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PRIMING WITH NO DONOR SODIUM NITROPRUSSIDE TO
ACTIVATE GERMINATION AND REDUCE OXIDATIVE
DAMAGE IN AGED WHEAT AND TRITICALE SEEDS

SUMMARY

Despite the existence of numerous experimental data on the stimulation of
seed germination of various plant species under unfavourable conditions by nitric
oxide donors, there are very few data on the effect of exogenous NO on the
germination of cereal seeds that have undergone accelerated ageing. In particular,
they are lacking for aged seeds of one of the most widespread bread cereals,
Triticum aestivum L. Any physiological effect of NO on the wheat-rye hybrid
triticale (xTriticosecale) has not been studied. The aim of this work was to study
the effect of priming aged wheat seeds of cultivar Scorpion and triticale seeds of
cultivar Raritet with the nitric oxide donor sodium nitroprusside (SNP) on their
germination and seedling growth parameters. A three-hour treatment of seeds
with SNP (optimum concentration 100 uM) resulted in increased germination
energy, germination, and accumulation of shoot and root biomass in both species.
The effects of SNP were almost completely eliminated by the action of the NO
scavenger methylene blue. Moreover, there was no effect of SNP on seed
germination and seedling growth subsequent to its preliminary decomposition
under light conditions. This suggests that the physiological activity of SNP may
be linked to the release of nitrogen oxide. Treatment of seeds with SNP resulted
in a reduction in the generation of superoxide anion radicals and hydrogen
peroxide in the shoots of seedlings of both species, as well as a reduction in the
content of malonic dialdehyde, a product of lipid peroxidation. Concomitantly,
alterations in the activity of pivotal antioxidant enzymes (superoxide dismutase
and catalase) were observed in seedlings derived from seeds treated with SNP.
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Furthermore, the application of SNP to seeds resulted in an increase in the total
phenolic compound content in wheat seedlings and the amount of anthocyanins in
triticale seedlings. It was concluded that there is a correlation between the ability
of exogenous NO to mitigate oxidative damage and enhance germination of aged
cereal seeds.

Keywords: Triticum aestivum, x Triticosecale, seed aging, germination,
nitric oxide, oxidative stress, antioxidant system

INTRODUCTION

Nitric oxide (NO) is an important gasotransmitter molecule at the centre of
the signalling network of plant and animal cells (Sougrakpam et al., 2023; Khator
et al., 2024). Nitric oxide is known to be involved in the regulation of multiple
functions of the plant organism: seed germination, flowering, pollen formation,
fruit ripening and senescence, as well as legume-rhizobium symbiosis and
responses to biotic and abiotic stressors (Turkan, 2017; Venkatesan et al., 2020;
Singhal et al., 2021). The molecular basis for these diverse physiological effects
of it is the process of post-translational modification of many proteins, as well as
direct and indirect interactions with other key players in the signalling network
(primarily reactive oxygen species (ROS) and calcium ions) and many plant
hormones (Sami et al., 2018; Khan et al., 2023; Sougrakpam et al., 2023).

