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1. BACKGROUND OF THE WORK AND ITS AIMS

Maize is utilised globally, either as a staple food, fodder crop or in the production
of ethanol. Its origin can be traced back to ancient civilisations of the Mayans and
Aztecs. Hundreds of years of domestication and selective crop breeding
techniques have significantly improved maize production (YANG et al., 2023).
The development and registration of the first inbred maize hybrid (Mv5) in
Hungary, Europe and the release of the first commercial maize hybrid in the USA
mark the milestone steps for mankind in maize improvement programmes
(JANOSSY et al., 1957; MARTON, 2013; TROYER, 1995). A significant
increase in maize production and demand has been observed over the years.
However, with shifting habits along with the population boom, the demand for
maize has increased. This inflated demand, together with changing climate
conditions, necessitates the need to develop stress-resilient crops (CGIAR, 2024).
In order to develop stress-tolerant crops, we first need to understand the signalling
triggered in plants when faced with stress. Under unfavourable environmental
conditions, stress-specific molecular sensors are activated in the cells that are in
contact with the stimuli. As a result, the change in cellular redox homeostasis
stimulates the antioxidant system and modifies the transcriptome and
metabolome. To further strengthen the stress signal perceived, a series of protein
phosphorylations is initiated, including the Mitogen-Activated Protein Kinase
(MAPK) cascade and sucrose non-fermenting-1-related protein kinase 2 (ShnRK2)
modules (ZHANG et al., 2023). It is essential to understand that instead of a single
chain reaction, stress perception, signalling, and ultimately adaptation are a
network of cross-communications with nodes and molecules affecting multiple
other ones at different layers. For instance, the ROS wave triggers the antioxidant
system that initiates ROS scavenging, but at the same time stimulates hormone
production, such as abscisic acid (ABA) and jasmonic acid (JA), which further
complements ROS production via NADPH and boosts antioxidant enzymes to

maintain ROS balance (DEVIREDDY et al., 2021). These changes govern
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transcriptional reprogramming and exhibit stress adaptive responses such as the
accumulation of osmoprotectants, biosynthesis of antioxidants, amino acid profile
modifications, and changes in carbon and nitrogen assimilation (ZHANG et al.,
2023). Therefore, understanding redox alteration and its crosstalk with other
components, such as hormones, amino acids, and thiols, could provide helpful
insights to not only curb the global hunger but also fight against the prevailing
nutritional hunger. The focus of the present study is to understand the holistic
network of simultaneous modulations in the hormonal profile, carbohydrates,
organic acids, amino acids, polyamines, phenylpropanoids, and the redox system
at the metabolic and genetic level by the application of two reductants (ascorbate
-Asc, and sodium hydrosulfide- NaHS, H>S donor) and one oxidant (hydrogen
peroxide- H20). The main problem addressed in the study is the influence of 3
different redox compounds on the internal redox chemistry of the plants
governing metabolism and hormone interaction with the redox homeostasis to

modulate seedling growth.

The following were the set objectives for the study:

e To characterise the effects of three redox compounds (Asc, H202, and
NaHS) on seedling growth and cellular redox homeostasis in maize.

e To investigate the redox-modulated regulation of the central carbon and
nitrogen metabolism (carbohydrates, organic acids, amino acids, and
polyamines) to identify redox-sensitive metabolic pathways.

e Toidentify and analyse redox-dependent specific changes in the hormonal
profile at the transcriptional and metabolic levels.

e To explore the interplay between redox homeostasis and holistic plant
metabolism to understand the simultaneous changes in metabolic

pathways in response to redox imbalance.



