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ABSTRACT

Plants interact with a complex network of microorganisms, forming a dynamic holobiont that is crucial for their
health, growth, and adaptation. This interconnected system is deeply influenced by environmental factors, which
modulate the relationships within the plant microbiome. Key environmental drivers such as light, temperature,
and moisture can alter the balance of these interactions, impacting plant immunity, resilience, and overall fitness.
The traditional disease triangle model, which emphasizes plant-pathogen-environment interactions, is enhanced
by incorporating the role of the microbiome, revealing how microbial communities contribute to disease out-
comes. This review highlights the importance of shifting focus from studying plants in isolation to embracing
an integrated approach that accounts for the intricate interactions between plants, microbes, and their surround-
ing environments. Comprehending these interactions is pivotal as we explore new approaches, including
advanced sequencing technologies and microbiome engineering, to optimize plant-microbe relationships for
improved crop resilience. These insights are vital for developing sustainable agricultural practices to address
the impacts of climate change and other environmental challenges.
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1 Introduction

The concept of the holobiont has profoundly reshaped our understanding of plant biology, emphasizing
the intricate and interdependent relationships between plants and their associated microorganisms [1]. A
holobiont is defined as a host organism and its microbiota—comprising bacteria, fungi, viruses, and other
microorganisms—functioning together as a cohesive ecological unit [2]. This perspective challenges the
traditional view of plants as isolated entities, highlighting instead the interconnectedness of life forms
within an integrated system. The dynamic nature of the holobiont is shaped by a complex network of
interactions driven by both living organisms and environmental conditions. These interactions, which
include mutualistic, commensal, and parasitic relationships, play a critical role in the plant’s health,
development, and adaptation to various environmental conditions [3]. For instance, under stress
conditions like drought, microorganisms that are typically pathogenic may shift to a mutualistic role,
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helping the plant cope with adverse conditions. This adaptability underscores the resilience of the holobiont
and its ability to adjust to changing environments.

A holistic view of the holobiont not only deepens our comprehension of plant biology but also provides
a framework for exploring how plants leverage their microbial partners to cope with abiotic stresses and
pathogens. Building upon the holobiont concept is the disease triangle model, which has long been
fundamental in understanding plant health and disease [4]. Traditionally, this model posits that the
occurrence and severity of plant diseases are determined by the interplay between three key factors: the
host plant’s vulnerability, the pathogen’s pathogenicity, and the environmental factors. However, recent
advances have expanded this model to include the significant influence of the plant-associated
microbiome. Pre-existing microbial communities, metabolite signaling, and the recruitment of beneficial
microbes can greatly impact the outcomes of pathogen infections, either enhancing the plant’s resistance
to disease or exacerbating its vulnerability [5]. This expanded view of the disease triangle provides
deeper insights into the intricate relationships among plants, pathogens, and their environment,
underscoring the significance of incorporating the microbiome into plant disease management approaches.

This diagram depicts the complex and dynamic interactions within the plant-associated systemic
environment, highlighting the interplay between plants and their associated microbiomes. The figure
illustrates how various environmental factors, including sunlight, moisture, temperature, and circadian
thythms, influence the relationships between plants and the microorganisms in their surrounding
environments. These microorganisms include pathogenic, commensal, and beneficial microbes, which
interact with different plant compartments such as roots, leaves, and stems. The figure also emphasizes
the role of volatile organic compounds, root exudates, and plant growth-promoting rhizobacteria and
fungi in modulating these interactions. Understanding these intricate networks is crucial for advancing
our knowledge of plant resilience, stress adaptation, and overall fitness in diverse ecosystems.

These systemic concepts collectively underscore the inseparable relationship between plants and their
microbiomes, which is essential for understanding plant responses to environmental stimuli (Fig. 1).
Plants, though sessile, are continuously engaged in a dynamic exchange with their environment, mediated
by a network of signals and responses. This plant-associated systemic environment is shaped by several
biotic and abiotic elements that influence the composition and function of the microbiome, thereby
affecting the plant’s overall health and growth. Plants have developed intricate mechanisms to detect and
respond to these environmental fluctuations, often through complex signaling networks involving
hormones, secondary metabolites, and other molecular signals. The microbiome is essential in regulating
these responses, aiding the plant’s adaptation to its surroundings. Recognizing and understanding these
interactions are fundamental to enhancing our knowledge of plant biology and ecology, and are vital for
developing strategies to improve plant health and productivity, particularly in regard to worldwide
challenges such as climate change and intensive agricultural practices [6].

