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Abstract: Salicylic acid (SA) and proline exhibit protective effects against a wide range of stresses.
However, the combined impact of SA and proline on rice under drought stress is still unknown.
Therefore, we investigated the protective roles of SA and/or proline in conferring drought tolerance
in rice. There were eight treatments comprising the control (T1; 95–100% FC), 1.5 mM SA (T2), 2 mM
proline (T3), 0.75 mM SA + 1 mM proline (T4), 45–50% FC (T5, drought stress), T5 + 1.5 mM SA (T6),
T5 + 2 mM proline (T7), and T5 + 0.75 mM SA + 1 mM proline (T8), and two rice varieties: BRRI
dhan66 and BRRI dhan75. Drought stress significantly decreased the plant growth, biomass, yield
attributes, photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (Tr), photosynthetic
pigments (chlorophyll and carotenoids content), relative water content (RWC), membrane stability
index (MSI), soluble sugar and starch content, and uptake of N, P and K+ in roots and shoots.
Drought-induced oxidative stress in the form of increased hydrogen peroxide (H2O2) production and
lipid peroxidation (MDA) was observed. The combined application of SA (0.75 mM) + proline (1 mM)
was found to be more effective than the single application of either for drought stress mitigation
in rice. A combined dose of SA + proline alleviated oxidative stress through boosting antioxidant
enzymatic activity in contrast to their separate application. The application of SA + proline also
enhanced proline, soluble sugar and starch content, which resulted in the amelioration of osmotic
stress. Consequently, the combined application of SA and proline significantly increased the gas
exchange characteristics, photosynthetic pigments, RWC, MSI, nutrient uptake, plant growth, biomass
and yield of rice. Therefore, the combined application of SA and proline alleviated the detrimental
impacts of drought stress more pronouncedly than their separate application did by increasing
osmoprotectants, improving nutrient transport, up-regulating antioxidant enzyme activity and
inhibiting oxidative stress.

Keywords: rice; drought stress; osmolytes; reactive oxygen species; lipid peroxidation; antioxidant

1. Introduction

Rice (Oryza sativa L.) is the staple food for nearly half of the world’s population,
especially people in developing countries. Approximately 160 million hectares of land in
the globe is used for rice cultivation, mostly in Asia, where about 46.6% of the world’s
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population resides [1]. The world’s population is increasing more sharply than ever before.
Global agriculture feeds more than seven billion people and this number is expected to
increase to nine billion by the year 2050 [2]. Therefore, it is an crucial requirement to
increase the rice production by several times to fulfil the food requirement for this over-
growing population. However, the availability of agricultural land is decreasing regularly
due to its rapid and non-judicious use for modernization and biotic and abiotic stresses [3].
Moreover, the current status of climate change has led to higher temperatures, prolonged
dry spells and severe droughts which negatively impact rice production [4,5]. Globally
water shortage is becoming a critical issue. Approximately 69% of freshwater in the globe
is used for agriculture [6]. Rice cultivation is dominated in the world where the loss of
a huge amount of ground water is of great concern for future agriculture. Drought has
exaggerated for about 40% of the world’s population while near 700 million people are at
risk of being displaced as a result of drought by 2023 [7].

Compared to other crops, rice is more susceptible to drought. Drought causes nu-
merous changes at the physiological, metabolic and molecular levels, hence seriously
influencing the growth and development of rice [8]. However, plant response to drought
stress is different in terms of their morphology and physiology under drought conditions.
Leaf area, cell size and the intercellular volume of crops reduce due to water stress [9].
Lower soil moisture due to drought stress led to a lower water content in leaves caus-
ing guard cells to lose turgor pressure, hence causing a reduction in the size of stomatal
pores [10] and/or causing stomatal closure. Drought reduces plant productivity by in-
hibiting growth and photosynthesis [10]. A positive correlation between photosynthesis
and crop yield is commonly found. For survival or regrowth under drought stress, plants
activate different mechanisms such as the minimization of water loss through reducing leaf
area and stomatal closure or the maximization of water uptake capacity via deep, dense
root systems, changes in cell wall elasticity and the maintenance of osmotic adjustment
(OA) [11]. The accumulation of organic substances and inorganic ions by plants exposed
to water stress is believed to be a mechanism participating in OA which could promote
drought stress tolerance in plants [12].

Drought causes the overproduction of reactive oxygen species (ROS). Reactive oxygen
species alter the metabolic and oxidative homeostasis of plant cells, hence promoting
membrane lipid peroxidation [13,14]. The accumulation of excessive ROS can lead to leaf
senescence through the breakdown of photosynthetic pigments [13–15]. Plants respond to
stress stimuli immediately after stress exposure and make physiological and biochemical
changes through signal transduction for survival and growth [16]. Thus, plants produce
secondary metabolites and different compatible osmoprotectants such as proline, soluble
sugar, and starch, which helps to regulate plant physiological processes, and stabilize
enzyme and membrane integrity under drought stress [17,18]. Plants generally remobilize
starch to provide energy and carbon when photosynthesis may be potentially limited
due to lower water supply conditions under drought [19]. Furthermore, plants possess
antioxidants, both enzymatic and non-enzymatic, against increased oxidative stress to
maintain a cellular redox equilibrium by scavenging ROS [14,16].

Various approaches have been developed to overcome the drought problem. Obvi-
ously, the improvement of drought-tolerant genotypes has been proposed as the most
effective way to reduce the deleterious effects of drought on crop production. However,
genetic self-defense ability is not adequate to fully rescue plants from stress damage. That
is why plant researchers are searching for alternatives to enhance plants’ ability to survive
under adverse environmental conditions. Recently, plant growth regulators and osmopro-
tectants have been found to play a central role in the integration of the responses expressed
by plants under stress conditions. Salicylic acid (SA) is a ubiquitous phenolic phytohor-
mone and an essential part of plant defense mechanisms. It plays a vital role in many of
the physiological processes of plants [20,21]. SA reduced the drought-induced inhibition of
seed germination in rice [16]. The supplementation of SA to drought-stressed crops notably
increased stomatal conductance and eventually increased the net CO2 assimilation rate and
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plant growth [22]. Exogenous SA application increased plant height and dry mass while
decreasing the membrane lipid peroxidation of drought-stressed wheat. Ionic leakage
and the accumulation of toxic ions were significantly reduced due to SA application [23].
It has been reported that the exogenous application of SA decreases oxidative stress in
drought-stressed plants by modulating important enzymatic and non-enzymatic pathways
and also the glyoxalase system [22]. In many plant species, the increased accumulation
of proline was observed as an indicator of stress tolerance [24–27]. However, most plants,
especially under elevated levels of stress, cannot synthesize a sufficient amount of these
osmoregulators. Recently, the exogenous application of proline revealed that it could act
as a protectant under drought stress [28–30]. Apart from osmoprotection, proline also
can eliminate oxidative stress by triggering the antioxidant defense and also glyoxalase
system [28,30,31]. Proline stabilizes sub-cellular structure and cellular redox buffering
capacity [32]. However, many aspects of exogenous SA- and/or proline-mediated drought
tolerance in rice remain elusive. With this background, the present research work was,
therefore, performed to analyze the potential roles and possible mechanisms of SA- and/or
proline-mediated drought stress tolerance in rice. The means of amelioration of drought
with a better understanding of drought-tolerant plant characteristics will be useful for the
varietal improvement of the crop which can be useful in drought stress conditions under
the context of the climate change situation of the globe.

2. Materials and Methods
2.1. Plant Materials and Treatments

Two rice (Oryza sativa L.) varieties—BRRI dhan66 (high-yielding; drought-tolerant)
and BRRI dhan75 (high-yielding; drought-susceptible)—were collected from Plant Breeding
Division, Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh [33]. The experi-
ment was conducted at the vinyl house. The temperature, relative humidity and light period
of the vinyl house was 25 ± 2 ◦C, 65–70%, and 16 h, respectively, with a 80 µmol m−2 s−1

photon flux density and 8 h dark period. The seeds were surface-sterilized with 0.2% HgCl2
solution for 5 min, washed thoroughly with distilled water several times and sown in
the plastic tray filled with soil for germination. Twenty-one-day-old rice seedlings were
transferred from the plastic tray to 20 L plastic pots. Two rice varieties, two soil moisture
levels, a 95–100% field capacity (FC), and 45–50% FC with or without 1.5 mM salicylic
acid (SA) (Wako, Japan) and/or 2 mM proline (L (-) Proline, Wako, Japan) were used as
treatment variables. The levels of SA and proline were selected based on a preliminary
laboratory study (Table S1). Therefore, the treatment combinations were as follows: control
(T1; 95–100% FC); 1.5 mM SA (T2); 2 mM Proline (T3); 0.75 mM SA + 1 mM proline (T4);
45–50% FC (T5); T5 + 1.5 mM SA (T6); T5 + 2 mM proline (T7); T5 + 0.75 mM SA + 1 mM
proline (T8). The drought treatments were started 28 days after transplantation (DAT).
Salicylic acid and/or proline was sprayed using a hand atomizer 15, 30, 45 and 60 days
after transplantation on drought-treated plants. Control plants were sprayed with distilled
water (DW). Every time, a 100 mL solution of SA and/or proline or distilled water was
applied to each plant. Tween-20 at a concentration of 0.05% (v/v) was used as a wetting
agent with SA, proline and distilled water. The experiment was conducted in a factorial
completely randomized design with five replications.

2.2. Pot Preparation and Fertilizer Application

Soil form the Codda area of Gazipur district was used in this pot experiment. The soil
was silty clay loam in texture with a bulk density (g/cc) of 1.36, particle density (g/cc) of
2.61, soil pH of 5.94, organic carbon concentration (%) of 0.98, total nitrogen concentration
(%) of 0.093, an available P amount (mg kg−1 soil) of 18.86, exchangeable K (meq/100 g soil)
amount of 0.128, available S amount of (mg kg−1 soil) 20.91, and field capacity of 30.55%
vol/vol. The size of the pot was 24 cm (diameter) × 30 cm (height). Each pot was filled
with 13 kg of soil mixed with cow dung (1:0.25 ratio). The average monthly maximum
and minimum air temperature of this area varies between 28 ◦C to 36 ◦C and 19 ◦C to



Antioxidants 2023, 12, 1438 4 of 25

26 ◦C. Uniform distance was maintained between each pot. Fertilizers were incorporated
in the soil in amounts of 1.28, 0.46, 0.68, 0.22, 0.079 g of urea, triple super phosphate (TSP),
muriate of potash (MoP), gypsum and zinc sulphate per pot, respectively [33]. The total
amount of TSP, MP, gypsum, zinc sulphate and one-third of urea was applied at the time
of final pot preparation. The remaining urea was applied in two splits. The first split was
applied at the maximum tillering stage and the other was applied at the panicle initiation
stages of rice.

2.3. Treatment Imposition

After seedling establishment, one healthy plant was kept in each pot for subsequent
treatment imposition. During treatment imposition, 95–100% and 45–50% FC were main-
tained for control and drought stress, respectively. Water was applied to bring the soil
moisture to the higher range of each treatment (50 and 100% FC). Subsequent irrigation was
applied when the soil moisture came down to the lower levels (45 and 95% FC) of those
treatments, respectively. Soil moisture status (%) (v/v) under different treatments involving
ranges of FC was monitored in 5 day intervals from 28 DAT until maturity. Irrigation water
was applied using a measuring cylinder. A soil moisture meter (Stevens, Field POGO,
Portland, OR, USA) was used to assess the field capacity of the soil.

2.4. Assessment of Growth and Yield Parameters

Plant samples were collected after six (6) weeks of treatment imposition from five
replications for dry matter partitioning. The data on plant height, fresh weight and dry
weight per plant were recorded individually from all treatments. The collected plant
samples were air-dried under room-temperature conditions first and then oven-dried at
70 ◦C for 72 h and then the dry weight per plant was recorded. At the time of harvest
(110 DAT), the data on yield components, such as plant height, total tillers per hill, effective
tillers per hill, panicle length, filled grain per panicle, unfilled grain per panicle, thousand
seed weight and seed yield per hill, were recorded.

2.5. Gas Exchange Characteristics

Gas exchange measurements such as those of stomata conductance (gs), transpiration
rate (Tr), and photosynthetic rate (Pn) were recorded after four weeks of treatment imposi-
tion. The uppermost leaves of each variety of all the treatments were used in gas exchange
measurements. The Li-COR, 6400 portable photosynthetic system (Li-COR, Lincon, NE,
USA) was used for gas exchange measurements.

2.6. Estimation of Total Chlorophyll and Carotenoid Content

Total chlorophyll and carotenoid content from fresh leaves were determined on a
fresh weight basis and extracted with 80% acetone using a double-beam spectrophotometer
according to Fadeel [34] after four weeks of treatment imposition.

