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Abstract: Malus sieversii f. niedzwetzkyan, a wild species capable of growing on saline-alkali soil in
Xinjiang, is the most promising horticultural crop for improving the saline-alkali wasteland. However,
the tolerance of M. niedzwetzkyan to saline-alkali stress and the underlying molecular mechanisms
remains largely unknown. Here, we conducted a hydroponic experiment in which M. niedzwetzkyana
and M. domestica “Royal Gala” seedlings were subjected to 150 mM saline-alkali stress. Physiological
data showed that M. niedzwetzkyana had a strong ROS scavenging ability and ion transport ability,
and its saline-alkali resistance was higher than that of M. “Royal Gala”. Saline-alkali stress also
promoted the synthesis of anthocyanins in M. niedzwetzkyana. Transcriptome analysis was conducted
on the leaves and roots of M. niedzwetzkyana at different time points under saline-alkali stress
(0 h, 6 h, and 12 h). Transcriptome analysis revealed that saline stress down-regulated most genes
involved in the anthocyanin flavonoid synthesis pathway. Transcription levels of genes involved
in antioxidant enzyme activity and ion transport were altered. We identified hub genes related to
superoxide dismutase as well as Na* and K* transport using weighted gene co-expression network
analysis. This study elucidated, for the first time at the molecular level, the saline-alkali tolerance
of M. niedzwetzkyana, including the complex changes in pathways that regulate reactive oxygen
species homeostasis, ion uptake, and anthocyanoside synthesis under saline-alkali stress conditions.
This research provides an important genetic resource for identifying genes involved in responses to
saline-alkali stress.

Keywords: Malus sieversii f. niedzwetzkyan; saline—alkali stress; RNA-Seq; transcriptome analysis;
candidate genes

1. Introduction

Soil salinization is a globally significant problem, and secondary salinization (i.e.,
salinization associated with human activities) is becoming increasingly common [1]. Salin-
ization and alkalization affect approximately 20% of arable land and 33% of irrigated
agricultural land globally due to inappropriate agricultural practices. Approximately 50%
of the world’s arable land is expected to be affected by salinization and alkalization by
2050 [2,3]. The apple (Malus) is one of the world’s most economically important fruits, but
its lack of saline-alkali tolerance has greatly limited the growth and yield of apple trees.
Malus sieversii and its red-fleshed variant (M. sieversii f. niedzwetzkyana) are native to the
mountains of Xinjiang and Central Asia; they are important wild apple resources and are
considered the most primitive species [4,5]. M. sieversii is a wild species that can grow on
saline soil in Xinjiang; it also has a high tolerance to drought and other types of stress, and
these properties make it a valuable germplasm for the breeding of apple varieties with
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saline-alkali tolerance. Studies aimed at clarifying the underlying mechanisms of adapta-
tion to saline-alkali stress are needed. Most previous studies examining the responses of
apple plants to abiotic stress have focused on responses to high temperature, drought, and
salt stress [6-8]. The physiological and molecular mechanisms underlying the resistance of
apple to saline-alkali stress have not yet been elucidated.

Saline-alkali stress has deleterious effects on the growth and development of plants,
as it affects the osmotic balance and increases the pH [9]. The magnitude of damage is
greater under saline-alkali stress than under sole salinity stress [10]. Salt stress induces
imbalances in concentrations of Na* ions, which can disrupt the structure of cells, hinder
the transport of other ions, and inhibit growth and energy metabolism [11]. Soil alkaline
stress can have effects on various metabolic and physiological processes by altering the
extracellular and intracellular pH, including photosynthesis, membrane transport, and
reactive oxygen species (ROS) metabolism [12]. Oxidative damage induced by alkaline
pH and ion stress can result in the generation of large amounts of ROS in cells, including
superoxide anion (O?~), hydroxyl ion, hydroxyl radical, and hydrogen peroxide (HyO5).
This can induce serious damage to the cell membrane, proteins, DNA, and RNA [13].

Among the three types of stress mentioned above, ion stress has the most direct
deleterious effects on plants. Several studies have suggested that salt stress can have
negative effects on the ability of plants to absorb soil nutrients, and this can inhibit the
growth and yield of crops [14]. Soil salinity reduces the uptake of potassium (K), calcium
(Ca), and magnesium (Mg) by plants due to ion toxicity and imbalances caused by high
Na* and C1~ levels [15,16]. High concentrations of carbonates (CO327) and bicarbonates
(HCO37), high pH, and low organic carbon levels also limit the bioavailability of these
metals [16]. High bicarbonate concentrations also affect the transport of iron from the
cotyledon to the roots in citrus seedlings [17].

The salt overly sensitive (SOS) signaling pathway (including SOS1, SOS2, and SOS3)
is activated in plants following exposure to salt stress [18]; the SOS signaling pathway
promotes Na* efflux to maintain a constant Na* /K™ ratio in the cell cytoplasm [19,20]. SOSI,
a Na*/H" antiporter protein located on the plasma membrane, regulates Na* efflux [21].
Salt stress induces SOS2 activity and its localization to the plasma membrane, which
activates the Na* /H* antiporter SOS1 and promotes Na™ efflux [22]. Cellular ion balance
is maintained via the separation of K* and Na* and mediating their transport into cellular
structures such as the vacuoles [23]. A Na*/H" antiporter (NHX) in plant cells mediates the
transport of Na* into vacuoles, and this protects the cell from being exposed to deleterious
ions and ion concentrations [24]. Previous studies have shown that the overexpression of
the gene encoding NHX can promote the retention of K*, which enhances the salt stress
resistance of plants [25].

