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ABSTRACT: Cytokinins are plant hormones that are essential for plant growth and development and are involved
in a variety of processes. They are synthesized by the modification of adenine with an isoprenoid chain, resulting
in cytokinins such as isopentenyladenine and zeatin. The levels of these hormones are regulated by conjugation,
degradation and oxidation processes that modulate their activity. Cytokinins are perceived by cells through specific
receptors that, when activated, trigger signaling cascades responsible for regulating the expression of genes critical
for development. In addition, cytokinins interact with other hormones, such as auxins, to coordinate plant growth
and architecture. They are transported by the xylem and phloem, allowing them to be distributed to different parts
of the plant and to regulate processes such as cell division, morphogenesis and inhibition of leaf senescence, thereby
prolonging the vegetative phase. Cytokinins also play a role in plant responses to biotic and abiotic stresses. They
influence the expression of defense genes against pathogens and pests and adjust plant metabolism and growth in
response to adverse conditions such as drought and salinity. Cytokinins interact in an integrated manner with other
stress hormones, such as abscisic acid and ethylene, to coordinate plant responses to environmental challenges. In
agriculture, the manipulation of cytokinins, whether by external application or genetic modification, shows great
potential for increasing crop yields and improving plant resistance to stress. Advances in molecular biology and gene
editing offer new opportunities to precisely modify these functions. This review elucidates recent research on cytokinins,
covering their mechanisms of action, interactions with other hormones, and applications in agriculture.

KEYWORDS: Regulatory and transport mechanisms; cell proliferation; leaf senescence; biotic stresses; abiotic stresses;
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1 Introduction

The definition of plant hormones as substances that regulate growth at low concentrations began to be
established in the late 19th century. These compounds, whether natural or synthetic, are characterized by
their ability to act in small quantities, translocate between plant tissues and interact with specific protein
receptors, playing roles in processes that enable development and environmental adaptation [1].

Phytohormones play central roles as signaling molecules, regulating plant growth and responses to
adverse environmental conditions. Their action is controlled by complex systems of biosynthesis, transport,
and signaling, operating in tightly regulated feedback cycles to ensure metabolic balance and physiological
functionality [2].
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Among phytohormones, cytokinins stand out for promoting cell division and coordinating various
aspects of plant growth and development. These hormones regulate processes such as shoot branching,
serrated leaf formation, root system development, increased seed yield, and, most notably, plant responses
to environmental stresses. Additionally, cytokinins delay leaf senescence and prolong the functionality of
photosynthetic tissues, maintaining efficient metabolic activity in plants over extended periods [2-5].

The occurrence and levels of cytokinins vary widely among plant species, specific tissues, developmental
stages, and environmental conditions. Cytokinins integrate internal and external signals, enabling the fine-
tuning of plant growth to environmental demands [1,6]. Recent studies demonstrate that cytokinins, in
addition to their role in development, also interact with other phytohormones, such as auxins, to coordinate
complex responses that ensure plant survival and productivity [7,8].

Based on this overview, the present article reviews recent advances in understanding the mechanisms of
cytokinin regulation and transport, exploring their roles in cell division, senescence inhibition, and responses
to biotic and abiotic stresses, with direct implications for applications in agriculture and biotechnology.

2 Regulatory Mechanisms of Cytokinins
2.1 Biosynthesis and Metabolism

The analysis of tissue-specific gene expression using a promoter-reporter system revealed that de
novo cytokinin biosynthesis predominantly occurs in non-photosynthetic tissues, such as the phloem and
pericycle [2,9].

Cytokinins are isoprenoids that can be biosynthesized via the Methylerythritol Phosphate (MEP)
pathway (Fig. 1). This pathway is involved in plant growth, development, and responses to environmental
stresses [10]. In the MEP pathway, the ratio of isopentenyl diphosphate to dimethylallyl diphosphate
(DMAPP), synthesized from (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBDP), is approximately
5:1, and subsequent isomerization equalizes the ratio between these two molecules [2,11,12].

Cytokinins are adenine derivatives with a prenyl side chain at the N6 position of adenine, such as
N6-(A2-isopentenyl) adenine (iP), trans-zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin (DZ). They are
first formed as nucleotide precursors and subsequently converted into active free bases, which can be
recycled through purine-metabolizing enzymes. The initial reaction in cytokinin biosynthesis is catalyzed
by adenosine phosphate-isopentenyltransferase (IPT), which conjugates the prenyl group to the N6 position
of adenosine phosphate, using DMAPP as the donor [5,9,13-15].

Plant IPT preferentially uses ATP or ADP as acceptors of isoprenoids and DMAPP as the donor
to form iP riboside 5’-triphosphate (iPRTP) and iP riboside 5’-diphosphate (iPRDP), respectively. The
dephosphorylation of iPRTP and iPRDP by phosphatase, the phosphorylation of iPR by adenosine kinase
(AK), and the conjugation of phosphoribosyl groups to iP by adenine phosphoribosyltransferase (APT)
create the metabolic pool of iP riboside 5’-monophosphate (iPRMP) [2,16].

