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ARTICLE INFO ABSTRACT

Keywords: Salt stress is the major abiotic stress worldwide, adversely affecting crop yield and quality. Utilizing salt toler-

Sophora alopecuroides ance genes for the genetic breeding of crops is one of the most effective measures to withstand salinization.

L Sophora alopecuroides is a well-known saline-alkaline and drought-tolerant medicinal plant. Understanding the

Salt stress . . . . . . .

T™MT underlying molecular mechanism for Sophora alopecuroides salt tolerance is crucial to identifying the salt-tolerant

PRM genes. In this study, we performed tandem mass tag (TMT) based proteomic profiling of S. alopecuroides leaves
under 150 mM NaCl induced salt stress condition for 3 d and 7 d. Data are available on ProteomeXchange
(PXD027627). Furthermore, the proteomic findings were validated through parallel reaction monitoring (PRM).
We observed that the expression levels of several transporter proteins related to the secondary messenger
signaling pathway were altered under salt stress conditions induced for 3 d. However, the expression of the
certain transferase, oxidoreductase, dehydrogenase, which are involved in the biosynthesis of flavonoids, alka-
loids, phenylpropanoids, and amino acid metabolism, were mainly alerted after 7 d post-salt-stress induction.
Several potential genes that might be involved in salt stress conditions were identified; however, it demands
further investigation. Although salt stress affects the level of secondary metabolites, their correlation needs to be
investigated further.
Significance: Salinization is the most severe abiotic adversity, which has had a significant negative effect on world
food security over the time. Excavating salt-tolerant genes from halophytes or medicinal plants is one of the
important measures to cope with salt stress. S. alopecuroides is a well-known medicinal plant with anti-tumor,
anti-inflammatory, and antibacterial effects, anti-saline properties, and resistance to drought stress. Currently,
only a few studies have explored the S. alopecuroides’ gene function, and regulation and these studies are mostly
related to the unpublished genome sequence information of S. alopecuroides. Recently, transcriptomics and
metabolomics studies have been carried on the abiotic stress in S. alopecuroides roots. Multiple studies have
shown that altered gene expression at the transcript level and altered metabolite levels do not correspond to the
altered protein levels. In this study, TMT and PRM based proteomic analyses of S. alopecuroides leaves under salt
stress condition induced using 150 mM NaCl for 3 d and 7 d was performed. These analyses elucidated the
activation of different mechanisms in response to salt stress. A total of 434 differentially abundant proteins
(DAPs) in salt stress conditions were identified and analyzed. For the first time, this study utilized proteomics
technology to dig out plentiful underlying salt-tolerant genes from the medicinal plant, S. alopecuroides. We
believe that this study will be of great significance to crop genetics and breeding.

1. Introduction irrigated land across the globe [1-4]. Numerous crops and vegetables,
such as maize, rice, and lettuce, are sensitive to salt stress [5-7]. Also, it

Soil salinization is widely prevalent, and it is a severe agricultural adversely affects the yield and quality of crops, resulting in substantial
problem worldwide. It affects almost 6% of the total land and 20% of economic losses. Salt stress caused a global annual economic loss of
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$27.3 billion in 2014 [8]. Due to global warming and extreme weather
condition, salinization, along with other environmental stress condi-
tions, such as drought and cold, may evolve into a severe threat to global
food security [2,9]. Over the years, researchers have explored various
methods, such as silicon or exogenous proline, plant growth-promoting
rhizobacteria (PGPR), operating seed biopriming techniques, and
nanoparticles to identify salt-tolerant genes and cultivation of salt-
tolerant varieties to alleviate the impact of salt stress on crops [10-15].

Sophora alopecuroides is a perennial herb that belongs to the genus
Sophora of the Fabaceae family [16]. It is widely distributed in arid,
semi-arid, and grassland areas in the west and central Asia [17-19].
Previous studies on the S. alopecuroides growth characteristics and other
experimental evidence have shown that S. alopecuroides can resist
salinity, alkalinity, and drought [20-22]. Besides, the application of
adequate potassium supplementation and engineered nanomaterials
(single-walled carbon nanohorns and ZnO nanoparticles) could improve
the salt tolerance response of S. alopecuroides [23,24].

A total of 128 active ingredients, such as alkaloids, flavonoids, ste-
roids, and polysaccharides, were isolated from S. alopecuroides [25].
These vital secondary metabolites, specifically alkaloids, make
S. alopecuroides have anti-tumor, anti-inflammatory, antibacterial, anti-
dysentery, cardioprotective, antioxidant, and antidepressant activities
[20,26,27].

Currently, only the chloroplast genome of S. alopecuroides is avail-
able, and it contains a total of 129 genes [28]. Till now, only a few
studies have explored the S. alopecuroides' gene function and regulation.
Omics studies, such as transcriptomics, metabolomics, proteomics,
ionomics, and phenomics, could elucidate the salinity and drought
resistance in S. alopecuroides. For instance, the genetic diversity and
population structure of S. alopecuroides were analyzed using tran-
scriptomic SSR markers [29]. Besides, crucial gene families and bio-
logical pathways involved in major abiotic stresses (salt, alkali, and
drought) were revealed through de novo transcriptome sequencing [22].
An integrated transcriptomics and metabolomics analysis discerned that
activation of phenylpropane biosynthesis pathway involving synthesis
of lignin and flavonoids might be one of the important mechanisms in
S. alopecuroides in response to salt stress [30].

Proteins directly participate in various biological processes of plants
[31-34]. Therefore, analysis of the total proteome is crucial to identi-
fying the relevant cell signal transduction processes and regulatory
mechanisms [35-38]. However, multiple studies have shown that
altered gene expression at the transcript level does not correspond to the
altered protein levels. The mRNA and protein levels are often asyn-
chronous, reflecting the complexity, multidimensionality of gene
expression, and regulation in plants under different stimuli [39-41]. In
the current study, we performed TMT and PRM based proteomic ana-
lyses of the S. alopecuroides leaves, which led to the identification of
deregulated genes and biological processes in response to salt stress.
Besides, we also discussed the altered medicinal ingredients under salt
stress conditions with an aim to excavate certain crucial salt-tolerant
genes in S. alopecuroides under salt stress conditions.

2. Materials and methods
2.1. Plant samples and treatment

The S. alopecuroides seeds were collected from the teaching and
experimental farm located at Ningxia University, Ningxia Hui Autono-
mous Region, China (106°24’ E, 38°24’ N). Seeds that were uniform in
size, full, and free of insects were treated with concentrated sulfuric acid
for 20 min and then rinsed with running water for 10 min. Seeds were
kept in an incubator in the dark at a constant temperature of 25 °C. Once
these seeds turned white, they were transplanted into flower pots with a
diameter of 40 cm and cultivated in a greenhouse for 50 days. Later, the
plants were irrigated with NaCl solution (gradient concentration: 0 mM,
50 mM, 100 mM, 150 mM, and 200 mM) for 3 d and 7 d. Each flowerpot
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was treated with 2000 mL of the corresponding concentration of NaCl by
pouring the salt solution into the corresponding tray of the flowerpot.
The control was the same volume of deionized water. Then, the leaves
were sampled. Five seedlings were taken from each flowerpot, and three
flowerpots (a total of 15 seedlings) were used as one biological replicate.
At last, all leaves were mixed thoroughly and put into a tube; each tube
contained 1 g of leaves, and these tubes were stored in liquid nitrogen at
—80 °C for transcriptome, proteome, and other related analyses. The
experiment included three groups: Z (control), F (3 d), and T (7 d). Each
group contained three replicates.

