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Abstract

Growth and development in plants are regulated by a linear sequence of hormones which act as chemical
signals that influence the cellular processes and reactions to the environment. Plant hormones such as
auxins, gibberellins, cytokinins, ethylene and abscisic acid work in cooperation and in opposition to
control various activities like cell enlargement, cell division, differentiation and maturation. Auxins used
mostly are the ones that affect the elongation of cells and apical dominance with cytokines for shoot
formation that affects cell division.

GAs are essential for seed germination and stem growth the activity of which can suppress the inhibitory
influence of ABA controlling stress reactions and seed dormancy. Ethylene is involved in fruit
maturation and probably in mechanical stimulation, it being associated with auxins’ actions that control
the shedding of leaves and the fading of flowers. Growth and development of plant cells imply a certain
dynamic equilibrium between these hormones in order to meet the environmental challenges. This paper
presents an overview of the current awareness on hormonal interactions in plants, continued research
development on molecular level and its implication to agriculture.

Keywords: Plant hormones, Auxins, Cytokinins, Gibberellins, Abscisic acid (ABA), Ethylene, Growth
and development, hormonal interactions, stress response, molecular mechanisms.

Introduction

Plants’ growth and development involve complex interaction of hormones that are of
paramount importance in creating efficient response to the changes in the environment and in
achieving reproductive goals. Plant hormones, also known phytohormones are the organic
compounds that affect various processes in an organism, at trace levels. The major plant
hormones include auxins, gibberellins, cytokinins, ethylene and abscisic acid which have
individual and overlapping functions in certain developmental processes of the plant’s life
span.

Some of the general functions of auxins include the following; cell elongation, apical
dominance and root initiation. They assist in cell growth because they help to make the cell
wall more permeable for growth, through the breakdown of bonds. They occur in at least five
classes and play a major role in stem elongation, seed germination, and flowering and their
actions are usually antagonistic to abscisic acid, which brings about dormancy during
unfavorable conditions such as drought 1. Cytokinins affect cell division and differentiation of
shoots in contrast to inhibit apparency of shoots and regulate nutrient movement as auxins.
Ethylene is a gaseous hormone that plays a significant role in fruit maturation, leaf shedding,
and horns’ responses to stress, often in combination with other hormones that maintain growth
under unfavorable conditions.

There seems to be an interactive and distinctive relation between these hormones based on
circumstances. For example, while auxins and cytokinins have cooperative effects on cell
division and differentiation, Gibberellins and abscisic acid can inhibit or promote seed
germination depending on the level of the other. The relatively simple substances such as
auxins and cytokinins can interact with ethylene as seen in such processes as leaf senescence
and abscission. New information regarding the molecular mechanisms of hormone signaling,
transport, and receptor function in mammalian and non-malian species has arisen from
developments in molecular biology and biotechnology M. Knowledge of these mechanisms
might have potentials for applications in agriculture including increasing yield, stress tolerance
and regulation of growth in plants.
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This paper places its focus on the relationship between
different plant hormones and their involved processes in the
context of growth and development with special reference to
the pushing off agricultural production.

The control of growth and development of plants by hormones
has been among the most investigated aspects of plant biology
for a long time. These developments have immensely enriched
sensibility defining the machineries regulating hormonal
interactions in molecular biology and genomics &1,

Related Works

Among the phytohormones regulating plant growth, auxins
and, specifically, indole-3-acetic acid (IAA) have acquired the
central status. People have come up with different theories to
explain biosynthesis of auxin and their uses in cell
enlargement, root formation, and photo climacteric processes
as well as in gravitropism. Further works showed that auxin
transporters e. g. PIN-FORMED (PIN) proteins are used
deeply in maintaining the gradients of auxin, which in turn are
important for directional growth responses. However, there are
general complexities involving the signaling of auxin and
interconnection of the hormone with other hormones which is
still a major issue. For example, how the auxin influences the
cytokinins on the control of apical dominance, a process by
which the stem discourages lateral buds growth from emerging
shows a clear case of how these hormones compete to control
the same process.

Cytokinins with their requirement in cell division and
differentiation have been given much attention. Recent
findings on cytokinin perception and signal transduction are
focused on the part of histidine kinase receptors as signallers
of cytokinins . Subsequent studies have elaborated how
cytokinins influence root development and shoot emergence
by a sharp (A) responsiveness to auxins. The antagonism
between cytokinins and auxins was further elaborated where
cytokines stimulate the growth of shoots and reduce root
growth, which is important in normal growth reactions.
Gibberellins (GAs) are another significant group of hormones
affecting stem elongation/germination of seeds / flowering.
Reports on a century of gibberellin research shed the lights on
the biosynthesis and the action of GA in terms of the
biochemical and genetic aspects Bl. Innovative works have
identified the DELLA proteins to as negative components of
GA signaling and impact growth responses with the
involvement of other hormonal pathways [, This interaction is
especially observed in stress circumstances under which GA
levels are regulated in an effort to maintain growth as well as
survival.

