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shoot of Acacia mangium

Abstract Acacia mangium is a fast-growing tree widely 
planted in tropical countries because of its rapid growth, 
high wood density, high fi ber quality, and good adaptability. 
Despite its importance as a fi ber source in the pulp and 
paper industry, a large-scale analysis of expressed sequence 
tags (ESTs) has not been performed in A. mangium. In this 
study, we sequenced 10 752 clones of a normalized comple-
mentary DNA (cDNA) library prepared from A. mangium 
developing secondary xylem and shoot, and obtained a total 
of 8963 ESTs. The ESTs were assembled into 6220 unigenes 
comprising 1614 contigs and 4606 singletons. The unigene 
set was then subjected to various bioinformatic analyses. 
BlastN searches of the unigene set against the Gene Index 
Databases of soybean, Medicago truncatula, Lotus japoni-
cus, grape, poplar, spruce, and pine demonstrated that the 
largest number of unigenes shared homologies with the 
soybean Gene Indices. BlastX searches against the TAIR9 
peptide database enabled us to annotate the unigenes. 
Based on the annotation, we discussed whether the unige-
nes involved in the cell cycle, cell growth, shoot apical meri-
stem development, and cell wall biosynthesis were present. 
This new genomic resource will accelerate the functional 
genomics of wood formation and molecular breeding to 
improve the wood properties of A. mangium.
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Introduction

Wood is mostly made up of secondary xylem produced in 
the vascular cambium of tree stems and shoot. Secondary 
xylem comprises various cells, such as tracheids, vessel ele-
ments, fi bers, and parenchyma cells. Among these cells, 
fi bers, tracheids, and vessel elements (which occupy most 
of the secondary xylem in angiosperm trees and are 
responsible for structural support and water transporta-
tion,1,2) deposit a thick cell wall, called the secondary 
wall, composed of laminated cellulose microfi brils 
covered with hemicelluloses and lignin–hemicellulose 
matrices.3

Wood is a commercially important feedstock for the 
timber, furniture, engineered wood, and pulp and paper 
industries. As a renewable and environment-friendly 
resource, wood has recently attracted much attention as 
feedstock for biofuel.4 Furthermore, wood also serves as a 
major CO2 sink in the global carbon cycle.2,4 Sustainable 
production of high-quality wood is an important objective 
for human society.

For the purpose of the production of wood and reforesta-
tion, fast-growing trees have been planted worldwide. Nev-
ertheless, breeding programs, which mostly target the 
improvement of wood properties, are still at a primitive 
stage.5 This is because forest trees usually take a long time 
to reach sexual maturity; consequently, conventional tree 
breeding programs require a very long period of time. In 
contrast, molecular breeding, such as marker-assisted selec-
tion and genetic transformation based on genomic infor-
mation such as expressed sequence tags (ESTs), could 
signifi cantly benefi t the improvement of wood properties.

Acacia mangium (Fabaceae) is a fast-growing tree that is 
widely planted in Southeast Asia, including Indonesia, 
Malaysia, Vietnam, Laos, and Thailand, due to its high 
growth rate, high wood density, good fi ber quality, and 
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ability to thrive in poor soils and acidic soils in tropical 
areas.6–9 In spite of the importance of A. mangium as a 
plantation tree in tropical countries, only one report detail-
ing 1123 ESTs representing 576 unique genes (unigenes) 
expressed in the fl owers has been published for A. mangium.9 
Thus, the production and analysis of ESTs from developing 
secondary xylem and shoot could make a signifi cant contri-
bution to the molecular breeding of A. mangium and 
increase our understanding of the genes involved in wood 
formation.

Here, we report the construction and analysis of ESTs 
comprising 8963 sequences obtained by sequencing a nor-
malized cDNA library from developing secondary xylem 
and shoot of A. mangium. The sequences were assembled 
into a unigene set of 6220 sequences. Each unigene was 
annotated and compared with the genome and ESTs of 
other plant species. Based on the annotation, we discuss 
whether unigenes involved in the cell cycle, cell growth, 
shoot apical meristem development, and cell wall biosyn-
thesis were present.

Materials and methods

Plant materials and total RNA extraction

A. mangium seed, gifted from Musi Hutan Persada, Sumatra, 
Indonesia, was germinated in June 2006. The young tree 
was cultivated in a pot fi lled with an equivalent mixture of 
garden soil [Hanasaki Monogatari (Akimoto Tensanbutsu, 
Iga, Japan)] and vermiculite outside at our campus in Uji, 
Japan, except between November 2006 and April 2007. 
During that period, we maintained it in a growth chamber 
at 25°C with a photoperiod of 16 h light and 8 h dark. A 
shoot (10 cm from the shoot tip) was collected from a young 
tree (about 60 cm tall) by excision with scissors in October 
2007. The developing secondary xylem was collected from 
a young tree (about 50 cm tall) in September 2007 by 
scratching the juicy tissue with a blade after peeling off the 
bark. The collected samples were immediately frozen and 
stored in liquid nitrogen until use.

