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Abstract. Nitrogen-containing heterocycles have attracted the attention of researchers as compounds
widely represented in the structures of both natural and synthetic plant growth regulators. The
relevance of using natural and synthetic growth regulators in plant propagation is extremely high, as
they play a key role in regulating plant growth and development processes, including reproduction.
Propagation technologies that employ growth regulators are a vital tool in modern horticulture,
agriculture, and biotechnology, enabling the production of high-quality planting material and
enhancing production efficiency. The aim of this study was to analyse current approaches to the use
of both natural and synthetic growth stimulators based on nitrogen-containing heterocycles in plant
propagation, and to further determine the prospects for their application. It has been established
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that nitrogen-containing natural and synthetic growth regulators are most effectively used for the
rooting of cuttings, microclonal propagation (in vitro culture), seed pre-treatment, and the regulation
of flowering and fruiting processes. Current strategies for the application of growth stimulators
based on nitrogen-containing heterocycles have been systematised, and modern approaches to the
development of new, highly efficient compounds using molecular modelling have been outlined. It was
demonstrated that the integration of different pharmacophoric fragments within a single molecule
can significantly enhance biological activity. Furthermore, the use of newly synthesised compounds,
multicomponent formulations, methods for improving their efficiency, and controlled-release systems
has shown high effectiveness. The practical significance of this work lays in its potential to guide
the development and application of more effective growth stimulators, thereby improving plant
propagation efficiency, increasing crop productivity, and optimising biotechnological processes in
agriculture and plant science

Keywords: quinoline and succinate derivatives; hybrid molecules; vegetative propagation of plants;

microclonal propagation; mixtures of growth stimulators; quinoline derivatives

INTRODUCTION
The modern development of agriculture, biotech-
nology, and landscape gardening requires the im-
plementation of efficient plant propagation tech-
nologies to ensure the production of high-quality
planting material and to increase plant produc-
tivity and adaptability to changing environmental
conditions. In this context, the use of plant growth
regulators that specifically influence physiolog-
ical processes, including rooting, organogenesis,
flowering, and fruiting, is particularly important.
Among a wide range of biologically active sub-
stances, nitrogen-containing heterocyclic com-
pounds occupy a significant place due to their
high biological activity, structural diversity, and
the ability to modify their properties. Analysis of
contemporary scientific studies indicates the ac-
tive development of this research area. J. Cohen
& L. Strader (2024) emphasise that indole com-
pounds’ ability to mimic natural phytohormones
opens broad prospects for the development of new
growth regulators. Auxins are key regulators of
plant development, controlling cell division, dif-
ferentiation, and organ formation processes. The
balance between different auxin forms and their
transport is critical for the normal functioning of
the plant organism. G. Gomes & K. Scortecci (2021)
and P. Sun et al. (2023) note that indole derivatives
not only stimulate growth but also enhance plant
resistance to biotic and abiotic stresses by acti-
vating protective metabolic pathways. This opens
new opportunities for the application of such com-
pounds under stress conditions. At the same time,
the effectiveness of growth stimulants depends on

both their concentration and the genetic charac-
teristics of plants. An important research direction
is the search for an individualised approach to
the application of growth regulators for different
plant species. Studies confirm the importance of
using growth regulators in tissue culture, where
they promote the induction of adventitious roots
and the synthesis of secondary metabolites. Such
approaches are promising for the biotechnological
production of valuable compounds.

A number of studies by S.-H. Kim et al. (2021),
D. Loconsole et al. (2023) and F. da Silva et
al. (2025) demonstrate practical aspects of using
growth regulators for biotechnological production
and vegetative propagation of ornamental plants.
The use of synthetic regulators yields more stable
results than natural extracts. To stimulate rooting
in difficult-to-root species and to preserve rare
and endemic plants, new synthetic growth stim-
ulants based on nitrogen-containing heterocycles
are being actively investigated. Considerable in-
terest is focused on studies of nanomaterials and
novel biologically active compounds, particularly
quinoline and pyrimidine derivatives, that en-
hance the efficiency of plant growth regulation
and provide more controlled effects on physiolog-
ical processes. At the same time, the development
of environmentally safe preparations with high ef-
ficiency and low toxicity remains relevant.

