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Abstract

This study focused on the effect of silicon nanoparticles (Si-Nps) use on growth and water use efficiency (WUE) of tomato
in hydroponic cultivation under drought stress. Experimental treatments included full irrigation, supplying 85 and 70% of
crop water requirement (I,, Igs and I,,) and use of Si-Nps in three levels of 0, 50 and 100 ppm (N, N5, and N,,,) which
was performed in a completely randomized design with three replications. Si-Nps were applied in two ways: leaf feeding
(L) and root feeding (R). Data analysis showed that different levels of irrigation, Si-Nps and the interaction effect of theirs
had a significant effect on fruit weight, leaf fresh and dry weight, stem fresh weight and WUE at 1% level. Si-Nps had a
significant effect on stem dry weight at 1% and fruit sugar at 5%. The interaction effect of irrigation and Si-Nps had a sig-
nificant effect on stem dry weight and fruit sugar at 1%. The maximum fresh fruit weight was related to treatment IgsLN o
and compared to the control treatment, it was 7.9% more. The maximum WUE was observed in [70RN50 treatment, which
was 56.3% higher than control treatment. Generally, applying irrigation I,,RNj, gives the best result for hydroponic tomato
cultivation in greenhouse conditions.
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Introduction

The scarcity of water resources is one of the important lim-
iting factors of agriculture in the world. Iran is one of the
countries that is facing water shortage and drought, and
its aggravation in the future will cause economic, social,
environmental and political problems (Momenpour et al.
2021). Optimum use of water sources in various sectors,
including agriculture, is one of the most essential solutions
to prevent the leading challenges and crises in using water
sources. In recent years, one of the solutions for optimiz-
ing water consumption in crops and producing crops with
maximum income under water shortage conditions is the use
of deficit irrigation technique. Deficit irrigation is a strat-
egy to increase yield in conditions of reduced agricultural
water consumption (Yu et al. 2020) and the main purpose
Irrigation and Drainage Department, Faculty of Water is to increase the efficiency of water use and remove part
and Environmental Engineering, Shahid Chamran University of irrigation water that does not have a significant effect
of Ahvaz, Ahvaz, Iran . . . . . . .
on increasing yield. Although in deficit irrigation, the yield
per unit area may be reduced, it was saved with water. Defi-
cit irrigation can increase the cultivated area with a limited
yield reduction and this yield reduction is compensated by a
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significant increase in economic efficiency (Patel and Rajput
2013). Chand et al. (2021) investigated the deficit irriga-
tion on tomato production in the greenhouse and stated that
deficit irrigation could lead to a decrease in tomato yield
and improve water productivity and yield quality parameters.
Cruz et al. (2019) reported an 85% reduction in water con-
sumption and an increase in carotenoids and soluble sugar
of tomato under drought stress conditions.

In recent years, silicon nanoparticles (Si-Nps) increased
plant resistance in adverse environmental conditions (Rajput
et al. 2021). Si-Nps are defined as having at least one dimen-
sion less than 100 nm. Over the past decade, Si-Nps have
been widely used in industry and agriculture for their unique
characteristics such as small size and high surface to volume
ratio (Zhu et al. 2018). The use of silicone has a biologi-
cal effect and has the best results in stress conditions such
as salinity, lack or excess of water. Foliar feeding should
be introduced as a standard treatment in the management
of many crops because it helps to increase crop yield and
it is also important that it is environmentally safe (Arty-
szak 2018). Si-Nps are common for greenhouse plants but
also have a positive effect on crops and help against salinity
stress, water stress and crop yield (Artyszak 2018).

