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Preface

Many plant hormones have been discovered since Charles and Francis Darwin 
initially proposed auxin activity. Their functions in the modulation of many 
aspects of plant growth and development (e.g., seed dormancy, seed germination, 
plant growth, flowering, fruit ripening, etc.) have been extensively studied 
since then. Plant hormones nowadays include auxins, cytokinins, gibberellins, 
ethylene, and abscisic acid, as well as jasmonates, salicylic acid, brassinosteroids, 
and strigolactones, which are essential compounds with hormone-like actions 
in plants. These small signaling molecules not only regulate developmental and 
growth activities throughout the plant life cycle, but they also initiate adaptive 
responses in response to external stimuli like biotic and/or abiotic stresses. 
Each of these plant hormones has a distinct function, yet they interact with one 
another in complex crosstalk, either antagonistically or synergistically. While 
auxins, cytokinins, gibberellins, brassinosteroids, and strigolactones have been 
identified as the key developmental growth-controlling plant hormones, stress 
regulation is commonly linked to abscisic acid, ethylene, jasmonates, and salicylic 
acid. In the recent decade, significant new insights into their actions during plant 
growth and development have been revealed. Plant hormones are also attractive 
candidates for modulating abiotic and biotic stresses. They are also useful for a 
variety of biotechnological applications. This book discusses recent advances, 
new perspectives, and applications of plant hormones. It is a useful resource for 
academics, scientists, students, and industry professionals.

Christophe Hano
Department of Biochemistry,

University of Orléans,
Orléans, France
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Chapter 1

Auxins-Interkingdom Signaling 
Molecules
Aqsa Tariq and Ambreen Ahmed

Abstract

Phytohormones play a fundamental role in the development of plants. Among 
various phytohormones produced by the plants, Auxins act as a master hormone 
that plays a major role during plant development and differentiation through cell 
division. Besides plants, many rhizospheric microorganisms are also capable of 
producing auxins specifically indole-3-acetic acid (IAA), that act as signaling 
molecules for the regulation of gene expressions in plants. However, bacterial IAA 
is majorly linked with the modulation of plant roots architecture and developing 
positive plant-microbe interactions. Bacterial auxin modifies root morphology by 
enhancing root length, forming adventitious root and root hair, thereby, increasing 
surface area for water and nutrient absorption affecting various aspects of plant 
biology in a number of ways. Bacteria mostly utilize tryptophan, present in plant 
root exudates, to synthesize IAA that eventually helps bacteria to colonize roots 
by establishing beneficial associations with plant roots. Auxins also stimulate the 
formation of exopolysaccharides and biofilms that help bacterial root colonization. 
Auxins have given the survival benefit to rhizobacteria that make them more com-
petent to establish symbiotic interaction with plants. Synergistic and antagonistic 
interactions of auxins (both interkingdom and Intrakingdom) with other phytohor-
mones play a key role in plant development and growth improvement.

Keywords: Auxins, bacterial IAA, phytostimulation, Indole-3-acetamide, 
Tryptophan

1. Introduction

Auxins are mainly synthesized in meristematic tissues and transported to other 
plant parts. Auxins play a critical role in controlling various processes during growth 
and development across variable environmental conditions, even at lower concen-
trations, these can modulate gene expression by interacting with specific proteins 
involved in the transcription process [1]. The plant rhizosphere is enriched with a 
diversity of microflora that directly contributes to their growth. The rhizosphere 
microbiota has the ability to produce phytohormones as a signaling molecule for 
inter and intraspecies communications. The synthesis and release of auxins establish 
a mutualistic or morbific link between organisms. Indole-3-acetic acid (IAA) is a 
widely produced rhizobacterial signaling phytohormone. Primarily, auxin controls 
various physiological processes, such as cell division, elongation, phototactic, and 
geotactic responses, in plants [2]. Thus, in nature, plants are receiving endogenous 
and exogenous signals simultaneously influencing their developmental patterns. 
Endogenous auxin can either be free (active auxin) or act as storage intermediates 
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as conjugated compounds with amino acids and sugars [3]. Since higher auxin levels 
cause inhibitory effects, therefore, homeostasis and coordination of auxin signaling 
within plants and their surroundings are necessary for their regular growth and 
development. Endogenous auxin levels suggest the type of interactions between 
plant and rhizobacteria. Generally, three possible plant-bacterial IAA associations 
have been stated so far, first, due to direct transfer of bacterial IAA genes into host 
cell; second, due to bacteria living and releasing IAA within plant tissues and lastly, 
due to bacteria colonizing plant surfaces and producing IAA [4]. The first two asso-
ciations usually result from pathogenic interactions. The knowledge of deciphering 
these signals and their outcomes is critical for the development of strategies for sus-
tainable agricultural practices. Thus, the present chapter highlights the significant 
role of bacterial IAA as a potent microbial signaling molecule regarding beneficial 
plant-rhizobacterial interactions which are important for ecological resilience and 
sustainability.

2. Biosynthetic pathways of auxins

Conferring to key intermediate compounds, five different pathways for 
IAA synthesis have been reported in bacteria using tryptophan precursors [5]. 
Rhizobacteria use tryptophane either from plant root exudates or synthesize 
through chorismate precursor using trp gene by shikimate pathway [6, 7]. Rhizobia 
are an example of rhizobacteria that utilize host tryptophan for IAA synthesis 
[8]. Zhang et al. [9] analyzed 7282 prokaryotic genomes and revealed that 82.2% 
were efficient IAA producers from tryptophan precursors. However, Brown and 
Burlingham [10] observed a low amount of auxin in bacterial cultures without 
tryptophan indicating the fact that bacteria might have the ability to synthesize 
auxin without using tryptophan [11, 12]. Later, this was confirmed by the studies 
of Prinsen et al. [13] who reported the ability of IAA production by Azospirillum 
brasilense following tryptophan-independent pathway. However, there is a lack 
of information regarding genes, enzymes, or proteins involved. Recently, Li et al. 
[14] and Ahmad et al. [15] have also reported IAA biosynthesis in the absence of 
an exogenous tryptophan supply in Arthrobacter pascens ZZ21 and Micrococcus 
aloeverae DCB-20, respectively, however, no genetic evidence has been provided so 
far. Moreover, more than one auxin biosynthetic pathway functions within plants 
and bacteria together [9, 14].

In vitro production of IAA was observed to be highly influenced by bacterial 
growth conditions and the presence of tryptophan [16–18]. Higher auxin produc-
tion by bacterial strains has been observed under increasing tryptophan concentra-
tions [19]. Moreover, the genetic elements involved in the regulation of bacterial 
IAA have been demonstrated in A. brasilense. The key gene involved in this process 
is ipdC gene. Moreover, increased expression of ipdC gene was observed under 
increasing IAA levels indicating the involvement of auxin signaling in regulating its 
biosynthesis, a positive-feedback regulation. In silico analysis revealed that RpoN 
binding site is responsible for regulating the expression of ipdC gene [20]. Various 
transcriptional factors influencing ipdC gene expression have been identified in 
different bacterial species. Patten and Glick [21] described RpoS to regulate ipdC 
transcription in Pseudomonas putida and P. agglomerans, respectively. Similarly, 
GacS/GacA system has been identified in Pseudomonas chlororaphis as a negative 
regulator of tryptophan-dependent routes of IAA production [22]. Ryu and Patten 
[23] identified TyrR protein to regulate the induction of ipdC gene expression in 
Enterobacter cloacae in response to tryptophan. A high similarity of various auxin 
synthetic pathways has been observed between plants and bacteria with slightly 
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different intermediate products. An overview of various auxin biosynthetic path-
ways has been given below:

Indole-3-acetamide (IAM) pathway: It involves two steps, conversion of tryp-
tophan to Indole-3-acetamide by tryptophan-2-monooxygenase followed by con-
version to IAA by IAM hydrolase [4]. The phytopathogens, such as Agrobacterium 
tumefaciens, Pantoea agglomerans, and Pseudomonas syringae, and some plant growth-
promoting rhizobacterial (PGPR) genera, such as Rhizobium and Bradyrhizobium, 
have exhibited this pathway [7, 24].

Indole-3-pyruvic acid (IPyA) pathway: It involves three steps, first formation  
of Indole-3-pyruvic acid by aminotransferase occurs followed by decarboxylation into 
indole-3-acetaldehyde which is finally oxidized into IAA (Figure 1). The key enzyme in 
this pathway is identified as indole-3-pyruvate decarboxylase (encoded by ipdC gene) 
[4]. This pathway is present in a broad range of bacterial species from phytopathogenic 
bacteria (P. agglomerans) to PGPR (Pseudomonas, Azospirillum, Enterobacter, Bacillus, 
Paenibacillus, Bradyrhizobium, and Rhizobium) and even in cyanobacteria [7, 25].

Tryptamine (TAM) pathway: It involves decarboxylation of tryptophan to 
tryptamine which is then converted into indole-3-acetaldehyde by amine oxidase 

Figure 1. 
Various tryptophan-dependent and -independent pathways for auxin (IAA) synthesis. Red lines indicate 
the tryptophan-independent pathway of IAA synthesis. Black lines show tryptophan-dependent pathways. 
Chorismate is the precursor of both mechanisms. [A- trans - aminotransferase; Trp dec - tryptophan 
decarboxylase; Am oxi - amine-oxidase; IPDC - Indole-3-pyruvate decarboxylase; IAM-hyd - Indole-3-
acetamide hydrolase; Nitril - Nitrilase; IAAid dehyd – Indole-3-acetaldehyde dehydrogenase].
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followed by its oxidation to IAA [4]. This has been reported in Bacillus cereus and 
Azospirillum [7, 24].

Indole-3-acetonitrile (IAN) pathway: In this pathway, tryptophan is converted 
into Indole-3-acetonitrile either by indolic glucosinolates or indole-3-acetaldoxime 
which is then further converted into IAA by nitrilase. This pathway has also been 
reported in Alcaligenes faecalis, A. tumefaciens, and Rhizobium spp. [7, 24].

Tryptophan side-chain oxidase (TSO) pathway: This is found in 
Pseudomonas fluorescens CHA0 and involves direct conversion of tryptophan to 
indole-3-acetaldehyde which then oxidizes to IAA. This mechanism is only found in 
bacteria and has not been studied in plants (Figure 1) [7, 24].

3. IAA – Signaling molecule

a. Intrakingdom Signaling

Auxins modulate the gene expression making it inter and intrakingdom 
communicating chemical messenger and quorum-sensing molecule. Scott et al. 
[26] observed bacterial chemotaxis toward IAA in P. putida. This movement is 
mediated by methyl-accepting proteins that receive and transmit IAA signals 
to flagellar machinery [26]. Hence, the movement of PGPR toward plant roots 
might be due to IAA present in root exudates. This IAA also acts as a nutrient 
pool, thereby, chemotaxis toward IAA ensures bacterial survival within the plant 
environment. Moreover, the fact that most of the plant-associated rhizobacteria 
produce IAA indicates that IAA might have some crucial role in bacterial cells 
other than interacting with plants [27]. From an evolutionary perspective, bac-
teria gain this ability for their survival and persistence within the plant environ-
ment [28]. IAA producers are more environmentally adaptive and competitive 
as compared to non-producers. Studies by Bianco et al. [29] showed that IAA 
confers protection to bacteria under various abiotic conditions, such as acidity, 
UV, salt, and heat stress. The author observed higher production of extracellular 
polysaccharides (EPS), lipopolysaccharides, and biofilms in IAA overproducers 
that improved bacterial adherence to plant surfaces which ultimately protect 
bacterial cells from various environmental stresses. Moreover, overproduction 
of trehalose in IAA producers has been observed indicating the accumulation of 
osmolytes within the bacterial cell to confer osmotic protection [29]. This was 
further confirmed by the studies of Donati et al. [30]. They reported a higher 
survival rate of IAA-treated bacteria under oxidative, desiccation, and osmotic 
stress and observed increased production of EPS and biofilm. Under various 
stress conditions, increased IAA levels were observed within bacterial cells 
indicating the fact that IAA plays important role in modulating gene expression 
of bacterial cells and making them more competitive [31]. However, the exact 
mechanism is still unknown and needed to be explored. IAA also acts as a signal-
ing molecule for various metabolic processes within bacterial cells. Van Puyvelde 
et al. [32] observed the overall changes in gene expression of a mutant strain 
of A. brasilense and noted the decreased expression of 39 genes, including the 
genes involved in bacterial cell respiration by affecting the expression of NADH 
dehydrogenase. However, on the other hand, increased expression of the nitrate-
reducing system involved in aerobic denitrification and ATP-binding cassette 
transporters and tripartite ATP-independent periplasmic (TRAP) transporters 
was also observed. Van Puyvelde et al. [32] also noted increased expression of 
T6SS (Type VI Secretion System) by exogenous IAA induction which is involved 
in the transport of various components via injection tube from a bacterial cell to 
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plants cell (the mechanism by which bacteria interact directly to plant signaling 
pathways). Moreover, IAA also enhances the expression of genes involved in the 
formation of effector proteins of T3SS (Type III Secretion System) required for 
injection of pathogenicity within plant cells [33].

b. Interkingdom Signaling

Signal exchange between plant and rhizospheric bacteria occurs through the 
release of root exudates [34]. This signaling is key for developing and determin-
ing the nature of plant-bacterial interactions (symbiotic or pathogenic). PGPR 
colonization is the result of these signaling activities. Besides IAA synthesis, many 
rhizobacterial species have the ability to degrade IAA. This IAA degrading ability 
has given the advantage to bacteria for rhizospheric colonization and manipulat-
ing plant physiology for their survival. However, the mechanism of how IAA 
degradation is beneficial for plants and bacteria is not well studied and needed 
to be explored. Zuniga et al. [35] observed that IAA degradation by Burkholderia 
phytofirmans is key for efficient rhizosphere colonization and subsequent plant 
growth promotion. Any mutation in IAA degrading gene (iacC) also affects the 
growth promotional activity of the bacteria. In addition, auxin also interferes with 
the developmental pathways of the host. So, it is hypothesized that rhizobacteria 
synthesize and secrete auxin that is taken up by plants in such quantities that alter 
normal plant developmental pathways [36]. The principal feature of bacterial IAA 
reported by researchers is to manipulate the plant root growth (Figure 2). It induces 
the formation of root hair and enhances the growth of primary and lateral roots 
within their optimum range. However, at higher concentrations, it causes inhibitory 
effects and ceases the primary root growth [37]. It is suggested that this larger root 
system besides helping the host plant, also benefits its associated bacterial species 
and a larger root system absorbs more nutrients and strengthens the bacterial sur-
vival within the plant vicinity [38]. Moreover, IAA is considered to have a parallel 
role in developing and maintaining plant-rhizobacterial interactions [39]. In the 

Figure 2. 
Interaction of root exudates to attract various auxin-producing plant beneficial bacteria leading to various 
metabolic activities within bacteria and making them more competent to colonize rhizosphere. Plants also 
uptake bacterial auxin that interacts with other phytohormones to control overall plant development.
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symbiotic association between rhizobia and legumes, the formation of macroscopic 
nodular structures on the roots of the host plant is considered to be formed by the 
action of auxin signals. Flavonoids accumulated at the sites of rhizobial entry to 
plant roots, inhibit auxin efflux resulting in auxin accumulation that causes exces-
sive cell division leading to the formation of root nodules. Hence, the initiation of 
nodule formation is triggered by auxin signaling. Moreover, the specification of 
founder cells for nodule formation is also triggered by inhibition of auxin transport. 
Similarly, the formation of vascular bundles and the number of nodules also depend 
on long-distance auxin signaling. Hence, it has been hypothesized that auxin signal-
ing triggers the formation of nodules on roots of host plants [38, 40]. Besides initia-
tion of root nodules, IAA also modulates bacterial metabolic pathways involved 
in the conversion of bacteria to bacteroids for nitrogen fixation within nodules. 
For example, Bianco et al. [29] observed the activation of tricarboxylic acid and 
polyhydroxybutyrate cycle in Sinorhizobium meliloti by exogenous IAA applica-
tion and in IAA-overproducer mutants (RD64). Theunis [41] observed high auxin 
levels in nodulated roots than in non-nodulated roots. High IAA levels also interact 
with nitrogen-fixing bacterial ability and enhance the nitrogen levels in nodules. 
In addition, the studies of Huo et al. [42] experimentally proven that reduction of 
IAA transporter genes (PIN) results in reduced nodulation. Moreover, rhizobacte-
rial IAA also interacts with the hormonal metabolism of its associated plants. It is 
reported to promote the transcription of 1-aminocyclopropane-l-carboxylic acid 
(ACC) synthase enzyme in plants to catalyze the production of ACC deaminase 
enzyme which converts ACC to ammonia and α-ketobutyrate resulting in lower 
ethylene levels of plants. Consequently, by lowering plant ethylene levels, rhizobac-
teria can reduce the effect of ethylene on root growth causing plants to get nutrients 
and water under a wide range of stress conditions [43]. In addition, auxin signals 
also influence other phytohormones to regulate various plant processes. Auxin and 
brassinosteroids coordinate and interact to regulate the development of plant roots. 
Similarly, it also regulates gibberellin responses by interfering with the stability of 
DELLA proteins. Lower auxin levels caused reduced synthesis of gibberellins due to 
stabilization of DELLA proteins. Cytokinins, contrarily, have been known to sup-
press root formation. Therefore, overall plant growth and development depends on 
signaling crosstalk between auxin and other phytohormones to determine the final 
physiology of plants [37].

The role of bacterially produced IAA has been very significant in plant growth 
promotion and has been investigated by various researchers. Ahmed and Hasnain 
[19] studied auxin production ability and potential plant growth promotional 
activity of two gram-positive Bacillus strains and noted enhanced growth param-
eters, including root system and auxin content of treated plants. In another study, 
Fatima and Ahmed [44] investigated the role of IAA producing chromium resis-
tant Sporosarcina saromensis and two species of Bacillus cereus on the growth of 
Helianthus annuus L. and observed an increase in plant growth parameters (shoot 
length, root length, fresh weight, and a number of leaves) and auxin content in 
treated plants. Auxin-producing bacteria stimulate seed germination and root 
proliferation leading to the enhanced and well-developed root system of the host 
plant to have greater access to water and nutrients [45]. IAA facilitates cell elonga-
tion by losing plant cell walls, thereby, increasing root length, nutrient uptake, and 
the release of root exudates. Enhancement in the root system of plants by exogenous 
application of IAA was elaborated by Vacheron et al. [46]. The author observed that 
exogenous IAA application significantly alters the root architecture of plants in a 
dose-dependent manner. Root growth is enhanced under optimum auxin condi-
tions; however, higher IAA levels cease primary root growth and stimulate lateral 



9

Auxins-Interkingdom Signaling Molecules
DOI: http://dx.doi.org/10.5772/intechopen.102599

Figure 3. 
Root growth responses to various auxin levels.

Source Plant Effects Cross-signaling mechanism Reference

Pseudomonas sp. Zea mays Root architecture 
modified by 
inhibition of primary 
root elongation and 
promotion of lateral 
root and root hair

Auxins interacting with 
volatile organic compounds

[48]

Streptomyces spp. Soybean Enhanced shoot 
growth and improved 
dry mass

Auxins interacting with ACC 
deaminase production

[49]

Bacillus sp., 
Agrobacterium sp., 
Rhizobium sp., 
Phyllobacterium sp.

Acacia 
cyanophylla

Increased shoot and 
root dry weight, and 
shoot length

Auxin + solubilized 
phosphate interaction

[50]

Bacillus spp. Bamboo 
seedlings

Enhance chlorophyll 
content

Auxin trigger the chlorophyll 
related enzymes

[51]

Azospirillum 
brasilense

Arabidopsis 
sp.

Increased the 
expression of 
TARGET OF 
RAPAMYCIN (TOR) 
in shoot and root 
apexes and induce 
phosphorylation

Auxin + TOR signaling [52]

Pseudomonas putida
Pseudomonas 
fluorescens

Arabidopsis 
sp.

Increased shoot and 
root biomass, lateral 
roots number per 
plant, and root hair 
formation but no 
effect on primary root 
length

Induction of auxin signaling [47]

Bacillus toyonensis 
strain Bt04

Maize roots Enhanced root 
development and 
reduced lipid 
peroxidation

Induction of auxin signaling [53]

Table 1. 
Various signaling interactions of IAA.
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root growth and root hair formation. In Arabidopsis sp. greater number of lateral 
roots have been found in the presence of high auxin-producing Phyllobacterium 
brassicacearum, however, no effect on primary root was present. Higher levels of 
auxins trigger lateral root formation and initiate root hair formations. However, 
if the auxin concentrations in plant root do not reach optimum levels even after 
uptake of bacterial IAA, root growth remains unaffected. Low auxin-producing A. 
brasilense has not shown any improvement in the root growth of its associated plants 
[47]. Recent studies have also proven the hypothesis that bacterially produced IAA 
contributes toward phenotypic changes in the root architecture of treated plants 
(Figure 3) (Table 1) [54–56].

4. Conclusions

Auxin is a key phytohormone controlling the whole physiology of plants by 
interacting and regulating other phytohormones as well. Besides plants, various 
rhizobacteria have the ability to produce auxins. Various auxin biosynthetic path-
ways act simultaneously to regulate auxin formation. These pathways in plants and 
bacteria are highly similar, however, the tryptophan side chain oxidase pathway is 
the mechanism found only in bacteria. The main precursor for auxin synthesis is 
tryptophan, however, tryptophan-independent routes are also present but these 
routes are not well described and need to be studied. Auxin besides controlling 
plant growth and development, also affects various regulatory processes in bacteria 
as well, making inter and intrakingdom cross-signaling interactions. In bacteria, 
auxin primarily supports bacterial survival by strengthening their stress toler-
ance mechanism and also enhancing colonizing ability. This also helps in bacterial 
rhizospheric competence making them more adaptive to the environment. As an 
interkingdom signaling molecule, auxins interact with various plant signaling 
mechanisms and coordinate various plant growth processes. Auxins directly affect 
plant root architecture helping plants for enhanced nutrient and water uptake 
even under various stress conditions. Plants under optimum auxin levels showed 
enhanced and prolonged root systems but higher levels of auxin do not increase root 
length instead initiate the formation of lateral roots and root hair. However, very 
low auxin levels do not show any effect on root growth. Thus, auxins exert a signifi-
cant impact (either directly or indirectly) on the healthy development and growth 
of the plants in a coordinated manner.
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Chapter 2

Plant Hormones: Role in 
Alleviating Biotic Stress
Nazima Rasool

Abstract

Plant hormones play a critical role in regulating plant developmental processes. 
Jasmonic acid, salicylic acid and brassinosteroids have been recently added to the 
list of plant hormones apart from auxins, gibberellins, cytokinins, abscisic acid 
and volatile hormone ethylene. Besides their regulatory role in plant development, 
plant hormones, ethylene, Jasmonic acid and salicylic acid play key roles in the plant 
defense response while as auxins, gibberellins, abscisic acid, cytokinins and brassi-
nosteroids are known to modulate their effects. For an effective response to biotic 
stresses, the signaling pathways of different hormones are integrated at different 
levels enabling crosstalk between them. In this chapter, I will analyze how plant 
hormones signal defense response and interact with each other through crosstalk to 
regulate plant defense.

Keywords: plant hormones, disease response, biotic stress, hormone cross-talk

1. Introduction

Plant productivity is threatened by biotic and abiotic stress. In order to feed the 
world population of over 7 billion at the moment, productivity needs to be safeguarded 
against biotic and abiotic stresses. Biotic stress is caused due to attacks of viruses, bacte-
ria, fungi, nematodes and other pathogens and pests. Pathogens are usually categorized 
into biotrophs and necrotrophs. Although the former penetrate the epidermal cells, 
multiply inside the intercellular spaces and feed on the living host tissue the latter kill 
the host cells and then feed on the cell remains. Biotrophs are mostly host-specific, the 
nectrophs have a broader host range [1]. Agricultural intensification has already led to 
increased soil pollution and land degradation problems. Therefore, understanding the 
natural mechanisms of defense in plants against various kinds of stresses is important 
to exploit it in a sustainable and environment-friendly manner. Of the various mecha-
nisms plants have developed to combat biotic stress, hormones are of primary impor-
tance. Plant hormones are biochemicals that are synthesized at one location in plants 
and bring about the desired effect at the same or different location, at unimaginably 
low concentrations. Plant hormones are diverse in their chemical nature and biological 
functions derived from amino acids (IAA, ethylene), lipids (Jasmonic acid), from the 
isoprenoid (cytokinins, gibberellins, abscisic acid etc) and chorismate (salicylic acid) 
pathways (Figure 1). There are many biomolecules that have been added to the list of 
plant or phytohormones of late, which include jasmonic acid (JA), salicylic acid (SA), 
strigolactones (SL), brassinosteroids (BR) and peptides, besides auxins (IAA), gibberel-
lins (GA), abscisic acid (ABA), cytokinins (CK) and ethylene (ET) that have been there 
since a long time. Salicylic acid, jasmonic acid and ethylene play very important roles 
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Hormone Nature Stress Mechanism References

Ethylene Alkene Biotic Stress 
(Necrotrophic 
pathogens and 
herbivores)

ISR; Interactions with JA; 
modulates JA/SA antagonism; 
induces defense genes such as 
Plant Defensin1.2 (PDF1.2) or 
THI2.1 (thionin), Vegetative 
Storage Protein2 etc.

[3]

Jasmonic acid Sesquiterpene Biotic stress Interacts with many other 
hormones to mediate stress 
response; ISR

[4, 5]

Abiotic stress It activates the antioxidant 
system, causes accumulation 
of amino acids, and soluble 
sugars and regulates stomatal 
opening and closing

[6]

Salicylic acid Phenolic compound Abiotic stress Increase antioxidant activity [7]

Biotic stress JA/ SA antagonism perfects 
pathogen specific response; 
mediates SAR; also involved 
together with MAPK signaling 
in resistance to aphids

[3, 8, 9]

Gibberellins Diterpenoid Abiotic stress Degradation of DELLAs [10]

Biotic stress
Reverse the 
inhibitory effect 
of different stress 
conditions in 
seed germination 
and seedling 
establishment

Affect the relative strength of 
SA/JA signaling; Induction of 
salicylic acid (SA)-dependent 
defense pathway

[3, 10, 11]

Modulate SA 
Biosynthesis

Through degradation of 
DELLAs

[10]

Figure 1. 
Pathways of hormone biosynthesis.
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in plant biotic stress response [2] while as, auxins, abscisic acid and gibberellins etc. 
modulate it. An overview of the important roles of major plant hormones is presented 
in Table 1. The role of hormones in plant growth and development is largely known 
and mechanisms of their biosynthesis have been elucidated in the majority of the cases, 
what remains to be fully understood is their mediation of the defense response in plants. 
In this chapter, I discuss how these hormones mediate the plant defense response and 
also assess how their effects are modulated by other hormones.

2. The major players in the plant defense

Ethylene (ET): This is a gaseous hormone that is responsible for various 
functions in plants notably fruit ripening, flower senescence and abscission of 
leaves etc. In dark-grown seedlings ET causes inhibition of hypocotyls and root 
elongation, radial swelling of hypocotyls and exaggeration of the apical hook this 
is commonly called as the triple response [15, 16]. The role of ET in plant stress is 
very well known [17–19], it favors stress resistance over growth thereby increas-
ing stress tolerance [20–23]. ET acts in cooperation with JA to present an effective 
defense response against necrotrophic and chewing insects [1, 24]. ET response 
involves a battery of ET receptors which, for example, in Arabidopsis (Arabidopsis 
thaliana) include ETHYLENE RESPONSE 1 (ETR1), ETR2, ETHYLENE 
RESPONSE SENSOR 1 (ERS1), ERS2 and ETHYLENE INSENSITIVE 4 (EIN4) 
[24–28]. Mutations in these lead to ET insensitivity and increased susceptibility to 
the necrotrophic pathogens [24, 29, 30]. ein3 and eil1 (ETHYLENE INSENSITIVE 
LIKE) double mutants are completely ethylene insensitive and these lacks the 
triple response, pathogen resistance and the ability to fully suppress ctr1 mutation 
[15, 31, 32]. CONSTITUTIVE TRIPLE RESPONSE (CTR) is the negative regulator 
of the ET pathway in absence of ET. When ET binds to ER anchored EIN2-protein 

Hormone Nature Stress Mechanism References

Auxins Tryptophan derivative Drought stress By modulating root 
architecture, ABA (abscisic 
acid)-responsive genes 
expression, and ROS 
metabolism

[12]

Biotic stress Contributes to SAR [8]

Interaction with other 
hormones

[13]

Abscisic acid Isoprenoid Biotic stress Influences the Central 
backbone (SA-JA/ET) of 
plant defense

[3]

Abiotic stress Stomatal closure; reduction in 
ROS levels

[3]

Cytokinins Isopentenyladenine 
derivative

Biotic stress Through direct interactions 
of CK-signaling components 
with the Central 
phytohormonal immunity 
backbone; interact with SA 
to induce defense responses 
via WRKY45 and NPR1; 
Phytoalexin accumulation

[3, 14]

Table 1. 
Role of various plants hormones in biotic and abiotic stress response.
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receptors, it causes dephosphorylation of the latter. This leads to cleavage of 
the C-terminal domain (EIN2-C) of the EIN2 [1, 15, 33, 34]. EIN2-C moves 
to the nucleus and triggers EIN3 and EIN3-like transcription factors, eliciting 
ET-mediated response [15]. Transcription of ETHYLENE INSENSITIVE3 (EIN3) 
activates defense response by inducing expression of ERF1 [19, 35]. Repression of 
EIN2 by CONSTITUTIVE TRIPLE RESPONSE (CTR1) is released after percep-
tion of ET by ETHYLENE RESPONSE 1 (ETR1) [19, 36]. ET release stabilizes 
EIN3/EIL1 levels [15]. At the same time, ET also decreases levels of EBF1/2 (EIN3 
BINDING F-BOX 1) protein through suppression of translation of its mRNA in 
the cytosol promoted by EIN2-C [15, 37, 38] and by EIN2-dependent proteasomal 
degradation of EBF1/2 proteins [15, 39]. EIN3 leads to EBF1/2 expression providing 
a negative feedback loop to the ET signaling [1].

Jasmonic acid ( JA): Methyl jasmonate and its free acid jasmonic acid are 
collectively known as jasmonates. Jasmonic acid is the better known of the two 
while JA-Ile is the active form [1]. JA is a cyclopentane fatty acid that is synthe-
sized from linolenic acid which is a common constituent of plant cell mem-
branes [40]. JAs play a vital role in the various plant developmental processes 
including flowering, fruiting, senescence and secondary metabolism. These are 
known to be critically important in plant defense and abiotic stress response 
[41–43]. JA activates the antioxidant system, causes the accumulation of amino 
acids, and soluble sugars and regulates the stomatal opening and closing during 
abiotic stress [6, 44]. JA interacts with SA, ET and ABA during plant defense 
response [1, 4, 45]; its interactions with auxins, gibberellins and cytokinins 
during important development processes like root, stamen, hypocotyl, xylem 
development etc. are also well known [40]. The JAs affect both plant develop-
ment and plant stress-resistance [46, 47].

Coronatine Insensitive Receptor (COI1) and JAZ (Jasmonate-ZIM domain) 
proteins mediate JA-signaling pathway [24, 48, 49]. The others involved in JA 
signaling include JASMONATE INSENSITIVE 1/MYC2 (JIN1/MYC2) and several 
members of the APETALA2/ETHYLENE-RESPONSIVE FACTOR (AP2/ERF) 
family [19, 50]. COI1 forms a part of the E3 –ubiquitin degradation complex as SCF 
COI1 complex. The SCF consists of Skp-1/Cullin/F-box. JAZ is a repressor of the JA 
response. SCF COI1 complex binds with JAZ repressors at higher JA concentrations 
and this leads to ubiquitination and degradation of JAZ mediated by 26S protea-
some [1]. The JA signaling pathway may follow two paths one is the MYC pathway 
and another is the ERF pathway. Wounding and insect feeding induces the MYC 
branch which further involves MYC2, MYC3 and MYC4 - basic helix–loop–helix 
leucine zipper transcription factors [1]. In absence of JA-Ile JAZ proteins interact 
with JIN1/MYC2 and inhibit transcriptional regulation of JA-responsive genes [19]. 
Interaction of JAZ with MYC proteins competitively inhibits their interaction with 
the MED25 subunit of the Transcriptional Mediator Complex [1, 51]. This causes the 
expression of several JA responsive genes including VSP2 (vegetative storage pro-
tein), JA synthesis gene LOX2 and JA signaling repressor JAZ genes. ERF pathway is 
stimulated by necrotrophic pathogens. As the name indicates this branch is regulated 
by ET; AP2/ERF-domain transcription factors ORA59 and ERF (ERF1, ERF2, ERF5 
and ERF6) control this branch. ORA59 and ERF1 bind to GCC-box motif through 
ERF domain and activate the expression of PDF1.2 which is the marker gene of this 
pathway [1, 19, 52–55]. The mode of interaction between JAZ and ERFs is not known. 
EIN3 directly interacts with JAZ which represses the expression of ORA59 and ERF1 
[1, 56]. Given the two branches MYC and ERF are induced under different kinds of 
pathogen attacks these two are mutually antagonistic [1].

Coi1 mutants lacking JA response are more susceptible to necrotrophic patho-
gens including Botrytis cinerea, Pythium irregulare, Alternaria brassicicola and other 
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pathogens [24, 57–60]. Susceptibility to herbivores is increased by mutations 
stabilizing JA e.g., JAZ1∆3A mutation increases susceptibility to Spodoptera exigua 
[24, 61]. The fine-tuning of JA-mediated defense response mediated via MYC2 
is achieved by post-translational phosphorylation at thr328 residue that makes it 
unstable leading to its degradation by plant Ubox protein (PUB10) that works as E3 
ligase facilitating MYC2 turn over [19, 62].

Salicylic acid (SA): this is a phenolic acid hormone that plays important 
role in the regulation of plant growth, fruit ripening and development. It 
is involved in pathogenesis-related protein expression [63, 64]. It may be 
synthesized through the shikimic acid pathway either via the isochorismate 
branch or phenylalanine ammonia-lyase branch. Salicylic acid regulates the 
expression of genes encoding molecular chaperones, heat shock proteins, 
antioxidants and those involved in the biosynthesis of secondary metabolites, 
alcohol dehydrogenases and cytochrome P450 [64, 65]. In recent years, SA has 
been increasingly implicated in the plant defense response [10, 66]. Increased 
SA biosynthesis improves plant tolerance to salt, oxidative and heat stress [10] 
and it is synthesized in response to pathogen attack [19]. Meaning thereby it 
has a role to play in biotic as well as the abiotic stress response. SA also leads to 
systemic acquired resistance (SAR) - defense response to a secondary pathogen 
infection far and wide in the plant after it has been exposed to a pathogen 
previously [19]. SA is accumulated in the plant tissue before SAR is initiated 
[24]. During SAR there is oxidative burst which is followed by increased 
levels of antioxidants to neutralize the harmful effects of the reactive oxygen 
species [24]. Mutations in SA-related genes compromise plant immunity to 
pathogens and diminish the expression of anti-microbial proteins [19, 67]. 
sid2–1 Arabidopsis mutants with impaired SA biosynthesis show reduced 
pathogen resistance [68]. In transgenic Arabidopsis plants expressing bacterial 
SA hydroxylase gene nahG, which causes the conversion of SA to catechol, 
SAR is not activated instead PR gene expression is activated [24, 69, 70]. SA 
effects SAR by affecting the expression of various genes including PAL and 
priming genes, it activates phytoalexin and auxin signaling-related pathways, 
it also effects the deposition of callose and phenolic products [46, 71]. SA 
induces resistance against biotrophic and hemibiotrophic pathogens including 
Hyaloperonospora arabidopsidis and Pseudomonas syringae.

SA signaling involves NPR1 (non-expressor of pathogenesis-related (PR) genes, 
a protein with ankyrin repeat [8, 72]. NPR1 is an oligomer formed by intramolecular 
disulfide bridges under uninduced conditions [8, 73]. SA induces de-oligomerization 
of NPR1 releasing active monomers which migrate to the cell’s nucleus inducing 
expression of PR genes [8, 74]; only the monomeric forms can interact with the 
TGA (TGACG binding) transcription factors which are bZIP proteins [8, 19, 75]. This 
facilitates the binding of TGA transcription factors with promoters of NPR1 depen-
dent genes [8, 76]. The triple mutant tga2 tga5 tga6 does not respond to SA and does 
not have SAR [8, 77]. Both NPR1 and TGA undergo nitrosylation which increases 
the DNA binding ability of the latter. Thiol S-nitrosylation on the other hand causes 
oligomerization of the NPR1 leading to its inactivation [8, 74]. NPR1 undergoes 
phosphorylation and proteasome-degradation thereby allowing its turnover [78]. 
NRR3/4 also interacts with TGA and mutants nrp3/4 over accumulate NPR1 lead-
ing to faulty SAR [8]. The binding of NPR3 and NPR4 with Cullin 3 ubiquitin E3 
ligase causes SA-dependent NPR1 degradation [8, 79]. The binding of NPR with SA 
causes a conformational change in the NPR1 required for NPR1 dependent PR gene 
expression. NPR is also important in epigenetic effect-dependent trans-generational 
immunity in plants [8, 80]. Pathogen resistance in Monocots is enhanced by over 
expression of NPR1 [8, 81].
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3. The modulators of the plant defense

Auxins (IAA): The role auxins play in plant growth and development is very 
well known however, their involvement in plants’ response to the biotic stress has 
only begun to be elucidated [64, 82]. Auxins control apical dominance, tropic 
responses, development of vascular cambium, organ patterning, flower and fruit 
development [13]. Auxin/indole acetic acid (Aux/IAA), Auxin response factors 
(ARF), TOPLESS (TL) proteins are the transcriptional regulators that affect 
cell-specific transcription of auxins and are involved in auxin signaling [83–87]. 
Research on ARF has led to their identification and characterization from several 
pants including Arabidopsis [88], maize [89], rice [85, 90], poplar [91], tomato 
[87, 92, 93], Chinese cabbage [94], sorghum [95] and banana [83, 96].