One of the important biological effects of nitric oxide, which is not only of
fundamental but also of applied importance, is its ability to stimulate the
germination of seeds of various plant species. The activation of seed germination
of some plant species by inorganic and organic nitrates was discovered at the end
of the last century (Grubisic and Konjevic, 1990; Grubisic et al., 1992). Later, the
effect of NO donors on dormancy interruption and seed germination was studied
in detail using the model species Arabidopsis thaliana L. (Bethke et al., 2004).
To date, this phenomenon has been documented in experiments on the effect of
nitric oxide donors on seed germination of plants of different taxonomic
affiliation, in particular lettuce (Lactuca sativa L.), yellow lupin (Lupinus luteus
L.), tomato (Solanum lycopersicum L.), barley (Hordeum vulgare L.), millet
(Panicum virgatum L.) and other cultivated plant species (see reviews: Bethke et
al., 2007; Krasuska et al., 2015). The applied aspect of these studies is mainly
related to the search for ways to increase seed germination energy in species
whose seeds do not germinate uniformly due to biological peculiarities (Sarath
and Mitchell, 2008). The effect of NO donors on seed germination under stress
conditions has also been widely studied (Duan et al., 2007; Sepehri and Rouhi,
2016). One of the main mechanisms of the beneficial effect of nitric oxide on
seed germination is considered to be its modification of the hormonal balance in
germinating seeds, associated with the inhibition of abscisic acid synthesis
enzymes (the hormone responsible for seed dormancy) under the action of NO
and the activation of enzymes providing synthesis of gibberellic acid and
ethylene, factors promoting seed germination (Sirova et al., 2011; Arc et al.,
2013; Kolbert et al., 2019b, Kolupaev et al., 2024b).
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To increase the speed and uniformity of seed germination, especially under
unfavourable conditions, priming technologies have been used quite actively in
the last decade (Janmohammadi, 2012; Paparella et al., 2015; Sako et al., 2020).
The term 'seed priming' usually defines a method of controlled wetting and drying
of grains to enhance pre-germination metabolic processes in them (Wagas et al.,
2019). The simplest priming technique, hydropriming, is more commonly used in
combination with seed exposure to solutions of various physiologically active
compounds, mainly plant hormones and signalling mediators (Ibrahim, 2019; Sen
et al., 2021), including NO (Duan et al., 2007; Kaur and Kaur, 2018; Kumar et
al., 2021).

Long-term storage is known to reduce seed germination and viability due
to ageing. Preservation of seed germination for a certain period depends on both
species characteristics and storage conditions. It is known that storing seeds at
higher humidity and temperature accelerates ageing, which eventually leads to
loss of viability (Probert et al., 2007). One of the causes of accelerated seed
ageing under inappropriate storage is the spontaneous formation of ROS in
mitochondria and other organelles (Ratajczak et al., 2019) and, as a consequence,
lipid peroxidation (LPO), which leads to changes in the composition, structure
and function of biomembranes (Kurek et al., 2019; Lin et al., 2022). The
development of oxidative stress also causes protein carbonylation characteristic
of ageing seeds (Rajjou et al., 2008) and, in some cases, DNA damage (Kurek et
al., 2019; Afzal, 2023).

It has also been shown that the onset of seed germination is often
accompanied by an increase in the generation of ROS, which are involved in the
generation of redox signals necessary for seedling growth (Kranner et al., 2010).
However, in ageing seeds there is usually an imbalance between ROS generation
and their neutralisation by the antioxidant system (Zhang et al., 2021), which may
be responsible for oxidative damage to the structures of the developing seedling.
In this regard, it has been suggested that priming aged seeds with antioxidants
may improve their germination. In particular, classical antioxidants such as
reduced glutathione and ascorbic acid have been shown to improve germination
of aged oat seeds (Xia et al., 2020). Priming with melatonin, which has direct and
indirect antioxidant effects, improved germination of aged rye and triticale seeds
(Kolupaev et al., 2024a).

The ability of nitric oxide to alter redox homeostasis is well established
(Arnao and Hernandez-Ruiz, 2019; Kolbert et al., 2019a; Kolupaev et al., 2023a;
Dey et al.,, 2024). Although the mechanisms of such effects are not fully
understood, nitric oxide can also have pro-oxidant effects, causing so-called
nitrosative stress (Corpas and Barroso, 2013). It is known that, depending on the
concentration, nitric oxide can cause various post-translational modifications
(nitrosation, tyrosine nitration, metallonitrosylation) in the molecules of
antioxidant enzymes, leading to modulation of their activity (Arora et al., 2016;
Singhal et al., 2021; Mukherjee and Corpas, 2023). Nitric oxide also affects the
activity of enzymes that regulate the pool of reducing agents (Corpas et al.,
2013). Finally, nitric oxide can modulate the activity of the key ROS-generating
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enzyme, NADPH oxidase (Yun et al., 2011). The direct effect of NO on ROS
levels and redox homeostasis is combined with its mediated effect (involving
other signalling mediators) on the gene expression of antioxidant enzymes, which
usually results in enhanced antioxidant activity of plant cells (Correa-Aragunde et
al., 2015; Kolupaev et al., 2023a).