Many research presented the effect of Si-Nps on the
yield and growth of the plant. Zhang et al. (2022) evalu-
ated the effect irrigation (173.66, 372.70 and 528.31 mm)
and fertilizer (100, 200 and 300 kg/ha) on tomato growth
and concluded that with the increase in irrigation, total dry
matter mass first increased and then decreased, while the
nutrition and taste indicators of the fruit decreased. Also,
the effects of irrigation on tomato yield were greater than
that of fertilizer, and with the increase in irrigation, water
consumption efficiency decreased, but with the use of more
fertilizer, water consumption efficiency first increased and
then decreased. Sayed et al. (2022) investigated the impact
of using nano-silicon in improving tomato yield in salin-
ity stress condition and suggested using nano-silicon foliar
spray in high salinity conditions. Abdullah (2019) investi-
gated the effect of using Kaolin and Pinoline on the growth
and efficiency of tomato water consumption under drought
stress conditions and stated that the reduction of water con-
sumption significantly increased the efficiency of water con-
sumption and reduced the relative amount of water content
in the leaves. Also, Kaolin particles effectively increased
physiological activities under reduced irrigation and 25%
saving in irrigation water led to 26.24% increase in water
efficiency compared to plants without stress. Akhlaghi
Mohammadi et al. (2019) announced that the use of silicon
nanoparticles in water stress conditions increases the mor-
phological characteristics of tomato plants. Wang and Xing
(2017) evaluated the effect of irrigation water and fertilizer
use on tomato yield and reported the best yield, efficiency
of water consumption and fruit quality in the treatment of
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25% deficit irrigation and application of 240 N, 120 P,O5
and 150 K,O kg/ha.

Tomato (Solanum lycopersicum L.) is a widely used veg-
etable. Due to the presence of minerals, vitamins and anti-
oxidant compounds, this product is considered one of the
most important products in the world for human nutrition
and health (Nuruddin et al. 2003, Cantor et al. 2016, Sayed
et al. 2022). The global production of tomatoes in 2020 is
about 187 million tons of fresh fruit from about 5.05 mil-
lion hectares, and Iran is the fifth producer of tomatoes in
the world (Faostat 2022). Tomato has a high water require-
ment, and in areas like Iran, it is necessary to preserve water
resources and economic and sustainable use of irrigation
water to reduce the problem of water shortage (Nazari et al.
2018).

Due to the inappropriate management of water resources
in arid and semiarid regions such as Iran, it is necessary to
minimize the damages caused by water shortage and drought
stress in the production of agricultural products by providing
appropriate management solutions and one of the solutions
is the use of nanoparticles. However, the point that should
be noted is that the type of nanoparticles and how to use
them should be checked separately in each region and for
each type of plant and under different environmental stress
conditions. Very few studies have been done in Iran in the
field of using silicon nanoparticles to increase the resist-
ance of plants against environmental stresses. Therefore,
this study was carried out with the aim of investigating the
effect of Si-Nps application (leaf and root feeding) on the
growth and water use efficiency of tomato under drought
stress conditions.

Materials and methods
Experimental details

This research was carried out from 2019 (September 1st) to
2020 (May 20th) in a greenhouse located in Shahid Cham-
ran University, Ahvaz, Iran (located at 31°18'0.22" Lat. N,
48°39'0.30" Long. W and altitude 8 m above sea level). The
experimental design of this study was a completely rand-
omized with factorial arrangement and three replications.
Experimental treatments included full irrigation, supplying
85 and 70% of crop water requirement (I, Igs and I,,) and
using Si-Nps in three levels of 0, 50 and 100 ppm (N, N,
and N ). Si-Nps were applied in two ways: leaf feeding (L)
and root feeding (R). The 54 pots with a volume of 9 L were
prepared and plants were planted in each pot. The method
of planting and harvesting was manual. Information was
recorded from the time of planting to harvest from each pot.

Si-Nps were used in three stages, the first stage after
the formation of the first cluster, the second stage after the
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formation of the fifth cluster and the third stage after the
completion of the seventh cluster.

Irrigation system

In order to perform irrigation and apply different irrigation
levels, a drip irrigation system was used. Thus, to apply dif-
ferent percentages of water requirement, three main irriga-
tion lines with a diameter of 32 mm and a length of 3 m were
implemented. Then, three branches from each main pipeline
were taken at a distance of 1 m by a polyethylene pipe with
a diameter of 16 mm and a length of 9 m. In the next step,
on the branches with a distance of 50 cm from the main line
and dropper distances of 50 cm, a dropper was installed. To
accurately measure and control the amount of irrigation, a
water volume meter with a measurement accuracy of 100 ml
and a solenoid valve was installed at the beginning of each
main line. A 4-channel timer for the pump and three solenoid
valves were used to adjust irrigation times and automate
irrigation. A 500-L tank was used to supply water and a
0.5-HP pump was used to supply the required pressure of
the system. Also, a disk filter—130 microns/120 mesh—was
used to purify the water.

