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Abstract: Drought stress is one of the major threats to food security in the climate change scenario. Reducing the
deleterious impacts of drought stress on the productivity of cereal crops is crucial. Hence, limited information has
been available about the effect of the combined use of plant growth regulators and mineral fertilisers on promoting
drought tolerance in maize seedlings. In this study, a pot experiment was carried out to evaluate the potential of sole or
combined application of silicon (Si) and putrescine (Put) to mitigate the detrimental effects of drought on maize. The
experimental treatments were, i.e. control (CK), water spray, 4.0 mmol Si, 0.5 mmol Put, and 4.0 mmol Si + 0.5 mmol
Put on maize crop grown at two different water-holding capacity levels (80% well-water condition and 40% drought
stress). The experiment was arranged in a complete randomised design with factorial arrangements having three
replications. Exposure of maize plants to drought stress at the reproductive phase (VT-tasseling) reduced the pho-
tosynthetic pigments, including chlorophyll a, chlorophyll b and chlorophyll a + b, relative water contents, leaf
area, yield and yield attributes. However, foliar application of Si and Put individually and Si + Put dramatically
reduced these negative effects by improving photosynthetic pigments, relative water contents, and activities of
enzymatic antioxidant defence. Drought stress-induced lipid peroxidation in the form of more production of malon-
dialdehyde content, hydrogen peroxide and electrolyte leakage significantly declined due to the combined application
of Si and Put compared to the respective control. Drought stress boosted the activities of key enzymatic antioxidants
(catalase, superoxide dismutase, peroxidase, and ascorbate peroxidase) irrespective of the treatment application.
Moreover, it was noted that the accumulation of osmolytes (proline and soluble protein) contents was increased by
the combined application of Si and Put. Under drought stress conditions, combined foliar application of Si and Put
considerably improved 22.70% cob length, 12.77% number of grains per cob, and 18.30% 100-grain weight, which
ultimately enhanced maize’s 10.29% grain yield. From the current study’s findings, it was concluded that a combined
foliar spray of silicon and putrescine at the reproductive phase is an effective strategy to enhance the maize yield in

drought-prone areas.

Keywords: mineral nutrients; abiotic stress; deficiency of water; Zea mays L.; osmoprotectants

Crop growth and production can be severely af-
fected by abiotic stresses, such as heat, salinity, heavy
metals, and drought (Ma et al. 2020). Drought is
one of the major global issues because of climate
change and decreasing water resources (Dos Santos
et al. 2022). Many morphological, biochemical, and
physiological processes, including stomatal closure,
cellular dehydration, leaf ultrastructure, membrane
lipid peroxidation, and a decrease in the activity of
antioxidants, are impacted explicitly by drought
stress (Seleiman et al. 2021). Plants can complete
their life cycles in drought stress due to extensive
stress resistance systems (Yang et al. 2021). Maize is
the world’s most significant cereal crop because it is
a staple food in many countries. However, in some
countries, it is used as animal feed and raw material
for the biofuel industry (Skoufogianni et al. 2020).
As a result, much research has been conducted to
improve crop tolerance and lower the negative impacts
of various abiotic stresses (Qin et al. 2022). Crop
growth and development, on the other hand, can be
controlled by the exogenous application of specific
mineral nutrients and plant hormones (Vaishnav
and Chowdhury 2023).

Silicon (Si) is the tetravalent metalloid and the
second most abundant element on Earth after oxy-
gen. Many research studies have described that Si
has various beneficial effects on monocots under
drought stress (Malik et al. 2021). Silicon assists in
mitigating the drought stress that affects the vari-
ous morphological, biochemical, and physiological
functions during different growth stages of plants
(from germination to vegetative growth and flow-
ering) (Pang et al. 2019). Applying Si enhances the
efficiency of water use in the maize and mitigates the
drought stress because it controls the exchange of
gases, ultimately contributing to drought tolerance
(Xu et al. 2022). The Si application decreases the
transpiration rate because it blocks the transpira-
tion through cuticles, as silica deposition causes the
thickening of the cuticle layer. So, it maintains leaf
water potential under drought conditions (Aziz et
al. 2023). The Si application regulates the osmotic
adjustments by maintaining the accumulation of
organic solute, which improves the ability of plants
to tolerate drought stress (Wang et al. 2021, Xue
et al. 2023). The accumulation of various organic
solutes, such as soluble sugars, minerals, and amino
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acids, results in the formation of an osmotic gradient
that is optimal for facilitating water uptake by plant
roots from the growth medium (Munns et al. 2020).
The Si supplementations improve the antioxidant
defence system of the plant and reduce oxidative stress
that, ultimately, strengthens the plants against mois-
ture deficit conditions. Silicon application improves
drought stress tolerance and reduces reactive oxygen
species (ROS) production. Application of Si enhances
explicitly the activities of superoxide dismutase (SOD),
catalase (CAT), and ascorbate peroxidase (APX) in
plants (Sattar et al. 2019, Sun et al. 2021), which leads
to a decrease in the production of hydrogen peroxide
(H,0,) and lipid peroxidation under moisture deficit
conditions (Laus et al. 2022). However, applying Si
reduces the level of H,0,, malondialdehyde (MDA),
and leakage of electrolytes while boosts up the activity
of SOD during drought stress in plants. Literature sug-
gests that the enzyme response would differ in different
plant species and growth stages under abiotic stress
(Sutuliene et al. 2022, Xu et al. 2022). Non-enzymatic
antioxidants are crucial in reducing oxidative plant
damage while applying Si, which increases glutathione
(GSH) and ascorbic acid (AsA) in cereal crops under
drought stress.

