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Abstract
Main conclusion NO enhances the resistance of tomato seedlings to salt stress through protein S-nitrosylation and
transcriptional regulation, which involves the regulation of MAPK signaling and carbohydrate metabolism.

Abstract Nitric oxide (NO) regulates various physiological and biochemical processes and stress responses in plants. We
found that S-nitrosoglutathione (GSNO) treatment significantly promoted the growth of tomato seedling under NaCl stress,
indicating that NO plays a positive role in salt stress resistance. Moreover, GSNO pretreatment resulted in an increase of
endogenous NO level, S-nitrosothiol (SNO) content, S-nitrosoglutathione reductase (GSNOR) activity and GSNOR expres-
sion under salt stress, implicating that S-nitrosylation might be involved in NO-alleviating salt stress. To further explore
whether S-nitrosylation is a key molecular mechanism of NO-alleviating salt stress, the biotin-switch technique and liquid
chromatography/mass spectrometry/mass spectrometry (LC-MS/MS) were conducted. A total of 1054 putative S-nitrosylated
proteins have been identified, which were mainly enriched in chloroplast, cytoplasm and mitochondrion. Among them, 15
and 22 S-nitrosylated proteins were involved in mitogen-activated protein kinase (MAPK) signal transduction and carbohy-
drate metabolism, respectively. In MAPK signaling, various S-nitrosylated proteins, SAM1, SAM3, SAM, PP2C and SnRK,
were down-regulated and MAPK, MAPKK and MAPKKS were up-regulated at the transcriptional level by GSNO treatment
under salt stress compared to NaCl treatment alone. The GSNO pretreatment could reduce ethylene production and ABA
content under NaCl stress. In addition, the activities of enzyme identified in carbohydrate metabolism, their expression at
the transcriptional level and the metabolite content were up-regulated by GSNO supplication under salt stress, resulting
in the activation of glycolysis and tricarboxylic acid cycle (TCA) cycles. Thus, these results demonstrated that NO might
beneficially regulate MAPK signaling at transcriptional levels and activate carbohydrate metabolism at the post-translational
and transcriptional level, protecting seedlings from energy deficiency and salinity, thereby alleviating salt stress-induced
damage in tomato seedlings. It provides initial insights into the regulatory mechanisms of NO in response to salt stress.
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Introduction

Salt stress is one of the major environmental stressors that
remarkably inhibits crop productivity in many regions
worldwide. Salinity destroys the processes of plant growth
and development by decreasing the ability of plants to
uptake water and nutrients and by enhancing the cytotox-
icity due to excessive uptake of the sodium and chloride
(Isayenkov et al. 2019). In addition, plant physiological
physiognomies are extensively susceptible to high salt tox-
icity. High salt prevents photosynthetic activity and res-
piration, decreases enzyme activities, protein and nucleic
acid synthesis and organic solute accumulation, and dis-
turbs ion homeostasis, osmotic and hormonal balance,
which impairs the seed germination, seedling growth,
plant life and crop productivity (Hussain et al. 2017). Fur-
thermore, salinity can promote the generation of reactive
oxygen species, such as hydrogen peroxide, superoxide
anion radicals and hydroxyl free radicals, thus resulting
in oxidative stress and lipid peroxidation in plants. Salin-
ity can also affect endogenous hormone levels and lead to
metabolism disorders, thereby affecting plant growth and
development (Hussain et al. 2017). Therefore, enhancing
the resistance of crop plants to salinity has currently been
an urgent requirement.

Gaseous signaling molecules play vitally important
roles in various physiological processes of plants (Niu et al.
2019; Wei et al. 2021). Free radical nitric oxide (NO), a
small ubiquitous signaling molecule, is produced via non-
enzymatic and enzymatic pathways in plants. As a key
physiological regulator, NO can be involved in the regu-
lation of various plant developmental processes, includ-
ing seed germination, seedling development (Khan et al.
2020), adventitious root development, stomatal closure,
photomorphogenesis and postharvest senescence (Niu et al.
2019). In addition, NO interacts with hormone molecules
to modulate plant development processes and respond to
abiotic stresses (Wei et al. 2020). The responses of NO
in various abiotic stresses have been indicated in multiple
studies (Sehar et al. 2019; Wei et al. 2020). Therefore, as
a multifunctional signaling molecule, the roles of NO in
plant growth and abiotic stress responses may be a great
topic of interest.

Accumulating evidences indicated that NO could also
exert its biological functions through NO-dependent post-
translational modification, protein S-nitrosylation (Wei
et al. 2020). NO groups covalently link cysteine residues
of target proteins to form S-nitrosothiols (SNOs) (Feng
et al. 2013a). At present, S-nitrosylation has emerged as an
important mechanism involved in regulating plant growth,
development and stress stimulus.
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Mitogen-activated protein kinase (MAPK) cascades are
recognized as major signal transduction modules in eukar-
yotes, which include three protein kinases and mediate
sequential phosphorylation reactions, as follows: a MAP-
KKK phosphorylates and activates a MAPKK, which, in
turn, activates a MAPK by phosphorylation. Recent stud-
ies also pointed out that there was a complex crosstalk
between the MAPK cascades and NO signal transduc-
tion. Asai et al. (2008) indicated that MAPK signaling
regulated NO bursts in Nicotiana benthamiana. Zhang
et al. (2007) found that abscisic acid (ABA) and hydrogen
peroxide could induce NO production in corn leaves and
then activate a 46 kDa MAPK. Subsequently, data sug-
gested that MAPK signaling was indispensable for salt
stress responses. Xu et al. (2008) revealed that activation
of MAPK kinase 9 induced ethylene biosynthesis, and
then enhanced the sensitivity to salt stress in Arabidopsis.
These studies illustrated that there might be an intricate
crosstalk network between NO and MAPKSs in response
to stress stimulus.

Carbohydrates provide nutrition and energy in plants.
NO plays a vital role in regulating the process of carbohy-
drates metabolism. For example, Sami et al. (2020) found that
sodium nitroprusside (SNP) treatment activated carbohydrate
metabolism and further improved the photosynthetic efficiency
in mustard plants. The studies mentioned above indicated that
there might be a complex relationship between NO and MAPK
signal transduction or carbohydrates metabolism, which might
play an essential role in plant growth and stress responses.
However, whether NO responds to salt stress by regulating
MAPK signal transduction or carbohydrates metabolism at the
post-translational level (protein S-nitrosylation) has not been
investigated.

Recently, proteomics have been directly used to cope with
the large-scale determination of genes and cellular function
at the protein level. In addition, various S-nitrosylated pro-
teins have been detected by proteomic analyses in plants
(He et al. 2018; Niu et al. 2019). Certain target proteins of
NO have been recognized as significant for the regulation
of physiological and pathological cellular processes. Thus,
in this work, the S-nitrosylated proteome was conducted to
decipher the effects and mechanisms of NO under salt stress
in tomato seedlings. We found that NO plays a positive role
in enhancing the salt resistance and explored the possible
effects of protein S-nitrosylation enriched in MAPK signal-
ing pathway and carbohydrates metabolism in response to
salt stress, which would further improve our understand-
ing of NO signaling transduction in molecular mechanisms
and provide initial insights into the regulatory role of NO in
response to salt stress.
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Materials and methods
Plant materials and treatment

The tomatoes “Micro-Tom” were used as experimental mate-
rial. Tomato seeds were kindly supplied by Plenty Gardening
Co., Ltd. (Nanjing, China). First, the seeds were disinfected
with 1% of NaClO and transferred to 1/2 Hoagland solution
for 7 days after germination, then cultivated in Hoagland
solution for another 21 days. Then, uniform seedlings were
treated with 150 mM NaCl, 10 pM S-nitrosoglutathione
(GSNO) (Cayman, Ann Arbor, MI, USA) or 10 pM NO
scavenger, 2-(4-carboxy-2-phenyl)-4, 4, 5, 5-tetramethyl-
imidazoline-1-oxyl-3-oxide (cPTIO) (Cayman) after add-
ing to plants in Hoagland solution for 7 days, respectively.
The seedlings treated with the Hoagland solution with no
extra compounds served as controls. The concentrations of
NaCl, GSNO and cPTIO based on the results of a prelimi-
nary experiment. The culture solution of different treatments
was replaced every 2 days to keep the consistent supplement
of extra compounds. The brown bottles as containers for
growing plants were used to prevent the effect of light on the
root system and Hoagland solution containing GSNO. The
bottle mouth was properly sealed with a sealing film to pre-
vent NO volatilizing released from GSNO. The experimen-
tal environment was kept at 16 h light at 250 pmol m=2 s
photons irradiance at 26 °C and 8 h dark at 20 °C, and 60%
relative humidity.

Measurement of morphological indexes

For the morphological phenotype detection, leaf area and
total root length of tomato seedlings were measured after
treatment with the corresponding solution for 7 days. Leaf
area was measured by a leaf area scanner (YMJ-C, Zheji-
ang Topp Co., Ltd., Zhejiang, China) on the whole single
plant. After removing the aboveground part of treated seed-
lings, the roots were scanned with a root scanner (STD4800,
Regent Instruments, Inc., Quebec City, Canada). The total
root length of each plant was analyzed by software Win
RHIZO 5.0 (Regent Instruments).