Preparation of seedlings

Seventy-one seeds were soaked in a plastic container for
seven days. After this period, 98.5% of seeds (69) germi-
nated. The seeds were transferred to a culture tray filled
with cocopeat and perlite. For irrigation, 10 L of the nutri-
ent solution was prepared based on the amounts in Table 1
(Jones 2014). The nutrient solution was given 100 ml per
plant daily at 9 am.

Table 1 Nutrient quantity for 10 L solution

Bed preparing

In the present study, 50% weight of cocopeat and 50% weight
of perlite were used to prepare the plant culture bed. First,
the cocopeat was soaked in water in a pan for 12 h. Then, to
reduce salinity, it was washed four times. In the next step,
it was thoroughly mixed with perliteFirst, the cocopeat was
soaked in water in a pan for 12 h. Then, to reduce salinity,
it was washed four times. In the next step, it was thoroughly
mixed with perliteFirst, the cocopeat was soaked with water
in a pan for 12 h. Then, it was washed four times with water
to reduce salinity. In the next step, it is thoroughly mixed
with perlite. First, all pots were washed with water to remove
possible contamination, then pots were filled with the same
amount of the prepared mixture (4.7 kg), and to stabilize the
culture medium, all pots were watered manually. When the
tomato plants reach the five-leaf stage, they are ready to be
transferred to the pot. First, a hole, the size of the root vol-
ume, was created in the bed of each pot, then each seedling
was gently placed in the bed of the pot, and the surrounding
area was filled with bed material.

Irrigation planning

In this study, the weight balance method was used to meas-
ure the need for daily irrigation. For this purpose, three pots
with plants and three pots without plants were used. Every
day at 10 o'clock, all six pots were weighed and based on
the using Eq. 1, the water required of the plant was obtained
and the mean of three pots was considered as a criterion:

WU = (W, +W,) — (W, + Wp) 1)

WU: Water requirement, W,: Weight of pot, one day
before irrigation (g), W,: Irrigation water weight in 24 h (g),
W: pot weight one day after irrigation (g) and Wp,: Weight of
drainage water (g). During the growth period, the required
water was given to the plant several times a day. Table 2
shows the number of irrigation times per day and the time
of its use.

The total irrigation water used for every pot during the
growing season for treatments I, Is5 and 1,5 was 351, 301
and 250 L, respectively.

Nutrient Quantity (g) Nutrient Quantity (g)
KNO, 0.0001 Na,MoO, 2H,0  0.003
KH,PO, 2.19 ZnSO, 2H,0 0.01
Ca(NO;)2H,0  8.86 Fe(EDTA) 0.115
K,SO, 1.28 CuSO, 5H,0 0.01
MgSO, 4.11 H;BO; 0.04
MnSO, 0.02

Table 2 Irrigation planning Date

during the tomato growth period

Number of times Irrigation hours

01/04/2020 to 02/15/2020
02/16/2020 to 03/18/2020
03/19/2020 to 04/08/2020

From 04/09/2020 until the end of
cultivation

3 08:00, 12:00 and 16:00

4 08:00, 11:00, 13:00 and 15:00

5 08:00, 10:00, 12:00, 14:00 and 16:00

6 07:00, 09:00, 11:00, 13:00, 15:00 and 17:00
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Table 3 Time and amount of application of silica nanoparticles for
each pot

Stage Date For 100 ppm For 50 ppm
First 04/02/2020 13.8 7.0
Second 18/03/2020 16.6 8.3
Three 14/04/2020 41.6 21.0

Table 4 The specification of used nanoparticles NANOSHEL)

Product Silicon oxide nanopowder
Stock No NS6130-03-341
CAS 7631-86-9

Purity 99.9%

APS 15-20 nm
Molecular formula Sio,

Molecular weight 60.08 g/mol
Form Powder

Color White

Density 2.4 glem®
Melting point 1610 °C

Boiling point 2230 °C
Solubility Insoluble in water

Applying nanoparticle treatment

The amount of Si-Nps for each treatment and stage use,
was poured into a specified volume of distilled water and
stirred by a stirrer for 1 h. Application of Si-Nps was done
in 35, 78 and 115 days after planting the seedlings to the pot
with a manual sprayer on the leaf and syringe on the root.
The amount of Si-Nps consumption in each stage is given
in Table 3. The specification of nanoparticles used in this
research is given in Table 4.

