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Abstract

Soil drought, which is one of the most threatening abiotic plant stressors, negatively impacts plant growth and yields.
Plant phytohormones play a key role in the formation of plant responses to stress. We investigated the effect of moderate
soil drought, created in controlled laboratory conditions on plant growth and peculiarities of endogenous abscisic (ABA),
indole-3-acetic (IAA), gibberellic (GA;) and salicylic (SA) acids and cytokinins (CKs) accumulation in organs of two
closely related wheat species: Triticum aestivum and T. spelta. We demonstrated that following the cessation of watering
(within four days), shoots and roots of 18-day-old plants of both species accumulated ABA and SA, while the level of GA,
and TAA decreased. Pool of CKs significantly increased in roots and decreased in shoots. On day 21 following recovery, an
increase in ABA content occurred in wheat shoots and roots and spelt shoots. IAA level increased in both species, but not
to the levels measured in control plants. The highest level of GA; was present in wheat roots. While the content of SA in
wheat was at control level, spelt SA levels significantly exceeded the controls. There were complex changes in CKs pool, the
nature of which depended on the species and plant organ. We propose that specific alterations in the nature of accumulation,
localization, and balance between certain classes of phytohormones in wheat and spelt organs under the action of moderate
soil drought are one of the main factors in systemic response to stress and the formation of an adaptation strategy.

Keywords Triticum aestivum L. - Triticum spelta L. - Phytohormones - Soil drought
Abbreviations Introduction
ABA  Abscisic acid

IAA Indole-3-acetic acid Through anthropogenic stresses on soil and water supply and

GA, Gibberellic acid due to global climate changes, soil droughts have become
SA Salicylic acid a major abiotic threat, which throttles metabolic processes,
CKs Cytokinins depresses plant growth and development, and reduces
iP Isopentenyladenine crop yields (Igbal et al. 2021). Droughts induce closing of
iPA Isopentenyladenosine stomata, reduce the supply of carbon dioxide to chloroplasts,
t-Z trans-Zeatin disrupt photosynthesis (Hu et al. 2019), and retard the
t-ZR trans-Zeatin riboside growth of shoots (Lind et al. 2015). Concurrently, in search
t-Z0G trans-Zeatin-O-glucoside for new sources of water, additional roots are grown, which
FwW Fresh weight increases the ratio of root to shoot (Dietrich 2018).

DW Dry weight Exogenous stresses precipitate a cascade of significant
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morphological, physiological, biochemical and molecular
changes in affected plants. These changes are regulated
by the hormonal system and enable plant survival under
unfavorable conditions (Gupta et al. 2020). ABA acts
as the main trigger for the signaling cascade that is
activated in response to drought stress. Receptors and
key transduction factors for ABA-signaling have been
identified in major grain crops, including wheat, rice, corn,
and barley (Daszkowska-Golec and Szarejkom 2013).
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Initiation of ABA biosynthesis and hyperexpression of
the corresponding hormonal signaling pathway have been
shown to increase drought tolerance (Estrada-Melo et al.
2015). The former study identified reductions in stomatal
apertures and stress-induced transcriptomic changes, while
the latter study reported only transcriptomic changes.

Drought was associated with an increase in ABA
content and a reduction of IAA accumulation in winter
wheat (Sakhabutdinova et al. 2003). Multiple studies
showed that hormones stimulating plant growth (auxins,
cytokinins and gibberellins) reduce tolerance to water
deficits (Ullah et al. 2018). In drought conditions,
researchers observed reduced yields and lower protein
and carbohydrate wheat grain content, which occurred in
the context of lower levels of endogenous [AA, #-ZR and
GA |5 and accumulation of ABA (Xie et al. 2003). When
subjected to drought, wheat roots accumulated auxins,
which regulated daytime and nighttime water consumption,
modulated hydraulic properties, maintained water supply
and increased yields (Sadok and Schoppach 2019).
Exogenous SA mitigated the negative impact of drought
on wheat plants through a reduction of photosynthetic
volume, maintenance of membrane permeability, induction
of stress protein biosynthesis, and enhanced activity of
antioxidant enzymes (Khalvandi et al. 2021).

