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Abstract: Salt stress is an adverse impact on the growth and development of plants, leading to
yield losses in crops. It has been suggested that nitric oxide (NO) and calcium ion (CaZ*) act as
critical signals in regulating plant growth. However, their crosstalk remains unclear under stress
condition. In this study, we demonstrate that NO and Ca* play positive roles in the growth of tomato
(Lycopersicum esculentum) seedlings under salt stress. Our data show that Ca®* channel inhibitor lan-
thanum chloride (LaCl3), Ca?* chelator ethylene glycol-bis (2-aminoethylether)-N,N,N,N-tetraacetic
acid (EGTA), or calmodulin (CaM) antagonist N-(6-aminohexyl)-5-chloro-1-naphthalenesulfona-
mide hydrochloride (W-7) significantly reversed the effect of NO-promoted the growth of tomato
seedlings under salt stress. We further show that NO and Ca?* significantly decreased reactive
oxygen accumulation, increased proline content, and increased the activity of antioxidant enzymes,
as well as increased expression of antioxidant enzymes related genes. However, LaCl;, EGTA, and
W-7 prevented the positive roles of NO. In addition, the activity of downstream target enzymes
related to CaZ* /CaM was increased by NO under salt stress, while LaCl; EGTA, and W-7 reversed
this enhancement. Taken together, these results demonstrate that Ca%t/CaM might be involved in
NO-alleviate salt stress.
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1. Introduction

Salt stress is one of the most important abiotic stresses in plant, which has a series
of negative impacts on growth, nutrition, oxidative stress, photosynthesis, respiration,
and productivity of many plant species. Salinity could lead to excessive accumulation
of sodium (Na*) and chloride ion (Cl7), thereby damaging the growth and development
of plant [1]. In response to salinity, various morphological and developmental changes
occur in plant, which implies that plant utilizes an array of biochemical and physiolog-
ical mechanisms to counteract the harmful effects of salt stress [2]. Moreover, the water
and mineral absorption would reduce as salinity increases, which would lead to several
consequences to plants, such as nutrient deficiency, decreased chlorophyll content, and
decreased function of pigment—protein complex [3]. Additionally, salt stress would increase
the risk of oxidative damage in plants that imposes the generation of reactive oxygen
species (ROS) [4]. Therefore, salt stress may lead to different degrees of inhibition in plant
growth [5]. Consequently, a profound exploration of method to alleviate salt stress is
essential for plant growth.

Nitric oxide (NO), a small ubiquitous gaseous signaling molecule, mediates many
specific developmental processes in plants. In recent years, NO functions as an influential
plant growth regulator and has been widely studied, including seed germination [6],
adventitious and lateral root formation [7,8]. Further results confirm that NO is involved in
diverse stresses, including drought and osmotic stress, heat, heavy metal, salt and biotic
stresses [9-11]. Increasing evidence reveals that endogenous NO plays an important role
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in the signaling network to induce tolerance against salinity in plants. It has also been
suggested that exogenous NO application could promote the maintenance of cellular redox
homeostasis through increasing antioxidant enzyme activity, and consequently mitigate the
oxidative damage produced by ROS in plants under salinity [12]. It was further reported
that exogenous NO could increase the activity of antioxidant enzymes in plant, such as
superoxide dismutase (SOD), ascorbic acid peroxidase (APX), and catalase (CAT) [13],
which were correlated with enhanced tolerance to abiotic stresses. Therefore, the roles of
NO in plants are currently a hot topic and require to be urgently studied.

Calcium ion (Ca?*), an essential cytoplasmic second messenger, regulates many dif-
ferent responses of plants to environmental signals. Increasing evidence reveals that Ca®*
plays an important role in plants response to biotic and abiotic stresses, such as light,
oxidative stress, wind, wounding, phytohormones, and pathogens [14]. Ca?* also par-
ticipates in the growth and development of many plants, including seed germination,
root and pollen tube growth [15,16], plant senescence and fruit ripening preservation [17].
Furthermore, several studies have reported that exogenous Ca?* would improve the toler-
ance to drought stress in different plants such as Arabidopsis thaliana [18] and maize [19].
Ca?* signals usually are decoded by several Ca?* sensors or Ca* binding proteins when
plants respond to various stresses. Generally speaking, there are three sub-families of
Ca?* sensors and transducers in plants, including calmodulins (CaMs), calcineurin B-like
proteins, and calcium-dependent protein kinase (CDPK) [20]. Calmodulin (CaM), a multi-
functional Ca?* receptor protein, participates in signaling pathways that regulate many
crucial processes [21]. Generally, CaM has no enzymatic activity of its own, but the cal-
cium ion/calmodulin (Ca?* /CaM) complex through modulating the activities of numerous
target proteins regulates a variety of critical processes [21].

It was demonstrated that a complicated crosstalk exists between NO, Ca?*, and CaM
in plant growth and response to abiotic stresses [22]. Recently, increasing number of studies
dedicated the interplay of NO and Ca?* in plant growth and response to abiotic stress. For
example, Lanteri et al. [23] reported that Ca?* and CDPK were involved in NO-induced
adventitious root formation in cucumber explants. In addition, adventitious root formation
could be induced by exogenous NO through increasing endogenous Ca?* and CaM levels
under stress-free condition in marigold [24]. Furthermore, a critical role of Ca?*/CaM in
NO-induced adventitious root formation was also investigated in cucumber under osmotic
stress [25]. However, the interplay between NO and Ca?* /CaM remain unclear. So, the
aim of this study is to explore the potential role of NO and Ca?*/CaM and their interaction
in tomato seedlings under salt stress.

2. Material and Methods
2.1. Plant Materials and Growth Conditions

Tomato seedlings (Lycopersicum esculentum L. ‘Micro-Tom’) were used as plant materi-
als in this study, which were cultivated using Hoagland nutrient solution through hydro-
ponic culture. The healthy seeds were surface sterilized with 1% of sodium hypochlorite
for 10 min and thoroughly washed with distilled water, and then sown at the nursery trays.
After two weeks of germination, they were cultivated in 1/2 Hogland solution for 7 days.
Then, they were transferred to whole Hogland solution cultivation for another 21 days.
The tomato seedlings were grown under a cycle of temperature 25 +2 °C/20£2°C
(day/night), relative humidity 70%, and photoperiod 14/10 h (light/dark).

2.2. Treatments

After cultivation in Hoagland solution for 28 days, the uniform size and consistent
growth seedlings were chosen for different treatments for 7 days. In order to choose
the optimum concentration of CaCl,, sodium chloride (NaCl 150 mM) and different con-
centrations of calcium chloride (CaCl,, 50 uM, 100 uM, 150 uM, 200 uM, 250 uM, and
500 uM) were added to Hogland solution. Then, the following chemicals were added
to Hogland solution, respectively: 150 uM CaCl,, NO donor nitrosoglutathione (GSNO,
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10 mM), GSNO+CaClp, GSNO together with 1000 uM lanthanum chloride (LaCl3, Solarbio),
500 uM ethylene glycol-bis (2-aminoethylether)-N,N,N,N-tetraacetic acid (EGTA, sigma),
200 uM N-(6-aminohexyl)-5-chloro-1-naphthalenesulfona-mide hydrochloride (W-7, Santa
Cruz), 10 uM 2-(4-carboxy-2-phenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO,
Sigma). The seedlings treated with the Hogland solution adding no extra compounds were
served as the control. All the solutions were prepared with distilled water. Each treatment
contained three replications. The samples were collected after treatment and frozen at
—80 °C for the following experiment. The concentrations of these chemicals were selected
based on the results of a preliminary experiment conducted in our laboratory [11,25].