Measurement of physiological indexes

The aboveground part of tomato seedlings was used as
material to determine the fresh weight (FW) and dry weight
(DW). The FW was measured by an electronic balance (SQP,
Sartorius, Yihuaxin Electronics Co., Ltd., Shenzhen, China),
and samples were then dried at 80 °C to constant weight
to obtain its DW. Then, the root physiological activity was
measured by the 2,3,5-triphenyl tetrazoliumchloride (TTC)

method as described by Lindstrom and Nystrom (1987).
Briefly, 0.5 g of fresh root samples was cut into 2 cm from
the root tips and incubated for 1 h with a mixture of 5 mL
0.4% (w/v) TTC and 5 mL phosphate buffer (pH 7.5) at
37 °C. The experiment was terminated by adding 2 mL of
1 M H,SO,. Roots were dried with filter paper, and ethyl
acetate extraction was performed. The absorbance of the
extract at 485 nm was recorded. In addition, a calibration
curve was drawn. Root activity was expressed as the amount
of TTC deoxidized to triphenylformazan per g fresh weight
per hour (ug g~' h™") (Tang et al. 2016).

Determination of endogenous SNO content,
NO production, and GSNOR activity

Total SNO content was measured using the fluorimetric-
based method with minor modifications (Mioto et al. 2017,
Pan et al. 2021). Briefly, leaf samples (about 0.2 g) were
ground to powder with liquid nitrogen and extracted in
extracted buffer (50 mM phosphate buffer, pH 7.2, 80 mM
S-methyl methanethiosulfonate) and were then centrifuged at
50,000g for 20 min at 4 °C. The supernatants were collected
and mixed with 3 mL chilled acetone. Next, samples were
incubated at — 20 °C for 60 min and centrifuged at 50,000g
for 20 min at 4 °C. Acetone was discarded and the pellets
were resuspended in extracted buffer. The operations above
were all conducted in the dark. The protein concentration
was measured by the Bradford method. To measure the total
SNO content, an extract of 200 uL was mixed with 1.5 pL
of 5 mM diaminorhodamine-4 M solution in DMSO. The
mixture was divided into two aliquots of 100 pL. One of the
aliquots remained at room temperature in absolute darkness
for 10 min and the other aliquot was exposed to UV light for
10 min. The volume of both aliquots was adjusted to 1 mL
with phosphate buffer (50 mM, pH 7.2). The fluorescence
was detected by a spectrofluorometer (LS-55, Perkin-Elmer,
Waltham, MA, USA) with 560 nm excitation and 575 nm
emission. Total SNO content was calculated according to
the difference in fluorescence and GSNO standard curve.

GSNOR activity was detected using the method of Niu
et al. (2019). Samples were homogenized with 20 mM
Tris—HCI (pH 8.0, 0.2 mM NADH, and 0.5 mM EDTA)
and centrifuged at 10,000g for 20 min at 4 °C. The reaction
was started by adding 0.4 mM GSNO and the absorbance of
the sample was measured at 340 nm.

NO content was measured according to the Griess reagent
method with some modifications (Xuan et al. 2012). The
detection principle is that NO is easily oxidized in vivo or
in the aqueous solution to form NO, ™. Therefore, the NO
content is measured by concentrations of nitrite in plant
extracts. Briefly, a quantity of 0.5 g of leaves was finely
frozen in liquid nitrogen with the extract mixture (4 mL of
50 mM ice-cold acetic acid buffer, containing 4% (w/v) zinc
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acetate, preparing with mortar and pestle). After that, cen-
trifugation was performed at 10,000 g for 15 min at 4 °C,
and then the supernatants were collected together in a new
tube with 0.1 g charcoal. The supernatants were filtered and
collected again, and 1 mL of the mixture was pipetted into
1 mL of Griess reagent. The absorbance of the incubation
solution was detected at 540 nm. NO content was assayed
by comparison to a standard curve of NaNO,.

Unlike animal systems, nitrite cannot be considered a
reliable measure of 'NO production' in plant cells due to
highly variable nitrogen metabolism and nitrite/nitrate
sources in plant nutrition. Now, 4-amino-5-methylamino-2°,
7’-diaminofluoresceindiacetate (DAF-FM DA) (Beyotime,
Jiangsu, China) is a fluorescent probe for the quantitative
detection of NO with higher detection sensitivity. It has
only a weak fluorescence itself, but can generate strong
fluorescence after reacting with NO. Furthermore, the level
of endogenous NO can be measured by the NO fluores-
cent probe DAF-FM DA (Niu et al. 2019). The root tips
were loaded with 5 uM DAF-FM DA for 30 min at 37 °C
in the dark. Then, the samples were washed three times
with fresh buffer. DAF-FM DA fluorescence was visualized
using a laser scanning confocal microscope (Leica TCS SL;
Leica Microsystems, Wetzlar, Germany). The excitation
wavelength was 488 nm and the emission wavelength was
515 nm.

Biotin-switch assay and identification
of S-nitrosylated proteins

The identification of the S-nitrosylated proteins was per-
formed by biotin-switch assay as previously described
(Feng et al. 2013a; Niu et al. 2019) with some modifications.
Leaves of tomato seedlings were ground in liquid nitrogen,
extracted by HEN-2 buffer (250 mM Hepes—NaOH, 1 mM
EDTA, 0.1 mM neocuproine and 1% proteinase inhibitor),
and followed by centrifugation at 13,000 g for 10 min at
4 °C. The supernatant was collected, and the concentrated
protein extract was diluted to 1 mg mL~ ! with HEN-2 buffer.
Then, 500 uL of the protein solutions was blocked using
blocking buffer containing 250 mM Hepes (pH 7.7), 1| mM
EDTA, 0.1 mM neocuproine, 2.5% (w/v) SDS, 25 mM
S-methylmethane thiosulfonate (MMTS), and incubated at
50 °C for 30 min with frequent vortexing. Subsequently, the
sample was precipitated by adding two volumes of acetone.
The pellet was washed three times with 70% acetone and
dissolved with 170 uL HEN-1 buffer (250 mM Hepes, PH
7.7, 1 mM EDTA, 1% SDS) before the addition of 10 uL
of 1 M sodium ascorbate and 20 uL. of 4 mM biotin-HPDP
(Sigma, St Louis, MO, USA). After labeling for 90 min at
room temperature, the reacted proteins were precipitated and
washed with acetone, and continued to be incubated in the
solution containing 400 pL HENS buffer (250 mM Hepes,
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pH 7.7, 1 mM EDTA, 1% SDS), 800 pL neutralization buffer
(25 mM Hepes, pH 7.7, 100 mM NaCl, 1 Mm EDTA, 0.5%
(v/v) Triton X-100), and 30 pL streptavidin agarose beads
(Thermo Fisher) at 4 °C overnight on a temperate vortex.
The operations above were all conducted in the dark with
occasional dim light. Afterward, the beads were mildly
washed three times with washing buffer containing 25 mM
Hepes (pH 7.7), 600 mM NaCl, 1 mM EDTA, and 0.5%
(v/v) Triton X-100. The proteins were then eluted in 50 pL
elution buffer (250 mM Hepes, pH 7.7, 1 mM EDTA, 1%
(v/v) p-mercaptoethanol). Finally, the biotin-labeled prod-
ucts were analyzed by 15% sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE) and stained
with Coomassie brilliant blue or immunoblotting with anti-
biotin antibody (Agrisera, Vannds, Sweden).

The S-nitrosylated proteins were identified by LC-MS/
MS (Feng et al. 2013a; Niu et al. 2019). LC-MS/MS tech-
nology was used to identify the proteins obtained from gel
strips. After the biotin-labeled products were analyzed by
SDS-PAGE, the target band was excised, washed twice with
water and subsequently washed with 50% acetonitrile until
transparent. The gel slices were first dehydrated in 50% ace-
tonitrile for 15 min and then completely dehydrated in 100%
acetonitrile. After drying, 20 pL of 10 ng uL~ ! trypsin was
added and kept for 30 min on ice. After the enzyme solution
was completely absorbed by the micelles, 100 mM TEAB
buffer was added to a total volume of 100 pL and digested
overnight at 37 °C. The supernatant was collected by low-
speed centrifugation, 100 pL of 0.1% formic acid was added
to the gel, and shaken at room temperature for 5 min. After
low-speed centrifugation, the supernatant was collected,
and the enzymatic samples were combined, centrifuged at
12,000 g for 5 min at room temperature. The supernatant
was taken and slowly passed through a C18 desalting col-
umn, and then washed three times continuously using 1 mL
of washing solution (0.1% formic acid, 4% acetonitrile).
0.4 mL of eluent (0.1% formic acid, 75% acetonitrile) was
added for 2 consecutive elutions and eluted samples were
pooled and lyophilized. The fragments after enzymolysis
were loaded for analysis. The data from MS and MS/MS
were used to search uniprot-Solanum_lycopersicum.fasta.
The search parameters were set to detect four differential
modifications: 57 amu on cysteine (indicating carboxyami-
domethylation), 71 amu on cysteine (indicating propionami-
dation), 428 amu on cysteine (indicating biotinylation) and
16 amu on methionine (indicating oxidation). The peptides
matching criteria of a cross correlation score (Xcorr) were
1.9,2.2 and 3.75 for+1,+2 and +3 charged peptides, respec-
tively (Feng et al. 2013a). The subcellular localization infor-
mation was annotated by using the Cell-mPLOC 2.0, which
covers a wide range of annotation information, including 6
databases: eukaryotic, human, plant, Gram-positive bacteria,
Gram-negative bacteria and viruses (Chou and Shen 2010).
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Total RNA extraction, cDNA synthesis
and quantitative real-time PCR (qRT-PCR) analysis

Total RNA extraction, cDNA synthesis, and qRT-PCR were
conducted as described by Gao et al. (2021). All the primers
used for RT-PCR were designed using prime 5 software, as
shown in Table S1.