The total RNAs from developing secondary xylem and 
shoot were independently extracted using the method of 
Bugos et al.,10 and then purifi ed by an RNeasy Plant Mini 
Kit (Qiagen). The RNAs were further purifi ed by repetitive 
ethanol precipitation. The concentration of total RNAs was 
estimated by spectrophotometric measurement and the 
quality of RNAs was checked using a BioAnalyzer (Agilent 
Technologies).

Construction of a normalized cDNA library

Total RNAs from developing xylem (0.91 μg) and shoot 
(0.7 μg) were mixed. Normalized cDNAs were prepared 
using a Trimmer-Direct cDNA Normalization Kit (Evrogen) 
and a Creator SMART cDNA Construction Kit (Clontech), 
according to the manufacturers’ instructions. The cDNAs 
ligated into a pDONR-LIB vector were electroporated into 

Escherichia coli DH10B-T1R (Invitrogen), and the resultant 
original library was used for DNA sequencing.

DNA sequencing

The original E. coli cDNA library was plated onto Luria and 
Bertani (LB) media containing 20 mg/l chloramphenicol 
and incubated for 16 h at 37°C. The isolated colonies (10 752 
colonies) were picked by sterile toothpicks and inoculated 
onto 384-well plastic plates containing LB medium. The 
plates were incubated for 24 h at 37°C. The insert of each 
plasmid was amplifi ed by colony polymerase chain reaction 
(PCR) from the 384-well plates using M13-reverse 
(3′-AACAGCTATGACCATG-5′) and M13-forward 
(3′-GTAAAACGACGGCCAG-5′) primers. The PCR 
program was as follows: 94°C for 2 min; 35 cycles of 94°C 
for 45 s, 52°C for 45 s, and 72°C for 3 min; and 72°C for 
10 min. The PCR products were purifi ed by ethanol precipi-
tation and sequenced as previously described using an ABI 
PRISM 3730xl sequencer (Applied Biosystems).11

Bioinformatics

The sequence trace fi les were submitted to the PHRED 
program12 using the parameter −trim_alt 0.01 (QV 20), and 
sequences longer than 100 nt were selected. The selected 
sequences were submitted to the CROSS_MATCH13 program 
using the parameters −minmatch 12 and −minscore 20.

The putative full-length clones were screened as follows. 
First, the sequences of all clones derived after CROSS_
MATCH13 were submitted to a BlastX search against the 
SWISS-PROT database.14 Next, based on the results, the 
sequences which met the following conditions were chosen 
as those from putative full-length clones: (1) the sense query 
sequences matched the sense subject sequences; (2) the E 
value was less than 10−20; (3) the alignment length was more 
than 100 nt; (4) the subject sequences started from an ATG 
start codon; (5) the 5′ ends of the query sequences started 
prior to the start codon of the subject sequences.

Sequence assembly was performed using the PHRAP 
program13 with the default parameters and resulted in clus-
tered sequences (contigs) and unclustered sequences (sin-
gletons). The unigene set comprising the contigs and 
singletons was submitted to BlastN and BlastX searches. 
BlastN searches were performed against the following ver-
sions of Gene Index Databases:15 soybean (Glycine max), 
release 13; Medicago truncatula, release 9; L. japonicus 
(Lotus japonicus), release 4; grape (Vitis vinifera), release 6; 
poplar (Populus spp.), release 4; pine (Pinus spp.), release 
7; and spruce (Picea spp.) release 3. BlastX searches were 
conducted against the TAIR9 peptide database.16

Gene ontology (GO) analysis of the ESTs was carried 
out as follows. The GO slim term annotation for each Ara-
bidopsis gene (ATH_GO_GOSLIM09324.txt) was retrieved 
from TAIR.16 Each EST was submitted to a BlastX search 
against the TAIR9 peptide database.16 GO slim terms of the 
best-matched Arabidopsis gene were assigned to each EST. 
Finally, the number of each term was counted.
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Results and discussion

Construction and characterization of a normalized 
cDNA library

In normalized cDNA libraries, the number of cDNAs origi-
nating from abundant mRNAs is reduced, and therefore, 
the chance of sequencing low-copy cDNAs, such as tran-
scription factor genes, is increased. Thus, we constructed a 
normalized cDNA library prepared from total RNAs from 
the developing secondary xylem and shoot where wood is 
actively formed in A. mangium. The normalized E. coli 
cDNA library was constructed substantially according to 
manufacturers’ instructions from a mixture of total RNAs. 
The titer of the original library was 3.25 × 109 cfu/μg. 
The insert size of 15 independent clones was estimated to 
be about 1.0 kb based on gel electrophoresis of the PCR 
products.

