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ABSTRACT

Phytobiomes encompass the dynamic ecosystems surrounding plants, which include a diverse
range of microbial communities such as fungi, bacteria, algae, viruses, and nematodes. These
microorganisms interact intricately with plants, influencing their health, growth, and resilience.
Beneficial fungi form symbiotic relationships with plant roots, enhancing nutrient absorption, while
bacteria play a role in nitrogen fixation and disease suppression. Algae contribute to soil health and
organic matter decomposition, and viruses, though often seen as harmful, can provide resistance to
certain pathogens. Nematodes, both beneficial and parasitic, regulate soil nutrient cycles and
influence plant growth. Harnessing the potential of these microbial communities offers promising
solutions for sustainable agriculture. By promoting beneficial interactions within the phytobiome, it is
possible to improve plant productivity, enhance nutrient use efficiency, and increase tolerance to
environmental stresses such as drought, salinity, and pathogens. Phytobiome research aims to
uncover the complex relationships within these microbial networks to develop novel agricultural
practices that reduce reliance on chemical inputs. This holistic approach not only promotes plant
health but also ensures ecological balance, contributing to the long-term sustainability of
agroecosystems in the face of environmental challenges. Understanding the power of microbial

communities within phytobiomes is key to advancing future agricultural innovations.
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1. INTRODUCTION

Phytobiomes encompass the intricate
communities of microorganisms—bacteria, fungi,
viruses, archaea, and other microscopic life
forms—that live in close association with plants.
These microbial communities are found on the
surface of leaves and roots, within plant tissues,
and in the surrounding soil. Far from being mere
inhabitants of the plant environment, these
microorganisms engage in complex interactions
with their host plants, influencing critical aspects
of plant health, growth, and resilience [1]. The
concept of phytobiomes extends beyond just the
microbiome of a plant; it includes the entire
biological and physical environment in which
plants grow, encompassing soil, climate, other
plants, insects, and agricultural practices. This
holistic view recognizes that plant health is not
determined solely by the plant's genetics but is
also shaped by the interactions within its
surrounding ecosystem [2]. Recent advances in
molecular biology, high-throughput sequencing,
and bioinformatics have significantly expanded
our understanding of phytobiomes. These
technologies have revealed that phytobiomes
play essential roles in nutrient cycling, enhancing
plant growth, protecting against pathogens, and
helping plants withstand environmental stresses
such as drought and salinity [3]. The ability of
phytobiomes to influence these processes opens
up new avenues for enhancing agricultural
productivity in sustainable ways. As global
agriculture faces increasing challenges from
climate change, soil degradation, and the need

to produce more food with fewer resources, the
potential of phytobiomes offers a promising path
forward [4]. By harnessing and optimizing these
microbial communities, we can develop
innovative strategies for crop management that
reduce the reliance on chemical inputs, improve
crop resilience, and support the long-term
sustainability of agricultural systems [5].

A wide variety of microorganisms, including as
bacteria, archaea, Protistas, fungus, and viruses,
are able to flourish and multiply in the niches that
plants offer for them. These bacteria are very
important to the overall health and production of
plants when they are exposed to regular
environmental conditions [6]. Plants and the
microbiota that are linked with them make up a
holobiont, which is a system in which
evolutionary selection contributes to the stability
of the overall system. Bacteria and fungus are
the species that have received the greatest
attention from researchers; however, other taxa
such as archaea, viruses, protistas, and
nematodes also play significant roles [7].
Through the use of genome-wide association
studies (GWAS), plant loci that are associated
with microbial diversity and structure have been
discovered. Microbial genomics has made it
possible to identify genes that are connected
with plant-associated lifestyles. These genes
have the potential to assist the surrounding
microbiota in coping with the defences of the
host plant, which is necessary for successful
colonization [8]. The methods and techniques
used in plant microbiome research play an
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essential part in the study of the whole
microbiota of host plants and the functional
characteristics of that microbiota, with the goal of
improving plant growth and production in
conjunction with biotic and abiotic stress. Recent
developments in technologies like as
metagenomics, transcriptomics, and genome
editing have the potential to contribute to the
intensification of the link between legumes and
microbiomes, therefore directing advances
towards improved nitrogen nutrition [9]. The
primary objectives of this review are to
investigate recent information concerning the
plant microbiome and the direct and indirect
plant-beneficial mechanisms that it possesses,
to discuss the gaps in research, and to highlight
the current knowledge and understanding of
plant-associated microbial communities and the
functional attributes that they possess for the
purpose of enhancing sustainable agricultural
productivity [10].

