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WATER scarcity is a global issue especially in arid regions and rationalizing the use of 
fresh irrigation water has become necessary to satisfy water needs. The current study 

investigates using Si to alleviate the implications of water stress on tomato plants grown on a 
light textured soil. A split-plot experiment was conducted under the field conditions for two 
successive seasons (2017 and 2018) on tomato under two deficit irrigation levels i.e. 70 and 
85% ETc as well as 100% ETc for comparison.  Plants were subjected to two levels of silica 
foliar spray (0 and 0.4 mM). At physiological maturity growth stage, chemical characteristics of 
tomato fruits as well as total fruit yield were determined. Deficit irrigation decreased contents of 
chlorophyll A and B in leaves; while increased proline content in plant roots. This consequently 
decreased tomato fruit yield; while, raised its contents of total dissolved solids and vitamin C. 
On the other hand, spraying plants with Si raised significantly chlorophyll A and B in leaves 
and alleviated plant stress by increasing proline content in roots. This increased significantly 
fruit yield. Irrigation with 85% Etc with Si spray recorded a rather similar fruit yield to those 
irrigated with 100% Etc. Moreover, Si treatments increased significantly water use efficiency 
by the crop. Thus, Si spray can take part in saving considered amounts of water that can be used 
for irrigation of further tomato areas.
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Introduction                                                                                 

Tomato (Lycopersicon lycopersicum L.)  is an 
important fruit vegetable that belongs to the 
Solanaceae family (Tóth and Takácsné Hájos 
2019). It is the second important crop after 
potato (Ayyar, 2019) which is characterized 
by high economic (De la Torre-González et al., 
2018) and nutritional importance worldwide 
(Borghesi et al., 2018). Its importance is growing 
year by year (Tóth and Takácsné Hájos, 2019). 
However, its fruit yield and quality is negatively 
affected by water stress (Zhang et al., 2017). 
Water scarcity has grown up to become a global 
problem (Dolatyar and Gray, 2000) especially in 
arid regions (Rafaat, 2020; Mbava et al. 2020; 
Abdelhafez et al. 2020; Bassouny and Abbas 
2020 and Zekri & Al-Maamari, 2020). In Egypt 
many farmers suffer from shortage of irrigation 
water (AbdAllah et al. 2019; Assar et al. 2020 

and Farid et al., 2020) particularly at the end of 
the irrigation channels (Farid et al., 2014). Thus, 
the Egyptian government use untraditional water 
resources to satisfy irrigation needs (Abbas and 
Bassouny, 2019; Farid et al., 2019 and Bassouny 
et al., 2020). However, such waters are not enough 
to satisfy all irrigation requirements (Ali et al., 
2016). Therefore, rationalizing the use of fresh 
irrigation water has become necessary to satisfy 
water needs (Farid et al., 2014). This might take 
place through following partial root zone drying 
(PRD) and/or regulating deficit irrigation (Tahi 
et al., 2008) to increase the efficiency of water 
use (Tahi et al., 2007). Introducing untraditional 
materials such as using biochar (Bassouny & 
Abbas, 2019 and Elshony et al., 2019), K (Liu et 
al., 2019) or Si (Domokos-Szabolcsy et al., 2017; 
Amer and El- Emary 2018; Saad & Abo-Koura, 
2018 and Zarger et al. 2019) may alleviate water 
stress. Silicon which is one of the most abundant 
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elements in the earth’s crust  (Jurkowska and 
Świerczewska-Gładysz, 2020) may have an 
important role in increasing plant tolerance to 
water stress (Teixeira et al. 2020).Thus, providing 
plant with Si has been adopted as an important 
treatment for alleviating the adverse implications 
of drought (Sithanantham et al., 2020).