2.2. Detection method of physiological indicators

The leaf chlorophyll content and SOD, POD, and CAD activities were
determined spectrophotometrically. The leaf chl yll content was
determined by measuring the absorbance at nm and 649 nm. SOD
activity was determined by measuring t sorbance at 560 nm using
the nitroblue tetrazolium (NBT) m d. Besides, the POD activity was
determined by gaging the ab ance at 470 nm using guaiacol and
Hy0, as substrate, and CAT activity was determined by measuring the
absorbance at 240 nm using HyO, as substrate. Proline content was
determined using the acid ninhydrin method and malondialdehyde
content through thiobarbituric acid reactive substance (TBARS) assay.
The contents of matrine, oxymatrine, sophocarpine, and oxy-
sophocarpine in leave samples from plants under salt stress conditions
were determined using Agilent 1260 infinity II high-performance liquid
chromatography (HPLC). Standard products of matrine (batch number:
110805-201709), oxymatrine (batch number: 110780-201508), oxy-
sophocarpine (batch number: 111652-200301), and sophocarpine
(batch number: 112052-202001) were purchased from the China Na-
tional Institutes for Food and Drug Control, China. The Na™ and K"
contents in sample ashes were determined by Hitachi Z-2000 flame
atomic absorption spectrometry.

2.3. Transcriptome sequencing and assembly

Ilumina HiSeq platform was used for RNA-seq. Fastp software was
used to filter raw sequencing data to clean reads. Trinity software [42]
was used to splice clean reads into transcripts. These transcript se-
quences were later subjected to CDS prediction and function annotation
analyses. Five databases, i.e., Nr, Pfam, Swiss-prot, KEGG, and GO were
used for gene function annotations. The original sequencing data of
transcriptomics were uploaded to the SRA database in NCBI. The Bio-
Project accession number is PRINA748576.

2.4. Protein extraction and trypsin digestion

S. alopecuroides leaves samples were ground to a fine powder using
liquid nitrogen. Protein was extracted using 4% (w/v) SDS in 100 mM
Tris HCl (pH 7.6, 0.1 M DTT). Around 20 pg of protein from each sample
was used for protein quantification using the BCA method. 200 pg of
protein was taken from each sample and digested using the filter aided
proteome preparation (FASP) method for trypsin digestion.

2.5. Protein TMT labeling, HPLC fractionation, and LC-MS/MS analysis

100 pg of trypsin digested protein was taken from each sample and
labeled with TMT (Thermo Fisher Scientific), according to the manu-
facturer's instructions. Peptides from each group were pooled together
and graded using high pH reversed-phase peptide fractionation kit. Each
converted peptide sample was vacuum dried, lyophilized, and later
resolubilized in 12 pL of 0.1% FA, and the peptide concentration was
determined using a spectrometer at OD280.

Furthermore, each fractionated sample was separated using the
HPLC liquid system Easy nLC with a nanoliter flow rate using buffer A
(0.1% formic acid aqueous solution) and buffer B (0.1% formic acid in
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84% acetonitrile aqueous solution). The chromatographic column was
equilibrated with 95% of buffer A. The samples were loaded into the
loading column using an autosampler (Thermo Scientific Acclaim Pep-
Map100, 100 pm x 2 cm, nano Viper C18) and passed through the
analytical column (Thermo scientific EASY column, 10 cm, ID75 pm, 3
pm, C18-A2) separation with the flow rate of 300 nL/min. These samples
were analyzed on a Q-Exactive mass spectrometer. The detection
method was positive ion, and the scan range for precursor ion was
300-1800 m/z. Resolution of the primary mass spectrometer was 70,000
at 200 m/z, AGC (Automatic gain control) target was 1e6, maximum IT
was 50 ms, and the dynamic exclusion time was 60.0 s. To determine the
m/z ratio of peptides and peptide fragments, 20 fragmentation maps
were collected after each scan. The MS2 activation type was HCD, and
the isolation window was 2 m/z. The resolution of the secondary mass
spectrum was 17,500 at 200 m/z (TMT 6-plex) or 35,000 at 200 m/z
(TMT 10-plex) with 30 eV normalized collision energy and 0.1%
underfill. All the above were done by Shanghai Applied Protein Tech-
nology Co. Ltd. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium with the dataset iden-
tifier: PXD027627.

2.6. Protein identification and quantification

Mascot version 2.2 and Proteome Discoverer version 1.4 were used
for analyzing MS/MS data. S. alopecuroides leaves RNA-seq data from
our laboratory was used for protein identification using MS/MS data.
Trypsin was selected as a random cleavage enzyme, and the parameter
of max missed cleavages was set to 2. Carbamidomethyl (C), TMT 6/
10plex (N-term), and TMT6/10 plex (K) was selected as fixed modifi-
cations. The variable modifications were set as oxidation (M), TMT 6/
10plex (Y). The peptide mass tolerance was set to +20 ppm, and the
fragment mass tolerance was 0.1 Da. The database schema was used as a
decoy to calculate FDR. The screening criteria for credible peptides was
FDR <0.01. The protein ratios were calculated from the median of
unique peptides only. Then, normalized all peptide ratios using the
median protein ratio. The median protein ratio was 1 after the protein
normalization. Plant-mPLoc software was used to predict the subcellular
location of the identified proteins.

2.7. Bioinformatics analysis

A fold-change cut-off of >1.2 fold-change (up-regulation greater
than 1.2 times or down-regulation less than 0.83 times) was used to
identify differentially abundant proteins (DAP) with P-value < 0.05. The
normalized differential proteins were subjected to cluster analysis using
the R package version 3.4. Blast2Go (https://www.blast2go.com/) and
KEGG Automatic Annotation Server (KAAS) were used for GO annota-
tion and KEGG pathway analysis of target proteins. GO annotation and
KEGG pathway enrichment analysis were performed using Fisher's exact
test. CytoScape software was used in protein-protein interaction (PPI)
analysis.

2.8. Validation of candidate proteins

The parallel reaction monitoring (PRM) technology was used to
validate the expression level of 12 differential proteins identified using
the proteomics analysis. Xcalibur software was used for PRM. Around 1
pg of peptides was taken from each sample, and 20 fmol of standard
peptides (PRTC: ELGQSGVDTYLQTK) was used for PRM based valida-
tion. For PRM, samples fractionated using HPLC were analyzed using a
Q-Exactive HF mass spectrometer (Thermo Scientific). The detection
mode was positive ions. Scan range of primary mass spectrum ranged
from 300 to 1800 m/z. The mass spectrum resolution rate was 60,000 at
200 m/z. The AGC target was 3e6, and the maximum IT was 200 ms.
After each full MS scan, 20 PRM scans (MS2 scans) were collected based
on the inclusion list. The isolation window was 1.6 Th, and the MS
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resolution was 30,000 at 200 m/z. The AGC target was 3e6, and the
maximum IT was 120 ms. The MS2 activation type was HCD, and the
normalized collision energy was 27. Skyline version 3.5.0 was used to
analyze the data of the original PRM files. The criterion of quantitative
analysis was selected to 3 product-ions with higher peptide abundance
and as continuous as possible. The peak area of the heavy isotope-
labeled internal standard peptide was corrected to obtain the relative
expression information of each peptide in different samples. The average
relative expression of the target peptide in each of the samples was
calculated and analyzed using the t-test method.

