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Abstract

Bamboo occupies an important phylogenetic node in the grass family and plays a significant role in the
forest industry. We produced 1.2 Mb of tetraploid moso bamboo (Phyllostachys pubescens E. Mazel ex
H. de Leh.) sequences from 13 bacterial artificial chromosome (BAC) clones, and these are the largest
genomic sequences available so far from the subfamily Bambusoideae. The content of repetitive elements
(36.2%) in bamboo is similar to that in rice. Both rice and sorghum exhibit high genomic synteny with
bamboo, which suggests that rice and sorghum may be useful as models for decoding Bambusoideae
genomes.

Gui YJ, Zhou Y, Wang Y, Wang S, Wang SY, Hu Y, Bo SP, Chen H, Zhou CP, Ma NX, Zhang TZ, Fan LJ (2010) Insights into the bamboo genome:
syntenic relationships to rice and sorghum. J. Integr. Plant Biol. 52(11), 1008–1015.

Introduction

Bamboos are a group of woody and herbaceous plants that
have many food, garden and industrial applications. It is esti-
mated that 18 million hectares of bamboo are distributed world-
wide, with approximately 3 and 8 million hectares in China
and India, respectively (Gielis et al. 1996). Bamboos belong
to the subfamily Bambusoideae and are woody members of
the grass family Poaceae, which also includes rice, sorghum
and other cereals. However, just like cereals but not woody
plants or trees, bamboos only flower once. Therefore bamboos
present a unique group of the grass family. Bamboos serve
essential functions in foods, timber, papermaking, biofuel,
etc.

Bamboos are thought to have originated approximately 30–
40 million years ago and evolved in forests from an ancestral
grass that closely resembled Streptochaeta Schrad (Clark
1996; Klinkenborg 2001). Bamboos probably have the same
basic chromosome number as rice (x = 12), and tropical and
temperate bamboos are hexaploids (2n = 72) and tetraploids
(2n = 48), respectively, while rice is diploid (2n = 24). The
genome sizes of bamboos are estimated to be 2.45–5.30 pg
(Gielis et al. 1996; Gui et al. 2007), which is generally within the
mid-range of size in the grass family (Gaut 2002). The Bam-
busoideae include over 70 genera and 1 200 species (Jiang
2002) and economically important species are found in several
genera or sections. For example, the genus Phyllostachys,
which includes temperate moso and timber bamboos, contains
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the ecologically and economically most important member of
the Bambusoideae.

Considering the high economic importance of bamboo in ru-
ral economies and industrial applications, genetic and genomic
analyses of bamboo need to be significantly advanced. While
genome sequences are available for several cereals, there has
been no significant progress in the genomic investigation of
bamboo except for a recent genomic survey (Gui et al. 2007).
In that study, almost 1 000 genomic survey sequences (GSS)
were generated from moso bamboo (P. pubescens), the most
widely distributed and economically important species in China.
In GenBank, only 17 789 nucleotide sequences (less than 0.1%
of the total sequences from Poaceae) have currently been
determined from Bambusoideae (as of 11 November 2009,
including expressed sequence tags (EST) and GSS).

Although massive genomic sequences have been deter-
mined in the grass family, many gaps still remain in our
understanding of the variation across different species in this
family, in which bamboos represent an important branch (Pa-
terson et al. 2005). In the present study, we produced 1.2 Mb
of Phyllostachys sequences from 13 bacterial artificial chro-
mosome (BAC) clones, annotated them and compared them
with orthologous regions in the rice and sorghum genomes.

Results and Discussion

Cloning and sequencing of bamboo BACs

Three hundred and eighty four BAC clones were constructed
according to the procedure described by Zhang (2000) using
shoots of moso bamboo collected from Anji Bamboo Exposition
Garden, China. Thirteen BAC clones with insertion sizes of over
100 Kb were selected to be further sequenced. Two clones
were finished by a traditional sequencing method using ABI
3730 sequencers while the other 11 clones plus one of the
finished BACs were pooled together and sequenced using a
massively parallel pyrosequencing technology (454 GS FLX).
The two finished BACs (GQ252886 and GQ252887) were
113.2 and 139.3 Kb in length, respectively (Table 1). A total
of 142 775 reads by the 454 technology, with an average
size of 220 bp and a total length of 31 470 115 bp, provided
about 22× coverage over the target BACs (120.9 Kb per
clone estimated based on Pulsed Field Gel Electrophoresis).