Determination of S’adenosyl-L-methionine (SAM)
content, ethylene production and ABA content

Ethylene production was determined according to the
method of Wang et al. (2020) with some modifications. The
four fully expanded upper leaves beneath the growing tip of
the plant were sampled, and then placed in a 795 mL desic-
cative airtight container and incubated at 25 °C for 12 h.
About 1 mL of headspace gas from each container was col-
lected using a gas-tight hypodermic syringe and injected into
a gas chromatograph (GC-17A, Shimadzu, Kyoto, Japan)
immediately for ethylene concentration measurement. The
gas chromatograph was equipped with a flame ionization
detector and an activated alumina column.

ABA content was determined according to Yan et al.
(2022). Briefly, leaves (1 g) were ground with a mortar and
pestle in 3 mL of cooled 80% (v/v) methanol solution. After
incubation for 12 h at 4 °C, the extract was centrifuged at
8000 g for 15 min. The supernatant liquid was extracted and
the aqueous phase was collected. The solution sample was
eluted through columns and prewashed with methyl alco-
hol. The supernatant was collected and dried in a vacuum at
40 °C. The supernatants were dissolved in methyl alcohol
at a constant volume, a microporous membrane (0.22 pM)
was established to filter the products and high-performance
liquid chromatography (HPLC) was carried out.

SAM contents were determined as described by Roeder
et al. (2009) using the 5,5'-dithiobis-(2-nitrobenzoic acid)-
GR recycling procedure.

Determination of glucose (Glc),
glucose-6-phosphate (G6P), fructose-6-phosphate
(F6P) and pyruvate content

Glucose, G6P, F6P and pyruvate content were analyzed as
described by Zhao et al. (2021). The relative content (com-
pared to the control) is shown in Fig. 6.

Determination of malic acid and citric acid content

Fresh sample (2 g) was added into a 30 mL centrifuge tube,
and deionized water was added to make up the volume to
25 mL, and ultrasonically extracted for 60 min. After that,
the extract was centrifuged at 10,000 g for 10 min. The
supernatants were filtered through a 0.22 pm membrane

and the HPLC was carried out. Chromatography condi-
tions were as follows: chromatographic column: Hi-PiexH
(300 mm x 7.7 mm, 5 pm); detector: UV detector; detection
wavelength: 210 nm; mobile phase: 0.2 mmol L~! sodium
dihydrogen phosphate; column temperature: 25 °C; flow
rate: 0.5 mL min ~ !; injection volume: 10 pL. The relative
content (compared to the control) is shown in Fig. 6.

Enzyme activity assays

The activity of pyruvate kinase (PK) was measured and initi-
ated by the addition of ADP (Baud et al. 2007). The rate of
oxidation of NADH at 30 °C was measured at 340 nm and
an NADH standard curve was used to calculate the activity
in the sample. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) activity was assayed using spectrophotometric
quantification (340 nm) of NADH according to the method
described previously (Guo et al. 2014). Tomato samples
(about 0.5 g) were collected and ground in a 1.5-mL cen-
trifuge tube by a pestle. Total protein was extracted from
samples using chilled buffer A (50 Tris—HCI, pH 7.5, 10 mM
KCl, 1 mM EDTA, 0.5 mM PMSF, and 2 mM DTT). The
homogenate was centrifuged at 10,000g for 20 min and the
supernatant was used for each activity assay. One unit (U)
is defined as the amount of enzyme that catalyzes the con-
sumption of 1 umol min~! NADH under each specified assay
condition. Citrate synthase (CS) activity was assayed accord-
ing to the method described by Tilbrook et al. (2014). One
unit (U) of enzyme activity was defined as the catalytic pro-
duction of 1 nmol TNB per minute per mg of tissue protein
in the reaction system at 25 °C. The extinction coefficient
of DTNB at 412 nm is 13.6x 107> mL nmol™' cm™". The
fructose-bisphosphate aldolase (FBA) activity was measured
based on Boyer’s modification of the hydrazine assay (Seh-
rawat et al. 2013a). Malate dehydrogenase (MDH) activity
was determined by monitoring the increase in absorbance
at 340 nm due to NADH production (Xin et al. 2014). The
relative activity (compared to the control) is shown in Fig. 6.

Statistical analysis

The experimental design was a completely randomized
design with three replicates. Each replicate contained
15 plants. The data are normally distributed using Shap-
iro—Wilk test, and satisfy the homogeneity of variance by
Levene’s Test. Then, the data were further analyzed using
one-way analysis of variance (ANOVA) of SPSS 22.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). Significant analy-
ses were performed using Duncan’s multiple range test
at P <0.05 level. Where indicated, the value of data was
expressed as mean + standard error (SE).
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Results

NO alleviated the salt toxicity on the growth
of tomato seedlings

Since NO seems to be a vital participant in abiotic stress
response in plants, we first studied the possible roles of
NO in salt-stressed tomato seedlings. As shown in Table 1,
in comparison with the control, NaCl treatment obviously
inhibited the growth of tomato seedlings, while GSNO
treatment alone significantly promoted seedling growth.
The GSNO treatment alone obviously increased the leaf
dry weight, fresh weight, leaf area and root activity by
12.5, 22.85, 10.09 and 13.67%, respectively, but had no
obvious effect on the total root length in comparison to the
control, indicating the positive role of GSNO in promot-
ing the growth of tomato seedlings. The co-treatment of
NaCl + GSNO significantly alleviated NaCl stress. Com-
pared with NaCl treatment alone, NaCl + GSNO treat-
ment increased leaf fresh weight and dry weight by 48.3%
and 20.0%, respectively (Table 1). The NaCl+ GSNO
treatment increased leaf area more than NaCl treatment
alone, indicating that GSNO has also a positive biological
effect on the growth of tomato leaves under NaCl stress.

Moreover, NaCl + GSNO treatment significantly increased
the total root length and root activity in tomato seedlings
and the obtained increment was 19.46% and 13.33% com-
pared with NaCl treatment alone (Table 1). In addition,
compared to the control, leaves became yellowed, smaller
and curled, and roots became shorter under NaCl stress,
yet were properly alleviated in NaCl 4+ GSNO treatment
(Fig. 1). These results, together with the growth data of
tomato seedlings, indicated that GSNO could alleviate the
salt stress in tomato seedlings.

Effect of NO on the total S-nitrosylation levels
during the growth of tomato seedlings under salt
stress

To further elucidate whether S-nitrosylation was involved
in the process of NO-alleviating salt stress, SNO content,
endogenous NO levels, GSNOR activity and GSNOR
expression were measured in tomato seedlings (Fig. 2).
Compared with the control, NaCl and GSNO treat-
ment alone significantly increased SNO and NO content
(Figs. 2a and b). Meanwhile, NaCl + GSNO application
caused an increase in SNO and NO content by 62.04 and
70.52%, respectively, compared to NaCl treatment alone.
In addition, NaCl and GSNO treatment alone significantly

Table 1 Effects of GSNO on

the growth of tomato seedlings Treatment Dry weight Fresh weight Leatz" areas Root length Root Euitiv_itly
under NaCl stress ® (€ (em”) (mm) (wgg™ h™))
Control 0.32+0.06b 2.10+0.07b 32.18+0.15b 88.63+1.15ab 2.34+0.09b
NaCl 0.20+0.12d 1.18+0.02d 18.75+0.20d 63.05+1.54c 1.65+0.34d
GSNO 0.36+0.05a 2.58+0.08a 35.43+0.13a 93.54+0.63a 2.66+0.85a
NaCl+GSNO 0.24+£0.02¢c 1.75+£0.09¢c 25.13+£0.39¢ 75.32+£0.76b 1.87+£0.08c

Effect of GSNO on dry weight, fresh weight, leaf areas, root length and root physiological activity under
NaCl stress. The values (means+SE) are the averages of three-independent experiments (n=15). Bars
not sharing the same letters indicate statistically significant differences by Duncan’s multiple range test

(P<0.05)

Control NaCl GSNO NaCl+GSNO

NaCl+GSNO

Control NaCl GSNO

Fig. 1 Effects of GSNO on the growth and development of tomato seedlings under NaCl stress. Photographs of leaf area (a), total root length (b)

and plant (c) were taken after 7 days of the treatments indicated
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Fig.2 Effect of GSNO on the levels of endogenous NO (a, e), total
S-nitrosothiol (SNO) (b), S-nitrosoglutathione reductase (GSNOR)
activity (c), and GSNOR expression levels (d) during the growth of
tomato seedlings under salt stress. The values (means+SE) are the

enhanced GSNOR activity compared to the control, and
the highest GSNOR activity was obtained in the co-treat-
ment of NaCl+ GSNO (Fig. 2¢). Similarly, compared
with NaCl treatment alone, NaCl + GSNO treatment sig-
nificantly up-regulated GSNOR expression by 88.87%
(Fig. 2d). The fluorescence intensity of NO production
was enhanced under salt stress. Application of GSNO also
significantly enhanced the fluorescence intensity of NO
production in root tips of tomato seedlings under salt stress
in comparison with NaCl treatment alone (Fig. 2e). How-
ever, compared with the control, the fluorescence intensity
of NO production was weakened in treatment with NO
scavenger cPTIO.

