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Abstract

 

The cellulose/xyloglucan framework underpins
the cell wall of most flowering plants, and the processes of
construction and restructuring of this framework are con-
sidered to be mediated by several different classes of
enzymes such as cellulose synthetases, 

 

β

 

-1,4 glucanases,
xyloglucan endotransglucosylases/hydrolases (XTH) and
expansins. The 

 

Arabidopsis

 

 sequencing project has revealed
that these enzymes are encoded, without exception, by large
multi-gene families. Comprehensive expression-analyses of
the XTH gene family, as assisted by real-time RT-PCR pro-
cedure, have revealed that each member of the gene family
exhibits an expression profile distinct from the other mem-
bers. The results obtained thus far support the idea that each
member of the 

 

XTH 

 

gene family is regulated specifically by
different sets of plant hormones and is committed to a cer-
tain specific process in a specific tissue, at specific stages of
development. Based on these considerations, we advance a
hypothesis that the cell wall in a certain cell-type is con-
structed, maintained and restructured by a series of collab-
orative actions of a set of enzymes that are characteristic of
the cell-wall type. This hypothesis assumes that a master
gene, specific for each cell type, conducts a set of enzymes
required for certain types of cell-wall structure and, thereby,
defines the cell-wall type and, hence, cell type, during the
process of plant development.

 

Key words  

 

Arabidopsis

 

 

 

•

 

 Cell-wall type 

 

•

 

 Gene expression

 

•

 

 Multi-gene family 

 

•

 

 XTH 

 

•

 

 Xyloglucan

 

Introduction

 

The plant cell wall is a dynamic apparatus composed of cel-
lulose microfibrils and matrix polymers constructed outside

the plasma membrane. In the cell wall of most flowering
plants, including 

 

Arabidopsis thaliana

 

, the microfibrils are
cross linked by xyloglucans to form a cellulose/xyloglucan
framework, the basic framework that functions as the
mechanical underpinning of the cell wall (Hayashi 1989;
Carpita and Gibeaut 1993; Hoson et al. 1995). This archi-
tecture varies considerably from cell to cell and is always
changing during cell differentiation, from cell-plate forma-
tion (Ito and Nishitani 1999; Yokoyama and Nishitani
2001a) through to wall expansion (Nishitani and Masuda
1983) and, finally, to secondary wall deposition processes
(Nishitani and Masuda 1982). Despite the biological impor-
tance of the dynamics of the plant cell wall, we know very
little about the molecular basis of its construction or how it
is modified during cell differentiation.

During the last decade, several important proteins
responsible for construction and modification of the cell-
wall framework were identified and their genes cloned.
These molecules included 

 

β

 

(1–4) glucanases (Tucker and
Milligan 1991; Lashbrook et al. 1994; Nakamura et al. 1995;
Del Campillo and Bennett 1996; Wu et al. 1996), xyloglucan
endotransglucosylase/hydrolase (XTH; Fry et al. 1992;
Nishitani and Tominaga 1992; Okazawa et al. 1993),
expansins (McQueen-Mason et al. 1992; Shcherban et al.
1995),  cellulose  synthase  (Pear  et  al.  1996;  Arioli  et  al.
1998;  Taylor  et  al.  1999)  and  yealdin  (Okamoto-Nakazato
et al. 2000, 2001). The complete database of the 

 

Arabidopsis

 

genome sequences, as released by the Arabidopsis Genome
Initiative at the end of 2000 (Arabidopsis Genome Initiative
2000), has revealed that each of these classes of proteins is
encoded, without exception, by a large multi-gene family.
The presence of so many multiple copies of the cell-wall-
related genes raises the question of whether individual
members of the multi-gene families are redundant in terms
of physiological roles or are non-redundant, but play their
own specific roles (Yokoyama and Nishitani 2000, 2001b;
Perrin 2001). In this article, this issue will be considered by
focusing on the whole complement of the 

 

XTH

 

 gene family,
particularly in 

 

A. thaliana

 

.
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XTH 

 

gene family

 

The 

 

XTH

 

 family of genes encodes a class of enzymes capa-
ble of mediating the hydrolysis of a xyloglucan molecule
and/or segment transfer between xyloglucan molecules
(Nishitani 1997). In the genome sequence database of 

 