The various types of injury induced by exposure to saline-alkali stress can promote
the accumulation of ROS in plants. ROS function as signaling molecules when they are
at low concentrations [26]; however, high concentrations of ROS can have deleterious
effects on cell metabolism and inhibit plant growth. Free radical scavenging enzymes
and antioxidants are produced in large quantities to mitigate the damage induced by
saline-alkali stress [27]. The antioxidant system in plants mainly comprises superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), polyphenol oxidase (PPO), and other
enzymes [16]. The accumulation of ROS in plants under saline-alkali stress activates the
antioxidant enzyme system, which mitigates the deleterious effects of exposure to salinity
and alkalinity and maintains the normal growth of plants [28]. Secondary metabolites such
as phenolic compounds also play a role in mediating the clearance of active oxygen as a
secondary line of defense under stress [29]. Previous studies have shown that the excessive
accumulation of flavonoids promotes antioxidant activity in Arabidopsis and enhances its
drought resistance [30].

The physiological responses and molecular mechanisms underlying the saline-alkali
tolerance of M. niedzwetzkyana, a red-fleshed fruit, have not yet been elucidated. In the
current study, we compared the resistance of M. niedzwetzkyana seedlings and M. domestica
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“Royal Gala” seedlings to 150 mM saline-alkali stress. RNA-seq was also performed on roots
and leaves of M. niedzwetzkyana under saline-alkali stress. The aims of this study were as
follows: (1) to characterize the tolerance and physiological response of M. niedzwetzkyana
to saline-alkali stress; (2) to investigate the mechanisms involved in maintaining reactive
oxygen species homeostasis, metal ion uptake, and molecular responses to anthocyanoses
synthesis under saline-alkali stress; and (3) to identify the key genes related to superoxide
dismutase and Na* and K* transport in M. niedzwetzkyana under saline-alkali stress.

2. Materials and Methods
2.1. Plant Materials and Saline-Alkali Treatment

Previously preserved wild-type M. niedzwetzkyana and wild-type M. domestica “Royal
Gala” were used in experiments. The plant tissue culture method was used to obtain
seedlings of the two apple species. The subculture medium comprised Murashige and
Skoog (MS) medium, 0.2 mg/L NAA, and 0.5 mg/L 6-BA. The rooting culture medium com-
prised 1/2 MS medium and 0.1 mg/L IAA. After growth on the rooting culture medium
for 3040 d, the seedlings were placed in nutrient pots (substrate:vermiculite = 1:1) for
cultivation. When the seedlings had 68 leaves, 50 seedlings of each apple variety were
transferred to Hoagland nutrient solution (pH = 6.0). The seedlings were cultured un-
der hydroponic conditions with 8000-9000 Ix artificial lighting for 14 h and a temper-
ature of 24 = 1 °C. During the experiment, an air compressor was used to aerate the
nutrient solution (ventilation period of 30 min with 1 h between each ventilation pe-
riod). After a pre-cultivation period of 7 d, the seedlings were randomly divided into
five groups, including one control group (CK, pH = 6.0) and four treatment groups
(pH = 9.0). The nutrient solution used in the treatment group was prepared by mix-
ing NaCl and NaHCO3 at a molar ratio of 1:1, and the concentration of Na* was 150 mM.
Each group had 10 seedlings of two apple varieties. Seedlings in the saline-alkali stress
treatment were sampled at 6 h, 12 h, 24 h, and 72 h. The CK group was sampled at 0 h; all
other conditions remained unchanged. There were three replicates for each sample, and
each replicate consisted of 10 seedlings. The collected leaves and roots were washed with
nuclease-free water, immediately frozen in liquid nitrogen, and stored at —80 °C for further
experimental analysis.

2.2. Physiological Indexes

Fresh plant samples were snap-frozen in liquid nitrogen for the determination of H,O,;
0%; proline (PRO); and the activities of SOD, POD, CAT, and PPO. The determination of
flavonoids, anthocyanins, and Na* and K* content requires dried samples. Dried plant
samples are obtained from fresh plant samples by treating them at 105 °C for 30 min and
then at 85 °C for 2 h. The content of flavonoids, anthocyanins, HyO,, 0%, and proline
(PRO), as well as the activities of SOD, POD, CAT, and PPO, were measured using visible
spectrophotometry following the instructions provided in the respective kits (Suzhou
Keming Biotechnology Co., Ltd., Suzhou, China). Among them, the superoxide dismutase
(SOD) test kit (Item No. SOD-1-W) was selected to measure the SOD activity of the samples
using the WST-8 method. The catalase (CAT) test kit (Item No. CAT-2-W) was used to
determine the CAT activity of the samples using the ammonium molybdate colorimetric
method. The polyphenol oxidase (PPO) kit (Item No. PPO-2-Y) detects the enzyme activity
by observing the absorbance change at 525 nm in the reaction system. The peroxidase
(POD) kit (Item No. POD-2-Y) detects enzyme activity by monitoring the change of
absorbance in 470 nm per minute in the reaction system. The Na* and K* content in the
roots was determined using atomic absorption spectrophotometry following the method of
Dong et al. [31].

2.3. RNA Extraction and Library Construction

The RNeasy Mini Kit (Qiagen, Germany) was used to isolate total RNA, and this was
followed by 1% agarose gel electrophoresis. The integrity of RNA was determined using
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an Agilent 2100 bioanalyzer. The NEBNext® Ultra™ Directional RNA Library Prep Kit for
Tlumina® was used to construct libraries. An Illumina NovaSeq 6000 platform (Illumina,
Hayward, CA, USA) was used to sequence the libraries.

2.4. Quality Control, Alignment, and Analysis of Sequencing Data

Data were filtered to ensure their quality. This mainly included removing reads with
adapters, reads containing N nucleotides, and low-quality reads. The Q20 value, Q30 value,
and GC content were calculated for the clean data. High-quality clean data were used in all
subsequent analyses. The data quality control results are shown in Table S1.