2. HOW HOST FUNCTIONS

In the same way that bacteria in the human body
interact with one another and have an impact on
the health of plants, these bacteria also have an
effect on the soil. There is a correlation between
the two. At the level of the community, each of
the three forms of microbiomes—the
rhizomicrobiome, the phyllomicrobiome, and the
endomicrobiome—is unique from the other two
[11]. Furthermore, phytomicrobiomes that are
related with various plant components are
distinct from one another on account of their
individuality. The  composition of the
phytomicrobiome is determined by a variety of
variables, such as the types of plants, the
phases of growth that the plants go through, and
the circumstances of the environment itself [12].
These factors take into account the kinds of

plants that are there. Actinobacteria,
proteobacteria, planctomycetes,
verrucomicrobia,  firmicutes, acidobacteria,

bacteria, and gemmatimonatedes are the most
common types of microorganisms that may be
found in root microbiomes. Root microbiomes
are home to a vast range of microorganisms.
Core microbiomes, which are present in the
majority of samples taken from a single plant
species, are either directly inherited by the plant
species or are actively chosen by the plant
species [13]. Examples of both of these
processes are described below. Core
microbiomes may be found in the vast majority
of tissue samples taken from plants. Additionally,
they are vulnerable to being altered by

genotypes, climatic  circumstances, and
management approaches. This is in addition to
the fact that they co-evolved with many other
plant species. This is due to the fact that they
are often capable of being shaped concurrently
[14]. The fundamental microbiome of a number
of different crop species may be characterized
with the intention of doing more research and
development. The possibility of this happening is
not inconceivable. This may entail the cultivation
of endophytic microorganisms as well as the
genetic modification of plants in order to improve
the nutritional content of the plants and boost
their general health. The goal is to make the
plants healthier overall [15]. The relationship that
exists between the core microbiomes of various
plant species and genotypes is an example of
the microbiome assemblage that is driven by the
host. This connection can be observed in the
core microbiomes of different plant species [16].
The 'hub microbiota approach’ is used in order to
get an understanding of the interaction that takes
place between the core group of the microbiome
and the functional qualities that it has. This is
done with the intention of achieving the objective
of improving the health of plants. When it comes
to the control of all of the functional networks
that are included within the plant microbiome,
certain microbial taxa and genera, in addition to
populations, are responsible  for  the
responsibility. This microbiome is a network that
is very intricate and connects with other
networks [17, 18].

3. IMPORTANCE OF MICROBIAL
COMMUNITIES IN PLANT HEALTH

Microbial communities, often referred to as the
plant microbiome, play a crucial role in
maintaining and enhancing plant health. These
communities are composed of bacteria, fungi,
archaea, viruses, and other microorganisms that
live in and around plants, including the
rhizosphere (soil surrounding the roots),
phyllosphere (above-ground plant parts), and
endosphere (inside plant tissues) [19]. Their
importance in plant health can be understood
through several key functions:

3.1 Nutrient Acquisition

Microbial communities are vital for nutrient

cycling and availability. For instance:

e Nitrogen Fixation: Certain bacteria, such
as Rhizobium species, fix atmospheric
nitrogen into a form that plants can absorb
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and use, which is critical for plant growth
[20].

e Phosphorus Solubilisation: Microbes
such as phosphate-solubilizing bacteria
and mycorrhizal fungi convert insoluble
phosphorus in the soil into forms that
plants can take up, thereby improving
nutrient availability.

e Decomposition of Organic Matter:
Microbes decompose organic matter,
releasing nutrients back into the soil and
making them available to plants [21].

3.2 Disease Suppression

Microbial communities help protect plants from
pathogens through various mechanisms:

e Competition: Beneficial microbes
outcompete harmful pathogens for space
and resources, thereby preventing disease
[22].

e Antimicrobial Production: Some
microbes produce antibiotics, antifungals,
or other substances that inhibit the growth
of pathogens.

e Induced Systemic Resistance (ISR):
Certain beneficial microbes trigger plant
defence mechanisms, making plants more
resistant to a broad range of pathogens
[23].

3.3 Stress Tolerance

Microbial communities enhance plant resilience
to abiotic stresses such as drought, salinity, and
temperature extremes:

e Drought Resistance: Some microbes
improve water uptake or produce
substances that help plants retain water
under drought conditions.

e Salinity Tolerance: Certain bacteria can
mitigate the negative effects of high salt
levels on plants, allowing them to grow in
saline environments [24].

e Temperature Extremes: Microbes can
produce proteins and other compounds
that help plants survive extreme
temperatures.

3.4 Growth Promotion
Microbes directly promote plant growth by:

e Hormone Production: Many microbes
produce plant hormones like auxins,

gibberellins, and cytokines’,  which
stimulate root development, shoot growth,
and overall plant vigour [25].

e Nutrient Uptake Enhancement:
Mycorrhiza fungi extend the root system's
reach, allowing plants to access nutrients
and water more efficiently [26].

3.5 Ecosystem Stability and Biodiversity

Microbial communities contribute to the stability
and biodiversity of ecosystems by:

e Maintaining Soil Health: They improve
soil structure, enhance water retention,
and increase soil fertility.

e Supporting Plant Diversity: Microbes
promote the coexistence of different plant
species by mediating plant-microbe and
plant-plant interactions, which can lead to
more resilient ecosystems [27].

3.6 Bioremediation

Microbial communities play a role in
bioremediation by breaking down pollutants and
detoxifying soils, thereby enabling plants to grow
in contaminated environments. This is
particularly important in restoring degraded or
polluted agricultural lands [28].

