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Abstract: Nitric oxide (NO) is a multifunctional, gaseous signaling molecule implicated in both
physiological and protective responses to biotic and abiotic stresses, including salinity. In this
work, we studied the effects of 200 µM exogenous sodium nitroprusside (SNP, a donor of NO) on
the components of the phenylpropanoid pathway, such as lignin and salicylic acid (SA), and its
relationship with wheat seedling growth under normal and salinity (2% NaCl) conditions. It was
established that exogenous SNP contributed to the accumulation of endogenous SA and increased the
level of transcription of the pathogenesis-related protein 1 (PR1) gene. It was found that endogenous
SA played an important role in the growth-stimulating effect of SNP, as evidenced by the growth
parameters. In addition, under the influence of SNP, the activation of phenylalanine ammonia lyase
(PAL), tyrosine ammonia lyase (TAL), and peroxidase (POD), an increase in the level of transcription
of the TaPAL and TaPRX genes, and the acceleration of lignin accumulation in the cell walls of
roots were revealed. Such an increase in the barrier properties of the cell walls during the period
of preadaptation played an important role in protection against salinity stress. Salinity led to
significant SA accumulation and lignin deposition in the roots, strong activation of TAL, PAL, and
POD, and suppression of seedling growth. Pretreatment with SNP under salinity conditions resulted
in additional lignification of the root cell walls, decreased stress-induced endogenous SA generation,
and lower PAL, TAL, and POD activities in comparison to untreated stressed plants. Thus, the
obtained data suggested that during pretreatment with SNP, phenylpropanoid metabolism was
activated (i.e., lignin and SA), which contributed to reducing the negative effects of salinity stress, as
evidenced by the improved plant growth parameters.

Keywords: nitric oxide; sodium nitroprusside; Triticum aestivum L.; phenylalanine ammonia lyase;
tyrosine ammonia lyase; peroxidase; salicylic acid; lignin; salinity

1. Introduction

Wheat (Triticum aestivum L.) is an important cereal crop plant cultivated worldwide
as a source of food [1]. More than 800 million hectares of land and 32 million hectares of
agricultural land are affected by salinity stress globally [2]. By the year 2050, approximately
half of the world’s arable land will be saline [2,3].

Salt stress is one of the most detrimental stresses, as it simultaneously causes ionic
toxicity and osmotic and oxidative stresses [3–14]. Plants have evolved several strategies
to cope with the challenge of salinity stress, including the biosynthesis of osmoprotec-
tants, activation of the osmotic stress pathway, regulation of ion homeostasis, mediation
of plant hormone signaling, regulation of cytoskeleton dynamics and cell wall compo-
sition, and the synthesis of antioxidant enzymes and compounds [7–14]. Moreover, in
response to salt stress, the phenylpropanoid biosynthesis pathway is stimulated, gener-
ating compounds with strong antioxidant potential [5–20]. Phenylpropanoids include
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flavonoids, lignin, phenolic acids, stilbenes, hydrolysable tannins, monolignols, lignans,
and coumarins [18–20]. Lignin biosynthesis is a very complex network that is divided into
three processes: (i) biosynthesis of lignin monomers; (ii) transport; and (iii) polymeriza-
tion [15,18,20]. The main precursor of all phenylpropanoids is L-phenylalanine (L-Phe).
Phenylalanine ammonia lyase (PAL) converts L-Phe to trans-cinnamic acid [5,12,13]. Ty-
rosine ammonia lyase (TAL) converts L-tyrosine to p-coumaric acid, which is involved
in the work of the phenylpropanoid pathway [19–25]. A total of 37 TaPAL gene fam-
ily members have been identified in wheat. The activity of these genes is regulated by
various stresses that cause moisture deficiency, including salinity [22]. The biosynthesis
of monolignols from trans-cinnamic acid and p-coumaric acid is regulated by the genes
C4H—cinnamate 4-hydroxylase; 4CL—4-coumarate—CoA ligase; C3H—p-coumarate 3-
hydroxylase; HCT—p-hydroxycinnamoyl-CoA quinate/shikimate p-hydroxycinnamoyl
transferase; CCoAOMT—caffeoyl-CoA O-methyltransferase; CCR—cinnamoyl-CoA re-
ductase; F5H—ferulate 5-hydroxylase; COMT—caffeic acid O-methyltransferase; and
CAD—cinnamyl alcohol dehydrogenase [23–26]. The regulation of the activity of genes
involved in the biosynthesis of the main phenylpropanoid of the wheat cell wall, lignin, is
not a well studied area of research. For example, waterlogging of wheat plants reduced the
internode lignin content, and this effect was accompanied by transcriptional repression of
the genes PAL6, CCR2, and F5H2 and decreased activity of PAL [23]. The transcriptional
activity of lignin synthesis genes in wheat has been shown to be regulated by irradiation
with white, red, and blue LED lights [27] and salinity [19].

After a series of steps involving deamination, hydroxylation, methylation, and re-
duction, lignin monomers are produced in the cytoplasm and transported to the apoplast.
Finally, lignin is generally polymerized from three main types of monolignols (sinapyl
alcohol, S unit; coniferyl alcohol, G unit; and p-coumaryl alcohol, H unit) by peroxidase
(POD) in the secondary cell wall [28]. PODs involved in lignification are relegated to
class III PRX. Class III PRXs possess two distinct reaction mechanisms: a peroxidative
cycle that uses H2O2 or other peroxides to oxidize their substrate (i.e., facilitating lignin
polymerization by oxidizing monomers) and a hydroxylic cycle that converts H2O2 into
other types of reactive oxygen species (ROS) [9,23,29]. Lignin can also be actively involved
in the response to various abiotic stresses, including salinity [9,11,15]. In wheat roots, salt
stress leads to considerable thickening of the cell walls in root vascular tissue [5,7,11].

Salicylic acid (SA) is also a product of the phenylpropanoid pathway [18,20]. SA
is a phenolic phytohormone that plays a multifaceted signaling role in mediating plant
growth, development, and defense against environmental stresses [30–34]. SA plays an
indispensable role in reducing stress-induced ROS accumulation and regulating antioxidant
enzymes. This means that SA is a strong antioxidant [14,35]. The amount of SA in different
types of plants varies from 0.1 to 10 µg g−1 fresh weight [31]. SA is an important signal
for the establishment of SAR (systemic acquired resistance), especially during short-term
exposure to light after infection with a pathogen, and is considered to be a long-distance
signaling molecule through phloem translocation, moving from affected to unaffected
leaves [36]. SAR is an induced defense mechanism, the activation of which is accompanied
by endogenous SA accumulation and the expression of pathogenesis-related (PR) genes.
The PR1 gene, a biomarker of SA-driven defense reactions, plays an important role in the
regulation and protection of plants against a variety of biotic and abiotic stresses [35,37,38].
In wheat, PR1 expression is induced by freezing, salinity, and osmotic stress [36–38].

It should be emphasized that all defense mechanisms in plants are integrated and
triggered (regulated) by the action of signaling molecules. It is known that nitric oxide (NO)
works as a signaling molecule and improves plant tolerance to salt stress by regulating the
antioxidant and hormonal systems [11,16,39–46]. For a long time, NO was considered to
be a gasotransmitter, as the smallest diatomic gas (30.006 g moL−1) Today, it is positioned
as a gaseous phytohormone [35,42]. NO is involved in several plant growth processes,
such as germination, root/leaf development (primary and lateral root growth), respiration,
photosynthesis, flowering, fruit ripening, senescence, and pollen tube growth [39,41,45,46].
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As a free radical gaseous signaling molecule, NO improves plant tolerance to major stresses
such as salinity [10,42,46].

