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A B S T R A C T

S-nitrosylation, regulated by S-nitrosoglutathione reductase (GSNOR), is considered as an important route for
nitric oxide (NO)-modulated stress tolerance in plants. However, genetic evidence for the GSNOR-mediated
integrated regulation of S-nitrosylation and plant stress response remains elusive until now. In the present study,
we used a site-specific nitrosoproteomic approach to identify 334 endogenously S-nitrosylated proteins with
425 S-nitrosylated sites from the wild type (WT) and GSNOR-knockdown (G) tomato plants under both control
(C) and sodic alkaline stress (S) conditions. In detail, the results revealed 68, 92, 54 and 56 up-regulated, as well
as 10, 36, 14 and 10 down-regulated S-nitrosylated proteins in G-C/WT-C, G-S/WT-S, WT-S/WT-C, and G-S/G-C,
which is the first dataset for S-nitrosylated proteins in Solanaceae. These S-nitrosylated proteins are involved in a
wide range of various metabolic, cellular and catalytic processes. Based on this data, proteins involving in NO
homeostasis control, signaling of Ca2+, ethylene and MAPK, reactive oxygen species (ROS) scavenging, osmotic
regulation, as well as energy support pathway have been identified and selected as the key and sensitive targets
that were regulated by GSNOR-modulated S-nitrosylation in response to sodic alkaline stress. Taken together,
GSNOR is actively involved in the regulation of sodic alkaline stress tolerance by S-nitrosylation. And the present
study provided valuable resources and new clues for the study of S-nitrosylation-regulated metabolism in tomato
plants.

1. Introduction

Sodic alkaline stress, which is defined as the existence of alkaline
salts mainly including NaHCO3 and Na2CO3 in soil (Gong et al., 2013),
is one of the most crucial abiotic stressors which plants encounter in the
era of climate change. Large numbers of studies have indicated that
sodic alkaline stress is more hazardous than saline stress to plant
growth and development, owing to the additional high pH stress (Gong
et al., 2013, 2014a and 2014b). High pH stress usually leads to re-
duction in the nutrient availability of P, K, Ca, Mg, Fe and Zn in soil,
destruction of cellular or subcellular structure, deterioration of normal
root function, disorder in nutrient uptake and assimilation, and thus
resulting in a significant decrease in plant growth vigour as well as yield
of agricultural crops (Gong et al., 2014c; Cellini et al., 2011.). Excepting
saline stress induced physiological drought and ion toxicity, plants in
sodic alkaline stress must cope with intracellular as well as rhizospheric
high pH conditions.

Nitric oxide (NO) is a hydrophobic, highly diffusible gaseous mo-
lecule with a broad spectrum of regulatory functions involved in var-
ious plant growth, developmental processes, as well as stress response
(Sami et al., 2018). In plant cell, S-nitrosoglutathione (GSNO) is a major
biologically active form of reactive nitrogen species (RNS) and func-
tions as a primary nitrosothiol donor (Leterrier et al., 2011). In ad-
ddition, NO can react with reduced glutathione (GSH) to form S-ni-
trosoglutathione (GSNO), which also can be spontaneously broken
down into NO and GSH, or be specifically reduced by S-ni-
trosoglutathione reductase (GSNOR) to glutathione disulfide (GSSG)
and NH3 (Zhan et al., 2018). Thus, GSNO plays roles of both NO pool
and donor, which can be sensitively regulated by GSNOR. So, functions
of GSNOR in maintaining intracellular homeostasis of GSNO and NO,
have aroused great interest in recent years (Feechan et al., 2005; Begar-
Morales et al., 2014; Gong et al., 2015; Saxena et al., 2018; Zhan et al.,
2018).

As a general rule, activities of proteins are mediated by dedicated
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enzymatic mechanisms including a panoply of function-regulating post-
translational modifications (Seth et al., 2018). For one of the common
reversible posttranslational modification, an NO molecule can be
covalently added onto Cys thiol to form S-nitrosothiol. This process is
named protein S-nitrosylation and acted as a major physiological effect
of NO in cellular functions (Wolhuter et al., 2018). Protein S-ni-
trosothiols are highly sensitive mechanism in response to the in-
tracellular redox status, especially RNS homeostasis, to regulate the
cellular signaling (Rizza et al., 2018). A growing numbers of evidence
indicate that there are various protein S-nitrosylation regulated me-
chanisms involving enzymatic activity, three-dimensional conformation
changes, stability, subcellular localization, ligand binding and protein-
protein interaction (Gusarov et al., 2018). Until now, there are some
numbers of reports related to protein S-nitrosylation mechanism in
plant system (Malik et al., 2011). However, little information can be
found about the protein S-nitrosylation mechanism in tomato (Solanum
lycopersicum L.) plants.

