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Abstract The key process in speciation concerns the
formation and maintenance of reproductive isolating
barriers between diverging lineages. Although species
boundaries are frequently investigated between two
species across many taxa, reproductive isolating barriers
among multiple species (>2) that would represent the
most common phenomenon in nature, remain to be
clariﬁed. Here, we use double digest restriction-site
associated DNA (ddRAD) sequencing to examine patterns
of hybridization at a sympatric site where three Ligularia
species grow together and verify whether those patterns
contribute to the maintenance of boundaries among
species. The results based on the RAD SNP datasets
indicated hybridization Ligularia cyathiceps  L. duciformis
and L. duciformis  L. yunnanensis were both restricted to

INTRODUCTION
A key process in speciation concerns the origin and
maintenance of reproductive isolating barriers between
species (Coyne 1994; Levin 2000; Wu 2001). Given a
general scenario that interfertile species grow in
sympatry and interspeciﬁc hybridization occurs, reproductive isolation could still be maintained by some
processes that occur within hybrid zones. For instance,
in the early stages of hybridization, hybrids may be only
restricted to the F1 generation with no production of
later-generation hybrids, thus maintaining species
boundaries (Surget-Groba and Kay 2013; Zhang et al.
2013). Both intrinsic incompatibilities and extrinsic
selection could contribute to the removal of all other

F1s plus a few ﬁrst-generation backcrosses and no gene
introgression were identiﬁed, giving rise to strong
reproductive isolation among hybridizing species. Moreover, hybrid swarm simulation, using HYBRIDLAB, indicated the RAD SNP datasets had sufﬁcient discriminatory
power for accurate hybrid detection. We conclude that
parental species show strong reproductive isolation and
they still maintain species boundaries, which may be the
key mechanism to maintain species diversity of Ligualria in
the eastern Qinghai-Tibetan Plateau and adjacent areas.
Moreover, this study highlights the effectiveness of RAD
sequencing in hybridization studies.
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hybrid types (Milne et al. 2003; Milne and Abbott 2008;
Pinheiro et al. 2016). Two common phenomena with
regard to intrinsic incompatibilities are hybrid inviability
and hybrid sterility, both of which can be triggered by
Dobzhansky-Muller incompatibilities or chromosomal
rearrangements (Dobzhansky 1936; Muller 1939;
Stebbins 1950, 1958; White 1978; Rieseberg et al.
1999). Alternatively, in an F1 dominant hybrid zone,
fertile F1s can outcompete all other hybrid types due to
strong extrinsic selection (Milne et al. 2003; Milne and
Abbott 2008; Zha et al. 2009). In addition, species in
sympatry usually interact with each other and form
complicated relationships, such as the network evolutionary history for some taxa where many reticulate
evolutionary events occur (Stebbins 1950; Arnold 1997;
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Otto and Whitton 2000; Linder and Rieseberg 2004).
Although species boundaries are frequently investigated between two species across many taxa, reproductive isolating barriers among multiple sympatric
species (>2) that would represent the most common
phenomenon in nature, remain to be clariﬁed.
Ligularia Cassini, belonging to the Subtribe Tussilagininae (Senecioneae, Asteraceae), consists of some
140 species, which are primarily distributed in Asia, with
the exception of two species present in Europe (Liu and
Illarionova 2011). More than 100 Ligularia species are
distributed in the eastern Qinghai-Tibetan Plateau (QTP)
region and adjacent areas, among which more than 60
are endemic species (Liu 1989, 2004). The Hengduan
Mountains region, which is located at the southeastern
edge of the QTP and is considered among the global
biodiversity hotspots (Myers et al. 2000), is recognized
as a main center of evolution and diversiﬁcation of
Ligularia (Liu et al. 1994).
Species of Ligularia are mostly diploid (Liu 2004) and
occupy a great variety of habitats, such as alpine
meadow, swamp and forest edge, at altitudes ranging
from 1,000 to 5,000 m (Gong 2005). Ligularia as
currently circumscribed is not a monophyletic group;
it comprises the monophyletic Ligularia-Cremanthodium-Parasenecio (L-C-P) complex, together with other
related genera in the QTP (Liu et al. 2006; Ren 2012).
Allopatric speciation during the uplifts of the QTP and
interspeciﬁc hybridization, caused by secondary sympatry, may have given rise to the high species diversity
observed in the L-C-P complex (Liu et al. 2006). In
Ligularia, many species occur together with overlapping
ﬂowering periods; natural hybridization has been
frequently observed (e.g. Pan et al. 2008; Yu et al.
2011, 2014a, 2014b). To understand the mechanisms by
which the remarkable diversity of Ligularia species in
these areas arose, it is necessary to examine how
species barriers are maintained within this group.
Double digest restriction-site associated DNA
(ddRAD) sequencing is a next-generation sequencing
approach that can generate massive genome-wide
single nucleotide polymorphism (SNP) datasets, without any prior genomic information, thus making it
widely applied to evolutionary studies, such as population genetics and phylogenetic research (Cromie et al.
2013; Eaton and Ree 2013; Reitzel et al. 2013; Hipp et al.
2014). Recently, RAD sequencing was applied in
research on speciation and genetic introgression
www.jipb.net
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(Pujolar et al. 2014; Capblancq et al. 2015; Zohren
et al. 2016). Next-generation RAD sequencing can be
used to analyze genome-wide patterns of variation in
non-model organisms; these methods have improved
hybrid identiﬁcation and enabled examination of the
genetic and evolutionary consequences of species
hybridization (Pujolar et al. 2014). However, most
studies concentrate on animals, with a few examples
€ lting et al. 2013; Christe
in plant taxa to date (e.g. Sto
et al. 2016; Zohren et al. 2016).
In this study, we used genome-wide SNP data
obtained from ddRAD sequencing to examine the
hybridization patterns in three Ligularia species (L.
cyathiceps Handel-Mazzetti, L. duciformis (C. Winkler)
Handel-Mazzetti and L. yunnanensis (Franchet) C. C.
Chang), in the sympatric area, to verify whether those
patterns contribute to the maintenance of boundaries
among species. There are two hypotheses where
rampant gene introgression occurs and blurs the
species boundaries among sympatric Ligularia species,
or hybridization is limited to early generation hybrids
where species boundaries can be maintained.

