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ABSTRACT: Prolonged lack of rain and high-temperature lead to soil water deficits, inhibiting cereal crop growth in
early ontogenesis and reducing grain quality and yield. Rye (Secale cereale L.) is a key grain crop, particularly in regions
where wheat cultivation is challenging or unfeasible. To clarify its drought adaptation mechanisms, we analyzed the
effects of moderate soil drought on growth, hormonal homeostasis, and the dynamics and distribution of free amino
acids and phenolic compounds in rye at early vegetative stages and post-recovery. Drought triggered both general and
organ-specific changes in endogenous phytohormones. A nonspecific response involved the accumulation of stress
hormones abscisic acid (ABA) and salicylic acid (SA), alongside the suppression of growth hormones indole-3-acetic
acid (IAA) and gibberellins. However, hormone dynamics and localization varied across plant organs. ABA and SA
levels significantly increased in shoots of drought-stressed and recovered plants, corresponding with inhibited growth.
Prolonged drought further enhanced ABA accumulation in both shoots and roots of recovered plants, while SA levels
declined in roots but remained elevated in shoots. Drought also caused a substantial reduction in IAA, particularly
in shoots, while gibberellins (GA; + GA,) significantly decreased in roots. GA; was predominant in most samples,
except in the shoots of 2-day-old control plants. Post-recovery, IAA levels increased but remained below control values,
while GA, accumulation in roots led to a rise in total gibberellin levels. In contrast, shoot GA; + GA4 levels declined,
primarily due to GA; reduction. The dominant free amino acids: aspartic acid, glutamic acid, glycine, alanine, and
leucinedecreased significantly, underscoring their key role in stress adaptation. Increased flavonoid accumulation,
especially in roots, suggests their involvement in antioxidant defense against oxidative stress. A significant increase in
ABA and SA levels, along with a marked reduction in JAA and GA content in stressed rye plants occurred alongside
a reduction in free amino acid content, accumulation of phenolic compounds, and an increase in flavonoid levels.
These findings indicate distinct adaptation strategies in rye shoots and roots under moderate soil drought. They provide
a foundation for further research on drought resistance mechanisms in cereals and the development of strategies to
enhance their adaptive potential.
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1 Introduction

The prolonged absence of precipitation and rising environmental temperatures due to global warming
led to soil water shortages, limiting the availability of moisture for plant root systems. These adverse
conditions inhibit the early growth and development of cereal crops, reducing grain quality and yield
[1-4]. Drought slows shoot growth, restricts carbon dioxide supply to chloroplasts, disrupts photosynthesis,
reduces chlorophyll and relative water content in leaves, and alters protein and sugar composition [5,6]. To
compensate for water scarcity, plants develop additional roots, increasing the root-to-shoot ratio [7].

Winter rye (Secale cereale L.) is an important cereal crop, particularly in regions where wheat cultivation
is difficult or impractical [8]. It possesses a variety of physiological and morphological adaptations that
contribute to its notable drought tolerance, with root system architecture playing a central role. Under
water-limited conditions, rye develops deeper and more highly branched root systems, enabling it to access
moisture from deeper soil layers [9]. This characteristic makes rye especially well-suited for cultivation on
sandy, nutrient-poor soils with low water retention capacity [2]. Traditionally grown in northern latitudes,
rye is distinguished by its exceptional frost tolerance—the highest among winter cereals [10].

Nevertheless, climate change has emerged as a significant threat to rye production. Despite its resilience
to freezing temperatures, rye is vulnerable to temperature fluctuations, changing precipitation patterns, and
extreme weather events [11]. In particular, the increasing frequency and severity of droughts due to climate
change are projected to reduce rye yields in Central and Eastern Europe significantly [2]. These challenges
highlight the need for further research into the physiological and biochemical traits that could serve as
reliable indicators of drought tolerance.

Phytohormones regulate adaptive responses, enabling plants to cope with water deficits [12]. Abscisic
acid is particularly crucial, as it governs root elongation and branching [13]. ABA interacts with other
hormones to modulate root architecture, enhancing drought resilience [14]. Stomatal regulation is vital in
drought response, as stomatal closure minimizes transpiration and conserves water. ABA plays a primary
role in this process by signaling guard cells to close stomatal pores in response to water stress [15]. Cereals
respond to drought stress by accumulating osmolytes such as proline and soluble sugars, which contribute
to stomatal regulation [16]. Increased stomatal closure during drought is linked to the synergistic interaction
between nitric oxide and ABA [17]. Proline and glycine-betaine aid osmotic regulation by stabilizing proteins
and cellular structures, with their synthesis stimulated by ABA and other hormones [18]. ABA also plays
a long-term role in stress response by regulating gene expression, leading to the production of protective
compounds such as dehydrins, antioxidants (glutathione and ascorbate), and proline [19].

Besides ABA, auxins, particularly indole-3-acetic acid, contribute to drought tolerance by regulating
root elongation and lateral root formation, improving water uptake [20]. Gibberellins, which primarily
promote growth, influence drought response by modulating the balance of other hormones, including ABA
and TAA, thereby indirectly enhancing drought tolerance [21,22]. One key effect of GA is stimulating water
uptake by increasing the concentration of osmotically active substances [23]. Additionally, salicylic acid has
been found to mitigate drought effects in wheat by boosting antioxidant enzyme activity and stress protein
biosynthesis [24,25].