Construction and characterization of ESTs

In total, 10 752 independent colonies of the cDNA library 
were isolated and inoculated onto 384-well plates contain-
ing culture medium. The inserts were amplifi ed by PCR, and 
the PCR products were used as templates for sequencing. 
The resulting sequences were subjected to bioinformatic 
analysis (Fig. 1). As a result, 8963 sequences (average size: 
618 nt) were used as the EST dataset. The ESTs were 
deposited in the DNA Data Bank of Japan (DDBJ) nucleo-
tide database17 (DDBJ accession numbers: FS583802 to 
FS592764).

We then parsed the 8963 sequences by submitting the 
sequences to BlastX searches against the SWISS-PROT14 

and NCBI nr18 databases. The normalization process 
appeared to have been successfully performed, because 
only 38 chlorophyll a/b-binding protein family genes, which 
are known to be highly expressed in chlorophyll-containing 
tissues,19,20 were found in the EST dataset, and a transcrip-
tion factor gene, which is generally expressed at low levels 
in plants,21 ranked in the top 13 genes represented in the 
EST dataset (data not shown). We also found 2768 putative 
full-length orthologs in the EST dataset by parsing the 
SWISS-PROT BlastX results.

To predict which biological processes the ESTs are 
involved in, GO analysis was performed on the EST dataset. 
A total of 12 929 GO slim terms belonging to the Biological 
Process set were assigned to the ESTs. The top three major 
GO slim terms were “other cellular processes” (23%), 
“other metabolic processes” (21%), and “unknown biologi-
cal processes” (10%) (Fig. 2A). These three are also the 
top three major GO slim terms in Arabidopsis, but the pro-
portion of “unknown biological processes” was larger in 

Picking up colonies

↓ 10,752 clones

Sequence trace files generated by ABI DNA sequencer

↓ 10,752 clones

Base call by PHRED

↓10,362 clones

Sequences longer than 150 nt

↓ 9,175 clones

Removal of vector sequences by CROSS_MATCH

↓ 9,022 clones

Sequences containing inserts longer than 100 nt

↓ 8,963 clones

Contig assembly by PHRAP

↓

A. mangium 6,220 unigenes

 (Contigs: 1,614; singletons: 4,606)

Fig. 1. Scheme for the construction of expressed sequence tags (ESTs) 
and unigenes
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Arabidopsis (Fig. 2B). Overall, the tendency of GO slim 
term assignment is similar between the ESTs and Arabidop-
sis, suggesting that the EST dataset represents genes 
required for the biological processes involved in the devel-
oping secondary xylem and shoot of A. mangium.

A. mangium unigenes

The 8963 sequences in the ESTs were assembled using 
PHRAP13 into 6220 unigenes comprising 1614 contigs and 
4606 singletons. The average length of the unigenes was 
654 nt. BlastX searches of the unigenes against the TAIR9 
peptide database16 showed that 19% of the unigene set have 
E values larger than 10−10, implying that these unigenes were 
not orthologous to Arabidopsis genes.

Number of orthologs in the unigene set by plant species

Unlike A. mangium, leguminous model plants and crops 
including L. japonicus, M. truncatula, and soybean are all 
herbaceous plants. Thus, the unigene set expressed in the 
tissue where wood is actively formed might be more closely 
related to the genome of model forest trees, such as poplar. 
To evaluate this possibility, we submitted the unigene set 
to BlastN searches against the Gene Index Databases of 
leguminous plant species and tree species.15 As a result, 
approximately 70% of the unigenes are considered to be 
orthologs (E < 10−10) of soybean genes, and the number of 
such unigenes was the largest among the species tested 
(Fig. 3). Interestingly, this result suggests that the tran-
scriptome of wood-forming tissue of A. mangium is most 
similar to that of herbaceous soybean among the above 
plant species, and that the genomic information of soybean22 
might be helpful for the functional annotation of the 
unigenes.

Analysis of unigenes

The current unigene set was generated from ESTs from 
shoot and developing xylem of A. mangium. Therefore, it 
was expected that the genes involved in cell division and 
growth, shoot apical meristem development, and cell wall 
biosynthesis would be present. To confi rm this possibility, 
we submitted the unigene set to BlastX searches against the 

TAIR9 peptide database,16 assigned the best-matching Ara-
bidopsis gene to each unigene if the E value was less than 
10−10, and narrowed down the set of putative unigenes 
involved in the cell cycle, cell growth, shoot apical meristem 
development, and cell wall biosynthesis.