RESULTS
ddRAD sequencing
Sequencing of the ddRAD libraries of 68 individuals
generated 1.6 billion ﬁrst (left) paired-end reads, in total
(we only used the ﬁrst reads for analysis), after quality
ﬁltering in process_radtags. On average, 23.6 million
reads were processed per individual for these 68 individuals, ranging from 16.8 million (H26) to 72.7 million
(D17) (Table S1). All reads were trimmed to a length of
140 bp, resulting in 3.3 Gb data retained, on average, per
individual. The mean quality score of retained reads was
41, indicating high quality base calling. The average GC
content was 37.2%, without apparent differences
among investigated individuals. Retained reads were
assembled into an average of 940,143 putative loci or
RAD tags, per individual, with the average coverage
depth per tag of 13.5 (Table S2). A catalog of 4,137,372
putative loci was constructed by cstacks and an average
of 934,863 putative loci, per individual, was matched to
the catalog in sstacks. Using populations in STACKS, a
total of 2,150 SNPs was identiﬁed in dataset A, where
the data matrix was 81.6% complete. There were 156 and
1,447 SNPs retained in dataset B and C, with 89.1% and
October 2018 | Volume 60 | Issue 10 | 986–999
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86.8% complete data, respectively. Moreover, the
missing data content, per individual, was less than
20% for all the individuals in these three datasets.
Genetic structure and genomic differentiation
STRUCTURE analysis, based on 2,150 SNPs, showed that
when K ¼ 2, the posterior log probability of the data, L
(K), achieved the largest increase (Figure 1A) and DK
value was the maximum (DK ¼ 3,520.2; Figure 1B).
Therefore, the optimal K value was 2 and the 68
investigated individuals were divided into two genetic
clusters. At K ¼ 2 (Figure 1C), L. cyathiceps, L. duciformis
and their hybrids (morphotypes A and B) comprised one
pure group, whereas L. yunnanensis clustered into

another pure group. By contrast, most hybrid individuals of morphotypes C and D possessed mixed genetic
components from two groups, with the exception of
three individuals (H12, S1, and S4) that consisted of
alleles inferred entirely to be from L. yunnanensis.
The genetic differentiation coefﬁcient FST value
between L. cyathiceps and L. duciformis (FST ¼ 0.682;
Table 1) was the lowest compared to differentiation
between L. yunnanensis and L. cyathiceps/L. duciformis
(FST ¼ 0.819/0.768; Table 1). It is possible that this
relatively low genetic differentiation, observed between L. cyathiceps and L. duciformis, resulted in their
treatment as a single genetic cluster in STRUCTURE
when compared to L. yunnanensis.

Figure 1. STRUCTURE plots for different datasets
(A–D) 2,150 SNPs, 68 individuals. (A) Mean log probability of data L(K) (SD) over 10 runs for each K value. (B) Rate
of change in the log probability of data between successive K values. (C) Genetic admixture of 68 individuals when
K ¼ 2. (D) Genetic admixture of 68 individuals when K ¼ 3. (E) Genetic admixture of 38 individuals in hybridization
group L. cyathiceps  L. duciformis at 156 SNPs. (F) Genetic admixture of 40 individuals in hybridization group
L. duciformis  L. yunnanensis at 1,447 SNPs.
October 2018 | Volume 60 | Issue 10 | 986–999
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Corresponding P-values are above the diagonal. Signiﬁcant comparisons are shown in bold (a ¼ 0.05).

