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A B S T R A C T

With the development of sequencing technologies, the use of multiple nuclear genes has become conventional
for resolving difficult phylogenies. However, this technique also presents challenges due to gene-tree dis-
cordance, as a result of incomplete lineage sorting (ILS) and reticulate evolution. Although alleles can show
sequence variation within individuals, which contain information regarding the evolution of organisms, they
continue to be ignored in almost all phylogenetic analyses using randomly phased genome sequences. Here, we
tried to incorporate alleles from multiple nuclear loci to study the phylogeny of the economically important
bamboo genus Phyllostachys (Poaceae, Bambusoideae). Obtaining a total of 3926 sequences, we documented
extensive allelic variation for 61 genes from 39 sampled species. Using datasets consisting of selected alleles, we
demonstrated substantial discordance among phylogenetic relationships inferred from different alleles, as well as
between concatenation and coalescent methods. Furthermore, ILS and hybridization were suggested to be un-
derlying causes of the discordant phylogenetic signals. Taking these possible causes for conflicting phylogenetic
results into consideration, we recovered the monophyly of Phyllostachys and its two morphology-defined sec-
tions. Our study also suggests that alleles deserve more attention in phylogenetic studies, since ignoring them
can yield highly supported but spurious phylogenies. Meanwhile, alleles are helpful for unraveling complex
evolutionary processes, particularly hybridization.

1. Introduction

The development of high-throughput DNA sequencing technologies
has significantly changed phylogenetic inference, while studies that
utilize a small number of group-specific genes are becoming less
common. Phylogenomics based on hundreds or thousands of loci has
been proven useful for tackling a number of difficult phylogenetic
questions (Delsuc et al., 2005; Harvey et al., 2016; Posada, 2016).
Gene-tree discordance of which inferred gene trees can differ from each
other and from the species tree is a major challenge in multilocus
phylogeny. Multiple evolutionary processes have been demonstrated to
be involved in this phenomenon (Maddison, 1997; Degnan and
Rosenberg, 2009; Edwards, 2009) and perhaps the most known is in-
complete lineage sorting (ILS), commonly observed in rapidly diverging
lineages (e.g., Lee et al., 2012; Mirarab et al., 2014a; Meyer et al.,
2017). Another major process that is increasingly recognized is the gene
flow between taxa (i.e., introgression and hybridization) (Morales et al.,

2017; Sousa et al., 2017; Burbrink and Gehara, 2018). There are two
major methods to perform multilocus data, concatenation and coales-
cent methods. Concatenation methods combining all loci into a super
matrix typically result in a strongly supported phylogenetic tree but
likely incongruent with the species tree in the presence of gene-tree
discordance (Kubatko and Degnan, 2007; Degnan and Rosenberg, 2009;
Edwards, 2009). Taking gene-tree discordance into account, coalescent
methods estimating species trees based on a summary of gene trees or
multispecies coalescent model (MSC) have been developed recently
(Edwards et al., 2010; Heled and Drummond, 2010; Larget et al., 2010;
Mirarab et al., 2014a,b; Mirarab et al., 2016).

In molecular phylogenetic studies, the randomly phased haploid
sequences are often used without considering intra-individual hetero-
geneous sequences (alleles), though it was suggested that alleles should
be considered in analyses (Joly and Bruneau, 2006; Weisrock et al.,
2012). Loci of recently diverged taxa can indeed harbor divergent al-
leles (Joly and Bruneau, 2006; Lee et al., 2012; Weisrock et al., 2012;
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Yang et al., 2013). The fact that alleles continue to be ignored in
phylogenetic studies may be due to the difficulties in combining alleles
across multiple genes. Currently, there are no conventional methods to
incorporate alleles into analysis, though methods such as building
consensus sequences or trying all possible combinations of alleles were
previously used (Sota and Vogler, 2003; Yang et al., 2013; Brassac and
Blattner, 2015).

Restriction-site-associated (RAD) and targeted enrichment sequen-
cing methods yield thousands of relative short loci (often < 500 bp),
and are becoming the most widely used methods in phylogenetic stu-
dies using nuclear sequences (e.g., Eaton and Ree, 2013; Harvey et al.,
2016; Morales et al., 2017). There are fewer studies utilizing PCR am-
plification of genes for high-throughput sequencing (e.g., Brassac and
Blattner, 2015; Meyer et al., 2017). The longer loci (often > 700 bp)
obtained in PCR amplification would increase the accuracy of estima-
tion of gene trees and thus species tree in coalescent analysis (Mirarab
et al., 2016). Moreover, with a priori information of genomic regions it
would be more confident in orthology assignment of the loci, which is
critical for inferring phylogeny of polyploids (Brassac and Blattner,
2015; Sousa et al., 2017).

Polyploidy is pervasive across plants and all extant angiosperms
have undergone at least one round of whole-genome duplication (WGD)
(Jiao et al., 2011; Schranz et al., 2012; Soltis et al., 2015). Re-
constructing the phylogeny of polyploids is challenging, given the
complex evolutionary history of their genomes (i.e., large genome size,
random loss of duplicate genes, and recombination). It is difficult to
identify and sequence single-copy genes for polyploid plants (Brassac
and Blattner, 2015; Sousa et al., 2017). Even if using single-copy genes,
various intra individual alleles would also be more troublesome than
diploid plants.

The genus Phyllostachys (2n=48, Chen et al., 2003) is the most
economically important bamboo genus, belonging to the tribe Ar-
undinarieae (Poaceae, Bambusoideae), with approximately 50 de-
scribed species native to East Asia (Li et al., 2006). With a long history
as introduced species, many of them are now grown from Europe to
America (Keng and Wang, 1996; Ohrnberger, 1999). This genus ex-
hibits distinct morphological characters including two branches per
culm node (Wang et al., 1980; Keng and Wang, 1996). Based on char-
acters of inflorescences (lax or capitate form), culm sheaths (blotched
with brown spots and markings or without blotches), and rhizomes
(without or with air canals), the genus was divided into two sections, P.
sect. Phyllostachys and P. sect. Heteroclada (Wang et al., 1980; Li et al.,
2006). However, this genus is recognized to have an intractable phy-
logeny and possibly underlying complex evolutionary processes
(Hodkinson et al., 2000; Peng et al., 2008; Zhang et al., 2012; Triplett
et al., 2014). There are several species whose taxonomic treatments are
highly controversial as they possess intermediate morphological char-
acters of both sections (Wang et al., 1980; Keng and Wang, 1996; Li
et al., 2006). Moreover, some of these species may have hybrid origins
based on molecular evidence (Hodkinson et al., 2000; Zhang et al.,
2014), such as P. nigra var. henonis.

