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1. Introduction

Phytohormones are endogenous signalling molecules that regulate plant growth,
development and responses to environmental conditions at very low concentrations. Rather
than acting simply as growth promoters or inhibitors, they coordinate processes throughout
the plant life cycle, including cell division and expansion, root and shoot development, seed
germination, flowering, fruit development, senescence and responses to biotic and abiotic
stresses. Their activity depends not only on their biosynthesis but also on metabolism,
transport, tissue-specific distribution, perception and downstream signalling (Zhang et al.,

2023).

The major phytohormones considered in this review are auxins, cytokinins, gibberellins
(GAs), abscisic acid (ABA), ethylene, brassinosteroids (BRs), jasmonates (JAs), strigolactones

(SLs) and salicylic acid (SA). Their functions can be seen in Table 1.

Table 1. Main physiological functions of the major phytohormones.

Phytohormone Main physiological functions

Cell expansion and elongation; root initiation and development; apical dominance;
Auxins vascular differentiation; tropic responses; organ formation; fruit development and fruit

set

Cell division; shoot initiation and development; regulation of root growth; release of
Cytokinins lateral buds; nutrient mobilisation; chloroplast development; delay of leaf senescence;

reproductive development

Seed germination; stem and internode elongation; leaf expansion; transition to flowering;
Gibberellins (GAs)
flower development; fruit growth and development

Seed maturation and dormancy; regulation of germination; stomatal closure and water
Abscisic acid (ABA)||relations; growth adjustment under stress; responses to drought, salinity and other

abiotic stresses




Phytohormone Main physiological functions

Seedling development; regulation of cell expansion and elongation; root development;
Ethylene flower and leaf senescence; organ abscission; fruit ripening; biotic and abiotic stress

responses

Brassinosteroids ||Cell expansion and division; vascular differentiation; root and shoot growth; reproductive

(BRs) development; modulation of stress responses

Defence against herbivores and pathogens; wound responses; regulation of growth—
Jasmonates (JAs)
defence balance; reproductive development; senescence; responses to abiotic stress

Suppression of shoot branching; regulation of root architecture; nutrient-responsive
Strigolactones
growth; interactions with arbuscular mycorrhizal fungi; adaptation to phosphate and
(SLs)
nitrogen availability

L . Plant immunity and defence signalling; systemic acquired resistance; responses to
Salicylic acid (SA) y gnalling; sy q p

biotrophic pathogens; modulation of growth and abiotic stress responses

Importantly, plant responses cannot generally be attributed to the concentration of a single
hormone. Hormonal pathways form interconnected regulatory networks in which one
hormone can modify the availability, perception, sensitivity or signalling of another
(Vanstraelen and Benkova, 2012). These interactions may be synergistic, additive or
antagonistic, and their outcome is strongly dependent on developmental and physiological
context (Vanstraelen and Benkovd, 2012). Consequently, hormonal balance and spatial
distribution can be as important as absolute hormone concentration. Hormone transport
creates differences in hormone concentration between cells and tissues, including local
hormone maxima and gradients, contributing to the spatial regulation of plant growth and

development (Zhang et al., 2023).

This complexity is particularly relevant when phytohormones are manipulated in agriculture.
Exogenous hormone application can modify a wide range of crop responses, but the
outcome can vary considerably with hormone concentration, application method,
developmental stage and the physiological context of the plant (Koprna et al., 2016). This
dependence on concentration and developmental context is one of the major

considerations when translating phytohormone physiology into practical crop management.



This review therefore examines the principal phytohormones from a functional and
agricultural perspective, focusing on how they are produced and transported, how they are
perceived by plant cells, the physiological responses they regulate, their interactions with
other hormonal pathways, and the concentration-dependent effects observed following
endogenous or exogenous manipulation. Particular emphasis is placed on translating these

mechanisms into crop-relevant responses and practical agricultural applications.
2. Major Phytohormones: Mechanisms and Functions

The physiological effects summarised in Table 1 depend on how each hormone is produced,
metabolised, transported and perceived by the plant. These processes determine not only
the amount of a hormone present but also where and when it is active and how strongly
individual tissues respond. Hormone distribution is particularly important, as transport
combined with local production and metabolism creates differences in hormone
concentration between cells and tissues, allowing specific developmental responses to occur

at particular locations within the plant (Zhang et al., 2023).

The following sections examine each major phytohormone individually, focusing on its main
active forms, production and transport, how it is perceived by the plant, and the
mechanisms underlying its principal physiological effects. Particular attention is also given to
concentration-dependent responses and the effects of exogenous applications in

agricultural crops.
2.1 Auxins

Auxins are major regulators of plant growth and development. Indole-3-acetic acid (IAA) is
the most abundant and widespread endogenous auxin, although plants also contain other
naturally occurring auxins, including indole-3-butyric acid (IBA), phenylacetic acid (PAA) and,
in some species, 4-chloroindole-3-acetic acid (4-CI-IAA) (Hammes and Pedersen, 2024). IAA
is produced in many parts of the plant, but its synthesis is particularly associated with
actively growing and developing tissues. Once produced, the amount of active IAA available
in a tissue is carefully regulated. Plants can convert IAA into inactive or storage forms,
release it again when required, degrade excess IAA, or transport it to other tissues.

Together, these processes allow plants to maintain different auxin concentrations in



different organs and at different stages of development (Cohen and Strader, 2024; Gao et

al., 2024).

The distribution of auxin within the plant is particularly important for its activity. Auxin can
move over longer distances through the vascular system and can also be transported
directionally from cell to cell. This directional movement, known as polar auxin transport,
allows the plant to establish areas with different auxin concentrations. These differences
help regulate processes such as organ formation, vascular development, lateral root
formation and responses to light and gravity (Zhang et al., 2023; Hammes and Pedersen,

2024).

At the cellular level, auxin is perceived through specific receptor systems that ultimately
modify gene expression and cellular activity. In the main signalling pathway, increasing auxin
concentrations remove proteins that normally repress the auxin response, allowing auxin-
responsive genes to become active. This mechanism enables relatively small changes in
auxin concentration to produce changes in plant growth and development (Du et al., 2020;

Cohen and Strader, 2024).

One important response is auxin-induced cell expansion. Auxin stimulates proton transport
across the plasma membrane, resulting in acidification of the apoplast. This promotes cell-
wall loosening and allows turgor-driven cell expansion, providing the basis for the classical

acid-growth response associated with auxin-promoted shoot elongation (Du et al., 2020).

Auxin responses depend strongly on both concentration and the tissue involved. For
example, auxin can promote cell expansion and elongation in shoots, while increased auxin

concentrations can inhibit elongation in roots (Du et al., 2020).

The effect also depends on the developmental stage and sensitivity of the target tissue, as
well as interactions with other hormones (Gao et al., 2024). These factors are particularly

important when auxins are applied externally in agriculture.

Auxins and auxin-related compounds are widely used to manipulate plant development,
particularly rooting, fruit set and fruit development. Their effectiveness depends on the type
of auxin or analogue, concentration, application method, crop and developmental stage
(Gao et al., 2024). For this reason, agricultural responses to auxins are best considered

guantitatively rather than simply describing auxin as beneficial or inhibitory.
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2.2 Cytokinins

Cytokinins are a group of plant hormones derived primarily from adenine. The major
naturally occurring forms include trans-zeatin (tZ), cis-zeatin (cZ), isopentenyladenine (iP)
and dihydrozeatin (DHZ), although their abundance and biological activity vary among plant
species. The free-base forms are generally considered the biologically active cytokinins,
while plants also contain ribosides, ribotides and conjugated forms that participate in

cytokinin metabolism and transport (Kieber and Schaller, 2018; Argueso and Kieber, 2024).

Cytokinins are produced in several plant tissues, including both roots and shoots,
particularly in actively growing regions. Their concentration is controlled through
biosynthesis, conversion between different cytokinin forms and irreversible degradation by
cytokinin oxidase/dehydrogenase (CKX). This regulation allows plants to adjust cytokinin
availability according to developmental stage and environmental conditions, including

nutrient availability (Sakakibara, 2006; Kieber and Schaller, 2018).

