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Abstract The xylem of higher plants offers support to aerial
portions of the plant body and serves as conduit for the
translocation of water and nutrients. Terminal differentia-
tion of xylem cells typically involves deposition of thick
secondary cell walls. This is a dynamic cellular process
accompanied by enhanced rates of cellulose deposition and
the induction of synthesis of specific secondary-wall matrix
polysaccharides and lignin. The secondary cell wall is essen-
tial for the function of conductive and supportive xylem
tissues. Recently, significant progress has been made in
identifying the genes responsible for xylem secondary cell
wall formation. However, our present knowledge is still
insufficient to account for the molecular processes by which
this complex system operates. To acquire further informa-
tion about xylem secondary cell walls, we initially focused
our research effort on a set of genes specifically implicated
in secondary cell wall formation, as well as on loss-of-
function mutants. Results from two microarray screens
identified several key candidate genes responsible for sec-
ondary cell wall formation. Reverse genetic analyses led to
the identification of a glycine-rich protein involved in main-
taining the stable structure of protoxylem, which is essential
for the transport of water and nutrients. A combination of
expression analyses and reverse genetics allows us to sys-
tematically identify new genes required for the develop-
ment of physical properties of the xylem secondary wall.
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Introduction

Xylem appeared relatively early in the evolution of land
plants. It provides plants with not only the means for long-

distance transport between aerial and ground parts, but also
provides mechanical support. This enables land plants to
maintain large photosynthetic aerial parts high above the
ground. The xylem consists of several distinct types of cells
with specialized wall structures. These specific structural
features of individual xylem cell walls confer mechanical
strength to plant tissues and allow the efficient translocation
of water and nutrients within the plant body. Xylem cell
walls are dynamic, and typically undergo massive deposi-
tions of secondary walls, as well as extensively disassem-
bling primary walls. For example, tracheary elements, which
are components of xylem vessels, possess elaborately pat-
terned secondary cell walls with an alternating orientation
of cellulose microfibrils and a lignified layer (Fukuda 2004;
Oda et al. 2005). Differentiation of tracheary elements
involves sequential changes in the cell wall. This includes
expansion of primary walls and the laying down of lignified
secondary walls, followed by digestion of wall components,
such as xyloglucan molecules in the primary wall (Stacey et
al. 1995; Bourquin et al. 2002; Matsui et al. 2005). After the
cell has stopped growing, the xylem wall is thickened with
secondary deposits of cellulose and is further strengthened
by impregnation with specific secondary-wall matrix
polysaccharides and lignin. The resulting walls provide the
tracheary elements with enough strength to withstand high
negative pressure within the vessels (Ye 2002), as well as to
support the weight of the stem itself. A number of cell-wall
structural proteins are also associated with secondary cell
wall formation. The function of conductive and supporting
xylem tissues is strongly dependent on the structure, com-
position, and morphology of the secondary cell wall. Thus,
there has been a growing understanding of not only the
biological importance of the secondary cell wall, particu-
larly regarding xylem differentiation, but also in terms of
economic significance.

Despite the biological importance of secondary cell
walls, their complexity and diversity have hampered the
dissection of the molecular mechanism by which the wall
structure is generated, assembled, and remodeled during
the terminal differentiation of xylem cells. A large number
of genes are required for the molecular processes involved
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in this system. Complete genomic sequences and extensive
expressed sequence tag library collections allude to the
existence of a large number of genes that are likely to be
part of these processes (Yokoyama and Nishitani 2004;
Aspeborg et al. 2005). Whereas the functions of several
genes responsible for xylem wall formation have been elu-
cidated, identifying and determining the function of a large
number of genes directly involved in xylem secondary wall
formation still remains a major challenge.

