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Abstract: The salt tolerance of glycophytes is thought to be related to their ability to restrict sodium
access to their aboveground parts. A previous study on the mulberry (Morus alba L.) revealed
a phenomenon of explosive salt accumulation in the leaves after exceeding a certain treatment
concentration. Here, we aim to observe the internal state of mulberry seedlings under salt stress by
the proteomic method and to identify the possible inducements associated with salt bursts. In this
study, the target treatments for TMT-label free quantitative analyses were determined by measuring
the sodium content in the roots and leaves. The results showed that the expressions of proteins
classified as “plant hormones”, “ion channels”, “REDOX homeostasis”, “cytoskeleton” and “cell
wall” changed significantly after salt bursts. This phenotype is associated with the destruction of the
apoplast, in which the assembly of the Casparian strip may be affected by the inhibition of some key
proteins, indirectly increasing the rate of ion migration through the endodermis into the shoots.

Keywords: salinity; mulberry; differential proteomics; ion migration; cytoskeleton; cell wall; Caspar-
ian strip

1. Introduction

The damaging effects of salt stress on plants include osmotic pressure and ion toxicity.
The dominance of these two aspects during salt stress is strongly influenced by the salinity
gradient. Sodium can act as an osmoticum, like potassium. Therefore, the presence
of sodium ions under low salinity may counteract the energy consumption of osmotic
regulation, thus slightly promoting plant growth, which may explain why polyethylene
glycol- (PEG) simulated drought stress is more harmful to plants than is isotonic salt stress,
according to some reports [1]. Under a high-salinity condition, the potential osmotic shock
and ion accumulation will undoubtedly cause more damage to plants [2]. On the other
hand, the response behavior of plants to salt stress can be continuously adjusted due to the
dynamic of the osmotic pressure and ion accumulation brought about by ion migration. In
conclusion, in salt stress studies, the settings of gradient and duration (sampling timepoint)
are crucial for the desired results and subsequent interpretation.

The Salt Overly Sensitive (SOS) signaling pathway was discovered as a conserved
salt-tolerant mechanism that mediates salt adaptation in most plants. The pathway is
mainly characterized by its use of calcium as a messenger and by sodium ions being dis-
charged from cells or sequestrated into vacuoles by sodium–hydrogen exchange channels
on the plasma membrane or vacuolar membrane so as to control the concentration of
the cytoplasmic sodium to maintain the normal operation of physiological processes [3].
In recent years, as research has continued, more details related to salt adaptation have
been discovered. It is now known that the adaptive reorganization of the cytoskeleton
occurs in the early stages of salt stress, and that the inhibition of this process will affect the
salt tolerance of cells [4] as well as that the channel protein AtHKT1;1, expressed in the
endodermis, improves the salt tolerance of Arabidopsis by moving sodium ions from its
shoots to its roots [5]. The salt tolerance of most glycophytes depends on the invocation of
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these mechanisms, but few past studies focused on their response interval to stress factors.
Molecular-based studies usually limit treatment concentrations to a relatively mild range in
order to exclude the non-adaptive noise generated by disorganized physiologies, resulting
in little understanding of the internal states of these plants under severe situations.

This study focused on a native tree species with a high economic value—mulberry,
which has a strong foliation ability and the leaf of which can be developed into high-
quality feed. Mulberry shows a potential evolutionary advantage over other species, which
would explain its wide distribution in diverse habitats [6–8]. Lu found a change in the
survival rate of mulberry seedlings under salt gradients. His data also revealed another
phenomenon—with the increase in salt concentration, there was a significant difference
in the accumulation rates of sodium between the leaves and the roots, with an explosive
increase of sodium ions in the leaves after the salt exceeded a certain concentration [9]. The
excessive accumulation of salt in leaves usually means a loss of photosynthetic capacity.
Glycophytes with a strong salt tolerance tend to have a strong ability to restrict sodium
entry into their xylems [10]. We set up a salt stress experiment with multiple treatment
concentrations and determined the target concentrations of salt burst through physiological
indicators and then analyzed the intrinsic inducements of this phenotype by the proteomic
method so as to screen the key proteins to provide new research ideas for salt transfer
behavior in mulberry plants under high-salt stress.

2. Materials and Methods
2.1. Plant Material and Salt Treatments

One-year-old mulberry seedlings were trimmed to an equal length (30 cm) and sowed
in pots filled with garden soil. The pots were large enough to ensure that rapid leakage
does not occur after a adding fixed amount of solution. The seedlings were grown in a
greenhouse with a 14 h/10 h (day/night) cycle, and a day/night temperature of 28/25 ◦C,
with the relative humidity at 70%. The recovering stage lasted for two months; then,
80 mulberry seedlings were randomly divided into 8 groups. Each group represented a
different salt concentration, with 0% (CK), 0.1%, 0.2%, 0.25%, 0.3%, 0.35%, 0.4% and 0.5%
(based on the dry weight of the soil), respectively.

After the first salt treatment for the 8 groups, the salt injury characteristics of the
mulberry leaves were observed, and the first sampling was carried out on the 7th day (the
time points of the salt injury characteristics of the last four treatments were significantly
different from those of the first four treatments), when the physiological indexes, such
as the content of sodium ions, were determined. The first four treatment groups with
intact leaves at the end of cycle 1 were given a second salt treatment, which was also for
7 days. We increased the treatment concentration for cycle 2, as shown in Table 1. The
second treatment cycle was set to ensure that the occurrence of the leaf ion bursts was not
accidental. At the end of the 14th day, tissue samples were collected for physiological and
proteomic study.

Table 1. Concentration setting of two-cycle experiment.

