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Bamboo	represents	the	only	major	lineage	of	grasses	that	
is	native	to	forests	and	is	one	of	the	most	important	non-
timber	forest	products	in	the	world.	However,	no	species	in	
the	Bambusoideae	subfamily	has	been	sequenced.	Here,	we	
report	a	high-quality	draft	genome	sequence	of	moso	bamboo	
(P. heterocycla var. pubescens).	The	2.05-Gb	assembly	covers	
95%	of	the	genomic	region.	Gene	prediction	modeling	
identified	31,987	genes,	most	of	which	are	supported	by	
cDNA	and	deep	RNA	sequencing	data.	Analyses	of	clustered	
gene	families	and	gene	collinearity	show	that	bamboo	
underwent	whole-genome	duplication	7–12	million	years	
ago.	Identification	of	gene	families	that	are	key	in	cell	wall	
biosynthesis	suggests	that	the	whole-genome	duplication	event	
generated	more	gene	duplicates	involved	in	bamboo	shoot	
development.	RNA	sequencing	analysis	of	bamboo	flowering	
tissues	suggests	a	potential	connection	between	drought-
responsive	and	flowering	genes.

Bamboo is one of the most important non-timber forest products in 
the world. About 2.5 billion people depend economically on bamboo, 
and international trade in bamboo amounts to over 2.5 billion US dol-
lars per year1. Bamboo has a rather striking life history, characterized by 
a prolonged vegetative phase lasting decades before flowering, thereby 
inhibiting genetic improvement. Recent genomic studies in bamboo 
have included genome-wide full-length cDNA sequencing2, chloro-
plast genome sequencing3, identification of syntenic genes between 
bamboo and other grasses4 and phylogenetic analysis of Bambusoideae 
 subspecies5. Fifty-nine simple sequence repeat markers from rice and sug-
arcane were used in the genetic diversity analyses of 23 bamboo species6, 
and 2 species-specific sequence-characterized amplified region markers 
were developed in the identification of different bamboo species7.

Here, we report the draft genome of moso bamboo, a large woody 
bamboo that has ecological, economic and cultural value in Asia and 
accounts for ~70% of the total bamboo growth area. Comparative 

genome-wide analyses of bamboo to other grass species, including 
rice, maize and sorghum, yielded new genetic insights into the rapid 
and marked phenotypic and ecological divergence of bamboo and 
closely related grasses.

The moso bamboo genome contains 24 pairs of chromosomes8 
(2n = 48) and is characteristic of a diploid (Supplementary Fig. 1a). 
We conducted a flow cytometry analysis and estimated that it had 
a genome size of 2.075 Gb (2C = 4.24 pg; Supplementary Fig. 1b), 
which was very close to that estimated in a previous report9.

Because it is difficult to generate an inbred line of moso bamboo, 
owing to its infrequent sexual reproduction and the long periods of 
time between flowering intervals, we selected five plants from a single  
individual rhizome of the moso bamboo ecotype (P. heterocycla var. 
pubescens) and performed whole-genome shotgun sequencing. We 
generated 295 Gb of raw sequence data (approximately 147-fold cov-
erage), including Illumina short reads and 10,327 pairs of BAC end 
sequences (Supplementary Table 1a). The final assembly of 2.05 Gb 
was generated using the de novo Phusion-meta assembly pipeline 
that was developed in this study (Supplementary Fig. 2). The N50 
length of the assembled scaffolds was over 328 kb, and about 80% 
of the assembly mapped to 5,499 scaffolds of greater than 62 kb in 
length (Table 1 and Supplementary Table 1b). The scaffolds assem-
bled using the Phusion-meta assembly method were much longer 
in length than the scaffolds generated using the SOAPdenovo pro-
gram10 (Fig. 1a and Supplementary Table 1c). Given the presence 
of small fragments in the assembly, the estimated size of the moso 
bamboo genome was approximately 2.07 to 2.10 Gb, which was 
supported by the analysis of the distribution of 51-mer frequencies 
(Supplementary Fig. 3). Hence, the final scaffolds of 2.05 Gb and 
initial contigs of 1.86 Gb covered approximately 95% and 88% of the 
genomic region, respectively. Sequence comparison of the assembled 
scaffolds to existing cDNA and survey sequences in the database 
and eight BAC sequences individually determined through Sanger 
sequencing showed good agreement in genomic coverage at over 
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88% of the initial contigs and 98% of the scaffolds (Supplementary 
Figs. 4,5 and Supplementary Tables 2–4). The frequencies of single-
base differences and insertions and/or deletions (indels) in the align-
ment using BAC sequences were as low as 0.19 and 0.09 instances 
per kilobase, respectively, which were much lower than those deter-
mined for the SOAPdenovo assemblies (Supplementary Fig. 6 and 
Supplementary Table 5).

