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Preface

It is with great pleasure and enthusiasm that I introduce this comprehensive book,

New Insights into Phytohormones. As the editor, I am honored to present a collection

of contributions from esteemed researchers and experts in the field of plant biology,
each shedding light on the intricate and fascinating world of phytohormones. In recent
decades, our understanding of plant physiology has experienced a profound transforma-
tion, largely due to advancements in molecular biology, genetics, and bioinformatics.
This book captures the essence of these advancements, offering a synthesis of current
knowledge and providing fresh perspectives on the roles played by phytohormones in
the life of plants. Phytohormones, the signaling molecules orchestrating various aspects
of plant growth, development, and response to environmental stimuli, serve as the
protagonists of this exploration. Each chapter delves into the specific functions and
mechanisms through which auxins, gibberellins, cytokinins, abscisic acid, ethylene,
brassinosteroids, and jasmonic acid exert their influence on plant physiology. The
contributors bring forth their expertise, presenting cutting-edge research findings

and critical analyses that illuminate the nuanced interplay of these molecules within
the cellular and molecular tapestry of plant life. This volume is designed to cater to a
diverse audience, including researchers, educators, and students, providing a valuable
resource for both the seasoned expert and the curious novice. I hope that this book will
not only serve as a reference for those deeply engaged in the field but also inspire a new
generation of scientists to explore the uncharted territories of phytohormonal regula-
tion in plants. As we navigate through these pages, I encourage readers to contemplate
the implications of our evolving understanding of phytohormones. The insights shared
within these chapters have the potential to shape future research directions, influence
agricultural practices, and contribute to our broader understanding of the intercon-
nectedness of life on our planet. I extend my gratitude to the contributing authors for
their dedication and scholarly contributions, as well as to the readers who embark on
this journey of discovery. May this book be a beacon of knowledge, sparking curiosity
and fostering a deeper appreciation for the remarkable role phytohormones play in the
intricate dance of plant life.

Basharat Ali, Ph.D.

Assistant Professor of Agronomy,

Department of Agricultural Engineering,

Khwaja Fareed University of Engineering and Information Technology,
Rahim yar Khan, Pakistan

Javed Igbal

Lecturer,

Department of Agricultural Engineering,

Khwaja Fareed University of Engineering and Information Technology,
Rahim Yar Khan, Pakistan






Chapter1
Role of Abscisic Acid in Plant Stress

Rahul Sharma and Priyanka Sharma

Abstract

The multifaceted role of Abscisic acid (ABA) as a phytohormone of great repute
cannot be overstated. ABA right after its synthesis within plastids embark on a quest
to find specific receptors. On binding these receptors a complex signaling cascade
is triggered that ultimately modulates gene expression and other cellular processes,
responsible for normal growth and development processes of plants. Under abiotic and
biotic stresses ABA levels change tremendously, triggering a cascade of physiological
responses that help the plant adapt to its environment. A deeper understanding of
ABA’s mechanisms like understanding its metabolic pathways or its regulation at genetic
and epigenetic levels hold the promise of enhancing crop productivity and resilience
in the face of the daunting challenges posed by a changing climate. Use of gene edit-
ing techniques like CRISPER-Cas technology, regulating the ABA mediated stress
responsive genes, using RNAi and modifying the intragenic and promoter regions of
the genes involved in ABA biosynthesis are a few methods which can enhance the ABA
production or ABA mediated response to tolerate the stress conditions. In essence, ABA
is a paramount player in plant stress responses, and unlocking its mysteries holds the
potential to revolutionize agriculture and safeguard food security.

Keywords: abscisic acid, phytohormone, abiotic stress, epigenetic changes, stress
tolerance, transcription factor

1. Introduction

The continuously growing world population is expected to reach about nine billion by
2050. This situation may pose a significant challenge to meet the increasing food demands
by our already struggling agriculture industry (Figure 1). Factors such as water scarcity,
soil degradation, and a variety of biotic and abiotic stresses further worsen the situa-
tion, affecting agricultural productivity. These stresses have detrimental effects on plant
growth, development, and reproductive processes, leading to substantial crop losses.

However, research on Abscisic acid (ABA) has emerged as a promising avenue
to mitigate the detrimental effects of these stresses. ABA, alipid hormone, find its
role in regulating seed dormancy, leaf abscission, and the accumulation of nutrient
reserves in seeds [1]. Studies have shown that ABA levels increase significantly during
periods of water shortage, leading to stomatal closure and reduced water loss through
transpiration [2]. This hormone helps plants to cope with drought, high salinity,
oxidative stress, photo stress, low temperature, and other environmental stresses.
Understanding various mechanisms and functions of ABA has the potential to enhance
crop resilience and improve agricultural productivity in the face of abiotic stresses.

1 IntechOpen
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Figure 1.
Global map of physical and economic water scarcity aveas. Image source: IWMI.

ABA is also known to interplay with other hormones, such as Gibberellins, Auxins,
Cytokinins, Jasmonic acid, Salicylic acid etc. to influence plant growth and develop-
ment. Jasmonic acid and Salicylic acid are the phytohormones which modulate the
plant’s defense against biotic stresses like action of pathogens, insects, pests and
herbivores. By understanding the role of ABA and its interactions with other hor-
mones, researchers can develop novel approaches to boost crop resilience and alleviate
the detrimental effects of abiotic and biotic stresses [3].

By investigating the role of ABA and elucidating its mechanisms of action,
researchers are paving the way for innovative strategies to mitigate the harmful
effects of abiotic stresses and improve crop productivity. Thus, the study of ABA and
its outcome on plant responses to environmental stresses ensure for addressing the
challenges faced by agriculture. In the present chapter, various strategies employed by
the plant to cope up with these stress situations will be discussed. Further, strategies
to improve stress tolerance in plants will also be considered.

2. Abscisic acid (ABA): a crucial phytohormone
2.1 Background of ABA

Abscisic acid (ABA) was first discovered in the 1960s by a team of researchers led
by Frederick Addicott at the University of California, Davis. The team, while study-
ing the physiological processes involved in fruit abscission, found a compound that
triggered this process [4]. Initially referred to as “abscisin II” as it was the second
compound to be identified in the abscission process, it was later renamed “abscisic
acid” due to its acidic properties and involvement in various physiological processes
beyond fruit abscission [5]. Since its discovery, ABA has been extensively studied
for its role in plant growth and stress responses [2]. Soon after its discovery, it was
revealed that ABA levels increase significantly when plants wilt and that ABA causes
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stomatal closure. These two findings highlighted the utility of ABA in environmental
stress mediating responses plants. Later, it was revealed that ABA is also associated
with accumulation of seed nutrient reserves and attainment of desiccation tolerance
in seeds. Regardless of its name, ABA is not a major regulator of abscission, which is
mainly controlled by ethylene [6].

Plant stress response is a highly complicated process involving numerous genes
to act in sync and interact with one another during the process. Stress induced gene
products regulate the biosynthesis of the well known plant growth regulators like
ABA, salicylic acid, and ethylene, which can then start the second round of signaling.
In this mechanism, small molecules like ABA are crucial [7]. During the past 40 years,
the core components of ABA biosynthesis and signaling have been identified through
molecular, genetic, biochemical, and pharmacological approaches.

2.2 ABA structure

ABA is a sesquiterpenoid compound with a complex chemical structure, contain-
ing a 15-carbon isoprenoid chain and a carboxyl group at one end, which modulates
its acidic properties [4]. ABA holds several functional groups, including hydroxyl
(-OH), ketone (=0), and carboxylic acid (-COOH) groups, which contributes to its
biological activity (Figure 2).

ABA’s molecular structure has various important features that make its biological
functions possible. The side chains with the two double bonds (Figure 2) and ABA’s
stereocenter are two such chief properties. It is the stereocenter of the ABA which is
responsible for its chirality and existence of ABA in two mirror image forms called
as enantiomers. Due to differing spatial orientations, enantiomers are engaged in
various biological interactions and functions. Exposure to ultraviolet (UV) light
changes ABA’s conformation from active to inactive form. This can be due to due to
photoisomerisation where rearrangement of atoms within molecule leads to dif-
ferent conformations. Exposure to UV radiations also lead to crosslinking of ABA
with neighboring ABA molecule, reducing its conformational flexibility. However,
prolonged UV exposure may lead to cleavage of chemical bonds within ABA mol-
ecules which may lead to its fragmentation or loss of Functional groups and loss of
biological activity.

CH3

'cooH

Figure 2.
Structure of abscisic acid (a phytohormone). Adapted from Finkelstein [6].
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Abscisic acid (ABA) biosynthetic pathway.

2.3 Biosynthetic pathway of ABA

ABA is synthesized mostly in plant chloroplast and plastid-containing cells [6].
However, it is also produced in animals including humans and fungi. It is a sesquiterpene
(C15H24) manufactured from isopentenyl pyrophosphate (IPP) in the 2-C-methyl-
D-erythritol-4-phosphate (MEP) pathway or Mevalonic acid pathway. IPP is firstly
converted to Zeaxanthin through a serious of enzymatic reactions involving condensa-
tion of IPP with Dimethylallyl pyrophosphate (DMAPP) producing Geranylgeranyl
pyrophospahte (GGPP). GGPP is further converted to Zeaxanthin through cyclization
and hydroxylation reactions. Neoxanthin is created from IPP with intermediate products
of zeaxanthin and violaxanthin via an intermediate (antheraxanthin) in plastids. All-
trans-neoxanthin, all-trans-violaxanthin and 9-cisneoxanthin can proceed as precursors
for xanthoxin in ABA synthesis. Subsequently, xanthoxin is oxidized to ABA aldehyde
and then to ABA in the cytosol through various intermediate enzymatic reactions. The
complex chemical structure of ABA and its involvement in stress responses have made it
asubject of extensive research in the field of plant biology (Figure 3).

Understanding the mechanisms underlying ABA synthesis and signaling pathways
can have significant implications for improving crop yield and stress tolerance in
plants. In the subsequent sections, we will focus on the role of ABA in plant growth,
development and response to stress.

3. Role of ABA in plant growth and development

ABA plays a vital role in the general growth and development of plants by regulat-
ing various physiological processes. Here are some of the key functions of ABA in
plant growth and development.
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3.1 Seed dormancy

Seed dormancy is a crucial and essential process for plant survival and adaptation
[8]. Seed dormancy can be considered as a stress tolerance response of the plant. It
ensures that seeds remain dormant until favorable conditions for germination are pres-
ent, increasing the likelihood of successful seedling establishment. This precise timing
of germination is regulated by a complex network of genes and proteins. However,
ABA is a key regulator to this process [9]. ABA accumulation in seeds promotes and
maintains dormancy, while a decline in ABA levels triggers dormancy release and
germination. Transcription factors, including Phytochrome Interacting Factors (PIFs),
contribute to dormancy regulation. PIF1 interacts with ABA signaling components
and controls the expression of genes involved in ABA biosynthesis and signaling. This
interaction influences the timing of dormancy release and germination [8, 10].

The process of ABA induced seed dormancy involves the recognition of ABA
by receptors called PYR/PYL/RCAR (Pyrabactin Resistance/PYR1-like/Regulatory
Component of ABA Receptor) in the plasma membrane [2]. When ABA binds to these
receptors, it triggers a series of signaling events. One of the key outcomes is the inhibi-
tion of protein phosphatases called PP2C (Protein Phosphatase 2C), which normally sup-
press the dormancy pathway [11, 12]. By inhibiting PP2C, ABA allows SnRK2 (Sucrose
Non-Fermenting 1-Related Protein Kinase 2) to become active. These kinases phosphor-
ylate ABF/AREB (ABA-Responsive Element Binding/ABA Response Element Binding)
transcription factors, which then move to the nucleus and bind to specific DNA elements
namely ABA-responsive elements (ABREs), activating or repressing genes related to seed
dormancy and stress responses [13]. Apart from this receptor-mediated signaling, ABA
also induces the production of LEA (Late Embryogenesis Abundant) proteins that help
protect seeds from desiccation and other stresses during development and storage [14].

The coordination of various genes and proteins, such as ABA, ABI (Abscisic Acid
Insensitive) proteins, DOG (Delay Of Germination) proteins, LEC (Leafy Cotyledons)
genes, PIFs, and WRI1 (Wrinkled1), are crucial for seed dormancy regulation. This
means that at higher concentrations of ABA, the activated ABF/ABRE gets associated
with the above mentioned proteins and activates genes responsible for dormancy.
However, on the onset of favorable conditions like light, moisture etc. ABA levels
decline resulting a decrease in its inhibitory effects on germination. This allows ABF/
AREB to become more active and able to attach strongly to the specific parts of genes
involved in germination. The modified ABF/AREB moves into the nucleus and binds to
specific regions in the genes called ABA-responsive elements (ABRESs). In this situation,
the modified ABF/AREB turns on genes that are needed for seedling growth, including
genes that help break down stored nutrients, promote cell growth, and carry out other
important processes for germination. This process can be aided by certain co-activators
like CBP (CREB binding proteins); transcription factors NAC (NAM, ATAF1/2, CUC2)
and chromatin remodeling factors like SWI/SNF (Switch/Sucrose Non-Fermentable).
Understanding these mechanisms has significant implications for crop improvement
and seed management strategies. By manipulating these genes and proteins, it is pos-
sible to develop crops with optimized germination characteristics [8, 9].

3.2 Seed germination

ABA helps to maintain seed dormancy by inhibiting the growth of the embryo
until environmental conditions are favorable for germination. When conditions are
suitable, ABA levels decrease, and the embryo begins to grow. ABA also has a part
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in changeable seed dormancy and seed germination with its interface with another
plant hormone called gibberellins. Gibberellins are the hormones liable for signaling
and stimulating remarkable increases in plant size, particularly in fruits and stems of
plants. Both ABA and Gibberellins have reverse effects; plant hormones with opposite
effects contribute to the balance within a plant obligatory for homeostasis. ABA also
prevents loss of seed dormancy. Several ABA-mutant Arabidopsis thaliana plants have
been identified and are available from the Nottingham Arabidopsis Stock Centre—
deficient in ABA production and with altered sensitivity to its action. Plants that are
hypersensitive or insensitive to ABA show phenotypes in seed dormancy, germina-
tion, stomatal regulation, and some mutants show stunted growth and brown/yellow
leaves. These mutants reflect the importance of ABA in seed germination and early
embryo development.

3.3 Fruit ripening

ABA plays quintessential role in regulating the ripening of fruit by promoting the
breakdown of chlorophyll and the synthesis of pigments that give fruit its character-
istic color. The changes in the levels of ABA concentration from very low in unripe
fruits to tremendously high during fruit ripening depicts the ABA role in regulating
fruit ripening.

In climacteric fruit such as apples, the level of ABA increases from maturation to
harvest, while in non-climacteric sweet cherries, the level of ABA increases before
maturation and thereafter decreases until harvest. Endogenous signals and environ-
mental factors might affect ethylene biosynthesis primarily through ABA biosynthesis
[15]. The differing ABA levels suggest that the role of ABA may vary between fruits.
The application of ABA on fruit might be an effective tool for improving fruit quality
and increasing health benefits. Fruit ripening being a complex process, sees dramatic
changes in color, texture, flavor, and aroma of a fruit. There is much evidence that
shows the role of ABA in fruit ripening and its involvement with fruit quality.

3.4 Root growth

Roots are crucial for the normal growth and development of plants. However, the
architecture of the roots is significantly modified at the onset of environmental stresses.
ABA controls root growth by preventing cell division and elongation at the root tip. This
helps in regulating the root system’s depth and spread in response to environmental
cues. Thus, it can be concluded that ABA influences root architecture by inhibiting root
growth and promoting the formation of lateral roots, enabling plants to explore the
soil for water and nutrients [16]. Depending on its dosage, ABA can either promote or
hinder root growth. Even in well-watered environments, ABA can affect the root as well
as shoot growth. ABA shows a biphasic effect on the growth and development of roots.
Under favorable conditions, ABA is present in low concentrations, and it promotes root
growth by enhancing cell division and elongation by acting in conjunction with auxin.
However, under severe water stress conditions, the concentration of endogenous ABA
rises and shows negative effects on the growth of roots. The modest biphasic effects
of dry soil on root growth were enhanced by water deficit but hindered by severe
water deficiency. Furthermore, Li et al. [17] showed that exogenous ABA had complex
biphasic effects on root growth in well-watered settings also.

Changes in the root environment will consequently affect ABA-mediated
responses on a local and systemic level [18]. Abiotic stress agents like drought, salt salt
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concentration and osmotic stressor lead to increased osmotic stress in roots. The fact
that ABA increases water flow and ion flux in root tissues indicates that it modulates
turgor by both boosting water influx into roots and decreasing transpiration [19].

4. Plant stress biology and role of ABA

Environmental changes are known to pose stress-like conditions for living organ-
isms. Environmental stress can be classified as biotic or abiotic. The impact and
intensity of the stress are two major criteria for living organisms to prompt the neces-
sary response. Plants, being sessile, are readily prone to environmental stresses, which
significantly affect plant growth and productivity in both natural environments and
agricultural settings. Therefore, it is crucial to understand the different types of plant
stresses and their underlying causes in order to develop effective strategies to mitigate
their negative impacts.

4.1 Abiotic stress

Abiotic stress is the term used to describe the non-living components of environ-
mental elements. These stressors can affect the plants negatively by impairing their
growth, development and productivity. Plants must rapidly adapt to different abiotic
stress conditions, such as drought, oxidative stress, salinity, cold and high tempera-
ture stress, as they are immobile. This sedentary life style makes them more vulner-
able to effects of environmental stresses as compared to mobile organisms. To survive,
plants have evolved various strategies to deal with these challenges [20]. As studied
earlier ABA plays a significant role in facilitating plant responses to various abiotic
stresses. By controlling physiological and molecular processes, ABA aids in plant
adaptation and resilience in the face of challenging environmental conditions like
drought, high temperatures, salinity, and extreme cold. Some major abiotic stresses
where ABA has significant role are discussed in the subsections.

4.1.1 Drought stress

Drought stress is one of the most prevalent forms of plant stress, characterized
by limited water availability. Drought can be defined as a situation when plant does
not get sufficient water required for maximum growth and productivity [21, 22].
Water is an important component of plant’s transport system, as it helps in transfer of
metabolites from one part of the plant to other. It also helps in maintaining the turgor
pressure in the plant that allows the plant to grow in upright direction [23]. Plants
use many strategies of drought avoidance, like possessing deep roots to increase the
area of root zone effect [24], conservation of water by decreasing the total number of
stomata, leaf widening, decreasing the leaf size, etc. (Figure 4). When drought stress
is applied, the root system has been observed to adjust to the stress by aligning toward
the wet patches in the pot [25]. Plants use many strategies to deal with unfavorable
drought stress but a complete reprogramming of the transcriptional system is mainly
required to show tolerance [26]. Since plants do not have a nervous system, therefore,
hormones act as intraorganismal messengers, impacting the signal transduction,
to make plants to deal with environmental changes. Decrease in water content can
activate a set of physiological processes and bring about change in the localization of
phytohormones, as adaptive response to osmotic stress [27].

7
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STRATEGIES OF PLANTS IN RESPONSE TO STRESS
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Figure 4.
Plants strategies in response to stress.

Abscisic acid is a well characterized plant hormone, which plays a very important
role during environmental catastrophes. Transpiration can be problematic for the
plant during the drought stress. Stomatal closure and leaf wilting are the ways to
diminish the effect of transpiration and save water. Abscisic acid plays a crucial role
in stomatal closure and reduction in photosynthesis which in turn is one of the most
important plants’ response against drought stress.

Abscisic acid accumulation has been a vital characteristic of drought tolerant
plants as compared to drought sensitive plants [28]. Several studies have been con-
ducted to check the endogenous level of ABA in stress affected plants. Exogenous
spray of ABA was also found to enhance the drought tolerance in Bermuda grass [29].

4.1.1.1 ABA and stomatal closure

ABA helps to regulate the opening and closing of stomata, which are pores on
the surface of leaves that allow for gas exchange. In response to drought or other
environmental stresses, ABA triggers the closure of stomata, which helps to conserve
water. This system regulates the absorption and release of certain gasses such as
carbon dioxide, oxygen, and water vapor. Stomatal opening and closing occurs as a
result of turgor pressure differences in the surrounding guard cells. ABA is formed in
several plant parts, one of them being within the roots of plants. Roots produce ABA
in response to identification of low or no moisture in the soil. ABA is then transferred
from the roots to the leaves. ABA decreases the turgor of the guard cells causing
them to close. This reduces plant transpiration, or the evaporation of water out of
the stomata of leaves, thus prevents water loss and wilting in times of low moisture
or drought. Furthermore, plants use stomata to absorb carbon dioxide out of the
atmosphere which the plant needs to carry out photosynthesis. If the plant already has
sufficient carbon dioxide, ABA signals the plant to close its stomata. The discovery
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and functional characterization of ABA-dependent candidate genes responding to
drought was accelerated by recent developments in plant genomics. It was discov-
ered that the MATE transporter gene AtDTXS50 is implicated in ABA efflux and
that mutants of dtx50 exhibit increased drought tolerance with decreased stomatal
conductance in comparison to WT (wild type) plants [30].

4.1.1.2 Regulation of drought tolerance and ABA

Plants must consistently adjust ABA levels in response to shifting physiologi-
cal and ecological situations. The synthesis of ABA is tightly regulated by various
environmental factors, such as drought stress, which can induce the expression of
genes involved in ABA biosynthesis [31]. The methods for raising ABA levels are
still not fully understood. Both ABA-dependent and ABA-independent systems are
involved in how plants respond to stress (Figure 5). To increase resistance to drought
and salinity stress, a full understanding of how TF (transcription factors) pathways
and ABA interact to generate stress responses is necessary. It is known that a number
of transcription factors, including DREB2A/2B (Dehydration-Responsive Element
Binding), AREB1, RD22BP1(Responsive to Dehydration 22 Binding Protein 1), MYC/
MYB (Myelocytomatosis/ Myeloblastosis), and others, regulate the expression of the
ABA-responsive genes by interacting with the corresponding cis-acting elements,
DRE/CRT (Dehydration-Responsive Element/Cis-acting Regulatory Elements),
ABRE (Abscisic Acid Responsive Element), and MYCRS/MYBRS (Myc-Responsive
Cis-Element/Myb-Responsive Cis-Element), respectively. It’s important to compre-
hend these systems to improve crop plants’ ability to withstand stress.

