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a b s t r a c t

Arundinarieae is not only a taxonomically difficult group of bamboos, but also a troublesome one in
molecular phylogenetics. In this study, the phylogeny of 50 species in Arundinarieae with an emphasis
on Chimonocalamus was reconstructed, using four plastid regions (rpl32-trnL, trnT-trnL, rps16-trnQ and
trnC-rpoB) and two nuclear genes (GBSSI and LEAFY). The plastid phylogeny was largely consistent with
the previous studies, except that Ampelocalamus calcareus was newly recovered as lineage XI. The nuclear
phylogeny of LEAFY had better resolution than the one of GBSSI. The close relationships among Ampelo-
calamus, Drepanostachyum and Himalayacalamus were retrieved by the nuclear datasets. Alpine Bashania,
Chimonocalamus, Thamnocalamus, and species currently placed in Fargesia and Yushania formed a clade in
the LEAFY and combined nuclear phylogenies. Some of the gene tree disparities revealed in previous
studies were reconfirmed. Chimonocalamus was recovered as monophyletic by combining the nuclear
genes, but as polyphyletic in plastid analyses. Insufficient informative characters, hybridization, plastid
capture or incomplete plastid lineage sorting could be responsible for the incongruent phylogenetic posi-
tions of some species of Chimonocalamus.

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

Arundinarieae (the temperate woody bamboos) is one of the
three tribes in the grass subfamily Bambusoideae, and it consists
of ca. 533 species in 28 genera distributed in the North Temperate
Zone or at high elevations in the Old World Tropics (Bamboo Phy-
logeny Group, 2012). Taxonomy of Arundinarieae is extremely dif-
ficult based on morphological and anatomic characters at subtribal
and generic levels because of two main reasons. First, like virtually
all woody bamboos, species in Arundinarieae have long vegetative
periods and are monocarpic (semelparous), leading to difficulty in
collecting flowers or fruits that are critical for taxonomy. Mean-
while, this tribe has highly diversified morphology, from pachy-
morph to leptomorph rhizomes, solitary to multiple branches,
semelauctant to iterauctant synflorescences, 3–6 stamens, and ba-
coid, nucoid or basic caryopses, and various characters of culm
leaves (Keng and Wang, 1996; Li et al., 2006; Yang et al., 2008;
Yi et al., 2008a), making it hard to identify morphological synapo-
morphies and autapomorphies. Molecular phylogenetic studies
ll rights reserved.
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have shed light on resolving this problem. The circumscription of
this tribe was confirmed by several studies (Bouchenak-Khelladi
et al., 2008; Sungkaew et al., 2009), and a few studies analyzing
relationships within Arundinarieae were also performed (Guo
et al., 2002; Guo and Li, 2004; Peng et al., 2008; Triplett and Clark,
2010; Zeng et al., 2010; Zhang et al., 2011, 2012). The most recent
and comprehensive phylogeny based on plastid DNA sequences
was reconstructed by Zeng et al. (2010), in which 10 lineages were
resolved within Arundinarieae. However, this result conflicted sig-
nificantly with morphological classifications at both the subtribal
and generic levels. The most recent nuclear phylogeny of this tribe
using the GBSSI gene revealed thirteen primary clades which were
somewhat different from the 10 lineages of the plastid phylogeny,
and was better resolved at the generic level than the plastid phy-
logeny (Zhang et al., 2012). Furthermore, a few inconsistencies
were also indicated between the plastid and nuclear phylogenies,
and it suggested that insufficient informative characters,
incomplete lineage sorting, and/or hybridization (introgression)
could be the causes (Zhang et al., 2012). However, the GBSSI phy-
logeny did not provide a robust backbone within Arundinarieae be-
cause of the poorly resolved relationships, and the causes for
phylogenetic disparities needed to be investigated with further
research.

Chimonocalamus, a member of the tribe Arundinarieae, was
recognized as a distinct genus in many traditional classification
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systems of Bambusoideae (Soderstrom and Ellis, 1987; Dransfield
and Widjaja, 1995; Keng and Wang, 1996; Li, 1997, 1999; Li
et al., 2006), except that it was treated as a section of Sinarundina-
ria (a synonym of Fargesia) by Chao and Renvoize (1989). Species of
Chimonocalamus share the following diagnostic characters: pachy-
morph rhizomes, a ring of spiny aerial roots at lower nodes, three
branches per node for most species and semelauctant synflores-
cences (Hsueh and Yi, 1979). This genus comprises about 17 spe-
cies (Hsueh and Yi, 1979, 1985; Karthikeyan et al., 1989; Le
et al., 2009; Li, 1994; Li et al., 2006; Li and Wang, 1995; Ma
et al., 2010; Ohrnberger, 1999; Yi, 1983; Yi et al., 2008b), which
are distributed in the Sino-Himalayan region at altitudes from
1000 m to 2500 m. Ten species occur in southwestern China (Yun-
nan and Xizang), with nine species endemic to China (particularly
Yunnan Province), while the other species are distributed in coun-
tries adjacent to China including Bhutan, NE India, N Myanmar and
N Vietnam. Most species in this genus have limited distribution
and are narrow endemics. For instance, C. makuanensis is only
found in Gulinqing Natural Reserve in Maguan county of Yunnan;
C. montanus is only found in Ganlusi village in Tengchong county of
Yunnan (Hsueh and Yi, 1979). Chimonocalamus is ecologically
important in mountainous forests and also economically important
in providing food (young shoots), ornamentals, building materials
and raw materials for making furniture for native people in south-
western China. The Chinese name of Chimonocalamus is xiang zhu,
which means bamboos (zhu) that are sweet-scented (xiang) and
delicious.

Monophyly of Chimonocalamus was not always supported by
the molecular phylogenies (Triplett and Clark, 2010; Zeng
et al., 2010; Zhang et al., 2012). Triplett and Clark (2010) re-
trieved six lineages in Arundinarieae based on four plastid inter-
genic regions, and a monophyletic Chimonocalamus (including C.
delicatus, C. montanus and C. pallens) formed the lineage III.
Monophyly of this genus was also strongly supported by the nu-
clear GBSSI gene (Zhang et al., 2012). Nevertheless, in the phylo-
genetic analyses of Zeng et al. (2010) using eight noncoding
plastid regions, taxa of Chimonocalamus were nested into two
lineages (C. dumosus, C. longiusculus, C. montanus in the Chimon-
ocalamus clade, and C. fimbriatus, C. pallens in the Phyllostachys
clade); in addition, Ampelocalamus actinotrichus was nested
within the Chimonocalamus clade, but it had no affinity with Chi-
monocalamus in the nuclear phylogeny. The conflicting positions
of C. pallens, C. fimbriatus and A. actinotrichus brought about fur-
ther questions. Hence, the genus Chimonocalamus was selected
as an ideal system for investigating incongruences in
Arundinarieae.

The current study was motivated by several questions regarding
the molecular phylogeny of Chimonocalamus as revealed in previ-
ous studies. First, is Chimonocalamus monophyletic? Second, which
taxa are the closest relatives of Chimonocalamus? And third, why
did different studies produce conflicting results regarding the
monophyly of Chimonocalamus, and which evolutionary processes
gave rise to the gene tree inconsistencies? In this study, we use
more nuclear genes to construct a better-resolved phylogenetic
framework within Arundinarieae with an emphasis on Chimonocal-
amus and its allies, and to further investigate the incongruences
between phylogenies inferred from plastid DNA and nuclear genes.
Our primary goals were: (1) to study the phylogenetics of Chimon-
ocalamus by using plastid and nuclear DNA regions and by more
comprehensive sampling in Chimonocalamus, particularly to test
its monophyly and to confirm its sisters; (2) to identify
evolutionary processes potentially responsible for the incongru-
ence among gene trees; (3) to test whether a better-resolved phy-
logeny of Arundinarieae could be reconstructed based on more
nuclear genes.
2. Materials and methods

2.1. Taxon sampling

To construct the plastid DNA phylogeny, we used a population
sampling strategy to investigate why different samples of the same
species, for example C. pallens clustered into different lineages in
previous studies. A total of 109 samples of 19 populations includ-
ing all of the 10 species distributed in China (Yunnan and Xizang)
were collected. For the narrow-endemic species, only single popu-
lations were available; while for those comparatively widely dis-
tributed species, samples were collected from several populations
which represented almost the complete distribution ranges of
those species. One sample of C. peregrinus, endemic to Vietnam,
was acquired from a cultivated individual in China (Sichuan);
two other unidentified samples of Chimonocalamus were obtained
from two seedlings germinated from seeds collected in the field
from Vietnam. We made minor adjustments of the sampling strat-
egy used to reconstruct the nuclear gene phylogenies (see ‘‘phylo-
genetic analyses’’), resulting in some differences between taxon
sampling in the plastid DNA and nuclear genes analyses. Samples
of Chimonocalamus are listed in Table 1.

