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Abstract: The worldwide saline-affected area is expanding day by day, and soil salinity restricts
crop development and productivity, including rice. Considering this, the current study explored
the response of gallic acid (GA) in conferring salinity tolerance in rice seedlings. Fourteen-day-old
rice (Oryza sativa L. cv. BRRI dhan52) seedlings were treated with 200 mM NaCl alone or combined
with 1 mM GA. Salt stress resulted in osmotic, ionic, and oxidative stress in rice seedlings. Osmotic
stress increased proline accumulation and osmotic potential, which decreased the relative water
content, chlorophyll contents, and dry weight. Ionic stress interrupted ion homeostasis by Na+

accumulation and K+ leakage. Osmotic and ionic stress, concomitantly, disrupted antioxidant defense
and glyoxalase systems by higher production of reactive oxygen species (ROS) and methylglyoxal
(MG), respectively. It resulted in oxidative damage indicated by the high amount of malondialdehyde
(MDA). The supplementation of GA in salt-treated rice seedlings partially recovered salt-induced
damages by improving osmotic and ionic homeostasis by increasing water balance and decreasing
Na+ content and Na+/K+ ratio. Supplemental GA enhanced the antioxidant defense system in salt-
treated rice seedlings by increasing ascorbate (AsA), glutathione (GSH), and phenolic compounds
and the activities of AsA-GSH cycle enzymes, including monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR), and glutathione reductase (GR) enzymes that accelerated ROS
detoxification and decreased oxidative damage. Gallic acid also enhanced the detoxification of MG by
triggering glyoxalase enzyme activities in salt-treated rice seedlings. The present findings elucidated
that supplemental GA reversed salt-induced damage in rice seedlings through improving osmotic
and ionic homeostasis and upregulating the ROS and MG detoxification system.

Keywords: phenolic compounds; reactive oxygen species; osmotic stress; ionic stress; oxidative
stress; salinity

1. Introduction

Soil salinization is one of the most significant environmental challenges, threatening
global agricultural productivity and food sustainability [1]. The alarming point is that
soil salinization is increasing daily, and around 20–50% of global irrigated land is already
salt-affected [2]. It is also assumed that about half of the agricultural land will be salt
affected by 2050 [3]. So, the production of the crop in saline soil is a major challenge to
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maintaining agricultural sustainability as maximum crops are sensitive to salt. Considering
the tolerance ability, rice is also considered as salt-sensitive crop, as growth and yield are
negatively affected by salinity [3–5]. However, the negative effect of salinity on plants exists
from seedling emergence to death. Salinity limits growth and productivity and even causes
the death of plants by disturbing the physiological and molecular features of the plant [4–6].
The primary response of salinity on the plant is osmotic stress and ionic toxicity. Osmotic
stress is very much immediate that hinders water uptake due to stomatal closure and
disrupts osmotic balance, which subsequently reduces cell division and expansion [6,7].
Salinity also induces physiological drought within the plants, reduces photosynthetic
efficiency by degrading photosynthetic pigments, and decreases CO2 assimilation, which
enhances the generation of reactive oxygen species (ROS) [8]. Ionic toxicity is a secondary
effect of salinity in plants and is slower compared with osmotic stress. Ionic stress is
induced in plants through higher Na+ and Cl− uptake that results in mineral imbalance.
Salinity disturbs the translocation of solutes, causes photosynthesis inhibition, and many
other physiological and metabolic dysfunction [3]. A higher amount of salt in plant
growth medium results in higher Na+ uptake and K+ efflux by depolarizing root plasma
membrane that disrupts ion homeostasis [9,10] and alters redox homeostasis, which also
leads to higher production of ROS [3]. However, salinity-induced osmotic and ionic
stress disrupt plant metabolism and many other physiological and biochemical processes
that trigger ROS production [6,11,12]. The overproduced ROS disrupts the equilibrium
between ROS and ROS, detoxifying antioxidant defense system and leading to oxidative
stress. Oxidative stress limits the growth and productivity of plants and even causes death
through lipid peroxidation, damaging proteins and altering carbohydrate metabolism [6,13].
In addition, methylglyoxal (MG), a cytotoxic compound, degrades protein synthesis and
causes oxidative stress under abiotic stress, including salinity [14].

