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Abstract

Phylogenetic relationships among temperate species of bamboo are difficult to resolve, owing to both the challenge
of detecting sufficiently variable markers and their polyploid history. Here, we use restriction site-associated DNA
sequencing to identify candidate loci with fixed allelic differences segregating between and within two temperate
species of bamboos: Arundinaria faberi and Yushania brevipaniculata. Approximately 27 million paired-end sequenc-
ing reads were generated across four samples. From pooled data, we assembled 67 685 and 70 668 de novo contigs
from partial overlap among paired-end reads, with an average length of 240 and 241 bp for the two species, respec-
tively, which were used to investigate functional classification of RAD tags in a BLASTX search. Analysed separately
by population, we recovered 29 443 putatively orthologous RAD tags shared across the four sampled populations,
containing 28 023 sequence variants, of which c. 13 000 are segregating between species, and c. 3000 segregating
between populations within each species. Analyses based on these RAD tags yielded robust phylogenetic inferences,
even with data set constructed from surprisingly few loci. This study illustrates the potential for reduced-representa-
tion genome data to resolve difficult phylogenetic relationships in temperate bamboos.

Keywords: phylogeny, polyploid, restriction site-associated DNA, SNP markers, temperate bamboos
Received 27 February 2013; revision received 8 June 2013; accepted 10 June 2013

perate woody bamboos are of great ecological and
economic importance as they provide food and raw
materials for construction and manufacturing (Li et al.
2006), and also serve as the main food source for numer-
ous vertebrates and invertebrates, including specialists
such as the giant panda (Ailuropoda melanoleuca) and the

Introduction

The temperate bamboos are a morphologically diverse
grass lineage with c. 32 genera and 600 species distrib-
uted primarily in the north temperate zone or at high
elevations in tropical regions of both the northern and
southern hemispheres (Ohrnberger 1999; Das et al. 2008; red panda (Ailurus fulgens; Yi 1985; McNeely 1999).

Triplett & Clark 2010). Molecular phylogenetic studies Previous phylogenetic studies strongly support the
monophyly of temperate bamboos (Kelchner & Clark
are sister to a clade composing both tropical woody bam- 1997; Zhang 2000; Bouchenak-Khelladi ef al. 2008; Peng
boos (Bambuseae) and herbaceous bamboos (Olyreae; et al. 2008; Sungkaew et al. 2009), but taxonomic delinea-
Bouchenak-Khelladi et al. 2008; Sungkaew et al. 2009) tion and phylogenetic relationships at lower levels
and represent one-third of all bamboo species (Ohrnber- within the clade lack resolution (Triplett & Clark 2010;
ger 1999). There are c. 430 species distributed in East Zeng et al. 2010). The taxonomy of the temperate bam-
Asia, of which 180 are endemic to south-western China boos has traditionally relied on morphological features,

indicate that temperate woody bamboos (Arundinarieae)

(Suzuki 1978; Ohrnberger 1999; Li et al. 2006). The tem- but these morphological classifications are poorly sup-
. ) ported by molecular data (Peng et al. 2008; Sungkaew
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tic markers containing single-nucleotide polymorphisms
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advances in next-generation sequencing (NGS) now offer
the possibility to generate large-scale sequence data from
nonmodel organisms at a reasonable cost (Ekblom &
Galindo 2011). For example, complete chloroplast ge-
nomes were recently applied to resolve phylogenetic
relationships among six woody bamboo species (Zhang
et al. 2011). Nuclear data offer even greater potential to
resolve relationships among close relatives. However,
the tetraploid nature of the temperate bamboos
(2n = 4x = 48) presents additional challenges for SNP
marker development and genotyping (Ghorai & Sharma
1980; Kellogg & Watson 1993; Clark et al. 1995; Gielis
et al. 1997; Peng et al. 2013).

