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SIGNIFICANCE AND APPLICATION
OF PLANT GROWTH REGULATORS

Plant growth regulators (PGRs) are natural or synthetic compounds that modulate plant growth,
development, and stress responses by adjusting endogenous hormone concentrations and influencing
signaling pathways. This review examines the roles of key phytohormones which regulate physiological
processes and tolerance mechanisms to abiotic stress. Abscisic acid emerges as the principal stress-
responsive hormone, governing stomatal closure, water balance maintenance, and osmotic adjustment
under adverse conditions. Auxins regulate cell elongation, vascular differentiation, and root architecture,
with their homeostasis being significantly altered under environmental stress. Cytokinins promote photo-
synthetic efficiency and delay senescence, while gibberellins control stem elongation, seed germination,
and flowering induction. Jasmonates contribute to both biotic and abiotic stress defense through activa-
tion of antioxidant systems and stomatal regulation. The review also examines how humic substances
function helping plants better tolerate stress by improving nutrient absorption, activating antioxidant sys-
tems, and influencing auxin-like activity. Humic acids interact with root cells, influence ion absorption,
and mitigate oxidative damage caused by reactive oxygen species under stress conditions. Practical ap-
plications of PGRs in agriculture are discussed, including their use in promoting flowering, fruit develop-
ment, vegetative propagation, and yield enhancement. The integration of PGRs with biostimulants and
microbial inoculants represents a promising strategy for sustainable crop production under increasingly
challenging environmental conditions. Future research directions emphasize molecular approaches for
optimizing hormonal manipulation and developing stress-resilient crop varieties.

Keywords: plants, growth regulators, phytohormones, humic substances.
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Ocy peTrerilTepAii, MaHbI3bl XKaHE OAAPAbI KOAAAHY