Measurement of plant traits

Tomato yield was determined five times by hand. After the
last harvest and the end of the growth stage, the leaf length,
leaf width, leaf fresh and dry weight, stem dry and fresh
weight, fruit weight, fruit sugar, root fresh and dry weight,
width and length of root were measured. A caliper was used
to measure the length and width of the leaf. To measure fruit
sugar, a fully ripe fruit was selected from each treatment
and cut in half. Then, two ml of fruit juice was taken from it
with a syringe and placed inside the sugar measuring cham-
ber (Model: Pocket Refractometer Pal-1, Brand: ATAGO,
Range: 0-53%) and its sugar level was measured. In addition
to these traits, water use efficiency (WUE) was calculated.
Water use efficiency is derived from Eq. 2:

@ Springer

WUE = Y/IR )

WUE: Water use efficiency (Kg / m?), ¥: Yield (Kg) and
IR: Irrigation water volume (m?).

At the end of study, the water use efficiency was cal-
culated by dividing the fruit yield by the volume of water
consumed in different treatments.

Statistical analysis

Analysis of variance was done using SAS software (version
4.5) and comparison of means with Duncan's test at 1%. In
this research, three replications were used for each treatment.
Also, one plant has been tested in each replication and a total
of 54 pots were tested.

Results and discussion

The results of the variance analysis are shown in Tables 5
and 7. Also, the mean comparison of the studied treatments
is presented in Tables 6 and 8. In these tables, I indicates
irrigation treatment and NRL indicates the application of
silica nanoparticles. Also, to compare the results, for root
feeding treatments, I,,,RN, treatment and for spraying on
the leaf, I,,)LN, treatment has been considered as control.

Schematic diagram of the mechanisms of Si-Nps in
tomato plant under drought stress is shown in Fig. 1. As
a result, it was found that application of Si-Nps is a use-
ful way to improve drought tolerance and tomato plant
yield. It has been reported that the application of Si-Nps
impacts the morphology and physiology of plants, which
can result in better growth and yield (Rastogi et al. 2019).
With application of Si-Nps, plant resistance against drought
stress is controlled by increasing antioxidant defense, reduc-
ing oxidative damage to membrane molecules and main-
taining many physiological and photosynthetic processes
(Gunes et al. 2007). Furthermore, Si-Nps can modulate the
levels of endogenous phytohormones, positively impact on
plant—water relation, and through this, modify plant growth
and development, as well as productivity (Mukarram et al.
2022).

Length, width, dry and fresh weight of leaf and stem

The effect of irrigation, Si-Nps and the interaction effect
of irrigation and Si-Nps were significant on the length and
width of leaf at 1% level (Table 5). According to Table 6, the
maximum leaf length and width were obtained in treatments
I;0LN o (568.2 cm and 64.5 cm) which increased by 23.8%
and 57.3%, respectively, compared to the control. The least
leaf length and width were determined in IgsRN,,, (40.5
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Si-Nps
Leaf & Root Nso
Feeding ‘
Nioo
Length and width of leaves
Fresh and dry weight of leaves, stems and roots
Root length
Fruit fresh weight and fruit sugar
Too WUE
Drought =
Stress Iss i
I Suitable treatment: I70RNso
Fig. 1 Schematic diagram of the mechanisms of Si-Nps in tomato plant under drought stress
Table 5 Variance analysis of tomato component yield data
Sources of changes df  Leaflength (cm) Leaf width (cm) Leaf fresh weight (g) Leaf dry weight (g) Stem dry weight (g) Stem fresh
weight (g)
1 2 2.31%* 0.39%* 38,642%* 1576%* 698.50™ 50.11%%*
NRL 5 4.37%* 4.13%* 5263%* 198 359.45%%* 68.62%*
IxXNRL 10 7.41%* 1.63%* 4850%* 184%%* 736.48%* 80.54#*
Error 36 6.10 9.18 94.00 14.00 208.12 26.76
Cv 8.60 2.90 4.40 1.11 4.90 6.30

