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Abstract

Background: Nitric oxide (NO) is a key signaling molecule regulating plant physiological and biochemical
processes as well as stress responses. In our study, the NO donor sodium nitroprusside (SNP)
significantly promoted ginger seedling growth under salt stress, while treatment with the NO scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) reversed these effects,
confirming the critical role of NO in enhancing salt tolerance. Meanwhile, NO enhanced antioxidant
enzyme activities and reduced ROS accumulation to alleviate oxidative damage. To further investigate
the molecular mechanisms by which NO alleviates salt stress in ginger seedlings, transcriptomic
analysis was performed on ginger leaves.

Results: This analysis identified 2,252 DEGs under salt stress, which were enriched in 55 KEGG
pathways, primarily including plant hormone signal transduction and starch and sucrose metabolism
pathways. Specifically, further analysis showed that 19 DEGs were enriched in plant hormone signal
transduction, while 16 DEGs were enriched in starch and sugar metabolism. NO treatment increased the
levels of indole-3-acetic acid (IAA), gibberellin 3 (GA3) and trans-zeatin (ZR), while reducing the levels of
abscisic acid (ABA), methyl jasmonate (MeJA) and brassinosteroids (BR). Moreover, NO promoted the
accumulation of soluble sugars and sucrose and enhanced the activities of key enzymes involved in
starch and sucrose metabolism, thereby effectively improving osmotic adjustment. All of these SNP-
induced effects were reversed by cPTIO.

Conclusions: Taken together, our results demonstrate that NO improves antioxidant capacity, maintains
endogenous phytohormone balance and enhances osmotic adjustment, ultimately alleviating salt stress
damage in ginger seedlings.

1. Introduction

Salt stress is one of the major abiotic stresses threatening global agricultural production, which seriously
inhibits crop growth, development and yield [1, 2]. Simultaneously, salt stress causes osmotic imbalance,
ionic toxicity and oxidative damage in plants, thereby disrupting normal cellular metabolism, inhibiting
photosynthetic efficiency and accelerating tissue senescence, which ultimately leads to a significant
decline in crop yield and quality [3, 4, 5]. In plants, salt stress results in stunted growth and leaf yellowing,
leaf wilting, root damage, reduced chlorophyll content, decreased photosynthetic rates and reduced
branching, which seriously inhibits the plant growth and development [6]. Therefore, improving the
tolerance of plants to salt stress has currently become a pressing issue.

In recent years, numerous studies have demonstrated that nitric oxide (NO), a widely distributed gaseous
signaling molecule in plants, exerts crucial regulatory functions throughout the entire process of plant
growth and development. The production of NO in plants primarily depends on enzymatic and non-
enzymatic pathways [7]. Enzymatic pathways are mainly mediated by nitrate reductase (NR) and nitric
oxide synthase-like (NOS-like) enzymes and non-enzymatic pathways rely on the chemical reduction of
nitrite [8]. It not only participates in physiological processes such as seed germination, root
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development, fruit ripening and postharvest preservation, but also plays a key role in plant responses to
abiotic stress [9, 10]. Currently, a large number of studies have confirmed that NO treatment can
effectively delay postharvest senescence, mitigate damage from adverse stress and reduce the
incidence of fruit diseases [11, 12, 13]. Moreover, NO promotes sugar interconversion in peaches by
regulating the activity of key enzymes involved in sugar metabolism, thereby maintaining the balance of
soluble sugars and delaying the fruit softening and senescence [14]. These multiple pathways
collectively maintain NO homeostasis in plants and participate in regulating various physiological
processes and stress responses. It is worth noting that many studies have indicated that exogenous NO
application can protect cell membrane structure and enhance osmotic regulation by eliminating reactive
oxygen species (ROS), maintaining ion homeostasis and improving antioxidant capacity [15, 7].
Moreover, NO at appropriate concentrations can regulate the biosynthesis of endogenous plant
hormones and the metabolism of osmoregulatory substances [16, 17], thereby alleviating the growth
inhibition and physiological damage caused by stresses such as salt, drought and low temperature [18].

Notably, NO interacts with various plant hormones, playing a crucial role in regulating plant growth and
development as well as responses to abiotic stress. The synergistic action of NO with hormones such as
ethylene (ETH), auxin (AUX), abscisic acid (ABA), and jasmonic acid (JA) is extensively involved in plant
stress responses and growth regulation [19, 20, 21, 22]. For example, endogenous NO interacts with ABA
to enhance antioxidant enzyme activity and maintain chlorophyll content in cut roses, thus delaying cut
flower senescence. [23]. NO and GA act synergistically to improve grape seed viability and germination,
thereby promoting seedling growth [24]. The combined application of NO and strigolactones (SLs)
increases photosynthetic pigment content and antioxidant capacity, ultimately enhancing salt tolerance
in tomato seedlings [25]. On the other hand, starch and sugar metabolism in plants is central processes
for energy supply and osmotic regulation. These metabolites not only provide the material and energy
foundation for plant growth and development but also play crucial roles in maintaining cell turgor,
scavenging ROS and transducing stress signals [26]. However, salt stress accelerates starch degradation
and inhibits the activity of key enzymes involved in sugar synthesis, ultimately disrupting the distribution
of photosynthetic products and causing an imbalance in soluble sugar levels, which severely impairs the
normal plant growth and development as well as physiological processes related to stress resistance
[27].