OciMaiKTEpAIH ecy peTTeriwTepi (OP) — 3HAOreHAIK rOPMOHAAPAbIH KOHUEHTPAUMSICbIH peTTey
>KOHE CUrHaA Gepy >KOAAAPblHA ©Cep €Ty apKblAbl 6CIMAIKTEPAIH ©CYiH, AaMyblH XXOHe CTpeccke
PEeaKUMAChIH MOAYASLMSAANTbIH TaOUFU HEMECE CMHTETUMKAAbIK, KOCbIAbICTap. ByA woAyaa Herisri
PUTOropMOHAAPAbIH — a0CLIM3 KbILIKbIAbIHbIH, a3YKCUHAEPAIH, UMTOKUMHUHAEPAIH, TM6OEPEAAMHAEPAIH,
>KaCMOHATTapAbIH — OCIMAIKTEPAIH 6Cy NMPOLECTEPIH PeTTeyAEri XXoHe abMOTUKAAbIK, CTPeccTepre,
COHbIH, ilLIHAE KYPFAKLWbIAbIKKA, TY3AbIABIKKA, SKCTPEMAAAbI TEMIEPATYpaFa >KeHE ayblp METaAAAPAbIH,
AACTaHyblHa TO3IMAIAIKTI KamTamachi3 eTyAeri peAi  KapacTbipbiAaAbl. AGCUM3  KbIWKbIAbI Aen
TeCIiKTEPAIH >KabblAYbIH, Cy GaAaHCbIH CaKTayAbl XXOHE KOAAMCbI3 >KaFAalMAapAa OCMOCTbIK, PETTEYA|
PeTTENTIH CTPeCCKe Xayan 6epeTiH Heri3ri roOpMOH peTiHAE nanaa 60AaAbl. AYKCUHAEP >KacCyLlaAapAblH,
CO3bIAYbIH, TaMblpAapAbIH, AU dEPEHLMAUMSICHIH XKOHE TaMbIp apXMTEKTYpPaCbiH peTTenAi, OAapAbIH,
roMeocTasAapbl KoOplUaFaH OpTaHblH KYM3EAiCi Ke3iHAe ailTapAbikTal e3repeai. LIMTokuHuHAEp
(POTOCHMHTE3AIH TUIMAIAITIHE bIKMAaA €TeAl >kKoHe KapTaloAbl KewlikTipeai, an rubbepearnHaep
cabaKTblH Yy3apyblH, TYKbIMHbIH ©HYiH >X8HE TYAAEHY MHAYKUMSCbIH 6akblAaiAbl. >KacMoHaTtTap
AHTMOKCUAAHTTbI XKYMEAEPAi BEACEHAIPY XKOHE CTOMATOAOIMSABIK, PETTEY apKblAbl GMOTUKAABIK, KOHE
abMOTUKaAbIK, CTPECCTEH KopfayFa biknaA eTeai. LLIOAY ryMuHAl 3aTTapAblH KOPEKTIK 3aTTapAblH
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AHTUMOKCUMAQHTTbIK, (DePMEHTTEPAT GEACEHAIPY >KaHE ayKCUHIe YKCcac AAbbIA Hepy JKOAAAPbIH MOAYAS-
UMsIAQY apKbIAbl OCIMAIKTEPAIH CTpeccke TO3IMAIAITIH apTTbipyFa KaBiAeTTi TabuFn BUOCTUMYASTOP-
Aap peTiHAEri peAiH 0AaH api 3epTTerAil. ['YMUH KbILLKbIAAAPbI TaMbIP >KacyllaAapbIMEH BpeKeTTeceAl,
MOHAQPAbIH CiHYiHE 8cep eTeAil >XeHe CTPecC >KaFAalblHAQ PEAKTUBTI OTTeri TYPAEpiHiH, TOTbIFy 3a-
KbIMAQHYbIH a3aiTaabl. AybIA LAPYaLLbIAbIFbIHAAFbI ©P-AiH MPaKTUKAAbBIK, KOAAAHBIAYbI, OHbIH ilWiHAE
TYAAEHYAI, XEMICTEPAIH AaMyblH, BEretatuBTi KOOEIoiH XXoHe OHIMAIAIKTI apTTbipyAa KOAAAHbIAYDI
TaAKblA@HaAbl. OP-Ai 6MOCTUMYASITOPAAPMEH >KOHE MUKPOOTBIK ery KypasaapbiMeH OipikTipy GapraH
cariblH KYPAEAI IKOAOTMSIABIK, XKaFAAMAApAa TYPakTbl ©CIMAIK LIAPYALLbIAbIFbIHbIH MEePCreKT1BaAbI CT-
paterusicblH GiapipeAi. boaaluak, 3epTTey 6GaFbITTapbl TOPMOHAAABI MAHWUMYASLMSIHBI OHTANAQHABIPY-
AbIH XK8He CTpeccke Te3IMAI AaKbIAAAPAbIH COPTTapbiH AAMbITYAbIH MOAEKYAAAbIK, TOCiAAepiHe Haca
Ha3ap ayAapaAbl.
TyiiH ce3aep: eciMaikTep, ecy peTTeriwTep, UTOrOPMOHAAP, F'YMUHAIK 3aTTap.
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3HauveHHe poOCT PEryAsiTOpoB U UX MPUMEHeHUe

