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Hydrogen sulfide is a gasotransmitter molecule involved in the realization of many functions of the
plant organism, including seed germination. Aging of seeds is shown to be accompanied by oxidative stress
and reduced germination. The effect of exogenous hydrogen sulfide on the germination of aged cereal seeds
has not been studied. The aim of the work was to estimate the effect of priming with NaHS as an H,S donor
on wheat and triticale seeds previously subjected to natural aging. Seeds of winter wheat (Triticum aestivum)
and winter xTriticosecale were stored indoors for 4 years at fluctuating temperature and humidity. Aged seeds
were treated with 0.2-5 mM NaHS solution for 3 h and germinated in Petri dishes for 3 days. The hydropriming
treatment was used as a control. Amylase activity in grains, the biomass of shoots and roots, the content of
total sugars, H,0,, lipid peroxidation products and anthocyanin, and the activity of antioxidant enzymes in
seedlings were determined. It was shown that after the treatment with H,S donor, the activities of catalase
and guaiacol peroxidase, as well as the content of anthocyanins were increased only in triticale seedlings.
Nevertheless, treatment of seeds of both cereal species was followed by enhanced growth of shoots and roots,
increase in amylase and superoxide dismutase activities, decrease in H,0, and MDA contents, and elevated
accumulation of sugars in shoots. It is concluded that the increase in germination of aged cereal seeds under
the influence of H,S donor is caused by increased mobilization of reserve carbohydrates and modulation of
antioxidant system activity. Such treatment can be considered as an effective tool to improve seedling growth.

Keywords: seeds aging, Triticum aestivum, Triticosecale, hydrogen sulfide, total sugar, amylase, oxidative
stress, antioxidant system.

Q t present, hydrogen sulfide (H,S) is conside-
red one of the key signaling molecules-gaso-
transmitters not only in animal cells but also

in plants [1, 2]. Information has been obtained about
its involvement in the regulation of basic functions
of the plant organism: growth processes, fruit ripen-
ing and senescence, seed germination, and adapta-
tion to the action of stressors of various nature [3-
6]. The signaling effects of hydrogen sulfide, which
account for its participation in key physiological
processes of different groups of organisms, are as-
sociated with post-translational modification (PTM)

of target proteins, namely their persulfidation—con-
version of the cysteine-thiol group (-SH) into the
corresponding persulfide (-SSH) [7, 8]. In particu-
lar, cysteine persulfide (CysSSH), glutathione per-
sulfide (GSSH), and peroxiredoxins are recognized
as important redox regulators [9]. At the same time,
data from bioinformatic methods indicate that up to
5% of the plant cell proteome can be persulfidized
[10]. As a result of PTM, target proteins change their
stability, biochemical activity, conformation, and
subcellular localization [11]. Persulfidated proteins
may include enzymes of glycolysis, tricarboxylic
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acid cycle, Calvin cycle, starch biosynthesis, antioxi-
dant enzymes, and enzymes synthesizing reducing
agents [12]. Persulfidation is also likely to be part of
the gene expression regulation toolbox [12, 13]. For
example, a study of tomato gene expression when
roots were treated with the hydrogen sulfide donor
NaHS showed that 5349 genes were activated and
5536 genes were repressed [14].

The effects of hydrogen sulfide are also realized
through its functional interaction with other impor-
tant mediators, reactive oxygen species (ROS) and
nitric oxide (NO) [15]. These signaling mediators
may compete with each other for targets in protein
PTMs and may also engage in direct chemical in-
teractions with each other [16, 17]. Furthermore, the
effects of hydrogen sulfide on ROS and nitric oxide
synthesis are known to be realized by altering the
gene expression of enzymes involved in these pro-
cesses and by direct interaction of H,S with target
proteins [18, 19]. Thus, hydrogen sulfide appears at
the center of signaling processes in different groups
of organisms.

It is known that the start of seed germination is
usually accompanied by an increase in the genera-
tion of ROS, which are involved in the generation of
redox signals necessary for seedling growth [6]. For
example, ROS production in the apoplast of germi-
nating seeds entails a decrease in cell wall density
[20], and carbonylation of Arabidopsis seed reserve
proteins increases their susceptibility to proteolytic
cleavage [21]. In sunflower seeds, protein carbonyla-
tion is a prerequisite for dormancy interruption [22].
At the same time, during seed germination, especial-
ly under unfavorable conditions, an imbalance may
occur between the generation and neutralization of
ROS and the occurrence of oxidative stress [6, 23]. It
is known that normal seed germination is only pos-
sible if ROS levels are maintained at the signaling
level, i.e. below the critical threshold (within the so-
called “oxidative window” for germination) [24].

It is known that initiation of seed germination
requires not only changes in the levels of key signa-
ling mediators, but also significant changes in the
balance of plant hormones, primarily a decrease in
abscisic acid and an increase in the levels of ethyle-
ne and gibberellins [25]. Exogenous treatment with
gibberellins is used to enhance seed germination in
several plant species [26, 27].

However, in general, priming technologies have
been employed to enhance the rate and uniformity
of seed germination in both normal and unfavorable
conditions. These technologies involve the exposure
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of seeds to exogenous plant hormones and signal-
ing molecules [28-32]. The latter include hydrogen
sulfide [8, 33]. For example, it was shown that prim-
ing tobacco seeds with solutions of the hydrogen
sulfide donor NaHS promoted their germination
under normal conditions and enhanced seedling
growth [34]. Concurrently, an increase in the activity
of antioxidant enzymes superoxide dismutase (SOD)
and catalase, as well as an increase in the synthesis
of endogenous hydrogen sulfide, was observed in
the seedlings. A number of works showed normali-
zation of seed germination when exposed to hydro-
gen sulfide under stress conditions. For example, the
treatment of wheat seeds with NaHS improved their
germination and also alleviated the manifestation of
oxidative stress under conditions of copper toxicity
[35]. In Zhou et al. [36], priming of maize seeds with
NaHS increased the germination percentage and
seedling size when exposed to high temperature. In
addition, the treatment with hydrogen sulfide donor
stimulated enzymatic and non-enzymatic antioxi-
dant systems and osmolytes accumulation in maize
seedlings. The beneficial effect of hydrogen sulfide
donors on wheat seed germination is also associated
with an increase in amylase and esterase activity,
which contributes to the mobilization of reserve pol-
ymers of the grain [37]. However, data on the effect
of exogenous hydrogen sulfide on seed germination
of different species are not so clear. For example, no
effect of H,S on Arabidopsis seed germination under
normal conditions has been reported [38]. Treatment
with gaseous hydrogen sulfide under optimal condi-
tions showed an increase in germination energy of
pea, bean, and maize seeds, but not wheat [39].
Improving the germination of aged seeds is a
separate issue [40Q]. It is known that in such seeds,
there is usually an imbalance between the formation
of ROS and their neutralization by the antioxidant
system [23], which may be the cause of oxidative
damage to the structures of the emerging seed-
lings. Improper seed storage (especially at elevated
temperature and humidity) causes accelerated seed
senescence. Lipid peroxidation (LPO) is usually
activated in aging seeds, eventually leading to the
disruption of membrane integrity [40]. The develop-
ment of oxidative stress also causes carbonylation
of proteins [41] and, in some cases, DNA damage
[40, 42]. Given the significant contribution of oxida-
tive stress to the destructive processes of seed aging,
the use of antioxidants or compounds that activate
the antioxidant system is being considered to nor-
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malize seed germination. Such data have been ob-
tained, for example, for reduced glutathione, ascor-
bic acid, and melatonin [43, 44].