2. MATERIALS AND METHODS

2.1. Plant material and treatments
Seeds of Zea mays L. cultivar ‘lvanka’ (Hungarian maize hybrid) were obtained
from the Maize Breeding Department of HUN-REN ATK, Martonvasasr,
Hungary. After surface sterilisation, the seeds were germinated for 4 days at 25
°C. After the emergence of the root and coleoptile, they were cultivated for 7 days
in half-strength Hoagland solution at 25 °C with a 12/12 hours light and dark cycle
in a growth chamber (Poleco). The seedlings were then treated with 5 mM Asc, 5
mM H20>, and 1 mM NaHS by adding them to the nutrient media in three parallel
sets for each treatment, along with the controls. The used concentrations of the
chemical reagents were determined based on the preliminary experiments.
Sampling was done after 3 and 7 days. All the biochemical measurements were

performed using the shoot samples.

2.2. Measurements of stress markers- electrolyte leakage, lipid
peroxidation, and H202
Electrolyte leakage was measured in one cm-long leaf segments using a
conductometer, following the method of GULYAS et al. (2014). For the
calculations, a ratio of ECactual/ECtotal was used, and the results were presented
as percentage electrolyte leakage.
Lipid peroxidation was determined by the endogenous levels of MDA in the shoot
samples, following the methodology of DE PAULA et al. (1996). The
concentration of MDA was calculated using an extinction coefficient of 155 mM-
tem,
Endogenous H20- content of shoot samples was measured using the Ferrous
Oxidation-Xylenol Orange assay (FOX1) solution containing 0.1 mM xylenol
orange, 100 mM D-sorbitol, and 0.127 mM ammonium Fe sulfate prepared in 2.5

M H2SO4. The absorbance was measured at 560 nm. The reaction was based on



the H.O>-dependent oxidation of ferrous ions to ferric ions, which were detected
using xylenol orange at 560 nm (KELLOS et al., 2008).

2.3. Measurements of thiols

The measurement of total and oxidised thiols was done following the protocol of
TARI et al. (2002). For oxidised thiols, 200 uL of the supernatant was mixed with
300 puL 0.2 M 2-[cyclohexylamino]ethane-sulphonic acid (CHES, pH 8.5) and 15
uL of 50 mM N-ethylmaleimide (NEM) to block reduced thiols. The mixture was
vortexed and incubated at room temperature for 15 minutes. Excess NEM was
removed by washing the solution three times with 500 pL toluene. To reduce the
oxidised thiols, 10 uL of 9 mM dithiothreitol (DTT) was added to 20 uL of
distilled water with 300 uL extract, and the mixture was incubated for 1 hour at
room temperature. Subsequently, 20 pL of 15 mM monobromobimane (mBBr)
was added, and the samples were incubated in darkness for 15 minutes. The
reaction was stopped by adding 250 uL of 0.25% (v/v) methanesulphonic acid
(MSA). For total thiols, the extract was mixed with 2-[cyclohexylamino]ethane-
sulphonic acid (CHES, pH 8.5) and DTT and the subsequent steps were as
described for oxidised thiols. The samples were measured by HPLC using an
Alliance 2690 system equipped with a fluorescent detector (Waters, Milford, MA,
USA).

2.4. Measurements of antioxidant enzymes
The enzyme activity was determined using the MES/KOH extraction buffer,
consisting of 50 mM MES, 40 mM KCI, and 2 mM CaCl; at pH 6.0 (MURSHED
et al., 2008). The enzyme activity of ascorbate peroxidase (APX),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase
(DHAR), glutathione reductase (GR), and catalase (CAT) was measured
following the detailed protocol mentioned by SINGH et al. (2025). The enzyme



activity was calculated on a protein basis, measured according to BRADFORD
(1976).

2.5. Gene expression analysis

For RNA extraction, 100 mg of the sample was pulverised in liquid nitrogen and
mixed with TRIzol reagent (DirectzolTM RNA miniprep kit, Zymo Research).
Total RNA was extracted as per the instructions of the RNA extraction kit
(DirectzolTM RNA miniprep kit, Zymo Research) and was treated with DNase 1.
The cDNA was synthesised according to SINGH et al. (2025), and the gene
expression was measured with the gene-specific primers using qPCR. The primers
were designed by Primer-BLAST and manual work, following the proper
principles of primer designing (YE et al., 2012). For the calculation of primer
efficiencies, LinRegPCR was used (RAMAKERS et al., 2003). The calculation
of relative gene expressions was done by the Pfaffl method (PFAFFL, 2001).