Group 1 2 3 4 5 6 7 8

Salinity
(cycle 1) 0% 0.1% 0.2% 0.25% 0.3% 0.35% 0.4% 0.5%

Salinity (R1) (R3) (R4)
(cycle 2) 0% 0.15% 0.3% 0.4%

2.2. Measurement of Physiological Indexes

Root and leaf samples were collected on the 7th and 14th days for the determination
of the physiological indexes. Since it is difficult to obtain data from wilting leaves with a
photosynthetic apparatus, the photosynthetic indexes were measured only for the treatment
groups with intact leaf phenotypes.
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A H2SO4 and H2O2 digestion system was used to digest the tissue samples [11], and
the content of sodium in the digestive solution was determined by a flame spectropho-
tometer (BWB XP, Berkshire, UK). The Malondialdehyde (MDA) content was determined
by thiobarbituric acid (TBA) colorimetry [12]. The leaf gas exchange parameters were
measured using a portable LI-6800 system (LI-COR Biosciences, Lincoln, NE, USA). The
net photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO2 concentration (Ci)
and stomatal conductance (Gs) were measured simultaneously with an internal light
source (PAR = 800 µmol m−2 s−1). The ambient air CO2 concentration was approximately
400 µmol mol−1, and the relative humidity was controlled at 55%. Water-use efficiency
(WUE) was calculated as WUE = Pn/Tr.

The differences in roots and leaves among the treatments were separately assessed by
one-way ANOVA, Tukey’s multiple range test, using R 4.1.0 software.2.3. to identify
target treatments for proteomic studies.

The physiological data of two treatment cycles showed that when soil salinity exceeded
a certain threshold, an explosive accumulation of sodium ions in the leaves occurred,
accompanied by rapid leaf wilt. We selected root samples of the initial concentration (0.4%)
of the leaf salt burst in cycle 2 and the from one (0.3%) before it, along with from control
group (0%), as the three treatments of the quantitative proteome analysis.

2.3. Protein Extraction, Digestion and TMT Labeling

Samples were stored at −80 ◦C, then ground into powder with liquid nitrogen and
combined with 4 times its volume of phenol extraction buffer (including 1% TritonX-100,
10 mM dithiothreitol and 1% Protease Inhibitor Cocktail and 50 µM PR-619, 3 µM TSA,
50 mM NAM and 2 mM EDTA). A high-intensity ultrasonic processor (Scientz) was used
to sonicate samples at a low temperature (3 times). An equal volume of Tris-saturated
phenol (pH 8.0) was added. After centrifugation (4 ◦C, 5500× g, 10 min), the upper phenol
phase was transferred to a new centrifuge tube. Proteins were then precipitated by adding
5 times the volume of ammonium sulfate-saturated methanol and incubated at −20 ◦C
overnight. The supernatant was discarded after centrifugation the next day. The remaining
precipitate was washed with ice-cold methanol once, followed by ice-cold acetone three
times. The protein was redissolved in 8 M carbamide, and the protein concentration was
determined with a BCA kit according to the manufacturer’s instructions.

The samples were taken in equal amounts for enzymatic hydrolysis, and the vol-
ume was adjusted to be the same with a lysis buffer. They were eddied to blend them
evenly, precipitated for 2 h at 4 ◦C, then centrifuged at 4500× g for 5 min, after which
the supernatant was discarded. The precipitate was washed 3 times with precooled ace-
tone. After the precipitation was dried, TEAB with a final concentration of 200 mM was
added. The precipitation was dispersed by ultrasound, and trypsin was added at a ratio
of 1:50 (protease: protein, m/m) for overnight enzymatic hydrolysis. Dithiothreitol (DTT,
5 mM) was added for reduction for 30 min, and then iodoacetamide (IAA, 11 mM) was
added for dark incubation for 15 min.

After trypsin digestion, peptide was desalted by a Strata X C18 SPE column (Phe-
nomenex) and vacuum dried. The peptide was dissolved with 0.5 m TEAB and the peptide
fragment was labeled according to the TMT kit instructions. Briefly, the thawed label-
ing reagent was dissolved in acetonitrile, mixed with the peptide and incubated at room
temperature for 2 h. The labeled peptide was desalted and vacuum dried.

2.4. LC-MS Analysis

Solvent A (0.1% formic acid) was used to dissolve the tryptic peptides, and then to
perform the separation with a Nano Elute ultra-high performance liquid system. The
gradient was comprised of an increase of solvent B (0.1% formic acid in 98% acetonitrile)
and controlled a constant flow rate of 450 nL/min. The separated peptides were subjected to
Capillary source followed by tandem mass spectrometry (timsTOF Pro). The electrospray
voltage applied was 2.0 kV. High-resolution TOF was used to detect and analyze the
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peptide parent ions and their secondary fragments. The scanning range of secondary mass
spectrometry was set to 100–1700.The data acquisition mode uses the parallel accumulation–
serial fragmentation (PASEF) mode.

The resulting MS/MS data were processed using Maxquant v1.6.6.0. The database
Morus_alba (14,339 sequences) was used to concatenate with the reverse decoy database
to calculate the false positive rate (FDR) caused by random matching. Trypsin/P was
specified as a cleavage enzyme that allowed up to 2 missing cleavages. The minimum
length of the peptide was set as 7 amino acid residues, and the maximum modification
number of peptides was set to 5. The mass tolerance for precursor ions was set as 20 ppm
in the first search and 20 ppm in the main search, and the mass tolerance for fragment
ions was set as 20 ppm. The carbamidomethylation of cysteine was specified as a fixed
modification, and the acetylation modification and oxidation of methionine were specified
as variable modifications. The quantitative method was set as LFQ, and the PROTEIN
identification and PSM identification FDR were set as 1%.

2.5. Bioinformatics Methods

The GO (Gene ontology) database provides annotation and classification services
for proteins identified in this project [13]. The annotation of proteome results depends
on the UniProt-GOA database (http://www.ebi.ac.uk/GOA/ (accessed on 30 September
2020)). Firstly, the identified protein ID was converted to its UniProt ID and then mapped
to its GO ID by its protein ID. If some identified proteins could not be annotated by the
UniProt-GOA database, the InterProScan software was used to annotate the proteins based
on the sequence alignment method. Then, the proteins were classified by Gene Ontology
annotation based on three categories: biological process, cellular component and molecular
function. If there was no protein information queried in the UniProt-GOA database or
InterProScan, an algorithm software based on protein sequences was used to predict the
GO function of the protein, and then classify the protein according to the cell component,
molecular function or physiological process (The results of “cell component” were not in
good agreement with other traceable conclusions and were not presented or discussed in
this paper).

