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Simple Summary: Ectomycorrhizal associations are important partnerships between certain types of fungi and
tree roots that play a key role in keeping forests healthy. This review looks at the different living factors that
affect these relationships. It starts by discussing the variety of trees and fungi, showing how the presence of
different species can influence the success of these partnerships. Then, it explains how some fungi are more
selective and form connections with specific trees, leading to unique, specialized relationships. The review also
explores how other microbes, such as bacteria and other types of fungi, can either help or hinder these
connections. This review provides a clearer understanding of what shapes these essential partnerships and
why they matter for the health and recovery of forests.

Abstract: Ectomycorrhizal (EM) associations are essential symbiotic relationships that contribute significantly
to the health and functioning of forest ecosystems. This review examines the biotic factors that influence EM
associations, focusing on plant and fungal diversity, host specificity, and microbial interactions. Firstly, the
diversity of host plants and ectomycorrhizal fungi (EMF) is discussed, highlighting how the richness of these
organisms affects the formation and success of EM symbioses. Next, host specificity is explored, with a focus
on the complex relationships between EMF and their host plants. Microbial interactions are examined in depth,
with sections on both positive and negative influences of bacteria and different fungal groups on EM formation.
Overall, this review provides a comprehensive overview of the biotic factors that shape EM associations,
offering insights into the mechanisms that underpin these critical ecological interactions and their broader

implications for ecosystem management and restoration.

Keywords: Ectomycorrhizal, symbioses; host plants; microbial interactions; plant and fungal
diversity

1. Background

Ectomycorrhizal (EM) associations are symbiotic relationships between fungi and the roots of
host plants, which play a critical role in forest ecosystems, forming mutualistic associations with the
roots of various plant species. These symbiotic relationships are essential for nutrient cycling, plant
health, and overall ecosystem function [1]. Ectomycorrhizal fungi (EMF) facilitate the uptake of
nutrients, such as nitrogen and phosphorus, while benefiting from carbohydrates produced by their
host plants [2]. The diversity and specificity of these associations are influenced by numerous factors,
including plant diversity. High plant diversity can promote a greater range of fungal partners,
enhancing overall ecosystem resilience and nutrient cycling [3]. More precisely, host specificity
determines the selectivity of EMF for particular plant species, influencing the strength and efficiency
of the symbiotic relationship. This specificity can vary based on environmental conditions,
biochemical mechanisms, and evolutionary interactions [4]. Understanding the factors that govern
host specificity is key to predicting how EM associations respond to changes in ecosystems. On the
other hand, the Microbial interactions, including those with bacteria and other fungi, have significant
effects on EM formation. Certain bacteria can facilitate the colonization of roots by EM fungi through
mechanisms like the release of growth-promoting compounds, while others may hinder the process
by competing for resources or producing inhibitory substances [5,6]. Similarly, interactions between
different fungi can be either synergistic or antagonistic, affecting the stability and success of EM
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associations [7,8]. The study of EMF is crucial for understanding their ecological significance,
especially in the context of biodiversity conservation and sustainable land management. As
ecosystems face increasing pressures from climate change, habitat loss, and other anthropogenic
factors, the resilience and adaptability of EMF and their plant partners become vital areas of research.

This review aims to comprehensively explore the biotic factors that influence ectomycorrhizal
associations, focusing on the roles of plant diversity, host specificity, and microbial interactions. By
examining both positive and negative interactions between plants, fungi, and other microorganisms,
this review seeks to elucidate the complex mechanisms that govern EM formation and their
implications for ecosystem function.

2. Plant and Fungal Diversity

2.1. Host Plant Diversity and EM Fungal Diversity

The identity of plant species plays a crucial role in shaping ectomycorrhizal (EM) fungal
community structure, as evidenced by numerous studies [9,10]. Dai et al. [11] highlighted that
different plant species, through their unique root structures and biochemical profiles, create varying
environments that influence fungal colonization patterns. For instance, variations in root exudates
among plant species can attract and establish specific EMF, as shown by Lei et al. [12]. This selective
attraction underscores the profound impact of host plant diversity on EM fungal diversity. Brundrett
and Tedersoo [3] emphasized that global host plant diversity, particularly at the family level, has a
significant influence on the phylogenetic composition of EM fungal communities. Certain plant
families, they argue, may promote a richer assemblage of these fungi, suggesting a strong co-
evolutionary relationship. Moreover, plant communities with higher species diversity tend to
support more diverse EM fungal assemblages, as demonstrated by Rudawska and Leski [13]. Within
these communities, some plants act as 'keystone' species, disproportionately influencing fungal
diversity and community structure [14]. As a result, host plant species are the first biotic factor
significantly correlated with ectomycorrhizal species diversity and richness. It has been shown that
replacing a native forest with an exotic tree species, although the replacement tree species may be
colonized by the same fungus, generally reduces the distribution of native ectomycorrhizal fungi [15].
Moreover, the difference in the composition of host plants of the forest ecosystem gives rise to
different communities of EMF [16]. In addition to the direct effects of plant diversity, Eisenhauer et
al. [17] found that root biomass and exudates link plant diversity with soil bacterial and fungal
biomass. This suggests that as plant diversity increases, so does the complexity of root interactions,
which could enhance EM fungal diversity. This connection underscores the potential for plant
diversity to create a more favorable environment for EMF through root-mediated processes.