However, plants can overcome oxidative damage by detoxifying ROS and MG by
utilizing their natural antioxidant defense and glyoxalase systems, respectively [15]. The
antioxidant defense system comprises non-enzymatic components, including ascorbate
(AsA), glutathione (GSH), phenolic compounds, flavonoids, alkaloids, and enzymatic com-
ponents, including catalase, ascorbate peroxidase (APX), monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR), that play a
role in detoxifying ROS [6]. The glyoxalase system also works in the detoxification of MG
through the activities of glyoxalase I (Gly I) and glyoxalase II (Gly II) [15].

So, enhancing antioxidant defense and the glyoxalase system by reducing ROS pro-
duction are important mechanisms to improve oxidative stress tolerance [6,15]. Improving
ion homeostasis by reducing Na+ uptake and increasing K+ accumulation through de-
activating guard cell outward rectifying potassium channels (GORK) is also a salinity
tolerance mechanism [16]. Detoxification of ROS can play a role in ion homeostasis by
deactivating non-selective cationic channels (NSCC), which is a pathway of Na+ influx.
Overproduced ROS can activate NSCC, which promotes Na+ accumulation and disrupt
ion homeostasis [9].

Gallic acid (GA), a component of phenolic compounds, plays an effective role in scav-
enging ROS by regulating the antioxidant defense system in rice [17] and wheat [18] under
abiotic stress conditions. Gallic acid also plays role in developing resistance against pests,
such as filbert aphid in hazel [19]. However, external application of GA partially overcomes
oxidative stress in the plant by scavenging ROS through the enhanced antioxidant defense
system [20]. Ion homeostasis, ROS detoxification, and osmotic balance under salt stress
were attained by supplemental GA application in Lepidium sativum [21]. Moreover, the
response of the glyoxalase system and coordination of ion homeostasis, antioxidant defense,
and glyoxalase system under GA supplementation has not yet been studied. Considering
the potential role of GA, the current study was carried out to assess the role of supplemen-
tal GA in conferring salt stress tolerance by upregulating antioxidant defense, glyoxalase
system, and ion homeostasis in rice seedlings.
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2. Materials and Methods
2.1. Plant Materials and Treatments

Healthy and sterilized rice (Oryza sativa L. cv. BRRI dhan52) seeds were soaked in
double distilled water for imbibition. The soaked seeds were kept in an incubator for 2 days,
maintaining the temperature of 28 ± 2 ◦C. The imbibed seeds were washed thoroughly in
distilled water, sown on a plastic net floated on a plastic pot having 250 mL distilled water,
and kept in the same place for 3 days. After keeping 60 germinated seeds, plastic pots
were transferred to the cultivation chamber (light, 350 µmol photons m−2 s−1; temperature,
25 ± 2 ◦C; relative humidity, 65–70%), providing 7500 times diluted commercial hydroponic
nutrient solution (Hyponex, Osaka, Japan). The nutrient solutions were renewed twice
every week. NaCl (200 mM) were applied to 14-day-old rice seedlings with or without
1 mM gallic acid (C7H6O5). Control seedlings were exposed to nutrient solution only. Data
were measured and recorded after 3 days of treatment. The experiment was replicated
thrice under the same condition. All chemicals were procured from Fujifilm, Tokyo, Japan,
unless it was stated otherwise.

2.2. Measurement of Leaf Relative Water Content

The relative water content (RWC) of the leaf was measured as per Barrs and Weath-
erly [22] by weighing fresh weight (FW), dry weight (DW), and turgid weight (TW). Im-
mediately after the collection of leaves, FW was measured and then immersed in distilled
water for 24 h to measure TW. The turgid leaves were oven dried at 70 ◦C for 48 h to
determine DW. However, the RWC of the leaf was measured as per the following equation:

RWC (%) = (FW − DW)/(TW − DW) × 100 (1)

2.3. Measurement of Proline Content and Osmotic Potential

Proline (Pro) content was measured as per Bates et al. [23] by homogenizing fresh
leaves in 3% sulfosalicylic acid. The homogenized leaf sample was centrifuged for 12 min at
11,500× g. The collected supernatant was incubated at 100 ◦C for 1 h using acid ninhydrin
and glacial acetic acid. After cooling the incubated mixture in ice, the developed color was
extracted by toluene to observe the optical density spectrophotometrically at 520 nm.