The influence of nitric oxide on seed germination is largely attributed to
the modulation of redox homeostasis. Models of an ‘'oxidative window' and a
'nitrosative door' have been proposed, according to which ROS and reactive
nitrogen species (RNS) in a certain concentration range can act as signalling
molecules necessary for the induction of metabolic changes responsible for the
transition of seeds from dormancy to germination (Krasuska et al., 2015). It is
thought that seeds remain dormant at low levels of ROS and RNS in the cells,
whereas an increased concentration of ROS and RNS leads to seed senescence
(Krasuska et al., 2015).

Nevertheless, there are very few experimental data on the effect of NO
donor priming on the germination of aged seeds of cultivated plants and the state
of their antioxidant system. In particular, purely phenomenological data have
been obtained on the enhancement of germination of millet seeds with reduced
germination due to long-term storage by the NO donor sodium nitroprusside
(SNP) (Sarath and Mitchell, 2008). It was shown that SNP treatment improved
the germination of aged sunflower seeds and reduced the content of the LPO
product malonic dialdehyde (MDA), while no significant changes in the activity
of antioxidant enzymes were observed (Pereira et al., 2022). It was also shown
that treatment of aged oat seeds with SNP increased their germination, which was
accompanied by improved functioning of the mitochondrial tricarboxylic acid
cycle, increased activity of ascorbate-glutathione cycle enzymes and activation of
alternative oxidase (Mao et al., 2018).

However, for seeds of one of the most important crops, bread wheat
(Triticum aestivum L.), there are only data on SNP-induced enhancement of
germination of seeds with normal germination ability against the background of
its inhibition by osmotic (Hua et al., 2003), salt (Duan et al., 2007) or cold (Bibi
et al., 2020) stress. These effects were accompanied by modulation of antioxidant
enzyme activity and a reduction in the manifestation of oxidative stress effects.
To date, there is a complete lack of information on the effect of NO donors on the
germination of triticale seeds, a hybrid species obtained by crossing wheat and
rye and characterised by a rather rapid decrease in seed germination when stored
under suboptimal conditions (Kolupaev et al., 2024b).

In this context, the aim of the work was to study the effect of the nitric
oxide donor SNP on the germination of wheat and triticale seeds subjected to
natural ageing during storage under uncontrolled conditions, and the relationship
between the physiological effects of exogenous NO and changes in the state of
the antioxidant system of germinating seeds.
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MATERIAL AND METHODS

Plant materials and treatments

The experiments were carried out in the Laboratory of Plant Physiology
and Biochemistry of the Yuriev Plant Production Institute of NAAS of Ukraine.
Seed samples were provided by the National Center for Genetic Resources of
Plants of Ukraine. Seeds of winter bread wheat (Triticum aestivum L.) of the
Scorpion cultivar (Czech Republic, Austria) and winter triticale (x Triticosecale
Wittmack) of the Raritet cultivar (Ukraine) of the 2020 generation were used for
the experiments. The wheat cultivar Scorpion has blue grains with increased
content of polyphenolic compounds (Martinek et al., 2013). However, it is
reported that the seeds of this cultivar, even when properly stored, shrink and
shrivel easily, resulting in reduced germination (Martinek et al., 2013). Triticale
seeds of the Raritet cultivar also lose germination significantly after several years
of storage, as shown by previously obtained data (Kolupaev et al., 2024a). Prior
to the experiments, wheat and triticale seeds were stored indoors for three years
under uncontrolled conditions (in summer the temperature periodically reached
30-32°C, in winter it dropped to -6...-8°C; relative humidity during storage
repeatedly changed from 25-30 to 80-85%). As a result, seed germination during
3 years of storage decreased to about 50% for wheat and 40% for triticale.

Seeds from all experimental variants were disinfected with 5% sodium
hypochlorite solution for 15 min and washed repeatedly with sterile distilled
water. Some seeds were then kept in glasses with distilled water for 3 hours
(hydropriming). Hydropriming has previously been shown to increase seed
germination slightly (approximately within 10%) (Kolupaev et al., 2024a).
Therefore, the hydropriming variant was considered as the control variant.

