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Fluorescence differential display was used to isolate the gibberellin (GA)-responsive gene, CsAGP1, from cucumber (Cucumis
sativus) hypocotyls. A sequence analysis of CsAGP1 indicated that the gene putatively encodes a “classical” arabinogalactan
protein (AGP) in cucumber. Transgenic tobacco (Nicotiana tabacum) plants overexpressing CsAGP1 under the control of the
cauliflower mosaic virus 35S promoter produced a Y(�Glc)3-reactive proteoglycan in addition to AGPs present in wild-type
tobacco plants. Immuno-dot blotting of the product, using anti-AGP antibodies, showed that the CsAGP1 protein had the
AGP epitopes common to AGP families. The transcription level of CsAGP1 in cucumber hypocotyls increased in response
not only to GA but also to indole-3-acetic acid. Although CsAGP1 is expressed in most vegetative tissues of cucumber,
including the shoot apices and roots, the GA treatment resulted in an increase in the mRNA level of CsAGP1 only in the
upper part of the hypocotyls. Y(�Glc)3, which selectively binds AGPs, inhibited the hormone-promoted elongation of
cucumber seedling hypocotyls. Transgenic plants ectopically expressing CsAGP1 showed a taller stature and earlier
flowering than the wild-type plants. These observations suggest that CsAGP1 is involved in stem elongation.

Stem elongation is governed by cell division and
cell elongation. Cell elongation is controlled by the
turgor pressure and cell wall extensibility in a par-
ticular direction, which is regulated by the orienta-
tion of both cellulose microfibrils and the cell wall
matrix containing polysaccharides and proteins, and
by the viscoelastic properties of the matrix macro-
molecules (Cosgrove, 1999; for review, see Shibaoka,
1994). Moreover, the process of cell elongation in a
plant requires loosening of the cell wall structure and
the deposition of new materials. The signals leading
to these conditions directly involved in regulating
stem elongation are transduced from various plant
hormones. Auxin, GAs, and brassinosteroids pro-
mote stem elongation, whereas cytokinins, ethylene,
and abscisic acid have a growth-inhibiting effect (for
review, see Phillips, 1998). Although researchers
have provided information on the signal mediators
transmitting signals from plant hormones for cell
elongation, the mechanism for regulating cell elon-
gation is still poorly understood at the molecular
level.

We screened for cDNAs with expression that was
responsive to GA4 in cucumber (Cucumis sativus) hy-
pocotyls by using the fluorescent differential display
(FDD) method to identify new members involved in

cell elongation. The deduced peptide sequence of one
of those genes was predicted to be an arabinogalac-
tan protein (AGP).

AGPs are a class of proteoglycans with broad tax-
onomic distribution throughout the plant kingdom
(Serpe and Nothnagel, 1999). Although the precise
function of AGPs currently remains speculative, ev-
idence is accumulating to suggest that AGPs play an
important role in plant growth and development
(Fincher et al., 1983; Kreuger and van Holst, 1996;
Nothnagel, 1997).

Experiments with monoclonal antibodies against
particular AGP epitopes have demonstrated that the
expression of AGPs was localized in specific tissue
types, e.g. in pea (Pisum sativum) flowers (Pennell
and Roberts, 1990), carrot (Daucus carota) cell suspen-
sion cultures (Thompson and Knox, 1998), and in the
developing carrot root (Knox et al., 1991).

The specific interaction of AGPs with the
�-glucosyl Yariv reagent [Y(�-Glc)3], an artificial car-
bohydrate antigen (Yariv et al., 1962), has been ex-
tensively used for isolating and identifying AGPs
from plant tissues and cultured cells (Clarke et al.,
1978; Fincher et al., 1983; van Holst and Clarke, 1986;
Komalavilas et al., 1991; Zhu et al., 1993). In addition,
Y(�-Glc)3 has been used to disrupt the AGP function
in living systems and has provided insight into the
role of AGPs in planta (Serpe and Nothnagel, 1994;
Jauh and Lord, 1996; Willats and Knox, 1996; Langan
and Nothnagel, 1997). For example, Y(�-Glc)3 have
inhibited the proliferation of suspension-cultured
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rose (Rosa spp.) cells, which suggested that AGPs
function in cell division (Serpe and Nothnagel, 1994).
The involvement of AGPs in the phytohormone func-
tion has also been suggested by the observation that
Y(�-Glc)3 inhibited GA-promoted induction of
�-amylase in barley (Hordeum vulgare) aleurone pro-
toplasts (Suzuki et al., 2002). The use of the Yariv
reagent has also indicated that AGPs may play a role
in cell elongation. Y(�-Glc)3 added to carrot
suspension-cultured cells that had been induced to
elongate rather than proliferate resulted in the inhi-
bition of cell elongation (Willats and Knox, 1996).
Y(�-Glc)3 also caused inhibition of the root growth
and bulging of root epidermal cells in Arabidopsis
seedlings (Willats and Knox, 1996; Ding and Zhu,
1997).

