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Abstract

Regarding worldwide water shortage due to climate change impacts, reducing water consumption for plant irrigation with-
out a significant reduction in plant yield is of great importance. Silicon is one of the beneficial elements for plants and has
positive effects on plant physiology and biochemistry. A field experiment was conducted to evaluate the potassium silicate
alleviating effect (K,SiO5; 0 (Sy), 5 (Ss), and 10 (S,,) mM) on sweet corn yield at different irrigation cycles (70 as control
(I70), 105 (I;4s), and 140 (I,,4,) mm water evaporation from class A evaporation pan). Results showed that water-deficit
reduced leaf photosynthetic pigments, relative water content, and yield components. However, soluble sugars, proteins, and
proline content and the activity of superoxide dismutase, catalase, and ascorbic peroxidase of leaves were increased by water
deficit. Foliar spraying of K,Si0O; effectively reduced the adverse effects of water deficit and improved the physiological
traits and grain yield of plants. The S,(l,, and S;pl;ys (786 and 788 g m~2, respectively) produced the greatest grain yield.
The grain number per ear with the highest correlation with grain yield (r=0.78) was found as the most determining yield
component. It is concluded that the I, s, due to reducing water consumption, along with S;, can be considered to obtain the
desired performance in sweet corn.
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Abbreviations GN Grain number per ear

APX Ascorbate peroxidase GY Grain yield

BY Biological yield GWPE The grain weight percentage per ear
CAT Catalase GTW  Grain thousand weight

chlt Total chlorophyll content HI Harvest index

chlb Chlorophyll b content K,SiO; Potassium silicate

chla Chlorophyll a content RWC Relative water content

EFW Ear fresh weight SOD Superoxide dismutase

EDW Ear dry weight
F/F,  The maximum quantum yield of PSII
photochemistry Introduction

Sweet corn (Zea mays var. saccarata) is a variety of Zea
mays that is ranked as the fourth most valuable crop among
04 Arman Azari vegetables for fresh consumption and the second for the pro-
armanazari @vru.ac.ir cessing industries (Kalloo and Bergh 2012). Sweet corn is
Department of Genetics and Plant Production, Faculty a mutant by a mutatlog in the locu§ SU, which is isolated
of Agriculture, Vali-e-Asr University of Rafsanjan, from the dent corn (Levitt 1980). This gene leads to a double
Rafsanjan, Iran accumulation of sugars in the endosperm compared with

Department of Agrotechnology, Faculty of Agriculture, regular corn. Fruits (ear) are the main purpose of sweet corn
Ferdowsi University of Mashhad, Mashhad, Tran cultivation. Sweet corn fruits have a high nutritional value
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and are rich in minerals such as potassium, calcium, mag-
nesium, and phosphorus, and protein, vitamins, and sugars.

Environmental stresses prevent plant genetic potential
performance. Drought is a critical abiotic stress that limits
crop productivity in areas subjected to water scarcity (Ashraf
2009). Plants show several mechanisms, such as the accumu-
lation of soluble and active osmolytes, when facing drought
stress and trying to maintain water absorption under such
conditions. Amino acids, sugars, mineral ions, and soluble
proteins are among the osmolytes that help plants absorb
water and also regulate cell osmotic potential and protect
cell membranes under drought stress conditions. One of the
innate responses of plants to drought stress is the accumu-
lation of proline, which participates in osmotic regulation
(Cattivelli et al. 2008). Proline has also a protective role
for macromolecules under stressful conditions (Esra et al.
2010). The proline accumulation is directly related to plant
species and stress intensity (Johari-Pireivatlou 2010).

The plant water potential is closely related to the relative
water content of leaves (O'Neill et al. 2006) and indicates the
plant water content status and drought tolerance (Sairam and
Srivastava 2001). Plants with relatively greater water con-
tent at the end of the stress period are more drought-tolerant
(Basu 2004). In general, the lower relative water content
of leaves decreases photosynthesis and, consequently, the
overall yield (Lack et al. 2005). The production of oxygen
radicals (ROS) is stimulated under environmental stresses
such as drought. To scavenge the ROS, antioxidant enzyme
activities are also significantly increased (Blokhina et al.
2003). Drought-tolerant species show higher antioxidant
activity compared with drought-sensitive species. There-
fore, antioxidant activities are vital in increasing plant toler-
ance to drought stress (Guo et al. 2010). Furthermore, these
enzymes play a critical role in the production of lignin and
plant resistance to living and non-living stresses (Milone
et al. 2003).

