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ABSTRACT  
 
 Fusarium root rot, caused by Fusarium oxysporum f.sp.radicis- cucumerinum, is a common disease on 
cucumber grown in greenhouse for commercial production, resulting economic losses worldwide. Aiming to 
minimize the pesticides side effects, finding new alternatives to chemical control are necessary. Since silicon 
(Si) can induce defense responses that are functionally similar to systemic acquired resistance, we investigated 
the effects of application of silicon on cucumber plants against Fusarium foot rot disease. In greenhouse 
experiments cucumber plants were irrigated containing 2, 4 and 6 mM Si supplied as sodium silicate, 72 hours 
before inoculation with F.oxysporum f.sp. radicis_cucumerinum. The efficiency of silicon in inhibition the 
fungal infection depends upon the Si concentration and mode of its application. The highest protection was 
observed in Si- treated leaves, but the effect also appeared in the non-treated parts of the treated plants. The 
induction of resistance to Fusarium by silicon was accompanied by the accumulation of various host defense-
related enzymes in susceptible cucumber seedlings. The results from laboratory experiments indicated that, 
enzyme activities of chitinase, β-1,4 glucanase  and total  phenol content  increased as the disease developed on 
the roots compared to control. The highest enzyme activity levels obtained at days 3 and 5 after pathogen 
inoculation. Based on the findings in this study root-applied Si can enhance defense resistance in response to 
infection by F.oxysporum f.sp.radicis- cucumerinum in cucumber. The silicon treatment reduced Fusarium wilt 
development by inducing host defense responses, and can therefore, be used as an effective eco-friendly disease 
control measure in greenhouse conditions.  
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Introduction 
 
 Cucumber is one of the most important 
economical crops worldwide as well as in Iran.  
Fusarium wilt and root rot caused by Fusarium 
oxysporum f.sp. radicis- cucumerinum is among the 
most devastating diseases in cucumber production in 
west of Iran. The first published report of this disease 
was from Greece in 1989 [26,27]. 
 In general, methods for controlling of Fusarium 
wilt and root rot in greenhouse crops have 
emphasized development of resistant cultivars and 
avoidance of primary inoculum. Breeding for 
resistance, however, can be difficult if resistance 
genes have not been identified, as is the case for 
Fusarium wilt and root rot of cucumber [24].  
Induction of resistance to pathogen is a promising 
approach for controlling plant diseases. Induced 
resistance is the general term by which all types of 
elicited responses that lead to enhanced protection 

against disease including both locally and 
systemically induced resistance can be designated. 
 Silicon (Si) is the second most abundant mineral 
element in soil following oxygen and comprises 
approximately 28% of the earth’s crust. Although Si 
still is not recognized as an essential element for the 
majority of plants [10]. The beneficial roles of this 
element in growth, development, yield and plant 
resistance to biotic stress and abiotic stress have been 
verified in a wide variety of plant species [19,20]. 
Silicon increases rice resistance to many fungal 
diseases such as blast, sheath blight, brown spot leaf 
scald and stem rot [14,25]. Si also enhances plant 
resistance to powdery mildew in wheat, cucumber 
and arabidopsis [2,16,12]. Chérif et al. [6] showed 
that in the cucumber–Pythium interaction, supplying 
Si enhanced the activities of chitinases, peroxidases, 
polyphenoloxidases, and phenolics. Fawe et al., [13] 
using the cucumber–powdery mildew pathosystem 
demonstrated the production of specific phytoalexins 
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associated with Si-mediated resistance. By 
comparing the properties of known responses 
occurring as a result of systemic acquired resistance 
with those occurring in the presence of soluble Si in 
planta, Fawe et al. [13] suggested that Si-mediated 
resistance shares functional similarities with forms of 
induced resistance. However, the mechanisms of Si-
induced resistance are still not clear. Two main 
hypotheses been suggested to explain the increased 
resistance in these plants by Si amendment, Si 
functions as mechanical barrier against pathogen 
progress, or Si induces resistance components [12]. 
 In order to evaluate the effects of silicon 
pretreatment on the activities of defense-related 
enzymes in cucumber inoculated with Fusarium 
oxysporum greenhouse experiments were conducted; 
consisting of three treatments,(i) plants with Si, 
inoculated with Fusarium, (ii) plants without Si, 
inoculated with Fusarium, (iii) plants without Si, 
without Fusarium, with four replications. The aim of 
this study was to obtain more details on the role of 
induced compounds in Si-treated cucumber plants 
infected by F. oxysporum. f.sp. radicis- 
cucumerinum on systemic defence responses. 
  