Polyamines (PAs) are a class of compounds with
a low molecular weight. They include putrescine
(Put), spermidine, spermine, and some metabolites
that can be found everywhere in plants (Yuan et al.
2019). Polyamines play a crucial role in maintaining
osmotic potential and cationic-anionic stability and
produce scavenging free radicals under drought. It
also protects the structure and maintains the func-
tion of photosynthesis under abiotic stress (Zeng
et al. 2016, Li et al. 2023). Polyamines are crucial
in improving the plant’s defence against various
environmental stresses. Exogenous applications of
putrescine modify the response of wheat because
they increase the accumulation of osmolytes, con-
trol the PAs metabolism, and increase the number
of free PAs (Ebeed et al. 2017). Hamid et al. (2018)
demonstrated that Put increased the activities of
antioxidation enzymes to reduce ROS accumulation
under drought stress. Maize also shows the same
results, and according to the study, PAs improve the
antioxidant defence system of plants (Li et al. 2018).
Under drought stress, it was suggested that supple-
mentation of Si controls the level of polyamines in
the plant body that enhance the uptake of nutrients
and water and increase root growth. Silicon improves
root development, endodermal silicification, and
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suberisation of roots that enhance water holding
capacity to tolerate drought stress.

Additionally, it has been known that sole Si or Put
are applied through foliar application in various crops,
which significantly increases the drought tolerance
in plants (Naz et al. 2021, Zhao et al. 2021). The
effectiveness of the combined application of Si and
Put to reduce the detrimental effects of drought on
plants is poorly understood. Thus, the current study
was designed to evaluate the potential of individual
and combined foliar application of Si and Put to
boost morpho-physiological and antioxidant defence
systems to mitigate the adversities of drought stress
on maize crops.

MATERIAL AND METHODS

Experimental detail. In the spring of 2022, the
current study was conducted in a greenhouse at
the College of Agriculture, University of Layyah,
Pakistan. The seed of maize cultivar NK-8441 was
used as experimental material provided by Syngenta
Pakistan (Pvt.) Ltd. Before sowing in pots with a di-
ameter of 45 cm and a height of 60 cm, the seeds were
uniformly sterilised with 5% sodium hypochlorite.
Five healthy seeds of the same size were sown in each
earthen pot, and after one week, two seedlings were
sustained. Pots were filled with 25 kg of sandy loam
soil. The soil was well-mixed and sun-dried before
filling the pots to prevent plant residue. The standard
procedure determined the soil’s physical and chemi-
cal characteristics (Jackson and Barak 2005). The
soil had a pH of 7.6 and an electrical conductivity of
2.91 dS/m. It also had 428 mg/kg of total nitrogen,
21.60 mg/kg of available phosphorus, 93.83 mg/kg of
available potassium, and 1.12% soil organic carbon.
At the time of planting, the recommended doses of
nitrogen, phosphorus, and potassium fertilisers in
the soil were 100, 75 and 60 mg/kg correspondingly,
and the sources were urea, di-ammonium phosphate
and sulphate of potash in that order.

Experimental design and treatments. The ex-
periment was carried out in a completely randomised
design (CRD) with two factors, a factorial layout and
three replications. Factor I included two levels of
drought, e.g., well-watered having 80% WHC (water
holding capacity) and terminal drought stress with
40% WHC and factor II: foliar application silicon
and polyamines including control (CK, no spray),
water spray, 4.0 mmol Si, 0.5 mmol putrescine and
4.0 mmol Si + 0.5 mmol Put were included in the study.
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The WHC was maintained through the gravimetric
method (Reynolds 1970). Soil water contents were
measured by weighing the pots after each irrigation.
Maize plants were grown under normal conditions
until the start of reproductive phase V5. After that,
the abovementioned method was used to keep one set
of pots at 80% WHC and the other set at 40% WHC.
Foliar application of Si and Put was done at the maize’s
V6 and VT (tasseling) stage. Sodium silicate (Na,SiO,)
and putrescine were used as sources for Si and poly-
amine, respectively. Tween-20 (0.05%) was used as
a surfactant. Both the Si and the Put were applied not
once but twice in order to achieve maximal absorp-
tion by the leaves. At the tasseling stage, drought
stress was imposed, and then, seven days later, maize
plants were treated with silicon and putrescine foliar
applications. Both Si and Put were applied two times
in order to achieve maximal absorption by the leaves.
After 7 days of treatment application, leaf samples
were taken to determine leaf water relations, content
of osmolytes, enzymatic antioxidant activity photo-
synthetic pigments, and lipid peroxidation.