Silicon is the second most abundant element on earth
(28%). Although highly available on the soil surface, silicon
can only be absorbed in the form of Si(OH), (Soylemezoglu
et al. 2009). Cereals have the highest silicon levels (Epstein
1999). Although silicon is not essential for plant growth
and its biological role is not well understood, several stud-
ies have reported its benefits in plants (Epstein 1999; Kaya
et al. 2006). Through binding to calcium and pectin, silicon
increases the strength of the cell wall and the resistance to
cell damage caused by stresses. On the other hand, unlike
calcium, silicon is highly mobile in plants. Potassium silicate
(K,Si0;), with high solubility in water, is a useful chemical
fertilizer for cash crops (Balakhnina and Borkowska 2013).
Silicon is considered a supplementary element in various
plants and increases photosynthesis, leaf stability, leaf chlo-
rophyll concentration, and yield quality, and reduces evapo-
transpiration (Liang et al. 1996). The application of silicon
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improved plant growth, dry and fresh weight, and yield of
corn (Zea mays) plants (Kaya et al. 2006).

According to the changes in the drought period pat-
terns, it is vital to adopt appropriate strategies to prevent
a reduction in potential performance and actual yield of
crops (Sasani et al. 2004) and reduce water usage for grow-
ing plants without significant reduction in their productivity.
Due to the limitation of the crop year and irrigation water
in the drought regions of the world, finding strategies to
improve crop tolerance to stressful conditions, e.g., drought
and high temperature, helps to increase plant production.
Such C, plants as corn with high nutritional value and fer-
tility strength might be an efficient alternative for hot and
dry regions due to their relative drought tolerance (Khazaei
et al. 2016); hence, improving the crop drought tolerance
enables cultivating the crops in hot and dry summers as the
second cultivation. Besides, corn is a relatively high water-
consuming crop, and reducing water consumption without
any significant reduction in its productivity seems necessary.

The effects of various abiotic stresses, including drought,
salinity, cold, and heavy metals toxicity were effectively
reduced by the silicon element (Liang et al. 2007). Although
previous studies elucidated the beneficial effects of silicon
compounds on plant growth and yield, limited information
has still been released on the silicon effects on different
plant species, especially sweet corn, and their physiochemi-
cal traits under different climatic conditions. Therefore, a
comprehensive study using different physiobiochemical
assays was carried out aimed to evaluate whether: (1) sweet
corn productivity can be alleviated by silicon under water
deficit conditions, (2) silicon can impact the physiochemical
traits to improve the crop yield, and (3) sweet corn water
requirement can be reduced by silicon without any signifi-
cant reduction in the crop yield.

Materials and methods
Experimental procedure

The experiment was conducted at the Faculty of Agriculture,
the Vali-e-Asr University of Rafsanjan (55°55°N, 30°22° W,
1526 m asl) in 2018. Irrigation regimes in three levels [70 as
control (I;o), 105 (I,ys), and 140 (I,,,) mm day ™' evaporation
from the class A evaporation pan, and the foliar spraying of
potassium silicate (K,SiO5) in three levels (zero; as control, 5,
and 10 mM; S, Ss, and S, respectively) were considered as
the experimental factors (Khalili et al. 2013; Bayazidi Aqdam
2014; Karvar et al. 2022). The irrigation was applied when
the determined value of water for each treatment was evapo-
rated from the pan. For example, for the control treatment,
when 70 mm of water was evaporated from the pan, irrigation
was applied. If daily evaporation is 10 mm, for instance, after
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7 days 70 mm of water is evaporated from the pan and it is
time for irrigation, and the same procedure was carried out
for other treatments.