Due to the large and complex genomes of bamboos,
genome complexity reduction sequencing technology
may offer a more efficient alternative to acquiring contigs
for SNP discovery (Slate et al. 2009). One promising
approach to reduced-representation genomics is restric-
tion site-associated DNA (RAD) sequencing, which
sequences short DNA fragments flanking restriction
enzyme cut sites, allowing orthologous sequences to be
targeted across multiple samples to identify and score
thousands of genetic markers (Miller et al. 2007; Baird
et al. 2008; Emerson et al. 2010; Hohenlohe et al. 2010). To
date, the method has been successfully applied to SNP
discovery in threespine stickleback (Baird et al. 2008; Ho-
henlohe et al. 2010), Wyeomyia mosquitoes (Emerson et al.
2010), rainbow and westslope cutthroat trout (Hohenlohe
et al. 2011), eggplants (Barchi et al. 2011), Cynara cardun-
culus (Scaglione ef al. 2012), Sisymbrium austriacum (Van-
depitte ef al. 2013) and sunflowers (Andrew et al. 2013).
Thus, even without a reference genome, RAD sequenc-
ing can deliver huge numbers of SNPs for analysis, and
in polyploids, deep sequencing coverage may provide
the ability to distinguish among homoeologs.

Arundinaria Michaux and Yushania P. C. Keng are
temperate genera with semelauctant inflorescences and
three stamens (Li et al. 2006). Arundinaria has leptomorph
rhizomes, while Yushania has pachymorph rhizomes (Li
et al. 2006). Arundinaria faberi Rendle, a small subalpine
bamboo usually found at elevations of 2300-3500 m, is
distributed in southwest China (northeast Guizhou,
southwest Sichuan and northern of Yunnan; Li et al.
2006). Yushania brevipaniculata (Handel-Mazzetti) T. P. Yi,
a shrubby spreading bamboo occurring between 1800

and 3800 m, is commonly distributed in western Sichuan
(Li et al. 2006). The two species share similar habitats
and are often distributed sympatrically. Both species are
important food for the giant panda (A. melanoleuca; Yi
1985). In previous studies, the phylogenetic relationships
among sampled populations of A. faberi and Y. brevipani-
culata could not be resolved using a small number of
plastid and nuclear genes (Zeng et al. 2010; Zhang et al.
2012b). The major goal of this study is to identify SNP
markers from two different populations of A. faberi and
Y. brevipaniculata, and to evaluate the performance of
RAD sequencing for phylogeny reconstruction in
temperate bamboos.

Methods

Creation and sequencing of the RAD libraries

A total of 24 individuals representing four natural popu-
lations (two A. faberi populations and two Y. brevipanicu-
lata populations) were sampled from Sichuan province,
China (Table 1). Total genomic DNA was extracted from
silica gel-dried leaf material using a modified CTAB pro-
cedure (Doyle & Doyle 1987). Then, DNA was pooled
from six individuals in each population to form our four
population samples, as described in Emerson et al.
(2010). Each population sample was digested with EcoRI
(5-GAATTC-3). RAD libraries were prepared and
sequenced according to Miller et al. (2007) and Baird
et al. (2008). Four paired-end libraries were constructed.
All libraries were sequenced in a single lane of an
[Ilumina HiSeq 2000 with read length of 91 bp.

De novo assembly

RAD sequences were preprocessed through three quality
filtering steps. First, sequences containing sequencing
errors in the cut site were removed. Second, any read
containing sequencing errors in the population-specific
barcode was discarded. Third, reads which had more
than 50% of base calls with a low quality score (Q < 5)
were eliminated. Reads were then demultiplexed, by
sorting according to their barcodes into the four popula-
tions. Paired-end reads from both populations were
pooled in each species, and de novo contigs assembled

Table 1 Location and sampling information for Arundinaria faberi and Yushania brevipaniculata

Taxon Pop Location Latitude Longitude Altidude (m)
A. faberi AEM E’mei, Sichuan, China N29°31'52" E103°1928" 2826

AWL Wolong, Sichuan, China N31°02'36" E103°09'50" 2696
Y. brevipaniculata YEM E’mei, Sichuan, China N29°31'59" E103°19'57" 2600

YWL Wolong, Sichuan, China N31°01'34" E103°11'13" 2476
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using Velvet, version 1.0.02 (Zerbino & Birney 2008), run
with a hash length of 27 bp, set the minimum contig size
as 200 bp and with other parameters set to default.