The osmotic potential was determined as per Ozfidan-Konakci et al. [17] with a
modification using K-7400 semi-micro osmometer. Ground fresh leaves were centrifuged
twice for 10 min at 12,000× g. Osmolarity was determined from collected supernatant and
converted to osmotic potential by Van’t Hoff equation as per the following

ΨΠ (MPa) = −c (mOsmol kg−1) × 2.58 × 10−3 (2)

2.4. Measurement of Chlorophyll Content

Chlorophyll (chl) content was determined by following the method of Arnon [24].
Fresh leaves were ground with 80% acetone and centrifuged at 9000× g for 10 min. Chloro-
phyll a, chl b and carotenoid content were measured spectrophotometrically at wavelengths
of 663, 645, and 470 nm, respectively.

2.5. Measurement of Na+ and K+ Content

Sodium and K+ ion contents were measured by an atomic absorption spectropho-
tometer (Hitachi Z-5000; Tokyo, Japan). After oven drying, the dry roots and shoots were
digested in a mixture of nitric acid and perchloric acid. The digested samples were used
for the spectrophotometric determination of Na+ and K+ content.

2.6. Histochemical Detection of O2
•− Generation in the Leaves

Localization of O2
•− in the leaves was identified with a modification by Chen et al. [25].

Fresh leaves were incubated at room temperature for 12 h after dipping in 0.1% Nitroblue
tetrazolium chloride (NBT) solution. The incubated leaves were decolorized by dipping
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them in boiling ethanol to reveal the dark blue spots produced by the reaction of NBT
and O2

•−.

2.7. Measurement of Lipid Peroxidation and Hydrogen Peroxide Levels

The level of lipid peroxidation was determined according to Heath and Packer [26] by
estimating malondialdehyde (MDA) content. Malondialdehyde content was determined us-
ing an extinction coefficient of 155 mM−1 cm−1 and observing the difference in absorbance
at 532 nm.

Hydrogen peroxide (H2O2) content was measured following Yu et al. [27] using an
extinction coefficient of 0.28 µM−1 cm−1 by observing the absorbance at 410 nm.

2.8. Measurement of Phenolic Compounds

According to Ashraf et al. [28], total phenol contents were measured by homogenizing
leaf samples in acetone. The homogenized leaf samples were centrifuged at 10,000× g for
10 min, and supernatants were mixed with Folin phenol reagent and Na2CO3. Total pheno-
lic content was measured spectrophotometrically at 750 nm wavelength by comparing it
with a gallic acid standard.

Flavonoid content was determined with a modification of Zhishen et al. [29]. Fresh leaf
samples were homogenated in aqueous ethanol and centrifuged at 10,000× g for 20 min
at room temperature. The diluted supernatant was mixed with NaNO2 and incubated
after mixing with AlCl3. Finally, incubated mixture was diluted with distilled water and
1 M NaOH. Subsequently, after vigorous vortex, the flavonoid content was determined
spectrophotometrically at 510 nm wavelength by comparing it with the quercetin standard.

2.9. Measurement of AsA and GSH

Ascorbate content was measured as per Nahar et al. [30] by homogenizing leaf samples
in a mixture of 5% meta-phosphoric acid and 1 mM EDTA. After 15 min centrifuging (at
11,500× g at 4 ◦C), the collected supernatant was neutralized by K-P buffer (pH 7.0), and
the oxidized fraction was reduced by dithiothreitol. Total and reduced ascorbate content
was measured spectrophotometrically at 265 nm in K-P buffer containing ascorbate oxidase
compared with the AsA standard. Dehydroascorbate (DHA) was measured by subtracting
the reduced AsA from the total ascorbate.

Total GSH and oxidized glutathione (GSSG) content were measured as per Grif-
fiths [31] by comparing them with known concentrations of GSH and GSSG. Reduced GSH
was calculated by subtracting GSSG from total GSH.

2.10. Measurement of Protein

As per Bradford [32], protein concentration was estimated using bovine serum albumin
(BSA) as a protein standard.

2.11. Enzyme Extraction and Assays

Fresh rice leaf samples were ground in K-P buffer (pH 7.0), having KCl, ascorbate,
β-mercaptoethanol, and glycerol in an ice-cooled mortar and pestle. After centrifuging
(11,500× g for 15 min at 4 ◦C) the ground samples, supernatants were used to determine
protein and enzyme activities.