2.6. Measurements of hormones, flavonoids, and phenylpropanoids and
metabolite profiling

Extraction of the samples was performed following VRHOVSEK et al. (2012)
and PAL et al. (2019). Quantification of hormones, flavonoids, and
phenylpropanoid intermediates was performed on a Waters Acquity I-class UPLC
system equipped with a PDA detector and coupled to a Xevo TQ-XS triple-
quadrupole mass spectrometer fitted with a UniSpray™ (US) ion source (Waters
Corp., Milford, MA, USA). Separation of phenolic compounds was achieved on
an HSS T3 column (1.8 um, 100 x 2.1 mm) as described by (VRHOVSEK et al.,
2012). The Xevo TQ-XS operated in multiple-reaction monitoring (MRM) mode
following the method of PAL et al. (2019).
Metabolite extraction and derivatisation for GC-MS were carried out as outlined
by GONDOR et al. (2021). Extraction was performed using methanol, while

derivatisation was performed using methoxyamine hydrochloride in pyridine and



N-trimethylsilyl-N-methyltrifluoroacetamide. Derivatised samples were injected
into a 30 m HP-5MS Ul column (30 m x 0.25 mm, 0.25 um film thickness) using
helium as the carrier gas at a constant flow of 1 mL minute™. The injector was
operated in split mode at 230 °C. Metabolite identification was based on analytic
standards, Kovats retention indices, and mass spectral matching against the Wiley
229 and NIST 2.3 libraries.

2.7. Measurements of N-containing compounds- free amino acids and
polyamines

Free amino acids were measured from 300 mg of samples, extracted using 2 mL
cold 10% TCA with constant shaking for 1 hour at room temperature (GULYAS
et al., 2017). Following filtration through a 0.2 pum pore membrane filter, sample
detection was conducted using an automatic amino acid analyser (Ingos Ltd.,
Czech Republic) fitted with an lonex Ostion LCP5020 cation exchange column.
The separation of free amino acids was achieved through a Li*-citric buffer
system (Ingos Ltd., Czech Republic).
The quantification of polyamines in the shoot samples was achieved by preparing
their dansyl derivatives as described by NEMETH et al. (2002) and SMITH AND
DAVIES (1985). The polyamine residue was dissolved in 1 ml of methanol,

ultrafiltered through nylon membranes, and then assayed.

2.8. Statistical analysis
Statistical differences were calculated by one-way analysis of variance (ANOVA)
using GraphPad Prism 10. Fisher's Least Significant Difference (LSD) test was
performed as a post hoc test, with the expressed means considered significantly
different at p < 0.05. For the statistical analysis, three biological replicates were
utilised per treatment, with each replicate consisting of a mixture of 5 individual
plants. The heatmaps in the result section were created using the software

MultiExperiment viewer (MeV).



3. RESULTS AND DISCUSSION

3.1. The effect of redox compounds on growth, cellular redox
homeostasis, and stress markers

The three compounds affected growth differently. A significant reduction was

noted after Asc and H.O> treatment in shoot length, fresh weight and root fresh

weight after 7 days (Fig. 1).
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Figure 1: The effect of 5mM ascorbate (Asc), 5mM hydrogen peroxide (H202), and 1 mM
sodium hydrosulfide (NaHS) on the growth parameters of maize seedlings along with the controls
(C), after 3 and 7 days of the treatments. (a) shoot length, (b) root length, (c) shoot fresh weight,
(d) root fresh weight. Values marked with different letters are significantly different from each
other at p<0.05 levels (One-way ANOVA followed by Fisher's Least Significant Difference
(LSD) Test for the data obtained with three biological replicates each).

In the case of redox state, Asc-treated plants had a low ratio of reduced glutathione

to oxidised glutathione and reduced cysteine to oxidised cysteine (Fig. 2a, b).



