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Abstract: Salt stress is a major limiting factor for alfalfa yield due to its relatively low salt tolerance. High soil
salinity adversely impacts alfalfa growth and development, leading to reduced yield. Melatonin (MT) is
known to play a significant role in enhancing plant resistance to abiotic stresses. However, the mechanisms
underlying melatonin-mediated abiotic stress responses, particularly salt stress, are not well understood. To
address this gap, we conducted a study focusing on germinating alfalfa seeds under salt stress. Physiological
indexes and transcriptomics analyses were carried out on the germinated seeds to investigate the effects of
melatonin on alfalfa seedlings under salt stress conditions. Our results revealed that the application of
melatonin led to an increase in shoot length and fresh weight of alfalfa seedlings under salt stress. Moreover,
key physiological indexes such as peroxidase (POD) activity and glutathione (GSH) content were enhanced,
while levels of malondialdehyde and superoxide anions decreased. Transcriptomic analysis identified a total
of 2,131 differentially expressed genes in the salt-treated group, with 726 up-regulated and 1,405 down-
regulated genes, while the MT-treated group showed 2896 differentially expressed genes, of which 1,097 were
up-regulated and 1,799 were down-regulated. Further, KEGG enrichment analysis highlighted the enrichment
of differentially expressed genes in pathways including flavonoid biosynthesis, ABC transporter, glutathione
metabolism, and the MAPK signaling pathway, with these pathways more significantly enriched in the MT-
treated group. These findings collectively suggest that melatonin plays a crucial role in alfalfa's response to
salt stress and offer new insights into the genomic mechanisms underlying melatonin-mediated salt tolerance
in alfalfa.

Keywords: WL440HQ; salt stress; melatonin; transcriptome

1. Introduction

Salt stress is a significant limiting factor in plant growth and production, with saline soil
covering approximately 20% of the global arable land area, resulting in substantial annual losses
estimated in the tens of billions of dollars globally [1]. Although plants have different salt tolerance,
the main adverse effects are osmotic stress, followed by ion toxicity. Salt stress promotes the
accumulation of reactive oxygen species (ROS) in plants, leading to oxidative stress, disrupting ion
balance, and altering osmotic pressure [2]. Therefore, long-term exposure to salt stress can lead to
dehydration reactions in plants under high osmotic stress, which together result in a significant
decrease in crop yield and quality [3]. In recent years, with rising temperatures, changes in irrigation
methods, and soil degradation, crop production worldwide has faced the challenge of increasing soil
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salinization [4]. The increase in soil salinity can cause osmotic stress on terrestrial plants, thereby
affecting their growth, development, and adaptability [5]. Hence, the revelation of the molecular
regulatory mechanisms of plant salt tolerance is crucial for the formulation of resistance breeding
strategies and the creation of new crop germplasm, especially for the improvement of yield and
quality of marginal land crops.