The application of 6-benzylaminopurine
(6-BAP) in in vitro culture stimulates shoot for-
mation, increasing the efficiency of plant propa-
gation. At the same time, different concentrations
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of this growth regulator affect the accumulation
of photosynthetic pigments (chlorophylls and
carotenoids) in plants after acclimatisation. Opti-
mal doses of 6-BAP promote both intensive shoot
formation and improved plant physiological con-
dition, as reflected in increased pigment content.
The study by J. Seka et al. (2025) demonstrated
that the addition of cytokinins - kinetin or thidi-
azuron (TDZ) - to the culture medium significant-
ly improves shoot regeneration and overall in vitro
culture efficiency. TDZ proved to be particularly
effective, stimulating more intensive shoot forma-
tion in most of the studied varieties. These results
indicate the potential to overcome cassava recal-
citrance and are of great importance for the mass
propagation of valuable agronomic varieties and
for the development of agricultural biotechnol-
ogy. Research by V. Tsygankova et al. (2024) and
M. Zavhorodnii et al. (2024) demonstrated the per-
spective of the direction modification of the het-
erocycle and the residue of S-heterocyclic acids.
In particular, residues of acetic and succinic acids
influenced plant metabolic processes, stimulating
growth and propagation.

Thus, the analysis of modern literature in-
dicates significant scientific interest in the use of
nitrogen-containing heterocyclic growth regula-
tors in plant propagation technologies. At the same
time, further research is needed to clarify their
mechanisms of action, optimal concentrations, and
the potential to develop new, effective compounds
with targeted properties. The aim of this study
was to conduct a systematic analysis of modern
approaches to the use of natural and synthetic ni-
trogen-containing heterocycle-based growth stim-
ulators in plant propagation technologies, and to
identify prospects for their further application.

MATERIALS AND METHODS
This study was conducted as a narrative review
aimed at systematising and summarising current
scientific data on the use of nitrogen-contain-
ing heterocycle-based natural and synthetic plant
growth regulators in plant propagation technolo-
gies. The literature search was carried out during
the period 2020-2025 using leading internation-
al scientific databases, including Scopus, Web of
Science, PubMed, Google Scholar, as well as elec-
tronic libraries of specialised scientific journals.
The search employed keywords in English and
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Ukrainian, including: plant growth regulators, ni-
trogen-containing heterocycles, auxins, micropro-
pagation, plant propagation technologies, indole
derivatives, quinoline derivatives, rhizogenesis,
and their Ukrainian equivalents. The inclusion cri-
teria were: publications in peer-reviewed scientif-
ic journals; relevance to the research topic (plant
growth regulators, biologically active heterocy-
clic compounds, plant propagation technologies);
timeliness of sources (preference given to studies
with emphasis on 2023-2025); availability of exper-
imental or review data on mechanisms of action,
efficiency, or practical application of growth regu-
lators. The exclusion criteria included: non-peer-
reviewed publications; studies lacking sufficient in-
formation on mechanisms of action or application
results; duplication of results or secondary sourc-
es without new data. In total, 35 scientific sources
were analysed, including original studies, review
articles, and experimental works on the synthesis,
properties, and applications of growth regulators
based on nitrogen-containing heterocycles. The lit-
erature analysis was performed using comparative,
systemic, and structural-functional approaches.
Particular attention was paid to studies examining
the mechanisms of action of indole, quinoline, and
pyrimidine derivatives, as well as their effects on
root formation, organogenesis, seed germination,
and plant adaptation to stress conditions.

To generalise the obtained information, quali-
tative analysis methods were used, including: sys-
tematisation of data by types of growth regulators;
classification of compounds according to their
chemical nature and mechanisms of action; com-
parison of the effectiveness of natural and syn-
thetic stimulators; analysis of modern approaches
to the development of new biologically active sub-
stances, including molecular modelling methods
and the combination of pharmacophoric groups.
Technological aspects of the application of growth
regulators in plant production and biotechnolo-
gy were also considered, including micropropa-
gation (in vitro), cutting rooting, seed treatment,
and the use of prolonged-release formulations.
The analysis covers the current stage of scientific
development (2020-2025), enabling identification
of trends in the development and application of
plant growth regulators. The main emphasis was
on recent studies (2023-2025) demonstrating the
potential of nitrogen-containing heterocyclic
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compounds to enhance the efficiency of plant
propagation technologies.

RESULTS AND DISCUSSION
The modern development of plant science and bi-
otechnology necessitates the search for effective
means of regulating plant growth and develop-
ment. Particular attention has been paid to com-
pounds based on nitrogen-containing heterocy-
cles, which are characterised by high biological
activity and the ability to exert targeted effects
on plant physiological processes. In this context,
it is important to analyse current approaches to
the development and application of such growth
stimulators, as well as to determine their role in
enhancing the efficiency of plant propagation.
0. Nedukha (2015) and V. Tsygankova et al. (2024)
believe that natural and synthetic growth stimu-
lators based on nitrogen-containing heterocycles
have attracted researchers’ attention due to their
high efficiency and potential for targeted influence
on plant physiological processes. The development
of modern growth regulators is proceeding in the
following directions: creating safe, environmen-
tally friendly growth stimulators; employing na-
nomaterials to enhance the delivery of active sub-
stances; and combining multiple active compounds
to achieve synergistic effects. J. Cohen & L. Strad-
er (2024) believe that indole compounds, with their
unique capacity to mimic peptide structures and
reversibly bind to enzymes, are of great importance

cl NH;
HO
cl

Cl

in regulating plant growth. They stimulate the
formation of roots and fruits while activating the
plant’s immune system against harmful biotic and
abiotic factors. Analysing target recognition, re-
ceptor recognition, key activation sites, and the
mechanism by which indoles activate processes in
plants to improve crop growth or disease resistance
is a crucial step in further designing such com-
pounds as plant growth regulators and immunity
inducers. Understanding the mechanisms of action
of indoles is crucial in contemporary strategies for
applying growth regulators to control plant growth
and enhance their tolerance to biotic and abiotic
stresses (Tsygankova et al., 2024).