The interactions between phytohormones involve complex feedback mechanisms. For instance, high
ABA levels can suppress gibberellin synthesis, affecting plant growth under drought conditions [26]. The
interplay between ABA and IAA is crucial in regulating root growth and stomatal function, optimizing
water use efficiency [27]. Overall, phytohormonal regulation is a highly dynamic and hierarchical process,
enabling plants to adjust to environmental stressors. By coordinating root development, stomatal closure,
and osmotic balance, phytohormones play a crucial role in drought adaptation. A deeper understanding
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of these interactions is essential for developing drought-resistant cereal varieties through genetic and
agronomic strategies.

Water shortage-induced stress triggers significant metabolic changes in plants, primarily due to the
accumulation of reactive oxygen species (ROS), which lead to lipid membrane peroxidation and the degra-
dation of nucleic acids and proteins. To counteract oxidative stress and maintain cellular homeostasis, plants
activate antioxidant defense mechanisms composed of both enzymatic and non-enzymatic components.
Free amino acids and phenolic compounds play a crucial role in this response, with their qualitative and
quantitative profiles undergoing notable changes under stress conditions. These shifts make them valuable
markers for assessing the intensity and severity of stress responses. Under drought conditions, plants actively
accumulate free amino acids, which help mitigate oxidative stress and maintain cellular homeostasis [28].
Cereals like wheat and maize exhibit increased levels of specific free amino acids, notably proline, which
functions as an osmoprotectant and antioxidant [29]. A significant increase in proline content, particularly
in shoots, aids in osmotic balance and protection against oxidative damage [30]. Drought-tolerant genotypes
exhibit higher free AA levels and accumulate them more effectively than sensitive varieties [31]. Drought
conditions induced an increase in both free and bound phenolic acids with a notable rise in the flavonoid
isoorientin, enhancing the plant’s antioxidant capacity [32]. Phenolic compounds activate the absorption
of reactive oxygen species, stabilize membranes, and prevent lipid peroxidation, protein denaturation, and
DNA damage [33]. The shifts in AA and phenolic compound dynamics reflect metabolic adjustments aimed
at enhancing plant survival under drought stress.

Studies on the influence of endogenous phytohormones on the accumulation of secondary metabolites
in cereals are lacking. However, there are a few isolated reports on the effects of exogenous growth regulators
on the accumulation of free amino acids, phenols, and flavonoids. For instance, the application of abscisic
acid (ABA) and benzyladenine has been reported to promote proline accumulation and support osmotic
adjustment in wheat [34]. In barley, exogenous melatonin (MEL) application under water stress was found to
enhance antioxidant capacity [35]. Similarly, exogenous application of MEL and indole-3-acetic acid (IAA)
increased total phenolic content in wheat, thereby enhancing antioxidant activity and stress tolerance [36].
Treatment with the strigolactone analog GR24 under drought stress also elevated total phenolic content in
maize leaves, strengthening the antioxidant defense system [37].

Winter rye was selected due to its active secondary metabolism and the limited understanding of its
stress adaptation mechanisms compared to other cereals [38,39]. This study aimed to examine the impact
of moderate soil drought on rye growth, hormonal balance, and the dynamics of free amino acids and
phenolic compounds during early vegetative stages and recovery, with the goal of clarifying their roles in
drought adaptation.

2 Materials and Methods
2.1 Plant Material and Experimental Design

We examined 18 and 21-day-old plants of winter rye (Secale cereale L. cv. ‘Boghuslavka’), a domestically
developed Ukrainian genotype. ‘Boghuslavka’ was created by researchers at the Institute of Plant Physiology
and Genetics of the National Academy of Sciences of Ukraine and the Nosivka Breeding and Research Station
of the Chernihiv Institute of Agroindustrial Production of the National Academy of Agrarian Sciences of
Ukraine. It has been officially registered and introduced into agricultural production. This mid-season variety
exhibits moderate drought, frost, and disease resistance and is widely cultivated across Ukraine. Given the
current challenges posed by land contamination and degradation due to Russian aggression, studying the
biological characteristics of ‘Boghuslavka’ as a resilient grain crop is highly relevant.
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Calibrated seeds were sterilized in 70% ethanol for no more than 1-2 min and rinsed with distilled water.
They were then soaked in water for 24 h at 21°C in a thermostat. Germinated seeds were sown in plastic
containers containing 2 kg of coarse-grained white calcined river sand. Plants were grown under controlled
conditions: 20°C, light intensity 190 pmol-m™2-s™!, 16/8 h (day/night) photoperiod, 65 + 5% relative humidity,
and 60% substrate moisture capacity. They were watered daily with 50 mL of Knop’s solution per vessel.

