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MICROBIAL ASSOCIATION ACROSS DISTINCT PLANT COMPONENTS: INFLUENCE OF ENVIRONMENTAL FACTORS AND ADAPTATION MECHANISM

Abstract 
Interactions between plants and microbes date back to the earliest stages of Earth’s history, and these relationships remain fundamental components of the planet’s biosphere. Microbes play essential roles in plant development by contributing to nutrient acquisition, metabolic processes, and, in some cases, pathogenesis. Plant–microbe interactions are typically classified according to plant tissues: the rhizosphere, the phyllosphere, and the endosphere. Each zone is shaped by distinct environmental factors—while the rhizosphere is influenced by diverse microbial communities and soil conditions, the phyllosphere is exposed to above-ground environmental fluctuations, and the endosphere is governed by the plant’s internal environment and defense mechanisms. This review highlights these interaction processes and examines how microbes establish relationships at different plant sites under varying environmental conditions. Understanding these primary interaction mechanisms provides a foundation for studying the complex dynamics of plant–microbe associations.
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1. Introduction 
Plant microbe interactions date back to the earliest stages of plant colonization on Earth and represent one of the oldest and most enduring ecological associations. This relationship has fostered a diverse network of interconnected species, encompassing bacteria, viruses, fungi, archaea, and their plant hosts. Such interactions, marked by complexity and dynamism, underpin the fundamental processes of terrestrial ecosystems. Since the earliest periods of Earth’s history, microbes have played pivotal roles in shaping these ecosystems, exerting both direct and indirect influences on plants life (Wille et al., 2019).
Plant microbe interactions encompass a broad spectrum of relationships, commonly categorized into three classes: beneficial, neutral, and pathogenic. Beneficial interactions involve mutual collaboration, where both partners attain advantages; examples include mycorrhizal fungi enhancing nutrient uptake and nitrogen fixing bacteria improving soil fertility. Neutral interactions describe coexistence without significant positive or negative effects, representing a balanced state with minimal consequence. In contrast, pathogenic interactions are antagonistic, with microbes acting as aggressors that cause diseases, decrease yields, reduce plant growth, or even result in plant mortality. These categories provide a fundamental framework for understanding the complex agricultural, ecological, and environmental dimensions of plant microbe associations (Harman et al., 2021; Lugtenberg et al., 2013; Satheesh et al., 2024).
[bookmark: _GoBack]Plant specific interactions across diverse plant sites, each hosting its unique microbial assemblages adapted to their micro environment. Roots, in particular, play a key role, functioning not only as anchors and nutrient absorbers but also as critical interfaces for communication with the surrounding soil microbiome (Mukul et al., 2024). Nonetheless, other plant sites including flowers, leaves, and internal tissues also contribute to overall plant development and resilience. Collectively, these site specific associations highlight the multidimensional nature of plant microbe interactions and underscore their profound implications for productivity, plant health, and ecosystem functioning (Huang et al., 2014; Turner et al., 2013). 
Geographical variation and transform plays a critical role in shaping the diversity of plants and the microbial communities. Distinct ecological habitats harbor unique assemblages of microorganisms and plant species, each finely tuned to local environmental conditions (Delgado‐Baquerizo et al., 2018). As a result, microbial populations can vary comprehensively between regions, influenced by differences in soil composition, climatic factors, and host-plant diversity. Even within a single plant, different tissues such as leaves, roots, and flowers support specialized microbial communities, adding another layer of diversity to these associations. This complex interaction among plant species, geography, and plant specific niches contributes to a progressive and continuously evolving network of plant microbe interactions, which plays a fundamental role in maintaining ecosystem function, biodiversity, and ecological balance (Finkel et al., 2011).
Plant-associated microbial communities are broadly classified as rhizospheric, phyllospheric, and endospheric based on their specific habitats. This review focuses on the influence of environmental factors and the colonization mechanisms of microorganisms within these plant-associated niches. It emphasizes how plant–microbe interactions are shaped by the combined effects of microbial diversity, environmental conditions, and plant-compartment specificity. Furthermore, elucidating colonization strategies across leaves, roots, and other tissues provides valuable insights into the persistence and establishment of microbial populations within host plants. Such foundational knowledge offers a framework for advancing current understanding and guiding future research aimed at clarifying the functional roles of plant-associated microbes.
