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Drought and salt stresses severely constrain apple yield and quality. Using in vitro
plantlets of apple ‘Golden Delicious ’ as experimental materials, we aimed to
dissect the stress-responsive mechanisms and provide a basis for the genetic
improvement of apple stress resistance. Plantlets under NaCl (salt stress) and PEG
(drought stress) treatments, with samples collected at 0, 1, 6, 12 and 24 h post-
treatment for transcriptome sequencing. Gene expression levels were quanti�ed
as FPKM values to analyze temporal dynamic changes, and Differentially
Expressed Genes (DEGs) were screened with |log2(FoldChange)| >1 and
padj<0.05. Co-expression analysis was performed to explore the interaction
patterns of stress-related genes, coupled with Gene Ontology (GO)
(p-value<0.05) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
(FDR<0.05) enrichment analyses. The core regulatory network of the “hormone
signal-metabolic pathway” in apple in response to salt/drought stresses was
identi�ed, with the key nodes of this network clari�ed as MdAREB3/MdJAZ1,
MdPETE1, MdSNF1 and MdGH9C2 , which are involved in hormone signal
transduction, photosynthesis and carbohydrate metabolism, respectively.
Stage-speci�c expression differences of key DEGs at 0, 1, 6, 12 and 24 h post
NaCl/PEG treatments were further characterized via comparison of their
expression patterns under the two stress conditions. This study systematically
identi�es the core regulatory network and its key nodes in apple in response to
salt and drought stresses, thereby providing a reliable molecular basis for
deciphering stress resistance mechanisms, verifying key gene functions, and the
genetic improvement of salt/drought-tolerant apple varieties.

KEYWORDS

apple, hormone signal transduction, MdSNF1, salt-drought stress, transcriptome
analysis
Introduction

Apple (Malus × domestica Borkh.), as a temperate fruit tree widely cultivated worldwide,
occupies a pivotal position in fruit production and agricultural economy (Fang et al., 2023).
However, abiotic stresses such as drought and salinization have become bottlenecks constraining
the sustainable development of the apple industry against the backdrop of intensifying climate
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change and increasing strain on arable land resources (Zhang et al.,
2024; Yang et al., 2019a). Approximately, 40.0% of the world’s arable
land is affected by drought to varying degrees, and saline areas are
expanding at a rate of 1.0×106~1.5×106 hm� per year. Drought and soil
salinization seriously affect the physiological and metabolic processes of
apples, resulting in economic losses (Verma et al., 2024).

As a crucial component in apple cultivation, the growth and
development status of apples, along with their stress tolerance,
directly determine the fruit yield and quality of the scion varieties
(Li et al., 2023). Superiors can effectively mitigate abiotic stress
damage to the entire plant by regulating their own physiological
metabolism and molecular mechanisms. For instance, they resist
drought and salt stress by enhancing root water and nutrient uptake
capacity, accumulating osmotic regulators, and activating antioxidant
system (Mao et al., 2022; Kong et al., 2017; Balfago�n et al., 2022).
Therefore, conducting an in-depth analysis of the molecular
regulatory networks governing apple responses to drought and salt
stress, and identifying key functional genes involved in stress signal
transduction, holds signi�cant theoretical value and practical
signi�cance for breeding new apple varieties with enhanced stress
tolerance and improving the resilience of the apple industry.

Drought and salinity-increasingly severe environmental
stresses-constrain plant growth, limit agricultural productivity,
and threaten global food security. As a core stress, soil salinity
impairs plant performance via inducing cellular osmotic stress,
disrupting ion homeostasis, and triggering excessive reactive oxygen
species (ROS) accumulation, which causes intracellular oxidative
damage and compromises plant physiological metabolism (Wang
and Chang, 2024; Zhou et al., 2024; Ikram et al., 2025). Drought and
salt stresses exhibit unique and overlapping signals. For instance,
the phosphatidylethanolamine-binding proteins CaMFT02 and
CaMFT03 in pepper exert unique roles in response to drought
and salt stresses (Lim et al., 2023). The primary signal triggered by
drought is osmotic stress, while salt stress exerts both osmotic stress
and ionic stress (or ionic toxicity) effects on cells (Osku et al., 2025;
Islam et al., 2025; Chen et al., 2022; Owoyemi et al., 2025). The
secondary effects of drought and salt stress are complex, involving
damage to cellular components such as oxidative stress,
carbohydrate metabolism, membrane lipids, proteins, and nucleic
acids. Plant cells employ various mechanisms to withstand and
reverse the cellular effects of drought and salt stress, thereby
balancing oxidative stress (Ma et al., 2020; Haghpanah et al.,
2024; Ahanger et al., 2021; Wang and Chang, 2024; Zhou et al.,
2024; Ikram et al., 2025).