The major function of abscisic acid is linked with stress
conditions, especially in the case of drought and salinity.
Reviews of ABA signaling networks demonstrate the major
components concerned in perceiving and responding to ABA
1. ABA involvement in stomatal closure and seed dormancy
regulation was discussed in detail, whereas the most recent
data regarding molecular bases of these processes was
presented. Ethylene and gibberellins interact with ABA in
order to regulate growth and stress response mechanisms (81,
Ethylene is a gaseous plant hormone discussing various
processes having relation with fruit ripening, leaf senescence,
and stress responses. The several steps advancing our
understanding of the essential focus that ethylene plays in
plant development explain the signaling pathways and
molecular processes. Thus, the effect of ethylene on different
processes is regulated by its interaction or antagonism with
other hormones including ABA and cytokinins [0, For
example, the hormone ethylene works together with ABA to

control the process of stomatal closure under the conditions of
drought stress, which demonstrates the cooperation of these
hormones in the processes of stress response.

These hormones are related in action and function in a
feedback system that constantly regulates the plant’s reactions
to the stimuli in the environment. New investigations have
used molecular approaches like the CRISPR/Cas9 system and
omics strategies to analyze these relations at a molecular level.
For instance, with CRISPR/Cas9, the hormone biosynthesis
genes have been edited in order to know more on the
regulatory circuits governing plant growth [2. The
transcriptome and proteome profiling have offered broad
perspectives on hormonal/steroid interactions as well as the
response to it on gene expression and proteins.

For the proper functioning of growth and development, there is
the need for harmonization and interdependence of plant
hormones. Auxins, cytokinins, gibberellins, abscisic acid, and
ethylene are all plant hormones that act in a synergistic and/or
antagonistic manner allowing the plant to respond to
environmental shifts 131, More specifically, follow-up studies
should aim at a detailed description of the molecular nature of
these interactions and at an investigation of potential uses of
this knowledge in farming to enhance yields and growth and to
combat stress in plants.

Methods and Materials

This study includes the phenotypic, molecular, and statistical
approaches to understand the multifaceted roles of plant
hormones in the process of growth and development. In this
context, by explaining such hormonal regulations, we desire to
shed further light to the topic in plant biology and possibly
serve as a suggestion for the enhancement of the yield and
stress tolerance of crops in agricultural systems.

Plant Material and Growth Conditions

The primary model plant Arabidopsis thaliana (Col-0) was
chosen in this study for the ease of genetic manipulation
following the line of work laid down by the laboratory. The
seeds were treated with 70% ethanol for 2 min, 1% sodium
hypochlorite for 10 min; washed five times with distilled water
41 The seeds were then sterilized and sown on nutrient agar
medium to sync the germination period and temperature was
set at 4°C for two days. Following the process of stratification,
seeds were germinated on MS basal medium containing 1%
(w/v) sucrose and solidified with 0. 8% agar. These plates
were incubated in a growth chamber at 22° C under long day
conditions of (16/8) light/dark.

Hormone Treatments

To study the effects of different hormones on plant growth and
development, the following hormone treatments were applied:
For auxin treatment the concentration used was 1 uM TAA, for
cytokinins 1 pM BAP, for gibberellins 1 uM GA3, for ABA
and ethylene 10 pM ethephon %1, Hormone solutions were
made by emulsifying the respective hormones in appropriate
solvent (e. g. ethanol for IAA and GA3 then diluting with
distilled water. In control plants hormone dissolution solvents
were applied in the same amounts as were used in hormone
treatments.

Experimental Design

The current experiment was set up in a fashion of a completely
randomized block design with three biological replicates per
treatment. For both the replicates, there were 30 plants in each
replicate. Hormone treatments were by drooping the solutions
in the MS medium about the base of the seedlings every two
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days for a 2-week period.

Phenotypic Analysis

As the outcomes of hormone treatments influenced the growth
and development of the plant, five phenotypic characters were
quantified; root length, shoot length, number of lateral roots,
number of leaves, and leaf area. Root length was determined
using a ruler by identifying the distance from bottom of
hypocotyl to the farthest tip of the root. Hypocotyl and shoot
length was obtained from the position of the immoveable stem
base until the tip of the oldest developed leaf. The number of
lateral roots was counted and determined manually by
examination with the help of a dissecting microscope. The
number of leaves and the area of these leaves was determined
using Image J after photocopying the leaves at 600 dpi using a
flatbed scanner.