The Malus reference genome and gene model annotation files were downloaded
directly from the National Center for Biotechnology Information (NCBI) URL (accessed on
12 May 2024): https:/ /www.ncbi.nlm.nih.gov/datasets/genome/GCF_002114115.1/. The
reference genome index was constructed using HISAT?2, and the cleaned paired-end reads
were mapped to the reference genome. FeatureCounts was used to determine the number
of reads mapped to each gene. The fragments per kilobase per million mapped fragments
(FPKM) values for each gene were determined based on its length and the mapped reads.

2.5. Differentially Expressed Gene (DEG), Gene Ontology (GO), and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Enrichment Analysis

The DESeq2 package was used to identify DEGs between two comparison groups
with adjusted p-values < 0.05. The significance of DEGs was determined according to the
following criteria: corrected p-value < 0.05 and |log2(fold change)| > 1. The clusterProfiler
package version 4.12.0 was used to conduct GO and KEGG pathway enrichment analysis
of the DEGs.

2.6. Weighted Gene Co-Expression Network Analysis (WGCNA)

We used the WGCNA package in R software to build weighted gene co-expression
networks and identify modules using different expression datasets. We used the “good-
SamplesGenes” function to determine whether the sample data were complete, and genes
with a missing rate > 0.5 were filtered. We conducted a clustering analysis on the samples
using the hclust toolkit (R package version 2.4), and outliers were removed. We used a
gradient-independent method, and the “pickSoftThreshold” function was used to select
an appropriate soft threshold power (3) between 1 and 30. After determining the power
value, the WGCNA algorithm was used to construct modules, and a topological overlap
matrix was built using expression values. The “dynamicTreeCut” algorithm was used
to detect modules (Langfelder and Horvath, 2008). After the association of each module
with sample phenotypes was determined, the most relevant module was selected for sub-
sequent analysis. We predicted the subcellular localization of potential candidate metal
ion transporters using the online website Plant-mPLoc URL (accessed on 12 May 2024):
http:/ /www.csbio.sjtu.edu.cn/bioinf/plant-multi/ [32].

2.7. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-gPCR) Validation of RNA
Sequencing (RNA-Seq) Data

RT-qPCR was used to verify the expression levels of candidate DEGs inferred from
the transcriptome data. Premier 6 software was used to design specific primers. cDNA
synthesis and RT-qPCR analysis were conducted following the methods described in a
previous study [4]. The primers used for RT-qPCR are shown in Table S3.

2.8. Data Accessibility

The supporting dataset is included in this study and the Supplementary Materials.
The reads generated in this study were submitted to the Sequence Read Archive at the
NCBI under accession number PRJNA1047940. The dataset can be accessed at the following
URL (accessed on 12 May 2024): http://www.ncbinlm.nih.gov/sra/.
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2.9. Statistical Analysis

All data in this experiment were analyzed and processed for data analysis and graph-
ing using Microsoft Officel6 Excel (Microsoft, Seattle, WA, USA). GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA) was used for graphing, ANOVA, and t-tests. Each
bar represents the mean =+ standard error (SE) of at least three replicates.

3. Results
3.1. Phenotypic Changes under Saline-Alkali Treatment

To determine whether M. niedzwetzkyana has strong saline-alkali tolerance, Red (M.
niedzwetzkyana) seedlings and Gala (M. domestica “Royal Gala”) seedlings were placed in
a high-pH Hoagland nutrient solution containing NaCl and NaHCOs3. The saline-alkali
tolerance of Red plants was greater than that of Gala plants under 72 h of saline-alkali
treatment. Wilting was observed in both Gala and Red plants after exposure to saline-alkali
treatment for 72 h, but wilting was more severe in Gala plants than in Red plants (Figure 1A).
The anthocyanin content was higher in Red leaves than in Gala leaves (Figure 1B). The
difference in the anthocyanin content between the two species of plants increased after
saline-alkali treatment. The flavonoid content in the leaves of both plant species remained
the same in the control group throughout the experimental period. The flavonoid content in
Red leaves was higher than that in Gala leaves at 6 h of treatment; however, the flavonoid
content was higher in Gala leaves than in Red leaves after 72 h (Figure 1C).
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Figure 1. Morphological changes of M. niedzwetzkyana and M. domestica “Royal Gala” seedlings
treated with 150 mM saline-alkali stress (Gala: M. domestica “Royal Gala”, Red: M. niedzwetzkyana).
(A) Phenotype, bar = 5 cm; (B) leaf anthocyanin content; and (C) leaf flavonoid content. Thresholds
for statistical significance according to ¢-tests: *** p < 0.01. The x-axis shows the processing time, and
the y-axis shows measurement indexes.
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3.2. Activity of Antioxidant Enzymes under Saline-Alkali Treatment

Significant changes were observed in the content of H,O, in the two apple plants
under saline-alkali stress (Figure 2). The H,O, content was lower in Red plants than
in Gala plants at 12 h, which indicates that the antioxidant capacity was higher in Red
plants than in Gala plants (Figure 2A). In addition, we compared the activity of antioxidant
enzymes (POD, SOD, CAT, and PPO) in leaves under normal conditions and saline-alkali
stress at different times. Under normal conditions, PPO activity was higher in Red leaves
than in Gala leaves. Following exposure to saline-alkali stress for 72 h, the activity of
SOD, POD, CAT, and PPO was significantly higher in Red leaves than in Gala leaves. The
CAT activity markedly increased in Red leaves at 12 h, and this was consistent with the
observed changes in the H,O, content (Figure 2A E). These findings suggest that 150 mM
saline-alkali treatment induced strong oxidative stress in the two apple plant species, and
the antioxidant capacity of Red leaves was higher than that of Gala leaves.

