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The Cayratia japonica–Cayratia tenuifolia species complex (Vitaceae) is distributed from temperate to
tropical East Asia, Southeast Asia, India, and Australia. The spatiotemporal diversification history of this
complex was assessed through phylogenetic and biogeographic analyses. Maximum parsimony, neigh-
bor-joining, and maximum likelihood methods were used to analyze sequences of one nuclear (AS1)
and two plastid regions (trnL-F and trnC-petN). Bayesian dating analysis was conducted to estimate the
divergence times of clades. The likelihood method LAGRANGE was used to infer ancestral areas. The Asian
C. japonica and C. tenuifolia should be treated as an unresolved complex, and Australian C. japonica is dis-
tinct from the Asian C. japonica–C. tenuifolia species complex and should be treated as separate taxa. The
Asian C. japonica–C. tenuifolia species complex was estimated to have diverged from its closest relatives
during the Late Eocene (35.1 million years ago [Ma], 95% highest posterior densities [HPD] = 23.3–
47.3 Ma) and most likely first diverged in mid-continental Asia. This complex was first divided into a
northern clade and a southern clade during the middle Oligocene (27.3 Ma; 95% HPD = 17.4–38.1 Ma),
which is consistent with a large southeastward extrusion of the Indochina region relative to South China
along the Red River. Each of the northern and southern clades then further diverged into multiple subc-
lades through a series of dispersal and divergence events following significant geological and climatic
changes in East and Southeast Asia during the Miocene. Multiple inter-lineage hybridizations among four
lineages were inferred to have occurred following this diversification process, which caused some Asian
lineages to be morphologically cryptic.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The Sino-Japanese floristic region in temperate Asia has remark-
ably rich biodiversity compared to other temperate floristic regions
worldwide. The high species richness of the region is explained by
its climatic diversity, complex topography, complex geological his-
tory, and the absence of major extinctions during Quaternary gla-
ciations (Qian and Ricklefs, 2000; Harrison et al., 2001; Milne and
Abbott, 2002; Milne, 2006; Qiu et al., 2011). Adjacent to temperate
Asia, tropical Asia (Indo-Burma and Sundaland) is also known for
high biodiversity (Myers et al., 2000). In addition to the high rates
of endemics in these floristic regions, some species are widely
distributed across the regions. Those species have previously re-
ceived little attention; however, recent advances in molecular
analyses have made it possible to reveal hidden lineages within a
species (e.g., Qiu et al., 2011). Phylogeographic analyses of
such species may reveal how they spread across floristic regions
and help to clarify the geological histories of temperate and
tropical Asia.

Cayratia Jussieu (Vitaceae) comprises over 60 species, occurring
mainly in tropical and subtropical Asia, Africa, Australasia, and the
Pacific islands (Wen, 2007; Lu et al., 2013). Cayratia japonica
(Thunb.) Gagnep. is distributed from the temperate to tropical re-
gions of East Asia, Southeast Asia, India, and Australia (Jackes,
1987; Ohba, 1999; Hui and Wen, 2007). Two intraspecific varieties
are recognized in China: C. japonica var. pseudotrifolia (W.T. Wang)
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C.L. Li and C. japonica var. mollis (Wallich ex M.A. Lawson) Momiy-
ama (Hui and Wen, 2007). Cayratia tenuifolia (Wight & Arn.) Gag-
nep. occurs in the Japanese islands of Kyushu and the Ryukyus,
as well as in Taiwan, the Malay Peninsula, and Borneo. It was mor-
phologically distinguished from C. japonica by differences in den-
tate leaflet margins (Hatusima and Amano, 1967; Hatusima,
1971) and was treated as a synonym of C. japonica var. dentata
(Makino) Honda (Makino, 1909; Ohba, 1999). Okada et al. (2007)
suggested that C. tenuifolia might be distinguished from C. japonica
by differences in the color of the floral disc at anthesis: specifically,
yellow in C. tenuifolia and orange in C. japonica.

The chromosome number of C. japonica has been reported as
2n = 40 in China (Huang et al., 1988). Both C. japonica and C. tenui-
folia contain diploids (2n = 2x = 40) and triploids (2n = 3x = 60) in
Japan (Okada et al., 2003, 2005, 2007; Tsukaya et al., 2012). Consis-
tent with triploids in other species, the triploids of C. japonica and
C. tenuifolia have low fertilities and rarely bear fruit. Moreover, the
diploid C. japonica of Honshu, Japan, has variable pollen fertility
(31–97%; Okada et al., 2003) and is often unable to produce seeds.
Both C. japonica and C. tenuifolia readily propagate vegetatively,
and thus some individuals of the species were assumed to spread
through vegetative clones in Japan (Okada et al., 2003).

In a previous study, we explored the origins of triploids of C.
japonica and C. tenuifolia in Japan using the single-copy nuclear
gene ASYMMETRIC LEAVES 1 (AS1) (Tsukaya et al., 2012). According
to the phylogenetic investigation, alleles were divided into three
distinct lineages, the majority of which were shared by C. japonica
and C. tenuifolia. These results suggested that the two species were
not phylogeneticaly distinct from each other and may be members
of a species complex (Tsukaya et al., 2012). In addition, the major-
ity of diploids and all triploids were heterozygous for the AS1 geno-
types and consisted of two alleles with distinct lineages, suggesting
that lineage diversifications were followed by lineage admixtures
through hybridizations. Furthermore, triploids of each species orig-
inated from independent hybridizations.

Only a few studies have examined this species complex in other
regions. In Australia, C. japonica is found along the east coast of
Queensland (Jackes, 1987). Although phylogenetic relationships be-
tween Australasian C. japonica and other Australian species of Vita-
ceae were investigated (Rossetto et al., 2001, 2007), the analysis did
not include the Asian C. japonica. The phylogenetic relationship be-
tween C. japonica in Australia and Asia has not yet been examined.

