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Abstract: Salt stress is a significant abiotic stress that hinders the growth of rice (Oryza sativa L.) and
reduces their yield. Previous research has examined the synthesis of γ-aminobutyric acid (GABA) and
its role in plant resistance under various abiotic stresses. However, the synthesis of GABA and its ability
to mitigate damage caused by salt stress—particularly its effects on osmotic adjustment, antioxidant
defense, photosynthesis, and overall plant growth throughout the entire rice lifecycle—remains unclear.
Therefore, we conducted two experiments using salt-tolerant rice cultivar Lianjian 5 (J-5) and salt-
susceptible cultivar Lianjing 7 (L-7). In Experiment I, RNA-seq (RNA sequencing) was used to analyze
the differential expression of the transcriptome between CK and salinity treatments, revealing the key
roles of GABA in salt tolerance. In Experiment II, different levels of exogenous GABA were applied to
salt-stressed plants to investigate its physiological role in enhancing salt tolerance. Therefore, RNA-seq
(RNA sequencing) was used to analyze the differential expression of the transcriptome between CK
and salinity treatments, revealing the key roles of GABA in salt tolerance. Subsequently, different
levels of exogenous GABA were applied to salt-stressed plants to investigate its physiological role in
enhancing salt tolerance. We measured the activities of superoxide dismutase, peroxidase, and catalase,
as well as photosynthetic characteristics such as photosynthesis, transpiration, chlorophyll content,
stomatal density and size, and leaf anatomical features. The RNA-seq analysis revealed that GABA
production is enhanced via the glutamate decarboxylase (GAD) gene (LOC4333932) in the salt-resistant
rice cultivar. Exogenous GABA application improves salt-stress tolerance by increasing endogenous
ABA and GABA contents, which enhance osmotic adjustment, boost antioxidant defenses, and regulate
ion balance. These combined effects help maintain photosynthetic efficiency and support overall plant
growth under salt-stressed environments. Additionally, the increased proportion of mesophyll cell
periphery covered by chloroplasts (Sc/Sm) indicated enhanced mesophyll conductance. These helped
maintain photosynthesis under saline conditions while reducing water consumption.

Keywords: antioxidant defense; mesophyll; osmotic regulation; RNA-seq; stomata; salt stress

1. Introduction

Globally, over 800 million hectares of fields are affected by salinity, and the area
affected by soil salinization is increasing by 1 to 2 million hectares per year [1]. Asia
accounts for around 30% of the world’s saline soils, with China possessing the largest
proportion of saline-affected land in the region [2,3]. As the demand for food continues to
grow, utilizing saline land presents a viable alternative solution. Rice (Oryza sativa L.) is
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one of the most important staple foods for the world population [4]. Rice is often used as a
pioneer crop for reclaiming salt-affected mudflat soils. The irrigation water helps flush out
salts from the soil, decreasing the harmful effects of salinity on plants. This not only enables
rice to grow in saline-affected land, but also improves the soil for future crop growth [5,6].
As a result, rice cultivation serves as an effective strategy for rehabilitating saline soils and
supporting long-term agricultural sustainability [7].

Rice is sensitive to salinity stress, especially at the early growth stages. Soil salinity
levels above the critical threshold (3.0 dS m−1) can result in substantial reductions in plant
height, tillering, and grain yield [8–10]. Salinity affects lots of physiological processes
like water uptake, nutrient balance, and photosynthesis, often resulting in stunted growth
and poor crop performance [11–13]. To cope with and withstand salt stress, plants have
developed a range of physiological and biochemical mechanisms, regulated by intercon-
nected pathways, that help them maintain functionality under adverse conditions. These
mechanisms involve ion homeostasis, which controls the balance of toxic and essential
ions to prevent damage; osmolyte synthesis, which helps stabilize cellular structures and
maintain osmotic pressure; reactive oxygen species (ROS) scavenging, which protects the
plant from oxidative damage; and hormonal regulation, which modulates growth and stress
responses [9,10]. Together, these pathways form a sophisticated network that enables plants
to adapt to salinity and mitigate its harmful effects on growth and productivity [14–16].
Recent reports have indicated that the salinity tolerance of plants was improved by regu-
lating the antioxidant capacity of plants through enzymes or genes [14]. For example, Liu
et al. (2023) showed that the protein phosphatase PC1 dephosphorylates and deactivates
CatC (catalase class III), which negatively regulates H2O2 homeostasis and reduces salt
tolerance in rice [14]. Rice’s response to salt stress involves various physiological processes
that play key roles in osmoregulation, antioxidation, and ion homeostasis [10]. These
components collaborate to enable the plant to cope with salt stress by regulating water
balance, neutralizing reactive oxygen species, and maintaining ion equilibrium, all of which
are critical for rice survival under saline conditions [17–19]. γ-aminobutyric acid (GABA)
is ubiquitously found across a diverse range of organisms, including bacteria, yeasts, verte-
brates, and plants [20]. In plants, GABA plays a crucial role in stress responses, as its levels
increase significantly when the plant is subjected to various environmental challenges such
as salinity, hypoxia, and heat shock [21]. This rapid accumulation of GABA is thought to be
part of the plant’s adaptive defense mechanism to cope with adverse conditions. However,
the exact biological role of GABA in plants under stressed environments is still not fully
understood, as with, for example, the role of GABA in the movement of stomata [22].

GABA is synthesized from glutamate through an irreversible decarboxylation reaction
catalyzed by glutamate decarboxylase (GAD) in the cytosol [21]. Alternatively, GABA can be
produced via the polyamine metabolic pathway [21]. GABA metabolism plays a role in nitro-
gen recycling and redistribution during leaf senescence triggered by abiotic stress [21]. Fur-
thermore, GABA helps regulate cytosolic pH and serves as an osmoregulatory molecule [23].
Pre-treating citrus seeds with GABA before exposure to high NaCl levels has been shown to
enhance seed adaptation to saline conditions, leading to higher germination rates and longer
radicle growth [24]. Exogenous GABA affects carbon and nitrogen metabolism by regulating
the GABA shunt pathway in maize seedlings under salt stress [25]. Additionally, exogenous
GABA alleviates the detrimental effects of salinity stress in mungbean plants [26]. In tomato
seedlings, exogenous GABA enhances resistance to salt stress by limiting Na+ uptake and
transport and boosting antioxidant metabolism [27]. However, the effects of GABA on rice
under salt stress, particularly regarding photosynthesis, remain unclear.

