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Molecular evidence for natural hybridization between
Ligularia nelumbifolia and Cremanthodium stenoglossum
(Asteraceae, Senecioneae)
Huai Ning, Yue-Zhi Pan, and Xun Gong

Abstract: Natural hybridization occurred frequently in the sunﬂower family. To date, however, no study on natural
hybridization involving in Ligularia and Cremanthodium has been reported. Here, we presented the molecular evidence
for natural hybridization between Ligularia nelumbifolia (Bureau & Franch.) Hand.-Mazz. and Cremanthodium
stenoglossum Ling & S.W.Liu. Four nuclear DNA regions were sequenced to test the natural hybridization hypothesis, and three chloroplast DNA regions were sequenced to determine the direction of hybridization. Analyses of
the investigated DNA data suggested that all of the putative hybrid individuals were derived from hybridization
between L. nelumbifolia and C. stenoglossum and that bidirectional hybridization occurred. Moreover, sympatric
Ligularia tsangchanensis (Franch.) Hand.-Mazz. and Ligularia virgaurea (Maxim.) Mattf. ex Rehder & Kobuski were not
apparently involved in the hybridization. Although NewHybrids analysis showed that all the putative hybrid
individuals were F1 class, a low frequency of backcrossing to C. stenoglossum might exist in the hybrid swarm. In
such a case, hybrids might serve as a bridge facilitating gene ﬂow between L. nelumbifolia and C. stenoglossum, and
hybrid speciation is unlikely to happen for these hybrid individuals without asexual reproduction. Given the
poorly resolved phylogenetic relationship between Ligularia and Cremanthodium, the occurrence of natural hybridization between L. nelumbifolia and C. stenoglossum might provide new insights into the recircumscription and
redelimitation of these two genera.
Key words: natural hybridization, Ligularia, Cremanthodium, cpDNA, ITS.
Résumé : L’hybridation naturelle survient fréquemment chez la famille du tournesol. Jusqu’à présent, toutefois,
aucune étude de l’hybridation naturelle chez Ligularia et Cremanthodium n’a été rapportée. Les auteurs présentent ici la
preuve moléculaire d’une hybridation naturelle entre Ligularia nelumbifolia (Franch.) Hand.-Mazz. et Cremanthodium
stenoglossum Ling & S.W.Liu. Quatre régions de l’ADN nucléaire ont été séquencées aﬁn de tester l’hypothèse de
l’hybridation naturelle, et trois régions de l’ADN chloroplastique ont été séquencées aﬁn de déterminer la direction de l’hybridation. Les analyses des données d’ADN suggéraient que tous les individus hybrides présumés
étaient issus de l’hybridation entre L. nelumbifolia et C. stenoglossum et qu’une hybridation bidirectionnelle était
survenue. De plus, Ligularia tsangchanensis (Franch.) Hand.-Mazz. et Ligularia virgaurea (Maxim.) Mattf. ex Rehder &
Kobuski sympatriques n’étaient apparemment pas impliqués dans l’hybridation. Même si l’analyse à l’aide du
logiciel NewHybrids montrait que tous les individus hybrides présumés étaient de classe F1, une faible fréquence
de rétrocroisement vers C. stenoglossum pourrait exister dans l’essaim hybride. Dans ce cas, les hybrides pourraient
servir de pont pour faciliter le ﬂux de gènes entre L. nelumbifolia et C. stenoglossum, et la spéciation hybride ne
surviendra probablement pas chez ces individus hybrides sans reproduction asexuée. Compte tenu de la relation
phylogénétique faiblement résolue entre Ligularia et Cremanthodium, la survenue d’une hybridation naturelle entre
L. nelumbifolia et C. stenoglossum pourrait fournir un nouvel aperçu de la redélimitation de ces deux genres. [Traduit
par la Rédaction]
Mots-clés : hybridation naturelle, Ligularia, Cremanthodium, cpADN, ITS.
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Introduction
Considering the great number of constructive evolutionary consequences, such as genetic and adaptive variation, functional novelty, and even speciation produced
by natural hybridization (Anderson 1949; Arnold 1997;
Seehausen 2004; Lexer et al. 2005; Pandit et al. 2011),
hybridization has been increasingly recognized as central to our understanding of plant evolution and speciation (Harrison 1990; Arnold 1997; Rieseberg and Carney
1998; Abbott et al. 2013). However, the integrity of parental species may be maintained and the formation of new
species of hybrid origin may be hindered by F1 dominated hybrid swarms or zones in the presence of hybridization (Nolte and Tautz 2010). There are two reasons for
this situation. On the one hand, although natural hybridization can produce offspring, these offspring usually
have little or no fertility because of various reproductive
isolation mechanisms (Ma et al. 2014, 2016; Baack et al.
2015; Xie et al. 2017). On the other hand, even if the
fertility of the ﬁrst generation is high, reproductive isolation between species can result in the inviability of the
second and later hybrid generations (Stebbins 1950). In
addition, natural hybridization can cause negative consequences for biodiversity conservation, such as outbreeding depression or genetic swamping, the loss of
genetic resources for some infrequent species, and even