Alignment of all of the reads used to build the assembly identified 
2,009,487 heterozygous SNPs and 51,223 short indels (6 nucleotides in 
length or less) (Supplementary Table 6). An overall heterozygous rate 
of the occurrence of SNPs and short indels was estimated at approxi-
mately 1.0 polymorphism per kilobase, which was lower than that 
(2.6 per kilobase) of the poplar genome11 and that (4.2 per kilobase) 
of the grape genome12.

We predicted 31,987 protein-coding genes in the moso bamboo 
genome, with the support of RNA sequencing (RNA-seq) data  
(127 Gb) obtained from 7 bamboo tissues and 8,253 bamboo  
full-length cDNA sequences2 (Online Methods, Supplementary Figs. 
7,8 and Supplementary Table 7). Most basic metabolic pathways 
among the grass species were compared by aligning the annotated 
protein sequences to the KEGG data set13, which showed high similar-
ity between bamboo and rice (Supplementary Table 8). We also anno-
tated 1,167 tRNA (Supplementary Table 9a), 279 rRNA, 321 small 
nucleolar RNA, 173 small nuclear RNA and 225 microRNA (miRNA) 
genes (Supplementary Table 9b). A total of 241 miRNA-targeted genes 
were predicted by the alignment of conserved miRNAs to our gene 
models (Supplementary Table 9c). De novo repeat annotation showed  
that approximately 59% of the moso bamboo genome consists of  
transposable elements (Online Methods and Supplementary 
Table 10a), a proportion that was much higher than the previous esti-
mation (23.3%) in the analysis of survey sequences9. The most abun-
dant repeats were long-terminal repeat elements (LTRs), including 
24.6% Gypsy-type LTRs and 12.3% Copia-type LTRs (Supplementary 
Table 10b,c). When we used the sequences of the eight moso bamboo 
BACs, we observed that 52% of the genomes consisted of transposable 
elements (Supplementary Table 4).

Comparing gene families among the four grass subfamilies, includ-
ing Pooideae (Brachypodium), Ehrhartoideae (rice), Panicoideae 
(maize, sorghum and foxtail millet) and Bambusoideae (moso bam-
boo), and two dicots (Arabidopsis thaliana and the woody plant 
poplar), we identified 21,730 bamboo genes in 14,030 families, with 
9,451 gene families shared by maize, sorghum, rice and Brachypodium 
(Fig. 1b). There were 492 unique gene families in bamboo, of which 

table 1 statistics of assembly and annotation for the moso 
bamboo genome
Total length† 2,051,719,643 bp