3.3. Metal Ion and PRO Content under Saline-Alkali Treatment

To clarify the response of Red plants to ionic stress and osmotic stress, we measured
the content of Na* and K* ions in the root system and the PRO content in the leaves at
different time points (Figure 3). Changes in the Na* and K* content in the roots of Red
plants were varied. In the early part of the experimental period, the content of Na*™ was
lower in the roots of Red plants than in Gala plants; the Na* /K* ratio in Red plants was
one-third of that in Gala plants at 6 h (Figure 3C). The PRO content was slightly lower
in Red leaves than in Gala leaves in the early part of the experimental period; however,
the PRO content was higher in Gala leaves than in Red leaves in the latter part of the
experimental period (Figure 3D). This might stem from the fact that the magnitude of the
damage induced by saline-alkali stress was lower in Red plants than in Gala plants early in
the experimental period.

3.4. RNA-Seq Analysis

Significant increases in the content of flavonoids, antioxidant enzymes, and ions were
observed in Red leaves and roots at 6 h and 12 h. Therefore, the signaling pathways
involved in the response to saline-alkali stress in M. niedzwetzkyana were identified by
sequencing leaf and root samples collected at 0 h, 6 h, and 12 h. We constructed 18 RNA-seq
strand-specific libraries and sequenced them; three replicates were performed for each
sample. The transcriptome of M. niedzwetzkyana under saline-alkali treatment was obtained.
After removing low-quality reads and adapter sequences, we obtained 781,306,798 clean
reads and 117.21 G clean bases; the average GC content was 46.43%. The sequencing error
rate for each sample was 0.03%, and the average Q20 and Q30 values were 97.39% and
92.60%, respectively (Table S1). According to the FPKM values of all genes in each sample,
we calculated the correlation coefficients within and between groups and made a heat map.
The R? values of almost all samples were >0.9 (Figure S1), and significant differences were
observed between leaf and root samples. This suggests that the experimental data collected
were robust and that they could be used in subsequent analyses.

3.5. DEGs Involved in the Response to Saline-Alkali Stress

DEGs between libraries were considered significant using DESeq2 according to the
following criteria: Ilogy(fold change)| > 1 and padj < 0.05. Pairwise comparisons of DEGs
among the three time points were made, and scatter plots of the number of up-regulated
and down-regulated genes between tissues are shown in Figure 4A. The number of down-
regulated genes was higher than the number of up-regulated genes in both the leaves
and roots under saline-alkali stress compared with the control. However, comparison of
samples from 6 h and 12 h revealed that the number of up-regulated genes was slightly
higher than the number of down-regulated genes, which indicates that a greater number of
signaling pathways were activated in the leaves and roots as the treatment time increased.
Overall, the number of up-regulated and down-regulated DEGs was greater in the roots
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than in the leaves; specifically, the expression of 4302 genes was up-regulated in R12h
(group 5), and the expression of only 2938 genes was down-regulated (group 1). These
findings indicate that the response of the roots to saline-alkali stress might be stronger than
the response of the leaves to saline-alkali stress. The number of DEGs increased with the
treatment duration.
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Figure 2. Changes in the activity of leaf enzymes of M. niedzwetzkyana and M. domestica “Royal Gala
seedlings treated with 150 mM saline-alkali stress. (A) H;O; content, (B) 0%~ content, (C) SOD
activity, (D) POD activity, (E) CAT activity, and (F) PPO activity. Thresholds for statistical significance
according to f-tests: *** p < 0.01; ** p < 0.01—0.05; and * p < 0.1—0.05. The x-axis shows the processing
time, and the y-axis shows the measurement indexes.

Venn diagrams are effective for visualizing shared and unique genes between samples,
and they facilitate the identification of key DEGs. A total of 8292 DEGs involved in the
response to saline-alkali stress in the leaves were identified at 6 h and 12 h, and a total of
11,871 DEGs involved in the response to saline-alkali stress in the roots were identified at
the same time points (Figure 4B). A total of 4033 shared DEGs involved in the response
to saline-alkali stress were identified in both the roots and leaves. Venn analysis revealed
599 differentially co-expressed genes in the roots and leaves that were involved in the
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Figure 3. Changes in the root Na*/K* content and leaf PRO content of M. niedzwetzkyana and
M. domestica “Royal Gala” seedlings under 150 mM saline-alkali treatment. (A) Root Na* content,
(B) root K* content, (C) root K*/Na® ratio, and (D) leaf PRO content. Thresholds for statistical
significance according to t-tests: *** p < 0.01. The x-axis shows the processing time, and the y-axis
shows the measurement indexes.

3.6. GO Analysis of DEGs Involved in Saline-Alkali Stress

To clarify the roles of DEGs in the response to saline-alkali stress, we conducted a
GO analysis of DEGs. GO terms were divided into three categories: molecular function
(ME), cellular component (CC), and biological process (BP) (Tables 1 and 2). We detected
significant differences in the enriched GO terms between the leaves and roots; only GO
terms in the MF category were enriched in leaves. Other GO terms in the MF category that
were significantly enriched included tetrapyrrole binding, heme binding, iron ion binding,
oxidoreductase activity, and hydrolase activity. In the CC category, significantly enriched
GO terms in the roots included cell periphery, extracellular region, cell wall, external
encapsulating structure, and apoplast at 6 h and 12 h. In the BP category, significantly
enriched GO terms in the roots included cellular carbohydrate metabolic process, defense
response, and cellular polysaccharide metabolic process. This suggests that the response of
the root system to saline-alkali stress is particularly strong, and metal ion proteins might
play a key role in this process.
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Figure 4. Analysis of DEGs between treatments and the control. (A) Multiple scatter plots of the
DEGs. The y-axis shows the Log, (fold change). The red dots indicate up-regulated genes, and green
dots indicate down-regulated genes. (B) All common DEGs in the roots and leaves. (C) Specific and
common DEGs among treatments in the Venn diagrams.
Table 1. GO enrichment analysis of the consistent DEGs in leaves.
LCK vs. LCK vs.
GOID GO Name Category LNa6h DEGs  LNal2h DEGs
Number Number
GO:0016757 transferase activity, transferring glycosyl groups MF 34 51
GO:0016758 transferase activity, transferring hexosyl groups MF 30 46
GO:0020037 heme binding MF 31 40
GO:0046906 tetrapyrrole binding MF 31 40
GO:0005506 iron ion binding MF 33 34
GO:0016705 .ox1'doreducta§e activity, acfcmg on paired donors, MF 28 30
with incorporation or reduction of molecular oxygen
GO:0016798 hydrolase activity, acting on glycosyl bonds MF 15 20
GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds MF 13 20
GO0:0000155 phosphorelay sensor kinase activity MF 1 2
GO:0004673 protein histidine kinase activity MF 1 2
GO:0016775 phosphotransferase activity, nitrogenous group as acceptor MF 1 2

