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Cyananthus (Campanulaceae) is a small genus consisting of ca. 20 species endemic to the Sino-Himalayan
region. Based on phylogenetic analysis using nuclear ribosomal ITS and four plastid markers (matK, rbcL,
psbA–trnH and trnG–S), our results strongly support the monophyly of Cyananthus and its close relation-
ship with the Codonopsis clade of the platycodonoids. Three major clades are supported, corresponding to
the three sections of the genus, with sect. Cyananthus, which mainly occurs in the Himalayas, being a sis-
ter to the clade comprising the other two sections (sect. Stenolobi and sect. Annui) distributed primarily in
the Hengduan Mountain region. We also observed that Cyananthus exhibits variation in its sexual system,
possessing both hermaphroditic and gynodioecious species. Character evolution analyses using Mesquite
suggest that gynodioecy evolved from hermaphroditism only once in sect. Stenolobi, but that there is a
reversal in C. formosus. Molecular dating and biogeographic analysis with LAGRANGE support dispersal
from the Himalayas to the Hengduan Mountains during the early evolution of Cyananthus. The extensive
uplift of the Qinghai–Tibetan Plateau and the Hengduan Mountains played an important role in the sub-
sequent diversification of the genus.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The mountains of western China and the adjacent Himalayan
region have been designated as two of the world’s 34 most impor-
tant biodiversity hotspots (http://www.biodiversityhotspots.org/
xp/hotspots; see also Wilson, 1992; Myers et al., 2000; Sun,
2002a). In the case of plants, this area is classified as the Sino-
Himalayan floristic subregion (Wu and Wang, 1983; Wu, 1991).
The main mountain range in western China is the Hengduan
Mountains, which also form the eastern border of the Himalayas
(Wang, 1993). Wu (1988) pointed out that the Hengduan–Himala-
yan region is the key to understand floristic origin and evolution in
the North Temperate zone. The importance of this region lies not
only in its species richness and high level of endemism, but also
in its role as the center for differentiation of some cosmopolitan
genera, such as Pedicularis L., Corydalis DC., Saxifraga L., and Saussu-
rea DC.

The exceptional concentration of species diversity in the Sino-
Himalayan region has attracted recent biogeographic studies. The
Tethyan Tertiary flora and the Arcto-Tertiary flora have been sug-
gested as important sources of the Sino-Himalayan alpine flora
(Sun, 2002a,b). Examples of Tethyan Tertiary elements include Hel-
leborus L. (Sun et al., 2001), Incarvillea Juss. (Chen et al., 2005),
while the Arcto-Tertiary flora is exemplified by Rhododendron L.
(Kron, 1997) and Triosteum L. (Gould and Donoghue, 2000). It has
been proposed that the successive uplifts of the Qinghai–Tibetan
Plateau (QTP) since the mid-Miocene have played an important
role in triggering diversification in some large genera (with >100
species) endemic to the region, as well as in the formation of some
small or monotypic endemic genera (see reviews by Wang et al.
(2007) and Qiu et al. (2011)). Some of the plant lineages diverged
following the early uplifts of the QTP, or even prior to the forma-
tion of the plateau (e.g., plants in the large genus Pedicularis, Yang
et al., 2003; and in the small endemic genus Nannoglottis Maxim.,
Liu et al., 2002), while in other cases divergence took place as re-
cently as in the last 5 Ma (e.g., in Rheum L., Wang et al., 2005;
and in Sinacalia H. Rob. & Brettell, Liu et al., 2006). These studies
have provided evidence for continuous development and diversifi-
cation of plants in the Sino-Himalayan region, triggered by differ-
ent QTP uplift events between the Miocene and the Quaternary.
However, assessing the biogeographic history of this region still
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presents challenges, because of difficulties in disentangling the
complex history of geologic and climatic changes that affected
the origin and diversification of plants, and to the general lack of
fossils.Cyananthus Wallich ex Bentham (Campanulaceae) is a small
genus of ca. 20 species and exhibits a typical Sino-Himalayan dis-
tribution. Most Cyananthus species are prominent components of
alpine meadows at high altitudes in the Sino-Himalayan region.
Many species are narrow endemics, though there are a few wide-
spread taxa (Hong and Ma, 1991; Shrestha, 1997). This genus is
thus a good candidate for reconstructing the processes of biogeo-
graphic diversification in the region.

Cyananthus is morphologically unique, being the only genus in
the Campanulaceae with an entirely superior ovary. Furthermore,
the genus possesses long multi-colpate pollen grains and cap-
sules that dehisce apically via 3–5 valves (Hong and Ma, 1991).
These characters were previously considered to be rather
primitive within the Campanulaceae, and it was proposed that
Cyananthus was one of the most primitive genera of the family
(Lian, 1983; Hong and Ma, 1991; Hong, 1995). Cyananthus was
originally placed in the family Polemoniaceae (Royle, 1839), but
plants in the genus contain milky latex and have synsepalous
calyces and stamens separate from, but deeply inserted at the
base of the corolla tube. These characters are not shared with
members of the Polemoniaceae. Agardh (1858) treated Cyanan-
thus as constituting the monogeneric family Cyananthaceae.
Hooker and Thomson (1858) placed the genus in Campanulaceae,
a placement now accepted by almost all researchers (Lian, 1983;
Hong and Ma, 1991; Shrestha, 1997; Hong et al., 2011). Lian
(1983) recognized Cyananthus as the sole genus of the tribe
Cyanantheae Hong et Lian.

The number of species in Cyananthus has been controversial,
with 42 names published at the species level. Marquand (1924)
provided the first revision of this genus, recognizing 21 species.
Lian (1983) recognized 28 species, of which 25 were found in Chi-
na. Hong and Ma (1991) revised the genus and merged several spe-
cies based on statistical analysis of quantitative morphological
characters. They recognized 19 species (including 18 species and
two subspecies in China). Shrestha (1997) also revised Cyananthus,
after examining more specimens from India and Nepal. He recog-
nized 23 species, two of which were new. In a recent revision, Hong
et al. (2011) recognized 18 species with 17 species (nine of them
endemic) in China.

Hong and Ma (1991) recognized three sections in Cyananthus:
sect. Cyananthus, sect. Stenolobi Franch. and sect. Annui (Lian) Hong
et Ma, based on habit, corolla lobes, and types of trichomes on the
calyx. This classification was modified from Lian (1983), who di-
vided the genus into two sections: sect. Cyananthus and sect.
Stenolobi, with the latter subdivided into two subsections: subsect.
Perennes Lian of sect. Stenolobi s. l., and subsect. Annui Lian. The sec-
tional classification by Hong and Ma (1991) was accepted by Hong
et al. (2011) in the most recent treatment of the genus. Section Cya-
nanthus contains perennial herbs with an extremely robust caudex,
nearly orbicular, broadly ovate or oblong corolla lobes, and a calyx
densely covered only with brown–black setae (Fig. 1). Almost all
species of this section are restricted to the Himalayas. Sec-
tion Stenolobi Franch. contains perennial herbs with a relatively
thickened caudex, usually oblong corolla lobes, calyx glabrous or
sometimes covered with hairs other than brown–black setae
(Fig. 1). Species of this section are found mainly in the Hengduan
Mountains, though there are some widespread species such as C.
incanus, which extends to the eastern Himalayas. Section Annui
(Lian) Hong et Ma has annual herbs without a caudex (Fig. 1),
and is distributed in both the Hengduan Mountains and the eastern
Himalayas. Shrestha (1997) proposed the division of Cyananthus
into two subgenera: Cyananthus and Micranthus Shrestha. In this
classification, subgen. Micranthus includes C. hookeri C.B. Clarke
and C. cronquistii Shrestha, which are the species in this genus that
possess tetramerous flowers. Subgenus Cyananthus was further di-
vided into four sections: sect. Stenolobi, sect. Annui, sect. Suffrutic-
ulosi Shrestha and sect. Cyananthus s. str. (Table 1).