0.232
0.239
0.682
0.618
0.630
0.819
L. cyathiceps
morphotype A
morphotype B
L. duciformis
morphotype C
morphotype D
L. yunnanensis

0.000
0.278
0.354
0.379
0.688

0.287
0.352
0.379
0.694

0.327
0.377
0.768

0.000
0.303

0.269

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.667
<0.001
<0.001
<0.001
<0.001
<0.001
0.288
<0.001

<0.001
<0.001
<0.001

morphotype C
L. duciformis
morphotype B
morphotype A
L. cyathiceps
Taxon

Table 1. Pairwise FST values for three Ligularia species and four hybrid morphotypes based on 2,150 SNPs

morphotype D

L. yunnanensis
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To investigate this possibility, we increased the K
value to three. When this was done, the posterior
log probability of the data (L(K)) still increased
substantially and DK value, while suboptimal, was
much higher than that obtained for K  4, and the
increase of L(K) was minor for values greater than K ¼ 3
(Figure 1A, B). Taking into account both model ﬁt
statistics and a priori taxonomic assignments, K ¼ 3
appears to better describe genetic clustering patterns
in the present analysis, a conclusion that is also
supported by the results of principle coordinate analysis
(Figure 2) and phylogenetic analysis (Figure 3).
At K ¼ 3 (Figure 1D), parental species L. cyathiceps,
L. duciformis and L. yunnanensis corresponded to three
pure groups, implying no gene introgression occurred
among these three species. Hybrid morphotypes A and
B showed admixed genetic composition, possessing
nearly equal proportion of alleles from L. cyathiceps and
L. duciformis (qi ¼ 0.488  0.016 for morphotype A;
qi ¼ 0.488  0.025 for morphotype B). Hybrid morphotypes C and D showed similar genetic composition with
that inferred using K ¼ 2, where most of the individuals
had alleles from L. duciformis and L. yunnanensis in
nearly equal proportion (qi ¼ 0.501  0.016 for morphotype C; qi ¼ 0.509  0.016 for morphotype D). However,
three individuals (H12, S1, and S4) of morphotypes C
and D were inferred purely to have alleles from
L. yunnanensis. In addition, two individuals (H26 and
S8) possessed alleles in a higher proportion from
L. duciformis (qi ¼ 0.662 and 0.795, respectively), and
one individual (S10) had alleles in a higher proportion
from L. yunnanensis (qi ¼ 0.584). Results obtained in the
separate STRUCTURE analyses for the two hybridization
groups, were similar to those inferred in the combined
analysis of all investigated individuals (Figure 1E, F).
Principle coordinate analysis (PCoA), based on
2,150 SNPs, identiﬁed ﬁve well-differentiated clusters
(Figure 2), corresponding to three parental species
L. cyathiceps, L. duciformis and L. yunnanensis, hybrids
generated from L. cyathiceps  L. duciformis (morphotypes A and B), and hybrids produced from
L. duciformis  L. yunnanensis (morphotypes C and D).
There was relatively higher differentiation among
L. yunnanensis individuals along the PCoA1 (14.24%
of the variation), compared to L. cyathiceps and
L. duciformis. Individuals of morphotypes A and B had
very low differentiation and clustered into one group
intermediate between L. cyathiceps and L. duciformis
October 2018 | Volume 60 | Issue 10 | 986–999
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Figure 2. Principal coordinates analysis for 68 individuals based on 2,150 SNPs
The ﬁrst principal component explains 14.24% of the variance and separates two hybridization groups. The second principle
component explains 8.18% of the variance and separates hybrids from parental species in two hybridization groups.
clusters. In concordance with these results, the FST
value between morphotypes A and B indicated no
genetic divergence between them (FST ¼ 0.000; Table
1). Among individuals of morphotypes C and D, three
individuals (H12, S1, and S4) clustered with L. yunnanensis, consistent with STRUCTURE results. The remaining individuals of morphotypes C and D formed a cluster
intermediate between L. duciformis and L. yunnanensis
and showed no difference among individuals (FST
¼ 0.000; Table 1).

The best tree from a full maximum-likelihood search
showed that the 68 investigated individuals formed
three clades with high bootstrap support (Figure 3).
Individuals of three parental species, L. cyathiceps,
L. duciformis and L. yunnanensis, were recovered as
clades; as with other analyses, three individuals from
morphotypes C and D (H12, S1, and S4) clustered with
L. yunnanensis. Moreover, for individuals S8 and H26,
inferred to possess more alleles from L. duciformis in
STRUCTURE analyses, S8 showed a closer relationship

Figure 3. Maximum-likelihood tree based on 2,150 SNPs for 68 individuals using RAxML
Circle colors indicate the three species and four hybrid morphotypes. Numbers above branches are bootstrap values, based
on 1000 replicates. Numbers of some individuals mentioned in the text, such as H12, H26, S1, S4, and S8, are shown.
October 2018 | Volume 60 | Issue 10 | 986–999
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with L. duciformis whereas H26 was not recovered as
closely related to other individuals of hybrid morphotypes C and D.
Hybrid identification
Posterior probabilities for individuals of two hybridization groups falling into six different hybrid categories
were computed, separately, using NewHybrids software. For the hybridization group L. cyathiceps 
L. duciformis (144 SNPs), NewHybrids analysis indicated
that individuals of L. cyathiceps and L. duciformis were
assigned to one parent, respectively (Figure 4A),
consistent with morphological identiﬁcation. Hybrid
individuals of morphotypes A and B were all robustly
assigned to the F1 class (P ¼ 1.000). For the L. duciformis
 L. yunnanensis hybridization group, individuals of L.
duciformis and L. yunnanensis were assigned to one
parent, respectively (Figure 4B), in accordance with
morphological identiﬁcation. For hybrids of morphotypes C and D, most individuals (14 of 20) were assigned
to F1 generation. Individuals H26 and S8 were assigned
as backcross hybrids to L. duciformis, and individual S10
was assigned to backcross hybrid to L. yunnanensis,
consistent with STRUCTURE results. Three individuals