Sequence annotation

A BLastx search was performed against the NCBI non-
redundant (Nr) protein database using BLAST, version
2.2.25 (Altschul et al. 1990) with an E-value cut-off of
le-3 for the contigs de novo assembled from each spe-
cies. Based on the results of the Nr protein database
annotation, Blast2GO (Conesa et al. 2005) was
employed to obtain the functional classification of the
contigs by applying gene ontology (GO) terms (http://
www.geneontology.org; Ashburner et al. 2000), which
maps contigs to function according to the three princi-
pal GO categories: molecular function, cellular compo-
nent and biological processes (Harris et al. 2004). The
plot of GO classification was obtained by WEGO
(http:/ /wego.genomics.org.cn/cgi-bin/wego/index.pl;
Ye et al. 2006). Then the GO annotations of the contigs
were mapped to the plant-specific GO slim ontology
(http:/ /www.geneontology.org/GO.slims.shtml).

SNP discovery and phylogenetic analysis

To discover SNP markers for phylogenetic studies, we
utilized the PYRAD software (Eaton & Ree 2013), applied
only to the single end of the paired-end sequences. Reads
were clustered using a 90% similarity threshold to create
‘stacks’, which were then aligned and used to call
consensus sequences based on the counts of alleles at
each site. These consensus sequences were then clustered
using the same threshold across samples to cluster
putative orthologs.

We only kept reads that had a minimum depth of cov-
erage >9, which made the base calls more accurate. Also,
putative loci with unusually high coverage (>1000) were
excluded because these loci probably derive from paralo-
gous regions with similar sequences or from highly
repetitive regions (Wagner et al. 2012). The algorithm
used to make consensus base calls is based on a diploid
bi-allelic model, where the probability that a site is het-
erozygous (AB) vs. homozygous (AA or BB) is calculated
as a binomial probability depending on an error rate (e)
(Li et al. 2008). Because our samples are tetraploid, and
represent pooled populations, this model is violated.
Effectively, to the extent, stacks represent all four tetra-
ploid alleles; a SNP segregating between homoeologs
(AABB) will be called the same as a SNP segregating
within copies of a homoeolog (AAAB), in that both will
be marked with an ambiguity code in the consensus
sequence, representing a polymorphism. We created data
sets with consensus sequences called at two different

error rates, 0.001 and 0.01, but because they yielded
few differences, we present only results from the for-
mer. To evaluate how much data are necessary and
sufficient to obtain phylogenetic resolution, we pre-
pared seven data sets with different numbers of loci.

To evaluate the performance of PYRAD, we built and
genotyped loci de novo from the single end of the paired-
end sequences using STACKS (Catchen et al. 2011). In
the pipeline, 10 reads were required as minimum depth
of coverage to create a stack. We set the maximum
distance between stacks within a locus as one. The mini-
mum number of populations a locus must be present to
be processed was set to four.

The data sets were analysed using maximum-parsi-
mony, maximum-likelihood and Bayesian methods.
Maximum-parsimony analyses were conducted using
PAUP, version 4.0b10 (Swofford 2002) with 1000 replicates
of tree bisection and reconnection branch swapping.
Node support was estimated with 1000 bootstrap repli-
cates (MPBS). Maximum-likelihood analyses were imple-
mented in RAXML, version 7.2.8 (Stamatakis 2006) using
the general time-reversible (GTR) model of nucleotide
substitution with the gamma distributed rate heterogene-
ity. Nonparametric bootstrapping was implemented in
the fast bootstrap algorithm of RAXML with 1000 repli-
cates (MLBS). Bayesian inference was performed using
MrBayes, version 3.1.2 (Ronquist & Huelsenbeck 2003).
The best-fitting models were determined according to
the akaike information criterion (Posada & Buckley
2004). The GTR+I+I' model and GTR+I' model were
appropriate for the PYRAD data sets and the STACKS
data sets, respectively. The Markov chain Monte Carlo
algorithm was run for 2 000 000 generations with trees
sampled every 100 generations for each data set.