Ascorbate peroxidase (APX, EC: 1.11.1.11) activity was estimated according to Nakano
and Asada [33] using an extinction coefficient of 2.8 mM−1 cm−1. Monodehydroascorbate
reductase (MDHAR, EC: 1.6.5.4) activity was determined according to Hossain et al. [34]
using an extinction coefficient of 6.2 mM−1 cm−1. Dehydroascorbate reductase (DHAR, EC:
1.8.5.1) activity was measured by the method of Nakano and Asada [33] using an extinction
coefficient of 14 mM−1 cm−1. Glutathione reductase (GR, EC: 1.6.4.2) activity was estimated
as per Foyer and Halliwell [35] using an extinction coefficient of 6.2 mM−1 cm−1.
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Glyoxalase I (Gly I, EC: 4.4.1.5) and glyoxalase II (Gly II, EC: 3.1.2.6) activities were
determined, as described by Principato et al. [36] using an extinction coefficient of 3.37 and
13.6 mM−1 cm−1, respectively.

2.12. Measurement of Methylglyoxal Content

Methylglyoxal (MG) content was estimated according to Wild et al. [37]. Leaf samples
were homogenized in perchloric acid and centrifuged at 11,000× g for 10 min. Super-
natants were decolorized by charcoal and neutralized by saturated Na2CO3. Neutralized
supernatant was incubated for 10 min after adding sodium dihydrogen phosphate and N-
acetyl-L-cysteine. Finally, MG content was measured at 288 nm wavelength in comparison
with the known concentration of MG.

2.13. Statistical Analysis

All the recorded data were analyzed by CoStat v.6.400 computer-based software
(CoHort Software, Monterey, CA, USA) [38]. Tukey’s HSD test was used for comparison of
the mean differences at 5% level of significance. Means (±SD) were calculated from three
replicates for each treatment.

3. Results
3.1. Growth and Phenotypic Appearance

The growth and phenotypic appearance of rice seedlings deteriorated due to salt
stress. Salinity resulted in the yellowing of the whole plant, burning, and rolling of leaf
tips (Figure 1). In response to 200 mM NaCl stress, the DW of rice seedlings decreased
by 22% compared with the untreated control (Table 1). Supplementation with GA in
salt-treated rice seedlings eliminated salt-induced damage and improved the phenotypic
appearance (Figure 1). Exogenous application of GA increased the DW of salt-treated rice
seedlings by 16% compared with salt-treated alone (Table 1). Nevertheless, the phenotypic
appearance and DW of non-stressed rice seedlings remain unchanged due to external
application of GA.
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Figure 1. Phenotypic appearance of rice (O. sativa L. cv. BRRI dhan52) seedlings as influenced by GA
under salt stress. 1 mM gallic acid and 200 mM NaCl are specified by GA and salt, correspondingly.

3.2. Effect on Leaf RWC, Pro Content and Osmotic Potential

Salinity exposure resulted in osmotic stress in rice seedlings, rising osmotic potential,
Pro content, and lowering RWC of leaf (Table 1). In salt-treated rice seedlings, osmotic
potential and Pro accumulation rose by 215 and 1052%, respectively, compared to the
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control. Conversely, the RWC of salt-treated rice leaves was reduced by 23% compared
to the control. However, supplementation of GA eradicated osmotic stress in salt-treated
rice seedlings by increasing the RWC of leaves and diminishing osmotic potential and Pro
accumulation (Table 1). Osmotic stress indicating parameters remain unchanged in control
seedlings due to supplementation of GA (Table 1).

Table 1. Dry weight, leaf RWC, proline content, osmotic potential, MDA content, and H2O2 content
of salt-treated rice (O. sativa L. cv. BRRI dhan52) seedlings as influenced by GA supplementation.