Deficit irrigation affects vegetative and 
reproductive growth stages of tomato and reduces 
the rate of cluster formation and fully formed 
fruits (Gladden et al., 2012). Supplying tomato 
plants with Si can conserve water by up to 23% 
(Cao et al., 2017), hence, its use can be of high 
potential economic return (Marodin et al., 2014). 
In spite of the high content of Si in soil (Kaushik 
and Saini, 2019), its available forms of silicic acid 
or mono silicic acid [Si(OH)4 or H4SiO4] (Zarger et 
al. 2019), seem to be limited under water shortage 
conditions (Grašič et al., 2017). No active Si uptake 
system was detected in tomato plants (Sun et al. 
2019). Thus, foliar application of Si can positively 
alleviate deficit irrigation (Dawa et al., 2019).

The current study investigates the potentiality 
of using Si to alleviate the implications of deficit 
irrigation on tomato plants grown on a light 
textured soil.  

Materials and Methods                                                    

A field experiment was carried out for two 
successive summer seasons (2017 and 2018) at 
El.Adelia farm, Belbeis  (El Sharqia Governorate) 
to investigate the effects of spraying plants with 
Si on increasing the productivity of tomato plants 
subjected to deficit irrigation and at the same 
time ,increasing the water use efficiency. Before 
conducting the field trial, a surface soil sample 
(0-30 cm) was collected from the study area for 
physical and chemical analyses according to 
Klute (1986) and Page et al. (1982). The results 
are presented in Table 1.

The experimental design and field protocol
A split-plot field experiment was conducted to 

assess Si effect on tomato under deficit irrigations. 
The main plots were assigned to irrigation 
treatments of 100%% ETc (equivalent to 7074 and 
7286 m3 ha-1 during 2017 and 2018, respectively), 
85% ETc and 70% ETc. The subplots were 
assigned to foliar spray with Si treatments of 0 
and 0.4 mM in the form of potassium silicate. 
The experimental plot comprised one ridge 1.2 
m width ×5 m length and all treatments were 
performed in triplicates. On the 1st of April of 

the two successive years 2017 and 2018, tomato 
(Lycoperson essulentum, var Beto86) transplants 
were cultivated on one side of ridges at a distance 
of 0.5 m within the row (each plot contained 10 
plants). NPK fertilizers were applied to all plots at 
the recommended rates (kg ha-1) as follows: 160 
kg N (as NH4 NO3, 330g N kg-1), 66.67 kg P in 
the form of calcium superphosphate (67 g P kg-1) 
and 62 kg K in the form of potassium sulphate. 
Phosphate was added during soil preparation 
while N and K were applied through fertigation 
through the drip irrigation system. After 70 days 
of transplanting, 5 whole plants were collected 
randomly from each plot, where chlorophyll 
A and B were extracted from their leaves by 
ethanol, then determined photometrically, while 
proline content was extracted from their dried root 
materials (70 C for 48hr) and quantified according 
to Bates et al. (1973). 

At physiological maturity growth stage, tomato 
fruit yield was determined and their chemical 
characteristics were determined according to the 
standard methods described by AOAC (2000) i.e. 
total soluble solids (TSS) by refractometer and 
ascorbic acid by titration against NaOH in presence 
of 2, 6-di-chlorophenolindophenol as an indicator. 

Irrigation water characteristics and irrigation 
scheduling

The main characteristics of the Nile water 
used for irrigation in this study were assessed 
according to the standard methods outlined in 
Richards (1954) and are presented in Table 2.

Irrigation scheduling was based on the monthly 
averages of the meteorological data of the Egyptian 
Meteorological Authrity (EMA) from April to 
July in the two seasons, i.e. 2017 and 2018 (Table 
3). Data were introduced into CropWat 8 Software 
for calculation of crop evapotranspiration (ETc) 
and reference evaporation (ETo) according to 
Benman Montith equation and FAO (Allen et al. 
1998) as follows:

ETc =ETo ×Kc                                     Equation 1

Where: ETc in mm, ETo in mm,and Kc is the crop 
coefficient   

The irrigation water requirement was 
calculated according to the following equation:       
IWR= (ETc)/IE                                        Equation 2

Where: IWR is the irrigation water requirement 
and IE is the irrigation efficiency (estimated 
by 85% for drip irrigation system according to 
Suramani and Prabakaran (2015). 
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TABLE 1. Physical and chemical properties of the soil under study prior to the fist and second growing seasons.

