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Abstract 

Background  Salt stress has become a major threat to peanut yield and quality, and salt stress is particularly detri-
mental to seedling growth. Combined analysis of the physiology and transcriptomics of salt-tolerant variety (NH5) 
and salt-sensitive variety (FH23) under 200 mM NaCl stress was conducted to identify the key factors influencing 
the differences in salt tolerance and to investigate the potential regulatory mechanisms and hub genes associated 
with salt tolerance in peanuts.

Results  Malondialdehyde (MDA) content and electrolyte leakage rate were significantly increased under prolonged 
NaCl stress, with the increase in FH23 being even more pronounced. NH5 maintained intracellular osmotic homeosta-
sis by accumulating free proline and soluble protein content. In addition, NH5 exhibited higher antioxidant enzyme 
activity. The net photosynthetic rate (Pn) of NH5 and FH23 decreased by 64.24% and 94.49% after 96 h of stress. The 
intercellular CO2 concentration (Ci) of NH5 significantly decreased by 7.82%, while that of FH23 increased by 42.74%. 
This suggests that non-stomatal limiting factors were the primary cause of the decline in photosynthesis observed 
in FH23. Transcriptome analysis revealed the presence of 12,612 differentially expressed genes (DEGs) in response 
to salt stress, with FH23 exhibiting a greater number than NH5. The number of upregulated genes was significantly 
higher than that of downregulated genes at 24 h of salt stress, whereas the number of downregulated genes 
exceeded that of upregulated genes at 48 h. Subsequently, Weighted Gene Co-expression Network Analysis (WGCNA) 
was performed in conjunction with physiological data. Twenty-four hub genes of salt response were identified, which 
encoded delta-1-pyrroline-5-carboxylate synthase, aldehyde dehydrogenase, SNF1-related protein kinase, magnesium 
transporter, temperature-induced lipocalin-1, and ERF transcription factors.

Conclusion  A regulatory network for potential salt tolerance in peanuts has been constructed. The findings revealed 
distinct mechanisms of response to salt tolerance and identified candidate genes for further investigation.
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Introduction
Approximately 33% of irrigated farmland and 1 billion 
hm2 of cropland are affected by soil salinity worldwide 
[1]. The area and extent of cropland impacted by salini-
zation are increasing annually due to climate change and 
the over-cultivation of farmland [2]. Soil salinization is 
one of the most pressing environmental issues globally, 
severely restricting agricultural production and food 
security. However, much of the mildly or moderately 
salinized land is still holding potential for cultivation [3]. 
Peanut (Arachis hypogaea L.) is a vital oilseed crop, rich 
in protein, lipids, and vitamins, and serves as a high-qual-
ity source of plant protein [4]. Peanut exhibit a high toler-
ance to salinity and infertility and is planted in marginal 
soils frequently such as saline soils to reduce the pressure 
of competition for land between food crop and oilseed. 
Peanut growth and development can be significantly 
hindered by abiotic stresses, particularly soil salinity [5]. 
Salinity has been recognized as a critical environmental 
factor that can adversely affect peanut yield and quality.

Salt stress affects crops in two principal ways [6]. First, 
a reduction in soil water potential leads to a decreased 
supply of water for crop uptake which in turn hinders 
crop growth. Second, salt stress results in a significant 
accumulation of ions within the crop, disrupting the ionic 
balance, inducing osmotic stress, and inhibiting the activ-
ity of cellular enzymes, thereby impeding crop growth 
and development [7, 8]. Additionally, salt stress damages 
nucleic acids, cellular proteins, and membrane systems, 
compromising membrane stability and integrity [9, 10]. It 
also causes a notable increase in electrolyte leakage from 
plant leaves [5]. The positive correlation between the rate 
of electrolyte leakage and the extent of membrane dam-
age serves as a valuable tool for elucidating the underly-
ing physiological mechanisms of plant stress responses 
[11]. Malondialdehyde (MDA) is one of the products of 
membrane lipid peroxidation. Thus, the degree of dam-
age to membranes can be indicated through the measure-
ment of the MDA content [12].

Proline is an essential osmoregulatory compound that 
is widely found in plants. The stability of osmotic pres-
sure within and outside the cell membrane is maintained 
by increasing proline levels, which enhances the water-
holding capacity of the cells and prevents the rupture of 
the cell membrane [13]. Plants are abundant in various 
soluble sugars, including glucose, fructose, and sucrose, 
among others. These sugars play a crucial role in regu-
lating plant stress responses. In the face of adversity, 
plants elevate their soluble sugar content to maintain 
cellular osmotic balance and mitigate damage to the 
organism [14]. Research has demonstrated that soluble 
sugars are vital for maintaining protein stability [15]. 
Soluble proteins in plants are hydrophilic and can bind 

to water molecules, thereby improving the water reten-
tion capacity of plant cells during stressful conditions 
[16]. Additionally, soluble proteins encompass a wide 
array of enzymes that are involved in plant physiological 
responses. By producing substantial amounts of soluble 
proteins, plants can sustain normal physiological func-
tions even under adverse conditions [17]. Photosynthesis 
is highly sensitive to salt stress, with leaves serving as the 
primary organ for this process in plants [18]. The most 
apparent manifestation of salt stress damage occurs in 
the leaves, where older leaves display greater vulnerabil-
ity compared to younger ones. The initial signs of damage 
include wilting, followed by darker necrosis, and ulti-
mately, leaf death and abscission [19]. Research has dem-
onstrated that under salt stress, key parameters related 
to plant photosynthesis, such as SPAD values, net photo-
synthetic rate (Pn), stomatal conductance (Gs), and inter-
cellular CO2 concentration (Ci), are significantly reduced 
[20].

The genetic enhancement of salt tolerance represents 
is an effective strategy for mitigating salt stress [21]. Salt 
tolerance in plants is a polygenic trait regulated by mul-
tiple QTL [22, 23]. Transcriptomics can be utilized to 
assess the expression of various genes in plants, thereby 
elucidating diverse biological phenomena and uncov-
ering the gene regulatory mechanisms that govern the 
differential expression of genes [24, 25]. Weighted Gene 
Co-expression Network Analysis (WGCNA) is a sys-
tems biology approach that characterizes correlation pat-
terns of between genes in microarray samples. WGCNA 
identifies clustered modules of highly correlated genes, 
links these modules to one another and to external sam-
ple features, and can be employed to detect associations 
between extensive genomes and physiological traits [14]. 
The peanut plant undergoes a series of physiological 
changes, accompanied by the differential expression of 
numerous genes, to endure NaCl stress.