The growth-stimulating and protective effects of NO under various environmental
stresses have been demonstrated in many plants [39,40], including wheat [12,43,44]. Even
low (µM and nM) levels of NO can confer plant tolerance to a range of stresses, including
salinity [12]. NO treatment enhances photosynthesis and photosystem efficiency, the
transpiration rate and relative water content, phytohormones, non-enzymatic antioxidants,
osmoprotectants, and proteins in plants under stress. Furthermore, it has been evidenced
that NO can improve resistance to plant diseases by activating the expression of the PR1
gene and inducing endogenous SA [47]. Fumigation with NO not only activated POD and
PAL but also increased the lignin content in musk melon, which decreased the incidence
of black spot disease [40]. One of the most common ways to study NO-mediated effects
in plants is through the exogenous application of chemical donors, such as a sodium
nitroprusside (SNP). This donor is widely used to study the role of NO in the life and
resistance of plants [12,16,35,39–51]. It was found that SNP treatment caused PAL activation
in pelargonium plants [41], in roots of soybean seedlings [16] and in the hypocotyls of
Vigna radiate [45]. Under UV-B, exogenous NO activated additional PAL in the Ginkgo biloba
callus. The use of cPTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide), as a NO-specific scavenger, reduced PAL activation and prevented the development
of NO-induced resistance [46]. As such, NO is able to regulate the components of the
phenylpropanoid pathway. However, at the moment, there are practically no data on the
effect of NO on the accumulation of lignin and its contribution to the implementation of
plant protection mechanisms under stress.

This study aimed to analyze the effects of exogenous SNP (a donor of NO) on the state
of the components of phenylpropanoid metabolism (i.e., lignin and SA) and its relationship
with wheat seedling growth under normal and salinity (2% NaCl) conditions.

2. Results
2.1. Influence of SNP and cPTIO on Growth Parameters and Endogenous NO Content in Wheat

The results revealed that the germination percentage of wheat seeds in the presence
of 200 µM SNP was higher (by 128%) than the control (Figure 1A). Along with this, the
presence of 200 µM SNP in the germination medium led to an increase in the lengths of
roots (by 120%), shoots (by 110%), and whole seedlings (by 115%) (Figure 1B). However,
the application of NO scavenger (cPTIO) prevented the ability of SNP to increase the seed
germination percentage (Figure 1A) and length of seedlings (Figure 1B).
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Figure 1. Effects of 200 µM SNP on seed germination percentage (A) and lengths of roots, shoots, 
and whole seedlings (B). The seeds were grown for four days on filter paper moistened with water 
(Control), 200 µM SNP (SNP), and a combination of 200 µM SNP and 100 µM cPTIO, a scavenger of 
NO (SNP + cPTIO). Seed germination percentage and length of seedlings were assessed on the 4th 

Figure 1. Effects of 200 µM SNP on seed germination percentage (A) and lengths of roots, shoots,
and whole seedlings (B). The seeds were grown for four days on filter paper moistened with water
(Control), 200 µM SNP (SNP), and a combination of 200 µM SNP and 100 µM cPTIO, a scavenger
of NO (SNP + cPTIO). Seed germination percentage and length of seedlings were assessed on the
4th day of ontogeny. The variants in the same column marked with different letters represent mean
values that are statistically different from each other according to Duncan’s test (n = 100, p ≤ 0.05).
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The results showed that exogenous 200 µM SNP application caused endogenous
NO production in the roots of wheat seedlings (Figure 2). Particularly, incubation of
3-day-old seedlings in SNP solution for 7 h significantly increased (by 400%) the content
of endogenous NO in the roots compared with the control seedlings. By 24 h of SNP
exposure, the level of endogenous NO significantly decreased but was higher than in the
control (Figure 2). The addition of NO scavenger (cPTIO) in the seedlings’ growth solution
prevented SNP-induced endogenous NO generation (Figure 2).
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Figure 2. Effect of 200 µM SNP on endogenous nitric oxide (NO) generation in roots of wheat
seedlings. Three-day-old seedlings were incubated for 24 h in media containing water (Control),
200 µM SNP (SNP), and a combination of 200 µM SNP and 100 µM cPTIO (SNP + cPTIO). The
variants in the same column marked with different letters represent mean values that are statistically
different from each other according to Duncan’s test (n = 30, p ≤ 0.05).

Thus, these results indicated that the constant presence of an aqueous solution of
200 µM SNP in the germination medium significantly improved the physiological status of
wheat and could be used as a donor of NO to improve plant growth.

2.2. Exogenous SNP Improves Wheat Plant Growth under Normal and Salinity Conditions

The growth rate, represented by the lengths of vegetative organs (roots, shoots,
seedlings), is an integral indicator of the physiological state of the plant as well as a
marker of the effectiveness of the use of various substances and the degree of exposure
to various stress factors. The incubation of 3-day-old seedlings in 200 µM SNP for 24 h
resulted in an increase in the lengths of roots (by 112%), shoots (by 121%), and whole
seedlings (by 113%) relative to the control values (Figure 3A). Such growth-simulating
action was evidenced by the visual appearance of these seedlings (Figure 3B).
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Figure 3. Effects of 200 µM SNP on the lengths of roots, shoots, and whole seedlings (A) and visual
appearance of 4-day-old wheat seedlings (B). Three-day-old seedlings were incubated for 24 h in
medium containing 200 µM SNP. The variants in the same column marked with different letters
represent mean values that are statistically different from each other according to Duncan’s test
(n = 30, p ≤ 0.05).
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The results revealed that exposure to salt stress over 24 h led to inhibited growth of
roots, shoots, and whole seedlings by 82%, 63%, and 76%, respectively, relative to control
levels (Figure 4A). The damaging effect of salinity on growth could also be observed by
the visual appearance of these plants (Figure 4B). Pretreatment with SNP prevented stress-
induced inhibited growth of roots, shoots, and seedlings in 5-day-old wheat and maintained
wheat growth to control levels (Figure 4). Additionally, SNP-pretreated seedlings were
characterized with better fresh and dry biomass under both normal and stress conditions
(data not presented).
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2.3. Effect of SNP Treatment on PAL and TAL Activities in Wheat Roots under Normal Conditions

An analysis of the activities of PAL and TAL enzymes in wheat plants during incuba-
tion in the solution of 200 µM SNP is shown in Figure 5. It was revealed that SNP caused
more than two times the transient activation of PAL (Figure 5A) and TAL (Figure 5B),
with a maximum at 12 h of incubation. It should be noted that after 3 h of incubation in
SNP solution, the activities of PAL and TAL enzymes increased up to 1.6 times relative to
the control.
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Figure 5. The effects of 200 µM SNP on the activities of PAL (A) and TAL (B) enzymes in the roots of
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2.4. Effect of SNP on the Dynamics of POD Activity in the Roots of Wheat Seedlings and Lignin
Content and Deposition in the Cell Walls of the Basal Part of the Roots

There are two principal stages in the synthesis of lignin structures: the biosynthesis
of monolignol initiated by PAL and the polymerization of monolignol due to free radical
coupling. The latter is characterized by the work of redox-active enzymes, particularly POD.
During incubation of wheat seedlings in 200 µM SNP solution, the transient activation of



Plants 2023, 12, 2123 6 of 17

POD was more than 1.8 times higher than in the control (Figure 6). After 3 h of exposure,
the POD activity of SNP-treated plants was about 1.6 times higher than in the control.
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2.5. Gene Expression

To better understand the role of NO in the lignification process and biosynthesis
of SA as well as its participation in the development of plant resistance to stresses, we
analyzed the influence of 200 µM SNP on the transcriptional activity of the TaPAL gene
encoding PAL, the TaPR9 gene encoding anionic peroxidase (TaPRX), as well as TaPR1 gene
expression, which is a marker of the SA signaling pathway. The results showed that the
levels of transcripts of the TaPAL and TaPR9 genes increased about 2 times and 1.6 times,
respectively, in the roots of wheat seedlings treated with SNP (Figure 7A). Additionally, it
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was revealed that treatment with SNP increased the transcriptional activity of the TaPR1
gene in the seedlings by 1.5 times (Figure 7B).
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Figure 7. Influence of NO donor (SNP) on the relative expression of TaPAL and TaPR9 genes in roots
(A) and TaPR1 gene (B) in seedlings of wheat. Three-day-old wheat seedlings were incubated in
200 µM SNP for 24 h. Expression values were normalized to the housekeeping gene TaRLI as an
internal reference and expressed relative to the normalized expression levels in control plants at
0 pai. Results are presented as mean ± SE (n = 5). Columns of each histogram marked with different
letters represent mean values that are statistically different from each other according to Duncan’s
test (p ≤ 0.05).

2.6. Dynamics of Endogenous SA Content in Wheat under the Action of 200 µM SNP

Figure 8 shows the results of assessing the endogenous SA content in wheat seedlings
exposed to 200 µM SNP for 24 h and the SA content in plants after transferring these
seedlings to a solution of 1.5% sucrose. We believe that such an assessment of SA content
allowed us to understand the role of SA more accurately in terms of the physiological effect
of SNP on wheat plants.
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Figure 8. Changes in the endogenous salicylic acid (SA) content in wheat seedlings. + SNP—3-day-old
seedlings incubated for 24 h in a solution of 200 µM SNP: − SNP—4-day-old seedlings pretreated
with SNP for 24 h and transplanted into 1.5% sucrose for further growth up to 6 days. Results are
presented as mean ± SE (n = 5).