Table 1. Summary of bacterial artificial chromosome (BAC)

sequencing

Average Total
BAC Stage Contig size size Method
number numbers (kb) (kb)

2 Finished 2 126.3 252.5 Sanger

11 Draft 90 9.8 877.3 Pyrosequencing

These reads were finally assembled into 90 contigs (>2.0 Kb)
spanning 877.27 Kb. The average size of the contigs was
9.75 Kb, and 32 and three contigs were over 10 Kb and 30 Kb
in length, respectively. All contig sequences from the present
study were deposited in GenBank under accession numbers
GQ252796-GQ252887.

Gene annotation

In silico gene prediction was carried out using FGENESH
(http://www.softberry.com) with monocot parameters. In addi-
tion to transposable elements (TEs), a total of 112 non-TE-
related protein-coding genes were predicted and 46% of them
showed evidence of transcriptional sequences or were highly
similar (BLASTP E-value less than 1e-10) to genes from other
plants. Among these 112 genes, we found some bona fide
genes, such as four resistance gene homologs (RGH or RGA),
one putative alcohol dehydrogenase (Adh) gene that was highly
similar to rice Adh3, and two pollen-specific kinase genes,
which provide clues for further genetic analysis in bamboos.
Some of the predicted bamboo genes currently have no hits
in GenBank. We selected five genes (Genes 3, 4, 6, 8 at
GQ252886 and Gene 11 at GQ252805; Figure 1) to validate
the predictions. Five primer pairs were designed based on the
coding regions of the five genes, respectively, and amplified in
the cDNA pool extracted from bamboo leaves or roots. Single
expected bands were observed in the five primers, respectively
(data not shown), which suggests that these genes are active
and imply that they may be bamboo-specific.

The features of the 112 predicted bamboo genes in compar-
ison to rice and sorghum are shown in Table 2. The average
gene size of bamboo seems to be shorter than those of the
other two cereals. This result needs to be further confirmed
based on more bamboo genomic sequences or full-length
cDNA sequences. Longer genes may be incomplete or un-
annotated in our bamboo sequences due to their incomplete-
ness, causing underestimation of the mean gene length. In
the annotation of the sorghum genome, 5 197 gene models,
usually short (often < 150 amino acids) and with no EST
support, were believed to be of low confidence and therefore
were not included in the gene dataset (Paterson et al. 2009).
If we exclude predicted genes with less than 150 amino acids
from our dataset, the average size of bamboo genes increased
to 2 370 bp. At the genomic level, the average G+C content
of all bamboo contigs was 44.3%, which has no significant
difference with those of rice (44.2%, Feng et al. 2002) and
sorghum (44.4%, Paterson et al. 2009).

Repetitive elements

Previous studies have suggested that long terminal repeats
(LTR) retrotransposons may be predominant among repetitive
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Figure 1. Two bamboo-rice-sorghum syntenic regions.

(A) A finished bacterial artificial chromosome (BAC) sequence (GQ252886).

(B) A putative scaffold including three bamboo contigs (from right to left: GQ252869, GQ252805 and GQ252812).

Predicted genes and their orientation are shown as boxed areas. Putative retrotransposons are shown in black. Conserved genes between

bamboo and rice/sorghum regions are connected by shaded areas. Annotations of rice and sorghum are based on the MSU Rice Genome

Annotation Project at http://rice.plantbiology.msu.edu/ and the DOE JGI sorghum genome project at http://www.jgi.doe.gov. Os, rice; Pp,

bamboo; Sb, sorghum.

http://rice.plantbiology.msu.edu/
http://www.jgi.doe.gov
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Table 2. Features of bamboo genes in comparison with those

of rice and sorghum

Bambooa Riceb Sorghumc

Average gene size (bp) 1 862 2 844 2 794

Average exon length (bp) 258 313 279

Average intron length (bp) 388 414 456

Average exon/gene 3.5 4.9 4.4

Average intron/gene 2.5 3.9 3.4

Average exon GC content (%) 51.0 51.5 NA

Average intron GC content (%) 40.0 37.6 NA

aBased on the 112 annotated bamboo genes in this

study; bFrom the MSU Rice Genome Annotation Project

at http://rice.plantbiology.msu.edu; cFrom the DOE JGI at

http://genome.jgi-psf.org/Sorbi1/. NA, not available.

elements of tetraploid moso bamboo (Gui et al. 2007). The
large genomic segments generated in the present study make it
possible for us to re-evaluate this point. The retroelements were
annotated using gene and LTR prediction programs, which
combined repeated scanning against custom repeat databases
(see Materials and Methods). In the two finished BAC clones,
high densities of retrotransposons were found (Figures 1, 2).
In GQ252887, for example, retrotransposons comprised most
of the repetitive elements (Figure 2; detailed list in Table S1).
For these LTR retrotransposons, their insertion times were
estimated based on solo-LTR sequences (SanMiguel et al.
1998). Most of them seem to have been inserted recently
(<2 million years ago).