Hong and Ma (1991) proposed that Cyananthus originated in the
Kan–Dian ancient landmass (which is presently in W Sichuan and
NW Yunnan, covering almost the entire range of the Hengduan
Mountains) in the early Tertiary. Section Stenolobi and sect. Annui
were proposed to have derived from adaptation to the conditions
in the Hengduan Mountains, which were elevated following the
Yanshan geologic movement (Wong, 1927) and the orogeny of
the Himalayas. It was suggested that sect. Cyananthus adapted to
the Himalayan region following the uplift of the Tibetan Plateau
in the middle and late Tertiary.

Relationships within Cyananthus remain poorly understood.
Hong and Ma (1991) proposed that sect. Stenolobi was a rather
primitive group of the genus with fewer specialized characters.
Section Annui has an annual habit and was regarded as the most
specialized group. Section Cyananthus was considered to be an
intermediate group. Wu et al. (2003), however, argued that C. infla-
tus Hook. f. & Thompson of sect. Annui was the species closest to
the ancestor of the genus, based on its widespread distribution
both horizontally and vertically (with the altitudinal range of
1900–4900 m).

Dunbar (1975) examined the pollen morphology of four species
(C. lobatus Wall. and C. microphyllus Edgew. of sect. Cyananthus, C.
incanus Hook.f. & Thompson of sect. Stenolobi, and C. inflatus of sect.
Annui) in a study on Campanulaceae and related families. The pol-
len grains of all four of these Cyananthus species are 8–10-colpate
with verrucose colpus membrane. The pollen morphology of Cya-
nanthus is similar to that of Codonopsis Wall. and Leptocodon (J.D.
Hooker & Thompson) Lemaire, in contrast to the 3–5-porate pollen
grains without colpi found in Adenophora Fisch., Campanula L., Asy-
neuma Griseb. & Schenk. and Wahlenbergia Schrad. ex Roth. Several
studies (e.g., Thulin, 1976; Avetisjan, 1986; Hong and Ma, 1991) in-
ferred the evolutionary trend of pollen morphology in Campanula-
ceae as progressing from the long-colpate type to short-colpate
(such as Platycodon A.DC., Campanumoea Blume, Bijdr.), and finally
to the porate type.

Hong and Ma (1991) reported the chromosome number of Cya-
nanthus inflatus as 2n = 2x = 14; this is the only karyological report
for the genus. Codonopsis and Echinocodon Hong with 2n = 2x = 16,
and Platycodon with 2n = 2x = 18, together with Cyananthus, repre-
sent the primitive diploid form, compared with x = 17 in most gen-
era of Campanulaceae (s. str.). Because the basic chromosome
number in Lobeliaceae, a close relative of Campanulaceae (Hong
and Ma, 1991), is 7, the occurrence of 2n = 2x = 14 in Cyananthus,
the only genus of the family characterized by a truly superior
ovary, may be considered of particular significance, suggesting
x = 7 for the family (Lammers, 2007). However, further phylogenet-
ically analyses are required to test this assessment. Codonopsis,
Echinocodon and Platycodon may represent lineages with x = 8
and x = 9. The chromosome numbers as high as x = 17 which are
found in several other genera such as Adenophora, Asyneuma and
some species of Campanula may have derived from ancient hybrid-
izations of genera with a lower haploid number (Lammers, 2007).
Hong (1995) discussed the evolutionary trends in Campanulaceae
on the basis of 26 characters and he calculated a ‘‘character prim-
itiveness index’’ for each genus. Cyananthus received the highest
score in this analysis, suggesting Cyananthus as the most primitive
genus of the Campanulaceae.

Recent molecular phylogenetic studies of the Campanulaceae
(Eddie et al., 2003; Cosner et al., 2004; Haberle et al., 2009; Roquet
et al., 2009) have contributed greatly toward the classification and
the understanding of relationships within the family. Two major
clades (the platycodonoid clade, and a clade that includes the



Fig. 1. Selected species from three sections of Cyananthus. Section Cyananthus (A-D): (A and B) C. lobatus; (C) C. microphyllus; (D) C. sherriffii; displaying the orbicular corolla
tubes, brown–black setae on the calyx and extremely robust caudex found in this section. Section Stenlobi (E–H): (E) C. longiflorus; (F–H) C. incanus; displaying the oblong
corolla tubes, hairy calyx and relatively thickened caudex of this section. Section Annui (I–O): (I–K) C. inflatus; (L and M) C. lichiangensis; (N and O) C. hookeri; displaying the
high diversification and absence of caudex in this section. A, B and I photographed by B. Liu; others photographed by Z. Zhou.
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wahlenbergioids and campanuloids) are well supported by all of
these analyses. Cyananthus lobatus (in sect. Cyananthus) was se-
lected as the only representative of the genus in these analyses;
all the results demonstrate that the genus is in the platycodonoids,
forming a clade with Codonopsis and Leptocodon.

Plant sexual systems encompass a diverse array of gender com-
binations, particularly in angiosperms (Hall, 2004). In Campanula-
ceae s. l., the flowers are commonly bisexual; only a few species in
Lobelia are dioecious or gynodioecious (Lammers, 2007). The sex-
ual system of Cyananthus was previously considered to be her-
maphroditic (Lian, 1983; Hong et al., 2011); and gynodioecy has
been recently reported in C. delavayi (Niu et al., 2011). Gynodioecy,
where hermaphrodite and female (male-sterile) plants coexist
within a natural population (Darwin, 1877), was considered to be
an important link in the transition of sexual system from hermaph-
roditism to dioecy (Richards, 1997; Barrett, 2002). The evolution of
the sexual system in Cyananthus needs to be reconstructed within
a phylogenetic framework.

The objectives of this study are to (1) test the monophyly of
Cyananthus and assess its phylogenetic position in the Campanula-
ceae; (2) reassess the current infrageneric classification and recon-
struct the evolution of selected characters (including the sexual



Table 1
Comparison of infrageneric classification in Cyananthus between Hong and Ma (1991) and Shrestha (1997).

Hong and Ma (1991) Shrestha (1997)

Subg. Cyananthus Flowers pentamerous
Sect. Cyananthus Perennial plants with strong caudex, calyx

covered with brown–black setae, corolla lobes
suborbicular to broadly ovate

Sect. Cyananthus Plant not suffruticulose; other characters are
identical to sect. Cyananthus defined by Hong
and Ma (1991)

C. cordifolius, C. integer, C. lobatus, C.
microphyllus, C. pedunculatus, C. sericeus, C.
sherriffii

C. cordifolius, C. hayanus, C. himalaicus, C.
integer, C. lobatus, C. microphyllus, C.
microphyllus ssp. williamsonii, C. pedunculatus

Sect. Suffruticulosi Shrestha Plant suffruticulose with an extremely large
caudex; other characters are identical to sect.
Cyananthus defined by Hong and Ma (1991)
C. sherriffii, C. wardii

Sect. Stenolobi Franch. Perennial plants with prominent caudex, calyx
glabrous or covered with hairs other than
brown–black setae, corolla lobes oblong

Sect. Stenolobi Franch. Characters are identical to the definition of
Hong and Ma (1991)

Subsect. Stenolobi Calyx hairy, rarely glabrous; flowers blue
C. chungdianensis, C. delavayi, C. dolichosceles, C.
flavus, C. flavus ssp. montanus, C. formosus, C.
incanus, C. incanus ssp. petiolatus, C. longiflorus,
C. macrocalyx

C. delavayi, C. dolichosceles, C. formosus, C.
incanus, C. incanus ssp. petiolatus, C. incanus ssp.
orientalis, C. leiocalyx, C. leiocalyx ssp. lucidus, C.
longiflorus, C. pilosus

Subsect. Perennes Lian Calyx glabrous, flowers yellow
C. flavus, C. flavus ssp. montanus, C. macrocalyx,
C. macrocalyx ssp. spathulifolius

Sect. Annui (Lian) Hong and
Ma

Annual plants without caudex Sect. Annui (Lian) Shrestha Characters same as in Hong and Ma (1991)