2.7. Estimation of Leaf Relative Water Content and Membrane Stability Index

After four weeks of treatment imposition, the relative water content (RWC) of leaves
was measured as described previously by Fairoj et al. [35]. The following formula was used
for RWC calculation:

RWC = [Fresh weight − Dry weight] ÷ [Turgid weight − Dry weight] × 100

The membrane stability index (MSI) was determined after four weeks of treatment
imposition using 200 mg of fresh leaf tissue as described previously by Rady [36]. Two
sets of samples were prepared. The first set was incubated for 30 min at 40 ◦C in a water
bath, and the electrical conductivity (EC1) of the solution was recorded. The second set
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was incubated for 10 min at 100 ◦C in a water bath, and electrical conductivity (EC2) was
measured. MSI was calculated using the following formula:

MSI (%) = [1 − (EC1/EC2)] × 100

2.8. Osmoprotectant Measurements

Proline content was measured as described previously by Sen et al. [37]. A determi-
nation of the soluble sugar and starch content in the leaves of the rice was conducted in
accordance with the method of Du et al. [38].

2.9. Hydrogen Peroxide and Melondealdehyde Determination

Hydrogen peroxide (H2O2) and malondialdehyde (MDA) content were determined as
described previously by Islam et al. [3].

2.10. Estimation of Antioxidant Enzymatic Activity

The fresh leaf tissue was homogenized in a deep-freezer-cooled pestle and mortar
in the presence of 1 mL of ice-cold 100 mM potassium phosphate buffer (pH 7.0) contain-
ing 1% of polyvinyl pyrrolidone. After centrifuging the homogenates at 12,000× g for
30 min at 4 ◦C, the supernatant was collected and used to determine different enzyme
activities. Catalase (CAT, EC: 1.11.1.6) activity was determined according to the method of
Islam et al. [3] through monitoring the decrease in absorbance at 240 nm for 1 min caused by
the decomposition of H2O2 with a spectrophotometer (Shimadzu, UV-1201; 1, Nishinokyo
Kuwabara-cho, Nakagyo-ku, Kyoto 604-8511, Japan). Ascorbate peroxidase (APX, EC:
1.11.1.11) activity was determined in accordance with the procedure used by Islam et al. [3].
The reaction mixture for the peroxidase contained 50 mM potassium phosphate, at pH 7.0,
0.5 mM ascorbate, 0.1 mM hydrogen peroxide and 0.1 mM ethylenediaminetetraacetic acid
(EDTA) in a total volume of 1 mL. The H2O2-mediated oxidation of ascorbate was calcu-
lated from the decrease in absorbance at 290 nm min−1 when the extinction coefficient was
2.8 mM−1 cm−1 with a spectrophotometer (Shimadzu, UV-1201; 1, Nishinokyo Kuwabara-
cho, Nakagyo-ku, Kyoto 604-8511, Japan). Guaiacol peroxidase (GPX, EC 1.11.1.7) activity
was assessed via the method of Nakano and Asada [39] using guaiacol as a substrate. The
reaction mixture contained 0.6 mL of 50 mM potassium phosphate (pH 8.0), 0.1 mL of
EDTA, 0.1 mL of H2O2, and 0.1 mL guaiacol. The reaction was initiated by adding 0.1 mL
of the enzyme extract. The absorbance was recorded at 470 nm when the extinction coeffi-
cient was 26.6 mM−1 cm−1 with a spectrophotometer (Shimadzu, UV-1201; 1, Nishinokyo
Kuwabara-cho, Nakagyo-ku, Kyoto 604-8511, Japan). Superoxide dismutase (SOD, EC:
1.15.1.1) activity was assayed using the method of Dhindsa and Matowe [40]. The reaction
mixture contained 1.5 mL of 100 mM phosphate buffer (pH 7.4), 0.1 mL of 50 µM riboflavin,
0.2 mL of 10 mM methionine, 100 µLof 1 mM ethylenediaminetetraacetic acid (EDTA) with
equal amounts of enzyme extract, and 70 µM nitro blue tetrazolium chloride (NBT). The
reaction mixture was kept in fluorescent tubes for 20 min. The absorbance was measured
at 560 nm with a spectrophotometer (Shimadzu, UV-1201; 1, Nishinokyo Kuwabara-cho,
Nakagyo-ku, Kyoto 604-8511, Japan).

2.11. Measurements of Nutrient Content

The roots and shoots of harvested rice were collected from each pot. The collected
roots and shoots samples were air-dried in the room condition first and then oven-dried at
70 ◦C for 72 h after which they were ground with a grinding machine. A 20-mesh sieve
was used to sieve the ground samples. The root and shoot samples were analyzed for N, P,
and K. Kjeldhal systems [41] were used for the determination of the total nitrogen of the
plant samples, while the acid digestion method [42,43] was used for the determination of
total P and K.
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2.12. Statistical Analysis

The observed data were evaluated statistically using ‘Statistix version 10’ software.
The data were analyzed with the analysis of variance (ANOVA) technique. Comparison of
the mean difference was performed using Tukey’s test (p < 0.05).

3. Results
3.1. Growth and Biomass of Rice

Drought stress significantly suppressed the plant height of both the rice varieties
(Table 1). Drought stress decreased the plant height of drought-tolerant BRRI and drought-
susceptible BRRI dhan75 by 8.2% and 29.5%, respectively, compared to that of the control
plants. The exogenous application of salicylic acid (SA) and/or proline to drought-stressed
rice significantly enhanced the plant height of both the rice varieties. The exogenous
application of SA to drought-stressed BRRI dhan66 and BRRI dhan75 enhanced plant
height by 2.3% and 15.7%, respectively, while the exogenous application of proline enhanced
plant height by 1.3% and 15.2%, respectively, compared to that with drought stress alone.
However, a combined dose of SA + proline applied to drought-stressed BRRI dhan66 and
BRRI dhan75 enhanced shoot length by 5.1% and 25.8%, respectively.

Table 1. Exogenous application of salicylic acid and/or proline enhanced growth and biomass of rice
under drought stress.

Variety Treatment Plant Height (cm) Fresh Weight (g)/Plant Dry Weight (g)/Plant

BRRI dhan66

T1 58.8 ± 2.15 bc 0.836 ± 0.03 a 0.152 ± 0.02 abc
T2 60.4 ± 1.99 ab 0.851 ± 0.01 a 0.156 ± 0.01 ab
T3 60.1 ± 1.99 ab 0.843 ± 0.03 a 0.155 ± 0.01 ab
T4 62.4 ± 2.74 a 0.862 ± 0.04 a 0.159 ± 0.00 a
T5 53.9 ± 1.78 de 0.646 ± 0.01 c 0.133 ± 0.01 efg
T6 55.2 ± 2.83 de 0.712 ± 0.03 b 0.139 ± 0.02 cdef
T7 54.7 ± 1.77 de 0.701 ± 0.07 bc 0.138 ± 0.02 def
T8 56.7 ± 2.70 cd 0.743 ± 0.03 b 0.143 ± 0.01 bcde

BRRI dhan75

T1 53.7 ± 1.37 e 0.817 ± 0.01 a 0.151 ± 0.03 abc
T2 55.5 ± 1.41 de 0.831 ± 0.06 a 0.155 ± 0.01 ab
T3 55.7 ± 1.44 de 0.824 ± 0.04 a 0.155 ± 0.01 ab
T4 56.7 ± 2.34 cd 0.84 ± 0.03 a 0.158 ± 0.02 a
T5 37.9 ± 2.08 h 0.271 ± 0.02 f 0.103 ± 0.01 i
T6 43.8 ± 1.23 g 0.473 ± 0.02 e 0.121 ± 0.02 gh
T7 43.6 ± 1.44 g 0.436 ± 0.05 e 0.119 ± 0.01 g
T8 47.6 ± 2.53 f 0.551 ± 0.02 d 0.128 ± 0.01 fgh

Mean values followed by different letters in the same column are significantly different from each other (Tukey’s
test, p < 0.05). The data represent the means of five replicates ± the standard error (n = 5). T1 = control, T2 = 1.5 mM
SA, T3 = 2 mM proline, T4 = 0.75 mM SA + 1 mM proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA,
T7 = T5 + 2 mM proline, and T8 = T5 + 0.75 mM SA + 1 mM proline.

Drought stress significantly decreased the fresh weight (FW) per plant of both rice
varieties (Table 1). Drought-stressed rice treated with SA and/or proline exhibited higher
FW compared to rice plants treated with drought alone.

However, the maximum increases in FW of BRRI dhan66 (15.0%) and BRRI dhan75
(103.3%) were observed for the combined application of SA + proline under drought stress
conditions. It is apparent from Table 1 that drought stress significantly reduced the dry
weight (DW) per plant of both the rice varieties by 12.5% for drought-tolerant BRRI dhan66
and 31.8% for drought-susceptible BRRI dhan75 compared to that of control plants. The
exogenous application of SA and proline to drought-stressed rice enhanced the DW of
drought-tolerant BRRI dhan66 by 4.5% and 3.8%, respectively, and drought-susceptible
BRRI dhan75 by 17.5% and 15.5%, respectively. However, the combined application of
SA + proline to drought-stressed rice enhanced the DW of drought-tolerant BRRI dhan66
by 7.5% and that of drought-susceptible BRRI dhan75 by 24.3%.
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3.2. Agro-Morphology and Yield of Rice

Th plant height of rice showed significant differences in response to drought, SA
and/or proline (Table 2). Table 2 shows that drought stress decreased the plant height
of BRRI dhan66 and BRRI dhan75 by 8.0% and 41.2%, respectively, compared to that of
the control plants. However, the exogenous application of SA and/or proline to drought-
stressed rice significantly increased plant height. The combined treatment of SA + proline
to drought-stressed plants increased the plant height of BRRI dhan66 and BRRI dhan75 by
5.2% and 28.2%, respectively, compared to that of plants treated with drought alone.

Total tillers per hill and effective tillers per hill of BRRI dhan66 and BRRI dhan75
were significantly decreased due to drought stress (Table 2). Drought-stressed rice pre-
treatments with SA and/or proline exhibited a higher number of total tillers per hill and
effective tillers per hill compared to those of only stressed rice. However, the maximum
increases in total tillers per hill and effective tillers per hill were observed for the combined
application of SA + proline to drought-stressed rice, which were 12.1% and 42.7% of the
total tillers per hill for BRRI dhan66 and BRRI dhan75, respectively, and 11.1% and 53.0%
of the effective tillers per hill for BRRI dhan66 and BRRI dhan75, respectively, compared to
those of drought-stressed rice alone.

Table 2 shows that drought stress decreased the panicle length of BRRI dhan66 and
BRRI dhan75 by 15.0% and 49.2%, respectively, compared to that of the control plants. On
the other hand, the exogenous application of SA and/or proline to drought-stressed rice did
not significantly increase the panicle length. However, the combined dose of SA + proline
to drought-stressed plants increased the panicle length of BRRI dhan66 and BRRI dhan75
by 4.6% and 41.0%, respectively, compared to that of plants treated with drought alone.
Drought stress decreased the number of filled grains per panicle of BRRI dhan66 and BRRI
dhan75 by 17.6% and 68.0%, respectively, and increased the number of unfilled grains per
panicle by 141.2% and 314.2%, respectively, compared to those of control plants (Table 2). Th
exogenous application of SA and/or proline to drought-stressed rice significantly increased
the number of filled grains per panicle and decreased the number of unfilled grains per
panicle of both the varieties. However, statistically, the maximum numbers of filled grains
per panicle and the minimum number of unfilled grains per panicle were observed during
the combined application of SA + proline to drought-stressed rice (Table 2).

Drought stress reduced the thousand seed weight of drought-tolerant BRRI dhan66
and drought-susceptible BRRI dhan75 by 10.2% and 36.7%, respectively, compared to
that of the control plants (Table 2). The exogenous application of SA and/or proline to
drought-stressed rice significantly increased the thousand seed weight of both the rice
varieties. However, the maximum increases in thousand seed weight were observed for the
combined application of SA + proline to drought-stressed rice, these being 7.2% and 28.3%
for BRRI dhan66 and BRRI dhan75, respectively, compared to those of drought-stressed
rice alone.

Drought stress significantly decreased the seed yield per hill of both drought-tolerant
and drought-susceptible rice varieties (Table 2). Drought stress reduced the seed yield per
hill of BRRI dhan66 and BRRI dhan75 by 26.9% and 80.2%, respectively, compared to that
of the control. The exogenous application of SA and/or proline to drought-stressed rice
enhanced the seed yield per hill. However, the maximum increases in seed yield per hill
were found for the combined application of SA + proline to drought-stressed rice, these
being 19.1% and 130.6% for BRRI dhan66 and BRRI dhan75, respectively, compared to
those of drought-stressed rice alone.
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Table 2. Exogenous application of salicylic acid and/or proline enhanced different yield-contributing characteristics and yield of rice under drought stress.

