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Cys‑SH based quantitative redox proteomics 
of salt induced response in sugar beet 
monosomic addition line M14
Jinna Li1,2†, Kun Wang3†, Meichao Ji2, Tingyue Zhang2, Chao Yang2, He Liu2, Sixue Chen4,5, Hongli Li2,3* and 
Haiying Li1,2,3* 

Abstract 

Background:  Salt stress is a major abiotic stress that limits plant growth, development and productivity. Studying the 
molecular mechanisms of salt stress tolerance may help to enhance crop productivity. Sugar beet monosomic addi-
tion line M14 exhibits tolerance to salt stress.

Results:  In this work, the changes in the BvM14 proteome and redox proteome induced by salt stress were ana-
lyzed using a multiplex iodoTMTRAQ double labeling quantitative proteomics approach. A total of 80 proteins were 
differentially expressed under salt stress. Interestingly, A total of 48 redoxed peptides were identified for 42 potential 
redox-regulated proteins showed differential redox change under salt stress. A large proportion of the redox proteins 
were involved in photosynthesis, ROS homeostasis and other pathways. For example, ribulose bisphosphate carboxy-
lase/oxygenase activase changed in its redox state after salt treatments. In addition, three redox proteins involved 
in regulation of ROS homeostasis were also changed in redox states. Transcription levels of eighteen differential 
proteins and redox proteins were profiled. (The proteomics data generated in this study have been submitted to the 
ProteomeXchange and can be accessed via username: reviewer_pxd027550@ebi.ac.uk, password: q9YNM1Pe and 
proteomeXchange# PXD027550.)

Conclusions:  The results showed involvement of protein redox modifications in BvM14 salt stress response and 
revealed the short-term salt responsive mechanisms. The knowledge may inform marker-based breeding effort of 
sugar beet and other crops for stress resilience and high yield.

Keywords:  Sugar beet M14 line, Salt stress, Redox proteomics, iodoTMTRAQ, Molecular mechanisms
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Background
Salinity is a global challenge to plant growth, agriculture 
and world food security (Yu et al. 2016; Hsu et al. 2009; 
Chang et  al. 2012). When plants are subjected to salt 
stress, it can induce osmotic stress, ionic stress, oxidative 

stress and other secondary stress (Khan et al. 2007; Yang 
et al. 2018). Plants respond and adapt to adverse environ-
ments through a variety of physiological, biochemical and 
molecular processes (Howat et al. 2000; Xu et al. 2019). 
The protein stability, catalytic activity and interaction 
with other molecules were affected the posttranslational 
modifications of amino acid residues. Redox plays a mul-
tifaced role in regulates signaling, metabolic and develop-
mental activities (Mock et al. 2016). One redox chemistry 
involves reversible oxidation/reduction of the sulfhydryl 
groups of protein cysteine residues (Cys-SH) that directly 
influence protein structures and functions (Heppner 
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et  al. 2018). Cysteine thiols can be oxidized in a variety 
of reactions (Baez et  al. 2015). The redox posttransla-
tional modifications (PTMs) include disulfide formation 
(S–S), S-glutathionylation (SSG), S-nitrosylation (SNO), 
S-sulfenylation (SOH), and S-sulfhydration (SSH), all of 
these can be reduced to free thiols by cellular antioxidant 
systems (Ji et al. 2017; Claiborne et al. 2005; Poole et al. 
2004; Gupta et  al. 2013; Heppner et  al. 2017). Reactive 
oxygen species (ROS) are generated in the course of salt 
stress. Two ROS scavenging systems are mainly respon-
sible for alleviation of salt stress-induced oxidative stress, 
i.e., enzymatic antioxidant system (e.g., glutathione 
S-transferase (GST), glutaredoxin (GR), superoxide dis-
mutase (SOD) and catalase (CAT)) and non-enzymatic 
antioxidant system (e.g., ascorbate (AsA) and glutathione 
(GSH)) (Dave et  al. 2012; Farooq et  al. 2016; Jung et  al. 
2019). Experimental and bioinformatic analyses of the 
cysteine redoxome have been conducted to identify cellu-
lar redox active cysteines and reveal the redox networks 
that include ROS generation, specific types of ROS, redox 
sensitive proteins, GSH-linked enzymes, and biological 
impact (Thamsen et al. 2011; Kemp et al. 2008; Kitajima 
2008; Kitajima et  al. 2008). However, redox proteomic 
research in sugar beet response to salt stress is yet to be 
conducted.