Peryagtopbl pocTa pacteHnii (PGR) — 3To NpUpOAHbIE MAM CUHTETUYECKME COEAMHEHWS], KOTOopble
MOAYAUPYIOT POCT, Pa3BUTHE PACTEHUIM M peakLMIo Ha CTPECC, PeryAmpyst KOHLEHTPALMIO SHAOTeHHbIX
rOPMOHOB M BAMSISl HA CUTHaAbHbIE MyTU. B 3TOM 0630pe paccMaTprBaeTCsl POAb KAOUEBbIX (DUTOrop-
MOHOB — abCLM30BONM KMCAOTbI, ayKCMHOB, LMTOKMHUHOB, TMOGEPEAAMHOB M 5KACMOHATOB — B PEryAsi-
LMK NPOLLECCOB POCTa PACTEHMI U 0HecneveHmnm yCToMnUMBOCTU K abMOTUYECKMM CTpeccam, BKAKOYast
3aCyxy, 3aCOAEHME, IKCTPEMAAbHbIE TEMMEPATYPbI U 3arpsisHEHME TIKEAbIMU MeTaAAamMu. AGCLM30Bas
KMCAOTA BbICTYMaeT B KayeCTBe OCHOBHOIO rOPMOHA, pearupyloLLero Ha CTPecc, peryAMpytoLero 3a-
KpbITUE YCTbML, MOAAEPXKAHME BOAHOMO 6AAAHCA M OCMOTMYECKYIO PEryAsiuMio B HEOAAronpusTHbIX
YCAOBUSIX. AYKCHHbBI PErYAMPYIOT YAAMHEHUE KAETOK, AU(EPEeHLMPOBKY COCYAOB M apXMTEKTYPY KOp-
HeW, MPY 3TOM UX FOMEOCTa3 3HAUUTEABHO U3MEHSETCSl B YCAOBUSIX BO3AEMCTBUS OKPY>KaloLLein CpeAbl.
LIMTOKMHMHBI NOBbIWAIOT 3(PMEKTUBHOCTb (DOTOCUHTE3Q, 3AMEAASIIOT CTapeHue, rmbOepeAArHbl KOH-
TPOAUPYIOT YAAMHEHWE CTEOAS, MPOPACTaHME CEMSIH, MHAYKLMIO LiBeTeHus. )KacMOHATbl CNOCO6CTBYIOT
3aWmTe Kak OT GMOTUYECKOro, Tak M OT abMOTMUYECKOro CTPecca 3a CYET aKTUBALMM AHTUOKCUAQHT-
HbIX CUCTEM M YCTbUYHOM peryasumu. B 0630pe Takke pacCMaTpuBaeTCsl POAb F'YMMHOBBIX BELLECTB
Kak MPUPOAHbBIX BUOCTUMYASTOPOB, CMOCOGHbIX MOBbILLIATL YCTONYMBOCTb PACTEHMIA K CTPECCY 3a cUeT
YAYULLEHUS] YCBOEHMS NMUTAaTeAbHbIX BELLEeCTB, akTUBaLMM aHTUOKCUAAHTHBIX (PEPMEHTOB 1 MOAYASILIMN
AYKCUMHOMOAOOGHbIX CUIHAAbHbIX MyTen. ['YMUHOBbIE KUCAOTbI B3aMMOAENCTBYIOT C KAETKaMM KOPHEN,
BAMSIIOT Ha MOrAOLLEHNE MOHOB W CMSrYalT OKMCAMTEAbHblE MOBPEXAEHMS, BbI3BaHHblE aKTUBHbIMU
hopMamm KMCAOPOAQ B yCAOBUSIX cTpecca. ObcyxaaeTcst npakTuieckoe npumeHerve PGR B ceAbCKOM
X034MCTBE, BKAIOYAS MX MCMOAb30BaHUE AAS CTUMYAMPOBAHUSI LIBETEHUS, PA3BUTUS MAOAOB, BereTaTma-
HOIO Pa3MHOXEHWS 1 MOBbILLEeHUsI ypoxkanHocTh. MHTerpaums PGR ¢ GUOCTUMYyASITOpaMm U MUKPO-
OGUOAOTMYECKMMN UHOKYASIHTAMM MPEACTaBASIET CO60M MHOrO06EeLaloLLyi0 CTpaTernio YCTOMUYMBOIO
paCcTeHMEBOACTBA BO BCe HOAEE CAOXKHbBIX YCAOBMSX OKPY>KAIoLLEen CpeAbl. B GyAylumx HanpaBAeHUsIX
UCCAEAOBAHMI 0COB0E BHUMAHME YAEASETCS MOAEKYASPHBIM MOAXOAAM K ONTUMMU3ALMM TOPMOHAAb-
HbIX MAHWUMYASILIMIA 1 BbIBEAEHWMIO YCTOMUMBBIX K CTPECCAM COPTOB CEAbCKOXO3SMCTBEHHbIX KYAbTYP.

KAroueBble cAOBa: pacTeHusi, POCT PeryAsTopbl, (pMTOFOPMOHbI, 'YMUHOBbIE BeLLeCTBa.

Introduction

Plant growth regulators (PGRs) are synthetic
substances widely used in agriculture to protect
against diseases, stimulate growth, and increase crop
yields. Despite their diversity, their action is based
on a common principle: they regulate the levels of
natural plant hormones by influencing various sig-
naling pathways. GRs are applied in agriculture to
support growth under unfavorable conditions, boost

productivity, and alter plant development (Peleg et
al., 2011; Small, Degenhardt, 2018).