2.2 Drought Stress Simulation and Sampling

As a control, we served unstressed 18-day-old and 21-day-old plants. To simulate drought conditions,
watering was withheld from 14-day-old plants for four days, leading to all leaves wilting and a 50% reduction
in substrate moisture content. Watering resumed on day 18 (2-3 leaf stage), and plants continued to grow
under the same conditions until day 21 (34 leaf stage). Shoots and roots from 18 and 21-day-old unstressed
and stressed plants were analyzed.

2.3 Phytohormone Extraction and Analysis

Shoots and roots of fresh weight (two g of crude substance each) were frozen in liquid nitrogen,
homogenized, and extracted in 10 mL of methanol: distilled water: formic acid (15:4:1) for 24 h at +4°C
in the dark. Extracts were centrifuged at 15,000 rpm for 30 min at 0°C and evaporated to 5 mL using
a vacuum evaporator at +40°C. Further purification was performed using a CI8 Sep-Pak Plus cartridge
(Waters, Framingham, MA, USA) to remove lipophilic substances, proteins, and pigments. Phytohormones
were adsorbed with an Oasis MCX cartridge (6 cc/150 mg, Waters) and eluted in 100% methanol (acidic
fraction) following Kosakivska et al. [40].

Phytohormone quantification was performed using high-performance liquid chromatography (HPLC)
on an Agilent 1200 LC/MS system (Agilent, Santa Clara, CA, USA) equipped with a G1315B diode array
detector and an Agilent G6120A single quadrupole mass spectrometer. For IAA, ABA, GA3, and cytokinins,
chromatographic separation was achieved using an Agilent ZORBAX Eclipse Plus C18 (4.6 mm x 250 mm,
5 um) column. For salicylic acid (SA) quantification, an Agilent ZORBAX Eclipse Plus C18 SS (3.0 mm x
150 mm, 3.5 um) column was used [40]. Calibration curves were constructed using unlabeled ABA, SA,
IAA, GA;, and GA, standards (Sigma-Aldrich, St. Louis, MO, USA). The mass spectrometer operated in
a negative electrospray ionization mode. Data analysis and hormone quantification were performed using
Agilent OpenLAB CDS ChemStation Edition (rev. C.01.09).

2.4 Free Amino Acid Determination

Free amino acid (AA) content was determined in shoot and root samples of 18-day-old rye seedlings,
which were previously oven-dried at 60°C until a constant weight was achieved. One gram of dry tissue
was homogenized in a 3% (w/v) sulfosalicylic acid solution, followed by incubation and centrifugation at
4000 rpm for 30 min at 4°C to obtain the supernatant containing free AAs. The extraction procedure and
subsequent ion-exchange liquid chromatography with post-column derivatization using ninhydrin were
carried out according to the methods described by Hare et al. [41] and Ng et al. [42]. Amino acid detection
was performed using a T 339 amino acid analyzer (Mikrotechna Praha, Prague, Czech Republic). Results are
expressed in micromoles per gram of dry weight (umol-g~' DW).

2.5 Total Phenol and Flavonoid Determination

One gram of absolutely dried shoots and roots was used to determine the total phenolic and flavonoid
contents. The total phenolic content was assessed using the Folin-Ciocalteu reagent according to the
method described by Bobo-Garcia et al. [43]. Extraction was performed using 80% methanol solution. The
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concentration of phenolics was calculated using a gallic acid calibration curve, and the results were expressed
as mg of gallic acid equivalent per gram of dry weight (mg GAE/g). Total flavonoid content was determined
based on its reaction with zirconyl (IV) nitrate hydrate, following the method of Smirnov et al. [44],
and quantified using a rutin calibration curve, expressed as mg rutin equivalent per gram of dry weight
(mg RE/g DW). The optical density of the samples was measured using a Jenway UV-6850 spectrophotometer
(Gransmore Green, UK) at wavelengths of 750 nm for phenolics and 397.6 nm for flavonoids.

2.6 Statistical Analysis

All experiments were conducted in three biological replicates, each independently repeated three times.
Data were visualized using Microsoft Excel in Microsoft Office 2021 (Redmond, WA, USA), and statistical
analysis was performed with SPSS 16.0 (IBM SPSS Statistics, Chicago, IL, USA). The effect of treatment on
measurements was analyzed using one-way ANOVA, with p < 0.05 (Tukey’s test) considered statistically
significant. Results are presented as mean + standard error (+SE).

3 Results
3.1 Growth Parameters of Winter Rye after Soil Drought

Moderate soil drought suppressed the growth of winter rye. In 18-day-old plants, shoot height decreased
by 13.8%, while root length remained unchanged. After irrigation resumed, shoot height increased by 32%
but remained 7.5% lower than in control plants. Root length increased by 9.3% during recovery and remained
within control values. Drought reduced FW by 24.6% in shoots and 22.5% in roots. DW decreased by 6.7%
only in roots, while shoot DW remained at control levels. After rewatering, FW and DW accumulation in
shoots increased by 45.6% and 17.0%, respectively, but were still 74% and 9.9% lower than in controls. In
contrast, root FW and DW increased by 35.5% and 15.9%, reaching control values (Fig. 1). These results
indicate that shoots of young ‘Boghuslavka’ rye plants were more vulnerable to drought, while roots exhibited
greater drought resistance, as seen in their similarity to control plants.