Hydrogen sulfide, as a signaling molecule that
activates plant stress protection systems as well as
mobilization of seed endosperm reserve substances
[35, 37], can be considered an effective priming
agent that promotes seed germination of cultivated
plants, including one of the most important cere-
als, wheat. However, data on the effect of hydrogen
sulfide donors on the germination of aged wheat
seeds and metabolic processes in them are not yet
available in the literature. However, as noted above,
there is information about strengthening the antioxi-
dant system and germination of wheat seeds under
unfavorable conditions by hydrogen sulfide. Along
with wheat, triticale, a hybrid species obtained by
crossing wheat and rye, is an economically valuab-
le cereal in Ukraine. However, triticale seeds are
characterized by a rapid decrease in seed germina-
tion when stored under non-optimal conditions [44].
We are not aware of any data on the effect of ex-
ogenous hydrogen sulfide on any physiological and
biochemical parameters in triticale plants.

In connection with the above, the aim of the
work was to study the effect of priming with the
hydrogen sulfide donor sodium hydrosulfide on the
germination of wheat and triticale seeds subjected
to natural aging and the relationship between the
physiological effects of H,S and changes in carbo-
hydrate metabolism and the state of the antioxidant
system.

Materials and Methods

Plant material. Seeds of bread winter wheat
(Triticum aestivum L.) of the Scorpion cultivar
(Czech Republic, Austria) and winter triticale (xTriti-
cosecale Wittmack) of the Raritet cultivar (Ukraine)
of the 2020 generation were used. The wheat cultivar
Scorpion has blue grains with increased content of
polyphenolic compounds [45]. However, there are
reports that the seeds of this cultivar, even when
stored under optimal conditions, easily shrink and
shrivel, resulting in reduced germination [45]. Triti-
cale seeds of the cultivar Raritet, as evidenced by
the data obtained earlier, also show a significant loss
of germinability after being stored for a number of
years [44]. Prior to the experiments, wheat and triti-
cale seeds were stored indoors for four years under
uncontrolled conditions (in summer, the tempera-
ture periodically reached 30-32°C, and in winter, it

dropped to -6...-8°C; relative humidity during stor-
age repeatedly changed from 25-30 to 80-85%),
which led to a significant decrease in germination.

Seeds of all experimental variants were dis-
infected 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 h (hydropriming). This proce-
dure alone has been shown to increase seed germi-
nation by about 10% [44]. In this regard, the hydro-
priming treatments were used as a control.

In the hydrogen sulfide donor treatments, seeds
were kept for 3 h in tightly closed glasses with NaHS
solutions at concentrations of 0.2, 0.5, 1, 2, and
5 mM. At the end of the exposure, the seeds were
dried in a thermostat at 24°C and about 40% humidi-
ty for one day. The seeds were then germinated in
Petri dishes on two layers of moistened filter paper
in a thermostat at 24°C for 3 days.

After 2 days from the beginning of seed ger-
mination, their germination was evaluated (seeds
with shoot lengths not less than half of the grain
length were considered germinated). The biomass
of shoots and roots was also determined. Amylase
activity in grains was assessed both on the first and
second days of germination. In addition, total sugar
content was determined in shoots of 2-day-old seed-
lings. ROS generation, antioxidant enzyme activity
and secondary metabolite content were determined
in shoots of 3-day-old seedlings.

Measurement of amylase activity. Total amylase
activity was determined in grains by the amount of
reducing sugars formed as a result of starch hydroly-
sis, modifying known protocols [46, 47]. A sample
of plant material (500 mg) was homogenized in
0.2 M acetate buffer (pH 5.6), the homogenate was
centrifuged in an MPW 350R centrifuge (MPW
MedInstruments, Poland) at 8000 g for 15 min at a
temperature of not more than 4°C to prepare the su-
pernatant, which was then assayed. The supernatant
was diluted as needed with the same buffer and used
for analysis. The enzyme extract was mixed with
5 ml of 2% starch solution and incubated in a ther-
mostat at 25°C for 30 min, after which the reaction
was stopped by precipitating the proteins by adding
0.1 ml of 10% lead acetate and 0.1 ml of 16% sodium
sulfate. In the control samples, these compounds
were added prior to the addition of starch. The re-
ducing sugar content of each sample (including con-
trol with inactivated enzyme) was determined by
reaction with Fehling’s reagent. After the addition of
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5 ml of Fehling’s reagent, the samples were boiled in
a water bath for 10 min, cooled, and centrifuged at
6000xg for 10 min. Supernatant absorbance was de-
termined using a UV-1280 spectrophotometer (Shi-
madzu, Japan) at a wavelength of 670 nm. D-maltose
was used as the standard.

In addition to quantitative determination,
amylase activity was also assessed by starch degra-
dation on agar plates [37]. To estimate total amylase
activity, halves of cut grains were spread on plates
containing 1% agar supplemented with 0.2% starch
and incubated for 2 h. The plates were then treated
with diluted Lugol’s solution (0.04% L, in 0.1% KI),
and the diameter of starch-free spots was deter-
mined. The activity of B-amylase was assessed sepa-
rately. For this purpose, 2 mM EDTA, which inhibits
a-amylase, was added to starch-containing agar [37].

Determination of total sugar content. The total
sugar content of the plant material was determined
by the Morris-Roe method, based on anthrone rea-
gent, in a modification described by [48]. The plant
material was subjected to a boiling water bath for
10 min to facilitate the extraction of sugars. The re-
sulting extract was clarified by adding equal volu-
mes (0.3 ml) of 30% zinc sulfate and 15% blood yel-
low salt. The samples were then filtered through a
paper filter and, if necessary, diluted several times
with distilled water before measurement. The reac-
tion tubes were filled with 3 ml of anthrone reagent
and 1 ml of the filtered solution, while distilled wa-
ter was added to the control sample instead of the
filtered solution. After boiling for 7 min in a water
bath, the samples were cooled, and the absorbance
at 610 nm was determined in relation to the control
solution. D-glucose was used as the standard.

Determination of hydrogen peroxide content.
To determine H,O, content, seedling shoots were
homogenized in cold with 5% trichloroacetic acid
(TCA). The samples were centrifuged at 8000 g for
10 min at 2—4°C. The ferrothiocyanate method [49]
with slight modifications was used to determine the
concentration of H,O, in the supernatant. The tubes
were filled with 0.5 ml of 2.5 M ammonium thiocy-
anate, 0.5 ml of 50% TCA, 1.5 ml of supernatant,
and 0.5 ml of 10 mM ferrous ammonium sulfate.
After mixing, the absorbance of the samples was de-
termined on a spectrophotometer at 480 nm.

Measurement of LPO content. To analyze the
amount of LPO products reacting with 2-thiobarbi-
turic acid (mainly malonic dialdehyde, MDA), shoots
were homogenized in a reaction medium contain-
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ing 0.25% 2-thiobarbituric acid in 10% TCA. The
homogenate was placed in foil-covered tubes in a
boiling bath for 30 min. After cooling, the sam-
ples were 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)
[50].

Evaluation of antioxidant enzyme activity.
Seedling samples were homogenized in cold 0.15 M
K, Na-phosphate buffer (pH 7.6) supplemented with
EDTA (0.1 mM) and dithiothreitol (1 mM). The ho-
mogenate was centrifuged at 8000xg for 15 min at
a temperature of no more than 4°C to prepare the
supernatant, which was then assayed [48]. Superoxi-
de dismutase (SOD) (EC 1.15.1.1) activity was deter-
mined at pH 7.6 by a method based on the enzyme’s
ability to compete with nitroblue tetrazolium for su-
peroxide anions generated by aecrobic NADH/phena-
zine methosulfate interaction. Catalase (EC 1.11.1.6)
was evaluated by the amount of H,O, decomposition
per unit of time. The activity of guaiacol peroxidase
(EC 1.11.1.7) was estimated at pH 6.2 using guaiacol
as a hydrogen donor and H,O, as substrate.