2. Plant microbes’ interaction sites  
2.1 The rhizosphere 
The rhizosphere is the soil zone influenced by plant roots through rhizodeposition, including root exudates, mucilage, and sloughed cells. Root exudates are primary determinants of rhizosphere microbiome structure, predominantly composed of organic acids and sugars along with amino acids, vitamins, hormones, fatty acids,  and antimicrobial compounds, play a pivotal role in shaping the rhizosphere microbiome (Bertin et al., 2003; Broeckling et al., 2008). Their composition varies with plant species, developmental stage, cultivar, and microbial interactions (Cavaglieri et al., 2009; Micallef et al., 2009). However, root exudates are not the only component of rhizodeposition, rhizodeposition also involves mucilage and sloughed cells that contribute cell wall polymers such as pectin and cellulose,  support microbial activity in rhizosphere (Dennis et al., 2010). In addition to nutrients, roots provide a physical surface for microbial colonization, with attachment patterns resembling those on inert structures (Bulgarelli et al., 2012).
2.2 The phyllosphere  
“The phyllosphere refers to the aerial surfaces of plants, including stems, leaves, and other above ground parts, that serve as habitats for diverse microorganisms such as bacteria, virus, fungi, and archaea. This association in the phyllosphere are called epiphytes” (Sohrabi et al., 2023). Compared with the rhizosphere, it is relatively nutrient poor, and microbial colonization is influenced by leaf structures such as hairs, stomata, and veins (Knief et al., 2012). “The phyllosphere represents a highly dynamic environment where inhabited microbes are exposed to fluctuations in moisture, temperature, and UV radiation, with these abiotic factors indirectly shaping microbial communities through plant metabolic responses” (Huang et al., 2023). Precipitation and wind further contribute to temporal variability in microbial populations. Remarkably, interactions between soil microbes and plant roots can alter leaf metabolite profiles, including elevated amino acid concentrations, which correlate with increased insect herbivory, highlighting a cross talk between above and below ground plant compartments (Badri et al., 2013).
2.3 The endosphere  
“The endosphere refers to the internal tissues of plants, including nodules, roots, leaves, seeds,  stems, and other organs, where diverse microorganisms such as fungi and bacteria can reside” (Gupta et al., 2021; Soto et al., 2006). “Endophytic bacteria live within plant tissues for at least part of their life cycle and are generally non-pathogenic, although some latent pathogens may cause disease under specific environmental conditions or host genotypes” (Santos et al., 2018). “Roots typically harbor the greatest number of bacterial endophytes compared to above ground tissues, leading to the view that endophytes represent a subpopulation of the rhizosphere microbiome” (Compant et al., 2010). “However, endophytes also show distinct traits, as not all rhizospheric bacteria are able to colonize internal  plant tissues, and once inside, they often alter their metabolism to adapt to the host environment” (Compant et al., 2010; de Santi Ferrara et al., 2012). Although bacteria isolated from surface sterilized tissues are usually considered ‘endophytic,’ this may not always be accurate, since microbes can persist in protected niches on root and aerial surfaces, escaping sterilization treatments (de Santi Ferrara et al., 2012; Sohrabi et al., 2023). 
3. Phyllosphere Interaction Process 
3.1 Factors involved in interaction  
“The phyllosphere, refers the aerial parts of plants and primarily leaves, represents a vast microbial habitat. It typically harbors epiphytic communities, with bacterial densities averaging 10⁶-10⁷ cells per cm² of leaf surface” (Bailey, 2004; Vorholt, 2012). The phyllosphere hosts various microbes, predominantly bacteria, with fewer yeasts, fungi, algae, and occasional protozoa or nematodes; yeasts colonize actively, while filamentous fungi mainly occur as impermanent spores (Andrews & Harris, 2000; Baldotto & Olivares, 2008).