In addition to GO, we annotated proteomic data using the KEGG (Kyoto Encyclopedia
of Genes and Genomes) and COG (Clusters of Orthologous Groups of proteins) databases.
KEGG connects known information on molecular interaction networks, such as pathways
and complexes. First, the submitted proteins were annotated using the KEGG online tool
KAAS, and then the annotated proteins were matched into the corresponding pathways in
the database using the online service tool KEGG mapper [14].

The KEGG database was used to identify enriched pathways by a two-tailed Fisher’s
exact test to test the enrichment of the differentially expressed proteins against all identified
proteins. A pathway with a corrected p-value < 0.05 was considered significant. These
pathways were classified into hierarchical categories according to the KEGG website.

2.6. Screening of Key Proteins

In this study, the analysis of DEPs was not entirely guided by the bioinformatic
method. The screening of key proteins was based on the existing understanding of ion
transfer mechanisms in plants, and five categories were artificially integrated according to
the annotation provided by KEGG, GO and KOG; the specific functions of proteins were
studied by functional annotation and literature index from uniport (https://www.uniprot.
org/ (accessed on 30 September 2020)) to discuss their potential correlation with leaf salt
accumulation.

3. Results
3.1. Morphological and Physiological Indexes

Starting the second day after the salt treatment, the leaves of the last four treatments
(0.3–0.5%) began to wilt from bottom to top. By the end of treatment cycle 1 (Day 7), the top
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leaves were also seriously wilted, with blackened leaf margins and bleaching between the
veins, while the leaves of the first four treatments (0–0.25%) showed no significant change
during cycle 1. Treatment cycle 2 was only targeted at the first four treatments (0–0.25%)
and resulted in normal leaf phenotypes at the end of cycle 1, so the stress intensity of each
group was increased (Table 1). At the end of cycle 2 (Day 14), only 0.4% (up from 0.25%
in C1) resulted in obvious wilting. The other three groups had normal leaf phenotypes
(Figure 1).
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By measuring the content of sodium ions in the roots and leaves in two treatment
cycles, it was found that whether the leaves wilted under salt stress was highly correlated
to the surge of sodium in the leaves. The content of sodium ions in the roots increased
steadily with the increase of soil salinity, while it increased sharply in the leaves after
reaching a certain concentration (Figure 2). In cycle 1, the explosive accumulation of
sodium ions began with a concentration of 0.3%. The last three treatments under higher
salt concentrations also showed rapid increases of sodium. Compared with 0.25%, the
ion content in leaves of 0.3%~0.5% increased by 4.7, 3.2, 3.6 and 4.1 times, respectively
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(Figure 2a). In cycle 2, the rapid increase occurred at a treatment of 0.4% (up from 0.25% in
cycle 1), and there was no significant difference among the first three treatments (Figure 2b).
It should be noted that in cycle 1, the leaves’ ion content of 0.25% significantly increased
compared with the first three treatments, but that the inducement may be different from
the last four treatments (Figure 2a).
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Malondialdehyde (MDA) is the product of membrane lipid peroxidation and is often
used to evaluate the stability of the cell membrane under stress conditions. The results
showed that the MDA levels in roots were relatively stable, while the MDA levels in
leaves were significantly different. They reached a maximum at 0.4% in cycle 1, which
is doubled compared with the control group (Figure 2c). In cycle 2, the MDA content
the in leaves increased significantly at 0.4%, which was 1.5 times higher than that of the
control (Figure 2d).

Photosynthesis was measured only on intact leaves, and it was more sensitive to
salt stress than the other indexes. Data revealed that the treatment of 0.2% significantly
inhibits leaf photosynthesis during cycle 1, as the net photosynthetic rate (Pn) was about
80% of the control, but still within a normal range. When the concentration increased
by 0.05 percentage points to 0.25%, the Pn decreased sharply and was only 2% of that of
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the control. At this time, the photosynthetic capacity of leaves was basically lost, which
corresponded to the significantly reduced Tr and significantly increased the Ci. During
cycle 2, the inhibition happened at 0.3%, which is above the 0.2% from cycle 1. It is worth
noting that the Pns of 0.3% in cycle 2 were improved compared with that of 0.25% in cycle
1, suggesting the potential effect of salt acclimation (Table 2).

Table 2. Photosynthetic parameters of mulberry seedlings under salt stress. Means with different letters indicate significant
differences below 0.05.

Salinity/% Pn/µmol·m−2·s−1 Tr/mol·m−2·s−1 Gs/mmol·m−2·s−1 Ci/µmol·mol−1 WUE

C1

0 10.027 ± 0.234 c 4.986 ± 0.453 d 0.217 ± 0.021 d 306.717 ± 9.070 c 2.065 ± 0.212 b
0.1 10.266 ± 0.216 c 3.372 ± 0.191 c 0.137 ± 0.011 c 261.761 ± 7.170 b 3.062 ± 0.105 c
0.2 8.353 ± 0.211 b 2.365 ± 0.178 b 0.090 ± 0.007 b 233.678 ± 8.333 a 3.578 ± 0.205 d
0.25 0.223 ± 0.016 a 0.198 ± 0.010 a 0.007 ± 0.000 a 330.231 ± 4.537 d 1.137 ± 0.103 a

C2

0 8.516 ± 0.505 b 3.254 ± 0.346 c 0.161 ± 0.020 b 297.607 ± 10.275 b 2.691 ± 0.295 a
0.15 8.089 ± 0.757 b 2.312 ± 0.220 b 0.109 ± 0.012 a 265.996 ± 2.625 a 3.500 ± 0.066 b
0.3 6.331 ± 0.756 a 1.829 ± 0.274 a 0.087 ± 0.013 a 268.154 ± 5.720 a 3.524 ± 0.192 b

3.2. Identification of Root Protein

We selected seedlings from treatment cycle 2 as the research samples. According to the
results of physiological indexes, the salt burst occurred at 0.4% in cycle 2. In the following
context, R1 refers to the control group, R3 refers to the 0.3% treatment concentration in
which the sodium content was stable and R4 refers to 0.4% in which the explosive salt
accumulation happened.

According to research articles in the field of salt stress, the key process of the regulation
of ion migration occurs in the root, so we performed quantitative proteomic analyses on
the root tissue samples to study the potential inducement of this phenotypic difference.