2.3. Measurement of Morphological Indexes

The morphological phenotype of seedlings, such as plant height, stem diameter, leaf
area, and total root length, were measured after treatment. Plant height and stem diameter
were measured by a vernier caliper of straight-line. Leaf area was detected by a leaf area
scanner (YMJ-C, Zhejiang Topp Co., Ltd, Hangzhou, China) for leaves of the whole single
plant. After removing the aboveground part of the treated seedlings, the root images
were scanned with a root scanner (STD4800, Canada), then the root analysis software Win
RHIZO 5.0 (Regent Instruments, Inc. Quebec City, Canada) was used to determine the total
root length of each plant. Mean values of plant height, leaf area, and total root length in
each treatment were calculated by five seedlings in each replication.

2.4. Determination of HyO, Content, MDA Content and Proline Content

Hydrogen peroxide (H,O) content was determined according to Bellincampi et al. [26]
with slight modifications. Fresh leaf tissues (500 mg) were homogenized with 5.0 mL of
trichloroacetic acid (TCA) (0.1%, w/v) and then centrifuged at 12,000x g for 15 min at
4 °C. Sample extract (0.5 mL) was added to 0.5 mL 10 mM potassium phosphate buffer
(pH 7.0) and 1 mL of 1mM potassium iodide. When entirely mixed, it was kept at 28 °C
constant temperature for 60 min. The absorbance of the solution was measured at 390
nm. The malondialdehyde (MDA) content was measured as described by Ma et al. [27].
A total of 500 mg of plant leaves were collected and homogenized in 5 mL 100 g-L~!
TCA and then transferred into 10 mL centrifuge tube. The mortar was washed using
5 mL TCA and merged in 10 mL centrifuge tube before. Then, the extracts were cen-
trifuged at 4000x g for 10 min at 4 °C. The supernatant liquor (2 mL) was added to
2 mL of 6 g-L~! 2-thiobarbituric acid. The mixture was incubated in a boiling water
bath for 15 min and then centrifuged for 15 min at 4000x g after quickly cooling on
ice. The absorbance of the supernatant was measured at 450 nm, 532 nm, and 600 nm.
MDA content (nmol- g_l) =6.45 * (OD 532 — OD 600) — 0.56 * OD 450. The proline con-
tent was determined according to Myara et al. [28]. Fresh tomato leaves about 500 mg were
weighted and ground finely with 5 mL 3% sulfosalicylic acid. After extracting in boiling
water bath for 10 min, the homogenate was centrifuged at 3000 x g for 10 min after cooling.
Then, 2 mL glacial acetic acid, 4 mL acid ninhydrin reagent solution and 2 mL 3% (w/v)
sulfosalicylic acid were added to 2 mL of extracting solution, respectively. The mixture
was incubated in boiling water bath for 60 min. After cooling the reaction mixture to room
temperature, 4 mL toluene was added and allowed to sit until extraction. The red-colored
upper phase, which consisted of proline dissolved in toluene, was taken and placed in a
spectrophotometer. The absorbance was read at 520 nm. The proline concentration was
determined in mg/g fresh leaf weight according to the standard curve.

2.5. Assay of Antioxidant Enzymes Activities

Enzyme extracts were prepared by homogenizing on ice using different extraction
buffers. About 500 mg leaf samples were homogenized with phosphate buffer (0.05 M,
pH 7.8) containing 5 M EDTA-Naj, 2 M sodium ascorbate (AsA), and 2% insoluble
polyvinylpyrrolidone in a chilled pestle and mortar. The homogenate was centrifuged at
16,000 g for 30 min at 4 °C and the resulted supernatant solution was used for determina-
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tion of superoxide dismutase (SOD), catalase (CAT), and ascorbic acid peroxidase (APX)
activity. SOD activity was assayed by the photochemical method described by Nakano
and Asada [29]. One unit SOD activity was defined as the amount of enzyme caused 50%
inhibition of the rate of nitro blue tetrazolium chloride. CAT activity was determined
according to the method of by Nakano and Asada [29] by monitoring the disappearance of
H,O, by recording the decrease in absorbance at 240 nm. CAT activity was expressed as
AD240 per minute per milligram of protein. The activity of APX was assayed following the
previously described method [30]. The assay mixture consisted of 0.25 mM AsA, 1 M H,O,
and enzyme extract. APX activity was expressed as AOD 290 per minute per milligram
of protein. Glutathione reductase (GR) and monodehydroasorbate reductase (MDHAR)
activity was measured using an enzyme extraction kit (Suzhou Keming Biotechnology Co.,
Ltd., Suzhou, China). Enzyme extracts were prepared by homogenizing on ice according
to the instruction. About 100 mg leaf sample was ground with 1 mL reagent 1 for ice
homogenization. After 4 °C-centrifugation at 8000x g for 15 min, the supernatant was
used for the subsequent enzyme activity determination using a SHIMADZU UV-1800
spectrophotometer (Shimadzu, Japan). GR and MDHAR activity was calculated using the
rate of decrease in the absorbance of NADPH at A340.

2.6. Assay for GC, PDE, Ca?*-ATPase, PLD, and NADK Activity

The activity of guanylate cyclase (GC), phosphodilipase (PDE), Ca?*-ATPase, phos-
pholipase D (PLD), and NAD kinase (NADK) was detected by using ELISA Kits (Yuanmu
Biological Technology Co., Ltd., Shanghai, China) according to the manufacturer’s instruc-
tions. About 500 mg tomato leaves were ground with 5 mL PBS (pH 7.4) on ice, then rinsed
in the mortar with another 4 mL PBS and all the solution was collected into a test tube. The
sample was centrifuged at 4000 g for 15 min at 4 °C, and the supernatant was collected as
crude enzyme solution. In brief, 10 pL of the crude enzyme solution was added into the
plate well with 40 uL GC, PDE, CaZ*-ATPase, PLD or NADK sample diluent, then reacted
at 37 °C for 30 min. Then, the mixture was incubated with 50 uL HRP-conjugate reagent at
37 °C for 30 min. The complex was colored with 50 pL chromogen solution A and 50 pL
chromogen solution B at 37 °C for 15 min in the dark. Stop solution 50 uL. was added to
stop the above reaction. Next, the absorbance was detected at 450 nm using a microplate
reader (CMax Plus, Migu Molecular Instruments Co., Ltd., Shanghai, China) within 15 min.
The enzyme activity in the sample was determined by comparing the OD 450 of the sample
to the standard curve.

