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ABSTRACT

Extensive farming usually depends on the use of chemicals to mitigate crop losses
from diseases; however, sustainable alternatives have been getting popular as they
are our only hope for the future. The plant microbiome, especially the microbial
communities in the rhizosphere and endosphere, is a line of research that indicates
how disease resistance can be improved through the microbiome of the root while,
at the same time, environmental sustainability is being promoted. Plant root exudates
are the leading impetus for diversity and favor the host plant between these microbial
populations. They contribute to the plant growth development, as well as
strengthening the plant's mechanisms to resist biotic and abiotic stresses. Microbes
in the rhizosphere and endospores trigger the mechanism to increase plant
resistance to diseases, such as the induction of systemic resistance and the
production of siderophores, secondary metabolites, and antimicrobial compounds.
This review highlights the possibility of converting the plant microbiome into a new
program for sustainable disease management by going deeper into the complex
relations between different plants and their related microbiomes. A lack of
understanding of these microbiome dynamics remains the main bottleneck to precise
microbiome-based interventions. Yet, there is a ray of hope for microbiome-
engineering-based interventions to our environmental issues and economically
unstable plant disease management in modern agriculture.

Keywords: Endosphere, endophytes, microbiomes, rhizosphere, siderophores

INTRODUCTION

The plant microbiome, which includes a variety of microorganisms such as bacteria,
fungi, viruses, and archaea, is very important for plant health as well as disease
resistance (Khan set al., 2021; Arshad et al., 2024). The microbiome is divided into
phyllosphere, rhizosphere, and endosphere according to the location of those
microorganisms (Saeed et al., 2021). Influenced by root secretions, the rhizosphere
is crucial for nutrient cycling and disease suppression. During evolution, plants
interacted with the microbial world of unicellular and multicellular organisms. During
this long period, plants have screened out subsets of microbes in their endospheres
and the soil near their root systems (“rhizosphere”). These subsets of microbes
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associated with different plant parts are collectively known as plant-associated microbiota. Plants allocate priority to
interactions with these species from the bulk of microbes that favor them in terms of their growth, suppression of
disease, reproductive success, and other beneficial aspects (Brien et al., 2021). Many microorganisms have colonized
terrestrial plants in the endosphere and rhizosphere. The endosphere microbiome is composed of the microbes
inhabiting the systemic tissues of the plants. The rhizosphere is a diminutive ecological zone near the roots of plants.
It holds a large amount of microbial diversity, and this environmental zone is considered a zone that has maximum
biotic diversification (Yadav et al., 2021). The total number of microbes in the rhizospheric region is collectively termed
as “rhizosphere microbiome.” Most microbial communities in the rhizosphere microbiome are favourable to plants.
However, several bacteria and fungi inhabiting this zone are also pathogenic and cause severe plant diseases. Another
category of harmful rhizospheric microbes is the plant-parasitic nematodes, which cause plant diseases, decrease crop
yields and lead to substantial economic losses (Ali et al., 2017a). We have recently reviewed and summarized these
three categories of the rhizosphere microbiome as the good, the bad, and the ugly components (Ali et al., 2017b). The
beneficial microbe communities help plants tolerate and adapt to various abiotic or biotic stresses. Microbes employ
multiple strategies, such as nutrient solubilization, root growth stimulation, abiotic stress management, disease
suppression, and rhizoremediation. These mechanisms are well-defined in the rhizobacteria of the phyla
Proteobacteria and Firmicutes, Bacillus spp., and Pseudomonas spp., and fungi including Trichoderma spp. and
Piriformospora indica (Gezaf et al., 2021). Many other bacterial and fungal species inhabiting endospheres and
rhizospheres have shown good promise as antagonists of several plant pathogens.