Subsect. Annui Lian Flowers blue, calyx covered with soft hairs
C. fasciculatus, C. hookeri, C. inflatus, C.
lichiangensis

C. fasciculatus, C. inflatus

Subsect. Lichiangenses
Shrestha

Flowers yellow, special pubescent calyx

C. lichiangensis
Subg. Micranthus Shrestha Flowers tetramerous

C. cronquestii, C. hookeri
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system); and (3) reconstruct the history of biogeographic and tem-
poral diversification in the genus.
2. Materials and methods

2.1. Taxon sampling

We selected 56 samples for sequencing, representing 17 species
and two subspecies of Cyananthus (Appendix 1). A doubtful species,
C. chungdienensis C.Y. Wu, which is distributed only in the Haba
Mountains of Shangri-la (or Zhongdian), SW China, was not sam-
pled, and the sole specimen seems to be so similar to C. formosus
Diels. We also did not obtain material of C. integer, which is distrib-
uted in NW India and Nepal. Widespread species were collected
from different localities across their geographical ranges. We
adopted circumscription of the species as revised and defined by
Hong and Ma (1991). Representatives of Adenophora, Codonopsis,
Homocodon Hong and Leptocodon were also sequenced. All other
sequences for related taxa were obtained from GenBank (Appendix
2).

2.2. DNA extraction, PCR amplification and sequencing

Total genomic DNA was extracted from leaf material that had
been dried with silica-gel, using Axygen DNA extraction kits (Axy-
gen Biosciences, Union City, CA, USA) following the manufacturer’s
protocol. Nuclear ribosomal ITS regions, the chloroplast matK and
rbcL genes, and the psbA–trnH and the trnG–trnS intergenic spacers
were amplified for phylogenetic analysis within Cyananthus. In
addition, the chloroplast atpB gene and the trnL–trnF intergenic
spacer of selected species were amplified, and used for dating anal-
ysis together with matK and rbcL. All polymerase chain reaction
(PCR) reactions were conducted in a 25 lL volume consisting of
1–2 lL sample DNA (approx. 1–10 ng), 2.5 lL 10� buffer, 1 lL
MgCl2 (25 mM stock), 2.5 lL dNTPs, 0.6 lL of 10 lM stock of each
primer, and 0.2 lL Taq polymerase, adjusted to 25 lL with ddH2O.
The amplification and sequencing primers were as follows: ITS4
and ITS5 for the ITS region (White et al., 1990), psbA and trnH
for the psbA–trnH region (Sang et al., 1997), and trnG (UCC) and
trnS (GCU) for the trnG–trnS region (Hamilton, 1999). The trnL–trnF
region was amplified and sequenced in two short fragments using
primers c + d and e + f (Taberlet et al., 1991). The PCR amplification
profiles were identical for ITS, psbA–trnH, trnG–trnS and trnL–F:
3 min at 95 �C, followed by 37 cycles of 20 s at 94 �C, 30 s at
50 �C, and 40 s at 72 �C, and a final 5 min extension at 72 �C. Cam-
panulaceae-specific primers and the amplification protocol used
for matK, atpB, and rbcL genes followed Haberle et al. (2009).

The amplified products were then purified by the polyethylene
glycol (PEG) precipitation procedure (Hiraishi et al., 1995). Cycle
sequencing reactions were conducted in 10 lL volumes which con-
tained 0.25 lL BigDye 3.1, 0.5 lL primers, 2.0 lL purified PCR prod-
ucts and 1.75 lL sequencing buffer. The sequencing reaction mixes
were analyzed on an ABI 3730 automated sequencer (Applied Bio-
systems, Foster City, California, USA).
2.3. Phylogenetic analyses

The program Sequencher 4.8 (Gene Codes Corporation, 2008)
was used to evaluate chromatograms in order to confirm base
identification and to edit contiguous sequences. Sequences were
initially aligned with ClustalX version 1.83 (Thompson et al.,
1997), followed by manual adjustments using Se–Al v2.0a11 (Ram-
baut, 2007).



Fig. 2. Bootstrap consensus tree derived from maximum parsimony analysis of the combined datasets obtained using ITS markers and the four plastid markers (matK, rbcL,
psbA–trnH and trnG–S). Bootstrap support values (>50%) are indicated above branches. Posterior probabilities (>70%) are noted below branches. All major clades are labeled.
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Parsimony analyses were performed with heuristic searches of
1000 replicates with random stepwise addition using tree bisec-
tion–reconnection (TBR) branch swapping, MulTrees and Collapse
option selected in PAUP� 4.0b10 (Swofford, 2002). All characters
were weighted equally and gaps were treated as missing data.
The bootstrap probabilities (BP) were calculated from 1000 repli-
cates using a heuristic search with simple addition with the TBR
and MULPARS options implemented (Felsenstein, 1985).
Bayesian inference (BI) based on Markov chain Monte Carlo
methods (Yang and Rannala, 1997) was performed using MrBayes
3.1.2 (Ronquist and Huelsenbeck, 2003). The optimal model of
molecular evolution and gamma rate heterogeneity was deter-
mined as implemented in Modeltest 3.7 (Posada and Crandall,
1998; Posada and Buckley, 2004) by using Akaike Information Cri-
terion (AIC). The Markov chain Monte Carlo (MCMC) algorithm was
run for 20,000,000 generations with one cold and three heated



Fig. 3. (A) Ancestral character state reconstruction for the sexual system in Cyananthus based on a strict consensus tree (character state: gynodioecy-black, hermaphroditism-
green, unclear-absent). Species with yellow flowers are marked in yellow. Species (Cyananthus flavus ssp. montanus) with white flowers is marked in gray. Life forms and
tetramerous characters are also labeled in the tree; (B) C. delavayi, hermaphroditic flower; (C) C. delavayi, female flower. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The maximum clade credibility (MCC) tree derived from BEAST based on four plastid markers (matK, rbcL, atpB and trnL–F). Divergence times were estimated based on
one fossil calibration and root constraint. The crown age of the c-2 clade (round symbol) was constrained to be more than 16.5 mya and the root age was constrained to be
52.5 ± 4.5 mya. Cy1, Cy2 and Cy3 represent the sect. Cyananthus clade, sect. Stenolobi clade and sect. Annui clade respectively.
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chains, starting from random trees. Runs were repeated twice. The
resulting log likelihood and number of generations were plotted to
determine the point after which the log likelihoods had stabilized.
After discarding the trees saved prior to this point as burn-in, the
remaining trees were imported into PAUP, and a 50% majority-rule
consensus tree was produced to obtain posterior probabilities (PP)
of the clades. Internodes with posterior probabilities >95% were
considered statistically significant.
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2.4. Character evolution

To analyze the pathway by which the sexual system had
evolved, we recorded sexual system data in the field. For all spe-
cies, except C. flavus, three or more natural populations were inves-
tigated during the flowering seasons from 2007 to 2011.
Hermaphroditic plants produce hermaphroditic flowers which
have strong fertile anthers adnate to the ovary. Sterile stamens in
female flowers have shorter filaments than their fertile counter-
parts in hermaphrodite flowers, nor they do adhere to the ovary
(Fig. 3). A species was defined as gynodioecious if any of the pop-
ulations had a proportion of female individuals, otherwise as her-
maphroditic. For each population, the sexual system of at least
20 individuals was checked, by dissecting two randomly selected
flower buds per individual.

We mapped the sexual systems onto the phylogeny by defining
three states, (0) unknown, (1) hermaphroditism, and (2) gynodioe-
cy. To infer ancestral states, we used the parsimony methods as
implemented in Mesquite ver. 2.6 (Maddison and Maddison,
2009; http://mesquiteproject.org/mesquite/mesquite.html). The
evolution of three other characters used for infrageneric classifica-
tion, life form (perennial or annual), floral part number (pentamer-
ous or tetramerous) and flower color (blue–purple, white or
yellow), was also reconstructed using Mesquite.