Alfalfa (Medicago sativa L.), known as the "king of forage", due to its high yield, good nutritional
quality, and wide adaptability, is widely planted worldwide [6,7]. In addition to being an important
forage resource for herbivores and providing essential nutrients for animals, alfalfa can also play a
role as a soil conditioner, improving soil structure and enhancing soil fertility [8]. However, alfalfa's
growth and development are impeded by salt stress, leading to reduced yield and quality [9].
Therefore, it is crucial to accelerate the cultivation of new salt tolerant alfalfa varieties through the
revelation of salt tolerant molecular regulatory mechanisms for the establishment and yield
improvement of alfalfa in saline alkali soil. At present, research on the salt tolerance of alfalfa mainly
focuses on maintaining osmotic homeostasis and ion balance, hormone regulation, changes in
antioxidant enzyme activity, and stress resistance gene response [10,11], revealing the basic process
of alfalfa response to salt stress. Among them, under salt stress, the ion homeostasis of alfalfa can be
maintained by applying silicon [12], and the content of osmoregulatory substances can also be
increased by enhancing the activity of vacuolar proton pump ATPase [13], thus maintaining
homeostasis and enhancing its salt tolerance. Transgenic alfalfa can promote antioxidant enzyme
activity by increasing the expression of ScABI3 and MsWRKY33 genes [14,15]. In addition, using
genetic engineering technology to clone stress-resistant genes rstB and MsSPLS into the alfalfa
genome is also an effective method to improve the salt tolerance of alfalfa [16,17], providing reference
and inspiration for the creation of new salt-tolerant alfalfa germplasm. In addition, exogenous plant
growth regulators or plant hormones, especially melatonin, can enhance plant antioxidant capacity,
reduce plant reactive oxygen species levels, and ultimately promote plant resistance to salt stress
[18,19]. Melatonin is a small molecule indoleamine hormone that serves as a growth regulator and
potent antioxidant, with functions such as stimulating plant growth [20], promoting seed
germination, and enhancing plant resistance to abiotic stress [21,22]. Research has shown that
exogenous melatonin can activate antioxidant enzymes in maize seedlings, thereby reducing the
accumulation of ROS caused by salt stress [23]. In addition, melatonin can also promote the growth
parameters of sugar beet seedlings under salt stress conditions [24]. Melatonin enhances the tolerance
of kidney beans to salt stress by enhancing ROS metabolism, promoting the expression of antioxidant
defense-related genes, and enhancing photosynthetic capacity [25]. Similarly, melatonin can also
improve overall antioxidant capacity, increase key enzyme activity, and maintain a low level of ROS
status, thereby affecting the photosynthetic efficiency of rice under salt stress conditions [26].
Melatonin can not only enhance plant stress resistance by directly clearing excess ROS, but also
interact with other plant hormones to regulate the expression of stress resistance genes, thereby
improving plant salt tolerance [17]. Among them, exogenous melatonin alleviates oxidative damage
caused by salt stress by enhancing the expression of genes related to ABA and GA biosynthesis [27].
Melatonin can not only promote the biosynthesis of ethylene by increasing the level of ACC [28], but
also promote the synthesis of indoleacetic acid by affecting the expression of endogenous indoleacetic
acid-related genes [29]. When plants are subjected to external stress, melatonin acts on the upstream
signaling pathways of some defense genes to promote the synthesis of plant hormones such as
jasmonic acid and salicylic acid, thereby assisting plants in resisting adverse external influences
[30,31]. This indicate that melatonin can directly or indirectly participate in stress response by
interfering with other plant hormones, regulating the expression of its upstream and downstream
genes. However, although numerous studies have shown that exogenous application of melatonin
can affect plant response to salt stress, the mechanism of melatonin mediated response of alfalfa to
salt stress has not been fully explored [32-34]. In this study, we investigated the effect of exogenous
application of a certain concentration of melatonin on the germination characteristics of alfalfa under
salt stress. Based on physiological indicator detection and transcriptomic analysis, we further
identified key differentially expressed genes and metabolic pathways in response to salt stress in
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alfalfa, providing potential research strategies for a deeper understanding of the molecular
regulatory mechanism of salt tolerance in alfalfa and salt tolerance breeding.

2. Materials and Methods

2.1. Plant Material and Experimental Design

In this study, the experimental material utilized was alfalfa WL440HQ. Seeds of uniform size
and full grains were selected, disinfected by soaking in 75% alcohol for 10 minutes, followed by
rinsing with deionized water 3-4 times. Subsequently, petri dishes (PA=90mm) were prepared with
4 mL of various melatonin concentrations (0, 10, 50, 100, 200 uM) and 200 mM NaCl, with six
replicates per treatment and approximately 30 seeds cultured per replicate. The petri dishes were
then placed in a constant temperature incubator at 25°C for 16 hours during the day and 8 hours at
night. The germination rate was assessed every 24 hours over a total period of 7 days, and the
measurements of bud length and fresh weight were conducted at the end of the 7-day period.
Following the measurements, the samples were stored in an ultra-low temperature refrigerator at -
80°C. Furthermore, the physiological and biochemical indexes of seedlings treated with 0 (WLCK),
200 mM NaCl (WLN), and 200 mM NaCl + 10 uM MT (WLNMT) were determined. Eventually,
transcriptome sequencing was carried out to explore the underlying mechanisms related to the
observed effects.

2.2. Measurement of Germination Rate, Shoot Length and Fresh Weight

The germination rate was calculated over a period of 7 consecutive days. On day 7, the vertical
distance from the cotyledon node to the top bud of 10 alfalfa seedlings was measured using a
calibrated ruler and recorded as the root length. At the same time, the fresh weight of the same 10
seedlings was weighed using an electronic balance.

2.3. Measurement of Physiological and Biochemical Indices

The peroxidase (POD) activity, superoxide dismutase (SOD) activity, and malondialdehyde
(MDA) were measured using specific assay kits. The POD activity was determined by employing the
POD activity assay kit (Abbkine, KTB1150, Wuhan, China), followed by the SOD activity determined
with the SOD activity assay kit (Abbkine, KITB1030, Wuhan, China), and the MDA levels assessed
with the malondialdehyde content assay kit (Abbkine, KITB1050, Wuhan, China). Furthermore, the
levels of reduced glutathione (GSH) and superoxide anion (O2-) were measured using the GSH
content assay kit (Solarbio, BC1175, Beijing, China) and the superoxide anion content assay kit
(Solarbio, BC1295, Beijing, China), respectively. All measurements were conducted by the provided
instructions accompanying each specific assay kit.