In Arabidopsis, protein S-nitrosylation has been confirmed as a key
mechanism in NO-modulated stress tolerance. RNS and reactive oxygen
species (ROS), which are triggered by various stimuli, are two classes of
key signaling molecules activating downstream signaling pathways to
cope with stresses. Emerging evidence suggests that the interplay of
RNS and ROS was regulated by protein S-nitrosylation in improving
stress responses in plants (Yang et al., 2015). Protein S-nitrosylation
positively regulates the activity of ascorbate peroxidase (Yang et al.,
2015), but negatively regulates the activity of peroxiredoxin II E
(Romero-Puertas et al., 2007) and NADPH oxidase (RBOH) (Yun et al.,
2011), thereby modulating the ROS signaling and oxidative stress tol-
erance in stress conditions. When plants are exposed to unfavorable
environmental conditions, the phytohormone in response to stressors
has eventually unraveled their potentials in coffering tolerance to such
conditions including sodic alkaline stress (Ryu et al., 2015). For ex-
ample, the S-nitrosylation of TRANSPORT INHIBITOR RESPONSE 1
(TIR1) in auxin signaling (Terrile et al., 2012) and Arabidopsis histidine
phosphotransfer protein 1 (AHP1) in cytokinin signaling (Feng et al.,
2013) were separately reported to illustrate a mechanism by which RNS
signaling and phytohormone signaling coordinate plant growth, de-
velopment and stress tolerance. As an important stress response phy-
tohormone, abscisic acid (ABA) signaling pathway was also influenced
by protein S-nitrosylation (Prakash et al., 2019). S-nitrosylation of the
basic leucine zipper-type transcription factor ABI5 at Cys 153 facilitates
its degradation through CULLIN4-based and KEEP ON GOING E3 li-
gases, and inhibits the ABA signaling (Albertos et al., 2015). Further-
more, NO negatively regulates ABA signaling in guard cells by S-ni-
trosylation of open stomata 1 (OST1) at Cys 137 to regulate the drought
stress tolerance (Wang et al., 2015). More interesting, there is a sensible
feedback regulation for the activity of GSNOR by S-nitrosylation itself.
NO can control its own generation and scavenging by modulating
GSNOR activity through S-nitrosylation to adapt to nitrate assimilation
(Frungillo et al., 2014). Additionly, when plants are exposed to hypoxic
conditions, NO induces the S-nitrosylation of GSNOR at Cys 10, which
causes conformational changes, exposing its AUTOPHAGY-RELATED8
(ATG8)-interacting motif (AIM) accessible by autophagy machinery.

Upon binding by ATG8, GSNOR is recruited into the autophagosome
and degraded in an AIM-dependent manner to generate more NO to
adapt to hypoxia stress (Zhan et al., 2018). All these studies illustrate
the importance of S-nitrosylation in the regulation of diverse physio-
logical processes in plants.

Because S-nitrosylation is one of the most important posttransla-
tional modification mechanisms, a growing number of studies about S-
nitrosylated proteins using the proteomics approaches have been pub-
lished (Lindermayr et al., 2005; Fares et al., 2014; Hu et al., 2015). A
total of 63 and 52 S-nitrosylated proteins were identified in cell sus-
pension cultures and leaves of Arabidopsis by applying exogenous NO
donors (Lindermayr et al., 2005). In an independent study, 926 en-
dogenously S-nitrosylated proteins were identified from Arabidopsis by
a site-specific nitrosoproteomics approach, which is the largest dataset
of S-nitrosylated proteins among all organisms to date (Hu et al., 2015).
It should be noted that many S-nitrosylated proteins have only been
repeatedly identified in Arabidopsis. Because of the labile nature of S-
nitrosylation and differences in protein sequences among different
plants, the identification of S-nitrosylation should be expanded and
studied in important crop species. In this study, we used RNA-inter-
ference (RNAi) to create several lines of GSNOR knockdown tomato
plants, which showed excessive accumulation of endogenous NO and
sodic alkaline stress-sensitive phenotypes (Fig. 1; this figure was cited
from Fig. 3A of Gong et al., 2015.). Through this approach, we hope to
identify GSNOR-mediated S-nitrosylation that can depict a more com-
prehensive map of the S-nitrosoproteome in tomato plants and provide
important clues on the molecular basis of the sodic alkaline stress
sensing mediated by GSNOR.

2. Material and methods

2.1. Plant materials and treatments

Tomato self-pollinated homozygous cultivar (Solanum lycopersicum
L.) was used in this study. GSNOR knockdown tomato lines have been
established by RNA interference (RNAi) approach, which are available
GSNOR knockdown plant materials identified by southern blot analysis,
quantitative RT-PCR analysis, enzyme activity analysis, as well as
Western blot analysis in our previous study (Gong et al., 2015). Five
fifteen-day-old seedlings of wild type plants (marked as “WT”) or
GSNOR knockdown plants (marked as “G”) were transplanted into 5 L
black plastic containers containing aerated full Hoagland's nutrient
solution. Stress treatments were started after 15 d of pre-culture. The
experimental design consisted of a control treatment without NaHCO3

application (marked as “C”) and sodic alkaline stress treatment with
75mM NaHCO3 (marked as “S”). Thus, there are four treatments to-
gether, which are WT plants in control treatment (marked as “WT-C”),
GSNOR knockdown plants in control treatment (marked as “G-C”), WT
plants in sodic alkaline stress (marked as “WT-S”), GSNOR knockdown
plants in sodic alkaline stress (marked as “G-S”). Five days after treat-
ment, the third true leaves of 50 seedlings in each treatment were taken
and mixed abundantly for site-specific nitrosoproteomic analysis. All
samples were immediately frozen in liquid nitrogen until protein

Fig. 1. Photographs of wild type (WT) seedlings and transgenic seedlings (OE means GSNOR overexpression seedlings; AS means GSNOR knock down seedlings) were
taken 6 and 12 d after treatment. This figure was cited from Fig. 3A of Gong et al. (2015).
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Fig. 2. Basic information of GSNOR-mediated S-nitrosylation. (A) QC validation of MS data: mass error distribution of all identified peptides. (B) Distribution of
peptide length. (C) Numbers of identified and quantifiable proteins and their sites. (D) Distribution of modified site per protein. (E) Numbers of significantly changed
proteins and their sites in different groups.

