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Abstract

The idea of ecotypes, which refer to unique groups of plants that have evolved to flourish in specific
habitats, is gaining attention owing to climate fluctuations and changes in the associated microbiota. The term
"ecotype” described plant populations that are specially adapted to particular environments, as revealed by
common garden experiments showcasing genetically distinct characteristics. This concept remains relevant in
modern plant science, where garden experiments continue to uncover how natural selection promotes species
diversity, underscoring the crucial role of the plant microbiota in adaptation. Recent research has highlighted
the microbial interactions that aid plants in adapting to environmental stress. Plants that shape soil microbial
communities exhibit differential responses along ecological gradients owing to environmental stressors that
influence interactions with soil microorganisms. Understanding the differentiation within plant populations
and the emergence of new species is vital for discerning natural selection patterns. Environmental stressors
profoundly impact global crop production, whereas plant-microbiota symbioses significantly influence plant
growth and defense through nutrient acquisition and metabolite synthesis. Plant adaptation mechanisms
include enzymatic antioxidant production and osmolyte accumulation, which are regulated by phytohormones
that orchestrate responses to biotic and abiotic stressors, respectively. Despite breedingand genetic engineering
efforts, progress in enhancing plant tolerance to extreme conditions remains limited, necessitating the
development of sustainable agricultural alternatives. This study offers a comprehensive overview of recent
advances in plant ecotype research, particularly focusing on symbiotic relationships with the microbiota and
traits that contribute to improved nutrient uptake and plant health.
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Introduction

An ecotype is a unique cluster of plants that has adapted to flourish in specific habitats, a concept that
has garnered growing interest given climate variability and its associated microbiota. The distinction between
the genetic and environmental effects within the domain of plant evolutionary ecology has prompted the
development of robust experimental approaches. The term "ecotype” was originally introduced by Turesson in
1922 to characterize plant populations exceptionally suited to distinct environments. These distinctions were
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established through common garden experiments, wherein observable traits, apart from the genetic basis set
ecotypes, were used (van Wallendael ez 4/., 2022). Plants play a pivotal role in the composition of soil microbial
communities. These interactions can be both beneficial and detrimental, because microbes may either
cooperate or compete with each other. Environmental factors coupled with natural selection contribute to
phenotypic diversity observed along ecological gradients. As plants face various environmental stresses, they
undergo adaptation mechanisms that are unique to individual species. For example, different ecotypes of a
species may exhibit distinct responses to environmental changes, thereby influencing its interactions with soil
microorganisms. Notably, low-elevation ecotypes tend to exhibit higher chemical defenses even as elevation
increases (Bakhtiari ez al,, 2019). Plant species frequently form symbiotic relationships with microorganisms
to obtain nutrients, with minimal energy expenditure. The distribution of these plants is influenced by various
factors such as root exudates, crop species, and cultivar. To adapt to environmental conditions and activate
defense mechanisms, plants produce antioxidant enzymes and accumulate osmolytes such as proteins, proline,
glycine betaine, phenolic compounds, and soluble sugars, thereby adjusting their cellular osmotic and water
potential. Phytohormones play a crucial role in regulating developmental processes and signaling networks,
allowing plants to respond effectively to both biotic and abiotic stresses for survival. Significant progress has
been made in understanding the roles of ethylene, salicylic acid, and jasmonates in plant responses to abiotic
stresses. Additionally, other hormones, such as auxin, gibberellic acid, brassinosteroids, abscisic acid, and
peptide hormones, are involved in various plant defense signaling pathways. Ongoing interactions between
plant-associated microbes and their hosts may lead to the production of biologically active secondary
metabolites. Advances in molecular, analytical, and next-generation sequencing technologies have enabled the
examination and characterization of the microbial communities inhabiting plants. Cutting-edge sequencing
methodologies such as genomics, metabolomics, metagenomics, and proteomics generate extensive datasets
that offer valuable insights into cultivated accessions across different ecotypes (Egamberdieva ez 4/., 2017).
Turesson's enduring influence resonates with modern plant science as researchers continue to employ garden
experiments to decipher how natural selection promotes diversity within plant species. Central to this
understandingis the recognition of the pivotal role of the plant microbiota in facilitating adaptation. A healthy
plant harbors a diverse array of microbiota that contribute to its well-being and resilience against pathogens.
However, the intricacies of the interaction between ecotype-driven local adaptability and the rhizosphere
microbiota remain largely unexplored. It is essential to address this knowledge gap to propel the development
of climate-smart agriculture and to promote sustainable crop production. Recognizing the significance of the
plant microbiota in fostering plant growth and defense underscores the need to unravel the complexities of
multipartite interactions that shape plant phenotypes. Recent studies have emphasized that microbial
interactions aid plants in learning and adapting to edaphic stress (Santoyo e al., 2021). Understanding the
variance within plant populations and the evolution of new species is essential for uncovering the nuances of
natural selection in plant ecotypes. Environmental stressors such as land degradation, water scarcity, climate
fluctuations, pests, diseases, heavy metal contamination, and salinity have significantly affected crop production
worldwide. Microbiomes, which comprise various microorganisms in the soil, contribute significantly to plant
growth through diverse activities, such as nutrient fixation, mineralization, and solubilization. They also
produce compounds, such as siderophores and antibiotics, while interacting with plant roots and releasing
growth-stimulating substances, such as auxins and gibberellins (Egamberdieva ez /., 2017). For example,
genomic data from barley and avocado have provided significant insight into the effects of their ecotypes.
Despite efforts in breeding and genetic manipulation to enhance plant resilience under extreme conditions, the
progress remains limited. Therefore, there is an urgent need to explore sustainable alternatives for agricultural
production, particularly under adverse environmental conditions.