(MF: molecular function).

3.7. KEGG Pathway Enrichment Analysis of DEGs Involved in Saline-Alkali Stress

We conducted a KEGG pathway enrichment analysis of DEGs to identify the main
metabolic pathways involved in resistance to saline-alkali stress. A total of 21 KEGG
pathways were identified in the leaves and roots under saline-alkali stress (Tables 3 and 4).
Consistent with the GO enrichment results, the number of enriched pathways was greater
in the roots than in the leaves. The glutathione metabolism was the only pathway enriched
in both the roots and leaves. The metabolic pathways enriched in the roots mainly included
ABC transporters, plant hormone signal transduction, phenylpropanoid biosynthesis,
flavonoid biosynthesis, and cysteine and methionine metabolism. These findings suggest
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that resistance to saline-alkali stress in the roots is achieved by regulating the synthesis of
plant hormones and secondary metabolites.

Table 2. GO enrichment analysis of the consistent DEGs in roots.

RCK vs. RCK vs.
GOID GO Name Category RNa6h DEGs  RNal2h DEGs
Number Number
GO:0016758 coenzyme binding MF 100 156
GO:0015267 tetrapyrrole binding MF 40 188
GO:0046527 heme binding MF 28 188
GO:0003777 hydrolase activity, acting on glycosyl bonds MF 43 161
CO:0015631 hydrolase activity, hydrolyzing O-glycosyl MF 47 151
compounds
GO:0008017 iron ion binding MEF 47 148
GO:0060089 transferase activity, transferring hexosyl groups MF 21 172
GO:0005507 oxif:loreductas'e activity, acfing on paired donors, with ME o7 158
incorporation or reduction of molecular oxygen
GO:0004553 passive transmembrane transporter activity MF 91 61
GO:0050662 copper ion binding MF 101 41
GO:0071944 cell periphery CcC 25 39
GO:0005576 extracellular region CcC 20 25
GO:0005618 cell wall CcC 16 20
GO:0030312 external encapsulating structure CcC 16 20
GO:0048046 apoplast CcC 16 20
GO:0006073 cellular carbohydrate metabolic process BP 26 64
GO:0006928 defense response BP 43 41
GO:0006952 reproduction BP 32 49
GO:0051704 reproductive process BP 32 49
GO:0006270 microtubule-based process BP 11 68
GO:0044262 cellular polysaccharide metabolic process BP 39 40
GO:0008037 pollination BP 30 47
GO:0009856 pollen-pistil interaction BP 30 47
GO:0009875 multi-multicellular organism process BP 30 47
GO:0044706 recognition of pollen BP 30 47
GO:0044042 multi-organism process BP 26 50
GO:0044264 cell recognition BP 26 47

(MF: molecular function, CC: cellular component, BP: biological process).

Table 3. KEGG enrichment analysis of the DEGs in leaves.

LCK vs. LNa6h LCK vs. LNal2h

KEGGID KEGG Pathway DEGs Number DEGs Number
mdm00480 Glutathione metabolism 30 34
mdmO00500 Starch and sucrose metabolism 33 50
mdmo00630  Glyoxylate and dicarboxylate metabolism 21 28
mdm00906 Carotenoid biosynthesis 13 18
mdm04712 Circadian rhythm—plant 21 30
mdm01200 Carbon metabolism 56 92

3.8. DEGs Involved in the Anthocyanin Synthesis Pathway Mediate the Response to
Saline-Alkali Stress

KEGG pathway enrichment analysis revealed that phenylpropanoid and flavonoid
biosynthesis played a role in the response to saline-alkali stress, and these are associ-
ated with the anthocyanin synthesis pathway. The content of anthocyanins is high in
M. niedzwetzkyana. Thus, we built a heat map of the anthocyanin metabolic pathway to ana-
lyze changes in related DEGs (Figure 5). In phenylpropanoid biosynthesis, the expression
of most DEGs in the roots and leaves was up-regulated following exposure to saline-alkali
stress, and this provides ample raw materials for the synthesis of flavonoids. However, in
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the anthocyanin synthesis pathway, the expression of most genes in the roots and leaves
was down-regulated following exposure to saline-alkali stress. The expression of CHS, F3H,
DRF, ANS, and UFGT was down-regulated after 6 h and 12 h of saline-alkali treatment.
The expression of a copy of MdCHI (LOC103421113) was up-regulated following exposure
to saline-alkali stress, and it was highly expressed in the roots. This might explain why
M. niedzwetzkyana shows high saline-alkali resistance.

Table 4. KEGG enrichment analysis of the DEGs in roots.

