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Abstract.—Rapid evolutionary radiations are among the most challenging phylogenetic problems, wherein different types
of data (e.g., morphology and molecular) or genetic markers (e.g., nuclear and organelle) often yield inconsistent results.
The tribe Arundinarieae, that is, the temperate bamboos, is a clade of tetraploid originated 22 Ma and subsequently radiated
in East Asia. Previous studies of Arundinarieae have found conflicting relationships and/or low support. Here, we obtain
nuclear markers from ddRAD data for 213 Arundinarieae taxa and parallel sampling of chloroplast genomes from genome
skimming for 147 taxa. We first assess the feasibility of using ddRAD-seq data for phylogenetic estimates of paleopolyploid
and rapidly radiated lineages, optimize clustering thresholds, and analysis workflow for orthology identification. Reference-
based ddRAD data assembly approaches perform well and yield strongly supported relationships that are generally
concordant with morphology-based taxonomy. We recover five major lineages, two of which are notable (the pachymorph
and leptomorph lineages), in that they correspond with distinct rhizome morphologies. By contrast, the phylogeny from
chloroplast genomes differed significantly. Based on multiple lines of evidence, the ddRAD tree is favored as the best species
tree estimation for temperate bamboos. Using a time-calibrated ddRAD tree, we find that Arundinarieae diversified rapidly
around the mid-Miocene corresponding with intensification of the East Asian monsoon and the evolution of key innovations
including the leptomorph rhizomes. Our results provide a highly resolved phylogeny of Arundinarieae, shed new light on
the radiation and reticulate evolutionary history of this tribe, and provide an empirical example for the study of recalcitrant
plant radiations. [Arundinarieae; ddRAD; paleopolyploid; genome skimming; rapid diversification; incongruence.]

Many of the most diverse clades of organisms are
characterized by rapid evolutionary radiations. Studies
of such clades have helped elucidate the evolutionary
mechanisms underlying species diversification; famous
examples include Darwin’s finches (Grant and Grant
2002; Lamichhaney et al. 2015), African lake cichlids
(Seehausen 2006; Wagner et al. 2012) and representatives
of the Andean flora (Pennington et al. 2010; Hughes
and Atchison 2015). Robust phylogenetic estimates
contribute to our understanding of evolutionary radi-
ations, however, resolving relationships within rapidly
diverged clades is challenging. Moreover, the conflicting
genealogies reconstructed from different types of genetic
data can complicate our understanding of evolutionary
radiations (Morales-Briones et al. 2018; Platt II et al. 2018).

In recent years, phylogenomics has become increas-
ingly affordable owing to rapid advances in next-
generation sequencing (NGS) techniques. Methods
for subsampling genomes, such as restriction-site-
associated DNA sequencing (RAD-seq) methods are
particularly promising to resolve the phylogenetic prob-
lems for shallow taxonomic scales. RAD-seq methods,
which sequence regions adjacent to restriction enzyme
cut sites, gives a good representation of the genome. This
makes it a powerful method for phylogeographic and
systematic studies (Eaton and Ree 2013; Cruaud et al.
2014; Massatti et al. 2016), even for species-rich radiations
(Wagner et al. 2013; Vargas et al. 2017, Hipp et al. 2018).
Newer variants of RAD-seq have made it more cost

and time-effective while mitigating some of the issues
around missing data (Baird et al. 2008; Peterson et al.
2012).

Polyploidization is a prevalent driving force during
the evolution of flowering plants (One Thousand Plant
Transcriptomes Initiative 2019). Phylogenetic studies
on polyploid taxa, however, are challenging due to
the complexity of their genome composition, which
requires distinguishing orthologs from duplicated para-
logs produced via whole-genome duplication (WGD)
(Glover et al. 2016). Once duplicated, the duplicated
loci were followed by cycles from polyploidization to
diploidization, including gene loss, biased fractionation,
genome downsizing, and chromosome rearrangement
that happened over time (Wendel 2000, 2015). It is
important to be aware of if any consideration should be
taken for the polyploids in question, such as the degree
of homozygosity of the polyploids (autopolyploids or
allopolyploids), how recent the polyploid is (paleo-
polyploids, mesopolyploids, or neopolyploids), and the
proportion of duplicate remnants within the genome.
Variation in the rate of the diploidization process may be
also of interest, as the perennial habit and long flower-
ing cycles may delay diploidization in some lineages
such as Arundinarieae (from a few up to 120 years;
Janzen 1976) more than others. Although polyploidy can
affect phylogenetic reconstruction, few bioinformatic
methods have been developed to address this problem
(Blischak et al. 2018). Current approaches are largely
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focused on genotyping crops with well-studied poly-
ploid histories (Chen et al. 2013; Clevenger et al. 2018),
including comparison of closely related diploid parents
and their allopolyploid progeny (Brandrud et al. 2020).
Most NGS approaches to dealing with paleoallopoly-
ploids involve the use of diploid base callers, and
excluding sites that do not appear biallelic and allow
for differentiating subgenomes (Brandrud et al. 2017; Ye
et al. 2019).

Awareness of the implications that the bioinformatic
processing has on the outcome of the data analysis is
now being put much emphasis on like in Shafer et al.
(2017). There is, however, still much to be learned about
the bioinformatic impact on the phylogenetic inference.
For RAD-seq data, many studies have demonstrated
the power of de novo assembled RAD-seq data to
resolve intractable plant radiations, including Iberian
Linaria (Fernández-Mazuecos et al. 2017), Petalidium
(Tripp et al. 2017), and Diplostephium (Vargas et al.
2017). However, conclusions drawn in these studies
may have limited validity when applying to polyploids,
as the confounding effect of gene duplications on
the de novo assembly may be prevalent because it
relies only on sequence similarity to identify homology.
This was demonstrated by Wang et al. (2017), where
different values for some assembly parameters (e.g., the
threshold of coverage depth required to create a stack,
“−m”) considerably influence de novo locus discovery
and phylogeny inference. Methods for reference-based
assembly can greatly improve the ability to identify
orthologs, filter paralogs, and remove reads mapping
to multiple regions of the genome (Cornille et al. 2016),
since its homology identification takes into account both
sequence similarity and mapping position of reads with
regard to the reference. Andrews et al. (2016) indicated
that high coverage is required for confident de novo locus
discovery, whereas reference-based assembly performs
well even with low coverage data. Although reference-
based methods are increasingly being used for the RAD-
seq data assembly of diploids (Rubin et al. 2012; Hipp
et al. 2014; McCluskey and Postlethwait 2015; Andrews
et al. 2016), it can present trade-offs if it yields many
fewer overall loci due to a reliance on a single reference
genome (Stetter and Schmid 2017; Tripp et al. 2017).
Another critical parameter affecting assembly results
is the sequence similarity threshold used to identify
homology (Harvey et al. 2016). The use of a threshold
that is too low can incorrectly combine paralogs as a
single locus (undersplitting), whereas overly stringent
thresholds may divide some part of the true homologous
alleles into separate alignments (oversplitting) (Harvey
et al. 2015). Although previous studies have drawn some
conclusions on the selection of assembly parameters to
mitigate the effects of oversplitting and undersplitting
based on simulated and empirical RAD-seq data (Ilut
et al. 2014; Harvey et al. 2015; Paetzold et al. 2019), they
have mainly focused on diploid species. Whether these

conclusions are compatible with polyploids remains
poorly known.