In this study, 2,019,154 secondary spectra were obtained by mass spectrometry. The
number of available spectra was 400,922, and the utilization rate was 19.9% after searching
the protein theoretical database. A total of 52,876 peptides were identified by spectro-
gram analysis. Of these, 50,896 were specific peptides, and 5075 distinct proteins were
quantifiable, that is, quantitative information was contained in at least one comparison
group. Additional information related to mass spectrometric identification is provided
in Supplementary 1.

An expression ratio higher than 1.5 was defined as being the change threshold for
significantly up-regulated proteins, and less than 1/1.5 was defined as being the change
threshold for significantly down-regulated proteins. Three sets of DEPs, R3/R1, R4/R3 and
R4/R1, were obtained. In the R3/R1 sets, the DEPs reflected the stress phenotype in which
photosynthesis was inhibited but leaf sodium ions remained stable. DEPs in the R4/R3 set
reflected the expressions of the proteins significantly changing from low-salt stress (0.3%)
to high-salt stress (0.4%) accompanied by a sharp increase of sodium ions in the leaves.
The distribution of the DEPs in the three comparison groups was shown in Figure 3a. In
general, low-salt treatment induced more protein expression changes, and the number of
down-regulated DEPs was slightly higher than the up-regulated DEPs (Figure 3b).
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3.2.1. GO and COG Classification

In the GO annotation results, we found that there were many differences between the
annotations of the Cell Components (CC) and the information obtained after the literature
retrieval, so we did not discuss it. Here, we only provide the GO annotation results based
on Biological Process (BP) and Molecular Function (MF). According to the classification
of the BP, the top three up-regulated categories which contain the most DEPs of R3/R1
were “cellular process”, “metabolic process” and “response to stimulus”, and the same
was true for down-regulated DEPs (Figure 4a). Under the classification of MF, the top three
up-regulated categories were “catalytic activity”, “binding” and “antioxidant activity”.
The top three categories in the number of down-regulated DEPs were “catalytic activity”,
“binding” and “transporter activity” (Figure 4b). In the profile of R4/R3, which represents
a more severe salt-damage state, the ranking situation under BP is similar to that of R3/R1
(Figure 4c). Under MF classification, the top three up-regulated DEPs were “catalytic
activity”, “binding” and “catalytic activity, acting on a protein”. The top three types
of down-regulated DEPs were “catalytic activity”, “binding” and “molecular function
regulators” (Figure 4d).

COG annotated 558 DEPs in R3/R1, accounting for about 70% of the total DEPs.
Among them, 225 were up-regulated, and 333 were down-regulated. The COG categories
containing the most DEPs were “Posttranslational modification, protein turnover, chaper-
ones”, “Signal transduction mechanisms” and “Carbohydrate transport and metabolism”.
In the set R4/R3, COG provided annotations for a total of 434 DEPs, with the largest number
classified as “Posttranslational modification, protein turnover, chaperones”, “RNA process-
ing and modification” and “Secondary metabolites biosynthesis, transport and catabolism”.

We found that the proportion of COG categories was greatly different after annotating
all the identified proteins. For example, the number of non-differentially expressed proteins
classified as “post-translational modification” or “signal transduction” was significantly
higher than that of other categories, so we use the ratio of the number of DEPs to the
total identified proteins to measure the response of the proteins in this category to salt
stress. In R3/R1, the categories with the highest proportion were “cytoskeleton” (24.5%),
“cell wall” (23.3%) and “secondary metabolites biosynthesis, transport and catabolism
(21.9%)” (Figure 5a). After the transition from low salinity to high salinity, the highest
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proportion of the first three categories were “secondary metabolites biosynthesis, trans-
port and catabolism” (20.7%), “cell wall, membrane, envelope biogenesis” (15.1%) and
“cytoskeleton” (13.8%) (Figure 5b).
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3.2.2. KEGG Enrichment Analysis

Enrichment analysis was performed on the annotation results of KEGG to study the
enrichment of DEPs in different metabolic pathways. In R3/R1, “Protein processing in
endoplasmic reticulum”, “Arginine and proline”, “Starch and sucrose metabolism”, “Plant
hormone signal transduction” and “Phenylpropanoid biosynthesis” were the pathways
that significantly up-regulated (Figure 6a). Metabolic pathways with the most down-
regulated proteins were “Phenylpropanoid biosynthesis”, “Ribosome biogenesis in eu-
karyotes”, “Stilbenoid, diarylheptanoid and gingerol biosynthesis” and “Phagosome”
(Figure 6b). In R4/R3, “flavonoid biosynthesis”, “Isoquinoline alkaloid biosynthesis”,
“Tyrosine metabolism”, “Tropane, piperidine and pyridine alkaloid biosynthesis” and
“Phenylpropanoid biosynthesis” were the pathways with significant up-regulated DEPs
(Figure 7a). The down-regulated pathways with high enrichment degrees were “Photosyn-
thesis”, “Thiamine metabolism”, “Spliceosome”, “Phagosome” and “Inositol phosphate
metabolism” (Figure 7b).
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Figure 6. KEGG enrichment analysis of DEPs in R3/R1. In the bubble diagram, the redder the color, the more significant
the enrichment of categories. (a) KEGG enrichment analysis of up-regulated DEPs in R3/R1. (b) KEGG enrichment analysis
of down-regulated DEPs in R3/R1.
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Figure 7. KEGG enrichment analysis of DEPs in R4/R3. In the bubble diagram, the redder the color, the more significant
the enrichment of categories. (a) KEGG enrichment analysis of up-regulated DEPs in R4/R3. (b) KEGG enrichment analysis
of down-regulated DEPs in R4/R3.
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3.2.3. Screening of Key DEPs

