetic dynamics of
the parental genomes in the hybrid. In addition, Filiault
et al. (2018) proposed that the two allopatric species, A. ja-
ponica and A. sibirica, are derived from the MRCA but the
former species recently hybridized with a phylogenetically dis-
tinct but sympatrically distributed species, A. oxysepala. To
further test this speciation by hybridization model at the pop-
ulation level, we combined our genomic data with those from
five additional Aquilegia accessions (A. oxysepala, A. japonica,
A. sibirica, A. vulgaris, and A. coerulea) generated from Filiault
et al. (2018). The availability of these genomic data provides
an opportunity to address the demographic histories of these
Aquilegia species at the genome-wide scale. Specifically, com-
parative genomic analyses of the A. oxysepala and A. japonica
can shed light on the evolutionary mechanisms that have pro-
moted the genetic divergence.

Materials and Methods
Plant Materials and DNA Extraction

In our previous study, a total of 287 samples were collected to
represent the current geographic distributions of A. japonica,
A. oxysepala and their hybrids in northeastern China (Li et al.
2014). Here, 32 representative accessions of the two species
(16 A. oxysepala and 16A. japonica, respectively) and
two hybrids were selected (supplementary table ST,
Supplementary Material online). Genomic DNAs of the 34
samples were extracted from silica gel-dried mature leaves
using the TianGen plant genomic DNA Kit (TianGen, Tianjin,
China). Whole genome data of the four Aquilegia species, A.
vulgaris (SRR414349), A. sibirica (SRR415090), A. oxysepala
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(SRR414321), and A. japonica (SRR414399), were down-
loaded from the documented study of Filiault et al. (2018)
at GenBank. Genome assembly of the reference species A.
coerulea was obtained from Phytozome (https:/phytozome.
jgi.doe.gov). Of the five downloaded Aquilegia species, A.
vulgaris, and A. coerulea were used to represent the
European and North American columbine species, respec-
tively. The remaining three Asian columbine species (A. sibir-
ica, A. oxysepala, and A. japonica) were employed to confirm
their phylogenetic positions in the genus Aquilegia.

Sequencing, Mapping, and Genotyping

Short-insert (350 bp) DNA libraries of the 34 Aquilegia sam-
ples collected in this study were constructed by Beijing
Genomics Institute (BGI) in Shenzhen. Whole genome rese-
guencing was performed using the lllumina Hiseq 2000 plat-
form (lllumina, CA). All data generated in this study were
submitted to GenBank under the Bioproject number
PRINA433751. Raw reads of all Aquilegia accessions were
assessed by the program FastQC (Andrews 2010). Low quality
reads (>20% positions of the read with base quality <30)
were removed using NGStoolkit (Trivedi et al. 2014). Available
chloroplast genome sequence (AC253869) of the species A.
coerulea was downloaded from GenBank. The nuclear refer-
ence genome was obtained from Phytozome with the per-
mission from Elena Kramer and Scott Hodges. All filtered
reads were mapped against the chloroplast and nuclear ref-
erence genomes using BWA (Li and Durbin 2010) with the
default parameters. Single nucleotide polymorphisms (SNPs)
and insertions/deletions (INDELs) were reported using the pro-
gram SAMtools (Li et al. 2009) with our previously used
parameters (Li LF et al. 2017). Raw SNPs and INDELs were
filtered using our custom Perl scripts with the cutoff
“mapping quality (MQ) >20, read depth (RD) >3."” Missing
data in the data matrix was determined according to our
previous strategies (Jiang et al. 2018). All filtered variants
were subjected to the subsequent data analyses.

Phylogenetic and Population Structure Analyses

Incongruences between the nuclear and chloroplast phylog-
enies were reported in the genus Aquilegia, with the A. oxy-
sepala and A. japonica sharing most of their chloroplast
haplotypes (Li et al. 2014) but the former species possessing
a nuclear genome distinct to all other congeneric species
(Filiault et al. 2018). In this study, we employed the maximum
likelihood (ML), neighbor-joining (NJ), and unweighted pair
group method with arithmetic mean (UPGMA) methods to
infer the phylogenetic relationships of the 39 Aquilegia acces-
sions. Chloroplast and nuclear SNP matrices were generated
according to our previous strategies (Li MR et al. 2017): /) only
the SNPs that showed no missing data across all accessions
were retained; /i) the SNP matrix was then converted into
homozygous and heterozygous matrices using custom Perl

scripts. The homozygous matrix only includes the SNPs that
are homozygous across all accessions. In contrast, the hetero-
zygous matrix contains both homozygous and heterozygous
SNPs. NJ and UPGMA trees were constructed using MEGA
7.0 (Kumar et al. 2016) based on the homozygous and het-
erozygous matrices, respectively. The same SNP matrices were
also employed to construct ML trees using RAXML (Stamatakis
2014) and to calculate pair-wise genetic distances using
MEGA 7.0 (Kumar et al. 2016). Genetic assignments for
each of these Aquilegia accessions were performed based
on the nuclear genome data set using ADMIXTURE
(Alexander et al. 2009). Putative genetic clusters (K values)
were inferred from 1 to 10 with three independent iterations.
The best genetic assignment was estimated by comparing the
cross-validation error of each K value. Barplots of the resulting
genetic assignments were illustrated using our custom R
scripts.

