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Abstract 

Background  Salt-alkali stress is an abiotic stress that inhibits crop growth and reduces yield. It significantly affects 
various physiological processes in plants, including photosynthesis, osmotic regulation, and antioxidant defense. 
However, studies on the transcriptional response mechanisms of Medicago falcata L. under salt-alkali stress are limited. 
In this study, RNA-seq technology was used to analyze differentially expressed genes (DEGs) in salt-alkali tolerant 
M.falcata breeding lines (LM18) and the salt-alkali sensitive Hulunbeier (HL) under salt-alkali stress. Furthermore, 
physiological indicators such as chlorophyll content, proline accumulation, and superoxide dismutase (SOD) activity 
were assessed to compare the responses of LM18 and HL to salt-alkali stress. By integrating transcriptomic and physi-
ological analyses, this study provides new insights into the physiological and molecular regulatory mechanisms of M. 
falcata in response to salt-alkali stress.

Results  The results showed that compared to the untreated controls, 10,289 and 2,478 DEGs were detected in LM18 
and HL M.falcata seedlings, with 788 shared DEGs detected in both. GO functional analysis classified these DEGs 
into three categories: Biological Process, Cellular Components, and Molecular Functions, with significant enrichment 
in GO terms such as “response to osmotic stress”, “intramolecular oxidoreductase activity” and “antioxidant activity”. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed the involvement of these DEGs in key 
metabolic pathways, including “Phenylpropanoid biosynthesis”, “Plant hormone signal transduction”, “Plant-pathogen 
interaction”, “Isoflavonoid biosynthesis”, “Circadian rhythm-plant” and “Photosynthesis—antenna proteins”. Physi-
ological indicators and membership function analysis confirmed that LM18 has greater salt-alkali tolerance than HL. 
Transcription factor analysis identified 42 transcription factor families, with the ERF family being the most abundant, 
followed by MYB-related, WRKY, bHLH, and MYB families. Weighted Gene Co-expression Network Analysis (WGCNA) 
showed that the MEturquoise module exhibited a significant positive correlation with salt-alkali stress and several 
physiological indicators. Module gene network analysis and GO enrichment revealed that MS.gene64536(MYBP), MS.
gene76249(SRM1) and MS.gene049843 (MPK3) have functions related to “response to salt stress” and “positive regulation 
of response to salt stress”, suggesting their key roles in salt-alkali tolerance in M.falcata. All three genes were upregu-
lated in the salt-alkali tolerant LM18.
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Conclusions  The GO terms and KEGG pathways significantly enriched in LM18 involved a significantly higher num-
ber of DEGs compared to HL, suggesting a more robust and effective mechanism in LM18. These findings highlight 
the robust molecular and physiological adaptations of LM18 in response to salt-alkali stress.
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Introduction
Soil salinization is a significant environmental issue that 
constrains agricultural and pastoral development. Glob-
ally, saline-alkaline land covers approximately one billion 
square kilometers, and this area continues to expand, 
causing extensive environmental damage and severely 
reducing crop yields [1]. Salt-alkali stress is one of the 
abiotic stress factors affecting plant growth and develop-
ment, inducing ionic toxicity, osmotic stress, oxidative 
stress, and increased rhizosphere pH, which leads to high 
pH stress. The combined effects of these stresses disrupt 
numerous physiological and metabolic processes, inhibit 
plant growth, and can ultimately lead to premature 
senescence or plant death [2, 3]. Developing salt-alkali 
tolerant crops remains an effective strategy to mitigate 
soil salinization. In-depth investigation and utilization of 
salt-alkali tolerance genes can provide molecular insights 
into the underlying mechanisms of salt-alkali resistance. 
However, challenges such as the limited availability of 
salt-alkali tolerant genes and germplasm resources per-
sist. Identifying key genes involved in the salt-alkali stress 
response and elucidating the molecular mechanisms 
underlying plant tolerance is critical for developing salt-
alkali tolerant crops, provides a potential strategy to miti-
gate the impact of saline-alkaline soils on agriculture [4].

The saline-alkaline components in soil primarily 
include neutral salts such as NaCl and Na₂SO₄, which 
induce salt stress, and alkaline salts such as NaHCO₃ and 
Na₂CO₃, which cause alkaline stress [5, 6]. Excessive Na⁺ 
from neutral salts disrupts plant metabolic processes [4] 
and reduces soil water potential and osmotic potential [7, 
8]. Significant progress has been made in understanding 
the molecular mechanisms underlying plant responses 
to NaCl stress [9, 10]. Studies have demonstrated that 
plants adapt to salt stress caused by NaCl by accumu-
lating osmolytes such as soluble sugars and proline, 
thereby regulating cellular osmotic pressure [11, 12]. In 
contrast, alkaline salts induce high pH damage through 
CO₃2⁻ and HCO₃⁻ [13, 14], triggering the synthesis of 
reactive oxygen species (ROS) and malondialdehyde, 
which disrupt plant cell membranes and intracellular 
components [15, 16]. Consequently, alkaline stress causes 
more severe morphological and physiological damage in 
plants compared to neutral salts [17, 18]. Alkaline salts 
also exert a greater inhibitory effect on photosynthesis, 
leading to intensified oxidative damage [19–22]. Despite 

these impacts, the molecular mechanisms underlying 
plant responses to alkaline stress remain underexplored. 
Recent studies in Sorghum bicolor have identified a key 
negative regulator, AT1, which modulates salt-alkali 
tolerance by altering H₂O₂ distribution between plant 
cells through the phosphorylation of aquaporins [23, 
24]. Studies on the response of Medicago sativa L. to 
salt-alkali stress have revealed significant enrichment 
of amino acid biosynthesis, flavonoid biosynthesis, and 
MAPK signaling pathways in salt-alkali tolerant varieties 
[25].

In recent years, advancements in transcriptome 
sequencing technology have significantly enhanced the 
understanding of plant responses to various abiotic 
stresses [26–28]. RNA-Seq high-throughput sequenc-
ing directly sequences cDNA derived from mRNA, ena-
bling the detection of global transcriptional activity at 
single-nucleotide resolution. This technique rapidly and 
comprehensively identifies almost all transcripts under 
specific conditions, making it a powerful tool for uncov-
ering gene expression related to plant stress responses. 
RNA-Seq has been widely applied to plants such as Med-
icago sativa, Leymus chinensis, and Arabidopsis thali-
ana. Pang et  al. [29] conducted RNA sequencing and 
WGCNA analysis on the salt-tolerant cotton variety Lu 
Mian 28 and the salt-sensitive variety Zhong Mian Suo 
12 under salt stress. They identified 114 transcription fac-
tors (TFs) and 11 key genes related to salt tolerance. Gan 
et  al. [30] performed transcriptomic analysis on tomato 
roots during the early stages of salt stress and identified 
10,588 differentially expressed genes (DEGs), including 
genes involved in hormone signaling, amino acid metab-
olism, and cell cycle regulation. Ren et al. [31] performed 
RNA sequencing on salt-alkali mixed stress-treated 
salt-tolerant soybean Heinong 531 and salt-sensitive 
soybean 20_1846, identifying 200 DEGs related to salt-
alkali tolerance, of which 29 key DEGs were involved in 
14 pathways responding to salt-alkali stress. Ni et al. [32] 
analyzed transcriptome data of Hibiscus hamabo under 
salt treatment and identified the key transcription factor 
HhWRKY79. Overexpression of HhWRKY79 in Arabi-
dopsis was shown to enhance salt tolerance in trans-
genic plants. Ji et  al. [33] performed RNA sequencing 
on banana root tissues under salt stress and found that 
multiple MYB and HAK TFs were upregulated, while 
the expression of most AP2/ERF and WRKY TFs was 
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downregulated. An et  al. [34] conducted transcriptome 
sequencing of Zhaodong alfalfa under salt-alkali stress 
and identified DEGs, elucidating the molecular mecha-
nisms underlying its salt-alkali tolerance. Similarly, Cao 
et  al. [35] used Illumina HiSeq 2500 high-throughput 
sequencing to identify miRNAs in Medicago truncatula 
under salt-alkali stress, providing valuable insights into 
the molecular mechanisms of salt-alkali tolerance and 
shedding light on the proposed roles of miRNAs in plant 
stress resistance.