Fig. 3. Functional classification of GSNOR-mediated S-nitrosylation. Gene ontology (GO) analyses of S-nitrosylated proteins by (A) biological process, (B) cellular
component, (C) molecular function and (D) subcellular location.
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extraction.

2.2. Site-specific nitrosoproteomic analysis

Site-specific nitrosoproteomic analysis was performed according to
previous studies with some modification (Murry et al., 2012; Su et al.,
2013; Guo et al., 2014; Wojdyla et al., 2015). The experimental process
was shown as follows:

Protein extraction: The sample was grinded by liquid nitrogen into
cell powder and then transferred to a 5ml centrifuge tube. After that,
four volumes of lysis buffer [8M urea, 1% TritonX-100, 100mM TEAB
(Triethylammonium bicarbonate buffer, Sigma-Aldrich, 17902-100mL,
Saint Louis, USA), 50mM IAM (Iodoacetamide, Sigma-Aldrich,
V900335-5G, Saint Louis, USA), and 1% Protease Inhibitor Cocktail]
was added to the cell powder, followed by sonication three times on ice
using a high intensity ultrasonic processor. Then the lysate was in-
cubated for 30min at room temperature in the dark to block free cy-
steine thiols. The remaining debris was removed by centrifugation at
20,000×g at 4 °C for 10min. Finally, the protein was precipitated with
cold 20% TCA for 2 h at −20 °C. After centrifugation at 12,000×g 4 °C
for 10min, the supernatant was discarded. The remaining precipitate
was washed with cold acetone for three times. The protein was redis-
solved in HES buffer (50mM TEAB, 1mM EDTA, 0.1% SDS) and the
protein concentration was determined with BCA kit according to the
manufacturer's instructions.

Iodo-TMT labelling: Protein labelling was performed according to
the manufacturer's protocol for iodo-TMT kit (ThermoFisher Scientific,
90068, Waltham, USA). Briefly, 1mg protein per condition was re-
suspended in 1mL HES buffer. Meanwhile, iodo-TMT reagent was
thawed and dissolved in 10 μLMS grade methanol and was added to the
protein solution, followed by adding 20 μL of 1M sodium acscorbate
and mixed briefly. The mixture was incubated for 2 h at 37 °C in the
dark. The reaction was quenched by adding 40 μL of 0.5 M DTT (20mM
final concentration) and incubating at 37 °C for 15min without light.

Trypsin digestion: For digestion, the labelled protein was mixed
and precipitated with six volumes of pre-chilled (−20 °C) acetone at
−20 °C for at least 2 h. After centrifugation at 12,000×g 4 °C for
10min, the supernatant was discarded. The remaining protein pre-
cipitate was washed with cold acetone for three times and dissolved in
8M urea. The protein solution was reduced with 5mM dithiothreitol
for 30min at 56 °C and alkylated with 11mM iodoacetamide for
15min at room temperature in darkness. The protein sample was then
diluted by adding 100mM TEAB to urea concentration less than 2M.
Finally, trypsin was added at 1 : 50 trypsin-to-protein mass ratio for the
first digestion overnight and 1 : 100 trypsin-to protein mass ratio for a
second 4 h-digestion. After trypsin digestion, peptide was desalted by
Strata X C18 SPE column (Phenomenex) and vacuum-dried.

HPLC fractionation: The sample was then fractionated into frac-
tions by high pH reverse-phase HPLC using Agilent 300 Extend C18
column (5 μm particles, 4.6 mm ID, 250mm length). Briefly, peptides
were first separated with a gradient of 2%–60% acetonitrile in 10mM
ammonium bicarbonate pH 10 over 80min into 80 fractions, Then, the
peptides were combined into 4 fractions and dried by vacuum cen-
trifuging.

LC-MS/MS analysis: The tryptic peptides were dissolved in 0.1%
formic acid (solvent A), directly loaded onto a home-made reversed-
phase analytical column (15 cm length, 75 μm i.d.). The gradient was
comprised of an increase from 6% to 23% solvent B (0.1% formic acid
in 98% acetonitrile) over 26min, 23%–35% in 8min and climbing to
80% in 3min then holding at 80% for the last 3 min, all at a constant
flow rate of 400 nl min−1 on an EASY-nLC 1000 UPLC system. Then, the
peptides were subjected to NSI source followed by tandem mass spec-
trometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to
the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan
range was 350–1800 for full scan, and intact peptides were detected in
the Orbitrap at a resolution of 70,000. Peptides were then selected for

MS/MS using NCE setting as 28 and the fragments were detected in the
Orbitrap at a resolution of 17,500. A data-dependent procedure that
alternated between one MS scan followed by 20MS/MS scans with
15.0s dynamic exclusion. Automatic gain control (AGC) was set at
5E4.Fixed first mass was set as 100m/z.

