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Abstract

Pre-sowing priming of seeds with exogenous phytohormones affects plant growth, development and resistance.
However, it remains unclear, whether the effect of exogenous hormones on growth is direct, or whether it is
associated with changes in the level and distribution of endogenous hormones. The dynamics and distribution
of endogenous abscisic (ABA), indole-3-acetic (IAA), gibberellic (GA,) and salicylic (SA) acids in spelt wheat
(Triticum spelta L., ‘Frankenkorn’) plants grown from seeds primed with ABA (10 M) were analysed. Fourteen-
day-old, water-germinated and ABA-primed plants that had been exposed to a heat stress (2 h at +40°C) and
21-day-old plants after recovery were studied. Endogenous ABA, IAA, GA, and SA were found to dominate in
shoots of 14-day-old plants. On the 21* day, the pattern of distribution of all phytohormones, except GA,, remained
unchanged. However, most of the endogenous GA, was transferred to the roots. Pre-sowing priming of seeds
with exogenous ABA induced changes in the balance of endogenous hormones. In shoots and roots of 14-day-old
water-germinated, heat-stressed plants, accumulation of endogenous ABA and SA was enhanced, and the content
endogenous of IAA and GA, decreased. In the recovery period, the amount of SA in 21-day-old plants increased,
and the ABA content was reduced; endogenous GA, and IAA accumulated in the roots. In 14-day-old, exogenous
ABA-primed plants, after heat stress maximal concentrations of endogenous ABA were recorded in shoots (46.8 £
2.3 ng g' FW) and roots (32.3 + 1.6 ng g'' FW). In roots of 14-day-old exogenous ABA-primed, unstressed plants,
the content of endogenous IAA reached a maximum (53.9 + 2.7 ng g! FW). The maximum concentration (39.7 +
2.0 ng g' FW) of endogenous GA, was recorded on the 21* day after recovery in roots of exogenous ABA-primed
plants. The SA content in shoots and roots of exogenous ABA-primed, heat-stressed plants increased by 31% and
44.7%, respectively, while in non-primed ones — by 15.9% and 12.8%.

In summary, the pre-sowing priming of spelt wheat seeds with exogenous ABA induced differentiated prolonged
changes in the dynamics and distribution of endogenous ABA, IAA, GA, and SA in shoots and roots of 14- and
21-day-old water-germinated plants (controls) and high temperature (heat stress) conditions. This suggests that the
response to heat stress is associated with changes in the level and distribution of endogenous hormones in young
spelt wheat plants caused by pre-sowing priming of seeds with exogenous ABA.

Keywords: abscisic acid, gibberellic acid, indole-3-acetic acid, heat stress, priming, recovery, salicylic acid,
Triticum spelta.

Introduction

Spelt wheat (Triticum spelta L.) is a husked- are characterized by narrower ring of sclerenchyma with

wheat species with 42 chromosomes and is closely
related to common wheat (7riticum aestivum L.). Spelt
wheat is unpretentious to growing conditions, cold-
and winter-tolerant, resistant to excess moisture. High
nutritional qualities and adaptability to organic farming
make spelt wheat popular in many European countries
(Lacko-Bartosova et al., 2010; Escarnot et al., 2012;
Babenko et al., 2018). Spelt is taller than common wheat
plants, has a larger leaf area, higher chlorophyll content
and vegetative biomass (Ruzhitska, Borysova, 2018).
Compared to 7. dicoccum, the leaves of T. spelta have
thicker mesophyll and more stomata. Stems of 7. spelta
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smaller vascular bundles than in 7. dicoccum and fewer
vascular bundles in the parenchyma (Kirilenko et al.,
2016). The ultrastructure of spelt wheat leaf mesophyll
cells is typical of cultivated cereals: in chloroplasts of
regular lens shape a well-developed thylakoid system
submerged in a fine-grained stroma is clearly observed
(Babenko et al., 2019). Compared to common wheat,
the grain of spelt wheat cultivars has higher content of
total soluble protein and the protein from soluble fractions.
In spelt wheat, the grain hardness is lower and the content of
dry gluten in grains is higher (Ruzhitska, Borysova, 2018).
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The main abiotic stressors are high temperature
and drought that adversely affect the metabolism,
ontogenesis and yield of cereals. Since the beginning
of the century, the ambient temperature has risen and
is expected to rise further. It is predicted that with an
average air temperature increase of 1°C worldwide wheat
production will decline by 6% (Asseng et al., 2015).
At higher temperatures, the duration of ontogenesis,
photosynthetic activity, stability of cell membranes,
relative water content and leaf area index, total biomass
and wheat yield decrease (Narayanan, 2018).

One of the critical periods of wheat ontogenesis
is the three-leaf stage. At this stage, seedlings transition
from drawing upon seed reserves for nutrition to the
absorption of nutrients through the root system. A
successful biotechnological approach that can improve
stress resistance is the use of physiologically active
substances for pre-sowing priming and foliar treatment of
plants (Akter, Islam, 2017). Among the phytohormones
mvolved in abiotic stress tolerance, a special role plays
abscisic acid (ABA) (Vishwakarma et al., 2017; Olds
etal., 2018). In drought conditions after foliar treatment
of wheat plants with exogenous ABA, dry biomass and
photosynthetic pigment content increase, photoassimilate
transport from leaves and stems to grain improves and
grain protein content increases (Travaglia et al., 2010).
Under water deficiency and salt stress, treatment of wheat
plants with exogenous ABA stimulated an increase in
shoot height and biomass, induced proline accumulation,
inhibited lipid peroxidation and the formation of reactive
oxygen species (ROS) (Kaur, Asthir, 2020). Foliar
treatment of wheat plants withexogenous ABA accelerated
grain filling and starch accumulation, enhanced nutrient
remobilization, increased yield, endogenous zeatin
riboside and auxin content (Yang et al., 2014).