Seeds of sweet corn (cv. Chase) were sown in four rows
40 cm apart and three meters long in plots 1 X 3 m (12.5
plants m~2) and in soil depth of 4-5 cm in early July. Surface
irrigation was performed right after sowing and continued
weekly for 4 weeks. At the 4-6 leaf stage (30 days after plant-
ing, DAP), irrigation treatments were applied. Foliar spraying
of K,Si0; at the rate of 4161 ha™! was simultaneously applied
by a handheld spray twice at 2 weeks intervals (at the 4-6 leaf
stage and 14 days after the first spray). Weeds were removed
by hand every 15 days. Nitrogen (urea, 46% N) at the rate of
66 N kg ha~! was applied twice (at the Vs and V,; 5-leaf
and 12-leaf stages, respectively). Table 1 shows the physico-
chemical characteristics of the experimental soil. Based on
the Domarten climatic classification, Rafsanjan has an arid
climate (mean annual precipitation of 75.5 mm). Tempera-
ture and precipitation during the growing season are shown in
Fig. 1. (Karvar et al. 2022).

Sampling and measurements

The ear leaves were sampled and immediately frozen in liquid
nitrogen and transferred to — 75 °C for further measurement
of the physiochemical traits.

Leaf physiological traits
Chlorophyll fluorescence

The leaf chlorophyll fluorescence was measured using a hand-
held PEA Chlorophyll Fluorimeter shortly before the begin-
ning of pollination between 11:00 and 13:00 h (Hansatech,
UK). Three leaves of different plants from each treatment were
covered by the clips, the chlorophyll fluorimeter was placed on
the clip after 15 min of darkness and the maximum quantum
yield of PSII photochemistry (F,/F,,) was recorded (Ahmadi-
Lahijani et al. 2018).

Relative water content (RWC)

The relative water content of leaves was measured using
Eq. (1): (Ritchie et al. 1990)

RWC = [(FW — DW)/(TW — DW)] x 100. (1)

Temperature (°C)
Precipitation (mm)

Fig. 1 Temperature and precipitation of the experimental site during
the growing season

Here, FW, TW, and DW are fresh weight, turgid weight,
and dry weight, respectively.

Leaf biochemical traits
Photosynthetic pigments

Leaf chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoid content (chla, chlb, and chlt, respectively) were
assayed using the following equations (Lichtenthaler and
Wellburn 1983).

Chla = (12/25A663 — 2/79A646) )
Chlb = (21/21A646 — 5/1A663) 3)
Chlt = Chla + Chlb 4)

Carotenoids = (1000A470 — 1/8Chla—85/02Chlb)/198.
)]
Here, A663, A646, and A470 are the absorption rate at
663, 646, and 470 nm, respectively.

Soluble sugars and sucrose content

Van Handel (1968) and Irigoyen et al. (1992) methods were
used to assaying leaf sucrose and soluble sugars content,

Table 1 Physicochemical pH
characteristics of the

-1
experimental field soil mg kg

EC@Sm™) Mn Zn

Cu Fe P K N
%

Organic matter ~ Soil texture

812 2.63 7.88  0.47

073 124 9 391 0.13 0.87 Loam sand
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respectively. The sucrose and glucose standard curves were
used to assay the sucrose content.

Proline content

Leaf proline content was measured using the method of
Bates et al. (1973). The supernatant absorption rate was read
at a wavelength of 515 nm spectrophotometrically. L-Proline
with concentrations of 0, 2, 4, 16, and 32 mg 17! was used to
prepare proline standards. The concentration of the samples
was calculated in ppm using the standard curve.

Leaf protein and antioxidant

Five hundred mg of fresh ear leaves stored at — 75 “C were
ground. The samples were then extracted in 5 ml potassium
phosphate buffer (50 mM, pH of 7.5) containing Polyvi-
nylpyrrolidone (PVP) and EDTA (1 mM), and centrifuged
for 20 min at 4000 rpm at 4 °C. The enzymatic activity and
protein content of leaves was measured using the extract.

Soluble protein content

Twenty pl of the extract was diluted in 80 pl of the extraction
buffer. The fresh dye Coomassie blue (Bradford reagent)
(5 ml) was then added to the solution and stirred for 2 min.
After 5 min, the absorption rate was read at 595 nm spec-
trophotometrically (Spekol-1500). Leaf protein concentra-
tion was calculated according to the standard curve obtained
from bovine albumin serum (BSA) (Bradford 1976).