2.5. Molecular dating analysis

We selected four chloroplast markers (atpB, matK, rbcL, and
trnL–trnF) for dating analysis, using the phylogenetic framework
at the family level as described in Haberle et al. (2009) and Roquet
et al. (2009). As matK and rbcL had been used in previous phyloge-
netic analyses, we added atpB and trnL–F sequences; in most cases
we applied these to one representative per species; but three rep-
resentatives of Cyananthus inflatus were included, as this species is
found to be polyphyletic.

BEAST v.1.5.4 (http://beast.bio.ed.ac.uk) was used to estimate
divergence times (Drummond and Rambaut, 2007). The program
BEAUti was used to set criteria for the analysis, in which we ap-
plied a General Time Reversible (GTR) nucleotide-substitution
model with Gamma + Invariant sites, gamma shape distribution
(with four categories) and proportion of invariant sites. A lognor-
mal relaxed molecular clock model and the Birth–Death prior set
were used to estimate divergence times and the corresponding
credibility intervals. Posterior distributions of parameters were ob-
tained using MCMC analysis for 50,000,000 generations with 10%
burn-in. The log file was then checked for convergence of the
chains using Tracer 1.3. Samples from posterior distributions were
summarized on a maximum clade credibility (MCC) tree with the
maximum sum of posterior probabilities on its internal nodes
(Drummond et al., 2007) using TreeAnnotator v1.5.4 (Drummond
and Rambaut, 2007) with the posterior probability limit set to
0.5 summarizing mean node heights. The MCC tree was visualized
using FigTree v.1.3.1 and the means and 95% higher posterior den-
sities (HPD) were obtained from it. The 95% HPD represents the
shortest interval that contains 95% of the sampled values from
the posterior (Drummond et al., 2007).

The fossil record for the Campanulaceae is poor. The only avail-
able and suitable material for tree calibration consists of seeds of
Campanula from the Miocene (16.5–17.5 mya) from southern Po-
land (Lancucka-Srodoniowa, 1979; Cellinese et al., 2009). These
fossil seeds have been ascribed to Campanula paleopyramidalis
Lanc-Srod., as they closely resemble those of C. pyramidalis L., an
Italian–Balkan extant species in the Rapunculus clade (described
as the c-2 clade in Haberle et al. (2009)) of the campanuloids,
although some of the seed characteristics appear in other species
of this clade (Haberle et al., 2009). Given the difficulty of placing
these fossils with confidence in the large polyphyletic genus Cam-
panula (Haberle et al., 2009; Roquet et al., 2009), Roquet et al.
(2009) adopted a conservative approach and used the fossils as a
minimum age constraint for the whole campanuloid group. Celli-
nese et al. (2009) and Frajman and Schneeweiss (2009) used the
same fossil record to date the stem age of C. pyramidalis and its sis-
ter species C. carpatica Jacq. Taking into account the certainty that
this fossil taxon belongs to the Rapunculus clade (c-2 clade) but the
uncertainty concerning its specific affinity with extant species, we
placed it as a minimum age constraint for the crown age of the
Rapunculus clade (marked by a round symbol in Fig. 4,
>16.5 mya). A lognormal prior of 16.1 was therefore taken as zero
offset; and the default lognormal mean of 1 and default lognormal
standard deviation of 1 were used to constrain this node, giving a
95% confidence interval of 16.5–35.4 mya.

The divergence between Lobelia L. and the Campanulaceae sensu
stricto (Cosner et al., 2004) was estimated to be 49–56 mya based
on the broad dating analyses of angiosperm families carried out
by Wikström et al. (2001). We used this time to set the root age.
A normal distribution was taken with a mean at 52.5 mya, the mid-
point of the dates reported by Wikström et al. (2001), and a stan-
dard deviation of 4.5, giving a 95% confidence interval of 45.1–
59.9 mya, as our prior for the root node (Fig. 4).
2.6. Biogeographic analysis

Reconstruction of ancestral areas on a phylogeny is important
in understanding the biogeographic diversification history of a
lineage, as it makes it possible to infer the place of origin
and dispersal routes of organisms. We employed a maximum
likelihood-based method (Ree et al., 2005; Ree and Smith, 2008)
to reconstruct the biogeographic history of Cyananthus. The
program LAGRANGE (Ree and Smith, 2008) was used to run the
analysis, with a simple model of a single rate of dispersal and
extinction set as constant over time and across lineages. This pro-
gram reconstructs not only the most likely ancestral area for each
internal node but also the probability of range inheritance scenar-
ios (i.e., the split of the ancestral area between the two descendant
lineages).

The LAGRANGE analysis was applied to Cyananthus and the
groups closely related to it in the platycodonoids. We selected
three samples from each representative clade for C. inflatus because
of the polyphyletic nature of this species. Furthermore, we only se-
lected one accession per species in sect. Stenolobi because this sec-
tion is poorly resolved but its distribution pattern is well
understood. The program LAGRANGE was run on a chronogram
with the topologies of a MCC tree derived from BEAST analyses
based on all six plastid markers (atpB, matK, rbcL, psbA–trnH.
trnL–F and trnG–S). Four areas of endemism were defined: (A)
the Hengduan mountains (Fig. 5); (B) the Himalayas (Fig. 5); (C)
other parts of eastern Asia; (D) East Africa and the Canary Islands.
3. Results

3.1. Phylogenetic analysis

The aligned ITS matrix contained 695 positions with 234 phylo-
genetically informative sites. Aligning ITS sequences across genera
in the Campanulaceae is difficult due to a high level of ambiguities
in the ITS1 and ITS2 regions. We consulted the alignment supplied
by Eddie et al. (2003) (http://www.biosci.etexas.edu/IB/faculty/
jansen/lab/personnel/eddie.htm) in order to align our Cyananthus
sequences with other genera. The aligned positions of the matK,
rbcL, psbA–trnH and trnG–trnS datasets were 1625, 1364, 456 and
996 bp, respectively. When gaps were treated as missing data,

http://mesquiteproject.org/mesquite/mesquite.html
http://beast.bio.ed.ac.uk
http://www.biosci.etexas.edu/IB/faculty/jansen/lab/personnel/eddie.htm
http://www.biosci.etexas.edu/IB/faculty/jansen/lab/personnel/eddie.htm


Fig. 5. Distribution of Cyananthus in the Sino-Himalayan region and LAGRANGE analysis based on the topology of the maximum clade credibility tree derived from BEAST
analyses using six plastid markers. (A) Hengduan Mountains; (B) Himalayas; (C) other eastern Asian regions; (D) the Canary Islands together with eastern Africa. A dash in the
LAGRANGE results indicates the split of the ancestral distribution between the two descendant lineages. Numbers in brackets reflect the highest likelihood probabilities at the
two key nodes. SC and YN: Sichuan and Yunnan provinces, respectively.
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the combined plastid dataset was 4441 bp in length, containing
797 phylogenetically informative sites.

The topologies from the ITS and plastid data sets showed no
conflicts, although they were at different levels of resolution. For
example, in the results of the ITS analysis, the C. hookeri clade
either formed a trichotomy with the clade of sect. Stenlobi and
the clade containing other species of sect. Annui (excluding C. hook-
eri) according to the parsimony analysis, or it formed a dichotomy
with the clade of the other species of sect. Annui with a low poster-
ior probability (PP = 0.55); however, results (not shown) using the
combined plastid markers identified the clade of C. hookeri as a sis-
ter to the clade of other species of Annui with high support value
(BS = 100, PP = 1.00). We combined the two datasets where there
was no conflict in the topology and the support values were high,
since the major clades were identical according to both ITS and
combined plastid analysis.