Abscisic acid responsive elements (ABREs) are short DNA sequences (consensus
sequence ACGTG (G/T) (G/T) C) found in the promoter regions of many genes
that are involved in ABA signaling pathways. ABREs are recognized by transcrip-
tion factors, such as ABRE-binding factors (ABFs), which can bind to and activate
gene expression. The role of ABREs in ABA signaling is to mediate the transcrip-
tional response of genes to ABA. When a plant is exposed to stress conditions, such
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Figure 5.

ABA dependent and ABA independent signaling in plants.
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as drought or high salinity, the concentration of ABA in the plant increases. This
increase in ABA concentration leads to the activation of ABFs, which in turn bind to
ABREs and induce the expression of genes that are involved in stress responses, such
as those that encode for osmoprotectants and stress-related enzymes.

ABREs have been found to be involved in the regulation of many genes that are
involved in stress responses in various crops, including rice, wheat, maize, and soybean.
The discovery and characterization of ABREs have provided insight into the molecular
mechanisms underlying ABA-mediated stress responses in plants. Studies in the pro-
moter region of the Avabidopsis thaliana RD29A gene and rice OsRabl6A gene contains
contain one and three functional ABRE respectively, essential for the ABA-mediated
induction of RD29A expression in response to dehydration stress and OsRabl6A expres-
sion in response to salt stress [32, 33]. Similar studies in wheat have shown that the
promoter region of the wheat TaERF1 gene contains multiple ABREs that are involved in
the ABA-mediated induction of TaERF1 expression in response to drought stress [34].

Studies have further revealed that Farnesyl-transferase has some role in reduc-
ing the abscisic acid sensitivity of the plants; it shows negative correlation with the
activity of abscisic acid. Therefore, it has been proposed that down regulation of
farnesyl-transferase can help in increasing drought tolerance. In Arabidopsis, the
down regulation of any subunit a- or f, of farnesyl-transferase, increases drought
tolerance [35]. In canola, the down regulation of farnesyl transferase (a-subunit) by
using drought responsive promoter of At HPR1 (Arabidopsis hydroxypyruvate reduc-
tase), driving an RNAi construct, resulted into enhanced closure of stomata thereby,
minimizing the loss of water by transpiration and yield protection against drought in
fields. The strategy can be used for enhancing drought tolerance in many crops [36].

4.1.2 Salinity stress

Salinity stress occurs when plants are exposed to high levels of salt in the soil or
water, disrupting the osmotic balance within plant cells. This disrupts water uptake
and causes ion toxicity, leading to reduced crop yield and limited cultivable lands
[37]. According to a report by the Food and Agriculture Organization (FAO), approx-
imately 20% of irrigated agricultural lands worldwide encounter salinity issues,
leading to diminished crop productivity and economic setbacks (FAO, 2020) [38].
Salinity stress negatively impacts multiple facets of plant physiology, encompassing
water balance, ion homeostasis, and gene expression [16]. To counteract the deleteri-
ous effects of salinity stress, plants have developed intricate mechanisms. Among
these mechanisms, abscisic acid (ABA) emerges as a pivotal participant, acting as a
phytohormone that regulates plant growth, development, and responses to stress.
Salinity stress influences the biosynthesis of ABA, resulting in heightened ABA levels
in various plant tissues, including roots and leaves [39].

Studies have shown that exogenous application of ABA can improve salt stress
tolerance in various crops, such as wheat, maize, and rice. ABA application in Wheat
plants exposed to salt stress, improved plant growth, reduced ion toxicity, and
enhanced the activities of antioxidant enzymes, leading to reduced oxidative stress
and improved salt stress tolerance [40]. Furthermore, genetic manipulation of ABA
biosynthesis and signaling pathways has been used to enhance salt stress tolerance
in crops. Over expression of genes involved in ABA biosynthesis, such as NCED
(9-cis-epoxycarotenoid dioxygenase), and genes involved in ABA signaling, such as
ABF (ABA-responsive element-binding factor), has been shown to enhance salt stress
tolerance in Solanum lycopersicum L. [41].
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Modulation of ABA levels and signaling pathways represents a promising approach
for improving salt stress tolerance in crops. Elevated ABA levels serve as a signal for
plants to initiate adaptive responses. ABA regulates stomatal closure, reducing water
loss through transpiration, thereby aiding in water conservation and cellular hydra-
tion [4]. Moreover, it influences ion transport, facilitating the uptake of vital potas-
sium (K+) ions while impeding the entry of toxic sodium (Na+) ions into plant cells,
thus maintaining ion homeostasis [39].

At the molecular level, ABA acts as a transcriptional regulator, modulating the
expression of stress-responsive genes. It activates genes encoding proteins such as late
embryogenesis abundant (LEA) proteins and osmoprotectants, which play crucial
roles in safeguarding plant cells against dehydration and preserving cellular integrity
[16]. ABA regulates the expression of genes encoding antioxidant enzymes, counter-
acting the harmful effects of reactive oxygen species (ROS) generated during salinity
stress [39]. ABA-mediated responses to salinity stress extend beyond cellular processes
and encompass overall plant physiology and development. Additionally, ABA governs
seed germination and dormancy, ensuring that germination occurs under favorable
conditions while preventing premature seedling emergence in saline environments
[39]. Thus it can be conclude ABA plays a central role in plants’ response to salinity
stress by regulating stomatal closure, ion transport, gene expression, root architecture,
and seed physiology. Understanding the mechanisms underlying ABA-mediated
responses is vital for developing strategies to enhance salinity tolerance in crop plants
and mitigate the adverse impacts of salinity stress on agricultural productivity.

4.1.3 Heavy metal stress

Some micro-nutrients essential for plant growth and development are heavy met-
als (HM), which are naturally occurring elements with large atomic weight and den-
sity. Excessive HM concentrations, however, adversely impact plant development and
survival. Because of anthropogenic activities like industrialization, smelting, exten-
sive mining, fertilizer application, polluted water irrigation, fossil fuel combustion,
and vehicle emitted gasses and pollutants, the intensity of some heavy metals like
Cd, Cu, Pb, Hg, and Cr is skyrocketing in agricultural and other natural areas [42].
Abiotic stress, mostly brought on by heavy metal toxicity, has harmful impacts on
humans, plants, and animals’ health. Due to their high reactivity, they have a negative
impact on the energy synthesis, growth and senescence processes. Elevated HM levels
increase ROS generation, causing metabolic imbalance, disturbing ion homeostasis,
disorganizing the antioxidant defense system, disrupting protein structure, pigment
synthesis, enzyme activities and membrane integrity, increasing lipid peroxidation,
and thus decreasing plant growth and productivity [43].

In essence, plants under HM stress evolve defense systems to mitigate its nega-
tive effects but not to prevent them. Yet, through boosting osmolyte accumulation
and antioxidant machinery, exogenous ABA treatment is a strategy for improving
plants’ resistance to HM toxicity. ABA regulates a number of physiological functions
to assist plants in surviving the detrimental effects of HM stress [44]. ABA modifies
the transfer of hazardous metals from roots to shoots. It inhibits the long-distance
transmission of HM by closing stomata and decreasing transpiration rate [45].

Some plant species under cadmium (Cd) stress, including Oryza sativa L., Solanum
tuberosum L., Brassica napus L., Triticum aestivum L., and others, activate genes
involved in ABA production, increasing endogenous AB concentration [44, 45]. For
instance, 10 and 20 mM foliar ABA spray increased growth, chlorophyll content,
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photosynthetic efficiency, catalase activity, and proline and protein levels in Lactuca
sativa L. to reduce Cd inhibitory effects [46]. According to Deng et al. [47], treatment
of 5 mM ABA reduced root damage caused by Cd by reducing cell death, hydrogen
peroxide levels, and malondialdehyde concentrations. Moreover, through increasing
chlorophyll content, osmolyte concentration, and antioxidant defense mechanisms,
10 mM foliar ABA action reduced Cd toxicity in Vigna radiata L. [48]. It is confirmed
that ABA is essential for improving agricultural plant morphology, development,
yield, and quality indices as well as reducing the risks associated with HM stress [42].

4.1.4 Temperature stress

Temperature stress encompasses both heat stress and cold stress. High tem-
peratures can damage plant cells, impair photosynthesis, and accelerate water loss.
Conversely, low temperatures can cause chilling injury, decrease metabolic activity,
and affect nutrient uptake [49].

Cold stress presents a notable obstacle to the growth and development of plants,
leading to decreased crop productivity and subsequent economic losses [50]. Low
temperature causes cellular damage, disrupt vital physiological processes, and
impair photosynthesis [51]. On the exposure to cold temperature, ABA synthesis
and accumulation is triggered in plant tissues. ABA acts as a signaling molecule,
initiating a cascade of physiological and molecular changes aimed at enhancing cold
tolerance [52]. ABA regulates gene expression by activating specific stress-responsive
genes involved in cold acclimation and the synthesis of protective proteins [53]. This
activation helps plants adapt to the cold environment and mitigate cellular damage.
One of the key roles of ABA in response to cold stress is the modulation of osmotic
stress. ABA promotes the accumulation of cryoprotectants, such as soluble sugars and
proteins, which safeguard cellular structures from freezing temperatures [54]. These
cryoprotectants act as osmolytes, maintaining cellular hydration and preventing the
formation of ice crystals that could damage cells.

Cold stress triggers ABA accumulation in guard cells, leading to stomatal closure
and reducing water loss [55]. This process helps maintain cellular hydration, prevents
excessive dehydration, and preserves cellular integrity. Furthermore, ABA interacts
with other signaling molecules and hormones to coordinate the plant’s response to
cold stress. These interactions contribute to the enhancement of cold tolerance in
plants. Understanding the molecular mechanisms underlying ABA’s role in cold stress
response is crucial for developing strategies to enhance plant tolerance and improve
crop productivity. The identification of ABA signaling components and downstream
target genes has provided valuable insights into the intricate regulatory networks
involved in cold stress response [56].

High temperature is majorly associated with accelerated water loss and for such
type of osmolytic stress, ABA accumulation has been observed as the key strategy
of the plants to overcome its detrimental effects. Therefore, it can be concluded that
temperature stresses namely heat stress and cold stress affects the osmotic balance of
the plants in general. And, plants have evolved a common mechanism of ABA biosyn-
thesis and signaling which leads as a plant’s response to the temperature stresses.

4.1.5 Oxidative stress

Oxidative stress occur when there is an imbalance between the production of
Reactive oxygen species (ROS) and the antioxidant defense system in plants. ROS,
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including superoxide radicals, hydrogen peroxide, and hydroxyl radicals, are natural
byproducts of various metabolic processes. Though ROS serve as signaling molecules in
plant growth and development, their excess accumulation can lead to oxidative damage
to cellular components [57]. The effects of oxidative stress on plants are diverse and
can impact various physiological and biochemical processes. For instance, oxidative
stress disrupts membrane integrity, resulting in lipid peroxidation and loss of cellular
homeostasis [58]. It can also impair photosynthesis by damaging the photosynthetic
machinery, including chlorophyll and photosystem proteins [59]. Moreover, oxidative
stress can cause DNA damage and affect the stability and functionality of proteins [60].
To counteract the detrimental effects of oxidative stress, plants have evolved
complex antioxidant defense systems. These systems include enzymatic antioxidants
such as superoxide dismutase (SOD), catalase (CAT), and peroxidases, as well as
non-enzymatic antioxidants like ascorbic acid (vitamin C), glutathione, and tocoph-
erols (vitamin E). These antioxidants scavenge ROS and protect cellular components
from oxidative damage [61]. In relation to oxidative stress, abscisic acid (ABA) has
been found to play a crucial role in plant responses. ABA treatment has been shown
to enhance antioxidant defense mechanisms and mitigate oxidative damage, thus
improving plant tolerance to oxidative stress [62]. ABA regulates the expression
of antioxidant genes and increases the activities of antioxidant enzymes leading to
reduced ROS accumulation and lipid peroxidation [63]. Additionally, ABA promotes
the accumulation of non-enzymatic antioxidants, such as ascorbate and glutathione,
which contribute to enhanced ROS detoxification and protection against oxidative
stress [64]. Understanding the relationship between ABA and oxidative stress is
crucial for developing strategies to enhance plant stress tolerance and improve agri-
cultural productivity. Continued research in this field will provide further insights
into the molecular mechanisms underlying plant responses to oxidative stress and aid
in the development of innovative approaches to mitigate its negative impacts.

4.1.6 Photo-stress

Photo-stress refers to the harmful effects caused by excessive light exposure in
plants, leading to physiological and biochemical imbalances that can impact plant
growth, development, and survival. Plants have developed adaptive mechanisms
to cope with photo-stress, and one important factor in this response is abscisic acid
(ABA). ABA acts as a signaling molecule and stress hormone, helping plants adapt
to high light intensity and counteract its adverse effects. Abscisic acid deficient
plants may arise due to mutation or epigenetic regulation at any level, in the abscisic
acid pathway. In Arabidopsis, BCH1/BCH2 (Brassinosteroid insensitive 3) mutants
showed a decrease in the production of zeaxanthin which encompasses a small
proportion of f-carotene pool in the leaves. Zeaxanthin is a photo protective material
and increases in quantity in response to sudden high light intensity via xanthophyll
cycle. Zeaxanthin epoxidase (ZEP), a plastid imported protein located at ABA1
(AT5G67030) locus of Arabidopsis, shows spatial regulation in different species.
Drought induced ZEP expression was observed in case of roots but absent in leaves
of tomato [29, 30]. In high light conditions, ABA triggers the closure of stomata,
reducing water loss through transpiration and preventing dehydration. This adap-
tive response allows plants to conserve water and maintain cellular integrity during
periods of intense light exposure. Moreover, ABA also plays a role in regulating the
antioxidant defense systems in plants. Excessive light exposure during photo-stress
can generate reactive oxygen species (ROS) that cause oxidative damage to plant
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cells. ABA enhances the activity of antioxidant enzymes and promotes the synthesis
of antioxidants, enabling the scavenging and neutralization of ROS. This protective
mechanism helps shield plant cells from oxidative stress caused by excessive light.
Extensive research has been conducted to understand the involvement of ABA in
plant responses to photo-stress.

4.2 Biotic stress

Plants, with their sedentary lifestyle, face unique challenges when it comes to cop-
ing with biotic stress compared to animals. While animals can move to escape threats
or actively defend themselves, plants being rooted in place, making them vulnerable
to various pests and pathogens. Biotic stress in plants, which includes the attack
of pests, pathogens, and herbivores, can have far-reaching consequences on plant
growth, development, and overall fitness. Biotic stress can disrupt ecological balance
by affecting plant populations and interactions with other organisms. The loss of
a dominant plant species due to pest infestation can lead to changes in community
structure and species composition, impacting ecosystem functions and services.

Disruption of photosynthetic machinery leads to reduced photosynthetic effi-
ciency which is one of the most common consequences of Biotic stress. Pests and
pathogens may damage chloroplasts, interfere with photosynthetic pigments, or
induce the production of reactive oxygen species (ROS), thereby impairing the
plant’s ability to convert sunlight into chemical energy. Insects and pathogens on
the other hand can feed on plant tissues, leading to tissue loss, reduced fruit set, or
even complete crop failure. The economic impact of yield losses due to biotic stress
is substantial, affecting farmers’ income and food security at both local and global
scales. Certain pests like nematodes can cause root galling, affecting nutrient uptake,
while fungal pathogens can colonize the root system and disrupt nutrient transport
pathways. Nutrient deficiencies can further weaken the plants, making them more
susceptible to additional stressors.

4.2.1 Biotic stvess and phytohormones

In response to these stressors, plants have evolved refined defense mechanisms
and signaling pathways to mitigate the damage caused by biotic stress. These mecha-
nisms involve both physical barriers and intricate signaling networks. Interestingly,
while biotic stress can have negative consequences, it can also trigger Induced
Systemic Resistance (ISR) in plants. ISR is a defense mechanism where localized stress
responses in one part of the plant activate systemic defense responses throughout the
entire plant. This response helps plants to ward off subsequent attacks by pests or
pathogens. Abscisic acid (ABA) is a key player in regulating plant responses to both
biotic and abiotic stresses. ABA interacts with other signaling pathways, forming a
complex network that fine-tunes plant responses to biotic stress. Abscisic acid (ABA),
jasmonic acid (JA), and salicylic acid (SA) are three key phytohormones that play
crucial roles in fine-tuning plant defense responses to biotic stressors. While ABA
primarily regulates plant responses to abiotic stresses, it also interacts with JA and SA
pathways to modulate defense against biotic stress agents.

This crosstalk is often fine tuned as per stress condition. Under certain severe
abiotic stress conditions, increased ABA levels can suppress JA signaling and defense
responses associated with herbivore attacks. ABA promotes the accumulation of
protein phosphatases, which dephosphorylate and inactivate key components of the
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JA signaling pathway, such as MYC2 transcription factors. This antagonistic interac-
tion helps plants conserve resources by down-regulating defense mechanisms against
herbivores when facing severe abiotic stress. However, while concurrently dealing
with abiotic and pathogen attack sometime ABA can positively regulate Jasmonic acid
responsive genes for action against necrotrophs [65].

Similarly, in case of salicylic acid there is a complex cross talk with ABA. ABA is
generally known to suppress the activities of SA. Higher levels of ABA suppresses
the expression of pathogenesis related (PR) genes which are in turn induced by SA.
However it can act synergistic or independently to SA for making response against
biotic stress more refined. ABA has been shown to negatively regulate SA-mediated
defense responses against pathogens. Increased ABA levels can suppress the expres-
sion of pathogenesis-related (PR) genes that are typically induced by SA. This antago-
nistic interaction allows plants to allocate resources away from SA-mediated defenses
and prioritize stress tolerance under severe abiotic stress conditions. However, under
moderate stress conditions, ABA and SA pathways may act synergistically to enhance
plant defense against pathogens. This synergy involves the coordination of various
defense mechanisms, including the activation of PR genes, production of antimicro-
bial compounds, and reinforcement of physical barriers. ABA, JA, and SA signaling
pathways converge on common transcription factors and regulatory elements,
enabling coordinated gene expression. Transcription factors, such as MYC2, NPR1
(Non expressor of Pathogensis-Related gene), and WRKYs, act as hubs for integrating
signals from ABA, JA, and SA pathways, regulating the expression of downstream
defense-related genes. These transcription factors facilitate the synergistic or antago-
nistic interactions between the hormone pathways, determining the outcome of plant
defense responses.

4.2.2 ABA and plant microbiome

The plant microbiome, composed of various microorganisms such as bacteria,
fungi, and viruses, plays a critical role in plant growth, health, and adaptation to dif-
ferent environmental conditions [66]. Understanding the mechanisms that regulate
the plant microbiome is essential for enhancing crop productivity and sustainability.
One significant mechanism involved in modulating the plant microbiome is the
influence of abscisic acid (ABA) [67]. ABA affects the plant microbiome through its
influence on root exudation. It can modify the composition of root exudates, which
are organic compounds released by plant roots into the soil. These exudates serve as
an energy source for microorganisms and can attract or repel specific microbial taxa
[68]. By altering the composition of root exudates, ABA indirectly affects the abun-
dance and diversity of microbial communities in the rhizosphere. Furthermore, ABA
can directly affect microbial growth and activity. Some studies have demonstrated
that ABA can promote the growth of beneficial microbes, such as plant growth-
promoting rhizobacteria (PGPR), while inhibiting the growth of pathogenic microor-
ganisms [69]. This direct effect of ABA on microbial populations further contributes
to the modulation of the plant microbiome.

Understanding the role of ABA in modulating the plant microbiome has signifi-
cant implications for agriculture and plant health. Manipulating ABA levels in plants
could potentially be used as a strategy to enhance beneficial microbial colonization,
improve nutrient uptake, and confer resistance against pathogens. However, further
research is needed to unravel the complex interactions between ABA, plants, and the
microbiome, and to develop practical applications for agricultural systems.
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5. ABA and crosstalk with other phytohormones

Phytohormones are chief controllers of plant growth, development, and stress
response. ABA plays a role in the modulation of other phytohormones, such as auxin,
cytokinins, and gibberellins. The interplay between these phytohormones is critical
for maintaining proper balance and coordination of plant growth and development.

ABA and auxin have antagonistic effects on root growth, where ABA inhibits root
growth, while auxin promotes it. ABA also inhibits the biosynthesis and transport
of auxin, thereby reducing its concentration and activity in the plant [70]. In con-
trast, ABA and cytokinins have synergistic effects on stress responses, particularly
in enhancing the antioxidant defense system in plants. Studies have shown that the
application of ABA and cytokinins together can increase the activity of antioxidant
enzymes and reduce oxidative damage under stress conditions [62]. Moreover, ABA
and gibberellins have been found to interact in the regulation of seed germination and
dormancy. ABA promotes seed dormancy, while gibberellins promote germination.
The balance between ABA and gibberellins is critical for proper seed development
and germination.

As discussed earlier, the ABA can act synergistic, antagonistic or independent
to Salicylic acid and Jasmonic acid regulating their effects in biotic stress responses.
It is this crosstalk or interplay between these phytohormones that makes plant to
recognize and differentiate the microorganisms as symbiotic or pathogenic partners.
Overall, the modulation of other phytohormones by ABA is a complex and dynamic
process that contributes to the regulation of plant growth, development, and stress
responses.

6. Strategies to develop stress tolerant varieties
6.1 ABA, crop breeding and genetic engineering

Crop breeding has been a traditional approach to develop stress-tolerant varieties
of crops. Recent advances in molecular biology and genetic engineering have allowed
for more targeted and efficient approaches to crop breeding, including the use of ABA
signaling pathways. A recent study published in the Journal Plant Physiology in 2018
reported the successful development of a stress-tolerant tomato (Solanum lycopersi-
cum) variety using a gene-editing approach to enhance ABA signaling. The resulting
plants showed improved drought and salt tolerance, as well as increased yield under
stress conditions [71].

In another work, researchers reported the successful development of stress-
tolerant rice (Oryza sativa) using a combination of conventional breeding and molec-
ular breeding approaches. The resulting rice varieties showed improved tolerance to
drought, salinity, and submergence. The molecular breeding approach involved the
identification of genes involved in ABA signaling and the development of molecular
markers for these genes to enable more efficient selection of stress-tolerant plants
during breeding [72]. Generally, the use of ABA signaling pathways in crop breeding
is a promising approach to developing stress-tolerant varieties of crops, and ongoing
research in this area is likely to lead to further advances in the coming years. Overall,
the multifaceted roles of ABA in plant growth, development, and stress responses
make it a crucial component of plant physiology and a key target for research aimed at
improving crop productivity and stress tolerance.
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6.2 Epigenetic changes and crop improvement

Term Epigenetics was coined by Waddington [73] referring to inherited changes,
meiotic or mitotic [74] in terms of chromatin structure, DNA cytosine methylation
and histone modifications. All these modifications create various global and locus
specific epialleles [75]. These changes can be passed on from generation to generation
and can be influenced by environmental factors, including stress. Better understand-
ing of epigenetic mechanisms and modifying the epigenetic framework of the plant
could help us in developing better varieties. Drought stress or ABA treatment is
known to transform the pattern of histone epigenetic marks which directly influence
the genes action [76]. H3K14 acetylation has been observed in Arabidopsis and tobacco
cultured cells when exposed to salinity stress or ABA treatment [77].

