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Abstract

Addressing the plant-microbe interactions is an important step in understanding the nature of the
positive and negative aspects of microbes that can help for crop improvement.The progress that has
been made in sequencing technology and different omics tools has significantly accelerated the
research that has been done in the field of biological sciences. The most recent developments as well
as those that are still being made, provide a unique strategy to analysis these complex interactions
and hypothesis. The interaction between plants and pathogens and how it affects crop improvement
is the main focus of the current review paper.Research has generally focused on plant innate
immunity and it leads to the significant facts of plant defense mechanism against the microbes.In
addition, the current review paper gives an overview of beneficial plant-microbe interactions.This
paper provides an overview of several elements of plant-pathogen interactions in order to bridge the
gap between plant microbial ecology and immunological responses.

Introduction

Plants and microbes/pathogens have a wide range of relationships, which have been living with
microbes/pathogens below, above, and within plants (Vorholt, 2012; Bulgarelli et al.,
2013).Microbes can interact endophytically and epiphytically with plant roots, the environment, and
soil. Plant-microbe interactions can be positive, neutral, or unfavourable, affecting plant growth,
health, and development (Newton et al., 2010).A single plant species hosts few microbes/pathogens,
and vice versa. Specialization and specificity lead to microbial diversity and evolution over millions
of years (Galagan et al., 2005).

However, microbe-plant interactions can be harmful, causing plant illness (Strange and Scott,
2005).Belowground and aboveground bacteria provide mutualistic advantages to plants. The bacteria
that colonise plants can be classed as epiphytes, endophytes, phyllospheric, and rhizospheric. The
rhizosphere is the most active, influencing the plant's nutrition and growth (Lakshmanan et al.,
2014a).Belowground and aboveground bacteria provide mutualistic advantages to plants. The
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bacteria that colonise plants can be classed as epiphytes, endophytes, phyllospheric, and
rhizospheric. The rhizosphere is the most active, influencing the plant's nutrition and growth
(Lakshmanan et al., 2014b).With advances in genome and proteome identification and analysis,
research study the mutual interaction between plant and microorganisms to boost agricultural yield
(Bakker et al., 2013; Oldroyd, 2013).

If the qualities responsible for building microbial communities in the rhizosphere and their influence
on plants are uncovered, they can be used for a sustainable alternative in agroecosystems to improve
stability and agricultural productivity in the long run (Quiza et al., 2015; Knapp et al., 2018)

Micro-biota of Plants Found Aboveground

Different aboveground plant tissues such as vegetative foliar tissues, leaves, and floral parts provide
unique environments for endophytic and epiphytic microbial diversities, yet there are major
differences in the ecology of endospheric and phyllospheric microbes (Compant et al., 2020).The
research on the interactions between plants and microbes has primarily concentrated on three areas:
the oldest symbiosis, which is between plants and mycorrhizae; (Smith and Smith, 2011), the process
by which plants fix nitrogen (Oldroyd et al., 2011),as well as the pathogenicity (Wirthmueller et al.,
2013). Depending on supply allocation, different plant compartments have different endophyte
populations. The soil environment drives the mobility of phyllospheric bacteria, according to reports
(Vorholt, 2012; Wallace et al., 2018).

This leads to genus and species-level microorganism distribution in endospheric and phyllospheric
zones. Pseudomonas, Sphingomonas, Frigoribacterium, Curtobacterium, Bacillus, Enterobacter,
Acinetobacter, Erwinia, Citrobacter, Pantoea, and Methylobacterium are prevalent in the grapevine
phyllosphere or carposphere (Kecskeméti et al., 2016).Ralstonia, Burkholderia, Pseudomonas,
Staphylococcus, Mesorhizobium, Propionibacterium, Dyella, and Bacillus dominated grape berry
endophytes (Campisano et al., 2014).

Sphingomonads and Methylobacteria are the major organisms in maize leaf microbiome across 300
plant cell lines (Wallace et al., 2018). Environmental conditions also influence phyllosphere
microbial makeup. (Steven et al. (2018) found Pseudomonas and Enterobacteriaceae on apple
blooms. Pseudomonas is common in apple, grapefruit, almond, pumpkin, and tobacco flower studies
(Aleklett et al., 2014).