Medicago falcata L. is a perennial leguminous for-
age crop with strong adaptability, excellent salt-alkali 
tolerance, and high forage quality, making it valuable 
for feeding, ecological, and genetic breeding purposes 
[36]. With the increasing severity of soil salinization, 
M. falcata, which has long been exposed to saline-alkali 
environments, has gradually developed salt-alkali tol-
erance through evolutionary adaptation to its habitat. 
Studies have shown that M. falcata contains numer-
ous germplasm resources with robust salt tolerance, 
offering significant potential for alfalfa salt tolerance 
breeding. However, research on the salt-alkali toler-
ance of M. falcata has primarily focused on neutral salts 
(NaCl and Na₂SO₄), with less emphasis on alkaline salts 
(Na₂CO₃ and NaHCO₃). Since the genomic information 
of M.falcata has not yet been published, research on its 
salt-alkali tolerance rely largely on genomic data from 
model leguminous plants such as Medicago truncatula 
and Medicago sativa. Currently, research on the salt-
alkali tolerance of M. falcata remains primarily at the 
morphological and physiological levels. It is imperative 
to investigate the response mechanisms of M.falcata to 
salt-alkali stress and to identify highly expressed func-
tional genes and novel regulatory pathways involved in 
this process. Such exploration will provide new perspec-
tives and insights into the molecular basis of salt-alkali 
tolerance in M.falcata. Based on the findings of this 
study, new strategies for the agricultural development 
of saline-alkaline lands can be proposed—for example, 
enhancing the expression of specific genes to improve 
the salt-alkali tolerance of M.falcata. This would offer 
both theoretical and technical support for the efficient 
utilization of saline-alkaline soils. The salt-alkali-toler-
ant genotype LM18 used in this study is likely to har-
bor genes associated with salt-alkali tolerance, thereby 
offering valuable genetic resources for the identification 
of candidate tolerance genes. These findings can further 
support modern breeding approaches, such as marker-
assisted selection (MAS). Meanwhile, comparative analy-
sis with the salt-alkali-sensitive genotype HL will enable 
the elucidation of genetic differences under stress condi-
tions, thus contributing to a better understanding of the 
genetic basis underlying salt-alkali tolerance in M.falcata. 

By comparing physiological and molecular responses 
between salt-alkali tolerant LM18 and salt-alkali sensitive 
HL under salt-alkali stress, the key genes and regulatory 
pathways conferring tolerance can be uncovered. In this 
study, two M.falcata varieties, salt-alkali tolerant LM18 
and salt-alkali sensitive HL, previously identified through 
screening, were used as experimental materials. Plants 
were subjected to 150 mM NaHCO₃ and Na₂CO₃ treat-
ments for 0 (CK), 1, 6, and 12 h. Transcriptome sequenc-
ing was performed using the NovaSeq X Plus platform 
to compare gene expression differences between the two 
varieties under salt-alkali stress and control conditions. 
Analysis of salt-alkali responsive genes identified can-
didate genes associated with salt-alkali tolerance. These 
results provide a foundation for enhancing the adaptabil-
ity of M.falcata to saline-alkaline environments and offer 
valuable insights into the molecular mechanisms govern-
ing salt-alkali tolerance.

Materials and methods
Plant growth and treatment
The experimental materials used in this study were Med-
icago falcata L. cv. Longmu No.18 (LM18) and Hulun-
beier (HL), provided by the Branch of Animal Husbandry 
and Veterinary of Heilongjiang Academy of Agricultural 
Sciences. Hereafter, LM18 and HL refer to the salt-alkali 
tolerant breeding lines and the salt-alkali sensitive control 
sample, respectively. Healthy and viable M.falcata seeds 
were selected, disinfected with 70% ethanol for 30 s, and 
further sterilized with 5% NaClO for 10 min. The seeds 
were then rinsed 4–5 times with distilled water. The 
cleaned seeds were evenly placed on glass petri dishes 
lined with moistened filter paper and incubated in a con-
trolled climate chamber at 25  °C/15  °C (day/night) with 
70% humidity in darkness to induce germination. After 
cotyledon emergence, the seedlings were transferred 
to alfalfa cultivation troughs and irrigated daily with a 
modified Hoagland nutrient solution to ensure healthy 
growth. When the seedlings reached the 4–5 leaf stage, 
salt-alkali stress treatment was applied. The salt-alkali 
solution consisted of 150  mM NaHCO₃ and Na₂CO₃ 
mixed at a 9:1 ratio. This specific ratio was determined 
based on previous studies, as it establishes a defined pH 
and ionic environment that not only reflects a certain 
level of salt-alkali stress intensity but also maintains rela-
tive ionic stability in the solution. This approach enables 
a more precise assessment of plant tolerance thresholds 
and physiological responses under the combined effects 
of salt and alkali stress. Seedlings of the LM18 and HL 
of M.falcata were subjected to salt-alkali stress treatment 
using a mixed alkaline solution composed of 150  mM 
NaHCO3 and Na2CO3 at a molar ratio of 9:1. Leaf sam-
ples were collected at four time points: 0, 1, 6, and 12 h 
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after treatment. For each time point, three biological 
replicates were collected, resulting in a total of 24 sam-
ples. Leaf tissues were rapidly harvested, immediately 
frozen in liquid nitrogen, and stored at -80 °C for subse-
quent physiological measurements and RNA extraction. 
These samples were used for both physiological assays 
and transcriptomic analyses to investigate the molecular 
and physiological responses of M.falcata under salt-alkali 
stress.

RNA extraction, library preparation, and sequencing
RNA extraction
To ensure the reliability and scientific rigor of the 
experimental results, three biological replicates were 
established for each treatment and for both experimen-
tal genotypes. A total of 24 samples were collected for 
RNA extraction, comprising four treatments (150  mM 
NaHCO3 and Na2CO3 for 0, 1, 6 and 12 h). RNA extrac-
tion was performed using TRIzol Reagent following the 
manufacturer’s instructions (Invitrogen). Subsequently, 
the extracted RNA underwent quality assessment using 
the 5300 Bioanalyzer (Agilent Technologies) and was 
quantified with the ND-2000 (NanoDrop Technologies). 
Only high-quality RNA samples meeting the criteria 
of OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, RIN ≥ 8.0, 
28S:18S ≥ 1.0, and > 1  μg were utilized for constructing 
the sequencing library.

Library preparation and sequencing
RNA purification, reverse transcription, library con-
struction, and sequencing were conducted at Shanghai 
Majorbio Biopharm Biotechnology Co., Ltd. in Shanghai, 
China, following the guidelines of Illumina (San Diego, 
CA). The RNA-seq transcriptome libraries for LM18 
and HL were constructed using 1  μg of total RNA with 
the Illumina® Stranded mRNA Prep Ligation Kit. Ini-
tially, messenger RNA was isolated via polyA selection 
with oligo (dT) beads, fragmented using a fragmentation 
buffer, and then subjected to double-stranded cDNA syn-
thesis employing a SuperScript double-stranded cDNA 
synthesis kit (Invitrogen, CA) with random hexamer 
primers from Illumina. The cDNA was then subjected to 
end-repair, phosphorylation, and ’A’ base addition follow-
ing Illumina’s standard library construction protocol. Tar-
get fragments of approximately 300 bp were size-selected 
using a 2% Low Range Ultra Agarose gel, and the libraries 
were amplified by PCR for 15 cycles with Phusion DNA 
polymerase. Library quantification was performed using 
Qubit 4.0, and paired-end sequencing (2 × 150  bp) was 
conducted on the NovaSeq X Plus sequencer. The raw 
paired-end reads were trimmed and quality-filtered using 
fastp [37] with default parameters. High-quality reads 
were aligned to the reference genome in orientation 

mode using HISAT2 [38]. Subsequently, the mapped 
reads of each sample were assembled via StringTie [39] 
in a reference-based approach. Subsequently, the quality-
controlled sequencing data were evaluated by calculating 
the Q30 value and GC content.

Analysis of DEGs and functional enrichment
For the identification of DEGs between two distinct vari-
eties, the expression level of each transcript was deter-
mined using the transcripts per million reads (TPM) 
methodology. In this study, DEGs were defined as genes 
that exhibited significant expression changes in response 
to salt-alkali stress within each genotype (LM18 or HL), 
thereby contributing to the plants’ adaptive responses 
to the adverse alkaline environment. Gene abundances 
were quantified utilizing RSEM [40]. Subsequently, 
DESeq2 [41] was employed for the analysis of differen-
tial expression. DEGs meeting the criteria of |log2FC|≥ 1 
and FDR < 0.05 (DESeq2) or FDR < 0.001 (DEGseq) were 
deemed as significant DEGs. Furthermore, functional 
enrichment analyses involving Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways were conducted to identify DEGs significantly 
enriched in GO terms and metabolic pathways at a Bon-
ferroni-corrected P-value < 0.05 compared to the whole-
transcriptome background. GO functional enrichment 
analysis was performed using Goatools, while KEGG 
pathway analysis was conducted with Python scipy soft-
ware. GO database is a widely used tool for the functional 
annotation and classification of genes and gene products. 
It categorizes gene functions into three main aspects: 
molecular function (MF), cellular component (CC), and 
biological process (BP). GO enrichment analysis enables 
the identification of biological processes involved in the 
response to salt-alkali stress, the subcellular localiza-
tion of gene products, and their associated molecular 
functions. The KEGG database is another important 
resource that facilitates the analysis of metabolic and 
signaling pathways involving gene products. KEGG path-
way enrichment analysis helps elucidate the biochemi-
cal processes occurring in response to salt-alkali stress, 
including which metabolic pathways are activated or sup-
pressed, and which signaling pathways are involved in 
stress perception and response mechanisms.