A: Physical properties 

Parameter
PSD

Texture OM
g kg-1

CaCO3
g kg-1Sand,

%
Silt,
%

Clay,
%

Value 83.91 10.08 6.01 Sand 8.00 12.01
B:Chemical properties prior to  the first and the second growing seasons 

Season pH** E C * , 
dSm-1

Soluble cations, mmolc L
-1 Soluble anions, mmolc L

-1 Available nutrients, mg 
kg-1

Ca2+ Mg2+ Na K CO3
2- HCO3

- Cl – SO4
2- N P K

2017 8.12 0.83 3.90 2.80 1.85 0.55 0.00 1.30 4.15 3.65 58.60 9.50 191.51
2018 7.86 0.84 4.30 2.30 2.09 0.49 0.00 1.97 4.11 3.10 45.32 10.13 172.91

**pH was determined in 2.5:1 (water: soil) suspension, *EC was measured in soil paste extract, OM: organic matter content, 
PSD: Particle size distribution.

TABLE 2. Main characteristics of the Nile water used in irrigation of the tomato plant .

Character pH EC, dS 
m-1

Soluble cations, mmolc L
-1 Soluble anions, mmolc L

-1

Ca2+ Mg2+ Na+ K+ CO3
2- HCO3

- Cl – SO4
2-

2017 7.35 0.37 1.8 1.0 0.9 0.2 0.0 2.7 1.0 0.2
2018 7.26 0.45 2.4 1.3 0.6 0.4 0.0 2.9 1.3 0.5

Values of ETc and IWR in mm were then 
transformed into the corresponding values in m3 
ha -1` through multiplication by 10

Statistical analysis 
The obtained data were statistically analyzed 

using SPSS 18 statistical software through the 
analysis of variance according to Gomez and Go-
mez (1984). Duncan multiple range test method 
at the 5% level of probability was used to com-
pare among the means of treatments. Water use 
efficiency (WUE)/water productivity (WP) val-
ues were also calculated  according to Booker and 
Trees (2020) and Durand et al. (2020) as the crop 
yield in kilograms divided by the amount of water 

TABLE 3. Calculated values of the crop evapo-transpiration (ETc) and the corresponding ones of the irrigation 
water requirement (IWR) for the tomato growth period.

Month
ETc (m

3 ha -1) IWR (m3 ha -1 )

2017 2018 2017 2018

April 1226.40 1281.60 1442.83 1507.76

May 1512.86 1619.52 1779.76 1905.24

June 1569.60 1605.60 1846.60 1888.95

July 1703.76 1686.40 2004.43 1984.00

Total 6012.62 6193.12 7073.62 7285.95

consumed in the production of this yield in cubic 
meters “crop per drop”. 

                                                              Equation 3

Results and Discussion                                                 

Tomato fruit yield grown under water deficit 
conditions as affected by Si application 

Figure 1 and Table 4 reveal that tomato fruit 
yield decreased significantly with decreasing the 
amount of irrigation water from 100% ETc to 70% 
ETc. In this concern, the fruit yield attained due 
to irrigation with 100% ETc was 1.2 fold higher 
than that attained due to 70% ETc (during the 