PGRs are agents capable of modifying the
processes governing plant growth and matura-
tion. Endogenous PGRs are synthesized naturally
within plants in trace amounts. Growth stimulating
phytohormones (auxins, cytokinins, gibberellins,
brassinsteroids) promote cellular elongation and
proliferation, ethylene and abscisic acid serve as
suppressors of these activities. They are small dif-
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fusing molecules, and brassinosteroids, jasmonic
acid, and salicylic acid are distinguished among the
newer classes, which also play an important role in
regulating growth and development (Choudhary, A.
Kumari. 2021).

Auxins are the main hormones responsible for
stretching cells during during tropisms (photo- and
gravitropism), while also regulating differentiation
of meristem. They play an important role in cell
expansion, formation of vascular tissue and lateral
roots, and also the maintenance of apical dominance.

Cytokinins were first identified by their ability
to stimulate cytokinesis, promote cellular division,
bud initiation, the expansion of lateral shoot buds.
Gibberellins promote the release from dormancy
across diverse plant species, accelerate seed germi-
nation, drive stem elongation, and induce flowering.
Gibberellins trigger germination in certain seeds,
promote the development of parthenocarpic fruits,

Synthetic counterparts of naturally occurring
growth regulators hold the greatest value for prac-
tical applications. These include artificial versions
of auxins and cytokinins, engineered brassinolides,
and compounds that exert a retarding influence on
development. Most commercial plant growth regu-
lators are compounds that reduce the longitudinal
growth of shoots (retardants). Growth retardation
can be caused by ethephone, a compound that re-
leases ethylene, as well as compounds such as
chlorometachloride and mepiquate chloride, which
block the early stages of gibberellin biosynthesis
(Rademacher, 2000). New structurally related com-
pounds are constantly being synthesized, as well as
chemically unrelated compounds with similar hor-
mone-like activity, including substances that inhibit
the synthesis, transport, and action of hormones.

The practical application of growth regulators
enables researchers and farmers to induce metabolic
changes comparable to those triggered by specific
environmental factors (such as photoperiod dura-
tion and temperature). Ethey can hasten the devel-
opment of reproductive structures or either enhance
or suppress vegetative growth. Growth regulators
(stimulators) contribute to boosting crop productiv-
ity and enhancing product quality to a degree com-
parable with the effects of fertilizer application or
crop protection measures. This outcome is made
possible by their capacity to direct plant growth and
developmental processes toward the full expression
of a plant’s biological potential (Peleg et al., 2011).
Growth regulators and biostimulators have sig-
nificant potential to increase crop yields, allowing
farmers to increase productivity and profitability.
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Their use helps to reduce dependence on synthetic
fertilizers and pesticides, increasing nutrient absorp-
tion and improving soil quality (Gupta, 2023).

1. Endogenous hormones and related bioac-
tive compounds

Abscisic acid (ABA) is a key plant hormone that
regulates growth and development. Initially identi-
fied as two separate compounds (dormin and absci-
sin II), it was later recognized as a single molecule
and named ABA. It is mainly produced in leaf chlo-
roplasts, especially under stress conditions (Bhat-
tacharya, 2019).

ABA plays a central role in helping plants toler-
ate abiotic stresses such as drought, extreme tem-
peratures, and salinity. Under these conditions, its
levels increase, activating protective responses. It is
also involved in normal plant development. Studies
show that ABA accumulation rises in many crops
during drought and cold stress, and many ABA-reg-
ulated genes are linked to stress responses, particu-
larly to drought and salinity (Sah et al., 2019).

In rice, stress-responsive genes were character-
ized, with 43 of them being ABA-inducible. These
findings point to a substantial degree of interaction
between ABA-mediated signaling and abiotic stress
response pathways, particularly under conditions
of moisture deficit and elevated salinity. ABA fa-
cilitates water movement and ion transport through
root tissues, suggesting that it plays a role in turgor
regulation by decreasing transpiration rates while
simultaneously enhancing water uptake by the root
system. When ABA is present under low water
potential conditions, root growth is proportionally
greater relative to shoot growth compared to situ-
ations where ABA is absent. Research has dem-
onstrated that under reduced water potential, ABA
accumulation sustains primary root elongation in
maize by limiting ethylene biosynthesis, and it has
been shown that ethylene serves as a major inhibitor
of root extension (Sah et al., 2019).