2 Plant Interactions with the Environment

Plants have evolved a range of strategies to survive and thrive in their habitats, including mechanisms for
competing for vital resources such as water, nutrients, and light, as well as sophisticated forms of
communication with neighboring plants and microorganisms. Such survival strategies are particularly
critical in agricultural settings, where they can significantly influence crop productivity and resilience.

A key way in which plants interact with their environment is through the release of root exudates—
chemical compounds secreted by roots that can affect the growth and behavior of nearby plants and
microorganisms [7]. For instance, root exudates containing phytotoxins can inhibit the growth of
competing plants, thereby conferring a competitive advantage to the secreting plant [8,9]. Additionally,
root exudates that include growth regulators such as auxins and strigolactones contribute significantly to



Phyton, 2024, vol.93, no.10 2521

fostering beneficial microbial communities, which in turn enhance the plant’s capacity for nutrient absorption
and cope with environmental stresses [10].
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Figure 1: The plant-associated systemic environment

Volatile Organic Compounds (VOCs) are another critical class of signaling molecules that plants utilize
to communicate with their environment [11,12]. These compounds play crucial roles in numerous processes,
from defending against herbivores to attracting pollinators. Recent studies have shown that VOCs
profoundly impact the plant-associated microbiome, affecting the composition and functionality of
microbial communities both in the soil and on the plant’s surfaces [8,13]. Root volatiles, in particular, can
serve as attractants for rhizosphere bacteria and fungi, guiding them toward nutrient-rich niches for
colonization [14].

Plants develop distinct organs above and below the ground, each uniquely adapted to respond to specific
environmental factors [15]. Aerial organs, such as leaves and stems, are subjected to variations in light,
temperature, and humidity, and serve as the primary interface for defense against herbivores and
pathogens. In contrast, subterranean organs, including roots, are primarily involved in the absorption of
nutrients and water, and their functions are heavily influenced by soil conditions such as pH level,
moisture, and the abundance of microbes [16].
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The immune responses of plants to stress are complex and involve multiple, highly coordinated layers of
defense. The primary defense mechanism is Pattern-Triggered Immunity (PTI), which is initiated upon the
detection of conserved microbial components termed Pathogen-Associated Molecular Patterns (PAMPs)
[17-19]. While PTI is often sufficient to thwart infections, some pathogens have evolved sophisticated
mechanisms to suppress this response. In these cases, plants rely on a secondary defense mechanism
known as Effector-Triggered Immunity (ETI), which is activated by the recognition of specific pathogen
effectors. ETI typically induces a more robust response, often culminating in localized cell death—a
phenomenon referred to as the Hypersensitive Response (HR)—to contain and limit the spread of the
pathogen [20]. Understanding the spatial and temporal dynamics of these immune responses is essential
for devising strategies to bolster plant resistance to diseases. For instance, research has shown that
circadian rhythms can influence the timing of immune responses, with certain defense genes being more
strongly expressed at specific times of the day [21]. Additionally, the effectiveness of these immune
responses can vary depending on the developmental stage of the plant; younger plants often exhibit
higher susceptibility to infections compared to mature plants [22]. Recognizing these nuances is crucial
for optimizing plant defenses against pathogens and improving overall plant health.

3 Dynamics of the Plant-Associated Microbiome

The plant-associated microbiome, comprising the collective genomes and functional repertoires of
various microorganisms, serves a fundamental role in determining plant vitality, productivity, and
resilience across ecological and agricultural settings. This microbiome comprises diverse microbial
communities, including bacteria, fungi, viruses, and archaea, that colonize different plant compartments
such as the rhizosphere, root endosphere, phyllosphere, and leaf endosphere. These communities are not
merely passive residents; they actively engage in complex interactions with the plant host, influencing
and being influenced by the plant’s physiology, immune responses, and environmental conditions [23].
The variability in disease outbreaks, even under seemingly uniform agricultural conditions, can often be
traced back to differences in these microbial communities, which are shaped by factors such as pathogen
load, plant physiology, and the physicochemical properties of the soil [5].