In our previous studies (Kosakivska et al.,
2019; 2020 a), it was shown that pre-sowing priming of
seeds with exogenous ABA promoted resistance to high
temperature and soil drought and induced root system
growth of winter and spelt wheat plants. After short-
term heat stress, in spelt wheat plants, the content of
endogenous ABA increased, while that of endogenous
IAA declined, and the lowest amount of IAA was found
in the roots (Kosakivska et al., 2020 b). In this study, the
effect of pre-sowing priming of seeds with exogenous
ABA on the dynamics and distribution of endogenous
abscisic (ABA), indole-3-acetic (IAA), gibberellic (GA,)
and salicylic (SA) acids in shoots and roots of spelt wheat
water-germinated plants (controls) and at heat stress
conditions and after recovery was investigated.

The aim of the study was to determine, whether
the response to heat stress is associated with changes
in the level and distribution of endogenous hormones
in young spelt wheat plants caused by pre-sowing
priming of seeds with exogenous ABA. The study of
adaptation mechanisms will provide useful information
for the selection of stress-resistant cultivars of cereals
considering future extreme climatic changes.

Materials and methods

Plant material. The experiment was performed
in 2018-2019 at the M. G. Kholodny Institute of Botany,
National Academy of Sciences of Ukraine. Plants of spelt
wheat (Triticum spelta L., cultivar ‘Frankenkorn’) were
studied. It is a medium-sized, resistant to lodging, frost-
resistant and environmentally friendly genotype. Spelt
wheat seeds were obtained from the collection of the
National Centre for Plant Genetic Resources of Ukraine in
Kharkiv. Calibrated seeds were sterilized in 80% ethanol
solution, washed with distilled water, placed for 3 h in
a cuvette with water. Thereafter, the seeds continued to
germinate in water (1% control) and were primed in 10
M ABA solution (2™ control) in a thermostat at +24°C
for 21 h. This concentration of exogenous abscisic acid

(ABA) for seed priming was determined as physiological.
Water-germinated seeds were planted in 2-litre vessels;
as the substrate, river sand sterilized by calcination was
used. Plants were grown under controlled conditions at a
temperature of +20°C, light intensity of 190 pmol m? s/,
photoperiod of 16/8 h (day/night), relative air humidity
of 65 = 5% and substrate humidity of 60% from full
moisture content. The plants were watered with 50 ml of
Knop solution per vessel daily.

Abiotic stress treatment and sample collection.
To simulate heat stress, 14-day-old water-germinated
and ABA-primed plants were placed in a thermostat for
2 h at +40°C under the illumination of 190 umol m? s’
The first group of plants was grown in water for up to 14
days, half of which were then exposed to heat stress, and
then all plants were continuing to grow for up to 21 days
under the conditions described above. The second group
of plants after priming of seeds with exogenous ABA
also grew to 14 days, half of which were exposed to heat
stress, and then all plants were continuing to grow for up
to 21 days under the conditions described above. In the
controls and the experiment with heat stress, there were
selected shoots and roots of 14- and 21-day-old water-
germinated and ABA-primed plants.

Extraction of abscisic (ABA), indole-3-acetic
(I4A4), gibberellic (GA,) and salicylic (SA) acids. Shoot
and root samples (2 g) were frozen and ground in liquid
nitrogen using 10 ml of extraction solution: methanol,
distilled water and formic acid in a ratio of 15:4:1.
The homogenate was incubated in the dark for 24 h at
+4°C. The extracts were centrifuged at 15,000 rpm for
30 min at +4°C. After separation of the supernatant,
5 ml of extraction solution was added to the precipitate,
extracted for 30 min and then centrifuged under the same
conditions. The combined supernatants were evaporated
to an aqueous residue of 5 ml under reduced pressure
in a vacuum evaporator at +40°C. Further purification
of phytohormones was performed on two solid-phase
extraction (SPE) columns Sep-Pak C18 Plus and Oasis
MCX 6 cc, 150 mg! (Waters Corp.) (Kosakivska etal.,
2020 d). To remove lipophilic substances, proteins and
pigments, the column Sep-Pak C18 Plus was used. On
the column Oasis MCX, sorption and separation of
phytohormones of different classes were performed.
Elution of IAA, ABA, GA, and SA was performed with
100% methanol. The eluent was evaporated to dryness in
concentrator flasks using a vacuum rotary evaporator at
a temperature not exceeding +40°C. Before analysis, the
dry residue was reduced to 200 pl with 45% methanol.