Salt resistance is a complex, multi-gene, multi-physiological pathway regulation pro-
cess [28]. RNA-seq (RNA sequencing) is a powerful tool for analyzing the transcriptome. It
provides insights into gene expression patterns, including on which genes are up-regulated or
down-regulated by environmental factors [28,29]. In the context of salinity stress resistance,
RNA-seq can be utilized to identify key regulatory genes, pathways, and networks involved
in stress adaptation and tolerance, helping to uncover the complex mechanisms that regulate
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plant responses to salinity [29]. For example, the transcriptomic analysis identified 371 differ-
entially expressed genes (DEGs) in rice, which were associated with the salt tolerance, with
ubiquitination-related genes showing the most responsive patterns [30]. We hypothesized that
variations in transcriptome expression patterns could help uncover the mechanisms behind
the differing salt tolerance between genotypes. Therefore, in this study, we utilized two rice
cultivars: the salt-tolerant Lianjian 5 (J-5) and the salt-susceptible Lianjing 7 (L-7). Compar-
ative transcriptomic analysis was conducted to examine their responses to salt stress under
control conditions (CK) and salt-stressed environments, revealing that GABA positively influ-
enced salt tolerance in rice. Therefore, we applied GABA exogenously at varying levels and
evaluated its effects on yield and yield components, chloroplast and stomatal ultrastructure,
antioxidant enzyme activities, chlorophyll content, and other biochemical parameters.

2. Materials and Methods
2.1. Rice (Oryza sativa L.) Cultivation and Experimental Design

Based on our previous studies [6], salt-tolerant rice cultivar J-5 (Lianjian 5 was pro-
vided by Lianyungang Academy of Agricultural Sciences) and salt-susceptible cultivar
L-7 (Lianjing 7 was purchased from Jiangsu Kingearth Seed Co., Ltd., Yangzhou, China)
were selected and used in this study in the growing seasons (May–October) of 2020 and
2021. J-5 was provided by the Lianyungang Academy of Agricultural Sciences, and L-7 was
purchased from Jiangsu Kingearth Seed Co., Ltd. Seeds were sown on 12 May on seedbed
and transplanted into pots on 12 June, with three hills per pot and two seedlings per hill.
Each pot contained 13 kg of soil. Each pot received 2 g of urea and 0.5 g of KH2PO4 as basal
fertilizer. To further support plant growth, 1 g of urea was added to each pot 7 days after
transplanting, at the jointing stage, and at panicle differentiation, respectively.

In this study, two experiments were conducted. In Experiment I, there were
two treatments: a control (CK) and a 0.2% salt stress treatment. Prior to transplanting,
sea salt (Blue Starfish Salt Product Co., Ltd., Hangzhou, China) was added to the pots. For
the CK and salt stress treatments (0.2%), 0 g and 26 g of salt were applied, respectively. In
experiment II, for the salt stress treatment (0.2%), four concentrations of exogenous GABA
(0 µM, 50 µM, 100 µM, and 150 µM) were sprayed to assess its effects on plant growth.
All the spray solutions contained Tween-20 of a final concentration of 0.02% (v/v) as a
surfactant. GABA was applied to both sides of the leaves during the pre-tillering and
jointing stages manually. Spraying was carried out every two days for a total of seven days
at 18:00. For the salt treatment, a soil salinity meter (TR-6D, Shunkeda, Beijing, China) was
used to monitor and maintain stable soil salinity during the plant growth period (Table 1).

Table 1. Soil electrical conductivity after CK treatment and with 0.2% salinity at different
growth stages.

Year Growth Stage Treatment Soil Salinity
(g kg−1)

Soil Electrical
Conductivity (µS cm−1)

2020 MT CK 0 225.26 ± 3.14 b
0.2% 0.2 4832.37 ± 36.24 a

PI CK 0 224.56 ± 3.05 b
0.2% 0.2 4831.23 ± 26.31 a

MA CK 0 224.31 ± 3.66 b
0.2% 0.2 4828.11 ± 17.34 a

2021 MT CK 0 223.13 ± 4.72 b
0.2% 0.2 4815.51 ± 21.96 a

PI CK 0 222.96 ± 5.12 b
0.2% 0.2 4811.30 ± 36.32 a

MA CK 0 222.94 ± 4.62 b
0.2% 0.2 4812.37 ± 22.56 a

Values ± SD (n = 3) in the same column of the same cultivar with different letters are significantly different
(p < 0.05, Tukey’s test). CK, control treatment; 0.2%, salt stress treatments; MT, mid-tillering stage; PI, panicle
initiation stage; MA, maturity stage.
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2.2. RNA Extraction, RNA-Seq, and Transcriptome Analysis

The two parent cultivars, L-7 and J-5, were grown under 0.2% salt stress and CK
treatments, with samples collected at panicle initiation (PI), flowering stage (FS), and
maturity (MA). The top fully expanded leaf at PI and the flag leaves at the FS and MA
were sampled and immediately frozen in liquid nitrogen. Total RNA was isolated using an
RNAsimple kit (DP419, TIANGEN, Beijing, China). The contamination of genomic DNA
was treated with DNaseI (Takara, Kusatus, Shiga, Japan). RNA quantity and purity were
assessed. The mRNA was purified and then sequencing was conducted on the BGISEQ-500
platform (BGI, Shenzhen, China).

Raw reads were filtered with SOAPnuke v1.5.2, and clean reads were mapped to
the reference genome using HISAT, with genome and gene annotations sourced from
Kim et al. [31]. Differential gene expression between J-5 and L-7 was analyzed using the
Dr. Tom platform (BGI-Shenzhen, China). p < 0.001 was considered significant. KEGG
pathway enrichment was conducted, and GO annotation of candidate genes was performed
with agriGO.

2.3. Chlorophyll Content, SPAD Value, Relative Growth Rate, and Leaf Photosynthesis

At flowering stage, chlorophyll a (Chl a) and chlorophyll b (Chl b) concentrations of
flag leaf were determined following the method of Jin et al. [32]. The portable chlorophyll
(Chl) meter SPAD-502 Plus (Konica Minolta Optics, Tokyo, Japan) was used to measure
leaf SPAD value. Rice plants were sampled at each stage, dried at 105 ◦C for 30 min, and
then at 75 ◦C until they had a constant weight. The dry weight was used to calculate the
relative growth rate (RGR) using the following equation:

RGR =
W2–W1

T2–T1

where W1 and W2 represent the biomass at times T1 and T2, respectively.
At the MT, PI, FS, and MA stages, the net photosynthetic rate (Pn) and transpiration

rate (Tr) of the top fully expanded leaf were measured using a portable photosynthesis
system (LI-6400XT, LI-COR Inc., Lincoln, NE, USA) with a red–blue leaf chamber. Mea-
surements were taken between 09:00 and 11:00 on sunny days, with the photosynthetic
photon flux density set to 1000 µmol m−2 s−1 and the CO2 concentration regulated at
400 µmol mol−1.