Although these approaches represent promising
leads to the function of AGPs, the exact role of these
molecules remains to be ascertained. Cloning of
cDNAs encoding the core polypeptide of various
AGPs has provided additional approaches for ana-
lyzing the function. DNA probes could give more
specific detection of AGP gene expression than anti-
AGP antibodies for AGP detection; therefore, the
tissue specificity of AGP gene expression has been
examined (Mau et al., 1995; Du et al., 1996; Schultz et
al., 2000). This approach has supported the idea that
the expression of AGP is tightly regulated in a tissue-
specific manner. An analysis of transgenic plants pro-
ducing sense or antisense mRNAs for the AGP core
polypeptide has provided an alternative route to de-
termine the AGP function. For example, an AGP
(known as the tobacco [Nicotiana tabacum] stylar
transmitting tissue [TTS] protein) that occurs in TTS
has been implicated in pollen tube growth, based on
an analysis of the growth rate in transgenic plants
that had a reduced level of TTS protein resulting
from either antisense suppression or sense cosup-
pression (Cheung et al., 1995).

This paper describes the cloning and characteriza-
tion of the GA-responsive gene (CsAGP1) from cu-
cumber hypocotyls that encodes a protein core char-
acteristic of AGPs. Here, we discuss the notion that
AGP was involved in stem elongation based on an
analysis of transgenic plants overexpressing CsAGP1
and the inhibitory effect of Y(�-Glc)3 on hypocotyl
elongation in cucumber seedlings.

RESULTS

CsAGP1 from the Cucumber Hypocotyl Encodes a
Classical AGP

The fluorescence differential display method was
used to isolate a cDNA whose transcriptional level
increased in the hypocotyls of cucumber seedlings
within 1 and 3 h after their treatment with GA4. The
908-bp full-length cDNA (GenBank accession no.
AB029092) was cloned, and the gene was designated
as CsAGP1. A BLAST search of the protein databases

identified a number of basic Pro-rich cell wall pro-
teins that had significant similarity to the predicted
amino acid sequence of the CsAGP1 protein. LeAGP1
encoded by cDNA isolated from tomato (Lycopersicon
esculentum; Li and Showalter, 1996) showed the high-
est identity (48%).

The deduced amino acid sequence of CsAGP1 (243
amino acids) is shown in Figure 1. The classical AGPs
are characterized by the presence of three domains:
an N-terminal signal sequence; a domain rich in Pro/
Hyp (hyp), Ala, Ser, and Thr; and a C-terminal GPI
anchor signal sequence. The pSORT program
(http://psort.nibb.ac.jp/) predicted the presence in
the deduced CsAGP1 peptide sequence of a signal
peptide (the cleavage site at Gly-21) and a GPI anchor
signal at the N- and C- terminal ends, respectively.
There was a central region between these two signals
that was rich in Pro (33.5%), Ala (19.8%), and Ser
(16.8%). The C-terminal signal contained a GPI an-
chor attachment site (Ser-218) predicted by the �/�
� 2 rule (Udenfriend and Kodukula, 1995), followed
by a short spacer, a conserved basic amino acid (Lys-
225), and terminated in a hydrophobic transmem-
brane domain. CsAGP1 could be categorized as a
classical AGP based on these domain properties.

CsAGP1 Is Reactive to Y(�-Glc)3 and Recognized by
Anti-AGP Antibodies

AGPs have been defined by their ability to bind
Y(�-Glc)3 (Yariv et al., 1962; Fincher et al., 1983;
Baldwin et al., 1993; Bosch et al., 2001). To confirm
whether the product of CsAGP1 had this AGP-like
property, CsAGP1 was expressed in tobacco under
the control of the cauliflower mosaic virus (CaMV)
35S promoter. The expression of the transgene was
confirmed by a northern-blot analysis with T1 trans-
genic tobacco (data not shown). AGPs in either trans-
genic or wild-type leaf tissue were purified by copre-
cipitation with Y(�-Glc)3 and reverse-phase (RP)-
HPLC, fractionated further by gel permeation
chromatography (GPC), and quantified with a single
radial diffusion assay to monitor the binding capacity
with Y(�-Glc)3. As shown in Figure 2A, the fractions

Figure 1. Deduced amino acid sequence of CsAGP1. The putative
signal peptide and C-terminal transmembrane domain predicted by
pSORT (Prediction of Protein Localization Sites, version 6.4) are
underlined and in italics, respectively. The Pro (P) residues in the
central region between the two hydrophobic regions are shown in
bold type. The potential cleavage site predicted for glycosylphos-
phatidylinositol (GPI) anchoring is shown with an arrowhead. The
conserved Lys basic residue (K) immediately before the C-terminal
transmembrane domain is double underlined.
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from the transgenic tobacco extract showed a prom-
inent Y(�-Glc)3-reactive peak that was clearly larger
than and had a different retention time from that in
wild-type tobacco, indicating that the Y(�-Glc)3-
reactive component eluted in fraction (fr.) numbers
17 to 20 was CsAGP1 produced in tobacco. AGPs in
those fractions could also be detected by immuno-dot
blotting on nitrocellulose with the anti-AGP antibod-
ies, LM2 and JIM13, which are reactive to a wide
range of AGPs (Fig. 2B; Knox et al., 1991; Smallwood
et al., 1996). Fr. numbers 17 to 21 from the transgenic
plant gave darker staining than those from the wild-
type plant, indicating that the CsAGP1 product in
tobacco carried epitopes recognized by these anti-
bodies. Although fr. numbers 17 to 20 showed much
higher reactivity to Y(�-Glc)3 than fr. number 16,
which is likely to have contained intrinsic tobacco
AGPs, immunostaining of fr. number 16 was almost
equal to or even darker than that of fr. numbers 17 to
20. These results indicate that the reactivity of
CsAGP1 to the antibodies was lower than that of
tobacco AGPs.