Antioxidants content

Fifty pl of the extract was used to assay enzymatic antioxi-
dants, including superoxide dismutase (SOD) (EC 1.15.1.1),
Catalase (CAT) (EC 1.11.1.6), and Peroxidase (APX) (EC
1.11.1.7) by methods described by Beauchamp and Fri-
dovich (1971), Dhindsa et al. (1981), and Nakano and Asada
(1981), respectively.

Yield and yield components

Grain yield (GY)

Plants were harvested at the physiological maturation
(Rs—R¢) to measure the grain yield and yield component
from an area of 1 m>.

Yield components

Three ears per replication (n=9) were harvested at the grain

dough stage (R,—R5) and immediately weighed to measure
ear fresh weight (EFW). The samples were then dried at 70

@ Springer

°C to constant weight for ear dry weight (EDW). The grain
number per ear (GN) was counted after drying in the oven
(n=9). The grain thousand weight (GTW) was measured
using Eq. 6:

GTW = (GW/GN) x 1000. ©6)

Here, GW is the grain weight.
Harvest index (HI)

The harvest index was obtained by dividing the economic
yield (ear) (EY) by the biological yield (aerial parts) (BY)
according to Eq. (7):

HI = (EY/BY) x 100. )

Statistical analysis

A randomized complete block design in a split-plot arrange-
ment with three replications was used. The irrigation treat-
ment in three levels was assigned to main plots and foliar
application of K,SiO; at three levels (3 X 3) to subplots. Data
were subjected to ANOVA using SAS v.9.1 software. Statis-
tical significance, where indicated, is at least at the 5% level
of probability as determined by the analysis of variance and
Duncan’s test. Correlation among parameters was computed
when applicable.

Results
Physiological traits
Leaf chlorophyll fluorescence

Foliar application of K,SiO; and deficit irrigation interacted
to affect the maximum quantum yield of PSII photochem-
istry (F\/F,). Increasing the water deficit intensity reduced
F/F ., but K,SiO; significantly improved F',/F,, at each defi-
cit irrigation treatment. The highest F',/F, was observed in
1;0S 0, which was 22% higher than I,,S, (control), although
there was no significant difference with I,,5S,, (Fig. 2A).

Leaf relative water content (RWC)

The interactive effect of deficit irrigation and foliar appli-
cation of K,SiO; was significant on the leaf RWC. The
lowest leaf RWC was obtained from 140 mm irrigation
and non-foliar application of K,SiO; (Fig. 2B). The lower
soil moisture diminished the leaf RWC. Nevertheless, at
each level of irrigation, foliar application of 5 and 10 mM
K,Si0; increased leaf RWC and reduced the effects of
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Fig.2 The maximum quantum yield of PSII photochemistry (A) and
relative water content (B) of sweet corn leaves at different irrigation
regimes (mm water evaporation from class A evaporation pan) and
foliar sprayed with various concentrations of K,SiO;. The control
plants (70) were sprayed with water. 70, 105, and 140: 70-, 105-, and

deficit irrigation. The highest RWC was observed in 1;4S
which was 4 and 18% higher compared with I,,S, and I, 4,S,,
respectively.

Biochemical traits
Leaf pigments content

Chlorophyll b content was affected by the irrigation treat-
ments; chlb showed a decreasing trend with a delay in the
irrigation. The lowest Chlb was observed in I,; leaf chlb
content decreased by 12% at I,,, compared with I, (Fig. 3).
The highest leaf chla, chlb, chlt content, and chlorophyll
alb were observed in S, when K,SiO; was applied (Table 2
and Fig. 3). For instance, chlorophyll a, b, total chlorophyll
content, and chlorophyll a/b were increased 32, 13, 32, and
22%, respectively, at S, compared with S,,. Deficit irriga-
tion, K,Si0;, and their interaction significantly affected leaf
carotenoid content. I;sS,, showed the greatest leaf carot-
enoid content with 42% higher values compared with the
control (I5,S,) (Fig. 4A).

Leaf sucrose and soluble carbohydrates content

Deficit irrigation and foliar application of K,SiO; interacted
to affect leaf sucrose and soluble carbohydrate content. Leaf
soluble carbohydrates and sucrose content were the highest
at I;40S,0; 81% and 3.8 times, respectively, greater than the
control (I;,S,) (Fig. 4B, C).

