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Abstract: Plant-microbial interactions are very crucial for the terrestrial ecosystem. At the
rhizospheric, phyllospheric and endospheric regions, these interactions occur through different
signalling pathways and play a pivotal role as they strengthen the plant defence mechanism against
pathogen attacks and other stresses. A better knowledge of these relationships will help to develop
novel solutions for sustainable agriculture and safeguarding the global food supply in the context
of climate change and mounting environmental concerns. This chapter emphasises the role of the
microbiome in providing resistance to plants against various environmental stresses and aiding in
their improved adaption. This chapter also underscores the impact of the microbiome in providing
resilience to plants under changing climatic scenarios.
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Introduction

Recent advancements in DNA sequencing technologies have revolutionised our understanding
of the plant microbiome, revealing its incredible diversity and the dynamic interactions between
plants and their microbial inhabitants (Srivastava et al., 2022). The plant microbiome consists of
diverse microorganisms, including bacteria, fungi, archaea, and viruses, that reside in and around
plant tissues. Studies on model plants demonstrated bacteria and fungi's complex and highly specific
composition in plant parts such as the rhizosphere, root endosphere, and aboveground tissues
(Lundberg et al., 2012). Moreover, comparative studies across various plant species have revealed
significant variations in the composition of root-associated microbial communities, indicating host-
specific selection and assembly processes (Mendes et al., 2013).

The plant microbiome is not a static entity but undergoes dynamic changes influenced by
various factors (Lebeis, 2014). Studies have shown that the plant's microbial community structure
and composition change over time, indicating specific colonisation and succession patterns
(Bulgarelli et al., 2013). Additionally, abiotic stresses such as drought, temperature extremes, and
nutrient availability have been found to impact the dynamics of the plant microbiome (Berendsen et
al., 2012). These dynamic interactions suggest a co-evolutionary relationship between plants and their
microbial partners, wherein microbes adapt to changing environmental conditions and help the plant
cope with stresses (Dubey et al., 2019).

Understanding the factors that drive the diversity of the plant microbiome is crucial for
comprehending the functional roles of different microbial taxa in plant-microbe interactions. The
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diverse microbial communities associated with plants play a crucial role in shaping plant health,
growth, and response to environmental stresses. They contribute to nutrient acquisition, hormone
synthesis, pathogen defence, and tolerance to abiotic stresses (Levy et al., 2018). The interplay
between the innate immunity of plants and the plant microbiota is an active area of research,
providing insights into the mechanisms underlying plant-microbe interactions (Hacquard et al.,
2017). This chapter emphasises the microbiome's effect on plant growth, development, stress
response and overall health and vigour. The potential implications of microbiome research in
promoting sustainable agriculture and developing innovative crop protection and development
measures have also been highlighted.

1. Plant-Microbe Interactions:

Plants have evolved intricate mechanisms to interact with and harness the benefits of
microorganisms in their surrounding environment (Van et al,, 2008). These interactions can be
mutualistic or antagonistic, and understanding their dynamics and outcomes is crucial for
unravelling the intricate web of plant-microbe relationships. Mutualistic interactions between plants
and microbes profoundly impact plant health and growth (Pieterse et al., 2014). For example, the
association between plants and Arbuscular Mycorrhizal Fungi (AMF) enhances nutrient uptake,
especially phosphorus, in exchange for carbohydrates provided by the plant. Similarly, nitrogen-
fixing bacteria, such as Rhizobia, form symbiotic associations with legume plants, providing them
with a source of fixed nitrogen while obtaining carbohydrates from the plant. Table 1 highlights the
plant microbiome interactions. Other examples include the association of plants with plant growth-
promoting rhizobacteria (PGPR) that enhance nutrient availability, produce phytohormones, and
suppress pathogens (Bulgarelli et al., 2012).

Table 1. Role and location of the microbiome associated with plants.

Microbial
1croia’ Location Role References
Community
Rhizosphere Root-soil Provide nutrients, protect against Barea. 2000
bacteria interface pathogens, and promote plant growth ’
Provi . .
Endophytic Inside plant :t)}‘:(l)deer?;t;:;i;pigi?t Tagr?tlrsl:rtess Podolich et al.,
bacteria tissues patiogens, P P 2015
tolerance.
Mycorrhizal Root-fungus Improve plant nutrient uptake, water Diagne et al.,
fungi symbiosis relations, and stress tolerance 2020
P i h
Phyllosphere Leaf surface f;)rtlidr?)gvjiﬁsgicaitdce)(g:s;s’ (I))srj I;Ofnic (Bashir et al.,
bacteria plant & ’ P & 2022).
matter.
' Symbiosis of Protfzct against desic.cat%on, pr?vide Gorbushina,
Lichens . nutrients, and colonise inhospitable
fungi and algae . 2006
environments.
Bacterial Plant surface Pf;;i“f%iﬁiﬁ?ggf err:, pre(z) nlofnic Pandit etal,
biofilms sHriaces bl STOWEL omposeotg 2020

matter.

Plants also face constant challenges from pathogenic microbes in their environment, and they
have evolved sophisticated defence mechanisms to combat these invaders. The plant immune system
detects and responds to pathogenic microorganisms. Additionally, plants can induce systemic
acquired resistance (SAR) or priming, where prior exposure to beneficial microbes or non-pathogenic
microorganisms enhances the plant's defence against subsequent pathogen attacks (Mine et al., 2014).

Microbes can influence various aspects of plant physiology. They can enhance nutrient
acquisition, promote root and shoot growth, and regulate plant hormonal balance (Yang et al., 2009).
Furthermore, plant-associated microbes can modulate the plant's response to abiotic stresses, such as
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drought, salinity, and temperature extremes. They can also shape the plant's secondary metabolite
production, influencing traits like flavour, aroma, and disease resistance.

