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Abstract

Regulation of cell wall structure plays a central role in growth and differentiation in plants. Xyloglucan endotrans-
glucosylase/hydrolases (XTHs) that catalyze the cleavage and molecular grafting of xyloglucan chains function
in loosening and rearrangement of the cell wall. We have characterized XTH9, a member of the XTH family that
was isolated by systematic differential screening for highly expressed genes in shoot apices in Arabidopsis. In
the vegetative phase, XTH9 transcripts accumulate in the shoot apex region. In the reproductive phase, transcript
levels in shoot apices increase further, and they also are detected in flower buds, flower stalks and internodes
bearing flowers. XTH9 expression levels were reduced markedly in mutants such as acl which are characterized
by short internodal cell lengths, but recover at permissive temperatures in the temperature-sensitive acl mutants.
Differential expression of XTH9 along the inflorescence stem was also detected in pin1 where no lateral organs are
formed. These observations suggest that XTH9 expression is coordinated with plant development, including the
differentiation from vegetative and reproductive meristems and cell elongation of the inflorescence stem.

Abbreviations: EDTA, ethylenediaminetetraacetic acid; EGase, endo-1,4-β-glucanase; PCR, polymerase chain re-
action; Tris, tris(hydroxymethyl)aminomethane; WT, wild-type; XTH, xyloglucan endotransglucosylase/hydrolase

Introduction

The final shape of higher plants is a consequence
of cell division and cell expansion throughout their
life cycles. Structural modification of the cell wall is
important for regulation of cell growth and differen-
tiation. Plant organ development and morphogenesis
result from ordered expansion of cells that proliferate
in meristems, which are composed of small avacuo-
late cells with a thin and weak wall structure called
a primary cell wall (Fry, 1986; Carpita and Gibeaut,
1993).

In vascular plants, the cell wall consists of crys-
talline cellulose microfibrils and a macromolecular
matrix. This matrix is composed predominantly of
hemicellulose (xyloglucan), pectin, lignin and some
structural proteins, such as hydroxyproline-rich gly-
coprotein. Cellulose microfibrils are a major com-
ponent of the cell wall backbone, and are arrayed
in parallel on the outer surface of the plasma mem-
brane. Hemicelluloses are a heterogeneous group of
polysaccharides that bind tightly to the surface of each
microfibril (Carpita and Gibeaut, 1993). Xyloglucan
binds to and forms cross-links between adjacent cel-
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lulose microfibrils by hydrogen bonds (Fry, 1989;
Hayashi, 1989). They contain a backbone of β-1,4-
linked D-glucose and side chains composed of xylose,
galactose, and fucose (Fry, 1989; Hayashi, 1989; Mc-
Neil et al., 1984). Cell walls are imposed upon by
mechanical stress caused by turgor pressure, creat-
ing the main driving force for cell expansion during
growth processes. The alternation of cell wall tensile
strength, the process known as ‘cell wall loosening’,
is essential to cell enlargement (Taiz, 1984; Cosgrove,
1993, 1997a, b). Cleavage of load-bearing cross-links
between xyloglucans and cellulose microfibrils fol-
lowed by wall regeneration and reconnection of the
framework (Fry, 1995; Nishitani, 1995, 1997). Al-
though the mechanism of wall loosening during cell
elongation remains unclear, the involvement of several
classes of proteins including endo-1,4-β-D-glucanases
(EGases) (Matsumoto et al., 1997; Nicol et al., 1998a,
b) and expansins (McQueen-Mason et al., 1992) has
been suggested. Cleavage of xyloglucan cross-links by
these proteins results in wall loosening. This would,
however, lead to an irreversible loss of wall integrity
due to wall thinning during cell expansion. Transgly-
cosylation activity, which promotes cell wall elonga-
tion without breaking down wall architecture, has been
speculated. The enzyme involved in the reconstruc-
tion, rearrangement, breakdown and incorporation of
xyloglucan was identified as xyloglucan endotrans-
glucosylase/hydrolase (XTHs, the recently proposed
name for the family of xyloglucan endotransgluco-
sylase/hydrolases; Yokoyama and Nishitani, 2001b).
XTH operates via a transglycosidic mechanism, by
endo-type splitting the β-1,4-linked polyglucose back-
bone of xyloglucan molecules and rejoining the newly
created reducing ends to nonreducing ends of other
xyloglucan molecules via β-1,4-glycosidic bonds. In
the early 1990s, such transglycosylase activity was de-
tected in the crude extracts of various plants (Smith
and Fry, 1991; Nishitani and Tominaga, 1991; Fry
et al., 1992; Fanutti et al., 1993) and purified from
Vigna angularis epicotyl apoplastic extracts (Nishitani
and Tominaga, 1992). Thereafter, various members
of the XTH gene family with endotransglucosylase as
well as hydrolase activity have been reported (de Silva
et al., 1993; Zurek and Clouse, 1994; Arrowsmith and
de Silva, 1995; Xu and Clouse, 1995; Saab and Sachs,
1996; Schroder et al., 1998; Oh et al., 1998; Her-
bers et al., 2001). Recently, the involvement of XTHs
in the construction of the cell plate was suggested
(Yokoyama and Nishitani, 2001a). The in vivo role
of XTH in plant development, however, is still poorly