Variety Treatment Plant
Height (cm)

Total Tillers
per Hill

Effective Tillers
per Hill

Panicle
Length (cm)

Filled Grain
per Panicle

Unfilled Grain
per Panicle

Thousand-Seed
Weight (g)

Seed Yield (g)
per Hill

BRRI
dhan66

T1 116.3 ± 3.51 ab 15.7 ± 0.58 ab 14.3 ± 0.36 abc 25.1 ± 0.65 abc 177.7 ± 3.51 bc 32.3 ± 1.15 ghi 22.1 ± 1.06 ab 21.5 ± 0.51 a
T2 118.5 ± 4.21 a 16.3 ± 0.41 a 14.7 ± 0.58 ab 26.1 ± 1.01 ab 185.3 ± 4.13 a 29.3 ± 1.76 hi 22.5 ± 0.50 a 21.8 ± 1.03 a
T3 117.8 ± 3.30 a 15.7 ± 0.58 ab 14.7 ± 0.65 ab 25.9 ± 1.02 ab 182.3 ± 4.41 abc 31.7 ± 1.10 ght 22.3 ± 0.55 ab 21.7 ± 1.25 a
T4 119.3 ± 3.51 a 16.7 ± 1.53 a 15.0 ± 1.50 a 26.3 ± 2.33 a 187.2 ± 4.00 a 28.1 ± 1.87 i 22.6 ± 1.30 a 22.1 ± 1.13 a
T5 107.0 ± 2.65 d 13.7 ± 1.00 bc 12.0 ± 1.00 c 21.3 ± 0.95 d 146.3 ± 2.89 f 78.0 ± 1.73 d 19.8 ± 0.73 b 15.7 ± 0.93 d
T6 110.2 ± 3.02 cd 14.7 ± 0.58 ab 13.0 ± 0.58 abc 21.9 ± 0.62 d 160.7 ± 4.16 de 64.3 ± 1.53 e 20.6 ± 0.54 ab 17.5 ± 1.45 cd
T7 109.3 ± 4.93 cd 14.7 ± 0.63 ab 12.3 ± 1.13 bc 21.7 ± 0.66 d 157.3 ± 3.30 e 68.3 ± 1.53 e 20.6 ± 0.28 ab 17.1 ± 1.20 cd
T8 112.7 ± 3.06 bc 15.3 ± 1.26 ab 13.3 ± 1.00 abc 22.3 ± 1.53 d 166.3 ± 3.62 d 57.4 ± 2.46 f 21.3 ± 1.70 ab 18.7 ± 0.81 bc

BRRI
dhan75

T1 108.3 ± 3.11 cd 14.7 ± 0.58 ab 13.3 ± 0.58 abc 22.9 ± 0.85 cd 176.0 ± 2.65 c 35.3 ± 1.15 g 20.6 ± 0.89 ab 21.0 ± 0.50 ab
T2 110.3 ± 3.79 cd 15.0 ± 1.00 ab 13.7 ± 1.09 abc 23.6 ± 0.52 bcd 184.3 ± 3.21 ab 34.3 ± 1.53 gh 20.9 ± 0.49 ab 21.4 ± 1.36 a
T3 109.5 ± 4.82 cd 15.0 ± 1.15 ab 13.7 ± 1.53 abc 23.5 ± 0.50 bcd 182.4 ± 4.87 abc 34.0 ± 2.00 gh 20.7 ± 0.57 ab 21.2 ± 1.24 a
T4 111.4 ± 4.50 cd 15.3 ± 1.57 ab 14.1 ± 1.46 abc 23.9 ± 1.84 abcd 187.3 ± 4.00 a 33.6 ± 2.04 gh 21.3 ± 0.87 ab 21.7 ± 1.52 a
T5 63.7 ± 2.52 f 8.3 ± 1.00 e 5.7 ± 0.61 e 11.6 ± 1.30 f 56.3 ± 2.89 i 146.3 ± 4.21 a 13.0 ± 0.70 d 4.2 ± 0.32 g
T6 79.3 ± 2.63 e 10.3 ± 1.16 de 7.3 ± 0.40 de 14.7 ± 0.53 e 78.3 ± 3.06 h 105.3 ± 3.13 c 15.9 ± 0.43 c 7.7 ± 0.35 f
T7 77.3 ± 2.52 e 10.3 ± 0.72 de 7.0 ± 0.00 de 14.4 ± 0.58 e 71.7 ± 3.51 h 111.6 ± 3.21 b 15.5 ± 0.35 cd 7.3 ± 0.32 f
T8 81.6 ± 4.13 e 11.6 ± 1.06 cd 8.7 ± 0.76 d 16.4 ± 1.30 e 114.7 ± 5.03 g 81.6 ± 3.90 d 16.7 ± 0.80 c 9.6 ± 0.210 e

Mean values followed by different letters in the same column are significantly different from each other (Tukey’s test, p < 0.05). The data represent the means of five replicates ± the
standard error (n = 5). T1 = control, T2 = 1.5 mM SA, T3 = 2 mM proline, T4 = 0.75 mM SA + 1 mM proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA, T7 = T5 + 2 mM
proline, and T8 = T5 + 0.75 mM SA + 1 mM proline.
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3.3. Gas Exchange Characteristics and Photosynthetic Pigments of Rice

Drought stress significantly reduced the photosynthetic rate (Pn) of both the rice
varieties, which was 29.0% and 59.3% lower for BRRI dhan66 and BRRI dhan75, respectively,
compared to that of the control (Table 3). The foliar application of SA and/or proline
to drought-stressed rice significantly increased the Pn rate via the amelioration of the
harmful effect of drought. However, the maximum Pn rates of drought-stressed BRRI
dhan66 (13.8 µmol m−2 s−1) and BRRI dhan75 (10.5 µmol m−2 s−1) were observed in the
T8 (drought stress + 0.75 mM SA + 1 mM proline) treatment, these being 23.7% and 71.2%
higher for BRRI dhan66 and BRRI dhan75, respectively, compared to that of rice plants
treated with drought alone.

Table 3. Exogenous application of salicylic acid and/or proline enhanced gas exchange attributes
and relative water content of rice under drought stress.

Variety Treatment Photosynthetic Rate
(µmol m−2 s−1)

Stomatal
Conductance

(mmol m−2 s−1)

Transpiration Rate
(mmol m−2 s−1)

Relative
Water Content

BRRI dhan66

T1 15.7 ± 0.50 a 0.414 ± 0.02 a 6.58 ± 0.37 a 90.6 ± 2.51 a
T2 16.2 ± 0.83 a 0.426 ± 0.03 a 6.81 ± 0.46 a 93.8 ± 3.02 a
T3 16.1 ± 1.08 a 0.421 ± 0.02 a 6.74 ± 0.50 a 93.3 ± 2.53 a
T4 16.4 ± 1.35 a 0.437 ± 0.05 a 6.95 ± 0.46 a 94.4 ± 3.64 a
T5 11.2 ± 0.84 e 0.276 ± 0.03 cd 4.06 ± 0.20 bcd 70.4 ± 1.95 f
T6 13.4 ± 0.40 cd 0.313 ± 0.02 bc 4.62 ± 0.40 bc 81.4 ± 3.00 cd
T7 13.1 ± 0.27 d 0.305 ± 0.03 bc 4.48 ± 0.52 bc 80.1 ± 3.57 cd
T8 13.8 ± 0.80 bcd 0.351 ± 0.03 b 5.04 ± 0.52 b 84.3 ± 3.25 bc

BRRI dhan75

T1 15.1 ± 0.35 abc 0.411 ± 0.01 a 6.46 ± 0.30 a 88.9 ± 3.72 ab
T2 15.5 ± 1.08 ab 0.422 ± 0.02 a 6.68 ± 0.31 a 92.7 ± 1.95 a
T3 15.5 ± 0.60 ab 0.419 ± 0.02 a 6.57 ± 0.41 a 91.7 ± 2.05 a
T4 15.7 ± 1.09 a 0.430 ± 0.03 a 6.81 ± 0.36 a 92.4 ± 3.44 a
T5 6.1 ± 0.42 g 0.106 ± 0.00 f 1.89 ± 0.06 f 57.3 ± 1.05 g
T6 9.3 ± 0.62 f 0.186 ± 0.01 e 3.13 ± 0.20 de 71.2 ± 2.17 ef
T7 9.2 ± 0.78 f 0.175 ± 0.03 e 2.91 ± 0.19 ef 70.4 ± 2.39 f
T8 10.5 ± 0.62 ef 0.229 ± 0.03 de 3.65 ± 0.46 cde 76.6 ± 3.20 de

Mean values followed by different letters in the same column are significantly different from each other (Tukey’s
test, p < 0.05). The data represent the means of five replicates ± the standard error (n = 5). T1 = control, T2 = 1.5 mM
SA, T3 = 2 mM proline, T4 = 0.75 mM SA + 1 mM proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA,
T7 = T5 + 2 mM proline, and T8 = T5 + 0.75 mM SA + 1 mM proline.

Drought stress significantly reduced the stomatal conductance (gs) of both drought-tolerant
BRRI dhan66 and drought-susceptible BRRI dhan75; hence, the lowest stomatal conductance
values of BRRI dhan66 (0.276 mmol m−2 s−1) and BRRI dhan75 (0.106 mmol m−2 s−1) were ob-
tained under drought stress (T5), which were 33.3% lower for BRRI dhan66 and 74.2% lower
for BRRI dhan75 compared to those of the control plants (Table 3). Due to the amelioration
of drought stress through the exogenous application of SA and/or proline, the highest
stomatal conductance values of drought-stressed BRRI dhan66 (0.351 mmol m−2 s−1) and
BRRI dhan75 (0.229 mmol m−2 s−1) were recorded for the T8 (drought stress + 0.75 mM
SA + 1 mM proline) treatment, which were 27.2% and 116.0% higher for BRRI dhan66 and
BRRI dhan75, respectively, compared to those of plants treated with drought alone.

The transpiration rate (Tr) of rice varieties varied significantly due to drought and the
exogenous application of SA and/or proline (Table 3). The lowest transpiration rates of
BRRI dhan66 (4.06 mmol m−2 s−1) and BRRI dhan75 (1.89 mmol m−2 s−1) were obtained
under drought stress (T5), which were 38.3% and 70.7% lower for BRRI dhan66 and BRRI
dhan75, respectively, compared to those of the control plants. On the other hand, the
foliar application of SA and/or proline to drought-stressed rice significantly increased the
transpiration rate by ameliorating the harmful effect of drought. However, the maximum
transpiration rates of drought-stressed BRRI dhan66 (5.04 mmol m−2 s−1) and BRRI dhan75
(3.65 mmol m−2 s−1) were observed for the T8 (drought stress + 0.75 mM SA + 1 mM
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proline) treatment, which were 24.1% and 93.1% higher for BRRI dhan66 and BRRI dhan75,
respectively, compared to those of plants treated with drought alone.

Drought stress significantly reduced the formation of chlorophyll in both the rice
varieties, the values of which were 21.4% and 62.1% lower for BRRI dhan66 and BRRI
dhan75, respectively, compared to that of the control (Figure 1A). The exogenous application
of SA and/or proline enhanced the total chlorophyll content through the mitigation of
drought stress. However, the maximum total chlorophyll contents of drought-stressed
BRRI dhan66 (3.88 mg g−1 FW) and BRRI dhan75 (2.91 mg g−1 FW) were recorded for the
T8 (drought stress + 0.75 mM SA + 1 mM proline) treatment, these being 15.8% and 75.3%
higher for BRRI dhan66 and BRRI dhan75, respectively, compared to that of rice plants
treated with drought alone.
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Figure 1. Foliar application of salicylic acid and/or proline regulating (A) total chlorophyll content
and (B) carotenoid content of rice under drought stress. The vertical bar indicates the means of five
replicates (n = 5) and the error bar indicates the standard errors. Different letters indicate significant
differences at p ≤ 0.05 (Tukey’s test). T1 = control, T2 = 1.5 mM SA, T3 = 2 mM proline, T4 = 0.75 mM
SA + 1 mM proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA, T7 = T5 + 2 mM proline,
and T8 = T5 + 0.75 mM SA + 1 mM proline.
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Carotenoid content decreased by 27.87% and 48.76% in drought-treated BRRI dhan66
and BRRI dhan75, respectively, compared to that of the control (Figure 1B). The exogenous
application of SA and/or proline to drought-stressed rice significantly increased carotenoid
content in both the varieties. However, the highest carotenoids contents of drought-stressed
BRRI dhan66 (0.551 mg g−1 FW) and BRRI dhan75 (0.475 mg g−1 FW) were recorded for
the T8 (drought stress + 0.75 mM SA + 1 mM proline) treatment, these being 25.2% and
53.2% higher for BRRI dhan66 and BRRI dhan75, respectively, compared that of rice plants
treated with drought alone.

3.4. Relative Water Content and Membrane Stability Index

Drought stress significantly decreased the relative water content (RWC) of both the rice
varieties (Table 3). Drought stress reduced the RWC of BRRI dhan66 and BRRI dhan75 by
15.7% and 35.6%, respectively, compared to that of the control. Salicylic acid and/or proline
exhibited better performance in terms of RWC through mitigating the deleterious effect
of drought stress. However, the highest RWC values of drought-stressed BRRI dhan66 at
T5 (84.3%) and BRRI dhan75 (76.6%) were recorded for the T8 (drought stress + 0.75 mM
SA + 1 mM proline) treatment, these being 10.3% and 33.6% higher for BRRI dhan66 and
BRRI dhan75, respectively, compared to that of rice plants treated with drought alone.