In this study, we used expanded taxon sampling and additional
molecular markers to determine the phylogenetic relationships
among the C. japonica–C. tenuifolia species complex across most
of its distribution. Details of divergences and hybridizations among
major lineages were assessed. Divergence times of the main lin-
eages and the ancestral area of the species complex were esti-
mated, and the divergence history of this clade was also
investigated. The species complex is widely distributed across tem-
perate to tropical regions from East Asia to Australia and provides
an appropriate model system for determining the origins of intra-
species complex lineages.

2. Materials and methods

2.1. Materials and determinations of ploidy levels

Cayratia japonica and C. tenuifolia were treated as members of
the C. japonica–C. tenuifolia species complex in the present study,
as suggested by Tsukaya et al. (2012). We collected 116 accessions
of the C. japonica–C. tenuifolia species complex from native habitats
in Australia, China, Japan, Korea, Taiwan, Indonesia, Malaysia, and
Myanmar (details of accessions are shown in Supplementary
Table 1). Both C. japonica var. pseudotrifolia and C. japonica var.
mollis were included (Supplementary Table 1; C. japonica var.
pseudotrifolia: ID No. 66, C. japonica var. mollis: ID No. 82, 83). Nine
individuals representing eight species (including an unidentified
specimens), C. maritima Jackes, C. yoshimurae (Makino) Honda,
Tetrastigma planicaule Gagnep., T. obtectum (Wall. ex M.A. Lawson)
Planch. ex Franch., T. lanceolarium Planch., Cyphostemma juttae
(Dinter & Gilg) Desc., and Cyphostemma mappia (Lam.) Galet, were
also included as outgroups (Supplementary Table 2).

The ploidy level of each individual was determined by direct
observation, flow cytometry, and/or morphological analyses. Trip-
loids can be distinguished from diploids based on their leaf mor-
phology and fruit development (Okada et al., 2003): diploids
have thin leaves consisting of 3–5 leaflets, while triploids have
thick leaves consisting of 5–7 leaflets (Supplementary Table 1). In
addition, diploids have fruits, while triploids do not.

2.2. DNA extraction, PCR amplifications, and sequencing

Genomic DNA was extracted from silica gel-dried leaves using
an ISOPLANT II Kit (Nippon Gene, Tokyo, Japan) following the man-
ufacturer’s protocol. One nuclear (the AS1) and two plastid (trnL-F
and trnC-petN) markers were used. The two-chloroplast regions
trnL-F and trnC-petN were amplified and sequenced using trnL-c
and trnF-f (Taberlet et al., 1991), and trnC and petN2R primers
(Lee and Wen, 2004), respectively.

The AS1 was originally isolated from Arabidopsis thaliana (L.)
Heynh., and the AS1 encodes the MYB transcription factor required
for polarity-dependent growth of lateral organs and plant-immune
response (Byrne et al., 2000; Nurmberg et al., 2007). The AS1 ortho-
logs are well conserved in many angiosperms such as Antirrhinum
majus (PHANTASTICA, Waites et al., 1998) and Zea mays (rough
sheath2, Phelps-Durr et al., 2005). To the best of our knowledge,
two examples of phylogenetic analyses applying the AS1 orthologs
have been reported (Tsukaya et al., 2012; Hinsinger et al., 2013).

For the AS1, the primers AS1-F1 (50-ATAGGGATGCCAAATCTTGC-
30) and AS1-R1 (50-ACCTTTGATTCTATCTCTTC-30) were used for
amplification and sequencing. Amplification was carried out under
the following conditions: incubation at 94 �C for 2 min followed by
20 cycles of touchdown PCR (denaturation at 94 �C for 15 s, anneal-
ing at 68 �C for 30 s, reducing the temperature by 0.9 �C per cycle,
followed by extension at 68 �C for 1 min), and then 20 cycles of
non-touchdown PCR (denaturation at 94 �C for 15 s, annealing at
50 �C for 30 s, and extension at 68 �C for 1 min), with a final exten-
sion for 7 min at 68 �C. PCR reactions were performed with high-
fidelity KOD-plus DNA polymerase (Toyobo, Osaka, Japan). PCR
products were cleaned using the QIAquick PCR purification kit
(Qiagen, Tokyo, Japan) or ExoSAP-IT (USB Corp., Cleveland, OH,
USA). The BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Tokyo, Japan) was used for sequencing reactions.

When sequences of alleles could not be determined because of
two or more heterozygous sites in the AS1, TA-cloning was con-
ducted to obtain the allele sequences. After purified PCR products
were cloned, following Ishikawa et al. (2009), at least eight white
colonies were used for PCR amplification and sequencing.

2.3. Phylogenetic analyses

Sequences were initially aligned with Clustal X (Thompson
et al., 1997) and then modified manually to minimize the number
of insertions and deletions (indels). Phylogenetic relationships
were analyzed with the maximum parsimony (MP), neighbor-join-
ing (NJ; Saitou and Nei, 1987), and maximum likelihood (ML)
methods. PAUP⁄ 4.0_b10 software (Swofford, 2003) was used for
MP and NJ analyses. All gaps were coded as missing. All characters
were weighted equally for the MP analysis. The analysis was
conducted through a heuristic search with the TBR branch-
swapping option. In total, 100 rounds of random sequence



N. Ishikawa et al. / Molecular Phylogenetics and Evolution 75 (2014) 227–238 229
additions were performed to identify multiple islands of equally
most-parsimonious trees (Maddison, 1991). Bootstrap analysis
(Felsenstein, 1985) with 1000 replications was also performed
with the same conditions to search MP trees. Before NJ analyses
were carried out, substitution models were selected using the
jModelTest software (ver. 2.1.1; Darriba et al., 2012). The software
selected the models K80 + G for nuclear sequences (the AS1) and
TVM + G for chloroplast sequences (trnL-F and trnC-petN); these
models were used for NJ analyses. We performed 1000 replications
of bootstrap analysis for NJ. TREEFINDER was used for the ML
analysis (Jobb et al., 2004). Support values for ML analysis were
generated by pseudo-bootstrapping with 1000 replicates using
the expected-likelihood weights with local rearrangements of tree
topology (LR-ELW), implemented in TREEFINDER.

