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Background. Phytohormones are natural regulators of plant growth and develop-
ment, with their content and distribution varying across organs and tissues throughout
the plant’s life cycle. Indole-3-acetic acid (IAA) regulates organogenesis, delays aging,
and is involved in responses to environmental stresses. Abscisic acid (ABA), a stress
hormone, controls transpiration, root growth, and plant aging. While extensive research
exists on the role of IAA and ABA in the growth and morphogenesis of higher flowering
plants, their roles in vascular spore-bearing plants remain poorly understood.

Materials and Methods. This study examined the dynamics and distribution of
endogenous IAA and ABA in the organs of reproductive and sterile plants of the spo-
rophyte generation of Equisetum arvense L. across nine ontogenetic phases, using
HPLC-MS analysis.

Results. The study found that during the growth of shoots, rhizomes, and repro-
ductive structures, the active form of IAA accumulates. As growth slows down, organs
age, and spores mature, the content of endogenous ABA increases. Across all devel-
opment phases, hormone levels were higher in the organs of sterile summer plants
than in reproductive spring plants, except during the germination phase for IAA and the
semi-open and open strobile phases for ABA. The accumulation of free ABA in strobiles
during the massive spore shedding indicated its role in regulating spore maturation and
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strobile aging. Hormone levels in sterile shoots of varying heights increased following
the formation and growth of second-order lateral branches. In spring rhizomes, IAA and
ABA accumulation occurred during the open strobile phase, while in the rhizomes of
summer plants, IAA (due to the bound form) and ABA (due to the free form) accumu-
lated in 40- and 50-cm tall plants. Upon cessation of growth, IAA levels in the rhizomes
of 70-cm tall plants decreased, while ABA levels remained unchanged.

Conclusions. Active growth processes in both above-ground and underground
organs as well as the development of reproductive structures were associated with
the accumulation of the active form of IAA. In contrast, the slowing of growth, aging of
organs and maturation of spores were accompanied by increased ABA content. The
study also revealed similarities in the patterns of IAA and ABA accumulation in the
ontogeny of higher spore-bearing and flowering plants, contributing to the fundamental
understanding of phytohormonal regulation of plant growth and development.

Keywords: Equisetum arvense L., abscisic acid, indole-3-acetic acid, sporophyte,
growth, development

INTRODUCTION

Phytohormones are natural regulators of plant growth and development, whose
content and distribution change in organs and tissues throughout the life cycle (Bajguz,
Piotrowska-Niczyporuk, 2023; Ljung, 2013). Indole-3-acetic acid (IAA), the most stud-
ied auxin, regulates processes such as cell division, elongation, differentiation, tropic
responses, flowering, apical dominance, the formation of the conducting system,
organogenesis, aging, and responses to environmental stresses (Korver et al., 2018;
Wakeman & Bennett, 2023). IAA is primarily synthesized in the cells of the apical meris-
tem, young leaves, and flower buds, from where it is transported through the phloem to
other plant organs (Fabregas & Fernie, 2022). Local synthesis of auxins also occurs in
roots (Zhang et al., 2022). IAA homeostasis is maintained by converting the free active
form of the hormone into the conjugated form (Favre et al., 2024).

Abscisic acid (ABA), a well-known stress hormone (Sharma & Sharma, 2023),
plays a crucial role in regulating plant physiological and metabolic processes during
ontogenesis (Humplik et al., 2017). ABA controls stomatal activity, root growth, cuticu-
lar wax formation, seed development and germination, organ senescence, and growth
inhibition (Chen et al., 2020; Kavi Kishor et al., 2022; Sakata et al., 2014). The fine-
tuning of ABA-mediated signaling is considered a key evolutionary event that helped
vascular plants conquer land (Chen et al., 2020; Sun et al., 2019). ABA is synthesized in
leaves, roots, stems, and fruits, but the main site of hormone formation is chloroplasts,
the vascular system, and stomatal closing cells. ABA accumulates mainly in vacuoles
(Cardoso et al., 2020). It mediates both rapid responses and relatively longer changes
in gene expression related to stress response, leading to the formation of protective
substances, including dehydrin proteins and various antioxidant compounds (Sharma &
Sharma, 2023; Yang et al., 2022).

Among modern vascular spore plants, horsetails form the smallest group. However,
in terms of the number and diversity of fossil species, they hold a leading place (Husby,
2013). The division Equisetophyta is represented by one genus Equisetum, which includes
15 to 60 species (Hauke, 1990). In Ukraine, this genus comprises nine species in two sub-
genera, Equisetum and Hippochaete (Milde) Baker. (Mosyakin & Fedoronchuk, 1999).
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Horsetails are capable of rapid colonization, facilitated by an effective reproductive
and vegetative strategy (Mosyakin & Tyshchenko, 2010). The most common species
in Ukraine is field horsetail (Equisetum arvense L.), a noxious weed found in fields with
slightly acidic soil among crops, as well as in wet meadows, riverbanks and reservoirs.
E. arvense is a 10-50 (100) cm tall herbaceous plant, with a long blackish rhizome
forming spherical nodules filled with starch at the nodes. Its life cycle is dominated by
a perennial sporophyte characterized by dimorphic shoots (Tymchenko et al., 2019).