2.4. Transcriptomics Analysis

Collecting alfalfa sprout samples after 7 days of processing, followed by total RNA extraction
using an RNA purification kit (QIAzolLysisReagent, Qiagen, Germany). The extracted RNA was then
assessed for concentration and purity using the Nanodrop2000. Subsequently, the integrity of the
RNA was confirmed through agarose gel electrophoresis. Further evaluation of RNA quality was
conducted using a 5300 Bioanalyzer (Agilent) before quantification with ND-2000 (NanoDrop
Technologies). Next, mRNA was isolated from the total RNA, spliced into small fragments of
approximately 300 bp, and used to synthesize cDNA with the SuperScript Double-Stranded cDNA
Synthesis Kit (Invitrogen, CA) alongside random hexamer primers. The resulting cDNA fragments
underwent purification, PCR amplification, and final library construction. These cDNA libraries
underwent high-throughput sequencing on the Illumina NovaSeq 6000 platform (Illumina, USA).
Following sequencing, the raw data were filtered using FASTp for high-quality readings.
Subsequently, the sequencing data were aligned with the reference genome utilizing HISAT2
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software in a targeted mode to obtain mapping data necessary for subsequent transcript assembly
and expression calculation [35-37].

2.5. Functional Annotation and Enrichment Analysis of Differential Genes

After obtaining the Read Counts of the genes, the differential expression of genes between
samples was analyzed using DESeq2 software to identify differentially expressed genes between
samples [38]. To further characterize the genes, the Gene Ontology (GO) of unigenes was accessed
through the Blast2go program. Subsequently, GO annotation was performed on the obtained
differentially expressed genes (DEGs), and GO enrichment analysis was carried out using Goatools
software (http://github.com/tanghaibao/GOatools) [39]. The GO database facilitates the
categorization of genes based on the biological processes they are involved in (http://geneontolo
gy.org/)[40,41], the cellular components they compose, and the molecular functions they serve.
Annotating differentially expressed genes with GO terms helps to elucidate their functional
localization within the organism. Typically, the p-value is automatically corrected, and a corrected p-
value (FDR) of <0.05 indicates a significant enrichment of the GO function.

By annotating differentially expressed genes with KEGG, we can gain a deeper understanding
of the pathway interactions and functional characteristics of these genes in organisms. Using the
KEGG database(https://www.genome.jp/kegg/) [42—44], genes can be classified according to the
pathway or function they are involved in. KEGG PATHWAY enrichment analysis is an analysis of
genes in a gene set using a script written in R, with the principle of calculation being the same as that
of GO function enrichment analysis. The KEGG pathway is considered significantly enriched by
default when the p-value is <0.05 (P value_uncorrected). Consequently, a p-value <0.05 indicates a
significant enrichment of the KEGG pathway.

2.6. Weighted Gene Co-Expression Network Analysis

To identify closely related genes, the genes were classified into different modules based on the
relevant growth and physiological indicators of the three different treatments. Utilizing the WGCNA
R software package, a co-expression network was subsequently constructed to determine the
modules harboring these related genes. Following this, the analysis was visualized using the
Cytoscape (3.3.0) software in order to pinpoint the hub genes within the co-expression network.

3. Result

3.1. Effect of MT on the Growth of NaCl-Stressed Alfalfa Plants

To study the seed germination and growth under salt stress, we counted the germination rate of
alfalfa sprouts and measured their root length and fresh weight. Analysis of germination rates over
seven days demonstrated differences among the treatments. On the seventh day, seeds treated with
200 uM and 300 uM MT exhibited higher germination rates compared to the salt stress group without
MT. Conversely, seeds treated with 10 pM and 100 pM MT showed lower germination rates than
those without MT. Notably, the 300 uM MT treatment resulted in germination rates closest to the CK
group. In terms of fresh weight and root length, comparison between the salt stress groups treated
with various concentrations of MT and the CK group revealed interesting results. The group treated
with 10 uM MT displayed characteristics most similar to the CK group, with a fresh weight of 0.2053
g and a root length of 3.33 cm. In contrast, the salt stress group without MT displayed a fresh weight
of 0.1884 g and a root length of 3.33 cm. Notably, the CK group had a fresh weight of 0.2553 g and a
root length of 5.82 cm. These findings suggest the efficacy of 10 pM MT in ameliorating the growth
of salt-stressed plants, as evidenced by superior fresh weight and root length outcomes compared to
other MT concentrations.
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Figure 1. Effect of melatonin (MT) application on seed germination and young shoot growth. (A)
Alfalfa seedling phenotypes. Bar = 2cm. (B) Seed germination was evaluated after a 7-day treatment.
The line graph displays the average germination rate of six biological replicates, each consisting of 30
seeds, along with the standard deviation. (C) The shoot lengths of alfalfa seedlings were measured
after 7 days of treatment. The values in each column represent the mean of three biological replicates,
with different lowercase letters indicating significant differences between treatments (p<0.05). (D) The
fresh weight of alfalfa seedlings was measured after 7 days of treatment. The values in each column
represent the mean of three biological replicates. Different lowercase letters indicate significant
differences as determined by Duncan's test. CK serves as the control group.