Therefore, this study identifies key genes in ginger seedlings associated with plant hormone signal
transduction and starch and sugar metabolism during the process by which NO alleviates salt stress.
The aims were to further elucidate the molecular mechanisms of NO through which NO enhances the
salt tolerance of ginger seedlings by regulating hormone signaling and starch and sugar metabolism.
This provides a theoretical basis for revealing the molecular mechanisms by which NO enhances the salt
tolerance of ginger seedlings.

2. Materials and Methods
2.1 Plant Materials and Treatment
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Zingiber officinale Roscoe cv. Fengtou was utilized as the plant material in this study. The ginger seed
rhizomes were provided by the Hubei Key Laboratory of Spices & Horticultural Plant Germplasm
Innovation & Utilization, Yangtze University. Healthy rhizome with plump buds and uniform size were
selected and sown in pots measuring 25 cm in diameter at the top, 20 cm at the bottom and 30 cm in
height. After the ginger was grown for 2 months, plants with a height of 50 cm and 7-9 true leaves were
selected for the experiment. The experiment comprised five treatments: CK (distilled water), NaCl (20
g-L™"), NaCI+SNP (150 pmol-L-") (a NO donor), NaCl+cPTIO (NO scavenger, 2-(4-carboxyphenyl)-4, 4, 5, 5-
tetramethylimidazoline-1-oxyl-3-oxide potassium) (1 umol-L-") and cPTIO. The concentrations were
determined according to the results of preliminary experiments. Seedlings were cultured in a controlled
environment maintaining a temperature of 26 °C and a photoperiod of 16 h light / 8 h dark. Samples
were collected 7 days after treatment and immediately stored at -80 °C for subsequent physiological and
molecular analyses.

2.2 Measurement of Growth Parameters

The morphological parameters of ginger seedlings in different treatment groups were determined. A
camera (Canon EOS-77D) was used to photograph the overall morphology of ginger seedlings in each
treatment group. Root systems were scanned using a root scanner (Model J221A, Indonesia) to obtain
images. Seedling height, leaf length, and leaf width were measured using a ruler, while stem diameter
was measured using a Vernier caliper. Morphological traits including plant height, stem diameter, leaf
length and leaf width were determined, and mean values were calculated from five ginger seedlings per
replicate.

2.3 Determination of H,0,, O,", MDA Contents and
Antioxidant Enzyme Activities

The H,0, content and O, production rate in different ginger tissues were determined according to the

method of Zhao et al. (2025) [28]. Briefly, 0.1 g of ginger tissue was homogenized in 5 mL of 0.1%
trichloroacetic acid (TCA) on an ice bath. The homogenate was transferred to a centrifuge tube and
centrifuged at 12,000xg for 15 min. Then, a T mL of the supernatant was collected and mixed with T mL
of potassium phosphate buffer and 2 mL of potassium iodide (KI) solution. After thorough mixing, the
absorbance was measured at 390 nm, and the H,0, content and O, - production rate was calculated
using a standard curve. Malondialdehyde (MDA) content was determined following the protocol
described by Fan et al. (2023) [29]. The activities of POD and SOD were quantified using the procedures
reported by Zhang et al. (2025) [30]. Catalase (CAT) activity was measured using a CAT assay kit
(Solarbio, Beijing, China).
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2.4 RNA Extraction and Transcriptome Sequencing
Analysis

Total ribonucleic acid (RNA) was extracted from leaves of ginger seedlings under 150mM NaCl and
150mM NaCl+150 pmol-L-" SNP treatments using a total RNA extraction kit (Coolaber, Beijing, China).
Qualified RNA samples were sent to Wuhan Benagen Tech Solutions Co. Ltd. for library construction and
lllumina sequencing. Raw reads generated after sequencing were subjected to quality control to remove
low-quality sequences and contaminants, yielding high-quality clean reads. Subsequently, clean reads
were mapped to the reference genome using Hisat2. Transcripts were assembled with StringTie, and the
DESeq2 package was employed to identify differentially expressed genes (DEGs) with the threshold set
at |log?FC| > 1 and P < 0.05. Finally, the GOseq R package and KOBAS 2.0 software were utilized to
perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses, respectively, on DEGs with a corrected P value < 0.05 to explore their biological functions and
involved metabolic pathways.

2.5 Quantitative Real-Time PCR (qRT-PCR) Analysis

To verify the accuracy of the RNA-seq results, 18 DEGs were randomly selected for gRT-PCR validation.
Specific primers were designed using Primer Premier 5.0 (Table S1). The RBP gene was used as the
internal reference for data normalization [31]. Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed on a CFX 96 Real-Time PCR System (Bio-Rad, USA). The relative expression levels

of candidate genes were calculated using the 222t method [31].