Previous studies have shown that spring spore-bearing and summer vegetative
shoots of E. arvense differ in morphometric parameters and physiological functions. The
reproductive buds consisted of 90 % embryonic strobili and 10 % meristematic embryo-
nic stem with close internodes, nodes, and rings of leathery leaves. Spore-bearing,
unbranched, articulated-annular reproductive shoots grow intensively from April to early
May (semi-open strobilus stage). When photosynthetic internode growth ceases, the
strobili axis lengthens, and the tightly closed hexagonal shields covering the sporan-
gia diverge. Mass shedding of spores begins after 80 % opening of the strobile at the
opened strobile stage. Once the spores mature, the spore-bearing shoots die, and by
late May or early June, the development of green branched vegetative, or assimilation,
articulated-ring shoots begins. Significant variability in organ size is observed within
one range, depending on lighting and surrounding plant species. Analysis of the growth
curves of various organs of the assimilating shoot reveals uneven elongation in May,
while in June—July organ sizes level off, and growth and development slow down. From
mid-July to autumn, a long stationary stage follows, during which growth stops and
nutrients accumulate in the rhizome (Voytenko et al., 2016). Cells of the intercalary
meristem in vegetative shoots are characterized by electron-dense cytoplasm. During
active cell growth, the vacuole expands, reaching 80 % of the protoplast volume in dif-
ferentiated cells. High photosynthetic activity in internodes is associated with a dense
membrane system of chloroplasts (Voytenko et al., 2016). A correlation between lipoxy-
genase (LOX) activity and seasonal changes in physiological and metabolic processes
in the rhizome has also been found. In winter, LOX activity is low and stable, but with
spring warming, lipid metabolism and LOX activity increase. During the rhizome’s emer-
gence from dormancy, starch grains in amyloplasts decrease, forming characteristic
clusters near the plasmalemma (Babenko et al., 2015). The high mechanical strength
and rigidity of the stem and side shoots are provided by silica plates located in a thin
uniform dense layer on the epidermis surface of stem internodes (Stakhiv et al., 2013).

In contrast to numerous studies on the role of phytohormones in regulating growth
and morphogenesis in flowering plants, the phytohormones of vascular spore plants
remain understudied (Dathe et al., 1989; Kosakivska et al., 2019). Using the HPLC-MS
method, we have established the dominance of the bound forms of IAA and ABA in the
ontogeny of the sporophyte of the evergreen rough horsetail (Equisetum hyemale L.).
IAA is involved in the regulation of the development of stem organs, lateral roots and
storage nodules, while ABA activates adaptation processes during the autumn veg-
etation period (Voytenko, 2021). In the complex system of the plant organism, vari-
ous phytohormones interact intricately. In some growth and development processes,
one hormone’s effect can be dominant or at least predominant. The effects of different
phytohormones often intersect multiple times. Therefore, the aim of our work was to
investigate the dynamics and localization of endogenous IAA and ABA in the organs of
E. arvense at different stages of ontogenesis to clarify these phytohormones’ possible
role in regulating sporophyte growth and development processes.
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MATERIALS AND METHODS

Plant Materials. The study focused on field horsetail plants (Equisetum arvense L.),
growing on loamy soils in well-lit forest glades in Kyiv and Zhytomyr regions. Material
collection occurred during the following periods: autumn-winter (November and
December) during the phases of autumn and winter dormancy; spring (March—May)
in the phases of spring awakening, germination, active growth, when plants reached
4-5 cm in height and closed, semi-open and open strobilus; and summer-autumn
(June—October) during the summer vegetation phases. The temperature regime and
humidity during collection were consistent with the statistical average for the Forest
Steppe climatic zone. The study examined rhizomes, reproductive germ buds, sprouted
buds, internodes 1-6 (from the rhizome), leaf rings, strobili of the reproductive shoot,
and internodes 1-6 lower and 8(9)—13(14) upper (from the rhizome) from a ring of | and
ll-order branches of vegetative photosynthetic shoots of different lengths (18, 21, 26,
40, 50 and 70 cm) and age (Fig. 1).

ol

v

Il - December Il - March IV-V - April VI-VIII - May IX - June-October

Phases of:
V- beginning of active growth (plants 4-5 cm)
| - autumn dormancy VI - closed strobilus
Il - winter dormancy VII - semi-open strobilus
Il - spring awakening VIl - open strobilus
|V — germination IX — summer vegetation

