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Abstract 

The present study aimed to evaluate the response of five gynoecious cucumber hybrids to foliar 

application of silicon dioxide nanoparticles (SiO₂ -NPs) under heat stress conditions and to identify 

the most effective hybrid–SiO₂ -NP combination for improving vegetative growth, fruit 

characteristics, and yield. This study was conducted in the greenhouses of the College of Agriculture, 

University of Anbar, during the spring season of 2025–2026 to evaluate the response of five 

gynoecious cucumber hybrids to foliar application of silicon dioxide nanoparticles (SiO₂ -NPs) 

under heat stress conditions. The experiment was arranged in a randomized complete block design 

(RCBD) using a split-plot arrangement with three replicates. Cucumber hybrids were assigned to the 

main plots, while three concentrations of SiO₂ -NPs (0, 50, and 100 mg L⁻ ¹) were allocated to the 

subplots. Vegetative growth traits, total number of flowers, selected fruit characteristics, and yield 

were evaluated. Significant differences among the hybrids were observed for plant height, dry 

weight, fruit diameter, rind thickness, and yield, whereas internode length, stem diameter, and total 

number of flowers were not significantly affected. Foliar application of SiO₂ -NPs improved most of 

the studied traits, with the concentration of 100 mg L⁻ ¹ producing the greatest enhancement in 

vegetative growth and yield. In contrast, the highest rind thickness was recorded at 50 mg L⁻ ¹, while 

fruit diameter was not significantly influenced by the applied concentrations. The interaction 

between hybrids and SiO₂ -NP concentrations was significant for most of the evaluated traits. 

Hybrid H1, particularly when treated with 100 mg L⁻ ¹ SiO₂ -NPs, exhibited superior performance 

in several vegetative growth traits and yield. These findings suggest that foliar application of 100 mg 

L⁻ ¹ SiO₂  nanoparticles may be adopted to improve cucumber productivity under greenhouse heat 

stress conditions. 

Keywords: Cucumis sativus L., Silicon dioxide nanoparticles (SiO₂ -NPs), Heat stress, Greenhouse 
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 Introduction 

Cucumber (Cucumis sativus L.) is one of 

the most important vegetable crops of the 

family Cucurbitaceae owing to its high 

nutritional and economic value. Its 

cultivation has expanded widely under 

greenhouse conditions to ensure year-

round production and increase economic 

returns [24]. However, cucumber is highly 

sensitive to elevated temperatures, 

particularly during vegetative growth and 

flowering, making heat stress one of the 

major constraints limiting greenhouse 

production [12]. 

In Iraq, greenhouse-grown cucumber is 

frequently exposed to high temperatures, 
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especially when planting is delayed until 

the end of the growing season. Such 

conditions often exceed the optimum 

temperature required for normal growth, 

leading to reduced photosynthetic 

efficiency, excessive accumulation of 

reactive oxygen species (ROS), impaired 

water balance, and ultimately lower 

vegetative growth, fruit set, yield, and fruit 

quality [8, 18, 25]. 

Improving plant tolerance to abiotic stress 

has become an important objective in 

modern crop production. Silicon has 

attracted considerable attention because it 

enhances photosynthetic efficiency, 

maintains cell membrane integrity, reduces 

water loss, and strengthens antioxidant 

defense mechanisms under stress 

conditions [2, 16]. Compared with 

conventional silicon sources, silicon 

dioxide nanoparticles (SiO₂ -NPs) possess 

greater biological activity due to their 

small particle size and high specific 

surface area, resulting in improved 

absorption and translocation within plant 

tissues [20]. Consequently, SiO₂ -NPs 

have shown promising potential for 

alleviating heat stress and enhancing plant 

growth and productivity [4, 7]. 

The response of cucumber hybrids to heat 

stress varies according to their genetic 

background, making the evaluation of 

hybrid performance under modern 

management practices essential. Despite 

the increasing interest in silicon 

nanoparticles for vegetable production, 

information regarding the response of 

gynoecious cucumber hybrids to SiO₂ -

NPs under heat stress, particularly under 

Iraqi greenhouse conditions, remains 

limited. Therefore, the present study aimed 

to evaluate the response of selected 

gynoecious cucumber hybrids to foliar 

application of silicon dioxide nanoparticles 

and to identify the most effective hybrid–

SiO₂ -NP combination for improving 

vegetative growth, yield, and selected fruit 

characteristics under heat stress conditions. 