Expression of CsAGP1 in Cucumber Seedlings

The expression properties of the CsAGP1 gene in
cucumber were studied by a northern-blot analysis.
Total RNA was isolated from cucumber hypocotyls

that had been harvested 1, 3, 6, and 12 h after being
respectively treated with GA4 and indole-3-acetic
acid (IAA). The expression level of CsAGP1 in cu-
cumber hypocotyls was increased not only by GA4
but also by IAA (Fig. 3A). The level of CsAGP1
mRNA was increased within 1 and 3 h (becoming
maximal 3 and 12 h) after the respective treatment
with IAA and GA4.

The expression of CsAGP1 mRNA was detected in
all vegetative tissues of cucumber seedlings, includ-
ing the roots, hypocotyls, shoot apices, and cotyle-
dons. Although the effect of exogenous GA4 on the
mRNA level in the roots could not be detected be-
cause GA4 had been applied to the shoot apices of the
seedlings, the transcriptional level in the hypocotyls
was increased by GA4 (Fig. 3B). These results suggest
that CsAGP1 might have been involved in stem
elongation.

The AGP level in cucumber hypocotyls was com-
pared among the GA4- and IAA-treated and non-
treated seedlings. RP-HPLC gave three Y(�-Glc)3
peaks, one major and two minor ones. The AGP
content in each of these fractions was about 1.5-fold

Figure 2. HPLC profiles of AGPs in wild-type tobacco and transfor-
mants overexpressing CsAGP1. AGPs extracted and purified by Y(�-
Glc)3 precipitation and RP-HPLC were separated by gel permeation
HPLC. AGPs in each fraction were detected by a single radial gel
diffusion assay (A) and dot-blot analysis with the anti-AGP antibod-
ies, LM2 and JIM13 (B).

Figure 3. Effects of GA4 and IAA on the mRNA expression of
CsAGP1. A, Total RNA was isolated from cucumber hypocotyls
harvested after being treated with GA4 (1 �g plant�1) or IAA (10 �g
plant�1) for 1, 3, 6, and 12 h. B, Total RNA was isolated from the
roots, hypocotyls, shoot apices, and cotyledons (harvested 2 h after
being treated with GA4 [1 �g plant�1]). R, Roots; H, hypocotyls; A,
shoot apices; C, cotyledons. Fifteen micrograms of total RNA was
separated on 1% (w/v) agarose gel, and ethidium bromide staining of
ribosomal RNAs (lower panels) was used to confirm the equivalent
loading.
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higher in the GA4- and IAA-treated hypocotyls than
in the control tissue (Fig. 4).

Effect of Y(�-Glc)3 on Cucumber Hypocotyl Elongation

Because CsAGP1 showed some AGP-like charac-
teristics (Figs. 1 and 2), we studied the role of AGP in
cell elongation by determining the effect of the Yariv
reagents on tissues of cucumber seedlings undergo-
ing cell elongation. The root growth was less in seed-
lings grown in a medium containing Y(�-Glc)3 than
in a medium containing Y(�-Gal)3 and less than in
those seedlings that had not been treated (Fig. 5A).
This result was not unexpected, because the inhibi-
tory effect of Y(�-Glc)3 on root elongation has already
been reported (Willats and Knox, 1996; Ding and
Zhu, 1997). In our experiment, we focused on the
possible role of AGP in stem elongation. The Yariv
reagents were applied to shoot apices of GA4- and
IAA-treated cucumber seedlings. Y(�-Glc)3 signifi-
cantly inhibited the elongation of hypocotyls either
non-treated or treated with GA4 or IAA. The inhibi-
tory effect of Y(�-Glc)3 was much more obvious on
the hypocotyl elongation promoted by hormone
treatments. On the other hand, Y(�-Gal)3, which does
not bind AGPs, showed smaller effect than Y(�-Glc)3
(Fig. 5B), indicating that the inhibitory effect of Y(�-
Glc)3 was expressed through disruption of the AGP
function. These results strongly suggest that AGPs
are essential components for stem elongation.

Phenotypes of Transgenic Tobacco
Overexpressing CsAGP1

The biological function of CsAGP1 was examined
by an analysis of transgenic tobacco plants overex-

pressing CsAGP1 under the control of the CaMV 35S
promoter. Ten kanamycin-resistant T0 plants were
obtained and shown to be derived from independent
transformation events by a Southern-blot analysis
(data not shown). At first sight, two lines, 10 and 11,
showed a taller stature than that of wild-type plants,
whereas the other transformed lines (2, 4, 7, and 8)
showed no clear phenotypes. Quantification of the
endogenous level of AGPs showed that only lines 10
and 11 contained a higher amount of AGPs than the
wild type (Fig. 6). These data suggested that the taller
stature of lines 10 and 11 was related to the AGP
content. Thus, lines 10 and 11 were selected for a
detailed analysis of the possible role of CsAGP1 in
stem elongation.