In order to resolve possible allies of Chimonocalamus, seven
individuals of six species in Ampelocalamus were chosen to further
test the relationship between Chimonocalamus and Ampelocalamus
as revealed by Zeng et al. (2010). Since the relationships among the
10 numbered lineages (sensu Zeng et al., 2010) within Arundinar-
ieae have not been resolved, additional 36 samples representing 33
species in 15 genera from other lineages of Arundinarieae were
also taken into account as possible allies in order to ascertain the
position of Chimonocalamus within Arundinarieae, and to test the
possibility of introgression proposed by Zhang et al. (2012).
Small-sized lineages or one-species lineages such as lineages I, II,
VIII and X may not influence the phylogenetic analysis according
to previous studies (Zeng et al., 2010; Zhang et al., 2012), therefore,
they were eliminated in this study. Three species of Bambuseae
(Bonia saxatilis, Bambusa ventricosa, and Dendrocalamus farinosus)
were chosen as outgroups according to the prior studies (Bouche-
nak-Khelladi et al., 2008; Sungkaew et al., 2009; Triplett and Clark,
2010). Most of the samples chosen as possible allies of Chimonocal-
amus and outgroups were the same as used by Zeng et al. (2010).
All these materials are listed in Table 2.

2.2. DNA marker selection

We chose DNA markers from both the maternally inherited
plastid and parentally inherited nuclear genomes. For plastid
markers, we selected four intergenic spacers (rpl32-trnL, trnT-trnL,
rps16-trnQ, and trnC-rpoB) that had a higher percentage of parsi-
mony-informative characters, than others based on previous stud-
ies (Zeng et al., 2010).

For nuclear markers, single copy or low copy genes are ideal for
phylogenetic research, especially for polyploids (Alvarez and Wen-
del, 2003; Small et al., 2004). The GBSSI gene (alternatively,
‘‘waxy’’) encoding granule-bound starch synthase occurs as a sin-
gle-copy in Poaceae except in Spartina (Fortune et al., 2007), and
it has been used in several studies in Bambusoideae (Guo and Li,
2004; Peng et al., 2008; Zhang et al., 2012). However, most of the
authors just sequenced one clone for each taxon, making it impos-
sible to tell how many copies of GBSSI existed in Bambusoideae.
Recently, Zhang et al. (2012) sequenced several clones for each
species and inferred that there were two alleles of the GBSSI gene
in some species of the tribe Arundinarieae. This was helpful for us
to understand bamboo evolution. Hence, GBSSI became our first
target nuclear gene to be used. In addition, we explored another



Table 1
Materials of Chimonocalamus Hsueh et T.P. Yi.

Taxon Locality Accessions used in plastid/nuclear gene phylogenies

C. cibarius T. P. Yi et J. Y. Shi Yongde, Yunnan, China YD (02, 05, 07, 08, 10)/YD (05, 10)
C. delicatus Hsueh et T. P. Yi Jinping, Yunnan, China JP (01, 02, 03, 10, 15, 18, 19)/JP15
C. dumosus Hsueh et T. P. Yi Xiangping, Xichou, Yunnan, China XP (03, 14, 17, 18, 32)/XP32
C. dumosus var. pygmaeus Hsueh et T. P. Yi Daxing, Gengma, Yunnan, China DX (01, 08, 16, 22, 28)/DX22
C. fimbriatus Hsueh et T. P. Yi Kuihe, Jinping, Yunnan, China KH (02, 05, 08, 20, 26)/KH (02, 20)
C. fimbriatus Mengga, Luxi, Yunnan, China MG (03, 06, 12, 23, 26)/MG03
C. fimbriatus Manghong, Gengma, Yunnan, China MH (02, 05, 12, 17)/MH (02, 05, 12, 17)
C. fimbriatus Mengku, Shuangjiang, Yunnan, China MK (01, 02, 09, 10, 21)/MK (02, 09, 21)
C. fimbriatus Xianrenshan, Shuangjiang, Yunnan China XRS (01, 02, 04, 05, 10, 11, 13, 14, 18, 21)/XRS11
C. griffithianus (Munro) Hsueh et T. P. Yi Nanpa, Yingjiang, Yunnan, China NP (10, 11, 17, 26, 27)/NP (10, 11, 17, 26, 27)
C. griffithianus Motuo, Xizang, China MT (05, 08, 15, 18, 19)/MT (05, 08, 15, 18, 19)
C. longiligulatus Hsueh et T. P. Yi Yuanyang, Yunnan, China YY (01, 04, 11, 16, 22)/YY22
C. longiusculus Hsueh et T. P. Yi Xiaoqiaogou, Xichou, Yunnan, China XQG (06, 15, 19, 25, 30)/XQG30
C. makuanensis Hsueh et T. P. Yi Gulinqing, Maguan Yunnan, China GLQ (05, 06, 08, 14, 28)/GLQ05
C. montanus Hsueh et T. P. Yi Mangbang, Tengchong, Yunnan China MB (01, 06, 08, 14, 19)/MB (01, 19)
C. pallens Hsueh et T. P. Yi Fenshuiling, Jinping, Yunnan, China FSL (01, 07, 13, 14, 19, 24, 31)/FSL13
C. pallens Yongping, Jinping, Yunnan, China YP (01, 02, 03, 06, 10, 15, 24/YP (06, 15)
C. pallens Tongchang, Jinping, Yunnan, China TC (01, 02, 07, 10, 13, 14, 16, 18, 23)/TC (02, 14, 23)
C. pallens Shengcun, Yuanyang, Yunnan, China SC (01, 03, 04, 06, 08)/SC08
C. peregrinus T. P. Yi et L. S. Ma Changning, Sichuan, China ZXZ11045/ZXZ11045
C. sp. Vietnam B631-1, B631-2/B631-1, B631-2
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nuclear gene LEAFY, which was not used in phylogenetic work of
Bambusoideae previously. LEAFY is a master regulator orchestrat-
ing the whole floral network (Moyroud et al., 2009, 2010), and ex-
ists across all land plants (Maizel et al., 2005). It appears to be of
single-copy in diploid angiosperms (Maizel et al., 2005). LEAFY
has been explored and widely used in phylogenetic research
(Archambault and Bruneau, 2004; Oh and Potter, 2003, 2005; Tay-
lor et al., 2004).
2.3. DNA extraction, amplification, cloning and sequencing

Total genomic DNA was extracted from silica gel-dried leaves
using a modified CTAB procedure (Doyle and Doyle, 1987). PCR
(polymerase chain reaction) and sequencing of the four plastid
intergenic spacers were the same as described in Zeng et al. (2010).

Primers for PCR and sequencing of GBSSI were listed in Table 3.
The GBSSI sequence of Ampelocalamus patellaris was downloaded
from GenBank. Newly designed primers for A. actinotrichus were
also listed in Table 3. PCR amplifications of GBSSI were performed
following Zhang et al. (2012). At least three reactions per individ-
ual per primer pair were conducted simultaneously to increase
the possibility that all alleles were amplified, and then these were
pooled, purified and cloned together. The protocols for amplifica-
tion, cloning, and sequencing of GBSSI followed Zhang et al. (2012).

We used both direct sequencing and clone sequencing strate-
gies to obtain LEAFY sequences. Primers for PCR and sequencing
of LEAFY were listed in Table 3. The PCR protocol was as following:
initial denaturation at 95 �C for 5 min; followed by 35 cycles of 30 s
at 95 �C for denaturation, primer annealing at 61 �C for 1 min, and
1 min 30 s at 72 �C for DNA extension; followed by a final exten-
sion period of 20 min at 72 �C. Reactions were performed with
0.2 lM of each primer, 12.5 lL 2 �master Mix, and 10–50 ng of
template DNA per 25 lL reaction volumes. At least three reactions
per individual per primer pair were amplified simultaneously. PCR
products were separated on 1% agarose gels and then purified
using Shenggong PCR Purification columns. A few species could
be sequenced directly with clear graphs. Most of the purified PCR
products were ligated with pEASY-T3 cloning vectors following
the manufacturer’s protocol. 15–35 white clones were selected
and amplified with Sp6 and T7 primers. 5–22 positive clones were
sequenced. Protocols for sequencing followed Zeng et al. (2010).
2.4. Treatment and combination strategy of nuclear sequences,
alignment and gap coding

DNA sequences were edited with SeqMan (DNASTAR, Inc., Mad-
ison, WI, USA). Since each sample had several cloning sequences
for GBSSI and LEAFY, we dealt with these before alignment as fol-
lows: first, corrected possible Taq errors, in other words, substitu-
tions that were present in only one colony; second, used all of the
identical cloning sequences from each sample to make a consensus
sequence, where each consensus sequence must include at least
two cloning sequences (i.e., they were repeatable); third, checked
whether these consensus sequences were chimeras, namely PCR-
mediated recombinants; fourth, checked whether these consensus
sequences were pseudogene sequences. PCR-mediated recombi-
nants and pseudogene sequences were abandoned. For different
kinds of nuclear gene sequences belonging to the same sample,
there were no regular differences in length and sequence motif,
so we randomly labeled these A, B, etc. to distinguish them.

Sequences were aligned using MUSCLE (http://www.ebi.ac.uk/
Tools/msa/muscle/) and adjusted manually where necessary. Sub-
stitutions and indels were considered as equally probable events.
Potentially informative indels located in regions of unambiguous
alignment were scored following the ‘‘simple indel coding’’ method
(Simmons and Ochoterena, 2000) and added to the matrix as bin-
ary presence/absence characters.
2.5. Phylogenetic analyses

Four data sets were created for phylogenetic analyses: (1) com-
bined rpl32-trnL, trnT-trnL, rps16-trnQ and trnC-rpoB intergenic
spacers; (2) GBSSI gene; (3) LEAFY gene; and (4) combined GBSSI
and LEAFY sequences.