2.6 Determination of Endogenous Hormone Contents

Endogenous plant hormone contents were determined using a modified method from Zhu et al. (2020)
[32] and Yang et al. (2001) [33]. Frozen ginger leaves were thoroughly ground in liquid nitrogen and
homogenized in ice-cold 80% (v/v) methanol containing 1T mmol L-' BHT. After incubation at 4 °C for 16 h
and two rounds of extraction, the supernatants were combined and purified using a C18 solid-phase
extraction column. The eluate was dried under vacuum and reconstituted with dilution buffer. The
contents of IAA, GA, ABA, MeJA, BR and ZR were quantified using ELISA kits, and hormone levels were
calculated based on standard curves and expressed as ng g-* fresh weight (FW).

2.7 Determination of Soluble Sugar, Starch and Sucrose
Contents and Related Enzyme Activities

Total soluble sugar and sucrose contents were determined by the anthrone-sulfuric acid colorimetric
method [34]. Starch content was measured according to Zhang et al. (2008) [35] using the residue
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remaining after soluble sugar extraction. Activities of sucrose synthase (SS) and sucrose phosphate
synthase (SPS) were quantified using kits from Solarbio (Beijing, China), with all operations conducted
as directed in the product protocols. ADP-glucose pyrophosphorylase (AGPase) activity was assayed as
described by Chullai et al. (2025) [36], and a-amylase activity was determined following the protocol of
Souleyre et al. (2004) [37]. All assays were performed following standardized procedures to ensure
accuracy and reliability.

2.8 Statistical Analysis

The experiment was arranged in a completely randomized design with three biological replicates. Data
were analyzed via one-way analysis of variance (ANOVA) using SPSS 26.0 software. Significant
differences were determined by Duncan’s multiple range test at p < 0.05. Results are presented as means
+ SE or SD. Heatmaps were constructed using TBtools.

3. Results

3.1 The Effect of NO on the Growth of Ginger Seedlings
under Salt Stress

To investigate the effects of NO on the growth and development of ginger seedlings under salt stress,
we treated salt-stressed ginger seedlings with the NO donor SNP and the NO scavenger cPTIO. As
shown in Fig. 1, salt stress significantly inhibited the growth and development of ginger seedlings.
Compared with the CK, the ginger seedlings showed obvious leaf yellowing and stunting (Fig. 1A). At the
same time, root development was significantly shorter, and the plant height, stem diameter, leaf length
and leaf width of ginger seedlings were significantly reduced (Figs. 1B—F). Application of SNP
significantly reversed the growth inhibition caused by salt stress compared to NaCl treatment, improving
the growth parameters of ginger seedlings. Furthermore, compared to the NaCI+SNP treatment, the
addition of cPTIO under salt stress further reduced the plant height, stem diameter, leaf length, and leaf
width of ginger seedlings. Therefore, these results indicate that NO effectively promotes the growth and
development of ginger seedlings under salt stress. Notably, there was no significant difference between
the cPTIO treatment and CK.

3.2 The Regulatory Role of NO on the Antioxidant System
of Ginger Seedlings under Salt Stress

To further investigate the effects of NO on the antioxidant capacity of ginger seedlings under salt stress,
the activities of antioxidant enzymes and the levels of ROS and MDA were detected. Fig. 2 shows that,

compared with the CK, NaCl treatment alone significantly increased the levels of H,0,, 0, and MDA in
the roots, stems, and leaves of ginger seedlings, whereas the NaCI+SNP treatment reduced their
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accumulation (Figs. 2A-C). Conversely, following NaCl+cPTIO treatment, the levels of H,0,, O,~ and MDA
were significantly upregulated in comparison with NaCl treatment alone. These results indicate that NO
plays a key role in alleviating salt stress-induced oxidative damage in ginger seedlings.

Simultaneously, compared with the CK, the activities of peroxidase (POD), superoxide dismutase (SOD)
and catalase (CAT) in ginger seedlings were significantly increased under NaCl treatment (Figs. 2D-F).
Among these, POD activity was significantly increased in roots, stems and leaves. The NaCI+SNP
treatment further significantly increased POD, SOD and CAT activities in all tissues, particularly exhibiting
the most prominent activation of POD and CAT activities in leaves, suggesting that SNP can efficiently
scavenge ROS by activating the antioxidant system. Similarly, the activities of these antioxidant enzymes
were significantly lower in the NaCl+cPTIO treatment than in the NaCI+SNP treatment. These results
indicate that NO can enhance the antioxidant capacity of ginger seedlings under salt stress by
scavenging excess ROS and reducing membrane lipid peroxidation, thereby alleviating oxidative damage
caused by salt stress.