Materials and Methods 
 
1. Inocolum Preparation: 
 
 Isolate of F. oxysporum f. sp. radicis-
cucumerinum had already recovered from diseased 
cucumber tissues showing typical symptoms (wilting 
and brown discoloration of the vascular tissues) from 
commercial cucumber producing greenhouses in 
Hamedan, Iran. Identification was carried out on the 
basis of mycological characteristics described by 
Nelson et al. [22]. The pathogenicity test of isolate 
was performed on the susceptible cucumber cv. 
Negeen. Fusarium isolates were maintained on potato 
dextrose agar. Spore suspension of F. oxysporum 
isolates were prepared by flooding 7-days-old 
cultures with sterile distilled water and dislodging the 
spores with a glass rod. The suspension was then 
filtered through cheesecloth and diluted with sterile 
water, to bring the concentration of the spore 
suspension of F. oxysporum to 1 × 105 CFU/mL by 
using hemocytometer.  
 
2. Greenhouse Experiments: 
 
 Cucumber (Cucumis sativus L.) cultivar Negeen, 
susceptible to the pathogen was used in these 
experiments. Pot soil mixture was comprised of soil, 
sand and peat (2:1:1; v/v) and the soil mixture was 
pre-sterilized for 20 min in an autoclave at 120 ˚C.   
Seeds of cucumber were planted in 25 cm diameter 
pots and kept in an environmentally controlled 
greenhouse at 22±2°C and 12 hours photo period. 
Then uniform seedlings approximately 3 weeks old at 
four-leaf stage were selected and transplanted to clay 

pots (2 seedlings /pot). Silicon (Si) was obtained from 
Sigma-Aldrich and was dissolved in sterile distilled 
water to proposed final concentration (2, 4 and 6 mM) 
at pH 6.4. Then cucumber plants were treated by Si 
with concentrations of 2, 4 and 6 mM. After 72 hrs 
the plants were inoculated with F. oxysporum conidia 
suspension (1×105 CFU/ml) and disease severity was 
evaluated 15 days afterward using the scale modified 
from Liu et al., [17]. This experiment was arranged as 
a completely randomized design with different 
concentrations of Si (2, 4 and 6 mM) with three 
replicates. Disease severity was recorded using a 
scale containing 6 grades suggested by Liu et al., 
[17]:  
Grade: 0 : no symptoms.  
1 : Plants with < 25 % of roots with symptoms.  
2 : Plants with 25 to 50 % of roots with symptoms.  
3 : Plants with 50 to 75 % of roots with symptoms.  
4 : Plants with 76 to 100% of roots with symptoms.  
5 : Plants with complete death.  
 
3. Enzymes and Protein Assay:  
 
 For extraction of glucanase and chitinase 
enzymes  0.5 g of the sampled leaves were crushed to 
a fine powder in a mortar under liquid nitrogen  and 
with sodium acetate buffer (0.05 M, pH=5) 
centrifuged at 14,000 (rpm) for 20 min at 4ºC. The 
supernatant was transferred to a 1.5 mL vial and 
stored at –20ºC until subsequent assay [18]. The 
activities of the defense-related enzymes chitinas,  β-
1,4-glucanase and total phenolic content were 
measured on 0, 1, 3, and 5 days after inoculation in 
the Silicon-treated and non-treated plants.  
 Protein concentrations were measured according 
to Bradford’s method [3] using bovine serum 
albumin (BSA) as the standard. 
 
3.1. Chitinase assay: 
 
 Chitinase activity was determined according to 
Bansode and Bajekals [1]. A reaction mixture 
containing 1 ml of culture supernatant and 1 ml of 
colloidal chitin 2%,in 50 mM sodium acetate buffer, 
pH 5, was incubated in a water bath for 60 min at 
40°C. After boiling for 5 min in a water bath, the 
mixture was centrifuged at 3,000 rpm for 20 min.  
 One unit of chitinase activity was defined as the 
amount of enzyme that liberated 1 μmol of glucose 
per min formed per mg of protein under the 
conditions described above. 
 
3.2. β-1, 4-Glucanase assay: 
 
 β -1, 4-Glucanase activity was assayed using 
carboxy methyl cellulose (Merck, Germany), as a 
substrate. The assay system contained 100µl crude 
enzyme extract and l00µl of carboxy methyl 
cellulose 1%, incubation was carried out at 50˚C for 
30 min. The reaction was then stopped by the 
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addition of 600µl dinitrosalicylic acid (DNS) 
solution (7.5 g of dinitrosalicylic acid, 14 g of 
NaOH, 216 g of sodium potassium tartrate, and 1 
liter of distilled water) and heating over boiling water 
bath for 5 min. The resultant colored solution was 
diluted with 2.5 ml of distilled water, vortexed, and 
absorbance measured at 500 nm by 
spectrophotometer (Varian, Cary100 conc.). The 
enzyme activity was expressed as microgram glucose 
per min formed per mg protein. 
 