Whereas NaHS shifted the redox balance towards a more reduced side. In the case
of H20-, a very high reduced to oxidised cysteine ratio was observed (Fig. 2b).
Thus, the redox state was in the order of NaHS<H20.<Asc from reduced to

oxidised cellular state.
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Figure 2: The effect of 5mM ascorbate (Asc), 5mM hydrogen peroxide (H202), and 1 mM
sodium hydrosulfide (NaHS) on the cellular redox balance of maize seedlings along with the
controls (C), after 3 and 7 days of the treatments. (a) reduced to oxidised glutathione ratio
(GSH/GSSG) and (b) reduced to oxidised cysteine ratio. Values marked with different letters are
significantly different from each other at p <0.05 levels (One-way ANOVA followed by Fisher's
Least Significant Difference (LSD) Test for the data obtained with three biological replicates

each).

As a consequence of altered redox homeostasis, electrolyte leakage and lipid
peroxidation were the highest and lowest after Asc and NaHS treatment,
respectively (Fig. 3a, b). In the case of endogenous H,O2, Asc had the lowest
level after 7 days, and NaHS had the highest levels amongst the three treatments
(Fig. 3c).

The three chemical treatments negatively affected the cellular redox balance. As
a consequence, higher electrolyte leakage, lipid peroxidation, and biomass
reduction were observed. These results are in accordance with the previous
findings of ASGHAR et al. (2023b), who observed a significant reduction in plant
biomass after the application of 5 mM Asc and H.O: in wheat plants after 3 and
7 days.
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3.2. The effect of redox compounds on the antioxidant enzymes
The activity of the antioxidant enzymes, including APX, MDHAR, DHAR, and
GR, was measured. APX showed the highest activity following H.O> application.
DHAR enzyme activity peaked after prolonged Asc application (Fig. 4a, b).
MDHAR and GR activity increased following prolonged Asc and H20:
application, while being lowered after 7 days of NaHS addition amongst the three
treatments (Fig. 4c, d). The gene expression of the related genes (cytosolic
MDHAR?2, peroxisomal APX, and cytosolic GR) correlated with the enzyme
activity as well (Fig. 4f). In conclusion, Asc and H20- had activated the Asc-GSH
cycle to scavenge accumulating H20-. This high antioxidant enzyme activity after
Asc and H>O2, while lower antioxidant enzyme activity could be a possible

explanation for the observed endogenous H2O: levels.
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To understand the redox-specific changes in carbon metabolism, some of the
metabolites from the glycolysis and TCA cycle were measured. The glucose
levels were comparable amongst the treatments, except after 7 days of NaHS
treatment (Fig. 5). From the metabolites of the TCA cycle, Asc had the lowest
level of citric acid, while H2O.-treated plants had the highest level. In contrast,
H20- exhibited the lowest level of a-ketoglutaric acid after both days. Likewise,
Asc and H>O> had the lowest level of succinate (Fig. 5). Interestingly, NaHS-
treated plants had the highest level of malic acid. The redox changes caused a
metabolic reprogramming of glycolysis and the TCA cycle, which could be due
to disturbed photosynthesis, limited availability of components for energy
production and ultimately affected amino acid synthesis and other metabolites.
The Asc and H20.-mediated redox shift was accompanied by decreased levels of
the intermediates of the TCA cycle. Similar results of lower accumulation of a-

ketoglutaric acid and aconitic acid were noted in wheat (ASGHAR et al., 2023a).
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Figure 5: The effect of 5 mM ascorbate (Asc), 5 mM hydrogen peroxide (H20), and 1 mM
sodium hydrosulfide (NaHS) on the metabolite profile after 3 and 7 days of the treatments along
with the respective controls (C). The numbers 3 and 7 refer to the sampling day after treatment.

Colouring is done individually for each row, with blue representing the lowest level and red
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representing the highest level. Values marked with different letters are significantly different from
each other at p < 0.05 levels (One-way ANOVA followed by Fisher's Least Significant Difference
(LSD) Test for the data obtained with three biological replicates each).