 Water use efficiency (WUE)=
 (Tomato fruit yield (kg))/(irrigation water
requirements (m^3))
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two successive years of study). Water constitutes 
92%–95% of the mature tomato fruit (Hanssens 
et al., 2015). This water contributes effectively to 
increasing the fruit volume probably as a result 
of increasing sap influxes through phloem and 
xylem fluxes (Guichard et al., 2005). The stress 
conditions affect negatively cell division with 
undesirable impacts on fruit water and osmotic 
potentials (Ripoll et al., 2016). On the other hand, 
results obtained herein indicate that Si application 
alleviated, to some extent, the consequences 

of deficit irrigation on the grown plants. This 
element improved growth of tomato plants during 
the two years of study. This may have activated 
“osmotic adjustment and improving aquaporin 
activity” (Chen et al., 2018). It seems that the 
fruit yield obtained by irrigation with 85%ETc 
+spray with Si recorded slight variations from 
those irrigated with 100%ETc (with or without Si) 
during both seasons of study. This may indicate 
that Si can ameliorate the negative impacts of 
deficit irrigation on tomato plants.
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Fig. 1. Fruit yield (Mg ha-1) as affected by deficit irrigation and Si foliar application. There were no significant 
variations among values of the same letter

TABLE 4. Fruit yield (Mg ha-1) as affected by deficit irrigation and Si foliar application
Second seasonFirst season

MeanETc 70%ETc 85%100% ETcMeanETc 70%ETc 85%100% ETc

Si 
spray

79.3B70.6±6.4c77.0±5.5bc90.6±8.1a79.9B70.8±6.3c77.6±7.1bc91.3±8.3a-Si
85.1A78.1±7.2bc85.6±6.4ab91.5±6.8a85.5A76.3±7.3c86.4±8.0ab91.8±7.9a+Si

-74.3C81.4B90.1A-74.5C81.9B91.6AMean
There were no significant variations among values of the same letter, Si treatments:-Si: no Si spray; +Si: spray with 0.4 
m M K-silicate +Si: spray with 0.4 m M K-silicate.
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Tomato fruit quality parameters
Fruit quality parameters affect fruit storage, 

transport and processing (de Vos et al., 2018). 
The two quality parameters, considered in the 
current research, are total dissolved solids (TDS) 
and vitamin C. Data in Table 5 reveals that 
the quality parameters increased significantly 
in tomato plants grown under water stress 
conditions. These results agree with those of 
Zhang et al. (2017) who found that soluble 
solids content and vitamin C increased under 
water stress conditions. These components 
may improve plant water balance (Nahar and 
Ullah, 2018). On the other hand, Si application 
seemed to have negative implications on those 
two parameters. These results are similar to 
those reported by Jarosz (2014) who stated that 
vitamin C decreased in plants sprayed with Si. 
This might result because of the dilution effect of 
these components in fruits sprayed with Si. The 
increase in TDS within tomato fruits owing to 
spraying with silicon can alleviate salt-induced 
osmotic stress (Zhu and Gong, 2014). 

Proline in plant roots 
Proline content in plant roots increased 

significantly due to deficit irrigation (Fig. 2 and 
Table 6). Such increase was more pronounced 
with irrigation deficit. Such increases reflects 
the tendency of tomato plants to adjust their cells 
osmotically (Nahar and Ullah 2018). Regarding 
the effect of spraying plants with Si on improving 
the growth performance under deficit irrigations, 
Si caused a slight increase in proline content in 

TABLE 5. Total dissolved solids (TDS) and vitamin C in tomato fruits as affected by deficit irrigation and Si foliar 
application

Second seasonFirst seasonSi 
spray MeanETc 70%ETc 85%100% ETcMeanETc 70%ETc 85%100%  ETc

Total dissolved solids (TDS)

5.70A6.40±0.51a5.80±0.51ab4.91±0.42c5.63A6.30±0.55a5.50±0.51bc5.10±0.46c-Si

5.35B6.10±0.50a5.10±0.46bc4.85±0.36c5.47A5.90±0.53ab5.30±0.36bc5.20b±0.43c+Si

-6.25A5.45B4.88C-6.1A5.4B5.15BMean

Vitamin C

29.63A32.20±3.04a30.20±2.52a26.50±2.13a28.96A31.50±2.74a28.60±2.35a26.78±1.92a-Si

28.43A31.50±2.84a27.89±2.54a25.90±1.84a28.07A30.10±2.70a27.50±2.39a26.62±2.11a+Si