3.2. Changes of Indicators in Oxidation System

To thoroughly investigate the mechanism of melatonin (MT) on salt tolerance in alfalfa, we
analyzed variations in oxidative system indexes under various treatments. Our examination of
different concentrations of MT in alfalfa growth conditions under salt stress revealed that the group
treated with 10 uM MT under salt stress exhibited the most favorable outcomes. Consequently, we
assessed the physiological indexes in the control group (CK), the 200 mM NaCl treatment group, and
the group treated with 10 pM MT under NaCl stress. It was found that SOD enzyme activity was
reduced in the salt-stressed group, while POD (Figure 2A,B), MDA, O* and GSH contents were
increased in the salt-stressed group compared to the CK group. Interestingly, when 10 uM MT was
added to the salt stress group, the activity of POD increased significantly by 10.17%, while the levels
of MDA, O%, and GSH decreased by 14.91%, 18.22%, and 18.95% (Figure 2C,E), respectively. Notably,
there was minimal change in SOD enzyme activity with the addition of MT to the salt stress group.
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Figure 2. Melatonin from external sources reduces oxidative stress caused by NaCl treatment in alfalfa
seedlings. (A) SOD activity. (B) POD activity. (C) MDA content. (D) O* content. (E) GSH content.
Each column presents the mean value and standard deviation of three biological replicates, with each
replicate comprising three plants. Significant differences (p<0.05) are denoted by distinct lowercase
letters based on the results of Duncan's test.

3.3. Differential Expression Analysis and Cluster Analysis of Genes in Alfalfa Seedlings

We first conducted transcriptomic analysis of WLCK, WLN, and WLNMT after evaluating
changes in the oxidative system. By comparing the samples, we identified a total of 3,547 genes.
Specifically, there were 726 up-regulated genes and 1,405 down-regulated genes in WLN compared
to WLCK, 1,097 up-regulated genes and 1,799 down-regulated genes in WLNMT compared to
WLCK, and 31 up-regulated genes and 58 down-regulated genes in WLNMT compared to WLN
(Figure 3A). Out of the 3,547 total genes, only 5 differentially expressed genes (DEGs) were common,
representing merely 0.14% of the total genes. Notably, WLN shared 1,532 genes with WLCK and
WLNMT (43.42% of total genes), WLN shared 14 genes with WLCK and WLNMT (0.40% of total
genes), and WLNMT shared 32 genes with WLCK and WLN (0.32% of total genes). Additionally,
there were 580 genes unique to WLCK (16.44% of total genes), 1,327 genes unique to WLNMT with
WLCK (37.61% of total genes), and 38 genes unique to WLNMT with WLN (1.08% of total genes)
(Figure 3B). A one-way ANOVA with Tukey post-hoc multiple comparisons identified significant
differences in several genes (Figure 3C). Finally, to visually represent the data, a heat map was
generated by clustering all identified DEGs (Figure 3D).
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Figure 3. Control differentially expressed genes (DEGs), CK (WLCK), NaCl (WLN) and MT with NaCl
(WLNMT) were visualized in combination. (A) Variations in gene expression indicate the quantity of
genes that are upregulated and downregulated among different treatment groups. (B) The Venn
diagram illustrates differentially expressed genes (DEGs) that are unique and shared. (C) Analysis of
variance for multiple groups. * 0.01 < p < 0.05, ** 0.001 < p < 0.01. (D) Heatmap displaying log2FC
values of differentially expressed genes in response to salt treatment compared to the control group.

