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Abstract: Crop growth and development can be impeded by salt stress, leading to a significant decline
in crop yield and quality. This investigation performed a comparative analysis of the physiological
responses of two maize inbred lines, namely L318 (CML115) and L323 (GEMS58), under salt-stress
conditions. The results elucidated that CML115 exhibited higher salt tolerance compared with
GEMS58. Transcriptome analysis of the root system revealed that DEGs shared by the two inbred
lines were significantly enriched in the MAPK signaling pathway–plant and plant hormone signal
transduction, which wield an instrumental role in orchestrating the maize response to salt-induced
stress. Furthermore, the DEGs’ exclusivity to salt-tolerant genotypes was associated with sugar
metabolism pathways, and these unique DEGs may account for the disparities in salt tolerance
between the two genotypes. Meanwhile, we investigated the dynamic global transcriptome in the
root systems of seedlings at five time points after salt treatment and compared transcriptome data
from different genotypes to examine the similarities and differences in salt tolerance mechanisms of
different germplasms.

Keywords: root system of maize seedlings; salt stress; RNA-Seq; differences in salt tolerance

1. Introduction

Salt stress is a prevalent environmental factor that has a substantial impact on global
crop production and hinders agricultural advancements [1–4]. The expansion of salin-
ized farmland can be attributed to various factors, including climate conditions, terrain
variations, inefficient irrigation, and the fertilization methods employed in agricultural prac-
tices [5,6]. Excessive soil salinity hampers the process of seed germination, root elongation,
and seed implantation, ultimately resulting in a diminished crop yield and compromised
quality [7]. In the case of salt-sensitive crops, high salt concentrations can even lead to
crop mortality. Research on plant responses to salt stress has suggested that elevated
salt levels disrupt the osmotic pressure in plants, hindering water absorption by roots.
Simultaneously, the excessive accumulation of salt ions can cause ion toxicity, posing a
significant threat to plant growth [8]. Consequently, the response mechanism of plants
to high-salt environments plays a crucial role in determining their salt tolerance. This
mechanism is usually achieved with the extent of root salt absorption [9,10], regulation of
reactive oxygen species (ROS) levels [11], and regulation of salt-stress-related genes and
transcription factors [12].

Maize (Zea mays L.) is a widely cultivated crop known for its high yield, ease of
management, and versatile uses in agriculture and industry. Nevertheless, maize exhibits
greater vulnerability to salt stress compared with other crops [13,14]. Recent research
has identified specific genes and regulatory factors associated with salt stress in maize.
One example is the type-A response regulator (ZmRR1), which can control the release of
Cl− from shoots and interacts with cytokinin to inhibit its function, thereby negatively
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regulating plant salt tolerance [15]. The maize AP2-ERF family member ZmEREB20 posi-
tively regulates salt tolerance through the molecular mechanism associated with hormone
signaling, ROS scavenging, and root hair plasticity. Its overexpressed lines have a higher
survival rate under salt stress [16]. WRKYs are an important family of transcription factors
that widely participate in plant development, defense regulation, and stress responses.
The heterologous overexpression of ZmWRKY114 in rice decreases salt-stress tolerance
and sensitivity to ABA by regulating the expression of certain ABA signal pathways and
stress-responsive genes [17].

Plant salt tolerance is a complex quantitative trait [18] that has been extensively
investigated using various methodologies, including QTL mapping [19], genome-wide
association studies [20], and RNA sequencing [21]. Transcriptome analysis is particularly
valuable in understanding the response of plants to salt stress, identifying important genes
and pathways associated with salt tolerance, and elucidating the mechanisms by which
plants sense and respond to salt stress. Researchers analyzed the transcriptome data of
maize at different time points after exposure to salt stress and found that the response of
the transcriptome to salt stress was rapid and transient [22]. Through the analysis of gene
expression patterns in salt-tolerant and salt-sensitive sorghum varieties, researchers found
that secondary metabolism and hormone signaling pathways exhibited faster responses in
the early stages of salt stress. Furthermore, salt-tolerant varieties displayed a greater efficacy
in restoring plant homeostasis when compared with their salt-sensitive counterparts [23].
Another study focused on the transcriptome comparison between the salt tolerance of
the parental lines of Maize Hybrid An’nong876, revealing the significant impacts of salt
stress on the redox and photosynthesis pathways. It was also found that the regulation of
transcription factors and hormone signal pathways played a crucial role in the response of
maize to salt stress [24].