3.3 The Identification and Functional Classification of
DEGs during NO Alleviation of Salt Stress

To investigate the molecular mechanisms by which NO alleviates salt stress in ginger seedlings, this
study performed RNA-seq analysis on ginger seedlings treated with NaCl and NaCI+SNP. As shown in
Table S2, the raw reads for all six samples were approximately 40 million, and the number of clean reads
obtained after quality control filtering showed negligible loss compared to the original reads. Regarding
quality metrics, the average percentages of Q20 and Q30 values for all samples reached 99.05% and
96.71%, respectively. Furthermore, the GC content (GCpct) of these samples remained stable between
47.12% and 48.72%. These results indicate the high sequencing quality of RNA-seq analysis and are
suitable for further analysis.

As shown in Fig. 3, RNA-seq analysis of the NaCl vs. NaCl + SNP treatment identified the total of 2,252
differentially expressed genes (DEGs), including 805 up-regulated genes and 1,447 down-regulated
genes (Figs. 3A-C; Table S3). These results demonstrate that SNP treatment significantly modulates the
transcriptome profile of ginger under salt stress, with these DEGs being predominantly enriched in
multiple key metabolic and signaling pathways. Furthermore, these DEGs were significantly enriched in
the three major categories of biological processes (BP), cellular components (CC) and molecular
functions (MF) (Fig. 3D; Table S4). For the BP category, DEGs were mainly concentrated in metabolism-
related processes, with the highest enrichment observed in terms such as phosphorus metabolic
process (188), phosphate-containing compound metabolic process (182), and phosphorylation (158). In
the CC category, DEGs were most significantly enriched in membrane (718), followed by cell periphery
(164), plasma membrane (141), and Golgi membrane (102). Regarding the MF category, DEGs were
highly enriched in binding functions such as purine nucleotide binding (354), purine ribonucleotide
binding (350), and adenyl nucleotide binding (327).
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Integrating KEGG pathway enrichment analysis, our study assigned 2,252 DEGs to 55 pathways (Fig. 3E;
Table S5). Additionally, the top 20 most significantly enriched KEGG pathways represented the majority
of DEGs. As further depicted in Fig. 3E, the significantly enriched DEGs were predominantly annotated to
pathways including plant-pathogen interaction, plant hormone signal transduction, biosynthesis of
secondary metabolites, starch and sucrose metabolism and MAPK signaling pathway. Consequently,
these results strongly indicate that NO plays a pivotal role in regulating these key pathways during NO-
induced the alleviation of salt stress in ginger seedlings.

3.4 The Analysis and Validation of DEGs in Plant Hormone
Signal Transduction during NO Alleviation of Salt Stress

In order to verify the regulatory role of NO in plant hormone signaling pathways during the alleviation of
salt stress, we analyzed the expression patterns in ginger seedlings of key genes involved in plant
hormone signaling (map04075). The RNA-seq results showed that, in the comparison of NaCl and
NaCl+SNP treatments, 19 DEGs were identified as differentially expressed in the AUX, cytokinin (CTK),
gibberellin (GA), ABA, ETH, brassinosteroid (BR), JA and salicylic acid (SA) signaling pathways (Fig. 4A,
Table S6). Specifically, AUX1, LAX, IAA, ARF and GH3 are critical genes involved in auxin signaling.
Compared with the NaCl treatment, the expression levels of AUX, LAX and IAA were significantly down-
regulated under the NaCI+SNP treatment. On the contrary, the expression levels of ARF and GH3 were
significantly up-regulated by SNP. Regarding the GA signaling pathway, the expression levels of PIF and
PIL were significantly down-regulated, whereas PIF3 showed a significant up-regulation trend.
Furthermore, the expression levels of genes ABF and ABF-1 in ABA signaling pathway, as well as JAZ and
MYC2-1 related to JA signaling, were significantly reduced under NaCI+SNP treatment. Moreover, DEGs
associated with the CTK, BR, and SA signaling pathways also were significantly regulated in response to
NO treatment. These results indicate that NO regulates the expression of key genes in multiple
hormonals signaling pathways, thus enhancing the tolerance of ginger seedlings to salt stress.

To further validate the reliability of the transcriptomic data, we selected 9 key genes involved in plant
hormone signaling pathways (IAA, ARF, GH3, PIF, PIL, PIF3, ABF, ABF-1, JAZ and MYC2) for qRT-PCR
validation (Fig. 4B). The results were highly consistent with the RNA-seq analysis. Compared with the
NaCl treatment, the NaCl + SNP treatment significantly down-regulated the expression of IAA, PIF, PIL,
ABF, ABF-1 and MYC2, while the expression of ARF, GH3, PIF3, and JAZ was significantly upregulated.
However, in the NaCl+cPTIO treatment group, the regulatory effects of SNP were significantly reversed.
In summary, NO plays a key role in regulating the transcription of plant hormone-related genes, thereby
effectively enhancing salt stress tolerance in ginger seedlings.