According to the treatment concentration and sampling time set in this study, we se-
lectively ignored some categories containing more DEPs, such as carbohydrate catabolism,
starch synthesis, signal transduction, etc. Finally, five categories of concern were de-
termined and the related DEPs were artificially grouped: “Plant hormones”, ”REDOX
homeostasis”, ”Ion channel and aquaporin”, ”Cytoskeleton and cell cycle” and ”Cell wall”
(Figure 8). Through a literature search, the general functions of the DEPs contained in
these categories were determined. Under the classifications of plant hormones, DEPs were
mainly related to abscisic acid- (ABA) and cytokinin- (CK) signaling pathways (Figure 9).
The DEPs in the ion channels mainly involved cation transport and calcium transport,
and the expression of aquaporin changed between the low- and high- salt treatments
(Figure 8b). DEPs in REDOX homeostasis mainly contain antioxidant enzymes and key
enzymes in the GSH–ASC cycle (Figure 8a). In the cytoskeletal classification, the expres-
sions of tubulin and MAP (microtubule associated proteins) changed significantly under
salt stress (Figure 8c), and in the cell wall classification, proteins related to polysaccharide
composition, lignin synthesis and the Casparian strip were disturbed by stress (Figure 8d).
The expression information of the screened DEPs is shown in Supplementary 2, and the
expression changes of some proteins are presented through the heat maps that follow. Their
effects will be discussed in detail.
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4. Discussion
4.1. Plant Hormones

The response modes of plant hormones to abiotic stress are closely related to their
regulation functions upon growth and development. Abscisic acid (ABA) is regarded
as a “stress hormone” due to its extensive association with plant adaptation to various
stresses [15]. Its accumulation under drought or salt stress induces stomatal closure and
growth inhibition. Our data revealed that the ABA receptor (PYL8/PYL9) and kinase
(SRK2B) in the ABA signaling pathways were up-regulated under salt stress, but that there
was no significant difference between R3 and R4. When stress occurs, ABA accumulates
and binds to PYLs, which inhibits PP2C and releases SRK2B. SRK2B induces the expression
of the downstream transcription factor, ABF (ABA-responsive element binding factor). The
transcription network regulated by ABF contains several downstream responses related to
stress adaptation. In this study, ABF increased to double in R3 and slightly decreased in R4,
suggesting that the activation of ABA response peaked between the two treatments.

It has been reported that drought or osmotic stress can reduce the cytokinin content by
inhibiting the synthesis (IPT) or increasing the degradation (CKX) of its precursor [16]. In
this study, a key component of CK signaling, AHP1 (histamine phosphate transfer protein1),
decreased first and then increased to a stable level close to R1. AHP1 activates RRBs, the
nuclear-localized transcription factors which regulate the expression of CK response genes.
The result revealed that the response network triggered by CK was significantly inhibited
in R3, then restored in R4.

The antagonistic effect of ABA and CK in regulating physiological processes may
be related to crosstalk between the two signaling pathways and is considered a trade-off
between growth and resistance under adverse environments (Figure 9) [17,18]. Activated
kinase SnRK2s phosphorylates RRAs (ARR5) to inhibit CK signaling in a negative way.
On the other hand, RRBs inhibit the activity of SnRK2s under unstressed conditions, thus
blocking ABA signals [17]. ABA is normally thought to have a positive regulation on stress



Forests 2021, 12, 1384 16 of 25

adaptation, whereas genetic analysis shows that the regulatory mechanism of CK may
be negative [19]. CK negatively regulates the elongation and branching of primary roots.
Tissue-specific overexpression of CKX (CK degradation enzyme) enables a larger plant-root
system, thus improving stress resistance [20,21]. CK also affects the upward transport of
sodium under salt stress through its signal components, RRBs. RRBs negatively regulate
the expression of HKT1;1, an important channel responsible for retrieving sodium ions
from the xylem back to the root [22].

4.2. Redox State

Adverse environments can destroy the cellular REDOX homeostasis, resulting in the
excessive accumulation of reactive oxygen species (ROS), which can destroy a variety
of biological macromolecules in cells. ROS and antioxidants have been widely used as
indicators to evaluate the stress resistance of plants in previous studies. However, a growing
number of studies has shown that plants have developed different kinds of responses,
with ROS as the initial signal during their evolutionary process. In some cases, the site-
specific expression of certain oxidase increases the concentration of local ROS, which is
an important mechanism of plant organ formation and stress adaptation [23,24]. RBOH
(Respiratory burst oxidase homolog protein) is a group of calcium-dependent NADPH
oxidase. In this study, RBOHH was up-regulated under R4. Activated by CDPK, this
enzyme involved in ethylene induced aerenchyma formation under anoxic conditions [25],
which may be consistent with the stagnant water uptake by roots under high salinity. ROS
also act as a key factor in protein ubiquitination and senescence. The salt treatment of R4
did induce the expression of related proteins, such as STR15 and SAG101 [26,27].

Malondialdehyde (MDA) is the product of membrane lipid peroxidation. The data
showed that oxidative stress in roots had no significant influence on the membrane lipids
in any of the gradients. In general, the expression of antioxidant enzymes was relatively
stable under the treatment of R3 but changed significantly under R4. The superoxide
dismutase SODCC.2 doubled that of the control. Two kinds of FeSOD, FSD2 and FSD3,
induced by salt stress and responsible for the stability of thylakoid were down-regulated
with the aggravation of salt treatment [28]. Hydrogen peroxide isoenzymes CAT1 and
catalase cta1 were mainly responsible for removing H2O2 from the peroxysome. Their
expression did not change in R3 but upregulated 2 to 3 times of the control in R4. In
addition to the response of antioxidant enzymes, changes of some proteins reveal that cells
may reduce the production of ROS by maintaining the stability of electron transport chains
or chelating free heavy metal ions in the cytoplasm. The oxidation of superoxide anions
irreversibly inactivate proteins containing an iron–sulfur cluster, while the expressions of
FH and At2g16710 maintain the assembly of iron–sulfur clusters in the mitochondria [29].