 Materials and Methods 

 Experimental Site 

A field experiment was conducted during 

the spring growing season of 2025–2026 in 

the greenhouses of the Department of 

Horticulture and Landscape Gardening, 

College of Agriculture, University of 

Anbar, Iraq. Before transplanting, the 

greenhouse soil was prepared through 

leveling and standard field preparation 

practices. The greenhouse was divided into 

six planting beds, each 42 m in length. 

Every two beds represented one block and 

were further divided into 18 experimental 

units measuring 4.2 × 0.8 m (3.36 m²). 

Each bed contained 105 plants, resulting in 

a total of 630 plants in the experiment. 

Seeds of five gynoecious cucumber 

hybrids were sown on 2 February 2026 in 

209-cell seedling trays filled with peat 

moss as the growing medium. Seedlings 

were transplanted into the greenhouse on 

23 February 2026. Planting was 

intentionally delayed to ensure that all 

plants were exposed to naturally occurring 

heat stress during the vegetative and 

reproductive growth stages, thereby 

providing a uniform level of heat stress 

across all experimental treatments 

throughout the study. Throughout the 

growing season, greenhouse temperatures 

(recorded by a data logger) ranged from 

38–42°C (max) to 22–25°C (min), 

exceeding the optimal 25–30°C range for 

cucumber and confirming severe heat 

stress. Air temperature, relative humidity, 

and light intensity inside the greenhouse 

were monitored throughout the 

experimental period to ensure the 

occurrence of heat stress under natural 

greenhouse conditions. 

Experimental Factors 
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 Cucumber Hybrids 

Five gynoecious cucumber hybrids were 

evaluated in this study. Three hybrids (H1, 

H2, and H3) were developed by the 

Department of Horticulture and Landscape 

Gardening, College of Agriculture, 

University of Anbar, whereas two 

commercial hybrids (H4 and H5) were 

obtained from the Horticulture Research 

Center, Ministry of Agriculture, Iraq. The 

characteristics of the evaluated hybrids are 

presented in (Table 1). 

Table 1. General characteristics of the gynoecious cucumber hybrids used in the 

study. 

Hybrid code Hybrid pedigree General characteristics 

H1 1 × 4 Hybrid characterized by vigorous vegetative 

growth, cylindrical fruits, and high yield potential. 

H2 9 × 6 Hybrid with moderate vegetative growth, 

elongated cylindrical fruits, and moderate yield 

potential. 

H3 9 × 5 Hybrid exhibiting vigorous vegetative growth, 

dark green fruits, and moderate yield potential. 

H4 Kenz cucumber Hybrid producing cylindrical fruits with slight 

ribbing and an attractive glossy green color. 

H5 Majd cucumber Hybrid producing uniform cylindrical fruits with a 

glossy dark green color and abundant fruit set. 

 

 Silicon Dioxide Nanoparticles (SiO₂ -

NPs) 

The second experimental factor consisted 

of three foliar application levels of silicon 

dioxide nanoparticles (SiO₂ -NPs): 

 B0: Distilled water (control). 

 B1: SiO₂ -NPs at 50 mg L⁻ ¹. 

 B2: SiO₂ -NPs at 100 mg L⁻ ¹. 

The selected concentrations were based on 

the recommendations of [7]. Foliar 

spraying was performed three times 

during the growing season. The first 

application was carried out at the 3–4 

true-leaf stage, followed by two additional 

applications at 15-day intervals, according 

to [9]. Silicon dioxide nanoparticles 

(SiO₂ -NPs) with a purity of 99.5%, 

particle size of 15–30 nm, specific surface 

area of 160–240 m² g⁻ ¹, and amorphous 

spherical morphology were used in this 

study. The nanoparticles were obtained in 

powder form and used to prepare the 

foliar spray solutions at the required 

concentrations. 

 

Nanomaterial 

Silicon dioxide nanoparticles (SiO₂ -NPs) 

with a purity of 99.5% were obtained from 

US Research Nanomaterials, Inc. 

(USA). 