Leaf photosynthetic pigments and relative wa-
ter contents. Metzner et al. (1965) used acetone
(85%) to measure chlorophyll 2 and b in maize leaf
samples. Acetone was used to extract (0.5 g) of fresh
maize leaves. A supernatant containing 10 mL of
85% acetone was obtained through centrifugation at
10 000 x g of homogenised plant material. A spectro-
photometer measured the absorbance against blank
acetone at 644 nm and 452 nm. Chlorophyll 2 and b
concentrations were measured in units of mg/g of
fresh weight. Fully expanded matured leaves were
used to determine the relative water content. Leaves
samples were soaked for 24 h in distilled water, and
weight was taken after turgidity, and these leaves
were used for rehydration. Dry weight was taken
after the oven drying at 80 °C for 48 h:

RWC (%) = [(FW - DW)/(FTW - DW)] x 100 (1)

where: FW — fresh weight; DW — dry weight; FTW — turgid
weight.

Determination of lipid peroxidation indicators.
Maize leaf samples were prepared for the determina-
tion of lipid peroxidation indicators. Hydrogen per-
oxide content was determined by 390 nm absorbance
followed by the procedure Velikova et al. (2000). At
532 nm and 600 nm, absorbance was determined for
the purpose of determining malondialdehyde (Rao
and Sresty 2000). The procedure followed by Agarie
et al. (1995) determined the electrolyte leakage.

Determination of enzymatic antioxidant activi-
ties. Centrifuging a fresh leaf at 15 000 x g for 20 min
in 5 mL of 7.8 pH phosphate buffer (50 mmol) allowed
the enzyme-based antioxidant activity to be measured.
The activity of superoxide dismutase was determined
through standard procedure Giannopolitis and Ries
(1977). The primary reactants in the process were
1 mL of nitroblue tetrazolium (NBT), 50 mL of enzyme
extract, 950 mL of phosphate buffer (50 mmol), 1 mL
of riboflavin (1.3 mmol), 500 mL of EDTA (75 mmol),
and 500 mL of methionine (13 mmol). The mixture
was first exposed to 30 W of fluorescent lamp light
to begin the reaction. The response ceased when the
lamp was switched off after 5 min. To start the reac-
tion, 2 mL of phosphate buffer with a concentration
of 50 mmol, 100 mL of enzyme extract, and 900 mL
of H,O, with a concentration of 5.9 mmol were
added to the reaction mixture. It was expressed in
the unit of mol of H,O, per minute per mg of pro-
tein) (Chance and Maehly 1955). The peroxidase
activity was analysed using Kar and Mishra’s (1976)
technique. The reactants were as follows: 5 mL of
Tris-HCI buffer with a concentration of 0.1 mol,
5 mL of H,O, with a concentration of 5 mmol,
5 mL of pyrogallol with a concentration of 10 mmol,
and 100 mL of enzyme extract. For calculating POD
activity, it was considered that H,0,-dependent
pyrogallol oxidation causes a drop in absorbance
at 425 nm, converted into POD IU per minute per
mg of protein.

Osmolytes determination. The 0.5 g of fresh green
leaves were used to quantify total soluble protein and
free proline. A pre-chilled mortar and pestle with
a buffer of 7.2 pH was employed to crush the sample.
The 1 mol cocktail protease inhibitors were added to
a saline phosphate buffer comprising 2 mmol KH,PO,,
10 mmol Na,HPO,, 2.7 mmol KCl, 1.37 mmol
NaCl, and 1 L of di-ionised water before the extrac-
tion of protein from the samples. To keep the buffer’s
pH stable, HCl was employed and autoclaved. After
extraction, the samples were centrifuged at 12 000 x g
for 5 min to obtain the supernatant, which was then
analysed to determine the concentration of soluble
proteins. The total amount of soluble proteins was
measured using the Bradford protocol (1976).