Ara-
bidopsis thaliana 

 

ecotype Columbia, there are 33 open read-
ing frames potentially encoding XTH proteins (Yokoyama
and Nishitani 2001b). This family of proteins can be divided
into three classes based on their coding-sequence similari-
ties (Nishitani 1997). Azuki bean EXGT-V1 protein and

 

Arabidopsis

 

 EXGT-A1 (XTH-4) belong to the class I sub-
family. The purified EXGT-V1 (Nishitani and Tominaga
1992) and the recombinant protein of EXGT-A1 (Campbell
and Braam 1999; Steele et al. 2001) have been shown to
catalyse the transfer reaction exclusively, without any
hydrolytic activity toward xyloglucans. Recombinant pro-
teins of

 

 Arabidopsis

 

 TCH4 and Meri 5, which belong to the
class II subfamily, also exhibit transferase activities similar
to those for EXGT-A1 protein (Campbell and Braam 1999;
Steele et al. 2001). On the other hand, enzymes from the
class III subfamily are characterized by their hydrolytic
activity, as reported originally by the Reid group many years
ago (Edwards et al. 1986; Fanutti et al. 1993). More recently,
Tabuchi et al. (2001) have identified an XHT member with
hydrolysis-directed mode of enzymatic actions from azuki
bean epicotyl. Thus, it is quite probable that most members
of the class III subfamily exhibit hydrolysis-directed enzy-
matic activity,  whereas  members  of  the  class  II  subfam-
ilies and I mediate molecular-grafting reactions between
xyloglucans (Fig. 1).

The 

 

XTH

 

 gene family belongs to a family-16 glycoside
hydrolase superfamily, which encompasses, in addition to
XTH, endo-type hydrolytic enzymes acting on cell-wall
polysaccharides such as 

 

β

 

-glucans, agarose and carrageenan
(Henrissat 1991; Barbeyron et al. 1998). An amino acid
sequence motif, DEIDFEFLGN, which is responsible for
their catalytic activities, is conserved among members of
this super family. In class I and II XTH proteins, the motif at
the catalytic site is committed to transfer reaction, whereas
in the class III XTH proteins it is involved in a hydrolysis
reaction (Nishitani 1997). Thus, catalytic sites of the two dif-
ferent types of enzymes possess structurally identical motifs.
There is nothing surprising about their structural identity in
that the two enzymatic reactions share a common chemical
process: both types of enzymes cleave a xyloglucan
molecule (the donor substrate) in an endo-type fashion
forming a xyloglucosyl-enzyme intermediate, in which the
split moiety of the donor xyloglucan is covalently linked to
the catalytic site of XTH protein (Sulova et al. 1998). The
intermediate then decomposes by transfer of the xyloglucan
moiety to either a water molecule or another xyloglucan
molecule (acceptor molecule), thereby accomplishing
hydrolysis or a molecular grafting reaction, respectively.
Thus, in terms of acceptor-substrate specificity, the 

 

XTH

 

gene family has undergone some degree of diversification.
The extent of diversity is, however, limited to only two types
of enzymatic mode of action, and the DEIDFEFLG motif

at the catalytic site itself has remained mostly conserved
among the XTH family.

It  should  be  noted  that  most  of  the  reactions  required
for the formation and rearrangement of the cellulose/
xyloglucan framework can be achieved by means of single
or combined actions of XTH proteins. These reactions
include (1) the integration of new components of the cellu-
lose/xyloglucan complex, (2) the cleavage and interchange
of xyloglucan cross links, and (3) the various manipulations
of the xyloglucan chains (Nishitani 1997, 1998). Because of
its versatile functions, this class of enzymes is thought to
play a crucial role in both generation and modification of
the cellulose/xyloglucan framework, and, hence, in the
dynamics of the plant cell wall including those leading to its
construction, modification, maintenance and restructuring
(Nishitani 1998).

 

Expression profiles of 

 

XTH

 

 genes

 

Expression profiles of individual 

 

XTH

 

 genes have been
studied extensively by use of RNA blot analyses. Xu et al.

 

1

 

Fig. 1.