We further estimated the amount and composition of repet-
itive elements in the bamboo genome using all large contigs
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Figure 2. Repetitive elements in a bamboo bacterial artificial chromosome (BAC) sequence (GQ252887).

The potential insertion times and types of intact LTR retrotransposon are shown. LTR, long terminal repeats; PBS, primer binding site; PPT,

polypurine tract; TE, transposable element; TSD, target site duplication.

(>10 Kb). Following the sorghum repeat annotation pipeline
with minor changes, we annotated the bamboo contigs and
compared our results to those of three cereals annotated by
Paterson et al. (2009) (Table 3). Consistent with an estimation
in a previous study (Gui et al. 2007), the repetitive content
(36.2%) of bamboo is not significant different (P = 0.32) to that
of rice (39.5%). However, it should be noted that several factors
would lead to underestimation of proportionate content in the
bamboo genome. First, our dataset is not big, and additional
repeats with low copy numbers (such as less than 1 000 in the
genome) will be found as more sequence data are available.
Therefore more genomic sequences are necessary to confirm
this estimation. Second, our contigs are not big (9.75 Kb
average size) and an underestimation of repetitive elements
might be caused by contigs generated by the 454 approach,
which gives short reads that are generally difficult to assemble
for repetitive regions. Finally, the repetitive contents of the
three cereals are much better known because their genomes
have been sequenced extensively and annotated carefully for
TEs.

There is a slight difference in the composition of repetitive
elements between bamboo and rice. The content of DNA
transposons in the bamboo genome (6.14%) was significantly
(P = 0.02) lower than that in rice (13.7%). In rice, the contents
of CACTA superfamily (3.43%) and miniature inverted-repeat
transposable elements (MITEs) (5.24%) of DNA transposons
seem to have increased (but P = 0.16 and 0.21) during
evolution of the rice lineage relative to that in bamboo (1.59
and 2.24%). A similar trend was also observed in the other two
cereals (except for the CACTA family in sorghum) (Paterson
et al. 2009).

http://rice.plantbiology.msu.edu
http://genome.jgi-psf.org/Sorbi1/
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Table 3. Repeat composition and major components of the

bamboo genome in comparison to rice, sorghum and maize

Repetitive elements Pp Os Sb Zm

Transposon DNA 36.23 39.50 62.00 82.10

Class I: Retroelement 30.09 25.78 54.52 79.44

LTR Retrotransposon 29.99 23.47 54.43 75.08

Ty1/copia 13.90 2.47 5.18 21.75

Ty3/gypsy 13.07 12.03 19.00 37.73

Unclassified LTR 3.03 8.98 30.25 15.59

Non-LTR Retrotransposon 0.10 1.24 0.04 0.35

LINE 0.10 0.80 0.04 0.34

SINE 0.00 0.45 0.00 0.01

Unclassified retroelement NA 1.07 0.05 4.02

Class II: DNA Transposon 6.14 13.67 7.46 2.68

DNA Transposon Superfamily 2.83 7.04 4.79 0.92

CACTA superfamily 1.58 3.43 4.69 0.47

hAT superfamily 0.61 0.52 0.02 0.10

Mutator superfamily 0.59 1.81 0.06 0.15

Tc1/Mariner superfamily 0.00 0.02 0.00 0.00

PIF/Harbinger 0.00 0.00 0.02 0.08

Unclassified 0.05 1.26 0.00 0.12

MITE 2.24 5.24 1.74 0.32

Stowaway 1.94 1.74 0.19 0.03

Tourist 0.30 1.50 0.94 0.08

Unclassified MITE NA 2.00 0.61 0.21

Helitron 0.98 0.33 0.81 1.31

Unclassified DNA transposon 0.08 1.06 0.12 0.12

The estimations (percentage of genome bp) were based on 10 Kb

genomic contigs generated in this study for the bamboo (Pp)

genome and Paterson et al. (2009) for three cereals (Os, rice; Sb,

sorghum; Zm, maize). LINE, long interspersed nuclear element;

LTR, long terminal repeat; MITE, miniature inverted-repeat trans-

posable element; PIF, P instability factor; SINE, short interspersed

nuclear element.