Dilutions of 10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 pg/pL (bovine serum albumin) were used to
construct standard curves. The DI water and 400 mL
dye stock were added to the incubated tubes to vor-
tex it. A UV 4000 UV-VIS spectrophotometer was
used to quantify the absorption. Simaei et al. (2011)
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procedure was used to measure the proline concen-
tration. To homogenise fresh leaf sample samples,
sulpho-salicylic acid was utilised at a concentration
of (3% w/v, 10 mL). The filtrate was separated and
maintained in test tubes for colour development.
Afterwards, glacial acetic acid and ninhydrin (2.5%)
were used to treat it. It was then heated to 100 °C in
a water bath for 60 min. Toluene was added to the
test tubes after they were removed from the water
bath to separate the chromophores.
Morphological and yield-related attributes.
After 75 days from the time of sowing, randomly
selected plants were used to sample leaf area from
each treatment. The leaves from each plant were
removed manually, and a leaf area meter was used to
determine the total surface area of the leaves (Model
CI-202; CID Bio Science Inc., Washington, USA).
At full maturity (140 days old plants), the height of
the randomly selected plant was measured with the
help of a meter rod taken from the ground to the tip
of the plant. Maize-selected plants were harvested
manually for the pots, and cobs were removed for
plants and put in the open air for drying. A measur-
ing tape was used to determine the length of each

https://doi.org/10.17221/423/2023-PSE

individual cob. After manually threshing the cobs,
the number of grains per cob and grain yield per cob
were assessed. A hundred seeds were counted using
a digital seed counter, and their average weight from
each replication and their 100-grain weight were
determined to assess.

Statistical analysis. The Statistix 8.1 software
(Tallahassee, Florida, USA) was used to analyse the
data using Fisher’s analysis of variance technique
(ANOVA) methods. The mean separation was tested
using Tukey’s 5% confidence level test. The data was
graphically shown using the Sigma Plot program
(Palo Alto, USA).

RESULTS

Relative water contents and photosynthetic pig-
ments. Drought stress caused a considerable loss
of chlorophyll a (Chl a), b (Chl b), a + b, and RWC
in the leaves of maize plants (Table 1, Figure 1).
Exogenous application of silicon and putrescine
resulted in an increase in the total chlorophyll con-
tent, including chlorophyll a, b, and a + b, as well
as a higher retention of relative water content under

Table 1. Mean square values (ANOVA) for relative water contents, photosynthetic pigments, antioxidants,
osmolytes, lipid peroxidase indicators, and yield and yield components of maize subjected to foliar application

of silicon and putrescine under water deficit conditions

Source of variation df RWC Chlor:phyll Chlor;phyll Chl;)rflzhyll CAT SOD
Drought stress (DS) 1 152.25** 0.119%* 0.026* 0.258%* 1157.05%* 68 592.1**
Treatments (Trt) 4 4256.6%* 2.324%** 0.298** 4.286** 47.56** 1 068.8%*
DS x Trt 4 33.20%* 0.0296* 0.0087* 0.026* 5.41* 138.7*%
Error 20 3.30 0.0121 0.012 0.017 1.16 20.2
df  POD APX proline ;‘r’i‘i:llz H,0, MDA
Drought stress 530.545** 88.7176** 324.394* 88.4427%* 1 643.69%* 485.295%*
Treatments 4 17.195** 4.8629%* 27.715%* 16.7046* 99.64** 84.979%*
DS x Trt 4 0.519* 0.1064* 4.176* 0.3935% 21.24%* 23.431%
Error 20 1.663 0.1969 0.653 0.4528 1.78 0.775
af leaf pl?nt cob grain IOO-grain Grain yield
area height length per cob weight per plant
Drought stress 29 641.6** 9 257.63** 173.858%* 52 584.5** 320.656** 9 288.93**
Treatments 4 2 029.7%* 486.95%* 30.414** 3 322.7** 30.695* 526.16%
DS x Trt 4 146.9* 19.38% 2.488** 205.1% 0.513* 36.05*
Error 20 20.7 33.60 1.101 69.1 2.666 9.93

*P < 0.05; **P < 0.01; RWC - relative water content; CAT — catalase; SOD — superoxide dismutase; POD — peroxidase;

APX - ascorbate peroxidase; MDA — malondialdehyde
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Figure 1. Effect of individual and combined application of silicon (Si) and putrescine (Put) on (A) chlorophyll g;
(B) chlorophyll b; (C) chlorophyll a + b, and (D) relative water contents of maize under water deficit conditions.

Every single bar in the graph is a representation of the mean standard of three separate replications. Different

letters in each bar showed a significant difference among the treatments (P < 0.05). CK — control; WHC — water

holding capacity; FW — fresh weight

drought stress conditions. The foliage-applied silicon,
putrescine, and silicon + putrescine significantly
influenced the concentration of chlorophyll con-
tents both under well-watered and drought stress.
However, in drought stress conditions, the sole ap-
plication of Si boosted the levels of chlorophyll a by
7.63%, chlorophyll b by 18.30%, chlorophyll a + b
by 10.49%, and total chlorophyll concentration by
16.369%. The application of Put increased chlorophyll 4,
b, a + b, and RWC levels by 2.02, 7.40, 3.39 and
17.86%, respectively. Combined Si + Put application
significantly increased the Chl a by 10.83%, Chl b
by 28.16%, and Chl a + b contents by 15.78%, and
relative water content was also increased by 20.38%.