In addition, we selected eight DAPs and used the Analyticyena
qTOWER3G fluorescent quantitative PCR instrument to detect gene
expression. The online primer design tool, Primer-Blast, was used to
design primers. All primers were synthesized by Shanghai Shenggong
Biological Engineering Co., Ltd. The qRT-PCR primer sequences are
given in Table S1.

3. Results

3.1. Photosynthesis performances and physiological indicators in leaves of
S. alopecuroides under salt stress condition

As per a previous study, salt-stress induced using 1.2% NaCl (~205
mM NaCl) inhibited the growth of 4-week-old S. alopecuroides seedlings
[22,30]. We quantified chlorophyll a and chlorophyll b levels and
analyzed their ratio post 3 d and 7 d of salt stress induction to investigate
the altered proteome of S. alopecuroides leaves in 7-week-old
S. alopecuroides seedlings under the NaCl induced stress. The outcomes
of this analysis demonstrated an apparent decrease in chlorophyll a and
b content and their ratio under 150 mM NaCl induced salt stress for 3
d (Figures 1A and 1B). We did not observe apparent differences in leaf
wilting and slow-growth phenotypes during the experimental periods
(Fig. S1). Enzyme activities of superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) in S. alopecuroides leave under 150 mM NaCl
induced salt stress for 3 d, and 7 d was estimated. The contents of
malondialdehyde (MDA), proline, Na*, K*, and the ratio of K*/Na" in
S. alopecuroides leaves were quantified under the same salt stress con-
dition. The results showed that dynamic changes of the SOD, POD, and
CAT activities in response to salt stress were different. The activity of
SOD increased when S. alopecuroides seedlings were subjected to salt
stress for 7 d. Besides, the activity of POD and CAT increased when
S. alopecuroides seedlings were subjected to salt stress for 3 d, but it
decreased under salt stress for 7 d. In addition, the MDA, proline, and
Na™ levels increased gradually, while the K levels and K™/Na™ ratio
decreased gradually under salt stress conditions for 3 d to 7
d (Figure 1C).

3.2. Protein identification

The TMT-based quantitative proteomic analysis was performed to
analyze the dynamic change of proteins in the control (Z group) and salt
stress condition induced using 150 mM NacCl for 3 d (F group) and 7 d (T
group). A total of 400,515 spectra were obtained, of which 70,693 were
the matched peptide spectrums. Total 25,192 and 21,269 unique pep-
tides were obtained, respectively. We identified a total of 5505 proteins
(IPs) (Table 1).

PCA plots analysis of the IPs showed that three biological replicates
per group had good repeatability, indicating the high quality of data for
effective statistical analysis (Figure 2A). We observed diverse subcellu-
lar localization of IPs. Out of total IPs, 29%, 24%, and 11% IPs were
located in the cytoplasm, nucleus, and plasma membrane, respectively.
Other IPs were either localized at chloroplast, mitochondria or were
extracellular (Figure 2B).
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Fig. 1. Determination of physiological indices of S. alopecuroides leaves under salt stress conditions. (A) Comparison of the chlorophyll levels in leaves under salt-
stress conditions induced using different NaCl concentrations. (B) Comparison of the chlorophyll a/chlorophyll b ratio in leaves under salt-stress conditions induced
using different NaCl concentrations. (C) Determination of SOD, POD, CAT, MDA, proline, Na* and K* content, and K*/Na* ratio under 150 mM NaCl induced salt
stress condition. The vertical bar represents the mean + SD calculated from three replicates. Each variable was statistically used Fisher's Least Significant Difference
(LSD) test compared with the control (**P < 0.01, *P < 0.05).

Table 1
Summary of identified proteins.
Name Information
Database Self-built transcriptomics database

Total Spectrums

Matched Peptide Spectrums
Peptides

Unique peptides

Identified proteins
Quantifiable proteins

400,515
70,693
25,192
21,269
5505
5466

3.3. Quality control of MS data

High quality of MS data is the first step to obtaining credible prote-
omics results. The outcomes of the proteomic analysis showed that the

ion score for 78.41% peptides exceeded 20 with 33.55 median score
based on the Peptide IonScore Distribution (Figure 3A). In addition, the
mass error of the majority of peptides ranged from —10 ppm to 10 ppm.
This indicated the high mass accuracy of MS data (Figure 3B). > 95% of
the peptides were 5 to 23 amino acid residues long (Figure 3C). Besides,
the number of peptides corresponding to almost 70% of the identified
proteins was >2, which indicated that the MS data could be further
analyzed (Figure 3D). The detailed information of identified protein is
shown in Table S2.

3.4. Transcriptomics sequencing, assembly, and functional annotation of
genes

S. alopecuroides gene annotation was not available when the current
study was conducted. The first article on “no-reference transcriptome
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sequencing” in S. alopecuroides under stress conditions was published in
2020, wherein differentially expressed genes (DEGs) under salt, alkali,
and drought stress conditions in S. alopecuroides were analyzed [22].
Thus, firstly we performed de novo transcriptomic sequencing of
S. alopecuroides leaves under the 150 mM NaCl induced salt stress con-
dition for 0 d (Z group), 3 d (F group), and 7 d (T group). These
experimental conditions were identical to that of the proteomics
experiment. In total, 424,809,870 raw reads and 420,832,634 clean
reads were obtained from the 3 groups and 9 samples (Table 2). 58.18

Gb of clean bases were obtained. The Q20 of almost all samples was
above 97%, indicating the high accuracy of transcriptome sequencing
(Table 2).

A total of 661,814 transcripts and 415,804 unigenes, with an average
length of 749 bp and 539 bp, respectively, were obtained. Out of these
transcripts, 50% unigenes (235,279) were < 300 bp long, and about
76% unigenes (316,422) were < 500 bp long. Around 11.4% unigenes
(47,326) were > 1000 bp long (Fig. S2). Nr database was compared and
annotated, and we observed that several species had high gene sequence
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Table 2

Analysis of RNA-seq results for each sample.
Sample Raw_reads Clean_reads Clean_bases Error(%) Q20(%) Q30(%) GC(%)
Z1 55,099,296 54,570,770 7.6 G 0.03 97.35 92.47 44.89
Z2 42,195,994 41,687,964 572G 0.03 97.12 92.01 46.8
z3 42,995,490 42,671,428 5.89 G 0.03 97.58 92.88 46.63
F1 47,284,546 46,902,492 6.49 G 0.03 97.44 92.71 49.67
F2 56,265,728 55,691,110 7.66 G 0.03 97.32 92.42 45.95
F3 43,083,560 42,761,810 593G 0.03 97.68 93.22 46.52
T1 45,979,276 45,544,448 6.29 G 0.03 97.6 93.02 47.45
T2 48,486,388 48,076,938 6.66 G 0.03 97.4 92.56 45.53
T3 43,419,592 42,925,674 5.94 G 0.03 96.88 91.38 44.08
Summary 424,809,870 420,832,634 58.18 G

Q20: percentage of bases with a Phred value >20
Q30: percentage of bases with a Phred value >30.

similarity with S. alopecuroides, such as Lupinus angustifolius, Cajanus
cajan, and Ricinus communis (Fig. S3).