2.4. Stomatal Morphology

Flag leaves were sampled at the flowering stage for stomatal measurements using
the silicon rubber impression technique, as described by Jerbi et al. [33]. Stomatal counts
and dimensions were measured on the abaxial epidermal surface, from the middle section
between the leaf tip and base, avoiding the veins. Stomatal length (SL), width (SW), and
pore dimensions were measured on 10 randomly selected stomata using a Zeiss Axio
Imager Z1 microscope (Leica Biosystems, Buffalo Grove, IL, USA) and viewed with Aperio
Image Scope software 12.4.6 (Leica Biosystems Imaging, Vista, CA, USA). Stomatal area
(SA) was calculated as follows:

SA = π× SL × SW
4

Stomatal density (SD) is the number of stomata per area, which was measured by
counting stomata over an area of 2500 µm2. Stomatal density and stomatal area were then
used to calculate the total stomatal pore area index (SPI) [34] as follows:

SPI = SA × SD
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2.5. The Surface Area of Mesophyll Cells Exposed to Intercellular Airspace per Leaf Area (Sm) and
the Surface Area of Chloroplasts Exposed to Intercellular Airspace per Leaf Area (Sc)

Flag leaf sections (0.5 to 1 cm) at the flowering stage were fixed in precooled 2.5%
glutaraldehyde in phosphate buffer for 6 h, washed, treated overnight with 1% OsO4,
processed, embedded in paraffin wax, and observed using an HT7800 transmission electron
microscope (Hitachi, Tokyo, Japan).

Transmission electron microscopy (TEM) pictures were used in this analysis, obtaining
the total length of the mesophyll cell wall exposed to intercellular airspace (IAS) (lm), and
the width of the analyzed leaf cross section (L). The surface area of mesophyll cells exposed
to the IAS per leaf area (Sm) was determined using the following formula:

Sm =
lm
L

× F

where F is the curvature correction factor, set at 1.42 based on a previous study [35]. The
chloroplast surface area exposed to the IAS per leaf area (Sc) was calculated using the
following formula:

Sc = Sm × lc
lm

where lc is the total length of the chloroplasts adjacent to IAS on images [36]. Then,
the proportion of the mesophyll cell periphery covered by chloroplasts (Sc/Sm) could
be calculated.

2.6. The Contents of GABA, ABA, Malondialdehyde, Proline, and Fructose Content

Flag leaves were sampled at MT, PI, FS, and MA to measure the content of GABA and
ABA. The GABA content was measured according to the method of Xie et al. [37]. The ABA
content was measured following the method of Xu et al. [38].

The flag leaves at FS were used to measure the content of malondialdehyde (MDA),
proline (Pro), and fructose (Fru). Leaf MDA content was measured following the method
of Li et al. [39]. While Pro and Fru contents were determined using the method of Nayyar
et al. [40] and Li et al. [41], respectively.

2.7. The Activities of Superoxide Dismutase, Peroxidase, and Catalase

Flag leaves were sampled at the flowering stage, and 0.5 g of fresh tissue was used
to measure the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT), following the method of Gu et al. [42].

2.8. The Contents of Na+ and K+

Flag leaves were sampled at the flowering stage. An amount of 0.5 g of dry powder
sample was mixed with 5 mL of concentrated nitric acid and 0.1 mL of 30% hydrogen
peroxide, then digested in a microwave digester (MARS 5, CEM Corporation, Mathews,
NC, USA). After heating and cooling, the volume was adjusted to 200 mL, with 2% nitric
acid. The concentrations of Na+ and K+ were determined using ICP-OES (IRIS Intrepid II
XSP, Thermo, Waltham, MA, USA).

2.9. Statistical Analysis

Analysis of variance (ANOVA) was conducted using SAS (version 9.2, SAS Institute,
Cary, NC, USA). Tukey’s test (p < 0.05) was used for multiple comparisons. Correlation
analysis of measured physiological traits was also conducted in SAS. Structural equation
modeling was conducted using the ‘lavaan’ package in R 4.0.2 (https://cran.r-project.org/
web/packages/lavaan/index.html; accessed on 1 September 2024).

https://cran.r-project.org/web/packages/lavaan/index.html
https://cran.r-project.org/web/packages/lavaan/index.html
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3. Results
3.1. Transcriptomic Profiling of Rice Cultivars with Varying Salt Tolerance

The identification of genes with significant DEGs between CK and salt-stressed treat-
ments are presented in Figure 1. The results showed that down-regulated and up-regulated
genes were enriched at flowering stage. Compared with CK, 112 genes were down-
regulated and 410 genes were up-regulated for J-5, and 677 genes were down-regulated
and 1020 genes were up-regulated for L-7 under 0.2% salt stress, respectively (Figure 1A).
KEGG analysis showed that these differential genes are distributed in five main KEGG
pathways. Genes were enriched mainly in metabolism, including 202 genes in global
and overview maps, 67 genes in carbohydrate metabolism, and 55 genes in amino acid
metabolism (Figure 1C). GO enrichment analysis revealed that those DEGs of the salt-
tolerant rice cultivar J-5 were enriched in elements involved in biological processes, such
as in nitrogen metabolism, brassinosteroid biosynthesis, and alanine, aspartate, and gluta-
mate metabolism, while for the salt-susceptible rice cultivar L-7, DEGs were enriched in
glutathione metabolism, diterpenoid biosynthesis, and alanine, aspartate and glutamate
metabolism (Figure 1D).
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between salt-stressed and CK treatments. (A) A histogram of DEGs between CK and salt-stressed
treatments. The number above the columns represents the number of DEGs. (B) A venn diagram
of the numbers of DEG of up- or down-regulated genes between salt-stressed and CK treatments
at the flowering stage. (C) A histogram of KEGG pathways with an annotation of the unigenes at
the flowering stage. The five main KEGG classifications are shown in different colors on the right
side. (D) A bubble plot of the KEGG pathway enrichment of DEGs at the flowering stage. PI, panicle
initiation stage; FS, flowering stage; MA, maturity stage; J-5, Lianjian 5; L-7, Lianjing 7.
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3.2. Analysis of Gene Expression of Metabolism of GABA

The analysis of nitrogen metabolism (map 00910) and alanine, aspartate, and glutamate
metabolism (map 00250) showed that compared with salt-susceptible rice cultivar J-5, the
expression of genes related to the GABA synthesis pathway in the salt-tolerant rice cultivar
showed a significant increase, particularly for LOC4333932 (Figure 2). The up-regulation of
the GABA synthesis gene in salt-tolerant rice cultivar indicated that the improvement in
GABA content is of paramount importance for rice salt-stress tolerance.
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Figure 2. Pathway map of physiological metabolism of GABA (A) and log2 fold changes in gene
expression of GABA metabolism pathway between salt-stressed and CK treatments in salt-tolerant
rice cultivar J-5 and salt-susceptible rice cultivar L-7 (B). Nrt, nitrate transporter; NR, nitrate reduc-
tase; NiR, nitrite reductase; GLUL, glutamate-ammonia ligase; Gln, glutamine; GTL1, the trihelix-
transcription factor GT-2-like 1; Glu, glutamic acid; GDH, glutamate dehydrogenase; GAD, glutamate
decarboxylase; J-5, Lianjian 5; L-7, Lianjing 7. NA, not applicable.

