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To elucidate the mechanism of internodal elongation in rice
(Oryza sativa L.), we analyzed genes encoding xyloglucan endo-
transglycosylase (XET), a cell wall-loosening enzyme essential for
cell elongation. Four rice XET-related (XTR) genes, OsXTR1,
OsXTR2, OsXTR3, and OsXTR4, were isolated and their expression
patterns in rice plants determined. The expression of the four XTR
genes showed different patterns of organ specificity and responses
to several plant hormones. OsXTRT and OsXTR3 were up-regulated
by gibberellin and brassinosteroids, whereas OsXTR2 and OsXTR4
showed no clear response to these hormones. Expression of the four
XTR genes was also investigated in elongating internodes at differ-
ent developmental stages. OsXTRT and OsXTR3 were preferentially
expressed in the elongating zone of internodes, while OsXTR2 and
OsXTR4 were expressed in nodes and in the divisional and elongat-
ing zones of internodes. In three genetic mutants with abnormal
heights, the expression of OsXTRT and OsXTR3 correlated with the
height of the mutants, whereas no such correlation was observed
for OsXTR2 and OsXTR4. Based on these observations, we discuss
the roles that OsXTR1 and OsXTR3 may play in internodal elonga-
tion in rice.

Internodal elongation in rice (Oryza sativa L.) is a specific
developmental phenomenon that accompanies panicle de-
velopment. This process involves cell division followed by
differentiation, with dividing cells forming a secondary
meristematic tissue, and subsequent cell elongation leading
to dramatic lengthening of the internode. Therefore, the
mechanism of internodal elongation includes control of
both cell division and elongation. It has been pointed out
that there is a close relationship between internodal elon-
gation and phase change in the shoot apical meristem from
vegetative to reproductive (Kawahara et al., 1968). This
observation indicates that a regulatory mechanism exists
which responds to the phase change in the shoot apical
meristem and induces internodal elongation.

Because the length and strength of the rice culm are
agronomically important traits, a large number of dwarf
mutants deficient in internodal elongation have been iso-
lated and characterized in an effort to further our under-
standing of this process (Kamijima et al., 1996). Some of
these mutants have been tested for response to plant
growth regulators such as gibberellin (GA) and auxin
(Murakami, 1972; Mitsunaga et al., 1993), revealing that
these hormones (especially GA) promote internodal elon-
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gation by enhancing cell division and/or elongation in the
internode.

During morphogenesis at any developmental stage, all
plant cells require modifications of the structure of their
cell wall. The cell wall is the main factor that determines
cell shape, and cell wall reconstruction makes possible its
modification during cell elongation. According to a cell
wall model (McQueen-Mason, 1996; Cosgrove, 1997), the
primary cell wall consists of three co-extensive polymer
networks: the cellulose-xyloglucan framework, pectin, and
structural protein. It is considered that structural changes
in these networks are regulated by enzymatic modification,
and therefore wall-modifying enzymes would be expected
to play an important role in regulating the plasticity of the
cell wall.

Xyloglucan endotransglycosylase (XET) internally cleaves
xyloglucan polymers and ligates the newly generated reduc-
ing ends to other xyloglucan chains (Nishitani and Tomi-
naga, 1991; Smith and Fry, 1991; Fry et al., 1992; Nishitani
and Tominaga, 1992). Because xyloglucan mediates the
cross-linking of cellulose microfibrils in the plant cell wall
(McCann et al., 1990; Hayashi et al., 1994), XET must have
a role for cell wall plasticity, resulting in cell elongation. In
various species, including both dicot and monocot plants,
XET is encoded by a multigene family and, therefore, it is
suggested that the expression of the individual XET genes
is differentially regulated at various developmental stages
and by diverse environmental stimuli (for review, see
Nishitani, 1997). Arabidopsis, for example, contains a com-
plex gene family consisting of more than 20 XET genes that
are differentially regulated by several environmental stim-
uli, suggesting a recruitment of distinct XET genes that
may control the properties of cell walls during develop-
ment (Xu et al., 1996). It is reasonable to expect that, in rice
internodal elongation, a specific subset of XET genes is also
regulated by particular hormonal effects or environmental
stimuli.