On the basis of comparing salt tolerance levels, this study selected two inbred maize
lines, L323 (CML115) and L318 (GEMS58), for global transcriptome analysis, and the
investigation led to the identification of two regulatory pathways responsible for salt
tolerance in maize, along with the discovery of key genes associated with the salt-stress
response. These findings offer significant genetic resources that can be utilized for the
development of maize varieties with enhanced salt tolerance.

2. Materials and Methods
2.1. Plant Materials and Experimental Treatment

The seeds of L323 and L318 were sterilized using a solution of 75% alcohol and 5%
NaClO prior to being planted in a substrate for seedlings. Once the plants reached the
three-leaf and one-heart stage, the root substrate was thoroughly rinsed with distilled water
and then all the plants were transferred to a 1/2 Hoagland nutrient solution for one day
to acclimate to the hydroponic environment. Subsequently, the plants subjected to salt
stress were grown in a 1/2 Hoagland nutrient solution supplemented with 150 mmol/L
of NaCl, while the control group was grown in the same nutrient solution without NaCl.
The seedlings were cultivated in plant growth chambers under conditions of 25/20 ◦C
(16 h light/8 h dark) with a photosynthetic photon flux density of 350 µmol·m−2·s−1 and
a relative humidity of 60%. The nutrient solution was replaced every two days during
the experiment.

2.2. Measurements of Physiological Parameters

The root water content of the seedlings was calculated with the drying–weighing
method. After measuring the fresh weight (Wf) of the roots, the roots were deactivated at
105 ◦C for 15 min, then dried to a constant weight at 80 ◦C to measure the dry weight (Wd).
RWC = (Wf − Wd)/Wf × 100%. The malondialdehyde (MDA) content, Peroxidase (POD)
activity, and Catalase (CAT) activity were measured using an assay kit in accordance with
the instructions provided by the manufacturer (Solarbio Science & Technology Co., Ltd.,
Beijing, China).
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2.3. Sample Collection and Acquisition of Transcriptome Data

Maize seedling roots were collected for RNA sequencing at 6, 12, 24, and 48 h af-
ter being exposed to salt stress, using untreated seedlings as controls. Three biological
replicates were set for each treatment, and three seedlings were selected for each repli-
cate. Guangzhou Genedenovo Biotechnology Co., Ltd. (Guangzhou, China), conducted
transcriptome sequencing and obtained gene expression data from 30 samples.

2.4. RNA Extraction and RNA-Seq

The total RNA was extracted using a Trizol reagent kit (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s protocol. RNA quality was assessed on an Agilent 2100 Bio-
analyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using RNase-free agarose
gel electrophoresis. After the total RNA was extracted, eukaryotic mRNA was enriched
using Oligo (dT) beads. Then, the mRNA was fragmented using a fragmentation buffer
and reversely transcribed into cDNA. The resulting cDNA library was sequenced using an
Illumina Novaseq 6000. The raw reads were filtered to obtain high-quality clean reads by
removing reads containing adapters, reads containing more than 10% unknown nucleotides
(N), and low-quality reads containing more than 50% low-quality (q-value ≤ 20) bases. Dif-
ferential expression analysis was performed with DESeq2_1.42.0 [25] software between
two different groups (and with edgeR [26] between two samples). The genes/transcripts
with the parameters of a false discovery rate (FDR) ≤ 0.05 and a |log2FC| ≥ 1 were
considered DEGs.