iP nucleotides are converted into the corresponding tZ nucleotides by the cytochrome P450
monooxygenase 735A (CYP735A). Cytokinin 5’ -monophosphate nucleosides, such as iPRMP, tZ riboside 5’-
monophosphate (tZRMP), DZRMP, and cZRMBP, are activated into cytokinin nucleobases through a one-step
reaction catalyzed by Lonely Guy (LOG) or a two-step reaction catalyzed by the 5’-ribonucleotide phos-
phohydrolase Grain Yield 3 (GY3) and cytokinin/purine riboside nucleosidase (CPN). Growth phenotype
studies and stable isotope labeling experiments using higher-order T-DNA insertion mutants in Arabidopsis
have demonstrated the central role of the LOG-mediated pathway in cytokinin activation for normal growth
and development, including lateral root formation and root and shoot morphology [2,9,13,17].
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Figure 1: Biosynthesis and metabolism of cytokinins. MEP pathway: the initial metabolic pathway that generates
the precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). IPP and DMAPP: isoprenoid
precursors used to synthesize cytokinin nucleotides. N6-(A2-isopentenyl) adenine (iP) nucleotides: initial products
formed by the conjugation of the isoprenoid group to adenine phosphate. Trans-zeatin (tz) and cis-zeatin (cz)
nucleotides: cytokinin nucleotides synthesized from iP. Active cytokinin bases: biologically active forms of cytokinins
generated by enzymes such as LOG and GY3/CPN. Degradation by CKX: cytokinins are irreversibly degraded by the
enzyme cytokinin dehydrogenase (CKX). O-glucoside formation: modification by the enzyme UGT85A1, enabling
reactivation by {-glucosidase. N-glucoside formation: modification by the enzyme UGT76C2, altering cytokinin
functionality

iP, tZ, and their nucleosides can be catabolized by cytokinin oxidase (CKX) into adenine or adenosine. tZ
can be converted into O-glucoside by the O-glucosyltransferase UGT85A1 and reactivated by p-glucosidase
BGLU44. Cytokinin nucleobases can also be converted into N-glucoside by the N-glucosyltransferase
UGT76C2. Both tZ and iP are synthesized by IPT and exhibit higher cytokinin activity than cZ in
various plant species. The cZ form is believed to be produced through the modification of tRNA by
tRNA-isopentenyltransferase (tRNA-IPT) following tRNA turnover [14,15].

In plants, cytokinins are degraded by cytokinin oxidase/dehydrogenase (CKO/CKX, EC 1.5.99.12),
which catalyzes their irreversible oxidative degradation, thereby reducing their abundance. CKX proteins
are encoded by a gene family, and individual enzymatic isoforms typically differ in their substrate specificity,
spatial and temporal expression patterns, and subcellular localization [5,6].

2.2 Perception and Signaling

Cytokinins are perceived by membrane-bound receptors located primarily in the endoplasmic retic-
ulum. These receptors belong to the histidine kinase (HK) family and are central to the two-component
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signaling system, an adaptive mechanism originally observed in bacteria and later evolved in plants for
hormone signal transduction [9]. In Arabidopsis thaliana, the principal cytokinin receptors include AHK2,
AHK3, and AHK4 (CREI). Each receptor possesses three essential domains: a ligand-binding domain for
cytokinin recognition, a histidine kinase domain, and a receiver domain.

Upon binding of cytokinins to the extracellular ligand-binding domain, the receptor undergoes a
conformational change. This conformational alteration activates the histidine kinase domain, initiating
autophosphorylation at a conserved histidine residue. This initial step is crucial as it sets the stage for the
subsequent phosphotransfer events within the signaling cascade [5,11,14,18,19].

The cytokinin signaling pathway utilizes a two-component system comprising a receptor kinase and
response regulators (RRs) [4,9,13]. Upon cytokinin binding, the receptor’s histidine kinase domain autophos-
phorylates and subsequently transfers the phosphate group to a conserved aspartate residue in its receiver
domain. This phosphorylated receiver domain then interacts with intermediary proteins called histidine
phosphotransfer proteins (AHPs). These proteins play a dual role: they act as carriers of the phosphoryl group
and as regulators ensuring specificity and fidelity of the signal transduction [20].

AHPs are soluble proteins that migrate from the cytosol to the nucleus, effectively translocating
the phosphorylated signal. This step ensures that the hormonal signal reaches its nuclear effectors, the
type-B response regulators (ARR-B). The ARR-B proteins, once phosphorylated, function as transcrip-
tion factors, activating the expression of cytokinin-responsive genes. These genes are involved in diverse
cellular processes, including cell division, differentiation, organogenesis, and responses to environmental
stress [8,21,22].

In addition to activating type-B RRs, cytokinins induce the expression of type-A response regulators
(ARR-A). The ARR-A proteins serve as negative feedback regulators, modulating the intensity and duration
of cytokinin responses. By competing with ARR-Bs for phosphorylation or directly inhibiting ARR-B activity,
ARR-As ensure that the signaling is finely tuned to prevent overactivation [4,23].

The genes activated by ARR-Bs play pivotal roles in regulating critical physiological processes. These
include promoting cell cycle progression, initiating organ formation, and modulating developmental tran-
sitions. Additionally, cytokinin signaling influences responses to environmental stresses such as drought,
salinity, and nutrient deficiency. Recent studies have highlighted the role of cytokinin signaling in root
development, emphasizing its dual role in promoting lateral root growth and regulating root apical meristem
activity [8].

Moreover, cytokinin signaling interacts with other hormonal pathways, including auxin and abscisic
acid, forming complex networks that integrate environmental signals with endogenous developmental
cues. This crosstalk ensures a coordinated response that optimizes growth and survival under varying
environmental conditions [13,24].

Recent research has further elucidated the structural dynamics of cytokinin receptors and the molecular
mechanisms underlying phosphorelay events. For instance, advanced imaging techniques and structural
biology approaches have revealed how receptor conformational changes upon ligand binding facilitate
precise signal relay. Additionally, genetic studies in Arabidopsis and crop species have identified novel
components of the signaling pathway, expanding our understanding of its regulatory complexity [9].