Studies have shown that heavy metals increase
ABA levels in plants (Vishwakarma et al., 2017).

Abscisic acid (ABA) regulates many plant pro-
cesses, including seed maturation and dormancy, the
transition to flowering, stomatal control, and stress
responses. Under unfavorable conditions ABA lev-
els increase to enhance plant tolerance (Pompeu et
al., 2019).

In this way, ABA serves a critical function in
plants exposed to adverse environmental condi-
tions by decelerating growth rates and reducing
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metabolic activity. Furthermore, under water-deficit
conditions, ABA helps sustain internal water equi-
librium, enabling the plant to withstand temperature
extremes.

Auxin is a phytohormone responsible for modu-
lating plant growth and development, as well as
governing bud formation and the initiation of root
systems (Kazan, 2023). Auxins fulfill a central regu-
latory function in plant growth, regulating cell elon-
gation, vascular differentiation, and apical domi-
nance, while also guiding development under stress
conditions. They are involved in responses to salin-
ity, with clear links between auxin signaling and salt
stress. (Fahad et al., 2013; Bhattacharya, 2019).

Auxins promote cellular elongation by altering
the plasticity of the cell wall structure. They stimu-
late the division of cambial cells and induce the dif-
ferentiation of secondary xylem within stem tissues.

Auxin redistribution in response to light or grav-
ity causes uneven growth in plant tissues and shapes
overall plant morphology; at certain levels, it can
also inhibit growth. Auxin metabolism, transport,
and signaling are closely linked to stress responses,
and disruptions in auxin balance can lead to devel-
opmental abnormalities. Environmental stresses can
alter auxin homeostasis, while controlled changes
in auxin levels, especially in genetically modified
plants—have been shown to improve stress toler-
ance, including drought resistance. Overall, auxin
regulation is strongly connected to how plants adapt
to adverse conditions (Derfling et al., 1985; Park et
al., 2007; Tognetti et al., 2010; Remy et al., 2013;
Bhattacharya, 2019).

Cytokinins are hormones that promote cell di-
vision, shoot formation, delay aging, and regulate
leaf growth and internode length. They interact with
auxins by reducing apical dominance and, together
with ethylene, contribute to organ abscission.

Higher cytokinin levels can enhance photosyn-
thesis and metabolism under drought or salinity,
though their effects depend on regulation and local-
ization. Under heat stress, cytokinin levels often rise
temporarily, supporting stress responses such as an-
tioxidant activity and heat shock protein accumula-
tion, indicating their role in temperature adaptation
(Du et al., 2007; Bhattacharya, 2016; Voijta et al.,
2016; Pavla et al., 2018).

Gibberellins (GAs) constitute a large family of
tetracyclic diterpenoid phytohormones that play a
multifaceted role in regulating nearly every stage of
the plant life cycle. Among more than 130 identi-
fied gibberellin forms, only a few — most notably
GA,, GA;, GA4, and GA; — are biologically active

and directly participate in growth regulation. One of
the most well-characterized functions of gibberel-
lins is the promotion of stem and internode elonga-
tion through the stimulation of both cell division and
cell expansion. Gibberellins are indispensable for
the process of seed germination. During this stage,
GAs stimulate the synthesis of hydrolytic enzymes,
particularly a-amylase, in the aleurone layer of ce-
real grains. These enzymes mobilize stored starch
reserves in the endosperm, providing the develop-
ing embryo with the energy and nutrients required
for successful seedling emergence Beyond germina-
tion, gibberellins play a pivotal role in the transition
from vegetative to reproductive development. They
promote flowering, particularly in long-day and ro-
sette-forming plants, by activating floral meristem
identity genes. Gibberellins also contribute to the
development of parthenocarpic (seedless) fruits and
are essential for normal pollen maturation and fertil-
ity (Bhattacharya et al., 2019)..

Gibberellic acid (GA) is involved in plant growth
as well as responses to abiotic stress. While GA
alone does not significantly affect root elongation,
it can promote root growth under cadmium stress by
reducing Cd accumulation in tissues. It also lowers
cadmium-induced nitric oxide (NO) levels, helping
to mitigate toxicity (Zhu et al., 2016).