2.2. Interactions Between Plant and Fungal Diversity

The correlation between plant and fungal richness has been demonstrated in various studies.
Saijo and Loo [18] reported a positive correlation between plant richness and fungal richness,
indicating that areas with higher plant diversity support more diverse fungal communities. This
finding aligns with Bonito et al. [19], who also noted that the fungal and bacterial assemblages in the
roots of woody plants are influenced by both plant host and soil origin. Moreover, Yang et al. [9]
explored the associations between soil fungal diversity, plant diversity, and productivity in natural
grasslands. Their results indicated that increased plant community diversity promotes pathogen-
community diversity while simultaneously reducing the infection levels of individual plants. This
interplay suggests that diverse plant communities may buffer against pathogen pressures, potentially
fostering healthier EM associations. In parallel, A higher diversity of both plants and EMF can lead
to complementary resource use, where different species exploit distinct soil nutrients and niches,
reducing competition and enhancing overall ecosystem productivity [17]. This diversity often results
in functional redundancy, where multiple species perform similar ecological roles, thereby enhancing
ecosystem stability by ensuring that essential functions, like nutrient cycling, continue even if some
species are lost. The positive feedback loops between plant and fungal diversity are particularly
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important; increased plant diversity promotes a richer fungal community, which in turn supports
further plant diversity. This reciprocal relationship contributes to greater ecosystem resilience and
productivity, allowing diverse plant-fungal associations to partition soil resources more finely and
efficiently [20,21]. As a result, nutrient cycling and utilization within the ecosystem are optimized,
leading to more sustainable and robust ecological systems.

However, it is crucial to note that while plant diversity appears to benefit fungal diversity, the
mechanisms behind this relationship require further exploration. For instance, the role of specific
plant traits, such as nutrient use strategies, in influencing EM fungal diversity is not yet fully
understood. Chen et al. [22] highlighted that EM plant species tend to be more nutrient use-
conservative compared to arbuscular mycorrhizal species, suggesting that nutrient acquisition
strategies could shape fungal community structures. This insight opens avenues for future research
to investigate how different nutrient strategies among host plants affect EM fungal diversity and
function. Understanding EM fungal diversity has significant applications across various fields,
including forest management, restoration ecology, climate change mitigation, and agriculture. In
forestry, EM fungal diversity can serve as an indicator of forest health, guiding sustainable practices.
In restoration ecology, incorporating diverse EMF into ecosystem restoration projects can enhance
plant establishment and growth, with inoculation strategies playing a key role. Climate change
mitigation efforts could benefit from exploring the role of diverse EM associations in carbon
sequestration and identifying resilient plant-fungal combinations for future climate scenarios.
Additionally, in agriculture, EMF hold potential for use in agroforestry systems and the development
of EM-based biofertilizers, offering sustainable solutions for improving soil health and crop
productivity.

3. Host Specificity

3.1. Host Specificity and Ectomycorrhizal Associations

Host specificity in EMF is a crucial aspect of understanding the intricate relationships between
fungi and their plant hosts. These relationships can range from generalist to specialist fungi.
Generalist EMF are capable of forming associations with a wide variety of host plant species, often
across different families or even orders [23]. These fungi typically have a broad ecological tolerance
and can thrive in diverse environments. Their ability to associate with multiple hosts makes them
key players in maintaining the stability and resilience of EM networks, especially in ecosystems with
high plant diversity. In contrast, specialist EMF exhibit a narrow host range, forming associations
with only a few closely related plant species, or sometimes just a single species [23]. These fungi often
have highly specific adaptations to their hosts, such as specialized hyphal structures or unique
signaling pathways that facilitate root colonization. While specialists contribute to the fine-tuned
interactions within specific plant communities, they are more vulnerable to environmental changes
or disruptions that affect their host plants. Moreover, recent studies have shed light on the varying
degrees of host specificity among different plant species in their compatibility with EMF [24].
However, despite the fact that the majority of ectomycorrhizal fungi are generalist hosts [15].
Therefore, the structure of ectomycorrhizal fungal communities in forest ecosystems is strongly
controlled by this host plant preference and selectivity [25-27]. Because the compatibility between
fungi and host is important for successful seedling colonization [28].

3.2. Host Specificity and Environmental Conditions

In a broader ecological context, Barberan et al. [29] utilized network analysis to explore co-
occurrence patterns within soil microbial communities, revealing how interactions among various
microbial species, including EMF, can influence ecosystem dynamics. Their work emphasizes that
host specificity in EMF is not just a solitary phenomenon but is deeply embedded within complex
microbial networks. While genetic factors play a significant role in determining host specificity,
environmental conditions can also influence the extent and nature of ectomycorrhizal associations
[4]. Soil characteristics, climate, and biotic interactions all contribute to the availability and
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distribution of both EMF and their host plants [30]. In nutrient-poor soils, for example, plants may
rely more heavily on specific EMF that are particularly efficient at nutrient acquisition. This can lead
to a tighter specificity between the plant and the fungus. Conversely, in nutrient-rich environments,
plants might form associations with a broader range of EMF, reducing the degree of host specificity.
Additionally, environmental stressors such as drought, salinity, or pollution can impact host
specificity by altering the physiological state of the host plants or the availability of compatible EMF
[4]. In some cases, plants under stress may shift their EM associations toward more stress-tolerant
fungi, even if those fungi are not their typical partners in less challenging conditions [31,32]. This
suggests that the ecological flexibility and activity of ectomycorrhizal fungi depends on their
genotypes, environmental factors, host plant genotypes and the interactions between all these factors
[30].

