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We isolated an endoxyloglucan transferase cDNA
(Ps-EXGTl) from the roots of an agravitropic pea mutant,
ageotropum. The putative product of the cDNA was 34.1
kDa and consisted of 293 ami no acid residues. The pre-
dicted amino acid sequence was 75.1-88.6% identical to
those of EXGT genes in other plants. The Ps-EXGTl
cDNA was strongly expressed in elongating roots and
stems but not in either mature stems or young leaves. In
roots, the transcription level of Ps-EXGTl was most
abundant in the rapidly growing region. When root elon-
gation was inhibited by a water stress, Ps-EXGTl tran-
scription was repressed. The roots curved hydrotropically
due to differential growth of the cortical cells in the elon-
gation zone when the root cap was exposed to a gradient of
water potential; the length of the cells on the side of lower
water potential was much longer than those on the side
of higher water potential. The expression pattern of Ps-
EXGTl in the hydrotropically responding roots fluctuated
between the side of the higher water potential and that of
the lower water potential in the elongation zone. In other
words, the accumulation of Ps-EXGTl mRNA was much
greater on the side of lower water potential than on that of
higher potential just prior to the commencement of posi-
tive hydrotropism. When the roots started to curve slightly
away from the side of higher water potential causing
a rhythmic oscillatory movement [Takano et al. (1995)
Planta 197: 410], there was more transcription of Ps-
EXGTl on the side of higher water potential. These results
suggest that the transcription of Ps-EXGTl is involved in
cell growth and that this regulation of transcription plays
a role in the differential growth of hydrotropically re-
sponding roots.
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gradient of water potential (Jaffe et al. 1985, Takahashi
and Scott 1993, Takano et al. 1995). We have reported that
the recognition of the gradient occurs in the root cap but
not in the root proper (Takahashi and Scott 1993, Takano
et al. 1995), and that a gradient of 0.5 MPamm"1 is
enough to induce a hydrotropic response (Takano et al.
1995). We also reported that hydrotropic curvature in roots
was caused by differential growth between the lower and
higher sides of water potential in the elongation zone
(Takahashi and Suge 1991). This differential growth in
hydrotropically responding roots was found to be caused
by a change in cell wall extensibility that was maintained at
the control level on the convex side and significantly de-
creased on the concave side (Hirasawa et al. 1997). This
asymmetric change in the cell wall extensibility was ob-
served prior to the commencement of hydrotropic curva-
ture (Hirasawa et al. 1997). This discovery was the first
evidence of the causal relationship between cell wall ex-
tensibility and the tropistic growth of roots. However, we
do not know how the growth rate is maintained at a rela-
tively higher level on the side of the lower water potential
than on the side of the higher potential in hydrotropical-
ly responding roots.

Nishitani and Tominaga (1992) first purified endoxy-
loglucan transferase (EXGT) from Azuki beans. This en-
zyme has been considered to play a key role in the cell wall
extensibility that regulates cell-extension growth of plants
by cleaving xyloglucan polymers internally and ligating the
newly generated reducing end to another xyloglucan chain
(Smith and Fry 1991, Farkas et al. 1992, Fry et al. 1992,
Fanutti et al. 1993, Nishitani and Tominaga 1992, Nishi-
tani 1995, 1997). Under water-stress conditions, extension
growth of the roots is significantly inhibited at the proximal
region of the elongation zone, resulting in shortening of
this zone (Sharp et al. 1988). The growth rate of the distal
region of the elongation zone, however, is not much
affected by the stress and retains a higher level of EXGT
activity (Wu et al. 1994). Thus, EXGT may play an im-
portant role in the elongation and tropistic response of
roots, but the molecular mechanism of the EXGT-in-
volved extension growth in roots remains to be elucidated.