2.7. Quantitative Real-Time PCR Assays

Quantitative real-time PCR (qQRT-PCR) was conducted to assess the transcription levels
of different genes. Total RNA was extracted from the homogenized powder of tomato
leaves using TRIzol reagent (Invitrogen). The cDNA was synthesized with an Evo M-MLV
RT Premix for qPCR Kit (Accurate Biotechnology Co., Ltd., Hunan, China) following the
manufacturer’s recommendations. The gqRT-PCR experiments were performed on a Light
Cycler® 96 Real-Time PCR System (Roche, Switzerland), according to the manufacturer’s
instructions in SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology). All the
qRT-PCR analyses were performed with at least three biological replicates. The expression
level of SIACTIN was used as an internal control to calculate the relative expression. The
primers used in the qRT-PCR analyses are listed in Supplementary Table S1. The relative
transcript expression level of genes was quantified using 2~*4¢t method.

2.8. Statistical Analysis

The results are reported as means + standard error (SE) from at least three time
experiments. The analysis of data was performed using SPSS Statistics 22.0 software (SPSS,
Inc., Chicago, IL, USA). The significant differences were performed using Tukey’s multiple
comparison test (p < 0.05).
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3. Results
3.1. Effects of Different Concentrations of CaCl, on Growth of Tomato Seedlings under Salt Stress

Compared with NaCl treatment, 50, 100, 150, and 250 mM CaCl, treatments sig-
nificantly increased plant height under salt stress (Figure 1A,B). Compared with NaCl
treatment, treatments with 150 and 200 mM CaCl, significantly increased stem diameter
under salt stress. There was no difference in stem diameter among 50, 100, 250 mM CaCl,
and NaCl treatments (Figure 1A,B). Compared with the control, treatment with NaCl
significantly decreased leaf area in tomato seedlings. Under salt stress, treatments with
50, 100, 150, 200, and 250 pM CaCl, increased leaf area of tomato seedlings than NaCl
treatment. Among them, the leaf area was significantly increased by 31.4% in 150 uM CaCl,
treatment under salt stress compared with NaCl treatment. While 500 uM CaCl, treatment
decreased leaf area under salt stress more than NaCl treatment alone (Figure 1C,D). Under
the NaCl stress, all concentrations of CaCl, significantly increased total root length of
tomato seedlings expect the concentration of 500 tM CaCl,. The total root length in 150 uM
CaCl, treatment was significantly higher than that in 200 uM CaCl, treatment. Treatment
with 200 uM CaCl; resulted in higher root length than treatments with 50, 100, and 250 pM
CaCl,. Thus, 150 uM CaCl, treatment obtained the highest total root length (Figure 1C,E).
Thus, 150 uM CaCl, had the maximum biological effect on the growth of tomato seedlings
under salt stress. Therefore, 150 pM CaCl, was used for the following experiments.
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Figure 1. Effects of various concentrations of CaCl, on the growth of tomato seedlings under salt
stress. (A): Plant phenotype; (B): plant height and stem diameter; (C): plant leaf area and total
root length; (D): leaf phenotype; (E): root phenotype. The values (means £ SE) are the averages of
three independent experiments (1 = 15). The columns labeled with different small letters indicate
significant differences between treatments by Tukey’s multiple comparison test (p < 0.05).
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3.2. Effects of Exogenous NO, Ca** Chelators, Ca’* Channel Inhibitor and CaM Antagonists on
Growth of Tomato Seedlings under Salt Stress

In order to further analyze whether Ca?*/CaM is involved in NO-promoted the
growth of tomato seedlings under salt stress, the effects of Ca?* channel inhibitor (LaCls),
Ca®* chelator (EGTA), and CaM antagonist (W-7) co-treated with GSNO were studied. As
shown in Figure 2, NaCl treatment significantly decreased plant height, stem diameter,
total root length, and leaf area compared with the control. Under salt stress, CaCl,, GSNO,
and GSNO+CaCl, treatment obtained higher plant height, stem diameter, total root length,
and leaf area value than NaCl treatment alone. However, when LaCl;, EGTA, or W-7
were added to GSNO containing solution under salt stress, it reversed the GSNO-induced
positive effect on tomato seedlings. These results indicated that NO-promoted the growth
of tomato seedlings under salt stress relative might be dependent on Ca?*/CaM.
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S ANAD A A AR

Control NaCl CaCl GSNO GSNO+CaCl GSNO+LaCls  GSNO+EGTA GSNO+W-7
NaCl

Figure 2. Effects of exogenous NO, Ca* chelators, Ca?* channel inhibitor and CaM antagonists
on growth of tomato seedlings under salt stress. (A): Plant phenotype; (B): plant height and stem
diameter; (C): plant leaf area and total root length; (D): leaf phenotype; (E): root phenotype. The
values (means £ SE) are the averages of three independent experiments (1 = 15). The columns labeled
with different small letters indicate significant differences between treatments by Tukey’s multiple
comparison test (p < 0.05).
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3.3. Effects of Exogenous NO and Ca?*/CaM on the Content of Hy O, MDA and Proline in Tomato
Seedlings under Salt Stress

As shown in Figure 3A, NaCl treatment significantly increased H;O; content in
tomato seedlings as compared to the control. Under salt stress, the treatment with CaCl,
and GSNO showed lower H,O; content compared with NaCl treatment alone. In addition,
the co-treatment with GSNO + CaCl, displayed lower H,O, content when compared with
their alone treatment. Conversely, under salt stress, the content of H,O, was higher in
GSNO + LaCl3z, GSNO + EGTA or GSNO + W-7 treatment than in GSNO treatment. NaCl
treatment significantly increased MDA content (about 111.9%) compared to the control.
Under salt stress, CaCl,, GSNO, and GSNO + CaCl, treatments significantly decreased
MDA content compared to NaCl treatment. After adding LaCl;, EGTA, and W-7 to GSNO,
MDA content was significantly increased compared with GSNO treatment under salt stress
(Figure 3B). Proline content was higher in NaCl treatment than in the control. CaCl, and
GSNO significantly increased the proline content under salt stress. However, LaCl;, EGTA,
or W-7 reversed the positive roles of GSNO (Figure 3C).

B C

30

20

H,0, content (nmol-g” FW)

140|

120f

100|

MDA content (umol-g” FW)
Proline content (ug-g” FW)
o

Figure 3. The content of HyO,, MDA, and proline in tomato seedlings under salt stress. (A): HyO,
content; (B): MDA content; (C): proline content. The values (means =+ SE) are the averages of three
independent experiments (1 = 15). The columns labeled with different small letters indicate significant
differences between treatments by Tukey’s multiple comparison test (p < 0.05).