In summary, cytokinin signaling represents a highly sophisticated network that integrates receptor
activation, phosphorelay mechanisms, and transcriptional regulation. This pathway not only underscores the
evolutionary adaptation of plants to utilize bacterial signaling strategies but also highlights its indispensable
role in plant growth, development, and stress resilience.
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3 Cytokinin Transport
3.1 Transport Mechanisms

Proper cytokinin transport is essential for these hormones to reach target tissues and efficiently perform
their physiological functions. Although many aspects of cytokinin transport systems remain incompletely
understood, recent advances have identified key genes and important mechanisms, such as the ATP-Binding
Cassette Transporter G14 subfamily (ABCGI4) and Purine Permease 14 (PUP14) (Fig. 2) [25].
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Figure 2: Diagram illustrating the movement of cytokinins facilitated by transporters over different distances

The ABCGI4 gene plays a fundamental role in the transport of cytokinins from the root to the aerial
organs of the plant via the xylem. Studies in Arabidopsis thaliana have shown that ABCG14 mutants exhibit
cytokinin deficiency symptoms in leaves, such as reduced growth and abnormal bud development, confirm-
ing its essential function in long-distance translocation [I8]. In rice, its homolog OsABCGI8 performs a
similar role, reinforcing functional conservation across species [26].

Although it is not yet fully clear which specific forms of cytokinins are transported by ABCGI4, studies
suggest that it may be responsible for the movement of cytokinin nucleotide precursors (such as isopentenyl-
AMP) or bioactive forms, such as trans-zeatin [15]. The predominant localization of ABCGI14 in xylem cells
and its differential expression in transport tissues support its role in supplying cytokinins to organs that rely
on these hormones for processes such as maintaining meristematic activity and promoting stem and leaf
growth [25].

The PUP14 gene encodes a permease that functions as an importer of cytokinin nucleobases, modulating
the apoplastic pool of these molecules. Unlike ABCG14, which regulates long-distance transport, PUP14 acts
locally, controlling cytokinin availability in specific regions such as the apical meristem and the embryo.
PUP14 expression is negatively correlated with cytokinin signaling, suggesting that it plays a regulatory role
by limiting hormonal action in certain areas [27].

Loss of function in PUP14 results in enhanced cytokinin signaling, as evidenced by increased expression
of cytokinin-regulated genes and augmented growth of lateral buds and other structures regulated by these
hormones. This indicates that PUP14 functions as a fine-tuning mechanism, modulating the intensity and
localization of hormonal responses [7].

In addition to ABCGI14 and PUP14, other transporters contribute to cytokinin transport. ENT (Equi-
librative Nucleoside Transporters) facilitate the bidirectional movement of nucleotide forms of cytokinins,
while members of the SWEET (Sugars Will Eventually Be Exported Transporters) family have recently
been implicated in cytokinin export in specific tissues. Additional ABC transporters, beyond ABCG14, may
mediate the active transport of cytokinins across different cellular compartments [28].



544 Phyton-Int ] Exp Bot. 2025;94(3)

The interaction between transporters and hormonal signaling pathways also plays a crucial role. For
instance, cytokinins transported via the phloem can interact with auxins to regulate root development, while
xylem transport is essential for controlling shoot growth, highlighting the coordination between hormone
transport and plant development [29-31].

Transport mechanisms are closely linked to cytokinin metabolism. Cytokinin nucleotide precursors are
often transported and converted into bioactive forms in target tissues through enzymes such as LOG (Lonely
Guy), which catalyzes the conversion of cytokinin nucleotides into free bases. Similarly, efficient transport
ensures that cytokinins are directed to areas of high metabolic demand, such as young growing tissues and
zones of active cell division [2,9].

3.2 Spatial and Temporal Distribution

Cytokinins are primarily synthesized in the roots, but their production also occurs in other tissues
such as leaves, seeds, and fruits. The primary biosynthetic pathway involves the conversion of adenines
into isopentenyladenines through the action of the enzyme isopentenyltransferase (IPT). Depending on the
physiological context, different IPT isoforms act in specific locations to produce cytokinins in either free or
conjugated forms [32,33].

Cytokinin transport occurs via the xylem and phloem, enabling their redistribution to aerial organs
and specific sites of action. In the xylem, cytokinins are transported from the roots to the shoot, promoting
shoot growth and leaf expansion [34]. In the phloem, cytokinins can move bidirectionally, allowing for more
precise regulation in response to metabolic and environmental signals [31].

Cytokinin concentrations vary significantly among different plant tissues and organs, creating gradients
that influence development. For instance, higher cytokinin levels are often observed in apical and lateral
meristems, where they promote cell division and maintain meristematic potential. In young leaves, these
hormones support cell expansion, whereas in mature leaves, a decline in cytokinin levels is associated with
the onset of senescence [35,36].

In the context of roots, cytokinins play an opposite role to auxins, inhibiting lateral root formation and
promoting cell differentiation in the transition zone. Thus, the balance between cytokinins and auxins is

27 2

crucial for the proper development of root architecture [37,38].

The temporal regulation of cytokinins is equally crucial. During germination, there is a rapid increase
in cytokinin levels to promote initial cell division and seedling growth. As the plant matures, hormonal levels
are adjusted according to the energy and resource demands for vegetative and reproductive growth [39,40].

Under stress conditions, such as drought or salinity, cytokinins play complex roles. They can be
repressed to conserve energy resources or induced in specific tissues to promote recovery and adaptation.
Cytokinin metabolism during stress is regulated by enzymes such as cytokinin oxidase/dehydrogenase
(CKX), which control hormone degradation, thereby adjusting its availability [7].

Molecular and genetic studies have revealed that the differential expression of genes related to biosyn-
thesis (IPT), transport (ATP-binding cassette transporters such as ABCGI4), and degradation (CKX) is
responsible for spatial and temporal variations in cytokinin distribution. Manipulation of these genes has
been explored to optimize plant growth and productivity, particularly in agricultural crops [27].

