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Abstract
Drought, one of the most frequent natural disasters, is a devastating abiotic stress that arises unpredictably, develops gradu-
ally, and carries long-lasting repercussions even after it ceases. The duration and severity of drought markedly impact plant 
growth, development, and yield by disrupting normal morpho-physio-biochemical processes. Silicon (Si) is regarded as a 
crucial element for mitigating the detrimental effects of abiotic stress, including drought. The objective of this study was to 
evaluate the effect of Si application method on morpho-physio-biochemical traits of cucumber plants under drought stress. 
Two independent polyhouse experiments were conducted where cucumber (Cucumis sativus L.) plants were grown under 
four levels of soil moisture that included 40%, 60%, 80%, and 100% field capacity (FC) and Si was applied either in the form 
of seed priming (Experiment 1) or as soil drench (Experiment 2). For the seed priming study, four doses of Si (in the form 
of monosilicic acid with 20% Si content) applied were 0.25, 0.5, 1.0, and 2.0 mM along with a control in which seeds were 
sown directly without any priming. For the soil application study, four doses of Si (in the form of monosilicic acid with 20% 
Si content) applied were 15, 30, 60, and 120 kg  ha–1 along with a control. The minimal soil moisture level (40% FC) resulted 
in 55–68% and 53–76% reduction in root dry matter in Experiment 1 and Experiment 2, respectively, in comparison to that 
at 100% FC throughout Si doses. Fruit yield, irrigation water productivity, and net photosynthetic rate exhibited a respec-
tive reduction of 77–84% and 78–84%, 25–52% and 13–47%, and 37–46% and 26–33% in Experiment 1 and Experiment 2, 
respectively, at 40% FC than those at 100% FC throughout Si doses. The exogenous application of Si was equally efficient 
irrespective of application methods. Seed priming with 0.5 mM Si outperformed all other doses and resulted in an increase 
of 199–284%, 169–263%, and 20–59% in fruit yield, irrigation water productivity, and net photosynthetic rate, respectively, 
in comparison to the control throughout soil moisture levels. Among different soil application doses of Si, 60 kg  ha–1 was 
the most efficient, which resulted in 217–293%, 198–307%, and 11–33% enhancement in fruit yield, irrigation water pro-
ductivity, and net photosynthetic rate, respectively, in comparison to the control throughout soil moisture levels. Exogenous 
incorporation of Si as seed priming at 0.5 mM and as soil drench at 60 kg  ha–1 is recommended for cucumber cultivation in 
drought-affected areas.
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1 Introduction

Multiple climate models have assessed the impacts of global 
climate change, and it has been projected that changes in 
rainfall patterns could cause droughts and floods. Addi-
tionally, rising global surface temperatures are projected to 
transform larger regions into arid and semi-arid areas [1]. 
Human activities are largely responsible for altering the 

global pattern of precipitation, which in turn leads to more 
frequent drought events negatively impacting crop yields. 
Recurrent drought cycles cause enormous financial losses 
and have an adverse economic impact on resource-poor 
farmers and communities in the long run [2]. It has been 
reported that abiotic stress is directly responsible for 51–82% 
of crop yield loss [3]. In order to address the declining state 
of the agricultural food production system and fulfill the 
nutritional needs of the continuously expanding global 
population, enhancing crop resilience to adverse climatic 
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factors is of paramount importance. It is projected that the 
combination of increasing temperatures and erratic precipi-
tation patterns would result in a 10% increase in irrigation 
water requirements by 2050 [4]. Approximately, 30% of the 
earth’s land area is estimated to undergo severe drought con-
ditions, with roughly 70% of the annual crop yield losses 
has been attributed to abiotic stress factors where drought 
stands out as the primary abiotic stressor [5, 6]. Drought-
induced negative impacts on plants include disturbance in 
water and nutrient relations, heightened cellular dehydration, 
decreased photosynthetic process, disruption in assimilate 
partitioning, and increased oxidative damage because of the 
overproduction of reactive oxygen species [7], and conse-
quently reduced growth and productivity. Drought-mediated 
yield losses in cereals over the past 50 years have been esti-
mated to be approximately 10%, and projections indicate 
that approximately 50% of the arable land would be nega-
tively impacted by 2050 [8].

Silicon (Si) is not classified as an essential element but 
is regarded as a beneficial element due to its valuable roles 
in various plant metabolic and physiological processes. The 
accumulation of Si markedly varies across plant species, 
ranging from 0.1 to 10% Si of the dry weight of plants [9]. 
It plays an important role in plant protection and is essential 
for enhancing growth and productivity of plants, especially 
in stressful environments. The application of Si enhances 
mechanical strength of cell wall and modulates the expres-
sion of aquaporin regulatory genes to boost root water 
uptake under drought stress [10]. The concentration of Si in 
plants regulates various physiological and metabolic func-
tions, such as water uptake by roots and its internal trans-
port through vascular tissue, stomatal opening/closing and 
transpirational moisture loss from leaves,  CO2 concentration 
in intercellular spaces, net photosynthetic rate, and accu-
mulation of solutes and osmoregulatory substances [9, 11, 
12]. The supplementation of Si, either as a seed priming or 
as a soil drenching material, has previously been reported 
to be beneficial in several crops, particularly in alleviating 
drought stress [13, 14]. This leads to the optimization of 
turgor pressure, proper root elongation with improved water 
use efficiency, and increased activity of antioxidant enzymes 
[15, 16].

Cucumber (Cucumis sativus L.), a widely-grown vegeta-
ble crop, is enriched with vitamins, minerals, antioxidants, 
and low level of calories. The area of cucumber cultivation 
under protected environmental conditions is increasing due 
to its high output and income [17]. Cucumber is susceptible 
to drought, and it requires a higher amount of water than 
grain crops because fruit yield and quality development are 
highly dependent on optimum soil moisture supply [18, 19]. 
During the flowering and fruiting stage, which is a crucial 
growth phase for cucumber, soil moisture deficit can lead 
to flower abortion and consequently less fruit production 

[20]. Furthermore, insufficient soil moisture can also result 
in additional problems, such as limited development of 
female flowers, delayed growth of fruits, and mineral nutri-
tion irregularities [21, 22].

Evaluating drought impacts on cucumber is not a novel 
approach, but the exogenous incorporation of Si as a seed 
priming and soil drenching material to mitigate drought 
stress on cucumber is rarely examined. It was hypothesized 
that the exogenous supplementation of Si as a seed priming 
and soil drenching material would enhance the tolerance 
of cucumber plants to drought. The objective was to evalu-
ate the effect of Si application method on morpho-physio-
biochemical traits of cucumber plants under drought stress.

2  Materials and Methods

2.1  Experimental Details

The experiments were carried out over the period from Sep-
tember to November 2022 at the polyhouse of the Asian 
Institute of Technology, Klong Luang, Pathum Thani, Thai-
land. The geographical placement of the experimental site 
is 14°04′53" N latitude and 100°36′33" E longitude, with an 
altitude of about 2.27 m above mean sea level. The experi-
ments were conducted in natural conditions (temperatures of 
25–34 °C and relative humidity levels of 75–85%). Cucum-
ber seeds (cv. Pretty, Advance Seed Co., Ltd., Pathum Thani, 
Thailand), procured from a local Thai market, were surface 
sterilized with 3%  H2O2, followed by washing three times 
with distilled water before sowing on nursery trays. Two 
separate and independent pot experiments were simultane-
ously conducted. In both experiments, Si was supplied as 
monosilicic acid containing 20% Si, which was collected 
locally (Thai Green Agro Co. Ltd.). In the first experiment, 
five doses of Si (0, 0.25, 0.5, 1.0, and 2.0 mM) were applied 
as seed priming. Solutions were prepared by adding 0, 35, 
70, 140, and 280 mg monosilicic acid  L–1 water, respectively 
[23]. In the case of the second experiment, Si was supplied 
as soil drench in five doses: 0, 15, 30, 60, and 120 kg soluble 
Si  ha–1 (0, 0.0075, 0.015, 0.03, and 0.06 g soluble Si  kg–1 
soil), which is equivalent to 0, 75, 150, 300, and 600 kg 
monosilicic acid  ha–1 [23, 24]. Both experiments were main-
tained under four levels of soil moisture consisting of 40%, 
60%, 80%, and 100% field capacity (FC). Bangkok clay 
soil containing 22% sand, 17% silt, 61% clay, 2.5% organic 
matter with a pH of 5.2, and 0.011% exchangeable Si was 
used to grow the plants. Black plastic pots of 30 cm height, 
36 cm top diameter, and 28 cm bottom diameter were filled 
with 15 kg of soil that was previously dried in the air under 
shade. Seedlings were initially grown in sterilized trays 
filled with peat moss under polyhouse environment. After 
transplanting the seedlings into pots, they were provided 
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with adequate irrigation for a period of two weeks for the 
appropriate establishment of seedlings. This initial irrigation 
ensured that the plants had sufficient water supply to estab-
lish their roots and adapt to the new environment. Following 
this initial irrigation period, the target soil moisture levels, 
as outlined in the experimental design, were implemented. 
Artificial water-deficit stress was induced by withholding 
irrigation until desired levels of soil moisture were achieved. 
Following the procedure as outlined by Datta et al. [25], 
46% soil moisture content was computed at 100% FC. At 
80%, 60%, and 40% FC, the soil moisture content was 37%, 
28%, and 19%, respectively. Throughout the crop growth 
period, moisture content of soil in every experimental pot 
was monitored daily using a handheld soil moisture sen-
sor (SM150 Soil Moisture Sensor; SM150, Delta-T Devices 
Ltd., Cambridge, UK). Whenever soil moisture level in the 
pots dropped below the target level, pots were irrigated to 
bring the moisture level back to its intended level. Every pot 
received standard fertilization (initial dose of NPK 15:15:15 
at 124 kg  ha–1 [0.062 g  kg–1 soil] as basal, top-dressing of 
urea at 186 kg  ha–1 [0.093 g  kg–1 soil] one week after trans-
planting, and final dose of NPK 15:15:15 at 124 kg  ha–1 
[0.062 g   kg–1 soil] during flowering) as depicted by the 
Department of Agriculture, Royal Thai Government for 
cucumber cultivation. The fertilizers, marketed by the Rab-
bit Fertilizer company in Thailand, were purchased from a 
local agriculture market. Flowers were hand-pollinated to 
ensure fertilization and fruit establishment. As the plants 
were grown inside a polyhouse, vegetative growth was sup-
ported by keeping the plant upright with the help of a nylon 
trellis mesh net.

