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Abstract Bamboo is one of the fastest growing plants in the
world and is an economically important crop species in Asia.
To identify the genes involved in fast shoot growth, an
expressed sequence tag analysis was performed on Bambusa
edulis Murno fast-growing shoots. Sequencing of the cDNA
clones generated 1,402 5'-end high-quality expressed se-
quence tags (JG296384-JG297785, average length 655 bp),
of which 1,101 clusters (143 consensus and 958 singletons)
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were revealed by sequence comparison to be unique and 597
(54% of total clusters) of them have a putative ATG start
codon. A Basic Local Alignment Search Tool X analysis
showed that 995 of these genes were similar to genes present
in the National Center for Biotechnology database. A total of
868 genes were most similar to rice genes. The most
abundant genes were three thionin-coding genes, which have
27, 17, or 10 clones, respectively, followed by amino-
cyclopropanecarboxylate oxidase and cysteine protease.
Thionin and putative cell elongation-associated genes, xylo-
glucan endotransglycosylase/hydrolase, expansin, cellulose
synthase, and pectin esterase were analyzed by real-time
reverse transcription polymerase chain reaction using gene-
specific primers. These results suggest that this high-quality
library could be a good resource for understanding molecular
events of bamboo shoot elongation, and the full-length clones
could be used for crop improvement studies in the future.

Keywords Bamboo - cDNA library - Real-time RT-PCR -
Shoot growth

Abbreviations

ACC Aminocyclopropanecarboxylate

EST Expressed sequence tag

NCBI  National Center for Biotechnology

XTH  Xyloglucan endotransglycosylase/hydrolase
UDPG Uridine diphosphate glucose

GAP Glyceraldehyde 3-phosphate

Introduction

Bamboo is an economically important plant resource in the
Asian culture. Its products are widely used for construction
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materials, food source, and musical instruments. Bamboo is
one of the tallest species in the Poaceae and is one of the
fastest growing plants in the world (Liu et al. 2008).

Shoot growth of bamboo plants is very important for
economic reasons. The shoot is the major part of plant biomass
which is used for manufacturing and is essentially determining
plant height and crop efficiency (Lawson and Poethig 1995).
Shoot growth consists of three steps: cell division, cell
expansion, and cell wall hardening (Lee et al. 2001; Choi et
al. 2008a). Cell division is tightly regulated by the close
interactions among various plant hormones; cell expansion is
closely related to cell wall loosening, cell expansion by turgor
pressure, and cellulose synthesis; cell wall hardening is
accompanied by secondary cell wall deposition. Shoot growth
is controlled by various endogenous plant hormones and
environmental signals (Zhang et al. 2009).

Monocot plants are good subject in which to study fast
shoot growth because all stages of growth are merged
together in a growing internode. Bamboo has a specific
feature of shoot growth: growing rapidly in a short period
of time (Gritsch and Murphy 2005). Genes encoding
sucrose synthase, invertase, and cellulose synthase have
been isolated and characterized from various bamboo
species (Chiu et al. 2006; Hsieh et al. 2006; Chen et al.
2010). Expressed sequence tag (EST) analysis was per-
formed with in vitro-grown Bambusa edulis Murno shoots
to identify the genes involved in photosynthesis (Liu et al.
2008) and with samples of various tissues to construct a
full-length cDNA database (Peng et al. 2010). Microarray
analysis was conducted of an albino mutant of bamboo (Lin
et al. 2009). However, the growth of bamboo is still lacking
in gene analysis for genes related to fast shoot elongation.

In this research, we constructed a cDNA library from
fast-growing bamboo shoots and established an EST
database. We compared the database with ESTs acquired
from plants grown under different conditions and analyzed
the expression of highly expressed genes and the genes
related to cell wall growth.