Experimental Design and Statistical 

Analysis 

The experiment was arranged as a split-

plot design within a randomized complete 

block design (RCBD) with three 

replicates. Cucumber hybrids were 

assigned to the main plots, whereas SiO₂ -

NP concentrations were allocated to the 

subplots. Data were statistically analyzed 

using GenStat software, and treatment 
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means were compared using the Least 

Significant Difference (LSD) test at the 

5% probability level [5]. 

 Measured traits 

The following growth and yield traits 

were evaluated: 

Plant height (cm): Measured at the end 

of the growing season from the soil 

surface to the apical growing point using a 

measuring tape. 

Internode length (cm): Calculated by 

dividing plant height by the total number 

of nodes per plant. 

Stem diameter (mm): Measured 5 cm 

above the soil surface using a digital 

Vernier caliper on five randomly selected 

plants from each experimental unit. 

Shoot dry weight (g plant⁻ ¹): Five 

previously labeled plants were harvested 

from each experimental unit, air-dried, 

and subsequently oven-dried at 60–70°C 

until a constant weight was reached before 

weighing with a digital balance. 

Total number of flowers (flowers 

plant⁻ ¹): Recorded throughout the 

growing season. 

Fruit diameter (mm): Determined as the 

average of ten fruits sampled after the 

third foliar application by measuring the 

middle portion of each fruit using a digital 

Vernier caliper. 

Rind thickness (mm): The fruit rind was 

carefully removed using a peeling tool, 

and its thickness was measured at the 

middle of ten fruits sampled after the third 

foliar application using a digital Vernier 

caliper. 

Greenhouse yield (t greenhouse⁻ ¹): 
Estimated by multiplying the average 

yield per plant by the standard plant 

population of 1,200 plants per greenhouse. 

 Results and Discussion 

 Plant height (cm plant⁻ ¹) 

The results presented in table 2 revealed 

significant differences among gynoecious 

cucumber hybrids, silicon dioxide 

nanoparticle (SiO₂ -NP) concentrations, 

and their interaction with respect to plant 

height under heat stress conditions. 

Among the evaluated hybrids, H1 

produced the highest mean plant height 

(277.26 cm), followed by H2 (254.66 cm), 

whereas H3 recorded the lowest mean 

value (244.19 cm). 

Regarding the effect of SiO₂ -NP 

concentrations, the S100 treatment 

produced the highest mean plant height 

(283.24 cm), whereas the control 

treatment (S0) recorded the lowest mean 

value (221.61 cm). 

A significant interaction between the two 

experimental factors was also observed. 

The H2S100 treatment produced the 

greatest plant height (296.60 cm), whereas 

H3S0 recorded the lowest value (209.13 

cm). 
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Table 2. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on plant height (cm plant⁻ ¹) under heat stress 

conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 260.13 212.67 209.13 211.95 214.17 221.61 

S50 281.95 254.72 252.42 250.65 245.85 257.12 

S100 289.70 296.60 271.03 284.65 274.20 283.24 

Mean 277.26 254.66 244.19 249.08 244.74  

LSD 

0.05 

H S H × S 

7.97 11.36 17.82 

 

Internode length (cm) 

The results presented in table 3 revealed 

that silicon dioxide nanoparticle (SiO2-

NP) concentrations significantly affected 

internode length under heat stress 

conditions, whereas no significant 

differences were observed among 

gynoecious cucumber hybrids or in the 

interaction between the two experimental 

factors. 

Regarding the effect of SiO2-NP 

concentrations, the S100 treatment 

produced the highest mean internode 

length (7.57 cm), although it did not differ 

significantly from the S50 treatment, 

which recorded a mean value of 7.52 cm. 

In contrast, the control treatment (S0) 

recorded the lowest mean internode length 

(7.02 cm). 

No significant differences were observed 

among the interaction treatments. 

Table 3. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on internode length (cm) under heat stress 

conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 7.78 7.08 6.54 6.84 6.88 7.02 

S50 8.06 7.20 7.63 7.55 7.18 7.52 

S100 7.76 7.83 7.36 7.64 7.24 7.57 

Mean 7.87 7.37 7.18 7.34 7.10  

LSD H S H × S 
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0.05 N.S 0.30 N.S 

 

 Stem diameter (mm) 

The data presented in table 4 showed that 

silicon dioxide nanoparticle (SiO₂ -NP) 

concentrations significantly affected stem 

diameter under heat stress conditions, 

whereas no significant differences were 

detected among the gynoecious cucumber 

hybrids. 