N50 length (contigs) 11,882 bp

N50 length (scaffolds) 328,698 bp

N80 length (scaffolds) 62,052 bp

Number of scaffolds (>N80 length) 5,499

Largest scaffold 4,869,017 bp

GC content 43.9%

Number of protein-coding genes 31,987

Average length of protein-coding genes 3,350 bp

Total size of transposable elements 1,210,862,930 bp

Content of transposable elements 59.0%
†Final scaffolds with less than 500 bp were excluded.
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Figure 1 Assemblies and comparative genomics. (a) Comparison of the lengths of assembled scaffolds by the pure SOAPdenovo and Phusion-meta 
assembly methods. (b) Venn diagram of shared orthologous gene families among five grass genomes. The gene family number is listed in each 
component. The number of genes within the families is noted in parentheses. (c) Genome duplication in grass genomes. The calculated KS values of 
the 2-member gene clusters were converted to divergence time, using a substitution rate of 6.5 × 10−9 mutations per site per year34. The y axis shows 
the percentage of the two-member gene clusters. MYA, million years ago. (d) Evolution of orthologous gene clusters. The black numbers above and 
below each branch indicate the quantity of expanded (+) or contracted (−) orthologous clusters after the corresponding speciation, respectively. The 
estimated numbers of clusters in the common ancestors are indicated in the rectangles. The dN/dS ratio of each branch is shown in blue. (e) Divergence 
time between bamboo and grass species from different subfamilies (mean Ks values are given in supplementary table 11). (f) Gene synteny between 
rice, sorghum and moso bamboo. The collinear region is located on rice chromosome 1 (40,565 to 40,983 kb; MSU RGAP 6.1; ref. 35), sorghum 
chromosome 3 (71,771 to 72,334 kb; ref. 36) and bamboo scaffold PH01000002 (1,890 to 2,862 kb). Non-hypothetical gene (blue), hypothetical 
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transposable elements (pink) are represented by boxes. Syntenic loci are connected by gray lines between the genomes.
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some were potentially employed in important biological processes 
(for example, the control of flowering time or secondary metabolism). 
Approximately 70 gene families were shared by Arabidopsis, poplar 
and moso bamboo.

In comparative analysis of single-copy genes and gene families con-
taining two to four gene members in moso bamboo and five other 
Poaceae plants, we found that the bamboo genome had the fewest 
single-member gene families, whereas it had the most two-member  
families among grasses (Supplementary Fig. 9). The timing of gene 
duplication events in grass genomes was estimated by calculat-
ing the synonymous substitution rate (KS) and the divergence time 
between homologous genes within the two-member gene families in 
which only a single divergence might have occurred. The divergence 
within most gene clusters occurred around 7 to 12 million years ago 
in both the moso bamboo and maize genomes (Fig. 1c), suggesting 
the occurrence of a putative whole-genome duplication event. The 
estimated time of the duplication at 11 to 15 million years ago in 
maize is consistent with the reported divergence time of two progeni-
tor genomes at about 11.9 million years ago14, suggesting that there 
might have been a similar tetraploidization event during bamboo his-
tory. Investigation of collinear orthologs in bamboo and rice not only 
reinforced the occurrence of the whole-genome duplication event 
but also supported a tetraploid origin of bamboo, as the most recent 
whole-genome duplication was likely linked to polyploidy events15 
(Supplementary Fig. 10a). The divergence time of two progenitors 
was estimated at 7 to 15 million years ago (Supplementary Fig. 10b), 
consistent with the divergence time estimated using two-member gene 
families. For other grass species, such as rice and sorghum, there was 
no obvious evidence of whole-genome duplication occurring later 
than the divergence time of grasses at 50 million years ago16–19.

Using 968 one-to-one single-copy genes from the 5 fully sequenced 
grass genomes as well as the bamboo genome, we reconstructed a 
phylogenetic tree to show the relationships among four subfamilies: 
Panicoideae, Pooideae, Ehrhartoideae and Bambusoideae (Fig. 1d). 
The analyzed grasses were divided into two sister groups, the 
BEP clade (Bambusoideae, Ehrhartoideae and Pooideae) and the 
Panicoideae clade, consistent with stated phylogeny and classifica-
tion of grass subfamilies in early studies20–22. The tree supported the 
idea that the closest relationship exists between Brachypodium and 
bamboo, agreeing with the result from the analysis of chloroplast 
genome sequences3. The dN/dS value (the ratio of the rate of non-
synonymous substitution to the rate of synonymous substitution) of 
the bamboo lineage was the highest among the compared species, 
suggesting strong selection pressure on bamboo genes. The estimated 
times for the divergence of bamboo from Brachypodium, rice, foxtail 

millet, sorghum and maize were approximately 46.9, 48.6, 53.9, 58.5 
and 64.6 million years ago, respectively (Fig. 1e, Supplementary 
Fig. 11 and Supplementary Table 11), indicating that the relationship 
between Brachypodium and bamboo was closer than that between rice  
and bamboo.