Forward genetics

Forward genetic screens have led to the isolation of several
genes involved in secondary cell wall biosynthesis and lig-
nification, as well as in xylem formation. In Arabidopsis
thaliana (L.) Heynh., IRX1, IRX3, and IRX5 genes were
identified based on recessive mutations that resulted in the
collapse of secondary cell walls of xylem and code for cat-
alytic subunits of the cellulose synthase complex specifically
responsible for the synthesis of secondary cell walls (Turner
and Somerville 1997; Taylor et al. 2003). Another A.
thaliana mutant, irx2, which resulted from a point mutation
in the KORRIGAN gene, which codes for a β-1,4-endoglu-
canase, exhibits a cellulose deficiency in the secondary cell
wall (Szyjanowicz et al. 2004).

In the ectopic deposition of lignin in pith 1 (elp1) mutant
of A. thaliana, lignin is deposited ectopically in patches of
parenchyma cells in the stem pith, a cell wall type that is
not lignified in the wild type (Zhong et al. 2000). The ectopic
deposition of lignin correlated with both increased Klason
lignin content and the ectopic expression of caffeoyl CoA
O-methyltransferase, an enzyme involved in monolignol
biosynthesis. In the elp1 mutant, a mutation occurred in the
gene coding for a chitinase-like protein, AtCTL1 (Zhong
et al. 2002).

On the other hand, in rice, the isolation of three cellulose
synthase (CESA) genes (OsCESA4, OsCESA7, and
OsCESA9) for brittle culm mutations induced by the ret-
rotransposon Tos17 has been reported (Tanaka et al. 2003).
These genes are involved in the synthesis of cellulose in
secondary cell walls.

Functional genomics

Although forward genetics is an excellent system for iden-
tifying a limited number of genes essential for secondary
wall biosynthesis and lignification in plants, the identity of
the majority remains elusive. Functional genomics offers
the means to identify a large number of genes involved in
xylem secondary cell walls and would provide a comprehen-
sive view of these genes. Microarray technologies are now
available as powerful techniques for such purposes. With
the aid of this technology, it is possible to monitor the
expression profiles of hundreds to thousands of genes acting
during secondary cell wall formation and to identify a large

number of genes involved in secondary cell wall biosynthe-
sis and lignification (Oh et al. 2003; Ko et al. 2004). A system
of cluster analyses for many expression data sets from
microarray analyses further increases the number of genes
found to be involved in secondary cell wall synthesis
(Brown et al. 2005; Persson et al. 2005).

Tracheary elements differentiated from isolated meso-
phyll cells of Zinnia elegans have emerged as a good model
system for studying gene regulation during xylem differen-
tiation (Fukuda 1997). In the Z. elegans system, secondary
wall formation unique to tracheary elements is induced by
changes in hormonal balance. Demura et al. (2002) per-
formed comprehensive microarray analyses of gene expres-
sion in this cell-differentiation system and identified many
candidate genes involved in secondary-wall formation.

Comprehensive approach to genes involved in 
secondary cell wall formation in A. thaliana 
inflorescence stems

As a first step toward characterizing the processes involved
in xylem secondary cell wall formation in A. thaliana inflo-
rescence stems, we manufactured a gene-specific 70-mer
oligo microarray that consisted of 756 genes classified into
30 putative families of proteins implicated in A. thaliana
cell-wall dynamics (Imoto et al. 2005). Using this microar-
ray system, we examined gene expression profiles the genes
along the inflorescent stem of A. thaliana. This organ has
proved a useful system for studying secondary cell wall
formation in that xylem cells form thick and lignified sec-
ondary cell walls in the basal region of the stem (Imoto
et al. 2005). To classify the expression profiles of individual
genes in terms of their preferential expression site along the
stem, we defined three types of expression profiles, desig-
nated as Type A, B, and C. The Type A profile is defined as
that in which the expression in the upper part of the stem
is more than twofold higher than that in the basal part. The
Type B profile displays expression levels in the middle part
of the stem that is more than twofold higher than in both
the apical and basal parts. On the other hand, the Type C
profile displays expression levels in the basal part that are
more than twofold higher than any other region of the stem
(Imoto et al. 2005). In this work, we focused on genes with
the Type C expression profiles (Table 1). 