3.7 Plant-Microbe Symbiosis

Symbiotic relationships between plants and
microbes, such as those between legumes and
nitrogen-fixing bacteria, or between plants and
mycorrhiza fungi, are fundamental to plant
health. These partnerships are essential for
nutrient exchange, growth, and survival in
various environments [29].

3.8 Adaptation to
Environments

Changing

Microbial communities help plants adapt to
changing environmental conditions by facilitating
rapid responses to stressors, such as climate
change, pests, and diseases. This adaptability is
crucial for the long-term sustainability of
agricultural systems [30].

4. THE ROLE OF PHYTOBIOMES IN
MODERN AGRICULTURE

Phytobiomes play a pivotal role in modern
agriculture by serving as natural allies in
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enhancing crop productivity, sustainability, and
resilience. These complex microbial
communities, encompassing bacteria, fungi,
viruses, and other microorganisms, interact
intimately with plants, facilitating essential
processes such as nutrient acquisition, disease
suppression, and stress tolerance [31]. By
harnessing the  beneficial functions  of
phytobiomes, farmers can improve soil health
and fertility, reduce dependence on chemical
fertiizers and pesticides, and promote
environmentally friendly farming practices [32].
Additionally, phytobiomes contribute to the
development of crops that are more resilient to
abiotic stresses like drought and salinity, as well
as biotic challenges such as pathogens and
pests. Integrating phytobiome management into
agricultural systems not only boosts crop yields
and quality but also supports sustainable
agriculture by fostering ecosystem stability and
biodiversity. As the agricultural sector faces
increasing pressures from climate change and
the need for sustainable food production,
leveraging the power of phytobiomes offers a
promising pathway to achieve more efficient,
resilient, and ecologically balanced farming
practices [33].

5. COMPONENTS OF PHYTOBIOMES

Phytobiomes are complex ecosystems
composed of  various biological and
environmental components that interact with
plants to influence their health, growth, and
resilience. The key components of phytobiomes
include:

5.1 Plants

The central component of the phytobiome, plants
serve as the primary habitat and host for various
microorganisms. They influence the composition
and activity of microbial communities through the
release of root exudates, leaf exudates, and
other organic compounds that attract or repel
specific microbes [34].

5.2 Microorganisms

Microbial communities within  phytobiomes
consist of diverse groups of organisms, each
playing specific roles:

e Bacteria: These are abundant in the
rhizosphere  (soil surrounding roots),
phyllosphere (above-ground parts), and
endosphere (inside plant tissues). They
contribute to nutrient cycling, disease

suppression, and plant growth promotion
[35].

e Fungi: Fungi, including mycorrhiza fungi,
are essential for nutrient acquisition,
particularly phosphorus, and play roles in
disease resistance and stress tolerance
[36].

e Archaea: Though less studied, archaea
are involved in nutrient cycling, particularly
in extreme environments where they
contribute to nitrogen and carbon cycling.

e Viruses: Plant-associated viruses can
impact both the plant and microbial
communities, sometimes in beneficial
ways by controlling pathogen populations
[37].

e Protista and Nematodes: These are part
of the soil food web and influence
microbial populations by preying on
bacteria and fungi, thus regulating
microbial dynamics [38].

5.3 Soil

Soil serves as the foundation for the phytobiome,
providing a medium for root growth and a habitat
for a vast array of microorganisms. Soil
properties such as texture, structure, pH, organic
matter content, and moisture levels directly
influence the composition and function of
microbial communities within the phytobiome
[39].

5.4 Rhizosphere

The rhizosphere is the narrow region of soil
directly influenced by root exudates and
associated microbial activity. It is a hotspot for
plant-microbe interactions, where beneficial
microbes like nitrogen-fixing bacteria and
mycorrhiza fungi thrive, contributing to nutrient
acquisition and plant health [40].

5.5 Phyllosphere

The phyllosphere refers to the above-ground
parts of the plant, including leaves, stems, and
flowers, which host microbial communities
adapted to more variable and sometimes harsh
environmental conditions. These microbes can
protect plants from foliar pathogens and
contribute to nutrient cycling and overall plant
health [41].

5.6 Endosphere

The endosphere consists of the interior tissues
of the plant, where endophytic microorganisms
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reside. These microbes can promote plant
growth, enhance stress tolerance, and protect
against pathogens by producing antimicrobial
compounds or triggering plant defence
mechanisms [42].

5.7 Abiotic Factors

Environmental factors such as temperature,
humidity, light, and water availability significantly
impact the composition and function of
phytobiomes. Abiotic stresses like drought,
salinity, and extreme temperatures can alter
microbial communities, sometimes leading to
shifts that either harm or benefit plant health
[43].

5.8 Plant Exudates

Plants release a variety of organic compounds
through their roots (root exudates) and leaves
(leaf exudates) that serve as food sources or
signalling molecules for microbes. These
exudates shape the microbial community
structure and function, influencing which
microbes thrive and how they interact with the
plant [44].

5.9 Pests and Pathogens

Pests and pathogens, including insects, fungi,
bacteria, and viruses, are also part of the
phytobiome. Their interactions with plants and
other microbes can lead to diseases or trigger
defence mechanisms that shape the overall
health and resilience of the plant [45].