1.1. Microbial Communities Associated with Plants:

The microbial communities associated with plants, including the rhizosphere, root endosphere,
and aboveground parts, form complex and dynamic ecosystems (Peiffer et al., 2013). These
communities consist of diverse microorganisms, including bacteria, fungi, archaea, and viruses,
interacting with each other and the host plant. Combined or individual inoculation of these useful
microbes have enhanced the nutrional and floral qualities in crops like Potato, Zinnia elegans, and
Gazania rigens (Saini et al., 2019, 2020,2021). Understanding the composition and function of these
microbial communities is essential for comprehending their roles in plant health, nutrient acquisition,
and stress tolerance.

Several studies have employed high-throughput sequencing technologies, such as amplicon
sequencing and metagenomics, to characterise the microbial communities associated with various
plant species (Edwards et al., 2015). These studies have revealed distinct community structures and
compositions across different plant compartments and species, suggesting host-specific factors'
influence in shaping the microbiome.

1.2. Symbiotic relationship with plants (e.g., mycorrhizal fungi, nitrogen-fixing bacteria)

Plants form mutualistic symbiotic relationships with various microorganisms, such as
mycorrhizal fungi and nitrogen-fixing bacteria, which play crucial roles in nutrient acquisition and
plant growth (Hartman et al., 2017). Most plant species' roots form a symbiotic association with
mycorrhizal fungus. facilitating the exchange of nutrients between the fungus and the plant
(Schlaeppi et al., 2016). There are two main types of mycorrhizal associations: arbuscular mycorrhizal
(AM) and ectomycorrhizal (ECM). Both associations enhance the plant's uptake of nutrients,
particularly phosphorus, from the soil. The mycorrhizal fungi receive organic carbon compounds
from the plant in return (Dhiman et al., 2022).

Nitrogen-fixing bacteria, such as rhizobia, establish a symbiotic relationship with leguminous
plants, enabling them to transform atmospheric nitrogen into a form that the plant can use. The
bacteria colonise the plant's root nodules, forming a specialised organ where nitrogen fixation occurs.
This symbiotic relationship plays a vital role in enhancing the nitrogen status of plants and can have
significant implications for sustainable agriculture and ecosystem functioning.

2. Influence of Microbiome Interaction with Plant Physiology

The relationship between the plant microbiome and plant physiology is complex and
multifaceted. The plant microbiome, which refers to the community of microorganisms living in and
around plant tissues, profoundly influences various aspects of plant physiology. (Colla et al., 2017).
Throughout the evolution of life on Earth, it has become evident that microorganisms have formed
close associations with plants, specifically with their various tissues and organs. The plant
microbiome encompasses all the microorganisms that are associated with plants, including those
residing on the surfaces of leaves (phyllosphere), in the soil surrounding the roots (rhizosphere), and
within the plant's internal tissues (endosphere) (Srivastava et al., 2021). Figure 1. Depicts the
microbiome associated with the plants.
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Figure 1. Depicts the microbiome associated with the plants.

Rhizospheric Microbiome:

The rhizosphere refers to the soil region directly influenced by plant roots by releasing
substances such as exudates, mucilage, and sloughed cells. These root exudates contain diverse
compounds, including organic acids, sugars, amino acids, fatty acids, vitamins, growth factors,
hormones, and antimicrobial substances. The rhizosphere provides a highly favourable environment
for plant and microbial growth compared to the surrounding bulk soil (Alford et at., 2010).

The interactions and exchanges within the rhizosphere contribute to optimal plant growth and
enhance soil health by facilitating the efficient cycling of various nutrients. The rhizosphere can be
divided into three distinct layers:

i.  The endo-rhizosphere, the outermost plant root surface layer, exhibits intense microbial
activities and nutrient transformations.

ii. ~ The rhizoplane represents the actual interface between the root and the soil. This
intermediate zone is in direct contact with the root epidermis and the mucilage surrounding
the root.

iii.  The ecto-rhizosphere is the rhizosphere's outermost layer that extends into the bulk soil. This
region also influences microbial activities and nutrient dynamics, albeit to a lesser extent than
the endo-rhizosphere (Berendsen et al., 2012).

Overall, these complex and dynamic interactions of the microbiome within the rhizosphere
contribute to enhanced plant growth and the efficient cycling of nutrients, ultimately promoting the
health and productivity of both plants and the surrounding soil ecosystem (Yadav et al., 2023).

Phyllospheric Microbiome:

The phyllosphere refers to the aboveground portion of plants with limited nutrient availability.
The composition of the phyllospheric microbiome is influenced by various abiotic factors, including
temperature changes, moisture levels, radiation, wind, and precipitation. (Bashir et al., 2022).
Consequently, the phyllospheric microbiome exhibits greater dynamics than the microbiome found
in the rhizosphere. Leaves secrete organic acids, sugars, and phytohormones through stomata, leaf
hairs, and veins, which attract microbes and facilitate colonisation on the leaf surface. (Bringel &
Couée 2015). It is estimated that approximately 107 microbes can be found per square centimetre on
the leaf surface. By employing conventional culture-based approaches and advanced techniques,
researchers have discovered that plant microbiome bacterial populations primarily comprise
Actinobacteria, Proteobacteria, Firmicutes, Bacteroidetes, and occasionally cyanobacteria.
(Chaudhary et al., 2017) Additionally, fungi and oomycetes are commonly found in these microbial
communities. The microbes residing in the phyllosphere and rhizosphere are often called epiphytes.
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Endospheric Microbiome:

The microorganisms that reside within the cells or between the cells of plant tissues are known
as endophytes, and collectively they form the endophytic microbiome. Some endophytes spend their
entire life cycle or a portion of it within the host plant. (Vandenkoornhuyse et al., 2015). The term
"endophyte" encompasses a complex network of interactions, including interactions between the
various microorganisms that make up the endophyte community and the plant's defence
mechanisms that prevent these fungi from becoming pathogens (Gupta et al., 2021). Endophytes can
colonise various plants' parts, such as stems, leaves, roots, and even seeds, without causing harm or
infection to their host plant. Endophytic fungi belong to many different ecological and phylogenetic
groups in a highly diverse environment. Endophytic microbes mostly belong to the Ralstonia,
Burkholderia, Pseudomonas, Staphylococcus, Mesorhizobium, Propionibacterium, Dyella, Bacillus, and
Ascomycetes; the rest are very rare (Compant et al., 2021).