Unigenes involved in the cell cycle

The cell cycle controls cell division and growth. The molecu-
lar mechanism of the cell cycle is highly conserved among 
higher organisms such as plants and animals.23 The progress 
of the cell cycle is regulated by the activity change of cyclin-
dependent kinase complex. The complex is composed of 
cyclins and cyclin-dependent kinases (CDK), which are acti-
vated by phosphorylation by a CDK-activating kinase 
(CAK) and inactivated by retinoblastoma protein (RB). 
The activity is also inhibited by the phosphorylation of 
cyclin-dependent kinase inhibitor (CKI).24

In the unigene set, two unigenes orthologous to Arabi-
dopsis cdc2a, which encodes a CDK, were found. Eight 
unigenes were orthologous to Arabidopsis cyclin family 
genes24 including C-, D-, T-, and U-type cyclins. Moreover, 
two unigenes orthologous to Arabidopsis CKI (ICK6) and 
a unigene orthologous to Arabidopsis CAK (CAK1) were 
found. These results suggest that the basic cell cycle machin-
ery of eukaryotes appears to be present in A. mangium.

Unigenes involved in cell growth

After plant cells divide, cell growth, including cell enlarge-
ment or cell elongation, occurs. In this step, cell wall loosen-
ing is the direct key factor. Various enzymes and proteins 
are involved in cell wall loosening. Among them, xyloglucan 
endo-transglycosylase/hydrolase (XTH) and expansin are 
well-known proteins which loosen the cell wall.25

In Arabidopsis, XTH forms a gene family comprising 33 
genes.26 In our analysis, eleven different A. mangium unige-
nes were found to be similar to Arabidopsis XTH. Two 
unigenes shared homologies with XTH9, and the nine other 
unigenes were most similar to XTH4, XTH5, XTH7, XTH10, 
XTH16, XTH23, XTH25, XTH28, and XTH32. Since most 
XTH genes are distinctly expressed in terms of tissue specifi c-
ity and response to hormones in Arabidopsis,26 A. mangium 
XTH may also show tissue-specifi c expression.

The expansin superfamily is made up of four families: 
α-expansin, β-expansin, expansin-like A, and expansin-
like B. α-Expansin and some β-expansin proteins are known 
to exhibit cell wall loosening activity.27 Eight A. mangium 
unigenes were homologous to Arabidopsis EXPA6, 
EXPA8, EXPA10, which belong to the α-expansin family. 
Only one unigene was homologous to EXPB3, a member 
of β-expansin.

Unigenes involved in shoot apical meristem development

The aerial part of higher plants, such as leaves, stems, and 
fl owers, is ultimately generated from shoot apical meristem. 
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To date, several genes responsible for the normal function 
of meristem have been identifi ed. The genes are classifi ed 
into three groups.28 The fi rst group is responsible for stem 
cell activity in the central zone and includes genes such as 
STM, KNAT1, and WUS in Arabidopsis. The second group 
is responsible for differentiation at primordia and includes 
genes such as CLV1 and CLV3. The third group controls the 
local cell proliferation at the developing organ and contains 
genes such as snapdragon PHAN.

In the A. mangium unigene set, two putative KNAT1 and 
STM orthologs were identifi ed. These are possibly respon-
sible for the maintenance of stem cell activity in shoot apical 
meristem of A. mangium.

Unigenes involved in cell wall biosynthesis

Biosyntheses of secondary cell wall components such as 
cellulose, hemicelluloses, and lignin are the important meta-
bolic events in wood formation, and they are coordinately 
regulated at the transcriptional level.2,29 Thus, identifying 
genes putatively involved in the biosynthesis of cellulose, 
hemicelluloses, and lignin, and the related transcription 

factors, is the fi rst step in studying the molecular mechanism 
of wood formation.

Lignin biosynthesis genes

Lignin is generated by the oxidative coupling of hydroxy-
cinnamyl alcohols (monolignols) by laccases and peroxi-
dases.30,31 Monolignols are biosynthesized via the cinnamate/
monolignol pathway. To date, all gene families involved in 
the pathway have been identifi ed in Arabidopsis32–34 and 
several laccases and peroxidases involved in lignin biosyn-
thesis have been reported.35,36

Twenty-four A. mangium unigenes were orthologous to 
the Arabidopsis genes involved in the cinnamate/monoli-
gnol pathway reported by Raes et al.32 (Table 1). Only the 
gene encoding coumarate 3-hydroxylase (C3H)37,38 was not 
found.