991

(H12, S1, and S4) were assigned to the parent
L. yunnanensis, also consistent with the results of
STRUCTURE analysis, PCoA and phylogenetic analysis.
All these individuals were assigned with robust
probabilities (P ¼ 1.000).
Furthermore, the genotype assignment to 12 hybrid
categories after three generations of hybridization for
two hybridization groups was in accordance with the
assigning results above (Figure S1), indicating that
hybrid individuals are restricted to F1 generation and
some ﬁrst-generation backcrosses and there are no
later-generations hybrids. The absence of introgression
between parental species was also supported by the
vast ﬁxed differences between them. There are 82.2%
of alleles present in L. cyathiceps individuals but
absent in L. duciformis individuals, and vice versa,
whereas 91.7% of species-speciﬁc alleles are present in
L. duciformis and L. yunnanensis individuals.
Hybrid swarm simulation
Using STRUCTURE, the reassignment of simulated
individuals for two hybridization groups L. cyathiceps
 L. duciformis (Figure S2A) and L. duciformis 

Figure 4. Genotype class assignment by using NewHybrids program
(A) Assignment of 38 individuals in hybridization group L. cyathiceps  L. duciformis using 144 SNPs. (B) Assignment
of 40 individuals in hybridization group L. duciformis  L. yunnanensis using 349 SNPs.
www.jipb.net
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L. yunnanensis (Figure S2B) both obtained similar results
to those observed in the simulation of Pujolar et al.
(2014). Compared to 156 SNPs used in the simulation for
L. cyathiceps  L. duciformis, simulation for L. duciformis
 L. yunnanensis with 1,447 SNPs showed greater
accuracy in average admixture proportion values. For
example, pure L. duciformis and pure L. yunnanensis
showed admixture proportion values of 1.0000 and
0.0000, respectively. Although F1 and F2 hybrids,
and second-generation backcrosses, such as BLD  F1,
BLY  LD and BLD  LY, BLY  F1, were indistinguishable
with approximately equivalent admixture proportion
values, most hybrid categories could be distinguished in
STRUCTURE, indicating our marker loci showed sufﬁcient power to discriminate hybrids.
Using NewHybrids, we classiﬁed data for simulated
individuals to six and 12 categories after two and three
generations of hybridization for two hybridization
groups. For L. cyathiceps  L. duciformis and L. duciformis  L. yunnanensis, all 300 simulated individuals of six
categories for each hybridization group were assigned
correctly (Table 2; Figure S3). For the case of 600
simulated individuals in 12 hybrid categories after three
generations of hybridization, simulated hybrid swarms
of L. cyathiceps  L. duciformis showed decreased
assignment accuracy; 470 individuals (78.3%) were
assigned correctly, 95 individuals (15.8%) were not
assigned to a single category and 35 individuals (5.8%)
were assigned to an incorrect category (Table 2;
Figure S4A). For the simulated swarms of L. duciformis
 L. yunnanensis, the larger SNP dataset exhibited
greater assignment accuracy. In the case of 600
simulated individuals, 565 individuals (94.2%) were
assigned to the correct category, 20 individuals (3.3%)
were unassigned and 15 individuals (2.5%) were assigned
incorrectly (Table 2; Figure S4B). In general, our genetic
markers showed sufﬁcient power to accurately assign
early generation hybrids.

DISCUSSION
SNPs derived from RAD sequencing for detecting
hybridization
The STRUCTURE analysis, PCoA, and ML tree based on
genome-wide SNPs conﬁrmed the occurrence of natural
hybridization between the species pairs L. cyathiceps 
L. duciformis and L. duciformis  L. yunnanensis. Simulation studies indicated the SNP dataset we collected had
sufﬁcient discriminatory power for accurate hybrid
detection, consistent with previous researches demonstrating that SNP markers from RAD sequencing are
effective markers for hybridization studies (Pujolar et al.
2014; Capblancq et al. 2015; Bernal et al. 2017). The
hybrid identiﬁcation efﬁciency of two Bayesian methods implemented in STRUCTURE and NewHybrids also
depends on the number and the level of genetic
divergence of loci (V€ah€a and Primmer 2006), as
indicated in our results by the increase in accuracy of
simulated hybrid assignment in STRUCTURE and NewHybrids for the larger SNP dataset recovered in the
species pair L. duciformis/L. yunnanensis as compared to
L. cyathiceps/L. duciformis.
Although the number and genetic characteristics of
genetic markers may have an impact on the accuracy of
hybrid identiﬁcation (Zohren et al. 2016), most studies on
natural hybridization involving the comparison of RAD
SNPs with alternative genetic markers show congruent
results with higher resolution using RAD data (Beacham
et al. 2005; Bradbury et al. 2015). This study highlights the
effectiveness of RAD sequencing in hybridization studies
and the genome-wide SNPs providing a valuable tool for
future genomic studies of Ligularia.
Outcomes of natural hybridization and maintenance
of species boundaries
RAD sequencing data indicated that the species
L. cyathiceps, L. duciformis and L. yunnanensis formed