Database search: The resulting MS/MS data was processed using
MaxQuant with integrated Andromeda search engine (v.1.5.2.8).
Tandem mass spectra were searched against UniProt Solanum lyco-
persicum L. database concatenated with reverse decoy database.
Trypsin/P was specified as cleavage enzyme allowing up to 2 missing
cleavages, 5 modifications per peptide and 7 charges. Mass error was
set to 10 ppm for precursor ions and 0.02 Da for fragment ions.
Carbamidomethylation and iodo-TMT6plex on Cys, oxidation on Met,
and acetylation on protein N-terminal were specified as variable mod-
ifications. False discovery rate (FDR) thresholds for protein, peptide
and modification site were specified at 1%. Minimum peptide length
was set at 7. For quantification method, iodo-TMT-6plex was selected.
All the other parameters in MaxQuant were set to default values. The
site localization probability was set as> 0.75.

Gene ontology (GO) annotation: GO annotation proteome was
derived from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/
). Firstly, Converting identified protein ID to UniProt ID and then
mapping to GO IDs by protein ID. If some identified proteins were not
annotated by UniProt-GOA database, the InterProScan soft would be
used to annotated protein's GO functional based on protein sequence
alignment method. Then proteins were classified by Gene Ontology
annotationbased on three categories: biological process, cellular com-
ponent and molecular function.

KEGG pathway annotation: Firstly, using KEGG online service
tools KAAS to annotated protein's KEGG database description (https://
www.genome.jp/kaas-bin/kaas_main). Then mapping the annotation
result on the KEGG pathway database using KEGG online service tools
KEGG mapper (https://www.kegg.jp/kegg/mapper.html).

Subcellular localization: We used wolfpsort a subcellular locali-
zation predication soft to predict subcellular localization (http://www.
genscript.com/psort/wolf_psort.html). Wolfpsort an updated version of
PSORT/PSORT II for the prediction of eukaryotic sequences.

Enrichment of GO analysis: Proteins were classified by GO an-
notation into three categories: biological process, cellular compartment
and molecular function. For each category, a two-tailed Fisher's exact
test was employed to test the enrichment of the differentially expressed
protein against all identified proteins. The GO with a corrected p-
value< 0.05 is considered significant.

Enrichment of pathway analysis: Encyclopedia of Genes and
Genomes (KEGG) database was used to identify enriched pathways by a
two-tailed Fisher's exact test to test the enrichment of the differentially
expressed protein against all identified proteins. The pathway with a
corrected p-value<0.05 was considered significant. These pathways
were classified into hierarchical categories according to the KEGG
website.

Enrichment-based clustering: We first collated all the categories
obtained after enrichment along with their P values, and then filtered
for those categories which were at least enriched in one of the clusters
with P value < 0.05. This filtered P value matrix was transformed by
the function x=−log10 (P value). Finally these x values were z-
transformed for each functional category. These z scores were then
clustered by one-way hierarchical clustering (Euclidean distance,
average linkage clustering) in Genesis. Cluster membership were vi-
sualized by a heat map using the “heatmap.2” function from the
“gplots” R-package.

Protein-protein interaction network analysis: All interesting
protein name identifiers were searched against the STRING database
version 10.5 for protein-protein interactions. Only interactions between
the proteins belonging to the searched data set were selected, thereby
excluding external candidates. STRING defines a metric called “con-
fidence score” to define interaction confidence; we fetched all
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interactions that had a confidence score ≥0.7 (high confidence).
Interaction network form STRING was visualized in Cytoscape. A graph
theoretical clustering algorithm, molecular complex detection
(MCODE) was utilized to analyse densely connected regions. MCODE is
part of the plug-in tool kit of the network analysis and visualization
software Cytoscape.

2.3. Enzyme activity assay

The activity of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was determined according to Lindermayr et al. (2005). And
the activity of ascorbate peroxidase (APX) was determined according to
Gong et al. (2015).

