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Ultrastructures of the Leaves of Cucumber Plants Treated with DL-3-
Aminobutyric Acid at the Vascular Bundle and the Penetration Sites after
Inoculation with Colletotrichum orbiculare
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Pre-treatment with DL-3-aminobutyric acid (BABA) in
the cucumber plants caused the decrease of disease
severity after inoculation with anthracnose pathogen
Colletotrichum orbiculare. In this stody, ultrastructures
of the vascular bundle and the infection structures in
the leaves of BABA-treated as well as untreated
cucumber plants were observed after inoculation with
the anthracnose pathogen by electron microscopy. The
ultrastructures of vascular bundle in the leaves of
BABA-treated plants were similar to those of the
untreated plants except plasmodesmata. In the BABA-
treated plants, the plasmodesmata were more numerous
than in the untreated plants, suggesting that the BABA
treatment may cause the active transfer of metabolites
through the vascular bundle. In the leaves of untreated
plants, the fungal hyphae were spread widely in the
plant tissues at 5 days after pathogen inoculation. Most
cellular organelles in the hyphae were intact, indicating
a compatible interaction between the plant and the
parasite. In contrast, in the leaves of BABA pre-treated
plants the growth of most hyphae was restricted to the
epidermal cell layer at 5 days after inoculation. Most
hyphal cytoplasm and nucleoplasm was electron dense
or the intracellular organelles were degenerated. The
cell walls of some plant cells became thick at the site
adjacent to the intercellular hyphae, indicating a
mechanical defense reaction of the plant cells against
the fungal attack. Furthermore, hypersensitive reaction
(HR) of the epidermal cells was often observed, in which
the intracellular hyphae were degenerated. Based on
these results it is suggested that BABA causes the
enhancement of defense mechanisms in the cucumber
plants such as cell wall apposition or HR against the
invasion of C. orbiculare.
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The systemic acquired resistance (SAR) can be triggered in
plants by inoculation with necrosis forming pathogens or
with nature originated chemicals (Sticher et al., 1997). SAR
is effective simultanecusly against a broad spectrum of
plant diseases caused by fungi, bacteria, and viruses
(Sticher et al., 1997). Because of this benefit, application of
SAR in crop cultivation has been regarded as one of the
new strategies for plant protection (Kuc, 1995). Especially,
using SAR is important to protect the diseases caused by
viruses because there is no chemical effective directly to
viruses, yet. Actually, effective SAR has been reported in
many cases of host-parasite interactions until now (Sticher
et al., 1997). Moreover, some of activators inducing SAR
such as benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl
ester (BTH; Bion®) have been commercially developed and
applied to the field in Europe (Gérlach et al., 1996).

It has been tried to illustrate the signal pathway of SAR
during the recent decade and some part of the pathway were
explained through the experiments using various activators
inducing SAR (Malamy et al., 1990; Vernooij et al., 1994;
Friedrich et al., 1996). Accumulation of endogenous salicylic
acid (SA) is necessary to express SAR by pre-inoculation
with a biotic inducer such as plant pathogen (Malamy et al.,
1990). It has been well revealed by the experiment using
the NahG plant (Gaffney et al., 1993). This is a transgenic
plant in which SA is converted to catechol resulting in no
accumulation of SA. In the NahG plants SAR was not
triggered even by the pre-inoculation of plant pathogens
forming necrosis. However, SAR can be also triggered
without accumulation of SA in the plants pre-treated with
the chemical activators such as 2,6-dichloro-isonicotinic
acid (INA) or BTH (Friedrich et al., 1996; Lawton et al.,
1996). This means that INA or BTH play a role in the
downstream of SA in the signal pathway of SAR (Sticher et
al., 1997).

DL-3-aminobutyric acid (BABA) is well known as one
of the chemical activators inducing resistance against
several plant pathogens (Cohen, 2002). It has previously
been shown that pre-treatment with BABA in the cucumber
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plants caused the decrease of disease severity after inoculation
with anthracnose pathogen Colletotrichum orbiculare (Jeun
et al., 2001). Also, the increase of salicylic acid (SA) level
in the leaves of BABA-treated tomato or tobacco plants
was reported (Jeun et al., 2000; Siegrist et al., 2000).
However, the signal pathway of resistance mediated by
BABA is not yet clearly illustrated.