The combined nuclear-plastid datasets consisted of 5136 posi-
tions with 1031 parsimony-informative sites. The MP analysis
yielded more than 100,000 MPTs of 2454 steps, with a CI of 0.79
(CI excluding uninformative characters = 0.74), and a RI of 0.91.
The strict consensus tree based on the combined data was similar
to the topology generated from plastid data, but had slightly better
resolution in the clade of sect. Stenolobi. The 50% majority-rule con-
sensus of 18,001 trees (20,001 trees minus 2000 burn-in trees) that
resulted from the Bayesian analysis based on the combined data
was largely congruent to the strict consensus tree, but with a min-
or difference in the resolution of the clade Stenolobi. Three sections
based on morphology correspond to the three major clades within
the genus with high support values, with the clade of sect. Cyanan-
thus appearing as sister to the clade containing sect. Stenolobi and
sect. Annui in all our analysis (Fig. 2). The topology of sect. Cyanan-
thus and sect. Annui is identical to that in the analyses based on the
combined ITS-plastid dataset and on the combined plastid dataset.

The alignment of the combined matK, rbcL, atpB, and trnL–F
dataset, which was 5401 bp in length and contained 1288 phyloge-
netically informative sites, was used only for molecular dating
analysis. The alignment of the combined dataset for all six plastid
markers, which was 6921 bp in length and had 919 phylogeneti-
cally informative sites, was used in the biogeographic Lagrange
analysis.
3.2. Sexual system pattern and character evolution

Of the 17 Cyananthus species examined in our analyses, 11 are
hermaphroditic and five are gynodioecious. For C. flavus and its
subspecies C. flavus ssp. montanus, the sexual system remains un-
clear because we were unable to locate enough populations and
individuals. All the species of sect. Cyananthus and Annui are her-
maphroditic, while most species of sect. Stenolobi are gynodioe-
cious apart from C. formosus. We optimized four taxonomically
important characters (sexual system, life form, floral part number,
and flower color) onto the strict consensus tree obtained from the
MP analysis of the datasets. Information about these four charac-
ters for all 18 Cyananthus species is shown in Appendix 1. From
these data, we infer that hermaphroditism is the ancestral sexual
condition in Cyananthus. Gynodioecy evolved only once, in sect.
Stenolobi (Fig. 3). Interestingly, within this section there was a
reversal from gynodioecy to hermaphroditism in C. formosus
(Fig. 3). The parsimony reconstruction using Mesquite also showed
that perennial habit, pentamerous floral parts, and purple–blue
flowers were ancestral in Cyananthus (results not shown). Further-
more, yellow petals were derived three times (in C. macrocalyx
Franch. and C. flavus ssp. flavus Franch. in sect. Stenolobi, and C.
lichiangensis W.W.Sm. in sect. Annui), and white petals originated
once in C. flavus ssp. montanus in sect. Stenolobi (Fig. 3).
3.3. Divergence times

A total of 99 taxa covering almost the entire diversity of Campa-
nulaceae were selected for the dating analysis, based mainly on the
phylogenetic framework at the family level presented by Haberle
et al. (2009) and Roquet et al. (2009). Bayesian dating with fossil
calibration and root constraint suggested that Cyananthus diverged
from its closest relatives, the Codonopsis–Leptocodon clade,
15.12 mya (95% HPD: 12.12–22.94 mya), and the crown age of
the Cyananthus clade was about 9.30 mya (95% HPD: 5.98–
12.46 mya) (nodes 1 and 2, respectively, in Fig. 4).

3.4. Biogeographic analyses

LAGRANGE analysis was carried out using MCC chronograms
based on six plastid markers. Placing a constraint on the number
of maximum ancestral areas (two, three or four) at each node did
not affect the results within the Cyananthus clade. The ancestral
distribution of Cyananthus was inferred to be the Himalayas (B),
with subsequent dispersal into the Hengduan Mountains (A) (node
1 and node 2 in Fig. 5). The current distributions of four species
(C. lobatus, C. incanus, C. hookeri and C. macrocalyx) in both areas
were inferred to have resulted from secondary dispersals.
4. Discussion

4.1. Monophyly, systematic position and three major clades of
Cyananthus

All of our analyses based on nuclear ribosomal ITS and four
plastid markers strongly support the monophyly of Cyananthus.
Cyananthus is sister to a clade containing the eastern Asian genera
Codonopsis and Leptocodon, with the latter being placed within
Codonopsis (see discussion in Hong et al. (2011)) (Figs. 2 and 4).
These two clades, together with the eastern Asian monotypic genus
Platycodon and the genus Canarina L. from the Canary Islands and
eastern Africa, form the platycodonoid clade, as suggested by re-
cent molecular studies (Eddie et al., 2003; Haberle et al., 2009; Ro-
quet et al., 2009). The platycodonoid clade was the first of the
Campanulaceae to diverge, and it is sister to the clades of the wah-
lenbergioids and the campanuloids, which comprise the bulk of the
family. Eddie et al. (2003) considered Cyananthus to be a derived
genus due to its specialized ecological characters that show adap-
tations to high elevations, including deep taproots and prostrate
lateral branches. However, these studies did not sample Cyanan-
thus. Our results place Cyananthus as sister to the Codonopsis–Lep-
tocodon clade, and it is nested within the platycodonoids. In
comparison with its close relatives, the synapomorphies of the
genus include an entirely superior ovary, a five-apically dehisced
(above the calyx lobes) capsule, and a calyx completely free from
the ovary.

Based on combined ITS-plastid datasets, three major clades
were supported within Cyananthus, corresponding to the three sec-
tions. Section Cyananthus, which is distributed mainly in the Hima-
layas, formed one clade, which is sister to those containing sect.
Stenolobi and sect. Annui (Fig. 2).

4.2. Relationships within Cyananthus

Our analysis suggested that sect. Cyananthus diverged first, and
is sister to the rest of the genus (Fig. 2). All species in sect. Cyanan-
thus are distributed in alpine habitats and have long been consid-
ered to be a derived group adapted to the high plateau that
resulted from the uplift of the Himalayas. Nevertheless, this section
may also possess some primitive features. For instance, flowers of
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species of sect. Cyananthus do not close following pollination (Niu,
per. commun.), in common with close relatives such as Codonopsis,
whereas species of sect. Stenolobi and sect. Annui close the corolla
immediately after pollination (Niu et al., 2011).

Hong and Ma (1991) regarded sect. Stenolobi as the most prim-
itive group of the genus. Wu et al. (2003), on the other hand,
thought that sect. Annui occupied the primitive position. These
controversial hypotheses need to be re-evaluated based on phylo-
genetic studies. Section Stenolobi shows little morphological varia-
tion, and the circumscription of species has been difficult due to
the gradual morphological integration of several characters. The
ancestor of this section emerged at the end of the Tertiary ca.
1.99 mya (95% HPD: 0.77–2.50 mya) according to our dating anal-
ysis (node 4 in Fig. 4), which may indicate that this section is a
young derived group, perhaps still at the stage of active diversifica-
tion to adapt to the uplifts of the Hengduan Mountains. Moreover,
a gynodioecious sexual system was reported in the majority of
members of sect. Stenlobi, but hermaphroditism was found in sect.
Cyananthus and sect. Annui as stated above. In a gynodioecious sys-
tem, higher reproductive success in female plants is expected and
has been reported; this is important for female maintenance (Le-
wis, 1941). On the other hand, the annual life forms and tetramer-
ous flowers in sect. Annui are considered to be derivative
characters. The widespread occurrence of C. inflatus and C. hookeri
thus seems to be the result of secondary dispersal and adaptation
to more variable environments, not because they are primitive
types as Wu et al. (2003) suggested.
4.2.1. Section Cyananthus
Six species of this section were sampled for analysis. Cyananthus

cordifolius Duthie, C. microphyllus, C. pedunculatus C.B. Clarke, C.
sericeus Lian and C. sherriffii Cowan are distributed from west to
east along the Himalayan mountains. These five species are nar-
rowly restricted to one or two counties, with the first three species
being found near the China/Nepal or China/Bhutan borders, and
the latter two endemic to southeast Tibet. Cyananthus lobatus,
which has unique lobed leaves, is quite widely distributed in the
eastern Himalayas, extending as far as NW Yunnan. Cyananthus
integer (not sampled) is distributed in NW India and Kashmir along
the western Himalayas and is the only species occurring outside
China (Hong and Ma, 1991).