According to recent research, plants’ responses to abiotic stressors such drought,
salinity, heat, and cold are significantly influenced by epigenetic alteration leading
to changes in plant’s epigenome [78]. In this chapter, we will discuss the epigenetic
control of stress signaling networks associated with ABA. One approach for develop-
ing stress-tolerant crops using CRISPR-Cas9 is epigenome editing. This technology
allows for precise modifications to be made to the epigenetic marks on specific genes
to enhance stress tolerance.

A recent study has compiled all the aspects of CRISPR-Cas9 mediated epigenetic
regulations in various plants [79]. Another approach is through the use of stress-
induced epigenetic changes. For example, a study published in the Journal Plant Cell
in 2019 explained that exposing maize (Zea mays) plants to mild drought stress during
seed development resulted in changes to DNA methylation patterns that enhanced
drought tolerance in the resulting plants [80]. Mostly, the use of epigenetic changes to
develop stress-tolerant crops is still a comparatively new field of research, and further
studies are needed to fully understand the potential of this approach. However, early
studies have shown promising results and suggest that epigenetic editing could be a
valuable tool in developing crops that are better able to cope with abiotic stresses.

7. ABA quantification techniques

The amount of ABA concentration present in different plant tissues can be quanti-
fied using a wide variety of techniques. Researchers can understand the dynamics of
ABA levels and how they affect plant growth and response by quantifying ABA.

Different types of methods executed for ABA measurement are:

* Enzyme-linked immunosorbent assay (ELISA): This technique makes use of
specific antibodies that bind to ABA. An indirect measurement of the concentra-
tion of ABA is provided by the binding, which is measured using colorimetric or
fluorescent signals. Dubas et al. [81] measured ABA in microspores of Brassica
napus using indirect ELISA. The MAC 252 was used as antibody (Babraham
Technix, Cambridge, UK). Absorbance was calculated by microplate reader
Model 680 (Bio-Rad Laboratories, Inc.) at the wavelength of 405 nm.

* Gas chromatography-mass spectrometry (GC-MS): GC-MS uses gas chromatog-
raphy to isolate ABA from other components in the sample and mass spectrom-
etry to identify it. With its exceptional sensitivity and specificity, this approach
produces accurate measurements.
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* High-performance liquid chromatography (HPLC): HPLC uses liquid chroma-

tography to extract ABA from other chemicals. With the help of methods like
UV absorption or fluorescence, the separated ABA is detected, enabling accurate
measurement.

* Immunoassays: Inmunoassay techniques rely on the particular binding of

antibodies to ABA, as in RIA (Radioimmunoassay) and FIA (Fluorescence
Immunoassay). To characterize the binding and calculate the concentration of
ABA, radioactive or fluorescent markers are used. RIA has an effective range of
0.165-13.2 ng ABA and has been used to find out ABA levels in extracts of leaves
of tomato, Lycopersicon esculentum Mill. cv. Ailsa Craig (wild type) and three
wilty mutants, notabilis, flacca and sitiens [82].

* Biosensors: To transform the binding of ABA into quantifiable signals, biosensors

combine biological components with transducers. It is possible to quantify the
concentration of ABA by detecting the interaction between it and the biological
component. Typically biosensors are used for detecting analytes in low concen-
trations. There are two types of biosensors that have been developed for finding
ABA viz., Localized surface plasmon resonance (LSPR) and Forster resonance
energy transfer (FRET) sensors. LSPR sensors develop the interaction of light
with metal nanoparticles to identify substances, whereas FRET sensors depend
on energy transfer between a donor and acceptor molecule. LSPR sensors possess
aremarkable sensitivity that enables the detection of substances without the
need for labels, and they also have the capability to simultaneously detect mul-
tiple targets. On the other hand, FRET sensors exhibit exceptional specificity and
can be customized for various applications. In the field of biosensors, aptamers
have emerged as a cost-effective and sensitive substitute for antibodies. Recently,
scientists have developed genetically encoded FRET sensors for the purpose of
detecting ABA concentration and uptake in plants. These sensors demonstrate

a high signal-to-noise ratio and enable precise measurements of ABA levels in
living tissue [83].

* Fluorescence resonance energy transfer (FRET): Many of the sensor variants did

not respond to the addition of ABA; however, FRET pair variants with improved
dimerization fluorescent protein versions consistently responded to the addition
of ABA. Understanding the pertinent metabolic fluxes can be gained from the
kinetics of FRET sensor responses. ABlIlaid and PYL1 domain interaction results
in a “closed” state after ABA binding, which brings the fluorophores closer
together and boosts FRET effectiveness. When the sensor closes, fluorescent pro-
teins with improved dimerization propensities will improve the sensor’ closed
state through dimerization. Additionally, a high FRET efficiency is anticipated as
aresult of the heterodimer state’s parallel orientation [83].

Among these methods, the choice depends on factors such as sensitivity, specific-

ity, ease of use, and available resources. GC-MS is often considered the gold standard

method due to its high sensitivity and specificity, allowing for accurate quantifica-
tion. However, ELISA and HPLC are also widely used due to their simplicity and
availability of commercial kits. Immunoassays offer high sensitivity and have been
extensively used in research. Biosensors, while still developing, hold promise for
rapid and on-site analysis.
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8. Conclusion

Plants are absolute necessity for life on earth serving as cornerstone for survival
and sustenance of mankind on this planet. Cultivated plants also called as crops
not only serve as source of food and nutrition but also make the foundation of a big
agricultural industry. However, plants face numerous pressures on a constant basis
including biotic and abiotic elements, which offer serious obstacle to their growth,
development and productivity. Plants have developed a variety of defense mecha-
nisms that cooperate to lessen the detrimental effects of these stimuli. ABA has been
found as a fundamental regulator of plant stress tolerance. ABA supports the Plant’s
ability to adapt to the challenging environmental cues and preserve cellular homeo-
stasis by activating a specific signaling pathways.

Improved crop resilience and productivity under numerous stresses have been made
possible by better understanding the role of ABA in stress tolerance. The introduction
or modification of genes involved in ABA production, signaling, and subsequent stress
response is possible due to genetic engineering techniques. Scientists are working to cre-
ate crops that are more resistant to stress by increasing the synthesis of ABA or chang-
ing the expression of ABA-responsive genes. For instance, it has been demonstrated that
many crops may tolerate stress better when genes associated with ABA biosynthesis or
transcription factors involved in ABA signaling are over-expressed. Promoter region
of various genes involved in ABA biosynthesis and stress responses are modified to
regulate the expression of these specific genes. Site specific mutagensis or gene editing
using CRISPER-Cas9 technology has been serving as key members in the race for crop
improvement in terms of stress avoidance, resilience or tolerance. Though stressis a
complex process but its response is even more complex where many pathways crosstalk
with one another. Still ABA acts as Hub molecule modulating other stress responsive
molecules as spokes making it overall a hub and spoke model for stress tolerance.

Another tactic is cross-breeding or hybridization, where hybrid plants with
improved stress tolerance are selected utilizing the inherent genetic diversity found
in crop species. Breeders can add advantageous features associated to ABA-mediated
stress responses by mating several kinds or species. Using this method, crops with
enhanced resistance to environmental stresses have been successfully developed.

The plant’s ability to cope with stress is influenced by both genetic and epigenetic
alterations. Plants’ gene expression and stress responses can be affected by epi-
genetic alterations such DNA methylation and histone modifications. Discovering
these epigenetic mechanisms and how they interact with ABA signaling pathways is
opening up new possibilities for creating crops that can withstand stress. Editing the
epigenome of a plant using CRISPER-Cas technology with guide RNA targeted to a
specific gene or epigenetic modification is nowadays a commonly used technique to
enhance crop stress resistance.

Researchers from Seoul National University in South Korea found that ABA recep-
tors in Arabidopsis thaliana which were modified via agrochemical engineering were
more responsive to ABA, increasing the plants’ tolerance to salt and drought [84, 85].
The agrochemical engineering strategy, according to the researchers, might be used
to increase other crops’ tolerance to salt and drought. Since salt stress and drought
are becoming more prevalent due to climate change, this could aid in addressing the
growing issue of food poverty.

Plant stress biology is a wide and complicated field with numerous posed threats and
unlimited opportunities. Future developments in cross-breeding methods, epigenetic
research, agrochemical and genetic engineering hold considerable promise for creating
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crops with increased resistance to Environmental stresses. The potential ecological and
ethical ramifications of these strategies must be carefully considered, though. To ensure
the safe and responsible use of genetically modified crops, thorough risk analyzes and
regulatory frameworks are required. Furthermore, the scientific community is not the
only one who must address the impacts of Environmental stresses on crop production.
The demand for sustainable agriculture practices and policies that put climate resilience
and food security first is growing as the world’s population expands. To assist farmers
in implementing climate-smart agricultural methods and stress-reduction techniques,
investments in R&D, infrastructure, and education are crucial. In order to secure food
security in the face of shifting climatic conditions, it is essential to strike a balance
between technological breakthroughs and ethical issues.

9. Future perspectives
Various points can be kept in mind for ABA future research:

* Future study on biotic and abiotic plant stress will deepen our grasp of the complex
mechanisms underpinning plant stress tolerance. The hormone ABA, which is cru-
cial in modulating stress reactions, is one compound whose production is of special
interest. Despite extensive research has been carried out on various aspects of ABA,
insights into how plants experience and react to stress will be gained from more
research into the biosynthetic pathways of ABA and the control of its synthesis.

* The manipulation of genes involved in ABA production, signaling, and sub-
sequent stress responses will be the main focus of research. Researchers can
improve the expression of ABA-responsive genes or increase ABA production by
precisely altering these genes, which will increase the ability of crops to with-
stand stress. The creation of stress-tolerant cultivars will also be accelerated by
improvements in gene-editing technologies like CRISPR-Cas9. These technolo-
gies allow for more precise and focused alterations.

* Crop breeding presently is and will be a key factor in improving stress tolerance,
especially through cross-breeding and hybridization. Breeders can selectively
integrate ABA-mediated stress response features into commercial varieties by
taking use of the inherent genetic diversity seen among crop species. Advanced
phenotyping tools and genomic selection strategies shall be used in conjunction
with this strategy to help breeders more effectively identify and select plants
with desired stress tolerance features.

* Stress tolerance studies are increasingly focussing on epigenetic changes, such as
variations in DNA methylation and histone acetylation. The epigenetic changes
connected to ABA signaling networks and stress responses will open up new
possibilities for enhancing crop resilience. By examining how alterations in
the epigenome affect gene expression and stress-related metabolic pathways,
researchers will pave the road for novel methods to improve stress tolerance
through epigenetic adjustments.

* Modifications of promoter regions of ABA biosynthesis genes and ABA-
responsive components will be another topic of future study. Researchers can

20



Role of Abscisic Acid in Plant Stress
DOI: http://dx.doi.org/10.5772/intechopen.1002392

fine-tune the ABA signaling system and improve stress tolerance by finding and
modifying particular promoter sequences and cis-regulatory regions that regu-
late the production of stress-responsive genes. This strategy will make it possible
to precisely control how genes are expressed in response to stressful situations,
enabling crops to employ more potent stress mitigation techniques.

* Additionally, a thorough understanding of plant stress reactions will be possible
through clarifying the interactions between ABA signaling and other hormone
pathways. The complex relationships between ABA and other hormones, includ-
ing salicylic acid, jasmonate, and ethylene, can be uncovered by researchers in
order to pinpoint critical regulatory sites and create plans for improving crop
stress responses. The ability of plants to tolerate stress more generally could be
increased by manipulating the interactions between hormone pathways.

* Future developments in omics technologies, like as genomes, transcriptomics,
proteomics, and metabolomics, will considerably increase our understanding of
the mechanisms underlying stress tolerance. With the use of these technologies,
scientists will be able to thoroughly examine the molecular alterations brought
on by stress on plants. Combining data from several omics levels will enable
the identification of critical targets for enhancing stress tolerance and offer a
comprehensive perspective of stress responses.

* Overall, a combination of genetic engineering, crop breeding, epigenetic
changes, and a better comprehension of ABA signaling networks and their inter-
actions will enable the development of crops that can withstand stress. Using
this potential and turning it into workable solutions for sustainable agriculture
would require continued study and cooperation among scientists, breeders, and
policymakers. We can secure food security and agricultural sustainability in the
face of a changing climate and an expanding global population by tackling the
problems caused by biotic and abiotic pressures.
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Abstract

Plants undergo a wide range of morphological, cellular, anatomical, and physiological
changes in response to salinity stress. However, plants produce some signaling molecules,
usually known as phytohormones, to combat stress conditions. Salinity tolerance is a
complex mechanism, whereas phytohormones have a central role in it. Phytohormone-
mediated plant responses improve nutrient uptake, the source-sink relationship, and
plant growth and development. Phytohormones triggers the specific gene expressions
which are responsible for the modification of various plant mechanisms under salinity
stress. This review summarized the most recent research findings about plant responses
to salinity stress at physiological and molecular levels and discussed the probable func-
tion of several (abscisic acid, indole acetic acid, cytokinins, gibberellic acid, salicylic
acid, brassinosteroids, ethylene, and triazoles) phytohormones and their interaction
in modulating salinity stress. Further, the understanding of specific genes involved in
phytohormonal regulation toward salinity tolerance is a key to developing breeding and
transgenic approaches for meeting food demand under sustainable crop production.

Keywords: salt stress, plant growth, phytohormones, salinity tolerance,
future perspectives, abiotic stress, hormonal regulation

1. Introduction

The world’s population is continuously increasing, and it is expected to reach 9.1
billion in 2050 that would require 70% more food to feed to world [1-4]. The chang-
ing climate is endangering the productivity and sustainability of agricultural produc-
tion systems [5]. It would be the biggest challenge to meet the food requirement of
growing population in near future [5]. Climate change exerts a range of severe abiotic
stressors including high salt, drought, cold, and heat stress, which significantly
impede crop yields [6]. Among these, salt stress is the most widely spread abiotic
stress that covered the 1/3rd area of arable land globally [7] and is increasing by
10% annually due to global climate change [8]. Salt stress lowers seed germination,
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seedling establishment, enzymatic production, and protein synthesis in plants [9].
Salt stress is detrimental to crop growth, yield, and overall agricultural productivity
[10]. Salinity develops osmotic stress and ion toxicity that affect the metabolic pro-
cesses of plants [11]. The antagonism in essential nutrient uptake by plant roots from
saline soil leads to the deficiency of Ca®*, K*, Fe**, and Zn"* ions and water scarcity
in plant tissues [12]. Paliwal et al. [13] noticed shrinkage of leaf area, less stomatal
conductance, and chlorophyll concentration, alongside the ROS development, which
lowers the seed germination, plant height, and biomass [13]. Due to this, the average
agricultural yield was reduced by 50% [2, 14].

However, crop plants exhibit complex alterations to mitigate the negative effect
of salt stress for survival [15]. These alterations may include both morphological
and developmental patterns (growth plasticity) and physiological and biochemical
adaptations [16]. Further, plants build up bioactive endogenous compounds, also
known as phytohormones, which accelerate the plant growth and development under
stress conditions [17]. Phytohormones produce various organic solutes such as sugars,
polyols, betaines, and proline to protect the cell structure, ionic balance, reactive
oxygen species (ROS) scavenging, protein regulation, and expression of related genes
to enhance crop growth and developmental processes under stress conditions [17, 18].
Further, enhancing stress tolerance has emerged as a significant area of focus in the
agricultural sector that improves the crop performance under stress, environmental
sustainability, horticulture, and economic viability.

The primary empbhasis of this chapter is to develop a comprehensive understand-
ing of phytohormones application in modulating the biochemical and physiological
processes of plants exposed to salinity-induced stress. Several studies highlighted
various detrimental effects of salinity on plants [19]. Contrarily, the salinity toler-
ance can be regulated through various kinds of phytohormones including auxin,
cytokinin, gibberellic acid, abscisic acid, and ethylene [20]. Further, salicylic acid,
brassinosteroids, and triazoles are also found imperative to enhance salinity stress
tolerance in plants [20]. Plants produce different proteins under stress condition that
act as phytohormones to regulate the plant’s normal functions [21]. However, poor
hormonal regulation can lead to reduced germination and emergence and limited
plant growth and development under salinity stress [22]. Moreover, the exogenous
application of phytohormones found a promising practical strategy to deal with salt
stress. The exogenous application of phytohormones exhibited a rapid increase in
plant growth under stress conditions [17, 23-25]. Therefore, understanding the func-
tion of specific phytohormones will provide essential insights of plant mechanism to
adapt salinity tolerance.

2. Soil salinization: a threat to global food production

Soil salinization is the most significant global abiotic stress that reduced the soil
fertility of approximately 1100 Mha (7% of total Earth land) area [26]. Soil saliniza-
tion is increased with natural geochemical processes (primary salinity) and different
human activities (secondary salinity) [27]. Primary salinization is caused by various
atmospheric depositions, sea-level rise, saltwater intrusion into freshwater aquifers,
and rising temperatures, while excessive fertilizer use, poorly managed practices, and
intensified agriculture activities increase the secondary salinization that lowered the
productivity of 30% cultivated land [28, 29]. The limited availability of freshwater
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resources for irrigation purposes, coupled with the continuous deterioration of agricul-
tural fields due to salt stress, leads to significant reductions in agricultural productivity
of arid and semiarid regions.

Soil salinization began from hundreds to thousands of years ago that degraded
the arable land globally [30]. About 30% of irrigated land and 6% of the total land
is degraded by soil salinity that caused an estimated $12 billion loss to agricultural
production [15, 31]. The rising salinity in arable areas highlights the necessity for
the understanding of the plant-salinity-tolerance mechanisms to maintain crop
productivity. A significant reduction in plant growth and development, photosyn-
thesis, respiration, and protein synthesis is reported due to salinity stress [32, 33].
The production of reactive oxygen species (ROS), including superoxide anion (0,"),
hydrogen peroxide (H,0,), and hydroxyl radicals (HO") injuring the chloroplasts and
mitochondria, is a significant indicator of oxidative damage in salinity [34]. These
ROS disrupt the membranous structure and its cell permeability; thus, nutrient avail-
ability is reduced under salinity stress [35]. Therefore, plants use antioxidant enzymes
as a defensive mechanism to safeguard nucleic acids, proteins, and membrane lipids
to avoid the detrimental impacts of ROS [36].

2.1 Causes of soil salinization

The buildup of water-soluble salts (Na*, K*, Cl", and S0,%) inside the root zone
raises the salinity. This accumulation leads to osmotic fluctuations that impede
the capacity of plant roots to uptake water [37-39]. The presence of high salt ions
develops hyper-ionic salt stress. Soluble sodium and chloride ions are the primary
ions responsible for developing soil salinity. In addition, the high Na* ions develop
a sodicity problem in soil [40]. Ancient cells were built to survive salinity since the
early evolution of life originated in primeval oceans with similar or even more salt
than contemporary oceans [41]. Therefore, numerous terrestrial plants have the
ability to endure low to moderate levels of salinity. In contrast, naturally existing
salt-tolerant plants (halophytes) exhibit a stringent salinity tolerance mechanism.
However, a majority of growing crop species belong to the glycophyte group and
therefore exhibit a poorly adapted mechanism to thrive in saline soils. Rice and
tomato cultivars are highly susceptible to developing phytotoxic ions due to osmotic
damage in saline stress conditions [42]. Salt-induced osmotic stress is observed
during the early phase of salt exposure as a result of the gradual absorption of salts
and consequent decrease in water potential in the vicinity of the root zone. This
reduction in water conductivity within plant cells predominantly hampers plant
growth [43, 44]. However, prolonged salinity stress leads to the accumulation of Na’,
Cl", and SO.*" ions, which cause ion toxicity and hinder nutrient absorption, hence
being detrimental to the growing plant cells and tissues [45]. The adverse effects
of salt stress on plants can be observed in their morphology, physiology, and bio-
chemical properties. Morphologically, plants experience stunted growth, chlorosis,
and impaired seed germination. Physiologically, salt stress inhibits photosynthesis
and disrupts nutrient balance. Further, plants undergo various oxidative stresses,
electrolyte leakage, and membrane disorganization during biochemical processes
[46, 47]. Moreover, salinity negatively affected the reproductive stage of the crop
[48]. Therefore, a comprehensive understanding of salinity-induced injuries should
be known, highlighting the need for salinity tolerance in plants for sustainable food
production around the world.
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2.2 Effects of salinity on plants: a challenge to agriculture
2.2.1 Plant growth and development

Salt stress decreases plant growth, and the rate of the decreasing trend depends on
the plant’s growth stage and the intensity of the stress [49]. Researchers discovered that
the stunted growth of plants acts as an adaptive mechanism for their survival against
salt stress [50]. Salinity stress inhibits gene expression (cyclin and cyclin-dependent
kinase) necessary for cell growth and number in the plant meristem, nutrient and
water absorption, and plant stability. Numerous plants react quickly to stress and
consequently stop their growth. Contrarily, some plants face salinity stress while
maintaining their normal growth and start dying [51]. In moderate salinity, plants with
quick responses activate the dehydration that results in cell shrinkage that recovers later
[52-54]. However, salinity caused cell injury and decreased cell elongation and division,
which resulted in less root and shoot growth in plants [55]. Under salinity, soil water
component alteration in the rhizosphere disturbs the cell-water relationship of plants
that develop osmotic injury [56]. Further, the osmotic injury lowers water uptake,
causing inhibition or reduction in photosynthesis and respiration and carbohydrate and
protein synthesis, leading to decreased plant growth and development [57, 58].

2.2.2 Photosynthesis

Photosynthesis is one of the most fundamental physiological attributes of plants,
wherein solar energy is transformed into chemical energy. There may be a drop
in photosynthesis caused by salt because of poor biosynthesis of chlorophyll [59],
changes in enzyme activity [60], the closing of stomata [61], less carbon dioxide
supplementation [62], and a damaged photosystem [63]. A significant decrease in
chlorophyll levels in plants exposed to high salt concentrations could be due to the
enhanced oxidation and degradation of chlorophyll owing to high ROS accumulation
[63]. Further, ROS production under salinity stress inhibits the electron transport
chain (ETC) that produces pseudocyclic electron transport chains [64]. As a result,
modifications in photosynthetic proteins and disruptions in the assembly of pho-
tosystems occur [65]. Furthermore, the swelling of the thylakoid membrane under
high salinity stress was observed to destroy the chloroplast ultrastructure [66].
Consequently, substantial photosynthesis resulted in less plant growth, which led to
a decrease in plant production of Jatropha curcas, O. sativa, P. oleracea, and Solanum
melongena in saline conditions [47, 67-69].