The relationship between the plant microbiome and plant physiology is complex and varied.
The plant microbiome, comprising microorganisms that inhabit plant tissues, plays a significant role
in influencing various aspects of plant physiology. (Van et al., 2016). There are several physiological
processes which get affected by plant microbiome, and a few of them are as follows;

1.  Plant growth promotion

2. Nutrient mobilisation

3. Role in carbon sequestration
4. Role in water use efficiency.

2.1. Plant growth promotion

Plant Growth Promoting Microbes (PGPMs) is a subset of the plant microbiome. PGPMs are
beneficial microorganisms that establish symbiotic or mutualistic relationships with plants,
enhancing plant growth, development, and overall health. (Baig et al., 2012). PGPMs promote plant
growth through multiple mechanisms. They can improve nutrient availability and uptake by fixing
atmospheric nitrogen, solubilising phosphorus, and enhancing the release of other essential
nutrients. Some PGPMs produce growth-promoting substances such as phytohormones (auxins,
cytokinins, gibberellins) that stimulate plant growth and development. PGPMs play a crucial role in
facilitating the uptake of mineral nutrients, such as nitrogen and phosphorus, by regulating plant
physiological processes. Their utilisation, particularly in rhizobia inoculants, has shown promising
results in improving crop productivity (Zaidi and Khan, 2005). However, further research is needed
to enhance the understanding of the complex interactions within the rhizosphere and develop
effective strategies for successful colonisation and establishment of inoculants in the plant
microbiome.

Examples of plant growth-promoting microbes include:

(i)  Rhizobium spp: These nitrogen-fixing bacteria form symbiotic associations with legume
plants, converting atmospheric nitrogen into a form that plants can utilise.

(i)  Azospirillum spp: These bacteria colonise the root surface and enhance plant growth by
producing growth-promoting substances such as auxins, cytokinins, and gibberellins.

(iif)  Bacillus: Some species of Bacillus, such as Bacillus subtilis and Bacillus pumilus, promote plant
growth by producing enzymes that solubilise phosphate, enhancing plant nutrient
availability.

(iv)  Trichoderma spp: These fungi are known for their biocontrol abilities, suppressing plant
pathogens and promoting plant growth through the production of antifungal compounds
and induction of systemic resistance in plants.

(v)  Mycorrhizal fungi: These fungi form mutualistic associations with plant roots, increasing
nutrient uptake, especially phosphorus, and improving plant tolerance to environmental
stresses.


https://doi.org/10.20944/preprints202308.0054.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 August 2023 doi:10.20944/preprints202308.0054.v1

vi Pseudomonas spp: Certain species of Pseudomonas, like Pseudomonas fluorescens, have plant
PP p p
growth-promoting properties and can suppress plant diseases by producing antibiotics and
siderophores (Turner et al.2013).

2.2. Nutrient mobilisation

Microorganisms in the plant microbiome play a crucial role in mobilising nutrients, particularly
those that are less available or in complex forms in the soil (Peiffer et al., 2013). Certain
microorganisms can solubilise minerals, such as phosphate-solubilising bacteria, which convert
insoluble phosphorus into a plant-accessible form. Similarly, microbial activity in the rhizosphere can
enhance the release of bound nutrients, such as iron and zinc, from soil particles, making them more
accessible to plant roots (Fageria & Stone, 2006). This nutrient mobilisation by the microbiome
increases plant nutrient availability, leading to improved nutrient uptake and utilisation (Saini et al.,
2020).

2.3. Role in carbon sequestration

The plant microbiome contributes to carbon sequestration through various mechanisms.
Microbes enhance plant productivity by facilitating nutrient uptake, nutrient cycling, and hormone
regulation, leading to increased carbon assimilation through photosynthesis. Additionally, microbes
play a role in the decomposition of plant residues, promoting soil organic matter formation and
carbon sequestration. Carbon reserves in various ecosystems. In terrestrial environments, cultivable
lands and microorganisms associated with plants play a vital role in absorbing atmospheric carbon
and reserving it in the soil. (Lehmann & Kleber 2015). Plants contribute to carbon sequestration by
releasing approximately 40% of the carbon produced through photosynthesis into the soil via their
roots. Microbes in the soil then utilise this carbon for their growth, resulting in carbon storage in the
primary soil carbon pool. The plant microbiome, comprising bacteria, fungi, archaea, and algae,
contributes uniquely to carbon sequestration through various metabolic pathways.

Prokaryotic bacteria in the soil play an active role in capturing carbon by utilising the carbon
released through plant root exudates. Soil fungi, characterised by their enduring hyphae, also
contribute significantly to carbon storage, accounting for around 54-900 kg ha-1 of carbon. (Liang &
Zhu 2021). Soil fungi produce glomalin, a soil protein that contributes 5% to soil carbon storage.
However, improper agricultural practices can adversely affect soil carbon storage, impacting soil
properties, microbial communities, and other soil components. (Grover et al. 2015). Minimising
disturbances in arable land can enhance soil carbon storage and promote the proliferation of native
plant-associated microbial communities, including autotrophic microbes in the leaf surface
(phyllosphere) and within plant tissues (endophytes) that utilise atmospheric CO2. Despite its
importance, the role of the plant microbiome in carbon sequestration remains largely unexplored.

2.4. Role in water use efficiency

The plant microbiome improves water use efficiency, especially under water-limited conditions
(Agler et al., 2016). Certain microorganisms in the microbiome can enhance the root system's capacity
to extract water from the soil, increase water uptake, and reduce water loss through transpiration.
This is achieved through various mechanisms, including producing extracellular polysaccharides
that improve soil water-holding capacity, synthesising plant hormones that regulate stomatal
conductance, and forming biofilms that reduce water evaporation from the leaf surface. By enhancing
water use efficiency, the microbiome helps plants cope with drought stress and optimise water
resources for growth and development. The interaction between the plant microbiome and
physiology is a complex process that can substantially impact plant growth, development, and
overall physiological functions. The microbiome influences plant physiology through multiple
mechanisms: nutrient acquisition, hormone regulation, stress tolerance, and defence responses
(Malhi et al., 2021).
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Microorganisms in the plant microbiome play a crucial role in enhancing nutrient availability
and uptake by the plant (Liu et al., 2020). For example, mycorrhizal fungi form symbiotic associations
with plant roots and improve nutrient uptake, particularly phosphorus. Additionally, some bacteria
in the microbiome can solubilise minerals, fix atmospheric nitrogen, or enhance the availability of
other essential nutrients, further benefiting plant nutrient acquisition.

