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Abstract

Seed priming is an effective method for improving salt tolerance during crop
growth; however, the effect and mechanism of y-aminobutyric acid (GABA)
seed priming on salt tolerance in pepper (Capsicum annuum) remain unclear.
This study used ‘Maoshu 360’ upward-pointing pepper as material to analyze the
effects of seed priming with different concentrations of y-aminobutyric acid (0,
1.0, 2.0, 4.0, 6.0, 8.0 mol-L-1) on plant biomass, osmotic adjustment substances,
antioxidant capacity, photosynthetic system, and potassium and sodium ion ab-
sorption under 100 mmol - L-1 NaCl stress at the 4-6 leaf stage. The results
showed that: (1) Seed priming significantly increased the biomass of pepper
plants under salt stress, with the 6.0 mol-L-1 GABA priming treatment showing
the optimal effect. (2) Seed priming treatment increased the contents of soluble
sugars, soluble proteins, and proline in plants under salt stress, while the con-
tents of O2-- and MDA decreased; the activities of antioxidant enzymes (SOD,
POD, CAT, and APX) were enhanced, leaf chlorophyll content increased, leaf
chlorophyll fluorescence parameters were less affected by stress, and chlorophyll
fluorescence indices including Fv /Fm , qP_ {Lss}, QY_{Lss}, NPQ_ {Lss},
and Rfd all increased. The K+ content and K+/Na+ ratio in roots and stems
decreased. (3) Grey relational analysis indicated that GABA seed priming al-
leviated salt stress damage to pepper plants primarily by increasing POD and
CAT activities and osmotic adjustment substance contents. In summary, 6.0
mol + L-1 GABA seed priming can effectively improve salt tolerance in pepper
seedlings, and its mechanism of action may involve enhancing the antioxidant
capacity and osmotic adjustment ability of pepper plants under salt stress.
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Abstract

Seed priming is an effective method for enhancing crop salt tolerance during the
growth period, yet the effects and mechanisms of y-aminobutyric acid (GABA)
seed priming on pepper (Capsicum annuum) salt tolerance remain unclear. This
study used “Maoshu 360” Chaotian pepper as experimental material to inves-
tigate the effects of seed priming with different GABA concentrations (0, 1.0,
2.0, 4.0, 6.0, and 8.0 pmol - L™!) on plant biomass, osmotic adjustment sub-
stances, antioxidant capacity, photosynthetic system, and potassium/sodium
ion uptake in plants under 100 mmol - L~! NaCl stress at the 4-6 leaf stage. The
results demonstrated: (1) Seed priming significantly increased pepper biomass
under salt stress, with 6.0 pmol - L~! GABA treatment showing the optimal ef-
fect. (2) Seed priming enhanced the contents of soluble sugars, soluble proteins,
and proline while decreasing superoxide anion (+ O, ) and malondialdehyde
(MDA) contents. Antioxidant enzyme activities (SOD, POD, CAT, and APX)
were strengthened, leaf chlorophyll content increased, and chlorophyll fluores-
cence parameters showed reduced stress impact, with improvements in Fv /Fm |
qP_{Lss}, QY_{Lss}, NPQ_ {Lss}, and Rfd. K* content and K*/Na™ ratio in
roots and stems decreased. (3) Grey correlation analysis revealed that GABA
seed priming primarily alleviated salt stress damage in pepper by enhancing
POD and CAT activities and increasing osmotic adjustment substance content.
In conclusion, 6.0 pmol - L' GABA seed priming effectively improves salt toler-
ance in pepper seedlings, likely by enhancing antioxidant capacity and osmotic
adjustment ability under salt stress.

Keywords: y-aminobutyric acid (GABA), pepper, seed priming, salt tolerance,
grey correlation analysis

Introduction

Approximately 1.1 x 10? hectares of global land surface have been affected by
soil salinization, with China’s total saline-alkali soil area reaching 3.69 x 107
hectares. Salinization has become a major obstacle to sustainable agricultural
production (Yang et al., 2022). As an abiotic stress factor, soil salinity adversely
affects crop yields by reducing seed germination rates, impairing plant vigor,
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disrupting cellular ion homeostasis, and altering metabolic pathways (Shabala
et al., 2016; Elbadri et al., 2021). Pepper (Capsicum annuum) is an important
solanaceous vegetable crop with cultivation area exceeding 2.1 million hectares
in China (Zou et al., 2020). Pepper exhibits sensitivity or moderate sensitivity
to salinity, with salt stress during growth and development leading to reduced
yield and fruit quality (Hu et al., 2022).