The first sequenced bamboo genome, P. edulis or moso bamboo, is
from this genus and genomic analysis suggested that it had probably
undergone WGD around 7–12 million years ago (Ma) (Peng et al.,
2013). The whole tribe Arundinarieae was also supposed to be of tet-
raploid origin (Triplett et al., 2014). A unique character of temperate
woody bamboos is their long flowering cycles with the majority from 40
to 60 years, and up to 120 years for certain species of Phyllostachys
(Janzen, 1976), leading to the low degree of sequence divergence be-
tween them (Ma et al., 2017). Together with a recent origin of
12–14Ma and probably rapid diversification of Arundinarieae
(Hodkinson et al., 2010; Zhang et al., 2016), all these factors above
contribute to the intractable phylogeny of the whole tribe. Most genera
within the tribe including Phyllostachys were resolved as non-mono-
phyletic in previous studies (Peng et al., 2008; Triplett and Clark, 2010;
Zeng et al., 2010), mainly based on plastid DNA sequences due to the

difficulties in sequencing and analyzing nuclear genes in these bam-
boos.

In our trial study, we identified 74 putative single-copy nuclear
genes (Zhang et al., 2014) based on genome sequences of moso
bamboo, holding promise for reconstructing the phylogeny of the tribe.
Here, we attempt to incorporate alleles from these multiple nuclear loci
to infer the phylogeny of Phyllostachys as an example to explore the
complex evolutionary processes underlying the bamboos. Our primary
questions include: (1) How does alleles sampling affect phylogenetic
inference, and how do concatenation versus coalescent methods behave
in treating these datasets? (2) What are the causes for the phylogenetic
discordance, and could the monophyly of Phyllostachys as well as its two
sections be resolved? And (3) Do the species possessing intermediate
morphological characters between the two sections have hybrid ori-
gins?

2. Materials and methods

2.1. Taxon sampling, PCR amplification and sequencing

Referring to the traditional taxonomy and geographical distribution
of Phyllostachys (Wang et al., 1980; Keng and Wang, 1996; Li et al.,
2006), 13 and 6 species considered as typical morphological re-
presentation (e.g., culm sheath auricles, the width of culm sheath ligule,
and the color, spots and the hair of culm sheath) of sect. Phyllostachys
and sect. Heteroclada, respectively, were sampled. We also sampled an
additional seven species (five from sect. Phyllostachys and two from
sect. Heteroclada) with debatable taxonomic placements, possessing
intermediate morphological characters of both sections (Wang et al.,
1980; Keng and Wang, 1996; Li et al., 2006). In total, 26 out of the 51
described species in this genus were sampled (Li et al., 2006) (Table 1).
Based on molecular phylogenetic studies (Zhang et al., 2012) and
classical taxonomy (Wang et al., 1980), six species out of a total of eight
from putative sister group Shibataea and five species from another three
related genera (one from Brachystachyum, and two from Sasa and
Pleioblastus, respectively) were sampled, as well as two species from
Fargesia as outgroups (Table 1). Five of the total 39 sampled taxa were
sequenced in Zhang et al. (2014), and total genomic DNA of the re-
maining 34 taxa was extracted from leaves dried in silica gel, using a
modified CTAB procedure for subsequent sequencing (Doyle and Doyle,
1987).

A total of 74 putative single- or low-copy orthologous genes were
amplified in the 34 species as in Zhang et al. (2014). PCR products were
detected by 1.0% agarose gel electrophoresis and quantified by a Na-
noDrop ND1000 spectrophotometer (NanoDrop Technologies, Wil-
mington, DE, USA). DNA concentrations of each sample were standar-
dized and used as amplicons for subsequent sequencing, which derived
from the pooled PCR products of 74 amplified genes with approxi-
mately equal mass, reaching about 20 µg DNA in total. Sequencing li-
braries with insert sizes of ∼400 bp were built on the 34 mixed am-
plicons following the manufacturer’s instructions (Illumina) and then
indexed before mixing together. Pair-end sequencing of 250 bp was
implemented on MiSeq sequencing platform at BGI Shenzhen, China.

2.2. Sequence assembly

Before assembling, we removed adapter contamination and dis-
carded raw reads which contained more than 50% of bases with Phred-
scaled quality scores less than 20. The filtered reads were assembled in
Velvet v1.2.07 (Zerbino and Birney, 2008) with a k-mer of 205 and
min_contig_length of 300. The subsequent procedures were similar to
Zhang et al. (2014). The generated contigs were inspected through
AMOS v3.1.0 (Schatz et al., 2011) and EagleView v2.2 (Huang and
Marth, 2008), and sites with incidence ratio of≥0.3 for a minor base in
contigs were considered to be polymorphic and treated as base coding.
All of the sequences of 74 genes from five sequenced species in Zhang
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et al. (2014) (Table 1) were used as the reference to identify the cor-
responding genes from the assembled contigs using BLASTn with E-
values of 10−5 and an alignment length of at least 250 bp. Contigs with
an identity of sequences ≥95% in BLASTn results were retained. Be-
cause most of the retrieved contigs were partial genes, we imported
them into Geneious v4.8.5 (Drummond et al., 2009) for further as-
sembly. Owing to 250 bp Illumina sequencing reads, we could assemble
relative long contigs with a N50 size at least 698 bp for all samples
(900 bp on average). While the lengths of amplified genes were be-
tween 1500 bp and 2000 bp, most genes could be assembled from two
or three contigs. When sites were overlapped by two heterogeneous
contigs in the Geneious assembly, we divided the consensus sequence
into two sequences as in Zhang et al. (2014) and first briefly treated
them as intra-individual heterogeneous sequences. If genes failed to be
assembled in certain species in the above process, sequences of the
corresponding genes from other assembled species were used as refer-
ences to re-assemble these genes. Lastly, we mapped obtained se-
quences of P. bambusoides, one of which possessed the most number of
sequences for the genes (Table 1), to the draft genome sequences of P.

edulis (Peng et al., 2013) to determine whether the different sequences
of a gene were from the same genomic region. The mapped scaffold
receiving the highest BLASTn scores was considered as rough genomic
location.