Lipid peroxidation indicators. Lipid peroxidation
indicators of maize, such as H,0,, MDA, and elec-
trolyte leakage (Table 1, Figure 2), were significantly
influenced by drought conditions. The negative ef-
fect of drought on the level of lipid peroxidation of
maize plants was mitigated by foliar treatment of
Si, Put, and Si + Put. Sole application of Si reduced
the amount of H,0,, MDA, and electrolyte leakage
under drought stress by 42.59, 84.66 and 34.64%,
respectively. Under drought stress, applying Put
alone decreased the level of H,0, by 31.58%, MDA

by 60.11%, and electrolyte leakage by 60.39% in maize
plants. We combined foliar application of Si + Put
reduced Hzoz' MDA, and electrolyte leakage levels
by 55.75, 118.74 and 97.23%, respectively.

Enzymatic antioxidants activities. Drought stress
significantly affected measured antioxidant enzyme
activities. It was evaluated that the foliar treatment
of Si and Put and its mixture showed significant
improvement in the activity of these antioxidant
enzymes (Table 1, Figure 3). Silicon applied alone
increased the activity of CAT by 14.04%, SOD by
12.64%, POD by 8.44%, and APX by 9.83%. Foliar
application of Put in the sole also improved the ac-
tivity of CAT, SOD, POD, and APX by 13.69, 16.55,
10.15 and 6.47%, respectively. Combined foliar ap-
plication of Si and Put boosted the activity of CAT
by 20.17%, SOD by 20.83%, POD by 17.74% and
APX by 25.70%. Exogenous treatment of Si, Put, and
Si + Put improved the activity of CAT, SOD, POD
and APX of maize, but results were more apparent
by the application of Si + Put.

Osmolytes accumulation. The drought stress sig-
nificantly impacted the amount of osmolytes (Table 1,
Figure 4), such as soluble proline and protein. The
negative effects of drought on the level of osmolytes
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Figure 2. Effect of individual and combined application
of silicon (Si) and putrescine (Put) on (A) hydrogen
peroxide; (B) lipid peroxidation, and (C) electrolytes
leakage of maize leaves under water deficit conditions.
Every single bar in the graph is a representation of the
mean standard error of three separate replications.
Different letters in each bar showed a significant differ-
ence among the treatments (P < 0.05). CK — control;
WHC - water holding capacity

increased the amount of proline by 29.71% and pro-
tein by 27.24%. Under drought stress, applying Put
alone increased the proline and soluble protein levels
by 25.89% and 28.73% in maize plants, respectively.
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Figure 3. Effect of individual and combined application of silicon (Si) and putrescine (Put) on (A) catalase; (B)

superoxide dismutase; (C) peroxidase, and (D) ascorbate peroxidase of maize leaves under water deficit conditions.
Every single bar in the graph is a representation of the mean standard of three separate replications. Different
letters in each bar showed a significant difference among the treatments (P < 0.05). CK — control; WHC —

water holding capacity
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When the maize was treated with the combination
of Si and Put, there was a remarkable increment
in the level of proline and protein by 39.47% and
38.99%, respectively.

Morphological, yield, and yield attributes.
Drought stress (40% WHC) remarkably decreased
the leaf area, plant height, and cob length of maize
(Table 2). However, applying Si, Put, and Si + Put
significantly mitigated the adverse effects of drought
on maize plants. An improvement was observed by
sole and combined application of Si and Put under
water deficit condition and in well-watered condi-
tion. Sole application of Si increased the leaf area,
plant height, and cob length by 17.80, 5.4, and 9.02%,
respectively, under the moisture deficit condition.
Sole application of Put also increased by 25.09% leaf
area, 9.83% plant height, and 17.57% cob length.
Furthermore, the combined application of Si and

Put showed a prominent improvement in the leaf
area, plant height, and cob length by 28.72, 10.0 and
22.70%, respectively. However, the combined appli-
cation of Si and Put under drought stress showed
more noticeable results.

Water deficit conditions negatively impacted the
maize plant with a significant decline in grain per cob,
100-grain weight, and grain yield per plant (Table 3).
Moreover, under drought stress conditions, the grain
yield per plant was lower, and the number of grains
produced on each cob and the weight of 100 grains
also decreased. The application of Si resulted in
a 6.41% increase in the number of grains harvested
from each cob, an 8.89% increase in the weight of
100 grains, and a 4.34% increase in the total grain yield
per plant. The sole application of Put also resulted in
arise of 9.66% in the number of grains per cob, 15.22%
in the weight of 100 grains, and 9.31% in the grain

Table 2. Effect of sole and combined application of silicon (Si) and putrescine (Put) on leaf area, plant height,

and cob length of maize under drought stress condition

Leaf area (cm?)