Regarding the effect of SiO2-NP 

concentrations, the S100 treatment 

produced the highest mean stem diameter 

(15.36 mm), whereas the control treatment 

(S0) recorded the lowest mean value 

(13.50 mm). 

A significant interaction between the two 

experimental factors was also observed. 

The H1S100 and H2S100 treatments 

produced the greatest stem diameter (15.65 

mm), whereas H1S0 and H5S0 recorded 

the lowest value (12.78 mm). 

Table 4. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on stem diameter (mm) under heat stress 

conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 12.78 14.13 13.81 14.13 12.78 13.50 

S50 14.07 14.48 14.69 14.48 14.07 14.25 

S100 15.65 15.61 15.30 15.61 15.65 15.36 

Mean 14.17 14.74 14.60 14.74 14.17  

LSD 

0.05 

H S H × S 

N.S 0.52 1.28 

 

Shoot dry weight (g plant⁻ ¹) 

The results presented in table 5 revealed 

significant differences among gynoecious 

cucumber hybrids, silicon dioxide 

nanoparticle (SiO₂ -NP) concentrations, 

and their interaction with respect to shoot 

dry weight under heat stress conditions. 

Among the evaluated hybrids, H1 

produced the highest mean shoot dry 

weight (101.19 g plant⁻ ¹), followed by H2 

(94.54 g plant⁻ ¹), whereas H5 recorded 

the lowest mean value (81.30 g plant⁻ ¹). 

Regarding the effect of SiO2-NP 

concentrations, the S100 treatment 

produced the highest mean shoot dry 

weight (106.84 g plant⁻ ¹), whereas the 

control treatment (S0) recorded the lowest 

mean value (75.60 g plant⁻ ¹). 

A significant interaction between the two 

experimental factors was also observed. 

The H1S100 treatment produced the 

highest shoot dry weight (124.33 g 

plant⁻ ¹), followed by H2S100 (111.03 g 

plant⁻ ¹), whereas H4S0 recorded the 

lowest value (72.90 g plant⁻ ¹). 
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Table 5. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on shoot dry weight (g plant⁻ ¹) under heat 

stress conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 79.30 78.40 73.77 72.90 73.63 75.60 

S50 99.93 94.20 82.20 91.17 83.33 90.17 

S100 124.33 111.03 100.72 111.20 86.93 106.84 

Mean 101.19 94.54 85.56 91.76 81.30  

LSD 

0.05 

H S H × S 

5.26 5.11 11.42 

 

Total number of flowers (flowers 

plant⁻ ¹) 

The results presented in table 6 revealed 

that silicon dioxide nanoparticle (SiO₂ -

NP) concentrations and their interaction 

with gynoecious cucumber hybrids 

significantly affected the total number of 

flowers under heat stress conditions, 

whereas no significant differences were 

observed among the hybrids. 

Regarding the effect of SiO2-NP 

concentrations, the S100 treatment 

produced the highest mean total number of 

flowers (76.98 flowers plant⁻ ¹), 

significantly exceeding the S0 (73.87 

flowers plant⁻ ¹) and S50 (70.62 flowers 

plant⁻ ¹) treatments. 

A significant interaction between the two 

experimental factors was also observed. 

The H1S50 treatment produced the highest 

total number of flowers (88.42 flowers 

plant⁻ ¹), followed by H1S100 (87.83 

flowers plant⁻ ¹), whereas H3S50 recorded 

the lowest value (54.25 flowers plant⁻ ¹). 

Table 6. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on the total number of flowers (flowers 

plant⁻ ¹) under heat stress conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 81.25 74.25 72.41 61.67 79.75 73.87 

S50 88.42 72.25 67.00 54.25 71.17 70.62 

S100 87.83 76.09 76.83 65.25 78.92 76.98 
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Mean 85.83 74.20 72.08 60.39 76.61  

LSD 

0.05 

H S H × S 

7.61 3.09 N.S 

 

Fruit diameter (mm) 

The results presented in table 7 revealed 

significant differences among gynoecious 

cucumber hybrids and the interaction 

between hybrids and silicon dioxide 

nanoparticle (SiO₂ -NP) concentrations 

with respect to fruit diameter under heat 

stress conditions. However, SiO₂ -NP 

concentrations alone did not significantly 

affect this trait. 