Gene Expression Analysis

In order to study the molecular interaction of hormones, the
expression of the genes related to hormone synthesis/signaling
and response was determined using quantitative real-time PCR
(Q- RT-PCR). Total RNA was isolated from 10-day-old
seedlings using the RNeasy plant mini kit (Qiagen) following
the manufacturer's instructions. The quantity and quality of
RNA was analyzed using a NanoDrop spectrophotometer.

Reverse transcription was performed with SuperScript 11
Reverse Transcriptase Kit (Invitrogen, CA, USA) with respect
to oligo (dT) priming 2%,

Real-time analysis was done using SYBR Green Master Mix
(Applied Biosystems) in ABI 7500 Fast Real-Time PCR
System. In this study, the results of target gene expression
were calculated as a relative value compared with the internal
control ACTIN2 gene. To determine the fold change in mMRNA
expression levels the 2*- A A C t method was employed.

Statistical Analysis

The IBM SPSS statistics (version: 25.0) was applied for the
analysis of all data. For comparison of the efficacies of the
different treatments an analysis of variance was done followed
by a Turkey HSD test. An alpha level of < 0. 05 was used for
all statistical tests; data is presented as the meanzxstandard
error of the mean (SEM).

Imaging and Data Visualization

Photographic analysis of phenotypic changes was done using a
Nikon D5600 digital camera with a macro lens. Images were
processed and analyzed using Image J software. Most graphs
and statistical illustrations were generated and performed using
GraphPad prism version 8.0.

Theme

Key Insights

Auxin Dynamics

Auxins in particular, IAA are essential for root formation, cell elongation, and reactions to gravity and light. The
auxin gradients required for directed growth are maintained by auxin transporters like PIN proteins.

Cytokinin-Auxin

Kinetin stimulates the process of cell division and differentiation they tend to work in an overlapping manner with
auxins with the former encouraging the development of shoot while the latter encourages root development.

environmental conditions to control growth.

Balance Cytokinins promoted shoot development at the same time retarding root development.
Gibberellin Gibberellins popularly known as GAs play an important role in stem elongation, seed germination and flowering.
Regulation DELLA proteins are the antagonists to the GA perception; these proteins are involved in perceiving the

Abscisic Acid and
Stress Response

ABA is acknowledged as the master stress hormone involved mainly in drought and salt stress. ABA is needed for
stomatal closure and seed dormancy, and works in synergy with other hormones controlling growth/stress response.

Ethylene’s Role

It participates in mechanisms such as fruit ripening, aging of leaves, stress response among others. It binds to ABA
and cytokinins to play a role in various developmental stages as well as stress responses.

Hormonal Cross-talk
manner.

Interactions between hormones can be complementary or inhibitory, the hormones collectively form a system of
biochemical interdependence. This cross-talk allows plants to adjust development based on these factors in a precise

Molecular
Mechanisms

The recent technologies like CRISPR/Cas9 and different omics technologies have thrown light on the molecular
biology of hormonal interactions with reference to the gene expression and protein activities.

Experiments

Quantitative Analysis Findings

The goal of this study was to review the current literature and
identify various forms of plant hormones and their ability to
work in a coordinated manner and self-regulate to control the
growth and development of plants. The main research

questions of the study revolved around determining the effects
of auxins, cytokinins, gibberellins, abscisic acid, and ethylene
within plant physiology 2. The general quantitative results
that were obtained from the experiments gave important
information about these hormonal interactions and their
impacts on the development of plant.
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QD Auxin synthesis
— |+ 4 " 4
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* Plants produces hormones
that travel throughout plant
body and causing the target|
cell to respond
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* Plants hormones control
growth and developments
andresponses to
environment

Fig 1: Hormonal Regulation of Plant Growth and Development
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Auxin Dynamics and Root Development: Auxin Dynamics
and Root Development

Based on the quantitative analysis it established that auxin
(IAA) is significant in root length and lateral root initiation. Of
all the concentrations tested, the one exposed to 1 pM [AA
produced a substantial positive response; the root length was
longer, and there were more lateral roots than in the control
(181 The outcomes suggested that, in the root meristem, auxin
stimulates cell elongation for the general improvement of root
structure. The use of auxin, however, was not as effective as
expected with the root elongation decreasing at a higher
concentration of the hormone; in this case, concentration of
more than 5 pM of auxin reduced the rate of root elongation
implying imparity in the concentration of this hormone is
important for development of roots.