We report here the identification of four rice XET-related
(XTR) genes, OsXTR1, OsXTR2, OsXTR3, and OsXTR4, and
the characterization of their developmental and hormonal
regulation. The role of the XTR genes in rice internodal
elongation is discussed.

MATERIALS AND METHODS
Plant Materials

Wild-type rice (Oryza sativa L. cv Thai-Chung No. 65
[T65]) and three rice mutants (Akibare Dwarf, Waito C, and
Awaodori) were grown in a greenhouse under the condi-
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tions of natural temperature and daylight in April. Three-
week-old plants were used for total RNA extraction for
expression analysis of XTR genes and for the treatments
with plant hormones. Various organs from 11- to 13-week-
old plants were harvested for RNA extraction. For extrac-
tion of RNA from elongating culms, 3- to 5-cm internodes
of 7- to 8-week-old plants were sectioned (approximately 5
mm thick). The sections were divided into four groups: the
node, the divisional zone of the internode immediately
above the node, the elongating zone, and the elongated
zone.

Hormone Treatments

Whole 3-week-old plants were treated by immersion in
distilled water, 1 um brassinolide, or 30 um GA (GA;),
grown in continuous light at 30°C for 12, 24, or 48 h, then
rapidly frozen in liquid nitrogen and used for RNA
extraction.

Cloning and Sequencing of XTR Genes

Rice XTR genes were initially identified among rice ex-
pressed sequence tag (EST) clones. Three independent
clones were identified based on their nucleotide sequence
similarity to Arabidopsis XET-related genes (EXT, XTR3,
and XTR2) and were termed OsXTR1, OsXTR2, and
OsXTR3, respectively. A fourth clone, OsXTR4, with simi-
larity to conserved regions of the Bacillus licheniformis 3-1,3-
1,4-glucanase gene, was also identified. The entire nucleo-
tide sequence of OsXTR1 was determined by sequencing
the EST clone (accession no. D41305). Full-length cDNAs
corresponding to OsXTR2 and OsXTR4 were isolated from
a rice cDNA library (Sentoku et al., 1999) and sequenced.
Because a full-length OsXTR3 cDNA was not obtained
from the cDNA library, we screened a genomic library.
One clone that contained a sequence identical to the partial
OsXTR3 cDNA was isolated and used to determine the 5’
sequence of OsXTR3.

DNA and RNA Gel-Blot Analyses

To determine whether the various XTR clones cross-
hybridized, 1 ug of plasmid DNA from each cDNA clone
was digested with a suitable restriction enzyme, electro-
phoresed in a 1% (w/v) agarose gel, and transferred to a
nylon membranes (Hybond N7*, Amersham, Buckingham-
shire, UK) under alkaline conditions. Southern hybridiza-
tion was performed using the entire sequence of each XTR
clone as probes under stringent conditions in hybridization
solution containing sodium phosphate at 65°C, as de-
scribed by Church and Gilbert (1984).

Total RNA from whole plants or from different organs
was extracted with aurin tricarboxylic acid (Gonzalez et al.,
1980). Ten micrograms of RNA per lane was electropho-
resed in a 1% (w/v) agarose/formaldehyde gel and trans-
ferred to nylon membrane. For quantitative comparison of
mRNA levels among different XTR genes in each experi-
ment, the activity of radiolabeled probes of full-length
cDNAs was equalized and a different blot was performed
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for each gene by standardizing the RNA for each lane.
Northern hybridization was performed under stringent
conditions in Denhardt’s solution at 65°C.

RESULTS
Cloning of Rice XET-Related Genes

A number of XET-related partial sequences were identi-
fied by BLAST searching of the EST database. Using the
EST clones kindly provided by the Rice Genome Project as
probes, we also isolated other clones from cDNA and
genomic libraries. As XET-related proteins are categorized
into three groups based on phylogenetic analysis (Nishi-
tani, 1997), we attempted to isolate clones representing
each group. Based on partial sequences around their con-
served regions, we selected four clones (OsXTR1-4) that
fell into the three groups, plus a novel, unique group (see
below). We determined the entire sequences of the clones.
Figure 1A shows an alignment of the deduced amino acid
sequences of OsXTR1, OsXTR2, OsXTR3, and OsXTR4. The
inferred proteins share between 33.9% and 58.9% identity
in their amino acid sequences (Fig. 1B). The alignment of
the rice XTR proteins with the reported XETs from various
plants revealed that OsXTR1, OsXTR2, and OsXTR3 could
be grouped into subfamilies I, II, and III, respectively.
OsXTR4 formed a new XET group, which was quite distant
from the other subfamilies.