Using the fluorescent microscope it was shown that either
germination rate or appressorium formation of the C.
orbiculare was dramatically reduced on the leaf surface of
the plants pre-treated with BABA compared with those of
untreated plants after the fungal inoculation (Jeun et al.,
2001). The suppression of fungal growth on the surface of
the leaves may result in the resistance expression of the
BABA-treated plants (Jeun et al., 2001). However, to
express resistance in the plants more resistance mechanism
may be involved in symplast such as accumulation of
phenolic compounds, phytoalexin, pathogenesis-related
proteins and lignification of cell walls (Park and Kloepper,
2000; Siegrist et al., 1994; Hwang et al., 1997).

In the present studies, the ultrastructures of the vascular
bundle in the leaves of untreated as well as BABA-treated
cucumber plants before fungal infection were examined by
electron microscopy. In order to explain the resistance
mechanisms in symplast, the ultra-structures of the infection
structures at the penetration sites were observed in the
cucumber leaves expressing systemic acquired resistance
(SAR) by BABA treatment as well as in the leaves of
untreated plants after inoculation with the anthracnose
pathogen.

Materials and Methods

Plant and pathogen. Cucumber seeds (Cucumis sativus L. cv.
Eun Sung) were sown in plastic pots (10 cm in diameter) filled
with commercial soil (TKS-2°, Floragard, Germany) containing
10% of petlite (Parat). Cucumber seedlings were grown in a
greenhouse at 28°C at daytime and 25°C at night. Plants were
watered once daily with about 30 ml per plant and fertilized once
a week with 1% Wuxal super® (N:P:K, 12:4:6; Aglukon,
Duesseldorf, Germany).

Anthracnose pathogen, Colletotrichum orbiculare, was incu-
bated on green beans agar medium at 28°C for 5 days. Ten ml of
distilled water was poured in the fungal culture and then fungal
conidia were harvested by using a brush. The conidial concen-
tration was adjusted to 2.5 x 10° conidia/ml. This conidial sus-
pension with 100 ul/L Silwet L-77, which enhances the adhesion
of conidia on leaf surface, was used as inoculum for challenge
inoculation on cucumber leaves.

Treatment with BABA, challenge inoculation and disease
assessment. Thirty ml of DL-3-aminobutyric acid (BABA, 10
mM) solution was soil-drenched per plant 3 days before challenge
inoculation with C. orbiculare. Water treated plants were used as

control.

The conidial suspension of C. orbiculare (2.5 x 10° conidia/
ml) was sprayed on the aerial cucumber leaves 3 days after the
treatment with BABA solution. The plants inoculated with the
conidial suspension of the fungus were kept in a humid chamber
of 100% RH for 24 h and transferred to the greenhouse at 28°C
during the day and 25°C at night and with 60% humidity. The
number of anthracnose lesions on the inoculated leaves was
counted 7 days after challenge inoculation by visual observation.
Tissue processing for electron microscopy. First leaves of
plants treated with BABA as well as the corresponding leaves of
control plants were detached 5 days after the challenge
inoculation with C. orbiculare, respectively. Infected leaf areas
with necrotic lesions were cut (1 x 3 mm?) using a razor blade.
Fixation, dehydration and embedding of the leaf materials were
performed according to Hayat (1989). The leaf sections were
fixed in 2%(v/v) glutaraldehyde in 0.05 M phosphate buffer, pH
7.2, for 2 h. Post fixation was performed in 2%(w/v) osmium
tetroxide in the phosphate buffer for 2 h at room temperature and
dehydrated through an alcohol series (30, 50, 70, 90 and 100%
every two times for 30 min., respectively). Then the samples were
embedded in an epoxy resin (vinylcyclohexene dioxide, ERL
4206) (Spurr, 1969) and polymerized at 70°C for 8 h.

The embedded block was further ultra-thin sectioned (60 nm)

using an ultramicrotome (MTX, RMC). The sections were
mounted on copper grids. For enhancement of contrast, the sec-
tions were stained with 2%(w/v) uranyl acetate in H,O and lead
citrate according to Reynolds (1963). The ultrastructures of the
plant tissues were examined using a transmission electron micro-
scope (TEM; JEM1010, JEOL) at 80 kV.
Image processing. The TEM images were read by 25 um-pixel-
size digital imaging plates (IP) and delivered by an IP reader
(Fujifilm FDL 5000). The digital image data were transferred to a
computer and printed out by a photographic-grade printer
(Pictrography 3000).
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Fig. 1. Reduction of lesion numbers on the leaves of cucumber
plants pre-treated with DL-3-aminobutyric acid 7 days after
inoculation with C. orbiculare. The vertical bars indicate the
standard deviations of the three separated experiments each
containing 6 plants per treatment.