“Microorganisms reach to the phyllosphere through aerial deposition, transfer from other plant compartments or soil, throughfall or  irrigation, or intentional inoculation” (Amend et al., 2019; Schiro et al., 2018). Among these microorganisms, bacteria represent the most plentiful inhabitants. Epiphytic bacterial populations, however, show sever fluctuations within and among leaves, even on the same plant, and vary over both short time scales and across growing seasons (Luo et al., 2019). Such variations largely reflect the strong physical and nutritional heterogeneity of the phyllosphere (Crombie et al., 2018). Traits such as adhesion, surface motility , and biofilm formation enhance bacterial persistence by facilitating dispersal, retention on foliage, and protection against desiccation (Grinberg et al., 2019; Salvatierra‐Martinez et al., 2018). Moreover, the oligotrophic conditions of the leaf surface tend to select for microorganisms capable of engineering their environment, as by secreting plant hormones, thinning the cuticle,  or producing surfactants to access nutrients (Oso et al., 2019).
“Ephemeral plants complete their life-cycle within a single season, on the other hand perennial deciduous species shed and regrow leaves yearly, and evergreens maintain foliage throughout the year. Hence, the phyllosphere represents a transient and dynamic habitat in contrast to the more stable rhizosphere surrounding roots. Microbes colonizing leaves must adapt to rapid diurnal fluctuations in humidity, intermittent moisture from dew or rain, and temperature, with growth influenced directly by sunlight and indirectly by plant metabolism” (Aydogan et al., 2018; Truchado et al., 2019). The leaf surface is constrained by a waxy cuticle, this limits water loss and metabolite leaching, making an oligotrophic environment. These factors make the phyllosphere a highly selective and hostile habitat, challenging bacterial colonization and survival (Vorholt, 2012).
Environmental heterogeneity shapes the phyllosphere at both macroscales and microscales. At the macroscale; leaf position within the canopy, climatic conditions, and cuticle chemistry influence microbial habitats, on the contrary, at the microscale; structural features such as stomata, veins, trichomes, and hydathodes create localized variation in nutrient availability (Leveau & Lindow, 2001; Miller et al., 2001). Besides nutrient limitation, phyllosphere microorganisms are exposed to ultraviolet(UV) radiation, fluctuating water availability, and antimicrobial compounds from plants and other microbes, resulting in incompatible distribution and uneven proliferation across the leaf surface (Remus-Emsermann et al., 2012). Moreover some microbes enter the apoplast as endophytes and may trigger host defenses, phytopathogens can restrain these responses by secreting effectors that manipulate host physiology (Boller & Felix, 2009). Commensals generally persist epiphytically, a lifestyle that also represents the elementary stage of colonization for many foliar pathogens. In bacterial pathogens, this epiphytic stage may precede entry through natural openings such as hydathodes and stomata, leading to disease development, or follow their come back from internal tissues back to the leaf surface (Hirano & Upper, 2000; Luo et al., 2019).
3.2 Microbial adaptation mechanism to the phyllosphere  
Successful phyllosphere colonization requires bacterial adaptation to abiotic and biotic stresses, including nutrient limitation and antimicrobial compounds, through a combination of common and species-specific survival strategies
3.2.1 Resistance to abiotic stresses 
The phyllosphere is exposed to oxygen produced by plant photosynthesis and to light, making microbial colonizers susceptible to reactive oxygen species (ROS) mediated damage to nucleic acids, proteins, and lipids. Bacterial epiphytes involve in various protective mechanisms, including pigment production and activation of DNA repair systems such as photolyases (Gunasekera & Sundin, 2006). DNA protection during starvation protein (Dps) is highly expressed during phyllosphere colonization, though enzymes like catalases and superoxide dismutase play key roles in ROS detoxification (Delmotte et al., 2009).