Several salt stress proteomic studies in sugar beet have 
been reported. Wakeel A et  al. identified nine proteins 
from sugar beet shoots and roots that changed signifi-
cantly in abundance under salt stress (Wakeel et al. 2011). 
Sugar beet monosomic addition line M14 (hereafter 
named BvM14) was produced by crossing Beta vulgaris 
L. and B. corolliflora Zoss. It retains chromosome 9 of B. 
corolliflora Zoss in addition to the B. vulgaris L. genome 
(Li et  al. 2009). Our previous studies have demon-
strated that the BvM14 plants can growth for seven days 
under 500  mM NaCl, which caused significant abun-
dance changes to 67 unique proteins (Yang et  al. 2012). 
Quantitative proteomics of the BvM14 under lower salt 
concentrations (200 and 400 mM NaCl) revealed 75 dif-
ferentially changed proteins in leaves and 43 differential 
proteins in roots (Yang et al. 2013). The data showed that 
enhancement of photosynthesis and energy metabolism, 
accumulation of osmolyte and antioxidant enzymes, and 
regulation of methionine metabolism and ion uptake/
exclusion were key processed underlying the salt stress 
responses. Furthermore, they compared gene transcrip-
tion data with the corresponding protein data (Yang et al. 
2013). Later, Li et  al. analyzed the changes in BvM14 
membrane proteome under salt stress (Li et al. 2015). In 
total, 50 proteins exhibited differential changes among 
the 274 identified membrane proteins. The proteins were 
mainly involved in transport, metabolism, protein syn-
thesis, photosynthesis, protein folding and degradation, 

signal transduction, stress and defense, energy, and cell 
structure (Li et  al. 2015). Clearly, the membrane prot-
eomic research complemented previous work on the sol-
uble proteins. To explore potential PTMs during the salt 
stress, Yu et al. studied the BvM14 proteome and phos-
phoproteome under salt stress, they identified 189 phos-
phoproteins and 2182 unique proteins (Yu et  al. 2016). 
This study highlighted specific kinase signaling mecha-
nisms underlying the BvM14 response to salt stress. 
Interestingly, under 200  mM NaCl condition, proteins 
important for redox regulations such as GR and peroxire-
doxin (PrxR) were both increased at the phosphorylation 
level (Yu et al. 2016). GR (also known as thioltransferase) 
can reduce glutathionylated proteins, and PrxR uses a 
similar thiol-based mechanism to reduce H2O2 (Yu et al. 
2020).

Oxidative stress and redox regulation appear to be 
important processes of sugar beet salt stress response 
(Yang et  al. 2013; Yu et  al. 2016). To understand how 
redox regulation plays a role in the response of BvM14 
to salt stress, it is important to profile redox PTMs that 
occur to redox sensitive proteins. Most of the redox pro-
teomics experiments showed changes in the protein thiol 
redox state do not address changes in the overall pro-
tein turnover. To overcome this potential complication, 
a double-labeling strategy iodoTMTRAQ was developed 
to integrate iodoacetyl (iodo)TMT reagents for profil-
ing redox PTMs with the isobaric Tags for Relative and 
Absolute Quantitation (iTRAQ) reagents designed for 
quantifying total protein level changes (Parker et  al. 
2015). In this study, we apply the iodoTMTRAQ strat-
egy to identify and quantify redox proteome and total 
proteome changes in BvM14 line under short-term salt 
stress. The data have revealed new redox responsive 
proteins and their potential roles in the response to salt 
stress. The results have improved our understanding of 
redox responsive proteins in plants salt stress response.

Materials and methods
Plant materials and NaCl treatment
The sugar beet M14 seeds were sterilized with 70% (v/v) 
ethanol, 0.1% (w/w) mercurial chloride and 0.2% (w/w) 
thiram, and then sown in vermiculite for germination. 
After one week, the seedlings were transferred to hydro-
ponic medium of the Hoagland solution (Ghoulam et al. 
2002). Seedlings were grown in a growth chamber under 
a 13  h light/11  h dark cycle, 25/20°Cday/night tem-
perature, 450 μmol m−2  s−1 light intensity and a relative 
humidity of 70%. Three-week-old seedlings were divided 
into two groups: (1) control group (without NaCl); (2) 
treatment group (200 mM and 400 mM NaCl for 5, 10, 
20, 30, 60, 90 min). The NaCl concentrations were cho-
sen according to a previous report showing that the M14 
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line can tolerate up to 500 mM NaCl (Yang et al. 2012). 
Leaves of control and treated M14 seedlings were har-
vested directly into liquid nitrogen and stored in − 80 °C. 
At least three independent biological replicates of control 
and treated samples were analyzed in all the experiments.