Measurement of phenolic and anthocyanin
content. For the determination of the total amount of
phenolic compounds and anthocyanins, the seedlings
(300 mg) were homogenized in 6 ml of 80% ethanol.
They were extracted for 20 minutes at room temper-
ature and then centrifuged at 8000 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. After 3 min, 1 ml of 10% sodium car-
bonate was added. After 1 hour, the reaction mixture
absorbance was measured at 725 nm [51]. The con-
tent of phenolic compounds was expressed as umol
gallic acid/g fresh weight.

Prior to the determination of the anthocyanin
content, the supernatants were acidified with HCI
to a final concentration of 1%. The absorbance was
measured at 530 nm [52]. The results were expressed
as A,,,/g fresh weight.

Replication of experiments and statistical
analysis of data. In order to determine the effects of
seed treatment with NaHS on seed germination and
seedling biomass, each experimental design was rep-
licated at least three times. Each replicate consisted
of 75 seeds. For biochemical analyses, each sample
consisted of at least 12 seedlings analyzed in three
or more replicates.
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Statistical analysis of results was performed us-
ing analysis of variance (ANOVA) and Fisher’s least
significant difference (LSD) test. The figures and ta-
ble present the means of three biological replicates
with their standard errors. Different letters indicate
values that are significantly different at the P < 0.05
level.

Results

Effect of an H,S donor on the germination of
wheat and triticale grains and seedling growth.
Priming of wheat seeds with NaHS at concentra-
tions in the range of 0.2-2 mM caused a significant
(P <0.05) increase in seed germination (Table). The
maximum effect was observed when 0.5 and 1 mM
concentrations were used. At the same time, there
was a marked inhibition of the germination of wheat
seeds under the influence of 5 mM NaHS. The posi-
tive effect of hydrogen sulfide donor on the germi-
nation of triticale seeds was observed in the whole
range studied: from 0.2 to 5 mM with a maximum
effect at the concentration of 1 mM.

Treatment of wheat seeds with hydrogen
sulfide donor at concentrations of 0.5, 1, and 2 mM
enhanced accumulation of root biomass (Table).
However, a higher concentration of NaHS (5 mM)
inhibited root growth. In triticale seedlings, an in-

crease in root biomass accumulation was observed
with sodium hydrosulfide at concentrations ranging
from 0.5 to 2 mM. At the same time, concentrations
of 0.2 and 5 mM had no discernible effect on triticale
root growth.

Priming of wheat seeds with NaHS at concen-
trations of 0.5, 1, and 2 mM significantly enhanced
shoot biomass accumulation (Table). The lower con-
centration of hydrogen sulfide donor (0.2 mM) had
no significant effect on shoot growth at P < 0.05,
while the highest concentration used (5 mM) caused
inhibition of shoot biomass accumulation in wheat
seedlings. In triticale seedlings, a significant en-
hancement of shoot biomass accumulation was ob-
served when seeds were primed with NaHS at con-
centrations of 0.5 and 1 mM. The effect of lower and
higher concentrations of hydrogen sulfide donor was
insignificant (Table).

The total biomass of wheat seedlings increased
under the influence of seed priming with NaHS at
concentrations of 0.5, 1, and 2 mM. The effects of
0.2 mM NaHS were not significant, while seed treat-
ment with 5 mM sodium hydrosulfide had a negative
effect on the accumulation of total biomass of wheat
seedlings (Table). The positive effect of triticale seed
treatment with NaHS on the accumulation of total
biomass of seedlings showed a wider range (0.2 to

Table. Concentration dependence of the effect of H,S donor priming on seed germination and organ biomass

of wheat and triticale seedlings

Treatment Seedrgf;n :;)atlon Shoot mass (mg) Root mass (mg) | Seedling mass (mg)
Triticum aestivum L.
Control 38.6 +1.8¢ 18.1 + 0.6¢ 105+ 0.4 28.6 £ 0.9°
NaHS (0.2 mM) 440+ 1.0 19.5 + 0.7« 119+£0.9° 3L3+15°
NaHS (0.5 mM) 50.2 £ 1.8 242 +0.7° 13.8 +0.3¢ 38.0+£0.3¢
NaHS (1.0 mM) 50.0 £1.2¢ 239+12° 147 £ 0.7 38.6 + 1.0«
NaHS (2.0 mM) 42.7 £ 1.2f 22.8+0.9° 14.3 +0.8% 371+ 1.6¢
NaHS (5.0 mM) 30.8 £ 1.4" 126 £0.7¢ 8.1+0.4f 20.7 £ 0.8
xTriticosecale
Control 55.7 £ 2.2¢ 20.9+0.8° 20.3+1.1° 41.2 £0.3°
NaHS (0.2 mM) 60.2 £ 1.2¢ 23.6 £ 0.6° 228+ 0.7° 479 £ 2.5°
NaHS (0.5 mM) 65.7 £ 1.2° 29.0+£0.9? 241 £ 0.4 53.8 £ 1.0?
NaHS (1.0 mM) 76.7 1.8 284 0.8 250+ 12 534 +0.4°
NaHS (2.0 mM) 67.0 +2.0° 277 £1.0° 20.2+0.7° 477 £15°
NaHS (5.0 mM) 651+ 1.7° 19.8 + 1.0« 19.3+£0.3° 391 +1.2%

Note. *Different letters indicate values with significant differences (P < 0.05)
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2 mM). Higher concentration of NaHS (5 mM) had
no significant effect on the total biomass of triticale
seedlings.

In general, the most significant positive ef-
fect on seed germination and growth of wheat and
triticale seedlings was exerted by NaHS treatment
at concentrations of 0.5 and 1 mM (Fig. 1). Nota-
bly, increasing the NaHS concentration to 5 mM
resulted in reduced germination and growth inhibi-
tion of wheat seedlings but not of triticale seedlings
(Table). In subsequent experiments, NaHS was used
at concentrations of 0.5 and 1 mM to evaluate the
effect of seed priming with hydrogen sulfide donor
on parameters of carbohydrate metabolism, ROS
generation, and antioxidant system function in both
cereal species.

Effect of priming with hydrogen sulfide donor
on amylase activity and sugar content in wheat and
triticale grains. Total amylase activity in triticale
grains after 24 and 48 h of germination was high-
er than in wheat grains (Fig. 2, A). In wheat, the
amylase activity increased significantly after 48 h
of germination compared to the values recorded
after 24 h of germination. In triticale, the activity
values after 48 h of germination differed little from
those observed after 24 h. Seed treatment with 0.5
and 1 mM NaHS resulted in increased enzyme ac-
tivity in seedlings of both species. This effect was
observed both at 24 and 48 h after seed germina-
tion, but the differences between the treatments were
more significant at the end of the first day of obser-
vation.

Triticum aestivum

y ‘{w “ }
U‘ ) ’ Contro

o AN

1 1“1, "
.ﬁ% Nalis,
)ﬂﬂ“ 0.5 mM

\-.._,./

f .
‘?-: § NaHS
;h 4, éﬁ\;’é 1.0 mM

. /

The activity of B-amylase after 24 h of the ger-
mination of wheat and triticale seeds was low. Howe-
ver, after 48 h, there was an increase in its activity,
especially noticeable in triticale (Fig. 2, B). At the
same time, treatment with hydrogen sulfide donor
promoted the manifestation of higher f-amylase
activity. This effect was well visualized in triticale,
while it was weaker in wheat.