In recent years, EXGT cDNAs have been isolated in
a number of plants, including Vigna angularis, Triticum
aestivum, Arabidopsis thaliana, Lycopersicon esculentum,
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136 Expression of EXGT in pea roots

Glycine max, and Hordeum vulgare, and suggested to play
a role in the regulation of cell growth (McQeen-Mason et
al. 1993, Okazawa et al. 1993, Zurek and Clouse 1994,
Smith et al. 1996, Braam 1997). However, cloning and ex-
pression analysis of EXGT genes to date have been done
only in shoot systems. In roots, neither elongation growth
nor differential growth for the tropistic response has been
elucidated for the EXGT genes. Because the differential
change in cell wall extensibility in the elongation zone of
roots has been shown to be responsible for the tropistic
growth in particular (Hirasawa et al. 1997), it seemed
worthwhile to isolate EXGT genes associated with root
elongation and to examine their involvement in the differ-
ential growth in tropistic responses.

In the present study, therefore, we isolated the EXGT
cDNA (Ps-EXGTl) from pea roots and first examined its
possible relationship to the extension growth of roots and
to the differential growth of hydrotropically responding
roots. We used an agravitropic pea mutant in this study,
because it avoids interference by the gravitropic response in
the study of hydrotropism in roots (Jaffe et al. 1985,
Takahashi and Suge 1991, Takano et al. 1995).

Materials and Methods

Plant materials—Seeds of a pea mutant, ageotropum, were
originally provided by G. Max (New York Agriculture Experi-
ment Station, Geneva, New York, U.S.A.) and grown for prop-
agation in a field on Ajishima Island (Miyagi, Japan). Shoots of
dark-grown ageotropum peas are agravitropic in darkness but re-
spond phototropically and gravitropically under light (Jaffe et al.
1985). On the other hand, roots of ageotropum peas are agravi-
tropic both in darkness and light but respond to a moisture
gradient by growing in the direction of increasing moisture (Jaffe
et al. 1985, Takahashi and Suge 1991, Takano et al. 1995).

Seeds were germinated on filter paper moistened with 150 ml
of distilled water in a container (34x26x5 cm) at 25CC in the
dark. Seedlings with straight roots, 30 to 50 mm long, were
used for experiments when they were 3 d old. Seedlings were
placed vertically with the root tips growing down by mounting the
seeds with insect pins on a Styrofoam board wrapped with layers
of wet cheesecloth. The Styrofoam board was then placed in a
Plexiglas chamber (31 x 33.5 x 46 cm) so that approximately 20
mm of the apical portion of the roots were suspended vertically in
moist air. Humidity inside the chamber was maintained at ap-
proximately 97% RH by wetting the cheesecloth with water at a
depth of 5 mm in the bottom of the chamber.

Treatment with water stress and hydrostimulation—For
treating seedlings with water stress, 3-day-old seedlings of ageo-
tropum peas were transferred onto filter paper moistened with 60
ml of MES buffer or 1 MPa of sorbitol solution in a container
(20.8x20.8x5cm)at25°C.

To stimulate the roots hydrotropically according to the
method of Takano et al. (1995), an agar block ( l x l x l mm)
containing sorbitol at a concentration sufficient to establish a
gradient in water potential of 1 MPa was placed in 2 mM MES
buffer, pH 6.3. The agar block was then applied to one side of the
root cap and a control agar block containing only MES buffer was
applied to the other. For roots not treated with sorbitol, control

agar blocks were symmetrically applied to both sides of the root
cap.

Microscopy—-For light microscopy, dehydrated samples that
had been subjected to an ethanol series were stained with \%
toluidine blue O and embedded in paraffin. The samples were then
sectioned at a thickness of 13 //m.