To obtain comprehensive gene function information and study the
function of these genes, we performed gene function annotations of five
major databases: NR, PFAM, Swiss-Prot, KEGG, and GO. The highest
number of genes, i.e., 140,678 (33.83%), were annotated in the NR
(NCBI redundant protein Sequences) database, followed by 76,501
(18.4%) genes in the Swiss-Prot database, 63,868 (15.36%) in the PFAM
database, 62,905 (15.13) in the GO database, and 21,537 (5.18%) in the
KO database (Table 3). Thus, the number of genes successfully anno-
tated in at least one of the above five databases was 153,893 (37.01%).

3.5. Identification and analysis of differentially abundant proteins

Fold-change cut-off of >1.2 and P < 0.05 for up-regulated proteins
and < 0.83 and P < 0.05 for down-regulated proteins was applied to
identify the differentially abundant proteins (DAPs) between F vs. Z, T
vs. Z, and T vs. F. A total of 434 DAPs were identified under salt stress
conditions compared to control. Hierarchical cluster analysis showed six
apparent clusters at two time points (salt stress for 3 d and 7 d) and good
repeatability between different samples of the same group (Figure 4A).
We observed four different expression trends in six clusters. The protein
expression of cluster 1 and cluster 3 continued to decrease from 3 d to 7
d post-salt-stress induction, while cluster 4 showed the opposite trend.
With increasing stress levels, the protein expression of cluster 6 first
decreased and then increased; contrastingly, the protein expression of
cluster 2 and cluster 5 first increased and then decreased (Figure 4B). In
F vs. Z, 61 DAPs were up-regulated, and 66 DAPs were down-regulated,
whereas in T vs. Z, 135 DAPs were up-regulated, and 112 DAPs were
down-regulated. This indicated that NaCl treatment time was directly
correlated to DAPs in response to salt stress. In T vs. F, 37 DAPs were up-
regulated, and 23 DAPs were down-regulated (Figure 4C).

A Venn diagram analysis was performed to identify the common and
DAPs participating in the early to mid-stage salt stress. In this analysis,
up-regulated and down-regulated genes between F vs. Z, T vs. Z, and T vs.
F were used as input. As per the Venn diagram analysis, three common
up-regulated genes and no common down-regulated genes were
observed between the three groups (Figure 4D). These three DAPs were
subjected to in-depth analysis. Besides, 18 DAPs were up-regulated, and

Table 3
Overview of gene function annotations in different databases.

Type Number of Unigenes Percentage (%)
Annotated in NR 140,678 33.83
Annotated in SwissProt 76,501 18.4
Annotated in PFAM 63,868 15.36
Annotated in GO 62,905 15.13
Annotated in KO 21,537 5.18
Annotated in all Databases 9948 2.39
Annotated in at least one Database 153,893 37.01

Total Unigenes 415,804 100

9 DAPs were down-regulated between T vs. F and T vs. Z groups, 29 DAPs
were up-regulated, and 37 DAPs were down-regulated between F vs. Z
and T vs. Z groups, and 3 DAPs were up-regulated and 0 DAPs were
down-regulated between T vs. F and F vs. Z (Figure 4D).

3.6. GO enrichment analysis of DAPs

In the GO enrichment analysis of DAPs from the F vs. Z group, DAPs
were significantly enriched into 103 functional GO terms, of which 43
belonged to biological processes (BPs), 57 to molecular functions (MFs),
and 3 to cellular components (CCs) (Table S3). The top 20 enriched GOs
were obtained using the Fisher's Exact Test (Figure 5A). Cell wall
biogenesis, monosaccharide transmembrane transport, hexose trans-
membrane transport, glucose transmembrane transport, and glucose
import were the most significantly enriched GOs in the BP category. The
transporter activity, secondary active transmembrane transporter ac-
tivity, beta-galactosidase activity, transmembrane transporter activity,
ion transmembrane transporter activity, galactosidase activity, and
other transporter's activities were the most significantly enriched GOs
terms in the MF category. Besides, the most significant GOs terms
enriched in the CC category were related to the membrane, including the
integral component of the membrane and the intrinsic component of the
membrane.

GO enrichment analysis of DAPs identified from T vs. Z group
resulted in enrichment of 106 functional GO terms, of which 42
belonged to BPs, 49 to MFs, and 15 to CCs (Table S4). The top 20 GOs
were obtained using the Fisher's Exact Test (Figure 5B). The cell wall
organization or biogenesis, transition metal ion transport, flavonoid
metabolic process, external encapsulating structure organization, cell
wall organization, and iron ion transport were the most significantly
enriched GO terms in the BP category. The beta-galactosidase activity,
oxidoreductase activity (oxidizing metal ions, oxygen as acceptor),
protochlorophyllide reductase activity, ferroxidase activity, ferric iron
binding, galactosidase activity, glucosyltransferase activity, and struc-
tural constituent of cytoskeleton were the most significantly enriched
GO terms in the MF category. The most significantly enriched GOs terms
in the CC category were external encapsulating structure, cell wall, su-
pramolecular complex, and so on.

GO enrichment analysis of DAPs identified from T vs. F group
resulted in enrichment of 37 functional GO terms, of which 13 belonged
to BPs, 12 to MFs, and 12 to CCs (Table S5). The top 20 GOs were ob-
tained from the Fisher's Exact Test (Figure 5C). The mitochondrial res-
piratory chain complex assembly, NADH dehydrogenase complex
assembly, oxazole or thiazole metabolic process, oxazole or thiazole
biosynthetic process, and microtubule-based process were the most
significantly enriched GO terms in the BP category. The proto-
chlorophyllide reductase activity, structural constituent of the cyto-
skeleton, transferase activity (transferring alkyl or aryl, other than
methyl groups), oxidoreductase activities (CH-CH group of donors, NAD
or NADP as acceptor) were the most significantly enriched GO terms in
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Fig. 4. Analysis of differentially abundant proteins (DAPs) in all compared groups. (A) Hierarchical cluster analysis of all DAPs. (B) The line graph of different
expression trends in six clusters. (C) The volcano plots of DAPs in F vs. Z, T vs. Z, and T vs. F. (D) Venn diagram of up-regulated and down-regulated DAPs in the F vs.

Z, Tvs. Z,and T vs. F.

the MF category. The most significant GO terms enriched in the CC
category were transcription factor TFIID complex, supramolecular
complex, supramolecular polymer, and so on.

