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ABSTRACT
Background: Artificial fungal inoculation of plants
is known to be affected by numerous factors as leaf
age, inoculation method and inoculum density. Concentrations of nutrients in soil and plant tissues are
also implicated in disease incidence. This study examined how inoculum concentration and leaf age
levels affected response of cucumber plants to Pseudoperonospora cubensis, under natural conditions
along with the potential impact of soil and leaf nutrients to downy mildew development.
Methodology: Two different aged cucumber leaves
were inoculated with three concentrations of a sporangia suspension of P. cubensis in a pot experiment
established in a factorial design with five replicates.
Measurements of leaf and infection area at various
intervals as well as determination of nutrients in both
soil and cucumber tissues were conducted. Data were
subjected to analysis of variance and covariance.
Results: Disease symptoms emerged on cucumber
plants grown under greenhouse conditions regardless
of leaf age. Moreover, no significant differences observed on both types of leaves, relative to P. cubensis

growth in all the samplings. Main effects showed that
leaf area developed independently of the amount of
inoculum. However, an interaction between the development of the younger leaf and high inoculum
load at the primary stage of the infection was observed. High inoculum loads increased the disease
severity on both leaves, while the lowest concentration resulted in higher lesion area on the old leaves
compared to the young. Leaf Fe, Zn and Ca content
had statistically significant effect on disease emergence at p<0.05, after covariance analysis.
Conclusion: Downy mildew severity was similar on
both type of leaves. The size of young leaves was
inhibited by the high fungal load whereas their infection had lower progress under limited inoculum density. Leaf but not soil nutrient status was implicated
in disease incidence. The findings of this study will
be useful for artificial inoculations of cucumber
leaves with P. cubensis under greenhouse conditions.
Key words: infection area; greenhouse conditions;
leaf size; pot experiment; Pseudoperonospora cubensis; old plant tissue.
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INTRODUCTION
Downy mildew of cucumber, caused by P. cubensis,
is considered one of the most damaging diseases of
cucurbitaceous crops worldwide [1]. As obligate parasites cannot be cultivated on artificial nutritive media, investigations regarding artificial inoculation on
living host, is of great scientific interest due to novel
knowledge provided about pathogen cycle and management control of the disease. However, downy mildew of cucumber can be screened more effectively in
natural epidemics rather than artificial screening [2].
Therefore, directly inoculation of plants grown in
pots under greenhouse environment combines the
above benefits. Defined inoculum load permits thoroughly comparable results concerning infection,
moreover the study area allows pathogen development under natural conditions.
Many studies showed that inoculum concentration is
an important factor for successful artificial inoculations [3,4,5]. Inoculum density may influence the period from penetration until visible external symptoms
[1] or the accurate assessment of susceptibility to various plant pathogens [6]. Failed attempt for optimum
infection due to low concentration of zoospore suspension or high spore content which did not permit
the differentiation of environmental effects, reported
by researchers [7]. It has been suggested that inoculum concentration for artificial inoculation of cucumber plants with P. cubensis should be adjusted to
12x104 sporangia ml-1 [8]. Similar fungal densities
have been widely used since then [9]. However, differences relative to zoospore content depended on the
inoculation method used were recorded. Cucumber
leaves where sprayed with 1x105 sporangia ml-1 of P.
cubensis though five times higher load was used
when placing suspension droplets on the leaf surface
[10]. Nonetheless, artificial inoculations with lower
spore concentrations of P. cubensis sporangia ml-1
(2.5x104) [11], (5x103) [12] or even lower 1.5x102
[13] and 1.4-0.8x103 [2] resulted in successful plant
inoculations.
Furthermore, leaf age is quite important for infection
[14]. Artificial inoculation of cucumber parts, with
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other pathogens was hardly achieved [15] or susceptibility to disease increased with leaf age of cucumber
cultivars [16]. Although, cucumber plants may be
infected at all developmental stages, symptoms on
young developing leaves are rather rare under natural
infection conditions and cotyledons are actually more
susceptible than true leaves [1].
Plant nutrition has also a considerable influence in
disease development [17] due to relationship between
nutrients availability and growth of the pathogens.
Reduction of P. cubensis growth was observed under
unbalanced N, P and K while balanced levels of nutrients resulted in disease development in Cucumis melo. Besides, nutrients supply from the surrounding
healthy leaf tissue is considered to be responsible for
the density of sporangiophores of P. cubensis on
small-area lesions [1].
Unlike the effects of inoculation methods in relation
to ideal environmental conditions on disease development, reproduction of various sporangia densities of
obligate parasites on differed aged leaves of cucumber plants, have not been widely studied, under natural environment. This study attempts to achieve homogeneous P. cubensis attack on leaves with comparable and specific inoculum density under natural
conditions. More specifically, the objectives of the
current research were (a) to examine the main effects
and interactions between inoculum concentration of
P. cubensis and leaf age of cucumber plants on the
disease spread under greenhouse conditions and (b) to