Extensive research has investigated salt stress mechanisms, which primarily in-
volve direct or indirect overaccumulation of reactive oxygen species (ROS) and
oxidative stress (Abdel & He, 2014), resulting in ion toxicity, nutritional im-
balance, restricted water absorption, decreased photosynthetic efficiency, and
ultimately poor growth or plant death (Cuartero et al., 2006; Afzal et al., 2008;
Nouman et al., 2014). Plants employ multiple mechanisms to cope with salt
stress, including stomatal regulation, maintenance of cell membrane integrity,
hormonal balance modification, activation of antioxidant systems, osmotic po-
tential adjustment, and toxic ion exclusion (Neto et al., 2005; Abdel et al.,
2019).

Seed priming is an emerging seed treatment technology that enhances stress re-
sistance during plant growth and development. Although its mechanism remains
incompletely understood, seed priming likely works by controlling limited seed
activation or stress acclimation, altering gene expression patterns to prepare
plants for subsequent stress exposure (Li et al., 2016). Seed priming can acti-
vate stress response systems, conferring “cross-tolerance” when seeds encounter
future stress conditions (Bhanuprakash & Yogeesha, 2016). As a practical, eco-
nomical, low-risk cultivation measure without biosafety concerns, seed priming
not only improves germination and seedling emergence under stress (Migahid
et al., 2019) but also enhances stress resistance during growth through memory
effects that may even be heritable (Margarete et al., 2019).

~-Aminobutyric acid (GABA) is a non-protein, four-carbon amino acid pro-
duced from glutamate decarboxylation or polyamine degradation by diamine
oxidase, representing a novel plant growth regulator (Wang et al., 2014). Under
stress conditions, GABA rapidly accumulates in plant cells and enhances stress
adaptation by improving antioxidant responses, regulating carbon-nitrogen
metabolism and cytoplasmic pH, and participating in osmotic adjustment and
signal transduction (Jia et al., 2014; Zhang et al., 2020). In salt stress contexts,
GABA functions as a signaling molecule or temporary nitrogen reservoir, sig-
nificantly influencing plant salt tolerance by modulating antioxidant capacity
and improving photosynthetic characteristics (Li et al., 2016; Ramesh et al.,
2017; Kaspal et al., 2021).

This study focused on seed priming and pepper salt tolerance, employing
biomass and physiological-biochemical analyses to investigate: (1) the effects
of GABA seed priming on pepper salt tolerance; (2) the optimal GABA
concentration for seed priming; and (3) the underlying mechanisms through
which GABA seed priming enhances pepper salt tolerance.
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Materials and Methods

1.1 Experimental Materials and Treatments The experimental material
was “Maoshu 360”7 Chaotian pepper, and 7-aminobutyric acid (GABA) was
purchased from Sangon Biotech.

1.1.1 Seed Priming Treatment Six GABA priming concentrations were
established: 0 (distilled water, T0), 1.0 (T1), 2.0 (T2), 4.0 (T4), 6.0 (T6), and
8.0 (T8) pmol + L=, Uniform, plump pepper seeds (1.8 g, approximately 100
seeds) were placed in different GABA solutions at a seed mass (g) to solution
volume (mL) ratio of 1:5 (Wu et al., 2017) and primed at 20 °C in darkness for
24 h. After priming, seeds were rinsed with distilled water to remove residual
GABA, surface moisture was blotted dry, and seeds were returned to their
original weight in a forced-air drying oven at 28 °C. The experiment was repeated
three times.

1.1.2 Salt Stress Treatment Primed and unprimed seeds were germinated
in normal substrate and sown in 15-cell trays under normal management, with
unprimed plants serving as controls (CK). When plants reached the 4-6 leaf
stage, 50 mL of 100 mmol - L~! NaCl solution was applied to each plant every
two days. Samples were collected for analysis after 14 days. Each treatment
included 20 plants, with three replications.