In this study, we conducted WGCNA on physiologi-
cal traits and transcriptomic data from the salt-tolerant 
peanut variety Nonghua5 (NH5) and the salt-sensitive 
peanut variety Fuhua23 (FH23). Our goal was to iden-
tify the key factors influencing the differences in salt 
tolerance and to elucidate the potential regulatory mech-
anisms underlying peanut salt tolerance. The results pro-
vide a theoretical foundation for genetic breeding and 
the molecular mechanism analysis of salt tolerance in 
peanuts.

Results
Physiological differences under NaCl stress
A distinct morphological difference was observed 
between salt-sensitive and salt-tolerant peanut genotypes 
subjected to NaCl stress. Continuous observation of the 
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same peanut plant clearly illustrates this notable differ-
ence [26] (Fig.  S1). The electrolyte leakage rate, MDA 
content, free proline content, soluble protein content, and 
antioxidant enzyme activity were measured at different 
time points to more precisely elucidate the response pat-
terns of different salt-tolerant varieties under NaCl stress 
(Fig.  1). The electrolyte leakage rate initially exhibited a 
gradual increase with the duration of stress followed by 
a sharp rise. The conductivity of NH5 and FH23 at 24 h 
increased by 5.13 times and 5.90 times compared to the 
baseline at 0 h, reaching 18.93 times and 22.41 times at 
48  h of stress (Fig.  1A). Prolonged stress resulted in a 
consistent increase in MDA content, with FH23 showing 
a significantly greater increase than NH5. The increase 
in the two varieties was relatively stable during the ini-
tial stages of stress (6 h and 12 h), with no significant dif-
ference compared to the measurements taken at 0 h. The 
MDA content exhibited a significant upward trend as the 
duration of stress increased, with the increase in FH23 
being even more pronounced. This led to a substantial 
disruption of membrane permeability (Fig. 1B).

The free proline content in the leaves of both pea-
nut varieties exhibited an upward trend with the exten-
sion of NaCl stress duration, although the magnitude of 
the increases varied. The free proline content in NH5 
showed a significant upward trend. In contrast, FH23 dis-
played a notable increase followed by a marked decline. 
The peak value was reached at 72 h, which was 601.75% 
higher than that at 0  h. This variety exhibited a signifi-
cant increase followed by a substantial decrease (Fig. 1C). 
The soluble protein content demonstrated a significant 
elevation during the early stage of NaCl stress (6 h), with 
a more pronounced surge observed in NH5. Both varie-
ties exhibited an initial increase, which was subsequently 

followed by a decrease as the duration of stress increased. 
NH5 demonstrated the ability to maintain stable osmotic 
pressure by accumulating osmoregulatory substances 
(Fig. 1D).

The activities of SOD, POD, APX and CAT in FH23 
leaves were found to be significantly lower than those 
observed in NH5 leaves when subjected to continu-
ous NaCl stress. During the initial phase of the stress 
response, SOD activity in NH5 leaves was significantly 
increased, peaking at 6 h (400.18 U g−1 FW), which was 
1.58 times higher than 0  h. As the duration of stress 
prolonged, SOD activity showed a slight decrease com-
pared to the 6 h but an increase relative to the 0 h. Nota-
bly, SOD activity in FH23 remained stable (Fig. 1E). The 
POD activity in NH5 was maintained between 1282.49 U 
g−1 FW and 1972.49 U g−1 FW, while the POD activity 
in FH23 remained at a lower level, fluctuating between 
993.93 U g−1 FW and 1323.17 U g−1 FW (Fig. 1F). Addi-
tionally, APX and CAT activity in NH5 showed a signifi-
cant increase followed by a slight decline in response to 
continuous NaCl stress, with levels significantly higher 
than those observed in FH23. In contrast, FH23 exhib-
ited a relatively gradual change, characterized by a slight 
initial increase that was relatively minor in amplitude 
(Fig. 1G-H).

Photosynthetic characteristics and chlorophyll 
fluorescence parameters under NaCl stress
Pn, Gs, Tr, and Ci of NH5 and FH23 decreased signifi-
cantly after 6  h of NaCl stress, with further reductions 
observed as the duration of NaCl stress increased. Pn, 
Gs, and Tr exhibited a continuous and significant decline, 
although the magnitude of these decreases varied. Spe-
cifically, Pn decreased by 64.24% and 94.49% in NH5 

Fig. 1  Physiological differences between NH5 and FH23 under NaCl stress. A Electrolyte leakage rate. B MDA content. C Free proline content. D 
Soluble protein content. E SOD activity. F CAT activity. G APX activity. H CAT activity. Different letters indicate significant differences between various 
points for each cultivar at the p < 0.05 level. * and ** indicated significant differences between various cultivars for each point at the 0.05 and 0.01 
levels, respectively
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and FH23, Gs decreased by 71.62% and 94.91%, and Tr 
decreased by 72.53% and 92.80%, after 96  h of stress. 
As the duration of stress extended Ci initially decreased 
before increasing with NH5 showing relatively stable 
changes, while FH23 exhibited more pronounced fluc-
tuations. Notably, Ci in FH23 began to rise after 48  h, 
reaching significantly higher levels at 72 h, with increases 
of 24.43% and 42.74% at 72  h and 96  h, respectively. In 
summary, the photosynthetic performance of FH23 was 
severely compromised compared to NH5. Initially, the 
reduction in photosynthetic rate was attributed to stoma-
tal limitations, but as stress duration increased, non-sto-
matal limitations became the primary restricting factor 
(Fig. 2A-D).