With the rapid advancement of high-throughput sequencing
technologies, transcriptomics has emerged as a crucial tool for
investigating the molecular mechanisms underlying plant responses
to abiotic stresses. Currently, relevant transcription factor (TF)
families, such as AP2-EFR, Dof, MADS-box, bZIP, CPP, ZF-HD,
and GATA, have been reported and identi�ed in cowpea under
Abbreviations: DEGs, Differentially Expressed Genes; FPKM, Fragments Per

Kilobase of transcript per Million mapped reads; GO, Gene Ontology; KEGG,

Kyoto Encyclopedia of Genes and Genomes; WGCNA, weighted gene co-

expression network analysis.
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drought stress (Ferreira-Neto et al., 2021). Transcriptomic analysis
has been employed to discuss the identi�cation of TFs in pepper and
the pathways involved in drought stress tolerance. Notably, within
the AP2/ERF family, dehydration-responsive element-binding factors
(DREB) and CRT element-binding factors have been extensively
characterized: their roles in protein structural stability, DNA binding,
and post-translational modi�cation have been well studied through
transgenic research (Negi et al., 2021). A transcriptomic study
conducted by Aleem et al. (2021) demonstrated signi�cant
differences in gene expression patterns between sensitive crop
cultivars and tolerant crop cultivars. Additional genes induced
during drought include those encoding osmolytes (e.g., proline,
glycine betaine, and sugars), as well as genes involved in abscisic
acid (ABA) biosynthesis pathways, signaling proteins, antioxidant
components, and TFs. In terms of salt stress, in Arabidopsis, under
salt stress conditions, Arabidopsis lines with increased Asg2
expression exhibit inhibited primary root elongation, reduced seed
germination rate, and enhanced sensitivity of leaves and seedlings to
salt stress. CdWRKY50 functions as a negative regulator that mediates
the response of bermudagrass to salt stress (Tian et al., 2024a; Huang
et al., 2021). In rice (Oryza sativa), osSCYL2 is involved in phytosterol
accumulation and regulates plant growth as well as the response to
salt stress (Xu et al., 2024). Thus, transcriptomic technologies have
been utilized to elucidate the molecular mechanisms underlying the
responses of model plants (such as Arabidopsis, rice, and maize) and
some fruit crops to drought and salt stresses, leading to the
identi�cation of a set of stress-responsive signaling pathways and
associated genes (Ahmad et al., 2019; Tian et al., 2024b; Yu et al.,
2020a). Among these, endogenous plant hormones—including auxin
(indole-3-acetic acid, IAA), abscisic acid (ABA), gibberellin A3
(GA3), and brassinosteroids (BRs)-play crucial roles in mediating
the responses of higher plants to stresses (Li et al., 2019).
Additionally, genes related to abscisic acid (ABA) biosynthesis (e.g.,
NCED), TF genes (e.g., AKR, NAC, ZIP, WRKY, and MYB), and
antioxidant enzyme genes have been identi�ed to be involved in
mediating the response mechanisms to drought and salt stresses
(Changan et al., 2023; Yu et al., 2020b; Pan et al., 2017; Zhu et al.,
2018; Hao et al., 2024; Chanwala et al., 2024).