Among the evaluated hybrids, H4 

produced the largest mean fruit diameter 

(26.36 mm), whereas H1 recorded the 

lowest mean value (22.23 mm). No 

significant differences were observed 

among the SiO₂ -NP concentrations. 

A significant interaction between the two 

experimental factors was detected. The 

H4S50 treatment produced the largest fruit 

diameter (27.07 mm), followed by H2S0 

and H3S0, both of which recorded 26.56 

mm. In contrast, H1S50 produced the 

smallest fruit diameter (21.73 mm). 

Table 7. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on fruit diameter (mm) under heat stress 

conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 21.81 26.56 22.85 26.56 24.40 24.44 

S50 21.73 25.45 24.59 27.07 22.86 24.34 

S100 23.15 24.19 24.70 25.44 22.98 24.09 

Mean 22.23 25.40 24.04 26.36 23.42  

LSD 

0.05 

H S H × S 

2.68 N.S 1.74 

 

Rind thickness (mm) 

The results presented in table 8 revealed 

significant differences among gynoecious 

cucumber hybrids, silicon dioxide 

nanoparticle (SiO₂ -NP) concentrations, 

and their interaction with respect to rind 

thickness under heat stress conditions. 

Among the evaluated hybrids, H2 

produced the highest mean rind thickness 

(1.4222 mm), whereas H1 recorded the 

lowest mean value (1.2356 mm). 

Regarding the effect of SiO₂ -NP 

concentrations, the S50 treatment produced 

the highest mean rind thickness (1.3940 

mm), although it did not differ 

significantly from the S100 treatment, 

which recorded a mean value of 1.3893 
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mm. In contrast, the control treatment (S0) 

produced the lowest mean rind thickness 

(1.2920 mm). 

A significant interaction between the two 

experimental factors was also observed. 

The H1S50 treatment produced the greatest 

rind thickness (1.6067 mm), whereas 

H2S50 recorded the lowest value (1.1233 

mm). 

Table 8. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on rind thickness (mm) under heat stress 

conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 1.3300 1.1367 1.5467 1.5467 1.1767 1.2920 

S50 1.6067 1.1233 1.3500 1.3500 1.4300 1.3940 

S100 1.3300 1.4467 1.2700 1.2700 1.4367 1.3893 

Mean 1.4222 1.2356 1.3889 1.3889 1.3478  

LSD 

0.05 

H S H × S 

0.0166 0.0060 0.0135 

Greenhouse yield (t greenhouse⁻ ¹) 

The results presented in table 9 revealed 

significant differences among gynoecious 

cucumber hybrids, silicon dioxide 

nanoparticle (SiO₂ -NP) concentrations, 

and their interaction with respect to 

greenhouse yield under heat stress 

conditions. 

Among the evaluated hybrids, H1 

produced the highest mean greenhouse 

yield (4.117 t greenhouse⁻ ¹), whereas H5 

recorded the lowest mean value (3.174 t 

greenhouse⁻ ¹). 

Regarding the effect of SiO₂ -NP 

concentrations, the S100 treatment 

produced the highest mean greenhouse 

yield (3.908 t greenhouse⁻ ¹), significantly 

outperforming both the S50 (3.189 t 

greenhouse⁻ ¹) and S0 (3.401 t 

greenhouse⁻ ¹) treatments. 

A significant interaction between the two 

experimental factors was also observed. 

The H1S100 treatment produced the 

highest greenhouse yield (4.282 t 

greenhouse⁻ ¹), whereas H3S50 recorded 

the lowest yield (2.590 t greenhouse⁻ ¹). 

Table 9. Effect of silicon dioxide nanoparticle (SiO₂ -NP) concentrations, gynoecious 

cucumber hybrids, and their interaction on greenhouse yield (t greenhouse⁻ ¹) under 

heat stress conditions. 