Important auxin-responsive genes include Aux/IAA, GH3 and SAUR gene 
families. In a study by Ghanshyam and Jain [13], 154 auxin-induced and 161 auxin-
repressed genes were reported to express differentially under the biotic stress-
induced by Magnaporthe grisea and Striga hermonthica. 62 of the auxin-induced 
genes were common to both the pathogens while others showed a specific response, 
55 to M. grisea and 37 to S. hermonthica. In the category of auxin-repressed genes, 
16 genes showed response to both the pathogens while others showed a specific 
response, 10 to M. grisea and 35 to S. hermonthica. Altered expression in auxin genes 
has also been reported in cotton in response to Fusarium oxysporum f. sp. vasinfec-
tum infection [13, 97]. Botrytis cinerea infection in arabidopsis causes down-regula-
tion of all the auxin-responsive genes [98]. Repression of auxin-mediated signaling 
through micro-RNAs leads to resistance against P. syringae in arabidopsis. Various 
pathogens operate by modulating auxin levels in planta to enhance the host suscep-
tibility [99, 100]. Exogenous IAA increased susceptibility to Xanthomonas oryzae 
pv. oryzae due to cell wall loosening effects of auxins [101]. The P. syringae type III 
effector AvrRpt2 causes altered auxin levels and modified auxin-related phenotypes 
and decreases resistance against Pst DC3000 in Arabidopsis plants lacking expres-
sion of RPS2 [24, 102]. In this case, susceptibility was found to be directly related to 
the auxin levels. Another study conducted by Naseem et al. [103], also supports that 
auxins, JA and ABA increase the host’s susceptibility. Naseem and Dandekar, [104] 
propose a working model of the interaction between auxins and CK stating that the 
pathogens increase auxin levels increasing disease susceptibility by decreasing SA- 
and CK-based disease response while as CK pretreatment influences auxin synthesis 
and transport thereby increasing resistance [24].

Auxins down-regulate jasmonic acid biosynthesis genes in Arabidopsis [13, 
105]. GH3.5 acts as a bifunctional modulator in auxin and SA signaling [106]. 
Overexpression of GH3.5 leads to accumulation of SA and accumulation of 
pathogenesis-related −1 gene (PR-1 gene) product while the capacity of systemic 
acquired resistance (SAR) is compromised in gh3.5 mutants [106]. Resistance of 
arabidopsis against X. oryzae is increased due to the over expression of GH3–8 [101].

Abscisic acid (ABA): ABA is a sesquiterpene that is synthesized from carotenoids 
[107]. ABA is usually known as “stress hormone”, it regulates a wide range of 
processes to increase a plant’s stress tolerance [23, 108, 109]. It is known to influence 
the expression of 10% of the protein-coding genes in the events of stress [64, [110]. 
Important components in ABA signaling include PYR/PYL/RCAR etc. [107]. This 
hormone oversees important functions in plants that include, seed dormancy, 
accumulation of nutrient reserves in the developing seeds, desiccation tolerance and 
arrest of embryonic development during seed maturation [111]. It also plays impor-
tant role in the protein synthesis and synthesis of some osmolytes [112]. ABA may 
positively or negatively modulate defense response depending on the type of the 
pathogen [113–116]. Impaired biosynthesis or signaling ABA mutants in Arabidopsis 
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(abi1–1, abi2–1, aba1–6, aba2–12, aao3–2, and pyr1pyl1pyl2pyl4) and tomato 
(sitiens) showed increased resistance to B. cinerea, P. syringae, Fusarium oxysporum, 
Plectosphaerella cucumerina and Hyaloperonospora parasitica [117–122]. Antagonistic 
interactions between ABA and major plant defense hormones including ET, JA and 
SA have been reported and it has been found that 65% of the genes upregulated and 
30% of the genes down-regulated in aba1–6 mutants are those that are affected (up-
or down-regulated) by ET, JA or SA treatment [119, 122, 123]. The genes constitu-
tively up/down-regulated in these mutants were also found to differentially express 
upon infection by P. cucumerina, indicating their role in the defense. ABA also plays 
role in expression of R genes [124]. ABA deficient plants are more susceptible than 
wild types to pathogens Alternaria brassicicola, Ralstonia solanacearum and Pythium 
irregulare [57, 125, 126]. JA biosynthesis needs ABA in Arabidopsis for P. irregulare 
resistance [57]. However, negative interaction between the two is known in the case 
of the P. cucumerina [122]. It has been reported that inoculation of Arabidopsis with 
avirulent strains of R. solanacearum makes the plant resistant to the virulent strains 
of the bacterium and the resistance is mediated through ABA, hence, this hormone 
could be used for controlling wilt induced by this pathogen [114].

Cytokinins (CK): The most important aspect of cytokinin function in 
plants is the maintenance of the identity of stem cells thus cytokinins affect the 
basic aspects of the growth and development of plants [40, 127]. CK was first 
identified as a hormone affecting cell division in tissue culture conditions and 
now its role in regulating the cell cycle is well known [23, 128]. Various func-
tions regulated by cytokinins include inhibition of lateral root initiation and 
leaf senescence [23, 129–132] differentiation of vascular tissue (phloem and 
metaxylem in roots [23, 133, 134], morphogenic differentiation in expanding 
leaves and regulation of their cell division [23, 135–137] Cytokinins are deriva-
tives of isopentenyladenine; zeatin is a common CK [40, 127, 138] which exists 
in two forms -cis and trans-zeatin. Trans-zeatin is more active [40, 139, 140] 
and is produced by isopentenyl transferases and cytochrome P450CYP735A1 and 
CYP735A2 [40, 127]. Activity and homeostasis of cytokinins are regulated by 
their degradation or conjugation with glucose and amino acids, and CK oxidase 
which cleaves cytokinins [40, 139, 140].

The role of cytokinins in plant defense was first recorded from tobacco plants 
with down-regulated S-adenosyl homocysteine hydrolases; the plants had higher 
resistance to tobacco mosaic virus, cucumber mosaic virus, potato virus X, and 
potato virus Y and also showed increased levels of CK and higher levels CK-related 
developmental defects [24, 141]. Cytokinin deficient plants have higher stress 
tolerance [40, 43, 142–144]. Several cytokinin receptors, histidine phosphotransfer 
proteins and transcription factors mediate CK signaling. Three histidine kinases 
(AHK2, AHK3, and AHK4/WOODEN LEG) working as cytokinin receptors have 
been identified in Arabidopsis [127, 145]. Cytokinins cause autophosphoryla-
tion of the conserved histidine residues in these kinases [40]. The phosphate is 
transferred to the histidine phosphotransfer proteins (AHPs) through aspartate 
residue. Phosphorylated AHPs move to the cellular nucleus activating B-TYPE 
ARABIDOPSIS RESPONSE REGULATOR (ARR) transcription factors causing 
transcription of cytokinin response genes [146, 147]. Both the environmental 
factors as well as the JA levels in plants affect the components of the cytokinin 
response system [40, 148–151]. It is believed that JA may be controlling CK response 
through MYC2 by promoting AHP expression [40]. Thus interactions between JA 
and CK might occur at the levels of signaling response elements [40]. Many studies 
indicate that CKs affect the plant defense response mediated by SA and JA. CK is 
believed to affect priming in SAR and affects the synthesis of SA and PR proteins 
[24, 152–154]. Exogenous supply and internal increased levels of CK increase 



Plant Hormones - Recent Advances, New Perspectives and Applications

24

the JA levels to hasten the defense reaction in wounded plants [24, 155, 156]. The 
mechanism employed by CK for disease protection is different in different plants 
e.g., in solanaceous plants, it increases the ratio of phytoalexin to pathogen restrict-
ing pathogen development [24]. JA accumulation increases CK ribosides in potato 
[24, 157]. Several genes involved in regulating CK levels in plants including IPT and 
CKX are seen as purported targets in enhancing plant disease resistance [24, 143, 
158, 159]. Stabilized CK levels in transgenic arabidopsis plants lead to improved 
resistance to Verticillium longispoum [19, 160]. The interaction of ARABIDOPSIS 
RESPONSE REGULATOR 2 (ARR2), with TGA3 to promote plant defense response 
in an NPR 1 dependent manner is known [19, 160]. Likewise, rice resistance to 
M. grisea increases due to interaction between SA and CK in an OsNPR1 and 
WRKY45-dependent manner [14, 19]. Thus the role of cytokinins in the plant 
disease response cannot be over-emphasized [19, 152, 160, 161].

Gibberellins (GA): Plant developmental processes including, seed development 
and seed germination, seedling growth, root proliferation, trichome initiation, 
determination of leaf size and shape, flower induction and development, pollina-
tion, fruit expansion etc. are mediated by gibberellins [162, 163]. Gibberellins are 
tetracyclic diterpenoid carboxylic acids; only a few of many known GAs, notably 
GA1 and GA4 act as plant hormones [164]. Gibberellins help plants to maintain 
their internal homeostasis by enabling control over their osmotic and water levels 
[162]. The mechanism of gibberellin action is relatively better understood in 
comparison to the other phytohormones. These work by bringing about the deg-
radation of DELLA transcription factors via E3-ubiquitin-ligase [10, 165, 166]. In 
some plants loss of function mutations in DELLAs has been reported to improve 
the resistance of plants to biotic stress through SA dependent pathways, mean-
ing thereby GAs, work in biotic as well as an abiotic stress response [10, 11, 167]. 
During seed germination and seedling establishment, exogenous GA reverses the 
inhibitory effect of the different stress factors and it also improves SA biosynthesis 
thereby, improving plant stress response [10]. GA antagonistically interacts with 
JA to mediate plant growth and defense response which involves direct interaction 
between DELLA and JAZ proteins [40, 168, 169]. Of the various JAZ proteins, 
osJAZ9 has been reported to be the key protein in mediating these interactions 
[40, 170]. The overall plant growth is the result of the fine balance between stress 
response and developmental process which is mediated through well-regulated JA/
GA balance [34, 150, 171]. The “relief of repression” model explains this antago-
nistic interaction very well. It postulates that DELLAs and JAZ interact with each 
other leaving MYC2 free to mediated JA-dependent response under conditions of 
low GA while in presence of an adequate concentration of GA, DELLA is degraded 
by E3-ubiquitinylation mediated by GA leaving JAZ free to interact with MYC2 and 
attenuating the JA-mediated response [46]. Thus, JA/GA interact antagonistically 
[168]. The fact that JA promotes transcription of RGA3 (Repressor of GA1–3)  
and that MYC2 directly binds to their promoter further lends support to this 
model [40, 172].

Brassinosteroids (BR): First discovered from Brassica napus, BRs are polyhy-
droxy steroidal compounds about 70 different types of which have been isolated so 
far [46, 173]; only a few of them including brassinolide, 28-homobrassnolide and 
24-epibrassinolide are actively engaged in the plant development [64, 174]. These are 
widely distributed in different plant organs including pollen, flower buds, vascular 
cambium, fruits, leaves, roots and shoots [64, 175]. These are also involved in modu-
lating JA signaling and in the JA-dependent plant defense response. These affect many 
plant functions and alleviate the effects of hypoxia and unfavorable effects of various 
environmental stressors [46]. BRs are mainly seen as the hormones that alleviate 
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abiotic stress, however, there are reports that these modulate the pattern-triggered 
immunity (PTI) (discussed in the next section) in Arabidopsis [176, 177].

4. Pathogen recognition reactions

A set of conserved pathogen proteins are important for plants to recognize the 
infection, these Microbe-Associated Molecular Patterns (MAMP), also called as 
Pathogen-Associated Molecular Patterns (PAMP), are recognized and bound by 
Pattern Recognition Receptors (PRRs) present in the host cell plasma membrane. 
This MAMP-PRR binding triggers an immune response called as MAMP Triggered 
Immunity (MTI) [24, 178, 179]. Microbes synthesize effectors which interfere with 
MTI and help pathogens evade recognition by the host immune system increasing 
their virulence and making plants susceptible to the pathogen and deregulating the 
host immunity, this process is known as Effector Triggered Susceptibility (ETS) [24, 
180]. Bacteria acquire large repertoires of type III Effectors (T3E) and inject them 
through a syringe-like type III secretion system into their host plant. Xanthomonas 
sp. secretes Transcription activator-like (TAL) effectors, such as AvrBs3 secreted 
by Xanthomonas axonopodis pv. Vesicatoria, which after finding their way into the 
plant cell nucleus affects host gene expression [177, 181–183]. Auxin is a potential 
target for bacterial effectors. Effector proteins AvrBs3 1–5 have been reported 
to upregulate UPA1–5 [177, 184]. Induction of UPA20, a TAL target leads to cell 
hypertrophy indicating auxin accumulation [177, 185]. In Arabidopsis lines lacking 
the gene that recognizes T3E the bacterial effector AvrRpt2, a cysteine protease, 
triggers the auxin signaling pathway. Transgenic plants expressing AVrRpt2 accumu-
late higher auxin levels and constitutively express auxin signaling [177]. Thus, AVrRpt2 
enhances bacterial virulence by affecting auxin signaling [177, 186]. An auxin 
signaling pathway is the preferred target of phytoplasmas [177, 187]. Candidatus 
phytoplasma asteris effector TENGU leads to dwarfism and abnormal organogenesis 
in reproductive parts leading to flower sterility. In transgenic Arabidopsis plants, 
many auxin-related genes including Aux/IAA, SAUR, GH3 and PIN families were 
found to be downregulated indicating TENGU effector mediated disruption in the 
auxin signaling in the host plants [177, 188]. Similarly, Ustilago maydis hijacks the 
SA biosynthesis pathway in the maize plants to express its virulence [177]. Effector–
triggered immunity (ETI) counters ETS in a gene-for-gene resistance mechanism 
[24, 189]. This leads to hypersensitivity response i.e., localized cell death in the 
infected region [24, 190, 191]. Hypersensitivity response leads to the activation of 
SAR [24]. The type of defense response depends upon the type of pathogens e.g., 
biotrophic pathogens are contained by programmed cell death which is mediated 
by SA [24]. On the other hand, the necrotrophs benefit from the cell death, the 
defense response, in this case, entails secretion of antibacterial/fungal compounds 
and accumulation of proteins that have antimicrobial properties such as defensins 
[24, 192–194]. JA-ET and SA, because of the inherent difference in the defense 
response these engage in, are antagonistic [24, 195, 196].

5. Hormone crosstalk in defense

Hormone crosstalk is the interaction of various plant hormones in a highly com-
plex yet ordered manner [197, 198]. Crosstalk between various hormones is intensive 
in defense response [1, 5, 40, 45, 199]; it is mediated through regulatory proteins, 
hormone receptors, protein kinases, transcription factors etc. involved in hormone 
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biosynthesis, degradation or signaling [5, 10, 40, 200, 201]. Hormonal cross-talk 
becomes increasingly important when plants are exposed to multiple pathogen stress 
simultaneously. Plants have to trade-off between defense and growth, therefore, the 
impact of individual hormones may not be as important as the overall interaction 
(positive or negative) among them. Numerous studies bring to light the flexible and 
coordinated interplay between growth and stress-related hormones especially JA and 
GA in regulating plant defense response [40, 150, 171, 202]; antagonistic interaction 
between SA and JA has been well researched [177, 203], the crosstalk between GA 
and SA was known only recently [10, 167]. Crosstalk enables pathogenesis-related 
genes affect response to abiotic stress [10, 204]. Crosstalk aids plants to gear up their 
defense system against various kinds of pathogens; however, all the aspects of this 
phenomenon in plant defense are not known.

6. Molecular Mechanism of hormone crosstalk

Phosphorylation Cascade is a common second messenger which integrates 
various hormone responses. JAZ and DELLA proteins mediate the antagonistic 
interactions between JA and GA [198, 205, 206]. A great deal of information exists 
on how DELLAs interact with JAZ proteins [168, 169]. GA response in Arabidopsis is 
suppressed by direct interaction of its transcription-factors-like PIF  
(phytochrome interacting factors) with the DELLAs including GIBBERELLIC 
ACID INSENSITIVE (GAI), REPRESSOR OF GA (RGA), RGA-like1 (RGL1), RGL2 
and RGL3 thus, DELLAs act as negative regulators of the GA response [198, 207]. 
DELLAs binding with JAZ1 leaves MYC2 free to initiate JA signal response thereby 
enabling JA-responsive transcription [19, 168]. In a contrary situation, higher GA 
levels attenuate JA signaling by degrading DELLAs thereby allowing interaction 
of MYC2 with JAZ1 [40, 198, 208]. GA-related transcription factors like PIF3 are 
repressed at higher JA levels as JA stabilizes DELLA proteins through JAZ degrada-
tion [169, 198]. JA/GA antagonism in rice is mediated by an interaction between 
OsJAZ9 and DELLA proteins, namely, SLENDER RICE 1 (SLR1) [170, 198]. DELLAs 
also repress SA biosynthesis as well signaling affecting the balance between JA and 
SA [10, 167]. JA leads to selection of defense overgrowth in the events of pathogen 
attack by interfering with GA-mediated degradation of DELLAs [19, 169, 209]. In 
DELLA quadruple mutants (mutant lacking GAI, RGA, RGL1 and RGL2 proteins) 
expression of PR1 and PR2 is increased which makes them more resistant to hemi-
biotrophs, however, delayed induction of PDF1.2 a JA/ET dependent gene marker 
in such mutants leaves them susceptible to necrotrophs [19, 167]. By way of control-
ling DELLAs GAs indirectly control the SA/JA balance. The molecular mechanism 
of antagonistic interaction of SA with ET and JA pathways is largely unknown [1]. 
NPR1, however, is at the core of most of these antagonistic interactions. A WRKY70 
transcription factor is another key player in the hormone crosstalk. WRKY33 is a 
positive regulator of JA-dependent genes but a repressor of SA pathway, therefore, 
wrky33 mutants show upregulated expression of several SA-regulated genes includ-
ing SID2/ICS1, EDS5/SID1, PAD4, EDS1, NIMIN1, PR1, PR2, PR3. SA induction 
leads to down-regulated JA signaling and increased susceptibility of these mutants 
to necrotrophic fungi [177, 210]. When over-expressed it leads to constitutive 
expression of SA-responsive PR genes and repression of JA responsive PDG1.2 gene 
[19, 211]. Likewise, Arabidopsis mpk4 (MAP kinase 4) knockout mutants exhibit 
constitutive SAR, higher expression of PR genes but an impaired expression of 
JA-responsive PDF1.2 and THI2.1 genes [19, 196]. Synergistic interactions between 
SA and JA have also been reported especially at their lower concentrations and when 
both the defense responses are triggered together [19, 196, 211]. MED16 which 
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positively regulates SA-induced defense response negatively regulates JA/ET signal-
ing pathway [177, 212]. Some strains of P. syringae produce phytotoxin coronatine 
(COR), a mimic of the JA-Ile and this suppresses SA signaling [177, 213, 214]. This 
is the reason for the lower virulence of the strains of P. syringae that have impaired 
production of COR on wild Arabidopsis plants but not on SA deficient plants  
[177, 215]. JA and ET cooperate in comparison with the JA and SA where interactions 
are mostly antagonistic, e.g., JA and ET both stabilize EIN3 thereby leading to the 
defense of roots against necrotrophic pathogens [19, 56]. Both JA and ET activate 
the expression of ERF1 which in turn activates PR genes [19, 216]. However, in cases 
of herbivore and insect attacks the two pathways may interact antagonistically e.g., 
JA–activated MYC2 interacts with ET-stabilized EIN3 and represses its downstream 
activity. In turn, EIN3 represses MYC2 thereby repressing JA-mediated defense 
response against herbivores [19, 217].

7. Concluding remarks and future perspectives

Allocation of resources and energy to defense in absence of threat would con-
strain growth and developmental processes [177, 218–220]. Therefore, a hormone-
based defense mechanism in plants evolved to prevent loss of resources in absence 
of stress [177, 220] slowing down the potential adaptation of putative attackers to 
the biochemical defense system of plants [177, 220]. During priming plants sub-
jected to pathogen attack respond more strongly to subsequent pathogen attacks, 
resources here are not committed until the threat returns making priming a rela-
tively cost-effective defense strategy [177, 221]. Moreover, the primed plants treated 
with a low, non-effective concentration of defense hormones also respond better 
to the pathogen attack than the non-primed ones [177, 221]. Priming has paral-
lels with the trans-generational defense in plants, such as SA-dependent SAR and 
JA-dependent inherited defense as trans-generational priming has been described in 
some plants [80, 177, 214]. Epigenetically inherited changes can strongly affect the 
defense response including priming in plants [80, 177, 222].

Our understanding of plant defense response has considerably improved in 
the past few years due to modified and transgenic plants species [177]. Transgenic 
plants constitutively expressing some hormones have been reported to show 
improved resistance to pathogens [177, 223, 224]. But, such an “effective” resistance 
response is also known to incur the costs paid in terms of altered development e.g. 
dwarfism, development of spontaneous lesions in different organs, accelerated pace 
of senescence, delayed flowering, sterility and lower seed output [177, 223–225].

Dissecting hormone response specifically in the event of a pathogen attack is 
complicated by the complex regulatory pathways interconnecting at several differ-
ent levels. In nature, a plant has to deal with both abiotic and biotic stresses there-
fore, its response to the environment, in general, has to be concerted and balanced. 
Ideally, a plant resistant to biotic or abiotic stress should not be hampered in terms 
of its growth, development and overall productivity. It is a generally conceded fact 
that the traditional methods of crop improvement have reached their peak and are 
now leveling off. Thus, molecular and genetic engineering methods provide reliable 
alternative means of crop improvement. Phytohormone engineering is seen as a 
new opportunity to maintain susceptible crop production, especially in the climate 
change scenario. Elucidating the path of signal transduction in stress response is 
an important step in manipulating the role of phytohormones in stress response. In 
the future plant defense response mediated by hormones should be studied under 
field conditions with model crop plants so that a better picture of the effectiveness 
of the hormone-mediated disease control, associated trade-offs in growth and 
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development parameters, and impact on the performance of the plants are brought 
to light. A clear understanding of the hormone homeostasis at the molecular level 
is required to manipulate it and use it as a tool for effective defense against crop 
pathogens.
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Abstract

Plant-microbe interaction is mostly mutualistic although sometimes it can be 
negative. These interactions contribute to improving the environmental quality 
and health of all organisms. One significant aspect to this is application in sustain-
able environmental management. Plants are known to be involved in remediation 
of polluted environments through a mechanism known as phytoremediation and 
this process is usually more effective in collaboration with microorganism resident 
within the plant environment. These plants and microbes possess attributes that 
makes them great candidates for sustainable remediation of impacted environ-
ments. Different organic pollutants have been decontaminated from the environ-
ment using the phytoremediation approach. The plant-associated microbes possess 
certain traits that exert selective effect on the growth of plants which consequently 
perform the decontamination process through different mechanisms. Also, these 
microorganisms’ harbour requisite genes charged with the responsibility of miner-
alization of different organic and inorganic compounds through several pathways 
to produce innocuous by-products. The limitations associated with this approach 
that prevents full-scale application such as contaminant-induced stress frequently 
leads to low/slow rates of seed germination, plant development and decreases in 
plant biomass have been solved by using plant growth promoting rhizobacteria. 
Phytoremediation is an emerging, cost-effective, eco-friendly and operational 
technology for the cleanup of polluted environment.

Keywords: environment, phytoremediation, pollution, plant, rhizobacteria

1. Introduction

The idea of phytoremediation of xenobiotics was birthed a few decades back 
as a result of the awareness that plants possess the capability of metabolizing toxic 
compounds. Since then, phytoremediation was adjudged a proven technology for 
the decontamination of environments polluted by a different of organic compounds 
such as polychlorinated biphenyls (PCBs), pesticides, polyaromatic hydrocarbons 
(PAHs), chlorinated solvents, dioxins and different approaches like rhizoreme-
diation, combination of PGPR and specific contaminant-degrading bacteria, 
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genetically engineered microbes, transgenic plants and enzyme technology can be 
used to improve the efficiency of bioremediation. Phytoremediation is an emerg-
ing technology that uses plants and associated bacteria for the treatment of con-
taminated environments by toxic pollutants. Although some challenges that have 
so far prevented full- scale application of phytoremediation technologies is that 
contaminant-induced stress frequently leads to low rates of seed germination, slow 
rates of plant development and decreases in plant biomass. However, this problem 
can be solved by using plant growth promoting rhizobacteria. Rhizobacteria that 
exert beneficial effect on the plant growth and development are called as plant 
growth promoting rhizobacteria (PGPR). The term rhizoremediation has been 
used to describe the combination of phytoremediation and bioaugmentation with 
contaminant

Petroleum is composed of various hydrocarbons including aromatics  
(e.g. polycyclic aromatic hydrocarbons [PAHs]), asphaltenes, aliphatics [i.e. 
n-alkanes (linear), branched, saturated & unsaturated], & others, which differ in 
chemical & physical composition based on the reservoir’s origin [1, 2]. Petroleum 
hydrocarbons (PHCs) are organic in nature, comprising of hydrogen and carbon, 
and highly hydrophobic. In recent times, anthropogenic activities including indus-
trial actions, petroleum & its products (fuel, diesel, kerosene and others) and 
partial oxidation of fossil fuels, have lead to build-up of PHCs in the environment 
[3–5]. Actually, petroleum & its products have impacted considerably, on both 
aquatic and terrestrial ecosystems contaminated by it. Owing to the fact that micro-
organisms participate directly in bio-geochemical cycles as major players of carbon 
and petroleum hydrocarbon breakdown (degradation), it is important to further 
understand petroleum biological degradation and its application [6, 7].

Microorganisms are capable of breaking down or producing hydrocarbons based 
on some kind of metabolic pathways, unique to each function in the underlying 
environment [7, 8]. There are key players in the biological degradation of several 
petroleum products like benzene, toluene, ethylbenzene & xylenes (BTEX), 
aliphatic & PAHs [2, 9, 10]. Efficient indicators of soil contamination levels are 
soil microorganisms, plants & biota. They have the ability to breakdown or retain 
approx. 100% of all kinds of soil pollutants & prevent them from gaining entrance 
to larger environment [11]. But, when there is severe pollution or contamination 
of the soil, it results in adverse impacts on soil biodiversity & soil quality. Soil 
functions (such as, fiber, food and fuel production) is also destroyed, and imme-
diately the food chain is affected, this becomes a threat to public health [9, 12, 13]. 
Recording success in bio-degradation & bio-transformation of organics in PHC-
contaminated soils to less-toxic by-products is usually dependent on the potential to 
build & sustain conditions that will favour & support microbe-driven degradation, 
bio-technologically & naturally. The interactions between microbes & plants in 
phyllosphere & soil are highly significant for both plant growth & productivity in 
agro-systems, natural systems &/or microbe-driven breakdown of soil PHCs. In field 
studies, the successful use of plant-microbe interactions in the biological reme-
diation of PHC-contaminated soil relies basically on the native (autochthonous) 
microorganisms (rhizospheric & endophytic bacteria associated with plant) with 
the genes unique for bio-degradation of petroleum hydrocarbons [10].

Increasing research on ways to remediate or clean up contaminated environments 
is the outcome of increased awareness of the danger of soil pollution and its adverse 
effects on the entire ecological chain. Owing to the diverse nature of pollutants, 
no absolute remedy exists that is common to all kinds of soil contaminants. In this 
review however, the pollutants of interest are PHCs sourced from crude-oil or refined 
petroleum by-products [11]. Thus, researches related to soil HC-contamination & 
its bio-remediation is the focus. In addition, plant–microbe interactions related to 



45

Plant-Microbe Interaction: Prospects and Applications in Sustainable Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.102690

bio-degradation of PHCs could offer a robust understanding of the requisite tools 
for developing on-site biological remediation plans for mitigating risks in PHCs-
contaminated soil.

Terrestrial (soil) pollution can be restored by developing new, science-based 
technique, including a new emerging method, i.e., bio-remediation. Bio-remediation 
is an environmentally- friendly & efficient technique, where live microbe(s) and its 
products or other biological agents (such as plants) can be utilized for the remedia-
tion of eco-contamination [14].

The fate of hydrocarbon/organic contaminants in soil-plant environment is 
determined by significant processes driven by plant-microbe interactions, [15, 16], 
competence of the microbial activity & microbe-degradation or bio-transformation 
of petroleum hydrocarbons in soil. In field studies, in depth understanding of the 
fate of a hydrocarbon/organic-pollutant in oil would aid in determining if the con-
taminant will persist in the environment or not, enhance the success of any reme-
diation strategy & assist in developing a high-throughput risk mitigation approach.

This part of the review focuses on role of plants & microbes in bio-degradation 
of PHCs-contaminated soil, resulting from increased researches on bio-remediation 
& field trials. Also, the enzymatic activities of hydrocarbon degrading microorgan-
isms will be discussed. Emphasis is placed on Phyto-remediation, a valuable method 
that depends on plants to eliminate/decontaminate soil contaminants. Studies that 
recorded success on the use of trees in the restoration of PHCs-contaminated soils 
are also cited.

2. Biological remediation

Biological remediation involves elimination, attenuation or transformation of 
pollutants or contaminants by using biological agents/processes. It is frequently 
used in moderately PHC-contaminated soils. It is a better remediation tool in soil 
contamination when compared to physico/chemical remediation. It also offers a 
cost-effective option, a potentially low-technology, low risk of secondary pollution, 
& aesthetic value (by phytoremediation) [16–19]. For the past years, the applica-
tion of bio-degradation and/ or bio-remediation as a remediation/clean-up strategy 
has become the strategy of choice for remediating PHC-contaminated soil, for the 
following reasons that; it is cost-effective, sustainable & can enhance natural bio-
degradation processes by optimizing limiting factors [9, 20].

Four types of biological strategies useable in soil remediation; (i) micro-organisms 
(such as bacteria or fungi) to degrade organo-pollutants (also referred to as microbial 
remediation), (ii) fast growing plants with large biomass, or plant & associated 
rhizospheric microbial population assisted remediation also known as phyto/
rhizo-remediation, (iii) animals in soil (such as worms) to concentrate or stabilize 
contaminants that cannot be broken down by biological processes, in their body or in 
the soil; (iv) the combined utilization of the entire strategies aforementioned or the 
combination of physico/chemical & biological methods. Nevertheless, the focus here 
is on the use of plants, also known as phyto-remediation [16, 19].

Phyto-remediation is a known bio-remediation technique that uses the degradation 
potential of microbes & plants to clean up or decrease soil pollutant concentration to 
permissible risk-levels of site owners and/or regulatory bodies [16, 21–24].

2.1 Phytoremediation

Plants have the capacity to adjust to and modify diverse environmental conditions 
to certain levels [25]. Phyto-remediation (phyto—Greek for plants) is a universal word 
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that refers to diverse methods that employ plants in the clean-up of environmental 
(water & soil) contaminants [16, 26, 27]. It is the use of living green plants for on-site 
remediation. It also involves taking advantage of the symbiotic interaction between 
plant-based processes & their associated microbial communities to eliminate, trans-
form, &/or mineralize soil inorganic & organic contaminants, as well as pollutants 
in wastewater, surface water, ground water & sludges [28–30]. In specific words, 
phytoremediation is a term used to describe a battery of technologies that utilize plants 
to reduce, remove, degrade or immobilize environmental toxicants/pollutants with the 
sole purpose of eco-restoration (restoring a site to a condition useable for private or 
public applications) [16, 31] as described in (Figure 1 and Table 1). Phytoremediation 
has been widely employed to eco-restoration of soil contaminants such as landfill 
leachates, crude-oil, metals, pesticides, solvents, explosives, etc. [42, 43]. Phylo-
genetic diversity of PHC-degraders is huge & numerous recurrent groups reported by 
most phyto-remediation studies are; Stenotrophomonas, Sphingomonas, Rhodococcus, 
Acinetobacter, Alcaligenes, Arthrobacter, Burkholderia, Flavobacterium, Mycobacterium, 
Micrococcus, Nocardioides, Pseudomonas, & Ralstonia species [10, 44–46].

Individual mechanisms described above are known to have major impact on 
concentration, environmental outcome & behavior, toxicity, bio-availability &  
bio-accessibility of PHCs in contaminated soil. Field studies have shown that, cer-
tain plants have the ability to eliminate/breakdown xenobiotic organic compounds 
from the environment by enhancing accumulation & transformation [16, 47], 
extracellular transformation [48, 49], & metabolic activities of microbes around 
rhizosphere of the plant [16, 40]. Strategies for phyto-remediation of foreign organ-
ics are grouped into two groups; direct phyto-remediation (in planta) and phyto-
remediation (ex planta) [16, 24, 50, 51]. The phyto-remediation ex planta depends 
on a synergy association between substances secreted by roots (root exudates) & 
metabolic activities of autochthonous rhizosphere related micro-organisms [32, 52]. 
Plants with the capacity for PHCs phytoremediation have been reported in a num-
ber of studies as shown in Table 2.

Chitara et al. [24, 54], stated that an efficient plant for phyto-remediation 
should have these traits; (i) capacity for tolerance, build-up, or breakdown of pol-
lutants in their above-ground areas, (ii) tolerate the volume of pollutants built-up, 
(iii) grow fast & produce high cell mass, (iv) fibrous root systems, & (v) be easy 
to harvest. The fibrous root systems are advantageous over taproot systems because 
they offer a larger surface area for colonization of microbial populations & also 
enhance the interaction between autochthonous rhizospheric-associated microbial 
communities & the xenobiotic compounds [16, 55].

Aside in vitro trials, success reports have been recorded with phyto-remediation 
field trials aimed at remediating PHC–contaminated soil over 2 decades ago. 

Figure 1. 
Mechanisms involved in phytoremediation.
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Cook and Hesterberg [56] stated that trees & grasses are usually employed for 
phyto-remediation purposes, with trees classically selected for the bio-remediation 
of Benzene, Toluene, Ethybenzene, Xylene, whereas grasses are often employed for 
the bio-remediation of PHC–contaminated soil.

Study on plants with the potential for enhancing bio-remediation of PHC-
contaminated soil [16, 57], obtained results that indicated that the growth of Glycine 
max impacted on soil organic matter contents, moisture & pH of PHC–contaminated 
soils significantly, with levels of significance; (P < 0.001, P < 0.01 & P < 0.05).

Biodegradation of PHCs was improved in soils spiked with 25 g/L crude-oil & 
cultivated with Glycine max & the soils became more suited for growth of plants as 
weeds were observed to also grow from the soil. Findings from the study revealed 
the farming of certain crops like G. max, could be proficient in ecorestoration & 
alleviate risks of PHC–contaminated soil [57]. Phyto-remediation is an inexpensive 
plant–based remediation strategy for decontaminating PHCs-contaminated soils 
particularly in the tropics with low finances [58, 59].

Ecological rehabilitation (restoration of contaminated or degraded soils), with 
the cultivation of Vetiveria zizanioide has been reported to increase biomass greatly 
& consequently improve phyto-remediation of an oil shale mined land contami-
nated with heavy metals [42, 60]. Vetiveria zizanioide (a hydrophyte & xerophytes), 
tolerates varying abiotic stresses significantly & has been employed in times past in 
the rehabilitation of coal, gold mines & mining overburdens [61, 62]. In the study 
by [62], it was discovered that Goose grass (Eleusine indica) improved phyto-reme-
diation greatly in soils polluted with PAHs & Total Petroleum Hydrocarbons (TPH).

Comparatively, grasses exhibit traits of fast growth, strong resistance & large 
biomass in contaminated environment, efficient stabilization & rehabilitation of 

S/N Botanical name Common name

1. Agropyron smithii Western wheat grass

2. Andropogon geradi Big bluestem

3. Bassia scoparia L. Burning bush or ragweed

4. Biden Beggar ticks

5. Bouteloua gracilis Blue grama

6. Cynodon dactylon Bermuda grass

7. Glycine max Soybean

8. Lolium perenne L. Ryegrass

9. Medicago sativa L. Alfalfa

10. Oryza sativa or Oryza glaberrima Rice

11. Zea mays L. Maize

12. Sorghum bicolor Sorghum

13. Boutelova curtipendula Side oats grama

14. Sorghastrum nutans Indian grass

15. Fetusca rubra var. arctared Arctared red fescue

16. Daucas carota Carrot

17. Sorghum vulgare L. Sudan grass

Adapted from [29, 53].

Table 2. 
Some plants with phyto-remediation ability for the clean-up of petroleum hydrocarbon–contaminated soil.
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contaminated lands in sub-tropics & tropics, than trees & shrubs [63, 64]. The 
capacity of regular tropical grasses, such as elephant grass (Pennisetum purpureum), to 
increase the degradation of a crude-oil contaminated soil has been documented [64]. 
Field trials have shown that phyto-remediation can be used on soils with moderate 
PHC contamination or after the use of other biological remediation strategies, in 
order to alleviate risks linked with PHC-residues in soil further [16, 65]. In a way to 
improve this bio-remediation strategy, the competence of the plant for phyto-remedi-
ation could be significantly enhanced using genetic engineering technologies [24, 66].

Phytoremediation is promising for the onsite treatment of PHC-polluted soils. 
Treating on site could be challenging to regulate than off-site treatments, for 
instance, ex situ treatment of soil impacted with wastes from refinery. In spite of 
this, remediation actions on site are largely employed in recent times since they are 
inexpensive and prevent disruption of contaminated soils. Success of biological 
degradation is affected by several environmental parameters; contaminants compo-
sition, concentration & bio-availability, soil nutrients, oxygen, moisture content, 
pH, & profile of contaminated area [2, 67, 68]. Understanding ways of controlling 
these parameters/factors in order to optimize biological activities that will result in 
bioremediation is paramount.

2.2 Choice of species in phyto-remediation

2.2.1 Plant choice

Several criteria should be considered before choosing plants for phytoremediation. 
A plant species for phytoremediation should have roots that can spread throughout 
the whole contaminated site. The principle for plant selection ought to follow the 
needs of the use, contaminant type & their ability to grow & increase on contami-
nated soil [16, 18]. Indigenous plants are preferable, to prevent introducing invasive 
species. E.g. Hibiscus Cannabinus (Kenaf) & Vetivera zizanioides (Vertiver) which 
are indigenous plants have been reported to be very proficient in crude-oil pollution 
remediation in Nigeria [42, 69].

Herbaceous plants, deciduous trees & conifers are renowned plant types [65], 
based on the environmental conditions & the polluting compound. Peas, clover, 
reed canary grass & alfalfa (legumes), ryegrass, sunflowers & wheatgrass (grasses) 
and Thespesia populnea, Populus sp., Salix sp., Scaevola serica, Prosopis pallida 
& Cordia subcordata (trees) have been reported to display tolerance to PHC-
contamination [16, 18, 42, 65]. Tolerance refers to the potential of a plant to grow in 
hydrocarbon-contaminated soil, however, it does not really suggest the healthiness 
of the plant [65].

i. Herbaceous plants in phyto-remediation: Grasses usually cultivated with trees 
are largely employed as the main remediation species in hydrocarbon-polluted 
soils, because they make available great fine roots in topsoil. Grasses are success-
ful as binders & transformers of PHCs like PAHs & BTEX because of the exten-
sive fine root biomass that contains vast microbial community than other species 
of similar capacity [16, 18, 70].

ii. Legume—rhizobium symbiosis in phytoremediation: Nutrients (nitrogen 
& phosphorus) are especially limiting in contaminated soils. Also, competi-
tion for nutrients amongst soil organisms makes nutrients a limiting factor for 
bio-remediation [71, 72]. When soil moisture content & temperature is low, 
nitrogen insufficiency is worsened owing to poor mobility of nutrients, limited 
microbial & enzymes activity [71]. Adequate fertilization & frequent tillage 
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were suggested by [73, 74] as helpful measures in ensuring breakdown of PHC 
in comparison to un-treated soil. In their research, initial concentrations of PHC 
were eliminated by 70–81% through bio-remediation in fertilized soils as against 
56% elimination without fertilization in natural attenuated soil.