Fig. 1. Phenospectrum of the annual cycle of Equisetum arvense sporophyte

Extraction and determination of phytohormones. The plant material (10 g)
was ground in liquid nitrogen and homogenized in 30 mL of chilled 80% ethanol with
1-2 drops of an antioxidant (0.02% sodium diethyldithiocarbamate) and extracted for
24 hours. The alcoholic extracts were evaporated to an aqueous residue and frozen at
-18 °C for 12 hours to remove proteins and pigments. An aliquot of the thawed aque-
ous residue was adjusted to pH 3.0 with 2 N HCI and centrifuged at 10,000 rpm for
20 minutes on a K-24 centrifuge (Janetski, Germany). The free form of the total fraction
of IAA and ABA was extracted three times with diethyl ether from the supernatant. The
free form of IAA and ABA was further purified by acid-alkaline reextraction and thin-layer
chromatography (TLC) on Silica gel 60 F254 plates (Merck, Germany) using a solvent
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system chloroform : ethyl acetate : glacial acetic acid (70:30:5). Chromatogram zones
corresponding to the Rf of the IAA and ABA standards were eluted with 96% ethanol,
and the eluates were evaporated to a dry residue using a vacuum rotary evaporator
(type 350 r, Poland) at a temperature not exceeding +40 °C. The bound form of both
hormones was determined after hydrolyzing the aqueous residue (post-extraction of
free forms with diethyl ether) with 1 N NaOH in 30% ethanol in a water bath. Further
purification followed the same process as for the free form determination described
above (Methodological recommendations, 1988).

Quantitation of IAA and ABA was performed by high performance liquid chromatog-
raphy — mass spectrometry (HPLC-MS) on Agilent 1200 LC/MS liquid chromatograph
with diode-array G1315B (DAD) and single-quadrupole mass-selective G6120A (MSD)
detectors on Eclipse XDB-C18 column 4.6x250 mm with a particle size of 5 ym with
a mobile phase rate of 0.5 mL/min in the solvent system, methanol water, acetic acid in
a volume ratio of 40: 59.9: 0.1. Unlabeled IAA and ABA from Sigma (USA) were used
to identify plant hormones. Recording of IAA spectrograms on DAD was performed
in the UV range at a maximum absorption at a wavelength of 280 nm, followed by
identification by mass spectrum equipped with a combined ionization source (MM-ES-
APCI). IAA detection on a mass-selective detector was performed in SIM and Scan
modes in Negative Polarity (registration of negatively charged ions) in the mass range
of 100-300. Elution of ABA was performed at an analytical wavelength of detection of
254 nm. Analysis and processing of chromatograms was performed using ChemStation
software version B.03.01 offline.

Statistical analysis. Experiments were performed in three biological replicates,
each with five analytical replicates. Data analysis was performed using Microsoft Excel
2016 and Python 3.12.6. A one-way analysis of variance (ANOVA) was employed to
assess statistical differences between average values. The significance level was set
at P <0.05. Post hoc comparisons were conducted using the Bonferroni correction to
identify specific groups with significant differences. Significant differences between indi-
vidual data groups are denoted by letters in the accompanying figures.

RESULTS and DISCUSSION

Accumulation and distribution of endogenous IAA in Equisetum arvense
reproductive sporophyte shoots and rhizomes. During the autumn and winter dor-
mancy phases, IAA accumulated predominantly in primordia, with the total hormone
content being 1.3 to 7.5 times higher than that in the rhizome. The bound form of the
IAA exceeded the free form by 85.7 % and 42.1 %, respectively. As the rhizomes tran-
sitioned into the winter dormancy phase, the IAA levels decreased, primarily due to
a reduction in the bound form, which reached trace levels (Fig. 2).

In the spring awakening phase, with no above-ground parts present, the IAAlevel in
the rhizome increased solely due to the accumulation of the hormone’s free form, reach-
ing 4.6+0.23 ng/g of fresh weight (FW). During the germination phase, as the reproduc-
tive bud developed and intercalary meristems activity increased in the internodes, I1AA
levels in the rhizomes dropped to trace values. In contrast, the hormone content rose
significantly in above-ground organs (reproductive bud with formed internodes and leaf
rings), reaching 150.9+7.55 ng/g FW. At this stage, the free form of IAA exceeded the
bound form by 37.8 %. At the onset of active growth, when shoots reached a height of
the 4-5 cm, IAA was predominantly found in the shoots (six internodes with leaf rings),
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where its total content was 2.2 times higher than that in the rhizome and stems. The
free form of IAA dominated in the shoot by 58.9 %. In rhizomes and strobilus, only the
bound form of the hormone was present, with contents of 7.4+0.37 and 7.8+0.39 ng/g
FW, respectively (Fig. 2).

