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Summary. Azoxystrobin at concentrations of 0.25, 0.5 and 1.0 m11?, mancozeb at 2 g1 and Pseudomonas fluorescens
at 10 g I'* were evaluated in cucumber for their efficacy in inducing defense enzymes against Pseudoperonospora
cubensis and Erysiphe cichoracearum. The activity of the defense enzymes peroxidase (PO), polyphenol oxidase
(PPO), phenylalanine ammonia lyase (PAL), B-1,3-glucanase, chitinase, catalase and defense-inducing chemicals
(total phenols) increased in the azoxystrobin and P. fluorescens treated cucumber plants. Increased expression of
specific isoforms of PO and PPO was observed due to induced systemic resistance (ISR).
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Introduction

Cucumber (Cucumis sativus L.), a popular fresh
market vegetable prepared as salads, is cultivated
throughout India. The total area under cucumber
cultivation in India is around 0.02 million ha and
production is 0.12 million tonnes (Anonymous, 2004).
The major constraints to cucumber production in In-
dia are downy mildew and powdery mildew caused
by Pseudoperonospora cubensis DC and Erysiphe
cichoracearum DC, respectively. Protective spray
schedules require frequent application of fungicides
as the disease cycle is completed in 3-7 days, and
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several quick cycles cause widespread infection
within a short period. In addition, the continual use
of systemic fungicides such as fenarimol, triadime-
fon and buprimate to control these diseases has led
to the development of tolerant strains (Gupta and
Shyam, 1996). Frequent sprays of copper containing
Bordeaux mixture, copper oxychloride and certain
other groups of fungicides are required to check the
diseases, and this increases the cost of cultivation,
besides posing residue problems.

Induced resistance to fungicides encourages
the search for an alternative approach to plant
protection (Schoenbeck, 1996). Induced systemic
resistance (ISR) by definition refers to protecting
plants systemically by enhancing the plant’s de-
fensive capacity against a broad spectrum of pa-
thogens. The induction of systemic resistance to

259



T. Anand et al.

various diseases by chemicals and plant-growth
promoting rhizobacteria (PGPR) is a highly be-
neficial approach in crop protection. ISR differs
fundamentally from other mechanisms. First, it is
based on defense mechanisms that are activated by
the inducing agents. Secondly, once it is expressed,
ISR activates multiple potential defense mechanisms
that include the increased activity of chitinases, B-
1,3-glucanases and peroxidases (POs) (Maurhofer et
al., 1994; Schneider and Ullrich, 1994; Dalisay and
Kuc, 1995; Xue et al., 1998). Thirdly, an important
aspect of ISR is that a wide spectrum of pathogens
can be controlled by a single inducing agent (Dean
and Kuc, 1985; Hoffland et al., 1996; Wei et al.,
1996). Thus ISR appears to be the result of several
mechanisms which together are effective against
wide range of fungal, bacterial and viral pathogens.
Induced responses and induced resistance have been
well documented and have been found in many plant
taxa (Karban and Baldwin, 1997).

Systemic resistance mechanisms are induced in
crop plants by treatment with chemical inducers,
such as isonicotinic acid (INA), benzothiadiazole
(BTH), probenazole and salicylic acid (SA) (Kes-
sman et al., 1994; Gorlach et al., 1996; Pieterse et al.,
1998; De Meyer et al., 1999; Sakamoto et al., 1999).
In leaves treated with probenazole and inoculated
with Pyricularia oryzae Cav., the activity of PO,
PPO, PAL, tyrosine ammonialyase and catechol-o-
methyl transferase was higher than in the untrea-
ted and/or inoculated leaves. This indicated that the
disease controlling mechanism of probenazole was
due to a host-mediated defense reaction (Hewitt,
1998). The objective of the present study was to
employ azoxystrobin and Pseudomonas fluorescens
to induce various defense-related genes encoding
proteins implicated in strengthening the plant cell
walls in response to infection by P. cubensis and E.
cichoracearum.