Though, disproportionate application of nitrogen-containing fertilizers could 
lead to environmental pollution/problems. In order to prevent this, nitrogen-fixing 
plants like legumes, can be used in place of them [16, 75]. Rhizobia have the capac-
ity to infiltrate roots of legumes, forming symbiotic relationships & nodules, which 
have the ability to fix gaseous nitrogen into plant in the form of ammonia [24, 76]. 
Anabaena, Blue-green algae, Azotobacter, Azospirillum, Rhizobium, Actinomycetes & 
Frankia are generally used Nitrogen-fixers in soils [77, 78].

iii. Trees as phytoremediation tool: Trees & their hybrids are extensively employed 
in clean-up of PHC-impacted soils. CLUIN phyto-remediation databank records 
that a great percentage of phyto-remediation successful studies were performed 
using trees (Table 3). Plant hybrids that grow fast with desired characteristics 
like resistance to harsh soil & climatic conditions, resistance to pests & diseases; 
have been chosen as potential phyto-remediation choice species [16, 80]. For 
example, hybrid trees from willows & poplars have generally & successfully 
employed in phyto-remediation of soils polluted with organic & in-organic 
compounds. But, precautions are advised, to evade risks of utilizing genetically 
engineered or modified breeds [29, 42, 80].

2.3 Rhizoremediation

Although some studies have endorsed the use of plants only, for effective biological 
remediation of PHC-impacted soils, [81, 82], using plants associated with PHC–eating 
microbes &/or plant growth–promoting bacteria (PGPB) for the clean-up or degrada-
tion of HC-impacted soil has an edge because it reduces the risks of reverse transfor-
mation &/or HC-residues [16, 83–85]. The root system of plants which is generally 
known to offer support & enhance water & nutrient uptake, is a chemical factory 
that drives several interactions like mutualistic relationships with beneficent autoch-
thonous micro-organisms (e.g. mycorrhizae, endophytes, plant growth-promoting 
rhizobacteria (PGPR) & rhizobia) below soil surface [16, 24, 86]. The use of phyto-
remediation/plant-associated microbes’ combination strategy offer better biological 
clean-up platform than using plant only.

Rhizo-remediation is thus, the use of plants & their interactive relationships 
with micro-organisms that inhabit the area around the roots (rhizosphere). This 
combination has the capacity to breakdown foreign organics in the rhizosphere. In 
this process, root exudates/secretions enhance the survival & metabolic activities of 
PHC-degrading microbial populations &/or associated rhizo-microbes, resulting in 
complete breakdown of organics in hydrocarbon-inundated soils [16].

Rhizo-remediation is one of the most efficient phyto-remediation tools that take 
advantage of the most active area being near/around the roots of plants for removal/
degradation/clean-up of organic contaminants [24, 50, 87]. Practically, microbial 
communities associated with the rhizosphere are the major contributors to biodeg-
radation & the green plants employed are seen as biological, solar-driven pump & 
treatment systems [43, 88, 89].

The success of rhizo-remediation relies upon the proficiency of the rhizo-
microbes, indicated by their potential to survive & compete for root exudates in 
the rhizosphere, in order for them to be maintained in requisite numbers & profi-
ciently colonize the emerging root system [16, 90]. In field studies, effectiveness 
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& success in the use of rhizoremediation strategy depends mainly on the potential 
of PHC-degrading microbial populations &/or PGPR to efficiently colonize the 
rhizosphere [91].

Employing rhizo-remediation in breakdown of PHCs have been proven to be an 
inexpensive strategy & it can be further improved by employing genetically modi-
fied/engineered microbes &/or plants fashioned uniquely for the purpose & optimiz-
ing favorable conditions for efficient restoration/clean-up of organic pollutants [24].

The study by [87] evaluated the plant/associated rhizo-microbe degradation 
of diesel-polluted soil using two varieties of rapeseed & HC–degrading microbes. 
They found out that the rapeseeds defenses responded in different ways. Research 
by [92] revealed that the mean of the residual PAHs in mixtures (48%), was con-
siderably less than PAHs in soils that used plants alone (55%) & in soils that did not 
employ plants (70%).

Name of project 
(duration)

Trees & 
other plants 
employed

Pollutants  
(initial concentration 
in media)

Phyto-
remediation 
mechanisms

Results & findings

Phyto-
remediation at a 
gasoline release 
site in Georgia 
(1999–2002)

Native sedge, 
Cattails rush, 
White willow, 
Black willow, 
Wooly bull rush

Gasoline in soil 
and ground water 
(Soil average BTEX: 
1400 μg/L; average 
benzene: 44 μg/L)

Phyto-degradation; 
Phyto-
volatilization; 
Rhizo-degradation

82% reduction in Soil 
BTEX concentrations;
In the 1st year of 
the growing season, 
almost 90% of the 
trees planted survived, 
although highest death 
rates was observed in 
regions with highest 
concentration of 
gasoline. In plant 
branches & leaves, 
BTEX & benzoic 
acid (a product 
of degradation) 
were present in low 
concentrations.

Phyto-
remediation 
at the Edward 
Sears Property 
in New Jersey 
(1995–2004)

Hybrid poplar Mixture of organics 
(e.g. 2700 mg/L 
of Xylenes) in 
groundwater & soil

Phyto-degradation; 
Hydraulic Control

During the 1st 3 years 
of monitoring, approx. 
all of the contaminants 
decreased

Phyto-
remediation at 
Oneida Tie Yard 
Site in Tennessee 
(1997-)

Hybrid poplar 17,500 ppb of PAHs 
& 18,500 ppb of 
Naphthalene in soil

Rhizo-degradation; 
Phyto-volatilization

Concentrations of 
PAHs & naphthalene 
were 6400 ppb & 
4900 ppb respectively, 
at the end of 7 years 
monitoring

Phyto-
remediation at 
Ashland Inc. 
in Wisconsin 
(2000-)

Understory 
grasses; Hybrid 
poplar

Diesel in soil, BTEX, 
gasoline, & other 
organics in ground 
water & soil

Rhizo-degradation; 
Hydraulic Control; 
Phyto-extraction

Trees tripled in height, 
& subsurface aeration 
increased in soil 
since planting. Roots 
observed at 10 feet 
depth during 1st 
growing season

Source: [79].

Table 3. 
Studies that used forest trees in phyto-remediation of PHCs contaminated soils.
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3.  Application of plant growth promoting microbes (PGPM)  
in phytoremediation

Plant growth-promoting rhizobacteria (PGPR) are a class of beneficial microbes 
associated with root system (rhizosphere) in plants & on colonization, are known 
to facilitate plant growth via direct & indirect processes [93, 94] (Figure 2). Direct 
mechanisms include heavy mineral uptake by plants [24, 95], phyto-stimulation 
(also known as phytohormone production), siderophore production which limits 
the iron (Fe) activity [24, 96], nitrogen fixation, phosphate solubilization & 
potassium solubilization; while indirect mechanisms include ISR (induced systemic 
resistance against plant diseases, also known as “systemic resistance”), phyto-
remediation, signal interference [97], antibiotics production, quorum sensing [98], 
chitinase & glucanase activity, exopolysaccharide production [99]. The PGPM 
facilitates growth of plants under stress by production of vital enzymes like rhizobi-
toxine exopolysaccharides, 1-aminocyclopropane-1-carboxylate (ACC)-deaminase 
& chitinase.

Plant growth–promoting rhizobacteria (PGPR) can enhance growth of plant in 
polluted soils by diverse processes or can assist in biological remediation of polluted 
soil [100] by using any or a combination of the mechanisms stated above. They are 
capable of detoxifying the contaminated soil by sequestering metal ions inside the 
cell [101], biotransformation/transformation of metals from toxic to less toxic ones 
[19, 100, 102], adsorption/desorption of metals, etc. Some examples of PGPR, pol-
lutants they target & the processes they employ to enhance growth of plants under 
stressed conditions (pollution) are displayed in Table 4.

It is worthy to note that this approach applies PGPR whose action is affected by 
climate change. Thus, successful remediation with PGPR is greatly connected with 
climate, for e.g. heat could impair plant physiology & growth, likely resulting to 
modifications in the structure, population, or activity of plant-associated microbes. 
Therefore, microbial populations with beneficial impacts on plant health or growth 
may be reduced under unfavourable conditions [24, 111]. Therefore, understand-
ing growth patterns of plants & its ambient environment prior to using PGPR is 
essential, particularly in certain conditions. Identifying a particular PGPR unique to 
a certain area is thus, essential for achieving improved activity by them & effec-
tive enhancement of the bio-remediation of polluted soil under evolving climatic 
 conditions [24, 111].

Figure 2. 
Mechanisms of action of PGPR in biological remediation of polluted soil.
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4. Enzymatic activities of hydrocarbon degrading microbes

High enzymatic potentials present in microbes afford microbial communities 
the ability to degrade complex hydrocarbons [49, 112]. This petroleum degrading/
modifying potential makes them able to breakdown/transform some pollutants 
like petroleum, & this sums up the significance of enzymes in bio-remediation. 
The diverse nature of microbial genes adds to the versatility of their metabolic 
reactions for the transformation of toxicants into less-toxic end-products, subse-
quently incorporated into natural bio-geochemical cycles [2, 49]. Myriad of micro-
organisms (green algae, bacteria, fungi, & cyanobacteria), have PHC-degradative 

PGPR Plants Target pollutant Mechanism of action Reference

Dokdonella, 
Luteimonas, 
Sphingomonas, 
Pseudomonas, & 
Sphingobium sp.

— Polycyclic 
aromatic 
hydrocarbons 
(PAHs)

Degradation of 
phenanthrene, fluorene, 
& pyrene

[103]

Acinetobacter sp. 
PDB4

Rice Anthracene, 
Pyrene & 
Benzo(a)pyrene 
(BaP)

Siderophore production, 
phosphate solubilization

[104]

Burkholderia sp. 
XTB-5

Brassica chinensis, 
Ipomoea aquatic

Phenol Siderophore production, 
Phosphate solubilization 
& 1-aminocyclopropane-
1-carboxylate (ACC) 
deaminase synthesis

[105]

Pseudomonas 
plecoglossicida 
(JX149549), P. 
aeruginosa (JX100389)

Wheat Petrol engine oil Biosurfactant synthesis, 
petroleum hydrocarbon 
metabolism, iron 
sequestration, petroleum 
hydrocarbons metabolism

[106]

Shinella sp. EIKU6, 
Micrococcus sp. EIKU8, 
& Microbacterium sp. 
EIKU5

— Arsenic (As) & 
Uranium (U)

Oxidation & Resistance, 
Uranium elimination

[107]

Planctomyces 
Lysobacter, 
Klebsiella sp. D5A, 
Pseudomonas sp. SB, 
Pseudoxanthomonas

Testucaarundinacea Petroleum 
hydrocarbons

Production of 
phyto-hormones 
& solubilization of 
minerals; production of 
biosurfactant; increase 
root biomass

[108]

Staphylococcus 
carnosus, Bacillus 
circulans, & 
Enterobacter 
intermedius, Serratia 
marcescens BC-3, 
Pseudomonas 
aeruginosa SLC-2

Maize and Oat Petroleum 
hydrocarbons

Siderophore 
production, Synthesis 
of Indole acetic acid, 
1-Aminocyclopropane-
1-carboxylate (ACC) 
deaminase activity and 
petroleum degradation

[93, 109]

Pseudomonas 
fluorescens ATCC 
17400

Red clover Radionuclide 
cesium

Increase in translocator 
factor, Resorption of 
Cesium onto biofilms

[110]

Table 4. 
Some PGPR, target pollutant & mechanisms of action.
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potentials under anaerobic, aerobic, pH, saline & other types of environmental 
conditions [7, 113]. These enzymatic tools provide these potentials to microbes.

4.1 Aerobic degradation of petroleum and petroleum degrading enzymes

Degradation of petroleum is a gradual process that involves sequential break-
down (metabolism) of its components. The genes that encode the production of 
petroleum degradation enzyme may be found on plasmid or chromosomal DNA 
[113, 114]. Biological degradation of hydrocarbons can take place under oxic or anoxic 
 conditions [1, 2].

Under oxic conditions, oxygenases introduce oxygen atoms into hydrocarbons 
(mono-oxygenases introduce one oxygen atom to a substrate while dioxygenases 
introduce two). Aerobic breakdown of HCs can be quicker, because of O2 (oxygen) 
available as an electron acceptor [115]. Oxidation of saturates (aliphatics) is acetyl-
CoA, usually broken down in the Kreb’s cycle, with the synthesis of electrons in the 
electron transport chain (ETC). The ETC is repeated, breaking down HCs further 
to carbon dioxide (CO2) [116]. Aromatics like naphthalene & BTEX can also be bro-
ken down under oxic conditions. Breakdown of these compounds leads to the first 
step in catechol synthesis or a similar compound. Once synthesized, catechol could 
be broken down into precursors in the Kreb’s cycle, that are eventually completely 
mineralized to carbon dioxide (CO2) [115, 116].

4.1.1 Alkane degradation

In recent times, variation in alkane degradation genes clustering & regulation 
amongst species has been discovered. The finding is that a species could have mul-
tiple genes that encodes for various enzymes performing related functions. alkBF-
GHJKL operon has been reported as one of the operons that encode the enzymes 
required for alkanes conversion to acetyl-CoA [2, 117].

The reported alk gene products include; AlkS (positive regulator of the 
alkBFGHIJKL operon & alkST genes), AlkT (rubredoxin reductase), AlkL (outer 
membrane protein that maybe involved in uptake), AlkK (acyl-CoA synthetase), 
AlkJ (alcohol dehydrogenase), AlkH (aldehyde dehydrogenase), AlkF & AlkG 
(rubreoxins), &. AlkB (alkane hydroxylase). These genes have been identified 
in several petroleum-metabolizing organisms like Alcanivorax sp., Rhodococcus 
sp., Pseudomonas putida, Acinetobacter sp. & others. Andreolli et al. [46, 116, 118] 
reported thirty-six percent (36%) of the hydrocarbon-metabolizing species 
obtained in their study possessed genes involved in the metabolism of both 
n-alkanes (alkB) and aromatic hydrocarbons (xylE). Brzeszcz et al. [2, 113, 116] 
indicated the coexistence of multiple-degradative potentials in one microorgan-
ism (Pseudomonas sp. strain BI7), showing both genetic proof and phenotypic 
responses. Other microbes with similar potentials include members of the genera 
Mycobacterium, Rhodococcus and Pseudomonas.

Alkane hydroxylases are a class of enzymes that catalyses the breakdown of 
alkanes & this class of enzymes are present in many diverse bacterial, fungal & 
algal species [2, 112, 113, 119]. In addition, [117] projected three classes of alkane-
degrading enzyme systems; C17+, C5-C16, & C1-C4, which are for degradation 
of long chain alkanes (broken down basically by unknown enzymes), pentane to 
hexadecane (broken down by integral membrane cytochrome P450 enzymes or 
non-heme iron) & methane to butane (broken down by methane-monooxygenase-
like enzymes) respectively. The authors also documented bacterial P450 oxygenase 
system and di-oxygenase (CYP153, class I), eukaryotic P450 (CYP52, class II), 
alkane hydroxylases related to AlkB genes, the compositions, cofactors, ranges of 
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substrates, presence of the main groups of alkane hydroxylases (soluble methane 
mono-oxygenase (sMMO), and particulate methane mono-oxygenase (pMMO). 
They also added that alkane degrading microbes could have multiple alkane hydrox-
ylases, thus have the capacity to metabolize a variety of substrate ranges.

Over the years, amongst the mostly studied alkane degradation pathways is 
that explained for Pseudomonas putida Gpo1, encoded by the OCT plasmid [1, 113, 
120, 121]. Converting alkane to an alcohol by this microbe is initiated by a membrane 
mono-oxygenase, rubredoxin reductase & soluble rubredoxin [1]. van Hamme et al. 
[1] developed a model for alkane catabolism in Gram-negative bacteria, describing 
the position & roles of the ALK-gene products. A class of iron-containing enzymes 
in bacteria called catechol di-oxygenase is an example of those involved in aerobic 
catabolism of aromatics. They have the ability to hasten the addition of oxygen (O2) 
atoms to 1,2-dihydroxybenzene (catechol) & its derivatives, with subsequent cleav-
age of the aromatic ring [2, 113, 115, 116]. Catechol di-oxygenases & similar enzymes 
involved in cleavage of aromatic ring are accountable for the myriad of microbes 
with aromatic-HC degrading potential [2, 46, 113, 114, 118].

4.1.2 Polycyclic aromatic hydrocarbon (PAHs) degradation

In recent times, majority of reports on PAH-degrading genes arise from studies 
on naphthalene-degrading plasmids like NAH7 from Pseudomonas putida strain G7. 
Naphthalene dioxygenase is now a known versatile enzyme, with the capacity to 
mediate the catalysis of a broad array of reactions. Genomic & bio-chemical data have 
proved that enzyme system for naphthalene degradation is also capable of mineral-
izing other aromatics like anthracene & phenanthrene. A number of other bacteria 
with PAH-degrading potential have been obtained & characterized. In addition, more 
genomic tools to study microbial populations have been invented, there by affording 
researchers the opportunity to realize diversities of PAH metabolic genes [2, 113, 122].

Novel gene sequence & orders have been reported in many species including, 
Pseudomonas sp. strain U2; nagAaGHAbAcAB, phnFECAcAB, Norcardiodes sp. 
strain KP7; phABC Burkholderia sp. strain RP007; etc. The ability of several species 
to degrade a wide range of aromatics is attributed to presence of multiple oxygenases, 
presence of multiple metabolic pathways or genes, & relaxed initial enzyme speci-
ficity for PAHs. The presence of alkane & aromatic hydrocarbon-degrading genes 
within single species is common [2, 112, 113].

4.2 Anaerobic degradation

Anaerobic degradation is as important as the aerobic degradation process in 
bioremediation, even though HC-degradation under aerobic process is faster. This 
could be attributed to several limiting environmental conditions like insufficient 
oxygen (typical in aquifers, sludge digesters, mangroves) [3, 7]. Anaerobes like 
sulphate-reducing bacteria catalyse anaerobic degradation using diverse terminal 
electron acceptors (TEAs) [1, 2, 123]. Usually, anaerobic degradation involves the 
conversion of aromatics to benzoyl-CoA (target of the benzoyl-CoA reductase 
(BCR)) action [2, 113, 124]. Environmental conditions determine the TEAs that 
could be used in the degradation. Fe (III), sulphate & nitrate are examples of TEAs 
that could be used [2, 72, 113, 115].

Studies have reported that HCs such as toluene, alkylbenzenes (m, o, & p-xylene 
& trimethylbenzenes), benzene, naphthalene & phenanthrene, > C6 n-alkanes, 
branched alkanes & HC mixtures can be catabolized under anaerobic conditions. 
These reactions may take place under denitrifying, sulphate-reducing & Fe (III)-
reducing conditions, by anoxygenic photosynthetic bacteria. Sulphate-reducing 
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Desulfococcus oleovorans Hxd3 is the only currently known anaerobic bacterium 
that degrades n-alkanes independently of anaerobic generation of oxygen 
 species [7, 125].

In recent times, electron acceptors shown to be used during anoxic (anaerobic) 
degradation of HCs include soil humic acids, manganese oxides, etc. Also, the 
number of pure cultures shown to catabolize different HCs with various electron 
acceptors has risen. Examples are members of Proteobacteria group, which have 
helped in explaining the basic genomic & biochemical processes mediating anoxic 
breakdown of HCs [2, 46, 125].

The diversity & unique characteristics of anaerobic HC-utilizing bacteria are 
areas that require more studies. More focus is required on isolating & character-
izing enzymes mediating anoxic degradation of HCs especially from non-cultivable 
organisms (using metagenomics) [2, 7, 113].

Bio-catalysis is creating novel paths geared towards improvement & development 
of processes & products that will cut down on industrial costs, generation of second-
ary pollutants (toxic sub-products) & subsequently, the adverse effects on the envi-
ronment. Enzymatic bio-remediation and creation of new clean energy contributes to 
reduce harm caused by fossil fuel [13, 113, 126]. Enzyme-mediated remediation can 
be easier compared to using intact microbes. Some advantages, including the enzy-
matic potential, can be increased in laboratory conditions [113, 127]. Using enzymes 
alone does not result to production of toxic by-products [113, 128] and competition 
from intact cell is not needed [113, 126]. Peixoto et al. [113, 127] stated the major areas 
to be taken into consideration during enzyme-mediated bio-remediation, range from 
selection of organisms that has contaminant-degrading potentials, identifying the 
gene encoding the specific enzyme, to enzyme production.

An example of enzymatic bio-remediation is de-toxification of aromatics (PAHs) 
& this is can be successful by the application of laccases. Laccases are enzymes that 
speed up the breakdown (oxidation) of anilines, polyphenols & phenols, with the 
production of water as the end-product [113, 129, 130]. The major benefit of enzyme-
mediated bio-remediation of partially soluble pollutants or hydrophobics (PAHs) 
is the fact that it can take place in the presence of solvents organic in nature [131]. 
However, the drawback is that the relevant enzymes could be denatured, inhibited or 
un-stable in organic solvents. Brzeszcz et al. [2, 131] in their study expressed laccase 
from Myceliophthora thermophila (MtL) in Saccharomyces cerevisiae, using directed 
evolution & extensively improved laccase expression. Years ago, [7, 113, 132] reported 
success in first field trial with an enzyme-based product, based on the enzyme TrzN, 
confirming that the enzyme-mediated bio-remediation can effectively clean-up 
herbicides-contaminated aquatic systems, but only few field studies with enzyme-
mediated bio-remediation are available currently. Ismail et al. [7, 133] stated that 
more than 1000 aromatics-degrading enzymes have been documented.

In 2011 the U.S. EPA outlined 20 bio-remediation agents & one pure enzyme 
additive alone known as “Petroleum Spill Eater II”. The manufacturer described the 
product as a “bioremediation agent (biological enzyme additive (previously listed as 
a nutrient additive)),” with a 5-year duration [113, 134]. The manufacturer reported 
33.6% decrease in aromatics & 36.9% decrease in alkanes after 7days & 89.6 % & 
89.8% decrease of the same compounds respectively, 28 days post Petroleum Spill 
Eater II application, indicating maximum reductions over a short duration.

Although enzyme-mediated bio-remediation is beneficial, there are requirements 
& challenges which restrict its application to few classes [132]. Generally, these chal-
lenges are associated with enzyme stability & high costs.

Genomic techniques are thus extensively being explored, in order to offer 
enzyme products that can compete favorably as bio-remediation products. 
Genomic techniques make detection of genes that encode HC-degrading enzymes 
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in environmental samples or micro-organisms possible, thereby acting as high-
throughput technique for bio-prospecting studies. In addition, gene-engineering 
can significantly enhance cost-effective enzyme production [7, 113, 126]. Brzeszcz 
and Kaszycki [2, 126] reported that new studies using omics (proteomics, protein 
engineering & metagenomics) are successfully adding to cost-effectiveness, 
increased cost-benefit ratios & reduction in chemical application. Using genomic 
techniques for bio-catalysis (bio-degradation) uses can also assist in tackling the 
challenge of employing genetically modified organisms (GMO) in the environment 
[113, 126]; for example, recruiting modified microbes into the environment will not 
be necessary, if modified enzyme is produced in the laboratory.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Jasmonic acid (JA), cytokinins (CK), gibberellins (GA), abscisic acid 
(ABA), ethylene (ET), and salicylic acid (SA) are potent plant stress hormones 
(phytohormones/PTH). Methyl jasmonate (MeJA), a volatile ester of JA, is 
derived from the petals of Jasminum grandiflorum (jasmine). The MeJA has been 
meticulously confirmed for its food, agricultural, and therapeutic uses in the 
treatment of a range of serious illnesses. Several scientific articles have studied 
and reported on the role of free radicals in the development of life-threatening 
clinical illnesses. The inflammatory signaling pathway is triggered by a weak or 
interfering endogenous antioxidant system, or the elaborated production of free 
radicals, which causes damage to key cellular components. The current chapter 
focused on and demonstrated MeJA’s multifunctional role in antioxidant and 
anti-inflammatory signaling mechanisms such as inhibition of NF-B (nuclear factor 
kappa-light-chain-enhancer of activated B cells), mitogen-activated protein kinase 
(MAPK or MAP kinase) pathway inhibition/down-regulation of pro-inflammatory 
mediators (IL, TNF-), cyclo-oxygenase (COX), and (LOX). The antioxidant 
effect of MeJA’s interaction with miRNA, transcription of nuclear factor erythroid 
2-related 2 (Nfr2), activation of sirtuins (SIRTs), antioxidant and redox signaling 
pathway were also discussed in the chapter.

Keywords: methyl jasmonate, anti-inflammatory, oxidative stress, free radicals,  
plant stress hormone

1. Introduction

Oxygen is continually used by the organism for a variety of important activities 
[1]. Reactive oxygen species (ROS) is a naturally occurring byproduct of oxygen 
metabolism that interacts with biological systems regularly [2, 3]. ROS has been 
involved in the breakdown of cell organelles such as DNA, proteins, and lipids, 
according to several studies. Radical scavenging molecules are important compo-
nents of the antioxidative defense mechanism, protecting cells from free radical 
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damage [4, 5]. Endogenous antioxidant systems (enzymatic/nonenzymatic) are 
important for balancing and fighting ROS such as H2O2, ROOR (organic hydroper-
oxide), NO (nitric oxide), O-(superoxide), and •OH (hydroxyl radicals), among 
others [6, 7]. Superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), 
and glutathione reductase (GR) are enzymes in the human endogenous antioxi-
dant system that play a role in the development of ROS-mediated oxidative stress 
[7–10]. The extensive production of free radicals manifests in serious illnesses and 
disorders as diabetes [11], cardiovascular [12], inflammatory [13], and neurologi-
cal diseases [14]. The production of ROS is triggered by many oxidizing enzymes 
(xanthine oxidases, NADPH oxidase) COX [15, 16] pro-inflammatory factors. A 
modest rise in ROS levels disturbs and interferes with cell proliferation and normal 
physiological processes, but a substantial increase in ROS levels causes catastrophic 
damage to cellular components [17, 18]. SOD, an important endogenous antioxidant 
metalloenzyme that scavenges H2O2 produced during oxygen metabolism [19], is 
an important endogenous antioxidant metalloenzyme. Because of the increased 
and unregulated synthesis of O-depletes in SOD storage, protecting the cell from 
hazardous chemicals created during aerobic respiration becomes challenging [20]. 
Through the conversion of GSH into selenium-containing GSH (GSSH) by GR 
(Glutathione reductase), the thiol-containing GSH is an essential reducing agent 
that eliminates reactive oxygen species [20, 21]. CATase is a kind of antioxidant that 
is responsible for the neutralization of H2O2. H2O2 causes lipid peroxidation, which 
is inhibited by CAT [22]. Many compounds are produced by lipid peroxidation, but 
one of the most significant is MDA (malondialdehyde) [9].

2. Multifunctional role of MeJA in several clinical ailments

2.1 Downregulation of NF-κB, MAPK pathway, and oxidative stress

The cytokines are important mediators and signaling molecules involved in sev-
eral inflammatory pathological cascades. TNF- and the IL family (IL-1, IL-6, IL-15, 
IL-17, IL-18) are important cytokines [23]. The vital regulator in the synthesis of 
cytokine induction is the NF-κB signaling pathway. NF-κB is a family of proteins 
associated with DNA and activates cytokine synthesis genes [24]. The inhibitory 
protein (IkB) binds to NF-κB and blocks the translocation it from the cytoplasm 
to the nucleus. The number of stimuli affects IkB function by phosphorylation 
and degrading it. This allows NF-B to get activated, translocated to the nucleus 
from the cytoplasm, and triggers genes involved in the synthesis of inflammatory 
mediators. Agents that activate NF-κB include cytokines, mitogens, and ROS [25]. 
Another important signaling pathway in inflammation is the activation of MAP 
kinase under the influence of ROS. ROS induces phosphorylation of the MAP kinase 
family, including ERK, JNK, and p38 kinases [26]. Consequently, these kinases are 
responsible for the activation of transcription factors similar to NF-κB and regulate 
pro-inflammatory genes. Through enzymatic conversion from LOX and COX, ROS 
also significantly contributed to the synthesis of inflammatory mediators such 
as PG (prostaglandins), LT (leukotrienes), 5-HETE (5-Hydroxyeicosatetraenoic 
acid), and others [27, 28]. Studies have shown that antioxidant treatment effectively 
reduces pain and inflammation via downregulation of NF-B activation and cytokine 
synthesis [29, 30]. Nociceptive responses are detected by nociceptors found on c 
and fibers that innervate higher brain centers. Several studies have advocated that 
the activation of nociceptors and perception is mediated by inflammatory media-
tors [31]. The study revealed that MeJA significantly reduces the production of 
ROS-mediated oxidative stress and the generation of pro-inflammatory mediators 
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and would be responsible for its anti-inflammatory and anti-nociceptive effects in-
vivo and in-vitro [28, 32–35]. Studies have demonstrated a significant reduction in 
pain and inflammation in MeJA-treated experimental animals intoxicated with LPS. 
The proposed underlying mechanism involved is downregulating the production of 
pro-inflammatory cytokines (IL, TNF-), expression of COX and LOX, PG, resolv-
ing disturbed redox status, inhibiting the generation of ROS/RNS, inactivation of 
inflammatory cells, and downregulation of transcription in the NF-B and MAPK 
signaling pathways [35].

2.2 Inhibition of neuronal peroxidation and oxidative stress

The progressive loss of memory is characterized by Alzheimer’s disease (AD). 
The common signs and symptoms include the inability to recall past events, 
calculate, plan and perform simple tasks, recognize people and relationships, etc. 
[36, 37]. The pathological lesion lies in central cholinergic pathways where the 
degeneration of cholinergic neuronal populations occurs [38]. Several studies have 
revealed that ROS and associated oxidative stress in the brain region is important 
in the development and progression of AD. Enhanced lipid peroxidation and 
diminished polyunsaturated fatty acids have been found in AD brains, which 
further support the role of ROS in the pathophysiology of the disease [39, 40]. 
Brain tissues are more susceptible to the deleterious effects of ROS because of 
their high rate of oxygen consumption, high iron content in many brain tissues, 
and generation of hydrogen peroxide in neuronal mitochondria cells [41, 42]. 
Postmortem studies have confirmed elevated levels of MDA, an index of lipid 
peroxidation in AD brains, which confirmed the role of oxidative stress in the 
pathogenesis of the disease [43]. Induction of AD in experimental animals can 
be done by the administration of chemical substances which interfere in a central 
cholinergic pathway. Scopolamine (SC)-induced memory dysfunction has been 
linked to its depletion of Ach (acetylcholine) stores, increased oxidative stress, 
and depletion of the endogenous antioxidant enzymes in brain tissues, which leads 
to neuronal damage. Tacrine, an AChE inhibitor like tacrine, was the first further 
donepezil and rivastigmine to be approved for the treatment of AD. It is reported 
that inflammation of brain cells appears to contribute to the development and 
progression of AD. Anti-inflammatory drugs such as NSAIDs, corticosteroids, 
and antioxidants may be effective strategies in Alzheimer’s disease [42, 43]. 
In a pharmacological screening of a new molecule, lipopolysaccharide (LPS) 
induced neuroinflammation is a highly validated and reported model [44, 45]. 
The underlying mechanism involves LPS-induced synthesis of inflammatory 
mediators and generation of ROS followed by damage to the neurons. MeJA has 
been screened for its memory performance-enhancing potential against LPS-
induced neurotoxicity. The studies revealed that significant memory enhancement 
in MeJA treated animals was observed as compared to LPS treated. The underlying 
mechanism has been linked to MeJA antioxidant, anti-inflammatory potential using 
In-vivo as well as In-Vitro screening models [46–48].

2.3  Inhibition of mitochondrial dysfunctioning, inflammatory cytokines,  
and oxidative stress

Stress can influence the emotional factors and neurobehavioral characteristics 
of human beings and manifest anxiety [49]. The association of oxidative stress and 
neurodegenerative disorders, including anxiety, has been reported in several studies 
[50]. Anxiety is a stress response such as worry, fear, overwhelm, and distress to 
the environment that makes it difficult to continue to work or behave normally in 
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day-to-day life [51]. The stress system components of the CNS are the limbic sys-
tem, hypothalamus, pituitary, and endocrine hormones that play an integral part in 
the determination of mental health and behavioral responses [52]. These behavioral 
responses are regulated by the neurotransmitter/modulators and get interrupted by 
a variety of chemicals, xenobiotics, drugs, etc., and could change the normal neu-
ronal function [53]. The brain tissues are rich in lipid substrates for oxidation, iron, 
and copper ions that catalyze free radical reactions which are abundant [54]. The 
sites of damage mediated by ROS are neuronal mitochondria dysfunction, which 
leads to psychiatric behavioral diseases like depression, anxiety, psychosis, and 
ataxia [55, 56]. Patients with anxiety, depression, and psychosis found enhanced 
levels of pro-inflammatory cytokines, specifically IL-6 and TNF-α, in their blood 
and brain. Pro-inflammatory cytokines degenerate neurons by activating signaling 
molecules such as phospholipase A2 (PLA2) and arachidonic acid (AA) [57, 58]. 
Activation of PLA2 and AA further increases ROS and additional inflammatory 
mediators like eicosanoids, which contribute to promoting inflammation and nerve 
degeneration [59]. AA has been found to have a direct role in apoptotic effects 
[63]. Anti-inflammatory, antioxidant dietary agents such as docosahexaenoic acid 
(DHA) have been shown in studies to prevent neuronal apoptosis and to be an 
important treatment option in neurodegenerative diseases [61]. NF-B expression 
has been found in neurodegenerative diseases, including anxiety [60]. Blocking of 
the NF-κB pathway remarkably reduces the levels of cytosolic and mitochondrial 
ROS generation and neuronal damage mediated by oxidative stress. MeJA has been 
studied for its antianxiety, adaptogenic, and anti-stress potential, and it has been 
shown to have a significant effect in animals [49, 61]. The underlying mechanism is 
that MeJA significantly reduces the levels of mitochondrial ROS by compensating 
with endogenous antioxidant enzymes like GSH, CAT, GPx, GR, SOD, and free 
radical scavenging activity. A significant reduction in IL and TNF-, as well as a 
significant inhibition of NO, which is responsible for the synthesis of pro-inflam-
matory mediators, has a direct effect on the inhibition of neurodegeneration. It was 
also reported that MeJA shows a switch-off effect on activation of the NF-B and 
MAPK transcription pathways, which have direct involvement in the generation of 
stress, anxiety, and other psychological disturbances [31, 34].

2.4 Inhibition of neuronal excitability and oxidative stress

Aggressive tendencies and behaviors in humans and animals have been dem-
onstrated and linked to elevated inflammatory markers [62, 63]. As discussed 
earlier, brain tissues are more susceptible to the deleterious effects of ROS 
because of their high rate of oxygen consumption, high iron content in many 
brain tissues, and generation of hydrogen peroxide in neuronal mitochondria 
cells [40, 41]. ROS damages neuronal membranes, impairs the ability to deacti-
vate receptors and ion channels, causes uncontrolled neurotransmitter release, 
and generally disrupts neuronal functioning [64, 65]. disturbed neuronal 
functioning contributes to neuronal excitotoxicity and is considered as a patho-
logical cascade in neuronal diseases, particularly aggression. Excess excitatory 
neurotransmitter (glutamate) activity and weakened inhibitory (GABA) neu-
rotransmitter signaling result in aggressive behavior changes. Over-activity of 
glutamate excitatory neurotransmitters progressively modulates the glutamate 
receptor and increases intracellular levels of Ca2+, which further disturbs the 
mitochondrial Ca2+ homeostasis, activates hydrolytic enzymes, and activates 
apoptotic signaling pathways. Several studies have established a link between 
increased nitric oxide synthase (NOS) activity and glutamate neurotoxicity, as 
well as associated behavioral aggressive tendencies [66, 67]. Evidence suggests 
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that MeJA treatment can control disease progression by modulating oxidative 
stress-mediated by ROS/RNS and controlling inflammatory mediators via direct 
or indirect mechanisms [61, 68]. In conclusion, the antioxidant potential of MeJA 
controls the modulation of glutamate/GABAergic, increased Ca2+ influx through 
countering NO production, oxidative stress.

2.5 Inhibition of metalloproteinases and oxidative stress

The articular cartilage is avascular and does not receive any blood supply. Hence, 
the essential nutrients and oxygen are supplied to the cartilage through the synovial 
fluid [69]. Many metabolic reactions in chondrocytes are anaerobic and adapted to 
survive with a minimum oxygen tension [70]. In a pathological condition, oxygen 
tension fluctuates, leading to the generation of ROS by the chondrocytes. The 
main reactive species produced by chondrocytes are O2 radicals, NO, and their 
derivatives (ONOO-, H2O2) example, chondrocyte-derived free radical levels are 
important for the maintenance of ion homeostasis, but they also contribute to 
disease progression [71]. Enhanced levels of ROS lead to serious damage to both 
chondrocytes and extracellular matrix components of articular cartilage and 
disturb redox status [72]. The important component of the ECM like aggrecan 
is degraded by ONOO-and initiates the process of cartilage degradation [73]. 
Additionally, endogenously synthesized NO suppresses the synthesis of aggrecan. 
The tensile strength is primarily provided by a network of aggrecan hyaluronate 
collagen; free radicals disturb the collagen network and reduce the strength of the 
ECM. Free radicals inhibit collagen synthesis indirectly via interleukin-1 [74]. The 
proteoglycan synthesis is inhibited by H2O2 through the disturbing synthesis of 
triphosphate (ATP) [75]. The tissue inhibitors of metalloproteinases (TIMPs) are 
important inhibitors of MMP-mediated cartilage damage [76]. ONOO-and HOCl 
reduces the activity of TIMPs by inactivating them. The NO producing agent up 
regulated the synthesis of MMPs by enhancing collagenase mRNA expression [80]. 
Proteoglycan synthesis is down-regulated in the chondrocytes on exposure to H2O2 
[77]. ROS participates in reducing the capacity of chondrogenic precursor cells to 
migrate and proliferate within the joint area. NO enhances the anti-proliferative 
effect of IL-1 as well as initiates chondrocyte apoptosis [78]. The fibroblast-like 
synoviocytes consume a large amount of oxygen as compared to chondrocytes. In 
oxidative stress, the accumulation of antioxidant enzymes like SOD, CAT, and GSH 
has been observed. These enzymes protect the chondrocytes and ECM degradation 
from free radicals [79]. An uncontrolled and abnormal increase in ROS levels 
causes apoptosis of chondrocytes. Several studies reveal that a minimum level of 
H2O2 in synoviocytes causes less damage to chondrocytes [80]. MeJA has shown a 
significant chondroprotective effect on LPS-induced cartilage damage. LPS induces 
the synthesis of pro-inflammatory mediators as well as creates severe oxidative 
stress. MeJA significantly reduces the inflammatory mediator’s activity as well as 
cartilage destructive MMP. Normalization of oxidative stress is accomplished by 
restoring antioxidant enzyme levels [27, 32].

