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Abstract

The temperate woody bamboos (Arundinarieae) are highly diverse in morphology but lack a substantial amount of

genetic variation. The taxonomy of this lineage is intractable, and the relationships within the tribe have not been

well resolved. Recent studies indicated that this tribe could have a complex evolutionary history. Although phyloge-

netic studies of the tribe have been carried out, most of these phylogenetic reconstructions were based on plastid

data, which provide lower phylogenetic resolution compared with nuclear data. In this study, we intended to iden-

tify a set of desirable nuclear genes for resolving the phylogeny of the temperate woody bamboos. Using two differ-

ent methodologies, we identified 209 and 916 genes, respectively, as putative single copy orthologous genes. A total

of 112 genes was successfully amplified and sequenced by next-generation sequencing technologies in five species

sampled from the tribe. As most of the genes exhibited intra-individual allele heterozygotes, we investigated phylo-

genetic utility by reconstructing the phylogeny based on individual genes. Discordance among gene trees was

observed and, to resolve the conflict, we performed a range of analyses using BUCKy and HybTree. While caution

should be taken when inferring a phylogeny from multiple conflicting genes, our analysis indicated that 74 of the

112 investigated genes are potential markers for resolving the phylogeny of the temperate woody bamboos.
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Introduction

The bamboos (Poaceae: Bambusoideae) consist of about

1500 species in 116 genera, and, together with Ehrhar-

toideae (e.g. rice) and Pooideae (e.g. wheat), are

grouped into the BEP clade (Bouchenak-Khelladi et al.

2008; Bamboo Phylogeny Group 2012). They are very

important economically, ecologically and culturally in

Asia, Africa and Latin America (Soderstrom 1981; Li

1999). Most members of the Bambusoideae are woody

species and have a long interval of flowering, which

can be used as food and materials for buildings and

furniture while some species are herbaceous and pro-

duce flowers annually. Recent molecular phylogenetic

studies have indicated that Bambusoideae could be

classified into three tribes: Arundinarieae (temperate

woody bamboos), Bambuseae (tropical woody

bamboos) and Olyreae (herbaceous bamboos) (Bouche-

nak-Khelladi et al. 2008; Sungkaew et al. 2009). The

temperate woody bamboos are mainly distributed

either in the North Temperate Zone or at high

elevations in tropical regions, consist of more than 500

species in 28 genera and are recognized as tetraploids

with a chromosome complement of 2n = 48 (Soder-

strom 1981; Orhrberger 1999; Li et al. 2006; Bamboo

Phylogeny Group 2012). Although the temperate

woody bamboos are well resolved as monophyletic,

the taxonomy within this group is extraordinarily trou-

blesome. Recent studies of large plastid data sets

resolved the tribe into eleven major lineages, while

relationships among and within the lineages are still

unclear (Zeng et al. 2010; Yang et al. 2013), although

chloroplast phylogenomic analyses provided some

improvements in resolving relationships among
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lineages (Zhang et al. 2011; Ma 2012). Similarly, analy-

sis using the two nuclear genes GBSSI and LEAFY

revealed several major lineages, yet the relationships

both among and within the lineages were not resolved,

and there was much incongruence between the

topologies based on the nuclear genes and the

chloroplast regions (Zhang et al. 2012c; Yang et al.

2013). Furthermore, the relationships inferred from the

molecular data strongly conflict with morphological

classification. In the tribe, morphological characters

among the species are highly diverse, while the level

of genetic variation is relatively low (Guo & Li 2004;

Peng et al. 2008; Triplett & Clark 2010; Zeng et al.

2010; Zhang et al. 2011). Incomplete lineage sorting,

hybridization and introgression, low variability in

genes, and recent rapid radiation in the tribe have

been inferred to be the causative agents behind such

observed patterns. Overall, it is thought that the tribe

has undergone a very complex evolutionary trajectory

(Triplett & Clark 2010; Triplett et al. 2010; Zeng et al.

2010; Zhang et al. 2012c).

Given their uniparental heredity and haploidy,

plastid genes have a limited utility for resolving the phy-

logeny of a tribe that has a complex evolutionary history.

In such cases, nuclear genes offer a viable option to

reveal evolutionary relationships, as they have biparental

heredity and multiple independent loci (Small et al.

2004). Moreover, the nuclear genome usually evolves fas-

ter than the chloroplast genome in plants (Wolfe et al.

1987; Gaut 1998), which could provide more phyloge-

netic information. Despite these benefits, only three

nuclear genes, GBSSI, ITS (Guo & Li 2004; Peng et al.

2008; Zhang et al. 2012c) and LEAFY (Yang et al. 2013),

have been utilized in the temperate woody bamboos.