Plant height (cm)

Cob length (cm)

80%WHC

40% WHC

80% WHC

40% WHC

CK (control)
Water spray

Si (4.0 mmol)
Put (0.5 mmol)
Si + Put

LSD <0.05

205.33 + 1.134
211.67 + 2.134
222.00 + 1.74¢
230.67 + 1.73P
238.67 + 1.80°

132.33 + 0.78"
138.33 + 1.34h
161.00 + 1.138
176.67 + 1.13f
185.67 + 1.73¢

7.742

207.67 + 2.16¢
202.33 + 2.29¢
208.67 + 5.57P¢
218.33 + 0.48%
222.67 + 1.912

168.00 + 2.09¢f
165.33 + 1.94f
177.67 + 1.13de
186.33 + 0.954
186.67 + 1.364

9.872

80%WHC 40% WHC
17.74 + 0.45°¢  13.41 + 0.47°
17.41 + 0.62°4  13.90 + 0.33f
18.74 + 0.28°  14.74 + 0.20¢f
21.81+0.63>  16.27 + 0.594¢
24.04 +0.34%  17.35 + 0.64%
1.786

Each value in the table’s column represents the mean + standard error of three replications. The mean value in each
column sharing the same letter has no significant (P < 0.05) difference. CK — control; WHC - water holding capacity;
LSD — least significant difference
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yield per plant. There was a notable increase in the
number of grains per cob, the weight of 100 grains,
and the grain yield per plant when the maize was
treated with the combination of Si and Put. The in-
creases were 12.77, 18.30 and 10.29%, respectively.
The number of grains per cob, the weight of 100 grains,
and the grain yield per plant were also raised when
Siand Put were applied solely, but the results of the
combined treatment of Si and Put showed a significant
improvement in these characteristics.

In both well-watered and moisture-deficient situ-
ations, applying silicon, putrescine, and silicon plus
putrescine enhanced the number of grains produced
per cob and the 100-grain weight and grain yield per
plant. Despite this, the effects were more pronounced
during drought stress.

DISCUSSION

Drought stress alters plant morphological,
physiological, and biochemical processes and has
a significant detrimental effect on the process of
photosynthesis (Li et al. 2022). It directly threatens
crop growth and productivity due to the induction
of oxidative stress (Da Costa and Huang 2007, Zheng
etal. 2023). The present study observed that drought
stress reduced the growth, yield, and chlorophyll
content and enhanced the plants’ lipid peroxidation,
antioxidant status, and solute concentrations. The
current findings are consistent with those published
by Pervez et al. (2009), who observed a significant
reduction in crop growth, yield, and physiological
parameters due to drought stress. Drought stress-
induced growth and yield loss have been linked to
reduced cell division and elongation because it re-
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duces turgor pressure, which hinders cell growth
(Farooq et al. 2009). In addition, under drought
stress, a reduction in photosynthetic activity and the
translocation rate of assimilates ultimately decreases
the plant biomass production. Polyamines have been
shown to affect the defensive responses of the maize
plant to drought (Yang et al. 2016, Parveen et al.
2019, Desoky et al. 2021, Doneva et al. 2021). In the
same way, it is well-known that Si application helps
to induce drought tolerance in plants (Maghsoudi et
al. 2019, Alam et al. 2021, Li et al. 2022). However,
the combination of silicon and putrescine has not
yet been tested for its ability to induce drought tol-
erance in maize. The combination of silicon and
putrescine reduced the harmful effects of drought
in the current investigation. The current study will
provide fresh information on how combining silicon
and putrescine under water-stress conditions can
increase crop productivity. Chlorophyll is vital in
determining the intensity and dry matter formation
of photosynthesis (Ghosh et al. 2004, He et al. 2023).

The current study noted that drought stress reduced
leaf pigments such as chlorophyll 4, chlorophyll b,
total chlorophylls and carotenoids in maize plants.
In an earlier study, it was found that limited water
conditions decreased the amounts of cotton plant
leaf pigments such as chlorophyll 4, chlorophyll b,
and total chlorophylls (Shallan et al. 2012); it was due
to more production of ROS (El-Beltagi and Mohamed
2010, Ghorbanpour et al. 2013). However, the content
of chlorophyll pigments increased due to the use of
silicon and Put alone and in combination (Table 1).
The current study’s findings support the results of
Hussein et al. (2023), who found that putting putres-
cine spray on wheat plants enhanced chlorophyll 4

Table 3. Effect of sole and combined application of silicon (Si) and putrescine (Put) on number of grains per cob,

100-grains weight, and grain yield per plant of maize under drought stress condition

Number of grains per cob

100-grain weight (g)

Grain yield per plant (g)