2.4. Molecular dating analyses

For molecular dating, we included 14 species (including an
unidentified specimens) representing six genera of Vitaceae and
five species (including three unidentified specimens) of Leeaceae
as outgroup taxa. Details of the outgroup species are listed in
Supplementary Table 2. We analyzed cpDNA (trnL-F and trnC-petN)
and the AS1 sequences separately using the BEAST software
(ver. 1.7.4; Drummond et al., 2007) to estimate the divergence
times of disjunct lineages in the C. japonica–C. tenuifolia species
complex. Following a previous molecular dating analysis of Vita-
ceae species (Nie et al., 2010; Zecca et al., 2012), we constrained
priors of three stem ages. As the divergence time between Vitaceae
and Leea Royen ex L. was estimated by Wikström et al. (2001) to be
78–92 million years ago (MA), we set the stem age of Vitaceae to a
normal prior distribution (mean = 85 Ma, SD = 4.0 Ma). Following
the assumptions and results of Nie et al. (2010), the stem ages of
the Vitis L.–Parthenocissus Planch. divergence and the divergence
of Old and New World Parthenocissus species (Parthenocissus quin-
quefolia (L.) Planch.–P. tricuspidata Planch.) were set to normal
prior distributions (means = 58.5, 21.6 Ma, SDs = 5.0, 6.4 Ma,
respectively).

The underlying model of molecular evolution for each data set
was selected with the jModelTest software. In preliminary analy-
ses, we compared the effect of assuming Birth–Death vs. Yule spe-
ciation processes, and the effect of assuming the strict molecular
clock model vs. the lognormal relaxed clock model. Markov chain
Monte Carlo (MCMC) was run for 20,000,000 iterations and sam-
pled at every 2000th iteration. After discarding 2,000,000 iterations
as burn-in, each model was assessed against the others with the
approximate Bayes factor (BF) comparison (Kass and Raftery,
1995; Suchard et al., 2001) using the Tracer software (ver. 1.5;
Rambaut and Drummond, 2007). The BF comparison provided
more support for the lognormal relaxed clock model than the strict
clock model for cpDNA and the AS1 (2ln BF > 70). The BF compari-
son did not select a favored speciation process between Birth–
Death and Yule processes (2ln BF < 10). Because no substantial
support was found in favor of the complex model, the Yule prior
was applied for estimating divergence time in both cpDNA and
the AS1 data. In the final model, four independent MCMC runs of
20,000,000 iterations were conducted, with sampling every
2000th iteration. After checking convergence using the Tracer soft-
ware (ver. 1.5), the four runs were combined into a single trace file
using the LogCombiner software (ver. 1.7); the means and 95%
highest posterior densities (HPDs) of node ages were calculated
using the TreeAnnotator software (ver. 1.7.4).

2.5. Ancestral area reconstruction

We reconstructed ancestral areas of the C. japonica–C. tenuifolia
species complex using the ML-based method LAGRANGE
(Ree et al., 2005; Ree and Smith, 2008). Ancestral distributions
were reconstructed based on topologies obtained from the molec-
ular dating analyses. Transitions between discrete states (ranges)
along phylogenetic branches were modeled as a function of time,
enabling ML estimation of the ancestral states (range inheritance
scenarios) at cladogenesis events. The divergence time of each
node was estimated by Bayesian dating analyses. A simple model
of one rate of dispersal and an extinction constant over time and
among lineages was used (Ree and Smith, 2008).
3. Results

3.1. Haplotypes of cpDNA (trnL-F and trnC-petN) and phylogeny

Nucleotide sequences of trnL-F and trnC-petN were determined
for 112 accessions (Supplementary Table 1). Four nucleotide se-
quences were obtained from GenBank (Supplementary Table 1,
ID Nos. 112–115). In total, 27 unique trnL-F types (trnLF-1–trnLF-
27) and 20 unique trnC-petN types (trnCpetN-1–trnCpetN-20) were
identified. Accession numbers of these types are listed in Supple-
mentary Table 3. The combined trnL-F and trnC-petN produced 34
unique haplotypes (HT1–HT34), which are provided in Supplemen-
tary Table 1.

We examined relationships among the 34 haplotypes by MP,
NJ, and ML analyses. The aligned matrix was 1851 bases long;
of these, 1562 were constant, 131 were variable but parsimony-
uninformative, and 158 were parsimony-informative. In the MP
analysis, the 32 most parsimonious trees with 370 steps were ob-
tained. The ensemble consistency index (CI; Kluge and Farris,
1969) was 0.84, and the ensemble retention index (RI; Farris,
1989) was 0.91. The topologies produced from the MP, NJ, and
ML analyses were largely consistent, except for slight differences
in resolution at the branch tips. Thus, only the MP tree is shown
in Fig. 1.