Materials and methods

Azoxystrobin at concentrations of 0.25, 0.5 and
1.0 ml 1%, P. fluorescens at 10 g I"' and mancozeb
at 2 g 1I'* were used to induce a defense reaction in
cucumber plants in pot culture. Cucumber seeds
(2 seeds per pot) were sown in earthen pots fil-
led with sterilized potting soil. Thirty days after
sowing, one set of cucumber plants was treated
with either azoxystrobin at the three different
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concentrations, or P. fluorescens or mancozeb.
One day after treatment, one part of these treated
plants was challenge-inoculated with P. cubensis
and E. cichoracearum (conidial suspension) while
the remaining part was not challenged. Plants nei-
ther treated with the chemicals or P. fluorescens,
nor challenged with the pathogens, were kept as
control. Three replications were maintained for
each treatment, each replicate consisting of six
pots. The experiments were conducted using a
randomized block design on a greenhouse bench.
The humidity in the greenhouse was maintained at
around RH 80%. The temperature was adjusted to
26°C (day) and 20°C (night). Leaves from sprayed
and unsprayed plants were collected after 0, 1, 2,
3, 4 and 5 days.

Enzyme extraction

Leaf tissues collected from the plants were im-
mediately homogenized with liquid nitrogen. One
gram of powdered sample was extracted with 2 ml
of sodium phosphate buffer, 0.1 M (pH 7.0) at 4°C.
The homogenate was centrifuged at 4°C for 20 min
at 4000 xg Protein extract prepared from the leaves
were used to estimate PO, PPO, PAL, B-1,3-gluca-
nase and chitinase and catalase.

Spectrophotometric assay

Peroxidase. PO activity was assayed spectropho-
tometrically (Hartee, 1955). The reaction mixture
consisted of 1.5 ml of 0.05 M pyrogallol, 0.5 ml of
enzyme extract, and 0.5 ml of 1% H,0,. The reac-
tion mixture was incubated at room temperature
(28+1°C). Changes in absorbance at 420 nm were
recorded at 30 s intervals for 3 min and the boiled
enzyme preparation served as a blank. Enzyme acti-
vity was expressed as the change in the absorbance
of the reaction mixture min? g*! on a fresh weight
basis (Hammerschmidt et al., 1982).

Polyphenol oxidase. PPO activity was determined
following Mayer et al. (1965). The reaction mixture
consisted of 1.5 ml of 0.1 M sodium phosphate buffer
(pH 6.5) and 200 ul of the enzyme extract. To start
the reaction, 200 ul of 0.01 M catechol was added
and the activity was expressed as changes in absor-
bance at 495 nm min g fresh weight of tissue.

Phenylalanine ammonia lyase. The PAL assay
was conducted following Ross and Sederoff (1992).
The assay mixture containing 100 ul of enzyme,
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500 ul of 50 mM Tris HCI (pH 8.8) and 600 ul of
1 mM L-phenylalanine was incubated for 60 min.
The reaction was arrested by adding 2 N HCI. La-
ter, 1.5 ml of toluene was added, vortexed for 30 s,
centrifuged (400 x g, 5 min) and the toluene fraction
containing trans-cinnamic acid was separated. The
toluene phase was measured at 290 nm against the
blank of toluene. The standard curve was drawn
with graded amounts of cinnamic acid in toluene as
described above. Enzyme activity was expressed as
nmoles of cinnamic acid min™ g™ fresh tissue.

p-1,3-glucanase. Enzyme activity was assayed
colorimetrically (Pan et al., 1991). Crude enzyme
extract (62.5 ul) was added to 62.5 ul of 4% lamina-
rin and incubated at 40°C for 10 min. The reaction
was stopped by adding 375 ul of dinitrosalicylic acid
(DNS) and heated for 5 min in a boiling water bath
(DNS prepared by adding 300 ml of 4.5% NaOH to
880 ml containing 8.8 g of DNS and 22.5 g potassium
sodium tartrate). The resulting coloured solutions
were diluted with distilled water and vortexed, and
the absorbance was read at 500 nm. The crude ex-
tract preparation mixed with laminarin at zero time
incubation served as blank. The enzyme activity
was expressed as ug equivalents of glucose min™

g? fresh weight.

Chitinase. The colorimetric assay of chitinase was
carried out following Boller and Mauch (1988). The
reagents used were colloidal chitin, snail gut enzyme,
dimethyl amino benzaldehyde (DMAB) and buffer.