5.10 Agricultural Practices

Human interventions, such as the use of
fertilizers, pesticides, crop rotation, and tillage,
influence the phytobiome by altering the soil
environment and microbial communities.
Sustainable practices that support phytobiome
diversity and health are increasingly recognized
as critical for maintaining productive and resilient
agricultural systems [46].

6. INTERACTIONS BETWEEN PLANTS
AND MICROBIAL COMMUNITIES

Interactions between plants and microbial
communities are complex and multifaceted,
forming the foundation of plant health, growth,
and resilience. These interactions can be
mutualistic, commensal, or antagonistic, and

they occur in various plant-associated
environments, such as the rhizosphere,
phyllosphere, and endosphere. The key
interactions between plants and microbial

communities include:
6.1 Nutrient Exchange

One of the most important interactions is the
exchange of nutrients between plants and
microbes:

e Nitrogen Fixation: Certain bacteria, such
as Rhizobium in legumes, form symbiotic
relationships  with  plants by fixing
atmospheric nitrogen into a form that
plants can use. In return, the plants
provide the bacteria with carbohydrates
produced through photosynthesis [47].

e Mycorrhiza Symbiosis: Mycorrhiza fungi
form associations with plant roots,
extending their hyphae into the soil to
increase the surface area for nutrient
absorption, particularly phosphorus. In
exchange, the fungi receive sugars and
other organic compounds from the plant
[48].

e Phosphate Solubilisation: Some soil
bacteria and fungi solubilize phosphorus
from insoluble compounds in the soil,

making it available to plants. This
interaction enhances plant nutrient uptake
and [49].

6.2 Promotion of Plant Growth

Microbes promote plant growth through various
mechanisms:

e Production of Plant Hormones: Certain
microbes produce hormones such as
auxins, cytokine’s, and gibberellins, which
stimulate plant growth by enhancing root

development, shoot elongation, and
overall plant vigour [50].
e Improvement of Root Architecture:

Beneficial microbes can influence root
morphology, increasing root branching and
length, which enhances the plant’s ability
to absorb water and nutrients [51].

e Enhanced Stress Tolerance: Microbes
can help plants tolerate abiotic stresses
like drought, salinity, and temperature
extremes by producing stress-related
compounds, such as osmoprotectants, or
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by altering the plant’s stress response
pathways [52].

6.3 Disease Suppression

Microbial communities play a crucial role in
protecting plants from diseases:

e Antagonism against Pathogens:
Beneficial microbes can suppress plant
pathogens through competition for space
and resources, production of antimicrobial
compounds, or direct parasitism of the
pathogen [53].

e Induced Systemic Resistance (ISR):
Certain beneficial microbes trigger a plant-
wide immune response known as ISR,
which enhances the plant’s ability to resist
a broad spectrum of pathogens. This
interaction primes the plant’'s defence
mechanisms, making it more resistant to
future infections [54].

e Biocontrol: Microbial biocontrol agents,
such as Trichoderma and Pseudomonas,
are used to control soil-borne and foliar
pathogens, reducing the need for chemical
pesticides [55].

6.4 Signalling and Communication

Plants and microbes engage in intricate
communication through signalling molecules:

e Root Exudates: Plants secrete a variety
of organic compounds through their roots,
including sugars, amino acids, and
secondary metabolites, which attract or
repel specific microbes. These exudates
can shape the composition of the microbial
community in the rhizosphere [56].

e Quorum Sensing: Microbes use quorum
sensing, a form of cell-to-cell
communication, to coordinate their
activities in response to the density of their
population. This can influence microbial
behaviour, such as biofilm formation,
virulence factor production, and the
activation of beneficial traits [57].

e Symbiotic Signalling: In mutualistic
relationships, such as those between
legumes and Rhizobium bacteria, plants
and microbes exchange specific signals to
establish and maintain symbiosis. For
example, flavonoids released by plant
roots induce the expression of nod genes
in Rhizobium, leading to the formation of
nitrogen-fixing nodules [58].

6.5 Competition and Antagonism

While many plant-microbe interactions are
beneficial, some are competitive or antagonistic:

e Pathogen Attack: Pathogenic microbes
can invade plant tissues, causing diseases
that lead to reduced growth, yield, and
even plant death. Plants respond by
activating their immune systems to combat
the pathogens [59].

e Allelopathy: Some plants release
chemicals that inhibit the growth of
neighbouring plants and their associated
microbial communities. This can alter the
microbial dynamics in the soil, often
leading to competitive exclusion of certain
microbes [60].

e Microbial Warfare: Within the microbial

community, microbes can compete for
resources and space, sometimes
producing toxins or antibiotics that
suppress the growth of competing

microbes [60].
6.6 Endophyte Interactions

Endophytic microbes, which live inside plant
tissues without causing harm, can interact with
their host plants in various ways:

e Growth Promotion: Endophytes can
promote plant growth by producing growth
hormones, enhancing nutrient uptake, or
helping plants cope with stress [61].

e Pathogen Resistance: Some endophytes
produce antimicrobial compounds or
stimulate plant defences, protecting the
plant from pathogens [62].