Winter wheat Triticum aestivum L. has a leading
position among the most important food crops of Ukraine.
New genotypes of Ukrainian selection are characterized
by ecological plasticity, heat, drought, and frost resistance
(Morgun et al. 2016). In modern wheat production, the
trend of revival, selection and introduction of so-called
antique cereals, among which spelt wheat Triticum spelta
L., is clearly remarked. Spelt wheat crosses well with
tetraploid wheat, it is used in breeding programs for the
improvement of hard and soft wheat, it is resistant to
climatic factors and suitable for low-cost organic farming
(Lacko-BartoSova et al. 2010; Escarnot et al. 2012;
Babenko et al. 2018).

In our previous research, we found that short-term heat
stress (+40 °C, 2 h.) induced rapid specific changes in the
accumulation and distribution of endogenous gibberellic
and salicylic acids and cytokinins in the winter wheat cv
‘Podolyanka’ and spelt wheat cv ‘Frankenkorn’ organs
(Kosakivska et al. 2021). The aim of this work was to
analyze the character of accumulation and distribution of
endogenous ABA, IAA, GA;, CKs and SA in shoots and
roots of these two species, and to identify specific features
in phytohormonal balance associated with response
to moderate soil drought. The study of endogenous
phytohormones involved in the formation of adaptation
mechanisms is important for obtaining drought-resistant
varieties of cereals, especially under expected adverse
climatic changes.
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Materials and methods
Plant material

We studied 18- and 21-day-old plants of wheat (7riticum
aestivum L., cv ‘Podolyanka’) and spelt wheat (Triticum
spelta L., cv ‘Frankenkorn’), the seeds of which were
obtained from Institute of Plant Physiology and Genetics
of the NAS of Ukraine (Kyiv) and National Centre for
Plant Genetic Resources of Ukraine in Kharkiv. Plants of
winter wheat (Triticum aestivum L., cultivar ‘Podolyanka’)
are highly productive, frost- and drought-resistant. Plants
of spelt wheat (Triticum spelta L., cultivar ‘Frankenkorn’)
are a medium-sized, resistant to lodging, frost-resistant.
Seed calibration and sterilization, as well as plant growing
conditions, were described previously (Kosakivska et al.
2021).

Abiotic stress treatments and sample collection

To simulate soil drought, watering of 14-day-old plants
was stopped for four days until the leaves withered and
the moisture content of the substrate was halved. On the
18th day in the stage of 2-3 leaves watering of plants was
resumed. For recovery, plants were grown to 21-day-old
(stage of 3—4 leaves) in the above-mentioned conditions.
For the experiment, shoots and roots of 18- and 21-day-old
plants were selected.

Extraction of IAA, ABA, GA;, SA and CKs

For extraction of endogenous IAA and ABA, we used
the method (Kosakivska et al. 2022), and sorption
and separation of GA;, SA and CKs were carried out
accordingly (Kosakivska et al. 2021).

Determination of IAA, ABA, GA; SA and CKs

We applied the method of high-performance liquid
chromatography on Agilent 1200 LC/MS series
instrument (USA) with diode-array detector G1315B
and single quadrupole mass detector Agilent G6120A for
analytical determination of IAA, ABA, GA3, SA and CKs
(Kosakivska et al. 2021; 2022).

Statistical analyses

All measurements were taken with three biological and
three analytical replicates. Statistical analysis was carried
out in Statistica, version 6.0 (StatSoft Inc.). One-way
analysis of variance (ANOVA) was conducted, with
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P <0.05 considered statistically significant (Van Emden
2008).

Results

Effect of moderate soil drought
on morphophenological characteristics of wheat
and spelt plants

Moderate drought inhibited the growth of wheat and spelt
shoots and roots, and the root system of both species was
more sensitive (Fig. 1). The height of wheat shoots after
drought stress was 6.5%, and after recovery it was 6.6%
lower than control. Root length decreased by 28.2% after
stress, and after recovery it was 27.1% less than control.
The height of spelt shoots decreased by 9.0% after drought
stress and by 12.0% after recovery. The length of spelt
roots decreased by 28.2% after stopping watering and by
16.2% after recovery. Some changes were observed in fresh
weight (FW) and dry weight (DW) of organs. After drought
stress, FW of wheat shoots and roots decreased by 25.8%
and by 5.6%, respectively. At the same time, there were no
significant changes in DW of the organs. On the 21st day
(after recovery), compared to control, FW of wheat shoots
was 35% lower, and FW of wheat roots was 8.7% lower.
Compared to control, DW of shoots was lower by 15.2%, and
DW of roots was 10.9% lower. After stopping watering, the
FW and DW of 18-day-old spelt shoots decreased by 23.8%
and 9.9%, respectively, and in roots by 21.7% and 13.3%,
respectively. After recovery on the 21st day, the FW and DW
of the shoots were lower than control by 20.4% and 6.2%,
respectively, and the roots by 15.0% and 13.0%, respectively.