Apple (Malus domestica.), one of the most widely produced and
economically important fruit crops in temperate regions. During the
long-term domestication process, the quality and yield of cultivated
apples are greatly improved, but their global cultivation and
promotion are limited by drought and high salt stress. So how
apple plants sense stress signals and adapt to adverse environments
are fundamental biological questions. In recent years, there have been
some researches about the regulating mechanism of apple drought
and salt tolerance. In apple, MdMYB46 could enhance the salt and
osmotic stress tolerance not only by activating secondary cell wall
biosynthesis pathways but also by directly activating stress-response
signals (Chen et al., 2019). The previous study conducted a series
experiments verifying that the MdNAC047 gene was signi�cantly
induced by salt treatment and found a novel “MdNAC047-MdERF3-
ethylene-salt tolerance” regulatory pathway, which provides new
insight into the link between ethylene and salt stress (An et al.,
2018). In the apple, 38 FKBP genes were identi�ed, and found that the
pairing in the MdFKBP62a/MdFKBP65a/b-mediated network is
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involved in water-de�cit and salt-stress signaling, both of which are
uniformly up-regulated through interactions with heat shock proteins
in apple (Dong et al., 2018). MdcyMDH enhances the tolerance of the
transgenic plants to cold and salt modifying the redox signal and
improving the cell reducing power, which promoting the interaction
of redox and salicylic acid (Wang et al., 2016). The dynamic
complexity of drought and salt stress control network of apple
increases the dif�culty of systematic research (Verma et al., 2024),
while second-generation sequencing (SGS, or called next-generation
sequencing) provides a precise and comprehensive analysis of RNA
transcripts for gene expression, and become a common tool to
explore biological questions systematically (Thudi et al., 2012). By
RNA-seq analysis of apple peels form the ‘Red Fuji’ cultivar,
MLNC3.2 and MLNC4.6 function as eTMs for miR156a and
prevent cleavage of SPL2-like and SPL33 by miR156a during light-
induced anthocyanin biosynthesis, providing fundamental insights
into lncRNA involvement in the anthocyanin biosynthetic pathway
in apple fruit (Yang et al., 2019b). RNA-seq analysis of 6-BA-treated
‘Nagafu No.2’ apple buds revealed that the up-regulation of cytokinin
(CK) signal components and gibberellin (GA) signal repressors
contributes to the promotion of �oral transition; this �nding
provides insights into the responses of �owering- and
development-related pathways, as well as key TFs (i.e., SPLs, SOC1,
FD, and COL), to 6-BA during apple �oral transition (Li et al., 2019).
Moreover, dopamine may affect apple drought tolerance by
regulating the expression of WRKY, ERF and NAC TFs, activating
the expression of CNGC and CAM/CML family genes to improve
drought tolerance (Gao et al., 2020). However, due to signi�cant
differences in genetic backgrounds and stress resistance mechanisms
among different plant species, the unique molecular regulatory
mechanisms underlying the response of apple s to drought and salt
stresses still require further in-depth investigation.

In current study, apple trees were treated with NaCl and PEG to
simulate salt and drought stress conditions, respectively. Dynamic
changes in the stress response were monitored over the treatment
period. Via time-series RNA sequencing, we explored the
expression pro�les of key genes involved in the drought and salt
stress response mechanisms, as well as the intrinsic connections
between the regulatory mechanisms underlying these two distinct
stress responses. Furthermore, through transcriptomic analysis, a
set of candidate genes that participate in regulating apple responses
to drought and salt stresses. This work lays a foundation for the
subsequent functional exploitation of these genes to develop apple
cultivars with desired levels of drought and salt tolerance.
Materials and methods

Plant materials

RNA preparation for RNA-seq

Micro-propagated ‘Golden Delicious’ apple plantlets were grown
in tissue culture at Hebei University of Engineering, Handan,
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China. The cuttings were maintained under a 16 h light at 25 –
1°C, followed by 8 h dark at 15 – 1 °C. The stem cuttings were
divided into two groups. The �rst group of cuttings was treated with
NaCl to simulate salt stress. The rooting medium was composed of
1/2 MS, 200 mmol•L-1 Nacl, 25 g•L-1 sugar, 7.5 g•L-1 agar, and pH
5.8; The concentration of 200 mmol•L-1 NaCl was �nally
determined after screening by gradient concentration pre-
experiments and referring to the commonly used effective stress
concentrations in recent similar apple salt stress studies (Zhang
et al., 2020; Yang et al., 2009). The second group of cuttings was
treated with PEG, the medium was composed of 1/2 MS, 20.0%
PEG (4000), 25 g•L-1 sugar, 7.5 g•L-1 agar, and pH 5.8; similarly, the
20.0% PEG (4000) concentration was selected based on gradient
concentration pre-experiments combined with the commonly used
effective concentrations in recent apple drought stress studies
(Zhang et al., 2012; Li et al., 2021). Both concentrations could
stably induce stress responses in apple plantlets while avoiding
excessive lethal damage to the experimental materials. Stem bark
from 0.5–1 cm basal sections of 30 cuttings was frozen in liquid
nitrogen at 0, 6, 12, 24, and 48 h after treatment for RNA-seq
analysis.The collected samples were immediately immersed in
liquid nitrogen and stored at �80 °C until used for further
processing. Total RNA was extracted by the modi�ed CTAB
method (Added 2.0% (w/v) PVP-40 and 2.0% (v/v) b-
mercaptoethanol to the CTAB extraction buffer to suppress
polyphenol oxidation and RNA degradation—a critical
optimization for apple stem bark samples with high polyphenol
and polysaccharide content; adjusted the concentration of CTAB in
the extraction buffer to 1.5% (w/v) and optimized the water bath
conditions to 65°C for 30 min, enhancing the lysis ef�ciency of plant
cells while minimizing RNA hydrolysis. Supplemented a two-step
75.0% ethanol washing process after RNA precipitation to remove
residual salts and impurities, ensuring the purity of the extracted
RNA) (Li et al., 2018). RNA quality was checked on 0.8% agarose gel
and Nano Photometer Spectrophotometer (Implant USA), and the
samples, which passed the quality tests (OD260/280 = 1.8~2.0),
were chosen for RNA-seq analysis.