After sequencing the four plastid regions for all the Chimonocal-
amus samples, we found that for most populations, all of the sam-
ples from a given population had identical plastid sequences, but
for a few populations, several individuals had different sequences,
therefore, these populations had two or three kinds of sequences.
We chose representatives for each population to be added to the
matrices for phylogenetic analyses according to the kinds of se-
quences they had. Hence, 30 samples of Chimonocalamus were cho-
sen to reconstruct the plastid phylogeny, and each was labeled
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Table 2
Other plant materials and voucher information.

Taxon Voucher Locality

Additional ingroup
Acidosasa C. D. Chu et C. S. Chao
A. edulis (T.H. Wen) T.H. Wen Zhang08042 Minqing, Fujian, China
A. purpurea (Hsueh & T.P. Yi) P.C. Keng Zhang07067 Jinping, Yunan, China

Ampelocalamus S. L. Chen, T. H. Wen & G. Y. Sheng
A. actinotrichus (Merrill & Chun) S.L. Chen, T.H. Wen & G.Y. Sheng MPF10001MPF10003 Ledong, Hainan, China Ledong, Hainan, China
A. calcareus C.D. Chu & C.S. Chao MPF10050 Libo, Guizhou, China
A. luodianensis T.P. Yi & R.S. Wang MPF10052 Luodian, Guizhou, China
A. melicoideus (P.C. Keng) D.Z. Li & Stapleton MPF10142 Nanchuan, Chongqing, China
A. microphyllus (Hsueh & T.P. Yi) Hsueh & T. P. Yi MPF10123 Wuxi, Chongqing, China
A. patellaris (Gamble) Stapleton Zhang07075 Lvchun, Yunnan, China

Bashania P. C. Keng & T. P. Yi
B. fangiana (A. camus) P.C. Keng & T.H. Wen Lu 071104 Mt. Omei, Sichuan, China
B. qiaojiaensis T.P. Yi & J.Y. Shi Zhang 07046 Qiaojia, Yunnan, China
B. qingchengshanensis P.C. Keng & T.P. Yi Zhang 07085 Dujiangyan, Sichuan, China
B. spanostachya T.P. Yi Zhang 07093 Puge, Sichuan, China
B. yongdeensis T.P. Yi & J.Y. Shi YXZ0903 Yongde, Yunnan, China

Chimonobambusa Makino
C. macrophylla (Hsueh & T.P. Yi) T.H. Wen & Ohrnberger Zhang 07091 Mabian, Sichuan, China
C. szechuanensis (Rendle) P.C. Keng Lu 2711 Mt. Omei, Sichuan, China

Drepanostachyum P. C. Keng
D. ampullare (T.P. Yi) Demoly GLM081860 Shannan, Xizang, China

Fargesia Franchet
F. decurvata J.L. Lu Zhang 07087 Changyang, Hubei, China
F. edulis Hsueh & T.P. Yi Li & Zhang 07051 Yunlong, Yunnan, China
F. fungosa T.P. Yi Zhang 07048 Qiaojia, Yunnan, China
F. lincangensis T.P. Yi YXZ0902 Yongde, Yunnan, China
F. strigosa T.P. Yi YXZ0901 Yongde, Yunnan, China

YXZ0904 Yongde, Yunnan, China

Gaoligongshania D. Z. Li, Hsueh & N. H. Xia
G. megalothyrsa (Handel-Mazzetti) D.Z. Li, Hsueh & N.H. Xia MPF10054 Gongshan, Yunnan, China

Himalayacalamus P. C. Keng
H. falconeri (Munro) P.C. Keng GLM081524 Jilong, Xizang, China

Indocalamus Nakai
I. jinpingensis T.P. Yi & J.Y. Shi Zeng et al. 08022 Jinping, Yunnan, China

Indosasa McClure
I. gigantea (T.H. Wen) T.H. Wen I. jinpingensis T.P. Yi Zhang & Zeng 06139 Zeng et al. 08021 Anji, Zhejiang, China Jinping, Yunnan, China
I. triangulata Hsueh & T.P. Yi Zhang 07072 Jinping, Yunnan, China

Oligostachyum Z. P. Wang & G. H. Ye
O. hupehense (J.L. Lu) Z.P. Wang & G.H. Ye Zhang 07089 Changyang, Hubei, China

Pleioblastus Nakai
P. amarus (Keng) P.C. Keng Zhang 07082 Dujiangyan, Sichuan, China
P. maculatus (McClure) C.D. Chu & C.S. Chao Zhang 07049 Daguan, Yunnan, China
P. sanmingensis S.L. Chen & G.Y. Sheng Zhang 08074 Sanming, Fujian, China

Pseudosasa Makino ex Nakai
P. acutivagina T.H. Wen & S.C. Chen Zhang & Zeng 06186 Qingyuan, Zhejiang, China
P. longiligula T.H. Wen Zhang 07021 China, Guangxi, Quanzhou

Sinobambusa Makino ex Nakai
S. intermedia McClure Zhang & Zeng 06133 Hangzhou, Zhejiang, China
S. tootsik (Makino) Makino Zhang & Zeng 06090 Guangzhou, Guangdong, China

Thamnocalamus Munro
T. spathiflorus var. crassinodus (T.P. Yi) Stapleton GLM081578 Jilong, Xizang, China

GLM081593 Jilong, Xizang, China

Yushania P. C. Keng
Y. brevipaniculata (Handel-Mazzetti) T.P. Yi Zhang 08005 Shimian, Sichuan, China
Y. crassicollis T.P. Yi Liuj08032 Xinping, Yunnan, China
Y. maculata T.P. Yi Zhang 08006 Yingjing, Sichuan, China
Y. qiaojiaensis Hsueh & T.P. Yi Zhang 07044 Qiaojia, Yunnan, China

Outgroups
Bambusa Schreber
B. ventricosa McClure KMBG09 Kunming, Yunnan, China

Bonia Balansa
B. saxatilis (L.C. Chia et al.) N.H. Xia DZL 1083 Libo, Guizhou, China

Dendrocalamus Nees
D. farinosus (Keng & P.C. Keng) L.C. Chia & H.L. Fung Zhang SB 2701 Kunming, Yunnan, China
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Table 3
Primer sequences and PCR protocols for GBSSI and LEAFY.

Genes Primers (50–30) Reference PCR protocols

GBSSI F33: CAT CAC CGG GAT CGT CAA Zhang et al. (2012) 95 �C, 2 min; 35 � (95 �C, 1 min; 50 �C, 10 s; +15 �C, 0.3 �C/s; 65 �C, 1 min); 72 �C,
20 minR1257: GCA AAC CAC CAT CAC CAA C Zhang et al. (2012)

GBSSI-M1: GGC TTG TGA CAG CGA GCA
G

This study 95 �C, 2 min; 35 � (95 �C, 1 min; 54 �C, 30 s; 72 �C, 1 min 30 s); 72 �C, 20 min

�F63: TCT CCG TGA AAT ACG ACA A This study
�R1213: ATG AGC ATA AGC TAG AGG C This study
�GBSSI-M2: CAG CTC CGG CCA TGA TTT This study

LEAFY LEAFY F: CCA ACG ACG CCT TCT CGG Bomblies and Doebley,
2005

95 �C, 2 min; 35�(95 �C, 1 min; 61 �C, 30 s; 72 �C, 1 min 30 s); 72 �C, 20 min

LEAFY R: GGC ACT GCT CGT ACA GAT GG Bomblies and Doebley,
2005

Notes: Primers with � were only used for GBSSI amplification and sequencing of Ampelocalamus actinotrichus. GBSSI-M1 was used as sequencing primer in the medium of the
GBSSI gene for some individuals. GBSSI-M2 was specially used as sequencing primer in the medium of the GBSSI gene for Ampelocalamus actinotrichus.
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with population number after its scientific name. To establish nu-
clear gene phylogenies, we did not sequence all 113 samples of
Chimonocalamus in consideration of the high cost of cloning. At
the beginning, we chose the same thirty samples used for the plas-
tid analysis. We found that some samples in populations MH, MT,
and NP had unusual phylogenetic positions in the preliminary
analyses, so we sequenced all the samples in these three popula-
tions to check whether they were exceptions within the popula-
tions. We also sequenced the two unidentified samples in hopes
of being able to identify them from their DNA sequences. In the
end, 41 samples of Chimonocalamus were chosen to reconstruct nu-
clear gene phylogenies (Table 1).

We combined the four plastid DNA regions to construct the
plastid phylogeny because of the poorly resolved phylogeny recov-
ered from any single region. Before combining the data, we con-
ducted incongruence length difference (ILD) tests to assess the
congruence of the four plastid DNA regions (Farris et al., 1994),
as implemented in PAUP⁄ (Swofford, 2002). The ILD analyses were
performed with 100 replicates, heuristic searches, TBR (tree bisec-
tion and reconnection) branch swapping, gaps as missing data, and
10 random additions per replicate. The p value of the ILD test for
the combined four plastid DNA regions was 0.28, indicating con-
gruence among the datasets.