3.3. Biochemical mechanisms Host specificity

Host specificity in plant-mycorrhiza interactions is a complex phenomenon influenced by
various biochemical mechanisms. Plants secrete a range of antifungal compounds to defend against
pathogens, which can be categorized into two primary groups: phytoanticipins and phytoalexins.
Phytoanticipins, such as the flavanone sakuranetin found in Hebe cupressoides and blackcurrant
(Ribes mnigrum), are constitutively produced in healthy plants [33]. In rice (Oryza sativa),
phytoanticipins like phytocassanes, which include flavonoids and phenolics such as coumarins and
lignans, play a crucial role in protecting plants under biotic stress and in processes like nodule
formation for biological nitrogen fixation; in contrast, phytoalexins are synthesized de novo in
response to biotic or abiotic stressors, such as pathogen attacks, salinization, drought, or heavy metal
exposure [34]. These secondary metabolites (SMs) may be generated in one part of the plant and
utilized in another, exemplifying the plant's systemic response to stress [35]. These SMs, including
saponins like tomatine in tomatoes, disrupt fungal cell membranes, causing cellular dysfunction and
leakage, thereby inhibiting pathogen proliferation [36]. In the context of mutualistic interactions, such
as those with mycorrhizal fungi, plants actively communicate with their symbiotic partners through
the secretion of root exudates. These exudates, which include phenolics, amino acids, terpenoids, and
sugars, play a critical role in shaping the rhizosphere microbiome and promoting beneficial
symbioses. For instance, flavonoids like strigolactones have been shown to enhance arbuscular
mycorrhizal fungi (AMF) colonization, facilitating nutrient exchange between the plant and fungus
[37,38]. Moreover, the specificity of plant-mycorrhiza interactions can be influenced by the host
plant's ability to modulate the secretion of these secondary metabolites. For example, the suppression
of flavonoid and phenylpropanoid secretion has been observed to inhibit the colonization of certain
mycorrhizal fungi, highlighting the selective nature of these interactions [39]. This selective
recruitment of mycorrhizal partners by the host plant underscores the intricate balance between
defense and symbiosis, where plants must finely tune their biochemical pathways to support
beneficial microbes while deterring potential pathogens.

The host specificity of EMF has profound implications for ecosystem functioning and
conservation. Delgado-Baquerizo et al. [40] demonstrate that multiple elements of soil biodiversity,
including EMF, drive essential ecosystem functions across biomes. Their findings highlight the
interconnectedness of soil microbial communities and the potential consequences of reduced host
specificity among EMF on overall ecosystem health. In addition, Hooper et al. [41] present a global
synthesis indicating that biodiversity loss is a significant driver of ecosystem change, which can
include alterations in EM associations. Similarly, Lefcheck et al. [42] argue that increased biodiversity
enhances ecosystem multifunctionality across various habitats, underscoring the importance of
maintaining diverse EM fungal communities for sustaining ecosystem services. Otherwise, in
ecosystems with high levels of host specificity, the loss of a particular plant species could lead to the
decline or extinction of its associated EMF, disrupting nutrient cycling and soil structure. This
interdependence highlights the importance of conserving both plant and fungal diversity to maintain
healthy ecosystems. Moreover, understanding host specificity is crucial for reforestation and habitat
restoration efforts. Selecting plant species that are compatible with local EMF can enhance the success
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of restoration projects by promoting better plant establishment, growth, and resilience to
environmental stressors [43]. In agricultural systems, fostering specific EM associations can improve
crop productivity and soil health, particularly in marginal or degraded lands.

4. Microbial Interactions

4.1. Positive influences of bacteria on EM Formation

Soil microbiomes are intricate ecosystems teeming with diverse and abundant microorganisms,
including bacteria and fungi. Among these, EMF are particularly important for plant health and
nutrient cycling. Recent studies have shed light on the complex interactions between soil bacteria and
EMEF, revealing how these relationships can profoundly impact ecosystem functioning. As one of the
most abundant and diverse groups within the soil microbiome, bacteria engage in various
interactions with EMF, influencing their behavior and ecological roles.

The establishment of EM associations can be positively influenced by specific bacterial
communities that facilitate the signaling processes essential for symbiosis. Certain bacteria,
specifically mycorrhiza helper bacteria (MHB), have been identified as facilitators of EM fungal
growth. Species such as Pseudomonas and Bacillus are known to enhance the colonization of EMF
through the production of growth-promoting substances like indole-3-acetic acid (IAA) and
gibberellins. These compounds not only stimulate fungal growth but also improve the overall health
of the plant-fungal symbiosis [5]. The concept of MHB refers to bacteria that play a crucial role in
enhancing the establishment and functioning of symbiotic relationships between plant roots and
mycorrhizal fungi. These bacteria are involved in a tripartite symbiosis, interacting with both plant
roots and mycorrhizal fungi to improve the efficacy of the mycorrhizal association. MHB can be
classified into two main functional groups: those that impact the functions of an already established
AMF symbiosis and those that stimulate the initial establishment of fungal symbionts on host plants.
These bacteria are typically found in the hyphosphere, mycorrhizosphere, and sporocarps, which are
specific zones around the root systems where they exert their effects [44,45]. MHB are predominantly
found among Gram-negative Proteobacteria, such as Agrobacterium, Azospirillum, Burkholderia,
and Pseudomonas, and among Gram-positive Actinobacteria and Firmicutes, including genera like
Streptomyces, Bacillus, and Paenibacillus. These bacteria are known for their diverse metabolic
activities, such as nitrogen fixation, phosphate solubilization, and phytohormone production, which
contribute to enhanced mycorrhizal colonization and plant growth [46,47].