To further investigate the effects of NaCl stress on 
photosynthesis in peanut seedlings, we measured the 
chlorophyll fluorescence parameters. The patterns of 
these parameters were similar between the NH5 and 
FH23 at different stress durations (Fig.  2E-I). The Fv/
Fm decreased significantly after 72 h and 96 h of stress, 
with reductions of 2.8% and 4% in NH5, and decreases 
of 6.07% and 17.86% in FH23. There were significant dif-
ferences between the varieties. The ΦPSII, qP, and ETR 
of peanut were greatly affected by NaCl stress, with both 
varieties exhibiting a decrease at 6 h and a slight recovery 
at 24 h, however, the overall trend was downward, with 
a more pronounced decrease observed in FH23. Com-
pared to the measurements taken at 0  h, after 96  h of 
stress treatment, ΦPSII decreased by 49.57% and 82.93% 
for NH5 and FH23, respectively. Additionally, NPQ 
decreased by 33.04% and 58.33%, qP decreased by 39.62% 
and 65.31%, and ETR decreased by 49.57% and 82.93%. 

Notably, the NPQ of NH5 was significantly higher than 
that of FH23, indicating that NH5 was more effective at 
dissipating excess light energy as heat, thereby providing 
better protection for its photosynthetic organs. The Rfd 
decreased with the duration of NaCl stress, with a more 
substantial decline observed in FH23, suggesting that its 
growth vigor was more severely inhibited.

Correlation analysis of physiological indicators under NaCl
In this study, correlation analyses were conducted to 
examine the relationships among MDA content, elec-
trolyte leakage rate, free proline content, antioxidant 
enzyme activity, photosynthetic characteristics, and chlo-
rophyll fluorescence parameters in peanuts subjected to 
NaCl treatment (Fig. 3). The Pearson’s correlation coeffi-
cient revealed a significant negative correlation between 
MDA content, electrolyte leakage rate, free proline con-
tent, and chlorophyll fluorescence parameters in pea-
nut leaves and qP, with correlation coefficients reaching 
of 0.91, 0.87, and 0.92, respectively. Furthermore, a sig-
nificant positive correlation was observed between these 
variables and Ci. It indicated that there was an overlap of 
information among the indicators.

Transcriptome analysis under NaCl
The molecular regulatory mechanisms underlying the 
response of peanut seedlings to NaCl stress were system-
atically elucidated at the transcriptomic level through 
RNA sequencing (RNA-Seq) of the leaves from NH5 
(ST) and FH23 (SS) peanut seedlings at 0  h, 24  h, and 
48  h, respectively. After filtering out low-quality reads 
from the 18 samples, a total of 125.79  Gb of clean data 

Fig. 2  Photosynthetic characteristics and chlorophyll fluorescence parameters of NH5 and FH23 under NaCl stress. A net photosynthetic rate 
(Pn). B stomatal conductance (Gs). C transpiration rate (Tr). D intercellular CO2 concentration (Ci). E Maximum photosystem II (PSII) light quantum 
efficiency (Fv/Fm). F Actual photochemical efficiency (ΦPSII). G Non-photochemical quenching coefficient (NPQ). H Photochemical quenching 
coefficient (qP). I Fluorescence decay rate (Rfd). J Electron transfer rate (ETR). Different letters indicate significant differences between various points 
for each cultivar at the p < 0.05 level
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were obtained, with Q20 and Q30 values ranging from 
92.37% to 97.7% and 92.52% to 93.32%, respectively. The 
comparative efficiencies were high, ranging from 95.35% 
to 97.7%, indicating that the transcriptome sequenc-
ing results were of good quality and suitable for sub-
sequent analysis (Table  S2). A strong correlation was 
observed among samples from the same replicates, while 
a weaker correlation was noted between different treat-
ments. Principal component analysis revealed a similar 
clustering pattern (Fig.  4A-B). Differentially expressed 
genes (DEGs) were analyzed, resulting in a total of 12,612 
DEGs. Specifically, 7,551 DEGs and 5,312 DEGs were 
identified in the comparisons of SS-0  h vs SS-24  h and 
ST-0 h vs ST-24 h, respectively. Additionally, 9,014 DEGs 
and 6,528 DEGs were identified in the comparisons of 
SS-0 h vs SS-48 h and ST-0 h vs ST-48 h, respectively. 642 
DEGs were downregulated, and 882 DEGs were upregu-
lated exclusively in SS, while 143 DEGs were specifically 
downregulated and 226 DEGs were upregulated in ST 
after 24 h of stress. The number of upregulated genes was 

significantly greater than that of downregulated genes. In 
contrast, there were 1,042 specific downregulations and 
960 upregulations in SS, while ST exhibited 562 specific 
downregulations and 436 upregulations. After 48  h of 
stress, the number of downregulated genes was signifi-
cantly higher than that of upregulated genes (Fig. 4C-E). 
qRT-PCR was conducted on 9 randomly selected DEGs 
to validate the results of the RNA-Seq analysis. The 
expression trends observed in the qRT-PCR were consist-
ent with those of the RNA-Seq data, thereby confirming 
the accuracy of the RNA-Seq results (Fig. S2). RNA-Seq 
data have been deposited in the NCBI Sequence Read 
Archive (SRA) under accession number PRJNA1041034.

Construction of the co‑expression network under NaCl
Based on the transcriptional databases of NH5 and 
FH23 under NaCl stress, the WGCNA network was con-
structed to gain a comprehensive understanding of the 
gene regulatory networks closely associated with salt tol-
erance in peanuts (Fig. S3). When the power parameter 

Fig. 3  Correlation matrix of physiological indices in peanut leaves. *, ** and *** indicates the correlation at the 0.05, 0.01, and 0.001 probability 
levels, respectively. MDA, MDA content; ELR, electrolyte leakage rate; FPC, free proline content; SPC, soluble protein content. SOD, SOD activity; CAT, 
CAT activity; APX, APX activity; CAT, CAT activity. Pn, net photosynthetic rate; Gs, stomatal conductance; Tr, transpiration rate; Ci, intercellular CO2 
concentration; Fv/Fm, maximum photosystem II (PSII) light quantum efficiency; ΦPSII, actual photochemical efficiency; NPQ, non-photochemical 
quenching coefficient; qP, photochemical quenching coefficient; Rfd, fluorescence decay rate; ETR, electron transfer rate



Page 6 of 16Zhang et al. BMC Plant Biology          (2025) 25:294 

was set to 18, the correlation coefficient (R2) approached 
the plateau phase, while the mean value of the proximity 
function neared 0. Consequently, the power for this study 
was determined to be 18. Utilizing the dynamic shear 
method, the minimum merging height for the modules 
was established at 0.25, and the minimum number of 
genes per module was set at 30. The genes were subse-
quently clustered into seven distinct modules based on 
hierarchical clustering, with each module represented 
by a different color. The turquoise module contained the 
highest number of genes (3,968), followed by the blue 
module (2,271 genes), while the grey module had the 
fewest genes (76).