2.5. Trend Analysis

To examine the expression pattern of DEGs, the expression data of each sample (in
the order of treatment) were normalized to 0, log2 (v1/v0), log2 (v2/v0), and then clustered
with Short Time-series Expression Miner software (STEM) version 1.3.13. The parameters
were set as follows: profiles 20, ratio 1.0000 [log22 = 1, log21.5 = 0.5849625]. The clustered
profiles with a p-value ≤ 0.05 were considered significant profiles.

2.6. GO and KEGG Enrichment Analysis

All DEGs were mapped to Gene Ontology (GO) terms using the Gene Ontology
database (http://www.geneontology.org/ accessed on 20 June 2023). GO terms meeting an
FDR ≤ 0.05 were defined as significantly enriched GO terms in DEGs. KEGG [27] is the
primary public database for pathway-related information. Compared to the entire genome
background, pathways meeting an FDR ≤ 0.05 were defined as significantly enriched
pathways in DEGs.

2.7. Quantitative Real-Time PCR

To validate the accuracy of the Illumina sequencing results, seven DEGs were randomly
selected for qRT-PCR. The total RNA was extracted from the same samples that were used
for sequencing. The cDNA was synthesized using a HiScript III 1st Strand cDNA Synthesis
Kit (+gDNA wiper) (Vazyme Biotech Co., Ltd., Nanjing, China). The primer sequences
used were designed using a free online primer design tool (https://www.ncbi.nlm.nih.
gov/ accessed on 17 August 2023) and synthesized by Tsingke Biotechnology (Beijing,
China) Co., Ltd. The maize Cyanase gene was used as the reference gene. The primer
sequences for qRT-PCR are listed in Table S6. qRT-PCR was performed on a QuantStudio™
5 System (Thermo Fisher Scientific, Waltham, MA, USA) using a ChamQ Universal SYBR
qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China) following the provided
instructions. The relative expression level of target genes was calculated using the 2−∆∆CT

method [28].

http://www.geneontology.org/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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2.8. Statistical Analysis

An analysis of variance (ANOVA) was performed using the IBMSPSS statistical pack-
age (version 27.0.1). The bar and line graphs were drawn with the Graphpad Prism
9.5 software program.

3. Results
3.1. Phenotypic and Physiological Responses of Two Inbred Maize Lines to Salt Stress

In order to assess the salt tolerance of inbred maize lines and the response of seedlings
to salt stress, L323 and L318 seedlings at the V3 stage were cultivated in a 1/2 Hoagland
nutrient solution. The control group was not exposed to NaCl, while the experimental
group was subjected to a concentration of 150 mmol/L of NaCl for a duration of 7 days.
The impact of salt stress on root system growth inhibition and leaf wilting was found to
be more pronounced in L323 compared with L318, as observed through the examination
of seedling and root morphology (Figure 1a,b). Salt stress resulted in a 7.9% reduction in
plant dry matter in L318, while the reductions in L323 were significantly higher. Both fresh
and dry weights decreased in the salt treatment of both plants when compared with the
control (Figure 1c,d). The root water content in L318 was similar between the salt-stress
(87.96%) and control groups (91.94%). However, in L323, it decreased under salt stress
(69.95%) compared with the control (90.28%) (Figure 1e). Under controlled conditions,
there were no differences in the levels of MDA content, POD activity, or CAT activity in the
roots of the two seedling lines. However, under salt-stress conditions, the POD and CAT
activities of the L318 root system were significantly higher than those of L323, while the
MDA content was significantly lower in L318 compared with L323 (Figure 1f–h). Based on
these findings, L318 was classified as a salt-tolerant inbred line, while L323 was classified
as a salt-sensitive one.
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Figure 1. Phenotypic and physiological responses of CML115 and GEMS58 seedlings under control and
salt-stress conditions. (a) Phenotypic responses of control seedlings after 7 days. (b) Phenotypic responses
of seedlings after 7 days of salt treatment. Scale bar = 5 cm. (c–e) Root fresh weight, root dry weight, and
root water content. (f–h) MDA content, POD activity, and CAT activity. Each bar chart represents the
average ± SD of three biological replicates; ns, not significant; * p ≤ 0.05; ** p ≤ 0.01.
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3.2. Transcriptome Analysis