cDNA isolation—Foi RT-PCR, total RNA was isolated from
3-day-old roots of ageotropum pea with TRI reagent (Sigma
Chemical Co., St. Louis, MO, U.S.A.). The first cDNA was
synthesized from poly(A)+ RNAs by AMV reverse transcriptase
XL (TaKaRa, Kyoto, Japan) with 10 vM of oligo(dT)2o primer.
PCR amplification was performed with primer AG: 5-GCIGGIA-
CIGTlAClGCITT(C/T)TA-3' and primer EC: 5-(A/G)TCIC(G/
T)(A/G)TCIC(G/T)IGT(A/G)CA(C/T)TC-3' using Taq DNA
polymerase (TaKaRa) and a DNA Thermal Cycler Type 9600
(Perkin-Elmer Cetus Co., Emeryville, CA, U.S.A.). Full-length
cDNA encoding of Ps-EXGTl was amplified by the method of
rapid amplification of cDNA ends (RACE) (Frohman 1993). Am-
plification of the 5' end was performed with a primer, 5'-AGG-
AACCATCTTAATGTTCATACTG-3' (as a reverse primer), and a
5' RACE System Kit (Life Technologies, Inc., Rockville, MD,
U.S.A.). The 3' end amplification was performed with a set of
primers, an oligo(dT)20-M13M4 adapter primer (TaKaRa, for
the first cDNA synthesis), a primer 5-CCATTTACAATTACTG-
CAATGATAG-3' (as a forward primer for the second PCR), and
an M13M4 primer 5' GTT TTC CCA GTC ACG AC-3' (TaKaRa,
as a reverse primer for the second PCR). DNA sequencing was
carried out according to the chain termination method (Sanger et
al. 1997) with a dye terminator (Perkin-Elmer) (Model 373, Ap-
plied Biosystems, Foster City, CA, U.S.A.).

DNA and RNA gel blot analysis—Total RNA was isolated
from ageotropum (100-200 mg fresh weight) with TRI reagent
(Sigma). Five micrograms of total RNA was fractionated on 1%
agarose gel containing 2.2 M formaldehyde. The quality and
quantity of all RNA samples were confirmed by rRNA-stained gel.
For Southern analysis, genomic DNA was digested with EcoRl,
Hindlll and Xhol, separated on a 0.8% agarose gel, and blotted
onto positively charged nylon membranes (Boehringer Mannheim
GmbH, Mannheim, Germany). Blotting and hybridization were
carried out according to the methods described by Sambrook et al.
(1989) with digoxigenin-11-dUTP '(Boehringer Mannheim) la-
beled probe DNA.

Results and Discussion

Isolation of EXGT cDNA from pea roots—The
endoxyloglucan transferase (EXGT) cDNA was isolated by
reverse-transcription (RT)-PCR using poly(A)+ RNAs
from ageotropum pea root as a template. RT-PCR was
carried out with a set of primers that was designed on the
basis of the amino acid sequences conserved among the
putative products of plant EXGT genes (Fig. 1A, see
Materials and Methods). A 632-bp fragment amplified by
the RT-PCR was sub-cloned and sequenced. Results of this
sequencing showed that the DNA fragment exhibited a
high similarity to the previously reported plant EXGT
genes. To determine the full length of the cDNA, both 5'
and 3' RACE experiments were performed with several sets
of primers (see Materials and Methods). The resultant
amplified DNA were directly sequenced by cycle sequenc-
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ing with a dye terminator. Figure 1A shows the nucle-
otide sequence of the ageotropum pea endoxyloglucan
transferase cDNA, termed Ps-EXGTl. The cDNA is 1,125
bp long and has a closed open reading frame (ORF) of 879
bp coding for a predicted protein of 34.1 kDa. The puta-
tive product of Ps-EXGTl showed a high degree of se-
quence homology to those of the plant EXGT genes pre-
viously reported; it was 75.1% identical to wheat EXGT,
86.3% identical to Azuki-bean EXGT, and 88.6% identi-
cal to soybean EXGT. Southern blot hybridization showed
only one hybridizing band for the Ps-EXGTl when digest-
ed with either EcoRl or Xhol. With Hindlll, the probe
detected double bands, because the cDNA possessed one

Hindlll restriction site. These results suggest that Ps-
EXGTl mRNA is encoded by a single locus in the pea ge-
nome (Fig. IB).