During the period of incubation of plants in SNP, a transient accumulation of SA was
found, the maximum of which occurred at 18 h of incubation (Figure 8). The SA content at
this point was 1.6 times higher than in the control. Additionally, at 12 h of incubation, the
SA content was 1.3 times higher than in the control. By 24 h of incubation, the SA content
decreased, but it was 1.4 times higher than the control level.

After the removal of SNP from the incubation medium, the level of SA was maintained
for a long time, and by day 6 of ontogenesis, the level of SA in plants was the same as in
control seedlings (Figure 8).

2.7. PAL and TAL Activities in SNP-Pretreated Wheat Roots under Salinity Conditions

Salinity caused transient activation of PAL (Figure 9A) and TAL (Figure 9B) at almost
3 times higher levels than under control conditions, with a maximum at 7 h of stress
exposure. It should be noted that the activities of both enzymes had already increased by
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2 times at 3 h of stress. Until the end of the stress exposure (24 h), the activities of PAL and
TAL remained 2 times higher than their activities in control plants (Figure 9). Pretreatment
with SNP led to a significant decrease in stress-induced activation of TAL and PAL enzymes
(Figure 9).
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Figure 9. Dynamics of PAL (A) and TAL (B) activities in the roots of 200 µM SNP-pretreated plants
under salinity conditions. Three-day-old seedlings were incubated for 24 h in medium containing
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2.8. Effect of 200 µM SNP on the Dynamics of POD Activity and Lignin Content and Deposition
in the Cell Walls of the Basal Part of the Roots under Salinity Conditions

Salinity leads to the accumulation of ROS and activation of antioxidant enzymes.
Therefore, it was not surprising that exposure to 2% NaCl for 3 h led to a more than 2-fold
increase in POD activity compared to the control (Figure 10). After 24 h of salinity exposure,
the activity of POD was 120% higher than in the control non-stressed plants (Figure 10).
Pretreatment with SNP led to a significant decrease in stress-induced POD activity. At the
beginning of the stress, the activity of POD in SNP-pretreated roots was about 1.7 times
higher than in the control, while by 24 h of stress exposure, it was about 1.2 times higher
than in the control.
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It was found that exposure to 2% NaCl for 24 h led to a significant accumulation of
lignin in the roots (Table 2). This was evidenced by the quantitative assessment of lignin
in the roots, showing more intense staining of the cells of the basal part of the roots with
phloroglucinol. It should be noted that lignification of the wheat roots was observed only
in 6-day-old plants under normal conditions, and during the study period (5 days), lignin
was not found in the roots of the control seedlings (Table 2).
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Table 2. Effect of 200 µM SNP and salinity (2% NaCl) on the lignin content of roots of 5-day-old
wheat plants. Three-day-old seedlings were incubated for 24 h in medium containing 200 µM SNP,
then exposed to 2% NaCl for 24 h. Lignin deposition was determined in the cell walls of the basal
part of the roots. Bar = 100 µm. The variants in the same column marked with different letters
represent mean values that are statistically different from each other according to Duncan’s test
(n = 10, p ≤ 0.05).

Visual Assessment of Lignin Deposition
in Roots Lignin Content in Roots (∆ A 540 nm/g FW)
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2.9. Effect of 200 µM SNP and Salinity on the Endogenous SA Content in Wheat Plants

In stressed wheat seedlings, a more than a two-fold endogenous SA accumulation
was found compared to the control (Figure 11). Salinity caused a two-fold transitory
accumulation of SA at 7 h of stress, but by 24 h of stress exposure, the level of SA had
somewhat decreased and was 1.4 times higher than that in control seedlings. Pretreatment
with NO maintained the higher level of endogenous SA under stress conditions, which
was 1.1 times higher by 3 h of stress and 1.2 times higher by 24 h of stress (Figure 11).
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Figure 11. Influence of 200 µM SNP on the endogenous SA content in wheat plants under salinity
conditions. Three-day-old seedlings were incubated for 24 h in medium containing 200 µM SNP, then
exposed to 2% NaCl for 24 h. Results are presented as mean ± SE (n = 5). Columns of each histogram
marked with different letters represent mean values that are statistically different from each other
according to Duncan’s test (p ≤ 0.05).
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3. Discussion

As a donor of NO, SNP is widely used to study the effects of NO on plants [39–51].
Chemically, it is an inorganic molecule composed of Fe (II) and NO+, being a derivate
from iron-nitrosyl compounds. In solution, SNP releases NO+, iron (Fe (II)), and cyanide
(CN−), which can sometimes mask the effects of NO [41,49]. In our study, we conducted
experiments to evaluate the effects of 200 µM SNP on wheat plants using a technique of
seedling incubation. Therefore, an important stage of the work was the evaluation of the
effectiveness of 200 µM SNP as a donor of NO to improve wheat growth and its possible
toxic effect on plants due to SNP-induced release of Fe (II) and CN−. NO is well known
to increase seed germination and plant growth [10,16,35,39,43,45,47]. It was found that
the presence of 200 µM SNP had a significant growth-stimulating effect, as evidenced by
the seed germination percentage and seedling length data (Figure 1). The fact that the
observed stimulation of plant growth was associated with SNP-induced NO was confirmed
by experiments using cPTIO as a NO scavenger. This suggested that the constant presence
of an aqueous solution of 200 µM SNP in the germination medium significantly improved
the physiological status of wheat plants. The possible negative effects of Fe (II) and CN−,
in our opinion, were compensated by the persistent significant accumulation of NO in the
wheat roots induced by SNP (Figure 2). Additionally, this may have been due to the fact
that the small concentration of SNP produced only a slight accumulation of Fe (II) and
CN−; we did not observe any negative effect of 200 µM SNP on wheat growth (Figure 1).
The use of cPTIO completely removed the accumulation of endogenous NO caused by
the exogenous SNP (Figure 2). Thus, the obtained data testified to the fact that exogenous
SNP had a growth-stimulating effect on wheat plants and caused a stable endogenous NO
accumulation. These results supported the use of 200 µM SNP as a NO donor in our work.

It was found that incubation of 3-day-old seedlings in the solution of SNP for 24 h
stimulated plant growth (i.e., lengths of roots and shoots) (Figure 3). Growth inhibition is
one of the main plant responses to salinity stress [4,7,9,45]. Our data also demonstrated
the significant growth inhibition of wheat seedlings after exposure to 2% NaCl for 24 h
(Figure 4A). Pretreatment with SNP had a prolonged growth-stimulating effect on wheat.
Although SNP did not prevent the negative effects of salinity stress on wheat seedlings,
it helped to maintain the growth rate at least to the level of the control plants (Figure 4).
It can be concluded that SNP pretreatment prevented the inhibition of growth processes
caused by salinity and contributed to the preservation of the pronounced growth potential
of the plants under stress conditions.

The principal ability of NO to regulate the lignification process and SA content in
plants was previously studied [16,40,41,45,46]. An important step in understanding the
involvement of NO in the regulation of the phenylpropanoid pathway was to analyze the
dynamics of the activities of PAL and TAL in wheat roots. The activity of TAL under normal
conditions was almost two times lower than that of PAL (Figure 5), which was consistent
with the literature data [41]. Recent studies have discovered that TAL contributes to the
typical characteristics of grass cell walls and accounts for about 50% of all lignin synthesized
by the plant [52]. Exogenous application of NO induced activation of PAL and TAL—key
enzymes of monolignol components that are further involved in the lignification [9,11,15]
of wheat roots (Figures 5 and 7A). An increase in the level of TaPAL gene transcript accu-
mulation confirmed the involvement of the key enzymes of the phenylpropanoid pathway
in the NO-mediated pathway.