Measurement of physiological indicators
A total of 24 samples were collected for measurement 
of physiological indicators, comprising four treatments 
(150  mM NaHCO3 and Na2CO3 for 0, 1, 6 and 12  h), 
two varieties of leaves, and three biological replications. 
Chlorophyll is an essential component of photosynthe-
sis and serves as a critical indicator for evaluating plant 
growth status and photosynthetic efficiency. Under 
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salt-alkali stress, chlorophyll plays a key role in the light 
reaction of photosynthesis, converting absorbed light 
energy into chemical energy while mitigating photo-
damage caused by excessive light energy. Osmoregula-
tory substances are crucial for maintaining intracellular 
osmotic balance and ensuring normal cellular function 
under abiotic stress. For instance, proline accumulation 
under salt-alkali stress contributes to osmotic homeo-
stasis, allowing plants to sustain water absorption and 
cell turgor pressure, thereby supporting normal growth 
and development in saline-alkali environments. ROS are 
continuously generated as byproducts of normal cellular 
metabolism. However, under salt-alkali stress, excessive 
ROS accumulation can lead to oxidative damage in plant 
cells. The plant antioxidant defense system, comprising 
enzymatic antioxidants such as superoxide dismutase 
(SOD), peroxidase (POD), and catalase (CAT), plays a 
vital role in scavenging excess ROS and protecting cells 
from oxidative stress. These antioxidant enzymes catalyze 
specific biochemical reactions that eliminate ROS gener-
ated under stress conditions, such as superoxide anions 
(O2

−) and hydrogen peroxide (H2O2). By mitigating oxi-
dative stress, these enzymes help maintain cellular redox 
homeostasis, preserve membrane integrity, and ensure 
the normal physiological functions of plant cells under 
adverse environmental conditions. All physiological 
measurements were conducted following the principles 
and techniques outlined in “Principles and Techniques of 
Plant Physiological and Biochemical Experiments” [42]. 
Chlorophyll content was measured using the extraction-
colorimetric method, MDA content was quantified via 
the modified thiobarbituric acid (TBA) method, proline 
content was determined by the ninhydrin method, per-
oxidase (POD) activity was assessed using the guaiacol 
method, SOD activity was evaluated by the nitroblue 
tetrazolium (NBT) method, and CAT activity was meas-
ured by the ammonium molybdate colorimetric method, 
GSH content by the colorimetry method, Soluble Protein 
content by Coomassie brilliant blue colorimetry, Soluble 
Sugar content by the anthrone method, and H2O2 con-
tent by spectrophotometry method.

Analysis methods of physiological indicators data
The data were expressed as mean ± standard deviation 
and variance analysis was performed to identify sig-
nificant differences. At a significance level defined as 
α = 0.05, Duncan’s test was used to determine the least 
significant difference (LSD) of the means. The experi-
mental data were analyzed using SPSS software for vari-
ance analysis, and principal component analysis (PCA) 
was conducted using standardized values. Finally, the 
membership function method was employed to evalu-
ate the salt-alkali tolerance of the two varieties. The 

membership function value for each variety was calcu-
lated using the formula:

In this formula, U(Xi) represents the membership func-
tion value of the i-th indicator for the tested variety; Xi 
represents the measured value of the i-th indicator; Xmin 
and Xmax represent the minimum and maximum values 
of the i-th indicator across all tested varieties.

Weighted gene co‑expression network analysis (WGCNA)
WGCNA is a powerful bioinformatics method used 
to analyze gene expression data by constructing co-
expression networks. In the context of salt-alkali stress 
research, WGCNA facilitates the identification of gene 
modules and hub genes that are significantly correlated 
with salt-alkali tolerance traits. This approach provides 
valuable insights into the complex regulatory networks 
and molecular mechanisms underlying plant responses 
to salt-alkali stress. WGCNA was implemented utilizing 
the WGCNA package in R [43]. A co-expression net-
work was constructed from all DEGs using the WGCNA 
package in R [43]. Modules were harvested utilizing the 
automatic network construction function, with modules 
grouped into blocks based on the default settings. The 
eigengene values for each module were calculated and 
used to assess their correlation with physiological indica-
tors. Additionally, total connectivity, intramodular con-
nectivity, kME (modular membership), and p-values of 
the DEGs were calculated.

Identification of putative Transcription Factors (TFs)
All genes were searched against the Plant Transcription 
Factor Database (plant TFDB version 4.0, http://​plant​
tfdb.​cbi.​pku.​edu.​cn) using BLAST to identify putative 
TFs. TF information was annotated based on the com-
parative results.

qRT‑PCR analysis
Total RNA from the samples was used as a template for 
reverse transcription using the HiScript Q RT SuperMix 
for qPCR (+ gDNA wiper) kit (Vazyme, China). Nine 
gene-specific primers were designed using the tool on 
the NCBI website (https://​www.​ncbi.​nlm.​nih.​gov/​tools/​
primer-​blast/), with β-actin gene expression serving as 
the normalizer. In the qRT-PCR experiment, the primer 
sequences used are crucial for ensuring the accuracy of 
the experimental results. The specific primer sequences 
are listed in Table  S1 (Additional file  1). qRT-PCR was 
done on an ABI7300 Real-Time PCR System (Applied 
Biosystems, USA) utilizing ChamQ SYBR Color qPCR 
Master Mix (2X) (Vazyme, China). Relative gene expres-
sion levels were evaluated utilizing the 2−ΔΔCT method.

U(Xi) = (Xi − Xmin)/(Xmax − Xmin),wherei = 1, 2, 3, ..., n.

http://planttfdb.cbi.pku.edu.cn
http://planttfdb.cbi.pku.edu.cn
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Results
Identification of DEGs under salt‑alkali stress
RNA-Seq technology was used to perform transcrip-
tome sequencing of LM18 and HL under salt-alkali 
treatments for 0 (Control Check, CK), 1, 6, and 12  h, 
yielding 183.6 Gb of clean data, with a Q30 base percent-
age exceeding 93.3% and a GC content of approximately 
42% (Additional file 2: Table S2). Correlation analyses of 
LM18 (Additional file  3: Figure S1) and HL (Additional 
file  4: Figure S2) indicated good consistency among the 
replicate data at the same treatment time point.

To examine the time-dependent transcriptional 
changes in LM18 and HL after salt-alkali treatment, we 
conducted PCA and observed significant differences in 
PC values between LM18 and HL. The expression change 
trends at the time points after salt-alkali treatment were 
similar for LM18 and HL, with only slight changes at 1 h 
and more pronounced changes at 6 h (Fig. 1). DEGs were 
identified using the criteria of FDR < 0.01 and |log2FC|≥ 1 
(p < 0.05). In the LM18 transcriptome, a total of 10,289 
DEGs were identified. Compared to the 0 h, 3,028, 2,426, 
and 4,157 genes were upregulated, and 840, 2,031, and 
2,189 genes were downregulated at 1, 6, and 12 h, respec-
tively (Fig.  2A), with 814 DEGs commonly expressed 
across the time points (Fig.  3A). In the HL transcrip-
tome, 2,478 DEGs were identified, with 464, 309, and 803 
genes upregulated and 372, 382, and 451 genes down-
regulated at 1, 6, and 12 h, respectively, compared to the 
0 h (Fig. 2B), with 39 DEGs commonly expressed across 
the time points (Fig. 3B). The top 10 DEGs that were sig-
nificantly upregulated under salt-alkali stress in LM18 

and HL, respectively, compared to their corresponding 
controls at 0 h, are listed in Table S3 (Additional file 5). 
Under salt-alkali stress, the absolute number of DEGs 
generated by LM18 was 315.21% higher than that of HL. 
A comparative analysis of DEGs in response to salt-alkali 
stress between LM18 and HL (Fig.  3C) revealed 11,979 
DEGs, with 788 DEGs detected in both LM18 and HL. 
These genes are preliminarily hypothesized to constitute 
the common salt-alkali response mechanism in M.falcata 
with varying salt-alkali tolerance, suggesting that they 
may not be the primary genes responsible for the differ-
ences in salt-alkali tolerance between the varieties. LM18 
possessed 9,501 unique DEGs, significantly more than 
HL (1,690), which may be key gene groups determining 
the differences in salt-alkali tolerance between LM18 and 
HL.