3.2 Accumulation and Distribution of Endogenous Phytohormones in Winter Rye after Soil Drought

Abscisic Acid. Under control conditions, ABA was primarily found in shoots of 18-day-old plants, but
by day 21, its accumulation shifted to roots. ABA content in 21-day-old control shoots was 161.7 ng-g"* DW,
1.6 times lower than in 18-day-old plants, while root ABA content was 272.1 ng-g~! DW, 1.2 times lower than
at day 18. The total ABA content decreased from 483.3 ng-g~' DW (day 18) to 433.8 ng-g”' DW (day 21).
Moderate soil drought significantly increased ABA levels by 75.8% in shoots and 36.1% in roots in 18-day-old
plants, with the shoots being the primary site of accumulation. After rewatering, ABA levels in 21-day-old
plants remained higher than in controls, exceeding control values by 2.3 times in shoots and 1.1 times in roots,
indicating a prolonged drought effect. While shoots retained high ABA levels, root ABA content returned
closer to control values (Fig. 2A). The total ABA content in 18-day-old stressed plants was 829.8 ng-g~! DW,
decreasing to 651.4 ng-g~' DW in 21-day-old recovered plants. These results confirm that ABA accumulation
is a key drought response, with more pronounced changes occurring in shoots.
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Figure 1: Effect of moderate soil drought (four days without watering) on the growth of 18-day-old Secale cereale L.
cv. ‘Boghuslavka’ and on 21-day-old plants after recovery. (A) shoot height and root length, (B) shoot and root fresh
weight, (C) shoot and root dry weight, (D) control and drought-stressed 18-day-old plants, (E) control and recovered
21-day-old plants. Significance at *p < 0.05 and **p < 0.01 compared with the control for each group of plants; n = 90;

x + standard error (SE)
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Figure 2: Accumulation and distribution of endogenous phytohormones in 18-day-old Secale cereale L. cv.
‘Boghuslavka’ after moderate soil drought and in 21-day-old plants after recovery (ng-g~! DW). Significance at *p < 0.05,
**p < 0.01 and ***p < 0.001 compared with the control; n = 3; x + standard error (SE)

Salicylic Acid. SA was present in high concentrations in both control and stressed plants, with shoots
being the primary site of accumulation in 18-day-old control plants. Under drought, SA levels increased
by 2.3 times in shoots and 15 times in roots. The maximum SA concentration in stressed shoots was
3051.0 ng-g"! DW, 1.6 times higher than in roots. In 21-day-old control plants, SA accumulation shifted to
roots, reaching 1502.4 ng-g”! DW, 1.4 times higher than in shoots. After rewatering, SA levels in 21-day-
old shoots nearly doubled, while root SA decreased by 1.3 times. However, SA content in recovered plants
remained lower than in 18-day-old stressed plants by 34.5% in shoots and 36.2% in roots (Fig. 2B). The total
SA content in 18-day-old stressed plants was 4885.2 ng-g™! dry weight. In 21-day-old recovered plants, the
hormone content decreased to 3188.6 ng-g™! dry weight. These findings suggest that drought-induced SA
accumulation primarily occurs in shoots, with an organ-specific response during recovery: shoots continue
accumulating SA, whereas root SA levels decline.

Indole-3-Acetic Acid. Under control conditions, IAA was most abundant in shoots of 18-day-old plants
(7733 ng-g”' DW), 20.4% higher than in roots. By day 21, IAA levels declined in both shoots and roots,
equalizing at 544.0 ng-g~' DW. Under the influence of drought, the level of IAA decreased by 3.3 times
in shoots and by 2.3 times in roots of 18-day-old plants, which amounted to 2379 ng-g™! dry weight and
230.9 ng-g”! dry weight, respectively. After recovery, IAA levels increased but remained lower than in control
plants, with shoot IAA 19.1% lower and root IAA 28.6% lower than in 21-day-old controls (Fig. 2C). The total
IAA content in control 18-day-old plants was 1386.1 ng-g~' DW, while in stressed plants it was three times
lower (468.8 ng-g~! DW). By day 21, the total IAA in recovered plants (828.9 ng-g”! DW) remained 1.3 times
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lower than in control 21-day-old plants (1088.2 ng-g~' DW). These results indicate that drought significantly
reduces IAA accumulation, especially in shoots, and full recovery does not occur by day 21.

Gibberellins. Under control conditions, gibberellins were predominantly accumulated in the roots of
both 18 and 21-day-old plants. GA; was dominant, except in 21-day old control shoots. Drought decreased
total GA; + GAy levels by L1 times in shoots and 1.7 times in roots. Specifically, GA; content dropped by
29.4% in shoots and 42.8% in roots, while GA4 increased by 21.5% in shoots and decreased by 34.0% in roots.
Unlike controls, where GA; + GA4 accumulation was primarily in roots, drought caused higher gibberellin
levels in shoots. By day 21, GA; + GA4 increased by 70.5% in roots, but only due to GA4. In contrast, shoot
GA; + GA4 levels declined by 10.1%, mainly due to GAj; reduction (Fig. 2D). Overall, post-recovery, GAs
+ GA, content in roots was 20.9% lower, while in shoots, it was 17.8% higher than in controls. The
changes in roots were driven by GA; reduction and GA4 accumulation, while in shoots, GA4 was the
primary contributor.