OsXTR1 and OsXTR2 contained a conserved DEIDFE-
FLG sequence that was the same as the sequence around
the active site of the B. licheniformis B-glucanase (Borriss et
al., 1990). Such conservation between the plant and bacte-
rial proteins indicates that this region is critical for the
cleavage of B-(1-4) glycosyl linkages (de Silva et al., 1993;
Okazawa et al., 1993). OsXTR3 contained a similar se-
quence with a single conservative amino acid substitution
(Ile to Leu). The XET-related proteins in subfamily III com-
monly have the same substitution at this position. The
conserved sequence was also present in OsXTR4, but with
two amino acid substitutions. In this protein, the first Asp
is replaced by Asn and Ile is replaced by Phe. Despite these
differences in the putative active site of OsXTR4, we be-
lieve that OsXTR4 is an XTR gene for the following reasons.
First, the three putative catalytic residues (the first and
second Glu and the second Asp [Planas et al., 1992; Juncosa
et al., 1994]) are conserved in OsXTR4 (Fig. 1A, bar a).
OsXTR4 has several novel sequences that are commonly
observed among XET-related proteins, e.g. a potential site
of N-linked glycosylation (N-X-T) on the C-terminal side of
the conserved sequence (Fig. 1A, bar b), and three Cys
residues in the C-terminal portion, which are considered to
form disulfide bridges (Fig. 1A, shaded boxes). Addition-
ally, phylogenic analysis (Fig. 2) indicates that the full-
length sequence of the OsXTR4 protein has a high degree of
similarity to the product of a maize XET gene (Saab and
Sachs, 1995) and barley XET genes (PM2 and PM5, Schiin-
mann et al., 1997).
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Figure 1. Comparison of the products of four
rice XET-related genes. A, Alignment of the de-
duced amino acid sequences of OsXTR1, Os-
XTR2, OsXTR3, and OsXTR4. Boxes indicate
identical residues. Bar a, Catalytic active site
shared with B. licheniformis B-glucanase. Bar b,
Proposed N-linked glycosylation sites. Shaded
boxes show the conserved Cys residues. B, Per-
cent amino acid identity between the XTR gene
products.
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Organ-Specific Expression of Rice XTR Genes

It has been shown that different members of the XET
gene family are specifically regulated by various physio-
logical and environmental stimuli (Xu et al., 1996). For this
reason, we determined the expression patterns and hor-
mone responses of the four rice XTR genes. For this anal-
ysis, we first prepared specific probes for each of the genes.
The specificity of each probe was verified by cross-
hybridization under high-stringency conditions (Fig. 3A).

Differences in the patterns of organ-specific RNA accu-
mulation were seen among the four XTR genes (Fig. 3B).
The most significant difference was their level of expres-
sion, although the total expression pattern throughout an
organ was similar (except for OsXTR3). In meristematic
tissues such as vegetative and inflorescence meristems and
in cultured cells, all of the XTR genes were expressed, but

at different levels. The four genes were also expressed in
elongating stems. Very low or no XET-related RNA accu-
mulation was seen in leaf blades or roots. A low level of
OsXTR2 RNA expression was seen in germinating seeds.
Expression of OsXTR2 at a much higher level than the
other XTR genes was also seen in other organs that we
tested. The organ specificity of OsXTRI RNA expression
was similar to that of OsXTR4. OsXTR3 showed a restricted
expression pattern, with expression seen mainly in elon-
gating stems and cultured cells.