the extinction of rare species, depending on the extent of
genetic introgression (Levin et al. 1996; Bleeker et al.
2007; Mameli et al. 2014; Todesco et al. 2016). Moreover,
natural hybridization can also cause some taxonomic
problems. For example, hybrids may be mistakenly deﬁned as species, subspecies, variants, or races, based on
parental, intermediate, and even novel morphology
(Rieseberg et al. 1993; Rieseberg 1995; Sun and Lo 2011;
Dai et al. 2012). Thus, studying the process of natural
hybridization can contribute to elucidating the origin of
new adaptive traits as well as new species, developing
the conservation strategies for rare and (or) endangered
species, and resolving relevant taxonomic problems.
Hybridization within genera is pervasive in the wild
and has been observed in a number of taxa within the
sunﬂower family (Asteraceae), mainly in Senecio (Kirk
et al. 2004; López et al. 2008; Oberprieler et al. 2016),
Helianthus (Rieseberg et al. 1990), Tragopogon (Lipman
et al. 2013), Sphagneticola (Wu et al. 2013), Helichrysum
(Galbany-Casals et al. 2012), Centaurea (Koutecký et al. 2011;
Pisanu et al. 2011), Bidens (Knope et al. 2013), Ainsliaea (Mitsui
et al. 2011), Taraxacum (Brock 2009), and Ligularia (Pan
et al. 2008; Yu et al. 2011, 2014a, 2014b; Ning et al. 2017;
Zhang et al. 2017). In particular, interspeciﬁc hybridization occurred more frequently between Ligularia species
due to incomplete reproductive isolation among closely
related species (Pan et al. 2008; Yu et al. 2011, 2014a; Ning
et al. 2017). Meanwhile, interspeciﬁc hybridization between Ligularia species has been regarded as a critical
driver for diversiﬁcation, speciation, and evolution of
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Ligularia in the Qinghai–Tibet Plateau region and adjacent areas (Liu et al. 2006). Moreover, studies concerning
natural hybridization between genera also have been reported from a few tribes of Asteraceae, such as Astereae
(Li 2006), Cichorieae (Fehrer et al. 2007), Liabeae (Soejima
et al. 2008), Gnaphalieae (Allan 1939; Mckenzie et al.
2004; Smissen et al. 2007; Smissen et al. 2015), and Senecioneae (Calvo et al. 2013).
Ligularia and Cremanthodium are taxonomically placed
in the subtribe Tussilagininae (Senecioneae, Asteraceae)
and share several morphological traits such as short rhizomes with rosette leaves, palmate or pinnate venation,
well-developed basal leaf with broadly sheathed petiole,
and radiated or discal capitulum (Liu 1989; Chen et al.
2011). Thus, Cremanthodium species were regarded as alpine derivatives of Ligularia species (Wulff 1944; Drury
1967). However, Cremanthodium was later treated as a separate genus based on its nodding capitula and broadly
campanulate or hemispherical involucres (Jeffrey and
Chen 1984; Liu 1989; Liu et al. 2001; Chen et al. 2011).
Similar to Ligularia, most species of Cremanthodium are
mainly distributed in the alpine meadows of the eastern
Qinghai–Tibet Plateau region and adjacent areas (Liu
et al. 1994; Chen et al. 2011). Moreover, molecular phylogeny revealed a complicated phylogenetic relationship between Ligularia and Cremanthodium. Namely, species from
these two genera form a complex with other eastern
Asian genera of Tussilagininae (Liu et al. 2006; Pelser
et al. 2007, 2010; Ren et al. 2017). However, although
Cremanthodium is closely related to Ligularia in morphology and phylogeny, little information is available on
natural hybridization involving Ligularia and Cremanthodium.
During the authors’ ﬁeld investigations to Ganzi
County, Sichuan province of China, individuals of
Ligularia nelumbifolia (Bureau & Franch.) Hand.-Mazz. and
Cremanthodium stenoglossum Ling & S.W.Liu were found
growing together, and an unidentiﬁed taxon was discovered. Based on morphological characters of leaf margin,
inﬂorescence type, peduncle and phyllary color, and corolla type, L. nelumbifolia and C. stenoglossum were easily
distinguished in the wild. However, the unidentiﬁed
taxon typically displayed an intermediate morphology of
these two species. Hence, we suspected that these individuals of the unidentiﬁed taxon were the offspring of
natural hybridization between these two species.
Recently, direct DNA sequencing has been widely applied to natural hybridization studies, resulting in its
predominant role in detection and veriﬁcation of natural
hybridization (Pan et al. 2008; Yu et al. 2014a; Zhang et al.
2014; Liao et al. 2015; Li et al. 2017). A large number of
natural hybrids have been identiﬁed based on sequencing the biparentally inherited nuclear DNA (nrDNA) regions and uniparentally inherited chloroplast DNA
(cpDNA) regions (Fan et al. 2014; Liu et al. 2014; Yu et al.
2014a, 2014b; Zhang et al. 2014; Li et al. 2017; Ning et al.
2017; Yan et al. 2017). In the present study, to further
Published by NRC Research Press
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Table 1. Sampling detail and codes of Ligularia nelumbifolia, the putative hybrid of L. nelumbifolia and Cremanthodium stenoglossum,
C. stenoglossum, L. tsangchanensis, and L. virgaurea, and an outgroup species (Senecio vulgaris) used in this study.
Taxon