2.2.3 Nutrient balance

Plant growth and development in optimum soil conditions is commonly rep-
resented by the “generalized dose-response curve” [70]. Either nutrient-induced
deficiency or nutrient toxicity can hinder plant growth due to suboptimal nutrient
uptake [26]. The primary cause of less mineral acquisition under salt stress is the
interactive effect of Na* and Cl” with calcium (Ca”*), potassium (K*), and magnesium
(Mg*") ions [71]. Many researchers have reported a complex interaction between salt
ions and vital mineral nutrients like potassium, phosphorus, and nitrogen [72-74].
Nitrogen is a vital mineral element that serves as a fundamental part of various cel-
lular components within plants. Due to CI'/NO;” antagonism, greater Cl” uptake and
accumulation under saline conditions reduce total nitrogen uptake [75]. Phosphorous
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is needed for photosynthesis, storage, and energy transfer, whereas its uptake reduces
in the presence of high Cl~ and SO,*~ concentrations and due to the low solubility

of the Ca + P minerals [76]. Though potassium is essential for protein synthesis and
water balance, high Na* ions reduce K* availability in saline environments [77]. Thus,
the maintenance of cellular equilibrium between sodium and potassium is crucial

for the survival of plants in saline soil. Although sodium cannot replace potassium

in cellular functions, they both share a chemical resemblance that leads to potas-
sium substitution by sodium. Na" and K* compete for root uptake sites and lower

the K* and Ca™ intake during salinity stress [78]. Similarly, a significant decrease in
K" absorption by plants is due to high Na* ions, regardless of whether Na*, chloride,
or sulfate ions predominate in soil solutions [71]. Thus, salinity creates nutritional
imbalances and lowers crop productivity in a saline environment [79, 80].

2.2.4 Water rvelations

The rapid uptake of ions results in the buildup of ions within the cellular struc-
tures of plants, hence exerting a detrimental impact on plant water relations [81]. The
osmotic potential of plant cells decreased under salinity conditions that created an
osmotic gradient; consequently, water moved out, causing a loss in plant cell turgidity
[82]. Less water intake and transpiration rate of C. olitorius is noticed from saline soil
[83, 84]. Further, these aforementioned findings are supported by recent investiga-
tions [85, 86]. However, the maintenance of turgor pressure at a constant level in
plants is achieved by decreasing their osmotic potential relative to the overall water
potential during salt stress [87]. Moreover, the hydrostatic potential gradient has
immense importance as it controls the water transport during transpiration from soil
through root xylem cells in an apoplastic pathway. However, the saline stress alters
the water intake primarily through the cell-to-cell pathway, thus affecting the water
relations more significantly [88, 89].

2.2.5Yield

Salinity affects energy metabolism, cell signaling, and the synthesis of proteins
necessary for plant growth, development, and achieving high yields. Hence, it ulti-
mately impedes agricultural production by impeding plant growth and plant adapta-
tion to stress responses, resulting in an overall reduction in yield [90]. The rate of salt
absorption and salt-induced osmotic stress showed cellular and membrane injury
leads to a significant loss in crop biomass [91, 92]. Different researchers reported the
yield loss of different field crops is affected by salt stress [93]. They suggested that
a thorough comprehension of the salinity of plants has the potential to help further
enhance agricultural crop productivity in salt-affected areas [26].

3. Role of phytohomones to alleviate salt stress on plants

Plants produce various kinds of phytohormones through biosynthetic pathways
that can act locally or be transported to any part of the plant to maintain normal
functioning in normal or stressful conditions [94]. These phytohormones, includ-
ing auxins (IAA), cytokinins, gibberellins (GA), ethylene, abscisic acid (ABA), and
brassinosteroids (BRs), regulate numerous physiological and biochemical processes
to improve the growth and development of plants in saline conditions [19]. Moreover,
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strigolactone, nitric oxide (NO), and polyamines also act as phytohormones and
regulate responses to environmental stimuli; therefore, phytohormones play a crucial
role in salinity stress [95]. Salt stress-induced plants’ survival and avoidance mecha-
nisms hinder their growth and normal functioning [96]. However, phytohormones
regulate morphological, physiological, and other biochemical processes under stress-
ful conditions [97]. Eyidogan et al. [98] observed continued changes in the synthesis,
distribution, and signal transduction of phytohormones used for plant defensive
mechanisms. Further, the salt stress signal transduction triggers the release of differ-
ent phytohormones that act as baseline transducers [99]. Moreover, the details of the
different phytohormones acting against salt stress are given below:

3.1 Abscisic acid (ABA)

ABA is a primitively important phytohormone that regulates the plant stress
response through the expression of salt-responsive genes under salinity stress [100].
ABA showed promising results at different plant developmental stages of the crops
under stress conditions [101]. Therefore, it is also known as stress hormone as internal
ABA signaling activates under stress conditions to survive the plant through various
adaptations [102]. Many scientists observed ABA production under various abiotic
stresses [103]. ABA production regulates the water potential that tends to decrease
in salinity stress [104]. Plants under salinity stress caused ABA generation that
influenced the movement of guard cell and leaf water potential and thus considered
as an important growth hormone under stress conditions [105]. However, a different
response of ABA was observed for plant roots that increase their growth under stress
conditions [106]. A contributory effect of soil pH was observed for the redistribution
of ABA under stress conditions that control the stomatal opening and closure during
salinity stress [107].

ABA and other phytohormones regulate root growth, stress-induced gene and pro-
tein expression (dehydrins and late embryogenesis abundant proteins), and compatible
solute accumulation [15]. Salinity accelerates ABA buildup, which protects plants [108]
and activates salt-induced genes in roots [109]. Another study found that salt-induced
ABA helps leaves to restrict Na* and ClI” accumulation [110]. The ABA regulates stoma-
tal closure to reduce transpiration and water loss [111]. Salinity causes stomatal closure
due to ABA-induced cytoplasmic Ca* increases. Further, succeeding plasmalemma ion
channel activation and guard cell turgor losses are also linked to ABA-induced H,0,
generation, an intermediate signal of ABA in stomatal closure [112].

The synthesis and accumulation of osmoprotectants (proline) and dehydrins in
response to ROS formation during salt-stress-induced dehydration depend on phy-
tohormone [19]. ABA-mediated H,O, buildup generates NO, which activates MAPK
and upregulates ROS-scavenging antioxidant enzyme genes [113]. ABA reduces Na*
accumulation and is translocation in shoot to augment salinity adaptation [114].

ABA increased barley (Hordeum vulgare L.) root vacuolar Na* while inhibiting xylem
transport and plasmalemma influx [115]. Exogenous ABA prevented harmful Cl™
ions from accumulating in citrus leaves, decreasing ethylene release and leaf abscis-
sion under salt stress [116]. Exogenously applied ABA increased K*/Na" ratio that
enhanced the salinity tolerance in rice [117]. Similarly, [118] found that exogenous
ABA prevented Na* and CI” ions and high Na*/K" ratio in rice grains. Thus, ABA
boosted rice grain production via boosting proline, soluble sugars, and K* and Ca™
homeostasis [118]. Moreover, [109] noticed high accumulation of Ca”* ions and mem-
brane stability in plants due to ABA concentration under salt stress conditions. High
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ABA contents were recorded from salt-resistant maize hybrid leaves [119]. Further,
a significant amount of ABA contents were noticed from tomato genotypes showing
salinity tolerance [24].

In addition, the exogenously applied ABA at 100 pM increased the expression
of OsP5CS1 responsible for proline accumulation that augment 20% more survival
ratio under salt stress [120]. Mahajan et al. [103] indicated that multiple transcrip-
tion factors regulate ABA-responsive gene expression. Salinity stress increases ABA
and induces salt and osmotic relief genes [121]. ABA and salt stress regulate AINHX1
expression and tissue distribution as ABA influences the HVP1 and HVP10 for vacu-
olar H" inorganic pyrophosphatase and HvVHA-A for the catalytic subunit (subunit
A) of ATPase [122]. They quantified the transcript levels and identified that ABA is
responsible for salt-stress-adaptable gene expression in barley. Keskin et al. [102] found
that ABA treatment induced TIP1 and GLP1 genes expression faster in wheat [123].

3.2 Auxin (IAA)

IAA is commonly known as the first plant hormone based on its discovery [2]. [AA
controls cell elongation, vascular tissue development, and apical dominance [121].
Although IAA has been widely recognized for its effects on plant growth and develop-
ment, it can regulate stress response or coordinate growth under stress [98]. Many
researchers found a contributory role of IAA in plants during salinity stress [19, 124].
They proposed that a membrane-bound transcription factor (NTM2) includes auxin
signal and modulates seed germination under salt stress. Further, NTM2 IAA30 gene
overexpression mediates salt signaling pathway [124]. However, the mechanism of
IAA to control salt stress is still unclear [123]. Further, salt alters the IAA metabolism
and distribution, homeostasis, and its response against ROS production [125]. Many
studies showed that IAA contents varied similar to ABA under salinity [126, 127]. High
production of IAA lowers plant growth suggested the imbalance in stress-induced hor-
monal regulation plants [128]. However, the exogenous application of auxin augments
plant growth and development.

IAA as a seed-priming agent also reduced the deleterious effects of salt stress on
salt-sensitive wheat cultivar via regulating ionic homeostasis and auxin-induced leaf
salicylic acid production [129, 130]. Auxin-response genes increase transcription of
many genes in soybean, Arabidopsis, and rice [131]. Auxin/indoleacetic acid (Aux/
IAA), GH;, and SAUR gene families contain these sensitive genes. Auxin reduces
rice tiller bud growth by decreasing node OsIPT expression and cytokinin produc-
tion [132]. However, the discovery of novel salt stress genes allows researchers to
develop genetic engineering tools for stress tolerance [133]. From the perspectives of
phytohormones, it is interesting to know that salinity considerably lowered the IAA
production level in maize, while salicylic acid application increased IAA production.
These findings show that hormonal homeostasis and cross talk are crucial for stress
response signal perception, transduction, and mediation [126].

3.3 Cytokinins

Plants produce N6-substituted adenine derivatives commonly known as cytoki-
nins that have either an aromatic or an isoprenoid side chain. Cytokinin affects cell
division, chloroplast production, apical dominance, leaf senescence, vascular dif-
ferentiation, nutrient mobilization, shoot differentiation, anthocyanin production,
and photomorphogenic development in plants. Cytokinin is important to reduce the
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negative effects of salt stress on plant growth [134]. Cytokinin seed priming increased
salinity stress tolerance by lowering ABA production in wheat [135]. Cytokinin also
counteracts water stress-induced leaf and fruit abscission and seed dormancy under
stress conditions. They observed cytokinin as ABA antagonists and IAA antagonists/
synergists in plant processes [19]. The increased regulation in plant growth as salt
stress adaption was noticed due to the cytokinin production [136].

Ref. [137] found that exogenous cytokinin boosted proline content and salt
resistance in egg plants. Cytokinin is an intermediary in the protective action of
epibrassinolide and methyl jasmonate in wheat under salt stress [109]. Cytokinin
production increased the K-shuttle under salinity. Interestingly, cytokinin production
decreased in the salt-resistant cultivar of barley under 65 mM NaCl. However, salinity
negatively affected the growth of salt-sensitive cultivars [138]. Salinity lowers the
contents of zeatin, zeatin riboside, isopentenyl adenine, and isopentenyl adenine in
root and shoot of salt-sensitive barley genotype [139]. Further, the benzyl adenine
production during salt stress hinders the growth parameters of barley, while the high
cytokinin production improved growth rate and shoot/root ratio [139]. Kinetin acts as
a direct free radical scavenger or part of the antioxidant process that protects purine
degradation in stress conditions [140].

Moreover, functional investigations of cytokinin receptor mutants showed that all
three Arabidopsis cytokinin receptors negatively regulate ABA signaling and osmotic
stress responses due to cytokinin-dependent CRE1/AHK4 [141]. Cytokinin recep-
tor genes are regulated by osmotic conditions, suggesting that their function in the
osmotic stress response may be similar but poorly known [2].

3.4 Gibberellic acid (GA)

Gibberellic acid concentration increases under salinity stress that helps plants to
regulate their mechanism through sugar production and other antioxidant enzyme
metabolism [19]. GA substantially affects seed germination, leaf expansion, stem
elongation, flower and trichome initiation, and fruit development [142]. The release
of photosynthetic enzymes to improve plant photosynthetic efficiency by enlarging
the leaf-area index and light interception [143]. GA increases photosynthate source
potential and redistribution that helps in food storage [143]. GA3 reverses the mor-
phological and stress-protective effects of triazoles (TR), demonstrating a close link
between GA3 and plant stress protection [144]. Gibberellic acid improves plant water
interactions and water usage efficiency (WUE) under salinity stress [142]. Maggio
et al. [145] found that GA reduced stomatal resistance and improved WUE in toma-
toes. The exogenously applied GA restores metabolic activity of plants [19].

Further, GA also regulates other phytohormones that helps in soybean develop-
ment and higher yield production under salinity stress [146]. This improvement is
due to the increased level of bioactive GA1 and GA4 that decreased the ABA, and
SA; RNA maintenance and higher protein synthesis in soybean and mustard crops
[146, 147]. Salt stress reduced the enzymatic activity, whereas GA signaling improves
source-sink interaction under adverse environmental conditions [19]. GA enlarged
the leaf area, root growth by increasing the nitrogen and magnesium uptake under
salinity stress [148]. Moreover, GA3 boosted reducing sugars, antioxidant produc-
tion, and protein synthesis and lowered ribonuclease and polyphenol oxidase in
salt-stressed mung bean seedlings [149].

GA3-priming reduces ions (Na®, Cl") uptake and their partitioning in plant root
and shoot under salinity stress that improved wheat germination [150]. Salt stress
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disturbs the hormonal balance that impairs plant development, whereas the use of
phytohormone provides an interesting stress-reduction strategy in barley cultivar
[151]. Achard et al. [152] noticed the function of DELLA protein for plant survival
in salt toxicity. GA production is responsible for salt-inducible DDF1 (dwarf and
delayed flowering 1) gene that increases seed germination and growth responses
under high saline environments. Further, GA production is stimulated by the influ-
ence of IAA in different plant species [153]. Additionally, GA increases ABA catabo-
lism and enhances ethylene that affects its signaling mechanism, suggesting a cross
talk between these phytohormones to improve salinity tolerance in crops [154].

3.5 Salicylic acid (SA)

Salicylic acid regulates the plant growth, development, and defense mechanisms
against abiotic stresses [101]. SA improves stomatal conductance, transpiration,
photosynthetic rate, fruit production, glycolysis, and ion uptake and transport in
plants [155].

Though, SA is well-known for its response to biotic stresses, new studies suggested
a significant effect of SA to regulate plant functions in salt stress conditions [2]. SA
boosts photosynthetic capability by increasing Rubisco activity and pigments [156].
Moreover, SA treatment improved soybean pigments, photosynthesis, and glucose
metabolism, thus improving salt tolerance in plants [157].

SA enhanced IAA and lowered ABA in maize that resulted in higher root growth
and decreased antioxidant enzyme production while under SS conditions [158].
Bastam et al. [155] found that exogenous SA application enhanced salt tolerance in
pistachio seedlings, beans [159], wheat [160], barley [161], mung bean, and mustard
[162, 163]. The soil application of SA reduced the salt ion accumulation in maize and
mustard crops [164]. SA improves the proline and glycine betaine accumulation in
plants, which produce more antioxidants that helps to tolerate the salt stress [164].
Further, the decreased lipid peroxidation and membrane permeability improves
during salinity stress in plants [165]. Nazar et al. [163] recorded the antioxidant
metabolism and ATP sulfurylase and nitrate reductase activity with SA treatment
and improved photosynthesis in mustard growing under saline soils. Additionally, SA
pre-treatment of Arabidopsis prevented salt-induced membrane depolarization and
guard cell outward rectifying channel K" loss [166].

The use of SA as a stress management hormone provides a significant improve-
ment in salinity tolerance to agricultural crops and resulted in higher yields. However,
SA interaction with other phytohormones is important to open new avenues in the
field of crop science [167].

3.6 Brassinosteroids (BRs)

Brassinosteroids are the novel phytohormone that promote plant growth under
stress conditions [168]. Plants modify their response in the presence of BRs dur-
ing stress [169]. The study showed that Arabidopsis’ CPD gene encodes CYP90,
which was a steroid hydroxylase-like cytochrome P450 protein [123]. BRs regulate
stress response by activating or suppressing important enzymatic pathways, induc-
ing protein synthesis, and producing other hormones [170]. BRs increased the
ear number, length, kernel number, and weight of maize crop [171]. Exogenously
applied BRs augment the pod formation and seed yield in legumes [172]. Moreover,
cotton and rapeseed growth and seed yield also increased with BR application [173].
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Additionally, BRs restored chlorophyll and enhanced nitrate reductase that is essen-
tial for nitrogen uptake; thus, seed germination and seedling growth of rice (Oryza
sativa L.) improved under salinity stress [170]. The experiment showed that 0.5 M
NaCl damages the cellular nuclei and chloroplast, whereas the use of BRs protects

the cellular structure of barley [174]. For rice, the addition of BRs in salt solution

(150 nM NaCl) reduced the Na* and CI” ion uptake, which promotes seed germina-
tion that might be due to the high soluble protein synthesis [175]. The previous studies
suggested the positive response of BRs to cope salinity, however, salt stress tolerance
mechanism still demands a further study.

3.7 Ethylene

Unlike other phytohormones, ethylene is found in a gaseous form and controls
plant growth and development [176, 177]. Researchers called ethylene as a stress
hormone that is generated by several stimuli during stress conditions [178]. Plants
with high salinity tolerance produce less ethylene level [179]. Contrarily, [180]
reported the high ethylene production as a marker of salt tolerance in rice. Pierik
et al. [181] observed larger crop growth stimulated with ethylene production. Salinity
tolerance in Arabidopsis is due to the ethylene production [152]. In addition, Cao etal.
[182] reported ethylene is vital for salt tolerance as the disruption in ethylene receptor
activity caused salt sensitivity in plants.

The interaction and/or balance between the receptor and ethylene determines
how a plant responds to salt stress. The plant exhibits large rosette with late flowering
when receptor signaling is prominent in absence of ethylene signaling, whereas the
abundant ethylene signaling triggers the early flowering of tiny rosette. In this, the
plant faces two different extreme conditions and needs an adjustment [182]. Fine-
tuning at different levels with active homeostasis can aid in plant survival and normal
growth against stress conditions [15].

The mutant analysis of triple responses of etiolated seedlings treated with ethylene
revealed an Arabidopsis ethylene signal transduction pathway involved in ethylene
receptors, CTR1, EIN2, and EIN3, and other components [183]. Based on the struc-
ture, the five receptor genes of Arabidopsis are divided into two subfamilies as ETR1
and ERS1 in subfamily I and ETR2, EIN4, and ERS2 in subfamily II. Ethylene binds to
all these receptors, and ETR1 kinases ethylene [184]. Both the ethylene receptors and
signaling regulate plant development and stress responses. In Arabidopsis, salt stress
lowered the ethylene receptor ETR1 expression, which mediates plant responses to
abiotic stressors. Further, Khan et al. [20] observed a complex relationship between
ethylene genes with GB-mediated salinity tolerance in T aestivum.

3.8 Triazoles (TRs)

Triazoles are the plant growth regulators that can also be used as a fungicides [15].
Fletcher et al. [185] reported a noteworthy role of TRs against biotic and abiotic stress-
ors in plants. Uniconazole was the most efficient TR that helps to boost the salinity
tolerance, but its residual action in plant tissues and soil limits its usage in agriculture
to prevent salinity [15]. TR increased net photosynthesis, intercellular CO, concentra-
tion, and dry biomass of radish [185] and pigeon pea growing in saline soils [186]. The
seed priming of wheat with paclobutrazol showed less Na" accumulation and more
water-soluble carbohydrates and reducing sugars under salt stress [187]. TR applica-
tion increased nitrate reductase, protease, POD, SOD, and polyphenol oxidase activity
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under salt stress [186]. Propiconazole (TR-containing chemical) improved root
development (length and biomass) and enzymatic antioxidant activity in Madagascar
periwinkle plants under NaCl stress [188]. Though TR has a significant effect on
plants, few studies have examined its role in relieving salt stress in diverse crops [185].

4, Conclusion

The global impact of salinity and the trend of a growing population are alarming
for food security. Crop yield and productivity is hindered in saline soil due to osmotic
and ionic damage. Salt-responsive gene regulation, the antioxidant defense system,
nutrient transport, osmolyte synthesis, and salt compartmentalization are badly
affected under salinity stress. Plants regulate antioxidant enzymes, calcium-mediated
responses, and hormonal signaling against ROS production during salinity stress to
maintain homeostasis for optimal growth. However, the production of phytohor-
mones during salinity stress regulates plant growth, seed germination, metabolism,
and physiological activities. Plants use phytohormones as phytoprotectants against
salinity stress. Exogenously applied phytohormones improved the stomata regulation,
gas exchange mechanism that positively affected plant-water relations, and nutri-
ent uptake, and subsequently, plant growth and productivity increased. Moreover,
the hormonal priming of seeds that improves the seed germination in saline soil
that results in utmost plant population. Plants integrate exogenous and endogenous
cues during stressful and non-stressful situations, linking their stress response by
hormonal route. Thus, hormones and their interactions with other plant components
are vital to develop appropriate management strategies and phytoprotectants against
salinity stress.
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Chapter 3

Phytohormone-Producing
Rhizobacteria and Their Role
in Plant Growth

Tekalign Kejela

Abstract

Phytohormone-producing rhizobacteria are a group of beneficial bacteria residing
in the rhizosphere that have the unique ability to produce, release, and also modulate
phytohormones such as auxins, cytokinins, gibberellins, ethylene, and jasmonic acid
(JA). This work explores a diverse group of rhizobacteria that possess the ability to
synthesize and secrete phytohormones and their effects on the growth of different
plants. Indole-3-acetic acid (IAA) is a commonly produced hormone by many rhizo-
bacteria that include Azospirillum brasilense, Pseudomonas putida, and Pseudomonas

fluorescens. IAA producers promote plant growth through multiple mechanisms.
Gibberellic acid (GA3) produced by certain species of rhizobacteria, which include
Servatia marcescens and Bacillus licheniformis, enhances plant height and biomass

in different crops. Cytokinins are produced by rhizobacteria, including Bacillus,
Pseudomonas, and Azospirillum. Few rhizobacteria strains also produce abscisic acid
(ABA). For example, A. brasilense produces abscisic acid, which can regulate the plant
water status and enhance drought tolerance in different crops. Several rhizobacteria,
including P. fluorescens, P. putida, and Pseudomonas aeruginosa, have been reported

to induce JA production in plants, promoting defense responses against pathogens.
Overall, this work indicates that rhizobacteria produce key phytohormones, enabling
them to promote plant growth through multifarious ways, and hence phytohormone-
producing rhizobacteria are potential input in agricultural production.