3.2.2 Desiccation 
Desiccation is a prime environmental challenge in the phyllosphere, and bacteria cope with by aggregation and the production of bioactive compounds. Aggregation, mediated by extracellular polymeric substances (EPS), maintains a hydrated layer around  cells, enhancing epiphytic suitability (Chang et al., 2007; Rigano et al., 2007). Phyllosphere bacteria also secrete biosurfactants to increase leaf surface wettability (Schreiber et al., 2005). “Additionally, fluctuating water availability causes osmotic stress, which epiphytes counteract by accumulating compatible solutes such as choline or trehalose, either through synthesis or uptake of plant derived osmo-protectants” (Chen & Beattie, 2008; Freeman et al., 2010).
3.2.3 Resistance to (and production of) antimicrobial compounds 
Plants produce various secondary metabolites which have antimicrobial activity (Wink, 2003), and microorganisms can also secrete antimicrobial compounds, influencing local community structure. Study have demonstrated “the importance of bacterial mechanisms to counteract these toxic compounds; for instance, resistance nodulation division (RND) efflux pumps in plant pathogenic Pseudomonas syringae are essential for in plant reproduction and evasion of host immune responses” (Stoitsova et al., 2008).
3.2.4 Motility versus adhesion 
“Microbial motility enables active movement to favorable sites on leaf surfaces, often guided by chemotaxis toward nutrients or plant signaling molecules, facilitating dispersal and access to the preferred apo-plastic niche, where high growth rates occur” (Wilson et al., 1999). Downregulation of flagellin synthesis can promote local aggregate formation and reduce detection by plant immune receptors recognizing microbe-associated molecular patterns (MAMPs) (Boller & Felix, 2009). “For commensal epiphytes, adhesion and local replication constitute the dominant lifestyle, allowing resistance to removal by rainfall and the formation of EPS-rich mucus that protects against desiccation. These traits collectively enhance successful colonization and enable microbes to establish on newly expanded leaves” (Das et al., 2009).
3.2.5 Metabolic adaptation  
Leaf surfaces provide a nutrient scarce environment. Nutrient identified as carbon sources include organic acids, sugar alcohols, carbohydrates, and amino acids, and bioreporter studies have highlighted the heterogeneous distribution of these nutrients (Remus-Emsermann & Leveau, 2010). The impact of waxes in leaf surface to microbial growth remains unclear, though bacteria can enhance substrate availability by producing biosurfactants that increase wettability (Schreiber et al., 2005) or by synthesizing plant hormones such as indole-3-acetic acid (IAA), which stimulates cell wall loosening and saccharide release, thereby enhancing epiphytic fitness (Limtong & Koowadjanakul, 2012). Gene expression profiling has revealed microbial adaptations in situ, including the widespread presence of syringomycin biosynthesis genes in Pseudomonas syringae strains, even non-pathogenic ones (Quigley & Gross, 1994), and the high abundance of enzymes supporting methylotrophy in Methylobacterium spp., reflecting adaptation to methanol utilization in the phyllosphere (Abanda-Nkpwatt et al., 2006).
3.2.6 Limited nutrients uptake 
“Bacterial communities on well fertilized plants are primarily limited by carbon availability, with nitrogen playing a secondary role. Phyllosphere bacteria utilize various nitrogen sources, including amino acids and ammonia, and some are capable of nitrogen fixation” (Delmotte et al., 2009; Fürnkranz et al., 2008). “In addition to carbon and nitrogen, these microbes require other macro- and micro-nutrients, with in situ expression of transport systems for phosphate, sulfate, and iron observed” (Marco et al., 2005). “While siderophore production can support iron acquisition and competitive growth, its importance varies depending on host plant polyphenolic content” (Wensing et al., 2010). 
3.2.7 Siderophore production
“Aside from requiring carbon and nitrogen, phyllosphere bacteria need to take up further macro- and also micro-elements for growth. The expression of several transport systems for phosphate, sulphate and iron has been observed in situ” (Delmotte et al., 2009; Marco et al., 2005). Although several studies found that “siderophore production is involved in epiphytic growth and competition with other microorganisms during colonization of leaf surfaces, others found only moderate or no iron limitation” (Wensing et al., 2010). Another study revealed that “different plants produce various polyphenolic compounds (including tannins) with different iron sequestering abilities” (Karamanoli et al., 2011). Thus, the importance of siderophore production for iron sequestration might depend on the host plant.  