Therefore, moderate soil drought inhibited the growth of
18-day-old wheat and spelt plants and negatively affected
the morphophenological characteristics of 21-day-old plants
after recovery. Roots of both species were more resistant,
and spelt root system recovered better compared to wheat
root system.

Changes in endogenous phytohormones
accumulation and distribution associated
with moderate soil drought

Abscisic acid was stimulated after drought stress in wheat
roots and significantly in spelt shoots

Moderate soil drought induced an increase in the content
of endogenous ABA in 18-day-old winter shoots and roots
by 5% and 29.8%, respectively. In post-stressed plants, the
site of hormone accumulation was in the root system and
was 1.8-fold higher than in shoots. In control plants, ABA
is dominant in roots. On the 21st day following recovery,

the content of ABA in the shoots of stressed plants was
27% higher, and in the roots 227% higher than in control.
The center of hormone accumulation after recovery shifted
to the shoots, where its content was 1.7-fold higher than in
the roots. In contrast, the level of endogenous ABA in the
shoots of 21-day control plants was 2.7-fold higher than
in the roots (Fig. 2).

After a moderate soil drought, the content of ABA in
the shoots and roots of spelt plants increased by 334% and
25%, respectively. The ABA level in the shoots was 8.8-
fold higher than in the roots. In 21-day-old plants, after
recovery, the hormone content decreased in the shoots
3.5-fold, in the roots—1.2-fold, but the recorded value
in roots was below control and was 80.1 +4.0 ng/g DW,
while in the shoots it was 249.3 +12.5 ng/g DW—1.1-fold
higher than control. In the shoots of regenerative plants,
the content of ABA was 3.7-fold higher than in the roots
(Fig. 2).

The content of endogenous ABA was higher in 18-day-
old control wheat plants than in spelt: 328.5+16.4 and
277.0+13.9 ng/g DW, respectively. After moderate soil
drought, at a soil moisture content of 30%, the level of
endogenous ABA in both species increased, reaching in
wheat 656.4 +32.8 ng/g DW, and in spelt 959.4 +47.7 ng/g
DW. After recovery on the 21st day, ABA dominated in
wheat and spelt shoots, but in wheat the level of hormone
was higher.

Drought stress caused a decrease in IAA content
and stimulated hormone accumulation after recovery

The content of endogenous IAA in 18-day-old control
plants of wheat cv ‘Podolyanka’ was 668.3 +33.4 (shoots)
and 662.5 +23.1 (roots) ng/g DW, which exceeded
spelt cv ‘Frankenkorn’ by 73%/ and 92%, respectively.
After a moderate soil drought, the level of endogenous
IAA decreased in the shoots and roots of wheat cv
‘Podolyanka’ 1.8—and twofold, respectively, and in spelt
cv ‘Frankenkorn’—1.6- and 1.01-fold. The site of hormone
accumulation was located in the shoots of wheat and spelt
control and stressed plants (Fig. 3).

After recovery period, the content of IAA in 21-day-
old wheat and spelt plants did not reach control levels
(Fig. 3), 15.5% and 9.8% lower, respectively. The total
content of IAA level in wheat plants after recovery reached
1118.3 +55.9 ng/g DW, which was 3.7-fold higher than in
spelt, where it was 306.2+15.3 ng/g DW. In general, during
the recovery period in wheat roots, the content of IAA was
1.3-fold higher than in the shoots, while in spelt—1.3-fold
lower. The site of IAA accumulation in 2-day-old wheat
plants was concentrated in the roots, while in spelt—it was
concentrated in the shoots.
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Triticum aestivum cv ‘Podolvanka’
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«Fig. 1 Effect of moderate soil drought (four days without watering)
on morphophenological characteristics of 18-day-old Triticum
aestivum L. cv ‘Podolyanka’ and Triticum spelta L. cv ‘Frankenkorn’
plants and of 21-day-old plants in recovery period. Note: except for
height of shoots and length of roots, the figure presents average fresh
weight and average dry weight of plant organ. *P <0.05; **P <0.01
compared to control at these stages of vegetation