Transcription of Ps-EXGTl in ageotropum roots—
Northern blot hybridization with poly(A)+ RNAs isolat-
ed from stems and roots of ageotropum pea showed that
Ps-EXGTl was strongly expressed in the roots and elon-
gating stems but not in either the non-elongating stems
or young leaves (Fig. 2A). An apical 10-mm long ageo-
tropum root includes the elongation zone, and the apical 5
mm tip includes the most rapidly growing region (Hira-
sawa et al. 1997). In this study, therefore, ageotropum
roots were longitudinally sectioned for the analysis of Ps-
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Fig. 1 Nucleotide and deduced amino acid sequences of Ps-EXGTl (A) and its genomic DNA gel blot analysis (B). Letters under-
lined in A are primers used for the first PCR. An asterisk represents the termination codon. A 10 tx% of ageotropum genomic DNA was
digested with EcoKl (E), Hindlll (H) or Xhol (X) in B. The fragments were allowed to hybridize with dig-labeled Ps-EXGTl
cDNA.
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EXGT1 expression in the different regions of the roots. We
observed a much greater accumulation of the transcripts in
the distal region of the elongation zone where the rate of
extension growth was greater as shown in Fig. 2B. Namely,
Ps-EXGTl was transcribed in all sections obtained from
the 16-mm-long apical root but was most abundant in the
section 1 to 6 mm from the tip end (part 2 in Fig. 2B). The
root section 6 to 11 mm from the tip end (part 3 in Fig. 2B)
also showed a relatively strong expression of Ps-EXGTl.
However, the transcriptions in part 1, including the root
cap, and in part 4, the basal region, were repressed. When
ageoropum roots are.grown in humid air, a major region of
the elongation zone is included in the 5-mm apical part of
the roots (Hirasawa et al. 1997). In corn roots, water stress
shortens the elongation zone, although, without water
stress, the elongation zone extends to the region approxi-

mately 10 mm from the tip end, and the most rapid exten-
sion growth occurs in the distal region of the elongation
zone (Sharp et al. 1988). In other words, the distal elon-
gation zone maintains its growth rate even under water
stress conditions. This maintenance of the growth rate at
low water potential is reported to be caused by the in-
creased activity of EXGT (Wu et al. 1994). It is not clear
whether the Ps-EXGTl transcription level correlates with
its enzymatic activity, but the greater transcription of Ps-
EXGTl in the most rapidly growing region under condi-
tions of the present study is in agreement with the higher
enzymatic activity of EXGT reported in corn roots by Wu
et al. (1994). We have recently observed that the local-
ized accumulation of Ps-EXGTl mRNA appears to coin-
cide with the localization of EXGT proteins in ageotro-
pum roots. By indirect immunofluorescence microscopy,
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Fig. 2 Northern blot analysis of Ps-EXGTl expression in the
different organs of ageotropum peas. (A) Ps-EXGTl expressions
in young leaves, stems and roots. When plants were 7 d old, total
RNAs were extracted from 200 mg young leaves before they be-
came unfolded and from 200 mg elongating stems (third inter-
nodes elongating most rapidly). Two hundreds mg mature stems
(third internodes that had almost completed elongation growth)
were also used for the extraction of RNAs when plants were 10 d
old and had elongated to the fifth internodes. For RNA extraction
from roots, shoots and endosperms were discarded, and whole
roots were used when plants were 3 d old. Five micrograms of the
RNA was loaded for each Northern blot hybridization. (B) A
diagram of root sectioning for RNA extraction (a) and the
expression of Ps-EXGTl in each section of the root (b). The root
was divided into four sections: 1 mm of the apical tip including
the root cap (section No. 1) and three 5-mm long sections of the
root proper including the distal elongation zone (section No. 2),
the proximal elongation zone (section No. 3), and the mature zone
(section No. 4). Total RNAs were extracted from 100 mg of
section No. 1 and from 200 mg each of other three sections (No.
2-4). Five micrograms of the extracted RNA was loaded on a
nylon membrane for hybridization with Ps-EXGT clone as a
probe. The membrane was exposed to X-ray film for 20 min.
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Fig. 3 Effects of water stress on elongation and Ps-EXGTl
expression in ageotropum roots. A. Elongation of ageotropum
roots under conditions of water stress. Seedlings of ageotropum
peas were transferred onto filter paper moistened with 1 MPa
sorbitol solution in MES buffer for the treatment with water stress
or MES buffer alone at time zero. Closed and open circles indicate
the elongation of the control and water-stressed roots, respec-
tively. The sorbitol-treated roots were transferred to the MES
buffer alone following 3-h treatment with water stress (indicated
by arrow). B. Ps-EXGTl expression in a time-course study as
affected by water stress. Total RNAs were extracted from 200 mg
of the whole roots at different times: i.e., 0, 1 , 3 and 6 h after the
start of the stress treatment as shown in A (a-g in B correspond to
those in A). Five micrograms of RNA were loaded on a nylon
membrane for hybridization with Ps-EXGT clone as a probe. The
membrane was exposed to X-ray film for 20 min.
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EXGT proteins were detected in the elongation zone but
not in the root cap (data not shown).

