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Abstract

A spray inoculation of the first leaf of 2-leaf stage cucumber plants with a non-pathogenic isolate ofAlternaria
cucumarinaor Cladosporium fulvumbefore a challenge inoculation with the pathogenSphaerotheca fuliginea
induced systemic resistance to powdery mildew on leaves 2–5. Systemic resistance was expressed by a significant
(p < 0.05) reduction in the number of powdery mildew colonies produced on each leaf of the induced plants, as
compared with water-sprayed plants. Systemic resistance was evident when a prior inoculation with each of the
inducing fungi was administered 1, 3 or 6 days before the challenge inoculation withS. fuliginea. Increasing the
inoculum concentration ofA. cucumarinaor C. fulvumenhanced the systemic protection and provided up to 71.6%
or 80.0% reduction, respectively, in the number of colonies produced on upper leaves, relative to controls. Increasing
the inoculum concentration ofS. fuligineaused for challenge inoculation, increased the number of powdery mildew
colonies produced on both induced and non-induced plants. Pre-treated plants, however, were still better protected
than controls, indicating that the level of systemic protection was related to theS. fuligineainoculum concentration.
The induction of systemic resistance against powdery mildew by biotic agents, facilitates the development of a wide
range of disease management tools.

Introduction

Cucumber powdery mildew caused bySphaerotheca
fuliginea is a major disease, attacking field- and
greenhouse-grown cucumber plants. Disease control
is generally based on the use of fungicides, but the
need for reduced pesticide levels on agricultural prod-
ucts, together with the lack of commercially acceptable
resistant cucumber cultivars, dictate the need for alter-
native methods of disease control. One of the potential
methods of reducing the severity of foliar diseases is
the induction of systemic resistance, achieved through
the use of chemicals or biotic inducing agents (Sticher
et al., 1997; Ye et al., 1995). Elicitors enhance the
level of translocatable signal molecules which results
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in coordinated induction of genes controlling various
defence mechanisms. Salicylic acid, jasmonic acid
and ethylene have been shown to be involved in
induced resistance, but the actual systemically trans-
ported signal has yet to be identified (Durner et al.,
1997; Thomma et al., 1998). Two signal transduction
pathways involved in induced disease resistance have
been distinguished so far: a salicylic acid-dependent
pathway (Durner et al., 1997) and a salicylic acid-
independent pathway (Pieterse et al., 1996; Schaffrath
et al., 1997) that involves jasmonic acid and ethylene
(Penninckx et al., 1996; Pieterse et al., 1996). The sali-
cylic acid-independent pathway and the jasmonic acid
and ethylene-dependent pathway which is triggered by
non-pathogenic, induced systemic resistance-inducing
rhizobacteria, have been described (Pieterse et al.,
1996; 1998). It has recently been stated that induced
systemic resistance, mediated by non-pathogenic soil
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bacteria follows a salicylic acid-independent pathway
that requires jasmonic acid and ethylene and does
not involve the synthesis of pathogenesis-related pro-
teins, while systemic acquired resistance (SAR) is sal-
icylic acid-dependent and can be initiated by various
pathogenic and chemical agents (van Loon et al., 1998).

Systemic resistance against various diseases can be
induced by spraying the lower leaves of cucumber
plants with solutions of oxalate or phosphate salts
(Mucharromah and Kúc, 1991). In previous studies
we demonstrated that a foliar spray of phosphate salts
(Reuveni et al., 1993) and application of phosphate
through a hydroponic system (Reuveni et al., 2000),
induced systemic resistance against powdery mildew
on cucumber plants, and against common rust and
northern leaf blight on maize (Reuveni et al., 1996).
This treatment has recently become a practical means
for control of powdery mildew diseases in a wide range
of crops, such as grape, apple, mango and nectarine
(Reuveni and Reuveni 1998).