Ascorbic acid (AsA) and glutathione (GSH) content assay
For ascorbic acid  (AsA) and glutathione (GSH) content 
assays, 0.1  g leaf material was ground in 1  mL reagent 
from either the ascorbic acid assay kit (AsA-1-W) or the 
glutathione assay kit (GSH-1-W) from Comin Inc (Har-
bin, China). After centrifugation at 8000  rpm, 4  °C for 
20 min, the supernatant was used for AsA and GSH con-
tent assays according to manufacturer instructions. Three 
independent biological replicates were prepared for each 
sample.

Protein extraction and blockage of free thiols
Protein extraction from the BvM14 leaves was performed 
according to a phenol extraction method (Ghoulam et al. 
2002). Briefly, 2  g M14 leaves were ground into a fine 
powder in liquid nitrogen and suspended in 1.25 mL Tris 
saturated phenol (pH8.8) and 1.25  mL phenol extrac-
tion buffer (900 mM sucrose, 100 mM Tris–HCl (pH8.8), 
1 mM PMSF, 20 mM N-ethylmaleimide (NEM), 10 mM 
EDTA) (Parker et  al. 2015; Yuan et  al. 2019). NEM will 
irreversibly block free cysteine thiols during the protein 
extraction process. Protein samples were prepared from 
three independent biological replicates, and protein con-
centration was determined using a 2D Quant kit (GE 
Healthcare, USA) with BSA (2  mg/mL) as the standard 
(Parker et al. 2012).

iodoTMT labeling and trypsin digestion
Reduced thiols for reverse labeling were generated by 
incubating the protein samples with 5 mM tris (2-carbox-
yethyl) phosphine for 1 h at 50 °C. We labeled 0, 30 and 
60 min control samples with 126, 128 and 130 iodoTMT 
reagents, and the salt treated samples with 127, 129 
and 131 reagents, respectively. Labeling was performed 
at 37  °C for 2 h in the dark, then quenched with 0.5 M 
DTT for 15 min at 37℃ in the dark. Trypsin (Sequenc-
ing grade, Promega, Madison) was added with an enzyme 
to protein ratio of 1:50 (w/w) and the digestion was 
performed at 37  °C overnight (Parker et  al. 2012). Pep-
tides were cleaned up with C18 desalting columns (The 
Nest Group Inc., Southborough, MA) and lyophilized to 
dryness.

iTRAQ labeling, strong cation exchange fraction and LC–
MS/MS
The C18 cleaned peptides were labeled with iTRAQ rea-
gents according to the manufacturer’s protocol (AB Sciex 

Inc., Framingham, MA, USA). The 0, 30 and 60 min con-
trol samples were labeled with reporter tags 113, 115 
and 117, and the treatment samples were labeled with 
reporter tags 114, 116 and 118, respectively. The labeling 
was conducted at 37℃ for 2 h, and the labeled peptides 
were desalted according to a previous procedure (Yu et al. 
2016; Parker et al. 2012). LC–MS/MS was carried on an 
Easy-nLC 1000 connected to a Q-Exactive Plus MS/MS 
system (Thermo Fisher Scientific, Bremen, Germany). 
The peptides were loaded onto an Acclaim Pepmap 100 
pre-column and separated on a PepMap RSLC analytical 
column, followed by tandem mass spectrometry accord-
ing to the method of Yu et al. (Yu et al. 2016).

Data analysis
The MS/MS data were searched against the B. vulgaris 
database (52,749 entries) using Proteome Discoverer 2.1 
(Thermo Fisher Scientific, Bremen, Germany) with the 
parameters from a previous publication (Yin et al. 2017). 
We used iodoTMT and iTRAQ reporter ion peak inten-
sities for relative quantification with unique peptides. 
Each iodoTMT tag was exported as unique peptide peak 
intensities, and ratios were calculated accordingly peak 
intensity values. We used student’s t-test conducted 
between the fold change of iodoTMT labeled peptides 
and the fold change of the corresponding proteins based 
on iTRAQ. The protein should be quantified in all the 
three biological replicates. The protein fold change > 1.2 
or < 0.8 (p-value < 0.05) were used to determine signifi-
cant redox or total protein level changes. All the proteins 
were searched by NCBInr and Uniprot (http://​www.​ebi.​
unipr​ot.​org) for functional annotation, subcellular loca-
tion and gene ID numbers of the homologous proteins. 
Gene ontology (GO) (http://​geneo​ntolo​gy.​org) terms and 
imported Kyoto Encyclopedia of Genes and Genomes 
(KEGG) (https://​www.​kegg.​jp) database were used for 
Blast2GO analysis (Conesa et  al. 2005). The functional 
enrichment analysis was performed according to Yu’s 
procedure (Yu et al. 2016).