Functional analysis of DEGs in LM18 and HL 
under salt‑alkali stress
The DEGs of LM18 and HL were subjected to gene 
function annotation to characterize their biological 
functions (Table  1). The results revealed that 9,301 
and 2,223 DEGs in LM18 and HL, respectively, were 
annotated in the GO database. Functional annotation 
revealed that the number of DEGs enriched in six sub-
categories, including cellular process, was significantly 
higher in LM18 and HL (Fig.  4A and B). GO enrich-
ment analysis revealed that 65 DEGs in LM18 were 
significantly enriched in the GO term “response to salt 
stress(GO:0009651)” (P < 0.05), and 6 DEGs were signif-
icantly enriched in the “positive regulation of response 

Fig. 1  Principal component analysis of LM18 and HL
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Fig. 2  Volcano plots of differentially expressed genes in LM18 and HL. (A: The volcano maps of differentially expressed genes of LM18 at 1 h, 
6 h and 12 h were obtained from CK(0 h), respectively. B: The volcano maps of differentially expressed genes of HL at 1 h, 6 h and 12 h were 
obtained from CK(0 h), respectively. Red points represent up-regulated genes, Blue points represent down-regulated genes, Grey points represent 
non-significantly genes.)

Fig. 3  Venn diagrams of differentially expressed genes in LM18 and HL (A: Venn diagram of DEGs in LM18; B: Venn diagram of DEGs in HL; C: Venn 
diagram of DEGs in both LM18 and HL)
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to salt stress(GO:0043141)” (P < 0.05). Both of these GO 
terms are directly related to the response to salt-alkali 
stress. All genes enriched in these two GO terms were 
unique to LM18. In addition, 265, 154, 116, 70, and 51 
DEGs in LM18 were significantly enriched in the GO 
terms “response to abiotic stimulus (GO:0009628)”, 
“response to external stimulus (GO:0009605)”, 
“response to oxidative stress (GO:0006979)”, “response 
to osmotic stress (GO:0006970)”, and “regulation of 
response to stress (GO:0080134)” (P < 0.05)(Additional 
file 6: Table S4). For HL, 86 and 21 DEGs were signifi-
cantly enriched in the GO terms response to abiotic 
stimulus (GO:0009628) and regulation of response 
to stress (GO:0080134) (P < 0.05) (Additional file  7: 
Table S5).

Gene products function together to perform criti-
cal biological functions within an organism. KEGG 
pathway annotation analysis of DEGs offers valu-
able insights into the biological functions of these 
genes. The KEGG database serves as an essential pub-
lic resource for pathway information. KEGG pathway 
analysis of the DEGs in the two M. falcata varieties 
revealed that 2,708 DEGs in LM18 were annotated and 
significantly enriched in 56 pathways (P < 0.05) (Addi-
tional file  8: Table  S6). The pathway with the highest 
number of DEG participants in LM18 was the “Phenyl-
propanoid biosynthesis pathway (map00940)”, involving 
208 DEGs (Fig.  5A), most of which were upregulated 
(Fig.  6). Notably, 164 DEGs were consistently upregu-
lated across all salt-alkali treatment time points in 
LM18(Additional file  9: Table  S7). This pathway was 
uniquely enriched by DEGs specific to LM18, suggest-
ing that it plays a vital role in the response to salt-alkali 
stress in this variety. Other significantly enriched path-
ways in LM18 included “Plant hormone signal trans-
duction (map04075)” and “Plant-pathogen interaction 
(map04626)”, which further support the involvement of 
various regulatory and defense mechanisms in LM18’s 
stress response. In contrast, a total of 664 DEGs were 
annotated in HL, with significant enrichment observed 

in only three pathways (P < 0.05) (Additional file  10: 
Table  S8). Among these pathways, the one with the 
highest DEG participation was the “Isoflavonoid bio-
synthesis pathway (map00943)”, which included 27 
DEGs (Fig. 5B),the majority of these DEGs were upreg-
ulated under salt-alkali stress conditions (Fig.  7). Of 
these, 19 DEGs were consistently upregulated across 
all salt-alkali treatment time points in HL (Additional 
file  11: Table  S9). The other two enriched pathways in 
HL were “Circadian rhythm—plant (map04712)” and 
“Photosynthesis—antenna proteins (map00196)”.

Expression pattern clustering was performed on 788 
differentially co-expressed genes (shared between LM18 
and HL), resulting in five distinct clusters. Among them, 
Cluster 3 contained the largest number of genes, which 
exhibited a significant upregulation at the late stage 
(12  h) of salt-alkali stress in both LM18 and HL, com-
pared to the control condition (0 h) (Fig. 8A). Based on 
Gene Ontology (GO) functional annotation, a higher 
number of differentially co-expressed genes were 
found in the subcategories of catalytic activity, bind-
ing, cell part, membrane part, cellular process, and 
metabolic process (Fig.  8B). GO enrichment analysis 
revealed that 107, 45, and 40 differentially co-expressed 
genes were significantly enriched in the biological pro-
cesses “response to stimulus (GO:0050896)”, “defense 
response (GO:0006952)”, and “response to abiotic stimu-
lus (GO:0009628)”, respectively (P < 0.05) (Additional 
file  12: Table  S10). KEGG enrichment analysis identi-
fied 23, 23, and 21 differentially co-expressed genes that 
were significantly enriched in the metabolic pathways 
“Isoflavonoid biosynthesis (map00943)”, “Plant hormone 
signal transduction (map04075)”, and “Circadian rhythm 
– plant (map04712)” (Fig. 8C). Notably, 13 differentially 
co-expressed genes that were significantly enriched in 
the “Isoflavonoid biosynthesis (map00943)” pathway 
were upregulated across all salt-alkali treatment time 
points. Similarly, 10 differentially co-expressed genes in 
the “Plant hormone signal transduction (map04075)” 
pathway showed upregulation, and 7 differentially 

Table 1  Functional annotation and enrichment results of DEGs

Databases: The number of differentially expressed genes of LM18 and HL in response to saline-alkaline, annotated to the GO, KEGG, COG, Nr, Swiss-Prot and Pfam 
databases

*: the related data of DEGs only belonged to LM18 and HL

Variety (line) Number of differentially 
expressed genes

Number of differentially 
expressed genes annotated

Databases

GO KEGG COG Nr Swiss-Prot Pfam

LM18 10,289 10,279 9301 2708 9727 10,279 8919 9008

9501* 9493* 8586* 2474* 8979* 9493* 8246* 8326*

HL 2478 2467 2223 664 2317 2467 2117 2119

1690* 1681* 1509* 430* 1573* 1681* 1440* 1436*
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Fig. 4  GO functional annotation of differentially expressed genes in LM18 and HL (A: GO functional annotation for LM18; B: GO functional 
annotation for HL)
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Fig. 5  KEGG enrichment analysis of differentially expressed genes in LM18 and HL (A: KEGG functional enrichment for LM18; B: KEGG functional 
enrichment for HL. The vertical axis represents the pathway name; the horizontal axis represents the Rich Factor; the larger the Rich Factor, 
the greater the degree of enrichment; The size of the dot indicates the number of genes in this pathway, while the color of the dot corresponds 
to different p-adjust ranges). Note: The y-axis represents the pathway names, while the x-axis indicates the Rich Factor. A higher Rich Factor reflects 
a greater degree of pathway enrichment. The same applies to subsequent figures
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Fig. 6  Phenylpropanoid biosynthesis pathway of DEGs in LM18. Note: Red indicates upregulated genes, while blue represents downregulated 
genes. This color scheme (red for upregulation and blue for downregulation) is consistently applied throughout all pathway figures

Fig. 7  Isoflavonoid biosynthesis pathway of DEGs in HL
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co-expressed genes in the “Circadian rhythm – plant 
(map04712)”pathway were upregulated (Additional 
file 13: Table S11).