Voucher
Specimen

L. nelumbifolia
Putative hybrid
C. stenoglossum
L. tsangchanensis
L. virgaurea
S. vulgaris

PG16081213
PG16081217
PG16081201
PG16081220
PG16081221
PG18061301

Code

Locality (China)

Latitude (N)

Longitude (E)

Elevation
(m a.s.l.)

Ln1–Ln20 (20)
CL1–CL20 (20)
Cs1–Cs20 (20)

Ganzi County, Sichuan
Ganzi County, Sichuan
Ganzi County, Sichuan
Ganzi County, Sichuan
Ganzi County, Sichuan
Kunming Botanical Garden, Yunnan

31.41°
31.41°
31.41°
31.41°
31.41°
25.14°

99.96°
99.96°
99.96°
99.96°
99.96°
102.74°

4584
4584
4584
4584
4584
1928

examine our hypothesis, four nrDNA regions [A12, B14,
D30, and internal transcribed spacer (ITS)] and three
cpDNA regions (psbA–trnH, trnQ–5=rps16 and trnK–rps16)
were sequenced to conﬁrm the natural hybridization between L. nelumbifolia and C. stenoglossum and to determine
the direction of hybridization.

Materials and methods
Study species and plant sampling

Plant material was collected from Ganzi County,
Sichuan province of China (Table 1), where Ligularia
tsangchanensis (Franch.) Hand.-Mazz., Ligularia virgaurea
(Maxim.) Mattf. ex Rehder & Kobuski, L. nelumbifolia, the
putative hybrid of L. nelumbifolia and C. stenoglossum (hereinafter, the putative hybrid), and C. stenoglossum distribute
sympatrically. Based on the morphological descriptions
of Liu (1989), the most prominent difference among
L. nelumbifolia, the putative hybrid, and C. stenoglossum was
the type of inﬂorescence. Ligularia nelumbifolia displayed a
compound corymb consisting of several capitula. In contrast, C. stenoglossum displayed a solitary capitulum, and
the putative hybrid typically displayed a compound corymb consisting of a small number of capitula. Likewise,
the type of corolla for the putative hybrid was intermediate between the two putative parents. The ray ﬂorets
of C. stenoglossum were long but they were absent in
L. nelumbifolia, whereas the putative hybrid had shorter ray
ﬂorets than C. stenoglossum. In addition, although the leaf
shape and the leaf venation were not different among
the three taxa, the leaf margin was remarkably different
among them. Ligularia nelumbifolia had a green and
sharply dentate leaf margin, C. stenoglossum had a purple
and coarsely-angularly dentate leaf margin, and the leaf
margin of the putative hybrid was intermediate in morphology between L. nelumbifolia and C. stenoglossum. Moreover, the color of the peduncle and phyllary also
suggested that the putative hybrid had morphologically intermediate characters between L. nelumbifolia
and C. stenoglossum, despite the shape of the involucre
of the putative hybrid, which was similar to that of
C. stenoglossum (Table 2; Fig. 1). At this location, no speciﬁc
permission was required for scientiﬁc research, and no
endangered or protected species were involved. For
L. nelumbifolia, the putative hybrid, and C. stenoglossum,
20 individuals of each taxon were randomly selected to

collect young leaves. The sampled leaves were dried immediately in silica gel in the ﬁeld for DNA extraction.
Although sympatric L. tsangchanensis and L. virgaurea have
pinnate veins and racemose inﬂorescences that are
different from those of putative parental species, they
have ﬂowering periods that overlap with the two putative parental species. Thus, to investigate whether
L. tsangchanensis and L. virgaurea participated in the process of hybridization, L. tsangchanensis and L. virgaurea
were sampled. The sampling detail and codes for each of
the samples are listed in Table 1. In addition, Senecio
vulgaris L. was collected as an outgroup from Kunming
Botanical Garden (Table 1). Voucher specimens were
deposited in the Herbarium of the Kunming Institute of
Botany, Chinese Academy of Sciences (KUN).
PCR ampliﬁcation and sequencing of seven DNA regions

Total genomic DNA was extracted using the cetyltrimethyl ammonium bromide protocol of Doyle and Doyle
(1987) with modiﬁcations. Three nrDNA regions (A12, B14,
and D30) were ampliﬁed among all of the sampled individuals using primers developed by Chapman et al.
(2007). Polymerase chain reaction (PCR) ampliﬁcation
was performed using a reaction volume of 20 L containing 7.9 L ultrapure water, 2.0 L 10× PCR buffer (Mg2+
free), 1.8 L MgCl2 (25 mmol/L), 1.6 L dNTP (2.5 mmol/L),
1.6 L bovine serum albumin (BSA; 20 mg/mL), 0.3 L Taq
polymerase (5 U/L), 0.9 L each primer (10 mol/L), and
3.0 L template DNA (40–120 ng). Ampliﬁcation reactions were performed at the following temperature proﬁles: 3 min of initial denaturation at 95 °C; followed by
10 touchdown cycles composed of 30 s at 94 °C; 30 s at
decreasing annealing temperatures (1 °C per cycle from
66 °C (B12 and D30) or 60 °C (A12) in the ﬁrst cycle to 56 °C
(B12 and D30) or 50 °C (A12) in the 10th cycle); 45 s at 72 °C;
and 30 cycles of 30 s at 94 °C; 30 s at 56 °C (B12 and D30) or
50 °C (A12); 45 s at 72 °C; and 20 min at 72 °C for the ﬁnal
extension step. The ampliﬁcation products were puriﬁed
and then directly sequenced by Kunming TSINGKE Biological Technology Co., Ltd. (Kunming, China) using an
ABI 3730 automated sequencer.
ITS regions were ampliﬁed among all of the sampled
individuals using primers ITS4 and ITS5 (White et al.
1990). PCR ampliﬁcation was performed using a reaction
volume of 20 L containing 12.4 L ultrapure water,
Published by NRC Research Press
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Table 2. Key morphological comparison of Ligularia nelumbifolia, the putative hybrid of L. nelumbifolia and Cremanthodium
stenoglossum, and C. stenoglossum.

Taxon
L. nelumbifolia
Putative hybrid
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C. stenoglossum

Leaf
length
(cm)

Leaf
width
(cm)

Plant
height
(cm)

7–30

13–38

80–100

1.6–13

2.1–17

24–57

0.7–2

1.5–4

10–32

Leaf margin
Green and sharply
dentate
Intermediate
Purple and coarselyangularly dentate

Color of the
peduncle
and phyllary
Green

Type of
corolla

Long ray
ﬂorets
Purple–green Short ray
ﬂorets
Purple
Without ray
ﬂoret

The type of inﬂorescence
Compound corymb consisting
of numerous capitula
Compound corymb consisting
of a small number of capitula
Solitary capitulum

Fig. 1. Habitats, leaf and ﬂower characteristics of Ligularia nelumbifolia (a, d, and g), the putative hybrid of L. nelumbifolia and
Cremanthodium stenoglossum (b, e, and h), and C. stenoglossum (c, f, and i) investigated in this study. [Colour online.]

2.0 L 10× PCR buffer (Mg2+ free), 1.0 L MgCl2 (25 mmol/L),
1.0 L dNTP (2.5 mmol/L), 0.8 L BSA (20 mg/mL), 0.3 L
Taq polymerase (5 U/L), 0.5 L each primer (10 mol/L),
and 1.5 L template DNA (20–60 ng). Ampliﬁcation reactions were performed at the following temperature proﬁles: 5 min of initial denaturation at 94 °C; followed by
36 cycles composed of 45 s at 94 °C; 45 s at 56 °C; 50 s at
72 °C, and 8 min at 72 °C for the ﬁnal extension step. The

ampliﬁcation products were puriﬁed and then directly
sequenced using the above-mentioned methods.
Three chloroplast DNA regions were ampliﬁed among
all of the sampled individuals using universal primer
pairs of psbA–trnH (Sang et al. 1997), trnQ–5=rps16 (Shaw
et al. 2007), and trnK–rps16 (Shaw et al. 2007). PCR ampliﬁcation was carried out in a total volume of 20 L
containing 12.5 L ultrapure water, 2.0 L 10× PCR buffer
Published by NRC Research Press
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(Mg2+ free), 1.0 L MgCl2 (25 mmol/L), 1.0 L dNTP
(2.5 mmol/L), 1.0 L DMSO (20 mg/mL), 0.3 L Taq polymerase
(5 U/L), 0.35 L each primer (10 mol/L), and 1.5 L
template DNA (20–60 ng). Ampliﬁcation reactions were
performed at the following temperature proﬁles: 5 min
of initial denaturation at 80 °C; followed by 36 cycles
composed of 45 s at 94 °C; 45 s at 53 °C; 50 s at 65 °C, and
7 min at 65 °C for the ﬁnal extension step. The ampliﬁcation products were puriﬁed and then directly sequenced using the above mentioned methods.
Sequence analyses