The plant microbiome can influence plant physiology by modulating hormone levels and
signalling pathways. Certain microorganisms produce or metabolise plant hormones, such as auxins,
cytokinins, gibberellins, and abscisic acid, which regulate plant growth and development (Ansari,
2018). The microbiome can promote or inhibit hormone synthesis, affecting root elongation, shoot
growth, flowering, and fruit development. Moreover, microbial-derived signals can trigger systemic
responses in plants, leading to physiological changes beyond the site of microbial colonisation.

Microorganisms in the plant microbiome can enhance plant tolerance to various environmental
stresses, including drought, salinity, pathogens, and pests. These stress-tolerant microorganisms can
produce protective compounds, activate defence mechanisms, and promote stress-responsive gene
expression in plants. For instance, certain bacteria and fungi produce antimicrobial compounds that
inhibit pathogen growth, while others can induce systemic resistance in plants, priming them to
respond more effectively to subsequent pathogen attacks.

The microbiome can shape plant immune responses and defence mechanisms against pathogens
and pests (Teixeira et al., 2019). Beneficial microorganisms in the microbiome can trigger the plant's
innate immune system, producing antimicrobial compounds, pathogenesis-related proteins, and
activation of defence-related signalling pathways. The microbiome can also prime the plant's
systemic acquired resistance, enabling a faster and stronger defence response upon subsequent
pathogen encounters. Moreover, competition for resources and space within the microbiome can
limit the colonisation and establishment of harmful pathogens.

3. Influence of Microbiome Interaction on Stress Tolerance

The influence of microbiome interaction on stress tolerance has been extensively studied and
documented (Noman et al., 2021). The plant microbiome enhances plant tolerance to various abiotic
stresses (Surowka et al., 2020). For example, the microbiome can alleviate nutrient stress by enhancing
nutrient uptake and mobilisation through certain bacteria mechanisms, such as mycorrhizal
associations and nutrient solubilisation (Pii et al., 2016). Hormone regulation by the microbiome,
including the production or metabolism of stress-related hormones, is another important pathway
for enhancing stress tolerance (Chaudhry & Sidhu, 2022). Signalling molecules produced by
microorganisms in the microbiome, such as volatile organic compounds and small peptides, can
activate stress tolerance mechanisms in plants (Stone et al., 2018). Additionally, the microbiome can
activate plant defence responses, induce systemic resistance, and compete with harmful pathogens,
thus enhancing biotic stress resistance (Ulrich et al., 2019).

3.1. Abiotic stress tolerance

The role of the microbiome in abiotic stress tolerance has been investigated for specific stresses
such as drought, salinity, temperature extremes, and heavy metal toxicity (Balfagén et al., 2020).
Under drought stress, the microbiome can improve water uptake and retention, regulate stomatal
conductance, and promote the synthesis of osmoprotectants (Zolla et al., 2013). In the case of salinity
stress, the microbiome contributes to salinity tolerance by promoting ion homeostasis, modulating
ion transporters, and detoxifying salt-induced reactive oxygen species (ROS) (Verma et al., 2021). The
microbiome also influences temperature stress tolerance by producing heat shock proteins and
cryoprotective compounds (Ali et al., 2022). Moreover, the microbiome can alleviate heavy metal
toxicity through metal immobilisation, chelation, and detoxification (Irfan et al., 2023).
Understanding the role of the microbiome in stress tolerance provides valuable insights for
developing strategies to enhance plant resilience. The potential application of the plant microbiome
in mitigating abiotic stress and improving crop productivity has been recognised (Hussain et al.,
2018). Harnessing the potential of the microbiome can lead to the development of sustainable
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agricultural practices and the cultivation of stress-tolerant crop varieties. The microbiome enhances
plant tolerance to abiotic stresses, which are non-living factors that can negatively impact plant
growth and productivity. Abiotic stresses include drought, salinity, temperature extremes, and heavy
metal toxicity. The microbiome influences abiotic stress tolerance through various mechanisms, such
as nutrient acquisition, hormone regulation, osmotic adjustment, antioxidant production, and
modulation of stress-responsive genes (Stone et al., 2018).

3.1.1. Drought

Drought stress occurs when plants experience limited water availability, reducing growth and
physiological activity (Zolla et al.,, 2013). The microbiome can enhance drought tolerance by
improving water uptake and retention in the root zone. Certain microorganisms in the microbiome
produce exopolysaccharides that increase soil water-holding capacity and enhance water availability
to plants. Additionally, the microbiome can regulate plant stomatal conductance and promote the
synthesis of osmoprotectants, such as proline and sugars, which help maintain cellular water balance
and protect against dehydration. The bacterium Pseudomonas fluorescens produces the enzyme ACC
deaminase, which breaks down ACC, an ethylene precursor. Ethylene is a plant hormone that
promotes leaf abscission and senescence, which can lead to plant death under drought conditions.
ACC deaminase can help plants maintain their water status and survive drought and its mechanism
by reducing ethylene levels. Certain rhizobacteria, such as Bacillus and Pseudomonas species, have
been found to promote drought tolerance in plants. These bacteria produce compounds like
exopolysaccharides that improve soil structure and water-holding capacity, enhancing water
retention around plant roots. They also induce the expression of stress-related genes in plants,
triggering physiological responses that improve water use efficiency. Mycorrhizal fungi form
mutualistic associations with plant roots, and they can enhance drought tolerance by improving
water and nutrient uptake (Srivastava et al.,, 2022). The fungal hyphae extend the root system,
increasing the surface area for water absorption. Additionally, mycorrhizal fungi can produce
glomalin, a glycoprotein that helps bind soil particles together, improving soil structure and water
retention. Endophytic fungi reside within plant tissues without causing harm and can confer drought
tolerance to their host plants. These fungi can produce compounds that scavenge reactive oxygen
species (ROS) produced under drought stress and can cause cellular damage. By reducing ROS levels,
endophytic fungi help maintain plant cell integrity and enhance drought tolerance. Actinobacteria,
such as Streptomyces species, are known for producing secondary metabolites with diverse
functions. Some actinobacteria associated with plants produce drought-protective compounds, such
as trehalose, which acts as an osmoprotectant and helps plants retain water during drought
conditions. These bacteria can also produce enzymes that break down organic matter, releasing
nutrients beneficial for plant growth under drought stress. Non-pathogenic fungi, such as
Trichoderma species, have been shown to enhance drought tolerance in plants. They produce plant
growth-promoting substances, including enzymes and phytohormones, which help plants cope with
water scarcity. These fungi also induce systemic resistance in plants, priming them for better defence
against drought stress.