In the SNP treatment variants, seeds were incubated for 3 h in solutions at
concentrations of 20, 100, and 500 uM in diffused light at 24°C. In a separate
series of experiments to demonstrate the specific effect of SNP as a nitric oxide
donor on seed germination, a so-called “exhausted" SNP solution (concentration
100 uM), containing the degradation products of this compound but having lost
NO, was used for comparison. Such an "exhausted" SNP solution was obtained
by incubating it in an open dish in the light for 2 days (Kolupaev et al., 2020a). In
addition, variants with seed treatment with the NO scavenger methylene blue
(Zhang et al., 2006) and a mixture of SNP with methylene blue were included in
the experiment. In these experimental variants, the seed priming time was also 3h.

Seeds hydroprimed or treated with SNP or other compounds mentioned
above were dried in a dark thermostat at 24°C and 40% humidity for one day.
The seeds were then placed in Petri dishes with two layers of sterile filter paper
moistened with distilled water and germinated in a dark thermostat at 24°C for 3
days. After 2 days of germination, the relative number of germinated seeds
(germination energy index) and the mass of shoots and roots of seeds with normal
germination were evaluated. On the 3" day of germination, the germination index
(relative number of germinated seeds) was evaluated. The shoots from normally
germinated seeds were used for biochemical analyses.
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Superoxide anion radical generation

The generation of superoxide anion radicals (SAR) by the shoots was
estimated by nitroblue tetrazolium (NBT) reduction. Ten identical shoots were
placed for 1 h in a tube containing 5 ml of 0.1 M K, Na-phosphate buffer (pH 7.6)
with 0.05% NBT, 10 uM EDTA, and 0.1% Triton X-100 (Kolupaev et al.,
2023b). At the end of the exposure, the shoots were gently removed from the
incubation solution. The optical density of the incubation solution was also
measured at 530 nm using a UV-1280 spectrophotometer (Shimadzu, Japan). The
rate of O2. generation was calculated in standard units (Asso * 1000/weight of
shoot raw material).

Evaluation of hydrogen peroxide content

For the determination of H,O, content, seedling shoots were homogenised
in cold with 5% trichloroacetic acid (TCA). Samples were centrifuged at 8000xg
for 10 min at 2-4°C in an MPW 350R centrifuge (MPW MedInstruments,
Poland). The concentration of H,O; in the supernatant was measured by the
ferrothiocyanate method (Sagisaka, 1976) with slight modifications. For this
purpose, 0.5 ml of 2.5 M ammonium thiocyanate, 0.5 ml of 50% TCA, 1.5 ml of
supernatant and 0.5 ml of 10 mM ferrous ammonium sulphate were added to
tubes. After mixing, the samples were transferred to cuvettes and the absorbance
at 480 nm was determined.

Measurement of LPO products content

For the analysis of the amount of LPO products reacting with 2-
thiobarbituric acid (mainly malonic dialdehyde, MDA), shoots were homogenised
in a reaction medium containing 0.25% 2-thiobarbituric acid in 10% TCA and the
homogenate was placed in tubes with foil lids in a boiling bath for 30 min. The
samples were then cooled and centrifuged at 10000xg for 15 min. The absorbance
of the supernatant was determined at 532 nm (maximum light absorption of
MDA) and 600 nm (to correct for non-specific light absorption) (Kolupaev et al.,
2020b).

Antioxidant enzyme activity assessment

Seedling samples were homogenised in cold 0.15 M K, Na-phosphate
buffer (pH 7.6) with the addition of EDTA (0.1 mM) and dithiothreitol (1 mM).
The homogenate was centrifuged at 8000xg for 15 min at a temperature of not
more than 4°C to prepare the supernatant, which was then assayed (Kolupaev et
al., 2022a). Superoxide dismutase (SOD) (EC 1.15.1.1) activity was determined
at pH 7.6 by a method based on the ability of the enzyme to compete with
nitroblue tetrazolium for superoxide anions generated by the aerobic interaction
between NADH and phenazine methosulphate. Catalase (EC 1.11.1.6) was
evaluated by the amount of H,O, decomposed per unit time. Guaiacol peroxidase
(EC 1.11.1.7) activity was estimated at pH 6.2 using guaiacol as hydrogen donor
and H,0O, as substrate.