Drought stress significantly decreased the membrane stability index (% MSI) of both
the rice varieties, this being 18.4% and 50.6% lower for drought-tolerant BRRI dhan66
and drought-susceptible BRRI dhan75, respectively, compared to that of control plants
(Figure 2). This deleterious effect of drought was ameliorated via the exogenous application
of SA and/or proline. However, the highest MSI values of drought-stressed BRRI dhan66
(66.38%) and BRRI dhan75 (48.36%) were recorded for the T8 (drought stress + 0.75 mM
SA + 1 mM proline) treatment.
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Figure 2. Foliar application of salicylic acid and/or proline regulating the membrane stability index
(%MSI) of rice under drought stress. The vertical bar indicates the means of five replicates (n = 5)
and the error bar indicates the standard errors. Different letters indicate significant differences at
p ≤ 0.05 (Tukey’s test). T1 = control, T2 = 1.5 mM SA, T3 = 2 mM proline, T4 = 0.75 mM SA + 1 mM
proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA, T7 = T5 + 2 mM proline, and
T8 = T5 + 0.75 mM SA + 1 mM proline.
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3.5. Proline, Soluble Sugar and Starch Content

Drought stress significantly increased proline content in both the rice varieties (Table 4).
The exogenous application of SA and/or proline to drought-stressed plants further signifi-
cantly increased proline content in both the varieties. However, statistically, the highest
proline content of drought-stressed BRRI dhan66 (4.25 µg g−1 FW) and BRRI dhan75
(3.78 µg g−1 FW) was observed for the T8 (drought stress + 0.75 mM SA + 1 mM pro-
line) treatment, this being 13.3% and 31.3% higher for BRRI dhan66 and BRRI dhan75,
respectively, compared to that of rice plants treated with drought alone.

Table 4. Foliar application of salicylic acid and/or proline regulates proline, soluble sugar and starch
content of rice under drought stress.

Variety Treatment Proline Content
(µg g−1 FW)

Soluble Sugar Content
(mg g−1 FW) Starch Content (mg g−1 FW)

BRRI dhan66

T1 1.36 ± 0.06 g 31.6 ± 1.30 ab 15.9 ± 0.95 abcd
T2 1.41 ± 0.19 g 32.7 ± 2.37 a 16.4 ± 1.40 ab
T3 1.39 ± 0.22 g 32.5 ± 2.46 a 16.2 ± 1.20 ab
T4 1.45 ± 0.15 g 32.8 ± 2.18 a 16.7 ± 1.18 a
T5 3.75 ± 0.21 cd 25.6 ± 1.70 d 14.4 ± 1.36 ef
T6 4.12 ± 0.24 ab 27.1 ± 2.20 d 15.1 ± 1.14 cde
T7 4.06 ± 0.17 abc 26.9 ± 1.10 d 14.9 ± 1.21 de
T8 4.25 ± 0.39 a 29.6 ± 2.40 c 15.5 ± 1.35 bcd

BRRI dhan75

T1 1.32 ± 0.25 g 30.2 ± 1.60 bc 16.0 ± 1.32 abc
T2 1.37 ± 0.20 g 31.1 ± 1.95 abc 16.5 ± 1.00 a
T3 1.34 ± 0.29 g 31.1 ± 1.15 abc 16.4 ± 1.25 ab
T4 1.41 ± 0.20 g 31.5 ± 1.41 ab 16.7 ± 1.18 a
T5 2.88 ± 0.25 f 20.3 ± 1.15 f 10.3 ± 0.88 h
T6 3.41 ± 0.34 de 23.1 ± 1.36 e 12.1 ± 0.67 g
T7 3.37 ± 0.20 e 22.8 ± 1.11 e 11.9 ± 0.79 g
T8 3.78 ± 0.21 bc 25.3 ± 1.25 d 13.9 ± 0.89 f

Mean values followed by different letters in the same column are significantly different from each other (Tukey’s
test, p < 0.05). The data represent the means of five replicates ± the standard error (n = 5). T1 = control, T2 = 1.5 mM
SA, T3 = 2 mM proline, T4 = 0.75 mM SA + 1 mM proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA,
T7 = T5 + 2 mM proline, and T8 = T5 + 0.75 mM SA + 1 mM proline.

Drought stress decreased the soluble sugar content of drought-tolerant BRRI dhan66
and drought-susceptible BRRI dhan75 by 19.0% and 32.8%, respectively, compared to that
of control plants (Table 4). On the other hand, the foliar application of SA and/or proline
to drought-stressed rice significantly increased the soluble sugar content of both the rice
varieties. However, statistically, the highest soluble sugar content of drought-stressed BRRI
dhan66 (29.6 mg g−1 FW) and BRRI dhan75 (25.3 mg g−1 FW) was observed for the T8
(drought stress + 0.75 mM SA + 1 mM proline) treatment, which was 15.6% and 24.6%
higher for BRRI dhan66 and BRRI dhan75, respectively, compared to that of rice plants
treated with drought alone.

Drought stress reduced the starch content of drought-tolerant BRRI dhan66 and
drought-susceptible BRRI dhan75 by 9.7% and 35.5%, respectively, compared to that of
control plants (Table 4). During the amelioration of drought stress through the exogenous
application of SA and/or proline, the highest starch content of drought-stressed BRRI
dhan66 (15.5 mg g−1 FW) and BRRI dhan75 (13.9 mg g−1 FW) was recorded for the T8
(drought stress + 0.75 mM SA + 1 mM proline) treatment, this being 7.9% and 34.4% higher
for BRRI dhan66 and BRRI dhan75, respectively, compared to that of rice plants treated
with severe drought alone.

3.6. Hydrogen Peroxide and Malondialdehyde Content

Drought stress elevated hydrogen peroxide (H2O2) accumulation in drought-tolerant
BRRI dhan66 and drought-susceptible BRRI dhan75 by 78.6% and 140.3%, respectively,
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relative to that in the control plants (Figure 3A). On the other hand, the foliar application of
SA and/or proline to drought-stressed rice significantly decreased the H2O2 accumulation
of both the rice varieties. However, statistically, the lowest H2O2 accumulation of drought-
stressed BRRI dhan66 (5.61 nmol g−1 FW) and BRRI dhan75 (6.53 nmol g−1 FW) was
observed for the T8 (drought stress + 0.75 mM SA + 1 mM proline) treatment, this being
28.4% and 38.5% lower for BRRI dhan66 and BRRI dhan75, respectively, compared to that
of rice plants treated with severe drought alone.
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Figure 3. Foliar application of salicylic acid and/or proline regulating (A) H2O2 and (B) MDA content
of rice leaves under drought stress. The vertical bar indicates the means of five replicates (n = 5)
and the error bar indicates the standard errors. Different letters indicate significant differences at
p ≤ 0.05 (Tukey’s test). T1 = control, T2 = 1.5 mM SA, T3 = 2 mM proline, T4 = 0.75 mM SA + 1 mM
proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA, T7 = T5 + 2 mM proline, and
T8 = T5 + 0.75 mM SA + 1 mM proline.
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Drought stress increased the production of malondialdehyde (MDA) of drought-
tolerant BRRI dhan66 and drought-susceptible BRRI dhan75 by 89.1% and 182.5%, respec-
tively, compared to that of the control plants (Figure 3B). Due to the amelioration of drought
stress through the exogenous application of SA and/or proline, the lowest MDA content of
drought-stressed BRRI dhan66 (8.62 nmol g−1 FW) and BRRI dhan75 (14.22 nmol g−1 FW)
was recorded for the T8 (drought stress + 0.75 mM SA + 1 mM proline) treatment, this
being 36.3% and 31.1% lower for BRRI dhan66 and BRRI dhan75, respectively, compared to
that of rice plants treated with severe drought alone.

3.7. Antioxidant Enzyme Activity

Drought stress significantly increased the activity of ascorbate peroxidase (APX) and
guaiacol peroxidase (GPX) in both drought-tolerant BRRI dhan66 and drought-susceptible
BRRI dhan75 (Figure 4B,C). On the other hand, catalase (CAT) activity and superoxide
dismutase (SOD) activity were significantly decreased due to drought stress in both the rice
varieties (Figure 4A,D). The pretreatment with SA and/or proline of drought-stressed plants
significantly increased CAT, APX, GPX and SOD activity in both the varieties. However, the
highest CAT, APX, GPX and SOD activity of drought-stressed BRRI dhan66 at T5 and BRRI
dhan75 were recorded for the T8 (drought stress + 0.75 mM SA + 1 mM proline) treatment.
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Figure 4. Foliar application of salicylic acid and/or proline enhancing the activity of (A) CAT,
(B) APX, (C) GPOX, and (D) SOD in two rice varieties under drought stress. The vertical bar indicates
the means of five replicates (n = 5) and the error bar indicates the standard errors. Different letters
indicate significant differences at p ≤ 0.05 (Tukey’s test). T1 = control, T2 = 1.5 mM SA, T3 = 2 mM
proline, T4 = 0.75 mM SA + 1 mM proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA,
T7 = T5 + 2 mM proline, and T8 = T5 + 0.75 mM SA + 1 mM proline.

3.8. Nutrients Concentrations

The data in Table 5 reveal that drought stress significantly decreased the nutrient con-
centrations (root and shoot N, P and K concentrations) of both the rice varieties, compared
to those of the control plants. This deleterious effect of drought on nutrient concentrations
was ameliorated via the exogenous application of SA and/or proline. However, the high-
est N, P and K concentrations in the roots and shoots of drought-stressed BRRI dhan66
(1.153% N, 0.1530% P, and 0.2420 K in roots; 0.3860% N, 0.0690% P, and 0.7480% K in shoots)
and BRRI dhan75 (0.997% N, 0.1390% P, and 0.2310 K in roots; 0.2830% N, 0.0520% P, and
0.6820% K in shoots) were recorded for the T8 (drought stress + 0.75 mM SA + 1 mM
proline) treatment.
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Table 5. Foliar application of salicylic acid and/or proline regulates root and shoot nutrient concentrations of rice under drought stress.

Variety Treatment
%N %P %K

Roots Shoots Roots Shoots Roots Shoots

BRRI dhan66

T1 1.183 ± 0.03 a 0.4072 ± 0.01 a 0.1557 ± 0.01 cd 0.0778 ± 0.00 c 0.2447 ± 0.02 bc 0.8217 ± 0.01 de
T2 1.185 ± 0.06 a 0.4120 ± 0.03 a 0.1590 ± 0.01 ab 0.0789 ± 0.00 bc 0.2480 ± 0.01 ab 0.8320 ± 0.02 ab
T3 1.184 ± 0.04 a 0.410 ± 0.03 a 0.1583 ± 0.01 abc 0.0788 ± 0.00 bc 0.2470 ± 0.00 abc 0.8310 ± 0.03 ab
T4 1.192 ± 0.03 a 0.4170 ± 0.04 a 0.1599 ± 0.03 a 0.0791 ± 0.00 bc 0.2510 ± 0.00 a 0.8350 ± 0.01 a
T5 1.112 ± 0.01 d 0.3650 ± 0.1 c 0.1465 ± 0.02 e 0.0613 ± 0.00 f 0.2360 ± 0.01 ef 0.7260 ± 0.01 h
T6 1.135 ± 0.01 c 0.3750 ± 0.01 bc 0.1490 ± 0.02 e 0.0650 ± 0.00 e 0.2390 ± 0.02 de 0.7420 ± 0.01 fg
T7 1.132 ± 0.03 c 0.3720 ± 0.01 bc 0.1480 ± 0.01 e 0.0640 ± 0.00 ef 0.2370 ± 0.03 de 0.7390 ± 0.02 g
T8 1.153 ± 0.01 b 0.3860 ± 0.01 b 0.1530 ± 0.01 d 0.0690 ± 0.00 d 0.2420 ± 0.01 cd 0.7480 ± 0.03 f

BRRI dhan75

T1 1.181 ± 0.05 a 0.4058 ± 0.03 a 0.1570 ± 0.02 bc 0.0811 ± 0.01 ab 0.2450 ± 0.02 bc 0.8157 ± 0.03 e
T2 1.184 ± 0.03 a 0.4110 ± 0.04 a 0.1598 ± 0.03 a 0.0825 ± 0.00 a 0.2481 ± 0.02 ab 0.8260 ± 0.02 bcd
T3 1.183 ± 0.06 a 0.4090 ± 0.04 a 0.1593 ± 0.03 ab 0.0823 ± 0.01 a 0.2476 ± 0.00 ab 0.8240 ± 0.02 cd
T4 1.189 ± 0.02 a 0.4160 ± 0.03 a 0.1606 ± 0.01 a 0.0826 ± 0.00 a 0.2492 ± 0.01 ab 0.8290 ± 0.01 abc
T5 0.938 ± 0.01 g 0.2058 ± 0.02 f 0.1240 ± 0.01 i 0.0336 ± 0.00 i 0.2161 ± 0.02 i 0.5705 ± 0.01 k
T6 0.971 ± 0.04 f 0.2510 ± 0.01 e 0.1310 ± 0.01 g 0.0410 ± 0.00 h 0.2260 ± 0.00 gh 0.6130 ± 0.01 j
T7 0.965 ± 0.01 f 0.2430 ± 0.02 e 0.1280 ± 0.01 h 0.0380 ± 0.00 h 0.2230 ± 0.01 h 0.6110 ± 0.02 j
T8 0.997 ± 0.02 e 0.2830 ± 0.02 d 0.1390 ± 0.02 f 0.0520 ± 0.00 g 0.2310 ± 0.01 fg 0.6820 ± 0.03 i