Thus, plants have developed several specific and complex interactions with microbial communities that can regulate
various physiological processes of plants and directly or indirectly affect plant health. The plant microbiome is a
determinant of plant health and can also influence the productivity of different crop species (Poppelier et al., 2023).
The review assessed the main plant microbiomes, emphasizing enhancing plant disease resistance. Over the last
century, various researchers have investigated the beneficial role of exudates in plant-microbe interactions (Upadhyay
et al., 2022; Lamichhane et al., 2023). This review discusses the main rationale for root exudation and rhizosphere
microbiome in shaping plant health by emphasizing their perspectives on effective disease management. Through the
optimization of the relationships between plants and microorganisms, we can diminish reliance on traditional toxic-
based methods and improve crop resiliency. Further, the article investigates creative techniques and complications
related to microbiome modifications, supplying the reader with a new dimension to organic ways of agriculture. A
thorough comprehension of these intricate associations is imperative when one wants to discover ecologically and
economically sound solutions to the plant disease problems in modern agriculture.

ENDOSPHERE MICROBIOME

Endophytes, the unnamed tiny factory workers living in the plant tissues at various places, such as roots, stems and
leaves, make up the endosphere microbiome that envelops the host plant. The figure indicates fungi, bacteria, and
actinomycetes, among those microorganisms, which settle down in plant living tissues both intracellularly and
intercellularly without interfering with the plant's health (Azeem et al., 2020). Endophytes can be seen taking shelter in
various parts of the plant such as the meristem, resin ducts, scale primordia, stem, bark, leaf blade, petiole, buds, leaf
segments, and roots (Sangeetha et al., 2020). At first, the tissue-inhabiting species of microorganisms were the agents
of plant diseases. The identification of these microbes within these infected tissues by certain pathogens was the cause
of that thought. But, in 1866, De Bary opposed this idea by the detection of the non-pathogenic cells inside the plant
tissues. Additionally, Petrini (1991) used the term ‘endophytes’ to describe such organisms that live within the bodies
of hosts without damaging the plants.

Endophytes are now divided into two groups, primarily obligate and facultative. Obligate endophytes, which rely entirely
on the host plant's metabolism, are transmitted vertically or via vectors (Durand et al., 2021). In contrast, facultative
endophytes can exist outside host tissues and enter plants through the rhizosphere (Carroll, 1988; Samreen et al.,
2021). Endophytes' production of beneficial natural compounds has made them valuable in medicine, agriculture, and
industry. Their interaction with plants enhances growth, development, sustainability, and protection against biotic and
abiotic stresses. Some endophytic compounds benefit humans, serving as drugs or being used in food processing
(Nadeem et al., 2016; Tiwari et al., 2023). Additionally, endophytes contribute to bioremediation, nutrient cycling, and
protection against herbivores, pathogens, and environmental stressors (Chaudhary et al., 2022; Devi et al., 2023).
They also produce growth-regulating elements that enhance host plants' nutrient uptake, grain yield, and biomass
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(Vishwakarma et al., 2021). This review focuses on reshaping these microbial communities to develop sustainable
disease management strategies in agriculture.

THE DYNAMICS OF DISEASE RESISTANCE INDUCED BY THE ENDOSPHERE MICROBIOME

Besides pathogenic, the role of endophytes was also thought to be neutral, without any positive or negative effects on
the host plants, until 1970 (Azevedo 1998). However, meticulous studies regarding endophytes have highlighted their
significant role in pathogens and predators (Azeem et al., 2020). For instance, endophytic rhizobacteria has been
shown to enhance plant resistance against insect pests and environmental stresses (David et al., 2018). Bacterial
endophytes produce and release many chemical compounds, including antibiotics and chitinase enzymes, which can
lead to safeguarding plants against pathogens (Latha et al., 2022). These compounds can interfere in the development
of pathogens and, hence, can be deployed as biological control agents for sustainable disease management. There
are two main bacterial genera, Bacillus and Pseudomonas, highly abundant in agricultural plants (Khaskheli et al.,
2020). These endophytes can protect the host plant from several plant pathogenic fungi, surface-feeding insect pests,
and plant-parasitic nematodes that establish natural episymbiotic associations and can obtain nutrients from the host
tissues by subsequently modifying their physical and biochemical nature (Ali et al., 2015).