1.2 Measurement Indicators

1.2.1 Plant Growth Assessment Five pepper plants were randomly se-
lected from each treatment to measure plant height and fresh and dry weights
of roots, stems, and leaves.

1.2.2 Enzyme Activity and Metabolite Content Determination Five
plants per treatment were randomly selected, and fully expanded upper leaves
were harvested for analysis. Soluble protein content was determined using the
Bradford (1976) method. Soluble sugar content, malondialdehyde (MDA) con-
tent, and ascorbate peroxidase (APX, U+ (g+min)~! FW) activity were measured
using the anthrone colorimetric method, thiobarbituric acid method, and the
method of Nakano and Asada (1981), respectively, as described by Li (2012).
Reduced ascorbic acid (ASA) and dehydroascorbate (DHA) contents were de-
termined according to Yang et al. (2018). Proline (Pro), hydrogen peroxide
(H,0,), superoxide anion ( - O,7) contents, and activities of superoxide dismu-
tase (SOD, U-g~! FW), peroxidase (POD, U-g~! FW), catalase (CAT, U -
g~! FW), and glutathione reductase (GR, U-g~! FW) were measured using
commercial kits (Solarbio Science & Technology Co., Ltd.), where one unit (U)
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represents the amount of enzyme catalyzing the conversion of 1 pmol substrate
per minute under optimal conditions.

1.2.3 Chlorophyll Content Measurement Five plants per treatment were
randomly selected, and the second to fifth fully expanded leaves from the grow-
ing point were used to determine chlorophyll content with a SPAD-502 meter
(Konica Minolta) (Wakiyama, 2016).

1.2.4 Chlorophyll Fluorescence Parameter Determination Chlorophyll
fluorescence parameters were measured using a FluorPen chlorophyll fluores-
cence analyzer (Photon Systems Instruments, Czech Republic). Six plants per
treatment were randomly selected, and fully expanded leaves at the plant apex
were used to measure Fv/Fm values. After dark adaptation for 20 min, other
chlorophyll fluorescence parameters were determined: potential maximum quan-
tum yield (Fv /Fm ), steady-state photochemical quenching (qP_ {Lss}), steady-
state non-photochemical quenching (NPQ_ {Lss}), steady-state quantum yield
(QY_{Lss}), and fluorescence decline ratio (Rfd).

1.2.5 Na' and K' Content Determination Five plants per treatment
were randomly selected, washed with distilled water, and separated into roots,
stems, and leaves for drying. Dried samples were digested using the concentrated
H,S0,-H,0, method (Bao, 2000), and potassium and sodium contents in the
filtrate were determined by flame atomic absorption spectrometry (Bao, 2000).

1.3 Data Analysis Data were processed routinely in Excel 2019. One-way
ANOVA was performed using SPSS 25.0, with Duncan’s multiple compari-
son test for post-hoc analysis. Grey correlation analysis was conducted using
SPSSAU.

Results

2.1 Effects of Different GABA Seed Priming Concentrations on Pep-
per Growth Under Salt Stress The effects of different GABA seed priming
concentrations on pepper plant growth under salt stress are shown in [Figure
1: see original paper]. GABA seed priming increased fresh and dry weights of
roots, stems, and leaves, as well as plant height. Different GABA concentra-
tions produced varying effects, with the T6 treatment (6.0 pmol - L=! GABA)
showing the best performance, followed by T4 and T2 treatments. These three
treatments showed no significant differences except in stem dry weight and plant
height, and all were significantly higher than the unprimed control (CK). Com-
pared with CK, T6 treatment increased root, stem, and leaf fresh weights by
72.4%, 163.9%, and 94.3%, respectively; root, stem, and leaf dry weights by
1.20-fold, 2.22-fold, and 1.56-fold, respectively; and plant height by 0.92-fold.
Compared with the distilled water treatment, T6 increased root, stem, and leaf
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fresh weights by 62.2%, 138.5%, and 88.3%, respectively; dry weights by 1.03-
fold, 2.14-fold, and 1.28-fold, respectively; and plant height by 0.86-fold. These
results indicate that GABA seed priming promoted better growth and greater
biomass accumulation in pepper plants under salt stress.