Treatments Plant DW
(mg Seedling−1) Leaf RWC (%) Proline Content

(µmol g−1 FW)
Osmotic Potential

ΨΠ (MPa)
MDA Content

(nmol of g−1 FW)
H2O2 Content

(nmol of g−1 FW)

Control 28.52 ± 0.91 a 98.23 ± 0.76 a 0.25 ± 0.01 c −0.24 ± 0.01 a 17.56 ± 0.70 c 21.51 ± 0.79 c
GA 28.49 ± 0.48 a 98.84 ± 0.36 a 0.25 ± 0.01 c −0.24 ± 0.01 a 17.63 ± 0.75 c 22.04 ± 1.54 c
Salt 22.75 ± 0.53 c 75.86 ± 2.04 c 2.88 ± 0.07 a −0.75 ± 0.01 c 43.42 ± 1.04 a 42.08 ± 2.04 a

Salt+GA 26.36 ± 0.33 b 88.75 ± 1.18 b 1.04 ± 0.05 b −0.42 ± 0.01 b 27.29 ± 1.14 b 27.58 ± 1.27 b

1 mM gallic acid and 200 mM NaCl are specified by GA and Salt, correspondingly. Values with different letters
are significantly different at p ≤ 0.05 applying the Tukey’s HSD test.

3.3. Effect on Photosynthetic Pigments

The photosynthetic pigments in the leaves of rice seedlings decreased by salt exposure
but were considerably reinstated by GA supplementation (Table 2). Salinity lessened
chl a, chl b, chl (a + b) and carotenoid contents by 36, 42, 38 and 41%, correspondingly,
comparing control seedlings. Supplementation with GA in salt-affected rice seedlings
restored photosynthetic pigments (chl a, chl b, chl (a + b) and carotenoid contents by 33, 48,
36 and 38%, correspondingly) compared with salt-treated alone. However, the application
of GA acid had no effect on photosynthetic pigments on the control treatment (Table 2).

Table 2. Photosynthetic pigments of salt-treated rice (O. sativa L. cv. BRRI dhan52) seedlings as
influenced by GA supplementation.

Treatments chl a (mg g−1 FW) chl b (mg g−1 FW) chl (a + b) (mg g−1 FW) Carotenoid (mg g−1 FW)

Control 2.54 ± 0.05 a 0.78 ± 0.03 a 3.31 ± 0.04 a 0.60 ± 0.01 a
GA 2.51 ± 0.02 a 0.77 ±0.03 a 3.29 ± 0.03 a 0.59 ± 0.03 a
Salt 1.62 ± 0.07 c 0.45 ± 0.04 c 2.06 ±0.08 c 0.36 ± 0.03 c

Salt+GA 2.14 ± 0.08 b 0.66 ± 0.02 b 2.80 ± 0.07 b 0.50 ± 0.03 b

1 mM gallic acid and 200 mM NaCl are specified by GA and Salt, correspondingly. Values with different letters
are significantly different at p ≤ 0.05 applying the Tukey’s HSD test.

3.4. Effect on Ion Regulation

The salt-induced stress dislocated ion homeostasis by rising Na+ accumulation and
Na+/K+ ratio and lowering K+ uptake in root and shoot of rice seedlings compared with
untreated control (Figure 2). In 200 mM NaCl-treated rice seedlings, accumulation of Na+

was lower in the root than shoot. In comparison with salt treatment alone, supplementation
of GA decreased 29% Na+ accumulation in the shoot of salt-treated rice seedlings (Figure 2B).
Exogenous application of GA increased K+ accumulation and decreased Na+/K+ ratio in
the root and shoot of salt-treated rice seedlings compared with salt-treated alone (Figure 2).

3.5. Effect on ROS Generation and Lipid Peroxidation

Salinity resulted in oxidative stress in rice seedlings, indicated by overproduction of
ROS and lipid peroxidation. The imposition of 200 mM NaCl increased H2O2 content in
rice seedlings by 96% compared with untreated control (Table 1). Histochemical staining
revealed the overproduction of superoxide radical (O2

•−) indicated by dark blue spots
in stained rice leaves (Figure 3). External application of GA in salt-treated rice seedlings
reversed the generation of ROS (Table 1; Figure 3). Compared with the control, generation
of H2O2 was lowered by 34% in salt-treated rice seedlings due to GA supplementation
(Table 1). Nevertheless, the external application of GA to control rice seedlings did not
affect ROS production.
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Salinity-induced oxidative stress increased lipid peroxidation (indicated by MDA
content) in rice seedlings. Exposure to 200 mM NaCl in rice seedlings increased MDA



Agronomy 2023, 13, 16 8 of 15

content by 147% compared to the control (Table 1). A remarkable decrease in MDA content
was recorded in salt-treated rice seedlings by GA supplementation, which was 37% lower
compared with salt-treated alone (Table 1).