Correlation analysis between physiological traits 
and modules
To comprehensively explore the correlation between 
physiological traits and gene expression, we analyzed 18 
physiological traits related to photosynthesis, membrane 
permeability, and antioxidant regulation using WGCNA 
with transcriptional data. As illustrated in Fig. 5, the tur-
quoise, blue, and brown modules were significantly cor-
related with 14, 12, and 12 traits, respectively. The blue 

and brown modules exhibited highly significant posi-
tive correlations with MDA content, electrolyte leakage 
rate, osmoregulatory substance content, Gs, Tr, and Ci. 
Notably, the brown module displayed the highest cor-
relation coefficients with free proline content (0.96) and 
electrolyte leakage rate (0.93). The turquoise module 
demonstrated a significant positive correlation with fluo-
rescence parameters, particularly with the largest correla-
tion coefficient observed for the Rfd at 0.91. Additionally, 
antioxidant enzyme activity showed significant positive 
correlations with the green and yellow modules. A higher 
correlation between a physiological trait and a module 
suggests that the module may serve as a core regulator of 
the physiological trait, prompting further analyses of the 
5 modules: blue, brown, green, yellow, and turquoise.

Gene expression patterns of highly relevant modules 
and identification of key modules
The expression patterns of the 5 core modules were 
analyzed (Fig.  S4). Genes in the same module had 
highly similar expression patterns. Within the same 
module, a comparison of the expression patterns 
between the two varieties revealed that both the blue 

Fig. 4  Transcriptome data analysis. A Correlation analysis. B Principal component analysis. C-E Venn diagram of DEGs in NH5 and FH23 of 0 h, 24 h 
and 48 h. C All DEGs. D Downregulated DEGs. E Upregulated DEGs. ST, NH5; SS, FH23
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and brown modules exhibited an upward trend in 
gene expression following NaCl stress. However, this 
increase was significantly more pronounced in FH23. 
Additionally, there were notable differences in gene 
expression within the green and yellow modules, with 
a greater increase observed in NH5. The expression lev-
els of genes in the blue-green module were found to be 
similar. Therefore, it is hypothesized that the genes in 
the blue, brown, green, and yellow modules are closely 
associated with salt tolerance in peanuts. These four 
modules are key contributors to the differences in salt 
tolerance observed between the two varieties.

Gene co‑expression network construction and hub gene 
screening
In order to identify the key genes regulating physiological 
traits in the core module, the top 200 genes from each of 
the 4 key modules were selected for co-expression net-
work analysis, and the six genes with the highest con-
nectivity were taken as hub genes (Fig.  6). In the blue 
module, the hub genes encode delta-1-pyrroline-5-car-
boxylate synthase (P5CS, LOC112748454), phosphatidate 
phosphatase PAH1 (PAH, LOC112705836), 2-oxogluta-
rate-Fe(II) type oxidoreductase (LOC112751263), prob-
able magnesium transporter NIPA1 (LOC112792656), 

Fig. 5  Correlation analysis and corresponding P value between physiological traits and modules. MDA, MDA content; ELR, electrolyte leakage 
rate; FPC, free proline content; SPC, soluble protein content. SOD, SOD activity; CAT, CAT activity; APX, APX activity; CAT, CAT activity. Pn, net 
photosynthetic rate; Gs, stomatal conductance; Tr, transpiration rate; Ci, intercellular CO2 concentration; Fv/Fm, maximum photosystem II (PSII) 
light quantum efficiency; ΦPSII, actual photochemical efficiency; NPQ, non-photochemical quenching coefficient; qP, photochemical quenching 
coefficient; Rfd, fluorescence decay rate; ETR, electron transfer rate
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temperature-induced lipocalin-1 (TIL, LOC112723412), 
and cold-regulated 413 plasma membrane 
(LOC112788918). And these genes were more abundantly 
expressed in FH23 than in NH5. In the brown module, 
the hub genes encoded aldehyde dehydrogenase (ALDH, 
LOC112710495), Shewanella-like protein phosphatase 
2 (LOC112697303), AAA-ATPase ASD, mitochondrial 
(LOC112716352), indole-3-pyruvate monooxygenase 
(LOC112758300), and functional positional proteins 
(LOC112802216, LOC112795723). In the green mod-
ule, the hub genes encode nuclear transcription factor Y 
subunit A-1 (NFYA, LOC112791664), SNF1-related pro-
tein kinase (SnRK, LOC112741331), blue copper proteins 
(BCPs, LOC112723292), ethylene-responsive transcrip-
tion factor 9 (ERF, LOC112737698), heavy metal-associ-
ated isoprenylated plant protein 9 (LOC112765582), and 
probable receptor-like protein kinase At5g24010 (RLKs, 
LOC112744183). In the yellow module, the hub genes 
encode chaperone proteins (ClpB1, LOC112722577, 
LOC112709701), 17.3  kDa class I heat shock protein 
(HSP, LOC112733527, LOC112777158), heat shock hom-
ologue 70 kDa protein (LOC112736623) and histone H1 
(LOC112792004), genes from this module were signifi-
cantly upregulated in NH5 (Table 1).

Discussion
Soil salinity has long been a significant constraint to crop 
growth and development globally, and therefore research 
on crop responses to salt stress has been of consider-
able interest [27]. As an important source of high-quality 
plant protein and vegetable oil, peanut is extremely toler-
ant to barrenness and is usually grown on marginal lands 
such as arid and saline soils [28]. Consequently, enhanc-
ing the selection and development of salt-tolerant peanut 
varieties has emerged as the most effective and economi-
cal strategy to increase yields and expand cultivated areas 
in salinized regions [29].

Excessive soil salinity in salinized soils induces salt 
stress in crops, leading to a significant accumulation of 
toxic ions such as Na+ and Cl− in the crop. This ionic 
imbalance disrupts the physiological processes of the 
crops, resulting in osmotic stress that ultimately affects 
their growth and development [30]. The cell membrane 
is the first component of the plant to be compromised 
when it encounters salt stress [31]. The sustained stress 
responses have been shown to cause considerable dam-
age to cell membranes, impairing their integrity, fluid-
ity, and selective permeability. This damage facilitates 
the leakage of large amounts of intracellular substances, 
ultimately resulting in the loss of cellular function [32]. 
Malondialdehyde (MDA) serves as an indicator of 
the extent of cell membrane damage, with MDA lev-
els increasing when plants are subjected to stress [9]. 