To investigate the characteristics of gene expression, sequencing libraries were pre-
pared from the root system of maize seedlings that were subjected to different durations
of NaCl treatment (0, 6, 12, 24, and 48 h). A total of thirty libraries were sequenced, con-
sisting of five salt-stress durations, three biological replicates, and two inbred lines. To
ensure the reliability of the data, low-quality reads were removed, resulting in a total of
1,287,158,622 clean reads from 30 libraries for comparative analysis. These clean reads were
aligned to the Zea mays reference transcriptome Zm-B73-REFERENCE-GRAMENE-4.0,
with an average mapping rate of 81.77% (Tables S1 and S2).

DESeq software was utilized to analyze all genes that were differentially expressed.
DEGs were identified based on the criteria of |log2(FC)| ≥ 1 and an FDR ≤ 0.05. In
comparison with the gene expression at 0 h, there were 6970 (6 h), 9023 (12 h), 7396 (24 h),
and 8943 (48 h) DEGs in L318, respectively. Furthermore, 3390 DEGs remained consistently
present throughout the entire duration of the salt treatment (Figure 2a). Similarly, there
were 7948, 10,518, 10,254, and 12,522 DEGs in L323 after salt treatment for 6, 12, 24, and
48 h, respectively. Among these genes, 4911 displayed a differential expression across all
time points (Figure 2b).
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3.3. GO and KEGG Enrichment Analysis of DEGs Involved in Salt Tolerance Response

To investigate the relationship between DEGs to salt stress and salt tolerance, we con-
ducted a Gene Ontology (GO) enrichment analysis on DEGs that were shared by two inbred
lines and the DEGs specific to the salt-tolerant line. The DEGs were classified into three
functional groups: biological process (BP), cellular component (CC), and molecular function
(MF). The analysis revealed that the differentially expressed genes in root transcripts were
primarily associated with biological process functions, as shown in Figure 3a.

The bubble plot (Figure 3b) depicting the enrichment analysis of the Gene Ontology
(GO) reveals the fifteen most prominent biological processes in which DEGs were found to
be significantly enriched under conditions of salt stress. These genes were found to be en-
riched in pathways related to the catabolic metabolism of reactive oxygen species, including
the oxidation-reduction process (GO:0055114), reactive oxygen species metabolic process
(GO:0072593), hydrogen peroxide metabolic process (GO:0042743), and hydrogen peroxide
catabolic process (GO:0042744). Additionally, they were enriched in defense response
(GO:0006952), the phenylpropanoid metabolic process (GO:0009698), the cell surface recep-
tor signaling pathway (GO:0007166), the secondary metabolic process (GO:0019748), the
phenylpropanoid catabolic process (GO:0046271), and the other metabolic processes related
to plant stress resistance. Meanwhile, several biological processes related to plant cell walls
were also enriched, such as plant-type cell wall organization or biogenesis (GO:0071669),



Metabolites 2023, 13, 1155 6 of 14

cell wall organization or biogenesis (GO:0071554), cell wall organization (GO:0071555),
plant-type cell wall organization (GO:0009664), the cell wall macromolecule metabolic
process (GO:0044036), and the cell wall polysaccharide metabolic process (GO:0010383).
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15 GO items in the GO enrichment analysis of DEGs shared by two inbred lines. (c) Bubble plots of
the top 15 KEGG items in the GO enrichment analysis of DEGs shared by two inbred lines.