For example, the overexpression of IPT genes under specific promoters enables localized cytokinin
production, delaying leaf senescence and increasing biomass under adverse environments. Engineering
plants with reduced CKX activity have demonstrated enhanced tolerance to water and salt stress, highlighting
the biotechnological potential of cytokinins. Thus, the spatial and temporal distribution of cytokinins
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in plants is a highly dynamic and integrated process, essential for coordinated development and plant
adaptation [7,13,25].

4 Hormonal Crosstalk and Cytokinins

Cytokinins are central regulators in the intricate network of hormonal interactions that govern plant
growth, development, and environmental adaptation. Through crosstalk with auxins, abscisic acid (ABA),
ethylene, gibberellins (GA), and jasmonates, cytokinins orchestrate complex physiological processes by
integrating and modulating hormonal signals. These interactions ensure a dynamic balance between growth,
resource allocation, and stress responses [41,42].

The interaction between cytokinins and auxins is fundamental for coordinating cell proliferation and
differentiation, particularly in meristematic regions. While cytokinins promote cell division and maintain
the pluripotency of meristematic cells through the activation of genes like WUSCHEL (WUS), auxins direct
the differentiation of these cells into specialized structures. This balance is critical in shoot apical meristems
for organogenesis and in root development, where cytokinins antagonize auxin signaling to inhibit lateral
root formation while enhancing root apical meristem activity. These opposing actions create a finely tuned
mechanism for adjusting root and shoot architecture in response to environmental conditions [43].

Cytokinins and ABA exhibit antagonistic interactions that are particularly evident under abiotic stress.
In drought conditions, ABA promotes stomatal closure to conserve water, while cytokinins counterbal-
ance this effect to maintain minimal gas exchange for photosynthesis. Additionally, cytokinins repress
ABA-induced senescence by downregulating genes responsible for chlorophyll degradation and catabolic
processes. This interplay ensures that plants can balance water use efficiency with the maintenance of
photosynthetic activity, enhancing stress resilience [44].

Ethylene is a key promoter of leaf senescence, and cytokinins act as antagonists to delay this process.
Cytokinins inhibit ethylene biosynthesis by reducing the expression of ACC synthase and oxidase genes, pre-
serving the integrity of photosynthetic components and prolonging leaf functionality. However, in response
to biotic stresses, cytokinins can synergistically interact with ethylene to activate defense-related pathways,
demonstrating a context-dependent relationship that balances growth with immune responses [41].

Cytokinins and gibberellins interact to regulate growth processes such as stem elongation, flowering,
and seed development. Cytokinins modulate GA biosynthesis and signaling, often acting synergistically to
promote growth under favorable conditions. Conversely, under stress or resource limitations, cytokinins can
limit GA activity to prioritize stress adaptation and resource conservation, showcasing their role in balancing
vegetative and reproductive growth [45].

The interaction between cytokinins and jasmonates highlights their role in integrating growth and
defense responses. Jasmonates are typically involved in stress-induced senescence and defense against
herbivores and pathogens. Cytokinins modulate jasmonate signaling by repressing catabolic pathways and
enhancing antioxidant defenses, ensuring that metabolic resources are efficiently allocated to maintain
growth while responding to stress. This crosstalk is crucial in environments where plants must simultane-
ously manage growth and defense trade-offs [42].

5 Cytokinins in Cell Proliferation

Cytokinins play a central role in regulating the cell cycle, primarily influencing the critical transitions
from the G1 to S phase and from the G2 to M phase, which are essential for cell division. This process
is governed by the activation of genes encoding key proteins required for cell cycle progression, such as
cyclins and cyclin-dependent kinases (CDKs). Cyclins, particularly type D cyclins (CycD), are crucial for
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entry into the S phase, promoting the formation of cyclin-CDK complexes. These complexes phosphorylate
specific proteins, such as Retinoblastoma (Rb), which, once inactivated, release E2F-type transcription
factors. These factors activate the expression of DNA synthesis-related genes, enabling the cell to progress to
the S phase [46,47].

Additionally, cytokinins have the ability to suppress the activity of cell cycle inhibitors, such as kinase-
related proteins (KRPs), which typically block CDK activity [46]. In this way, cytokinins ensure that
meristematic cells can proliferate rapidly, which is essential for continuous growth and the expansion of
plant tissues. Cytokinin regulation of cell division also involves control over entry into the mitotic (M) phase,
ensuring proper segregation of genetic material [48-50].

The interaction between cytokinins and auxins plays a crucial role in balancing cell proliferation
and differentiation. While cytokinins promote cell proliferation, auxins tend to encourage cell differen-
tiation. This balance is particularly evident in apical meristems, where cytokinins maintain a population
of undifferentiated cells that are continuously renewed, while auxins direct some of these cells toward
differentiation to form new organs. This mechanism ensures sustained plant growth by preserving a reservoir
of undifferentiated meristematic cells while enabling the formation of specialized structures [30,31,51].

In meristems, cytokinins play another vital role: maintaining the functionality and identity of these
pluripotent cells. A clear example is the regulation of the WUSCHEL (WUS) gene, which is essential for the
maintenance of the apical meristem. Cytokinins promote the expression of WUS, which, in turn, sustains the
ability of meristematic cells to divide and contribute to stem and root growth. This mechanism illustrates how
cytokinins not only promote cell division but also ensure the identity of the cells that make up the meristems,
enabling them to continue proliferating indefinitely [52,53].

Despite their positive role in cell division, cytokinin activity must be carefully regulated to prevent
uncontrolled growth. This regulation is achieved through intrinsic mechanisms, such as the action of negative
regulators, including type-A ARR (Response Regulators type A) genes. These regulators are activated by
cytokinin signaling and compete with type-B ARRs, which are responsible for activating the transcription
of target genes. By inhibiting the action of type-B ARRs, type-A ARRs promote negative feedback, ensuring
that cytokinin signaling is deactivated after a period of stimulation [54,55].