The A. mangium unigene set contained each one of 
orthologs of laccase genes LAC4/IRX12 and LAC15/
TT10,35,36 and two and three genes orthologous to peroxi-
dase genes AtPER12 and AtPER64, respectively (Table 
1).39 Because it has been suggested that these Arabidopsis 

Table 1. The number of unigenes orthologous to Arabidopsis genes involved in cell wall biosynthesis

Function Arabidopsis gene name AGI code Number of unigenes

Lignin biosynthesis PAL1 At2g37040 3
C4H/CYP73A5 At2g30490 5
4CL-like8 At5g63380 1
HCT At5g48930 1
CCoAOMT1 At4g26220 1
CCoAOMT7 At4g34050 3
CCR1/IRX4 At1g15950 1
CCR-like3 At2g33590 2
CCR-like5 At5g58490 1
F5H1/CYP84A1 At4g36220 1
COMT At5g54160 3
CAD2 At3g19450 1
CAD4 At4g37980 1
LAC4/IRX12 At2g38080 1
LAC15/TT10 At5g48100 1
PER12 At1g71695 2
PER64 At5g42180 3

Cellulose biosynthesis CesA1/RSW1 At4g32410 1
CesA4 /IRX5 At5g44030 2
CesA7/IRX3 At5g17420 1
CesA8/IRX1 At4g18780 3
SUS1 At5g20830 2
SUS3 At4g02280 1
SUS4 At3g43190 1
KOR1 At5g49720 1

Xylan biosynthesis IRX8/GAUT12 At5g54690 2
IRX9 At2g37090 1
IRX10-L/GUT1 At5g61840 1
IRX14 At4g36890 1

NAC transcription factors SND3/ANAC010 At1g28470 2
NST1/ANAC043 At2g46770 2
XND1/ANAC104 At5g64530 1

MYB transcription factors MYB52 At1g17950 2
MYB58 At1g16490 1
MYB61 At1g09540 1
MYB85 At4g22680 1

AGI, Arabidopsis Genome Initiative
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genes are involved in lignin biosynthesis, these A. mangium 
orthologs might be involved in lignifi cation.

Cellulose and xylan biosynthesis genes

The cellulose synthase catalytic subunit (CesA) is believed 
to transfer a glucosyl moiety to an elongating glucan chain 
in the rosette complex on the plasma membrane.40,41 In the 
Arabidopsis genome, CesA forms a multigene family, and 
ten genes were annotated as CesA. At least three different 
CesA proteins are required to form a functional rosette 
complex. In Arabidopsis, CesA1 (RSW1), CesA3 (IXR1), 
and CesA6 (IXR2) are required for cellulose biosynthesis 
in primary wall formation, and CesA4 (IRX5), CesA7 
(IRX3), and CesA8 (IRX1) are required for cellulose bio-
synthesis in secondary wall formation.41 Of the A. mangium 
unigenes, seven unigenes were annotated as CesA (Table 1). 
These are homologous to CesA1, CesA4, CesA7, or CesA8 
in Arabidopsis.

Apart from CesA proteins, cellulose biosynthesis requires 
the participation of other proteins. The KORRIGAN1 
(KOR1) gene, which encodes a putative membrane-
localized β-1,4-glucanase,41 is required for cellulose biosyn-
thesis. Sucrose synthases (SUS) are also required for the 
production of UDP-glucose, a substrate for cellulose bio-
synthesis.42 The A. mangium unigene set contains one KOR1 
and four SUS orthologs of Arabidopsis (Table 1).

Glucuronoxylan is a major hemicellulose (14% wood 
weight) in A. mangium.43 The genes involved in the bio-
synthesis of glucuronoxylan have been identifi ed in Arabi-
dopsis, and yet none of them has been biochemically 
characterized.44 Thus far, FRA8/IRX7, IRX8, IRX9, IRX10, 
IRX10-like, IRX14, and PARVUS have been identifi ed as 
genes directly involved in xylan biosynthesis.44–46 Of the A. 
mangium unigenes, fi ve unigenes were annotated as IRX8, 
IRX9, IRX10-like, and IRX14 (Table 1).