e Stress Alleviation: Endophytes can
enhance a plant's tolerance to
environmental stresses by modulating

stress-related pathways or producing
protective compounds [63].
7. ENVIRONMENTAL FACTORS

INFLUENCING PHYTOBIOMES

Environmental factors play a critical role in
shaping the composition, diversity, and
functionality of phytobiomes. These factors
influence the interactions between plants and
microbial communities, ultimately affecting plant
health, growth, and resilience. The key
environmental factors influencing phytobiomes
include:
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7.1 Soil Composition and Structure

Soil Type: The physical and chemical
properties of soil, such as texture (clay,
silt, sand), pH, and organic matter content,
greatly influence the microbial
communities  within the phytobiome.
Different soil types harbour distinct
microbial populations, which in turn affect
nutrient availability and plant health [64].
Nutrient Availability: The levels of
essential nutrients like nitrogen,
phosphorus, and potassium in the soll
influence the  microbial community
structure. For example, nutrient-poor soils
may promote the growth of microbes that
specialize in nutrient cycling or fixation,
which can benefit plants in nutrient-
deficient environments [65].

Soil Moisture: The amount of water in the
soil affects microbial activity and diversity.
Microbes require water for metabolic
processes, and soil moisture levels can
influence the oxygen availability and the
balance between aerobic and anaerobic
microorganisms [66].

7.2 Climate and Weather Conditions

Temperature: Temperature is a key
determinant of microbial metabolism and
community composition. Extremes in
temperature, whether hot or cold, can
stress microbial populations and alter their
interactions with plants. Some microbes
thrive in specific temperature ranges,
influencing their presence and activity in
different climatic zones [67].

Precipitation and Humidity: Water
availability, through rainfall or irrigation,
affects both the plant and the microbial
communities in the soil and on plant
surfaces. High humidity levels can
promote the growth of certain fungi and
bacteria, while low humidity may limit
microbial activity and alter the composition
of the phytobiome [68].

Seasonal  Variation:  Changes in
temperature, light, and moisture across
seasons can lead to shifts in microbial
community composition and activity. For
example, certain microbes may become
more active in the growing season, while
others dominate in the off-season,
affecting plant health throughout the year
[69].

7.3 Light Availability

Photosynthetically Active Radiation
(PAR): Light influences plant growth and
the production of root exudates, which in
turn affect the microbial communities in
the rhizosphere. Different light conditions
can lead to changes in the types and
amounts of exudates released by plants,
thereby shaping the microbial population
and its functions [70].

Photoperiod: The length of day and night
can impact the growth cycles of plants and
their associated microbes. Some microbial
processes, such as those involved in
nitrogen fixation or decomposition, are
influenced by the photoperiod, which
affects the timing and intensity of microbial
activity [71].

7.4 PH Levels

Soil pH: The acidity or alkalinity of the soil
is a major factor determining microbial
diversity and function. Most microbes have
an optimal pH range, and deviations from
this range can suppress certain microbial
groups while promoting others. For
example, acidic soils may favour the
growth of fungi, while alkaline soils may
support different bacterial populations [72].
pH and Nutrient Availability: Soil pH
influences the solubility of nutrients,
thereby affecting their availability to plants
and microbes. For instance, at low pH,
some essential nutrients like phosphorus
become less available, influencing the
types of microbes that can thrive in such
conditions [73].

7.5 Oxygen Availability

Aeration: The availability of oxygen in the
soil, often related to soil compaction and
water content, influences the types of
microbes present. Aerobic microbes
require oxygen for their metabolic
processes, while anaerobic microbes
thrive in low-oxygen environments, such
as waterlogged soils [74].

Waterlogged Conditions: Excess water
can create anaerobic conditions,
promoting the growth of microbes that
thrive in low-oxygen environments, such
as certain bacteria and fungi. These
conditions can lead to changes in nutrient
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cycling and the production of gases like
methane, which can impact plant health
[75].

7.6 Agricultural Practices

Fertilization: The use of chemical
fertilizers can alter the nutrient balance in
the sail, influencing microbial diversity and
activity. Over-fertilization, in particular, can
lead to nutrient imbalances that favour
certain microbes over others, potentially
disrupting the natural balance of the
phytobiome [76].

Pesticides  and Herbicides:  The
application of chemical pesticides and
herbicides can have direct and indirect
effects on microbial communities. While
these chemicals target pests and weeds,
they can also harm beneficial microbes or
disrupt microbial interactions, leading to
reduced plant health [77].

Tillage: Tillage practices influence soil
structure, aeration, and microbial habitat.
Conventional tillage can disrupt microbial
communities by breaking up soil
aggregates and exposing deeper soil
layers to the surface, while no-till or
reduced-till practices help maintain a more
stable and diverse microbial community
[78].

Crop Rotation and Diversity: The
diversity of crops grown in a particular
area influences the diversity of microbial
communities. Crop rotation and
polyculture practices promote a more
diverse and resilient phytobiome by
providing a range of habitats and nutrient
sources for different microbes [79].