Prior inoculation of the lower leaves with biotic
agents such as avirulent or hypovirulent pathogens,
which cause limited local lesions, or with non-
pathogens, induces systemic resistance against a
wide range of fungal, bacterial and viral pathogens
(Hammerschmidt and Smith Becker, 1997; Sticher
et al., 1997; Ye et al., 1995). Such inoculation acti-
vates resistance mechanisms in the non-inoculated
leaves and provides long-lasting protection against a
broad spectrum of diseases. Induction of resistance
against Alternaria brassicawas observed in mus-
tard following prior inoculation with an avirulent
A. brassicaisolate (Vishwanath et al., 1999) and in
barley againstErysiphe graminisf.sp.hordeiafter pre-
inoculation with the saprophytic fungusCladosporium
macrocarpum(Gregersen and Smedegaard, 1989).

In the present study, systemic resistance against
S. fuligineain cucumber by means of a limited, prior
inoculation with the non-pathogenic fungiAlternaria
cucumarinaandCladosporium fulvumwas studied. In
addition, the effects of the concentration of the inocu-
lum of S. fuligineaused for challenge inoculation, and
of A. cucumarinaor C. fulvum, the agents used for
inducing systemic resistance, were evaluated.

Materials and methods

Plants

Cucumber plants (Cucumis sativumL. ‘Delilla’) were
grown in a greenhouse in 10 cm-diameter plastic pots

containing peat, soil and vermiculite (1 : 1 : 1, v/v/v).
Twice weekly, the plants were watered to saturation
with a 0.1% 20–20–20 (N–P–K) fertilizer solution.

Cultures

Isolates ofA. cucumarinaandC. fulvumwere obtained
from greenhouse-grown cucumber and tomato plants,
respectively, maintained on Petri dishes containing
Potato Dextrose Agar (PDA, Difco) medium and incu-
bated at 25◦C in darkness. Cultures were transferred
periodically to fresh medium and used for prior inocu-
lation (induction) of plants.

Induction of systemic resistance by
prior inoculation withA. cucumarina
or C. fulvum

Plants with the first true leaf expanded and the second
true leaf approximately two-thirds expanded were used
(unless stated otherwise) in all experiments. Conidia
of each inducing fungus were brushed separately from
Petri dishes into 30 ml of distilled water containing
two drops of Tween-20. Conidial suspensions at known
inoculum concentrations of each fungus were used for
prior inoculation (induction) of the first true leaf. The
upper surface of leaf 1 was sprayed with 1 ml of the
conidial suspension or water, while to avoid contami-
nation, other parts of the plant and the pot were cov-
ered. After inoculation, the plants were incubated in a
dew chamber at 20◦C for 24 h in darkness. They were
then kept in a growth chamber (24◦C, 120µE m−2 s−1,
16 h of light per day) until challenged with a coni-
dial suspension ofS. fuliginea. The non-induced con-
trol plants were treated with water and kept under
similar conditions in a separate growth chamber, in
order to avoid contamination. In experiments to deter-
mine the ‘duration’ and the speed of induced systemic
resistance, freshly prepared conidial suspensions of
A. cucumarinaor C. fulvumwere sprayed onto the first
true leaf 1, 3 or 6 days prior to challenge inoculation of
the upper leaves. In this case all the plants were chal-
lenged on the same day (6 days after the first induction).

Pathogen inoculation, and effect of
inoculum concentration

An isolate ofS. fuligineaobtained from plants in a
field, was maintained on cucumber plants grown in a
growth chamber. Inoculum was collected from freshly
sporulating infected leaves 9–12 days after inoculation.
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Conidia were gently brushed into 30 ml of distilled
water containing two drops of Tween-20 and counted
with the aid of a haemocytometer to give a suspension
of 3× 104 conidia ml−1 (unless stated otherwise). In
experiments to determine the effect of inoculum con-
centration on induced systemic resistance, various con-
centrations of conidial suspensions were prepared and
used to inoculate the induced and non-induced plants.
For inoculation, the upper surface of each non-induced
leaf (leaf number 2–4) of each plant was uniformly
sprayed with a conidial suspension delivered from a
hand glass sprayer, while the first leaf was protected
from inoculation. After inoculation, the plants were
incubated in a dew chamber at 20◦C for 24 h in dark-
ness, and were then kept in a growth chamber (24◦C,
120µE m−2 s−1, 16 h of light per day) for disease devel-
opment. Non-inoculated control plants were kept under
similar conditions in a separate growth chamber in
order to avoid contamination.

Assessment of induced resistance

Induced systemic resistance was determined by count-
ing the number of colonies of powdery mildew pro-
duced on each leaf of each treated plant at the time
points indicated.