SNP caused an increase in the activity POD and TaPR9 (anionic class III PRX) gene
transcript levels in wheat roots (Figures 6 and 7A). It was shown that the specific activity of
class III PRX was involved in the regulation of cell growth and differentiation in various
tissues through the lignification of cell walls [53]. Increased POD activity may indicate an
increase in the antioxidant status of the plant and its resistance [54,55]. Thus, NO caused a
cascade of events that led to the accumulation of lignin in the SNP-treated plants, whereas
lignin was not detected in the control plants (Table 1). In addition to the accumulation
of lignin, a cascade of NO-mediated reactions caused the accumulation of endogenous



Plants 2023, 12, 2123 11 of 17

SA (Figure 8). It should be noted that the parallel accumulation of lignin, SA, and an
increase in the activity of POD under the influence of NO is a key moment that leads to an
increase in the antioxidant status of plants (Table 1, Figures 6 and 8). SA is an antioxidant
and is able to regulate the activity of POD, as was confirmed by the literature data [56,57].
Prolonged maintenance of SA in wheat plants (up to 6 days of ontogeny) (Figure 6) probably
makes an important contribution to the growth-stimulating and protective effects of NO
(Figures 3, 4 and 7B). SA is known to have a growth-stimulating effect on wheat plants.
For example, Bagautdinova et al. showed the dose-dependent effect of SA on the growth
and development of roots under normal and stress conditions [58]. The expression of the
TaPR1 gene was induced by several signaling molecules, including SA [24]. These data may
indicate the ability of NO to regulate the accumulation of SA and the implementation of its
effects through the accumulation of PR proteins associated with resistance.

An increase in the activities of PAL and TAL (Figure 9) enzymes was quite expected
when the water regime was disturbed and this finding was consistent with the literature
data [13,17]. This was accompanied by an increase in the activity of POD (Figure 10),
which led to a significant accumulation of lignin in the roots of the plants (Table 2). Lignin
biosynthesis plays a critical role in the adaptation of plants to salt stress [5,11]. Salt stress
induces changes in the wall composition of specific root cell types, including the increased
deposition of lignin and suberin in endodermal and exodermal cells. These changes can
benefit the plant by preventing water loss and altering ion transport pathways [7]. SA
overproduction via enhanced activity of the SA biosynthesis pathway enzyme PAL helps
protect plants against environmental stresses [56,58]. This is consistent with our results:
stress-induced PAL activation (Figure 9) led to a significant SA accumulation (Figure 11).

Strengthening of the barrier properties of cell walls during exposure to 200 µM SNP
(Table 1) was an important defense mechanism against subsequent salinity exposure. This
was quite understandable since the accumulation of lignin is an irreversible process. In
addition to the stress level, the accumulation of lignin had a protective effect against salinity
stress (Table 2 and Figure 4). Thus, the decrease in stress-induced activation of PAL, TAL
(Figure 9), and POD (Figure 10) indicated the contribution of NO to the enhancement of
antioxidant defense in wheat plants. Therefore, under salinity conditions, there was a
significant stabilization of the antioxidant status, i.e., the SA content was at the control level
(Figure 11) and the stress-induced POD activity was significantly decreased (Figure 10).
This was also evidenced by the reduced negative effects of stress on plant growth under
salinity conditions (Figure 4).

4. Materials and Methods
4.1. Plant Material, Seed Treatment, and Growth Conditions

The experiments were carried out on soft spring wheat seedlings (Triticum aestivum
L., BBAADD 2n = 42, ‘Salavat Yulaev’). Wheat seeds were sterilized with 96% ethanol
for 60 sec and germinated on filter paper moistened with water under the illumination of
200 µmoL m2 s−1 and a long-day photoperiod (16 h light/8 h dark) at a temperature of
22–23 ◦C. Sodium nitroprusside [SNP: (Na2[Fe(CN)5NO] 2H2O] was used as a nitric oxide
donor at a concentration of 200 µM (this concentration of SNP was selected in our previous
work) [43].

4.2. Design of Experiments

In the first group of experiments, wheat seeds (n = 100, 3 replicates) were grown for
four days on filter paper moistened with water (Control), 200 µM SNP, and SNP + cPTIO to
assess the growth-stimulating effect of SNP. Every day, transplantation was carried out in
fresh solutions [43]. To confirm the participation of NO in SNP-induced reactions on wheat
plants, we used 100 µM cPTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide) as a scavenger of NO [12,16,35]. Preliminary experiments showed that cPTIO did
not inhibit the growth of wheat plants and did not affect basic salt tolerance. On the 4th day
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of ontogeny, seed germination percentage and the lengths of roots, shoots, and seedlings
were evaluated.

In the second group of experiments, 3-day-old seedlings were isolated from the
endosperm, then parts of the plants were incubated in 1.5% sucrose (control) and in a
solution of 1.5% sucrose containing 200 µM SNP for 24 h. Plant samples (root, shoots, or
whole seedlings) were taken after 3, 7, 12, 18, and 24 h of SNP exposure.

In the third group of experiments, 3-day-old seedlings were isolated from the en-
dosperm, then some of the seedlings were incubated for 24 h in a solution of 1.5% su-
crose (control) and in a solution of 1.5% sucrose containing 200 µM SNP for 24 h. Then,
SNP-pretreated and untreated 4-day-old seedlings were exposed to 2% sodium chloride
(2% NaCl) for different time periods, and physiological, biochemical, and molecular pa-
rameters were further assessed. Seedlings incubated in 1.5% sucrose served as the controls
in all experimental variants. Plant samples (root, shoots, or whole seedlings) were taken
after 3, 7, 12, 18, and 24 h of stress exposure (depending on the purpose).

4.3. Determination of Plant Growth Parameters

The intensity of growth processes (seed germination, lengths of roots and shoots) was
assessed according to [59].

4.4. Assays of Enzyme Activities
4.4.1. PAL and TAL Activities

Protein extractions and kinetic assays were carried out according to the methods
described by Jiang et al. [60] and Rösler et al. [61] with some modifications. Plant material
(2.0 g) was stored at −80 ◦C after flash-freezing using liquid nitrogen. Frozen samples
were ground in a mortar with appropriate buffer solution until the tissue was totally mac-
erated. The mixture to grind included 5 mL of 0.1 M borate buffer containing 10% (w/v)
polyvinylpolypyrrolidone (PVPP), 1 mM EDTA, and 50 mM β-mercaptoethanol. PAL activ-
ity was quantified by the production of trans-cinnamic acid (TCA), which was determined
by measuring the absorbance at 290 nm [60] every minute up to 20 min at 37 ◦C using a
spectrophotometer (UV-2800 Unico, United Products & Instruments, NJ, USA). The mixture
contained 61 mM l-phenylalanine (dissolved in 0.1 M borate buffer), 30 mM sodium borate
buffer (pH 8.8), and 75 µL of plant extract (60 mg mL−1), making the total volume of the re-
sultant mixture 1 mL. L-phenylalanine (substrate) was added after a 10 min pre-incubation
at 37 ◦C. Plant extract previously incubated in buffer without substrate was used as the
blank solution. One unit (U) of PAL was defined as the amount of enzyme that caused an
increase of 0.01 in absorbance at 290 nm per min. PAL activity was expressed as nM TCA
mg protein−1 min−1. TAL activity was quantified in a similar manner by monitoring the
rise of the p-coumaric acid PCA level by measuring the absorbance at 310 nm [60]. TAL
activity was determined as nM PCA mg protein−1 min−1. Substrates of l-phenylalanine
and l-tyrosine and products of trans-cinnamic acid (TCA) and p-coumaric acid (PCA) were
used as standards, respectively.

4.4.2. Peroxidase (POD) Activity

The activity of guaiacol peroxidase (EC 1.11.1.6) was evaluated according to [62].
Plant material (50–100 mg) was triturated with 10–15 mL of 0.01 M phosphate buffer
(pH 6.0–6.2). The ground mass was well mixed and left for 30 min in the refrigerator.
Then, the homogenate was centrifuged for 15 min at 14,000 rpm in a MDX-310 high-speed
centrifuge (5415 K Eppendorf, Hamburg, Germany). POD activity was determined in
aliquots of the supernatant by measuring the absorbance at 440 nm using a spectropho-
tometer (UV-2800 Unico, United Products & Instruments, NJ, USA). For the analysis of
one biological sample, 2 mL of phosphate buffer, 0.5 mL of guaiacol solution, 0.5 mL of
0.03% hydrogen peroxide solution, and 10–50 µL of liquid supernatant were used. The
time was noted with a stopwatch and the color development was monitored for 5 min.
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A cuvette with distilled water instead of the supernatant was used as the control. POD
activity was determined as units mg protein−1.

Protein concentrations were determined using the Bradford method [63].