Data sets were analyzed with maximum parsimony (MP), max-
imum likelihood (ML), and Bayesian inference (BI). MP analyses
were conducted using PAUP� 4.0b10 (Swofford, 2002). Heuristic
searches were conducted with 1000 random sequence addition
replicates and TBR branch swapping, multrees option not in effect.
All characters in the data matrix were equally weighted and gaps
were treated as missing data. All of the MP (most parsimonious)
trees were summarized into a strict consensus tree. Branch support
was evaluated with 1000 bootstrap replicates (Felsenstein, 1985)
using heuristic searches as described above except for 100 random
addition sequence replicates.

ML analyses were performed using GARLI 2.0 (Zwickl, 2006).
The best-fit models were determined using the Akaike Information
Criterion as implemented in jModeltest 0.1 (Posada, 2008). We
used mixed-models analyses to assign the appropriate evolution-
ary model to analyze each data partition, and binary coded indels
were treated as a separate partition. The models used for rpl32-
trnL, trnT-trnL, rps16-trnQ and trnC-rpoB data sets were
TPM3uf + G, TPM2uf + G, TPM1uf + G and TVM + G, respectively.
We divided data sets of nuclear genes into exon and intron parti-
tions. The models used for the exon partitions of the GBSSI and
LEAFY data sets were TIM2 + G and TIM3 + G, respectively; for
the introns, TPM3uf + G and JC models were used, respectively.
All parameters were set according to the best-fit models. ML boot-
strap analyses comprised 100 replicates.
BI was conducted using MrBayes 3.1.2 (Ronquist and Huelsen-
beck, 2003). All parameters were set according to the best-fit mod-
els used in the ML analyses. The BI analyses started from random
trees with a single cold chain and three heated chains. The Markov
chain Monte Carlo (MCMC) algorithms were run for 5.2 million, 10
million and 7 million generations for the combined plastid regions,
separate GBSSI, and separate LEAFY data set, respectively, until the
average standard deviation of split frequencies were less than 0.01,
and sampled trees every 500th, 100th and 1000th generations,
respectively. We discarded the first 25% of the trees as burn-in
and constructed a 50% majority-rule consensus tree to estimate
posterior probabilities with the remaining trees.

After separate analyses of GBSSI and LEAFY, the result indicated
that different kinds of sequences belonging to the same sample
(individual) were different alleles rather than different copies
(see Section 3). So we used the concatenation method including
all possible combinations of alleles from an individual as terminals
in the data matrix (Edwards et al., 2008; Sota and Vogler, 2003).
For instance, if an individual is heterozygous for both LEAFY and
GBSSI, it would be represented four times in the matrix, with four
combinations of alleles labeled AA, AB, BA, BB included in the anal-
ysis; if an individual is heterozygous for LEAFY and homozygous
(i.e., invariant) for GBSSI, it would be represented twice in the ma-
trix, and two combinations of alleles labeled AI and BI included in
the analyses; if an individual is homozygous for LEAFY and hetero-
zygous for GBSSI, it would be represented twice in the matrix, and
two combinations of alleles labeled IA and IB would be included in
the analyses; if an individual is homozygous for both LEAFY and
GBSSI, it would be represented once in the matrix, with only one
combination included in the analyses.

We then conducted ILD tests to assess the congruence of GBSSI
and LEAFY in the same way as that did for the combined plastid re-
gions. However, the p value of the ILD test for the combined GBSSI
and LEAFY data set was 0.01. Although the ILD test is a good
approximation of incongruence among data partitions, factors such
as differences in evolutionary rates, among-site rate variation
among partitions, high amounts of noise, or differences in partition
length often rejects congruence because of the conservatism of the
ILD test (Barker and Lutzoni, 2002; Darlu and Lecointre, 2002; Dol-
phin et al., 2000; Dowton and Austin, 2002). Therefore, we com-
pared trees resulting from analysis of separate GBSSI and LEAFY
data sets to identify conflicting topological differences that re-
ceived >70% bootstrap support. Because there were few cases in
which topological incongruence was strongly supported in the dif-
ferent nuclear data sets (see Section 3), we analyzed the combined
GBSSI and LEAFY data sets. However, any groupings that were
found to be conflicting in the separate data sets were discarded
in the combined analyses. In total, six individuals from five species
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had conflicting positions, including five individuals of four species
in Arundinarieae (Acidosasa purpurea, Bashania yongdeensis, Farge-
sia decurvata and two accessions of Thamnocalamus spathiflorus
var. crassinodus), and one individual from the outgroup (Bambu-
seae: Dendrocalamus farinosus). These individuals had little influ-
ence on the clades that received moderate or high support, so
they were removed in combined analysis. We also removed Ampe-
localamus patellaris, because GBSSI and LEAFY sequences of this
species were from different accessions (individuals), although their
positions based on the two nuclear genes were identical.

The combined GBSSI and LEAFY data set was analyzed with
maximum parsimony (MP), maximum likelihood (ML), and Bayes-
ian inference (BI) according to the methods described above for the
separate data sets. The best-fit models for exon and intron parti-
tions of the combined GBSSI and LEAFY data set were TIM3 + G
and TPM3uf + G, respectively. The MCMC algorithms were run for
3.117 million generations, and trees were sampled every 500th
generations.
3. Results

3.1. Phylogenetic analyses of combined plastid DNA regions

The aligned matrix of combined rpl32-trnL, trnT-trnL, rps16-trnQ
and trnC-rpoB intergenic spacers consisted of 4885 characters
(including 28 coded indels), 3.28% (160 bp/4885 bp) of which were
potentially parsimony informative. The strict consensus tree (not
shown) was summarized from nine most parsimonious trees with
tree length of 341, a CI (consistency index) of 0.886, an RI (reten-
tion index) of 0.948 and an RC (rescaled consistency index) of
0.844.

The results of the MP, ML and BI analyses were largely congru-
ent. PP (posterior probabilities), MPBS (maximum parsimony boot-
strap support) and MLBS (maximum likelihood bootstrap support)
were included on the 50% majority rule consensus tree from BI
analyses in Fig. 1. Monophyly of Arundinarieae was strongly sup-
ported (100% MPBS, 100% MLBS, 1.00 PP). Six lineages were recov-
ered in this study (Fig. 1). Furthermore, Ampelocalamus calcareus
was resolved to be relative to the remaining taxa of Arundinarieae
(93% MPBS, 76% MLBS, 0.96 PP), and it was distinct from the other
six lineages. Given the fact that our plastid DNA data did not in-
clude all of the 10 lineages, we added the sequences of Ampelocal-
amus calcareus into the matrix of the combined four regions used
by Zeng et al. (2010) in order to test whether the unique systematic
position of this species was introduced by scarcity of taxon sam-
pling. The phylogenetic analyses confirmed our result (results not
shown). Thus, we designated Ampelocalamus calcareus as lineage
XI of Arundinarieae.

Chimonocalamus was not resolved as monophyletic in the plas-
tid analysis. Samples of this genus were clustered into two lin-
eages, i.e., the lineage III and the lineage V. Some accessions of C.
pallens, one accession of C. fimbriatus (MH02), all accessions of C.
makuanensis and the unidentified samples were nested within
the lineage V along with other taxa (78% MPBS, 82% MLBS, 1.00
PP); the other individuals of Chimonocalamus along with two acces-
sions of A. actinotrichus were clustered into the lineage III (100%
MPBS, 100% MLBS, 1.00 PP). Intrageneric relationships of Chimono-
calamus were unresolved, and it appeared that none of the species
were monophyletic.

Ampelocalamus was resolved as polyphyletic, with A. calcareus
at the base of Arundinarieae, A. actinotrichus clustered with most
samples of Chimonocalamus in the lineage III, and other four spe-
cies in the Phyllostachys clade. Therefore, it seemed that Ampelocal-
amus (excluding A. actinotrichus) and Chimonocalamus were not
closely related. Since other lineages such as lineages IV, VI, VII
and IX were the same as revealed in the previous study (Zeng
et al., 2010), we did not demonstrate these in detail in this paper.

3.2. Phylogenetic analyses of GBSSI gene

Except one individual of Ampelocalamus actinotrichus
(MPF10001), we obtained GBSSI sequences for all of the other
eighty-six samples. The unavailability of the GBSSI sequence of A.
actinotrichus (MPF10001) was probably due to the poor quality of
total DNA. We successfully amplified and sequenced one sample
of Ampelocalamus actinotrichus (accession number MPF10003)
using newly designed primers. A 1240-bp long insertion was found
in intron 10 of GBSSI of A. actinotrichus (accession number
MPF10003), but it was not found in any other taxa, which indicated
that it was an autapomorphy of this species. Hence, the insertion
was removed from all analyses because it was not informative.
Fifty-two of the samples each had two kinds of GBSSI sequences,
and the other thirty-four samples each had only one kind of GBSSI
sequence. Therefore, the GBSSI data matrix contained 138 se-
quences. GBSSI sequences contained partial exon 9, exons 10 to
13, introns 9 to 12, and partial intron 13. The final alignment in-
cluded 1425 characters (including 31 coded indels), and the exon
region of GBSSI contained 654 bp. GBSSI contained 16.56%
(236 bp/1425 bp) parsimony informative characters.