Historically, plant pathogens have been managed primarily through the application of chemical controls,
such as fungicides. However, the rising concerns over environmental sustainability, public health, and the
emergence of antibiotic-resistant pathogens have spurred interest in biological control strategies that
leverage the plant-associated microbiome. Biological Control Agents (BCAs), for instance, use beneficial
bacteria and fungi that can outcompete or inhibit pathogens without damaging the plant itself, offering a
more environmentally friendly approach to disease management [24]. However, the efficacy of BCAs is
highly dependent on the specific interactions within the plant microbiome and its overall composition,
which underscores the need for a deeper understanding of these microbial communities.

A variety of ecological niches provided by plants enable the development and proliferation of microbial
communities, enhancing the general fitness and resilience of the plant [23]. Over the past two decades,
progress in genomics and bioinformatics has allowed researchers to pinpoint genetic loci associated with
crop growth and yield. However, the plant genotype alone does not fully account for trait variations
observed in the field. To address this, integrated approaches such as genome-wide association studies,
metagenome-wide association studies, and microbiome genome-wide association studies have been
developed. These approaches allow for the exploration of complex interactions between plant genotype,
phenotype, and associated microbiota, revealing how microbial communities can significantly influence
plant traits [25]. Next-generation sequencing technologies, coupled with advanced informatics tools, have
further revolutionized our ability to characterize microbiome profiles by analyzing the total gene content
involved in various functions crucial for plant health [26].
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Research has shown that different plant-associated niches harbor distinct bacterial and fungal
communities. For example, the rhizosphere, the confined soil region directly affected by root exudates, is
particularly rich in microbial diversity. This diversity is shaped by both abiotic factors, such as soil pH,
moisture, and temperature, and biotic factors, encompassing plant root exudates [27] and the plant’s
immune responses [28]. For instance, benzoxazinoids released as root exudate alter the rhizosphere
microbiota, demonstrating that plants can determine the composition of their associated microbiota [27].
A recent study has revealed that community-level selection of functionally diverse species assemblages
during microbiome maturation is linked to the acquisition of resistance traits against pathogen invasion
[29]. Re-assembled bacterial consortia, consisting of fungal antagonists and plant growth promoters,
exhibited the higher resistance to pathogen invasion and soil-borne diseases [29,30]. The rhizosphere
microbiome is vital for nutrient cycling, heavy metal detoxification, plant growth promotion, and disease
suppression [31-33]. In contrast, the phyllosphere, which includes the aerial parts of the plant such as
leaves and stems, is primarily shaped by environmental factors like sunlight, humidity, and temperature.
These compartments also have distinct microbial communities that are specialized to the specific
conditions of each niche [28].

The interactions between plants and their microbiomes are highly dynamic, adapting in response to
varying environmental conditions [34,35] and the developmental stage of the plant. Microbial
relationships within the plant microbiome are not fixed; they can shift between mutualism,
commensalism, and parasitism in reaction to shifts in environmental conditions or plant health. For
instance, under drought conditions, a pathogen might shift to a mutualistic relationship with its host by
aiding the plant in stress adaptation through mechanisms such as hormone-induced signaling pathways
and gene expression changes [36]. Furthermore, experimental evolution studies have demonstrated that
rhizobia, nitrogen-fixing bacteria that establish symbiotic relationships with legumes, can evolve to
become more cooperative with their host plants, particularly when they share an evolutionary history
[37]. These findings suggest that plant-microbe interactions are significantly context-dependent, and that
the microbiome’s influence on plant fitness and illness is complex and multifaceted.

Despite these advancements, there remain significant gaps in our understanding of the consistency of
microbiome functions across different plant species and environments. The majority of existing research
has concentrated on the structure of microbial communities—i.e., the diversity and composition of
species present—rather than on their functional roles. Understanding how genetic variants in both plants
and microbes influence these functions is crucial for developing more effective strategies for manipulating
plant-microbe interactions to improve the productivity and health of plants.