Moreover, cytokinin degradation is mediated by the enzyme cytokinin oxidase/dehydrogenase (CKX),
which breaks down the active forms of the hormone. This degradation allows for precise spatial and temporal
control of cytokinin action, ensuring that cell division occurs in a regulated manner and at specific locations.
For instance, in tissues where growth has reached an advanced stage, cytokinin levels are reduced, halting
cell proliferation and allowing cells to enter processes of differentiation or senescence [7,27].

These mechanisms demonstrate that cytokinins are more than mere promoters of cell division; they
function as sophisticated regulators that balance plant growth and development, ensuring that each tissue
and organ develops in a coordinated and efficient manner [51,56].

6 Cytokinins and Leaf Senescence

Cytokinins are widely recognized as key regulators of leaf senescence in plants, acting as inhibitors of
this degenerative process. Senescence is a terminal phase of cellular development characterized by the break-
down of macromolecules, nutrient redistribution, and programmed cell death. The action of cytokinins in
inhibiting senescence occurs through complex molecular mechanisms involving gene regulation, hormonal
cross-signaling, and the maintenance of cellular homeostasis [57].

The inhibition of senescence by cytokinins begins with the activation of a network of regulatory genes.
Upon being perceived by specific histidine kinase receptors (such as AHK2, AHK3, and CREI/AHK4),
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cytokinins activate the two-component signaling cascade. Signals are transduced to the nucleus by medi-
ator proteins, such as histidine phosphotransferases (AHPs), which then phosphorylate type-B response
regulators (ARR-B) (Fig. 3) [5,14,19].

Figure 3: Action of cytokinins (CKs) through histidine kinase receptors (AHKI1, AHK2, CREI) to activate histidine
phosphotransfer proteins (AHPs), which, in turn, modulate the activity of response regulators (ARR-B)

Activated ARR-B regulators modulate the expression of genes associated with senescence, such as those
encoding proteins involved in chlorophyll degradation and proteases responsible for protein breakdown.
Additionally, maintenance genes, including those related to the production of antioxidant defense proteins
and enzymes involved in cellular metabolism, are induced, thereby delaying the metabolic collapse typical
of senescence [41,58].

Cytokinins play a central role in maintaining chloroplast integrity, acting as crucial regulators in
preventing leaf senescence, particularly in the context of the degradation of photosynthetic components.
During senescence, chloroplasts are the first organelles to be degraded, leading to the loss of photosynthetic
capacity. Cytokinins delay this degradation through specific mechanisms that ensure the preservation of
the structure and functionality of the photosynthetic apparatus. Firstly, cytokinins sustain the expression of
genes related to chlorophyll biosynthesis, pigments essential for light capture. This effect contributes to the
stabilization of photosynthetic protein complexes, including photosystems I and II [59,60].

Additionally, cytokinins play a crucial role in activating antioxidant systems that protect chloroplasts
from oxidative stress generated during senescence. Enzymes such as superoxide dismutase (SOD) and
catalase (CAT) are induced by cytokinins, helping to neutralize reactive oxygen species (ROS) accumulated
during cellular degradation. This antioxidant action is essential to prevent damage to thylakoid membranes
and preserve the efficiency of photosynthetic processes. Complementarily, cytokinins inhibit the expression
of proteases and other enzymes involved in the degradation of essential chloroplast proteins, such as
Rubisco and the subunits of the light-harvesting complex (LHC), thereby delaying the disassembly of the
photosynthetic apparatus [61,62].

Another crucial aspect of cytokinin action is its interaction with other phytohormones that regulate
senescence, such as ethylene, abscisic acid (ABA), and jasmonates. Ethylene is known as one of the
primary promoters of leaf senescence, inducing the degradation of chlorophylls and photosynthetic proteins.
Cytokinins antagonize this action by repressing ethylene biosynthesis and inhibiting the expression of genes
encoding key enzymes in the ACC (1-aminocyclopropane-1-carboxylate) production pathway, the immediate
precursor of ethylene. Similarly, cytokinins negatively modulate ABA signaling, a hormone widely associated
with stress responses and the onset of senescence. The presence of cytokinins reduces the expression of ABA-
responsive genes and decreases its biosynthesis, thereby delaying the catabolic processes associated with
cellular aging [31,63,64].
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Regarding jasmonates, hormones often associated with defense and senescence, cytokinins also play a
regulatory role by reducing the expression of genes involved in catabolic responses. This interaction between
cytokinins and these hormones ensures finer control over the metabolic and physiological processes leading
to senescence, thereby maintaining leaf functionality for extended periods [34,65].

Another significant mechanism in the cytokinin-mediated inhibition of senescence is their influence
on nutrient redistribution. During senescence, proteins and nucleic acids are degraded, and the released
nutrients, such as nitrogen and phosphorus, are redistributed to younger parts of the plant or reproductive
organs. Cytokinins delay this process by inhibiting the transcription of genes encoding proteases, nucleases,
and other enzymes involved in macromolecule degradation. This not only preserves the structural and
functional components of leaf cells but also maintains the efficiency of cellular metabolism [59,66].

Furthermore, cytokinins promote the maintenance of the antioxidant system, which is crucial for
mitigating oxidative stress caused by the accumulation of reactive oxygen species (ROS) during senescence.
Reactive oxygen species, such as hydrogen peroxide (H,0,) and superoxide radical (O*"), are byproducts
of cellular metabolism that, if uncontrolled, cause irreparable damage to cellular structures, including
membranes, proteins, and nucleic acids. The activation of enzymes such as SOD, CAT, and glutathione
reductase by cytokinins contributes to the detoxification of these species, protecting leaf cells and prolonging
their functionality [67,68]. A detailed understanding of these interactions not only elucidates the role of
cytokinins in plant development but also opens avenues for practical applications in agriculture, such as
improving crops to enhance their productivity and resilience under adverse conditions [2-5].