Synteny among bamboo, rice and sorghum

Extensive genomic colinearity has been shown within grasses.
The availability of the genome sequences of rice (International
Rice Genome Sequencing Project 2005; Yu et al. 2005),
sorghum (Paterson et al. 2009) and segments of the bam-
boo genome provide an opportunity to estimate the synteny
between bamboo and cereals. High syntenies were observed
among bamboo, rice and sorghum (two examples are shown
in Figure 1). The finished BAC sequence GQ252886 showed
extensive synteny with two orthologous regions at rice chromo-
some 2 and sorghum chromosome 4, respectively, even to the
point where many retrotransposons are inserted in GQ252886
(Figure 1A). Interestingly, a retrotransposon inserted into intron
11 of a putative protein kinase gene, which was split into two

putative genes (Genes 6 and 8 at Figure 1A) in bamboo. The
transcription sequences of Genes 6 and 8 have been confirmed
by us (GQ273506 and GQ273507), and the results suggest
that these genes are transcribed. In sorghum, only the 3′ region
(Sb04g030710) of the putative kinase gene was retained and its
5′ region seems to be pseudo due to indels/mutations, although
it still shows high similarity to the bamboo Gene 6 (data not
shown). However, the putative kinase gene was kept intact
in rice (Os02g47410, 8 675 bp in length) and its transcriptal
sequence can be found (see the MSU Rice Genome Annotation
Project at http://rice.plantbiology.msu.edu).

Another example shows a putative scaffold containing three
contigs (Figure 1B). The three contigs (GQ252869, GQ252805
and GQ252812) were confirmed from the same BAC clone
through polymerase chain reaction (PCR) amplification. Just
like the above protein kinase gene in bamboo, we also found a
∼4 Kb potential insertion sequence in the bamboo syntenic
region (Gene 1 in the contig of GQ252869) of genes from
rice (Os08g40450) and sorghum (Sb07g027320) (Figure 1B),
and thus two genes were predicted from this region by several
gene-prediction programs. The 4 Kb non-repetitive sequence is
located in a putative intronic region based on the two orthologs
from rice and sorghum. To test whether the gene, as with
the above protein kinase gene, has indeed been split into
two genes, a primer pair located on two predicted exons that
covered the 4 Kb sequences was designed. We successfully
amplified and sequenced a transcript (GQ273508) from the
bamboo cDNA pool. Sequence alignment indicated that the
bamboo ortholog (Gene 1) had the same gene structure as
that of Os08g40450 and Sb07g027320, and the 4 Kb sequence
simply added the length of the intronic sequence of its gene.

The comparison of the two othologous regions also demon-
strated that some bamboo genes seem to have been lost
or moved to other genomic regions after the divergence
of bamboo from other members. For example, the pecti-
nacetylesterase domain containing gene (Os02g47400 and
Sb04g030720) could not be found in the syntenic region of
bamboo (Figure 1A). Meanwhile, some bamboo genes (such as
Genes 3, 4 and 10 at GQ252886; Genes 3 at GQ252869 and
Gene 11 at GQ252805; Figure 1) have no hits to orthologous or
even other regions of rice and sorghum, suggesting they might
be bamboo-specific genes. These results reflect a dynamic
evolutionary process of the bamboo genome.

The high genomic synteny between bamboo and
rice/sorghum suggests that rice and sorghum may be very
useful as models for decoding Bambusoideae genomes. It is
difficult to construct a bamboo genetic population and genetic
map since we can not control the flowering of bamboos, and
the comparative genomic approach is therefore more important
for studies on the bamboo genome. Rice has one of the
smallest genomes and was the first member of the grass family
to be sequenced. Since rice is relatively close to bamboo

http://rice.plantbiology.msu.edu
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in phylogeny (Kellogg 1998; Gaut 2002; Also our results at
Figure S1 based on 28 annotated bamboo genes), it should be
the best available reference genome for the comparative ge-
nomic analysis with bamboo. Meanwhile, sorghum also shows
high genomic synteny with bamboo although it is relatively
distant from bamboo in phylogeny. The recent publication of
high-quality genome sequences of sorghum (Paterson et al.
2009) thus provides another important reference genome for
bamboo.

Materials and Methods

Plant samples

Fresh shoots and leaves of moso bamboo (P. pubescens
E. Mazel ex H. de Leh.) were collected from Anji Bamboo
Exposition Garden and Hangzhou Botany Garden, China for
the construction of BAC clones and total RNA extraction,
respectively.