To investigate the evolutionary dynamics of the gene families, 
expansion and contraction were correlated with copy number. For 
Arabidopsis and six grass genomes, the number of gene families with 
gene contraction was greater than that of families with gene expansion, 
except in foxtail millet (Fig. 1d). Variance of family sizes occurred in a 
large number of gene families in bamboo (Supplementary Table 12). 
Gene families involved in the biosynthesis of carbohydrates, such as 
cellulose, glucan and sucrose, showed significant expansion in bam-
boo (P value < 0.01) relative to other grass species.

With alignment of the 30,379 gene models located on the large-
sized scaffolds (>50 kb in length) to the rice and sorghum gene 
 models, we identified 1,617 rice-bamboo and 1,539 sorghum-
 bamboo syntenic gene blocks, which consisted of 17,735 and 15,746 
bamboo genes, respectively (Supplementary Table 13). The average 
gene number per block was approximately 11. The large number of 
syntenic blocks suggested good gene collinearity between bamboo 
and grass genomes (Fig. 1f). Sequence comparison indicated that 
approximately 85% of the bamboo genes were aligned to rice or sor-
ghum homologs. In analysis of gene collinearity between bamboo 
and rice, we identified 5,370 gene losses after the whole-genome 
duplication event, representing approximately 28% of the total genes 
in the collinear regions.

A recent proteomics study showed that many metabolic processes 
of cell wall structure were employed in the fast growth of bamboo 
culms23. The bamboo genome sequence made it possible to investigate 

a c

b

12.0

45.7

10.2

13.2 36.2

26.5

20

8.9
10.3

17.9

11.7

30.0

18.2

33.3

15.5

8.0

0

10

MYA

20

30

40

50

Clade A
Clade B

Clade G

Clade E

Clade C

CslC

CslA

CslF

Shoot

CslD

CslE

CesA

Csl

Rhizome
Root
Leaf
None

Figure 2 Recent duplication and the expression of bamboo CesA and 
Csl genes. (a) Phylogenetic neighbor-joining tree of the CesA genes. Red 
branches indicate a recent duplication after speciation. Filled circles 
indicate the tissues where the gene had high expression. Clades A, B, C, E 
and G correspond to the phylogenetic tree in supplementary Figure 12a. 
The divergence time of the corresponding duplication is shown in blue. 
The scale bar represents the bootstrap percentage of each branch.  
(b) Phylogenic tree of the Csl genes. The clustered CslA, CslC, CslD, CslE 
and CslF genes were derived from the phylogenic tree in supplementary 
Figure 12b. Filled circles indicate the tissues where the gene had high 
expression. The divergence time of recent duplications is shown in blue 
beside the corresponding branch in red. (c) History of recent duplication 
for the CesA and Csl genes. Each bracket indicates a duplication event 
of the CesA or Csl genes. Divergence time is shown along a bar ranging 
from 0 to 50 million years ago. Filled red circles indicate genes highly 
expressed in the shoot. 

np
g

©
 2

01
3 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



Nature GeNetics	 VOLUME 45 | NUMBER 4 | APRIL 2013 459

l e t t e r s

the genes that might affect the formation of the cell wall structure. We 
detected 19 cellulose synthase (CesA) and 38 cellulose synthase–like 
(Csl) genes24,25 in the bamboo genome, representing nearly the high-
est copy number of these genes among the 7 sequenced plant genomes 
(Supplementary Table 14a). A neighbor-joining tree showed seven 
recent duplications of the CesA genes (Fig. 2a) and eight duplications 
of the Csl genes in bamboo after speciation (Fig. 2b). The CesA, 
CslA and CslC gene families greatly expanded in the bamboo genome, 
similar to what was observed in the maize genome26. For CesA genes, 
the four most recent duplications were identified in the grass-specific 
clades B and G at 8.0 to 13.2 million years ago. Of the 15 CesA gene 
duplications, 9 occurred later than 20 million years ago (Fig. 2c). 
Transcriptome analysis showed that the recently occurring duplicates 
of the CesA and Csl genes had relatively high expressional levels in the 
shoot (Fig. 2a,b and Supplementary Table 15). It was also found that 
there were few tandem duplicates in these recent duplicates, implying 
that the duplications might have resulted from large-scale chromo-
some reconstruction. We observed that the ancient duplicated genes 
had high expression in the root, leaf and rhizome (Fig. 2). It was 
concluded that most of the duplications of the CesA and Csl genes 
were derived from whole-genome duplication, suggesting that tetra-
ploidization was critical for the evolution of these genes.