3.3. Grain Yield

The exogenous application of GABA significantly increased the yields and yield
components for both salt-tolerant rice cultivar and salt-susceptible rice cultivar under the
0.2% salinity stress in both years (Table 2). Compared with salt-tolerant rice cultivars,
the increase in yield of salt-susceptible rice cultivars was higher under the exogenous
application of GABA. Compared to the 0 µM GABA application, the yield of J-5 increased
by 31.7%, 71.4%, and 88.7%, while the yield of L-7 increased by 45.8%, 50.1%, and 40.8%
under 50 µM, 100 µM, and 150 µM GABA treatments, respectively, based on the two-year
average (Table 2). The increases in yield of the salt-tolerant and salt-susceptible rice
cultivars were mainly due to the significant increase in yield components. Compared to
the 0 µM GABA application, the number of panicles per pot, total number of spikelets per
pot, number of spikelets per panicle, filled grain rate, and 1000-grain weight consistently
increased under 50 µM, 100 µM, and 150 µM GABA treatments. Meanwhile, the increase in
grain yield and yield components of the salt-susceptible rice was significantly higher than
that of the salt-tolerant rice with the application of exogenous GABA (Table 2).
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Table 2. Effects of exogenous application of GABA on grain yields and yield components of salt-
tolerant (J-5) and salt-susceptible (L-7) rice cultivars.

Year Cultivar Treatment
Number of
Panicles per

Pot

Total
Number of
Spikelets

per Pot (103)

Number of
Spikelets per

Panicle

Filled Grain
Rate (%)

1000-Grain
Weight (g)

Yield
(g pot−1)

Yield Increase
Rate (%)

2020 J-5 0 µM 16.33 ± 0.58 c 1.90 ± 0.01 c 116.33 ± 3.79 c 65.30 ± 2.54 b 22.84 ± 0.08 c 28.31 ± 1.06 d
50 µM 19.00 ± 1.00 b 2.27 ± 0.12 b 119.67 ± 0.58 c 69.60 ± 2.96 a 23.07 ± 0.03 b 36.47 ± 1.30 c 29.04 ± 3.12 c

100 µM 22.67 ± 0.58 a 2.84 ± 0.10 a 125.33 ± 1.53 b 72.50 ± 2.21 a 23.14 ± 0.02 b 47.65 ± 2.02 b 68.48 ± 4.25 b
150 µM 23.00 ± 1.00 a 2.98 ± 0.10 a 129.67 ± 1.53 a 73.80 ± 0.70 a 23.27 ± 0.03 a 51.19 ± 1.20 a 81.07 ± 5.65 a

L-7 0 µM 14.00 ± 1.00 d 1.46 ± 0.08 d 104.33 ± 1.53 b 45.27 ± 2.76c 24.30 ± 0.02 d 16.07 ± 1.65 d
50 µM 16.33 ± 0.58 c 1.75 ± 0.10 c 107.33 ± 2.31 b 55.53 ± 0.32 b 24.40 ± 0.02 c 23.77 ± 1.52 c 49.15 ± 3.02 c

100 µM 18.33 ± 0.58 b 2.08 ± 0.07 b 113.33 ± 3.21 a 59.27 ± 0.42 a 24.92 ± 0.03 b 30.68 ± 0.98 b 91.99 ± 1.25 b
150 µM 20.33 ± 1.15 a 2.33 ± 0.16 a 114.67 ± 2.08 a 60.87 ± 0.60 a 24.97 ± 0.02 a 35.44 ± 2.14 a 121.37 ± 4.01 a

2021 J-5 0 µM 15.67 ± 1.15 c 1.77 ± 0.14 d 112.67 ± 2.52 d 64.70 ± 0.85 d 22.81 ± 0.04 d 26.04 ± 1.72 d
50 µM 18.33 ± 0.58 b 2.19 ± 0.06 c 119.67 ± 1.15 c 69.13 ± 0.64 c 23.05 ± 0.01 c 34.95 ± 1.08 c 34.40 ± 3.21 c

100 µM 21.67 ± 0.58 a 2.71 ± 0.09 b 125.00 ± 1.00 b 72.20 ± 1.13 b 23.14 ± 0.01 b 45.27 ± 1.88 b 74.17 ± 4.36 b
150 µM 22.33 ± 0.58 a 2.94 ± 0.05 a 131.637 ± 2.08 a 74.43 ± 0.80 a 23.28 ± 0.01 a 50.94 ± 1.49 a 96.24 ± 2.24 a

L-7 0 µM 13.67 ± 0.58 d 1.41 ± 0.04 d 103.33 ± 1.53 d 41.00 ± 0.62 d 24.35 ± 0.02 d 14.10 ± 0.54 d
50 µM 16.33 ± 0.58 c 1.74 ± 0.10 c 106.67 ± 2.08 c 55.00 ± 1.44 c 24.44 ± 0.03 c 23.41 ± 0.74 c 66.34 ± 4.55 c

100 µM 18.67 ± 0.58 b 2.12 ± 0.04 b 113.33 ± 1.53 b 58.63 ± 0.96 b 24.91 ± 0.02 b 30.89 ± 0.47 b 119.42 ± 5.12 b
150 µM 20.33 ± 0.58 a 2.37 ± 0.09 a 116.67 ± 1.53 a 60.50 ± 0.20 a 24.98 ± 0.04 a 35.86 ± 1.40 a 154.81 ± 4.18 a

Values ± SD (n = 3) in the same column of the same cultivar with different letters are significantly different
between treatments (p < 0.05, Tukey’s test); J-5, Lianjian 5; L-7, Lianjing 7.

3.4. Dry Matter Accumulation and Plant Growth Rate

Compared to the 0 µM GABA application, the dry matter weight of J-5 increased by an
average of 21.9%, 40.3%, and 48.1%, while the dry matter weight of L-7 increased by 18.8%,
29.8%, and 37.8% at maturity under the 50 µM, 100 µM, and 150 µM GABA treatments,
respectively, over two years (Table 3). Compared to the 0 µM GABA application, for the
50 µM, 100 µM, and 150 µM GABA treatments, the plant growth rate of J-5 increased by
an average of 47.3%, 80.1%, and 95.4%, respectively, from the flowering stage to maturity;
in L-7, the plant growth rate increased by 25.6%, 40.5%, and 46.9%, respectively, over
two years (Table 3). During the panicle initiation to flowering stage, the application of
exogenous GABA showed no significant difference in plant growth rate among the various
GABA treatments for the salt-tolerant rice cultivar J-5 over the two years. However, for the
salt-susceptible cultivar L-7, exogenous GABA application significantly enhanced plant
growth during this period in both years (Table 3).

Table 3. Effect of exogenous application of GABA on dry matter weight and plant growth rate of
salt-tolerant (J-5) and salt-susceptible (L-7) rice cultivars.