Shrestha (1997) included three additional members in this sec-
tion: C. hayanus Hort., and the newly described C. himalaicus Shres-
tha which is endemic to central Nepal and C. wardii C. Marquand
from southern Tibet (not sampled) (Table 1). Cyananthus wardii is
treated as being in sect. Stenolobi by Hong et al. (2011). Based on
the original description (Marquand, 1929), the species possesses
ovately lobed leaves and a calyx densely covered with brown–yel-
low hairs. It thus appears that it may belong to sect. Cyananthus.

Cyananthus sherriffii and C. sericeus are restricted to SW Tibet
and they form a highly-supported sister clade to the rest of this
section (Fig. 2). Their distribution is mainly near the border of Chi-
na/Nepal and China/Bhutan. The phylogeny of sect. Cyananthus
thus correlates with geographical distribution. This pattern of close
connection between species’ phylogenetic relationships and their
biogeographic occurrence has also been reported for Maianthemum
Wigg. in this region (Meng et al., 2008).

Shrestha (1997) divided sect. Cyananthus into two sections, sect.
suffruticulosi containing C. sherriffii and C. wardii, and sect. Cyanan-
thus s. str. including the remaining species (Table 1). The separation
of these two species from the others was based on their much
more robust caudex, which makes them suffrutescent perennial
herbs. However, our analyses show that C. sherriffii is nested within
the clade and is sister to C. sericeus (Fig. 2). Our results thus do not
support the subdivision of sect. Cyananthus into two sections.
Cyananthus microphyllus is easily distinguished from other
members of the section by its oblong corolla lobes, which are much
longer than they are wide. This species is similar to C. incanus of
sect. Stenolobi with respect to leaf shape and corolla lobes. How-
ever the calyx of C. microphyllus is covered with brown–black setae,
like those of other members of sect. Cyananthus. Our results sup-
port C. microphyllus as a member of sect. Cyananthus, and demon-
strate that the brown–black setae covering the calyx may be a
synapomorphy of this section.
4.2.2. Section Stenolobi
The circumscription of species in this section has been contro-

versial, with the reported number of species ranging from 14 (Lian,
1983), 8 (Hong and Ma, 1991), 9 (Shrestha, 1997), to 11 (Hong
et al., 2011). This inconsistency may be due to the fact that species
in this section have often been distinguished based mainly on
quantitative characters, such as petiole length, peduncle length,
leaf length/width ratio, and leaf shape and margin.

In the present study, the relationships within this section re-
mained unresolved with five parallel clades clustering synchro-
nously in the strict consensus tree (not shown), one of which
(the clade of C. incanus ssp. incanus) diverged from the other four
in our bootstrap consensus tree with weak support (BS = 52,
Fig. 2). Failure to achieve phylogenetic resolution among many
parallel clades is recognized as resulting from low genetic variabil-
ity and rapid radiation in a lineage’s evolutionary history (Baldwin
and Sanderson, 1998; Richardson et al., 2001; Hughes and East-
wood, 2006; Sun et al., 2012). This explanation may apply in the
present case, since in this section there is little morphological dis-
tinction between the species and our molecular dating analysis
yielded a fairly recent time of origin (1.99 mya, 95% HPD 0.77–
2.50 mya, node 4 in Fig. 4). We thus infer that sect. Stenolobi ap-
pears to have undergone rapid radiations triggered by ecological
opportunities provided by habitat fragmentation and frequent
gene flow between populations in the Hengduan Mountains.

Hong et al. (2011) merged the two subspecies of Cyananthus
incanus from Tibet, SW Sichuan and NW Yunnan with C. dolichosce-
les C. Marquand from Sichuan, based on morphological intermedi-
acies and overlapping distributions. However, our analyses do not
support C. incanus sensuHong et al. (2011) as being a monophyletic
group, since the three components formed a small separate clade
(Fig. 2). The differences among the three components are described
in Hong and Ma (1991). Cyananthus delavayi from C to NW Yunnan
and in W Sichuan is also polyphyletic and samples of the species
are scattered in three different clades in our analysis. Samples from
C to NW Yunnan form the highly diverse clade A; the four western
Sichuan samples are in clade B; and the only sample distributed in
the border between Yunnan and Sichuan comprises clade C to-
gether with C. incanus ssp. petiolatus. Cyananthus delavayi is charac-
terized by its small (usually less than 5 mm) rhombic leaves with
markedly slender petioles. The only sample of this species in clade
C (SunH-YN11225) shows morphological intermediacy between
typical C. delavayi and C. incanus (leaves are rhombic, similar to
typical C. delavayi; some leaves are base-attenuated into short
and obscure petiole, and the leaves at the top of stem near the
flower are larger than 5 mm, which is closer to C. incanus). We thus
suggest that it might be a hybrid between these two species. How-
ever, the two lineages from clade A and clade B are fairly consistent
in morphology. They differ only in distribution, especially concern-
ing elevation (clade A in Yunnan at less than 3300 m vs. clade B in
Sichuan at more than 3700 m). The four Sichuan representatives
group together (clade B in Fig. 2) and they seem to be undergoing
a vertical vicariance speciation event, but this is still not reflected
in morphology (see also Section 4.4). The scattered paraphyletic
Yunnan lineages in clade A may be the result of gene introgression
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from other species in this section. Revision of the section is needed,
with the species delimitations based on other methods.

4.2.3. Section Annui
There are four species in this section: C. fasciculatus C. Marqu-

and, C. hookeri, C. inflatus and C. lichiangensis.Shrestha (1997)
placed Cyananthus hookeri in its own subgenus, Micranthus, while
all other species were placed in subgenus Cyananthus (Table 1).
Our results do not support this treatment; instead C. hookeri forms
the Annui clade with other species (Fig. 2), rather than being a sis-
ter to all other species of Cyananthus. The tetramerous character is
apparently a derived state as discussed above (Fig. 3). Shrestha
(1997) also divided C. hookeri into two species: C. cronquestii, with
less hairy plants, distributed in NW Yunnan and the densely hairy
C. hookeri s. str. Lian (1983), Hong and Ma (1991), and Hong et al.
(2011) all treated C. hookeri as a single species with a rather wide
range of variation in pubescence density. Our results support the
monophyly of C. hookeri, which encompasses the less hairy sam-
ples as defined by Shrestha (1997). The two clades within C. hookeri
(Fig. 2) are not correlated with geographic distribution, but they
seem to have subtle differences in corolla number and color (clade
hookeri 1 with purple or light blue flowers and corolla number
occasionally up to five, vs. clade hookeri 2 with deep blue flowers
and corolla number varying up to three). We thus suggest treating
them as two varieties.