understood. Although it was roughly suggested that
members of the XTH gene family have a variety of ex-
pression patterns in plants by comprehensive genomic
studies (Yokoyama and Nishitani, 2001b), it is unclear
that the expression specificities of the XTH members
correlate with their physiological roles. The precise
characterization of different members is important for
the understanding of cell wall dynamics as a whole.

We previously made an equalized cDNA library
comprising an equal representation of most genes ex-
pressed in inflorescence apices with immature floral
buds (Kohchi et al., 1995). From this library, we have
isolated cDNA clones for genes that are expressed
abundantly in shoot apices and floral buds by using
a differential hybridization technique (Hyodo et al.,
2000). One of these clones encoded a protein similar
to XTH. Here we describe the isolation, structure, and
temporal and spatial expression pattern analyses of the
XTH9 gene. We also discuss its role in plant develop-
ment, especially in internodal elongation of cells in
inflorescence.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana, ecotype Columbia was used as
wild type unless stated otherwise. The mutant seeds
for acl1-2, acl2-1, acl3-1 and acl4-1 were kindly sup-
plied by Yoshibumi Komeda (University of Tokyo,
Japan), and seeds for tfl1-1 (ecotype Col), tfl1-2 (eco-
type Ler), and pin1-1 (ecotype Enkheim) were ob-
tained from the Arabidopsis Biological Stock Center
(Ohio State University, Columbus, OH). Arabidopsis
was grown at 23 ◦C under long-day conditions (16 h
light/8 h dark cycle) on soil in a growth chamber. To
harvest tissues for 2-, 4-, and 6-day old seedlings, Ara-
bidospsis were grown on filter papers moistened by
1× HYPONeX (HYPONeX Japan) in plates. Roots
and root tips were collected from plants which were
grown on 1× MS plates (Murashige and Skoog, 1962)
containing 1× Gamborg’s B5 vitamins, 1.0% agar, 1%
sucrose, pH 5.7, in plates. For RNA gel blot analysis,
Arabidopsis tissues were harvested separately as de-
scribed in the figure legends, frozen in liquid nitrogen,
and stored at −80 ◦C.

Cloning and sequencing of XTH9

A cDNA library (CD4-6) was obtained from the Ara-
bidopsis Biological Resource Center. The library was
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screened with a 32P-labeled probe for XTH9 prepared
from an insert containing a partial cDNA fragment
in clone 32E11 selected by differential hybridization
(Hyodo et al., 2000). Screening of cDNA clones from
the cDNA library was carried out according to the
standard protocol of Sambrook et al. (1989). cDNA
plasmids were excised from the ZAP vector to form
recombinant pBluescript SK− phagemid DNA (Strat-
agene, La Jolla, CA). The nucleotide sequences of
cDNA were determined by the dideoxy chain termina-
tion method with an ABI 373S (Perkin Elmer, Foster
City, CA)