4 Environmental Factors Influencing Plant-Microbiome Interactions

4.1 Temperature

Temperature is among the most critical environmental factors affecting both plant physiology and the
dynamics of the plant-associated microbiome. The plant immune system, which is composed of complex
signaling networks, transcriptional regulators, and hormonal crosstalk, relies on two primary defense
mechanisms: PTI and ETI. PTI is triggered by the identification of PAMPs by pattern-recognition
receptors, whereas ETI commences upon the detection of specific pathogen effectors by Nucleotide-
binding Leucine-rich repeat Receptors (NLRs) [38]. Both PTI and ETI are essential for the plant’s
defense against microbial pathogens, yet they are highly sensitive to temperature fluctuations.

Heat stress, in particular, can severely disrupt plant immune responses, leading to increased
susceptibility to pathogens. For instance, high temperatures have been shown to inhibit key PTI
responses, such as the production of reactive oxygen species and the transcription of related defense
genes [39]. Moreover, heat stress can impair the function of NLR proteins, which are crucial for ETL
Research has demonstrated that the expression and nuclear accumulation of NLR proteins, such as
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SNC1 and the tobacco N protein, are temperature-sensitive, with elevated temperatures leading to their
destabilization and reduced effectiveness in mounting immune responses [40-42]. The impaired
recruitment of NLR proteins to their sites of action at elevated temperatures suggests that plants have key
components in their immune systems that are inherently temperature-responsive. Additionally, the
transcriptional activity of NLR-related transcription factors, such as members of the TEOSINTE
BRANCHEDI, CYCLOIDEA, and PROLIFERATING CELL FACTOR (TCP) family, can be influenced
by temperature, further modulating the plant’s immune responses [43].

The relationship between temperature and plant hormone signaling is also complex. Salicylic Acid (SA)
is a key hormone that facilitates the activation of plant defenses, particularly in response to biotrophic
pathogens [44]. However, heat stress has been shown to suppress SA biosynthesis and signaling, leading
to increased vulnerability to diseases [45,46]. Despite this, some ETI pathways can become temporarily
more robust under heat stress, albeit at a potential cost to plant growth and development [47].
Understanding the interplay between temperature, hormone signaling, and plant immunity is crucial for
developing strategies to improve plant resilience in the face of global warming and climate change.

Temperature also directly impacts the plant-associated microbiome by influencing microbial survival,
activity, and community composition. Pathogens, in particular, may exhibit increased virulence at
elevated temperatures, evidenced by the increased susceptibility of barley to powdery mildew and rice to
the fungal pathogen Magnaporthe oryzae under heat stress [48,49]. Furthermore, temperature changes can
alter the niches available for microbial colonization, affecting the production of molecules related to
microbial traits such as virulence and plant growth promotion [46,50]. For example, elevated
temperatures have been shown to enhance the expansion and settlement of arbuscular mycorrhizal fungi,
possibly attributed to increased carbon allocation to the rhizosphere by the host plant [51]. Conversely,
for the phyllosphere microbiome, long-term warming experiments showed a considerable impact on the
diversity and phylogenic composition of most abundant species-specific bacteria, although the overall
colonization and concentration of leaf-associated bacterial cells remained unchanged [52]. More
significantly, warming may increase the possibility of pathogen transmission in grassland ecosystems, as
evidenced by the enhancement of potentially pathogenic bacteria (e.g., Enterobacteriaceae,
Pseudomonas, and Acinetobacter) and the decrease of beneficial bacteria (e.g., Sphingomonas spp. and
Rhizobium spp.) in the phyllosphere [53]. Such shifts in microbiome composition and diversity suggest
that plant species may respond differently to temperature changes, ultimately adjusting their fitness.
Given that each species maintains unique interactions with its associated microbes, it is likely that even
under the same temperature disturbances, plants will adapt in distinct ways that best suit their individual
requirements. As part of developing climate-resilient crops, some studies have suggested that inoculation
with endophytes can enhance plant thermotolerance, although most of this research has been conducted in
controlled laboratory settings, and further field studies are needed to confirm these findings [54].

While much of the present research has focused on the effects of increased temperatures, other
temperature-related phenomena, such as chilling-induced immune disruption, remain underexplored.
Additionally, the ability of plants to adapt to temperature fluctuations over time suggests that the
outcomes of temperature-related studies may vary depending on the specific conditions and temporal
scales considered. Therefore, A more thorough comprehension of the effects of temperature on plant-
microbiome interactions is crucial for the development of sustainable agriculture in response to climate
change.