Although EXGT is believed to be involved in con-
structing cell walls, its function in elongation growth is still
unclear. Various plant EXGT genes are known, and they
can generally be classified into two types: one is probably
responsible for cell-extension growth, while the other is
probably not (McQueen-Mason et al. 1993, Zurek and
Clouse 1994, Smith et al. 1996, Braam et al. 1997). The
present study suggests that expression of the Ps-EXGTl is
somehow involved in elongation growth of pea roots and
stems.

We next tested whether the expression of Ps-EXGTl is
involved in the elongation of roots under water stress. The
seedlings of ageotropum pea were transferred to 1 MPa
sorbitol solution. The water stress due to 1 MPa sorbitol

obviously inhibited root elongation, and this inhibition
continued even after the re-transfer of the seedlings
to MES buffer alone (Fig. 3A). The expression of Ps-
EXGTl in the water-stressed roots was repressed after the
transfer of the seedlings to the MES buffer (Fig. 3B). The
difference became obvious 1 h after the treatment with the
water stress and more pronounced as the duration of water
stress increased. The extent of the Ps-EXGTl transcrip-
tion likely corresponded to that of growth inhibition in
water-stressed roots. These results also indicate that the
expression level of Ps-EXGTl is involved in the cell-ex-
tension growth in roots.

Differential growth of hydrotropically responding
roots—To induce root hydrotropism, we recently develop-
ed an experimental system for applying a water-potential
gradient (Takano et al. 1995). A cubic millimeter agar
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Fig. 4 Differential cell elongation in hydrotropically responding roots of ageotropum peas. (A) Longitudinal sections of both sides of
the elongation zone 2-4 mm from the tip end of the vertically growing control roots (a, b) and those of the higher (c) and lower (d)
water-potential sides of the hydrotropically responding roots. (B) Length of cortical cells measured from A. In the control, plain agar
blocks were applied symmetrically to both sides of the root cap. To induce hydrotropic response, an agar block containing 1 MPa
sorbitol was asymmetrically applied to one side of the root cap and a plain agar block was applied to the other, (a) to (d) in B corre-
spond to those in A. Ten cortical cells of the third layer in six roots were measured to obtain each datum. Standard deviations for each
datum were within the bar.
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block containing 1 MPa sorbitol was applied to one side of
the root cap of ageotropum pea and a control agar block
was applied to the other side. In this system, hydrotropic
curvature of the roots was observed approximately 3-4 h
after the treatment with water potential gradient (Takano
et al. 1995). Figure 4A shows the differential extension
growth of the cortical cells in the distal elongation zone.
The length of the cortical cells of the sorbitol-treated side
was 260% of that of the control side (Fig. 4B). This result
shows that differential growth of hydrotropic curvature is
attributable to the differential extension growth of cells
between the lower and higher sides of the water potential
gradient along the elongation zone. As shown previously
(Takahashi and Suge 1991), the growth rate of the roots is
significantly lower when they are grown in air than when
they are grown on moistened filter paper (growth inhibi-
tion by water stress was also shown in this study). Never-
theless, hydrotropic curvature is due to a great reduction
in the growth rate on the side of higher water potential in
the presence of a moisture gradient. In other words, the
growth rate on the side of the lower water potential is
maintained at a relatively greater level in hydrotropically
responding roots. A similar response of roots to water
stress or a gradient in water potential was also observed
in this study; cell length was much greater on the side of
the lower water potential than that of the control root
(Fig. 4B). The lower growth rate in the control roots is
probably due to the fact that their elongation was inhibited
by water stress when they were transferred from germina-
tion paper to air in the experiments. The growth rate of the
roots on the germination paper was considerably greater
than that of the sorbitol-treated side of the hydrotropical-
ly responding roots (data not shown).