In this study, we provide a comprehensive overview of the latest advancements in plant ecotype research
focusing on the symbiotic relationships between plants and their associated microbiota. We explored the traits
that contribute to enhanced nutrient uptake and overall plant.
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Role of ecotypes and soil microbiota

In living systems, plants coexist with a diverse range of microorganisms, collectively known as
microbiota. These microbes inhabit the internal tissues of plants (endosphere) and the external surfaces
(episphere). The presence of bacteria, viruses, and fungi in microbiota significantly influences the ecology and
physiology of plants. Various factors, including those associated with the host, microorganisms, and
environment, play crucial roles in shaping the structure and diversity of the plant microbiota (Dastogeer ¢z al.,
2020). Ecotypes, also known as ecosystems, are unique variations within species adapted to specific
environments. Despite displaying phenotypic diversity due to environmental differences, ecotypes typically
maintain their fertility and vigor, even when interbreeding with neighboring ecotypes (Sher and Molles, 2015).
Multi-cellular species maintain various microbial associations that can be commensal, symbiotic, or parasitic
(De Sordi et al., 2019). Plants exhibit remarkable adaptability to environmental challenges through ecotypic
modifications that are facilitated by both internal and external factors (Youngez al., 2018). The ability of plants
to adapt allows them to effectively manage a range of challenges, including nutrient deficiency and toxicity.
Importantly, plants form symbiotic connections with nearby soil microbes, which greatly affects their
robustness and resistance to environmental stressors (Cavicchioli ez 4/, 2019). The composition and dynamics
of soil microbial communities are intricately shaped by factors, such as pH, moisture levels, temperature, root
exudates, and anthropogenic activities (Daniel, 2005). Within this intricate microbial milieu, two main
categories of microorganisms thrive: endophytes and epiphytes, each playing distinct roles in plant-microbe
interactions (Whipps ez 4., 2008). Plants serve as the primary carbon source for soil microbes through leaf litter
and root exudates, thereby fostering a symbiotic exchange that is crucial for plant adaptability. Soil microbes
further augment plant resilience by releasing growth regulators and enhancing phytohormone production,
thereby promoting adaptive responses (Gouda ¢z /., 2018). In mutualistic relationships, plants reciprocate by
exchanging hexose sugars with fungal symbionts for inorganic phosphate (Chibucos and Tyler, 2009).
Moreover, certain beneficial bacteria, known as growth-promoting bacteria (GPB), play pivotal roles in
facilitating plant growth and defense mechanisms. The functions of GPBs include nitrogen fixation, mineral
solubilization, hormone synthesis, and pathogen suppression (Bloemberg and Lugtenberg, 2001). Root-
associated microorganisms are pivotal for improving plant resilience to drought, through their effects on plant
physiology and biochemistry. Studies have demonstrated that the interactions between plants and rhizosphere
microbes bolster stress resistance and promote plant growth. These microbial activities encompass diverse
processes including biofilm formation, hormone level regulation, osmotic adjustment, enhancement of
antioxidative enzymes, facilitation of water and nutrient uptake, and regulation of gas exchange (Soumyadev ez
al., 2022). Furthermore, that fungal communities undergo more significant alterations than bacterial

populations during drought stress.

Ecotypic adaptations and microbial dynamics in plant communities

Numerous studies have emphasized the unique adaptations of various plant ecotypes to environmental
stress. For instance, in Kerala, India, two coconut ecotypes, Bedakam and Annur, demonstrated remarkable
resilience to drought and salinity (Rajesh ez a/., 2014). Similarly, in the Mediterranean region, four ecotypes of
Crocus sativus have been examined for their capacity to thrive under challenging conditions (Cardone ez 4L,
2021). Furthermore, the importance of ecotypic adaptations extends to pH tolerance, as evidenced by the
significant lignin production observed in limestone ecotypes of the wild grass Holcus lanatus. This adaptation,
along with the involvement of non-arbuscular mycorrhiza, has been confirmed using transcriptome analysis
(Young ez al., 2018). The development of plant ecotypes is intricately linked to their environment, as
exemplified by the locally adapted Mimulus guttatus ecotypes, which display genetic variations that affect
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rhizosphere ecosystems (Bowsher ez al., 2020). In Arabidopsis thaliana leaves, 19 microbiota have been
identified as crucial components of microbial communities, highlighting the importance of these
microorganisms in plant health (Almario Juliana ez 4/., 2022). Further insights into the dynamics of microbial
communities within plant ecotypes were gained through studies on the major prairie grass, Andropogon
gerardii. Investigations into the rhizospheres of the three 4. gerardii ecotypes revealed variations in bacterial
populations but not in overall microbial communities (Sarkar Soumyadev ez 4/., 2022). Over time, the processes
of domestication and selective breeding have led to discernible differences in the microbiota of current crop
varieties compared with their wild progenitors. A study assessing the rhizosphere of 20 wild batley (Hordeum
vulgare) genotypes along four domesticated barley cultivars highlighted the distinct ecological and geographical
constraints imposed by their respective host plants (Alegria Terrazas er al., 2020). Remarkably, bacterial
communities exhibit specific colonization patterns even among plant species that share the same habitat. For
instance, research involving Lotus japonicus and A. thaliana grown together revealed indications of preferential
colonization by certain commensal bacteria, emphasizing the influence of host preference within a community

setting (Wippel ez al., 2021).