Cytokinins can act locally where they are produced but can also move between different
parts of the plant. Long-distance transport occurs through both the xylem and phloem,
helping coordinate development and nutrient status between roots and shoots (Zhang et

al., 2023; Argueso and Kieber, 2024).

Cytokinins are perceived by specific receptors, mainly located in cellular membranes. Once
cytokinin binds to these receptors, the signal is transferred through a series of steps that
ultimately changes gene expression and cellular activity. This signalling system allows
changes in cytokinin concentration to regulate processes such as cell division, shoot and
root development, nutrient responses and senescence (Kieber and Schaller, 2018; Argueso

and Kieber, 2024).

An important characteristic of cytokinin activity is its close interaction with other hormones,
particularly auxin. Their relationship is highly dependent on the tissue and developmental
process, and the two hormones can act either cooperatively or antagonistically. In roots,
auxin generally promotes lateral root initiation, while cytokinin can oppose auxin activity
and restrict root development. In shoots, cytokinin promotes meristem activity and lateral
bud growth, whereas auxin contributes to apical dominance and the suppression of lateral

branching. Consequently, it is often the balance between auxin and cytokinin activity, rather



than the concentration of either hormone alone, that determines the developmental

response (Argueso and Kieber, 2024; Koprna et al., 2016).

From an agricultural perspective, cytokinins have been investigated for their ability to
influence branching, delay senescence, improve nutrient mobilisation and modify flower,
seed and fruit development. Exogenous cytokinin applications have been evaluated in crops
including wheat, rice, maize, barley, soybean, cotton, vegetables and fruit trees. However,
responses are highly dependent on cytokinin type, concentration and particularly the
developmental stage at which treatment is applied, which has limited the consistency of

their use as agricultural growth regulators (Koprna et al., 2016).
2.3 Gibberellins

Gibberellins (GAs) are a large family of plant hormones involved in the regulation of plant
growth and development. More than one hundred different GAs have been identified, but

only a small number are biologically active (Richards et al., 2001; Xue et al., 2021).

Gibberellins are produced in several actively growing and developing tissues, including
young shoots, developing seeds and reproductive tissues. Their levels are tightly regulated
through biosynthesis and inactivation, allowing the plant to adjust the amount of active GA
according to its developmental stage and environmental conditions. GA metabolism is also
subject to feedback regulation, helping maintain appropriate levels of active hormone

within individual tissues (Richards et al., 2001; Xue et al., 2021).

Gibberellins can move between plant tissues, although their transport is less strongly
directional than the polar transport characteristic of auxin. Both short- and long-distance
movement contribute to GA distribution, while local biosynthesis and inactivation are
important in determining where biologically active GA accumulates. Consequently, GA
activity can differ substantially between organs and developmental stages (Zhang et al.,

2023).

The basic mechanism of GA action can be understood as the removal of a growth restraint.
In the absence of sufficient active GA, proteins known as DELLAs suppress several GA-
dependent growth responses. When GA binds to its receptor, DELLA proteins are targeted
for degradation, removing this restraint and allowing GA-responsive growth and

developmental processes to proceed (Xue et al., 2021). This mechanism helps explain why
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increasing GA activity is strongly associated with processes such as stem elongation, seed

germination and reproductive development (Richards et al., 2001).

GA activity is also closely connected with other hormonal pathways. DELLA proteins interact
with components of several other hormone signalling systems, allowing GA responses to be
adjusted according to the overall physiological state of the plant. This crosstalk contributes
to the balance between growth and other processes, including responses to environmental

stress (Xue et al., 2021).

From an agricultural perspective, manipulation of GA activity can strongly influence plant
height, germination, flowering and fruit development. The importance of GA regulation is
particularly evident in cereal crops: reduced GA signalling associated with DELLA proteins
contributed to the semi-dwarf growth habit of important wheat varieties, demonstrating
how modification of GA responses can alter plant architecture and agronomic performance

(Richards et al., 2001; Xue et al., 2021).
2.4 Abscisic Acid (ABA)

Abscisic acid (ABA) is an important regulator of plant development and environmental stress
responses. In contrast to auxin, cytokinin and gibberellin, which are strongly associated with
growth and developmental progression, ABA has a particularly important role in
coordinating growth with environmental conditions, especially water availability. It also

regulates seed maturation, dormancy and germination (Zhang et al., 2023; Mo et al., 2024).

ABA is produced in both roots and shoots, and its synthesis can increase rapidly when plants
experience environmental stresses such as water deficit. Its concentration is controlled
through a balance between biosynthesis, degradation and conversion into inactive or stored
forms, allowing ABA levels to change according to the physiological requirements of the

plant (Mo et al., 2024; Zhang et al., 2023).

ABA can act close to where it is produced or be transported to other parts of the plant.
Long-distance transport allows ABA produced in one tissue to regulate responses elsewhere.
For example, ABA produced in aerial tissues can influence root development, while
movement of ABA within leaves contributes to the regulation of stomatal opening and
closing. ABA transport therefore contributes to communication between tissues during both

normal development and water stress (Zhang et al., 2023).



At the cellular level, ABA is perceived by specific receptors that activate a signalling pathway
leading to changes in cellular activity and gene expression. One of the most important rapid
responses occurs in the guard cells surrounding stomata. Under water deficit, increased ABA
signalling promotes stomatal closure, reducing water loss through transpiration. ABA also
activates longer-term responses that help the plant adjust its growth and physiology to

stressful conditions (Mo et al., 2024).

ABA also provides a good example of hormonal antagonism. During seed germination, ABA
and gibberellins generally have opposing roles: ABA promotes and maintains dormancy,
whereas GA promotes germination and subsequent growth. The balance between the two
hormonal pathways therefore contributes to determining whether a seed remains dormant

or begins germination (Vanstraelen and Benkova, 2012).

From an agricultural perspective, ABA is particularly relevant to crop responses to drought
and other environmental stresses because of its effects on stomatal regulation, water use
and stress-responsive metabolism. Manipulating ABA concentration or signalling can
therefore influence crop water relations and stress tolerance, although these responses
involve an important trade-off: restricting water loss can improve survival under water
deficit, but excessive or prolonged growth restriction may also reduce productivity. The
crop-specific effects of ABA application, including concentration and application timing, will

be considered quantitatively in Section 4.
2.5 Ethylene

Ethylene is a gaseous plant hormone involved in the regulation of plant growth,
development and responses to environmental conditions. Its gaseous nature distinguishes it
from the other major phytohormones and allows it to diffuse readily through plant tissues
and into the surrounding atmosphere. Ethylene is particularly associated with fruit ripening,
senescence and organ abscission, but it also regulates seedling development, root growth
and responses to biotic and abiotic stresses (Wang et al., 2025; Vanstraelen and Benkova3,

2012).

Ethylene can be produced in most plant tissues, although production varies considerably
with developmental stage and environmental conditions. Its synthesis commonly increases

during processes such as fruit ripening and senescence and in response to stresses including



wounding, flooding and pathogen attack. Because ethylene is a gas, it cannot be stored or
transported in the same way as many other hormones. Plants therefore regulate ethylene
activity largely by controlling how much is produced and how sensitive individual tissues are

to it (Wang et al., 2025).

Once produced, ethylene diffuses relatively freely between cells and tissues. This means
that its distribution does not depend on specialised directional transport systems
comparable to the polar transport of auxin. However, ethylene can also influence longer-
distance plant responses indirectly by modifying the production and transport of other

hormones, particularly auxin (Vanstraelen and Benkova, 2012; Zhang et al., 2023).

Ethylene is perceived by specific receptors located mainly on membranes of the
endoplasmic reticulum. An interesting feature of this system is that, in the absence of
ethylene, the receptors actively suppress the ethylene response. When ethylene binds to
the receptors, this suppression is removed, allowing ethylene-responsive genes and

physiological processes to become active (Wang et al., 2025).