3.7. KEGG pathway enrichment analysis of DAPs
KEGG pathway analysis is one of the most systematic and compre-

hensive methods to understand the activation of the physiological and
biochemical processes under stress conditions. DAPs from different

groups were subjected to KEGG analysis. KEGG enrichment analysis of
DAPs from the F vs. Z group showed enrichment of 96 pathways. Some of
these enriched pathways were the phosphatidylinositol signaling sys-
tem, cAMP signaling pathway, calcium signaling pathway, plant-
pathogen interaction, MAPK signaling pathway in plants, and
porphyrin and chlorophyll metabolism (Table S6). It is worth noting that
most of the significantly enriched KEGG pathways were related to
crucial animal signaling pathways except the cAMP signaling pathway
and phosphatidylinositol signaling system (Figure 6A).
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significantly enriched top 20 GO terms in (A) F group vs. Z group, (B) T group

vs. Z group, and (C) T group vs. F group.
The color gradient represents P-value below 0.05. The darker the color (closer

Fig. 5. Gene Ontology (GO) analysis of DAPs from different groups. The

<1). It represents the ratio of the number of DAPs annotated to a GO func-
tional category to the number of all identified proteins annotated to the GO

functional category. BP, biological process; MF, molecular function; CC,
cellular component. (For interpretation of the references to color in this figure

to red), the smaller the P-value and higher the significance of the enriched GOs.
legend, the reader is referred to the web version of this article.)
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Fig. 6. KEGG pathway enrichment analysis of DAPs from different groups. The
significantly enriched KEGG pathways in DAPs from (A) F group vs. Z group, (B)
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The color gradient represents the P-value below 0.05. The darker the color
(closer to red), the smaller the P-value, and the more significant is the enriched
KEGG pathways. The number above the bar graph represents the enrichment
factor (richFator <1). It indicates the ratio of the number of DAPs annotated to
a KEGG pathway to the number of all identified proteins annotated to the KEGG
pathways. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

A total of 92 pathways were enriched in the KEGG pathway
enrichment analysis of DAPs from T vs. Z group (Table S7). The signif-
icantly enriched KEGG pathways could be divided into three categories:
a) flavone, flavonol, and flavonoid biosynthesis, b) amino acid metab-
olisms, such as phenylalanine, beta-alanine, and tyrosine metabolisms;
and c) alkaloid biosyntheses, such as isoquinoline alkaloid, tropane,
piperidine, and pyridine alkaloid biosynthesis (Figure 6B). In KEGG
pathway enrichment analysis of DAPs between the T vs. F group, a total
of 73 pathways were enriched (Table S8), of which 13 were significantly
enriched, which were mainly related to mineral absorption and plant-
pathogen interaction (Figure 6C).

3.8. PRM and RT-qPCR based validation of TMT data

To validate the TMT data, 32 and 8 proteins were randomly selected
for parallel reaction monitoring (PRM) and RT-qPCR, respectively. We
found that 12 proteins could be quantitative monitor reliable peptides
out of the total 32 target proteins used for PRM analysis. Out of these 12
proteins, the expression of 9 proteins was highly consistent between
TMT and PRM analysis (Figure 7A).

For the RT-qPCR-based validation study, six candidate proteins were
divided into two categories based on their function: a) signal
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transduction proteins, including calmodulin, calcium-binding proteins,
and serine/threonine-protein phosphatase PP1 catalytic subunit and b)
plant secondary metabolites. For instance, chalcone synthase and
flavonol-3-O-glucoside L-rhamnosyl transferase were referred to as
flavonoid biosynthesis. Primary-amine oxidase was related to iso-
quinoline alkaloid biosynthesis. 4-hydroxyphenylpyruvate dioxygenase
and methionine-gamma-lyase were relevant to amino acid metabolism.
The results showed that the mRNA expression of six related genes was
either up-regulated or down-regulated according to the T vs. Z group
(Figure 7B).

4. Discussion

4.1. Comparison of different omics studies on S. alopecuroides under salt
stress condition

The outcomes of this study showed similarities as well as differences
from previous studies. Firstly, the omics techniques applied to the salt
tolerance mechanism in S. alopecuroides were different. In the previous
studies by Yan's [22] and Zhu's, transcriptomics and integrated tran-
scriptomic and metabolomic techniques were used, respectively [30],
while the current study employed proteomics. Secondly, experimental
designs in the current and previous studies are different. In the study by
Yan and Zhu, experimental components (salt stress condition: 200 mM
NaCl, seedling age: four-week-old S. alopecuroides; treatment time-
points: 0 h, 4 h, 24 h, 48 h, and 72 h, and tissue: roots) were different
from the current study (salt stress condition: 150 mM NaCl, seedling age:
seven-week-old S. alopecuroides; treatment time-points: 0 h, 3d, and 7 d,
and tissue: leaves). Yan and Zhu's study found the obvious stress phe-
notypes of S. alopecuroides under salt stress condition induced using 200
mM NaCl induced for 72 h. However, in the current study, apparent
differences in leaf wilting and slow-growth phenotypes under the salt
stress condition induced using 150 mM NacCl for 3 d and 7 d were not
observed. It might be caused by the differences in seedling age and
relatively low NaCl concentration. Seven-week-old seedlings were more
salt-tolerant than four-week-old seedlings. Thirdly, the research con-
clusions were not completely consistent. Yan et al. identified 1673
differentially expressed genes, and the number of down-regulated genes
(1519) was more than the number of up-regulated genes (159). The
results revealed differential expression of crucial candidate genes in
response to salt stress, including certain transcription factors, such as
SaMYB1, SaMYB5, SaMYB14, SabZIP3, and SabZIP5. In the current
study, a total of 434 DAPs from salt stress conditions were identified and
analyzed, but transcription factors involved in salt stress were less. It
indicated that altered gene expression was at the transcript level, and
altered levels of metabolites do not correspond to the altered protein
levels in S. alopecuroides. However, there were some similarities in the
experimental results. Zhu et al. elucidated the key role of the phenyl-
propanoid biosynthesis pathway, the lignin and flavonoid synthesis
pathways in response to salt stress in the roots of S. alopecuroides. In the
current study, differential expression of proteins involved in the
biosynthesis of flavonoids, alkaloids, phenylpropanoids, and amino acid
metabolism was identified. From the above analysis, we can conclude
that no matter what kind of tissues and omics technologies were adop-
ted, phenylpropane metabolism was always the vital response pathway
to S. alopecuroides under salt stress. The phenylpropane pathway is
recognized to be the most comprehensively studied secondary metabolic
pathway in plants, producing more than 8000 metabolites, such as fla-
vonoids, phenols, lignin, lignans, tannins, etc. [43]. A broad of studies
have found that the phenylpropane pathway can be activated under
abiotic and biotic stresses [43,44]. It is worth noting that some members
of the MYB transcription factor positively participate in the phenyl-
propane pathway under various stresses [43]. However, the types and
concentrations of the main phenylpropanoid metabolites produced by
different plant species under salt stress conditions are inconsistent,
which may be caused by dissimilar molecular genetic mechanisms [44].
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Our project found that the expression of flavonoid branch-related pro-
teins in the phenylpropane pathway of S. alopecuroides under salt stress
has changed extensively. Determining the content of flavonoids me-
tabolites will be beneficial to further understand the salt resistance
mechanism of S. alopecuroides. Although our results found that the
content of some alkaloids increased under salt stress, the expression of
the alkaloids pathway-related proteins has not changed significantly. It
is probable because the proteins related to alkaloid synthesis are regu-
lated and modified at the transcription level, post-transcriptional level,
or post-translational level in S. alopecuroides under salt conditions.