It is important to note that the effectiveness of different microbial species in enhancing drought
stress tolerance may vary depending on the plant species, soil conditions, and environmental factors.

3.1.2. Salinity

Salinity stress arises when plants encounter high salt levels in the soil, leading to osmotic stress
and ion toxicity (Verma et al., 2021). The microbiome contributes to salinity tolerance by promoting
ion homeostasis and osmotic adjustment. Some microorganisms can modulate ion transporters in
plant roots, reducing the uptake of toxic ions like sodium (Na+) and enhancing the uptake of essential
nutrients. Moreover, the microbiome can produce enzymes that detoxify salt-induced reactive
oxygen species (ROS) and enhance antioxidant defence mechanisms, minimising oxidative damage
caused by salinity stress. The fungus Aspergillus niger can produce osmolytes, such as proline and
glycinebetaine, which help to protect plants from the effects of salinity. These osmolytes help
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maintain the plant cells' water balance and prevent them from plasmolysing. Halotolerant bacteria:
Certain bacteria, such as Halomonas, Halobacillus, and Bacillus species, are known for tolerating high
salinity conditions. These bacteria can colonise the plant roots and rhizosphere, promoting salt
tolerance by producing enzymes that detoxify salt ions, facilitating the uptake of essential nutrients,
and enhancing water and nutrient availability in saline soils. A study by Marasco et al. (2012)
demonstrated the role of halotolerant bacteria in enhancing salt tolerance in wheat plants. Use of
silicon alongwith Arbuscular mycorrhizal fungi (AMF) facilitated the growth of vegetable and fruits
like watermelon in saline conditions (Bijalwan et al., 2021). AMF are known to form symbiotic
associations with the roots of many plant species. These fungi are crucial in enhancing salt tolerance
by improving nutrient uptake, particularly phosphorus, and facilitating water absorption. They also
produce osmoprotectant compounds, such as trehalose, which help plants maintain cellular water
balance under saline conditions. A study by Wu et al. (2019) demonstrated the positive effect of AMF
colonisation on salt tolerance in tomato plants. Like drought, Some actinobacteria have been shown
to enhance salt tolerance in plants through mechanisms such as the production of plant growth-
promoting substances, modulation of plant hormone levels, and stress-related gene expression. A
study by Nadeem et al. (2014) investigated the role of actinobacteria in promoting salt tolerance in
canola plants. Some salt-tolerant yeasts, such as Saccharomyces cerevisiae and Candida versatile, can
form beneficial associations with plant roots and improve salt tolerance. These yeasts promote plant
growth, enhance nutrient uptake, and produce osmoprotectants that protect plant cells from salt-
induced damage.

3.1.3. Temperature extremes

Temperature extremes, such as heat and cold stress, can disrupt plant physiological processes
and impact growth and development. The microbiome plays a role in temperature stress tolerance
by influencing plants' heat and cold acclimation responses. Certain microorganisms can produce heat
shock proteins and other molecular chaperones that protect proteins from denaturation under heat
stress (Balfagon et al., 2020). Similarly, the microbiome can enhance cold acclimation by modulating
the synthesis of antifreeze proteins and other cryoprotective compounds, improving plant survival
under freezing temperatures. The bacterium Bacillus subtilis produces the enzyme superoxide
dismutase, which helps to scavenge reactive oxygen species (ROS). Plants under heat stress produce
ROS, and they can damage plant cells. Superoxide dismutase helps to reduce ROS levels and protect
plants from heat damage. Trichoderma fungi have been found to enhance plant tolerance to both heat
and cold stresses. They do so by inducing the expression of stress-related genes in plants, producing
protective compounds. Trichoderma spp. also promotes root growth and nutrient uptake, which can
help plants withstand temperature extremes. The fungus Trichoderma virens produces the protein
cryoprotectin, which helps to protect plant cells from cold damage. Cryoprotectins are proteins that
help to prevent water from freezing inside plant cells. This is important because when water freezes,
it expands and can damage plant cells. Pseudomonas fluorescens has been shown to enhance plant heat
tolerance by producing a heat-shock protein called HspA. Heat-shock proteins act as molecular
chaperones, properly folding proteins and preventing their denaturation under high temperatures.
Pseudomonas fluorescens colonisation can lead to increased levels of HspA in plants, thereby
improving their heat stress resilience. Some species of Arthrobacter bacteria have been found to
enhance plant cold tolerance. They produce antifreeze proteins that lower the freezing point of plant
tissues, protecting them from frost damage. Arthrobacter sp. can colonise plant surfaces and contribute
to improved cold stress resilience.

3.1.4. Role in alleviating heavy metal toxicity

Heavy metal toxicity poses a significant threat to plant growth and ecosystem health. The
microbiome can alleviate heavy metal toxicity by various mechanisms, including metal
immobilisation, chelation, and detoxification (Irfan et al.,, 2023). Certain microorganisms in the
microbiome can produce metal-chelating compounds, such as phytochelatins and organic acids,
which sequester heavy metals and prevent their uptake by plants. Additionally, some
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microorganisms possess metal-oxidising or metal-reducing capabilities, facilitating the
transformation of toxic metals into less harmful forms.