2.3. Phylogenetic analyses

We obtained two or more sequences for each gene in most taxa and
they could be considered as different alleles (details in Results).
However, there was no conventional way to combine two or more
heterozygous genes across taxa for multi-locus phylogenetic inference
(Sota and Vogler, 2003; Joly and Bruneau, 2006; Weisrock et al., 2012).
We first built individual gene trees with all the alleles included to ob-
tain an overview of their clustering in the tree. Subsequently, we de-
veloped an approach to randomly sample one allele for each gene at
one time from a given taxon. We also assembled data subsets including
different taxa with and without the seven putative hybrids of Phyllos-
tachys species. These analyses are detailed below.

For genes with different alleles, we first worked out their distance

Table 1
List of 39 bamboo species sampled in this study.

Taxona Voucher Locality No. of sequences from 61 genes

Brachystachyum Keng
B. densiflorum (Redle) Keng ZLN-2011082 Zhejiang, China 97
Fargesia Franchet
○F. nitida (Mitford) P. C. Keng ex T. P. Yi Zhang 08017 Sichuan, China 81
○F. spathacea Franchet MPF10141 Sichuan, China 102
Phyllostachys Siebold & Zuccarini
Phyllostachys sect. Phyllostachys
P. acuta C. D. Chu & C. S. Shao ZLN-2011151 Anhui, China 111
P. angusta McClure ZLN-2011057 Zhejiang, China 113
P. arcana McClure ZLN-2011029 Zhejiang, China 75
P. aurea Carrière ex Rivière & C. Rivière KMBG06 Yunnan, China 114
*P. aureosulcata McClure ZLN-2011027 Zhejiang, China 120
P. bambusoides Siebold & Zuccarini ZLN-2011031 Zhejiang, China 123
○P. edulis (Carrière) J. Houzeau MPF10163 Yunnan, China 62
P. fimbriligula T. H. Wen ZLN-2011041 Zhejiang, China 107
P. kwangsiensis W. Y. Hsiung et al. ZLN-2011062 Zhejiang, China 112
*P. mannii Gamble ZLN-2011142 Yunnan, China 118
P. meyeri McClure ZLN-2011032 Zhejiang, China 119
○*P. nigra var. henonis (Mitford) Stapf ex Rendle MPF10172 Yunnan, China 92
P. prominens W. Y. Xiong ex C. P. Wang et al. ZLN-2011107 Fujian, China 110
*P. shuchengensis S. C. Li & S. H. Wu ZLN-2011058 Zhejiang, China 120
P. sulphurea var. viridis R. A. Young ZLN-2011146 Zhejiang, China 83
*P. varioauriculata S. C. Li & S. H. Wu ZLN-2011150 Anhui, China 123
P. viridi-glaucescens Rivière & C. Rivière ZLN-2011026 Zhejiang, China 105
P. vivax McClure ZLN-2011157 Anhui, China 119
Phyllostachys sect. Heterocladae
P. atrovaginata C. S. Chao & H. Y. Zhou ZLN-2011036 Zhejiang, China 120
*P. bissetii McClure ZLN-2011152 Anhui, China 120
P. heteroclada Oliver ZLN-2011061 Zhejiang, China 117
○P. nidularia Munro ZLN-2011069 Zhejiang, China 74
P. parvifolia C. D. Chu & H. Y. Chou ZLN-2011055 Zhejiang, China 123
*P. robustiramea S.Y. Chen & C. Y. Yao ZLN-2011050 Zhejiang, China 120
P. rubicunda T. H. Wen ZLN-2011155 Anhui, China 89
P. rubromarginata McClure ZLN-2011060 Zhejiang, China 117
Pleioblastus Nakai
P. amarus (Keng) P. C. Keng Zhang 07082 Zhejiang, China 119
P. juxianensis T. H. Wen Zhang 12055 Anhui, China 86
Sasa Makino & Shibata
S. longiligulata McClure Zeng & Zhang 06123 Guangdo, China 54
S. qingyuanensis (C. H. Hu) C. H. Hu Zeng & Zhang 06182 Zhejiang, China 74
Shibataea Makino ex Nakai
S. chiangshanensis T. H. Wen ZLN-2011080 Zhejiang, China 86
S. chinensis Nakai ZLN-2011147 Zhejiang, China 103
S. hispida McClure ZLN-2011154 Anhui, China 71
S. nanpingensis Q. F. Zheng & K. F. Huang Zhang 08060 Fujian, China 84
S. strigosa T. H. Wen ZLN-2011084 Zhejiang, China 77
S. sp. ZLN-2011148 Zhejiang, China 86

a Species with a star indicates that its taxonomic placement in Phyllostachys is controversial based on morphology (Wang et al., 1980; Keng and Wang, 1996; Li
et al., 2006), and species sequenced in Zhang et al. (2014) marked by a circle.
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matrices as described in Zhang et al. (2014) and separately kept the
alleles that were the most distant and most related to the outgroup of
Fargesia to assemble datasets of ‘F’ and ‘N’. If there was only one se-
quence recovered for a specific taxon, it would appear in both datasets.
To further explore the impact of intra-individual heterogeneous se-
quences on phylogenetic inference, we developed a Perl script to ran-
domly sample one allele for each gene. Ten datasets with randomly
selected alleles were generated by performing this script in BioPerl-1.6
(Stajich et al., 2002) and separately denoted as ‘00’, ‘01’, and so on. In
total, there were 12 datasets in which only a single allele was retained,
facilitating subsequent multi-loci concatenation and coalescent ana-
lyses.

For the 26 sampled Phyllostachys species, seven were deduced as
being of putative hybrid origin and usually possessed alleles which
could be clustered into two distinct clades in individual gene trees
(details in Results). Selecting a random one was thus supposed to be a
problem for phylogenetic inference. To make clear how random sam-
pling of alleles influence the phylogenetic inference in the presence of
hybrids, we derived two data subsets including 32 taxa from the ori-
ginal dataset (‘39_sp’). One was with the seven putative hybrid species
excluded (‘32_sp’) and another with seven randomly selected
Phyllostachys species excluded (five from sect. Phyllostachys and two
from sect. Heteroclada, respectively, according to the total samplings
from them) (‘v_32_sp’).