Cytokinin-Auxin Balance

The combined effect of cytokinins and auxin was studied by
using 1 pM BAP with auxin treatment. It was established that
cytokinins are antagonists of shoot promotion and root
inhibition in plants. BAP and IAA promoted moderately the
shoot and restricted the root growth compared with non-treated
plants. This balance is crucial in maintaining a proper
architecture of the plant and avoiding straining of plant
structures due to some environmental factors.

Gibberellin Influence on Stem Elongation

To study the effects of gibberellins (GA3) on stem elongation
the plants were treated with 1 uM GA3. It was found to have a
significant increase in shoots length as it supports the role
played by gibberellins in elongation and division of cells in the
stem 1. Moreover, the cross talk by/with gibberellins and
DELLA proteins that function as growth repressors was also
discussed. The plants which had low levels of DELLA
proteins showed improved gibberellin action, specifically in
regard to stem growth, even under conditions when it is not
ideal 28],

Abscisic Acid and Stress Response

Stomata closure and seed dormancy were other stress related
behaviors that were observed after ABA treatment (I puM).
From the experimental results that showed an assessment of
the rate of water loss and survival dynamics of plants treated
with ABA, it is concluded that ABA helped to reduce the
water loss and increase the plants’ survival rate during the
periods of drought. ABA and ethylene hormones exhibit
synergistic effects where the influence of one hormone over
the other’s stress response is significant 2%, For example, the
ethylene application in plants treated with ABA helped to
stress the closure of stomata as a combined effect in regulating
water loss.
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ROS 4'— Ca
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Fig 2: Stress Response Mechanisms in Plant

Ethylene's role in development and stress response
Ethylene treatment (10 pM ethephon) helps to establish the
critical part this hormone plays in processes like fruit
maturation, leaf aging, and stress response. Ethylene treatment
increased the rate of the senescence and abscission processes
by improving the detachment of damaged or old tissues. Also,
regarding the regulation of stress responses, it was found that
ethylene would rely on the ABA. In the drought condition
using ethylene in combination with ABA increased the
survival of the plants by increasing the stomatal size and the
rates of transpiration.

Treatment Leaf Senescence (%)
Control 202
10 uM Ethylene 45+3
1 uM ABA + 10 uM Ethylene 50+4

Hormonal cross-talk and adaptive responses

The roles of hormones were also explored in the study, with a
focus on how plants are able to deal with different conditions
prevailing in their environments. The facts obtained from
experiments with plants treated with several hormones can be
summarized as follows: Tillering, stem elongation, and root
growth, all are very dynamic phenomena and are dependent on
the type of hormones and their concentrations used 281, For
instance, stem elongation was promoted by auxin with
gibberellin, but the effect was regulated by ABA in accordance
with the availability of water.

Treatment Shoot Length (cm)| Root Length (cm)
Control 8.5+0.4 5.440.3
1 uM IAA + 1 pM GA3 13.2+0.5 45+0.3
1 uMIAA + 1 pM GA3 + 1
uM ABA 10.1+0.4 5.1+0.3
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Molecular mechanisms underlying hormonal interactions
Quantitative real-time PCR revealed all-encompassing
information on hormonal related gene expression patterns to
understand the molecular bases. The genes that were affected
by hormone treatments are those that play critical roles in
hormone biosynthesis, signaling pathways and hormone
responsive genes 18, For instance, the genes that encode PIN-
FORMED (PIN) proteins which are required for auxin
transport which has been found to be up-regulated in plants
treated with auxin and this enhances root development.
Similarly, the results displayed that the genes associated with
DELLA proteins were downregulated in response to
gibberellin treatment thus enhanced stem elongation [,

1pM | 1pM | 1 pM 10 pM
Gene Control | A" | GA3 | ABA | Ethylene
PIN1 1.0 25 1.2 1.1 1.0
DELLA 1.0 0.9 0.4 1.0 1.0
NCED3 (ABA) 1.0 11 1.2 2.3 11
Agricultural  Applications and Future Research:

Agricultural Applications and Future Research

The quantitative results of this study have practical
implications for agriculture and other forms of land use.
Knowledge about the hormonal control of the plant growth and
development could be used in the formulation of best practices
aiming at enhancing productivity, stress tolerance and resource
use efficiency in crop plants. For instance, by influencing the
concentration of auxin and cytokinin, the root and shoot

development can be improved thus increasing the uptake of
nutrients and improved health of the plant. Also, suppression
of ABA and ethylene can enhance the capacity of plants
against water-deficit stress and other biotic and abiotic
stresses.