70 105 140
Irrigation (mm Evaporation)

140-mm water evaporation from the class A evaporation pan, respec-
tively. Data are the means of three replicates. Means with the same
letter are not significantly different (p <0.05) based on the Duncan
test

2.5 T T T 2.5
a [ Chlorophyll b
] Protein
20+ b -2.0
E b —~
g | E
S 1.5 ab b L15 I
£ o
P E
E’ 1.0 10 £
.U A Fl. [0)
S 5
o o
&)
0.5 1 0.5
0.0 L0.0
70 105 140

Irrigation (mm Evaporation)

Fig.3 Chlorophyll » and protein content of sweet corn leaves at dif-
ferent irrigation regimes (mm water evaporation from class A evapo-
ration pan). 70, 105, and 140: 70-, 105-, and 140-mm water evapo-
ration from the class A evaporation pan, respectively. Data are the
means of three replicates. Means with the same letter are not signifi-
cantly different (p <0.05) based on the Duncan test

Leaf proline content
The interaction of deficit irrigation and foliar application

of K,Si0; affected leaf proline content. Leaf proline con-
tent tended to increase by increasing deficit irrigation. The
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Table 2 photosynthetic pigment Level Chlorophylla  Chlorophyll »  Total chlorophyll ~ Protein  a/b’
and protein content of sweet )
corn leaves foliar spayed with Mg gFW
Erslféi concentrations of Potassium silicate (mM) 0 17.2¢ 1.41ab 19.5¢ 11.5¢c  1.74b
5 21.7b 1.54b 25.8b 121b 1.91b
10 25.3a 1.63a 28.7a 13.3a 2.24a

*Data are the means of three replicates. Means with the same letter are not significantly different (p <0.05)

based on Duncan’s test
fChlorophyll a/b ratio

70 105
Irrigation (mm Evaporation)

140

Fig.4 Carotenoids (A), sucrose (B), soluble sugars (C), and proline
(D) content of sweet corn leaves foliar spayed with various concentra-
tions of K,SiO; (mM) under different irrigation regimes (mm water
evaporation from class A evaporation pan). The control plants (70)
were sprayed with water. 70, 105, and 140: 70-, 105-, and 140-mm

greatest leaf proline content was also obtained from I, 4,S;.;
2.5 times higher compared with the control (Fig. 4D).

Leaf protein content

Deficit irrigation and K,SiO; application significantly
affected leaf protein content. Increasing water deficit inten-
sity decreased leaf protein content; the lowest leaf protein
content was recorded in I,,, by a 24% decrease compared
with the control (Fig. 3B). However, K,SiO; increased leaf
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A K,SiO, (mM) |

Sucrose (mg.gFW™")

Proline (mg.gFW")

70 105
Irrigation (mm Evaporation)

140

water evaporation from the class A evaporation pan, respectively.
Data presented are the means of three replicates. Means with the
same letter are not significantly different (p <0.05) based on the Dun-
can test

protein content; application of 10 mM K,SiO; enhanced leaf
protein content by 28% compared with S, (Table 2).

Leaf enzymatic antioxidants

Leaf SOD, CAT, and APX content were increased by def-
icit irrigation and foliar supplication of K,Si0O;. Deficit
irrigation (I,4,) increased SOD, CAT, and APX content
by 100, 140, and 30%, respectively, compared with the
control. However, foliar K,SiO; spraying also increased
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the content of the enzymes. Leaf SOD, CAT, and APX
content were increased by 44, 33, and 12%, respectively,
in S, compared with S, (Table 3).