2.2  Experimental Design and Treatment

Experiment 1: Seed Priming with Si by Soil Moisture 
Study The experimental treatments comprised of five doses 
of Si (0 [control], 0.25, 0.5, 1.0, and 2.0 mM) supplied in the 
form of seed priming and four levels of soil moisture (40%, 
60%, 80%, and 100% FC). Pots were laid out in a completely 
randomized design where each treatment was replicated four 
times. For seed priming with Si, seeds were soaked in five 
specific Si solutions with periodic gentle stirring for 24 h 
at ambient temperature (25 ± 2 °C) under laboratory condi-
tions. Seeds were immersed in the respective treatment solu-
tions at the ratio of 1:5 (w/v) seeds to solution. Upon prim-
ing, seeds were air-dried for 48 h under ambient temperature 
to attain their initial moisture content. Non-primed seeds 
(dry seeds without prior presoaking) were directly used as 
the control. Peat moss substrate was used for seed germi-
nation in the plastic trays and for initial seedling growth. 
Seedlings were transplanted in the main pot when they were 
15-day old (two-true leaf stage). Only a single healthy and 
vigorously-growing seedling was allowed to grow per pot, 

and each pot was considered as a single treatment combina-
tion. After transplanting, the seedlings were irrigated daily 
for two weeks to overcome initial transplanting shock, fol-
lowed by the implementation of respective soil moisture 
levels. Soil moisture status was regularly monitored using 
the SM150 Soil Moisture Sensor (SM150, Delta-T Devices 
Ltd., Cambridge, UK).

Experiment 2: Soil Application of Si by Soil Moisture Study In 
the second experiment, peat moss substrate was used to raise 
seedlings on plastic trays in similar ways to that of in Experi-
ment 1. Seedlings were later transplanted to each pot when 
they had two-true leaves. The application of Si was made 
as soil drench in five doses consisting of 0, 15, 30, 60, and 
120 kg soluble Si  ha–1. As outlined in Experiment 1, soil 
moisture levels were established and maintained. Pots were 
arranged in a completely randomized design with four rep-
lications of each treatment combination. Finally, only one 
healthy and vigorously-growing seedling was allowed to 
grow in each pot, which was considered as a single treat-
ment combination.

2.3  Data Collection

Growth, Fruit Yield, and Irrigation Water Productivity Param‑
eters A measuring tape was used for the measurement of 
plant height from the soil surface to the apex of the shoot. 
After harvesting, the root samples were manually washed 
and cleaned to remove soil particles and other debris. The 
aboveground biomass (shoots) and belowground parts 
(roots) were separately chopped, oven-dried at 80 °C till 
constant weight, and measured in an electronic balance for 
recording shoot dry matter and root dry matter, respectively.

At harvest, fruit number in each plant was manually 
counted. Fruit length was determined with a centimeter 
scale, and fruit diameter was measured using a vernier cali-
per. After the fruits were harvested, fruit yield data were col-
lected using an electronic balance. Irrigation water produc-
tivity was quantified by dividing the total fruit yield (kg) by 
the total irrigation water applied  (m3) in each pot throughout 
the cropping duration [24, 26].

Physio‑Biochemical Parameters Leaf greenness (SPAD 
value) was recorded after four weeks of drought exposure 
using a handheld SPAD meter (SPAD-502 Plus, Konica 
Minolta Corporation Ltd., Osaka, Japan) from the top-
most fourth leaf of each plant. Leaf relative water content 
(LRWC) was measured according to Jones and Turner [27]. 
Briefly, fresh leaf samples from the mid-level height of each 
plant were collected, stored in airtight zip-lock bags, and 
immediately brought to the laboratory. Samples were then 
weighed in an electronic balance to record the fresh weight. 
Afterwards, samples were kept immersed in distilled water 
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(in a petri dish) for 24 h, and re-weighed to record the turgid 
weight. Next, the samples were oven-dried at 80 °C till a 
constant weight and the dry weight was recorded. Finally, 
LRWC of the samples were extracted using the following 
formula:

The oxidative damage was calculated from the measure-
ment of electrolyte leakage, which reflects membrane per-
meability. The method of Camejo et al. [28] was followed 
during the measurement of electrolyte leakage. Fresh leaf 
samples from the mid-level height of each plant were col-
lected, washed thrice using deionized water to remove sur-
face contamination, and cut into a disc of 1 cm diameter. 
The samples were then stored in precleaned test tubes con-
taining 20 mL of deionized water, placed in a rotary shaker, 
and incubated at 25 °C for 24 h. Electrical conductivity 
 (EC1) of the solution upon incubation was recorded using 
an electrical conductivity meter (Model Eutech CON 150) 
manufactured by the Thermo Scientific, Eutech Instruments, 
Singapore. Each sample was then autoclaved at 120 °C using 
a pre-heated autoclave for 20 min and the final electrical 

LRWC (%) =
(Fresh weight − Dry weight)

(Turgid weight − Dry weight)
× 100

conductivity  (EC2) was measured after equilibration at 
25 °C. The following formula was used for the measure-
ment of electrolyte leakage:

Immediately after fruit harvest, total soluble solids 
(TSS) content (%) of fruits were determined using a digital 
refractometer (Model HI96801) manufactured by the Hanna 
Instruments, Woonsocket, RI, USA.

Gas exchange parameters, namely net photosynthetic 
rate (μmol  CO2  m–2   s–1), stomatal conductance (mmol 
 H2O  m–2  s–1), and transpiration rate (mmol  H2O  m–2  s–1), 
were quantified using a portable photosynthesis system 
(LI-6400XT, LI-COR, Lincoln, NE, USA) from the fully-
expanded middle leaf between 09.30 am and 11.30 am at 
45 days after sowing. Measurements were carried out at a 
 CO2 concentration of approximately 370 ± 20 μmol  mol–1 
with an atmospheric temperature of 28 ± 1 °C within the 
assimilation chamber. A gas exchange flow rate was set at 
500 μmol  s−1. Leaves were artificially illuminated with a 
red-blue 6400-02B light-emitting diode light with a photo-
synthetic photon flux density of 1,000 μmol  m−2  s−1 [29].