3.2.8 Light Protection.
Recent studies have reported that “certain phyllosphere bacteria have the potential to benefit from light by expressing bacteriorhodopsins, and aerobic anoxygenic phototrophs might be able to capture light in photosynthetic reaction centers” (Atamna‐Ismaeel et al., 2012). Light harvesting in the phyllosphere would allow epiphytic bacteria to use light as an additional energy source and might supply maintenance energy at times of nutrient deficit. 
4. Rhizosphere Interaction Process 
4.1 Factors involved in rhizosphere 
The rhizosphere is defined as the soil zone directly adjacent to plant roots and influenced by root exudates. Its extent varies with soil type, plant species, and environmental conditions. Root exudates alter the physical and chemical properties of this zone, creating conditions distinct from bulk soil and pretended selective pressure on microbial communities. This stimulatory influence, referred to as the “rhizosphere effect", shapes microbial diversity and activity in the root associated environment (Berendsen et al., 2012). Closely attached soil particles on the external root surface, collectively termed the rhizoplane, also interact strongly with exudates, thereby further enhancing microbial colonization and activity in the immediate root vicinity. Root exudates are diverse compounds released by plant roots which regulate microbial growth and activity in the rhizosphere and rhizoplane. They are generally classified into low molecular weight compounds (e.g., amino acids, organic acids, phenolics, sugars, and secondary metabolites) and high molecular weight compounds (e.g., proteins and polysaccharides) (Badri et al., 2009). Reported exudates include sugars, amino acids, flavonoids, vitamins, nucleotides, glycosides, saponins, auxins, and various enzymes. These compounds exert selective effects on microbial communities by stimulating beneficial populations or suppressing others. Therefore, root exudates shape the composition and functionality of soil microbiota, while microorganisms reciprocally influence plant growth and health through nutrient cycling, antagonism, decomposition, or parasitism.
The rhizosphere is a distinct soil zone shaped by plant root activity and is biologically and chemically different from bulk soil (Pinton et al., 2007). Its microbial composition and function are influenced by factors such as soil type, pH, moisture, plant age, temperature, and environmental conditions. Plant roots release various compounds into this zone, some of which directly impact soil microorganisms and neighboring plants. Certain exudates, including hydrocyanic acid and glycosides, can suppress pathogens, while others modify rhizosphere pH, thereby altering nutrient availability, microbial activity, and ultimately plant health (Rangaswami, 1988). The rhizosphere is a dynamic environment where microbial communities, distinct from those in bulk soil and varying across plant species, are crucial for nutrient cycling and soil health. Plant roots not only absorb nutrients but also release diverse inorganic and organic compounds that shape soil chemistry and microbial activity. Microbial turnover of these root deposits influences toxic element solubility,  nutrient availability, and the overall ecological balance of the rhizosphere (Ma et al., 2022; Todd et al., 1984).
4.2 Adaptation Mechanism.
4.2.1 Microbial chemotaxis towards root exudates 
Rhizosphere and rhizoplane colonization are closely linked to root exudation, as a portion of photosynthetically fixed carbon is translocated to the root zone and released as exudates (Lugtenberg & Kamilova, 2009). These exudates, including amino acids, carbohydrates, organic acids, and other metabolites, act as nutrient sources and chemo attractants, guiding microbial colonization. Genes associated with chemotaxis, recognition, and metabolism are differentially regulated in response to exudates, varying with plant cultivar, growth stage, stress exposure, and root structure. Exudation is spatially and temporally heterogeneous, with higher release in zones such as the root collar and root hairs, shaping localized microbial communities. Moreover, exudates may selectively attract or repel microbes, thereby influencing community structure (Mark et al., 2005; Walsh et al., 2001).
Root exudation is not unidirectional, as roots can reabsorb compounds and redistribute them to shoots, further shaping rhizosphere chemistry. Pathogen infection also alters exudation patterns, as shown by Arabidopsis-Pseudomonas studies, where malic acid secretion recruited Bacillus subtilis, which colonized the rhizoplane, formed biofilms, and enhanced plant defense. Moreover, root mucilage, a polysaccharide rich secretion, can attract beneficial bacteria such as Azospirillum spp. while inhibiting others, like Pseudomonas fluorescens, contributing to spatial and temporal variability in colonization (Knee et al., 2001; Rudrappa et al., 2008).