Thus, moderate soil drought induced the accumulation of stress-related phytohormones ABA and SA
in both shoots and roots of 18-day-old plants, while growth-promoting hormones (IAA and gibberellins)
declined. During recovery, IAA and gibberellin levels increased but did not reach control values. Conversely,
ABA and SA levels decreased but remained elevated compared to controls, highlighting the prolonged impact
of drought stress.

3.3 Dynamics and Distribution of Free Amino Acids in Winter Rye after Soil Drought

Eighteen free amino acids were identified in the shoots and roots of 18-day-old rye plants, including 17
major proteinogenic AAs and the non-protein y-aminobutyric acid (GABA). The total free AA content was
higher in shoots than in roots under both control and drought conditions. Moderate soil drought reduced
total free AA content by 31% in shoots and 41% in roots. Under both control and drought conditions, aspartic
acid, glutamic acid, glycine, alanine, and leucine were predominant in shoots, while glutamic acid and alanine
dominated in roots. Under drought stress, most free AAs in shoots decreased by 30%-60%, with notable
reductions in GABA (61%), isoleucine (49%), methionine and lysine (47%), leucine (46%), and threonine
(43%). However, arginine and histidine levels remained unchanged (Fig. 3A).
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Figure 3: (Continued)
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Figure 3: Effect of moderate soil drought on certain AA content in the shoots (A) and roots (B) of 18-day-old plants
of Secale cereale cv. ‘Boghuslavka. Abbreviations for AAs: Lys, lysine; His, histidine; Arg, arginine; Asp, aspartic acid;
Thr, threonine; Ser, serine; Glu, glutamic acid; Pro, proline; Gly, glycine; Ala, alanine; Cys, cysteine; Val, valine; Met,
methionine; Ile, isoleucine; Leu, leucine; Tyr, tyrosine; Phe, phenylalanine; GABA, y-aminobutyric acid. The data are
mean values (n = 3), the bars represent standard deviation (SD), and the asterisk * shows significant differences at
p < 0.05 vs. control. The absence of an asterisk means there is no statistically significant difference between the “soil
drought” group and the control (p > 0.05)

In roots, drought had a more pronounced effect, decreasing the content of most free AAs by 17%-64%.
GABA levels declined by 64%, lysine by 58%, arginine by 55%, leucine and proline by 50%, valine by 49%,
and serine by 47%. Only cysteine and phenylalanine remained stable under drought stress (Fig. 35). Overall,
moderate soil drought significantly reduced free AA accumulation in 18-day-old rye plants, with a greater
impact on roots. The most substantial decline was observed in GABA levels.

3.4 Dynamics and Distribution of Total Phenols and Flavonoids in Winter Rye after Soil Drought

Under moderate soil drought, total phenol (TPH) content decreased by 6% in shoots and 22% in roots.
In contrast, total flavonoid (TF) content increased by 111% in shoots and 143% in roots (Table 1). Under
control conditions, the TPH shoot-to-root ratio was 1.8, increasing to 2.2 under drought, indicating a greater
decline in root phenol content. In contrast, the TF ratio decreased from 2.7 to 2.4 under drought, reflecting
an increased flavonoid concentration in roots relative to shoots.

Table 1: Effect of moderate soil drought on total phenol and flavonoid content in the shoots (a) and roots (b) of 18-day-
old plants of Secale cereale cv. ‘Boghuslavka’

Option Shoots Roots

Control  Soil drought Control Soil drought

Total phenol content, mg GAE-g"! DW 124 +12 1L.62+0.8* 67705 527+ 0.4*
Total flavonoids, mg RE-g~! DW 3.62+03 776+05% 132+01  321+02*

Note: Data in the table are presented as mean values (n = 6) + standard deviation (SD). An asterisk indicates
statistically significant differences at p < 0.05.
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4 Discussion

Drought is one of the most detrimental abiotic stressors threatening plant survival [45]. Plants employ
various adaptive strategies to counteract drought, including stress avoidance (by modifying their devel-
opmental program to complete the reproductive cycle before drought onset), stress prevention (through
morphological and physiological adaptations that maintain water balance), and resistance acquisition at the
cellular and molecular levels [46]. The formation and nature of plant responses to drought are influenced by
multiple factors, including species, age, developmental stage, and the duration and intensity of stress [47].

Drought triggers stomatal closure, reduces carbon dioxide influx into chloroplasts, inhibits photosyn-
thetic activity [48], and slows the growth of aboveground biomass [49]. Simultaneously, additional root
growth occurs in search of water sources, increasing the root-to-shoot ratio [7]. Given the limited potential
for expanding agricultural land, enhancing productivity becomes essential. One approach to addressing this
challenge is mitigating drought effects and developing stress-resistant crop varieties. Our study demonstrated
that moderate soil drought inhibited shoot growth in 18-day-old rye plants, whereas the root system exhibited
greater resilience. The root-to-shoot length ratio increased under stress from 0.74 to 0.8. Upon cessation of
stress, root growth recovery was more pronounced (Fig. 1). These morphometric changes coincided with
hormonal balance adjustments in rye organs. Specifically, shoot growth inhibition was accompanied by
increased accumulation of abscisic acid and salicylic acid, along with a significant reduction in indole-3-
acetic acid and gibberellin levels in 18-day-old plants. Conversely, IAA and GA levels increased in the roots
of 21-day-old recovered plants (Fig. 2).