The strict consensus tree (not shown) was summarized from
164 most parsimonious trees with tree length of 552, a CI of
0.763, an RI of 0.910, and an RC of 0.694. The results of the MP,
ML and BI analyses were nearly identical. PP, MPBS and MLBS were
included on the 50% majority rule consensus tree from BI analyses
in Fig. 2.

The monophyly of Arundinarieae was strongly supported (100%
MPBS, 100% MLBS, 1.00 PP). The GBSSI phylogeny was a large poly-
tomy including seven clades and the unresolved remaining mem-
bers of Arundinarieae. Relationships among the seven clades
were unresolved. The names of the seven clades here were in
accordance with those of the plastid trees if they were nearly iden-
tical with the plastid DNA phylogeny; otherwise, new names were
designated.

(1) Ampelocalamus + Drepanostachyum + Himalayacalamus
(mainly corresponding to part of the lineage V of plastid
tree)

These three genera were recovered as one clade, but received
low support (56% MPBS, 59% MLBS, 0.98 PP). Except for A. calcareus,
the other five species of Ampelocalamus were clustered together as
the Ampelocalamus clade with high support (89% MPBS, 87% MLBS,
1.00 PP). The Ampelocalamus clade contained three subclusters: A.
luodianensis and A. microphyllus (91% MPBS, 94% MLBS, 1.00 PP);
A. melicoideus and A. patellaris (95% MPBS, 94% MLBS, 1.00 PP);
and A. actinotrichus. The relationships among these three subclus-
ters were unresolved.

The clade containing H. falconeri and D. ampullare was sister to
the Ampelocalamus clade with high support (99% MPBS, 98% MLBS,
1.00 PP).

All of those species were nested within the Phyllostachys clade
(lineage V) in the plastid phylogeny except A. actinotrichus, which
was grouped in the lineage III.

(2) The Arundinaria clade (corresponding to part of the lineage
VI)

This clade received high support (96% MPBS, 95% MLBS, 1.00
PP).

This clade was nearly the same to that one revealed by Zhang
et al. (2012). It mainly consisted of members of the lineage VI in



Fig. 1. Phylogram of the 50% majority-rule consensus tree from BI based on the four plastid DNA dataset (rpl32-trnL, trnT-trnL, rps16-trnQ, trnC-rpoB). Numbers above
branches indicate MPBS/MLBS/PP. Samples of Chimonocalamus are followed by population numbers, and numbers in parentheses indicate the number of individuals that have
identical sequences in the same population/the total number of individuals sequenced for the population. Take C. montanus MB01 (4/5) for example, four individuals have
identical sequences with MB01, and a total of five individuals was sequenced in the MB population.
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Fig. 2. Phylogram of the 50% majority-rule consensus tree from BI based on GBSSI gene; Numbers above branches indicate MPBS/MLBS/PP. Samples of Chimonocalamus are
followed by population numbers. A and B following scientific name of species indicate the different sequences of the same individual.
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the plastid phylogeny, but also included some taxa nested in the
Phyllostachys clade or lineage VII in the plastid phylogeny.

Nearly none of the genera in this clade were monophyletic, and
no species were monophyletic. These taxa were nested with each
other.

(3) Alpine Bashania (corresponding to part of the lineage V)

This clade followed the name used by Zhang et al. (2012). Be-
sides B. qingchengshanensis, the other four species in Bashania
formed the Alpine Bashania clade with 100% support (100% MPBS,
100% MLBS, 1.00PP). Intrageneric relations were unresolved. Spe-
cies in this clade were clustered in the Phyllostachys clade in the
plastid phylogeny.

(4) Chimonobambusa (corresponding to part of the lineage V)

This clade was composed of C. macrophylla and C. szechuanensis
with moderate support (83% MPBS, 77% MLBS, 1.00PP). Species in
this clade were clustered in the lineage V in the plastid phylogeny.

(5) Thamnocalamus (corresponding to part of the lineage VII)

This clade was composed of sequences type B of the two acces-
sions of Thamnocalamus spathiflorus var. crassinodus with high sup-
port (98% MPBS, 97% MLBS, 1.00PP), while sequences type A of the
two accessions were clustered into the Arundinaria clade (VI).

(6) Chimonocalamus (corresponding to part of the lineage III)

This clade received moderate support (74% MPBS, 65% MLBS,
1.00 PP).

This clade differed from the lineage III in plastid phylogeny in
the following aspects: First, this clade contained C. makuanensis,
accessions of C. pallens and the unidentified species, and sequence
type B of C. fimbriatus (MH02), all of which were clustered within
the lineage V in the plastid phylogeny, whereas sequence type A
of C. fimbriatus (MH02) was clustered with some species of Yusha-
nia and Fargesia as a polytomy (bootstrap less than 50%). Second,
all the accessions of C. griffithianus and A. actinotrichus were re-
solved outside this clade, which formed the lineage III with other
Chimonocalamus species in the plastid phylogeny. Intrageneric
relationships in the clade were poorly resolved, and none of the
species were monophyletic.

(7) Chimonocalamus griffithianus

This clade was composed of all 10 accessions of C. griffithianus
from MT and NP populations with high support (97% MPBS, 96%
MLBS, 1.00 PP). This species clustered into the lineage III in the
plastid phylogeny, but here was represented as an independent
clade and the only species of Chimonocalamus that was monophy-
letic in the GBSSI phylogeny.

3.3. Phylogenetic analyses of LEAFY gene

We obtained LEAFY sequences from all of the eighty-seven sam-
ples. Twenty-nine samples each had two kinds of LEAFY sequence,
while Dendrocalamus farinosus had three kinds of LEAFY sequence,
and the other fifty-seven samples each had only one kind of LEAFY
sequence. Therefore, the LEAFY data matrix contained 118 se-
quences. LEAFY sequences contained partial exon 1, intron 1, and
partial exon 2. The final alignment included 1011 characters
(including 29 coded indels), and the exon region of LEAFY con-
tained 718 bp. LEAFY sequences possessed 18.69% (189 bp/
1011 bp) parsimony informative characters.
The strict consensus tree (not shown) was summarized from
132 most parsimonious trees with tree length of 374, a CI of
0.813, an RI of 0.927, and an RC of 0.754. The MP tree, ML tree
and the BI tree agreed with each other at nearly all nodes. The
50% majority tree from the BI analyses annotated with PP, MPBS
and MLBS was shown in Fig. 3.

The monophyly of Arundinarieae was not supported, because
sequences type B and C of Dendrocalamus farinosus in Bambuseae
together with Acidosasa purpurea and sequence type A of Bashania
yongdeensis in Arundinarieae formed a clade with high support
(96% MPBS, 96% MLBS, 0.99 PP). To test whether this was caused
by long branch attraction, we removed two terminals each time
(D. farinosus or A. purpurea and B. yongdeensis) or removed all of
the four terminals. The topologies of the tree remained the same.
It seemed that long branch attraction was not responsible for the
special positions of those species (sequences). Determination of
copy number of LEAFY gene in Bambuseae and more nuclear genes
used in phylogenetic research will be of help to resolve this
problem.

Except for A. purpurea and sequence type A of B. yongdeensis, all
the remaining taxa in Arundinarieae clustered together with high
support (100% MPBS, 100% MLBS, 1.00 PP). Although the LEAFY
phylogeny differed from the GBSSI phylogeny in whether Arundi-
narieae was monophyletic, the phylogenetic backbone for Arundi-
narieae was nearly identical. The seven clades revealed by the
GBSSI gene were also supported in the phylogenetic analyses of
LEAFY gene. In addition, the LEAFY phylogeny showed a phyloge-
netic framework with more resolution and more support within
Arundinarieae. Ampelocalamus calcareus, Gaoligongshania megal-
othyrsa and clade (1) diverged earlier than the other taxa in Arun-
dinarieae with weak support, but relations among the three were
uncertain. The remaining taxa formed a polytomy with low sup-
port (62% MPBS, 57% MLBS, 0.98 PP).

(1) Ampelocalamus + Drepanostachyum + Himalayacalamus

The lineage containing Ampelocalamus, Drepanostachyum and
Himalayacalamus received high support (99% MPBS, 99% MLBS,
0.99 PP). Except for A. calcareus, all the other five species of Ampe-
localamus clustered together as the Ampelocalamus clade with
moderate support (79% MPBS, 74% MLBS, 0.97 PP). Ampelocalamus
actinotrichus was resolved as the basal taxon in Ampelocalamus,
and the other four species clustered together with high support
(96% MPBS, 97% MLBS, 1.00 PP), A. microphyllus and A. melicoideus
were sister species with moderate support (86% MPBS, 87% MLBS,
1.00 PP). Intrageneric relationships within Ampelocalamus were
partially resolved in the LEAFY phylogeny. The clade containing
H. falconeri and D. ampullare was sister to the Ampelocalamus clade
with high support (99% MPBS, 99% MLBS, 1.00 PP).