ns: Nonsignificant, **Significant at p < 1%, *: Significant at p <5%

Table 6 Mean comparison of tomato component yield in different treatments

1 N Leaf length (cm) Leaf width (cm) Leaf fresh weight (g) Leaf dry weight (g) Stem dry weight (g) Stem fresh weight (g)
70 RNO  54.17%® 54.67° 289.70° 52.22° 40.67°¢ 257.67%
L-NO  44.67¢h 41.33° 158.60' 21.908 36.80°F 221.43"
R-N50  53.70™* 53.67% 299.30° 55.00% 36.67°F 232.60%f
L-N50  48.53¢ 47530 236.30° 41.40° 34.60° 225.23¢f
R-N100 53.50%* 52.67°4 301.00° 36.67% 32.33f 229.67%f
L-N100 58.20 64.50* 360.50 56.83% 38.80°°¢ 240.17%¢
85 R-NO  48.50°% 4717 205.60° 28.84%f 41.67% 257.67%
L-NO  42.17¢ 40.17¢ 168.70M 25.20 35.57%f 231.13%f
R-N50  44.00°°h 43.83°f2 187.002 28.514f 37.20°F 239.00¢%
L-N50  46.17¢f 44.17° 182.60h 25.36°¢ 38.80°¢ 248.33%
R-N100 40.50" 41.17° 179.70% 25.01 32.50 227.67%f
L-N100 42.67%" 43.00°f 182.90feh 25.774¢ 34.60° 225.23¢t
R-NO  46.674¢ 45.509-¢ 204.10° 26.224-¢ 34.30° 248.33%
100 L-NO  47.00%¢ 41.00f2 211.70% 31.67°¢ 42.43% 266.10°
R-N50  51.83% 53.50% 209.30% 31.49%% 44.60° 267.23°
L-N50  44.17°™" 43.17°' 224.70¢¢ 31.46%% 34.83° 233.85%f
R-N100 47.67% 48.33b~¢ 198.50°f 27.45%¢ 36.07¢7F 249.90%
L-N100 43.33¢h 44.83°fe 209.50% 29.31%f 33.70° 230.87%f

The means with common letters in each column are not significantly different
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cm) and IgsLLN) (40.17 cm) treatment and showed decreased
13.2% and 2% compared to the control, respectively.

According to Table 5, irrigation, Si-Nps and the interac-
tion effect of irrigation and Si-Nps were significant on the
fresh and dry weight of leaf at 1% level. The maximum fresh
and dry weight of leaf was observed in the I,,LN,, treat-
ment (360.5 cm and 56.83 cm), which was a 70% and 79%
increase compared to the control treatment. The lowest fresh
and dry weight of leaf was observed in I;,LN,, treatment
(158.6 cm and 21.90g) and showed a 25% and 31% decrease
control treatment (Table 6). Treatments of irrigation, Si-Nps
and the interaction effect of irrigation and Si-Nps were sig-
nificant on dry and fresh weight of stem at 1% level (Table 5)
and the maximum of them was in I, )RNj, treatments with
44.60 g and 267.23 g, respectively. According to Table 6,
the minimum dry and fresh weight of the stem (32.33 g)
belongs to I,,RN,,, and I,,LN, (221.43 g). The difference
between the I,)RN,, and I,)LN, for stem fresh weight was
not significant.

The results show that the addition of Si-Nps increased
the length and width of leaves, the fresh and dry weight of
leaves and stem and the maximum increase related to the
treatment of I,,. With the use of 50 ppm Si-Nps in feeding
the roots method and 100 ppm Si-Nps foliar spraying on
plant leaves with a 30% reduction in water consumption, it
is possible to achieve a higher performance than the control
treatment and these two treatments have a significant differ-
ence with control treatment.