3. Results and discussion

3.1. GSNOR is the key scavenger for sodic alkaline stress-induced S-
nitrosylation

The expression of GSNOR has been identified in all organs in tomato
plants (Kubienová et al., 2013). Our previous study indicated that
knockdown of GSNOR showed sodic alkaline stress-sensitive phenotype;
however, overexpression of GSNOR could acquire the sodic alkaline
stress tolerance (Gong et al., 2015). We also observed that knockdown
of GSNOR had significantly higher levels of NO and S-nitrosothiols
(SNOs) compared with WT plants (Gong et al., 2015). Because the
major biological activity of RNS, including NO and SNOs, is protein S-
nitrosylation, we reasoned that the increased RNS level should result in
more S-nitrosylation of the proteome, which could influence the sodic
alkaline stress tolerance in tomato plants. To test this hypothesis, a site-
specific nitrosoproteomic assay using iodo-TMT switch labelling was
performed to analyse the levels of S-nitrosylated proteins as well as S-
nitrosylated protein sites in treatments of WT-C, G-C, WT-S and G-S.
First, we checked the mass error of all the identified peptides. The
distribution of mass error was near zero and most of them were less
than 0.02 Da, which means the mass accuracy of the MS data fit the
requirements (Fig. 2A). Second, the length of most peptides distributed
from 8 to 13 amino acids, which is consistent with the typical size
tryptic peptides (Fig. 2B), indicating that sample preparation was ac-
ceptable. A total of 334 proteins with 425 protein sites were identified
in this approach, covering 247 quantifiable proteins and 312 quantifi-
able protein sites (Fig. 2C; Supplementary Table S1). Among these
proteins, 268 proteins with 1 sites, 49 proteins with 2 sites, 12 proteins
with 3 sites, 2 proteins with 4 sites, and 3 proteins with 5 sites were
separately identified (Fig. 2D). Based on a 95% confidence level, cutoff
values of 1.20-fold for up-regulation and 0.83-fold for down-regulation
were used to define a protein or protein site as being influenced by
GSNOR or sodic alkaline stress. Using these criteria, a total of 78 pro-
teins with 79 protein sites were identified in G-C/WT-C, including 68
proteins with 68 sites that were up-regulated and 10 proteins with 11
sites that were down-regulated (Fig. 2E). Similarly, 128 proteins with
142 protein sites were identified in G-S/WT-S, including 92 proteins
with 99 sites that were up-regulated and 36 proteins with 43 sites that
were down-regulated (Fig. 2E). 68 proteins with 75 protein sites were
identified in WT-S/WT-C, including 54 proteins with 61 sites that were
up-regulated and 14 proteins with 14 sites that were down-regulated
(Fig. 2E). 66 proteins with 68 protein sites were identified in G-S/G-C,
including 56 proteins with 58 sites that were up-regulated and 10
proteins with 10 sites that were down-regulated (Fig. 2E). Together,
more detailed data of these significantly changed proteins and sites is
shown in Supplementary Table S2.

In these four comparable groups, we used groups of G-C/WT-C and
G-S/WT-S to analysis the effects of knockdown GSNOR on protein S-
nitrosylation in both control and sodic alkaline stress conditions. And
groups of WT-S/WT-C and G-S/G-C were used to analysis the effects of
sodic alkaline stress on protein S-nitrosylation in both WT plants and

GSNOR knockdown plants. Important, 160 proteins with 167 protein
sites were significantly up-regulated, and only 46 proteins with 54
protein sites were significantly down-regulated by the effects of
knockdown GSNOR on protein S-nitrosylation (Fig. 2E). Similarly, 110
proteins with 119 protein sites were significantly up-regulated, and
only 24 proteins with 24 protein sites were significantly down-regu-
lated by the effects of sodic alkaline stress on protein S-nitrosylation
(Fig. 2E). These results reveal that the process of protein S-nitrosylation
can be activated by knockdown of GSNOR or sodic alkaline stress,
which was consistent with our previous results of NO and SNOs assay
(Gong et al., 2015). Additionally, knockoff (Hu et al., 2015) and
knockdown (Frungillo et al., 2013) of GSNOR have also been confirmed
to improve levels of NO and protein S-nitrosylation in Arabidopsis. Not
only sodic alkaline stress, but also salt (Tanou et al., 2012; Camejo
et al., 2013; Jain et al., 2018), low temperature (Abat and Deswal,
2009; Sehrawat and Deswal, 2014), high-light (Lin et al., 2012), and
oxidative stress (Lin et al., 2012) have been demonstrated to cause
protein S-nitrosylation in several plants. These results indicate that
stress conditions usually induce major modulations of RNS levels to
improve protein S-nitrosylation. So, we conjectured that GSNOR plays
critical roles in scavenging sodic alkaline stress-induced GSNO, NO and
SNOs to decrease the levels of protein S-nitrosylation in tomato plants.

3.2. Functional classification of S-nitrosylated proteins

GO analysis was performed to illustrate the regulatory mechanism
of S-nitrosylated proteins in specific biological processes of WT and
GSNOR knockdown plants under both control and sodic alkaline stress
conditions (Fig. 3). Totally, 754 S-nitrosylated proteins were subjected
to biological process (Fig. 3A), covering a wide range of metabolic
process (31.96%), cellular process (27.72%), single-organism process
(20.69%), response to stimulus (6.23%), cellular component organiza-
tion or biogenesis (4.51%), biological regulation (3.98%), localization
(3.18%), and other six processes (1.72%). For cellular component,
515 S-nitrosylated proteins were classified (Fig. 3B), such as cell
(39.22%), organelle (29.13%), macromolecular complex (15.34%),
membrane (11.07%), extracellular region (2.14%), and other four
processes (3.11%). And 426 S-nitrosylated proteins were subjected to
molecular function (Fig. 3C), including catalytic activity (41.77%),
binding (40.78%), structural molecule activity (8.66%), transporter
activity (3.46%), antioxidant activity (1.95%), molecular function
regulator (1.41%), electron carrier activity (1.17%), and other four
processes (1.41%).