RCK vs. RNa6h RCK vs. RNal2h

KEGGID KEGG Pathway DEGs Number =~ DEGs Number
mdm00040 Pent.ose and gluc.uronate o7 43
interconversions
mdm00270 Cysteine and rr.lethlonme a1 65
metabolism
mdm00350 Tyrosine metabolism 18 29
mdm00430 Taurine and hypotaurine metabolism 8 11
mdm00460 Cyanoamino acid metabolism 23 29
mdm00480 Glutathione metabolism 41 63
mdm00592 alpha-Linolenic acid metabolism 22 38
mdm00910 Nitrogen metabolism 16 28
mdm00940 Phenylpropanoid biosynthesis 63 103
mdm00941 Flavonoid biosynthesis 30 49
mdm00950 Isoquinoline alkaloid biosynthesis 10 15
Tropane, piperidine, and pyridine
mdm00960 alkaloid biosynthesis 15 21
mdm02010 ABC transporters 30 38
mdm03030 DNA replication 19 34
mdmO04075 Plant hormone signal transduction 75 122
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Figure 5. Anthocyanin metabolism responses to saline-alkali stress in M. niedzwetzkyana and the DEG
heat map. The relative expression levels of DEGs were calculated using the Log, ratio. The LCK
group was used as the control group.

3.9. DEGs Encoding Antioxidant Enzymes Involved in the Response to Saline-Alkali Stress

According to measurements of physiological indexes, the antioxidant capacity of
M. niedzwetzkyana was strong. We determined the core antioxidant genes through anal-
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ysis of the expression levels of DEGs encoding antioxidant enzymes. We identified 41
differentially expressed antioxidant enzyme genes (Figure 6). SODs can be divided into
three types according to their metal cofactors, Cu/Zn-SODs, Mn-SODs, and Fe-SODs, and
Cu/Zn-SODs are specific to eukaryotes [27]. We identified four Fe-SODs and two Cu/Zn-
SODs under saline-alkali stress. The expression of two Cu/Zn-SOD genes (LOC103413973,
LOC103450984) was up-regulated following exposure to saline-alkali stress, and the ex-
pression of Fe-SOD2a (LOC103420753) was down-regulated in the leaves and roots under
normal conditions. We identified 26 POD genes and two CAT genes. The expression of
MdCAT1 (LOC103436733) and MdCAT1Like (LOC103445262) was higher under saline-alkali
stress than in the control, but they exhibited opposite expression patterns. The expression
of MdACAT1Like was up-regulated following 6 h and 12 h of saline-alkali stress, and the
fold change was higher at 6 h than at 12 h. This was strongly correlated with changes in leaf
CAT activity. We also identified four PPO genes. The expression of MdPPO (LOC103446446)
was low in the leaves and high in the roots, and it responded strongly to saline-alkali stress.
The previously collected physiological data and analysis of DEGs encoding antioxidant
enzymes revealed that the expression of antioxidant genes was significantly up-regulated in
the roots of M. niedzwetzkyana to maintain the intracellular ROS balance during saline-alkali
stress, which enhanced adaptation and resistance to saline-alkali stress.

3.10. Ion Transporters in Response to Saline-Alkali Stress in DEGs

Ion transporters play key roles in mediating the absorption, transport, and chelation
of Na* and K*. We analyzed the DEGs encoding ion transporters. Following exposure to
saline-alkali stress, we found that the expression of MdACHX20L (LOC103433392), MAKEAS5
(LOC103439647), and MdMHX (LOC103432597) was up-regulated in both the root and
leaf tissues, and the expression of MAKEA2 (LOC103439264) was down-regulated in both
root and leaf tissues. The expression of a large number of Ca?*/cation antiporter genes
increased in the leaves; the expression of these genes in the roots was weak. This suggests
that CaCA family members play an important role in maintaining the ionic balance of
leaves, and the several CAX proteins identified might mediate the transport of various
cations (Figure 7A). Finally, we predicted the cellular localization of these ion transporters
online using Plant-mPLoc. The predicted results are shown in a cytoarchitectural map
(Figure 7B).

3.11. WGCNA

We constructed a co-expression module with 38,554 genes expressed in 18 samples
using the WGCNA tool. The sample dendrogram and heat map are shown in Figure 8A.
According to the independence criterion of 0.9, the suitable power value was determined
to be 24. This power value was then used to create co-expression modules. To correlate the
modules with sample traits, we once again determined the antioxidant enzyme activity
and metal ion content for 18 samples (Table S2). These modules are shown in various
colors in Figure 8B. We examined interactions between these co-expression modules. The
correlations between the module eigengene and traits are shown in Figure 8A. Both green
and turquoise modules were significantly associated with antioxidant activity and the
metal ion content. We defined gene significance (GS) as the absolute value of the correlation
between genes and traits and module membership (MM) as the correlation between the
eigengene of a module and the gene expression profile. The GS and MM coefficients of
the green and turquoise modules were calculated based on the SOD activity and Na and
K content, respectively. A scatter plot was made, and genes with GS and MM greater
than 0.8 in the module were selected as candidate genes (Figure 9). Further analysis of
the candidate genes revealed several core genes, such as MAWRKY1Like (LOC103404995),
MdCIPK19 (LOC103422372), MdbHLHS80Like (LOC103425311), MdPP2C39 (LOC103448709),
and MdMYBS5Like (LOC103455783).
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Figure 6. Heat map of antioxidant enzyme DEGs involved in the response to saline-alkali stress. The
relative expression levels of DEGs were calculated using the Logy ratio. The LCK group was used as
the control group.