The amount of sugars in the shoots of 2-day-old
wheat and triticale seedlings of the control treatment
was almost the same (Fig. 3). Under the influence
of 0.5 and 1 mM NaHS, a significant (by 40 and
37%, respectively) increase in the content of soluble
carbohydrates was observed in the shoots of wheat
seedlings. The same pattern of effects was observed
in triticale seeds treated with hydrogen sulfide do-
nor. However, in this case, the increase in the total
amount of soluble carbohydrates exceeded the con-
trol values by less than 20%, although it was signifi-
cant at P <0.05 (Fig. 3).

Hydrogen peroxide and MDA levels in shoots of
wheat and triticale seedlings. The amount of hydro-
gen peroxide in shoots of control triticale seedlings
was higher than in shoots of wheat control seedlings
(Fig. 4, A). Seed pretreatment with hydrogen sulfide
donor at concentrations of 0.5 and 1 mM signifi-
cantly reduced the hydrogen peroxide content in the
shoots of wheat seedlings. The reductions in hydro-
gen peroxide content in shoots of triticale seedlings
grown from seeds treated with hydrogen sulfide do-
nor were somewhat smaller, but the differences were
significant at P < 0.05.

x Iriticosecale

NaHs.
1.0 mM

Fig. 1. Condition of 2-day-old wheat and triticale seedlings derived from aged seeds
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Fig. 2. Effect of hydrogen sulfide donor on amylase activity in wheat and triticale grains. A — total amylase
activity measured spectrophotometrically; B — visual manifestation of total amylase activity and B-amylase
activity in wheat (1-3) and triticale (4-6) grains: 1, 4 — control; 2, 5 — NaHS (0.5 mM); 3, 6 — NaHS (1 mM).
The same letters denote quantities between which differences are not reliable for P < 0.05
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Fig. 3. Soluble carbohydrates content in shoots of wheat and triticale seedlings. The same letters denote quan-
tities between which differences are not reliable for P < 0.05
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Fig. 4. Content of hydrogen peroxide (A) and malonic dialdehyde (B) in shoots of wheat and triticale seed-
lings. The same letters denote quantities between which differences are not reliable for P < 0.05

The content of the LPO product MDA in the
shoots of wheat seedlings was higher than in triticale
seedlings (Fig. 4, B). NaHS treatment of both wheat
and triticale seeds significantly (by 17 and 20%, re-
spectively) reduced the MDA content in shoots.

Activity of antioxidant enzymes in shoots of
wheat and triticale seedlings. In the control, SOD
activity in shoots of wheat seedlings was higher
than that of triticale (Fig. 5, A). Seed priming with
NaHS at concentrations of 0.5 and 1 mM caused an
increase in enzyme activity in shoots of both cereal
species. The effect of 1 mM NaHS was more signifi-
cant.

The catalase activity was higher in wheat
than in triticale in the control (Fig. 5, B). Priming
the seeds of the two cereal species with hydrogen
sulfide donor resulted in different effects. In wheat, a
decrease in catalase activity was observed under the
influence of both NaHS concentrations used, where-
as in triticale, the enzyme activity increased under
the influence of NaHS.

The activity of guaiacol peroxidase in shoots of
triticale control seedlings was more than two times
lower than in wheat ones (Fig. 5, C). Treatment of
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wheat seeds with hydrogen sulfide donor at both con-
centrations caused a relatively small, but significant
at P <0.05, decrease in enzyme activity in shoots. At
the same time, in triticale, a slight increase in guai-
acol peroxidase activity was observed in the NaHS
seed priming treatments, especially when a concen-
tration of 0.5 mM was used.

Content of secondary metabolites in shoots of
wheat and triticale seedlings. The total content of
phenolic compounds in shoots of wheat seedlings
was higher than in triticale (Fig. 6, A). Seed treat-
ment with hydrogen sulfide donor did not affect the
value of this index in both cereal species.

The anthocyanin content in the shoots of triti-
cale seedlings was more than three times higher than
in the shoots of wheat (Fig. 6, B). In addition, seed
priming with NaHS did not affect the anthocyanin
content in wheat, but caused a significant increase
in triticale.

Discussion

We studied for the first time the effect of exoge-
nous hydrogen sulfide on metabolic processes during
the germination of aged wheat and triticale seeds
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characterized by low germination. It was found that
priming seeds of both cereals with H,S donor in-
creased their germination and promoted the growth
of seedling organs (Table, Figs. 1, 7). The range of
effective NaHS concentrations for the two different
cereal species was comparable. The most significant
positive effect on both seed germination and biomass
accumulation of wheat and triticale seedlings was
exerted by the hydrogen sulfide donor at concentra-
tions of 0.5 and 1 mM. It is noteworthy that priming
with 5 mM NaHS had a pronounced inhibitory ef-
fect on seed germination, root and shoot growth in

wheat but not in triticale. Moreover, the treatment
of triticale seeds with 5 mM NaHS had no signifi-
cant effect on seedling biomass accumulation, but it
still significantly increased the percentage of seed
germination (Table). Thus, the ranges of stimulating
and toxic concentrations of hydrogen sulfide donor
were slightly different for the two cereal species.
Apparentlly, wheat is more sensitive to the effect
of elevated concentrations of exogenous hydrogen
sulfide, which is known to act not only as a signaling
molecule-gasotransmitter, but also as a gaseous toxi-
cant [6]. Nevertheless, at physiological concentra-
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tions, hydrogen sulfide has beneficial effects on seed
germination. Such effects have been described in the
literature for species whose seeds do not have a very
high natural germination rate, such as maize, peas,
and beans [39]. Conversely, as previously stated, the
treatment with a hydrogen sulfide donor did not en-
hance the germination of wheat seeds with a normal
germination rate (approximately 90%) and germi-
nating under optimal conditions [50]. At the same
time, however, a number of studies have recorded
an increase in the germination of wheat seeds under
the influence of priming NaHS on the background of
stress factors—toxic doses of copper [35], aluminum
[63], and chromium [54] salts. The possible causes of
such phenomena are the effects of the increase in the
activity of amylase under the influence of hydrogen
sulfide, which ensures the mobilization of reserve
starch necessary for seedling growth, as well as the
effects of the activation of various components of the
antioxidant system [33, 53, 54].

There is a reason to believe that similar mecha-
nisms may be responsible for the germination en-
hancement of aged wheat and triticale seeds by hy-
drogen sulfide donor. Both cereal species showed an
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increase in amylase activity under the influence of
hydrogen sulfide donor priming (Fig. 2, A).

Zhang et al. [37] hypothesized that under the
influence of exogenous hydrogen sulfide, f-amylase
is activated by breaking the S-S bonds that bind this
form of amylase to the periphery of starch grains
and limit its activity in both wheat and triticale [55].
However, direct evidence for such a mechanism of
hydrogen sulfide action on B-amylase activity in
germinating grains of cereals has not been obtained.
In our work, a slight increase in f-amylase activity
was recorded only on the second day from the begin-
ning of seed germination. At the same time, under
the influence of hydrogen sulfide donor, a more pro-
nounced increase in total activity was observed in
grains of both cereals after 24 h from the beginning
of seed germination. These data indicate a possible
involvement of a-amylase in hydrogen sulfide donor-
stimulated seed germination, at least during the first
day. At the same time, B-amylase activity increased
on the second day in the hydrogen sulfide donor seed
treatment variants (Fig. 2, B). It is possible that at
different stages of grain germination the contribu-
tion of different forms of amylase to the process of
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reserve starch hydrolysis is different. The magnitude
of the activating effect of the hydrogen sulfide donor
on amylase may also differ.