Analytical  quantification  of phytohormones
ABA, IAA, GA, and SA was performed using high
performance 11qu1d chromatography (HPLC) on a
1200 LC/MS instrument (Agilent Technologies Inc.,
USA) with a diode-array detector G1315B and a single
quadrupole mass-selective detector G6120A (Agilent).
Chromatographic separation was carried out using a
ZORBAX Eclipse Plus C18 column (Agilent) with a
lipophilic-modified sorbent, particle size 5 um (reversed-
phasechromatography). Afterchromatographicseparation
of the samples with a volume of 20 pl solvent system
(methanol, deionized water and acetic acid in a volume
ratio 0f 45:54.9:0.1), IAA and ABA were screened in the
UV absorption range at analytical wavelengths of 280
and 254 nm, respectively. To determine the content of SA
samples, a volume of 10 pl was separated by a system of
solvents (acetonitrile, deionized water and acetic acid in
a volume ratio of 45:54.9:0.1) and screened for SA in the
UV absorption range at analytical wavelength of 302 nm.
After separating an aliquot of 20 pul with a solvent system
(acetonitrile, deionized water and acetic acid in a volume
ratio 0f 30:69.9:0.1), GA, was quantitatively detected by
the mass detector signal, because the response to GA, of
the diode-matrix detector was too weak. During detection
of IAA and ABA, the speed of the mobile phase of the
solvents was 0.7 ml min”, SA — 0.8 ml min" and GA,
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— 0.5 ml min'. As chemical standards for calibration,
unlabelled 1AA, ABK, GA, and SA, manufactured
by Sigma-Aldrich (USA), were used. The content of
analytes in the samples was monitored using a mass
spectrometer (MS) in the combined mode (electrospray
and chemical ionization at atmospheric pressure) with
ionization of molecules of analytes in negative polarity.
For quantitation of GA,, with the molecular weight of
346, the signal of the MSD SIM (single selected ion
monitoring) mass detector (setting 50% of the scan time
for monitoring of the 345 m/z value [346-H]") was used.

Statistical analysis. All measurements were
performed with 3 biological and 3 analytical replicates.
The content of phytohormones was analysed and
calculated using OpenLAB CDS ChemStation Edition
(Agilent) (rev. C.01.09), a program for controlling the
HPLC/MS instrument and processing the data. Statistical
analysis was carried out with software Statistica, version
6.0 (StatSoft Inc.). For testing differences between mean
values, the Bonferroni-corrected ANOVA criterion
considered to be significant at P < 0.05 (Van Emden,
2008) was used.

Results and discussion

Effect of priming of spelt wheat seeds with
exogenous ABA on level and distribution endogenous
ABA. Pre-sowing seed priming with exogenous ABA
induced a slight increase in endogenous ABA content
in 14-day-old plants. After a heat stress (2 h at +40°C),
the content of endogenous ABA in shoots and roots of
primed plants increased 1.9- and 1.8-fold, in non-primed
ones — 1.8- and 1.4-fold. After heat stress, maximum
concentration (46.8 + 2.3 ng g' FW) of endogenous
ABA was observed in shoots of primed plants. In all
treatments, endogenous ABA dominated in shoots of 14-
day-old plants (Figure 1).
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Figure 1. Effect of pre-sowing priming of spelt wheat
seeds with exogenous abscisic acid (ABA) (10° M) on
the dynamics and distribution of endogenous ABA in 14-
and 21-day-old plants

During spelt wheat growth, the content of
endogenous ABA in shoots of 21-day-old water-germinated
plants (1 control) increased 1.3-fold. At the same period, in
roots of with exogenous ABA-primed plants, the increase
of endogenous ABA content reached 50%, while in non-
primed ones the changes were within the margin of error.
During the recovery period, the content of endogenous
ABA decreased in heat-stressed plants. The minimum
concentration (15.1 £ 0.8 ng g"' FW) of endogenous ABA
was recorded in roots of 21-day-old, exogenous ABA-
primed, heat-stressed plants (Figure 1). Thus, the priming
of seeds with exogenous ABA induced the accumulation
of endogenous ABA in spelt wheat plants after heat stress
and inhibited the accumulation of the phytohormone
during the recovery period.

Effect of seed priming with exogenous ABA on
level and distribution of endogenous IAA. Endogenous

IAA dominated in shoots of spelt wheat plants: the
maximum concentration (56.4 £ 2.8 ng g' FW) was
measured in shoots of 14-day-old non-primed plants.
Pre-sowing seed priming with exogenous ABA induced
more than a 2-fold increase (22.8 + 1.4 ng g' FW) of
the endogenous IAA content in roots of 14-day-old
plants. After heat stress, the endogenous IAA content
decreased significantly in all treatments in 14-day-old,
water-germinated, heat-stressed and ABA-primed, heat-
stressed plants. However, the content of endogenous [AA
in shoots and roots of ABA-primed, heat-stressed plants
was higher by 12.1% and 136%, respectively than that in
water-germinated, heat-stressed ones (Figure 2).
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Figure 2. Effect of pre-sowing priming of spelt wheat
seeds with exogenous abscisic acid (ABA) (10 M) on
the dynamics and distribution of endogenous indole-3-
acetic acid (IAA) in 14- and 21-day-old plants

During spelt wheat growth, the content of
endogenous IAA in shoots of 21-day-old, water-
germinated and ABA-primed, unstressed plants declined:
in ABA-primed ones — by 71.1%, in non-primed ones —
by 54.3%, compared to 14-day-old plants. In contrast, in
roots of non-primed plants, the endogenous IAA content
doubled, while in ABA-primed ones it declined 1.7-fold.
After recovery of 21-day-old ABA-primed plants, the
content of endogenous IAA increased in shoots by 57.7%,
inroots —by 36.8%, while in non-primed ones it decreased
in roots by 53.4%, in shoots — by 28.3% (Figure 2). Thus,
after heat stress, the content of endogenous IAA reduced,
but the phytohormone content in 14-day-old, ABA-
primed plants was higher than in non-primed ones. In
the recovery period, seed priming with exogenous ABA
induced the accumulation of endogenous TAA.