According to Khalid et al. (2022), the use of Si-Nps
is useful for producing maximum yield, and by modulat-
ing various physiological molecular processes, it plays an
important role in improving plants' tolerance to stresses.
When the Si-Nps come into contact with the roots or leaves,
they are absorbed, promoted enzyme activity (Gonzélez-
Moscoso et al. 2022) and produced a stimulatory effect on
stressed plants. Also it improves plant—water balance, struc-
tural changes in leaves, increases chlorophyll content, and
improves photosynthetic activity and resistance to environ-
mental stresses (Xu et al. 2022, 2023; Malik et al. 2021).
According to Table 6, it can be seen that feeding the roots

Table 7 Variance analysis of tomato component yield data

(R) has better result than foliar spraying on plant leaves (L).
Probably the better performance in feeding the roots (R)
method is due to the increase in root length and increased
absorption of the elements through the roots. Mahawar
et al. (2023) reported that silicon nanoparticles increase
water absorption in drought stress conditions by increasing
root length. When nanoparticles are applied on the leaves,
the stomata of leaves become smaller and water transpira-
tion decreases from the leaf surface. The positive effect of
Si-Nps on tomato growth parameters has been observed
by Haghighi and Pessarakli (2013), Yassen et al. (2017),
Akhlaghi Mohammadi et al. (2019), Smaeil Pour and Akbari
(2012), Lu et al. (2016). The result of the study on the effect
of Si-Nps on tomato plant growth parameters was consistent
with the previous reports.

Width, length, dry and fresh weight of root

Treatments of irrigation, Si-Nps and the interaction effect of
irrigation and Si-Nps were significant on the fresh and dry
weight of root and root length at 1% but were not significant
on root weight (Table 7). The maximum and least root fresh
weight was observed, respectively, in treatments I, LNy,
(203g) and I,)RN, (98.5g) (Table 8). The maximum and
least root dry weight was observed, respectively, in treat-
ments I,,RN;,, (79.7 g) and I,,,LN, o, (33.3 g) (Table 8).
The increase in Si-Nps from O to 100 ppm in the method
of feeding by roots increased the fresh weight of roots and
this increase was more in the treatment of I,,. Also, in the
spraying on leaf method, the increase in nanoparticles from
0 to 50 ppm caused an increase in the root fresh weight, but
an increase in amount of silica nanoparticles from 50 to 100
ppm led to a reduction in it. The increase in Si-Nps from 0
to 100 ppm in both methods of spraying on leaves and feeds
by roots increased the dry weight of root in the I, treatment,
but in the other two irrigation treatments (Ig5 and I,), the
root dry weight decreased with the increase in nanoparticles.

The maximum root length was observed in treat-
ment IgsL Ny, with 66.33 cm and the least root length was
observed in treatments I;;RN,,, and IgsL.N, with 38.37cm

Sources of changes df  Fruit weight (g) Fruit sugar (%) Root dry weight Root fresh Root width (cm) Root length (cm) Water use

(2) weight (g) efficiency
(%)

1 2 283,851 ** 0.165™ 1057%%* 2850%** 2.180™ 0.306%* 32.20%%*

NRL 5 239,876** 0.244% 126%%* 2460%** 7.852™ 5.960%* 38.30%*

IxNRL 10 203,344%** 0.271%* 321%%* 1748%* 2.697™ 0.110%* 64.20%%*

Error 36 34,235 0.690 16 57 3.222 1.220 37.00

Ccv 4.7 4.6 1.9 8.5 6.9 8.9 3.70

ns: Nonsignificant, **Significant at p < 1%, *Significant at p <5%
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Table 8 Mean comparison of tomato component yield in different treatments

1 N Fruit fresh weight (g) Fruit sugar (%) Root fresh Root dry Root length (cm) Water use
weight (g) weight (g) efficiency
(%)

70 R-NO 2741.0%%¢ 4.57% 98.5" 41.54h 453372 10.90?
L-NO 1835.7" 3.974f 115.7¢ 42.8°7¢ 443372 7.34feh
R-N50 2741.7%¢ 4.47%¢ 150.0% 55.3 43.00%¢ 10.97%
L-N50 2271.7° 4.17°¢ 119.0¢ 48.5° 453372 9.09bd
R-N100 2443.0°~F 4424 175.7° 79.7% 38.678 9.77°
L-N100 2333342 3.67 112.3¢ 48.6° 42331 9.33%

85 R-NO 24813 3.67 117.68 39.3¢ 46.00°"¢ 8.244f
L-NO 2072.0%h 4,03 112.3¢ 434 38.37¢8 6.88"
R-N50 2462.3¢F 3.77%F 122.7¢ 44,55 49.33>f 8.184-¢
L-N50 2624.724 463 135.3¢ 44,6 66.33 g.720de
R-N100 2200.7% 4.20%¢ 138.7% 36.8 51.33% 7.31%h
L-N100 2852.0° 3.80°f 99.5" 34.31 42.67°' 9.47
R-NO 2462.7¢°" 4,10t 138.9% 45.4¢de 50.67b 7.028