To identify the genes involved in the biosynthesis of lignin, a 
structural component of the secondary cell wall, we investigated 
the analogous set of genes involved in the phenylpropanoid and 
lignin biosynthetic pathways27,28 (Supplementary Fig. 12c,d and 
Supplementary Table 14b). The bamboo genome contained high 
copy numbers of HCT (hydroxycinnamoyl-CoA, shikimate/quinate) 
and CCR (cinnamoyl CoA reductase) genes, which were similar to 
those found in poplar. The estimated divergence time of bamboo 
CCR and HCT gene duplications was from 17.5 to 52.1 million years 
ago, earlier than the whole-genome duplication event. Both HCT 
and CCR family genes are key enzymes in catalyzing the conversion 
of phenylpropanoid pathway products into the material for lignin 
biosynthesis27,29. Although the functions of bamboo CCR and HCT 
genes have not yet been identified, the duplicated copies might  
provide multiple pathways to channel phenylpropanoid metabolism 
into lignin biosynthesis.

The switch to flowering after a very long period of vegetative growth 
and the rapid growth of spring shoots are unique characteristics of 
bamboo. To compare gene expression between flowering and vegeta-
tive tissues, we collected flowering (panicle) and vegetative tissues 
from  moso bamboo plants for RNA-seq data analysis. More than 600 
bamboo genes were highly expressed in the 2 panicle tissues (with at 
least a 2-fold difference in the expression level in panicles relative to 

the levels in 5 vegetative tissues; Online Methods). Over 30% of the 
identified flowering genes could be categorized as transcription factor 
genes, heat shock protein genes or other stress-responsive genes (Fig. 3a 
and Supplementary Table 16). The transcription factor genes that are 
homologs of OsMADS1, OsMADS2, OsMADS3 and OsMADS14 in 
rice30 were determined to be involved in floral meristem identity (FMI), 
which converts the vegetative meristem to a flowering fate. However, 
the genes employed in typical flowering promotion pathways (such as 
those in the photoperiod, gibberellins, ambient-temperature or light-
quality pathways) and floral pathway integrator (FPI) genes31,32 were 
not highly expressed in these floral tissues in bamboo. Repeat inser-
tions were found in the genic or regulatory region of most homologs 
encoding CONSTANS (CO)33 and FPI genes, which might result in low 
gene expression in floral tissues (Supplementary Tables 17 and 18). 
The CO and FPI genes constitute the critical link between the flowering 
promotion pathways and the FMI in the flowering gene network. Low 
expression of CO and FPI genes and high expression of genes involved 
in FMI suggested that activation of FMI might not depend more on 
these known promotion pathways in bamboo flowering (Fig. 3b).
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Contrasting with the expression pattern of flowering pathway genes, 
over 100 stress-responsive genes (15% of 600) showed high expression 
levels in panicles, being on average 11.1-fold more highly expressed in 
panicle tissues. Sequence alignment showed that a total of 70 bamboo 
genes shared high identity with known rice genes, which were mainly 
involved in the abscisic acid pathway, the ethylene-responsive path-
way, sugar metabolism and the calcium-dependent signal transduction 
pathway, besides the FMI or FPI pathways (Supplementary Table 19). 
Of these genes, 45 (65% of 70) were involved in the response to drought 
stress or to other correlative stresses (such as oxidative stress), and  
10 (15%) were involved in flowering pathways. Some FMI-related genes 
and their upstream regulatory drought-responsive genes had been 
observed to have high expression during flowering (Supplementary 
Fig. 13), suggesting a potential connection between severe drought 
stress and flowering (Fig. 3b). It is noteworthy that the bamboo 
panicles were collected in southern China, where a severe drought 
occurred just 2 months before the collection of our samples. However, 
further experiments are necessary to identify the mechanisms under-
lying the activation of bamboo flowering.