3.4. Effects of Exogenous NO and Ca®*/CaM on Antioxidant Enzyme Activity of Tomato Seedlings
under Salt Stress

To further assess whether alleviation of salt stress is related to NO- or Ca?*/CaM
-induced antioxidant defense, the activity of antioxidant enzymes was measured in tomato
seedlings under salt stress. Compared with the control, the activities of two enzymes of the
ascorbate-glutathione pathway, GR and APX, were increased under the NaCl treatment
(Figure 4). The activity of APX and GR was increased by CaCl, and GSNO treatment under
salt stress (Figure 4A). Compared with GSNO treatment, GSNO+LaCl3, GSNO+EGTA, and
GSNO+W-7 treatments reduced the activity of APX and GR under salt stress (Figure 4A).
As shown in Figure 4B, NaCl treatment led to a significant increase in CAT and SOD
activities compared with the control. CaCl, and GSNO increased CAT and SOD activity
under salt stress; however, there was a significant decrease in CAT and SOD activity
in GSNO+LaCl3;, GSNO+EGTA, or W-7 treatment. Compared with the control, MDHAR
activity was significantly increased in all other treatments (Figure 4C). Compared with NaCl
treatment, CaCly, GSNO, and GSNO+CaCl, treatments significantly increased MDHAR
activity under salt stress. GSNO+LaCl3, GSNO+EGTA, and GSNO+W-7 significantly
decreased MDHAR activity compared with GSNO treatment.
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Figure 4. Effects of exogenous NO and Ca?* /CaM on antioxidant enzyme activity of tomato seedlings
under salt stress. (A): APX and GR activities; (B): SOD and CAT activities; (C): MDHAR activity.
The values (means =+ SE) are the averages of three independent experiments (1 = 15). The columns
labeled with different small letters indicate significant differences between treatments by Tukey’s
multiple comparison test (p < 0.05).

3.5. Effects of NO on Downstream Target Enzymes Related by Ca’*/CaM in Tomato Seedlings
under Salt Stress

In comparison with the control, NaCl treatment significantly decreased GC and PDE
activity (Figure 5A). When compared with NaCl treatment, CaCl, treatment obviously in-
creased GC and PDE activity by 44.06% and 64.01%, respectively. However, GSNO + LaCl3,
GSNO + EGTA, or GSNO + W-7 partly reversed the promotion of GSNO. Under salt stress,
the activity of GC and PDE in CaCl,+cPTIO treatment was significantly lower than that
in CaCl, treatment (Figure 5A). Compared with the control, NaCl treatment significantly
increased Ca%*-ATPase and PLD activity (Figure 5B). Compared with NaCl treatment,
NaCl + CaCl, treatment significantly increased Ca”*-ATPase and PLD activity. However,
when LaClz, EGTA, or W-7 was administered to GSNO-treated seedlings, it resulted in
a significant reduction of Ca?*-ATPase and PLD activity under salt stress. In addition,
cPTIO significantly decreased Ca?*-ATPase and PLD activity which was induced by CaCl,
under salt stress. Figure 5C shows an obvious decrease in NADK activity in NaCl treat-
ment, which was 66.83% of the control. Treatment with CaCl, plus NaCl significantly
increased NADK activity, which was more than twice than that of NaCl treatment alone. In
addition, the NADK activity in seedlings treated with GSNO + LaCls, GSNO + EGTA, or
GSNO + W-7 was significantly lower than that in seedlings treated with NaCl. Moreover,
CaCl; + cPTIO treatment was able to cause reduction of NADK activity compared with the
NaCl treatment.
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Figure 5. Effects of NO on downstream target enzymes related by Ca?* /CaM in tomato seedlings
under salt stress. (A): GC and PDE activities; (B): Ca2*-ATPase and PLD activities; (C): NADK activity.
The values (means £ SE) are the averages of three independent experiments (n = 15). The columns
labeled with different small letters indicate significant differences between treatments by Tukey’s

multiple comparison test (p < 0.05).
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3.6. Effects of Exogenous NO and Ca?*/CaM on Antioxidant Synthesis-Related Gene Expression in
Tomato Seedlings under Salt Stress

As shown in Figure 6A, the expressions of APX1, APX2, and GR, which encoded APX
and GR, respectively, were significantly higher in NaCl treatment than in the control. APX1,
APX2, and GR expression levels in NaCl + CaCl; and NaCl + GSNO treatments were higher
than that in NaCl treatment. However, the co-treatment with GSNO and LaCls, EGTA, or
W-7 obviously reduced the roles of GSNO. Salt stress up-regulated the expressions of SOD,
CAT, and P5CS (Figure 6B). While CaCl, and GSNO significantly increased the expressions
of SOD, CAT, and P5CS under salt stress. However, when LaCls, EGTA, and W-7 were
added, the expressions of SOD, CAT, and P5CS increased by GSNO were decreased under
salt stress.
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Figure 6. Effects of exogenous NO and Ca?* /CaM on antioxidant synthesis-related genes in tomato
seedlings under salt stress. (A): Relative expression of APX1, APX2, and GR; (B): relative expression
of SOD, CAT and P5CS. The values (means + SE) are the averages of three independent experiments
(n = 15). The columns labeled with different small letters indicate significant differences between
treatments by Tukey’s multiple comparison test (p < 0.05).

4. Discussion

Salt stress is one of the most common abiotic stresses, which has detrimental roles
in crop quality and productivity. Therefore, it is imperative to alleviate salt stress in
agricultural production. The results clearly showed that salt stress have an adverse effect
on the growth of tomato seedlings (Figures 1 and 2). However, GSNO or CaCl; increased
plant height, stem diameter, total root length, and leaf area of tomato seedlings under
salt stress (Figures 1 and 2). In addition, previous studies have indicated that NO and
Ca?*, as signaling molecules, might regulate the growth and physiological processes and
the response to abiotic stress in plants [25,31]. Similarly, recent studies have shown that
NO could promote the growth of tomato seedlings under salt stress [11]. Exogenous Ca®*
was also found to promote the adaptive of Gleditsia sinensis Lam. under salt stress [32].
Meanwhile, GSNO+CaCl, treatment showed better growth than CaCl, or GSNO treatment
alone in tomato seedlings under salt stress (Figure 2). These results indicated that treatment
with suitable concentration of NO or Ca?* significantly alleviated the growth inhibition
from salt stress in tomato seedlings, and NO and Ca?* have synergistic effects.

Recently, studies have shown an increased interest in the roles and crosstalk between
NO and Ca?* response to abiotic stresses in plant. The functional connection between
NO and Ca?* in response to salt stress has been reported [33]. Ca?* might mediate NO-
induced formation of adventitious root in cucumber under osmotic stress [25]. In this
study, when LaCl3; EGTA, or W-7 was applied, the positive effects of NO on the growth
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of tomato seedlings under salt stress were diminished (Figure 2). These results revealed
that Ca?*/CaM are essential for NO-alleviated salt stress in tomato seedlings. Similar
results were obtained by Niu et al. [25] who reported that LaClz, EGTA, or W-7 treatment
significantly retarded NO-induced the formation of adventitious root in cucumber under
osmotic stress. Therefore, it may be hypothesized that Ca?*/CaM may be involved in
NO-enhanced salt tolerance.