4.2.2 Root colonization and biocontrol by microbes 
Root exudates and mucilage derived nutrients attract a wide range of microorganisms, including neutral, beneficial, and deleterious rhizobacteria (Walker et al., 2003). To establish themselves in this competitive environment, plant growth promoting bacteria (PGPB) must exhibit strong rhizo-competence. The production of secondary metabolites such as lytic enzymes, siderophores, and antibiotics enhances their competitiveness by suppressing phytopathogens and other resident microbes (Lugtenberg & Kamilova, 2009; Raaijmakers et al., 2009). Certain strains secrete multiple metabolites, improving their ability to colonize both the rhizosphere and rhizoplane (Haas & Défago, 2005). Genomic studies have shown that rhizosphere adapted bacteria often harbor large gene clusters encoding siderophores, antibiotics, and detoxification mechanisms, which collectively contribute to their successful root colonization and plant association (Van Loon & Bakker, 2005).
Besides chemotaxis to root exudates and mucilage or biocontrol activities, several bacterial traits contribute to successful root colonization. Flagella facilitate bacterial movement toward nutrient rich zones (Turnbull et al., 2001). Quorum sensing, a cell density dependent regulatory system, influences functions such as nitrogen fixation and antibiotic production, and can also modulate rhizosphere colonization (Wei & Zhang, 2006). Moreover, its role is context dependent, as some AHL deficient mutants retain colonization ability, additional determinants include the synthesis of vitamins (e.g., B1), amino acids, NADH dehydrogenase I, fimbriae, and lipopolysaccharides, along with outer membrane proteins, Type IV pili, agglutinins, and recombinases linked to phase variation (Compant et al., 2010; Dekkers et al., 1998; Dörr et al., 1998). Collectively, these findings suggest that plant growth promoting bacteria (PGPB) employ a diverse set of mechanisms individually or in combination to establish and maintain colonization of the root system.

5. Endosphere Interaction Process 
5.1 Factors involved in interaction  
Endophytic bacterial diversity is not determined only by bacterial colonization ability but is also strongly influenced by host and environmental factors. Key host determinants include plant age, tissue type, growth stage, and genotype, with nutrient rich stages supporting greater diversity (Zhang et al., 2015). Geographical location and climate also affect community composition, as change in climatic conditions can significantly alter the abundance and structure of endophytic bacteria within plant tissues (Shi et al., 2014).
The composition of endophytic bacterial communities is strongly governed by the host plant species (Ding & Melcher, 2016). Even when different species grow in the same soil, their endophytic diversity can be distinctly different, with host species identified as the primary determinant, followed by factors such as sampling date and location (Ding et al., 2013). However, cultivars of the same species may host varying endophytic bacteria, showing that genetic differences within a species influence  colonization (Granér et al., 2003). Soil type is also a major factor; the same cultivar can develop very different endophytic profiles when grown in distinct agricultural soils, as observed in tomato and peanut studies, where soil diversity directly shaped bacterial communities (Rashid et al., 2012).
In addition to soil and host influences, stress and pathogen pressure significantly affect endophytic selection. Plants under stress, such as those in petroleum hydrocarbon contaminated soils, preferentially recruit bacteria with contaminant-degrading abilities. Similarly, phytopathogen presence can restructure endophytic communities, as seen in Paullinia cupana plants challenged by Colletotrichum spp. (Bogas et al., 2015; Siciliano et al., 2001). These findings highlight that the assembly of endophytic bacteria is a highly dynamic process under strong host control, where plants selectively favor endophytes that provide protective or adaptive benefits in response to their environmental and physiological conditions (Bogas et al., 2015).