Phytohormones play a crucial role in shaping drought tolerance in crops [50-53]. During drought, ABA
and SA function as chemical messengers, activating physiological processes such as osmolyte accumulation,
stomatal closure, and root growth stimulation [54,55]. Kuromori et al. [56] demonstrated that ABA is trans-
ported from its biosynthetic sites—roots and vascular leaf tissues—to other plant organs. The identification of
ABA transmembrane transporters suggests that their movement is tightly regulated within the intercellular
network. The increased ABA content in the shoots and roots of the rye ‘Boghuslavka’ under moderate soil
drought suggests enhanced biosynthesis of the hormone (Fig. 2A), which plays a protective role by regulating
transpiration intensity and root system growth. Previous reports indicate that ABA synthesized in roots
under drought stress is transported to leaves, where it serves as a trigger for adaptation mechanisms that
inhibit growth and induce stomatal closure [57].

Khan et al. [58] highlighted that SA’s signaling role depends on multiple factors, including endogenous
hormone levels and stress type. Exogenous SA application has been shown to enhance drought tolerance in
wheat by activating the antioxidant defense system, improving growth, increasing photosynthetic efficiency,
enhancing water potential, and boosting stress protein and osmolyte levels [59-61]. Our study revealed that
under moderate soil drought, SA levels in 18-day-old rye plant cv. ‘Boghuslavka’ increased more significantly
in shoots than in roots. At 21 days post-rehydration, SA levels declined, but shoot concentrations remained
higher than root levels. The response to post-drought recovery in 21-day-old plants was organ-specific:
shoots continued accumulating SA, while root SA levels decreased (Fig. 2B). These findings suggest an
organ-specific protective role of SA in young rye plants, particularly in aboveground tissues, in response to
soil drought.

Under drought conditions, the total IAA content in 18-day-old rye plants cv. ‘Boghuslavka’ decreased
by 66.2% (Fig. 2C). Similarly, a 72% reduction in IAA levels after three days of drought was reported in
rice plants [62]. IAA plays a crucial role in growth regulation and long-term morphological adaptations due
to its biosynthesis, transport, and signaling mechanisms [20,63,64]. Under the influence of drought, ABA
accumulation is observed in the tissues of the root tip. The interaction between IAA and ABA optimizes root
growth and branching under sufficient soil moisture but restricts it under drought [65]. Our findings suggest
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that the rye root system exhibited significant drought acclimation, which correlated with ABA accumulation
and reduced IAA levels (Fig. 2). Similarly, Sadok and Schoppach [66] found that auxin accumulation in
the root system reduces water use during the day and night and modulates the hydraulic properties of
plants. Other studies indicate that young leaves, characterized by high IAA levels and active hormone
biosynthesis [67], demonstrate increased stress resistance [68]. Thus, drought-induced a substantial decrease
in TAA, particularly in the shoots of 18-day-old rye plants. By the 21st day, post-stress plants still had lower
IAA levels than control plants of the same age, indicating prolonged stress effects.

We also found that drought reduced total GA content in rye shoots and roots, with gibberellins
dominating in shoots (Fig. 2DD). Omena-Garcia et al. [69] reported that under stress, declining GA levels
promote the accumulation of free amino acids, such as proline, which accelerates carbon transport to
the roots, maintains leaf turgor, and enhances drought tolerance. GA, along with ABA, regulates stomatal
conductance under drought. Deactivation of GA in stomatal guard cells contributes to their closure, while
inhibition of GA synthesis in leaves suppresses crown growth, limiting the transpiration zone [70]. A decline
in biologically active GAs under drought has also been observed in maize leaves [71].

A reduction in endogenous GA levels and activity enhances drought tolerance by promoting the
accumulation of DELLA proteins, key growth inhibitors, thereby facilitating adaptation to abiotic stresses
such as drought [72,73]. Exogenous GA application has demonstrated stress-mitigating effects. Al-Huqail
et al. [74] found that foliar treatment of wheat with GA alleviated the toxic effects of ZnO nanoparticles
by increasing antioxidant enzyme activity. Under salt stress, exogenous GA; induced chloroplast lipid
biosynthesis in rice [75] and enhanced proline accumulation, maintaining membrane permeability and
improving nutrient levels in maize [76]. GA3 also improved gas exchange under salt stress and stimulated
antioxidant enzyme activity and flavonoid accumulation [77]. By the 21st day post-irrigation, under GA4
dominance, total GA content in rye shoots exceeded control levels but remained half as high in roots
(Fig. 2D).