3.6. Effect on AsA and GSH Pool

Exposure of rice seedlings to salt stress lessened AsA accumulation and AsA/DHA
ratio, but fostered DHA accumulation in rice seedlings. In response to 200 mM NaCl stress,
AsA generation and AsA/DHA ratio were declined by 36 and 50%, respectively, compared
to the control seedlings (Figure 4). However, the addition of GA in salt-treated rice seedlings
uplifted AsA generation and AsA/DHA ratio by 30 and 56%, correspondingly, compared
to salt-treated alone (Figure 4).
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Reduced glutathione and GSSG content were multiplied in 200 mM NaCl-treated rice
seedlings by 38 and 83%, correspondingly, contrasted with the control (Figure 4). The ratio
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of GSH/GSSG declined in salt-treated rice seedlings by 25%, contrasted with the control.
However, the treatment of GA in salt-treated rice seedlings further uplifted GSH generation
by 18% and diminished GSSG content by 24%, compared to salt-treated alone (Figure 4).
Moreover, GA supplementation in salt-treated rice seedlings boosted the GSH/GSSG ratio
by 55%, contrasted with salt-treated seedlings alone.

3.7. Effect on Phenolic Compounds

Total phenol and flavonoid accumulation declined in salt-treated rice seedlings by
32 and 39%, correspondingly, contrasted with the untreated control (Figure 5). The addition
of GA in salt-treated rice seedlings boosted total phenol and flavonoid content by 37 and
53%, correspondingly, contrasted with salt-treated alone (Figure 5). Supplementation of
GA in seedlings without salt application also significantly increased total phenol and
flavonoid contents.
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3.8. Effect on Antioxidant Enzymes

External application of GA on control rice seedlings did not influence antioxidant
enzymes, but had a significant impact under salt stress conditions. In rice seedlings exposed
to 200 mM NaCl, the activities of antioxidant enzymes including APX, MDHAR, DHAR,
and GR was boosted by 54, 53, 20, and 44%, correspondingly, contrasted with control
seedlings (Figure 6). Nevertheless, the exogenous treatment of GA in salt-treated rice
seedlings further upgraded the activities of MDHAR, DHAR, and GR by 16, 10 and 20%,
correspondingly, contrasted with salt-treated seedlings alone (Figure 6).

3.9. Effect on Glyoxalase System

Compared with the control, 200 mM NaCl stress sharply replicated MG accumulation,
Gly I, and Gly II activities in rice by 119, 33 and 35%, respectively (Figure 7). Applying GA
in salt-treated rice seedlings decreased MG accumulation by 33% compared to salt-treated
seedlings alone (Figure 7). Supplementations of GA in salt-treated rice seedlings boosted
the activities of Gly I and Gly II enzymes by 15 and 20%, correspondingly, compared to
salt-treated seedlings alone (Figure 7). However, the application of GA did not influence
the glyoxalase system of control rice seedlings.
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4. Discussion

The preliminary response of salinity on the plant is osmotic stress and ionic toxi-
city. Among them, osmotic stress is very much immediate. It disturbs water uptake
and causes stomatal closure, which is one of the reasons for reducing cell division and
enlargement, as well as plant growth [6,12]. In the current study, exposure to salinity
resulted in osmotic stress that was indicated by greater osmotic potential, Pro accumula-
tion, and poor leaf RWC. Salinity also reduced the growth of rice seedlings, as indicated
by decreasing DW. These results are in aligned with previous results [17,39–42], which
reported salinity-induced osmotic, ionic, and oxidative stress on the plant and decreased
growth. Hasanuzzaman et al. [6] stated that salinity augmented osmotic potential, Pro
content, and declined RWC by reducing the water retention dimension for osmotic modifi-
cation. Conversely, the external application of GA restored the growth and water balance
of salt-affected rice seedlings by decreasing osmotic potential, Pro accumulation, and in-
creasing DW and RWC. Similar results were also illustrated in earlier studies [17,18,21],
which reported that the external application of GA restored the growth and water uptake
capacity by reducing osmotic stress. Exposure to salinity creates physiological drought
conditions within the plants, which hampers stomatal closure, slows down photosynthetic
CO2 assimilation, degrades chl content and photosynthesis efficiency [43], and leads to
higher ROS generation, as well as reducing growth [8,44]. Saha et al. [45] reported that
salt-induced stress shrunken photosynthetic pigments and increased ROS production by
activating the chlorophyllase enzyme. Our study revealed that salt stress sharply decreased
the photosynthetic pigments of rice seedlings, which were considerably restored by GA
supplementation. The present results are in line with earlier illustrations [18,21], which
noted that GA supplementation in plants promoted the phenolic pool that reduced ROS
and restored photosynthetic pigments under abiotic stress conditions.