4.5. Lignin Determination
4.5.1. Quantitative Determination of Lignin

Lignin was semi-quantitatively estimated by following the method described by
Sancho et al. [64]. About 100 mg of root tissue was thoroughly rinsed in hot water, and after
centrifugation, the insoluble particles were pelleted out and rinsed in 100% ethanol. The
dry residue thus obtained was solubilized for 2.5 h in a solution of 2.5 mL of HCl/ethanol.
Further, 10 µL of 20% phloroglucinol-HCl was mixed with 1 mL of the previous solution.
After 30 min of incubation, the absorbance of the mixture was recorded at 540 nm using a
spectrophotometer (UV-2800 Unico, United Products & Instruments, NJ, USA).

4.5.2. Lignin Deposition In-Situ

Lignin deposition in the cell walls of the basal part of the roots was assessed histo-
chemically. To achieve this, fresh hand-cut segments of the root basal parts of wheat treated
or untreated with SNP for one day were assessed by visualization of the intensity of red-
violet lignin staining with Wiesner reagent (phloroglucinol-HCl) [65]. Wiesner staining was
performed by pouring a few drops of 5% phloroglucinol ethanol solution on the section,
adding one drop of 30% HCl, and then covering the section with a cover slip.

4.6. Endogenous Salicylic Acid (SA) Assay

The total endogenous SA was analyzed by high-performance liquid chromatography
(HPLC) [66]. The seedlings (0.2–0.3 g) were extracted using 20 mL of dH2O (90–100 ◦C)
and incubated at 100 ◦C for 30 min with subsequent cooling. Membrane filters (0.45 µm)
(Chromafil Xtra PTFE–45/13, Macherey-Nagel GmbH Co, Duren, Germany) were used
to filter the extracts. The analysis was caried out using a Waters Breeze chromatograph
(Waters Corporation, Milford, MA, USA) with a Waters 2487 Dual & Absorbance diode
array detector at 305 nm. A Pursuit C18 column (250 × 4.6 mm, 5 µm) (Agilent Technolo-
gies, Santa Clara, CA, USA) was used. As a mobile phase, 0.5% H3PO4: acetonitrile = 65:35
(1.0 mL min−1) was used. A total of 20 µL of the extract was injected into the chromatogra-
phy system using a Waters 2707 automated sampler (Waters Corporation, Milford, MA,
USA). The software calibration curve was used to calculate the total SA content.

4.7. Endogenous NO Measurement

Plant tissues (0.5 g) were ground into a powder with a mortar and pestle and ho-
mogenized in 2 mL of ice-cold Na-acetate buffer (pH 3.6), followed by centrifugation at
10,000× g for 10 min at 25 ◦C. Then, 1 mL of extract and 1 mL of Greiss reagent were mixed
and incubated at room temperature for 30 min. The absorbance of the nitrite- and nitrate-
derived NO content was measured at 540 nm using a Smart Spec Plus spectrophotometer
(Bio-Rad, Hercules, CA, USA). Endogenous NO content was calculated by comparison to a
standard curve of NaNO2. NO content was expressed as nM g−1 FW [67].

4.8. Isolation of RNA and Performing the Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Whole plants and separated roots per biological replication were collected and fixed
in liquid nitrogen after 24 h of SNP incubation. Total RNA was extracted using TRIzol™
Reagent (Merck KGaA, Sigma-Aldrich, Darmstadt, Germany) according to the manu-
facturer’s instructions. The potential contaminating DNA was digested with DNaseI
(Synthol, Moscow, Russia). First-strand cDNA was synthesized using M-MLV reverse
transcriptase (Synthol, Moscow, Russia). Oligo (dT)15 was used as a primer, and the
reverse transcription reagents were incubated at 37 ◦C for 1 h in a total volume of 25 µL.
After 10-fold dilution, 2 µL of the synthesized cDNA was used for qPCR. Quantitative
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PCR was performed by polymerase chain reaction in real time using a set of prede-
fined reagents EvaGreenI (Synthol, Moscow, Russia) and the CFX Connect real-time
PCR Detection System device (BioRad Laboratories, Hercules, CA, USA). The qPCR pro-
gram was as follows: 95 ◦C for 5 min, 40 cycles of 95 ◦C for 15 s, 60 ◦C for 20 s, and
72 ◦C 30 s. After the final PCR cycle, a melting curve analysis was conducted to deter-
mine the specificity of the reaction (95 ◦C for 15 s, 60 ◦C for 1 min, and 95 ◦C for 15 s).
Primers for qRT-PCR were designed using a web-based primer designing tool from IDT
(http://eu.idtdna.com/Scitools/Applications/Primerquest, accessed on 5 November 2022)
(USA). The sequences of all the primers are presented in Table 3. To standardize the data,
the TaRLI (RNaseLinhibitor-like) wheat gene was used as an internal reference for the
real-time qPCR analysis. The efficiency of each primer pair was determined using a 10-fold
cDNA dilution series in order to reliably determine the fold change. The quantification of
gene expression was performed using the CFX Connect real-time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA). The relative gene expression was calculated
using the delta-delta Ct method [68]. Three independent biological and three technical
replicates were performed for each experiment.

Table 3. Primers used for qRT-PCR.

Gene’s Product Genes GenBank Accession Number
Sequence (5′-3′)

Forward Primers Reverse Primer

RNase L inhibitor TaRLI AY059462 ttgagcaactcatggaccag gctttccaaggcacaaacat

Phenylalanine
ammonia-lyase TaPAL X99725 ggcgtcaaaacatggcgtc agtccgagaagtccgaga

PR1 Ta PR1 AF384143 ataacctcggcgtcttcatc gcttattacggcattcctttt

Peroxidase, PR9 TaPR9 TC 151917 tcgacaagcagtactaccacaa ccgaagtccgagaagaactg

4.9. Statistical Analysis

All physiological, biochemical, and molecular analyses were carried out with three bio-
logical and three analytical replicates. Root segments of ten plants were fixed for each treat-
ment for histochemical localization of lignin deposition and content. Microphotographs
represent the results of a typical variant from a series of experiments. Experimental data
were expressed as mean ± SE, which were calculated in all treatments using MS Excel. The
significance of differences was assessed by ANOVA followed by Duncan’s test (p ≤ 0.05)
using STATISTICA 10.0 software.

5. Conclusions

Our results demonstrated that 200 µM SNP had a growth-stimulating and protective
effects on wheat plants under salinity conditions. An important contribution to the imple-
mentation of these effects was the ability of SNP (a donor of NO) to positively regulate
the activities of PAL, TAL and POD, the expression of TaPAL and TaPRX genes, as well as
accelerate root lignification under normal growth conditions. Increased endogenous SA
content, TaPR1 gene expression, and antioxidant status were also revealed in plants. These
events made an important contribution to the preadaptive effect of exogenous SNP on
wheat plants under further stress. Under salinity conditions, SNP pretreatment decreased
stress-induced PAL, TAL, and POD activities, endogenous SA generation, and resulted in
additional lignification of root cell walls. Thus, the findings indicated that the components
of the phenylpropanoid pathway (i.e., lignin and SA) were involved in the implementation
of the growth-stimulating and protective effects of exogenous SNP in wheat plants under
salinity stress.

http://eu.idtdna.com/Scitools/Applications/Primerquest


Plants 2023, 12, 2123 15 of 17

Author Contributions: Conceptualization, Project administration, Methodology, Investigation,
Writing—original draft, final version preparation, D.M.; Methodology, Resources, S.I., S.P. and G.B.;
Formal analysis, Investigation, S.I., S.P., G.B., I.M. and O.L.; Writing—review and editing, G.B. and
O.L. All authors have read and agreed to the published version of the manuscript.

Funding: The study was conducted within the framework of the state assignments of the Ministry of
Science and Higher Education of the Russian Federation (numbers AAAA-A21-122041400162-3 and
123011300044-5), using the instrument park of the RCCU “Agidel” and “KODINK” UFRC RAS. The
HPLC analysis was performed on equipment at the Center for the Collective Use “Chemistry” of the
Ufa Institute of Chemistry UFRC RAS.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript;
or in the decision to publish the results.