GSNO

NaCl+GSNO cPTIO

averages of three-independent experiments (n=15). Bars not sharing
the same letters indicate statistically significant differences by Dun-
can’s multiple range test (P <0.05)

Identification of S-nitrosylated proteins
and subcellular location

In order to further confirm whether there exist possible
mechanisms for S-nitrosylation during GSNO alleviat-
ing salt stress in tomato seedlings, biotin-switch detection
was performed, and S-nitrosylated proteins were screened
using the LC-MS/MS proteomic approach. As shown
in Fig. 3a, NaCl and NaCl + GSNO treatments obviously
increased the S-nitrosylation of proteins in tomato seedlings
compared to the control. Interestingly, among these treat-
ments, there were obvious protein bands of protein S-nitros-
ylation around 75 kDa and 63 kDa. The band of potential
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Fig.3 Analysis of S-nitrosylated proteins identified from tomato
seedlings of different treatments using the LC-MS/MS. a Change
of protein S-nitrosylation in different treatments in tomato seedlings.
S-Nitrosylation was detected using a biotin-switch assay with anti-
biotin antibody. b Overlap of the S-nitrosylated proteins of tomato

candidates for S-nitrosylation around 63 kDa in the NaCl
treatment was shallower than that in NaCl+ GSNO treat-
ment (Fig. 3a). A total of 1054 putative S-nitrosylated pro-
teins have been identified in the control (549), NaCl (788),
and NaCl+ GSNO (680) treatments (Fig. 3). Among them,
31.3% (349) of proteins were constitutively S-nitrosylated in
all three treatments (Fig. 3b; Supplementary Table S2). In
addition, 6.4% (67) of S-nitrosylated proteins were identified
only in control; 22.5% (237) of S-nitrosylated proteins were
identified only in NaCl treatment alone and 12.9% (136) of

@ Springer

seedlings in different treatments displayed by a Venn diagram. c—e
The subcellular localization of the S-nitrosylated proteins identified in
the control (¢), under NaCl treatment (d), under GSNO + NaCl treat-
ment (e)

S-nitrosylated proteins were identified only in NaCl4+GSNO
treatment alone (Fig. 3b).

The subcellular localization analysis found that the
S-nitrosylated proteins were mainly enriched in chloroplasts,
cytoplasm, mitochondrion, followed by nucleus and cell
membrane in all three treatments (Fig. 3c—e). The control,
NaCl and NaCl + GSNO treatments enriched 172 (29.05%),
198 (23.10%), 183 (25.85%) S-nitrosylated-proteins located
in the chloroplast, respectively; 115 (19.43%), 178 (20.77%),
and 150 (21.19%) proteins were located in the cytoplasm,
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respectively; 81 (13.68%), 107 (12.49%), and 94 (13.28%)
proteins were located in the mitochondria, respectively; 51
(8.61%). 92 (10.74%), and 66 (9.32%) proteins were located
in the nucleus, respectively; and 34 (5.74%), 67 (7.82%),
and 50 (7.06%) proteins were located in the cell membrane,
respectively. Only a small part of S-nitrosylated protein
was located in the endoplasmic reticulum, peroxisome, cell
membrane, vacuole, plastid and Golgi apparatus.

KEGG pathway annotation of S-nitrosylated proteins

To further elucidate the key pathway of S-nitrosylated pro-
tein in different treatments, the KEGG pathway annotation
of S-nitrosylated protein was performed. Figure 4 shows that
S-nitrosylated proteins were involved in the main biochemi-
cal metabolic pathways and signal transduction pathways.

a
KEGG pathway annotation

KEGG biological process analyses revealed that enriched
S-nitrosylated proteins mainly participated in the metabo-
lism, genetic information processing, transport and catabo-
lism, signal transduction and environmental adaptation.
We found that proteins enriched in the signal transduction
pathway were involved in active oxygen scavenging, ATP
synthesis and MAPK signaling pathway. In addition, the
S-nitrosylated proteins identified in the metabolic pathway
were mainly related to the carbohydrate metabolism, amino
acid metabolism and energy metabolism (Fig. 4).

S-Nitrosylated proteins enriched in MAPK signaling
transduction and carbohydrate metabolism

The analyses of KEGG pathway annotation revealed that
proteins enriched in signal transduction were involved in

KEGG pathway annotation
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Fig.4 KEGG annotation of S-nitrosylated proteins from the control (a), NaCl (b) and NaCl+ GSNO (c)
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the MAPK signaling transduction. Thus, we further ana-
lyzed these proteins identified as targets of S-nitrosylation
and enriched in MAPK signaling pathway (Table 2). As
shown in Table 2, 15 S-nitrosylated proteins were involved
in MAPK signaling transduction, which were significantly
enriched in cytoplasm (33.33%) and nucleus (13.33%),
whereas the subcellular localizations of 53.33% proteins

were unknown (Fig. 5a). These S-nitrosylated proteins
might have 1 to 4 sites of S-nitrosylation modification
(Table 2). Five S-nitrosylated proteins [serine/threo-
nine-protein phosphatase (G8Z2285); MAP kinase kinase
(MAPKK), MAPK (A0OA3Q7GX91), 14-3-3 protein 9 and
S-adenosylmethionine synthase 3 (SAM3)] were identi-
fied in the whole stage of salt stress response in tomato

Table 2 Subcellular localization and function analysis of identified S-nitrosylated proteins involved in MAPK signaling transduction

Accession number Protein name

Mol mass Cys sites

Identified sample Location  Function

G8Z285 Serine/threonine-protein phos- 96 kDa ~ C663 C,N,N+G Nucleus Brassinosteroid mediated signal-
phatase ing pathway
Q66MHS8 MAP kinase kinase 5 40kDa  C219 N Cytoplasm Stress-activated protein kinase
signaling cascade
048616 MAP kinase kinase 40kDa  Cl125,C172 C,N,N+G Cytoplasm Stress-activated protein kinase
signaling cascade
K4AZN6 Mitogen-activated protein 43kDa  CI178 N,N+G Nucleus Regulation of gene expression;
kinase Intracellular signal transduc-
tion
A0A3Q7GX91 Mitogen-activated protein 142kDa C1088 C,N,N+G Unknown MAP kinase activity
kinase
P93214 14-3-3 protein 9 29 kDa C100,C115 C,N,N+G Unknown  Protein domain-specific binding
Q6QLUO Protein phosphatase 2C 31kDa  C247 C,N,N+G Unknown Protein serine/threonine phos-
phatase activity
P93212 14-3-3 protein 7 29kDa  C100,C115 N,N+G Unknown  Protein domain- specific binding
P93213 14-3-3 protein 8 29kDa  C98 N Unknown  Protein domain-specific binding
P43280 S-Adenosylmethionine syn- 43kDa  Cl105,C253, N+G Cytoplasm S-Adenosylmethionine biosyn-
thase 1 C674, thetic process
C810
P43282 S-Adenosylmethionine syn- 43kDa  C25 C,N,N+G Cytoplasm S-Adenosylmethionine biosyn-
thase 3 thetic process
AOA3Q7EA30 Serine/threonine-protein kinase 114 kDa C859 N,N+G Cytoplasm Signal transduction
AOA3Q7FEDS8 Serine/threonine-protein phos- 35kDa  C20, C31 N Unknown  Phosphoprotein phosphatase
phatase activity
A0A3Q7J0U6 Serine/threonine-protein phos- 115kDa  C20, C31 C Unknown  Brassinosteroid mediated signal-
phatase ing pathway
AO0A3Q7IMD9 S-Adenosylmethionine syn- 43kDa  C20 N,N+G Unknown  S-Adenosylmethionine biosyn-
thase thetic process
C control, N NaCl treatment, N+ G GSNO + NaCl treatment
a b Unknown 4.55 % Chloroplast

__— 455%

Fig.5 The subcellular localization of the S-nitrosylated proteins enriched in MAPK signaling (a) carbohydrate metabolism (b)
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seedlings, however, their S-nitrosylation levels may dif-
fer. MAP kinase kinase 5 (MAPKKY), mitogen-activated
protein kinase (MAPK), serine/threonine-protein kinase
(SnRK) and S-adenosylmethionine synthase (SAM) were
S-nitrosylated in both NaCl and NaCl+ GSNO treatments.
Interestingly, 14-3-3 protein 8 and serine/threonine-pro-
tein phosphatase (AOA3Q7FEDS) were found to undergo
S-nitrosylation only in NaCl treatment. Furthermore, the
functions of S-nitrosylated proteins involved in MAPK
signaling were analyzed (Table 2). We found that two pro-
teins, serine/threonine-protein phosphatases (G8Z285 and
A0A3Q7J0U6), functioned in the brassinolide-mediated
signaling pathway. MAPKK 5 and MAPKK in the pro-
tein kinase signal transduction cascade activated by stress
were identified. Moreover, MAPK (A0A3Q7GX91) par-
ticipated in gene expression and intracellular signal trans-
duction and had MAP kinase activity. PP2C was related
to protein serine/threonine phosphatase activity. Three
proteins (SAM 1, SAM 3, SAM) were related to the bio-
synthesis of the ethylene precursor S-adenosylmethionine.
These results indicated various functions of S-nitrosylated
proteins enriched in MAPK signaling transduction,

which might participate in salt stress response in tomato
seedlings.