Hormonal Regulation of XTR Gene Expression

It has been demonstrated that XET genes are regulated
by particular hormonal stimuli. For example, BRU1, a soy-
bean XET gene, was originally identified as a gene regu-
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Figure 2. Phylogenetic tree of XET-related gene products. The simi-
larity of previously reported XET-related gene products was calcu-
lated using the UPGMA program. Full-length protein sequences were
used for the comparison. GenBank accession nos. are: TMNXG-TA,
X68254; TmNXG-2A, X68255; XTR2, U43487; XTR4, U43486;
AdXET-5, L49762; TRUXET1G, L43094; ATHEXT1, D16454; VIR-
EXT5, D16458; EXT2 (soybean), D16455; HVEXT, X91659;
WHEXT4, D16457; TOMEXT3, D16456; XET (cotton), D88413;
BRUT, L22162; XTR7, U43489; tXET-B1, X82685; tXET-B2, X82684;
XEB, X93175; XEA, X93174; XTR3, U43485; TCH4, U27609; XTR6,

U43488; meri5, D63508; XET (maize), U15781; PM2, X91660; and
PM5, X93173.

lated by brassinosteroids (Zurek and Clouse, 1994), and
TCH4, an Arabidopsis XET gene, is also up-regulated by
auxin and brassinosteroids (Xu et al., 1995). To determine
the hormonal responses of the rice XTR genes, we treated
rice plants with a range of plant hormones, including
indole-3-acetic acid, 2,4-dichlorophenoxyacetic acid, GA,
kinetin, brassinosteroids, and abscisic acid, at various con-
centrations (0.1, 1, and 10 um for each hormone). Changes
in XTR RNA expression were only seen in plants treated
with GA or brassinosteroids; no changes were observed in
plants treated with any concentration of indole-3-acetic
acid, 2,4-dichlorophenoxyacetic acid, kinetin, or abscisic
acid for 12, 24, or 48 h (data not shown). Upon treatment
with GA, the levels of expression of OsXTR1 and OsXTR3
increased with increasing duration of treatment (Fig. 4A),
whereas expression of OsXTR2 and OsXTR4 showed only a
slight increase. The expression levels of OsXTR1 and Os-
XTR3 were also increased by treatment with brassinos-
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teroids, whereas OsXTR2 showed little or no change and
OsXTR4 showed a slight decrease after brassinosteroid
treatment for 48 h (Fig. 4B).

Expression Patterns of XTR Genes in Elongating Rice Stems

The rice culm is composed of nodes and internodes,
which are the consequence of cell proliferation and elon-
gation. Nodes represent the segmental region between two
internodes, and consist of a population of small, isodiamet-
ric cells undergoing continuous cell division in random
directions (Fig. 5A, 1). The basal part of the internode
immediately above the node is termed the divisional zone
and is defined as the intercalary meristem in which cells
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Figure 3. A, DNA gel-blot analysis to verify the specificity of the
various XTR gene-specific probes. Entire cDNA clones were used as
probes. Hybridization was carried out under stringent conditions in
solution containing sodium phosphate at 65°C. B, Organ-specific
expression of rice XET-related genes. Each lane contained 10 g of
total RNA isolated from the indicated organ. Hybridization was
carried out under stringent conditions with Denhardt’s solution at
65°C.
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Figure 4. Induction of expression of XET-related genes by GA (A) and
brassinosteroids (B). Lanes contain 10 ug of total RNA from whole
rice plants grown for 3 weeks. Hormone treatments were performed
by immersing the plants in 30 um GA; (A) or T um brassinolide (B) for
12, 24, or 48 h.

undergo continuous longitudinal divisions. As a result of
active longitudinal division, specifically in the upper direc-
tion without cell elongation, small, flat cells line up (Fig.
5A, 2). These cells begin to elongate preferentially toward
the upper direction. Therefore, the upper region of the
divisional zone (Fig. 5A, 3) consists of cells with the great-
est elongation activity. The uppermost region of the inter-
node consists of longitudinally oriented cells in which
elongation is complete (Fig. 5A, 4).

To characterize the differential expression of the XTR
genes in developing internodes, we divided the culm into
four sections: node, divisional zone, elongating zone, and
elongated zone of the internode (Fig. 5A), based on the
developmental stages described above. XTR RNA expres-
sion was examined in each of the four sections (Fig. 5B).
Expression of OsXTR1 and OsXTR3 was quite low in
nodes, increased with cell development in internodes, and
highest in the elongation zone. Little or no expression of
these two genes was observed in the elongated zone of the
internode (Fig. 5B). This preferential expression of OsXTR1
and OsXTR3 in the internode suggests that these XTR
genes play an important role in cell elongation in the
internode. In contrast to OsXTR1 and OsXTR3, OsXTR2
and OsXTR4 were expressed not only in the division and
elongation zones, but also in the node, where cells divide.