1AA
Strobilus ()
= Stem sheath (leaves) wg B Free
> Internode i
Rhizome —ie Conjugated
Strobilus
— Stem sheath (leaves) Hd
Internode
Rhizome |n C
Strobilus Hd
— Stem sheath (leaves) i d
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Rhizome

Organs in the development stage
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> Stem wd
Rhizome
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Fig. 2. |AA accumulation and distribution in Equisetum arvense reproductive shoots and rhizomes in the
phases of autumn (l) and winter (Il) dormancy, spring awakening (lll), germination (1V), the beginning
of active growth (V), when the plants reached 4-5 cm in height, closed (VI), semi-open (VIl) and open
(V1) strobilus

Note: n = 5; x + standard error (SE), different letters beside the bars indicate statistically significant diffe-
rences between means assessed by Bonferroni's test at P <0.05. a — Internode 6; b — Rhizome 2,
Rhizome 3, Internode 8; ¢ — Rhizome 4, Rhizome 6, Rhizome 7; d — Embryonic bud 1, Embryonic
bud 2, Stem 5, Stem sheath (leaves) 6, Strobilus 6, Stem sheath (leaves) 7; e — Rhizome 8; f —
Reproductive bud 4; g — Rhizome 5, Strobilus 5, Internode 7, Strobilus 7, Stem sheath (leaves) 8,
Strobilus 8; h — Rhizome 1

During the development of reproductive structures (closed strobili phase), I1AA
accumulated in the strobili, although the total hormone content in these structures was
3 and 1.2 times lower than in internodes and leaf rings. The highest IAA levels were
found in internodes, where active growth was starting to decelerate. At this point, the
bound form of IAA was 355 % lower than the free form. In contrast, the free form of IAA
predominated in leaf rings and closed strobili by 89 % and 19 % (Fig. 2).

In the semi-open (pre-sporulation) and open (posy-80 % sporulation) strobili
phases, the total IAA content in the strobili decreased from 8.4 to 6.8 ng/g FW, respec-
tively. During the mass shedding of spores, the bound form of IAA predominated in the
strobili, being 1.8 times greater than the free form. As the growth of internodes and
leaf rings ceased during the following phases, a gradual reduction in IAA content was
observed, with changes being more pronounced in internodes than in leaves. The total
content of IAA in internodes during the open strobilus phase was 94.6 % and 67.4 %
lower, respectively, compared to closed strobilus phase. At this stage, the bound and
later the free form of IAA predominated in internodes by 9 and 3 times, respectively.
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Conversely, the free form of IAA prevailed in the leaves by 1.3 and 1.2 times (Fig. 2). In
the rhizomes, IAA accumulation (mainly in the bound form) was detected only during the
open strobilus phase at the onset of summer vegetation.

Thus, in the reproductive above-ground organs of E. arvense, |IAA accumulation
occurred during the active growth phase of spring fertile shoots (germination phase)
and the strobilus development and spore formation phases (closed strobilus phase).
IAA content in rhizomes was significantly lower than in above-ground organs, with accu-
mulation occurring only during the transition from reproductive to vegetative develop-
ment of the sporophyte (open strobilus phase).

Accumulation and distribution of endogenous IAA in Equisetum arvense veg-
etative sporophyte shoots and rhizomes. After the spores ripen, the spore-bearing
shoots die, and at the end of May to early June, green branched vegetative, or assimi-
lation, shoots begin to develop. These shoots are characterized by an articulated-ring
structure and grow intensively until mid-July, reaching heights of 50 cm or more, after
which growth stops and nutrients storage in the rhizome is activated. There is significant
variability in organ sizes within the same range of E. arvense. In well-lit areas without
other plant types, the stems of E. arvense become thin (1-3 mm in diameter), short (up to
50 cm), and sprawling. However, in environments with intensive surrounding vegetation
growth, mature rhizomes of the field horsetail clone produce powerful erect unbranched
stems 70-80 cm long and 4 mm in diameter, with massive first-order branches of up to
30 cm long and second-order branches up to 6 cm long (Voytenko et al., 2016).

As a result, vegetative shoots of different lengths and ages develop simultaneously
on one rhizome. We studied 1-6 lower and 8(9)-13(14) upper internodes with branch
rings of the first and second order in summer sterile horsetail shoots of different lengths
and ages (18, 21, 26, 40, 50 and 70 cm). As the length of vegetative shoots increased,
the total IAA content rose, reaching a maximum of 105.0£5.24 ng/g FW in 50 cm high
plants. Upon cessation of growth in 70 cm tall shoots, IAA level decreased by 3.8 times,
amounting to 27.2+1.35 ng/g FW (Fig. 3).

In 18 cm high hoots, hormone accumulation was observed in the upper internodes
with first-order branches, where the free form of IAA exceeded the bound form by three
times. In the lower internodes, IAA content was 2.4 times lower, with the bound form
dominating at 4.3+0.22 ng/g FW. With the initiation and formation of second-order
branches in the nodes of lower first-order branches of 21 cm tall plants, the free and
bound forms of IAA increased by 8 and 2.4 times in the lower metameres, while in the
upper metamers, they decreased by 2.2 and 3 times, respectively. The free form of the
hormone remained dominant in the upper metamers, while bound IAA accumulated in
the lower metamers. In 26 cm tall plants, IAA content remained almost unchanged in the
shoot’s upper organs, amounting to 4.2+0.21 ng/g FW, with the free form accumulating
and the bound form present in trace amounts. In the lower metamers, both I1AA forms
decreased, totaling 3.2+0.16 ng/g FW, which was 1.3 times lower than in the upper
metamers (Fig. 3).