Sequences of seven DNA regions were initially aligned
and compared in SeqMan (DNAstar 7.1, DNASTAR Inc.,
Madison, Wisconsin, USA). A further alignment of sequences was performed using BioEdit V.7 (Hall 1999) and
adjusted manually. DNA sequences have been submitted
to the GenBank databases under accession numbers
MF688687-MF688758. Two homogeneity tests were performed on three cpDNA regions and four nrDNA regions
using PAUP* 4.0b10 (Swofford 2003). The homogeneity
test showed no signiﬁcant incongruence among tree cpDNA regions (P = 1; >0.5), and the homogeneity test
showed signiﬁcant incongruence among four nrDNA regions (P = 0.3; <0.5). Thus, the three cpDNA regions were
combined and used in the next analyses. Haplotypes of
the combined cpDNA sequences were inferred using
DnaSP 5.0 (Rozas et al. 2003). However, four nrDNA regions were analyzed separately. Nuclear DNA regions often generated heterozygous sites in some individuals,
which were identiﬁed by overlapping peaks in chromatograms. Thus, the nrDNA sequences which contained
heterozygous sites were resolved using algorithms of
PHASE (Stephens et al. 2001; Stephens and Donnelly
2003) in DnaSP 5.0. After the process of PHASE, one
nrDNA sequence was separated into two sequences that
did not contain heterozygous sites. The haplotypes of
phased nrDNA sequences were inferred by DnaSP 5.0.
Haplotype networks for combined cpDNA and each
nrDNA region were constructed to resolve the relationships using Network 5.0.0.1 with the median-joining algorithm (Bandelt et al. 1999). Each indel was treated as a
single mutational event in the Network analysis. The
graph generated from Network 5.0.0.1 was drawn with
Adobe Illustrator (Adobe Systems, Mountain View, California, USA). For each nrDNA region and combined cpDNA region, we reconstructed the phylogeny of the
haplotypes using Bayesian approach in MrBayes 3.2.1
(Ronquist et al. 2012). The Markov chain Monte Carlo
(MCMC) searched 1 000 000 generations, and trees were
sampled every 100 generations with the ﬁrst 25% trees
discarded. The optimal substitution model for Bayesian
inference was ascertained using jModelTest 2.1.5 with
the Akaike information criterion (Darriba et al. 2012),
which suggested the GTR model. Moreover, deletions
were treated as missing data. Because we excluded the
probability that L. tsangchanensis and L. virgaurea partici-
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pated in the hybridization in the preliminary experiment (L. tsangchanensis and L. virgaurea were completely
separated with other two species and the putative hybrid
based on the ITS sequences), the analyses of network,
Structure and NewHybrids did not include L. tsangchanensis
and L. virgaurea.
Based on the sequences of four nrDNA regions,
genomic admixture proportions of each hybrid individual derived from the parental genome were calculated
using the program Structure version 2.3.4 (Hubisz et al.
2009) with the Bayesian-model-based clustering algorithm. The variable sites of nrDNA sequences for each
individual were converted into a digital matrix for
the input ﬁle format of Structure by the program
xmfa2struct.bat and adjusted manually. The admixture
model with correlated allele frequencies was adopted
and the default settings were used. Run parameters were
set to 100 000 iterations of MCMC, preceded by a burn-in
of 100 000. No prior knowledge of the species was included, and no popﬂags were set. To determine the optimal value of K, ⌬K was calculated by performing 10 runs
for each K ranging from 1 to10 (Evanno et al. 2005).
The program of NewHybrids was used to verify the
generations (parents, F1, F2, or backcrosses) of all individuals using the default settings (Anderson and Thompson
2002). This program does not require the parental populations to be sampled separately under the presumption
that only two generations of crossing have occurred
(Anderson and Thompson 2002). We assumed that these
nrDNA regions were unlinked and were at linkage equilibrium in the parent species before hybridization (Milne
and Abbott 2008). Moreover, we assumed that these
nrDNA regions were not subjected to natural selection.
Then, each haplotype was treated as an allele and denoted
as two digits and each nrDNA region was treated as a locus
respectively. The analysis was run for 100 000 rounds after a
burn-in of 10 000 MCMC iterations.

Results
Sequence analyses of four nrDNA regions

The aligned length of four nrDNA regions A12, B14,
D30, and ITS were 268 bp, 430 bp, 465 bp, and 625 bp in
three taxa, respectively. After the process of PHASE, four
nrDNA regions A12, B14, D30, and ITS got 93 sequences,
110 sequences, 101 sequences, 115 sequences in three
taxa, respectively. There was a total of 18 ﬁxed nucleotide
substitutions and one ﬁxed 2 bp indel between L. nelumbifolia
and C. stenoglossum at four nrDNA regions (Table 3).
Among 20 putative hybrid individuals, 17 individuals displayed chromatogram additivity between L. nelumbifolia
and C. stenoglossum at all ﬁxed sites, and the remaining
three individuals (CL1, CL8, and CL19) displayed chromatogram additivity at 17 ﬁxed sites but identical nucleotide base with L. nelumbifolia at the site of the B14 region
(Table 3). Interestingly, two individuals (Cs6 and Cs7)
Published by NRC Research Press

Note: –, deletions; G + T = K; A + C = M; A + T = W; T + C = Y; G + C = S; A+G = R.