Fluctuation of Ps-EXGTl expression in hydrotropic-
ally responding and rhythmically oscillating roots—When
a hydrotropic response in seedling roots is induced by
asymmetric application of sorbitol to the root cap, hydro-
tropic curvature in the distal elongation zone commences
approximately 3 h after the exposure to the water potential
gradient (Takano et al. 1995). These hydrotropically re-
sponding roots show a rhythmic oscillatory movement
(Takano et al. 1995). To measure the transcription level of
the Ps-EXGTl during the hydrotropic response in roots,
apical 8-mm-long sections of primary roots, including the
elongation zone, were harvested at different times follow-
ing asymmetric application of sorbitol agar block to the
root cap. They were then longitudinally cut into halves
between the sorbitol-treated side (lower water potential,
LWP) and the non-treated side (higher water potential,
HWP). Figure 5A shows the results of Northern hybridi-
zation of the Ps-EXGTl with total RNA isolated from
each side of the root. The mRNA level of Ps-EXGTl on
the LWP side decreased to about 50% of the control within
the first 1 h, then recovered to 80% 3 h after the treat-
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Fig. 5 A time-course study of the differential expression of Ps-
EXGTl in hydrotropically responding ageotropum roots. Roots
were hydrotropically stimulated as described in Fig. 4. For RNA
extraction, 8-mm portions of the apical roots were longitudinal-
ly halved for 40 roots (40 halves weighed more than 400 mg). The
quality and quantity of all samples were confirmed by rRNA
stained-gel, and 5 ftg of RNA was loaded on a nylon membrane
for hybridization with Ps-EXGTclone as a probe. The membrane
was exposed to X-ray film for 20min. (A) Changes in Ps-
EXGTl accumulation on the side of the lower water potential and
those on the side of the higher water potential. Closed and open
circles indicate the sides of the lower (LWP) and higher (HWP)
water potentials, respectively. The upper inset of Northern blot-
ting sheet shows the Ps-EXGTl accumulation in the root halves of
the LWP side, while the lower inset shows those of the HWP side.
(B) Accumulation of Ps-EXGTl mRNA shown as a total amount
and its proportion between the LWP and HWP sides. Black and
white bars show the proportions of the accumulation on the LWP
and HWP sides, respectively.

ment with a water potential gradient, and finally de-
creased again. On the other hand, the mRNA level on the
HWP side gradually decreased, reaching the minimum
level 3 h after the treatment. The HWP level was again
recovered 4h after the treatment. This fluctuation in
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the expression of Ps-EXGTl corresponds well with the