Nucleotide Variation Pattern and Genome-Wide Scanning
of Selection

Nucleotide diversity (r), segregating site (S), and Tajima’s D
were calculated for the A. oxysepala and A. japonica and their
hybrid using VCFtools (Danecek et al. 2011), respectively. For
the nuclear genome, we performed a genome-wide assess-
ment with 100-kb nonoverlapping sliding window. In con-
trast, the chloroplast genome was treated as a single matrix
due to its short length (~129kb). The phylogenetic and pop-
ulation structure analyses detailed above revealed spatial ge-
netic structure of the two species, we therefore divided the
16 A. oxysepala accessions into southern and northern groups
according to their geographic locations and genetic back-
ground. Similarly, the 16 A. japonica accessions were also de-
fined as southern, middle and northern groups. Population
parameters (r, S, and Tajima’s D) of the chloroplast and nu-
clear genomes were also calculated for the five groups sepa-
rately. To evaluate if A. oxysepala and A. japonica share similar
nucleotide variation patterns, we compared the nucleotide
diversity (m) and Tajima’'s D for each of the 100-kb sliding
windows between the two species. Intra- and interspecific
genetic differentiation (Fst) was also calculated for the two
species using VCFtools (Danecek et al. 2011). The parameters
fixation site (Fs) and absolute differentiation (Dxy) were esti-
mated using Perl scripts. Distribution patterns of the nucleo-
tide diversity (7) and genetic divergence (Fst and Dxy) were
visualized using the R package Circos (Gu et al. 2014).
Significance of the overall nucleotide variation pattern (r
and Fst) within and between the two species was assessed
using t-test. Correlations of the nucleotide diversity and ge-
netic differentiation for each 100-kb sliding window were
evaluated at the group and species levels using the
Spearman correlation coefficient (p). To identify the genomic
regions under natural selection, we defined the top 5% low-
est nucleotide diversity (LND) windows as the candidates and
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compared them with high interspecific genetic differentiation
(HIGD) regions (top 5% windows). The candidate genomic
regions that showed HIGD with LND in either of the two
species were regarded as the targets of adaptive selection
during the ecological specialization. Likewise, the genomic
regions that showed HIGD with LND in both species are de-
fined as the targets of divergent selection in the process of
speciation. To further evaluate if selective sweep acts on the
two species, we performed genome-wide scanning across the
nuclear genome using SweeD (Pavlidis et al. 2013). Each chro-
mosome was divided into 2,000 bins and presence or absence
of a signature of selective sweep was determined by the value
of composite likelihood ration (CLR) statistic (Nielsen et al.
2005). Manhattan plot of selective sweep was visualized for
each species using the R package ggman (Turner 2014).

Demographic History and Gene Flow

To infer the demographic histories of A. oxysepala and A.
Japonica, fluctuations in effective population size of the two
species were simulated using SMC~++ (Terhorst et al. 2017).
Demographic histories of the three species (A. sibirica, A. vul-
garis, and A. coerulea) were not estimated due to the limita-
tion of available accessions used in this study. Input data were
converted from the VCF into SMC++ input format using the
command “smc++ vcf2smc.” Historical effective population
sizes of the two species were estimated with the command
“smc++ estimate.” The average mutation rate of the nuclear
genome was set to 1072 per bp per generation. To estimate
the splitting time between the A. oxysepala and A. japonica,
we simulated the joint frequency spectrums for both species
using one year as generation time. Then, we refined the mar-
ginal distribution into the joint demography using the com-
mand “smc++ split.” All results were visualized using the
command “smc++ plot.” As a complementary, we also es-
timated gene flow among these Aquilegia species using
Treemix (Pickrell and Pritchard 2012). Population ancestries
of these species were presented using a ML tree and only
the top five migration events were visualized. To assess the
degrees of genetic similarity among A. sibirica, A. oxysepala,
and A. japonica, we identified the shared and species-specific
variants (SNPs and INDELs) at both the chromosome and
whole-genome levels, respectively. Information of the SNPs
and INDELs was extracted from the VCF data set using Perl
scripts and visualized using the R package VennDiagram
(Chen and Boutros 2011).

Results

Sequence Polymorphism and Allele Frequency

Nucleotide diversity (= and S) of the chloroplast and nuclear
genomes was calculated for the two species and their hybrid
separately. At the species level, A. japonica (r = 0.002968
and S=3,647,897) possesses obviously higher nucleotide

diversity relative to the A. oxysepala (= = 0.002074 and
$=2,370,500) at the nuclear genome (table 1). It is surpris-
ing that although only two accessions were included, similar
level of nucleotide diversity (z = 0.003626 and
$=1,927,265) is found in the hybrid. At the group level,
the southern group of A. oxysepala exhibits relatively higher
nucleotide diversity (= = 0.002068 and S = 2,045,488) com-
pared to the northern group (x = 0.001907 and
$=1,582,564) (table 1). In contrast, the northern group of
A. japonica (r = 0.003094 and S=2,700,605) harbors the
highest level of nucleotide diversity than those of the south-
e (r = 0.002535 and S=2,151,279) and middle (x =
0.002434 and S=1,725,215) groups (table 1). A similar
phenomenon is also observed at the chloroplast genome
where A. japonica (r = 0.000311 and S= 174) preserves
higher nucleotide diversity compared to A. oxysepala (n =
0.00255 and S = 144) and hybrid (z = 0.000261 and S = 65)
(table 1). We also calculated the nucleotide diversity for each
100-kb sliding window for the two species. While A. japon-
ica harbors relatively higher nucleotide diversities than those
of the A. oxysepala at both the group and species levels
(fig. 1A), nucleotide variation patterns of the two species
are highly correlated across the nuclear genome
(Spearman’s p = 0.876) (fig. 1B and supplementary fig.
S1A, Supplementary Material online). The spectrum of allele
frequency of the two species was also assessed for the chlo-
roplast and nuclear genome, respectively. For the nuclear
genome, both A. oxysepala and hybrid exhibit positive
Tajima’s D values (from 0.139771 to 0.330145) at the group
and species levels (table 1). Similarly, while A. japonica shows
negative value at the species level (Tajima’'s D =
—0.141642), positive Tajima’s D values (from 0.081742 to
0.416392) are observed in all the three groups. For the chlo-
roplast genome, both species and their hybrids possess pos-
itive Tajima’s D values (from 0.134931 to 1.148800) at the
group and species levels (table 1). Similar to the genome-
wide pattern of nucleotide diversity, the two species also
show moderate correlation (Spearman'’s p = 0.281) for the
allele frequency of these 100-kb sliding windows (supple-
mentary fig. S1B, Supplementary Material online).