4.2 Moisture

Water availability is another critical environmental factor that profoundly influences plant physiology
and the composition and function of the plant-associated microbiome. The soil-plant-atmosphere
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continuum regulates water transport from the soil through the plant and into the atmosphere, with key
regulatory mechanisms located at the root-soil interface, xylem, and stomata. These mechanisms are
crucial for maintaining plant water balance, but they also interact with the plant’s microbiome, which is
highly sensitive to changes in soil moisture levels.

Excessive soil moisture can weaken plant immune responses and simultaneously enhance the
pathogenicity of microbes, leading to an increased risk of disease. High humidity levels, for example,
promote the germination of fungal spores and the motility of bacterial pathogens, facilitating their entry
into the plant [55]. These conditions can suppress the HR [56], a key plant defense mechanism against
biotrophic pathogens, resulting in the accumulation of water in the leaf apoplast and the formation of
water-soaked lesions that create a microenvironment conducive to pathogen proliferation [57]. Such
conditions have been shown to favor the success of pathogens like Pseudomonas syringae and
Cladosporium fulvum, which thrive under high humidity and weakened plant defenses.

Conversely, drought stress, characterized by low soil moisture levels, triggers a different set of responses
in plants and their associated microbiomes. Drought stress reduces microbial diversity in the rhizosphere and
root endosphere, affecting the microbial community composition and the competitive interactions among
microbes [58,59]. The reduction in microbial biomass and nutrient concentrations in plant tissues further
disrupts beneficial plant-microbiome interactions, which are essential for traits such as drought tolerance
and disease resistance [60]. However, some plant-microbe relationships may be strengthened under
drought conditions, as certain microbial taxa, such as Actinobacteria and Firmicutes, become more
abundant and produce metabolites that enhance the host plant’s stress resistance [61].

Moreover, the acclimation of soil microbial communities to dry circumstances can enhance plant fitness
by promoting beneficial symbiotic relationships, such as those with mycorrhizal fungi and symbiotic soil
bacteria [62]. Various bacterial species, including Bacillus sp., Pseudomonas sp., and Rhizobium sp., aid
soil aggregation or biofilm formation around roots to improve plant drought resilience [63—66]. These
relationships not only improve plant drought tolerance but also influence plant-soil interactions in ways
that may help plants adapt to future climate variability. For example, soils that have experienced long-
term drought and high precipitation variability tend to be more resilient to contemporary drought
perturbations, with microbial communities quickly regaining activity levels after rewetting [62]. This
resilience is likely due to the fast turnover rates of microorganisms, which allow them to respond more
quickly to environmental changes than the plants themselves.

Interestingly, drought tolerance traits can be transmitted from maternal plants to their progeny, indicating
that both host genetics and the host-associated microbiome play critical roles in determining plant responses
to drought. The plant hormone Abscisic Acid (ABA) is central to the plant’s drought response, mediating
stomatal closure to decrease transpiration and water loss [67]. However, the interplay between ABA and
other hormones, such as SA, which is involved in immune responses, can be antagonistic, complicating
the plant’s ability to balance water conservation with pathogen defense. In addition to moisture, other
environmental factors such as salinity are connected to these complicated hormonal alterations [68] and
each hormone associated with one element can influence responses to other stressors, as they often share
common pathways that regulate the plant’s fitness. This complexity underscores the need for further
research into how plants integrate moisture-related signals with other environmental cues to optimize their
growth and survival.

Finally, the capacity of plant roots to sense and react to water availability, as well as other factors such as
nutrient levels and salinity, is essential in shaping plant-microbe interactions. Under drought stress, reduced
soil moisture limits nutrient uptake by roots, which in turn affects microbial activity and plant-microbe
interactions. In some cases, plants may modify immune reactions to promote the establishment of
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beneficial microbes that can aid in nutrient acquisition, particularly under conditions of nutrient deficiency
[61]. However, the mechanisms underlying these interactions remain poorly explored, and further research is
required to elucidate the complex molecular dialogues between plants and their microbiomes in response to
moisture stress.