No apparent physiological phenotypes such as plant growth inhibi-
tion, leaf wilting, and yellowing leaves were observed in the seven-
week-old S. alopecuroides seedlings under salt stress conditions
induced using 150 mM NacCl stress for 3 d; however, we observed
significantly reduced chlorophyll content at this stage. Compared with
the earlier stage (0, 4, 24, 48 h) of salt stress, the chlorophyll content
firstly decreased and then increased from 4 h to 24 h, MDA level
increased from 4 h to 48 h through self-regulation of S. alopecuroides
[30]. Therefore, the salt stress condition induced for 3 d and 7 d was
recognized as the mid-term and long-term stages, respectively.

We observed a consistent increase in the activities of POD, CAT, and
increased levels of MDA, proline, Na* in leave samples from plants
under NaCl-induced salt stress for 3 to 7 d. However, the activity of SOD
in leave samples did not change significantly after 3 d of salt stress in-
duction, which was consistent with the previous study on S. alopecur-
oides roots under salt stress conditions [30]. Levels of reactive oxygen
species (ROS), including superoxide radicals, hydrogen peroxide
(H202), and hydroxyl radicals (OH"), increased under salt stress, which
was harmful to the normal growth and development of plants [45]. In
plants, antioxidant enzymes, including SOD, POD, CAT, glutathione-S-
transferases (GST), and glutathione peroxidases (GPX), counters ROS's
negative impact [46]. Under salt stress conditions for 3 d, change in POD
(1.8 folds) activity was higher than that in CAT and SOD activities.
However, after 7 d of salt stress condition, the change in SOD (1.79 fold)
activity was higher than the other two enzymes, which indicates that
antioxidant enzymes consistently provided defense against salt-induced
oxidative damage at different stages of salt stress. The content of MDA
increased from 9.31 £+ 0.13 to 13.74 + 0.11 and 9.24 + 0.04 to 14.54 +
0.18 in S. alopecuroides leaves under NaCl induced salt-stress for 3 d and
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7 d. MDA is an important indicator of cell membrane lipid peroxidation
and plasma membrane damage [47]. Generally, the higher the MDA
content, the higher is the damage to the plasma membrane. The results
of this study indicated relatively mild damage to the plasma membrane
of S. alopecuroides, indicating significant salt tolerance of S. alopecuroides
under 3 d of salt stress.

Under salt stress, the combination of multiple omics technologies is
crucial to elucidate biological processes and identify candidate genes
and molecular regulatory mechanisms of different tissues in
S. alopecuroides.

4.2. Mid-term salt stress (3 d) activated important signaling pathways
related to “the secondary messenger”

GO enrichment analysis of DAPs showed that several transporter
proteins participated in the mid-term salt stress, and these proteins were
related to the secondary messenger signaling pathways, such as phos-
phatidylinositol signaling system, cAMP signaling pathway, and calcium
signaling pathway (Figures 6A and 7A). These proteins primarily included
two hexose transmembrane transporters (TRINITY_DN305592_c0 gl1;
TRINITY_DN298137_c0_g1), one calcium: sodium antiporter (TRINI-
TY_DN295753_c5_g2), one potassium ion transporter (TRINITY_DN293
190_c2 g3), two transporters with ATPase activity (TRINI-
TY_DN292809_c0_g3; TRINITY_DN287127_cl_g3), one vacuolar trans-
porter (TRINITY_DN300353_c3_g1), one regulation of vesicle-mediated
transporter (TRINITY_DN302691_c1_gl), one oxaloacetate, malate
transmembrane transporter (TRINITY_DN299652_c0_g2) (Table S9). Out
of these transporter proteins, 16 were up-regulated, and 2 were down-
regulated (TRINITY_DN289315_c0_g1; TRINITY_DN300353_c3_gl). The
highest fold-change of 1.89 folds (TRINITY_DN292809_c0_g3) and the
lowest fold-change of 0.74 times (TRINITY DN289315.c0.gl) was
observed in the F vs. Z group.

The most significant adverse effect of salt stress was on the Na™ and
Cl” accumulation in plant cells and tissues, which resulted in osmotic
stress, ion toxicity, and oxidative damage [48-50]. Salt stress has an
antagonistic or synergistic effect on certain ions, depending on the
experimental design of salt stress and plant tissues and species diversity
[51,52]. As per previous reports, salt stress had an antagonistic effect on
Ca2+, K™, Fe, P, and Zn [53-57]. The ion imbalance phenomenon, in
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turn, triggers major physiological and biochemistry disorders culmi-
nating in plant cell death. Two major processes that help plants adapt to
salt stress are enhanced efflux and compartmentalization of Na™t in
vacuoles and accumulation of soluble substances, such as organic sol-
utes, free sugar, glycine betaine, and proline to deal with the change of
osmotic pressure [58,59]. Several transporters are involved in Na™
compartmentalization (TRINITY_DN300353_c3_g1, TRINI-
TY_DN302691_c1_g1) and K*, Ca?*, Na™ transportation. This indicates
that the transporters identified in the current study might play crucial
roles in ionic homeostasis at the mid-term salt stress in the
S. alopecuroides leaves. Increased salt stress significantly increased the
total soluble carbohydrate content of two medicinal plants, Salvia offi-
cinalis, and Satureja hortensis [60,61]. In the current study, protein
expression of two hexose transmembrane transporters was up-regulated,
which suggested that carbohydrates might be an important compatible
compound in S. alopecuroides, in line with the findings in rice [62].

It was referred to as quick osmotic signaling and ionic signaling when
plants face various adversities [63]. Several chemicals, including Ca2+,
cyclic nucleotides, polyphosphoinositides, cyclic AMP (cAMP) , nitric
oxide (NO), and sugars, are critical to linking various stress signals and
controlling downstream stress responses [64]. The expression level of
the gene encoding phosphatidylinositol-specific phospholipase C in
Arabidopsis, which depends on Ca?*, was increased upon salt stress in-
duction [65]. Phosphatidylinositol 3-kinase could mediate endocytosis
under salt stress conditions, leading to ROS synthesis in cells [66].
Although excessive ROS leads to oxidative stress in plants, it positively
affects the early signal transduction pathway in response to salt toler-
ance [66]. It was found that cAMP in plants plays an important role in
transcriptional regulation; tolerance to salt stress decreased when the
level of cell cAMP increased [67]. We observed that cAMP in plants also
plays a crucial role in protein level and regulates tolerance to salt stress.
The outcomes of the current study demonstrated that the phosphatidy-
linositol signaling system, cAMP signaling pathway, and calcium
signaling pathway play a crucial role in the mid-term salt stress in the
S. alopecuroides leave.