3.3. Estimation of total phenolic content: 
 
 Frozen leaves (1g) from each replicate were 
homogenized in 8 mL of 80% acidified methanol. 
The homogenate was centrifuged at 4,000 (rpm) for 5 
min at room temperature and then 1 mL of the 
methanolic supernatant was added to 5 mL of 
distilled water and 250µL of Folin-Ciocalteu reagent 
(Merck, Darmstadt Germany), and the solution was 
incubated at room temperature. After 3 min, 1 mL of 
a saturated solution of Na2CO3 and 1 mL of distilled 
water were added and the reaction mixture was 
incubated for 1 hr. The absorbance of the developed 
blue colour was measured using spectrophotometer 
at 725 nm using a blank, water and reagent only. 
Caffeic acid (Fluka Buchs, Switzerland) was used as 
reference phenolic compounds. The total phenolic 
compounds of sample were expressed as milligram 
caffeic acid per gram of leaf fresh weight [21]. 
 

4. Statistical analysis:  
 
 Statistical analysis of the data was conducted 
using an ANOVA with SPSS (Statistical Analysis 
Systems Institute, version 16.0). Values for the 
enzymes assay were the means of four replicates and 
expressed as units (U) per gram fresh-frozen weight. 
The analysis indicated least significant differences 
(LSD) at the P ≤ 0.05 for comparison of individual 
means. 
 
Results: 
 
1. Cucumber disease reaction assessment: 
 
 Effects of different concentrations of Si in 
cucumber leaves grown on Si content, non-
inoculated and inoculated with F. oxysporum have 
indicated in Table.1. Healthy control treatment 
denotes no Si and no inoculation with F. oxysporum; 
treatments Si 2, Si 4, Si 6 denote three levels of Si (2, 
4 and 6 mM) applied to inoculated plants. The 
resistance was evident as a reduction in disease 
severity index compared with infected control. As 
been shown in Table (1), all applied concentration of 
silicon treatment protected cucumber plants against 
Fusarium foot rot disease. Plants treated with 
different concentration of silicon had significantly 
reduced disease severity compared with the infected 
control. However, these reduction were higher when 
the concentration were 4 or 6 mM. 

 
Table 1: Resistance of cucumber plants to Fusarium foot rot induced by supplying Si in different concentrations. 

Treatments Disease Index Difference 
Significance 

Si 2 mM 1.7 C 
Si 4mM 1.3 C 
Si 6mM 1.2 C 

Inoculated control 2.6 B 
Healthy control 0.0 A 

The Si treatments exhibited a significantly (P = 0.05) different disease index as indicated by different letters. Data are means of four 
replicates.  

 
2. Chitinase activity: 
 
 As shown in Figure 1. no significant relationship 
was observed between different treatments in terms 
of chitinase activity on day 0. However, after 24 h 
slightly difference of enzyme activity between 
inoculated and not inoculated cucumber plant was 
observed, but not significant. There were significant 
difference of chitinase activity levels between all Si-
treated cucumber plants and not-treated ones on both 
day three and day five assessment. From the 
experiment results we found that on the day first till 
five all the silicon concentrations (2, 4 and 6 mM) 
had significant effects on chitinase activity levels in 
cucumber leaves, comparing with control plants. But 
on the day five, there was significant difference 
among different concentration of Si-treatments. 
 
3. β-1,4-glucanase activity: 

 From experiment results we found that, again no 
significant relationship between different treatments 
in terms of β-1,4-glucanase activity  activity on day 0 
(Figure 2). However, after 24 h slightly difference of 
enzyme activity was observed between 2mM Si-
treated and not Si-treated cucumber plants, but was 
not significantly. There were significant difference of 
β-1,4-glucanase activity levels between 4 and 6 mM 
concentrations of Si-treated cucumber plants and not-
treated ones on both day three and day five 
assessment. As it has been indicated in the results we 
also found that on the day first till five, only 4 and 6 
mM silicon concentrations had significant effects on 
β-1,4-glucanase activity levels in cucumber leaves, 
comparing with control plants. But on the day five, 
there was significant difference between two upper 
concentrations of Si-treatments (4 and 6 mM) and 
other treatments in terms of enzyme activity (Figure 
2). 
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Fig. 1: The chitinase activity in Si-treated and no-treated cucumber leaves during five day period after 

inoculation. 
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Fig. 2: The β-1,4-glucanase activity in Si-treated and no-treated cucumber leaves during five day period after 

inoculation. 
 