Ethylene also interacts strongly with other hormones, particularly auxin. In roots, increased
ethylene activity can stimulate auxin production and alter its transport, resulting in greater
auxin activity in the root elongation zone. Because root cells are highly sensitive to auxin,
this increase can inhibit cell elongation and consequently reduce root elongation. Thus,
some of the effects of ethylene on root growth are mediated through changes in auxin
synthesis and distribution rather than through ethylene acting independently (Vanstraelen

and Benkova, 2012).

From an agricultural perspective, ethylene is particularly important because of its strong
influence on fruit ripening, senescence and abscission. Its activity can be manipulated either
by supplying ethylene or ethylene-releasing compounds, or by inhibiting ethylene
production or perception when ripening and senescence need to be delayed. This makes
ethylene regulation particularly relevant to crop maturation and postharvest management
(Wang et al., 2025). Specific compounds, concentrations, application stages and crop

responses will be considered in Section 4.

2.6 Brassinosteroids (BRs)



Brassinosteroids (BRs) are plant steroid hormones that regulate growth and development,
particularly cell expansion and division, vascular differentiation and reproductive
development. More than 40 naturally occurring BRs were already identified in the earlier
literature, with brassinolide and castasterone among the most biologically active forms. BRs
occur at very low concentrations and are generally more abundant in young, actively
growing tissues, pollen and developing seeds than in mature vegetative tissues (Clouse and

Sasse, 1998).

Brassinosteroids are produced naturally by plants from sterols, compounds that form part of
plant cell membranes. Through a series of biochemical reactions, these sterols are
converted into biologically active brassinosteroids. Their production varies among tissues
and developmental stages, allowing plants to regulate BR activity according to their growth

requirements (Clouse and Sasse, 1998).

Unlike auxin, BRs are not characterised by a specialised long-distance or polar transport
system. Their effects depend strongly on local production and local perception, with BR
levels varying substantially among plant tissues. This makes the regulation of BR
biosynthesis and metabolism within individual tissues particularly important for controlling

their physiological effects (Clouse and Sasse, 1998; Wang et al., 2012).

Brassinosteroids are detected by receptors located on the plasma membrane. When a BR
binds to its receptor, it initiates a signal that is transmitted inside the cell and ultimately
changes the activity of genes involved in growth and development. In this way, the presence
of BR allows the cell to activate the processes responsible for BR-regulated growth

responses (Wang et al., 2012).

One of the most characteristic effects of BRs is the promotion of cell expansion. Plants
deficient in BR production or unable to perceive BR normally show pronounced dwarfism,
demonstrating that endogenous BRs are required for normal plant growth. However, BRs
also influence cell division, vascular development, seed germination, plant architecture,

flowering, male fertility and senescence (Clouse and Sasse, 1998; Wang et al., 2012).

BRs also interact closely with auxin and gibberellins rather than regulating growth
independently. BR and auxin signalling can converge on common growth processes, while

BRs can influence GA metabolism and signalling. This interaction is particularly relevant to
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cell elongation: BR and GA pathways can converge on common regulatory mechanisms,
allowing plant growth to reflect the combined activity of both hormonal systems (Wang et

al., 2012; Xue et al., 2021).

From an agricultural perspective, exogenous BR applications have been investigated for
their effects on crop growth, yield and tolerance to unfavourable environmental conditions.
Responses have been reported in crops including wheat, rice and sugar beet, although the
effects depend strongly on BR type, concentration, crop and growing conditions (Clouse and
Sasse, 1998). The specific concentrations, application methods and crop responses will be

considered in Section 4.
2.7 Jasmonates (JAs)

Jasmonates (JAs) are a group of plant hormones particularly important in coordinating plant
defence and responses to environmental stress. They also participate in normal growth and
development, including reproductive development and senescence. Jasmonic acid (JA) is
one of the main compounds in this group, while jasmonoyl-isoleucine (JA-lle) is the principal
biologically active form responsible for activating jasmonate signalling in higher plants

(Browse, 2009; Howe et al., 2018).

Jasmonates are produced from fatty acids that are naturally present in plant cell
membranes. Their production can increase rapidly when plant tissues are damaged, for
example following mechanical injury or herbivore attack. This provides the plant with a
mechanism to rapidly convert information about tissue damage into a hormonal signal that

activates defensive responses (Browse, 2009; Howe et al., 2018).

Jasmonate signals are not restricted to the tissue where they are initially produced.
Wounding can generate signals that move to other parts of the plant, allowing undamaged
tissues to prepare defensive responses before they are directly attacked. Jasmonates and
related compounds therefore contribute to communication between damaged and
undamaged tissues and to the development of broader plant defence responses (Zhang et

al., 2023).

The way jasmonates are perceived follows a mechanism somewhat similar to what we
discussed for gibberellins. When jasmonate activity is low, specific proteins suppress the

expression of jasmonate-responsive genes. When the active jasmonate signal is detected,
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these suppressor proteins are removed, allowing genes involved in defence, stress
responses and development to become active (Browse, 2009; Howe et al., 2018). An
important characteristic of jasmonate activity is the balance between defence and growth.
Increasing jasmonate signalling can strengthen defensive responses against herbivores and
some pathogens, but these responses require resources that might otherwise be used for
plant growth. Jasmonates therefore contribute to the adjustment of plant growth when
defence becomes a priority, rather than acting simply as growth-promoting or growth-

inhibiting hormones (Howe et al., 2018).

Jasmonates also interact strongly with other hormonal pathways. Their interaction with
salicylic acid is particularly important in plant defence, as the two pathways can act
antagonistically depending on the type of threat encountered. Jasmonates also interact with
ethylene and auxin, helping integrate defence responses with plant growth and

development (Howe et al., 2018).

From an agricultural perspective, jasmonates are of particular interest because of their
ability to activate plant defence and stress-response mechanisms. Exogenous application of
jasmonic acid or methyl jasmonate has therefore been investigated as a means of
influencing crop resistance, stress tolerance, secondary metabolism and postharvest
responses. However, because stronger jasmonate signalling can also restrict growth, the
final response depends strongly on concentration, timing, crop and physiological condition.
Specific agricultural applications and concentrations will be considered in Section 4 (Howe et

al., 2018).
2.8 Strigolactones (SLs)

Strigolactones (SLs) are a group of plant hormones with an important role in controlling
plant architecture, particularly shoot branching and root development. They also have a
distinctive function below ground, where compounds released from roots participate in
communication with arbuscular mycorrhizal fungi. SL activity is also closely linked to plant
nutrient status, particularly the availability of phosphorus and nitrogen (Seto, 2024; Barbier

et al.,, 2023).

Strigolactones are produced naturally by plants from carotenoids, the same broad group of

compounds that includes many plant pigments. Their production occurs through a series of
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biochemical reactions that convert carotenoid-derived compounds into different forms of
SLs. Production is strongly influenced by the nutritional condition of the plant and
commonly increases when important nutrients, particularly phosphorus or nitrogen,

become limited (Seto, 2024; Barbier et al., 2023).

SLs can act within the plant but can also be released from roots into the surrounding soil.
Within the plant, they contribute to communication between roots and shoots and to the
regulation of shoot and root architecture. In the rhizosphere, SLs act as signals that
stimulate interactions with arbuscular mycorrhizal fungi, which can improve the plant's

access to mineral nutrients, particularly phosphorus (Seto, 2024; Barbier et al., 2023).

The way strigolactones are perceived follows a mechanism somewhat similar to what we
discussed for gibberellins and jasmonates. When an SL signal is detected, proteins that
normally suppress the SL response are removed. This allows changes in gene activity that
regulate processes such as shoot branching and root development. Although the complete
signalling pathway involves several proteins, the important point is that SL perception
removes an existing restriction and allows the plant to modify its growth in response to the

hormonal signal (Seto, 2024).