Construction of BAC clones

Bamboo BAC clones were constructed according to a pro-
tocol developed by Zhang (Zhang 2000) with minor modi-
fications: (i) to avoid organelle contamination in the nuclei
preparations, nuclei were isolated from bamboo shoot; (ii)
BAC clones were constructed in the HindIII site of the vector
pIndigoBAC-5 (HindIII-cloning Ready, Epicentre Technologies,
Madison, WI, USA); (iii) ligation was transformed into Elec-
troMAX DH10B competent cells (Invitrogen, Carlsbad, CA,
USA).

BAC sequencing

The DNA of 12 BAC clones were equally pooled together
and sequenced by using a massively parallel pyrosequencing
technology (454 GS FLX) (Margulies et al. 2005). The gaps
were closed by multiplex PCR (Tettelin et al. 1999). An ABi
3730xl capillary sequencer was used to determine the end
sequences of each BAC clone. All contig sequences from this
study were deposited in GenBank under accession numbers
GQ252796-GQ252887.

Isolation of total RNA and synthesis of cDNA

RNA was extracted from moso bamboo shoot and leaves
using a Classic Total RNA Isolation Kit (Sangon, Shanghai,
China). cDNA was synthesized with a RevertAid First Strand
cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania) accord-
ing to the manufacturer’s instructions. The single-stranded
cDNA was used as a template for reverse-transcription PCR
amplification.

Sequence annotation and analysis

In silico gene prediction was performed using FGENESH
(http://www.softberry.com) with monocot parameters. Pre-
dicted genes with less than 50 amino acids were excluded
(http://rice.plantbiology.msu.edu/). The predicted genes were
searched against protein sequence sets including the cur-
rent the institute for genomic research (TIGR) rice annotation
database and the SWISS-PROT database using BLASTP and
BLASTX with a cutoff value of 1e-10.

The repeat annotation followed Paterson et al. (2009)
except that (i) LTR FINDER (http://tlife.fudan.edu.cn/ltr_finder/)
was used for the de novo prediction of long terminal
repeat (LTR) retrotransposons with an Oryza sativa
tRNA database and default parameters; (ii) MITEs
were predicted with FINDMITE (Tu 2001); and (iii) a
combined repeat database including mips_REdat_4.3
(http://mips.gsf.de/), the triticeae repeat sequence
database (TREP) (http://wheat.pw.usda.gov/ITMI/Repeats/),
RetrOryza (http://www.retroryza.org/) (Chaparro et al.
2007), TIGR plant repeats databases (http://www.tigr.org/
tdb/e2k1/plant.repeats/) (Ouyang and Buell 2004) and
RepBase (http://www.girinst.org/) (Jurka et al. 2005) was
used. 100 random 800 Kb genomic sequences were selected
from rice (http://rice.plantbiology.msu.edu/) and sorghum
(http://www.jgi.doe.gov/) for statistical tests of repetitive
element and GC contents. The insertion times of LTR
retrotransposons were estimated according to SanMiguel
et al. (SanMiguel et al. 1998). 5′ and 3′ solo LTRs were
aligned using the water program (EMBOSS package,
http://www.hgmp.mrc.ac.uk/Software/EMBOSS/) with default
values and the nucleotide substitutions per site were calculated
under the g-K2P model as implemented in MEGA v4.0 (Kumar
et al. 2004). The substitution rate of 2 × 6.5 × 10−9 mutations
per site per year (Gaut et al. 1996) was used to estimate the
absolute time. Primer3 (Koressaar and Remm 2007) was used
to design unique primer pairs.
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Additional Supporting Information may be found in the online
version of this article:

Table S1. A document file including repeat annotation of
Contig 28 and a list of bamboo’s orthologs in rice, sorghum
and Arabidopsis.
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Figure S1. Amino acid substitution rates of 28 anno-
tated bamboo genes (Table S1) with their orthologs in
rice, sorghum and Arabidopsis. The orthologs are the best
hits (also BLASTP E-value less than 1e-20) for the 28
bamboo genes in the rice (http://rice.plantbiology.msu.edu/),
sorghum (http://www.jgi.doe.gov/) and Arabidopsis genomes
(http://www.arabidopsis.org/), respectively. The orthologous
gene pairs were ranked based on the bamboo-rice substitution

rates (from low to high). At, Arabidopsis thaliana; Os, rice; Pp,
bamboo; Sb, sorghum.
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