References
1. FAO. Cereal Supply and Demand Brief. 2021. Available online: http://www.fao.org/worldfoodsitua-tion/csdb/ru/ (accessed

on 12 February 2023).
2. Wang, D.; Gao, Y.; Sun, S.; Lu, X.; Li, Q.; Li, L.; Wang, K.; Liu, J. Effects of salt stress on the antioxidant activity and malondialde-

hyde, solution protein, proline, and chlorophyll contents of three malus species. Life 2022, 12, 1929. [CrossRef] [PubMed]
3. Abdi, N.; Van Biljon, A.; Steyn, C.; Labuschagne, M.T. Salicylic acid improves growth and physiological attributes and salt

tolerance differentially in two bread wheat cultivars. Plants 2022, 11, 1853. [CrossRef]
4. Tanveer, M.; Shabala, S. Targeting Redox regulatory mechanisms for salinity stress tolerance in crops. In Salinity Responses and

Tolerance in Plants; Kumar, V., Wani, S., Suprasanna, P., Tran, L.S., Eds.; Springer: Cham, Switzerland, 2018. [CrossRef]
5. Yang, D.; Zhao, J.; Bi, C.; Li, L.; Wang, Z. Transcriptome and proteomics analysis of wheat seedling roots reveals that increasing

NH4
+/NO3

− ratio induced root lignification and reduced nitrogen utilization. Front. Plant Sci. 2022, 12, 797260. [CrossRef]
6. Zhang, C.; Meng, W.; Wang, Y.; Zhou, Y.; Wang, S.; Qi, F.; Wang, N.; Ma, J. Comparative analysis of physiological, hormonal and

transcriptomic responses reveal mechanisms of saline-alkali tolerance in autotetraploid rice (Oryza sativa L.). Int. J. Mol. Sci. 2022,
23, 16146. [CrossRef] [PubMed]

7. Byrt, C.S.; Munns, R.; Burton, R.A.; Gilliham, M.; Wege, S. Root cell wall solutions for crop plants in saline soils. Plant Sci. 2018,
269, 47–55. [CrossRef]

8. Su, P.; Yan, J.; Li, W.; Wang, L.; Zhao, J.; Ma, X.; Li, A.; Wang, H.; Kong, L. A member of wheat class III peroxidase gene family,
TaPRX-2A, enhanced the tolerance of salt stress. BMC Plant Biol. 2020, 20, 392. [CrossRef]

9. Rahman, M.A.; Woo, J.H.; Lee, S.-H.; Park, H.S.; Kabir, A.H.; Raza, A.; El Sabagh, A.; Lee, K.-W. Regulation of Na+/H+ exchangers,
Na+/K+ transporters, and lignin biosynthesis genes, along with lignin accumulation, sodium extrusion, and antioxidant defense,
confers salt tolerance in alfalfa. Front. Plant Sci. 2022, 13, 1041764. [CrossRef] [PubMed]

10. Ahanger, M.A.; Aziz, U.; Alsahli, A.A.; Alyemeni, M.N.; Ahmad, P. Influence of exogenous salicylic acid and nitric oxide on
growth, photosynthesis, and ascorbate-glutathione cycle in salt stressed Vigna angularis. Biomolecules 2020, 10, 42. [CrossRef]

11. Chun, H.J.; Baek, D.; Cho, H.M.; Lee, S.H.; Jin, B.J.; Yun, D.-J.; Hong, Y.-S.; Kim, M.C. Lignin biosynthesis genes play critical roles
in the adaptation of Arabidopsis plants to high-salt stress. Plant Signal. Behav. 2019, 14, 1625697. [CrossRef]

12. Sehar, Z.; Masood, A.; Khan, N.A. Nitric oxide reverses glucose-mediated photosynthetic repression in wheat (Triticum aestivum
L.) under salt stress. Environ. Exp. Bot. 2019, 161, 277–289. [CrossRef]

13. Al-Zahrani, H.S.; Alharby, H.F.; Hakeem, K.R.; Rehman, R.U. Exogenous application of zinc to mitigate the salt stress in Vigna
radiata (L.) Wilczek—Evaluation of physiological and biochemical processes. Plants 2021, 10, 1005. [CrossRef]

14. Alam, P.; Balawi, T.A.; Faizan, M. Salicylic acid’s impact on growth, photosynthesis, and antioxidant enzyme activity of Triticum
aestivum when exposed to salt. Molecules 2023, 28, 100. [CrossRef]

15. Xie, M.; Zhang, J.; Tschaplinski, T.J.; Tuskan, G.A.; Chen, J.-G.; Muchero, W. Regulation of lignin biosynthesis and its role in
growth-defense tradeoffs. Front. Plant Sci. 2018, 9, 1427. [CrossRef] [PubMed]

16. Böhm, F.M.L.Z.; Ferrarese, M.L.L.; Zanardo, D.I.L. Nitric oxide affecting root growth, lignification and related enzymes in soybean
seedlings. Acta Physiol. Plant. 2010, 32, 1039–1046. [CrossRef]

17. Falahi, H.; Sharifi, M.; Chashmi, N.A.; Maivan, H.Z. Water stress alleviation by polyamines and phenolic compounds in
Scrophularia striata is mediated by NO and H2O2. Plant Physiol. Biochem. 2018, 130, 139–147. [CrossRef] [PubMed]

18. Dong, N.Q.; Lin, H.X. Contribution of phenylpropanoid metabolism to plant development and plant–environment interactions.
J. Integr. Plant Biol. 2021, 63, 180–209. [CrossRef]

19. Cuong, D.M.; Kwon, S.-J.; Nguyen, B.V.; Chun, S.W.; Kim, J.K.; Park, S.U. Effect of salinity stress on phenylpropanoid genes
expression and related gene expression in wheat sprout. Agronomy 2020, 10, 390. [CrossRef]

20. Sharma, A.; Shahzad, B.; Rehman, A.; Bhardwaj, R.; Landi, M.; Zheng, B. Response of phenylpropanoid pathway and the role of
polyphenols in plants under abiotic stress. Molecules 2019, 24, 2452. [CrossRef]

http://www.fao.org/worldfoodsitua-tion/csdb/ru/
https://doi.org/10.3390/life12111929
https://www.ncbi.nlm.nih.gov/pubmed/36431064
https://doi.org/10.3390/plants11141853
https://doi.org/10.1007/978-3-319-75671-4_8
https://doi.org/10.3389/fpls.2021.797260
https://doi.org/10.3390/ijms232416146
https://www.ncbi.nlm.nih.gov/pubmed/36555786
https://doi.org/10.1016/j.plantsci.2017.12.012
https://doi.org/10.1186/s12870-020-02602-1
https://doi.org/10.3389/fpls.2022.1041764
https://www.ncbi.nlm.nih.gov/pubmed/36420040
https://doi.org/10.3390/biom10010042
https://doi.org/10.1080/15592324.2019.1625697
https://doi.org/10.1016/j.envexpbot.2019.01.010
https://doi.org/10.3390/plants10051005
https://doi.org/10.3390/molecules28010100
https://doi.org/10.3389/fpls.2018.01427
https://www.ncbi.nlm.nih.gov/pubmed/30323825
https://doi.org/10.1007/s11738-010-0494-x
https://doi.org/10.1016/j.plaphy.2018.07.004
https://www.ncbi.nlm.nih.gov/pubmed/29982170
https://doi.org/10.1111/jipb.13054
https://doi.org/10.3390/agronomy10030390
https://doi.org/10.3390/molecules24132452


Plants 2023, 12, 2123 16 of 17

21. Barros, J.; Dixon, R.A. Plant phenylalanine/tyrosine ammonia-lyases. Trends Plant Sci. 2020, 1, 66–79. [CrossRef]
22. Rasool, F.; Uzair, M.; Naeem, M.K.; Rehman, N.; Afroz, A.; Shah, H.; Khan, M.R. Phenylalanine ammonia-lyase (PAL) genes family

in wheat (Triticum aestivum L.): Genome-wide characterization and expression profiling. Agronomy 2021, 11, 2511. [CrossRef]
23. Nguyen, T.-N.; Son, S.H.; Jordan, M.C.; Levin, D.B.; Ayele, B.T. Lignin biosynthesis in wheat (Triticum aestivum L.): Its response to

waterlogging and association with hormonal levels. BMC Plant Biol. 2016, 16, 28. [CrossRef] [PubMed]
24. Li, C.; Luo, Y.; Jin, M.; Sun, S.; Wang, Z.; Li, Y. Response of lignin metabolism to light quality in wheat population. Front. Plant Sci.