(2) Arundinaria clade (VI)

The Arundinaria clade (VI) received high support (94% MPBS,
99% MLBS, 1.00 PP), and was nearly identical to the clade revealed
in the GBSSI phylogeny but with some differences in the taxa in-
cluded: First, it did not contain sequences of Fargesia decurvata or
Thamnocalamus spathiflorus var. crassinodus. Second, it did not con-
tain Acidosasa purpurea. Relationships among taxa in the clade
were poorly resolved.

(4) Chimonobambusa

The two species of Chimonobambusa formed the clade with high
support (88% MPBS, 89% MLBS, 1.00 PP).

(8) Fargesia + Yushania + (3) + (5) + (6) + (7)



Fig. 3. Phylogram of the 50% majority-rule consensus tree from BI based on LEAFY gene. Numbers above branches indicate MPBS/MLBS/PP. Samples of Chimonocalamus are
followed by population numbers. A, B and C following scientific name of species indicate the different sequences of the same individual. The scientific name of each taxon was
colored following their phylogenetic position in the plastid tree.
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This lineage received moderate support (77% MPBS, 78% MLBS,
1.00 PP), and it was a polytomy including four subclades and the
scattered Yushania and Fargesia. The following are the four subc-
lades within this lineage: (3) Alpine Bashania: this subclade con-
tained four species of Bashania with high support (98% MPBS,
99% MLBS, 1.00 PP) and was sister to Fargesia decurvata with high
support (87% MPBS, 88% MLBS, 0.99 PP). (5) Thamnocalamus: all
three sequences of Thamnocalamus spathiflorus var. crassinodus
clustered with high support (99% MPBS, 98% MLBS, 1.00PP). (6)
Chimonocalamus: this subclade received moderate support (78%
MPBS, 81% MLBS, 1.00 PP), and was identical to that revealed by
the GBSSI phylogeny. One sequence type of the accession of C. fim-
briatus (MH02) was also not clustered into this clade, instead clus-
tering with some species of Yushania and Fargesia as a polytomy
(with bootstrap support less than 50%). (7) Chimonocalamus griffi-
thianus: 10 accessions of C. griffithianus clustered together with
moderate support (78% MPBS, 80% MLBS, 1.00 PP). Yushania and
Fargesia were nonmonophyletic, and species in these two genera
were scattered within the lineage. Relationships among the four
subclades and the other taxa were uncertain. Taxa included in this
lineage belong to the III, VII and V clades in plastid phylogeny.

Ampelocalamus calcareus was resolved as an independent line-
age (the lineage XI) in the plastid phylogeny, and its relationship
with other taxa was unresolved in the LEAFY phylogeny.
Gaoligongshania megalothyrsa was resolved as an independent line-
age (the lineage IX) in plastid phylogeny, and its relationship with
other taxa was unresolved in the LEAFY phylogeny. Bashania
qingchengshanensis was clustered in the Phyllostachys clade in the
plastid phylogeny, and its relation with other taxa was unresolved
in the LEAFY phylogeny. Indocalamus jinpingensis was clustered in
the lineage IV in the plastid phylogeny, and its relation with other
taxa was unresolved in the LEAFY phylogeny.

3.4. Phylogenetic analyses of the combined dataset of nuclear genes

Excluding seven individuals of six species, eighty individuals
were included in the combined dataset of LEAFY and GBSSI genes.
The combined data matrix contained 167 sequences from 80 indi-
viduals; 16 individuals were represented four times in the matrix,
39 individuals were represented twice in the matrix, and 25 indi-
viduals were represented only once in the matrix.

The final alignment included 2434 characters (including 71
coded indels), and the exon region contained 1372 bp. The com-
bined LEAFY and GBSSI matrix contained 18.85% (459 bp/
2434 bp) parsimony informative characters. The strict consensus
tree was summarized from 246 most parsimonious trees with tree
length of 825, a CI of 0.739, an RI of 0.927, and an RC of 0.685. The
MP, ML and BI trees showed similar topologies except for minor
position changes for some species. The 50% majority rule consen-
sus tree from BI analyses was shown in Fig. S1. The strict consensus
tree annotated with PP, MPBS and MLBS was shown in Fig. 4.

The phylogeny based on the combined LEAFY and GBSSI data
sets was nearly identical with LEAFY phylogeny; the lineages re-
vealed by LEAFY were also supported and received nearly the same
or higher support. Below, we highlighted the relationships that
were better resolved in the combined analysis.

(i) Ampelocalamus calcareus appeared to be sister to all remain-
ing taxa of Arundinarieae, but the clade of all the other taxa
only received 76% MPBS support (Fig. 4).

(ii) Intrageneric relationships within Ampelocalamus were well
resolved. Four species of Ampelocalamus formed a clade with
high support (98% MPBS, 96% MLBS, 1.00PP); A. actinotrichus
was sister to the remaining three species; A. melicoideus was
sister to the other two species with 100% support (100%
MPBS, 100% MLBS, 1.00PP); A. luodianensis and A. microphyl-
lus were sister to each other (89% MPBS, 88% MLBS, 1.00PP);
each species was monophyletic.

(iii) Chimonocalamus griffithianus (clade (7)) and Chimonocalamus
(clade (6)) clustered together with low support (65% MPBS,
63% MLBS, 0.97PP); C. griffithianus was sister to the other
species of Chimonocalamus, and was the only one revealed
to be monophyletic. Other intrageneric relationships of Chi-
monocalamus were poorly resolved.

4. Discussion

4.1. Copy number of GBSSI and LEAFY genes in Bambusoideae

It was difficult to determine whether the different sequences
from a single individual were different alleles or different copies
(homeologs) just on the basis of the characteristics of the GBSSI se-
quences. Therefore, we used all of the 138 sequences as terminals
to conduct phylogenetic analyses. According to the results, we in-
ferred that it was more reasonable to treat the different sequences
as different alleles rather than different copies. The reasons were
the following: first, most of the different sequences belonging to
the same sample were clustered together or as polytomies with
other taxa in the GBSSI phylogenetic tree (see Fig. 2). Second, Arun-
dinarieae was regarded as tetraploid by taxonomists (Gould, 1960;
Hilu, 2004; Soderstrom, 1981). Thus one to four sequence types
were expected to be isolated. Zhang et al. (2012) inferred the tet-
raploid property of Arundinarieae because no more than two al-
leles of GBSSI were obtained in each individual. Our current
results also supported that Arundinarieae should be regarded as
tetraploid. As for those individuals with two alleles clustered to-
gether in the phylogenetic trees, their alleles were heterozygous.
As for those having one allele, all of their alleles were homozygous.
We inferred that the other individuals whose two alleles were not
clustered together are allotetraploid or caused by hybridization
and introgression.

We used the same strategy of using all the sequences as termi-
nals described above to determine the source of the different LEA-
FY sequences obtained from a given individual. We also came to
the conclusion that these were different alleles representing a sin-
gle locus for LEAFY in Arundinarieae according to the LEAFY phy-
logeny (see Fig. 3). However, the results were ambiguous for
Bambuseae. Three species of Bambuseae were included in our
study, two of which had one allele of LEAFY, but one (Dendrocal-
amus farinosus) had three alleles. Bambuseae was usually regarded
as hexaploid (Darlington and Ammal, 1945; Soderstrom, 1981;
Zhang, 1985). Assuming there was no heterozygosity at any locus,
three alleles were expected to be recovered. Allele A of D. farinosus
was clustered with the other two species of Bambuseae, while al-
leles B and C grouped together and were sister to a small clade
composed of allele A of Bashania yongdeensis and Acidosasa purpu-
rea in Arundinarieae (Fig. 3). It seemed that these three alleles of D.
farinosus could be considered as two copies. As for the other two
species of Bambuseae having only one allele, all of their alleles
maybe homozygous, or genetic drift occurred during their evolu-
tionary processes, or some alleles were unsuccessfully amplified.
Thus, it was difficult to confirm their copy number of LEAFY. Addi-
tional studies are needed to confirm the copy number of the LEAFY
gene in Bambuseae.

4.2. Monophyly of Chimonocalamus and possible reasons for
conflicting gene trees

The phylogeny of Chimonocalamus was much better resolved in
our study by the strategy of broad sampling and using more DNA



Fig. 4. Strict consensus tree from parsimony analysis based on combined nuclear GBSSI & LEAFY sequences. Numbers above branches indicate MPBS/MLBS/PP. Samples of
Chimonocalamus are followed by population numbers. AA, AB etc. indicate the different sequences of the same individual. The scientific name of each taxon was colored
following their phylogenetic position in the plastid tree.
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markers. However, conflicting gene trees also existed in this study
as in the previous one (Zhang et al., 2012). By comparing phyloge-
nies of Chimonocalamus based on plastid DNA, GBSSI, LEAFY and
the combined GBSSI and LEAFY data sets, several species (acces-
sions) occupying conflicting phylogenetic positions were identi-
fied. Below, we discussed these disparities and explored the
possible reasons.

4.2.1. Chimonocalamus griffithianus
All 10 accessions of C. griffithianus were clustered together and

were grouped outside the Chimonocalamus clade in both the GBSSI
and LEAFY phylogenies. While in the combined nuclear data set, all
10 accessions were nested within the Chimonocalamus clade.