Determination of phenolic and anthocyanin content

For the determination of total phenolic compounds and anthocyanins,
seedlings (300 mg) were homogenised in 6 ml of 80% ethanol. The extraction
was carried out at room temperature for 20 min. The samples were centrifuged at
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8,000 x g for 15 min. To evaluate the content of phenolic compounds, 0.5 ml of
the supernatant, 8 ml of distilled water and 0.5 ml of Folin's reagent were added
to the reaction tubes and stirred; 3 min later, 1 ml of 10% sodium carbonate was
added. After 1 hour, the absorbance of the reaction mixture was measured at 725
nm (Bobo-Garcia et al., 2015). The content of phenolic compounds was
expressed as pumol gallic acid/g dry weight.

Before the determination of anthocyanin content, the supernatants were
acidified with HCI to a final concentration of 1%. Absorbance was measured at
530 nm (Nogués and Baker, 2000). The results were expressed as Ass/g dry
weight.

Replication of experiments and statistical processing of data

To determine the impact of seed treatment with SNP and other compounds
on seed germination and seedling biomass, each experimental variant was
replicated at least three times, with each replicate consisting of 60 seeds. For
biochemical analyses, each sample consisted of at least 12 seedlings, with
analyses performed in three or more replicates.

The statistical analysis of the results was conducted using the analysis of
variance (ANOVA) and Fisher’s least significant difference (LSD) test. The
figures and table present the mean values from three biological replicates, along
with their standard errors. Different letters indicate values that are significantly
different at the P < 0.05 level.

RESULTS AND DISCUSSION

Effect of SNP on seed germination and seedling growth parameters

The germination rates of wheat and triticale seeds exposed to temperature
and humidity variations during 3 years of storage were 51.4 and 44.3%,
respectively, in the control (Figure 1A). SNP priming in the concentration range
of 20-500 uM caused an increase in germination energy of seeds of both species.
The maximum effect was observed when seeds were primed with 100 uM SNP.
A significant increase in seed germination index after SNP treatment was also
observed across the range of concentrations used, with a maximum at 100 uM
(Figure 1A).

Seed treatment with SNP also resulted in an increase in biomass
accumulation of shoots and especially roots of seedlings (Figure 1B). Thus, in
wheat, an increase in root mass of 50-90% relative to the control was observed
with SNP treatment at different concentrations. A slightly smaller but quite
significant increase in root weight was observed in triticale when seeds were
treated with SNP, with an increase of 15-45% at different concentrations. Shoot
weight in wheat seedlings was significantly increased by SNP concentrations of
100 and 500 uM (Figure 1B).

In triticale, a significant effect on shoot weight increase was only observed
for the 100 uM concentration. In general, seedling weight in wheat increased as a
result of SNP priming at all concentrations used, while in triticale this effect was
significant for SNP concentrations of 20 and 100 uM (Figure 1B).
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Figure 1. Concentration dependence of the effect of SNP priming on germination
energy, seed germination rates (A) and organ biomass (B) of wheat and triticale
seedlings

The specificity of the action of SNP as a nitric oxide donor rather than a
complex compound is usually confirmed by the use of the so-called 'exhausted'
SNP solution, which, as mentioned in the Materials and Methods section, is
obtained by decomposition of this salt in the light (Mur et al., 2013). As our
results showed, the 'exhausted' SNP at a concentration corresponding to the most
effective concentration of freshly prepared SNP (100 pM) had no significant
effect on any of the parameters characterising seed germination and seedling
growth in wheat (Figure 2, Table 1). In triticale, no significant effect of the
‘'exhausted’ SNP on germination energy and germination indices was found. At
the same time, when seeds were treated with the 'exhausted' SNP, a slight
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increase in root weight and, as a consequence, in total seedling weight was
observed (Table 1). Thus, we can speak of a small non-specific growth
stimulating effect of the 'exhausted' SNP when triticale seeds were treated with it.
However, these effects were much smaller compared to the effects of freshly
prepared SNP.