A segregation analysis of T1 generation in these
lines showed a single insertion site for T-DNA, i.e.
kanamycin resistant:kanamycin sensitive � 3:1 with
probabilities above 0.05 (kanamycin resistant:kana-
mycin sensitive � 63:23 and 42:18 for lines 10 and 11,
respectively). The expression of the transgene was
confirmed by a northern-blot analysis (data not
shown). A segregation analysis of the T2 progenies
enabled homozygous lines 10.1 and 11.4 to be se-
lected and used for a phenotypic analysis, including
that of stem elongation.

Lines 10.1 and 11.4 both showed greater shoot elon-
gation than that of the wild-type plant, especially in
the late growth stage (Fig. 7A). Up to 43 d after
germination, no significant difference in plant height
could be detected between the transgenic and wild-
type plants, but the growth difference gradually be-
came clear thereafter. These lines also showed an
early flowering phenotype. The transgenic plants
started opening flowers an average of 7 (line 10.1)
and 9 (line 11.4) d earlier than the control plants
(Table I). The final plant height and node number of
the aerial part including the inflorescence stem were
compared among the transformants and wild-type
plants 80 d after germination when all the plants had
already flowered and stopped growing (Table I). The
transgenic plants showed a taller stature than the
wild-type plants, although they did not have any
significant difference in the node numbers, indicating
that the increased final plant height was due to pro-
moted internodes elongation. This phenotype was
correlated with the increased AGP contents in elon-
gating internodes of transgenic plants (Table I). The
appearance of representatives from the transgenic
lines 63 d after germination is shown with that of a
wild-type plant of the same age in Figure 7B.

As shown in Figure 2A, AGPs were more abundant
in the transgenic leaf tissue than in the wild-type leaf
tissue due to the overexpression of CsAGP1. This
higher AGP level in the stem tissue of transgenic
plants was also confirmed by single radial diffusion.
The amount of total AGPs, including ectopically ex-
pressed CsAGP1 in the transgenic lines (T2 10.1 and
11.4), was 3 times higher than that of the wild-type

Figure 4. Effects of GA4 and IAA on the AGP contents of cucumber
hypocotyls. AGPs were extracted from cucumber hypocotyls that had
been GA, IAA, or mock treated as control. AGPs purified by Y(�-
Glc)3 precipitation were separated by RP-HPLC. AGPs in each frac-
tion were detected by a single radial gel diffusion assay. Vertical bars
represent SEs from two independent experiments.
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plants (Table I). The elution profiles of Y(�-Glc)3-
reactive AGPs on GPC from the transgenic and wild-
type tobacco plants were similar to those from the
leaves shown in Figure 2A (data not shown). These
results suggest that the accumulation of AGPs in the
stem tissue was responsible for the increased stem
growth of the transgenic plants.

DISCUSSION

We cloned CsAGP1 as a GA4-responsive gene from
cucumber hypocotyls. The deduced amino acid se-
quence showed the presence of three domains, an
N-terminal hydrophobic region as a signal peptide
for targeting to endoplasmic reticulum, a central Pro-
rich region, and a C-terminal hydrophobic region. At
the molecular level, AGP core polypeptides can be
classified into “classical” and “nonclassical” forms
(Mau et al., 1995; Du et al., 1996). Classical AGP
sequences generally encode a polypeptide with at

least three distinct domains, an N-terminal signal
sequence, a central Pro/Hyp-rich region and a
C-terminal hydrophobic transmembrane domain
that, in mature AGP, could be replaced by a GPI
anchor (Schultz et al., 1998; Youl et al., 1998; Oxley
and Bacic, 1999; Majewska-Sawka and Nothnagel,
2000). Although the GPI moiety has only been chem-
ically determined from a couple of AGP molecules
(Youl et al., 1998; Oxley and Bacic, 1999; Svetek et al.,
1999), an examination of the protein backbones de-
duced from cDNA clones of putative classical AGPs
shows that GPI anchoring may be a common feature
of this class of AGPs. On the other hand, “nonclassi-
cal” AGPs that have been studied to date do not have
the required features for GPI anchor attachment
(Youl et al., 1998). In the deduced peptide sequence
of CsAGP1, there was a Ser-218-Gly-219-Ala-220 se-
quence before the C-terminal hydrophobic region
that, as a cleavage site for GPI anchoring, fits well