RNA isolation and gel blot analysis

Total RNA was extracted from frozen materials by the
guanidinium thiocyanate-phenolchloroform extraction
method (Chomczynski and Sacchi, 1987). For RNA
gel blot analysis, 1 µg of total RNA was fraction-
ated on a 1% formaldehyde/agarose gel, transferred
onto a nylon membrane (Hybond-N, Amersham Bio-
sciences), and UV-cross-linked. RNA gel blot hy-
bridization analysis was done using the probe de-
scribed above at 65 ◦C in Church hybridization buffer
followed by conventional high-stringent wash condi-
tions (Church and Gilbert, 1984; Sambrook et al.,
1989). The ACT8 probe was used as control to monitor
expression of a gene that is ubiquitously expressed (An
et al., 1996).

In situ hybridization analysis

The plasmid composed of the partial XTH9 cDNA (po-
sition 348 to poly(A)+) in pBluescript II was used) for
an in vitro transcription reaction. Digoxigenin-labeled
antisense and sense RNA probes of XTH9 were pre-
pared using DIG RNA Labeling Mix with T3 and T7
RNA polymerase, respectively (Roche Diagnostics,
Germany). Inflorescence tissue was collected from
40-day old Arabidopsis. Tissue fixation, section prepa-
ration, hybridization, and washing conditions were
performed as described (Jackson, 1991).

Immunolocalization analysis

Based on the XTH9 sequence, the oligopeptide
KFDELYRSSWAMDHC was produced and used as
an antigen to raise polyclonal antibodies in rabbit
(Sawady Technology, Tokyo, Japan). The anti-XTH9
antiserum was affinity-purified on antigen-containing
gel columns. Immunolocalization analyses were per-
formed essentially as described by Hayakawa et al.

(1994) with a Vectastain ABC Elite kit (Vector Labs,
Burlingame, CA). Forty-day old inflorescence tissue
was fixed, dehydrated with butanol, embedded in
paraffin (Paraplast; Sigma, MO), sliced longitudinally
into 8 µm sections, and stretched onto a pre-coated
slide glass (Superfrost micro slide glass APS-coated;
Matsunami Glass Industry, Japan). Purified XTH9 an-
tibodies were used at a 1:1000 dilution. The DNA
region encoding the putative mature XTH9 protein
amplified by polymerase chain reaction (PCR) was
used to make a construct in pET21a (Novagen, WI)
to produce the recombinant XTH9 protein. The re-
sulting plasmid was transformed into Escherichia coli
(B834 (DE3); Novagen). Crude extract containing re-
combinant XTH9 was prepared in STE buffer (10 mM
Tris-HCl pH 7.5, 1 mM EDTA and 150 mM NaCl)
containing protease inhibitor (Complete, Roche), and
used for pre-absorption in the control.

Results

Structural analysis of XTH9

We previously isolated a partial cDNA fragment of
XTH9 by systematic screening of genes expressed in
inflorescence apices (Hyodo et al., 2000). To gain
structural information on the expressed XTH9, we iso-
lated full-length XTH9 cDNA clones from the flower
cDNA library. The longest cDNA was sequenced
completely. The nucleotide and deduced amino acid
sequences are shown in Figure 1. Including the poly
(A)+ tail, the XTH9 cDNA is 1014 bp long. The
longest open reading frame is composed of 290 amino
acid residues. The deduced amino acid sequence in-
dicated the presence of a putative signal peptide rich
in hydrophobic amino acids in the N-terminal region.
Cleavage of the deduced signal sequence would likely
occur after the 25th serine residue (von Heijne, 1986).
The deduced amino acid sequence also indicates the
presence of potential sites for N-linked glycosylation
(N-X-T/S) at positions 57 and 109. These observations
suggest that the XTH9 protein is glycosylated and se-
creted into the apoplastic cell wall space through the
plasma membrane.