A large number of genes have been identified as
belonging to various families of glycosyltransferases
(callose/glucan synthase), glycosyl hydrolases (fucosidase,
galactosidase, xylosidase, etc.), and structural proteins
[arabinogalactan protein (AGP), glycine-rich protein
(GRP), cell-wall-associated kinase, and extensin], as well as
enzymes implicated in the deposition of cellulose (cellulose
synthase) and lignification (peroxidase and laccase). We
also identified genes encoding expansin and XTH
(Yokoyama and Nishitani 2001), which are implicated in the
modification of primary cell walls during the expansion pro-
cess. This result suggests that different isoforms in a family
of proteins have different biological functions in different
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cell types (for recent review, see Cosgrove 2000; Nishitani
2002; Rose et al. 2002). In fact, some members of these
families were recently shown to be involved in secondary-
wall deposition (Bourquin et al. 2002; Nakamura et al. 2003;
Gray-Mitsumune et al. 2004; Matsui et al. 2005). Conse-
quently, Type C gene sets contained a large number of
uncharacterized genes, as well as genes previously impli-
cated in secondary-wall deposition of xylem cells during
vascular development.

Cell-wall genes screened for changes in expression 
profiles during gravistimulation

Changes in gravity conditions have been shown to affect the
mechanical properties of cell walls. It is suggested that
gravistimulation of A. thaliana inflorescence stems changes
the mechanical extensibility of xylem secondary cell walls
(Soga et al. 1999, 2002). We examined the expression of 765
cell-wall genes in inflorescence stems during early stages of
gravitropic response using our microarray system. Plants
were grown on rock wool until the primary inflorescence

stem reached a length of 80–120 mm. They were then sub-
jected to gravity stimulation by placing the whole plant on
the rock wool block horizontally. After 30 or 60 min of
gravistimulation, the apical 40-mm stem region, which
ranged from 10 mm to 50 mm below the apex, was excised.
Control plants were grown under the same conditions, and
the same region was also excised. These excised samples
were subjected to RNA extraction according to a conven-
tional SDS–phenol protocol. Oligo DNA microarray
hybridization and data analyses were performed as
described previously (Yokoyama et al. 2004; Imoto et al.
2005). Comparisons of the transcripts present in the control
and in the gravistimulated stems revealed that 27 of 765
genes represented on the array exhibited significant expres-
sion changes within 60 min of gravitropic stimulation
(Table 2). The majority of genes showing differential
expression in response to gravitropic stimulation were
down-regulated by gravistimulation. Interestingly, most of
these down-regulated genes belong to the Type C gene set
(Imoto et al. 2005). 

Table 1. Set of genes that exhibit growth-stage-dependent expression
profiles defined as Type C (from Imoto et al. 2005)

aNumber of genes in each family
bNumber of family members classified as Type C genes, which are
defined as those whose expression level in the basal part of the stem
is twofold higher than that in the upper part of the stem

Gene family name No. of genesa Type Cb

Cellulose synthase 40 3
Callose/glucan synthase 12 1
α-Xylosyltransferase 8 0
α-Fucosyltransferase 10 0
Glycosyltransferase (GT1*) 19 0
Glycosyltransferase (GT8*) 16 1
Sterol glucosyltransferase 4 0
Epimerase 5 0
Xyloglucan endotransglucosylase/

hydrolase
33 3

β-1,4-glucanase 24 2
Expansin 35 1
α-Fucosidase 2 0
β-Galactosidase 25 4
α-Xylosidase 5 1
β-Xylosidase 15 1
β-1,3-glucanase 77 1
Chitinase 23 2
α-Arabinosidase 2 0
Mannan-hydrolase 8 0
α-Mannosidase 4 0
Pectate lyase 26 0
Polygalacturonase 67 3
Pectinesterase 111 5
Peroxidase 69 4
Prolyl 4-hydroxylase 10 0
Laccase 17 5
Arabinogalactan protein 25 3
Extensin 38 1
Glycine-rich protein 30 3
Wall-associated receptor kinase 5 1
Total 765 45

Table 2. A list of differentially regulated genes in response to
gravistimulation