Hussain et  al. [33] demonstrated that MDA content 
rises under salt stress, regardless of the plant’s tolerance 
level to such stress. Furthermore, the sensitive variety 
exhibited a more pronounced increase in MDA levels 
compared to the salt-tolerant varieties. These findings 
are consistent with those of the present study, which 
revealed that MDA content in peanut leaves significantly 
increased following NaCl stress, with a more substantial 
rise observed in FH23 compared to NH5. This suggests 
that FH23 may have experienced more severe oxidative 
damage. In this study, we found that the free proline and 
soluble protein contents of NH5 exhibited a consistent 
upward trend and remained elevated under continuous 
NaCl stress. Proline is a crucial osmoregulatory com-
pound that plays a significant role in osmoregulation [34]. 
However, there is ongoing debate regarding the specific 
role of proline in this process. Proline acts as a protective 
agent, accumulating in salt-tolerant genotypes and facili-
tating effective osmoregulation, thereby enhancing salt 
tolerance [35, 36]. The results of our study indicated that 
the free proline content in peanut leaves increased fol-
lowing the imposition of salt stress. Notably, FH23 exhib-
ited a higher free proline content. A similar conclusion 
was drawn from the study by Guo et al. [37], which found 
that sensitive varieties had higher proline content than 
salt-tolerant varieties. Conversely, another perspective 
suggests that proline is not directly involved in alleviat-
ing osmotic stress. It functions as a scavenger of reactive 
oxygen species and a stabilizer of membrane structure to 
help resist stress conditions [38]. The proline content in 
leaves and roots, as well as the salt tolerance of 132 differ-
ent alfalfa varieties, were analyzed for correlations. The 
results indicated that proline exhibited distinct behaviors 
in roots compared to leaves. Additionally, root salt toler-
ance was positively correlated with overall salt tolerance, 
while leaf proline content showed a negative correlation 
with salt tolerance [39]. Concurrently, stress conditions 
were associated with alterations in the activities of anti-
oxidant enzymes. Gurmani et  al. found that SOD and 
POD activity were elevated in two pea varieties subjected 
to salt stress [40]. A similar pattern was observed in the 
present study, where the NH5 exhibited increased antiox-
idant enzyme activities compared to the sensitive peanut 
varieties. This enhancement may enable NH5 to better 
resist oxidative damage induced by salt stress through the 
elevated activities of SOD, POD, APX, and CAT (Fig. 7).

The production of photosynthetic products is a cru-
cial factor influencing yield formation [41]. Leaves are 
the first part of the plant to be impacted by salt stress 
and serve as the most important organ for photosynthe-
sis, which is often inhibited by both stomatal and non-
stomatal limiting factors [19]. When plants are initially 
exposed to salt stress, the normally open stomata on their 
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leaves tend to close. This closure disrupts the exchange 
of CO2, O2, and other gases between plant cells, signifi-
cantly impairing photosynthesis, a phenomenon referred 
to as stomatal limitation [42]. As salt stress persists, 
the damage to the plant intensifies, leading to limita-
tions in cellular metabolism and the destruction of tis-
sue structure. Metabolic disorders occur and stomatal 
factors are no longer the primary influences on plant 

photosynthesis. Instead, non-stomatal limiting factors 
have emerged as the main contributors to the decline in 
the photosynthetic rate [32]. In this study, the parameters 
Pn, Gs, Tr, and Ci significantly decreased at the onset 
stage (6 h) of NaCl stress, with stomatal limitations iden-
tified as the primary factor contributing to the reduction 
in the photosynthetic rate. Fv/Fm is a crucial indicator 
of photosynthetic efficiency in plants. It remains stable 

Table 1  Description and expression of hub genes
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under healthy physiological conditions and only declines 
when the plant experiences stress-related damage [43]. 
Fv/Fm did not change significantly at 6 h. To avoid dam-
age to photosynthetic organs, ΦPSII, qP, ETR, and Rfd 
also showed a decreasing trend; to mitigate the damage 
caused by excess light energy, NPQ increased signifi-
cantly to dissipate the excess light energy in the form of 
heat energy [44]. ΦPSII, qP, and ETR gradually recov-
ered, while NPQ also increased significantly during 6  h 
to 24  h of NaCl stress. This suggests that various regu-
latory mechanisms within the plant may have played a 
role in maintaining normal physiological activities during 
this period. Plant photosynthesis primarily depends on 
chlorophyll to capture light energy. However, prolonged 
salt stress can lead to chlorophyll degradation. In this 
study, chlorophyll a in NH5 began to decompose at 48 h 
whereas FH23 showed signs of decomposition as early as 

12 h. Fv/Fm, ΦPSII, qP, ETR, and NPQ began to decline 
after 48  h of NaCl stress, with a significant decrease 
observed after 72 h. The decline in FH23 was even more 
pronounced. This indicates that as the duration of NaCl 
stress increases, the salt damage to the plants intensifies, 
leading to impairment of cellular metabolism and tissue 
structure. Consequently, this results in an imbalance of 
the regulatory mechanisms within the plants, preventing 
them from maintaining normal physiological functions. 
Conversely, the Ci of FH23 began to increase after 48 h 
of NaCl stress and was significantly higher after 72 h. The 
metabolism of FH23 cells was seriously affected, the pho-
tosynthetic rate decreased, CO2 consumption decreased, 
resulting in an increase in interstitial CO2 concentration, 
while the change of NH5 was not obvious. The electrolyte 
leakage rate and MDA content of the plant increased sig-
nificantly after 48 h of salt stress, and the FH23 increased 

Fig. 6  Gene expression profiles of highly correlated co-expression modules
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more, indicating that the cell membrane structure was 
damaged and many contents were extravasated. In sum-
mary, stomatal limiting factors were the main reason 
for the decrease in photosynthetic rate at the beginning 
of the stress, and non-stomatal limiting factors were the 
main limiting factors with the extension of the stress 
time. The metabolism of FH23 cells was significantly 
affected, leading to a decrease in the photosynthetic rate 
and CO2 consumption, which resulted in an increase in 
interstitial CO2 concentration. In contrast, the changes 
observed in NH5 were not as pronounced. The elec-
trolyte leakage rate and MDA content of the plants 
increased significantly with FH23 exhibiting a more sub-
stantial increase after 48  h of salt stress. This indicates 
that the cell membrane structure was compromised, 
resulting in the leakage of cellular contents. Chloroplasts 
as essential components of the cell membrane involved in 
photosynthesis were also impacted [45]. In summary, sto-
matal limitations were the primary reason for the initial 
decrease in the photosynthetic rate during the onset of 
stress, while non-stomatal factors became the predomi-
nant limiting factors as the duration of stress extended.