3.5 The Analysis and Confirmation of DEGs Involved in
Starch and Sucrose Metabolism during NO Alleviation of
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Salt Stress

According to the KEGG results, 16 DEGs were collectively enriched in the starch and sucrose metabolism
pathway (map00500) (Fig. 5A, Table S7). These included genes annotated as hexokinase (HK, HK-1),
beta-glucosidase (E3.2.1.21, bgIB, E3.2.1.21-1), glucan endo-1,3-beta-glucosidase (GN71_2_3-1, GN5_6,
GN1_2_3, GN4), trehalose 6-phosphate synthase/phosphatase (TPS, otsB, otsB-2, otsB-1), sucrose
synthase (SUS), granule-bound starch synthase (WAXY) and alpha-amylase (AMY,amyA,malS). Among
these, compared to NaCl treatment, NaCl + SNP significantly up-regulated the expression levels of 6 key
genes, including HK, E3.2.1.21, otsB, HK-1, E3.2.1.21-1 and AMY, amyA, malS. On the contrary, the
expression levels of bglB, GN1_2_3-1, GN5_6, TPS, SUS and WAXY were significantly suppressed by the
NaCIl+SNP treatment. Collectively, NO modulates the transcription of key genes involved in starch and
sucrose metabolism, helping to maintain the carbon balance and enhance the salt tolerance in ginger
seedlings.

To validate the expression of DEGs, this study selected 9 key DEGs from the starch and sucrose
metabolic pathways (E3.2.7.217, otsB, HK-1, GN1_2_3, GN4, SUS, WAXY, otsB-1, and AMY,amyA,malS) for
gRT-PCR validation (Fig. 5B). The results showed that the expression trends of these genes were highly
consistent with those from the RNA-seq analysis. Compared with the NaCl treatment, the expression
levels of E3.2.1.21, otsB, HK-1 and otsB-1 were significantly elevated under NaCl+SNP treatment, while
those of GN71_2_3, GN4, SUS, WAXY and AMY, amyA, malS were significantly reduced. Further analysis
revealed that in the NaCIl+cPTIO treatment, the regulatory effects of SNP were also significantly reversed,
while the expression levels of these genes showed no significant differences compared to the NaCl
treatment. This further confirms that NO may effectively alleviate the salt stress-induced physiological
damage and enhance the salt tolerance in ginger seedlings by regulating starch and sucrose metabolism
at transcriptional levels.

3.6 The Changes in Endogenous Hormone Contents during
NO Alleviation of Salt Stress

To further verify whether NO regulates endogenous plant hormones, this study systematically measured
the accumulation of key plant hormones under salt stress in ginger seedlings after NO treatment (Fig. 6).
The findings indicate that, compared with the CK, NaCl treatment significantly suppressed the levels of
IAA, GA, and trans-Zeatin Riboside (ZR), while significantly increasing the synthesis of ABA, Methyl
Jasmonate (MeJA) and BR. In contrast to NaCl treatment, the levels of IAA, GA, and ZR were
significantly elevated, while the levels of ABA, MeJA and BR were significantly down-regulated in
NaCIl+SNP treatment. Subsequent analysis revealed that in the NaCl+cPTIO treatment, the regulatory
effects of SNP on IAA, GA; and ZR, ABA and MeJA levels were significantly reversed. Furthermore, there
were no significant differences in hormone levels between the cPTIO treatment and CK. Overall, NO
treatment significantly maintains the balance of plant hormones, thereby alleviating the salt stress in
ginger seedlings.
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3.7 The Changes in Starch, Sucrose Contents and Key
Enzyme Activities during NO Alleviation of Salt Stress

To elucidate the regulatory role of NO in starch and sugar metabolism during the salt stress response in
ginger seedlings, this study analyzed soluble sugars, sucrose, starch content and key metabolic enzyme
activities in seedlings in different treatments. As shown in Fig. 7, compared with the CK, the NaCl-treated
ginger seedlings exhibited significantly higher levels of soluble sugars and sucrose and lower levels of
starch content (Figs. 7A-C). In addition, the activities of sucrose phosphate synthase (SPS), sucrose
synthase (SS) and a-amylase (a-AMY) were significantly enhanced under NaCl treatment, while AGPase
activity was significantly inhibited (Figs. 7D—G). Compared with NaCl treatment, the NaCIl+SNP-treated
ginger seedlings showed an increase in the accumulation levels of soluble sugars, sucrose and starch.
And the activities of SPS, SS, a-AMY and AGPase were significantly upregulated. By contrast, after NaCl
+ cPTIO treatment, the contents of soluble sugars, sucrose and starch and the activities of SPS, SS, a-
AMY, and AGPase were significantly decreased compared to the NaCl + SNP treatment. Ginger seedlings
treated with cPTIO alone showed no significant differences in soluble sugar, sucrose and starch content
and metabolic enzymes activities compared to the CK. The above results indicate that NO regulates the
accumulation of soluble sugars and sucrose by activating key enzymes in starch and sugar metabolism,
thereby participating in the regulation of ginger seedlings in response to salt stress.