 ND the ratio was not determined due to undetectable gene expression
aWhen genes already had published names, we adopted them. Other-
wise, the names of the genes we designed in our microarray system are
indicated in italics
bType represents a set of genes that exhibit expression profiles. They
are defined as A, B, and C (Imoto et al. 2005)
cValues are averages of two independent experiments, and expressed
as the log2 ratio. A log2 ratio of 1 is the same as a fold change of 2

Gene family name Gene
namea

Typeb Fold inductionc

30 min 60 min

Up-regulated genes
Arabinogalactan 

protein
AtAGP5 −0.50 0.64
AtAGP20 A 0.92 0.56

Chitinase CHI9 −0.34 0.92
Expansin AtEXLA1 0.84 0.92
Extensin EXT9 0.95 0.76
Glycosyltransferase GT8-12 A 1.22 0.26
XTH AtXTH22 A 3.66 1.81

Down-regulated genes
β-1,3-glucanase BGL2 C −2.25 ND
β-1,4-glucanase CEL2 C −0.80 −0.39

IRX2 C −0.70 −0.17
Cellulose synthase IRX3 C −1.14 −0.97

IRX5 C −1.29 −1.05
Chitinase CTL2 C −1.15 −1.24
Galactosidase BGAL4 C −1.24 ND
Glycine-rich protein GRP C −0.86 −0.48
Laccase Lac1 C −1.05 −1.04

IRX12 C −1.02 −1.04
Lac17 C −1.00 −1.03

Pectinesterase PMT61 C −1.04 ND
PMT107 −1.38 ND

Peroxidase PER42 C −0.90 −0.27
PER64 C −0.73 −0.45
PER71 −1.20 0.47

Polygalacturonase PG3 A −0.96 −0.67
PG20 C −1.07 −0.53
PG43 C −0.83 ND
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In the basal region of the inflorescence stem, mechanical
strength of xylem secondary cell walls is required to support
the increasing weight carried by the upper portion of the
stem. However, when the stem was placed horizontally, the
weight carried by the upper portion of the stem was
relieved, thereby circumventing the necessity of mechanical
support of xylem secondary cell walls. It is suggested that
the weight in the apical part may function as a signal for the
induction of mechanical strength to xylem secondary cell
walls in the basal region of the stem (Fig. 1). Type C genes
were preferentially expressed in the basal region, which
offers support to the upper portion of the stem (Imoto
et al. 2005). Relief from the weight by placing the stem
horizontally reduced the expression levels of some Type C
genes dramatically. This result may be explained by the
relief in weight signaling upon a reduction in the require-
ment for Type C genes: weight signaling derived from the
upper part of the stem ordinarily causes expression of key
genes responsible for xylem secondary cell wall formation
in the basal region of the stem. However, if the stem is
placed horizontally, a lower level of weight-signaling results
in less activation of these genes. Recently, Ko et al. (2004)
demonstrated that the application of artificial weight
induces the production of significant amounts of secondary
xylem tissues in A. thaliana inflorescence stems. This result
is comparable to the effect of the reduced weight on sec-
ondary-wall-related genes investigated in the present study.
It also supports our hypothesis that the weight carried by
aerial plant parts is a signal for the formation of xylem
secondary cell walls with mechanical strength. 

Genes involved in xylem secondary cell wall formation

Comparisons of two independent sets of microarray data,
one from Imoto (2005) and the other from the present study
led to the isolation of key genes responsible for the mechan-

ical strength of xylem secondary cell walls. These genes
include IRX2, IRX3, IRX5, and IRX12. IRX3 and IRX5
code for catalytic subunits of the cellulose synthase complex
during the synthesis of secondary cell walls (Taylor et al.
2003). The IRX2 gene, which encodes β-1,4-glucanase, was
shown to participate in secondary-wall cellulose synthesis
in the xylem in coordination with cellulose synthase (Nicol
et al. 1998). The irx12 mutant was caused by a defect in one
of the three laccase genes that were identified in the present
study (Brown et al. 2005). The IRX12 gene, as well as two
other laccase genes, is the homolog of certain poplar laccase
genes demonstrated to be essential for secondary cell wall
formation (Ranocha et al. 2002). Similarly, PER42 is the
closest A. thaliana relative to a peroxidase from Nicotiana
tabacum implicated in lignin biosynthesis (Blee et al. 2003).
AtCTL2, a member of the chitinase gene family, encodes
proteins highly homologous to AtCTL1, which was previ-
ously implicated in the regulation of lignin deposition pat-
terns (Zhong et al. 2002). Thus, it is logical to expect that
the collection of uncharacterized genes identified in the
present study offers a rich source of new targets for com-
prehensive studies of xylem secondary cell wall formation.