investigate the content of nutrients in soil and cucumber leaves relative to downy mildew development.
MATERIALS AND METHODS
The experiment consisted of a factorial arrangement
of cucumber leaves (young or old), and spore concentrations of P. cubensis. Treatments were arranged
according to a randomized block design and replicated five times with eight plants per plot. Three levels
of spore concentrations were used (1.5 x102, 1x103
and 1x104 sporangia ml-1) in all possible combinations with the two cucumber leaves of different age.
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Soil analysis was conducted prior to establishment of
the experiment with the following results NO3-N 110
mg kg-1, Ρ 42 mg kg-1, K 175.8 mg kg-1, pH 8.02,
E.C. 4.38 S m-1, total CaCO3 34.44%. Cucumber
plants (Cucumis sativus L. cv. Knossos) were grown
in 7 L plastic pots under greenhouse conditions. Balanced fertigation consisted of phosphorus (P) 50 mg
L-1, nitrogen (N) 100 mg L-1 and potassium (K) 200
mg L-1 and supplied to crop a week after transplantation by adding 500 ml nutrient solution in each pot.
Recommended cultivation practices were applied uniformly to all the treatments.
The third leaf (young) and the seventh (old) from the
plant apex were inoculated with sporangium suspension of P. cubensis. The inoculum was obtained from
a local greenhouse. The infected leaves were collected and placed for incubation on a wet filter paper in
petri dishes for 2 days. Zoosporangia which formed
on leaves were gently brushed in a container with
distilled water, containing two drops of Tween-20.
The concentrations of suspension were adjusted to 1.5
x102, 1x103 and 1x104 sporangia ml-1 with a hemocytometer. Four droplets (10μL each) of the above suspensions were applied on the upper surface of the
leaves according to the experimental design. The cucumber plants were grown afterwards under natural
greenhouse conditions with average minimum12 oC
and maximum 34 oC air temperature.
Leaf and lesion area were measured digitally performing four series of photos of all the inoculated
leaves. To study plant and soil nutritional status, samples were collected for nutrients analysis to determine
concentrations of NH4-N, NO3-N, Ca, Mg, P, K, Fe,
Mn, Cu and Zn on a leaf dry weight basis as well as
NH4-N, NO3-N, P and K in soil. From each plant,
most recent fully developed leaf was selected as suggested by Jones et al [18]. Six leaves were taken from
each plot combined to form a mixed sample. Olsen
method for used for soil P whereas K was ammonium
acetate extracted from the soil. Leaf NH4-N and NO3N were extracted with KCl and concentrations was
determined using the Kjeldahl wet digestion method.
Leaf P concentration was determined by spectrometry. For the rest macro- and micro- nutrients, the sam-
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ples were dry-ashed in a muffle furnace at 515 ◦C for
5 h and dissolved in 3 mL of 6 N hydrochloric acid
and the concentrations were determined by Atomic
Absorption Spectrophotometry while K was determined using Flame Photometer [19].
Statistical analysis of data was done after checking
normality of each variable using KolmogorovSmirnov and Shapiro-Wilk tests. To detect main effects and interactions between leaf age and inoculum
concentrations, analysis of variance was performed.
For comparison of the means Duncan’s multiple
range test and the least significant difference, for P ≤
0.05, was employed. The potential effect of nutrients
on disease spread was examined after covariance
analysis between leaf, lesion area and leaf, soil nutrient.
RESULTS AND DISCUSSION
Effect of leaf age on infection area
The results of this research indicated that there were
statistically significant differences relative to size between the young and the old leaf, in all the samplings
(Figure 1A). The younger leaves obviously not fully
developed, were smaller than the older ones which
had reached their maximum size, regardless of the
spore concentration. Disease incidence was noticed in
all inoculated leaves. Figure 1B depicts that there
were no significant differences between the two
leaves with regard to infection area in all the samplings.
The successful infection of both aged leaves was similar to those obtained from other investigations relative to inoculations on cotyledons, first, second or
third leaf of cucumber plants regardless of the method
used, spraying [12] or droplet technique [10] as in the
current experiment. Although Knossou variety of cucumber plants has small size leaves which induce air
circulation and thus cause unfavourable conditions
for downy mildew incidence, artificial infection of
these plants caused no significant difference with regard to the characteristic lesions on both upper and
bottom leaves, in all disease stages.
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Figure 1. Leaf (A) and lesion (B) area of young and old age cucumber leaves, during the
samplings (day 11, 13, 16, 20 post inoculation with P. cubensis).
Leaf size and downy mildew incidence under
inoculum levels
The effect of inoculum content on leaf size of cucumber plants revealed no significant differences (Figure
2A). However, in day 13 post inoculation with P.
cubensis, the highest sporangial load led to significantly larger leaf with regard to the rest inoculum
levels.
Figure 2B shows the infection area caused by P. cubensis on leaves of cucumber as affected by the inoculum doses. All artificial inoculations resulted in disease incidence. Significantly elevated infection with
increasing pathogen levels was recorded, at the day
11 and 13 post inoculation. Two higher spore levels
had not statistical difference between them relative to
infection, at day 16 and 20, only with regard to the
lower inoculum concentration (day 20).
Downy mildew symptoms on cucumber leaves observed even at the lowest spore level (1.5x102 sporangia ml-1), 11 days after infection. Artificial inocula-