Alignments for each gene were conducted in Geneious with
MUSCLE (Edgar, 2004) using default settings, and were inspected vi-
sually and locally adjusted where necessary. The best-fitting model of
sequence evolution was identified by jModelTest 2.1.2 (Posada, 2008)
with Akaike Information Criterion (AIC) (Posada and Buckley, 2004)
for subsequent Bayesian analysis (Table S1).

We first implemented maximum likelihood (ML) to infer gene trees
for downstream species tree estimation. All ML analyses were con-
ducted in RAxML-7.2.8-ALPHA (Stamatakis, 2006) using GTRGAMMA
model as suggested in the manual. We performed rapid bootstrap in-
ferences with a subsequent thorough ML search-1000 replicates for the
individual genes with all the alleles included and 200 replicates for
each gene with a single allele sampled of the 36 datasets (12 samplings
of different alleles by three taxon sampling sets; Table S2). For each
dataset in which all gene sequences were concatenated, the data matrix
was partitioned by different genes for ML analyses. The partitioned ML
analyses were also performed with 200 rapid bootstrap replicates.

Bayesian inference (BI) was performed with MrBayes v3.1.2
(Ronquist and Huelsenbeck, 2003) on the individual genes with all the
alleles included using the best-fitting model (Table S1). We ran the
Markov chain Monte Carlo (MCMC) chains for four million generations,
sampling a tree every 1000 generations. Convergence of the runs was
assessed in Tracer v1.5 (Rambaut and Drummond, 2007) and through
monitoring the average standard deviation of split frequencies below
0.01. The first 25% of the sampled trees were discarded as burn-in, and
a consensus tree with posterior probabilities was established from the
remaining trees. To estimate concordance among gene trees, we also
performed BI analyses of individual genes from the datasets of ‘F’ and
‘N’ with different taxon samplings (Table S2) in the same way. The trees
sampled from these BI analyses were analyzed with BUCKy v1.4 (Larget
et al., 2010) to obtain the concordance factor (CF). The program ran 10
million generations with four independent replicate runs and one mil-
lion generations as burn-in, and a range of a priori level of discordance
(α=1, 10, or 100). We also performed species tree inference with
summary-coalescent method ASTRAL (Mirarab et al., 2014b), based on
ML gene trees with 200 bootstrap trees.

2.4. Effects of gene numbers and molecular evolutionary rates on phylogeny
estimation

To explore the influence of alleles sampling on phylogenetic in-
ference in the presence of different numbers of genes, we generated

datasets by subsampling genes from the whole set. As an initial probe
into this question, we only considered two subsets of genes (32 genes
sampled for all 39 taxa and 50 genes sampled for at least 38 taxa), and
did not try more sets because of likelihood of too many datasets to be
analyzed. We performed this analysis using each of 12 datasets of
‘39_sp’ and ‘32_sp’, and the partitioned ML analyses were conducted as
above.

The heterogeneity of molecular evolutionary rates among sites and/
or lineages could pose a challenge for phylogenetic inference
(Felsenstein, 1978; Yang, 1996). To determine whether there were such
tree-building artifacts caused by fast-evolving sites of genes in our
analyses, we evaluated substitution rates of nucleotide sites for the
dataset of ‘F’ with 39 taxa in TIGER (Cummins, 2011), as this dataset
was expected to show the most divergent rates of evolution for gene
sequences. TIGER estimated rates of molecular evolution independent
of trees, and ten bins were sorted. We then sampled sites in the last
three bins as rapid-evolving partition and the remaining bins as slow-
evolving partition, respectively. The two subsets were performed with
ML analysis in RAxML as above. To do coalescent analyses, we carried
out the evaluation of substitution rates for each gene and then divided it
into two subgenes by the sorting results as mentioned above. Individual
gene trees of the rapid-evolving and slow-evolving subgenes were also
estimated by RAxML for ASTRAL analysis.

2.5. Comparison of phylogenetic trees

To assess the consistency among the topologies of the phylogenetic
trees inferred from different samplings of alleles we calculated un-
weighted Robinson-Foulds distances (Robinson and Foulds, 1981) for
all pairwise tree comparisons separately within the datasets of ‘39_sp’,
‘32_sp’, and ‘v_32_sp’ using Phangorn (Schliep, 2011). For concatena-
tion, a total of 2400 bootstrap trees from ML analyses (200 replicates
sampled from each of the 12 datasets) were used. For coalescent, we
chose the best-scoring ML tree of each gene from a total of 32 genes
which were present in all 39 taxa, and in such cases, there were 384
trees in all for analyses (32 best-scoring ML trees in each of the 12
datasets). Subsequently, we ran the SMACOF (Leeuw and Mair, 2009)
function in R (R Development Core and Team, 2011) to do multi-
dimensional scaling (MDS) analysis (Borg and Groenen, 2003). The
MDS analysis plotted as two-dimensional space, representing the mul-
tidimensional space for visualization in Sigmaplot, was repeated mul-
tiple times to obtain stable results.

TreeJuxtaposer v2.1 (Munzner et al., 2003) was used to exhibit the
incongruence among phylogenetic trees inferred by concatenation and
coalescent methods from the 12 datasets under the same taxon sam-
pling by coloring branches with different branching orders. To further
summarize the comparison, each set of twelve phylogenetic trees was
used as input to Phylip-3.695 (Felsenstein, 2005) to build the extended
majority-rule consensus tree.

3. Results

3.1. Sequence characters and individual gene trees

We successfully amplified almost all the 74 targeted genes for the 34
newly sampled species (Table S3). After filtering low-quality Illumina
reads, we obtained between 1475914 and 1857846 paired-end reads of
250 bp per individual (mean 1726254). On average, 188 Velvet contigs
per individual (from 142 to 264) with an average sequencing depth of
∼50× were mapped to the sequences of 74 genes in Zhang et al.
(2014) and retained for further assembly, generating 65–74 gene se-
quences for the 34 taxa (Table S3). We selected 54 genes that were
present for at least 37 out of all 39 taxa for downstream analyses. All
newly generated sequences were deposited in the GenBank (Table S4).