612
587

C
S
S
S
S
G
G
T
Y
Y
Y
Y
C
C

564
562

A
R
R
R
R
G
G
A
R
R
R
R
G
G

446
423

C
Y
Y
Y
Y
T
Y
T
Y
Y
Y
Y
C
Y

382
216

G
–
G
–
G
–
–
C
–
C
–
C
–
–

215
175

C
Y
Y
Y
Y
T
T
T
Y
Y
Y
Y
C
C

123
117

T
Y
Y
Y
Y
C
Y
T
W
W
W
W
A
W

101
99

A
R
R
R
R
G
G
G
S
S
S
S
C
S

91
175

G
S
S
S
S
C
C
C
M
M
M
M
A
A

172
77

T
Y
Y
T
T
C
C
T
Y
Y
Y
Y
C
C

261
232

A
W
W
W
W
T
T
A
M
M
M
M
C
C

206
143

G
K
K
K
K
T
T
T
K
K
K
K
G
G

133

G
K
K
K
K
T
T
Ln1–20
CL9–CL11, CL14–CL18, CL20
CL2–CL7, CL12–CL13
CL1, CL19
CL8
Cs1–Cs5, Cs8–Cs20
Cs6, Cs7

118
109
Individual

A
M
M
M
M
C
C

ITS
D30
B14
A12

Polymorphic sites

T
Y
Y
Y
Y
C
C
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Table 3. Variable sites and indels of Ligularia nelumbifolia, the putative hybrid of L. nelumbifolia and Cremanthodium stenoglossum, and C. stenoglossum at four nuclear DNA
regions.
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identiﬁed as C. stenoglossum also showed chromatogram
additivity at ﬁve sites in the ITS region (Table 3).
Haplotype network analysis of A12 identiﬁed two
highly divergent clusters (Fig. 2a). Only one haplotype
was present in L. nelumbifolia individuals, which represented one of the clusters, whereas the three haplotypes
present in C. stenoglossum generally conformed to the
other. Each putative hybrid individual had two haplotypes: one was shared with L. nelumbifolia and the other
was shared with C. stenoglossum. (Table 4). Moreover, haplotype network analysis of the ITS region also identiﬁed
two highly divergent clusters (Fig. 2d). Namely, three
haplotypes of L. nelumbifolia formed one cluster, and four
haplotypes of C. stenoglossum formed another cluster.
Each putative hybrid individual had two haplotypes,
each originating from one of the divergent clusters
(Table 4; Fig. 2d). However, for the other two nrDNA regions (B14 and D30), the haplotypes of the two putative
parents did not form two highly divergent clusters
(Figs. 2b and 2c) because of the fewer ﬁxed sites between
L. nelumbifolia and C. stenoglossum. Even so, no haplotype
was shared between the two species.
Bayesian inference was used to construct phylogenetic
relationships among haplotypes of each nrDNA region.
For four Bayesian trees, all haplotypes of L. nelumbifolia
and those of C. stenoglossum completely segregated from
sympatric L. tsangchanensis and L. virgaurea in each Bayesian tree (Figs. 3–6). For two nrDNA regions (A12 and D30),
the haplotypes of L. nelumbifolia and those of C. stenoglossum
formed two well-separated clades in each Bayesian tree,
respectively (Figs. 3 and 5). For two haplotypes of each
putative hybrid individual, one shared a clade with
L. nelumbifolia and the other shared another clade with
C. stenoglossum in each Bayesian tree (Table 4; Figs. 3 and 5).
However, for region B14, all haplotypes of L. nelumbifolia
formed one clade, and all haplotypes but one haplotype
(B11) of C. stenoglossum formed another clade (Fig. 4). For
two phased haplotypes of each putative hybrid individual (except CL1, CL8, and CL19), one shared a clade with
L. nelumbifolia and the other shared another clade with
C. stenoglossum (Table 4; Fig. 4), whereas both two-phased
haplotypes of individual CL1 and CL8 were nested within
the L. nelumbifolia clade. Moreover, individual CL1 only had
one haplotype (B2) which was shared with L. nelumbifolia
(Table 4; Fig. 4). For the Bayesian tree of ITS region, all
haplotypes of L. nelumbifolia and one haplotype (I10) of
C. stenoglossum formed one clade, whereas the remaining
haplotypes of C. stenoglossum formed another clade
(Fig. 6). For two haplotypes of each putative hybrid individual, one nested within each of the two clades (Table 4;
Fig. 6).
Structure analysis for the three taxa based on the sequences of four nrDNA regions yielded an optimal ⌬K
value for K = 2 (Fig. 7a) and revealed two highly distinct
genetic groups (Fig. 7b). All but two individuals (Cs6 and
Cs7) morphologically identiﬁed as C. stenoglossum were
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Fig. 2. Haplotype network of haplotype data for four nrDNA regions A12 (a), B14 (b), D30 (c), and ITS (d) and combined three
cpDNA regions (e) for the putative hybrid of the putative hybrid of Ligularia nelumbifolia and Cremanthodium stenoglossum, as well
as L. nelumbifolia, and C. stenoglossum. Mutation steps are shown by the numerical value, each indel was treated as a single
mutational event, and node size was proportional to the number of haplotypes possessed by all investigated individuals.
[Colour online.]

assigned to the Group 1 with high proportion (>99%),
whereas all individuals morphologically identiﬁed as
L. nelumbifolia were assigned to the Group 2 with high
proportion (>99%). However, two individuals (Cs6 and
Cs7) of C. stenoglossum contained a mixed genetic component (less than 10%) of Group 2 (Fig. 7b). As expected, all
putative hybrid individuals presented the genetic admixture of both putative parental groups with nearly equal
proportion (Fig. 7b).
Generations (parents, F1, F2, or backcrosses) of all individuals were conﬁrmed using the program NewHybrids
based on the haplotypes of four nrDNA regions. All individuals previously identiﬁed as C. stenoglossum based on
morphology were all assigned to pure C. stenoglossum
with >99% posterior probabilities (Fig. 7c). All individuals
previously identiﬁed as L. nelumbifolia based on morphol-

ogy were all assigned to pure L. nelumbifolia with
>99% posterior probabilities. All individuals morphologically identiﬁed as the putative hybrid were all assigned to
F1 class with high posterior probabilities (>96%).
Sequence analyses of combined cpDNA

The aligned length of psbA–trnH, trnQ–5=rps16, and
trnK–rps16 were 454 bp, 957 bp, and 939 bp respectively.
The combined length of the three cpDNA regions was
2350 bp. All individuals of L. nelumbifolia had identical
sequences and did not contain any intraspeciﬁc polymorphism (Table 5). However, sequences variations were detected in ﬁve individuals (Cs2, Cs3, Cs4, Cs19, and Cs20)
of C. stenoglossum at four sites of trnQ–5=rps16 region.
These ﬁve individuals exhibited identical nucleotide
bases with L. nelumbifolia at these four sites. A total of
Published by NRC Research Press
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Table 4. Haplotypes for all individuals of the three taxa (Ligularia, Cremanthodium, and Senecio) in each
nuclear DNA region and the combined cpDNA.
Individual