3.4. GO Annotation Analysis and KEGG Enrichment Pathway Analysis of DEGs

Analysis of gene ontology (GO) annotations revealed that differentially expressed genes (DEGs)
were categorized into biological process (BP), cellular component (CC), and molecular function (MF).
The DEGs from comparisons involving WLN versus WLCK, WLNMT versus WLCK, and WLNMT
versus WLN, were primarily associated with metabolic processes, cellular processes, responses to
stimuli, biological regulations, cellular component organization or biogenesis, and localization.
Notably, the affected cellular components encompassed cell parts, membrane parts, organelles,
protein-containing complexes, organelle parts, membranes, extracellular regions, and membrane-
enclosed lumens. The primary molecular functions observed included binding, catalytic activity,
structural molecule activity, transcription regulator activity, and molecular function regulation. In
terms of biological processes, both metabolic and cellular processes were significantly enriched in
WLN and WLCK as well as WLNMT and WLCK, with a stronger enrichment observed in WLNMT
versus WLCK. Regarding cellular components, enrichment was observed in cellular parts and
membrane parts in WLN versus WLCK and WLNMT versus WLCK, with greater significance in
WLNMT versus WLCK. In the molecular function category, catalytic activity and binding activity
were notably enriched in WLN versus WLCK and WLNMT versus WLCK, displaying a more
pronounced enrichment in WLNMT versus WLCK (Figure 4A).

Under salt stress conditions, the differential gene expression analysis revealed distinct
enrichment patterns in various metabolic pathways. Specifically, in the comparison between WLN
and WLCK, the DEGs were predominantly enriched in porphyrin metabolism, isoflavone
biosynthesis, and linoleic acid metabolism (Figure 4B). Conversely, when comparing WLNMT with
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WLCK, the DEGs showed enrichment in isoflavone biosynthesis, tolkanes, piperidinium, and
pyridine alkaloids biosynthesis (Figure 4C). In the comparison between WLNMT and WLN, the
DEGs exhibited enrichment in betulinic acid metabolism, ABC transporter proteins, and
photosynthesis (Figure 4D). These results suggest that biological processes, such as isoflavone
biosynthesis, were significantly impacted by salt stress, as evidenced by the observed enrichment
patterns across the various comparisons.
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Figure 4. Functional annotation and KEGG enrichment analysis of differential gene expression. (A)
Based on the Gene Ontology annotation analysis of Differentially Expressed Genes (DEGs), the DEGs
were categorized into biological processes, cellular components, and molecular functions. These
categories are represented by colors from top to bottom corresponding to the WLN_vs_WLCK,
WLNMT_vs_WLCK, and WLNMT_vs_WLN comparisons. (B-D) Bubble plots representing KEGG
pathway enrichment analyses. (B) KEGG functional classification of DEGs in WLN_vs_WLCK. (C)
KEGG functional classification of DEGs in WLNMT_vs_WLCK. (D) KEGG functional classification
of DEGs in WLNMT _vs_WLN.

3.5. Gene Co-Expression Networks

Thirteen co-expression modules were identified by the analysis conducted by Weighted Gene
Co-expression Network Analysis (WGCNA) to investigate the correlation between Differentially
Expressed Genes (DEGs) and physiological traits associated with salinity response (Figure 5A; Table
56). Module-trait analyses revealed that germination rate, root length, and fresh weight exhibited
strong and positive correlations with gene transcript levels in the turquoise module, with correlation
coefficients ranging from 0.683 to 0.954, indicating a potential linkage to enhanced growth under
NaCl stress. Moreover, genes in the turquoise module demonstrated a significant positive correlation
with SOD, suggesting their potential involvement in the augmented antioxidant capacity of plants
under NaCl stress. Meanwhile, genes in the blue module exhibited strong and positive correlations
with POD, GSH, MDA, and O2- levels, with correlation coefficients ranging from 0.633 to 0.765,
indicating their substantial accumulation under salt stress conditions. Furthermore, the turquoise
module comprised a total of 4,804 DEGs, whereas the blue module contained 3,676 DEGs (Figure 5B;
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Table S6). By analyzing the top 30 genes in each module, the study revealed their close association
with flavonoid biosynthesis, glutathione metabolism, phytohormone signaling, the MAPK signaling
pathway, and ABC transporter proteins (Figure 5C,D; Tables S7 and S8).
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Figure 5. WGCNA identified correlations between melatonin-regulated salt stress-related
physiological indicators and differentially expressed genes. (A) A module classification tree uses
colors to represent different modules, with grey indicating genes that have not been assigned to a
specific module. (B) Module-phenotype correlations heatmap depicting relationships between
modules and physiological parameters. (C) Co-expression network of DEGs in MEturquoise. (D) Co-
expression network of DEGs in MEblue.