Arundinarieae (Poaceae: Bambusoideae), known as
the temperate bamboos, is a model lineage for under-
standing complex plant radiations. The entire tribe
originated from an ancient allopolyploid event around
22 Ma, and due to the extinction of diploid progenitors
(CC and DD), all extant species are now allotetraploids
with base chromosome number x=12 (CCDD, 2n= 4X
=48) (Guo et al. 2019). The clade has experienced a
rapid radiation (Hodkinson et al. 2010; Zhang et al. 2016)
and now comprises approximately 550 species across 33
genera (Clark et al. 2015; Soreng et al. 2015; Zhang et al.
2018). This diversity is unevenly distributed globally,
with over 95% of species endemic to East Asia, and the
remaining 20 species distributed in Sri Lanka, southern
India, Madagascar, and Africa, with only three species
in eastern North America (BPG 2012). Many species
are widely cultivated for both culm and edible shoot
production (Ruiz-Pérez et al. 2001; Clark et al. 2015),
including the economically important moso bamboo,
Phyllostachys edulis (syn. P. heterocycla) (Peng et al. 2013).
Certain species provide habitat and exclusive foods for
wildlife, including giant pandas, and many species are
dominant plants of alpine and subalpine forests in the
mountains of Southwest China (Li et al. 2006; Ye et al.
2019).

As one of the major grass lineages that have diver-
sified in forests, Arundinarieae has evolved unique and
complex morphologies that have also made it a taxonom-
ically difficult group. These traits include semelauctant
and iterauctant inflorescences, pachymorph and lepto-
morph rhizomes, and growth habits from solitary to
multiple branches (Supplementary Fig. S1 available on
Dryad at https://doi.org/10.5061/dryad.rr4xgxd6m, Li
et al. 2006). Bamboos have a compound inflorescence
where the basic terminal unit of the inflorescence is
a spikelet, as in other grasses (Kellogg 2015). Each
spikelet is analogous to flower and is composed of one
to several florets. According to the different manner of
development (McClure 1966), two types of inflorescences
are recognized in bamboos. Semelauctant inflorescences
represent a simple form where the primary axis develops
only once, and no meristem remains afterward in the
form of lateral buds; while iterauctant inflorescences are
more complex, containing a jointed axis and lateral buds
at the base of spikelets which can further develop into
spikelet-like structures (pseudospikelets) (Soderstrom
and Ellis 1987). The bamboo rhizome is a horizontal
underground culm system, which contains shortened
internodes and nodes that bear roots and buds. Different
rhizomes are thought to underlie adaptations to diverse
habitats (Wen 1983). The pachymorph rhizomes are
characterized by thick, highly compressed internodes, in
which lateral buds of mother culms produce vertically
curved rhizomes with culms eventually arising from
the apex to above ground. The leptomorph rhizomes
feature slender, longer internodes, in which lateral buds
of mother culms only grow into horizontal rhizomes. The
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apical buds of the leptomorph rhizomes are persistent,
and the axillary buds can be further developed into new
rhizomes or new culms (McClure 1966; Stapleton 1998).

The problem of resolving relationships within
Arundinarieae has recently been called “phylogenetic-
ally intractable” (Ma et al. 2014), due to the clades’ history
of a polyploidization event followed by a rapid radiation.
Previous molecular analyses based on chloroplast loci
divided Arundinarieae into 12 well-supported clades
(clades I–XII) (Triplett and Clark 2010; Zeng et al. 2010;
Yang et al. 2013; Attigala et al. 2014). However, several
relationships among and within these clades are poorly
resolved even when using whole chloroplast genome
data (Ma et al. 2014; Attigala et al. 2016). Compared
with the chloroplast, nuclear sequences can be more
effective in resolving phylogeny (Wickett et al. 2014; Zeng
et al. 2014); however, large nuclear data sets have been
limited in Arundinarieae largely due to the difficulties
of identifying sufficient unambiguous single or low copy
nuclear loci and their orthologs in tetraploid plants. Most
previous phylogenetic studies have used either a few
nuclear markers with broad sampling (Guo and Li 2004;
Zhang et al. 2012; Yang et al. 2013) or large NGS data sets
sampled across only a subset of taxa (Wang et al. 2017; Ye
et al. 2019; Zhang et al. 2019). Large genome-scale data
have yet to be applied across a comprehensive sampling
of Arundinarieae.

Previous phylogenomic studies in Arundinarieae con-
flict in many major ways but agree in several interesting
respects as well. For example, the newly described genus
Hsuehochloa (Zhang et al. 2018) was consistently found as
sister to the rest of Arundinarieae (Yang et al. 2013; Ma
et al. 2014). Examples of conflict include nuclear support
for the establishment of an early-diverging lineage of
Ampelocalamus + Drepanostachyum + Himalayacalamus
(ADH) (Yang et al. 2013), which also shares morpho-
logical and biogeographic affinity (Li et al. 1996), but
was not supported in chloroplast phylogenies (Ma et al.
2014). Similarly, the monotypic genus Gaoligongshania,
which is uniquely distinguished by its epiphytic habit (Li
et al. 1995), falls in very different parts of the nuclear and
chloroplast phylogenies (Ma et al. 2014; Wang et al. 2017).
Recent nuclear and chloroplast topologies both deviate
substantially from the current taxonomy based on
diagnostic morphological characters (i.e., rhizome types,
inflorescence and spikelet structures, and branching
patterns).

In this study, we present Arundinarieae as a model
empirical system, by providing extensive sampling of
taxa representing all recognized clades and genera, to
explore an effective approach for resolving phylogenetic
relationships in a rapid radiation of polyploids. Using
a combination of large data sets including more than
200 taxa from ddRAD-seq, 147 chloroplast genomes, and
92 ribosomal DNAs assembled from genome skimming,
our primary objective is to disentangle phylogenetic
relationships within Arundinarieae. Considering its
radiation and allopolyploid history, we assess whether
RAD-seq data are suitable for phylogenetic study of

such lineages, and investigate to find a proper and
precise workflow to identify orthologs by adopting the
de novo and reference-based assemblies and comparing
their impact on phylogeny inference. Given our best
resolution of the phylogeny, we also examine patterns of
morphological character evolution and explore temporal
diversification patterns with respect to palaeoenvir-
onmental changes using a time-calibrated phylogeny.
Comparisons among nuclear ddRAD, nuclear ribosomal
DNA, and chloroplast genomic data make it possible
to track the reticulate evolution in this rapidly radiated
bamboo tribe. It is our hope that the comprehensive
approach and multifaceted verification of methodolo-
gies employed in our analysis of the Arundinarieae will
provide general insights into the studies of other rapidly
radiated lineages with polyploid origin.

MATERIALS AND METHODS

Taxon Sampling
For ddRAD, we sampled a total of 213 taxa in 200

species from 32 genera representing 36% of species and
97% of genera (Soreng et al. 2015; Zhang et al. 2018;
Zhang et al. 2020) and all 12 clades in Arundinarieae. Two
paleotropical woody bamboos and three neotropical
woody bamboos were selected as outgroups. Samples of
Arundinarieae and neotropical woody bamboos are all
allotetraploids, and two paleotropical woody bamboos
are allohexaploids. We newly sequenced 129 Arundinar-
ieae plastomes, which we combined with 18 published
plastomes of Arundinarieae (Burke et al. 2012; Ma et al.
2014), for a total of 147 taxa in 142 species from 31 genera
sampled, once again including five tropical woody
bamboos as outgroups. Voucher information for samples
included in this study is available in Supplementary
Table S1 available on Dryad. The voucher specimens
were deposited in the herbarium of Kunming Institute
of Botany, Chinese Academy of Sciences (KUN).