Salt stress might increase the production of ROS which always disrupts the growth and
development of plants [34]. This was evident by the increase of HyO, and MDA content
(Figure 3A,B). These results seem to be consistent with previous study which reported that
the content of H,O, or MDA was reduced in soybean seedlings under salt stress [35]. In
the present study, we observed that the addition of GSNO or CaCl; significantly reduced
the production of HyO, and MDA under salt stress (Figure 3A,B). A previous study in
cucumber showed that H,O, content was significantly reduced by SNP or CaCl, treatment
during the formation of adventitious root under osmotic stress [25]. Moreover, the data
presented here showed that the application of LaCls, EGTA, and W-7 obtained a higher
level of HyO, and MDA content compared with GSNO or CaCl, treatment. It is possible,
therefore, that NO or Ca?* might decrease the H,O, and MDA content to protect tomato
seedlings under salt stress. Proline, as a component of an antioxidative network, has the
ability to protect ROS damage, which participates in mitigating the effect of stress-induced
oxidative damage [36]. Earlier study has shown that proline content increased in the leaves
of Brassica under NaCl treatment [37]. In this work, we found that application of GSNO
or CaCl, alone, as well as combination of them all increased the proline content under
salt stress (Figure 3C). This result was in line with that of previous study which suggested
that presence of GSNO and CaCl, might alleviate NaCl-mediated osmotic stress through
enhancing proline accumulation [38]. However, the increase trend of proline content by
GSNO was gradually weakened when LaCls, EGTA or W-7 was applied. Thus, these
findings suggested that NO or Ca?* might alleviate the adverse effects of salt stress by
reducing the accumulation of ROS.

There are several reports demonstrated that NO or Ca?* could regulate the antioxidant
system by increasing the activities of antioxidant enzymes to resist damage of abiotic
stresses [39]. In the present study, GSNO, CaCl, or GSNO+CaCl, treatment significantly
increased the activities of antioxidant enzymes such as APX, SOD, CAT, GR, and DHAR
under salt stress (Figure 4), which was consistent with the previous study [40]. In addition,
a previous study in tall fescue showed that the effect of GSNO was gradually weakened
when the EGTA, LaCl; or PTIO was applied [41]. The result in our study also suggested
that LaClz, EGTA or W-7 would decrease GSNO-increased antioxidant enzyme activity
under salt stress. These results are in agreement with the hypothesis that Ca?* and NO
as signaling molecules enhanced seedlings salt stress resistance by increasing antioxidant
enzyme activity [38]; additionally, increasing the expression of genes related to antioxidative
enzymes such as APX1, APX2, GR, SOD, and CAT, as well as proline synthase-associated
gene P5CS (Figure 6). Therefore, Ca?* and NO alleviated the damage of salt stress by
increasing the activity of antioxidant enzymes and the expression of genes related to
antioxidative enzymes.

To further investigate the relationships of NO and Ca?"/CaM, downstream target
enzymes related to Ca?* /CaM were determined in our experiment. As a secondary mes-
senger, 3',5'-cyclic guanosine monophosphate (cGMP) showed a tendency of increase in
cytosolic levels with the increase of the salt concentration [42]. Some previous studies
have suggested that cGMP might play a pivotal role in plant development processes and
responses to both biotic and abiotic stresses [43]. Recent evidence showed that Ca%* and
cyclic nucleotides (cAMP/cGMP) cooperate in many plant physiological processes [44].
Interestingly, guanylate cyclases (GCs) are considered to a potential common point of cGMP
and NO signaling pathways [45]. Moreover, Ca?* could activate GCs [46]. Ca%*/CaM-
stimulated PDEs are key enzymes in the superkingdom of eukaryotes. In addition, the
activation of PDEs is the result of the attachment of CaM activated by Ca?* [47]. In this
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study, the result showed that the activity of GC and PDE was decreased in tomato seedlings
under salt stress. CaCl, and GSNO+CaCl, increased the activity of GC and PDE under
salt stress (Figure 5A). Earlier study has shown that NO could initiate its biological effects
mainly through activating GC [48]. Plant Ca?*-ATPase, an enzyme actively transport Ca>*
in eukaryotic cells, plays a vital role in maintaining cytoplasmic Ca** homeostasis. Ca*-
ATPase might be involved in many biological processes, such as growth, development,
hormonal regulation, immunity, and environmental responses [49,50]. In this study, Ca?*-
ATPase activity was significantly increased by NO, suggesting that Ca?"-ATPase might
play an important role in NO-alleviated salt stress (Figure 5B). Moreover, Ca?*-ATPase
was critical for NO-induced freshness preservation in cut lily [51], which showed that
NO significantly increased Ca?*-ATPase activity. PLD, an important enzyme, is involved
in signal transduction, vesicle trafficking, and membrane metabolism [52]. Increasingly,
studies have shown the involvement of PLD in plant stress responses or plant defense [53].
In the current study, PLD activity was significantly increased by NO (Figure 5B). In agree-
ment with this finding, NO-induced PLD activation was essential for stomatal closure [54].
NADK, an enzyme identified to be activated by Ca?* -dependent CaM, plays an integral
role in plant growth and development [55]. Ca?*/CaM complex directly interacts with
NADK and activates it in higher plants [56]. The available data in this study showed that
CaCl, significantly increased the NADK activity under salt stress (Figure 5C). Therefore,
NO could increase the content of Ca?* /CaM complex and then activate the activity of
NADK. Taken together, these findings suggested that Ca?* /CaM might be a downstream
molecule involved in NO-alleviate salt stress.

5. Conclusions

Altogether, the results of the present study indicated that exogenous NO and CaCl,
alleviated the damage of salt stress and promoted the growth of tomato seedlings. In
addition, NO and Ca?* alleviated the adverse effects of salt stress mainly by reducing the
accumulation of ROS. Moreover, the activity of downstream target enzymes related to
Ca?*/CaM was increased by NO under salt stress. Our results further demonstrated that
Ca?"/CaM might be located downstream of NO signaling pathway during that process.
However, complicated interactions might exist between NO and Ca?*/CaM under stress
condition. Therefore, more mechanisms of the crosstalk between NO and Ca?*/CaM under
various stresses should be further demonstrated.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11192479/s1, Table S1: Primers used in quantitative real-
time PCR (qRT-PCR).

Author Contributions: The authors W.L. contributed to the study conception and design. Material
preparation, data collection and analysis were performed by N.W., N.Q., X.H., and Y.L. The first draft
of the manuscript was written by N.Q. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by National Key Research and Development Program (2018YFD
1000800), National Natural Science Foundation of China (Nos. 32072559, 31860568, 31560563 and
31160398), Research Fund of Higher Education of Gansu, China (No. 2018C-14 and 2019B-082)
and Natural Science Foundation of Gansu Province, China (Nos. 1606R]JZA073, 1606R]ZA077 and
1606RJYA252).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support this study will be shared upon reasonable request
to the corresponding author.