Table 2. NewHybrids assignment for simulated hybrids of two hybridization groups L. cyathiceps  L. duciformis
and L. duciformis  L. yunnanensis
Hybrid group
L. cyathiceps  L. duciformis
L. cyathiceps  L. duciformis
L. duciformis  L. yunnanensis
L. duciformis  L. yunnanensis

Number of
SNPs used
144
144
349
349
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Number of hybrid
categories used
6
12
6
12

Assigned to
correct category
300 (100%)
470 (78.3%)
300 (100%)
565 (94.2%)

Unassigned
0
95 (15.8%)
0
20 (3.3%)

Incorrect
category
0
35 (5.8%)
0
15 (2.5%)
www.jipb.net
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two hybridization groups at a sympatric site, where
L. duciformis hybridized with L. cyathiceps and
L. yunnanensis, respectively. Hybrids of L. cyathiceps
and L. duciformis were limited to F1 generation and no
introgression was found between two species, suggesting strong reproductive isolation between L. cyathiceps
and L. duciformis. The sterility of F1s may be the reason
for no occurrence of later-generation hybrids. Hybrid
sterility seems to be one important reason for the
reproductive isolation of hybridizing species in Ligularia
and it is not rare in other cases of hybridization in
Ligularia. For example, Ligularia  maoniushanensis, a
natural hybrid between Ligularia paradoxa HandelMazzetti and L. duciformis, shows abnormal meiotic
behavior and inviability of seeds; ISSR markers indicate
all observed hybrids are F1 generation, implying the
sterility of F1s (Pan et al. 2008). In addition, hybrids of
Ligularia nelumbifolia (Bureau & Franchet) HandelMazzetti and Ligularia subspicata (Bureau & Franchet)
Handel-Mazzetti are mostly composed of F1s and their
seed germination rate is extremely low (Yu 2010). The
theoretical expectation of F1s is 25% when parental
individuals practice a selﬁng rate of 0.5 and outcross
randomly with respect to taxon, thus the observation of
few F1 hybrids is evidence for the existence of strong
reproductive isolation (Twyford et al. 2015). This is also
the case in the hybridization between L. cyathiceps and
L. duciformis, where hybrids of morphotypes A and B
were rare when compared to abundant parental
individuals.
Although some hybrids between L. duciformis and
L. yunnanensis were backcrosses, the F1 generation still
comprised the majority of hybrids and no gene
introgression was observed between parental species,
suggesting two primarily reproductively isolated species. Nevertheless, three individuals (H12, S1, and S4),
identiﬁed as hybrids using morphological data, were
identiﬁed to be L. yunnanensis individuals according to
the results of STRUCTURE analysis, ML tree, PCoA and
NewHybrids analyses. The hypothesis that three
individuals are generated by repetitive backcrosses
with L. yunnanensis can likely be excluded, since in a
genome-wide dataset it is unlikely that we would obtain
loci deriving from only one of the parental species for
these three individuals. Take dataset C (1,447 SNPs,
L. duciformis  L. yunnanensis) for example, the 1,447
genome-wide SNP loci of individuals H12, S1 and S4 (if
they are backcross individuals) would not be totally
www.jipb.net
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consistent with those of L. yunnanensis without any
polymorphisms. This unexpected result may stem from
incorrect morphological identiﬁcation, which may also
imply that some hybrids and parental individuals have
indistinguishable morphological traits. Additionally,
L. yunnanensis prefers shady and humid environments,
and they occupy habitats under the trees at the study
site. However, some individuals (L. yunnanensis or
hybrids) are exposed to sunlight, due to constant tree
felling, and show unique morphological characteristics,
such as purple stems and inﬂorescences, thus making it
difﬁcult to distinguish L. yunnanensis from hybrids.
Hybridization and introgression may occur between
isolated species with strong sterility barriers, given that
the accumulation of sufﬁcient F1s may bypass the
sterility bottleneck resulting in the formation of backcrossed individuals (Yatabe et al. 2007; Twyford et al.
2015). Moreover, human disturbance and the resultant
establishment of intermediate “hybridized habitats”
can promote opportunities for hybridization (Anderson
and Stebbins 1954; Bleeker and Hurka 2001; Lamont
et al. 2003; Ma et al. 2014) and affect the presence of
hybrid classes by favoring segregating hybrid derivatives (Abbott 1992; Rieseberg and Carney 1998; Milne
et al. 2003). Hence, backcross individuals may have
been generated by hybridization between L. duciformis
and L. yunnanensis under circumstances of habitat
disturbance.
This study demonstrates that natural hybridization
between sympatric Ligularia species in the eastern QTP
and adjacent areas is mostly limited to F1 generation,
without the occurrence of gene introgression. Although
species boundaries can be maintained through reproductive isolation with the occurrence of introgressive
hybridization (Christe et al. 2016; Xie et al. 2017), no gene
ﬂow between hybridizing species with F1s contributes
to the maintenance of species integrity. Moreover, even
under the circumstances that human disturbance may
promote the occurrence of hybridization, these three
Ligularia species are still reproductively isolated and
maintain species boundaries. Hence, the presence of
reproductive isolation may be a key mechanism to
maintain species diversity of Ligualria in the eastern QTP
and adjacent areas in the face of opportunities for
hybridization. In addition, natural hybridization among
multiple species (>2) may represent the most common
phenomenon in the wild; studies on reproductive
isolating mechanisms in these scenarios are signiﬁcant
October 2018 | Volume 60 | Issue 10 | 986–999
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to understanding the maintenance of species boundaries among sympatric species.