Physiological responses of LM18 and HL under salt‑alkali 
stress
Salt-alkali stress commonly induces negative impacts 
on plant photosynthesis and leaf MDA levels, triggering 
energy buildup and consequent generation of ROS [44]. 
In this study, GO enrichment analysis revealed that the 
DEGs in M.falcata were significantly enriched in the GO 
terms “response to osmotic stress”, “intramolecular oxi-
doreductase activity”, and “antioxidant activity” at dif-
ferent time points under salt-alkali stress. Most of the 
DEGs enriched in these three GO terms were upregu-
lated. Under salt-alkali stress, plants actively accumu-
late osmotic regulators to maintain intracellular osmotic 
pressure, prevent water loss, and continuously absorb 
water from the external environment, thereby sustain-
ing normal growth and development. Additionally, plants 
enhance antioxidant enzyme activity to resist oxidative 

damage, thereby improving their salt-alkali tolerance. 
Therefore, the contents of chlorophyll, proline, SOD, 
POD, CAT, GSH, MDA, H2O2, Soluble Sugar and Soluble 
Protein were measured under salt-alkali stress. As illus-
trated in Fig.  9, under salt-alkali stress, the chlorophyll 
content in LM18 significantly increased compared to 
the control (0 h), reaching a maximum at 6 h, while the 
change in HL was not significant. The proline content in 
both LM18 and HL initially increased and then decreased 
compared to the control, peaking at 1 h. The SOD con-
tent in LM18 and HL showed an increasing trend, with 
LM18 peaking at 6  h and HL at 1  h. The POD content 
in LM18 and HL initially decreased and then increased 
under salt-alkali treatment, showing a decrease at all 
time points compared to the control. The CAT content in 
LM18 and HL significantly increased, with LM18 peak-
ing at 6  h and HL at 12  h. The MDA content in LM18 
and HL significantly increased at 1  h under salt-alkali 
treatment compared to the control, followed by a grad-
ual decrease. The GSH content in LM18 was consistently 
higher than in HL at all salt-alkali treatment time points. 

Fig. 8  Differentially co-expressed gene analysis of LM18 and HL (A: Clustering heatmap of differentially co-expressed genes based on TPM values; 
B: GO functional annotation of differentially co-expressed genes; C: KEGG enrichment analysis of differentially co-expressed genes)
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Fig. 9  Measurement of physiological indicators in LM18 and HL under salt-alkali stress
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Soluble Protein content in LM18 initially increased and 
then decreased under salt-alkali stress, peaking at 6  h, 
whereas HL showed a continuous increase, reaching its 
highest level at 12 h. Both LM18 and HL exhibited a simi-
lar trend in Soluble Sugar content, with levels increasing 
initially and then decreasing. LM18 had higher Soluble 
Sugar content at all treatment time points than HL. The 
H2O2 content in LM18 gradually decreased under salt-
alkali stress, while HL exhibited a decrease followed by 
an increase, reaching the highest level at 12 h.

PCA and membership function analysis were con-
ducted, and the results in Table  2 show that the cumu-
lative contribution rate of the first two principal 
components is 74.242%, indicating that these two compo-
nents effectively summarize the comprehensive indicators 

for evaluating salt-alkali tolerance in the two alfalfa varie-
ties (LM18 and HL). Principal component 1 (PC1) has an 
eigenvalue of 5.128 and a contribution rate of 51.276%. 
The higher coefficients for Soluble Protein (0.899) and 
MDA (0.866) in PC1 suggest that these indicators play 
a major role in evaluating salt-alkali tolerance. Princi-
pal component 2 (PC2) has an eigenvalue of 2.297 and a 
contribution rate of 22.966%. In PC2, Proline (0.889) and 
Chlorophyll (0.365) exhibited higher coefficients, indicat-
ing their significant contribution to assessing tolerance. 
The higher coefficients of Soluble Protein, MDA, Proline, 
and Chlorophyll in both principal components reflect 
changes in osmoregulation and cell membrane perme-
ability in alfalfa. Based on these findings, Soluble Protein, 
MDA, Proline, and Chlorophyll were selected for mem-
bership function analysis. The results of the membership 
function analysis under salt-alkali stress (Table 3) indicate 
that LM18 exhibits higher salt-alkali tolerance than HL.

WGCNA and identification of key genes
Then, WGCNA analysis was implemented on 11,979 
genes from LM18 and HL to identify different co-expres-
sion modules in M.falcata under salt-alkali stress. The 
minimum number of genes per module was set to 30, 
with a soft threshold power β of 9 and a module merging 
threshold of 0.85, resulting in 11 distinct gene modules 
represented by different colors (Fig.  10A). Among these, 
the MEturquoise module contained the highest number 
of DEGs (2,112) related to M. falcata samples and physi-
ological indicators under salt-alkali treatment (Fig.  10B, 
C). Meanwhile, the MEturquoise module exhibited strong 
correlations with most physiological traits, suggesting that 
it may play a pivotal role in the salt-alkali tolerance of M. 
falcate. Therefore, the MEturquoise module was selected 
as the target gene module for further analysis. GO enrich-
ment analysis revealed that 182 DEGs in the MEturquoise 
module were significantly associated with stress response. 
KEGG enrichment analysis showed that the 182 DEGs in 
the MEturquoise module were involved in 20 metabolic 
pathways, with significant enrichment in the following 
four pathways: “Isoflavonoid biosynthesis”, “Plant hor-
mone signal transduction”, “Amino sugar and nucleotide 
sugar metabolism”, and “Protein processing in the endo-
plasmic reticulum” (Additional file 14: Table S12). A pro-
tein–protein interaction (PPI) network was constructed 

Table 2  Coefficients and contribution rates of comprehensive 
indicators

Characteristic value: The variance influence value of the principal component of 
PCA1 or PCA2

Contribution rate /%: The proportion of information extracted by principal 
component PCA1 or PCA2 to the total information

Cumulative contribution rate /%: The sum of the contribution rate of PCA1 and 
PCA2

Note: The physiological index coefficients were derived through principal 
component analysis (PCA) of physiological parameter data using SPSS software. 
The component matrix (Component Matrix) was used to obtain factor loadings, 
which were then divided by the square root of the corresponding principal 
component eigenvalues to calculate the physiological index coefficients. In PCA 
analysis, these coefficients represent the contribution of each physiological 
parameter to the principal components. When evaluating salt-alkali tolerance in 
M. falcata, the physiological index coefficients provide a quantitative measure of 
their influence on the comprehensive salt-alkali tolerance principal component

Physiological indicators PCA1 PCA2

Chlorophll 0.581 0.365

Proline 0.244 0.889

SOD 0.771 -0.571

POD -0.778 -0.462

CAT​ 0.756 -0.608

MDA
Soluble Sugar
Soluble Protein
GSH
H2O2

0.866
0.742
0.899
0.648
-0.655

0.442
0.269
-0.416
0.007
0.156

Characteristic value 5.128 2.297

Contribution rate /% 51.276 22.966

Cumulative contribution rate /% 51.276 74.242

Table 3  Membership function analysis results for M.falcata under salt-alkali stress

Variety (line) Each index membership function value Average Ranking

MDA Chlorophyll Soluble Protein Proline

LM18 0.87 0.60 0.53 0.66 0.67 1

HL 0.26 0.24 0.44 0.19 0.28 2
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Fig. 10  Gene clustering tree and module, module-sample, and module-physiological indicator association, and gene co-expression network 
in the MEturquoise module (A: Clustering tree and modules; B: Module-Sample association; C: Module-Physiological indicator association; D: Gene 
co-expression network in the MEturquoise module)
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for the MEturquoise module using an MCODE score > 2 
(Fig. 10D). The kME value of each gene within the mod-
ule was calculated, identifying 19 hub genes. Among 
these, MS.gene64536 (MYBP) and MS.gene049843(MPK3) 
were related to “positive regulation of response to salt 
stress” and MS.gene76249(SRM1) was associated with 
“response to salt” suggesting that these genes may serve 
as core genes in M.falcata’s response to salt-alkali stress. 
In the salt-alkali tolerant LM18 M.falcata, MS.gene64536 
(MYBP), MS.gene76249 (SRM1) and MS.gene049843 
(MPK3) were upregulated at all time points under salt-
alkali treatment (Additional file  15: Table  S13). Notably, 
MS.gene049843 (MPK3) was significantly enriched in 
the “MAPK signaling pathway – plant” and “Plant-path-
ogen interaction” pathways. Pfam annotation revealed 
that MS.gene64536 (MYBP), MS.gene76249 (SRM1) and 
MS.gene049843 (MPK3) were annotated with domains 
including Protein kinase domain, Protein tyrosine and 
serine/threonine kinase, Lipopolysaccharide kinase, 
ABC1 atypical kinase-like domain, and Myb-like DNA-
binding domain.