The paper by M. Faizan & S. Hayat (2024) pre-
sents the features of synthesis, potential applica-
tions, mechanisms of stress resistance formation,
and aspects of stability for plant growth regula-
tors. Strigolactones, karrikins, and heme-mediated
regulation of plant biology are considered. Plant
growth regulators act as biostimulants, enhancing
plant tolerance to adverse conditions. Particular
attention is paid to the fact that the application
of these substances in low concentrations ensures
significant improvement in plant vitality and con-
tributes to increased crop yields. The publication
by O. Nedukha (2015) indicates that among syn-
thetic nitrogen-containing auxins, the most com-
monly used are 4-amino-3,5,6-trichloropyridine-
2-carboxylic acid (picloram) (Fig. 1la) and
5,6-dichloroindole-3-acetic acid (Fig. 1b).

0

a OH

A\

N
Cl H

Figure 1. 4-Amino-3,5,6-trichloro-2-pyridinecarboxylic acid (a),
2-(5,6-dichloro-1H-indol-3-yl) acetic acid (b)
Source: developed by the authors based on O. Nedukha (2015)

Auxin is a key phytohormone regulating
plant growth and development under various
conditions. Even at low levels, it influences gene
expression via specific transcription factors and
signalling proteins (Sun et al., 2023). Auxin is syn-
thesised in actively dividing tissues and transported

66

by specialised carrier proteins. Precise control
of auxin levels, particularly of its primary form —
indole-3-acetic acid (IAA), is crucial for organ
formation and is regulated by converting IAA
from conjugated forms and precursors (Gomes
& Scortecci, 2021; Sosnowski et al., 2023). One
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such precursor is indole-3-butyric acid (IBA),
which is converted to TAA via -oxidation in per-
oxisomes. Disruptions in this conversion result in
developmental defects, underscoring IBA’s impor-
tance for maintaining auxin homeostasis (Roth et
al., 2024). Like TAA, IBA can also be transported
within plants, though many of its transporters
remain unidentified. Auxin biosynthesis occurs
through both tryptophan-dependent and tryp-
tophan-independent pathways, involving indole
intermediates and key enzymes such as YUC and
TAA (Gomes & Scortecci, 2021). Crucially, indole
compounds play a significant role in regulating
plant growth and influencing resistance to biotic
and abiotic stresses. They can enhance plant toler-
ance to stresses directly or indirectly through the
salicylic acid, jasmonic acid, and malate dehydro-
genase pathways, and by increasing the activity of
related defence enzymes (Roth et al., 2024).
Studies by H. Li et al. (2024) have shown that
triazole plant growth regulators are highly effec-
tive at preventing plant lodging and increasing
crop yield. However, their prolonged persistence
in soil may negatively affect subsequent crop de-
velopment. Compounds of cyclohexanecarboxylic
acid are characterised by moderate effectiveness
and rapid soil degradation; however, prohexadione
calcium requires caution due to the risk of soil tox-
icity. The use of B9 in succinic acid derivatives is
limited by its elevated toxicity. Y. Zaytseva (2024)
developed an effective system for regeneration of
Rhododendron yedoense var. poukhanense (H. Lév.)
Nakai from seedlings using TDZ as an inducer of
meristem proliferation. Seedlings germinated in
vitro were used as explants. The highest average
number of shoots per explant was obtained after
elongation under conditions of direct cultivation
on AM medium supplemented with 1.0 uyM TDZ,
and after a pulse treatment with 30.0 uyM TDZ (9.32
and 10.32, respectively). Rooting of plants (50%)
was recorded after a 4-hour pulse treatment with
indole-3-butyric acid with in vitro cultivation
on hormone-free AMO medium. M. Khanam et
al. (2022) showed that growth regulators play a
crucial role in ornamental nurseries, ensuring rap-
id production of well-developed seedlings. Pro-
longed growth in small pots leads to root defor-
mation, hindering water and nutrient uptake and
reducing plant stress tolerance. IBA often com-
bined with 1-naphthaleneacetic acid, is commonly

Zavhorodnii et al.