Australian C. japonica formed a monophyletic clade (Clade-CP4,
MP/NJ/ML = 100/100/100) and was sister to the C. maritima–Asian
C. japonica and C. tenuifolia clade (Clade-CP3, MP/NJ/ML = 96/86/
92). Cayratia maritima was sister to the monophyletic Asian C.
japonica–C. tenuifolia species complex (Clade-CP1, MP/NJ/
ML = 100/99/99), which was first divided into two clades (Clade-
CP1.1, MP/NJ/ML = 98/99/99; Clade-CP1.2, MP/NJ/ML = 90/87/97).
Clade-CP1.1 was distributed mainly from Japan to South China
(Figs. 1 and 2: region I in Fig. 1 = areas H, R, E, and C in Fig. 2).
Clade-CP1.1 was further subdivided into two clades (Fig. 1;
Clade-CP1.1.1, MP/NJ/ML = 71/57/68; CP1.1.2, MP/NJ/ML = 66/99/
67). Clade-CP1.1.1 was found mainly in the area from Japan to East
China (Fig. 2: areas H, R, and E; accessions are marked by solid
black circles), while CP1.1.2 was found in South China (Fig. 2: area
C; accessions are marked by solid gray circles). On the other hand,
Clade-CP1.2 was distributed from South China to Borneo (Figs. 1
and 2: region II in Fig. 1 = areas B and C in Fig. 2; accessions are
marked by open symbols). Clade-CP1.2 was further resolved into
three groups: Clade-CP1.2.1 (MP/NJ/ML = 82/90/99), Clade-
CP1.2.2 (MP/NJ/ML = 100/100/100), and Clade-CP1.2.3 (MP/NJ/
ML = <50/<50/67).
3.2. The AS1 genotypes

We identified 43 unique nuclear-encoded AS1 genotypes
(GT1–GT43) among 116 accessions of the C. japonica–C. tenuifolia
species complex by direct sequencing. Among the 43 genotypes,
seven were reported in our previous analysis (GT1, 2, 3, 5, 10, 11,
and 12, Tsukaya et al., 2012). As shown in Table 1, the 43 genotypes
fell into two groups: homo- (42%, 18/43) and hetero-types (58%,
25/43). Cloning and subsequent sequencing analysis of the



Fig. 1. Phylogeny of cpDNA haplotypes. Support values (%) for maximum parsimony, neighbor joining, and maximum likelihood (MP/NJ/ML) are shown below branches as
bootstrap values for MP and NJ, and the expected-likelihood weights with local rearrangements of tree topology (LR-ELW) for ML. Arrowheads indicate nodes that did not
appear in the strict consensus tree. Haplotypes indicated by asterisks were obtained from GenBank (Supplementary Table 1, Nos. 112–115). Approximate distribution areas of
the main clades are shown on the right side.
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hetero-types revealed that all hetero-type genotypes consisted of
two alleles, excluding GT41, which had six alleles. GT41 was iso-
lated from ID No. 117, collected on Lanyu Islet, Taiwan. In total,
72 alleles were isolated from the 43 genotypes. GenBank accession
numbers of genotypes and alleles are listed in Supplementary
Table 4.
3.3. Phylogeny of the AS1 alleles isolated from the C. japonica–C.
tenuifolia species complex

We performed molecular phylogenetic analysis to examine
relationships among the 72 AS1 alleles using MP, NJ, and ML meth-
ods. We used the same outgroup taxa in the AS1 and cpDNA
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Fig. 2. Geographic distributions of cpDNA haplotypes in Asia. (a) Large-scale map. Boxed areas, H: Honshu, Shikoku, Kyushu (Japan), and the Korean Peninsula (Korea), R: the
Ryukyus (Japan) and Taiwan, E: East China, C: south China and Myanmar, B: Borneo (Indonesia, Malaysia). ID numbers of accessions correspond to those in Supplementary
Table 1. Markings for haplotypes are keyed in the row at the base of the figure. Haplotypes are indicated by clade names shown in Fig. 1. (b) Enlargement of area b in (a).
(c) Enlargement of area c in (a). Results for four accessions obtained from GenBank (Supplementary Table 1, Nos. 112–115) are not plotted in this map, but relationships
between locality and lineage of haplotype for these accessions were consistent with our samples.
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analyses. The aligned matrix was 735 bases long; of these bases,
566 were constant, 50 were variable but parsimony-uninformative,
and 119 were parsimony-informative sites. In MP analysis, the 30
most parsimonious trees with 228 steps were obtained. The CI was
0.89, and the RI was 0.96. The topologies of NJ and ML trees
matched that of the MP tree, except for slight differences in resolu-
tion at the branch tips. Thus, only the MP tree is presented in Fig. 3.
Some alleles were shared by more than two different genotypes.
Thus, new names were assigned to such alleles. For example, three
alleles in subclade A (GT17-I, GT20-I, and GT30) shared the same
nucleotide sequence and were subsumed into allele A1 (Fig. 3).

The C. japonica–C. tenuifolia species complex was resolved into
two strongly supported clades: one was an Asian group (Clade 1,
MP/NJ/ML = 89/99/98) and the other was an Australian group
(Clade 4, MP/NJ/ML = 98/100/97). Cayratia maritima (Clade 2, MP/
NJ/ML = 99/100/100) was sister to the Asian group. In addition to
alleles from C. maritima, clade 2 contained four of six alleles
isolated from ID No. 117 (GT41-I⁄, -II⁄, -III⁄, and -VI⁄ in Fig. 3).
The two remaining alleles of ID No. 117 occurred in clade 1
(GT41-IV⁄ and -V⁄ in Fig. 3).
The clade 1 consisted of six subclades and an allele (Fig. 3, A–G),
among which A (MP/NJ/ML = 86/93/92), B (MP/NJ/ML = 68/68/78),
C (MP/NJ/ML = 89/93/90), and F (MP/NJ/ML = 100/100/100) were
moderately to strongly supported. D (MP/NJ/ML = 51/<50/75) and
E (MP/NJ/ML = <50/<50/85) were weakly supported, and G con-
sisted of only one allele. Subclades A and C were each subdivided
into minor clades (Aw, MP/NJ/ML = 65/63/67; Ae, MP/NJ/ML = 90/
87/86; Cw, MP/NJ/ML = 62/60/73; Ce, MP/NJ/ML = 63/62/76). Rela-
tionships among the six subclades and the allele were arrayed in
an unsolved polytomy.