One of the most characteristic effects of SLs is the suppression of shoot branching. When SL
activity is high, the growth of lateral buds is restricted, resulting in fewer branches or tillers.
SLs also influence root architecture, including root elongation and lateral root formation,
particularly when nutrient availability changes. In this way, SLs help coordinate above- and
below-ground growth according to the nutritional conditions experienced by the plant

(Barbier et al., 2023; Sun et al., 2022).

Strigolactones interact particularly closely with auxin and cytokinin in the regulation of plant
architecture. In shoots, auxin contributes to SL production and transport-related responses,
while SLs can influence auxin transport and restrict lateral bud growth. Cytokinin generally
has the opposite effect on lateral buds, promoting their growth. Consequently, shoot
branching reflects the combined activity of auxin, cytokinin and strigolactones rather than

the action of any one hormone independently (Vanstraelen and Benkova, 2012).

From an agricultural perspective, SLs are particularly interesting because their effects on

branching, tillering, root architecture and nutrient acquisition could potentially be used to
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modify crop architecture and improve nutrient-use efficiency. Their role in plant responses
to phosphorus and nitrogen availability makes them especially relevant to crop nutrition.
However, manipulating SL activity is complex because the same hormonal pathway affects
several processes simultaneously, including shoot development, root growth and

interactions with soil microorganisms (Barbier et al., 2023; Sun et al., 2022).
2.9 Salicylic Acid (SA)

Salicylic acid (SA) is a plant hormone particularly important in the regulation of plant
defence and immunity. Unlike hormones such as auxin, gibberellins or brassinosteroids,
whose major roles are strongly associated with growth and development, SA is primarily
associated with the plant's response to pathogen attack, particularly pathogens that obtain
nutrients from living plant tissues. SA also participates in the coordination of defence
responses between infected and non-infected parts of the plant (Browse, 2009; Hwang et

al., 2012).

SA is produced naturally by plants, and its concentration can increase considerably following
recognition of a pathogen. This increase acts as a signal that activates defence responses in
the affected tissue and contributes to the establishment of resistance in other parts of the
plant. In this way, SA helps the plant move from a normal physiological state towards a

defence-oriented state when infection is detected (Browse, 2009).

One of the most important characteristics of SA is its involvement in systemic acquired
resistance (SAR). Following a local infection, defence signalling can extend to tissues that
have not yet been infected, preparing them to respond more effectively to subsequent
pathogen attack. SA is an important component of this process and contributes to the

activation of defence-related genes in both local and systemic responses (Browse, 2009).

The way SA produces its effects is based largely on changes in gene activity. When SA levels
increase during a defence response, the hormone activates signalling that ultimately allows
defence-related genes to become active. These genes lead to the production of proteins and
other defensive responses that help restrict pathogen development. Therefore, SA does not
attack the pathogen directly; instead, it acts as an internal signal that activates the plant's

own defence mechanisms (Hwang et al., 2014).
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An important characteristic of SA signalling is its interaction with jasmonates. The two
pathways often regulate different types of defence responses. SA is particularly associated
with defence against biotrophic pathogens, which depend on living plant tissue, whereas
jasmonate signalling is particularly important against necrotrophic pathogens, which obtain
nutrients from damaged or dead tissue, and against herbivores. SA and JA pathways can act
antagonistically, meaning that strong activation of one pathway can reduce the activity of
the other. This allows the plant to adjust its defence strategy according to the type of threat

encountered (Browse, 2009; Howe et al., 2018).

SA also interacts with hormones involved in plant growth. Increased SA activity can

influence auxin-related processes and other growth pathways, illustrating the trade-off that
can occur between investment in growth and investment in defence. Consequently, the final
response to SA depends not only on its concentration but also on the physiological condition

of the plant and its interaction with other hormonal pathways.

From an agricultural perspective, SA is of interest because activation of SA-related signalling
can influence crop resistance to disease and responses to environmental stress. Exogenous
SA and related compounds have therefore been investigated as treatments for stimulating
plant defence responses. However, because defence activation can also affect growth and
resource allocation, the outcome depends on concentration, timing, crop and physiological

condition. Specific agricultural applications will be considered in Section 4.
3. Hormonal Crosstalk and Balance

Phytohormones do not act independently. Instead, their signalling pathways interact with
one another, a process known as hormonal crosstalk. Through these interactions, one
hormone can enhance, reduce or modify the response produced by another, allowing plants
to coordinate growth, development and responses to environmental conditions.
Consequently, the final physiological response often depends on the balance and interaction
between several hormones rather than on the concentration of a single hormone alone

(Vanstraelen and Benkova, 2012).

The following sections examine why this hormonal balance is important and how
interactions between specific hormones influence plant responses. Particular attention is

given to the relationships between:
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- Auxin and Cytokinin

- Gibberellins and ABA

- Brassinosteroids and Gibberellins

- Jasmonates and Salicylic acid,

- Combined effects of Strigolactones, Auxin and Cytokinin.

These examples illustrate how hormonal interactions can be synergistic, antagonistic or
dependent on the tissue and developmental stage, and how their combined activity
ultimately determines the physiological response of the plant (Vanstraelen and Benkova,

2012).
3.1 Auxin—Cytokinin Interaction

Auxin and cytokinin provide one of the clearest examples of hormonal crosstalk. Although
both regulate plant growth and development, their effects can be different or even
opposing depending on the tissue. Their relative activity helps determine whether cells
continue dividing, begin to differentiate, or whether particular organs and buds continue to

develop (Vanstraelen and Benkova, 2012).

In roots, auxin generally supports meristem activity and root development, whereas
cytokinin promotes the transition of cells from division towards differentiation. Cytokinin
can also modify the distribution of auxin within the root. Their interaction therefore helps
control the balance between the production of new cells and their subsequent

differentiation as the root develops (Vanstraelen and Benkova, 2012).

The relationship is also important in shoots. Auxin produced near the shoot apex
contributes to apical dominance and the suppression of lateral bud growth, whereas
cytokinin promotes bud activation and branching. Changes in the relative activity of these
two hormones can therefore alter plant architecture. This illustrates why auxin and
cytokinin should not be considered independently: their balance and interaction can be
more important than the concentration of either hormone alone (Vanstraelen and Benkov3,

2012; Kieber and Schaller, 2018).

3.2 Gibberellin—ABA Interaction
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Gibberellins (GAs) and abscisic acid (ABA) provide one of the clearest examples of
antagonistic hormonal crosstalk. This relationship is particularly important during seed
dormancy and germination. ABA promotes the establishment and maintenance of
dormancy, whereas GA promotes the breaking of dormancy and the initiation of
germination. The relative activity of the two hormones therefore contributes to determining
whether a seed remains dormant or begins to germinate (Richards et al., 2001; Vanstraelen

and Benkova, 2012).

The interaction involves changes in both hormone production and signalling. Conditions
favourable for germination can increase GA activity while reducing ABA activity. Increased
GA signalling also promotes the degradation of DELLA proteins, removing their restriction on
growth and allowing germination to proceed. Conversely, stronger ABA activity favours

dormancy and restricts germination (Vanstraelen and Benkova, 2012; Xue et al., 2021).

The GA-ABA relationship therefore functions as a regulatory balance between maintaining
dormancy and allowing growth to resume when conditions are favourable. Importantly, the
two hormones do not simply operate as independent opposing signals; their production and
signalling pathways can influence one another. This interaction allows environmental
information, such as light and other conditions affecting germination, to be integrated into
the decision of whether the seed remains dormant or begins development (Vanstraelen and

Benkova, 2012).
3.3 Brassinosteroid—Gibberellin Interaction

Brassinosteroids (BRs) and gibberellins (GAs) are both strongly associated with plant growth,
particularly cell elongation. However, they act through different signalling pathways that
interact with each other. Their combined activity allows the plant to coordinate the extent
of cell and stem elongation rather than each hormone regulating these processes

independently (Wang et al., 2012; Xue et al., 2021).