used in nurseries (Tsaktsira et al., 2021). A study
on rhododendron propagation (R. ponticum, R. lu-
teum, R. ungernii, and R. caucasicum) examined the
effects of IBA dosage (0, 500, and 1,500 ppm) and
propagation season (autumn/spring) on rooting.
R. caucasicum and R. ungernii showed 100% root-
ing efficiency, while R. ponticum and R. luteum had
lower rates. The highest root dry mass, volume, and
diameter were observed in R. caucasicum (autumn,
1,500 ppm IBA), while the longest roots were found
in R. ungernii (spring, 500 ppm IBA) (Altun, 2023).
Vegetative propagation is crucial for repro-
ducing high-yielding trees (Elouaflin et al., 2023).
In Ivorian cashew orchards, air-layering protocols
were developed, testing various substrates, stem
diameters, and IBA concentrations. Sawdust, rice
husk, and coconut peat yielded rooting percent-
ages of 88.09%, 79.36%, and 61.90%, respectively,
while coffee husk yielded no roots. Larger diameter
stems (8-12 mm) and 5 mg/L IBA resulted in the
highest rooting (85.18%) and survival (89.41%),
with over 80% survival after transplanting. Thus,
8-12 mm stems treated with 5 mg/L IBA in sawdust
are optimal for cashew air-layering in Cote d’Ivo-
ire. Vegetative propagation is also effective for spe-
cies with complex seed germination requirements,
such as red osier dogwood (Cornus sericea L.). Stem
cuttings were used with varying IBA concentra-
tions and cutting ages (previous-year shoots/PYS
and current-year shoots/CYS). After four months,
IBA improved survival, height, and biomass in PYS
cuttings but not in CYS. IBA concentration and
cutting age significantly affected root morphology;
higher IBA increased root surface area and length,
particularly in PYS cuttings, potentially enhancing
resource uptake and growth (Inoue et al., 2023).
Another important avenue for using propaga-
tion technologies with growth regulators involves
specific adaptations to challenging environmental
conditions. Propagating plants for harsh environ-
ments requires tailoring them to specific stresses.
A study on Prunus rootstocks showed that geno-
types significantly affected auxin-induced root
formation. This suggests that a plant’s genetic
makeup plays a key role in its ability to develop
stress-resistant roots (Justamante et al., 2022).
S.-H. Kim et al. (2021) showed that IBA is a com-
mon growth stimulator used in stem cuttings. Re-
search on V. dahurica and V. pusanensis confirms
that IBA is more effective than NAA in promoting
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root growth. IBA at 1.5 mg/L significantly in-
creased root number in both species and increased
root length in V. dahurica. These findings high-
light IBA’s potential for vegetative propagation in
these plants. The influence of mother plant age on
adventitious root formation and IBA uptake was
studied in Prunus subhirtella ‘Autumnalis’ leaf cut-
tings. IBA and IAA concentrations were measured
over 24 hours in cuttings from mature (60 years),
rejuvenated (16 years), and juvenile (in vitro)
mother plants. Rooting success and root quality
were then assessed. Semi-mature plants showed
significantly higher rooting (95%) than mature
plants (68%), with less callus formation. While
IBA concentration in cuttings wasn’t affected by
mother plant age or time after cutting, the study
highlights the impact of mother plant physiology
on rooting success and root quality.

Traditional peach rootstock propagation re-
lies on seeds because they are readily available
and easy to handle. However, stem cuttings are
crucial for propagating hybrids and maintaining
genetic uniformity (Lesmes-Vesga et al., 2021).
A study comparing K-IBA (potassium indole-3-
butyric acid) concentrations (0-0.4%) on peach
cuttings in aeroponics and rooting trays found
that 0.2% K-IBA optimised rooting and survival,
while 0.2% and 0.4% promoted the most adven-
titious roots. Rooting trays supported better root
growth, but aeroponics proved equally effective
for rooting with improved control and resource
management. In floriculture, vegetative propa-
gation is vital for preserving rose varieties. Re-
search evaluating powdered and gel IBA on hy-
brid tea (‘Mr. Lincolin’) and floribunda (‘Iceberg’)
roses, using cuttings of varying lengths (20-
35 cm) and an anti-desiccant (Vapor Gard), found
that 30 cm cuttings treated with Vapor Gard for
three weeks yielded the highest rooting percent-
ages (73-83%). Notably, gel IBA significantly
outperformed the powdered form for floribun-
da roses, improving rooting (93%), root length
(15.7 cm), root number (21), shoot number (4),
shoot length (19.7 cm), leaf number (20), and leaf
area (19.6 cm?). While both forms were compara-
ble in terms of hybrid tea rose leaf area, gel IBA
was superior in all other aspects. This suggests
that gel IBA with longer cuttings enhances rose
rooting and may be applicable to other ornamen-
tals (Mohammed et al., 2024).