2.2.1 Effects on Soluble Sugar, Soluble Protein, and Proline Contents
in Pepper Leaves The effects of different GABA seed priming concentrations
on soluble sugar, soluble protein, and proline contents in pepper leaves under
salt stress are presented in [Figure 2: see original paper]. GABA seed priming
increased the contents of all three substances to varying degrees. Maximum
values were observed at 6.0 pmol - L' GABA, which were significantly higher
than in unprimed plants: soluble sugar content increased by 1.28-fold, soluble
protein by 1.72-fold, and proline by 1.04-fold. Compared with the distilled
water treatment, soluble sugar, soluble protein, and proline contents increased
by 0.94-fold, 0.97-fold, and 0.79-fold, respectively. The T4 treatment showed no
significant difference from T6 in soluble sugar and protein contents (decreasing
by only 0.83% and 11.8%, respectively), while T6 proline content was 1.27-
fold higher than T4 and significantly different from other treatments. These
findings demonstrate that GABA seed priming enhanced physiological activity
and accumulation of osmotic adjustment substances in pepper plants under salt
stress.

2.2.2 Effects on H,O,, Superoxide Anion (+0, ), and MDA Contents
in Pepper Leaves As shown in [Figure 3: see original paper]|, compared with
unprimed plants, GABA seed priming increased H,O, content while decreas-
ing superoxide anion ( -+ O,7) and MDA contents in pepper leaves. Under salt
stress, HyO, content was highest in the T6 treatment, showing significant dif-
ferences from other treatments. Compared with unprimed plants, T6 increased
H,0, content by 2.1-fold and by 1.04-fold compared with the distilled water
treatment. Superoxide anion (- Oy7) and MDA contents were lowest in the
T6 treatment, decreasing by 63.6% and 73.6% compared with unprimed plants,
and by 73.0% and 68.8% compared with the distilled water treatment, respec-
tively, with no significant differences among GABA priming treatments (T1,
T2, T4, T8). These results indicate that GABA seed priming effectively allevi-
ated reactive oxygen species accumulation and cell membrane oxidative damage
in pepper leaves under salt stress.

2.2.3 Effects on SOD, POD, CAT, APX, and GR Enzyme Activi-
ties in Pepper Leaves [Figure 4: see original paper] shows that under salt
stress, GABA seed priming significantly increased the activities of SOD, POD,
CAT, and APX in pepper leaves, with peak activities observed at 6.0 pmol +
L1 GABA. However, GR activity was not significantly affected [Figure 4E:
see original paper|. Except for POD activity in the T4 treatment, significant
differences existed between T6 and other GABA priming treatments in SOD,
POD, CAT, and APX activities. Compared with unprimed plants, T6 increased
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SOD, POD, CAT, and APX activities by 0.44-fold, 4.09-fold, 7.22-fold, and 1.35-
fold, respectively. Compared with the distilled water treatment, these activities
increased by 0.32-fold, 3.30-fold, 1.13-fold, and 1.04-fold, respectively. No con-
sistent differences in GR activity were observed among unprimed, water-primed,
and GABA-primed treatments. These findings demonstrate that GABA seed
priming enhanced the antioxidant capacity mediated by SOD, POD, CAT, and
APX enzymes in pepper leaves under stress.

2.2.4 Effects on ASA, DHA Contents and ASA/DHA Ratio in Pepper
Leaves [Figure 5: see original paper| shows that GABA seed priming increased
ASA content and the ASA/DHA ratio while decreasing DHA content in pepper
leaves. ASA content was highest in the T8 treatment, which was significantly
different from T4 and 1.40-fold higher than T4. Compared with unprimed
leaves, ASA content increased by 62.3% and by 2.02-fold compared with the
distilled water treatment. The higher ASA content and lower oxidized product
(DHA) content in GABA-primed leaves indicate enhanced antioxidant capacity
or reduced free radical stress.