7 Cytokinins and Stress Responses

Cytokinins play a central role in regulating plant responses to various biotic and abiotic stresses, mod-
ulating physiological and metabolic processes that ensure adaptation and survival. These plant hormones
interact with other hormonal pathways, activate defense-related genes, and adjust cellular mechanisms,
promoting resilience under adverse conditions. Table I provides a synthesis of the main mechanisms of
cytokinin action across different stress types, highlighting their physiological impacts and implications
for plants.

Table 1: Overview of cytokinin mechanisms of action in response to biotic and abiotic stresses

Type of stress Cytokinin mechanisms of Impact on plants References
action
Biotic stress - Induction of defense-related - Enhanced resistance to [69-71]

genes, including
pathogenesis-related (PR)
proteins.
- Stimulation of phytoalexin
biosynthesis.
- Positive modulation of salicylic
acid (SA) pathways against
biotrophic pathogens and
jasmonic acid (JA) pathways
against necrotrophic pathogens.

pathogens and herbivores.
- Increased production of
volatile compounds
attracting natural
predators of herbivores.
- Induction of systemic
acquired resistance (SAR).

(Continued)
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Table 1 (continued)

Type of stress Cytokinin mechanisms of Impact on plants References
action
Drought stress - Regulation of water - Conservation of water [7,25]
homeostasis. resources.
- Promotion of deep root growth. - Access to water in deeper
- Modulation of interaction with soil layers.
ABA to balance water retention - Maintenance of growth
and gas exchange. under water deficit.
Salt stress - Regulation of ionic transporters - Protection against [51,72]
(SOS1, HKT1) to limit Na* cellular dehydration.
accumulation. - Minimization of
- Stimulation of osmolyte oxidative damage.
production (proline, soluble - Preservation of cellular
sugars). functionality.
- Activation of antioxidant
systems.
Temperature - Induction of heat shock proteins - Stabilization of proteins [60,73]
stress (HSPs) under high temperatures. and cellular membranes.
- Promotion of cryoprotective - Prevention of structural
compounds under extreme cold.  damage caused by extreme
temperatures.
Heavy metal - Stimulation of phytochelatin - Detoxification and safe [74,75]
toxicity and metallothionein synthesis. storage of metals in
- Activation of antioxidant vacuoles.
systems to neutralize reactive - Protection against
oxygen species (ROS). oxidative damage.

7.1 Responses to Biotic Stress

Cytokinin signaling can induce both local and systemic immune responses. This is achieved by acti-
vating defense-related genes, including those encoding pathogenesis-related (PR) proteins, which directly
inhibit pathogens. Additionally, cytokinins promote the expression of genes involved in the biosynthesis of
antimicrobial compounds, such as phytoalexins, which restrict the growth and spread of invading agents [70].

Cytokinins play a central role in interacting with other phytohormones and regulating plant immune
responses to biotic stresses, such as pathogen infections and herbivore attacks. These hormonal interactions
shape defensive responses depending on the type of stressor and the plant’s physiological needs [69]. For
instance, in cases of infection by necrotrophic pathogens, which feed on dead tissues, cytokinins modulate
the jasmonic acid (JA) and ethylene (ET) pathways, which are responsible for activating effective defense
mechanisms against these pathogens. Cytokinins amplify JA signaling, promoting the production of protease
inhibitor proteins and toxic compounds that limit pathogen progression. In contrast, against biotrophic
pathogens, which rely on living tissues to proliferate, cytokinins synergistically interact with salicylic acid
(SA), a key hormone in systemic acquired resistance (SAR). This interaction enhances SA production
and strengthens its signaling, leading to the activation of defense-related genes, such as those encoding
pathogenesis-related (PR) proteins, which have antimicrobial functions [69,76,77].
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In addition to regulating specific defense pathways against pathogens, cytokinins play an important
role in the response to herbivores by interacting with JA to induce indirect defenses. They promote the
production of volatile compounds that attract natural predators of herbivores and stimulate the synthesis of
protease inhibitors that impair herbivore digestion. This coordination ability enables plants to develop robust
defensive responses against different biotic agents [69].

Another essential mechanism promoted by cytokinins is their ability to induce systemic acquired
resistance (SAR). Following the initial attack of a pathogen, cytokinins contribute to the transport of defense
signals to uninfected parts of the plant, establishing a state of readiness in distant tissues. This is achieved
through the production of signaling molecules, such as methyl salicylate, which is transported via the phloem
to prepare other parts of the plant for potential future infections. In still-healthy tissues, cytokinins activate
defense-related and antioxidant metabolism genes, fostering a form of ‘immune memory’ that strengthens
the plant’s resistance to subsequent attacks [70,71].

In addition to modulating defense responses, cytokinins can directly affect the metabolism of pathogens
and herbivores. In some interactions, cytokinins regulate the redistribution of nutrients in plant cells, reduc-
ing the availability of essential resources for invaders. For instance, during fungal and bacterial infections,
cytokinins can limit the export of carbohydrates from cells, hindering the survival and proliferation of
the pathogen [78]. Conversely, in beneficial interactions such as symbiosis with mycorrhizae or rhizobia,
cytokinins promote the development of symbiotic structures like root nodules. They regulate the expression
of genes associated with nodule formation and local hormone metabolism, facilitating nitrogen fixation and
nutrient exchange between the plant and the symbiotic microorganism [79].