 

Dual actions of the XTH protein family members and their
roles in construction and restructuring of the cellulose/xyloglucan
framework in muro. XTH proteins from the class I and II mediate
exclusively 

 

b

 

 molecular grafting reaction between xyloglucans, whereas
class III members catalyse 

 

a

 

 hydrolysis-directed reactions. The unit
processes required for construction and restructuring of the cellulose/
xyloglucan framework can be achieved by a single or combined actions
of XTH proteins. These unit processes include 

 

c

 

 integration, 

 

d

 

 cleavage,

 

e

 

 interchange, 

 

f

 

 chain elongation and 

 

g

 

 loop formation. Modified from
Nishitani (1997, 1998)
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(1996) found that auxin up-regulated the expression of

 

TCH4

 

, 

 

EXGT

 

-

 

A1

 

 and 

 

XTR3

 

 genes, and down-regulated
the expression of gene 

 

XTR4

 

. They also found that brassi-
nosteroid up-regulated 

 

TCH4

 

 alone, and that the genes

 

Meri

 

-

 

5

 

, 

 

XTR2

 

 and 

 

XTR7

 

 did not respond to either of the
two hormones. Furthermore, each of these genes responded
quite differently to environmental signals such as light,
darkness, heat shock and mechanical stimuli (Xu et al.
1996).

The 

 

AtXTR8

 

 (

 

XTH31

 

) gene, which belongs to the class
III subfamily, is expressed predominantly in germinating
seeds and in the roots of 

 

Arabidopsis

 

 adult plants. This gene
expression is up-regulated by gibberellins, but not by auxin
or brassinosteroid (Aubert and Herzog 1996).

Kauschmann et al. (1996) showed that expression of the

 

Meri-5

 

 and 

 

TCH4

 

 mRNA is low in 

 

Arabidopsis

 

 mutants

 

cbb1

 

,

 

 cbb2

 

 and

 

 cbb3

 

, which are impaired in cell expansion
as regulated by brassinosteroids. Hanzawa et al. (1997,
2000) showed that the transcript level of 

 

EXGT-A1

 

 was
severely reduced in the stem of the 

 

Arabidopsis

 

 

 

acl5

 

mutant, which was impaired in stem elongation during the
bolting. In 

 

acl1

 

,

 

 acl3

 

 and 

 

acl4 

 

mutants, in which internodal
cell elongation is reduced as for 

 

acl1

 

, the level of 

 

EXGT-A1

 

mRNA is reduced and that of 

 

XTR3

 

 mRNA is elevated
(Akamatsu et al. 1999). In the 

 

an

 

 mutant of 

 

Arabidopsis

 

, in
which leaf-cell expansion is specifically impaired, the
expression of the 

 

Meri-5

 

 gene is up-regulated, but the
expression of 

 

EXGT-A1

 

 and 

 

EXGT-A2

 

 genes remains as
normal (Kim et al. 2002). These differential expression pro-
files among members of the 

 

XTH 

 

genes give circumstantial
evidence in support of the idea that individual 

 

XTH

 

 genes
are not redundant in terms of any physiological role, but
instead play their own specific roles. To demonstrate this
idea conclusively will require the characterization of expres-
sion profiles of the whole complement of this family.

As mentioned above, the 

 

Arabidopsis

 

 genome contains
33 

 

XTH

 

 genes, which are widely dispersed across the five
chromosomes

 

.

 

 Some are found as solitary genes and others
as clusters of a few genes occurring in tandem. Within this
family, several pairs of gene duplicates are found, which
resemble each other in the open reading frame (Yokoyama
and Nishitani 2001b). Until recently, little or no comprehen-
sive expression analysis was conducted for a large gene fam-
ily, because structural similarities among family members
have prevented distinguishing one gene from another by
conventional RNA blot analyses.

With the advent of the quantitative real-time RT-PCR
method, using gene-specific primer sets, this technical diffi-
culty has been mostly overcome, allowing us to estimate
specifically the copy number of each mRNA on a total-
RNA  basis.  By  using  these  new  techniques,  Yokoyama
and Nishitani (2001b) have analysed levels of individual
mRNAs for the 33 

 

XTH 

 

genes in 

 

Arabidopsis

 

 plants, and
found that each gene is expressed predominantly in a par-
ticular organ(s). For example, the 

 

XTH-1

 

 gene is expressed
in the silique, 

 

XTH-9

 

 in the flower and 

 

XTH-17

 

 in the root.
On the other hand, several genes such as

 