Effect of seed priming with exogenous ABA on
level and distribution of endogenous GA,. Endogenous
GA, dominated in spelt wheat shoots of 14-day-old plants.
The’ maximum concentration (58.9 +£2.9 ng g' FW) of
the endogenous GA, occurred in non-primed plants. Pre-
sowing seed prlmmg with exogenous ABA inhibited the
accumulation of endogenous GA, in shoots and roots
of 14-day-old plants by 12.6% and 35. 8%, respectively.
Some drop in the endogenous GA, content occurred after
heat stress: in shoots and roots of ABA-primed plants
—by 41.7% and 33.0%, in non-primed ones — by 17.3 and
48.3% (Figure 3). In shoots of 21-day-old, ABA-primed,
water-germinated plants (controls), the endogenous GA,
content decreased 2.7-fold compared to that in 14-day-
old ones, while in non-primed ones it decreased 3.7-fold,
but in roots of ABA-primed plants it increased by 4.5%,
and in non-primed ones it declined by 37.8%.

Following recovery, the endogenous GA, content
in shoots and roots of non-primed plants rose by 20.8%
and 34.2%, in ABA-primed ones — by 6.2% and 42.2%.
The prolonged effect of seed priming with exogenous
ABA was more pronounced in the accumulation of
endogenous GA, in roots (10.6%), while in shoots this
enhancement was only 6.8% (Figure 3). Thus, seed
priming with exogenous ABA inhibited the accumulation
of endogenous GA, in shoots and roots of 14-day-old
plants after heat stress and induced an increase of its
content after recovery.
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Figure 3. Effect of pre-sowing priming of spelt wheat
seeds with exogenous abscisic acid (ABA) (10 M) on
the dynamics and distribution of endogenous gibberellic
acid (GA,) in 14- and 21-day-old plants

Effect of seed priming with exogenous ABA on
level and distribution of endogenous SA. Endogenous
SA dominated in spelt wheat shoots of 14-day-old plants.
Maximum concentration (104.8 = 5.2 ng g' FW) was
observed in shoots of ABA-primed, heat-stressed plants.
Pre-sowing seed priming with exogenous ABA inhibited
the accumulation of endogenous SA in roots of 14-day-
old, water-germinated, unstressed plants by 9.6%. After
heat stress, the SA content increased in shoots and roots
of ABA-primed plants by 30% and 58.6% and in those of
non-primed ones by 15.9% and 12.8% (Figure 4).
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Figure 4. Effect of pre-sowing priming of spelt wheat
seeds with exogenous abscisic acid (ABA) (10 M) on
the dynamics and distribution of endogenous salicylic
acid (SA) in 14- and 21-day-old plants

In 21-day-old, ABA-primed, water-germinated
plants (control), endogenous SA dominated in roots,
and its content in shoots reached a minimum of 12.6 +
0.6 ng g' FW. During the recovery period, non-primed
plants were characterized by a 3-fold increase in the
content of endogenous SA in shoots and roots. In ABA-
primed plants, the content of endogenous SA in shoots
significantly increased (4.9 times), and in roots this index
remained unchanged. In the recovery period, the content
of endogenous SA in shoots and roots of ABA-primed
plants was lowered by 9.6% and 31.0% compared with
non-primed ones (Figure 4).

Thus, pre-sowing priming of spelt wheat
seeds with exogenous ABA solution induced specific
changes in the dynamics and distribution of endogenous
phytohormones in the organs of 14-day-old plants after
a short-term heat stress. In shoots and roots, the contents
of endogenous ABA and SA increased, and those of TAA
and GA, reduced. In the recovery period, the amount of
SA rose in shoots of 21-day-old plants, the ABA content
decreased, and GA, and IAA accumulated in roots.

Discussion

Successful cultivation of highly productive
stress-resistant cereals requires a deep understanding
of the mechanisms of behaviour and management of

metabolic and growth processes, a key role in which
belongs to the phytohormones. Plants respond to stressors
by switching between and interactions among different
hormonal signalling pathways. ABA plays an important
role in integrating various stress signals and controlling
downstream stress responses. Because a universal
response to any stressor is an increase in endogenous
ABA, exogenous hormone treatment may be perceived
by the plant as a stress signal and trigger cellular defence
mechanisms (Tuteja, 2007; Ng et al., 2014).

Pre-sowing seed priming optimizes conditions
for triggering metabolic processes during germination,
minimizes the occurrence and manifestation of problems
associated with the quality and structure of seeds and
assures uniform strong germination (Muhie, 2018).
This simple cost-effective approach mitigates the
negative effects of moisture deficiency, soil salinity and
temperature fluctuations (Ali et al., 2013; Kaya et al.,,
2013) and activates antioxidant systems (Eisvand et al.,
2010). Wheat endogenous phytohormones are extremely
sensitive to external and internal factors (Abhinandan
etal., 2018). Affected by high temperature, drought and
salinity, cultivated cereals normally exhibit rapid increase
of the endogenous ABA content (Gietler et al., 2020). It
was found that after a short-term heat stress young spelt
wheat plants showed some rise in the endogenous ABA
and SA content, while the content of endogenous TAA
and GA, decreased (Figures 1-4).