Diverse microbial interactions in plant stress responses

Research on Arabidopsis ecotypes has revealed the positive effects of microbes during periods of cold
stress (Etemadi ez a/., 2018). After experiencing drought stress, the soil surrounding the rhizosheath exhibited
a notable increase in Acinetobacter and Citrobacter populations, indicating that drought stress promotes
microbial aggregation in this area. Furthermore, investigations of ecotype-specific rhizospheric microbiomes
have underscored the variability in the responses to drought stress among switchgrass plants (Liu ez 4/., 2021).
In karst environments, the Donggang Pasque flower (DPF) exhibits a wider array of microbial species in its
natural habitat than in its cultivation. Despite notable distinctions, both wild and cultivated DPF plants
commonly harbor a fundamental bacterial community as endophytes. These bacterial strains play a pivotal role
in promoting plant growth through nitrification, nutrient absorption, and phytohormone synthesis, resulting
in discernible variations in the growth patterns of A. thaliana (Dutta et al., 2021). Gupta et al. (2020)
investigated the efficacy of two strains of Pseudomonas fluorescens, cultivated in the rhizosphere, in combatting
mustard blight caused by Alternaria brassicae. Singer et al. (2019) observed that switchgrass (Panicum
virgatum) harbors diverse microbiota that is particularly rich in Alphaproteobacteria and Actinobacteria. Luo et
al. (2022) identified common microbiota cores within Burkholderiaceae and Sphingomonas families.
Additionally, Pang ez al. (2020) emphasized the prevalence of the Enterobacteriaceae family among root

microbes in rice ecotypes, particularly in response to highland climate.

Roles and regulation of plant secondary metabolites (PSMs)

Plant secondary metabolites (PSMs) are comprised of a diverse range of chemical compounds that
originate from various biosynthetic pathways. This expansive category encompasses approximately 100,000
distinct compounds, with ongoing discoveries continually broadening this diversity. Classified into groups such
as flavonoids, alkaloids, steroids, terpenes, and phenolics (Kessler and Kalske, 2018), these secondary
metabolites are generated by plants in response to environmental cues and interactions with microbes, serving
diverse functions, including defense against pathogens. The presence of microbial colonies can induce changes
in the plant biosynthetic pathways, potentially leading to the synthesis of new metabolites (Huang ez al., 2014).

Endophytes, microorganisms residing within plant tissues, are increasingly being acknowledged for their
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influence on plant metabolism and production of various secondary metabolites. Studies have shown that

Poplar plants inoculated with Paenibacillus spp. exhibit elevated levels of asparagine, urea, and threitol.

Similarly, inoculation with Enterobacter ludwigii resulted in a significant increase in vanillic acid levels, along

with decreased concentrations of catechin, esculin, arbutin, astringin, pallidol, ampellopsin, D-quadrangularin,

and isohopeaphenol. Specific secondary metabolites (Figure 1), such as calexin and glucosinolates, have been

shown to increase in response to encounters with pathogenic microbes such as Pseudomonas syringae pv. tomato

(Pst) (Brotman et al., 2012). These plant secondary metabolites, summarized in Table 1, play vital roles as

mediators of abiotic stress response. They facilitate improved nutrient and water absorption while reducing the

generation of reactive oxygen species (ROS) by enhancing root peroxidase production (Naylor and Coleman-

Derr, 2018).
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Figure 1. Plants produce secondary metabolites as a defense mechanism against stress and pathogens.
Specific beneficial microbes stimulate plants to boost secondary metabolite production, thus increasing the

overall value of the plant

Table 1. Plants interact with various microorganisms resulting in the production of secondary metabolites

S;Lal Microorganism Plant spp. Secondary metabolite References
1 Pseudonocardia sp. Artemisia annua Artemisinin (Lietal.,2012)
Curvularia sp. and Bookoo kush, Burmese,
2 choanephora maui wowie, white o (Pandey ez al.,
infundibulifera widow, and sour diesel Cannabidiol 2016)
3 Azospirillum sp. BS10 Rice plant p—Coumarlc. and ferulic (Yasuda et al.,
acid 2009)
A. Brasilense CEN-535, Mai .
. aize cultivars
4 A(zij ZiOfer?m CLII{I; (PR37Y15 and Zoxazinoids (Walker et ol
- X
and 4. brasilense DK315) 2011)
154
s Azospirillum lipoferum Rice cultvlvars (cigaron Cigaron (Chamam et 4.,
and nipponbare) 2013)
T. Job dT. Ramirez-Estrada ez
6 Pseudomonas syringae Taxane g 0sa'an o (RamirezEstrada
media al.,2015)
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7 Protomyces gravidus Ambrosia artemisiifolia Thiarubrine A g;i%::tzhozzi
Rbizoctonia solani Hyoscyamus muticus Sesquiterpenes (Singh ez al., 2014)
Phytophthora parasitica Cichorium intybus Coumarin (Bais et 4l., 2000)