MHB enhance mycorrhizal symbiosis through various mechanisms that contribute to the
successful establishment and functioning of the plant-mycorrhizal fungi relationship. These
mechanisms include the promotion of plant growth through the production of phytohormones and
nutrient solubilization, which create a favorable environment for mycorrhizal fungi [48,49]. By
enhancing nutrient availability, MHB increase the colonization efficiency of mycorrhizal fungi,
leading to improved plant growth and health. For example, the application of phosphate-solubilizing
bacteria as mycorrhiza helper bacteria enhanced the colonization rate and spore production of AMF,
leading to improved mineral phosphate solubilization and providing a sustainable nutrient supply
to Sesamum indicum L. [50]. Additionally, MHB can influence root exudation patterns, which in turn
alter the chemical signals that attract mycorrhizal fungi to the root surface. This modification of root
exudates improves fungal attachment and colonization, particularly during the early stages of
symbiosis, facilitating a more effective establishment of the mycorrhizal relationship [49]. Moreover,
some MHB produce antimicrobial compounds that protect both the mycorrhizal fungi and plant roots
from soil-borne pathogens. This protective role ensures the stability and functionality of the
mycorrhizal association by reducing competition and providing a safer environment for the
symbionts to thrive [48,49]. MHB also engage in complex microbial interactions, such as quorum
sensing (QS), which involves the secretion of chemical signals that regulate microbial interactions
and gene expression. Through QS, MHB can communicate with other microbes in the rhizosphere,
coordinating their activities to enhance the establishment and functioning of mycorrhizal symbiosis
[51,52]. For instance, research has shown that indole, a microbial signaling molecule, plays a crucial
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role in intercellular communication within microbial communities, which can affect EM fungi's
ability to establish and thrive [53]. Furthermore, cross-feeding interactions between MHB and other
microbes can stabilize cooperation, leading to increased microbial fitness and persistence under
varying environmental conditions [54]. In some cases, MHB are involved in the direct physical
interaction with mycorrhizal fungi, such as producing specific sugars or enzymes that stimulate spore
germination and fungal growth. For example, Paenibacillus validus produces raffinose, which
stimulates the germination of Rhizophagus irreqularis spores, and this interaction highlights the
importance of direct physical and biochemical interactions in enhancing mycorrhizal colonization
[55,56].

Bacterial biofilms present another layer of complexity in microbial interactions with EMEF.
Biofilms can serve as protective environments for beneficial bacteria, enhancing their survival and
functionality in the soil [57]. However, biofilms can also contribute to resource competition among
microbial communities, which may affect the success of EM associations [58]. Réttjers and Faust [59]
discuss how microbial networks can influence community dynamics, suggesting that the
interconnectedness of different microbial species can have profound implications for EM fungi's
ability to establish partnerships with plant roots. Moreover, the utilization of microbial inoculants in
agriculture has garnered interest as a potential strategy to enhance EM associations. Santos et al. [60]
review the historical context and current applications of beneficial bacteria, indicating that targeted
microbial inoculation could enhance EM formation and function in various agricultural settings.

4.2. Negative Effects of Bacteria on Mycorrhizal Formation

While some bacteria support mycorrhizal formation, others can inhibit or disrupt these
associations through various mechanisms. One of the primary mechanisms through which bacteria
negatively affect mycorrhizal formation is by competing with EMF for essential nutrients.
Competition for soil nutrients, particularly C, N and P, is a significant factor in the relationship
between soil bacteria and ectomycorrhizal fungi. This competition not only affects the growth of
ectomycorrhizal fungi but may also lead to reduced plant vigor and health. The competition
dynamics suggest that soil bacteria might inhibit ectomycorrhizal fungi by outcompeting them for
essential nutrients, thereby limiting their ability to form symbiotic relationships with plants. EMF
rely on carbon from their host plants, which is supplied in the form of simple sugars like glucose.
Bacteria in the rhizosphere can also utilize these sugars, leading to direct competition with EMF. For
example, studies have shown that Pseudomonas species, which are common in the rhizosphere, can
efficiently metabolize plant-derived carbon, such as sugars, amino acids, and organic acids [61],
potentially limiting the carbon available to EMF and thus inhibiting their growth and ability to form
mycorrhizal associations. This competition can inhibit the growth and colonization of EMF, especially
in carbon-limited environments. The balance of these interactions is vital for maintaining the
ecological equilibrium in soil ecosystems [62]. Bacteria and EMF also compete for nitrogen and
phosphorus, which are critical for their growth. Nitrogen is a critical nutrient for both bacteria and
EMF. Ectomycorrhizal fungi have developed a variety of extracellular enzymes, such as cellulases
and proteases, which are instrumental in breaking down organic matter and liberating nitrogen to
access organic nitrogen sources in the soil [2,63]. However, soil bacteria can also mineralize organic
nitrogen into forms that are easily accessible to plants and other microbes. Some bacteria, like those
in the genus Pseudomonas, can outcompete EMF for nitrogen by rapidly metabolizing these
compounds, potentially reducing the nitrogen available to the fungi [6]. This competition for nitrogen
can hinder EM development. Hartmann et al. [64] demonstrated that roots and hyphae significantly
reduce soil carbon respiration rates, likely due to competition for soil nitrogen with other microbial
communities. This suggests that the presence of competing soil microbes can limit the availability of
critical nutrients necessary for EMF, thereby negatively impacting their growth and efficiency.
However, Phosphorus is another key nutrient that both bacteria and EMF compete for. EMF produce
phosphatases to liberate inorganic phosphate from organic compounds, but phosphate-solubilizing
bacteria (PSB) can also mobilize phosphorus through the secretion of organic acids and enzymes [65].
By this competition between PSB and EMF, PSB can outcompete EMF by rapidly mineralizing these
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nutrients, making them less available to the fungi or/and can affect phosphorus availability to the
host plant, thereby influencing plant growth. This competition can be particularly detrimental in
nutrient-poor soils, where the availability of phosphorus is already limited.