‘A higher content of endogenous ABA and a
decrease of the IAA content were observed under the
same conditions in Triticum aestivum ‘Podolyanka’
(Kosakivska et al., 2020 c). Other researchers (Wu et al.,
2019) have reported that heat stress in rice plants resulted
in the accumulation of endogenous ABA and a decline in
the content of endogenous GA|, IAA and active forms
of cytokinins. In barley anthers under high temperature
conditions, expression of the auxin biosynthesis YUCCA
gene was repressed, and the content of endogenous [AA
decreased (Sakata et al., 2010). However, some reports
indicate that in barley plants an increase in temperature
by 4°C above the optimum caused a decrease in ABA in
shoots and an increase in roots during 20 min of stress
(Kudoyarova et al., 2014). An increase in the content of
endogenous ABA, TAA and gibberellins in rice grains
after heat stress was reported by Yang et al. (2014).
During the flowering stage, heat stress induced sterility
of rice spikelets throu%h the inhibition of pollen tube
elongation in the pistil, which was associated with a
decrease in auxin content (Zhang et al., 2018).

Results of our experiment demonstrate that pre-
sowing priming of spelt wheat seeds with exogenous ABA
led to changes in the balance of endogenous hormones in
water-germinated plants (controls). Thus, pre-sowing seed
priming with exogenous ABA induced the accumulation
of endogenous ABA and SA and a decline of IAA and
GA, content in_ shoots of 14-day-old plants. Similar
dynamlcs manifested in roots of ABA-primed plants,
except for IAA, the content of which increased. On the
21 day, in shoots of ABA-primed plants, ABA content
remained higher than in shoots of non-primed ones, [AA
and SA content was lower and that of GA, was hlgher
roots had the same distribution of phytohormones except
for SA (Figures 1-4). In our previous study (Kosakivska
etal.,2019), it was found that pre-sowing priming of spelt
wheat seeds with exogenous ABA significantly mitigated
the negative effect of short-term heat stress on the growth
of 14- and 21-day-old plants. Other researchers have
reported that the heat resistance of maize seedlings (Gong
et al., 1998) and suspension culture of Bromus inermis
(Robertson et al., 1994) enhanced after the priming
with exogenous ABA. Treatment with exogenous ABA
(100 uM) improved heat resistance of rice pollen by
activating antioxidant enzymes enhancing biosynthesis
of heat shock proteins and accelerating metabolism of
sugars and carbohydrates. At the same time, due to a
decrease in transpiration, the leaf temperature increased,
which caused damage to plants (Islam et al., 2018).
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Following a short-term heat stress, nonspecific
and specific changes occurred in the balance of
endogenous hormones of water-germinated and ABA-
primed plants (controls). Namely, the trend to increase
the content of stress phytohormones ABA and SA and
to decrease that of growth phytohormones IAA and
GA, in shoots and roots of 14-day-old plants continued.
However, the accumulation of ABA and SA was more
pronounced in ABA-primed plants, and the content of
endogenous IAA was maintained at a higher content
than in non-primed ones. In contrast, ABA-primed, heat-
stressed plants inhibited the accumulation of endogenous
GA, more strongly than non-primed ones. In the recovery
perlod the amount of SA increased in 21-day-old plants,
and the amount of ABA decreased. Endogenous GA,
and TAA accumulated in roots. At the same time, in
shoots of non-primed, heat-stressed plants the content of
endogenous ABA and IAA declined, and that of GA, and
SA increased, while in roots a high concentration of ABA
was maintained (Figures 1-4).

Thus, our findings indicate that pre-sowing
seed priming with exogenous ABA affects the balance
of endogenous hormones of spelt wheat plants under
water-germination (controls) and heat stress conditions.
We suggest that changes in the dynamics and distribution
of endogenous ABA, TAA, GA, and SA caused by pre-
sowing seed priming with exogenous ABA can improve
stress tolerance through regulation of metabolic and
growth processes.

Conclusions

1. The results of this experiment showed that
endogenous abscisic acid (ABA), indole-3-acetic acid
(IAA), gibberellic acid (GA,) and salicylic acid (SA)
dominated in spelt wheat shoots of 14- day-old plants.
On the 21% day, the distribution of all phytohormones,
except GA,, remained unchanged; the endogenous GA,
was transferred to the roots.

2. It was identified that pre-sowing seed priming
with exogenous ABA induced differentiated prolonged
changes in the dynamics and distribution of endogenous
ABA, IAA, GA, and SA in 14- and 21-day-old plants.

3. After short-term heat stress (2hat+40°C), in
shoots and roots of 14-day-old plants, the accumulation
of endogenous ABA and SA enhanced, and the content
of endogenous IAA and GA, decreased. In the recovery
period, which lasted 7 days the amount of SA in 21-
day-old plants increased and the ABA content reduced;
endogenous GA, and IAA accumulated in roots.

4. Maximums in the endogenous ABA content
were recorded after heat stress in shoots (46.8 = 2.3 ng g'!
FW) and roots (32.3 £ 1.6 ng g' FW) of 14-day-old, ABA-
primed plants. The maximum of endogenous GA, content
(39.7+2.0ng g' FW) occurred on the 21 day after recovery
in roots of ABA-primed plants. The content of endogenous
TAA in roots of 14-day-old ABA-primed, unstressed plants
(2" control) reached a maximum of 53.9 + 2.7 ng g' FW.
The SA content increased in shoots and roots of ABA-
primed, heat-stressed plants by 31% and 44.7%.