To further reveal the functions and roles of these DEGs in salt-stress response, a KEGG
enrichment analysis was performed on these DEGs. These common DEGs were enriched
in a total of 30 pathways, including the biosynthesis of the secondary metabolite (ko01110);
phenylpropanoid biosynthesis (ko00940); metabolic pathways (ko01100); ribosomes (ko03010);
starch and sucrose metabolism (ko00500); alpha-linolenic acid metabolism (ko00592); cysteine
and methionine metabolism (ko00270); linoleic acid metabolism (ko00591); plant hormone
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signal transduction (ko04075); benzoxazinoid biosynthesis (ko00402); flavonoid biosynthesis
(ko00941); diterpenoid biosynthesis (ko00904); valine, leucine, and isoleucine biosynthesis
(ko00290); and the MAPK signaling pathway–plant (ko04016). The biosynthesis of secondary
metabolites and metabolic pathways were enriched with the highest number of DEGs, with
796 and 1316 DEGs, respectively. In addition, the plant hormone signal transduction and
MAPK signaling pathway–plant were enriched in 173 and 116 DEGs (Figure 3c).

The GO enrichment analysis of the unique genes in the salt-tolerant line revealed that
certain DEGs were enriched in biological processes associated with sugar metabolism. These
processes included the fructose metabolic process (GO:0006000), monosaccharide metabolic
process (GO:0005996), and hormone biosynthetic process (GO:0042446) (Figure 4a). The
pentose phosphate pathway (ko00030), fructose and mannose metabolism (ko00051), and
glycolysis/gluconeogenesis (ko00010) were highly enriched in KEGG (Figure 4b).
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3.4. Analysis of the Expression Trend of Salt-Tolerant Genes

A gene expression trend analysis could be utilized to identify DEGs that exhibited
similar expression patterns at various time points. This analysis enabled the identification
of gene sets that possessed specific biological characteristics. In this study, the DEGs of all
the samples were analyzed using STEM, resulting in the identification of 20 gene profiles.
Subsequently, for each inbred line, five significant sets of expression trends (p < 0.05) were
determined. The expression trend of profile 0 demonstrated a continuous downregulation
throughout the duration of the salt-stress treatment. Conversely, the genes in profile
19 exhibited a gradual upregulation over the treatment period. Both profile 16 and 18
displayed an “up-steady-down” trend. Profile 2 exhibited a “down-steady-up-down” trend
(Figure 5).

Following that, a KEGG enrichment analysis was conducted on these profiles, and the
specific results are presented in Table S3. Notably, the plant hormone signal transduction
and MAPK signaling pathway–plant was found to be enriched to varying degrees in profile
16 and 18. These two expression trends were upregulated at 0–6 and 0–12 h after salt stress,
indicating that these pathways occurred in the early stages of salt treatment and played a
crucial role in the salt tolerance response in maize.



Metabolites 2023, 13, 1155 8 of 14

Metabolites 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 4. (a) Bubble plots of the top 15 GO items in the GO enrichment analysis of unique DEGs in 
the inbred line L318. (b) Bubble plots of the top 15 KEGG items in the GO enrichment analysis of 
unique DEGs in the inbred line L318. 

3.4. Analysis of the Expression Trend of Salt-Tolerant Genes 
A gene expression trend analysis could be utilized to identify DEGs that exhibited 

similar expression patterns at various time points. This analysis enabled the identification 
of gene sets that possessed specific biological characteristics. In this study, the DEGs of all 
the samples were analyzed using STEM, resulting in the identification of 20 gene profiles. 
Subsequently, for each inbred line, five significant sets of expression trends (p < 0.05) were 
determined. The expression trend of profile 0 demonstrated a continuous downregulation 
throughout the duration of the salt-stress treatment. Conversely, the genes in profile 19 
exhibited a gradual upregulation over the treatment period. Both profile 16 and 18 dis-
played an “up-steady-down” trend. Profile 2 exhibited a “down-steady-up-down” trend 
(Figure 5). 