As observed with five taxa in Zhang et al. (2014), different se-
quences from seven of the 54 genes could still be grouped into two well-
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supported clades in individual gene trees with enlarged taxa sampling
here (results not shown). We thus treated each of these seven genes as
two independent genes. As such, there were 61 individual genes from
39 taxa for phylogenetic analyses (Table 1; Fig. 1), and only few genes
were missing with all present in at least 37 taxa (32 of them in all the 39
taxa). We obtained a total of 3926 sequences for the 61 genes in 39 taxa
with almost two sequences recovered per gene per individual and the
most with eight sequences. Except for two genes FWD1 and PUF_47,
there was limited variation in the number of sequences per gene
(Fig. 1). For individuals, it appeared that the Phyllostachys species had
overall more number of sequences per gene than those of other genera
especially Sasa and Shibataea, despite few taxa such as P. arcana and P.
edulis also having fewer sequences. The seven Phyllostachys species with
intermediate morphological characters did not contain significantly
more sequences per gene than others, but they were certainly not those
with the least (Fig. 1). Mapping the 123 sequences of 61 genes from P.
bambusoides to P. edulis genome suggested that different sequences
within a gene were all derived from the same genomic regions for all

genes except for FWD1 and GPA1_B (Table S5), indicating that they
were better recognized as intra-individual heterogeneous sequences
(alleles) rather than different genes.

Alignments of 61 individual genes with 48 to 174 sequences (mean
64) from 39 taxa ranged from 623 bp to 3320 bp (mean 1794 bp) with
the proportion of variable sites of 5.29–24.7% (mean 9.47%) per gene
(Table S1). Bayesian and ML analyses of these alignments generated
very similar phylogenetic trees. However, these individual gene tree
topologies differed widely from each other, even just regarding the
monophyly of Phyllostachys and the two sections within it. There were
only five genes supporting the monophyly of Phyllostachys. Further-
more, no clear pattern of clustering emerged for the alleles and they
could be sister to each other but mostly placed in different phylogenetic
positions in the tree. Nevertheless, the alleles from the seven putative
hybrid taxa were usually clustered into two distinct clades roughly
corresponding to sect. Phyllostachys and sect. Heteroclada, such as in the
gene tree of Rifig (Fig. S1). In addition, support values were generally
low in these individual gene trees and we needed to combine the genes

Fig. 1. Heatmap of the number of allele sequences recovered for the 61 nuclear genes from the 39 sampled bamboo species. The bar indicates numbers ranging from
zero to eight. The seven Phyllostachys species with controversial taxonomic placements are shown in bold and the same rule for the following Figures if applicable.
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Fig. 2. Phylogenetic discordance across 12 datasets using maximum likelihood (ML) under three strategies of taxon sampling: (a) ‘39_sp’, all 39 species; (b) ‘32_sp’, 32
species without seven putative Phyllostachys hybrids; and (c) ‘v_32_sp’, 32 species with seven randomly selected Phyllostachys species excluded. Six representative tree
topologies are shown here and the remaining in Figs. S3, S5, S8 for the three different taxon samplings, respectively. Ten datasets marked with ‘00’, ‘01’ till ‘09’ were
assembled by randomly selecting one allele, and ‘F’ and ‘N’ by separately selecting the most genetically distant and related alleles to the outgroups. Branches colored
by dark olive, green, and blue indicate those connected species of Shibataea, sect. Phyllostachys, and sect. Heteroclada, respectively, while indicated in red by
TreeJuxtaposer when the branching orders are not constant across the 12 phylogenetic trees. Bootstrap support values associated with branches are only shown for
those major nodes discussed in the main text.
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for more robust phylogenetic inference.

3.2. Incongruence among datasets with different samplings of alleles

The total alignment length of the 61 genes ranged narrowly from
108,087 bp to 108,854 bp in these 12 datasets. Phylogenetic analyses
revealed extensive discrepancies on inferred relationships between
datasets, as well as between concatenation and coalescent methods
(Figs. 2a and 3a).

The phylogenetic resolution in ML analyses was greatly increased
with general strong support (Fig. 2a and Fig. S2) compared to those of
individual gene trees. However, the deep nodes among the major clades
(Shibataea, sect. Phyllostachys, sect. Heteroclada, and sometimes an ad-
ditional P. edulis subclade usually comprising of P. edulis, P. kwang-
siensis, and P. nigra var. henonis derived from sect. Phyllostachys) re-
ceived only low to moderate bootstrap values, while the grouping of
these Phyllostachys and Shibataea taxa were obtained 100% support in
all trees. The monophyly of major clades without considering the seven
putative hybrid species (see details below) were moderately to strongly
supported in all datasets except for the dataset of ‘09’ (Fig. 2a). Fur-
thermore, there were five distinct topologies regarding the relationships
among the major clades (Fig. 2a) in the 12 datasets with the two most
common both being recovered four times. However, neither of the two
topologies revealed the monophyly of Phyllostachys and there were only
two datasets supporting it with low bootstrap values (38% and 50%;
Fig. 2a and Fig. S2).

On the other hand, there were also substantial differences about the
shallow phylogenetic relationships within Phyllostachys between data-
sets (Fig. 2a and Fig. S2), especially concerning placements of the seven
morphologically intermediate Phyllostachys species. It was notable that
the relationships within Shibataea were much more consistent than
those of Phyllostachys. The high level of conflicts between ML phylo-
genetic analyses of 12 datasets above was well reflected by MDS plots of
trees in multi-dimensional space (Fig. 4a). The bootstrap trees from
each of these datasets occupied clearly different regions of tree space,
exhibiting 12 distinct clusters with no significant overlap between any
two of them.

In contrast to the ML tree, the species tree estimated by ASTRAL
from 61 gene trees was more consistent across the 12 datasets (Fig. 3a
and Fig. S3). In particular, an identical topology of deep relationships
among the major clades was obtained although with generally low
ASTRAL bootstrap values except for the node connecting all the Phyl-
lostachys species, which received>95% support in the vast majority of
trees. This contrasted sharply to ML analyses in which the monophyly
of Phyllostachys was only recovered by two datasets with low support
values.

Regarding the shallow phylogenetic relationship, the placements of
the seven putative hybrid species also varied widely across datasets
(Fig. 3a and Fig. S3) as observed in the ML trees. Unlike the pattern of
clustering of bootstrap trees from ML analyses in the MDS plot, the gene
trees from different datasets were totally overlapped with each other
(Fig. 5a). They occupied very similar regions of tree space, and more-
over, there was no significant variation in the degree of the trees from
one dataset overlapping with those from any other datasets.