(a) Producing chelating agents: Some microbes produce chelating agents that can bind to heavy
metals and make them less toxic. For example, the bacterium Pseudomonas fluorescens produces
the chelating agent pyochelin, which can bind to lead and cadmium, thus, making the heavy
metals less toxic to the plant and helping to prevent them from being absorbed by the roots.

(b) Detoxifying heavy metals: Some microbes can detoxify them by breaking them into less toxic
forms. For example, Rhodococcus erythropolis can produce the enzyme metallothionein, which
binds to heavy metals and prevents them from being toxic to the plant. This enzyme is
particularly effective at detoxifying cadmium.

(c) Inducing systemic resistance: Some microbes can induce systemic resistance in plants, which
helps them to defend themselves against the toxic effects of heavy metals. For example, the
fungus Trichoderma harzianum can produce a compound that activates the plant's defence system
and helps it to tolerate heavy metals. This compound helps the plant produce antioxidants that
protect it from the damage caused by heavy metals.

(a) Changing the expression of metal transporter proteins: Some microbes can change the
expression of metal transporter proteins in plants, which can help to reduce the uptake of heavy
metals by the plant. For example, the bacterium Bacillus subtilis can produce a compound that
reduces the expression of a metal transporter protein called ZIP1, which helps reduce the plant's
cadmium uptake.

(b) Competition for nutrients: Microbes can compete with heavy metals for nutrients, such as iron
and zinc and make it more difficult for heavy metals to be taken up by the plant

Numerous studies provide resolving metal toxicity via microbiomes like arbuscular mycorrhizal
(AM) fungi; they enhance plant tolerance to heavy metals by sequestering metals within their
mycelium, preventing their uptake by plant roots. For example, studies have shown that AM fungji,
such as Rhizophagus irregularis, can reduce the accumulation of heavy metals like cadmium (Cd) and
lead (Pb) in plants. Pseudomonas bacteria have been found to alleviate heavy metal toxicity in plants.
These bacteria possess metal-chelating properties and can produce siderophores, which are small
molecules that bind to heavy metals and make them less available for plant uptake. Pseudomonas
putida, for instance, has been shown to reduce the toxicity of metals like copper (Cu) and zinc (Zn) in
plants. Bacillus subtilis is known for its plant growth-promoting abilities and potential to mitigate
heavy metal toxicity. It can produce organic acids and enzymes that enhance the solubility and
availability of nutrients, thus helping plants overcome metal-induced nutrient imbalances. It has
improved plants' growth and metal tolerance to heavy metals like chromium (Cr) and nickel (Ni).
Saccharomyces cerevisiae has been extensively studied for its ability to immobilise heavy metals and
reduce their toxicity in plants. It can sequester metals like cadmium (Cd) and copper (Cu) through
adsorption onto its cell walls. When applied to contaminated soils, it can effectively reduce the
bioavailability and uptake of heavy metals by plants. Glomus intraradices (AMF) have been found to
enhance plant tolerance to heavy metals such as arsenic (As). It forms a symbiotic association with
plant roots and helps in the immobilisation and sequestration of arsenic, reducing its uptake and
translocation within the plant. These examples illustrate the diverse mechanisms different
microorganisms employ to alleviate heavy metal toxicity in plants. Table 2 elaborates on the microbes
utilised to combat plants' abiotic stress.

3.2. Biotic stress resistance

In addition to abiotic stresses, plants face challenges from various pathogens and pests. The
microbiome can enhance plant resistance to biotic stresses by inducing systemic acquired resistance
and producing antimicrobial compounds. Beneficial microorganisms in the microbiome can activate
defence-related signalling pathways, producing pathogenesis-related proteins, phytoalexins, and
other antimicrobial compounds that inhibit pathogen growth. The microbiome can compete with
pathogens for resources and space, limiting their colonisation and establishment. Bacillus subtilis is a
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beneficial bacterium known to induce systemic resistance in plants. It activates plant defences by
producing lipopeptides, such as surfactin and fengycin, which trigger immune responses and inhibit
the growth of fungal pathogens like Fusarium spp. and Botrytis cinerea. Trichoderma species, such
as Trichoderma harzianum, have been widely studied for their antagonistic activity against plant
pathogens. They compete for nutrients and space, produce antifungal compounds like chitinases and
[-1,3-glucanases, and parasitise other fungi, including pathogenic species like Rhizoctonia solani and
Pythium spp. Indirect effects on pests contribute to biological control. For example, plants inoculated
with entomopathogenic fungi like Beauveria bassiana attract predatory insects such as ladybugs and
lacewings, which feed on aphids and other pests. These beneficial insects help regulate pest
populations in an eco-friendly manner. Priming and tolerance induction: Some plant-associated
bacteria, like Pseudomonas fluorescens, can prime plants for enhanced defence responses. P.
fluorescens alongwith AMF effectively control Meloidogyne javanica infestation and increased nutrient
absorption in eggplant species (Sharma et al., 2021, 2022). They activate defence-related genes, such
as those that produce pathogenesis-related proteins and phytohormones like jasmonic acid and
ethylene. This priming allows plants to respond more rapidly and effectively to subsequent pathogen

attacks.
Table 2. Microbial species function in the alleviation of abiotic stress in plants.
Abiotic Stress Microbe Mechanism Reference
Production of
osmoprotectant and Santos-Medellin et
Rhizobacteria hormones al., 2017
Arbuscular Enhanced nutrient uptake Bulgarelli et al,
Drought Stress mycorrhizal fungi and water retention 2012
Ion homeostasis and salt
Halophilic bacteria exclusion Marasco et al., 2012
Plant growth- Hormone regulation and Egamberdievaetal,
Salinity Stress promoting bacteria osmolyte production 2017
Production of heat shock
Pseudomonas fluorescens  proteins Rolli et al., 2015
Induction of stress-related
Trichoderma spp. gene expression Tiwari et al., 2017
Temperature Production of antifreeze
Extremes Arthrobacter sp. proteins Glick et al., 2012
Arbuscular Metal sequestration and
mycorrhizal fungi immobilisation Gonzalez et al., 2002
Metal chelation and Rajkumar et al,
Pseudomonas spp. siderophore production 2010
Heavy Metal Saccharomyces Heavy metal adsorption onto
Toxicity cerevisiae cell walls Naeem et al., 2006