Transcription factors

Recent studies have revealed that transcription regulation 
is a key step in wood formation.2,29 BlastX searches against 
the Database of Arabidopsis Transcription Factor47 classi-
fi ed 302 of the A. mangium unigenes as genes that encode 
transcription factors from 51 gene families (data not shown). 
Among them, MYB and NAC transcription factors are 
known to play pivotal roles in transcriptional regulation in 
wood formation in Arabidopsis.2,29 In the A. mangium 
unigene set, ten orthologs of NAC and MYB transcription 
factors involved in wood formation in Arabidopsis were 
identifi ed (Table 1). Two unigenes are orthologous to NST1, 
a NAC transcription factor gene that causes ectopic second-
ary wall formation,48,49 and two unigenes are orthologous to 
SND3, which causes secondary wall thickening in fi bers 
when overexpressed.50 An ortholog of XND1, a negative 
regulator of secondary wall thickening formation,51 was also 
found. As for MYB transcription factors, fi ve unigenes were 
found as putative orthologs of MYB52, MYB58, MYB61, 

and MYB85, which induce secondary wall biosynthetic 
genes in Arabidopsis.50,52,53

Conclusions

We isolated 8963 ESTs prepared from a normalized cDNA 
library of developing secondary xylem and shoot of A. 
mangium. The ESTs were assembled into 6220 unigenes 
comprising 1614 contigs and 4606 singletons; this is the fi rst 
comprehensive catalogue of the genes involved in wood 
formation and should enable us to design a microarray for 
gene expression analysis in A. mangium. Approximately 
70% of the unigenes show homology with soybean Gene 
Indices, suggesting that the genomic information from 
soybean is also helpful for the functional annotation of the 
unigenes. Finally, unigenes putatively involved in the cell 
cycle, cell growth, shoot apical meristem development, and 
cell wall biosynthesis were predicted. These results will 
accelerate the functional genomics of wood formation and 
molecular breeding to improve the wood properties of A. 
mangium.

Acknowledgments We thank Yuta Tsurumaki and Kumiko Mori for 
their technical assistance with this work and Musi Hutan Persada, 
Sumatra, Indonesia, for giving us A. mangium seed. This work was 
partly supported by a grant for Exploratory Research Projects from 
the Research Institute of Sustainable Humanosphere; a grant for Sci-
entifi c Research for Young Scientist (no. 19780134) from the Japan 
Society for the Promotion of Science (JSPS); a grant from the New 
Energy and Industrial Technology Development Organization (Devel-
opment of Fundamental Technologies for Controlling the Process of 
Material Production of Plants), the Ministry of Education, Culture, 
Sports Science and Technology of Japan (MEXT) Special Coordination 
Funds for Promoting Science and Technology: Integrated Research 
System for Sustainability Science (IR3S); and the JSPS Global COE 
Program (E-04): In Search of Sustainable Humanosphere in Asia and 
Africa.

References

 1. Zimmerman MH (1983) Conducting units: tracheids and vessels. 
In: Xylem structure and the ascent of sap. Springer-Verlag, Berlin, 
pp 4–20

 2. Demura T, Fukuda H (2007) Transcriptional regulation in wood 
formation. Trends Plant Sci 12:64–70

 3. Higuchi T (1997) Structure and functions of wood. In: Biochemistry 
and molecular biology of wood. Springer-Verlag, Berlin, pp 1–
40

 4. Suzuki S, Li L, Sun Y, Chiang VL (2006) The cellulose synthase 
gene superfamily and biochemical functions of xylem-specifi c cel-
lulose synthase-like genes in Populus trichocarpa. Plant Physiol 
142:1233–1245

 5. Rengel D, San Clemente H, Servant F, Ladouce N, Paux E, Wincker 
P, Couloux A, Sivadon P, Grima-Pettenati J (2009) A new genomic 
resource dedicated to wood formation in Eucalyptus. BMC Plant 
Biol 9:36–49

 6. Umezawa T, Suzuki S, Shibata D (2009) Tree biotechnology of 
tropical Acacia. Plant Biotechnol 25:309–331

 7. Xie D, Hong Y (2002) Agrobacterium-mediated genetic transfor-
mation of Acacia mangium. Plant Cell Rep 20:917–922

 8. Saito Y, Kojima K, Ide Y, Sasaki S (1993) In vitro propagation from 
axillary buds of Acacia mangium – a legume tree in the tropics. 
Plant Tissue Cult Lett 10:163–168



46

 9. Wang XJ, Cao XL, Hong Y (2005) Isolation and characterization 
of fl ower-specifi c transcripts in Acacia mangium. Tree Physiol 
25:167–178

10. Bugos RC, Chiang VL, Zhang XH, Campbell ER, Podila GK, 
Campbell WH (1995) RNA isolation from plant tissues recalcitrant 
to extraction in guanidine. BioTechniques 19:734–737

11. Tsugane T, Watanabe M, Yano K, Sakurai N, Suzuki H, Shibata D 
(2005) Expressed sequence tags of full-length cDNA clones from 
the miniature tomato (Lycopersicon esculentum) cultivar Micro-
Tom. Plant Biotechnol 22:161–165

12. Ewing B, Hillier L, Wendl M, Green P (1998) Base calling of auto-
mated sequencer traces using Phred. I. Accuracy assessment. 
Genome Res 8:175–185