Electrolyte leakage (%) =
EC1

EC2

× 100

Table 1  Significance levels in two-way ANOVA of the effect of silicon (Si) seed priming, Si soil application, soil moisture level, and their inter-
action on growth, fruit yield parameters, irrigation water productivity, and physio-biochemical parameters of cucumber

* , **, and ns indicate significant (P ≤ 0.05), highly significant (P ≤ 0.01), and nonsignificant, respectively

Parameter Experiment 1 Experiment 2
Seed priming 
with Si (Si-SP)

Soil moisture 
level (ML)

Si-SP × ML Soil application 
of Si (Si-SA)

Soil moisture 
level (ML)

Si-SA × ML

Growth parameter
   Plant height (cm) ** ** ** ** ** **
   Shoot dry matter (g  plant–1) ** ** ** ** ** **
   Root dry matter (g  plant–1) ** ** ** ** ** **

Fruit yield parameter and irrigation water productivity
   Fruit number per plant ** ** ** ** ** **
   Fruit length (cm) ** ** * ** ** **
   Fruit diameter (cm) ** ** ** ** ** **
   Fruit yield (g  plant–1) ** ** ** ** ** **
   Irrigation water productivity (kg  m–3) ** ** * ** ** **

Physio-biochemical parameter
   SPAD value ** ** * ** ** **
   Leaf relative water content (%) ** ** ns ** ** *
   Electrolyte leakage (%) ** ** ** ** ** **
   Total soluble solids (%) ** ** ** ** ** ns
   Net photosynthetic rate (μmol  CO2  m–2  s–1) ** ** ** ** ** **
   Stomatal conductance (mmol  H2O  m–2  s–1) ** ** ** ** ** **
   Transpiration rate (mmol  H2O  m–2  s–1) ** ** ** ** ** ns
   Osmotic potential (MPa) ** ** ** ** ** *
   Free proline concentration (µg  g–1 fresh weight) ** ** ** ** ** **
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Osmotic potential of the fully-expanded leaf from the 
middle portion of each plant was determined following the 
method of Hasanuzzaman et al. [30]. Samples were col-
lected, placed in a 2 mL centrifuge tube, kept at –20 °C 
overnight, and crushed for obtaining cell sap. Approximately 
10 µL of cell sap from each leaf sample was used for the 
measurement of leaf osmolality (c) utilizing a Vapor Pres-
sure Osmometer (Vapro® model 5520) manufactured by the 
Wescor Inc., Logan, UT, USA. The following Van’t Hoff’s 
equation, which relates osmolality (mmol  kg–1) to osmotic 
potential (MPa) at 25 °C, was used for the measurement of 
leaf osmotic potential:

Free proline concentration in the fully-expanded leaf 
from the shoot tip was measured following the method as 
described by Bates et al. [31]. Free proline concentration 
was quantified based on fresh weight (mg proline  g–1 fresh 
weight).

2.4  Statistical Analysis

The data analysis was performed using the STAR 2.0.1 
software (Statistical Tool for Agricultural Research, version 
2.0.1) [32]. A two-way analysis of variance (ANOVA) was 
conducted to determine the significance of treatment effects. 
A post-hoc analysis was conducted using Tukey’s honest 
significant difference test to separate the means of significant 
treatment effects. In all analyses, differences were consid-
ered significant at P ≤ 0.05. Data for significant treatment 
effect are presented and discussed based on the highest order 
of factorial combination that was significant in the ANOVA.

3  Results

3.1  Experiment 1: Seed Priming with Si by Soil 
Moisture Study

The interactive effects between Si and soil moisture level 
were statistically significant for all examined growth, yield, 
and physio-biochemical parameters, except for LRWC 
(Table 1). A drastic drop in the range of 36–49%, 37–49%, 
and 55–68% in plant height, shoot dry matter, and root dry 
matter, respectively, was recorded at 40% FC in compari-
son to those at 100% FC throughout Si doses as evidenced 
by the significant two-way interaction (Table 2). Plants 
emerged from the seeds primed with 0.5 mM Si outper-
formed other plants and caused an increase in the range of 
30–68%, 19–68%, and 16–67% in plant height, shoot dry 
matter, and root dry matter, respectively, compared with 

Leaf osmotic potential (MPa) = c

(

mmol ∙ kg−1
)

× 2.4789 × 10.−3

the control plants across soil moisture levels. Fruit num-
ber per plant, fruit length, fruit diameter, fruit yield, and 
irrigation water productivity exhibited a decrease in the 
range of 50–70%, 33–38%, 5–17%, 77–84%, and 25–52%, 
respectively, at the lowest soil moisture level of 40% FC in 
comparison to the responses observed at 100% FC through-
out Si doses (Table 3). These parameters were enhanced by 
seed priming with Si with the highest increase at 0.5 mM Si 
dose. The same particular Si dose also had 60–100% higher 
fruit number per plant than that of the control throughout 
soil moisture levels. The corresponding increases for fruit 
length, fruit diameter, fruit yield, and irrigation water pro-
ductivity were in the range of 12–22%, 2–18%, 199–284%, 
and 169–263%, respectively.

Leaf greenness (SPAD value) generally remained lower at 
higher soil moisture levels regardless of Si doses as indicated 
by a significant interactive effect between Si and soil mois-
ture level, whereas LRWC of plants at 100% FC was 15% 
higher than that at 40% FC (Table 4). Priming seeds with 
0.5 mM Si caused an increase of 9% in LRWC compared 

Table 2  Interactive effect of seed priming with silicon (Si) and soil 
moisture level on growth parameters (plant height, shoot dry matter, 
and root dry matter) of cucumber (Experiment 1)

Means followed by the same letters within a column are statistically 
similar based on Tukey’s honest significant difference test at P ≤ 0.05; 
FC, field capacity; data are means of four replications ± standard 
errors

Factor Plant height (cm) Shoot dry mat-
ter (g  plant–1)

Root dry 
matter (g 
 plant–1)

Si dose (mM) × soil moisture level
0 40% FC 110.0 ± 6.14 fg 14.5 ± 0.51hi 0.6 ± 0.01j

60% FC 127.3 ± 3.57f 16.8 ± 0.31gh 1.2 ± 0.02 h
80% FC 162.3 ± 4.09e 21.3 ± 0.60ef 1.6 ± 0.05ef
100% FC 172.5 ± 3.80de 22.9 ± 0.78d-f 1.9 ± 0.02b

0.25 40% FC 102.3 ± 4.03 g 13.5 ± 0.15i 0.6 ± 0.03j
60% FC 158.8 ± 3.97e 21.1 ± 0.24ef 1.4 ± 0.05gh
80% FC 166.5 ± 4.09e 22.0 ± 0.57ef 1.7 ± 0.01e
100% FC 178.5 ± 5.74c-e 23.7 ± 0.63c-e 1.9 ± 0.07b

0.5 40% FC 132.3 ± 5.01f 17.2 ± 0.48 g 1.0 ± 0.04i
60% FC 214.0 ± 4.92ab 28.3 ± 0.62ab 1.7 ± 0.04de
80% FC 219.0 ± 5.35ab 28.8 ± 0.82ab 1.9 ± 0.02bc
100% FC 224.8 ± 7.60a 29.7 ± 0.58a 2.2 ± 0.01a

1.0 40% FC 101.8 ± 3.64 g 13.4 ± 0.19i 0.7 ± 0.01j
60% FC 158.3 ± 6.61e 20.8 ± 1.15f 1.6 ± 0.10ef
80% FC 174.0 ± 2.65de 22.5 ± 0.82ef 1.8 ± 0.01b-d
100% FC 200.3 ± 3.18bc 26.1 ± 1.24bc 2.1 ± 0.04a

2.0 40% FC 99.5 ± 3.66 g 13.2 ± 0.23i 0.7 ± 0.04j
60% FC 159.0 ± 4.42e 21.3 ± 0.52ef 1.4 ± 0.03 fg
80% FC 180.8 ± 5.12c-e 23.6 ± 0.92c-e 1.8 ± 0.04 cd
100% FC 190.0 ± 4.10 cd 25.2 ± 0.62 cd 2.0 ± 0.02b
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with the control plants. Electrolyte leakage and TSS content 
remained higher at lower soil moisture levels with a respec-
tive increase within the range of 48–85% and 43–67% at 
40% FC in comparison to those at 100% FC across Si doses. 
Seed priming with 0.5 mM Si caused 13–30% decline in 
electrolyte leakage and 6–25% enhancement in TSS con-
tent in comparison to their respective control throughout 
soil moisture levels. Net photosynthetic rate, stomatal con-
ductance, and transpiration rate were decreased by 37–46%, 
46–68%, and 32–52% at 40% FC in comparison to those at 
100% FC throughout Si doses (Table 5). Nevertheless, these 
parameters exhibited an increase of 20–59%, 5–71%, and 
40–61% for plants raised from seeds primed with 0.5 mM Si 
in comparison to the control plants. Osmotic potential gener-
ally remained lower and free proline concentration remained 
generally higher for plants grown under water-deficit than 
the ones grown with ample water supply regardless of Si 
doses (Table 5). Seed priming with 0.5 mM Si was found to 
be the most effective, which caused an increase of –0.23 to 
–0.55 MPa in osmotic potential and an increase of 30–44% 
in free proline concentration compared with the control 
plants across soil moisture levels.