2.3 Effects of Different GABA Seed Priming Concentrations on
Chlorophyll Content in Pepper Leaves The effects of different GABA
seed priming concentrations on chlorophyll content in pepper leaves under
salt stress are shown in [Figure 6: see original paper|. Only the 6.0 pmol -
L~! GABA priming treatment showed significantly higher chlorophyll content
compared with unprimed and water-primed treatments, with increases of 8.78%
and 8.41%, respectively. At the highest GABA concentration (T8), chlorophyll
content was significantly lower than in the T6 treatment, decreasing by 16.0%.
These results indicate that appropriate GABA priming concentrations can
alleviate chlorophyll degradation in pepper leaves under salt stress.

2.4 Effects of Different GABA Seed Priming Concentrations on
Chlorophyll Fluorescence Characteristics The effects of different GABA
priming concentrations on chlorophyll fluorescence characteristics in pepper
leaves under salt stress are presented in [Figure 7: see original paper|. Compared
with unprimed and water-primed treatments, GABA seed priming decreased
Fo values while showing no significant differences in Fv/Fm values. However,
Fv /Fm, qP_{Lss}, NPQ_{Lss}, QY_{Lss}, and Rfd values all increased
significantly. Compared with unprimed plants, the T6 treatment showed
the lowest Fo value (5.04% reduction) and the highest Fv /Fm, qP_ {Lss},
NPQ_{Lss}, QY_{Lss}, and Rfd values, increasing by 10.5%, 22.3%, 40.0%,
14.5%, and 36.1%, respectively. Compared with the water-primed treatment,
Fo decreased by 14.6%, while Fv /Fm , qP_ {Lss}, NPQ_{Lss}, QY_ {Lss},
and Rfd increased by 5.47%, 29.5%, 10.4%, 26.0%, and 27.0%, respectively.
These results demonstrate that GABA seed priming maintained a relatively
stable photosynthetic system and promoted normal photosynthesis under salt
stress.
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2.5 Effects of Different GABA Seed Priming Concentrations on Na™,
K*' Contents and K™ /Na" Ratio The effects of different GABA seed prim-
ing concentrations on potassium and sodium ion contents in pepper roots, stems,
and leaves under salt stress are shown in [Figure 8: see original paper]. Potas-
sium content increased sequentially from roots to stems to leaves in pepper
plants, while Na™ content showed no significant differences among plant parts.
GABA seed priming decreased K™ content in roots and stems but had no sig-
nificant effect on leaf K™ content. Priming did not significantly affect Na*
content in roots, though some treatments increased Nat content in stems (T0)
and leaves (T8). The T1 treatment decreased K*/Na™ ratios in roots and stems
but did not significantly affect the leaf K*/Na™ ratio.

2.6 Grey Correlation Analysis of Different GABA Seed Priming
Treatments on Pepper Physiological Indices Under Salt Stress
Thirty-eight physiological indices were treated as a grey system, with different
treatments as reference sequences and physiological indices as comparative
sequences. Initial value standardization was applied to comprehensively
analyze their correlations. As shown in , correlation values ranged from 0.556
to 0.755, with higher values indicating stronger correlation with the reference
value. POD activity showed the highest comprehensive evaluation (correlation
coefficient of 0.755), followed by CAT activity (0.692) and soluble protein
content (0.688). These results suggest that GABA seed priming primarily
alleviated salt stress damage in pepper plants by increasing POD and CAT
activities and enhancing osmotic adjustment substance content.