4. Discussion

In recent years, advancements in multi-omics and data integration technologies have enabled a
more comprehensive exploration of the growth and stress responses of alfalfa plants. These
technologies, which include transcriptomics, proteomics, and metabolomics, have provided valuable
insights into the underlying biological mechanisms of alfalfa plants [45-49]. Despite alfalfa's ability
to thrive moderately in saline soils, it is highly sensitive to elevated salt stress, with 50-200 mmol L
of NaCl significantly impeding its growth [50]. For this study, alfalfa plants were chosen as research
subjects, and root samples were obtained for transcriptome sequencing following exposure to NaCl
stress. The subsequent detailed analysis of the transcriptome data uncovered significant insights.
Specifically, the transcriptome analysis of alfalfa roots highlighted the enrichment of differentially
expressed genes (DEGs) in key pathways such as isoflavone biosynthesis, flavonoid biosynthesis,
ABC transporter proteins, MAPK signaling pathway, phytohormone signaling, and carotenoid
biosynthesis in response to NaCl stress conditions. This focused investigation sheds light on the
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complex molecular processes underlying alfalfa's response to salt stress, paving the way for a more
nuanced understanding of its adaptive mechanisms.

4.1. Biosynthesis of Flavonoid Compounds

Flavonoids, a major secondary metabolite in plants, play a crucial role in plant resistance. They
can be classified into various types such as flavonols, flavanones, isoflavonoids, catechins, and
anthocyanins, based on their molecular structure. During our transcriptomic analysis of young alfalfa
shoots, we observed a significant up-regulation of genes HCT, DFR, and CYP81E9 associated with
flavonoid biosynthesis. This led to an increase in the synthesis of metabolites like naringenin
chalcone, naringenin, white aspergillus, and white cornflower in WLN compared to WLCK, as well
as in WLNMT compared to WLCK. Notably, genes involved in the phenylpropane biosynthetic
pathway upstream of flavonoid biosynthesis were also up-regulated, resulting in enhanced
production of flavonoid-initiating metabolites such as coumaroyl coenzyme A and caffeine coenzyme
A, ultimately leading to increased flavonoid synthesis. The accumulation of flavonoids significantly
boosts the antioxidant capacity of plants, thereby enhancing their salt tolerance. Furthermore, the up-
regulation of DFR stimulates the synthesis of anthocyanins, which has been shown to enhance the
salt tolerance of kale-type oilseed rape [51]. In our comparative analysis between WLNMT and
WLCK, we observed a notable up-regulation of the aforementioned genes under the influence of
melatonin compared to pure salt stress treatment. This finding suggests that melatonin may partially
promote flavonoid synthesis in plants, thereby mitigating the detrimental effects of salt stress on
alfalfa (Figure 6A).
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Figure 6. A clustered heat map was created using the log:FC values of genes necessary for
synthesizing key metabolites under three distinct treatments, with information from KEGG and
related literature. Italics denote the gene ID of specific enzymes or transcription factors, including
essential genes related to flavonoid biosynthesis (A), glutathione biosynthesis (B), gibberellins (C),
abscisic acid synthesis and signaling (D), and the MAPK signaling pathway (E).

4.2. Glutathione Metabolism Pathway

Under salt stress, plants are affected by oxidative damage induced by reactive oxygen species
(ROS), with glutathione (GSH) playing a crucial role as an antioxidant in cells [52]. Transcriptome
analysis comparing WLN with WLCK and WLNMT with WLCK revealed the up-regulation of genes
related to glutathione metabolism under salt stress with the application of exogenous melatonin.
Notably, genes such as speE, DHAR, PRDX6, G6PD, Glutathione S-transferase (GST,
MsG0380015231.01, MsG0380013544.01, MsG0880044131.01, MsG0280009756.01, MsG03800
15192.01), and L-ascorbate peroxidase (APX, MsG0380016362.01, MsG0580027887.01) showed
increased expression levels. Of particular significance, the up-regulation of the DHAR gene suggests
a potential enhancement in the conversion of G5SG to GSH, thereby bolstering the plant's antioxidant
capacity. Similarly, the up-regulation of GST, a pivotal gene in glutathione metabolism, indicates an
acceleration in glutathione metabolism, ultimately reducing oxidative damage caused by salt stress.
Previous research by Reinemer et al. demonstrated that plant GST functions as an antioxidant
through various pathways, including repairing free radical-induced membrane phospholipid
damage and inhibiting microsomal peroxidation, activities mainly mediated by antioxidant enzymes
[53,54]. The observed up-regulation of these genes suggests an enhanced glutathione metabolism
under salt stress, enabling plants to counteract salt stress by boosting their antioxidant mechanisms.
Moreover, the significantly increased expression of these genes in the presence of melatonin implies
that melatonin supplementation fosters glutathione metabolism, indirectly indicating its role in
enhancing the response of alfalfa seeds to salt stress during germination (Figure 6B).