3.2  Experiment 2: Soil Application of Si by Soil 
Moisture Study

Except for TSS content and transpiration rate, all other 
evaluated growth, yield, and physio-biochemical parameters 
were influenced significantly due to the interactive effects 
of soil application of Si and soil moisture level (Table 1). A 
drastic reduction in plant height (41–49%), shoot dry mat-
ter (37–49%), and root dry matter (53–76%) was evident 
at 40% FC in comparison to those at 100% FC throughout 
Si doses as indicated by the interactive effect between Si 
and soil moisture level (Table 6). These parameters were 
significantly increased by 31–68%, 20–50%, and 50–125%, 
respectively, with the application of 60 kg  ha–1 Si appli-
cation in comparison to their respective control. Likewise, 
fruit yield and yield-related traits as well as irrigation water 
productivity also exhibited a similar trend. For instance, fruit 
number per plant, fruit length, fruit diameter, fruit yield, and 
irrigation water productivity exhibited a respective decrease 
of 58–70%, 28–41%, 7–19%, 78–84%, and 13–47% at 40% 
FC in comparison to those at 100% FC throughout Si doses 
(Table 7). Soil application of Si at 60 kg  ha–1 was found to 
be the most effective, as it caused an increase of 92–100%, 

Table 3  Interactive effect of seed priming with silicon (Si) and soil moisture level on fruit yield parameters (fruit number per plant, fruit length, 
fruit diameter, and fruit yield) and water productivity of cucumber (Experiment 1)

Means followed by the same letters within a column are statistically similar based on Tukey’s honest significant difference test at P ≤ 0.05; FC, 
field capacity; data are means of four replications ± standard errors

Factor Fruit number per plant Fruit length (cm) Fruit diameter (cm) Fruit yield (g  plant–1) Water pro-
ductivity (kg 
 m–3)

Si dose (mM) × soil moisture level
0 40% FC 1.0 ± 0.01f 7.7 ± 0.09 k 3.4 ± 0.07 h 62.0 ± 1.95 h 5.2 ± 0.04i

60% FC 2.0 ± 0.02e 11.2 ± 0.09 h 3.5 ± 0.04gh 157.3 ± 7.73gh 6.5 ± 0.03i
80% FC 2.3 ± 0.25e 11.7 ± 0.15gh 3.6 ± 0.06e-h 237.2 ± 9.85e-g 6.9 ± 0.08hi
100% FC 3.0 ± 0.02 cd 12.5 ± 0.02c-e 4.1 ± 0.11a-c 272.9 ± 9.18d-g 5.7 ± 0.06i

0.25 40% FC 1.0 ± 0.01f 8.8 ± 0.09j 3.4 ± 0.05 h 71.0 ± 5.81 h 5.3 ± 0.04i
60% FC 2.0 ± 0.02e 11.7 ± 0.17f-h 3.5 ± 0.04gh 194.4 ± 6.49f-h 9.5 ± 0.15f-i
80% FC 3.0 ± 0.03 cd 12.2 ± 0.03ef 3.6 ± 0.07f-h 284.0 ± 10.94d-g 8.8 ± 0.21f-i
100% FC 3.0 ± 0.04 cd 13.2 ± 0.09b 4.1 ± 0.05a-c 332.7 ± 12.31de 7.7 ± 0.29 g-i

0.5 40% FC 2.0 ± 0.02e 9.4 ± 0.07i 4.0 ± 0.02a-d 185.6 ± 3.64fgh 14.0 ± 0.77c-f
60% FC 3.5 ± 0.29bc 12.6 ± 0.09c-e 4.1 ± 0.02a-c 604.2 ± 43.52b 23.6 ± 2.13a
80% FC 4.0 ± 0.04b 13.1 ± 0.06b 4.2 ± 0.03a 745.5 ± 46.36a 22.0 ± 1.34ab
100% FC 4.8 ± 0.25a 14.2 ± 0.02a 4.2 ± 0.06a 871.3 ± 50.19a 19.4 ± 1.88a-c

1.0 40% FC 1.3 ± 0.25f 8.9 ± 0.05ij 3.7 ± 0.06e-g 102.9 ± 20.46 h 8.4 ± 1.24 g-i
60% FC 3.0 ± 0.17 cd 12.3 ± 0.26de 3.8 ± 0.05d-f 399.7 ± 43.22 cd 17.5 ± 1.88b-d
80% FC 3.0 ± 0.02 cd 13.0 ± 0.12bc 3.9 ± 0.06c-e 484.8 ± 21.51bc 15.2 ± 1.50c-e
100% FC 4.0 ± 0.05b 13.9 ± 0.32a 4.2 ± 0.03a 609.8 ± 26.09b 12.6 ± 0.75d-g

2.0 40% FC 1.0 ± 0.01f 8.8 ± 0.15j 3.5 ± 0.05f-h 79.4 ± 5.85 h 5.9 ± 0.48i
60% FC 2.0 ± 0.02e 12.1 ± 0.04e-g 3.6 ± 0.09e-h 292.6 ± 38.79d-f 12.3 ± 1.74d-h
80% FC 2.5 ± 0.29de 12.8 ± 0.02b-d 3.9 ± 0.04b-e 367.2 ± 31.97c-e 10.1 ± 0.72e-i
100% FC 3.3 ± 0.25c 13.3 ± 0.18b 4.1 ± 0.02a-c 482.8 ± 43.73bc 10.2 ± 0.79e-i



4873Silicon (2024) 16:4867–4881 

13–24%, 10–25%, 217–293%, and 198–307% in fruit num-
ber per plant, fruit length, fruit diameter, fruit yield, and 
irrigation water productivity, respectively, in comparison to 
their respective control regardless of soil moisture levels.

Leaf greenness (SPAD value) was increased by 42–55%, 
whereas LRWC was reduced by 6–14% at 40% FC in com-
parison to those at 100% FC throughout Si doses (Table 8). 
Electrolyte leakage for the same soil moisture levels was 
increased in the range of 29–64% across Si doses. Soil appli-
cation of Si at 60 kg  ha–1 exhibited an overall superior per-
formance with 10–20% and 6–12% increase in SPAD value 
and LRWC, and 19–31% decrease in electrolyte leakage in 
comparison to their respective control throughout soil mois-
ture levels. TSS content at 40% FC was found 52% higher 

than that observed at 100% FC and the same was increased 
by 16% in plants treated with 60 kg   ha–1 Si in compari-
son to the control plants (Table 8). Net photosynthetic rate 
and stomatal conductance of plants exhibited a respective 
reduction in the range of 26–33% and 43–69% when grown 
under 40% FC in comparison to those grown under 100% 
FC throughout Si doses (Table 9). The same parameters 
were significantly improved with soil application of Si at 
60 kg  ha–1 with a respective increase of 11–33% and 26–90% 
compared with the control plants across soil moisture levels. 
The highest transpiration rate was observed under 100% FC 
and 60 kg  ha–1 Si dose. Osmotic potential was also found 
the highest when ample water was supplied (100% FC); 
however, gradual reduction in soil moisture levels caused 

Table 4  Effect of seed priming 
with silicon (Si) and soil 
moisture level on SPAD value, 
leaf relative water content, 
electrolyte leakage, and total 
soluble solids content of 
cucumber (Experiment 1)

Means followed by the same letters within a column are statistically similar based on Tukey’s honest sig-
nificant difference test at P ≤ 0.05; FC, field capacity; data are means of four replications ± standard errors

Factor SPAD value Leaf relative 
water content 
(%)

Electrolyte leakage (%) Total soluble solids (%)

Seed priming with Si (mM)
   0 41.4 ± 1.33d 78.9 ± 1.14c 57.7 ± 2.07a 3.3 ± 0.15c
   0.25 43.2 ± 1.34c 80.4 ± 1.50bc 53.6 ± 2.15b 3.4 ± 0.13b
   0.5 48.3 ± 1.92a 86.3 ± 1.11a 45.8 ± 2.63d 3.7 ± 0.12a
   1.0 45.5 ± 1.57b 82.5 ± 1.20b 49.2 ± 2.44c 3.7 ± 0.14a
   2.0 44.5 ± 1.51bc 80.8 ± 1.29bc 54.0 ± 2.36b 3.4 ± 0.15b

Soil moisture level
   40% FC 51.6 ± 0.87a 76.2 ± 0.59d 64.8 ± 0.81a 4.2 ± 0.04a
   60% FC 47.2 ± 0.91b 79.5 ± 1.17c 54.8 ± 1.14b 3.7 ± 0.04b
   80% FC 43.8 ± 0.50c 84.1 ± 0.76b 47.9 ± 1.24c 3.4 ± 0.04c
   100% FC 35.8 ± 0.46d 87.3 ± 0.59a 40.8 ± 1.32d 2.7 ± 0.05d