Conflicts of Interest: The authors declare that they have no conflict of interest.


https://www.mdpi.com/article/10.3390/plants11192479/s1
https://www.mdpi.com/article/10.3390/plants11192479/s1

Plants 2022, 11, 2479 12 of 14

References

1. Zheng, L.; Ma, H.Y;; Jiao, Q.Q.; Ma, C.L.; Wang, P.P. Phytohormones: Important participators in plant salt tolerance. Int. ]. Agric.
Biol. 2020, 24, 319-332. [CrossRef]

2. Yao, D.X,; Zhang, X.Y.; Zhao, X.H,; Liu, C.L.; Wang, C.C.; Zhang, Z.H.; Zhang, C.]J.; Wei, Q.; Wang, Q.H.; Yan, H.; et al. Tran-
scriptome analysis reveals salt-stress-regulated biological processes and key pathways in roots of cotton (Gossypium hirsutum L.).
Genomics 2011, 98, 47-55. [CrossRef] [PubMed]

3. Roussos, P.A,; Pontikis, C.A. Changes of free, soluble conjugated and bound polyamine titers of jojoba explants under sodium
chloride salinity in vitro. J. Plant Physiol. 2007, 164, 895-903. [CrossRef] [PubMed]

4. Parihar, P; Singh, S.; Singh, R.; Singh, V.P,; Prasad, S.M. Effect of salinity stress on plants and its tolerance strategies: A review.
Environ. Sci. Pollut. Res. 2015, 22, 4056-4075. [CrossRef]

5. Hao, S.H.; Wang, Y.R.; Yan, Y.X,; Liu, Y.H.; Wang, ].Y.; Chen, S. A review on plant responses to salt stress and their mechanisms of
salt resistance. Horticulturae 2021, 7, 132. [CrossRef]

6. Luis, S.; Pablo, A.; Isabel, M.; Inmaculada, S.V.; Tamara, L.; Maria, EM.; Oscar, L. Nitric oxide (NO) and phytohormones crosstalk
during early plant development. J. Exp. Bot. 2015, 66, 2857-2868. [CrossRef]

7. Niu, L.J.; Yu, J.H.; Liao, W.B.; Xie, ].M.; Yu, ].H; Lv, J.; Xiao, X.M.; Hu, L.L.; Wu, Y. Proteomic investigation of S-nitrosylated
proteins during NO-induced adventitious rooting of cucumber. Int. . Mol. Sci. 2019, 20, 875. [CrossRef]

8.  Correa-Aragunde, N.; Graziano, M.; Chevalier, C.; Lamattina, L. Nitric oxide modulates the expression of cell cycle regulatory
genes during lateral root formation in tomato. J. Exp. Bot. 2006, 57, 581-588. [CrossRef]

9.  Rezayian, M.; Ebrahimzadeh, H.; Niknam, V. Nitric oxide stimulates antioxidant system and osmotic adjustment in soybean
under drought stress. J. Soil Sci. Plant Nutr. 2020, 20, 1122-1132. [CrossRef]

10. Wei, L.J.; Zhang, J.; Wang, C.L.; Liao, W.B. Recent progress in the knowledge on the alleviating effect of nitric oxide on heavy
metal stress in plants. Plant Physiol. Biochem. 2019, 147, 161-171. [CrossRef]

11. Wang, C.L.; Wei, L.].; Zhang, ].; Hu, D.L.; Gao, R; Liu, Y.Y.; Feng, L.; Gong, W.T.; Liao, W.B. Nitric oxide enhances salt tolerance in
tomato seedlings by regulating endogenous s-nitrosylation levels. J. Plant Growth Regul. 2022, 41, 1-19. [CrossRef]

12.  Tanou, G.; Job, C.; Rajjou, L.; Arc, E.; Belghazi, M.; Diamantidis, G.; Molassiotis, A.; Job, D. Proteomics reveals the overlapping
roles of hydrogen peroxide and nitric oxide in the acclimation of citrus plants to salinity. Plant J. 2009, 60, 795-804. [CrossRef]
[PubMed]

13.  Zhou, B.Y.; Guo, Z.F; Xing, ].P.; Huang, B.R. Nitric oxide is involved in abscisic acid-induced antioxidant activities in Stylosanthes
guianensis. J. Exp. Bot. 2005, 56, 3223-3228. [CrossRef] [PubMed]

14. Ranty, B.; Aldon, D.; Cotelle, V.; Galaud, J.P.; Thuleau, P.; Mazars, C. Calcium sensors as key hubs in plant responses to biotic and
abiotic stresses. Front. Plant Sci. 2016, 7, 327. [CrossRef]

15. Kong, D.D,; Ju, C.L.; Parihar, A ; Kim, S.; Cho, D.; Kwak, ].M. Arabidopsis glutamate receptor homolog3.5 modulates cytosolic
Ca?* level to counteract effect of abscisic acid in seed germination. Plant Physiol. 2015, 167, 1630-1642. [CrossRef]

16. Liao, W.B.; Zhang, M.L.; Huang, G.B.; Yu, ] H. Ca?* and CaM are involved in NO- and H,O,-induced adventitious root
development in marigold. J. Plant Growth Regul. 2012, 31, 253-264. [CrossRef]

17.  Pandey, S.; Tiwari, S.B.; Upadhyaya, K.C.; Sopory, S.K. Calcium signaling: Linking environmental signals to cellular functions.
Crit. Rev. Plant Sci. 2000, 19, 291-318. [CrossRef]

18. Huang, K,; Peng, L,; Liu, Y.Y,; Yao, R.D.; Liu, Z.B.; Li, X.F; Yang, Y.Y.; Wang, ]. M. Arabidopsis calcium-dependent protein kinase
AtCPK1 plays a positive role in salt/drought-stress response. Biochem. Biophys. Res. Commun. 2017, 498, 92-98. [CrossRef]

19. Naeem, M.; Naeem, M.S.; Ahmad, R.; Ihsan, M.Z.; Ashraf, M.Y.; Hussain, Y.; Fahad, S. Foliar calcium spray confers drought stress
tolerance in maize via modulation of plant growth, water relations, proline content and hydrogen peroxide activity. Arch. Agron.
Soil Sci. 2017, 64, 116-131. [CrossRef]

20. Boudsocq, M.; Sheen, ]. CDPKs in immune and stress signaling. Trends Plant Sci. 2012, 18, 30—-40. [CrossRef]

21. Liao, W.B.; Zhang, M.L.; Yu, ].H. Role of ntric oxide in delaying senescence of cut rose flowers and its interaction with ethylene.
Sci. Hortic. 2013, 155, 30-38. [CrossRef]

22. Takata, T.; Kimura, J.; Tsuchiya, Y.; Naito, Y.; Watanabe, Y. Calcium/calmodulin-dependent protein kinases as potential targets of
nitric oxide. Nitric Oxide 2011, 25, 142-152. [CrossRef] [PubMed]

23. Lanteri, M.L.; Pagnussat, G.C.; Lamattina, L. Calcium and calcium-dependent protein kinases are involved in nitric oxide-and
auxin-induced adventitious root formation in cucumber. J. Exp. Bot. 2006, 57, 1341-1351. [CrossRef]

24. Liao, W.B.; Huang, G.B.; Yu, ].H.; Zhang, M.L. Nitric oxide and hydrogen peroxide alleviate drought stress in marigoldex plants
and promoteits adventitious root development. Plant Physiol. Biochem. 2012, 58, 6-15. [CrossRef]

25. Niu, LJ; Yu, J,; Liao, W.B.; Yu, ].H.; Zhang, M.L.; Dawuda, M.M. Calcium and calmodulin are involved in nitric oxide-induced
adventitious rooting of cucumber under simulated osmotic stress. Front. Plant Sci. 2017, 8, 1864. [CrossRef]

26. Bellincampi, D.; Dipierro, N.; Salvi, G.; Cervone, F.; Lorenzo, G.D. Extracellular H,O, induced by oligogalacturonides is not
involved in the inhibition of the auxin-regulated rolB gene expression in tobacco leaf explants. Plant Physiol. 2000, 122, 1379-1386.
[CrossRef] [PubMed]

27. Ma, Q.X,; Zhang, T.; Zhan, P.; Wang, Z.Y. Melatonin attenuates postharvest physiological deterioration of cassava storage roots. J.