Non-enzymatic antioxidants also effectively eliminate ROS. Ascorbic acid (ASC) and
glutathione (GSH) are two important non-enzymatic antioxidants [30]. The expressions
of key enzymes in this cycle changed significantly between different salinities. APX uses
ascorbic acid (AA) as a reductant to reduce H2O2 to H2O and DHA, and DHAR uses GSH
as an electron donor to catalyze the DHA reduction to AA. In the proteome data, APX2
significantly increased in R3 and slightly down-regulated in R4, but was still higher than in
the control. The expression of DHAR decreased first and then increased. In R3, it was about
0.6 of the control, while in R4 it increased to 1.2 times the control. We can infer that root
cells tend to consume AA in order to maintain DHA content under R3. Under high salinity,
GSH was consumed and more DHA was reduced to AA. Compared with CAT, APX is
more widely distributed and has a stronger affinity for H2O2, which is considered to be a
more effective ROS scavenging enzyme under severe stress [31]. An enrichment analysis of
the KEGG pathway revealed that glutathione metabolism is strongly influenced by salt
stress. APS1 and APS2, two types of sulfate assimilation, decreased with the intensification
of salt stress, which may be partly responsible for the decrease of GSH content under
stress [32]. Glutathione hydrolase GGT3 is down-regulated under R4, while glutathione
S-transferase and glutathione reductase m.19878 were up-regulated in R4. Three enzymes
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mediate the reduction of NADP+, indirectly promoting the reduction of GSSG to GSH.
These data suggest that, although the level of GSH synthesis may be inhibited, mulberry
root cells actively reduce the hydrolysis of GSH and accelerate the GSSG–GSH cycle to
maintain the GSH pool.

4.3. Ion Channels and Aquaporins

The results showed that the sodium content of leaves increased sharply when the
treatment exceeded a certain concentration. A question arises as to whether the change in
the accumulation pattern of sodium in leaves was actively regulated by plants or whether
the normal ion transport is in a state of runaway due to salt damage. Munns proposed
that osmotic shock caused by high salinity is a potential inducement for salt accumulation
in shoots. The plasmolysis induced by osmotic shock forms an efficient path to transport
ions between the cell wall and protoplasm also interferes with the normal function of ion
channels [2]. If the salt burst in leaves is an active ion transport process, it may rely on
the site-specific expression of some cation channels such as NSCCs and CHX in pericycle
cells to increase the sodium content in the xylem fluid. The same effect can be achieved by
closing channels such as AtHKT1;1 that retrieve sodium from the xylem. We identified a
protein, CCC1, which functions to co-transport sodium and chloride ions and is predicted
to retrieve sodium ions from the xylem in a manner similar to HKT1. CCC1 was down-
regulated with the aggravation of salt stress in this study, which seemed to be consistent
with the wilting phenotype. However, Henderson found that CCC1 tended to locate on
the endoplasmic reticulum rather than the plasma membrane in grape and Arabidopsis,
and its transcription level did not respond to salt stress. He proposed that CCC1 might
indirectly mediate plant salt tolerance through vesicle transport [33,34].

Many ion channels have been reported to be involved in sodium uptake under salt
stress. However, the proportion of these channels to the salt influx remains controver-
sial [35]. Of the 57 cation channel genes in Arabidopsis thaliana, more than one-third
encode cyclic nucleotide gating channels, a non-selective cation channel. An electrophysio-
logical analysis in heterologous systems showed that most CNGCs characterized freely
conduct K+ and Na+ [36]. The gating of CNGCs highly depends on the presence of cyclic
nucleotides, while calmodulin can inhibit the transport of monovalent ions via CNGCs [37].
The CNGC3-null mutant was more resistant to an exogenous high sodium concentration
than the wild-type [38]. The expression of CNGC1 identified in proteomic data was down-
regulated under the R3 treatment, suggesting that plants may actively reduce the number
of channels to cope with the external salty environment.

Based on salt-specific responses induced by the Salt Overly Sensitive (SOS) signaling
pathway, most researchers believe that there are specialized sodium sensors mediating
the perception of sodium and the subsequent increase of cytoplasmic calcium. Calcium
functions as the second messenger and mediates the activation of vacuolar sequestration
and ion efflux, which are essential for intracellular ion homeostasis. We identified three
types of calcium ion transport, ATPase, ER-localized LCA1, which mediates ion entry
into ER [39], and the outward channels ACA9 and ACA2 on the plasma membrane. The
expression abundance of these proteins significantly decreased with the increase of salt,
meaning that most calcium ions are confined in the cytoplasm. The process of ion efflux
requires the activation of the NHA (Na+/H+ antiporters) protein and proton gradient
established by the proton pump. Although plasma membrane-localized NHA proteins
were not identified in root tissues, a significantly up-regulated proton pump AHA4 reveals
extracellular acidification and an increased proton gradient under R4. Veronique found
that the Na+/K+ of the aha4 mutant was four to five times higher than that of the wild-
type [40]. However, the wilting phenotype in this study under R4 did not support the
positive regulation of AHA4 with salt resistance.

It is worth noting that the expression of the aquaporins decreased in R3 and then
levelled off to the level of the controls’ in R4. A study focusing on the early stages of
salt stress (45 min) reported the downregulation of aquaporins (including the vacuolar
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aquaporins) and about a 50 percent decrement in water conductivity within a short time.
By comparing the effects of sos2-1 knock out and mannitol on the expression of aquaporins,
it was found that the decrease of water conductivity in early salt stress was more like a
perception of osmotic pressure than a response to ionic stress [41]. Under the continuous
two-cycle treatment, the expressions of aquaporins PIP1-1 and PIP2-7 in R3 were down-
regulated 50% and 40%, respectively. However, under the high-salt treatment of R4, the
expression returned to the level close to that of the control. The downward abundance
of aquaporins indicated the decrease of intercellular water migration. It was speculated
that mulberry seedlings tended to reduce water transfer to improve the water retention
of root cells under a relative low-salt gradient [42]. The higher salt concentration of R4
undoubtedly caused more damage to the seedlings. The expression of aquaporins under
R4 may be disturbed by a stronger osmotic pressure or hypoxic environment. Considering
the important role of aquaporins in mass flow and the fact that the upward transport of
salt depends on transpiration, further study on some possible correlation between the
aquaporin and sodium content in leaves is necessary.

4.4. Cytoskeleton and Cell Cycle

Tubulin and actin form the basic constitutional units of the cytoskeleton—microtubule
and microfilament, which then cross-link into a more stable structure with the help of
MAP (Microtubule-Associated Protein) and ABP (Actin-Binding Protein). By analyzing the
DEPs under the classification of the cytoskeleton, the significant downregulation of TUBBs
revealed that the structure of the cytoskeleton was disturbed by salt stress. It has been
reported that the decrease of tubulin may aggravate plant sensitivity to salt stress [43].