Through WGCNA, 4 key modules were identified. The 
gene expression patterns within the same module were 
similar; however, expression levels varied among differ-
ent tolerant peanut varieties. It was hypothesized that 
these variations are key factors contributing to differ-
ences in varietal tolerance. Hub genes play a crucial role 
in specific physiological processes as the genes with the 
highest degree of connectivity to other genes in the co-
expression network [14]. The LOC112748454 gene iden-
tified in the blue module, encodes P5CS, a rate-limiting 
enzyme in proline synthesis. This enzyme catalyzes the 

conversion of glutamate-to-glutamate semialdehyde 
(GSA), which is subsequently auto-cyclized and con-
verted to proline by pyrrolidine-5-carboxylic acid reduc-
tase (P5CR). The increase in proline content observed in 
the present study may be attributed to the up-regulation 
of the P5CS gene (Fig.  7), consistent with findings that 
demonstrate P5CS accumulation in chickpeas following 
salt stress, which leads to proline accumulation [46]. Fur-
thermore, 3 hub genes encoding cell membrane proteins 
were identified. One of which, LOC112723412 (TIL), 
exhibited a significant increase in expression after expo-
sure to stress. TIL1 is localized in the plasma membrane 
and plays a crucial role in maintaining membrane sta-
bility under abiotic stress. Inhibition of TIL1 expression 
during salt stress suppresses the degradation of chloro-
phyll b and mitigates membrane damage [47]. Among the 
4 hub genes identified in the brown module, the expres-
sion of LOC112710495 (ALDH) significantly increased 
following NaCl stress. ALDH functions as an aldehyde 
scavenger, utilizing NADP+ or NAD+ to convert acet-
aldehyde into acetic acid, thereby reducing toxic com-
pounds and producing NADPH or NADH in the process. 
This reduction in lipid peroxidation contributes to the 
regulation of abiotic stress [48]. Furthermore, the overex-
pression of the ALDH21 gene enhances salt tolerance and 
drought resistance in both tobacco and cotton [49].

In the green module, LOC112741331 (SnRK) and 
LOC112744183 (RLKs) encode protein kinases that play 
crucial roles in multiple signaling pathways related to 
abiotic stress [50]. SnRK2 acts as a positive regulator of 
ABA signaling by phosphorylating downstream ABF 
[51], which subsequently helps protect against damage 
caused by abiotic stress [52]. In addition, SnRK2s can 

Fig. 7  Potential NaCl tolerance regulation mechanism in peanut revealed by WGCNA
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directly regulate osmotic pressure independently of ABA, 
thereby promoting plant growth and development [30]. 
The expression of CeqSnRK3.16 was significantly upreg-
ulated under various salt stress conditions in Mucuna 
pruriens, indicating its potential as a candidate gene for 
salt stress tolerance [53]. In this study, LOC112741331 
(SnRK) was significantly upregulated under NaCl stress, 
particularly in the NH5, indicating that it may be a can-
didate gene for salt tolerance in peanuts. Additionally, 
LOC112737698 (ERF9) exhibited a significant increase 
following NaCl stress, with a more pronounced elevation 
observed at 48  h. ERF9 is a member of the ERF family, 
which plays a crucial role in the response to abiotic stress 
(Fig. 7). One study found that the overexpression of the 
LoERF017 gene could lead to increased activities of SOD 
and POD, as well as decreased levels of MDA and ROS 
in larch plants. This suggests that the overexpression of 
the LoERF017 gene may enhance the osmotic resistance 
of plants by inducing antioxidant enzyme systems [54]. 
Potatoes that overexpress the StERF94 transcription 
factor exhibit resistance to oxidative stress damage by 
increasing antioxidant enzyme activity and the synthesis 
of osmoregulatory substances, which, in turn, improves 
salt tolerance [55]. In the yellow module, the hub gene 
comprises three genes encoding HSP proteins. The 
expression of HSP genes (HSP 17.8, HSP 26.3, HSP 70, 
and HSP 101) was found to be elevated under salt stress 
in wheat with a more pronounced increase observed in 
drought-tolerant wheat cultivars compared to drought-
susceptible ones [56]. Similar findings have also been 
documented in grapevines where 14 genes encoding 
HSPs were significantly upregulated following salt stress 
[57]. In Arabidopsis thaliana, HsfA4a senses ROS accu-
mulation and regulates the oxidative stress response 
under oxidative stress conditions [58]. The HSP genes 
(LOC112733527, LOC112777158, and LOC112736623) 
in peanuts showed a significant increase after NaCl 
stress, with the increase in NH5 being even more pro-
nounced, suggesting that HSPs have a positive regula-
tory effect on salt stress (Fig. 7). Accordingly, a potential 
regulatory network for salt tolerance in peanuts was con-
structed in this study.

Conclusion
In this study, we analyzed the physiological and molecu-
lar responses of salt-tolerant and salt-sensitive peanut 
seedlings to NaCl stress by comparing physiological 
parameters and transcriptomic data. Under continu-
ous NaCl stress, the electrolyte leakage rate in peanut 
leaves increased, indicating damage to membrane per-
meability, with FH23 experiencing more severe damage. 
NH5 maintains intracellular osmotic homeostasis by 
accumulating free proline and soluble protein content. 