4. Role of microbiome interaction in improving plant health

The interaction between the microbiome and plants is crucial in improving plant health. The
microbiome influences various aspects of plant physiology, nutrient availability, disease resistance,
and stress tolerance, all of which contribute to overall plant health and productivity. Microorganisms
in the plant microbiome participate in nutrient cycling processes, such as decomposition and
mineralisation of organic matter, nutrient fixation, and nutrient solubilisation (Bhat et al., 2023).
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These activities help release nutrients to plants, promoting optimal nutrient uptake and utilisation.
Improved nutrient availability contributes to healthy plant growth, development, and vigour. The
microbiome can protect plants from diseases by preventing pathogen colonisation, inhibiting
pathogen growth, and activating plant defence mechanisms. Beneficial microorganisms in the
microbiome can compete with pathogens for resources and space, produce antimicrobial compounds,
and trigger the plant's immune responses. This reduces the incidence and severity of plant diseases,
improving plant health and reducing reliance on chemical pesticides.

Microorganisms in the plant microbiome can induce systemic resistance, a phenomenon in
which the plant's defence responses are primed and activated, resulting in enhanced resistance
against a broad range of pathogens. This priming effect can be achieved by producing signalling
molecules, activating defence-related genes, and modulation of hormone signalling pathways.
Induced systemic resistance improves the plant's ability to fend off pathogen attacks, even in distant
tissues, improving plant health and disease resilience. Certain microorganisms in the microbiome
produce growth-promoting substances, such as auxins, cytokinins, and gibberellins, which stimulate
plant growth, root development, and overall plant vigour. These microorganisms can also regulate
plant hormone levels, influencing various physiological processes, including flowering, fruiting, and
senescence. Proper hormone regulation contributes to balanced plant growth, improved crop yield,
and overall plant health. The microbiome can aid in the detoxification of harmful compounds, such
as pollutants and xenobiotics, that can accumulate in the plant's tissues. Certain microorganisms can
degrade or transform these compounds, reducing their toxicity and impact on plant health. This
detoxification process contributes to the overall well-being of the plant and its ability to thrive in
contaminated environments.

4.1. Bioinoculants and biofertiliser

Bioinoculants and bio fertilisers contain beneficial microorganisms or microbial consortia that
are applied to plants or soils to enhance plant growth, nutrient uptake, and soil health. Bioinoculants
typically consist of specific strains of bacteria, fungi, or other microorganisms that have proven
beneficial effects on plant growth and nutrient availability. These are live microorganism consortia;
when administered to plants or soil, they form a symbiotic or mutualistic connection with the plant,
resulting in favourable impacts on plant growth and development (Santoyo et al.,2021).

Mycorrhizal fungi are extensively used as bio fertilisers for sustainable forestry and agroforestry
practices. These fungi establish a symbiotic relationship with the roots of plants and form hyphae
that extend into deep soil to absorb nutrients. They also enhance nutrient efficiency, as phosphorus
absorption is difficult for plants due to its low solubility. These fungi increase the surface area and
enhance nutrient absorption, thus acting as a good fertiliser. The recent area of research revolves
around the Arbuscular mycorrhizal (AM) fungi which are widely dispersed soil fungi that create
symbiotic relationships with most plants. They have been extensively explored in agriculture,
horticulture, and forestry endeavours, as well as for environmental revitalisation to boost crop output
and health while limiting the use of agrochemicals. AM fungi improve the soil structure and aeration
as fungal hyphae promote soil aggregation and help in nutrient cycling and organic matter
decomposition, thereby improving overall soil health (Nichols, 2008). They can induce systemic
resistance in plants and protect them against pathogens. They help plants against drought stress by
improving the water intake through their hyphal network. Nitrogen-fixing bacteria are potential
microbiomes that stimulate plant health by providing a sustainable nitrogen source and reducing
dependency on chemical fertilisers. Co-inoculation of AMF and Pseudomonas fluorescens produced
synergistic effects in sesame crop as they enhanced the morphological and mineral content of this oil
producing crop ( Yadav et al., 2021a). Similar similar were obtained by Yadav et al., (2021b) in carrot
under saline conditions where nutrient uptake increased to several folds by using AMF and
Pseudomonas fluorescens.

Biofertilisers and bioinoculants increase plant growth and yield by improving nutrient uptake,
resilience to drought, pathogen suppression, and soil health. Plants inoculated with bioinoculants
and bio fertilisers frequently have higher biomass, improved root development, and exacerbated
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overall vigour. Using bioinoculants and biofertilisers in agriculture can reduce the reliance on
synthetic fertilisers and pesticides, improve soil fertility, and contribute to sustainable and
environmentally friendly agricultural practices (Kour et al., 2020).

4.2. Microbiome engineering

The modification and engineering of microbial populations associated with plants to promote
desired plant traits, such as increased nutrient use efficiency, disease resistance, and stress tolerance,
is known as Microbiome engineering. This can be achieved by introducing beneficial
microorganisms, manipulating existing microbial communities, or modifying microbial functions
and interactions. Microbiome engineering techniques include the application of specific microbial
inoculants, the use of prebiotics or probiotics to promote the growth of beneficial microorganisms,
and the genetic modification of microorganisms to enhance desired traits.