In recent investigations of seed microorganisms, Firmicutes, Proteobacteria, Bacteroidetes, and
Actinobacteria were found to be prominent (Rodrguez et al., 2018). In addition to being tied to soil
microbiota, seed microbiota are also associated to flower and fruit bacteria (Glassner et al., 2018).
Aboveground bacterial diversity comes from soil, seeds, and air, then plant tissues. Soil,
environmental, and agricultural methods affect their presence on tissues. The intensity of the link
between a plant and its aboveground bacterial composition depends on the host and the compartment
where variety exists. Endophytes and aboveground microbiota may promote plant growth, disease
resistance, and stress relief (Vishwakarma et al., 2020).

The Occurrence and Interactions of Microorganisms below Ground

Microorganisms are prevalent on plant surfaces and in soil, and plants recruit them from their
surroundings, which act as microbial reservoirs (Hardoim et al., 2015). The root microbiota can be
transmitted horizontally or vertically. The soil bacterial communities rich in Acidobacteria,
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Bacteroidetes, Proteobacteria, Planctomycetes, and Actinobacteria enhance the dynamic microbial
populations connected with plant roots (Fierer, 2017).Seeds can transport bacterial communities
vertically, providing a critical source of multiplying microorganisms from the plant's roots to its
development (Hardoim et al., 2012). Plant roots provide distinct and intriguing soil microbial
habitats in the rhizosphere, root, and aboveground areas to a certain extent (Hartmann et al., 2009).
The rhizosphere is a very active area for microbial migration, making it one of the most complex
habitats (Hiltner, 1904).In an extensive wheat cropping system, a culture-based approach (terminal
restriction fragment length polymorphism) showed that the rhizosphere had a more numerous
microbial community than the bulk soil (Donn et al., 2015).

Root exudation is the secretion of substances into the rhizosphere by roots, such as organic acids,
sugars, amino acids, polyphenols, flavonoids, hormones, and minerals (Compant et al., 2019).This is
called the rhizosphere effect. Plant roots and microbiome form habitats for microbial development.
Phytochemicals and root exudates help inhibit microbial growth in the rhizosphere. The population
that can expand by using root-secreted substances forms a niche for itself and helps recruit other
microbes by cross-feeding, creating a new niche for other microbes (Jacoby and Kopriva, 2019).The
niche selection process is plant species and chemical specific. Several secondary compounds with
defensive capabilities, such as benzoxazinoids, discharged from maize roots affect root microbiome
structure and influence Actinobacteria and Proteobacteria most (Hu et al., 2018). Recent research
examined the dynamics of bacterial community structure and processes in Avenabarbata roots
(Zhalnina et al., 2018).

Root exudate composition and substrate preference affected rhizospherebacterial population
assemblage.(Fitzpatrick et al. (2018) found distinct Pseudoxanthomonasrhizobacterial species in 30
angiospermic species. The spatiotemporal organisation of the rhizosphere and variations in
physicochemical circumstances also affect niche specifications and microbial diversity (Vetterlein et
al., 2020). Plant species, genotypes, and root exudates alter rhizosphericmicrobiome structure and
alignment (Vishwakarma et al., 2017a, b).

Endophytic bacteria colonise roots internally. Their distribution in plants depends on plant assets and
endophytecolonisation ability. Piriformosporaindica, an important root endophyte, is employed in
agriculture. P. indica enhances phosphorus uptake and protects crops from stress (Lahrmann et al.,
2013). A cyclophilin A—like protein from P. indica protects tobacco from salt stress (Trivedi et al.,
2013). Azotobacterchrococcum can modulate P. indica physiology and improve nutrient intake
through synergy (Bhuyan et al., 2015).

Endophytic  fungus exhibit root-exuded chemical chemotaxis. When non-pathogenic
Fusariumoxysporum was tested for activity against root knot nematode (Meloidogyne incognita) in
tomato plants, tomato exudates facilitated F. oxysporumcolonisation and reduced nematode
occurrence (Sikora and Dababat, 2007), suggesting that root exudates preferentially select the
microbes in its vicinity. Root exudate-mediated chemotaxis attracts pathogens. Gu et al. (2017) used
fine biochar to prevent bacterial wilt disease in tomato.