RNA-seq library construction, sequencing

For each sample, 5 mg total RNA was used to isolate mRNA to
prepare an RNA-seq library using NEBNext Poly(A) mRNA
Magnetic Isolation Module and NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA)
following the manufacturer’s protocols. Speci�cally, 3 biological
replicates were set for each group, including the control group (0 h
post-treatment) and each of the 4 time points (1, 6, 12, 24 h post-
treatment) under both NaCl and PEG stress treatments. The cDNA
library was sequenced from both of 5’ and 3’ ends on the Illumina
Hiseq2500 platform according to the manufacturer’s instructions,
in which 150 bp paired-end reads were obtained. In total, 27
samples were sequenced, which was consistent with the
experimental design (3 biological replicates per group × 9 groups:
1 control group, 4 time points under NaCl stress, and 4 time points
under PEG stress).
frontiersin.org

https://doi.org/10.3389/fpls.2026.1763760
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2026.1763760
RNA deep sequencing and sequencing data
�ltering

To ensure the quality of data, remove reads with adapters and
containing N (N means that the base information cannot be
determined) and the low-quality reads (reads whose base number of
Qphred � 20 accounts for more than 50.0% of the entire read length).
After �ltering the original data, checking the sequencing error rate, and
the GC content distribution, clean reads for subsequent analysis are
obtained. This project has sequenced 27 samples, and the average clean
data of each sample is not less than 6.5 Gb.

Reference genome alignment

Sequencing fragments were obtained by random fragmentation
of mRNA. To determine genes that are transcribed from these
fragments, use HISAT2 software to quickly and accurately compare
clean reads with the reference genome (https://www.rosaceae.org/
species/malus/malus_x_domestica/genome_GDDH13_v1.1), and
obtain the positioning information of reads on the reference
genome (Mortazavi et al., 2008).

Gene expression abundance statistics

According to the position information of the gene comparison
on the reference genome, the number of reads covered by each gene
(including the new predicted gene) from the start to the end is
counted. Filter out reads with a comparison quality value lower than
10, reads on unpaired comparisons, and reads that are aligned to
multiple regions of the genome. This part of the analysis uses the
feature counts tool in the sub-read software (Yang et al., 2014). The
gene expression value of RNA-seq is generally not expressed by
reading count but FPKM. FPKM expected the number of fragments
per kilobase of transcript sequence per millions of base pairs
sequenced. The FPKM values can re�ect the gene expression. It
has corrected the sequencing depth and gene length successively
(Bray et al., 2016). In the current study, FPKM � 1 was used as a
standard for identifying gene expression. This standard �ltered out
the weakly expressed genes.

Transcripts assembly and expression
analysis

StringTie was used for transcript assembly and quanti�cation
for each RNA-Seq sample. DESeq2 software was used to detect
differentially expressed genes (Love et al., 2014). The R package
VennDiagram was used to generate the Veen diagram (Lam
et al., 2016).

Principal component analysis

To identify the replicates that have similar expression patterns,
we performed PCA among all the samples. The raw count data were
transformed in Deseq2 (Love et al., 2014) and then the principal
component analysis was conducted using the princomp function
Frontiers in Plant Science 04
from R. rgl 3 package form CRAN, was used to realize 3-
D visualization.