Mean values followed by different letters in the same column are significantly different from each other (Tukey’s test, p < 0.05). The data represent the means of five replicates ± the
standard error (n = 5). T1 = control, T2 = 1.5 mM SA, T3 = 2 mM proline, T4 = 0.75 mM SA + 1 mM proline, T5 = 45–50% FC (drought stress), T6 = T5 + 1.5 mM SA, T7 = T5 + 2 mM
proline, and T8 = T5 + 0.75 mM SA + 1 mM proline.
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4. Discussion
4.1. Growth and Biomass of Rice

Drought stress significantly reduced the growth and biomass of both the rice vari-
eties, while the exogenous application of salicylic acid (SA) and/or proline mitigated the
stress-imposed adverse effects (Table 1), reduction in crop biomass being one of the main
drought stress indicators [16]. Drought stress disrupts developmental processes, leaf areas,
photosynthetic rates and metabolic activities [44]. Drought stress inhibits cell elongation,
cell division, and nutrient uptake to plants, hence reducing the growth and biomass of
crops [45]. Due to the decrease in the water potential gradient between the external and
internal environment of crops, water stress appears to reduce the absorption and utilization
of water which likely impairs nutrient uptake, consequently impairing crop growth [46],
which is reflected by lower tiller formation and poor yield (Table 2). It has been found
that crop growth inhibition under drought stress was reduced via the exogenous applica-
tion of SA or proline [28,29,47]. The exogenous application of SA and/or proline might
enhance the water potential gradient and uptake of mineral elements, hence reducing the
effects of drought stress on the growth of crops [47]. SA or proline plays a positive role in
promoting plant root growth, cell expansion and cell elongation [16,48]. Semida et al. [29]
reported that exogenous proline application significantly improved the shoot growth and
biomass yield of onion, which might be due to the translocation of proline to roots and the
induction of defense responses of onion. It has also reported that exogenous SA application
confers drought resistance to wheat by increasing the cell division of roots within the apical
meristem [49].

4.2. Agro-Morphology and Yield of Rice

Drought stress reduced the number of tillers per hill, panicle length, filled grains
per panicle and ultimately reduced the seed yield of rice (Table 2), which is supported by
Dien et al. [19] and Shukla et al. [50]. Drought stress disrupts leaf gas exchange proper-
ties, causes the premature senescence of plant parts, reduces assimilated translocation to
growing regions, impairs phloem loading, enhances the abortion of ovules, hence causing
spikelet sterility, reduces filled grain and finally lowers yield [51–53]. Stomatal closure
is the earlier response of water stress to crops, which is regulated by a signaling cascade
transported from dehydrated roots to leaves [54,55]. Stomatal closure reduces CO2 uptake,
which impairs photosynthesis, nutrient uptake, water absorption, and cellular metabolism,
finally leading to yield reduction [56]. Drought stress reduced the seed yield per hill of
BRRI dhan66 and BRRI dhan75 by 26.9% and 80.2%, respectively, compared to that of the
control (Table 2). Our data showed that the exogenous application of SA and proline, indi-
vidually or combined, significantly enhanced the growth, yield parameters and yield of rice
(Table 2) and suggested that SA and/or proline alleviated the harmful effects of drought
and increased yield. These results are also in agreement with the result of Semida et al. [29]
and Tayyab et al. [47]. It was revealed that both SA and proline has a role in osmotic
adjustment that improves root capacity for water uptake [29,57]. The maximization of soil
water capture increases stomatal transpiration and leads to higher CO2 fixation, which
might induce higher biomass production and lead to a higher yield of crops. Both SA and
proline increase biomass production and the yield of crops through leaf number and leaf
size enlargement, which improve photosynthetic capacity [28]. It has been reported that
SA and proline significantly increase the cytokinin content in leaves and grains, improve
the absorption and utilization of nitrogen, enhance photosynthetic capacity and increase
grain yield [58,59].

4.3. Gas Exchange Characteristics and Photosynthetic Pigments of Rice

The photosynthetic rate (Pn), stomatal conductance (gs) and transpiration rate (Tr) of
both the rice varieties were significantly reduced due to water stress (Table 3). Drought
stress reduces stomatal aperture, resulting in reductions in carbon dioxide (CO2) influx to
leaves, which reduces photosynthesis [15,60,61]. Decreases in turgor pressure enhance stom-
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atal closure, which reduces leaf gas exchange and causes a decrease in CO2 assimilation,
finally damaging the photosynthetic apparatus [62,63]. Drought stress affects the rubisco
activity and PSII structure of the photosystem and inhibits photosynthesis [64]. Drought
stress also denatures the proteins involved in photosynthesis [65]. Drought-induced de-
creases in photosynthetic rates also depend on plant type. The water uptake capacity of
the root and photosynthetic capacities are essential factors that reduce the growth and
yield of susceptible BRRI dhan75 under drought stress (Table 2; [63]). Chlorophyll and
carotenoids are the essential components for photoprotection and the most widely used
physiological indicators because they directly affect the efficiency of photosynthesis [66,67].
They are the vital predecessor of photosynthesis, mainly for obtaining light. They act
as signaling precursors for the growth of crops under drought stress [68]. Water stress
reduces the potential of mesophyll cells to utilize CO2, consequently decreasing chlorophyll
content [69]. It is reported that a tolerant rice variety maintains a high chlorophyll and
carotenoid content and showed better performance under drought stress [70]. Similarly to
these findings, our results also showed the higher chlorophyll and carotenoid content and
subsequently the highest gs, Tr and Pn in tolerant BRRI dhan66 than those of susceptible
BRRI dhan75 (Table 3; Figure 1). The exogenous application of SA and proline, individually
or combined, ameliorated the harmful effect of drought and enhanced the chlorophyll and
carotenoid content, Pn, gs, and Tr of both the rice varieties. However, s more pronounced
impact was found in susceptible BRRI dhan75 for the combined application of SA + proline
(Table 3; Figure 1). Both SA and proline help to maintain chlorophyll and carotenoid con-
tent and leaf turgor and enhance stomatal conductance which is associated with drought
tolerance [71,72]. They increase membrane stability, leaf area, RWC and enhance the rate of
photosynthesis, conferring drought tolerance to crops (Table 3, Figure 2; [73]).

4.4. Relative Water Content and Membrane Stability Index

Water deficit stress reduced the relative water content (RWC) and membrane stability
index (MSI) of both tolerant BRRI dhan66 and susceptible BRRI dhan75 (Table 3; Figure 2).
Rice is highly sensitive to water stress. Roots absorb less water under water stress conditions
than they do under normal conditions. The negative impact of drought on RWC might be
due to the reduction in water flow. Reductions in water flow enhance the dehydration of
the protoplasm, lead to oxidative damage to chloroplasts, reduce cell membrane integrity
(MSI), induce stomatal closure, and decrease CO2 concentrations in the mesophyll cells
and photo assimilates [29,30]. The elimination of water from the membrane under water
stress causes damage to and the dislocation of the lipid structure which decreases MSI [72].
However, the application of SA and proline, individually or combined, increased RWC
and MSI in both rice varieties (Table 3; Figure 2). These results suggest that through the
activation of the plant defense system, SA and/or proline help the plant to adjust the water
relations and membrane functions under water stress conditions. It has been reported that
different metabolic responses are generated by SA and proline which affect different plant
functions including plant water relations and membrane integrity [28,29,73,74]. It is also
reported that SA and proline contribute to osmotic adjustment, and maintain membrane
stability and the structure of proteins and enzymes [30].

4.5. Proline, Soluble Sugar and Starch Content

Plants develop numerous adaptive mechanisms to retain cell turgor pressure under
abiotic stress [29,72]. In the present study, the content of proline, soluble sugar and starch
showed different variations. Proline content was significantly increased under drought
stress. The highest proline accumulation that was found in drought-tolerant BRRI dhan66
might have been related to its higher drought resistance (Table 4). Under water stress
conditions, a higher accumulation of proline is one of the most effective mechanisms of
osmotic regulation and of alleviating drought stress [29,47]. Plant water status might be
imbalanced under drought stress which disrupts osmotic adjustment and finally leads to
a higher accumulation of compatible osmolytes in crops. Proline has antioxidant activity
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which thereby reduces lipid peroxidation and promotes cell homeostasis by protecting the
redox balance [75]. Drought stress decreased the soluble sugar content of BRRI dhan66
and BRRI dhan75 by 19.0% and 32.8%, respectively, and starch content by 9.7% and 35.5%,
respectively, compared to those of control plants (Table 4). Several studies have shown
that soluble sugar and starch contents increase under drought stress. It is reported that
plants mitigate drought-induced damage via the higher accumulation of soluble sugar and
starch. However, continuous water shortages due to prolonged drought will destroy the
structure of plants and affect the synthesis of proteins and sugars [75,76]. Siaut et al. [77]
explained that starch is degraded to provide energy and carbon when photosynthesis is
limited under prolonged water stress conditions. Exogenous applications of SA and/or
proline significantly increased the RWC and proline, soluble sugar and starch content
under water stress, indicating their role in the restoration of water in plant tissue and thus
osmoprotection. Salicylic acid (SA) and/or proline application might contribute to the up-
regulation of proline, soluble sugar and starch biosynthesis, hence increasing their contents.
It was found that SA and/or proline application enhances the water capture capacity of
roots, leads to the presence of more nutrients and enhances photosynthesis, which might
be enhanced via proline, soluble sugar and starch biosynthesis (Tables 3–5 [29,47]). The
exogenous application of SA and/or proline up-regulate pyrroline-5-carboxylate synthase
which is involved in proline synthesis and down-regulates the proline dehydrogenase
gene which enhances cell death [73,78]. In the present research, drought-tolerant BRRI
dhan66 showed a higher proline, soluble sugar and starch accumulation ability than that of
drought-susceptible BRRI dhan75 under the same water stress conditions (Table 4). These
results suggest that proline, soluble sugar and starch accumulation in rice under drought
stress depended not only on the severity of drought stress but also on the characteristics of
the different varieties. In addition, a higher osmolyte accumulation ability was reported
to contribute to higher drought tolerance in rice [19,72]. Therefore, a higher osmolyte
accumulation ability might be used as an indicator for drought tolerance potential in rice
and this ability is increased through exogenous SA and/or proline application.

4.6. Hydrogen Peroxide and Malondialdehyde Content

The overproduction of reactive oxygen species (ROS) and malondialdehyde (MDA)
under drought stress are the indicators of oxidative stress [47,72,79]. An over-reduction in
the electron transport chain of mitochondria and chloroplasts under water stress leads to the
overproduction of ROS [80]. MDA is produced via lipid peroxidation under drought stress,
while ROS causes the lipid peroxidation of plant membranes under drought [47,81]. It is
reported that hydrogen peroxide (H2O2) is a highly toxic radical that damages different cell
components and proteins, and enhances lipid peroxidation and membrane damage, finally
leading to cell death [82]. It is also reported that the overproduction of H2O2 and MDA
causes them to react with proteins, lipids and deoxyribonucleic acid and causes oxidative
damage to crops [83]. A higher production of H2O2 and MDA increased electrolyte leakage
through inducing decreases in the cell membrane integrity of plants under drought stress
(Figures 2 and 3 [30,50]). They cause membrane disorganization and metabolic toxicity,
resulting in a higher leakage of solutes. Furthermore, drought-treated higher electrolyte
leakage might be the reason for cell damage and consequent osmotic suffering. It has been
shown that osmolytes maintain turgor pressure and enhance water uptake capacity by
increasing osmotic pressure in the cytoplasm [84]. Osmolytes, other than being involved
in osmotic adjustment, also play a role as scavengers of ROS and MDA by increasing the
activities of enzymes, hence helping to mitigate the adverse effects of oxidative stress [85,86].
These reports support our results, which showed that water stress significantly increased
the accumulation of H2O2 and MDA, while the exogenous application of SA and/or proline
significantly decreased their accumulation in the drought-stressed rice plants (Figure 3).
Similar findings were also observed by other researchers who found that the application of
SA and proline significantly reduced the level of H2O2 and MDA in different plants under
stress [47,87]. Furthermore, significant differences in H2O2 and MDA accumulation as
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well as osmolyte accumulation were observed between the drought-tolerant and drought-
susceptible variety. The lowest values of H2O2 and MDA found in the tolerant variety
might have been due to the higher accumulation of osmolytes.