 
Figure 5. The expression trend of DEGs in the screened expression profile 0, 2, 16, 18, and 19. Figure 5. The expression trend of DEGs in the screened expression profile 0, 2, 16, 18, and 19.

3.5. DEGs Involved in Plant Hormone Signal Transduction in Maize Root

In the KEGG analysis, a total of 219 and 240 DEGs were found to be associated with
the plant hormone signal transduction pathway in L318 and L323, respectively (Table S4).
This pathway encompassed auxin, cytokinin, gibberellin, abscisic acid, ethylene, jasmonic
acid, brassinosteroid, and salicylic acid. Remarkably, there were a large number of common
genes and abundant hormone components in each hormone signal pathway (Figure 6a and
Table S5).
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In the abscisic acid (ABA) signal pathway, a total of 49 genes exhibited differential ex-
pression. Among these genes, 42 were found to be present in both inbred lines, and 25 genes
displayed a similar expression pattern. These genes were divided into protein phosphatase
2C (PP2C), sucrose non-fermenting-1-related protein kinase 2 (SnRK2), and ABA-responsive
element binding factor (ABF). The expression of pyrabactin resistance/pyrabactin-resistance-
like (PYR/PYL) were downregulated in both inbred lines, while PP2C demonstrated an
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initial upregulation followed by a subsequent downregulation. Notably, the expression lev-
els of Zm00001d020100 (ZmPP2C11) and Zm00001d025055 (ZmPP2C13) exhibited significant
differences between the two inbred lines. In SnRK2 and ABF, the differential expression of
the same genes such as Zm00001d050723 (ZmSnRK2.6) and Zm00001d042721 (ZmbZip37)
among the varieties was more pronounced (Figure 6b). Furthermore, the ABA hormone
signal pathway was closely associated with the MAPK signaling pathway, which was
induced by salt stress, cold stress, and osmotic stress. This close relationship between the
ABA pathway and stress-induced MAPK signaling pathways warrants further attention
and investigation.

3.6. DEGs Involved in the MAPK Signaling Pathway–Plant in Maize Roots

In L318 and L323, the MAPK signaling pathway–plants enriched 148 and 163 DEGs, with
125 of these genes shared by two inbred lines. Protein phosphorylation/dephosphorylation
are fundamental mechanisms through which cells adapt to alterations in the external sur-
roundings and modulate cell function. Protein phosphorylation catalyzed by protein kinase
can amplify environmental signals step-by-step, and then regulate the cell physiological
response. The MAPK cascade reaction pathway plays an important role in the transduction
of environmental stress signals. During environmental stress, plants amplify these signals
through a triple phosphorylation cascade mediated by MAPKKK-MAPKK-MAPK to induce
tolerance responses.

The analysis of the KEGG pathway map revealed that salt stress affected two pathways,
leading to salt tolerance through a series of signal transduction events. Among the DEGs
involved in the MAPK signaling pathway, we focused on four components: MEKK1
(K13414), MKK2 (K20603), MPK4 (K20600), and MAPKKK17_18 (K20716). Under salt stress,
MEKK1, MEKK2, and MPK4/6 were upregulated, with variations in their expressions
observed among different lines. Notably, the upregulation of MEKK1 occurred in the early
stage of stress, while the upregulation of MPK4 occurred in the late stage. In the case
of MAPKKK17_18, Zm00001d043738 was not expressed in the salt-sensitive line, and the
expression level of Zm00001d011654 in the salt-tolerant line was significantly lower than
that in the sensitive line. The other genes showed upregulation and reached their peak
expression levels at 6 and 12 h (Figure 7).
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3.7. Changes in Differentially Expressed TFs under Salt Stress