80%WHC

40% WHC

80% WHC

CK (control)
Water spray

Si (4.0 mmol)
Put (0.5 mmol)
Si + Put

LSD <0.05

351.67 + 4.814
366.67 + 1.80¢
395.00 + 2.68P
413.33 + 2.342
416.33 + 1.912

286.67 + 2.728
285.33 + 2.338
306.33 + 1.96f
317.33 + 3.49¢f
328.67 + 2.49¢

14.158

27.19 + 0.29¢<
26.57 + 0.56¢¢
28.45 + 0.57b¢
31.00 + 1.202b
32.35 + 0.922

40% WHC 80%WHC 40% WHC
20.49 £ 0.618 177.12 £ 0.12¢  146.29 + 0.75f
20.64 + 0.608 179.47 + 1.96°  150.25 + 0.49¢f

22.49 + 0.52f8
24.17 + 1.06%f
25.08 + 0.534-f

2.78

190.73 + 2.06P
198.84 + 2.072
203.66 + 2.502

152.93 + 1.19¢
161.32 + 1.634
163.07 + 0.724

5.36

Each value in the table’s column represents the mean + standard error of three replicates. The mean value in each

column sharing the same letter does not have a significant (P < 0.05) difference. CK - control; WHC — water holding

capacity; LSD — least significant difference
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and b concentrations. After spraying putrescine
on Catharanthus roseus (L.) G. Don plants (Talaat
et al. 2005), the plants’ chlorophyll levels a and b
increased significantly.

Similarly, treating wheat plants with varied amounts
of putrescine increased chlorophyll 2 and b content
(Zeid and Shedeed 2006). Putrescine treatment in-
creased the amount of chlorophyll pigments in the
geranium leaf. The author speculated that the increase
in photosynthetic pigments could be attributed to
putrescine’s anti-senescence function (Ayad et al.
2010). Like current findings, Chakma et al. (2021)
found that exogenous silicon application improved
tomato plants’ chlorophyll a and b levels. Cao et al.
(2020) found that Si treatment improved tomato
chlorophyll 4 and b content under drought stress
conditions. Chakma et al. (2021) proposed that in-
creased chlorophyll content during drought stress
could be attributed to Si’s role in improving light
energy distribution in chloroplasts and optimising
photosynthesis (Cao et al. 2020). The enhancement
of chlorophyll contents due to the combined appli-
cation of Si and Put is consistent with the findings
of Ghasemi et al. (2022), who also found that the
combined application of plant growth regulators
(gibberellin, spermine) and silicon reduced the ad-
verse effects of drought stress on maize plants while
increasing chlorophyll content (Xiong et al. 2023).

A decline in RWC is one of the most visible in-
dicators of drought stress in plants, and RWC is
a crucial metric of plant water status. This decrease
in RWC may be attributable to greater membrane
permeability and a reduction in water supply (Bai
et al. 2006, Lu et al. 2022). Water stress consider-
ably lowered the RWC in the current investigation.
Nonetheless, individual and combined silicon and
putrescine application to maize plants had higher
RWC than control under normal and water stress
conditions (Table 1). It indicates that the application
of Si and putrescine, both alone and in combina-
tion, played an essential role in maintaining higher
water status and improving maize plant water stress
tolerance (Table 1). The present research results are
consistent with those of many past studies (Farooq
et al. 2009, Chakma et al. 2021, Ghasemi et al. 2022).
Research conducted by Farooq et al. (2009) reported
that the exogenous application of polyamines to
rice plants caused an increase in both the leaf water
potential and the RWC. Alamri et al. (2020) nar-
rated that the RWC of Brassica plants was improved
by Si treatment when the plants were subjected to

drought stress. In addition, Ghasemi et al. (2022)
found that adding Si to polyamines decreased the
amount of RWC when the plants were subjected
to drought stress. The results of the current study
are consistent with those obtained by Anjum et al.
(2011) and Talaat and Shawky (2016). Plant capacity
to maintain high RWC in water-stressed conditions is
due to osmoregulation via more proline and soluble
protein accumulation.