Thus, to adequately resolve the phylogenetic relation-

ships within the temperate woody bamboos, it is essen-

tial to develop more desirable nuclear gene markers.

With the development of sequencing technologies,

more and more molecular data are available, especially

whole-genome data. The advent of next-generation

sequencing (NGS) has changed studies of molecular

phylogenetics (McCormack et al. 2011; Egan et al. 2012).

The greatest challenge when using nuclear genes to

reconstruct phylogenies is identifying orthologous genes.

By analysing whole-genome data sets using appropriate

software, such as Inparanoid (O’Brien et al. 2005),

OrthoMCL (Li et al. 2003) and HaMStR (Ebersberger

et al. 2009), we now have the ability to distinguish

orthologous genes from paralogous genes (Duarte et al.

2010; Zhang et al. 2012a). To resolve phylogenies at lower

ranks, that is, at the generic or specific level, introns

could be more informative than exons because intron

regions, which are under lower selective pressure,

generally display greater variation than exons (Sang

2002). However, to utilize introns for resolving phyloge-

nies, we must consider the presence of intra-individual

allele heterozygotes (IIAHs), a phenomenon referring to

heterozygotic introns within the same individual, which

may complicate phylogenetic analysis. Although often

ignored in phylogenetic analyses, an increasing body of

studies indicates that these IIAHs include rich evolution-

ary information (Sota & Vogler 2001; Sota & Sasabe 2006;

Yu et al. 2011).

Whole-genome data sets for six species in Poaceae

(Oryza sativa, Brachypodium distachyon, etc.) and two large

transcriptome data sets in Bambusoideae [i.e. for Phyllo-

stachys edulis (Arundinarieae) and Dendrocalamus latiflo-

rus (Bambuseae)] have been recently made available

(Peng et al. 2010; Zhang et al. 2012b). These data sets

offer an important opportunity to reconstruct the phy-

logeny of the temperate woody bamboos using genome-

wide markers. In this study, we identified a set of single

copy orthologous genes using the genomic data sets from

the grasses and the transcriptome data sets from the

bamboos. Furthermore, we analysed the phylogenetic

utility of these genes by identifying the relationships

among five species from two genera of the temperate

woody bamboos. Considering the polyploidy of bam-

boos, NGS, which has been suggested to resolve the

sequencing problem of multiple gene copy in polyploidy

(Griffin et al. 2011), was adopted to sequence large multi-

ple genes for each species. Finally, we attempted to infer

causes for the observed discordance among gene trees

through a range of analyses.

Materials and methods

Identification of single copy orthologues

To identify desirable genes for phylogenetic analysis,

two methods were implemented. For the first, we

extracted coding sequences (CDs) from two model

grasses, Oryza sativa from Ehrhartoideae (http://rice.

plantbiology.msu.edu) and Brachypodium distachyon from

Pooideae (http://www.brachybase.org), and down-

loaded the cDNA sequences of Phyllostachys edulis from

NCBI (http://www.ncbi.nlm.nih.gov). We performed a

self-BLASTN with the P. edulis database, which consists

of five cDNA libraries, to ensure the database contained

no identical sequences. The P. edulis database was used

as the query to BLASTN search against O. sativa and B. dis-

tachyon databases, respectively, at E-values of 10�5, and

vice versa. We collected sequences with one hit, with

identity ≥70%, and with an alignment length of at least

100 bp in each BLAST result. Finally, we retrieved

sequences that were shared in all of the results, which

were thus considered single copy genes. To ensure these

genes were orthologues, we submitted them online to
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OrthoMCL DB, using the default settings (http://www.

orthomcl.org/cgi-bin/OrthoMclWeb.cgi). Sequences that

clustered into OrthoMCL groups were identified as

orthologues.

For the second method, we included another bamboo

transcriptome database, Dendrocalamus latiflorus, cDNA

sequences of which were extracted from NCBI. To search

for putative orthologous genes, we then compared the

B. distachyon, D. latiflorus, O. sativa and P. edulis (without

removing identical sequences) databases against each

other using ORTHOMCL v1.4, a graph-clustering algorithm

for grouping proteins into orthologue groups based on

sequence similarity, with default parameters (Li et al.

2003). We collected the clusters that included exactly one

gene from each genome from the OrthoMCL results, and

the genes from these clusters were identified as single

copy orthologues. The workflow is shown in Fig. 1.

Primer development for PCR

To resolve the phylogenies at generic or specific level,

we chose genes that had a moderate portion of introns.