In the upper and lower metameres of second-order branches in 40 cm tall plants,
IAA content increased by 6.4 and 9.2 times, respectively (Fig. 3). In the lower meta-
mers, the amount of free and bound IAA forms was equal. Conversely, in the upper
metamers, the free form content was 2.5 times higher than the bound form. During
the transition to stationary growth in 50 cm tall plants, the bound form of IAA accumu-
lated in both shoot parts, with the hormone amount being 1.3 timed higher in the lower
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metamers. In contrast, the free form level was equal in the upper and lower metamers
and lower than the bound IAA content. During growth slowing/stopping in of 70 cm tall
plants, there was a decrease in both IAA forms, with amounts remaining within close
limits. During the summer-autumn growth period, IAA levels in the rhizome gradually
increased. In 40 cm tall plants, hormone content peaked at 65.4+3.27 ng/g FW, then
decreased t0 9.8+0.49 ng/g FW in 70 cm tall plants. During stationary growth, the bound
hormone form dominated in rhizomes, except for 50 cm tall plants (Fig. 3).
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Lower internodes with branches
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Upper internodes with branches
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Lower internodes with branches
Rhizome
Upper internodes with branches
Lower internodes with branches
Rhizome
Upper internodes with branches
Lower internodes with branches
Rhizome

50 cm

40 cm

26 cm

21cm

Organs in the development stage
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o
-
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N
o
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Fig. 3. |AA accumulation and distribution in upper and lower internodes with branch rings of the first and
second order of Equisetum arvense assimilation shoots and rhizomes of different height and age

Note: n =5; x + standard error (SE), different letters beside the bars indicate statistically significant diffe-
rences between means assessed by Bonferroni's test at P <0.05. a — Lower internodes with branches
18, Upper internodes with branches 21, Rhizome 26, Lower internodes with branches 26, Upper inter-
nodes with branches 26; b — Rhizome 40; ¢ — Lower internodes with branches 50, Upper internodes
with branches 50; d — Lower internodes with branches 21, Rhizome 50; e — Upper internodes with
branches 18, Rhizome 70; f — Rhizome 21; g — Lower internodes with branches 40, Upper internodes
with branches 40, Aboveground part 70; h — Rhizome 18

Thus, the growth of metamers in the assimilating summer-autumn shoots of
E. arvense was accompanied by an increase in the free form of IAA, while growth slow-
down corresponded with a decrease in hormone levels, with the bound form becoming
dominant.

Accumulation and distribution of endogenous ABA in Equisetum arvense
reproductive sporophyte shoots and rhizomes. During the autumn dormancy phase,
ABA accumulation occurred primarily in the rhizomes, with a total hormone content of
4.9+0.24 ng/g FW. In the winter dormancy phase, ABA was predominantly found in the
primary buds, with a total content of 8.6£0.42 ng/g FW. In autumn, ABA accumulated in
buds primarily in its bound form, while the free form was present only in trace amounts.
The free form of ABA became more prominent in overwintering buds, with its content
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being 2.7 times higher than that of the bound form. In rhizomes during the autumn
period, the levels of both ABA forms were similar, however both decreased to trace
amounts during the phase of winter dormancy (Fig. 4).

ABA
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Fig. 4. ABA accumulation and distribution in Equisetum arvense reproductive sporophyte shoots and rhi-
zomes in the phases of autumn (I) and winter (II) dormancy, spring awakening (lll), germination (IV),
the beginning of active growth (V), when the plants reached 4-5 cm in height, closed (VI), semi-open
(V1) and open (V1) strobilus

Note: n=5;x+standard error (SE), different letters beside the bars indicate statistically significant differences
between means assessed by Bonferroni's test at P <0.05. a — Internode 6; b — Stem sheath (leaves)
7, Internode 8; ¢ — Reproductive bud 4; d — Rhizome 1, Embryonic bud 1, Embryonic bud 2, Rhizome
3, Rhizome 4, Stem 5, Strobilus 5, Rhizome 6, Rhizome 7, Internode 7, Strobilus 7, Rhizome 8, Stem
sheath (leaves) 8; e — Strobilus 8; f — Rhizome 2, Rhizome 5, Stem sheath (leaves) 6, Strobilus 6

During the phase of spring awakening and germination, there was a gradual increase
in ABA levels in the rhizomes, mainly due to the accumulation of its free form. In the ger-
mination phase, the total ABA content in the sprouted reproductive buds, which included
six internodes with leaf rings and a rudimentary strobilus, was three times higher than in
the rhizome. In contrast, reproductive buds accumulated the bound form of ABA, which
was 3.6 times higher than the free form. At the onset of active growth, ABA levels in the
rhizomes decreased to trace values. In the shoots, the total hormone content was half
that of the stems, with the bound form predominating in the shoots by 1.3 times, while
the free form predominated in the stems by 9.8 times (Fig. 4).

As the growth of above-ground organs slowed and spores matured, ABA levels
increased significantly, peaking during open strobile phase and reaching their lowest
during the closed strobila phase. During the half-open strobila phase, ABA accumulated
in leaf rings, where the hormone content was 4.9 and 3.5 times higher than that in inter-
nodes and strobiles, respectively.