URLs. KEGG, http://www.genome.jp/kegg/; SMALT, http://www.
sanger.ac.uk/resources/software/smalt/; SOAPdenovo, http://soap.
genomics.org.cn/; Repbase, http://www.girinst.org/repbase/; cell wall 
genomics, http://cellwall.genomics.purdue.edu/families/; PHYLIP 
version 3.69, http://evolution.genetics.washington.edu/phylip.html; 
PLAZA Comparative Genomics Platform, http://bioinformatics.
psb.ugent.be/plaza/; RepeatModeler, http://www.repeatmasker.org/
RepeatModeler.html; RepeatMasker, http://www.repeatmasker.org/; 
EMBL, http://www.ebi.ac.uk/. GenBank, http://www.ncbi.nlm.nih.
gov/nuccore/.

MeTHoDs
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Short-read sequencing data from this whole-genome 
shotgun project have been deposited at the European Molecular 
Biology Laboratory (EMBL) under the accession ERP001340. RNA-seq 
data have also been deposited at EMBL under accession ERP001341. 
Data from the Sanger sequencing of BACs were deposited at EMBL 
and GenBank under the accessions included in parentheses: B001E05 
(FO203447), B001G05 (FO203436), B001I05 (FO203448), B001I13 
(FO203437), B015M02 (FO203443), B019A14 (FO203439), B031C15 
(FO203444) and B035L11 (FO203441). All bamboo data have been 
released at the official website of the National Center for Gene Research 
(http://www.ncgr.ac.cn/bamboo). The entire data set includes genome 
assemblies, BAC end sequences and annotation of genes and lists of 
repeat elements, heterozygous SNPs, tRNAs, miRNAs and gene clus-
ters. The current version of the data set is the first version.

Note: Supplementary information is available in the online version of the paper.
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oNLINe	MeTHoDs
DNA library preparation and sequencing. Moso bamboo samples for shotgun 
sequencing were collected in the Tianmu Mountain National Nature Reserve in 
Zhejiang Province, China, from five plants that were determined to be a single 
individual when they were found to share the same rhizome system. Using the 
DNeasy Plant Mini kit (Qiagen), we extracted total DNA from moso bamboo 
leaves. Genomic DNA was purified according to the protocol for the isolation 
of high-molecular-weight nuclear DNA38. We applied an amplification-free 
approach to prepare sequencing libraries with a short insert size of 350 to 
400 bp for paired-end reads, following a modified version of the manufacturer’s  
protocol (Illumina) and methods described previously39. For construction 
of libraries with insert sizes of 3, 8 and 16 kb for mate-paired reads, we used 
combined protocols from the Mate Pair Library v2 Sample Preparation Guide 
(Illumina) and the Paired-End Library Preparation Method Manual (Roche). 
Raw data from paired-end libraries with read lengths of 2 × 120 bp and 2 × 100 bp  
were generated by an Illumina Genome Analyzer IIx sequencer and a HiSeq 
2000 sequencer, respectively. The mate-paired reads (2 × 50 bp and 2 × 76 bp) 
were generated by the Illumina Genome Analyzer IIx sequencer.