Identification of TFs responsive to salt‑alkali stress
In plant biology, several TF families are pivotal in mediat-
ing responses to diverse environmental stresses, includ-
ing salt-alkali stress [45]. This study aimed to identify and 
characterize the TFs involved in plant responses to these 
stresses, focusing on understanding their collective and 
individual roles. Among the 11,979 DEGs in LM18 and 
HL, members of 42 TF families were identified. The ten 

TF families with the highest number of predicted TFs 
were ERF (131), MYB_related (62), WRKY (60), bHLH 
(59), MYB (57), NAC (39), bZIP (36), HB-other (29), HSF 
(22), and DBB (21) (Fig. 11). Following salt-alkali stress, 
545 TF-encoding genes were identified in LM18, while 
160 were identified in HL, with LM18 showing a signifi-
cantly higher number of transcription factor-encoding 
genes than HL. The WGCNA-identified MS.gene64536 
gene belongs to the MYB-type transcription factor family. 
Among the 9,501 DEGs unique to LM18 in response to 
salt-alkali stress, 489 transcription factor-encoding genes 
belonging to 40 different TF families were predicted.

Furthermore, to identify TFs that are strongly induced 
by salt-alkali stress and to explore the fundamental 
molecular mechanisms of the stress response, we fur-
ther analyzed the TFs unique to the salt-alkali tolerant 
LM18, specifically those induced after 12 h of salt-alkali 
stress. The results confirmed that the expression patterns 
of DEGs in the five most significantly affected TF fami-
lies (ERF, WRKY, MYB, NAC, and MYB_related) varied. 
In general, the number of upregulated transcription fac-
tor genes was greater than that of downregulated genes 
(Fig. 12).

qRT‑PCR validation of gene expression
Subsequently, our RNA-seq data was further validated 
via qRT-PCR validation on the core genes MS.gene64536 
(MYBP), MS.gene76249 (SRM1) and MS.gene049843 
(MPK3), as well as six randomly selected genes from 
the 788 differentially co-expressed genes in both LM18 

Fig. 11  Prediction of transcription factors among differentially expressed genes in LM18 and HL
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and HL. These six genes included those with transcrip-
tion factor activity (Ms.gene002528), calcium-binding 
protein (Ms.gene041795), oxidoreductase activity (Ms.
gene009662), plant signal transduction (Ms.gene008990), 
and ligase and transferase activity (Ms.gene98148 and Ms.
gene21870). The expression trends of these nine genes at 
different treatment points were generally consistent with 
the expression trends observed in the RNA sequencing 
data, indicating the reliability of the gene expression val-
ues obtained in our experiments (Fig. 13).

Discussion
Plants frequently encounter salt-alkali stress during their 
growth, which necessitates adaptive strategies to with-
stand such environmental stresses. At the molecular 
level, factors such as the genome, transcriptome, pro-
teome, and metabolism play key roles in determining a 
plant’s tolerance to abiotic stress. Transcriptomic studies 
offer detailed insights into mRNA expression and play a 
crucial role in identifying genes involved in stress adap-
tation [46, 47]. Numerous genes responsive to salt-alkali 
conditions have been cataloged across diverse studies 
[48–50]. Research in Arabidopsis thaliana and rice shows 
that the abundance of transcripts for many genes changes 
in response to abiotic stresses, such as high salinity, 
cold, and drought [51, 52]. A deeper understanding of 
these gene networks and their underlying mechanisms 
is essential for developing improved salt-alkali tolerance 
in crop breeding programs. In this study, many DEGs 

were identified in both LM18 and HL within 12 h of salt-
alkali treatment, which helped the plants adapt to the 
salt-alkali environment. KEGG analysis showed that the 
DEGs in both LM18 and HL were significantly enriched 
in the “Photosynthesis—antenna proteins” pathway, 
indicating that salt-alkali stress increases the expression 
levels of genes involved in photosynthesis, which helps 
stabilize the photosystem and enhances plant tolerance 
[53, 54]. Furthermore, both LM18 and HL showed sig-
nificant enrichment in several other pathways, includ-
ing “Isoflavonoid biosynthesis”,“Flavonoid biosynthesis”, 
“Carotenoid biosynthesis”, “Circadian rhythm-plant”, 
“MAPK signaling pathway-plant”, “alpha-Linolenic acid 
metabolism” and “Plant hormone signal transduction”. 
However, the number of DEGs in LM18 was significantly 
higher than in HL, indicating that while LM18 and HL 
share a certain number of salt-alkali regulatory path-
ways, the differences in the number of genes involved 
in regulating different pathways contribute to the vari-
ation in salt-alkali tolerance between the two varieties. 
KEGG pathway analysis of DEGs revealed that most 
genes related to metabolic processes, such as “Starch 
and sucrose metabolism”, “Glycolysis / Gluconeogen-
esis” and “Porphyrin and chlorophyll metabolism” were 
upregulated in LM18. These are critical signal transduc-
tion events triggered by environmental stress, indicating 
their involvement in salt-alkali stress response [55]. These 
pathways play crucial roles in plant responses to abiotic 
stresses such as salt [56], drought [57], and cold [58]. The 

Fig. 12  Prediction of transcription factors among LM18-specific differentially expressed genes under 12 h of salt-alkali stress



Page 18 of 25Chai et al. BMC Plant Biology          (2025) 25:623 

DEGs in LM18 were significantly enriched in the “phe-
nylpropanoid biosynthesis” pathway, which is involved in 
the production of flavonoids, phenolics, and other anti-
oxidant compounds. These antioxidants play a vital role 
in regulating cellular redox balance, maintaining intra-
cellular homeostasis, and enhancing the salt-alkali stress 
tolerance of M. falcata. Additionally, the phenylpropa-
noid-derived compounds can activate or modulate the 
expression of salt-alkali stress-related genes, thereby facil-
itating the adaptation of M. falcata to saline-alkali envi-
ronments. Interestingly, in this study, HL was found to 
participate in “Stilbenoid, diarylheptanoid, and gingerol 
biosynthesis” under salt-alkali stress, a pathway essential 
for plant resistance to diseases and pests [59], indicating 
that this pathway may be induced by both biotic and abi-
otic stresses. Plant salt-alkali tolerance is governed by a 
range of physiological mechanisms, including water and 
ion balance, photosynthesis, and cellular redox equilib-
rium, all modulated by gene expression. Photosynthe-
sis is essential for converting solar energy into chemical 
energy, but salt-alkali stress negatively affects leaf photo-
synthesis [60, 61]. In salt-treated soybean seedling leaves, 

genes encoding components of the light and dark reac-
tions of photosynthesis are slightly suppressed or main-
tained within the first 4 h but are inhibited at later stages 
(24 h) [62]. In this study, 28 genes involved in the “pho-
tosynthesis, dark reaction” function were downregulated 
in the leaves of LM18 M. falcata during the early (1 h), 
middle (6  h), and late (12  h) stages of salt-alkali stress, 
indicating that salt-alkali stress inhibits photosynthesis 
in the leaves at all stages. Under salt-alkali stress, plants 
often accumulate certain amino acids in large quantities 
through alterations in amino acid metabolic pathways. 
This accumulation helps in osmotic regulation and free 
radical scavenging, maintaining the stability of functional 
proteins and metabolic enzymes [63, 64]. In this study, 
DEGs involved in the “L-phenylalanine metabolic pro-
cess” and “erythrose 4-phosphate/phosphoenolpyruvate 
family amino acid metabolic process” in LM18 M. falcata 
were upregulated both at the early (1 h) and late (12 h) 
stages of salt-alkali treatment, suggesting that amino 
acid metabolism-related genes in LM18 M. falcata play 
a positive regulatory role under salt-alkali stress. In this 
study, a total of 788 differentially co-expressed genes 

Fig. 13  Relative expression levels of nine differentially expressed genes in qRT-PCR analysis. The red line represents the qRT-PCR validation results, 
while the blue line represents the sequencing results. No treatment (0 h) in the RNA-seq and qPCR results was normalized as “1”
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were identified, which are likely to play a crucial role in 
the salt-alkali tolerance of M. falcata. These findings pro-
vide a valuable reference for further exploration of novel 
mechanisms and pathways underlying salt-alkali toler-
ance in M. falcata. Functional annotation revealed that 
these DCEGs are associated with "response to stimulus," 
"response to abiotic stimulus," and "plant hormone signal 
transduction." The expression of these genes may enable 
M. falcata to perceive salt-alkali stress and efficiently 
transmit stress signals to the intracellular environment, 
thereby activating adaptive response mechanisms. Addi-
tionally, these genes may regulate various physiological 
and biochemical processes in M. falcata, such as activat-
ing the antioxidant system to prevent cellular damage, 
increasing the synthesis of osmotic regulatory substances 
to maintain water balance, and preserving normal cellu-
lar functions under salt-alkali stress.