MATERIALS AND METHODS
Study system
We selected three species, L. cyathiceps, L. duciformis
and Ligularia yunnanensis, as the study taxa. L.
cyathiceps, belonging to series Ligularia in section
Ligularia, possesses racemose inﬂorescence and ray
ﬂorets in the margin of the capitulum (Liu 1989). The
other two species, L. duciformis and L. yunnanensis,
belonging to series Retuase in section Corymbosae, have
capitula in corymb comprised of tubular ﬂorets (Liu
1989). L. cyathiceps and L. yunnanensis are endemic to
the eastern QTP and adjacent areas, while L. duciformis
is distributed more widely in China (Liu and Illarionova
2011). According to specimen records in the Chinese
Virtual Herbarium (CVH, http://www.cvh.ac.cn/) and our
ﬁeld investigation, only one sympatric area was
identiﬁed for the three species in Northwest Yunnan
(Tianchi, Zhongdian, 27.617087, 99.747011, 3,901 m;
Table S3), a site that has experienced human disturbance, including grazing, tree felling, and tourism.
For the three Ligularia species, molecular evidence
from nuclear loci has demonstrated the natural
occurrence of two hybrid combinations, L. cyathiceps
 L. duciformis and L. duciformis  L. yunnanensis (NN
Zhang, unpubl. data). Morphologically intermediate
individuals, here designated as morphotypes A and B,
are produced by L. cyathiceps  L. duciformis; the
primary morphological difference between morphotypes A and B is the presence of ray ﬂorets in the margin
of capitula in morphotype A. Morphologically intermediate individuals, here designated as morphotypes C
and D, are from L. duciformis  L. yunnanensis; morphotype C is morphologically distinct from morphotype D
in having inﬂorescences covered with a short brown
indumentum. In the study site, L. cyathiceps and
L. duciformis grow abundantly in sunny and disturbed
habitats, such as hillsides and roadsides. In contrast,
L. yunnanensis prefers shady and humid environments,
and occupies relatively undisturbed habitats. Moreover,
with the exception that the population of L. yunnanensis
plants is small, the individuals of the other two parental
species (L. cyathiceps and L. duciformis) greatly
outnumber putative hybrids.
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ddRAD sequencing
A total of 68 individuals (10 L. cyathiceps [C1-10], 10
L.duciformis [D1-10], 10 L. yunnanensis [Y1-10], nine
morphotype A [F1-9], nine morphotype B [T1-9], 10
morphotype C [H1-10], and 10 morphotype D [S1-10])
were used for ddRAD sequencing. The voucher specimens were deposited in the herbarium of the Kunming
Institute of Botany, Chinese Academy of Sciences
(KUN). High-quality genomic DNA was extracted from
silica-dried leaves, with a modiﬁed CTAB method (Doyle
1991). Library construction followed the protocol of
Peterson et al. (2012); ddRAD sequencing was carried
out by Biozeron Technologies Corporation (Shanghai,
China). Genomic DNA of each investigated individual
was digested with two restriction enzymes: EcoRI (cut
site 5’-GAATTC-3’) and NlaIII (cut site 5’-CATG-3’);
fragments were size-selected to a range of 400–600 bp.
Library sequencing was performed on an Illumina HiSeq
4000 System (San Diego, CA, USA) with 150 bp pairedend reads. Libraries were pooled to a target of 5 Gb raw
data per individual (approximately equal to the genome
size of Ligularia ﬁscheri (Ledebour) Turczaninow; JJ Yu,
unpubl. data).
The de novo pipeline in STACKS v. 1.42 (Catchen et al.
2011, 2013) was implemented to identify SNPs. Raw
reads were de-multiplexed and quality-ﬁltered using
process_radtags. During the process, all reads were
trimmed to 140 bp to remove low quality bases at the
end of sequences and reads with ambiguous or
low-quality bases (below a Phred score of Q10) were
discarded. Read quality and GC-content were assessed
using FastQC v. 0.11.4 (Andrews 2015). For each sample,
ustacks with a maximum likelihood framework was used
to merge short reads into loci. The deleveraging
algorithm (d) and removal algorithm (r) were implemented to remove highly repetitive stacks and overmerged tags. The minimum depth of coverage required
to create a stack (m) was set to ﬁve, and the maximum
nucleotide mismatch allowed between stacks (M) was
two. The catalog of loci was built using cstacks with the
mismatch number allowed between sample tags (n) of
ﬁve. Finally, the loci of each sample were matched
against the catalog to determine alleles using sstacks.
Using populations in the STACKS pipeline, we
treated three parental species (L. cyathiceps,
L. duciformis, and L. yunnanensis) and four hybrid
morphotypes (A, B, C, and D) as seven different
populations. To ﬁlter loci, we set parameters in three
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different permutations described as follows, resulting in
three ﬁnal datasets. First, for all the 68 investigated
individuals, we required for locus retention that a locus
be present in each of the seven populations (p ¼ 7) and
in at least 50% of the individuals for each of these
populations (r ¼ 0.5), with minimum coverage (m) of
ﬁve; hereafter this dataset is referred to as dataset A.
Due to software limitations present in NewHybrids
when using a large number of SNPs, we ﬁltered loci and
reduced SNPs using more stringent parameters (r ¼ 0.7,
p ¼ 4, m ¼ 10, MAF  0.3) following Bell et al. (2015),
producing two further datasets intended speciﬁcally for
the STRUCTURE and NewHybrids analyses. For the 38
individuals in the L. cyathiceps  L. duciformis hybridization group (10 L. cyathiceps, 10 L. duciformis, nine
morphotype A, nine morphotype B), we retained only
those loci that occurred in at least 70% of the individuals
(r ¼ 0.7) in each of the four populations (p ¼ 4), with
coverage of 10 or greater (m ¼ 10) and a minor allele
frequency (MAF) of 0.3 or greater; this dataset is
hereafter referred to as dataset B. The same parameters
were set for the 40 individuals in L. duciformis 
L. yunnanensis hybridization group (10 L. duciformis, 10
L. yunnanensis, 10 morphotype C, 10 morphotype D); this
dataset is hereafter referred to as dataset C. Given