We attributed this to the fact that individual GBSSI and LEAFY
data sets had insufficient parsimonious informative characters.
However, the combined LEAFY and GBSSI data set had a higher rate
of parsimony informative sites than the separate GBSSI and LEAFY
data sets, thus the relationship between the Chimonocalamus clade
and C. griffithianus was finally resolved. Meanwhile, Chimonocal-
amus griffithianus was sister to the other members of Chimonocal-
amus, and was the only one that was monophyletic within this
genus. From the point of view of morphology, C. griffithianus has
several distinct characters compared with the other congeners.
For instance, Chimonocalamus griffithianus has nodal sheath scar
with a ring of tawny hairs, but the other members have glabrous
node; the culm leaf blade of C. griffithianus is much reduced and be-
comes twisted when dry, but the others do not. The divergences of
nuclear DNA sequences may reflect that C. griffithianus has accu-
mulated abundant nuclear gene variation since speciation.

However, in the plastid phylogeny, several individuals of Chi-
monocalamus griffithianus were clustered with other species of Chi-
monocalamus, while some were grouped with Ampelocalamus
actinotrichus but without support. The plastid genome usually
has a slower evolutionary rate than nuclear genes (Small et al.,
2004), so the lack of informative characters may account for the
non-monophyly of this species. Moreover, the plastid introgression
between A. actinotrichus and C. griffithianus cannot be ruled out.

4.2.2. The putative hybrid individual of Chimonocalamus fimbriatus
(MH02)

The accession of C. fimbriatus (MH02) had two alleles of both
GBSSI and LEAFY genes. One allele was closely related to the other
species of Chimonocalamus, whereas the other grouped with some
species of Yushania and Fargesia in a polytomy with bootstrap less
than 50%. In the plastid analyses, this individual was clustered in
the Phyllostachys clade (V).

Obviously, the nuclear DNA of C. fimbriatus (MH02) had multi-
ple origins. Phylogenetic positions like this were generally consid-
ered as strong evidence for hybrids in many molecular phylogeny
studies (Edwards et al., 2006; Triplett et al., 2010; Zhang et al.,
2012). While we used four individuals in the MH population of C.
fimbriatus, only MH02 showed conflicting positions. This suggested
that this individual may be a hybrid between C. fimbriatus and a
species of Yushania or Fargesia. We carefully checked the specimen
of this individual to obtain morphological evidence. The specimen
indeed possesses the diagnostic characters of Chimonocalamus,
including a ring of spiny aerial roots at lower nodes and three sub-
equal branches per node; however, a few differences occur in its
culm leaves. Accession MH02 has a culm leaf with more prominent
longitudinal ribs, an efimbriate ligule to ca. 1 mm; conspicuous fal-
cate auricles, and many radiating fimbriae to 8–12 mm (Fig. 5A). In
contrast, the culm leaf of typical C. fimbriatus has a conspicuously
fimbriate ligule 10–13 mm long, but its auricles are inconspicuous
(Fig. 5B) (Hsueh and Yi, 1979). The fimbriate culm leaf ligule, which
is the diagnostic character of C. fimbriatus, is absent in accession
MH02, but its conspicuous auricles with many long radiating oral
setae are absent or inconspicuous in the genus Chimonocalamus.
We found that sheath features of MH02 resemble some species
of Yushania. In other words, accession MH02 retains partial mor-
phological characters of C. fimbriatus and partial morphological
characters of Yushania. Moreover, the geographical distributions
of Chimonocalamus and some species of Yushania (e.g., Yushania
bojieiana T. P. Yi and Y. levigata T. P. Yi) are overlapping. Chimono-
calamus is a medium-sized genus mainly distributed in Southwest
China and East Himalayas; while Yushania is a large genus com-
prising of ca. 80 species distributed mainly in East, South and
Southeast Asia, and Africa (Li et al., 2006). The much wider distri-
bution range of Yushania fully encompasses that of Chimonocal-
amus. Morphological evidences along with molecular phylogenies
strongly suggest that MH02 is a hybrid individual. Since the plastid
genome was usually maternally inherited, a certain species of
Yushania probably played the role of the female parent, and C. fim-
briatus played the role of the male parent. Because Yushania is a
large genus, it is quite probable that the putative female parent
is not included in this study. Without the hybrid MH02, Chimono-
calamus appeared as monophyletic in the phylogeny of combined
nuclear data set (Figs. S1 and 4).
4.2.3. Chimonocalamus makuanensis, C. sp. and some accessions of C.
pallens

All accessions of C. makuanensis and the two unidentified sam-
ples, plus some accessions of C. pallens, were clustered into the
Phyllostachys clade (V) in the plastid phylogeny, however, these
taxa were recovered in the Chimonocalamus clade in nuclear gene
phylogenies.

Chimonocalamus was resolved as monophyletic in the combined
nuclear phylogeny, in contrast to the plastid phylogeny. The mono-
phyly of this genus was consistent with its easily distinguishable
diagnostic characters. The question, then, was why did the plastid
phylogeny suggest that Chimonocalamus was nonmonophyletic?
The individuals that fell into the Phyllostachys clade (V) apparently
have plastid genomes with different origins in comparison to those
in the Chimonocalamus lineage.

Plastid capture, incomplete lineage sorting of the plastid gen-
ome, or both, could lead to the type of incongruence observed in
this case (Acosta and Premoli, 2010; Buckley et al., 2006; Jakob
and Blattner, 2006; Wolfe and Elisens, 1995). One possible reason
is that these individuals of Chimonocalamus captured plastid gen-
omes of other species in the Phyllostachys lineage (V). Plastid cap-
ture arises from hybridization followed by introgression (the
hybrids backcrossing with the male parent). We have demon-
strated that hybridization can occur between Chimonocalamus
and species in the Phyllostachys lineage, for example, the accession
MH02. There were other examples of hybridization in Arundinar-
ieae in previous studies (Maruyama et al., 1979; Triplett et al.,
2010; Zhang et al., 2012). However, plastid capture needs several
generations, and there is little probability that plastid capture
would happen in view of the long generation times found in the
woody bamboos because they must blossom simultaneously for a
long time. Meanwhile, the Phyllostachys lineage was large and
was essentially a catchall of temperate bamboo diversity, including
many genera and species, but its internal relationships were poorly
resolved. Thus, there were very few clues to follow to find the pos-
sible taxa whose plastid genomes were captured by others. None-
theless, sporadic flowering cannot be eliminated as a possibility,
and plastid capture may happen in individual cases. Another pos-
sible reason was incomplete lineage sorting of plastid genomes.
In such cases, the lineages from the polymorphic ancestral gene
pool were fixed randomly (Jakob and Blattner, 2006). Perhaps indi-
viduals of Chimonocalamus in the lineages III and V just retained
the different plastid lineages before their divergence. However, this



Fig. 5. Culm leaves of MH02 and its putative parents. A. MH02; B. Chimonocalamus fimbriatus; C. Yushania longiaurita. Scale bar = 1 cm. Black arrows show their ligules and
auricles respectively, illustrating that MH02 is possibly a hybrid.

H.-M. Yang et al. / Molecular Phylogenetics and Evolution 68 (2013) 340–356 353
would require an ancestral plastid gene pool that was already as
diverse as the current plastid genome diversity in these clades.
4.2.4. Ampelocalamus actinotrichus and Chimonocalamus
Ampelocalamus actinotrichus had an affinity with individuals

of Chimonocalamus in the plastid phylogeny (Fig. 1, Zeng et al.,
2010), rather than the other four taxa of Ampelocalamus (excluding
A. calcareus) which were nested within the Phyllostachys clade.
However, in the nuclear gene phylogenies, this species formed a
clade with the congeneric taxa (except A. calcareus). Plastid capture
or incomplete lineage sorting of plastid genome (or both) could
lead to the phylogenetic incongruence of A. actinotrichus.

The distribution areas of A. actinotrichus and Chimonocalamus do
not overlap at present. Ampelocalamus actinotrichus is limited to
the southwest of Hainan, an island province in South China. Species
of Chimonocalamus distributed in northern Vietnam have the
shortest distance to populations of A. actinotrichus. However,
the Beibu Gulf (more than 200 km between Hainan province and
northern Vietnam) may hamper gene flow among these species.
This made hybridization between A. actinotrichus and Chimonocal-
amus unlikely, not to mention plastid capture. However, in the
past, Hainan Island was linked with northern Vietnam. Hainan Is-
land did not become an independent island until the Cenozoic
Era, and then it began to move toward the southeast and became
further and further away from northern Vietnam. Finally this is-
land settled at its present position in Neogene Era (ca 23 Ma)
(Wang et al., 1991). The time Hainan began to move away from
northern Vietnam was earlier than the divergence of Arundinar-
ieae, and was much earlier than the speciation of Arundinarieae
(Table 4). This suggested that A. actinotrichus and Chimonocalamus
did not originate at that time. Based on the above inference, it
seemed that plastid capture could be ruled out as the cause of
topological incongruence. Therefore, A. actinotrichus and Chimono-
calamus may retain the same lineage of plastid genomes by coinci-
dence caused by incomplete lineage sorting. More evidence is
needed to reconstruct the speciation history of A. actinotrichus.
Table 4
Estimated divergence times for the Crown node of Bambusoideae and Arundinarieae, incl

Reference Bambusoideae Arundinarieae

Hodkinson et al. (2010) 31.40 (26.7–38.4) 10.01 (5.7–15.
Christin et al. (2008) 40.33 (35.4–45.3) 18.81 (13.4–24
Bouchenak-Khelladi et al. (2010) 28.66 (26.4–48.7) 8.96 (6.9–13.5
Ruiz-Sanchez (2011) 37 (26.5–48.7) 10.6

Notes: Dates in million year ago; 95% confidence limits given in brackets.
4.3. The significance of conflicting gene trees within Arundinarieae

The incongruences of gene trees described above in Chimonocal-
amus were merely the tip of a submerged iceberg. Conflicting gene
trees were common within Arundinarieae, and were especially
obvious between phylogenetic trees based on four plastid non-cod-
ing regions and nuclear genes.