The cytoskeleton works in a process of continuous polymerization and depolymer-
ization, which is called dynamic instability. This characteristic makes cytoskeleton play
an important role in the regulation of cell morphology, wall deposition, cell division
and differentiation, as well as organelle movement. The reorganization of cortical micro-
tubules in a short period of time is considered an adaptation to salt stress. Using drug
intervention in microtubule depolymerization disturbs salt tolerance of plants. The depoly-
merization of cortical microtubules activates calcium channels in the plasma membrane,
so the enhancement of salt tolerance may be related to the increase in the intracellu-
lar calcium-ion concentration and the increase of the cytoplasmic calcium coupled with
subsequent polymerization [44].

Microtubule-associated proteins(MAPs), which are involved in microtubule assembly
and bundle formation and connection with organelles, are important components that
assist microtubules in performing their cellular functions. The experimental data showed
that MAP65-1 significantly decreased in R4. MAP65-1 mediated the rapid depolymer-
ization of microtubules under salt stress through phosphorylation, and the microtubule
reorganization of its mutant strain was also significantly inhibited [45,46]. MAP65-6 shares
about 44% of its sequence identity with MAP65-1 and was significantly down-regulated
under R4. The in vitro experiment showed that MAP65-6 tends to organize microtubules
into a mesh-like network of crisscrosses rather than a conventional sarciniform, which is
more stable under salt stress (there was no significant depolymerization under 500 mM salt
stress) [47]. The plus-end-tracking protein EB1 binds to the plus ends of microtubules and
later transfer them to the endomembrane system following microtubule shrinkage. The
expression of EB1 is essential for cell polarity development [48]. Data showed that EB1B
drops significantly in R3 and R4. Another MAP, MOR1, influences the binding of EB1 to
the plus end of microtubules by altering the structure of the plus end or directly interacting
with EB1. MOR1 mutants showed slowing down and even suspension of microtubule
dynamics [49]. Proteome data showed a significant reduction in MOR1 under R4 treatment,
and EB1 was down-regulated by R3.

Studies related to microfilaments were fewer compared with microtubules, but the
existing experimental evidence shows that the enhancement of microfilaments assembly is
positively correlated with salt stress. Wang found that the assembly of Arabidopsis micro-
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filaments was enhanced under low-salt treatment, while it was strengthened accompanied
by disintegrating under the high-salt treatment [50]. ADFs are important proteins that
balance G-actin and F-actin in cells, and their deletion or overexpression will lead to defects
in plant growth and development [51]. In this study, two ADFs, ADF1 and ADF6, were
significantly reduced under the treatment of R4, indicating that the depolymerization rate
of microfilaments was disturbed.

The integrity and dynamics of the cytoskeleton are important prerequisites for cell
division. Examining the DEPs under cytoskeleton and cell-cycle classification is helpful
in predicting the progress of cell division under salt stress. MOR1 regulates the length of
microtubule assembly, thus affecting the distribution of chromosomes during mitosis [52].
Unphosphorylated MAP65-1 causes microtubules to gather in the middle area of the
spindle and mitosis to stagnate [53]. Cdc25 directly affects cell G2/M conversion in
yeast and animals in a dose-dependent manner [54,55]. The results showed that CDC25
presented a change pattern of up to down, indicating that it may have an important
function between R3 and R4. Another protein associated with cell division, NASP-related
protein Sim3, is involved in CenH3 (a variant of histone H3) deposition as a chaperone,
thus causing centromeric formation and kinetochore assembly to ensure the uniform and
equal distribution of genetic material to daughter cells [56]. It can be speculated that salt
treatment of R4 might affect the mitotic process, which would make it difficult for plants to
achieve normal growth and development under long-term stress.

4.5. Cell Wall and Casparian Strip

In the symplast pathway, plasmodesmata allow the rapid diffusion of ions into ad-
jacent cells. Specialized secretory cells such as salt glands or nectaries usually possess
more plasmodesmata. Studies have shown that the density of plasmodesmata between the
endodermis and pericycle is higher than that of other tissues, thus increasing the flux of
macromolecules and ions through the endodermis [57]. Callose is deposited in the neck
of plasmodesmata, and the synthesis or degradation of callose is important for regulating
the transmissibility of plasmodesmata [58]. In this study, proteins associated with callose
synthesis were identified to be down-regulated; this downtrend seems to be in response to
the low salinity treatment of R3.

The apoplast bypass transfers sodium ions to the shoot by passive diffusion. In this
study, salt stress strongly altered the structure of the extracellular space and significantly
suppressed the synthesis of cell wall components such as cellulose, hemicellulose and
pectin. These polysaccharides are closely related to cell wall elongation, which directly
affects cell expansion. On the other hand, the chemical properties of these components
determine the electronegativity of extracellular space, so the reduction of polysaccharide
synthesis affects the cationic retention of the cell wall [59]. The directed secretion of the
cell wall components to the extracellular space is precisely regulated by the endoplasmic
reticulum and vesicles. The expressions of four RABA GTPase involved in vesicle transport
were sharply decreased under R3 treatment, which may affect the secretion of the cell
wall components [60].

Cellulose synthesis is catalyzed by CSC (Cellulose Synthase Complex) on the plasma
membrane. Six subunits of the complex are composed of cellulose synthase, which is
encoded by the CesA (Cellulose Synthase A) gene family. In the study of AtrbohF mutant
strains, the CesA7 mutation caused the xylem collapse and reduced the transpiration
stream, indirectly reducing salt accumulation in the shoot [23]. In this study, three Ce-
sAs(1/3/4) were significantly down-regulated under R3 and were difficult to quantify in
R4. Among them, CESA1/3 is mainly responsible for the deposition of cellulose in hte
primary cell wall, and the cell expansion of the deletion mutant was inhibited [61]. CesA4
is responsible for cellulose deposition in secondary cell walls, and its downregulation has a
more pronounced effect on the xylem and sclerenchyma [62]. STL1(Probable glycosyltrans-
ferase STELLO1) in the Golgi cavity was down-regulated with the increase of salinity; its
role is to regulate the assembly and secretion of CSC in the intimal system [63]. In addition,
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proteome data showed that the expression level of CSI1 (Cellulose Synathase Interactive 1)
was negatively correlated with salt stress intensity. Under non-stress conditions, CSI helps
CSC move along cortical microtubules and produce cellulose. When salt stress occurs,
cortical microtubules depolymerize, and CSC is transferred from the plasma membrane
to the intracellular component of CSC(CC), which participates in the reorganization of
the microtubule arrays in response to the salt stress; finally, CSC returns to the plasma
membrane after the reorganization is accomplished [64].