Since only bamboo transcriptome data were available,

we referred to the O. sativa and B. distachyon genome

annotations when developing primers for facilitating

gene amplifications. To select genes with high phyloge-

netic resolution at lower rankers, we analysed the vari-

ability of the genes in three taxa from Oryza:

O. glaberrima, O. sativa subsp. indica and O. sativa subsp.

japonica. Finally, we selected the genes that were shared

in common between the two methods and that demon-

strated high variability and a putative amplified length

of 1.5–2 kb. Based on the results, we used Primer pre-

mier 5 (Lalitha 2000) to design primers for the selected

genes, with cDNA sequences from P. edulis as the refer-

ence. Moreover, we added four genes that were previ-

ously identified as single copies to the marker

candidates, TPI (Xu & Hall 1993), LEAFY (Bomblies &

Doebley 2005), GBSSI (Dian et al. 2003) and GPA1 (Seo

et al. 1995), and one low-copy gene, PmFT (Hisamoto

et al. 2008).

Taxa sampling and DNA extraction

Referring to molecular and morphological studies (Li

et al. 2006; Zeng et al. 2010; Zhang et al. 2012c), we found

Databases

BLASTN against  
each other 

OrthoMCL
online

1hit
identity ≥70%
alignment length ≥100bp

ORTHOMCL V1.4
P. edulis
transcriptome
self-BLASTN

to remove identical sequences

238 genes

209 genes 

Developing 
primers 

147 genes 

TPI, LEAFY, GPA1, 
GBSSI, PmFT

PCR for 152 
genes

Sequencing
Hiseq 2000

Assembly 
and  BLAST 

Phylogenetic
analysis

to compare with two 
grass genome annotations

Putative single 
copy orthologs

916 genes 

E-values of 10–5

to identify putative single copy genes

Fig. 1 Flow chart of identification and

validation of putative orthologues. Green

arrows indicate the first method used to

identify putative orthologues. We per-

formed bidirectional BLASTN between Phy-

llostachys edulis and the two model grass

(Oryza sativa and Brachypodium distach-

yon), respectively, to select single copy

genes which were then submitted to

OrthoMCL DB to identify orthologues.

Blue arrows direct the second method.

We used local OrthoMCL to identify

putative single copy orthologues. Dark

arrows indicate steps carried out to test

the phylogenetic utility of the marker can-

didates. We amplified these genes in five

species sampled from Arundinarieae,

sequenced successfully amplified genes

by next-generation sequencing and then

inferred the phylogenetic utility of these

genes based on BI analysis.
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that Clade V of Arundinarieae contains the most genera

and is the most morphologically diverse. In this clade,

Phyllostachys and Fargesia are the two greatest species-

rich genera. The former has been treated as a well-

defined monophyletic group by taxonomists, but its rela-

tionship to other genera was unclear. The circumscrip-

tion of the latter genus is controversial, and its

intergeneric relationship is even less well defined. To

further investigate these two genera and Clade V of the

temperate woody bamboos, we chose to analyse the phy-

logenetic utility of the identified genes in resolving the

relationships between three species of Phyllostachys and

two of Fargesia (Table 1). Total genomic DNA was

extracted from silica-dried leaves using a modified

CTAB procedure (Doyle & Doyle 1987).

PCR amplification and sequencing

For the five taxa, PCR amplifications were performed

using all of the primers by standard methods. The

PCRs contained 10 lL of 29 Taq PCR MasterMix

(TIANGEN, Beijing, China) without dye, 1 lL of each

primer (5 lM), 1 lL of template DNA (~50 ng/lL) and

sterilized ddH2O to a final volume of 20 lL. For some

more difficult amplifications, we performed long PCRs

that contained 0.25 lL of LA Taq (5 U/lL) (TaKaRa,

Dalian, China), 2.5 lL of 109 LA PCR Buffer II (Mg2+

Plus), 3 lL of dNTP mixture (2.5 mM), 1 lL of each

primer (5 lM), 1 lL of template (~50 ng/lL) and ster-

ilized ddH2O to a final volume of 25 lL. The PCR

protocols for each marker are presented in Table S2

(Supporting information). The PCR products that did

not produce more than three bands when visualized

by 1.0% agarose gel electrophoresis with a 100-bp lad-

der (GeneRuler Plus DNA Ladder; Thermo Scientific,

Carisbad, USA) were retained and quantified by a

NanoDrop ND1000 spectrophotometer (NanoDrop

Technologies, Wilmington, DE, USA). For each taxon,

we then pooled the PCR products of every success-

fully amplified gene with the same weight, up to a

final quantity of DNA of 20 lg. These pooled samples

were prepared into short-insert 170-bp libraries

according to the manufacturer’s instructions (Illumina,

San Diego, CA, USA). These samples were indexed

before being mixed together and were then pair-end

sequenced with a read length of 90 bp in an Illumina

Genome Analyzer II at the BGI in Shenzhen, China.