3.4. Allele compositions of the heterozygous AS1 genotypes in the Asian
C. japonica–C. tenuifolia species complex

Based on differences in allele composition, hetero-type geno-
types were further divided into two groups (Table 1; hetero-type
1 and hetero-type 2). Hetero-type 1 consisted of two different al-
leles of the same subclade. For example, GT20 consisted of two al-
leles of subclade A (A1 and A2, Table 1). Hetero-type 2 consisted of
alleles of two different subclades. For example, GT2 consisted of



Table 1
Allele compositions of the AS1 genotypes.

Type Genotype Allele composition

Homo-type GT30 A1
GT29 A2
GT12 A3
GT28 A4
GT26 B2
GT27 B3
GT13 C1
GT1 C2
GT25 C5
GT24 C7
GT33 D2
GT31 D4
GT32 D5
GT34 E1
GT35 E2
GT36 F3
GT42 Aus1
GT43 Aus2

Hetero-type 1 GT20 A1A2
GT10 A3A4
GT37 B2B4
GT39 B3B5
GT9 C1C2
GT6 C1C4
GT7 C2C4
GT8 C3C4
GT19 C5C6
GT18 C5C7
GT21 D1D3
GT40 D5D6
GT22 E2E3
GT38 E4E5
GT23 F1F2

Hetero-type 2a GT2 A3B1
GT3 B1C2
GT4 A3C3
GT5 A3C2
GT11 A4C2
GT17 A1C7
GT14 A4G1
GT15 B2C2
GT16 B3C2
GT41 A4C4Ct3Ct4Ct7Ct8b

a Hybrid among the lineages of the Asian C. japonica–C. tenuifolia species
complex.

b Hybrid between the C. maritima and Asian C. japonica–C. tenuifolia species
complex.
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two alleles from subclades A and B (A3 and B1, Table 1). Four dif-
ferent combinations of subclades occurred in hetero-type 2: AB,
AC, BC, and AG. We assumed that hetero-type 2 arose by inter-line-
age hybridization after lineage diversification. Thus, genotypes
with subclades B, C, and G could experience gene exchange with
those with subclade A, while genotypes with subclades D, E, and
F did not experience gene exchange with those of other lineages
(Table 1).
3.5. Distributions of the AS1 genotypes in the Asian C. japonica–C.
tenuifolia species complex

Figs. 3 and 4 show distributions of the AS1 alleles. Subclades A,
B, and C, and allele G were distributed in the northern area from
Japan to South China (Figs. 3 and 4: region I in Fig. 3 = areas H,
R, E, and C in Fig. 4). On the other hand, subclades D, E, and F were
distributed in the southern area from South China to Borneo (Figs. 3
and 4: region II in Fig. 3 = areas B and C in Fig. 4). Within region I,
accessions of Aw and Cw were distributed in South China (Figs. 3
and 4: area C in Fig. 4), and Ae and Ce were distributed in Japan
and East China (Figs. 3 and 4: areas H, R, and E in Fig. 4).

3.6. Dating of lineages

The topologies of chronograms were consistent with those of
the MP, NJ, and ML trees, excluding a few branches with low sup-
port values. The estimated node ages based on cpDNA and the AS1
were presented in Table 2 and Supplementary Table 5, respec-
tively. Overall, the estimated ages of the major clade were younger
in the AS1 than in cpDNA. For example, the divergence of the Aus-
tralian C. japonica from a clade comprising the C. maritima and the
Asian C. japonica–C. tenuifolia species complex was dated to be
29.0 Ma (95% HPD: 18.4–40.9; node 1, Table S5) from the AS1 data
and 42.5 Ma (95% HPD: 29.2–55.9 Ma; node 1, Table 2) from
cpDNA data. The subsequent diversification between the C. mariti-
ma and the Asian C. japonica–C. tenuifolia species complex was esti-
mated to be 24.8 Ma (95% HPD: 15.4–34.9 Ma; node 2, Table S5)
from the AS1 data and 35.1 Ma (95% HPD: 23.3–47.3 Ma; node 2,
Table 2) from cpDNA data. In the AS1 analysis, divergence times
of the major subclades in the Asian C. japonica–C. tenuifolia species
complex were ambiguous because of low branch support values at
the lineage splits (A–G in Fig. S1).

3.7. Biogeographical diversification

The results of the LAGRANGE analyses based on cpDNA and the
AS1 are summarized in Fig. 5 (see details in Table 2) and Supple-
mentary Fig. 1 (see details in Supplementary Table 5), respectively.
Both cpDNA and the AS1 inferred mid-continental Asia (South Chi-
na, Myanmar, and Vietnam) as the most probable ancestral area of
the Asian C. japonica–C. tenuifolia species complex (node 3 in Figs. 5,
S1). Results from cpDNA indicated that the complex then subse-
quently diversified and dispersed into Northeast Asia and South-
east Asia (Figs. 5, S1).
4. Discussion

4.1. Phylogenetic relationships and taxonomic implications

4.1.1. Asian C. japonica–C. tenuifolia species complex
Phylogenetic analysis of cpDNA revealed a set of well-resolved

and highly supported clades within the monophyletic Asian C.
japonica–C. tenuifolia species complex (Fig. 1, e.g., CP1.1 and
CP1.2). However, we observed no morphological distinctions
among the lineages, and thus the diversification was cryptic.
According to the AS1 analysis, the Asian lineage was divided into
seven subclades (subclades A–G; Fig. 3). Four different heterozy-
gous genotypes composed of two alleles in the different subclades
were observed (Table 1; hetero-type 2: AB, AC, BC, and AG). Those
genotypes are thought to be generated by hybridizations between
lineages, which is suggestive of admixtures of lineages in Asian
clade, as proposed by Tsukaya et al. (2012). Based on the above re-
sults, we propose that the Asian C. japonica and C. tenuifolia should
be treated as an unresolved species complex.