Assay procedure

The reaction mixture consisted of 10 ul
of 0.1 M sodium acetate buffer (pH 4.0),
0.4 ml enzyme solution and 0.1 ml colloidal
chitin (10 mg). After incubation for 2 h at
37°C, the reaction was stopped by centrifugation
at 400 x g for 3 min. An aliquot of the supernatant
(0.3 ml) was pipetted into a glass reagent tube con-
taining 30 ul of 1 M potassium phosphate buffer
(pH 7.0) and incubated with 20 zl of 3% (w:v) snail
gut enzyme for 1 h. After 1 h, the reaction mixture
was brought to pH 8.9 by the addition of 70 z1 0.1
M sodium borate buffer (pH 9.8). The mixture was
incubated in a boiling water bath for 3 min and then
rapidly cooled in an ice-water bath. After addition
of 2 ml of DMAB, the mixture was incubated for
20 min at 37°C and the absorbance was measured
at 585 nm using N-acetylglucosamine (GlcNAc) as

standard. Enzyme activity was expressed as nmoles
GlecNAc equivalents min™ g fresh weight.

Catalase. Catalase activity was estimated fol-
lowing Dekock et al. (1960). Five hundred mg of the
sample was homogenized in 10 ml of ice cold 0.067
M phosphate buffer (pH 7.0) and centrifuged and
the supernatant was used as the enzyme source.
The reaction mixture consisted of 3 ml of hydrogen
peroxide - phosphate buffer and 0.03 ml of enzyme
extract. The reaction mixture was shaken well and
the absorbance value was noted immediately and
at intervals of 10 or 20 s. The time required for ab-
sorbance to decrease from 0.45 to 0.4 was noted and
catalase activity was expressed as units g’ tissue.

Total phenols. The content of total phenols pre-
sent in the leaves was estimated following Bray
and Thorpe (1954). Fresh leaves samples (0.5 g
each) were blended with 10 ml of 80% ethanol and
boiled at 50°C for 30 min. The extracts were filtered
through cheese cloth and then with Whatman No.
41 filter paper and centrifuged. The volume was
made up to 10 ml with ethanol. An aliquot of one
ml each was placed in a series of boiling tubes and
made up to 3 ml with distilled water. To this, one ml
of Folin Ciocalteu reagent and two ml of 20% sodium
carbonate were added. The tubes were heated for
one min in a boiling water bath and cooled in run-
ning water. The solution was diluted to 10 ml with
distilled water and the intensity of the blue colour
was measured at 660 nm in a spectrophotometer
against a blank (a blank was maintained with three
ml of distilled water instead of the extract, and the
colour was developed as described above) for which
three replications were maintained. Catechol was
used to prepare the standard graph from which the
amount of phenol in a given sample was calculated.
The content of total phenols was expressed as cate-
chol equivalents in mg 100 g fresh weight.

Activity gel electrophoresis

Peroxidase. Activity gel electrophoresis was car-
ried out to study the expression pattern of different
isoforms of PO with different treatments. For native
anionic polyacrylamide gel electrophoresis, a resol-
ving gel of 8% acrylamide and stacking gel of 4%
acrylamide were prepared. After electrophoresis,
the gels were incubated in a solution containing
0.15% benzidinein and 6% NH,C1 for 30 min in the
dark. Then drops of 30% H,0, were added with
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constant shaking till the bands appeared. After
staining, the gel was washed with distilled water
and photographed (Sindhu et al., 1984).

Polyphenol oxidase. PPO was extracted following
the same procedure reported in the enzyme extrac-
tion section. After native electrophoresis, the gel
was equilibrated for 30 min in 0.1% p-phenylene
diamine in 0.1 M potassium phosphate buffer (pH
7.0) followed by addition of 10 mM catechol in the
same buffer. Then a gentle shaking was given whi-
ch resulted in the appearance of the dark brown
discrete protein bands.

Statistical analysis

The data were statistically analyzed (Gomez
and Gomez, 1984) and the treatment means
were compared by Duncan’s Multiple Range Test
(DMRT). The package used for analysis was IRRI-
stat Version 92-a developed by the International
Rice Research Institute Biometrics Unit, The
Philippines.