Triticum aestivum

SNP (100 uM)
(100 pM) (100 pM) (100 uM) +MB (100 pM)
exhausted

xTriticosecale

Control SNP SNP MB SNP (100 pM)
(100 pM) (100 pM) (100 pM) + MB (100 pM)
exhausted

Figure 2. Condition of wheat and triticale seedlings when seeds were treated with
SNP, 'exhausted’ SNP and the NO scavenger methylene blue (MB)

Another way of demonstrating the specificity of the effect of SNP as an
NO donor is to use it in combination with nitric oxide scavengers. In our
experiments, treatment of wheat seeds with SNP in combination with methylene
blue completely abolished the effect of the nitric oxide donor on all the indicators
of seed germination and seedling growth studied (Table 1).

The combined effect of SNP and methylene blue on triticale seeds did not
show the effect of NO donor on germination energy, although the germination
index in the variant with the combination of SNP and methylene blue was slightly
higher than in the control, but significantly lower than in the variant with priming
seeds with SNP alone (Table 1). Seed treatment with methylene blue also
completely eliminated the effect of SNP on seedling growth parameters.

It should be noted that in the variant with priming of wheat seeds with
methylene blue only, a significant decrease in germination energy and
germination was observed, although the growth of seedling organs in this variant
did not differ from the control. In triticale under the influence of seed priming
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with methylene blue, a significant decrease in seed germination and root biomass
was recorded (Table 1). In general, treatment of wheat and triticale seeds with
methylene blue slightly worsened their germination, indicating the role of
endogenous nitric oxide in the germination of seeds of these cereal species.

Table 1. Modification of the SNP effect on seed germination and morphometric
indices of seedlings with its pre-light treatment and combination with methylene

blue (MB)
Variant Germination Seed Root weight, Shoot Seedling
energy, % germination mg weight, mg weight, mg
rates, %
Triticum aestivum L.
Control 49.741.0cd |53.6x1.2¢c 10.0+0.6 f 6.7+0.3d 16.7+0.8 de
SNP 100 uM 64.5t1.1a 69.8+1.2a 16.4+0.9 b 9.3+04c 25.740.8 bc
SNP 100 uM 52.2+0.4c 55.5+1.4¢c 10.2+0.9 f 7.0£0.7d 17.2+0.3 de
‘exhausted'
SNP (100 pM) + |44.7+1.5de [46.7+1.1de |10.0+0.3f 7.7£0.7d 17.7+0.4 d
MB (100 pMm)
MB (100 pM) 432+15e 46.3+t09de |8.6+0.4f 7.1+0.3d 15.7+0.1e
xTriticosecale

Control 45.7+£1.7de |48.4+0.7d 12.5+0.5d 12.0+0.2b |245+04c
SNP 100 pM 57.7+0.7b 61.2+0.8 b 18.7+0.7 a 16.7+x1.0a |354%1.7a
SNP 100 uM 443+09e |47.7¢15d 14.7+0.6 12.7+0.8b |27.440.2b
‘exhausted’
SNP (100 puM) + [47.3£1.0d 53.1+1.6¢c 11.8+0.6de |12.840.9b |24.7+0.3¢c
MB (100 pM)
MB (100 pM) 422+1.1e 446t16e 13.1+0.3d 10.7+0.7¢c |23.8+04¢c

Amooaghaie and Nikzad (2013) showed that methylene blue eliminated the
enhancement of tomato seed germination induced by SNP treatment under low
temperature conditions. Another NO scavenger, cPTIO (2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide), inhibited seed germination of the
woody plant Paulownia elongata, which is characterised by physiological
dormancy (Liu et al., 2019). Thus, our data on the retardation of germination of
aged wheat and triticale seeds in the presence of methylene blue and its abolition
of the positive effect of SNP on seed germination are consistent with data on the
role of endogenous and exogenous NO in the interruption of seed dormancy
obtained for other plant species.

Effect of SNP on ROS generation and MDA levels in wheat and
triticale seedlings

When studying the effect of nitric oxide donor on indicators characterising
the level of oxidative stress during seed germination, it was used at the
concentration that had the most significant effect on seed germination and
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seedling growth, 100 uM. Under the influence of SNP, a significant decrease in
the generation of superoxide anion radicals was observed in wheat seedlings and
even more significantly in triticale (Figure 3A). Hydrogen peroxide content was
also reduced under the influence of SNP seed priming in shoots of seedlings of
both species, but this effect was more pronounced in triticale seedlings (Figure
3B). The amount of the LPO product MDA in SNP-primed variants decreased in
both cereal species, but more significantly in wheat (Figure 3C).
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Figure 3. Effect of seed SNP priming on superoxide anion radical generation
(A), hydrogen peroxide (B) and MDA (C) content in wheat and triticale seedlings

In general, the treatment of wheat and triticale seeds resulted in a reduction
in all the studied parameters that characterise the level of oxidative stress. In this
context, the influence of SNP on the functioning of the antioxidant system was
studied in subsequent experiments.