S-Nitrosylated proteins enriched in carbohydrate
metabolism

A total of 22 S-nitrosylated proteins were enriched in
carbohydrate metabolism (Table 3). The subcellular
localizations analysis revealed that these proteins were
significantly enriched in the cytosol (45.45%), followed
by mitochondrion (31.82%), cell wall (13.64%) and
chloroplast (4.55%), and the localization of 4.55% pro-
teins was unknown (Fig. 5b; Table 3). In addition, these
S-nitrosylated proteins identified in carbohydrate metabo-
lism were involved in glycolysis, tricarboxylic acid (TCA)
cycle, degradation of carbohydrates and gluconeogen-
esis (Table 3). For example, various glycolytic enzymes
including fructose-bisphosphate aldolase (FBA), pyruvate
kinase (PK), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), glucose-6-phosphate isomerase (GPI) and eno-
lase were found to be S-nitrosylated (Table 3). Aconitate
hydratase (ACN), isocitrate dehydrogenase (ICDH), citrate

Table 3 Subcellular localization and function analysis of identified S-nitrosylated proteins involved in carbohydrate metabolism

Accession number Protein name Mol mass Clys sites Identified sample Location Pathway
A0A3Q7HX95 Fructose-bisphosphate aldolase 38 kDa  C61, C65 C,N,N+G Cytosol Glycolysis
AO0A3Q7ILYO Fructose-bisphosphate aldolase 38 kDa  C59 C,N,N+G Cytosol Glycolysis
AO0A3Q7ETK4 Fructose-bisphosphate aldolase ~ 42kDa  C276 C,N,N+G Cytosol Glycolysis
AOA3Q7EYM6  Fructose-bisphosphate aldolase  42kDa  C274 C,N,N+G Cytosol Glycolysis
AO0A3Q7IMV7 Pyruvate kinase 113kDa C460, C918 C,N,N+G Cytosol Glycolysis
AO0A3Q7FRAS Glyceraldehyde-3-phosphate 38kDa  C170,Cl174 C,N,N+G Cytosol Glycolysis
dehydrogenase
Q68HCS Glucose-6-phosphate isomerase 67 kDa ~ C552 C Cytosol Glycolysis
P26300 Enolase 47kDa  C408 C,N,N+G Cytosol Glycolysis
A0A3Q7J2T1 Aconitate hydratase 107 kDa C186 C,N,N+G Mitochondria TCA cycle
AO0A3Q7H441 Acetyltransferase component 59 kDa C23,C49,C356 C,N,N+G Mitochondria TCA cycle
of pyruvate dehydrogenase
complex
AOA3Q7ESI1 Isocitrate dehydrogenase 46kDa  C299 C,N,N+G Mitochondria TCA cycle
A0A3Q7J4V1 Citrate synthase 56kDa  C296 N+G Mitochondria TCA cycle
AOA3Q7HGQ2 Malate dehydrogenase 36 kDa  Cl41 C,N,N+G Mitochondria TCA cycle
AO0A3Q7HIS1 Malic enzyme 69 kDa C543 C,N,N+G Mitochondria TCA cycle
AO0A3Q7EKQ6 Malic enzyme 69kDa  C546 C,N,N+G Mitochondria TCA cycle
AO0A3Q7GSM2 Alpha-galactosidase 47kDa  C410 N,N+G Cell wall Lactose degradation
A0A3Q7GX01 4-Alpha-glucanotransferase 64 kDa Ce6, C139 C,N,N+G Unknown Gluconeogenesis
AO0A3Q7I9N3 Phosphoenolpyruvate carboxy- 109 kDa C190 C,N,N+G Cytosol Gluconeogenesis
lase
AOA3Q7GCI2 Alpha-1,4 glucan phosphorylase 109 kDa  C394, C917 N,N+G Chloroplast  Cell energy metabolism
AO0A3Q71711 Pectinesterase 62 kDa C52,C61,Cl164 C Cell wall Pectin degradation
AO0A3Q7GS13 Pectinesterase 62 kDa C50,C412,C446 N,N+G Cell wall Pectin degradation
AOA3Q7F0P2 UDP-glucose 6-dehydrogenase ~ 52kDa  C24 C,N,N+G Cytosol Sucrose degradation

C control, N NaCl treatment, N+ G GSNO + NaCl treatment
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synthase (CS), malate dehydrogenase (MDH) and malic
enzyme (ME) in TCA cycle were detected to be S-nitros-
ylated (Table 3). Of these proteins, FBA, PK, GAPDH and
enolase in glycolysis and CAN, ICDH and ME in TCA
cycle were identified in all three treatments (Table 3). Two
key enzymes, MDH and CS, in TCA cycle were S-nitros-
ylated only in NaCl+ GSNO treatment (Table 3). Besides,
several key enzymes in gluconeogenesis, degradation of
pectin and sucrose were also found to undergo S-nitros-
ylation (Table 3). These results highlighted a possible role
for the S-nitrosylation of essential proteins in carbohydrate
metabolism in response to salt stress.

@ Springer

averages of three-independent experiments (n=15). Bars not sharing
the same letters indicate statistically significant differences by Dun-
can’s multiple range test (P <0.05)

GSNO regulates MAPK signaling transduction
under salt stress

To gain insight into the exact roles of NO-induced protein
S-nitrosylation in MAPK signaling transduction under salt
stress, S-nitrosylated proteins were validated at the transcrip-
tion level (Fig. 6). Three proteins (SAM1, SAM3, SAM)
related to the biosynthesis of ethylene were S-nitrosylated.
Compared with the control, NaCl treatment remarkably
promoted SAM1, SAM3, SAM expression levels. How-
ever, NaCl + GSNO significantly decreased their relative
expression compared with NaCl treatment alone (Fig. 6a).
Interestingly, compared with NaCl treatment alone, GSNO
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supplement under salt stress also decreased SAM content
and ethylene production (Fig. 6b, d), indicating that NO
decreased the expression levels of genes related to the bio-
synthesis of ethylene and SAM content and then inhibited
ethylene biosynthesis in response to salt stress. In addi-
tion, two key negative regulators of ABA signaling, PP2C
and SnRK, underwent S-nitrosylation in both NaCl and
NaCl + GSNO treatments. Compared with the control, the
transcriptional expressions of PP2C and SnRK were down-
regulated under salt stress. Meanwhile, GSNO treatment
further down-regulated the expression levels of PP2C and
SnRK (Fig. 6¢) and decreased ABA content under salt stress
(Fig. 6f). In comparison with NaCl treatment, NaCl+ GSNO
treatment enhanced the transcriptional levels of stress-acti-
vated proteins MAPK, MAPKK and MAPKKS5 (Fig. 6e).
These results indicated that GSNO could regulate the tran-
scriptional levels of proteins enriched in MAPK signal-
ing, and reduce ethylene biosynthesis and ABA content in
response to salt stress.

GSNO regulates carbohydrate metabolism
under salt stress

To decipher the exact roles of protein S-nitrosylation in car-
bohydrate metabolism under salt stress, enzyme activities
undergone S-nitrosylation and their gene expressions in the
carbohydrate metabolism pathway were assayed (Fig. 7). Key
proteins (FBA, GAPDH and PK) in glycolysis were found
to be S-nitrosylated in the control, NaCl and NaCl+ GSNO
treatments. Their activities drastically decreased in NaCl
treatment, whereas GSNO treatment enhanced their activi-
ties under salt stress, implying the activation of FBA, PK
and GAPDH by NO under salt stress. Similarly, the relative
expressions of S-nitrosylated proteins [FBA (AOA3Q7HX95,
AO0A3Q7ETK4 and AOA3Q7EYM6), GAPDH and enolase]
at the transcriptional level were regulated by GSNO under
salt stress. For example, the expression levels of FBAI,
FBA2, FBA3, GAPDH and enolase were significantly up-
regulated by NaCl + GSNO treatment in comparison with
the NaCl treatment alone. Compared to NaCl treatment
alone, NaCl + GSNO treatment remarkably increased the
content of four metabolites (glucose, glucose-6-phosphate,
fructose-6-phosphate and pyruvate) in glycolysis.