Quantitative Real time PCR analysis
Total RNA was isolated from frozen samples using a 
TRIZOL reagent (Invitrogen). By adding DNase I, 
genomic DNA was removed and cDNA was synthe-
sized using the PrimeScript™ RT Master Mix (Per-
fect Real Time) (TakaRa, Shiga, Japan). Gene specific 
primers of the target genes were designed using online 
Primer3 Plus according to a previous report (Untergas-
ser et al. 2007). Quantitative RT-PCR analysis was per-
formed in a 30 µL volume containing 15 µL of Power 
UpTM SYBRTM green master (Applied Biosystems, 
Vernon, CA, USA), 3 µL of 20-fold diluted cDNA, 3 µL 
of each gene-specific primer, and 9 µL of ddH2O. The 

http://www.ebi.uniprot.org
http://www.ebi.uniprot.org
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PCR conditions were as follows: 95 °C for 3 min; 95 °C 
for 15 s, 59 °C for 30 s, 40 cycles. Three biological rep-
licates were used for each sample. Reaction was con-
ducted on an ABI7500 (Applied Biosystems, Vernon, 
CA, USA). All the data were analyzed using ABI7500 
software (Applied Biosystems, Vernon, CA, USA) and 
Graphpad Prism 6.01. The comparative CT method 
(2−ΔΔCT) was used for relative quantification of gene 
transcripts. Each biological sample comprised of three 
technical repeats and each experiment was repeated 
three times (Pichon et al. 2017).

Results
Changes of AsA and GSH in BvM14 leaves under salt stress
Recent studies showed that AsA and GSH are major 
antioxidants in plant salt stress response (Navrot et al. 
2011; Lin et al. 2020; Khan et al. 2020), here we meas-
ured changes of two major antioxidants AsA and GSH 
at 0, 5, 10, 20, 30, 60 and 90 min after 0, 200, 400 mM 
NaCl treatments. As shown in Fig.  1, under control 
conditions, the contents of AsA and GSH in BvM14 
leaves maintained at fairly constant levels during the 
90  min of assay time. Compared to control condi-
tions, both the AsA and GSH contents reached maxi-
mum after 30 min of 200 mM NaCl stress. While after 
60 min of 400 mM NaCl stress, both the AsA and GSH 
contents reached the peak level (Fig.  1). The results 
clearly showed that salt stress caused significant cel-
lular redox changes as early as 10 min after the treat-
ment. Based on the AsA and GSH changes, we selected 
samples collected at 30 min and 60 min of 200 mM and 
400  mM NaCl conditions, respectively, for iodoTMT-
RAQ-based redox proteomics.

Identification of differential proteins and different redox 
proteins in response to salt stress
Using iodoTMTRAQ LC–MS/MS and database search-
ing, a total of 1290 proteins were identified in BvM14 
leaves (Additional file 3: Table S1). Eighty proteins were 
differentially changed in abundance (based on iTRAQ 
reporter fold change > 1.2, or < 0.8, p < 0.05) in salt-treated 
samples compared to the control samples (Additional 
file 4: Table S2). Only four differential proteins were iden-
tified under the 200 mM NaCl treatment, while 77 were 
identified under the 400 mM NaCl treatment. Functional 
classification of the differential proteins revealed the fol-
lowing distribution: metabolism (6.3%), protein synthe-
sis (27.4%), transport (6.3%), stress and defense (2.5%), 
ROS homeostasis (7.5%), protein stability and turnover 
(5%), photosynthesis (5%), transcription related (6.3%) 
and unknown (33.7%) (Fig.  2A). The subcellular loca-
tions of the 80 differential proteins were classified to the 
chloroplast (32.7%), cytoplasm (11.5%), cytosol (1.9%), 
mitochondrial (7.7%), nuclear (42.4%), plasma membrane 
(1.9%) and vacuole (1.9%) (Fig.  2B). Biological process, 
molecular functional and cell components were signifi-
cantly enriched by AgriGO (Additional file  2: Fig. S2). 
And among these biological processes, the interesting 
terms included response to stimulus, response to stress, 
and so on, whereas the interesting molecular functions 
such as RNA binding, structural molecule activity.