4.2. Plant Hormone Synthesis and Signal Transduction

Plant hormones display a crucial function in plant defense by regulating the response to stress.
The intricate signal transduction pathways among different plant hormones work collaboratively in
this regard. Specifically, gibberellins, abscisic acid, ethylene, jasmonic acid, and salicylic acid are key
phytohormones involved in plant resistance [55]. Notably, our transcriptome analysis revealed up-
regulation of the DELLA gene, associated with the gibberellin signaling pathway, in alfalfa under salt
stress conditions in WLN versus WLCK and WLNMT versus WLCK. Remarkably, the melatonin-
treated group exhibited a more pronounced up-regulation of DELLA. The DELLAprotein, acting as a
central negative regulator in the gibberellin signaling pathway, suppresses the expression of genes
related to this pathway, thus impeding plant growth and facilitating rapid adaptation to the
unfavorable environment of salt stress. In the context of salt stress, the content of gibberellin (GA)
decreases in plants due to the down-regulation of GA20x, a pivotal gene in GA synthesis, as
demonstrated [56]. Essentially, salt stress hampers GA synthesis in plants, resulting in decreased GA
levels. Our transcriptome analysis further revealed a significant down-regulation of key genes
involved in gibberellin synthesis, KAO and GA2ox, under salt stress conditions with melatonin
treatment, aligning with prior research findings (Figure 6C).

Abscisic acid (ABA) is a sesquiterpene phytohormone known to enhance salt tolerance in rice
by regulating stomatal closure and improving water balance [57]. It is considered a vital stress-
responsive phytohormone crucial for the plant's salt stress response. The levels of ABA in plants
increase rapidly under salt stress conditions, leading to the activation of the ABA signaling pathway
and subsequent stomatal closure along with other physiological plant responses [58]. In the current
study, NCED, a key gene for ABA synthesis, was significantly up-regulated after salt treatment.
CYP707A, a key gene in the ABA degradation pathway, was significantly down-regulated after salt
treatment. The elevated ABA levels prompt its distribution within the plant, ultimately leading to
stomatal closure [59]. In the ABA pathway of action, ABA binds to the receptor protein PYL, releasing
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the inhibition of SnRK2 kinase activity by the phosphatase PP2C, which then activates SnRK2. This
activation induces a plant stress response, inhibits growth, and prompts cells to enter dormancy to
withstand external stresses. Notably, transcriptome analysis demonstrated a significant down-
regulation in SnRK2 kinase activity under WLNMT compared to WLCK conditions, suggesting that
the melatonin application alleviated the inhibition of ABA signaling. This ultimately facilitated plant
growth by promoting ABA inhibition and thus overcoming the plant's stress response (Figure 6D)
[59].

4.3. MAPK Signalling Pathway

The MAPK (Mitogen-Activated Protein Kinase) cascade response pathway is a crucial
mechanism in plants' response to adversity stress and represents a significant pathway for their
adaptation to harsh environments. MAPK, a type of protein kinase, functions as a key regulator
within plant cells. When plants encounter adversity stressors such as drought, high temperature, low
temperature, or salt stress, the MAPK pathway is activated, initiating a cascade response. This
process involves the phosphorylation and activation of multiple protein kinases, ultimately
regulating the expression of downstream responsive genes [60]. Through research on Arabidopsis
thaliana, a MAPK signaling pathway consisting of MKKK1, MKK2, and MPK4/MPK6 was discovered.
The results showed that plants overexpressing MKK2 had stronger salt tolerance [61]. In rice, salt
tolerance is closely related to specific MAPK genes, including OsMPK44, OsMPK5, and OsMPK4,
which are known to be involved in salt stress tolerance. By increasing the expression of OsMPK5
and OsMPK44 genes, it was observed that the resistance of rice to salt stress was enhanced [62]. The
above results indicate that the MAPK signaling pathway plays an important role in plants' response
to salt stress. In our current study, transcriptome analysis unveiled that under salt stress, the
expression of PYL, a critical gene in the ABA action pathway of the MAPK signaling approach, is
down-regulated. This downregulation alleviates the inhibitory impact of PP2C on the SnRK2 gene.
This further led to an increase in the expression of MAPK downstream gene MKK3, which helped
alfalfa adapt to salt stress conditions. At the same time, the expression of CALM (MsG0880047171.01,
MsG0580025278.01, MsG0780036291.01, MsG0880047444.01) also showed a downward trend,
resulting in a decrease in the synthesis of calcium-binding proteins and a decrease in the expression
of MPKS gene, in order to maintain the balance of reactive oxygen species in alfalfa and thus enhance
its tolerance to salt stress (Figure 6E).