De novo assembly and BLAST

Raw reads obtained from the sequencing run were first

filtered to remove adapter contamination, and then reads

containing more than 50% bases with a Phredscaled

probability (Q) <20 were discarded. VELVET version 1.2.07

(Zerbino & Birney 2008; Zerbino et al. 2009) was used to

assemble the clean reads into contigs with a k-mer value

of 69 and a minimum contig length of 100 bp. To investi-

gate the assembly, we used AMOS version 3.1.0 (Schatz

et al. 2011) to convert the velvet_asm.afg file to the vel-

vet_asm.ace file, which was then read by EAGLEVIEW ver-

sion 2.2 (Huang & Marth 2008). This visualization of

contigs with mapping reads allowed us to validate sin-

gle-nucleotide polymorphisms (SNPs) in the contigs. The

contigs were imported to GENEIOUS version 4.8.5 (Drum-

mond et al. 2009) for assembly. Polymorphic sites (minor

allele frequency >0.3) were coded according to the Inter-

national Union of Pure and Applied Chemistry (IUPAC)

nucleotide code. When sites from the Geneious assembly

were identified as polymorphic (i.e. when sites over-

lapped by two heterogeneous contigs), the consensus

sequence was divided into several sequences to separate

those contigs. Finally, we performed BLASTN searches on

the NCBI nucleotide database (http://blast.ncbi.nlm.nih.

gov/Blast.cgi) and the Rice Genome Annotation

Project (http://rice.plantbiology.msu.edu/analyses_

search_blast.shtml) with the resulting sequences and

compared the outcomes with the previously identified

orthologues to find target genes. If certain genes in some

taxa were absent, we attempted to assemble them using

corresponding gene sequences of the other taxa as

references.

Phylogenetic analysis of individual genes

Genes shared in at least four species were used

for phylogenetic analysis. We aligned every gene

Table 1 Information for taxa used in this study

Taxon

Voucher

association Locality

Fargesia Franchet

Fargesia nitida

(Mitford) Keng

ex Yi

Zhang08017 Wolong, Sichuan,

China

Fargesia spathacea

Franchet

MPF10141 Wanyuan, Sichuan,

China

Phyllostachys Siebold and Zuccarini

Phyllostachys edulis

(Carri�ere) Houzeau

MPF10163 Kunming Institute

of Botany, China

Phyllostachys nigra

var. henonis (Mitford)

Stapf ex Rendle

MPF10172 Kunming Institute

of Botany, China

Phyllostachys nidularia

Munro

ZLN-2011069 Kuntong, Anji,

Zhejiang, China

Voucher specimens are deposited in KUN (herbarium of the

Kunming Institute of Botany, China).
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separately in Geneious using MUSCLE Alignment

(Edgar 2004) and adjusted them manually where

necessary. All characters in the data matrix were

unordered and equally weighted, and gaps were

treated as missing data without coding. In addition,

for some downstream analysis, we created a data set

containing genes common among all five taxa. For the

data set, we retained one sequence for the genes with

multiple sequences according to the following proto-

col: (i) if these sequences fell into a monophyletic

clade in gene trees, we chose one randomly; (ii) if

they did not group into one clade, we chose the

sequence that was the most distant from the other

genus based on a distance matrix (calculated in MES-

QUITE version 2.74 (Maddison & Maddison 2001) using

uncorrected pairwise distance for each gene) and we

discarded the sequence that was not grouped with

the congeners. We referred to this data set as ‘sin-

gle-sequence data’. Unrooted gene trees were

reconstructed by Bayesian inference (BI) method using

matrices from each gene separately. For each gene in

the single-sequence data, we used Fargesia as the out-

group. Prior to BI analysis, we applied JMODELTEST

2.1.2 (Guindon & Gascuel 2003; Posada 2008) to select

optimized models for sequence evolutions under

Akaike Information Criterion (Posada & Buckley

2004). Bayesian analysis was performed using the pro-

gram MRBAYES version 3.1.2 (Ronquist & Huelsenbeck

2003), and the priors were set according to the best-fit

model (details in Tables S3 and S4, Supporting infor-

mation). The Markov chain Monte Carlo (MCMC)

chains were run for 4 million generations, and trees

were sampled every 1000 generations. In the final

MCMC run, the average standard deviation of split

frequencies dropped below 0.01. The first 25% of trees

were discarded as burn-in, and the consensus tree

and posterior probabilities were calculated from the

remaining trees.

Species tree estimating in a coalescent process

We implemented the program BEST v2.3 (Liu & Pearl

2007) to infer species tree based on the single-

sequence data. A priori, h was set to an inverse

gamma distribution [thetapr = invgamma (3, 0.003)],

and the gene mutation rate was set to default [Gene-

MuPr = uniform (0.5, 1.5)]. Gene trees were generated

from individual genes using the best-fit models (as

described above). A modified MRBAYES was run for

100-million generations with four chains and two

runs, sampling trees every 1000 generations. In the

last run, the average standard deviation of split fre-

quencies dropped below 0.01, and the first 25% of

trees were discarded as burn-in.