The deduced amino acid sequence of XTH9 shows
sequence homology to other XTHs. Sequence similar-
ities between XTH9 and other members of the XTH
family whose enzymatic activity has been tested ex-
perimentally are shown in Figure 2. XTH9 shows a
sequence identity of 45%, 45%, 45%, 50%, 48%
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Figure 1. Nucleotide sequence of the XTH9 cDNA with deduced amino acid sequence. The deduced amino acid sequence is shown below
the nucleotide sequence in single-letter code. The predicted cleavage site for the signal sequence is indicated by an arrow. A putative catalytic
domain of XTH9 is underlined. Two possible N-linked glycosylation residues and four cysteine residues conserved among XTHs are indicated
by squares and circles, respectively.

Figure 2. Amino acid sequence alignment of XTH9 and members of the XTH family. The deduced amino acid sequence of XTH9 is aligned
with those from other members of the XTH family by PSI-Blast. DEIDFEFLG motif (thick line) indicates a possible conserved catalytic region
shared with the Bacillus β-glucanase. Conserved cysteine residues located in the C-terminal region are indicated by dots. Database accession
numbers: U27609 for TCH4, X82685 for tXET-B1, X82684 for tXET-B2, D16458 for EXGT-V1, L22162 for BRU1, and S48101 for NXG1.
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Figure 3. Analysis of XTH9 expression in the vegetative phase.
A. Total RNA (1 µg) was analyzed by RNA gel blot analysis. RNA
was prepared from whole plants grown for 2, 4, 6, 8, 10, 12 and
14 days. B. Total RNA (1 µg) was prepared separately from leaves,
hypocotyls, and shoot apices.

and 33% to XTH22 that is also known as TCH4 (Xu
et al., 1995), tXET-B1 (Arrowsmith and de Silva,
1995), tXET-B2 (Arrowsmith and de Silva, 1995),
EXGT-V1 (Okazawa et al., 1993), BRU1 (Zurek and
Clouse, 1994) and NXG1 (de Silva et al., 1993), re-
spectively. The deduced XTH9 sequence contains four
cysteine residues conserved in most members of the
XTH family near the C-terminal region (Figure 1). A
conserved amino acid sequence (DEIDFEFLG) is seen
that matches the bacterial endo-β-1,3-1,4-glucanase
(Borrisset al., 1990) and has been suggested as the cat-
alytic center for the XTH family. The corresponding
sequence in XTH9 has two amino acid substitutions
(NEFDFEFLG) compared to the consensus sequence.
Fine structure-activity analyses of bacterial endo-β-
1,3-1,4-glucanase (Planas et al., 1992; Juncosa et al.,
1994) indicate that these substitutions would be toler-
ated, with no deficit in catalytic activity; however, the
presence of unique sequence in this putative catalytic
site suggests that XTH9 may have unique enzymatic
characteristics.

Spatial and temporal expression of XTH9 in
Arabidopsis

To characterize the detailed profiles of XTH9 expres-
sion in Arabidopsis, RNA gel blot analyses were
performed against various tissues from different stages
of Arabidopsis development. As shown in Figure 3A,
accumulation of the XTH9 transcript was detectable
in the vegetative phase. To analyze the detailed pat-
tern of XTH9 expression, we dissected these seedlings
(days 8–14) into three parts – leaves, hypocotyls and
shoot apices – and subjected each to expression analy-

Figure 4. Analysis of XTH9 expression in the reproductive phase.
Total RNA (1 µg) was prepared from tissues of plants 20 (A) and
40 (B) days after germination. Tissue used are as follows: inner bud
clusters with immature flower buds and apices (inner bud), outer
bud clusters with flower buds (outer buds), cauline leaves, rosette
leaves, internodes bearing cauline leaves (lower internodes), intern-
odes bearing flowers (upper internodes), root tips and roots, flower
stalks, and green siliques.