3.  Regulation of miRNA, SIRT, and HIF1α for an antioxidant  
mechanism

An oxidative stress state alters the expression level of different miRNAs 
(microRNAs) and causes significant changes in important cellular processes like 
cell differentiation, lipid metabolism, apoptosis, and organ development [81]. 
Severe clinical conditions like inflammation, cancer, cardiovascular diseases, 



Plant Hormones - Recent Advances, New Perspectives and Applications

72

diabetes mellitus, rheumatoid arthritis, neurological disorders have been cor-
related with altered miRNA expression [82]. Upregulation or downregulation of 
mRNA addresses pathophysiological modulation in retardation or development 
of diseases. Anticancer activity of MeJA against bladder, colorectal cancer cells 
has been shown via the downregulation of EZH2 (enhancer of zeste homolog 2) 
expression by induction of microRNA-101 [83–85]. MeJA antioxidant activity 
has been demonstrated via two pathways: first, inhibition or down-regulation of 
pro-inflammatory factors such as IL, TNF-mediated mitochondrial ROS produc-
tion, and second, restoration of endogenous antioxidant enzymes [86, 87]. The 
latter mechanism involves an effect on the regulation of microRNA. Cellular redox 
status is regulated by redox-sensible transcription Nfr2 through the upregulation 
of antioxidant defense genes for SOD, CAT, GSH enzymes [88–90]. The activity 
of Nfr2 is regulated by miRNAs via downregulating the same [91, 92]. In conclu-
sion, MeJA improves the antioxidant status and regulates oxidative stress by 
downregulating specific miR-155 and upregulating miR-101, which leads to the 
upregulation of Nfr2 activity. The indirect effect of MeJA on sirtuins (SIRTs) as an 
antioxidant and redox signaling pathway has been established through upregula-
tion of Nfr2 activity by induction of miR-101. Researchers have extensively studied 
and reported that SIRTs are key signaling molecules that regulate the redox status 
of the cell and modulate cellular responses in a variety of pathological conditions 
over the last two decades [93]. SIRTs protect the cell from the deleterious effect 
of ROS and enhance the expression of genes responsible for the production of 
endogenous antioxidant enzymes. SIRTs are important for the fine balance between 
oxidant and antioxidant systems, regulating cellular biochemical reactions as well 
as maintaining an oxidative state. SIRTs, in association with antioxidant response 
elements (ARE), is involved in the regulation of gene expression when a cell is 
exposed to oxidative stress responses. ARE senses the altered cellular redox status 
and elicits transcriptional responses through activation of Nfr2. Nfr2 regulates 
the expression and production of several antioxidant enzymes and detoxifica-
tion genes [94, 95]. Several studies have reported that MeJA significantly restores 
the levels of antioxidant enzymes and reduces oxidative stress and mediated 
damage [27, 50, 51, 96, 97]. The underlying mechanism may be Nfr2 mediated 
increased gene transcription for antioxidant enzymes through the upregulation of 
miRNA-101. MeJA down-regulates the expression of miRNA-155, leading to the 
stabilization of HIF-1 (hypoxia-inducible factor 1 alpha) [88]. The fall in oxygen 
tension in the cell below that needed for normal physiological demand causes a 
cellular hypoxic adaptive response. The hypoxic condition is crucial and important 
to target for a therapeutic approach, particularly in cardiovascular disease and 
cancer [98]. The key regulators of oxygen tension in cells are HIFs. HIF-1 regulates 
acute hypoxia, whereas HIF-2 and HIF-3 regulate chronic hypoxia. Recently, 
investigation suggests that miRNAs play an important role in the regulation of 
HIF [99]. Chronic hypoxic conditions lead to cellular apoptosis, which contributes 
to severe stroke or myocardial infarction. Alternatively, an intentional cellular 
hypoxia approach is practiced in the treatment of various types of cancer. Hypoxia 
induces oxidative stress via the overgeneration of reactive oxygen species (ROS). 
Targeting HIF through downregulation of miRNA-155 is a new dimension in the 
induction of cancer cell apoptosis [100]. MeJA anticancer activity has been largely 
correlated with the downregulation of miRNA-155, which inhibits expression 
of HIF, which insults cancerous cells and induces apoptosis. In summary, MeJA 
indicates unique and imperative aspects concerning the assimilated biological roles 
against oxidative stress, viz. reducing infiltration of inflammatory cells and their 
activation, inhibition of proinflammatory mediators (IL, TNF-), LOX and COX, 
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downregulation of NF-B and MAPK transcription pathways, downregulation of 
miRNA-155, and upregulation of miRNA-101 and Nfr2 pathway (Figure 1).

Reactive oxygen species (ROS)/reactive oxygen species (RNS) initiates signal-
ing inflammatory pathways NF-κB (nuclear factor-kB)/MAPK (Mitogen-activated 
protein kinase) and induces synthesis of cytokines (IL and TNF-α), (MAPK) 
responsible to enhance activity of COX and increases the synthesis of pro-
inflammatory mediators. Activity of COX (cyclooxygenase)/LOX (Lipoxygenase) 
is enhanced by ROS/RNS and induces synthesis of inflammatory mediators like 
(PGs, LTs, 5HTEL). The formed inflammatory mediators contribute to destruc-
tive effects on the different cells. Lipid peroxidation caused by ROS/RNS leads 
to damage to neuronal cells component and disturbs mitochondria functioning 
and induces neuronal cell degeneration and death and develops anxiety, psy-
chosis, depression etc. The disturbed neuronal cell functioning cause’s uncon-
trolled release of neurotransmitter and causes imbalance between inhibitory 
(GABAergic) and excitatory (Glutmate) neuronal mechanism leads to aggressive 
tendencies & behaviors. On induction of inflammation PMN (polymorpho-
nuclear neutrophil) activates and are important source for generation of ROS/RNS 
which further participate in inflammatory cascades. ROS/RNS increases activity 
of destructive MMP (matrix metalloproteinase) whereas protective tissue TIMPs 
(Inhibitor of metalloproteinase) is diminished. MMP selectively degrades the 
component of cartilage ECM (Extra cellular matrix) and causes cartilage damage, 
pain inflammation due to wear and tear of joints. MeJAregulates miR-155, miR-101 
as well as sirtuins (SIRTs) antioxidant and redox signaling pathway leads to the 
upregulation of the Nfr2 (nuclear factor erythroid 2-related 2) activity. Up regula-
tion of the Nfr2 increases gene transcription for antioxidant enzymes and reduces 
cellular oxidative stress.

Figure 1. 
MeJA multifunctional role in oxidative stress and molecular interactions in antioxidant defense mechanism.
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4. Conclusion

PTH jasmonic acid and its derivatives like MeJA are important in the survival of 
plants in biotic and abiotic stressful conditions as well as have proved their effec-
tiveness in the treatment of several clinical ailments. An important consideration 
has been pointed out to oxidative stress-mediated by ROS in the development of 
several pathological conditions like cardiovascular, metabolic, psychosis, and 
neurodegenerative disorders, cancer, etc. MeJA is not only effective in plants to 
relieve oxidative stress, but also effectively relieves the same in human beings. ROS 
activates several pathways like the NF-B and MAPK signaling pathway, increases 
the activity of inflammatory (PG, LT, 5HTEL) and pro-inflammatory mediators 
(IL, TNF-), triggers classes of degradative enzymes, disturbs cellular redox status 
and depletes antioxidant enzymes, induces lipid peroxidation of important cell 
components, and disturbs cellular normal physiology and construction. Targeting 
ROS/RNS by antioxidant molecules or disabling signaling pathways activated by 
ROS are important concerns for treatment options in severe diseases and disorders. 
MeJA has shown a prominent role in controlling and neutralizing signaling path-
ways like NF-κB and MAPK also effectively reduces the activity of inflammatory 
mediators, oxidative stress, and protects the cell and its components from ROS. 
On the other hand, methyl jasmonate has a positive interaction with miRNA-101 
which activates Nfr2mediated upregulation of antioxidant defense genes for SOD, 
CAT, and GSH enzymes as well as indirectly boosts SIRT antioxidant and redox 
signaling pathways. Considering the potent role of MeJA and significant interfer-
ence in oxidative stress and facilitated disease causative pathways, it could be an 
influential candidate in the treatment of numerous pathological conditions. Several 
molecules have been screened from natural and synthetic sources for their potential 
antioxidant benefits. Among them, MeJA has a multifaceted role against oxidative 
stress-mediated cellular damage. In conclusion, phytohormones like MeJA may be a 
protruding candidate for new drug discovery and a highly promising molecule for 
the pharmacotherapy of severe diseases or disorders.
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PTH Phytohormones
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NF-B Nuclear Factor Kappa-Light-chain-enhancer of Activated B cells
MAPK Mitogen-Activated Protein Kinase
IL INTERLEUKIN
TNF-α Tumor Necrosis Factor alpha
COX Cyclo-Oxygenase
LOX LIPO-OXYGENASE
miRNA microrna
Nfr2 Nuclear Factor Erythroid
SIRTs Sirtuins
ROS Reactive Oxygen Species
RNS Reactive Nitrogen Species
H2O2 Hydrogen Peroxide
ROOR Organic Hydroperoxide
NO Nitric Oxide
O- Superoxide
•OH Hydroxyl Radicals
SOD Superoxide Dismutase
CAT Catalase
GSH Glutathione
GR Glutathione Reductase
MDA Malondialdehyde
IkB Inhibitory Protein B
PG Prostaglandins
LT Leukotrienes
5-HETE 5-Hydroxyeicosatetraenoic Acid
AD Alzheimer’s Disease
Ach Acetylcholine
AChE Acetylcholine Esterase
NSAIDs Non-Steroidal Anti-inflammatory drugs
LPS Lipopolysaccharides
PLA2 Phospholipase A2
AA Arachidonic Acid
DHA Docosahexaenoic Acid
GABA Gamma-Aminobutyric Acid
NOS Nitric Oxide Synthase
ECM Extracellular Matrix
TIMPs Tissue Inhibitors of Metalloproteinases
MMP Matrix Metalloproteinases
HOCl Hypochlorous Acid
EZH2 Enhancer of Zeste Homolog 2
ARE Antioxidant Response Elements
HIFs Hypoxia Induced Factors
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Abstract

Climate change is an emerging issue for modern agriculture and has generated 
biotic and abiotic stresses for plants such as cold, high temperature, heat, drought, 
uneven rainfall, and UV radiations. In addition to these, serious stress factors are 
emerging related to water availability, nutrient cycling, salinity-sodicity, and pest 
attacks. In recent years, such phenomena have attracted the research community 
to avoid the fatal influence of climate change on crop production and obtain more 
food helping in fulfillment of increasing food demand of population surge. The 
anthropogenic activities in the agroecosystem are among the major causes for 
global warming and proportion in climate change. Therefore, it is assumed that 
identifying various plant hormones and their utilization to improve plant metabolic 
activities would help maintain plant growth, survival, and production under severe 
climate change circumstances. This chapter focuses on identifying the key aspects 
of plant hormones to retard the negative impacts of climate change and support 
sustainable agriculture.

Keywords: plant stress, abiotic factors, biostimulants, plant growth regulators, 
agricultural production

1. Introduction

Issues generated from changing climate are trending throughout the globe and 
have altered various Earth ecosystem processes [1]. Climatic variability assumes 
about 60% of yield variability, and therefore, it is considered a critical factor to 
influence crop productivity and farmer’s income. In addition to crop yield and 
productivity, different natural resources such as land and water are also exploited 
and have a crucial impact on agricultural production [2]. The primary reason for 
the substantial changes in climate in the last few decades is the excessive anthropo-
genic activities that transformed the composition of the global atmosphere. Since 
1750, the greenhouses gases (GHGs) concentration increased, including methane 
(150%), carbon dioxide (40%), and nitrous oxide (20%), respectively [3].
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The growing population has increased the demand for food that has resulted 
in intensive agricultural practices such as excessive fertilizer usage, manipula-
tion of water resources, and livestock generation. Furthermore, such agricultural 
activities result in producing GHGs, thus polluting natural resources. Additionally, 
climate change adversely degrades the land resulting in increased desertification 
and having nutrient-deficient soils. The threat of growing land degradation day by 
day is another issue observed worldwide. Global Assessment of Land Degradation 
and Improvement (GLADA) reported that a quarter of the global land has not to be 
categorized as degraded. Climate change and anthropogenic activities are the key 
factors to deteriorate the 15 billion tons of fertile soil every year, and its 1.5 billion 
people are also affected [1].

The agriculture sector is also prone to climate change as it is sensitive to weather 
conditions and causes massive impacts on economics. The crop yield is also affected 
by changes in climatic events, including temperature and rainfall. Increase in 
temperature, changes in precipitation patterns, and CO2 fertilization vary due to the 
crop, location, and magnitude of change in the parameters (Figure 1). The increase 
in precipitation is likely to reduce the temperature, which ultimately reduces the 
crop yield. Moreover, humidity and wind speed also impact crop productivity and 
insect pests and diseases, which are more active in humid and warmer conditions 
[3]. Climate change has also contributed to drought, increasing sea levels, intense 
storms, and floods, resulting in land degradation [4].

A collection of small molecules having a different structure that contributes 
to improving various plant growth and development processes and showing 
significant results against biotic and abiotic stresses are termed as plant hormones. 
Moreover, plant hormones regulate different mechanisms such as seed germination, 
cell differentiation, cell proliferation, senescence, stem elongation, organ forma-
tion and response to drought, pest attack, and wounding. Thus, plant growth and 
productivity, size, and architecture are controlled by plant hormones. In addition, 
it can be a possible solution to improve agricultural productivity and solve the 
worldwide food storage issues [5, 6].

Plant hormones can also be defined as the plant growth regulators either 
produced inside or by the plants, whereas plant growth regulators are synthetic 

Figure 1. 
Environmental impacts resulting from climate change.
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materials that can alter plant biological processes and improve its growth [6, 7]. 
Major classical hormones included in the plant growth regulator category are 
abscisic acid, cytokinin, ethylene, auxin, jasmonate, gibberellin, salicylic acid, 
brassinosteroids—however, many more there to be discovered. For the last few 
years, the understanding of the plant hormones and their association with various 
plant processes, the mechanism behind them, and their signaling roles has been 
progressed [8].

In this chapter, we have aimed to understand plant hormones as a tool to 
achieve agricultural sustainability to tackle climate change. The chapter consists 
of eight sections, which describes the introduction (Section 1), interaction of 
plant hormones and plant physiology (Section 2), role of plant hormones in 
adaptation to salt stress (Section 3), participation of plant hormones in heat and 
cold stress tolerance (Section 4), the response of plant hormones to drought stress 
(Section 5), the involvement of phytohormones in resetting plant-pest interac-
tion (Section 6), future prospects and challenges (Section 7), and the conclusion 
(Section 8), respectively.

2. Interaction of plant hormones with plant physiology

Plant hormones are chemicals and should not be considered nutrients. These 
hormones are programmed to respond at a specific time or growth stage, or cycle. 
However, before or after that specific stage, the impact of hormones will diminish 
[9]. Due to climate change, plants face various biotic and abiotic stresses, including 
salinity, cold and heat stress, drought, insects, and pathogens attack that adversely 
impact plant growth and yield. However, plant hormones in a small amount not 
only protect the plant from environmental stresses but also improve crop yield [10], 
as described in Table 1.

Plant hormones help to attain resistance in plants against induced stress (Figure 2). 
Abscisic acid is related to the plant stress responses such as cold, drought, salinity, and 
plant growth, including seed dormancy, embryo maturation, flower induction, and 

Plant hormone Identified primary function References

Abscisic acid Impacts various cellular processes (i.e.,) seed maturation and 
germination, stomatal movement, and leaf senescence.

[11]

Cytokinin Influence cell division in roots and shoots, delay tissues senescence. [12]

Ethylene Promote, inhibit, or induce growth and development of leaves, 
flowers, and fruits.

[13]

Auxins It affects plant development as cell division, elongation, 
differentiation, flowering, and senescence.

[14]

Jasmonates It contributes to developing plant roots and reproductive systems, 
develops defense mechanisms, and triggers gene expression.

[10]

Gibberellin Facilitates plant growth, cell elongation, and development of 
flowers, fruits, and seeds.

[15]

Salicylic acid Develops resistance in plants and stimulates the production of 
antioxidants.

[16]

Brassinosteroids Regulate various physiological processes such as cell expansion 
and proliferation, vascular differentiation, timing senescence, and 
male fertility.

[17]

Table 1. 
Pivotal roles of plant hormones in plant growth and development.
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pest attack [18]. Cytokinin is a hormone produced by plants as well as nearby insects 
and pathogens. However, it induces defense mechanisms in plants upon pathogen 
attack and impacts the plant physiological traits, including apical dominance, seed 
germination, leaf senescence, flower, and fruit development, whereas type of  
molecules of cytokinin hormones varies depending upon the plant growth stages and 
environmental conditions [19].

Ethylene has a significant role in leaf growth, development, senescence. 
However, the response depends on the concentration of hormones and the plant 
species. Therefore, the effect of ethylene on plant physiology might be an indepen-
dent response or dependent on the interaction with other hormones. Moreover, 
ethylene has been shown to play an antagonistic role to auxins in the abscission 
of various organs. Furthermore, ethylene is vital for fruit ripening, plant aging, 
and protecting the seed until maturity [13]. On the other hand, auxin is a growth 
hormone and involves in plant growth and development through cell elongation 
and expansion. It also regulates organ development, shoot, root branching, gravit-
ropism, and phototropism [20].

Jasmonic acid is a plant hormone and is involved in plant defense mechanisms. 
Thus, the plant can perform effectively under stressful environmental condi-
tions. Its interaction with ethylene improves root development and anthocyanin 
accumulation that could be related to its tolerance against abiotic stresses [10]. 
Furthermore, it is involved in the inhibition of seed germination. The mecha-
nism behind the role of Jasmonic acid varies depending upon the environmental 
constraints [21]. Gibberellin is required by the plants at multiple stages and 
contributes to germination, the transition to flowering, and flower development, 
root elongation, and fruit development [22].

Salicylic acid is also a defense-boosting hormone as its level increases with 
pest attack [21]. In addition, brassinosteroids regulate specific gene sets to help 
plants sustain during unfavorable environmental conditions [23]. Moreover, it 
is also involved in various metabolic processes, including osmotic regulation, 
plant-water interaction, photosynthesis, nitrogen metabolism, and antioxidant 
metabolism [24].

Figure 2. 
Plant hormones enable the plants to sustain against environmental stresses.
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3. Role of plant hormone in adaptation to salt stress

With the increasing population, it is challenging to fulfill the food require-
ments, as climate change has threatened the sustainability and productivity of the 
agriculture production system [25]. Different types of abiotic stresses are present 
in nature, affecting the various processes in plants and indicating the unique and 
complex response against the stresses, depending on multiple factors such as degree 
of plasticity, including many morpho-physiological, cellular, and anatomical [26]. 
According to an estimate, about 6% of the world’s total land area is affected by 
salinity. Among various biotic and abiotic stresses, salinity also plays a vital role in 
decreasing crop growth and productivity [27] that has been intensified due to poor 
irrigation practices, increasing population, and industrial pollution [28]. Some 
other types of stress, including osmotic stress, ionic stress, and oxidative stress, 
occur in the plant because of salt stress. Consequently, to survive under such condi-
tions, plants need to rely on such critical pathways, which help the plants reestablish 
the various processes, including ionic, osmotic, and reactive oxygen species [27]. 
It is necessary for the plants that grow under salt stress conditions to re-adjust the 
different biochemical and physiological processes involved under salt stress, and 
plants have to adjust their physiological and biochemical processes, engaged in 
modifying not only the ionic but also the osmotic homeostasis [29].

Several studies have shown that every hormone present in the plant does not play 
only a biological role in the plant, but also plays a vital role in various important 
stages, such as tissue formation and other physiological processes [30, 31]. These 
phytohormones can act either near to or remove from the site of synthesis to regu-
late responses to environmental stimuli or genetically programmed developmental 
changes [32]. So, hormones play a vital role in facilitating plant response to various 
abiotic stresses. The plant may try to spurt or survive under stress conditions and 
may also decrease plant growth. Thus, the plant focuses on its resources on with-
standing the stress [33]. Abiotic stresses may cause a different type of damage, often 
leading to adjustments in production, supply, and signal transductions of growth 
along with stress hormones that can promote definite protective mechanisms [26]. 
Awareness of a stress signal generates the signal transduction pours in plants with 
hormones acting as the baseline transducers [34].

4. Participation of plant hormones in heat and cold stress tolerance

Plants have established a different but extraordinary ability to acclimatize the 
harsh environment and flourish in habitats categorized by abiotic stresses, for 
example, temperature extremes [35]. Both exogenous and endogenous environ-
mental factors are involved in regulating plant growth and development [8]. All 
the exogenous environmental factors (temperature, light, moisture, and atmo-
spheric CO2) must be present at an optimal level to regulate the metabolic process. 
Temperature is one of the most important factors among all environmental factors 
because it plays a dynamic role in regulating the phenological development of a crop 
plant [36]. Temperature beyond the “physiological optimum” that affects a plant’s 
optimal growth is usually known as “high temperature” for that particular plant. 
The participation of hormones in the plant response to heat stress can be examined 
in many different ways. Associate approaches such as short-term heat shock with 
enormously high-temperature and heat acclimation study reveal plants to minor 
heat stress previously imposing great heat stress and long-term high-temperature 
treatment [37].
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Some important crops (annual) such as wheat, oats, barley, and pea show a 
substantial degree of intrinsic freezing tolerance, which can be further enhanced 
by using complex signaling events. On the other hand, some species such as maize, 
rice, and tomato, which belong to temperate or tropical zones, may face severe 
damage at a chilling temperature [35]. Hormones are chemical messengers and 
low-molecular-weight complexes that transfer essential information from a produc-
tion site to the place of action. Regulation of hormonal homeostasis is taken up by 
different processes such as biosynthesis, catabolism, and their transformation from 
one place to another. At the same time, the sensitivity is produced due to the pres-
ence and response of dedicated receptors determined by the receiving tissue, which 
pledge the signal transduction action to change the cellular process [38].

Various types and classes of hormones are available that are involved in the  
different and overlapping functions. Furthermore, hormones manifest different 
synergistic and antagonistic effects on the synthesis and signaling productions 
of the other hormones, generating a composite network of hormonal relations 
[38]. The hormonal signaling system assimilates the peripheral information into 
endogenous development programs and initiates the stress-responsive pathway 
leading toward resistance. Hence, it may not be surprising that plants utilize phy-
tohormones to signal cold stress. So, it may be accredited to the fact that hormonal 
behavior under cold stress conditions is inclined by cross-talk with signaling forces 
the consulting response to other environmental temptations including light [39] 
and is also obstructed by endogenous developing programs, especially those, which 
results in developmental phase transitions [40].

5. Response of plant hormones to drought stress

Although the green revolution has enhanced plant output, the ever-increasing 
global population and global warming (which is producing drought stress) are 
again putting a strain on our ability to feed the globe [41]. As a result of catastrophic 
losses in agricultural output caused by drought stress during the previous few 
decades, there is a worldwide challenge to enhance the yield and plant drought 
resistance [42]. Drought is a disaster for agriculture, humankind, and animals alike. 
Climate change is bringing us closer to a hotter and drier planet. Hence, we urgently 
need to produce drought-resistant, high-yielding crops [43]. Drought is an impor-
tant plant stressor that considerably influences plant growth and productivity, 
resulting in large agricultural production losses [44]. Drought stress causes plants to 
undergo morphological, physiological, biochemical, and molecular changes [45].

Small compounds such as peptides or hormone are effective in agriculture for 
fine-tuning drought response pathways while maintaining production. Research 
initiatives that reveal the physiology of plant responses to drought in model systems 
and transfer these results to crops will result in novel water-saving measures [46]. 
Even as the world’s population rises, finding solutions to alleviate agriculture’s 
“thirst” would lessen competition for freshwater supplies [47]. Exogenous applica-
tion of hormones improves the endogenous hormone contents that significantly 
help in improved photosynthetic fluorescence of leaves, plant enzymatic activities, 
regulates source-sink balance, yields maintenance, and enhances carbon metabo-
lism under the drought stress environment [48].

To reduce the effect of drought stress on plants, these mechanisms may include 
the mitogen-activated protein kinases (MAPK) signaling system, calcium sig-
naling route, transcription factor modulation, and higher levels of antioxidant 
enzymes and other chemicals [49]. Exogenous application of chemicals (nitric 
oxide, 24-epibrassinolide, proline, glycine betaine), plant breeding, and transgenic 
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approaches is under consideration by scientists to enhance these systems [50]. 
Early-stage application helps to control drought stress, and spraying 6-BA has 
capability to regulate the content of endogenous hormones and improve photo-
synthetic characteristics of sweet potato, and thus effectively alleviates the loss 
of yield [51]. Under drought condition, seed treatment of plant hormones, maize 
germination percentage, and seedling growth were enhanced significantly [52] 
amid to improved drought resistance.

6. Involvement of phytohormones in resetting plant-pest interaction

Many aspects of plant growth and responses to biotic and abiotic stressors are 
influenced by phytohormones [53]. Jasmonates, ethylene, and salicylic acid are 
the three primary phytohormones that mediate defensive responses to pests and 
diseases. Other hormones’ involvement in defensive signaling has recently been 
discovered. Abscisic acid, a hormone generally linked with abiotic stress reactions, 
has been identified as a critical fine-tune regulator of defenses [54].

Plants have their defense systems to combat pests’ invasions. It has limited 
pre-existing defense systems, and the majority of the defense response is trig-
gered only after an insect or disease has infected it. Pests’ attacks are repelled 
both directly and indirectly by plants. Many of these defenses are controlled by 
signaling pathways in which phytohormones play a significant role. Insects evolve 
methods to overcome the plant obstacles simultaneously, resulting in an intrigu-
ing co-evolution of plant-pest interactions. Biological immune systems require the 
ability to sense and respond, but to what degree can plants recognize and respond to 
pests specifically is integral? The jasmonate route has emerged as a critical signaling 
mechanism for integrating data from the plant-pest contact into broad-spectrum 
defensive responses [55]. A proper defense reaction to a biotic danger requires early 
detection. Pathogens are identified when pattern recognition receptors (PRRs) on 
the surface of the host plant cell detects conserved patterns of microbial molecules 
termed microbe- or pathogen-associated molecular patterns (MAMPs or PAMPs), 
resulting in PAMP-triggered immunity (PTI). PRRs also identify damage-associated 
molecular patterns (DAMPs) that are endogenous chemicals generated by the plant 
after infection and induce defensive responses [56]. Pathogens can avoid this innate 
immune response by using effector proteins that decrease PTI when delivered into 
the host cell. Disease resistance proteins identified in some plant genotypes precisely 
detect pathogen effectors, resulting in effector-triggered immunity (ETI) [57]. 
However, both PTI and ETI models are considered as a generalization [58]. Involved 
receptors and ligands in molecular identification have empowered conclusions 
about the specificity of recognition in plant-pathogen interactions. Usually, ETI is 
activated by highly pathogen-specific chemicals, whereas PTI is based on the non-
specific detection of common microbial molecules [59].

In contrast to diseases, insects are vastly complex multicellular animals with 
a wide range of lives and cognitive behaviors. The plant may use cues from these 
patterns to identify the threat of herbivory and establish appropriate defense 
responses [60]. When plant tissue integrity is disrupted during insect feeding, 
jasmonoyl-L-isoleucine (JA-Ile) is produced, and a well-defined signal transduction 
chain is activated, leading to the transcriptional activation of defensive responses 
[61]. Beyond jasmonates, how can plants fine-tune their defensive mechanism to 
mount herbivore-specific responses? There are two possible responses to this topic. 
The first is that plants may employ jasmonates-independent, parallel pathways 
to generate unique response patterns. Second, specificity may be mediated by the 
activation of jasmonates-response spatiotemporal modulators. The first premise is 
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supported by research on the tomato’s recognition and response mechanism to the 
potato aphid Macrosiphum euphorbiae. Mi-1, a potential receptor, causes salicylic 
acid-mediated signaling [62] and resistance independent of the jasmonate system 
[63]. Plant recognition and response to many different hemipterans appear to 
follow a similar pattern, implying that plants utilize jasmonates separate hormone 
response mechanisms to develop specialized resistance to phloem-feeding [64].

The capacity of one participant to notice and respond to cues provided by the 
other is a recurring topic in all realms of plant-pest biology. This information flow 
serves as a great focal point for revealing fundamental chemical and molecular 
principles of plant-pest interactions. Nonetheless, the research supports several 
broad conclusions concerning plant-pest interactions’ distinctiveness. To begin, 
plants recognize distinct arthropods by combining various environmental signals, 
ranging from mechanical stimulation by insects moving on plant surfaces to 
contact with glandular components during feeding. Second, herbivore sens-
ing activates regulatory responses involving several phytohormones, with the 
Jasmonate pathway playing a pivotal role in host resistance. Third, despite the 
significant conservation of Jasmonate signaling, it is becoming increasingly evi-
dent that several hormone response pathways interact to transform initial sensory 
events into suitable responses that promote plant fitness in the face of aggressive 
aggressors. Anyhow, understanding the impacts of phytohormones at the whole 
plant level is undoubtedly important, and the future study presents an intriguing 
challenge.

7. Future prospects and challenges

Plant hormones have proven themselves effective against biotic and abiotic 
stresses that emerged due to climate change. However, it is a challenge for research-
ers and industrialists to prepare cost-effective products that can be used on a 
large scale. Moreover, salicylic acid is a defensive hormone, but its biosynthesis 
pathway for salicylic acid is still incomplete; thus, this section requires attention. 
Furthermore, various parts of the globe face more biotic/abiotic stress, but we still 
lack understanding of the response of jasmonates against multiple stress condi-
tions. In addition, optimizing the endogenous levels of plant hormones to improve 
the stress-responsive crosstalk mechanisms between multiple hormones is still a 
research gap.

8. Conclusion

The increasing population requires the scientific community to suggest effective 
technologies for food security. Besides this, climate change is a global problem that 
adversely impacts the agriculture sector and creates hurdles for agriculture sustain-
ability. Plant hormones within the plants or prepared by the plants have a promising 
role in tackling these challenges. It enables the plants to tolerate the biotic and abi-
otic stresses as well as improve agriculture productivity. Therefore, understanding 
the mechanism and endogenous application of plant hormones can be an effective 
tool against climate change and its driven problems.
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Abstract

Improving growth and yield properties of plats has been the major aim of most 
researchers in plat science field. Several strategies have been suggested in order to 
sustainably improve crop yield. Among these strategies is biopriming, has gained 
the highest attention being the most effective strategy. Biopriming is a technique 
involving pre-soaking of plant seed into a solution in order for the metabolic pro-
cesses to be enhanced before to germination, thereby improving the percentage and 
rate of germination and increase seedling growth and crop yield under normal and 
different environmental stresses. The most important aspects of phytohormones is 
that they are very essential in the regulation of plant development and growth and 
also functions as an essential chemical messengers, allowing plants to thrive even 
during exposure to various stresses. Priming plant seeds with phytohormones has 
led to improved growth and yield of plants in developing countries. Furthermore, it 
has emerged as an important tool for mitigating the effects of environmental stress. 
However, this innovation has received less attention from local farmers and merger 
work has been reported. Therefore, this review discusses the mechanism and poten-
tial role of priming with phytohormones to enhance crop productivity and improve 
plant tolerance to biotic and abiotic stressors.

Keywords: biopriming, phytohormones, plant growth regulators, biotic stress, 
abiotic stress

1. Introduction

Plant hormones since their discovery in seventeenth century have been used 
extensively in crop production. Advent of technology allowed the researchers to 
study more about different plant hormones and their endogenous and exogenous 
uses [1]. Plant hormones are a group of naturally occurring organic substances 
that are produced by plants and has effects on plant physiological processes when 
released at low concentrations. Plant hormones also referred to as phytohormones 
have the ability to influence growth, differentiation, development, and stomatal 
movement [2]. These hormones are well known for their important roles in plant 
physiology such as regulation of plant growth and development and important 
chemical messenger [3]. The first plant hormone that was identified was auxin. This 
plant hormone has a wide range effect on plant growth and development. Recently, 
it has been clearly shown that plant hormones are not exactly like the mammalian 
hormones. Even though the synthesis of plant hormone may be localized as in the 
case of animal hormones, but plant hormones may be transported to a long distance 
where it is needed most [4]. Auxins (IAAs), cytokinins (CKs), gibberellins (GAs), 
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abscisic acid (ABA), salicylic acid (SA), and ethylene (ET) are of the most essential 
phytohormones that are important for plant growth and development [5, 6]. These 
plant hormones have series of ways by which they improve growth and develop-
ment of plants.

Strategies and mechanisms of growth promotion by phytohormones have been 
assessed, and several hormones have been categorized in different classes [7]. 
Major functions of these phytohormones are cell enlargement such as in auxin [6]. 
Cell division such as auxin, which stimulates the division of cells in the cambium 
and sometimes together with cytokinin in tissue culture media [3]. Vascular tissue 
differentiation such as in indole acetic acid which stimulates fast differentiation of 
phloem and xylem, initiation of plant root, and also the development of secondary 
roots under normal growth media and tissue culture media [6]. In most cases for 
plants, synthesis of hormones and plant response determines plant health and may 
in turn improve soil fertility [8]. Plant hormones have been very helpful in sustain-
able agriculture by stimulate fast growth and development in plants, which can be 
achieved through processes such as by spraying on the leaf and other plant tissues 
[7]. It is now important to consider introducing the endogenous and exogenous 
plant hormones into the growing seeds to improve stimulating rates. This process is 
called seed biopriming.

Seed biopriming is a unique innovation where seeds are treated with biologi-
cal substances (such as bacteria, fungi, and hormones) that assimilates plant 
morphology and physiological facets [9]. This process has also been used to fortify 
plant against diseases [10]. Hormonal priming is a situation where plant seed are 
prime with phytohormones. This process has been documented to influence seed 
metabolism and germination rate. This technique has now been adopted in develop-
ing countries to enhance seed germination, growth of seedlings, and crop yield 
in environmentally disturbed arid lands [11, 12]. Ensuring better germination, 
improved plant growth and seedling vigor through seed biopriming would result 
in healthy and productive plants. There are several approaches to seed priming, 
however, all followed similar mechanisms and are used in improving plant growth 
properties [8]. Therefore, the purpose of this review is to summarize the effective-
ness of seed priming using phytohormones in enhancing crop productivity along 
with future prospects of this innovative technology. In order to achieve this, this 
review discusses mechanisms involved in hormonal seed priming, hormone specific 
in seed priming, biopriming and crop productivity, role of hormonal priming in 
plant stress mitigation, economics of hormonal priming and future prospects of 
hormonal priming.

2. Mechanisms involved in seed biopriming

There are several approaches used in biopriming such as hydro priming which 
involve soaking seeds in distilled water and oven drying at low temperature before 
sowing. This process does not involve the use synthetic chemicals which makes it 
faster, cheaper, and eco-friendlier [13]. Osmo-priming has also been considered 
by local farmers in Brazil where seeds are soaked in salt-containing solution. This 
process allows slow imbibition of water into the seed and that initiate energy 
activation [14]. Hormopriming which involves the soaking of seeds in naturally 
occurring plant growth regulators. This process has direct effect on processes of 
seed metabolism. Usually, scientist considered abscisic acid, auxins, gibberellins, 
kinetin, ethylene, polyamines, and salicylic acid as the hormones widely used in 
priming [15]. For example, Galhaut et al. [16] confirmed the effectiveness of gib-
berellic acid in improving photosynthetic properties, antioxidant system, seedling 
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emergence, and growth in white clover plant grown on heavy metal polluted soil. 
Other strategies such as chemo-priming [17], nutri-priming [18], and plant growth 
promoting bacteria rhizobacteria (PGPRB) priming [19, 20] have proved effective 
in promoting growth properties of plants.

Generally, mechanism involve in seed biopriming include pre-soaking of seeds 
with a particular concentration of priming agent such as water, PGPRB, or phyto-
hormone (Figure 1). This process improves germination parameters, seedling yield 
and growth, by either increasing nutrient utilization with the help of an improved 
physiological activities and root cell differentiation and division [21, 22], or by 
stimulating the activation of important metabolites such as amylase which initiate 
energy supply and improve germination properties [17]. Previous researches have 
documented evidence on seed priming with phytohormones in varieties of plant 
species and how important physiological processes such as growth and develop-
ment, respiration, and transpiration are improved [23, 24]. The results of these 
researches have shown the significant roles of phytohormones in the biochemical, 
defense, and signaling pathways of plants [6]. Many researchers are now working 
to develop effective approaches to alleviate biotic and abiotic stresses and enhance 
crop production, especially as the world is constantly facing global warming. Seed 
priming with phytohormones can modulate the physiological and genetic mecha-
nisms, making plants capable of tolerating these environmental stresses or making 
plants resistance to the stressors. These mechanisms if well adopted would be 
promising.

3. Hormone specific in seed biopriming

There are various plant hormones produced by plants which have various 
functions. However, auxins, cytokinins, gibberellins, abscisic acid, salicylic acid, 
and ethylene are the most frequently used in seed priming. In addition, methyl 
jasmonate have also been used by previous literature in seed priming. According to 

Figure 1. 
Schematic model indicating the strategy of seed priming and the possible results.
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S/N Plant Abiotic 
stressor

Phytohormone Response Reference

1. Rice (Oryza sativa) Salt Auxin Modulate ion 
homeostasis in 
rice plant

Iqbal and 
Ashraf [25]

2. Soybean (Glycine 
max)

Drought Cytokinin Enhanced 
drought 
tolerance in 
soybean plants

Mangena [26]

3. Wheat (Triticum 
aestivum)

Salt Cytokinin Decreased 
electrolyte 
leakage and 
improved salt 
tolerance

Angrish  
et al. [27]

4. Pot marigold and 
sweet fennel

Salt Gibberellin Improved 
dry matter 
and increased 
tolerance to 
salinity by 
enhancing 
antioxidant 
enzyme 
activities

Sedghi  
et al. [28]

5. Sorghum (Sorghum 
bicolor)

Drought Gibberellin Increased 
CAT and APX 
activities

Sheykhbaglou  
et al. [29]

6. Rice (O. sativa) Flood Gibberellin Increased 
α-amylase 
activity, sucrose, 
glucose, and 
fructose content 
in seeds.

Watanabe  
et al. [30]

7. Maize (Zea mays) Salt Gibberellin Reduced 
negative effect 
of salt stress

Hamza and 
Ali [31]

8. Wheat (T. aestivum) Salt Abscisic acid Increased 
α-amylase 
activity, sucrose, 
glucose, and 
fructose content 
in seeds.