Results
Peroxidase

Azoxystrobin sprayed at doses of 0.25, 0.5 and
1.0 ml1 1", mancozeb and P. fluorescens all brought
about changes in PO enzyme activity. It was infer-
red that azoxystrobin and P. fluorescens increased
PO activity up to the 3rd day after challenge-ino-
culation, when compared with the control. This in-
crease in PO activity was observed very early in P.
fluorescens-pretreated cucumber plants challenge-
inoculated with P. cubensis and E. cichoracearum.
With azoxystrobin the increase was somewhat less.
PO activity reached maximum levels on the 3rd day
after challenge-inoculation with the downy mildew
and powdery mildew pathogens (Fig. 1a, b and c).

PO isoforms

Native gel electrophoretic separation of enzyme
extract from cucumber treated with P. fluorescens and
from cucumber treated with azoxystrobin showed dif-
ferent PO patterns. The bacterized cucumber plants
after challenge-inoculation with P. cubensis showed
induction of different isoforms of PO as compared
with plants treated with mancozeb and control
plants. Levels of PO isozymes remained low with
mancozeb-treated and with control plants, whether
inoculated with the mildew agents or not (Fig. 2).
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Polyphenol oxidase

Activity of PPO increased in cucumber plants
challenge-inoculated with the downy mildew and
powdery mildew pathogens. Application of P. fluo-
rescens and of azoxystrobin led to an increase in
PPO activity up to the 3rd or 4th day as compared
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Fig. 1. Changes in PO activity in cucumber plants: 1a,
uninoculated and treated with azoxystrobin and Pseudo-
monas fluorescens; 1b, challenge-inoculation of downy
mildew pathogen; 1lc, challenge-inoculation of powdery
mildew pathogen.
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Fig. 2. Native PAGE profile of peroxidase (PO) induced in
response to challenge-inoculation of Pseudoperonospora
cubensis in cucumber.

with the control. Initially, induction of PPO in P.
fluorescens treated plants was on a par with that
of azoxystrobin (1 ml 1) treated plants. Cucumber
plants inoculated with the pathogen(s) alone recor-
ded comparatively less PPO activity, and activity
was very low on the 5th day after inoculation when
compared with the uninoculated control (Fig. 3a,
b and c).

PPO isoforms

The isoform pattern of PPO in cucumber plants
challenge-inoculated with P. cubensis was studied.
All treatments led to an induction of isoforms af-
ter challenge-inoculation with the downy mildew
pathogen. The increased intensity of the induced
PPO was found in azoxystrobin and in P. fluore-
scens treated plants. In addition, azoxystrobin
and P. fluorescens treated plants showed a greater
intensity of the PPO isoform after challenge inocu-
lation with P. cubensis than did the uninoculated
plants. Inoculated control plants showed a lower
intensity of PPO than did uninoculated (healthy)
control plants (Fig. 4).

Phenylalanine ammonia lyase

Cucumber plants treated with azoxystrobin
and with P. fluorescens were used to test total
PAL activity after challenge-inoculation with P.
cubensis and E. cichoracearum. The Pseudomonas
spray activated PAL in the leaves of the cucumber
plants. P. cubensis inoculation induced a rapid but
transient accumulation of PAL at the site of infesta-
tion. Moreover, PAL activity increased with time on

AR 455 min'g?

Days after spraying

A T3 ——T4 ——T5 ——T6

AA ¢ min'g?!

Days after spraying

——T1—=—-T2 4 T3-—%T4——T5—=—T8

Days after spraying

—— Tl —8—T2 &4 T3 T4 —%—T5 —=—TB

T1 - Azoxystrobin 0.25 mI I,
T3 - Azoxystrobin 1.0 mi I
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T2 - Azoxystrobin 0.5 mi "
T4 - Mancozeb2 g I’
T6 — Control

Fig. 3. Changes in PPO activity in cucumber plants: 3a,
uninoculated and treated with azoxystrobin and Pseu-
domonas fluorescens; 3b, challenge-inoculation of downy
mildew pathogen; 3¢, challenge-inoculation of powdery
mildew pathogen.

the 2nd and 3rd day after pathogen infection. With
all treatments, bacterized plants showed significan-
tly higher levels of PAL activity than did control
plants. Plants inoculated with the pathogen alone
showed a greater activity of PAL for 2-3 days but
thereafter PAL activity declined drastically (Fig.
5a, b and ¢).
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Fig. 4. Native PAGE profile of polyphenol oxidase
(PPO) induced in response to challenge-inoculation
of Pseudoperonospora cubensis in cucumber. Lane 1,
Azoxystrobin; lane 2, Pseudomonas fluorescens; lane
3, mancozeb; lane 4, control (with inoculation); lane 5,
control (no inoculation).