Sequence assembly. We developed a de novo assembly pipeline to assemble 
the Illumina short reads (Supplementary Fig. 2), which integrated the existing 
assemblers Phusion2 (ref. 40), SOAPdenovo, Abyss41 and SSPACE42. Before 
assembling sequences, paired-end reads were screened to remove low-quality  
reads that contained ten or more unique K-mers. Screened paired-end reads 
were then clustered into thousands of groups by Phusion2 with K-mer of 51 bp. 
During clustering, K-tuples (contiguous DNA sequences that are K bases long) 
were merged and sorted into a table, and shared K-mer words were linked in 
a relation matrix. The reads in each cluster were assembled in SOAP_contigs 
and Abyss_contigs by SOAPdenovo and Abyss, respectively. Contigs derived 
from both assemblers were then merged to generate the initial contigs by GAP5 
(ref. 43). Mate-paired reads were mapped to the initial contigs by the aligner 
SMALT. To reduce redundancy, when two or more mate-paired reads were 
mapped to the same location, only one pair of them could be kept for the 
following assembly. The average insert size of each mate pair library was esti-
mated by determining the distance between mate-paired reads that were well 
mapped to the same contig (Supplementary Fig. 14). Using paired-end and 
mate-paired reads, preliminary scaffolds were assembled by SOAPdenovo with 
K-mer of 61 bp. Scaffolds were rearranged by mapping the initial contigs to 
the primary scaffolds. The final scaffolding was performed by SSPACE, using 
mate-paired reads and BAC end sequences. Scaffolds less than 500 bp in length 
were not included in statistics and the following annotation.

Transcriptome sequencing with an amplification-free library preparation 
method. Five vegetative tissues (young leaves, rhizomes, roots, tips of 20-cm-
high shoots and tips of 50-cm-high shoots) were collected from the same indi-
vidual used in genome sequencing. Flowering tissues were collected from the 
plants of a single individual growing in Guangxi Province in southern China 
(Supplementary Note). Up to 400 µg of total RNA was isolated from each  
tissue using a TRIzol-based method at the beginning of the preparation of 
cDNA sequencing libraries. Libraries were constructed with Illumina sequenc-
ing technology and an amplification-free method39. Briefly, after treatment with 
DNase, mRNA was isolated from total RNA with the Oligotex mRNA Midi kit 
(Qiagen). Fragmentation of mRNA followed the protocol of the Ambion RNA 
Fragmentation Reagents kit. Sequencing libraries of cDNA were constructed 
using the same amplification-free approach as used in genomic sequencing.

Annotation of protein-coding genes. Protein-coding gene models were 
derived from evidence-based FgeneSH++ (Softberry) pseudomolecules 
(Supplementary Fig. 7). To facilitate gene models and address interesting bio-
logical questions, a total of 110 billion RNA-seq reads were generated from 7 
libraries, and a select group of 8,253 cDNA sequences was used. Each potential 
gene model was supported by the expressed sequences from the moso bamboo 
cDNA or transcriptome sequences (Supplementary Note).

Using amplification-free RNA-seq data, each library detected over 24,000 
loci matching our requirement that candidate gene models be supported by 
the full-length cDNA or 2 or more uniquely matched RNA-seq sequences 
(Supplementary Fig. 15).The coverage of RNA-seq reads on the coding 

regions of annotated loci indicated that up to 27,000 predicted gene models 
were strongly supported by transcriptome sequences (RNA-seq data coverage 
in coding regions of >70%; Supplementary Fig. 16). In combination with ab 
initio gene prediction and alignments of the transcriptome and cDNA data, a 
total of 31,987 high-confidence genes were identified in the annotation.

Identification of genes involved in cell wall biosynthesis. To investigate 
the genes involved in cell wall biosynthesis, we compared the CesA, Csl and  
phenylpropanoid-lignin biosynthesis genes in bamboo and other grass genomes, 
as well as in the Arabidopsis and poplar genomes. We used sequences encoded by 
the identified CesA or Csl genes in Arabidopsis25, poplar44,45, rice46, maize26 and 
sorghum24 for alignment to those encoded by the gene models of Brachypodium 
and bamboo by BLASTP with E values under 1 × 10–10. Aligned hits with at least 
200 amino acids of matched length and over 50% protein sequence identity were 
considered to be homologs of the CesA or Csl genes. For the phenylpropanoid- 
lignin genes, the reported homologs of Arabidopsis47, poplar, rice29 and maize 
downloaded from the cell wall genomics browser (see URLs) were used as the 
seed sequences to detect the bamboo, Brachypodium and sorghum gene models by 
BLASTP with E values under 1 × 10–10 and with over 50% identity over the whole 
protein sequence. Detected homologs consisted of not only phenylpropanoid- 
lignin genes but also many phenylpropanoid-lignin–like genes, which might be 
involved in different pathways, even though they share high sequence identity 
(such as At4CL-like genes48). To remove these phenylpropanoid-lignin–like genes, 
we used the phenylpropanoid-lignin genes from Arabidopsis, maize, rice and 
poplar to build an initial neighbor-joining tree to cluster the phenylpropanoid- 
lignin and phenylpropanoid-lignin–like genes into different clades. According 
to this cluster information, we manually filtered the top BLASTP hits of each 
homolog to include only phenylpropanoid-lignin genes in our phylogenetic 
analysis. Consensus neighbor-joining trees were generated using PHYLIP  
(version 3.69) on the basis of 100 bootstrap trees.