4. Discussion

Salt stress is one of the major abiotic stresses limiting plant growth and development, and it can
significantly inhibit several key growth processes, including seed germination, root development,
flowering and fruit set [38, 39, 40]. Currently, numerous studies have confirmed that exogenous
application of gaseous signaling molecules can effectively alleviate the damage caused by abiotic stress
to plants. As an important gaseous signaling molecule, NO can significantly improve growth inhibition in
plants under stress conditions and enhance stress resistance, including salt stress [41]. The results of
this study showed that salt stress significantly inhibited ginger seedling growth, and NO effectively
alleviated salt damage and improved salt tolerance (Fig. 1). Wang et al. (2023) reported that NO
significantly alleviated the inhibitory effects of salt stress on plant height, total root length and leaf area
in tomato seedlings, thus effectively enhancing their salt tolerance [42]. Furthermore, Ren et al. (2020)
found that NO effectively improves seed germination parameters in pak choi under salt stress, promotes
radicle and plumule growth and consequently enhances early seedling growth [43]. In ginger seedlings,
NO markedly reduced the accumulation of ROS, while enhancing the activity of antioxidant enzymes like
POD and SOD, thereby effectively mitigating oxidative damage under salt stress. However, cPTIO
reversed the protective effects of NO, confirming that NO is essential for maintaining antioxidant
capacity and alleviating salt stress in ginger seedlings (Fig. 2). Similarly, treatment with NO could
significantly increase the activity of antioxidant enzymes including SOD and CAT in barley leaves,
promote ferritin accumulation, scavenge excess ROS and mitigate oxidative damage, thereby enhancing
salt tolerance in barley [44]. Simultaneously, NO enhances salt tolerance in bermudagrass by increasing
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the activity of antioxidant enzymes such as SOD and POD, reducing the accumulation of ROS and lipid
peroxidation products, decreasing electrolyte leakage and maintaining cell membrane stability [45].
Furthermore, compared with NaCI+SNP treatment, NaCl+cPTIO treatment reversed the beneficial effects
of NO, further verifying that NO promotes the growth in ginger seedlings under salt stress. Wang et al.
(2023) [46] and Khatoon et al. (2025) [47] reached similar conclusions in tomato and wheat, respectively,
showing that NO promotes plant growth under salt stress, while cPTIO reverses this effect. Collectively,
NO enhances antioxidant enzyme activities and reduces ROS accumulation, thereby alleviating salt
stress damage in ginger seedlings.