Figure 5. Effects of Yariv reagents on the elon-
gation of cucumber seedlings. A, Four-day-old
seedlings grown on sterile moist filter paper
were transferred on to an agar medium with or
without 50 �M of a Yariv reagent, and the pri-
mary root tips were marked on petri dishes. The
increase in root length was measured 42 h after
the treatment. Vertical bars represent SEs from 10
determinations. B, Hypocotyls of 6-d-old seed-
lings were marked with ink 15 mm below the
cotyledonary node. Cucumber seedlings were
treated with GA4 (1 or 0.1 �g) or IAA (10 or 1
�g), and with or without Yariv reagents (5 �g).
The 15-mm portion of each hypocotyl was mea-
sured 3 d after the treatment. Vertical bars rep-
resent SEs from 50 determinations. The data are
representative of two independent experiments
with similar results.
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with the �/� � 2 rule (Udenfriend and Kodukula,
1995). A Lys-225 was also found as a well-conserved
basic amino acid residue immediately before the pu-
tative transmembrane domain. With these character-
istics, particularly the GPI anchor signal, CsAGP1
could be classified as a “classical” AGP.

In addition to the structural characteristics, AGPs
are often classified by their ability to bind Y(�-Glc)3
(Yariv et al., 1962; Fincher et al., 1983; Baldwin et al.,
1993; Bosch et al., 2001). The observation that Y(�-
Glc)3 bound to the CsAGP1 product in transgenic
tobacco plants (Fig. 2) supports the notion of CsAGP1
being an AGP. We further analyzed the carbohydrate
epitopes of CsAGP1 by using anti-AGP antibodies.
Much of the evidence to date relating to the AGP
function has been based on the use of monoclonal
antibodies that react with carbohydrate epitopes on
AGPs (Knox, 1997; McCabe et al., 1997). We em-
ployed the anti-AGP antibodies, LM2 and JIM13,
which have been extensively used in studies with
cultured cells and root tissues, and have been shown
to have relatively broad spectra for AGP recognition
(Knox et al., 1991; Smallwood et al., 1996). Both LM2
and JIM13 recognized CsAGP1 and other intrinsic
AGPs, which were detected as Y(�-Glc)3-reactive
components in the fractions from HPLC (Fig. 2B),
suggesting that CsAGP1 had AGP epitopes common
to many other AGPs. Taken together, we conclude
from these results that CsAGP1 is a classical AGP.

The northern-blot analysis showed that the tran-
script level of CsAGP1 in cucumber hypocotyls was
increased not only by GA4 but also by IAA. The effect
of auxin on shoot elongation generally appears ear-
lier than that of GA. Cucumber seedlings also have
shown an elongation response more rapidly to IAA

than to GA4 when those phytohormones were ap-
plied in the same manner as that in the northern-
blotting analysis (Chono et al., 1998). As shown in
Figure 3A, the level of CsAGP1 mRNA was increased
within 1 h after the treatment with IAA, and 3 h after
the treatment with GA4. This expression pattern cor-
responds well with the elongation response to those
phytohormones. This suggests that the induction of
CsAGP1 gene expression was not a specific event for
either GA action or IAA action, but was one of the
conditions necessary for stem elongation. Although
the expression of CsAGP1 was observed in other
vegetative tissues, including shoot apices and roots
(Fig. 3B), the GA4 treatment increased the transcrip-
tional level of CsAGP1 only in the hypocotyls where
GA-promoted cell elongation occurred. These ex-
pression properties of the CsAGP1 gene suggest its
involvement in stem elongation.

Figure 7. Phenotypes of transgenic tobacco plants overexpressing
CsAGP1. The phenotypic differences between the wild-type and
transgenic tobacco plants are shown by the growth curve of total
plant height (centimeters; A), and by the appearance of representa-
tive plants 63 d after germination (B). 10.1 and 11.4, Progeny from
independent homozygous transformants; WT, wild-type plant. Ver-
tical bars in A represent SEs from 10 determinations.

Figure 6. AGP contents in wild-type tobacco and transformants over-
expressing CsAGP1. AGPs were extracted from the leaves of wild-
type tobacco (WT) and transformants overexpressing CsAGP1, and
purified by Y(�-Glc)3 precipitation. The amount of total AGPs was
determined by a single radial gel diffusion assay.
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To further investigate the role of CsAGP1 on
growth, we prepared transgenic tobacco overex-
pressing CsAGP1 sense RNA. Those transformants
with a higher content of AGP showed taller stature
with longer internodes and earlier flowering than the
wild-type plants (Fig. 7; Table I). In many cases, it is
true that the ectopic overexpression of specific gene
products causes early flowering, dwarfism, bushy
phenotype, etc., probably as a consequence of stress
responses. In that sense, it is possible that the early
flowering phenotype observed with the CsAGP1
transformants was likewise caused by the stress ef-
fect of CsAGP1 overexpression. On the other hand,
the promotion of shoot elongation is likely to imply
the original function of CsAGP1. The difference in
plant height between the transgenic and wild type
gradually appeared during shoot development and
became clear in the late growth stage, particularly
later than 58 d after germination. This result suggests
that CsAGP1 was not the causal agent for shoot
elongation like phytohormones and their early signal
transmitters, but was a regulator functioning in the
later step of signal transduction arising from phyto-
hormones and resulting in stem elongation, e.g. main-
taining cell wall extensibility in the late growth stage.
This proposal is supported by the result that CsAGP1
gene expression was responsive to both GA4 and IAA.