In addition, two key enzymes (MDH and CS) in the TCA
cycle also underwent S-nitrosylation when GSNO appeared.
In addition, exogenous GSNO significantly enhanced MDH
and CS activities under salt stress compared to the NaCl
treatment alone (Fig. 7e). Compared to the NaCl treatment
alone, NaCl + GSNO treatment significantly increased both
the expression levels of MDH, MDH?2 and CS and the con-
tents of malic acid and citric acid (Fig. 7f, h), which implied
that NO might activate the expression levels and activities of
MDH and CS and then increase related metabolite content

under salt stress. In addition, the relative expression of
other key proteins (ME, ICDH and ACO) in the TCA at
the transcriptional level was up-regulated by GSNO under
salt stress (Fig. 7g). Thus, these results indicated that NO
might increase the activity of these enzymes in carbohydrate
metabolism and up-regulate their relative expression at the
transcriptional level, thereby increasing metabolite contents
and promoting carbohydrate metabolism under salt stress.

Discussion

NO, a ubiquitous bioactive gas, plays an important role
in the processes of plant growth and development and in
response to multiple stress stimulus. The results presented
herein indicated that GSNO treatment promoted the growth
of tomato seedlings and further alleviated NaCl treatment-
induced salt toxicity in tomato seedling (Table 1; Fig. 1),
implying a molecular mechanism of NO on alleviating salt
stress. In rice, the increase of endogenous NO production
could not only alleviate Cd-induced inhibition of adventi-
tious root elongation and lateral root formation, but also
reduced Cd-caused increase of lignin deposition, which
further altered the root system formation (Piacentini et al.
2020). Protein S-nitrosylation is one of the important ways
by which NO exerts its biological function when plants
respond to various abiotic stresses (Niu et al. 2019; Wei et al.
2020). To investigate the potential regulation of NO to physi-
ological processes by modifying cysteine residues of pro-
teins, the changes of total S-nitrosylation level in response
to salt stress were analyzed (Fig. 2). Application of GSNO
strikingly increased the level of endogenous SNO and NO
production under salt stress compared to NaCl treatment
(Fig. 2a and b). In addition, GSNO treatment alone induced
a positive increase of endogenous NO content compared to
the control, which was reversed by applying NO scavenger
cPTIO (Fig. 2e). This indicated that GSNO pretreatment-
induced increase of endogenous NO level could function
in response to salt stress. Since NO and SNO content are
closely related to endogenous S-nitrosylation levels, the
regulation of endogenous S-nitrosylation levels might be an
essential mechanism of NO on the alleviation of salt stress.
In addition, it is known that GSNOR can function in modu-
lating the global S-nitrosylation levels (Niu et al. 2019; Wei
et al. 2020). Moreover, transgenic rice with overexpressed
OsGSNOR was identified with lower SNO levels, indicat-
ing that GSNOR might exert its function in regulating SNO
homeostasis (Lin et al. 2012). That is to say, NO may inhibit
GSNOR activity to prevent S-nitrosoglutathione scaveng-
ing (Frungillo et al. 2014). However, in our study, highest
GSNOR expression and GSNOR activity were detected in
GSNO + NaCl treatment (Fig. 2d). GSNOR itself could be
S-nitrosylated by a NO-dependent way and S-nitrosylated
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TCA cycles. h Relative content of malic acid and citric acid. The val-
ues (means +SE) are the averages of three-independent experiments
(n=15). Bars not sharing the same letters indicate statistically signifi-
cant differences by Duncan’s multiple range test (P < 0.05)
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GSNOR made itself inactivate (Pan et al. 2021). Thus, this
might lead to a higher level of GSNOR in the process of
NO-alleviating salt stress. Consequently, this indicated that
GSNO supplement might enhance the tolerance of tomato
seedlings to salt stress by regulating the levels of endog-
enous S-nitrosylation.

For a deeper insight, the candidates of S-nitrosylated pro-
teins were identified and analyzed. Compared to the control,
both NaCl and NaCl+ GSNO treatments obviously increased
nitrosylation of proteins (Fig. 3a). In our results of mass
spectrometry analysis, a total of 1054 S-nitrosylated proteins
were identified, the number of S-nitrosylated proteins under
NaCl treatment was the highest, 788 proteins, followed by
NaCl+ GSNO, with 680 identified (Fig. 3b). The number of
S-nitrosylated proteins in the control was the least with 549
proteins. In addition, among them, 349 of proteins were con-
stitutively S-nitrosylated in all three treatments (Table S2;
Fig. 3). Obviously, compared to the control, salt stress
could induce more S-nitrosated proteins in tomato seed-
lings (Fig. 3). It has been indicated that S-nitrosation level
and the number of S-nitrosated proteins change significantly
under biotic or abiotic stresses. For example, an increase of
S-nitrosated proteins was previously identified in Arabidop-
sis under pathogen stimulation (Maldonado-Alconada et al.
2011) and in the apoplast of Brassica juncea seedlings under
cold stress (Sehrawat and Deswal 2014). Interestingly, vari-
ous studies showed that S-nitrosylated proteins significantly
increased after salt stress stimulus, revealing the possible
roles of NO target proteins in response to salt stress (Fares
et al. 2011; Qi et al. 2020). In Arabidopsis, 926 proteins
were identified to undergo S-nitrosylation and a large num-
ber of proteins involved in the stress responses were identi-
fied to be S-nitrosylated (Hu et al. 2015). Thus, it was shown
that NO-induced protein S-nitrosylation could participate
in regulating the stress responses of salt throughout plant
development and during plant responses to different stress
conditions and that the regulation of protein S-nitrosation is
not similar in different cell types or physiological conditions.

Interestingly, our results indicated that the number of
S-nitrosylated proteins slightly decreased after adding
GSNO under salt stress compared with NaCl treatment
alone (Fig. 3), which might be due to that NO affected the
turnover ratio of S-nitrosylation under salt stress via regu-
lating S-nitrosoglutathione reductase (Gong et al. 2015).
The GSNOR activity and its expression level were fur-
ther increased in NaCl+ GSNO treatment compared to the
NaCl treatment alone. The degree of S-nitrosation of any
protein depends on the rate of S-nitrosation and de-nitros-
ation. GSNOR is considered as not only the main pathway
of irreversible degradation of low molecular S-nitrosothi-
ols, namely GSNO, to oxidized glutathione, but also as an
essential enzyme that indirectly affects S-nitrosation level.
GSNOR could control the level of protein S-nitrosothiols,

which are formed in transnitrosylation reactions of pro-
tein and GSNO (Petfivalsky et al. 2015). It is worth noting
that loss-of-function mutations in A#\GSNORI have been
proposed to result in increased total SNO levels, whereas
mutations that enhanced AtGSNORI activity decreased cel-
lular SNO concentrations. Importantly, S-nitrosylation, as a
prototypic redox-based, post-translational modification, is
the addition of an NO moiety to a protein cysteine (Cys)
thiol to form an SNO (Yun et al. 2016). Thus, these results
parallel our findings for elevated GSNOR activity, decreased
S-nitrosylated proteins in NaCl + GSNO treatment in com-
parison with NaCl stress alone, further implying that GSNO-
enhanced GSNOR activity resulted in slightly decreased
S-nitrosylated proteins under salt stress.

Interestingly, GSNOR itself could also undergo S-nitros-
ylation in a NO-dependent way and its activity was inhibited
by itself S-nitrosylation (Pan et al. 2021). Thus, this might
also lead to the slightly decreased S-nitrosylated proteins
after adding GSNO under salt stress because of the destabi-
lization of GSNOR caused by the S-nitrosylation modifica-
tion on itself. In addition, herein identified S-nitrosylated
proteins were mainly enriched in the cytoplasm, chloroplast
and mitochondria (Fig. 3), followed by the nucleus and cell
membrane. Similarly, a previous study has shown that 191
S-nitrosylated proteins identified in the multiple metabolic
pathways of tea were located in chloroplasts, cytoplasm and
mitochondria (Qiu et al. 2019). This suggested that most
proteins underwent S-nitrosylation modification might exert
their biological functions and respond to adversity mainly in
the chloroplast, cytoplasm or mitochondria. Hu et al. (2015)
also revealed that the most abundant fraction was found to
be localized in the chloroplast/plastid, implying that the
physiological activities associated with the photosynthetic
organelle are extensively modulated by S-nitrosylation modi-
fication. However, it is worth noting that both, our research
results and previous studies (Hu et al. 2015; He et al. 2018;
Qiu et al. 2019), showed that the level of S-nitrosylated pro-
teins enriched in the chloroplast and mitochondria is sig-
nificantly higher than that one located in the nucleus or cell
membrane. On the one hand, this may be due to that these
proteins underwent S-nitrosylation modification function
rather on various metabolic pathway in these organelles.
On the other hand, extracting procedures for enrichment
of S-nitrosylated proteins might result in significant bias
in respect to the representation of proteins from different
subcellular compartments, especially cell membrane pro-
teins and nuclear proteins. In future studies, this issue about
methodological limitation needs to be further addressed and
explored.

Besides, various S-nitrosylated proteins have been indi-
cated to function in carbon and energy metabolism, genetic
information, photosynthesis pathway, stress response and
cellular signaling transduction, and so on (He et al. 2018;

@ Springer



101 Page 16 of 22

Planta (2022) 256:101

Niu et al. 2019). In our study, the S-nitrosylated proteins
were mainly involved in the metabolism, genetic informa-
tion processing, transport and catabolism, signal transduc-
tion and environmental adaptation (Fig. 4). As a conse-
quence, these results indicated that these S-nitrosylated
proteins could function in various pathways, which might
play a vital role in the resistance of tomato seedlings to
salt stress.