Keywords: rhizobacteria, auxins, cytokinins, gibberellins, jasmonic acid, ethylene

1. Introduction

Rhizosphere is the soil volume under the physical and biological influence of
the root, including the root tissues colonized by microorganisms. Rhizosphere
bacteria (rhizobacteria) are a group of bacteria competent in colonizing the root
environment. About 2-5% of rhizobacteria, when reintroduced by plant inocula-
tion in a soil containing competitive microflora, exert a beneficial effect on plant
growth and are termed as plant growth-promoting rhizobacteria (PGPR) [1]. Plant
growth-promoting rhizobacteria display a wide array of mechanisms to promote
the development of plants. Among the different mechanisms, diverse PGPR can
alter root architecture and promote plant development due to their ability to
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synthesize and secrete plant hormones (phytohormones) that include indole-
3-acetic acid (IAA), gibberellins (GAs), cytokinins, and certain volatiles, hence
they are termed phytostimulators [2]. The capacity of rhizobacteria to produce
phytohormones is strain specific [3].

The PGPR stimulatory effect comes from a manipulation of the complex and
balanced network of plant hormones that are directly involved in growth or stimula-
tion of the root formation. For instance, the biosynthesis of IAA by various PGPR has
been demonstrated to enhance root proliferation [4]. Bacteria use this phytohormone
to interact with plants as part of their colonization strategy, including phytostimula-
tion and avoidance of basal plant defense mechanisms. Moreover, it has recently been
indicated that IAA can also be a bacterial signaling molecule and can therefore have
a direct effect on bacterial physiology. Similarly, PGPB-synthesized gibberellins can
increase plant stem growth, alter the dormancy of germinating seeds, and increase
leaf and fruit senescence [5]. In the same way, PGPB-produced cytokinins are impor-
tant for the establishment of interaction between plants and bacteria and also allevi-
ate the damage engendered by different abiotic stresses [6, 7]. PGPR, which acquire
the enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, facilitate plant
growth and development by decreasing ethylene levels, inducing salt tolerance, and
reducing drought stress in plants [8].

So far, there are many research findings and reviews focused on specific types of
phytohormones produced by a specified species or different species of rhizobacteria
and its growth effects on specific plants [9-20]. However, this chapter provides a
comprehensive highlight of the biosynthesis of major phytohormones in diverse
groups of rhizobacteria and their effects on the growth of different plant species.
Hence, this chapter is tremendously important to enhance our mechanistic under-
standing of the diversity of phytohormone-producing rhizobacteria and their effects
on plant growth for potential application in agriculture.

2. Phytohormone production in rhizobacteria

The majority of PGPR can synthesize, or modulate the concentrations of, several
phytohormones. The major phytohormones produced by the diverse rhizobacteria are
discussed below.

2.1Indole-3-acetic acid (IAA)

Indole-3-acetic acid (IAA), a key plant hormone involved in regulating various
physiological processes, plays a crucial role in plant growth and development. It is also
a commonly produced hormone by many rhizobacteria. IAA is primarily produced
via tryptophan-dependent and tryptophan-independent pathways by rhizobacteria.
The study of the different IAA biosynthetic pathways has revealed that there is a high
degree of similarity between bacterial and plant pathways. Six different IAA biosyn-
thetic bacterial pathways have been identified, five of them tryptophan-dependent
[21]. It is important to note that different bacteria may employ different pathways
for IAA biosynthesis, and the presence of specific enzymes can vary among bacterial
species or strains. Additionally, bacteria can use multiple pathways simultaneously or
switch between different pathways depending on the environmental conditions and
nutrient availability. The major pathways of IAA biosynthesis in bacteria are:
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2.1.1 Indole-3-pyruvic acid (IPA) pathway

The indole-3-pyruvic acid (IPA) pathway in bacteria involves the conversion of
tryptophan to IPA, followed by the decarboxylation of IPA to indole-3-acetaldehyde,
and the subsequent oxidation of indole-3-acetaldehyde to indole-3-acetic acid (IAA).
IAA biosynthesis by the indole-3-pyruvic acid (IPA) pathway in bacteria involves the
following steps:

i. The first step involves the conversion of the amino acid tryptophan to indole-
3-pyruvic acid (IPA) by the enzyme tryptophan aminotransferase. This
enzyme transfers an amino group from tryptophan to a ketone group, resulting
in the formation of IPA.

—

ii. The enzyme tryptophan aminotransferase catalyzes the reaction by transfer-
ring the amino group from tryptophan onto a molecule called a-ketoglutarate,

forming glutamate and IPA.

—

iii. Indole-3-pyruvic acid (IPA) can be further converted to indole-3-acetaldehyde
by a decarboxylation reaction. This conversion is catalyzed by the enzyme
indole-3-pyruvate decarboxylase. The decarboxylation reaction involves
the removal of a carboxyl group from IPA, resulting in the formation of

indole-3-acetaldehyde.

iv. The final step in the biosynthesis of IAA via the IPA pathway is the conversion
of indole-3-acetaldehyde to indole-3-acetic acid (IAA) by the enzyme indole-
3-acetaldehyde dehydrogenase. This enzyme catalyzes the oxidative conversion
of indole-3-acetaldehyde into IAA, with the addition of a molecule of nicotina-
mide adenine dinucleotide (NAD") as a coenzyme.

Several bacteria have been reported to produce indole-3-acetic acid (IAA)
through the indole-3-pyruvic acid (IPA) pathway. One example is Azospirillum
brasilense, a well-known plant growth-promoting rhizobacterium (PGPR), which
synthesizes IAA via the IPA pathway [10]. Another bacterium of interest is Bacillus
amyloliquefaciens, which produces IAA through the IPA pathway and is associ-
ated with promoting plant growth in various crops [15, 22]. Additionally, bacteria
belonging to the genus Pseudomonas, such as P. putida and Pseudomonas fluoves-
cens, have been reported to produce IAA via the IPA pathway and show positive
effects on plant growth [21]. Other rhizobacteria, such as Azospirillum lipoferum,
Entevobacter amnigenus, Enterobacter cloacae, Klebsiella oxytoca, and Bacillus
cereus, are also known to produce IAA through the IPA pathway [23]. It should be
noted that the ability to produce IAA may vary among strains within a bacterial
species.

2.1.2 Indole-3-acetamide (IAM) pathway

This pathway involves the conversion of tryptophan to indole-3-acetamide by
enzymes such as tryptophan monooxygenase. Indole-3-acetamide is then further
metabolized to IAA through various enzymatic reactions. IAA biosynthesis by the
indole-3-acetamide (IAM) pathway in bacteria involves the following steps:
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i. Tryptophan uptake: Bacteria take up tryptophan, an amino acid, from their
surroundings.

ii. Conversion of tryptophan to indole-3-acetamide (IAM): Tryptophan is enzy-
matically converted to indole-3-acetamide (IAM) inside the bacterial cell. This
conversion is facilitated by enzymes such as tryptophan monooxygenase.

iii. Conversion of IAM to IAA: The produced indole-3-acetamide (IAM) is further
transformed into indole-3-acetic acid (IAA) by the action of the enzyme
indole-3-acetamide hydrolase.

iv. Regulation of IAA production: The production of IAA via the IAM pathway
is regulated by various factors, including environmental conditions and the
presence of plant signaling molecules.

v.Release of IAA: The synthesized IAA can be released by the bacteria into the
surrounding environment through diffusion or active secretion. Once released,
IAA can have diverse effects on plant growth and development.

There are several bacteria that have been reported to produce indole-3-acetic
acid (IAA) through the indole-3-acetamide (IAM) pathway. One such bacterium
is E. cloacae, which synthesize IAA from tryptophan via the IAM pathway and
have positive effects on plant growth promotion. Another bacterium of interest
is Enterobacter asburiae, which produce IAA through the IAM pathway and are
associated with increased root elongation and improved nutrient uptake in plants.
Additionally, bacteria belonging to the genus Klebsiella, such as Klebsiella pneu-
moniae and K. oxytoca, were reported to produce IAA via the IAM pathway and
show beneficial effects on plant growth, including enhanced root development and
biomass accumulation [23]. Other rhizobacteria that produce IAA through IAM
pathway include A. brasilense, P. fluorescens, Bacillus subtilis, and Rhizobium legumi-
nosarum [21, 23].

2.1.3 Indole-3-acetonitrile (IAN) pathway

The indole-3-acetonitrile (IAN) pathway is another route through which bacteria
can produce indole-3-acetic acid (IAA). IAA biosynthesis by the IAN pathway in
bacteria involves the following steps:

i. Tryptophan uptake: Bacteria acquire tryptophan, an amino acid, either from
their environment or through de novo synthesis.

ii. Conversion of tryptophan to indole-3-acetonitrile (IAN): Inside the bacterial
cell, tryptophan is enzymatically converted to indole-3-acetonitrile (IAN)
through the activity of an enzyme called tryptophan aminotransferase. This
involves the removal of the carboxyl group from tryptophan and the addition
of a nitrile group.

iii. Conversion of IAN to indole-3-acetaldoxime (IAOx): The indole-3-acetonitrile
(IAN) is then converted to indole-3-acetaldoxime (IAOx) by the action of a
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nitrilase enzyme. This step involves the hydrolysis of the nitrile group to form
an aldoxime group.

iv. Conversion of IAOx to IAA: The indole-3-acetaldoxime (IAOx) is further
converted to indole-3-acetic acid (IAA) through a series of enzymatic steps.
These steps involve the oxidation of IAOx to an intermediate called indole-
3-acetamide (IAM) and subsequent hydrolysis of IAM to IAA by an amidase
enzyme.

v.Regulation of IAA production: The biosynthesis of IAA via the IAN pathway
is regulated by various factors, including environmental conditions and the
presence of plant signaling molecules.

vi. Release of IAA: Finally, the synthesized IAA may be released by the bacteria
into the surrounding environment through diffusion or active secretion.

There are several bacteria that have been reported to produce indole-3-acetic acid
(IAA) through the indole-3-acetonitrile (IAN) pathway. One of the prominent bac-
teria known for IAN pathway-mediated IAA production is P. putida. P. putida strains
have been reported to possess the nitrilase enzyme that converts indole-3-acetonitrile
(IAN) to IAA, contributing to plant growth promotion. Additionally, other bacteria,
such as Alcaligenes faecalis and Herbaspirillum sevopedicae, were also identified for
their ability to produce IAA through the IAN pathway [23].

2.1.4 The tryptamine (TAM) pathway

The tryptamine (TAM) pathway is another route through which bacteria can
produce indole-3-acetic acid (IAA). The IAA biosynthesis via the TAM pathway in
bacteria involves the following steps:

i. Tryptamine synthesis: The first step in the TAM pathway involves the synthesis
of tryptamine, an intermediate compound. Bacteria possess specific enzymes,
such as tryptophan decarboxylase, which catalyze the decarboxylation of
tryptophan into tryptamine.

—

.Tryptamine oxidation: After the synthesis of tryptamine, the next step
involves the oxidation of tryptamine to produce indole-3-acetaldehyde (IAld).
This reaction is facilitated by an enzyme called tryptamine 2-monooxygenase
or tryptophan 2-monooxygenase. Molecular oxygen (O,) acts as a co-substrate
in this reaction, assisting in the conversion of tryptamine to IAld.

i

. Conversion of IAld to indole-3-pyruvic acid (IPA): Indole-3-acetaldehyde
(IAld) is subsequently converted into indole-3-pyruvic acid (IPA) through the
action of a specific enzyme known as indole-3-acetaldehyde transaminase.
This enzyme catalyzes the transamination of IAld with a keto acid, usually
pyruvate, resulting in the formation of IPA.

—

ii

iv. Conversion of IPA to indole-3-acetamide (IAM): Indole-3-pyruvic acid (IPA)
can be further transformed into indole-3-acetamide (IAM) by the action of
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indole-3-pyruvate decarboxylase or indole-3-pyruvate lyase. These enzymes
catalyze the decarboxylation of IPA, leading to the formation of IAM.

v. Conversion of IAM to IAA: The final step in the TAM pathway involves the
conversion of indole-3-acetamide (IAM) into indole-3-acetic acid (IAA). IAM
hydrolase, also known as amidase, is the enzyme responsible for this conver-
sion. IAM is hydrolyzed by IAM hydrolase to release a free carboxylic acid
group, resulting in the formation of IAA.

Bacteria that produce indole-3-acetic acid (IAA) through the tryptamine (TAM)
pathway have been reported in various studies. One of the well-known bacteria
utilizing the TAM pathway is E. cloacae strains that possess tryptophan decarboxylase
enzyme, which converts tryptophan into tryptamine and subsequently converts
tryptamine to IAA, contributing to plant growth promotion [21]. Another bacterium
identified for its IAA production through the TAM pathway is B. subtilis. B. subtilis
strains produce IAA by the action of tryptophan decarboxylase, followed by the
conversion of tryptamine to IAA [23].

It is important to note that the capacity to produce IAA through the TAM pathway
can vary among bacterial strains within each species. Additionally, the production of
IAA may also be influenced by various environmental factors and growth conditions.
Therefore, further research is necessary to fully understand the diversity and func-
tional significance of IAA production by rhizobacteria via the TAM pathway.

2.1.5 The tryptophan side-chain oxidase (TSO) pathway

The biosynthesis of indole-3-acetic acid (IAA) in rhizobacteria can also occur
through the tryptophan side-chain oxidase pathway. The IAA biosynthesis via the
tryptophan side-chain oxidase pathway in bacteria involves the following steps:

i. Tryptophan uptake: Rhizobacteria take up tryptophan from their surrounding
environment.

ii. Tryptophan side-chain oxidation: The first enzymatic step involves the oxida-
tion of tryptophan’s side chain. This reaction is catalyzed by tryptophan side-
chain oxidase (TSO). TSO converts tryptophan into indole-3-acetaldoxime
(IAOx).

iii. Indole-3-acetaldoxime (IAOx) reduction: In the next step, IAOx is reduced to
indole-3-acetaldehyde (IAAld) by the enzyme IAOx reductase (IAOR). This
conversion involves the transfer of electrons from a redox cofactor such as
nicotinamide adenine dinucleotide phosphate hydrogen (NAD(P)H).

iv.Indole-3-acetaldehyde conversion to IAA: The final step in the tryptophan
side-chain oxidase pathway is the conversion of IAAld to IAA. This reaction is
mediated by the enzyme indole-3-acetaldehyde dehydrogenase (IAAD). IAAD
oxidizes IAAld, resulting in the formation of IAA.

Bacteria that produce indole-3-acetic acid (IAA) through the tryptophan side-
chain oxidase (TSO) pathway have been identified in various studies. Examples of
bacteria known for utilizing the TSO pathway are P. putida strains, and A. brasilense
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[23, 24]. It is important to note that the ability to produce IAA via the tryptophan
side-chain oxidase pathway can vary among strains and species within genera.

2.1.6 Tryptophan-independent pathways of IAA biosynthesis

Tryptophan-independent pathways have been proposed, for both bacteria and
plants, but have yet further to be studied and proven. The tryptophan-independent
pathways provide alternative routes for IAA synthesis in bacteria, allowing them to
produce IAA, even under conditions where tryptophan availability may be limited.
Further research is required to fully understand the regulation and significance of
these tryptophan-independent pathways in bacterial IAA synthesis.

Understanding the biosynthesis of IAA in rhizobacteria is crucial, as it plays a
significant role in plant-microbe interactions and can contribute to plant growth
promotion and disease resistance. Further research is needed to explore the regula-
tion, genetic determinants, and functional outcomes of IAA production through the
different pathways in rhizobacteria.

2.2 Gibberellin (GA3)

Some rhizobacteria produce gibberellins, including gibberellic acid (GA3). One
such bacterium is Serratia marcescens. Studies have shown that S. marcescens can
produce GA3 and promote plant growth, particularly in the case of rice plants [25].
Another bacterium known for its ability to produce GA3 is Bacillus licheniformis.

B. licheniformis that produce GA3 stimulate seed germination and enhance plant
height and biomass in crops such as wheat and maize [26].

The biosynthesis pathway of gibberellin involves several enzymatic steps, includ-
ing the conversion of geranylgeranyl diphosphate (GGDP) to ent-kaurene, which is
then converted to GA12. GA12 is subsequently converted to GA3 through the action of
various enzymes. Based on available research, the following are generalized steps of
gibberellin biosynthesis pathway in bacteria:

i. Precursor molecule: The first step is the formation of a precursor molecule
called geranylgeranyl diphosphate (GGDP). This molecule serves as the build-
ing block for the synthesis of the gibberellin skeleton.

ii. Conversion to ent-kaurene: The next step involves the conversion of GGDP to
ent-kaurene through the action of a specific enzyme called ent-copalyl diphos-
phate synthase (CPS) or kaurene synthase.

iii. Conversion to GA12: In the subsequent step, ent-kaurene is converted to
GA12 through the action of the enzyme ent-kaurene oxidase (KO). This
enzyme catalyzes the oxidation of ent-kaurene, resulting in the formation of
GA12.

iv. Conversion to active gibberellins: GA12 can be further converted to various
active gibberellins, including gibberellic acid (GA3). The specific enzymes
involved in this conversion step in bacteria are not well characterized.
However, in plants and fungi, the conversion of GA12 to GA3 is regulated
by a series of enzymatic reactions, such as oxidations, reductions, and
rearrangements.
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It is important to note that the gibberellin biosynthesis pathway in bacteria
may vary depending on the specific bacterial strain and environmental conditions.
Further research is needed to elucidate the specific enzymes and genes involved in
the gibberellin biosynthesis pathway in PGPR and to understand their regulation and
significance in plant growth promotion.

2.3 Cytokinin

Cytokinins are primarily synthesized in plant tissues, but recent studies have
revealed that certain rhizobacteria can also produce cytokinins. These bacteria pos-
sess specific enzymes called cytokinin synthases, which catalyze the conversion of
precursor molecules into active cytokinins. Different types of rhizobacteria, including
Bacillus, Pseudomonas, and Azospirillum, have been found to produce various forms of
cytokinins, such as isopentenyladenine (iP), trans-zeatin (tZ), and cis-zeatin (cZ).
P, fluorescens strain G20-18 has been shown to produce various forms of cytokinins,
such as isopentenyladenine (iP) and zeatin (Z), which can positively impact plant
growth and development [21]. Certain species of Rhizobium also produce cytokinins,
including tZ and iP, which can promote root and shoot growth, enhance nutrient
uptake, and improve the overall productivity of leguminous plants [18]. B. subtilis
strains produce cytokinins, particularly kinetin (K) and zeatin (Z). These cytokinins
have demonstrated positive effects on seed germination, root development, and
overall plant growth [17].

The production of cytokinin by rhizobacteria is a complex process influenced
by various factors. Some rhizobacteria have the ability to synthesize cytokinins
via de novo pathways, while others are capable of modifying existing cytokinins
found in the environment. The de novo synthesis pathway involves the conversion of
isopentenyl pyrophosphate (IPP) and adenosine monophosphate (AMP) into dif-
ferent cytokinin forms through the action of cytokinin synthases [6]. Additionally,
rhizobacteria can produce cytokinins by cleaving N°-(A2-isopentenyl) adenine
ribonucleosides into active cytokinins through the action of cytokinin oxidases and
nucleosidases.

Based on available research, cytokinin biosynthesis pathway in PGPR involves the
following generalized steps:

i. The precursor molecule for cytokinin biosynthesis in rhizobacteria is isopen-
tenyl diphosphate (IPP). Rhizobacteria can synthesize IPP through either the
mevalonate or non-mevalonate pathways.

ii. In rhizobacteria, the conversion of AMP (adenosine monophosphate) to
adenosine is carried out by adenosine kinase.

iii. Adenosine is then converted to isopentenyladenosine (iP) by the enzyme
tRNA isopentenyltransferase (Taim1), which adds an isopentenyl group to the
N® position of adenosine. This step is analogous to the conversion of iAMP to iP
in the plant pathway.

iv. In some rhizobacteria, iP can undergo further modifications to form differ-
ent types of cytokinins, such as N®-(A2-isopentenyl) adenine (2iP) or trans-
zeatin (tZ). These modifications are catalyzed by enzymes such as cytokinin
oxidase.
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The final steps of cytokinin biosynthesis in rhizobacteria are not as well under-
stood. It is believed that additional modifications and enzymatic reactions may occur
to produce different forms of cytokinins, but further research is needed to fully
elucidate these steps in rhizobacteria.

It is important to note that the cytokinin biosynthetic pathway in rhizobacteria
may vary among different species and strains. Additionally, the specific enzymes and
genes involved in cytokinin biosynthesis in rhizobacteria are still being characterized,
and there may be variations and additional steps yet to be discovered.

2.4 Abscisic acid (ABA)

Abscisic acid (ABA) is primarily synthesized in higher plants and is involved in
various physiological processes, including seed dormancy, drought tolerance, and
stomatal regulation. However, few PGPR strains were also reported to produce ABA.
For example, A. brasilense was reported to produce ABA, which can regulate plant
water status and enhance drought tolerance in different crops [27]. Certain species of
Arthrobacter are also reported to produce ABA, contributing to improved water-use
efficiency and stress adaptation in plants [28]. B. subtilis strains were reported to
produce ABA and enhance plant stress tolerance, such as drought and salinity stress
[20]. In addition, PGPR can also indirectly influence ABA levels and signaling in
plants through their interactions with the plant microbiome and modulation of plant
stress responses. PGPR strains reported to potentially influence ABA levels in plants
are P fluorescens, B. subtilis, Azospirillum spp., Azotobacter sp., Burkholderia spp.,
Rhizobium sp., and Enterobacter sp. [29].

The specific mechanisms and effectiveness of ABA production by these PGPR
strains are still not well understood and require further investigation. Additionally,
the production of ABA by PGPR can vary depending on environmental conditions
and strain-specific factors. Research on the specific interactions between PGPR and
ABA in plant-microbe interactions and further studies are needed to fully understand
the role of PGPR in ABA production and signaling in plants.