The idea that AGPs are involved in stem elongation
was supported by the results with the Yariv reagents.
Yariv treatment has indicated that AGPs function in
cell elongation in a range of systems, e.g. Arabidopsis
root elongation (Ding and Zhu, 1997), pollen tube
elongation (Roy et al., 1998), and cultured cell elon-
gation (Willats and Knox, 1996; Vissenberg et al.,
2001). We have shown that Y(�-Glc)3-treated cucum-
ber seedlings exhibited reduced root growth (Fig.
5A). In addition, Y(�-Glc)3 almost completely inhib-
ited the hormone-induced growth of cucumber hy-
pocotyls, whereas Y(�-Gal)3, which does not bind
AGPs, only partially inhibited it (Fig. 5B). It has been
suggested that both the Y(�-Glc)3 and Y(�-Gal)3 re-
agents bind to cellulose and other glucans that serve
to hold the primary cell wall (Triplett and Timpa,
1997). The inhibitory effect of Y(�-Gal)3 on cell elon-

gation could have been due to binding to cellulose
and thereby led to only slight growth inhibition. On
the other hand, the large inhibition of growth caused
by Y(�-Glc)3 could be attributed to disruption of the
AGP function. This indicates the functional signifi-
cance of AGPs in cucumber stem growth.

Similar results were obtained with rice (Oryza sa-
tiva) seedlings and adzuki bean (Vigna angularis) epi-
cotyl segments (data not shown). It has been shown
recently that IAA-promoted elongation of cucumber
hypocotyl segments was inhibited by a Y(�-Glc)3
treatment (Darley et al., 2001), the inhibitory effect
being greater than that observed in our experiment
with intact seedlings. We applied Y(�-Glc)3 to only
the apical buds, whereas the segments were being
incubated in a solution containing Y(�-Glc)3, and this
difference in results might have been due to the
accessibility of the reagent to those AGPs important
for cell elongation. Our results, together with those of
Darley et al. (2001), support the idea that AGPs are
not specifically involved in either GA or auxin func-
tions, but are involved in stem elongation that is
cooperatively regulated by these phytohormones and
other factors.

Cell elongation is mainly caused by turgor pres-
sure, and fine control is provided by regulating loos-
ening of the cell wall (Pritchard, 1994). Several stud-
ies have suggested that AGPs could be involved in
cell expansion growth as a cell wall-loosening factor.
Schopfer (1990) has suggested that AGPs may func-
tion as lubricating agents in cellulose microfibrils of
the cell wall of maize (Zea mays) coleoptiles. Tobacco
cells adapted to NaCl had lower levels of AGPs, and
their walls were less extensible than those of un-
adapted cells (Zhu et al., 1993). Gao and Showalter
(1999) have reported that binding of the Y(�-Glc)3
reagent to AGPs led to the aggregation of AGPs,
which disrupted the normal interactions with other
cell surface components. On the other hand, it is also
critical for cell elongation to synthesize the cell wall
components in a controlled manner. Previous reports
have shown that AGPs were involved in cell wall
assembly (Kieliszewski and Lamport, 1994; Roy et al.,
1998). A recent report has provided direct evidence
that Y(�-Glc)3 inhibited cellulose deposition on the
protoplasts of cultured tobacco cells (Vissenberg et
al., 2001), and they also showed that the reagent
inhibited the elongation of these cells. Because the
direction of expansion is controlled by the orientation
of cellulose microfibrils, which itself is controlled by
the alignment of cortical microtubules, AGPs might
act on the linkage between these microtubules and
cellulose microfibrils. Because GA and auxin are the
major stimuli to control microtubule alignment,
AGPs may also play a role in stem tissues for stabi-
lizing the microtubules or for cellulose synthesis after
the microtubule alignment.

An examination of the effect of Y(�-Glc)3 on the
alignment of microtubules and on the synthesis of

Table I. Phenotypes and AGP contents of transgenic tobacco
plants (lines 10.1 and 11.4) overexpressing CsAGP1

Final plant height and node no. of aerial part including the inflo-
rescence stem were measured at 80 d after germination. Each value
is the mean of 10 replicates � SE. 10.1 and 11.4, Progeny from
independent homozygous transformants; WT, wild-type plant.

Line
Final Plant

Height
No. of
Nodes

Flower
Opening

Time

AGP Contents in
Internodes

cm d after ger-
mination

�g of gum arabic
eq. g fresh wt�1

WT 53.0 � 0.9 13.8 � 0.1 64.5 � 1.2 38
10.1 61.7 � 1.0 13.5 � 0.2 57.5 � 1.2 126
11.4 61.9 � 0.5 13.3 � 0.2 55.8 � 1.3 120
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cellulose microfibrils will provide information on the
possible mechanism of AGPs for stem elongation. A
biophysical analysis of cell wall extensibility is also
important, and an analysis of AGP mutants will be
extremely useful for these studies to address the
function of any specific AGP molecule.