It opens up new avenues for producing bioinoculants and biofertilisers that can boost plant
development, intake of nutrients, resistance to infection, and stress tolerance (Afridi et al., 2022). Plant
microbiomes can be altered to improve plant-microbe interactions by using synthetic microbial
consortia, genetic engineering approaches, ecological modulation, and the integration of omics
technology. Various strategies are employed to engineer the plants’ microbiome, like genetic
engineering approaches. Disease-resistant genes, stress-tolerance genes, secondary metabolite-
producing genes, nitrogen-fixing genes and the genes which help in nutrient assimilation can be
introduced or modified into the plants. Microbial inoculation, amendment of the soil, and plant-
associated microbiome modifications can all be used to change the microbiome's composition and
function in favour of intended plant-microbe encounters. The formulation and production of
synthetic microbial consortia is another microbiome engineering method. These consortiums
comprised selected microorganisms with complementary roles and associations with plants, making
it possible to establish synergistic effects that improve plant performance by meticulously choosing
and mixing helpful microorganisms. Phosphorus solubilisation, nitrogen fixation, plant hormones
synthesis, and disease suppression are all possible using synthetic microbial consortia (Kenneth et
al.,2019). Microbiome engineering also involves the alteration of existing microbe communities
through ecological modulation. This strategy selectively enriches or decreases specific microbial
populations to favour positive interactions with plants. Ensuring the stability and permanence of
engineered microbial communities under various environmental circumstances, like addressing
safety-related issues, ramping up production for the commercialisation process, and complying with
regulatory requirements, are some of the key concerns in this regard. Microbiome engineering holds
significant potential for improving plant health, enhancing crop productivity, and developing
resilient agricultural systems (Kaul et al., 2021).

4.3. Food security and sustainable agriculture

Food security and agricultural sustainability are inextricably linked and mutually dependent
concepts. Sustainable agriculture endorses the sustainable development and effective use of
resources by using measures such as soil conservation, managing water resources, and agroforestry.
This helps to sustain agricultural land efficiency and fertility, maintaining a constant food supply in
the long term. Food security entails producing adequate food and promising equal distribution and
accessibility. The microbiome associated with the crops plays a crucial role in ensuring food safety
by improving the overall productivity of the crops (Sessitsch & Mitter, 2015). The microbiome can
increase crop yields, reduce crop losses, and enhance food production by improving nutrient
availability, disease resistance, and stress tolerance. Microbiome-based strategies, such as
biofertilisers, bioinoculants, and microbiome engineering, can promote sustainable agriculture
practices by reducing the reliance on chemical inputs, minimising environmental impacts, and
improving soil health. Additionally, the microbiome's influence on plant resilience and adaptation to
changing climatic conditions can help ensure food security in the face of climate change and other
environmental challenges. Understanding and harnessing the potential of the microbiome in
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agriculture is critical for developing sustainable and resilient food systems that can meet the growing
global demand for food while minimising environmental degradation (Chouhan et al., 2021).

5. Role of the Microbiome in enhancing plant resilience to climate change

The microbiome plays an significant role in boosting plant resilience to climate change, which is
characterized by rising temperatures, shifting rainfall patterns, and an increase in the incidence of
adverse weather conditions.The interactions between plants and microorganisms in the microbiome
contribute to various adaptive mechanisms that help plants withstand and recover from the impacts
of climate change. Here are some key roles of the microbiome in enhancing plant resilience to climate
change:

Enhanced Stress Tolerance: The microbiome can improve plant tolerance to climate-related
stresses, such as heatwaves, drought, and flooding. Beneficial microorganisms in the microbiome can
enhance stress tolerance by improving water uptake and retention, regulating plant hormone levels,
producing osmoprotectants, and activating stress-responsive genes. These mechanisms enable plants
to maintain physiological functions and withstand the adverse effects of extreme temperatures and
water availability, thus enhancing their resilience to climate change (Roy et al., 2021).

Nutrient Cycling and Adaptation: Microorganisms in the plant microbiome play a critical role
in nutrient cycling and adaptation to changing environmental conditions. As climate patterns shift,
the availability and cycling of nutrients in the soil can be affected. The microbiome facilitates nutrient
acquisition and mobilisation by decomposing organic matter, solubilising minerals, and fixing
atmospheric nitrogen. This nutrient cycling helps plants adapt to changing nutrient availability,
ensuring their continued growth and productivity under varying climatic conditions (Philippot et al.,
2013).

Disease Resistance: Climate change can alter the dynamics of plant diseases, leading to new
disease outbreaks and increased susceptibility to pathogens. The microbiome contributes to plant
disease resistance by promoting the growth of beneficial microorganisms that compete with
pathogens for resources and produce antimicrobial compounds. Additionally, the microbiome can
induce systemic acquired resistance, priming plants for enhanced defence responses against
pathogens, which enhances the plant's ability to resist and recover from disease outbreaks, thus
bolstering their resilience to climate-driven changes in pathogen dynamics (Velasquez et al., 2018).

Restoration of Disturbed Ecosystems: Climate change can exacerbate ecosystem disturbances,
such as wildfires, hurricanes, and deforestation. The microbiome is critical in ecosystem restoration
by facilitating plant establishment, nutrient cycling, and soil recovery. Beneficial microorganisms in
the microbiome can aid in soil stabilisation, enhance soil fertility, and promote plant growth in
disturbed areas. They contribute to reestablishing functional ecosystems and recovering vegetation
following climate-related disturbances (Delgado et al., 2017).

Genetic Adaptation: The microbiome can influence the genetic adaptation of plants to changing
climatic conditions. Microorganisms in the microbiome can interact with the plant's genetic
machinery, influencing gene expression and regulating physiological processes. This interaction can
facilitate selecting and expressing adaptive traits in response to climate change. Through epigenetic
modifications and other regulatory mechanisms, the microbiome can contribute to the plant's ability
to adapt and thrive under new environmental conditions (Chen et al., 2022).

Conclusion and the way forward

Over the past few years, plant microbiome research has made significant progress through
collaborative efforts across various disciplines. Plants and their associated microbiome share an
intricate relationship that helps plants sustain various environmental stress, leading to improved
adaptation. Further research into microbiome interactions in the context of plant physiology and
immunity to environmental stresses delivers an enormous opportunity for expanding our
understanding of plant-microbe relationships and unleashing their potential for sustainable
agriculture and resilient environments.
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