100 L-NO 2644.0%¢ 4274 152.9¢ 475 49.000-f 7.530h
R-N50 2770.3%® 4274 137.8% 35.6M 50.33b¢ 7.89¢h
L-N50 2571.0°¢ 4.20%¢ 203.0° 36.6%" 49.00°f 7.32fh
R-N100 2835.0° 3.97%f 124.4% 33.6! 56.00° 8.084-¢
L-N100 2520.7°° 4,03 116.48 333 51.67" 7.18¢"

The means with common letters in each column are not significantly different

(Table 8). According to Table 8, with the increase in silica
nanoparticles, the root length increased and this increase was
more in the irrigation treatment of 100%.

The application of Si increases root length and cell wall
extensibility in root growing regions (Etesami and Jeong
2018). Between the two methods of nanoparticle applica-
tion, feeding from the roots has a more significant effect on
increasing the length of the roots, which is probably due to
the availability of more nutrients compared to spraying on
the leaves.

The results of Abdallah (2019) showed that under deficit
irrigation, relative leaf water content and market yield of
tomato significantly reduced but Kaolin particles effectively
increased the physiological processes and production of sal-
able yield. Abolgasemi and Haghighi (2018) showed that
the nanoparticles were significant on root dry weight and
nanoselenium increased the growth of tomato plant. In Hou
et al. (2017) study, full irrigation and partial irrigation of the
root area had a significant effect on root fresh weight and
root length. Ashkavand et al. (2018) reported that the silicon
nanoparticles were significant on root width. Our results are
similar to previous studies.

Fruit fresh weight and fruit sugar

According to Table 7, irrigation, Si-Nps and the interac-
tion effect of irrigation and Si-Nps were significant on fruit

fresh weight at the 1% level. The maximum and lowest fruit
fresh weight was observed in treatments IgsL.N,,, (2852g)
and I,,LN, (1835.7g) (Table 8), respectively. Accord-
ing to Table 8, with deficit irrigation practices, the fruit
fresh weight has decreased, but the addition of Si-Nps has
increased it and has been able to partially compensate for the
lack of water. This result shows the positive effect of using
Si-Nps, which agree with Zhang et al. (2022) and Akhlaghi
Mohammadi et al. (2019). Saleh et al. (2007) expressed that
the irrigation frequency was significant on fruit weight and
the 3-day irrigation had least fruit weight than 1-day irriga-
tion frequency. The addition of Si-Nps in water stress condi-
tions increases chlorophyll on the plant leaf surface (Sadak
2019), photosynthesis and nutrient absorption rate, activates
the activity of defensive enzymes and increases anti-stress
compounds (Wang et al. 2022), adjusting the osmotic pres-
sure of the cell and thus improving the ability of tissues
to absorb and retain water in leaves of plant (Luyckx et al.
2017; Boaretto et al. 2014). Also, silicon nanoparticles
reduce stomatal conductance of leaves that led to reduc-
ing the stomatal conductance of the leaf which leads to the
reduction of water loss in the plant and as a result increases
the relative resistance to drought stress conditions (Mahawar
et al. 2023).

It was also found that feeding of Si-Nps by roots has
better results than spraying on leaves and although the
maximum fruit fresh weight was obtained in the IgsLN,
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treatment, there is no significant difference with I;,,RN
treatment. According to Table 7, it can be seen that irri-
gation treatment was not significant on fruit sugar at the
5% level, but Si-Nps was significant on it at 5% level, also
the mutual effect of Si-Nps and irrigation was significant
on fruit sugar at 1%. The maximum amount of fruit sugar
was observed in the IgsL.Ny, treatment (4.63%) and the least
fruit sugar was observed in I;,LNs, and IgsRN,, treatments
(3.67%) (Table 8). Although irrigation treatment effect
was not significant on fruit sugar, the maximum of it was
observed in treatment 85%. The increase in nanoparticles
in low irrigation treatment (I,;) has more effect than 85%
and 100% treatments. This result indicates that spraying Si-
Nps on leaves has increased the plant's resistance to drought
stress by adjusting the nutritional balance. Similar to fruit
fresh weight, feeding of Si-Nps by roots has better results on
fruit sugar; although the maximum fruit sugar was obtained
in the I8SLNS50 treatment, there is no significant difference
with the I70RNS50 treatment.