3.12. RT-qPCR Validation of Candidate Genes

To validate the gene expression patterns inferred from the RNA-Seq analysis, we
conducted an RT-qPCR analysis of candidate genes encoding selected TFs, calmodulins,
and phosphorylase kinases (Figure 10). The selected TFs included four WKRY genes, two
MYB genes, one NAC gene, and one BHLH gene. We found that the FPKM values of the
selected TFs were strongly correlated with the expression levels obtained from RT-qPCR.
The expression of these TFs was up-regulated to varying degrees by saline-alkali stress
as the treatment time increased. This indicates that the expression of these TFs might
be positively correlated with the degree of saline-alkali tolerance of the plants. We also
identified two proteins from the PP2C family: MdPP2C29Like (LOC103416868) had low
expression in the leaves and gradually increasing expression in the roots, and MdPP2C39
(LOC103448709) had high and increasing expression in the leaves but the expression was
decreasing in the roots. We also found that a CML gene and CIPK gene played a role in
the response to saline-alkali stress. These findings suggest that M. niedzwetzkyana tolerates
saline-alkali stress by inducing the expression of related TFs and protein kinases. These
genes are strongly correlated with SOD activity and the content of Na* and K* ions; these
data provide new insights into the signaling pathways underlying saline-alkali stress
in apple.
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Figure 7. DEGs encoding ion transporters in response to saline-alkali stress. (A) Heat map of ion
transporters in DEGs. The relative expression levels of DEGs were calculated using the Log, ratio.
LCK group was used as control group. (B) Saline-alkali ion transport model in the roots and leaves.
The direction of the arrows in the model is the direction of metal ion transport. Black arrows represent
passive transport of Na*, blue arrows represent active transport of K*, yellow arrows represent active
transport of Na* /H™*.
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colors. Each branch corresponds to different modules, and each line corresponds to one gene.
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Figure 10. RT-qPCR validation of hub genes in M. niedzwetzkyana after the roots and leaves were
subjected to saline-alkali stress for 6 h and 12 h. Data from RT-qPCR are mean + SE (n = 3). Data
from RNA-seq are the mean of three replicates and were log,-transformed.
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4. Discussion

Saline-alkali stress is a complex stress that can disrupt the structure of plant cells,
accelerate the generation of ROS, induce damage to plants, and disrupt metabolic path-
ways [33,34]. Transcriptional regulation, morphophysiological responses, and biochemical
metabolic processes play key roles in the responses of plants to environmental stimuli [35].
Several studies have focused on the perception and transcriptional regulatory mechanisms
of saline-alkali signals in model plants and major crops [36]. The study of wild species and
plants with high saline-alkali tolerance is critically important for elucidating the molecular
basis of saline-alkali tolerance and identifying candidate genes for crop improvement.
M. niedzwetzkyana is a wild apple resource with a long evolutionary history [5]; it has
developed a unique red flesh and mechanisms to adapt to saline-alkali conditions [4]. We
thus examined the molecular mechanisms underlying the response to saline-alkali stress;
generally, identifying new stress-resistant genes is critically important for enhancing the
resistance of crops to saline-alkali stress.

The high anthocyanin content of M. niedzwetzkyana confers it with a red phenotype.
Thus, we were particularly interested in the response of the anthocyanin synthesis pathway
to saline-alkali stress. We used M. domestica “Royal Gala” as a reference to evaluate the
saline-alkali resistance of M. niedzwetzkyana. Physiological data suggest that saline-alkali
stress affects the metabolism of phenolic compounds in apple leaves. We investigated
changes in the anthocyanin synthesis pathway at the transcriptional level. Under saline-
alkali stress, the expression of the genes involved in the synthesis of flavonoid anthocyanins
in M. niedzwetzkyana was down-regulated, and the expression of only one CHI gene was
up-regulated. However, physiological data show that anthocyanin levels are not stable.
This indicates that the effect of saline-alkali stress on anthocyanin synthesis is complex
and cannot be fully characterized at the transcriptional level. CHI functions as the second
rate-limiting enzyme and is the first enzyme involved in the biosynthesis of flavonoids [37].
Research on CHI in Arabidopsis thaliana has confirmed that it plays a unique positive role in
the flavonoid pathway [38]. We speculate that the unique response of MdCHI to saline-alkali
stress might explain the increase in the content of total flavonoids in M. niedzwetzkyana
leaves after 6 h. However, the high flavonoid content of M. niedzwetzkyana plays a role in
saline-alkali stress resistance, and its ability to resist stress is associated with the action of
the antioxidant enzyme system and ion transporter proteins.

The negative effects of saline-alkali stress on plants mainly stem from the high pH,
which leads to the excessive production of ROS. Plants with strong antioxidant capabilities
that rapidly respond to oxidative stress are typically resistant to non-biotic and biotic
stresses [39,40]. High antioxidant capabilities allow plants to adapt to adverse environments
and improve their stress tolerance [39]. The antioxidant system of plants is activated under
saline-alkali stress, and the activity of antioxidant enzymes mitigates the deleterious effects
of saline-alkali stress. Under saline-alkali stress, the activities of SOD, POD, and CAT in
M. niedzwetzkyana leaves significantly increased. The expression of many DEGs involved in
redox processes was significantly enriched under saline-alkali stress. Following exposure
to saline-alkali stress, several antioxidant genes were detected in M. niedzwetzkyana, and
one highly expressed polyphenol oxidase gene (PPO) was particularly noteworthy. PPO is
a ubiquitous protein expressed in many organs; it is involved in fruit enzymatic browning
and can be induced by stress [41]. MnMYB3R in Morus notabilis Schneid up-regulates the
expression of NtPPO1, which is homologous to MnPPO?2, and PPO activity was induced in
response to drought stress after it was heterologously expressed in tobacco [42]. However,
the mechanism underlying the response of PPO to saline-alkali stress has not yet been
elucidated. In this study, we measured the PPO activity in leaves and found that PPO
strongly responds to saline-alkali stress, and the content of PPO was higher in highly
resistant varieties. The activity of CAT in M. niedzwetzkyana significantly increased by
12 h following exposure to saline-alkali treatment, and the content of H,O, decreased
significantly at 12 h, indicating that this finding is not a product of experimental error.
We identified the DEG MdCAT1Like (LOC103445262), and its expression was up-regulated
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2.29-fold and 1.95-fold in the leaves following exposure to 6 h and 12 h of saline-alkali
treatment, respectively. Previous studies have shown that activation of the CAT-dependent
redox homeostasis pathways can enhance the tolerance of tea plants to salt stress, and this
was also confirmed in our study.