Phylogenetic Relationship and Genome-Wide Pattern of
Genetic Divergence

To evaluate the phylogenetic relationships among the 39
Aquilegia accessions, ML, NJ, and UPGMA trees were con-
structed for each chromosome and whole-genome, respec-
tively. All these phylogenetic trees reveal long branch lengths
in the three species, A. coerulea, A. vulgaris, and A. sibirica
(supplementary figs. S2-S4, Supplementary Material online).
In the ML trees, for example, phylogenetic positions of the
three congeneric species vary obviously among the seven
chromosomes  (supplementary fig. S2, Supplementary
Material online). In contrast, their topologies in the NJ and
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dashed and solid lines represent the nucleotide diversity (x) for each group and species of A. japonica (green) and A. oxysepala (red), respectively. (B) The four
layers from outside to inner are the genetic differentiation (Fs), absolute divergence (Dxy), and nucleotide diversity (z) for the A. oxysepala and A. japonica,
respectively. (C) The bolded red line represents the genetic divergence (Fst) between the A. oxysepala and A. japonica at the species level. Blue and orange
colors are the genetic divergence between the allopatric and sympatric groups of the two species. Green and purple colors represent the intraspecific genetic
differentiation within the A. oxysepala and A. japonica, respectively.

Table 1
Nucleotide Diversity (z and S) and Allele Frequency (Tajima’s D) of Aquilegia japonica, A. oxysepala, and Their Putative Hybrids at the Group and Species
Levels

Species Name® Chloroplast Genome Nuclear Genome
n st Tajima’s D T s Tajima’s D
Aquilegia oxysepala 0.000255 144 0.242280 0.002074 2,370,500 0.139771
Southern 0.000264 135 0.134931 0.002068 2,045,488 0.229483
Northern 0.000242 94 0.742876 0.001907 1,582,564 0.330145
Putative hybrid 0.000261 65 1.148800 0.003626 1,927,265 0.151986
Aquilegia japonica 0.000311 174 0.299647 0.002968 3,647,897 —0.141642
Southern 0.000241 99 0.472760 0.002535 2,151,279 0.218674
Middle 0.000202 69 0.677631 0.002434 1,725,215 0.416392
Northern 0.000314 132 0.374022 0.003094 2,700,605 0.081742

2Southern, northern, and middle represent all accessions from the southern, northern, and middle group of the two species, respectively.
bOnly the biallelic variants were considered.
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UPGMA trees are broadly consistent across the seven chro-
mosomes (supplementary figs. S3 and S4, Supplementary
Material online). To this end, we employed the UPGMA
method to generate rooted trees in this study. In the chloro-
plast tree, while most of the clades show low bootstrap sup-
port (BS <50%), the three species, A. coerulea, A. vulgaris,
and A. sibirica, are placed in the basal clades with high sup-
port (BS = 84%) (fig. 2A and supplementary fig. S4,
Supplementary Material online). Of A. oxysepala and A. ja-
ponica, accessions of the two species and their hybrids are
mixed and formed a clade (fig. 2A and supplementary fig. 54,
Supplementary Material online). In the nuclear UPGMA trees,
topologies of the five Aquilegia species are highly similar to
the chloroplast tree, with the three basal species, A. sibirica, A.
coerulea, and A. vulgaris, possessing long branches in both
the homozygous and heterozygous trees (supplementary fig.
S5, Supplementary Material online) and accessions of A. ja-
ponica and A. oxysepala clustering as a clade (fig. 2B and
supplementary fig. S4, Supplementary Material online).
However, we find that while accessions of the two species
fall into two separated lineages at the whole-genome level,
they are phylogenetically indistinguishable for chromosomes
3, 4, 5, 6, and 7 (supplementary fig. S4, Supplementary
Material online). To further examine the population structures
of these Aquilegia accessions, we estimated the genetic
assignments based on the nuclear genome data set.
Estimates of the CV values indicate that the K=2 is the
best genetic cluster (supplementary table S2, Supplementary
Material online). Consistent with the above UPGMA topolo-
gies, A. japonica and A. oxysepala show distinct genetic clus-
ters and the two hybrids possess both parental genetic
assignments (fig. 2C, K=2). We find that spatial genetic
structure is identified when the K values are >2 (supplemen-
tary fig. S6, Supplementary Material online, K= 3-5), in par-
ticular, the two hybrid accessions share the same genetic
assignments with geographically closed parental groups.
Notably, genetic assignments of A. sibirica and A. vulgaris
are changed in different K values, with both species possess-
ing a nuclear genome more similar to A. japonica. A similar
phenomenon is also found in the Venn analyses, that is, while
A. japonica and A. oxysepala possess the highest proportion
of shared variants in the comparisons (29.52-35.04% of the
total variants), both A. sibirica and putative hybrid share rela-
tively more variants with A. japonica (18.71% and 31.42%)
compared to A. oxysepala (14.28% and 25.15%) at both the
chromosome and whole-genome levels (fig. 2D and E, sup-
plementary tables S3 and S4, Supplementary Material online).
However, pair-wise genetic distances between A. oxysepala
and A. japonica (0.003-0.020) are 10 times smaller than
those of between the two species and the other three con-
genic species (0.282-0.358) at each chromosome
and the whole-genome levels (supplementary table S5,
Supplementary Material online), supporting the above phylo-
genetic analyses that the two species are sister species.