*#gignificant at the 0.1% probability level by T-test



Ultrastructures of the Leaves of Cucumber Plants Treated with DL-3-Aminobutyric Acid 87

Results

The pre-treatment with BABA in the cucumber plants
caused the decrease of disease severity after inoculation
with anthracnose pathogen Colletotrichum orbiculare (Fig.
1). The number of lesions on a leaf was only about 20 in
BABA pre-treated plants, whereas approximately 120 in

untreated plants. The result indicated a significant reduction
of the disease severity by the treatment of BABA.

The vascular bundle of the leaves of untreated plants
consisted of the tracheary elements of xylem, sieve
elements and companion cells (Fig. 2A). The companion
cell contained the numerous large mitochondria and the
abundant small vacuoles (Fig. 2A). Only a few plasmo-

Fig. 2. Electron microscopical observations of the leaf vascular bundle in untreated cucumber plant. A: The vascular bundle consists of
parenchyma cell, companion cell, sieve element, and xylem. B: Only a few plasmodesmata were found. All bars = 1 pm (cc, companion
cell; m, mitochondria; pc, parenchyma cell; pd, plasmodesmata; se, sieve element; v, vacuole; x, xylem).

Fig. 3. Electron microscopical observations of the leaf vascular bundle in BABA pre-treated cucumber plant. A and B: Between the
companion and parenchyma cell the plamodesmata were well developed. The square box of upper right is higher magnification of the
squared region. € and D: Abundant particles were found in the companion cell (double arrows). All bars = 1 um (cc, companion cell; pc,

parenchyma cell; pd, plasmodesmata; se, sieve element; x, xylem).
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Fig. 4. Electron microscopical observations of the infected leaves in untreated cucumber plants at 5 days after inoculation with
Colletotrichum orbiculare. A: In the intercellular hypha, the cell organelles can be well recognized. B: The intracellular hypha was not
degenerated. C: The fungal hyphae were found in the parenchyma cell and xylem vessel. I0: Some mesophyll cells were not degenerated
after the invasion of the fungal hyphae. All bars = 1 ym (h, intercelluar hypha; ih, ntracellular hypha; is, intercellular space; m, mesophyli

cell; pe, parenchyma cell; x, xylem).

desmata, through which the photosynthate is transferred,
were observed (Fig. 2B). The ultrastructures of vascular
bundle in the leaves of BABA-treated plants were similar to
those of the untreated plants except the plasmodesmara. In
the BABA-wreated plants the plasmodesmata were more
frequently formed compared to those of untreated plants
(Fig. 3A and 3B). Also, numerous particles were observed
m the companion cells (Fig. 3C and 3D, arrows), which
were not found in the untreated plants.

In the leaves of untreated plants the fungal hyphae were
found through out leaf tissues; e.g. in the epidermal,
palisade and spongy parenchyma, bundle sheath cells and
intercellular spaces at S days after inoculation (Fig. 44, B,
C, D). Most organelles in the hyphae as well as the plant
cells were apparent and not degenerated (Fig. 4B, C, D),
indicating a compatible interaction between the plant and
the parasite.

In contrast to the untreated plants, in the leaves of BABA
pre-treated plants most hyphal growth was restricted to the
epidermal cell layer at 5 days after the fungal inoculation
{Fig. 5C, D, E). The fangal hyphae were mostly electron

dense (Fig. 5A, B, C, D) and cellular organelles of some
intracetlular hyphae were degenerated (Fig. 5E). Some
plant cell adjacent to the intercellular hyphae became
thickened (Fig. 5A and B), indicating an active defense
reaction of the plant cells against the fungal attack. The
organelles of some infected plant cells were rapidly
destroyed (Fig. 5C and F) and sometimes a number of
vesicles were formed at the penetration site (Fig. 3D).
Furthermore, hypersensitive reaction (HR) of the epidermal
cells was often observed in which the intracellular hypha
was also degenerated {Fig. 5E), indicating the plant cell
react actively against the attack of the fungal hyphae.