Yield and yield component

The effect of deficit irrigation and K,SiO; foliar applica-
tion was significant on the ear fresh yield, BY, and GTW.
Deficit irrigation (I;,,) decreased ear fresh yield by 29%
compared with the control. Similarly, reducing the soil
moisture (I;4,) diminished GTW and BY by 18 and 43%,
respectively, compared with I,, (Table 3). Deficit irriga-
tion and K,Si0; foliar application interacted to affect GN,
HI, GY, and the grain weight percentage per ear (GWPE)
(Fig. 5A-D). The greatest GY was obtained from I,,S,
and I,)5sS,o, by a 28% increase compared with I,,S,.
Decreasing the available soil moisture led to a decrease
in GN per ear, but the foliar application of K,SiO; signifi-
cantly reduced the adverse effect of deficit irrigation. The
greatest GN was observed in I,ysS,, by a 34% increase
compared with the control (I;,S,). Reducing soil water
moisture, 1,45 and Iy, decreased GN by 15 and 35%,
respectively, compared with I, while applying 10 mM
K,Si0j; in I,y5 and 1,,, increased GN by 55 and 37%,
respectively, compared with I,,5S, and I,4,S,.

The overall trend of grain weight percentage per ear
showed that GWPE increased with the delay in irrigation.
The foliar application of K,SiO; also increased GWPE;
the highest GWPE was obtained from I,,,S,,, which was
18% higher than the control (I,,S,) (Fig. 5C). The harvest
index was increased by deficit irrigation and the foliar
application of K,SiOj;. The highest HI was obtained from
1140519 by a~27% increase compared with I,,S, and I, 4,S,
(Fig. 5D).

Discussion

The increase in the antioxidant enzyme content can be due
to the induction of oxidative stress and the production of
reactive oxygen radicals (ROS). One of the solutions to
scavenge ROSs is increasing antioxidant enzyme content
(Hayat et al. 2007). Plants defend against environmental
stress by both enzymatic and non-enzymatic mechanisms.
Besides acting as an osmolyte, proline has an antioxidative
role in protecting plants. The positive correlation coefficient
between the leaf enzymatic; i.e., SOD, CAT, and SOD,
and non-enzymatic; i.e., proline, antioxidants showed that
those mechanisms were coupled (Fig. 6). The high content
of sucrose, proline, and antioxidant enzymes in response
to deficit irrigation could indicate the importance of these
organic compounds in response to drought stress.

Silicon treatment has been reported to increase enzy-
matic activity in plants (Chakraborty and Tongden 2005).
Silicon protects the plant against environmental stress by
stimulating growth and increasing the activity of antioxidant
enzymes (Balakhnina and Borkowska 2013). In a study on
wheat (Triticum aestivum) plants, silicon increased the levels
of antioxidant enzymes, including CAT and SOD (Behtash
et al. 2010). Silicon deposition on the cuticle layer increases
its thickness and reduces the transpiration from the leaf sur-
face under stressful conditions (Ma and Yamaji 2006), which
could help the plant maintain leaf RWC. On the other hand,
silicate can improve leaf RWC through osmoregulation
strategies to improve the plant water absorption ability and
maintain cell membrane stability. Leaf RWC was positively
correlated with the leaf chlt and F . /F,, (Fig. 6), indicating
the direct role of leaf water content on photosynthesis and
photosynthetic products, leading to better plant growth.

The maximum quantum yield of PSII was improved by
the foliar application of K,SiO;. The cellular turgor of leaves

Table 3 Enzymatic antioxidant SOD' CAT APX Ear (cob) yield MGW (g) BY (g m-z)
content of leaves, ear (cob) . . (e m—2
fresh yield, mean grain weight Unit mg protein )
(MGW), and biological yield Water deficit evaporation (mm)
(BY) of sweet corn plants N
foliar spayed with various 70 30.4c* 0.620b 13.6b 1461a 162a 3952a
concentrations of K,SiO; under 105 41.8b 0.560b 17.1a 1249b 146b 3392b
different irrigation regimes 140 62.0a 1.51a 17.8a 1020c 137¢ 2796¢
Potassium silicate (mM)
70 37.7c 0.730c 15.4b 1080c 133¢ 2925b
105 42.0b 0.860b 15.6b 1187b 153b 3144b
140 54.5a 1.10a 17.5a 1463a 160a 4070a