Zongshuai  
et al. [32]

9. Agropyron elongatum Temperature Abscisic acid Enhanced anti-
oxidant enzyme 
activities

Gurmani  
et al. [33]

10. Rice (O. sativa) Chromium Salicylic acid Enhanced 
antioxidant 
enzyme 
activities, 
detoxified ROS

Pouramir-
Dashtmian  
et al. [34]

11. Maize (Z. mays) Chilling Salicylic acid Enhanced 
enzymatic 
antioxidant 
activities, high 
tissue water 
content

Farooq  
et al. [35]

12. Lucerne (Medicago 
sativa L.)

Cadmium Jasmonic acid Increased 
α-amylase 
activity and 
sugar content

Watanabe  
et al. [30]
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several plant hormones function in seed germination and energy production for the 
developing embryo.

3.1 Gibberellin

Gibberellins (GAs) are plant hormones that have shown the capacity to regulate 
different developmental processes, such as stem elongation, germination, dor-
mancy, flowering initiation, flower development, fruit development, and leaf and 
fruit senescence [3]. Gibberellin brings results that are somewhat similar to the ones 
by auxin, even though their mode of action differs [21].

Furthermore, gibberellin plays an essential function various physiological and 
developmental stages in plants (Table 1), but they are more effective in making 
stems increasing stem elongation through rapid cell differentiation and cell circle 
[3], Thereby leading to internode elongation. Dwarf and rosette plants (plants with 
little space between nodes on a stem or plants with clustered base) have been inves-
tigated to have low or no concentration of gibberellin. Also, Onoabhagbe et al. [37] 
used gibberellin and other plant hormones to improve germination properties and 
growth of Sorghum bicolor under elevated pH regime using chemoprming system.

3.2 Auxin

Auxin (IAAs) were also one of the most essential and the first identified phy-
tohormone. IAA phytohormone is known to show an essential role in modulating 
plant growth and developmental processes, especially the root growth, cell elonga-
tion, vascular differentiation, and apical dominance [3]. IAAs also play an impor-
tant function in cell division and differentiation, in fruit developmental stages, 
in the root formation from cuttings, in the lateral branching (apical dominance) 
inhibition, and in the leaf fall (abscission) frequencies. IAA conjugates is usually 
the form assumed by IAA in higher plants, IAAs conjugates functions as the pri-
mary free endogenous auxin that brings about plant developmental processes. The 
exogenous priming of seeds with IAAs induces the fast and improved formation of 
adventitious roots and lateral roots [39].

One of the most important naturally existing auxin is β-indolylacetic acid (IAA), 
which is obtained either from the amino acid tryptophan or from the breakdown 
of carbohydrates known as glycosides. This chemical influence plants by its activity 

S/N Plant Abiotic 
stressor

Phytohormone Response Reference

13. Rice (O. sativa) Salt Ethylene Increased 
α-amylase 
activity and 
sugar content

Dai et al. [36]

14. Sorghum (S. bicolor L.) Iron toxic soil 
with high pH

Indole 
acetic acid, 
gibberellin, and 
ascorbic acid

Improve seed 
germination 
even under 
elevated pH 
levels

Onoabhagbe  
et al. [37]

15. Sorghum (S. bicolor L.) Iron toxic soil Indole 
acetic acid, 
gibberellin, and 
ascorbic acid

Improved 
germinability 
and germination 
properties

Beckley  
et al. [38]

Table 1. 
Seed priming with phytohormones for developing abiotic stress tolerance in plants.
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on the chemical bonds linking carbohydrates present in plant cell walls. The cycle 
allows the cells to be irreversibly adjusted and is joined by the passage of water and 
the synthesis of new cell wall material.

Auxin is engaged with cell development and cell extension of certain parts 
of a developing plant such as the stem which produced basically in pieces of the 
plant that are effectively developing like the stem (specifically, the stem tip). The 
phototropic reaction happens on the grounds that more amounts of auxin are 
disseminated to the side away from the light than to the side toward it, making the 
concealed side stretch all the more firmly and accordingly bend the stem toward 
the light. Additionally, the geotropic reaction happens in light of the fact that more 
auxin gathers along the lower side of the developing stem than along the upper side, 
creating a vertical arch.

3.3 Cytokinins

Cytokinins (CKs) are one of the plant hormones that are known to regulate vari-
ous sections of plant growth and development, such as cell division, apical develop-
ment, root elongation, stomatal behavior, and chloroplast synthesis [26]. It has 
been widely documented that application of CKs can promote crop development 
and yield. For example, Fricke et al. [40] demonstrated the use of CKs to improve 
cotton seedlings development. The result showed an increase in cotton yield of 10%. 
Another important aspect of CKs is its ability to improve pathogenesis in plant. 
Furthermore, CKs application has showed resistance against Pseudomonas syringae 
in Arabidopsis thaliana [28] and Nicotiana tabacum [31]. CKs are majorly produced 
in the root regions from a compound known as adenine. They are found moving 
upward within xylem (woody tissue) and then pass it to the leaves and fruits, where 
they are needed for growth and cell differentiation in plants.

CKs also functions together with auxin to reverse senescence in plants through 
stabilizing protein levels and synthesis of chlorophyll in the leaf. Senescence is a 
developmental stage in plant when the yellowing of leaves is visible as a result of 
protein breakdown and chlorophyll is decomposition. CKs also can also be used 
in the storage of green vegetables to reduce yellowing [7]. In horticultural tissue 
culture, according to Addicott [41], increased auxin and reduced cytokinin condi-
tions can lead to improved root development, while reduced auxin and increased 
cytokinin conditions can lead to improved shoot development.

3.4 Ethylene

Ethylene (ET) is another essential plant hormone that influence ripening and 
rotting of fruit in plants [42]. ET is a very important plant hormone because it is 
the only plant hormone occurring as a gas. Furthermore, ET can be synthesized 
in almost every part of a plant, and can diffuse as a gas through the plant’s tis-
sue, outside the plant, and travel through the air to affect other plants within the 
vicinity. For example, Montalvo et al. [43] reported accelerated mango ripening 
as a result of application of ET for 12 hours. This process stimulating process was 
achieved through the production of 1-amino cyclopropane-1-carboxylic acid (ACC: 
an ethylene precursor) and improved ACC oxidase activity.

3.5 Abscisic acid

Abscisic acid (ABA) is another essential plant hormone that is known to stimu-
late developmental processes in plants, such as bud elongation, dormancy, control 
of organ size, and stomatal closure. It is also known as stress hormone because it 



105

Seed Priming with Phytohormones
DOI: http://dx.doi.org/10.5772/intechopen.102660

plays essential function in regulating plant responses to various biotic and abiotic 
environmental stressors such as drought, salinity, cold, heavy metals stress, and 
heat stress. ABA is a stress-triggered hormone, such that the highest concentration 
of ABA is synthesized in the root region of plant in response to decreased soil water 
potential (which is associated with dry soil) and other stress induced conditions. 
After the synthesis, ABA is then translocated to the leaves regions, where it gradu-
ally affect the osmotic potential of stomatal guard cells, causing them to shrink, 
leading to the closure of stomata. The ABA-induced stomatal closure brings about 
reduced transpiration (evaporation of water out of the stomata), thus preventing 
further water loss from the leaves in times of low water availability. A close linear 
correlation was found between the ABA content of the leaves and their conductance 
(stomatal resistance) on a leaf area basis.

3.6 Salicylic acid

Salicylic acid (SA) is also an essential plant hormone, belonging to the phenolic 
group. It has various physiological benefits in plants because of its ability to regu-
late the processes of growth and development in plants such as photosynthesis, 
respiration, transpiration, and the transportation of ions in plants. According to 
Devinar et al. [44], Khan et al. [45], Senaratna et al. [46], and Bastam et al. [47], SA 
exhibits an essential role in the activation, modulation, and regulation of numerous 
responses during plant exposure to abiotic and biotic environmental stresses. Fahad 
and Bano [39] reported that SA has the capabilities to initiate and generate a cascade 
of several signaling pathways by interacting with other plant hormones such as 
ABA and ET and plays an important role in mitigating plant stresses. Ikhajiagbe and 
Musa [15] investigated the effect of SA on germination and early seedling growth 
of pigeon pea (Cajanus cajan). The research showed that increased levels of SA at 
20 mg/L is very essential for maximum seed germination and early seedling growth 
of C. cajan. Furthermore, Jadhav and Bhamburdekar [48] observed the positive 
influence of SA on the root and shoot growth of groundnut. Anaya et al. [49] 
indicated the significant contribution of SA in alleviating saline stress in Vicia faba 
under salt stress condition.

4. Bio-priming with phytohormones and crop productivity

According to Khan [50], seed priming involves various physiological treatments 
that can improve seed germination and seedling vigor through the addition of effec-
tive plant hormones. Ikhajiagbe and Musa [15] reported that pigeon pea (C. cajan) 
seeds bioprimed with salicylic acid for 20 hours results in improved germination 
properties. Malathi and Doraisamy [51] observed that seed priming with gibberel-
lins protected seeds of groundnut from the infection of Macrophomina phaseolina 
and also bring about improved seedling vigor, plant dry matter, and prevented loss 
of oil content for up to 6 months of storage. Mohamedy et al. [52] discovered that 
biopriming of pea seeds with ethylene showed significant decrease in pre-emer-
gence damping off, that is occasioned as a result of infestation by Fusarium solani 
in abandoned soils. Sarkar and Bhattacharyya [53] observed that the mung bean 
seeds when soaked in suspension of a particular hormones such as cytokinins and 
auxin brought about reduced root rot incidence in pot experimental set up and also 
resulted in increased root length, shoot length, dry weight of seedling, and yield as 
against the control setup. Furthermore, Mohamedy and Baky [54] discovered that 
biopriming of pea seeds with abscisic acid indicated the highest survival and lowest 
root rot disease incidence. In addition, highest plant height, enhanced leaves and 
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branches numbers per plant, dry weight of shoots per plant, pod length and diam-
eter, numbers of seed per pod, and lowest chlorosis percentage were observed.

5. Role of hormonal priming in resistance against abiotic stress

Different phytohormones have shown effects in improving germination proper-
ties and plant growth under abiotic stress (Table 1). Abiotic stress is the negative 
impact of all non-living factors on living organisms in a specific environment [55]. 
For example, auxin is very important in plant developmental processes such as 
translocation of carbohydrates as it improves lateral root formation, photosynthetic 
activities, flowering, and adventitious root development, by so doing, the plant 
extend its root deep down the soil to obtain water needed for its developmental 
stages in case of drought stressor [56]. Similarly in case of insufficient nutrient, the 
adventitious roots can conduct needed nutrients for plant developmental use [57]. 
According to Roohi and Jameson [58], seed priming with auxin improved the seed-
ling establishment, improved tolerance to drought stress of Bouteloua gracilis. This 
improvement was achieved by enhancing catalase (CAT), superoxide dismutase 
(SOD), and peroxidase (POD). Fahad et al. [59] observed priming seeds with auxin 
had improved germination and growth of rice (Oryza sativa) and pigeon pea (C. 
cajan), under model of arsenic and cadmium stress.

Seed priming with cytokinin has resulted in the alleviation of abiotic stresses in 
various plant species such as wheat and soybean by enhancing chlorophyll (Chl) 
formation thereby improving photosynthetic rate, enhancing membrane stability, 
and regulate ionic levels under drought stress [26, 60]. However, the further expla-
nation on the mechanisms of how priming with cytokinin mitigate abiotic stress 
have not been fully understood. However, it may be as a result of its enhancement of 
chlorophyll formation and enhances stomatal movement thereby improving energy 
efficiency through photosynthesis [61].

Seed priming with gibberellin in addition with poultry manure has enhanced the 
growth of pepper (Capsicum annuum) plants and improved their salinity tolerance 
[62]. According to the use of gibberellin to tomato seed (Solanum lycopersicum) 
improved relative leaf water content, stomatal density, and Chl content by mitigat-
ing salinity stress.

Wei et al. [63] observed that priming of rice seed with abscisic acid has 
enhanced the growth rate, survival rate, biomass accumulation, and root forma-
tion under of rice under alkaline stress. Similarly, seed priming with abscisic acid 
improved salinity tolerance thereby leading to enhanced growth properties of rice, 
wheat, and sorghum [33, 64]. A similar result was reported by Fricke et al. [40] on 
barley leaves growth through the down regulation of the water loss during transpi-
ration under saline conditions.

Seed priming with salicylic acid have also showed improved growth proper-
ties in heavy metals stressed environment Fahad and Bano [39] and Ikhajiagbe 
and Musa [15]. The application of different levels of salicylic acid was observed to 
enhance maize (Zea mays) yield even under low temperature. Furthermore, garden 
cress (Lepidium sativum) germination and developmental properties as well as 
seedlings height under salinity stress were enhanced with the application of salicylic 
acid. Drought stress was also mitigated, while vegetative growth was improved in 
safflower (Carthamus tinctorius) after the application of salicylic acid [65]. Priming 
of soybean (Glycine max) with a combination of ethylene and jasmonic acid had 
mitigated waterlogging stress by expression of glutathione transferases which led 
to the promotion of the adventitious root initiation and increasing root surface 
area [42].
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6. Role of hormonal priming in resistance against biotic stress

Plants are sessile organisms and therefore cannot move away from its loca-
tions in case of environmental stress. For this purpose, plants through evolution 
have developed series of defense mechanisms. These defense mechanisms can be 
stimulated either where toxic secondary metabolites are stored; or can be induc-
ible, where defense is activated upon detection of an attack. Plants have the ability 
to easily detect environmental stress conditions, therefore upon sensing it, they 
rapidly activate their regulatory or transcriptional machinery, and eventually 
generate an appropriate response (defense mechanism). Over the years, scientist 
have gone deep into the research on how plant active their mechanisms against 
pathogen attack, however, the interplay and impact of different signals to generate 
defense responses against biotic stress still remain elusive. Seed biopriming with 
phytohormones has been used in various plant species for the biocontrol of various 
pathogenic attacks. Abuamsha et al. [66] and Dey et al. [67] applied abscisic acid to 
the different oil seed rape cultivars which helps in the control of a pathogen caus-
ing blackleg disease. The pathogen was observed to be reduced to about 71% after 
phytohormone application. Muller and Berg [68] reported the role of gibberellin 
in controlling the damping-off disease in varieties of plant species, especially in 
cucumber [3].

7. Economics of biopriming

Previous researches have shown biopriming with phytohormones to be easier, 
fast, cheaper, and more environmentally friendly as against the chemical processes. 
With the enhancement in crop productivity witnessed in biopriming, it have been 
accepted the potential technique for biocontrol of several plant pathogens. Before 
now, farmers can only control insect infestation and pathogens attacks through 
the application of costly and non-ecofriendly pesticides. But with the introduc-
tion of hormone priming techniques, plant productivity and pathogens attack can 
be alleviated through hormone priming. Bio-priming is directly involved in the 
enrichment of plant development and which improves germination rate, uniformity 
in plant population, increases water and nutrient use efficiency, eliminates seed 
borne pathogens, controls pests and diseases. Besides these advantages, bio-priming 
reduces the hazardous effects on humans caused by the use of fungicides, bacteri-
cides, and pesticides by supplementing the chemicals with a sustainable strategy.

8. Conclusion and future prospects

Seed priming using plant hormones has shown to be a promising and innova-
tive technique in improving germination parameters as well as growth and yield 
of varieties of plant species. It has as well showed signs of effectiveness in plant 
abiotic and biotic stress management. Seed priming with phytohormones result in 
increased antioxidant secretion and activities, thereby reducing oxidative stress, 
leading to plant growth and yield enhancement. Therefore, seed hormopriming 
have the capacity to be utilized for sustainable crop production even under envi-
ronmental stress. Seed biopriming have also proven to improve seedling health and 
also improves imbibition rate by breaking dormancy and improving viability. This 
review shed more light on the successes recorded as a result of using phytohor-
mones in fortifying seeds prior to sowing as it serves as early treatment to plants 
thereby stimulating all important enzymes at early stage. The information in this 
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review can be used for developing future research on plant growth improvements 
and would inform modern farmers on the need to consider this important strategy. 
This emerging strategy has proven to be an effective seed treating technique for 
many crops. However, phytohormones concentration and priming duration may 
differs from crop to crop. For example, excessing seed priming and for longer 
period may lead to desiccation and decomposition of seed or bacteria infestation 
which makes seeds unviable. Future research at OMICs levels may be required to 
further explain the mechanisms employed by these phytohormones in seed prim-
ing, especially on how it reduces biotic stress in plant. Researches at molecular level 
is also required to further clarify on pathways involve and influence of priming 
duration and concentration of the phytohormones.
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Abstract

Plants are playing important role in the planet by providing food for humans 
and stability in the environment. Phytohormones are key regulators in various 
physiological processes and among the most important small signaling molecules 
affecting plant growth and yield production. These biochemical also initiate adaptive 
responses caused by external stimuli, such as biotic and abiotic stress. Generally, on 
the basis of physiology, plant hormones roughly fall into two classes. In class one, 
phytohormones fall which is responsible for plants growth-promoting activities, 
such as cell division, cell elongation, seed and fruit development, and pattern of 
differentiation. On the other hand, the second class of hormone play important role 
in plants’ response, such as biotic and abiotic stresses. Some other hormones, such 
as jasmonates, salicylic acid, brassinosteroids, and strigolactones, also play a key role 
in plants. Their biochemical signaling network and their crosstalk ability make plant 
hormones excellent candidates to optimize plant growth and/or mediate abiotic and 
biotic stresses in agriculture. In the end, the future trends of plant hormone analysis 
are exploring plant hormones and their applications. We believe the perspective may 
serve as guidance for the research of plant hormones in the analytical, environmental, 
and botanical fields.

Keywords: plant hormones, growth promoters, stress hormones, biotechnology

1. Introduction

Plant hormones or phytohormones are naturally occurring organic substances 
in miniscule concentrations and exert their action either locally or at distant 
sites. These chemical messengers with varied chemical properties and specific 
chemical structures directly influence the growth and development of the whole 
plant via different biochemical processes. These growth regulators substance 
coordinate the plant’s response simultaneously in abiotic and biotic stresses [1–3]. 
The occurrence of plant hormones is ubiquitous; they are present in all higher 
plants and lower plants as well. Their homeostasis in the plant is regulated by 
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synthesis, metabolism, transport to the targeted tissue, and signal transduction 
which control its activities in the plant. Bioactive hormones are involved in this 
special type of regulation however intermediate and conjugated forms also play a 
pivotal role.

The action of plant hormones at the local and distant sites is mediated 
through different transport mechanisms. Transport of hormones at a distant 
target is facilitated by loading from the source into the xylem or phloem. In the 
last decade, several proteins have been identified that act as transporters of hor-
mones at distant sites while short-distance movement of hormones is mediated 
by symplast, apoplast, or through transcellular mechanism [4]. At one extreme 
cytokinin get transported from roots to leaves where they prevent senescence 
and maintain metabolic activity, while at the other extreme the production of 
the gas ethylene may bring about changes within the same tissue, or within the 
same cell, where it is synthesized. Chemically plant hormones have a diversi-
fied nature comprising of indole, steroids, terpenes, carotenoids, fatty acids, 
and derivatives of adenine and such diversity reflect their different biological 
functions [5].

Generally, phytohormones have been divided into two groups on the basis of 
their functions; group one hormones including, auxin, gibberellin, cytokinin, 
brassinosteroids, jasmonic acid, and strigolactones. These endogenous signal mol-
ecules play a major role in growth-promoting activities by cell division, cell differ-
entiation, elongation, pattern formation, stomatal movement, flowering, and seed 
germination and development. Hormones in group two are abscisic acid, salicylic 
acid, and jasmonic acid; mainly involved in biotic and abiotic stress response under 
different environmental conditions, such as sunlight, soil conditions, soil water, 
and nutrients [6–8].

Phytohormones do not act alone but in concurrence, or in antagonism, to each 
other such that the final growth or development represents their net effect. These 
comprise a unique set of compounds, with distinctive metabolism and proper-
ties. Their quality for being the natural compounds with the ability to produce 
the physiological effect in concentrations lower than those where nutrients and 
vitamins could not affect these processes makes them unique from the other 
compounds [9]. Most commonly hormones are classified into the following two 
categories, as shown in Figure 1.

Figure 1. 
Classification of phytohormones.
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2. Types of hormones

2.1 Gibberellin (GA)

Gibberellin (GA) is one of the important plant hormones and it is a tetracyclic 
di-terpenoid carboxylic acid. It promotes plant growth and development, such as 
germination of seed, flowering of plants, ripening of fruits, and expansion of leaf 
while it discourages the growth of trichome. They also play a vital role in the elonga-
tion and division of the cells. Its function is also to trigger seed growth and release 
of seed in dormancy [10]. “To grow or not to grow” is an important verdict for 
plants to survive. There are requirements of suitable ambiances for plants to grow 
while in lack of which the growth ceases. So, one of these requirements is the level 
of growth hormone, GA. That is retained by different synthetic or inactivation of 
enzymes [11]. GA is also compulsory for the normal growth of roots where its lower 
concentration is required for maximum root growth other than the shoots. So, GA 
can be inhibitory for the growth of roots when present in excess quantity [12].

In the 1930s, GA was discovered in Japan while studying a disease related to rice 
that was with symptoms of excessive growth and yellowing of stems and with lack 
of production of seeds. GA is with 20 or 19 carbon skeleton (C20GA) or (C19GA), 
where GA with 19 carbon skeleton was biologically more active. Presently, about 
140 different molecules of GA are known and have been isolated from different 
microorganisms or plants. GA3, GA4, and GA7 are with the maximum biological 
characteristics and also, they are commercially available [13]. GA3 is also known 
as gibberellic acid. The biological active GA is commercially used in agriculture. 
They are sprayed to increase the size of grapes with no seeds, pears, berries as well 
as to increase the crop yield under salt stress. It is also practiced in beer brewing to 
increase the process of malting. In 2016, according to some data the international 
market scope of GA was estimated at USD 548.9 million [14].

2.1.1 Synthetic pathway of gibberellin

Gibberellin is chiefly manufactured via the plastidial methylerythritol pathway 
(MEP) in plants. The biosynthesis of GA in the initial steps is the same in both 
plants and fungi and is from geranylgeranyl diphosphate (GGPP) to GA-12 alde-
hyde. Then there is the cyclization of (GGPP) into ent-copalyl diphosphate and to 
ent-kaurene in plants that is catalyzed by the copalyl diphosphate synthase (CPSp) 
and the ent-kaurene synthase (KSp) [15]. It is also manufactured by several bacteria 
and fungi which are associated with various plants in symbiotic or pathogenic rela-
tions. In such circumstances, GAs have no evolving utility in the producing organ-
ism but perform on the plant host to relief infection by destroying the immunity or 
on nitrogen-fixing bacteria to adjust the formation of nodules [16].

2.1.2 Gibberellin against heavy metal stress

Gibberellic acid (GA3) plays an important function for plant growth under salt 
stress and heavy metal toxicity as well as increases the synthesis of chlorophyll and 
the action of antioxidant enzymes to prevent lipid peroxidation. GA with calcium 
(Ca) is added to decrease the salt toxicity like (Ni) toxicity on plant throughput and 
also to activate different antioxidant enzymes to decrease lipid peroxidation of the 
cell membrane. They are also involved in regulating the different processes in plants 
to increase the heavy metal stress [17, 18]. Application of gibberellic acid in Vicia 
faba L., supported to restore the Cd and Pb-induced reduction in the mitotic index. 
Due to the application of these growth hormones, GA in plants with heavy metal 
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stress, the ratio of several chromosomal irregularities was expressively reduced. 
After that, the seeds were harvested from V. faba both from heavy metals and 
gibberellic acid treatment showed a high level of solubilized sugars, proteins, and 
nucleic acid. Gibberellic acid in lupin plants with Cd stress improved the activity of 
amylase along with the CAT enzyme. When Chlorella vulgaris was exposed to heavy 
metals, such as Pb and Cd, the application of GA3 amplified the number of cells and 
level of protein to verify that GA can defend life in water polluted areas [19].

2.2 Auxin (IAA)

In the nineteenth century, the idea of a portable substance came into existence 
that was produced by the leaves and traveled down to encourage the synthesis of the 
root was capable to control the winding of grass coleoptiles toward the sun. After that 
these substances were refined, categorized, and were given the name “auxin” from 
the Greek word “auxin,” which means “to grow or to enhance.” The naturally exist-
ing IAA is indole-3-acetic acid IAA [20]. IAA are organic compounds that are small, 
low in molecular weight, and constitute the most advanced key and diverse group of 
phytohormones normally present in all plant types. They are indulged in a number 
of developing practices by regulating the cell division, such as in the control of shoot 
building, vascular enlargement, and horizontal root construction [21]. IAA can 
control senescence, also can react with many pathogens and abiotic or heavy metal 
stresses. Moreover, it can regulate the production of fruit responses in plants [22].

2.2.1 Synthetic pathway of auxin

It is essential for the development of the plants that the biosynthesis of auxin be 
localized in specific tissues but IAA is generally produced in fresh leaves and then it 
is transported to all through the plant. Many practices have been done to quantify it 
and its metabolites permitting alteration of the prior opinion of auxin dispersal in a 
minute quantity of plant tissue having a fresh weight of less than one milligram [23]. 
IAA biosynthesis in plants is still partly clarified; however, with the use of differ-
ent isotopes, it is shown that IAA can be synthesized by two important pathways. 
These pathways are tryptophan dependent and tryptophan independent [21]. In 
tryptophan dependent pathway, four routes have been identified. In the first route, 
indolacetamide is converted to IAA by amidohydrolase. In the second route, indole-
3-pyruvic acid (IPA) is formed from tryptophan with the help of an aminotransfer-
ase which is then converted to indole-3-acetaldehyde by IPA decarboxylase, and then 
indole-3-acetaldehyde is converted to indole acetic acid by indole-3-acetaldehyde 
oxidase. These routes are not going parallel often they cross each other. Tryptophan 
is also converted to tryptamine by trp-decarboxylase and then some proteins help 
the conversion of tryptamine to indole acetic acid after different steps [24].

In the tryptophan independent pathway, IAA was synthesized in the absence of 
Trp genes. So, several studies showed that in the absence of tryptophan due to the 
absence of Trp genes or defective Trp genes, there was evidence of IAA in plants. 
Studies in Arabidopsis showed that trp3-1 and trp2-1 mutants were defective in 
tryptophan synthase α and β respectively; there was still the production of IAA. It 
is hypothesized that IAA production might be due to precursors of tryptophan, i.e., 
indole or indole-3-glycerol phosphate [25].

2.2.2 Auxin against heavy metal stress

The presence of IAA in plants is also helpful in plant growth in changing  
environments. In the presence of heavy metal toxicity, it plays a crucial role to 
tolerate this. In this metal stressed plants, auxin can be provided by the inoculation 
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of microbes that can produce IAA in the rhizosphere of these plants to improve plant 
production. This metal stress is due to the production of different reactive oxygen 
species in different locations of the plants, such as root cells, containing peroxisome, 
mitochondria, plastids, and cytoplasm [26]. In different studies, it is elaborated 
that the level of IAA is altered endogenously due to the heavy metal stress in roots 
and shoots. There is shown a positive also a negative relation between heavy metal 
toxicity and level of IAA. It is also under observation that in response to heavy metal 
stress, regulation of IAA-producing genes may control the locality and accretion of 
IAA [27]. Several genes are involved in the relation between IAA and reactive oxygen 
species to attain homeostasis to adjust the level of H2O2 by regulating and stimulating 
the antioxidant enzymes and chlorophyll levels in plants [28]. The abnormal level of 
metal in the soil causes toxicity in plants and retards the growth and development 
of the plants due to its accumulation in roots and shoots. The decrease in the rate 
of growth and development in plants is mainly controlled and maintained by plant 
hormones like IAA. Indole acetic acid is well known for plant adaptation under heavy 
metal stress which results in enhanced biomass and production. IAA can be applied 
to various plants exogenously either directly or through plant growth-promoting 
rhizobacteria (PGPRs) which produce IAA and in return there is a significant 
improvement in plant growth under toxic metal concentration [29].

2.3 Cytokinins (CKs)

In plant growth and development, the master regulators are known as CKs a 
phytohormone or plant hormone. Its main function is in the physiology of the 
cell-like expansion and division of the cell, P and N2 metabolism, maintenance of 
H2O balance, the integrity of chloroplast, and senescence. N6-substituted adenine 
derivatives are known to form by CKs. Seed dormancy can be reduced by using 
CKs [30]. There are several types of CKs counting—thidiazuron, 6-benzyladenine, 
kinetin, and 2-isopentenyladenine [31]. CKs are present in abundant types which 
are different in structure, properties like biochemical and biological activities, and 
the mode of transportation across plant tissues [32]. CKs are produced in roots and 
apical meristem and then transported to aerial fragments with the help of absorbent 
material like minerals via the xylem. In xylem exudate, Zeatin riboside is the utmost 
copious form of CKs [33]. CKs perform an important role in the growth and adapta-
tion of plants all through the life cycle, such as in the initial phases of reproduction; 
flowering, seedling, and development [34]. CKs are also used to control the N2 
metabolism by increasing the action of nitrate reductase in plants [35].

2.3.1 Synthetic pathway of Cytokinins

Several studies in plants, such as rice (Oryza sativa) and Arabidopsis 
(Arabidopsis thaliana), stated that there are several means to regulate the de novo 
synthesis of CKs. Synthesis of CKs is due to the nitrogen status signals; one is 
nitrate-specific signal and the other is a glutamine-related signal. The availability 
of nitrogen exogenously represents the nitrate-specific signals while assimilated 
nitrogen status represents the glutamine-related signals. It is known that the CK 
synthesis is regulated by the nitrogen that is taken up from the soil and is also a 
key component of nitrogen integration [36]. CKs synthesis have been recognized 
to be controlled by vital genes. In the initial step that is catalyzed by isopentenyl 
transferase (IPT), there is a transfer of the isopentenyl group to an adenine nucleo-
tide (ATP, ADP, AMP) from dimethylallyl diphosphate. Then hydroxylation of the 
methyl group occurs in the isopentenyl side chain by a cytochrome P450. Then in 
the last step ribose is released and is catalyzed by a phosphoribohydrolase [37]. 
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The other indirect pathway involves the addition of dimethylallyl pyrophosphate 
(DMAPP) to adenine A37 on tRNA which results in the discharge of CKs nucleotide 
through degradation of tRNA and by the elimination of the phosphoribosyl by LOG 
(LONELY GUY). Prenylation of tRNA is catalyzed by tRNA isopentenyltransferase 
(tRNA-IPT) [38].

2.3.2 Cytokinins against heavy metal stress

When plants are undergone xenobiotic resistance, there is a key role of CKs with 
saline resistance, drought, light, and temperature signals [39]. Different signaling 
pathways are there to regulate the concentration of CKs under heavy metal stress to 
increase plant resistance. A. thaliana under arsenic stress is investigated when there 
are reduced endogenous CKs and the reduced CKs signaling while with the mutant 
plants exhibited CKs synthesis increased the tolerance of plants against arsenic. It 
is described that exogenous CKs can promote plant resistance against metal stress 
[40]. CKs controls morphology, division of cells, and several other substantial 
routes in the plant. Numerous studies described role of CKs for reduction of heavy 
metal toxicity in crop plants via biosorption of heavy metals. In higher plants, 
CKs have been verified to restore the heavy metal-induced decrease in mitotic 
index resulting in an increase in the number of cells. Furthermore, CKs certainly 
controlled the photosynthetic mechanism and raised the concentration of various 
monosaccharides and antioxidants which results in the better existence of plants 
under heavy metal toxicity [41].

One of the contrivances in a high level of heavy metal is the variation in the 
level of CKs. It is observed that the concentration of CKs decreases when there is an 
excess of heavy metal to increase the overall efficiency of plants to cope with this 
toxicity. Most of the studies agree that the shortage of mineral elements reduces the 
concentration of CKs in plants [42]. It also improves the tolerance of C. vulgaris to 
Cu, Cd, and Pb due to the activation of the antioxidant defense system, therefore, 
minimizing the negative values of heavy metal oxidative stress [43]. It is concluded 
that plant hormones enriched the actions of antioxidant enzymes, i.e., APX, SOD, 
GR, CAT, and improved the contents of smaller antioxidant molecules, such as 
glutathione, ascorbate, and proline. CKs protect several proteins and constituents 
of the process of photosynthesis (carotenes, chlorophylls, and xanthophylls) thus 
there was a considerable decrease in detrimental effects of heavy metal stress on  
A. obliquus [43].

2.3.3 Cross talk among phytohormones

Phytohormones or plant hormones are small endogenous mediators, such as 
cytokinin (CK), gibberellin (GA), salicylic acid (SA), brassinosteroid (BR), auxin 
(IAA), ethylene (ET), jasmonic acid (JA), abscisic acid (ABA), and strigolactone 
(SL), which coordinate a dual purpose also known as cross talk of plant hormones. 
Certainly, plant hormones are intermediates that not only direct and organize the 
progressive practices endogenously but also deliver the environmental incitements 
to initiate adaptive reactions to biotic & abiotic stress [44].

It was observed that there was an improvement in the differentiation of callus 
and the number of cells was also increased when CKs were applied with IAA. There 
was also the contribution of both to uplift the strength of the plant, localization 
of nutrients, and to increase the grain yield in numerous plants. CKs was found 
in excessive amount in emerging tissue, such as cambium, root, and shoot tips 
[45]. Normally, GA and CKs are observed to be antagonists, because both of them 
opposed the effect of one another on shoot apex, root tips, and elongation of the 
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plant. DELLA proteins are thought to be responsible for such mechanisms where 
these antagonistic hormones cross talk to function as negative stimulators of GA 
signals [46]. ABA is known to be a plant stress hormone that accumulates promptly 
in plants when they are under dehydration or drought stress. A relation exists 
between ABA and CKs activity for the maintenance of seed development, pre and 
post-seed development, and stress stimuli. Cross talk concerning ABA and CK is 
often opposing. When there is an increased concentration of CK, it suppresses the 
ABA reactions. These antagonistic functional relations are observed for the main-
tenance of the Arabidopsis under drought conditions although ABA decreases seed 
sprouting [47]. ET is a gaseous hormone that controls proliferation and expansion 
of cells, development of fruit, senescence, and various reactions toward biotic and 
abiotic pressures. The behavior of CKs and ET is generally antagonistic in shoots, 
where CKs are involved in greening and cell multiplying while ethylene with aging 
processes, such as maturing, senescence, and the inhibition of cell propagation. 
Moreover, both of them work cooperatively in different routes, such as maintenance 
of roots by inhibiting root development. Considerably, CKs positively encourage the 
production of ET by activating ACC synthase. The production of ET facilitates the 
CKs to impede hypocotyl elongation in seeds and also to constrain root growth [48]. 
SA is a hormone of plant origin and performs a vital role against biotrophic patho-
gens for plant defense in contrast with JA which performs against necrotrophic 
pathogens. CKs cross talk with SA signals and help in the protected responses via 
their interactions. CKs increase the SA reactions that help to increase transcription 
of genes relevant to defense like SID2 and PR1, for the biosynthesis of SA and an 
indicator or marker gene for SA response respectively [49].

The GA synthesis in an ovule is increased by IAA during fertilization. There 
is a synergistic effect between auxin and GA signals that regulate fruit develop-
ment. Their concentrations can be applied externally to regulate the fruit growth 
and also prompt parthenocarpy [50]. The interpretation of GA and IAA indica-
tion cascade has significantly simplified how these hormones manage with each 
other to control the development of fruit. IAA performs to upstream the level of 
GA throughout the fruit growth. In Arabidopsis, the fertilization-induced IAA 
responses or IAA applications activate GA biosynthesis; however, GA applica-
tions do not encourage the IAA response [51]. Recently, it is investigated that a 
high concentration of IAA and the activity of IAA signals enhance ABA-mediated 
dormancy [52]. Both of them are involved in the maintenance of water status in 
plants, with opposing performance in the shoots and roots. Indications for water 
status in the plant have to be integrated to adjust water conductivity in roots and 
permit modifications in stomatal opening. As a constraint, ABA and IAA signals 
never exist in a linear fashion but essentially form a system that interconnects 
through cross talk [53]. IAA and ET cooperatively control numerous developing 
routes in plants. To date, a whole heap of evidence is existed at the molecular level 
to promote cross talk between IAA and ET at synthetic, transporter, and signaling 
levels. That comprises transcriptome profiling datasets to define new entrants 
for the molecular cross talk. When there is any disturbance in IAA synthesis and 
transportation, ET helps to promote/deplete the IAA level, or to redistribute it in 
plants, thereby activating morph-genic reactions. Though, the function of ET in 
the cross talk is not limited to IAA redistribution [54]. SA and IAA cross talk is 
fairly obvious from both experimental confirmation and RNA-seq. Data explora-
tion [55]. IAA and SA not only share a common precursor but also play important 
functions in the maintenance of fruit development and ripening. A metabolic 
and functional cross talk between them and with other plant hormones occurs 
in a spatiotemporal fashion to magnificently control the growth of seasonal and 
non-seasonal fruits [56].
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Proofs for protein physiology as a connecting pivot between GA and ABA 
signaling systems have been progressively evolving both on the functional and on 
the chromosomal level, mostly in the period of early plant growth. In Arabidopsis, 
substantial influences of GA and ABA in the signals from hormones have been 
recognized after the light-reversibility in kernel development. Enhanced produc-
tion of GA in ABA deficient gene initiated better light-dependent development 
and concludes an antagonistic association of GA and ABA production in growing 
and rising seed [57]. ET has a key role in maintaining the developing processes in 
plants under stress. It is shown to be positively involved with ET when oxygen is 
deficient. For the elongation of internodes of deepwater rice, GA and ET activ-
ity are required. During rice immersing into the water, a decreased level of O2 is 
recommended to prompt ET synthesis which in turn impede the ABA production. 
This altered balance between GA and ABA causes elongation of stem induced by 
GA [58]. GA and SA contribute to the maintenance of many plant reactions. They 
are concerned to stimulate the expression of proteins involved in pathogenesis. 
Furthermore, they cooperatively develop plant defenses under biotic and abiotic 
stresses as SA enhances resistance to abiotic stress in plants. It also has the capability 
to raise antioxidants and decline the process of lipid peroxidation. In Arabidopsis, 
seeds were exposed to SA with salt toxicity resulted in the increase of SA because of 
the activation of two superoxide dismutase, which recovers seed development and 
upsurges antioxidant capabilities, to enhance the salt tolerance in plants under salt 
stress [59]. The list of various hormones is given in Figure 2.

2.4 Abscisic acid (ABA)

Abscisic acid (ABA) is an isoprenoid compound associated with seed dormancy, 
drought responses, and other growth processes. ABA plays vital roles in plant 
responses to a range of abiotic stresses such as drought, salinity, high light, nutrient 
deficiency, and heavy metals. ABA has also been found to be associated with color 
change in fruits during ripening. ABA at higher concentrations inhibits root growth 
but in stress conditions, it also plays a vital role in the elongation of the root. Various 
environmental factors regulate the levels of ABA, including seed maturation, the geno-
type of plant, water and soil conditions. ABA concentrations are generally increased in 
nutrient deficiency and decreased at higher temperatures 40°C. Root tissue generally 
contains lower concentrations of ABA than leaves, dehydration of detached roots from 
various species, ages, and branching orders also stimulate ABA synthesis [60].