Based on iodoTMT reporter intensities, we iden-
tified 42 proteins with significant redox changes in 
response to salt stress (Additional file  5: Table  S3). 
Here are the functional categories of the differential 
redox proteins: metabolism (9.5%), transport (16.7%), 
biosynthesis (19.1%), transcription related (2.4%), sig-
nal transduction (4.8%), stress and defense (2.4%), 

Fig.1  Temporal changes of AsA and GSH contents in leaves of BvM14 plants after salt stress treatments. A AsA contents under 200 mM and 400 mM 
NaCl stress. B GSH contents under 200 mM and 400 mM NaCl stress. The values are the mean of three biological replicates from different samples 
with standard errors



Page 5 of 18Li et al. Bot Stud           (2021) 62:16 	

ROS homeostasis (7.1%), photosynthesis (26.2%) and 
unknown (11.8%) (Fig.  2C). The subcellular localiza-
tions of the redox proteins were classified to the chlo-
roplast (55%), cytoplasm (2.5%), cytoskeleton (2.5%), 
mitochondrial (2.5%), nuclear (7.5%), plasma mem-
brane (5%), extracellular (22.5%) and vacuole (2.5%) 
(Fig.  2D). Biological process, molecular functional 
and cell components were significantly enriched by 
AgriGO (Additional file  1: Fig. S1). And among these 
biological processes, the interesting terms included 
response to stimulus, cellular process and so on, the 
molecular functions such as RNA binding, hydrolase 
activity. Among the 42 differential redox proteins, four 
were identified under 200 mM NaCl treatment, and 40 
were identified under 400 mM NaCl treatment. There 
were 31 oxidized and 18 reduced cysteine residues in 
the redox proteins (Tables 1, 2).

Mapping redox responsive cysteine residues in the BvM14 
response to salt stress
With the acquired MS/MS spectra, a total of 48 redox 
responsive peptides were identified in the 42 redox pro-
teins (Additional file  5: Tables S3). In these peptides, 
the redox modified cysteine residues could be mapped. 
In Fig.  3, the MS/MS spectra of two redox peptides 
derived from ATP synthase (731,341,013) and malate 
dehydrogenase (731,329,081) were shown as examples 
(Fig. 3A, B).

Transcriptional analysis of differential redox proteins 
and differential proteins
To test how transcriptional level changes correlate 
with protein level and redox protein level, 11 differen-
tial proteins and seven differential redox protein were 
selected for analysis of their gene transcriptional level 
changes. The Real-time PCR primer sequences can be 
found in Additional file 6: Table S4. We categorized the 
transcriptional expression patterns of these genes into 
six groups based on their functions (Fig.  4, Additional 
file  6: Table  S4). The first group proteins were involved 
in photosynthesis, including Rubisco LSU, Fd, Fd-1. The 
second group proteins were involved in ROS homeo-
stasis, including Clot, Cys, PDIL1-1, CBSX3, EGC1, 
peroxidase (POD), Trx3-1, TrxH1, and TL29. The third 
group belonged to transport-related pathway including 
nsLTP, atpC protein. The fourth group DLD1 proteins 
belonged to metabolism. The fifth group RNase LE pro-
teins belonged to biosynthesis. The last group proteins 
were stress and defense cascade, including DDR48 and 
DUF642.

Among the 18 genes encoding for the differential pro-
teins, the transcriptional levels of 12 genes were coincide 
with the corresponding redox level trends and total pro-
tein level trends (Additional file  7: Table  S5). The tran-
scriptional levels of ATP synthase epsilon chain (atpC), 
ferredoxin (Fd-1), POD and thioredoxin-like 3–1 (Trx3-
1) showed different trends with the corresponding redox 
changes, while the extracellular ribonuclease LE-like 

Fig.2  Functional classification and subcellular location of the differential redox proteins and differential proteins. A Functional classification of 
80 differential proteins; B Subcellular location of 80 differential proteins; C Functional classification of 42 differential redox proteins; D Subcellular 
location of 42 differential redox proteins
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Fig.3  Example MS/MS spectra showing redox modified cysteine sites. A MS/MS spectrum of C−TMTALVYGQMNEPPGAR derived from an ATP 
synthase B MS/MS spectrum of LNPLVSTLSLYDLAGTPGVAADC−TMTSHVNTR derived from a malate dehydrogenase
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(RNase LE), DUF642 and EG45-like domain contain-
ing protein 1(EGC1) showed the same trend at both the 
protein level and transcriptional level (Additional file  7: 
Table S5).