Haplotypes
of A12

Haplotypes
of B14

Haplotypes
of D30

Haplotypes
of ITS

Haplotypes of
combined cpDNA

Cs1
Cs2
Cs3
Cs4
Cs5
Cs6
Cs7
Cs8
Cs9
Cs10
Cs11
Cs12
Cs13
Cs14
Cs15
Cs16
Cs17
Cs18
Cs19
Cs20
CL1
CL2
CL3
CL4
CL5
CL6
CL7
CL8
CL9
CL10
CL11
CL12
CL13
CL14
CL15
CL16
CL17
CL18
CL19
CL20
Ln1
Ln2
Ln3
Ln4
Ln5
Ln6
Ln7
Ln8
Ln9
Ln10
Ln11
Ln12
Ln13
Ln14
Ln15
Ln16
Ln17
Ln18
Ln19
Ln20

A3
A2, A3
A2
A3
A2, A3
A3
A2, A3
A2, A3
A3
A2, A3
A3, A4
A2, A3
A2, A3
A2, A3
A2, A3
A2, A3
A3, A4
A3
A3
A2, A3
A1, A2
A1, A3
A1, A3
A1, A3
A1, A3
A1, A3
A1, A3
A1, A3
A1, A3
A1, A2
A1, A3
A1, A2
A1, A3
A1, A3
A1, A3
A1, A2
A1, A2
A1, A3
A1, A3
A1, A3
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1
A1

B11, B12
B9, B13
B4, B11
B4, B9
B4, B9
B4, B11
B9, B11
B4, B9
B4, B11
B11, B13
B11
B4, B9
B4, B9
B11
B4, B11
B4, B11
B4, B11
B4, B11
B4, B11
B11, B12
B1, B2
B1, B5
B2, B6
B2, B4
B5, B8
B1, B7
B2, B9
B1, B2
B8, B10
B1, B3
B2, B4
B2, B5
B1, B5
B1, B6
B2, B7
B1, B6
B1, B5
B1, B5
B2
B2, B5
B1
B1, B15
B1
B1, B2
B2
B2, B8
B1, B2
B2
B2
B2
B1, B2
B8
B1, B2
B1, B2
B2, B14
B1, B8
B1, B2
B2, B14
B1, B2
B1, B14

D1
D1, D4
D1
D1
D1
D1, D4
D1, D4
D1
D1
D1
D1, D4
D1
D1
D1, D4
D1
D1
D1
D1, D4
D1
D1
D1, D2
D1, D2
D1, D2
D1, D3
D1, D3
D1, D2
D1, D3
D1, D3
D1, D3
D1, D2
D1, D3
D1, D3
D1, D2
D1, D2
D1, D3
D1, D3
D1, D2
D1, D3
D1, D2
D1, D2
D3, D5
D5, D6
D2, D5
D6, D7
D2, D5
D3, D6
D2, D3
D3, D5
D2, D3
D2
D2, D3
D3, D5
D3
D3, D6
D3, D5
D3, D5
D5
D2
D2
D2, D3

I3, I9
I3, I9
I3, I9
I3, I9
I3, I9
I3, I10
I3, I10
I3, I10
I3
I3, I9
I3
I1, I3
I1, I3
I1, I3
I3
I1, I3
I3
I3, I9
I3
I3, I9
I1, I2
I4, I5
I4, I5
I4, I5
I4, I7
I6, I7
I4, I5
I5, I6
I3, I8
I2, I3
I2, I3
I4, I5
I6, I7
I1, I2
I3, I8
I3, I8
I1, I2
I4, I5
I3, I8
I3, I8
I5, I7
I5, I7
I7, I11
I5, I7
I7, I11
I5, I7
I5, I7
I5, I7
I7, I11
I5, I7
I5, I7
I5, I7
I5, I7
I5, I7
I5, I7
I5, I7
I5, I7
I7, I11
I5, I7
I5, I7

C2
C5
C5
C5
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C5
C5
C1
C5
C2
C2
C5
C1
C1
C2
C2
C2
C3
C4
C1
C2
C1
C1
C1
C5
C2
C2
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
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Fig. 3. Phylogenetic analyses of haplotype data for nrDNA region A12 for the putative hybrid of the putative hybrid of Ligularia
nelumbifolia and Cremanthodium stenoglossum, as well as L. nelumbifoli, and C. stenoglossum. “_L. nelumbifolia_PH” represents the
haplotype that included the individuals of L. nelumbifolia and the putative hybrid. “_C. stenoglossum_PH” represents the
haplotype that included the individuals of C. stenoglossum and the putative hybrid. “_L. nelumbifolia” represents the haplotype
that only included the individuals of L. nelumbifolia. “_C. stenoglossum” represents the haplotype that only included the
individuals of C. stenoglossum. “_PH” represents the haplotype that only included individuals of the putative hybrid. Numbers
above the branches indicate the supporting rate (>50%).

Fig. 4. Phylogenetic analyses of haplotype data for nrDNA region B14 for the putative hybrid of the putative hybrid of Ligularia
nelumbifolia and Cremanthodium stenoglossum, as well as L. nelumbifolia and C. stenoglossum. “_L. nelumbifolia_PH” represents the
haplotype that included the individuals of L. nelumbifolia and the putative hybrid. “_C. stenoglossum_PH” represents the
haplotype that included the individuals of C. stenoglossum and the putative hybrid. “_L. nelumbifolia” represents the haplotype
that only included the individuals of L. nelumbifolia. “_C. stenoglossum” represents the haplotype that only included the
individuals of C. stenoglossum. “_PH” represents the haplotype that only included individuals of the putative hybrid. Numbers
above the branches indicate the supporting rate (>50%).