Discussion and Conclusion

Numerous studies have demonstrated that seed priming enhances crop toler-
ance to salt stress during growth and development (Chen et al., 2021; Zafar
et al., 2022; Adhikari et al., 2022). In pepper, KCl, hydrogen peroxide, and
5-aminolevulinic acid have been used as priming agents to improve tolerance to
drought, salinity, or low temperature (Korkmaz & Korkmaz, 2009; Rinez et al.,
2018; Gammoudi et al., 2020; Solichatun et al., 2022). GABA is recognized as a
novel plant growth regulator associated with plant stress adaptation (Jia et al.,
2014; Zhang et al., 2020). GABA priming of white clover (Trifolium repens) and
black pepper (Piper nigrum) seeds increased biomass under water or osmotic
stress (Vijayakumari & Puthur, 2016; Zhou et al., 2021). Adding GABA to
hydroponic nutrient solution promoted growth of salt-stressed maize seedlings,
increasing plant height and fresh/dry weights of roots, stems, and leaves (Wang,
2016), and enhanced growth of tomato (Lycopersicon esculentum) roots, stems,
and leaves under salt stress (Luo et al., 2011). However, GABA seed priming in
pepper has not been previously reported. This study demonstrates that different
GABA seed priming concentrations effectively improved growth of salt-stressed
pepper plants, increasing plant height and fresh/dry weights of roots, stems,
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and leaves, with 6.0 pmol - L~ GABA (T6) showing the best results.

Osmotic stress is the most direct response of crops to salt stress, manifested
as reduced water uptake capacity and leaf wilting. Soluble sugars and pro-
teins reflect plant physiological activity and function as osmotic adjustment
substances along with proline (Xue et al., 2018; Li et al., 2021). In this study,
all GABA seed priming treatments significantly increased leaf soluble sugar and
protein contents compared with unprimed or water-primed treatments, indicat-
ing enhanced physiological activity in salt-stressed pepper plants. The T4 and
T6 priming treatments increased leaf proline content above that of unprimed,
water-primed, and other concentration treatments, but the high concentration
(T8) treatment significantly decreased proline content compared with unprimed
or water-primed treatments. This aligns with the optimal priming concentration
determined by biomass measurements and suggests that higher GABA concen-
trations may adversely affect pepper physiological metabolism. Previous studies
have shown that GABA can directly act as an osmoprotectant or maintain sta-
ble osmotic potential by increasing osmotic adjustment substance content (Bai
et al., 2022). Adding 0.5 gL' GABA to culture medium increased soluble
sugar, soluble protein, and free proline contents in blueberry (Vaccinium corym-
bosum) plantlets, alleviating vitrification (Zhang et al., 2021). GABA seed
priming increased soluble sugar, protein, and proline contents in water-stressed
white clover (Zhou et al., 2021). Foliar GABA application promoted proline ac-
cumulation in salt-stressed Siberian Nitraria (Nitraria sibirica), enhancing salt
tolerance (Wang, 2021). GABA-induced salt tolerance in creeping bentgrass
(Agrostis stolonifera) was associated with increased soluble sugar and polyamine
accumulation (Li et al., 2020). However, some studies reported that GABA seed
priming decreased proline content in stressed rice (Sheteiwy et al., 2019). There-
fore, GABA seed priming can increase osmotic adjustment substance content
in pepper plants, maintaining cellular osmotic balance and reducing salt stress
impact.

Reactive oxygen species accumulation is a plant response to salt stress, and scav-
enging capacity reflects crop salt tolerance (Abdel et al., 2014). In this study,
GABA seed priming decreased superoxide anion ( + O, ) and MDA contents in
salt-stressed pepper leaves, indicating reduced oxidative stress and intact cell
membranes. Although leaf H,O, content increased, activities of antioxidant
enzymes (SOD, POD, CAT, and APX) were enhanced, enabling timely removal
of peroxides and oxygen radicals, alleviating oxidative stress and improving pep-
per salt tolerance. Research has shown that H,O, can function as a signaling
molecule in plant cells, participating in systemic acquired resistance (SAR) and
hypersensitive response (HR) processes (Li et al., 2007). Therefore, GABA seed
priming may activate the plant antioxidant system through H,O, accumulation,
thereby enhancing pepper salt resistance. Additionally, GABA itself possesses
ROS scavenging capacity (Deng et al., 2010; Liu et al., 2011). Exogenous GABA
application can promote transcription of antioxidant enzyme-related genes (Li
et al., 2017; Zhang et al., 2022) and increase SOD, POD, CAT, and APX ac-
tivities in rice, black pepper, and perennial ryegrass (Krishnan et al., 2013;
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Nayyar et al., 2014; Vijayakumari & Puthur, 2016). GABA rice seed priming
controlled oxygen radical levels by inducing antioxidant enzyme activities and
gene transcription under stress (Sheteiwy et al., 2019).