Figure 5. In situ hybridization analysis of XTH9 and immunolo-
calization of the XTH9 protein in shoot apex. Longitudinal sections
(8 µm) of shoot apex in 40-day old Arabidopsis were used for in situ
hybridization with antisense (A) and sense (B) digoxigenin-labeled
RNA probes, and immunolocalization analyses with XTH9 anti-
serum (C) and pre-absorbed XTH9 antiserum (D). Red arrowheads
indicate the regions that give strong signals. Bar = 100 µm.
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Figure 6. XTH9 expression in acl mutants. Total RNA (1 µg) was
prepared from stems, and apex region including shoot apex with
immature flowers for 20 day old plants. Plants were grown at 23 ◦C
(A) or 28 ◦C (B). WT: wild type.

sis (Figure 3B). XTH9 was expressed specifically in
the shoot apex region, and no signals were observed
in leaves and hypocotyls. These results suggest that
XTH9 is expressed in shoot apices, where cell division
is most active. The relatively high expression level
at germination (day 2 in Figure 3A) is probably due
to the high fraction of shoot apices in the sample.
We also analyzed XTH9 expression in different tis-
sues during the reproductive phase (Figure 4). In the
early reproductive phase (immediately after bolting),
XTH9 was expressed highly in inner buds containing
young flower buds, outer buds containing open flow-
ers and flower-bearing upper internodes (Figure 4A).
Low levels of XTH9 expression were also observed
in lower internodes bearing cauline leaves. There was
no detectable signal in the RNA preparation from
rosette leaves, cauline leaves, roots or root tip re-
gions. In the late reproductive phase, strong XTH9
expression was still observed in inner buds contain-
ing young flower buds, outer buds containing open
flowers and flower stalks. In particular, inner buds
(young flower bud clusters) contained relatively high
levels of XTH9 transcript (Figure 4B). XTH9 transcript
levels were not detectable in lower internodes bearing
cauline leaves and flower-bearing upper internodes in
the late reproductive phase.

We also performed in situ hybridization against
Arabidopsis inflorescence to learn more about the
expression pattern. The digoxigenin-labeled XTH9 an-
tisense RNA probes were used to identify the in situ

Figure 7. XTH9 expression in tfl1 and pin1. A.XTH9 expression in
tfl1 mutants. Total RNA (1 µg) was prepared from stems and inflo-
rescence including flower buds and open flowers (inflorescences). B.
XTH9 expression in pin1 mutants. Total RNA (1 µg per lane) was
prepared from tip (5 mm), middle (15 mm), and bottom segments
of pin 1-1 inflorescence, and from inner bud clusters with immature
flower buds and apices (inner bud), internodes bearing flowers (up-
per internodes) and internodes bearing flowers (upper internodes) of
40-day old wild-type plants. C. Schematic illustration of dissection
of pin1 stems for along-axis RNA preparation.

expression pattern of XTH9 in Arabidopsis tissue.
XTH9 transcripts were detected in inflorescence apex
regions, floral primordia, flower stalks, and epider-
mis of inflorescence stems (Figure 5A). No significant
signal was visible when the sense probe was used (Fig-
ure 5B). These results are in good agreement with the
results of RNA gel blot analysis and differential hy-
bridization results in which XTH9 was isolated as a
strongly expressing gene in younger buds containing
inflorescence meristem.

To examine the tissue localization of the XTH9
protein, we performed immunolocalization analysis
against apex sections with an anti-XTH9 antibody.
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XTH9 signal was detected in inflorescence apices,
floral meristems, and the epidermis of inflorescence
stems and flower stalks (Figure 5C). When antiserum
pre-absorbed by antigen was used for control, no
staining was detected (Figure 5D). The localization
patterns of the XTH9 protein and RNA transcript, de-
scribed above, were identical, suggesting the absence
of post-transcriptional regulation for XTH9 expres-
sion.