Effect of SNP seed priming on antioxidant enzyme activity in wheat
and triticale seedlings

SOD activity was higher in wheat seedlings (Figure 4A). At the same time,
SNP treatment caused its decrease. In triticale seedlings, this index also decreased
under the influence of SNP. At the same time, there is evidence in the literature
about the positive modulation of SOD activity by nitric oxide donors due to the
corresponding post-translational modification (Sougrakpam et al., 2018; Pereira
et al., 2022). It should be noted that in our experiments, the decrease in SOD
activity in the nitric oxide donor seed treatment variant in seedlings of both cereal
species was accompanied by a concomitant decrease in superoxide anion radical
generation. A possible explanation for this apparently paradoxical effect could be
suppression of NADPH oxidase activity by nitric oxide due to post-translational
modification of the enzyme (Yun et al., 2011). However, further studies are
needed to clarify the interpretation of these results.
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Figure 4. Effect of seed SNP priming on SOD (A), catalase (B) and guaiacol
peroxidase (C) activity in wheat and triticale seedlings

SNP priming of seeds of both cereal species resulted in an increase in
catalase activity (Figure 4B). This effect is consistent with data obtained when
SNP priming of aged sunflower seeds was studied (Pereira et al., 2022). SNP
priming of peanut seeds also promoted catalase activity during germination under
osmotic stress conditions (Sepehri and Rouhi, 2016). The effects of increased
catalase activity under the influence of NO donor have been attributed to S-
nitrosylation of specific cysteine residues (Sougrakpam et al., 2018). However,
specific studies are also needed to assess the contribution of this mechanism to
the regulation of catalase activity under specific experimental conditions.

The activity of guaiacol peroxidase in the control variant was much lower
in triticale seedlings than in wheat seedlings (Figure 4C). As shown by studies
with other varieties of these cereals, low guaiacol peroxidase activity is a species
characteristic of triticale (Kolupaev et al., 2022b). However, under the conditions
of our experiments, SNP had no effect on enzyme activity in seedlings of either
cereal species. It is known that non-specific peroxidase (guaiacol peroxidase) can
not only neutralise ROS, but also participate in ROS generation, i.e. exhibit pro-
oxidant effects (Kolupaev and Karpets, 2014). Therefore, an increase in
peroxidase activity is not always a sign of activation of antioxidant processes. At
the same time, catalase, whose activity was increased by SNP seed treatment,
effectively fulfils the functions of neutralising high concentrations of H,0O, (Das
and Roychoudhury, 2014). In this context, the increase in its activity in the
absence of changes in the activity of guaiacol peroxidase in seedlings from SNP-
primed seeds can be considered as the reason for the marked decrease in their
hydrogen peroxide content.
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Effect of SNP seed treatment on the content of secondary metabolites
in seedlings

It is established that secondary metabolites, namely phenolic and
polyphenolic (flavonoid) compounds, play a pivotal role in the functioning of the
antioxidant system of cereals (Kolupaev et al., 2023c). In this context, we
investigated the effect of SNP on the content of phenolics and anthocyanins in
shoots of wheat and triticale seedlings.