5. The obtained data revealed that response
to heat stress is associated with changes in the level
and distribution of endogenous hormones in spelt
wheat plants caused by pre-sowing seed priming with
exogenous ABA. The balance of endogenous hormones
of plants under water-germination (controls) and heat
stress conditions was affected with exogenous ABA.

The results of the study suggest that changes in
the dynamics and distribution of endogenous ABA, IAA,
GA, and SA caused by exogenous ABA applrcatron can
1mprove stress tolerance through regulation of metabolic
and growth processes.

Acknowledgements

The publication contains the results of research
conducted within the project funded by the National

Academy of Sciences of Ukraine I I11-90-19.463
“Hormonal regulation of growth and development of
cereals under the influence of negative climatic factors”
(2019-2023).
Received 17 02 2021
Accepted 08 10 2021

References

Abhinandan K., Skori L., Stanic M., Hickerson N. M. N.,
Jamshed M., Samuel M. A. 2018. Abiotic stress signaling
in wheat — an inclusive overview of hormonal interactions
durrng abiotic stress resnonses in wheat Frontiere Plant
Science, 9: 734. https: //doi. org/10.3389/fpls.2018.00734

Akter N., Islam M. R. 2017. Heat stress etfects and management
in wheat. A review. Agronomy for Sustainable
Develonment 37 (5) 37-45
https://doi.org/10.1007/s13593-017-0443-9

Ali H., Igbal N., Shahzad A. N., Sarwar N., Ahmad S.,
Mehmood A. 2013. Seed riming improves irrigation
water use efficiency, yieldl? and yield components of
late-sown wheat under limited water conditions. Turkish
Tournal nFAor1r11|t11rP and Fnreitrv 37: 534-544.
https://doi.org/10.3906/tar-1207- 70

Asseng S., Semenov M. A., Stratonovitch P. 2015. Rising
temperatures reduce global wheat production. Nature
Climate Change 5-143-147
https://doi. org/ 10.1038/nclimate2470

Babenko L. M. Hospodarenko H. M., Rozhkov R. V., Pariy Y. F.,
Babenko A. V., Kosakivska L. V. 2018. Triticum spelta
or1 in, blologrcal characteristics and perspectives for use

reedlng and agriculture. Regulatory Mechanisms in
quvqtemc 9 (2)- 250257 (in Ukrainian).
https://doi.org/10.15421/021837

Babenko L. M., Vodka M. V., Akimov Y. N., Babenko A. V.,
Kosakovskaya I. V., Smornov A. E. 2019. Specific features
of the ultrastructure and biochemical composition of
Triticum spelta L. leaf mesophile cells in the initial period
of stress temperature action Cell and Tisene Riology, 13
(1): 70-78. https://doi.org/10.1134/S1990519X 19010024

Eisvand H. R., ‘lavakkol-Afshari R., Sharifzadeh F.,
Maddah Arefi H., Hesamzadeh Hejazi S. M. 2010. Effects
of hormonal priming and drought stress on activity and
isozyme profiles of antioxidant enzymes in deteriorated
seed of tall wheatgrass (Agropyron elongatum Host).
Seed Science and Tpr‘hnnlnov 3R (7\ 280-297.
https://doi.org/10. 15258/sst.2010.38.2.02

Escarnot E., Jacquemin J.-M., Agneessens R., Paquot M.
2012. Comparatrve study ‘of the content and profiles of
macronutrients inspeltand wheat, areview. Biotechnology,
Agronomy, Society and EnVironment, 16 (2): 243-256.
https://popups.uliege.be/1780-4507/index.php?id=8700

Gietler M., Fidler J., Labudda M., Nykiel M. 2020. Abscisic acid
— enemy or savior in the response of cereals to abiotic and
biotic stresses? International Tonrnal of Malecnlar Science,
21 (13): 4607. https://doi.org/10.3390/ijms21134607

Gong M., Li Y.-J., Chen S. Z. 1998. Abscisic acid induced
thermotolerance in maize seedlings is mediated by
calcium and associated with antioxidant systems. Journal
of Plant Phyqinlngy‘ 153 (3-4)- 4RR-496
https://doi.org/10.1016/S0176-1617(98)80179-X

Islam M. R., Feng B., Chen T., Tao L., Fu G. 2018. Role of
abscisic acid in thermal acclimation of plants. Journal of
Plant Rinlngy/ A1 255264
https://doi.org/10.1007/s12374-017-0429-9

Kaur G., Asthir B. 2020. Impact ot exogenously applied ABA
on proline metabolism conferring drought and salini
stress tolerance in wheat genotypes Cereal Researc
Communicationg 4R- 300-31
https.//d01.0rg/10.1007/542976 020-00041-0

Kaya C., Ashrat M., Dikilitas M., Tuna A. L. 2013. Alleviation
of salt stress-induced adverse effects on maize plants
by exogenous application of indole acetic acid (IAA) and
inorganic nutrients — a field trial. Australian Journal Crop
Science, 7 (2): 249-254.