2021, 12, 729647. [CrossRef] [PubMed]
25. Wang, Z.; Yao, X.; Jia, C.; Xu, B.; Wang, J.; Liu, J.; Jin, Z. Identification and analysis of lignin biosynthesis genes related to fruit

ripening and stress response in banana (Musa acuminata L. AAA group, cv. Cavendish). Front. Plant Sci. 2023, 14, 891. [CrossRef]
[PubMed]

26. Li, X.; Weng, J.K.; Chapple, C. Improvement of biomass through lignin modification. Plant J. 2008, 54, 569–581. [CrossRef]
27. Cuong, D.M.; Ha, T.W.; Park, C.H.; Kim, N.S.; Yeo, H.J.; Chun, S.W.; Kim, C.; Park, S.U. Effects of LED lights on expression of

genes involved in phenylpropanoid biosynthesis and accumulation of phenylpropanoids in wheat sprout. Agronomy 2019, 9, 307.
[CrossRef]

28. Liu, Q.; Luo, L.; Zheng, L. Lignins: Biosynthesis and biological functions in plants. Int. J. Mol. Sci. 2018, 19, 335. [CrossRef]
29. Blaschek, L.; Pesquet, E. Phenoloxidases in plants—How structural diversity enables functional specificity. Front. Plant Sci. 2021,

12, 754601. [CrossRef]
30. Nadarajah, K.; Abdul Hamid, N.W.; Abdul Rahman, N.S.N. SA-mediated regulation and control of abiotic stress tolerance in rice.

Int. J. Mol. Sci. 2021, 22, 5591. [CrossRef]
31. Liu, J.; Qiu, G.; Liu, C.; Li, H.; Chen, X.; Fu, Q.; Lin, Y.; Guo, B. Salicylic acid, a multifaceted hormone, combats abiotic stresses in

plants. Life 2022, 12, 886. [CrossRef]
32. Shakirova, F.M. Role of hormonal system in the manifestation of growth promoting and antistress action of salicylic acid. In

Salicylic Acid: A Plant Hormone; Hayat, S., Ahmad, A., Eds.; Springer: Dordrecht, The Netherlands, 2007.
33. Khan, M.I.R.; Poor, P.; Janda, T. Salicylic acid: A versatile signaling molecule in plants. J. Plant Growth Regul. 2022, 41, 1887–1890.

[CrossRef]
34. Lefevere, H.; Bauters, L.; Gheysen, G. Salicylic acid biosynthesis in plants. Front. Plant Sci. 2020, 11, 338. [CrossRef] [PubMed]
35. Rasheed, F.; Mir, I.R.; Sehar, Z.; Fatma, M.; Gautam, H.; Khan, S.; Anjum, N.A.; Masood, A.; Sofo, A.; Khan, N.A. Nitric oxide

and salicylic acid regulate glutathione and ethylene production to enhance heat stress acclimation in wheat involving sulfur
assimilation. Plants 2022, 11, 3131. [CrossRef]

36. Ren, R.; Wei, Y.; Ahmad, S.; Jin, J.; Gao, J.; Lu, C.; Zhu, G.; Yang, F. Identification and characterization of NPR1 and PR1 homologs
in Cymbidium orchids in response to multiple hormones, salinity and viral stresses. Int. J. Mol. Sci. 2020, 21, 1977. [CrossRef]
[PubMed]

37. Ghorbel, M.; Zribi, I.; Haddaji, N.; Besbes, M.; Bouali, N.; Brini, F. The wheat pathogenesis related protein (TdPR1.2) ensures
contrasting behaviors to E. coli transformant cells under stress conditions. Adv. Microbiol. 2021, 11, 453–468. [CrossRef]

38. Li, S.; Wang, Z.; Tang, B.; Zheng, L.; Chen, H.; Cui, X.; Ge, F.; Liu, D. A pathogenesis-related protein-like gene is involved in the
Panax notoginseng defense response to the root rot pathogen. Front. Plant Sci. 2021, 11, 610176. [CrossRef]

39. Valderrama, R.; Mounira, C.; Juan Carlos, B.-M.; Petrivalský, M.; Barroso, J.B. Editorial: Nitric oxide in plants. Front. Plant Sci.
2021, 12, 705157. [CrossRef] [PubMed]

40. Yan, B.; Zhang, Z.; Zhang, P.; Zhu, X.; Jing, Y.; Wei, J.; Wu, B. Nitric oxide enhances resistance against black spot disease in
muskmelon and the possible mechanisms involved. Sci. Hortic. 2019, 256, 108650. [CrossRef]

41. Floryszak-Wieczorek, J.; Milczarek, G.; Arasimowicz, M.; Ciszewski, A. Do nitric oxide donors mimic endogenous NO-related
response in plants? Planta 2006, 224, 1363–1372. [CrossRef]

42. Jahan, B.; Rasheed, F.; Sehar, Z.; Fatma, M.; Iqbal, N.; Masood, A.; Anjum, N.A.; Khan, N.A. Coordinated role of nitric oxide,
ethylene, nitrogen, and sulfur in plant salt stress tolerance. Stresses 2021, 1, 181–199. [CrossRef]

43. Maslennikova, D.R.; Allagulova, C.h.R.; Fedorova, K.A.; Plotnikov, A.A.; Avalbaev, A.M.; Shakirova, F.M. Cytokinins contribute
to realization of nitric oxide growth-stimulating and protective effects on wheat plants. Russ. J. Plant Physiol. 2017, 64, 665–671.
[CrossRef]

44. Maslennikova, D.R.; Lastochkina, O.V.; Shakirova, F.M. Exogenous sodium nitroprusside improves salt stress tolerance of wheat
(Triticum aestivum L.) via regulating the components of ascorbate-glutathione cycle, chlorophyll content and stabilization of cell
membranes state. Russ. J. Plant Physiol. 2022, 69, 130. [CrossRef]

45. Sharma, S.; Singh, H.P.; Batish, D.R.; Kohli, R.K. Nitric oxide induced modulations in adventitious root growth, lignin content
and lignin synthesizing enzymes in the hypocotyls of Vigna radiata. Plant Physiol. Biochem. 2019, 141, 225–230. [CrossRef]

46. Hao, G.; Du, X.; Zhao, F.; Shi, R.; Wang, J. Role of nitric oxide in UV-B-induced activation of PAL and stimulation of flavonoid
biosynthesis in Ginkgo biloba callus. Plant Cell Tiss. Organ Cult. 2009, 97, 175–185. [CrossRef]

47. Klessig, D.F.; Durner, J.; Noad, R.; Navarre, D.A.; Wendehenne, D.; Kumar, D.; Zhou, J.M.; Shah, J.; Zhang, S.; Kachroo, P. Nitric
oxide and salicylic acid signaling in plant defense. Proc. Natl. Acad. Sci. USA 2000, 97, 8849–8855. [CrossRef] [PubMed]

48. 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]

https://doi.org/10.1016/j.tplants.2019.09.011
https://doi.org/10.3390/agronomy11122511
https://doi.org/10.1186/s12870-016-0717-4
https://www.ncbi.nlm.nih.gov/pubmed/26811086
https://doi.org/10.3389/fpls.2021.729647
https://www.ncbi.nlm.nih.gov/pubmed/34589105
https://doi.org/10.3389/fpls.2023.1072086
https://www.ncbi.nlm.nih.gov/pubmed/37035063
https://doi.org/10.1111/j.1365-313X.2008.03457.x
https://doi.org/10.3390/agronomy9060307
https://doi.org/10.3390/ijms19020335
https://doi.org/10.3389/fpls.2021.754601
https://doi.org/10.3390/ijms22115591
https://doi.org/10.3390/life12060886
https://doi.org/10.1007/s00344-022-10692-4
https://doi.org/10.3389/fpls.2020.00338
https://www.ncbi.nlm.nih.gov/pubmed/32362901
https://doi.org/10.3390/plants11223131
https://doi.org/10.3390/ijms21061977
https://www.ncbi.nlm.nih.gov/pubmed/32183174
https://doi.org/10.4236/aim.2021.119034
https://doi.org/10.3389/fpls.2020.610176
https://doi.org/10.3389/fpls.2021.705157
https://www.ncbi.nlm.nih.gov/pubmed/34249070
https://doi.org/10.1016/j.scienta.2019.108650
https://doi.org/10.1007/s00425-006-0321-1
https://doi.org/10.3390/stresses1030014
https://doi.org/10.1134/S1021443717040094
https://doi.org/10.1134/S102144372206019X
https://doi.org/10.1016/j.plaphy.2019.05.028
https://doi.org/10.1007/s11240-009-9513-2
https://doi.org/10.1073/pnas.97.16.8849
https://www.ncbi.nlm.nih.gov/pubmed/10922045
https://doi.org/10.1007/s42729-020-00198-x