tions with similar sporangia doses of P. cubensis on
cucumber plants [13] or other vegetables [2] have
been reported. Optimal rates of P. cubensis inoculum
that were used in most researches seem to be around
103 to 104 sporangia mL-1 [9, 12, 20, 21] or much
higher [11, 22, 23]. However, most of them performed inoculations by spraying a sporangium suspension on cucumber leaves although this method is
in contrary to the natural properties of the fungal sporangia dispersal [20]. In the current investigation,
where droplet method was used for accurate monitoring of downy mildew development, dominated environmental conditions possibly favoured even the few
spores to germinate before the droplet dried.
It was apparent that disease severity significantly increased with the increasing fungal load at the initial
infection stages. Nevertheless, when downy mildew
developed, no significant difference observed between two higher inoculum loads, as reported for other pathogens [24,25].

Figure 2. Effect of inoculum concentration (sporangia of P. cubensis ml-1)
on leaf (A) and lesion (B) area, during the samplings (day 11, 13, 16, 20 post
inoculation with P. cubensis).
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Leaf age x Inoculum load interaction
Statistical analysis of the data obtained showed significant interaction between leaf age levels and inoculum doses for leaf area, at the first sampling (Figure
3A). The area of the young cucumber leaf was increased in the medial sporangium level with regard to
the rest concentrations. In contrast, the same inoculum dose led to lower size of the old leaves in comparison with the others. Thus, the higher fungal load
reduced the size of the young leaf whereas the corresponding area of the old leaf was not affected. This
indicated that the development of the new leaves was
prevented by the high inoculum load.
Although main effects of leaf age on infection area
revealed no differences, an interaction of leaf age x

inoculum level was obtained for this variable (Figure
3B). Therefore, the lower sporangial concentration
led to significantly reduced infection area on the
young leaves than the old ones. No statistical significant differences observed for the higher pathogen
doses in relation to their affect to lesion area of both
aged cucumber leaves. A possible explanation could
be the unfavourable microclimate conditions for sporangia germination due to the small size of the young
leaves and their higher position on the plant which
might resulted in limited dew periods and good air
circulation. Field resistance is known to occur with
low inoculum levels and be remarkably dependent on
environmental conditions rather than the pathogen
itself [1].

Figure 3. Interaction of leaf age x inoculum concentration with regard
to the leaf and lesion area (day 11 and 13 post inoculation with P. cubensis). The least significant difference (P=0.05) among inoculum
concentrations is presented with LSD bars.
Soil and leaf nutrients as covariates
Means of macro and micro nutrients are shown in
Table 1. It can be concluded from the results obtained
in this research all the nutrients were at sufficient to
high levels in the cucumber leaf samples [18]. In general, there were not clear statistically significant differences in the nutrient concentration in cucumber
tissue and soil. Although, the content of the primary
nutrients and Mg tend to increase in young leaves
probably due to their mobility. An opposite trend was
observed for the rest immobile nutrients in new aged
cucumber tissues. Nutrient soil content did not result
in statistical significant differences (Table 1).

Plant nutrient status is already known to affect the

physiology of the plant host, which eventually influences the microclimate and reduces infection by pathogens [26]. Moreover, differences in nutrient availability could be responsible for observed differences in
virulence [27]. Since the availability of nutrients to
plants affects the inoculum potential of the pathogens, it could be concluded that under high nutrient
status of the cucumber leaves, the infection success
was favourable in all inoculums levels of this obligate
foliar pathogen.
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Table 1. Effect of treatments on macro and micro nutrients in cucumber leaves and soil.