This study evaluated the effect of different
numbers of leaflets and concentrations of IBA on
the rooting ability of leafy stem cuttings of Hev-
ea brasiliensis. Rooting of Hevea brasiliensis leafy
stem cuttings can be an effective tool for cultiva-
tion, conservation of genetic diversity, and resto-
ration of this species in Peru, which has been dec-
imated by decades of extractive practices (Gomes
& Scortecci, 2021). Rubber tree cuttings (6-7 cm)
with 2 or 5 leaflets were treated with 0-5,000 ppm
IBA and rooted in sandy substrate under mist ir-
rigation. After 29 days, cuttings with 5 leaflets
and 2,000 ppm IBA showed the best results: 100%
survival, 79% rooting, 4.1 roots, and 2.9 cm root
length. This technique is a simple yet effective
tool for conserving and commercialising rubber
trees. A study by J. Seka et al. (2025) showed that
the addition of exogenous plant growth regula-
tors: KIN at concentrations of 0.12 and 0.24 pM
and TDZ at concentrations of 5 and 10 nM, con-
tributed to the optimisation of micropropagation
in vitro. When reducing the concentration of min-
eral salts Murashige and Skoog (MS) by half, this
was also effective, especially in combination with
PGR. The authors of M. Seliem et al. (2025), inves-
tigated that although 1.0 mg L-1 TDZ produced
the highest significant number of shoots, it did
not promote rooting. The authors recommended
using BAP at a concentration of 4.0 mg L-1. The
separate effect of a single cytokinin, added to MS
medium, on the in vitro propagation of A. sisalana
was also studied.

One modern approach to the search for ef-
fective compounds is molecular modelling based
on known natural and synthetic compounds. Re-
search results from recent years by M. Zavhorod-
nii et al. (2024) show that the combination of a
nitrogen-containing heterocycle and mercapto-
carboxylic acids enhances biological activity or
reveals new effects. An analysis of the lipophilic-
ity, toxicity, and rhizogenesis effects of the stud-
ied compounds was conducted. The most toxic
compounds had acetic and propanoic acid resi-
dues in the 4 position. Among the triazoles, the
compound containing bromine in the 4™ position
of the anthraenedione ring was the most toxic.
This is associated with increased bioavailability of
more lipophilic compounds (Matada et al., 2021).

The studied compounds exhibited strong
stimulatory activity for rhizogenesis in vitro in
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explants of Paulownia clone 112 and Rosa dam-
ascena variety ‘Lada’. Some of the studied com-
pounds - (2-((7-chloroquinolin-4-yl)thio)ace-
tic acid) and (3-((7-chloroquinolin-4-yl)thio)
propanoic acid) — exceeded the reference drug -
2-(naphthalen-5-ol)acetate acid — by 10 to 20%
(Shupeniuk et al., 2023). The presence of L-cysteine

Zavhorodnii et al.

and N-acetyl in the 4™ position of the quinoline
cycle reduced activity. The introduction of substit-
uents into the anthraenedione ring did not signifi-
cantly affect the activity of the triazoles. A number
of effective compounds were obtained by combin-
ing a heterocycle and a succinic acid residue in a
single molecule (Shupeniuk et al., 2023) (Fig. 2).

R R R
S/ 2 yd
\ R, \ \
= >
N R, Cl "

Figure 2. General structure of S-heteryl succinates
Note: R =CH(COOHCH,-COOH); R, =H, CH; R,=H, -OCH,, -OC,H,
Source: developed by the authors based on V. Shupeniuk et al. (2023)

The presented research results show that on
a nutrient medium supplemented with the com-
pounds: 2-((quinolin-4-yl)thio)succinic acid and
2-((7-chloroquinolin-4-yl)thio)succinic acid, cloned
Paulownia plants form 4.22 +0.31 and 4.50 £ 0.71
roots (p < 0.001), respectively, and the rhizogenesis
frequency reached 93%. Overall, Paulownia clone 112

Cl

on a hormone-free nutrient medium initiates the
fewest roots and the shortest roots among all tested
medium variants. On a nutrient medium containing
the compounds with the addition of: 2-((quinolin-4-
yDhthio)succinic acid and 2-((7-chloroquinolin-4-yl)
thio)succinic acid, rose explants also had a signifi-
cantly greater number of roots (p<0.001) (Fig. 3).

o]

F

Figure 3. Structure of 2-((7-chloroquinolin-4-yl)thio)succinic acid
Source: developed by the authors based on M. Zavhorodnii et al. (2024)