The biosynthesis, catabolism, transport, downstream response, and modulation of 
ABA have been extensively investigated in angiosperms. ABA is primarily synthesized 
from carotenoids under the catalytic action of various enzymes such as b-carotene 

Figure 2. 
List of various kinds of phytohormones.
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hydroxylases, zeaxanthin epoxidase (ZEP, ABA1), 9-cis-epoxycarotenoid dioxygenase 
(NCEDs), short-chain alcohol dehydrogenase/reductases (SDRs, such as ABA2), 
abscisic aldehyde oxidases (AAOs), molybdenum cofactor sulfurase (MOCO, ABA3), 
and ABA4. ABA levels are regulated by two major pathways—hydroxylation and 
esterification mediated by four CYP707As and eight glucosyltransferases (UGTs). The 
inactivated ABA-glucosyl ester (ABA-GE) conjugation is a storage form of ABA and 
the site can be cleaved by b-glucosidases (BGLUs) [61].

2.4.1 Abscisic acid against heavy metal stress

ABA is one of the foremost phytohormones driving plant resistance to toxic met-
als and metalloids, such as Cd, and Pb. Mechanisms of ABA in response to heavy 
metals and metalloids stresses in non-angiosperm plant lineages is still limited and 
not completely understood [62], however, ABA act in different ways in response 
to heavy metal stress, including by alleviating toxic metal and metalloid stress 
via ABCGs, PSE1, and WRKY13, limiting their uptake, altering the distribution 
between roots and shoot and promoting chelation and vacuolar sequestration [7–9].

2.5 Jasmonic acid (JA)

Jasmonic acid is a signaling chemical that mediates the number of biotic and 
abiotic stress process in plants, such as fruit ripening and seed germination, wound-
ing, and ultraviolet radiation. It is produced from linolenic acid but activated 
after conjugation with isoleucine which permits it to join with COI1and act as a JA 
receptor. The first role of JA as a senescence-promoting was observed from a com-
pound isolated from wormwood cause rapid loss of chlorophyll in oat [63]. JA also 
stimulates the secretion of volatile oil in plants which have antimicrobial properties. 
In a current study remarkable role of JA acid was observed in the regulation of the 
life cycle in plants [64]. JA is a naturally grown regulator and is extensively found 
in plants. Normally, JA does not work in isolated form, and extensively cross talk 
behavior was studied with other hormones. JA’s role in a hot climate as a water con-
server was also observed through stomatal closure. In addition, JA also helps to cope 
with drought stress by promoting some enzymes, such as superoxide dismutase 
(SOD), peroxidase (POD), catalase (CAT), proline. The role of JA against fungal 
pathogens and some other plants pathogen was also observed [65]. JA not only 
works as a plant’s growth regulator but also stimulates the immune system in plants. 
The list of hormones with their origin and functions is mentioned in Table 1.

2.6 Salicyclic acid (SA)

Salicyclic acid is one of the most important plant hormones naturally produced 
in plants within the cytoplasm of the cell. SA is a key player in the regulation of 
very important functions, such as photosynthesis, growth, and even in defense of 
plants [67]. Different past studies demonstrated the role of SA in plants against 
biotic and abiotic stress. SA stimulates the SAR mechanism in plants which activates 
pathogenesis-related proteins which work against different kinds of phytopathogens, 
such as fungus and bacteria. It also induces a variety of metabolic processes in plants 
and also regulates plant and water relations [68]. The role of SA was also observed 
in different kinds of signaling which leads to gene expression and protein synthesis. 
Similarly, SA also works with other hormones in cross talk. The SA treatment in 
cucumber or tobacco plants induced heavy metal-like cupper tolerance ability. It also 
induced cd tolerance ability in plants but the exact mechanism is still unknown [66]. 
The hormones of various names with their functions are given in Figure 3.
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3. Conclusion

Growth is an essential property for every living organism and is usually regulated 
by various external and internal factors. Generally, plants attain this property via 
synthesizing a small amount of chemical substance known as phytohormones. 
These chemical substances trigger biochemical changes that ultimately initiate 
several growth changes in plants, such as the formation of flowers, roots, stems, and 
fruits. As a result, these processes increase the yield. Some phytohormones also play 
important role in a plant’s life from dormancy to senescence. Consequently, perform 
a vital role in agriculture and horticulture, etc. Conclusively, phytohormone regu-
lates the physiology of plants but the information about the molecular mechanisms 
still remains unclear.

Figure 3. 
Phytohormones and their role in plants.
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Chapter 8

Role of Endogenous and 
Exogenous Hormones in Bioactive 
Compounds Production in 
Medicinal Plants via In Vitro 
Culture Technique
Majid Ibrahim

Abstract

The natural compounds produced in plants are classified into two major groups 
(Primary and secondary metabolic compounds). These compounds are the pre-
cursor materials for thecompounds of the second group, which are represented 
by secondary metabolites, most of which produce from three main compounds: 
shikimic acid, acetate, and fatty acids. Primary metabolites are the basic units in the 
metabolism of secondary compounds. Tissue cultures of plants are used to produce 
large quantities of secondary metabolic products, although cultures of callus and 
cell suspensions often do not produce higher levels of the whole plant. Therefore, 
some technologies were used to increase the production of secondary metabolites by 
plant tissue culture techniques through the selection of high-production cells. The 
growth of plant cells in tissue cultures occurs when the requirements for division 
and growth are available for them from nutrients, growth regulators, and any other 
additives that all affect the metabolic activities within the cells. To achieve optimal 
productivity of secondary metabolites, it is preferable to produce cells in a medium 
that is optimal for increasing biomass. Plant growth regulators such as auxins and 
cytokinins affect cell division, various metabolic processes, and plant growth in 
tissue cultures.

Keywords: auxin, cytokinin, in vitro culture, plant hormones, secondary metabolites

1. Introduction

The plants can produce certain bioactive compounds that are mostly affected 
by the chemical and physical environments in which they develop. Some searches 
announced that plant growth regulators and light are important factors stimulating 
the growth, development (organogenesis), and production of plant compounds, 
including both primary and secondary products. In addition, plant growth regula-
tors were applied for callus induction, and adjusting the metabolite content, carbon 
sources, suspension culture, temperature, pH, medium type and ammonium nitrate 
(NH4NO3) concentrations plays an important role in the formation of plant primary 
and secondary products [1–3]. This chapter elicits the role of endogenous and 
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exogenous hormones are active for enhancing the following stages–cellular division 
stage, cell enlargement stage, exponential stage, steady stage, and reduce biomass as 
well as secondary products content in medicinal plant.

2. Secondary products

The natural compounds produced in plants are classified into two major groups. 
The first group includes compounds that enter into primary reactions or primary 
metabolic compounds. This name refers mostly to the metabolic processes that 
produce simple basic carboxylic acids, amino acids, sugars, lipids, proteins, and 
nucleic acids. These compounds are the precursor materials for the compounds 
of the second group, which are represented by secondary metabolites, most of 
which produce from three main compounds: shikimic acid, acetate, and fatty acids. 
Primary metabolites are the basic units in the metabolism of secondary compounds, 
which are divided into several different groups and generally include terpenes, 
phenols, alkaloids, glycosides, tannins, resins, and others [3, 4].

2.1 Glycosides

These compounds are bioactive and important substances in the defense and 
metabolic system of medicinal plants. These compounds are helped by these plants 
to complete their life cycle by protecting them from biotic stresses (defense against 
infection with bacteria, viruses, fungi, nematodes, rodents, etc.). As well as its 
important role in the treatment of many diseases that affect humans and animals 
[3, 5, 6]. Glycosides consist of two molecules, one of which is a sugar called the 
glycon, which is monosaccharides, disaccharides, or polysaccharides. This part of 
the sugar works to transport the glycoside molecule across the cell membranes, so it 
has the properties of pharmacokinetics. As for the other part, it is called an aglycon, 
which may be an alcohol, an aldehyde, a ketone, or an ester, and it is attributed to 
this part of the physiochemical effectiveness (Figure 1). The glycon is attached to 
the aglycon part by several chemical bonds, which may be an oxygen, sulfur, or 
carbon bond. Glycoside compounds include steroids, anthraquinones, tannins, and 
saponins [4–6].

2.2 Alkaloids

Alkaloids are a group of low-molecular-weight basic organic compounds, whose 
molecule contains one or more nitrogen atoms linked to heterogeneous rings, so 
the alkaloids do not share a specific chemical composition. The human knew plants 
containing alkaloid compounds 3000 years ago and used their extracts to heal from 

Figure 1. 
Glycosides compound.
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diseases, treat wounds, or make poisons used in hunting, defending him, or religious 
rituals. The first process of isolation of alkaloid compounds was the isolation of alka-
loid morphine from the papaver plant by the German scientist Derosnein in 1803 AD. 
Then it was followed by the isolation of many alkaloid compounds that saved the 
lives of millions of people from incurable diseases or those that contributed to allevi-
ating the pain of surgical operations [4, 6]. Alkaloids are usually found free or in the 
form of salts of some organic acids such as citric acid, tannic acid, and tartaric acid. 
Alkaloids are produced by bacteria, fungi, and higher plants and are found in all 
parts of the plant, such as hyoscine alkaloid in tobacco, in seeds, such as strychnine 
alkaloid in emetic walnut, in the roots, such as glycyrrhizin alkaloid in licorice, in the 
bark, such as cinchonine alkaloid in cinchona, in the fruits are like capsaicin alkaloid 
in the black pepper plant, or in Latex like the papaverine alkaloid in the poppy plant. 
Alkaloids are divided into several groups according to the chemical structure of the 
basic ring in the alkaloid molecule into the group of amine alkaloids, pyridine and 
piperidine, tropane alkaloids, quinoline alkaloids, purine alkaloids, isoquinoline 
alkaloids, indole alkaloids, phenolic alkaloids, tropolone alkaloids and tropolone 
alkaloids (Figure 2) [3, 4].

2.3 Phenols

Phenolic compounds are the second largest group of secondary metabolites in 
plants after the alkaloid group. A simple phenolic molecule contains a benzene ring 
to which one or more hydroxyl groups are attached. These compounds are found in 
both higher and lower plants (such as ferns, mosses, and many microorganisms). 
Phenols are also called aromatic compounds because of their distinctive smell, and 
they are sometimes called closed ring compounds because they contain a benzene 
ring (Figure 3). These compounds are characterized by the presence of a hydroxyl 
group (OH) directly attached to the aromatic ring. Sometimes several different 

Figure 2. 
Alkaloid compounds.
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groups are attached to the phenolic compound, such as the hydroxyl group OH, the 
carboxyl COOH, and the methyl CH3 [3, 6]. The phenolic compounds may exist in 
the form of an open chain or aliphatic (noncyclic) compounds. Most of the phenolic 
compounds are not found free inside plant cells but are bound with one or several 
molecules of sugars to be in the form of glycosidic compounds. There are also some 
phenolic compounds linked with lipopolysaccharides by a glycoester with one of 
the OH or COOH groups to form glycolipids that are stored in the cell vacuoles. 
Some amino acids, such as Tryptophan, Tyrosine, and Phenylalanine, are classified 
as closed ring organic phenolic compounds, due to the similarity of the method of 
metabolism of these acids with phenolic compounds [4, 6].

2.3.1 Simple phenols

Phenols are the basic material in the biosynthesis of lignin. Phenols also play 
an important role in regulating plant growth and development by affecting the 
effectiveness of hormones and their control over the effectiveness of the formation 
of some enzymes. They represent one of the forms of energy compounds stored by 
the plant and nutrients that can be utilized when needed. It acts as an antioxidant 
that hinders the oxidation of chlorophyll and hormones and stabilization in the 
stabilization of some vital compounds. It also participates in the oxidation and 
respiration processes. The most important groups of phenolic compounds in higher 
plants are groups of cinnamic acid, coumarin, lignin, phenolic carboxylic acids, and 
flavonoids derivatives [4, 7].

Figure 3. 
Phenolic compounds.
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2.3.2 Polyphenols (flavonoids)

Polyphenols or flavonoids are heterocyclic oxygen compounds of essential 
importance in plant life and are sometimes called Anthoxanthins. Flavonoids are 
distinguished by their crystalline form and yellow color, which derives from the 
Latin word flavus. These compounds are found in higher plants, especially some 
families such as Compositae, Cucurbitaceae, and Umbelliferae, in plant parts such 
as roots, leaves, flowers, and fruits. Flavonoids are used as an antiviral, general anti-
inflammatory, anti-bacterial, and increase the level of immunomodulation. They 
act as antioxidants, relieve pain, swelling and bruising, stimulate blood circula-
tion, and reduce cholesterol levels in the blood. Flavonoids are divided into several 
groups: Flavone, Flavonol, Flavonone, Isoflavone, Chalcone, Aurone, Anthocyanin, 
and Betacyanins [3, 4, 7].

2.4 Oils

2.4.1 Volatile oils

Volatile oils are organic compounds characterized by their volatility or evapora-
tion without decomposing when exposed to heating or at room temperature. They 
are also called ethereal oils because of their solubility in alcohols, especially ether. 
Essential oils are so named for their pleasant aromas, and essential oils are so named 
because they are included in the basic human diet, and the cellular enzyme system 
in the human body cannot produce it. These oils are spread in more than 2000 
plants represented by sixty families, the most important of which are Lauraceae, 
Labiatae, Umbelliferae, Rutaceae, Compositae, Myrtaceae, Pinaceae, and Oleaceae 
[3, 8]. The volatile oils in the plant act as pleasant aromas to attract insects to 
complete the pollination process and at the same time work to exclude other insects. 
Some of these oils are poisonous and others have a pungent taste that is unpalat-
able to insects and rodents, meaning that these oils act as an open immune system 
to defend the plant itself. Volatile oils have an important role in allelochemicals to 
reduce competition from other plants for light, water, and soil nutrients. These oils 
are used in the treatment of many diseases, such as eucalyptus oil, which treats 
inhalation shortness of breath, and bronchitis, which is Antispasmodic. Peppermint 
oil is used as a mouthwash and antiseptic gargle, Thymol oil is used to treat skin 
problems, and clove and thyme oil are used as antiseptics because they contain a 
high percentage of phenolic compounds. Dill oil is used as a carminative, castor oil 
is used as a laxative, and watercress oil is used as a cholesterol reducer. The volatile 
oils are divided into groups: Alcoholic, Aldehyde, Ketone, Phenolic, Nitrogenic, and 
Sulfuric oils [4, 8].

2.4.2 Fixed oils

Vegetable fixed oils are less dense liquids than water and do not mix with water. 
It is biologically built in the places of its production and is not transmitted from one 
plant member to another. It is often produced and stored in seeds and fruits, and 
a small percentage is produced in the bark and leaves. The most important fixed 
vegetable oils are corn, sunflower, safflower, cottonseed, sesame, soybean, linseed, 
archies, and olive oil. There are other fixed oils consisting of esters of unsaturated 
fatty acids such as linoleic acid, linolenic acid, arachidonic acid with triglyceride 
alcohol, and others [4, 9]. Fixed oils are distinguished by their high nutritional 
value, which are used in weight gain programs and in the manufacture of food and 
energy drinks, among others. The increasing demand for its use in every home is 
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due to its lack of contribution to raising the level of cholesterol and triglycerides in 
the blood that causes atherosclerosis and heart disease. Fixed oils are also used in 
the treatment of some diseases, especially spasms, muscle pain, and rheumatism, 
or as sterilizers or moisturizers for skin cracks resulting from infection with some 
fungi or bacteria, burns, or sunburn. It is also used as carriers or organic solvents for 
active compounds in the manufacture of some creams and ointments. These oils are 
also used in the manufacture of washing and cosmetics, among others. These oils 
are characterized by being odorless, tasteless, slightly yellowish, hydrophobic, and 
non-polar compounds that do not dissolve in water but dissolve in organic solvents 
such as chloroform, benzene, and ether. Fixed oils are divided according to the 
fatty acids that bind to glycerol into monoglyceride, diglyceride, and triglyceride 
groups [3, 4].

2.5 Resins

Resins are solid or semi-solid organic compounds of different and chemically 
complex compositions that result from the oxidation of volatile oils. Resins are 
defined as plant exudate produced by plants either naturally or when the plant is 
exposed to physiological damage as a result of a pathogenic condition or mechani-
cal damage as a result of the influence of environmental factors or pest infestation. 
Resins can be made synthetically by freezing formaldehyde or freezing the resin 
after mixing it with glycerin such as Colophony resin. In general, the most common 
plant families that produce resins are Pinaceae, Cupressaceae, Araucariaceae, and 
Podocarpaceae [3, 4, 9]. The benefits of resins are their use in therapeutic recipes in 
eastern civilizations, especially in treating burns and superficial and deep wounds, 
such as Balsam resin, as well as its use in religious rituals, weddings, and astrology. 
Resins are also used in the manufacture of incense, such as Amber resin, soaps, and 
cosmetics, such as Myrrh resin. Scientific research has proven that resins have high 
anti-microbial, antitumor, anti-inflammatory, and anti-skin perfusion efficacy. 
Resins are one of the plant’s defenses against insects, as some resins are formed 
when they are absorbed by insects to turn this formed sap into a sticky resin that 
prevents the insect from moving and then eliminates it, such as Shellac resin. The 
resins are divided into several groups; the oleo-resin group is composed of the 
resin and the volatile oil such as Copaiba resin, which includes in its composition 
diterpenes or sesquiterpenes. The second group is gum-resin which is a mixture of 
resin and gum-like gamboge. The third group is the oleo-gum resins, which consist 
of resin, gum, and volatile oil, such as asafoetida resin extracted from the rhizomes 
of the roots of the plant Ferula asafoetida, which consists of ferulic acid and the 
compound Umbelliferone and volatile oils such as sesquiterpenes such as foetidine, 
saradaferin, methoxy courmarin, and polysaccharides. The fourth group is glyco-
resin is a mixture of resin and sugar such as jalapin and podophyllin resin. The fifth 
group is Balsams, which are resinous materials that contain in their composition 
aromatic acids such as cinnamic acid and benzoic acid or both, or esters of these 
acids such as Peru balsam, Tolu balsam and Storax balsam, which contain a high 
percentage of Aromatic balsamic acids [4, 6].

3. Plant hormones

Plant hormones are chemical runners that are created in one tissue and regu-
late cellular actions in another tissue by linking with certain proteins that role as 
receptors associate to cellular transduction pathways. The plant hormones are 
synthesized in one tissue and react on specific target sites in another tissue at very 
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low concentrations. Plant hormones that are transferred to sites of activity in tis-
sues far away from their site of biosynthesis are indicated as endocrine hormones. 
Those that react on cells of tissue close by the source of biosynthesis are indicated 
as paracrine hormones. Plant growth and development are modulated by six major 
groups of hormones: auxins, cytokinins, gibberellins, abscisic acid, ethylene, and 
brassinosteroids [3, 10]. A diversity of other signaling compounds that play roles in 
impedance to pathogens and protection against herbivores have also been specified 
in plants, including combined and uncombined forms of jasmonic acid, salicylic 
acid, and small polypeptides. Another compound, strigolactone, has lately been 
shown to be an intendable signaling compound that regulates the growth of lateral 
buds [10, 11]; this compound may also be a valid plant hormone. Other groups of 
compounds, such as flavonoids, work as both intracellular and extracellular regula-
tors of signal transduction pathways [12]. Indeed, the list of signaling factors and 
growth regulators continues to expand.

3.1 Auxins

The first signaling compound is the hormone auxin. Auxin was the first growth 
regulator to be calculated in plants, and a lot of the early physiological reports on 
the mechanism of plant cell extension were executed about auxin action. Auxin 
signaling has been begun to purpose in nearly every feature of plant growth and 
development. Moreover, auxin and cytokinin differ from the other plant growth 
regulators and signaling compounds in one important subject: they are desired 
for plant embryo viability. Whereas other plant growth regulators seem to work 
as regulators of separate development processes, auxin and cytokinin seem to be 
desired at several levels less or more continuously. The various growth and develop-
ment processes that are controlled by auxin are apical dominance, stem elonga-
tion, fruit development, root initiation, oriented or topic growth, and meristem 
development [3, 10]. The Went’s studies with gelatin and agar blocks demonstrated 
unequivocally that growth-promoting influence diffusing from coleoptile tip was 
chemical substance. The fact that it was produced at one location and transported 
in minute amounts to its site of action qualified it as an authentic plant hormone. In 
the mid-1930s it was determined that the principal natural auxin is indole-3-acetic 
acid (IAA), (Figure 4) [3, 13, 14].

3.2 Gibberellins

The second group of plant growth regulators to be recognized is the gibberel-
lins (GAs). At least 136 natural types of GAs was produced in plants have been 

Figure 4. 
Indole-3-acetic acid (IAA) structure.
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identified [15]. Opposite of the auxins, which are identified by their biological 
characters, the gibberellins all share a homogenous chemical structure but relatively 
few of them have essential biological activity (Figure 5). Many of the gibberellins 
that do not have base biological activity are either precursor compounds of the 
bioactive gibberellins or their destruction products. Gibberellins also play main 
roles in a variety of other physiological processes, such as the transition to flower-
ing, seed germination, and pollen growth and development. The biosynthesis of 
gibberellins is under rigid genetic, environmental, and developmental control 
[13, 14]. Gibberellins are best known for their enhancement of stem elongation, 
and gibberellin-deficient mutants that have dwarf phenotypes have been separated. 
Gibberellins first came to the observation of Western scientists in the 1950s; they 
had been discovered much earlier in Japan. Rice farmers had long known the fungal 
disease termed ‘foolish seedling’ that caused rice plants to grow too tall and dis-
carded seed production. The pathologists of plants found that these symptoms of 
infection in rice were caused by Gibberella fujikuroi, which had infected the plants. 
The cultures of this fungus and chemical analysis in the laboratory enabled Japanese 
scientists in the 1930s to obtain impure substances with plant growth-enhancing 
activity. They named this combination of compounds gibberellin A. Gibberellins to 
represent a large family of tetracyclic diterpene acids biosynthesized via a terpenoid 
pathway. Knowledge of gibberellin synthesis and deactivation is important to 
understanding gibberellin homeostasis. Homeostasis depends upon the regulation 
of gibberellin biosynthesis, transport, and deactivation [3, 14].

3.3 Cytokinins

The cytokinins are reverses of auxins, being biosynthesized in roots but with 
the most spectacular effects on shoot formation. However, shoot tissues can also 
synthesize cytokinins, as can germinate seeds. A traditional example of cytokinins 
is coconut milk, the profuse liquid endosperm of the coconut fruit, which is still 
a common cytokinin origin in the plant cell, tissue, and organ culture media. 
Cytokinins were at first named for their ability to stimulate cell division, but they 
also purpose in the induction of shoots, retardation of senescence, and dormancy 
release [3, 16]. Cytokinins are imitative of adenine, one of the purine bases cre-
ate in all RNA and DNA. The four main groups of natural cytokinins each have a 
different five-carbon side-chain linked to the N6 position. The major free cytokinin 
groups, dihydro-zeatin and trans-zeatin are more biologically active than the two 
groups found in tRNA (isopentenyl adenine and cis-zeatin) [13, 16]. The side chains 
of naturally revolving cytokinins are chemically related to carotenoid pigments, 
rubber, the plant hormones abscisic acid and gibberellin, and the plant defense 
substances known as phytoalexins. All of these compounds are created from iso-
prene units. Isoprene is alike in structure to the side chains of iP and zeatin. These 
cytokinin side chains are biosynthesized from isoprene imitative. Large molecules 

Figure 5. 
Gibberellin (GA) structure.
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of the carotenoids and rubber are initiated by the polymerization of many isoprene 
units; cytokinins consist of fair one of these units. The precursor for the initiation 
of these isoprene units in cytokinins is dimethylallyl diphosphate (DMAPP), which 
is derived from either the methylerythritol phosphate (MEP) pathway (primary 
for DHZ, trans-zeatin, and iP) or the mevalonate pathway (primary for ciz-zeatin) 
(Figure 6) [3].

3.4 Abscisic acid

Abscisic acid (ABA) is a growth retardant name because this hormone is related 
to abscission layer formation (Figure 7). ABA does promote fruit drop, growth 
retardant, and closing stomata in plant leaves [17, 18]. ABA is a 15-carbon molecule 
and its biosynthesis occurs from the malfunction of carotenoid pigments, especially 
violaxanthin, a 40-carbon molecule. Formerly, mevalonic acid was believed to be 
the major precursor, with soon steps in similar with gibberellin biosynthesis. This 
other pathway may utilize in tissues such as in tomato seedlings and avocado meso-
carp [19, 20]. ABA is synthesized in large quantities in water-stressed plant tissues, 
especially leaves and roots, but also has a role in seed ripening, senescence, and 
dormancy. ABA concentrations are decreased by oxidative suppression to phaseic 
acid or by the synthesis of glucosides [3, 13].

3.5 Ethylene

Ethylene (C2H4) is a unique gaseous hormone that diffuses rapidly out of plant 
tissues. Its direct precursor is 1-aminocyclopropane-1-carboxylate (ACC) which 
in turn produced from S-adenosyl methionine, an imitative of another common 
amino acid (methionine). Ethylene is synthesized in response to cell injury and 
other stresses such as deficient oxygen (Figure 8). It cumulates rapidly during fruit 
ripening and senescence stages, but all living cells synthesize ethylene. Oxidation 
and conjugation can happen, but dispersion into the atmosphere is probably the 
main elimination pathway [3, 13, 21].

Figure 6. 
Cytokininin (Zeatin) structure.

Figure 7. 
Abscisic acid (ABA) structure.
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3.6 Brassinosteroid

Steroid hormones have extended been recognized in animals, but they have 
only lately been revealed in plants. Animal steroid hormones involve the sex 
hormones (androgens, estrogens, and progestins) and the adrenal cortex hormones 
(mineralocorticoids and glucocorticoids). The brassinosteroids (BRs) are a class 
of steroid hormones that play more important roles in a wide domain of devel-
opmental processes in plants, including cell division and elongation in roots and 
stems, reproductive development, photomorphogenesis, stress responses, and leaf 
senescence (Figure 9) [22]. Studies by Mitchell et al. [23] showed that the utmost 
growth-promoting activity was found in the organic extract of pollen from the rape 
plant (Brassica napus L.). Such as abscisic acid and gibberellin, brassinosteroids 
are biosynthesized as a section of two farnesyl diphosphates to produce the C30 
triterpene squalene. Squalene then succumbs to a series of ring closures to produce 
the pentacyclic triterpenoid (sterol) precursor cycloartenol. All steroids in plants 
are obtained from cycloartenol by other modifications and a series of oxidation 
reactions [3, 24].

4. Production of secondary metabolites in plant tissue cultures

Tissue cultures of plants are used to produce large quantities of secondary 
metabolic products, although cultures of callus and cell suspensions often do not 
produce higher levels of the whole plant. Therefore, some technologies were used 
to increase the production of secondary metabolites by plant tissue culture tech-
niques through the selection of high-production cells. This is done after separating 

Figure 9. 
Brassinosteroid (BR) structure.

Figure 8. 
Ethylene (C2H4) structure.
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the high-production cells from their low-production counterparts, and the latter 
are usually excluded by visual methods [2]. The separation process of produced 
cells from others is carried out using cell cloning technology, which is an easy and 
simple method in which single cells are taken from mostly cell suspensions that 
are cultured on a suitable medium. After the formation of cell masses from single 
cells, each cell mass is sieved separately and the types and quantities of secondary 
metabolites it contains are determined. The process of selecting high-producing 
plant cells for secondary metabolites begins with the selection of a plant with a high 
production for the desired secondary compound or compounds by selecting the 
suitable explant, it’s surface sterilization, and in vitro culture on a medium prepared 
for the initiation of callus cells. Then the formed callus masses are culture in cell 
suspension cultures, from which the inoculums are transferred and spread on a 
solid medium [2, 25, 26].

5.  The effect of the components of the medium on the production  
of secondary metabolites

The growth of plant cells in tissue cultures occurs when the requirements for 
division and growth are available for them from nutrients, growth regulators, 
and any other additives that all affect the metabolic activities within the cells. To 
achieve optimal productivity of secondary metabolites, it is preferable to produce 
cells in a medium that is optimal for increasing biomass. Then the cells are trans-
ferred to the production medium that achieves the highest yield of the desired 
compound. Note that it is not necessary for the callus medium or the perpetu-
ation medium to be ideal for the production of secondary products. Therefore, 
many growth regulators and other additives are being tested to obtain an optimal 
medium for production. The components of the nutrient medium in general, such 
as carbon source, nitrogen, phosphate, growth regulators, precursors, stimu-
lants, vitamins, additives, and others, affect the fluctuation of the production of 
 secondary  metabolites [2, 26, 27].

5.1 Effect of carbon source

The carbon source generally affects the production of secondary metabolic 
compounds. For example, an increase in sucrose in the production medium from 
4 to 10% led to an increase in the production of alkaloids in tissue cultures of 
Catharanthus roseus. It was also found that the addition of sucrose as a carbon source 
was better than fructose and galactose when producing diosgenin from tissue cul-
tures of Dioscorea deltoidea and Dalanites aegyptica. An increase in Ubiquinone-10 
was also recorded in tobacco tissue cultures when low levels of sucrose were added 
to the production medium. In another study, it was found that adding 40 g L−1 
of sucrose to the medium in tissue cultures in the dark led to an increase in the 
accumulation of the proanthocyanin compound in the plant Hypericum perforatum. 
While the accumulation of kaempferol compound when adding 50 g L−1 sucrose to 
the medium in tissue cultures of the same plant exposed to light [2].

5.2 The effect of a nitrogen source

Adding high concentrations of nitrogen sources to the media in tissue cultures 
stimulates cells to synthesize amino acids and proteins, including enzymes and 
nucleic acids. The primary products of metabolism contain nitrogen, which 
directly affects the formation of secondary metabolic products. In general, high 
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concentrations of nitrogen added to the medium lead to inhibition of the synthesis 
of secondary metabolites. The addition of potassium nitrate and ammonium nitrate 
in high concentrations to the medium prepared for tissue cultures leads to inhibi-
tion of the production of anthocyanins by 90% and alkaloids by 80% [2].

5.3 Effect of phosphate

Many secondary metabolites are produced from phosphorylated intermediates, 
which in turn release phosphate. Inorganic phosphates are essential in photosyn-
thesis and respiration. Generally, high levels of phosphate stimulate cells to divide, 
grow, and synthesize primary metabolites. When the concentration of phosphate 
in the tissue cultures increases, it leads to an increase in the production of alkaloids 
in the plant C. roseus, the anthraquinone compound in the Morinda citrifolia plant, 
and the diosgenin compound in the D. deltoidea plant. Other studies found that 
decreasing the concentration of phosphate in tissue cultures led to an increase in 
anthocyanins and phenols in C. roseus and an increase in alkaloids and solasodine 
in Solanum laciniatum. While increasing or decreasing the phosphate concentration 
did not affect the production of the protoberberine alkaloid in the tissue cultures of 
Berberis sp. [2].

5.4 Effect of precursors

Precursors are called substrate molecules that can be incorporated into second-
ary metabolites and added to the medium prepared to produce the desired second-
ary compounds. In general, the addition of precursors stimulates the production of 
secondary metabolites, although it inhibits the growth of tissue cultures in several 
cases. For example, the addition of precursors to the medium prepared for tissue 
cultures of the Datura spp. plant led to a noticeable increase in the production of 
alkaloids, but this was occurred opposite by inhibition in the growth of cultures 
after the addition of ornithine, phenylalanine, tyrosine, or sodium phenylpyru-
vate. It was proven that there was a significant increase in the accumulation of 
ajmalicine in the cultures of the callus of Coleus blumei plant when the medium was 
enriched with the precursor tryptamine and rosmarininc acid accumulation when 
the medium was enriched with tryptamine compound and 50 g L−1 sucrose. Also, 
rosmarinic acid accumulated in high concentrations in the stem segment explants of 
the same plant when the liquid medium was included with a concentration of 10 or 
20 mg L−1 of proline acid [2, 28].

5.5 Effect of plant growth regulators

Plant growth regulators such as auxins and cytokinins affect cell division, 
various metabolic processes, and plant growth in tissue cultures. Several scientific 
articles indicated that the type of growth regulator and its concentration affected 
the productivity of tissue cultures from secondary metabolites. It was found that 
the addition of auxin indole acetic acid, indole pyruvic acid, or naphthalene acetic 
acid to the medium prepared for tissue cultures of Balanites aegyptica increased the 
production of diosgenin. The addition of auxin in some cases inhibited the produc-
tion of some secondary metabolites, such as inhibiting anthocyanin synthesis in 
carrot plant tissue cultures after enhancing the medium with naphthalene acetic 
acid and indole acetic acid [2, 29]. The addition of auxin 2,4-dichlorophenoxy acetic 
acid (2,4-D) to the tissue cultures of tobacco led to the inhibition of the production 
of alkaloids as well as shikonin in the tissue cultures of Lithospermum erythrorshi-
zon. Another study also found that the addition of cytokinins to the cultures of 
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C. roseus stimulated the production of ajmalicine, and the tissue cultures of tobacco 
led to the production of scopolamine and scopoletin compounds, and the tissue 
cultures of Ricinus sp. led to the production of carotenoids. Cytokinins inhibited 
the production of secondary metabolites in some tissue cultures, such as anthro-
poquinines in M. citrifolia plant cultures, nicotine in tobacco plant cultures, and 
Chicoine in Lithospermum erythrorshizon cultures. It is noted from previous studies 
that the addition of auxins and cytokinins to the medium separately did not give 
positive results in stimulating the production of secondary metabolic compounds 
in most cases. In general, many studies showed that the addition of combinations 
of auxins and cytokinins stimulated the increase in the production of secondary 
 metabolites [2, 26].

6.  Effect of some growth regulators on the production of secondary 
metabolites in some medicinal plants

6.1 Stevia rebaudiana

The leaves of shoots that cultured on Woody Plant Medium (WPM) supple-
mented with 2.27 mM thidiazuron (TDZ), 4.54 mM TDZ, 2.22 mM benzyl adenine 
(BA) + 2.69 mM naphthalene acetic acid (NAA), 2.22 mM BA +5.37 mM NAA, 
2.32 mM kinetin (Kn) +5.71 mM indole acetic acid (IAA), or 2.32 mM Kn + 2.69 mM 
NAA led to stimulate steviolbioside, rubusoside, and dulcoside compounds by in 
vitro culture technique [30].

The 4.6 pH of the medium was the main factor for increasing concentrations of 
secondary metabolite compounds in stevia leaves by in vitro culture technique. The 
phenols and flavonoids were increased when cultured on a medium supplied with 
the combination of BA and GA3 or IAA compared to separately applied growth 
regulators appearing synergistic effects of plant growth regulators (especially of 
auxins and cytokinins). A positive correlation was found between the flavonoids, 
phenols, and the antioxidant activity in the S. rebaudiana extracts [31].

The highest callus-induction frequency and callus-mass increase were obtained 
from MS medium supplemented with 2.0 μM NAA. The leaf explants that cultured 
on MS medium supplemented with 2.0 μM NAA led to the highest concentration 
of steviol glycosides, flavonoids, and phenols, and higher antioxidant activity was 
determined in the secondary metabolite compounds of callus from leaf segments. 
Proline acid reduced the concentration of flavonoids and steviol glycosides. The 
callus from leaf explants that cultured on MS medium supplemented with 2.0 μM 
NAA and 2.0 μM proline acid recorded the highest concentration of total phenolic 
compounds [32].

6.2 Pimpinella alpeno

The results of one study showed that adding 200 mg L−1 IAA and 25 mg L−1 
gibberellic acid (GA3) to the medium prepared for tissue cultures of Pimpinella 
alpino leaves increased the production of saponin. While when adding 100 mg L−1 
IAA and 25 mg L−1 GA3 to the medium, it led to a decrease in the production of 
saponin compound in the leaves and it reached the lowest value [33]. GA3 affects 
metabolism and nucleic acid which plays an important role in protein biosynthesis 
and enhanced the activity of enzymes for plant growth and development. Increased 
protein biosynthesis as crude material essential enzymes in plant metabolism 
and increase the production of the secondary metabolite compounds, including 
 saponins at the final stages [34].
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6.3 Crysanthemum cinerariefolium

The leaf segments of Crysanthemum cinerariefolium plant that cultured on MS 
medium supplemented with 4 mg L−1 2, 4-D and 0 mg L−1 kinetin recorded the 
best-produced callus by in vitro culture technique. The callus contains the second-
ary metabolite compounds such as some of the flavonoid quercetin precursors such 
as tetrahydroxy chalcone and acetic acid and some other secondary products [35].

7. Conclusions

* There are factors that affect the increase in the induction and production of 
secondary metabolites from plants that can be applied and utilized in extracting 
effective compounds from medicinal plants that are used in the industry of medi-
cines and pharmaceuticals.

* The levels of bioactive compounds in medicinal plants vary depending on the 
type of plant tissue.

* The possibility of using the plant tissue culture technique in the production of 
secondary metabolites from the explants of medicinal plants.

* Increasing the concentrations of plant growth regulators such as auxins or 
cytokinins or adding them in ideal combinations leads to an increase in the induc-
tion of secondary metabolites in tissue cultures of medicinal plants.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Application of Brassinosteroid
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Abstract

Brassinosteroids (Br) have been shown to favor the growth and reproduction of 
crops under adverse environmental conditions, which negatively affect their growth 
and production. In order to solve some of the problems in the field with various 
perennial crops, the application of a homobrassinolide (HBr) (CIDEF-4) has been 
investigated under in vitro and ex vitro conditions to evaluate growth at different 
concentrations in Musa spp. L. and Saccharum officinarum L and in the field with 
foliar applications in Theobroma cacao L, Mangifera indica L and Coffea arabica L. to 
evaluate yield and quality of fruits. Morphological and physiological yield com-
ponents were recorded. The results indicate in the in vitro evaluations, increased 
regrowth height and ex vitro differences in growth are improved by increasing the 
number of applications. In cocoa and coffee plants, flowering and yield are influ-
enced. The high concentrations applied did not necessarily increase the crop yield 
or the combination with potassium nitrate. In mango, the quality of the fruits was 
better when applying the HBr alone or in combination with nitrate in fruit firmness, 
and total soluble solids improved.