XTH9 gene expression in a mutant background

The analysis of XTH9 expression described above
suggested a correlative relationship between XTH9 ex-
pression and cell wall elongation of the inflorescence
stem. To study further the physiological function of
XTH9, we analyzed XTH9 expression in different
mutant backgrounds, including four different acaulis
(acl) mutants, pin-formed 1 (pin1) and terminal flower
1 (tfl1). The acl mutants have defects in the elonga-
tion of inflorescence stems. From anatomical studies
of acl internodes, it was determined that the defect in
internode elongation in acl is caused by reduced cell
size, and not a decrease in cell number (Tsukaya et al.,
1993; Tsukaya et al., 1995). While mutant plants
grown at 23 ◦C have a severe defect in internodal cell
length, acl grown at 28 ◦C shows a dramatic reversion
of this inflorescence development phenotype (Tsukaya
et al., 1993; Akamatsu et al., 1999). The level of XTH4
(EXGT-A1) transcript has been shown to correlate with
morphology in acl1, acl3 and acl4 (Akamatsu et al.,
1999). The effect of the phenotypic changes in the
acl mutants on XTH9 expression was examined (Fig-
ure 6). There was no influence of the acl mutations on
the active transcription of XTH9 in the inflorescence
apex region where no phenotypic defect was present
(Figure 6A). On the other hand, XTH9 expression in
acl mutants was reduced in the inflorescence stem
region where the mutants showed severe phenotype
(Figure 6A). When grown at 28 ◦C, however, the same
mutants exhibited WT levels of XTH9 expression (Fig-
ure 6B), indicating a link between XTH9 expression
and phenotypic appearance.

We also used tfl1 mutants (tfl1-1, tfl1-2) for ex-
pression analysis, since they exhibit a striking height
reduction and terminal flower malformation due to a
defect in meristem organization (Alvarez et al., 1992;
Shannon et al., 1993). XTH9 expression was reduced
in inflorescence stems in tfl1 mutants in the early
reproductive phase (Figure 7A). Due to a technical
limitation in dissection that prohibited the definitive

exclusion of flower buds from prepared inflorescence
tissue, we could not conclude that XTH9 expression in
shoot apices was influenced by the tfl1 mutation. The
reduced expression of XTH9 in the inflorescence stems
in tfl1, however, supports the correlation of XTH9
expression with cell elongation in the inflorescence
stem.

Finally, we conducted XTH9 expression analy-
sis in the pin1 mutant, which has a defect in auxin
efflux. The most profound phenotype of the pin1-
1 mutant is naked pin-formed inflorescence (Okada
et al., 1991; Gälweiler et al., 1998). The absence
of lateral organs helped in detecting precise gene ex-
pression patterns along inflorescence stems, since the
possibility of tissue contamination from lateral or-
gans can be excluded. Although drastic differences
in appearance are disadvantageous for comparisons
with WT plants, along-axis gene expression patterns
can be analyzed clearly (Figure 7B and C). In the
inflorescence stem of the pin1 mutant, XTH9 gene ex-
pression decreases progressively from the apex to base
(Figure 7B). These observations in different mutant
strains indicate that XTH9 plays an important role for
internodal cell elongation.