B-1,3-glucanase

The effect of P. fluorescens and that of azoxy-
strobin on glucanase was similar 24 h after ino-
culation.

Activity peaked on the 3rd day after challenge-
inoculation with P. cubensis and E. cichoracearum.
It was higher in plants treated with P. fluorescens,
and somewhat lower in plants treated with azoxy-
strobin (Fig. 6a, b and c).

Chitinase

Chitinase activity was higher in plants sprayed
with P. fluorescens and somewhat lower in plants
treated with azoxystrobin (1 ml I?). Initially, the-
re was no significant difference at the 5% level
between the different doses of azoxystrobin, which
were initially on a par with P. fluorescens (Fig. 7a,
b and c).

Catalase

Catalase activity was higher in the bacterized
cucumber plants challenge-inoculated with the
pathogens; it was somewhat lower in inoculated
cucumber treated with azoxystrobin (1 ml1?). The
maximum increase in catalase was observed 3 days
after challenge-inoculation. Though enzyme acti-
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Fig. 5. Changes in PAL activity in cucumber plants: 5a,
uninoculated and treated with azoxystrobin and Pseudo-
monas fluorescens; 5b, challenge-inoculation of downy
mildew pathogen; 5c, challenge-inoculation of powdery
mildew pathogen.

vity decreased 3 days after challenge-inoculation,
the level remained higher than the initial level. In
plants inoculated with the pathogen alone there
was a sharp increase in catalase activity up to 3
days after inoculation, followed by a rapid decrea-
se, and 5 days after inoculation, catalase activity
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Fig. 6. Changes in beta- 1, 3-glucanase activity in cucum-
ber plants: 6a, uninoculated and treated with azoxystrobin
and Pseudomonas fluorescens; 6b, challenge-inoculation
of downy mildew pathogen; 6¢, challenge-inoculation of
powdery mildew pathogen.

was more or less the same as on day 0. Cucumber
plants inoculated with P. fluorescens alone showed
a marginal increase in catalase activity, and in the
uninoculated control plants there was no change
in catalase activity throughout the experimental
period (Fig. 8a, b and c).

T1 - Azoxystrobin 0.25 mi I,
T3 - Azoxystrobin 1.0 ml I’
T5 - P. fluorescens 10 g I”'

T2 - Azoxystrobin 0.5 mi I”
T4 - Mancozeb2 g I’
T6 — Control

Fig. 7. Changes in chitinase activity in cucumber plants:
7a, uninoculated and treated with azoxystrobin and
Pseudomonas fluorescens; Tb, challenge-inoculation of
powdery mildew pathogen.

Total phenols

In general, total phenols in cucumber plants
increased with all treatments as compared with
the uninoculated control. The increase in total
phenols was significant in Pseudomonas-treated
plants challenge-inoculated with P. cubensis and
E. cichoracearum. The accumulation of total phe-
nols started one day after challenge-inoculation
and peaked 3 days after challenge-inoculation.
Plants inoculated with the pathogens alone also
had higher levels of total phenols, and these le-
vels started decreasing after 3 days of inoculation.
Cucumber plants treated with P. fluorescens alone
had a marginal increase in the total phenol level
as compared with the uninoculated cucumber
plants (Fig. 9a, b and c).
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Fig. 8. Changes in catalase activity in cucumber plants:
8a uninoculated and treated with azoxystrobin and Pseu-
domonas fluorescens; 8b. challenge-inoculation of downy
mildew pathogen; 8c. challenge-inoculation of powdery
mildew pathogen.