these ﬁltering conditions, appropriate genotype outputs were generated for these three datasets by
implementing the ‘–write_random_snp’ option (i.e.,
producing one randomly selected SNP from each locus).
Datasets A, B, and C consisted of 2,150, 156 and 1,447
SNP loci, respectively. Further format conversion for
downstream analyses was performed using the program PGDSpider v. 2.1.0.3 (Lischer and Excofﬁer 2012).
ddRAD-seq data analysis
Genetic admixture of the 68 individuals was assessed
using the Bayesian approach implemented in STRUCTURE v. 2.3.4 (Pritchard et al. 2000) using 2,150 SNPs.
The analysis was run with an initial burn-in of 100,000
replicates followed by 100,000 replicates without
population priors, using the admixture model and
correlated allele frequencies. These parameters were
repeated in 10 independent analyses for each K (number
of genetic clusters) from 1 to 10. The most likely number
of genetic clusters (K) was chosen using the delta K
method as well as visual inspection of the change in the
Ln P(D) of each model in STRUCTURE HARVESTER (Earl
2012). CLUMPP v. 1.1.2 (Jakobsson and Rosenberg 2007)
www.jipb.net
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was used to average admixture proportions of 10
replicate runs for each K value, and admixture plots
were created from this using DISTRUCT v. 1.1
(Rosenberg 2004). In addition, admixture analyses
with datasets B and C were conducted with the same
parameter settings in STRUCTURE.
A principle coordinate analysis was also conducted
for the 68 individual dataset using GenAlex v. 6.5
(Peakall and Smouse 2012) with 2,150 SNPs. The genetic
distance matrix was calculated treating the data as
codominant and using the covariance-standardized
method. Pairwise FST values for three parental species
and four morphotypes of hybrids based on 2,150 SNPs
were calculated using Arlequin v. 3.5 (Schneider et al.
2000; Excofﬁer and Lischer 2010).
To assess phylogenetic relationships among three
Ligularia species and investigated hybrids, a phylogenetic tree was constructed with 2,150 SNPs using
maximum-likelihood (ML), which was implemented in
RAxML-VI-HPC (Stamatakis 2006) and its graphical
interface raxmlGUI v. 1.3 (Silvestro and Michalak
2012). We used the GTR-G nucleotide substitution
model, assessing branch support with 1,000 bootstrap
replicates (rapid bootstrap algorithm).
NewHybrids v. 1.1 (Anderson and Thompson 2002)
was used to compute the posterior probability of
individual membership among six genotypes (P1, P2, F1,
F2, BC to P1, BC to P2). This program uses dominant
markers that are not ﬁxed in either parent species, and
assumes loci are not under selection. Therefore,
BAYESCAN v. 2.1 (Foll and Gaggiotti 2008) was used
to detect loci under selection in 2,150 SNPs and it was
implemented with default priors and parameter settings (39 SNP loci were inferred to be under selection).
We removed SNP loci under selection in datasets B and
C, leaving 144 SNPs to be used for the NewHybrids
calculation for the L. cyathiceps  L. duciformis hybridization group. Because dataset C was still too large after
removing loci under selection for NewHybrids, 349
SNPs were selected randomly among those remaining
for the L. duciformis  L. yunnanensis hybridization
group. NewHybrids was run using 100,000 burn-in
iterations and 100,000 subsequent Markov Chain Monte
Carlo iterations with default priors for allele frequencies
and mixing proportions. Moreover, the same assignment was obtained for individuals in the L. duciformis
 L. yunnanensis hybridization group based on different
randomly selected SNP loci. To verify if there are some
October 2018 | Volume 60 | Issue 10 | 986–999
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later-generation hybrids, individuals in hybridization
groups L. cyathiceps  L. duciformis and L. duciformis 
L. yunnanensis were assigned to 12 hybrid categories
after three generations of hybridization using NewHybrids with the same parameters.
Hybrid swarm simulation
The discriminatory power of markers used in STRUCTURE and NewHybrids for admixture analysis and
hybrid class assignment was assessed by simulating
SNP data from hypothetical hybrid swarms. The two
species pair datasets used in STRUCTURE and NewHybrids were used for separate simulations using
HYBRIDLAB v. 1.0 (Nielsen et al. 2006), a program for
generating simulated hybrids from population samples.
First, to simulate STRUCTURE analyses, HYBRIDLAB was
used to generate 50 genotypes for each of 12 categories
after three generations of simulated hybridization for
both hybridization groups (L. cyathiceps  L. duciformis,
156 SNPs; L. duciformis  L. yunnanensis, 1,447 SNPs) for
a total of 600 simulated genotypes per hybridization
group. Then simulated hybrid data for the two
hybridization groups were analyzed in STRUCTURE
separately with K ¼ 2, using the admixture model and
no prior population information. Finally, we followed
the approach of Pujolar et al. (2014) to count the
average admixture proportion values and corresponding standard deviation values for each category
and plotted ﬁgures accordingly. Second, we repeated
these analyses using the reduced datasets generated
for hybrid classiﬁcation. Both hybridization groups
(L. cyathiceps  L. duciformis, 144 SNPs; L. duciformis 
L. yunnanensis, 349 SNPs) used in NewHybrids analysis
were used to generate 50 genotypes of each of six and
12 categories per hybridization group after two and
three generations of hybridization, respectively. For
the resultant simulated datasets, individuals were
reassigned to the most probable category using
NewHybrids.
Take L. cyathiceps  L. duciformis for example, the 12
categories after three generations of hybridization
(following Pujolar et al. 2014) are: (i) L. cyathiceps (LC),
(ii) L. duciformis (LD), (iii) F1 hybrid (F1), (iv) F2 hybrid
(F2), (v) ﬁrst-generation backcross L. cyathiceps 
F1 hybrid (BLC), (vi) ﬁrst-generation backcross
L. duciformis  F1 hybrid (BLD), (vii) second-generation
backcross between ﬁrst-generation backcross (L. cyathiceps  F1 hybrid) and L. cyathiceps (BLC x LC),
October 2018 | Volume 60 | Issue 10 | 986–999