DNA Extraction, Library Preparation, and Data Generation
Total genomic DNAs were extracted from fresh or

silica-dried leaf tissues using a modified CTAB method
(Doyle 1987). The ddRAD sequencing library was pre-
pared following the modified ddRAD protocol known as
MiddRAD (Yang et al. 2016) with AvaII + MspI enzyme
pair. Following the library protocol, 40 or 80 samples
were pooled into a library which was then sequenced
on one or two lanes to achieve similar coverage. A
total of 15 sequencing lanes were prepared, including
342 bamboo samples from different projects. Paired-end
reads (150 bp) were generated on an Illumina HiSeq X
Ten System (San Diego, CA, USA). Total genomic DNAs
were also sent to BGI (Shenzhen, China) for library
(500 bp) preparation for genome skimming sequencing.
Paired-end (150 bp) sequencing was conducted on an
Illumina HiSeq 2000, generating ∼2 Gb data per sample.
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Workflow for ddRAD-seq Analysis of Polyploid Lineages
In silico digestion and clustering threshold optimization.—

We performed a series of analyses on empirical and in
silico digested genome data to investigate the feasibility
of RAD-seq data for the phylogenetic study of poly-
ploid lineages. We first selected four published genome
sequences in Poaceae, to investigate the proportion of
ddRAD-seq loci that are likely to represent duplicated
gene regions. This included the diploid rice genome,
a temperate bamboo (Phyllostachys edulis) allotetraploid
genome, a tropical woody bamboo (Guadua angustifo-
lia) allotetraploid genome, and a diploid herbaceous
bamboo (Olyra latifolia) genome. Comparison of markers
sampled from within the P. edulis, G. angustifolia, and O.
latifolia genomes allowed us to see how many duplicated
loci are found in the allotetraploid bamboo species
compared to diploid ones. We generated ddRAD loci
by implementing an in silico double enzyme digestion
with AvaII and MspI enzymes for each reference gen-
ome corresponding to our MiddRAD protocol. Paired
reads were generated from the digested fragments and
clustered under different sequence similarity thresholds
to identify the proportion of single-copy loci within
each genome. Detailed descriptions of this workflow are
available in the Supplementary Methods available on
Dryad.

An optimal clustering threshold was identified from
the in silico digested experiments that offered a balance
between undersplitting and oversplitting loci. This
optimal clustering threshold was used in our empirical
data assembly. To assess the extent of paralogy in
the final assembled data, trimmed ddRAD data from
nine individuals were randomly selected and applied
in the following protocol. First, we clustered exactly
matching reads into nonredundant stacks by allowing
zero mismatches and gaps using the ustacks program
in Stacks v1.41 (Catchen et al. 2013). Then, we extracted
consensus sequences from each stack, performed all-by-
all blast searches, and filtered the top six hits which
met the following condition as candidate orthologs: e-
value higher than 1e-5, alignment length longer than
130 bp, identity higher than 85%, and only matched
with another consensus sequence once. For each of nine
experimental samples, we then tested the impact of the
sequence similarity threshold parameter on orthology
detection by repeating all-by-all blast clustering across
a series of values (88–98%) and examining the size of
resulting clusters.

ddRAD data assembly.— Paired-end raw reads were
demultiplexed, trimmed, and filtered using the pro-
cess_radtags program of Stacks v1.41 to 140 bp long. The
sequence quality was assessed using FASTQC v.0.11.5
(Andrews 2016) which revealed low quality over the
restriction overhang regions and a portion of the R2
reads. Therefore, we excluded R2 reads from subsequent
analyses. To compare the effect of de novo versus
reference-based assembly methods on the determination
of orthologs, three assemblies were performed in Stacks.
Each locus was allowed to have only two alleles, and

thus our final filtered data sets appear diploid-like. De
novo assembly was performed in Stacks v1.41. Clean
reads were passed through the ustacks, cstacks, and
sstacks programs following the standard workflow of
de novo assembly for diploids. In the de novo pipeline
(Supplementary Fig. S2 available on Dryad), reads
were clustered into stacks using a minimum depth
of coverage (m) ranging from 5 to 18 by considering
varied sequencing depth for different samples, and
loci were then filtered only by the clustering similarity
thresholds, which were set up to 96% similarity (M=6)
for intraspecies clustering and 90% (n=14) for intertaxa
clustering based on our evaluation, respectively (see
Results and discussion for more details).

For the reference-based assembly method, sequenced
reads were required not only to map with a minimum
of 96% similarity but also must map uniquely to the
reference genome of P. edulis (Peng et al. 2013). Bowtie2-
2.2.7 (Langmead and Salzberg 2012) was used to align
clean reads to the reference genome. Two different
strategies were employed to filter the mapped reads
before subsequent assembly. The first strategy, which
we refer to as bowtie2+mapq>10, filtered and obtained
mapped reads with mapping quality scores higher than
10 using SAMtools v1.3 (Li et al. 2008). The second
strategy, called bowtie2+stacks m=3, discarded those
mapped reads with depth lower than 3 (m=3). After
that, filtered reads which aligned to the same position of
the reference genome were extracted and clustered into
loci within each sample using pstacks, and the resulting
loci from different taxa were further clustered under
90% similarity threshold (n=14) using cstacks. For both
de novo and reference-based approaches, clustered loci
were then filtered and single nucleotide polymorphism
(SNPs) were identified using the sstacks and populations
programs. Finally, different data sets were created by
requiring filtered loci to be shared by at least 75–140
taxa (p=75–140 in populations) among the whole 218
samples for the three assembly strategies. These data sets
had different proportions of missing data, the higher
minimum samples threshold retained fewer loci but
contained less missing data. The detailed process and
parameters of our assembly workflow are shown in
Supplementary Figure S2 available on Dryad.

Genome Skimming Data Assembly
Genome skimming data were assembled using

GetOrganelle v1.9.77 (https://github.com/Kinggerm/
GetOrganelle, Jin et al. 2020) with a range of k-mers of 65,
75, 85, 95, and 105 for chloroplasts and 75, 85, 95, 105, and
115 for ribosomal data, respectively. Four chloroplast
genomes, Chimonocalamus longiusculus (NC_024714.1),
Fargesia nitida (NC_024715.1), Ferrocalamus rimosivaginus
(NC_015831.1), and Phyllostachys edulis (NC_015817.1),
and ribosomal DNA sequence of Oryza sativa cultivar
TN1 (KM036285.1) were used as references for assembly
of all other accessions, respectively. Contigs were
visualized and extracted using Bandage v0.8.0
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(Wick et al. 2015). Gaps produced by nonoverlapping
contigs were filled using GapCloser from SOAPdenovo2
(https://sourceforge.net/projects/soapdenovo2/files/
GapCloser). Chloroplasts and ribosomes were checked
by aligning the contigs to the reference with the pairwise
align option and scanned by eye to confirm appropriate
mapping using Geneious v.9.1.4 (Kearse et al. 2012).
Finally, whole plastome sequences from all 152 species
and ribosomal sequences of 92 species were aligned
with MAFFT v.7.222 (Katoh and Standley 2013) using
the default settings. A few poorly aligned regions were
manually adjusted in Geneious.