In addition, our comparisons also show that high percentages
of species-specific variants are identified in the three species
(16.81-29.37% of the total variants) (fig. 2D and E, supple-
mentary tables S3 and 5S4, Supplementary Material online).
We next calculated genetic differentiation between A. ja-
ponica and A. oxysepala for the chloroplast and nuclear
genomes, respectively. At the whole-genome level, high in-
terspecific genetic divergence is found at both the group (Fst
= 0.378553-0.509186) and species (Fst = 0.400439) levels
(table 2). In addition, our results also reveal that the intraspe-
cific Fst values between the sympatric groups (Fst =
0.378553-0.477948) are not significantly different from
those of between the allopatric groups (Fst = 0.381113-
0.509186) (t-test, P=0.50). In contrast, significantly lower
(t-test, P=0.00) intraspecific genetic differentiation (Fst =
0.065429-0.135847) is observed compared to those of the
interspecific genetic divergence (Fst = 0.378553-0.509186)
(fig. 1B and table 2). In the chloroplast genome, however, no
significant differences in the Fst values are found in the com-
parisons at both group (t-test, P=0.59) and species (t-test,
P=0.93) levels (table 2). At the chromosome level, our anal-
yses reveal heterogeneous patterns of genetic divergence (Fs,
Dxy and Fst) among the seven chromosomes, with chromo-
some 4 exhibiting obviously lower genetic divergence com-
pared to the other six chromosomes (fig. 1B, supplementary
tables S6 and S7, Supplementary Material online). Specifically,
3,430 (87.3%) of the 3,930 fixation sites (Fs) are identified on
chromosomes 1 and 2 (supplementary table S7,
Supplementary Material online). At the genome-wide level,
interspecific Fst values of these 100-kb sliding windows are
highly similar between the sympatric and allopatric groups of
the two species (Spearman’s p = 0.83-0.95) (fig. 10).
Specifically, the patterns of interspecific genetic divergence
between the sympatric/allopatric groups are also highly cor-
related with that of the species level (Spearman’s p = 0.93—
0.96) (supplementary fig. S7, Supplementary Material online).
These aforementioned comparisons suggest that the two spe-
cies possess high genetic divergence but nevertheless have
similar nucleotide variation patterns in the nuclear genome.

Natural Selection and Demographic History

High genetic divergence between closely related species indi-
cates the possibility of strong natural selection in the process
of speciation and adaptation. We therefore identified the se-
lection genomic regions by comparing the HIGD (the top 5%
highest) with LND (the top 5% lowest) in the two species.
Surprisingly, only one and seven of the 147 species-specific
LNDs overlap with the HIGDs (Fst >0.613320) in A. japonica
(r <0.000512) and A. oxysepala (r <0.000380), respectively
(supplementary fig. S8, Supplementary Material online). More
importantly, while 129 (87.8%) of the 147 LNDs share
between the two species, only one of these shared LNDs
(chr03: 16.8-16.9 Mb) overlaps with the HIGDs
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c A. vulgarls
A. oxysepala Hybrid A. japonica  A. sibirica |
Southern Northern Hybrid  Northern Southern Middle
D A. sibirica E Hybrid
1,107,598 70,839
(16.81%) (1.28%)

352,291 60,324
(5.35%) (0.92%)

519,957
(9.37%)

1,934,997 1,188,043 1,767,331 1,076,787
(29.37%) (18.03%) (31.84%) (19.40%)
A. japonica A. oxysepala A. japonica A. oxysepala

Fic. 2.—Phylogenetic and population genetic analyses of the 39 Aquilegia accessions used in this study. (A and B) UPGMA trees of the 39 Aquilegia
accessions based on chloroplast (4) and nuclear (B) genomes, receptively. Red, blue, and green colors represent the species Aquilegia japonica, A. oxysepala,
and their putative hybrid, respectively. Black, the three congeneric species A. sibirica, A. vulgaris, and A. coerulea. Circle, diamond, and star indicate the
south, north, and middle groups of the two Aquilegia species. Length for each branch is not shown. (C) Genetic assignments of the Aquilegia accessions
based on the nuclear genome (K= 2). (D and £) Venn analyses of the shared and specie-specific among the species A. oxysepala, A. japonica, their putative
hybrid and closely related species A. sibirica.

Table 2
Genetic Differentiation (Fsy) between Aquilegia japonica and A. oxysepala at the Group and Species Levels
Comparison Type Group Name?® Chloroplast Genome Nuclear Genome
Interspecific Species level Oxotal V5. Jrotal 0.069224 0.400439
Sympatric group Osouth VS- Jsouth 0.140681 0.477948
Ohorth VS- Jnorth 0.109502 0.378553
Allopatric group Osouth VS. Jnorth 0.082329 0381113
Onorth V- Jsouth 0.139866 0.490618
Osouth VS. Jmiddle 0.162925 0.488965
Ohorth VS. Jmiddie 0.211748 0.509186
Intraspecific Within A. oxysepala Onorth VS. Osouth —0.014809 0.065429
Within A. japonica Jnorth VS. Jsouth 0.194886 0.135847
Jnorth VS. Imiddle 0.096664 0.132636
Jsouth VS. Imiddle 0.268048 0.107843

20 and J represent the species Aquilegia oxysepala and Aquilegia japonica, respectively; total, accessions of the two species were combined according to their taxonomic
rank; south, north, and middle represent all accessions from the southern, northern, and middle groups of the two species, respectively.

(supplementary fig. S8, Supplementary Material online). In 14,000 bins, 66 (0.47%) and 73 (0.52%) selective sweep
contrast, 38 of the shared LNDs (25.9%) exhibit low genetic regions have the CLR values >20 in A. japonica and A. oxy-

divergence (the lowest 5%, Fst <0.038058) (supplementary sepala (fig. 3), respectively. Similar to the selection analyses,
fig. S8, Supplementary Material online). We also determined none of these selection bins overlap between the two species
the selective sweeps in each of the two species. Among the (fig. 3). Demographic histories of A. japonica and A. oxysepala
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Fic. 3.—Genome-wide scanning of the selective sweep across the nuclear genomes of the Aquilegia oxysepala and A. japonica. Red dashed lines are the
CLR value 20 in the two species. Each dot represents one bin on each chromosome.

were also simulated using the nuclear genome data set.
Fluctuations in effective population size are found in both
species during the past 10°years (supplementary fig. S9A,
Supplementary Material online). Specifically, the estimated
splitting time of the two species is broadly matched with
the genetic bottleneck events (supplementary fig. S9B,
Supplementary Material online). Further simulations of the
evolutionary trajectory reveal both historical and recurrent
gene flow events among these Aquilegia species (supplemen-
tary fig. S10, Supplementary Material online). For example,
recurrent gene flow is detected from both A. japonica and A.
oxysepala to their putative hybrids. Likewise, historical gene
flow is also identified between A. oxysepala and other con-
generic species.