3.4. Effect of Asc, H202, NaHS on amino acids at transcriptional and
metabolic levels

Altered redox balance affected photosynthesis and sugar metabolism. As a
consequence, the amino acid profile was severely modified. H>O, and Asc
sustained an opposite effect on total amino acid levels after 3 days, with H20>
increasing them and Asc lowering them (Fig. 6b). However, after 7 days, Asc
continued to decrease them significantly, while H2O.-treated plants exhibited
levels similar to those of the control. The level of cysteine precursors- serine and
glycine exhibited a unique accumulation only after H,O» treatment (Fig. 6a). In
addition, NaHS-treated plants had the highest accumulation of proline. This could
probably be the reason that the least membrane damage was noted in NaHS-
treated plants. H2O.-treated plants also had a high level of polyamine precursors-
arginine and ornithine (Fig. 6a). From the aromatic amino acids, H.O> treatment
also resulted in a high level of tyrosine. The arogenate dehydrogenase enzyme
(involved in tyrosine biosynthesis) gene expression was the highest after H.O>
treatment, reflecting the results obtained at the metabolite level (Fig. 6c). It is
possible that the plants may initiate the accumulation of Tyr as a response
mechanism to withstand H2O.-induced oxidative stress. Similar results were
obtained by EL-MOGY et al. (2024). Glutamine synthase (involved in nitrogen
assimilation) level was higher in NaHS-treated plants, pointing to better nitrogen

assimilation in these plants (Fig. 6c).

12



a) 57 Ta— 3.86 — 1 | b) = 2500
2000

= Aspartic acid
H- Threonine
i | Serine
_| Asparagine
Glutamic acid
"| Glutamine
" a-Aminoadipic acid
Proline

1500 be

be
¢
1000
d
500 lﬁ

T
Asc H,0, NaHS| €  Asc H,0, NaHS
7d

Total amino acids (pg gFW
i

>

A

3d
Alanine :

‘| Valine
|| Cysteine

B I8 Methionine
i | Isoleucine

ab cd. a h‘f cd. d| be cd. Leucine ZmATF

: il " Tyrosine ZmAD

g Deoglalanine . ZmCBL
B-aminoisobutyric acid

y-aminobutyric acid ZmL-C-Des
Ornithine 7ZmGS3
Lysine

Histidine | ZmASS
1-Methylhistidine ZmSAT3
Arginine

g
-
2
a
a

!
=
2| e
& &
-

el o 5 =

H,0-7d
NaHS-7d| ¢

o Z o F

o

5 &
£

C-3d
Asc-3 d
H,0,-3d
NaHS-3 d
C-7d| .
Asc-7d J A
Asc-3d
H,0,-3d
NaHS-3d
Asc-7d
H,0,-7d
NaHS-7 d

Figure 6: The effect of 5 mM ascorbate (Asc), 5 mM hydrogen peroxide (H20), and 1 mM
sodium hydrosulfide (NaHS) on a) the free amino acids, b) total amino acids, and c) the relative
gene expression after 3 and 7 days of the treatments along with the respective controls (C). The
numbers 3 and 7 refer to the sampling day after treatment. For the heatmaps, the colours represent
the log: values of the average of three biological replicates used to measure the endogenous levels
of the amino acids and the relative gene expression, with blue indicating lower levels and red
indicating higher levels. Boxes marked with different letters are significantly different from each
other at p < 0.05 levels (One-way ANOVA followed by Fisher's Least Significant Difference
(LSD) test for the actual data obtained with three biological replicates each). The heatmap was
created using the software MultiExperiment Viewer (MeV). ZmATF- Zea mays aminotransferase
y4uB; ZmAD- Zea mays arogenate dehydrogenase; ZmCBL- Zea mays cystathionine beta-lyase
chloroplastic; ZmL-C-Des- Zea mays L-cysteine desulfhydrase chloroplastic; ZmGS3- Zea mays
Glutamine synthetase 3; ZmASS- Zea mays argininosuccinate synthase; ZmSAT3- Zea mays

serine acetyltransferase

3.5. Changes in secondary metabolites as a result of redox change
Plant metabolism is tightly regulated by redox processes, and vice versa