In another study, palm oil endophytes, Pseudomonas aeruginosa (P3) and Burkholderia cepacia (B3) were tested
against the fungal pathogen Ganoderma boninense in four-month-old palm oil seedlings (Sharma et al., 2022). Both
P3 and B3 strains were shown to interact with each other to restrict the entry of pathogens. They maintained their
population below the threshold level, limiting basal stem rot disease initiation. Different biochemical compounds such
as 3-nitropropionic acid and 3-hydroxypropionic acid are synthesized by specific endophytes such as Melanconium
botulinum and Phomopsis phaseoli, which possess nematicidal activity for controlling plant-parasitic nematodes in
plants (Omomowo et al., 2023). Several bacterial endophytes (Bacillus spp., Arthrobacter sp., Curtobacterium sp.,
Micrococcus sp., Serratia, and Pseudomonads) isolated from the host plant Piper nigrum L. showed significant results
against the nematode Meloidogyne incognita during an in vitro bioassay (Aravind et al., 2009). A study has been
reported using endophytic bacteria such as Pseudomonas putida and Pantoea agglomerans for controlling M. incognita
in different species of ornamental plants (Din et al., 2018a). Besides the microbial pathogens, endophytes have also
contributed to the resistance of insects. For example, two endophytes, Festuca arundinacea and Acremonium
coenophialum, offer defence against froghoppers and leafhoppers attacking the tall fescue (Sharma et al., 2018). The
endophytes use several mechanisms to induce resistance in the host plants against diseases. The most significant
phenomena are explained in more detail in the following sections.

Endophytes and induced systemic resistance (ISR)

Endophytes can guard the host plant against multiple pathogens by regulating its defense system via ISR (Pieterse et
al., 2014; Oukala et al., 2021). The involvement of endophytes in provoking induced systemic resistance in plants was
first reported in Douglas fir trees by Carroll (1991). Bacterial strains from the two genera Bacillus and Pseudomonas
have primarily been reported as the most common inducers of ISR; however, ISR induction is not limited to these
species (Dimkic¢, et al., 2022). Bacterial elicitors involved in the induction of host plant ISR include flagellin, antibiotics,
salicylic acid, N-acylhomoserine lactones, jasmonic acid, volatiles (e.g., acetoin), siderophores, and
lipopolysaccharides (Pr3i and Ongena, 2020). The shoot is inhabiting the endophytic strain IMBG290 of
Methylobacterium spp. Induces resistance in the potato against Pectobacterium atrosepticum, which causes potato
blackleg disease (Chaubey et al., 2023).

Antimicrobial compounds

Endophytic fungi are renowned for their capability to synthesize antimicrobial compounds that can ensure the growth
inhibition of plant pathogenic microbes and insect pests. These antimicrobial compounds primarily include steroids,
alkaloids, polyketones, peptides, terpenoids, phenols, quinols, flavonoids, and some chlorinated compounds (Abo
Nouh et al.,, 2021). Of these compounds, alkaloids produced by clavicipitaceous fungi are well-characterized
antimicrobial compounds produced by fungal endophytes.

Several studies have revealed that fungal endophytes produce various antibacterial, antiviral, insecticidal, and
antifungal compounds (Deshmukh et al., 2018; Manganyi et al., 2020). In addition to fungi, bacterial pathogens produce
different antimicrobial compounds. For example, a strain of Serratia marcescens bacterium isolated from the
Rhyncholacis penicillata plant exhibited effective antifungal activity. Moreover, 638 strains of Enterobacter sp.
synthesized antibiotic compounds such as 4-hydroxybenzoate and 2-phenylethanol (Taghavi et al, 2010).
Actinomycetes endophytes are the best-known producers of antimicrobial compounds and include mainly
kakadumycins, munumbicins and coronamycins (Khan and Rasool., 2022). A previous study revealed that the invading
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plant pathogens can trigger the biosynthesis of antimicrobial compounds by endophytic fungi. An antibacterial
compound named multicyclic indolosesquiterpenes has been reported from Streptomyces sp. HKI0595 exhibits an
endophytic relation with Kandelia candel (mangrove tree) (Aamir et al., 2020).