Identification of flowering genes. Use of the amplification-free approach for 
the preparation of transcriptome sequencing libraries eliminated much of the 
redundancy in transcripts introduced by the amplification of templates dur-
ing library construction. Generated RNA-seq reads were aligned to the gene 
model set with the SMALT aligner. The quantity of reads uniquely mapped to 
the gene models was converted to a quantification of the transcript levels in 
RPKM. We then used the R package DEGseq49 to digitally measure the dif-
ferential expression at annotated loci. A gene with expression that was more 
than twofold higher (Q value < 0.001; ref. 50) in panicles relative to any other 
vegetative tissue and that had at least five mapped transcripts was considered 
to be a potential flowering gene in moso bamboo. Both amino-acid sequences 
and the conserved Interpro function domains encoded by the loci were com-
pared to those of known Arabidopsis (TAIR10)51 and rice (MSU RGAP 6.1) 
genes, the outputs of which were manually checked to determine the putative 
functions of the loci involved in the flowering pathways.

Construction of gene families among fully sequenced grass genomes.  
We applied OrthoMCL52 clustering to identify gene families enriched in the 
Pooideae, Ehrhartoideae, Panicoideae and Bambusoideae families. The bamboo 
gene predictions and (MSU RGAP 6.1), Brachypodium (MIPS1.2), sorghum 
(JGI 1.4), maize (5b.60), foxtail millet (v8.0), poplar (JGI 2.0) and Arabidopsis 
(TAIR10) gene sequences downloaded from the PLAZA comparative genome 
database (version 2.0)53 were used to infer potential orthologous families of 
genes. The rice genome represented Ehrhartoideae; the maize, sorghum and 
foxtail millet genomes represented Panicoideae; the Brachypodium genome 
represented Pooideae; and the bamboo genome represented Bambusoideae. 
The transposable element–derived genes in the genomes from the PLAZA 
database were removed before they were added to the alignment. An all-
against-all comparison was then performed using BLASTP with an E value 
of 1 × 10–10. We then used the standard setting to compute gene similarities 
across all eight genomes. A total of 194,376 protein sequences were grouped 
into 27,294 gene clusters. OrthoMCL clustered a total of 968 single-copy gene 
families, which were subjected to phylogenetic analyses by Mrbayes54. The 
expansion and contraction of the gene clusters were determined by a CAFE 
calculation (version 2.1)55 on the basis of changes in gene family size in gener-
ated phylogenetic history.

np
g

©
 2

01
3 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



Nature GeNeticsdoi:10.1038/ng.2569

Repeat annotation. A de novo repeat prediction for the moso bamboo 
genome was carried out by successively using RepeatModeler (version 
1.0.3) and RepeatMasker (version 3.3.0) (see URLs). We first constructed a 
moso bamboo repeat library using RepeatModeler with default parameters.  
Two complementary programs, RECON and RepeatScout56,57, were config-
ured at the center of RepeatModeler and were employed in the identification of 
repeat family sequences in the genome. The consensus sequences for the fami-
lies were manually examined by aligning them to the known Repbase transpos-
able element library (version 16.0), and known gene and genome sequences 
downloaded from the NCBI database (nt and nr; released 9 September 2011). 
The moso bamboo transposable element library was composed of a total of 
1,403 generated consensus sequences and their classification information, and 
the library was used to run RepeatMasker on the whole-genome assemblies. 
Full-length LTR retrotransposons were predicted using LTRharvest58 and 
LTR_FINDER59.
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