Statistical analysis

Analysis of variance (ANOVA) was applied using the
SAS GLM procedure (SAS Institute, Cary, NC, 1992),

Table 1. Effect of inoculating leaf 1 of cucumber with increasing inoculum concentrations
of A. cucumarinaor C. fulvumon induced systemic resistance against powdery mildewa

A. cucumarina C. fulvum

Inoculum
concentration
(×104/ml)

Colonies/
plant

% Protection
vs. control

Inoculum
concentration
(×104/ml)

Colonies/
plant

% Protection
vs. control

0 39.5 ab — 0 17.0 ab —
1 23.8 b 39.7 3 11.4 ab 32.9
4 19.0 bc 51.9 15 10.8 ab 36.5

20 11.2 c 71.6 75 8.2 b 51.8
150 3.4 c 80.0

aThe first leaf of 2-leaf-old plants was inoculated (induced) with various concentrations of
C. fulvumor A. cucumarinaas described in Materials and methods. After 24 h plants were
challenge inoculated with a suspension of 3×104 or 1.5×104 conidia ml−1 of S. fuliginea,
for A. cucumarinaandC. fulvum, respectively. Data represent mean numbers of colonies
produced on leaves 2 and 3, 15 days after challenge. The results are from one typical
experiment performed three times with six replications.
bMean numbers within columns followed by different letters are significantly (p < 0.05)
different according to Duncan’s Multiple Range Test.

and Duncan’s Multiple Range Test was applied to deter-
mine whether differences between treatments were sta-
tistically significant. Each experiment was repeated
twice and data presented are of one typical experiment.
At least six to eight plants were used in each treatment
in complete randomized design.

Results

Effect of inoculum concentration of
A. cucumarinaandC. fulvumon
induced systemic resistance

To study the effect on inoculum density of non-
pathogenic fungi on the level of induced resistance,
cucumber plants were pre-inoculated with differ-
ent concentrations of conidia ofA. cucumarinaand
C. fulvumand 24 h later were challenge inoculated with
S. fuliginea. The data in Table 1 show that increasing the
concentration ofA. cucumarinafor prior inoculation
on the first leaf from 1× 104 to 20× 104 conidia ml−1

significantly (p < 0.05) improved the systemic resis-
tance and provided 71.6% protection against powdery
mildew on the upper leaves, relative to the controls.
Similar results were obtained whenC. fulvumwas used
as an inducer for prior inoculation. Increasing the con-
centration from 3× 104 to 150× 104 conidia ml−1,
improved systemic protection by 80.0% in terms of the
number of colonies produced on upper leaves (Table 1).
None of the concentrations applied in these experi-
ments damaged the plant tissue.
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Effect of increasing the time interval
between induction of resistance and
challenge inoculation

Nine different experiments were conducted in order
to determine the effectiveness of each of the fungal

Table 2. Induced systemic protection to powdery mildew on
each upper leaf of cucumber plants by prior inoculation with
A. cucumarinaor C. fulvumon leaf 1

Induction: number of
days before challengea

Mean numbers of powdery mildew
colonies on each of leaves 2–5, 19 days
after challenge withS. fuliginea

2 3 4 5

Induction withA. cucumarina
Control 11.3 ab 16.8 a 20.7 a 19.5 a
1 3.9 b 5.8 bc 7.5 b 4.5 b
3 5.3 b 5.5 bc 8.0 b 2.7 b
6 0.8 b 3.5 c 2.7 b 4.3 b

Induction withC. fulvum
Control 11.3 ab 16.8 a 20.7 a 19.5 a
1 3.0 b 4.8 b 8.2 b 5.8 b
3 3.8 b 11.0 ab 6.0 b 3.0 b
6 2.8 b 4.2 b 4.8 b 4.3 b

aTwo-leaf-old plants were induced by spray inoculation of the
upper surface of leaf 1 with a suspension of 4× 104 conidia ml−1

of A. cucumarinaor 100×104 conidia ml−1 of C. fulvum. Control
plants were sprayed with water. At 1, 3 and 6 days after induc-
tion, plants were challenge inoculated with a suspension of 3×104

conidia ml−1 of S. fuliginea. The results are from one typical exper-
iment for each inducing fungus, performed three times with six
replications.
bMean numbers within columns followed by different letters are
significantly (p < 0.05) different according to Duncan’s Multiple
Range Test.