The most enriched categories of these S-nitrosylated proteins were
related to various metabolic, cellular and catalytic processes
(Fig. 3A–C). It is possibly due to the relatively high abundance of these
proteins and also implies that the basal metabolism, cellular compo-
nent, and catalytic activity are regulated by S-nitrosylation. With si-
milar treatment, we previously observed that sodic alkaline stress in-
deed decreased the basal metabolism of photosynthesis, respiration in
both physiological (Gong et al., 2013 and 2014b) and proteomic (Gong
et al., 2014a) levels, destroyed the cellular component including
chloroplast, mitochondrion, membranal component, and so on (Gong
et al., 2014c; Saxena et al., 2018). Moreover, 47 S-nitrosylated proteins
with 53 S-nitrosylated sites have been identified in the response to
stimulus (Supplementary Table S3). Among these proteins, only one
protein, calcium sensing receptor (CAS; K4BKU7), involving stress re-
sponse signaling has been identified (Supplementary Table S3), which
implies that the crosstalk between RNS and Ca2+ signaling in plants
stress tolerance maybe depend on this post-translational modifications.
As a common toxic metabolite, ROS bust can be detected nearly under
all stress conditions (Turkan, 2018). And 9 ROS-scavenging enzymes,
including 2 superoxide dismutase (SOD; Q9SBJ4 and Q7XAV2), 2 cat-
alase (CAT; P30264 and Q9XHH3); 2 ascorbate peroxidase (APX;
Q3I5C4 and Q09Y77), 1 dehydroascorbate reductases (DHAR;
Q4VDN8), and 2 thioredoxin (TRX; K4BVS6 and K4DCR6), were
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identified as S-nitrosylated proteins (Supplementary Table S3), sup-
porting the notion of active interactions between RNS- and ROS-
mediated signaling pathways in stress tolerance. In addition, three key
enzymes of NO metabolism, GSNOR (D2Y3F4), nitrite reductase (NIR;
K4B378) and bifunctional nitrilase/nitrile hydratase (NIT; K4DA30),
have also been identified in this S-nitrosoproteome, which have been
consistent with the results of biotin-switch assay in previous study
(Frungillo et al., 2014), suggesting the involvement of feedback reg-
ulation in NO-mediated S-nitrosylation. Importantly, previous study
indicated that S-nitrosation of conserved cysteines modulates activity
and stability of GSNOR (Guerra et al., 2016. Tichá et al., 2017). Col-
lectively, these data suggest a mechanism for NO signal transduction in
which GSNOR nitrosation and inhibition transiently permit GSNO ac-
cumulation.

GO subcellular location analysis (Fig. 3D) revealed that the S-ni-
trosylated proteins were significantly enriched in the chloroplast
(44.28%), followed by the cytoplasm (27.71%), mitochondria (8.13%),
nucleus (7.23%), plasma membrane (3.92%), extracellular (3.61%),
cytoskeleton (2.11%), peroxisome (1.20%), and other four subcellular
components (1.20%). GO subcellular location analysis of protein S-ni-
trosylation in Arabidopsis also revealed a similar distribution pattern of
the first five subcellular components (Hu et al., 2015). One hand, be-
cause chloroplast occupies the most part of mesophyll cell, high
abundance of proteins localized in the chloroplast have been identified
in not only this proteome but also nearly all proteome of leaves (Hu
et al., 2015; Zhou et al., 2018). The other hand, the most abundant S-
nitrosylated proteins were obtained in chloroplast, suggesting that the
physiological activities associated with the photosynthetic organelle are
extensively regulated by GSNOR-modulated protein S-nitrosylation.
Moreover, chloroplast is one of the most drastic oxidoreduction-based
subcellular organelles, where the series of redox-based protein S-ni-
trosylation for photosynthetic regulation take place in (Zaffagnini et al.,
2012). Because the chloroplast is a major site for metabolic process of
plants, this result is consistent with the GO analysis (Fig. 3A).

3.3. Venn diagram showing the relationship of overlapping S-nitrosylated
proteins in different treatments

The venn diagram analysis (Fig. 4 and Supplementary Table S1) was
performed with the aim to make sure that what was happened under
the levels of protein S-nitrosylation when tomato plants were exposed
to sodic alkaline stress conditions, as well as how GSNOR influenced the
sodic alkaline stress tolerance. Totally, 59 proteins (35.0%) were sig-
nificantly regulated by GSNOR under control and stress conditions (G-
C/WT-C and G-S/WT-S), which can be understood as the important S-
nitrosylated proteins influenced by GSNOR effect. 26 proteins (15.4%)
were significantly regulated by sodic alkaline stress in both WT and

GSNOR knockdown plants (WT-S/WT-C and G-S/G-C), which can be
understood as the important S-nitrosylated proteins influenced by stress
effect. More importantly, 11 proteins (6.5%) were significantly regu-
lated in all four comparative groups, which can be used to explain that
how knockdown of GSNOR results a sodic alkaline stress-sensitive
phenotype through protein S-nitrosylation.