An important point of interaction involves the DELLA proteins discussed previously. When
GA levels are low, DELLA proteins accumulate and restrict growth. These proteins can also
interfere with BR signalling, reducing the ability of BRs to activate genes involved in cell

elongation. When GA levels increase, DELLAs are degraded, removing this restriction and
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allowing BR signalling to promote growth more effectively (Wang et al., 2012; Xue et al.,

2021).

The relationship can also operate in the other direction, as BR activity can influence GA
production and thereby contribute to increased cell elongation. The interaction between BR
and GA therefore illustrates how two growth-promoting hormones can act cooperatively:
GA removes restrictions on growth while BR signalling contributes to activating the cellular
responses required for elongation. The strength of this interaction can vary between tissues

and plant species (Wang et al., 2012; Xue et al., 2021).
3.4 Jasmonate-Salicylic Acid Interaction

Jasmonates (JAs) and salicylic acid (SA) are both important in plant defence, but they are
generally associated with responses to different types of threats. SA is particularly important
in defence against biotrophic pathogens (pathogens that feed on and depend on living plant
cells, including many viruses, some bacteria, and fungi such as rusts and powdery mildews),
whereas JA is strongly associated with defence against necrotrophic pathogens (pathogens
that kill plant cells and obtain nutrients from dead or damaged tissues, including fungi such
as Botrytis and Alternaria) and herbivores, particularly insects (Browse, 2009; Howe et al.,

2018).

The two pathways often interact antagonistically. Increased SA signalling can suppress JA-
dependent responses, while JA can also reduce SA responses, although the effect of SA on
JA is generally stronger. This interaction allows the plant to adjust its defence response
according to the type of attack rather than activating all defence mechanisms

simultaneously (Browse, 2009).

This balance is important because activating defence requires resources and can interfere
with normal growth and reproduction. Crosstalk between JA and SA therefore helps the
plant prioritise an appropriate defence strategy while limiting unnecessary physiological
costs. However, the relationship is not always strictly antagonistic and can vary according to

the pathogen, tissue and physiological conditions of the plant (Howe et al., 2018).
3.5 Strigolactone—Auxin—Cytokinin Interaction

Strigolactones (SLs), auxin and cytokinins interact closely in the regulation of shoot

branching. Auxin produced near the shoot apex contributes to apical dominance and
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indirectly suppresses the growth of lateral buds. Cytokinins generally have the opposite
effect, promoting the activation and growth of these buds, while SLs contribute to

maintaining bud dormancy and restricting branching (Vanstraelen and Benkova, 2012).

Auxin helps coordinate the other two hormonal signals. It can stimulate SL production while
reducing cytokinin availability. Consequently, high auxin activity from the main shoot
favours conditions that restrict lateral bud growth. When the shoot apex is removed, the
auxin supply decreases, SL production is reduced and cytokinin levels can increase, creating

conditions that favour bud growth and branching (Vanstraelen and Benkova, 2012).

The interaction is therefore not simply a competition between three hormones. Auxin acts
partly by influencing the other hormonal pathways, while cytokinin and SLs have opposing
effects directly associated with bud growth. Their combined activity provides a good
example of how hormonal balance controls plant architecture and allows branching to
respond to changes in the plant's developmental and physiological conditions (Vanstraelen

and Benkova, 2012).

The interactions described in the previous sections show that hormonal crosstalk can
involve antagonistic, cooperative or more complex relationships between different
phytohormones. Table 2 summarises the main hormonal interactions discussed in this
section, their general relationship and the principal physiological processes influenced by

their combined activity.

Table 2. Main phytohormone interactions, general relationships and associated physiological responses

Interaction General relationship Main outcome
Context-dependent / often Root and shoot development,
Auxin—cytokinin
opposing branching

GA-ABA Mainly antagonistic Dormancy vs germination

BR-GA Mainly cooperative Cell and stem elongation
JA-SA Often antagonistic Selection of defence responses
SL—auxin—cytokinin Integrated/opposing Shoot branching and architecture
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4. Phytohormones in Agricultural Practice

The ability of phytohormones to regulate plant growth, development and stress responses
has led to their use, or the use of synthetic compounds with similar activity, as plant growth
regulators in agriculture. However, the response to an exogenous hormone application
depends strongly on the compound applied, concentration, crop, application method and
developmental stage of the plant. Consequently, the same hormone can produce beneficial,
negligible or even undesirable effects depending on how and when it is applied (Koprna et

al., 2016).

Concentration is particularly important because hormonal responses are not necessarily
proportional to the amount applied. Increasing the concentration does not always increase
the desired response, and some hormones can promote a process at low concentrations
while inhibiting it at higher concentrations. Brassinosteroids, for example, can inhibit
primary root extension when applied externally, while very low concentrations have

sometimes promoted elongation or adventitious rooting (Clouse and Sasse, 1998).

Application timing is equally important. Hormonal sensitivity changes throughout plant
development, meaning that treatment at germination, vegetative growth, flowering or fruit
development can produce very different responses. Cytokinin studies in cereal crops, for
example, have shown that effects on tillering, grain formation, grain filling and final yield
depend strongly on the developmental stage at which treatment occurs (Koprna et al.,

2016).

For this reason, agricultural use of phytohormones should be considered in terms of the
complete treatment rather than the hormone alone. Table 3 presents selected examples of
exogenous phytohormone applications, including the compound applied, crop,
concentration or rate, application method, developmental stage and observed plant
response. These examples illustrate both the potential agricultural value of phytohormones

and the importance of selecting an appropriate concentration and application timing.
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Table 3. Selected examples of exogenous phytohormone applications in agricultural crops

Auxins

Auxin / compound

Crop / plant

Method / timing

Main reported effect

Original
reference

IAA (indole-3-acetic

Applied to excised stem

Increased tissue IAA and

. Bean . produced a corresponding ||Bialek et al., 1983
acid) sections
growth response
. . Rapidly stimulated Classical
Applied to auxin- . . .
. . elongation following a short experiments
IAA Maize/oat depleted coleoptile . . . .
lag period, associated with |[reviewed by Du et
segments .
apoplastic acidification al., 2020
Applied to auxin- Classical
depleted Stimulated tissue elongation experiments
IAA Pea/soybean . o ]
epicotyl/hypocotyl and acidification reviewed by Du et
segments al., 2020
Nanomolar IAA inhibited
. . root elongation rapidly;
Arabidopsis || Exogenous treatment; ||| . . L Fendrych et al.,
IAA . inhibition began within ~30's
thaliana roots . 2018*
and was reversible after IAA
removal
. . Rapid plasma-membrane .
Arabidopsis || 10 uM IAA pulse; root L . Dindas et al.,
IAA . . depolarisation and increased
thaliana hairs . 2018*
cytosolic Ca?*
. Historical studies
. . . Promoted adventitious .
IBA (indole-3- . Applied during . . reviewed by
o Plant cuttings . . rooting; widely adopted as a
butyric acid) vegetative propagation . Cohen & Strader,
rooting treatment
2024
NAA (1- .
. Exogenous treatment; || Enhanced adventitious-root .
naphthaleneacetic || Cucumber . . . Qietal., 2023
id) 72 h after flooding formation under flooding
aci
Foliar spray; 20, 40 and .
. . Durrani et al.,
NAA + BA Spinach 60 days after Increased shoot biomass 5010
germination
Foliar spray; fruit ~11 || Promoted fruit thinning and || Elfving & Cline,
NAA + BA + carbaryl Apple . .
mm affected fruit weight 1993
BA, NAA and Aol Foliar spray; 22 days Increased fruit weight Wismer et al.,
e
carbaryl PP after full bloom without increasing yield 1995
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Original
Auxin / compound || Crop / plant Method / timing Main reported effect &
reference
NAA/IBA + p Foliar spray; young-
BA/CPPU/GA ear fruit development Increased fruit size Chen et al., 2012
Cytokinins
Cro Original
Cytokinin / compound P/ Method / timing Main reported effect &
plant reference
Irrigation; ear Increased flag-leaf area,
BA (6-benzyladenine) Wheat & L g . Alizadeh, 2010
emergence grain-filling period and yield
L Modified sink activity, .
Irrigation; 17 days after Criado et al.,
BA Wheat . chlorophyll and
sowing 2009
carbohydrate status
BA Wheat Injection; anthesis Increased seed weight Gupta et al., 2003
Injection into young L Warrier et al.,
BA Wheat Increased grain size
ears 1987
Improved stress-related
BA + putrescine Wheat Foliar spray; anthesis || metabolism and yield under ||Gupta et al., 2012
water stress
. Foliar spray; tillering, . .
BAP or moringa leaf L . Increased grain weight and || Yasmeen et al.,
Wheat jointing, booting and .
extract . yield 2013
heading
Seed priming; before || Improved plant growth and
BA + kinetin Wheat P -g P . P & o Igbal et al., 2006
sowing grain yield under salinity
L Improved growth,
L Irrigation; 22-day-old .
Kinetin Wheat dli chlorophyll content, grain Gadallah, 1999
seedlings
§ yield and salt tolerance
Kinetin, SA or Seed priming; before || Improved plant growth and
Wheat . L . Afzal et al., 2013
ascorbate sowing grain yield under salinity
Kinetin, SA or Seed priming; before ||Increased fertility, grain yield
Wheat P -g y-g y Jafar et al., 2012
ascorbate sowing and harvest index
. Injection into sheath Modified fertility, floret
Zeatin + ABA + I1AA + . .
Wheat ||surrounding young ear; development and grain Wang et al., 2001