5.2 Adaptation Mechanism.
5.2.1 Attachment to primary endophytic site 
Endophytic colonization of plants is governed by specific bacterial traits which regulate the interaction process, known as colonization traits (Rosenblueth & Martínez-Romero, 2006). Colonization usually begins at the roots, where bacteria recognize and respond to compounds in plant root exudates, initiating communication for mutual benefit. The process is similar to rhizosphere colonization but requires additional genetic and environmental factors for entry into the plant endosphere (Compant et al., 2010). While roots are the main entry points, aerial tissues such as leaves, stems, flowers, and cotyledons can also serve as pathways (Frank et al., 2017; Liu et al., 2024). Once inside, endophytes spread systemically to colonize adjacent tissues, establishing a stable and beneficial association with the host.
5.2.2 Rhizosphere colonization by the endophytic bacteria  
Rhizosphere colonization is a competitive process, as endophytic bacteria must secure both space and nutrients to establish themselves. Only those bacteria beneficial or pathogenic that successfully compete in this environment can persist and influence plant growth and development (Haas & Keel, 2003). Motility and exopolysaccharide production are crucial for this process (Santoyo et al., 2016). Rhizospheric bacterial populations typically range from 10⁷-10⁹ cfu/g soil, while rhizoplane populations range from 10⁵-10⁷ cfu/g fresh weight (Bais et al., 2006). Studies using gfp/gusA labeled strains, immunomarkers, and FISH have shown that colonization begins in the rhizosphere following inoculation. Bacteria then attach to root surfaces, forming chains of cells, and progressively colonize the rhizoplane, leading to the formation of microcolonies or biofilms (Gamalero et al., 2009).
Colonization are influenced by some factors such as root exudation patterns, bacterial motility and attachment, growth rate, production of antagonistic compounds, quorum sensing, and efficient nutrient acquisition (Compant et al., 2010; Gamalero et al., 2009). Successful colonization also requires metabolic adaptation to the nutrient spectrum in root exudates, which involves the expression of genes related to metabolism and oxidative stress tolerance (Matilla et al., 2007).
5.2.3 Root colonization by the endophytic bacteria  
“The colonization  process begins with adhesion to plant cell surfaces, mediated by polysaccharides, adhesins, and pilis”. (Hori & Matsumoto, 2010). “Using pili driven twitching motility, bacteria can access entry points such as lateral root emergence sites and wounds. For instance, Azoarcus sp. BH72 mutants defective in pilus retraction showed reduced rice root colonization compared to wild type strains” (Böhm et al., 2007). “Each endophyte exhibits distinct colonization patterns and site preferences. Once established on the root surface, bacteria penetrate the root interior through specialized mechanisms” (Zachow et al., 2010).
Penetration can occur passively through cracks at root tips or emergence sites, or actively through bacterial traits such as lipopolysaccharides, pili, flagella, motility, quorum sensing, and secretion of cell wall degrading enzymes (cellulases, pectinases) (Böhm et al., 2007; Compant et al., 2005; Dörr et al., 1998; Suárez-Moreno et al., 2010). Unlike pathogens, endophytes are thought to produce these enzymes at low levels, avoiding strong defense responses (Elbeltagy et al., 2000). They also maintain relatively low population densities (102-106 cfu/gfw) compared to pathogens (107-1010 cfu/gfw) (Zinniel et al., 2002), which helps them remain undetected. Ultimately, successful colonization depends on both bacterial genetic determinants that enable cross-talk with the host and plant-mediated selection, including specific root exudates and selective defense responses (Hardoim et al., 2008).

5.2.4 Systemic colonization of aerial plant tissues by the endophytic bacteria  
After entering the roots, endophytic bacteria can spread systemically to colonize above-ground tissues, establishing stem and leaf populations of 10³-10⁴ cfu/gfw under natural conditions (Compant et al., 2010). The benefits of colonization in aerial tissues remain unclear, and only a limited number of bacteria can occupy these niches due to specific physiological requirements (Hallmann, 2001). Movement inside the plant is facilitated by bacterial flagella and the plant transpiration stream, with some bacteria spreading through nutrient-rich intercellular spaces or xylem vessels (Compant et al., 2005; James et al., 2002; James et al., 2001). Intercellular migration requires secretion of cell-wall degrading enzymes such as cellulases and pectinases , whereas xylem movement occurs through perforated plates without enzymatic activity (Compant et al., 2010; Sapers et al., 2005). Endophytic colonization of leaves typically originates from root-inhabiting bacteria, although entry via stomata from the phyllosphere is also possible (Senthilkumar et al., 2011). Bacteria that successfully reach aerial tissues are highly adapted to these specific endophytic environments.