 XTH-2 

 

and 

 

XTH-
4

 

 (

 

EXGT-A1

 

) are expressed in the five organs and do not
exhibit clear organ specificity. Thus, many members of this

family exhibit distinct organ- or tissue-specific expression
profiles. Furthermore, individual genes respond differently
to different sets of plant hormones, such as IAA, gib-
berellin, brassinolide and ABA. It should be noted that no
correlation has been found between the organ-specific
expression profiles and the response to plant hormones.
Thus, most of the genes respond differently in terms of both
the site of expression and response to hormones. These
results imply that most members of the 

 

XTH

 

 gene family
are individually regulated by different sets of plant hor-
mones, and are committed to a certain specific process in a
specific tissue at a specific stage of development. This is con-
sistent with the idea that members of the 

 

XTH

 

 family are
not redundant and have their own specific roles.

 

Cell-wall type specific enzyme-set hypothesis

 

The plant body is composed of several dozen cell types,
such as epidermal cells, cortical cells, phloem parenchyma-
tous cells, phloem fibres, tracheary elements, collenchyma-
tous cells, root hair cells, root endodermal cells, etc.
(Carpita and MacCann 2000). Classical plant anatomy has
assumed that each cell-type is distinct with respect to the
cell-wall morphology. Biochemical and cytological studies
of plant cell walls, as carried out extensively during the
1970s and 1980s, have accumulated ample evidence that
cell-wall structures from different tissues are essentially
different, and that the wall structure is always changing
during differentiation of the cell type. Thus, we can specu-
late that individual cell types have their own cell wall with
characteristic structural features, which is referred to here
as “cell-wall type”.

The plant cell wall is composed of many different types
of macromolecular components, including cellulose micro-
fibrils, cross-linking polysaccharides, pectic polysaccharides,
aromatic compounds and proteoglycans, which are inte-
grated into a single super-molecular architecture (Carpita
and Gibeaut 1993). It seems reasonable to think that the
construction, maintenance and restructuring of the complex
architecture requires collaborative actions of many differ-
ent classes of enzymes, including XTH, expansin (EXP) and
cellulose synthase (CesA).

As mentioned above, each member of the XTH family
exhibits a distinct organ- or tissue-specific expression pro-
file. In other words, a certain member of the XTH family is
committed to a specific cell-wall type. Similar cell-type spe-
cific expression patterns are found for cellulose synthases
(Holland et al. 2000) and expansins (McQueen-Mason and
Rochange 1999; Wu et al. 2001). In 

 

Arabidopsis

 

, several
dozen cell-wall-related gene families have been identified in
the genome database, each family consisting of 30 to a hun-
dred members. On the other hand, the plant body is consid-
ered to comprise some 40 different cell types (Carpita and
MacCann 2000). These figures hint at the possibility that a
single or a few members from each of the several dozen cell-
wall-related multi-gene families might be committed to a
certain specific cell-wall type. The application of the idea of
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the cell-type specific expression to other cell-wall enzymes
will lead to a general scheme that a certain set of cell-wall-
related enzymes or “cell-wall enzyme set” is exclusively
involved in the dynamics of the specific cell-wall type. To
simplify the explanation of this hypothesis, let us suppose
that cell-wall type “A” requires actions of XTH-a, EXP-a,
CesA-a, etc., and type “B” requires those of XTH-b, EXP-
b, CesA-b, etc. The enzyme group, XTH-a, EXP-a, CesA-a,
etc. constitutes the enzyme-set characteristic to cell-wall
type A, and hence, cell-type A (Fig. 2)

This hypothetical scheme, in turn, implies the possible
existence of a master gene that would define the cell-wall
type, and thereby conduct individuals within the enzyme set
to work in the construction and restructuring of the certain
types of cell wall. Master genes specific for cell-wall types
must be governed by their superiors: a higher class of
master genes that would govern morphogenesis in general.
Very recently, Yokoyama and Nishitani (2001b) successfully
adopted a new approach to identify 

 

cis

 

-regulatory regions
responsible for tissue- or organ-specific expression of XTH
genes by using both the genome database and the whole
complement of the expression data of the gene family. This
new approach offers an opportunity for exploring the hypo-
thetical master genes that would regulate transcription steps
of individual cell-wall-related genes, and thereby define the
cell-wall type.
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