Materials and Methods

Plant Materials

B. edulis Murmo shoots were collected from the Korea
Forest Research Institute in Jinju, Republic of Korea, on
May 23, 2008. After collection, bamboo stems were rapidly
frozen in liquid nitrogen and stored at —70°C until needed.

cDNA Library Construction

Total RNA of the collected bamboo shoots was extracted
using TRIzol (Invitrogen) according to the manufacturer’s

instructions. Poly(A)+mRNA was isolated using the Poly-
ATtract mRNA Isolation System (Promega), and a cDNA
library was constructed using a cDNA Synthesis Kit (Uni-
ZAP XR vector, Stratagene). Mass excision was performed
using XL1-Blue-MRF (Stratagene) as host cells and
ExAssist (Stratagene) as helper phage.

Sequencing and Sequence Analysis

A total of 1,511 cDNA clones were sequenced for analysis
of the 5’ region. We performed sequencing reactions in a
MJ Research PTC-225 Peltier Thermal Cycler using an
ABI PRISM BigDye Terminator Cycle Sequencing Kit
with AmpliTaq DNA polymerase (FS enzyme; Applied
Biosystems) following the protocols supplied by the
manufacturer. Single-pass sequencing was performed on
each template using T3 primer. The fluorescent-labeled
fragments were purified from the unincorporated termina-
tors with an ethanol precipitation protocol. The samples
were resuspended in distilled water and subjected to
electrophoresis in an ABI 3730xl sequencer (Applied
Biosystems).

Sequence analysis was conducted using GeneMaster Ver
3.0 (Ensoltech, Korea). Each EST was first individually
processed using a multimodule custom pipeline that linked
sequence backup, base calling, the elimination of sequences
shorter than 50 bp (and low-quality sequences), vector
trimming, and sequence assembly. The Basic Local
Alignment Search Tool X (BLASTX) algorithm (Altschul
et al. 1990) was employed for the assignation of predicted
functions to assembled consensus sequences on the basis of
homology, as previously described (Lee et al. 2008).
Finally, functional categories were defined using the Gene
Ontology (GO) Database (www.geneontology.org) and the
BLASTX algorithm. To compare our data and the previous
ESTs from B. edulis Murno in vitro-grown multiple shoots
(Liu et al. 2008), we downloaded a dataset from the
National Center for Biotechnology (NCBI) database
(FG551848-FG552834) to our local system. Afterwards,
sequence assembly was carried out using the combined
dataset of previous ESTs and our ESTs to find library-
specific or common unigenes.

Real-Time RT-PCR Analysis

Total RNA (1 pg) was extracted from each part of
internodes of wild-grown shoots using a Plant RNeasy
Mini Kit (Qiagen, Germany) and subjected to real-time
reverse transcription polymerase chain reaction (RT-PCR).
cDNA was synthesized using the Superscript III First-
Strand Synthesis System (Invitrogen, Carlsbad, CA, USA).
SYBR Green Master Mix (Bio-rad, USA) was used for
quantification with iQ5 optical system (Bio-Rad, USA).
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The data were analyzed using the delta-delta-Ct method
(Livak and Schmittgen 2001), and bamboo alpha-tubulin
(accession: JG297090) and ubiquitin (accession: JG296613)
were used as internal controls. All data points were
calculated from biologically triplicated and technically
duplicated measurements.

Results and Discussion
EST Analysis

An EST analysis approach was undertaken to identify the
genes involved in cell wall elongation of B. edulis Murno.
A cDNA library was constructed from fast-growing B.
edulis shoots. Sequencing of 1,511 of the cDNA clones
generated 1,402 5’-end high-quality ESTs of which 1,101
were revealed as unigenes by sequence comparison
(Table 1). We identified 143 unigenes as consensus
sequences and 958 as singleton sequences (Fig. 1).

The average length of the EST was 655+144 bp. From
the 1,101 clusters, 597 (54% of the clusters) were found to
have an “ATG” start codon and a full-length open reading
frame. The clones collected from this study could be a good
resource for further analysis of Bambusa genes or for
studies of transformation of other crop plants, including
rice.