The above-mentioned 11 S-nitrosylated proteins (Table 1) were
distributed in 4 sodic alkaline stress tolerance-related processes, in-
cluding photosynthesis, proline metabolism, ethylene signaling and
protein stability. Large numbers of studies have demonstrated that
soidc alkaline stress can induce chlorosis and the developmental dis-
abilities of chloroplast resulting decreased photosynthesis in not only
tomato (Gong et al., 2013, 2014c and 2015) but also in other plants (Li
et al., 2018; Mir et al., 2018). Plastid-lipid associated protein (PAP;
A0RZD0), Ribulose bisphosphate carboxylase (Rubisco; P07180) and
NADH dehydrogenase (Ndh; K4BBN1) were identified to maintain the
structural stability of plastid lipid bodies in chloroplast (Smith et al.,
2000) and control the energy conversion among luminous energy, ac-
tively chemical energy and stably chemical energy, suggesting that key
components of photosynthesis are extensively regulated by S-ni-
trosylation. As a communally protective mechanism, the regulatory
changes of proline and its rate-limiting enzyme (pyrroline-5-carbox-
ylate reductase; PYCR) can be observed in nearly all osmotic stress
including sodic alkaline stress (Lv et al., 2014). We observed that the S-
nitrosylated patterns of PYCR (K4B7J6) were 1.24-fold in G-C/WT-C,
2.07-fold in G-S/WT-S, 0.79-fold in WT-S/WT-C, and 1.32-fold in G-S/
G-C. These changes showed that the S-nitrosylated level of PYCR was
down-regulated by sodic alkaline stress in WT plants, however,
knockdown of GSNOR significantly induced the S-nitrosylation of PYCR
in both control and stress condition. Thus, we conjecture that the down-
regulation of PYCR S-nitrosylation is an adaptive mechanism for tomato
plants against sodic alkaline stress. So, the significantly up-regulation of
PYCR S-nitrosylation by knockdown of GSNOR can be responsible for
the sodic alkaline stress-sensitive phenotype. However, as a key
pathway, this subtle regulatory mechanism of proline metabolism by S-
nitrosylation should be verified in future study. Ethylene is often as-
sociated with sodic alkaline stress responses (Li et al., 2015). The last
step of ethylene biosynthesis was regulated by GSNOR through S-ni-
trosylation 1-aminocyclopropane-1-carboxylate oxidase (ACO;
K4BNV4). In addition, two kinds of molecular chaperones (K4C227 and
K4D9L5) have been identified to bind with other proteins against stress-
induced protein destroy (Martin et al., 1992). Taken together, knock-
down of GSNOR encourage sodic alkaline stress-induced S-nitrosylation
of these key stress response proteins, causing the resistant reduction.

3.4. KEGG pathway enrichment analysis of S-nitrosylated proteins

The KEGG online service tools highlighted which protein categories
were up- or down-regulated in each pairwise comparison (Fig. 5;
Supplementary Table S5). For stress effect, four significantly enriched
pathways, including amino sugar and nucleotide sugar metabolism,
MAPK signaling pathway, sulfur metabolism, and pyruvate metabolism,
were identified in WT-S/WT-C or G-S/G-C. Except these four pathways,
another three pathways of valine, leucine and isoleucine degradation,
glycolysis/gluconeogenesis, and fatty acid degradation were also
identified in G-C/WT-C or G-S/WT-S for GSNOR effect.

Stressor-specific activation of MAPK-related pathway has been de-
tected when plants are subjected to biotic or abiotic stress (Ding et al.,
2018). Several studies of Arabidopsis showed that MAPK pathway de-
letion of mekk1, mkk2, mpk3, mpk4 or mpk6 had reduced tolerance to
salt stress, and overexpression of these genes exhibited enhanced tol-
erance to salt stress (Teige et al., 2004; Pitzschke et al., 2014; Wang
et al., 2014). There are also some evidence about the relationship be-
tween NO and MAPK signaling. Several physiological reaction and
stress response that regulated by MAPK can be activated by NO in both
animal and plants (Kubo et al., 1998; Pagnussat et al., 2004; Zhang

Fig. 4. Venn diagram showing the number of overlapping S-nitrosylated pro-
teins that were significantly different between wild type (WT) and GSNOR
knock down (G) tomato plants without (C) and with sodic alkaline stress (S)
conditions.
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et al., 2007). However, until now, there is no evidence about the in-
volvement of S-nitrosylation in MAPK signaling pathway. In the present
study, we discovered four MAPK-related proteins (K4D1H0, Q05538,
Q0H8U4 and Q7Y0S1) that can be regulated by S-nitrosylation, which
may be helpful for us to reveal the regulatory mechanism of NO to
MAPK signaling pathway.

Additionally, many metabolic enzymes were identified as potential
candidates for S-nitrosylation in GSNOR effect treatments. Nine pro-
teins of the glycolysis/gluconeogenesis (K4CHR6, K4CB11, K4CEP2,
Q42887, Q8GT30, D2Y3F4, Q9FR11, K4BKR7, K4D5K6), as well as
eight proteins of pyruvate metabolism (K4AXU0, Q8GT30, K4CEU2,
K4DBR8, Q9FR11, K4CG46, K4DCV3, K4BKR7) are sensitive to S-ni-
trosylation, among which, only glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; K4CB11) with a Cys residue in the active center has
been reported to be inhibited by GSNO (Mohr et al., 1996; Lindermayr
et al., 2005). Unfortunately, little evidence can be found to reveal the
relationship between S-nitrosylation and other enzymes’ activities. Our
previous studies indicated that glycolysis and tricarboxylic acid cycle
pathway is important for energy support when the tomato plants are
exposed to sodic alkaline stress (Gong et al., 2014a and 2014b). Thus,
knockdown of GSNOR leading to low activity of GAPDH by S-ni-
trosylation can be partly responsible for the sensitive stress phenotype
through regulating glycolysis-controlled energy metabolism. To our
interesting, three proteins of fatty acid degradation pathway (K4BKR7,
D2Y3F4, K4CEU2) can be observed in GSNOR effect treatments, which
supports the gluconeogenesis pathway. This result implied that basic
energy metabolism is regulated by GSNOR through S-nitrosylation,
which is the common problem for stress response and life force.