Comparing drought responses across cereal genotypes, we found that the drought-tolerant winter
wheat cv. ‘Podolyanka’ exhibited the most active ABA accumulation in the roots of 18-day-old stressed
and 21-day-old recovered plants. In contrast, the environmentally plastic spelled wheat cv. ‘Frankenkorn’
showed a significant increase in SA levels in the roots of both stressed and recovered plants. In the cold-
resistant, moderately drought-resistant winter rye cv. ‘Boghuslavka, drought suppressed IAA accumulation
in both shoots and roots. GA; accumulation was also inhibited in the roots of 18-day-old stressed spelt
wheat plants and 21-day-old recovered plants [78]. Overall, the general drought response across the studied
cereals involved ABA and SA accumulation and reduced auxin and gibberellin levels. However, species- and
organ-specific variations in hormone dynamics and localization were evident.

We found that moderate soil drought triggered a specific response in 18-day-old rye plants cv.
‘Boghuslavka’ is characterized by the differentiated accumulation and distribution of low-molecular-weight
protectants—amino acids, total phenols, and flavonoids. Aspartic acid, glutamic acid, glycine, alanine, and
leucine dominated the roots and shoots of both control and drought-stressed plants. However, drought
caused a significant reduction in most AAs in the shoots (by 30%-60%) and roots (by 17%-64%),
suggesting their utilization in metabolic processes that support acclimation. Additionally, the extent of
AA depletion may reflect the genotype’s sensitivity to water deficit, as more drought-tolerant cultivars
tend to maintain or even accumulate certain AAs (e.g., proline) to support osmoprotection and redox
balance. In contrast, the pronounced reduction in AAs observed in the ‘Boghuslavka’ variety may indicate
insufficient metabolic compensation of AAs or a limited capacity for stress mitigation and may also reflect
cultivar-specific characteristics.
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Aspartic acid participates in the biosynthesis of other AAs and serves as a precursor for biomolecules
involved in cellular homeostasis and antioxidant defense [31]. Glutamic acid plays a central role in nitrogen
metabolism and contributes to drought tolerance in cereals [79], acting as a nitrogen donor for AA
biosynthesis and other nitrogen-containing compounds while also maintaining redox balance and protecting
cells from oxidative stress [80]. Glycine and alanine are crucial for drought protection; glycine supports
antioxidant synthesis (including glutathione), osmoregulation, and photosynthetic activity, while alanine
functions as an osmoprotectant and plays a role in nitrogen transport and energy metabolism [81,82]. Leucine
serves as an energy source via catabolic pathways, which is especially vital during drought stress [83]. The
preservation of histidine levels in rye shoots under drought suggests its role in metabolic adaptations aimed
at mitigating water deficit effects [84]. Meanwhile, the stable arginine content in roots and shoots indicates a
balance between its biosynthesis and utilization in adaptation processes. Typically, drought-tolerant cereals
accumulate proline, tryptophan, and branched-chain AAs (BCAAs) [85], but our results showed a decline
in these AAs in ‘Boghuslavka’ rye, highlighting its sensitivity to drought in early ontogenesis. However,
the stable levels of cysteine and phenylalanine in roots may indicate their protective roles, correlating with
greater root system resilience. Cysteine is a precursor to glutathione, a key antioxidant that neutralizes
reactive oxygen species generated under drought stress [86], while phenylalanine serves as a substrate for the
synthesis of phenolic compounds that reinforce root cell walls, enhancing dehydration resistance and water
balance maintenance [87,38].

A significant decrease in the levels of GABA and proline was observed in both the shoots and roots
of 18-day-old rye seedlings. These amino acids typically accumulate under stress conditions like drought,
aiding in osmoregulation, antioxidant defense, and cell signaling [89]. GABA levels under drought stress
may follow a biphasic pattern—initially increasing, then decreasing as it is used in the tricarboxylic acid
cycle to meet energy demands [90]. Drought also activates GABA transporters (ProTs, AAP3) and affects the
expression of GABA biosynthesis genes, particularly GAD, which encodes glutamate decarboxylase [91,92].
Studies show that drought-tolerant chickpea varieties exhibit dynamic GAD expression [93], while GAD
knockout in Arabidopsis results in reduced GABA levels and heightened drought sensitivity [94]. Thus, the
decrease in GABA in the ‘Boghuslavka’ rye variety may reflect both its varietal sensitivity to water deficit and
the intensive use of GABA as an energy source under drought stress.

The reduction in proline levels may be linked to the low GABA content, as GABA is a precursor for
proline and regulates its metabolism [89]. Elevated GABA enhances proline synthesis, improving drought
tolerance through osmotic adjustment and reduced ROS, while GABA deficiency limits proline production
and increases tissue damage [90,95-97]. Drought also influences the expression of proline biosynthesis genes
such as P5CS and P5CR [98,99]. The decrease in proline content in our study in the shoots and roots of rye
may also be associated with a decrease in the expression of these genes. Regulatory mechanisms controlling
proline biosynthesis may be suppressed under certain drought stress conditions, potentially leading to a
decrease in its overall synthesis [100,101]. Therefore, the decline in GABA and proline levels in rye seedlings
likely results from imbalances in synthesis and utilization driven by both physiological stress responses
and varietal traits. The decrease in proline content in rye under drought conditions may be attributed to
its relatively high constitutive levels—approximately 30 umol/g in roots and 50 umol/g in leaves—which
significantly exceed those found in wheat and spelt (up to 10 umol/g) [28]. This elevated baseline likely
reduces the need for additional proline accumulation during drought and may even allow its utilization as a
metabolic pool for synthesizing other compounds essential for stress adaptation.