As a terminal oxidase, ascorbate peroxidase scavenges reactive oxygen species
by catalyzing ascorbic acid oxidation to dehydroascorbate (Li et al., 2013), while
ASA also functions as a non-enzymatic antioxidant to scavenge oxygen radicals
(Akashi et al., 2004). In this study, GABA seed priming increased APX activity
and ASA content without increasing the oxidized product (DHA), suggesting
that enhanced salt tolerance may be independent of this pathway or that down-
stream DHA pathways participate in ROS scavenging. Li et al. (2016) also
reported that foliar GABA application significantly increased ASA content and
ASA/DHA ratio in heat-stressed creeping bentgrass leaves. Therefore, GABA
seed priming likely enhanced oxygen radical scavenging capacity in salt-stressed
pepper plants through similar mechanisms.

Changes in photosynthetic capacity under stress reflect plant stress tolerance.
Abiotic stress can affect photosynthetic performance, chlorophyll fluorescence
parameters, and chlorophyll content (Brugnoli & Lauteri, 1991; Garg et al.,
2002). This study showed that GABA seed priming affected chlorophyll con-
tent in salt-stressed pepper leaves, with only the T6 concentration significantly
higher than unprimed and water-primed treatments, while the highest concen-
tration (T8) was significantly lower than other treatments. Similar results have
been reported, where foliar GABA application increased chlorophyll content in
salt-stressed Siberian Nitraria (Wang et al., 2019). Regarding chlorophyll fluo-
rescence parameters, GABA-primed plants were not inferior or were superior to
unprimed plants under salt stress, indicating that GABA seed priming mitigated
damage to the pepper photosynthetic system. Few studies have reported GABA
seed priming effects on plant photosynthetic systems, but research has shown
that GABA addition to nutrient solution increased Fv/Fm, ETR, ®PS , and qP
in salt-stressed tomato seedlings (Luo, 2011), and GABA priming of broad bean
(Vicia faba) seeds increased Fv/Fm and decreased NPQ in salt-stressed leaves,
alleviating adverse effects on the photosynthetic system (Shomali et al., 2021).

Salt stress causes Nat accumulation and Na*/K* imbalance in plants (Flowers
& Colmer, 2015), and plants can enhance salt tolerance through selective Na*
uptake or efflux (Niu et al., 2018). This study showed that under salt stress,
potassium accumulated most in pepper leaves, followed by stems, with less accu-
mulation in roots, similar to normal growth conditions (Wu et al., 2019). GABA
seed priming decreased K+ content in roots and stems but did not significantly
affect leaf K™ content. Priming did not significantly affect Na™ content in roots
and stems, though the high concentration treatment (T8) significantly increased
leaf Na™ content compared with unprimed treatment. Although some studies
reported that nutrient solution GABA addition decreased Na* flux and content
in tomato (Wu et al., 2020) and that GABA seed priming promoted Nat/K*
transport and accumulation in white clover seedlings (Cheng et al., 2018), this
study suggests that enhanced pepper salt tolerance by GABA seed priming may
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not involve selective Nat /K" uptake or transport.

Grey correlation analysis is widely used as a comprehensive evaluation method
in crop resistance research (Gao et al., 2021). Given the complex effects of
GABA on plant physiological activities, this study employed grey correlation
analysis to investigate mechanisms of GABA seed priming effects on pepper
salt tolerance. The results indicate that GABA priming primarily alleviated
salt stress damage by increasing antioxidant enzyme activities (POD and CAT)
and enhancing osmotic adjustment substance content.

In summary, 6.0 pmol - L™ GABA seed priming effectively promoted pepper
plant growth under salt stress and can be recommended as a practical seed
treatment method. The mechanisms underlying enhanced salt tolerance likely
involve promoted physiological metabolism, increased contents of soluble sug-
ars, soluble proteins, and the osmotic adjustment substance proline, enhanced
antioxidant capacity, reduced reactive oxygen species levels and membrane lipid
peroxidation damage, and maintained normal photosynthetic system operation.
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