SNP priming of wheat seeds caused an increase in the total phenolic
content (Figure 5A), while the anthocyanin content did not change (Figure 5B). A
different pattern was observed in triticale seedlings derived from SNP-primed
seeds. They showed a significant increase in the content of anthocyanins with no
significant changes in the total content of phenolic compounds (Figure 5). It
should be noted that the high basal content of anthocyanins and its increase in
response to adverse factors is a species characteristic of triticale and distinguishes
it from most wheat varieties (Kolupaev et al., 2020b; 2022b). At the same time,
as mentioned above, the blue-grained wheat variety Scorpion used in our work is
characterised by a high content of phenolic compounds in general (Martinek et
al., 2013). Thus, their amount in etiolated seedlings was the same as in triticale
seedlings (Figure 5). It can be assumed that the increase in phenolic compounds
in wheat and flavonoids (anthocyanins) in triticale during seed priming with a
nitric oxide donor contributed to the reduction of superoxide radical generation
(Figure 3A) and possibly other radical ROS during seed germination. Secondary
metabolites, and anthocyanins in particular, are known to be effective in
neutralising ROS, primarily radical forms, including the superoxide anion radical
(Neill and Gould, 2003).
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Figure 5. Effect of seed SNP priming on the content of phenolic compounds (A)
and anthocyanins (B) in shoots of wheat and triticale seedlings

Possible relationship between the effect of nitric oxide donor on redox
homeostasis and seed germination

In general, the priming of old wheat and triticale seeds, which promoted
their germination and seedling growth, significantly modified the studied
indicators of the pro/antioxidant balance (Figure 6). The levels of all markers of
oxidative stress decreased in the seedlings of both cereal species: superoxide
anion radical generation, hydrogen peroxide and MDA content. In the context of
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reduced O,+— formation under the action of NO donor, SOD activity decreased in
both species. At the same time, the activity of the key hydrogen peroxide
decomposing enzyme, catalase, increased in both species when seeds were treated
with SNP. In the absence of changes in guaiacol peroxidase activity, it can be
assumed that catalase was the major contributor to the regulation of hydrogen
peroxide levels in seedlings. Secondary metabolites, such as various phenolic
compounds in wheat and anthocyanins in triticale, also appeared to contribute to
the regulation of the levels of different ROS during SNP treatment (Figure 6).
Undoubtedly, the above explanation of the effect of nitric oxide donors on
ROS generation and the state of the antioxidant system in seedlings of the studied
cereals is very schematic and simplified. According to modern models, nitric
oxide can exert a complex influence on the pro/antioxidant balance in plant cells.
It involves post-translational modification of proteins (including directly
antioxidant enzyme molecules), which can lead to both increased and decreased
activity, depending on the type of modification (S-nitrosation or tyrosine
nitration) (Aroca et al., 2015; Correa-Aragunde et al., 2015; Corpas et al., 2019).
Nitric oxide can also modulate the activity of pro-oxidant enzymes such as
NADPH oxidase (Yun et al., 2011). In addition, NO affects enzymes responsible
for maintaining the pool of reducing agents (Aroca et al., 2015; Corpas et al.,
2021), which may also alter the pro/antioxidant balance in cells. Finally, through
its involvement in the regulatory network, nitric oxide, together with ROS, can
influence gene expression of antioxidant enzymes (Kolupaev et al., 2023a).

Triticum aestivum xTriticosecale

Control SNP Control SNP

Seed germination energy 1.0
Seed germination rate 09

Seedlings biomass 08

0, generation 0.7
H,0, content 0.6
MDA content 0.5
SOD activity 04
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Phenolic content 0.1

Anthocyanin content 0.0

Figure 6. Heat map of changes in growth parameters and antioxidant system of
wheat and triticale seedlings under the influence of 100 uM SNP. All values are
normalised from O to 1

However, it is difficult to interpret the mechanisms of nitric oxide
influence on the antioxidant system of seedlings after seed priming because it is
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not clear how long the effect of SNP lasts after its treatment. At the same time,
the lack of effect of SNP on seed germination and seedling growth after light
treatment or when used in combination with the nitric oxide scavenger methylene
blue indicates the key role of NO in the physiological effects of SNP (Table 1).

CONCLUSIONS

The results obtained indicate that priming aged wheat and triticale seeds
with the nitric oxide donor SNP can be an effective tool for increasing their
germination and improving seedling growth. At the same time, an important
component of the SNP effect is the alleviation of oxidative stress effects during
germination of aged cereal seeds (reduced generation of superoxide anion radical
and hydrogen peroxide, decreased malondialdehyde content). Seed treatment with
SNP modulated the activity of antioxidant enzymes SOD and catalase in cereal
seedlings, and also enhanced the accumulation of secondary metabolites with
antioxidant properties.
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