A review of potential salt stress response mechanisms 
in BvM14
On the basis of the aforementioned results, we proposed 
a potential mechanism in the s BvM14 response to short-
term salt stress (Fig.  5, Additional file  8: Table  S6). The 
differential redox proteins and total proteins put into 
context of subcellular locations and pathways under salt 
stress. The key pathways in Fig. 5 include ROS homeosta-
sis, photosynthesis, stress and defense, transport related 
processes. Nevertheless, our results highlight the follow-
ing potential mechanisms under salt stress: Salt stress 

leads to ROS production and oxidative stress, which lead 
to redox changes in microenvironment of cytoplasm and 
various organelles, resulting in redox PTMs of proteins in 
biochemical pathways dominated by photosynthesis and 
ROS homeostasis. The redox PTMs revealed in this study 
may play important regulatory roles in the BvM14 salt 
stress response and contribute to the development of salt 
stress tolerance.

Discussion
Previous work  has  shown  that BvM14 grew slowly and 
the leaves showed slightly chlorotic under 200  mM and 
400  mM NaCl treatment. Obviously, the growth phe-
notype of BvM14 under 400  mM NaCl treatment was 
suppressed (Yang et  al. 2012, 2013). In this study, we 
have successfully applied the iodoTMTRAQ technology 

Fig.4  Real-time PCR analysis of the genes encoding the differential redox proteins and differential proteins in different pathways. A Photosynthesis, 
B ROS homeostasis, C Transport, D Metabolism, E Biosynthesis, and F Stress and defense. The x-axis is salt concentration. The y-axis is the relative 
expression of each gene (2−ΔΔCT). Asterisks represent significant differences (*p < 0.05, **p < 0.001) determined by one-way ANOVA followed by 
Tukey’s HSD comparisons
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and identified many interesting redox-responsive pro-
teins in the processes of metabolism, transport, bio-
synthesis, transcription related, signal transduction, 
photosynthesis, stress and defense and ROS homeosta-
sis. The iodoTMT signal from treated samples compared 
to control increased that indicate oxidation of sensitive 
cysteines. In the discussion sections, we focus on dis-
cussing total protein and redox protein changes that 
are important for understanding the BvM14 salt stress 
response mechanisms.

ROS homeostasis and protein redox PTMs in BvM14 
response to salt stress
In the BvM14 leaves, three and six ROS homeostasis 
proteins were identified in redox proteomics and total 
proteomics, respectively (Tables  1, 2; Additional file  4: 
Table  S2). For example, peroxidase (POD) and thiore-
doxin-like 3–1 (Trx3-1) increased in oxidation under 
400  mM NaCl treatment. Other thioredoxins, such as 
Trx Clot (Clot) and TrxH1 increased at total protein level 
under the 400 mM NaCl treatment. Trxs are important 
players in the antioxidant defense system by inhibiting 
oxidative stress induced protein oxidation, which can 
also be triggered by other environmental stress factors 
(Miller et  al. 2010). They modulate the target proteins’ 

function by oxidoreductase activities (Meyer et al. 2012) 
and play critical regulatory roles in signal transduc-
tion under adverse environments (Kneeshaw et al. 2014; 
Mata-Pérez et  al. 2019). A recent study has shown that 
AtTrx-h2 can improve Brassica napus’s salt tolerance by 
increasing the activities of antioxidant enzymes and bio-
mass. The AtTrx-h2 maybe a promising genetic resource 
to boost salt stress tolerance in plants. (Ji et al. 2020). In 
the special BvM14, both increased levels of TrxH1 and 
increased redox PTMs seem to be required for enhanc-
ing the antioxidant system under salt stress. POD Clot 
proteins was first identified in Drosophila, it is an essen-
tial for the biosynthesis of drosopterin (an eye pigment) 
and the protein were supposed to be GSH-dependent 
enzymes (Giordano et  al. 2003). Clot belongs to classes 
of atypical Trxs. However, in  plants,  how Clot  plays a 
role in  stress  responses is not clear. Plants remove ROS 
by antioxidative enzymes except for Trxs, which protect 
plants from oxidative damage (Choudhury et  al. 2017). 
APX, CAT, POD and SOD are key factors in plant under 
salt stress. Overexpression of their corresponding genes 
led to higher antioxidant enzyme activities and boost 
the ROS detoxification pathway related genes’ expres-
sion compared to those in control plants under salt stress 
(Ahmad et al. 2008; Wang et al. 2009; Li et al. 2020). Two 

Fig.5  Schematic presentation of systematic salt tolerance mechanisms in BvM14 leaves. The identified proteins and redox-responsive proteins were 
put into subcellular locations and KEGG pathways. The red and blue colors indicate increased and decreased in redox PTMs, respectively, and those 
underlined red and blue highlight proteins with increased and decreased levels, respectively. Please refer to Additional file 8: Table S6 for protein IDs
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cystathionine-β-synthase domain-containing proteins 
(CBSX1 and CBSX2) were increased under salt stress. It 
was reported that CBSX1 and CBSX2 as the redox regu-
lators can directly regulate the activation of Trxs in the 
chloroplasts. Overexpressed CBSX1 and CBSX2 can pro-
moted plant growth and development by increasing Trxs, 
meanwhile they could modulate their target proteins 
(Jung et al. 2013; Yoo et al. 2011; Shin et al. 2020).