Another significant role of cytokinins in biotic stresses is their influence on the plant’s secondary
metabolism. They induce the production of phenolic compounds, alkaloids, and flavonoids, which possess
antimicrobial properties and play a critical role in resistance against pathogens and herbivores. These
secondary metabolites not only exert toxic effects on invading agents but also reinforce cell wall structures,
making it more difficult for pathogens to penetrate. Additionally, cytokinins stimulate the biosynthesis of
phytoalexins, antimicrobial compounds produced in response to infections, which help contain pathogens
at the initial sites of infection [71,80].

Experimental evidence reinforces the importance of cytokinins in these processes. Plants deficient in
cytokinins or with impaired hormonal signaling exhibit increased susceptibility to pathogens, with reduced
expression of defense genes and greater dissemination of infectious agents. In contrast, plants overexpressing
cytokinin biosynthesis genes, such as the IPT gene, display enhanced resistance, with increased production
of PR proteins, phytoalexins, and antioxidant compounds [16]. Additionally, studies on pathogens that
produce cytokinins, such as Agrobacterium tumefaciens, show that these microorganisms use cytokinins
to manipulate host plant metabolism, inducing gall formation to secure resources. This highlights the
importance of balanced cytokinin signaling in protecting against pathogenic agents [70,79].

Cytokinins, therefore, play a central role in plant responses to biotic stresses by coordinating hormonal
signaling, activating defense genes, and modulating secondary metabolism. These functions not only
protect plants against pathogen and herbivore attacks but also ensure beneficial interactions with symbiotic
organisms [80].

7.2 Responses to Abiotic Stresses

Cytokinins play a pivotal role in plant responses to abiotic stresses, regulating a range of physiological
and biochemical mechanisms that enable adaptation and survival under adverse conditions such as drought,
salinity, extreme temperatures, heavy metal toxicity, and nutrient deficiencies [51]. Their action is complex,
involving the modulation of hormonal pathways, activation of antioxidant systems, and adjustment of
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cellular metabolism, underscoring their role as central components in integrating growth and environmental
adaptation [81,82].

Under drought stress, cytokinins play a dual role by regulating water homeostasis and adjusting plant
growth. In aerial tissues, such as leaves, cytokinin levels typically decrease, contributing to the suppression of
vegetative growth and water conservation. Conversely, in roots, cytokinin synthesis may increase, promoting
their transport to specific tissues and signaling the need for metabolic reorganization [7,25]. This adjustment
is essential for maintaining vital processes. Cytokinins directly interact with abscisic acid (ABA), which
plays a key role in the response to water deficit. While ABA induces stomatal closure to limit water loss,
cytokinins can attenuate this response, ensuring a balance between water retention and maintaining minimal
gas exchange for photosynthesis. Additionally, under drought conditions, cytokinins stimulate the growth
of deeper roots, enabling the plant to access water resources in deeper soil layers [51,83,84].

In the context of salt stress, cytokinins play a crucial role in mitigating osmotic and ionic imbalances,
which directly affect cellular functionality [51]. These hormones regulate ionic homeostasis by controlling
the expression of transporters such as SOS1 and HKT1, which limit the toxic accumulation of sodium (Na*)
in sensitive tissues and promote its compartmentalization in vacuoles. Additionally, cytokinins stimulate
the production of osmolytes, such as proline and soluble sugars, which help maintain cellular osmotic
pressure and protect cellular structures from dehydration [45,72]. The response to salt stress also involves the
activation of antioxidant systems, such as superoxide dismutase (SOD) and catalase (CAT), which neutralize
reactive oxygen species (ROS) generated by the stress, protecting proteins, membranes, and nucleic acids
from oxidative damage [85,86].

In response to extreme temperatures, cytokinins modulate adaptive responses that protect cells from
structural and metabolic damage. Under heat conditions, they induce the expression of heat shock proteins
(HSPs), which stabilize and repair damaged proteins, as well as preserve the fluidity of cellular membranes,
preventing ruptures caused by high temperatures. In extreme cold, cytokinins play a crucial role in the
synthesis of cryoprotective compounds, such as sugars and amino acids, which prevent the formation of ice
crystals within cells. They also regulate the production of unsaturated fatty acids, which enhance cellular
membrane fluidity, ensuring functionality even at low temperatures [73,87].

In relation to heavy metal toxicity, such as cadmium (Cd) and lead (Pb), cytokinins play a significant
protective role by promoting detoxification and compartmentalization of these elements. They stimulate the
synthesis of phytochelatins and metallothioneins, chelating molecules that bind to metals, reducing their
toxicity and directing them to vacuoles for safe storage [74]. Additionally, cytokinins activate antioxidant sys-
tems that neutralize ROS generated by heavy metal exposure, minimizing oxidative damage to membranes,
proteins, and nucleic acids. At the level of the photosynthetic apparatus, cytokinins help preserve chloroplast
functionality by regulating the synthesis and stability of chlorophylls and photosynthetic proteins [75].

Cytokinins also play an important role in responding to nutrient deficiencies, particularly nitrogen and
phosphorus. Under low nitrogen availability, they promote the redistribution of nutrients from older leaves
to younger ones by activating catabolic pathways that release resources and direct them to developing tissues.
In the case of phosphorus deficiency, cytokinins increase the expression of phosphorus transporters and
stimulate the exudation of organic acids by roots, enhancing the solubilization and availability of this element
in the soil [88,89].

In addition to these specific roles, cytokinins integrate broader hormonal networks, interacting with
other hormones to coordinate global stress responses. For instance, under drought or salinity conditions,
they often antagonize ABA, helping to balance growth and adaptation. Interaction with auxins regulates root
growth, while their interplay with jasmonic acid (JA) adjusts defensive responses to combined stresses [69].
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Finally, cytokinins also influence epigenetic regulation under stress conditions, modulating gene
expression through chromatin modifications, enabling a faster and more efficient response. These complex
mechanisms highlight cytokinins as central components in plants’ adaptive capacity to adverse abiotic
conditions [51,90].