13. Green P (1994) Phrap.doc. http://www.phrap.org/phredphrap/
phrap.html. Accessed 10 Sept 2010

14. UniProt Knowledgebase (2002) UniProt Consortium. http://www.
expasy.ch/sprot. Accessed 10 Sept 2010

15. The Gene Index Databases (2005) Dana Farber Cancer Institute, 
Boston

16. The Arabidopsis Information Resource (TAIR) (2001) Carnegie 
Institution for Science, Stanford. http://www.arabidopsis.org. 
Accessed 10 Sept 2010

17. DNA Data Bank of Japan (2001) National Institute of Genetics, 
Mishima. http://www.ddbj.nig.ac.jp. Accessed 10 Sept 2010

18. National Center for Biotechnology Information (1990) National 
Library of Medicine, Bethesda. http://www.ncbi.nlm.nih.gov. 
Accessed 10 Sept 2010

19. Wang Y, Chu Y, Liu G, Wang M, Jiang J, Hou Y, Qu G, Yang C (2006) 
Identifi cation of expressed sequence tags in an alkali grass (Puc-
cinellia tenuifl ora) cDNA library. J Plant Res 164:78–89

20. Jin H, Plaha P, Park JY, Hong CP, Lee IS, Yang ZH, Jiang GB, Kwak 
SS, Liu SK, Lee JS, Kim YA, Lim YP (2006) Comparative EST 
profi les of leaf and root of Leymus chinensis, a xerophilous grass 
adapted to high-pH sodic soil. Plant Sci 170:1081–1086

21. Czechowski T, Bari RP, Stitt M, Scheible WR, Udvardi MK (2004) 
Real-time RT-PCR profi ling of over 1400 Arabidopsis transcrip-
tion factors: unprecedented sensitivity reveals novel root- and 
shoot-specifi c genes. Plant J 38:366–379

22. Phytozome (2008) Phytozome Team, Oakland. http://www.
phytozome.net/soybean. Accessed 10 Sept 2010

23. Stals H, Inzé D (2001) When plant cells decide to divide. Trend 
Plant Sci 6:359–364

24. Wang G, Kong H, Sun Y, Zhang X, Zhang W, Altman N, dePamphi-
lis CW, Ma H (2004) Genome-wide analysis of the cyclin family in 
Arabidopsis and comparative phylogenetic analysis of plant cyclin-
like proteins. Plant Physiol 135:1084–1099

25. Carpita N, MacCann M (2000) The cell wall. In: Buchanan BB, 
Gruissem W, Jones RL (eds) Biochemistry and molecular biology 
of plants. The American Society of Plant Biologists, Rockville, pp 
52–109

26. Yokoyama R, Nishitani K (2001) A comprehensive expression 
analysis of all members of a gene family encoding cell-wall enzymes 
allowed us to predict cis-regulatory regions involved in cell-wall 
construction in specifi c organs of Arabidopsis. Plant Cell Physiol 
42:1025–1033

27. Sanoedro D, Cosgrove DJ (2005) The expansin superfamily. 
Genome Biol 6:242

28. Doerner P (2002) Cell division regulation. In: Buchanan BB, Gruis-
sem W, Jones RL (eds) Biochemistry and molecular biology of 
plants. The American Society of Plant Biologists, Rockville, pp 
528–567

29. Zhong R, Ye ZH (2007) Regulation of cell wall biosynthesis. Curr 
Opin Plant Biol 10:564–572

30. Ralph J, Lundquist K, Brunow G, Lu F, Kim H, Schatz PF, Marita 
JM, Hatfi eld RD, Ralph SA, Christensen JH, Boerjan W (2004) 
Lignins: natural polymers from oxidative coupling of 4-hydroxy-
phenylpropanoids. Phytochem Rev 3:29–60

31. Boerjan W, Ralph J, Baucher M (2003) Lignin biosynthesis. Ann 
Rev Plant Biol 54:519–546

32. Raes J, Rohde A, Christensen JH, de Peer YV, Boerjan W (2003) 
Genome-wide characterization of the lignifi cation toolbox in Ara-
bidopsis. Plant Physiol 133:1051–1071

33. Goujon T, Sibout R, Eudes A, MacKay J, Jouanin L (2003) Genes 
involved in the biosynthesis of lignin precursors in Arabidopsis 
thaliana. Plant Physiol Biochem 41:677–687

34. Dixon RA, Reddy MSS (2003) Biosynthesis of monolignols. 
Genomic and reverse genetic approaches. Phytochem Rev 2:289–
306