Keywords: brassinosteroids, growth, quality fruits, yield, biomass

1. Introduction

The brassinoesteroides (Br) are the most active growth-promoting extracts isolated 
from Brassica napus pollen [1]. These are steroidal phytohormones essential for the 
growth, development and adaptation of plants to biotic and abiotic stress [2–5]. 
Regulatory activity seems to be due to the influence of these hormones on metabolic 
processes related to photosynthesis, nucleic acid and protein biosynthesis [6, 7]. It is 
transported from sites of synthesis to sites of distant action and operates at very low 
concentrations [8–10]. These compounds have a wide range of activity in protecting 
plant metabolism when these are under stress conditions and consequently increase 
their yield [11], through de increase la activity within the antioxidant route [12, 13], 
promote membrane polarization and influence tolerance to different stressful environ-
mental conditions [14–17]. These are low and high temperatures [18, 19] and tolerance 
to water stress [20] among others. At the cellular level, they are expressed in elonga-
tion, cell differentiation and genetic modulation [7, 21].
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In agricultural activities, it has been shown that various abiotic stressors for crops 
can be mitigated through the application of hormones, such as brassinosteroids [6]. 
This technology is relevant when considering that agricultural activities each year 
face environmental factors, such as drought and erratic rainfall [22–24], which has 
been the main cause of food insecurity that induces decreased yields [25]. Nowadays 
some Brassinosteroids homologos (HBr) which are similar to natural brassino-
steroids, have been shown to be useful in agriculture [26]. They have been used as 
a strategy to increase growth and yield in various crops in the field and greenhouse 
through their exogenous application, and these have shown enhancement of growth 
and reproduction under adverse conditions [11, 16, 27–29]. In addition, HBRs play 
a fundamental role in flower and fruit development, leaf senescence and abscission 
[30, 31]. They are also proposed in the reproduction of plants in vitro to be added to 
the culture medium in different explants and organs [32] as substitutes for auxins 
and cytokinins [33, 34]. Under these conditions, they can stimulate aerial and radical 
plant growth [35, 36], as noted in rooting, number of leaves and plant height in 
various orchids when added HBr (Cidef-4) to the medium Yasuda [37] and in Cedrela 
odorata L. the number of shoots and leaves is increased by adding the same (Hbr) to 
the Murashige and Skoog medium (MS) [38, 39].

In the greenhouse, biomass, stevioside, rebaudioside and steviol content are 
increased in the Stevia crop compared to the control [40]. In tomato, it is associated with 
the content of lycopene and carbohydrates [41] and in transgenic tomatoes, early flow-
ering and a slight increase in fruit yield and number of fruits per plant were obtained 
[20, 42], fruits and oilseeds [43–45] in addition to enhancing crop quality [46].

2.  Response of agricultural crops to the application of brassinosteroids 
through the increased lab activity

2.1  In vitro reproduction of Musa spp. “big dwarf banana” with brassinosteroid 
and other growth regulators

Banana (Musa spp.) is widely consumed by the world population and in tropical 
regions. It is a daily food in developing countries and its in vitro reproduction often 
has a low multiplication coefficient, high percentage of phenolization in explants 
and low survival [47, 48]. In other cases, abnormal shoots are reported in plants 
with some growth regulators, which are traditionally incorporated into the growing 
medium [33].

In this regard, non-traditional growth regulators, such as HBr, can favor mul-
tiplication processes [18, 49] and improve normal plant growth and development. 
However, by subjecting the explant to an artificial environment for its reproduction. 
It is exposed to stressful conditions, which can be attenuated by HBr and improve 
its reproduction, as happened with the FHIA-21 banana, which favored the forma-
tion of roots in vitro [50].

The in vitro response of Musa spp. cv great dwarf shows morphological changes 
when establishing the apical meristem in MS medium [38] and three growth regula-
tors, 6-bencilaminopurine (BAP), indoleacetic acid (IAA) and homobrasinolide 
(HBr-Cidef-4; Natura del desierto SA de CV, México) in two concentrations 2 and 4 
mgL−1, during 80 days of evaluation with changes of medium every 20 days.

The HBr, in its two concentrations, presents a response similar in the number of 
leaves and roots to those induced with BAP and IAA and statistically different from 
the control (P ≤ 0.05) (Table 1).

The lowest average shoot height was with BAP at the lowest concentration. 
On the other hand, by increasing the concentration, the height was almost doubled. 
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An increase in regrowth height from 0.5 mgL of BAP has been reported [51]. This 
cytokinin has been widely used in the in vitro regeneration of various plants [52] 
and induces the formation of axillary shoots and adventitious roots of the meri-
stematic explant in banana [53] and their efficacy in different banana cultivars 
has been demonstrated in foliar growth [54]. Auxins in in vitro culture induce root 
formation and shoot growth [54, 55]. In the case of HBr, the response was different, 
that is, the inclusion of the two concentrations in the medium induced a similar 
increase in the height of the explant and was superior to the other treatments 
(P ≤ 0.05) [56]. Stems were thicker with HBr and thin with narrow leaves in the 
control. In Solanum tuberosum L. the height of the explants was also increased after 
30 days of age, by adding 1 mgL-1 of HBr Biobrás-6 to the medium.

Likewise, pronounced effect on the stimulation of proliferation and shoot length 
when HBr (0.2 μM) was added to the MS medium compared to the banana control 
[57]. Robres-Torres [58] add that the application of brassinolide plus benzyladenine 
(BA) in Rubus ideaeus L. did not express dependence in the combination of both 
regulators in the expression of regrowth, but when applying HBr alone, regrowth 
elongation was increased.

The number of leaves is higher when including growth regulators compared 
to the control and they were statistically different (p ≤ 0.5). The inclusion of HBr 
increased the leaf area of Lactuca sativa L. lettuce with the foliar spraying of HBr 
Biobras-16 [59] and with the regeneration of adventitious shoots in cauliflower 
hypocotyls and Spartina [60].

When comparing the induction of the number of roots between the three 
growth regulators, a differential response was found according to the concentra-
tion used and without difference with the application of the concentrations in HBr 
(Cidef-4).

Applying HBr to plants increases the number of roots. Similar result 
cites [61] when doing repeated foliar sprays with BB-16 (0.05 mgL-1) in 
Cattleya leuddemanniana and Guarianthe skinneri (Bateman), Dressler and 
W. E. Higgins. This same result was obtained with con different orchids, like 
Oncidium sphacelatum Lindl., Trichocentrum andreanum (Cogn.) R. Jiménez 
and Carnevali, Epidendrum stamfordianum Bateman, Guarianthe skinneri 
(Bateman), Dressler and W. E. Higgins, Guarianthe aurantiaca (Bateman 
ex Lindl.) Dressler and W. E. Higgins and Brassavola nodosa (L.) Lindley, in 
Chiapas, México [37].

Treatment (mgL−1) Height (cm.regrowth−1) Number of leaves.regrowth−1 Number of roots

BAP 2.0 3.59 e 11.25 a 5.12 b

BAP 4.0 6.07 bc 11.12 a 7.37 a

AIA 2.0 4.24 de 10.75 a 8.12 a

AIA 4.0 6.07 bc 9.87 ab 6.50 ab

HBr 2.0 7.48 a 10.75 a 7.75 a

HBr 4.0 7.00 ab 10.87 a 7.50 a

Control 5.35 bc 7.62 b 6.50 ab

CV (%) 13.4 16.4 18.4

*Values with different letters within each factor and column are statistically different (p ≤ 0.05). BAP(6-
benzylaminopurine), HBr (Brassinosteroid Cidef-4), IAA (Indolacetic Acid).

Table 1. 
Morphological components in apical meristem explant of Musa spp. cv gran enano in interaction with 
different concentrations of growth regulators during the in vitro multiplication stage.
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2.2  Influence of brassinoesteroid in the acclimation of banana clone Musa spp. 
and Saccharum officinarum

The production of micropropagated plantlets is used nowadays to increase 
new cultivars [62], but there are certain drawbacks in its ex vitro phase that limit 
its widespread use, especially in resisting the stress of transplantation [47, 48]. 
Exogenous application of HBr has been shown in some plants to improve ex vitro 
survival [18].

The application of HBr in its different frequencies of HBr (Cidef-4) with 
4 mgL−1, (6 every 14 days, 3 every 28 days and 2 every 42 days), were efficient in 
inducing the growth of Musa spp. However, the more frequent applications induced 
greater height.

In the case of plant height with the application of HBr every 14 days, it presents a 
statistical difference (p ≤ 0.05) with the rest of the treatments during the four sam-
plings and in all the application frequencies it was superior to the control (Table 2). The 
results suggest an interaction between the concentration and its frequency of applica-
tion, and Mandava [63] adds that the brassinosteroid is more sensitive when the young 

Time (days) Treatments Height (cm) Stem thickness (cm) Number of leaves

14 1. Control 5.53 b* 0.53 a 5.5 ab

2. HBr every 14 days 6.41 a 0.50 a 5.5 b

3. HBr every 28 days 5.95 ab 0.45 a 4.8 b

4. HBr every 42 days 5.60 b 0.51 a 6.0 a

**CV (%) 8.59 10.64 11.46

42 1. Control 10.33 b 0.63 b 6.5 a

2. HBr every 14 days 12.63 a 0.65 b 6.5 a

3. HBr every 28 days 11.06 ab 0.61 b 6.1 a

4. HBr every 42 days 11.25 ab 0.78 a 7.0 a

CV (%) 10.62 7.07 8.25

70 1. Control 10.78 b 0.75 b 7.8 a

2. HBr every 14 days 16.33 a 0.90 a 8.0 a

3. HBr every 28 days 13.71 b 0.80 ab 7.6 a

4. HBr every 42 days 13.83 b 0.86 ab 8.5 a

CV (%) 7.72 8.87 6.65

84 1. Control 15.21 b 0.81 a 8.3 a

2. HBr every 14 days 19.17 a 1.01 a 8.6 a

3. HBr every 28 days 16.33 ab 0.91 a 8.1 a

4. HBr every 42 days 16.08 ab 1.03 a 8.8 a

CV (%) 14.6 17.0 9.2
*Values with different letters within each factor and column are statistically different (p ≤ 0.05). HBr 
(Brassinosteroid 4 mgL−1 de Cidef-4).
**CV = Coefficient of variation. The number of applications. The first 14 days only 1 application in treatment 2. 
Application at 42 days 3 applications in treatment 2, and 1 application treatment 3 and 4. Evaluation at 70 days, 
5 applications treatment 2, 3 application treatment 3 and 1 application treatment 4. Evaluation at 84 days, 6 
applications treatment 2, 3 application treatment 3 and 2 application treatment 4.

Table 2. 
Morphological components of Musa spp. cv “great dwarf” in interaction with different frequencies of HBr 
application (Cidef-4).
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tissues present higher content of auxins and the expression of the growth of the plants 
treated with exogenous HBr can be related to the endogenous plant hormones [18].

Similar results, but with a lower proportion of plant height induction (2%) 
have been reported by Jeyakumar et al. [64] in “robusta” banana when applying a 
foliar HBr at a concentration of 0.2 mg kg−1 at four and 6 months after having been 
planted. On the other hand, Izquierdo et al. [33] mention an increase in plant height 
in banana clone FHI-18 applying by immersion and foliarly before transplantation 
the HBr BB-6. However, Herrera et al. [65] indicate an increase in the height of 
plants in banana cultivation with the application of Br applied every 28 days, com-
pared to the application of every 14 days, which, in our case, was the most frequent 
application and was expressed in the greater height of the regrowth. It is probable 
that the response is associated with the rapid degradation of Br, as indicated by 
Janeczko et al. [44], and the more frequent application, may favor its action for a 
longer time. Application of BR by spraying at specific developmental stages can 
enhance crop yield [66].

In our case, the thickness of the stem and the number of leaves are the variables 
with the lowest morphological expression in the different treatments evaluated and 
they only present statistical differences in two or three of the samplings carried out. 
On the other hand, Izquierdo et al. [33] reported an increase in the number of leaves 
and diameter of the pseudostem in banana with the application of HBr, as in the 
clone FHIA-18, when applying the HBr BB-6.

In potato plants (S. tuberosum L.) they found an increase in stem length, fresh 
biomass and a greater number of minitubers per plant [50].

In the case of the number of leaves, [67] mention a significant increase in the 
number of leaves of shoots of Vriesea plants (Bromeliaceae) when HBr (MH5) was 
applied, improving their quality indicators after 49 days of acclimatization. In our 
case, no differences were expressed between the frequencies of HBr application in 
this variable.

In the physiological components, the application of HBr alone every 42 days 
increased the dry biomass of the shoot and was statistically different (p ≤ .05) to 
the rest of the treatments, but in the root system the biomass allocation was similar 
in all the treatments and no statistical difference (Table 3).

It has been shown that in the mustard plant Brassica juncea (L.) Czern, the yield 
components were increased with the application of 28-homobrassinolide [43]. 
Brassinosteroids likely play a crucial role in modulating plant growth and develop-
ment, which affect crop architecture and yield [7].

In S. officinarum, plants var. CP 72–2086 were used. The height of the plant with 
the frequencies and concentrations evaluated of HBr (Cidef-4) was statistically 
higher than the control (P ≤ 0.05) (Table 4).

Treatments (g.plant−1)

Shoot Root

Control 2.50 b 0.62 a

HBr every 14 days 2.65 b 0.66 a

HBr every 28 days 2.19 b 0.60 a

HBr every 42 days 3.39 a 0.66 a

**CV (%) 10.63 7.01

Table 3. 
Comparisons of means of physiological variables of the giant dwarf clone of Musa sp. in the process of  
acclimatization with different frequencies of application of an HBr at 84 days after sowing.
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In general, the application frequencies in interaction with the concentrations 
shows a slight increase in plant size as the concentration increased from 1 to 3%. 
The most frequent applications of 14 and 28 days, also present a certain tendency in 
the increase of the height of the plant.

HBr (Brassinosteroid Cidef-4), % CV (coefficient of variation). Letters that are 
not the same indicate statistical difference (Tukey, P ≤ 0.05%). Seventy day Data.

In the cane variety (C0. 86,032), brassinolide induced a positive effect on ex 
vitro plants of stem elongation, leaf formation and adventitious shoots during 
3 weeks, in addition, survival increased as the concentration of brassinolide 
increased [68]. The above effect has been demonstrated by inducing elongation 
and cell division, resulting in growth, thickening and curvature in oat  
coleoptiles [63].

The applications of exogenous brassinoexteroids induce diverse physiological 
responses, in addition to cell expansion, vascular differentiation, reproductive 
development, seed germination, flowering, and fruiting [69, 70].

2.3 Flowering and fruiting response of Theobroma cacao L

Cocoa was used as food, medicine and tribute in Mesoamerican territory [71, 72]. It 
is a crop with wide flowering and low fruiting percentage. This is attributed to envi-
ronmental and hormonal factors.

The application of potassium nitrate alone does not show a positive effect in 
increasing the flowering and fruiting variables in T. cacao L. A similar response 
is cited by García et al. [73] when applying 2% KNO3 in Acca sellowiana [O. Berg] 
Burret and the lack of response assign it to necrotizing effects on flower buds and 
fruits. The differences occurred with the application of HBr alone and in combina-
tion with different concentrations of potassium nitrate.

The increase in flowers was expressed with the application of HBr alone and 
was statistically different from the other treatments (P ≤ 0.05). Combinations with 
KNO3 present a number of flowers similar to the control (Table 5).

T. cacao L sowing 3 × 3 with a shade of Inga micheliana Harms., Pouteria sapota 
(Jacq.) and Tabebuia rosea (Bertol.) A. DC. The values are averages of 5 trees and 4 
branches of 0.5 m per tree after the trunk toward each cardinal point.

Treatments Height (cm) Stem thickness (cm) Number of leaves

Control 90.8 b 6.3 b 11.5 abc

1% HBr every 14 days (5 applications) 112.6 a 7.5 ab 15.1 a

2% HBr every 14 days 117.6 a 7.8 a 10.0 c

3% HBr every 14 days 113.6 a 7.7 a 12.1 abc

1% HBr every 28 days (2 applications) 109.8 a 7.6 a 11.5 abc

2% HBr every 28 days 110.8 a 7.9 a 10.6 bc

3% HBr every 28 days 118.6 a 7.3 ab 11.5 abc

1% HBr every 42 days (1 application) 114.0 a 7.3 ab 12.3 abc

2% HBr every 42 days 112.0 a 7.2 ab 14.1 ab

3% HBr every 42 days 117.8 a 7.3 ab 11.3 abc

**CV (%) 8.59 9.3 17.3

Table 4. 
Morphological components of the yield in Saccharum officinarum in interaction with frequencies and 
concentrations of HBr (Cidef-4).
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The number of flowers increased 40% with the application of HBr and 87% 
when combined with KNO3 at 2% in relation to the control. It is important to 
indicate that the application of HBr was in September, the time when the second 
most important flowering flow begins in T. cacao L in this region, and although no 
detrimental effects were observed in floral structures, the emission was decreased. 
On the other hand, they increased 27% in relation to the control when combining 
HBr plus 6% KNO3, which was applied in November. At this date the night tempera-
ture decreases and fruiting is favored.

On the other hand, the conversion of flowers to small fruits was higher with 
the application of KNO3 and HBr in November and this process continued until the 
formation of fruits, which were statistically different from the rest of the treat-
ments. (P ≤ 0.05). However, the highest number of fruits found is more related to 
the date of application of the treatment at the end of the year, that is, October and 
November. This suggests that the development of the fruit requires the protection 
of HBr to achieve the conversion of Cherelle to fruit, which seems to be a critical 
period. In addition to the above, fruiting demands more photosynthates and HBr 
has been shown to stimulate CO2 assimilation [74, 75]. In other crops, the applica-
tion of HBr has been effective to promote the increase in yield in annual crops  
[10, 76] and perennials as in Passiflora edulis f. flavicarpa applied after flowering 
has appeared [77].

2.4 Application of a brassinosteroid affects quality in ‘ataúlfo’ mango

Currently, there is a decrease in mango yield in the south-southeast of Mexico 
due to various causes attributed to environmental and management factors. 
Current results in plantations are reflected in high floral abortion rates, premature 
fruitlet drop and the presence of parthenocarpic fruits or “nubbins. It is consid-
ered that HBr can promote fruiting [8, 16, 29] by demonstrating the beneficial 
effects of HBr in different crops such as vegetables, legumes, cereals, fruits and 
oilseeds [44, 45, 74], in addition to improving the quality of crops [27, 44, 46, 78] 
and the yield [46].

Mangoes from all treatments were harvested and the values of each variable 
were recorded 12 days after harvest (Table 6).

Treatments Number tree−1

Flowers Opennings Flowers Cherelles Fruits

1) Control 6.5 c** 17.2 b 4.32 bc 1.96 bc

2) 2% de ***KN03 6.3 c 18.1 b 3.50 cd 1.86 bc

3) 1.5% HBr 9.1 a 26.5 a 4.66 b 1.66 bc

4) 1.5% HBr + 2% KN03 5.7 c 18.10 b 3.04 d 1.32 c

5) 1.5% HBr + 4% KN03 7.8 b 16.16 b 4.80 b 2.42 ab

6) 1.5% HBr + 6% KN03 8.3 ab 17.46 b 7.72 a 2.98 a

****CV % 7.9 7.6 10.2 22.8

** The letters that are not equal between the columns indicate significant statistical difference (p ≤ 0.05). ***KN03 
(13N-2P-44K at the rate of 200 g in water 10 l). HBr was applied only at 1.5% in September and in combination 
with KNO3 a, 2, 4 and 6% in September, October and November. The values are averages of 15 weeks of evaluation 
in treatments 1, 2, 3, and 4 that were applied in September. Treatment 5 applied in October with nine samplings 
and treatment 6 applied in November with 4 samplings. **** Coefficient of variation (%).

Table 5. 
Flowering and fruiting of Theobroma cacao L. regional criollo type in response to the applications of 
potassium nitrate and homobrassinolide.
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The spraying of HBr significantly affected (P ≤ 0.05) the firmness of the 
mangoes. The applications of the fruits induced greater firmness in the treatments 
with 2 g ha−1 and 6 g ha−1. The greatest difference was registered in the treatment 
with three applications of HBr. In other crops, such as papayas, they cite an increase 
in the firmness of the fruits when increasing the application of 24-epibrassinolide 
(epiBR) to 1 μM [79].

Total sugars increased by combining HBr plus KNO3 (Table 6) as the amount of 
(HBr) increased. In this regard, the highest value was found in the fruits that were 
sprayed with 2 and 6 g of HBr and it was statistically different from the rest of the 
treatments (P ≤ 0.05). In general, the results express a more consistent response in 
terms of the average sugar content in the treatments applied with potassium nitrate 
and in the HBr treatments (2 and 6 g ha−1).

The amount of TSS found in the treatment with potassium nitrate was 18.0°Brix 
and in the treatments where HBr was sprayed three times (2 g ha−1), the value 
fluctuated between 19.8° Brix. An increase in the content of total soluble solids 
without the influence of the concentration of HBr was reported in watermelon [80] 
but a higher content of total soluble solids is confirmed in P. edulis compared to the 
control with the application of HBr [77]. In papayas, the total soluble solids of the 
fruits were increased with the application of HBr [79].

In-plant tissues, exogenous applications of HBr induce ethylene production [81, 
82] and in some fruits such as mango and strawberries, HBr in small amounts may 
not be critical for ripening [83, 84], but exogenous applications they are capable 
of inducing ethylene production [41, 83]. In the Kensington Pride mango variety, 
ethylene production and peak respiration occurred on the fourth day of ripening, 
and although the amount of HBr in the fruit was traces, the exogenous application 
of Epi-BL (45 and 60 ng g−1) promoted fruit ripening [83].

2.5 Flowering and yield response of Coffea arabica cv catimor

C. arabica L. plantations currently face contrasting changes in the amount of 
rainfall and the distribution of rainfall that has decreased their yield. It also interacts 
with internal, hormonal and nutritional factors [85]. The importance of the interac-
tion of the environment in the flowering of fruit trees has been pointed out [86].

The presence of stressors, biotic or abiotic, that affect crop yield under field 
conditions, can be attenuated by applying growth regulators, or, when the warm-
humid temperatures of the tropics do not induce reproductive cell differentiation, 

Time (Days) Treatments Firmness 
(N.frut−1)

Total sugars.
fruit−1

Total soluble solids 
(°Brix.fruit−1)

12 **KNO3 0.61 b* 0.18 b 18.05 b

***HBr(2 g) + KNO3 0.64 ab 0.27 a 19.80 a

HBr (4 g) + KNO3 0.57 b 0.19 b 17.92 b

HBr (6 g) + KNO3 0.70 a 0.25 b 20.07 a

CV % 5.9 7.0 3.5

*Values with the same letter within each factor and column are equal according to Tukey test P ≤ 0.05. CV = 
Coefficient of variation, (1) **Control (2% Potassium nitrate KNO3), (2) *** 2 g of HBr Cidef-4/hectare applied 
on October 16; (3) 4 g of HBr Cidef-4/hectare applied in two equal parts on October 16th and 30th; (4) 6 g of HBr 
Cidef-4 applied in three equal parts on October 16th and 30th and on November 14th.

Table 6. 
Quality variables during ‘Ataúlfo’ mango ripening sprayed at preflowering and preharvest with HBr Cidef-4 
stored at room temperature (22 ± 2°C).
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has been increased by potassium nitrate. Potassium nitrate as a flowering inducer 
and brassinosteroidal steroidal hormone can favor fruit growth in Coffea spp., as in 
Mangifera indica L [87]. The application of HBr (Cidef-4) alone and in combination 
with 1% KNO3 was evaluated.

The number of flowers increased with the application of potassium nitrate plus HBr 
in the lowest concentration and was higher than the rest of the treatments (P ≤ 0.05). 
It represented an increase of 100% in relation to the control. The lowest number of 
flowers was recorded in the control and when only potassium nitrate was applied. 
The HBr applications registered a mean increase in the number of flowers when it was 
applied alone, or in interaction with potassium nitrate, however, the highest values were 
presented when the concentration of 0.5% of HBr was included (Table 7).

The application of 1% KNO3 alone induced flowering similar to the control. On 
the other hand, with the application of the two concentrations of brassinosteroid 
alone, the difference in the number of flowers was 36% in relation to the control.

The growth of the bandola and the number of leaves increased in the treatments 
where only HBr was applied at the two concentrations, or in combination with 
potassium nitrate and the lowest values were with the application of potassium 
nitrate alone and the control.

The application of HBr induces a wide range of responses, including an increase in 
the cellular expansion of the leaves, increased elongation of the stem [14, 15, 28, 88] 
that increase the leaf surface, plant biomass and the yield of various crops [8].

The average number of fruits increased 29% more per band with the 0.5 and 
1% HBr treatments. The combination of 1% KNO3 plus 0.5 and 1% of HBr induced 
similar values to the applications of HBr alone.

In different crops of economic importance, brassinosteroids are characterized by 
stimulating plant growth, increasing the yield of biomass production and accelerat-
ing the ripening of fruits. In addition, they strengthen the resistance of plants to 
pests and abiotic stressors such as drought and sudden changes in temperature [63].

It was discovered that Br promotes tomato yield through improved autophosphory-
lation of SlBRI1, and increased plant expansion, leaf area, fruit weight and number of 
fruit per cluster [10]. Brassinolide (BL), 28-homobrassinolide (28-hBL) and 24-epi-
brassinolide (24-eBL) treatments stimulated both tomato growth and yield [41].

Treatments Number of 
flowers

length of lateral 
branches (cm)

Number of leaves on 
lateral branches

Fruits 
number

Control (water) 13.6 b* 54.3 ab 13.6 ab 37.0 c

HBr (0.5%) 19.0 ab 60.6 ab 15.4 a 44.2 ab

HBr (1.0%) 17.6 b 65.9 a 14.3 ab 52.9 a

KNO3 (1%) 13.8 b 54.1 ab 12.4 ab 29.0 c

HBr (0.5%) + KNO3 (1%) 27.1 a 55.3 ab 14.1 ab 41.1 b

HBr (1%) + KNO3 (1%) 17.8 ab 61.9 ab 14.3 ab 40.8 b

CV % 31.0 22.0 21.7 20.5

*The letters that are not equal between the columns indicate significant statistical difference (Tukey p ≤ 0.05). The 
application of the four treatments was carried out in February: HBr Cidef-4 al 0.5%, HBr Cidef-4 al 1%, KNO3 al 
1%, HBr Cidef-4 al 0.5% + KNO3 al 1%, HBr Cidef-4 al 1%, + KNO3 al 1% + and Control (water application). 
The plantation of C. arabica L. variety Catimor with a shade of Inga micheliana Harms. In each tree, a branch 
was identified toward each cardinal point and in it, an area of 50 cm was indicated, for the taking of variables of 
flowering and fruiting.

Table 7. 
Comparisons of means of the number of flowers, leaves, fruits and length of four bands in Coffea arabica L. 
var. Catimor in response to the application of HBr in interaction with potassium nitrate.
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3. Conclusions

HBr favors the growth of Musa spp. in vitro through regrowth height and 
similarly to BAP and AIA regulators in the number of leaves and roots. In ex vitro 
conditions, there were differences in the growth of Musa spp. and S. officinarum 
between the application frequencies and in general, the increase in the number of 
applications favors this process.

The exogenous applications of HBr in T. cacao L, M. indica L. and C. arabica L. 
show variable results. Plant growth is modified as in C. arabica L and flowering is 
influenced as in T. cacao L and C. arabica L. and the yield in both crops. The higher 
concentrations applied did not necessarily increase the crop yield or the combina-
tion with potassium nitrate. The quality of the mango fruits showed variations in 
the concentrations of HBR but it was better alone or in combination with nitrate. 
Under field conditions, we consider it important to identify the dose and timing of 
HBr application in the plant organ of interest, be it flowers, foliage or fruits.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Plant hormones, such as auxin, play crucial roles in many plant developmental 
processes, which is crosstalk with gibberellin and strigolactone. The roles of hormones 
may vary in the biosynthesis of metabolisms. During the pathogen attack, including 
plant-parasitic nematodes, viroid, phytoplasma, virus, and bacteria, plant hormones 
are involved in several plant processes. Ethylene (ET), salicylate (SA), jasmonate (JA), 
and abscisic acid (ABA) primarily regulate synergistically or antagonistically against 
pathogens. Those pathogens—nematodes, bacteria, viroid, phytoplasma, and viruses 
regulate several plant hormones for successful parasitism, influencing the phytohor-
mone structure and modifying plant development. Several genes are related to plant 
hormones that are involved in pathogens parasitism. In this chapter, how pathogens 
affect plant hormones in plants growing are discussed.

Keywords: plant hormones, gene, parasitic nematodes, bacteria, virus, phytoplasma, 
viroid, phytoplasma

1. Introduction

Plant hormones, small chemicals, also termed phytohormones, play an amazing 
array of very important roles in plant development, fruit ripening, from embryo-
genesis to senescence and stress resistance. Among the nine well-characterized 
plant hormones, gibberellin (GA), strigolactones (SLs), brassinosteroids (BRs), 
cytokinins (CKs), and auxin are classified as growth-promoting hormones, and 
others, including jasmonic acid (JA), salicylic acid (SA), ethylene, and abscisic acid 
(ABA) are considered stress reaction hormones. Several studies reveal that the role 
of hormones in the regulation of several physiological processes in diverse tissues or 
dissimilar ecological conditions has widely been described [1, 2]. Although little is 
known about the interaction between hormones at various levels of these cascades 
nevertheless, with the initiation of “omics” tools, noteworthy development has 
been made in the description of phytohormone reactions in different stimuli [3]. 
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Although there are many studies in which exogenously hormone treatment is made 
to increase the plant quality [4], plant hormones are generated by the plants them-
selves, and their functions and chemical structures are mainly conserved among 
plants. Since these combinations are signal molecules, their cellular intensities are 
firmly controlled at the level of catabolism, biosynthesis, and transport in reaction 
to growing and ecological conditions. Therefore, here we have surveyed the pub-
lished literature on the role of phytohormones in the perspective of their effects on 
numerous features of plant growth and respond to biotic stress conditions, such as 
plant-parasitic nematodes, virus, viroid, bacteria, and phytoplasma, and describe 
ways in which phytohormones modulate these reactions separately or grouping with 
several hormones. In addition to biotic stress and hormone interactions, special 
attention is also paid to the tomato, a well-studied plant, for the molecular genetic 
investigation of succulent plant growth and fruit ripening.

2. The role of phytohormones in plant development fruits ripening

The hormone auxin plays a key role in organ development as well as in distinct 
aspects of plant growth and development, such as cell elongation, division, and 
differentiation. Among auxin hormones, indole-3-acetic acid (IAA) is the most 
abundant occurring form in plants. Leaf primordia are known as the major sites 
for the synthesis of auxins, but roots contain much higher levels of auxins due to 
the polar transport of this hormone [5]. Construction of adventitious root (AR) is 
an important developmental process in cutting propagation for the horticultural 
industry. AR formation is divided into three developmental stages—induction, 
initiation, and lengthening [6, 7], and it has been stated that auxin (IAA) regulates 
the formation of AR at almost every developmental stage of these three stages. 
Although Arabidopsis thaliana have been well characterized in terms of mechanism 
of AR formation, there is no detailed study in other species involving tomato in 
which stem cuttings readily form ARs that which them an ideal system to study AR 
formation in detail. It was shown that AR is formed in tomato stem cuttings after 
the perception of a wounding stimulus [8]. The effect of auxin on the transcrip-
tional regulation of target genes, through Auxin Response Factors (ARFs), has been 
shown to have the potential involvement of many ARFs in a/biotic stress responses 
[9]. For example, overexpression of an auxin-responsive gene, TaSAUR75, in 
Arabidopsis altered root length and survival rate and higher expression of some 
stress-sensitive genes, increasing drought and salt tolerance [10]. ARF genes 
also govern the initiation of fruit set by the involvement of SlARF8, SlARF7, and 
SlARF9 on plant fruit development through the interactions between the auxin- 
and GA-signaling pathways [11, 12]. During tomato fruit ripening, auxin induces 
ethylene biosynthesis through upregulation of both ACS and ACO genes, and 
Sl-SAUR69, auxin-related gene, plays an important role in the initiation of “system 
2” ripening, where the fruit experiences high sensitivity to ethylene [13]. Abscisic 
acid (ABA) is one of the most important hormones in the response mechanism 
against stress conditions and plays an important role in germination, root develop-
ment, drought tolerance, and growth [14]. It is the best-known stress signaling 
molecule in plants, and it defends plants from a/biotic stresses. Apart from this, 
ABA controls almost the entire process of fruit ripening by regulating the ABA-
ethylene pathways [15]. Conserved pyrabactin resistance/pyrabactin resistance-
like/regulatory component of ABA receptors (PYR/PYL/RCAR) sense the ABA and 
trigger a series of signaling events. The hormone is normally known as plant growth 
inhibitor. However, the experiments showed that ABA promotes growth on roots 
and shoots. For instance, exogenous treatment of ABA to plant shoots encourage 
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primary root (PR) growth [16]. The main function of ABA in plants reported that it 
has a key role in stress adaptation involved in drought and salinity stress. It has been 
shown that ABA accumulation increases up to 40 times in plants exposed to drought 
stress. Drought and salinity stresses activate ABA biosynthetic genes through acti-
vating ABA response genes by binding ABA-responsive elements (ABREs) located 
in their promoter regions and increasing ABA levels in plants [17]. Mutant plants 
that are insensitive to ABA have also been identified as sugar insensitive, indicating 
a strong correlation between ABA and sugar signaling [18]. It was recently shown 
that increased ABA hormone content mediates the expression of drought and salt 
stress-induced OsSWEET13 and OsSWEET15 genes, resulting in increased sucrose 
content in phloem and altered sucrose transporting in leaf and root tissues [19].

ABA also plays a key role in plant immunity, but this involvement is more 
complex than its involvement in abiotic stress responses because the effect of ABA 
on the resistance of plants to fungi appears to depend on several factors, such as the 
rate of increase of the hormone, the type of pathogen, source of ABA (endogenous 
or exogenous), or application method. ABA-mediated response against biotic 
stresses is not fully understood. However, ABA also affects the expression of genes 
encoding proteins associated with the plant’s response to a/biotic stresses and 
the spread of pathogens in the plant [20]. The functions of ABA in the pathogen 
defense mechanism may generally be related to SA, JA, and ET, whose signals are 
in more pathogen defense than ABA signaling [21]. In other words, endogenous 
ABA and JA form a synergy and exhibit a complex antagonistic relationship with 
SA during the development of the pathogen [22]. Based on the current studies, the 
research on ABA has become increasingly detailed, covering all aspects of plant 
development, fruit ripening, and a/biotic stress conditions, from properties and 
physiological indicators to the molecular and cellular levels, with greater emphasis 
on the study of various mechanisms.

Ethylene is the simplest and first molecule discovered as a hormone in plants 
[23]. Ethylene is synthesized by plants and influences various developmental 
processes, such as seed germination, fruit ripening, senescence, as well as responses 
to various a/biotic stresses. The ethylene signal transduction pathway has been 
broadly investigated in tomatoes because ethylene affects many characteristics 
related to plant vigor, fruit ripening, and postharvest physiology and storage. 
Numerous transcription factors have been identified that participate in the fruit 
ripening mechanism by regulating ethylene responses. The role of ethylene in 
the regulation of fruit ripening has been extensively reviewed [24]. Besides plant 
growth and development, recent studies have emphasized the role of ethylene in 
regulating plant responses to various stress conditions [25]. Ethylene is one of the 
important positive mediators for stress tolerance against salinity in many plants, 
such as the Arabidopsis model plant, maize, and tomato [26, 27]. Ethylene enhanced 
seed germination in saline conditions by reducing the expression of MsACO and 
MsERF8 genes in alfalfa, showing that ethylene improves salt tolerance in alfalfa via 
MsETR2 dependent manner [28]. In another recent study, the application of 1-MCP 
(an ethylene precursor) and AVG (an ethylene biosynthesis inhibitor), respec-
tively, increased and decreased the cold resistance of apple seedlings. This study 
suggested that MdERF1B, an ethylene signaling activator, is a potential regulatory 
module that integrates the cold and ethylene signaling pathways in apples [29]. It 
is clear that ethylene plays a very important role in plant adaptation under abiotic 
stress. However, it would be more useful to determine the molecular cocktail of the 
antagonistic and synergistic role of ethylene with other signaling cues.

In addition to abiotic stress conditions, the role of ethylene in plants exposed to 
biotic stress has been investigated in different plant species and different diseases. 
Molecular studies in plants have shown in plants that many plant hormone-regulated 
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pathways related to resistance to biotic stresses are stimulated by the pathogen 
through the biosynthesis of effector proteins [30]. However, the role of ethylene in 
host-defense mechanisms against pathogens is complex and could be controversial 
due to the conflicting roles that ethylene can increase susceptibility or resistance 
depending on the host-pathogen interaction studied [31]. However, recent evidence 
demonstrates that the ethylene signaling pathway is involved in the plant defense 
response against biotrophic and necrotrophic pathogens. In apple, over-expression 
of the MdERF11 gene in apple callus significantly enhances resistance to B. dothidea 
infection, whereas down-regulation of the gene in apple callus reduced the resistance 
[28]. In a similar study, over-expression of AcERF2, an ethylene-responsive fac-
tor, increased the resistance against both fungal pathogen B. cinerea and bacterial 
pathogen Pst DC 3000 in transgenic plants by regulating the expression of biotic 
stress-responsive genes positively [32]. These results indicate that ethylene not only 
regulates several aspects of plant growth and fruit ripening but also participates in 
defense mechanisms against biotic stress factors.

Gibberellins (GAs) are another important hormone that controls plant growth 
by regulating various physiological mechanisms [33]. Like many other plant 
hormones, GAs play key roles in stem and root elongation, flowering, leaf enlarge-
ment, fruit senescence, seed germination, and increased fruit size. Exogenously 
applied studies have shown that GAs affect various physiological activities, such as 
vegetative growth, flowering fruit set, leaf area expansion, internode elongation, 
and can also increase biomass production, fruit weight, and dryness of plant organs 
[34, 35]. Apart from the roles associated with the growth and development of the 
plant, GAs plays a critical role in defense against environmental stresses. Treatment 
with GAs has been reported to increase the resistance to salinity stress. The foliar 
application of GA3 successfully elevated salinity tolerance of tomato and sweet pep-
per seedlings up to 25 mM NaCl and 50 mM NaCl, respectively showing the positive 
effect of GA3 in plants treated with salinity stress [36]. Exogenous GA increased 
the survival rate of wheat seedlings by regulating antioxidant defense mechanisms 
and the glyoxalase system under drought stress [37]. Moreover, treatment of 
tomato fruits with GA3 effectively reduced chilling injury (CI) index in mature 
green tomato fruit during long-term cold storage by reducing the expression of the 
DELLA protein, which is known as a crucial GA signaling component and growth 
repressor [38]. These findings provide a comprehensive insight into the mechanisms 
by which GA mediates fruit tolerance against abiotic stress conditions.

Although GA has received less attention n in the elucidation of signaling compo-
nents involved in defense responses to biotic stress conditions. However, recent evi-
dence shows that GA signaling components play an important role in plant disease 
resistance and sensitivity. It has been shown that DELLA proteins, which function 
as repressors in GA signaling pathways, control plant immune responses [39]. It was 
reported that overexpression of four MeDELLAs identified in cassava increased the 
disease resistance against cassava bacterial blight. In contrast, virus-induced gene 
silencing (VIGS) of the genes reduced the resistance with lower transcript levels of 
defense-related genes [40]. In a recent study, exogenous GA3 treatment promoted 
the resistance of rice to brown planthopper (BPH) [41]. Accumulating evidence 
suggests that GA and signaling components play important roles in regulating 
defense responses against a variety of pathogens too.