Cyananthus fasciculatus, C. inflatus and C. lichiangensis are three
closely related annual species with tall erect stems and pentamer-
ous flowers. Cyananthus lichiangensis can be easily distinguished
from the other two species by its pale yellow corolla and its calyx
covered with red–brown setae which have a swollen and black ver-
rucose base (Fig. 1). Shrestha (1997) proposed subsect. Lichiangen-
ses Shrestha to include solely this distinctive species (Table 1). The
only difference between C. fasciculatus and C. inflatus is that C. fas-
ciculatus has several flowers in dichasia fascicled at the top of the
stem, whereas C. inflatus has a solitary terminal flower. Our results
support the derivation of these three species from the same ances-
tor, and the further division of them into two subsections by Shres-
tha (1997) is unnecessary. Cyananthus fasciculatus is nested within
C. inflatus in all our results; the occurrence of several flowers fasci-
cled at the top of the stem might represent a special case of C. infla-
tus. We thus suggest merging C. fasciculatus into C. inflates,
although it has been recognized as a separate species in all four
previous papers on the subject. Cyananthus inflatus is biphyletic
according to our analysis using four plastid markers, with C. lichi-
angensis deeply nested in it (data not shown), while the two lin-
eages were also identified in our combined ITS-plastid analysis
(Fig. 2). One clade (clade inflatus1) includes the samples from the
Hengduan areas (central to NW Yunnan, W Sichuan), while the
other clade (clade inflatus2) includes the samples from the eastern
Himalayas (mainly from S Tibet with one sample from NW Yun-
nan). Tsoong (1935) treated C. inflatus in the eastern Himalayas
as a new species, C. pseudo-inflatus, based on the shorter and den-
ser hairs on its calyx, and shorter calyx lobes, compared with those
of C. inflatus. This species was also recognized by Lian (1983), but
the differences were thought to be insufficiently distinct in the
other three revisions of the genus. We compared the samples be-
tween the two lineages and examined all herbarium specimens
covering the distributional range, and found that the differences
are quite minor. Franchet (1887) also divided C. inflatus into two
varieties (C. inflatus var. rufus with densely brown hairs on the ca-
lyx and taller plants; and C. inflatus var. tenuis with sparsely white
hairs on the calyx and smaller plants). However, variations in
pubescence color, density and plant height can be found in both
lineages. We also observed calyces with both brown hairs and
white hairs in the same individual. Therefore we did not accept
the division according to Franchet (1887); nor did Lian (1983),
Hong and Ma (1991), and Hong et al. (2011). From our analysis
based on individual markers, we determined that the key markers
required to separate the two lineages are trnG–S and psbA–trnH.
Compared with the other four highly-conserved plastid markers
(matK, atpB, rbcL, and trnL–F), trnG–S and psbA–trnH are more
fast-evolving and are widely used in phylogeographic studies.
Thus, we conclude that the populations of C. inflatus in the eastern
Himalayas and in the Hengduan areas are in the process of allopat-
ric speciation, which is not yet reflected in highly distinct, stable
morphological characters (see also next section).

4.3. Character evolution

The evolution of characters within the genus is inferred to be
from perennial to annual life form, and from pentamerous to
tetramerous flowers (Fig. 3). Section Annui consists of annual
herbs. The annual life form is considered to be more advanced than
perenniality, according to the traditional evolutionary point of
view (Stebbins, 1982). Some comparative ecological studies have
suggested that an annual life form is more efficient with respect
to seedling growth rates and reproductive allocation (Garnier,
1992; Garnier and Laurent, 1994; Silvertown and Dodd, 1996),
resulting in better survival capability. The tetramerous flower is a
character unique to the Campanulaceae, with only a few examples,
e.g., Echinocodon, Cyclocodon parviflorus Hook.f. & Thompson and
Phyteuma tetramerium Schur (Lammers, 2007). The tetramerous
character is apparently a derived character state, because all other
species in Cyananthus have pentamerous flowers. In contrast,
although the majority of Cyananthus species have blue or purple
flowers, the yellow petal character seems to have evolved multiple
times.

The sexual system in flowering plants was hypothesized to have
evolved from co-sexes (hermaphrodite) to separate sexes (dioe-
cious), and this theory has been validated in many taxa (Richards,
1997; Barrett, 2002). Gynodioecy has been described as an inter-
mediate step in this evolutionary process (Ross and Weir, 1976;
Barrett, 2002; Hall, 2004). The transitions from hermaphroditism
to gynodioecy in Cyananthus inferred from our analysis (Fig. 3) pro-
vide another example of this trend. The clade of all gynodioecious
species suggests that this trait may have originated once in sect.
Stenolobi, rather than multiple parallel origins as other similar
studies have shown (Hall, 2004; Schaefer and Renner, 2010). Previ-
ous studies showed that a drastic change in habitat might be the
driving force in the differentiation of sexual systems (Barrett
et al., 1997; Ashman, 1999; Case and Barrett, 2001). Our molecular
calibrations suggest that sect. Stenolobi probably diversified around
1.99 mya (95% HPD: 0.77–2.50 mya) (node 4 in Fig. 4), coinciding
with the extensive period of the QTP uplift that took place 3.5–
1.6 mya (Harrison et al., 1992; Shi et al., 1998; Liu et al., 2006),
resulting in the alteration of habitats in this area (also see discus-
sion in Section 4.4). Environmental stress, especially arid condi-
tions, can greatly affect the evolution of sexual dimorphism in
plants through its influence on the expression of inbreeding
depression (Darwin, 1877; Costich, 1995; Wolfe and Shmida,
1997). Weller and Sakai (1990) reported that in the Hawaiian en-
demic genus Schiedea, species with gender dimorphism were gen-
erally found in arid habitats while the majority of gender
monomorphic species occurred in more humid situations. We also
observed that sect. Cyananthus (hermaphroditic, distributed on
grass slopes and meadows across S Tibet) grew in moister habitats
than sect. Stenolobi (gynodioecious, distributed mainly in alpine
meadows of the Hengduan mountains). The dry and cold habitats
that most Cyananthus species now occupy may have resulted from
the extensive uplifts of the QTP in the late Miocene, which
strengthened the Asian monsoon climate and caused this type of
habitat to expand rapidly in the interior of Asia (An et al., 2001).
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We inferred that the drastic change to more arid habitats triggered
by the extensive uplift of the QTP might have given rise to sexual
dimorphism in sect. Stenolobi. As to why separate sexes do not oc-
cur in sect. Annui, life history traits may help answer this question.
It has been suggested that annuals often suffer weaker inbreeding
depression than long-lived perennials (Morgan et al., 1997), and
this can hinder the invasion and maintenance of female
individuals.

There has been a reversal from gynodioecy to hermaphroditism
in C. formosus. Such reversals have been reported in several other
genera (Dorken et al., 2002; Obbard et al., 2006; Case et al.,
2008; Volz and Renner, 2008). In this case the reversal appears to
be associated with some of the unique characters of C. formosus.
As the only species in the genus Cyananthus that grows in alpine
scree habitats, C. formosus, like many other alpine plants, has rela-
tively larger flower size but much smaller flower number and low-
er population density than other species in the genus. These
characters may decrease the opportunities for self-pollination via
geitonogamy (pollination among different flowers within a plant)
and enhance outcrossing (Harder et al., 2004), which may improve
the fitness of hermaphrodites and act against the invasion and
maintenance of females.

4.4. Biogeography of Cyananthus

Cyananthus is in the rather primitive clade of the Campanula-
ceae, the platycodonoids, which are characterized by superior to
partially inferior ovaries and colpate or colporate pollen grains.
The platycodonoid clade is currently comprised of genera Cyanan-
thus, Codonopsis and Leptocodon (with strictly or mainly Sino-
Himalayan distribution), Platycodon (widely distributed in eastern
Asia), and Canarina (distributed in the Canary Islands and eastern
Africa). Campanumoea and Cyclocodon (distributed in eastern and
southeastern Asia), Echinocodon (endemic to central China) and
Ostrowskia (endemic to central Asia) are believed to be within
the platycodonoids because of their colpate or colporate pollen
grains (Lammers, 2007). Cosner et al. (2004) and Roquet et al.
(2009) proposed an Asian origin for this clade. Since Canarina has
been hypothesized to have originated in Africa from western Asian
ancestors (Roquet et al., 2009), the platycodonoids as a whole show
a distribution pattern across Asia. Because the Tethyan Tertiary
flora is regarded as being important for the origin of the Sino-
Himalayan flora (Sun, 2002a), and the platycodonoid genera as dis-
cussed above are found from eastern to central Asia, possibly
extending across western Asia to NW and E Africa, we propose that
this clade may be descended from widely distributed Tethyan
ancestors.