4.3 Circadian Clock

The plant circadian clock, which governs daily physiological processes in response to predictable
environmental changes, is a crucial factor influencing plant-microbe interactions. While the circadian
clock is primarily regulated by light, it is also responsive to other environmental factors such as
temperature and humidity, which can modulate its function [61]. Plants utilize their circadian rhythms to
anticipate daily alterations in their environment and adjust their physiological processes accordingly,
optimizing their growth, metabolism, and defense mechanisms.

Notably, the circadian clock regulates key aspects of the plant immune system, including PTI and ETI.
Research has shown that genes associated with PTI and basal defense are showing increased expression at
dawn, a time when many pathogens are most active [69]. This timing aligns with the opening of stomata,
which are regulated by circadian rhythms and serve as entry points for pathogens. The transcription
factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1l) and LATE ELONGATED HYPOCOTYL
(LHY) play critical roles in this process by regulating the expression of genes involved in stomatal
immunity and enhancing the plant’s ability to defend against pathogens during periods of heightened
risk [70].

The circadian system also influences the expression of immune receptor genes, including
RECOGNITION OF PERONOSPORA PARASITICA 4 (RPP4), which targets the pathogen
Hyaloperonospora arabidopsidis (Hpa). The expression of RPP4 peaks in the morning, coinciding with
the peak risk of Hpa infection, demonstrating how the circadian clock optimizes the timing of immune
responses to coincide with environmental conditions that favor pathogen activity [71]. Furthermore, the
strength of ETI can vary with the circadian cycle, with humidity oscillations at night potentially
amplifying immune responses to anticipate increased pathogen pressure during these conditions [72].

Besides its function in regulating immunological responses, the circadian clock also influences
the production and signaling of defensive hormones such as SA and Jasmonate (JA). SA levels
typically peak at night, while JA levels peak during the day, allowing plants to coordinate their defenses
with the daily rhythms of pathogen and herbivore activity [73]. This rhythmic hormone production is
crucial for enabling plants to respond effectively to biotic stressors, aligning their defenses with
environmental cycles.

The integration of circadian rhythms with environmental factors underscores the complexity of plant-
microbe interactions. Although substantial advancements have been achieved in elucidating the role of
the circadian clock in regulating plant immunity and microbiome interactions, numerous questions persist.
For instance, how do circadian rhythms interact with other environmental stressors, such as drought or
temperature extremes, to influence plant-microbe interactions? Addressing these questions will require a
multidisciplinary approach that combines molecular biology, ecology, and systems biology to unravel the
intricate networks that govern plant health and resilience.

5 Future Directions

Understanding the connections between plants and their associated microbiomes in relation to
environmental factors is necessary for formulating strategies to improve plant health and resilience (Fig. 1
and Table 1) [74-78]. Future research should focus on several key areas.
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Table 1: Physiological and biochemical responses of plants and microbes under abiotic environment conditions

Environmental Effect on plants

Effect on microbes

factor
High Inhibited photosynthesis and Increased pathogen virulence
temperature respiration
Stomata opening Decreased beneficial bacteria population
Reduced ROS production Altered microbial diversity
Suppressed defense gene Shifted dominant bacterial species
expression
NLR protein instability
Impaired NLR recruitment
Disrupted NLR-related
transcription factor
Decreased SA production and
signaling
High humidity Inhibition of HR Promoted fungal spore germination
Water accumulation in leaf Enhanced pathogen mobility
apoplast
Water-soaked lesion formation
Reduced respiration
Water deficit ~ Stomata closure Reduced microbial diversity in the rhizosphere and
root endosphere
Nutrient uptake difficulty Reduced microbial biomass
Cell dehydration Strengthened plant-microbe symbiosis for drought
resilience
Photosynthesis inhibition Improved soil aggregation and biofilm formation
Circadian Onset of stomata opening at dawn Increased pathogen activity at dawn during stomata
clock opening

Strengthened PTI and basal defense

at dawn

Fluctuation in transcription factor
expression

Fluctuation in immune receptor
gene expression

Fluctuation in ETI strength

Nighttime SA level reached
maximum

Daytime JA level reached
maximum

Increased pathogen activity at night with higher
humidity

Note: ROS: Reactive Oxygen Species; NLR: Nucleotide-binding Leucine-rich repeat Receptor; SA: Salicylic Acid; HR: Hyper-
sensitive Response; PTI: Pattern-Triggered Immunity; ETI: Effector-Triggered Immunity; JA: Jasmonate