Phylogenetic Analyses
Concatenated SNP matrices from three assemblies of

the ddRAD data and the chloroplast and ribosomal data
sets were used to infer maximum likelihood phylogenies
in RAxML-HPC2 (v8.2.10) under the GTRGAMMA
model as recommended by jModelTest v2.1.6 (Darriba
et al. 2012). Maximum likelihood (ML) trees were
inferred with the combined rapid bootstrap (100 replic-
ates) and search for the best-scoring ML tree. Since strong
contentions have arisen at the relationships among three
early-diverged lineages in different ddRAD data sets
(see Results), we further employed the Quartet Sampling
(QS) method to dissect this phylogenetic discordance.
Unlike other commonly used branch support metric
such as bootstrap (BS) and Bayesian posterior probability
(PP), the QS method assesses the confidence, consist-
ency, and informativeness for each branch in a given
topology by calculating Quartet Concordance (QC),
Quartet Differential (QD), and Quartet Informativeness
(QI) scores (Pease et al. 2018). It adopts a quartet-based
approach and is a viable method to distinguish strongly
conflicting signals from low information in large-sparse
and genome-wide data sets. The total of 18 concatenated
alignments from three ddRAD assembly approaches and
the resulting ML tree topologies (in Fig. 1) were used as
input for the QS analysis. The number of replicate quartet
searches per branch was set to 500 and the log-likelihood
cutoff was set to 2.

Congruence Assessment among ddRAD and Chloroplast
Phylogenies

We investigated conflicting relationships between
the ddRAD and chloroplast phylogenies using the
Procrustean Approach to Cophylogeny (PACo) tool
(Balbuena et al. 2013) executed as in Pérez-Escobar
et al. (2016). This approach assumes that the chloroplast
phylogeny is dependent on the nuclear phylogeny and
transforms the topologies into matrices of patristic
distances, which are then transformed into principal
coordinates (PCo) matrices. From these data, a global
goodness-of-fit statistic of congruence between the two
trees is computed, and taxa with significantly incongru-
ent phylogenetic positions, called outlier associations,

can then be identified. For this approach, we used ML
trees inferred from the alignment of loci to be shared
with more than 101 taxa (p101) in the reference-based
bowtie2+stacks m=3 assembly, which was selected by
multiple lines of evidence (see Results for details), and
chloroplast data.

Ancestral Character Reconstruction

Morphological characters were obtained from the
Flora of China (http://www.iplant.cn/foc/), Stapleton
(2013), Attigala et al. (2014), Zhang et al. (2017),
and Zhang et al. (2020). Three rhizome types were
scored: 0, leptomorph; 1, long-necked pachymorph;
2, short-necked pachymorph. Two inflorescence types
were scored: 0, semelauctant inflorescence; 1, iterauct-
ant inflorescence. Four branch types were scored: 0,
solitary branch; 1, two branches; 2, three branches;
3, multiple branches. All the morphologies ana-
lyzed here were presented in Supplementary Figure
S1 available on Dryad. The ancestral characters
were analyzed using Maximum Parsimony method
in Mesquite v3.2 (Maddison 2017) based on the
topology of the same RAD matrix for congruence
assessment.

Divergence Time Estimation

Divergence times were estimated with a subset
of SNPs (139,468 SNPs) randomly selected from the
p101 data set assembled from the bowtie2+stacks m=3
approach using BEAST v.1.8.4 (Drummond and Ram-
baut 2007). Due to a lack of credible fossils for Arundin-
arieae, we used three secondary calibration points to
perform our dating analysis, as defined by Zhang et al.
(2016), a large phylogenetic study of Arundinarieae
and relatives with three fossil calibration points: 1)
Arundinarieae (6.88–20.96 Ma, median age = 12.72 Ma);
2) paleotropical woody bamboo clade (15.02–31.02 Ma,
median age = 22.40 Ma); and 3) neotropical woody
bamboo clade (13.88–34.04 Ma, median age = 23.96 Ma).
Each calibration point was implemented as a uniform
distribution between the minimal and maximal age of
the constraint. We used a Yule process tree prior, the
uncorrelated lognormal relaxed clock model and GTR
+ G substitution model. In addition, we fixed the tree
topology based on the ML topology 5 of the p101 data
set. Ten independent runs of 200,000,000 generations
were carried out, with sampling every 1000 generations,
and effective sample sizes (ESSs) of all parameters
were checked by Tracer v1.6. Independent tree files
were combined using the LogCombiner package after
removing 20% as burn-in to construct the maximum
clade credibility (MCC) chronogram.
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FIGURE 1. A summary of alternative topologies in results from three different assembly approaches for ddRAD data. There are three lineages
with conflicting results in our analyses, illustrated in (a). Topologies and bootstrap support values from ML analysis and Quartet Sampling (QS)
analysis of two nodes (s1, s2) are summarized in (b). The number of each topology in (a) corresponds to those in (b). Interpretations of QS scores
are: strong support refers to QC > 0.2, QD > 0.3, and QI > 0.3; moderate support refers to 0.2 ≥ QC > 0, QD > 0.3, and QI > 0.3; variable support
(0 > QC > −0.05, QD ≤ 0.3, and QI > 0.3); counter support (QC < -0.05, QD ≤ 0.3, and QI > 0.3); and poorly informed (QC > 0.2, QD > 0.3, and
QI ≤ 0.3). Different P values of matrices indicate that they were created by requiring loci to be shared by at least 75–140 taxa among the total
218 samples. For the p100 column, each method is represented using the matrices created by those loci shared by at least 100 taxa, except for the
bowtie2+stacks m=3 approach, which was represented using the matrix p101.

Diversification Analyses
We examined diversification rates using the time-

calibrated trees based on topology 5 of the reference-
based p101 data set (see Results) with outgroups pruned.
We generated a lineage through time (LTT) plots using
APE v.3.5 (Paradis et al. 2004). Analyses were run using
the maximum clade credibility chronogram together
with 1000 random BEAST trees.

Shifts in diversification were examined using Bayesian
analysis of macroevolutionary mixtures (BAMM v.2.5)
(Rabosky 2014). We set the prior for the “ExpectedNum-
berofShifts” to 1, 2, 3, 4, 5, 6, 8, and 10 to determine
whether our results were affected by different settings
of the parameter. We performed BAMM with 10,000,000
Markov chain Monte Carlo (MCMC) generations and
sampled every 1000 generations using the MCC tree of
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BEAST. We used the R package BAMMtools to analyze
the output data. The mean phylorate plot was generated
to show the mean of the marginal posterior density of
speciation rates along each branch of the phylogeny.
We examined the 95% credible set of distinct shift
configurations using the “credibleShiftSet” function and
show the number and location of the rate shifts as well
as their posterior probability. The “plotRateThroughT-
ime” function was used to plot speciation, extinction,
and net diversification rates through time for all of
Arundinarieae.

RESULTS

Genome Characteristics of Bamboo Polyploids and
Clustering Threshold Optimization

We simulated and clustered RAD reads from four ref-
erence genomes and further calculated the proportion of
single haplotype clusters (singletons) for simulated RAD
reads of each reference genome across a range of clus-
tering similarity threshold series (Supplementary Fig. S3
available on Dryad). The proportions of singletons of the
two allotetraploid bamboo genomes (G. angustifolia and
P. edulis) were similar across all the similarity thresholds
we tested, which reveal a similar extent of divergence
among their simulated RAD reads. In general, the degree
of divergence of simulated RAD reads within diploid
rice and diploid bamboo (O. latifolia) genomes was
higher than that of tetraploid bamboos when using
clustering thresholds between 0.9 and 0.95, likely due to
the clustering of duplicated loci in tetraploid bamboos.
At thresholds above 0.96, this divergence of the two
tetraploid bamboo genomes exceeds that of diploid rice
and becomes similar to diploid bamboo. These results
suggest that the number of paralogs can be effectively
minimized by increasing the similarity threshold when
performing clustering. For our data assembly, when
the similarity threshold was set to 96% (which allow
less than six mismatches) or higher, the paralogous
sequences in allopolyploid bamboos reached a similar
level with diploids and could be controlled within an
acceptable fraction (less than 15%).