(BERGONCI et al., 2023). Thus, to understand the redox-mediated changes in the
13



amounts of flavonoids, the components of phenylpropanoid pathways were
investigated. A depletion of cinnamic acid was noted after 3 days of H2O: (Fig.
7a). This pointed out the possibility that under oxidative stress, an increased
production of phenylpropanoids and flavonoids was initiated, which might have
caused its depletion. The accumulation of ferulic acid, which is also an antioxidant
and a downstream product of cinnamic acid, was observed (Fig. 7a). Thus, in Asc
and H»O»-treated plants, the depletion of cinnamic acid and accumulation of
ferulic acid, 3,4-hydroxybenzoic acid, indicated an increased synthesis of ROS-
scavenging compounds.

Likewise, redox-and time-dependent changes were noted in the case of
flavonoids. Dihydrokaempferol and related compounds levels were the lowest
after H.O> treatment, while naringenin and related compounds were highest after
3 days of NaHS treatment (Fig. 7b). Luteolin increased in response to Asc and
NaHS treatment after 3 days. It remained higher after 7 days in Asc, but not in
NaHS-treated plants (Fig. 7b). Comparable patterns were reported in Chinese
cabbage, where 100 uM salicylic acid (SA) increased trans-ferulic acid,

kaempferol, and quercetin levels under salt stress (LINIC et al., 2021).
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3.6. Altered hormonal profile under redox imbalance

Phenolic compounds serve as the precursor for hormone synthesis. Interestingly,

the levels of SA, ABA, and JA were higher after Asc and H>O> treatment (Fig.

8a). In the case of NaHS-treated plants, the levels were comparable to those of

control plants. A similar pattern was observed at the transcriptional level as well.

For instance, the expression of ABA synthesis genes (ZmVP14-1, ZmVP14-2, and

ZmNCED) was higher, while that of the catalysis-related genes (ZmABA8ox1a,
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ZmABA8ox3a) was highly downregulated in Asc and H2Oz-treated plants (Fig.
8b). Redox-dependent changes in hormones were observed at the metabolite and
transcriptional levels, with a more oxidising environment promoting the
accumulation of SA, ABA, and JA, while a reduced environment coincided with
their lowest levels. Results similar to ours of hormone accumulation were
obtained in rice (ZHOU et al., 2020), wheat (ASGHAR et al., 2023a), and
Arabidopsis (BULLEY et al., 2021).

a) 3d 7d
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PA 8.71
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DPA 25.57
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JA 160.33 202.00
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JA-LE/ILE 6.41 7.58
[ |
Minimum Maximum
b) PR — Figure 8: The effect of.5 mM ascorbate (Asc),
28 ' & 5 mM hydrogen peroxide (H202), and 1 mM

ZmABASoxI1a sodium hydrosulfide (NaHS) on a) the
ZmABAS8ox3a hormonal profile, b) the relative gene
ZmVP14-1 expression of the hormones related genes of
ZmVP14-2 ~ maize seedlings along with the respective
ZmNCED controls (C) after 3 and 7days of the

ZmACS treatments. For a) the colouring is applied
:h:-ZmACCO individually to each row, while for b) the
overall heat map is coloured (created using
MultiExperiment Viewer MeV), representing

log, values with blue (lowest) and red
(highest). Values marked with different letters

are significantly different from each other at p <0.05 level (One-way ANOVA followed by
Fisher's Least Significant Difference (LSD) Test for the data obtained with three biological
replicates each). oHCA: ortho-hydroxycinnamic acid, SA: salicylic acid, ABA: abscisic acid,
PA: phaseic acid, DPA: dihydrophaseic acid, JA: jasmonic acid, JA-LE/ILE: JA-isoleucine/
leucine, ZmVP14: Zea mays viviparous 14, ZmACCO: 1l-aminocyclopropane-1-carboxylic
acid oxidase, ZmACS: 1-aminocyclopropane-1-carboxylate synthase, ZmABAoxla/3a:
abscisic acid oxidase 1a/3a, ZmNCED: nine-cis epoxycarotenoid dioxygenase.
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4. CONCLUSION AND RECOMMENDATIONS