Differentially expressed genes

The documented transcripts within the reference genomic
annotation �le were analyzed by DESeq2 software for differential
expression genes analyses (Love et al., 2014). Screening criteria of
DEGs were |log2(FoldChange)| >1 and padj < 0.05. WGCNA
(Weighted Gene Co-expression Network Analysis) was performed
by previous research (Langfelder and Horvath., 2008). Additionally,
two strategies were used to analyze the DEGs. The �rst was Gene
Ontology (GO) functional enrichment and the second was pathway
enrichment. GO enrichment analysis of functional signi�cance
applied a Fisher’s Exact Test to map all DEGs to the GO database
terms. TopGO (version 2.18.0) software was used for the GO
enrichment analysis (Alexa et al., 2013). The p-value was
corrected by the Bonferroni test, and a corrected p-value < 0.05
was chosen as the threshold to de�ne a signi�cantly enriched GO
term. KOBAS (kobas2.0-20150126) software was used for Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathway enrichment
analysis and statistical analyses were performed with the Hyper-
geometric test (Chen et al., 2011).

Identi�cation of co-expression modules

The R package WGCNA (Langfelder and Horvath, 2008) was
used to identify modules of highly correlated genes based on FPKM
data. First, the R package DCGL (Differentially Coexpressed Genes
and Links) �ltered genes by expression and variation, retaining
14,293 genes (Nath et al., 2020). Using the pickSoftThreshold
function in WGCNA, the soft thresholding power was set to 21
(interpreted as the correlation matrix soft threshold). The resulting
adjacency matrix was converted to a topological overlap (TO)
matrix via the TOM similarity algorithm. Genes were
hierarchically clustered based on TO similarity, and the Dynamic
Hybrid Tree Cut algorithm (30) was used to cut the clustering tree
and de�ne modules as tree branches. Each module’s expression
pro�le was summarized by its �rst principal component (module
eigengene), and modules with highly correlated eigengenes (r > 0.8)
were merged. Genes in each module were then analyzed as
described in “GO Enrichment Analysis and Pathway
Enrichment Analysis”.

Visualization of hub genes

Genes with the highest degree of connectivity within a module
are referred to as intramodular hub genes (Langfelder and Horvath,
2008), the top 100 hub genes from each module from two
conditions, ranked by KME, were selected. The hub genes in each
module were compared. The top 100 hub genes of focused module
CKM6 was visualized by VisANT, in the network, the genes belong
only to CKM6 were marked green, and the hub genes both belong to
CKM6 and A04M3 were marked red. And the gene annotation
information was from KOBAS 2.0 annotation result.
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Results

The transcriptomic pro�les of apple
seedlings under different treatments of
NaCl and PEG

To investigate the transcriptome dynamics of apple seedlings’
response to salt and drought stress, we collected the samples from
seedlings under the treatment of NaCl and PEG at 0, 1, 6, 12, and 24
h, constructed 27 libraries, and performed time-series RNA-
sequencing (RNA-seq) experiment. We obtained 475.5 million
high-quality paired-end reads (average ~17.6 million for each
sample) after removing low-quality reads and adaptors, of which
94.4% was aligned to the apple DH genome (Figure 1A;
Supplementary Table 1). All the genes were quanti�ed and
assigned with the fragments per kilobase of transcript per million
mapped reads (FPKM). 42,916 genes were detected to be expressed
across all the samples, of which more than 18784 genes (~40.0%)
genes had low expression levels (FPKM �1), and nearly 12,041
(~28.0%) genes had higher expression levels (FPKM >10)
(Figure 1B; Supplementary Table 2). Based on the expressive
Frontiers in Plant Science 05
matrix, Pearson correlation analysis and hierarchical cluster
analysis revealed a good correlation between biological replicates
(Figure 1D; Supplementary Figure 1). Parallelly, FPKMs of three
randomly selected genes exhibited a high Pearson correlation
ef�ciency (r2 = 0.84, P-value <0.01) (Supplementary Figure 1).

By pairwise comparisons of the 27 libraries, 18,707 differentially
expressed genes (DEGs) were identi�ed. During NaCl treatment
groups, the number of most DEGs compared between NaCl_1 h
and NaCl_24 h was 790, while in PEG treatment groups, that was
1336 detected in the comparison between PEG_1 h and PEG_24 h
(Supplementary Table 3, Supplementary Figure 2).