Results

RAD tag generation and de novo assembly

A total of c. 108 million 82-85 bp (AEM: 82 bp, AWL:
83 bp, YEM: 85 bp, YWL: 84 bp) paired-end reads were
obtained after barcode trimming, cleaning and quality
checking. The Q20 (sequencing base calls with an error
rate of <1%) of each sample was above 97%, meaning
data quality was very high. The mean GC content of the
sequence in four populations was c. 44%, similar to that
found in Dendrocalamus latiflorus (49.48%; Zhang et al.
2012a), but lower than the GC content value in cDNA for
Phyllostachys edulis (54.0%; Peng et al. 2010), although the
AT-rich enzyme EcoRI (GAATTC) may bias our data set
towards lower GC content. The mean sequencing depth
of RAD tag was 27 in each sample. The data summaries
are presented in Table 2. Assembly of reads using Velvet
resulted in 67 685 and 70 668 contigs with mean sizes of

© 2013 John Wiley & Sons Ltd
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Table 2 Summary statistics of the RAD tags sequencing

Arundinaria Yushania

faberi brevipaniculata

AEM AWL YEM YWL

Number of reads 27.15 27.08 27.09 27.23
(million)

Total length of 2335 2342 2370 2369
reads (million bp)

GC Rate% 44.07 44.1 44.21 44.16

Depth 274 27.8 27.8 27.8

Number of contigs 67 685 70 668

Average contig 240 241
length (bp)

N50 (bp) 246 249

Contig length range 200-774 200-604

(bp, min—max)

240 and 241 bp for A. faberi and Y. brevipaniculata,
respectively (Table 2).

Sequence annotation and GO categorization

In all, 21% of assembled contigs (14 353/67 685 in A. fa-
beri, and 14 697/70 668 in Y. brevipaniculata) of each spe-
cies were significantly matched to known genes in the
public Nr databases (Fig. 1). The overall functional anno-
tation is depicted in Table S1 (Supporting information).
The top-hit lists of protein sequences for BLAST results
were as follows: Oryza sativa, Brachypodium distachyon,
Sorghum bicolor, Hordeum vulgare, Zea mays and P. edulis
(Fig. S1, Supporting information). The Y. brevipaniculata
yielded highly similar results.

Woody bamboos are characterized by having woody
culms, complex branching systems of both culms and

80000

70 000 w A. fuberi

m Y. brevipaniculata

60 000

50000

40 000

number of contigs

30000

20 000

10 000

Without BlastX hit ~ With BalstX hit

Total contigs Annotated

Fig. 1 The numbers of the annotated contigs.
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rhizomes, and infrequent flowering. We identified sets
of contigs that have putative functions in shoot branch-
ing including those belonging to the GRAS family,
F-box family and NAC family (Table S1, Supporting
information). Also, contigs related to floral develop-
ment such as zinc-finger protein family, WD repeat-
containing protein family, basic helix-loop-helix family
(bHLH), Myb family and basic leucine zipper (Bzip)
transcription factors were identified in our data set. As
is well known, bamboo is a major resource of nonwood
fibre because the lignin content of bamboo is compara-
ble to that of woody plants and higher than most
herbaceous plants. Here, contigs belonging to cinnamyl
alcohol dehydrogenase catalyses gene family, which is
thought to be correlated with lignin biosynthesis, were
identified.

There were 9525 and 9742 contigs assigned to one or
more GO terms for A. faberi and Y. brevipaniculata,
respectively (Figs 1 and 2). For biological processes,
genes involved in cellular processes (GO: 0009987) or
metabolic processes (GO: 0008152) are highly repre-
sented. For molecular functions, binding (GO: 0005488)
is the most represented GO term. Regarding cellular
components, the most highly represented categories are
cell (GO: 0005623), cell part (GO: 0044464) and organelle
(GO: 0043226).

A further functional classification of contigs was per-
formed using a set of plant-specific GO slims. The most
highly represented groups were ‘plastid’, ‘mitochon-
drion” and ‘cytoplasmic membrane-bounded vesicle’,
followed closely by ‘ATP binding’, ‘'DNA binding’, ‘mem-
brane’, ‘/RNA binding’, ‘'DNA recombination” and ‘RNA-
directed DNA polymerase activity’ (Table S2, Supporting
information). Contigs involved in shoot development,
root development, flower development, pollination,
response to stress and lignin biosynthetic process were
also represented.

SNP identification and phylogenetic analyses

After filtering and clustering, we recovered c. 29 443
putative orthologs shared across the four populations,
for a total length of 2 129 079 bp. This includes 28 023
variable sites, of which 13 650 (Fig. 3) are fixed between
species; the remainder being polymorphic. The SNPs
occur at a rate of 0.95 SNP/tag. For A. faberi, we identi-
fied 3055 fixed differences between population E'mei
and Wolong, excluding polymorphic sites, while in
Y. brevipaniculata 3095 SNPs were fixed between the two
populations (Fig. 3).