Chlorophyll is an essential photosynthetic pigment 
in plant leaves that provides the necessary materials 
and energy for plant growth. The content of chlorophyll 
directly affects the strength of photosynthesis in plants, 
making it an important indicator of photosynthetic 
capacity [65]. In this study, under-untreated conditions 
(0 h), the chlorophyll content in LM18 and HL was simi-
lar, with HL showing a slightly higher chlorophyll content 
than LM18. As the duration of salt-alkali stress increased, 
the chlorophyll content in LM18 significantly increased, 
peaking at 6 h before decreasing at 12 h. In contrast, the 
changes in HL chlorophyll content were less significant, 
with a slight decrease at 12  h of stress. The chlorophyll 
content measurements suggest that, under salt-alkali 
stress, LM18 consistently exhibited higher chlorophyll 
content compared to HL at all treatment time points, 
indicating that LM18 has a stronger adaptive ability to 
salt-alkali stress than HL. Additionally, this finding sug-
gests that salt-alkali stress affects chlorophyll content in 
plants, and chlorophyll content could serve as an indi-
cator of the plant’s salt-alkali tolerance to some extent 
[15]. Under water stress caused by salt-alkali and other 
adverse conditions, plants accumulate organic and inor-
ganic solutes to increase solute concentration, thereby 
lowering cell water potential and maintaining normal cell 
water content to adapt to the stress. Proline, an osmo-
protectant, plays a crucial role in water retention, pro-
tecting cell structure, regulating cell pH, and acting as a 
key marker of stress [66]. In this study, proline content 
in the leaves of M. falcata increased significantly during 
the early stages of salt-alkali stress (1  h), with the salt-
alkali tolerant LM18 showing notably higher proline lev-
els than HL. However, proline content decreased as the 
stress duration lengthened. Soluble proteins and soluble 
sugars are key osmoregulatory factors for plants under 
abiotic stresses such as salt-alkali conditions. They can be 

directly induced by various environmental factors [67]. In 
this study, the soluble sugar content in LM18 was consist-
ently higher than that in HL under salt-alkali stress. The 
soluble protein content in LM18 was also higher than 
that in HL at 1 h and 6 h of salt-alkali treatment, although 
it was slightly lower than HL at 12  h. When plants are 
subjected to stress, excessive ROS are generated, which 
can oxidize proteins, lipids, and other cellular compo-
nents, leading to cell death and impairing normal growth 
[68, 69]. Enzymes such as SOD, POD, CAT, and MDA 
are critical components of the plant antioxidant system, 
while glutathione (GSH) functions as a non-enzyme 
antioxidant. SOD is a key enzyme in the ROS scaveng-
ing system, helping plants protect themselves from oxi-
dative damage by neutralizing excess ROS [70]. POD and 
CAT can remove toxic ROS intermediates in the early 
stages of stress, playing a protective role for plants [71]. 
However, in the later stages of stress, POD can promote 
the generation of ROS, which can be harmful to plants. 
Waszczak et al. [72] reported increased activities of CAT 
and SOD in rice leaves under low-phosphorus stress, 
which is consistent with our findings. As the duration 
of salt-alkali stress increased, the POD content in both 
LM18 and HL decreased to varying degrees compared 
to the control, particularly at 12 h of stress, where LM18 
showed lower POD activity than HL. LM18 also showed 
higher glutathione (GSH) levels under salt-alkali stress 
compared to HL, while H2O2 content was lower in LM18 
throughout the stress period. These results suggest that 
LM18 possesses a stronger antioxidant capacity than HL, 
demonstrating a higher ROS scavenging ability and bet-
ter regulation of H2O2 accumulation, which helps miti-
gate ROS-induced damage in Medicago falcata L. [73]. 
MDA is a product of lipid peroxidation and is commonly 
used to assess the extent of cell membrane damage under 
stress [74]. In this study, MDA content in both LM18 and 
HL initially increased and then decreased with prolonged 
stress but remained higher than in the control. The MDA 
content in the salt-alkali tolerant LM18 was higher than 
in HL under salt-alkali treatment, indicating that salt-
alkali stress enhanced lipid peroxidation in M. falcata. 
Under salt-alkali stress, the DEGs associated with chlo-
rophyll biosynthesis in M. falcata LM18 were upregu-
lated, suggesting that M. falcata can better perceive light 
signals. This enhanced perception may facilitate signal 
transduction, promoting chlorophyll synthesis and lead-
ing to an increase in chlorophyll content. Furthermore, 
the upregulation of DEGs may regulate the expression 
of transporter genes, which facilitate the transport of 
osmoregulatory substances such as proline from the 
cytoplasm to the vacuole for storage. This mechanism 
enhances intracellular proline accumulation, thereby 
improving osmotic adjustment under salt-alkali stress. 
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Additionally, the upregulation of antioxidant defense-
related DEGs may directly enhance the activity of SOD 
and other antioxidant enzymes, thereby increasing the 
plant’s capacity to scavenge ROS and mitigating oxidative 
damage.

WGCNA is a systems biology approach widely used 
to study various biological processes [43], especially for 
identifying genes associated with specific traits, classify-
ing them into modules, and determining co-expression 
modules with high biological significance [75]. By analyz-
ing the gene interaction networks within salt-alkali tol-
erance-related modules, 19 highly connected genes were 
identified. Previous studies have shown that salt stress can 
activate the interaction between MPK3 and ARR1/10/12, 
leading to the phosphorylation of ARR1/10/12 and pro-
moting their degradation under salt stress [76]. MYB 
proteins are also known to contribute to plant salt toler-
ance, with many of their downstream targets identified. 
For example, MYB49 regulates salt tolerance by modulat-
ing cuticle formation and antioxidant defense [77]. In this 
study, GO functional analysis of MS.gene049843 (MPK3) 
and MS.gene64536 (MYBP) revealed their involvement in 
“positive regulation of response to salt stress” with MYBP 
being significantly upregulated at all salt-alkali treat-
ment time points in LM18. Meanwhile, MS.gene76249 
(SRM1) was found to have the “response to salt stress” 
function. KEGG functional annotation revealed that 
MS.gene049843 (encoding MPK3) was involved in both 
the “MAPK signaling pathway—plant” and the “Plant-
pathogen interaction” pathways. This suggests that under 
salt-alkali stress, the MPK3 gene may be activated via the 
MAPK signaling cascade, leading to the phosphorylation 
of downstream target proteins and subsequent regulation 
of genes associated with salt-alkali tolerance. Although 
the “Plant-pathogen interaction” pathway is typically 
associated with defense responses against biotic stress, 
it may also play a role under abiotic stress conditions 
such as salt-alkali stress. MPK3 may enhance the plant’s 
overall defense capacity by phosphorylating proteins 
involved in defense signaling, thereby contributing to the 
maintenance of cellular integrity and functionality under 
stress. Such enhanced defense responses could indirectly 
improve the salt-alkali tolerance of M.falcata. Both MPK 
and MYB genes play critical roles in plant growth, devel-
opment, and stress responses, while SRM1 is a member 
of the MYB transcription factor family and is widely 
expressed in plant species. Studies have shown that 
MPK3 and MPK6 are highly homologous, and as key fac-
tors in salt tolerance regulation, they enhance plant salt 
resistance by phosphorylating the Na + /H + transporter 
SOS1 [78]. In Arabidopsis, AtSRM1 is an important tran-
scriptional regulator that influences ABA biosynthesis 
and signaling. Knockout of this gene has been shown to 

improve seed germination and seedling survival under 
salt stress [79]. The phosphorylation of MPK genes 
enhances the DNA-binding capacity of MYB, which is 
essential for their physiological function in salt stress tol-
erance [80]. The key genes identified in this study, MS.
gene64536 (MYBP), MS.gene049843 (MPK3), and MS.
gene76249 (SRM1), involved in salt-alkali stress response 
in M. falcata, warrant further investigation into their 
interactions. The MPK gene can activate the DNA-bind-
ing or transcriptional activation ability of MYB through 
phosphorylation, thereby promoting the expression of 
downstream salt-alkali stress-related genes, such as those 
encoding antioxidant enzymes, ultimately enhancing the 
adaptability of M. falcata to salt-alkali stress. Moreover, 
MPK and MYB genes may function synergistically within 
the same signaling pathway, where MPK transmits the 
stress signal, while MYB binds to the promoter regions of 
target genes, regulating their expression and collectively 
enhancing salt stress tolerance in M. falcata. Previous 
studies have reported that the SRM gene is induced by 
ABA (abscisic acid) and regulates the response of pop-
lar (Populus) to salt stress [81]. Additionally, the MAPK 
cascade has been shown to regulate ABA signaling and 
mediate salt-alkali stress responses in rice (Oryza sativa) 
[82]. Based on these findings, we hypothesize that SRM 
and MPK genes may indirectly influence salt-alkali tol-
erance in M. falcata through ABA-mediated signaling 
pathways. These genes may provide a new theoretical 
basis and operational components for regulating salt tol-
erance in M. falcata, potentially enriching the molecular 
regulatory model and signal transduction network for 
salt-alkali tolerance in this species. Although the biologi-
cal functions of these three genes require further explora-
tion and validation, the qRT-PCR validation results were 
consistent with the transcriptome sequencing results, 
indicating the accuracy of the transcriptome sequencing 
and the reliability of the WGCNA co-expression network 
analysis method. In conclusion, this strategy for screen-
ing salt-alkali stress-related functional genes is of great 
significance for research on salt-alkali tolerance in M. fal-
cata [83].