4.7. Antioxidant Enzyme Activities

Plants possess enzymatic and non-enzymatic antioxidant defense systems, which
regulate oxidative stress via the scavenging of ROS and protect plant cells form oxidative
damage [47,72]. CAT is a heme-containing enzyme and minimizes the overproduction
of H2O2 under oxidative stress through converting H2O2 into H2O and O2 [88]. The
ascorbate–glutathione pathway is a major H2O2-detoxifying system in plant cells, in which
H2O2 is reduced by APX where ascorbate acts as an electron donor [89]. For rice, under
drought stress, the activities of these enzymes are considered one of the most important
protective mechanisms against oxidative stress [83]. GPX not only scavenges ROS but also
produces related compounds such as lignin, guaiacol and payragallol. These compounds
work as electron donors for scavenging H2O2 both intra- and extra-cellularly [90]. SOD acts
as the primary defense line against drought-induced oxidative stress [80]. In the present
study, APX and GPX showed increasing trends, while CAT and SOD showed decreasing
trends under water stress conditions (Figure 4), which is similar to the findings of other
studies [16,75,80,90]. CAT and SOD activities were significantly lower in rice varieties,
which might have been due to prolonged drought stress. Gao et al. [75] reported that the
activities of CAT and SOD increase under short-term water stress, while they decrease
under prolonged water stress. It is also reported that the effectiveness of the activity of
antioxidant enzyme depends on plant species, and the severity and duration of drought
stress [28]. Increase in APX and GPX are not enough to neutralize the overproduction of
H2O2 under prolonged drought stress. It has been observed that the exogenous application
of SA or proline up-regulates and increases the activities of CAT, APX, GPX and SOD in
different plant species under water stress [27,28,30,91]. Similar to a previous study, in the
present study, the exogenous application of SA and/or proline augmented the activity of
CAT, APX, GPX and SOD, consequently decreasing the level of H2O2 as well as MDA in
water-stressed plants (Figures 3 and 4). These findings cannot be explained in view of the
argument of Ghafoor et al. [92] that the exogenous application of proline cannot control
enhanced levels of stress by elevating antioxidant enzyme activities. Effects of proline on
the activity of antioxidant enzymes may be plant species- as well as dose-dependent [32].
In this study, drought-tolerant and drought-susceptible varieties differed considerably in
terms of the activity of different antioxidant enzymes under drought stress and also under
exogenous SA or proline application (Figure 4).

4.8. Nutrients Concentrations

Mineral elements are crucial for the growth, development, and survival of crops under
stress. N, P and K+ are important inorganic nutrients and they play multiple essential
roles in plant metabolism. They play an important role in osmoregulation, cellular energy
transfer, respiration and photosynthesis [23,28,93]. However, the optimum concentration
range of each of these nutrients should be maintained for the proper growth and develop-
ment of plants. On the other hand, Table 5 shows that drought stress significantly reduced
the N, P and K+ concentrations in the roots and shoots of both the rice varieties, while
the exogenous application of SA and/or proline decreased drought stress effects, hence
enhancing nutrient concentrations in the roots and shoots of both drought-stressed rice
varieties. However, the highest N, P ad K+ concentrations in roots and shoots was observed
due to the combined application of SA + proline. It has been reported that exogenous SA
or proline application enhances the uptake of N, P and K+ under drought stress, hence
maintaining the nutrient status, growth and development of plants [23,28]. It has been re-
ported that K+ maintains cell turgor and stomatal movement, and maintains water balance
in plants [23,94]. Prolonged drought stress disrupts the plant root system and decreases
potassium uptake from the soil. Drought stress also enhances lipid peroxidation which



Antioxidants 2023, 12, 1438 21 of 25

enhances the leakage of K+ from cells [23]. Many studies have shown that exogenous SA
or proline application protects membranes by reducing lipid peroxidation under osmotic
stress and reducing K+ leakage from cells [23,94].

5. Conclusions

This study exposed that prolonged drought stress significantly decreased the plant
growth, yield, gas exchange characteristics, photosynthetic pigments, relative water content
(RWC), membrane stability index, soluble sugar content, starch content, and uptake of
nutrients in roots and shoots. Drought stress also increased the accumulation of reactive
oxygen species which enhanced lipid peroxidation (MDA). Th exogenous application of
SA (1.5 mM) or proline (2 mM) separately reduced the harmful effects of drought. How-
ever, their combined application (0.75 mM SA + 1 mM proline) was found to be more
effective than was their separate application. The combined application of SA + proline
more effectively alleviated the harsh effects of drought-induced oxidative stress through a
higher accumulation of osmolytes and the up-regulation of antioxidant enzyme activities.
Consequently, their combined application enhanced gas exchange characteristics, photosyn-
thetic pigments, RWC, the nutrient uptake capacity and yield of rice more pronouncedly
than did their single application. Our results suggest that the application of SA and/or
proline prevents the harmful impacts of drought-induced oxidative and osmotic stress on
rice by modulating its physiological attributes, biochemical parameters, and antioxidant
enzyme activity.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antiox12071438/s1. Table S1: Exogenous application of different concen-
trations of salicylic acid and/or proline on growth and biomass of rice under drought stress.

Author Contributions: Conceptualization: M.A.H., M.M.I. and T.A.U.; methodology: M.A.H., M.M.I.
and T.A.U.; formal analysis: T.A.U. and K.N.Z.; data curation: T.A.U. and K.N.Z.; statistical expertise:
T.A.U., M.M.I. and K.N.Z.; writing—original draft preparation: T.A.U., M.A.H., M.M.I., K.N.Z.,
M.A.A., M.M.H., M.H.S. and Y.M.; writing—review and editing: M.A.A., M.M.H., M.H.S. and Y.M.;
visualization: M.A.H., M.M.I. and T.A.U.; supervision: M.A.H. and M.M.I.; project administration:
M.A.H. and M.M.I.; funding acquisition: M.M.I. and M.H.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by the Researchers Supporting Project number (RSP2023R347), King
Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article.

Acknowledgments: The authors would like to extend their sincere appreciation to the Researchers
Supporting Project number (RSP2023R347), King Saud University, Riyadh, Saudi Arabia. The authors
also would like to extend their heartfelt gratitude to the Prime Minister’s Education Assistance Trust,
Government of the People’s Republic of Bangladesh.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Prasad, R.; Shivay, Y.S.; Kumar, D. Current status, challenges, and opportunities in rice production. In Rice Production Worldwide;

Chauhan, B., Jabran, K., Mahajan, G., Eds.; Springer: Cham, Switzerland, 2017; pp. 1–32.
2. Molotoks, A.; Smith, P.; Dawson, T.P. Impacts of land use, population, and climate change on global food security. Food Energy

Secur. 2021, 10, e261. [CrossRef]
3. Islam, M.M.; Jahan, K.; Sen, A.; Urmi, T.A.; Haque, M.M.; Ali, H.M.; Siddiqui, M.H.; Murata, Y. Exogenous application of calcium

ameliorates salinity stress tolerance of tomato (Solanum lycopersicum L.) and enhances fruit quality. Antioxidants 2023, 12, 558.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antiox12071438/s1
https://www.mdpi.com/article/10.3390/antiox12071438/s1
https://doi.org/10.1002/fes3.261
https://doi.org/10.3390/antiox12030558
https://www.ncbi.nlm.nih.gov/pubmed/36978806


Antioxidants 2023, 12, 1438 22 of 25

4. Fahad, S.C.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al. Crop
production under drought and heat stress: Plant responses and management options. Front. Plant Sci. 2017, 8, 1147. [CrossRef]
[PubMed]

5. Fahad, S.C.; Adnan, M.; Noor, M.; Arif, M.; Alam, M.; Khan, I.A.; Ullah, H.; Wahid, F.; Mian, I.A.; Jamal, Y.; et al. Major constraints
for global rice production. In Advances in Rice Research for Abiotic Stress Tolerance; Hasanuzzaman, M., Fujita, M., Nahar, K.,
Biswas, J., Eds.; Woodhead Publishing: Cambridge, UK, 2019; pp. 1–22.

6. AQUASTAT, AQUASTAT—FAO’s Global Information System on Water and Agriculture. Food and Agriculture Organization.
2019. Available online: http://www.fao.org/nr/water/aquastat/didyouknow/index3.stm (accessed on 15 March 2023).

7. GIEWS, Global Information and Early Warning System. 2022. Available online: http://www.fao.org/giews/countrybrief/
country.jsp?code=MYS (accessed on 22 December 2022).

8. Zu, X.; Lu, Y.; Wang, Q.; Chu, P.; Miao, W.; Wang, H.; La, H. A new method for evaluating the drought tolerance of upland rice
cultivars. Crop J. 2017, 5, 488–498. [CrossRef]

9. Jayaweera, J.K.P.T.P.; Herath, H.M.V.G.; Jayatilake, D.V.; Udumulla, G.S.; Wickramasinghe, H.A.M. Physiological, Biochemical
and Proteomic Responses of Rice (Oryza sativa L.) Varieties Godaheenati and Pokkali for Drought Stress at the Seedling Stage. Trop.
Agric. Res. 2016, 27, 159–170. [CrossRef]

10. Larkunthod, P.; Nounjan, N.; Siangliw, J.L.; Toojinda, T.; Sanitchon, J.; Jongdee, B.; Theerakulpisut, P. Physiological Responses
under Drought Stress of Improved Drought-Tolerant Rice Lines and their Parents. Not. Bot. Horti Agrobot. 2018, 46, 679–687.
[CrossRef]

11. Saha, P.; Sade, N.; Arzani, A.; Rubio Wilhelmi, M.D.M.; Coe, K.M.; Li, B.; Blumwald, E. Effects of abiotic stress on physiological
plasticity and water use of Setaria viridis (L.). Plant Sci. 2016, 251, 128–138. [CrossRef]

12. Zivcak, M.; Brestic, M.; Sytar, O. Osmotic adjustment and plant adaptation to drought stress. In Drought Stress Tolerance in
Plants; Hossainh, M.A., Wani, S.H., Bhattacharjee, S., Burritt, D.J., Tran, L.S.P., Eds.; Springer International Publishing: Cham,
Switzerland, 2016; Volume 1, pp. 105–143.

13. Hussain, H.A.; Hussain, S.; Khaliq, A.; Ashraf, U.; Anjum, S.A.; Men, S.; Wang, L. Chilling and drought stresses in crop plants:
Implications, cross talk, and potential management opportunities. Front. Plant Sci. 2018, 9, 393. [CrossRef]

14. Noctor, G.; Reichheld, J.P.; Foyer, C.H. ROS-related redox regulation and signaling in plants. Semin. Cell Dev. Biol. 2018, 80, 3–12.
[CrossRef]

15. Tamanna, T.; Islam, M.M.; Chaity, A.R.; Shams, S.N.U.; Rasel, M.A.; Haque, M.M.; Miah, M.G.; Alamri, S.; Murata, Y. Water
Relation, Gas Exchange Characteristics and Yield Performance of Selected Mungbean Genotypes under Low Soil Moisture
Condition. Agronomy 2023, 13, 1068. [CrossRef]

16. Sohag, A.A.M.; Tahjib-Ul-Arif, M.; Brestic, M.; Afrin, S.; Sakil, M.A.; Hossain, M.T.; Hossain, M.A.; Hossain, M.A. Exogenous
salicylic acid and hydrogen peroxide attenuate drought stress in rice. Plant Soil Environ. 2020, 66, 7–13. [CrossRef]

17. Kurepin, L.V.; Ivanov, A.G.; Zaman, M.; Pharis, R.P.; Hurry, V.; Huner, N.P. Interaction of glycine betaine and plant hormones
protection of the photosynthetic apparatus during abiotic stress. In Photosynthesis: Structures, Mechanisms, and Applications;
Hou, H.J.M., Najafpour, M., Moore, G., Allakhverdiev, S., Eds.; Springer: Cham, Switzerland, 2017; pp. 185–202.

18. Siddiqui, M.H.; Alamri, S.; Al-Khaishany, M.Y.; Khan, M.N.; Al-Amri, A.; Ali, H.M.; Alaraidh, I.A.; Alsahli, A.A. Exogenous
melatonin counteracts NaCl-induced damage by regulating the antioxidant system, proline and carbohydrates metabolism in
tomato seedlings. Int. J. Mol. Sci. 2019, 20, 353. [CrossRef]

19. Dien, D.C.; Mochizuki, T.; Yamakawa, T. Effect of various drought stresses and subsequent recovery on proline, total soluble
sugar and starch metabolisms in Rice (Oryza sativa L.) varieties. Plant Prod. Sci. 2019, 22, 530–545. [CrossRef]

20. Maruri-López, I.; Aviles-Baltazar, N.Y.; Buchala, A.; Serrano, M. Intra and extracellular journey of the phytohormone salicylic
acid. Front. Plant Sci. 2019, 10, 423. [CrossRef]

21. Khokon, M.A.R.; Salam, M.A.; Jammes, F.; Ye, W.; Hossain, M.A.; Okuma, E.; Nakamura, Y.; Mori, I.C.; Kwak, J.M.; Murata, Y.
MPK9 and MPK12 function in SA-induced stomatal closure in Arabidopsis thaliana. Biosci. Biotechnol. Biochem. 2017, 81,
1394–1400. [CrossRef]

22. Khan, M.I.R.; Fatma, M.; Per, T.S.; Anjum, N.A.; Khan, N.A. Salicylic acid-induced abiotic stress tolerance and underlying
mechanisms in plants. Front. Plant Sci. 2015, 6, 462. [CrossRef]

23. Movahhedi-Dehnavi, M.; Behzadi, Y.; Niknam, N.; Mohtashami, R. Salicylic acid mitigates the effects of drought and salinity on
nutrient and dry matter accumulation of Linseed. J. Plant Process Funct. 2019, 8, 31–44.