Kirilenko N. A., Ruzhitska O. M., Borysova O. V. 2016.
Anatomical and morphological features of stem and
leaves of filmy types of Triticum spelta L. and T. dicoccum
(Schrank) Schuebl. Odesa National University Herald.
Rlnlnov 21 (]\ 50-A1 (ln Tﬂ(rmnmn\
https://doi.org/10.18524/2077-1746.2016.1(38).68615

Kosakivska L. V., Vasyuk V. A., Voytenko L. V. 2019. Ettect of
exogenous ‘abscisic acid on morphological characteristics
of winter wheat and spelt under hyperthermia. Plant
phvclnlnov and Genetice 51 (4\ 324-337 (1];1 Ukralnlan)
https //dot. org/10. 15407/frg2019 04.324


https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://www.mdpi.com/journal/ijms
https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447

https://doi.org/10.1038/nature25447


Effect of pre-sowing priming of seeds with exogenous abscisic acid
26 on endogenous hormonal balance of spelt wheat under heat stress

Kosakivska 1. V., Vasyuk V. A., Voytenko L. V. 2020 (a). Effect
of priming with abscisic acid on the growth and post-stress
rehabilitation of the wheat and spelt under conditions of a

simulated soil drought. Plant Physiology and Genetics, 52
(I\ 743 (111 TTkrainian)

https://doi.org/10.15407/frg2020.01.074

Kosakivska L. V., Voytenko L. V., Shcherbatiuk M. M., Vasyuk V. A.
2020 (b). "Abscisic and indole-3-acetic acids in Triticum
spelta L. after heat stress and during recovery period. The

ulletin of Kharkiv National Agrarian University. Series
Rinlaov 2 {Rﬂ\ R3-92 (111 Tﬂ(rmnmn\

https://doi.org/10.35550/vbi02020.02.083

Kosakivska 1. V., Voytenko L. V., Shcherbatiuk M. M.
Vasyuk V. A. 2020 (c). Dynamlcs and distribution of
abscisic and indole-3-acetic acids in Triticum aestivum
organs after short-term hy, KEerthermla and during

restoration. The Bulletin of Kharkiv National Agrarian
TTnlvprmhl Serieg B!{_\k\mz 1(49): A2-71 (ll'l Ukralnlan)
https://doi.org/10.35550/7bi102020.01.062

Kosakivska 1. V., Shcherbatiuk M. M., Voytenko L. V. 2020 (d).

Profiling of hormones in plant tissues: history, modern
ag proaches, use in hlnﬂnnhnn]nnv Rlnfpr‘hn{\]nnm A{‘fa

(4): 14-25. https://doi.org/10.15407/biotech13.04.014
Kudoyarova G. R., Veselov D. 8., Sharipova G. V.,
Akhiyarova G. "R., Dodd 1. C., Veselov S. Yu. 2014,
Water relations and growth of or1g1nal barley plants and

its ABA-deficient mutants at increased air temperature.
Rugcian JTournal of Plant Phveinlaoov. 61: 18R—193.

https://doi.org/10.1134/S1031443714020071

Lacko-Bartosova M., Korczyk-Szabo J., Razny R. 2010.
Triticum spelta — a specialty grain for ecological farming
systems. Research Journal of Agricultural Science,
42 (1): 143-147. https://www.cabdirect. org/cabdlrect/
abstract/20103290124

Muhie S. H. 2018. Seed priming with ghytohormones toimprove
%ermmatlon under dormant and abiotic stress conditions.

dvancec in Cron Science and Technaolaov A (6) 403-407.

https://doi.org/10.4172/2329-8863.1000403

Narayanan 8. 2018. Etfects of high temperature stress and traits

associated with tolerance in wheat. Open Access Journal
of Science 2 (7\\ 177-1R6A

https://doi.org/10. 15406/0ajs.2018.02.00067

Ng L. M., Mielcher K., len B. 1., Xu H. E. 2014. Abscisic
acid perceptlon and signaling: structural mechanisms and
nnnln"ahnnc Acta Pharmacaolagicg Slnlca 35: 567-584.
https://doi.org/10.1038/aps.2014.5

Olds C. L., Glennon E. K. K., Luckhart S. 2018. Abscisic acid:
new perspectives on an ancient universal stress signaling

molecule, Microhes and infection, 20 (Q ]0) 484-492.
https ://doi. org/lO 1016/J micinf.2018.01.009

Robertson A. J., Ishikawa M., Gusta L. V., Mackenzie S. L.
1994. Abscisic acid induced heat tolerance in Bromus
inermis Le SS Ce]]-qncnpnunn culturee. Plant Phvcinloo
105 (1): 1£1-190. https://doi.org/10.1104/pp.105.1.181"

Ruzhitska O. M., Borysova O. V. 2018. Seed productivity and
biochemical composition of spelt winter wheat and emmer
wheat under south ster;pe zone conditions. PLANT
PHYSIOLOGY AND GENETICS 50 (2): 161-169
(in Ukrainian). https://doi.org/10. 15407/frg2018.02.161

Sakata T., Oshino T., Miura S., Tomabech1 M., lsunaga Y.,
ngashltamN Miyazawa Y., Takahashi H., Watanabe M.,
Higashitani A. 2010. Auxins reverse plant male sterlhty
caused by hi tgh temperatures. Proceedings of the National
Academy of Sciences of the United States of America,
107 {IQ\ R560_8574.
https 5-//doi.o org/lO 1073/pnas 1000869107

Travaglia C., Remoso H., Cohen A., Luna C., Tommasino E.,

astillo C., Bottini 'R. 2010. Exogenous ABA increases

¥1e1d in ficld- -grown wheat with moderate water restriction.
ournal of Plant Growth Ppnn]qhnn 20: 266-374.

https://doi.org/10.1007/s00344-010-9147-y
Tuteja N. 2007/. Abscisic acid and ablo;uc stress signaling. Plant

Qu‘rnahno and Rp]’\avw\r 2- 135

https //doi. org/lO 4161/psb 23.4156

Van Emden H. 200%8. Statistics for terrified biologists. Wiley-
Blackwell, 360 p.