The presented studies show that the com-
pound 2-((7-chloroquinolin-4-yl)thio)succin-
ic acid is a promising plant growth regulator
(Zavhorodnii et al., 2024). Thus, the creation
of new compounds based on succinic acid, an
important intermediate in the Krebs cycle and
in plant energy metabolism, is a promising di-
rection for the development of effective growth
stimulators (Labenska, 2016). It is known that the

main derivative of succinic acid used in growth
stimulators is gibberellins. In addition to gib-
berellins, there are other growth stimulators
that can be derived from succinic acid or have
a similar structure. The triazoles obtained from
anthracenedione derivatives showed a moderate
stimulatory effect on rhizogenesis in vitro in ex-
plants of Paulownia clone 112 and Rosa damasce-
na variety ‘Lada’. The presence of a sulphur atom
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contributes to both antiradical protection (OH)
and inhibition of lipid peroxidation processes
(ROOH) due to reducing properties with the for-
mation of sulfoxide and six-membered complex-
es with metals of variable valency. New synthet-
ic pyrimidine derivatives that have a regulatory
effect similar to that of plant hormones on root
and shoot growth are being actively researched
as novel plant growth regulators, pesticides, and
fungicides at concentrations of 10-°-10"° (Shu-
peniuk et al., 2023). A comparative assessment
of the restorative activity of synthetic low-mo-
lecular-weight nitrogen-containing heterocyclic
compounds was carried out, including derivatives
of sodium and potassium salts of 6-methyl-2-
mercapto-4-hydroxypyrimidine (Methyur, Kame-
thur), as well as new thioxopyrimidine deriva-
tives. The most biologically active compounds
were identified — Methyur, Kamethur and thiox-
opyrimidine derivatives (Tsygankova et al., 2025).

Research is exploring the use of natural ex-
tracts for plant propagation. A study on Photinia
‘Red Robin’ cuttings compared IBA and seaweed
extracts. While seaweed extracts promoted early
callus formation, IBA at 1% concentration ulti-
mately yielded the best overall rooting. Seaweed
extracts, despite increasing root number, inhibited
root length and didn’t improve biomass compared
to the control, suggesting they aren’t suitable for
this species’ propagation using this method (Lo-
console et al., 2023). B. Altun (2023) conducted
a study examining the effects of IBA dose and
breeding season on rooting rate and several root
parameters in rhododendron species: R. ponticum
L., R. luteum Sweet, R. ungernii Trautv and R. cau-
casicum Pallas. The author noted that the highest
rooting efficiency (100%) was obtained in R. cau-
casicum and R. ungernii.

Combining plant growth regulators, par-
ticularly auxins and cytokinins, shows promise,
enhancing root regeneration, yield, and disease
resistance, though some effects on plant chemis-
try are noted by D. Loconsole et al. (2023), J. Sos-
nowski et al. (2023) and V. Tsygankova et al. (2024).
Direct organogenesis in mature Pinus massoniana
was optimised using specific disinfection and PGR
combinations (6-BA, IBA, NAA), establishing a
regeneration system (Wan & Fan, 2024). Propaga-
tion of Ilex aquifolium benefited significantly from
NAA application, with apical cuttings achieving
100% rooting (Tsaktsira et al., 2021). The paper

by T. Thakur et al. (2025) demonstrates that plant
growth retardants are widely used in ornamental
horticulture to regulate plant morphology and
quality, as well as flowering processes, to enhance
ornamental value. Their action is associated with
the inhibition of gibberellin biosynthesis. By
limiting stem elongation, these substances pro-
mote the formation of more compact and bushi-
er plants. It is well known that growth retardants
can strengthen stems, increase plant stability, en-
hance stress tolerance, reduce the risk of lodging,
and ensure more uniform flowering.

A. Pourkhaloee (2021) investigated the veg-
etative propagation of field elm (Ulmus minor
Mill.) by softwood cuttings that were quickly
immersed (8 s) in aqueous solutions of IBA (0,
1,500 and 3,000 mg/L) followed by foliar spraying
with a commercial seaweed extract (Citoking -
Anoca Chemistry, Spain) at concentrations of 0,
1.5 and 3 ml/L. The highest rooting percentage
(78.9) was obtained with 1,500 mg/L IBA, which
showed a significant difference compared to the
control (20.9). The longest root and shoot lengths
(18.0 cm and 55.8 mm, respectively) were ob-
served with 1,500 mg/L IBA + 1.5 ml/L seaweed
extract (SWE). The application of SWE had no
significant effect on root diameter, leaf bud ger-
mination and number of new leaves. In contrast,
all these traits improved with 1,500 mg L-1 IBA.
Cutting survival during the rooting period was
not affected by SWE. Increasing the IBA concen-
tration from 0 to 3,000 mg L-1 decreased sur-
vival from 98.6% to 91.7%, respectively. Finally,
adventitious root cultures provide a sustainable
method for producing metabolites from medici-
nal plants, thereby addressing limitations in ac-
cessing wild plants (Khanam et al., 2022).