Photosynthesis proteins in BvM14 response to salt stress
Under salt stress, stomatal closure restricts carbon diox-
ide intake, and thus impaired photosynthesis. Stress 
tolerant plants can maintain capacity for photosynthe-
sis to meet the energy need (Kosova et al. 2011). In this 
work, 12 and 4 photosynthesis proteins were identified 
in redox proteomics and in total proteomics, respectively 
(Table 1; Additional file 4: Table S2). The 12 photosynthe-
sis proteins include rubredoxin (Rub), rubredoxin-like 
superfamily protein (Rubl), three ribulose bisphosphate 
carboxylases/oxygenase activases (Rubisco), photosys-
tem I reaction center subunit III (PSI-RC), ferredoxin 
(Fd), fructose-bisphosphate aldolase(FBA), fedoheptu-
lose-1,7-bisphosphatase (SBPase), phosphoribulokinase 
(PRK), Calvin cycle protein CP12 (CP12) and NADH 
dehydrogenase [ubiquinone] 1 beta subcomplex subu-
nit 7-like (NDUFB7) (Table  1; Fig.  5, Additional file  4: 
Table  S2). The Fds involved in photosynthesis reside 
within the thylakoids in the chloroplasts or at their cyto-
plasmic side in cyanobacteria. They are key components 
of the photosynthetic electron transport chain, acting as 
main donors of electrons to the regulatory redox protein 
thioredoxin (Hanke et  al. 2013; Buchanan et  al. 2005). 
Fds also mediate electrons to O2 (Mehler reaction) and 
to some of the cyclic electron transport pathways (Sha-
hak et  al. 1981; Shikanai et  al. 2007; Strand et  al. 2017; 
Marcus et al. 2020). In plants, ROS formation are in the 
electron transport chains (ETC) of the chloroplasts and 
the mitochondria. At low levels, ROS are key factors 
in physiological redox signaling when plants response 
to stresses, while on the contrary, they are associated 
with oxidative stress (Gómez et  al. 2020). In photosys-
tem I (PSI), the electron transport chain light energy is 
drived electrons to the acceptor molecule. Sedoheptu-
lose-1,7-bisphosphatase (SBPase) plays key role in the 
Calvin cycle, which produces the substrate (RuBP) for 
Rubisco. The electrons of PSI reduce Fd by the enzyme 
ferredoxin/thioredoxin reductase, which in turn leads to 
the reduction of thioredoxin f, Finally, trxs activate the 
SBPase enzyme can promote Cys-52 and Cys-57 to form 
two thiol groups by reducing the disulfide bond between 
them (Christine et  al. 1999). Redox regulation of the 
photosynthesis-related proteins has been well-known, 

but how they change in terms of protein levels and redox 
states under salt stress has been rarely reported.

Stress and defense proteins in BvM14 response to salt 
stress
Plants experiencing salt stress often exhibit osmotic 
stress, ionic stress and oxidative stress, which can lead 
to the accumulation of ROS and malondialdehyde 
(Jiang et al. 2020; Zhao et al. 2021). Moreever, stress and 
defense related proteins have been studied under adverse 
environments (Liu et al. 2018). Under salt stress, we iden-
tified stress protein DDR48 in total protein level and 
DUF642 protein in redox proteomics. In Arabidopsis, 
four DNA damage-inducible genes (DDR) were induced 
under osmotic stress. These genes have two sets of differ-
ent osmotic stress-inducible promoters. The DDR48 was 
regulated by a different promoter than the one operating 
in the other three genes under osmotic stress. One sig-
nificant difference between the two sets of promoters is 
their sensitivity to different salt conditions (Miralles et al. 
1995). As to DUF642, it was a positive regulator of pec-
tin methylesterase (PME) activity (Zúñiga-Sánchez et al. 
2014). The AhDGR2 gene, encoding the DUF642 pro-
tein, was significantly up-regulated in roots and leaves 
of young A. hypochondriacus plants under water-deficit 
and salt stress, suggesting its participation in abiotic 
stress resistance (Palmeros-Suárez et  al. 2017). Here in 
BvM14, we did not observe increase in DUF642 pro-
tein levels, but detected for the first time it was oxidized 
under 400 mM NaCl. It is not known whether oxidation 
decreases or increases its activity.