Pineal Res. 2016, 60, 424-434. [CrossRef]


http://doi.org/10.17957/IJAB/15.1441
http://doi.org/10.1016/j.ygeno.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21569837
http://doi.org/10.1016/j.jplph.2006.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16879897
http://doi.org/10.1007/s11356-014-3739-1
http://doi.org/10.3390/horticulturae7060132
http://doi.org/10.1093/jxb/erv213
http://doi.org/10.3390/ijms20215363
http://doi.org/10.1093/jxb/erj045
http://doi.org/10.1007/s42729-020-00198-x
http://doi.org/10.1016/j.plaphy.2019.12.021
http://doi.org/10.1007/s00344-021-10546-5
http://doi.org/10.1111/j.1365-313X.2009.04000.x
http://www.ncbi.nlm.nih.gov/pubmed/19682288
http://doi.org/10.1093/jxb/eri319
http://www.ncbi.nlm.nih.gov/pubmed/16263901
http://doi.org/10.3389/fpls.2016.00327
http://doi.org/10.1104/pp.114.251298
http://doi.org/10.1007/s00344-011-9235-7
http://doi.org/10.1080/07352680091139240
http://doi.org/10.1016/j.bbrc.2017.11.175
http://doi.org/10.1080/03650340.2017.1327713
http://doi.org/10.1016/j.tplants.2012.08.008
http://doi.org/10.1016/j.scienta.2013.03.005
http://doi.org/10.1016/j.niox.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21255668
http://doi.org/10.1093/jxb/erj109
http://doi.org/10.1016/j.plaphy.2012.06.012
http://doi.org/10.3389/fpls.2017.01684
http://doi.org/10.1104/pp.122.4.1379
http://www.ncbi.nlm.nih.gov/pubmed/10759534
http://doi.org/10.1111/jpi.12325

Plants 2022, 11, 2479 13 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Myara, I.; Charpentier, C.; Lemonnier, A. Optimal conditions for prolidase assay by proline colorimetric determination: Applica-
tion to iminodipeptiduria. Clin. Chim. Acta 1982, 125, 193-205. [CrossRef]

Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.
1981, 22, 867-880. [CrossRef]

Krivosheeva, A.; Tao, D.L.; Ottander, C.; Wingsle, G.; Dube, S.L.; Oquist, G. Cold acclimation and photoinhibition of photosynthe-
sis in Scots pine. Planta 1996, 200, 296-300. [CrossRef]

Silveira, N.M.; Hancock, J.T.; Frungillo, L.; Siasou, E.; Marcos, F.C.; Salgado, I.; Machado, E.; Ribeiro, R.V. Evidence towards the
involvement of nitric oxide in drought tolerance of sugarcane. Plant Physiol. Biochem. 2017, 115, 354-359. [CrossRef] [PubMed]
Guo, Y,; Liu, Y.;; Zhang, Y.; Liu, J.; Gul, Z; Guo, X.R.; Abozeid, A.; Tang, Z.H. Effects of exogenous calcium on adaptive growth,
photosynthesis, ion homeostasis and phenolics of Gleditsia sinensis Lam. plants under salt stress. Agriculture 2021, 11, 978.
[CrossRef]

Lang, T.; Sun, HM.; Li, N.Y;; Lu, YJ.; Shen, Z.D,; Jing, X.S.; Xiang, M.; Shen, X.; Chen, S.L. Multiple signaling networks of
extracellular ATP, hydrogen peroxide, calcium, and nitric oxide in the mediation of root ion fluxes in secretor and non-secretor
mangroves under salt stress. Aquat. Bot. 2014, 119, 33-43. [CrossRef]

Zhang, M.; Smith, J.A.C.; Harberd, N.P; Jiang, C.F. The regulatory roles of ethylene and reactive oxygen species (ROS) in plant
salt stress responses. Plant Mol. Biol. 2016, 91, 651-659. [CrossRef]

Arshi, A.; Ahmad, A.; Aref, LM.; Igbal, M. Calcium interaction with salinity-induced effects on growth and metabolism of
soybean (Glycine max L.) cultivars. J. Environ. Biol. 2010, 31, 795-801.

Rejeb, K.B.; Abdelly, C.; Savouré, A. How reactive oxygen species and proline face stress together. Plant Physiol. Biochem. 2014, 80,
278-284. [CrossRef] [PubMed]

Siddiqui, Z.S.; Khan, M.A.; Beom; Kim, B.G.; Jeon; Huang, J.S.; Taek; Kwon, T.R. Physiological responses of brassica napus
genotypes to combined drought and salt stress. Plant Stress 2008, 2, 78-83.

Khan, M.N.; Siddiqui, M.H.; Mohammad, F.; Naeem, M. Interactive role of nitric oxide and calcium chloride in enhancing
tolerance to salt stress. Nitric Oxide 2012, 27, 210-218. [CrossRef]

Hu, Z].; Li, ].X,; Ding, S.T.; Cheng, F; Li, X; Jiang, Y.P,; Foyer, C.H.; Shi, K. The protein kinase CPK28 phosphorylates ascorbate
peroxidase and enhances thermotolerance in tomato. Plant Physiol. 2021, 186, 1302-1317. [CrossRef]

Zhang, T.; Che, EB.; Zhang, H.; Pan, Y.;; Xu, M.Q.; Ban, Q.Y.; Han, Y.; Rao, J.P. Effect of nitric oxide treatment on chilling injury;
antioxidant enzymes and expression of the CmCBF1 and CmCBEF3 genes in cold-stored Hami melon (Cucumis melo L.) fruit.
Postharvest Biol. Tecnol. 2017, 127, 88-98. [CrossRef]

Xu, YF,; Chu, X.T,; Fu, ].].; Yang, L.Y.; Hu, T.M. Crosstalk of nitric oxide with calcium induced tolerance of tall fescue leaves to
high irradiance. Biol. Plant. 2016, 60, 376-384. [CrossRef]

Donaldson, L.; Ludidi, N.; Knight, M.R.; Gehring, C.; Denby, K. Salt and osmotic stress cause rapid increases in Arabidopsis
thaliana cGMP levels. FEBS Lett. 2004, 569, 317-320. [CrossRef]

Pagnussat, G.C.; Lanteri, M.L.; Lamattina, L. Nitric oxide and cyclic GMP are messengers in the indole acetic acid-induced
adventitious rooting process. Plant Physiol. 2003, 132, 1241-1248. [CrossRef] [PubMed]

Swieawska, B.; Duszyn, M.; Kwiatkowski, M.; Szmidt-Jaworska, A.; Jaworski, K. Cross talk between cyclic nucleotides and
calcium signaling pathways in plants-achievements and prospects. Front. Plant Sci. 2021, 12, 643560. [CrossRef] [PubMed]
Gross, L; Durner, J. In search of enzymes with a role in 3/, 5'-cyclic guanosine monophosphate metabolism in plants. Front. Plant
Sci. 2016, 7, 576. [CrossRef] [PubMed]