GA3

after ear formation

number
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Cro Original
Cytokinin / compound P/ Method / timing Main reported effect &
plant reference
Wheat / L . || Modified grain weight, grain || Sivakumar et al.,
BA + ABA » Injection; after anthesis .
triticale number and yield 2001
. . Increased ear weight, grain Hosseini et al.,
BA Barley Foliar spray; anthesis . .
yield and photosynthesis 2008
L Seed priming and foliar|| Increased grain and straw Sarwat & El-
BA + kinetin + ABA Barley . . .
spray yield under salinity Sherif, 2007
BA, kinetin, kinetin . . . .
o . . Root immersion and Promoted/modified shoot Sharif & Dale,
riboside, zeatin, zeatin Barley .
L irrigation growth 1980
riboside, iP or PBA
Irrigation; until ear Increased grain yield in Williams &
BA Barley .
emergence secondary shoots Cartwright, 1980
. . Increased total spikelet L
Foliar spray + nitrogen; . Peltonen-Sainio,
BA Oat . number, but not fertile
booting . 1997
spikelet number
Kinetin, IAA, GAs and Irrigation; 35-42 days . o Harrison &
Oat . Modified tillering
ABA treatments after germination Kaufman, 1980
Foliar spray; 20, 40 and .
. . Durrani et al.,
BA Spinach 60 days after Increased shoot biomass 2010
germination
. Increased yield and
Foliar spray; 2—4 leaf ||.
BA Cotton ; improved response to water Burke, 2011
stage
8 stress
. Promoted defoliation and
o Foliar spray; open-boll . .
TDZ (thidiazuron) Cotton X boll opening and affected || Malik et al., 2002
stage
8 yield/quality
Foliar spray; fruit . . Yuan & Greene,
BA Apple . Increased fruit weight
approximately 10 mm 2000
Original studies
Foliar spray; full Fruit thinning and increased reviewed by
BA Apple . .
bloom/end of bloom fruit weight Koprna et al.,
2016
Original studies
Foliar spray; youn reviewed b
BA Apple pray; young Increased lateral branching y
nursery trees Koprna et al.,
2016
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Cro Original
Cytokinin / compound P/ Method / timing Main reported effect &
plant reference
Foliar spray; nursery
. . Gastot et al.,
BA + GA3/GA4.7 Apple trees approximately Increased branching 5012
70-75 cm
Foliar spray; 100 mg ||Increased fruit size and yield; Stern &
ern
BA Pear L™, 2 weeks after full ||thinning response depended .
. Flaishman, 2003
bloom on cultivar
. Foliar spray; young- o
BA/CPPU + auxin/GA Pear . Increased fruit size Chen et al., 2012
fruit development
Foliar spray; flowerin Improved fruit
BA/kinetin + GA Mandarin pray . & P o Khalid et al., 2012
and fruit set characteristics
Foliar spray; bud Modified leaf biomass,
BA Olive swelling and again six || photosynthesis, yield and oil || Aziz et al., 2011
weeks later content
Foliar spray; petal fall || Increased fruit weight and
CPPU Kiwifruit || and subsequent fruit || size, although fruit quality || Kim et al., 2006
development was reduced
Spring . o Increased biological yield Koprna et al.,
2-Cl-3-MeOBAP Foliar spray; tillering
barley (7%) and ears/m? (5%) 2016
Sprin Foliar spray; stem Increased biological yield Koprna et al.,
2-Cl-3-MeOBAP pring 1arspray lological vi P
barley elongation (4%) and ears/m? (7%) 2016
. Foliar spray;
Winter L -
2-Cl-3-MeOBAP tillering/stem No significant positive Koprna et al.,
wheat elongation treatment effect detected 2016
Gibberellins (Gas)
Gibberellin Original
/ Crop / plant Method / timing Main reported effect &
compound reference
Arabidopsis Exogenous application; . . Langridge,
GA ] . Promoted earlier flowering
thaliana short-day conditions 1957
. Exogenous application; Restored delayed Studies
GA-deficient . . .
. . during flowering and reviewed by
GA Arabidopsis . . L .
(ga1-3) vegetative/reproductive || abnormalities in petal and || Richards et al.,
a -
& development stamen development 2001
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Gibberellin Original
/ Crop / plant Method / timing Main reported effect &
compound reference
Stimulated a-amylase-
related responses Heimovaara-
GA; Barley Applied to aleurone tissue associated with Dijkstra et al.,
mobilisation of seed 1994
reserves
L Improved germination . .
L . Seed priming; before . Miyoshi &
GAs + kinetin Rice o under aerobic but not
germination . . Sato, 2011
anaerobic conditions
Delayed senescence and Kariali &
GA;, kinetin or IAA Rice Foliar spray; early tillering |[|increased grain weight and|| Mohapatra,
yield 2007
Promoted more
Patel &
L . L . homogeneous branch
GA; + kinetin + IAA Rice Injection; booting stage Mohapatra,
development and
. L 1992
increased grain yield
, . . o Ray &
L . Foliar spray; reproductive Modified grain yield and .
GAg3, kinetin or IAA Rice o Choudhuri,
stage mobilisation index
1981
. o Improved germination
L Maize and Seed priming; before . Wang et al.,
GA; + kinetin L capacity at low
soybean germination 1996
temperature
Modified vegetative
Foliar application; 30, 60 growth, nodulation and
GA; Cowpea . Emongor, 2007
and 90 mg L™ yield; responses depended
on GA; concentration
. Increased/modified shoot
o . Foliar spray; after Naeem et al.,
GAs + kinetin + |AA Lentil o length, leaf number and
germination . 2004
flowering
Foliar spray; 35 and 50 days || Modified pod set, seed lbrahim et al.,
GA;, BA or I1AA Faba bean . . .
after sowing yield and seed quality 2007
. . Increased/modified fruit
BA + GA4.7 Hot pepper Foliar spray; anthesis . . Batlang, 2008
weight and yield
Foliar spray; nursery trees at Promoted lateral Gastot et al.,
GA3/GA4+7 + BA Apple . .
70-75 cm height branching 2012
Foliar spray; full bloom and Yehia &
GAs + BA Pear pray Modified fruit set and yield