For nine empirical samples, the average proportions
of five types of clusters are shown in Supplementary
Fig. S4 available on Dryad, with results summarized in
the Supplementary Text available on Dryad. These data
indicate that as clustering similarity thresholds decrease
from 98% to 88%, the proportions of single haplotype
clusters (putative homozygous loci) and two-haplotype
clusters (putative heterozygous loci) decreases, while
three- and four-haplotype clusters (putative paralogous
loci) increases. The number of single-allele clusters and
two-allele clusters steeply increases when the threshold
is set to 96% or higher, indicating oversplitting, which
is concordant with the threshold from the simulated
in silico experiment. As similarity thresholds decrease
the proportion of oversplit clusters also decreases until

approximately 90%, at which point the collapsing
of paralogous alleles together becomes more com-
mon. Thus, considering the different genetic distances
between alleles within and across species, we selected
to perform our empirical analyses at 96% and 90%
similarity thresholds (allowing no more than 6 or 14
mismatches) for intraspecies and interspecies clustering
separately.

ddRAD Provides a Well-resolved Arundinarieae Phylogeny
Of the 18 ddRAD data sets that we assembled under

different combinations of programs and locus filtering
parameters, maximum likelihood (ML) phylogenetic
results consistently recovered the same five major lin-
eages within Arundinarieae (Supplementary Fig. S5
available on Dryad). Among these phylogenies, most
nodes have full statistical support (100% bootstrap
support), showing that ddRAD provides significant
information at both deep and shallow divergences, as
is expected for large phylogenetic data sets (Eaton et al.
2017). The order of relationships among three early-
diverged lineages (Hsuehochloa, the Ampelocalamus–
Drepanostachyum–Himalayacalamus [ADH] lineage, and
Gaoligongshania) was variable. Conflicts among data sets
with regard to these relationships are summarized into
five alternative topologies (Fig. 1). Regardless of those
conflicts, two newly recognized lineages (including 175
sampled taxa) were consistently recovered matching
to taxa with pachymorph versus leptomorph rhizome
morphologies.

To choose the best tree hypothesis among our five
proposed trees (Fig. 1), we investigated further the effects
of assembly methods on our results, focusing on total
information content, the proportion of missing data,
as well as consistency and statistical support (see Sup-
plementary Text available on Dryad for more details).
The supermatrix alignments produced by different
assemblies varied in their proportions of missing data
and numbers of recovered loci. When using stringent
filtering options that require loci to be shared across
100 taxa or more, the bowtie2+stacks m=3 approach
constructed the most complete supermatrix. Of the 18
data sets summarized in Figure 1, topology 5 inferred
from the reference-based method was supported by the
most data sets (10 out of 18) and received the highest
bootstrap support at the two equivocal backbone nodes
among the five topologies (average BS = 100%, 81%).

Results from quartet-based analyses (QS) highlight
the instability of nodes that contribute most to low
support values in ML analyses (Fig. 1, Supplementary
Table S2 available on Dryad). For the three de novo
assembled matrices that support topology 1, the Quartet
Concordance (QC) values of branch s1 are all negative
(−0.21 to −0.29), indicating a substantial number
of sampled quartets support discordant relationships
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different from the input tree, and thus not supporting
the earliest-diverging relationship of the ADH lineage.
The low or negative QC scores (−0.065 to 0.19) of branch
s2 indicate moderate or conflicting support for the
sister relationship of Hsuehochloa and Gaoligongshania. A
similar pattern was found in topology 2 and topology
3 derived from three de novo alignments, with negative
QC values (−0.3 to −0.35) for branch s1, and low Quartet
Informativeness (QI) (0.035–0.21) for branch s2. These
results led us to a consensus QS interpretation for
the conflicting support for the position of Hsuehochloa
and low phylogenetic information of Gaoligongshania in
these matrices. For topology 4 from a reference-based
assembly, strong QC values (0.82–0.85) for branch s1
support Hsuehochloa as the earliest-diverging lineage
of Arundinarieae, and low QI values (0.056–0.085)
for branch s2 indicate low information for the sister
relationship of Gaoligongshania and the ADH lineage. For
topology 5 derived from 10 matrices of reference-based
assemblies, high QC values (0.45–0.88) consistently
support s1, which supports the divergence of the ADH
lineage after Hsuehochloa. Low QI values (0.056–0.15)
were observed in 7 out of 10 data sets for branch s2,
and the placement of Gaoligongshania was moderately
supported with low positive QC scores (0.12–0.168)
from the remaining three matrices. In summary, most
matrices from de novo assemblies showed not just low
information content, but rather conflicting support for
the uncertain relationships of three lineages, while in all
12 data sets yielded from reference-based methods, the
placement of Hsuehochloa was strongly maintained, with
only moderate support or low information contributing
to uncertainty for the position of Gaoligongshania. Taking
into consideration the factors mentioned above, we
decided to focus our remaining analyses on topology
5 (Fig. 2), which was inferred from the alignment of
323,802 SNPs from loci shared by more than 101 taxa
in the bowtie2+stacks m=3 assembly.

Chloroplast Phylogenomic Analyses
Phylogenetic analyses of chloroplast genomes

recovered 12 well-supported clades within
Arundinarieae (Supplementary Fig. S6 available
on Dryad) with relationships among them generally
strongly supported. These results are congruent with
previous studies except for clades I and X, which
were poorly supported previously (Ma et al. 2017) but
received moderate BS support (97%, 84%) in this study.
This improvement may reflect our increased sampling.
Several deep nodes are weakly supported with short
internodes, which suggests a lack of phylogenetic
information in chloroplast genomes for resolving some
parts of the tree in this radiation.

Incongruence among Nuclear and Chloroplast Genomic
Data Sets

As noticed in previous studies, the cpDNA topologies
conflict significantly with the nuclear ddRAD results

(Fig. 3). Some of these major conflicts are driven
by four lineages (I, VIII, IX, and X) that are each
represented by only one extant species. Besides those
lineages, only three clades (II, VII, and XII) are recovered
consistently across both data sets, and their positions
relative to other clades are still incongruent. Three large
chloroplast clades, IV (Shibataea), V (Phyllostachys), and
VI (Arundinaria), were separated into several different
clades in the ddRAD phylogenies (see Supplementary
Text available on Dryad for more details). From genome
skimming, we further examined nuclear ribosomal data
for 92 species, as a separate nuclear data set from
the ddRAD data. The ribosomal data set recovered
several monophyletic clades consistent with the ddRAD
phylogenies (Supplementary Fig. S7 available on
Dryad); however, the relationships for deep nodes
were poorly resolved due to insufficient informative
variation.

Topological conflicts among our selected ddRAD
data sets and the chloroplast data were visualized in
the results of PACo analyses (Supplementary Fig. S8
available on Dryad). The cophylogenetic analysis in
PACo accepts the hypothesis that at least some parts of
the clades in the chloroplast tree are dependent on clades
in the ddRAD tree (P=0.0). However, the normalized
squared residuals obtained by PACo identified 65 of the
147 tips (44%) as conflicting taxa (Supplementary Fig. S9
available on Dryad).