Treatments
Leaf
age

Macronutrients in cucumber leaves

Inoculum
Concentration

Ca

Mg

K

Sporangia
ml-1
young

1.5 x 102
3

young

1 x 10

young

1 x 104
2

P

NH4-N

NO3-N
mg Kg-1

%
6.5b*

1.0 ab

6.5 a

0.9 ab

82.8a

129.2ab

6.0b

0.9 bc

5.2 b

0.9 a

84.7a

146.4a

5.9b

1.1 a

4.9 b

0.8 bc

51.6b

135.9ab

8.3a

0.9 bc

4.6 b

0.8 c

81.7a

71.9c
104.5bc

old

1.5 x 10

old

1 x 103

6.0b

0.9 bc

4.7 b

0.9 a

33.7c

old

4

6.5b

0.8 c

4.8 b

0.7 c

50.4b

1 x 10

121.7ab

-1

Micronutrients in cucumber leaves (mg Kg )
Fe

Mn

Cu

Zn

young

1.5 x 102

334.7 c

140. bc

118.8 cd

39.7 d

young

1 x 103

339.1 c

90.8 d

121.0 cd

43.6 cd

young

1 x 10

4

365.3 c

108. cd

105.3 d

51.7 bc

old

1.5 x 102

old
old

450.7 b

160. b

153.2 b

54.7 b

1 x 10

3

395.1 bc

146. b

138.4 bc

58.7 b

1 x 10

4

535.2 a

204. a

187.5 a

67.7 a

Macronutrients in soil
NH4-N

NO3-N

P

K

-1

mg Kg in soil
young

1.5 x 10

young

1 x 10

3

young

1 x 104

2

2

6.4c

19.8a

39.8a

418.3ab

8.6b

14.4a

34.4a

399.6b

6.4c

19.2a

39.2a

438.0a

10.0a

16.9a

36.9a

409.2ab

old

1.5 x 10

old

1 x 103

7.0bc

16.1a

36.1a

424.7ab

old

4

6.8bc

17.6a

37.7a

411.8ab

1 x 10

*

Means within columns followed by different letters are significantly different (Duncan, P=0.05).

Covariance analysis of the obtained data showed that infection caused by P. cubensis was affected by nutrient
content in cucumber leaves, only at the early stage of the disease development. Therefore, the nutrients Fe, Zn
and Ca of the leaves significantly influenced the total lesion area at P<0.05 in the day 11 post inoculation with
P. cubensis (Table 2). The important role that nutrients play with regard to inoculum concentration has also
been reported for other diseases [24]. Besides, a study by Amand and Wehner about the effect of various factors
such as leaf age, stomata opening on cucumber gummy stem blight stated that nutrients provided by guttation
were more important in the infection process than other factors [16]. Moreover, the high leaf content of Fe, Zn
and Ca found in this study has been associated with host response to fungal diseases [28,29,30].
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Table 2. ANCOVA for lesion area of cucumber plants in the day 11 post inoculation with leaf nutrients content of Fe, Zn and Ca, as covariates.
Source

Mean square

Level of Significance

Inoculum Concentration

0.530

F
0.20

Fe

15.407

5.77

0.028

Leaf age

3.329

1.25

0.280

Replicates

1.321

0.50

0.739

Fe*Inoculum Concentration
Leaf age * Inoculum Concentration
Fe* Leaf age

1.612

0.60

0.558

17.433

6.53

0.008

1.474

0.55

0.468

Inoculum Concentration

8.990

6.07

0.010

Zn

11.427

7.71

0.013

Leaf age

0.972

0.66

0.429

Replicates

1.861

1.26

0.327

Zn* Inoculum Concentration
leaf* Inoculum Concentration
Zn* Leaf age

7.666

5.17

0.018

5.294

3.57

0.052

0.410

0.28

0.606

Inoculum Concentration

7.213

3.02

0.077

Ca

18.028

7.54

0.014

Leaf age

0.399

0.17

0.688

Replicates

1.010

0.42

0.790

Ca* Inoculum Concentration
leaf* Inoculum Concentration
Ca* Leaf age

9.933

4.16

0.035

6.434

2.69

0.098

0.043

0.02

0.894

0.821

CONCLUSION
The current study concluded that all tested spore concentrations resulted in successful infection of both
young and old cucumber leaves, after artificial inoculation with P. cubensis in greenhouse conditions.
Moreover, the pathogen attacked plant leaves regardless of age, causing the same infection area. The high
spore contents led to equable emergence of downy
mildew, as the disease increased with time. Leaf nutrient content of Fe, Zn and Ca was implicated in the
early stages of infection. High sporangial load inhibited the size development only of the younger leaves
while disease progressed rapidly on the old aged

leaves of cucumber plants even under low P. cubensis inoculum.
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