-31.85A29.05B26.20C-30.80A28.05B26.70CMean
There were no significant variations among values of the same letter,Si treatments:-Si: no Si spray;+Si: spray with 0.4 m 
M K-silicate

plant. Such increase was particularly significant 
in the second growing season. This would 
increase tolerance to osmotic stress (Ali et al., 
2018). Such results do not support the hypothesis 
that the osmo-regulations in plants grown under 
stress conditions and treated with Si were mainly 
related to proline content. There may be other 
mechanisms causing increased plant tolerance 
against drought stress. The highest proline content 
was attained in plants irrigated with 70%ETc and 
sprayed with Si during the two seasons of study. 

Chlorophyll content
Table 7 reveals that chlorophyll content        

(A, B and total) decreased significantly in tomato 
leaves subjected to deficit irrigation.  According 
to the chlorophyll contents in leaves, the irrigation 
treatments can be arranged in the following 
descending order: 100% ETc > 85% ETc > 70% 
ETc. These results agree with the findings of Tahi 
et al (2018) who reported that chlorophyll content 
in tomato leaves decreased significantly in plants 
subjected to deficit irrigation. They attributed 
this to increase in activities of oxidative stress 
enzymes in tomato plants (superoxide dismutase, 
soluble peroxidase and polyphenol oxidase). 
Spraying plants with silicon raised significantly 
the chlorophyll content (A, B and total) in 
tomato leaves. Results of research elsewhere 
showed increases in chlorophyll content, and 
photochemical efficiency of PSII under stress 
conditions (Al-aghabary et al., 2005 and Cao et 
al., 2015). Other results showed that Si alleviates 
the oxidative damage in plants (Shi et al., 2014). 
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TABLE 6. Proline content in plant roots as affected by deficit irrigation and Si foliar application

                   Second season         First season
Si 

spray MeanETc 70%
85%

ETc

100% ETcMeanETc 70%ETc 85%100% ETc

4.3B5.1±0.4b4.7±0.4b3.3±0.3c4.7A5.0±0.4b4.8±0.4b4.0±0.3c-Si

4.7A5.6±0.5a5.1±0.4b3.2±0.3c4.9A5.5±0.5a5.1±0.4b4.1±0.3c+Si

-5.4A4.9B3.25C-5.4A4.95B4.05CMean

There were no significant variations among values of the same letter, Si treatments:-Si: no Si spray; +Si: spray with 0.4 
m M K-silicate.

Si treatment

-Si +Si -Si +Si 
0

2

4

6

8

10

Deficit irrigation

10
0%

 E
Tc

85
% E

Tc

70
% E

Tc

10
0%

 E
Tc 

85
% E

Tc 

70
% E

Tc 

Pr
ol

in
e 

co
nt

en
t, 

ug
 g

-1
 

0

2

4

6

8

10

Deficit irrigation x Si treatment

Treatment
10

0%
 E

Tc

85
% E

Tc

70
% E

Tc

10
0%

 E
Tc 

85
% E

Tc 

70
% E

Tc 

Pr
ol

in
e 

co
nt

en
t, 

ug
 g

-1
 

0

2

4

6

8

10

First season
Second season

-Si +Si

c c
b a

b b

c"

b"
b"

c"

b"
a"

1st season 2nd season 1st season 2nd season

AB
C

A
B

C

AB AB

Fig. 2. Proline content in plant roots as affected by deficit irrigation and Si foliar spray. There 
were no significant variations among values of the same letter
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Water use efficiency/water productivity 
Tomato is a highly water consuming crop 

(Cantero-Navarro et al., 2016). Because of the 
water shortage, this crop may be cultivated under 
deficit irrigation (Lu et al., 2019) and this may 
affect the outcome yield quantity and quality 
(Giuliani et al., 2018). Water use efficiency can be 
expressed in terms of amount of yield production 
(kg) per unit consumption of irrigation water (m3) 
(Jerry and Christian, 2019). Results indicate that 
deficit irrigation, increased water use efficiency 
(WUE). Decreasing the level of irrigation water 