Bayesian concordance of gene trees and phylogenetic
network analysis

The discordance among gene trees was assessed and, to

identify the concordant loci, we calculated Bayesian con-

cordance factors (CFs) using BUCKY version 1.4.0 (An�e

et al. 2007; Larget et al. 2010). We used the individual

gene trees generated from single-sequence data in MrBa-

yes for BUCKy analysis. The analysis was run for 10-mil-

lion generations, with an initial burn-in of 1-million

generations, four independent replicate runs, four

MCMC chains, and a range of a priori a (a = 0.1, 1, 10,

20, 40, 60, 80, 100).

To investigate incomplete signals among the concor-

dant genes resulting from the BUCKy analysis, we per-

formed a ‘phylogenetic network’ analysis. The combined

data from these genes were imported to SPLITSTREE4 (Hu-

son & Bryant 2006) for neighbour-net analysis (Bryant &

Moulton 2002, 2004) based on a model-corrected distance

(using the best-fit model which we selected as described

above).

Estimating hybridization in the presence of coalescence

To determine whether incomplete lineage sorting or

introgression is responsible for the incongruence among

gene trees, we used the HybTree method, which can

identify hybridization with coalescence (Degnan & Salter

2005; Meng & Kubatko 2009; Gerard et al. 2011). The

level of introgression is indicated by the value of c. The
consensus trees from single-sequence data in MrBayes

were used by the method to detect hybridization events.

The parameters were set to default, and ‘iterate’ was

selected to have the three Phyllostachys species alternate

as the potential hybrid species.

Results

Identification of putative single copy orthologues and
development of markers

Through bidirectional BLASTN searches, 238 genes were

initially identified (Table S1, Supporting information).

After screening by OrthoMCL DB, we obtained 209

genes as putative single copy orthologues. From the local

OrthoMCL method, we identified 916 genes as putative

single copy orthologues that were shared among four

genomes (TXT1). We compared the sequences resulting

from these two methods, and, focusing on Phyllostachys

edulis, identified the shared sequences as candidates for

phylogenetic markers (Table S1, Supporting informa-

tion). In total, 170 primer pairs for 152 genes were used

as marker candidates; of those, we developed 165 primer

pairs to amplify 147 putative single copy orthologues.

© 2014 John Wiley & Sons Ltd
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PCR amplification, sequencing, assembly and BLAST

Of the 152 genes, 112 were successfully amplified, with

the partial failing of amplifications in some taxa. The

amplified length ranged from 800 to 3000 bp, with most

amplicons falling in the 1500–2000 bp range. Amplifica-

tion failure may be due to unmatched primers that

resulted from differences in the boundaries of introns

and exons of genes between bamboos and rice. Illumina

paired-end sequencing produced c. 400 Mb of clean data

for each taxon. Using the Velvet assembler, we obtained

1209–2246 nodes. More information for the de novo

assembly is found in Table 2. Of the 112 genes, 101 were

obtained after sequencing, assembly and BLAST, with an

average coverage of 1009. Of the 101 genes, 75 were

shared in all five species, 11 were shared in four species,

six were shared only in Phyllostachys, two were shared

only in Fargesia and the remainder was shared in less

than three species from the two genera. All the sequences

are deposited in GenBank, and their Accession nos. are

listed in Table S5 (Supporting information). The missing

sequences of some genes in some taxa may be caused by

low-quality PCR products, failure in sequencing or

assembling for the complexity of gene structure.

Phylogenetic analysis using individual genes

Of the 101 genes, 86 were shared between at least four

species and were therefore used for reconstructing phy-

logenies. When two divergent types of sequences pre-

sented in some gene and these sequences fell into two

well-supported sister clades in the gene trees (e.g. Fig. 2),

we divided the sequences of these genes into two data

sets that we arbitrarily labelled ‘a’ and ‘b’. Besides, two

Table 2 Summary of NGS sequencing and de novo assembling

fni fsp ped pnh pni

Number of nodes 2246 1256 1209 1419 1629

N50 (bp) 542 543 903 475 518

Aligned reads (%) 30.2 30.4 38.8 26.8 25.8

Total clean reads 4 743 056 2 917 036 5 063 556 4 017 918 4 432 408

SRA accession ByRun SRR1175742 SRR1175743 SRR1175738 SRR1175710 SRR1175741

‘fni’, Fargesia nitida; ‘fsp’, Fargesia spathacea; ‘ped’, Phyllostachys edulis; ‘pnh’, Phyllostachys nigra var. henonis; ‘pni’, Phyllostachys nidularia;

NGS, next-generation sequencing.