15 ﬁxed nucleotide substitutions and eight indels were
identiﬁed between L. nelumbifolia and C. stenoglossum at
three cpDNA regions. For the putative hybrid, seven individuals displayed identical sequences with L. nelumbifolia

at all ﬁxed sites and indels, and 11 individuals exhibited
identical sequences with C. stenoglossum at all ﬁxed sites
and indels. However, the remaining two individuals
(CL11 and CL12) displayed identical nucleotide bases with
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Fig. 5. Phylogenetic analyses of haplotype data for nrDNA region D30 for the putative hybrid of the putative hybrid of
Ligularia nelumbifolia and Cremanthodium stenoglossum, as well as L. nelumbifolia, and C. stenoglossum. “_L. nelumbifolia_PH”
represents the haplotype that included the individuals of L. nelumbifolia and the putative hybrid. “_C. stenoglossum_PH”
represents the haplotype that included the individuals of C. stenoglossum and the putative hybrid. “_L. nelumbifolia” represents
the haplotype that only included the individuals of L. nelumbifolia. “_C. stenoglossum” represents the haplotype that only
included the individuals of C. stenoglossum. “_PH” represents the haplotype that only included individuals of the putative
hybrid. Numbers above the branches indicate the supporting rate (>50%).

Fig. 6. Phylogenetic analyses of haplotype data for nrDNA region ITS for the putative hybrid of the putative hybrid of Ligularia
nelumbifolia and Cremanthodium stenoglossum, as well as L. nelumbifolia, and C. stenoglossum. “_L. nelumbifolia_PH” represents the
haplotype that included the individuals of L. nelumbifolia and the putative hybrid. “_C. stenoglossum_PH” represents the
haplotype that included the individuals of C. stenoglossum and the putative hybrid. “_L. nelumbifolia” represents the haplotype
that only included the individuals of L. nelumbifolia. “_C. stenoglossum” represents the haplotype that only included the
individuals of C. stenoglossum. “_PH” represents the haplotype that only included individuals of the putative hybrid. Numbers
above the branches indicate the supporting rate (>50%).

L. nelumbifolia at only 13 ﬁxed sites and all indels, whereas
these two individuals displayed identical nucleotide
bases with C. stenoglossum at the remaining two ﬁxed sites
(Table 5).
Haplotype network analysis produced two highly divergent clusters, each comprising one L. nelumbifolia haplotype and two C. stenoglossum haplotypes, respectively
(Fig. 2e). For the putative hybrid, nine individuals nested

within the L. nelumbifolia cluster, whereas the remaining
11 individuals nested within the C. stenoglossum cluster
(Table 4; Fig. 2e). The Bayesian tree of combined cpDNA
suggested that haplotypes (C2 and C5) of C. stenoglossum
formed one well-separated clade, whereas Ligularia
species formed another well-separated clade (Fig. 8).
Moreover, the private haplotype (C3) of the putative
hybrid was closer to L. nelumbifolia, whereas the private
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Fig. 7. The results of ⌬K by performing 10 runs for each K ranging from 1 to10 (a). Genetic constitution analysis by Structure
(b) and posterior probability of each individual belonging to parental or hybrid class by NewHybrids (c) for the putative hybrid
of the putative hybrid of Ligularia nelumbifolia and Cremanthodium stenoglossum, as well as individuals of L. nelumbifolia, and
C. stenoglossum, based on the sequence data from four nuclear regions. [Colour online.]

haplotype (C4) of the putative hybrid was closer to
L. tsangchanensis and L. virgaurea (Table 4; Fig. 8).

Discussion
Molecular identiﬁcation of natural hybridization
between L. nelumbifolia and C. stenoglossum

No study on natural hybridization involving Ligularia
and Cremanthodium has been reported to date. In this
study, we validated the natural hybridization between
L. nelumbifolia and C. stenoglossum based on morphological
and molecular data. Each of the parental species,

L. nelumbifolia and C. stenoglossum, had a distinct morphological appearance (Table 1; Fig. 1), and the putative
hybrid displayed intermediate characters suggesting
natural hybridization between these two species (Grant
1981). However, morphological evidence alone is limited
for identifying natural hybrid and sometimes may impede the determination of hybrid status (Morrell and
Rieseberg 1998; Marhold et al. 2002; Park et al. 2003).
Morphological intermediacy may result from continuous variation and the high plasticity of many traits in
Published by NRC Research Press
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response to various environmental factors other than
hybridization (Craft et al. 2002; Zhang et al. 2013). Therefore, a total of seven DNA regions were chosen to further
verify the putative natural hybridization. Although two
nrDNA regions (B14 and D30) did not differentiate these
two species well in the haplotype networks (Figs. 2b and
2c), all individuals of the putative hybrid displayed perfect chromatogram additivity in at least three nrDNA
regions (Table 3), providing powerful evidence for natural
hybridization between L. nelumbifolia and C. stenoglossum.
In addition, for the two haplotypes of each putative hybrid individual, one nested within L. nelumbifolia clade
and the other nested within C. stenoglossum clade in at
least three nuclear Bayesian trees, providing further conﬁrmation of hybridization (Table 4; Figs. 3, 5, and 6).
Meanwhile, the Structure analysis clearly showed that
L. nelumbifolia and C. stenoglossum formed two welldifferentiated genetic groups, and all individuals identiﬁed as the putative hybrid in the ﬁeld showed genetic
admixture from both putative parental groups (Fig. 7b),
which further supported the hypothesis of the hybrid
origin of morphologically intermediate individuals.
Moreover, although the private haplotype (C4) in combined cpDNA of the putative hybrid was closer to
L. tsangchanensis and L. virgaurea (Table 5; Fig. 8), all of the
nuclear Bayesian trees suggested that sympatric
L. tsangchanensis and L. virgaurea were not apparently involved in the hybridization between L. nelumbifolia and
C. stenoglossum.
Because cpDNA is maternally inherited in Ligularia
(Zhang and Liu 2003), analyses of combined cpDNA indicated that the hybridization between L. nelumbifolia and
C. stenoglossum was bidirectional. In other words, both
parental species could act either as pollen donor or as
pollen receptor during the process of hybridization. Notably, 11 unique haplotypes were observed in the putative hybrid using B14, ITS, and combined cpDNA (Figs. 2b,
2d, and 2e), which may be due to unidentiﬁed polymorphisms from the parental species, or new mutations in
the hybrid individuals (Fan et al. 2014). Moreover, for
the four variable sites at trnQ–5=rps16 region among
C. stenoglossum individuals, the most reasonable explanation was that the four sites were the variation sites
within the population of C. stenoglossum. Another explanation for this pattern may be the result of chloroplast
capture due to hybridization between the two species
(Smissen et al. 2004; Soejima et al. 2008).
The classiﬁcation and phylogenetic relationships of
Ligularia and Cremanthodium are still debated, pending a
new circumscription and delimitation of these groups
(Wulff 1944; Drury 1967; Jeffrey and Chen 1984; Liu 1989;
Liu et al. 2001, 2006; Pelser et al. 2007, 2010; Chen et al.
2011; Ren et al. 2017). Cremanthodium was once considered
to be the alpine derivative of Ligularia (Wulff 1944; Drury
1967), but some researchers accepted the status of
Cremanthodium based on its nodding capitula and broadly
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Fig. 8. Phylogenetic analyses of the haplotype data for combined cpDNA for the putative hybrid of the putative hybrid of
Ligularia nelumbifolia and Cremanthodium stenoglossum, as well as L. nelumbifolia and C. stenoglossum. “_L. nelumbifolia_PH”
represents the haplotype that included the individuals of L. nelumbifolia and the putative hybrid. “_C. stenoglossum_PH”
represents the haplotype that included the individuals of C. stenoglossum and the putative hybrid. “_L. nelumbifolia” represents
the haplotype that only included the individuals of L. nelumbifolia. “_C. stenoglossum” represents the haplotype that only
included the individuals of C. stenoglossum. “_PH” represents the haplotype that only included individuals of the putative
hybrid. Numbers above the branches indicate the supporting rate (>50%).