Interactions between plant ecotypes and rhizosphere microbiota

Different plant ecotypes, shaped by genetic adaptations to specific local conditions, uniquely engage
with their environments. Recent studies have revealed the ever-changing composition of the microbiota
surrounding the plant roots in response to various environmental factors (Liu ez /., 2021). Microorganisms,
including bacteria, viruses, fungi, algae, and archacea, form intricate communities in the soil, and are primarily
sustained by nutrients released by plant roots, such as root exudates and secondary metabolites (Subrahmanyam
et al., 2020). Compounds, such as flavonoids, strigolactones, and terpenoids, present in root exudates facilitate
underground chemical communication. Investigations into ecotypic plant pathogens, such as switchgrass
(Panicum virgatum), have revealed that symbiotic microbes play a role in nutrient absorption, enhance leaf
stress tolerance, and exhibit specific distributions across root zones (van Wallendael ez 4/, 2022). Plant growth-
promoting rhizobacterial strains exist in various taxonomic groups that coexist in the soil environment (Al-
Khayri and Khan, 2024). Despite the wide array of microbiomes associated with different plant species and
varieties, evidence indicates that plants actively attract beneficial microbial partners via root-derived signals
(Jacoby ez al., 2017). Microorganisms in the soil are essential for supporting the health and productivity of
switchgrass plants while also governing soil fertility and nutrient cycling (Wagg ¢f 4/., 2014). In a reciprocal
transplant study involving two Mimulus guttatus ecotypes adapted to distinct environments, researchers found
that the interaction between plant roots and soil microorganisms significantly influences plant well-being and
productivity. This highlights the capacity of various M. guttatus ecotypes to flourish in novel habitats and to
engage with phylogenetically linked rhizosphere communities. Nonetheless, disparities in rhizosphere
communities were noted between the ecotypes at both locations, partly due to variations in the presence or
absence of microbial taxa, particularly less common taxa (Bowsher e 4/., 2020). Understanding and assessing
the mutualistic relationships between plants and microbes is crucial for ecotypic plant production systems,
because they can enhance yields, aid in nutrient uptake and stress resilience, and contribute to ecological health,
such as carbon sequestration and soil biodiversity enhancement (Hestrin ez a/., 2021). Rhizosphere microbiome
plays a pivotal role in abiotic stress tolerance, nutrient acquisition, and defense against plant pathogens.
Consequently, researchers require a thorough understanding of the molecular mechanisms and dynamics of
the rhizosphere microbiome, which can be categorized as direct and indirect mechanisms (Subrahmanyam ez
al., 2020). Direct mechanisms involve the production of phytohormones, ACC deaminase, nitrite synthesis,
sulfide oxidation, organic phosphate mineralization, and inorganic phosphorus solubilization. In contrast,
indirect mechanisms include interference with quorum sensing signaling, induced systemic resistance, biofilm
formation, competition for nutrients and space, synthesis of antibiotics, antimicrobial compounds, or lytic
enzymes, and inhibition of quorum sensing signaling (Diaz-Rodriguez ez al., 2021). The enhanced plant
development observed in plants inoculated with plant growth-promoting rhizobacteria (PGPR) may be partly
attributed to improved nutrient absorption resulting from growth-promoting activities (Calvo ez 4/., 2019).

Role of bacterial chemical synthesis in plant growth and nutrition

Bacterial chemical synthesis enhances the absorption of essential nutrients and micronutrients from the
soil while also playing a crucial role in producing plant growth regulators like IAA (indole-3-acetic acid),
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deaminase, and ACC. These growth-promoting substances not only accelerate growth, but also counteract the
inhibitory effects of stress-induced ethylene on plant development. Moreover, these bacteria contribute to
essential processes, such as iron and zinc adsorption, phosphorus and potassium solubilization, atmospheric
nitrogen fixation, and the synthesis of plant hormones (Munir ez 4/, 2022). Plant growth-promoting
rhizobacteria (PGPR), along with other beneficial bacteria, such as actinomycetes, are key components of
bacteria-based plant biostimulants (BSs), including Acetobacter, Agrobacterium, Azospirillum, Azotobacter,
Bacillus, Burkholderia, Enterobacter, Frankia, Pseudomonas, Rhizobia, Serratia, and Strepromyces. These
biostimulants enhance root formation, growth, and stress tolerance of plants. Diazotrophs, particularly
nitrogen-fixing bacteria, play crucial roles in maintaining plant nutrition, particularly during periods of
resource scarcity. Symbiotic rhizobia, (Figure 2) which utilize nitrogenase, can fulfill up to 90% of the nitrogen
needs of host legumes by converting atmospheric elemental nitrogen into ammonia. Moreover, non-symbiotic
diazotrophic and N,-fixing bacterial species have been shown to enhance plant nitrogen uptake. Nitrogen levels
influence cellular nitrate concentrations, affecting root cell membrane hydrodynamic characteristics, and
facilitating water movement from the soil into root cells. Aquaporin expression, which is responsible for
regulating water transport, varies depending on nitrogen availability, and potentially links nitrogen levels to
aquaporin activity (Bardi and Malusa, 2012). Nitrogen input may upregulate the expression of root-specific
aquaporin genes associated with root hydraulic conductivity such as OsPIPs and OsTIPs. The nitrate
transporter NRT2.1 may contribute to this process by influencing the transcript levels of PIP aquaporins in
Arabidopsis, subsequently affecting root hydraulic conductivity. Additionally, research has suggested that
ammonium, unlike nitrate, may enhance the drought resilience of certain ecotypic plants. Certain Gram-
positive microorganisms such as Thermoleophilia and Actinobacteria have been shown to facilitate the
transition of lowland rice ecotypes from paddy fields to upland conditions (Xiong ez a/., 2021).
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Figure 2. Plants and soil participate in the exchange of various nutrients through their roots