Comparison with Other EST Databases from Bamboo

Clustering analysis of combined EST datasets of this study
and that of B. edulis in vitro cultured shoots (Liu et al.
2008) has shown that 93.2% (1,029 from 1,104 clusters) of
our EST was specific to fast-growing tissues (Fig. 2). This
result means that a significant portion of the bamboo

Table 1 Statistics of expressed sequence tags of B. edulis fast-
growing shoots

Statistics Number
Base calling sequences 1,511
Low-quality sequences 106
Ambiguous sequences (N>5%) 0
<100 bp 52
All vector regions 21
All low-quality regions 33
All repeat regions 0
High-quality sequences 1,402
Clusters 1,101
Singleton sequences 958
Consensus sequences 143
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Fig. 1 The distribution of copy numbers in the B. edulis cDNA
library

transcriptome is expressed differentially from the rapidly
growing and mature tissues.

BLAST Analysis

A BLASTX analysis showed that 995 of these genes were
similar to genes present in the NCBI database (cutoff £ value
was 0.01). A total of 868 genes were most similar to rice
genes and 32, 15, and 14 genes were most similar to those of
Zea mays, Hordium vulgare, and Triticum aestivum, respec-
tively (Fig. 3). Only 106 genes showed no significant
similarity with any record in the NCBI nr database.

GO Analysis

Comparing the unigenes with annotations obtained through
the Gene Ontology Consortium (Ashburner et al. 2000), we
were able to obtain GO terms for 881 unigenes. GO graphs
using second-level GO terms are presented under the
categories of biological process, molecular function, and
cellular components (Fig. 4). Of the cellular component GO
terms, 37.7% and 35.4% were directly associated with
intracellular organelle components and cytoplasm, respec-
tively. The combined nucleotide binding (17.9%) and
hydrolase activity (17.4%) made up more than a third of
the molecular functions measured. Under the biological
processes category, 18.4% were involved in gene expres-
sion and 14.9% were involved in transport.

Fig. 2 Comparison of EST
databases from fast-growing
shoots (FGS) and tissue-cultured
shoots (CS) of B. edulis
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Abundant Genes from Bamboo Growing Shoots

Thionin was the most abundant gene from fast-growing
shoots of bamboo (Table 2). The top three most abundant
genes were thionin related. The number of clones for
clusters 12B08, 08G06, and 13D04 was 27, 17, and 10,

Biologicalprocess

No. of Unigenes

respectively. Thionins belong to a rapidly growing biolog-
ically active peptide family in plants (Stec 2006). These
peptides are small, cysteine-rich, with toxic and antimicro-
bial activities, and contributing to plant defense molecules
(Epple et al. 1997; Choi et al. 2008b; Hammami et al.
2009). This protein synthesized in a precursor and

Molecular function

® Gene expression

® Transport

u Regulation of cellular process
m Organic acid metabolic process
u Cellular catabolic process

u Developmental process

® Nucleic acid metabolic process

® Response to stimulus
u Cell communication
Photosynthesis

u Intracellular organelle

= Ribonucleoprotein complex
® Coated membrane

= Plasmamembrane

u Other cellular metabolic process

® Generation of precursor and energy

Cellular component

® Nucleotide binding

= Metal ion binding

u Protein binding

= Transporter activity

= Other molecular activity
u Other molecules binding

® Hydrolase activity
® Oxidoreductase activity
u Other enzymes activity
® Structural molecule activity
u Cofactor binding
Transcription regulator activity

u Cytoplasm

® Organelle membrane

= Extracellular region

= External encapsulating structure

Fig. 4 Pie charts of the second-level GO terms. Overall, 881 unigenes were annotated with GeneMaster software and included in the graphs. Each
of three GO categories is presented: biological process, molecular function, and cellular component
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Table 2 Annotations and BLAST scores for B. edulis shoot unigene sequences representing genes with a copy number of more than four