The Plant Immune System as a Defense Mechanism:-

Plants are the best source of nutrition for bacteria, fungus, protists, and insects. Even though plants
lack a complete immune system, they have created structural, chemical, and protein-based defensive
mechanisms to recognize pathogens and avoid harm. Understanding how plants fight diseases is
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critical to developing disease-resistant plant species. Plants rely on innate immunity and efficient
signaling pathways since they lack mobile immune cells and cellular adaptive immune systems
(Chisholm et al., 2006).Disease response begins when pathogens enter plant cells. Pathogens
penetrate plant cells in diverse ways. Bacteria penetrate plant cells using trichomes, lenticels, stomata
and other openings, fungus employ hyphae and penetration pegs, and viruses only through physical
damage ( Mendgen et al., 1996).

Once the pathogen has breached the fundamental defensive barriers, the plant immune response is
divided into two branches: microbial (or pathogen) associated molecular pattern (MAMP/PAMP)
triggered immunity (MTI/PTI) and effector-triggered immunity (ETI) (previously R-gene-based or
vertical immunity). Plants exhibit SAR and gene silencing as immune responses (Sahu et al.,
2012).Pathogens release elicitors called MAMPs, which are recognised and activated by pattern
recognition receptors (PRRs), a class of plasma membrane bound extracellular receptors (Beck et al.,
2012).Pathogens circumvent the MTI/PTI immune response by releasing effector molecules into
plant cells, causing effector-triggered vulnerability (ETS). The effector molecule triggers ETI, an
amplified form of PTI that produces HR (Muthamilarasan and Prasad, 2013).Activation of a single
NB-LRR receptor (directly or indirectly) by a pathogen effector prevents pathogen transmission. R
and Avr gene products interact directly and indirectly (Dodds et al., 2006). Guard Model explains
how effector chemicals target the host ( Dangl and Jones, 2001).

Guard Model says recent indirect effector recognition studies are conflicting. Multiple targets in
hosts exist for distinct pathogen effectors, and the conventional Guard Model doesn't explain this if
plants lack the R protein (van der Hoorn and Kamoun, 2008).PAMPs, which trigger innate immune
responses in mammals, also stimulate plant defence. Plants have structurally comparable recognition
complexes to animal PAMP receptors, suggesting a shared evolutionary basis for pathogen defence
mechanisms in higher eukaryotes (Ntrnberger and Brunner, 2002).

Systemic acquired resistance (SAR) is initiated at the infection site to stop the spread of infection by
activating and expressing pathogenesis-related (PR) proteins (Park et al., 2007).Dual RNA-seq of
plants and pathogens and the function of non-coding RNAs (ncRNAs) in controlling plant defence
responses have improved simultaneous comparative data analysis of plants, pathogens, and defence
responses ( Meyer et al., 2016).Dual RNA-seq for the simultaneous investigation of host and
pathogen transcriptomes during their interaction is probe independent and may be simply
implemented for any plant-pathogen interaction research. It is an unbiased method that detects
differentially expressed genes and transcriptional regulatory events ( Enguita et al.,
2016).MicroRNAs, phasiRNAs, and long intergenic non-coding RNAs (lincRNAs) are critical in
plant responses to pathogens and boost innate immune mechanisms such PAMP- and effector-
triggered defensive responses. This research revealed how epigenetic influences affect plant genes
involved in pathogen defence (Meyer et al., 2016a).

Many study results show trans-generational immunological memory in plants, in addition to
MAMP/PAMP-triggered immunity (MTI/PTI) and ETI. The immunological memory is passed on to
the next generation. Trans-generational immunological memory in plants has been researched for
environmental conditions and infections (Slaughter et al., 2012). It leads to successful responses to
that stress in next-generation plants, called acquired immune power (Molinier et al.,
2006).Arabidopsis challenged with an avirulent strain of Pseudomonas syringae demonstrated
immediate and elevated Salicylic acid (SA) signalling pathway transcripts with higher disease
resistance (laughter et al., 2012).Plant-pathogen interactions and plant immunity have always been
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important areas of research, leading to interesting information such as unique immune mechanisms
of plants against pathogens, R-protein-mediated action, SiRNA silencing, post-transcriptional
silencing (PTGS) involving cellular RNAs, and trans-generational immune memory (Voinnet,
2008).Despite many discoveries in the field of plant immune system, many mysteries remain,
including identification of many Avr genes involved in plant-pathogen interactions, plant root
immune mechanisms, molecular mechanisms of pathogen colonisation in plants, regulation of
cellular activity and gene expression, and signalling mechanisms involved in plant immune response.
Post-genomic era advances will help us comprehend plant-pathogen interactions and plant immunity.