Jasmonates (JAs) are a class of lipid-derived
phytohormones that originate from the oxidative
metabolism of polyunsaturated fatty acids, primar-
ily a-linolenic acid, through the octadecanoid bio-
synthetic pathway. The most prominent members
of this group include jasmonic acid (JA), its methyl
ester methyl jasmonate (MeJA), and the biologically
active conjugate jasmonoyl-isoleucine (JA-Ile). Ini-
tially identified as fragrant components of jasmine
oil (Jasminum grandiflorum), jasmonates have since
been recognized as critical signaling molecules gov-
erning a wide spectrum of physiological and devel-
opmental processes in plants (Bhattacharya et al.,
2019).

Jasmonic acid (JA) involved in plant defense
against abiotic stress. It activates physiological
and molecular responses, including antioxidant en-
zymes, accumulation of amino acids and sugars,
and regulation of stomatal movement. JA also helps
reduce water loss by controlling stomatal closure
(Acharya et al., 2009; Wasternack et al., 2014).

Jasmonates play a significant role in plant re-
sponses to abiotic stresses such as drought, salinity,
heavy metal contamination, and extreme tempera-
tures. Under drought conditions, endogenous JA
concentrations rise rapidly, activating downstream
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signaling pathways that promote the accumulation
of osmoprotectants, enhance antioxidant enzyme
activity, and regulate stomatal closure to minimize
water loss. In Arabidopsis thaliana, exogenous ap-
plication of JA has been shown to modulate stoma-
tal aperture, thereby reducing transpiration rates
under water-deficit conditions. Furthermore, jas-
monates facilitate plant adaptation to heavy metal
toxicity by upregulating genes involved in detoxi-
fication and metal chelation processes. It was com-
pared cadmium-induced stress responses between
wild-type tomato plants and spr2 JA-deficient mu-
tants and found that Cd concentrations in both roots
and leaves increased more substantially at higher
CdCl, doses. The findings indicated that the absence
of endogenous JA can heighten the susceptibility of
tomato seedlings to Cd toxicity (Savchenko et al.,
2014; Zhao et al., 2016;Fu et al., 2017).

2. Humic compounds and their role in miti-
gating abiotic stress

Humic substances (HS) make up about 60% of
soil organic matter and consist of complex molecu-
lar assemblies that drive many soil chemical pro-
cesses. They include humic and fulvic acids, differ
in solubility, and form stable complexes with metals
and pollutants, which can reduce toxicity and influ-
ence their movement in soil (Bollag et al., 2019).

Humic acids (HA) are resistant to decomposi-
tion and can promote plant growth by improving
nutrient uptake, membrane permeability, and meta-
bolic activity. Their structure is highly complex and
still debated, but they are considered multifunc-
tional compounds with potential signaling roles in
plant—soil systems. HA can enhance root and shoot
growth, biomass, and germination, although effects
depend on concentration, plant species, and envi-
ronmental conditions. They also influence respira-
tion, protein synthesis, enzyme activity, and mineral
uptake—particularly improving availability of nutri-
ents like nitrogen, phosphorus, and iron(Thomas et
al., 1978; Nardi et al., 2002; Alvarez-Puebla et al.,
2005 Bollag et al., 2019).

Application of various HAs to Arabidopsis and
wild-type tomato seedlings prompted the research-
ers to propose that these organic substances contain
compounds exhibiting auxin-like properties. Nev-
ertheless, these same substances proved unable to
trigger lateral root development in a tomato mutant
harboring a dysfunctional auxin signaling gene.
Based on these observations, the investigators sug-
gested that HA most likely function as a “buffer-
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ing system,” capable of sequestering or liberating
signaling molecules in accordance with shifts in the
rhizosphere environment, such as acidification driv-
en by plasma membrane activity, thus serving as a
modulator of hormonal equilibrium with respect to
lateral root initiation (Dobbss et al., 2007).

Owing to the inherently complex and hetero-
geneous character of HA, the question of whether
they possess genuine auxin-like biological activity
continues to be a matter of scientific discussion.
The hormonal responses observed in experimen-
tal settings did not consistently correlate with the
actual concentrations of IAA identified within HA
preparations, leaving open the possibility that other
members of the auxin family or structurally related
molecules may be present that either replicate aux-
in function or activate the endogenous auxin bio-
synthetic machinery in plants. Approaches rooted
in functional genomics, transcriptomic profiling,
and proteomic analyses could serve as promising
strategies for clarifying the mechanisms underly-
ing the biological effects of HAs (Trevisan et al.,
2010).