Bacteria can inhibit EMF by producing antimicrobial compounds that directly affect fungal
growth. Soil bacteria and EMF engage in complex antagonistic interactions, often mediated by the
production of antimicrobial compounds such as antibiotics, siderophores, and lytic enzymes. For
instance, Pseudomonas fluorescens is known to produce phenazine-1-carboxylic acid (PCA), an
antibiotic that inhibits the hyphal growth of EMF like Pisolithus tinctorius, thereby disrupting
mycorrhizal formation [66]. Similarly, species of Streptomyces are renowned for their production of
antifungal compounds that can suppress the growth of EMF, further complicating the establishment
of these symbiotic relationships [67]. These antagonistic behaviors are not limited to non-volatile
compounds; volatile organic compounds (VOCs) produced by certain bacteria can also inhibit the
growth and activity of EMF, as demonstrated by [68]. The biochemical warfare waged by bacteria
against EMF creates a competitive barrier that can significantly alter soil health, fungal diversity, and
the overall structure and function of the soil microbiome. Understanding these interactions and the
specific mechanisms involved is crucial for developing strategies to manage soil ecosystems and
enhance symbiotic development. Additionally, certain bacteria, produce siderophores, which are
molecules that bind and sequester iron from the environment [69]. Iron is a critical micronutrient for
both bacteria and fungi, and the competition for iron can negatively impact EMF. The high affinity
of bacterial siderophores for iron can deprive EMF of this essential nutrient, leading to reduced fungal
growth and impaired mycorrhizal formation.

Bacteria can also physically disrupt the hyphal structures of EMF, which are crucial for root
colonization and nutrient exchange. One mechanism of disruption involves the production of
enzymes by chitinolytic bacteria, which degrade the chitin in fungal cell walls, leading to hyphal lysis
and compromising the integrity of EMF. Research has shown that various bacterial taxa, including
those from the genera Bacillus and Serratia, exhibit strong chitinolytic activity [70]. The ability of
these bacteria to produce multiple chitinases enhances their effectiveness in degrading fungal cell
walls, as evidenced by the findings of Zhang et al. [71], who noted the presence of multiple chitinase
genes in certain bacterial species. This enzymatic activity can significantly reduce the fungi's ability
to establish stable mycorrhizal associations. Additionally, certain bacteria, such as those belonging to
the genus Bacillus, can form biofilms on the root surface, creating a physical barrier that prevents
EMEF from accessing the roots. The protective role of Bacillus biofilms is further demonstrated by Zhu
et al. [72], who showed that Bacillus pumilus HR10 effectively colonizes the roots of pine seedlings
through the formation of its biofilms. This means that biofilm formation not only inhibits fungal
colonization but also create physical barriers that impede EMF from establishing a foothold and
disrupts the establishment of mycorrhizal networks, further hindering the symbiotic relationship
between plants and EMF.

Bacterial activity in the soil can alter its chemical environment in ways that are detrimental to
EMF. One significant mechanism involves pH modulation, where certain bacteria produce organic
acids as metabolic byproducts, leading to a decrease in soil pH [65]. The pH modification of the
rhizosphere, such as through the production of gluconic acid by Pseudomonas species [73], can
negatively affect EMF through several mechanisms: Firstly, lower pH can disrupt cellular processes,
including enzyme activity and nutrient uptake [74]. Secondly, acidification may alter the availability
of essential nutrients; for example, while phosphorus becomes more soluble in acidic conditions,
other nutrients such as calcium and magnesium may become less available, negatively impacting
fungal growth [75]. In addition to pH changes, bacterial metabolism can generate toxic metabolites
like hydrogen cyanide (HCN) and ammonia, which are harmful to EMF [76]. HCN-producing
bacteria, for instance, have been shown to inhibit the growth of EMF, thereby impairing their ability
to establish and maintain mycorrhizal associations [77].