Salt-induced ionic toxicity disrupts ion homeostasis and cellular function, disturbing
nutrient uptake and translocation [6,46]. Ionic toxicity activates GORK channels by de-
polarizing the plasma membrane, resulting in higher Na+ and lower K+ accumulation in
the plant [16,47]. The present study showed that salt stress unsettled ion homeostasis by
escalating Na+ accumulation and Na+/K+ ratio and declining K+ uptake in the root and
shoot of rice seedlings. Accumulation of Na+ was greater in shoot than root in salt-affected
rice seedlings. Related ionic imbalance by salinity in rice was also narrated in earlier stud-
ies [39,42,48]. Conversely, supplemental GA restored the ion homeostasis by decreasing
Na+ accumulation in the shoot and increasing K+ accumulation in the root and shoot of
salt-treated rice seedlings. This finding corroborates with Babaei et al. [21], who reported
that supplemental GA upregulates ion homeostasis by declining Na+ accumulation and
replicating K+ accumulation. Under salt stress, overproduced ROS activate NSCC, the
major pathway of Na+ uptake in plants [9,16]. External GA in salt-treated rice seedlings of
the present study diminished the ROS levels (discussed in the later part) and contributed
to improving ion homeostasis.

Salt-induced osmotic stress degrades chl content and photosynthesis efficiency [40]
and leads to higher ROS generation [8,44]. Salinity-induced Na+ influx and K+ efflux
disrupt electron flow from the central transport chain to the oxygen reduction pathway in
the cell and lead to higher ROS generation [3]. The salinity-induced osmotic and ionic stress
concomitantly disturbs plant metabolism and causes accumulation of ROS [11,12] and leads
to oxidative stress by lipid peroxidation, protein oxidation, and enzyme inhibition [13,49].
The current study presented that salinity resulted in oxidative stress in rice seedlings,
signified by greater ROS (H2O2 and O2

•−) production, which caused lipid peroxidation
(specified by MDA content). In agreement with our results, previous findings registered that
salinity-induced osmotic and ionic stress resulted in oxidative damage in plants through
more ROS production and lipid peroxidation [3,15]. However, supplemental GA reversed
the production of ROS and lipid peroxidation in rice seedlings under salt stress. Treatment
of GA in salt-treated rice seedlings increased phenolic compounds, including total phenol
and flavonoid contents, which might work in scavenging overproduced ROS. The present
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observation agrees with earlier studies [18,50], which determined that GA as a potential
antioxidant reduces lipid peroxidation and oxidative damage in the plant by scavenging
ROS and improving the antioxidant defense system and metabolism.

The role of AsA, GSH, phenolic compounds, and flavonoids in maintaining cellular
redox potential under abiotic stress by detoxifying ROS has been well documented. Ascor-
bate and GSH directly quench and scavenge ROS by reacting and activating antioxidant
enzymes [13,49]. The current study opined that salinity augmented DHA content in rice
seedlings, resulting in lower AsA content and AsA/DHA ratio. The salt-induced toxic
ROS production and augmented oxidation might be facilitated by lesser AsA accumulation
and AsA/DHA ratio. These findings corroborate earlier illustrations [15,51,52], which
documented lower AsA content and AsA/DHA ratio by salinity. Gallic acid addition in
rice seedlings boosted AsA production, as well as AsA/DHA ratio, under salinity. The
increment of AsA production by supplementing GA in salt-treated rice seedlings might
be due to the upgradation of phenolic compounds, which scavenged overproduced ROS
and uplifted MDHAR activities. The present work delineated that salt-induced oxidative
stress promoted GSH production and declined GSH/GSSG ratio in rice seedlings. The
overproduced ROS triggered the oxidation of GSH, which confirmed higher production
of GSSG and lowered GSH/GSSG ratio in salt-treated rice seedlings. Related verdicts
were generated in earlier studies [41,48,53], which recorded that salinity increased the
production of GSSG, as well as lowered GSH/GSSG ratio, in rice seedlings. However,
supplementing GA in salt-treated rice seedlings increased the GSH/GSSG ratio by further
incrementing GSH production and reducing GSSG content. The increment of reduced GSH
production and GSH/GSSG ratio in GA-supplemented salt-treated rice seedlings might be
due to the upgradation of phenolic compounds, which scavenged overproduced ROS and
enhanced GR activities. These verdicts are steady with Colak et al. [18], who confirmed
that GA increased GSH content by enhancing GR activities under abiotic stress.