Discussion

Evolutionary Mechanisms Underlying the Rapid Genetic
Divergence

Identifying the underlying evolutionary mechanisms that
cause genetic divergence between closely related species is
key to understanding the evolution of RI. The general view
holds that closely related species are expected to show high
level of genetic similarity because their recent divergence from
a common ancestor, incomplete sorting of ancestral polymor-
phisms, and gene flow during and after the speciation (Nosil
and Feder 2012; Seehausen et al. 2014; Wolf and Ellegren
2017). In the case of Darwin’s finches, for example,

polyphyletic relationships with high genetic similarities were
found among the morphologically and ecologically distinct
species (Lamichhaney et al. 2015, 2018). Population genomic
analyses have demonstrated that the combination of ancient
polymorphisms, gene flow, and natural selection has resulted
in a heterogeneous pattern of genetic divergence among
these finch species (Han et al. 2017). In plants, a similar phe-
nomenon was observed in wild sunflowers in which genomic
divergences between the sympatric and parapatric species
pairs are shaped by natural selection, local genomic land-
scape, and recombination rate (Renaut et al. 2013, 2014).

In this study, population genomic analyses have confirmed
our previous observation that the two species, A. oxysepala
and A. japonica, are phylogenetically indistinguishable at the
chloroplast genome level (Li et al. 2014). It is not surprising that
rapid adaptive radiation together with low mutation rate of
the chloroplast genome has resulted in the low phylogenetic
resolution among the columbine species (Fior et al. 2013),
particularly between the two closely related species that are
diverged recently (<50,000 years) with ongoing gene flow (Li
et al. 2014). With this reasoning, the shared ancestral poly-
morphisms as well as gene flow might be the potential evo-
lutionary mechanisms that generated the admixture genetic
pattern of the two species at the chloroplast genome. In fact,
low genetic divergence at the nuclear genome was also ob-
served in the North American and European columbine species
(Hodges and Arnold 1994; Whittall et al. 2006; Cooper et al.
2010; Noutsos et al. 2014, Garrido et al. 2017). For example,
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while the two species, A. formosa and A. pubescens, are mor-
phologically and ecologically distinct, they are indistinguishable
at the nuclear genes and interspecific hybridization occurs fre-
guently in the contact zone (Hodges and Arnold 1994,
Whittall et al. 2006; Cooper et al. 2010; Noutsos et al.
20714). Similar admixture genetic pattern was also found in
the Iberian columbine species complex where all sampled pop-
ulations are clustered as geographically structured lineages in-
stead of their taxonomic ranks (Garrido et al. 2017).
Nevertheless, both this and our previous study (Li et al.
2014) revealed high genetic divergence between A. oxysepala
and A. japonica in the nuclear genome. Importantly, genome-
wide comparisons of the sympatric and allopatric groups be-
tween the two species have revealed highly similar nucleotide
variation patterns (Fst and =) across the nuclear genome.
Based on the comparative genomic analyses of 10 worldwide
columbine species, Filiault et al. (2018) proposed a speciation
with hybridization model, with A. japonica sharing the MRCA
with A. sibirica but experiencing recent hybridization with the
basal species A. oxysepala. Under this hypothesis, the observed
high genetic divergence is possibly due to the distant phylo-
genetic relationships between A. japonica and A. oxysepala.
However, this speciation model mainly relied on the nuclear
genome with only one accession for each species and without
taking into account of the chloroplast genome. Consistent
with previous studies (Bastida et al. 2010; Fior et al. 2013; Li
et al. 2014), our chloroplast and nuclear phylogenies clearly
confirmed the sister group relationship between A. oxysepala
and A. japonica at the population level. According to the Flora
of China and our observations, A. japonica and A. oxysepala
are sympatrically distributed in the northeastern China but
show obvious differences in ecological niches and morpholog-
ical traits. In contrast, the allopatric species pair, A. japonica
and A. sibirica (distributed in northwestern China and Central
Asia), share highly similar ecological habitats and morpholog-
ical traits. Previous phylogenetic and biogeographic analyses
based on the chloroplast genome suggested a recolonization
origin of these Asian columbine species from European stock
(Fior et al. 2013). Taking these attributes together, we propose
a possible scenario that A. sibirica might have split from the
common ancestor at first; then, adaptive speciation occurred
between A. japonica and A. oxysepala during the recoloniza-
tion process.

Given that divergence between A. japonica and A. oxy-
sepala is broadly matched with the shrinkage of effective
population size and the nucleotide variation patterns (Fst
and n) are highly similar at both the group and species
levels, we propose that the observed high genetic diver-
gence in the nuclear genome is at least partially due to the
geographical isolation at the initial speciation stage. In
fact, this hypothesis was documented in the Heliconius
spp. butterflies in which genomic divergences are obvi-
ously higher in the species pairs with geographical isola-
tion at the early speciation stage compared to those

without initial geographical isolation (Martin et al. 2013).
On the other hand, it was found in the paraphyletic species
pair, Populus euphratica and P. pruinosa, that divergent
sorting of ancient polymorphisms followed by genome
hitchhiking has driven the genome-wide genetic diver-
gence (Ma et al. 2018). In our case, high proportion of
species-specific variants together with very few shared se-
lective candidates (e.g., selective sweeps) suggests that
divergent sorting of ancestral polymorphisms in the ances-
tral allopatric populations and divergence hitchhiking dur-
ing and after the speciation might have further promoted
the genetic divergence between the two species. Taken
together, our population genomic analyses based on
both chloroplast and nuclear genomes provide a frame-
work on how the combination of shared ancestral poly-
morphisms, allopatric isolation, and natural selection have
shaped the genomic architectures of the two ecologically
isolated species.