7.7 Pollution and Contaminants

Heavy Metals and Toxins: Soil
contamination with heavy metals, such as
cadmium, lead, and mercury, or organic
pollutants can negatively affect microbial
communities by inhibiting microbial growth
and activity. These contaminants can lead
to reduced microbial diversity and function,
impacting plant health and soil fertility [80].
Industrial and Agricultural Runoff:
Runoff  containing chemicals  from
industrial or agricultural sources, such as
fertilizers, pesticides, and pollutants, can
alter the microbial balance in soils and
water bodies, potentially leading to the

proliferation of harmful microbes and a
decline in beneficial ones [81].

7.8 Biotic Interactions

Plant Species and Genotype: Different
plant species and even different
genotypes of the same species can host
distinct microbial communities. The
specific traits of a plant, such as root
architecture, exudate composition, and
immune response, influence the types of
microbes that associate with it [82].

Insect and Pest Activity: The presence
of insects and pests can influence the
phytobiome by directly interacting with the
plant or by affecting  microbial
communities. For example, pest damage
can alter root exudate profiles, leading to
changes in the rhizosphere microbiome
[83].

8. METHODS FOR STUDYING
PHYTOBIOMES
Studying phytobiomes requires a

multidisciplinary approach that integrates various
methods and technologies to understand the
complex interactions between plants and their
associated microbial communities. The following
are some of the key methods used to study
phytobiomes:

8.1 Culture-Dependent Techniques

Isolation and Cultivation:
Microorganisms from phytobiomes can be
isolated and cultured on specific media to

study their characteristics, such as
morphology, growth conditions, and
metabolic capabilities. These methods
allow for the identification and

characterization of cultivable microbes but
are limited to those microbes that can
grow in artificial conditions [84].

Biochemical Tests: Cultured microbes
can be subjected to various biochemical

assays to determine their enzymatic
activities, nutrient requirements, and
potential interactions with plants. This

information helps in understanding their
role within the phytobiome [85].

8.2 Culture-Independent Techniques

DNA Sequencing: High-throughput DNA
sequencing technologies, such as next-
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generation sequencing (NGS), are widely
used to analyse the genetic material of
entire microbial communities without the
need for cultivation. This includes:

16S rRNA Gene Sequencing: Used to
identify and classify bacterial and archaeal
communities based on the highly
conserved 16S ribosomal RNA gene [86].
Internal  Transcribed Spacer (ITS)
Sequencing: Used for identifying and
studying fungal communities by targeting
the ITS regions of fungal rRNA genes.
Metagenomics: Involves sequencing the
entire genetic material from a sample,
allowing for the study of the functional
potential of microbial communities by
analysing genes associated with specific
metabolic pathways [87].
Metatranscriptomics:  This  approach
involves sequencing RNA transcripts from
microbial communities to study active
gene expression. It provides insights into
the functional activity of microbes within
the phytobiome and how they respond to
environmental changes or plant signals
[88].

Metaproteomics: Metaproteomics
involves the analysis of the complete set
of proteins produced by microbial
communities in the phytobiome. This
method helps in understanding the
functional roles of microbes by identifying
and quantifying proteins involved in
various metabolic processes  and
interactions with plants [89].
Metabolomics: Metabolomics studies the
complete set of metabolites produced by
the phytobiome, including small molecules
like amino acids, sugars, organic acids,
and secondary metabolites. It provides
insights into the biochemical interactions
between plants and microbes, including
nutrient exchange and signalling [90].

8.3 Microscopy and Imaging Techniques

Fluorescence Microscopy: Fluorescent
dyes or genetically encoded fluorescent
proteins can be used to visualize specific
microbial cells or plant tissues under a
fluorescence microscope. This technique
allows for the study of spatial relationships
between microbes and plant cells [91].

Confocal Laser Scanning Microscopy
(CLSM): CLSM provides high-resolution,
three-dimensional images of microbial
communities and their interactions with

plant tissues. It is particularly useful for
studying the localization and distribution of
microbes  within the rhizosphere,
phyllosphere, or endosphere [92].

e Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy
(TEM): These techniques provide detailed
images of microbial morphology and plant-
microbe interactions at the ultrastructural
level [93].

8.4 Stable Isotope Probing (SIP)

Stable isotope probing involves incorporating
stable isotopes, such as ~13C or ~15N, into
specific substrates (e.g., carbon or nitrogen
sources) provided to plants. Microbes that utilize
these labelled substrates can be identified and
studied by tracking the incorporation of isotopes
into their DNA, RNA, or proteins. SIP is a
powerful method for linking microbial activity to
specific  metabolic processes within the
phytobiome.

8.5 Network Analysis and Bioinformatics

e Co-occurrence  Networks: Network
analysis  involves  constructing  co-
occurrence networks based on the
presence and abundance of different
microbial taxa in phytobiome samples.
These networks help identify key microbial
interactions and potential keystone
species that play central roles in the
community [93].

e Functional Prediction: Bioinformatics
tools can be used to predict the functional
capabilities of microbial communities
based on metagenomics or 16S rRNA
gene data. Tools like PICRUSt
(Phylogenetic Investigation of
Communities by Reconstruction  of
Unobserved States) predict the presence
of  functional genes in  microbial
communities [94].

e Machine Learning: Machine learning
algorithms are increasingly used to
analyse large and complex phytobiome
datasets. These methods can identify
patterns, predict microbial functions, and
provide insights into the relationships
between environmental factors, microbial
communities, and plant health [95].