Biosynthesis of secondary metabolites

Secondary metabolites are biologically potent molecules recognized for their significant antioxidant, antifungal,
antibacterial, antioomycete, nematicidal, antiviral, antidiabetic, immunosuppressive, anticancer, and insecticidal
properties (Brader et al., 2014; Rana et al., 2019). Endophytes synthesize secondary metabolites, which are reportedly
involved in defense signaling mechanisms and regulate genetic events in the host plants to establish symbiotic
relationships (Kumar and Nautiyal, 2023). As an example, amines and amide alkaloids have been reported to be
produced by the fungus Neotyphodium sp. (grass-endophyte) which offers insect and nematode resistance to its host
(Bush et al., 1997; Anamika et al., 2018). To employ antifungal and antibacterial status to its host (A. annua), indole
derivative, namely 6-isoprenylindole-3-carboxylic acid, is another secondary metabolite secreted by Colletotrichum sp.
endophytes (Rani et al., 2021). Hydroheptelidic acid belonging to sesquiterpenes class of secondary metabolites has
been identified from Abies balsamea endophyte (Phyllosticta sp.) that exerts toxic effects on the larvae of spruce
budworm (Mousa and Raizada 2013). In the same way, various endophytes also produce aliphatic compounds to
protect their host from plant pathogenic bacteria. For example, fusarium oxysporum produces specific secondary
metabolites that can paralyze the motile phase of the Radopholus similis nematode (Kinalwa, 2023). These secondary
metabolites can also interfere with the hatching of R. similis eggs and can be used as a biocontrol agent owing to their
nematocidal activity. However, certain types of secondary metabolites identified from endophytes are not shown to be
involved in plant defense. For example, lignan and Phenylpropanoid compounds produced by fungal endophyte,
namely Epichloé typhina, are not involved in plant defense but play a significant role in fungus-plant interaction (Bagheri
et al., 2021). In addition to the production of secondary metabolites, endophytes can also affect the secondary
metabolism of the host plant (Naik et al., 2019). This was well exemplified in the strawberry, where the plants inoculated
with Methylobacterium sp. influenced the biosynthesis of furanone (Verginer et al., 2010). In the same way, the
production and accumulation of oligomeric proanthocyanidin as well as flavan-3-ols phenolic acid in the bilberry plant
were increased after interaction with the fungal endophyte Paraphaeosphaeria sp. (Yu et al. 2020).

Iron homeostasis

Several endophytic bacterial and fungal species are well-known for their biosynthesis of siderophores (Chowdappa et
al., 2020; Dudeja et al., 2021). Siderophores play a crucial role in iron acquisition by soil-inhabiting microorganisms
and play a significant role during animal pathogen-host interaction (Srivastava, 2023). Siderophore biosynthesis has
been shown to contribute significantly to the establishment of a symbiotic relationship between ryegrass and Epichloé
festucae, where the expression of genes responsible for the biosynthesis of siderophore in E. festucae was interrupted
(Johnson et al., 2013). In another study, the siderophores synthesized by Methylobacterium strains were directly
involved in Xylella fastidiosa suppression in citrus trees, causing citrus variegated chlorosis (Azevedo et al., 2016). A
schematic diagram is shown in Figure 1, which demonstrates the different direct and indirect strategies endophytes
use to suppress plant diseases.