Seven data sets, ranging from 6 (0.05%) loci to 29 443
(100%) loci, were prepared for phylogenetic analyses.
The results of the MP, ML and Bayesian analyses were
largely congruent. Table 3 summarizes these results.
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GO Classifications

Fig. 2 Gene ontology classification of
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AEM TCAACAGCAGGCATCAGGTCTTCTGAAGAGCCATOGGO TEAGAAGAGGAGCCCAAGT TTAAGATGTGGCAAT Fig. 3 Schematic representation of cate-
AWL  TCAACAGCAGGUATCAGGTCTTCTGAAGAGCCATGGRGTG CCCAAGTTTAAGATGTGGCANT gories of SNPs fixed between species and
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ywl [CAACAGCAGGCATCAGGTCTTCTGAAGAGCCATGGOGTGAGAAGAGGAGCCCANGTTTAAGATATGGCAN
'y *

AEM  ACTCATGTCTAATTTGHATGTTTCTGGACAG \CGTTCCATCTCAGATGTCGGTGOGAG
AWL ACTCATGTCTAATTTGTATGT TTCTGGACA GTTCCATCTCAGATGTCGGTG
YEM ACTCATGTCTAATTTGTATGTTT WCGTT CTCAGATGTCGLTG
WL ACTCATGTCTAATTTGTATGTTT AWACGTTCCATCTCAGATGTCGGTGURAG
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AWL \ VTCAGTTGGGACGEAANT TCCATGGUGTG TACATACACGGATGLG TGUAGTCTCTGCA [GUAG
YEM VGGCATCAGT TGAGAC W=TCCATGGCGTGTACATACACGGATGOGTGCAGTCTCTGUACCGT G
YWL WGGCATCAGTTGAGACGCAAA-TCCATCGLGTGTACATACACGGATGOGTGCAGTCTCTGCACCG TG

* *

# SNPs fixed between species
A SNPs fixed between populations in ¥, brevipaniculata
& SMNPs fixed batwean populations in A, faben

Phylogenetic analysis using the largest data set revealed
robust support for the relationship between the two spe-
cies (100% MPBS, 100% MLBS, 1.00 PP), as well as the
monophyly of each species. For the data set in which six
loci were included, the phylogenetic analysis shows clear
species-specific clade, but the node received decreased
support (95% MPBS, 100% MLBS, 0.89 PP).

Maximum-parsimony (MP) analysis of the 29 443-
locus combined data set recovered a single most-parsi-
monious tree with a tree length of 27 328, a consistency
index (CI) of 0.9989 and a retention index (RI) of 0.9979.
The ML analysis found a single optimal tree identical to
the MP consensus tree. The topology from the Bayesian
analysis was consistent with the MP and ML analyses
(Fig. 4).

Analyses using STACKS revealed similar results.
STACKS produces 11 348 loci for which all four popula-

tions have sequence data. A phylogeny based on 6638
parsimony informative characters was highly supported,
recovering the two species as distinct (100% MPBS, 100%
MLBS, 1.00 PP). These results show that prYRAD per-
formed as well as STACKS, a commonly used software
for RAD sequencing, and therefore, PYRAD is appropri-
ate for inferring phylogeny from RAD sequence data.

Discussion

In this study, high-throughput sequencing of RAD tags
enabled us to resolve fine-scale genetic divergence among
A. faberi and Y. brevipaniculata. In previous studies, Zeng
et al. (2010) and Zhang et al. (2012b) employed plastid
and nuclear genes to infer phylogenetic relationships in
Arundinarieae, and including A. faberi (Bashania fangi-
ana) and Y. brevipaniculata. The results showed that the

© 2013 John Wiley & Sons Ltd
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Table 3 Statistics for different data sets used in phylogenetic analyses

Number of loci Total characters PIC MP tree length CI RI MPBS MLBS PP

29 443 2 129 079 13 962 27 328 0.9989 0.9979 100 100 1.00
2944 212 952 1348 2708 0.9996 0.9993 100 100 1.00
589 42 629 247 535 1 1 100 100 1.00
294 21 299 119 259 1 1 100 100 1.00
59 4271 25 52 1 1 100 100 1.00
29 2094 17 37 1 1 100 100 1.00
6 436 3 8 1 1 95 100 0.89

PIC, parsimony informative characters; MP, maximum parsimony; CI, consistency index; RI, retention index; MPBS, maximum-
parsimony bootstrap analyses; MLBS, maximum-likelihood bootstrap analyses; PP, posterior probabilities.