8.6 Experimental Manipulation

e Inoculation Studies: Experimental
inoculation of plants with specific microbes

10



Kumar et al.; Microbiol. Res. J. Int., vol. 34, no. 10, pp. 1-19, 2024, Article no.MRJI.122866

or microbial consortia allows researchers
to study the effects of these microbes on
plant growth, health, and resistance to
stress or pathogens. These studies can be
conducted in controlled environments,
such as growth chambers or greenhouses,
or in field conditions [96].

e Gnotobiotic Systems: Gnotobiotic (germ-
free) systems involve growing plants in
sterile conditions and then introducing
specific microbial communities to study
their interactions with the plant. This
controlled approach helps isolate the
effects of individual microbes or microbial
consortia on plant development and health
[97].

e Microcosm
Experiments:

Macrocosm
controlled,

and
These are

simplified ecosystems used to study
phytobiomes under various environmental
conditions. Microcosms are small-scale
experimental setups, while mesocosms
are larger and more complex, allowing for
the study of interactions between plants,
microbes, and environmental factors [98].

8.7 Omics Integration

Integrating data from  multiple  "omics"
approaches, such as genomics, transcriptomic,
proteomics, and metabolomics, provides a
comprehensive understanding of the
phytobiome. This systems biology approach
helps in unravelling the complex interactions and
feedback mechanisms between plants and their
associated microbial communities [99].

Table 1. How phytobiomes, through various microbial communities, benefit specific crops

Crop Microbial Community Role in Plant Health Phytobiome Impact
Wheat Fungi (Mycorrhizae) Enhances nutrient uptake, Improves drought
especially phosphorus tolerance and growth in
poor soils
Rice Bacteria (Rhizobia and Nitrogen fixation, enhances Increases nitrogen
Azospirillum) root development availability, boosting crop
yield
Tomato Fungi (Trichoderma) and  Biocontrol of soil-borne Reduces need for
Bacteria (Bacillus) pathogens and disease chemical fungicides,
suppression improves growth
Maize Bacteria (Pseudomonas)  Phytostimulation and Enhances root biomass
production of plant growth- and nutrient absorption
promoting substances
Soybean Bacteria Nitrogen fixation, improves Reduces need for
(Bradyrhizobium) plant nitrogen content synthetic nitrogen
fertilizers
Potato Fungi (Endophytic fungi)  Helps with disease Enhances resistance to
resistance and drought pathogens like
tolerance Phytophthora infestans
Sugarcane Bacteria Fixes atmospheric nitrogen, Reduces nitrogen input,
(Gluconacetobacter enhances growth increases biomass
diazotrophicus) production
Barley Viruses (Plant- Can confer resistance to Provides natural viral
associated viruses) certain pathogenic viruses immunity
Alfalfa Fungi (Arbuscular Improves phosphorus Promotes soil health and
Mycorrhizal Fungi) uptake, helps in drought plant vigour
tolerance
Carrot Nematodes (Beneficial Controls root-feeding pests Reduces crop damage,

nematodes)

like root-knot nematodes

decreases need for
chemical nematicides

11
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Table 2. Harnessing Phytobiomes in Agriculture

Aspect Description Agricultural Impact on Plant Health
Application

Microbiome Utilizing beneficial Application of Enhances nutrient uptake,

Enhancement  microbes like bacteria, biofertilizers, promotes growth, and

fungi, and archaea. mycorrhiza fungi, and increases disease

probiotics. resistance.

Soil Health Maintaining and Crop rotation, cover Supports diverse microbial

Management improving soil physical, cropping, organic communities, improves

chemical, and
biological properties.

amendments.

fertility, and suppresses
diseases.

Environmental
Modulation

Adapting to and
modifying the
surrounding
environment to favour
phytobiomes.

Implementing irrigation
management, shade
systems, and
windbreaks.

Mitigates environmental
stress, stabilizes
microclimates, and
enhances microbial activity.

Plant-Microbe

Promoting beneficial

Inoculation with

Boosts plant immunity,

Interaction plant-microbe rhizobia for nitrogen facilitates nutrient exchange,
symbioses. fixation, use of and controls pests.
biopesticides.
Phytobiome Designing phytobiomes  Developing microbial Tailors specific traits like
Engineering through genomic and inoculants, gene stress tolerance and
metagenomic editing in microbes. pathogen resistance.
technologies.
Sustainable Integrating phytobiome  Reduced chemical Enhances ecosystem
Farming knowledge into farming  inputs, conservation services, reduces
Practices systems. tillage, agroforestry. environmental impact, and
improves long-term
productivity.
Disease Targeting pathogenic Use of biological Controls outbreaks, reduces

Suppression

microbes within the
phytobiome.

control agents,
disease-resistant
cultivars.

reliance on chemical
fungicides, and promotes
overall plant health.