RHIZOSPHERE MICROBIOME

The rhizosphere is a biologically rich nutritional zone and reservoir for many microbial species that aid plant growth
and establishment in the soil. The term rhizosphere microbiome represents the aggregate of all the microbes present
in the immediate vicinity of plant roots. Rhizospheric soil comprises 1011 microbial cells per gram (Egamberdieva et
al., 2008; Chauhan et al., 2023) and contains more than 30,000 prokaryote species (Mendes et al., 2011). Plants have
evolved complex interactions with the rhizospheric microbiota. The rhizospheric communities mainly promote plant
growth, improve the uptake of nutrients that are vital for plants, enable plants to survive in harsh environmental
conditions, and induce various defense mechanisms in plants to mitigate biotic stresses. We have recently called these
beneficial microbial communities “the good” ones of the rhizosphere microbiome (Ali et al., 2017b). Pseudomonas spp.,
Bacillus spp., Trichoderma spp., and mycorrhizal fungi are some common examples of good microbes in the
rhizosphere. However, several microbes in the rhizosphere are extremely devastating plant pathogens and result in
huge losses of crops. These microbes are considered “the bad” ones, e.g., Fusarium spp., Heterodera spp., and
Meloidogyne spp. The rhizosphere also contains a comparatively small number of microbes that are potential
pathogens for human beings. These microbes are opportunistic parasites of humans and can cause various infectious
diseases. They are hazardous, attack humans directly, and have been termed “the ugly” ones of the rhizosphere
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Figure 1: Direct and indirect strategies endophytes use to suppress plant diseases. Part 1 of the figure represents
different endophytic species in various plant parts, such as roots, stems, and leaves. Part 2 shows the plant-endophytes
interaction and describes different kinds of compounds secreted by endophytes inside plant tissues. Similarly, part 3
denotes direct and indirect defense strategies mediated by endophytes.

microbiome. Aspergillus spp., Fusarium spp., Ochrobactrum spp., and Stenotrophomonas spp. are several microbes
that fall into this category. We have recently given a detailed account of the rhizosphere microbiome's good, bad, and
ugly categories (Ali et al., 2017b). A graphical representation of the bad, the good, and the ugly ones in the rhizosphere
microbiome is shown in Figure 2, with examples. The plant's root system in the rhizosphere governs the microbes and
their mediated mechanisms differently. Various substances, such as root exudates, the regulatory players in microbe
interactions, can be neutral, beneficial, or harmful to plants (Vives-Peris et al., 2020). Hence, the root exudates act as
a stimulator of diversity in the microbial rhizosphere.

Root exudates are the prime modulators of rhizosphere microbiomes

Root exudates contain inorganic and organic substances that are secreted by the plant root to create a certain
environment in the rhizosphere. These substances regulate the chemotaxis process and enable plants to interact with
symbiotic as well as pathogenic microbes in the rhizosphere, which afterwards may invade the plants to perform various
functions (Feng et al., 2021; Benaissa, 2023). These root exudates aid in the development and establishment of
beneficial plant-microbe interaction. However, several other compounds released by some plants, e.g., cucurbitacin A,
bithienyl, inositols, and the metabolites derived from them repel the parasitic microbes (i.e., nematodes) away from the
rhizospheric zone (Ali et al., 2017b; Haldar et al., 2022). There are several plants, environmental, edaphic, and
microbial-related factors that affect the types and number of different compounds. Plant-related factors include age,
species, and genotype of the plant that determine the concentration and composition of the exudates (Chen et al.,
2022). Similarly, plant species diversity in a specific locality affects the secretion of root exudates. Environmental
aspects such as low or high temperatures, rainfall, availability of light, and cultural practices are some important
aboveground characteristics affecting root exudates (Canarini et al., 2019).
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Figure 2: Systematic representation of ‘Rhizosphere microbiome’ presenting different groups of microbes inhabiting
the proximity to plant roots and soil. Part A, The GOOD, shows beneficial microbes and microbes-mediated plant
defense through several strategies. Part B, The BAD, displays the plant-pathogenic part of the ‘Rhizosphere
microbiome’. Part C, The UGLY, represents opportunistic human pathogens (Ali et al., 2017b).

Additionally, belowground edaphic factors have a determining role as some of the major types of soil, the texture,
moisture, pH, porosity, nutrients, and co-restriction related to the root exudates have a direct impact on the plants and
rhizosphere microbiome (Ma et al., 2022). The interactions between different species of microorganisms in the
rhizosphere are responsible for the variation and type of microbial diversity at this location. Different aboveground and
belowground factors responsible for the diversity of microbes in the rhizosphere are described briefly in Figure 2. In
the past few years, the identification and manipulation of the rhizosphere microbe has been an important research
area, and a lot of work has been done to engineer the rhizosphere that way i.e. to use beneficial microbes for the
promotion of agricultural productivity (Kumar and Dubey, 2020; Kaul et al., 2021). Certain fungi or bacteria in the
rhizosphere function as potential antagonists through the action of several soil-dwelling fungi or plant pathogenic
nematodes that may be prevented in various ways. Some of these mechanisms include antibiosis (warding off other
plants and diseases) (Raaijmakers and Mazzola 2012), nutrient competition, parasitic microbes that are pathogenic to
plants, plant immune response induction and quorum sensing coupled to virulence suppression (Ramesh et al., 2019).
Dynamics of disease resistance mediated by the rhizosphere microbiome