In above-ground organs, the bound form predominated. At the open strobila phase,
ABA accumulation shifted to the strobili, reaching 140.6+7.03 ng/g FW, which was
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3.5 and 24.2 times higher than in the internodes and leaves, respectively. The free form
predominated in internodes and strobili (77.4 % and 97.4 %, respectively), while the
bound form dominated in the leaves by 192.9 %. During the development of reproduc-
tive shoots, ABA content in rhizomes increased from 5.3+0.26 ng/g FW in the closed
strobila phase to 18.6£0.93 ng/g FW in the open strobila phase, with the free form of
ABA being dominant in all investigated phases (Fig. 4).

In summary, ABA accumulation in rhizomes exhibited jump-like changes during
growth and development, while a gradual increase was observed in mature above-
ground organs. ABA levels in rhizomes decreased at the end of autumn dormancy, but
increased during the germination stage. Following a second reduction in ABA content
at the beginning of active growth, another increase occurred, peaking during the open
strobilus phase. The free form of ABA was dominant in rhizomes. After the germination
of above-ground organs, ABA gradually accumulated in reproductive buds, and, as the
growth of reproductive shoots slowed, in leaves and internodes. The maximum accu-
mulation of ABA was recorded in strobiles at the end of the spring reproductive shoot’s
vegetation, coinciding with the mass dispersal of mature spores.

Accumulation and distribution of endogenous ABA in Equisetum arvense
vegetative sporophyte shoots and rhizomes. In the rhizomes of vegetative sterile
summer shoots of field horsetail, the total content of ABA reached maximum values of
47.3+2.36 ng/g FW and 50.6+2.53 ng/g FW in 50 and 70 cm tall plants. Trace amounts
of the hormone were detected in 18, 21, and 26 cm tall plants. In 40 cm tall plants, the
content of both free and bound forms of ABA increased fivefold, with both forms pre-
sent in equal amounts. The content of ABA was within the same limits and increased
by 5 times. In plants measuring 50 and 70 cm, the free form dominated, exceeding the
bound forms by factors of 10.3 and 4.9, respectively (Fig. 5).

In 18 cm tall plants, the total ABA content in the upper metamers was 1.8 times
higher than in the lower metamers. The free form of ABA predominated in the upper part
of the shoot, whereas both forms were equally present in the lower part. In 21 cm tall
plants, during the formation of second-order branches, ABA accumulation shifted to the
lower metamers, where its content increased fivefold. Meanwhile, ABA levels remained
unchanged in the upper metamers, with the free form dominating in the lower metam-
ers, and the bound form in the upper metamers. In 26 cm tall plants a 2.3-fold decrease
in total ABA content was recorded in the lower metameres, mainly due to a reduction
in the free form. The ABA content in the upper metamers remained constant, but the
balance between forms shifted towards the free form, which reached 4.1+£0.21 ng/g FW,
while the bound form decreased to trace levels (Fig. 5).

During the active growth of second-order branches and the slowing of internodal
growth, ABA content increased significantly (Fig. 5). In 40 cm tall plants, total hormone
content increased by 9.1 and 26.8 times in the lower and upper metamers, reaching
59.8+2.98 ng/g FW and 121.8+6.09 ng/g FW, respectively. The upper metamers were
dominated by the free form (53.6 %), while the bound form dominated in the lower meta-
mers (160.2 %). In 50 cm tall plants, hormone accumulation occurred in the lower meta-
meres, with the bound form dominating by 1.7 times. Total ABA content in the upper
metamers remained unchanged, with the bound form dominating by 15.4 times. In
70 cm tall plants, ABA accumulation was primarily in the rhizomes, while total hormone
content in the shoots decreased significantly to 22.4+1.12 ng/g FW, with the bound form
dominating by 11.4 times (Fig. 5).
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Fig. 5. ABA accumulation and distribution in the upper and lower internodes with branch rings of the first and
second order of Equisetum arvense assimilation shoots and rhizomes of different height and age

Note: n = 5; x + standard error (SE), different letters beside the bars indicate statistically significant dif-
ferences between means assessed by Bonferroni's test at P <0.05. a — Rhizome 40; b — Upper
internodes with branches 40, Lower internodes with branches 50, Upper internodes with branches
50; ¢ — Rhizome 21; d — Lower internodes with branches 18; e — Rhizome 26; f — Upper internodes
with branches 18, Upper internodes with branches 21, Lower internodes with branches 26, Upper
internodes with branches 26; g — Lower internodes with branches 40, Rhizome 50, Rhizome 70; h —
Aboveground part 70; i — Lower internodes with branches 21; j — Rhizome 18

Overall, ABA accumulation in the vegetative shoots of field horsetail occurred dur-
ing the slowing and stopping of growth in both above-ground and underground organs.
Active growth of organs coincided with significant reduction (almost tenfold) in ABA
levels. The results suggest that endogenous IAA and ABA play a role in the regulating
the growth processes of the sporophyte generation of field horsetail.