3 weeks later

Hassan, 2005
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Gibberellin Original
/ Crop / plant Method / timing Main reported effect &
compound reference
GA3/GA4.7 + Foliar spray; young-fruit L Chen et al,,
Pear . Increased fruit size
BA/CPPU/NAA/IBA period 2012
Foliar spray; flowering and || Improved fruit quality in Khalid et al.,
GA + BA/kinetin Mandarin pray . 8 P g y
fruit set young trees 2012
i ; i Moghadam &
GA + BA Sweet cherry Foliar spray; flowering and Increased branching in oghadam
fruit set one-year-old trees Zamanipour,
y 2013
Abscisic acid(ABA)
Hormone Original
/ Crop / plant Method / timing Main reported effect &
treatment reference
. . . Suppressed germination of wild-type
Arabidopsis 3 uM ABA during seed Steber et al.,
ABA . . seeds; used to demonstrate the role
thaliana germination . . 1998*
of ABA in maintaining dormancy
Arabidopsis Induced stomatal closure and Kwak et al.,
ABA . Exogenous ABA treatment L .
thaliana activation of slow anion channels 2002
. . Rapid activation of ABA-responsive
Arabidopsis . o . .|| Boudsocq et
ABA . Exogenous ABA treatment||SnRK2 signalling involved in osmotic-
thaliana al., 2004
stress responses
. Counteracted the increase in
Foliar ABA spray; leaves .
. . stomatal conductance associated ||Arve & Torre,
ABA Tomato exposed to high relative . . .
o with transfer to high relative 2015
humidity -
humidity
. Injection into sheath .
ABA + zeatin . Affected fertility, floret development|| Wang et al.,
Wheat surrounding young ear .
+ |AA + GA; . . and grain number 2001
after ear formation; field
ABA + BA Wheat and || Injection after anthesis; || Affected grain weight, grain number || Sivakumar et
triticale pot experiment and yield al., 2001
Seed priming followed by
ABA + BA + . o . . .
o Barley foliar application; field Increased grain and straw yield Sarwat & El-
kinetin under salinity under salinity Sherif, 2007
Ethylene
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Ethylene Concentration
v / Crop / plant / Method / timing Main reported effect Reference
compound rate
Mustard . Exogenous Increased growth,
. Not reported in . Khan et al.,
Ethephon (Brassica . treatment under photosynthesis and N
. review . . 2008
juncea) high N accumulation
Increased photosynthesis;
Mustard .
. Not reported in Exogenous response depended on
Ethephon (Brassica . . Khan, 2004
. review treatment cultivar and ethylene
Jjuncea) L
sensitivity
Mustard . . Modified growth and
. Not reported in Following .
Ethylene (Brassica . L photosynthetic response Khan, 2005
] review defoliation o
juncea) after defoliation
. Altered leaf elongation, . .
Not reported in Exogenous . . Fiorani et al.,
Ethylene Poa spp. . with species-dependent
review treatment 2002
responses
Postharvest
Accelerated senescence
Apple treatment . .
Ethephon . 500 mg L™ and altered cuticular-wax || Li et al., 2017
(Starkrimson) before cold . .
composition during storage
storage
Postharvest; Accelerated ripening-
fruit related changes, including
. o Caoetal,,
Ethephon Apple 0.2 mmol L™ subsequently ||weight loss, respiration and 2024
ripened at 20 + || changes in sugars, acidity
1°C and firmness
Increased flowering in the
Aool Concentration- || Early-summer following year; stronger Duyvelshoff
e
Ethephon PP dependent application to response at higher and Cline,
(Northern Spy) ) .
treatments young trees concentration or with a 2013
second application
Exogenous 100 ppm
ethylene induced
preclimacteric banana i
Treatment of . . . Dominguez &
Ethylene Banana 100 ppm o ripening and increased
fruit tissue o Vendrell, 1994
respiration and
endogenous ethylene
production
. Induced ripening and .
Banana (Musa Fully green fruit;|| . .. Maduwanthi
. significantly altered several
Ethephon acuminata, 1000 ppm postharvest . . & Marapana,
physicochemical
AAB) treatment 2021

characteristics
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Ethylene Concentration
v / Crop / plant / Method / timing Main reported effect Reference
compound rate
Postharvest
. . Promoted orange peel
Orange (Citrus degreening . oo Prabowo et
Ethephon N 700 ppm . . colour while maintaining
nobilis) combined with . al., 2020
postharvest life
cool storage
Both concentrations
Postharvest promoted peel colour Arzam et al.,
Ethephon ||Selayar orange||500 or 1000 ppm .
degreening development compared 2021
with untreated fruit
Mango Postharvest .
. L Used to induce postharvest|| .
Ethephon || (Tainong No. 1200 mg L™’ ripening L Lin et al., 2026
mango ripening
1) treatment
25 ppm Induced >90% flowering
Ethephon + . . .
. ethephon + 2% ||Flower-induction within 50 days and Dass et al.,
urea + Pineapple .
caco urea + 0.04% treatment produced more uniform 1975
: CaCOs ripening and harvesting
10 ppm . . ,
Ethephon + . Flower-induction|| Induced >90% flowering Dass et al.,
Pineapple ethephon + 2% o
urea treatment within 50—60 days 1976
urea; pH9
. Accelerated and
. . Applied as a . .
Ethenh Pineapple Multiple ; . synchronised flowering and
thephon (5ugar[oaf) concentrations 'owerlng fruit maturity and Norman, 1977
inducer produced more uniform
ripening
Brassinosteroid
Brassinosteroid Concentration / Method / . Original
Crop / plant . Main reported effect
/ compound rate conditions reference
Reduced electrolyte
leakage and
. Seedlings malondialdehyde,
24- . Not reported in o ] Wang &
. o Rice . exposed to maintained superoxide
Epibrassinolide review o . . Zeng, 1993
chilling at 1-5°C|| dismutase activity and
improved chilling
resistance
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Brassinosteroid Concentration / Method / . Original
Crop / plant . Main reported effect
/ compound rate conditions reference
Plants exposed
. Reduced growth
. . . Not reported in |[to unfavourable|| . . . Takematsu
Brassinosteroid Rice . inhibition caused by
review growth o et al., 1986
» adverse conditions
conditions
Takeuchi,
. . . Not reported in Salt-stress 1992;
Brassinosteroid Rice . . Improved salt tolerance .
review conditions Takeuchi et
al., 1992
Plants
. Not reported in subjected to || Ameliorated the effects || Schilling et
Synthetic BR Sugar beet . .
review mild drought of drought stress al., 1991
stress
Chickpea . Juvenile plants .
. L . Not reported in Improved plant Singh et al.,
Epibrassinolide (Cicer . under water
o review response to water stress 1993
arietinum) stress
. Study
. Leaves exposed || Protective effect on leaf .
24- Not reported in reviewed by
. o Barley . to 500 mM ultrastructure under
Epibrassinolide review Clouse &
NaCl for 24 h severe salt stress
Sasse, 1998
Increased both
Seed .
24- Eucalyptus . germination rate and || Sasse et al.,
. L . 10 uM germination in . L
Epibrassinolide || camaldulensis final germination 1995
150 mM NacCl
percentage
Pak choi . Stimulated hypocotyl
. . . Not reported in Hypocotyl . Wang et al.,
Brassinosteroid (Brassica . elongation and cell-wall
. . review treatment . 1993
chinensis) relaxation
Squash . Stimulated elongation of .
L . Not reported in Hypocotyl . Tominaga et
Brassinolide (Cucurbita . internal hypocotyl
. review segments . al., 1994
maxima) tissues
. .. ||Carrot (Daucus|| Not reported in Stimulated cell division || Sala & Sala,
Brassinosteroid . Cultured cells
carota) review and cell enlargement 1985
Very low
. Plants
concentrations; . .
. . challenged with|| Increased susceptibility
Brassinosteroids Potato exact rate not .|| Vasyukova
di Phytophthora to potato late blight; etal. 1994
repor.te n infestans effect was long-lasting
review
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Jasmonate