Zhang et al. (2012) demonstrated that many lineages resolved
in plastid phylogeny collapsed in the GBSSI phylogeny, especially
the big lineages like the lineage V and the lineage IV. This result
was also retrieved in this study. Since only one species of the line-
age IV was sampled in this study, we mainly focused on the lineage
V here. The better resolved LEAFY phylogeny provided a clearer
understanding of the problems.

In the GBSSI phylogeny, Ampelocalamus + Drepanostach-
yum + Himalayacalamus, Bashania, Chimonobambusa, Fargesia, and
Yushania did not group together in the Phyllostachys clade as seen
in the plastid phylogeny, and relationships among these and the
other taxa were unresolved. Zhang et al. (2012) suggested that this
was possibly due to insufficient informative characters of GBSSI.
However, in the LEAFY phylogeny, their relations were better re-
solved. For example, clade (1) including Ampelocalamus + Drep-
anostachyum + Himalayacalamus received much higher support,
and Bashania, Fargesia, and Yushania clustered together with other
taxa as clade (8), and Chimonobambusa appeared as the indepen-
dent clade (4). Therefore, biological factors other than insufficient
informative characters appeared to have resulted in the discrepan-
cies. Moreover, Ampelocalamus + Drepanostachyum + Himalayacal-
amus, Bashania, Chimonobambusa, Fargesia, and Yushania shared
the same origin of the plastid genome with low variations though
they diverged at different times. We suggested that plastid capture
or incomplete lineage sorting of plastid genome was the more
likely reasons in these cases.

Avise and Robinson (2008) argued that disparities between the
topologies of gene trees and species trees due simply to idiosyn-
cratic lineage sorting can characterize taxa that separated an-
ciently but whose speciation events were close in evolutionary
uding the Arundinarieae radiation.

Divergence of Arundinarieae lineage from the rest of the bamboos

8) 23.02 (14.8–30.5)
.3) 40.33 (35.4–45.3)

) 28.66 (26.4–48.7)
37 (26.5–48.7)
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time, which meant there was a long interval between the two
events. Several studies showed that the radiation of Arundinarieae
occurred approximately 13–27 million years later than its diver-
gence from the other bamboos (Table 4) (Bouchenak-Khelladi
et al., 2010; Christin et al., 2008; Hodkinson et al., 2010; Ruiz-San-
chez, 2011). Therefore, incomplete lineage sorting of the plastid
genome may have occurred before the speciation of Arundinarieae
and thereby been retained as a permanent incongruity between
the gene tree and the species tree of descendant taxa.

As for plastid capture, there are three puzzling questions to be
answered: First, it is difficult to find out the donor and recipient
of the plastid genome because of the poor resolution within the
large Phyllostachys clade (V). Second, considering the special life
cycle of Arundinarieae at present, it seemed unlikely that the fre-
quent hybridization had happened in the past. Third, it would be
surprising that so many species were involved in plastid capture
during their evolution although this could possibly happen in indi-
vidual cases. All these questions seem to deny the occurrence of
plastid capture. Compared with plastid capture, incomplete plastid
lineage sorting seems to provide a more parsimonious explanation.
However, we cannot ignore the possibility that Arundinarieae may
have had totally different life cycles in the past, they may have
blossomed more frequently and have had more opportunities for
gene flow. Thus, we cannot exclude plastid capture unless ade-
quate evidence is obtained in the future.

As for those taxa which were clustered within the lineage V in
the plastid phylogeny (for example, Pleioblastus amarus, Pleiobla-
stus sanmingensis and Pseudosasa acutivagina) but grouped into
the Arundinaria clade (VI) instead in the nuclear gene phylogenies,
we agreed with Zhang et al. (2012) that they could arise from plas-
tid lineage sorting or plastid capture.

Disparities not only existed between phylogenies based on plas-
tid DNA and nuclear genes, but also between the GBSSI phylogeny
and the LEAFY phylogeny. As mentioned above, five individuals of
four species in Arundinarieae (Acidosasa purpurea, Bashania yongde-
ensis, Fargesia decurvata and two accessions of Thamnocalamus
spathiflorus var. crassinodus) and one of the outgroups in Bambuseae
(Dendrocalamus farinosus) had conflicting positions in the GBSSI and
LEAFY phylogenies. Since we examined only two nuclear genes, it
was impossible for us to know which gene tree was the best estimate
of the species tree. Moreover, these genes may show artifacts of allo-
polyploidy, introgression, hybridization, and incomplete lineage
sorting. More nuclear genes are needed to resolve these questions.

4.4. Phylogenetic position of Ampelocalamus calcareus

Ampelocalamus calcareus showed unique phylogenetic positions
both in the plastid and nuclear gene phylogenies. In the plastid
phylogeny, it appeared to be the earliest-diverging lineage of Arun-
dinarieae. The combined nuclear genes revealed the same result.
However, the two nuclear genes provided limited parsimony infor-
mative characters, and more nuclear regions should be employed
to further ascertain the phylogenetic position of this species.
Meanwhile, A. calcareus was the only species that was not clustered
with other members of Ampelocalamus. On the other hand, this
species shares many morphological characters with its congeners,
but differs from other species in having leathery leaf blades (Li
et al., 2006). Additionally, there is no record of its synflorescences.
If it is proven to be an independent lineage, A. calcareus should be
excluded from Ampelocalamus in the future.

4.5. Phylogeny of Ampelocalamus, Drepanostachyum and
Himalayacalamus

In the plastid phylogeny, four species of Ampelocalamus (except
A. actinotrichus and A. calcareus), one species of Drepanostachyum,
and one species of Himalayacalamus were clustered within the
Phyllostachys clade (V). The small subclade of Drepanostach-
yum + Himalayacalamus received moderate support. The close rela-
tionship between the two genera was also indicated in previous
studies using plastid DNA (Triplett and Clark, 2010; Zeng et al.,
2010). The four species of Ampelocalamus were clustered into an-
other two small subclades with moderate support, each including
two species. However, the relationships among the three genera
and other members in the Phyllostachys clade were unresolved.

In the GBSSI, LEAFY and the combined nuclear phylogenies,
Ampelocalamus, Drepanostachyum and Himalayacalamus formed a
lineage with moderate or high support. This indicated a robust
relationship among the three genera. All the three genera have
many morphological similarities, such as short-necked pachy-
morph rhizomes, numerous branches, ebracteate synflorescence,
3 stamens, and 2 stigmas. But they also have their autapomorphies,
for instance, Himalayacalamus differs from the other two in clus-
tered racemes synflorescences and 1–2-flowered spikelets; sub-
scandent or scrambling culms, nodal sheath scars often with
corky collar, developed culm leaf blades set Ampelocalamus apart
from Drepanostachyum and Himalayacalamus. All three genera are
distributed in the Sino-Himalayan region, and Ampelocalamus ex-
pands further to South China. According to these similarities in
morphological features and phytogeographical distribution, Li
et al. (1996) regarded the three genera to be closely related. This
study provided strong support for the close relationship among
these three genera. This relationship was not resolved within the
Phyllostachys clade in the plastid phylogeny, which may be due
to the insufficient informative characters of the plastid DNA.

4.6. The potential use of LEAFY in the phylogenetic study in
Bambusoideae

This was the first attempt to employ LEAFY in a phylogenetic
study in Bambusoideae. Compared with the more commonly used
nuclear gene GBSSI, LEAFY worked much better in the phylogenetic
reconstruction of bamboos. The GBSSI phylogeny of Arundinarieae
was a large polytomy including seven major clades with interrela-
tionships unresolved. These seven clades were also supported in
the LEAFY phylogeny, but with better resolution. The LEAFY phy-
logeny was nearly identical to the combined analysis, with only
poorer resolution in some small clades. The much better resolved
framework not only provided more detailed relationships, but also
helped us better understand the conflicting gene trees within
Arundinarieae.

The better resolution of LEAFY phylogenies than those of GBSSI
is attributed to its higher percentage of parsimonious informative
characters. However, the copy number of LEAFY in Bambusoideae
is still uncertain. Therefore, it is essential to explore this gene in
more taxa. Additionally, the LEAFY gene consists of three trans-
lated exons and two introns (Grob et al., 2004). We only employed
a partial LEAFY gene including partial exon one and exon two and
the full intron one in this study, and the remaining part could be
employed in the future. In conclusion, LEAFY may have great po-
tential for phylogenetic studies in Bambusoideae.
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