Gene ID Annotation Most similar gene species Locus number E value Copy number
Contig12B08 Putative thionin O. sativa BAD62228.1 5.00E-41 27
Contig08G06 Putative thionin O. sativa BAD62228.1 2.00E-42 17
Contig13D04 Thionin O. sativa NP_001057737.1 4.00E-31 10
Contigl4E01 ACC oxidase Triticum monococcum ABJ15735.1 6.00E-97 9
Contig01E02 Cysteine proteinase O. sativa NP_001052019.1 3.00E-45 9
Contig07H11 40S ribosomal protein s3a O. sativa EAZ00522.1 4.00E-08 7
Contigl2A02 UDPG 6-dehydrogenase O. sativa NP_001066706.1 1.00E-116 7
Contig04G02 S-adenosylmethionine synthase 2 Triticum monococum ABJ15731 3.00E-67 7
Contigl 5F02 Peroxidase O. sativa EAZ12255.1 6.00E-99 6
Contig04E04 B22ELS Hordeum vulgare AAB19699.1 2.7 6
Contigl0A04 Beta-glucosidase Triticum aestivum AAR20919.1 1.00E-86 5
Contig014T3 Alpha tubulin Setaria viridis CAES52515.1 1.00E-124 5
Contigl0E08 Fructokinase-2 O. sativa EAZ05375.1 1.00E-101 5
Contig06A12 GAP dehydrogenase O. sativa NP _001053139.1 1.00E-132 5

GAP glyceraldehyde 3-phosphate

processed by vacuolar protease to a peptide of about 5 kD
(Romero et al. 1997). Gene expression of thionin is induced
by methyl jasmonate treatment in barley (Andresen et al.
1992). Interestingly, the most abundant EST from fast-
growing bamboo shoots was not reported from the previous
studies on bamboo genes. This means that thionin must be
expressed only in a specific period of time, e.g., during
shoot growth. It is supposed that thionin could have a
function as a protective peptide in soft regions against
predators or pests, as viscotoxins or thionins found from
Viscum album (Holtorf et al. 1998; Giudici et al. 2006).

Ethylene is responsible for seed germination, root
initiation, growth, floral differentiation, initiation of fruit
ripening, senescence, dormancy, sex differentiation, and
responding to environment stresses. One of the rate-limiting
steps for ethylene biosynthesis is catalyzed by 1-
aminocyclopropane-1-carboxylate (ACC) oxidase (Chang
and Bleecker 2004). ACC oxidase has nine clones in our
study (Table 2). It was reported that the gene was highly
expressed from the elongating cotton fiber (Shi et al. 2006).
ACC oxidase must be related with the rapid shoot
elongation of bamboo shoots, and the scar surrounding
the growing shoot might prevent the diffusion of the
produced ethylene from the elongating shoot.

Cysteine protease showed nine clones in this study
(Table 2). Cysteine protease could be related to pathogen
defense (van der Hoorn 2008). There is some disagreement
as to whether cysteine protease activity is related to cell
wall growth (Grobe et al. 1999; Grobe et al. 2002). Uridine
diphosphate glucose (UDPG)-dehydrogenase participates in
four metabolic pathways: pentose and glucuronate inter-
conversions, ascorbate and aldarate metabolism, starch and
sucrose metabolism, and nucleotide sugar metabolism. S-

@ Springer

adenosylmethionine synthase functions in the synthesis of
S-adenosylmethionine. This molecule also serves as a
methyl group donor in many transmethylation reactions
and plays a role in ethylene biosynthesis (Peleman et al.
1989a, b)

In addition to defense-related genes and ethylene
biosynthesis-related genes, housekeeping genes, ribosomal
protein, UDPG 6-hydrogenase, peroxidase, tubulin, and
glyceraldehyde 3-phosphate dehydrogenase are highly
expressed and contribute to growth in the fast-growing
region of bamboo shoots. It is reasonable that these genes
are considered housekeeping genes and that the fast-
growing shoot needs high levels of metabolites and cell-
forming materials.