Sequential studies should be directed to genes that mediate
hormonal interactions and to the possible uses of some
hormones in agriculture. The modern, including those
employing CRISPR/Cas9 technology and omics methods, can
help explain the regulatory networks of plant hormones 24,
Such knowledge in optimism with agricultural practices can
enhance crop growth performance and abiotic stress tolerance
leading to sustainable agriculture.

Integration of Quantitative and Qualitative Findings

The combination of the obtained quantity data with the
qualitative findings from the literature gives a meaningful
assessment of the hormonal regulation of plant growth and
development. This study has found that with an increased
number of extracellular oscillations, anstrengung increases the
calcium level via KCNQ1 and ORAI1, which in turn
influences of phenotypic changes and gene expression as
defined by quantitative research, but the processes and
implications are far more complex as expanding qualitative
study will reveal. Altogether, the examined approaches prove
that the molecular regulation of plant hormones is not a simple
linear process but constitutes a network where different
hormones can interact and influence one another.
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Stomatal closure

(abscisic acid)

Development of

ronzonay N
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Fig 3: Hormonal interactions in plant growth and development

This study emphasizes the value of examining plant hormones
from several angles and taking both quantitative and
qualitative information into account. Researchers may create
more efficient methods for controlling plant growth and stress
responses by incorporating these discoveries, which will

eventually advance agricultural innovation and food security
[30]

Conclusion

In plants, the concept of plant hormones such as auxin,
cytokinins, gibberellins, abscisic acid (ABA), and ethylene are
instrumental in regulating the general growth and development
of plants in relation to the environment. This regulatory
network makes it possible for the plants to adapt for instance
to the anomalies like nutrient shortage, water deficit, and biotic
factors in an ever-changing environment to increase their odds

of survival and reproduction.

Moreover, looking at all the hormones mentioned in this
review, it can be ascertained that they are all involved in the
specific tasks but coordinate or counteract each other in order
to provide coordinated growth. Working cooperatively to
control cell elongation, primarily in shoots, auxins control
shoot formation while potentiating cytokinins over ABA to
control processes such as seed germination and root formation.
While cytokinins promote cell division of the shoot and the
elongation, they tend to reduce the root elongation thus
presenting yet another aspect of hormones in the regulation of
the plant body.

Most evident roles of gibberellins are associated with stem
elongation and seed germination while on the other side,
DELLA proteins exert negative influence on growth responses
possibly due to adverse environmental conditions 2%, ABA is
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revealed to play a critical role in stress interactions that include
factors such as stomatal movement and seed germination to
ensure water is well preserved and there is increased capability
to survive in conditions of stress. Ethylene enhances these
functions by controlling processes of fruit maturation, leaf
abscission, and stress responses, often working cooperatively
with ABA to modulate the plant’s reactions to various stresses
[24]

Thanks to techniques such as CRISPR/Cas9 and omics
techniques, the molecular basis of these interactions has been
worked out in detail to include signaling pathways and gene
expressions. Such findings are not only academically
significant with regards to the physiology of plants, but also
potentially useful in real world agriculture ?7), Scientists try to
optimize hormone concentrations or their pathways in an
attempt to increase crop yield and stress resistance and
improve the use of resources, which is vital for sustainable
agriculture in the context of climate change.

As described experimentally, the hormone treatments and the
resulting differences in phenotypes help in establishing the
outcomes of the hormone treatments in traits such as
root/shoot growth ratio, leaf area, and stress response. For
example, auxin-cytokinin based treatment stimulates only the
shoot formation in the plant, thus this treatment suppressed
root formation, letting the plant developers note that the plant
morphology and function closely depends on the balance of
hormone aspect in the plant body. Also, gene expression
reveals that such hormone-responsive genes as PIN-FORMED
proteins involved in auxin transport or DELLA proteins
involved in gibberellin signaling in growth regulation at the
molecular level (4,

In future, further studies that investigate genetic and molecular
information of hormones and their involvement should be
conducted to explain new regulatory mechanisms and explore
the key areas that may open the way for engineering crops.
The integration of quantitative data with qualitative results
obtained from phenotypic and molecular level studies add to
our knowledge on the hormonal regulation in plants and could
be underlined by the fact that these biochemical pathways are
not as rigid as has been considered but more on the contrary
are very flexible.

Thus, the concept of plant hormones is one of the foundational
pillars of current agricultural sciences and provides options for
further progressive development of worldwide food
production. Therefore, controlling the hormonal cross-talk and
adaptive response can open ways for solving the challenges of
global agriculture, using resources and preserving nature by
increasing the yield level and allowing plants to cope with
current and potential future challenges.
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