3. Phytohormone stimulating by plant-parasitic nematodes

Nematodes are mostly microscopic organisms that are found in many places 
on the earth, from oceans to continents. They may be parasitic or free-living that 
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plant-parasitic nematodes cause damage to crops in the world. Plant-parasitic 
nematodes infect many plants, including crops, vegetables, and fruit trees [42], and 
they are the most damaging group of plant pathogens [43]. Root-knot nematodes 
(Meloidogyne ss) are one of the most damaging nematode genera in the world, and 
they are sedentary endoparasitic nematodes. Root-knot nematodes modify cell wall 
molecular architecture in their feeding site termed giant cells in successful parasit-
ism [44, 45]. Plants also respond to nematode as a resistance gene such as SlWRKY3 
roles a resistance against Meloidogyne javanica activating plant hormone [46]. Root-
knot nematodes form a feeding tube where the glands insert the stylet to release 
nematode secretions to employ plant resistance and construct a feeding place [47]. 
Cell wall thickness change induced by nematodes [48]. Nematodes damage 
plants by affecting the phytohormone structure and altering plant growth. Plant 
hormones—auxin and cytokinin involve in a vital role in establishing established 
nematode feeding sites [49]. Auxin, cytokinin, and ethylene involve in gall forma-
tion after root-knot nematode infection in plant roots and activates the formation 
[50–53]. Auxin plays a significant role in cell division and growth of plant roots [53] 
that it also plays a role in gall development and gall expansion in roots of A. thaliana 
after Meloidogyne incognita infection [54].

Phytohormones: auxins, cytokinins, gibberellins, abscisic acid, and peptide 
hormones involved in plant defense. But, signaling pathways, but their function 
in plant defense is not well understood [55], and they involve in gene expression 
of plant defense and assembly of defense molecules such as pathogenicity-like 
proteins (PR) [56], phytoalexins [57] phenylpropanoids [58]. During the nematode 
infection, the concentrations of plant hormones [59]. Auxin, ethylene, cytokinin, 
gibberellic acid, abscisic acid, nitric oxide, jasmonic acid, brassinosteroids, salicylic 
acid, and strigolactones are plant hormones [60]. It appears that plant growth 
hormones, particularly cytokinin and auxin, are central to the formation of patho-
gen/pest-infected plant galls [61]. Root-knot nematodes and cyst nematodes modify 
auxin homeostasis thru several approaches [62]. Nematodes can alter several plant 
hormones for successful parasitism. Each hormone may coordinately stimulate 
potato tuberization formation or suppresses [63].

Gibberellins have functions such as controlling growth, metabolic activity, 
reactive oxygen species (ROS) in reaction during abiotic and biotic stresses  
[64, 65]. Gibberellin, glycosyltransferases, and auxins involve in biosynthesis 
and inactivation pathways in the nematode resistance response and their involve-
ment in jasmonate signaling and biotic stress response in soybean-root-knot 
nematode interactions [66]. Several proteins are involved in hormone perception 
and signaling cytokinin, gibberellic acid, auxin, ethylene, and jasmonate recog-
nition [60, 67].

Several genes are dissimilarly expressed in reaction to nematodes associated with 
plant hormones [60]. Several hormones are involved in nematode feeding site for-
mation, such as ethylene biosynthesis in feeding cell formation by cyst nematodes, 
cytokinin, and ethylene-mediated regulatory networks in feeding cell development 
[60]. Auxin or IAA (indole-3-acetic acid) is involved in several developmental 
processes in plants. Auxin-mediated regulatory networks in nematode feeding cells, 
polar auxin transport (pat) plays a role in feeding cell formation and variation of 
local auxin intensities by endoparasitic nematodes [60].

Stress-related genes are notable genes involved in glycosyltransferases, peroxi-
dases, auxin-sensitive proteins, and gibberellin-regulated genes during the Root-
knot nematode in soybean infection. In the resistance reaction, auxins gibberellin 
signal transduction and glycosyltransferases, revealing the key role of components 
of biosynthesis and deactivation pathways and their involvement in jasmonate 
signaling and redox homeostasis involve in responses to biotic stress [66].
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Cytokinin signaling is activated at nematode feeding sites to respond against 
sugar beet cyst nematode infection in the Arabidopsis plant [68].

Plant-parasitic nematodes may regulate phytohormone pathways that auxin 
and cytokinin involve in the formation of root-knot nematode and cyst nematodes 
feeding site, and plant genes are involved in hormone pathways [69]. Jasmonic acid 
defense molecules and salicylic acid-related defense are involved in nematode-plant 
interactions [69]. Ethylene plays a role in plant susceptibility to root-knot nematode 
and cyst nematodes [69]. Arabidopsis REPRESSOR OF CYTOKININ DEFICIENCY 
1 transports UDP-N-acetylglucosamine/UDP-N-acetylgalactosamine and regulates 
endoplasmic reticulum protein quality control and cytokinin [70]. A transcrip-
tion factor, WRKY23, is regulated by auxins and prompted by the cyst nematode 
Heterodera schachtii [71].

4. Viroid-induced plant hormone alterations

Viroids are agents that can cause disease by infecting many agriculturally 
important crop groups (such as potatoes, tomatoes, hops, coconuts, and citrus 
fruits) and ornamental plants [72–74]. Although viroids cause symptoms similar 
to viral infections in plants, they have exceptional structural, functional, and 
evolutionary features. Viroids are RNA with a minute genome varying between 
250 and 401 bases, single-stranded, circular, non-protein-coding, and autono-
mously replicating RNA [75, 76]. They need a host cell to reproduce. Viroids are 
the smallest highly structured infectious agents that do not have detectable mRNA 
activity and can reproduce spontaneously in susceptible plant species [77]. Unlike 
viruses, viroids that do not have protein-coding ability need RNA-dependent RNA 
polymerases in the host plant to perform the initiation and elongation of viral RNA 
strands in replication and use cellular pathways for the transport of proliferating 
viroids [78, 79]. To date, 33 viroid species belonging to eight genera and two fami-
lies (Avsunviroidae and Pospiviroidae), accepted by the International Committee 
on Virus Taxonomy (ICTV), have been reported and recorded. Species belonging 
to these families have important changes in terms of replication mechanisms and 
where they reproduce in the cell [80, 81]. In viroid infection, symptoms may pres-
ent as asymptomatic, mildly symptomatic, or severe symptomatic, according to the 
plant species and the variant of the agent and/or the early infection of the plant. 
The symptom severity observed in plants varies depending on abiotic factors, such 
as high temperature and light intensity, that affect viroid replication [72, 82, 83].

Potato spindle tuber viroid (PSTVd) is the first agent defined as viroid in 
potato (Solanum tuberosum L.) viroids [84]. It has been reported to cause intense 
symptoms in this plant, where it is the main host, and cause serious damage in 
large production areas [85]. PSTVd is asymptomatic in most plants but has a broad 
host range (Solanaceae, Asteraceae, Gesneriaceae, and Lauraceae). Among the most 
important symptomatic hosts are tomato (Solanum lycopersicum L.) [85] and pepper 
(Capsicum annuum L.) [86] plants. Until today, it is known that the resistance to 
viroids in cultivated plants is limited, and there are no naturally resistant plants. 
Viroid infection usually results in changes in the cellular functions of the host plant, 
including defense mechanism, signal transduction, hormone balance, and energy 
production [77]. Viroids’virulence mechanism is mediated either straightforwardly 
by their own genome or by single- or double-stranded RNAs (ss/dsRNAs) com-
posed of its genome, and the symptoms that arise systemic infection are caused by 
small RNAs (sRNA) produced from the viroid, which is unknown to date. It can be 
a result of accumulation with plant features, either in the organelle where the viroid 
proliferates or in the cytoplasm thru its effort within the cell [72]. Application of 
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microarray analysis-based studies in viroid-pathogenicity study due to the low pro-
liferation rate of viroids in the model plant A. thaliana [87–89]. It was determined 
that PSTVd infection caused an important modification in gene expression in one 
of four different genes in Rutgers tomato cultivar, similar to the result observed in 
CaLCuV infection in A. thaliana [90].

To date, things have been done about gene-specific events different from host 
diseases [91]. It is a mediator of plant hormones to signals in plant defense against 
plant organisms and in response to biological stress [92, 93]. Plant hormones as a 
whole took part in the regulation of defense; Hormones involved in plant defense, 
such as salicylic acid (SA), ethylene (ET), and jasmonic acid (JA), are significant 
in systemic gain in the fight against pathogens [94]. Brassinosteroid (BR-induced 
systemic defense against biotrophs, appearance as a system from the entity that 
differs in appearance from the SA mediated SAR and JA/ET from the entity that 
is different from the mediated disease [95, 96]. Plant hormones such as abscisic 
acid, auxins, cytokines, plant systems, and plant hormones such as gibberellins 
are those that have emerged as end-model choices because they alter plant system 
functioning and morphological responses [97]. Having simple structures and low 
systems, plant hormones, cell type, plant preference, and as well as organogenesis 
and apoptosis preference, is in the eye and Estel (Santner). They also play a role in 
defense against viruses [98]. Viroids, those with non-RNA-coding genomes, also 
stimulate defensive responses in plants for symptomatic. In its design as a model 
system, the expression of PSTVd factor and its hosts encoding products involved 
in viroid defense/stress response, growth propensity, preferred defense/stress 
response, development, and other functions has been overlooked [98].

In recent years, with the increase in microarray analyzes and transcriptome 
studies, data on the effect of different signaling pathways in viroid infection have 
been obtained [99]. SA is identified for its significant function in the plant defense 
reaction to diverse biotic and abiotic stresses [100, 101]. In many plant species, 
fungal, bacterial, or viral infection causes local and, to a reduced amount, systemic 
amassing of endogenous SA [102]. Viral contaminations may activate boosted SA 
quantities both in infected subordinate leaves that acquire a hypersensitive response 
(HR) and in uninfected higher leaves that improve systemic acquired resistance 
(SAR) [103, 104]. Many plant species such as tomatoes, soybeans, and potatoes can 
have basal SA levels significantly greater than the presence in tobacco and A. thali-
ana [105]. Application of SA to sensitive tobacco and other plant species infected 
with tobacco mosaic virus (TMV), Cucumber mosaic virus (CMV), and Potato X 
virus (PVX) increased resistance to these agents [106]. In addition, SA application 
in tobacco and potato-PVY interactions decreased viral increase and postponed the 
onset of disease symptoms [107].

To determine the plant-viroid interactions, it was revealed that there was rising in 
the expression of the NPR1 gene in the susceptible Rutgers tomato variety 21–30 days 
after the infection of the tomato with PSTVd (potato spindle tuber viroid). It was 
confirmed that the expression of both NPR1 and PR1 genes was increased in the 
PSTVd-infested plant [108]. In the transcriptome investigation of tomato plants 
infested with PSTVd, it was determined that there were noteworthy modifications 
in the expression of 93 genes linked to SA biogenesis and 146 genes associated with 
SA signaling [109]. In this way, it has provided a unique insight into the mechanisms 
underlying transcript profiling, gene resistance and basal defense mechanism for 
gene, biotrophy versus necrotrophy, and pathogenicity of vascular and non-vascular 
pathogens. In this way, genomic technologies have facilitated the systems-wide 
approach to incorporate distinctive structures in the interfaces of hosts and patho-
gens [110]. It has been determined that increased SA accumulation and external SA 
application in Gynura aurantiaca plants infested with Citrus exocortis viroid (CEVd) 
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[111] have a beneficial effect on alleviating the symptoms caused by CEVd [112]. In 
addition, PR1, PR2, and PR3 gene expression levels were increased in the leaves of 
the hop plant infested by Citrus bark cracking viroid (CBCVd) and/or Hop latent 
viroid (HLVd) [113]. In HSVd infected hop plants [114], It is suggested that the 
regulation of genes encoding SA-bound PR1 and PR4 proteins was not triggered. No 
important alterations in endogenous SA content are detected in the PSTVd-infested 
potato cultivars Solanum laxum and Désirée [115, 116]. The poor reaction of potato 
to SA in PSTVd contamination suggests that several still unrevealed salicylates 
play in signal transduction in potatoes. Gentisic acid (GA), a metabolic derived of 
SA, observes to accumulate in large amounts, even higher than SA, in tomato and 
G. aurantiaca plants infested with CEVd [117]. It has also been suggested that GA 
treatments can delay the onset of symptoms and that GA plays as a pathogen-derived 
signal in addition to SA for the stimulation of plant defense genes in tomatoes [118].

JA plays a significant role in plant growing and growth events such as reproduction, 
flower and fruit growth, root development, senescence [119], and jasmonates in injury 
[120], insect damage, and defense against pathogens were determined to be key signals 
in stress responses [121]. Although JA does not inhibit the systemic increase of viruses, 
it has been observed that external applications of JA can reduce viral replication [122]. 
Generally, it has been observed that JA and ET signaling pathways do synergistically 
in the plant defense mechanism [123], and both JA and SA are necessary for pathogen-
associated molecular model (PAMP)-stimulated resistance reactions to potato [123]. 
While JA supports plant defense in the initial stages of viral contamination, it reduces 
plant resistance if applied in later stages [124]. In Nicotiana benthamiana, both SA 
and JA were required for systemic resistance to TMV, and inhibiting JA development 
significantly reduced subsequent SA accumulation, suggesting that the reverse had no 
effect, proposing that JA was required to motivate SA [125]. Evidence that JA-mediated 
signaling is involved in plant-viroid interactions in tomato plants infested with PSTVd 
is provided by genome-wide analyzes [108].

A transcriptome study in hops showed that the synthesis of JA biosynthesis and 
JA signaling pathways was triggered in HSVd-infected plant leaves [114]. While 
the expression of the LOX gene was decreased in complete tissues of the hop plant 
(leaf, flower, and cone) infected with asymptomatic HLVd and severe symptomatic 
CBCVd in the hops plant, the JAR1 gene revealed small fluctuations in gene expres-
sion competed to the plants without viroids, regardless of disease status. Decreases 
in the expression of the LOX gene in leaf samples of together plant groups indicate 
that this gene does not contribute significantly to the dwarfing of hops plants 
infected with CBCVd [113].

In a study on gene expression in the tomato-PSTVd interaction, JAZ and MYC2 
genes were identified for JA signaling [109], while MYC2 is the main regulator 
of the JA signing pathway, which triggers the transcription of initial JA-receptive 
genes, whereas, in jasmonate-induced transcription, it is found to have a dual role. 
Although there are different variants of PSTVd used in studies, systemic infection of 
Rutgers tomato cultivar with PSTVd was confirmed by increased accumulation of JA 
in plant leaves [126]. Significant amassing of endogenic JA and its precursor cis-
OPDA was detected in plants of PSTVd-infected Désirée potato cultivar and S. laxum 
plants [115, 116]. However, no notable modifications in JA and cis-OPDA contented 
or appearance of related genes were observed in the tubers of infected potato plants, 
recommending the presence of organ-specific alterations in plant hormone reactions 
upon potato-PSTVd contamination. Deficiency of JA biosynthesis and signaling can 
cause male sterility [127] and undersized development of aerial plant parts, particu-
larly in situations where endogenic gibberellins are reduced [128].

Brassinosteroids (BRs) are steroid phytohormones that have been widely studied for 
their early isolation and characterization [129]. Plant growth and development [130]. 
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They also act in plant resistance by stimulating plant defense against viruses [95]. BRs 
have active roles in defensive plants in contradiction of several biotic and abiotic stresses 
[131, 132]. It has been determined that the application of brassinolide (BL) against TMV 
in tobacco reduces the lesions amount on tobacco leaves and increases resistance to TMV 
[95]. BL application also reduced symptom development in CMV-infected Arabidopsis 
[133]. The interaction of BR with other plant hormones is partly related to the ability of 
BR to confer stress tolerance through synergistic or antagonistic interfaces with addi-
tional stress plant hormones such as auxins, JA, gibberellins, SA, and ABA, [134].

When a different PSTVd variant was used on the same tomato cultivars, it 
caused a rise in the expression of some genes like brassinosteroid-6-oxidase 1, while 
decreased expression of the CPD gene was observed [108]. It was determined that 
PSTVd infection did not have a noteworthy influence on endogenic CS in infested 
tomato plants [126]. The function of BR-mediated signing in plant reactions to 
viroid interfaces is highly dependent on the host-viroid grouping, and though BRs 
have a significant part in the regulation of plant immunity, it is not possible to pre-
dict the outcome due to the different mechanisms of action of BRs in plant-viroid 
infection.

The significance of plant hormones in the instruction of plant immunity is clear 
[135]. There is insufficient information to form a general model of the interaction 
of plant hormones during plant-viroid infections. Therefore, new research can help 
improve the product by adding phytohormones aimed at improving plant resis-
tance/tolerance to viroids in the production program at the aquaculture stage.

5. The interaction of phytoplasma with plant hormones

Many yellow-type diseases were supposed to be caused by viruses until a group 
of Japanese researchers in 1967 saw microorganisms similar to animal mycoplasma 
through electron microscopy in the phloem of diseased plants. Later, these types 
of bacteria without a cell wall were called mycoplasma-like organisms (MLOs) 
[136]. In subsequent years, MLOs were named “Candidatus phytoplasma” with 
DNA-specific amplification and sequencing methods [137]. Phytoplasma 16S rRNA 
genes with sufficient diversity are greatly preserved and are used in classifications 
of phytoplasmas [137–140].

Despite having one of the smallest genomes among living organisms, phytoplasmas 
encode compound metabolic functions that enable them to network with their plant 
hosts [141, 142]. Phytoplasmas are of different sizes and shapes, they live and reproduce 
in environments with equal osmotic pressure provided by plant phloem and insect 
fluids, and it is still not possible to reproduce in in vitro conditions. Phytoplasmas are 
plant diseases that spread violently and rapidly and can increase metabolic activities, 
such as plant shoot production, flower shape, and color change in their hosts. They 
also cause severe decline and death in infected plants [143, 144]. Plants infected with 
phytoplasmas often show symptoms indicating that their growth regulators are severely 
affected. The characteristic symptoms are vigor and phyllodes of flowers, sterility, loss 
of apical dominance leading to witches’ broom formation and proliferation of axillary 
buds, abnormal internode elongation, and general stunting [145, 146].

Phytoplasmas are transmitted by families of Cicadellidae, Cixidae, Psyllidae, 
Delphacidae, and Derbidae [147]. It has been determined that phytoplasmas are 
transmitted with transovarial and seeds in some insect and plant hosts [148–157]. 
Phytoplasmas are also efficiently spread by vegetative propagation like micropropa-
gation parts, grafting, and cuttings [158–160].

Phytoplasma diseases were previously thought to affect the growth regulators 
of plant hosts. It is now recognized that the pathogenicity of phytoplasmas includes 
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certain effector proteins that have diverse effects on growth and other aspects of 
plant life. Phytoplasma effector proteins activate physiological events in cells that 
control symptom development in the plant. Such physiological changes in plants 
result from the effect of phytoplasma on hormonal, nutritional, developmental 
processes, and stress and the interaction of these changes with each other [161].

Plant hormones are small molecules that have important regulatory roles 
in plant growth, survival, and immunity [162–172]. Plant hormones also trig-
ger plant defense mechanisms against pathogen attacks [173, 174]. Salicylic acid 
(SA), jasmonic acid (JA), and ethylene are known to be involved in plant immune 
reactions. Although there are not many studies on other plant hormones such as 
cytokinins, abscisic acid, auxins, brassinosteroids, gibberellic acid, and peptide 
hormones, it is known that these hormones also take place in plant defense systems. 
These hormones are important for plant defense mechanisms in pathogen attack, 
and the cooperation between hormones is preserved in plant species. Activation and 
regulation of hormones against pathogen attack depend on plant host-phytoplasma 
interaction [173–176].

SA is the plant hormone used against pathogens in plant defense and enables the 
Pathogenesis Related Protein (PR) protein genes to be activated. The PR-1, PR-2, 
and PR-5 proteins are used as molecular markers for monitoring SA-dependent gene 
expression [176–179]. Genes expressed in the presence of SA are up-regulated in 
phytoplasma-infected plants. In a study, PR proteins were up-regulated in phyto-
plasma-infected seedlings of garland chrysanthemum and Mexican lime infected 
with “Ca. P. aurantifolia.” When the mulberry phloem sap was infected with phy-
toplasma, the expression of PR-1 protein was increased [180–182]. SA-hormones 
activities are increased in the grapevine infected with the phytoplasma “Ca. P. 
solani” and flavescence dorée phytoplasma [183–187].

JA is an important plant hormone involved in the development processes in 
which stress reactions such as insect attack, injury, and drought are triggered [188, 
189]. Significant variation in gene expression by JA signaling has been reported in 
the phytoplasma infected tobacco (infected with the “Ca. Perrisia mali”), grapevine 
(infected with bois noir; up-regulated PR-6 gene), tomato (infected with “Ca. P. 
solani” strain C; up-regulation of the PR-6 gene PIN2), coconut (infected with 
yellow decline phytoplasma; up-regulation of the PR-3 and PR- 10) [186, 190].

Ethylene is a minor gas hormone that regulates the expansion of organs such as 
leaves, flowers, and fruits in plants and is considered to have an effect on activating 
the plant defense system against pathogens [173, 191]. Ethylene signaling is gener-
ally in synergy with JA signaling and provides increased resistance to pathogen 
attack by the expression of certain defense genes [173]. Differentiation of gene 
expression by ethylene signaling has been reported in the phytoplasma infected 
Mexican lime (infected with “Ca. P. aurantifolia”), grapevine (infected with “Ca. 
P. solani” and “Ca. P. asteris”), Paulownia fortunei (paulownia witches’ broom 
phytoplasma) [183, 190, 192–195].

There are some researches that have revealed the plant-pathogen interactions of 
Indole-3-acetic acid (IAA) or auxin signaling in disease development [171, 196]. In 
one study, it was revealed that there was a significant differentiation in the level of 
IAA in phytoplasma-infected Mexican lime [197].

Cytokinins are an important group of plant hormones that involve in plant growth 
and development [161]. In a study, it is thought that the elevation of cytokinin in the 
flowers of Catharanthus roseus plants is caused by phytoplasma infection [198].

Genetic studies in recent years have been promising in understanding the disease 
capabilities of phytoplasmas, the plant-phytoplasma interaction, and the control 
of phytoplasma diseases in plants. These studies have also revealed the hormonal 
responses of plants to phytoplasma diseases and the resistance mechanisms they 
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have developed in the fight against the disease. However, it is obvious that there are 
still many unknowns waiting to be clarified in terms of the biological structure of 
phytoplasmas and the hormonal interactions of phytoplasma infected plants. When 
phytoplasma diseases and plant resistance mechanisms are understood, agricultural 
production with disease control will be possible over the next half-century.

6. Phytohormone-producing plant growth-promoting rhizobacteria

Plants have a greatly complicated defense system akin to the animal immune sys-
tem. Unknown molecules or signals are recognized by plants from their own injured 
cells and their immune responses by triggering against the invader [199, 200]. Plant 
hormones play a part in the regulation of plant growth. They have important func-
tions in the setting of immune reactions against pathogens, insects, and beneficial 
microorganisms. Signaling pathways are interrelated with a complex network. 
Plants have a huge organizing potential to adapt to the biotic environment rapidly. 
They employ inadequate resources for growing and trigger their immune system 
against attack by insects or pathogens.

Plant pests possess several mechanisms to operate the plant’s hormone signaling 
interaction to overcome host immunity. Beneficial root-colonizing microorganisms 
can organize the hormone-regulated immune signaling system to keep a continued 
mutualistic life cycle [201].

Efficacious pathogens and insects may vigorously attack the plant immune 
system to launch a continued relationship. On the other hand, beneficial associations 
between plants and microbes are rarely found in nature. Beneficial microorganisms 
that are found in the roots or the rhizosphere considerably progress in plant growth. 
Because beneficial microorganisms are primarily recognized by plants as possible 
attackers, thus plant immune system is become activated; they also support the plant 
to withstand biotic or abiotic stress [202].

Beneficial plant-microbe associations are highly organized with coordination 
of plant immune responses that are significant for plant development and survival. 
The best-studied mutualistic microorganisms are mycorrhiza fungi, plant-growth-
promoting rhizobacteria, fungi, and Rhizobium bacteria [203, 204].

Rhizobium bacteria fix atmospheric nitrogen for the plant by inducing the 
development of symbiotic constructions (nodules) in the roots of legumes [201].

Beneficial PGPRs are in close relations with plant roots. They may belong to 
several bacterial genera such as Pseudomonas, Bacillus, Azotobacter, Burkholderia, 
Azospirilium, Paenibacillus. Rhizobacteria may enhance plant growth by generating 
phytostimulators or by overwhelming pathogen microorganisms [205, 206]. They 
also produce phytohormones. The six major classes of phytohormone produced by 
PGPR may induce plant growth, initiate plant immunity, sustain stress tolerance, 
and support plant maturity for fruiting and seedling [207]. From this point of 
view, phytohormone-producing PGPR covers the role and significance of sustain-
able agriculture. Some of them may regulate plant physiology by mimicking the 
synthesis of plant hormones. Plant-growth-promoting rhizobacteria (PGPRs) cause 
a series of chemical changes in soil by increasing minerals and nitrogen. They are 
applied to crops for growth enhancement and disease control [208, 209]. Various 
stress types of salt, including chilling, nutritional stress, pathogen infection, heat, 
metals, and wounding, may cause damage to crops [210]. The use of PGPR may 
affect plant hormone signaling pathways by generating gibberellin, auxins, ABA, 
and cytokinins or by intervening plant ethylene quantities by forming ACC deami-
nase reduced the damage to plants that follow in stress situations by definite mecha-
nisms at sites where stress is a chief restriction [211]. Salicylic acid is a significant 
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plant hormone vital for the immune reaction to pathogens. SA has an essential role 
in disease resistance signaling [212]. The SA reaction pathway is typically effective 
against pathogens [213]. SA is a phenolic compound that may be synthesized from 
the primary metabolite by systemically induced disease resistance responses [214]. 
Plants are involved in complex signal transduction pathways [215].

Jasmonic acid (JA) is a plant hormone vital for the immune reaction to pathogens. 
JA was initially isolated from plants of the Jasminum spp. and other fruits. It can 
modulate the ripening of fruits, root growth, pollen production, tendril coiling, 
and plant resistance to pathogens. JA concentrations in uninduced plant tissues are 
mostly very minor in plant species [216, 217]. JA biosynthesis is controlled by various 
elicitors such as wounding [210, 216, 218]. The expressions of numerous genes, 
with lipoxygenase (LOX) and AOS, were boosted by exogenous application of JA 
[219–222] and connected with an amplified level of endogenous JA [223, 224].

Ethylene (C2H4) is a simple gaseous hydrocarbon that has special effects on plant 
development and growth [225]. A chief component of resistance signals is con-
structed thru numerous plant-pathogen interfaces. It is a significant modulator of 
plant immunity [226–228]. Ethylene has an important potential in the growth of the 
plant. Although greatest commonly associated with ripening, ethylene is a regula-
tor of seed germination, leaf and petal abscission, seedling growing, stress, organ 
senescence, and pathogen reactions.

Abscisic acid is a 15-C weak acid that was identified in the early 1960s. It is 
a development inhibitor amassing in abscising cotton fruit (“abscisin II”) and 
sycamore trees stimulated to develop dormant (“dormin”) [229–232]. ABA has been 
adjusting some plant development and growth features such as seed dormancy, 
embryo maturation, elongation, germination, cell division and floral initiation, and 
reactions to ecological stresses like cold, drought, salinity, pathogen incident, and 
UV radiation. The presence of ABA in abscising organs reveals its potential in 
stimulating senescence and/or stress reaction. Young tissues have great ABA levels, 
and ABA-deficient mutant plants are highly undersized in part since their capability 
in reducing transpiration [233]. Recent studies have greatly concentrated on under-
standing of ABA signaling mechanism [234]. ABA is a significant modulator of the 
plant immune signaling complex. Besides this, it has an important role in growth 
and modification to abiotic stress such as salinity and drought stress [235–237]. 
Plant immunity is suppressed by ABA signaling using the SA-dependent defense 
mechanism [238–241].

Auxins play an essential role in plant development [242]. Microorganisms may 
produce auxins or influence auxin signaling in the host [243, 244]. Auxin signaling 
may suppress SA quantities and signaling [245]. Many pathogens changed ways to 
achieve auxin-mediated destruction of SA to improve the sensitivity of the host [246].

The GAs encompasses many diterpenoid carboxylic acids, common in higher 
plants as endogenous development regulators that involve in promoting organ 
growth and growing variations. These complexes are also constructed by several 
bacteria, plants, and fungi species. The role of GAs in microorganisms has only 
lately been researched. Biologically functioning GAs concentration is firmly 
controlled and is moderated by various developing and environmental signals. 
The latest investigation has focused on the expression of the genes that encode the 
dioxygenases plays a role in biosynthesis and inactivation. GAs influence plant 
development by regulating the deprivation of development inhibitory DELLA 
proteins [247]. They tightly play a role in plant immune signaling [248]. MAMPs 
are produced by soil-borne microorganisms [249, 250]. Because of the abundance 
of soil rhizosphere inhabiting microorganisms, immune signaling in plant roots 
should be controlled frequently [251]. Hormone-regulated responses may affect the 
composition of the native microflora of the rhizosphere [252, 253]. Beneficial soil 
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microorganisms use strategies that rely on hormone-adjusted immune reactions 
that are activated in the roots on preliminary detection [254].

7. Virus-induced-phytohormone remodeling in plant tissues

Plant hormones ethylene (ET), salicylate (SA), jasmonate (JA), and abscisic 
acid (ABA) primarily regulate synergistically or antagonistically against pathogens 
[251]. Plants respond to pathogen invasion by the hypersensitive response (HR), 
R-mediated, and systemic acquired resistance (SAR). The signaling of systemic 
acquired resistance (SAR) depends on the discernment of ethylene and salicylic 
acid [255] synergistically [256] or independently and antagonistically [257]. 
Phytohormones and precursors, such as salicylic acid (SA) and aminocyclopropane-
1-carboxylic acid (ACC), increased antioxidant enzyme activities and defense-
associated genes related to SAR [257].

Hypersensitive response of plant cell death reinforces systemic acquired 
resistance to prevent pathogen movement. The genes are generally associated 
with plants expressing systemic acquired resistance and hypersensitive response 
induce ROS (Reactive Oxygen Species) MAP kinase activation, protein phos-
phorylation, changes in the ion fluxes, and phytohormones as the first responses to 
stress conditions. The intersection of emerging signals causes reprogramming of 
defensive metabolites [258, 259]. Integration of abscisic acid (ABA) and salicylic 
acid (SA) signals resulting from pathogen-related (PR) gene expression during 
pathogen invasion induce defense mechanism and increase expression of genes 
associated with resistance [103]. Otherwise, different SA signaling pathway is 
responsible for PR gene expression independently and related alternative oxidase 
(AOX) induction [260]. Expression of Cucumber mosaic virus protein cmv2b 
inhibits SA-mediated resistance by inducibility of AOX (alternative oxidase) [261]. 
Relationship between AOX and virus resistance, explained by disruption of redox 
signaling in the mitochondrion [262]. SA modulates the opening of mitochondrial 
permeability transition pore, and alternative oxidase (AOX) limits the systemic 
spread of the viruses [263].

Expressed transcriptional factors regulate responsive defense hormone in plants 
during pathogen invasion. The NAC transcription hormone signals [264] response 
to pathogen infection as well as to stress conditions. TMV-P0 inoculated, and plant 
defense-related hormone-treated Capsicum plants overexpress the CaWRKYd gene. 
Silencing of CaWRKYd affects HR lesion formation [265]. WRKY transcription fac-
tors identified as abscisic acid (ABA) signaling regulators. WRKY40 regulates the 
expression of genes responsible for ABA production and modifies the transcription 
of numerous defense-related genes.

Callose accumulation and stomatal closure limiting virus movement are the first 
responses to stress conditions regulated by the plant stress hormone ABA [266]. 
Exogenous application of ABA increases resistance to tobacco mosaic virus [267] 
and tobacco necrosis virus infection [268]. The abscisic acid (ABA) acts both resis-
tance and susceptibility side against virus diseases related to different diseases such 
as Cucumber mosaic virus (CMV) and Bamboo mosaic virus (BaMV) [251]. ABA 
treatment increases antiviral defense responses of plants and contributes antiviral 
disease resistance [269]. ABA postponements the multiplication of TMV in invaded 
leaves and prevents systemic movement. WRKY8 prevents virus infection regulated 
by ABA signaling enhances immune responses against viruses. Another transcrip-
tion factor ABA-responsive MYB gene identified from the avian myeloblastosis 
virus was widely distributed in plants [270]. MYBs interrelate with phytohormones 
in plant defense against virus disease and serve as a molecular connection to 
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integrate abscisic acid (ABA) and salicylic acid (SA) signals and enhance disease 
resistance induction of PR genes during Pseudomonas syringae invasion [271]. MYB1 
performs in the crosstalk between phytohormones and defense responses to regu-
late the SA-dependent defense responses against TMV [257].

Ethylene (ET) plays a complex role in resistance against pathogens, and the 
scheduling of ethylene application affects plant defense against viral infection 
[251, 257]. ET contributes to virus susceptibility and plays a negative role in 
anti-TMV-cg defense. Ethylene-mediated MYB4L signaling pathway affects the 
susceptibility to TMV as a consequence of the SA-independent resistance mecha-
nism [257]. Aminocyclopropane-1-carboxylic acid (ACC) treatment increased 
the accumulation of TMV-cg systemically [267] and Turnip mosaic virus (TuMV) 
[272]. On the contrary, ACC, the precursor of ethylene, accumulates around 
necrotic lesions of TMV-infected plants, and SAR depends on the perception of 
ethylene [273]. Supplementation of the ACC had a suppressive influence on the 
replication of the white clover mosaic virus [122]. ACC-pretreatment increases the 
transcription of MYB4L and stimulates ethylene production during viral infection 
to enhance TMV resistance [257]. Overexpression of ET-response transcription 
factor (ERF) enhances resistance to tobacco mosaic virus infection preventing 
systemic spread of the virus independently exogenous application of salicylic acid, 
jasmonic acid, or ethylene [274].

Another evidence of phytohormone-mediated resistance to viruses is viral 
silencing suppressors (VSRs) [261]. VSRs regulate to integrate connections between 
hormone signaling and subcellular organization [275]. Most viruses encode 
silencing suppressors (VRSs) to suppress SA-related defense responses [276]. 
SA-dependent signaling pathway leads the virus resistance [251]. RNA reliant 
on RNA polymerase (RdRp) open reading frame (ORF) is responsible for RNA 
silencing suppressors to inhibit SA signaling and ABA [277]. CMV 2b expression 
inhibits the salicylic acid (SA)- mediated defense response. Virus-encoded sup-
pressor of RNA silencing protein can constrain to overcome SA-mediated resistance 
mechanism [278]. An exogenous SA application capable of induction RNA silencing 
antiviral defense response to VSR protein [261]. Systemic movement of ToRSV was 
reduced with SA pretreatment. SA signaling plays a role restriction of systemic 
infection but not RNA silencing [279]. Conversely, Alamillo et al. [280] reported 
that the SA signaling system enriches the function of the RNA silencing system 
in tobacco. SA-inducible RNA-dependent RNA polymerases (RDRs)-mediated 
RNA silencing mechanism and the AOX-regulated pathway enhanced resistance 
to tobamoviruses independent by PR genes [263, 281]. Exogenous SA applica-
tion suppressed replication of Potato virus Y in tobacco [282], and RNA silencing 
mechanism associates plant immunity against viral pathogens [283].

Virus spread is commonly limited by the siRNA microRNA system at the 
transcriptional or post-transcriptional level [251]. The SA-dependent overlaps 
between hormones and siRNA, miRNA [262, 284], RNA silencing system [256, 
262, 284] (Yu et al. 2003), JA- mediated (VSR) proteins [276], CMV-2b-VSR 
interferes [261] were evidenced in various studies.

ARFs are the key factors in auxin signaling factors that interact with the helicase 
domain of TMV replicase [285]. TMV replicase-Aux/IAA interactions increase virus 
pathogenicity in tissues of tomato plants where Aux/IAA proteins accumulate [286]. 
Repression of the auxin receptor increased rice susceptibility to Rice black-streaked 
dwarf virus (RBSDV), and Rice stripe virus (RSV) expression of auxin signal-
ing genes changed in response to virus infection [287, 288]. Tobacco mosaic virus 
(TMV) disrupts auxin/indole acetic acid (Aux/IAA) transcriptional regulators and 
access to the phloem for systemically spreading [289]. Tomato spotted wilt virus 
(TSWV) manipulates auxin signaling by interruption of Auxin Response Factor 
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(ARFs) to optimize their own replication and spread [290, 291]. Viral suppressor 
HCPro component of Tobacco vein banding mosaic virus (TVBMV) triggers auxin 
biosynthesis and an increase in auxin accumulation in plants [281].

In the last century, endogenous cytokinins and pathogen interactions in plants 
propounded [292]. Cytokinin levels confer resistance against White clover mosaic 
virus [122], Tobacco necrosis virus (TNV) [293], Potato virus Y [294]. Cytokinin 
may modulate the redox signaling system and trigger defense reactions [278]. 
Cytokinin accumulation suppresses virus-induced necrotic symptoms and increases 
ascorbate peroxidase and catalase activities, ascorbate levels, and H2O2-scavenging 
capacity [293]. White Clover Mosaic Potexvirus infection decreases the level of 
free bases but increases the accumulation of nucleotides. Despite the cytokinin 
concentration being the same for both control and infected leaves, the distribution 
of the specific cytokinin groups in the virus-invaded leaves had changed signifi-
cantly [122].

Researchers interested in the relationship between virus accumulation and 
gibberellic acid (GA) and the earlier findings demonstrated that virus content 
was not reduced by GA [295]. However, virus infection affects GA biosynthesis 
and accumulation. Rice dwarf virus (RDV) infection reduces GA biosynthesis in 
rice [291], tomato yellow leaf curl Sardinia virus (TYLCSV) in S. lycopersicum 
[296]. Tobacco mosaic virus in tobacco [297] and CMV significantly reduces 
the content of jasmonic acid (JA), indole acetic acid (IAA), salicylic acid (SA), 
and gibberellic acid (GA3) in cucumber plants [298]. Pathogen invasion induces 
BR biosynthesis and signaling pathways in both resistant and susceptible 
plants. The resistance against the Rice stripe virus (RSV) can be enhanced by 
Brassinosteroids (BR) and jasmonic acid (JA) signaling, and RSV invasion is 
suppressed by the endogenous BR levels [299].
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