Plants 2023, 12, 2123 17 of 17

49. Keisham, M.; Jain, P.; Singh, N.; von Toerne, C.; Bhatla, S.C.; Lindermayr, C. Deciphering the nitric oxide, cyanide and iron-
mediated actions of sodium nitroprusside in cotyledons of salt stressed sunflower seedlings. Nitric Oxide 2019, 88, 10–26.
[CrossRef]

50. Planchet, E.; Kaiser, W.M. Nitric oxide production in plants: Facts and fictions. Plant Signal. Behav. 2006, 1, 46–51. [CrossRef]
51. Soares, C.; Rodrigues, F.; Sousa, B.; Pinto, E.; Ferreira, I.M.P.L.V.O.; Pereira, R.; Fidalgo, F. Foliar application of sodium

nitroprusside boosts Solanum lycopersicum L. tolerance to glyphosate by preventing redox disorders and stimulating herbicide
detoxification pathways. Plants 2021, 10, 1862. [CrossRef]

52. Feduraev, P.; Riabova, A.; Skrypnik, L.; Pungin, A.; Tokupova, E.; Maslennikov, P.; Chupakhina, G. Assessment of the role of PAL
in lignin accumulation in wheat (Triticum aestivum L.) at the early stage of ontogenesis. Int. J. Mol. Sci. 2021, 22, 9848. [CrossRef]

53. Tugbaeva, A.; Ermoshin, A.; Plotnikov, D.; Wuriyanghan, H.; Kiseleva, I. Role of Class III Peroxidases in Stem Lignification of
Zinnia elegans Jacq. Biol. Life Sci. Forum 2021, 4, 22. [CrossRef]

54. Bhai, R.S.; Alex, R.; Vadivukkarasi, P.; Shivakumar, M.S. Peroxidase activity as a marker to evaluate resistance in Black pepper
against Phytophthora infection. Indian Phytopathol. 2021, 74, 1099–1104. [CrossRef]

55. Wu, L.; Jiang, Q.; Zhang, Y.; Du, M.; Ma, L.; Ma, Y. Peroxidase activity in tomato leaf cells under salt stress based on micro-
hyperspectral imaging technique. Horticulturae 2022, 8, 813. [CrossRef]

56. Khan, M.I.R.; Fatma, M.; Per, T.S.; Anjum, N.A.; Khan, N.A. Salicylic acid-induced abiotic stress tolerance and underlying
mechanisms in plants. Front. Plant Sci. 2015, 6, 462. [CrossRef]

57. Singh, S. Salicylic acid elicitation improves antioxidant activity of spinach leaves by increasing phenolic content and enzyme
levels. Food Chem. Adv. 2023, 2, 100156. [CrossRef]

58. Bagautdinova, Z.Z.; Omelyanchuk, N.; Tyapkin, A.V.; Kovrizhnykh, V.V.; Lavrekha, V.V.; Zemlyanskaya, E.V. Salicylic acid in root
growth and development. Int. J. Mol. Sci. 2022, 23, 2228. [CrossRef] [PubMed]

59. Mokronosova, A.T. Small Workshop on Plant Physiology; Moscow State University: Moscow, Russia, 1994; 184p.
60. Jiang, H.; Wang, B.; Ma, L.; Zheng, X.; Gong, D.; Xue, H.; Bi, Y.; Wang, Y.; Zhang, Z.; Prusky, D. Benzo-(1,2,3)-thiadiazole-7-

carbothioic acid s-methyl ester (BTH) promotes tuber wound healing of potato by elevation of phenylpropanoid metabolism.
Postharvest Biol. Technol. 2019, 153, 125–132. [CrossRef]

61. Rösler, J.; Krekel, F.; Amrhein, N.; Schmid, J. Maize phenylalanine ammonia-lyase has tyrosine ammonia-lyase activity. Plant
Physiol. 1997, 113, 175–179. [CrossRef]

62. Pütter, J. Peroxidases. In Methods of Enzymatic Analysis; Academic Press: San Diego, CA, USA, 1974; pp. 685–690.
63. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
64. Sancho, M.A.; de Forchetti, S.M.; Pliego, F.; Valpuesta, V.; Quesada, M.A. Peroxidase activity and isoenzymes in the culture

medium of NaCl adapted tomato suspension cells. Plant Cell Tissue Organ Cult. 1996, 44, 161–167. [CrossRef]
65. Tao, S.; Khanizadeh, S.; Zhang, H.; Zhang, S. Anatomy, ultrastructure and lignin distribution of stone cells in two Pyrus species.

Plant Sci. 2009, 176, 413–419. [CrossRef]
66. Temerdashev, Z.; Frolova, N.A.; Kolychev, I.A. Determination of phenolic compounds in medicinal herbs by reversed-phase

HPLC. J. Anal. Chem. 2011, 66, 407–414. [CrossRef]
67. Vishwakarma, A.; Wany, A.; Pandey, S.; Bulle, M.; Kumari, A.; Kishorekumar, R.; Igamberdiev, A.U.; Mur, L.A.J.; Gupta, K.J.

Current approaches to measure nitric oxide in plants. J. Exp. Bot. 2019, 70, 4333–4343. [CrossRef]
68. Rumyantsev, S.D.; Alekseev, V.Y.; Sorokan, A.V.; Burkhanova, G.F.; Cherepanova, E.A.; Garafutdinov, R.R.; Maksimov, I.V.;

Veselova, S.V. Additive effect of the composition of endophytic bacteria Bacillus subtilis on systemic resistance of wheat against
greenbug aphid Schizaphis graminum due to lipopeptides. Life 2023, 13, 214. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.niox.2019.03.008
https://doi.org/10.4161/psb.1.2.2435
https://doi.org/10.3390/plants10091862
https://doi.org/10.3390/ijms22189848
https://doi.org/10.3390/IECPS2020-08847
https://doi.org/10.1007/s42360-021-00335-1
https://doi.org/10.3390/horticulturae8090813
https://doi.org/10.3389/fpls.2015.00462
https://doi.org/10.1016/j.focha.2022.100156
https://doi.org/10.3390/ijms23042228
https://www.ncbi.nlm.nih.gov/pubmed/35216343
https://doi.org/10.1016/j.postharvbio.2019.03.003
https://doi.org/10.1104/pp.113.1.175
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1007/BF00048195
https://doi.org/10.1016/j.plantsci.2008.12.011
https://doi.org/10.1134/S1061934811040150
https://doi.org/10.1093/jxb/erz242
https://doi.org/10.3390/life13010214

	Introduction 
	Results 
	Influence of SNP and cPTIO on Growth Parameters and Endogenous NO Content in Wheat 
	Exogenous SNP Improves Wheat Plant Growth under Normal and Salinity Conditions 
	Effect of SNP Treatment on PAL and TAL Activities in Wheat Roots under Normal Conditions 
	Effect of SNP on the Dynamics of POD Activity in the Roots of Wheat Seedlings and Lignin Content and Deposition in the Cell Walls of the Basal Part of the Roots 
	Gene Expression 
	Dynamics of Endogenous SA Content in Wheat under the Action of 200 M SNP 
	PAL and TAL Activities in SNP-Pretreated Wheat Roots under Salinity Conditions 
	Effect of 200 M SNP on the Dynamics of POD Activity and Lignin Content and Deposition in the Cell Walls of the Basal Part of the Roots under Salinity Conditions 
	Effect of 200 M SNP and Salinity on the Endogenous SA Content in Wheat Plants 

	Discussion 
	Materials and Methods 
	Plant Material, Seed Treatment, and Growth Conditions 
	Design of Experiments 
	Determination of Plant Growth Parameters 
	Assays of Enzyme Activities 
	PAL and TAL Activities 
	Peroxidase (POD) Activity 

	Lignin Determination 
	Quantitative Determination of Lignin 
	Lignin Deposition In-Situ 

	Endogenous Salicylic Acid (SA) Assay 
	Endogenous NO Measurement 
	Isolation of RNA and Performing the Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Statistical Analysis 

	Conclusions 
	References