Transcription factors (TFs) are crucial regulators of gene expression and play a pivotal
role in governing plant growth, development, and response to stress. Through a compara-
tive analysis of gene expression profiles in the roots of two inbred maize lines subjected
to NaCl stress at various time points, a total of 1326 TFs from 51 TF families were identi-
fied. Notably, the type-B Arabidopsis response regulator (ARR-B), APETALA2/Ethylene-
responsive element binding proteins (AP2-EREBP), and the basic helix–loop–helix (bHLH),
WRKY, NAC, and basic leucine zipper (bZIP) families exhibited a significant number of
DEGs associated with salt tolerance in maize. Moreover, a subset of 150 DEGs consis-
tently displayed differential expression throughout the entire duration of salt treatment
(Figure S1).

3.8. Validation of Candidate Gene Expression

To validate the accuracy of the RNA-Seq data, seven genes associated with ABA signal
transduction and the MAPK signaling pathway were chosen at random for qRT-PCR. As
shown in Figure 8, the RT-PCR results of these genes were consistent with the expression
patterns of the RNA-Seq data. Genes significantly upregulated in RNA-Seq data also
exhibited a significant upregulation in qPCR, and vice versa. These results also confirmed
the reliability of RNA-Seq data.
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4. Discussion

Salt stress can lead to the yellowing of plant leaves, decreased biomass, delayed plant
development, reduced panicles, and lower thousand-grain weight, ultimately affecting
the harvest index and grain yield [29,30]. Maize exhibits a certain degree of susceptibility
to salt stress, and salt tolerance varies among different genotypes. Consequently, we
selected two maize inbred lines for further evaluation of their salt tolerance. The results
indicated that salt stress hindered the growth of seedlings in both genotypes. However,
L318 exhibited greater tolerance compared with L323. The root system is responsible for
water and nutrient acquisition and is involved in the plant’s response to various abiotic
stresses [31]. Transcriptome analysis can provide insights into the plant’s response to
salt stress by examining overall patterns of gene expression [32]. However, many studies
on the transcriptome of salt-tolerant maize have only collected expression levels at the
beginning and end of salt stress [33–36]. Therefore, we chose to investigate the dynamic
global transcriptome on the root systems of seedlings at five different time points after
salt treatment and compared transcriptome data from different genotypes to examine the
similarities and differences in salt tolerance mechanisms of different germplasms.
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Plant hormones are small molecules that regulate plant growth and development,
as well as signaling molecules within the plants. They can facilitate the transmission of
biological signals and govern the regulation of growth and development processes [37]. It
is worth noting that we observed a significant differential expression of genes encoding
hormone signals in the early stages of stress, and these DEGs were abundant in the abscisic
acid signal pathways. Previous studies have shown that ABA is the primary hormone
involved in the plant’s response to abiotic stresses [38]. Under salt stress, ABA activates the
expression of downstream stress genes, regulating ion balance and metabolic changes [3,39].
In this study, we identified some DEGs that were significantly enriched in the ABA signal
pathway and found the connection between the ABA signal pathway and the MAPK sig-
naling pathway. Salt stress may have induced the change in the PYR/PYL expression levels
in the ABA signal pathway, thus relieving the inhibition of SnRK2 with PP2C and indirectly
activating the MAPK signaling pathway. This gradually amplified environmental stress
signals and ultimately promoted a plant stress response. Additionally, we also discovered
several ABFs annotated as bZIP transcription factors, including Zm00001d018178, which
has been demonstrated to contribute to the development and resilience of maize roots in
the face of abiotic stresses. The overexpression of this gene can improve the survival of
plants subjected to severe abiotic stresses [40]. In addition to the ABA signal pathway, we
also detected components of several other hormone signal pathways (Table S5). Certain
hormones like auxin were found to enhance the adaptability of plants to adversity, while the
exogenous application of ethylene can improve the sensitivity of rice seedlings to salt [41].
Taken together, the induction of hormone signal expression by stressful environments and
the enhancement or decrease of salt tolerance mediated by hormone signals are not single
or unrelated. Instead, multiple hormone signals and their components have a cross-talk
relationship in the regulation of abiotic stresses. Consequently, a detailed investigation
of the response mechanism of this extensive and intricate regulatory network to abiotic
stresses is warranted.