2.5 Ethylene

Ethylene is a gaseous plant hormone that plays a significant role in many
physiological processes, including seed germination, root initiation, flowering, fruit
ripening, and response to biotic and abiotic stresses. Ethylene is predominantly
produced by plants and also, certain bacteria have been reported to produce ethylene
as well [30]. In Escherichia coli, Cryptococcus albidus, and a variety of other bacteria,
ethylene is spontaneously produced at trace amounts via oxidation of 2-keto-4-
methylthiobutyric acid (KMBA), a transaminated derivative of methionine produced
in an NADH:Fe(III) EDTA oxidoreductase-mediated reaction that is enhanced under
ammonia limitation (C/N = 20) [31, 32]. Formation of KMBA is proposed as a means
to recover amino nitrogen from methionine, resulting in the spontaneous production
of ethylene from KMBA. Another type of ethylene pathway found in Pseudomonas
syringae utilizes a-ketoglutarate (AKG) and arginine as substrates in a reaction
catalyzed by an ethylene-forming enzyme (EFE) [33].

In PGPR, the production of ethylene can be beneficial for plant growth promotion
under certain conditions. However, many PGPR strains possess the enzyme ACC
deaminase, which can mitigate the negative effects of ethylene by breaking down
ACC, the precursor of ethylene, into a-ketobutyrate and ammonia. By reducing ACC
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levels and subsequently ethylene production in the plant, ACC deaminase-producing
PGPR can alleviate ethylene-induced stress and enhance plant growth.

Some common examples of bacteria that produce 1-aminocyclopropane-
1-carboxylate (ACC) deaminase are Pseudomonas spp.(P. fluorescens, P. putida,
Pseudomonas aeruginosa) [34], E. cloacae [35], Azospirillum spp., Rhizobium spp.,

K. pneumoniae, S. marcescens, B. subtilis, and Burkholderia phytofirmans [19].

2.6 Jasmonic acid (JA)

Jasmonic acid (JA) is a plant hormone that is primarily synthesized in plants asa
response to stress, such as herbivory or pathogen attack. Many plant growth-promoting
rhizobacteria (PGPR) have been reported to induce jasmonic acid (JA) production in
plants. PGPR stimulate JA production or exhibit JA-related effects in plants. Several spe-
cies of Pseudomonas, including P. fluorescens, P. putida, and P. aeruginosa, were reported
to induce JA production in plants, promoting defense responses against pathogens and
insects [36]. Certain strains of B. subtilis, B. amyloliquefaciens, and Bacillus pumilus have
been shown to enhance JA production in plants, contributing to induce systemic resis-
tance against pathogens [37]. Some strains of Burkholderia exhibit JA-inducing activity
in plants, contributing to enhanced disease resistance and plant growth promotion.
Servatia plymuthica was reported to induce JA production in plants, promoting systemic
resistance and plant growth. Certain strains of Azospirillum, such as A. brasilense and
Azospirillum lipoferum, have been observed to stimulate JA synthesis in plants, resulting
in enhanced growth, nutrient uptake, and tolerance to stresses [27].

It is important to note that the ability of PGPR to induce JA production can vary
depending on the specific strain and plant species.

3. The role of phytohormone-producing rhizobacteria in plant growth

Generally, phytohormone-producing rhizobacteria promote plant growth directly
through modulating endogenous plant hormone levels, increasing nutrient uptake,
and enhancing plant tolerance to stresses. Based on the type of phytohormones
produced by the rhizobacteria, the mechanisms of growth promotion also vary. The
role of rhizobacteria producing the different types of phytohormones in plant growth
is discussed.

3.1 The role of IAA-producing rhizobacteria in plant growth

The promotion of plant growth by IAA-producing rhizobacteria occurs through a
range of mechanisms. IAA acts as a signaling molecule, participating in plant-microbe
crosstalk and triggering plant responses. Rhizobacterial IAA stimulates the expres-
sion of genes involved in root elongation, nutrient uptake, and stress tolerance [21].
IAA promotes lateral root formation, making plants more efficient in accessing water
and nutrients in the soil. IAA-producing rhizobacteria can enhance seed germina-
tion, increase seedling vigor, and improve plant tolerance to abiotic stresses such
as drought, salinity, and heavy metal toxicity [38]. The intricate interplay between
rhizobacteria-produced IAA and the host plants’ physiological responses contributes
to improved crop productivity and quality.

Several IAA-producing rhizobacteria have been demonstrated to show
positive growth effects on plant growth (Table 1). Rhizobium spp., including
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R. leguminosarum, have been found to produce IAA and promote root elongation,
nutrient uptake, and overall plant growth [65]. Another example is Azospirillum spp.,
such as A. brasilense, which produces IAA and has been associated with enhanced root
elongation, lateral root formation, and increased biomass in various crops [21, 66].
Additionally, bacteria from the genus Pseudomonas, such as P. putida and P, fluores-
cens, have been identified as IAA producers and have shown positive effects on plant
growth, including increased shoot and root growth, improved nutrient uptake, and
disease resistance [16, 67]. Therefore, IAA-producing rhizobacteria promote plant
growth in multiple ways and they are potential bio inoculant.

3.2 The role of GA3-producing rhizobacteria in plant growth

GA3-producing rhizobacteria play a significant role in promoting plant growth.
The production of GA3 by rhizobacteria positively influences plant growth by stimu-
lating seed germination, root development, stem elongation, flowering, and fruit
development [68]. There are several rhizobacteria that have been reported to pro-
duce gibberellic acid (GA3) and have shown effects on plant growth (Table 1). One
example is the bacterium B. licheniformis, which has been found to produce GA3 and
promote plant growth by stimulating seed germination, increasing stem elongation,
and enhancing overall biomass production [52]. Another example is A. brasilense, a
well-known plant growth-promoting rhizobacterium (PGPR), which produces GA3
and has been shown to improve plant growth characteristics, including increased
shoot and root growth, nutrient uptake, and yield in various crops [14]. Additionally,
GA3-producing species from the genus Pseudomonas, including P. putida and P. fluo-
rescens, have been reported to produce GA3 and exhibit effects on plant growth, such
as enhanced shoot and root development, improved flowering, and increased crop
yield [9, 13]. These studies highlight the potential of GA3-producing rhizobacteria in
promoting plant growth and provide insights for their utilization in agriculture.

3.3 The role of cytokinin-producing rhizobacteria in plant growth

The role of cytokinin-producing rhizobacteria in plant growth is multifaceted
and can have several positive effects. Cytokinins are known to stimulate cell divi-
sion and growth in plants. Rhizobacteria that produce cytokinins can enhance this
process in plant roots, leading to increased root mass and overall plant growth [55].
Cytokinins produced by rhizobacteria can improve nutrient uptake in plants, par-
ticularly essential minerals like nitrogen, phosphorus, and potassium [56, 57]. This is
because cytokinins influence root architecture and development, leading to increased
surface area and absorption capacity. Cytokinins play a crucial role in regulating
plant responses to various abiotic and biotic stresses [69]. Rhizobacteria that produce
cytokinins can help enhance the plant’s stress tolerance by promoting antioxidant
activity, reducing oxidative damage, and stimulating defense mechanisms (Table1).
For instance, Bacillus subtilis strain has been shown to promote growth in lettuce
plants by producing cytokinins [70]. Similarly, P. fluorescens strain G20-18 has been
found to stimulate shoot and root growth in Arabidopsis through its cytokinin produc-
tion [71]. Azospirillum spp., including A. brasilense, have been reported to promote
germination, root and shoot development in corn (Zea mays L.) and soybean (Glycine
max L.) through cytokinin synthesis and other growth hormones [72]. Furthermore,
certain strains of Rhizobium bacteria produce cytokinins that facilitate nodule forma-
tion and growth in leguminous plants [59]. From these findings, one can conclude
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that cytokinin-producing bacteria enhance plant growth, although further research
is needed to understand the mechanisms by which these bacteria interact with plants
and modulate cytokinin levels.

It is important to note that the effectiveness of cytokinin-producing rhizobacteria
can vary depending on the specific plant species, environmental conditions, and the
overall microbial community present in the rhizosphere.

3.4 The role of abscisic acid (ABA)-producing rhizobacteria in plant growth

The role of abscisic acid (ABA)-producing rhizobacteria in plant growth is
multifaceted and can have several positive effects. PGPR strains that produce ABA
or enhance its production in plants may help improve the plant’s ability to withstand
periods of water stress and drought [29]. Treatment of different plants with . fluore-
scens, which are known to produce ABA, enhanced root growth, nutrient uptake, and
overall plant growth [58]. Another study by Sorokan et al. [60] showed that B. subtilis
26D in plant tissues promoted a rapid recovery of the growth rates of shoots, as well
as the wet and dry mass of roots potato (Solanum tuberosum L.) after the pest attack,
which we associate with the maintenance of a high level of IAA, ABA, and cytokinins
in their tissues. Similarly, a study by Zeffa et al. [66] demonstrated that A. brasilense
treatment enhanced plant growth, nitrogen fixation, and improved drought resis-
tance in maize plants. Azotobacter chroococcum is another example of rhizobacteria-
producing ABA and its treatment induced stomatal closure, improved water-use
efficiency, and enhanced plant growth in maize plants [73].

It is important to note that the effect of plant growth-promoting rhizobacteria
(PGPR) producing abscisic acid (ABA) on plant growth can vary depending on sev-
eral factors, including the specific strain of PGPR, the plant species, environmental
conditions, and the overall balance of plant hormones.

Further research is needed to fully understand and optimize the use of ABA-
producing PGPR for enhancing plant growth and stress tolerance.

3.5 The role of ACC deaminase-producing rhizobacteria on plant growth

The role of 1-aminocyclopropane-1-carboxylate (ACC) deaminase producing
plant growth-promoting rhizobacteria (PGPR) in plant growth is significant. By
reducing the levels of ACC in plants, ACC deaminase-producing PGPR can modu-
late ethylene biosynthesis and the ethylene response in plants. Ethylene is a plant
hormone that can inhibit plant growth and development, particularly under stress
conditions. The reduction in ethylene promotes plant growth and development by
enhancing plant stress tolerance and improving overall plant performance under
stressful conditions. ACC deaminase-producing bacteria can trigger systemic resis-
tance in plants, making them more resistant to various pathogens. This is thought to
be mediated by the modulation of ethylene signaling and the activation of defense
mechanisms in plants.

Several reports indicated rhizobacteria-producing ACC deaminase promote plant
growth (Table1). ACC deaminase-producing strains of P. putida have been shown
to improve plant growth in various crops by promoting root development, nutrient
uptake, and stress tolerance [11, 34]. Another example is E. cloacae, a beneficial rhizo-
bacterium, which produces ACC deaminase and has demonstrated positive effects on
plant growth, particularly under stressful conditions including drought and salinity
[39, 40]. Additionally, species from the genus Rhizobium, including R. leguminosarum
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and Rhizobium meliloti, have also been reported to produce ACC deaminase and
exhibit beneficial effects on plant growth, especially in leguminous crops, by enhanc-
ing nodulation, nitrogen fixation, and overall yield [41, 59].

3.6 The role of jasmonic acid (JA)-producing rhizobacteria in plant growth

Rhizobacteria that can induce or enhance JA production in plants promote growth
through different mechanisms. Rhizobacteria that enhance JA production in plants
can induce systemic resistance in plants, making them more resistant to diseases
and pests. For instance, a study by Kumar et al. [42] demonstrated that B. pumilus
treatment increased JA levels in rice plants, leading to enhanced disease resistance
and overall plant growth. A study by Creus et al. [43] demonstrated that A. brasilense
treatment increased JA synthesis in maize plants, leading to improved root growth,
nutrient uptake, and overall plant growth. Jasmonic acid stimulates the production of
secondary metabolites, such as phenols, flavonoids, and defense-related compounds.
These metabolites contribute to plant defense and other physiological processes.
Rhizobacteria-produced JA can enhance the production of these beneficial com-
pounds, thereby improving plant health and resilience [44].

It is important to note that the effects of rhizobacteria-induced JA production on
plant growth can vary depending on the specific plant species, environmental condi-
tions, and the concentration of JA produced. Additionally, the indirect modulation of
JA by rhizobacteria may involve complex signaling pathways in plants.

4, Conclusions

Diverse group of rhizobacteria can synthesize, or modulate the concentrations,
of several phytohormones and promote plant growth in different ways. Indole-3-
acetic acid (IAA) is a commonly produced hormone by many rhizobacteria primar-
ily via five tryptophan-dependent pathways. The promotion of plant growth by
IAA-producing rhizobacteria occurs through a range of mechanisms. Exogenously
produced IAA by rhizobacteria acts as a signaling molecule, participating in plant-
microbe crosstalk and triggering plant responses. IAA-producing rhizobacteria can
enhance seed germination, increase seedling vigor, and improve plant tolerance
to abiotic stresses such as drought, salinity, and heavy metal toxicity. The complex
interaction between rhizobacteria-produced IAA and the host plants’ physiological
responses contributes to improved crop productivity, hence, IAA-producing rhizo-
bacteria are a potential biostimulant used as biofertilizer. Gibberellin (GA3) is pro-
duced by certain group of rhizobacteria through biosynthesis pathway that involves
several enzymatic steps, including the conversion of geranylgeranyl diphosphate
(GGDP) to ent-kaurene, which is then converted to GA12 and which is subsequently
converted to GA3 through the action of various enzymes. The inoculation of GA3-
producing rhizobacteria in plants positively influences plant growth by stimulating
seed germination, root development, stem elongation, flowering, and fruit develop-
ment. Cytokinins are produced in certain rhizobacteria that possess specific enzymes
called cytokinin synthases, which catalyze the conversion of precursor molecules
(isopentenyl pyrophosphate (IPP) and adenosine monophosphate (AMP)) into active
cytokinins. Rhizobacteria that produce cytokinins can enhance this process in plant
roots, leading to increased root mass and overall plant growth. Abscisic acid (ABA) is
also produced by certain PGPR strains while other strains enhance its production in
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plant. PGPR that produce or enhance ABA production in plants improve the plant’s
ability to withstand periods of water stress and drought. Many PGPR strains possess
the enzyme ACC deaminase, which can mitigate the negative effects of ethylene and
has been shown to improve plant growth in various crops by promoting root develop-
ment, nutrient uptake, and stress tolerance. Rhizobacteria that enhance jasmonic acid
(JA) production in plants can induce systemic resistance in plants, making them more
resistant to diseases and pests.

Overall, the production and modulation of phytohormones by PGPR have a
profound impact on plant growth, development, and stress responses. Harnessing the
potential of phytohormone-producing PGPR presents a promising avenue for sustain-
able agriculture, as it reduces the reliance on synthetic inputs and promotes eco-
friendly plant growth promotion. Further research in understanding the mechanisms
by which PGPR produce and functionally modulate phytohormones will contribute to
the development of effective strategies for maximizing crop yields, enhancing plant
resilience, and ensuring global food security.
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Abstract

Phytohormones are chemicals released by plants for several mechanism which
includes growth and development such as cell divisions, cell elongation and tissue
differentiation, it also helps in stress tolerance and senescence. Major phytohormone
groups include auxin, cytokinin, gibberellin, ethylene, abscisic acid, brassinosteroids
and jasmonates. Phytohormones are naturally produced in low concentration. Certain
naturally available soil microorganisms produce phytohormones, the current approach of
plant growth regulators to crops improve yield by dual activity and genetic modifications
is highly beneficial. The pilot study on metagenomic analysis on commercially important
crops helped us to expand the study on identifying the nitrogen fixing bacteria also
promoting phytohormone production. Expected outcome: Agrobacterium, Azospirillum,
Bacillus, Enterobacter, Pseudomonas, Proteus, Klebsiella and Mycorrhizal are microor-
ganisms that play dual activity. All these growth-promoting bacteria are proven to be
involved in indole-3-acetic acid pathways which help in the biosynthesis of auxin and
cytokinin. The dual benefit of the plant-growth promoting bacteria is that it can act as a
diazotroph which helps in nitrogen fixation as well as the biosynthesis of phytohormones.
Several microorganisms play crucial role in plants as nitrogen-fixing bacteria, phytohor-
mone production, etc. they play multiple function in plant growth and development.
These are essential microbes in application field of agriculture and biotechnology.

Keywords: Phytohormones, Diazotroph, auxin, cytokinin, gibberellin, ethylene,
abscisic acid, brassinosteroids and jasmonates

1. Introduction

Phytohormones are well known as Plant hormones. They play a vital role in
regulating various physiological processes in plants. These chemical substances act
as signaling molecules, coordinating the growth and development of plants [1].
Phytohormones are produced in one part of the plant and then transported to differ-
ent sites where they elicit specific responses [2].

Phytohormones play a distinct role in plant growth and development. Auxins are
responsible for cell elongation and root formation. They help plants bend towards
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light sources and facilitate the development of lateral roots [3, 4]. Cytokinins, on the
other hand, promote cell division and delay senescence, allowing plants to maintain
their youthful vigor. They are essential for proper shoot and leaf growth [5, 6].

Gibberellins are phytohormones that stimulate stem elongation and seed germi-
nation. They also regulate various developmental processes, such as flowering and
fruit development [7]. Abscisic acid is another important hormone that regulates
seed dormancy and plays a crucial role in plant responses to stress conditions, such as
drought and high salinity [8].

Ethylene, often referred to as the “aging hormone,” influences fruit ripening and
senescence. It is involved in the abscission (shedding) of leaves, flowers, and fruits
[9]. Brassinosteroids, on the other hand, are involved in cell expansion and differen-
tiation, contributing to overall plant growth and development [10].

In addition to these well-known phytohormones, there are other plant growth
regulators worth mentioning. Polyamines (PAs) and karrikins (KARs) are small
chemical molecules with less understood production and receptors. Although their
precise roles are still being explored, they have been found to influence plant growth,
development, and responses to environmental stimuli [2].

The long-term evolution of microorganisms in plant and its surrounding environ-
ment has acquired numerous beneficial strategies in enhancing the growth and develop-
ment. The interaction of microbes with plants modulates in biotic and abiotic stresses.
These microbes indirectly have a control over the phytohormone production [11].

Piriformospora indica is a root fungus that interferes with the synthesis and signal-
ing of plant hormones that promote growth, the onset of flowering, differentiation,
and systemic immunological responses. In reaction to the microbes, plants modify the
hormone levels in their roots to regulate colonization and fungal growth [12].

Advance studies have proven the existence of microorganisms such as
Pseudomonas, Entevobacter, Azospirillum and Klebsiella can stimulate the phytohor-
mone production [13, 14].

Therefore, the chapter aims to explain beneficial microorganism and their mecha-
nism in producing phytohormone as well as nitrogen fixation in plants, this will act
as dual benefit to plants and reduce additional burden to farmers. The study of these
microbes has extensive advantages in agricultural biotechnology.

2. Historical background

The study of phytohormones has a rich and interesting historical background. The
concept of plant hormones emerged in the late 19th and early 20th centuries when
scientists began to observe and investigate the remarkable growth and developmental
processes in plants. These scientists sought to understand the underlying factors that
influenced plant growth and responses to various environmental stimuli.

The initial breakthrough in understanding phytohormones came with the discov-
ery of auxins. In the late 19th century, Charles Darwin and his son Francis, observed
that the tips of coleoptiles in grass seedlings showed bending towards a light source.
This phenomenon, known as phototropism, led to the identification of a substance
that was responsible for this growth response [15, 16]. In the 1920s, the Dutch scien-
tist Frits Went isolated and characterized this substance, which he named auxin. This
discovery marked the beginning of the era of plant hormone research [17, 18].

In 1930s, Japanese scientist Eiichi Kurosawa identified a group of compounds pro-
duced by fungi that caused excessive elongation of rice plants. These compounds were

80



Insights on Mechanism of Plant Related Bacteria Producing Phytohormones
DOI: http://dx.doi.org/10.5772/intechopen.1002206

later named gibberellins, and their role in promoting stem elongation and flowering
[19]. In the 1950s, another group of hormones, cytokinins, was discovered by Folke
Skoog and colleagues, who found that these compounds stimulated cell division and
played a crucial role in plant tissue culture [20, 21].

The identification of other plant hormones continued with the discovery of
abscisic acid (ABA) in the 1960s, which was found to regulate plant responses to stress
and dormancy. Ethylene, a gaseous hormone involved in fruit ripening and senes-
cence, was discovered in the 20th century as well [22]. In more recent years, other
classes of plant hormones, such as brassinosteroids, jasmonates, and strigolactones,
have been identified and extensively studied [10, 23].

The understanding of plant hormones and their roles in plant growth and develop-
ment has revolutionized the field of plant biology and agriculture. It has provided
insights into how plants respond and adapt to their environment, and has led to the
development of applications in crop production, horticulture, and plant biotechnology.

3. Classification of phytohormones and their mechanism

Phytohormones are extensively studied to understand their function and mecha-
nism in plant physiology. Recent research has investigated on their biosynthesis,
transport, perception and signal transduction pathways.

Additionally, there are different pathways in which the phytohormones play
a key role which includes: Cell Division and Growth, Apical Dominance, Root
Development, Tropisms, Seed Germination and Dormancy, Flowering, Fruit
Ripening and Senescence and Stress responses. (Figure 1 and Table 1) [24].

. Embryo
Development

@ Germination

Senescence

Stress

Flower Development

Development

. Root
Development

Phase
Transition Leaf

Development

Figure 1.
Representation of phytohormones and their function. The six classes of phytohormones and the plant development
processes.
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Title Phytohormone and their mechanism

Cell division and growth Auxin and Gibberellins promote stem elongation and cell
division [25].
Cytokinins stimulate the cell division and also promote
shoot and root growth [5].

Apical dominance Auxin stimulate the dominance of apical meristem, over
lateral buds, controlling the growth and branching pattern
18]

Root development Auxin initiate root growth,

Cytokinin initiate lateral root formation [25].

Tropisms Auxin regulate phototropism and gravitropism,
Ethylene influences the triple response in plants, causing
change in growth and bending during gravitropism and
phototropism [26]

Seed germination and dormancy Gibberellin promotes seed germination and break seed
dormancy [7]

Flowering Gibberellins are involved in regulation of flowering,
particularly in transition from vegetative to reproductive
growth [27]

Fruit ripening and senescence Ethylene is key regulator of fruit ripening and senescence

processes, while Abscisic acid influences the timing of seed
dormancy and germination and promote leaf and fruit
senescence [28]

Stress responses Abscisic acid is involved in response to drought stress,
regulating stomatal closure and promoting water
conservation [8]
Jasmonates are involved in plant defense responses against
insects, pathogens and other biotic stresses [29]

Table 1.
Phyto hormones and their mechanism.