Phenolic compounds and flavonoids are potent antioxidants and secondary metabo-
lites that can be regulated under abiotic stress and reveal the antioxidant potential by
ROS detoxification and improving antioxidant enzyme activities [6]. In our study, salt
exposure in rice seedlings decreased total phenols and flavonoid contents. In agreement
with the present demonstration, Rahman et al. [52] stated that salt stress decreased total
phenols and flavonoid contents in salt-treated rice seedlings. However, supplementing GA
reversed the production of phenolic compounds and increased total phenols and flavonoid
accumulation in salt-affected rice seedlings. Related results are illustrated in earlier demon-
strations [20,21], which differed that supplementation of GA increased phenolic compounds
that played a role in ROS detoxification under abiotic stress.

The antioxidant enzymes APX, MDHAR, DHAR, and GR play a crucial role in scav-
enging overproduced ROS and regenerating AsA and GSH through the AsA-GSH cy-
cle [49,51,54]. Glutathione reductase also regenerates AsA and GSH together with MDHAR
and DHAR; these all take part in scavenging overproduced ROS under abiotic stress con-
ditions [49]. In the current study, salinity exposure in rice triggered the activities of APX,
MDHAR, DHAR, and GR enzymes. Overproduced ROS and lesser-produced AsA might
be accountable for higher APX, MDHAR, and DHAR activities, while more ROS and GSH
might increase GR activity. Similar results were stated in previous findings [48,52], which
reported that activities of AsA-GSH cycle enzymes increased in plants under salt stress.
However, supplementing GA further uplifted the activities of MDHAR, DHAR, and GR
enzymes. Colak et al. [18] mentioned that supplemental GA upregulates the antioxidant
enzyme activities in wheat under ionizing radiation stress by reducing ROS and increasing
phenolic compounds. Babaei et al. [21] also displayed that supplemental GA increased
APX and GR activities in Lepidium sativum L. under salinity.

Detoxification of MG in rice plants by augmentation of Gly I and Gly II activities is well
documented [48,52,53]. By utilizing GSH, Gly I converted MG to S-D-lactoylglutathione
(SLG) through the production of intermediate product hemithioacetal. Then, Gly II hy-
drolyzes SLG and is converted to D-lactate, and subsequently, GSH is regenerated [14,55].
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In the current study, salinity replicated MG content and triggered Gly I and Gly II en-
zymes’ activities. In agreement with the present illustration, earlier illustration [48,52] also
revealed that salt stress increased MG production with the enhancement of glyoxalase
enzyme activities. External application of GA in rice further upgraded the activities of Gly
I and Gly II with a reduction of MG production and an increment of GSH content. Hence,
this upgradation of glyoxalase system components by supplemental GA might play a role
in MG detoxification and confer tolerance in salt-treated rice seedlings. In corroborate
with these results, previous studies [48,52,53] demonstrated that an upregulated glyoxalase
system increased salt stress tolerance by detoxifying MG and increasing GSH production.

5. Conclusions

Salt stress in rice seedlings leads to osmotic and ionic stress by disrupting water
balance and ion homeostasis. Salinity also induced oxidative stress by interrupting ROS and
MG detoxification systems. Conversely, supplementing GA in salt-treated rice seedlings
restored salt-induced damage. Gallic acid addition in salt-treated rice seedlings replicated
antioxidant (AsA, GSH, and phenolic compounds) production and activities of AsA-GSH
cycle enzymes that maintain equilibrium among ROS and antioxidant defense systems.
The glyoxalase system was also boosted by GA supplementation and maintained MG
detoxification. Detoxification of ROS by GA supplementation worked in ion homeostasis
and osmoregulation. However, ionic homeostasis, ROS, and MG detoxification system
worked coordinately to restore salt-induced damage by GA supplementation.
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