Transport proteins in BvM14 response to salt stress
In this study, non-specific lipid-transfer protein (nsLTP), 
thylakoid luminal 17.4 kDa protein (TL17) and mitochon-
drial import inner membrane translocase subunit (TIM8) 
were reduced in response to the salt stress. Mitochon-
drial outer membrane protein porin of 36  kDa (MOM) 
and trigger factor-like protein (TIG) were increased 
at the protein level. To date, many LTPs have been 
described in multiple species, such as Arabidopsis, cot-
ton, wheat, rice, and tobacco (Kinlaw et  al. 1994; Kader 
et al. 1997; Feng et al. 2004; Liu et al. 2006; Boutrot et al. 
2008). For example, overexpression a potato nsLTP1 con-
tributed to the reduced the accumulation of ROS induced 
by boosting the expression of antioxidant enzyme genes 
under adverse stresses (Gangadhar et al. 2016). In plants, 
like nucleus and chloroplasts, mitochondria have two 
membranes: outer and inner mitochondrial membranes. 
The existence of a double membrane capsule defines four 
kinds of mitochondrial sub-compartments with different 
structures and functions: mitochondrial outer membrane 



Page 15 of 18Li et al. Bot Stud           (2021) 62:16 	

(MOM), mitochondrial inner membrane (MIM), inter 
membrane space (IMS) and matrix (Schneiter et al. 1999; 
Dukanovic et  al. 2011). In this work, MOM and IMS 
translocase subunits (TIM8) were differential expressed. 
It was shown that protein import into mitochondria was 
changed under adverse stresses that also inhibited mito-
chondrial functions (Taylor et  al. 2003). Arabidopsis 
mitochondrial proteomics also revealed negative effects 
of oxidative stress and respiratory inhibitors on impor-
tant mitochondrial functions (Sweetlove et al. 2003).

Transcriptional regulation of redox proteins and proteins 
in BvM14 response to salt stress
The work showed many protein levels changes and 
redox level changes under salt stress treatments. Gene 
transcription can result in the protein level changes. In 
addition, stress and defense, ROS homeostasis and pho-
tosynthesis changes may be affected by redox protein 
level and protein level changes. The transcriptional levels 
of the 18 genes encoding for the proteins, the transcrip-
tional level changes of 12 genes stayed in synchroniza-
tion with the corresponding redox level trend and total 
protein level trend (Fig.  4, Additional file  4: Table  S4), 
indicating interesting regulatory mechanisms at tran-
scriptional level and PTM level. It should be noted that 
PTM studies in plant salt response are underrepresented 
in present knowledge. The identification and cysteine 
site-mapping of the 42 redox proteins in this work high-
light the significance of redox PTMs in the BvM14 salt 
stress response (Additional file 9: Table S7).

Conclusions
The iodoTMTRAQ double labeling quantitative prot-
eomics identified 1290 proteins in the BvM14, of which 
80 proteins and 42 redox-responsive proteins showed dif-
ferential changes under salt stress. The salt-stress respon-
sive proteins and redox modified proteins were mainly 
involved in metabolism, transport, biosynthesis, tran-
scription related, signal transduction, stress and defense, 
ROS homeostasis and photosynthesis. The results have 
shown total protein changes and protein redox changes 
(with more than 53 redox sites in 42 proteins) in differ-
ent cellular pathways and processes in the BvM14 plant 
short-term salt stress response. Obviously, the potential 
salt response mechanisms involve many different com-
ponents, pathways and processes (Fig.  5). The interest-
ing findings from this quantitative redox proteomics 
study include: (1) Several different proteins exhibited sig-
nificant changes under short term salt stress, including 
thioredoxin-like 3–1, peroxidase and EG45-like domain 
containing proteins; (2) redox modifications respon-
sive to the salt stress are not limited to ROS homeosta-
sis and photosynthesis. They were distributed in key 

physiological processes including transport, transcrip-
tion, metabolism, and stress and defense (Fig.  5). This 
explains how the BvM14 plants can rapidly perceived salt 
stress, make appropriate changes in cellular biochemi-
cal and physiological processes, and adapt for long-term 
growth and development. As the phosphorylation study 
has discovered many novel proteins (Yu et al. 2016), this 
work on redox proteomics has revealed many redox 
responsive proteins and redox modifications. For exam-
ple, reduction of extracellular ribonuclease LE-like and 
nsLTP is a novel discovery. For future research, we will 
focus on resolving the functional implication and sig-
nificance of these redox PTM events in plant salt stress 
response and tolerance.
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