Quantitative RT-PCR of Thionin and Cell Growth-Related
Genes

The most abundant gene, thionin, and putative cell wall
elongation-related genes, expansin, cellulose synthase,
pectin esterase, and xyloglucan endotransglucosylase/hy-
drolase (XTH), were analyzed using real time RT-PCR with
gene-specific primers from the elongating internodes of
shoots (Table 3). The genes were differentially expressed
from elongating internodes of bamboo shoots. Thionins
were most highly expressed in the basal region of the
internode, the softest part, and dramatically decreased with
increasing distance from the node; we could not detect
expression from regions further than 4 cm from the node
(Fig. 5). If the thionin is not involved in cell wall
elongation or cell wall formation, it may protect the soft
region of the shoot from pathogen or insect damage
(Florack and Stiekema 1994).
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Table 3 Primer sets used for the quantitative reverse-transcriptase-PCR

Gene name Sequence name Accession number Primer name Primer sequence(5’ to 3”)
Thionin 07B12 JG296801 YL959 TCCCACGGTTGTTGCTTAAGAAAG
YL960 ACACGCACATAAGATGGAACACTG
Pectin esterase 07G05 JG296431 YL905 GAGGTGCCTTCTTCTTGGACAATC
YL906 AGCACTGCATTCCGATTACATCAC
Xyloglucan endotransglucosylase/ 14A05 1G296597 YLO17 TACCCGTGTGATTCTGTCAGATTATG
hydrolase 3 YLII8 GTGAGACGACCATACAGGCATAC
Expansin 15E04 JG296918 YL919 GACTTCTTCTCCGCAAGCATTGG
YL920 ATTAGCAGCCTCAGCGTAGCC
Cellulose synthase 13B11 1G297342 YL913 CCTCCCTTGCCTATGAAACCTG
YL914 AACAGCATCGCCATAGTATGTATAAC
a-Tubulin 12A10 JG297090 YL957 TGAGGAAGGTGATGAGGGAGAC
YL958 AGATCATAGGATAGCAGTAGTAGGC
Ubiquitin 13D07 JG296613 YLI15 CCATAGCTGAAGGACATTAGGAGAG
YL916 GCAGAAGCAGGTGGATATACTAGG

The expression pattern of pectin esterase and XTH
showed similar expression patterns with those of thionin.
Pectin esterase could have two functions, one related to
modulation of cell wall mechanical stability and the other to
cell wall loosening (Ridley et al. 2001; Di Matteo et al.
2005). Loosening of cell wall structure to allow for cell
expansion is regulated both by expansins (Cosgrove 2005)
and XTHs (Fry et al. 1992; Lee et al. 2010).

Expansin and cellulose synthase expression levels were
highest from the middle of the growing internodes. The
expansin expression level was similar to that of the EXPA
expression pattern from rice leaves. The expression level is

I node

Normalized Fold Expression

Thi PE XTH Exp cs
Gene

Fig. 5 Quantitative reverse-transcriptase-PCR analysis of thionin and
cell wall elongation related to gene expression. Thi thionin, PE pectin
esterase, XTH xyloglucan endotransglucosylase/hydrolase, Exp expan-
sin, CS cellulose synthase

highest from the middle region of the elongating leaves
(Lee and Kende 2002) and gradually decreases as the cell
wall hardens. Cellulose synthase is differentially expressed
for fine regulation of cell wall synthesis. A similar result
was reported from research in other bamboo, Bambusa
oldhamii (Chen et al. 2010).

In conclusion, the expression pattern in fast-growing
bamboo shoots is very different from that in normal
bamboo shoots. Ethylene production genes, ACC oxi-
dase and S-adenosylmethionine synthase, and protective
genes for soft regions, thionin and cysteine protease, are
highly expressed and are precisely regulated during shoot
growth.
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