Different plant species secrete different forms of root exudate, allowing plants to modify their microbiome according to
their needs (Afridi et al., 2023). The age and stage of the plant's development can also affect these exudates (Vives et
al., 2020). Conversely, microbial communities can influence the root exudation of plants, with axenically grown plants
having significantly different types of exudates compared to those plants exposed to microbes. In addition to root
exudates, sloughing of the root cells and mucilage deposits, including polymers of the plant cell wall such as pectin
and cellulose, are considered prime constituents of the rhizodeposition of the rhizosphere (Nazari, 2022). All these
exudations are of the utmost significance because they permit microbial species to grow in the rhizosphere, which can
then actively participate in the betterment of plant health, growth, and defence system.
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The major microbial group that inhabits the rhizosphere microbiome is the Proteobacteria, which is generally dominant
among all other groups, e.g., Bacteroidetes, Planctomycetes, Actinobacteria, Firmicutes, Acidobacteria, and
Verrucomicrobia (Turner et al., 2013). Although all these microbial species play their role in plant health, the
rhizobacteria residing in the rhizosphere are of major interest owing to their considerable contribution to plant growth
via various mechanisms (Khan et al., 2021). Nitrogen-fixing bacteria such as Azotobacter spp. and root-nodulating
Rhizobium spp. offer fixed nitrogen to the plant for its development throughout its life cycle. Many other bacteria can
also solubilize and mobilize mineral nutrients and increase the bioavailability of macro-nutrients such as phosphorus.
Some microbial communities regulate the production of plant hormones such as auxins, ethylene, and gibberellins,
and promote plant growth or contribute to stress tolerance. Many plant-growth-promoting rhizobacteria (PGPR) act
antagonistically toward plant pathogens by producing antimicrobials or interfering with virulence factors via effectors
delivered by type 3 secretion systems (Rezzonico et al., 2005; Lucke et al., 2020). Rhizobacteria improves plant growth
via direct and indirect processes. Direct processes promote the growth of plants when rhizobacteria produce
compounds to facilitate plants and increase the uptake of nutrients.

Growth promotion via indirect mechanisms involves averting some adverse effects produced by the pathogens (Glick
1995). The phenomena indicating their use as biocontrol agents include phytohormone production such as auxin and
gibberellins; synthesis of antibiotic and antifungal activity via hydrogen cyanide (HCN) production; release of iron-
binding siderophores; the synthesis of lipases, protease enzymes, and chitinases for fungal cell wall hydrolysis (Chet
and Inbar 1994), and the biosynthesis of peroxidase, superoxide dismutase, catalase, and polyphenol oxidase to
compete with reactive oxygen for controlling oxidative stress. For instance, potato seed inoculation with PGPR
enhanced potato plant growth and tuber yield in the field (Tkachenko et al., 2021). Further, Zaidi et al. (2015) described
an increase in the fresh weight of shoots and roots of cucumber, tomato, potato, and lettuce because of Pseudomonas
spp. inoculation. Similarly, the iron present in the rhizosphere facilitates the pathogens that are low in iron supply, which
is essential for their pathogenicity and growth. The synthesis of iron-chelating substances such as siderophores is an
important feature of some fluorescent pseudomonades. However, the bioavailability of iron and optimum pH is abiotic
edaphic, which are regulatory factors of siderophore biosynthesis and their role in the biological control of diseases
(Pattnaik et al., 2021).