Role of fungi chemical synthesis in plant growth and nutrition

Inoculating seedlings with rhizosphere microflora derived from mature switchgrass stands led to notable
enhancements in both shoot and root weights along with increased nitrogen and phosphorus uptake (Brejda ez
al., 1998). For instance, Trichoderma species have been shown to amplify root-to-shoot signaling by stimulating

the synthesis of various hormones that are crucial for enhancing nutrient solubility, uptake, and assimilation
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processes. Studies have suggested that Arbuscular Mycorrhizal (AM) fungi can bolster salt tolerance through
diverse mechanisms, such as regulating the K*/Na* ratio within plant cells, facilitating ion salt transport to
vacuoles, promoting growth hormone production, and ameliorating soil and rhizospheric conditions.
Moreover, AM fungi contribute to osmoregulation by increasing the sugar and electrolyte concentrations,
thereby mitigating the adverse effects of salt stress. A series of investigations has shown that AM fungi can
enhance antioxidant capacity by activating the plant glutathione ascorbate cycle, leading to increased resistance
to salt stress (Koza ez al., 2022). Under drought stress conditions, the effect of arbuscular mycorrhizal fungi
(AMF) on root morphology is significantly amplified, underscoring the heightened significance of AMF in
root adaptation. Of the three examined nutrient uptakes, mycorrhizal involvement in phosphorus (P)
absorption surpassed that in nitrogen (N) and potassium (K) uptake. Phosphorus and nitrogen play pivotal
roles in influencing plant cell structure and function, governing growth patterns, while potassium levels
regulate the upregulation of plant defense mechanisms, accumulation of osmolytes, antioxidant profiles, and
enzymatic regulation of plant metabolism. Transcriptome responses observed in Holcus lanatus (L.) suggest
that both AM and non-AM fungj, particularly certain genera of Ascomycota, contribute to P and Fe nutrition
in limestone soils. Conversely, non-AM Ascomycota, notably those associated with Phialocephala, may
enhance N and K nutrition, reinforce tolerance to metal(loid) ions in acidic bog soils and facilitate ecotype
adaptation (Youngez a/.,2018). Investigation of three sorghum (Sorghum bicolor) ecotypes revealed heightened
glutamine synthetase (GS) activity in the roots and leaves, along with increased glutamate dehydrogenase
(GDH) activity in the roots, indicating that nitrate assimilated by AMF can be directly transported to root
cells for utilization and integration into organic structures. These enzymatic modifications might enhance
plant development and overall health (Anass ez al., 2021).

Microbiota's contribution to mitigating environmental challenges

Plant-associated microbiota is pivotal for mitigating various environmental challenges, including
diseases, pests, and other stressors.

Soil microbial diversity and agricultural sustainability

The endeavor to enhance agricultural productivity faces a significant challenge owing to the depletion
and degradation of land resources, which disrupts the delicate equilibrium in global agroecosystems. Soil
microbial diversity is critical for ensuring the sustainability of agricultural systems and is intricately linked to
ecosystem processes. Microorganisms play vital roles in augmenting plant development, productivity, and
adaptability (Yadav ez 4/.,2018). These microbes, pertaining to crops, can be categorized into three main types:
rhizospheric, phyllospheric, and endophytic. The rhizosphere, which is influenced by plant roots releasing
various substances that affect microbial activity, is a prominent example of this interaction. Numerous
microbial species from the genera Azospirillum, Alcaligenes, Arthrobacter, Acinetobacter, Bacillus, Paenibacillus,
Burkholderia, Enterobacter, Erwinia, Flavobacterium, Methylobacterium, Pseudomonas, Rhbizobium, and
Serratia have been identified (Shah ez 4l., 2017). Various bacterial species are commonly associated with plant
rhizosphere. For instance, endophytic bacteria inhabit plant tissues without harming their hosts, localize at the
point of entry, or spread widely throughout the plant, residing in circulatory systems, cellular compartments,
or intercellular spaces (Jacobs ef 4/., 1985; Patriquin and Dobereiner, 1978). A diverse range of endophytic
bacteria genera, including Achromobacter, Azoarcus, Burkholderia, Enterobacter, Gluconacetobacter,
Herbaspirillum, Klebsiella, Microbiospora, Micromonospora, Nocardioides, Pantoea, Planomonospora,