Table 3. Effect of inoculum concentration ofS. fuligineaon induction of systemic protection
to cucumber powdery mildew by prior inoculation withA. cucumarinaa

S. fuliginea
concentration

13 days 16 days 18 days

Control Induced Control Induced Control Induced

1× 104 21.0 bbAc 6.4 bB 28.7 bA 12.2 bB 34.5 bA 18.0 bB
4.5× 104 44.3 abA 12.7 abB 57.0 abA 24.8 abB 65.5 abA 33.5 abB
20× 104 61.8 aA 26.5 aA 77.5 aA 40.7 aA 86.7 aA 53.7 aA

aThe first leaf of 2-leaf-old plants was sprayed with a suspension of 5× 104 conidia ml−1

of A. cucumarina(induced) or with water (control), and 24 h later plants were challenge
inoculated with suspensions of 1, 4.5 or 20× 104 conidia ml−1 of S. fuliginea.
bNumbers within a column (inoculum concentration) followed by different lower case letters
are significantly (p < 0.05) different according to Duncan’s Multiple Range Test.
cNumbers in rows (control or induced) within each rating point followed by different upper
case letters are significantly (p < 0.05) different according to the same test.

isolates in inducing systemic resistance against pow-
dery mildew. Relative to the number of powdery
mildew colonies produced on plants treated with water,
the fungal isolates of bothA. cucumarinaandC. fulvum
were found to be effective for induction of systemic
resistance (Table 2). This was not influenced by the
number of days (1, 3 or 6) elapsing between induc-
tion and the challenge withS. fuliginea. Analysis of
variance performed for each leaf indicated significant
(p < 0.05) effects ofA. cucumarinaand C. fulvum
(Table 2) on the numbers of colonies produced on
leaves 2, 3, 4 and 5. In all cases, the number of pow-
dery mildew colonies was greater on the leaves of non-
induced control plants than on those of induced plants
(Table 2).

Effect of S. fuligineainoculum concentration on
the level of inducion of systemic resistance

To study the effect of inoculum density of the chal-
lenge pathogen on the level of induced resistance by
A. cucumarinaandC. fulvum, cucumber plants were
challenged inoculated with different concentrations of
conidia ofS. fuliginea. Increasing the concentrations of
S. fuligineainoculum significantly increased the num-
ber of colonies produced on both induced and non-
induced plants (Tables 3 and 4). Systemic protection
induced by the inducing fungi was related to inoculum
concentration and resistance was significant only under
the lower concentrations of the challenge inoculum.
Increasing the inoculum concentration ofS. fuliginea
up to 20 or 24× 104 conidia ml−1 decreased the sys-
temic protection (Tables 3 and 4).
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Table 4. Effect of inoculum concentration ofS. fuligineaon induction of systemic protection
to cucumber powdery mildew by prior inoculation withC. fulvuma

S. fuliginea
concentration

14 days 17 days 21 days

Control Induced Control Induced Control Induced

0.8× 104 13.8 bbAc 0.8 bB 19.8 bA 2.6 bB 47.0 bA 11.6 bB
4.5× 104 54.4 abA 24.4 abB 65.2 abA 38.4 abB 81.4 abA 50.6 abA
24× 104 84.8 aA 41.6 aA 105.8 aA 53.4 aA 141.4 aA 69.0 aA

aThe first leaf of 2-leaf-old plants was sprayed with a suspension of 150×104 conidia ml−1 of
C. fulvum(induced) or with water (control), and 24 h later plants were challenge inoculated
with suspensions of 0.8, 4.5 or 24× 104 conidia ml−1 of S. fuliginea.
bNumbers within a column (inoculum concentration) followed by different lower case letters
are significantly (p < 0.05) different according to Duncan’s Multiple Range Test.
cNumbers in rows (control or induced) within each rating point followed by different upper
case letters are significantly (p < 0.05) different according to the same test.