Under the conditions of our experiments, it can
be assumed that the increase in amylase activity in
grains under the influence of hydrogen sulfide donor
treatment was the main reason for the increase in
sugar content in seedling shoots (Fig. 3). Sugars are
known to function as active metabolites and energy
sources required for seedling growth [56-59]. At the
same time, sugars can also be considered as multi-
functional stress metabolites [56]. In particular, the
phenomenon of their membrane-stabilizing effect
has been known for quite some time [60, 61]. Most
soluble carbohydrates also have pronounced antioxi-
dant effects [56]. For example, the disaccharides su-
crose, trehalose, maltose, and lactose can effectively
neutralize free radicals in vitro [59]. Fructans have
an even higher antioxidant activity [66]. They sta-

bilize membranes by scavenging hydroxyl radicals,
thereby preventing LPO development. It is assumed
that soluble carbohydrates, together with classical
antioxidants (ascorbate, glutathione, etc.), form a cy-
toplasmic antioxidant network [64].

Under the conditions of our experiments,
priming of aged wheat and triticale seeds with a
hydrogen sulfide donor, together with an increase in
the sugar content of the seedlings, caused a decrease
in the content of LPO product MDA (Fig. 4, B).
Certainly, this effect may be related not only to
the probable antioxidant effect of the accumulated
sugars, but also to other changes in the pro/
antioxidant system. In particular, there is evidence
for a decrease in the activity of lipoxygenase
involved in LPO processes in wheat under the
action of hydrogen sulfide donor [54]. In addition,
the decrease in LPO levels may be the result of an
increase in the activity of antioxidant enzymes when
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seeds are treated with hydrogen sulfide donor. Thus,
in our experiments, an increase in the activity of one
of the key antioxidant enzymes, SOD, was observed
in the shoots of wheat and triticale seedlings obtained
from seeds primed with H,S donor (Fig. 5, A). It is
known to be the only enzyme that neutralizes the
superoxide anion radical [65]. At the same time,
the effect of priming with hydrogen sulfide donor
on the activity of other antioxidant enzymes in
shoots of seedlings of two cereal species was not
so unambiguous. In particular, in the exogenous
H,S treatments, an increase in catalase activity was
observed in triticale, while in wheat, the activity
of this enzyme slightly decreased (Fig. 5, B). It
should be noted that a decrease in catalase activity
under the influence of hydrogen sulfide donor was
also observed in maize seedlings [36]. It has been
reported that persulfidation has a direct inhibitory
effect on catalase [66]. However, specific studies are
needed to conclude such an effect of H,S donor on
catalase in wheat seedlings.

The effect of treatment of seeds of two cereal
species with H,S donor on guaiacol peroxidase
activity was also different. The enzyme activity
increased in triticale under NaHS action, but at
the same time decreased in wheat (Fig. 5, C). It
is possible that hydrogen sulfide exerts a direct
inhibitory effect on heme-containing antioxidant
enzymes [63], but contributes to the formation
of redox signals that activate gene expression of
antioxidant system enzymes [67, 68]. It is also
possible that modulations of antioxidant enzyme
activity in seedlings derived from seeds primed
with hydrogen sulfide donor are the consequence of
different processes, including substrate regulation.
It is noteworthy that in our experiments, a decrease
in hydrogen peroxide content was observed in the
shoots of both studied cereals under seed treatment
with hydrogen sulfide donor. This could be related
both to the improvement of the antioxidant system
and to the reduction of ROS generation. In particular,
there is information in the literature on the reduction
of ROS generation in plant cell mitochondria under
the action of hydrogen sulfide [15, 69]. However, the
involvement of such a mechanism in the alteration
of mitochondrial function in aging seeds requires
specific experimental studies.

In addition to basic antioxidant enzymes,
many low-molecular-weight antioxidants may be
involved in the realization of the stimulatory effect
of hydrogen sulfide on aged cereal seeds. Thus,
an increase in the content of classical antioxidants
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such as ascorbic acid and reduced glutathione
in seeds under the influence of hydrogen sulfide
donor priming has been reported [36, 70, 71]. In
our experiments, triticale but not wheat seedlings
showed a significant increase in anthocyanins under
the influence of seed priming with a hydrogen sulfide
donor. This is probably a species characteristic of
triticale. In particular, the content of anthocyanins
increased more in triticale than in various wheat
species in response to heat stress [72]. However,
the index of total phenolic compounds content was
not changed in either wheat or triticale under the
influence of priming with hydrogen sulfide donor
(Fig. 6, A). It should be noted that the total phenolic
compound content does not always correlate with
the ability of plants to effectively maintain the pro/
antioxidant balance [48].

Conclusions. In general, priming of aged wheat
and triticale seeds with hydrogen sulfide donor pro-
moted their germination and improved seedling
growth. These effects in both species seem to be
associated with an increase in amylase activity in
the grains and an increased supply of soluble carbo-
hydrates to the seedling (Fig. 7). It should be noted
that the increase in sugar content in shoots under the
influence of seed treatment with hydrogen sulfide
donor was more pronounced in wheat than in triti-
cale. At the same time, some components of the an-
tioxidant system were activated in triticale under the
influence of hydrogen sulfide donor, the indices of
which did not change or even decreased in wheat.
Thus, only in triticale, the activity of catalase and
peroxidase increased, as well as the content of an-
thocyanins. Nevertheless, treatment of aged seeds
of both cereal species with hydrogen sulfide donor
decreased the values of oxidative stress markers, hy-
drogen peroxide and MDA content (Fig. 7). Thus,
modulation of antioxidant system components in
aged seeds of cereals by hydrogen sulfide depend-
ed on their species peculiarities, although for both
wheat and triticale an improvement of integral in-
dices characterizing the maintenance of redox ho-
meostasis and growth processes was observed. In
this regard, the treatment of aged cereal seeds with
hydrogen sulfide donors can be considered an effec-
tive tool to increase their germination and improve
seedling growth.

Conflict of interest. The authors have complet-
ed the Unified Conflicts of Interest form at http:/
ukrbiochemjournal.org/wp-content/uploads/2018/12/
coi_disclosure.pdf and declare no conflict of interest.



T. O. Yastreb, A. I. Kokorev, A. I. Dyachenko et al.

Funding. This work was supported by the pro-
jects 14.00.02.06.P “Development of methods of
seed priming of cereal grains by the action of do-
nors of gasotransmitters and compounds with hor-
monal activity” (state registration number of work
0124U000126) and I11-2-23 “Genetic and epigenetic
mechanisms and factors of protective and adaptive
reactions of plants” (state registration number of
work 0123U101054).