2528 Phyton, 2024, vol.93, no.10

5.1 Multifactorial Studies

Most current studies focus on the effects of individual environmental factors. However, in natural
environments, plants are often exposed to multiple stressors simultaneously, such as drought combined
with high temperatures or nutrient deficiencies. The multifactorial stress combination approach reveals
that plants face a more severe immune response and negative microbiome effects under combined
stresses. For instance, the interaction of drought and heat has been shown to cause greater reductions in
photosynthesis in many experimental crops than either stressor alone [79]. These results are significant in
that when two different stresses that induce opposing stomatal responses act together, they reveal new
profiles not found with a single stress. Moreover, the case of heat-induced stomatal opening inhibition by
viruses [80] suggests to us the need to study the intricate interplay between biotic and abiotic stress
responses. Since the combined stress responses remain largely unexplored, future research should explore
the combined effects of multiple stressors on plant-microbiome interactions to acquire a more thorough
comprehension of how these interactions are modulated in complex environments.

5.2 Advanced Sequencing Technologies

The emergence of high-throughput sequencing technologies has revolutionized our knowledge of the
plant-associated microbiome. However, there is still much to learn about the functional roles of different
microorganisms and how they interact with each other and with the plant. Future research should
leverage advanced sequencing techniques, such as metatranscriptomics and metaproteomics, to study the
functional dynamics of the microbiome and how these functions adapt to environmental stressors.

5.3 Microbiome Engineering

Considering the vital role of the microbiome in plant health, there is increasing interest in the possibility
of engineering microbiomes to bolster plant resilience against various stressors. This could involve the
manipulation of microbial communities to promote desirable traits, such as increased drought tolerance or
disease resistance. Furthermore, genetically engineered bacteria hold significant potential for enhancing
crop productivity and resilience. Several examples of genetic improvements include the introduction of
antimicrobial enzymes, including chitinase and glucanase, which confer increased resistance to pathogens
[81,82]. Singh et al. summarized reports on the use of genetically engineered bacteria for the
bioremediation of heavy metals [83]. These approaches provide valuable precedents, allowing for
improved design strategies for field application of microbiome engineering. Future research should
investigate the practicality and effectiveness of microbiome engineering in different environmental
contexts. However, introducing artificial microbiomes risks disrupting existing microbial communities,
which can lead to unexpected ecological consequences; hence, caution is necessary when implementing
them in actual agricultural settings.

5.4 Natural vs. Controlled Environments

Much of the research on plant-microbiome interactions has been conducted in controlled laboratory
settings, where environmental conditions can be tightly regulated. Although these studies offer significant
insights, they may not entirely reflect the complex structure of natural ecosystems, where multiple factors
interact in unpredictable ways. Future research should prioritize studies conducted in natural settings to
better understand how plant-microbiome interactions play out in the real world.

5.5 Integration of Omics Approaches

To gain a deeper understanding of the multifaceted nature of plant-microbiome relationships, future
research should integrate multiple omics approaches, including genomics, transcriptomics, proteomics,
and metabolomics. By combining these approaches, researchers can gain a more holistic view of the
plant-microbiome interactions, from the genetic and molecular levels to the phenotypic and ecological levels.
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5.6 Long-Term Studies

Many studies on plant-microbiome interactions are short-term, focusing on immediate responses to
environmental stressors. However, long-term studies are necessary to comprehend the evolutionary
dynamics of these interactions and how they contribute to plant adaptation over time. These
investigations could offer critical understanding of the mechanisms that support the resilience of plant-
microbiome systems, guiding the development of strategies to boost crop productivity and sustainability
amid the challenges posed by climate change.

5.7 Role of Microbial Interactions

While much attention has been given to plant-microbe interactions, the interactions between different
microorganisms within the microbiome are also crucial for plant health. Future research should explore
the networks of interactions between microorganisms and how these networks influence the overall
function of the microbiome and its impact on the plant.

By addressing these areas, future research can deepen our understanding of the complex interplay
between plants and their associated microbial communities and how this interplay is shaped by
environmental factors. Such understanding is crucial for formulating strategies to strengthen plant health
and resilience in a rapidly changing world.
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