Reverse genetic analyses of gene function

To identify the roles of uncharacterized genes in xylem sec-
ondary cell walls, we examined phenotypes of T-DNA
knockout mutants in which each gene was disrupted
(Fig. 2). We identified T-DNA insertion lines for each gene

Fig. 1. A possible explanation for the regulation of gene expression by
weight signaling. The weight carried by the plant body enhances the
expression of the key genes involved in secondary cell wall formation
and provides mechanical strength to the supporting tissue. Plants are
incapable of retaining the signal when placed horizontally

Weight signal 

Gene expression 

Mechanical support 

Fig. 2. Genomic structure and organization of candidate genes
involved in xylem secondary cell wall formation, and locations of T-
DNA insertion sites, indicated by solid boxes, in each gene. Open bars
and lines indicate exons and introns, respectively

CTL2 

PG20 

PG43 

PMT61 

PER42 

PER71 

LAC1 

IRX12 

LAC17 

GRP 
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in the Salk Institute Genome Analysis Laboratory and iso-
lated their homozygous lines. Insertion of T-DNA into indi-
vidual genes was confirmed by polymerase chain reaction
using primers specific to T-DNA left -border sequences and
primers specific to each gene. Although the isolation and
confirmation of some mutants is ongoing, no single mutant
plant displayed obvious visible phenotypes. An exception
was for a gene encoding a GRP. Extracellular enzymes such
as pectinesterase, polygalacturonase, laccase, and peroxi-
dase are typically encoded by large gene families in higher
plants (Nishitani 2002; Yokoyama and Nishitani 2004). The
absence of a phenotype in these mutants indicates func-
tional redundancy among isovariants in the family. 

Loss-of-function mutations in the GRP gene displayed
various morphological phenotypes in inflorescence stems.
The GRP was restricted to the walls of protoxylem trache-
ary elements (unpublished data), and its specific localiza-
tion suggests that it is involved in the capability of xylem
conduits to allow the efficient transport of water and sol-
utes. Recently, it has been shown that some GRPs are local-
ized in the walls of protoxylem in various plant species
(Keller et al. 1989; Ryser and Keller 1992; Ryser et al. 1997).
A model was developed to illustrate the arrangement of
GRPs in the protoxylem. It suggested that the GRP-
containing cell walls of tracheary elements are connected
with the walls of surrounding cells, thereby stabilizing the
whole protoxylem (Ringli et al. 2001a, b; Ryser et al. 2004).
It is likely that the grp mutant has a defect in the stable
structure of the protoxylem and reduces the efficient func-
tioning of xylem, leading to the production of various
phenotypes in the inflorescence stem.

Conclusions

A combination of expression analyses and reverse genetics
has led to identification of the GRP gene, which may play
important roles in the development of tracheary element
walls in the xylem. This illustrates the success of combining
expression data with reverse genetics to identify rapidly and
efficiently the genes required for complex molecular pro-
cesses, such as xylem secondary cell wall formation. How-
ever, no remarkable phenotypes were observed in the
mutants of other genes identified as being expressed in sup-
porting tissues. Possible reasons for the invisible phenotypes
in most of these genes include functional redundancy
among the identified genes and isovariants in the gene fam-
ily. Thus, it would be difficult to identify each of these iso-
variants using traditional forward genetic screening.
Characterization of double or triple mutants for candidate
genes will be a challenge for future research in assigning
functions to those genes.
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