4. Exploiting microbial potential in production of phytohormones

The advanced research shows that plant-microbes plays a vital role in inducing
plant growth promoters i.e., phytohormones (Figure 2). In addition to the production
of hormones by plants these microorganisms also produce, stimulate or involve in
the mechanism of converting compounds that are similar to phytohormones. These
microorganisms are naturally present in the fertile soil which usually involved in
supplying nutrition to the plants. Due to the high nutritional content of root exu-
dates, plant roots are extensively populated with microorganisms. They also produce
antifungal substances, enzymes, and suitable solutes. These microbial metabolites are
essential for plant development, growth, and nourishment. In response to drought,
salt, high heat, and heavy metal toxicity, microbial phytohormones play a critical role
in altering root shape. They also have an impact on the metabolism of endogenous
growth regulators in plant tissue [30, 31].

The pilot study on various commercially important crops such as wheat, rice,
maize, soyabean, peanut etc. has helped us to conclude that certain microorganisms
can do multi-function in enhancing the plant as it can improve the plant health,
provide nutrient efficiency and resistance to biotic and abiotic stresses [32-34]. These
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DIAZOTROPHS

RHIZOREMEDIATION | Mll’éll{‘g;-ES | BIOPESTICIDES

Figure 2.
Classification of plant-growth promoting microbes. The plant microbes play multiple role that includes
diazotrophs, biopesticides, phytohormones and rhizoremediation which are highlighted.

can also facilitate the symbiotic relationship between the nitrogen fixation by rhizobia
or mycorrhizal associations which also mediate the production of phytohormones.
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Benefit of using microorganism to produce phytohormones:

* Cost-effective: Bacteria and fungi are used as efficient and low-cost production

systems for phytohormones. They can be grown in large-scale fermentation pro-
cesses, which are often more economically viable than the extraction or synthesis
of natural or synthetic hormones [35-37].

* Sustainable and eco-friendly: Phytohormones produced by microbes are sustain-

able alternative to the hormones produced by the plant or the artificial-hormones
supplemented to plants. It reduces the need for plant material collection, mini-
mizing the impact on natural resources. Moreover, microbial production can be
carried out in controlled environments, reducing the use of chemical solvents and
minimizing the release of pollutants [38].

* Increased availability and scalability: Microbial production allows for consistent

and scalable production of phytohormones. With appropriate cultivation and
optimization techniques, large quantities of phytohormones can be generated,
ensuring a steady and reliable supply for agricultural applications [39].

* Manipulation and customization: Microorganisms can be genetically engineered

or modified to produce specific phytohormones or variants with enhanced prop-
erties are the advanced technique to optimized characteristics, such as increased
stability, activity, or specificity.

* Reduced dependence on scarce resources: Some phytohormones, especially rare or

complex natural compounds, may be challenging to obtain from plant sources due
to their low abundance or difficulty in extraction. Microbial production provides
an alternative source for these compounds, reducing the dependence on scarce
plant resources.
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Figure 3.
Illustration of microbes and phytohormones. Right side of the image shows microbes which is present in shoot, root
and rhizosphere. And left side of the image shows phytohormones produced by the microbes.

* Quality control and purity: Microbial production allows for precise control over
the production process, ensuring consistent quality and purity of the phytohor-
mones. This is particularly important for agricultural applications, where the
effectiveness and reliability of the hormones play a crucial role in crop growth and
development.

Understanding the plant-microbes and their mechanism in producing the phy-
tohormones which offers promising avenues for sustainable agriculture, biocontrol
strategies and improving plant performance in various ecosystem (Figure 3).

5. Biosynthesis of phytohoromones

Biosynthesis of phytohormones refers to the natural process by which plants
produce these vital chemical compounds. The biosynthesis of phytohormones occurs
within specific cells or tissues of plants, where enzymes and biochemical pathways
catalyze the production of these hormones’ molecules [40-42]. The microbial biosyn-
thesis of phytohormones holds great promise for various applications in agriculture
and biotechnology [43]. Using microorganisms are sustainable and eco-friendly
approaches to enhance the crops productivity, improve stress tolerance and optimize
plant growth.

5.1 Auxin (AUX)

Auxins are one of the most essential plant hormones it plays curial role in growth
and development of the plants. Auxin has an impact on a variety of leaf development
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processes, including initiation, growth ax specification, morphogenesis, and marginal
patterning [4, 18]. Although it is evident that some of the processes by which auxin
exerts significantly various across plant species.— Modification in auxin distribution has
an impact on leaf and leaflet initiation, adaxial-abaxial polarity, and marginal patterning
in many plant species. The placement of serrations and the initiation of leaflets and lobes
from the border of leaf primordia are determined by auxin, which also coordinates the
phyllotaxis of leaf initiation from the shoot apical meristem (SAM). Auxin and cytoki-
nin, which is crucial for SAM maintenance, are both involved in leaf initiation [6].

Auxin usually obtained as natural and synthetic form. The natural form of auxins
is Indole-3-acetic acid (IAA), Indole-3-butyric acid (IBA) and 4-chloroindole-3-acetic
acid (4-CI-IAA). The synthetic form of auxins is Naphthaleneacetic acid (NAA),
2,4-Dichlorophenoxyacetic acid (2,4-D), 1-Naphthaleneacetamide (NAD) and
2-Naphthoxyacetic acid (NOA) [18].

Recent studies have shown certain genes and biochemical reactions interfere in
the auxin biosynthesis. Auxin are essential for the following processes; gametogen-
esis, embryogenesis, seedling growth, vascular patterning and flower development.
Auxin biosynthesis has the most complexity as it contributes to several pathways
to de novo auxin production. Indole-3-acetic acid (IAA) can also be released from
IAA conjugates by hydrolytic cleavage of IAA-amino acids, [AA-sugars and IAA
methyl ester. The evolutionarily conserved core mechanisms for auxin biosynthesis
may differ from plant species which can have unique strategies and modification to
optimize their IAA biosynthesis [44]. To overcome the cost burden and to promote
dual efficiency certain bacteria are also involved in producing phytohormones such as
Agrobacterium and Pseudomonas are known as Tryptophan-2-monooxygenase (iaaM)
these convert the tryptophan to indole-3-acetamide (IAM) which is subsequently
hydrolyzed into IAA by the hydrolase iaaH. IAA can also be produced by try through
indole-3-pyruvate pathways (IPA).

The IPA decarboxylase has been cloned from Enterobacter cloacae and Azospirillum
brasilense, but the genes that catalyze the conversion of tryptophan to IPA and the
enzymes that catalyze the conversion of indole-3-acetaldehyde to IAA have not
been definitively identified in microorganisms. The function of IPA decarboxylase
produced by microbes in plants are yet to be investigation [3, 18]. Thus, plant growth
promotor microbes are highly essential for the production of phytohormones to
reduce the chemicals or artificial hormones which are supplemented.

5.2 Cytokinins (CK)

Cytokinin is another crucial plant-hormones which regulate the development of cell
division and cytokinesis in roots and shoots. Cytokinin might be thought of as a “juvenil-
ity” element in leaf development, increasing morphogenesis and postponing differentia-
tion and senescence. The plant hormone cytokinin (CK) participates in orchestrating
avariety of growth-related activities in the plant, including the constructive control
of SAM size and activity. Major cell specification processes are regulated by auxin and
cytokinin during embryogenesis [6]. A brief antagonistic interaction between auxin and
cytokinin is indicated as the role of cytokinin in early development.

Cytokinin are divided into two groups adenine-type and phenylurea-type cytoki-
nins. The adenine cytokinin groups includes natural and synthetic compounds such
as zeatin, isopentenyl adenine, kinetin, and 6-benzylaminopurine, while phenylurea-
type includes synthetic compounds such as diphenylurea and thidiazuron all these
molecules exhibit biological activity on plant tissues [45]. Several physiological and
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biological processes, such as the development of roots, shoots, leaves, controlling
apical dominance in the shoot, chloroplast development, and organ formation in a
variety of tissues are all impacted by the stimulatory or repressive actions of cytoki-
nins. Senescence is also delayed by an increase in chlorophyll [21].

Different rhizobacterial strains that produce cytokinins as phytohormones include
Halomonas desiderata, Proteus mirabilis, P. vulgaris, Klebsiella pnewmoniae, Bacillus
megaterium, B. cereus, B. subtilis, and Escherichia coli [45].

The loss of cytokinins during a drought may actually harm drought-stressed
plants. Inoculating well-watered plants with Bacillus IB-22 efficiently increases
shoot zeatin and its riboside and strengthens dependability, shorter root length and
increased root mass in the inoculated cabbage revealed that the root axes had swollen,
most likely as a result of a post-transcriptional acceleration of ethylene production. It
was also indicated that the majority of cytokinin accumulation occurred in the shoot
rather than the roots [46].

The cytokinin route and auxin function are closely related, and both hormones are
known to regulate the beginning of lateral organs from stem cell niches, a behavior
that is well-described during root development and apical dominance in plants. To
balance cell division and differentiation, auxin and cytokinin work in opposition to
one another. In contrast to cytokinin, which encourages cell differentiation towards
the elongation zone by suppressing polar auxin transport, auxin maintains stem cell
division in the root apical meristem.

5.3 Gibberellins (GA)

Biologically active gibberellins (bioactive GAs) regulate many different aspects
of plant growth and development, such as seed germination, stem lengthening, leaf
enlargement, and the production of flowers and seeds [27]. The four main bioactive
GAs: GA1, GA3, GA4, and GA7.

In plants, terpene synthases (TPSs), cytochrome P450 monooxygenases (P450s),
and 2-oxoglutarate-dependent dioxygenases (20DDs) are necessary for the produc-
tion of bioactive Gibberellins from trans-geranylgeranyl diphosphate (GGDP).
There are multiple possible ways that Gibberellins are metabolically degraded. The
2-hydroxylation reaction, which is catalyzed by a family of 20DDs called Gibberellins
2-oxidases (GA20xs), is the best understood deactivation process. Gibberellins are
created in the embryo and subsequently transferred to the aleurone cells during the
post germinative development of cereal grains. In these cells, —amylase gene expres-
sion is stimulated to facilitate the hydrolysis of endosperm starch [7].

Rhizobium spp enhance nitrogen fixation and also influence in plant hormonal
balance which includes gibberellin metabolism [47]. Mycorrhizal fungi enhance the
nutritional uptake and also plays a role in gibberellin biosynthesis [48]. Bacillus and
Pseudomonas which are plant growth promoting rhizobacteria stimulate the plant
growth and development and also enhance the hormonal signaling pathways which
can indirectly affect gibberellins production and metabolism in plants [49].

5.4 Abscisic acid (ABA)

Abscisic acid (ABA) is a phytohormone which is essential for adapting to stress
conditions like drought and excessive salt. Under water stress, it builds up in plant
cells, encourages stomatal closure in guard cells, and controls the production of
several genes whose by-products may shield vegetative tissues from dehydration
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or excessive osmotic pressure. Furthermore, abscisic acid is crucial for numerous
developmental phases, including seed maturation and dormancy [8].

Abscisic acid has the ability to modify the biosynthesis of ethylene and auxin, it
also influences in related gene expression which altogether regulates fruit ripening in
climacteric species [28].

The hormone may slow (late effect in immature fruit) or hasten (early effect in
more mature fruit) ripening depending on fruit developmental stage and, conse-
quently, on flesh texture and physiological status, as shown by repression or enhance-
ment of ethylene-, cell wall-, and auxin-related ripening induced gene expression,
respectively. By influencing ethylene biosynthesis at a certain developmental stage,
which affects metabolic and signaling cross-talk, abscisic acid may either weaken or
augment ethylene/auxin action [50].

5.5 Brassinosteroids (BRs)

Brassinosteroids (BRs) are plant-specific steroidal hormones that play a variety
of roles in monitoring a wide range of plant growth and developmental processes,
including seed germination, cell elongation, cell division, senescence, vascular
differentiation, reproduction, root development, sex differentiation, seedling gra-
vitropism, fruit ripening and photomorphogenesis and also responding to various
biotics and abiotic stresses [51]. They are distinguished by their polyhydroxylated
sterol structure. Catharanthus voseus cell lines in culture were originally used to
unravel the biosynthesis routes of Brassinosteroids. Bioactive brassinosteroids, such
as brassinolide, bind to an island domain of the BRI1 receptor kinase, which is located
on the plasma membrane, to initiate BR signaling. The synthetic auxin 2, 4-dichloro-
phenoxyacetic acid (2,4-D) greatly enhanced DWF4 expression, notably in the root
tips, according to physiological tests utilizing a DWF4pro: GUS transgenic line. Auxin
induces DWF4 expression, which in turn raises the number of brassinosteroids via the
auxin signaling pathway. DWF4 is a crucial flux-determining enzyme that regulates
the endogenous level of Brassinosteroids [52].

Studies showed that the BR biosynthesis route is a triterpenoid pathway after
extensive research. The triterpenoid process uses evalonic acid as a precursor. It is
compressed and changed into 2,3-oxidosqualene, which then goes through further
modifications to create important plant sterols including sitosterols and campester-
ols. In order to create brassinolide (BL), the most active form of BR, campesterol is
transformed to campestenal [53, 54].

The main receptor, BRI1, has a widespread expression pattern, whereas the
expression of its two homologs only affects the vasculature and has a more restricted
impact on growth. High BR activity promotes SAM cell differentiation and prolifera-
tion, which can be induced outside the border zone [55].

A complicated interaction between BRs and GA has been suggested as the cause
of BRs’ opposing influence on cell elongation in the leaf sheath in rice. By increasing
GA production, physiological levels of BRs cause cell elongation in the leaf sheath.
High BR concentrations, on the other hand, prevent cell elongation by inducing GA
catabolism when administered exogenously to the leaf sheath [56].

5.6 Jasmonic acid (JA) and ethylene (ET)

Plant defense responses against a variety of diseases, pests, and abiotic stressors
such wounding and exposure to ozone are known to be significantly regulated by
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three phytohormones, SA, JA, and ET. When plants are exposed to pathogens,
their salicylic acid levels rise, and exogenous applications lead to the activation

of genes associated with pathogenesis (PR) and improved resistance to a wide
variety of infections. The defensive signaling network that the plant activates and
uses depends on the kind of pathogen and its mechanism of pathogenicity. JA and
ET are often involved with defense against necrotrophic diseases and herbivorous
insects. JAs are also engaged in a variety of processes, including fruit ripening, leaf
senescence, stomatal opening, tendril coiling, root development, tuber formation,
and tendril coiling. Coronatine insensitive 1 (COI1), jasmonate resistant 1 (JAR1),
and Jasmonate insensitive 1/MYC2 (JIN1/MYC2) are the three primary JA-signaling
components [29].

6. Microbes associated in production of phytohormones

Microorganisms in plants do multi-function and these are well known as plant
growth-promoting rhizobacteria (PGPR), which is a synonym for PGRs, to describe
helpful, free-living bacteria that colonize roots. The term “PGPR” refers to any
bacteria that live in plant roots and impact plant growth favorably through a variety of
methods, including direct influences like enhanced nutrient absorption and indirect
influences like disease suppression (biocontrol). Bacteria from the genera Azotobacter,

Azospivillum, Klebsiella, Bacillus, Pseudomonas, Arthrobacter, Enterobacter, and
Serratia are included in the well-known PGPR (Table 2) [67].

Diazotrophic bacteria are also members of the PGPR due to their capacity to trans-
form nitrogen into usable ammonia for plants [68]. Therefore, apart from nitrogen
fixation they also contribute in synthesis of phytohormone. There have been reports

Microbes

Function/mechanism

Azoarcus, Azorhigobium, Azotobacter, Bacillus, Beijerinckia,
Burkholderia, Dechloromonas, Derxia, Geobacter,
Gluconacetobacter, Mesorhizobium, Methylobacterium,
Methylocella, Methylocystis, Methylosinus, Pseudomonas,
Rhizobium, Rhodoblastus, Rhodovulum, Sinorhizobium, and
Xanthobacter.

Present in rhizosphere of the plant which helps
in nitrogen fixation [57]

Azoarcus, Azohydromonas, Azonexus, Azotobacter,
Burkholderia, Dechloromonas, Delftia, Derxia, Methylocystis,
Pelomonas, Sinorhizobium and Xanthobacter.

Present in root of the plant which helps in
nitrogen fixation and distributing the nutrition
to the entire plant [57]

Alcaligenes, Azoarcus, Azotobacter, Dechloromonas,
Methylobacterium, Methylosinus, Paenibacillus, Pseudomonas,
Rhizobium, Rhodoblastus, Sinorhizobium, and Xanthobacter.

Present in shoot region of the plant and help
in distributing the nutrient and absorbing the
essential components [57]

Rheinheimera sp. J3-AN42

It is isolated from younger lateral roots. VFR5-3
(vegetative state of soil fertilized with N roots)
has the ability to fix nitrogen and produce IAA
and moderately produce cellulase and pectinase
[58].

Burkholderia vietnamiensis

They show increased N-fixing as its marked
with GUS gene and higher IAA production [59]

Corynebacterium sp

Produced the highest IAA in presences of
tryptophan, among the isolates from seven
types of rice soils [60]
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Microbes Function/mechanism

Azospirillum amazonense increased dry matter accumulation of rice
grain, the number of panicles and nitrogen
accumulation at grain maturation [61]

Azospirillum brasilense Increase yield of rice and also promote cell
elongation, root development and tropic
response [62]

Kilebsiella sp. SS2 Increased root length [63]

Lysinibacillus sphaericus They showed highest acetylene reduction
(ARA) activity and significant biocontrol
activity with complete inhibition of sclerotium
germination compared to control and other test
isolates. In the quantitative estimation of GA
endophytic isolate L1 showed the highest value

[64].
Klebsiella pneumoniae and Bacillus ceveus Highest IAA production [64]
Arthrobacter sp. M6 Detected with highest protease activity and
highest IAA production [65]
A.tumefaciens, Klebsiella sp., Ochrobactrum anthropic, Bacteria’s has ability to exhibit catalase activity
P, stutzeri, Pseudomonas sp. and produce ammonia, synthesize IAA

Phosphate solubilizing activity, nitogenase
activity, ACC deminase activity, significant
increase in growth and salt tolerant capacity
compared to positive control [66]

Table 2.
Function/mechanism of the microbes.

of diazotrophs in a number of bacterial genera, including Acetobacter, Azoarcus,
Azospirillum, Azotobacter, Beijerinckia, Burkholderia, Entevobacter, Herbaspirillum,
Klebsiella, Paenibacillus, and Pseudomonas, which may be loosely or more closely
(endophytes) associated with plants [69].

Endophytic diazotrophs can be discovered in the roots, stems, leaves, and even
seeds of plants. Through processes like chemotaxis, biofilm formation, and the
secretion of compounds that stimulate plant growth, they are able to colonize
these tissues. Tropical plants including sugarcane, maize, and rice have been
shown to contain exceptionally high concentrations of endophytic diazotrophs.
They are crucial in these plants for encouraging plant development and improving
soil nitrogen fixation.

Di-nitrogenase and Di-nitrogen reductase, two proteins that work together to
catalyze the conversion of atmospheric nitrogen to ammonia, make up the complex
enzyme system known as nitrogenase. A wide range of diazotrophs are capable of
converting atmospheric nitrogen into a form that may be used by plants and other liv-
ing things. They are essential components of the global nitrogen cycle, supplying the
biosphere with nitrogen and preserving life as we know it [70]. Piriformospora indica
is an endophytic root fungus which stimulate the production of phytohormones.

The mechanism of drought and salt tolerance mediated by fungi in plants involves in
the production of cytokinin and abscisic acid. This fungus also stimulate lateral root
growth and increase root surface area by producing auxin and gibberellin, this helps
the plant to take up more water and minerals during stresses, thereby enhancing the

yield [12].
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Azospirillum, Rhizobium, and Klebsiella species are some of the diazotrophs that
are most frequently utilized as bio-fertilizers. The process of transforming atmo-
spheric nitrogen gas into a form that plants can utilize is known as nitrogen fixation,
and it is promoted by these bacteria’s ability to colonize the roots of plants and
develop symbiotic partnerships. Diazotrophs can boost plant growth and production
in a number of crops, including rice, maize, and wheat, according to studies on their
usage as bio-fertilizers. They have also been demonstrated to increase the sustain-
ability of agricultural practises, increase soil fertility, and decrease environmental
pollution from synthetic fertilizers [38, 71, 72]. These bacteria are carefully studied
to understand their mechanism as diazotrophs and phytohormone synthesizer.
Azospirillum, Rhizobium and Klebsiella are essential in root promotion and increase
IAA production in plants, therefore they contribute in dual benefits.

The most prevalent diazotrophs identified in rice plants are individuals from the
genera Azospirillum, Herbaspivillum, and Burkholderia. It is known that these organ-
isms colonize the roots of rice plants and encourage nitrogen fixation by activating
nitrogenase enzymes [71, 73].

The concentration of the most significant plant hormones generated by
Azospirillum species, such as auxins (IAA), cytokinins (Z), and gibberellins (GA3),
rises during the exponential and/or stationary growth phase. By changing the homeo-
stasis of the phytohormones, co-inoculation with rhizobacteria that produce them
might affect the result of the symbiotic relationship. Researchers have focused on this
genus to create particular strains as inoculants for use in agriculture since Azospirillum
sp. has beneficial impacts on the development of various plant species [74-77].

An experiment was conducted on the availability of tryptophan as precursors in
which IAA concentration produced by Azospirillum was monitored. The amount of IAA
generated is significantly influenced by the pH of the culture medium. After the carbon
source in the medium used for batch culture has been depleted, the stationary phase
of the bacterium cells controls the release of huge quantities of IAA by Azospirillum
spp. cultures [78]. Several PGPR have the ability to enhance the plant development,
heavy metal stress such as Arsenic (As) adversely affects certain cascade pathways and
phytohormonal signaling stimulations [79]. An experiment was conducted on wheat
and sunflower plant to examine the arsenic toxicity level. The results conclude, plants
produced more biomass when Bradyrhizobium japonicum CB1809, was present in the
medium which was also quite tolerant of various arsenic concentration [80].

1-aminocyclopropane-1-carboxylate (ACC) deaminase-producing rhizobacteria
that promote plant growth help plants grow and develop by lowering ethylene levels,
increasing salt tolerance, and lessening drought stress. A large number of rhizobacteria
consume the ethylene precursor ACC and transform it into 2-oxobutanoate and NH3.
Plant roots elongate, shoot development is encouraged, rhizobia nodulation and N, P,
and K intake are improved, and mycorrhizal colonization occurs in a variety of crops as
aresult of seed/root inoculation with ACC deaminase-producing rhizobacteria [81-83].