rhythmic oscillating movement of hydrotropically re-

sponding roots (Takano et al. 1995). As shown in Fig. 5B,

the total amount of the transcripts in the 8-mm-long root

tips did not differ significantly during the 8 h experi-

mental period, although it slightly decreased compared

with that at time zero when roots were transferred from

germination paper to humid air, probably due to water

stress. When the roots were cut into halves, however, the

level of transcription fluctuated between the LWP and

HWP sides. There were periods of an increase in tran-

scription even on the HWP side. These results imply that

Ps-EXGTl transcription is more abundant on the convex

side of hydrotropically or rhythmically moving roots. Ps-

EXGTl transcripts are thus reciprocally expressed be-

tween the fast and slowly growing sides in oscillating roots

(Fig. 5A). The pattern of the differential expression of Ps-

EXGTl, 3 h after the start of hydrostimulation in particu-

lar, coincides with the change in cell wall extensibility

between the higher and lower water potential sides of hy-

drotropically responding roots (Hirasawa et al. 1997).

The LWP side of hydrotropically responding roots

showed a greater growth rate than the HWP in the pres-

ence of a water potential gradient, while maintaining a

greater level of Ps-EXGTl transcription. This appears to

be disagreement with the result indicating that water stress

causes a reduction in both extension growth and Ps-

EXGTl transcription in the absence of water potential

gradient (Fig. 3). Although we cannot resolve this issue at

present, there must be different mechanisms for the growth

responses of roots to these different water conditions. Un-

der both conditions, however, there was a correlation be-

tween the mRNA level of Ps-EXGTl and the extension

growth of roots.

In conclusion, Ps-EXGTl isolated from pea roots is

likely to be involved in both the extension growth of cells

and the differential growth, which ultimately causes the

hydrotropic response of seedling roots. However, studies

of cDNA encoding EXGT and its related proteins have

shown that these enzymes constitute a large multi-gene fa-

mily. This makes it difficult to explain the function of the

enzyme derived from Ps-EXGTl as a single clone. Never-

theless, the analysis of the EXGT-related proteins is im-

portant in clarifying the role of EXGT in root hydrotro-

pism. We have recently succeeded in observing EXGT

proteins in ageotropum roots by indirect immunofluo-

rescence microscopy. This will allow us to analyze the

change in the localization pattern of EXGT proteins in

hydrotropically responding roots and compare it with, the

expression pattern of Ps-EXGTl.

This work was supported by grants from the Institute of
Space and Astronautical Science (Sagamihara, Japan), Grants-
in-Aid from the Ministry of Education, Science, Sports and Cul-
ture of Japan to H.T., and by Research Fellowships of the Japan
Society for the Promotion of Science for Young Scientists to M.T.
This work was also carried out under the Joint Research Program
of the Institute of Genetic Ecology, Tohoku University (grant no.
922205) and the "Ground Research Announcement for the Space
Utilization" promoted by NASDA and Japan Space Forum. We
thank Mr. and Mrs. Seichi Abe for growing ageotropum plants in
their field. We also thank Mr. T. Sakata in our laboratory for his
technical assistance.

References

Braam, J., Sistrunk, M.L., Polisensky, D.H., Purugganan, W.X.M.M.,
Antosiewicz, D.M., Campbell, P. and Johnson, K.A. (1997) Plant re-
sponses to environmental stress: regulation and functions of the Arabi-
dopsis TCH genes. Planta 203: S35-S41.

Fanutti, C , Gidley, M.J. and Reid, J.S.G. (1993) Action of a pure xylo-
glucan endo-transglycosylase (formerly called endo-(l-4)-/?-r>-glucan-
ase) from the cotyledons of germinated nasturtium seed. Plant J. 3:
691-700.

Farkas, V., SulovS, Z., Stratilovd, E., Hanna, R. and Maclachlan, G.
(1992) Cleavage of xyloglugan by nasturtium seed xyloglucanase and
transglycosylation to xyloglucan subunit oligosaccharides. Arch. Bio-
chem. Biophys. 298: 365-370.

Frohman, M.A. (1988) Rapid amplification of complementary DNA ends
for generation of full-length complementary DNAs: thermal RACE.
Methods Enzymol. 218: 340-356.