Year Cultivar Treatment
Dry Matter Weight (g Pot−1) Plant Growth Rate (g d−1 Pot−1)

MT PI FS MA MT-PI PI-FS FS-MA

2020 J-5 0 µM 11.36 ± 0.09 d 45.30 ± 0.34 d 66.26 ± 1.02 d 112.76 ± 1.51 d 1.31 ± 0.01 d 1.40 ± 0.05 ab 1.01 ± 0.02 d
50 µM 13.36 ± 0.06 c 49.60 ± 0.47 c 71.63 ± 0.85 c 136.86 ± 3.01 c 1.39 ± 0.02 c 1.47 ± 0.06 a 1.42 ± 0.05 c
100 µM 14.76 ± 0.12 b 53.38 ± 0.13 b 74.50 ± 0.43 b 157.61 ± 0.93 b 1.49 ± 0.01 b 1.41 ± 0.02 a 1.81 ± 0.03 b
150 µM 16.25 ± 0.15 a 56.25 ± 0.36 a 76.08 ± 0.09 a 166.47 ± 1.01 a 1.54 ± 0.02 a 1.32 ± 0.02 b 1.96 ± 0.02 a

L-7 0 µM 6.53 ± 0.02 d 30.48 ± 0.12 d 43.36 ± 0.17 d 66.22 ± 0.98 d 0.86 ± 0.00 d 0.76 ± 0.02 c 0.48 ± 0.02 d
50 µM 8.77 ± 0.07 c 34.66 ± 0.31 c 49.64 ± 0.94 c 77.97 ± 0.68 c 0.92 ± 0.01 c 0.88 ± 0.07 b 0.59 ± 0.01 c
100 µM 9.77 ± 0.21 b 36.42 ± 0.37 b 53.75 ± 0.48 b 85.43 ± 0.25 b 0.95 ± 0.02 b 1.02 ± 0.03 a 0.66 ± 0.01 b
150 µM 10.29 ± 0.12 a 39.55 ± 0.36 a 57.58 ± 0.42 a 90.52 ± 0.23 a 1.05 ± 0.01 a 1.06 ± 0.03 a 0.69 ± 0.01 a

2021 J-5 0 µM 11.22 ± 0.22 d 44.83 ± 0.49 d 65.89 ± 1.07 d 111.25 ± 2.59 d 1.29 ± 0.01 d 1.40 ± 0.06 a 0.99 ± 0.03 d
50 µM 13.45 ± 0.09 c 50.17 ± 0.05 c 71.68 ± 0.39 c 136.22 ± 1.94 c 1.42 ± 0.00 c 1.43 ± 0.03 a 1.40 ± 0.05 c

100 µM 14.56 ± 0.26 b 53.19 ± 0.09 b 74.28 ± 0.11 b 156.60 ± 1.83 b 1.49 ± 0.01 b 1.41 ± 0.01 a 1.79 ± 0.04 b
150 µM 16.19 ± 0.16 a 55.59 ± 0.49 a 76.18 ± 0.12 a 165.27 ± 0.96 a 1.52 ± 0.02 a 1.37 ± 0.04 a 1.94 ± 0.02 a

L-7 0 µM 6.48 ± 0.03 d 29.34 ± 0.20 d 42.93 ± 2.13 d 64.89 ± 0.62 d 0.82 ± 0.01 d 0.80 ± 0.13 c 0.46 ± 0.04 c
50 µM 8.71 ± 0.13 c 34.23 ± 0.25 c 49.77 ± 0.57 c 77.72 ± 0.65 c 0.91 ± 0.01 c 0.91 ± 0.05 bc 0.58 ± 0.02 b

100 µM 9.83 ± 0.18 b 36.14 ± 0.08 b 53.46 ± 0.45 b 84.75 ± 0.52 b 0.94 ± 0.01 b 1.02 ± 0.02 ab 0.65 ± 0.01 a
150 µM 10.23 ± 0.11 a 39.26 ± 0.17 a 57.25 ± 0.08 a 90.11 ± 0.88 a 1.04 ± 0.01 a 1.06 ± 0.01 a 0.68 ± 0.02 a

Values ± SD (n = 3) in the same column of the same cultivar with different letters are significantly different
between treatments (p < 0.05, Tukey’s test). MT, mid-tillering stage; PI, panicle initiation stage; FS, flowering stage;
MA, maturity stage; J-5, Lianjian 5; L-7, Lianjing 7.

3.5. Transpiration Rate and Photosynthesis

We also measured the photosynthetic parameters under different levels of exogenous
application of GABA at the MT, PI, FS, and MA over two years (Figure 3). Compared
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to the 0 µM GABA application, the photosynthetic rate significantly increased under the
50 µM, 100 µM, and 150 µM GABA treatments at the MT, PI, and FS, while the increase
was not significant at the MA over two years (Figure 3A–D). Compared to the 0 µM GABA
treatment, the transpiration rate significantly decreased under the 50 µM, 100 µM, and
150 µM GABA treatments during the MT, PI, and FS, but showed no significant difference
at the MA over two years (Figure 3E–H).
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Figure 3. The effect of the exogenous application of GABA (0 µM, 50 µM, 100 µM, and 150 µM) on
the photosynthetic rate of the salt-tolerant rice cultivar J-5 (A,C) and salt-susceptible rice cultivar
L-7 (B,D) in 2020 (A,B) and 2021 (C,D), and the transpiration rate of the salt-tolerant rice cultivar
J-5 (E,G) and salt-susceptible rice cultivar L-7 (F,H) in 2020 (E,F) and 2021 (G,H) under salt stress at
the MT, PI, FS, and MA. MT, mid-tillering stage; PI, panicle initiation stage; FS, flowering stage; MA,
maturity stage; Pn, photosynthetic rate; Tr, transpiration rate; J-5, Lianjian 5; L-7, Lianjing 7. Different
letters indicate significant differences between different levels of the exogenous application of GABA
(p < 0.05, Tukey’s test). Bars represent ± SD (n = 3).

3.6. Chlorophyll Content and SPAD Value

Compared to the 0 µM GABA treatment, as the concentration of exogenous GABA
application increased, the content of Chl a and Chl b showed a continuous rise, though
the increase was not significant at higher GABA concentrations (100 µM and 150 µM).
Compared to the 0 µM GABA treatment, the exogenous application of GABA had no
significant effect on the Chl a/Chl b ratio, and there was no genotypic difference between
salt-tolerant and salt-susceptible rice cultivars over the two years (Table 4). Compared with
the 0 µM GABA treatment, the SPAD value increased significantly under 50 µM, 100 µM,
and 150 µM GABA treatments for both genotypes in two years (Table 4).

Table 4. Effect of exogenous application of GABA (0 µM, 50 µM, 100 µM, and 150 µM) on chlorophyll
contents and SPAD value of salt-tolerant (J-5) and salt-susceptible (L-7) rice cultivars under salt-
stressed environment.

Year Cultivar Treatment Chl a
(mg g−1 FW)

Chl b
(mg g−1 FW)

Chl a + b
(mg g−1 FW) Chl a/b SPAD

2020 J-5 0 µM 1.32 ± 0.04 b 0.62 ± 0.02 b 1.94 ± 0.04 c 2.13 ± 0.07 a 34.23 ± 0.04 d
50 µM 1.35 ± 0.02 b 0.65 ± 0.03 b 2.00 ± 0.04 c 2.08 ± 0.08 a 37.34 ± 0.20 c
100 µM 1.41 ± 0.03 a 0.69 ± 0.01 a 2.10 ± 0.03 b 2.04 ± 0.06 a 38.24 ± 0.07 b
150 µM 1.45 ± 0.03 a 0.72 ± 0.02 a 2.17 ± 0.03 a 2.02 ± 0.09 a 39.06 ± 0.14 a

L-7 0 µM 1.28 ± 0.04 b 0.58 ± 0.01 c 1.86 ± 0.04 c 2.21 ± 0.06 a 31.10 ± 0.09 c
50 µM 1.31 ± 0.04 ab 0.60 ± 0.03 bc 1.91 ± 0.04 bc 2.19 ± 0.13 a 33.36 ± 0.26 b
100 µM 1.35 ± 0.05 ab 0.63 ± 0.02 ab 1.98 ± 0.07 ab 2.14 ± 0.02 a 34.53 ± 0.51 a
150 µM 1.36 ± 0.03 a 0.64 ± 0.01 a 2.00 ± 0.02 a 2.13 ± 0.07 a 34.78 ± 0.19 a
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Table 4. Cont.