Discussion and conclusions
Induced systemic resistance by azoxystrobin

Chemical fungicides often induce systemic resi-
stance to pathogens in plants. The present study
revealed that azoxystrobin brought about remarka-
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Fig. 9. Changes in total phenols in cucumber plants: 9a,
uninoculated and treated with azoxystrobin and Pseu-
domonas fluorescens; 9b, challenge-inoculation of downy
mildew pathogen; 9¢, challenge-inoculation of powdery
mildew pathogen.

ble changes in PO, PPO, PAL, B-1,3-glucanase,
chitinase, catalase and total phenols. Native gel
electrophoresis also showed induction of isoforms
in PO and PPO.

These results are consistent with Sendhil Vel
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(2003), who found that the activity of PO, PPO, PAL,
B-1,3-glucanase, chitinase and total phenols was
higher in azoxystrobin-treated grapevine plants.
Hewitt (1988) reported that the systemic fungici-
de probenazole induced higher levels of PO, PPO,
PAL, tyrosine ammonia lyase and catechol-o-methyl
transferase in the leaves, which indicated that the
disease-controlling effect of azoxystrobin and pro-
benazole was caused by a host-mediated reaction.
The accumulation of PAL in tomato leaves treated
with Fosetyl-Al® to control Fusarium wilt has also
been reported (Bompeix et al., 1981).

Activity of PO was high in the resistant variety
ITHR 517 A of chilli, and in the improved variety
Pusa Jawala, as reported by Subhas Chander
(1992). A higher peroxidase activity is correlated
with disease resistance in many plants (Vidh-
yasekaran, 1988).

The fungicide probenazole also induced pathoge-
nesis-related (PR) proteins, heat shock proteins and
thylakoid protein in rice leaves and was correlated
with the efficacy of probenazole against bacterial
leafblight disease (Lalithakumari and Dhakshina-
moorthy, 1995). Similarly, triazole compounds such
as epoxiconazole and propiconazole have a role in in-
ducing systemic resistance against Colletotrichum
lagenarium (Pass.) Ellis and Halsted in cucumber
plants (Oostendorp et al., 1996).

Peroxidase and B-1,3-glucanase are related to
the cross-linking of cell wall components, the poly-
merization of lignin and suberin monomers and the
subsequent resistance to pathogens in several host
pathogen interactions (Reuveni et al., 1995). Mu-
stard leaves sprayed with BTH (benzothiadiazole)
three days prior to inoculation with Albugo candida
(Lev.) Kunze showed higher levels and enhanced
activity of PO at 11 days after inoculation (Kaur
and Kolte, 2001). Earlier, several workers found
that PO was involved in lignin biosynthesis, and in
the production of toxic quinones and phytoalexins at
the onset of resistance (Glazener, 1982; Hammer-
schmidt et al., 1982; Daayf et al., 1997).

Shahina Kalim et al. (2000) reported that there
was an increase in the specific activity of PO and
PPO, and a reduction in the specific activity of
catalase in the roots of plants raised from carben-
dazim-treated seeds, as compared with untreated
seeds. Therefore the greater activity of PO and PPO,
along with the higher amount of total phenols, may
enhance host resistance.

Induced systemic resistance by P. fluorescens

Plants possess various defense-related genes
and it is well known that defense genes are slee-
ping genes, and that appropriate stimuli or signals
are needed to activate them. Inducing the plant’s
own defense mechanisms by prior application of
a biological inducer is thought to be a novel plant
protection strategy. The induction of systemic re-
sistance by P. fluorescens has earlier been repor-
ted by several workers (Zehnder et al., 2000). Seed
treatment with P. fluorescens suppressed foliar
pathogens (anthracnose and mildews) by inducing
systemic resistance (Wei et al., 1991 and 1996). The
lipopolysaccharides present in the bacterial cell
wall acted as signal molecules and elicited various
defense compounds.