MATERALS AND METHODS

Plant Materials

Cucumber (Cucumis sativus L. Spacemaster 80) seeds were sown and
grown in vermiculite for 6 d at 25°C under continuous white light (approx-
imately 3.2 W m�2). The 6-d-old seedlings were used for FDD, northern-
blot, and AGP analyses after being treated with GA4, IAA, and/or the Yariv
reagents as described in the subsequent sections.

Tobacco (Nicotiana tabacum cv Petit Havana SR1) seeds were cultured on
a Murashige and Skoog medium, and leaf sections isolated from 3-week-old
plants were used for the transformation experiment. Leaf tissues and stem
segments were harvested from 72-d-old plants for the AGP analysis.

Isolation and Cloning of CsAGP1

The GA-responsive gene, CsAGP1, was isolated by the FDD method with
an FDD kit (Takara, Tokyo) according to the manufacturer’s specifications.
Poly(A�) RNA was prepared from cucumber hypocotyls 1 or 3 h after their
treatment with either 1 �g of GA4 in 50% (v/v) acetone or a mock solution
on the shoot apices of 6-d-old seedlings. Reverse transcription of mRNA was
carried out by using nine anchor primers (T15V: mixture of A, C, and G). The
single-stranded cDNA mixture was used as a template to perform PCR with
nine fluorescein-labeled primers and 24 different 10-mer arbitrary primers.
A fragment of CsAGP1 was amplified with 5�-T15AC-3� as an anchor primer
and 5�-GATCCAGTAC-3� as a 10-mer arbitrary primer. 5�-RACE and 3�-
RACE were performed with a Marathon cDNA amplification kit (CLON-
TECH Laboratories, Palo Alto, CA) to determine the sequence of full-length
CsAGP1 (DSQ-1000L, Shimadzu, Kyoto). Full-length CsAGP1 was cloned by
PCR with the 5�-CTAGCAAGAAGAAGTCAAA GAAGCAC-3� and 5�-
CTAAAAGATGATGCTGACGGCGAC-3� primers, and subcloned into the
pGEM-T plasmid to give pGEM-CsAGP1 (Promega, Madison, WI).

Transformation of Tobacco

The pGEM-CsAGP1 was digested with EcoRI, and the insert cDNA was
cloned in sense orientation into the EcoRI site of the binary vector, pBI-PL,
which had been constructed based on the pBI vector (Jefferson et al., 1987)
to contain a polylinker site. Details of the vector construction will be
published elsewhere, and are available from the corresponding author. The
resulting plasmid, pBI-CsAGP1, contained the transformation marker gene,
nptII, and the coding sequence of CsAGP1 under the control of the CaMV
35S promoter. pBI-CsAGP1 was transferred from Escherichia coli to Agrobac-
terium tumefaciens strain GV3010 (pMP90) by the triparental method (Koncz
and Schell, 1986). Transformation was performed with the A. tumefaciens
-mediated leaf disc method (Horsch et al., 1985), the transformed plants
being selected on a Murashige and Skoog medium supplemented with 0.2%
(w/v) gellan gum (Wako Pure Chemicals, Osaka), 1 mg L�1 of N6-
benzylaminopurine, 0.1 mg L�1 of 1-naphthaleneacetic acid, 100 mg L�1 of
kanamycin (Meiji Seika, Tokyo), and 500 mg L�1 of claforan (Hoechst,
Frankfurt). Shoots that were regenerated on the selective medium were
transferred to vermiculite after roots had formed. The progeny from each
transgenic line was obtained by self-fertilization. The plants were then
grown under continuous fluorescent light at 25°C.

Northern-Blot Analysis

One microgram of GA4 or 10 �g of IAA in 10 �L of 50% (v/v) acetone or
the mock solution were applied to the shoot apices of 6-d-old seedlings.
Total RNA was extracted from each plant material by the phenol-SDS
method as described by Ausubel et al. (1995). Fifty micrograms of RNA per
sample was analyzed by the standard blotting technique (Sambrook et al.,

1989). Full-length cDNA of CsAGP1 was labeled with 32P and used as a
hybridization probe. After hybridization, the membranes were washed in
0.1� SSC containing 0.1% (w/v) SDS at 65°C. Radioactive signals were
detected with a BAS 2000II radio-imaging analyzer (Fujix, Tokyo).

Extraction and Partial Purification of AGPs

AGPs were purified according to the method described by Schultz et al.
(2000) with a slight modification. AGP was extracted from 1 g of the leaf or
stem tissue of transgenic or wild-type tobacco plants. For cucumber AGP,
1 g of 10-mm-long hypocotyl segments below the cotyledonary node was
harvested 12 h after being treated with GA4, the IAA solution, and the mock
solution, respectively, as described for the northern-blot analysis.