Lignification and suberization of the cell wall affect the conductivity of water and
ions in the apoplast path [65]. Krishnamurthy designed a comparison test between salt-
tolerance exercise and direct salt stress and found that the exercise of resistance induced
the deposition of suberin at an early stage of stress, compared with the salt treatment
directly exposed to 200 mM NaCl without acclimation, while the aboveground sodium
was significantly reduced [66]. According to the changes of DEPs in the “phenylpropanine
biosynthesis” (KEGG pathway), the synthesis of the phenolic components, a precursor of
lignin and suberin, was significantly inhibited, and the expressions of phenylalanine lyase
(M. 1029), 4-coumarate coenzyme A ligase (4CL1) and trans-cinnamate monooxygenase
(CYP73A16) were significantly down-regulated. In addition, the expression inhibition of
cinnamyl alcohol dehydrogenase CAD1 (m. 16440) in the specific pathway of the lignin
synthesis increased first and then decreased from R3 to R4. Peroxidase and laccase are
responsible for the last step of lignin formation: the oxidative cross-linking of lignin
monomers. Proteomic results showed that their expression was complex and varied. The
expression of LAC7 remained stable in R3 but increased five times that of the control
in R4. Arabidopsis LAC7 is the only laccase target for miRNA857, and its expression
level is related to the formation of a secondary xylem [67], which reflects the research on
poplar LAC2. The water transport capacity of Arabidopsis was significantly increased by
overexpressing this laccase gene [68].

The Casparian strip (CS) is a layer of cells in the endodermis of primary roots adjacent
to the vascular column and are banded and closely bound to the plasma membrane. The
plasmolysis experiment showed that hyperosmotic treatment does not separate the CS and
the plasma membrane [69]. Using mathematical modeling, Foster compared the effects of
the CS and the suberin on the radial migration of ions, and the results showed that the
presence of the CS was the key to restricting the excess sodium in the shoot, and, more
importantly, its role could not be replaced by membrane transporters [70]. The formation
of the CS is precisely regulated by the SGN signaling pathway. The CIF (Casparian Strip
Integrity Factor) peptide produced in the stele is the ligand of SGN3. After binding with
SGN3, it phosphorylates SGN1, and then activates RBOHF to induce the production of local
reactive oxygen species. The oxidative cross-linking of the lignin monomer is mediated by
peroxidase [71–73]. In this study, the expression patterns of PERs were different, which may
be due to the tissue-specific lignification under salt stress. The precise localization of the CS
in endodermal cells depends on the initial interval determined by CASP, while EXO70A1, a
component of the exocyst, is responsible for guiding the localization of CASP. Distribution
of CASPs in EXO70A1 mutant strains tends to be randomized. At the same time, LAC3
and UCC1 were located at the boundary and central microregion of the CS formation
area, respectively, guiding the fixed-point deposition of the lignin [74]. The expression
of EXO70B1 was down-regulated with the increase of salt stress, and the expression of
UCC1 remained stable under R3 but fell by about 80% in R4. The absence of UCC1 lead
to a decrease in lignin deposition in the central microregion of CS and an increase in ion
transmissivity from the roots to the shoots (Figure 10) [75].
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expression compared with the control, while red indicates significantly down-regulated expression
compared with the control. The down-regulation of UCC1 in R4 decreased lignin deposition in the
central microregion of the Casparian strip.

5. Conclusions

We determined the initial concentration of salt burst in mulberry leaves by physio-
logical indicators, established differential proteome sets associated with this phenotype
and screened five categories though bioinformatic analysis and literature search. The
original intention of this experiment was to observe the invocation of known salt-tolerance
mechanisms in mulberry under high-salt stress and to determine its main adaptation mode.
However, as the experiment progressed, the more pressing question was whether these
mechanisms function properly after a salt burst occurred in the leaves. The proteomic data
did not provide the expected sufficient support, but they revealed some interesting results.
There were significant changes in the expressions of some DEPs between low- and high-
salt treatments, such as in the aquaporins, cytokinin-mediated transcription factors and
key enzymes in the GSH–ASC cycle. The regulation of these DEPs is very important in
salt-stress adaptation, and the driving factors and subsequent effects of their expression
changes are worthy of further study. Combined with the observations of the experimental
process and the analysis of the data, it is noteworthy that the high-salt stress obviously de-
stroyed the extracellular space of the mulberry root. However, the transport of sodium and
water related to the apoplast has always been the weak point and difficulty in salt-stress
studies. The changes in the cell wall components, including the decrease of lignification
and suberization, will affect the water conductivity of apoplast, and the absence of the
Casparian strip will greatly increase the load of sodium ions in the transpiration stream.
The expression changes of these DEPs may be closely related to the phenotype we were
concerned with and independent of the intracellular ion regulation mechanisms. Further
experiments are needed to demonstrate the relationship between the two.

This paper provides a new breakthrough point for the study of mulberry under high-
salt stress by means of omics. It should be emphasized that the proteomic is still in an
incomplete stage of development, and its disadvantages should not be ignored. On one
hand, compared with the transcriptome, the proteomic is closer to the plant phenotype, and
the explanation of response mechanisms is more direct. On the other hand, restricted by
experimental method, the proteome cannot reach the information coverage at the level of
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the transcriptome. In this study, the method of proteome analysis is undoubtedly missing
a lot of valuable information, so a multi-omics study would still add to the argument.
Another problem is how to effectively study the water–salt balance between the roots and
leaves on a time scale to give strong theoretical support for the selection of the sampling
time points. We may need more real-time visual experimental means to observe the
dynamics of water and salt in tissues under salt stress and, on this basis, carry out omics
sampling so as to analyze the whole process on the level of the whole plant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12101384/s1: Supplementary 1: Quality control of MS; Differential expressed proteins,
Supplementary 2: Screened key DEPs.
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