Psendomonas, Servatia, Streptomyces, and Thermomonospora, have been identified across various host plants
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such as wheat, chickpea, pea, maize, rice, common bean, and soybean (Yadav ez 4/., 2018). The leaf surface,
referred to as the phyllosphere, provides a conducive setting for mutually beneficial relationships between the
bacteria and plants. Certain bacteria are specially adapted to thrive on leaf surfaces, enduring harsh conditions,
such as temperatures ranging from 40 °C to 55 °C and intense UV radiation. Various bacteria, including
Agrobacterium, Methylobacterium, Pantoea, and Pseudomonas have been identified within the phyllosphere.
These microorganisms associated with crops play vital roles in promoting plant growth. The microbiomes
found in epiphytic, endophytic, and rhizospheric habitats have been observed to directly enhance plant growth
through processes such as nitrogen fixation, mineral solubilization (e.g., phosphorus, potassium, and zinc), and
the synthesis of siderophores and plant growth hormones such as cytokinins, auxins, and gibberellins. In
addition, the microbiome significantly affects the occurrence and spread of plant discases (Erlacher ez al., 2014).
Fungi and bacteria are the main classes of plant pathogens responsible for plant diseases. The prevailing belief
is that the severity of a disease diminishes as host fitness increases. Furthermore, interactions between plant and
fungal pathogens fall into two categories: race specific and race specific. For instance, race-specific interactions
are well documented in leaf infections, such as rust or powdery mildew fungus (Sacristan and Garcfa-arenal,
2008), whereas race-nonspecific interactions occur in various soil-borne pathogens. Infections can spread
across plant surfaces or reside internally within the plant tissues. However, our understanding of the factors
influencing the ecology of plant pathogens remains limited, primarily because studies of plant infections
typically focus on already damaged plants. Despite the availability of specific methods for cultivating and
diagnosing plant pathogens, some obligate pathogens cannot be cultured. Despite advancements in cultivation-
dependent techniques, there are still microorganisms that can resist cultivation in natural environments (Bai e
al.,2015). Imbalances in the soil microbiota, referred to as dysbiosis, may contribute to various discases such as
plant diseases, in which the causative pathogen remains unidentified. Pathogens exhibit versatility in their
interactions with plants, adopting various modes such as biotrophs, necrotrophs, obligates, or facultative. For
example, fungal pathogens can transition from a non-pathogenic lifestyle to a non-host plant species to an
endophytic pathogenic role within the host plant. Verticillium dabliae, a fungal pathogen, is often found in the
endosphere of numerous plant species (G6tz ez al., 2006). Various organisms, such as Rhizoctonia, demonstrate
biological control efficacy, significantly impacting diverse crops while showing partial host specificity.
Investigations into whether microbial diversity consistently underlies the emergence of specific "microbiome
ailments” arise from the prevalence of potential pathogens in plants. Microbial invasion can induce shifts in the
microbiome, with endophytes potentially aiding in disease control. For instance, Mendes (Rodrigo ¢ 4/., 2007)
The genus Burkholderia has proven potential in improving plant performance. In recent decades, a huge
diversity of Burkholderia spp. have been reported with diverse capabilities of plant symbiosis which could be
harnessed to enhance plant growth and development. Colonization of endophytic Burkholderia spp. have been
extensively studied through techniques like advanced microscopy, fluorescent labelling, PCR based assays, etc.,
and found to be systemically distributed in plants. (Pal ez 4/., 2022). Notably, pathogens often originate from
the Enterobacteriaceae family, which is known for its ability to degrade plant tissues (Erlacher ez al., 2014).
Crop rotation, dating back to biblical scriptures, was one of the earliest plant protection techniques in history.
Its enduring effectiveness in preventing numerous ailments lies in its ability to enhance microbial diversity in
the soil through the specificity of the plant microbiome.

Impact of water stress on root microbiome

The increase in abiotic stress, attributed to changing precipitation patterns resulting from climate
change, disrupts the supply of the vital nutrients necessary for plant growth. This occurrence is mainly linked
to intensified land use and increased fertilizer application (Trenberth, 2011). Understanding how the root
microbiome responds to environmental changes is crucial for the development of strategies to enhance plant
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stress resilience. These strategies may involve the identification and selective introduction of new plant growth-
promoting (PGP) microbes into agricultural areas or the active management of soil communities through
farming practices conducive to strengthening plant tolerance to abiotic stress (Schlaeppi and Bulgarelli, 2015).
However, scientists still struggle to fully understand the relative influences and complex interactions between
soil and plant factors that shape root microbial communities, adding layers of complexity to this pursuit
(Naylor and Coleman-Derr, 2018). In this study, we explored how water stress, including flooding and
drought, affects plants and subsequently influences their root microbiomes. Land plants, especially crops, face
significant challenges when submerged for extended periods, owing to the increasing frequency and severity of
floods. Prolonged submersion, particularly affecting non-photosynthetic plant parts, such as roots, leads to
reduced oxygen levels, hindering cellular respiration (Voesenck ez 4/., 2006). Understanding how microbial
populations respond to flooding is crucial for identifying beneficial bacteria or fungi that are capable of
enhancing stress tolerance in plants experiencing hypoxic or anoxic conditions. For example, certain bacteria
produce ACC deaminase, which regulates ethylene levels in plants, which is a crucial stress hormone. Bacteria
possessing ACC deaminase can alleviate plant stress by breaking down ACC, thereby reducing the ethylene
levels. This phenomenon was observed in basil (Ocimum sanctum) plants inoculated with ACC deaminase-
producing bacteria, demonstrating improved growth and reduced ethylene levels compared with non-
inoculated plants (Barnawal ef /., 2012). Similarly, in cucumber (Cucumis sativus) plants inoculated with
Pseudomonas putida UW4, which synthesizes ACC deaminase and is subjected to hypoxic conditions,
proteomic analysis revealed a shift in protein expression towards those involved in nutrient metabolism,
defense stress, and antioxidant activity. This suggests potential mechanisms through which bacteria promote
plant growth under stress conditions (Liez /., 2013). Although plant-beneficial microbes have shown resilience
in flooded environments, studies focusing on bacterial communities that specifically investigate how non-
wetland plant species respond to flooding are lacking, For instance, investigations into root-associated
microbial communities in poplar (Populus sp.) seedlings subjected to experimental flooding have revealed
significant shifts in bacterial composition within the rhizosphere and whole root compartments compared with
bulk soil (Graff and Conrad, 2005). Similarly, a study on wheat (T7iticum aestivum) demonstrated that
flooding and nitrogen restriction altered the abundance of certain denitrifying bacteria and reshaped their
community structure in the rhizosphere compared with bulk soil samples distant from root influence
(Hamonts et al., 2013). The transition from aerobic to facultative anaerobes to strict anaerobes reflects the
changes in oxygen availability. This shift towards anaerobic bacteria may contribute to the increased relative
abundance of Aguaspirillum in flooded poplar rhizosphere and root samples (Whitman ez al, 2015).
Numerous plants adapt to flooding by forming specialized, gas-filled tissues termed aerenchyma, which aids in
oxygen transfer from oxygen-rich shoots to oxygen-deprived roots. Although these tissues are common in
aquatic and wetland flora, non-wetland species typically produce them in response to stressors such as flooding
(Hartman and Tringe, 2019). When confronted with flooding-induced cell damage, plants activate a defense
mechanism involving the release of phytotoxic compounds such as ethanol, lactic acid, and alanine. These
substances accumulate in the root tissues of plants such as tomatoes, peas, and maize when exposed to low
oxygen levels during aerobic respiration (Badri and Vivanco, 2009).