Beneficial Plant-Microbe Interactions

Nearly 1 billion people go hungry every day in a planet with a growing population (Reid, 2011a).
Demand for food grains is driven by factors such as a lack of productivity, limited arable land and
water, and disease-induced yield loss. To boost agricultural productivity, fertilizers, plant breeding,
and genetic engineering are used, but they are costly, sluggish, extremely particular, and not
practicable (Reid, 2011b).It's crucial to find alternatives to genetically modifying plants to resist
infections. Few studies have emphasized the exploitation and harnessing of beneficial plant-
associated microorganisms that have favorable impacts on plant-microbe interactions (Farrar et al.,
2014).In beneficial plant-microbe interactions, plants and microbes create cooperative and beneficial
relationships that improve host plant resilience to diseases, drought, salt, heavy metals, toxins,
nutritional stressors, and severe temperature (Reid, 2011c). Plant—-microbe collaboration will assist
increase agricultural output at minimal cost. This fresh, understudied strategy has given the globe
new hope and might be part of the next Green Revolution (Reid, 2011d).

Plants and microorganisms both contribute to positive plant—-microbe interactions. Examples of well-
studied symbiosis include nitrogen-fixing bacteria that live in leguminous plant root nodules and
develop a mutually beneficial connection (Oldroyd et al., 2011). Arbuscularmycorrhizal fungi
(AMF) reside in plant roots and absorb phosphate from the soil (Smith and Smith, 2011). AMF on
tropical soils reduces phosphate fertiliser usage while increasing crop output (Ramalingam et al.,
2015).Biofilm development and quorum sensing allow bacterial populations to cling to surrounding
surfaces, including plant tissue, cell-to-cell adhesion, and the response of plants to bacteria QSS
(Farrar et al., 2014).Some microbial product, mainly bacterial enzyme, protects host plants from
drought, floods, high salinity, heavy metals, and infections. Plants may avoid dryness by producing
more trehalose, which stabilises membranes and enzymes. Using bacteria to give extra trehalose in
conjunction with plants might be more effective than biotechnologically designing plants to create
additional trehalose. Beneficial endophytes, germs that dwell within plants without causing illness,
are important in inducing systemic resistance (ISR) against harmful bacteria (Kloepper and Ryu,
2006).

The introduction of NGS technology and other molecular techniques, such whole genome
sequencing, metagenomics, transcriptomics, proteomics and fluorescence tagging, and localization
studies are of considerable value in interpreting the biological activities and beneficial plant—-microbe
interaction research.
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Microbiome-analysis techniques

There are many ways to characterize sample microbial diversity. Amplicon sequencing and
metagenomics are two next-generation sequencing technologies that characterize the microbiome in
depth.

Metagenomics Technique

Researchers have a clearer understanding of plant-pathogen systems at the molecular level and the
signalling networks that coordinate plant defensive responses. Due to the great cellular complexity
and connections of cellular components to enormous numbers of internal and external variables,
there is scarcely adequate study concentrated at molecular level (Collakova et al., 2012a).

Molecular research have improved, but plant metabolic modifications after pathogen infections are
new. New approaches to investigate plant metabolites are emerging. Genome-scale modelling
(GEMing) is a mathematical model of the metabolism obtained from genetic data. Genome-scale
models make analysing host—pathogen interactions difficult (Collakova et al., 2012b).

For metabolic network modelling of plants and pathosystems, information from genomes,
transcriptomics, proteomics, and metabolomics technologies is necessary. Many plant-bacterial and
plant-fungus pathosystems have been explored. Recent advances in genome sequencing and
annotating have made genome-wide studies of plant-pathogen interactions conceivable (Shendure et
al., 2004).