4. Total Phenolic Content (TPC): 
 
 The changes of the TPC in non-inoculated and 
inoculated cucumber and Si-treated cucumber plants 
are shown in Figure 3. No differences in TPC levels 
were observed among the treatments. 
 Prior to  inoculation with F. oxysporum (Figure 
3). However, already the first day after inoculation, 

TPC level was significantly elevated compared to 
non-inoculated plants (Figure 3).The changes of the 
TPC during the five-day period were not significant 
in the non-inoculated plants but significant in the 
inoculated plants of all the time intervals. Si- treated 
plants after day first gradually increased and 
maximum stimulation occurred at the highest level of 
Si application (Figure. 3). 
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Fig. 3: Total phenolic compound changes in Si-treated and no-treated cucumber leaves during five day period 

after inoculation. 
 
Discussion: 
 
 In recent years, there has been an increasing 
interest in the use of Si for induction of defense 
mechanisms in response to fungal attacks. Silicon 
has been implicated as a factor influencing the 
degree of plant resistance to biotic or abiotic stresses 
[19]. It has long been known that silicon plays an 
important role in the resistance of plants against 
pathogens [4,5,8]. The mechanism by which silicon 
mediates disease resistance is incompletely 
understood. Historically, it was assumed that 
insoluble Si, accumulating in the apoplast, creates a 
mechanical barrier preventing fungal penetration 
[11]. Cucumber does not show active Si uptake in 
contrast to rice which absorbs Si rapidly and depletes 
its concentration in the medium [23]. However, when 
sufficient amounts of soluble Si are available in the 
solution surrounding the roots, cucumber plants are 
capable of absorbing large amounts of Si, and the Si 
content in the leaves can reach values as high as 
those in gramineous plants [23]. In agreement, the 
results obtained in the present work demonstrated 
that Si application to the soil significantly increased 
the Si concentration in the roots. 
 Provision of Si to cucumber plants successfully 
decreased the disease index of plants inoculated with 
F. oxysporum (Table 1). Non-inoculated cucumber 
plants fed with Si did not increase enzyme activity 
over control plants, and only inoculated plants 
treated with Si showed an increase in enzyme 
activity (Figures 1–2). Silicon appears to offer the 
advantage of inducing cucumber resistance against F. 
oxysporum only when infected with the pathogen. 
The amendment of pot soil with soluble Si to 
inoculated cucumber plants resulted in a significant 
increase in TPC in cucumber after infection with F. 
oxysporum (Figure 3). Fauteux et al., [12] also 
demonstrated that changes in enzyme activities in 
supplying Si is an effective way to induce cucumber 

resistance against F. oxysporum and as a whole 3.6 
mM level of Si applied to the nutrient solutions is 
most effective. The presence of phenolic compounds 
in plants and their synthesis in response to infection 
is associated with disease resistance. Si also may act 
as an elicitor of plant defense responses or as an 
activator of strategic signaling proteins [28].  
 Kunoh and Ishizaki [15] demonstrated localized 
accumulation of insoluble Si at penetration sites of 
powdery mildew pathogens could directly relate to 
penetration. In a similar approach with the Pythium–
cucumber, Chérif et al. [6] demonstrated that 
although silicon failed to accumulate at penetration 
points under conditions of saturated humidity, 
resistance was still enhanced. They concluded that, in 
cucumber, Pythium resistance did not result from 
insoluble silicon accumulating within plant tissues 
and cell walls; rather they hypothesized that soluble 
silicon played a physiological role resulting in up-
regulation of plant defenses. The effects of silicon 
application on major defense-related enzymes 
activities were also investigated by Chérif et al., [6]. 
They showed that in the cucumber–Pythium 
interaction, silicon enhanced the activities of 
chitinases, peroxidases, poly phenoloxidases, and 
phenolics. In present study, silicon supply to 
cucumber plants inoculated with F. oxysporum f.sp.  
radicis-cucumerinum significantly stimulated the 
activities of  chitinase, β- 1,4 glucanase as well as 
total phenolic content in treated plants. Root 
application of sodium silicate at a concentration of 6 
mM gave the best results in Fusarium root rot control 
compare with other treatments. 
 The results from this study demonstrate that the 
Si plays an important role in inhibiting F. oxysporum 
f.sp. radicis-cucumerinum via stimulating the 
activities of major defense-related enzymes. In 
conclusion, this work provides evidence that Si 
amendments to cucumber plants mediate F. 
oxysporum f. sp. radicis.cucumerium resistance in 
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cucumber and it seems to be an efficient activator of 
plant defense mechanism and it can be used along 
with, biocontrol agents to manage Fusarium root rot. 
This could make Silicon a useful tool for managing 
cucumber diseases, since it can also induced 
resistance against Pythium root rot and powdery 
mildew diseases [7,8,11]. 
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