Vishwakarma K., Upadh yay N., Kumar N., Yadav G., Singh J.,
Mishra R. K., Kumar V,, Verma R., Upadhy ay R. G.,
Pandey M., Sharma S. 2017 Abscisic acid 51gna11ng and
abioti¢ stress tolerance in plants: a review on current
knowledeeand f ﬁ1fnrpr\rncnpr‘m .Frontiere !nplnntSClence
28:161-173. https J/dot.o 0rg/10 3389/fpls.2017.00161

Wu C,, Tang S., Li G., Wang S., Fahad S., Ding Y. 2019. Roles
of phytohormone changes in the g7ra1n ield of rice plants
pvnncpr‘l to hpat a review, pppr %’
https -//dot. org/lO 7717/peer] 7792

Yang C., LiuJ., Dong X., Ca1 Z., l1an W., Wan%X 2014. Short-
term and_ contlnulng stresses differential ly interplay with

multiple hormones to regulate glant survival and growth.
Malecular p]qnf 7 (5): R4

https://doi.org/10. 1093/mp/ssu013
C. X., L1 G. Y, Chen 1. 1. ren% Fu W. M.,
an J. X. IslamM R.,Jin Q. Y Tao L. X. FuG F.2018.
Heat stress induces splkelet sterlht?/ in rice at anthesis
through inhibition of pollen tube elongation mterfermg

with auxin homeactacic in nallinated nictile Pn\p 11 (1):

14-19. hitps://doi.org/10.1186/s12284-018-0206-5

Zhan

Speltu sékly apdorojimo priesS séja egzogenine abscizo rugstimi jtaka
augaly endogeniniam hormony balansui karscio streso salygomis

I. V. Kosakivska, L. V. Voytenko, V. A. Vasyuk, M. M. Shcherbatiuk

Ukrainos nacionalinés moksly akademijos M. G. Kholodny botanikos institutas

Santrauka

Sekly priesséjinis apdorojimas egzogeniniais fitohormonais turi jtakos augaly augimui, vystymuisi ir atsparumui.
Taciau vis dar neaiSku, ar egzogeniniy fitohormony poveikis augimui yra tiesioginis, ar jis susij¢s su endogeniniy
fitohormony kiekio ir pasiskirstymo pokyciais Buvo tirta endogeniniy abscizo (ABA), indolo-3-acto (IAA),
giberelino (GA,) bei salicilo (SA) rigs¢iy dinamika ir pasiskirstymas speltos (T riticum spelta L., ‘Frankenkorn”)
augaluose, 1saug1ntuose i§ sékly, apdoroty ABA (10 M). Tirti 14 dieny amZiaus augalai, kurie buvo veikiami
trumpalaikio kar$Cio streso (2 val. +40 °C temperatiiroje), ir 21 dienos amziaus augalai po atsigavimo. Nustatyta,
kad 14 dieny amZiaus augaly tigliuose dominavo endogenines ABA, IAA, GA, ir SA ragstys. DvideSimt pirma
dieng visy fitohormony, iSskyrus GA pas1sk1rstym0 pobudis buvo nepakltes tadiau didZioji dalis endogenines GA,
susikaupé Saknyse. Sékly apdoropmas pries sejq egzogenine ABA sukelé endogeniniy fitohormony pu51ausvyros
pokycius. Karscio stresa patyrusm 14 dieny amziaus augaly ughuose bei Saknyse endogeniniy ABA ir SA kiekis
padldejo o0 IAA ir GA, — sumazéjo. Po kars¢io streso 21 dienos amziaus augaluose SA kiekis padidéjo, o ABA
— sumazéjo; endogemnes GA, ir IAA kaupési saknyse Endogemnes ABA didziausia koncentracga po karscio
streso buvo uZzfiksuota ughuose (46,8 + 2,3 ng g zalios mases) ir Saknyse (32,3 + 1,6 ng g' zalios masés).
Endogenmes IAA didziausia koncentracua (53,9 £ 2,7 ng g! zalios mases) nustatyta ABA apdoroty 14 dieny
amziaus augaly Saknyse; endogeninés GA, didziausia koncentracua (39,7 £ 2,0 ng g'' Zalios masés) uzfiksuota 21
dieng po atsigavimo ABA apdoroty augalq Saknyse. SA kiekis karsc¢io streso pavelktq augaly tgliuose ir Saknyse
padidéjo atitinkamai 31 ir 44,7 %, ABA neapdoroty — 15,9 ir 12,8 %.

Apibendrinant eksperimento duomenis galima teigti, kad speltq s¢kly priess¢jinis apdorojimas egzogenine ABA
sukele skirtingus endogeniniy ABA, IAA, GA, ir SA dinamikos bei pasiskirstymo pokycius 14 ir 21 dienos amziaus
augaly tglivose bei Saknyse kontrohnlq varlantq ir karscio streso salygomis. Tai rodo, kad reakcija j karscio stresa
yra susijusi su endogeniniy fitohormony kiekio ir pasiskirstymo pokyciais jaunuose spelty augaluose, kuriuos

sukélé sékly apdorojimas pries séjg egzogenine ABA.

ReikSminiai Zodziai: abscizo ruigstis, apdorojimas, atsigavimas, giberelino rugstis, indolo-3-acto riigstis, karscio

stresas, salicilo ragstis, Triticum spelta.
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