IAAis involved in regulating most plant growth and development reactions (Weijers
& Wagner, 2016), affecting growth and development by regulating cell division and elon-
gation (Perrot-Rechenmann, 2010). While IAA is considered a “growth hormone,” ABA
is often referred to as a “stress hormone”, involved in the formation of stress responses
(Vishwakarma et al., 2017). Additionally, ABA regulates plant growth and development
under non-stress conditions (Yoshida et al., 2019), while IAA responds to various stress
factors (Gray et al., 1998). The signaling pathways of these two phytohormones intersect
in growth regulation and stress response formation (Rowe et al., 2016). In the phase of
spring awakening, the onset of active growth, and the closed strobilus phase, the free
form of IAA dominated in the above-ground organs of the reproductive sporophyte of
field horsetail, while ABA was mainly in its bound form. In rhizomes, bound IAA and free
ABA accumulated at the end of spring vegetation, while in previous phases, these phyto-
hormones were present in trace amounts, except during autumn dormancy. Previously
we established that in the sporophyte organs of rough horsetail (Equisetum hyemale)
with an evergreen phenorhythm type, the maxima in the content of endogenous plant

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriuHi Ctygii / Studia Biologica ¢ 2025 ¢ Tom 19/ Ne 1 ¢ C. 71-86



82 Lesya Voytenko, Inna Grigorchuk, Mykola Shcherbatiuk, Oleksandr Polishchuk, Olga Tsvilynyuk, Iryna Kosakivska

hormones IAA and ABA also occurred during periods of active growth and development
of reproductive shoots and development and maturation of strobili with spores. The
accumulation of IAA (mainly the free form) in the rhizome occurred during the formation
of storage tubers, when the plants were preparing for the transition to dormancy, the
maximum of ABA occurred during the dormancy. A specific feature of E. hyemale com-
pared to E. arvense is the predominance of the conjugated form of IAA and ABA in the
sporophyte organs at in the organs of the sporophyte at almost all investigated stages
of development (Voytenko, 2021).

The accumulation of endogenous IAA and ABA during autumn dormancy of
E. arvense may be related to forming dormant lateral buds laid in rhizome nodes. IAA
and ABA actively interact in regulating various processes of growth and development
in higher plants, including root elongation, lateral root formation, seed germination, and
cotyledon growth. In higher plants, IAA activity peaks during dormancy release, seed
germination, and organ growth, whereas ABA activity increases during seed maturation,
dormancy transition, and organ senescence (Emenecker & Strader, 2020).

The accumulation of IAA in strobiles decreased from the closed strobila phase to
the open strobila phase, while ABA content increased. The accumulation of free ABA
and bound IAA in strobili during mass spore shedding suggests ABA’s involvement in
spore maturation and strobili senescence. Similar hormonal fluctuations occur in higher
plants during seed maturation and organ senescence/retardation (Shu et al., 2016).

ABA accumulation in rhizomes of sterile plants (70 cm tall) occurred at the end of
the growing season, while in the active growth phase (40 cm tall plants), endogenous
IAA content was highest. This distribution suggests that during the active growth of
above-ground organs, rhizomes are the main site of IAA biosynthesis, while ABA pri-
marily controls storage nodule formation in rhizome nodes. In sterile summer vegetative
shoots (40 and 50 cm tall), IAA and ABA accumulation coincided with the growth of sec-
ond-order lateral branches. IAA accumulated in the lower metameres, where second-
order branches developed in the nodes of the first-order branches. Conversely, ABA
content increased in the upper metamers, where only second-order branches formed.
As the growth slowed, IAA and ABA content decreased significantly in 70 cm tall plants.
Free and bound IAA levels were equal, but ABA was mainly in its bound state. Overall,
IAA and ABA content was higher in organs of sterile field horsetail plants than in repro-
ductive plants, except during the germination phase for IAA and the semi-open and
open strobilus phases for ABA.

CONCLUSION

The dynamics and distribution of endogenous IAA and ABA during the ontogeny
of the sporophyte generation of Equisetum arvense were analyzed for the first time. It
was established that active growth processes in both above-ground and underground
organs, as well as the development of reproductive structures, occur alongside the accu-
mulation of the active form of IAA. In contrast, the slowing of growth, aging of organs
and maturation of spores are accompanied by an increase in the content of endogenous
ABA. The results revealed similarities in the accumulation patterns of endogenous IAA
and ABA in the ontogeny of both higher spore and flowering plants, contributing to the
fundamental knowledge of plant growth and development regulation.
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EHOONEHHI AYKCUH | ABCLIM3OBA KUCIOTA B PErynsuli POCTY
TA PO3BUTKY CIMOPO®ITY EQUISETUM ARVENSE L.