0.02

Phyllostachys nidularia

Phyllostachys nigra var. henonis

Fargesia spathacea

Fargesia nitida

Phyllostachys nidularia

Phyllostachys nigra var. henonis

Phyllostachys nigra var. henonis

Fargesia spathacea

Phyllostachys edulis

Fargesia nitida

1

0.98

1

1

0.99

1

1

1

bZIP1_a

bZIP1_b

Fig. 2 The topology of a gene tree generated from a gene presenting two divergent types of sequences. Here, we presented the gene tree

of bZIP1. Numbers on the branches represent posterior probabilities.
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regions of some gene were sequenced which were

labelled with ‘1’ and ‘2’. Thus, we got 105 nucleotide

sequence matrices rather than 86 (based on the 105 matri-

ces, we obtained 82 matrices for single-sequence-data)

for phylogenetic analysis. Topology of each gene tree

generated by BI is listed in Table S6 (Supporting infor-

mation). Among the gene trees, tree topological incon-

gruence was primarily found in the relationships among

the three species in Phyllostachys: 47% of gene trees sup-

ported the sister relationship of P. edulis and P. nigra var.

henonis (A); 16% of gene trees supported the sister rela-

tionship of P. nidularia and P. nigra var. henonis (B); in

one topology with 20% of gene trees supporting, P. nigra

var. henonis contained sequences that clustered with the

other two congeners (C); 5% of gene trees supported the

sister relationship of P. nidularia and P. edulis (D); 5% of

gene trees showed that Phyllostachys was nested with

Fargesia (E); and 7% of gene trees were complex, for mul-

tiple types of sequences were obtained in some taxa (F).

The proportions of the six main gene tree topologies are

shown in Fig. 3. Based on the phylogenetic analysis, we

found that, of the 86 genes, despite 12 supporting topolo-

gies E or F, 74 could be potential markers for resolving

the phylogeny of the temperate woody bamboos.

BEST species tree analysis

In the species tree generated from single-sequence data,

Phyllostachys and Fargesia were reciprocally monophy-

letic with posterior probabilities of 1.0 (Fig. 4). Within

the Phyllostachys clade, P. edulis and P. nigra var. henonis

were placed together as the sister group to P. nidularia

with a posterior probability of 1.0, and the branches were

very short.

Bayesian concordance analysis and phylogenetic
network analysis

The results of the BUCKy analysis based on 82 genes

with a range of a priori a sets showed no differences. All

the tree topologies are listed in Table S7 (Supporting

information) with a = 0.1. The primary concordance tree

(Fig. 5a) was similar to the estimated species tree by

BEST. The CF for separating Phyllostachys from Fargesia

was 78.995 (95% credible interval: 78, 79), which

represents the number of genes supporting the branch.

The clade where P. edulis grouped with P. nigra var.

henonis received a CF of 49.010 (95% credible interval: 44,

53), while CF for the sister relationship of P. nidularia

and P. nigra var. henonis was 27.097 (95% credible inter-

val: 23, 32). The sister relationship of P. nidularia and

P. edulis received the lowest CF of 3.899 (95% credible

interval: 3, 6).

Through BUCKy analysis, we extracted the 49 concor-

dant genes and investigated incomplete phylogenetic

signals among these genes with network analysis. The

neighbour-net graph (Fig. 5b) resembled the primary

concordance tree. However, the network formed a box-

like structure when representing the relationships of the

three Phyllostachys species, suggesting some conflicting

phylogenetic signals even among these genes.

Hybridization estimation

We had the three Phyllostachys species alternate as a

potential hybrid, but we only detected a hybridization

event in the case where P. nigra var. henonis was used as

a hybrid, producing an estimated level of hybridization

of 0.33. In the other two cases, c was equal to one or zero,

indicating no hybridization event. Estimated branch

lengths (in coalescent units) along the hybrid species phy-

logeny were t1 = 0.000000011, t2 = 1.2081 and t3 = 2.1106.

Figure S1 (Supporting information) is a model tree

illustrating to which branch ti refers.

Discussion

Identification of single copy orthologues based on
transcriptome and genome databases

When phylogenetic studies utilize nuclear genes, valida-

tion of orthologous genes is necessary (Fares et al. 2006).

Although many methods have been used to identify

orthologues in species with complete genomes (Li et al.