Speciation with Allopatric Isolation Followed by
Adaptation to Contrasting Environments

The question of whether the reproductive barrier between
incipient species evolves with or without gene flow has
long been a central topic in the evolutionary biology
(Feder et al. 2013; Wolf and Ellegren 2017). In the geo-
graphic (allopatric) model, speciation with gene flow
should be very rare in nature as it will break down the
reproductive barriers by homogenizing the gene pools
(Mayr 1942; Oka 1957; Orr 1995). However, Wu (2001)
argued that gene flow can occur at genomic regions that
are selectively neutral during the speciation. Examples of
the genic speciation model were typically observed in the
Heliconius melpomene where the Rls between different
races evolve rapidly in the face of gene flow excepting
for genomic regions associated with the adaptive apose-
matic colors (Dasmahapatra et al. 2012; Nadeau et al.
2012). In our study, while A. oxysepala and A. japonica
diverged from each other very recently, a suite of adaptive
traits (e.g., plant height and leaf area) that are specialized
to contrasting ecological niches have been developed (Li
et al. 2011, 2014). In particular, demographic simulation
reveals gene flow in both the chloroplast (Li et al. 2014)
and nuclear (this study) genomes. These findings point to
possible ecological speciation of the two species. With this
scenario, one would expect to see a heterogeneous pat-
tern of genetic divergence between the incipient species,
with natural selection generating the genomic islands of
divergence but gene flow homogenizing the rest of the
genome (Via and West 2008; Nosil et al. 2009).
However, our study reveals unexpectedly high genome-
wide genetic divergence between A. oxysepala and A. ja-
ponica. The heterogeneous patterns of genetic divergence
among the chromosomes are mainly due to the unique
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evolutionary history of chromosome 4 (Filiault et al. 2018).
With this reasoning, it is more likely that allopatric isolation
precludes genetic exchanges at the initial speciation stage.
Gene flow detected between the two species possibly oc-
curred after the speciation and/or during the adaptation
process. The putative hybrids of the two species were
formed through hybridization after secondary contact.
The allopatric divergence with secondary contact model
was also reported in the north American lake whitefish
in which repeated divergence of benthic normal and lim-
netic dwarf ecotypes from allopatric populations followed
by secondary contact during the LGM has led to the estab-
lishment of RIs between different whitefish ecotypes
(Rogers and Bernatchez 2007; Renaut et al. 20171,
Gagnaire et al. 2013). To further test this speciation with
allopatric isolation model, we assessed the impacts of nat-
ural selection on RI evolution. In the case where natural
selection acts on a large number of small effect genes
during the speciation, one would expect to identify candi-
date genomic regions that show differentially high genetic
divergence between A. oxysepala and A. japonica with low
nucleotide diversity within both species. However, very
few candidate genomic regions of this kind are identified
in the nuclear genome of the two species. In contrast,
candidate selective sweep regions differ almost entirely
between the two species. In this scenario, adaptive selec-
tion in the process of ecological specialization, rather than
divergent selection during speciation, associated with al-
lopatric isolation cause the observed high genetic diver-
gence between the two species. Another possibility is
that divergent selection acts on few large effect genes in
the process of speciation; then, allopatric isolation during
the ecological specialization further promotes the genetic
divergence. Taken together, these observations above
suggest that speciation between the two ecologically
and morphologically distinct species has been involved in
an initial stage of allopatric isolation without gene flow,
and then, natural selection further promotes the genetic
divergence. Our study provides a genome-wide view of
how RIs evolve between closely related Aquilegia species.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.

Acknowledgments

We thank David Bryant and the two anonymous reviewers for
their constructive comments that greatly improved our man-
uscript. We also thank Xu-Tong Wang and Yu-Xin Zhou for
helping to collect the Aquilegia samples used in this study. We
are also grateful to Elena M. Kramer and Scott A. Hodges for
their permission to access the reference genome of Aquilegia
coerulea at Phytozome (https:/phytozome.jgi.doe.gov/pz/

portal.html#! info? alias Org_Acoerulea). This work was sup-
ported by the National Natural Science Foundation of China
(31670382) and Start-up funding at Fudan University
(JIH1322105).

Literature cited

Alexander DH, Novembre J, Lange K. 2009. Fast model-based estimation
of ancestry in unrelated individuals. Genome Res. 19(9):1655-1664.

Andrews S. 2010. FastQC: a quality control tool for high throughput se-
guence data. Available from: http:/Avww.bicinformatics.babraham.
ac.uk/projects/fastqd, last accessed December 21, 2017.

Arnegard ME, et al. 2014. Genetics of ecological divergence during spe-
ciation. Nature 511(7509):307.

Barton NH, Charlesworth B. 1984. Genetic revolutions, founder effects,
and speciation. Annu Rev Ecol Syst. 15(1):133-164.

Bastida JM, Alcantara JM, Rey PJ, Vargas P, Herrera CM. 2010. Extended
phylogeny of Aquilegia: the biogeographical and ecological patterns
of two simultaneous but contrasting radiations. Plant Syst Evol. 284(3—
4):171-185.

Chen H, Boutros PC. 2011. VennDiagram: a package for the generation of
highly-customizable Venn and Euler diagrams in R. BMC
Bioinformatics 12(1):35.

Cooper EA, Whittall JB, Hodges SA, Nordborg M. 2010. Genetic variation
at nuclear loci fails to distinguish two morphologically distinct species
of Aquilegia. PLoS One 5(1):e8655.

Coyne JA, Orr HA. 2004. Speciation. Sunderland (MA): Sinauer Associates,
Inc.

Crespi B, Nosil P. 2013. Conflictual speciation: species formation via ge-
nomic conflict. Trends Ecol Evol. 28(1):48-57.

Danecek P, et al. 2011. The variant call format and VCFtools.
Bioinformatics 27(15):2156-2158.

Dasmahapatra KK, et al. 2012. Butterfly genome reveals promiscuous
exchange of mimicry adaptations among species. Nature
487(7405):94.