Drought stress resulted in diminution of gibberellic
acid level more pronounce in spelt roots and induced
the accumulation of hormone in both species after recovery

Moderate soil drought caused a decrease in the content
of endogenous GA; in 18-day-old wheat cv ‘Podolyanka’
organs. In shoots and roots, the hormone level decreased by
48.2% and 46.2%, respectively. GA; dominated in the roots
of stressed and control plants. The hormone content was 1.3-
fold higher in the roots of stressed plants than in their shoots.
On the 21st day following recovery, the content of GA; in
the shoots and roots increased compared to stressed plants,
but the recorded values were lower than the control, 1.4- and
1.3-fold, respectively. Accumulation of GA; after recovery
was more active in the roots (lower than control by 22.5%)
than in the shoots (lower than control by 29.2%) (Fig. 4).
Similar changes in endogenous GA; content were
observed in spelt cv ‘Frankenkorn’ organs after moderate
soil drought. Roots were more sensitive to stress: the
hormone level decreased by 68% and by 26% in shoots
(Fig. 3). In contrast to wheat, in stressed spelt plants, GA,
dominated in the shoots. The content of GA; in the shoots
and roots of stressed spelt plants after recovery was 6.7%
and 30.5% lower, respectively, than in the organs of control
21-day-old plants. Gibberellins dominated in the roots of all
(except 18-day-old stressed plants) studied variants.

Salicylic acid was highly stimulated in spelt by direct
drought stress

After moderate soil drought, the level of endogenous SA
increased in shoots and roots of 18-day-old wheat plants
by 24% and 1.7%, respectively. In spelt, the content of SA
increased by 92% in shoots and by 189% in roots. After
recovery on the 21st day, the concentration of SA in wheat
plants exceeded the control. Compared with stressed 18-day-
old plants, the hormone level increased in shoots by 37.2%
and in roots by 51.6% (Fig. 5).

On the 21st day after recovery, the content of endogenous
SA in spelt shoots was much lower than control, while in the
roots SA levels exceeded control. Compared with 18-day-old
stressed plants, SA level decreased 2.7-fold in shoots and
2.5-fold in roots. In general, the character of SA distribution
between organs of wheat and spelt was the same, with the
dominance of this hormone in shoots. Spelt plants were
characterized by significantly lower content of endogenous

SA in control condition, after drought, and in the recovery
period (Fig. 5).

Significant remodeling of the cytokinins pool took place
in wheat and spelt organs after drought stress

We identified in winter wheat organs three forms of CKs:
trans-zeatin (t-7), trans-zeatin-O-glucoside (--ZOG) and
isopentenyladenine (iP). Trans-zeatin riboside (#-ZR) and
isopentenyladenosine (iPA) were present in trace amounts.
After moderate soil drought, the content of #-Z in roots
and shoots increased, and level of +-ZOG and iP decreased
significantly. Total CKs content in shoots decreased,
and in roots increased, amounting to 2.649 +0.13 and
2.660+0.13 ng/g DW, respectively. On the 21st day after
recovery, the site of #-ZOG moved to the roots, while #-Z and
iP dominated in shoots. The content of #-Z and iP decreased
and the level of -ZOG increased in comparison with 18-day-
old stressed plants. In stressed wheat plants after recovery,
the content of active forms #-Z and iP in the shoots and 7-Z
in the roots exceeded control 21-day-old plants, by 15.7%,
1.8% and 15.9%, respectively. At the same time, the levels
of +-ZOG in shoots and roots and iP in roots remained below
control levels (Fig. 6).