TABLE 7. Chlorophyll A, B and total contents in tomato leaves grown under the conditions of deficit irrigation as 
affected by Si foliar application

Second seasonFirst season
Si 
spray MeanETc 70%85%

ETc
100% ETcMeanETc 70%85%

ETc
100% ETc

Chlorophyll A

5.4B2.9±0.3d6.3±0.5b7.0±0.6a5.4B2.5±0.2d6.5±0.5b7.2±0.6ab-Si

6.1A4.5±0.5c6.8±0.7b7.1±0.7a6.0A3.6±0.4c6.9±0.5ab7.4±0.7a+Si

-3.7C6.55B7.03A-3.1C6.7B7.3AMean

Chlorophyll B

3.6B2.1±0.2c3.9±0.4b4.8±0.4a3.7A2.3±0.2b4.1±0.3a4.6±0.5a-Si

4.0A2.7±0.3c4.3±0.4b5.0±0.5a3.9A2.6±0.3b4.3±0.4a4.8±0.5a+Si

-2.4B4.8A4.9A-2.5C4.2B4.7AMean

Total chlorophyll

9.4B6.2±0.5d10.2±0.9b11.8±1.0a9.1B4.8±0.5c10.6±0.9a11.8±0.9a-Si

10.1A7.2±0.6c11.1±1.0ab12.1±1.1a9.8A6.2±0.6b11.2±1.0a11.9±1.1a+Si

-6.7C10.63B11.93A-5.5C10.9B11.85AMean
There were no significant variations among values of the same letter, Si treatments:-Si: no Si spray; +Si: spray 
with 0.4 m M K-silicate.

from 100% to 85% ETc recorded no significant 
variations in WUE during the first growing season; 
but, it increased WUE significantly in the second 
growing season (Fig. 3). Irrigation at 70%ETc 
recorded further significant increases in WUE. 
These results agree with those obtained by Tahi et 
al. (2007) and Wang et al. (2018). Spraying plants 
with Si increased WUE significantly. It seems 
that Si regulates leaf transpiration and adjusts root 
hydraulic conductance (Chen et al., 2018). Also, 
Si may have decreased ROS accumulation in 
plants (Cao et al., 2019).

TABLE 7. Water use efficiency (WUE) in kg m-3 for tomato plants grown under the conditions of deficit irrigation 
as affected by Si foliar application

Second seasonFirst seasonSi 
spray Mean70% ETcETc 85%100% ETcMean70% ETcETc 85%100% ETc

12.90B13.83±1.28b12.43±0.89c12.43±0.85c13.69B14.30±1.38b12.90±1.09c12.91±0.92c-Si

13.91A15.31±1,42a13.85±1.17b12.56±0.84c14.69A15.81±1.40a14.36±0.98b12.98±1.02c+Si

14.57A13.14B12.49C15.06A13.63B12.94BMean

There were no significant variations among values of the same letter, Si treatments:-Si: no Si spray; +Si: spray 
with 0.4 m M K-silicate.
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 Fig 3. Water use efficiency (WUE) in kg m-3 for tomato plants grown under the conditions of deficit irrigation 
as affected by Si foliar application. There were no significant variations among values of the same letter.

Conclusion                                                                          

Spraying tomato plants (subjected to water 
stress conditions) with Si increased significantly 
chlorophyll A and B contents in leaves, as well as 
proline contents in roots. Such mechanisms might 
be responsible of the ameliorative effect of Si on 
tomato plants; hence increased its fruit yield. It is 
worthy to mention that the fruit yields attained for 
tomato plants subjected to irrigation with 85% ETc 
and sprayed with Si were rather similar to those 
irrigated with 100% ETc. This; consequently, in-
creased water use efficiency by tomato plants and; 
therefore, spraying tomato plants with Si can take 
part in saving considered amounts of water that can 
be used for irrigation of further areas for tomato. 
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