Interactions of soil microorganisms with plants under drought stress

In arid regions, arbuscular mycorrhizal fungi (AMF) play a vital role in enhancing plant resilience to
drought by improving nutrient absorption and controlling stomatal conductance, thereby boosting water-use
efficiency. However, it is crucial to acknowledge that the effect of AMF on drought resistance varies depending
on the species (Auge, 2001). Limited research has been conducted on the responses of non-mycorrhizal root-
associated fungi to drought. Existing studies suggest that these fungi generally exhibit minimal or no reaction
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to drought, possibly because of the overall resilience of bulk soil fungi under arid conditions. However,
deviations from this pattern underscore the sensitivity of certain fungal communities to drought, indicating
that factors other than soil moisture levels influence their behavior. For instance, recent research conducted by
Santos-Medelln (Christian ez 4/., 2017) demonstrated significant changes in fungal communities associated
with the roots of drought-stressed rice plants. Nevertheless, the lack of precise taxonomic identification
hampers our understanding of the specific fungal taxa that are responsive to drought. Therefore, further
investigation is crucial to uncover the nuanced reactions of different fungal taxa to dry conditions in both the
bulk soil and plant roots. In addition to fungi, recent studies of the root bacterial microbiomes of various plant
species under drought stress have revealed a remarkable increase in the number of bacteria belonging to the
phylum Actinobacteria, particularly Streptomyces. These bacteria exhibited a six-fold increase in relative
abundance within root endosphere communities under drought conditions across diverse plant species
(Fitzpatrick e al., 2018). As soils become drier, channels facilitating the diffusion of water-soluble substances
between soil particles and bacteria diminish, leading to a decrease in water potential and subjecting microbes
to osmotic stress (Schimel, 2018). Bacteria store osmolytes within their cells to reduce their internal solute
potential and to prevent water loss. Gram-positive bacteria, which naturally accumulate osmolytes and respond
to drought, enhance their tolerance to osmotic stress (Harris, 1981). Additionally, their cell wall structure is
thought to bolster their resistance to desiccation, thereby improving their drought tolerance (Schimel ez /.,
2007). These physiological adaptations make Actinobacteria well suited for thriving in drought environments,
giving them a competitive advantage in the droughted root microbiome. Interestingly, the current data
highlight the role of plants in shaping the drought response of root-associated microbial populations.
Specifically, drought significantly altered the bacterial community composition only in soils with grassland
plant communities, which were characterized by an increased relative abundance of Actinobacteria. These
changes in the root microbiome may be attributed to alterations in root metabolites induced by drought. For
example, shifts in sorghum root metabolomic profiles under drought conditions are correlated with a transition
towards Actinobacteria dominated communities. Drought-affected roots exhibited substantial increases in
various carbohydrates and amino acids, with glycerol-3-phosphate (G3P), a crucial precursor for peptidoglycan
production, exhibiting the most significant enrichment. Furthermore, it has been demonstrated that members
of the root microbiome, including recognized plant growth-promoting (PGP) bacteria, actively respond to
plant stress conditions at the transcriptional level. (Sheibani-Tezerji ez al., 2015) discovered that Burkholderia
phytofirmans, an endophytic bacterium that colonizes potato plants exposed to drought, upregulates genes that
are likely involved in reactive oxygen species (ROS) detoxification. During periods of drought, changes in the
photosynthetic pathways can lead to increased ROS generation, resulting in oxidative damage and cell death
(Cruz de Carvalho, 2008). Hence, the activation of these bacterial genes might be a common strategy for
mitigating oxidative stress in host plants (Sheibani-Tezerji ez 4l., 2015). Hence, it is crucial to advance the
genomic characterization of crop species to facilitate a deeper understanding of the intricate interactions
between hosts and microbes. This understanding is pivotal for deciphering the mechanisms through which
bacteria and fungi promote plant growth (PGP), particularly in regulating root microbiome assembly and
function during drought stress. Such insights will pave the way for the development of novel crop cultivars
tailored to harnessing specific microbial inoculants.

Impact of temperature on root microbiome in agriculture
Climate change-induced global temperature rise is increasing the occurrence and severity of extreme

heat and cold events worldwide, posing a significant threat to plant health and crop productivity. The
microbiome is a pivotal element in assisting plants in navigating both biotic and abiotic challenges (Figure 3).
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Figure 3. Different microorganism protects plants from water-logging and salinity stress by regulating
osmotic pressure
Arbuscular mycorrhizal (AM) fungi, in conjunction with specific PGPR bacteria, aid the degradation of heavy metals.