Muleya, V.; Wheeler, J.I; Ruzvidzo, O.; Freihat, L.; Manallack, D.T.; Gehring, C.; Irving, H.R. Calcium is the switch in the
moonlighting dual function of the ligand-activated receptor kinase phytosulfokine receptor 1. Cell Commun. Signal. 2014, 12, 60.
[CrossRef]

Kakkar, R.; Seitz, D.P,; Kanthan, R.; Rajala, R.; Radhi, ].M.; Wang, X.T.; Pasha, M.K.; Wang, R.; Sharma, R.K. Calmodulin-dependent
cyclic nucleotide phosphodiesterase (PDE1). Cell. Mol. Life Sci. 1999, 55, 1164-1186. [CrossRef]

Besson-Bard, A.; Pugin, A.; Wendehenne, D. New insights into nitric oxide signaling in plants. Annu. Rev. Plant Biol. 2008, 59,
21-39. [CrossRef]

Wang, Y.; Itaya, A.; Zhong, X.H.; Wu, Y.; Zhang, ].F,; Knaap, E.V.; Olmstead, R.; Qi, Y.J.; Ding, B. Function and evolution of a
microRNA that regulates a CaZ*-ATPase and triggers the formation of phased small interfering RNAs in tomato reproductive
growth. Plant Cell 2011, 23, 3185-3203. [CrossRef]

Shabala, S.; Beekgaard, L.; Shabala, L.; Fuglsang, A.; Babourina, O.; Palmgren, M.G.; Cuin, T.A.; Rengel, Z.; Nemchinov, L.G.
Plasmamembrane Ca?* transporters mediate virus induced acquired resistance to oxidative stress. Plant Cell Environ. 2011, 34,
406-417. [CrossRef]

Zhang, ].; Fang, H.; Huo, ].Q.; Huang, D.].; Wang, B.; Liao, W.B. Involvement of calcium and calmodulin in nitric oxide-regulated
senescence of cut lily flowers. Front. Plant Sci. 2018, 9, 1284. [CrossRef] [PubMed]

Qin, W,; Pappan, K.; Wang, X. Molecular heterogeneity of phospholipase D (PLD) cloning of PLDy and regulation of plant PLDyy,
-, and -« by polyphosphoinositides and calcium. J. Biol. Chem. 1997, 272, 28267-28273. [CrossRef] [PubMed]

Andersson, M.X.; Kourtchenko, O.; Dangl, J.L.; Mackey, D.; Ellerstrom, M. Phospholipase-dependent signaling during the
AvrrPml- and AvrrPt2-induced disease resistance responses in Arabidopsis thaliana. Plant . 2006, 47, 947-959. [CrossRef]
[PubMed]


http://doi.org/10.1016/0009-8981(82)90196-6
http://doi.org/10.1093/oxfordjournals.pcp.a076232
http://doi.org/10.1007/BF00200296
http://doi.org/10.1016/j.plaphy.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28419961
http://doi.org/10.3390/agriculture11100978
http://doi.org/10.1016/j.aquabot.2014.06.009
http://doi.org/10.1007/s11103-016-0488-1
http://doi.org/10.1016/j.plaphy.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24813727
http://doi.org/10.1016/j.niox.2012.07.005
http://doi.org/10.1093/plphys/kiab120
http://doi.org/10.1016/j.postharvbio.2017.01.005
http://doi.org/10.1007/s10535-016-0597-3
http://doi.org/10.1016/j.febslet.2004.06.016
http://doi.org/10.1104/pp.103.022228
http://www.ncbi.nlm.nih.gov/pubmed/12857806
http://doi.org/10.3389/fpls.2021.643560
http://www.ncbi.nlm.nih.gov/pubmed/33664763
http://doi.org/10.3389/fpls.2016.00576
http://www.ncbi.nlm.nih.gov/pubmed/27200049
http://doi.org/10.1186/s12964-014-0060-z
http://doi.org/10.1007/s000180050364
http://doi.org/10.1146/annurev.arplant.59.032607.092830
http://doi.org/10.1105/tpc.111.088013
http://doi.org/10.1111/j.1365-3040.2010.02251.x
http://doi.org/10.3389/fpls.2018.01284
http://www.ncbi.nlm.nih.gov/pubmed/30233623
http://doi.org/10.1074/jbc.272.45.28267
http://www.ncbi.nlm.nih.gov/pubmed/9353280
http://doi.org/10.1111/j.1365-313X.2006.02844.x
http://www.ncbi.nlm.nih.gov/pubmed/16925603

Plants 2022, 11, 2479 14 of 14

54. Distéfano, A.M.; Garcia-Mata, C.; Lamattina, L.; Laxalt, A.M. Nitric oxide-induced phosphatidic acid accumulation: A role for
phospholipases C and D in stomatal closure. Plant Cell Environ. 2007, 31, 187-194. [CrossRef] [PubMed]

55. Li, B.B.; Wang, X;; Tai, L.; Ma, T.T.; Shalmani, A.; Liu, W.T.; Li, W.Q.; Chen, K.M. NAD kinases: Metabolic targets controlling redox
co-enzymes and reducing power partitioning in plant stress and development. Front. Plant Sci. 2018, 9, 379. [CrossRef] [PubMed]

56. Tai, L,; Li, B.B.; Nie, X.M.; Zhang, P.P.; Hu, C.H.; Zhang, L.; Liu, W.T; Li, W.Q.; Chen, K.M. Calmodulin is the fundamental
regulator of NADK-mediated NAD signaling in plants. Front. Plant Sci. 2019, 10, 681. [CrossRef]


http://doi.org/10.1111/j.1365-3040.2007.01756.x
http://www.ncbi.nlm.nih.gov/pubmed/17996010
http://doi.org/10.3389/fpls.2018.00379
http://www.ncbi.nlm.nih.gov/pubmed/29662499
http://doi.org/10.3389/fpls.2019.00681

	Introduction 
	Material and Methods 
	Plant Materials and Growth Conditions 
	Treatments 
	Measurement of Morphological Indexes 
	Determination of H2O2 Content, MDA Content and Proline Content 
	Assay of Antioxidant Enzymes Activities 
	Assay for GC, PDE, Ca2+-ATPase, PLD, and NADK Activity 
	Quantitative Real-Time PCR Assays 
	Statistical Analysis 

	Results 
	Effects of Different Concentrations of CaCl2 on Growth of Tomato Seedlings under Salt Stress 
	Effects of Exogenous NO, Ca2+ Chelators, Ca2+ Channel Inhibitor and CaM Antagonists on Growth of Tomato Seedlings under Salt Stress 
	Effects of Exogenous NO and Ca2+/CaM on the Content of H2O2, MDA and Proline in Tomato Seedlings under Salt Stress 
	Effects of Exogenous NO and Ca2+/CaM on Antioxidant Enzyme Activity of Tomato Seedlings under Salt Stress 
	Effects of NO on Downstream Target Enzymes Related by Ca2+/CaM in Tomato Seedlings under Salt Stress 
	Effects of Exogenous NO and Ca2+/CaM on Antioxidant Synthesis-Related Gene Expression in Tomato Seedlings under Salt Stress

	Discussion 
	Conclusions 
	References