Data are the means of three replicates. Means with at least a similar letter are not significantly different

based on the Duncan test p <0.05

fsoD superoxide dismutase, CAT catalase, APX ascorbic peroxidase. 70, 105, and 140: 70-, 105-, and 140-
mm water evaporation from the class A evaporation pan, respectively
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Fig.5 Grain yield (A), grain number (B), grain weight percentage
per ear (C), and harvest index (D) of sweet corn leaves foliar spayed
by various concentrations of K,SiO; (mM) under different irrigation
regimes (mm water evaporation from class A evaporation pan). The
control plants (70) were sprayed with water. 70, 105, and 140: 70-,

decreases under water deficit and reduces in the stomatal
aperture, and interrupts leaf gas exchanges. The electron
transport chain is also disrupted by the stomatal closure
and reduces the quantum yield of photosystem II (PSII).
However, K,Si0; probably by strengthening the plant toler-
ance mechanisms increased water absorption and stomatal
opening. Leaf F,/F,, was positively correlated with leaf chlt
content (Fig. 6). The F/F,, assays the PSII efficiency and is
an efficient indicator of species resistance to environmental
stresses (Kiani et al. 2008; Ahmadi-Lahijani et al. 2018). F,/
F,, showed a decreasing trend in stressful conditions, and
plants with higher F./F  were more stress-tolerant (Zafari
et al. 2012).

Potassium silicate had a more increasing effect on leaf
chla compared with chlb. The chlb is considered an auxiliary
pigment and increasing the damage of free radicals resulting
from delayed irrigation destroys chlb molecules. In a study
to evaluate the silicon effect on corn (Zea mays) plants,
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Irrigation (mm Evaporation)

105-, and 140-mm water evaporation from the class A evaporation
pan, respectively. Data are the means of three replicates. Means with
the same letter are not significantly different (p <0.05) based on the
Duncan test

the total chlorophyll content was increased by 20% under
drought stress conditions (Moghaddam et al. 2011). Silicon
increases a-Amino levulinate, a precursor to chlorophyll
production in plants; therefore, silicon is likely to increase
the chlorophyll content by increasing this substance (de
Siqueira et al. 1999). Research shows that silicon increased
the chloroplast size and the number of granules (Xie et al.
2014). Positive correlations between the leaf chlt and F/F
and yield components indicate the important role of higher
leaf chl content to improve photosynthetic apparatus and
crop productivity (Fig. 6).

An overall increase in leaf carotenoid content was
observed by a delay in irrigation due to lower photosyn-
thetic efficiency and increased free radicals resulting from
reduced plant access to soil moisture. Under stressful condi-
tions, carotenoids as non-enzymatic antioxidants prevent the
photooxidation of chlorophyll molecules (Lawlor and Cornic
2002). Potassium silicate plays a crucial role in increasing
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Fig.6 Corrplot analysis of the leaf physiology, biochemistry, and
yield components of sweet corn plants exposed to deficit irrigation
and foliar application of K,SiO; parameters. APX ascorbate per-
oxidase, BY biological yield, Car carotenoids content, CAT catalase,
Chlt total chlorophyll content, F/F,, maximum quantum yield of
PSII photochemistry, GN grain number per ear, GW thousand grain
weight, HI harvest index, Prol proline content, Prot protein content,
RWC relative water content, SOD superoxide dismutase, SS soluble
sugars content. The darker colors represent a higher correlation (blue
and red, positive and negative correlations, respectively)

leaf carotenoid content. A positive correlation was observed
between leaf carotenoids and chlt content (Fig. 6). This cor-
relation coefficient indicated that carotenoid activity and
their presence in the cell are closely related to chla due to
the spatial position of the two pigments (chloroplast) and
the function of the carotenoid (photoprotection of chla, neu-
tralization of free radicals, and the absorption and transfer
of incident light energy to reaction centers).

In general, soluble sugars act as osmotic regulators and
stabilize the cell membranes and regeneration (Slama et al.
2007). Soluble sugars are increased to maintain cell turgor
by the starch breakdown and the accumulation of simple
sugars. Various studies have reported an increase in soluble
sugar content by silicon application, which can be attrib-
uted to a reduction of oxidative stress and the protection of
macromolecules such as proteins (Epstein 1999; Kaya et al.
2006; Detmann et al. 2013). Since silicon increases the pho-
tosynthetic pigments and, therefore, the plant photosynthetic
rate, it can increase the soluble sugars by protecting macro-
molecules and reducing oxidative stress (Savvas and Ntatsi
2015). The correlation results show that soluble sugar con-
tent was negatively correlated with leaf chlt and carotenoids

(Fig. 6). These negative correlations were likely due to lower
photosynthetic pigments content imposed by the deficit irri-
gation, which was inversely related to leaf soluble sugars and
sucrose content changes.