Discussion

This report demonstrates that limited prior inocu-
lation of the lower leaf with non-pathogenic fungi
induced systemic resistance against powdery mildew
in cucumber. Evidently, this systemic resistance was
not influenced by the number of days which elapsed
between the induction by either inducing agent,
A. cucumarinaor C. fulvum, and the challenge inocu-
lation withS. fuliginea, nor by leaf age and position on
the plant. These findings are different from those of our
previous studies, when systemic resistance to powdery
mildew was obtained by a single spray of the first leaf
with phosphates (Reuveni et al., 1993). In that case, the
best protection was observed on leaf 2 when the first
true leaf was induced, and it progressively declined on
leaves 3 and 4. It was also evident that the systemic
protection induced by phosphate was greater when the
first true leaf was induced 2 h (0 day) before inoculation
than when it was induced 2 or 4 days before (Reuveni
et al., 1993). Although the mechanism(s) by which
these fungi act to restrict disease development is still
unknown, the present results suggest that the plant’s
general response to infection is rapidly triggered by a
possible rapid translocation of the ‘immunity signal’
from the lower, induced leaf to the upper, protected
leaves. It is unclear whether these inducers have sim-
ilar modes of action to that of phosphates, although
this phenomenon is certainly not specific (Fought and
Kuć, 1996). This interpretation was further supported
by the fact that a similar level of systemic resistance
was obtained when both phosphates and the inducing
fungi were used for induction treatment (Reuveni et al.,
unpublished data).

The present data extend earlier reports that systemic
resistance to powdery mildew in cucumber can be
induced by biotic agents such asC. lagenariumand
TNV. Moreover, the present data indicate that increas-
ing the inoculum concentration of eitherA. cucumarina
or C. fulvumincreased the level of systemic protection,
as has been previously reported inC. lagenarium–
cucumber interaction (Dean and Kuć, 1986). Increas-
ing the inoculum concentration ofS. fuligineaused
in the challenge inoculation, increased the number of
powdery mildew colonies produced on both induced
and non-induced plants. The induced plants were
significantly more protected than controls under the
lower concentrations of the challenge inoculum of
the pathogen, indicating that the level of systemic
protection was related to inoculum concentration of the
challenge pathogen (Tables 3 and 4). In practical terms,
it means that under field conditions protection against
powdery mildew can be induced at the early stages of
the epidemic development and may keep the inocu-
lum level of the pathogen low enough to avoid further
development of the disease.

The present report provides further evidence for
the presence of resistance mechanisms in susceptible
plants, as hypothesized by Kuć (1987) and that these
mechanisms can be activated by restricted infection
by various non-pathogens. It is possible that non-
pathogenic fungi are able to disturb the epidermal cells
releasing elicitors from the pathogen or from the epider-
mal cell walls as a response to their presence, without
causing visible lesions and thereby induce defence
reactions. In spite of the fact that none of our studies
showed any damage, subsequent to the induction treat-
ment by phosphate (Reuveni and Reuveni, 1998), or by
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A. cucumarinaor C. fulvum, it is nevertheless, possible
that these biotic or abiotic inducers elicit the release
of a signal. This signal might affect the expression of
the defence genes, which then make the plants more
responsive to subsequent infection. This hypothesis
might be supported by the evidence of the absence of
specificity of the biotic and abiotic inducers, when pro-
tection was effectively induced against fungi, bacteria
and viruses (Hammerschmidt and Smith Becker, 1997;
Sticher et al., 1997; Ye et al., 1995). Studies with strains
of plant growth-promoting rhizobacteria (PGPR) sup-
port this evidence: two strains of PGPR induced sys-
temic resistance against various cucumber pathogens
includingColletotrichum orbiculare, cucumber mosaic
virus andFusarium oxysporum(Tuzun and Kloepper,
1995; Wei et al., 1991).

As natural occurrence of the fungiA. cucumarina
andC. fulvummight be sporadic and therefore limited
in the fields and the greenhouses, the feasibility of
this strategy will require artificial application of inocu-
lum to commercial productions to ensure its practical
implementation. The induction of systemic resistance
in cucumber by non-pathogens can provide a practical
supplement to conventional methods, since it extends
the selection of tools available for environmentally-
friendly disease management, and furthers our aim of
establishing effective integrated pest management in
cucumber production.
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