5.2.5 Endophytic colonization of flowers, fruits and seeds  
A few studies have reported that some endophytic bacteria can colonize flowers, fruits, and seeds (Hallmann, 2001). Under natural conditions, however, most reproductive organs contain few or no endophytes, with population densities typically reaching only 10²-10³ cfu/g fresh weight. Only specialized strains appear capable of surviving in these tissues. Endophytes have been detected inside seed coat, endosperm, ovaries, and fruits of several plants, including strains of Pseudomonas, Bacillus, and other genera with plant growth promoting (PGP) abilities, isolated from grapevine flowers, fruits, and seeds, as well as from rice  and yellow lupine seeds (Barac et al., 2004; Frank et al., 2017; Okunishi et al., 2005). 
Some studies suggest that PGP endophytes can be translocated via xylem, and that endophytes colonizing infructescence’s may derive from the rhizosphere (Compant et al., 2008). Field studies indicate that certain strains found in reproductive organs are identical to those colonizing the rhizosphere and endorhiza, highlighting the potential for systemic spread from soil to reproductive tissues. Limited evidence also shows functional roles for seed endophytes: for example, Nicotiana tabacum seed endophytes promoted growth and reduced cadmium toxicity, and a Burkholderia sp. from Psychotria sp. could be transmitted seed-to-seed, being essential for plant survival (Mastretta et al., 2009; Van Oevelen et al., 2003). These observations suggest that even low-density endophytes in reproductive organs may suffice for vertical transmission, potentially supporting early plant growth. However, the efficiency of transmission and the extent to which seed endophytes originate from the soil versus parental plants remain unclear.
5.2.6 Other Attachment site of endophytic colonization
The soil has long been considered the primary source of beneficial endophytes, but evidence suggests that alternative sources exist. Cultivation-based studies have isolated some endophytes exclusively from above-ground plant parts, without detection in the rhizosphere, rhizoplane, or roots of potato and grapevine. Cultivation-independent techniques have confirmed these findings, revealing strains present in aerial tissues but absent from soil and roots. Potential alternative sources include the caulosphere for stems, phyllosphere for leaves, anthosphere for flowers, and carposphere for fruits (Berg et al., 2005).
Both pathogenic and beneficial bacteria can colonize leaves endophytically following phyllosphere inoculation. For example, inoculation of sugarcane leaves with Gluconacetobacter diazotrophicus resulted in successful colonization of leaf xylem vessels, despite this bacterium typically spreading systemically from soil or rhizosphere inoculation (James et al., 2001). However direct experimental evidence is limited, fruits or flowers with minor injuries may serve as entry points for endophytes, explaining their presence in inflorescences or fruits but absence from roots and soils. Alternatively, some strains may exist in a viable but non cultivable (VBNC) state in certain tissues (Hurek et al., 2002).
6. Conclusion 
Geographical region and climate plays key roles in shaping plant microbe interactions, make variations in the fundamental interaction’s mechanisms. The same plant species may interact differently with microbes depending on its region, and microbial behavior can vary across different host plants. The soil environment is a critical factor in plant development, providing essential nutrients and hosting functional microbial communities. Therefore, much research has focused on the rhizosphere, where the majority of plant microbe interactions occur. Among plant tissues, root endospheres have been studied more extensively than systemic or above ground endospheres, although studies on the phyllosphere are gradually increasing.
This paper aims to provide an overview of plant microbe interactions across different plant sites, and environmental contexts. Understanding these basic interaction mechanisms can enhance knowledge of plant ecology and agricultural practices. Moreover, this overview may facilitate attainment of related research and encourage to explore plant microbe interactions in greater depth.
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