The redox imbalance negatively affects plant growth and development, ultimately
leading to yield loss. From the perspective of the current global climate scenario,
the yield losses are projected to increase further. Thus, imposing the need to
develop climate-resilient crops by understanding oxidative stress-mediated
changes in the plant metabolism. In the current study, we could simulate the
disturbing effects of environmental stresses on the redox environment using
oxidants and reductants. The three compounds- Asc, H.O2, and NaHS- altered the
redox homeostasis to a varying degree, as was evident by the measurement of
membrane damage, electrolyte leakage and endogenous H20, levels.
Furthermore, due to redox imbalance, the antioxidant system is activated in
plants. In the current study, Asc and H202 triggered the activity of the antioxidant
enzymes (APX, MDHAR, DHAR, GR, and CAT). Such changes were manifested
at the transcriptional level as well after these two treatments. The redox imbalance
and damaged photosynthetic apparatus negatively affected carbon metabolism, as
was evident with the metabolites of glycolysis and the TCA cycle. Consequently,
this affected the downstream processing of amino acids and subsequently
polyamines and phenolic compounds. As a result, total amino acid content was
significantly lower in Asc-treated plants, and H2O- resulted in its significant
decrease from 3 to 7 days of the treatment. NaHS-treated plants had levels similar
to the control. This accordingly corresponded to the changes in the accumulation
of polyamines, phenylpropanoids, and flavonoids. In addition, these phenolic
compounds serve as the precursor for the biosynthesis of phytohormones.
Therefore, a modified hormonal profile was expected. The hormones accumulate
under stressful conditions to help induce tolerance and survival. The accumulation
of ABA, SA, and JA could be a stress response to further stabilise the cellular
redox balance, as phytohormones are known to trigger the antioxidant machinery

as well.
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In light of the present results, future studies can be focused on the specific redox
sensors, such as Quiescin sulfhydryl oxidase 1 (boosts plant immunity), the
subcellular distribution of these antioxidant compounds, and their interaction with
other signalling molecules. Studies with mutants and transgenic plants could be
conducted to analyse the direct functional involvement of the identified
compounds at the molecular level. Practical use of modulating the redox
environment to induce stress protection, regulating growth and development can
be conducted. Furthermore, gene editing, seed coating or spraying with certain
redox compounds could be investigated under varied or combined stresses,
imitating field conditions. The redox-modulating effect by modifying GSH
metabolism to ultimately influence plant physiology and stress response is of
benefit to increase amino acid accumulation, resulting in improved nutritional

quality as well.

18



5. NEW SCIENTIFIC RESULTS

1. Asc, H202, and NaHS have specific physiological effects, since only Asc and
H>0O> decreased the growth, chlorophyll content and increased lipid peroxidation.
2. Asc shifts the GSH-dependent redox environment in a more oxidising and
NaHS in a more reducing direction, while its intermediate state occurs after H20>
addition.

3. The more oxidising redox environment after Asc -treatment activates some
antioxidant enzymes (CAT, DHAR) at the gene expression and activity level.

4. The redox compounds control the metabolism in a specific way, since lower
level of several compounds of glycolysis, tricarboxylate cycle and nitrogen
metabolism (amino acids, polyamines, NO) was detected after Asc and H.O>
application compared to NaHS treatment.

5. Different redox regulation of some phenolics and flavonoids occurs by the three
studied compounds since they exhibited a greater increase after Asc and H>O>
addition compared to the effect of NaHS.

6. The specific interaction between the hormonal and redox system is indicated
by greater SA, JA and ABA levels after Asc and H>O> treatments compared to
NaHS addition.
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