Ancestral Characters based on the ddRAD Tree as the Most
Likely True Topology

We reconstructed ancestral states of three major
morphological characters in the taxonomy of Arundin-
arieae (Stapleton 1997) based on the topology 5 recon-
structed from the reference-based p101 matrix. The
pachymorph rhizome with a short neck is inferred
to be the ancestral type present in many species as
a symplesiomorphy (Fig. 2). The more derived types
evolved during the diversification of the tribe. Pachy-
morph rhizomes with an elongated neck originated at
least twice in the pachymorph lineage, in subclades
II and V-Yushania, respectively. Leptomorph rhizomes
also evolved independently twice within this tribe, first
in the crown of the leptomorph lineage and second
in the V-Alpine Bashania subclade in the pachymorph
lineage.

The other two characters examined show less phylo-
genetic signal. Semelauctant inflorescences and a mul-
tiple branching pattern were inferred to be ancestral
states. Pseudospikelets with iterauctant inflorescence
evolved at least three times in the leptomorph lineage
(Supplementary Fig. S10 available on Dryad). The pat-
tern of evolution in branching patterns is more complex
with multiple origins and reversions of each state, except
for two-branching, which appears to be a synapomorphy
of Phyllostachys (Supplementary Fig. S11 available on
Dryad).
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FIGURE 2. Phylogeny of Arundinarieae inferred from maximum likelihood (ML) analysis based on the ddRAD p101 data set yielded from
the bowtie2+stacks m=3 assembly method. Full phylogeny with heat map coloration of branches by Quartet Concordance (QC) scores of Quartet
Sampling analyses for internal branches was presented as: dark blue (QC > 0.2), light blue (0.2 ≥ QC > 0), light orange (0 ≥ QC ≥−0.05),
or dark orange (QC < −0.05). Numbers associated with nodes indicate QC/Quartet Differential/Quartet Informativeness scores. Inferences of
character state change for rhizome type of Arundinarieae were indicated by different colors of clades: black represents short-necked pachymorph
rhizomes, green represents long-necked pachymorph rhizomes, and pink represents leptomorph rhizomes. Images of three rhizome types were
demonstrated on the left, from top to bottom are short-necked pachymorph rhizome of Fargesia Franchet: this type of rhizome is short, thick,
with axillary buds that develop directly into new shoots and then grow into new culms; long-necked pachymorph rhizome of Yushania P. C.
Keng: this type of rhizome bears long necks with no root or buds on each node; leptomorph rhizome of Acidosasa C. D. Chu and C. S. Chao ex P.
C. Keng: this type of rhizome is long, slender with root and buds on each node, and buds grow into new shoots or new rhizomes which extend
horizontally underground for long distance.
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FIGURE 3. A simplified version of Figure 2 (left) and Supplementary Figure S6 available on Dryad (right), which denotes the major incongruence
of topologies between the nuclear ddRAD and chloroplast trees. The clade names correspond to those in Figure 2 and Supplementary Figure S6
available on Dryad. Asterisks (*) indicate 100% support values.

Age Estimation and Diversification Analysis
The stem age of Arundinarieae was estimated to the

early Oligocene (30.05 Ma with 95% highest posterior
density (HPD): 20.22–51.55) with a crown age estimate
of 18.73 Ma (95% HPD: 11.52–20.96). Divergence of the
four major lineages was estimated to have occurred in a
short geological period (13.65–11.05 Ma) in the Miocene
(Supplementary Table S3, Fig. S12 available on Dryad).

Lineage through time plots of extant species detected
an increased accumulation of lineages during the mid-
Miocene (13–9 Ma) by showing a steeper slope of curves
(Fig. 4a). BAMM was used to reconstruct and visualize
the dynamics of species diversification on a time-scaled
phylogenetic tree. The accuracy of this method has been

the subject of debate (Moore et al. 2016; Rabosky et al.
2017), thus we ran several separate analyses, following
an approach that was used in Theaceae (Yu et al.
2017). Differences among results under different priors
in BAMM analyses were quite small (Supplementary
Figs. S13–S15 and Supplementary Table S4 available on
Dryad). They are consistent with two core shifts occur-
ring at the crown of the (leptomorph + pachymorph
+ Gaoligongshania + ADH) lineage, and the crown of
(Arundinaria + Pleioblastus + Pseudosasa) ∼ (Phyllostachys
+ Shibataea) subclade. The phylorate plot indicated diver-
sification heterogeneity within Arundinarieae, with a
range from 0.18 to 0.96 (sp/Myr) (Fig. 4d). The rate-
through-time plots show that global speciation and net
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a) d)

b)

c)

FIGURE 4. Diversification analyses in Arundinarieae based on the maximum clade credibility (MCC) tree of BEAST analyses. a) Lineage-
through-time plot, the red plot represents the maximum clade credibility tree, and the grey plots denote 1000 trees. b) Rate-through-time plots
for speciation (red), extinction (black) and net diversification (blue) with 95% confidence interval indicated by shaded areas, obtained from the
BAMM analysis conducted under the “ExpectedNumberofShifts” as 2. c) Past fluctuations of East Asian monsoons from the mid-Miocene, plotted
from data of Clift et al. (2014). The dots are modified and redrawn from Fig. 5B in Clift et al. (2014), which represent the hematite/goethite proxy
calculated from color spectral data from the Ocean Drilling Program (ODP) Site 1148 in the South China Sea. And the dynamic curve represents
CRAT proxy from ODP Site 1148 (Clift et al. 2008) which shown in Fig. 5A of Clift et al. (2014). d) Mean phylorate plot of Arundinarieae, clade
colors indicate the mean evolutionary rate across all shift configurations sampled during simulation of the posterior (cool colors = slow, warm
= fast). The locations of two distinct shift configurations with the highest posterior probability rate shifts are shown as circles with numbers.
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diversification rates of Arundinarieae were significantly
accelerated and reached a peak near the mid-Miocene,
followed by slight fluctuation and a soft uptick, then
a steady decrease from the late Miocene towards the
present (Fig. 4b).

DISCUSSION

Clustering Threshold Optimization and De novo Versus
Reference-based Assemblies for RAD-seq Data in Radiated

Polyploids
Polyploid lineages present unique challenges for

phylogenetic inference that require closer examination
than for diploids. To address this, we used in silico
digestion of published genomes from two paleotet-
raploid bamboo species, a diploid bamboo species and
a diploid grass species to simulate RAD loci and assess
the proportion of duplicated loci within each genome,
with emphasis on comparing the difference between
paleotetraploids and diploids. Our results revealed that,
for species with highly divergent subgenome compos-
ition, and generally few transposable elements, like for
instance the temperate bamboos, the number and impact
of paralogs can be effectively minimized by increasing
the similarity threshold during assembly. Based on the
time elapsed since the WGD event, and the level of
diploidization in Arundinarieae (Mandakova and Lysak
2018; Guo et al. 2019; Huang et al. 2020), species are
treated as paleopolyploids, exhibiting diploid-like char-
acteristics (Peng et al. 2013), which can make orthology
assessment relatively easier to handle.

Previous studies suggested that liberal clustering
thresholds should be preferred to reduce the effect of
oversplitting since undersplitting is a minor issue in
RAD-seq data for many diploid species (Ilut et al. 2014;
Harvey et al. 2015), but these studies did not consider
differences in genetic divergence between subgenomes
within and between species. Thus, we further explore
a procedure to estimate proper clustering thresholds
for loci assembly of temperate bamboos. Based on the
results of our in silico simulation analyses, we agree with
Ilut et al. (2014) that oversplitting is only a problem at
very stringent similarity thresholds (higher than 96%;
Supplementary Fig. S4 available on Dryad). The average
proportions of putative homozygous and heterozygous
loci reach an asymptote at approximately 90% similarity,
suggesting this threshold is an optimum value to
prevent oversplitting (Ilut et al. 2014). The proportions
of putative paralogs in temperate bamboos decrease
with the increasing similarity threshold and are slightly
higher than in diploids (Ilut et al. 2014), but typically
smaller when compared with the true orthologs, and
can be eliminated by ploidy-based filtering. Based
on our simulations, the similarity values adopted for
intraspecies and interspecies clustering on a given data
set can be properly handled through prior investigations
like the present analyses.