Direct antagonistic interactions between bacteria and EMF play a significant role in inhibiting
mycorrhizal formation and affecting plant health. One such interaction is bacterial parasitism, where
certain bacteria exploit EMF for nutrients while causing structural damage. For example,
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mycoparasitic bacteria like Lysobacter species produce extracellular lytic enzymes that degrade
fungal hyphae, leading to a decline in fungal biomass and a consequent reduction in mycorrhizal
formation [78]. Additionally, bacteria can inhibit EMF by competing for root colonization sites,
effectively occupying the same ecological niche and preventing symbiotic relationships from
establishing. Pseudomonas species exemplify this behavior by outcompeting EMF for attachment
sites on plant roots, thereby disrupting the formation of beneficial mycorrhizal associations [44].
Moreover, Levy et al. [79] highlighted the genomic adaptations of bacteria that allow them to
efficiently colonize plant roots, suggesting that these adaptations may include mechanisms to
outcompete fungi for space. This competition for physical space further exacerbates these
antagonistic interactions, as both bacteria and EMF require access to root surfaces to exert their
beneficial effects.

The interactions between bacteria and EMF in soil microbiomes are complex and multifaceted,
encompassing beneficial, competitive, and antagonistic relationships. Understanding these dynamics
is essential for enhancing soil health and ecosystem productivity. By addressing existing knowledge
gaps and pursuing targeted research directions, we can develop a more comprehensive
understanding of soil microbiomes and their crucial roles in global nutrient cycling and plant health.
However, despite the progress made in understanding the interactions between soil bacteria and
ectomycorrhizal fungi, future research should focus on identifying specific bacterial taxa that affect
ectomycorrhizal formation and elucidating their mechanisms of action. Employing metagenomic and
metatranscriptomic approaches could enhance our understanding of microbial community dynamics
and their functional roles in soil ecosystems. Additionally, studies should explore the role of
environmental changes, such as climate change and pollution, in shaping the interactions between
soil bacteria and ectomycorrhizal fungi. Longitudinal field studies that monitor these interactions
over time would provide valuable insights into the resilience and adaptability of ectomycorrhizal
systems under changing conditions.

4.3. Positive Interactions Between Fungi in EM Formation

Recent research highlighted the complex interactions that influence EM formation, emphasizing
the positive roles played by different fungal groups. Notably, saprotrophic fungi and different
mycorrhizal types, such as AMF, also play a crucial role in shaping these dynamics. While
mycorrhizal-saprotrophic interactions can be either inhibitory or stimulatory depending on the
specific context, these relationships are vital for understanding the broader ecosystem processes that
govern nutrient cycling and plant-soil interactions [80,81].

Saprotrophic fungi are essential decomposers in forest ecosystems, breaking down complex
organic matter such as leaf litter, wood, and other plant debris. This decomposition process releases
a range of nutrients, including nitrogen, phosphorus, and carbon, into the soil, which can be readily
utilized by EMF [82]. In addition, saprotrophic fungi degrade organic compounds through enzymatic
activity, converting them into simpler forms that are accessible to EMF. For example, species like
Trichoderma and Penicillium have been shown to decompose organic phosphorus compounds,
making phosphorus more available to EMF, which typically have limited access to this nutrient in
organic form [61]. The released nutrients are then absorbed by EMF and transferred to their host
plants, enhancing plant growth and health [8]. Moreover, the relationship between saprotrophic and
EMF can be synergistic. Saprotrophic fungi not only provide essential nutrients but also alter the soil
environment in ways that favor EM colonization. For instance, the breakdown of organic matter by
saprotrophs can lower soil pH, a condition that often promotes EM formation [8]. Additionally, some
saprotrophic fungi may produce secondary metabolites that stimulate EM fungal growth or suppress
potential competitors, further facilitating EM associations [83]. Another form of positive interaction
is the spatial niche differentiation between EMF and saprotrophic fungi. In boreal forests with deep
more layers, EMF and saprotrophs may coexist by occupying different spatial niches, allowing for
both fungal groups to thrive without direct competition [84]. This coexistence can lead to a more
efficient decomposition process and improved EM formation and evolution. Furthermore,
saprotrophic fungi may promote the activity of bacterial saprotrophs, which are capable of
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decomposing complex carbon substrates, including fungal and bacterial necromass [85,86]. This
synergistic relationship enhances overall decomposition and contributes to the contrasting carbon
and nutrient dynamics observed in EM and arbuscular mycorrhizal (AM) systems. The activity of
both saprotrophic bacteria and fungi may be necessary for the complete decomposition of plant and
microbial biomass, highlighting the importance of these positive interactions in forest soil ecosystems
[86]. These positive interactions highlight the intricate interdependence between different fungal
groups, which is crucial for the successful formation and persistence of EM associations in soil
ecosystems.

Different types of mycorrhizal associations, such as AMF and EMF, often coexist within the same
ecosystem. The interactions between these fungi are crucial for ecosystem functioning, particularly
because they frequently coexist within the same ecosystems and even on individual trees [87,88].
While these mycorrhizal types were traditionally viewed as competitors, recent studies suggest that
they can facilitate each other's establishment and function [61]. These positive interactions enhance
plant-soil functioning and contribute to greater multifunctionality within soil communities.