Thus, bacteria are the most crucial component which play multiple function in
plant’s growth and development. Azospirillum is the most widely studied organism
concerning nitrogen fixation and phytohormone production such as auxin. There are
several such organism which play multi-function in plant which are described in Table-
2. Microorganisms are equally important in plant, research has proven they functions
as biofertilizers, biopesticides, natural decomposers, nitrogen fixation bacteria, plant
growth promotors and many more [84]. Genetic engineering is an operation tool to
enhance the mechanism of these microbes to produce the desirable products [85].
Therefore, their great potential for the application field of agriculture and biotechnology.
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7. Application of phytohormones
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* Plant Growth Regulation: Phytohormones are used as plant growth regulators

(PGRs) to manipulate plant growth and development. They can control plant
height, enhance branching, promote flowering, regulate fruit development, and
improve overall plant architecture [86].

Seed Treatment and Germination: Phytohormones are applied to seeds to
enhance germination rates, overcome dormancy, and promote uniform seedling
emergence. This is particularly useful for improving the establishment of crops
with low germination rates or challenging environmental conditions.

Fruit Ripening and Shelf-Life Extension: Phytohormones, such as ethylene, are
involved in fruit ripening and senescence. By regulating ethylene levels using
inhibitors or ethylene-releasing compounds, the post-harvest shelf life of fruits
can be extended, reducing spoilage and maintaining product quality.

Flowering Induction: Phytohormones can be used to induce flowering in certain
crops. By applying specific hormones at the appropriate stage, flowering can be
promoted, leading to synchronized and increased flower production.

Crop Yield Improvement: Phytohormones play a crucial role in optimizing crop
yields. By understanding the hormonal regulation of plant growth and develop-
ment, farmers can apply phytohormones strategically to maximize productivity
and improve crop quality [39].

Stress Tolerance: Phytohormones, such as abscisic acid (ABA), play a role in

plant responses to various stresses, including drought, salinity, and temperature
extremes. By applying ABA or other stress-related hormones, plants can exhibit
improved tolerance and resilience in challenging environmental conditions [37].

Plant Tissue Culture: Phytohormones are essential in plant tissue culture tech-
niques for in vitro propagation and regeneration of plants. They stimulate cell
division, callus formation, and differentiation, allowing for the production of
large numbers of uniform plantlets [87].

Weed and Pest Control: Phytohormones can be used as part of integrated pest
management strategies to control weeds and pests. By manipulating hormone
levels, it is possible to disrupt their growth and reproductive processes, offering
an alternative approach to chemical pesticides [39].

Root Development and Nutrient Uptake: Phytohormones, particularly auxins,
play a crucial role in root development and nutrient uptake. By applying auxins,
root growth can be stimulated, leading to enhanced nutrient absorption and
overall plant vigor [39].

Environmental Stimulation: Phytohormones can be applied to induce specific
responses in plants, such as stimulating bud break, promoting lateral shoot
development, or enhancing rooting. These applications are commonly used in
horticulture and landscaping practices [86].
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8. Conclusion

Phytohormones regulate the physiological processes in plants. Their ability to
influence plant growth, development and responses to environment stimuli. The use of
phytohormones which is synthesized by microbes holds higher application in research
field. The regulatory power of phytohormones can optimize the plant growth, improve
yields, overcome challenges and ensure sustainable and efficient crop production.
Auxin, Cytokinin and Gibberellin are used as the plant growth regulator as it helps in
enhancing the plant height, widening of branch, promote flowering and also regulate
fruits development. It has also been found that it promotes seed treatment and germina-
tion which is most challenging environmental conditions. Phytohormones are naturally
produced by plants but in low concentration. To enhance the plant growth regulator
certain artificially synthesized plant-hormones are supplemented which in-turn affects
the plant in long-term. The pilot study of nitrogen fixing bacteria in several commer-
cially important crops has helped us to expand the study on phytohormone producing
bacteria. The plant-growth promoting bacteria plays dual benefit for the plants which
not only help in nitrogen fixation but also helps in producing phytohormones.

Agrobacterium, Pseudomonas, Enterobacter cloacae and Azospirillum brasilense
stimulate in auxin production. Halomonas desiderata, Proteus mirabilis, P. vulgaris,
Klebsiella pnewmoniae, Bacillus megaterium, B. ceveus, B. subtilis, and Escherichia
coli influence in cytokinin production while Bacillus, Pseudomonas and Mycorrhizal
fungi enhance the nutritional uptake and also plays a role in gibberellin biosynthe-
sis. Nevertheless, Azospirillum is well studied in the production of auxini.e., IAA
productions. There are similar microorganisms which play multiple function in plant
growth and development whose mechanism is yet to be discovered.

Genetic Engineering in modification of the microorganism to enhance the yield
and productivity has contributed with respect to application in agricultural and
biotechnology field. Therefore, these advanced approaches improve resources effi-
ciency, minimizes environmental impacts and maximizes crop yield and quality. This
benefits the farmers and society to increase the economic production.
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Chapter 5

Phytohormones and Biomolecules
Produced by Trichoderma Strains
as Eco-Friendly Alternative for
Stimulation of Plant Growth

Abdenaceur Reghmit

Abstract

The increase in agricultural food demand during the last years has caused the expan-
sion of cultivated areas. As a result, more chemical fertilizers are used in agriculture
to fulfill the demand of the increasing population worldwide. Pesticides and chemical
fertilizers are not recommended because they lead to environmental pollution, the
development of resistant pests, and cause serious health problems. Thus, the reduction in
the use of synthetic products is highly reccommended. In this regard, alternative strate-
gies for sustainable agriculture should be implemented. One of these strategies is the use
of biofertilizers, specifically biofertilizer fungi that are widely applied in agriculture.
Trichoderma seems to be the best candidate for use in green technologies due to its wide
biofertilization and biostimulatory potential. Most Trichoderma species increase nutrient
availability and uptake in plants. They are considered as plant growth-promoting fungi
(PGPF). This genus colonizes the root systems of plants and promotes their growth. It
can increase nutrient availability and uptake in plants by fixing nitrogen and solubilizing
phosphorus. Moreover, they help plants tolerate environmental stresses such as drought,
salinity, and stimulate plant growth due to their capacity to produce phytohormones such
as indole-3-acetic acid (IAA) and gibberellins (GAs). Phytohormones play an important
role in agriculture; they enhance plant growth through several processes.

Keywords: Trichoderma spp., biofertilizer, pesticides, phytohormones, green
technologies

1. Introduction

Food security and intensive crop production have led to increased use of chemical
fertilizers in agriculture [1, 2]. The use of chemical fertilizers has negative effects
on the environment, soil microbiomes, terrestrial and aquatic ecosystems, as well as
human and animal health [3]. Furthermore, the application of chemical pesticides in
agriculture increases the resistance of microorganisms to pesticides and contaminates
soil and groundwater [4, 5]. Thus, alternative measures should be taken instead
of using synthetic chemicals. Plant growth-promoting microbes offer promising
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strategies to enhance plant growth [6-8]. Numerous researchers have studied the
functions of plant growth-promoting fungi (PGPF). Many Trichoderma strains are
capable of producing compounds as growth regulators that stimulate plant growth
through several processes [9]. The effectiveness of Trichoderma species in agriculture
is related to their metabolic activity and their type of interaction with plants and
other microorganisms. They colonize the root systems of plants and promote their
growth. Trichoderma species can increase nutrient availability and uptake in plants
by fixing nitrogen, mineralizing organic matter, and producing several biomolecules
and phytohormones [10, 11]. Phytohormones play an important role in agricul-

ture [12]. They are synthesized by many rhizosphere microorganisms, including
Trichoderma spp. They can enhance plant growth through several processes, such as
modifying the physiological functions of plants to accelerate their growth by inten-
sive cell division in callus tissue, promoting phloem development, enhancing lateral
root development, stimulating plant growth, and preventing leaf aging by slowing
down the breakdown of chlorophyll pigments in plants, as well as improving metabo-
lism [13-15]. Other beneficial effects of Trichoderma are related to the stimulation

of root development due to their ability to increase the solubilization of insoluble
forms of phosphorus (P) in the soil, as well as acting as P-mobilizing microorgan-
isms for plants [16]. Thus, the utilization of effective plant growth-promoting fungi
to enhance crop production represents an eco-friendly alternative for sustainable
crop production [17]. This review highlights the benefits of Trichoderma species

for sustainable crop production providing a sustainable alternative to agrochemical
products. Besides, this review provides environment friendly approach by exploring
effective Trichoderma species with beneficial effects such as nutrient uptake, nitrogen
fixation, siderophore and phytohormone production as well as phosphorus solubiliz-
ing. Therefore, these effective strains could be applied in crops production to increase
their productivity.

2. Trichoderma as a biofertilizer
2.1 Characteristics of the Trichoderma spp.

Trichoderma genus is a group of filamentous fungi classified as anamorphic
Hypocreales. Many strains are widespread around the world, typically colonizing
rotting wood and other forms of organic plant matter [18]. They inhabit various
ecological niches, including farmland, salt marshes, forests, and deserts in all
climatic zones, encompassing temperate and tropical regions, Antarctica, and the
tundra [3, 19]. Trichoderma genus is recognized as a cosmopolitan group of sap-
rotrophic fungi, often existing as endophytes in woody plants [19]. Furthermore,
Trichoderma strains produce diffusible pigments that can range from greenish-
yellow to reddish tinges, and colorless strains may also be available. Conidia can
exhibit different hues, ranging from dull to various shades of green or brown [20].
Microscopic identification criteria for Trichoderma are as follows: septate and trans-
lucent hyphae; conidiophores are short, translucent, and branched, often giving a
pyramidal appearance, not verticillate; phialides are attached at right angles to the
conidiophores. Spores produced are translucent and ovoid in shape, borne in small
terminal clusters at the tips of phialides. Some species can produce globose chla-
mydospores, which are intercalary or terminal. These chlamydospores are usually
unicellular [21] (Figure1).
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Figure 1.
Macroscopic and microscopic appearance of colonies representing phenotypic groups of Trichoderma isolated
from rhizosphere of olive trees: (A): T. koninji, (B): T. aureoviride [22].

2.2 Plant growth-promoting properties of Trichoderma

Trichoderma species are often associated with the rhizosphere of host plants. They
are typically known as symbiotic and saprotrophic fungi that invade the roots and
stimulate plant growth through several mechanisms [23]. They exhibit beneficial effects
on plants, such as promoting their growth, elongating lateral root growth, enhancing
seed germination, as well as increasing photosynthesis efficiency, flowering, and yield
quality [24]. The synthesis of phytohormones and phytoregulators is the most impor-
tant stimulating factor at almost all stages of plant growth and development [12, 25].

2.3 Competition and plant root colonization

Rapid growth of Trichoderma strains makes them competitive candidates for space
and nutrients because the growth of antagonistic microorganisms will be restricted,
especially when nutrients become a limiting factor [26]. Importantly, Trichoderma
can also colonize space by producing chelators such as siderophores, which increase
the absorption and concentration of certain nutrients (copper, iron, phosphorus,
manganese, and sodium). As a result, iron becomes less available for pathogens.
Therefore, competition in the soil between microorganisms is considered an indirect
mechanism for stimulating plant growth [27]. Trichoderma plays a role in stimulat-
ing plant growth by reducing oxidative stress. Additionally, studies conducted by
[28] showed the role of siderophores produced by Trichoderma asperellum T34 in
controlling Fusarium oxysporum, resulting in a reduction in tomato infestation and
stimulation of root plant growth. Moreover, Trichoderma species can colonize the
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root surfaces of olive trees, leading to changes in metabolism. It has been previously
reported that these fungi can invade olive roots [22]. Furthermore, the interaction
between plants and Trichoderma offers a valuable source of nutrients released into
root exudates for the benefit of Trichoderma [29, 30].

2.4 Phytohormones as inducers of systemic resistance

The recognition between the plant and Trichoderma leads to the synthesis of
phytoalexins (fungitoxic molecules) [31, 32]. Phytohormones contribute to the
regulation of complex and interrelated plant immune signaling pathways, providing
arapid defense response and adaptation to various environmental conditions [33].
Trichoderma species are capable of eliciting plant defense mechanisms through the
synthesis of the enzyme ACC deaminase (1-aminocyclopropane-1-carboxylate)
and indole-3-acetic acid. The biosynthesis of ethylene increases in response to ACC
deaminase. In fact, plant development and defense systems are interconnected
through a network of hormonal signaling pathways [34, 35].

2.5 The synthesis of phytohormones and metabolites influencing the
phytohormonal balance

Phytohormones produced by fungi play crucial roles in agriculture, with a grow-
ing interest in their industrial production [36]. Many Trichoderma species are able to
produce phytoregulators and phytohormones such as auxin and gibberellin, including
the enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, which regu-
lates the ethylene biosynthetic pathway [33, 37]. The enhancement of rhizosphere and
root colonization by Trichoderma occurs through the synthesis of indole-3-acetic acid
[38]. Moreover, Trichoderma species isolated from the rhizosphere soil of olive trees
were able to produce a complex of growth hormones, IAA and gibberellin [39].

2.5.1 Production of auxin phytohormone indole-3-acetic acid

Several strains of Trichoderma are capable of producing auxin phytohormones,
including IAA, which can enhance plant growth through various processes [40].
IAA regulates plant development; this phytohormone is responsible for the division,
extension, and differentiation of plant cells and tissues. IAA stimulates seed and tuber
germination, increases the rate of xylem and root formation, and controls processes of
vegetative growth, tropism, fluorescence, and fructification of plants. It affects photo-
synthesis, pigment formation, resistance to stress factors, and the biosynthesis of various
metabolites [41, 42]. The production of IAA usually depends on the presence of its
precursor, L-tryptophan. This production is influenced by abiotic factors such as temper-
ature and pH [12, 43]. IAA at low concentrations stimulates root elongation, while high
concentrations are responsible for the proper formation of lateral and adventitious roots
[12]. Moreover, several in planta studies have reported that Trichoderma species affect
and increase plant growth in various crops such as olive [39], tomato [44], sorghum [45],
bean [46], and wheat [47], due to the action of IAA produced by Trichoderma.

2.5.2 The production of gibberellin phytohormones

Gibberellins (GAs) are phytohormones that can enhance plant growth through
seed germination, flowering, stem extension, aging, and stimulation of hydrolytic
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enzyme formation in germinating cereal grains [48, 49]. These properties are
responsible for the extensive application of GAs in agriculture to improve the
quality of agricultural and horticultural crops [50]. Several scientific reports have
revealed the ability of numerous Trichoderma species to synthesize GAs [12, 51,
52]. After the inoculation of T. koningiopsis isolates, tomato growth was signifi-
cantly improved, suggesting that GAs affect tomato growth [51]. Moreover, the
production of GA by Trichoderma strains isolated from the rhizosphere of olive
trees was confirmed previously [39]. Furthermore, the accumulation of GA3 pro-
duced by T. hargianum in combination with IAA was found to increase the plant
growth-promoting effect [52].

2.5.3 The production of the ACC-deaminase engyme

Trichoderma species are able to produce the enzyme 1-aminocyclopropane-1-
carboxylate-deaminase (ACC deaminase), which is involved in promoting plant
growth. This enzyme reduces the levels of ethylene (ET) in plants by cleaving the ET
precursor ACC into ketobutyrate and ammonia [53]. The ACC deaminase enzyme
affects the levels of ethylene (ET) when Trichoderma interacts with the plant roots
[54]. This phytohormone (ET) affects the regulation of various physiological
processes, in part through complex interactions with other phytohormones [55].
However, high levels of ET can inhibit root elongation and cause plant death [56,

57]. Several species of Trichoderma fungi have a considerable ability to produce ACC
deaminase [12, 58, 59]. T. asperellum T203 produces ACC deaminase that regulates the
endogenous ACC level and stimulates root elongation [34], enhancing plant tolerance
to abiotic stress. Besides, ACC deaminase is able to modify the plant physiological
functions and growth, enhancing plant tolerance to salinity stress [60].

2.6 Enhancement bioavailability and nutrient solubilization

Trichoderma plays an important role in enhancing plant growth by provid-
ing nutrient availability (phosphates, Fe3+, Cu2+, Mn4+, ZnO) and offering the
necessary elements to the plant, mainly nitrogen, potassium, phosphorus, and
microelements [61-63]. Phosphorus is an important element present in the soil with
limited bioavailability to plants. It can be found in two forms: organic phosphorus
and inorganic phosphorus, which is usually combined with calcium, aluminum, or
manganese [64, 65]. Phosphorus solubilization in the soil is influenced by several
factors such as microbial activity, pH, soil type, and organic matter availability [66].
The application of Trichoderma strains in the soil has been experimentally demon-
strated to increase inorganic phosphate solubilization due to extracellular phytase
activity [67] and the acidification of the soil environment through the production
of acetic, butyric, citric, and fumaric acids [68]. Trichoderma spp. competes for
the limited available phosphorus through various processes, such as solubilization,
precipitation, absorption, and desorption. Inorganic phosphate and organic phos-
phorus can be mineralized through enzymatic action [66]. In previous studies, [69]
reported that Trichoderma atroviride LBM 112 and T. stilbohypoxyli LBM 120 revealed
positive results for phosphate solubilization with the formation of a halo-zone on
the solid medium containing an insoluble inorganic phosphorus source. In addition,
Trichoderma hargianum T11 (OL587563) isolated from the rhizosphere soil of olive
trees has several plant growth-promoting traits, such as phosphate-solubilizing
ability and the production of siderophores [39]. Furthermore, the T. asperellum CHF
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78 strain showed increased nutrient uptake (P, K, Mg, and Zn) by tomato plants after
pre-inoculation [70].

2.7 Nitrification and nitrogen fixation

Trichoderma species are among the beneficial rhizosphere microorganisms that are
sustainably used for plant growth [71, 72]. The nitrogen fixation processes have sig-
nificant ecological importance in various ecosystems, including those of agricultural
interest. Trichoderma sp. is one of the important fungi that can colonize and solubilize
various nutrients such as N, Zn, Fe, Cu, and Mn in soils [73]. Nitrogen fixation by
microorganisms plays a key role in promoting plant growth. It has been suggested
that the promotion effect on plant growth might be mediated by providing nitro-
gen through biological nitrogen fixation [74, 75]. The production of ammonia and
nitrogen-fixing ability by Trichoderma strains is reported in previous findings. It has
reported that ammonia is useful for plants. Ammonia production by the Trichoderma
isolates may influence plant growth indirectly. ACC synthesized in plant tissues by
ACC synthase is released from plant roots and taken up by neighboring microorgan-
isms. Then, Trichoderma may hydrolyze 1-aminocyclopropane-1-carboxylic acid to
ammonia [76]. Trichoderma hargianum T22 revealed nitrogen utilization efficiency
in maize. Besides, it has been reported that Trichoderma species isolated from rhi-
zosphere soil of olive were able to produce ammonia [39]. Furthermore, a previous
study showed that among 20 Trichoderma spp. isolated from chili rhizosphere, 13
isolates were able to produce ammonia [77]. Due to the wide range of effects on plant
growth and yields, Trichoderma applications have been widely extended over chemi-
cal fertilizers in the agriculture sector [78] (Figure 2 and Table1).

PGPF for olive crop

Ammonia

production | HCN production

Nitrogen fixation Siderophores

production
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Lytic enzymes
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= e ‘
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Figure 2.
Schematic description of the main mechanisms used by plant growth-promoting fungi to enhance crop
production [39].
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Compound Strain Crops Application Beneficial References
mode outcome
Biofertilizer T asperellum T42 Tomato Seed Improves nutrient [79]
treatment uptake (enhance
nitrogen utilization
efficiency, increase
Phosphorus uptake
T harzianum Most Compost Improves the [80]
crops rate of Residue
decomposition
resulting in greater
availability of soil
nutrients
T asperellum strain Maize On soil as Increased yields [81]
GDFS1009 granules
Trichoderma Lettuce Simple Increases [82]
azevedoi exposure carotenoids and
chlorophyll with
reduction in the
white mold attack
to about 78.83%
Trichoderma Tomato Seed Helpsin the [83]
afroharzianum inoculation secretion of
or treatment Phytohormones
like homeostasis,
antioxidant
activity,
phenylpropanoid
biosynthesis
and glutathione
metabolism
Trichoderma Chinese Irrigation Increases soil [84]
harzianum, cabbage enzyme activity,
Trichoderma yield by 37%,
asperellum, and increases the
Trichoderma concentration of
hamatum, inorganic nitrogen
Trichoderma and
atroviride phosphorus
content of the soil
Trichoderma Tomato Seedling Improved growth [44]
brevicompactum, drenching and yield due to
Trichoderma the production of
gamsii, T indole-3 acetic acid
hargianum
T harzianum, T. Tomato Seed Improves [85]
aspervellum treatment phosphorus uptake
T. brevicompactm, Tomato Seed Improves [44]
T gamsii, T drenching phosphorus
harzianum solubilization
Table 1.

Trichoderma sp. as bio-fertilizers for sustainable crop production.
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3. Conclusion

This review elucidates the ability of Trichoderma to be used as an efficient biofer-
tilizer in agriculture. It has shown various mechanisms of providing the crop with
biomolecules that can enhance plant growth by increasing nutrient availability, pro-
ducing plant growth hormones such as indole-3-acetic acid and gibberellin, as well as
enzymes including phosphatases and 1-aminocyclopropane-1-carboxylic acid (ACC)
deaminase. Hence, it has various mechanisms to enhance plant growth, giving it an
advantage compared to other fungi. Thus, the increased use of Trichoderma spp. as
commercial biofertilizer offers promising prospects for sustainable and environmen-
tally friendly agriculture. These eco-friendly alternatives can substitute the excessive
use of chemical products that can cause long-term problems. These strains have
sufficient potential to warrant assessing their practical applications in the real field.
However, more studies need to be conducted to elucidate the development of sustain-
able biotechnological applications of Trichoderma species in the soil-plant system.
Future research should be conducted on developing new strains that are more effec-
tive at promoting plant growth and elucidating the molecular mechanisms through
which these effective strains interact with plants. In addition, the use of genetic
engineering could provide cultivars more resistant to abiotic and biotic stresses, such
as drought and salinity. This could contribute to establishing more sustainable crop
varieties that can support changing environmental conditions. Besides, synergetic
interactions and the influence of abiotic factors such as extreme pH, soil salinity,
drought, and temperature fluctuations should be studied to determine the optimal
growth values.
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