MAPK cascades play an important role in transduction
extracellular signals to cellular responses. Further, as a key
signal regulator, NO has been used to induce the activation
of MAPK signal. Interestingly, in our study, 15 S-nitros-
ylated proteins were identified in the MAPK signal transduc-
tion pathway, which mainly were enriched cytoplasm and
nucleus (Table 2; Fig. 5a). The SAMs, methionine (Met)
and l-aminocyclopropane carboxylic acid (ACC) were
recognized as important precursors for ethylene synthesis.
SNP treatment inhibited ethylene biosynthesis by regulating
the activities of ACC synthesis and ACC oxidase during
the postharvest freshness of cut flowers (Liao et al. 2013).
MET synthase was a candidate for S-nitrosylation in Kalan-
choe pinnata, although this has not been linked to a loss in
enzymatic activity (Abat et al. 2010). In our study, three
SAMs (SAMs1, SAMs3 and SAMs) proteins have been
found to be S-nitrosylated in tomato seedlings for the first
time (Table 2). Moreover, among them, SAMs3 was iden-
tified in all treatments, SAMs was S-nitrosylated in both
NaCl and NaCl + GSNO treatments, whereas SAMs1 was
S-nitrosylated only in NaCl+GSNO treatment, implying the
involvement of SAMs in salt stress through S-nitrosylation.
The SAM content and ethylene production were decreased
by GSNO + NaCl treatment compared to NaCl treatment
alone (Fig. 6b, d). An earlier study indicated that MAT was
S-nitrosylated, which caused the decrease of MAT activity
(Lindermayr et al. 2006). Since the inhibition of MAT activ-
ity by S-nitrosylation could lead to the decreased SAM it
may also well explain the reason of the reduction of ethylene
production caused by GSNO supplement (Fig. 6d). Further-
more, the transcriptional expression of SAMsI, SAMs3 and
SAMs was down-regulated by GSNO treatment under salt
stress compared to NaCl treatment alone (Fig. 6), suggest-
ing that NO significantly decreased the expression of SAMs
at the transcriptional level, thereby alleviating salt stress in
tomato seedlings. Singh et al. (2017) indicated that NO-
mediated transcriptional modulation enhanced plant adap-
tive responses to arsenic stress. Since SAMs can catalyze
the synthesis of the ethylene precursor and NO is known
to modulate the biosynthesis of ethylene, SAMs probably
mediate the crosstalk between NO signaling and ethylene
biosynthesis (He et al. 2018). Thus, these results clarified
that NO could regulate the relative expression of SAMs
mainly through transcriptional regulation, thereby regulating
the ethylene production in MAPK signaling, which probably
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lead to the alleviation of salt damage to the growth of tomato
seedlings.

The core ABA signaling is composed of PYR/PYL/
RCAR receptors, PP2C phosphatases and SnRK?2 kinases.
The ABA could bound PYLs to form complexes with the
clade A PP2C, which allows the release of the inhibition of
SnRK2 protein kinases by PP2C. In the absence of ABA,
PP2C interacts with and inhibits SnRK2 to prevent ABA
signaling (Chen et al. 2020). The data presented herein dem-
onstrated that PP2C underwent S-nitrosylation modification
in all three treatments and SnRK was S-nitrosylated only
in NaCl and NaCl+ GSNO treatments in tomato seedlings
(Table 2). Especially, S-nitrosylated PP2C was reported for
the first time in our study. A previous study reported that
SnRK2.6 and SnRK2.2 could be S-nitrosylated and thus
inactivated, thereby negatively regulating ABA signaling
in the processes of germination and early seedling growth
(Wang et al. 2015a). In addition, another member of the
SnRK?2 family, SnRK2.6 (OST1) was found to be inactivated
by S-nitrosylation at cysteine residue 137 in the guard cell,
which resulted in the negative regulation of ABA signal-
ing and contributed to ABA insensitivity in stomatal clo-
sure (Wang et al. 2015b). Thus, we hypothesized that the
S-nitrosylated SnRK might inactivated in our study, espe-
cially in the appearance of NO, which will require further
verification in the future. Plants accumulate quickly ABA,
which in turn activated multiple stress responses when
subjected to various abiotic stresses. When environments
are optimal, ABA is decreased to a basal level to promote
optimal growth. Thus, the regulation of ABA levels in tis-
sues and cells is critical for balancing defense and growth
processes when plants faced to non-optimal environments
(Chen et al. 2020). In our results, GSNO treatment also fur-
ther reduced ABA content under salt stress compared with
NaCl treatment (Fig. 6f). This indicated that the regulation
of ABA levels plays a key role in the process of NO-alleviat-
ing salt stress. Moreover, our results indicated that the rela-
tive expressions of PP2C and SnRK were significantly down-
regulated in GSNO-treated tomato seedlings under salt stress
compared to NaCl treatment alone (Fig. 6¢), implying that
the expressions of PP2C and SnRK were inhibited at tran-
scriptional levels by NO under salt stress. Accordingly, it
could be speculated that, the key proteins SnRK and PP2C in
ABA signaling pathway underwent NO-induced post-trans-
lational modification, S-nitrosylation, and NO affected their
relative expressions at transcriptional levels, which resulted
in a reduction in ABA level to a basal level and consequently
alleviated salt toxicity in tomato seedlings.

MAPKSs are the key proteins involving in plant stress
response, and loss-of-function mutations affecting
MAPK signals can lead to the increase of salt sensitiv-
ity (Yoo et al. 2008). In our study, two MAPKK proteins
[MAPKKS (S-nitrosylated in NaCl treatment) and MAPKK
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(S-nitrosylated in control, NaCl and NaCl + GSNO treat-
ments)] and two MAPK proteins [MAPK (K4AZN6)
(S-nitrosylated in NaCl and NaCl+ GSNO treatments),
MAPK (AOA3Q7GX91) (S-nitrosylated in all treatments)]
were identified in tomato seedlings (Table 2). Feng et al.
(2013b) indicated that extracellular signal-regulated kinase
MAPK3/MAPK1 underwent S-nitrosylation by GSNO pre-
treatment and thus inhibited its phosphorylation, which pro-
vided critical insights into the control of apoptosis and tumor
development. Hence, the function of S-nitrosylation about
MAPK protein prompted us to study how this post-trans-
lational modification works its phosphorylation under salt
stress. Meanwhile, the expression levels of these transcrip-
tional genes (MKK2, MEK1 and MAPKS) of MAPKKS,
MAPKK and MAPK (accession number: K4AZNG6), respec-
tively, were significantly up-regulated by GSNO treat-
ment under salt stress compared to NaCl treatment alone
(Fig. 6e). In addition, MAPKS and MEK1 overexpression
also enhanced the resistance to the stress stimulus in plants
(Zhang et al. 2022), which further confirmed our results
(Fig. 6e). Thus, NO might enhance the resistance of tomato
seedlings to salt stress by increasing the expression of vari-
ous MAPKSs at transcriptional levels, whereas whether the
S-nitrosylated MAPK proteins identified in our study affect
their phosphorylation levels remains to be established in
future. Taken together, these results mentioned above clari-
fied that various S-nitrosylated proteins were identified in the
MAPK signal transduction pathway and NO could regulate
MAPK signaling mainly by modulating ethylene produc-
tion and ABA signaling through transcriptional regulation
in response to salt stress, thereby reducing ABA level and
ethylene biosynthesis and alleviating salt toxicity in tomato
seedlings.

Early studies showed that various proteins in the carbo-
hydrate metabolism were modified by S-nitrosylation under
cold stress (Sehrawat et al. 2013b) and during the aging of
elm seeds (He et al. 2018). He et al. (2018) reported that 11
S-nitrosylated proteins were involved in carbohydrate metab-
olism during the aging of elm seeds, revealing the regulatory
mechanism of post-translational modification on the carbo-
hydrate metabolism. In our study, 22 proteins in the carbohy-
drate metabolic pathway were found to undergo S-nitrosyla-
tion, which mainly were enriched in cytosol, mitochondrion
and cell wall (Table 3; Fig. 5b). Of these proteins, FBA,
PK, GAPDH and enolase in glycolysis were identified to
undergo S-nitrosylation in all three treatments (Table 3).
Previously, Wang et al. (2017) found that the S-nitrosyla-
tion of GAPDH induced by SNP treatment decreased its
activity, leading to the inhibition of root growth. However,
in Nicotiana tabacum, GAPDH S-nitrosylation did not
affect the total GAPDH activity under salt stress and only
a small proportion of GAPDH appeared to be regulated by
S-nitrosylation in response to salt stress (Wawer et al. 2010).