In various ecosystems, particularly mixed-species forests, cross-facilitation between AMF and
EMF; AMF, typically associated with herbaceous plants, and EMF, predominantly found with woody
plants, can interact within shared mycorrhizal networks. These interactions facilitate the transfer of
nutrients and signals between different plant species, enhancing EM colonization in mixed-species
forests. For instance, AMF may initially colonize herbaceous plants, improving soil conditions and
nutrient availability, which subsequently benefits EMF associated with nearby trees [89]. Building
upon this foundation, AM systems further facilitate the establishment and survival of EM trees. This
relationship promotes diverse plant communities and enhances overall ecosystem resilience [90]. As
a result, these interactions contribute significantly to the stability and productivity of ecosystems
where AMF and EMF coexist. Moreover, the presence of AMF has a direct influence on EM
associations, the presence of AMF can influence EM associations by altering the soil microbiome and
nutrient dynamics. For example, AMF enhance phosphorus availability, which supports EM
formation on adjacent trees [61]. Additionally, mycorrhizal networks that include both AMF and
EMF contribute to ecosystem stability by supporting diverse plant communities, indirectly
promoting EM establishment and persistence [89]. The synergistic interactions between AMF and
EMF extend beyond their influence on plant communities to significantly impact plant-soil
functioning. When AMF and EMF grow together on the same root system, they can exert a synergistic
effect on plant-soil functioning. This synergy is particularly evident under extreme environmental
fluctuations, such as varying soil moisture, nutrient availability, and temperature. EMF may
dominate under mesic conditions, while AMF prevail under extreme soil moisture conditions, high
temperatures, and elevated nutrient availability. This complementary colonization optimizes
nutrient uptake and enhances plant stress resilience [88]. The collaborative nutrient acquisition
strategies of AMF and EMF are central to coexist. AM and EM symbioses represent different nutrient
acquisition strategies that can complement each other. EM symbiosis emphasizes conservative
nutrient acquisition and collaboration, while AM symbiosis focuses on flexible and rapid nutrient
uptake. This combination allows ecosystems to efficiently manage nutrient cycling and maintain
productivity across varying environmental conditions [91,92]. Finally, the presence of AM fungi
contributes to greater multifunctionality within soil communities, which further supports ecosystem
stability. AM systems are associated with greater multifunctionality within soil communities. The
functional variation within AMF facilitates a wide range of soil processes, supporting diverse
microbial communities and leading to a broader range of pH and carbon-to-nitrogen (C/N)
conditions. This loose nitrogen cycle enhances nutrient availability and ecosystem productivity.
Furthermore, AM systems tend to support greater functional redundancy, reducing the likelihood of
any single species dominating, thereby promoting ecosystem stability and resilience [90,93].

The positive interactions between fungi in EM formation hold significant ecological and practical
importance. Understanding these interactions offers valuable insights for forest management and
restoration, especially in environments with limited nutrient availability. By incorporating
saprotrophic fungi or promoting facilitation between different mycorrhizal types, we can enhance
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EM colonization, leading to improved tree growth and greater ecosystem resilience. In particular,
integrating saprotrophic fungi into soil amendments or restoration efforts can accelerate nutrient
cycling, thereby supporting EM formation in newly planted forests [8]. Additionally, creating
conditions that allow different mycorrhizal types to coexist may boost overall forest health and
productivity. This approach is especially beneficial in degraded lands where EMF alone may struggle
to establish without the support of other fungal partners. Nevertheless, more research is needed to
fully understand the complex interactions between different fungal types and their impact on EM
formation. Long-term studies across diverse ecosystems will be crucial in clarifying how these
interactions shape forest dynamics and plant health. Furthermore, exploring the molecular
mechanisms behind these fungal interactions could pave the way for new biotechnological
innovations in forestry and agriculture [61]. Ultimately, the positive interactions between fungi-
particularly the contributions of saprotrophic fungi to nutrient cycling and the facilitation between
different mycorrhizal types-play a critical role in EM formation. These interactions not only highlight
the intricate complexity of fungal networks in forest ecosystems but also emphasize the potential to
harness these relationships in ecological management and restoration initiatives.

4.4. Negative fungal interactions on EM Formation

Saprotrophic fungi, which rely on decomposing organic matter for their sustenance, can also
negatively impact mycorrhizal fungi through various competitive interactions. In particular,
saprotrophic fungi often compete with EMF for essential nutrients and carbon sources, especially in
nutrient-poor environments [7]. This competition can hinder the establishment and growth of EM
associations by reducing the availability of resources that are critical for the formation and
maintenance of mycorrhizal networks. The outcome of this competition is influenced by factors such
as the relative abundance of saprotrophic and EMF, as well as the availability of organic matter and
nutrients in the soil. In nutrient-rich environments, saprotrophic fungi may dominate, further
intensifying the competition for carbon resources, which are vital for mycorrhizal fungi [94].
Additionally, some saprotrophic fungi produce secondary metabolites or antimicrobial compounds
that can inhibit the growth or spore germination of mycorrhizal fungi, thereby reducing their
colonization potential [95]. Moreover, the functional and ecological consequences of saprotrophic
fungi extend beyond mere competition for resources. Research by Crowther et al. [96] highlights that
saprotrophic fungi interact with soil microorganisms, further complicating their relationship with
mycorrhizal fungi. These interactions can disrupt the mutualistic relationship between plants and
mycorrhizal fungi, potentially leading to decreased plant nutrient uptake and overall ecosystem
productivity.