The plant material was homogenized in liquid nitrogen and added to 1.5
mL of an extraction buffer (50 mm Tris-HCl [pH 8.0], 10 mm EDTA, 0.1%
[v/v] �-mercaptoethanol, and 1% [w/v] Triton X-100). Each sample was
incubated at 4°C for 3 h and then centrifuged at 14,000g for 10 min. The
resulting supernatant was mixed with 5 volumes of ethanol and incubated
overnight at 4°C. A precipitate was recovered by centrifugation at 14,000g
for 10 min. The resulting pellet was resuspended in 1 mL of 50 mm Tris-HCl
(pH 8.0) and then centrifuged at 14,000g for 10 min. After this centrifugation,
the supernatant was transferred to a 2-mL tube. The residue was re-
suspended in 0.8 mL of the same buffer. After centrifugation, the resulting
supernatant was combined with the first extract, and Y(�-Glc)3 and NaCl,
respectively, were added to 1 mm and 1% (w/v). After an overnight incu-
bation at 4°C, the Y(�-Glc)3-AGP complex was collected by centrifugation at
14,000g for 1 h. The pellet was washed three times with 1% (w/v) NaCl and
twice in methanol before being dried at room temperature. The pellet was
then dissolved in a minimum volume of dimethyl sulfoxide, and appropri-
ate amounts of solid sodium dithionate and water were added to give a clear
pale-yellow solution. The protein fraction was obtained with an NAP-10
column (Amersham-Pharmacia Biotech, Uppsala) and then concentrated in
vacuo. The concentration of AGP was determined with a single radial gel
diffusion assay (van Holst and Clarke, 1985).

HPLC

RP-HPLC was performed with an R-type column (Pegasil-300 C8, 4.6 �
150 mm, Senshu Scientific, Tokyo). The AGP extract (50 �L) was loaded into
the column, which had been equilibrated previously with 0.1% (v/v) trif-
luoroacetic acid (TFA). The column was eluted by a three-step linear gra-
dient: from 0 to 30 min to 0.1% (v/v) TFA in 10% (v/v) acetonitrile, from 30
to 40 min to 0.1% (v/v) TFA in 30% (v/v) acetonitrile, and from 40 to 72 min
to 0.1% (v/v) TFA in 100% (v/v) acetonitrile at a flow rate of 1 mL min�1.

Tobacco AGPs that had been purified by RP-HPLC were fractionated by
GPC in a Shodex Protein KW-803 column (8 � 300 mm, Showa Denko,
Tokyo). The column was eluted with 0.1 m NaCl in 20 mm Tris-HCl (pH 8.0)
at a flow rate of 0.5 mL min�1. The AGP fractions were quantified by a
single radial gel diffusion assay (van Holst and Clarke, 1985).

Immuno-Dot Blotting

The procedure for immuno-dot blotting followed the method of Small-
wood et al. (1996). A sample was adjusted to 2 �g L�1 of protein and spotted
on to a nitrocellulose membrane (Trans blot transfer medium, 0.45 �m,
Bio-Rad Laboratories, Hercules, CA). The nitrocellulose membrane blot was
blocked with 5% (w/v) milk protein in phosphate-buffered saline (PBS; pH
7.3) for 1 h at room temperature. The membrane was then washed with PBS
and incubated with either LM2 or JIM13 (Knox et al., 1991; Smallwood et al.,
1996), respectively, diluted 1:100 (v/v) in PBS for 1 h at room temperature.
After washing in PBS, the membrane was incubated with an anti-rat IgM-
HRP conjugate (Cappel Products, Durham, NC) diluted 1:500 (v/v) in PBS
for 1 h at room temperature. The membrane was then washed with PBS and
incubated in the substrate solution (0.2 mg mL�1 of 3,3-diamino benzidine
tetrahydrochloride in 50 mm Tris-HCl [pH 7.4] containing 0.03% [v/v]
hydrogen peroxide).

Cucumber Bioassay

The cucumber hypocotyl bioassay followed the method of Katsumi et al.
(1965) with a small modification. Cucumber seedlings were grown in ver-
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miculite under continuous white light at 25°C. The hypocotyls of 6-d-old
seedlings were marked with ink 15 mm below the cotyledonary node. The
Yariv regents dissolved in water (10 �L per plant) or distilled water alone
were applied to the shoot apices of the seedlings. A solution of GA4 or IAA
in 50% (v/v) aqueous acetone (10 �L per plant) was then likewise applied.
Seedlings treated with 50% (v/v) aqueous acetone (10 �L per plant) were
used as controls. The length of the marked region was measured 3 d after
the treatment.

To evaluate the effect of the Yariv reagents on root growth, cucumber
seeds were surface sterilized and sown on sterile moist filter paper. Four-
day-old seedlings were transferred to 0.8% (w/v) agar with or without 50
�m of a Yariv reagent, and the primary root tips were marked on petri
dishes, which were placed vertically. The increase in root length was mea-
sured 42 h after the treatment.

Yariv Reagents

(�-Glc)3Y [1,3,5-tri-(p-�-d-glucosyloxyphenylazo)-2,4,6-trihydroxybenzene]
and (�-Gal)3Y [1,3,5-tri-(p-�-d-galactosyloxyphenylazo)-2, 4, 6-trihydroxy-
benzene] were synthesized according to the method of Yariv et al. (1962) by
the respective diazo-coupling reaction of phloroglucinol with p-amino-
phenyl �-d-glucoside and p-aminophenyl �-d-galactoside. These com-
pounds dissolved in dimethyl sulfoxide were stored at �20°C as stock
solutions.
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