3.5. Validation of the nitrosoproteomic by analyzing two identified enzymes

Several candidates of our nitrosoproteomic for S-nitrosylation have
been reported in previous studies, including their enzyme activity or
protein structure. We have chosen GAPDH and APX (Fig. 6A) as the
model enzymes since an easy and fast activity assay as well as con-
firmed S-nitrosylation for these two enzymes are already established
(Lindermayr et al., 2005; Yang et al., 2015). Crude extracts of leaves
were incubated with different concentrations of GSNO. The activities of
GAPDH (Fig. 6B) and APX (Fig. 6D) were reduced and increased se-
parately by applying different concentrations of GSNO. Addition of DTT

to these two enzymes completely restored the activities (Fig. 6B,D),
confirming that the effect of the GSNO was due to S-nitrosylation of one
or more critical Cys residues. More importantly, genetic manipulation
of GSNOR showed similar results as exogenous application of GSNO
(Fig. 6B–E). In particular, our observation of activities about GAPDH
and APX, which were regulated by S-nitrosylation, showed consistent
results when compared with previous studies (Lindermayr et al., 2005;
Yang et al., 2015). Taken together, these results suggest that our ni-
trosoproteomic for S-nitrosylation is available for future study.

4. Conclusion

This study provides a global and comparative analysis of S-ni-
trosoproteome regulation by GSNOR and offers further insights into the
dynamics of individual S-nitrosylated protein sites in tomato plants
under both control and sodic alkaline stress conditions. Most of the S-
nitrosylated proteins in GSNOR knockdown plants were significantly
up-regulated, which demonstrated the important roles of GSNOR in the
degradation of S-nitrosylation during NO-mediated stress response in
tomato. Based on the data of S-nitrosoproteome in the current as well as
our previous studies (Gong et al., 2015), knockdown of GSNOR ex-
acerbated the negative effects of sodic alkaline stress on tomato plants
by S-nitrosylation. Numbers of studies indicated that NO can also be a
double-edged sword, either acting as a defense signal to improve stress
tolerance or inducing serious nitrosative damage to increase stress
sensibility (Gong et al., 2015; Chamizo-Ampudia et al., 2017; Sami
et al., 2018; Seth et al., 2018). As shown in Fig. 7A, we found that there
is a sensitive feedback control system in GSNOR-modulated S-ni-
trosylation, which control NO homeostasis to decide the degree of stress
response. Additionally, some proteins involving Ca2+, ethylene and
MAPK signaling pathway have also been identified in this data, which
can be responsible for GSNOR-modulated systemic resistance for
stressors. As specific response for sodic alkaline stress, GSNOR-modu-
lated S-nitrosylation was also involved in the processes of stress-in-
duced ROS generation, dehydration and enfeeblement. However, we
did not found the S-nitrosylated proteins about Na+ detoxification
process, which is consistent with the bioinformatics analysis of Salt-
Overly-Sensitive (SOS) family proteins (Supplementary Fig. 1). To our
knowledge for the first time, our results identified many novel S-ni-
trosylated protein sites in tomato plants. For example, Cys-172 of ACO

Table 1
Selected candidates of identified S-nitrosylated proteins from all four comparative groups.

Protein accession Position of Cys Protein names G-C/WT-C G-S/WT-S WT-S/WT-C G-S/G-C

A0RZD0 174 Inducible plastid-lipid associated protein 3.80 3.16 1.80 1.50
K4BBN1 148 NADH dehydrogenase 1.44 1.44 1.24 1.24
P07180 169 Ribulose bisphosphate carboxylase small chain 0.77 0.83 1.24 1.34
K4B7J6 5 pyrroline-5-carboxylate reductase 1.24 2.07 0.79 1.32
K4BNV4 172 1-aminocyclopropane-1-carboxylate oxidase 2.00 1.78 2.02 1.80
K4C227 135 chaperonin 1.55 1.54 1.22 1.22
K4D9L5 319 heat shock cognate 70 kDa protein 1.57 2.08 1.25 1.66
Q7Y0S1 231 Chitinase 3.05 7.99 1.42 3.71
Q9M4X2 304 Putative cytochrome P450 1.31 1.23 0.75 0.70
K4BSP6 106 uncharacterized protein 1.65 1.60 1.33 1.29

Fig. 5. Heat maps obtained from KEGG pathway enrichment-based cluster analysis.
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and Cys-5 of PYCR was characterized as an S-nitrosylation site (Fig. 7B),
and this two proteins play a key role in sodic alkaline stress tolerance by
regulating ethylene and proline biosynthesis. The provided data set
may serve as an important resource for the functional analysis of S-
nitrosylation in tomato and facilitate the elucidation of the sodic al-
kaline stress tolerance regulated by NO signaling. However, it should be
pointed out that some changes unveiled by omics in this study also
needs further study.
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