Additionally, NH5 exhibits high antioxidant enzyme 
activity particularly in CAT and APX. At the onset of 
NaCl stress, photosynthetic parameters significantly 
decreased, with stomatal limitation identified as the pri-
mary restricting factor. Salt stress exacerbates damage to 
peanuts, adversely affecting cellular metabolism and tis-
sue structure. This disruption leads to an imbalance in 
the regulatory mechanisms of peanuts, preventing them 
from maintaining normal physiological activities as stress 
duration increases. Subsequently, non-stomatal limit-
ing factors became the main contributors to the decline 
in photosynthesis observed in FH23. We constructed a 
potential salt tolerance regulatory network in peanuts 
based on WGCNA, which identified 4 key co-expression 
modules and 24 hub genes regulating P5CS, TIL, ALDH, 
SnRKs, and HSP. The proposed mechanisms underlying 
these processes are illustrated in Fig. 7. Our comprehen-
sive study elucidated the response mechanisms of peanut 
seedlings to NaCl stress and identified several candidate 
genes, providing a foundation for the selection of salt-tol-
erant peanut varieties.

Methods
Plant materials and stress treatment
The experiment was conducted in a hydroponic shed at 
the experimental base of Shenyang Agricultural Univer-
sity (41°50′ N, 123°34′ E). In this experiment, two pea-
nut varieties, i.e., Nonghua5 (NH5, salt-tolerant, bred by 
Shenyang Agricultural University) and Fuhua23 (FH23, 
salt-sensitive, bred by Aeolian Sand Research Institute 
of Liaoning Academy of Agricultural Sciences), which 
were selected from 57 varieties in the previous study, 
were used as test materials [59]. Uniformly full seeds 
were selected and sterilized with sodium hypochlorite 
(NaOCl). They were then soaked in distilled water for 
8 h to fully absorb, after which they were germinated by 
the paper bedding. Seeds exhibiting uniform germina-
tion were sown in vermiculite pots and irrigated with 1/2 
Hoagland nutrient solution (PH0424, Phygene, Fuzhou, 
China). The cotyledons were removed after 14d and 
transplanted to a hydroponic tank with 1/2 Hoagland 
nutrient solution for 3d. Subsequently, supplemented 
with 200  mM NaCl to the 1/2 Hoagland nutrient solu-
tion. The hydroponic tanks were aerated with an air 
pump, and the nutrient solution was replaced with fresh 
nutrient solution every 3d. The nutrient solution lost due 
to evaporation was replenished with distilled water on a 
daily basis, additionally. The inverted trifoliate leaves of 
peanut seedlings were collected at 0  h, 6  h, 12  h, 24  h, 
48 h, 72 h, and 96 h, respectively, wrapped in tin foil, and 
immediately frozen in liquid nitrogen. They were subse-
quently stored in a − 80 °C refrigerator.
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Physiological measurement
Malondialdehyde (MDA) content was determined using 
the thiobarbituric acid (TBA) colorimetric method [60]. 
Each experiment was repeated three times. Take leaves 
0.5 g and put them in 10 ml of trichloroacetic acid (TCA). 
After grinding and centrifuging, absorb 1.5 ml of super-
natant and add 2.5 ml of 5% TCA containing 0.5% TBA. 
The mixture was evenly mixed, heated in boiling water 
bath for 15 min and then iced in water bath immediately. 
The supernatant was centrifugated at 8000r for 10 min at 
4 °C. The absorption value of the supernatant was deter-
mined by spectrophotometer at 532  nm and 600  nm to 
calculate the MDA content.

And free proline content was determined using the 
acid ninhydrin colorimetric method [60]. Each experi-
ment was repeated three times. Take leaves 0.5 g and add 
10 ml 3% sulfosalicylic acid solution in a glass tube, and 
bathe in boiling water for 10 min. After cooling, take 2 ml 
supernatant add 2  ml glacial acetic acid and 4  ml acid 
ninhydrin reagent, and develop color in boiling water 
bath for 1 h. After cooling 5 ml toluene was added, the 
red substance was extracted by full shock. The toluene 
layer was taken after static layering and then the light 
absorption value was determined by spectrophotometer 
at 520 nm.

Electrolyte leakage rate was measured using a conduc-
tivity meter (DDSJ-308F, Shanghai, China) [61]. Each 
experiment was repeated three times. The leaves were 
rinsed with deionized water. The round pieces of leaves 
were taken by a punch (diameter, 8 mm). Take 20 round 
pieces of leaves in tube with 20 ml deionized water. The 
electrolyte leakage rate (E0) was measured immediately 
after shaking. The electrolyte leakage rate E1 was meas-
ured at room temperature for 4 h. Heated in boiling water 
bath for 30 min, the electrolyte leakage rate after cooling 
is E2. Electrolyte leakage rate = (E1-E0)/(E2-E0) × 100%.

The soluble protein content was determined by using 
Coomassie Brilliant Blue G250 staining [62]. Each experi-
ment was repeated three times. Take leaves 0.5  g, cut 
them and put into a pre-cooled mortar, add 5  ml dis-
tilled water and grind thoroughly. The extraction solu-
tion was poured into 10  ml tube and centrifugated at 
3000r for 10  min at 4  °C. Absorb 1.0  ml of supernatant 
into a clean tube and add 5  ml of Coomassie Brilliant 
Blue G250. After the mixture was uniformly placed for 
2 min, the absorption value was measured at 595 nm by 
spectrophotometer.

The crude antioxidant enzyme solution was extracted 
from 0.5  g of leaves using sodium phosphate buffer. 
Superoxide dismutase (SOD) activity was assessed 
using the photochemical Nitro Blue Tetrazolium (NBT) 
method, while peroxidase (POD) activity was determined 
using the guaiacol method [63]. Add 1.5  ml of 50  mM 

sodium phosphate buffer (pH = 7.8), 0.3  ml of 75  μM 
NBT solution, 0.3  ml of 10  μM Na2-EDTA, 0.25  ml of 
distilled water, 0.3  ml of 20  μM riboflavin, 0.3  ml of 
130  mM methionine (Met) solution and 50  μl of crude 
enzyme solution successively into 10 ml clear beaker. The 
samples were then placed in a dark environment to ter-
minate the reaction after 20  min of reaction. The SOD 
activity was calculated by measuring the light absorption 
value at 560  nm with microplate reader. 50  μl of crude 
enzyme solution was reacted with 0.95 ml of 0.2% guai-
acol, 1 ml of 0.3% H2O2 and 1 ml of 50 mM sodium phos-
phate buffer (pH = 5.5), the absorption value at 470  nm 
was determined, and POD activity was calculated. Each 
experiment was repeated three times.