(viii) second-generation backcross between ﬁrst-generation backcross (L. cyathiceps  F1 hybrid) and L.
duciformis (BLC x LD), (ix) second-generation backcross
between ﬁrst-generation backcross (L. cyathiceps  F1
hybrid) and F1 hybrid (BLC x F1), (x) second-generation
backcross between ﬁrst-generation backcross (L. duciformis  F1 hybrid) and L. cyathiceps (BLD x LC), (xi)
second-generation backcross between ﬁrst-generation
backcross (L. duciformis  F1 hybrid) and L. duciformis
(BLD x LD), (xii) second-generation backcross between
ﬁrst-generation backcross (L. duciformis  F1 hybrid)
and F1 hybrid (BLD x F1).
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Figure S1. Genotype class assignment to twelve hybrid
categories after three generations of hybridization by
using NewHybrids program
(A) Assignment of 38 individuals in hybridization group
L. cyathiceps  L. duciformis using 144 SNPs. (B)
Assignment of 40 individuals in hybridization group L.
duciformis  L. yunnanensis using 349 SNPs.
Figure S2. Admixture analysis of 600 simulated
individuals for each hybridization group in STRUCTURE
Twelve hybrid categories after three generations of
hybridization were simulated. Fifty individuals were
simulated for each category. Bottom numbers are
the average admixture proportion values and corresponding standard deviation values for each category.
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(A) L. cyathiceps  L. duciformis. (B) L. duciformis  L.
yunnanensis.
Figure S3. NewHybrids analysis of 300 simulated
individuals for each hybridization group
Six hybrid categories after two generations of hybridization were simulated and ﬁfty individuals were
simulated for each category. The symbols for each
simulated taxa are listed below. (A) L. cyathiceps  L.
duciformis. (B) L. duciformis  L. yunnanensis.
Figure S4. NewHybrids analysis of 600 simulated
individuals for each hybridization group
Twelve hybrid categories after three generations of
hybridization were simulated and ﬁfty individuals were
simulated for each category. The symbols for each
simulated taxa are listed below. (A) L. cyathiceps  L.
duciformis. (B) L. duciformis  L. yunnanensis.
Table S1. Statistics describing cleaned reads for each
investigated individual after quality ﬁltering using
process_radtags
Table S2. Summary of loci recovered for each
investigated sample in ustacks and number of matched
loci in sstacks
Table S3. Geographic distribution of L. cyathiceps, L.
duciformis and L. yunnanensis in China
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