4.3. Long-term salt stress (7 d) activated secondary metabolic pathways

GO enrichment analysis of differential proteins demonstrated the
involvement of certain transferase, oxidoreductase, and dehydrogenase
in the biosynthesis of flavonoids, alkaloids, phenylpropanoids, and
metabolism of certain amino acids under long-term salt stress conditions
(7 d) (Table S10). These proteins mainly include one flavonol-3-O-
glucoside L-rhamnosyltransferase (TRINITY_DN296025_c7_g3), one
flavonoid 3'-monooxygenase (TRINITY_DN303914_c5.g2), and two
acyltransferases (TRINITY_DN296366_c6_gl; TRINITY_DN306231_
c2_g1), which participate in flavonoid biosynthesis. One amine oxidase
(TRINITY_DN292335_c3_gl), one aldehyde dehydrogenase (TRINI-
TY_DN302217_c2_gl), and two oxidoreductases (TRINITY_DN305695
_cl_g1; TRINITY_DN301839_c4_g1) were involved in isoquinoline, pyr-
idine alkaloid biosynthesis, and phenylalanine metabolism. Two iden-
tified iron transporters (TRINITY_DN301339.cl_gl; TRINITY
_DN289736_c6_g1) were involved in mineral absorption. Out of these
proteins that are mainly related to secondary metabolic pathways, 5
were up-regulated, and 6 were down-regulated. The highest fold-change
of 1.39 times (TRINITY_DN296366_c6_gl; TRINITY_DN306231 c2 gl)
and the lowest fold-change of 0.66 times (TRINITY_DN301339_c1_g1)
were observed in the T vs. Z group.

Flavonoids are a class of low molecular weight phenolic compounds,
including tannins, chalcones, anthocyanins, procyanidins, rutin, and so
on [68]. Secondary metabolites widely occur in plants. Out of these
secondary, flavonoids have gained a lot of attention from pharmacolo-
gists, nutritionists, and botanists due to their antioxidant activity, po-
tential cytotoxicity, free radical scavengers, anti-viral anti-
inflammatory, and anti-cancer effects [69-71]. The content and types of
flavonoids are related to the plant's tolerance to salt stress. It is
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especially worth noting that the MYB transcription factor family mem-
bers in plants play a crucial role in this process [72-74]. For instance,
the Arabidopsis MYB111 is a positive regulator of salt stress, which
functions by binding directly to the cis-acting element in the promoter
region of genes encoding flavonoid synthesis enzymes [75].

Transcriptional activity of chalcone synthase (CHS), flavanone
carboxylase (F3H), and flavonol synthase 1 (FLSI) increases ROS
removal. Tobacco NtMYB4 negatively regulates NtCHSI gene expres-
sion, reduces flavonoid rutin production, and reduces ROS scavenging
under salt stress response [76]. Overexpression of Arabidopsis silencing
inhibitor (AtROS1) conferred salt stress tolerance to transgenic tobacco,
possibly through demethylation, increasing the expression levels of
genes encoding flavonoid biosynthesis and antioxidant pathway en-
zymes [77]. In this study, we observed that certain proteins with
flavonoid biosynthesis function were up-regulated under salt stress
conditions, indicating activation of some regulatory mechanism in the
S. alopecuroides leaves in response to salt stress conditions.

Alkaloids are derived from amino acids, such as benzylisoquinoline
alkaloids (BIA), which are derived from tyrosine [78]. In plants and
some animals, alkaloids are synthesized as secondary metabolites.
Currently, > 3000 alkaloids have been identified in more than 4000
different plant species, which participate in a myriad of functions even
at low concentrations [79]. Multiple studies have reported that salt-
tolerant plants contain higher alkaloid content and antioxidant activ-
ity [80]. Some salt tolerance mechanisms are partly due to higher
phenylalanine ammonia-lyase (PAL) enzyme activity, which is a key
enzyme for phenylpropanoids synthesis [81].

As shown in a previous study, salt treatment increased total alkaloid
content in young leaves of Datura innoxia Mill [82]. Up-regulation of the
gene encoding stylopine synthase resulted in an increased level of the
main alkaloid, dihydrocoptisine, in the Chelidonium majus leaves under
salt stress conditions [83]. The application of secondary chitosan
nanoparticles (CSNP) on Catharanthus roseus could resist salt stress by
enhancing antioxidant activity and alkaloid content [84]. The outcomes
of this study showed that it altered the expression of certain secondary
metabolism-related enzymes, primarily flavonoids, and alkaloids, to
counter the damage to S. alopecuroides leaves due to long-term salt stress
(7 d). Effects and regulation of salt stress on the expression of these
proteins and the content of secondary metabolites remains unclear. In
this study, we quantified the matrine and oxymatrine levels, two
extensively studied medicinal ingredients in S. alopecuroides. The results
showed that the matrine and oxymatrine concentrations varied in root,
stem, and leaves of S. alopecuroides. The highest matrine concentration
was observed in the S. alopecuroides leaves.

Thus, we concluded that salt stress could reduce sophocarpine and
matrine (MA) content in the root, stem, and leaves of S. alopecuroides
and their relatively higher content was found in leaves. However, the
highest oxysophocarpine and oxymatrine (OMA) content was observed
in the S. alopecuroides stem, which demonstrated that the trend of
alkaloid content was different in plant tissues under salt stress condi-
tions (Figure 8).

Different alkaloids have different pharmacological functions, such as
anti-cancer, anti-inflammation, anti-fibrosis, anti-virus, and anti-
arrhythmia regulations [25]. Therefore, we speculated that different
alkaloids participated in different metabolic pathways to cope with salt
stress in S. alopecuroides L. Besides, protein expression levels of certain
enzymes involved in secondary metabolic pathways were altered under
salt stress conditions. Similar functional enzymes involved in secondary
metabolic pathways were also detected. For example, in our previous
study, we observed lysine decarboxylase (LDC) mRNA expression, which
catalyzes the first step in the biosynthetic pathway of quinolizidine al-
kaloids (QAs). LDC was up-regulated in various tissues of S. alopecuroides
L during seed germination under salt stress conditions [85]. However,
altered expression of LDC protein was not observed in the current study.
It might be related to experimental treatment conditions, technical
methods, and differences in the regulatory pathways of various
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Fig. 8. Determination of sophocarpine, matrine, oxysophocarpine, and oxymatrine contents in different tissues of S. alopecuroides seedlings under salt stress.

secondary metabolites under salt stress.

Under salt stress conditions, various secondary metabolites' synthesis
and degradation pathways were affected by multiple other factors. The
molecular genetic mechanism of S. alopecuroides mediated by secondary
metabolites in response to salt stress is complex and tissue-specific. As a
medicinal plant, S. alopecuroides is beneficial for humans because it
contains more types and higher content of secondary metabolites.
However, balancing the natural growth and development of plants and
increasing levels of effective medicinal ingredients demands in-depth
investigation. A previous study in Apocyni Veneti Folium reported
obtaining higher bioactive components with the dominant type of
photosynthetic pigments, osmotic homeostasis, and antioxidant enzyme
activity under low salt-stress conditions [86]. The relationship between
salt stress and secondary metabolites is highly significant. The differ-
entially expressed genes identified in the current proteomic study could
be studied further in future research studies.