4.1.2. Cayratia japonica in Australia
This analysis revealed, for the first time, that Australian C.

japonica is sister to the monophyletic clade comprising the Asian
C. japonica–C. tenuifolia species complex and C. maritima in both
the AS1 and cpDNA trees (Figs. 1 and 3). Thus, the C. japonica in
Australia was clearly distinct from the Asian C. japonica–C. tenuifo-
lia species complex in terms of molecular phylogeny. Australian C.
japonica is morphologically distinct from the Asian C. japonica–C.
tenuifolia species complex in the color of flower discs: Australian



Fig. 3. Phylogeny of the AS1 alleles. Support values (%) for maximum parsimony, neighbor joining, and maximum likelihood (MP/NJ/ML) are shown below branches as
bootstrap values for MP and NJ, and the expected-likelihood weights with local rearrangements of tree topology (LR-ELW) for ML. Red arrowheads indicate nodes that did not
appear in the strict consensus tree. Each allele is designated with a genotype name. When a genotype consists of more than one allele, the genotype name is followed by a bar
and Roman numerals to distinguish multiple alleles. Alleles isolated from ID No. 117, which is a hybrid between Cayratia maritima and the Asian C. japonica–C. tenuifolia
species complex, are indicated by ⁄. Approximate distribution areas for main clades are shown on the right side.
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floral discs are pale lime green (Jackes, 1987), whereas Asian floral
discs are yellow, orange, or red.

Previous studies have indicated that the Australian C. japonica
and an Australian endemic species of Cayratia clematidea
(F. Muell.) Domin are sisters (Rossetto et al., 2001, 2007). The
Australian C. japonica and C. clematidea are morphologically simi-
lar to each other but differ in positions of the inflorescence,
corolla shape, central leaflet shape, and stipule length (Jackes,
1987). Thus, the Australian C. japonica should be treated as a
distinct species. However, only a few accessions of the Australian
C. japonica and the C. clematidea have been examined in molecular
studies. Thus, further molecular and morphological analyses are
required before making nomenclatural decisions on the Australian
C. japonica.



a b

c

Fig. 4. Geographic distribution of the AS1 alleles in Asia. (a) Large-scale map. Abbreviations of areas are as shown in Fig. 2. ID numbers of accessions correspond to those in
Supplementary Table 1. Markings and colors for allele compositions are keyed in the row at the base of the figure. The AS1 allele composition is indicated by subclade names
in Fig. 3. (b) Enlargement of area b in (a). (c) Enlargement of area c in (a).
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Our AS1 and cpDNA data estimated a divergence between the
Australian C. japonica and a clade comprising the C. maritima and
the Asian C. japonica–C. tenuifolia species complex at 29.0 Ma in
the Oligocene (95% HPD: 18.4–40.9; node 1; Fig. S1) and at
42.5 Ma in the mid-Eocene (95% HPD: 29.2–55.9 Ma; node 1;
Fig. 5), respectively. A closely related species, C. clematidea, was
estimated to disperse from Asia to Australia around 47.0 Ma (95%
HPD: 36.0–58.3 Ma, Lu et al., 2013), and the age is similar to the
divergence age of the Australian C. japonica. Long-distance
dispersal was more plausible for the range expansion process.
Island-hopping dispersal used for the more recent dispersals
between Asia and Australia was not possible because no available
islands existed between Asia and Australia during the period
(Morley, 1998; Hall, 1998; Lu et al., 2013).

4.2. A hybrid between the Asian C. japonica–C. tenuifolia species
complex and other closely related species

ID No. 117 collected from Taiwan by Dr. S. Kakishima consisted
of six AS1 alleles: two alleles of the Asian C. japonica–C. tenuifolia
species complex (GT41-IV and V; Fig. 3) and four of the Cayratia
maritima clades (GT41-I, II, III, and VI; Fig. 3). This accession is
considered to be a hybrid between the Asian C. japonica–C. tenuifo-
lia species complex (an inter-lineage hybrid between subclades A
and C) and C. maritima (or C. trifolia (L.) Domin). This inference is
also supported by leaflet number. Both C. maritima and C. trifolia
usually have trifoliate leaves, while the C. japonica–C. tenuifolia
species complex develops leaves with (3)–5–(7) leaflets. ID No.
117 usually showed 5 or sometimes 4 leaflets (our unpublished
observation under the cultivation in Tokyo), which could be re-
garded as an intermediate characteristic of C. maritima (or C. trifo-
lia) and the C. japonica–C. tenuifolia species complex.

The maternal species of the hybrid would be a member of the
Asian C. japonica–C. tenuifolia species complex because the cpDNA
haplotype of the accession was found in Clade-CP1.1.1 (HT34 in
Fig. 1). However, we could not clearly determine its paternal par-
ent. The previous molecular analyses was suggestive of a sister
relationship between C. maritima and C. trifolia (Rossetto et al.,
2001, 2007; Lu et al., 2013). Our molecular analysis did not include
C. trifolia, and we cannot use molecular data to infer the paternal
parent of ID No. 117. Both distribution and morphological traits
suggest that the C. maritima is more likely to be the parental
species. Cayratia maritima is distributed in Taiwan, while C. trifolia
is not (Jackes, 1987; Hsu and Kuoh, 1999; Hui and Wen, 2007).



Table 2
Node age and geographic range estimates in cpDNA data.