The results of Hu et al. (2023) showed that the applica-
tion of silicon improves the growth of tomato plants. Rastogi
(2019) reported that silicon nanoparticles increase crop yield
under weed, disease and drought conditions. Pinedo-Guer-
rero et al. (2020) by evaluating the application of K2SiO3
and SiO2 nanoparticles (SiO2 NPs) on the growth and toler-
ance to salt stress of tomato, stated that the application of
SiO2 nanoparticles at 500 mgL~! had positive effects on
plants. The results of Korkamaz et al. (2017) showed that
NaCl, silicon and their interaction effects on the nutrients
and silica levels in leaves were significant in different con-
centrations, and silicon increased fruit yield. These results
are agreed with the results of our study.

Water use efficiency

As shown in (Table 7), the treatments of irrigation, Si-Nps
and the interaction effect of irrigation and Si-Nps were
significant on WUE at 1% level. The maximum and least
WUE was recorded in treatments I,,RNs, (10.97 kg/m?)
and IgsLN, (6.88 kg/m®) (Table 8), respectively. It showed
a 56.3% increase and it decreased by 8.6% compared to
control. The reason for the increase in WUE in the I,)RNj,
treatment is the increase in the weight of the fruit and the
decrease in the volume of water used. According to the
results of this research, with a 30% reduction in water con-
sumption and the use of silica nanoparticles with a con-
centration of 50 ppm, the maximum WUE was obtained.
In addition, according to the results of Table 3, the use of
30% reduction in the volume of irrigation water and the use
of silica nanoparticles with a concentration of 50 ppm as
root nutrition had a higher WUE and it was not significant
compared to the [70RNO treatment. Since Si-Nps has bio-
stimulative effects, it reduces transpiration, increases water

@ Springer

storage capacity and improves plant—water balance in tomato
(Romer-Aranda et al. 2006), also it affects the activity of
enzymes and biochemical processes in plant tissues and
ultimately reduces water stress and ultimately weight loss.

The results are similar to the results of Yang et al. (2019),
that concluded irrigation regimes were significant on water
use efficiency. Shokri et al. (2022) concluded that the use
of silica nanoparticles increases water use efficiency and
increases cucumber yield, also the use of silica nanoparti-
cles with a concentration of 50 ppm can be a good option
to increase yield in cucumber. In the research of Abdal-
lah (2019), the use of Kaolin and Pinoline in conditions of
applying water stress to tomatoes saved 25% of irrigation
water and increased WUE by 26.24%. Al Saeedi (2022)
concluded that adding nano-silica particles to sandy soil
significantly increases cucumber yield and improves WUE.
The results of these studies are similar to the results of the
present research.

Conclusions

In this research, the effect of silica nanoparticles (Si-Nps) in
three concentrations of 0, 50 and 100 ppm (N, N5y and N )
and irrigation including supplying 100, 85 and 70% of crop
requirement (I, Igs and I,,) were investigated on growth
and water WUE of greenhouse tomato plant in hydroponic
culture. The Si-Nps were applied in two ways: spraying on
the leaf (L) and root feeding (R). Based on the results, the
application of Si-Nps improves the yield and water use effi-
ciency and it causes an increase in yield components, fruit
weight, fruit sugar and water use efficiency. The results of
1,0 and Ig5 treatments in the presence of the use of Si-Nps
were not significantly different compared to the results of
the 15, treatment and a 30% reduction in water consump-
tion had different results in the yield and WUE compared to
the control treatment, so that in the I,,RNjs, treatment, the
fruit fresh weight increased by 11.5%, fruit sugar increased
by 9%, and WUE increased by 56.3%, but in the I,,LNy,
treatment, fruit fresh weight decreased by 14%, fruit sugar
decreased by 2.3%, and WUE increased by 20% compared to
the control treatment. Therefore, supplying 70% of the water
requirement, using silica nanoparticles with a concentration
of 50 ppm and feeding by the roots can be a suitable option
to increase the yield and WUE of hydroponic tomato cultiva-
tion in the greenhouse.
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