3.3. Datasets with and without the putative hybrid species

The seven putative hybrid species were grouped into sect.
Phyllostachys or sect. Heteroclada (sometimes an additional P. edulis
subclade) in a dataset, but none of them stayed in the same section
across the 12 datasets for both the ML and ASTRAL methods (Fig. 6).
Nevertheless, belonging to which section was more or less consistent
between the ML and ASTRAL methods in a given dataset (Fig. 6).

By contrast, all of the other 13 sampled taxa from sect. Phyllostachys
(sometimes two of them forming an independent P. edulis subclade) and
six from sect. Heteroclada were always clustered into their

corresponding sections for both ML and ASTRAL analyses (Figs. 2a and
3a, Figs. S2 and S3). Together with analyses of individual gene trees
above, these results suggested the hybrid origin of the seven species
which could not be undisputedly placed in one of the two Phyllostachys
sections for possessing intermediate morphological characters (Wang
et al., 1980; Keng and Wang 1996; Li et al., 2006).

For the ML analyses of ‘32_sp’, the topologies of deep relationships
differed from those of ‘39_sp’ in eight of twelve datasets (Fig. 2b and
Fig. S4). Strikingly, changing phylogenies converged to the same to-
pology with identical branching orders among the major clades as ob-
tained for all the ‘32_sp’ datasets. The monophyly of Phyllostachys was
not supported rather with a sister relationship between Shibataea and
sect. Phyllostachys. Furthermore, the bootstrap values for these deep
nodes increased drastically in comparison to those datasets of ‘39_sp’ to
100% in nearly all analyses (Fig. 2b and Fig. S4). Despite these con-
flicts, more consistent results were also obtained for the shallow phy-
logeny as evident from the comparison of extended majority-rule con-
sensus trees between ‘32_sp’ and ‘39_sp’ datasets (Fig. 7a and c). The
overall reduced inconsistencies between the ‘32_sp’ datasets were also
evident from the MDS plots (Fig. 4a and b).

It is notable that in ASTRAL species trees of ‘32_sp’ we recovered
two distinct topologies of backbone phylogeny (Fig. 3b and Fig. S5).
The monophyly of Phyllostachys was no longer supported by five da-
tasets, and the support values for Phyllostachys as monophyletic were
very low in the other seven ones, while it received> 95% support in
nearly all ‘39_sp’ datasets. On the contrary, the support values for the
two Phyllostachys sections increased to 100% in nearly all analyses. For
the shallow phylogeny, like the ML analyses, the species trees were
more similar to each other than those of ‘39_sp’ datasets (Fig. 7b and d).
Overall, the ‘32_sp’ and ‘39_sp’ datasets under the ASTRAL method
showed very similar distributions of tree space in the MDS analysis
(Fig. 5a and b).

To explore the potential causes of the non-monophyly of
Phyllostachys in the five datasets of ‘32_sp’ above, we examined the
individual gene trees and found certain species of sect. Heteroclada
(sometimes together with a few species of sect. Phyllostachys) clustering
with species of Pleioblastus in 12–15 genes out of 61 genes for each
dataset. In considering that the problematic gene trees could mislead
species tree inference (Arcila et al., 2017), we reanalyzed the five da-
tasets with these genes excluded. The monophyly of Phyllostachys was
again revealed with moderate support values (Fig. S6).

The situation was much more complicated for the ‘v_32_sp’ datasets
in which randomly selected taxa of Phyllostachys rather than the puta-
tive hybrids were excluded, especially with ML. There were only four
datasets supporting the same backbone phylogeny as those of ‘39_sp’
datasets and a total of eight distinct topologies were recovered (Fig. 2c
and Fig. S7), and five of which were not revealed with ‘39_sp’ datasets.
For ASTRAL, the backbone topology changed in four datasets with the
P. edulis subclade as sister to sect. Heteroclada (Fig. 3c and Fig. S8).

The seven putative Phyllostachys hybrid species fell into different
sections in different ‘v_32_sp’ datasets for both methods (Fig. S9). In
addition, they often belonged to the same section as in the corre-
sponding datasets of ‘39_sp’ (Fig. 6 and Fig. S9). Judging from the MDS
analysis (Fig. 4a-c and 5), it seemed that the degree of conflicts under
‘v_32_sp’ was between that of ‘32_sp’ and ‘39_sp’ with ML, while roughly
comparable across different taxon samplings with ASTRAL. A similar
trend also emerged in comparing the extended majority-rule consensus
trees of these datasets (Fig. 7).

3.4. Datasets with different numbers of genes and with rapid- vs. slow-
evolving genes

To assess the impacts of numbers of genes used on conflicts between
different samplings of alleles in the ML analyses, we assembled two sub-
datasets of 32 and 50 genes from the 61 genes under ‘39_sp’ and ‘32_sp’
taxon samplings. As observed for all genes, exclusion of putative
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Phyllostachys hybrid species resulted in more consistent phylogenetic
relationships across the 12 datasets for both the 32 and 50 genes
(Fig. 4d–g). In the MDS analysis, it also appeared that the dots of 12
clusters of trees were plotted with more overlapping space with

increased numbers of genes (Fig. 4), and this trend was more evident
with 39 taxa.

The topologies inferred from the rapid-evolving partition of genes
from the dataset of ‘F’ with 39 taxa using the ML and ASTRAL methods
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Fig. 3. Phylogenetic discordance across 12 datasets using ASTRAL under the same three strategies of taxon sampling in Fig. 2: (a) ‘39_sp’, (b) ‘32_sp’, and (c) ‘v_32_sp’.
Six representative tree topologies are shown here and the remaining in Figs. S4, S6, S9 for the three different taxon samplings, respectively. Branch colors are defined
as in Fig. 2. ASTRAL support values associated with branches are only shown for those major nodes discussed in the main text.
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were separately identical to the corresponding trees based on the whole
gene sequences with similar support values (Fig. S10). On the other
hand, the phylogenetic resolution was very poor for the slow-evolving
partition of genes.