Alleviating the adverse impacts of abiotic stress-
es on plant growth throughout ontogenetic devel-
opment can substantially enhance the productivity
of cultivated crops (Van et al., 2017; Zhang et al.,
2008). Various studies demonstrate that HA possess
the capacity to strengthen plant tolerance to envi-
ronmental stress. Application of HA to bent grass
and tall fescue resulted in improved leaf water re-
tention, greater antioxidant potential, and enhanced
growth of both roots and shoots under water-limited
conditions. The simultaneous use of HA together
with seaweed extract bolstered resistance to water
deficit and raised the levels of endogenous cytoki-
nins. In bell pepper, HA treatment led to elevated
concentrations of vital mineral elements in root and
shoot tissues, pointing to a protective role against
salt-induced damage.

Humic acids (HA) improve plant tolerance to
salinity by increasing proline levels while reduc-
ing membrane damage and reactive oxygen species
(ROS). They also enhance antioxidant enzyme ac-
tivity, especially when applied via vermicompost,
helping plants cope with drought and salt stress. HA
influence membrane proton pumps, improving nu-
trient uptake and root development, likely through
auxin-related pathways. They can also reduce the
toxicity of heavy metals by limiting ROS damage
and supporting protective systems such as gluta-
thione production. Additionally, HA help maintain
redox balance, boost antioxidant defenses, and im-
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prove plant recovery under stress conditions like
drought and osmotic stress (Garcia et al., 2012;
Guridi-Izquierdo et al., 2017; Van et al., 2017; Agu-
iar et al., 2018; Shah et al., 2018; Zandonadi et al.,
2018).

I was showed enhanced peroxidase function,
lower hydrogen peroxide levels, and heightened
proline accumulation in cells, collectively resulting
in diminished ROS production and the re-establish-
ment of redox balance in the cytosol (Garcia et al.,
2018; Garcia et al., 2016). Seedlings that received
prior HA treatment exhibited greater resilience when
subjected to osmotic stress induced by polyethylene
glycol (PEG 6000) (Guridi-Izquierdo et al., 2017).
In a comparable manner, sugar cane plants previ-
ously exposed to HA displayed superior recovery
following water-deficit conditions, characterized by
an upregulation of key antioxidant enzymes (Aguiar
etal., 2018).

3. The practical use of plant growth-regulat-
ing compounds

Plant growth regulators (PGRs) play a central
role in coordinating these processes, including both
classical hormones and other bioactive compounds
(Peleg et al., 2011).

Contemporary research has revealed that phy-
tohormones participate in a multitude of biologi-
cal processes. The interplay among different plant
hormones gives rise to synergistic or antagonistic
interactions that serve an essential function in medi-
ating plant responses to abiotic stress. The targeted
manipulation of molecular mechanisms governing
hormone biosynthesis, intracellular signal transduc-
tion, and downstream hormonal actions facilitates
the engineering of hormone biosynthetic pathways,
enabling the development of transgenic crop variet-
ies exhibiting superior abiotic stress tolerance under
field conditions (Sajid et al., 2009; Alcazar et al.,
2010).

The commercial application of auxins aimed to
prevent premature leaf and fruit drop, promote flow-
ering, thin fruits, induce seedless fruit formation,
and stimulate rooting in cuttings. Growth regulators
are applied throughout plant development -from
flowering to post-harvest—to improve yield and
quality, including in crops like lilies. In the case of
the tropical evergreen mango tree, low temperature
is the sole recognized factor capable of triggering
the flowering process; however, it does not ensure
that floral initiation will take place, as complex in-
teractions involving phytohormones associated with

vegetative growth also play a determining role (Dias
etal., 2019).

Forthcoming investigations in rhizosphere bi-
ology will depend on advances in molecular and
biotechnological methodologies to deepen our un-
derstanding of rhizosphere processes, microbial di-
versity, and the multifunctional properties that un-
derpin sustainable agricultural practices, as well as
to achieve integrated management of soil microbial
communities.