2003; O’Brien et al. 2005; Wall et al. 2008), few methods

using incomplete genomes have been developed (Lee

et al. 2002; Wu et al. 2006; Ebersberger et al. 2009). In this

study, we used BLASTN combined with OrthoMCL DB

and local OrthoMCL, respectively, to identify the single

47%

16%

20%

5%

5%

7%

A (ped,pnh) 
B (pni,pnh) 
C ((ped,pnh),(pni,pnh))
D (ped,pni) 
E 
F

Fig. 3 Proportions of gene trees that support six topologies sep-

arately. ‘ped’, ‘pnh’ and ‘pni’ standard for Phyllostachys edulis;

P. nigra var. henonis; and P. nidularia, respectively (the same

below). E standards for the topology in which species from the

two genera were nested. F standards for the complex topology

which was caused by multiple types of sequences in some

taxon.
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copy orthologues based on transcriptome and genome

databases. We found that single copy orthologues

obtained by the latter method included most of the genes

identified by the former one; fewer genes were identified

by the former one maybe due to the condition we set to

select single copy genes. Furthermore, after comparing

our results with the recently released draft genome of

Phyllostachys edulis (Peng et al. 2013), we found that the

orthologous genes identified in our study were mostly

consistent with their gene-cluster results in which one

gene was from P. edulis and one or two genes came from

the other genomes. Although there were some discrepan-

cies between the results from the transcriptome and gen-

ome data, most predicted single copy orthologues were

consistent. Thus, it is an efficient approach to use tran-

scriptome data and related species genome data as refer-

ences for OrthoMCL to identify putative single copy

orthologues in nonmodel organisms.

0.0020

Phyllostachys nigra var. henonis

Fargesia nitida

Fargesia spathacea

Phyllostachys edulis

Phyllostachys nidularia

1

1

1

Fig. 4 Species tree estimated by BEST

method (Liu & Pearl 2007). Numbers on

the branches represent posterior probabil-

ities.

Fargesia nitida

Phyllostachys nidularia

Phyllostachys edulis

Fargesia spathacea
Phyllostachys nigra var. henonis

0.0010

0.3

Phyllostachys edulis

Phyllostachys nigra var. henonis

Phyllostachys nidularia

Fargesia nitida

Fargesia spathacea

49.010

78.995

(a)

(b)

Fig. 5 The primary concordance tree

from BUCKy analysis (An�e et al. 2007;

Larget et al. 2010) (a) and the neighbour-

net graph (Bryant & Moulton 2002, 2004)

based on 49 concordant genes (b). (a)

Numbers on branches are concordance

factors and indicate the number of loci

supporting a branch.
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Discordance among gene trees and the potential causes

With the increased use of multiple genes for phylogenetic

inference, incongruence among gene trees has been recog-

nized as a prevalent problem in reconstructing phyloge-

nies (Nichols 2001; Soltis et al. 2004; Qiu et al. 2006; Rokas

& Carroll 2006). Incomplete lineage sorting, introgression

and hybridization, horizontal gene transfer, and gene

duplication and stochastic loss are speculated to account

for the discordance (Doyle 1992; Maddison 1997). The dis-

cordance among gene trees detected in our results can be

divided into three groups: one within Phyllostachys, as pre-

sented in topologies A, B, C and D; one in topology E

where species from the two genera are nested with each

other; and one in topology F, which was reconstructed

based on genes having multiple divergent sequences in

some species. Potential causes for the discordance found

in topology E are unclear; however, it may result from

incomplete lineage sorting, paralogy or introgression.

Given that the temperate woody bamboos are polyploid

(Soderstrom 1981) and that they may be undergoing diplo-

idization (Peng et al. 2013), topology F could arise from

the inconsistency of gene copy loss or asymmetrical rates

of evolution between duplicated genes (Fares et al. 2006;

Rong et al. 2010). In regard to the primary source of dis-

cordance, the sister relationship between P. edulis and

P. nigra var. henonis and between P. nidularia and P. nigra

var. henonis was the two major incongruent topologies. If

incomplete lineage sorting led to the discordance, three

major topologies, or one major and two minor ones (Jen-

nings & Edwards 2005) rather than two major ones,

should have been observed because lineage sorting of

genes happens randomly. Hybridization usually leads to

two major incongruent topologies, as the hybrid tends to

group with the parental lineages. In the HybTree analysis,

we obtained c = 0.33, indicating some level of hybridiza-

tion in P. nigra var. henonis. Furthermore, this analysis

found that estimated branch length along the hybrid spe-

cies phylogeny t1 was much less than t2 or t3; in such a

case, this rapid divergence time for the species suggests a

possibility of incomplete lineage sorting. Morphologically,

P. nigra var. henonis exhibits intermediate traits between

Phyllostachys sect. Phyllostachys (including P. edulis) and

Phyllostachys sect. Heterocladae (including P. nidularia),

making its taxonomic placement controversial (Wang et al.