Examining the exchange of water and ions is key to studies of salt stress responses [43].
In salt-tolerant plants, the absorption, transport, and separation of inorganic ions as osmotic
regulators are effective methods for alleviating osmotic stress [44]. Most salt-tolerant plants
employ strategies to prevent the excessive influx of Na* into cells, accelerate Na* efflux,
and increase K* uptake to reduce salt-induced damage [45]. The Na*/K* ratio is commonly
used as an indicator of the degree to which the ionic balance is disrupted by salt stress, and
a lower ratio indicates high salt tolerance [46]. In our study, the root Na* /K" ratio in M.
niedzwetzkyana was significantly lower than that in Gala, suggesting that the root system of
M. niedzwettkyan maintains active cellular uptake of K* while resisting invasion by high
Na* concentrations. This enhances the resistance of the roots to osmotic stress caused by
salt stress.

Several studies of the functions of transporters under adverse conditions have been
conducted. For example, MANHX1 overexpression significantly enhances salt resistance in
apple callus cells and Arabidopsis [47]. Overexpression of the vacuolar Na*/H™ antiporter
MdANHX2 confers salt tolerance in apple rootstock M26 [48]. The presence of MACCX1, an
ion/Ca?* exchanger in the plasma membrane, slows the accumulation of ions and ROS,
thereby enhancing plant tolerance to salt stress [36]. In the transcriptome, we screened a
large number of ion transporters, mainly members of the NHX and CCX families, which is
consistent with the results of previous research [36]. We selected up-regulated metal trans-
porters and constructed an ion exchange pattern diagram based on subcellular localization
predictions (Figure 7B); we found that the expression of the K* /H* antiporter (KEA) and
Mg?* /H* exchanger (MHX) was also up-regulated to mediate the response to salt stress,
and these genes were co-expressed in the roots and leaves. This result suggests that the
transport of Mg and K also contributes to stabilizing ion homeostasis in M. niedzwetzkyana
under saline-alkali conditions; these findings enhance our understanding of the apple salt
resistance mechanism.

TFs play a key role in plant abiotic stress responses, and WRKY TFs are highly in-
volved in these processes. MbWRKY5 and MdWRKY30 enhance tolerance to drought and
salt in tobacco and Arabidopsis, respectively, by regulating the expression levels of genes
associated with stress responses; these genes are involved in alleviating oxidative stress
and maintaining the integrity of the cell membrane [49,50]. MdWRKY56 has previously
been identified as a positive regulator of drought tolerance, and transgenic apple plants
overexpressing the gene encoding this TF have a higher PRO content and antioxidant
enzyme activities [51]. However, no key TFs responsive to salt-alkali stress have been
reported. Our research revealed several saline-alkali stress-related TFs; a significant number
of WRKY TFs that might play essential roles in regulating antioxidant enzyme activity
and ion transport, such as MAWRKY10, MAWRKY?23, and MdWRKY31, were identified.
Notably, MdWRKY?31 is significantly up-regulated in the roots under saline-alkali stress.
Furthermore, we characterized the expression of MdCIPK29 and MdPP2C29Like, which
encode protein kinases from the PP2C and CIPK families, in the leaves and roots, respec-
tively, involved in the response to saline-alkali stress. We hypothesize that these key TFs
might interact with protein kinases to regulate antioxidant enzyme activity and maintain
ion homeostasis under saline-alkali stress. Additional studies are needed to clarify the
functions of these TF genes in transgenic apple plants under saline-alkali stress. Additional
studies are needed to experimentally verify interactions between TFs, protein kinases, and
functional genes.

In summary, we have identified a potential regulatory strategy for enhancing saline-
alkali stress tolerance in M. niedzwetzkyana. First, root cells were the first to sense saline-
alkali stress, and second messengers such as ROS and Ca?* transmitted external signals
into the cytoplasm. Inside the cell, calcium-regulated pathways and phosphatases, such as
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PP2C, are activated, altering the global transcriptional profile (inducing the expression of
stress-associated transcription factors such as WKRY, MYB, and NAC) in M. niedzwetzkyana.
Subsequently, genes encoding proteins related to salinity stress response were also induced
to be expressed, including ion transport proteins and ROS scavenging proteins (e.g., Md-
KEA5, MAMHX, MdPOD51, MdCAT1Like). Ultimately, the resistance pathway is activated
to maintain ion and reactive oxygen species homeostasis, promoting apple resistance and
adaptation to saline-alkali stress.

5. Conclusions

The results of our study indicate that M. niedzwetzkyana is highly resistant to saline-
alkali stress, and this is mediated by major morphological, physiological, and transcrip-
tomic changes. Transcriptomic data showed that a large number of DEGs related to
CAT, SOD, POD, and PPO were induced to express several candidate genes encoding
various enzymes involved in saline-alkali resistance, including MdPOD51, MdPOD57, Md-
CAT1Like, and MdPPO, which were identified. The expression of some genes encoding
transporters, protein kinases, and TFs, such as MdAMHX, MdKEA5, MdAWRKY2, MdCIPK29,
and MdPP2C29Like, was up-regulated, suggesting that ion transport and molecular regu-
lation systems are related to the saline-alkali tolerance of M. niedzwetzkyana. The results
of our study indicate that the mechanism underlying the response of M. niedzwetzkyana
to saline-alkali stress is complex. Our findings also revealed candidate genes involved in
the response to saline-alkali stress and enhanced our understanding of the response of M.
niedzwetzkyana to saline-alkali stress at the molecular level. Lastly, our findings will help
breed improved apple varieties with enhanced saline-alkali resistance.
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