It is well known that plant hormones in plants include AUX, CTK, ABA, ETH, BR, JA, SA and SL [48].
Among these, hormones such as ETH, ABA, JA and SA play critical regulatory roles when plants are
subjected to abiotic stress, greatly enhancing the tolerance to adverse environmental conditions [49, 50].
Numerous studies have demonstrated that under abiotic stresses such as drought, chilling and salt
stress, plants regulate the gene expression through signal transduction by modulating endogenous
hormone levels, ultimately enhancing stress resistance [51]. For example, drought stress markedly
induces an increase in ABA levels, activating the stomatal closure and the expression of drought-
responsive genes [52]. Chilling stress stimulates the upregulation of ETH synthesis [53]. Furthermore, JA
and SA can also mediate the biosynthesis of plant secondary metabolites under drought stress [54].
Overall, these studies fully demonstrate that plant hormones play an indispensable role in plant stress
response and adaptation. Our results showed that NO significantly increased IAA, GA; and ZR contents,
while decreasing ABA, MeJA and BR levels in ginger seedlings under salt stress (Fig. 6), and markedly
altered the expression of genes involved in plant hormone biosynthesis and signal transduction (Fig. 4).
In our study, NO up-regulated ARF and GH3 and down-regulated AUX1, LAX and IAA in ginger seedlings
under salt stress. In Arabidopsis thaliana, salt stress induces NO accumulation, which inhibits root apical
meristem growth by stabilizing Aux/IAA proteins and suppressing ARF-mediated auxin signaling [55].
Wang et al. (2023) indicated that GH;-mediated auxin inactivation can delay lateral root development by
regulating local auxin balance [42]. Therefore, we infer that NO participates in regulating lateral root
growth and development by upregulating GH; expression, contributing to root system stability and
enhancing salt tolerance in ginger seedlings. Taken together, these findings indicate that NO can improve
the tolerance of ginger seedlings under salt stress by maintaining a dynamic balance of auxin
metabolism and signaling. Furthermore, the key mechanisms by which GA; contributes to plant stress
responses are gradually being elucidated and clarified. Additionally, NO may be involved in the processes
of GA;-induced alleviation of growth inhibition and mitigation of ion toxicity, thereby conferring salt
tolerance to ginger seedlings. This suggests that the interaction between NO and GA; is a vital regulatory
step in the plant response to salt stress [56]. Similarly, Huang et al. (2020) reported in rice that NO
elevates GA, levels under salt stress, promoting plant growth and alleviating salt-induced growth
inhibition [57]. Previous studies have indicated that genes encoding key enzymes in GA synthesis, such
as GA3ox and GA20ox, directly regulate GA; synthesis and accumulation. This further provides a
molecular rationale for the significant increase in endogenous GA; levels induced by NO under salt
stress observed in this study [58]. Further studies have found that NO treatment under salt stress
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reduces ABA levels in ginger seedlings, accompanied by a significant downregulation of ABF and ABF-1
transcript levels. The AREB/ABF-SnRK2 pathway plays a prominent positive regulatory role in ABA
signaling and osmotic stress responses. AREB/ABFs, as members of the bZIP family of transcription
factors, directly regulate the expression of downstream stress-responsive genes by binding to ABRE cis-
acting elements [59]. Another study has shown that NO can reduce ABA levels by regulating the
transcriptional levels of genes associated with the MAPK signaling pathway [60]. These results indicate
that NO can alleviate salt stress-induced growth inhibition and physiological damage by down-regulating
ABA levels and the expression of ABF family genes, thereby enhancing the salt tolerance of ginger
seedlings. Simultaneously, NO effectively reduced MeJA levels and modulated the expression of JAZ
and MYC2 in ginger seedlings under salt stress. As a typical stress-responsive hormone, MeJA typically
accumulates in large quantities under stress conditions and negatively affects normal plant growth. JAZ
proteins are key negative regulators of JA signaling pathway and can block downstream JA signaling by
inhibiting the activity of transcription factors such as MYC2 [61]. Consistent with the decreased
endogenous MeJA levels observed in this study, these findings indicate that NO can alleviate the growth
inhibition of ginger seedlings caused by salt stress by regulating MeJA metabolism and the JAZ-MYC2
signaling pathway, thereby markedly enhancing the salt tolerance of plants. In this study, NO significantly
reduced endogenous BR levels in ginger seedlings while inducing the upregulation of BAK7 expression
and decreased the expression of three BRIT genes. BR is a key phytohormone that coordinates the
balance between plant growth and stress resistance. BR signaling pathway is primarily initiated by the
binding of BRIT receptors to the co-receptor BAK1, with BAKT acting as a co-receptor to enhance the
efficiency of BR signaling transduction [62]. These results imply that NO might balance the growth and
development of ginger seedlings in response to salt tolerance by regulating BR metabolism and the
BRI1-BAK1 signaling pathway. Interestingly, NO treatment significantly increased the endogenous ZR
content in ginger seedlings under salt stress. ARR-B, a key gene in the ZR signaling pathway, exhibited a
differential expression pattern after NO application. As an important active form of CTK, ZR participates
in the regulation of cell division, growth and development and stress adaptation processes (Argueso et
al. 2010). As core transcription factors in the CTK signaling pathway, the differential expression patterns
of ARR-B family reflect the complex and precise regulation of CTK signaling by NO, which might
contribute to the adaptation of ginger seedlings to salt stress. In summary, NO may effectively alleviate
the growth inhibition and physiological damage caused by salt stress in ginger seedlings by
synergistically regulating the dynamic balance of multiple endogenous phytohormone, further confirming
that NO plays an indispensable role in the regulation of plant hormone signaling networks under salt
stress.

Starch and sucrose metabolism serve not only act as the primary energy sources for plants but also
participate in abiotic stress response [27]. Under salt stress conditions, high concentrations of Na* can
disrupt plant osmotic balance, causing tissue damage and even plant death [63]. Moreover, starch
metabolism is increasingly recognized as a crucial regulatory mechanism for plants coping with abiotic
stress. Under adverse conditions, plants usually reactivate starch degradation to release energy and
carbon sources. The released sugars and other derivatives support plant growth under stress and
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function as osmo protectants and compatible solutes to alleviate stress injury [64]. Meanwhile, sucrose
and soluble sugars, as vital osmotic regulators, maintain cellular structural integrity, stabilize
photosynthetic efficiency, scavenge reactive oxygen species, and mediate metabolic signaling. These
functions further enhance membrane stability and antioxidant capacity, ultimately improving plant
tolerance to various abiotic stresses [65]. Previous studies have shown that under salt stress, sucrose
content in cotton increases with rising salt concentration, accompanied by significantly elevated SPS
activity [66]. These observations are in line with our results, which NO significantly increased sucrose
content and SPS activity under salt stress (Figs. 5, 7). In addition, drought stress induces a continuous
increase in soluble sugar content and a marked decrease in starch content in tree leaves [12]. Similarly,
drought stress promotes soluble sugar accumulation in soybean, enhances SPS and SS enzyme
activities, and up-regulates the expression levels of GmSPS1, GmSuSy2 and GmA-INV [67]. In the above-
mentioned studies, the alterations in starch and sugar contents under abiotic stress are highly
consistent with our results. This also further verify that changes in starch and sucrose metabolism-
related metabolites and key enzyme activities represent important physiological and biochemical
indicators of plant responses to abiotic stress. Furthermore, a previous study reported that NO could
enhance salt tolerance in tomato plants by inducing massive accumulation of soluble sugars [68].
Likewise, in rice, exogenous NO significantly promotes sucrose accumulation and increases the
enzymatic activities of SPS and SS under salt stress [57]. Ahmad et al. (2016) suggested that the
abundant accumulation of soluble sugar also was induced by NO, thereby enhancing the salt tolerance
of chickpea via osmotic adjustment [69]. Subsequent studies have revealed that NO treatment reduces
starch content, promotes soluble sugar production and supplies energy for sorghum seed germination,
thus strengthening salt tolerance during sorghum seed germination [70]. These findings are highly
consistent with our conclusions, further confirming that NO enhances the plant salt tolerance by
regulating the metabolic conversion from starch to sugar. In summary, NO effectively promotes an
increase in sugar accumulation, reduces starch content and enhances the activity of relevant enzymes,
thereby improving the salt tolerance in ginger seedlings.