3.5. Bayesian concordance analysis of gene trees

We used Bayesian concordance analysis to evaluate conflicts be-
tween individual gene trees based on the datasets of ‘F’ and ‘N’ under
‘39_sp’ and ‘32_sp’ taxon samplings. A test of different sets of con-
cordance prior α generated the same results. The primary concordance
tree (Fig. 8a and b) was topologically similar to the ASTRAL phylogeny
while conflicting with the ML phylogeny for both datasets of ‘39_sp’.
Only the phylogenetic placement of the P. edulis subclade varied be-
tween the ASTRAL phylogeny and primary concordance tree with it not
being clustered within sect. Phyllostachys in the latter one. Nevertheless,
many splits had extremely low CF values (< 0.10), particularly in the
early divergence of Phyllostachys (Fig. 8a and b), indicating strong and
conflicting phylogenetic signals across individual genes. Similar results
were obtained for ‘32_sp’ taxon sampling (Fig. 8c and d), but revealed a
slight increase in the CF values along the early splits within Phyllos-
tachys. Furthermore, the P. edulis subclade fell into sect. Phyllostachys
with its monophyly being supported again.

4. Discussion

4.1. Extensive allelic variation recovered in Phyllostachys and related
bamboos

Although the importance of incorporating alleles in phylogenetic
analyses has long been documented (Joly and Bruneau, 2006), alleles
continue to be ignored in most studies. Here, we adopt an approach
based on PCR amplification of single-copy nuclear genes in combina-
tion with high-throughput sequencing for phylogenetic analyses of a
tetraploid bamboo genus Phyllostachys and its close relatives. We re-
vealed extensive sequence variations for the amplified genes within
individuals, which were considered to be alleles based on identical
genomic locations (Table S5). Both the relatively long targeted loci with
most of them between 1500 bp and 2000 bp (Table S1) and our se-
quencing of 250 bp paired-end reads facilitated the recovery of het-
erogeneous sequences within individuals, giving us more confidence in
treating them as alleles.

Allelic sequence variation was suggested for several nuclear genes in
temperate bamboos in previous studies (Zhang et al., 2012; Yang et al.,
2013; Triplett et al., 2014). With more genes, we showed that this is
probably a common feature of sequenced nuclear genes in these bam-
boos. There were approximately two divergent alleles obtained per
gene with limited variation both between genes and between in-
dividuals (Fig. 1), although species of Sasa and Shibataea appeared to
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Fig. 4. Two-dimensional plots of tree space from multidimensional scaling (MDS) analysis for 12 datasets based on unweighted RF distances between trees for
maximum likelihood (ML) analysis. Each point represents a tree taken from the bootstrap distribution of a given dataset. The different gene samplings of 32 genes, 50
genes, and 61 genes are those shared by all 39, at least 38, and at least 37 taxa out of total 39 ones, respectively.
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contain one sequence for most genes. In addition, the alleles within
individuals did not form a monophyletic group in gene trees in most
cases as observed for GBSSI and LEAFY (Zhang et al., 2012; Yang et al.,
2013). Both the recent origin with rapid divergence of these bamboos
(Hodkinson et al., 2010; Zhang et al., 2016) and long flowering cycles

(i.e., ∼100 years for Phyllostachys; Janzen, 1976) are supposed to
contribute to the persistence of allelic variation in them. Being allote-
traploid in origin (Peng et al., 2013; Triplett et al., 2014) might also
play a role in the extensive allelic variation of these bamboos.

4.2. Phylogenetic inference with different alleles and analytical methods

We documented extensive phylogenetic conflicts across different
alleles under both coalescent and concatenation methods (Figs. 2 and 3,
Figs. S2–S4). However, the degree of conflicts varied between the two
methods with, in general, a much higher level observed for con-
catenation, and coalescent methods seemed to be more robust than
concatenation to allelic variations as suggested by a recent study using
genome-wide phylogenetic markers as well (Fernández-Mazuecos et al.,
2018). The conflicts occurred throughout the phylogeny from shallow
to deep levels, as revealed by the MDS analysis (Fig. 4) and the ex-
tended majority-rule consensus trees (Fig. 7). Furthermore, the con-
trasting relationships based on different alleles were generally well
supported.

We further explored the extent of conflicts by varying the number of
taxa and genes included. The degree of conflicts exhibited a tendency to
decrease with fewer taxa (Figs. 4 and 7), which may suggest the fact
that the differences between combinations of randomly selected alleles
would become larger as more taxa involved. This trend was more evi-
dent after excluding taxa showing strong signals of hybridization.
Nevertheless, when we reduced the number of genes, the degree of
conflicts was not expected to drop down (Fig. 4), which seemed to be
contrary to the case of fewer taxa. A plausible explanation is that in-
creased differences between combinations of more alleles could be
partially offset by more convergent phylogenetic signals provided by
more genes.

Based on intermediate morphological characters between sect.
Phyllostachys and sect. Heteroclada and varying phylogenetic affinities
from one section to another across different samplings of alleles (Fig. 6
and Fig. S9), we inferred that hybridization occurred between the two
sections for the seven Phyllostachys species (Table 1). Hybridization is
not unexpected in bamboos despite their long flowering cycles (Janzen,
1976) and has already been suggested for a couple of species, even
between different tribes, based on morphological and molecular evi-
dences (Clark et al., 1989; Triplett et al., 2010; Zhang et al., 2012; Yang
et al., 2013; Triplett et al., 2014). It is straightforward to take putative
hybrids as a main source of conflicts at shallow phylogenetic levels as
they often contain alleles originating from both sections, which would
complicate the resolution of their placements and also the support for
the monophyly of sections. However, it is difficult to rely on this factor
alone to explain the different behaviors on supporting the monophyly of
Phyllostachys with and without putative hybrids, as well as between
concatenation and coalescent methods.