In the present study, three Stacks-based assembly
strategies were explored to demonstrate the negative

impact of de novo assembly on phylogenetic inference in
polyploids, and further to compare the validity of de novo
versus reference-based assemblies in the determination
of orthologs for polyploid plants. Our results revealed
that, although the size of data sets assembled under
different methods appeared quite sufficient, they resul-
ted in different tree estimates (Fig. 1). Three alternative
topologies (topology 1–3) were obtained from the de novo
assembly, in which low bootstrap support values and
negative/low QC scores were commonly observed for
nodes of the three early-diverging lineages. In contrast,
only two topologies were recovered from reference-
based assemblies, and most nodes on these trees were
strongly supported by ML analyses and QS analyses.
These results highlight that, despite our efforts to optim-
ize assembly parameters for polyploids, and the fact that
interspecies divergences are greater than within-species
allelic divergence in Arundinarieae, de novo assembly
may still introduce a substantial number of paralogs.
Their impact on the backbone relationships of the five
major lineages acts to confound these splits that are
otherwise well resolved. Given relatively ancient diver-
gences among deep nodes in Arundinarieae, and their
polyploid history (paleopolyploidization), it reveals that
reference-based assembly approaches perform better at
the tribe level.

Here, we compared the de novo and reference-based
assembly approaches to analyze genomic data for
Arundinarieae, a complex allotetraploid plant lineage
that underwent WGD and subsequent radiation. Our
workflow (Supplementary Fig. S2 available on Dryad)
to identify orthologs in RAD-seq data in allotetraploids
included simulating RAD-seq data from related diploid
and allotetraploid genomes to estimate the divergence
of allopolyploids, optimizing clustering thresholds, and
assembling orthologous loci and filtering paralogs by
using a reference genome. Based on our results, we
recommend estimating the proportion of duplicated loci
in the genome before performing phylogenetic studies
of polyploid species using RAD-seq or other NGS
data. Simulations based on these data can be used to
optimize clustering or mapping thresholds to reduce
the negative effect of oversplitting and undersplitting
on locus assembly. Finally, anchoring RAD loci on a
reference genome is essential to minimize the conflation
of orthology/paralogy.

New Insights into Phylogeny of Arundinarieae using
ddRAD Data

Our phylogenetic analyses provide strong support for
most nodes in Arundinarieae across multiple strategies
of data assembly (Supplementary Fig. S5 available on
Dryad). Trees inferred from 18 assemblies of the data
recovered five proposals of the backbone topology that
all support a division of Arundinarieae into five major
lineages, as summarized in Figure 1. Based on multiple
lines of evidence we select topology 5, obtained from
the reference-based p101 data set, as the best-resolved
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topology (Fig. 2). The dramatic differences between
our ddRAD and plastome results clearly illustrate the
promise of ddRAD data for the resolution of plant
radiations.

We propose that incongruence in the relationships
of three early-diverging lineages among trees estimated
from different assemblies is likely due to several analytic
and biological factors. First, the assembly pipelines
employ different clustering and alignment strategies
(Wang et al. 2017), which may affect the recovery of accur-
ately assembled loci and downstream tree inferences (see
our detailed discussion above). Second, within the same
assembly method, such as bowtie2+mapq>10, the interac-
tions between sequence divergence and the loci filtering
parameters (more conserved loci along with increasing p
value in population program) showed large effects on the
position of Gaoligongshania. Gaoligongshania possesses
more than 95% missing data (SNPs) and received low
QI scores from QS analyses among most of the data sets
generated across different assembly approaches, which
may be related to its genome size (1C = 6.23 pg, which
is about three times of moso bamboo) (Zhang 2013),
probably the largest in Arundinarieae, and its effect
on fragments generated during library preparations.
Third, long-terminal branches in the phylogeny have
a higher susceptibility to the problems of substitution
saturation and long-branch attraction in the case of rapid
divergences (Whitfield and Lockhart 2007). Therefore,
the inconsistency of positions of the three long-branched
lineages may be partly caused by long-branch attraction,
as the case for the ADH lineage and Gaoligongshania
in topology 4. Moreover, we suspect introgression
and gene duplications have contributed to a reticulate
evolutionary history in Arundinarieae as conflicting
signals were observed in network analyses among three
early-diverged lineages (Supplementary Method, Text,
and Fig. S16 available on Dryad).

Resolving phylogenetic relationships of Arundinar-
ieae has evaded previous attempts despite substantial
effort (Zeng et al. 2010; Ma et al. 2014; Zeng et al.
2014; Ma et al. 2017). Our ddRAD phylogeny, and its
comparison with alternative data sets, represents the
most comprehensive and robustly resolved phylogenetic
species tree in Arundinarieae to date. Relationships
among the major lineages here roughly agree with
previous studies, but with great improvements. Hsue-
hochloa is placed as the earliest-diverging lineage of
Arundinarieae, consistent with previous analysis based
on nuclear LEAFY and GBSSI genes (Yang et al. 2013),
followed by the ADH lineage. Our analysis identified
two new lineages, that is, the pachymorph lineage and
the leptomorph lineage, underpinning the evolutionary
significance of the well-characterized rhizome types.
Compared with the inferred phylogeny from chloro-
plast genomes, of which many relationships remain
unresolved and identification of clades largely deviated
from morphological taxonomy (Supplementary Fig. S6
available on Dryad, Attigala et al. 2016), the ddRAD tree
has strong statistical support at both deep and shallow
nodes and reveals that rhizome character states show
clear phylogenetic signal (Fig. 2).

Conflicting Signals Imply Incomplete Lineage Sorting (ILS)
and Hybridization Events

Empirical studies have demonstrated conflicting
phylogenetic signals among markers with different pat-
terns of inheritance (nuclear, mitochondrial, ribosomal,
and chloroplast) both at the level of deep-scale phylogen-
etic relationships (e.g., the COM clade within Rosidae;
Sun et al. 2015; Zhao et al. 2016) as well as among
shallower-scale clades like the three tribes of the bamboo
subfamily (Wysocki et al. 2015; Guo et al. 2019). As
demonstrated here, substantial conflict between nuclear
and chloroplast data in the temperate bamboos is
conspicuous even among angiosperm lineages, and
especially for analysis at the tribe level. Deep and
strong incongruence among the topologies obtained
from nuclear and chloroplast genomic data sets is also
found at both the generic and species levels (Fig. 3;
Supplementary Fig. S8 available on Dryad). Despite
our efforts to identify credible nuclear and chloroplast
trees, we were unable to recover overlapping topologies
between marker types, suggesting that nuclear and the
chloroplast genomes of Arundinarieae have distinct
evolutionary histories. Several factors can drive such
conflict, including phylogenetic uncertainty and/or bio-
logical factors such as ILS and hybridization (Maddison
1997), which are hypothesized to play an important
role in adaptive radiations (Seehausen 2004). To rule
out phylogenetic uncertainty, we performed a PACo
analysis to identify conflicting taxa while incorporating
phylogenetic uncertainty. This showed that 44% of
samples are outliers (Supplementary Fig. S9 available
on Dryad) indicating that the strong conflict in our
analysis is caused by biological factors—ILS and/or
hybridization—and not simply a lack of resolution.