5. Conclusions

In conclusion, this study systematically elucidated the alleviating effects of NO on salt stress in ginger
seedlings. Through comparative transcriptomic analysis, a large number of key candidate genes involved
in the salt stress alleviation process were identified. The results indicate that NO can significantly
enhance antioxidant enzyme activity and decrease excess ROS production, alleviating the oxidant
damage under salt stress. In addition, the dynamic balance and signaling transudation of phytohormone
and starch and sugar metabolism were activated by NO in ginger seedlings under salt stress. These
effects help maintain phytohormone homeostasis and promote the accumulation of soluble sugars and
sucrose, thereby effectively mitigating salt stress damage (Fig. 8). This study provides important
theoretical support for elucidating the molecular mechanisms underlying salt tolerance in ginger
seedlings.
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Effects of NO on the phenotype and growth indices of ginger seedlings under salt stress after 7 days of
treatment. (A) Phenotypic characteristics of whole plants and leaves in different treatments. (B) Root
morphology of ginger seedlings under different treatments. (C) Plant height. (D) Stem diameter. (E) Leaf
length. (F) Leaf width. Values (mean+SE) are the means of three independent experiments (n=15).
Different letters indicate significant differences according to Duncan's multiple range test (p<0.05).
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Figure 2

Effects of NO on oxidative damage and antioxidant enzyme activities in ginger seedlings under salt
stress. (A) H,0, content. (B) O,~ content. (C) MDA content. (D) POD activity. (E) SOD activity. (F) CAT
activity. Values (meanzSE) are the means of three independent experiments (n=15). Different letters
indicate significant differences according to Duncan's multiple range test (p<0.05).
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Figure 3

Transcriptome profiling analysis during NO alleviation of salt stress in ginger seedlings. (A) Number of
DEGs in three comparison treatments. (B) Venn diagram showing the overlap of DEGs among the three
comparison treatments. (C) The number of DEGs is shown by the volcano plot. (D) Functional gene
ontology (GO) enrichment analysis of DEGs. GO terms are summarized in three categories: biological
process, cellular component and molecular function. (E) The DEG enrichment in different KEGG
pathways.
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Figure 4

Expression analysis of plant hormone signaling-related DEGs in ginger seedlings under salt stress and
NO treatment. (A) Heatmap of plant hormone signaling-related DEG expression in ginger seedlings under
NaCl and NaCI+SNP treatments. (B) qRT-PCR validation of key plant hormone signaling genes. Different
letters indicate significant differences according to Duncan's multiple range test (p<0.05).
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Expression analysis of starch and sucrose metabolism DEGs in ginger seedlings under salt stress and
NO treatment. (A) Heatmap of starch and sucrose metabolism DEG expression in ginger seedlings under
NaCl and NaCI+SNP treatments. (B) qRT-PCR validation of key starch and sucrose metabolism genes in

ginger under salt stress and NO regulation. Values (mean+SE) are the means of three independent
experiments (n=15). Different letters indicate significant differences according to Duncan's multiple

range test (p<0.05).
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Figure 6

Changes in IAA, GA,;, ABA, MeJA, BR and ZR content during NO alleviation of salt stress. (A) IAA content.
(B) GA, content. (C) ABA content. (D) MeJA content. (E) BR content. (F) ZR content. Values (meanzSE)
are the means of three independent experiments (n=15). Different letters indicate significant differences
according to Duncan's multiple range test (p<0.05).
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Changes in starch and sugar contents as well as key metabolic enzyme activities during NO-mediated
alleviation of salt stress. (A) Soluble sugar content. (B) Sucrose content. (C) Starch content. (D) Sucrose
phosphate synthase (SPS) activity. (E) Sucrose synthase (SS) activity. (F) AGPase activity. (G) a-AMY
activity. Values (meanzSE) are the means of three independent experiments (n=15). Different letters
indicate significant differences according to Duncan's multiple range test (p<0.05).
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Figure 8

Comparative mechanisms of exogenous NO in ginger seedlings under salt stress.
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