They also function as protective barriers or immune enhancers against pathogens, thereby providing a shield for plants.

However, climate change-induced alterations in the composition and function of plant microbiota can
disrupt host functions. With the mounting pressure to sustainably enhance crop yields and mitigate losses from
environmental stresses by increasing food demands and population growth, understanding how to harness the
plant microbiome has become imperative. Environmental temperature directly affects soil characteristics, such
as moisture levels, aggregation, pH, and nutrient diffusion, thereby affecting plants and microorganisms
(Onwuka and Mang, 2018). Heat stress induces various metabolic disruptions in plants, including the
generation of reactive oxygen species (ROS), modulation of phytohormone signaling, decreased photosynthetic
and respiratory rates, protein inactivation, and alterations in cellular membrane fluidity and permeability.
Similarly, cold stress affects plants by modifying the composition and structure of nucleic acids, proteins, and
membranes in the microbiota, thereby influencing microbial physiological functions (Fortunato ez al., 2023).
A recent study conducted (Wipf ez al., 2021) explored the combined effects of heat and drought stress on
bacterial populations in sorghum roots. They noted that distinct Actinobacteria were more prevalent under
drought and heat conditions, indicating the selective recruitment of microbiota members by sorghum plants
in response to these stresses. Although individual heat and drought stresses amplified the abundance of
Actinobacteria while diminishing the prevalence of Proteobacteria in the roots and soil, further investigations
are warranted to elucidate the mechanisms underlying plant recruitment of diverse bacteria and their roles in
bolstering plant heat stress tolerance. Emerging studies suggest that microbiota play a pivotal role in aiding
plants in withstanding heat stress by fostering enhanced growth, nutrient uptake, and detoxification of reactive
oxygen species, thereby mitigating cellular damage (Shekhawat ez 4/, 2021). In regions with moderate to hot

climates, B. cereus promotes soybean growth and elevates chlorophyll levels. Additionally, introduction of B.
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cereus mitigated the heat stress-induced increase in ABA levels. Another study demonstrated that plants
inoculated with the AM fungus Glomus fasciculatum exhibited heightened heat tolerance, which correlated
with increased antioxidative activity (Maya and Matsubara, 2013). These findings suggest a potential role for
bacteria in enhancing plant heat tolerance, although the precise mechanisms remain largely unexplored.
Further investigation revealed that both laboratory- and field-grown wheat plants displayed enhanced heat
tolerance following inoculation with the root endophyte Enterobacter sp. SA187. This enhancement was
associated with alterations in the trimethylation of lysine 4 on histone H3 (H3K4me3), a constitutive change
in the promoters of the heat-stress genes APX2 and HSP18.2. SA187-induced thermotolerance in A. thaliana
was found to be mediated by ethylene signaling, which primes a heat stress response beneficial to plant growth
without necessarily activating it. These findings highlight the potential of root endophytes in improving the
resilience of agricultural crops to heat stress. Moreover, ethylene signaling has been identified as a contributing
factor to the ability of tomatoes and rice to withstand heat stress (Pan ez 4/, 2019). Similarly, Arbuscular
mycorrhizal (AM) fungi have been found to fortify plants against cold stress. In one study, tomato plants
inoculated with Glomus mosseae exhibited improved growth, chlorophyll content, and antioxidant enzyme
activity under both normal and cold stress conditions (Caradonia ez a/., 2019). Arbuscular mycorrbizal (AM)
tungus (Rhizophagus intraradices) mitigates the adverse effects of water deficit on the growth, photosynthesis,
and antioxidant system of Euonymus maackii Rupr. Seedlings of E. maackii were exposed to five levels of water
deficit, corresponding to soil water contents of 20%, 40%, 60%, 80%, and 100% field capacity (Wu ez a/., 2021).
Capitalizing symbiotic interactions between plants and their environments for agricultural management holds
promise for enhancing crop yield and performance. Therefore, prioritizing symbiosis and implementing
strategic agricultural practices are crucial for optimizing crop tolerance and productivity.

Conclusions

Plants serve as key players in shaping soil microbial communities, with interactions ranging from
cooperation to competition. Environmental stresses drive adaptation mechanisms unique to each species,
leading to varied responses among ecotypes. For instance, elevation-associated differences in chemical defenses
highlight the role of ecotypes in shaping plant-microbe interactions. Symbiotic relationships between plants
and microorganisms facilitate nutrient acquisition with minimal energy expenditure. Plants adapt to
environmental challenges by producing antioxidant enzymes and osmolytes, modulating cellular osmotic
balance. Phytohormones orchestrate plant responses to both biotic and abiotic stresses, further enhancing
resilience. Cutting-edge technologies such as genomics and metagenomics offer insights into microbial
communities associated with different ecotypes. Understanding these interactions is crucial for developing
climate-resilient agricultural practices and ensuring sustainable crop production. The study underscores the
need to explore the complexities of plant-microbe interactions to harness their potential for enhancing plant
growth and defense. Addressing knowledge gaps in ecotype-driven adaptability and rhizosphere microbiota
dynamics is essential for advancing climate-smart agriculture. As environmental stressors continue to impact
crop production, there is an urgent call for sustainable alternatives. Despite breeding efforts, genetic
manipulation alone may not suffice. Therefore, a holistic approach that integrates ecological principles with
cutting-edge technologies is imperative for future agricultural sustainability.
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