Previous studies have proposed that hybridization
has played a significant and recurrent role in bamboo
evolution (Triplett and Clark 2010; Yang et al. 2013;
Triplett et al. 2014). In North American Arundinaria,
Triplett et al. (2010) have identified hybrids among
A. gigantea, A. tecta, and A. appalachiana in regions of
geographic range overlap. In East Asia, Pseudosasa japon-
ica, Hibanobambusa tranquillans, and Chimonobambusa
sichuanensis have shown historical introgression during
their divergence (Zhang et al. 2012; Triplett et al. 2014).
In our study, Semiarundinaria has close relationships
with Phyllostachys in the ddRAD tree and forms a well-
supported clade with four species of Pleioblastus in the
chloroplast tree. This observation provides additional
evidence to the hypothesis that Semiarundinaria pos-
sesses both Phyllostachys-like and Pleioblastus-like alleles
(Triplett et al. 2014); and that Pleioblastus may be the
maternal parent of hybridization with Phyllostachys. The
low QC scores (−0.055, 0.38) and zero QD scores for the
branches related to Shibataea kumasasa, S. chiangshanensis,
and S. strigosa supported the hypothesis of our parallel
study that introgression may have occurred among these
species (Guo et al. 2019).

Incongruence caused by incomplete lineage sorting
(ILS) may be common in Arundinarieae, as the time
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between speciation events is often short, and species
tend to have high morphological diversity. In our
study, Fargesia yunnanensis and Yushania complanata are
identified as two outlier associations by the PACo
analysis; they are sister species in the chloroplast tree
but somewhat distantly related in the ddRAD tree.
They have no geographic overlap, and so hybridization
between the two species seems unlikely. Moreover, low
QC scores (0.12–0.168) and high QD (0.77–0.9) scores
for branch related Gaoligongshania from three reference-
based alignments (Supplementary Table S2 available
on Dryad) suggests ILS alone may be the cause of
incongruence among this species.

Distinguishing between ILS and hybridization can be
challenging (Buckley et al. 2006; Joly et al. 2009; Meyer
et al. 2016), and further studies will be needed. Other
possibilities should be concerned for the conflict, such
as the emergence of recombination between the pairing
homologs which may lead to the incongruent nuclear
phylogenetic relationships for related species when
using those recombined regions as markers. However,
it is beyond our ability to address this issue with the
current data set, so we may not excessively discuss it
here.

Radiation of Arundinarieae with Leptomorph Rhizomes as a
Key Innovative Character

The rapid radiation of Arundinarieae is supported
by compelling evidence in our study. The four major
lineages (the ADH, Gaoligongshania, leptomorph, and
pachymorph lineages) are estimated to have diverged
within a short interval of 2.6 myr. We detect a sharp
increase in the diversification rate of Arundinarieae
during the mid-Miocene (Fig. 4b,d), which is similarly
reflected in a rapid accumulation of lineages during this
period in LTT plots (Fig. 4a).

Given the uncertainty in node age estimates in
Arundinarieae, the driving factor for this radiation has
not yet been determined. Hodkinson et al. (2010) hypo-
thesized the radiation coincided with the continental
collision of the Indo-Australian and Eurasian Plates,
while Zhang et al. (2016) suggested the radiation was
triggered by the second intensification of the East Asian
monsoons in the late Miocene. The timing of diversific-
ation in our results suggests the rapid diversification of
Arundinarieae may be related to the changes in the East
Asian summer monsoons (EASM) (Fig. 4b,c). The first
increased rate shift within Arundinarieae is concordant
with the proposed first strengthening of the EASM (15.5–
13 Ma), when abundant rainfall was brought to East Asia
(Clift et al. 2002; Sun and Wang 2005; Wan et al. 2007).
Climate change is thought to have played a significant
role in the diversification of many plant lineages (Erwin
2009; Hoffmann and Sgrò 2011). Temperate bamboos are
common in the understory and often form the dominant
elements in wet montane vegetation (Clark et al. 2015).
Therefore, we extrapolate that the moist climate brought

by the intensification of EASM during the mid-Miocene
may be a pivotal factor in facilitating their expansion
in Mainland East and Southeast Asia. Similar patterns
have also been observed in other vascular plants in East
Asia, such as ferns (Wang et al. 2012), orchids (Xiang
et al. 2016), and Primulina (Gesneriaceae) of the karst area
(Kong et al. 2017).

The differentiation of the pachymorph and lep-
tomorph rhizomes happened shortly after the mid-
Miocene, circa 11.05 Ma. The consequences of this
morphological divergence in the ancestors of the pachy-
morph and leptomorph lineages likely facilitated their
expansion into different habitats (Arber 1934; Wen 1983)
and contributed to the rapid adaptive diversification
of bamboos. Rhizomes are particularly important in
bamboo taxonomy and development (Keng 1982; Arber
1934) because of their long dormancy between flower-
ing times; rhizomes control when the culms develop,
how they spread, and dictate vegetative propagation
(McClure 1966). The ancestral rhizome type is the
pachymorph rhizome, which is associated with a sessile
living habit that limits the spread of these species.
Because they are fixed in one place for a long time,
pachymorph rhizomes may also limit adaptation to local
habitats (Wen 1983). In the pachymorph lineage, some
subclades evolved an elongated neck (in Yushania and
Oldeania) in the middle or late Miocene. These bamboos
can extend up to 1 m underground and spread more
easily to new niches. This approach of spreading is
relatively inefficient though, as there is no root and
bud on the elongated neck; such bamboos are mainly
limited to the Hengduan Mountain area (Yushania), with
a few in Africa and Madagascar (Oldeania) (Li et al.
2006; Stapleton 2013; Zhang et al. 2017). Leptomorph
rhizomes may represent a key innovation, as they
allow for indeterminate extension and an interconnected
underground nutrition network. Leptomorph rhizome
species spread broadly and colonize different niches
(Wen 1983; Clark et al. 2015). Under the combined
effect of the strengthening of EASM and the divergence
of varied rhizome types, temperate bamboos spread
among various habitats which likely facilitated their
rapid diversification (Stapleton 1998).

Many diverse lineages of angiosperms have experi-
enced rapid radiations (Li et al. 2019), and understanding
the dynamics of these diversifications can help us to
better understand the origins of biological diversity
(Gavrilets and Losos 2009). Many well-explored model
groups from island and lake ecosystems (Seehausen
2004; Lamichhaney et al. 2015) have offered uniquely
powerful insights into how and why species diverge.
However, in most radiations, species-level phylogenies
remain poorly resolved, especially in species-rich con-
tinental lineages (Losos 2010; Hughes and Atchison
2015). Using temperate bamboos as a model group,
we used a comprehensive sampling of ddRAD and
genome skimming data sets in parallel to resolve
phylogenetic relationships of this challenging lineage.
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We demonstrated a practical procedure for optimizing
RAD-seq assembly for polyploid species. Our exhaustive
data sets provide a reference phylogenetic framework
and a new diversification timescale for Arundinarieae.
Together with insights into the evolution of key adaptive
innovations like the leptomorph rhizomes, we explore
mechanisms of radiative and reticulate evolution of this
important bamboo tribe. The findings generated here
will not only be important for further studies on the
biogeography and taxonomic revision of this complex
group but also serve as a case for research into other
unresolved radiated polyploidy plant groups.
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