Setting the time-series experiments was to discover the major
and possibly shared regulatory networks of apples under drought
stress (PEG treated) and salt stress (NaCl treated). Thence, the
DEGs between different treatments and controls were mainly
analyzed. Compared with control, a total of 12,144 and 7,506
differentially expressed genes (DEGs) were detected under NaCl
and PEG treatments, respectively. Among it, 1526 and 712 DEGs
were shared across four corresponding treatments respectively, and
531 DEGs overlapped between NaCl and PEG treatments
(Figure 1C; Supplementary Table 3 and Supplementary Figure 3).
FIGURE 1

Transcriptomic pro�ling of key genes in apple s under NaCl (salt) and PEG (drought) stresses. (A) Box plots of Ratio distributions for all vs. treatment-
unique genes under NaCl/PEG. (B) Stacked bars of FPKM proportions across gene categories in CK and NaCl/PEG (1/6/12/24 h) samples. (C) Venn
diagrams of DEGs: (top) NaCl (1/6/12/24 h) vs. CK; (middle) NaCl- vs. PEG-speci�c DEGs; (bottom) PEG (1/6/12/24 h) vs. CK (numbers = DEG
counts). (D) PCA plot (FPKM-based) clustering CK and NaCl/PEG (1/6/12/24 h) samples by PC1/PC2.
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Additionally, under salt stress, there were 542 up-regulated
genes, including a large number of redox-related genes,
carbohydrate metabolism, protein and lipid metabolism-related
genes, secondary metabolism genes, cell wall degradation
synthesis related genes, osmotic regulation ionophore genes, and
hormone transduction regulation genes represented by abscisic
acid. Correspondingly, in 929 down-regulated genes, there were a
series of hydrolase coding genes, reverse regulated abscisic acid
transduction genes, pectin methyl-esterase inhibitor genes,
transmembrane ion transporter genes, and photosystem (plant
photosynthetic related) coding protein genes (Supplementary
Figure 3, Supplementary Table 3).

Similarly, under PEG treatment, 186 up-regulated DEGs mainly
concentrated on redox genes, hormone signal transduction genes,
and calcium ion signal transduction genes. In contrast, among 514
down-regulated genes, there were a large number of redox-related
genes, membrane transport-related genes, proline-rich protein-
coding genes, cell wall synthesis related genes, and photosystem
(plant photosynthet ic re la ted) prote in-coding genes
(Supplementary Figure 3, Supplementary Table 3). DEGs with
functions of different biological processes, such as signal
transduction and cell wall degradation synthesis, showed similar
expression patterns under salt stress and drought stress.
Furthermore, the DEGs that showed a common expression
pattern under the NaCl and PEG treatments were 152 (up-
regulated) and 379 (down-regulated), a total of 531, accounting
Frontiers in Plant Science 06
for 98.9% of the overlapping 537 differential genes under all
treatments (Figure 1; Supplementary Figure 3).

Identi�cation of conversed and divergent
gene expression modules

To investigate the gene regulatory network (GRN) during the
response of salt and drought treatments, the current study identi�ed
co-expressed gene sets via weighted gene co-expression network
analysis (WGCNA). After �ltering 46558 genes based on the
expression (50.0% �ltered) and variation (29.8% �ltered) across
all the samples via DCGL package, the 9,397 remaining genes fell
into 26 co-expression modules, and the number of genes harbored
in 25 co-expression modules (except the unassigned grey module
containing 2,442 genes) ranged from 37 to 870 (Figure 2). Setting 0
and 1 as the phenotype of nine (control, 4 NaCl and 4 PEG)
treatments, we conducted an association analysis between modules
and phenotype to identify important modules and relative hub
genes (Figure 2). Each module except MEgreen was associated with
at least one treatment. Among them, the correlation coef�cient of
�ve modules were all above 0.75 (p-value < 0.01). A total of 13
modules were signi�cantly related to control, 17 modules to NaCl
time-series treatments, and 8 modules to PEG time-series
treatments respectively. It is obvious that various genes
distributed in more modules under NaCl treatments were more
than PEG treatments, which correspond to DEGs analysis and may
FIGURE 2

Co-expression module analysis of genes in apple s under NaCl/PEG treatments. (A) Hierarchical clustering tree (top) and gene module assignment
(bottom). (B) Heatmap of gene expression across co-expression modules. (C) Module-sample correlation matrix (color, correlation; numbers,
correlation/p-value) for CK/NaCl/PEG treatments.
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predict that when responding to salt tolerance, the biological
process and plant inner genes regulatory networks were more
complex than to drought tolerance. In addition, among the 25
modules, 13 modules were related to at least two treatments, 8
modules to three treatments (Figure 2C), and only one module
MEsalmon (p-value < 0.05) was shared through control, NaCl
(NaCl_1 h) and, PEG (PEG_1 h) treatments (Figure 2C).