Seed priming with Si × soil moisture level
0 40% FC 47.3 ± 0.77c-e 74.6 ± 1.26 68.7 ± 0.45a 4.0 ± 0.01 cd

60% FC 43.0 ± 0.45e-g 75.9 ± 1.64 59.5 ± 0.70de 3.6 ± 0.02e
80% FC 42.1 ± 0.52 g 81.4 ± 1.22 56.6 ± 0.42ef 3.3 ± 0.02f
100% FC 33.3 ± 0.08i 83.8 ± 0.87 46.3 ± 0.53 h-k 2.4 ± 0.02i

0.25 40% FC 49.3 ± 0.25bc 75.0 ± 1.64 65.2 ± 0.40bc 4.0 ± 0.05c
60% FC 45.9 ± 0.65c-g 76.4 ± 2.26 57.0 ± 0.93ef 3.6 ± 0.01e
80% FC 42.2 ± 0.48 g 83.7 ± 2.32 48.5 ± 0.87hi 3.3 ± 0.02f
100% FC 35.6 ± 0.98hi 86.4 ± 1.21 43.6 ± 0.60kl 2.6 ± 0.03 h

0.5 40% FC 56.9 ± 2.31a 79.3 ± 0.54 60.0 ± 0.28de 4.3 ± 0.03ab
60% FC 51.8 ± 0.42b 87.6 ± 0.52 49.3 ± 0.77 h 3.8 ± 0.03 cd
80% FC 47.0 ± 0.18c-f 88.1 ± 1.04 41.2 ± 0.52 l 3.6 ± 0.03e
100% FC 37.6 ± 0.71 h 90.2 ± 0.24 32.5 ± 0.57n 3.0 ± 0.05 g

1.0 40% FC 52.4 ± 0.49b 76.5 ± 1.01 61.9 ± 0.45 cd 4.4 ± 0.02a
60% FC 48.4 ± 2.51b-d 80.8 ± 1.58 52.9 ± 2.53 g 3.8 ± 0.15d
80% FC 44.9 ± 0.80d-g 84.3 ± 0.17 45.7 ± 0.47i-k 3.6 ± 0.03e
100% FC 36.4 ± 1.04hi 88.5 ± 0.54 36.3 ± 0.60 m 2.9 ± 0.04 g

2.0 40% FC 52.0 ± 0.32b 75.9 ± 1.06 68.2 ± 0.86ab 4.2 ± 0.03b
60% FC 47.2 ± 0.76c-e 77.0 ± 1.40 55.2 ± 0.97 fg 3.6 ± 0.03e
80% FC 42.8 ± 0.20 fg 82.8 ± 0.41 47.4 ± 0.76 h-j 3.3 ± 0.03f
100% FC 36.2 ± 0.34hi 87.6 ± 0.27 45.1 ± 0.54jk 2.6 ± 0.02 h
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gradual decline of osmotic potential (in the range of –0.18 to 
–0.25 MPa) irrespective of Si doses (Table 9). Free proline 
concentration was found higher at lower soil moisture levels 
and was the highest at 40% FC. Gradually increasing soil 
moisture level resulted in a gradual decline in free proline 
concentration confined within the range of 25–44% across Si 
doses. Control plants had –0.08 to –0.15 MPa lower osmotic 
potential than the plants raised with 60 kg Si  ha–1 soil appli-
cation dose throughout soil moisture levels. The same Si 
dose resulted in an increase of 15–51% in free proline con-
centration of plants compared with the control plants.

4  Discussion

Drought poses a severe challenge to agricultural crop pro-
duction worldwide, markedly impeding growth, develop-
ment, and productivity of field crops and garden crops [33]. 
The results of the current study revealed that drought stress 
had a detrimental impact on morpho-physiological charac-
teristics and fruit yield and its attributes of cucumber regard-
less of whether the plants were supplemented with Si or not. 
Severe drought stress causes stomatal closure, leading to 

reduced photosynthesis and transpiration, and consequently 
plant growth is adversely impacted, and cellular water 
potential is reduced [34]. Crop productivity is substantially 
reduced due to water scarcity as it causes a decrease in both 
sink and source activities, which are influenced by the dura-
tion and intensity of the stress experienced by the plant dur-
ing its vegetative and reproductive growth stages [35]. All 
stages of crop growth are negatively affected by drought, 
but its impacts on the vegetative growth phases and flower-
ing phases are regarded as the most crucial. As cucumber is 
regarded as a drought-sensitive crop, it is essential to provide 
the plants with adequate irrigation at all growth stages to 
prevent fruit yield reduction [36] caused due to flower and 
fruit shedding [21].

Several researchers have observed Si-induced enhance-
ment in metabolic activities of plant cells under drought 
stress [37, 38] mainly through better nutrient uptake/trans-
port and improvement in soil water status [16]. Root surface 
area and root length also increase with the improvement in 
the nutritional status of plants [5, 37]. Numerous mecha-
nisms have been suggested rationalizing the positive impact 
of Si on crop growth and development regardless of the 
growth environments, such as (i) by boosting phytohormone 

Table 5  Interactive effect of seed priming with silicon (Si) and soil moisture level on net photosynthetic rate, stomatal conductance, transpiration 
rate, osmotic potential, and free proline concentration of cucumber (Experiment 1)

Means followed by the same letters within a column are statistically similar based on Tukey’s honest significant difference test at P ≤ 0.05; FC, 
field capacity; data are means of four replications ± standard errors

Factor Net photosynthetic rate 
(μmol  CO2  m–2  s–1)

Stomatal conductance 
(mmol  H2O  m–2  s–1)

Transpiration rate 
(mmol  H2O  m–2  s–1)

Osmotic potential (MPa) Free proline concen-
tration (µg  g–1 fresh 
weight)

Si dose (mM) × soil moisture level
0 40% FC 6.1 ± 0.10i 0.13 ± 0.01f-i 1.2 ± 0.03i –2.01 ± 0.05i 30.9 ± 2.57c-g

60% FC 8.1 ± 0.12e-g 0.19 ± 0.01d-h 1.7 ± 0.03gh –1.83 ± 0.03f-h 28.1 ± 2.49d-i
80% FC 8.7 ± 0.38d-g 0.20 ± 0.01d-f 1.8 ± 0.04f-h –1.72 ± 0.03d-f 26.8 ± 2.09e-j
100% FC 9.7 ± 0.13b-e 0.24 ± 0.01c-e 2.5 ± 0.04de –1.56 ± 0.01bc 20.5 ± 1.76ij

0.25 40% FC 6.3 ± 0.08hi 0.12 ± 0.01 g-i 1.6 ± 0.07 h –2.01 ± 0.05i 30.2 ± 0.86d-h
60% FC 8.7 ± 0.19d-g 0.20 ± 0.01d-f 1.9 ± 0.06f-h –1.93 ± 0.03 g-i 28.5 ± 1.35d-i
80% FC 10.1 ± 0.11b-d 0.23 ± 0.01c-e 2.5 ± 0.05c-e –1.81 ± 0.03d-g 28.0 ± 2.40d-i
100% FC 10.6 ± 0.07bc 0.35 ± 0.02ab 3.0 ± 0.04b –1.67 ± 0.01c-e 22.9 ± 2.05 g-j

0.5 40% FC 8.0 ± 0.81e-h 0.13 ± 0.02f-i 1.8 ± 0.10f-h –1.46 ± 0.02ab 44.5 ± 1.29a
60% FC 9.7 ± 0.09b-e 0.20 ± 0.02d-g 2.4 ± 0.17de –1.46 ± 0.02ab 36.4 ± 1.72b-d
80% FC 13.8 ± 0.29a 0.31 ± 0.01bc 2.9 ± 0.07bc –1.42 ± 0.04ab 34.9 ± 1.83c-e
100% FC 14.7 ± 0.39a 0.41 ± 0.01a 3.5 ± 0.05a –1.33 ± 0.02a 29.4 ± 1.39d-h

1.0 40% FC 7.9 ± 0.08f-h 0.12 ± 0.02hi 1.8 ± 0.06f-h –1.94 ± 0.03 g-i 40.7 ± 1.54ab
60% FC 10.5 ± 0.18bc 0.23 ± 0.03c-e 2.0 ± 0.15f-h –1.82 ± 0.02e-g 35.5 ± 0.82b-d
80% FC 11.2 ± 0.10b 0.22 ± 0.01c-e 2.2 ± 0.02d-f –1.81 ± 0.02d-g 23.9 ± 0.69 g-j
100% FC 14.3 ± 0.08a 0.28 ± 0.01b-d 2.7 ± 0.08b-d –1.66 ± 0.02 cd 22.0 ± 0.96 h-j