In contrast to rye, spelt wheat (‘Frankenkorn’) exhibited a significant increase in total AA content
in shoots under drought, while winter wheat (‘Podolyanka’) showed no significant changes. Spelt wheat
shoots were dominated by arginine, proline, phenylalanine, cysteine, and valine, whereas winter wheat shoots
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primarily accumulated phenylalanine and tyrosine [28]. Drought also induced the synthesis of total phenols
and flavonoids), which help prevent oxidative damage [33,102]. The accumulation pattern of TF depends on
the genotype’s stress tolerance, stress intensity, duration, and the efficiency of ROS neutralization [28]. Our
results showed a differential response in the phenolic compound distribution in 18-day-old ‘Boghuslavka’ rye
plants under drought. Under control conditions, total phenols were more abundant in shoots. Drought stress
reduced phenol content in both shoots and roots, with more pronounced declines in roots. The increase in the
shoot-to-root ratio for total phenols suggests that phenol biosynthesis in roots was inhibited or degradation
accelerated in response to stress.

Conversely, drought-enhanced flavonoid biosynthesis, particularly in roots, correlated with phenotypic
signs of increased drought tolerance. The decreased shoot-to-root ratio for flavonoids suggests that protective
mechanisms were activated in the roots, potentially through increased synthesis or reduced degradation.
When comparing phenolic compound dynamics in cereals with varying stress tolerance [26], we found that
moderate drought-induced phenol and flavonoid accumulation in the shoots of drought-resistant winter
wheat (‘Podolyanka’) and the roots of the ecologically plastic spelt wheat (‘Frankenkorn’).

Thus, the general drought response across the studied cereals involved flavonoid accumulation. How-
ever, ‘Boghuslavka’ rye exhibited a specific response, characterized by a decrease in free AAs, total phenols,
and proline content, indicating its sensitivity to drought at the early growth stage.

5 Conclusion

Drought-induced both nonspecific and organ-specific changes in the accumulation and distribution
of endogenous phytohormones. A general response to drought was the accumulation of stress hormones
ABA and SA, along with the suppression of growth hormones IAA and gibberellins. However, hormonal
changes vary between plant organs. A significant increase in ABA and SA levels was observed in the shoots
of both stressed and recovered plants, correlating with inhibited growth. The prolonged impact of drought
was evident in the sustained accumulation of ABA in both shoots and roots of recovered plants. In contrast,
SA levels in the roots decreased, while the shoots continued to accumulate this hormone.

Drought also led to a marked reduction in IAA content, particularly in rye shoots, while GA; + GA4
levels significantly decreased in the roots. GA; was dominant in all samples except in the shoots of 21-day-old
control plants. After irrigation was restored, IAA levels increased but did not return to control values. In the
roots, GA; + GA4 levels increased due to GAy4, whereas in the shoots, GA; + GA4 levels decreased, primarily
due to GA; reduction.

The study also revealed distinct patterns in the changes and distribution of low-molecular-weight
protective compounds, including free amino acids and phenolic compounds, under drought conditions. The
overall decrease in most free AAs suggests their involvement in energy metabolism defense and antioxidants.
The reduced phenol content in the roots suggests either suppressed synthesis or increased degradation,
whereas the increased flavonoid content, particularly in the roots, indicates their role in mitigating oxidative
stress. Overall, rye shoots and roots adopt different acclimation strategies in response to moderate soil
drought. The reduction of key AAs and dynamic changes in flavonoid distribution highlight the sensitivity
of the Boghuslavka variety to drought in the early stages of development.

In drought-stressed rye plants, a substantial increase in ABA and SA levels was observed, accompanied
by a marked decline in IAA and gibberellins levels. These hormonal changes occurred alongside a reduction
in free amino acid content, accumulation of phenolic compounds, and an increase in flavonoid levels.

This study provides a foundation for further research on the mechanisms of drought resistance in cereal
crops and the development of strategies to enhance their adaptive potential.
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AA Amino acid

ABA Abscisic acid

Ala Alanine

Arg Arginine

Asp Aspartic acid

Cys Cysteine

DW Dry weight

Fw Fresh weight

GA;3 GA4 Gibberellic acids
GABA y-Aminobutyric acid
Gln Glutamine

Glu Glutamic acid

Gly Glycine

His Histidine

HPLC-MS High-performance liquid chromatography-mass spectrometry
IAA Indole-3-acetic acid
i Isoleucine

Leu Leucine

Lys Lysine

Met Methionine

Phe Phenylalanine

Pro Proline

ROS Reactive oxygen species
SA Salicylic acid

Ser Serine

TF Total Flavonoids

Thr Threonine

TPH Total Phenols
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Tyr Tyrosine

Val Valine
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