1980). While it seems that some introgression may exist in

Phyllostachys, that is, P. nigra var. henonis is of a putative

hybrid origin, the genus could have undergone incom-

plete lineage sorting. We speculate that the discordance

among gene trees could be mainly caused by two

processes, introgression and incomplete lineage sorting.

More samples from Phyllostachys and other genera of

Arundinarieae are needed to confirm our hypothesis and

to infer the parents of the putative hybrid.

The effect of IIAHs in phylogenetic analysis

The variability of nuclear introns in an individual, or II-

AHs, was first mentioned by Palumbi & Baker (1994) in

their study of humpback whales. More recently, studies

have suggested that IIAHs could provide phylogenetic sig-

nals and help to uncover underlying introgression (Sota &

Sasabe 2006; Yu et al. 2011). However, working with IIAHs

is currently challenging, especially given the utilization of

multiple genes. We dealt with IIAHs in two ways: we

retained IIAHs in the analysis of individual genes or we

excluded them in the single-sequence data. In the analysis

of individual genes, we found that most of the IIAHs fell

into a monophyletic clade, except in tree topologies C and

F. As described above, in topology C, the nonmonophyletic

sequences from P. nigra var. henonis grouped with the

other two congeners, indicating that some introgression

may occur in P. nigra var. henonis. Interestingly, the data

set that excluded the IIAHs produced very similar results.

As BUCKy analysis revealed, the sister relationship of

P. edulis and P. nigra var. henonis and of P. nidularia and

P. nigra var. henonis received CF = 49.010 and CF = 27.097,

respectively. Even in the concordant data, some conflict in

resolving the relationship of the three species was

detected. Moreover, the HybTree analysis indicated a level

of hybridization of c = 0.33, with P. nigra var. henonis as

the putative hybrid. In our work, analysis based on the II-

AHs did identify a likely introgression event, while the

combined data set excluding them also indicated some

level of hybridization. The combined data set that

excluded IIAHs from multiple genes may compensate for

the phylogenetic signals that IIAHs might provide.

Inferring phylogenies with multilocus data

Phylogenetic trees are used to infer the evolutionary his-

tory of species, and various methods exist for performing

phylogenetic reconstructions. Concatenation and consen-

sus are the two popular methods when using multiple

genes (Gatesy et al. 2002; Sanderson et al. 2003; Delsuc

et al. 2005). Although some studies have suggested that

the concatenation approach is more accurate than consen-

sus approach, the former ignores the different evolution-

ary patterns of genes and may generate misleading

phylogenies (Kolaczkowski & Thornton 2004; Gadagkar

et al. 2005; Mossel & Vigoda 2005; Kubatko & Degnan

2007; Degnan & Rosenberg 2009). Aside from combining

multiple genes into a data set, another way to infer phylo-

genetic trees from multiple genes is by way of the ‘demo-

cratic vote’ in which the species tree is estimated using the

most probable gene tree topology. When there are less

than four taxa, the ‘democratic vote’ method may be able

to accurately resolve phylogenetic relationships (Degnan

et al. 2009). Alternatively, if there are more than five taxa,

© 2014 John Wiley & Sons Ltd
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the most probable gene tree topology does not always rep-

resent the species tree, for anomalous gene trees (AGTs)

may exist (Degnan & Rosenberg 2006, 2009). In this study,

topology A, in which P. edulis was sister to P. nigra var.

henonis, was the most common gene tree topology. Does

this tree topology reveal the ‘true’ relationship among

these species, since there were no AGTs found in this con-

dition? Events such as introgression, horizontal gene trans-

fer, and recombination may be involved in species

evolution, so that the evolutionary history of the species

may result in more of a reticulate, rather than tree-like, net-

work. In our analysis of hybridization, we did observed

some degree of hybridization, with P. nigra var. henonis as

the putative hybrid, as well as the possibility of incomplete

lineage sorting, given the much shorter divergence time.

The latter process was also indicated in the estimated spe-

cies tree by the very short branch lengths within the Phyllo-

stachys clade. Inaccurate species relationships may result

from using the BEST program, as it accounts for deep coa-

lescence but not for other issues, as well as from using data

generated from a model that is not included in BEST (Ger-

ard et al. 2011). Thus, although our estimated species tree

produced a high posterior probability for the sister rela-

tionship of P. edulis and P. nigra var. henonis, the estimated

species relationships produced by BEST in our analysis

may not represent the true evolutionary history. Thus far,

we have only been able to use the genetic history of spe-

cies to infer their evolutionary histories. Hence, phylogeny

is often defined as the historical trajectory of the inheri-

tance of genes from one generation to the next, and each

genetic history is a part of the evolutionary history of the

species (Maddison 1997). Considering that a species tree is

composed of multiple genetic trees and that it is more than

just the ‘winner-take-all democracy’, we should be cau-

tious when inferring a species tree from multilocus data.
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