2.0 40% FC 7.4 ± 0.14 g-i 0.10 ± 0.02i 1.7 ± 0.07gh –1.98 ± 0.04hi 39.0 ± 0.15a-c
60% FC 9.2 ± 0.09c-f 0.18 ± 0.01e-i 1.9 ± 0.11f-h –1.94 ± 0.01 g-i 33.0 ± 1.88b-f
80% FC 10.6 ± 0.04bc 0.24 ± 0.01c-e 2.1 ± 0.02e-g –1.87 ± 0.03f-i 24.5 ± 1.60f-j
100% FC 13.2 ± 0.20a 0.26 ± 0.02c-e 2.5 ± 0.07c-e –1.66 ± 0.01 cd 18.5 ± 0.48j
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production [39], (ii) by maintaining photosynthetic assimi-
lation [40], (iii) by improving soil water status, especially 
water holding capacity and plant available water, thereby 
maintaining a high LRWC [40, 41], (iv) by encouraging cell 
elongation and expansion of cell wall [42], (v) by enhancing 
nutrient uptake and modifying potassium/sodium propor-
tion [43, 44], (vi) by enhancing antioxidant enzyme activity 
[45], (vii) by preserving membrane integrity by lowering the 
biomembrane permeability of the leaf tissue [46], and (viii) 
by improving chloroplast ultrastructure [47].

The beneficial effects of seed priming with Si have been 
well established in various crops, including maize (Zea mays 
L.) [23, 48, 49], wheat (Triticum aestivum L.) [38, 50], and 
grape tomato (Solanum lycopersicum L. var. cerasiforme) 
[14]. One of the ways Si can contribute to drought toler-
ance is by maintaining water balance and minimizing water 
loss through transpiration [16]. Additionally, Si has been 
found to prevent xylem vessel compression, which can be 
beneficial under water-deficit environments [51]. Moreover, 
Si can create additional binding sites for the absorption of 

nearby ions [51]. These effects can contribute to improved 
nutrient acquisition/utilization and plant growth. The inter-
action between Si and soil moisture level indicated that 
priming seeds with Si enhanced vegetative growth, fruit 
yield traits, and physiological response of cucumber plants 
under drought stress. It was observed that seed priming with 
0.5 mM Si was the most effective dose; however, higher 
doses of Si (1 and 2 mM) either remained ineffective or 
exhibited a negative impact on most of the evaluated param-
eters under limited soil moisture availability. The applica-
tion of this priming dose (0.5 mM) resulted in significant 
improvements in key parameters, including fruit yield, irri-
gation water productivity, and net photosynthetic rate. These 
improvements were substantial enough that the values of 
these parameters were statistically similar between plants 
grown under 80% and 100% FC at 0.5 mM priming dose. 
The same can also be said for soil incorporation dose of 
60 kg Si  ha–1; however, a high dose of 120 kg  ha–1 remained 
largely ineffective. These results are in close agreement with 
the findings of Chakma et al. [14] who found that lower 
priming dose of Si promoted seed germination and growth 
of grape tomato, while higher dose of Si delayed these 
responses. Silicon can exhibit ‘hormetic effects’ where low 
doses produce beneficial effects, while higher doses may 
produce harmful effects. The optimal concentration of Si 
for drought mitigation may vary depending on plant spe-
cies, application methods, environmental conditions, and 
soil properties. The 0.5 mM dose for seed priming and the 
60 kg  ha–1 dose for soil application might have reached to the 
optimal concentration for inducing beneficial effects, while 
higher doses (1 and 2 mM for seed priming and 120 kg  ha–1 
for soil application) might have surpassed the optimal level, 
leading to ineffective or even detrimental effects.

Drought stress increases the accumulation of reactive 
oxygen species, damages cell membrane, and increases the 
accumulation of hydrogen peroxide and malondialdehyde 
[52]. Plants harbor a comprehensive and efficient internal 
defense mechanism to cope with the generation of exces-
sive reactive oxygen species and oxidative damage, par-
ticularly under drought conditions. This defense system 
involves various enzymatic and non-enzymatic antioxidants 
that work together to scavenge reactive oxygen species and 
protect plant cells from oxidative damage. Seed priming or 
soil application of Si has been reported as an alternative 
strategy for improving drought tolerance in plants [14, 24, 
38]. Silicon functions as a mechanical barrier to limit water 
losses via transpiration under drought stress and mediates 
several metabolic, physiological, and biochemical pathways 
that increase drought tolerance. Silicon modulates drought 
tolerance responses in plants by boosting the functions of 
numerous metabolic enzymes, promoting plant physiologi-
cal development, and increasing biomass. Several processes 
have been hypothesized by which Si may boost drought 

Table 6  Interactive effect of soil application of silicon (Si) and soil 
moisture level on growth parameters (plant height, shoot dry matter, 
and root dry matter) of cucumber (Experiment 2)

Means followed by the same letters within a column are statistically 
similar based on Tukey’s honest significant difference test at P ≤ 0.05; 
FC, field capacity; data are means of four replications ± standard 
errors

Factor Plant height (cm) Shoot dry mat-
ter (g  plant–1)

Root dry 
matter (g 
 plant–1)

Si dose (kg ha–1) × soil moisture level
0 40% FC 99.5 ± 3.66i 12.2 ± 0.51 l 0.6 ± 0.01 h

60% FC 127.3 ± 3.57gh 13.2 ± 0.39kl 0.8 ± 0.02 h
80% FC 162.3 ± 4.09ef 15.8 ± 0.39 h-k 1.3 ± 0.03 g
100% FC 173.0 ± 3.74d-f 19.5 ± 0.68e-g 1.6 ± 0.03e-g

15 40% FC 102.5 ± 4.19i 12.6 ± 0.63kl 0.8 ± 0.01 h
60% FC 159.3 ± 3.82ef 14.3 ± 0.55j-l 0.8 ± 0.03 h
80% FC 166.5 ± 4.09ef 16.6 ± 0.84 g-j 1.4 ± 0.01 fg
100% FC 179.5 ± 5.74c-f 22.3 ± 0.91c-e 2.2 ± 0.07bc

30 40% FC 110.0 ± 2.08hi 12.9 ± 0.74kl 0.8 ± 0.03 h
60% FC 159.5 ± 4.27ef 14.5 ± 0.57i-l 0.9 ± 0.02 h
80% FC 181.3 ± 5.31c-e 18.8 ± 0.71f-h 1.4 ± 0.02 fg
100% FC 190.3 ± 4.13 cd 25.1 ± 0.44bc 1.7 ± 0.26d-f

60 40% FC 132.5 ± 4.97 g 14.7 ± 0.68i-l 0.9 ± 0.03 h
60% FC 214.5 ± 5.06ab 18.2 ± 0.28f-h 1.8 ± 0.01de
80% FC 219.0 ± 5.35ab 23.7 ± 0.46b-d 2.0 ± 0.02 cd
100% FC 225.8 ± 7.60a 28.3 ± 0.48a 2.6 ± 0.04a

120 40% FC 102.3 ± 3.57i 14.7 ± 0.85i-l 0.6 ± 0.03 h
60% FC 158.5 ± 4.09f 17.7 ± 0.56 g-i 0.9 ± 0.01 h
80% FC 174.0 ± 3.54d-f 21.4 ± 0.48d-f 1.5 ± 0.04e-g
100% FC 200.5 ± 4.29bc 26.0 ± 0.80ab 2.5 ± 0.05ab
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tolerance in plants, including improved plant water status, 
higher photosynthetic activity, and improved ultrastruc-
ture of leaf organelles [53]. Priming cucumber seeds with 
Si (0.50 mM) and its soil supplementation (60 kg   ha–1) 
improved overall plant growth, fruit yield, irrigation water 
productivity, and physiological responses of cucumber 
plants, which could be credited to the combination of the 
above-mentioned positive impacts of Si. The application 
of Si helps plants maintain their water balance and aids in 
cell division, which promotes plant growth under normal 
and stressful conditions [54]. Silicon-induced improvement 
in growth, yield, irrigation water productivity, and plant 
physiological responses has revealed improved water and 
nutrient uptake, and better root systems development [55, 
56]. Silicon improves the flow of water through the xylem, 
increasing water transportation/utilization efficiency. Addi-
tionally, it enhances the uptake of nitrogen, phosphorus, and 
potassium by plants under drought stress [57]. The addi-
tion of Si either as a seed priming material or soil drench 
was found effective in attenuating the detrimental effects of 
drought stress on cucumber plants, supporting the earlier 
findings on grape tomato [14] and cantaloupe (Cucumis melo 
L.) [13]. The exogenous application of Si has been reported 

to increase shoot growth of cucumber plants under osmotic 
stress by reducing the damage on leaf photosynthetic rate 
[58].