The Pf1 isolate of P. fluorescens and the secon-
dary metabolite of Strobilurus tenacellus (Pers. ex
Fr.) Singer (azoxystrobin) were found to protect
cucumber against downy mildew and powdery
mildew. In the present study, P. cubensis and E.
cichoracearum in cucumber plants that had been
sprayed with Pseudomonas strongly induced the
synthesis and accumulation of PO, PPO, PAL, B-
1,3-glucanase, chitinase, catalase and total phe-
nols. Sendhil Vel (2003) reported similar findings
with grapevine plants pretreated with P. fluore-
scens and challenge-inoculated with downy mildew
and powdery mildew pathogens. The activity of
these defense enzymes and chemicals was more
pronounced in a compatible reaction (control plan-
ts) of cucumber plants with downy and powdery
mildew than in an incompatible interaction (PGPR
treated-plants). P. fluorescens can act as a strong
elicitor of plant defense reactions (M’ Piga et al.,
1997). Recent studies have reported that prior ap-
plication of P. fluorescens strengthens the host-cell
wall structures, creating a barrier that restricts the
pathogen invading the plant tissue (Benhamou et
al., 2000; Chen et al., 2000). However, only limited
information is available on plant-mediated defense
reactions induced by P. fluorescens to defend plants
against pathogen invasion.

The present study clearly showed that the
enzymes of phenylpropanoid metabolism and the
accumulation of PR-proteins in cucumber induced
by P. fluorescens isolate Pf1 in response to challen-
ge-inoculation with P. cubensis and E. cichoracea-
rum prevented further infection by the pathogens.
This preventive capacity of P. fluorescens may be
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attributed to the availability of specific receptors
for the inducers in cucumber.

In the present study, increased PO activity was
recorded in P. fluorescens-treated cucumber plants
challenge-inoculated with P. cubensis and E. cicho-
racearum. Maximum PO activity occurred 3 days
after challenge-inoculation and activity remained
high throughout the experimental period. Plants
inoculated with the pathogens alone had compara-
tively less PO activity. PPO activity also increased
in P. fluorescens-treated cucumber plants. Rama-
moorthy and Samiyappan (2001) reported a similar
increase in chilli plants inoculated with Colletotri-
chum capsici. PO is a key enzyme in the biosynthe-
sis of lignin and other oxidised phenols (Bruce and
West, 1989). PO catalyzes the oxidation of hydroxy
cinnamyl alcohols into free radical intermediates,
which subsequently are coupled into lignin polymers
(Gross, 1980). PO and PPO mediate the oxidation of
phenols, and oxidized phenols are also highly toxic
to the mildew pathogens (Sequeira, 1983).

Peroxidase and PPO catalyse the oxidation of
phenolic compounds through a PPO-PO-H,0, sy-
stem (Srivastava, 1987). A number of studies have
found a correlation between PPO and the resistance
response (Velazhahan and Vidhyasekaran, 1994).
PO itself was also found to inhibit the spore germi-
nation and mycelial growth of certain fungi (Joseph
et al., 1998).

Increased PAL activity was recorded in P. fluore-
scens-pretreated cucumber plants challenged with
P. cubensis and E. cichoracearum when compared
with the untreated control. The induction of defense
enzymes like PAL is one of the ways in which the
host responds to treatment with biocontrol agents.
An increase in the mRNAs encoding for PAL and
chalcone synthase was recorded in the early stage of
the infection of bean roots with various rhizobacte-
ria (Zdor and Anderson, 1992). PAL activity can
be induced by plant pathogen interactions and by
fungal elicitor treatment (Ramanathan et al., 2000).
De Meyer et al. (1999) reported that rhizosphere
colonization by P. aeruginosa (Schroeter) Migula 7
NSK2 activated PAL in bean roots and increased
salicylic acid levels in the leaves. Ramamoorthy
and Samiyappan (2001) also found that chilli seed
treatment with P. fluorescens isolate Pf1 increased
PAL activity, and that Pseudomonas-pretreated
chilli leaves challenged with C. capsici showed
an additional increase in PAL activity. However,
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Chen et al. (2000) reported that high levels of PAL
were induced in cucumber roots inoculated with
Pythium aphanidermatum, but that when the roots
were treated with Pseudomonas corrugata Roberts
and Scarlett they initially had higher levels of PAL,
but these levels became lower after the plant was
challenged with P. aphanidermatum. Sendhil Vel,
(2003) made a similar observation in grapevine
plants inoculated with Uncinula necator and Pla-
smopara viticola. The present study also revealed
that plants treated with P. fluorescens increased
PAL activity, and that P. fluorescens-pretreated
cucumber plants challenged with P. cubensis and
E. cichoracearum showed an additional increase in
PAL activity. PAL is a key enzyme of phenylpro-
panoid metabolism, which leads to the synthesis of
phenols (Massala et al., 1980). The biocontrol agent
P. fluorescens induced a host defense mechanism by
increasing PAL activity with a consequent increase
in phenol levels.