Cyananthus is estimated to have diverged from its closest rela-
tives, the Codonopsis–Leptocodon clade, in the early Miocene about
15.12 mya (95% HPD: 12.12–22.94 mya, node 1 in Fig. 4). Some
other taxa occurring in the QTP and adjacent regions have been
similarly estimated to have originated or diverged from their sister
groups around 20 mya, within the early Miocene; these include
Caragana (Zhang and Fritsch, 2010), the Ligularia–Cremanthodi-
um–Parasenecio complex (Liu et al., 2006) and Rheum (Sun et al.,
2012). A rapid uplift, known as the Himalayan motion, around
25–17 mya raised the mean altitude of the QTP to 2000 m (Shi
et al., 1999; An et al., 2001). The Himalayan motion, which caused
separation between the Himalaya–Tibetan plateau and its envi-
rons, is recognized as having triggered the birth of many plant
and animal taxa in this area (Liu et al., 2002, 2006; Che et al.,
2010; Zhang and Fritsch, 2010). Cyananthus, with an estimated ori-
gin 23–12 mya according to our results, can be regarded as another
case of a taxon originating in response to the Himalayan motion.

Our LAGRANGE results suggest that Cyananthus originated in
the Himalayas, and was subsequently dispersed to the Hengduan
Mountain region (Fig. 5). The lineage diversified in the Hengduan
Mountain region to form sect. Stenolobi and sect. Annui, and the
lineage remaining in the Himalayas evolved to become the current
sect. Cyananthus. Our Bayesian dating analysis estimates that the
dispersal event occurred 9.30 mya (95% HPD: 5.98–12.46 mya,
node 2 in Fig. 4), during the period of recent uplift of the Tibetan
Plateau that occurred in the mid-late Miocene (Shi et al., 1998).
Although the orogenies were extremely active at that time, Liu
et al. (2006) proposed that it was also possible that migration
and colonization of plants driven by climatic oscillation occurred
during relatively stable periods between uplift events. Dispersal
is a common mechanism shaping the geographical distribution of
plants as well as their speciation and diversification in this area.
For instance, Zhang et al. (2011) reported that Syncalathium s.
str., which is endemic to this region, dispersed from the northern
edge of the Hengduan Mountains (e.g., Gansu and Qinghai) to the
central Hengduan area, and more recently into the eastern Himala-
yas. Yue et al. (2009) proposed that Solms-laubachia s. l., which has
a diversification center in the Hengduan Mountains, originated in
central Asia, and subsequently migrated eastward into the Hengd-
uan Mountains. Chen et al. (2005) also suggested that the dispersal
direction of Incarvillea (with the diversification center in the Sino-
Himalaya) was from central Asia to the eastern Himalayas, then via
the Hengduan area to eastern Asia. Our results provide a new
example of the important role of dispersal in the Sino-Himalayan
region.

Since the early Miocene, the extensive uplifts of the QTP (the
first occurrence of which began about 50 mya) occurred in at least
four periods, 25–17 mya, 15–13 mya, 8–7 mya and 3.5–1.6 mya
(Harrison et al., 1992; Li et al., 1995; Shi et al., 1998; Guo et al.,
2002; Spicer et al., 2003). The early diversification event that re-
sulted in the split of the two main lineages within Cyananthus
was estimated to have taken place between 5.98 and 12.46 mya
(Fig. 4). The timeframe of this diversification event coincides with
the third extensive period of QTP uplift since the Miocene, and is
also similar to timeframes estimated for the major divergence of
other plant groups (Liu et al., 2006; Wang et al., 2009; Zhang and
Fritsch, 2010; Sun et al., 2012). The diversification of these small
endemic groups as well as the presence of species-rich genera in
this region has been attributed to rapid radiation triggered by
extensive uplifts of the QTP, which caused drastic habitat fragmen-
tation (Liu et al., 2006; Wang et al., 2007) and resulted in the rapid
expansion of cold and dry habitats (preferred by most extant Cya-
nanthus species) by strengthening the Asian monsoon climate (An
et al., 2001). Yang et al. (2009) hypothesized that the uplift of the
QTP may have provided an important barrier for the spread of
many species, but accelerated speciation via vicariance, especially
in areas around the plateau. The vicariance mechanism has been
proposed for the speciation of several groups of animals in this re-
gion (see review by Yang et al. (2009)), but there have been few
examples reported for plants. Although our biogeographic results
show that dispersal was the main mechanism of early diversifica-
tion of Cyananthus, we also suggest that the vicariance triggered by
the uplift of the QTP accelerated the divergence between sect. Cya-
nanthus and the other two sections, as reflected in their current
distribution patterns (sect. Cyananthus mainly in Himalayas and
other two originated in Hengduan regions) and morphological
traits (sect. Cyananthus has obvious differences in floral appear-
ances and calyx pubescence compared with those in the other
two sections).

Based on our molecular analyses, the further diversifications in
sect. Stenolobi and sect. Annui that gave rise to the current three
sections probably occurred 7.38 mya (95% HPD: 4.11–9.18 mya,
node 3 in Fig. 4), and may have been associated with the uplift of
the Hengduan Mountains. This result is compatible with geological
hypotheses that movement at the eastern edge of plateau (region
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of the present Hengduan Mountains), especially around the Sichu-
an Basin, became active about 8–10 mya (Royden et al., 2008). The
present diversification center of sect. Stenlobi and sect. Annui is also
in western Sichuan near the Sichuan Basin. Moreover, an intense
tectonic event, known as the Hengduan Event, took place in this
area about 3.4 mya (Chen, 1992; Shi et al., 1999). This event may
have led to the rapid radiation of sect. Stenolobi as discussed above
(Section 4.2.2), which happened at 1.99 mya (node 4 in Fig. 4). The
lineage of Cyananthus in the Hengduan Mountains area thus origi-
nated from a Himalayan ancestor, but diversified as a consequence
of orogenies in this area. The fragmentation of habitats and the cli-
matic fluctuations driven by the uplift of the Hengduan Mountains
may have resulted in the divergence of sect. Stenolobi and sect. An-
nui in this region, and these drastic changes in habitat may also be
the reason for the separation of the sexes in sect. Stenolobi. Wu
(1988) also suggested that heterogeneity and complexity of high
montane habitats in Hengduan Mountains may explain the high le-
vel of biodiversity and divergence amongst its floras. Our analyses,
together with the results of previous studies (e.g., Liu et al., 2006;
Zhang et al., 2011), thus highlight the importance of the extensive
uplift of the QTP together with the Hengduan Mountains in pro-
moting intrageneric diversifications within Cyananthus.

Some widespread species of Cyananthus, such as C. lobatus in
sect. Cyananthus, C. incanus in sect. Stenolobi and C. hookeri, C. infla-
tus in sect. Annui, apparently achieved their broader distribution
via secondary dispersals from their places of origin (Fig. 5). Liu
et al. (2006) proposed that during the dispersal process in rela-
tively stable periods between uplifts, previously isolated species
may become sympatric in contact areas. If these species experi-
enced prolonged isolation and accumulated sufficient mutations,
they could co-occur without hybridization taking place. In Cyanan-
thus, we have observed that C. lobatus, C. incanus and C. inflatus can
co-occur without hybridization in Tibetan habitats.

Vicariance may be an active driving force for the more recent
evolution of Cyananthus lineages. Cyananthus delavayi may have
undergone a vertical vicariance between lineages in Sichuan and
Yunnan, as described in Section 4.2.2. The Shaluli Mountains,
which lie on the border between the two provinces, may have been
the barrier to gene flow between the two lineages, according to a
phylogeographic study (Li et al., 2012). This type of speciation,
with the Shaluli Mountains forming a boundary, is also reported
in other groups found in this area (e.g., Lilium duchartrei vs. Lilium
lankongense, Gao, 2012). Another apparent example is C. inflatus.
The ancestor of C. inflatus was distributed in both Hengduan and
the eastern Himalayan regions (Fig. 5). A vicariance took place ca.
2.75 mya (95% HPD: 1.33–4.03 mya, node 5 in Fig. 4) in the late Pli-
ocene, corresponding to the fourth uplifting period in the Tertiary
(Harrison et al., 1992). The two lineages of C. inflatus seem to be
still in the diversification process, but the time of divergence is
so recent that there are no distinct morphological differences be-
tween the two lineages. Further phylogeographic analysis is re-
quired to test our hypothesis concerning the evolution of the
species.
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