High level of compatible solutes (osmolytes) is a key com-
ponent of the protective system that minimizes membrane 
damage and lowers the intensity of stress. One of the vital 
compatible solutes that often accumulate in response to envi-
ronmental stress and crucial for osmotic adjustment is pro-
line [59]. In the present studies, free proline concentration 
enhanced with increased severity of drought stress and seed 
priming or soil incorporation of Si. Proline is primarily used 
by plants for osmotic regulation, stabilizing subcellular struc-
tures, and free radical detoxification [60]. Drought stress posi-
tively affects the production and accumulation of osmolytes. 
Under adverse environmental conditions, these osmolytes 
increase cell survival rate and maintain osmotic balance [61]. 
Osmolytes accumulate in the plant cell’s cytosol and play an 
intricate role in stress tolerance enhancement by preventing 
cellular oxidative injuries, participating in cellular integrity 
maintenance, and safeguarding the cellular machinery [62]. 
The application of Si helps plants further increase the level 
of proline under drought stress, thereby protecting the plant 
cells from oxidative stress. The elevated proline concentration 

Table 7  Interactive effect of soil application of silicon (Si) and soil moisture level on fruit yield parameters (fruit number per plant, fruit length, 
fruit diameter, and fruit yield) and irrigation water productivity of cucumber (Experiment 2)

Means followed by the same letters within a column are statistically similar based on Tukey’s honest significant difference test at P ≤ 0.05; FC, 
field capacity; data are means of four replications ± standard errors

Factor Fruit number per plant Fruit length (cm) Fruit diameter (cm) Fruit yield (g  plant–1) Water pro-
ductivity (kg 
 m–3)

Si dose (kg ha–1) × soil moisture level
0 40% FC 1.0 ± 0.01 g 7.8 ± 0.14j 3.2 ± 0.05j 60.1 ± 1.99j 5.4 ± 0.45j

60% FC 1.8 ± 0.25e-g 11.3 ± 0.15gh 3.3 ± 0.06ij 158.1 ± 7.95 g-j 6.7 ± 0.36 h-j
80% FC 2.0 ± 0.02ef 12.3 ± 0.16 fg 3.5 ± 0.10i 240.2 ± 10.11e-h 7.2 ± 0.71 h-j
100% FC 2.5 ± 0.29de 13.3 ± 0.23c-f 3.9 ± 0.05b-e 276.8 ± 9.42d-g 6.2 ± 0.20ij

15 40% FC 1.0 ± 0.01 g 9.7 ± 0.12i 3.4 ± 0.04ij 72.9 ± 5.98ij 5.4 ± 0.74j
60% FC 2.0 ± 0.02ef 12.7 ± 0.36-f 3.5 ± 0.07hi 199.7 ± 6.67f-i 9.9 ± 0.15f-j
80% FC 3.0 ± 0.03 cd 12.6 ± 0.32ef 3.6 ± 0.04 g-i 291.9 ± 11.25d-g 9.1 ± 0.22f-j
100% FC 3.0 ± 0.04 cd 13.4 ± 0.30c-e 4.2 ± 0.04ab 341.8 ± 12.65de 7.9 ± 0.29 g-j

30 40% FC 1.0 ± 0.01 g 9.9 ± 0.18i 3.5 ± 0.03hi 81.5 ± 6.02j 6.0 ± 0.58 h-j
60% FC 2.0 ± 0.02ef 13.6 ± 0.08c-e 3.7 ± 0.03f-h 300.6 ± 39.86-f 11.8 ± 1.49d-h
80% FC 2.5 ± 0.29de 13.9 ± 0.04a-d 3.9 ± 0.04b-e 377.2 ± 32.86 cd 11.2 ± 0.72e-i
100% FC 3.3 ± 0.25b-d 14.4 ± 0.19a-c 4.1 ± 0.06a-c 496.1 ± 44.93bc 11.3 ± 1.68e-i

60 40% FC 2.0 ± 0.02ef 9.7 ± 0.13i 4.0 ± 0.07a-d 190.7 ± 3.75f-j 16.1 ± 0.69c-e
60% FC 3.5 ± 0.29bc 13.2 ± 0.30d-f 4.1 ± 0.03a-c 620.8 ± 44.72b 27.3 ± 3.12a
80% FC 4.0 ± 0.05ab 13.9 ± 0.08b-d 4.2 ± 0.02ab 766.0 ± 47.63a 23.8 ± 1.40ab
100% FC 4.8 ± 0.25a 15.0 ± 0.22a 4.3 ± 0.04a 895.3 ± 51.58a 18.6 ± 0.84bc

120 40% FC 1.3 ± 0.25 fg 10.3 ± 0.15hi 3.7 ± 0.03e-h 105.7 ± 21.03 h-j 7.7 ± 1.24gh-j
60% FC 3.0 ± 0.03 cd 13.0 ± 0.29d-f 3.8 ± 0.03d-g 410.7 ± 14.76 cd 17.4 ± 0.69 cd
80% FC 3.0 ± 0.04 cd 14.1 ± 0.22a-d 3.9 ± 0.04c-f 498.1 ± 19.89bc 13.8 ± 0.69c-f
100% FC 4.0 ± 0.05ab 14.8 ± 0.22ab 4.2 ± 0.05ab 626.6 ± 23.02b 13.4 ± 0.56c-g
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increases the affinity toward water, which enhances water 
retention capacity in the tissue and increases plant tolerance 
against drought.

5  Conclusion

Drought stress diminished growth and physiological 
response of cucumber plants compared with well-watered 
ones. However, seed priming with 0.5 mM and soil supple-
mentation of 60 kg soluble Si  ha–1 reduced the detrimental 
effects of drought stress and aided plant growth by improv-
ing most of the evaluated morpho-physiological traits. A 

substantial uplift in leaf relative water content, net photosyn-
thetic rate, and free proline concentration, and a decrease in 
electrolyte leakage was observed, highlighting the positive 
roles of Si in drought mitigation. The key factors responsi-
ble for the positive effects of Si under drought stress were 
the improvement in gas exchange traits of leaf, notably net 
photosynthetic rate, and plant water status. Silicon applica-
tion at 0.5 mM as seed priming and 60 kg  ha–1 as soil drench 
is recommended for growing cucumber plants in drought-
affected areas. Both seed priming and soil incorporation 
methods were equally effective in mitigating drought stress 
and promoting cucumber growth in water-limited environ-
ments. However, higher doses of Si under both application 

Table 8  Effect of soil 
application of silicon (Si) and 
soil moisture level on SPAD 
value, leaf relative water 
content, electrolyte leakage, and 
total soluble solids content of 
cucumber (Experiment 2)

Means followed by the same letters within a column are statistically similar based on Tukey’s honest sig-
nificant difference test at P ≤ 0.05; FC, field capacity; data are means of four replications ± standard errors

Factor SPAD value Leaf relative 
water content 
(%)

Electrolyte leakage (%) Total soluble solids (%)

Soil application of Si (kg ha–1)
   0 41.9 ± 1.42d 86.8 ± 1.16c 66.9 ± 3.15a 3.2 ± 0.14c
   15 43.6 ± 1.62c 89.3 ± 1.32b 64.9 ± 2.74ab 3.3 ± 0.13bc
   30 44.3 ± 1.62c 90.0 ± 0.88b 62.8 ± 2.39b 3.4 ± 0.15b
   60 47.9 ± 1.97a 93.5 ± 0.68a 52.4 ± 1.66d 3.7 ± 0.12a
   120 45.8 ± 1.72b 89.2 ± 1.12b 58.5 ± 2.92c 3.6 ± 0.13a

Soil moisture level
   40% FC 52.4 ± 0.80a 84.5 ± 0.90d 73.5 ± 2.10a 4.1 ± 0.04a
   60% FC 47.7 ± 0.59b 89.1 ± 0.63c 65.5 ± 1.24b 3.6 ± 0.04b
   80% FC 43.6 ± 0.50c 91.3 ± 0.54b 57.0 ± 1.55c 3.4 ± 0.05c
   100% FC 35.2 ± 0.35d 94.1 ± 0.62a 48.6 ± 0.92d 2.7 ± 0.06d

Soil application of Si × soil moisture level
0 40% FC 47.1 ± 0.56d 80.3 ± 1.53 h 83.6 ± 2.30a 3.9 ± 0.06