Feder J, Flaxman S, Egan S, Nosil P. 2013. Hybridization and the build-up of
genomic divergence during speciation. J Evol Biol. 26(2):261-266.
Feder JL, Egan SP, Nosil P. 2012. The genomics of speciation-with-gene-

flow. Trends Genet. 28(7):342-350.

Ferris KG. 2016. A hot topic: the genetics of adaptation to geothermal
vents in Mimulus guttatus. Mol Ecol. 25(22):5605-5607.

Filiault D, et al. 2018. The Aquilegia genome: adaptive radiation and an
extraordinarily polymorphic chromosome with a unique history.
bioRxiv 264101.

Fior S, et al. 2013. Spatiotemporal reconstruction of the Aquilegia rapid
radiation through next-generation sequencing of rapidly evolving
cpDNA regions. New Phytol. 198(2):579-592.

Fulton M, Hodges SA. 1999. Floral isolation between Aquilegia formosa
and Aquilegia pubescens. Philos Trans R Soc Lond B Biol Sci.
266(1435):2247-2252.

Gagnaire PA, Pavey SA, Normandeau E, Bernatchez L. 2013. The genetic
architecture of reproductive isolation during speciation-with-gene-
flow in lake whitefish species pairs assessed by rad sequencing.
Evolution 67(9):2483-2497.

Garrido JL, et al. 2017. Geographic genetic structure of Iberian columbines
(gen. Aquilegia). Plant Syst Evol. 303(9):1145-1160.

Gavrilets S. 2004. Fitness landscapes and the origin of species (MPB-41).
New Jersey: Princeton University Press.

Gu Z, Gu L, Eils R, Schlesner M, Brors B. 2014. circlize implements and
enhances circular visualization in R. Bioinformatics 30(19):2811-2812.

Han F, et al. 2017. Gene flow, ancient polymorphism, and ecological
adaptation shape the genomic landscape of divergence among
Darwin’s finches. Genome Res. 27(6):1004-1015.

928 Genome Biol. Evol. 11(3):919-930 doi:10.1093/gbe/evz038 Advance Access publication February 21, 2019


https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evz038#supplementary-data
https://phytozome.jgi.doe.gov/pz/ portal.html#
https://phytozome.jgi.doe.gov/pz/ portal.html#
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Speciation between Aquilegia japonica and A. oxysepala

GBE

Hancock AM, et al. 2011. Adaptation to climate across the Arabidopsis
thaliana genome. Science 334(6052):83-86.

Hodges SA, Arnold ML. 1994. Columbines: a geographically widespread
species flock. Proc Natl Acad Sci U S A. 91(11):5129-5132.

Hodges SA, Derieg NJ. 2009. Adaptive radiations: from field
to genomic studies. Proc Natl Acad Sci U S A. 106(Suppl 1):
9947-9954.

Hodges SA, Whittall JB, Fulton M, Yang JY. 2002. Genetics of floral traits
influencing reproductive isolation between Aquilegia formosa and
Aquilegia pubescens. Am Nat. 159(53):551-560.

Jiang P, et al. 2018. Positive selection driving cytoplasmic genome evolu-
tion of the medicinally important ginseng plant genus Panax. Front
Plant Sci. 9:359.

Kirkpatrick M, Barton N. 2006. Chromosome inversions, local adaptation
and speciation. Genetics 173(1):419-434.

Kramer EM. 2009. Aquilegia: a new model for plant development, ecol-
ogy, and evolution. Annu Rev Plant Biol. 60:261-277.

Kramer EM, Hodges SA. 2010. Aquilegia as a model system for the evo-
lution and ecology of petals. Philos Trans R Soc Lond B Biol Sci.
365(1539):477-490.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol.
33(7):1870-1874.

Lamichhaney S, et al. 2015. Evolution of Darwin's finches and their beaks
revealed by genome sequencing. Nature 518(7539):371.

Lamichhaney S, et al. 2018. Rapid hybrid speciation in Darwin’s finches.
Science 359(6372):224-228.

Li H, Durbin R. 2010. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics 26(5):589-595.

Li H, et al. 2009. The sequence alignment/map format and SAMtools.
Bioinformatics 25(16):2078-2079.

Li LF, et al. 2014. Phenotypic and genetic evidence for ecological speciation
of Aquilegia japonica and A. oxysepala. New Phytol.
204(4):1028-1040.

Li LF, et al. 2017. Signatures of adaptation in the weedy rice genome. Nat
Genet. 49(5):811-814.

Li LF, Liao QL, Xiao HX. 2011. Genomic and EST microsatellite markers for
Aquilegia flabellata and cross-amplification in A. oxysepala
(Ranunculaceae). Am J Bot. 98(8):e213-e215.

Li MR, et al. 2017. Genome-wide variation patterns uncover the origin and
selection in cultivated ginseng (Panax ginseng Meyer). Genome Biol
Evol. 9(9):2159-2169.

Ma T, et al. 2018. Ancient polymorphisms and divergence hitchhiking
contribute to genomic islands of divergence within a poplar species
complex. Proc Natl Acad Sci U S A. 115(2):E236-E243.

Malinsky M, et al. 2015. Genomic islands of speciation separate
cichlid ecomorphs in an East African crater lake. Science
350(6267):1493-1498.

Martin SH, et al. 2013. Genome-wide evidence for speciation with gene
flow in Heliconius butterflies. Genome Res. 23(11):1817-1828.

Mayr E. 1963. Animal speciation and evolution. Cambridge: Harvard
University Press.

Mayr E. 1942. Systematics and the origin of species, from the viewpoint of
a zoologist. New York: Columbia University Press.

Munz PA. 1946. Aquilegia: the cultivated and the wild Columbines.
Gentes Herbarium 7:1-150.

Nadeau NJ, et al. 2012. Genomic islands of divergence in hybridizing
Heliconius butterflies identified by large-scale targeted sequencing.
Philos Trans R Soc Lond B Biol Sci. 367(1587):343-353.