Salt tolerance in plants is achieved through the coordination of cellular processes,
molecular interactions, and metabolic pathways [42]. Plants have evolved a network of
signaling pathways to cope with various types of abiotic stresses, with the MAPK signaling
pathway playing a crucial role in effectively responding to external stimuli [43]. The MAPK
pathway consists of intracellular signaling factors that transmit external signals to the
cell through a three-layer protein kinase cascade, involving MAPKKKs, MAPKKs, and
MAPKs [44]. The activation of MAPK and its downstream genes can influence plant stress
resistance [45]. In the KEGG pathway map, two MAPK signaling pathways were relevant
to this study. One of these pathways is associated with the ABA signal pathway, which is
located downstream. The overexpression of PeMKK2a in poplar was shown to enhance the
scavenging of reactive oxygen species under salt stress, resulting in improved salt tolerance
in poplar trees [46]. In our study, we observed the activation of specific key components of
the MAPK signaling pathway during salt stress, with noticeable differences in expression
levels between the two germplasms. Zm00001d043738 exhibited differential expression in
L318 but not in L323. Zm00001d043741 initially showed upregulation followed by down-
regulation in both inbred lines, with significantly higher peak expression in L318 compared
with L323. Previous studies have indicated that NPK1, isolated from tobacco, positively
regulated drought tolerance, and transgenic maize and rice-expressing NPK1 exhibited
higher yields under drought conditions. ZmMAPKKK18 (Zm00001d043741), which shares
high homology with NPK1, is upregulated in leaves, stems, and roots, suggesting its po-
tential involvement in regulating the response to drought stress [47]. The expression of
Zm00001d043742 peaked at 6 h in both lines, with levels over 50 times higher than those at
0 h. Although the orthologous gene OsMAPKKK63 (Os01g0699100) has been found to be
involved in the response to high salt stress and the regulation of seed dormancy in Oryza
sativa japonica, its presence in maize has not been reported. These findings indicated that
the MAPKKK gene family actively responds to salt stress.
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Transcription factors are widely recognized for their significant involvement in plant
responses to salt stress. Our research findings indicated that, under salt-stress conditions,
the shared transcription factors in the two inbred lines were primarily concentrated within
six families: ARR-B, AP2-EREBP, bHLH, WRKY, NAC, and bZIP. Previous studies have
demonstrated that various transcription factors, including WRKY, bZIP, and bHLH, were
induced by salt stress and contributed to the plant’s ability to respond to drought and chill-
ing stress [48–50]. Among these transcription factors, Zm00001d033957 (ZmbHLH103) was
shown to play a crucial role in enhancing maize’s tolerance to drought [51]. Additionally,
the overexpression of Zm00001d013003 (ZmNAC55) in Arabidopsis was found to improve
the drought tolerance of seedlings [52].

5. Conclusions

In conclusion, this study conducted a comparative transcriptome analysis of salt tol-
erance in maize based on root transcriptome datasets of two inbred lines and discovered
that the MAPK signaling pathway and plant hormone signal pathway played a role in
coordinating the salt tolerance response of maize roots. The KEGG pathway map revealed
a relationship between the ABA signal pathway and the MAPK signaling pathway. Further-
more, the KEGG analysis of specific genes in the salt-tolerant line L318 indicated enrichment
in the pentose phosphate pathway and the glycolysis/gluconeogenesis pathway, which
may have contributed to its stronger salt tolerance. Our research indicated that there were
similarities and differences in the responses of CML115 and GEMS58 to salt stress, and the
findings provide a reference for studying the salt tolerance mechanisms of maize.
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