60% FC 45.7 ± 0.65d-f 86.7 ± 0.38d-g 70.6 ± 1.75b-e 3.5 ± 0.04
80% FC 41.8 ± 0.58 g 89.3 ± 0.35b-e 62.7 ± 0.75e-g 3.2 ± 0.02
100% FC 33.2 ± 0.08 h 91.0 ± 1.45a-e 50.9 ± 1.18 h-j 2.4 ± 0.07

15 40% FC 51.8 ± 0.56bc 82.4 ± 1.23gh 78.2 ± 1.38ab 4.0 ± 0.06
60% FC 45.8 ± 0.82de 89.0 ± 0.77b-e 69.6 ± 1.61b-f 3.5 ± 0.08
80% FC 42.0 ± 0.48 fg 89.5 ± 1.13b-e 61.2 ± 1.93e-g 3.2 ± 0.05
100% FC 34.7 ± 0.53 h 96.1 ± 0.71a 50.6 ± 1.64ij 2.6 ± 0.07

30 40% FC 52.2 ± 0.47b 86.1 ± 0.19e-g 74.8 ± 1.35a-c 4.1 ± 0.07
60% FC 47.0 ± 1.26d 87.8 ± 0.54d-f 65.8 ± 0.70c-g 3.6 ± 0.10
80% FC 42.5 ± 0.37e-g 91.8 ± 0.92a-d 60.5 ± 1.61f-h 3.2 ± 0.04
100% FC 35.5 ± 0.47 h 94.2 ± 0.63ab 50.3 ± 2.24ij 2.6 ± 0.05

60 40% FC 56.7 ± 1.60a 90.1 ± 0.91bc-e 58.0 ± 2.69 g-i 4.3 ± 0.05
60% FC 51.6 ± 0.40bc 93.8 ± 1.14ab 56.9 ± 0.57 g-i 3.8 ± 0.09
80% FC 46.8 ± 0.57d 94.0 ± 0.84ab 49.8 ± 2.27j 3.6 ± 0.05
100% FC 36.5 ± 0.74 h 96.1 ± 0.37a 45.0 ± 1.56j 3.0 ± 0.05

120 40% FC 54.2 ± 0.18ab 83.5 ± 1.34f-h 72.8 ± 2.22b-d 4.3 ± 0.06
60% FC 48.2 ± 0.75 cd 88.4 ± 0.70c-f 64.5 ± 1.19d-g 3.8 ± 0.06
80% FC 44.8 ± 0.80d-g 92.0 ± 1.08a-d 50.6 ± 1.79ij 3.6 ± 0.08
100% FC 36.1 ± 0.83 h 93.1 ± 1.71a-c 46.2 ± 3.44j 2.9 ± 0.05
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methods should be avoided (higher than 0.5 mM for seed 
priming and 60 kg  ha–1 for soil application) as higher doses 
were largely found ineffective and even harmful for some 
parameters. Further studies involving more Si doses for both 
application methods and diverse soil types/soil moisture 
conditions could be useful to validate the present findings.
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Table 9  Effect of soil application of silicon (Si) and soil moisture level on net photosynthetic rate, stomatal conductance, transpiration rate, 
osmotic potential, and free proline concentration of cucumber (Experiment 2)

Means followed by the same letters within a column are statistically similar based on Tukey’s honest significant difference test at P ≤ 0.05; FC, 
field capacity; data are means of four replications ± standard errors

Factor Net photosynthetic 
rate (μmol  CO2 
 m–2  s–1)

Stomatal conduct-
ance (mmol  H2O 
 m–2  s–1)

Transpiration 
rate (mmol  H2O 
 m–2  s–1)

Osmotic potential (MPa) Free proline concen-
tration (µg  g–1 fresh 
weight)

Soil application of Si (kg ha–1)
   0 12.0 ± 0.46d 0.19 ± 0.01b 1.9 ± 0.06d –1.40 ± 0.02d 29.4 ± 1.26d
   15 12.4 ± 0.40 cd 0.21 ± 0.02b 2.0 ± 0.05 cd –1.35 ± 0.02c 31.0 ± 1.05 cd
   30 13.0 ± 0.39bc 0.21 ± 0.02b 2.1 ± 0.05bc –1.31 ± 0.02ab 32.8 ± 1.64c
   60 14.6 ± 0.50a 0.29 ± 0.03a 2.3 ± 0.06a –1.29 ± 0.02a 40.6 ± 2.12a
   120 13.4 ± 0.41b 0.19 ± 0.02b 2.1 ± 0.05b –1.33 ± 0.02bc 36.7 ± 2.08b

Soil moisture level
   40% FC 10.7 ± 0.27d 0.12 ± 0.01d 1.8 ± 0.03d –1.44 ± 0.01d 41.5 ± 1.68a
   60% FC 12.9 ± 0.23c 0.20 ± 0.01c 1.9 ± 0.04c –1.36 ± 0.01c 36.4 ± 1.50b
   80% FC 13.7 ± 0.23b 0.25 ± 0.01b 2.1 ± 0.02b –1.31 ± 0.01b 31.7 ± 0.61c
   100% FC 15.0 ± 0.29a 0.30 ± 0.02a 2.4 ± 0.03a –1.23 ± 0.01a 26.8 ± 0.81d

Soil application of Si × soil moisture level
0 40% FC 9.0 ± 0.13i 0.13 ± 0.01f-h 1.6 ± 0.02 –1.52 ± 0.01 l 33.7 ± 2.60c-f

60% FC 12.4 ± 0.33d-g 0.19 ± 0.01e-g 1.8 ± 0.02 –1.42 ± 0.02i-k 31.1 ± 1.07e-g
80% FC 12.9 ± 0.39def 0.20 ± 0.01d-g 2.0 ± 0.05 –1.38 ± 0.01 g-j 29.6 ± 2.09e-g
100% FC 13.5 ± 0.20c-e 0.23 ± 0.01c-e 2.2 ± 0.02 –1.27 ± 0.01b-e 23.3 ± 1.66 g

15 40% FC 10.0 ± 0.09hi 0.12 ± 0.01gh 1.8 ± 0.02 –1.44 ± 0.01jk 34.9 ± 0.80c-e
60% FC 12.7 ± 0.23d-g 0.20 ± 0.01d-g 1.8 ± 0.01 –1.39 ± 0.01 g-j 31.7 ± 1.26ef
80% FC 13.1 ± 0.37d-f 0.22 ± 0.01c-e 2.0 ± 0.02 –1.35 ± 0.02f-i 31.2 ± 2.41e-g
100% FC 13.9 ± 0.16b-d 0.29 ± 0.02b-d 2.3 ± 0.01 –1.25 ± 0.01a-d 26.1 ± 2.06 fg

30 40% FC 11.1 ± 0.63gh 0.11 ± 0.04gh 1.9 ± 0.08 –1.40 ± 0.01 h-k 41.1 ± 1.27bc
60% FC 12.7 ± 0.34d-g 0.21 ± 0.01c-f 1.9 ± 0.04 –1.35 ± 0.01f-i 33.0 ± 1.72d-f
80% FC 13.2 ± 0.12de 0.22 ± 0.01c-e 2.1 ± 0.03 –1.28 ± 0.02b-f 31.4 ± 1.73e-g
100% FC 15.1 ± 0.20a-c 0.30 ± 0.01bc 2.4 ± 0.02 –1.22 ± 0.02ab 25.9 ± 1.39 fg

60 40% FC 12.0 ± 0.21e-g 0.13 ± 0.03f-h 2.1 ± 0.02 –1.37 ± 0.01 g-j 50.8 ± 1.55a
60% FC 13.8 ± 0.27 cd 0.24 ± 0.01c-e 2.2 ± 0.02 –1.34 ± 0.02e-h 45.5 ± 0.88ab
80% FC 15.6 ± 0.41ab 0.38 ± 0.01ab 2.2 ± 0.02 –1.26 ± 0.02a-e 34.0 ± 0.63c-f
100% FC 16.9 ± 0.25a 0.42 ± 0.02a 2.6 ± 0.03 –1.18 ± 0.00a 32.0 ± 1.00ef

120 40% FC 11.5 ± 0.24f-h 0.10 ± 0.01 h 1.9 ± 0.04 –1.48 ± 0.01kl 46.9 ± 0.14ab
60% FC 12.8 ± 0.17d-f 0.18 ± 0.02e-h 2.0 ± 0.03 –1.33 ± 0.01d-h 41.0 ± 1.90b-d
80% FC 13.5 ± 0.52c-e 0.24 ± 0.01c-e 2.1 ± 0.06 –1.31 ± 0.01c-g 32.4 ± 1.60ef
100% FC 15.6 ± 0.21a 0.25 ± 0.02c-e 2.4 ± 0.05 –1.23 ± 0.02a-c 26.4 ± 0.46 fg
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