Jasmonate / Concentration Method / . Original
Crop / plant L. Main reported effect
compound / rate timing reference
Postharvest .
Methyl Induced chilling tolerance
. . Not reported ||treatment under . ) Zhao et al,,
jasmonate Banana fruit . . o and activated jasmonate-
in review chilling 2013
(MelA) . related responses
conditions
Methyl ‘Hamlin’ and . Induced fruit abscission,
. , ., Not reported Applied to ) o Hartmond et
jasmonate Valencia . . . associated with increased
in review mature fruit . al., 2000
(MelA) orange ethylene production
Exogenous Substantially reduced
. . . application disease incidence in JA- .
Jasmonic acid Arabidopsis || Not reported . . . Vijayan et
. . . following deficient plants, restoring
(JA) thaliana in review . . ] . . al., 1998
infection with resistance towards wild-
Pythium type levels
Induced accumulation of
proteinase inhibitors in
Methyl Plants exposed .
. Not reported . leaves, demonstrating Farmer &
jasmonate Tomato . . to airborne L .
in review volatile signalling Ryan, 1990
(MelA) MelA . .
associated with plant
defence
Methyl . o .
. Plant Combined Synergistically induced
jasmonate . Not reported . Xu et al.,
experimental . . exogenous expression of defence-
(MelA) + in review 1994
systems treatment related genes
ethylene
Activated jasmonate-
mediated defence while
JA-lle o . Study
Nicotiana Not reported Exogenous reducing the usual .
macrolactone ot ) . . treat ; H ffects of def discussed by
attenuata in review reatmen negative effects of defence
derivatives g' , Howe et al.,
activation on growth and 2018

fitness

30




Strigolactone

Strigolactone Concentration Original
& / Crop / plant Method / timing || Main reported effect &
compound / rate reference
Exogenous .
Promoted root-hair ||Santoro et al.,
GR24 Tomato 5uM treatment under .
o elongation 2020
phosphate deficiency
. Exogenous Suppressed excessive
. Not reported in e o Umehara et
GR24 Rice . application to SL- tillering/shoot
review . . al., 2008
deficient plants branching
. Not reported in Exogenous Inhibited crown-root || Arite et al.,
GR24 Rice . .
review treatment of roots elongation 2012
Exogenous .
Modified root
. treatment under
. Not reported in development and root|| Sunetal,,
GR24 Rice . phosphate- and .
review . . responses to nutrient 2014
nitrogen-deficient .
» deficiency
conditions
. Not reported in Exogenous Inhibited adventitious-|| Sun et al.,
GR24 Rice . .
review treatment root formation 2015
. . Suppressed axillary- Studies
Not reported in Applied to SL- .
GR24 Pea . . bud growth and shoot || reviewed by
review deficient plants .
branching Seto, 2024
. . Increased root-hair .
Arabidopsis Treatment under o Kapulnik et
GR24 . 50 uMm . density in the SL-
thaliana phosphate deficiency - al., 2011
deficient max4 mutant
. . . Modified lateral-root .
Arabidopsis ||Not reported in Exogenous root . Kapulnik et
GR24 . . formation and root-
thaliana review treatment . al., 2011
system architecture
Arabidopsis Not ted | £
ot reported in X0genous o .
GR24 thaliana / p' & Modified adventitious- || Rasmussen et
pea review treatment root formation al., 2012

Salicylic acid
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Salicylic

Concentration /

acid / Crop / plant " Method / timing || Main reported effect Reference
rate
treatment
Maintained firmness,
Postharvest )
. . . reduced weight loss and || .
SA Apple ‘Orin’ 1.0 mM immersion for 15 L Lietal, 2023
. delayed ripening-related
min
changes
Postharvest
. Reduced blue mould
treatment; fruit da Rocha
. development and
SA Apple 2.5mm challenged with o . Neto et al.,
o maintained fruit
Penicillium . . . 2016
physicochemical quality
expansum
Preharvest sprays||Increased several phenolic .
SA / methyl , , 1|12 mM SA or 2mm . . Gacnik et al.,
. Apple ‘Topaz during fruit compounds but reduced
salicylate MeSA . ] 2021
maturation red peel coloration
Reduced postharvest
. decay, maintained
Satsuma Postharvest dip ) Zhu et al.,
SA . 2mM . firmness and enhanced
mandarin for 2 min . 2016
defence-associated
responses
Postharvest
. 2-12 mM; 4 mM Reduced decay and helped .
‘Kinnow’ treatment L . . Haider et al.,
SA . gave the strongest maintain fruit quality
mandarin followed by cold . 2020
overall response during storage
storage
Reduced fruit rot and
chilling injury and
Preharvest spray L .
‘Lane Late’ maintained firmness Ahmad et al.,
SA 2,4,6and 8 mM || 10 days before .
sweet orange during cold storage; 2013
harvest
strongest response at 8
mM
Reduced internal
. Preharvest spray . ]
Pineapple d/ browning; combined pre-
and/or
SA ‘Comte de || Not specified here and postharvest Luetal, 2011
., postharvest
Paris . . treatment produced the
immersion
strongest response
Delayed postharvest
Preharvest spray deterioration and .
Wax apple . Supapvanich
SA , ..l 0.5and 1.0 mM 24 h before softening; 0.5 mM gave
Taaptimjaan etal., 2017
harvest the more favourable

response
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Salicylic .
. Concentration / L. .
acid / Crop / plant . Method / timing Main reported effect Reference
rate
treatment
Seed priming; Increased plant growth
SA, kinetin, Not reported in ] P o g ) P ] 9 Afzal et al.,
Wheat . field conditions and grain yield under
ascorbate review . - 2013
under salinity salinity
SA, kinetin, Wheat Not rep?rted n .Seed prm?l.ng; Increased fertility, grain || Jafar et al.,
ascorbate review field conditions yield and harvest index 2012

5. Conclusions

Phytohormones form an integrated regulatory network that coordinates plant growth,
development and responses to environmental conditions. Although each hormone has
characteristic physiological functions, their effects cannot be understood completely when
considered in isolation. Auxins, cytokinins, gibberellins, abscisic acid, ethylene,
brassinosteroids, jasmonates, strigolactones and salicylic acid interact at multiple levels,
including their biosynthesis, transport, perception and signalling. These interactions allow
plants to coordinate processes as diverse as cell division and expansion, root and shoot
development, flowering, fruit development, dormancy, senescence and responses to biotic

and abiotic stresses.

A central aspect of phytohormone activity is that the physiological response depends not
simply on the presence or absolute concentration of a hormone, but also on its spatial
distribution, the sensitivity of the responding tissue, the developmental stage of the plant
and its interaction with other hormonal pathways. The same hormone can therefore
produce different, and sometimes opposing, responses depending on the tissue or
physiological context. Hormonal balance is consequently a fundamental component of plant
regulation, as illustrated by interactions such as auxin—cytokinin in root and shoot
development, GA-ABA in dormancy and germination, BR—GA in growth, JA-SA in defence,

and SL—auxin—cytokinin in shoot branching.

These characteristics are particularly important when phytohormones are manipulated in
agriculture. Exogenous applications of natural hormones, synthetic analogues or other plant

growth regulators can influence propagation, plant architecture, flowering, fruit set and
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development, ripening, senescence, postharvest quality and responses to environmental
stress. However, the examples examined in this review demonstrate that these responses
are strongly dependent on concentration, application method, timing, crop species and
developmental stage. Increasing the applied concentration does not necessarily increase the
desired response, and inappropriate concentrations or timing may produce negligible or
undesirable effects. Agricultural use of phytohormones therefore requires treatments to be
considered within the physiological context of the crop rather than assuming a universally

beneficial concentration or response.

Understanding phytohormone function and, particularly, the balance between different
hormonal pathways provides a physiological basis for more precise manipulation of crop
growth and development. Future agricultural applications should therefore focus not only
on individual hormones but also on how their concentration, timing and interactions
influence the overall hormonal status of the plant. Such an approach can improve the
rational use of plant growth regulators and help translate knowledge of phytohormone

physiology into more consistent and targeted crop-management strategies.
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