Pathogenic fungi can have detrimental effects on mycorrhizal fungi, disrupting the symbiotic
relationships between these fungi and their host plants through direct antagonism and competition.
These pathogenic fungi may compete with mycorrhizal fungi for root colonization sites, limiting the
extent of mycorrhizal associations and reducing their overall effectiveness [97]. This competition can
be particularly intense in environments where pathogenic fungi are abundant, as they may occupy
critical root zones that would otherwise be colonized by mycorrhizal fungi. Moreover, pathogenic
fungi can produce toxins, enzymes, or other harmful compounds that degrade the hyphae of
mycorrhizal fungi [98,99]. This degradation compromises the structural integrity of the mycorrhizal
networks, which are essential for efficient nutrient transfer between the fungi and their host plants.
The negative effects of pathogenic fungi are further compounded by the immune responses they
trigger in plants. When a plant is infected by pathogenic fungi, it often produces defensive
compounds to combat the infection. These compounds include reactive oxygen species (ROS),
antimicrobial enzymes, and various secondary metabolites like phytoalexins [34]. These compounds
help restrict the growth and spread of the pathogen. The plant's immune system is primarily
activated through two main pathways: pattern-triggered immunity (PTI) and effector-triggered
immunity (ETI). PTI is activated when plant receptors detect conserved pathogen molecules, while
ETI occurs when specific pathogen effectors are recognized, leading to a stronger defensive response
[100,101]. However, these compounds can also inadvertently inhibit the growth of beneficial
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mycorrhizal fungi, reducing their ability to colonize roots and form effective symbiotic associations.
This collateral damage weakens the overall mycorrhizal network, diminishing its ecological benefits,
such as enhanced nutrient cycling and improved plant health. Pathogenic fungi may also disrupt the
signaling and recognition processes that are crucial for the establishment of ectomycorrhizal
associations [102]. By interfering with these processes, pathogenic fungi can prevent the proper
formation and maintenance of ectomycorrhizal communities, leading to a decline in their stability
and functionality. The presence of pathogenic fungi can weaken the plant host [98], further
compromising its ability to support ectomycorrhizal fungi and thereby reducing the overall health
and resilience of the mycorrhizal symbiosis. These negative interactions underscore the complex and
often antagonistic relationships between pathogenic fungi and mycorrhizal fungi, highlighting the
importance of managing soil health and microbial communities to support beneficial mycorrhizal
associations and maintain ecosystem stability.

Negative interactions between different mycorrhizal fungi, particularly between arbuscular
AMF and EMF, can significantly influence the dynamics of plant-fungal symbioses. These
interactions are often characterized by competition for root colonization sites and access to essential
resources, such as carbon from host plants and nutrients from the soil. This competition can lead to
reduced colonization rates and effectiveness of both AMF and EMF when they coexist in the same
environment [103]. AMF and EMF, despite occupying similar ecological niches, can have antagonistic
relationships. AMF, which associate with the majority of terrestrial plant species, may outcompete
EMF for root colonization [104]. This competition can limit the availability of root niches for EMF,
thereby reducing their establishment and proliferation. Furthermore, AMF can potentially alter the
allocation of resources within the host plant, depriving EMF of essential nutrients and carbohydrates.
This resource competition can result in suboptimal plant growth and a decline in the establishment
of EM associations, potentially shifting the overall composition of the mycorrhizal community [104].
The antagonistic interactions between AMF and EMF can also be mediated by allelopathic
compounds or other inhibitory substances produced by one type of mycorrhizal fungi to suppress
the growth or spore germination of competing species [105]. This inhibition can further reduce the
ability of competing mycorrhizal fungi to establish and maintain symbiotic relationships with plants.
Such negative interactions not only influence the immediate symbiotic relationship between plants
and fungi but also have broader implications for nutrient cycling, plant community dynamics, and
ecosystem processes. The outcome of these competitive interactions is influenced by various factors,
including the relative abundances of different mycorrhizal types, soil resource availability, and the
specific adaptations of the fungal species involved. For example, in nutrient-poor environments, EMF
may have a competitive advantage due to their ability to efficiently mobilize and scavenge nutrients
from organic matter, giving them an edge over AMF [104,106]. However, in other contexts, AMF
might dominate, leading to different impacts on EM formation and overall mycorrhizal network
functioning. Therefore, understanding the nuanced interplay between coexisting mycorrhizal fungi
is crucial for elucidating the complex factors that shape the formation and dynamics of EM
associations, as well as the broader ecological roles that mycorrhizal fungi play in ecosystems.

5. Conclusion

The intricate interplay between plant and fungal diversity, host specificity, and microbial
interactions underpins the complexity of EM associations. This study highlights the importance of
plant and fungal diversity in shaping EM fungal communities, emphasizing that host specificity is
not only a driver of these associations but also a critical determinant of ecosystem function. The
interactions between EMF and bacteria, both positive and negative, play significant roles in
modulating the success and efficiency of mycorrhizal symbiosis. Positive bacterial influences, such
as the promotion of fungal growth and symbiosis, are counterbalanced by negative interactions that
can disrupt these associations through competition, antimicrobial production, and direct antagonism.
Additionally, the role of fungal-fungal interactions, whether synergistic or antagonistic, further adds
to the complexity of EM formation and its ecological implications. Despite the growing body of
research on biotic interactions influencing EM associations, future research should focus on
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understanding the biochemical and molecular mechanisms of host specificity in EM associations,
exploring how environmental changes impact these interactions, and investigating the role of
microbial interactions in soil health. Additionally, studies should examine the facilitation between
different mycorrhizal types to optimize plant growth in challenging environments and assess the
ecosystem-level impacts of EMF, particularly their roles in carbon sequestration, nutrient cycling, and
biodiversity conservation, to inform sustainable land management and conservation strategies.
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