Nielsen R, et al. 2005. Genomic scans for selective sweeps using SNP data.
Genome Res. 15(11):1566-1575.

Nold R. 2003. Columbines: aquilegia, paraquilegia and semiaquilegia.
Portland: Timber Press.

Nosil P. 2012. Ecological speciation. Oxford: Oxford University Press.

Nosil P, Feder JL. 2012. Genomic divergence during speciation: causes and
consequences. Philos Trans R Soc Lond B Biol Sci. 367(1587):332-342.

Nosil P, Feder JL, Flaxman SM, Gompert Z. 2017. Tipping points in the
dynamics of speciation. Nat Ecol Evol. 1(2):1.

Nosil P, Funk DJ, Ortiz-Barrientos D. 2009. Divergent selection and hetero-
geneous genomic divergence. Mol Ecol. 18(3):375-402.

Noutsos C, Borevitz J, Hodges SA. 2014. Gene flow between nascent
species: geographic, genotypic and phenotypic differentiation within
and between Aquilegia formosa and A. pubescens. Mol Ecol.
23(22):5589-5598.

Oka HI. 1957. Genic analysis for the sterility of hybrids between distantly
related varieties of cultivated rice. J Genet. 55(3):397-409.

Orr HA. 1995. The population genetics of speciation: the evolution of
hybrid incompatibilities. Genetics 139(4):1805-1813.

Pavlidis P, Zivkovi¢ D, Stamatakis A, Alachiotis N. 2013. SweeD: likelihood-
based detection of selective sweeps in thousands of genomes. Mol
Biol Evol. 30(9):2224-2234.

Pickrell JK, Pritchard JK. 2012. Inference of population splits and
mixtures from genome-wide allele frequency data. PLoS Genet.
8(11):e1002967.

Renaut S, et al. 2013. Genomic islands of divergence are not affected by
geography of speciation in sunflowers. Nat Commun. 4:1827.

Renaut S, Nolte AW, Rogers SM, Derome N, Bernatchez L. 2011. SNP
signatures of selection on standing genetic variation and their associ-
ation with adaptive phenotypes along gradients of ecological specia-
tion in lake whitefish species pairs (Coregonus spp.). Mol Ecol.
20(3):545-559.

Renaut S, Owens GL, Rieseberg LH. 2014. Shared selective pressure and
local genomic landscape lead to repeatable patterns of genomic di-
vergence in sunflowers. Mol Ecol. 23(2):311-324.

Riesch R, et al. 2017. Transitions between phases of genomic differentia-
tion during stick-insect speciation. Nat Ecol Evol. 1(4):0082.

Rogers S, Bernatchez L. 2007. The genetic architecture of ecological spe-
ciation and the association with signatures of selection in natural lake
whitefish (Coregonus sp. Salmonidae) species pairs. Mol Biol Evol.
24(6):1423-1438.

Schluter D. 2000. The ecology of adaptive radiation. Oxford: Oxford
University Press.

Seehausen O, et al. 2014. Genomics and the origin of species. Nat Rev
Genet. 15(3):176.

Sharma B, Kramer E. 2013. Sub- and neo-functionalization of APETALA3
paralogs have contributed to the evolution of novel floral organ iden-
tity in Aquilegia (columbine, Ranunculaceae). New Phytol.
197(3):949-957.

Sharma B, Yant L, Hodges SA, Kramer EM. 2014. Understanding the de-
velopment and evolution of novel floral form in Aquilegia. Curr Opin
Plant Biol. 17:22-27.

Slatkin M. 1993. Isolation by distance in equilibrium and non-equilibrium
populations. Evolution 47(1):264-279.

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis
and  post-analysis  of large  phylogenies.  Bioinformatics
30(9):1312-1313.

Terhorst J, Kamm JA, Song YS. 2017. Robust and scalable inference of
population history from hundreds of unphased whole genomes. Nat
Genet. 49(2):303.

Trivedi UH, et al. 2014. Quality control of next-generation sequencing data
without a reference. Front Genet. 5:111.

Trucchi E, Frajman B, Haverkamp TH, Schonswetter P, Paun O. 2017.
Genomic analyses suggest parallel ecological divergence in
Heliosperma pusillum (Caryophyllaceae). New Phytol. 216(1):267-278.

Turner SD. 2014. ggman: an R package for visualizing GWAS results using
QQ and manhattan plots. BioRxiv, doi: 10.1101/005165.

Via S, West J. 2008. The genetic mosaic suggests a new role for hitchhiking
in ecological speciation. Mol Ecol. 17(19):4334-4345.

Genome Biol. Evol. 11(3):919-930 doi:10.1093/gbe/evz038 Advance Access publication February 21, 2019 929



Lietal.

GBE

Whittall JB, Hodges SA. 2007. Pollinator shifts drive increasingly long nec-
tar spurs in columbine flowers. Nature 447(7145):706.

Whittall JB, Voelckel C, Kliebenstein DJ, Hodges SA. 2006. Convergence,
constraint and the role of gene expression during adaptive radiation:
floral anthocyanins in Aquilegia. Mol Ecol. 15(14):4645-4657.

Wolf JB, Ellegren H. 2017. Making sense of genomic islands of differen-
tiation in light of speciation. Nat Rev Genet. 18(2):87.

Wright S. 1943. Isolation by distance. Genetics 28(2):114-138.

Wu Cl. 2001. The genic view of the process of speciation. J Evol Biol.
14(6):851-865.

Yant L, Collani S, Puzey J, Levy C, Kramer EM. 2015. Molecular basis for
three-dimensional elaboration of the Aquilegia petal spur. Philos Trans
R Soc Lond B Biol Sci. 282(1803):20142778.

Associate editor: David Bryant

930 Genome Biol. Evol. 11(3):919-930 doi:10.1093/gbe/evz038 Advance Access publication February 21, 2019



	evz038-TF1
	evz038-TF2
	evz038-TF3