The whole genome sequence aids in genome-wide annotation of proteins, enzymes, and metabolic
events (Duan et al., 2013a). Merging plant and pathogen metabolic networks proved beneficial in
studying negative and positive impacts of joint networks (Duan et al., 2013b). The metabolic
networks of plant-pathogen pairings indicated that infections substantially influence impairment
patterns. There was no kingdom-level segregation (for bacteria and fungi) (Duan et al., 2013c).

The ‘omics' network uses kinetic information. Now, non-kinetic techniques including metabolic
network reconstructions, Genome-scale reconstructions, and focused metabolic reconstructions are
used to research metabolic and regulatory processes (Pinzon et al., 2010). The 1995 completion of
the first bacterial genome sequence, Haemophilus influenza, offered a new research path for building
a computer model of an organism based only on genome sequence (Seaver et al., 2012a). The
invention of a ‘virtual plant' for Arabidopsis in 2000 cleared the path for its increased usage. To
build a genome-scale model of an organism, one must first understand how all genes work together
to drive and maintain life (Seaver et al., 2012b). In the post-genomic age, sequencing, annotation,
reconstruction, and in silico modelling of metabolic networks are key achievements (Seaver et al.,
2012c).

Amplicon Sequencing

These techniques rely on the binding of universal primers to highly conserved sections of the target
microbial genome. Amplicon sequencing is used to study microbial populations. It includes
sequencing PCR products containing taxon-specific HVRs (D'Amore et al., 2016a). 16S rRNA gene
of bacteria is most used microbiomeamplicon (Kittelmann et al., 2013). Several combinations of
primers have been recommended for the bacterial 16S rRNA gene to amplify HVRs and generate
PCR products of variable lengths for sequencing (D'Amore et al., 2016b).
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The sequences of 16S rRNA (for bacteria), 18S rRNA (for fungi), and internal transcribed spacer
(ITS) segments (for fungus) together with metagenomic loci include information on microorganism
phylogeny that may be used to infer and deduce taxonomy. Taxonomical identification utilising
marker genes depends on the quality and completeness of reference databases. ITS was selected over
18S rRNA because to its large and vetted library and increased sequence diversity (Schoch et al.,
2012).However, it is controversial whether unequal ITS segments improve preferred PCR
amplification of shorter ITS sequences, leading to a biassed assessment of relative abundances of
fungal species (De Filippis et al., 2017).

Sometimes it's hard to distinguish spontaneous genetic changes from sequencing mistakes, which are
less than 0.1% on the lllumina platform (Schirmer et al., 2015). After amplicon-based sequencing,
OTU clustering is used to investigate the microbiome (for, e.g., 97 percent). OTU selecting assigns
similar but slightly different sequences to the same species, implying a biological origin. Amplicon
sequence variations give more specificity and sensitivity than OTU-based techniques, but they may
exaggerate microbial diversity (Kopylova et al., 2016).

Conclusion and Perspectives

Our knowledge of plant-microbe interactions has advanced. We still have multiple issues and
difficulties to solve this decade to produce pathogen-resistant crops for human sustainability (Misra
and Chaturvedi, 2015; Thynne et al., 2015). Our understanding focuses on plant stress responses
against diseases. Biotechnological advances will be needed to gather and integrate the data (Knief,
2014). In plant-pathogen interactions research, the near future poses several obstacles. Plant-
pathogen battles have always been interesting, educational, and demanding (Figure 2).
Understanding the molecular basis of interactions among various types of stresses and responses,
identifying key factors involved in such interactions mainly during plant immune responses,
understanding the progression of signals and disease to other parts of plants in nature, identification
and successful ma In recent years, biomolecular research has evolved beyond genome sequencing to
functional genomics and illness management (Knief, 2014). Genomic information alone, although
vital, cannot explain these complex plant-pathogen interactions (Bender, 2005). Next-generation
sequencing, 'omics' technologies, database building, and metabolic modelling are eliminating gaps
and bringing together microbial ecology and molecular plant pathology to better understand plant
immunity and pathogen virulence. Understanding plant-microbe interactions is difficult, but not
impossible, so improved tactics can be applied and global food security can be addressed.
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