Jlecsi BoiimeHko', IHHa pu2op4yk?, Mukona Lljep6amiok’,
OnekcaHOp Moniwyk', Onbea LeinuHrok®, IpuHa Kocakiecbka'

" [Hcmumym 6omaHiku im. M. I. XonodHoeo HAH Ykpaitu

syn. TepeweHkiecbka, 2, Kuie 01004, YkpaiHa

2 Kam’ssHeub-IModinbebkuli HayioHanbHUl yHieepcumem imeHi leaHa OzieHka
syn. OzieHka, 61, Kam’sHeyb-lNodinbcekuli 32301, YkpaiHa

3 Jlbsiecbkuli HayjoHanbHUU yHieepcumem imeHi IsaHa ®paHka

syn. lpywescbkoeo, 4, Jibeie 79000, YkpaiHa

Bctyn. ®iToropMoHU — NpUpPOAHI perynsatopu pocTy M PO3BUTKY POCIWH, BMICT
i PO3MN0A4in AKNX 3MIHIOTLCS B OpraHax i TKaHMHax ynpoA4oBXK XXUTTEBOrO LuKIy. IHgonin-
3-ourtoBa kucnota (IOK) perynioe opraHoreHes, CMoBifibHIOE CTapiHHSA, 3ajisHa y Bia-
noBiasx Ha ekomnoriyHi ctpecn. MfopmoH cTpecy abcumsosa kucnota (ABK) koHTpontoe
TpaHcnipauito, picT KOpeHiB, CTapiHHA pocnuH. Ha BiAMiHY Big YMCNEHHUX OaHUX Npo
yyactb |IOK i ABK y perynsauii pocToBux i oOpMOTBOPUYMX MPOLIECIB BMLLUX KBITKOBMX
POCHVH, POSb LIX FOPMOHIB Y CYOUHHUX CIOPOBUX POCIIMH € ManodocCrigKeHOok0.

Matepianu Ta meToaun. YNpoOoBx AeB’siTu a3 oHToreHesy metogom BEPX-MC
BMBYEHO AMHaAMIiKy Ta po3nogin eHgoreHHux IOK 11 ABK B opraHax penpoayKTUBHUX
i CTEepUITbHUX POCIIMH CNOPOMdITHOro NOKONiIHHA Equisetum arvense L.

Pesynbratn. BcTaHOBREHO, WO nig Yac poCcTy MaroHiB, KOPEHEBULLA Ta PO3BUTKY
penpoayKTUBHUX CTPYKTYP HaKonNnuyeTbcs akTuBHa dpopma IOK. 3a ynoBinbHEHHS poCTY,
CTapiHHS opraHiB i 4o3piBaHHA cnop 3pocTae BMICT eHgoreHHol ABK. Ha Bcix dhasax pos-
BUTKY PiBHI FOPMOHIB B OpraHax CTEPUITbHUX JITHIX POCMMH Byny BULLMMW, HIX Y penpo-
OYKTUBHUX BECHSAHUX, 3a BUHATKOM dhasn npopocTtaHHsa ansa IOK i a3 HanisBigkputoro
Ta Bigkputoro cTpobiny anst ABK. HakonudeHHs BinbHoi ABK y cTpobinax y nepiog maco-
BOr0 BMCUMAHHSA CMOp 3acBigyurio y4acTb rOpMOHY B perynsuil 4o3piBaHHA crop i cTa-
PiHHS cTpobiny. PiBHIi rOPMOHIB y CTEPUIbHMX NaroHax Pi3HOI JOBXWHM 3pOCTanu nicrs
opMyBaHHS Ta pPOCTY BIYHUX TNOK APYroro NOPsiAKy. Y BECHSHMX KOPEHEeBMLLAaX Hako-
nuyeHHst IOK n ABK Bigbyeanock y dady BigkpuToro ctpobiny. Y KopeHeBuwax niTHix
pocnuH HakonuyeHHs1 IOK (nepeBaxHo 3B’a3aHoi dopmm) i ABK (3aebinbLioro BinbHOT
dopmun) BUABNEHO y pocnvH BucoTor 40 i 50 cM. 3 npunuHeHHam pocTy y 70 cm pocnuH
BMicT IOK y kopeHeBuLLax 3MeHLLMBCS, a piBeHb ABK 3anuwmscsa 6e3 3miH.

BucHoBKMW. AKTUBHI pOCTOBI NpoLlecn y HaA3eMHUX i NiA3EMHNX opraHax Ta po3Bu-
TOK penpoayKTUBHUX CTPYKTYp BigbyBanucs Ha Tni HakonuyeHHs akTneHoi goopmu 10K,
HaTOMICTb YMOBINIbHEHHA POCTY, CTapiHHA OpraHiB i JO3piBaHHSA CMOp CynpoBOAXKYBa-
nocs 3poctaHHaM BmicTy ABK. BrusiBneHo prcy nogibHOCTI y xapakTepi HakonU4eHHs
IOK i ABK B OHTOreHesi BULLIMX CMOPOBUX Ta KBITKOBMX POCIIMH, O AOMOBHIOE yHAa-
MEHTarbHi 3HaHHSA 3 NMTaHb PITOFOPMOHAaNbHOI perynsauii pocTy N PO3BUTKY POCHVH.

Knroyosi cnoea: Equisetum arvense L., abcumsoBa kucnota, iHgonin-3-outosa

KMcnota, cnopodit, picT, pO3BUTOK
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