Fry, S.C., Smith, R.C., Renwick, K.F., Martin, D.J., Hodge, S.K. and
Matthews, K.J. (1992) Xyloglucan endotransglycosylase, a new wall-lo-
osening enzyme activity from plants. Biochem. J. 282: 821-828.

Hirasawa, T., Takahashi, H., Suge, H. and Ishihara, K. (1997) Water
potential, turgor and cell wall properties in elongating tissues of the
hydrotropically bending roots of pea (Pisum sativum L.). Plant Cell
Environ. 16: 99-103.

Jaffe, M.J., Takahashi, H. and Biro, R.L. (1985) A pea mutant for the
study of hydrotropism in roots. Science 230: 445-447.

McQueen-Mason, S., Fry, S.C., Durachko, D.M. and Cosgrove, D.J.
(1993) The relationship between xyloglucan endotransglycosylases and in
vitro cell wall extension in cucumber hypocotyls. Planta 190: 327-331.

Nishitani, K. (1995) Endoxyloglucan transferase, a new class of trans-
ferase involved in cell wall construction. J. Plant Res. 108: 137-148.

Nishitani, K. (1997) The role of endoxyloglucantransferase in the organi-
zation of plant cell walls. Int. Rev. Cytol. 173: 157-206.

Nishitani, K. and Tominaga, R. (1992) Endoxyloglucan transferase, a
novel class of glycosyltransferase that catalyzes transfer of a segment of
xyloglucan molecule to another xyloglucan molecule. J. Biol. Chem.
267: 21058-21064.

Okazawa, K., Sato, Y., Nakagawa, T., Asada, K., Kato, I., Tomita, E.
and Nishitani, K. (1993) Molecular cloning and cDNA sequencing of
endoxyloglucan transferase, a novel class of glycosyltransferase that
mediates molecular grafting between matrix polysaccharides in plant cell
walls. J. Biol. Chem. 34: 25364-25368.

Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular Cloning: a
Laboratory Manual. Second Edition. Cold Spring Harbor Press, New
York, U.S.A.

Sanger, F., Nicklen, S. and Coulson, A.R. (1997) DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74: 5463-5467.

Sharp, R.E., Silk, W.K. and Hsiao, T.C. (1988) Growth of the maize
primary root at low water potentials. I. Spatial distribution of expansive
growth. Plant Physiol. 87: 50-57.

Smith, R.C. and Fry, S.C. (1991) Endotransglycosylation of xyloglucans in
plant cell suspension cultures. Biochem. J. 279: 529-535.

Smith, R .C, Matthewa, P.R., Schunmann, P.H.D. and Chandler, P.M.
(1996) The regulation of leaf elongation and xyloglucan endotransgly-
cosylase by gibberellin in 'Himalaya' barley (Hordeum vulgare L.) J.



142 Expression of EXGT in pea roots

Exp. Bot. 47: 1395-1404. Planta 197: 410-413.
Takahashi, H. and Scott, T.K. (1993) Intensity of hydrostimulation for the Wu, Y., Spollen, W.G., Sharp, R.E., Hetherington, P.R. and Fry, S.C.

induction of root hydrotropism and its sensing by the root cap. Plant (1994) Root growth maintenance at low water potentials. Inceased ac-
Cell Environ. 16: 99-103. tivity of xyloglucan endotransglycosylase and its possible regulation by

Takahashi, H. and Suge, H. (1991) Root hydrotropism of an agravitrop- abscisic acid. Plant Physiol. 106: 607-615.
ic pea mutant, ageotropum. Physiol. Plant. 82: 24-31. Zurek, D.M. and Clouse, S.D. (1994) Molecular cloning and characteri-

Takano, M., Takahashi, H., Hirasawa, T. and Suge, H. (1995) Hydrot- zation of a brassinosteroid-regulated gene from elongating soybean
ropism in roots: sensing of gradient in water potential by the root cap. (Clycine max L.) epicotyls. Plant Physiol. 104: 161-170.

(Received June 18, 1998; Accepted November 16, 1998)