TFs are central regulatory elements of gene expression, 
modulating fundamental functions in plants, including 
responses to environmental factors and hormones, as 
well as cell differentiation and organ development [84]. 
By directly interacting with proteins, TFs regulate gene 
expression and are critical in governing plant responses 
to abiotic stress, particularly under salt-alkali conditions. 
In this study, five TF families most involved in salt-alkali 
stress responses were identified: ERF, MYB-related, 
WRKY, bHLH, and MYB. These TFs likely play a defen-
sive role by regulating the expression of downstream 
genes. ERF is a member of the AP2/ERF superfamily, 
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and it maintains ion and ROS homeostasis by target-
ing and regulating genes involved in Na + /K + trans-
port and antioxidant enzymes, playing a crucial role in 
plant defense responses. For instance, the MdERF106 
gene in Musca domestica L. promotes the expression of 
MdSOS1, enhancing Na + efflux [85]. ERF TFs play a cru-
cial role in regulating plant salt tolerance and can serve 
as an important source of salt-tolerant gene resources 
[86]. Studies have found that the ERF gene PalERF109 in 
poplar is rapidly induced by salt stress, and overexpres-
sion of PalERF109 enhances salt tolerance by directly 
activating the expression of high-affinity K+ trans-
porter (HKT) genes [87]. Furthermore, the AP2/ERF 
gene HuERF1 from dragon fruit (Hylocereus undatus) 
has been shown to positively regulate salt tolerance in 
plants [88]. Additionally, the maize transcription factor 
ZmEREB20 enhances salt tolerance in transgenic Arabi-
dopsis plants [89]. WRKY is one of the largest TF fami-
lies in plants, involved in abiotic stress responses through 
plant hormone signaling pathways and ROS scavenging 
mechanisms [90]. Salt-alkali stress is a widespread form 
of abiotic stress that severely affects crop yields. WRKY 
transcription factors play a critical role in regulating 
plant responses to salt-alkali stress. The regulatory net-
works formed by WRKY and other genes help maintain 
plant homeostasis, enabling plants to adapt to salt-alkali 
environments. Previous studies have shown that over-
expression of ZmWRKY104 in maize (Zea mays) posi-
tively regulates the expression of ZmSOD4, enhancing 
salt tolerance by alleviating the accumulation of ROS, 
malondialdehyde (MDA), and increased electrolyte leak-
age percentage, thereby improving the plant’s salt toler-
ance [91]. Overexpression of AtWRKY25 and AtWRKY33 
in Arabidopsis thaliana has increased salt tolerance, 
with 31 and 208 potential ABA-related downstream tar-
gets identified, respectively [92]. Members of the bHLH 
family are critical in various biological processes. Stud-
ies have shown that bHLH expression enhances plant 
tolerance under salt stress by regulating Na + /K + ion 
transport, ROS clearance, and osmotic adjustment [93]. 
For example, under salt stress, the expression of the BvB-
HLH92 gene in sugar beet is significantly upregulated 
in both roots and leaves [94]. Additionally, under high 
salt conditions, the transcription level of OsbHLH148 
in rice rapidly increases [95]. MYB transcription factors 
play a crucial role in maintaining osmotic potential and 
ion homeostasis under salt-alkali stress by regulating the 
composition of plant cell walls and the expression of ion 
transport proteins, thereby participating in the plant’s 
response to salt-alkali stress. The role of MYB TFs in salt 
tolerance has been well-studied in Arabidopsis thaliana, 
where the AtMYB49 gene is upregulated under salinity 
conditions and functions as a key enhancer of the salt 

stress response [96]. Overexpression of SlMYB102 in 
tomato (Solanum lycopersicum) significantly increases 
the transcription levels of genes such as SlSOS1, SlSOS2, 
and SlHAK5, and by expelling excess Na+ from the cyto-
plasm, compartmentalizing it into vacuoles, and pro-
moting K+ absorption, transgenic tomato plants show 
reduced Na+ content and increased K+ content in their 
leaves and roots under salt stress, thus maintaining Na+/
K+ homeostasis and enhancing the salt tolerance of the 
transgenic plants [97]. Meanwhile, in plants, MYB is pri-
marily involved in inducing the synthesis of secondary 
metabolites, including anthocyanins, flavonoids, and lig-
nans, which help mitigate oxidative damage by promot-
ing endogenous ROS scavenging [98, 99]. In this study, 
MS.gene64536 (MYBP), which encodes an MYB TF, was 
found to be upregulated under salt-alkali stress in LM18. 
This suggests that MYBP may regulate the expression of 
salt-alkali-responsive genes as a transcriptional regula-
tor. Previous studies have also reported the upregula-
tion of MYB TFs in response to salt stress in alfalfa. For 
instance, MsG0280010554.01, encoding an MYB TF, was 
upregulated in the leaves of M.sativa under salt stress 
[100], and MYB4 was highly expressed in ZM-M.sativa 
under similar conditions [101]. These findings imply that 
MYB TFs may enhance salt-alkali tolerance through con-
served mechanisms, such as binding to promoter regions 
of downstream target genes involved in ion transport, 
osmotic adjustment, or antioxidant defense. This suggests 
that MYB TFs play a conserved role in mediating plant 
responses to salt-alkali stress, highlighting their impor-
tance in stress-responsive transcriptional networks. 
These TF genes were highly enriched in the DEGs under 
salt-alkali stress, suggesting their collective involvement 
in the modulation of salt-alkali tolerance in M. falcata. 
In future studies, further investigation into the regula-
tory mechanisms of transcription factors (e.g., ERF, MYB, 
WRKY) in the downstream interactions of multiple sign-
aling pathways under salt-alkali stress in M. falcata could 
provide a more precise and efficient approach to enhanc-
ing and improving its salt-alkali tolerance. Understanding 
these mechanisms is of great significance for the breed-
ing of salt-alkali tolerant M. falcata varieties, offering 
valuable insights for the genetic improvement of forage 
crops adapted to saline-alkali environments.

Conclusion
In conclusion, this study combined RNA-seq and 
WGCNA analyses to identify key DEGs related to 
salt-alkali tolerance in M. falcata, including MS.
gene64536 (MYBP), MS.gene76249(SRM1), and MS.
gene049843(MPK3). We also identified the MEturquoise 
gene module associated with salt-alkali tolerance and 
pinpointed 42 transcription factor families, with ERF, 
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WRKY, MYB, NAC, and MYB_related being the major 
regulatory factors involved in salt-alkali stress response. 
The findings of this study highlight the significant induc-
tion of key DEGs and transcription factors under salt-
alkali stress, which can be further explored to elucidate 
their regulatory mechanisms and applied to the improve-
ment of salt-alkali tolerance in M. falcata. This research 
not only provides valuable insights into the key regula-
tory factors for molecular breeding of salt-alkali toler-
ance in M. falcata, but also offers a fresh perspective on 
the plant’s adaptation mechanisms to salt-alkali environ-
ments. Additionally, it lays the foundation for future stud-
ies aimed at improving crop salt-alkali tolerance through 
genetic engineering technologies. The genes identified in 
this study may hold significant translational potential for 
advancing crop breeding programs and developing inno-
vative biotechnological strategies for stress mitigation. 
Their functional characterization provides a promising 
foundation for improving salt-alkali tolerance in crops, 
offering new hope for enhancing agricultural productiv-
ity in saline-alkaline soils amid the global expansion of 
salt-affected land.
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