35. Brown DM, Zeef LAH, Ellis J, Goodacre R, Turner SR (2005) 
Identifi cation of novel genes in Arabidopsis involved in secondary 
cell wall formation using expression profi ling and reverse genetics. 
Plant Cell 17:2281–2295

36. Liang M, Davis E, Gardner D, Cai X, Wu Y (2006) Involvement of 
AtLAC15 in lignin synthesis in seeds and in root elongation of 
Arabidopsis. Planta 224:1185–1196

37. Hoffmann L, Besseau S, Geoffroy P, Ritzenthaler C, Meyer D, 
Lapierre C, Pollet B, Legrand M (2004) Silencing of hydroxycin-
namoyl-coenzyme A shikimate/quinate hydroxycinnamoyl trans-
ferase affects phenylpropanoid biosynthesis. Plant Cell 16:1446–
1465

38. Besseau S, Hoffmann L, Geoffroy P, Lapierre C, Pollet B, Legrand 
M (2007) Flavonoid accumulation in Arabidopsis repressed in 
lignin synthesis affects auxin transport and plant growth. Plant Cell 
19:148–162

39. Bayer E, Bottrill A, Walshaw J, Vigouroux M, Naldrett MJ, 
Thomas C, Maule A (2006) Cell wall proteome defi ned using 
multidimensional protein identifi cation technology. Proteomics 6:
301–311

40. Kimura S, Laosinchai W, Itoh T, Cui X, Linder CR, Brown RM Jr 
(1999) Immunogold labeling of rosette terminal cellulose-synthe-
sizing complexes in the vascular plant Vigna angularis. Plant Cell 
11:2075–2085

41. Mutwil M, Debolt S, Persson S (2008) Cellulose synthesis: a 
complex complex. Curr Opin Plant Biol 11:252–257

42. Doblin MS, Kurek I, Jacob-Wilk D, Delmer DP (2002) Cellulose 
biosynthesis in plants: from genes to rosettes. Plant Cell Physiol 
43:1407–1420

43. Pinto PC, Evtuguin DV, Neto CP (2005) Chemical composition 
and structural features of the macromolecular components of 
plantation Acacia mangium wood. J Agric Food Chem 53:
7856–7862

44. York WS, O’Neill MA (2008) Biochemical control of xylan biosyn-
thesis – which end is up? Curr Opin Plant Biol 11:258–265

45. Brown DM, Zhang Z, Stephens E, Dupree P, Turner SR (2009) 
Characterization of IRX10 and IRX10-like reveals an essential 
role in glucuronoxylan biosynthesis in Arabidopsis. Plant J 
57:732–746

46. Wu AM, Rihouey C, Seveno M, Hörnblad E, Singh SK, Matsunaga 
T, Ishii T, Lerouge P, Marchant A (2009) The Arabidopsis IRX10 
and IRX10-LIKE glycosyltransferases are critical for glucuronox-
ylan biosynthesis during secondary cell wall formation. Plant J 
57:718–731

47. Guo A, He K, Liu D, Bai S, Gu X, Wei L, Luo J (2005) DATF: a 
database of Arabidopsis transcription factors. Bioinformatics 
21:2568–2569

48. Mitsuda N, Seki M, Shinozaki K, Ohme-Takagi M (2005) The NAC 
transcription factors NST1 and NST2 of Arabidopsis regulate sec-
ondary wall thickenings and are required for anther dehiscence. 
Plant Cell 17:2993–3006

49. Mitsuda N, Iwase A, Yamamoto H, Yoshida M, Seki M, Shinozaki 
K, Ohme-Takagi M (2007) NAC transcription factors, NST1 and 
NST3, are key regulators of the formation of secondary walls in 
woody tissues of Arabidopsis. Plant Cell 19:270–280

50. Zhong R, Lee C, Zhou J, McCarthy RL, Ye ZH (2008) A battery 
of transcription factors involved in the regulation of secondary cell 
wall biosynthesis in Arabidopsis. Plant Cell 20:2763–2782

51. Zhao C, Avci U, Grant EH, Haigler CH, Beers EP (2008) XND1, 
a member of the NAC domain family in Arabidopsis thaliana, 
negatively regulates lignocellulose synthesis and programmed cell 
death in xylem. Plant J 53:425–436

52. Zhou J, Lee C, Zhong R, Ye ZH (2009) MYB58 and MYB63 are 
transcriptional activators of the lignin biosynthetic pathway during 
secondary cell wall formation in Arabidopsis. Plant Cell 21:
248–266

53. Newman LJ, Perazza DE, Juda L, Campbell MM (2004) Involve-
ment of the R2R3-MYB, AtMYB61, in the ectopic lignifi cation 
and dark-photomorphogenic components of the det3 mutant phe-
notype. Plant J 37:239–250



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