4.4. In-depth analysis to identify possible salt tolerance genes

Protein-protein interaction and protein network are pivotal compo-
nents of the regulatory mechanism for various biological functions.
Aggregated proteins in the protein network might have identical func-
tions and may be key proteins influencing metabolism or signal trans-
duction pathways. As described in 4.2 and 4.3, in this study, several
transporter proteins involved in the secondary messenger signaling
pathways in the mid-term salt stress (3 d) (Table S9) and certain
transferase, oxidoreductase, and dehydrogenase in the biosynthesis of
flavonoids, alkaloids metabolism under long-term salt stress conditions
(7 d) were enriched in the GO functional category (Table S10). These
proteins were analyzed thoroughly and systematically. Protein-protein
interaction (PPI) analysis on the six clusters of DAPs (Fig. S4) was per-
formed. Expect for the 5th cluster rest of the protein clusters showed
protein interaction. According to the criteria for connecting at least two
proteins, a total of 23 proteins were selected from all PPI results
(Table S11). There were 15 proteins with functional annotations, and 2
of them were consistent with Table S9. We analyzed the significantly
enriched pathways, and certain enzymes were found to be involved in
phenylalanine metabolism, isoquinoline alkaloid biosynthesis, or

12

tropane, piperidine, and pyridine alkaloid biosynthesis, and other en-
zymes were involved in flavonoid biosynthesis (Fig. S5). The expression
of 12 proteins corresponding to these enzymes was differentially
expressed (Table S12), and 5 of them were consistent with the data
shown in Table S10. A total of 7 proteins analyzed were identified as
possible salt-tolerant genes via GO analysis, PPI interaction, and
pathway analysis (Table 4).

The protein TRINITY_DN296366_c6_g1 encoding chalcone synthase
(EC 2.3.1.74) catalyzes the first committed step in the biosynthesis of
flavonoids and participates in the phloretin formation. Generally, chal-
cone synthase contains many gene family members in plants, and mul-
tiple studies have shown that the mRNA level of CHS was induced by
NaCl [87-89]. The expression of EaCHS1 and the AeCHS in transgenic
plant Eupatorium adenophorum and Abelmoschus esculentus, respectively,
regulate flavonoid accumulation and improve resistance to salt stress
during seed germination and root development by maintaining ROS
homeostasis [90,91]. The protein TRINITY_DN303914_c5_g2 encoding

Table 4
The list of salt tolerance genes in Sophora alopecuroides.
Protein Description KEGG pathway
TRINITY_DN296366_c6_g1 EC 2.3.1.74, Chalcone synthase Flavonoid
EC 2.3.1.170, 6'-deoxychalcone biosynthesis
synthase
TRINITY_DN303914_c5_g2 EC 1.14.14.82, Flavonoid 3'-
monooxygenase,
CYP75B1 (gene name) or
Flavonoid 3'-hydroxylase
TRINITY_DN306231 c2 gl EC 2.3.1.133, Shikimate O-
hydroxycinnamoyltransferase
TRINITY_DN301839 c4 g1  EC 1.13.11.27, 4-hydroxyphe- Phenylalanine
nylpyruvate dioxygenase metabolism
TRINITY_DN292335_¢3_g1 EC 1.4.3.21, Primary-amine Phenylalanine
oxidase metabolism
Isoquinoline
alkaloid
biosynthesis
TRINITY_DN299652_c0_g2 Oxaloacetate and/or malate Gluconeogenesis

TRINITY_DN298137 _c0_g1

transporter
Carbohydrate and a proton
symporter

Glucose transport
metabolism
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flavanone 3-hydroxylase (EC 1.14.14.82), also known as flavonoid 3’-
monooxygenase and CYP75B1), is an important enzyme of the flavonoid
pathway. The expression of the flavanone 3-hydroxylase gene was found
to be increased in salt-tolerant wheat (Triticum aestivum L.) cultivar
compared to the salt-sensitive wheat cultivar [92]. Flavanone 3-hy-
droxylase gene in tea (Camellia sinensis) and Antarctic moss (Pohlia
nutans), confer tolerance to salt stress [93,94]. The protein TRINI-
TY_DN306231_c2_gl encoding shikimate O-hydroxycinnamoyltransfer-
ase (EC 2.3.1.133) is a certain acyltransferase. The overexpression of
Populus hydroxycinnamoyltransferase significantly increased the toler-
ance of transgenic Arabidopsis to salt stress due to high ferulate content
in lipophilic polyester [95]. The protein TRINITY_DN301839 c4 g1,
encoding 4-hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27), is a
key enzyme in tyrosine catabolism. It is involved in the biosynthesis of
cofactor plastoquinone and tocopherols [96]. Therefore, this enzyme
became the molecular target of herbicide design. Transgenetic plants
over-expressing bacterial 4-hydroxyphenylpyruvate dioxygenase were
found to be resistant to herbicide [97]. A recent study reported that
overexpression of the 4-hydroxyphenylpyruvate dioxygenase (IbHPPD)
increased salt tolerance in transgenic sweet potato by inducing
enhancement of a-tocopherol and ABA contents [98]. The protein TRI-
NITY_DN292335_c3_g1 encoding primary-amine oxidase (EC 1.4. 3.21,
PrAOs, also known as copper-containing amine oxidases, CAOs) cata-
lyzes the oxidation of primary amines into aldehydes. Previous studies
have shown that salt stress strongly promoted diamine oxidase activity
to stimulate polyamine (PA) degradation in maize seedlings [99]. MA
and OMA are the crucial component of S. alopecuroides. Lysine decar-
boxylase (LDC) is the first key enzyme in the biosynthesis of OMA and
MA, which catalyzes the decarboxylation of lysine to cadaverine. Our
previous results showed that the content of cadaverine in seeds of
S. alopecuroides was significantly reduced under salt stress conditions
[85], which may be related to the increase in CAO enzyme activity.
However, a further in-depth study is required to investigate it. The
protein TRINITY_DN299652_c0_g2 is involved in the transport of
oxaloacetate and malate, which is related to gluconeogenesis. The
overexpression of malate transporter (MdALMTI14) in apple calli
enhanced salt tolerance by promoting the accumulation of malic acid in
apple [100]. The protein TRINITY_DN298137_c0_g1 is a carbohydrate
and a proton symporter, which contains multiple gene family members
in plants, and is usually involved in the distribution of sugar in the cells.
Plants use sugar transporter-mediated sugar compartments as an adap-
tive strategy against biotic and abiotic stresses [101]. The mutant atsuc2
or atsuc4 exhibited hypersensitive phenotypes under salt stress condi-
tions [102]. In this study, we firstly utilized proteomics to identify po-
tential salt-tolerant genes in saline-alkaline and drought-tolerant
medicinal plant, S. alopecuroides, and understand the underlying mo-
lecular mechanism for S. alopecuroides salt tolerance. The data from this
study laid the foundation for crop genetics and breeding and enhanced
the current understanding of the salt tolerance mechanism of the plant
kingdom.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jprot.2021.104457.
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