New approaches to using bioinoculants in high-
value crops—such as vegetables, fruits, and ornamen-
tals—should be further developed. Combining mul-
tiple stress-tolerant bacterial strains may be more
effective than single-strain inoculation in reducing
stress effects on plants. Future research should focus
on optimizing growth conditions and developing
safe, resilient plant growth-promoting rhizobacteria
(PGPR) to enable affordable and efficient agricul-
tural applications (Davies et al., 2010).

Conclusion

The comprehensive analysis presented in this
review underscores the indispensable role of plant
growth regulators in governing fundamental physi-
ological processes and conferring tolerance to abi-
otic stress factors in cultivated crops. The evidence
clearly demonstrates that phytohormones do not
function in isolation but rather operate through an
intricate network of synergistic and antagonistic in-
teractions that collectively determine plant adaptive
capacity under adverse environmental conditions.
Abscisic acid, auxins, cytokinins, gibberellins, and
jasmonates each contribute distinct yet intercon-
nected regulatory functions, ranging from stomatal
control and osmotic adjustment to antioxidant de-
fense activation and root architecture modification.

The role of humic substances as natural me-
diators of stress tolerance represents a particularly
promising area of agricultural biotechnology. Their
capacity to enhance nutrient bioavailability, stimu-
late antioxidant enzyme systems, modulate auxin-
like signaling, and buffer rhizosphere conditions po-
sitions humic acids as valuable complementary tools
alongside conventional plant growth regulators. The
documented ability of humic acids to reduce the
genotoxic effects of heavy metals and restore cellu-
lar redox homeostasis further highlights their poten-
tial in remediating contaminated agricultural soils.

From a practical standpoint, the strategic ap-
plication of growth regulators — both synthetic and
natural — offers farmers effective means to opti-
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mize crop productivity and quality while reducing
dependence on chemical fertilizers and pesticides.
The development of transgenic crop varieties with
modified hormonal pathways and enhanced stress
tolerance continues to expand the possibilities for
sustainable agriculture.

Future research should prioritize the integration
of functional genomics, transcriptomics, and pro-
teomics to elucidate the precise molecular mecha-
nisms underlying PGR-mediated stress responses.
Additionally, the exploration of multi-stress bacte-
rial consortia combined with humic biostimulants
may Yyield innovative, cost-effective solutions for
maintaining agricultural productivity under the in-
creasingly unpredictable environmental conditions
driven by global climate change.
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Aemopnap mypanvl monimem:

A.C. Hypmaxanosa — bomanuka owcone acposxonocus xageopacvinvly ooyenmi, On-Dapabu amvindazvl Kazax ynimmoik
yHusepcumemi (Animamul, Kazaxcmat,).

C.Jl. Amabaesa — buomexnonocus kagedpacvinviy npogeccopuvl, On-Papadbu amvindazvl Kazax yimmulx yHusepcumemi
(Anmamul, Kazaxcmarn,).

A.B. Paxvimeooicuna — Feinvimu gbizmemxep, Dxonoeus scone buopecypcmapoviy mypaxmoliviest 31U, Kageopa meyeepywici,
Xanvikapanvixk Meouyuna mexkme6i, Kenoicezanu Cazadues amvinoazvl Xanvikapanvlk dusnec ynusepcumemi (Animamol, Kazaxcmarn,).

C.C. Kenocebaesa — buomexnonocus xageopacwinviyy npogheccopwl, On-Papadbu amuvinoaevl Kazax yimmulk yHusepcumeni
(Anmamul, Kazaxcmarn,).

C.II. Acpanouna — Buomexnonoeusi kagheopacuvinviy npogeccopul, On-Dapadbu amvinoasvl Kazax ynmmulx yHusepcumeni
(Anmamul, Kazaxcmarn,).

AJK. beuicenosa — Aea oxvimywnt, C.J[. Acghenousipoe amuvinoaevr Kazax yimmulx meduyuna yHueepcumemi (Anmamol,
Kazaxcman).

A.B. Mvinmvikbaesa — «8D05108 — I'eobomanukay 6inim 6epy b6azoapramaceinbly doxkmopanmol, On-Dapabu amuvinoaewl
Kaszax ynmmuix ynueepcumemi (Animamot, Kazaxcman).

Ceedenusn 06 asmopax:
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(Anmamul, Kazaxcman).
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(Anmamul, Kazaxcman).
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