8 Future Perspectives and Applications

The future perspectives and practical applications related to cytokinins are vast, given the advancements
in understanding their biosynthesis, signaling, and regulatory functions. As key phytohormones in control-
ling growth, development, and stress responses, cytokinins hold the potential to revolutionize fields such as
sustainable agriculture, biotechnology, and environmental management (Fig. 4).

Applications of Cytokinins

Abiotic Stress
Response

Cell Division Delay of Leaf
Enhancement Senescence

Cytokinins

Nutrient uptake Crop Yield
Regulation Enhancement

Biotic Stress
Response

Figure 4: Key applications of cytokinins in plants

8.1 Genetic Manipulation for Crop Improvement

Genetic engineering has proven to be a powerful tool for harnessing the potential of cytokinins in
cultivated plants. Modulating cytokinin biosynthesis and degradation through the manipulation of key
genes, such as IPT (isopentenyl transferase) and CKX (cytokinin oxidase/dehydrogenase), can optimize
desirable traits. Transgenic plants overexpressing the IPT gene exhibit greater drought resistance, improved
performance under salinity, and increased productivity due to cytokinins’ ability to delay senescence and
enhance photosynthetic efficiency [82,91,92].
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On the other hand, targeted inhibition of CKX, which is responsible for cytokinin degradation, can also
increase endogenous hormone levels in specific tissues, improving resource allocation and the growth of eco-
nomically important organs such as grains and fruits. This approach is particularly relevant in crops like rice,
wheat, and maize, where enhancing grain filling efficiency can significantly boost productivity [91,93,94].

8.2 Applications in Sustainable Agriculture

The use of cytokinins in agricultural practices offers promising prospects for promoting sustainability.
Exogenous applications of cytokinins can be employed to mitigate the effects of abiotic stress in crops exposed
to drought, salinity, or extreme temperatures. This approach can be particularly valuable in regions affected
by climate change, where growing conditions are becoming increasingly unpredictable [60,92,95,96].

Additionally, cytokinins have been explored as tools to improve nutrient use efficiency. In soils with low
nitrogen or phosphorus availability, cytokinins can be used to stimulate root growth and enhance nutrient
uptake. This application reduces the reliance on chemical fertilizers, minimizing the environmental impacts
associated with their production and overuse [97,98].

Another promising field is the use of cytokinins to delay post-harvest senescence, particularly in
fruits, vegetables, and cut flowers [92]. The application of cytokinins can extend the shelf life of these
products, preserving their nutritional and visual quality, which has significant economic implications for the
agricultural supply chain [99-101].

8.3 Control of Plant Growth and Development

Cytokinins hold potential for targeted growth management in ornamental and forest plants. In orna-
mental crops, their application can be used to regulate shoot development, promote lateral branching, and
enhance the aesthetic quality of plants [100]. In forest species, cytokinins can be employed to regulate bud
sprouting and increase biomass productivity [102,103].

Additionally, in intensive cropping systems, cytokinins can be combined with other growth regulators
to balance vegetative and reproductive growth, promoting greater efficiency in the use of resources such as
water and light [104,105].

8.4 Biotechnology and Production of Secondary Compounds

Cytokinins are also powerful tools in biotechnology, particularly inducing organogenesis and plant tis-
sue culture. In micropropagation protocols, cytokinins are widely used to induce shoot proliferation in plant
explants, playing an essential role in the cloning of genotypes of agricultural and forestry interest [106,107].

Another emerging field is the use of cytokinins to stimulate the production of secondary metabolites
with high economic and pharmacological value. Many medicinal plants increase the production of bioactive
compounds, such as alkaloids, flavonoids, and terpenes, in response to cytokinin application due to their
ability to modulate specific metabolic pathways. This represents a significant advancement for the industrial
production of therapeutic substances derived from plants [108,109].

8.5 Adaptation to Climate Change

Global climate change represents one of the greatest challenges to agriculture and food security. In
this context, cytokinins play a central role in plant adaptation to adverse environmental conditions, such as
drought, salinity, and extreme temperatures. Developing plant varieties with enhanced cytokinin synthesis
or sensitivity can help mitigate the impacts of climate change, promoting crop resilience [51,110].
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Studies indicate that cytokinins can also be used to increase water use efficiency in plants under water
stress. By modulating root growth and stomatal opening, cytokinins enable plants to maintain a balance
between growth and adaptation, even under water deficit conditions [111,112].

8.6 Environmental Management and Bioremediation

Cytokinins can be applied in environmental management projects, such as the bioremediation of
soils contaminated with heavy metals. Their ability to stimulate the production of phytochelatins and
metallothioneins in plants makes them essential for enhancing plant tolerance and facilitating the extraction
of toxic metals from contaminated areas. Additionally, cytokinins can be used to promote the growth of
pioneer plants in degraded environments, aiding in ecosystem restoration and soil stabilization [113,114].

9 Final Considerations

Cytokinins stand out as key regulators in plant growth, development, and adaptation processes. Their
roles in cell division, senescence regulation, and responses to biotic and abiotic stresses underscore their
importance as versatile modulators in plant physiology.

Discoveries about the molecular and cellular mechanisms of cytokinins open possibilities for genetic
and hormonal manipulation, enabling the development of more resilient and productive plants in adverse
conditions. In agriculture, the use of cytokinins to improve efficiency of nutrient use, delay post-harvest
senescence, and promote resistance to environmental stress offers sustainable alternatives to meet the
growing global demand for food.

A detailed understanding of cytokinin interactions with epigenetic networks, their roles in non-model
species, and the environmental impacts of their application present both challenges and opportunities
for future research. Additionally, advancements in technologies such as CRISPR/Cas9 genetic editing and
nanobiotechnology could enable even more precise and efficient applications of these molecules in enhancing
agricultural performance.
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