NOKA3HUKH BYTJIEBOJHOTO
OBMIHY TA CTAHY
AHTHOKCUJAHTHOI CHCTEMH
3A IPOPOCTAHH S CTAPOTO
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Iigporen cympdin (H,S) € monekysoro-
ra3oTpaHcMiTepoM, sika Oepe ydacTh y peaiizamii
0araTtbox (YHKIIH POCIMHHOTO OpraHi3My, BKIIFOU-
HO 3 mpopocraHHsM HaciHHs. Ilokazano, 1m0
CTapiHHS HaCiHHS CYNPOBOIKYETHCS OKUCIIIOBAJIb-
HUM CTPECOM 1 3HMXKEHHSAM CXOXOCTi. Bruus ex-
3orennoro H,S na mpopocranHs ctaporo HaciHHs
3JIaKiB HE JIOCIHIKyBaBcs. Meta poOOTH moJsraia
y AOCHi/KeHHI BIUIMBY mpaiiMyBanHs NaHS sk
nonopa H,S Ha HAaciHHA NIIEHHMI Ta TPUTHKAJE,
SKI MONEPEAHbO 3a3HAIU MPUPOAHOTO CTAPIHHS.
Hacimus o3umoi mmenmmi (Triticum aestivum) ta
osumoro XTriticosecale 36epiranocs B mpuMilieHHi
npotsaroM 4 poOKiB 3a 3MiHHUX TeMIeEpaTypH Ta
Bosiorocti. [locrapine HaciHHsS 00poOmsmu 0,2-
5 MM pozunnoM NaHS mpotsirom 3 romuH i mpo-
pomryBanu B damkax IleTpi mpotsarom 3 gHiB. Sk
KOHTPOJIb  BUKOPHUCTOBYBAJM OOpPOOKY  BOIOIO
(rimpompaiiminr). Bu3Hadany akTHBHICTB amijasu B
3epHi, 6ioMacy NaroHiB i KOPEHiB, BMICT 3arajlbHUX

uykpis, H,O,, IpoayKTiB IEPOKCHIHOTO OKMCIEHHS

JIMiAIB Ta aHTOLIAHIB, @ TAKO)K aKTHBHICTH aHTHOK-
CHIaHTHUX €H3UMIB y mpopocTkax. [lokazaHo, mo
micnst 00poOku goHopom HS akTUBHICTH KaTanasu
1 TBasIKOJINIEPOKCHIa31, a TAKOXK BMICT aHTOLIaHIB
3pocTalii JUllIe B IPOPOCTKaxX TpuTukaie. Bogno-
yac 00poOka HaciHHsI 000X BHIIIB 3J1aKiB CYPOBO-
JUKYBaJlacsl MOCUJICHHSM POCTY TIaroHiB i KOPEHiB,
MiBUICHHSM aKTHBHOCTI aMmijla3u Ta CYIEPOK-
cuaaucMyTasy, sHmkeHHam Bmicty H,O, i MJIA,
a TaKOX IMiJBUIICHUM HAKOIMUYCHHSIM IYKDIB Yy
naroHax. 3po0JIEHO BHCHOBOK, IO IiJBUIICHHS
CXOKOCTI CTaporo HACiHHS 3JIaKiB TiJ[ BIJIMBOM
noxopa H,S 3ymoBiieHe nocuaeHHAM MoOimizamii
PE3EPBHUX BYTJIEBOJIB Ta MOLYJSALIEI0 aKTHBHOCTI
AHTHUOKCHJIAHTHOI cucTeMu. Taky oOpoOKy MOKHA
po3rsiaaTi SK epeKTUBHUN 1HCTPYMEHT ISl TO-
KpalleHHS pOCTY MPOPOCTKIB.

KnmouoBi cmoBa: crapiHHS HaciHHS,
Triticum aestivum, Triticosecale, rizporen cyabbis,
3arajJbHUM IIYKOD, aMijia3a, OKUCIIOBAIBHUN CTpeC,
AHTUOKCH/IAHTHA CUCTEMA.

References

1. Li ZG, Min X, Zhou ZH. Hydrogen Sulfide: A
Signal Molecule in Plant Cross-Adaptation.
Front Plant Sci. 2016; 7: 1621.

2. Pandey AK, Gautam A. Stress responsive gene
regulation in relation to hydrogen sulfide in
plants under abiotic stress. Physiol Plant. 2020;
168(2): 511-525.

3. Zhang H, Hu SL, Zhang ZJ, Hu LY, Jiang CX,
Wei ZJ, Liu J, Wang HL, Jiang ST. Hydrogen
sulfide acts as a regulator of flower senescence
in plants. Postharv Biol Technol. 2011; 60(3):
251-257.

4. Zhang H. Hydrogen sulfide in plant biology. In:
Lamattina L., Garcia-MataC. (eds.). Signalingand
Communication in Plants. Vol. Gasotransmitters
in Plants. The Rise of a New Paradigm in Cell
Signaling. Switzerland: Springer, 2016. P. 23-51.

5. Kolupaev YuE, Horielova EI, Yastreb TO,
Popov YuV, Ryabchun NI. PPhenylalanine
ammonia-lyase activity and content of flavonoid
compounds in wheat seedlings at the action of
hypothermia and hydrogen sulfide donor. Ukr
Biochem J. 2018; 90(6): 12-20.

6. Sharma P, Meyyazhagan A, Easwaran M,
Sharma MMM, Mehta S, Pandey V, Liu W-C,
Kamyab H, Balasubramanian B, Baskaran R,
Klemes JJ, Mesbah M, Chelliapan S. Hydrogen
Sulfide: A new warrior in assisting seed

91



ISSN 2409-4943. Ukr. Biochem. J., 2024, \Vol. 96, N 5

germination during adverse environmental
conditions. Plant Growth Regul. 2022; 98: 401-
420.

7. Zivanovic J, Kouroussis E, Kohl JB, Adhikari B,

Bursac B, Schott-Roux S, Petrovic D,
Miljkovic JL, Thomas-Lopez D, Jung Y,
Miler M, Mitchell S, Milosevic V, Gomes JE,
Benhar M, Gonzalez-Zorn B, Ivanovic-
Burmazovic I, Torregrossa R, Mitchell JR,
Whiteman M, Schwarz G, Snyder SH, Paul BD,
Carroll KS, Filipovic MR. Selective Persulfide
Detection Reveals Evolutionarily Conserved
Antiaging Effects of S-Sulfhydration. Cell
Metab. 2019; 30(6): 1152-1170.e13.

. Bhadwal SS, Verma S, Hassan S, Kaur S.

Unraveling the potential of hydrogen sulfide as
a signaling molecule for plant development and
environmental stress responses: A state-of-the-
art review. Plant Physiol Biochem. 2024; 212:
108730.

9. Aroca A, Gotor C, Romero LC. Hydrogen Sulfide

Signaling in Plants: Emerging Roles of Protein
Persulfidation. Front Plant Sci. 2018; 9: 1369.

10. Cuevasanta E, Lange M, Bonanata J, Coitiio EL,

11.

12.

13.

14.

92

Ferrer-Sueta G, Filipovic MR, Alvarez B.
Reaction of Hydrogen Sulfide with Disulfide and
Sulfenic Acid to Form the Strongly Nucleophilic
Persulfide. J Biol Chem. 2015; 290(45): 26866-
26880.
Khan NM, Siddiqui ZH, Nacem M, Abbas ZK,
Ansari  MW. Nitric oxide and hydrogen
sulfide interactions in plants under adverse
environmental conditions. In Aftab T, Naeem M.
(eds.). Emerging Plant Growth Regulators in
Agriculture: Roles in Stress Tolerance. Elsevier
Inc., Academic Press, 2022. P. 215-244.

Aroca A, Benito JM, Gotor C, Romero LC.
Persulfidation proteome reveals the regulation of
protein function by hydrogen sulfide in diverse
biological processes in Arabidopsis. J Exp Bot.
2017; 68(17): 4915-4927.

Corpas FJ, Gonzalez-Gordo S, Palma JM.
Nitric oxide and hydrogen sulfide modulate the
NADPH-generating enzymatic system in higher
plants. J Exp Bot. 2021; 72(3): 830-847.
Guo Z, Liang Y, Yan J, Yang E, Li K, Xu H.
Physiological response and transcription
profiling analysis reveals the role of H.S in
alleviating excess nitrate stress tolerance in
tomato roots. Plant Physiol Biochem. 2018; 124:
59-69.

15.

16.

Ye T, Ma T, Chen Y, Liu C, Jiao Z, Wang X,
Xue H. The role of redox-active small molecules
and oxidative protein  post-translational
modifications in seed aging. Plant Physiol
Biochem. 2024; 213: 108810.