24. Rady, M.O.A.; Semida, W.M.; El-mageed, T.A.A.; Hemida, K.A.; Rady, M.M. Upregulation of antioxidative defense systems by
glycine betaine foliar application in onion plants confer tolerance to salinity stress. Sci. Hortic. 2018, 240, 614–622. [CrossRef]

25. Saha, S.; Begum, H.H.; Nasrin, S. Effects of drought stress on growth and accumulation of proline in five rice varieties (Oryza
sativa L.). J. Asiat. Soc. Bangladesh Sci. 2019, 45, 241–247. [CrossRef]

26. Hossain, M.A.; Kumar, V.; Burritt, D.J.; Fujita, M.; Mäkelä, P. Osmoprotectant-mediated abiotic stress tolerance in plants. In
Proline Metabolism and Its Functions in Development and Stress Tolerance; Springer Nature: Cham, Switzerland, 2019; pp. 41–72.

27. Semida, W.M.; Abd El-Mageed, T.A.; Hemida, K.; Rady, M.M. Natural bee-honey based biostimulants confer salt tolerance in
onion via modulation of the antioxidant defence system. J. Hortic. Sci. Biotechnol. 2019, 94, 632–642. [CrossRef]

28. Merwad, A.R.M.; Desoky, E.S.M.; Rady, M.M. Response of water deficit-stressed Vigna unguiculata performances to silicon,
proline or methionine foliar application. Sci. Hortic. 2018, 228, 132–144. [CrossRef]

https://doi.org/10.3389/fpls.2017.01147
https://www.ncbi.nlm.nih.gov/pubmed/28706531
http://www.fao.org/nr/water/aquastat/didyouknow/index3.stm
http://www.fao.org/giews/countrybrief/country.jsp?code=MYS
http://www.fao.org/giews/countrybrief/country.jsp?code=MYS
https://doi.org/10.1016/j.cj.2017.05.002
https://doi.org/10.4038/tar.v27i2.8164
https://doi.org/10.15835/nbha46211188
https://doi.org/10.1016/j.plantsci.2016.06.011
https://doi.org/10.3389/fpls.2018.00393
https://doi.org/10.1016/j.semcdb.2017.07.013
https://doi.org/10.3390/agronomy13041068
https://doi.org/10.17221/472/2019-PSE
https://doi.org/10.3390/ijms20020353
https://doi.org/10.1080/1343943X.2019.1647787
https://doi.org/10.3389/fpls.2019.00423
https://doi.org/10.1080/09168451.2017.1308244
https://doi.org/10.3389/fpls.2015.00462
https://doi.org/10.1016/j.scienta.2018.06.069
https://doi.org/10.3329/jasbs.v45i2.46597
https://doi.org/10.1080/14620316.2019.1592711
https://doi.org/10.1016/j.scienta.2017.10.008


Antioxidants 2023, 12, 1438 23 of 25

29. Semida, W.M.; Abdelkhalik, A.; Rady, M.O.; Marey, R.A.; Abd El-Mageed, T.A. Exogenously applied proline enhances growth
and productivity of drought stressed onion by improving photosynthetic efficiency, water use efficiency and up-regulating
osmoprotectants. Sci. Hortic. 2020, 272, 109580. [CrossRef]

30. Abdelaal, K.A.; Attia, K.A.; Alamery, S.F.; El-Afry, M.M.; Ghazy, A.I.; Tantawy, D.S.; Al-Doss, A.A.; El-Shawy, E.S.E.;
Abu-Elsaoud, A.M.; Hafez, Y.M. Exogenous application of proline and salicylic acid can mitigate the injurious impacts of
drought stress on barley plants associated with physiological and histological characters. Sustainability 2020, 12, 1736. [CrossRef]

31. Patade, V.Y.; Lokhande, V.H.; Suprasanna, P. Exogenous application of proline alleviates salt induced oxidative stress more
efficiently than glycine betaine in sugarcane cultured cells. Sugar Tech. 2014, 16, 22–29. [CrossRef]

32. Hayat, S.; Hayat, Q.; Alyemeni, M.N.; Wani, A.S.; Pichtel, J.; Ahmad, A. Role of proline under changing environments: A review.
Plant Signal. Behav. 2012, 7, 1456–1466. [CrossRef]

33. BRRI, Modern Rice Cultivation (Adunik Dhaner Chash), 23rd ed.; Bangladesh Rice Research Institute: Gazipur, Bangladesh, 2020;
pp. 1–103.

34. Fadeel, A.A. Location and properties of chloroplasts and pigment determination in roots. Physiol. Plant. 1962, 15, 130–146.
[CrossRef]

35. Fairoj, S.A.; Islam, M.M.; Islam, M.A.; Zaman, E.; Momtaz, M.B.; Hossain, M.S.; Jahan, N.A.; Shams, S.N.U.; Urmi, T.A.;
Rasel, M.A.; et al. Salicylic Acid Improves Agro-Morphology, Yield and Ion Accumulation of Two Wheat (Triticum aestivum L.)
Genotypes by Ameliorating the Impact of Salt Stress. Agronomy 2022, 13, 25. [CrossRef]

36. Rady, M.M. Effect of 24-epibrassinolide on growth, yield, antioxidant system and cadmium content of bean (Phaseolus vulgaris L.)
plants under salinity and cadmium stress. Sci. Hortic. 2011, 129, 232–237. [CrossRef]

37. Sen, A.; Islam, M.; Zaman, E.; Ghosh, U.K.; Momtaz, M.B.; Islam, M.A.; Urmi, T.A.; Mamun, M.A.A.; Rahman, M.M.;
Kamal, M.Z.U.; et al. Agro-Morphological, Yield and Biochemical Responses of Selected Wheat (Triticum aestivum L.) Genotypes
to Salt Stress. Agronomy 2022, 12, 3027. [CrossRef]

38. Du, Y.; Zhao, Q.; Chen, L.; Yao, X.; Zhang, W.; Zhang, B.; Xie, F. Effect of drought stress on sugar metabolism in leaves and roots
of soybean seedlings. Plant Physiol. Biochem. 2020, 146, 1–12. [CrossRef]

39. Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.
1981, 22, 867–880.

40. Dhindsa, R.S.; Matowe, W. Drought Tolerance in Two Mosses: Correlated with Enzymatic Defence Against Lipid Peroxidation.
J. Exp. Bot. 1981, 32, 79–91. [CrossRef]

41. Bremner, J.M.; Mulvaney, C.S. Total nitrogen. In Methods of Soil Analysis, Part 2; Chemical and Microbiological Properties;
Page, A.L., Miller, R.H., Keeny, D.R., Eds.; American Society of Agronomy and Soil Science Society of America, Inc.: Madison, WI,
USA, 1982; pp. 595–624.

42. Jones, J.B., Jr.; Case, V.W. Sampling, handling and analyzing plant tissue samples. In Soil Testing and Plant Analysis, 3rd ed.;
Westermaan, W.S., Ed.; Soil Science Society of America: Madison, WI, USA, 1990; pp. 389–427.

43. Watson, M.E.; Isaac, R.A. Analytical instruments for soil and plant analysis. In Soil Testing and Plant Analysis, 3rd ed.;
Westermaan, W.S., Ed.; Soil Science Society of America: Madison, WI, USA, 1990; pp. 691–740.

44. Tani, E.; Chronopoulou, E.G.; Labrou, N.E.; Sarri, E.; Goufa, M.; Vaharidi, X.; Tornesaki, A.; Psychogiou, M.; Bebeli, P.J.;
Abraham, E.M. Growth, physiological, biochemical, and transcriptional responses to drought stress in seedlings of Medicago
sativa L., Medicago arborea L. and their hybrid (Alborea). Agronomy 2019, 9, 38. [CrossRef]

45. Islam, M.M.; Kayesh, E.; Zaman, E.; Urmi, T.A.; Haque, M.M. Evaluation of rice (Oryza sativa L.) genotypes for drought tolerance
at germination and early seedling stage. Agriculturists 2018, 16, 44–54. [CrossRef]

46. Sokoto, M.B.; Muhammad, A. Response of rice varieties to water stress in Sokoto, Sudan Savannah, Nigeria. J. Biosci. Med. 2014,
2, 68–74. [CrossRef]

47. Tayyab, N.; Naz, R.; Yasmin, H.; Nosheen, A.; Keyani, R.; Sajjad, M.; Hassan, M.N.; Roberts, T.H. Combined seed and foliar
pre-treatments with exogenous methyl jasmonate and salicylic acid mitigate drought-induced stress in maize. PLoS ONE 2020,
15, e0232269. [CrossRef]

48. Kibria, M.G.; Farzana, K.; Matin, M.A.; Hoque, M.A. Mitigating water stress in wheat (BARI Gom-26) by exogenous application
of proline. Fundam. Appl. Agric. 2016, 1, 118–123.

49. Loutfy, N.; El–Tayeb, M.A.; Hassanen, A.M.; Moustafa, M.F.; Sakuma, Y.; Inouhe, M. Changes in the water status and osmotic
solute contents in response to drought and salicylic acid treatments in four different cultivars of wheat (Triticum aestivum). J. Plant
Res. 2012, 125, 173–184. [CrossRef]

50. Shukla, N.; Awasthi, R.P.; Rawat, L.; Kumar, J. Biochemical and physiological responses of rice (Oryza sativa L.) as influenced by
Trichoderma harzianum under drought stress. Plant Physiol. Biochem. 2012, 54, 78–88. [CrossRef]

51. Swain, P.; Raman, A.; Singh, S.P.; Kumar, A. Breeding drought tolerant rice for shallow rainfed ecosystem of eastern India. Field
Crop. Res. 2017, 209, 168–178. [CrossRef]

52. Singh, B.; Reddy, K.R.; Redoña, E.D.; Walker, T. Screening of rice cultivars for morpho-physiological responses to early-season
soil moisture stress. Rice Sci. 2017, 24, 322–335. [CrossRef]

53. Islam, M.M.; Ahmed, S.; Urmi, T.A.; Raihan, M.S.; Islam, M.R. Evaluation of Moisture Regime on Agronomic Traits of Rice
Genotypes. Ann. Bangladesh Agric. 2021, 25, 89–104. [CrossRef]

https://doi.org/10.1016/j.scienta.2020.109580
https://doi.org/10.3390/su12051736
https://doi.org/10.1007/s12355-013-0261-6
https://doi.org/10.4161/psb.21949
https://doi.org/10.1111/j.1399-3054.1962.tb07994.x
https://doi.org/10.3390/agronomy13010025
https://doi.org/10.1016/j.scienta.2011.03.035
https://doi.org/10.3390/agronomy12123027
https://doi.org/10.1016/j.plaphy.2019.11.003
https://doi.org/10.1093/jxb/32.1.79
https://doi.org/10.3390/agronomy9010038
https://doi.org/10.3329/agric.v16i1.37533
https://doi.org/10.4236/jbm.2014.21008
https://doi.org/10.1371/journal.pone.0232269
https://doi.org/10.1007/s10265-011-0419-9
https://doi.org/10.1016/j.plaphy.2012.02.001
https://doi.org/10.1016/j.fcr.2017.05.007
https://doi.org/10.1016/j.rsci.2017.10.001
https://doi.org/10.3329/aba.v25i1.58158


Antioxidants 2023, 12, 1438 24 of 25

54. Islam, M.M.; Ye, W.; Matsushima, D.; Munemasa, S.; Okuma, E.; Nakamura, Y.; Biswas, S.; Mano, J.I.; Murata, Y. Reactive carbonyl
species mediate ABA signaling in guard cells. Plant Cell Physiol. 2016, 57, 2552–2563. [CrossRef] [PubMed]

55. Islam, M.M.; Ye, W.; Matsushima, D.; Rhaman, M.S.; Munemasa, S.; Okuma, E.; Nakamura, Y.; Biswas, M.S.; Mano, J.I.; Murata, Y.
Reactive carbonyl species function as signal mediators downstream of H2O2 production and regulate [Ca2+]cyt elevation in ABA
signal pathway in Arabidopsis guard cells. Plant Cell Physiol. 2019, 60, 1146–1159. [CrossRef]

56. Du, T.; Kang, S.; Zhang, J.; Davies, W.J. Deficit irrigation and sustainable water resource strategies in agriculture for China’s food
security. J. Exp. Bot. 2015, 66, 2253–2269. [CrossRef]

57. Blum, A. Effective use of water (EUW) and not water-use efficiency (WUE) is the target of crop yield improvement under drought
stress. Field Crop. Res. 2009, 112, 119–123. [CrossRef]

58. Talla, S.K.; Panigrahy, M.; Kappara, S.; Nirosha, P.; Neelamraju, S.; Ramanan, R. Cytokinin delays dark-induced senescence in rice
by maintaining the chlorophyll cycle and photosynthetic complexes. J. Exp. Bot. 2016, 67, 1839–1851. [CrossRef]

59. Yang, Y.; Yu, J.; Qian, Q.; Shang, L. Enhancement of Heat and Drought Stress Tolerance in Rice by Genetic Manipulation: A
Systematic Review. Rice 2022, 15, 67. [CrossRef]

60. Lou, D.; Wang, H.; Liang, G.; Yu, D. OsSAPK2 confers abscisic acid sensitivity and tolerance to drought stress in rice. Front. Plant
Sci. 2017, 8, 993. [CrossRef]