Node Node support (PP) a Node age (Ma) 95% HPD Geographic range (LAGRANGE) b

1 (Clade-CP5) 1.00 42.5 29.2, 55.9 Not Determined
2 (Clade-CP3) 1.00 35.1 23.3, 47.3 [C|A] 0.3082, [C|RA] 0.1783, [C|BA] 0.1688
3 (Clade-CP1) 1.00 27.3 17.4, 38.1 [C|C] 0.6074, [C|CB] 0.1799, [CR|C] 0.139
4 (Clade-CP1.2) 1.00 21.2 12.6, 30.4 [C|C] 0.5463, [C|CB] 0.3974
5 0.39 18.8 10.7, 28.1 [B|C] 1
6 (Clade-CP1.2.3) 0.97 13.1 4.9, 21.8 [C|C] 1
7 1.00 5.0 0.8, 10.5 [C|C] 1
8 0.52 2.4 0.03, 6.1 [C|C] 1
9 (Clade-CP1.2.2) 1.00 4.8 0.5, 10.5 [B|B] 1
10 (Clade-CP1.2.1) 1.00 13.9 7.1, 21.6 [C|C] 0.8677, [CB|C] 0.131
11 1.00 6.1 1.5, 12.0 [C|C] 1
12 1.00 1.5 0.02, 3.9 [C|C] 1
13 1.00 9.3 3.8, 15.7 [C|C] 0.5572, [CB|C] 0.2889, [B|C] 0.1539
14 0.46 7.2 2.6, 12.7 [B|CB] 0.8411, [B|B] 0.1526
15 1.00 3.8 3.8, 15.7 [CB|B] 0.8585, [B|B] 0.1396
16 1.00 0.9 0.8, 7.4 [B|B] 1
17 0.15 2.6 2.6, 12.7 [CB|B] 0.883, [B|B] 0.1155
18 0.13 1.8 0.2, 4.2 [C|B] 1
19 (Clade-CP1.1) 1.00 16.6 8.2, 26.0 [C|C] 0.424, [CR|C] 0.2162, [R|C] 0.1078
20 (Clade-CP1.1.2) 0.98 10.4 3.1, 18.9 [C|C] 1
21 1.00 3.9 0.6, 8.4 [C|C] 1
22 0.22 2.3 0.2, 5.4 [C|C] 1
23 0.19 0.8 0, 2.7 [C|C] 1
24 0.19 3.9 0, 2.7 [C|C] 1
25 (Clade-CP1.1.1) 0.99 11.8 5.0, 20.0 [CR|R] 0.4143, [CER|R] 0.2452
26 1.00 6.1 1.9, 11.0 [CE|R] 0.4915, [C|HR] 0.104
27 1.00 3.0 0.6, 6.2 [R|R] 0.3768, [R|EHR] 0.2623, [R|HR] 0.2171, [R|ER] 0.1373
28 0.49 1.6 0.03, 8.8 [EHR|H] 0.562, [HR|H] 0.427
29 0.30 0.8 0, 2.4 [R|EHR] 0.7471, [R|HR] 0.2463
30 1.00 0.6 0, 1.80 [R|R] 1
31 0.36 3.9 0.7, 7.8 [C|E] 1
32 0.36 2.3 0.02, 5.4 [E|E] 1
33 0.99 1.0 0, 3.1 [C|C] 1

a Bayesian posterior probability.
b [left|right] indicates inferred ancestral range. ’left’ is the upper branch, and ’right’ is the lower branch on the tree shown in Fig. 5. Values after the [left|right] represent the

relative probability of the inference. Alternative ancestral area reconstructions are given when a relative probability is larger than 0.1.
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Tendrils are considered an important trait to distinguish between
C. maritima and C. trifolia; i.e., C. trifolia has 4–5-fid tendrils with
adhesive discs, while C. maritima has 3-fid tendrils without adhe-
sive discs (Jackes, 1987). Tendrils of ID No. 117 are usually 3-fid
without adhesive discs, which are apparently more similar to those
of C. maritima than C. trifolia. However, the possibility remains that
it is a mixed phenotype of the C. trifolia and the Asian C. japonica–C.
tenuifolia species complex, which usually have 2-fid tendrils
without adhesive discs. Further molecular analysis is required to
determine the paternal parents of ID No. 117. Additionally,
morphological criteria to diagnose this hybrid have to be deter-
mined for formal nomenclatural recognition of this entity. The
presence of such a hybrid strongly supports our concept that the
C. japonica–C. tenuifolia species complex has experienced repeated
hybridization.

4.3. Historical biogeography of the Asian C. japonica–C. tenuifolia
species complex

In the cpDNA tree, the monophyletic Asian group was divided
into two major clades: Clade-CP1.1 and Clade-CP1.2 (Fig. 1), with
Clade-CP1.1 dominating in the northern range (Japan to South Chi-
na; Fig. 2: areas H, R, E, and C = region I) and Clade-CP1.2 dominat-
ing in the southern range (South China and Borneo; Fig. 2: areas B
and C = region II). Dating of lineages and ancestral area estimation
indicated that the geographic divergence likely occurred in mid-
continental Asia during the mid-Oligocene (27.3 Ma; 95%
HPD = 17.4–38.1 Ma; node 3; Fig. 5). The AS1 tree also supported
the distinct genetic structure between the northern and southern
ranges. Individuals in the southern range exclusively harbored
alleles in the AS1 lineages D, E, and F, while those in the northern
range harbored allele(s) belonging to the A, B, C, or G subclades
of AS1 (Fig. 3).