Wojtyla L, Lechowska K, Kubala S,
Garnczarska M. Different Modes of Hydrogen
Peroxide Action During Seed Germination.
Front Plant Sci. 2016; 7: 66.

17. Kolupaev YE, Yemets Al, Yastreb TO, Blume YB.

18.

The role of nitric oxide and hydrogen sulfide
in regulation of redox homeostasis at extreme
temperatures in plants. Front Plant Sci. 2023;
14: 1128439.

Shi H, Ye T, Han N, Bian H, Liu X, Chan Z.
Hydrogen sulfide regulates abiotic stress
tolerance and biotic stress resistance in
Arabidopsis. J Integr Plant Biol. 2015; 57(7):
628-640.

19. Kolupaev YuE, Karpets YuV, Shkliarevskyi MA,

20.

21.

22.

23.

24.

Yastreb TO, Plohovska SH, Yemets Al,
Blume YB. Gasotransmitters in plants:
Mechanisms of participation in adaptive

responses. Open Agricult J. 2022; 16(Suppl-1,
MS5): €187433152207050.

Kranner [, Minibayeva FV, Beckett RP, Seal CE.
What is stress? Concepts, definitions and
applications in seed science. New Phytol. 2010;
188(3): 655-673.

Job C, Rajjou L, Lovigny Y, Belghazi M, Job D.
Patterns of protein oxidation in Arabidopsis
seeds and during germination. Plant Physiol.
2005;138(2):790-802.

Oracz K, El-Maarouf Bouteau H, Farrant JM,
Cooper K, Belghazi M, Job C, Job D,
Corbineau F, Bailly C. ROS production and
protein oxidation as a novel mechanism for seed
dormancy alleviation. Plant J. 2007; 50(3): 452-
465.

Zhang K, Zhang Y, Sun J, Meng J, Tao J.
Deterioration of orthodox seeds during ageing:
Influencing factors, physiological alterations
and the role of reactive oxygen species. Plant
Physiol Biochem. 2021; 158: 475-485.

Ahmed Z, Shah ZH, Rehman HM, Shahzad K,
Daur I, Elfeel A, Hassan MU, Elsafori AK,
Yang SH, Chung G. Genomics: A Hallmark to
Monitor Molecular and Biochemical Processes
Leading Toward a Better Perceptive of Seed
Aging and ex-situ Conservation. Curr Issues
Mol Biol. 2017; 22: 89-112.



T. O. Yastreb, A. I. Kokorev, A. I. Dyachenko et al.

25 Kepczynski J, Cembrowska-Lech D, Sznigir P.

26.

27.

Interplay between nitric oxide, ethylene,
and gibberellic acid regulating the release of
Amaranthus retroflexus seed dormancy. Acta
Physiol Plant. 2017; 39: 254.

Kosakivska 1V, Voytenko LV, Vasyuk VA,
Vedenichova NP, Babenko LM,
Shcherbatyuk MM. Phytohormonal regulation
of seed germination. Fiziol Rast Genet. 2019;
51(3): 187-206. (In Ukrainian).

Kosakivska 1V, Vasyuk VA, Voytenko LV,
Shcherbatiuk MM. Effect of priming with
gibberellic acid on acorn germination and
growth of plants of Quercus robur and Q. rubra
(Fagaceae). Ukr Bot J. 2022; 79(4): 254-266. (In
Ukrainian).

28. Muhie SH. Seed priming with phytohormones to

29.

30.

31.

improve germination under dormant and abiotic
stress conditions. Adv Crop Sci Technol. 2018;
6(6): 403.

Ashraf MA, Rasheed R, Hussain I, Igbal M,
Riaz M, Arif MS. Chemical priming for
multiple stress tolerance. In: Hasanuzzaman M,
Fotopoulos V (eds.). Priming and Pretreatment
of Seeds and Seedlings. Springer, Singapore,
2019. P. 385-415.

Kosakivska IV, Vedenicheva NP, Babenko LM,
Voytenko LV, Romanenko KO, Vasyuk VA.
Exogenous phytohormones in the regulation of
growth and development of cereals under abiotic
stresses. Mol Biol Rep. 2022; 49(1): 617-628.
Kosakivska 1V., Babenko LM, Vasyuk VA,
Voytenko LV, Shcherbatiuk MM. Natural growth
regulators as inducers of resistance in cereal
plants against extreme environmental factors.
In: Yastreb TO, Kolupaev YE, Yemets Al,
Blume YB (eds.). Regulation of Adaptive
Responses in Plants. New York: Nova Science
Publishers, Inc., 2024. P. 33-8]1.

32. Kiriziy D, Kedruk A, Stasik O. Effects of drought,

high temperature and their combinations on the
photosynthetic apparatus and plant productivity.
In: Yastreb TO, Kolupaev YE, Yemets Al,
Blume YB (eds.). Regulation of Adaptive
Responses in Plants. New York: Nova Science
Publishers, Inc., 2024. P. 1-32.

33.Hilal B, Khan TA, Fariduddin Q. Recent advances

and mechanistic interactions of hydrogen sulfide
with plant growth regulators in relation to
abiotic stress tolerance in plants. Plant Physiol
Biochem. 2023; 196: 1065-1083.

34.

35.

36.

37.

38.

Dai J, Wen D, Li H, Yang J, Rao X, Yang Y,
Yang J, Yang C, Yu J. Effect of hydrogen sulfide
(H,S) on the growth and development of tobacco
seedlings in absence of stress. BMC Plant Biol.
2024; 24(1): 162.

Zhang H, Hu LY, Hu KD, He YD, Wang SH,
Luo JP. Hydrogen sulfide promotes wheat seed
germination and alleviates oxidative damage
against copper stress. J Integr Plant Biol. 2008;
50(12): 1518-1529.

Zhou ZH, Wang Y, Ye XY, Li ZG. Signaling
Molecule Hydrogen Sulfide Improves Seed
Germination and Seedling Growth of Maize (Zea
mays L.) Under High Temperature by Inducing
Antioxidant System and Osmolyte Biosynthesis.
Front Plant Sci. 2018; 9: 1288.

Zhang H, Dou W, Jiang CX, Wei ZJ, Liu J,
Jones RL. Hydrogen sulfide stimulates
B-amylase activity during early stages of wheat
grain germination. Plant Signal Behav. 2010;
5(8): 1031-1033.

Baudouin E, Poilevey A, Hewage NI, Cochet F,
Puyaubert J, Bailly C. The Significance
of Hydrogen Sulfide for Arabidopsis Seed
Germination. Front Plant Sci. 2016; 7: 930.

39. Dooley FD, Nair SP, Ward PD. Increased growth

40.

41.

42.

and germination success in plants following
hydrogen sulfide administration. PLoS One.
2013; 8(4): €62048.

Kurek K, Plitta-Michalak B, Ratajczak E.
Reactive Oxygen Species as Potential Drivers
of the Seed Aging Process. Plants (Basel). 2019;
8(6): 174.

Rajjou L, Lovigny Y, Groot SP, Belghazi M,
Job C, Job D. Proteome-wide characterization
of seed aging in Arabidopsis: a comparison
between artificial and natural aging protocols.
Plant Physiol. 2008; 148(1): 620-641.

Afzal 1. Seed priming: what’s next? Seed Sci
Technol. 2023; 51(3): 379-405.