Discussion

In Arabidopsis, 33 genes in the XTH multigene fam-
ily have been deduced from the genome sequence
(Arabidopsis Genome Initiative, 2000; Yokoyama and
Nishitani, 2001b). They are regulated differentially in
terms of tissue specificity and responses to hormonal
and environmental stimuli. In addition, the products of
the XTH multigene family are thought to have differ-
ent enzymatic kinetic parameters as well as enzymatic
functions, including transferase and hydrolase activ-
ity. Therefore, combinational expression of different
XTHs may result in complicated regulation of cell
wall modification and construction (Nishitani, 1997;
Akamatsuet al., 1999). We have isolated and char-
acterized XTH9 as a highly expressed gene in shoot
apices. Similarly, XTH24, also known as MERI5, was
isolated as one of several genes identified by differ-
ential screening analysis of the meristematic region
(Medford et al., 1991). Although XTH24 is expressed
in other tissues such as siliques and stem (Yokoyama
and Nishitani, 2001b), XTH9 might play a cooperative
role with XTH24 and other genes that are expressed
in overlapping regions. Detailed expression studies,
as well as biochemical analysis, will provide insight
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into the genetic function of XTH9, since conventional
molecular genetic analysis of mutants, which is usu-
ally a powerful approach for functional analysis, will
not be easily applied to a multigene family such as
that in which it resides. Indeed, no mutants have
been isolated for any genes in the XTH family by ge-
netic screening. Localization analyses of mRNA by
RNA gel blot analysis and in situ hybridization, and
protein by immunohistochemical analysis, indicated
that XTH9 is expressed primarily in apices and in ac-
tively growing regions such as flowers and younger
buds, and weakly in elongating stems. On the other
hand, no signal was detected in rosette leaves, cauline
leaves, elongated stems, roots, root tips and green
siliques. XTH9 tended to be expressed strongly in
rapidly dividing and expanding tissues, suggesting that
it functions in the development and morphogenesis of
tissues close to shoot apices. We observed that the
expression of XTH9 in the apical region is stronger
than in the base along the inflorescence stem in WT
as well as in the pin1 mutant that lacks lateral or-
gans. The synchronization of XTH9 expression and
cell elongation near shoot apices was also suggested
by the reduction in the XTH9 expression in tissues
from the cell elongation mutants, acl1–acl4 and tfl1.
Interestingly, XTH9 expression was normal in the mu-
tant tissues with no visible phenotype, including stems
from acl mutants at permissive temperature and flow-
ers of acls and tfl1 mutants. These data suggested that
the XTH9 gene might exist downstream of regulatory
genes such as ACLs and others in the signaling cas-
cade for inflorescence stem elongation and that the
regulated expression of XTH9 might contribute to cell
elongation in stems through cell wall modification.

To study the functional role of XTH9 in Ara-
bidopsis, the enzymatic profile of XTH9 must be
examined. Although the deduced amino acid se-
quence of XTH9 shares many conserved sequences,
and high overall homology, with other XTH family
members, it possesses unique amino acid residues
within the presumed catalytic region. Most XTH fam-
ily members have the conserved amino acid sequence
DEID(I/F)EFLG (see Figure 2), whereas the corre-
sponding sequence in XTH9 is NEFDFEFLG. The
conserved sequence is also common to the catalytic
region of bacterial endo-β-1,3-1,4-glucanases (Borriss
et al., 1990). Site-directed mutagenesis of Bacillus
licheniformis endo-β-1,3-1,4-glucanase indicated that
the second glutamic acid (E) is critical for catalytic
activity, while other studies implicated the first glu-
tamic acid (E) and the second aspartic acid (D) as well

(Planas et al., 1992; Juncosa et al., 1994). Recently,
site-directed mutagenesis of the first conserved E in
XTH22, also known as TCH4, produced an inactive
(E97Q; less than 2% of wild-type protein) or mis-
folded (E97D) protein, indicating that the proposed
catalytic domain for XTH was identified correctly
(Campbell and Braam, 1998). The conservation of
these critical amino acid residues in XTH9 suggests
enzymatic activity in XTH9 related to the xyloglu-
can β-1,4-glycosyl linkage in plants. Interestingly, the
first aspartic acid residue (D) and the first isoleucine
(I) conserved in most XTHs are asparagine (N) and
phenylalanine (F) in XTH9, respectively. According
to X-ray crystallography of Bacillus glucanase, the
amino acid sequence DEIDEFEFLG region is located
along the bottom of the active site, and these side-
chains protrude into the active site cleft (Keitel et al.,
1993). The substitution of an acidic residue, aspartic
acid, with an uncharged polar one, asparagine, will
have profound effect on the electronic environment
around the catalytic site of XTH9. Thus, XTH9 will
likely exhibit considerably distinct enzymatic char-
acteristics, including unique substrate and reaction
specificities. Clearly, further biochemical characteri-
zation of XTH9 is necessary.

We have described the isolation, expression pro-
file and structural features of XTH9. Characterization
of the mode of enzymatic actions of individual XTHs
and their physiological roles in specific plant tissues
is important for understanding apoplast dynamics, in-
cluding the cell wall expansion mechanism in plants.
The molecular cloning and detailed expression analy-
ses of XTH9 will give insight into how plants regu-
late cell wall structure during plant development in a
complicated genetic network.
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