Tetrastigma hemsleyanum, a valuable me-
dicinal liana, faces endangerment due to limit-
ed wild populations and low seed yield. A study
developed protocols for shoot induction and or-
ganogenesis from leaves and petioles (Pang et
al., 2024). A combination of IBA and thidiazuron
induced callus and shoots, with optimal shoot in-
duction on MS medium containing 1.0 mg/L IBA
and 0.1 mg/L NAA, achieving a shoot proliferation
coefficient (SPC) of 6.73. Increasing light intensi-
ty further improved SPC and chlorophyll content.
Adventitious shoots readily formed roots (100%)
on MS medium with NAA or IBA (0.1-2.0 mg/L).
Plants exhibited high survival rates (>98%) after
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transplanting. These protocols enable mass pro-
duction of shoots for conservation and potential
commercial propagation.

New vegetative propagation methods are be-
ing developed for industrially important plants like
bamboo (Kumari et al., 2024). A study investigated
the effects of citrate- and CTAB-coated gold na-
noparticles (AuNPs) on Bambusa balcooa in vitro.
400 pM citrate-AuNPs significantly improved shoot
proliferation, photosynthetic pigment accumula-
tion, and antioxidant activity. Conversely, 600 uM
CTAB-AuNPs decreased growth. Transcriptome
analysis identified differentially expressed genes
and metabolic pathways associated with nanoelici-
tation and plant growth, including those involved in
oxidative stress response and cell proliferation. This
provides insights into the molecular mechanisms by
which AuNPs modulate micropropagation.

Methods involving radical activation of plant
growth regulators are also under development
(Gil et al., 2020). A study explored the effects of
light treatment (blue, red, fluorescent) and NAA
application on the rooting of single-node stem
cuttings. Blue light combined with NAA effectively
induced adventitious root formation in otherwise
poorly rooting cuttings. Gene expression analysis
revealed that cmLBD1 was upregulated by blue
light after 5 days, initiating rooting, while other
root formation genes were upregulated by fluores-
cent light after 14 days. This indicates that blue
light and NAA are more effective for rapid rooting
in single-node cuttings.

New approaches using mixtures of plant
growth regulators are crucial for propagating en-
dangered and endemic species. A study focused
on Hieracium lucidum subsp. lucidum, a critical-
ly endangered Sicilian endemic (Gianguzzi et
al., 2024). Seed germination tests showed high
germination rates (70-95%) across various tem-
peratures, indicating no dormancy. Vegetative
propagation via stem cuttings was enhanced by
IBA treatment, with all treated cuttings rooting
within two months compared to 50% rooting in
untreated cuttings over a longer period. An effi-
cient in vitro propagation protocol using leaf ex-
plants was also developed. The combination of
meta-topolin (mT, 2 mg/L) and 2,4-D (1 mg/L) in
MS medium maximised callus induction and shoot
regeneration. Root regeneration was optimal on
hormone-free MS and MS with IBA (1 mg/L). This
research demonstrates that H. lucidum can be
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successfully propagated using various methods,
depending on the available material.