Tapponnier et al. (1990) reported a large southeastward extru-
sion of the Indochina region (�500 km) relative to South China
along Red River during the Oligo–Miocene. The time range is lar-
gely consistent with the age of the divergence of Clade-CP1.1 and
Clade-CP1.2. Thus, it is plausible that the extrusion of Indochina
formed some new barrier to the allopatric diversification of
Clade-CP1.1 and Clade-CP1.2. If this hypothesis is true, lineage
splits between South China and Indochina bordering the Red River
are expected to be observed in other taxa. Che et al. (2010) found a
clear phylogenetic structure in the distribution of subgenera Qua-
sipaa (Southern China) and Eripaa (Indochina) of spiny frogs. The
common ancestor of the subgenera was estimated to have been
originally distributed in Indochina, and the ancestral lineage of
Quasipaa was dispersed from Indochina to South China between
24 and 18 Ma. A possible contribution of the Indochina extrusion
was proposed for the lineage split. The ancestor of Cayratia species
in Asia was thought to have originated from continental Africa and
to have reached to Asia in the late Cretaceous by rafting on the In-
dian plate (Lu et al., 2013). The ancestral lineage of the Asian C.
japonica–C. tenuifolia species complex may have also originated
on the Indochina side of mid-continental Asia and was dispersed
to Southern China. To verify the above hypothesis, extensive anal-
ysis with Indochina accessions is required.

In the northern lineage, successive diversification divided CP1.1
into Clade-CP1.1.1 and Clade-CP1.1.2 (Fig. 1). Clade-CP1.1.1 is dis-
tributed in Japan, Korea, Taiwan, and East China (Fig. 2, accessions
marked by solid black circles). CP1.1.2 is distributed in South China



Fig. 5. Maximum likelihood reconstruction of the geographic range evolution of cpDNA. Numbers at nodes correspond to node numbers in Table 2. The uppercase letter after
each haplotype name and underbar indicates the distribution area. Six areas were defined for the biogeographic analyses: A = Australia; B = Borneo and the Malay Peninsula;
C = South China (Yunnan, Guizhou, Guangdong), Myanmar, and Vietnam; E = East China (Hubei); H = Kyushu and Honshu in Japan, and Korea; R = the Ryukyus and Taiwan.
Numbers on the scale axis are in millions of years before the present. Range transitions along branches show the inferred sequence of dispersal. Broken branches indicate
clades with low posterior probabilities (<0.95).
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(Fig. 2, accessions marked by solid gray circles). The diversification
of these two clades was estimated to be 16.6 Ma (95% HPD = 8.2–
26.0 Ma; node 19; Fig. 5). In the Miocene, a warm and humid cli-
mate peaked at the Middle Miocene Climatic Optimum (17–
15 Ma) following gradual cooling after that (Zachos et al., 2001).
The optimum climate may have facilitated the divergence and
expansion of the C. japonica–C. tenuifolia species complex in East
Asia, and the following drastic climate changes could have led to
vicariance and diversification.

In Clade-CP1.1.1, two dispersals were observed in the Miocene.
One was from mid-continental Asia to the Ryukyus and Taiwan
(between node 19 and node 25; Fig. 5), and the other was from
mid-continental Asia/the Ryukyus and Taiwan to East China (be-
tween node 25 and node 26; Fig. 5). The geographic configuration
is known to have changed dramatically around the Ryukyus and
Taiwan since the Miocene. A continuous land connection had ex-
tended from eastern China, the Ryukyus, and Kyushu to the main
island of Japan during the Middle to Late Miocene, and the Ryukyus
were isolated during the Pliocene (Kizaki and Oshiro, 1977; Ujiie,
1990; for a review, see Ota, 1998). Thus, dispersals between conti-
nental Asia and the Ryukyus and Taiwan during the Miocene can
be explained by overland dispersal. Previous molecular studies
suggested that many animal species colonized the present Ryukyus
area in the Middle to Late Miocene, e.g., Amami rabbits (Pentalagus
furnessi Stone; Yamada et al., 2002), Odorrana frogs (Rana ishikawae
Stjneger and a common ancestor of Rana narina Stjneger and its
close species; Matsui et al., 2005), and newts (a common ancestor
of Cynops pyrrhogaster Boie and Cynops ensicauda Hallowell; Tom-
inaga et al., 2013). Seed dispersal of the C. japonica–C. tenuifolia
species complex may be facilitated by animals (especially mam-
mals and birds) because fruits of Vitaceae are often eaten by ani-
mals (Wen, 2007), and fleshy berries (10 mm in diameter) of the
C. japonica–C. tenuifolia species complex can also be eaten by
animals.

In the southern lineage of Clade-CP1.2, two dispersals from
mid-continental Asia to Borneo and the Malay Peninsula region oc-
curred during the Miocene and Pliocene (between node 4 and node
5, and between node 13 and node 14; Fig. 5). Continental Asia, the
Malay Peninsula, and Borneo were connected by land through
most of the Miocene and onward (Hall, 1996, 2009). The spread
of the lineages could have occurred through overland migrations.
5. Conclusions

We performed phylogenetic analysis of the C. japonica–C. tenui-
folia species complex using the nuclear-encoded AS1 and two
cpDNA loci. Three major conclusions emerged from this analysis.
First, distinct monophyly of Asian and Australian lineages was
determined (Figs. 1 and 3). Second, two major lineages of cpDNA
diverged in mid-continental Asia during the Tertiary (Clade-CP1.1
and Clade-CP1.2). The extrusion of Indochina from southeastern
China during the Oligo–Miocene might have been responsible for
this lineage diversification. These lineages subsequently expanded
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their distributions south (Borneo and the Malay Peninsula) and
north (East China, Taiwan, Korea, and Japan), respectively. Third,
the nuclear AS1 results demonstrated the existence of seven lin-
eages and hybridizations among four lineages.

In summary, the wide distribution of the C. japonica–C. tenuifo-
lia species complex was established through an unexpectedly long
history from the Tertiary period. Both cryptic diversities and line-
age admixtures by hybridizations have contributed to the wide dis-
tribution of this species complex.
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