PR-proteins and host-coded proteins are in-
duced by different types of pathogens and abiotic
stress (Van Loon et al., 1998). The synthesis and
accumulation of PR-proteins is reported to play
an important role in plant defense (Maurhofer
et al., 1994; Van Loon et al., 1998; Sendhil Vel,
2003). Maurhofer et al. (1994) stated that the in-
duction of systemic resistance by P. fluorescens
was correlated with the accumulation of chiti-
nase and B-1,3-glucanase. Ineffective isolates of
P. fluorescens did not trigger an accumulation of
chitinase and B-1,3-glucanase and did not indu-
ce systemic resistance in tobacco against tobacco
mosaic virus. Pea seed treated with P. fluorescens
isolate 63-28 caused higher levels of hydrolytic
enzymes such as chitinase and B-1,3-glucanase
at the site of penetration of the fungal hyphae
of F. oxysporum f. sp. pisi (Linford) Snyder and
Hansen. These enzymes act upon the fungal cell
wall causing the degradation and loss of the inner
contents of the cells (Benhamou et al., 1996). In
our study, chitinase and B-1,3-glucanase were
induced by P. fluorescens against P. cubensis
(only B-1,3-glucanase) and E. cichoracearum in
cucumber plants. Chitinase and B-1,3-glucanase
are also implicated in the defense against downy
mildew and powdery mildew pathogens in leaves
of cucumber.

Catalase activity was also very high in P. fluore-
scens-pretreated cucumber plants challenged with
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P. cubensis and E. cichoracearum. In plants inocu-
lated with the pathogens alone, catalase activity
increased initially but then declined drastically.
Gupta et al. (1995) also reported that catalase acti-
vity was considerably higher at the initial stages of
infection by Alternaria in all the Brassica species,
but dropped markedly at later stages.

Studies on the induction of defense mechani-
sms revealed higher levels of total phenols in P.
fluorescens-pretreated cucumber plants challenge-
inoculated with P. cubensis and E. cichoracearum.
Levels of total phenols began to rise one day after
challenge-inoculation. The highest level occurred on
the 3rd day after challenge inoculation. Plants ino-
culated with the pathogens alone also had increased
total phenols, but the level declined drastically 3
days after inoculation. Moreover, the levels of total
phenols were lower than those in the P. fluorescens-
treated plants challenged with the pathogens. When
P. fluorescens treatment alone was given, the total
phenols increased the day after treatment and the
level remained almost static throughout the expe-
rimental period, and always remained higher than
that of the untreated control. It is well known that
phenolic compounds are fungitoxic. Moreover, they
increase the physical and mechanical strength of
the host cell wall and thus inhibit fungal invasion.
M’ Piga et al. (1997) reported that seed treatment
with P. fluorescens raised levels of phenolics in to-
mato. The hyphae of F. oxysporum f. sp. lycopersici
(Sacc.) Snyder and Hansen surrounded by phenolic
substances exhibited considerable morphological
derangement, including cytoplasmic disorganiza-
tion and loss of protoplasmic content. Resistance
in pea to Pythium ultimum Trow. and F. oxysporum
f. sp. pisi due to accumulation of phenolics by prior
application of P. fluorescens has also been reported
(Benhamou et al., 1996). Similar observations were
made on chilli plants treated with P. fluorescens and
challenge-inoculated with C. capsici (Ramamoorthy
and Samiyappan, 2001).

In conclusion, the prior treatment of cucumber
plants with azoxystrobin and P. fluorescens trigge-
red a plant-defense mechanism protecting the plant
against infection from P. cubensis and E. cichora-
cearum. Earlier studies revealed that azoxystrobin
and P. fluorescens are also effective against various
other diseases of cucumber. Thus azoxystrobin and
P. fluorescens give broad-spectrum protection again-
st different pathogens attacking the same crop.
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