Year Cultivar Treatment Chl a
(mg g−1 FW)

Chl b
(mg g−1 FW)

Chl a + b
(mg g−1 FW) Chl a/b SPAD

2021 J-5 0 µM 1.28 ± 0.03 c 0.62 ± 0.01 b 1.91 ± 0.03 d 2.06 ± 0.02 a 34.12 ± 0.03 d
50 µM 1.34 ± 0.01 b 0.65 ± 0.01 b 1.99 ± 0.01 c 2.08 ± 0.03 a 37.28 ± 0.11 c
100 µM 1.42 ± 0.01 a 0.69 ± 0.03 a 2.11 ± 0.04 b 2.06 ± 0.08 a 38.25 ± 0.09 b
150 µM 1.45 ± 0.03 a 0.71 ± 0.02 a 2.16 ± 0.02 a 2.03 ± 0.08 a 39.06 ± 0.05 a

L-7 0 µM 1.25 ± 0.03 b 0.58 ± 0.02 c 1.84 ± 0.05 c 2.15 ± 0.04 a 31.09 ± 0.10 d
50 µM 1.32 ± 0.01 a 0.61 ± 0.01 b 1.93 ± 0.01 b 2.15 ± 0.03 a 33.26 ± 0.26 c
100 µM 1.35 ± 0.03 a 0.63 ± 0.01 ab 1.98 ± 0.03 ab 2.13 ± 0.05 a 34.68 ± 0.14 b
150 µM 1.36 ± 0.02 a 0.65 ± 0.01 a 2.01 ± 0.01 a 2.09 ± 0.05 a 35.09 ± 0.09 a

Values ± SD (n = 3) in the same column of the same cultivar with different letters are significantly different
between treatments (p < 0.05, Tukey’s test). J-5, Lianjian 5; L-7, Lianjing 7.

3.7. Stomatal Density and Size, and Leaf Anatomical Properties

The light microscopy images of rice cultivar leaves under various GABA spray con-
centrations are presented in Figure 4, while Figure 5 displays the transmission electron
microscope (TEM) images. The leaf anatomical traits are detailed in Table 5. Compared
with the 0 µM GABA treatment, the stomatal length and width were increased significantly
by increasing the levels of GABA. Higher exogenous GABA application significantly in-
creased stomatal area, while the number of stomata per unit area decreased. These changes
led to a reduction in SPI at higher GABA levels, aligning with the observed decrease in
transpiration under elevated GABA treatments. The SPI was also significantly higher for
salt-susceptible rice cultivar L-7, when compared with salt-tolerant rice cultivar J-5 (Table 5).
Compared with the 0 µM GABA treatment, the SPI of the salt-tolerant rice cultivar J-5
decreased by 5.8%, 11.0%, and 16.1%, respectively, under the 50 µM, 100 µM, and 150 µM
GABA treatments. Compared with the 0 µM GABA, the SPI of salt-susceptible rice cultivar
L-7 was decreased by 5.4%, 13.6%, and 20.8%, respectively, under the 50 µM, 100 µM,
and 150 µM GABA treatments. Sc, Sm, and Sc/Sm showed significant differences between
different rice cultivars. The Sc, Sm, and Sc/Sm of L-7 was lower than for J-5 (Table 5).
Compared to the 0 µM GABA treatment, the application of exogenous GABA at 50 µM,
100 µM, and 150 µM significantly increased Sc, Sm, and the value of Sc/Sm.
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Figure 4. Light micrographs illustrating leaf surfaces of rice under different levels of exogenous
application of GABA (0 µM, 50 µM, 100 µM, and 150 µM) for rice cultivars J-5 and L-7 in 2021 under
stressed environment. Red box indicates presence of stomata. J-5, Lianjian 5; L-7, Lianjing 7.
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Figure 5. Transmission electron microscope images of rice leaves under different levels of exogenous
application of GABA (0 µM, 50 µM, 100 µM, and 150 µM) for rice cultivars J-5 and L-7 in year 2021
under salt-stressed environment. J-5, Lianjian 5; L-7, Lianjing 7.

Table 5. Effect of exogenous application of GABA (0 µM, 50 µM, 100 µM, and 150 µM) on stomatal
density and size, and leaf anatomical properties of salt-tolerant (J-5) and salt-susceptible (L-7) rice
cultivars in 2021.

Cultivar Treatment SL
(µm)

SW
(µm)

SA
(µm2)

SD
(mm−2)

SPI
(10−2 µm2

µm−2)

Sm
(µm2 µm−2)

Sc
(µm2 µm−2)

Sc/Sm
(%)

J-5 0 µM 16.45 ±
0.19 d 9.31 ± 0.07 d 120.20 ± 1.91 d 444.44 ± 10.18 a 5.34 ± 0.12 a 18.25 ± 0.07 d 14.31 ± 0.06 d 78.41 ± 0.20 c

50 µM 17.80 ±
0.42 c 10.33 ± 0.01 c 144.34 ± 3.50 c 348.89 ± 10.18 b 5.03 ± 0.13 b 20.30 ± 0.11 c 16.76 ± 0.19 c 82.58 ± 0.81 b

100 µM 18.36 ±
0.18 b 11.23 ± 0.08 b 161.83 ± 1.91 b 293.33 ± 6.67 c 4.75 ± 0.16 c 21.37 ± 0.16 b 17.94 ± 0.21 b 83.95 ± 0.87 ab

150 µM 18.98 ±
0.13 a 11.37 ± 0.09 a 169.48 ± 0.81 a 264.44 ± 10.18 d 4.48 ± 0.19 d 21.89 ± 0.05 a 18.47 ± 0.23 a 84.40 ± 0.89 a

L-7 0 µM 26.66 ±
0.45 c 16.27 ± 0.06 d 340.55 ± 6.20 d 271.11 ± 10.18 a 9.24 ± 0.49 a 15.25 ± 0.09 d 10.32 ± 0.06 d 67.64 ± 0.05 c

50 µM 27.51 ±
0.16 b 16.71 ± 0.06 c 360.81 ± 1.05 c 242.22 ± 3.85 cb 8.74 ± 0.13 b 17.25 ± 0.10 c 12.24 ± 0.11 c 70.98 ± 0.72 b

100 µM 27.91 ±
0.10 ab 17.25 ± 0.12 b 377.95 ± 1.94 b 211.11 ± 3.85 c 7.98 ± 0.17 c 18.14 ± 0.18 b 13.23 ± 0.12 b 72.90 ± 0.23 a

150 µM 28.35 ±
0.11 a 17.83 ± 0.18 a 396.89 ± 3.25 a 184.44 ± 3.85 d 7.32 ± 0.20 d 18.54 ± 0.08 a 13.68 ± 0.15 a 73.80 ± 0.74 a

SL, stomatal length; SW, stomatal width; SA, stomatal area; SD, stomatal density; SPI, stomatal pore area
index; Sm, surface area of mesophyll cells exposed to intercellular airspace per leaf area; Sc, surface area of
chloroplasts exposed to intercellular airspace per leaf area; Sc/Sm, proportion of mesophyll cell periphery covered
by chloroplasts. J-5, Lianjian 5; L-7, Lianjing 7. Values ± SD (n = 3) in same column of same cultivar with different
letters are significantly different between treatments (p < 0.05, Tukey’s test).