The greatest leaf proline content was obtained from
I,40S0; 2.5 times higher than the control. Accordingly, Amin
et al. (2009) observed an increase in proline and sugar levels
of okra (Hibiscus esculentus L.), which were directly related
to plant tolerance to drought stress. Drought stress also
increased the accumulation of proline in corn (Zea mays)
leaves (Li et al. 2010). Besides reducing the osmotic poten-
tial and scavenging free radicals, proline reduces the risks
of protein breakdown in stressful conditions and prevents
ammonia accumulation in cells (Jyoti and Yadav 2012). Leaf
proline content was positively correlated with soluble sugar
(Fig. 6), indicating their essential role in osmotic regulation
under drought stress. Since growth is the first process that
slows down or ceases due to reduced water uptake by the
plant while photosynthesis continues, the accumulation of
carbohydrates might also enhance the osmolytes content.

With the highest correlation with GY, grain number
per ear was the most determining grain yield component
(Fig. 6). Deficit irrigation reduces the grain number by a
delay in tasseling initiation or causes tassel abortion. As the
growth rate slows down, tassels appear with a delay, and the
interval between pollination and tassel emergence increases,
leading to a decrease in the grain number, or no grain for-
mation (Bianzinger 2000). However, the greatest GN per ear
obtained from I,,S,, and I,5S,, indicated that the intensity
of water stress in I;js was mild and the foliar application
of potassium silicate could compensate for the water stress
damage to plants.

Under drought stress conditions, plant growth and devel-
opment and cell division diminish due to reduced cell turgor
pressure. Simultaneously, they will reduce the grain stor-
age capacity, and finally, the grain size and weight (Reezi
et al. 2009; Ahmadi-Lahijani and Emam 2016). Mean grain
weight is directly determined by the photosynthetic rate and
can be improved by any factor that alleviates the environ-
mental stress effects on plants. On the other hand, any factor
that restricts water availability reduces nutrient absorption
by the plant, resulting in reduced yield components (Wang
et al. 2017). It was found that silicate significantly increased
plant growth and led to an increase in grain yield in maize
(Zea mays) plants (Kaya et al. 2006). The grain weight per-
centage per ear was increased with deficit irrigation and
the foliar application of K,SiO5. Due to the higher growth
of ears under normal irrigation, the number of late-formed
spikelets (which often do not produce seeds or produce small
grains) likely reduced the grain weight percentage per ear.

The harvest index determines the efficiency of the pho-
toassimilates translocation toward the grains. However, in
the present study, changes in the HI were interesting; the
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highest HI was obtained from I, 4,S,,. The plant likely expe-
rienced a decreased reproductive growth and reduced eco-
nomic yield and HI due to high vegetative growth at the
control irrigation. The HI was positively correlated with leaf
chlt content and grain yield (Fig. 6). Silicon was reported to
increase plant grain yield more than biological yield, lead-
ing to an improved HI (Zuccarini 2008). The application of
K,Si0; enhanced the crop yield and improved HI by improv-
ing the photosynthetic procedure.

In summary, deficit irrigation reduced the soil available
water and induced drought stress to sweet corn plants; how-
ever, the intensity of the stress was mild in I;); and some
traits (especially the yield components) were not signifi-
cantly diminished compared with the control. Since deficit
irrigation at the rate of 105 mm evaporation reduces the
consumption of irrigation water without a significant adverse
effect on plants, this level of irrigation can be considered for
the production of sweet corn in the second cultivation (sum-
mer). The foliar spraying of K,SiO; at both 5 and 10 mM
reduced the effects of drought stress on sweet corn plants
and improved the physiological traits and crop yield. The
foliar application of 10 mM potassium silicate could com-
pensate for the water stress damages imposed on plants and
can be expected to improve optimal yield under water defi-
cit conditions. Potassium silicate application at levels above
10 mM seems to be still feasible on sweet corn.
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