In spelt, wheat organs were found five forms of CKs.
After moderate soil drought, the content of ¢#-Z and #-
ZR decreased, at the same time the level of +-ZOG, and
especially iPA in shoots decreased. The content of all CKs
forms, except #-Z, in the roots increased. Total CKs content
in shoots of stressed spelt plants reached 327.1 +16.35 ng/g
DW, compared to 392.7 +19.64 ng/g DW in control plants.
In the roots of stressed plants, the CKs pool was measured
at 272.7+13.64 ng/g DW, and in control plants: at
179.0 +8.95 ng/g DW. After recovery in 21-day-old plants
CKs forms, except +-ZR, dominated in roots. The content of
t-Z, t-ZR, t-Z0G and iP in the shoots and roots increased,
while the level of iPA in the shoots decreased, and in the
roots increased 5.8- and 3.1-fold, respectively. However, the
levels of all CK forms in the organs of stress plants remained
below controls (Fig. 7).

Discussion

Phytohormones play an important role in regulating
physiological and metabolic processes, which are involved
in plant adaptation to abiotic stresses. Adaptation to soil
drought in wheat plants occurs through the maintenance of
water balance, retardation of shoot growth, and enhancement
of root system development (Kosakivska et al. 2018). We
showed that morphometrically, plant organs of 18-day
wheat and spelt plants after stress and 21-day-old plants
following recovery were inferior to control plants. Roots
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Fig.2 Dynamics and distribution of endogenous abscisic acid in the
organs of 18-day-old plants of Triticum aestivum L., cv ‘Podolyanka’
and spelt wheat Triticum spelta L., cv ‘Frankenkorn’ after moderate
soil drought (four days without watering), and on the 21st day after

recovery (ng/g DW). Differences between the mean values were
evaluated using Bonferroni-corrected ANOVA, considered to be
significant at P <0.05; *P <0.05; **P <0.01; ***P <0.001 compared
to control at this stage of vegetation
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Fig.3 Dynamics and distribution of indole-3-acetic acid in the
organs of 18-day-old plants of Triticum aestivum L., cv ‘Podolyanka’
and spelt wheat Triticum spelta L., cv ‘Frankenkorn’ after moderate
soil drought (four days without watering), and on the 21st day after

were more sensitive to drought; however, root recovery in
spelt was superior to that in wheat. ABA is recognized as
the main stress signal, conducted from root to shoot, which
suppresses leaf growth, induces changes in leaf hydrations
and in nutrient content (Schachtman and Goodger 2008).
Accumulation of endogenous ABA under drought conditions
plays a significant role in supporting root growth (Giuliani
et al. 2005), hair formation, and elongation (Chen et al.
2006; Xu et al. 2013). Following moderate soil drought, we
noted an increase in endogenous ABA content in wheat and
spelt organs. The hormone was accumulated in wheat roots
and spelt shoots. Following recovery, it dominated hormone
in shoots of both plants, with wheat cv ‘Podolyanka’
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recovery (ng/g DW). Differences between the mean values were
evaluated using Bonferroni-corrected ANOVA, considered to be
significant at P <0.05; *P <0.05; **P <0.01; ***P<0.001 compared
to control at this stage of vegetation

displaying significantly higher ABA content compared to
spelt cv ‘Frankenkorn.

Zhang and colleagues (2020) reported that in rice, ABA
and TAA were involved in the formation of root and root
hair response to water deficits. It is also known that the
accumulation of auxins in the root system of wheat plants
contributed to a reduction in water consumption, both during
the day and at night, and strengthened hydraulic properties
of plants, enabling them to maintain water supplies and
increase yield in drought conditions (Sadok and Schoppach
2019). Auxins contribute to root branching and the
development of drought resistance in tobacco (Verma et al.
2016; Wang et al. 2018). We demonstrated that endogenous
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Fig.4 Dynamics and distribution of endogenous gibberellic acid
in the organs of 18-day-old plants of Triticum aestivum L., cv
‘Podolyanka’ and spelt wheat Triticum spelta L., cv ‘Frankenkorn’
after moderate soil drought (four days without watering), and on

the 21st day after recovery (ng/g DW). Differences between the
mean values were evaluated using Bonferroni-corrected ANOVA,
considered to be significant at P<0.05; *P<0.05; **P<0.01;
*#%P <(0.001 compared to control at this stage of vegetation
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Fig.5 Dynamics and distribution of endogenous salicylic acid in the
organs of 18-day-old plants of Triticum aestivum L., cv ‘Podolyanka’
and spelt wheat Triticum spelta L., cv ‘Frankenkorn’ after moderate
soil drought (four days without watering), and on the 21st day after

TAA accumulation was occurring more actively in wheat
plants under all conditions. Subject to moderate soil drought,
endogenous IAA content in shoots and roots of 18-day-old
wheat and spelt plants decreased. Following recovery, IAA
content in 21-day-old plants failed remained below control
levels. It is important that the content of the hormone was
significantly higher in wheat cv ‘Podolyanka’ shoots, as
other researchers have shown young leaves, characterized
by the highest IAA content and its active de novo synthesis
(Ljung et al. 2001), generally exhibit an increased stress
tolerance (Miihlenbock et al. 2008).