Expression of XTR Genes in Rice Mutants with
Abnormal Heights

XTR RNA expression was investigated in rice mutants
with abnormal heights. Akibare Dwarf and Waito C are
allelic dwarf mutants that are responsive to GA. The

heights of the mature mutant plants are approximately 30%
and 50%, respectively, of that of wild-type plants. RNA
gel-blot analysis demonstrated that the levels of OsXTR1
and OsXTR3 mRNA in the mutants were lower than
in wild-type plants, whereas the levels of OsXTR2 and
OsXTR4 mRNA were approximately equal to those in wild-
type plants (Fig. 6). The expression of OsXTR1 and OsXTR3
in the mutants was induced to exceed wild-type levels by
treatment with GA for 12 to 48 h. Awaodori is a GA-
insensitive overgrowth mutant whose stem constantly
elongates to 2 to 3 times the length of the wild type. As
shown in Figure 6, the level of expression of all four of the
XTR genes was higher than that of wild-type plants. The
expression of the XTR genes did not change after treatment
with GA in this mutant (data not shown).

rRNA

Figure 5. A, Photographs of external shape of elongating stem and
sections from each developmental region: 1, node; 2, divisional zone
at the basal region of internode; 3, elongating zone of internode; and
4, elongated zone of internode. B, Differential expression of XET-
related genes in elongating stems. Each lane contains 10 pg of total
RNA from the regions designated in A.
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Figure 6. Expression of XET-related genes in genetic mutants exhib-
iting abnormal heights. Total RNA from two dwarf mutants, Akibare
Dwarf and Waito C, and the overgrowth mutant Awaodori (lane A,
right) was isolated. Ten micrograms of RNA was electrophoresed in
each lane. Lanes C, RNA expression of XTR genes in wild-type plants.
XTR RNA expression was restored in the two dwarf mutants by
treatment with 30 um GA, for 12, 24, or 48 h (indicated by numbers
at top).

DISCUSSION

The four rice XET-related genes isolated in this study
were classified into four different subfamilies in the previ-
ously reported phylogenetic tree of XET and XET-related
genes. Three subfamilies (Fig. 2, I, II, and III) are found in
a wide range of flowering plants and the evolution of
monocotyledonous plants therefore probably occurred af-
ter the divergence of these three subfamilies. Thus, the
diversification of the structure of the XET genes of each
subfamily may reflect a unique functional assignment of
the different subfamilies that is essential throughout flow-
ering plants.

OsXTR4 is an XET-related gene that falls outside the
three established subfamilies, suggesting that it may have
some peculiar functional features. Another XET-related
gene that does not fit within the three established subfam-
ilies has been reported in barley (Schiinmann et al., 1997)
and shows a unique expression pattern during leaf devel-
opment. Whether these similar genes outside of the three
subfamilies encode functional XET enzymes should be
tested in the future: it is very possible that they encode XET
or XET-related enzymes, since their products retain several
characteristic features commonly observed among all XET
enzymes.

The rice XTR genes exhibited different expression pat-
terns in terms of organ specificity, response to GA and
brassinosteroids, stage specificity during internodal elon-
gation, and expression in several mutant backgrounds with
abnormal heights. These results indicate that OsXTR1 and
OsXTR3 may both play a role in internodal elongation in
rice. The evidence for this is that the two genes are prefer-
entially expressed in the elongation-active region of the
internode (Fig. 5B).