This implies that the regulation of GADPH activity after
S-nitrosylation might be different due to different plant tis-
sues or stimuli conditions. Previous studies found that FBA
could undergo S-nitrosylation and function in non-aged
and aging seeds of elm (He et al. 2018), GSNO-treated leaf
of Kalanchoe pinnata (Abat et al. 2010) and the develop-
ment of adventitious roots of cucumber (Niu et al. 2019). In
addition, Chen et al. (2013) found that S-nitrosylated FBA
was inactivated after seed aging compared to normal seeds.
Meanwhile, FBA played important roles in response to salt
stress in Sesuvium portulacastrum (Fan et al. 2009). This
implied that S-nitrosylated FBA might function in response
to salt stress. The activities of FBA, GAPDH and PK were
enhanced by GSNO treatment under salt stress compared
to the NaCl treatment alone (Fig. 7a). In fact, the level of
cellular protein S-nitrosylation is regulated by NO levels
and this type of post-translational modification can affect
protein/enzyme activity (Kovacs and Lindermayr 2013). In
our results, high NO and SNO levels were detected after add-
ing GSNO under salt stress, which could highlight the high
possibility of S-nitrosylation. Thus, to some extent, there
is a possibility that S-nitrosylation of glycolytic enzymes
mentioned above may be activated and function in response
to salt stress, which would be a fruitful area for future work
in investigating whether S-nitrosylation of glycolytic enzyme
members is involved in the glycolytic pathway and conse-
quently regulates plant growth and development as well as
stress responses. In addition, the expression levels of these
enzymes S-nitrosylated at transcriptional level and the con-
tents of related metabolites in glycolysis were significantly
increased by GSNO under salt stress, which further con-
firmed the activation of glycolysis by NO in another way.
This illustrated that NO responded to salt stress by modu-
lating gene expressions and inducing metabolic changes in
glycolysis pathway. Intriguingly, [(z)-1-[2-aminoethyl]-N-
[2-ammonioethyl] amino] diazen-1-ium-1, 2 diolate (DETA-
NO) has been found to protect plants from ATP reduction
by accelerating the rate of glucose consumption (Almeida
et al. 2001). Therefore, NO might alleviate salt toxicity via
glycolytic activation and consequent ATP supplementation
by post-translational modification, transcriptional and meta-
bolic regulation, which is consistent with the data from He
et al. (2018), who found that GSNO-mediated the activa-
tion of glycolysis by protein S-nitrosylation and transcrip-
tional regulation, thereby protecting the seeds from energy
deficiency.

Glycolysis and cycle can cause oxidative degradation of
carbohydrates produced by photosynthesis, thereby provid-
ing plant cells with more energy and carbon sources (Li et al.
2015). In our study, the activities of key enzymes (MDH and
CS) underwent S-nitrosylation in NaCl + GSNO treatment.
Besides, ME, ICDH and ACO in the TCA cycle were found
to be S-nitrosylated in all three treatments (Table 3) and their
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Fig.8 Diagram of the NO-
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transcriptional levels were up-regulated by GSNO under
salt stress (Fig. 7). Previously, the S-nitrosylated MDH was
detected to participate in the aging of elm seeds (He et al.
2018). Moreover, MDH also underwent S-nitrosylation dur-
ing GSNO-induced adventitious rooting in cucumber (Niu
et al. 2019). Interestingly, in the cotyledons supernatant of
sunflower seedlings subjected to salt stress, ACO, ICDH, CS
and MDH were S-nitrosylated (Jain et al. 2018), implying
that S-nitrosylation modification of these enzymes might be
involved in growth and development of plant and adverse
condition response. In our results, the contents of NO and
SNO were detected when applying GSNO under salt stress
(Fig. 2), implying the high possibility of S-nitrosylation. In
addition, the level of cellular protein S-nitrosylation was
modulated by NO and S-nitrosylation, the covalent attach-
ment of an NO moiety to a reactive cysteine thiol of a pro-
tein to form an SNO, could affect protein activity, subcel-
lular localization and protein—protein interaction as well as
induce protein conformational changes (Kovacs and Linder-
mayr 2013). The activities of MDH and CS were obviously
enhanced by applying GSNO under salt stress (Fig. 7). Thus,
it is possible that MDH and CS might be activated through
NO-induced S-nitrosylation and act as essential regulators
in TCA cycles under salt stress. However, in contrast to this
assumption, MDH was inactivated by S-nitrosylation in pea
leaves (Ortega-Galisteo et al. 2012). The difference in results
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could probably be due to the different species and tissues
used, and the concentrations, type and the expiration time
of NO donors. Thus, further studies need be done to con-
firm the direct function of S-nitrosylated MDH and CS on
themselves activity.

Besides, the transcriptional levels of proteins underwent
S-nitrosylation and the contents of related metabolites in
TCA cycle were increased by GSNO treatment under salt
stress compared to NaCl treatment alone (Fig. 7). Interest-
ingly, Bailey et al. (2019) explained that classical activation
of macrophages (M (LPS +IFNYy)) eliciting the expression of
inducible NO synthase (iNOS) and generating large amounts
of NO, elevated the levels of critical TCA cycle metabolites
citrate and succinate in the pro-inflammatory macrophage.
In addition, pyruvate, the final product of glycolysis and sub-
strate in TCA cycle metabolism, is transported into the mito-
chondrial matrix by a specific transport protein on the mito-
chondrial inner membrane. The rate of pyruvate transport
is vitally important to the respiratory metabolism of plants
(Li et al. 2015). In our study, both the pyruvate content and
PK activity were increased by GSNO treatment under salt
stress (Fig. 7). These results implied that the TCA cycle
might be activated by NO through S-nitrosylation modifica-
tion, transcriptional and metabolic regulation in the process
of NO-alleviating salt stress. The TCA cycle is composed
by a set of enzymes through the mitochondrial respiratory
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Fig. 9 Diagram of the NO-
induced metabolic changes in
carbohydrate metabolism by
S-nitrosylation under salt stress.

The C (control), N (NaCl)

and N+ G (NaCl+ GSNO)
treatments were illustrated
using three linked squares.
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the indicated treatment, and

the square remained blank if
S-nitrosylation was not detected.
A GSNO-mediated increase in
gene expression under salt stress
is indicated with a red arrow.
The increase in the metabolite
levels is indicated with red filled
arrowhead, and a GSNO-medi-
ated increase in enzyme activity
under salt stress is indicated
with red plus signs
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chain. During plant growth and development, energy and
appropriate building blocks are a basic requirement and
mitochondrial respiration is an important source for growth
and development of plants (Schwarzlinder and Finkemeier
2013). Mitochondria participate in diverse processes such
as metabolism of organic acids, amino acids, photorespira-
tion, maintenance of reactive oxygen species homeostasis
and programmed cell death (Gupta et al. 2011). In addi-
tion, mitochondria are the main target for oxidative dam-
age in plant leaves (Bartoli et al. 2004). More importantly,
mitochondria represent another essential source of NO in
lower and higher plants, and leaf mitochondria may also
produce NO (Gupta et al. 2011). As NO can reversely bind
to cytochrome c oxidase and affect respiration, mitochondria
are recognized not as only sources, but also important targets
of NO (Gardner 2005). An earlier study showed that in plant
cells NO affected mitochondrial functionality and decreased
total cell respiration due to the inhibition of the cytochrome
pathway (Zottini et al. 2002). However, plants contain an
NO resistant alternative oxidase (AOX) in mitochondria to
maintain non-ATP-coupled electron transport even in the
presence of NO (Millar and Day 1996). Thus, this implied

. CNN+G
I S-nitrosylated [T T | Non-S-nitrosylated

Salt Stress

*+ Enzyme activity increase
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that the effect of NO on alleviating salt stress in tomato
seedlings might also depend on targeting to mitochondria
and then maintaining mitochondrial ATP production. In our
results, we inferred that NO might activate the mitochondrial
TCA cycle by S-nitrosylation modification to alleviate salt
stress. Similarly, He et al. (2018) suggested that NO alle-
viated cell death through protein S-nitrosylation and tran-
scriptional regulation during the aging of elm seeds. Thus,
combining our findings, we inferenced that NO promoted
glycolysis and activated the TCA cycle at post-translational
and transcriptional levels, which produced more energy and
glucose entered into the TCA cycle, thereby promoting the
growth of tomato seedlings under salt stress. However, the
identification of specific S-nitrosylated sites of proteins that
were identified to undergo S-nitrosylation in carbohydrate
metabolism in our study and the impact of mutations at site
mutation on protein activity or salt tolerance needs to be
explored in the future.
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Conclusion

In conclusion, we found that NO may promote the growth of
tomato seedlings during salt stress. In this process, endog-
enous S-nitrosylation levels and protein S-nitrosylation were
regulated. Importantly, 15 and 22 S-nitrosylated proteins
were involved in MAPK signal transduction and carbohy-
drate metabolism, respectively. Various proteins in MAPK
signaling were modulated by NO through the regulation of
ethylene production and ABA signaling at transcriptional
regulation in response to salt stress, thereby reducing ABA
level and ethylene biosynthesis and then alleviating salt tox-
icity in tomato seedlings (Fig. 8). In addition, NO might
promote glycolysis and activate the TCA cycle through
S-nitrosylation and transcriptional regulation, which reduced
energy deficiency and protected the tomato seedlings from
salt toxicity (Fig. 9). A possible model is that NO benefi-
cially regulated MAPK signaling at transcriptional levels
and activated carbohydrate metabolism by protein S-nitros-
ylation modification, transcriptional and metabolic regula-
tion, protecting tomato seedlings from salt toxicity, thus
promoting the growth of tomato seedlings (Figs. 8 and 9).
Thus, future research about the function of NO-mediated
protein S-nitrosylation and the mutation validation of spe-
cific S-nitrosylation sites in response to salt stress needs to
be provided.
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