4.4. ABC Transporters

ABC transporter proteins, as one of the large-scale protein families, play an essential role in
organ growth, plant nutrient uptake, plant development regulation, abiotic stress response, and
pathogen resistance [63]. In this study, KEGG enrichment analysis under WLNMT vs. WLN indicated
that under salt stress, the expression of ABCC2 (MsG0680031988.01) was up-regulated. Moreover, the
genes encoding ABCG proteins, specifically ABCG2 (MsG0480023470.01, MsG0480021815.01,
MsG0480021814.01, MsG0180003146.01, MsG0680034419.01), were also up-regulated. ABCC
transporter proteins have shown involvement in detoxification processes of abscisic acid and glucosyl
esters, vesicular transport, organic anion transport, regulation of chlorophyll degradation, and phytic
acid content of plant seeds in prior studies [64]. While ABCG transporter proteins are the largest
subgroup within the plant ABC transporter protein family, they have been associated with various
essential functions. Many proteins within this family are implicated in plant resistance mechanisms
against pathogens, antifungal compounds, and herbicides. Additionally, they play crucial roles in the
transmission of signaling molecules and secretion of volatile compounds [65-67]. The transporter
substrates of ABCG transporter proteins include terpenoids, flavonoids, phytohormones, and heavy
metals [68]. This suggests that ABCG transporters can enhance the antioxidant capacity of plants by
facilitating the transport of flavonoids and certain phytohormones. Ultimately, this process improves
the salt tolerance of plants.
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4.5. Biosynthesis of Physiological Regulatory Substances

Under salt stress conditions, plants adjust their phytohormone levels and synthesize organic
osmotic solutes in response to osmotic stress, thereby increasing their tolerance to salt stress [69,70].
A variety of osmoprotectants derived from amino acids, such as proline, arginine, and alanine [71],
accumulate in cells during salt stress, reducing the osmotic potential of the cells and scavenging
reactive oxygen species [72,73]. Among these osmoprotectants, proline accumulates significantly,
playing a crucial role in plant response to salt stress, while alanine is also actively involved in plant
response to abiotic stresses [70]. In this study, using KEGG enrichment pathway analysis, we
investigated the pathway of proline synthesis from glutamate. The expression of key genes involved
in proline biosynthesis, namely Al-pyrroline-5-carboxylate synthetase (P5CS) and proC, was
significantly up-regulated, whereas PRODH, linked to proline degradation, was down-regulated
when comparing different treatment conditions. Specifically, P5CS, a key enzyme for proline
biosynthesis, showed increased expression, indicating enhanced proline synthesis under salt stress
conditions. This upregulation was further promoted by the addition of MT, suggesting that MT
effectively assists plants in resisting the adverse effects of salt stress by enhancing proline synthesis.
Consequently, the findings of this study offer a new perspective on the role of MT in plant response
to salt stress, emphasizing its potential to enhance plant resistance mechanisms.

In this study, we conducted transcriptome analysis of tryptophan metabolic processes to explore
the effect of melatonin synthesis on the response of plants to salt stress [74]. It was noted that the
expression of key enzymes involved in melatonin synthesis, including N-acetylserotonin
methyltransferase (ASMT, MsG0480020076.01, MsG0480020072.01), experienced significant up-
regulation in WLN compared to WLCK, and in WLNMT compared to WLCK. ASMT is known to
play a critical role in melatonin synthesis. Additionally, the up-regulation of Tyrosine decarboxylase
(TDC, MsG0880043065.01) was also observed when melatonin was introduced to the treatment
group, confirming the increased melatonin synthesis in plants. Melatonin, known to play a crucial
role in abiotic stresses, particularly in salt stress conditions, appears to be an essential factor in plant
responses. Based on these findings, the hypothesis was formulated that plants combat the negative
effects of salt stress by boosting the levels of endogenous melatonin. This hypothesis was
substantiated through experiments showing that the application of exogenous melatonin effectively
mitigated the impact of salt stress on plants. Consequently, these results offer novel insights into the
mechanisms involved in plant responses to salt stress.

5. Conclusions

Transcriptomics was employed in this study to analyze the impact of NaCl stress on gene
transcription levels in alfalfa plants. It was observed that flavonoids, glutathione, and various
phytohormones are crucial for plant adaptation under salt stress. Under salt stress conditions, genes
related to oxidoreductase activity and secondary metabolism demonstrated decreased expression.
However, supplementation with melatonin was found to enhance the expression levels of genes
inhibited by salt stress, which ultimately led to an increase in the synthesis and metabolism of
flavonoids, glutathione, and phytohormones, as well as the activation of ABC transporter proteins
and the MAPK signaling pathway, thereby mitigating the negative effects of salt stress on gene
expression in alfalfa plants. Consequently, the ability of plants to handle salt stress improved. The
study elucidated the potential molecular mechanisms of salt stress in alfalfa plants and identified
several key genes, paving the way for a more comprehensive examination of salt tolerance in alfalfa
plants.
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