9. PHYTOBIOMES AND PLANT HEALTH

Phytobiomes are the complex systems that
include the plant itself, its associated
environment, and all the living organisms
(microbiomes) that interact with it. This concept
emphasizes the interconnectedness of plants
with their surrounding environment, including
soil, climate, and other organisms like bacteria,
fungi, viruses, insects, and animals [100, 101].
Understanding phytobiomes is crucial for
improving plant health, productivity, and
resilience.

Key Aspects of Phytobiomes and Plant
Health:

1. Microbiomes: The microbial communities
associated with plants, particularly in the
rhizosphere (soil region near roots),
phyllosphere (above-ground parts), and
endosphere (internal tissues). These

12

microorganisms can promote plant growth,
enhance nutrient uptake, and protect
against pathogens.

Soil Health: Soil is a major component of
the phytobiome, influencing plant health
through its physical, chemical, and
biological properties. Healthy soils support

diverse  microbial communities that
contribute to nutrient cycling, organic
matter decomposition, and disease

suppression.

Environmental Factors: Climate, weather
patterns, and geographical location affect
phytobiomes. Changes in temperature,
humidity, and other environmental
conditions can alter microbial communities
and their interactions with plants,
impacting plant health.

Plant-Microbe Interactions: Beneficial
microbes can enhance plant health by
improving stress tolerance, increasing
nutrient  availability, and inducing
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systemic  resistance to  pathogens.
Conversely, pathogenic microbes
can cause diseases that threaten plant
health.

Phytobiome Management: Sustainable
agricultural practices, such as crop
rotation, cover cropping, and the
use of bio fertilizers or biopesticides, can

management practices to enhance plant
health and crop yield.

Research and Innovation: Advances in
genomics, metagenomics, and
bioinformatics are enabling deeper
insights into phytobiomes. Research is
focused on identifying key microbial
species and their functions, developing

promote

Understanding the
phytobiomes

healthy

allows for

phytobiomes.
interactions

within
better

microbial

phytobiomes  for

outcomes.

inoculants,

and engineering
specific  agricultural

Table 3. Successful Applications of Phytobiome Management

Application Description Crop/Region Impact Outcome

Mycorrhizal Introduction of Wheat in Improved Increased yield and

Fungi beneficial North phosphorus reduced fertilizer

Inoculation mycorrhizal fungito ~ America uptake and dependency.
enhance nutrient drought tolerance.
uptake.

Rhizobia Use of nitrogen- Legumes Enhanced Improved crop yields

Inoculation fixing bacteria to (e.q., nitrogen fixation, and reduced need for
enhance soil fertility. soybeans) in  leading to better chemical fertilizers.

Africa plant growth.

Biocontrol Application of Tomatoes in  Controlled soil- Reduced crop losses

Agents microbes that Europe borne diseases and minimized use of
suppress plant like Fusarium wilt.  chemical fungicides.
pathogens.

Cover Use of cover crops Corn in the Enhanced soil Improved soil

Cropping to promote United States health and structure, increased
beneficial soil microbial organic matter, and
microbes. diversity. better water retention.

Compostand  Application of Vineyards in Increased Improved grape

Organic compost to boost California microbial activity quality and reduced

Amendments  beneficial soil and nutrient synthetic input usage.
microbiomes. cycling.

Endophyte Introducing Rice in Asia Improved growth Increased resilience

Inoculation beneficial under stress to environmental
endophytes to conditions (e.g., stresses and higher
promote plant salinity). yields.
growth.

Probiotic Application of Leafy greens  Enhanced Reduced disease

Applications beneficial bacteriato in resistance to foliar incidence and higher-
the phyllosphere. Greenhouses diseases. quality produce.

Biochar Incorporation of Various Enhanced soil Improved soil health

Addition biochar to support crops in microbial diversity — and increased crop
microbial degraded and stability. productivity.
communities. soils (Global)

Agroforestry Integrating trees Coffee Enhanced soil Improved crop

Practices with crops to plantations in  organic matter resilience and
enhance Central and microbial sustainable land use.
phytobiomes. America interactions.

Biostimulant ~ Application of Grapes in Improved nutrient  Enhanced grape yield

Use microbial Europe uptake and stress  and quality, reduced

biostimulants to
enhance plant
growth.

tolerance.

chemical input needs.

13
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10. CONCLUSION

Phytobiomes represent a powerful tool for
enhancing plant health and agricultural
sustainability. By harnessing the complex

interactions between plants and their associated
microbial communities, we can develop
innovative  strategies for improving crop
productivity, reducing the environmental impact
of farming, and addressing the challenges of
climate change. The success stories and
challenges outlined in this article highlight the
immense potential of phytobiomes, as well as
the need for continued research, innovation, and
collaboration. As we move towards a more
sustainable agricultural future, phytobiomes will
undoubtedly play a central role in shaping the
health and resilience of crops, ensuring food
security, and protecting the environment. In
conclusion, the study and application of
phytobiomes offer a promising path forward for
modern agriculture. By embracing the power of
microbial communities, we can build more
resilient and sustainable farming systems that
benefit both people and the planet. The future of
agriculture lies not only in the genetic makeup of
crops but also in the dynamic and diverse
microbial communities that support them.
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