campanulate or hemispherical involucres (Jeffrey and
Chen 1984; Liu 1989; Liu et al. 2001; Chen et al. 2011).
However, molecular phylogeny studies revealed that
Ligularia and Cremanthodium were closely related and
their species were grouped together (Liu et al. 2006;
Pelser et al. 2007, 2010; Ren et al. 2017). The occurrence
of natural hybridization between L. nelumbifolia and
C. stenoglossum implied that reproductive barriers may
not be well-developed between these two genera and
that they may not be highly genetically differentiated
(Soltis and Soltis 1986). Thus, the occurrence of natural
hybridization between L. nelumbifolia and C. stenoglossum
could contribute to further understanding the relationship between Ligularia and Cremanthodium.
Factors that facilitate natural hybridization between
L. nelumbifolia and C. stenoglossum

Bidirectional natural hybridization frequently occurs
between Ligularia species because of geographical sympatry, overlapped ﬂower periods, and common pollinators
(Yu et al. 2011, 2014a; Ning et al. 2017; Zhang et al. 2017).
However, natural hybridization between Cremanthodium
species has never been reported. In this study, the cooccurrence of L. nelumbifolia and C. stenoglossum in the
same territory allowed the possibility for their hybridization in the ﬁeld. In addition, L. nelumbifolia and
C. stenoglossum are both diploid with 2n = 58 (Liu et al.
2001; Ren 2012), which may facilitate hybridization (Kou
et al. 2017). Another factor favoring natural hybridiza-

tion was the overlapping ﬂowering periods. Coincidentally, C. stenoglossum bloomed from July to August and
L. nelumbifolia bloomed from July to September (Liu 1989).
Moreover, our ﬁeld observations showed that nectarcollecting insects had no species preference between
L. nelumbifolia and C. stenoglossum and shuttled frequently
among ﬂowers in the study area. Hence, nectarcollecting insects could transfer pollen from each other
by chance, providing opportunity for the occurrence of
hybridization between them. As a consequence, these
factors provided ample opportunities for natural hybridization between L. nelumbifolia and C. stenoglossum.
Consequences of the hybridization between
L. nelumbifolia and C. stenoglossum

All the putative hybrid individuals were identiﬁed as
F1 class with high posterior probabilities (>96%) based on
the NewHybrids analysis (Fig. 7c), which concurred with
the results of a natural intergeneric hybridization study
between Aster ageratoides var. scaberulus and Kalimeris
indica (Li 2006). However, current analysis of NewHybrids
failed to explain some sequence variations in two
C. stenoglossum individuals (Cs6 and Cs7), which might be
the progenies of backcrossing based on ITS sequences
(Table 2; Fig. 7c). Moreover, the results of Structure analysis also showed that these two individuals had a small
genetic component of the L. nelumbifolia group (less than
10%), supporting the presence of introgression (Fig. 7b).
On the other hand, in the ITS Bayesian tree, the two
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individuals were also located in the L. nelumbifolia clade
and C. stenoglossum clade, which also suggested the presence of introgression. Introgression has frequently
presented in Ligularia and has resulted in complex
relationships among Ligularia species by serving as a
bridge to gene ﬂow (Yu et al. 2011, 2014a; Zhang et al.
2017). During the authors’ ﬁeld investigations, hundreds
of hybrid individuals were found, indicating relatively
weak pre-zygotic barriers between L. nelumbifolia and
C. stenoglossum, and that their zygotes could survive and
develop into mature plants. The observed high frequency of F1s among hybrid individuals could be explained by a strong post-zygotic barrier such as hybrid
sterility at the hybrid stage (Dobzhansky 1937; Milne and
Abbott 2008; Pellegrino et al. 2009; Guo et al. 2011). In
other words, in this hybrid swarm, strong post-zygotic
isolation limited the fates of hybrid individuals where
later generations of hybrid individuals could not be detected. Under such circumstances, hybrids might represent a bridge for gene ﬂow between L. nelumbifolia and
C. stenoglossum and it might be impossible for the formation of hybrid species without asexual reproduction
(Milne et al. 2003; Milne and Abbott 2008; Pellegrino
et al. 2009; Guo et al. 2011).

Conclusions
This work presented molecular evidence for a natural
hybridization between L. nelumbifolia and C. stenoglossum
and conﬁrmed bidirectional hybridization. The occurrence of natural hybridization between L. nelumbifolia
and C. stenoglossum supported the view that Ligularia and
Cremanthodium are closely related. Moreover, the high
frequency of F1 class and fairly fewer backcrossing individuals might prevent the formation of new species with
hybrid origin. However, the mechanism of reproductive
isolation in the process of hybridization is still unclear.
Thus, future work should focus on the mechanisms of
reproductive isolation between these two species.
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