Based on their organ specificity of expression, the func-
tional differentiation of the four XTR genes can be summa-
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rized as follows: OsXTR1 and OsXTR4 exhibit similar or-
gan specificity, but their expression in culms differ.
OsXTR1 is expressed in both the elongating and divisional
zones of internodes, with a higher level of expression in the
elongating zone (Fig. 5B). In contrast, OsXTR4 is expressed
in the divisional zone of internodes and in nodes. This
expression pattern suggests that OsXTR4 acts mainly in the
rearrangement of the cell wall in division-active cells,
whereas OsXTR1 acts mainly on elongating cells in inter-
nodes. OsXTR?2 is expressed at a much higher level than the
other rice XTR genes, and is expressed in most organs, with
the exception of well-developed leaf blades and roots. In
the elongating internode, OsXTR2 is expressed in all four
developmental zones. From these results, OsXTR2 is con-
stitutively active in most organs, suggesting that it may
have a role for reconstruction of the cell wall in cell elon-
gation and division throughout rice development. In the
case of OsXTR3, the level of RNA expression is lower than
in other genes. Furthermore, OsXTR3 RNA expression
shows a strict organ specificity in elongating stems, being
notably higher in the internode elongation zone than in the
divisional zone.

RNA expression of OsXTR1 and OsXTR3 is increased by
treatment with either GA or brassinosteroids, suggesting
that these two XTR genes act in altering the structure of the
cell wall in response to these two hormones. It has been
reported that GA has a large effect on internodal elonga-
tion, especially activating cell division and cell elongation
(Kamijima, 1981). Additionally, XET activity and mRNA
level of XET-related genes are regulated by GA to induce
leaf elongation (Smith et al., 1996; Schiinmann et al., 1997).
In agreement with this, we have shown here that OsXTR1
and OsXTR3 are activated by GA and are involved in
internodal elongation. Furthermore, brassinosteroids have
recently been shown to regulate stem elongation in various
plants, and several XET-related genes such as TCH4 (Xu et
al., 1995) and BRU1 (Zurek and Clouse, 1994) have been
reported to be regulated by brassinosteroids. It has been
suggested that brassinosteroids are essential for plant de-
velopment and play an important role in the control of cell
elongation (Kauschmann et al., 1996; Azpiroz et al., 1998).
Brassinosteroid-insensitive rice mutants have been identi-
fied, and exhibit a dwarf phenotype with repressed inter-
nodal elongation (C. Yamamuro and M. Matsuoka, personal
communication). Brassinosteroids may regulate the expres-
sion of brassinosteroid-dependent XTR genes such as Os-
XTR1 and OsXTR3, at a specific developmental stage of
internodal elongation.

It has been shown that d18, the mutant allele of Akibare
Dwarf and Waito C, shows a high level of endogenous
GA,; and a low level of GA,, and therefore the product of
d18 may catalyze 3B-hydroxylation of GA,, to GA,; (Koba-
yashi et al., 1989). The expression of the XTR genes in these
two dwarf mutants indicates that inhibition of GA biosyn-
thesis is accompanied by preferential suppression of Os-
XTR1 and OsXTR3 expression. This result suggests the
specific response of OsXTR1 and OsXTR3 to GA and the
correlation of these genes with internodal elongation.
These results suggest that OsXTR1 and OsXTR3 may be
indirectly regulated by GA.
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The overgrowth mutant Awaodori exhibited up-
regulation of OsXTR1 and OsXTR3 compared with the wild
type. The phenotype of this mutant is believed to be caused
by a defect in a suppressive gene in the GA signal trans-
duction pathway, which causes a continuous GA response
without GA (Peng et al., 1997). This result also supports the
possible regulation of OsXTR1 and OsXTR3 by GA.

In the d18 dwarf mutants, there was a synergistic rela-
tionship between the effects of GA and brassinosteroids on
the expression of XTR genes. Although the expression of
OsXTR1 and OsXTR3 increased after treatment with either
exogenous GA or brassinosteroids in wild-type plants, the
expression of OsXTR1 and OsXTR3 in the mutants did not
increase after the treatment with brassinosteroids (data not
shown). This suggests that the presence of GA is essential
for the expression of these genes and that their induction
by brassinosteroids occurs only if GA is also present. On
the other hand, a GA-insensitive mutant, kb of pea, has
been shown to be deficient in brassinosteroid biosynthesis
(Nomura et al., 1997). This suggests that brassinosteroids
are essential for GA sensitivity and also indicates that
cross-talk may take place between the brassinosteroid and
GA signal transduction pathways. Further analysis of the
precise expression patterns of the XTR genes using GA,
and brassinosteroid biosynthesis, and response mutants
may permit the elucidation of the synergistic effects of GA
and brassinosteroids.
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