CONCLUSIONS

The use of natural and synthetic plant growth
regulators based on nitrogen-containing heter-
ocycles is a promising direction in modern plant
propagation technologies. It has been shown that
nitrogen-containing heterocyclic plant growth
regulators are effective across various modern
plant propagation technologies. A review of cur-
rent research demonstrating the effectiveness of
using different groups of growth stimulators for
the propagation of plants with extremely complex
propagation due to long stratification require-
ments and low seed germination, for the repro-
duction of potentially high-yielding plants, under
conditions of specific plant adaptations to harsh
environmental conditions, is presented. Plant
propagation technologies involving plant growth
regulators encompass a wide range of methods
that stimulate and regulate propagation process-
es using natural and synthetic substances that
affect plant growth and development. It has been
shown that plant growth regulators based on ni-
trogen-containing heterocycles, both natural and
synthetic, are effectively used in the main plant
propagation technologies — rooting of cuttings,
microclonal propagation (in vitro tissue culture),
seed treatment, and regulation of flowering and
fruiting. The review article analyses approaches to
the design of new and effective compounds using
molecular modelling. It has been shown that com-
bining known pharmacophores into a single mol-
ecule increases the effect. Thus, the combination
of a nitrogen-containing heterocycle and mercap-
tocarboxylic acids leads to an enhancement of bi-
ological activity or the appearance of new effects.
The use of new synthetic preparations, mixtures
of growth stimulators, various methods to en-
hance their effects, and slow-release strategies
for growth stimulators has demonstrated their
effectiveness. However, it is important to consider
possible environmental risks and conduct further
research to create safe and effective preparations.
Future research should focus on elucidating the
mechanisms of action, optimising molecular struc-
ture, and evaluating environmental safety and
field-scale efficacy of growth stimulators based on
nitrogen-containing heterocycles across diverse
plant propagation systems.
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AHoTauisi. A30TOBMICHiI reTepoIMKIIiUHi CIOMYKM NPUBEPTAIOTh YBary AOCIIIHUKIB SIK PEYOBUHMU,
IIXPOKO MPENCTaBIeHi y CTPYKTYpax SIK NIPUPOSHMX, TaK i CUHTETUUHUX PEryysiTOpiB POCTY POCIMH.
AKTya/IbHICTD BUKOPUCTAHHSI MPUPOSHUX 1 CUHTETUUHUX PEryasiTOPiB POCTY B PO3MHOXKEHHI
POCIMH € HaA3BMYAfHO BMCOKOIO, OCKiJIbKM BOHM BifirpaloTh KJIIOYOBY POJIb Y Peryssilii MmpoiueciB
pOCTY 1 PO3BUTKY DPOC/INMH, BKIIOUAOUM PO3MHOXKeHHS. TeXHOMOTii pO3MHOXXEHHS i3 3aCTOCYBaHHSIM
PeryisaTopiB pOCTy € BaXXIMBUM iHCTPYMEHTOM CY4aCHOTO CaJliBHMIITBA, Ci/IbCBKOTO IOCIIOApCTBA Ta
6ioTexHosOTii, 3a6e3MeuyouM OTPMMAHHS BMCOKOSIKICHOTO ITOCaJKOBOTO MaTtepiasy Ta HiIBUIIeHHS
edexkTUBHOCTI BUPOOHMIITBA. MeTOI0 I[bOTO HOCTIIKeHHSI Oyl10 MpoaHali3yBaTM CydyacHi migxomu
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0 BUKOPMCTAHHS K MPUPOAHMX, TAaK i CMHTETUYHMUX CTUMYJISITOPIB POCTYy HAa OCHOBi a30TOBMiCHUX
reTepOLMKIIiB, & TAKOX BU3HAYMTU TEPCIEKTUBM iX IMONAJBLIOTO 3aCTOCYBaHHS. BcTaHOB/IEHO, IO
a30TOBMiCHI TPMPOIHI Ta CUHTETUMYHI PeryasiTopu pPOCTy HalieeKTUBHillle 3aCTOCOBYIOTHCS ISt
YKOpiHEHHS KMBI[iB, MiKPOK/IOHAJIbLHOTO PO3MHOXEHHS (in Vitro KyJnbTypa), IepearnociBHOI 06po6Ku
HACiHHS, @ TaKOX peryJloBaHHSI MPOIeciB UBITIHHA i MoAoHOIIeHHS. CUCTeMaTU30BaHO CydYacHi
cTpaTerii 3aCTOCYyBaHHS CTUMYJ/ISITOPiB POCTY Ha OCHOBi a30TOBMiCHMX TeTEPOLMKIIIB Ta OKpeCJieHO
CydJacHi migxomy J0 po3poOKM HOBUX BUCOKOEGMEKTUBHUX CIIONYK i3 BUKOPUCTAHHSIM MOJIEKY/ISIPHOTO
mopenoBaHHs. [Toka3zaHo, o iHTerpatlis pisaux GapmakodopHux GparMeHTiB B OFHi MOIEKY/Ii MOXKe
CYTTEBO MiABUIIYBATH 6ioOMOTiUHY aKTUBHICTh. KpiM TOro, BUKOPUCTAHHS HOBOCUMHTE30BaHUX CITONYK,
6araToOKOMIIOHEHTHMX ITpernapaTiB, METOLIB MigBUIIEHHS iX epeKTUBHOCTI Ta CUCTEeM KOHTPOIbOBAHOTO
BUBi/IbHEHHSI TTPOJEMOHCTPYBAJIO BUCOKY PE3YJIbTAaTUBHICThb. [IpakTUUHE 3HAUYEHHS POOOTU TIONSTAE
Yy MOSKJIMBOCTI BMKOPUCTaHHS ii pe3ynbTaTiB [Ojsi po3poOKM Ta BIPOBAIKEHHS Oinbill edeKTUBHUX
CTUMYJIATOPIB POCTY, IO CHPUSITUME MigBUIIEHHIO e(EeKTUBHOCTI PO3MHOKEHHSI POCIVH, 3POCTAaHHIO
BPOXKAMHOCTI Ta onTMUMi3aliii 6i0TeXHOMOriUHMX MPOLIECiB Y CITbCbKOMY TOCITOAAPCTBI Ta POCTVHHUIITBI

KirouoBi cmoBa: moximHi XiHOMiIHY Ta CyKUMHATY; TriGpUIHI MOJEKy/IN; BereTaTBHE PO3MHOKEHHS
POC/IVH; MiKPOK/JIOHa/IbHE PO3MHOXEHHSI; CyMillli CTUMYJISITOPIiB POCTY; MOXiAHI XiHOMIHY
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