3.8. Contents of GABA and ABA in Flag Leaf

Figure 6 showed the GABA and ABA contents in different rice cultivars. Compared
to the 0 µM GABA treatment, GABA contents continuously increased significantly under
the 50 µM, 100 µM, and 150 µM GABA treatments at the MT, PI, FS, and MA over the
two years. Compared to the 0 µM GABA treatment, ABA content significantly increased
with increasing levels of GABA at the MT, PI, and FS over the two years. However, ABA
content showed no significant change with the exogenous application of GABA at the MA
in both years (Figure 6). The content of ABA and GABA of the salt-tolerant rice cultivar J-5
was significantly higher than the salt-susceptible rice cultivar L-7.
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Figure 6. The effect of exogenous applications of GABA (0 µM, 50 µM, 100 µM, and 150 µM) on
the contents of GABA of the salt-tolerant rice cultivar J-5 (A,C) and salt-susceptible rice cultivar
L-7 (B,D) in 2020 (A,B) and 2021 (C,D), and the content of ABA of the salt-tolerant rice cultivar J-5
(E,G) and salt-susceptible rice cultivar L-7 (F,H) in 2020 (E,F) and 2021 (G,H) at the MT, PI, FS, and
MA. MT, mid-tillering stage; PI, panicle initiation stage; FS, flowering stage; MA, maturity stage. J-5,
Lianjian 5; L-7, Lianjing 7. Different letters indicate significant differences between different levels of
the exogenous application of GABA (p < 0.05, Tukey’s test). Bars represent ± SD (n = 3).

3.9. Contents of K+, Na+, Malondialdehyde, and Osmotic Adjustment Substances and Activities of
Antioxidant Enzymes

Compared to the 0 µM GABA treatment, K+ content significantly increased with rising
GABA levels at the FS (Figure 7A), while Na+ content significantly decreased under the
same GABA treatments at the FS (Figure 7B). Therefore, compared with the 0 µM GABA
treatment, the Na+/K+ ratio decreased significantly with increasing levels of GABA at
the FS (Figure 7C). The content of K+ and Na+/K+ of the salt-tolerant rice cultivar J-5
was significantly higher than that of the salt-susceptible rice cultivar L-7. The activities
of SOD, POD, and CAT were significantly increased with the rising application levels of
exogenous GABA (Figure 7D–F). The activity of antioxidant enzymes of the salt-tolerant
rice cultivar J-5 was significantly higher than the salt-susceptible rice cultivar L-7. In this
study, the exogenous application of GABA led to a significant increase in proline and
fructose contents (Figure 7G,H). Additionally, compared to the 0 µM GABA treatment,
MDA content significantly decreased with increasing levels of GABA at the FS (Figure 7I).
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Figure 7. Effects of exogenous application of GABA (0 µM, 50 µM, 100 µM, and 150 µM) on contents
of K+, Na+, malondialdehyde (MDA), osmotic adjustment substances, and activities of antioxidant
enzymes of salt-tolerant rice cultivar J-5 and salt-susceptible rice cultivar L-7 (A–I). SOD, superoxide
dismutase; POD, peroxidase; CAT, catalase; MDA, malondialdehyde; Pro, proline; Fru, fructose.
J-5, Lianjian 5; L-7, Lianjing 7. Different letters indicate significant differences between different
treatments (p < 0.05, Tukey’s test). Bars represent ± SD (n = 3).

3.10. Correlation Analysis and Analysis of Structural Equation Model

The results of the Pearson correlation analysis are presented in Figure 8A. Overall,
yield was positively correlated with the contents of GABA, ABA, proline, and fructose, as
well as the activities of SOD, POD, and CAT, the Sc/Sm ratio, photosynthetic rate, and the
number of spikelets per panicle. Yield was negatively correlated with the Na+/K+ ratio,
MDA, SPI, and transpiration rate (Figure 8A).

The structural equation model results indicated that yield was influenced by both
the photosynthetic rate and transpiration rate (Figure 8B). The activities of POD, SOD,
CAT, and the contents of osmotic adjustment substances had dominant impacts on the
photosynthetic rate. The content of GABA had a dominant impact on the transpiration
rate, photosynthetic rate, Na+/K+, and the osmotic adjustment substance. The posi-
tive impact of the content of GABA (r = 0.37) on photosynthetic rate outweighed the
transpiration rate increase caused by the content of GABA (r = 0.18). The influence of
increasing the photosynthetic rate (r = 0.86) through the yield was notably higher than
the reduction achieved by increasing the transpiration rate (r = −0.14). The positive
impact of the content of ABA (r = 1.37) on Sc/Sm outweighed the decrease caused by the
content of GABA (r = −0.54). The negative impact of the content of ABA (r = −1.31) on
SPI outweighed the decrease caused by the content of GABA (r = 0.57). The content of
GABA positively influenced yield by decreasing the transpiration rate and increasing
the photosynthetic rate (Figure 8B).
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4. Discussion
4.1. Effects of Genes Related to GABA Synthesis

GABA is irreversibly synthesized by glutamate decarboxylase (GAD). GAD is vital
for GABA metabolism in response to abiotic stress, catalyzing both the degradation of
glutamate (Glu) and the synthesis of GABA [39]. In our study, we analyzed the relative
expression levels of GADs in the leaves of both rice genotypes under salt stress. We
identified a gene (LOC4333932) in the salt-tolerant rice cultivar that increases GABA
content by elevating GAD activity (Figure 2).