Nano 

SO 

  Hybrids   Mean 

H1 H2 H3 H4 H5 

S0 3.979 3.373 3.143 3.295 3.215 3.401  
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S50 4.092 3.739 2.590 2.835 2.688 3.189  

S100 4.282 3.933 3.935 3.768 3.620 3.908  

Mean 4.117  3.682  3.222  3.299  3.174   

LSD 

0.05 

H S H × S 

0.486 0.270 0.702 

 

The beneficial effects of foliar-applied 

silicon dioxide nanoparticles (SiO₂ -NPs) 

on cucumber performance under heat stress 

can be attributed to their ability to preserve 

key physiological processes during 

exposure to high temperatures. Heat stress 

is known to impair photosynthetic 

efficiency, accelerate the accumulation of 

reactive oxygen species (ROS), and disrupt 

cellular metabolism, ultimately restricting 

plant growth [13]. In the present study, 

SiO₂ -NP application alleviated these 

adverse effects by improving cellular water 

balance, reducing transpirational water loss, 

maintaining photosynthetic activity, and 

enhancing the antioxidant defense system, 

thereby sustaining normal metabolic 

activity under stressful conditions [11, 22 ]. 

The improvement in physiological 

performance was reflected in enhanced 

vegetative growth, as evidenced by 

increased plant height, internode length, 

stem diameter, and shoot dry weight. These 

responses are likely associated with 

improved cell division and elongation, 

together with greater carbohydrate 

production resulting from sustained 

photosynthesis [14, 1]. Furthermore, the 

higher accumulation of dry matter indicates 

that a greater proportion of photoassimilates 

was allocated to plant growth rather than 

being consumed in repairing heat-induced 

cellular damage[23]. 

Improved vegetative growth also 

contributed to enhanced reproductive 

performance. Plants with a well-developed 

canopy are generally more efficient in 

producing and translocating 

photoassimilates to developing flowers and 

fruits, thereby promoting flower retention, 

fruit development, and ultimately 

increasing yield. These responses are 

further supported by the role of silicon in 

enhancing antioxidant activity, regulating 

plant water relations, improving nutrient 

uptake, and maintaining hormonal balance 

under stress conditions [17, 20]. 

Although SiO₂ -NPs generally improved 

fruit characteristics, the magnitude of the 

response varied among the evaluated traits. 

This variation suggests that the 

physiological response to silicon 

nanoparticles is trait-dependent and does 

not necessarily increase linearly with 

application rate. Similar observations have 

been reported by [3] . who demonstrated 

that SiO₂  nanoparticles alleviated heat 

stress in cucumber by enhancing 

photosynthetic efficiency and biomass 

accumulation. The superior performance of 

the H1 × 50 mg L⁻ ¹ interaction for total 

flower number and rind thickness reflects a 

genotype-specific response rather than the 

overall effect of the 50 mg L⁻ ¹ 

concentration. The overall superiority of the 

100 mg L⁻ ¹ treatment in yield indicates 

that the optimum SiO₂ -NP concentration 

varied according to the trait and the genetic 

background of the hybrid.. Comparable 

responses were also reported by [22,15] in 

watermelon, confirming the positive role of 

silicon nanoparticles in improving growth 
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and productivity under heat stress 

conditions. 

Conclusions 

This study demonstrated significant 

genotypic variation among female 

cucumber hybrids in their response to heat 

stress, highlighting differences in their 

inherent heat tolerance. Foliar application 

of nano-silicon oxide significantly 

improved vegetative growth and yield-

related traits compared with the untreated 

control. Among the tested concentrations, 

100 mg L⁻ ¹ consistently produced the 

greatest improvement in most evaluated 

parameters. Hybrid H1 exhibited superior 

performance for the majority of growth and 

yield traits, and its combination with 100 

mg L⁻ ¹ nano-silicon oxide resulted in the 

most favorable overall response. These 

findings suggest that integrating heat-

tolerant cucumber hybrids with foliar 

application of nano-silicon oxide can 

effectively mitigate the adverse effects of 

heat stress and enhance greenhouse 

cucumber growth and productivity. The 

results also provide a practical basis for 

improving cucumber production under 

high-temperature conditions and support 

the potential use of nano-silicon oxide as a 

sustainable management strategy in 

protected cultivation. 
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