43. Xia F, Cheng H, Chen L, Zhu H, Mao P, Wang M.

44,

Influence of exogenous ascorbic acid and
glutathione priming on mitochondrial structural
and functional systems to alleviate aging damage
in oat seeds. BMC Plant Biol. 2020; 20(1): 104.
Kolupaev YuE, Taraban DA, Kokorev Al,
Yastreb TO, Pysarenko VM, Sherstiuk E,
Karpets YuV. Effect of melatonin and
hydropriming on germination of aged triticale
and rye seeds. Botanica. 2024; 30(1): 1-13.

93



ISSN 2409-4943. Ukr. Biochem. J., 2024, \Vol. 96, N 5

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

94

Martinek P, Skorpik M, Chrpova J, Fu¢ik P,
Schweiger J. Development of the new winter
wheat variety Skorpion with blue grain. Czech J
Genet Plant Breeding. 2013; 49(2): 90-94.
Goldstein LD, Jennings PH. The Occurrence and
Development of Amylase Enzymes in Incubated,
De-embryonated Maize Kernels. Plant Physiol.
1975; 55(5): 893-898.

Fawzi AFA, El-Fouly MM. Amylase and
invertase activities and carbohydrate contents
in relation to physiological sink in carnation.
Physiol Plant. 1979; 47(4): 245-249.

Yastreb TO, Kokorev AIl, Makaova BE,
Ryabchun NI, Sakhno TV, Dmitriev AP,
Kolupaev YuE. Response of the antioxidant
system of wheat seedlings with different
genotypes to exogenous prooxidants: the
relationship with resistance to abiotic stressors.
Ukr Biochem J. 2023; 95(6): 81-96.

Sagisaka S. The Occurrence of Peroxide in a
Perennial Plant, Populus gelrica. Plant Physiol.
1976; 57(2): 308-309.

Kolupaev YuE, Horielova EI, Yastreb TO,
Ryabchun NI. State of antioxidant system in
triticale seedlings at cold hardening of varieties
of different frost resistance. Cereal Research
Commun. 2020; 48(2): 165-171.

Bobo-Garcia G, Davidov-Pardo G, Arroqui C,
Virseda P, Marin-Arroyo MR, Navarro M. Intra-
laboratory validation of microplate methods for
total phenolic content and antioxidant activity
on polyphenolic extracts, and comparison with
conventional spectrophotometric methods. J Sci
Food Agric. 2015; 95(1): 204-209.

Nogués S, Baker NR. Effects of drought on
photosynthesis in Mediterranean plants grown
under enhanced UV-B radiation. J Exp Bot.
2000; 51(348): 1309-1317.

Zhang H, Tan ZQ, Hu LY, Wang SH, Luo JP,
Jones RL. Hydrogen sulfide alleviates aluminum
toxicity in germinating wheat seedlings. J Integr
Plant Biol. 2010; 52(6): 556-567.
Zhang H, Hu LY, Li P, Hu KD, Jiang CX, Luo JP.
Hydrogen sulfide alleviated chromium toxicity
in wheat. Biol Plant. 2010; 54(4); 743-747.
Ziegler P. Cereal beta-amylases. J Cereal Sci.
1999; 29(3): 195-204.

Hu M, Shi Z, Zhang Z, Zhang Y, Li H. Effects
of exogenous glucose on seed germination and
antioxidant capacity in wheat seedlings under
salt stress. Plant Growth Regul. 2012; 68: 177-
188.

57.

58.

59.

60.

61.

Gonzalez-Hernandez Al, Scalschi L,
Garcia-Agustin P, Camafies G. Exogenous
Carbon Compounds Modulate Tomato Root
Development. Plants (Basel). 2020; 9(7): 837.
Sami F, Siddiqui H, Alam P, Hayat S. Glucose-
induced response on photosynthetic efficiency,
ROS homeostasis, and antioxidative defense
system in maintaining carbohydrate and
ion metabolism in Indian mustard (Brassica
juncea L.) under salt-mediated oxidative stress.
Protoplasma. 2021; 258(3): 601-620.

Fediuk OM, Bilyavska NO, Zolotareva OK.
Effects of sucrose on structure and functioning
of photosynthetic apparatus of Galanthus
nivalis L. leaves exposed to chilling stress. Annal
Romanian Soc Cell Biol. 2017; 21(3): 43-51.
Pukacka S, Ratajczak E, Kalemba E. Non-
reducing sugar levels in beech (Fagus sylvatica)
seeds as related to withstanding desiccation and
storage. J Plant Physiol. 2009; 166(13): 1381-
1390.

Gangola MP, Ramadoss BR. Sugars play a
critical role in abiotic stress tolerance in plants.
In: Wani SH (ed.). Biochemical, Physiological
and Molecular Avenues for Combating Abiotic
Stress Tolerance in Plants. Elsevier Inc.,
Academic Press, 2018: 17-38.

62. Morelli R, Russo-Volpe S, Bruno N, Lo Scalzo R.

63.

64.

65.

66.

Fenton-dependent damage to carbohydrates:
free radical scavenging activity of some simple
sugars. J Agric Food Chem. 2003; 51(25): 7418-
7425.

Ende WYV, Peshev D. Sugars as antioxidants
in plants. In: Tuteja N, Gill S. (eds.). Crop
improvement under adverse  conditions.
Springer, New York, 2013. P. 285-307.
Bolouri-Moghaddam MR, Le Roy K, Xiang L,
Rolland F, Van den Ende W. Sugar signalling
and antioxidant network connections in plant
cells. FEBS J. 2010; 277(9): 2022-2037.
Kolupaev YE, Karpets YV, Yastreb TO,
Shemet SA, Bhardwaj R. Antioxidant system
and plant cross-adaptation against metal excess
and other environmental stressors. In: Landi M,
Shemet SA, Fedenko VS (eds.). Metal toxicity
in higher plants. New York, Nova Science
Publishers, Inc., 2020. P. 21-66.

Corpas FJ, Barroso JB, Gonzalez-Gordo S,
Muioz-Vargas MA, Palma JM. Hydrogen
sulfide: A novel component in Arabidopsis
peroxisomes which triggers catalase inhibition.
J Integr Plant Biol. 2019; 61(7): 871-883.



T. O. Yastreb, A. I. Kokorev, A. I. Dyachenko et al.

67.

68.

69

70.

Christou A, Filippou P, Manganaris GA,
Fotopoulos V. Sodium hydrosulfide induces
systemic thermotolerance to strawberry plants
through transcriptional regulation of heat shock
proteins and aquaporin. BMC Plant Biol. 2014;
14: 42.

da-Silva CJ, Modolo LV. Hydrogen sulfide: a
new endogenous player in an old mechanism of
plant tolerance to high salinity. Acta Bot Bras.
2018; 32(01): 150-160.

Huang D, Jing G, Zhu S. Regulation of
Mitochondrial Respiration by Hydrogen Sulfide.
Antioxidants (Basel). 2023; 12(8): 1644.

Liu F, Zhang X, Cai B, Pan D, Fu X, Bi H,
Ai X. Physiological response and transcription

71.

72.

profiling analysis reveal the role of glutathione
in H_S-induced chilling stress tolerance of
cucumber seedlings. Plant Sci. 2020; 291
110363.

Corpas FJ, Mufioz-Vargas MA, Gonzalez-
Gordo S, Rodriguez-Ruiz M, Palma JM. Nitric
oxide (NO) and hydrogen sulfide (H,S): New
potential biotechnological tools for postharvest
storage of horticultural crops. J Plant Growth
Regul. 2023.

Kolupaev YuE, Makaova BE, Ryabchun NI,
Kokorev Al, Sakhno TV, Sakhno Yu,
Yastreb TO, Marenych MM. Adaptation of
cereal seedlings to oxidative stress induced by
hyperthermia. Agricult Forest. 2022; 68(4): 7-18.

95