Several studies reported that the content of endogenous
gibberellins, which influence plant growth and enable

18-day-old plants 21-day-old plants

recovery (ug/g DW). Differences between the mean values were
evaluated using Bonferroni-corrected ANOVA, considered to be
significant at P <0.05; *P <0.05; **P <0.01; ***P <0.001 compared
to control at this stage of vegetation

adaptations, is altered through stress. Drought represses
processes that are regulated by GA, including seed
germination, growth of shoots (Munns and Tester 2008).
Osmotic stress retards GA accumulation in maize leaves
(Nelissen et al. 2018) and tomato plants (Shohat et al.
2021). Mutant lines with reduced GA content exhibit
salt and drought resistance due to slower biosynthesis or
faster degradation of the hormone (Achard et al. 2006;
Llanes et al. 2016). Our results show that in wheat cv
‘Podolyanka’ and spelt cv ‘Frankenkorn’ moderate soil
drought was associated with reductions in GA; content.
We obtained similar results when studying the effect
of heat stress on GA; accumulation and distribution in
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Fig.6 Dynamics and distribution of endogenous cytokinins in the
organs of 18-day-old plants of Triticum aestivum L. cv ‘Podolyanka’
after moderate soil drought (four days without watering) and on
the 21st day after recovery (ng/g DW). Differences between the
mean values were evaluated using Bonferroni-corrected ANOVA,

considered to be significant at P<0.05; *P<0.05; **P<0.01;
*#%P <0.001 compared to control at this stage of vegetation. Notes:
t-Z—trans-zeatin, iP—isopentenyladenine, 7Z0G—zeatin-O-
glucoside; traces—less than 0,5 ng/g DW
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Fig.7 Dynamics and distribution of endogenous cytokinins in the
organs of 18-day-old plants of Triticum spelta L. cv. ‘Frankenkorn’
after moderate soil drought (four days without watering) and on
the 21st day after recovery (ng/g DW). Differences between the
mean values were evaluated using Bonferroni-corrected ANOVA,

wheat and spelt plants. The level of GA; decreased in
shoots and roots of both plants (Kosakivska et al. 2021).
In control conditions, spelt had a significantly higher
level of gibberellins compared to wheat. Subject to stress
conditions, the hormone dominated in wheat roots and
spelt shoots. At the same time, root and shoot growth was
throttled, however, in spelt roots were more dramatically
impacted, while in wheat—shoots were. In both plants,
gibberellin accumulated primarily in roots following
recovery. GA; was most abundant in wheat roots. After
heat stress, an increase in GA5 content occurred in both
species, but not to the levels measured in control plants.
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More active accumulation of GA; was observed in the
roots (Kosakivska et al. 2021).

Salicylic acid acts as a signaling molecule which
activated the plant defense under stress (Wani et al. 2017).
SA induced an increase in hydrogen peroxide content,
which stimulated the biosynthesis of defensive antioxidant
compounds and improved stress tolerance (Hara et al.
2012). Notably, changes in endogenous SA and ABA
content in Brassica napus depended on the duration and
intensity of drought stress. In the initial stress phase, SA
and ABA levels rose. Later stages were characterized by
activation of indirect ABA reaction, downregulation of SA
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Table 1 .Tota.l .cytokininis Sample 18-day-old plants  18-day-old plants (4 days  21-day-old plants 21-day-old
content in Triticum aes n.v.um L. control without watering) control plants after

cv. ‘Podolyanka’ and Triticum recovery

spelta L. cv. ‘Frankenkorn’ after

moderate soil drought (four Triticum aestivum ~ 15.48+0.77 17.69+0.88 11.47+0.57 13.00+0.65
days without watering) and on L. cv. Podolyanka

the 21st day after recovery (Wg/g  1oivm spelta L. 0.57+0.03 0.60+0.03 0.82+£0.04 0.71+£0.04