Connecting with the database information, the TFs
(Transcriptional factors) and TRs (Transcriptional receptors)
distributed in the 25 modules were identi�ed. Among the 49 TFs
families, the number of the genes of WRKY, ERF, NAC, and MYB
were in the top 5 and all these gene families had taken part in the
regulatory network mechanism of the plant response to various
stress reported by many types of research.

Deciphering key co-expression modules

After browsing the module-trait table, we found MEred and
MEpink had completely opposite expression pattern and both
signi�cantly related to NaCl_1 h, NaCl_24 h and PEG_1 h
treatments (Figure 2C). As shown in Figure 3A, a red module was
identi�ed by WGCNA, in which genes exhibited distinct expression
patterns across different stress treatments. The module eigengene was
signi�cantly upregulated under PEG and NaCl treatments, implying
Frontiers in Plant Science 07
that this module was involved in stress response. The number of DEGs
overlapped in NaCl_1 h, NaCl_24 h, PEG_1 h (all compared with
control) was 1639, which distributed in the module MEred and MEpink
was 42, 35. Filtering hub genes in the two modules by setting KME�0.85
(Epigengene-based connectivity), only remained in MEpink (29) and
MEred (33), respectively. For example, there were only �ve genes
belonging to TFs families (MD07G1297100, MD14G1149600,
MD09G118400, MD02G1087900, MD08G1070700) (Figure 3B;
Supplementary Table 4). MdHB7 (MD07G1297100) encodes
homeobox-leucine zipper protein HB7 and may act as growth
regulators induced by abscisic acid in response to water de�cit. The
expression of MdHB7 was both lower during earlier treating phases
(1~6 h) than control, while at latter especially at 24 h treating that were
signi�cantly higher than control. Figure 3C (Venn diagram) revealed
4501, 949, and 607 differentially expressed genes (DEGs) in NaCl24 vs
CK, PEG1 vs CK, and NaCl_1 vs CK, respectively, with 1639 DEGs
shared among the three groups, representing a core set of stress-
responsive genes. Figure 3D displayed the co-expression network of
the red module, where hub genes (red nodes) and their highly co-
expressed genes (blue nodes) were identi�ed, providing key candidate
regulators in stress response. Furthermore, the expression heatmap in
Figure 3E validated that these hub genes showed speci�c expression
pro�les under various stress treatments, supporting their central roles in
the regulatory network of stress responses. Based on the identi�ed co-
FIGURE 3

Gene analyses of key modules in apple s under NaCl/PEG treatmenets. (A) Heatmap (top) and expression pro�le (bottom) of the red module. (B) Heatmap
(top) and expression pro�le (bottomcccvcidate genes. (C) Venn diagram showing the number of differentially expressed genes (DEGs) in apple under
PEG_1 vs CK, NaCl_1 vs CK, and NaCl_24 vs CK treatments, and their overlaps. (D) Co-expression network of hub genes in the red and pink modules,
with red nodes representing core hub genes and blue/pink nodes representing co-expressed genes. (E) Heatmap of the expression patterns of key hub
genes from the red and pink modules across different treatments (CK, NaCl_1, NaCl_24, PEG_1, PEG_6, PEG_12, PEG_24).
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expression modules, we further explored the core functional pathways
and biological signi�cance of the genes within each module through GO
and KEGG enrichment analyses.

DEGs in RNA-sequencing were screened
with GO and KEGG pathways analyzed

The DEGs were also analyzed by GO enrichment. Signi�cant
enrichment pathways of DEGs were screened out at each time stage
Frontiers in Plant Science 08
with NaCl and PEG treatments (Figures 4A–C, 5A–C), and the �nal
summary is presented in Figures 4, 5. The Go analysis revealed that
DEGs is associated with biological process, cellular component, and
molecular function. Gene ontology (GO) enrichment analysis found
that DEGs were distributed in 68 GO terms (corr p-value< 0.01)
under NaCl treatments (Figure 4D), 49 GO terms (corr p-value<
0.01) under PEG treatment (Figure 5D), respectively. Among these
modules, GO terms related to purine ribonucleoside triphosphate
binding, ATP binding, membrane part, cofactor binding, and
FIGURE 4

GO classi�cation of DEGs under NaCl treatments. (A–D) Bar charts of GO enriched functional terms (y-axis) and their background gene counts (x-axis)
across distinct functional categories, where sub�gure (A) corresponds to biological process, (B) corresponds to cellular component, (C) corresponds to
molecular function, and (D) is the summary of the three functional categories mentioned above.
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electron transfer activity were enriched across the four NaCl
treatments (Figure 4), while GO terms associated with hydrolase
activity, oxidoreductase activity, cofactor binding, catalytic activity,
and metabolic process were enriched across the four PEG
treatments (Figure 5).