Yushania brevipaniculata

(Wolong)
100/100/1.00
L—— Yushania brevipaniculata
(E'mei)
Arundinaria faberi
(Wolong)
100/100/1.00
—— Arundinaria faberi
0,001 (E'mei)

Fig. 4 Phylogram of the 50% majority-rule consensus tree from
Bayesian inference based on 29 443 loci. Support values are
shown for nodes as maximum-parsimony bootstrap/maximum-
likelihood bootstrap/Bayesian inference posterior probability.
Branch lengths were calculated through Bayesian analysis, and
scale bar denotes substitutions per site.

two species were in the Phyllostachys clade, but the
phylogenetic relationship between the two species was
not resolved. Temperate woody bamboos are notorious
for being a taxonomically difficult group with a low
rate of molecular evolution (Gaut et al. 1997). Previous
studies suggested that temperate woody bamboos may
have diverged rapidly early in their evolutionary his-
tory (Triplett & Clark 2010; Zeng ef al. 2010; Zhang
et al. 2012b). Recently, phylogenetic analyses based on
whole chloroplast genomes have resolved major rela-
tionships within the subfamily Bambusoideae, but the
diversification among three clades (Arundinaria, Shiba-
taea and Phyllostachys clades) of temperate woody bam-
boos remained unresolved even with complete
chloroplast genomes sequences (Zhang et al. 2011). In
previous chloroplast phylogenomic studies, it was
suggested that even the entire chloroplast genome may
be insufficient to fully resolve the rapidly radiating lin-

© 2013 John Wiley & Sons Ltd

eages (Parks et al. 2009; Moore et al. 2010). In the
current study, by successively reducing the number of
loci, we presented that 29 loci with a total length of
2094 bp would be sufficient to resolve the phylogeny.
The relationships within the two species were better
resolved using the larger data set, suggesting that
insufficient parsimony information characters were the
major cause for poor resolution in temperate bamboos.
Here, we demonstrate the power and efficiency of
RAD sequencing to resolve differences among closely
related species in temperate bamboos.

Rubin et al. (2012) first applied RAD sequence data to
reconstruct phylogenies, showing that clade age was an
important factor in how many RAD tags were recovered
across species, and that it was probably to perform best
in young clades. The temperate bamboos are a relatively
young group in the Bambusoideae, originating in the
Miocene, c. 23 Ma (Bouchenak-Khelladi et al. 2009, 2010;
Hodkinson et al. 2010). Similarly, Wagner ef al. (2012)
used NGS data from RAD markers to infer phylogenetic
relationships among 16 species of cichlid fishes from
Lake Victoria, recovering a strongly supported tree even
in this rapidly radiated clade.

Little is known about the genetic diversity or popu-
lation structure of bamboo germplasm (Barkley et al.
2005). With their low rate of molecular evolution, the
predominant obstacle for population genetic studies of
Bambusoideae is identifying sufficiently variable
molecular markers. In our study, 3055 (0.14%) and
3095 (0.15%) SNPs were identified between population
E'mei and Wolong for A. faberi and Y. brevipaniculata,
respectively, showing that RAD sequencing has great
potential for resolving relationships among the Bambu-
soideae.

Previous studies have identified and characterized
several genes related to floral development (Tian et al.
2005, 2006; Lin et al. 2009), rhizome bud development
(Wang et al. 2010), leaf senescence (Chen et al. 2011),
plant tolerance to stress (Liu ef al. 2012) and lignin
biosynthesis (Zhou ef al. 2012) in bamboos. In our study,
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a large number of contigs were annotated by searching
the orthologous genes of highest sequence similarity in
public database (NCBI and GO). Some are relevant to
important traits or developmental process. The results
can be a valuable resource and are worthy of further
investigation.

The current study represents an initial attempt at
resolving complex evolutionary relationships in the tem-
perate bamboos, using the largest collection of genome-
wide SNPs yet used in bamboo phylogenetics. Extending
this approach to a broader taxonomic sampling will help
to elucidate the evolutionary history of temperate
bamboos.
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