DW) cv. Frankenkorn

synthesis genes, and a reduction in hormone level (Park
et al. 2021). Water deficit was associated with a twofold
increase of endogenous SA in barley roots (Bandurska and
Stroifiski 2005). We determined that during moderate soil
droughts endogenous SA content in organs of 18-day-old
wheat and spelt plants increased, more prominently in
roots compared to shoots. At the same time, we previously
observed a reduction in SA content in wheat, while in spelt
SA content increased after heat stress (Kosakivska et al.
2021). In 21-day-old wheat plants following recovery from
stress, SA content was similar to control conditions, while
in spelt SA content was markedly higher than in control
conditions, similar to what was observed after heat stress.
These results provide indirect evidence that endogenous
SA participates in the formation of a defensive reaction to
soil drought, primarily in shoots of wheat and spelt.

When drought conditions are present, cytokinins
regulate plant growth and stabilize photosynthetic
processes (Rivero et al. 2009; Prerostova et al. 2018).
Of note, development of drought tolerance was observed
when both during increase and decrease of endogenous
CKs content (Rivero et al. 2007; Werner et al. 2010;
Nishiyama et al. 2011).

Prerostova et al (2018) reported that a reduction in
endogenous CKs during droughts was accompanied by
lower water loss rates in transgenic Arabidopsis plant leaves
and improved drought tolerance. However, these plants are
slower to recover after being watered. Elevated CKs content
during drought in other Arabidopsis mutants resulted in
significant loss of moisture. However, these plants were able
to recover faster and more effectively.

Here, we show that significant remodeling of the
CK pool takes place in wheat and spelt plants during
the formation of a response reaction to moderate soil
drought. Total CKs content in wheat cv ‘Podolyanka’ was
threefold higher compared spelt cv ‘Frankenkorn’ under
varied conditions. During growth, total content of CKs
in control wheat plants diminished, while in spelt plants
it increased. Moderate soil drought resulted in elevated
total CKs content in both plants that we studied. In the

recovery period, CKs pool in wheat dropped by 25,6%
in comparison with 18-day-old stressed plants and was
greater by 13.3% compared to control 21-day-old plants.
On the other hand, total content of CKs in spelt during the
recovery period rose and exceeded the content in 18-day-
old stressed plants by 19%, while remaining 12,6% lower
than in 21-day-old control plants (Table 1).

Previously, we demonstrated that following heat stress
the pool of CKs significantly increased in wheat, while
in spelt—decreased more than twofold. After recovery,
in shoots of both plants the pool of CKs decreased, while
in wheat roots it did not change, and in spelt it decreased.
The total CKs content in stressed wheat plants was twice
as high as in spelt (Kosakivska et al. 2021). Therefore,
comparing the results obtained after heat stress and soil
drought, we can state that changes in the accumulation
and distribution of GA;, SA and CKs were specific to the
studied species, and also depended on the type of stress.

In summary, our study showed that moderate soil
drought induced rapid nonspecific and specific changes in
hormone accumulation and distribution in wheat and spelt
plants (Fig. 8). In wheat cv ‘Podolyanka’, an accumulation
of endogenous ABA, SA and zeatin took place, which
dominated in roots, whereas the content of IAA, GA,, ¢-
Z0G Ta iP decreased.

Following recovery, we observed increased levels of
ABA, TAA, GA;, SA, +-ZOG and decreased levels of ¢-Z
and iP. In stressed spelt plants, an accumulation of ABA
and SA took place in shoots, while an increase in ABA,
CK and SA content and a decrease in IAA, GA; levels took
place in roots. Following recovery, we observed increased
levels of IAA, GA; and CK in shoots. Wheat plants
retained high levels of ABA and SA following recovery,
but spelt only ABA. These fluctuations in the patterns
of accumulation, localization, and ratios of specific
classes of phytohormones suggest a direct involvement of
endogenous abscisic acid, indole-3-acetic acid, cytokinins,
gibberellic and salicylic acids in the formation of wheat
and spelt responses to soil drought and may be useful in
screening of stress-resistant genotypes of cereals, taking
future climatic changes into account.
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‘Podolyanka’ and Triticum spelta L., cv ‘Frankenkorn’ and on 21st day (in comparison with moderate soil drought) after recovery
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