4.2. Effects of Exogenous GABA Application on Rice Yield and Growth and Development

It has been reported that rice plant growth is less restricted when soil salt content is
below 1.5 g kg−1 [6]. However, many saline mudflat soils currently have salinity levels
exceeding 3 g kg−1 [6,9]. GABA is a crucial metabolite in both primary and secondary
metabolism, serving as an essential intermediate in nitrogen metabolism and amino acid
biosynthesis [27,43]. Additionally, GABA metabolism via the GABA shunt supplies carbon
skeletons and energy for downstream biosynthetic pathways. GABA also plays a role
in signaling and regulatory mechanisms [44]. GABA plays a dual role in plants as both
a metabolite and a signaling molecule, influencing growth and development [45,46]. It
accumulates rapidly under abiotic stressed environments and helps plants cope with biotic
challenges through various mechanisms [39,47]. By serving as both a key intermediate in
metabolism and a regulator in stress response pathways, GABA enables plants to better
adapt to adverse conditions [48]. Additionally, the exogenous application of GABA can
trigger similar effects to its natural accumulation, potentially boosting plant resilience and
overall vigor [44].
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In our study, exogenous GABA application increased yield by enhancing the number
of panicles per pot, spikelets per panicle, and the thousand-grain weight (Table 2). This
treatment significantly boosted grain yield in both rice genotypes under saline conditions.
With over 110 million hectares of saline land potentially available globally [49], utilizing
exogenous GABA to improve rice salt tolerance could be instrumental in addressing limited
cropland availability and ensuring food safety [50].

4.3. Exogenous GABA Regulates the Physiological and Biochemical Properties of Rice Under Salt
Stress to Improve Salt Tolerance

Salt stress primarily closes stomata and damages photosynthetic apparatus, and
reduces the plant photosynthesis [51]. GABA promotes the synthesis of photosynthetic
pigments and carotenoids, which may help sustain the photosynthesis [52]. Photosynthesis
and transpiration are crucial factors contributing to a plant’s ability to tolerate salt, with
photosynthesis being the most critical process for energy production, and highly influenced
by salt stress [11]. Stomatal closure, regulated by ABA to reduce transpiration, is a strategy
plants adopt to overcome osmotic stress [53]. Chlorophyll is essential for light harvesting
during photosynthesis, but under salt stress, chlorophyll synthesis slows or its breakdown
accelerates [54]. Exogenous GABA can help maintain chlorophyll levels in salt-stressed
mung bean [26]. In this study, the application of GABA mitigated the decline in chlorophyll
content induced by salt stress (Table 4). Previous research has shown that exogenous GABA
can help sustain or enhance chlorophyll levels in salt-stressed mung bean, as well as in
wheat [55], rice [40], muskmelon [32], and tomato [27]. Our findings also showed that Chl
a and Chl b levels increased with higher exogenous GABA application. Additionally, TEM
images of leaves indicated that chloroplast development was enhanced with exogenous
GABA treatment under salt stress. In our study, the application of exogenous GABA
decreased the stomatal number per area and transpiration rate under salt stress. An increase
in Sc and Sc/Sm indicates that a larger surface area of the mesophyll cell periphery is
covered by chloroplasts [56]. In summary, exogenous GABA application enhances the levels
of GABA and ABA in leaves, which can boost photosynthesis and reduce transpiration,
thereby improving salt tolerance.

Plants respond to salt stress at multiple levels, including ionic homeostasis, osmotic
adjustment, ROS scavenging, and maintaining nutritional balance [57]. ROS serve as
signaling molecules during growth, development, and stress responses; however, they
can also cause damage to plant cells [58]. GABA treatment promoted growth and stress
tolerance by scavenging free radicals, regulating enzyme activity, and stabilizing plants
under salinity stress [59]. It is reported that exogenous GABA significantly enhances the
activities of antioxidant enzymes in rice [60]. Similarly, seeds soaked in exogenous GABA
showed increased activities of antioxidant enzymes in the roots and leaves of tomato
seedlings, leading to reduced oxidative damage under salt stress [27]. SOD, CAT, and POD
are key enzymes that play crucial roles in the antioxidant defense system of plants [61].
They catalyze O2

− and H2O2 into O2 and H2O [61,62]. In this study, the enhancing effects
of GABA on SOD and POD were observed under salt stress, which also contributed to
improved salt resistance in rice plants.

Osmotic adjustment substances are essential for improving salt tolerance. Exogenous
GABA application could help regulate osmotic equilibrium in plants, enhancing their
resistance to adverse environmental conditions [21,47]. Plants adapt to osmotic stress
by accumulating compatible solutes such as proline, glycine betaine, soluble sugars, and
organic acids [63]. In this study, the application of GABA enhanced the accumulation of
proline and fructose in both genotypes under salt stress (Figure 7). Studies indicate that
exogenous GABA application inhibits MDA accumulation, reduces electrolyte leakage, and
helps maintain membrane integrity [26,39,40]. Similarly, in our study, the content of MDA
decreased with increasing concentrations of sprayed GABA.

Salt stress arises from elevated Na+ and Cl− ion concentrations in the soil, disrupting
ionic balance and water availability for plants [57]. K+ is crucial for the catalytic func-
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tions of many enzymes, but excess Na+ competes with K+ for uptake across plant cell
membranes [64]. K+ is vital for osmoregulation, protein synthesis, cell turgor, and photo-
synthesis [65,66]. Proper Na+/K+ homeostasis is essential for a plant’s survival under salt
stress [67]. Exogenous GABA application reduced Na+ accumulation, increased K+ absorp-
tion, and improved the Na+/K+ balance [68]. We found that the exogenous application of
GABA reduced Na+ contents and increased K+ contents in leaves (Figure 7). Compared
with the salt-susceptible rice cultivar L-7, the content of K+ of the salt-tolerant rice cultivar
J-5 was higher. On the contrary, the content of Na+ of the salt-tolerant rice cultivar J-5 was
lower than that of the salt-susceptible rice cultivar L-7 (Figure 7). Meanwhile, the Na+/K+

ratio consistently decreased as the concentration of sprayed GABA increased.

5. Conclusions

RNA-seq analysis revealed that GABA production was significantly enhanced through
the activation of the glutamate decarboxylase (GAD) gene (LOC4333932) in salt-tolerant
rice cultivars. The application of GABA improves the salt tolerance of the salt-tolerant
rice cultivar and salt-susceptible rice cultivar by stimulating the synthesis of endogenous
GABA and ABA. Under salt stress, photosynthesis was improved and transpiration was
decreased by increasing endogenous GABA and ABA after spraying exogenous GABA.
The activity of CAT, POD, and SOD and the content of Fru and Pro were increased by
increasing photosynthesis and the Na+/K+ was decreased by decreasing transpiration.
Therefore, exogenous GABA application improved the salt tolerance and yield of different
rice cultivars under salt stress. Moreover, the analysis of stomatal density, size, and leaf
anatomical characteristics showed a reduction in SPI, which lowered the transpiration rate.
Concurrently, the increased proportion of mesophyll cell periphery covered by chloroplasts
(Sc/Sm) indicated improved mesophyll conductance. This improvement in internal CO2
diffusion, along with reduced water loss, contributed to the maintenance of photosynthesis
under saline environments, further enhancing rice salt tolerance. In conclusion, our study
underscores the potential of exogenous GABA application as a promising strategy for
mitigating salinity stress in rice production by promoting physiological adaptations that
improve water-use efficiency, photosynthesis, and overall growth under adverse conditions.
This approach could be crucial in sustaining crop productivity on saline soils, which are
becoming increasingly prevalent due to environmental challenges.
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