Discussion

The systemic acquired resistance (SAR) by BABA has
been well known in many host-parasite inferactions includ-
ing cucomber-anthracnose (Cohen, 2002). However, the
SAR mechanism by BABA is not clearly demonstrated yet.
To illustrate the resistance mechanism mediated by BABA
in cucumber plants, the cytological study was carried out
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Fig. 5. Electron microscopical observations of the infected leaves in the cucumber plants pre-treated with BABA at 5 days after
inoculation with C. orbiculare. A: The cell wall of the mesophyll cell was thickened against the attack of the fungal hypha (arrow). B: An
aggregate was formed from the mesophyll cell adjacent to the fungal hypha (arrow). C: The intracellular hypha was electron dense and
the organelles of the host cell were degenerated (arrow). D: Abundant vesicles were found at the penetration site (arrows). E: The
epidermal cell died rapidly in which intracellular hypha was degenerated. F: The cytoplasm of host cell was degenerated after invasion of
the fungal hypha (arrow). All bars = 1 um (e, epidermal cell; h, intercelluar hypha; ih, intracellular hypha; is, intercellular space; m,

mesophyll cell).

using an electron microscopy.

Unlike to other chemical inducers INA or BTH, BABA
caused the accumulation of SA in tobacco plants before
challenge inoculation with anthracnose pathogen (Sigriest
et al., 2000). It is well known that SA accumulation is
necessary for expression of SAR by biotic inducers such as
plant pathogens forming necrosis (Sticher, et al., 1997).
This indicates that BABA induces resistance in the plants
through the signal pathway, which is different from that by
other chemicals (Cohen, 2002). From the phenomenon of

the SA accumulation by BABA treatment it is suggested
that the active physiological changes occurred in the
cucumber plants from which abundant metabolites including
SA excluded out (Cohen, 2002). Perhaps, these metabolites
such as SA might be concerned with the expression of SAR
against the anthracnose pathogen.

This study revealed that the treatment with BABA caused
the development of plasmodesmata in the vascular system
(Fig. 3A and B). Moreover, the abundant particles between
the companion cells and the parenchyma cells were observed
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(Fig. 3C and D). These results lead to the suggestion that
the physiological changes by BABA might be involved
with development of vascular bundle so that abundant
metabolite including SA can be actively transferred.

The previous study using a fluorescence microscope
revealed that on the leaf surface of cucumber plants pre-
treated with BABA either germination rate or appressorium
formation of the anthracnose pathogen was dramatically
reduced after challenge inoculation (Jeun et al., 2001).
Similar results were observed on the leaf surfaces of
cucumber plants pre-treated with aimino salicylic acid (Jeun
et al., 2001). These observations indicated that the SAR
might be expressed on the leaf surface before the fungal
attack into the leaf tissues.

On the other hand, the SAR seems to be also expressed in
the leaf tissues by the treatment with BABA (Fig. 5). It was
revealed that in the leaves of BABA pre-treated cucumber
plants the fungal growth were restricted to epidermal cell
layer (Fig. 5C, D, E) whereas the fungal hyphae grew
extensively in the leaves of the untreated plants (Fig. 4B, C,
D). In the mesophyll cells of BABA pre-treated plants rapid
cytoplasmic degeneration (Fig. 5SF) and the formation of the
numerous vesicles were found in the epidermal cell (Fig.
5D). The hypersensitive reaction of the plant cell or the
accumulation of vesicles at the penetration sites is well
known as an incompatible reaction (Hohl and Suter, 1976).
Moreover, cell wall apposition of the plant at the penetration
sites were often observed in the BABA pre-treated plants
(Fig. 5A and B) in which the attack of fungal hyphae into
the plant cells might be mechanically inhibited.

Besides, most of fungal hyphae detected in the BABA
treated plants were electron dense (Fig. SA-F), indicating
the environment of the BABA treated plant may not
compatible for the survival of the anthracnose pathogen.
The hyphae showing electron dense were rarely observed in
the untreated plant cells (Fig. 4A-D). Based on these
observations it is suggested that BABA caused the enhan-
cement of defense mechanisms in the cucumber plants such
as cell wall apposition or hypersensitive reaction (HR)
against the invasion of C. orbiculare.

In summary, this study revealed that the treatment of
BABA to the cucumber plants may cause the ultrastructural
change of the vascular bundle and that the SAR mediated
by BABA in the cucumber plants may be expressed not
only by the biochemical resistance mechanisms such as an
accumulation of SA (Zimmerli et al., 2000), pathogenesis
related proteins (PR-proteins) (Hwang et al., 1997; Jeun and
Buchenauer, 2001), phytoalexin (Siegrist and Muhlenbeck,
2002), reactive oxygen species (Park et al., 1998), etc., but
also by the structural defense responses such as cell well
apposition at the penetration sites and HR.
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