Various bacteria, particularly the pseudomonades, can synthesize some types of antibiotics. Howell and Stipanovic
(1979) were the first to study the bacterial strains involved in antibiotic synthesis and their effect on phyto-pathogens.
There are several types of antibiotics synthesized by Pseudomonas species that have antimicrobial effects, including
2,4-diacetyl phloroglucinol, pyoluteorin, phenazine-1-carboxylic acid, HCN, pyrrolnitrin, and protein-type substances
(bacteriocins) (Ali et al., 2017b) and scientists have confirmed their potential for the suppression of plant pathogens.
HCN, a secondary metabolic compound produced by several rhizosphere pseudomonads, has a negative effect on the
metabolism and growth of root-invading pathogens. Such rhizobacteria that produce HCN demonstrate various effects
on plant growth, ranging from beneficial to harmful (Patwardhan et al., 2022).

RESHAPING RHIZOSPHERE AND ENDOSPHERE MICROBIOMES FOR ENHANCED DISEASE RESISTANCE

Keeping in mind the importance of endosphere and rhizosphere microbiomes for the enhancement of disease
resistance in plants, it is essential to engineer these microbiomes using those microbial communities that have specific
antagonistic properties against pathogens. Rhizodeposition is one of the significant mechanisms by which plants can
modify their rhizosphere. During this process, the plant releases inorganic and organic exudates from its roots (Hassan
et al.,, 2019). These exudates are essential elements that are involved in the interactions of plants and microbial
communities at the rhizospheric interface. The exudates comprise carbohydrates, amino acids, fatty acids, and proteins
that regulate plant growth and maintain the correct microbial component of the rhizosphere (Ma et al., 2022). There
are different examples of the modification of root exudates. For instance, the uptake of essential nutrients triggers the
electrochemical gradient via the plasma membrane of the root cell owing to the H* efflux in plants and contributes to
rhizosphere acidification that is used to increase the bioavailability of phosphorous and iron from the soil (Hinsinger et
al., 2003). Phytosiderophore production facilitates plant growth and antagonism against the invading pathogens, and
it can be applied by intercropping peanuts (Arachis hypogaea) with maize (Zea mays). In this combination, the peanut
acts as a caliphate crop and maize as a Fe-efficient crop (Zuo et al., 2000). Various genes have been identified that
govern the secretion of exudates, and the modification of the rhizosphere via the alteration of the expression patterns
of these genes by genetic engineering might be possible. A more achievable method of rhizosphere engineering is the
direct exploitation of the rhizospheric microbiome via microbe inoculation. However, a couple of new methods that
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might increase the persistence of the introduced microbe and its efficiency in the soil are also known (Kumawat et al.,
2022). The introduction of advantageous microorganisms that are local to the environment can lead to the enhanced
uptake of nutrients, improved growth, and resistance against abiotic and biotic stresses in plants (Santoyo et al., 2021).
A creative modification technique for the microbiome is the combined application of bacteria and fungi. This type of
microbial inoculation group assists in the eradication of pathogens from the environment and shortening the period of
niche saturation (Ayaz et al. 2023).

Recently, we have performed the seed and drenching application of endophytic Trichoderma spp. with Bacillus spp.
as a consortium that resulted in the enhancement of wheat growth and grain yield (Din et al., 2018b). Conventional
practices of applying external substances as amendments to the soil with effective microbes have been described in
the literature. Colbert et al. (1993) reported the dynamics of different metabolically active strains (PpG7and pNAH7) of
Pseudomonas putida populations where PpG7 resulted in the breakdown of sodium salicylate in the amended or non-
amended soil. After two weeks of the application of salicylate to the soils, the population concentration of salicylate
downgrading strains was 100-fold higher than that of the non-amended soils. Various biological and chemical-
originated amendments can be applied to engineer the rhizosphere microbiome. Likewise, biochar-amended soil
showed a gradual increase in the reproduction rates of various soil microbes. Biochar-amended soil positively
influenced mycorrhizal fungal growth (Warnock et al., 2007).