Catalase (CAT) activity was determined using hydro-
gen peroxide decomposition reaction method [64]. Each 
experiment was repeated three times. The reaction solu-
tion was prepared by adding 154.6  μl of 30% H2O2 to a 
beaker containing 100  ml of 0.1  M sodium phosphate 
buffer (pH = 7.0) mixing well and storing at 37 °C. 0.1 ml 
of crude enzyme solution was taken and reacted with 
2.9 ml of reaction solution in a water bath at 37  °C and 
the absorption value at 240 nm was determined. 1.8 ml 
of 0.1  M sodium phosphate buffer (pH = 7.0), 0.1  ml of 
15 mM ascorbic acid solution, 1 ml of 0.3 mM H2O2, and 
0.1 ml crude enzyme solution were added into the clean 
enzyme label plate successively. The absorption value 
of 290  nm was determined and the APX activity was 
calculated.

Photosynthetic parameters and chlorophyll fluorescence 
parameters
The leaf photosynthetic parameters were determined 
using a CIRAS-2 portable photosynthetic (Hansat-
ech, UK). The conditions within the leaf chamber were 
as follows: temperature 25  °C, relative humidity 70%, 
light intensity 1200  μmol  m−2  s−1, and CO2 concentra-
tion 380 μmol m−2 s−1. 15 plants (5 plants per replicate) 
were randomly selected for each treatment with uniform 
growth. The net photosynthetic rate (Pn), stomatal con-
ductance (Gs), transpiration rate (Tr) and intercellular 
CO2 concentration (Ci) of fully expanded inverted tri-
foliate leaves of peanut were measured at 0 h, 6 h, 24 h, 
48 h, 72 h and 96 h of NaCl stress. Leaf chlorophyll fluo-
rescence parameters were determined with a FluorCam 
FC800 chlorophyll imaging system (Photon Systems 
Instruments, Czech Republic). 15 plants (5 plants per 
replication) exhibiting uniform growth were randomly 
selected for each treatment. The fully expanded inverted 
trifoliate leaves of the peanuts were harvested at 0 h, 6 h, 
12 h, 24 h, 48 h, 72 h, and 96 h of NaCl stress. The leaves 
were then wrapped in moistened gauze and covered 
with tinfoil to maintain a certain level of humidity and to 
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prevent curling and wilting. Following 30 min dark treat-
ment to avoid light exposure, the maximum photosystem 
II (PSII) light quantum efficiency (Fv/Fm), non-photo-
chemical quenching coefficient (NPQ), actual photo-
chemical efficiency (ΦPSII), photochemical quenching 
coefficient (qP), electron transfer rate (ETR), and fluores-
cence decay rate (Rfd) were determined.

Transcriptome sequencing
Transcriptome analysis of peanut leaves was conducted 
at 0 h, 24 h, and 48 h with three replicates for each treat-
ment. RNA was extracted using the Plant RNA Extrac-
tion Kit (Tiangen, China). The purity, concentration, and 
integrity of the RNA were assessed. After the samples 
passed quality control, mRNA with a poly-A tail was 
enriched using Oligo-dT magnetic beads. The enriched 
mRNA was then randomly fragmented, and the resulting 
fragments served as templates for synthesizing the first 
strand of cDNA. This cDNA was subsequently degraded 
to synthesize the second strand, which was then puri-
fied. The purified double-stranded cDNA underwent 
end-repair, A-tailing, and ligation to sequencing adapt-
ers, followed by screening with AMPure XP beads (Beck-
man Coulter, Pasadena, CA). PCR amplification was 
performed on the cDNA, and the PCR products were 
purified again using AMPure XP beads to obtain the final 
library. 0.4 μg of treated total RNA was used as the tem-
plate for each reverse transcription reaction. Once library 
construction was completed, preliminary quantification 
was performed using Qubit 2.0 (Thermo, Waltham, MA, 
USA). Fluorometer, followed by assessment of the insert 
size using an Agilent 2100 Bioanalyzer, which met the 
expected criteria. qRT-PCR was employed to accurately 
determine the effective concentration of the library, 
ensuring its quality. Clean data were obtained by filtering 
the downstream data using fastp v0.19.3. Sequencing was 
carried out on the Illumina NovaSeq 6000 system. The 
clean reads were compared with the cultivated peanut 
genome (arah.tifrunr.gnm1.kyv3). FPKM values were cal-
culated based on the comparison, and p-values were cor-
rected using the Benjamini and Hochberg method. The 
corrected p-value and the absolute value of Log2FC were 
used as thresholds for expressing significant differences. 
|log2FC|≥ 1.0 with FER < 0.05 was used as the differential 
gene screening condition [26].

Weighted gene co‐expression network analysis
Gene co-expression networks were constructed with val-
idly expressed (FPKM ≥ 1) genes through the software 
WGCNA v1.71 package in R Studio. Following the scale-
free principle, the power value (soft threshold) was deter-
mined by the pickSoftThreashold function. The gene 

co-expression network was visualized by Cytoscape soft-
ware and hub genes were identified in each module.

Quantitative real‑time PCR analysis (qRT‑PCR)
Total RNA was extracted using the Plant RNA Extraction 
Kit (Tiangen, China). qRT-PCR was performed using the 
SYBR Premix Ex Taq Kit (TaKaRa, China). The cycling 
parameters were as follows: an initial denaturation at 
95 °C for 10 min, followed by 40 cycles of denaturation at 
95 °C for 15 s and annealing at 60 °C for 30 s. Each sample 
was analyzed in triplicate. The relative gene expression 
was calculated using the 2−ΔΔCT method [65]. The gene 
primers for qRT-PCR are listed in Table S1.

Statistical analysis
Statistical analyses of data were performed using Micro-
soft Excel 2016 (Microsoft Corporation, USA) and SPSS 
22 (SPSS Inc., USA). Graphs were drawn using Graph-
Pad Prism 8.0.2 (GraphPad Software Inc., USA), R 3.4.4 
software. Data between different time points for the same 
species were analyzed using one-way analysis of variance 
(ANOVA). A value of p < 0.05 was deemed to be statisti-
cally significant.
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