Bayesian concordance analysis revealed phylogenies with extremely
low CF values regardless of the inclusion or exclusion of putative hy-
brids (Fig. 8), especially along the backbone nodes, highlighting the
extensive phylogenetic conflicts among genes, potentially due to ILS
during the early diversification of Phyllostachys. Thus, the ML analyses
consistently revealed the non-monophyly of Phyllostachys with sect.
Heteroclada clustering outside the genus receiving 100% support in
nearly all 12 datasets without putative hybrids (Fig. 2b and Fig. S4).
Concatenation methods assume that all genes have the same evolu-
tionary history and thus are prone to generate highly supported phy-
logenies, however, in the presence of ILS, the recovered phylogeny may
be misleading (Brassac and Blattner, 2015; Meyer et al., 2017). Coa-
lescent methods such as ASTRAL can handle gene-tree discordance
caused by ILS (Mirarab et al., 2016), revealing the monophyly of
Phyllostachys despite not in all datasets without putative hybrids
(Fig. 3b and Fig. S5). In addition, monophyly was obtained (Fig. S6)
after excluding genes which might undergo complex evolutionary
processes other than ILS in the remaining datasets. We suppose that
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Fig. 5. Two-dimensional plots of tree space from multidimensional scaling
(MDS) analysis for 12 datasets based on unweighted RF distances between trees
for ASTRAL anaylsis. Each point represents a tree taken from the 32 best-
scoring maximum likelihood (ML) trees of a given dataset inferred from the 32
genes shared by all the 39 taxa.
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sect. Heteroclada could be related to sect. Phyllostachys through putative
hybrids between them, somewhat counteracting the effects of ILS. As
such, the monophyly of Phyllostachys was highly supported in all da-
tasets using ASTRAL and sometimes recovered in ML analyses under the
complete taxon sampling. ILS can be accounted for by coalescent
method while not by concatenation (Brassac and Blattner 2015;
Mirarab et al., 2016; Meyer et al., 2017), causing the different perfor-
mances of the two methods on recovering the monophyly of Phyllos-
tachys, and in this regard the former one is favored.

4.3. Implications for phylogenetic reconstruction and taxonomy of
Phyllostachys and the whole tribe

The diagnostic morphological characters of Phyllostachys are ap-
parent, such as the leptomorph rhizomes and two branches per node
(Wang et al., 1980). Its monophyly was strongly supported when we
took ILS into account, which had a sister relationship to Shibataea
(Zhang et al., 2012). Furthermore, the monophyly of sect. Phyllostachys
and sect. Heteroclada was also supported in nearly all analyses without
considering the putative hybrid species. This result is congruent with
the original infrageneric classification of Phyllostachys mainly based on
morphological features, such as inflorescence types, culm sheaths, and
rhizomes (Wang et al., 1980; Keng and Wang 1996; Li et al., 2006).
However, it should be noted that our sampling of Phyllostachys here is
incomplete and more taxa are needed to verify the monophyly of this
genus and its sections in future. Another notable result of the phylogeny
is the positioning of P. edulis in the genus, which is the first sequenced
bamboo genome and accounts for ∼70% of the total area of cultivated
bamboos in China (Peng et al., 2013). It was sister to P. kwangsiensis,
and the two species usually formed an early diverging lineage within
sect. Phyllostachys. In addition, division of the sections into groups also
emerges (Fig. 7). Taken together, these findings draw a new phyloge-
netic framework for the genus Phyllostachys, but stand in contrast to
many previous phylogenetic studies of these bamboos which usually
challenge the proposals for traditional taxonomy (Peng et al., 2008;
Triplett and Clark 2010; Zeng et al., 2010; Zhang et al., 2012).

The traditional classification of Arundinarieae has long been de-
bated (Keng and Wang 1996; Triplett and Clark 2010), partially due to
the lack of flowering specimens and relying heavily on vegetative
characteristics. After nearly two decades of molecular phylogenetic
studies (e.g., Guo et al., 2001; Peng et al., 2008; Triplett and Clark,

2010; Zeng et al., 2010; Zhang et al., 2012; Yang et al., 2013; Ma et al.,
2014; Attigala et al., 2016), consensus on the high-level phylogeny of
this tribe remains elusive, though twelve clades have been recovered.
However, these established clades deviated remarkably from the mor-
phology-based classification and nearly all the genera were resolved as
paraphyletic or polyphyletic (Triplett and Clark, 2010; Zeng et al.,
2010; Zhang et al., 2012; Yang et al., 2013). This disagreement with
morphology-based taxonomy may be caused by complex evolutionary
processes (Triplett and Clark, 2010; Zhang et al., 2012; Yang et al.,
2013). For example, some Semiarundinaria species were suggested to be
of hybrid origin involving Phyllostachys and Pleioblastus (Triplett et al.,
2014) and inclusion of these taxa in phylogenetic analysis would result
in the non-monophyly of Phyllostachys. Furthermore, previous studies
were heavily biased on plastid DNA with only few nuclear loci em-
ployed (Hodkinson et al., 2000; Peng et al., 2008; Zhang et al., 2012;
Yang et al., 2013). This is mainly because of the difficulties associated
with sequencing and analyzing nuclear genes in these polyploid bam-
boos (Triplett and Clark, 2010; Yang et al., 2013; Triplett et al., 2014).
In the present study, taking advantage of the long reads of Illumina
MiSeq together with PCR amplification of putative single-copy genes
(Zhang et al., 2014), we used multiple nuclear loci to infer the phylo-
geny of Phyllostachys. With the most resolved phylogeny ever obtained
for Phyllostachys, we present novel insights into the phylogenetic re-
lationships within the genus as well as inferring phylogeny for the
whole tribe. There is no doubt that we need to focus more on phylo-
genetic reconstruction of temperate bamboos in the context of nuclear
genes in the near future.

In addition, this study can be a wake-up call for taxonomic revisions
based on limited molecular evidence not only for the bamboos but also
for the other plant groups, especially those with complex evolutionary
histories, including polyploidization, hybrid speciation, and rapid ra-
diation. As revealed in this study, ILS and hybridization obfuscated
boundaries of some Phyllostachys species and caused gene-tree conflicts
to some extent. If taxonomic changes were made for Phyllostachys or the
tribe Arundinarieae based only on several molecular regions, it must be
questionable. Our analyses of random samplings of alleles as well as
genetic distance-based selection of alleles generated more or less si-
milar phylogenetic results under the concatenation method while more
consistent results were obtained for the coalescent method. This is in
line with the morphology-based taxonomy as Phyllostachys bears the
strongest signal of morphological synapomorphies among all bamboo
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genera, probably being the best-defined bamboo genus. A vast number
of new combinations were made by Christenhusz et al. (2018) based on
previous molecular studies which were usually performed on the basis
of a few molecular regions, nevertheless, it should be cautious to make
such combinations and to use those nomenclature.
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