In another study, biochar-amended soil enhanced arbuscular mycorrhizal colonization up to 20%—40% in wheat roots,
whereas in the non-amended soil, it was only 5%—-20% (Solaiman et al. 2010). These previous studies confirm that the
techniques involved in the engineering of microbiomes are vital for agriculture. The microbes primarily enter the plant
system through the rhizosphere, and any strategy to engineer the rhizosphere will be a way forward for engineering
the endosphere. Agricultural practices like fertilizer application, soil tillage, and irrigation can alter the chemistry of the
rhizosphere by affecting soil aeration, root function, and microbial communities. These changes can, in turn, modify
the rhizosphere microbiome, influencing plant health and growth (Xiao et al., 2023). The competitive potential of
advantageous microbes that are genetically engineered could be increased using substances such as antibodies to
enhance disease resistance in plants may adapt and change over time.

CHALLENGES AND PROSPECTS

An alternate approach to disease management is the current restructuring of the worldwide agricultural atmosphere
toward sustainability and plant microbiome adaptation. Finding ways to make use of these interactions could minimize
the need for traditional pesticides, mitigate the influences on the environment, and promote plant resilience in line with
the microbial networks that are connected to them. In addition, the employment of microbial biocontrol agents showed
the potential to control pathogenic organisms and subsequently lower disease rates (Piotti et al., 2019). Changing the
shape of plant microbiomes also enhances nutrient use in plants, improves crop performance, and increases
productivity (Poppeliers et al., 2023). The multi-dimensional nature of these approaches is expected to emphasize
viability for future sustainable agriculture by manipulation of plant microbiomes. With the continuous advancement of
omics technologies, a deeper knowledge of microbial communities, as well as their intricate functions in plant
ecosystems, is becoming more attainable (Trivedi et al., 2020).

Synthetic Biology Approaches to Engineer Plant Microbiomes Rodriguez and Redman (2021) describe how synthetic
biology approaches offer the exciting possibility for improving engineered plant microbiome designs that could enable
selective disease resistance or improved function overall. In addition, we also need collaborative efforts that combine
knowledge from microbiologists, and this is what helps us move forward. Collaboration between the experts of different
disciplines is essential to perform integrated analysis on plant microbiomes, facilitating the identification of their vast
applications in sustainable agriculture (Thaku et al., 2023). However, before these technologies can be adopted into a
broad context, we must deal with the challenges of the experiment. Plant root exudation has shown quite a lot of
variability among plant species, making it difficult to come up with universal methods for managing diseases that could
work on different kinds of crops. One of the greatest issues to be solved is dissecting the interactions between plants
and their respective microbiota. The microbiota is a complex ecosystem and alterations in one unit may affect the other
one of them (Ramesh 2019). Another challenging task is the development of microbiome manipulation techniques. The
plant microbiome is composed of a variety of microorganisms, and their presence and absence impact the plant in
different ways. Scientists will have to conduct more research in the field of the relationships between different
microorganisms and their plant hosts, as well as how these connections develop at different stages. Dealing with
microbial complexity in terms of plant-microbe interaction is a strenuous mission because of the schematic and dynamic

https://doi.org/10.55627/pbiotech.002.01.0786 70



essence of the relationships (Kabir, 2024). The transition from controlled environments to large-scale field applications
introduces substantial logistical and ecological challenges when scaling up microbiome manipulation, warranting
careful consideration (Knoester et al. 1999).

CONCLUDING REMARKS

With the emergence of various plant disease preventions, researchers have investigated the possibility of using the
microbiomes present in plants as a natural way of combating growth as well as the spread of pathogens. It has been
observed that some plant microbiota species act as poison to the pathogens, which means they neutralize the
deleterious effect of a pathogen on the host plant. Furthermore, several plant microbiomes act as antagonists against
infections, either by blocking their progression close to the rhizosphere or by preventing them from settling on the plant
roots once they have invaded. Using high-throughput technologies like transcriptomics and metagenomics,
microbiomes can be characterized according to their positive traits. Furthermore, “the good” ones of the rhizosphere
microbiome would increase the environmental stability of crop plants in the current situation of global warming and
environmental change. In the age of globalization, advantageous microbiomes might be engineered to cope with
climate change and the increasing food demand by the increasing world population. This would result in the cheap,
long-lasting, eco-friendly, and bio-friendly management of biotic and abiotic stresses in crop plants and ultimately result
in the stability of agricultural yields, leading to the social and economic betterment of the population.
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