61. Mishra, S.S.; Behera, P.K.; Kumar, V.; Lenka, S.K.; Panda, D. Physiological characterization and allelic diversity of selected drought
tolerant traditional rice (Oryza sativa L.) landraces of Koraput, India. Physiol. Mol. Biol. Plants 2018, 24, 1035–1046. [CrossRef]

62. Gupta, A.; Rico-Medina, A.; Caño-Delgado, A.I. The physiology of plant responses to drought. Science 2020, 368, 266–269.
[CrossRef]

63. Zhu, R.; Wu, F.Y.; Zhou, S.; Hu, T.; Huang, J.; Gao, Y. Cumulative effects of drought-flood abrupt alternation on the photosynthetic
characteristics of rice. Environ. Exp. Bot. 2020, 169, 103901. [CrossRef]

64. Zhang, B.; Wu, S.; Zhang, Y.; Xu, T.; Guo, F.; Tang, H.; Li, X.; Wang, P.; Qian, W.; Xue, Y. A high temperature-dependent
mitochondrial lipase EXTRA GLUME1 promotes floral phenotypic robustness against temperature fluctuation in rice (Oryza
sativa L.). PLoS Genet. 2016, 12, e1006152. [CrossRef]

65. Li, X.; Han, H.; Chen, M.; Yang, W.; Liu, L.; Li, N.; Ding, X.; Chu, Z. Overexpression of OsDT11, which encodes a novel
cysteine-rich peptide, enhances drought tolerance and increases ABA concentration in rice. Plant Mol. Biol. 2017, 93, 21–34.
[CrossRef]

66. Croft, H.; Chen, J.M.; Luo, X.; Bartlett, P.; Chen, B.; Staebler, R.M. Leaf chlorophyll content as a proxy for leaf photosynthetic
capacity. Glob. Chang. Biol. 2017, 23, 3513–3524. [CrossRef]

67. Ashraf, M.; Harris, P.J.C. Photosynthesis under stressful environments: An overview. Photosynthetica 2013, 51, 163–190. [CrossRef]
68. Mishra, S.S.; Behera, P.K.; Panda, D. Genotypic variability for drought tolerance-related morpho-physiological traits among

indigenous rice landraces of Jeypore tract of Odisha, India. J. Crop Improv. 2019, 33, 254–278. [CrossRef]
69. Sarwar, J.M.; Nozulaidi, B.N.M.; Khairi, B.C.L.M.; Mohd, K.Y. Effects of water stress on rice production: Bioavailability of

potassium in soil. J. Stress Physiol. Biochem. 2013, 9, 97–107.
70. Nahar, S.; Sahoo, L.; Tanti, B. Screening of drought tolerant rice through morpho-physiological and biochemical approaches.

Biocatal. Agric. Biotechnol. 2018, 15, 150–159. [CrossRef]
71. Kumar, A.; Basu, S.; Ramegowda, V.; Pereira, A. Mechanisms of drought tolerance in rice. In Achieving Sustainable Cultivation of

Rice; Sasaki, T., Ed.; Burleigh Dodds Science Publishing Limited: Cambridge, UK, 2016; Volume 11.
72. Panda, D.; Mishra, S.S.; Behera, P.K. Drought tolerance in rice: Focus on recent mechanisms and approaches. Rice Sci. 2021, 28,

119–132. [CrossRef]
73. Zia, R.; Nawaz, M.S.; Siddique, M.J.; Hakim, S.; Imran, A. Plant survival under drought stress: Implications, adaptive responses,

and integrated rhizosphere management strategy for stress mitigation. Microbiol. Res. 2021, 242, 126626. [CrossRef] [PubMed]
74. Semida, W.M.; Abd El-Mageed, T.A.A.; Mohamed, S.E.; El-Sawah, N.A. Combined effect of deficit irrigation and foliar-applied

salicylic acid on physiological responses, yield, and water-use efficiency of onion plants in saline calcareous soil. Arch. Agron. Soil
Sci. 2017, 63, 1227–1239. [CrossRef]

75. Gao, S.; Wang, Y.; Yu, S.; Huang, Y.; Liu, H.; Chen, W.; He, X. Effects of drought stress on growth, physiology and secondary
metabolites of Two Adonis species in Northeast China. Sci. Hortic. 2020, 259, 108795. [CrossRef]

76. Li, L.; Liu, Y.; Liu, Y.; He, B.; Wang, M.; Yu, C.; Weng, M. Physiological response and resistance of three cultivars of Acer rubrum
L. To continuous drought stress. Acta Ecol. Sin. 2015, 35, 196–202. [CrossRef]

77. Siaut, M.; Cuiné, S.; Cagnon, C.; Fessler, B.; Nguyen, M.; Carrier, P.; Beyly, A.; Beisson, F.; Triantaphylidès, C.; Li-Beisson, Y.; et al.
Oil accumulation in the model green alga Chlamydomonas reinhardtii: Characterization, variability between common laboratory
strains and relationship with starch reserves. BMC Biotechnol. 2011, 11, 7. [CrossRef]

78. Lee, B.R.; Islam, M.T.; Park, S.H.; Jung, H.I.; Bae, D.W.; Kim, T.H. Characterization of salicylic acid-mediated modulation of the
drought stress responses: Reactive oxygen species, proline, and redox state in Brassica napus. Environ. Exp. Bot. 2019, 157, 1–10.

79. Islam, M.M.; Ye, W.; Akter, F.; Rhaman, M.S.; Matsushima, D.; Munemasa, S.; Okuma, E.; Nakamura, Y.; Biswas, M.S.;
Mano, J.I.; et al. Reactive carbonyl species mediate methyl jasmonate-induced stomatal closure. Plant Cell Physiol. 2020, 61,
1788–1797. [CrossRef]

80. Melandri, G.; AbdElgawad, H.; Riewe, D.; Hageman, J.A.; Asard, H.; Beemster, G.T.; Kadam, N.; Jagadish, K.; Altmann, T.;
Ruyter-Spira, C.; et al. Biomarkers for grain yield stability in rice under drought stress. J. Exp. Bot. 2020, 71, 669–683. [CrossRef]

https://doi.org/10.1093/pcp/pcw166
https://www.ncbi.nlm.nih.gov/pubmed/27838658
https://doi.org/10.1093/pcp/pcz031
https://doi.org/10.1093/jxb/erv034
https://doi.org/10.1016/j.fcr.2009.03.009
https://doi.org/10.1093/jxb/erv575
https://doi.org/10.1186/s12284-022-00614-z
https://doi.org/10.3389/fpls.2017.00993
https://doi.org/10.1007/s12298-018-0606-4
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.1016/j.envexpbot.2019.103901
https://doi.org/10.1371/journal.pgen.1006152
https://doi.org/10.1007/s11103-016-0544-x
https://doi.org/10.1111/gcb.13599
https://doi.org/10.1007/s11099-013-0021-6
https://doi.org/10.1080/15427528.2019.1579138
https://doi.org/10.1016/j.bcab.2018.06.002
https://doi.org/10.1016/j.rsci.2021.01.002
https://doi.org/10.1016/j.micres.2020.126626
https://www.ncbi.nlm.nih.gov/pubmed/33189069
https://doi.org/10.1080/03650340.2016.1264579
https://doi.org/10.1016/j.scienta.2019.108795
https://doi.org/10.1016/j.chnaes.2015.09.006
https://doi.org/10.1186/1472-6750-11-7
https://doi.org/10.1093/pcp/pcaa107
https://doi.org/10.1093/jxb/erz221


Antioxidants 2023, 12, 1438 25 of 25

81. Picaud, J.C.; Steghens, J.P.; Auxenfans, C.; Barbieux, A.; Laborie, C.O. Lipid peroxidation assessment by malondialdehyde
measurement in parenteral nutrition solutions for new born infants: A pilot study. Acta Paediatr. 2004, 93, 241–245. [CrossRef]

82. Gill, S.S.; Tuteja, N. Polyamines and abiotic stress tolerance in plants. Plant Signal. Behav. 2010, 5, 26–33. [CrossRef]
83. Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.

Biochem. 2010, 48, 909–930. [CrossRef]
84. Saxena, S.C.; Kaur, H.; Verma, P.; Petla, B.P.; Andugula, V.R.; Majee, M. Osmoprotectants: Potential for crop improvement under

adverse conditions. In Plant Acclimation to Environmental Stress; Tuteja, N., Gill, S.S., Eds.; Springer: New York, NY, USA, 2013;
pp. 197–232.

85. Serraj, R.; Sinclair, T.R. Osmolyte accumulation: Can it really help increase crop yield under drought conditions? Plant Cell
Environ. 2002, 25, 333–341. [CrossRef]

86. EL-Bauome, H.A.; Abdeldaym, E.A.; Abd El-Hady, M.A.; Darwish, D.B.E.; Alsubeie, M.S.; El-Mogy, M.M.; Basahi, M.A.;
Al-Qahtani, S.M.; Al-Harbi, N.A.; Alzuaibr, F.M.; et al. Exogenous Proline, Methionine, and Melatonin Stimulate Growth, Quality,
and Drought Tolerance in Cauliflower Plants. Agriculture 2022, 12, 1301. [CrossRef]

87. Singh, M.; Kumar, J.; Singh, S.; Singh, V.P.; Prasad, S.M. Roles of osmoprotectants in improving salinity and drought tolerance in
plants: A review. Rev. Environ. Sci. Biotechnol. 2015, 14, 407–426. [CrossRef]

88. Waszczak, C.; Carmody, M.; Kangasjärvi, J. Reactive oxygen species in plant signaling. Annu. Rev. Plant Biol. 2018, 69, 209–236.
[CrossRef]

89. Hossain, M.A.; Fujita, M. Hydrogen peroxide priming stimulates drought tolerance in mustard Brassica juncea L. seedlings. Plant
Gene Trait. 2013, 4, 109–123.

90. Mishra, S.S.; Panda, D. Leaf traits and antioxidant defense for drought tolerance during early growth stage in some popular
traditional rice landraces from Koraput, India. Rice Sci. 2017, 24, 207–217. [CrossRef]

91. Alam, M.M.; Hasanuzzaman, M.; Nahar, K.; Fujita, M. Exogenous salicylic acid ameliorates short-term drought stress in mustard
(Brassica juncea L.) seedlings by up-regulating the antioxidant defense and glyoxalase system. Aust. J. Crop Sci. 2013, 7, 1053–1063.

92. Ghafoor, R.; Akram, N.A.; Rashid, M.; Ashraf, M.; Iqbal, M.; Lixin, Z. Exogenously applied proline induced changes in key
anatomical features and physio-biochemical attributes in water stressed oat (Avena sativa L.) plants. Physiol. Mol. Biol. Plants 2019,
25, 1121–1135. [CrossRef]

93. Hosseinifard, M.; Stefaniak, S.; Ghorbani Javid, M.; Soltani, E.; Wojtyla, Ł.; Garnczarska, M. Contribution of exogenous proline to
abiotic stresses tolerance in plants: A review. Int. J. Mol. Sci. 2022, 23, 5186. [CrossRef]

94. Ali, Q.; Ashraf, M.; Shahbaz, M.; Humera, H. Ameliorating effect of foliar applied proline on nutrient uptake in water stressed
maize (Zea mays L.) plants. Pak. J. Bot 2008, 40, 211–219.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1651-2227.2004.tb00713.x
https://doi.org/10.4161/psb.5.1.10291
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1046/j.1365-3040.2002.00754.x
https://doi.org/10.3390/agriculture12091301
https://doi.org/10.1007/s11157-015-9372-8
https://doi.org/10.1146/annurev-arplant-042817-040322
https://doi.org/10.1016/j.rsci.2017.04.001
https://doi.org/10.1007/s12298-019-00683-3
https://doi.org/10.3390/ijms23095186

	Introduction 
	Materials and Methods 
	Plant Materials and Treatments 
	Pot Preparation and Fertilizer Application 
	Treatment Imposition 
	Assessment of Growth and Yield Parameters 
	Gas Exchange Characteristics 
	Estimation of Total Chlorophyll and Carotenoid Content 
	Estimation of Leaf Relative Water Content and Membrane Stability Index 
	Osmoprotectant Measurements 
	Hydrogen Peroxide and Melondealdehyde Determination 
	Estimation of Antioxidant Enzymatic Activity 
	Measurements of Nutrient Content 
	Statistical Analysis 

	Results 
	Growth and Biomass of Rice 
	Agro-Morphology and Yield of Rice 
	Gas Exchange Characteristics and Photosynthetic Pigments of Rice 
	Relative Water Content and Membrane Stability Index 
	Proline, Soluble Sugar and Starch Content 
	Hydrogen Peroxide and Malondialdehyde Content 
	Antioxidant Enzyme Activity 
	Nutrients Concentrations 

	Discussion 
	Growth and Biomass of Rice 
	Agro-Morphology and Yield of Rice 
	Gas Exchange Characteristics and Photosynthetic Pigments of Rice 
	Relative Water Content and Membrane Stability Index 
	Proline, Soluble Sugar and Starch Content 
	Hydrogen Peroxide and Malondialdehyde Content 
	Antioxidant Enzyme Activities 
	Nutrients Concentrations 

	Conclusions 
	References