The production of ROS, induced by drought stress,
sets off an oxidative explosion. Many antioxidant
enzymes triggered by oxidative stress are used in
the scavenging of ROS that ultimately enhance the
stress resistance in plants. Ghasemi et al. (2022) and
Noein and Soleymani (2022) narrated that drought
stress enhanced catalase, superoxide dismutase,
peroxidase, and ascorbate peroxidase activity. This
was proven by the current experiment, which showed
that the levels of both of these compounds increased,
which triggered the antioxidant enzymes by ap-
plying silicon and/or putrescine to plants under
water stress (Table 1). The considerable reduction
in H,0, and MDA levels in maize is evidence that
increased levels of CAT, POX, SOD, and APX ac-
tivities effectively scavenge ROS (Table 1). It was
found that drought stress led to a considerable in-
crease in MDA levels as a measure of membrane
lipid peroxidation (Ashraf 2010, Anjum et al. 2011,
Parveen et al. 2019, Ghasemi et al. 2022). This find-
ing is associated with the formation of H,0,, as the
authors observed (Table 1). Lower MDA, H,0, and
electrolyte leakage could be attributed to the maize
plant’s higher stress tolerance. This result revealed
that the treated plants were less drought-sensitive
and more resistant to oxidative stress. Treatments
result in much lower MDA levels in stressed plants
than in untreated conditions (Anjum et al. 2011,
Talaat et al. 2015, Parveen et al. 2019). Compatible
solutes and antioxidant enzymes reduce the negative
impact of drought stress. Water-stressed plants raised
proline and soluble protein concentrations (Table 1)
to regulate osmotic pressure and minimise water
loss. Proline regulates redox potentials, stabilises cell
membranes, scavenges hydroxyl radicals, and reduces
oxidative damage and under stress (Skowron and
Trojak 2021, Badawy et al. 2021, Osman et al. 2021,
Omer et al. 2022). An increase in the total amount
of soluble proteins may be responsible for osmotic
adjustment, protecting cellular macromolecules,
storing nitrogen, and preserving cellular pH (Talaa
and Shawky 2016). In addition, the supplementation
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of stressed plants with putrescine silicon dramati-
cally boosted the production of organic solutes. This
information was in line with the findings of many
other researchers (Anjum et al. 2011, Talaat et al.
2015, Parveen et al. 2019, Ghasemi et al. 2022). The
more accumulation of proline and soluble protein in
stressed plants protects membrane integrity, reduces
membrane lipid oxidation, maintains the activity of
enzymes that neutralise ROS, stabilises sub-cellular
structures, and keeps redox equilibrium (Ashraf 2010,
Moharramnejad et al. 2015, Sharf-Eldin et al. 2023).
In terms of the interaction between treatments, it was
demonstrated that the application of Put successfully
cooperated with Si in stressed plants, resulting in
an increase in the plant’s growth and productivity
enzymatic antioxidant activity and the accumulation
of osmoprotectants. The substantial boost in both
growth and the observed parameters brought about
by the combination of Put and Si was more significant
than the increase brought about by either of the solo
treatments. The current study’s finding adds a new
eco-physiological dimension to the subject because
it is founded on intricate parameter measurements
(biochemical, physiological, and growth). These
measurements were used to gain an understanding
of the Put and Si effect in plant reactions to abiotic
stresses.

The current study revealed that drought stress
significantly decreased maize’s morphological, yield,
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and yield-contributing characteristics (leaf area, plant
height, cob length grains per cob, 100-grain weight,
and grain yield per plant). However, foliar applica-
tion of Si and/or Put greatly enhanced plant growth
and yield by mitigating the negative impacts of the
drought. This result supported the conclusions of
Parveen et al. (2019), Desoky et al. (2021), Ghasemi
et al. (2022) and Xiong et al. (2023). Excessive ROS
production during droughts can oxidise lipids and
elevate MDA concentrations by damaging the DNA,
cellular membrane, pigments, proteins, lipids, and
other essential components (Ashraf 2010, Elkelish
et al. 2021, El-Beltagi et al. 2023). Application of Si
and/or Put improved plant growth and productivity
in the face of drought (Figure 5). The better plant
development caused by the combinatory treatment
of Si and Put under water stress indicates interior
metabolic changes. The drought stress negatively
influences the photosynthetic pigments, leaf-relative
water contents, grain yield and yield components of
maize. It induced lipid peroxidation, H,O, content,
and electrolyte leakage due to a greater accumulation
of reactive oxygen species. Foliage applied Si and
Put significantly improved chlorophyll pigments,
relative water contents, yield and yield attributes
and reduced the accumulation of reactive oxygen
species via enhancing the activities of enzymatic
antioxidants and accumulation of osmolytes (proline
and soluble protein) contents.

<
UHQDXEEE&;@N’: U%'
2522555386525 5868%
RWC G009 0s 000000000000
caT 09000000+ 00 2002000 1
o Sggeaassaddddaded
POD 0.6 Figure 5. Correlation analysis among
Prcﬁiji :::::::: e : L s : : : ¢ : 0.4 the various attributes of maize subject-
Protein | i GG ed to exogenous application of silicon
oA T X XTI FTTTIETYTY T T TEOw and putrescine under water deficit con-
Chir @O 90® 00000000000 ditions. RWC — relative water content;
PN LAL LRI L4 b dddddddddit CAT - catalase; SOD — superoxide
H,0, b UL 2000000000060 _09 dismutase; POD — peroxidase; APX —
MDE? :. : ) ::::::::: ::: ’ ascorbate peroxidase; Chl a — chloro-
rH Qo909 ® 00000 OOPOO® | | °4 phyl a; Chl b — chlorophyl b; MDA —
LA oo 90009008 P malondialdehyde; EL — electrolytes
CL @o@® 000020000 ®® | ° leakage; PH - plant height; LA — leaf
GPC 90000 * 000000000000 _0g  area; CL - cob length; GPC — number
100-GW @O 90 & 200000000000 . of grains per cob; 100-GW — 100-grain
Y 908000 - 000000000000 -1 weight; GY — grain yield per plant
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