Similarly, signi�cant enrichment pathways were also
summarized by Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment pathway analysis (Figure 6). A total of 19
signi�cant KEGG enrichment pathways were identi�ed in
Figure 6C. KEGG enrichment pathways analysis of DEGs
revealed that 29 pathways (FDR<0.05) were enriched in NaCl
treatments (Figure 6A), 26 pathways (FDR<0.05) were enriched
in PEG treatments respectively (Figure 6B), and the overlap of them
were 19 pathways (FDR<0.05) (Figure 6C).

Signi�cant enrichment of channel mainly includes plant
hormone signal transduction, photosynthesis, amino sugar and
nucleotide sugar metabolism, glycolysis/Gluconeogenesis,
glyoxylate and dicarboxylate metabolism, starch and sucrose
metabolism, pyruvate metaolism, porphyrin and chlorophyll
metabolism, carbon �xation in photosynthetic organisms, valine,
leucine and isoleucine degradation-related genes were selected from
the heavily enriched KEGG pathways (Figure 6C). Finally, the
selected DEGs from pathways were divided into ten categories,
and the expression pro�les of the representative genes in each group
were analyzed in Figures 7–16.

Expression characteristics of genes
involved in the plant hormone signal-
pathway

Plant hormones play a crucial role in regulating physiological
processes, and auxin are key hormones governing root development,
this study investigated the effects of NaCl (salt) and PEG (simulated
Frontiers in Plant Science 09
drought) treatments on apple, and further analyzed the expression
pro�les of plant hormone signal transduction-related genes
(Supplementary Table 5; Figure 7). The dynamic expression pro�les
(FPKM values) of 18 hormone signaling-related genes in under NaCl
(salt) and PEG (simulated drought) stresses. These genes were
categorized into 4 groups based on their temporal expression trends.

(1) NaCl-PEG co-upregulated type (sustained upregulation):
MdSNF1, MdABRE3, and MdRCAR1 maintained 2-3-fold higher
expression levels at 6–24 h under both NaCl and PEG treatments
(Figure 7). This suggests that the core ABA-SnRK2-AREB axis was
synergistically activated, serving as a key driving module for root-
stock cross-tolerance (Figure 7). (2) NaCl-speci�c burst type (early
peak): MdJAZ1 (JA signal repressor) surged to 10-fold at 1 h under
NaCl treatment, followed by a subsequent decline (Figure 7);
MdNPR3–1 also exhibited a ‘single-peak’ pattern (Figure 7).
(3) Post-PEG recovery type (�rst down-regulated then
up-regulated): MdPIL6, MdPP2CA and MdCOI1 showed
signi�cant recovery at 12–24 h under PEG treatment (1.5-2-fold
of CK) (Figure 7), while their expression remained persistently low
under NaCl treatment. This re�ects that drought maintains long-
term responses through an ‘ABA de-repression-reactivation’ loop,
which is an important marker for apple drought tolerance recovery.
(4).Background homeostasis type: Genes including MdCYCD3;1,
MdXTR6, MdAHP4, MdDFL2, MdSAUR, MdBAK1, MdCAP,
MdTGA6 , MdETT and MdNPR3–2 exhibited expression
�uctuations<2-fold. These genes were regarded as the hormone
signal background maintenance module and did not participate in
salt/drought-speci�c regulation (Figure 7).

In conclusion, MdSNF1 and MdAREB3 can serve as core
markers for salt-drought common tolerance in s; MdJAZ1 is an
early diagnostic gene for salt tolerance; and the post-drought
recovery of MdPIL6 and MdPP2CA, as a key indicator for
evaluating drought tolerance potential of apple.
FIGURE 5

GO classi�cation of DEGs under PEG treatments. (A–D) Bar charts of GO enriched functional terms (y-axis) and their background gene counts (x-
axis) across distinct functional categories, where sub�gure (A) represents biological process, (B) represents cellular component, (C) represents
molecular function, and (D) summarizes the three GO functional categories.
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