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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. This 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.
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1. Background

Ectomycorrhizal (EM) associations are symbiotic relationships between fungi and
the roots of host plants (Figure 1), which play a critical role in forest ecosystems. These
symbiotic relationships are essential for nutrient cycling, plant health, and overall ecosys-
tem 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 is
influenced by environmental conditions, biochemical mechanisms, and evolutionary in-
teractions [4]. Understanding the factors that govern host specificity is key to predicting
how EM associations respond to changes in ecosystems. On the other hand, microbial
interactions, including those with bacteria and other fungi, have significant effects on
EM formation. Certain bacteria can facilitate the colonization of roots by EMF through
mechanisms like the release of growth-promoting compounds, while others may hinder
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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 associations [7,8]. The study of EMF is crucial 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.
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This review aims to comprehensively explore the biotic factors that influence ectomyc-
orrhizal 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
Host Plant Diversity and EM Fungal Diversity

The identity of plant species plays a crucial role in shaping EMF community struc-
ture, 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. In their study, Liu et al. [13] aggregated data on the global diversity
of EMF, revealing that approximately 7750 fungal species form EM associations in the
world, although the estimated species richness of EMF is likely between 20,000 and 25,000.
These fungi, primarily from the Basidiomycota and Ascomycota phyla, belong to over
80 lineages and more than 250 genera. EMF are found in approximately 2% of vascular
plants, especially in families like Pinaceae, Fagaceae, and Myrtaceae [13]. 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, sug-
gesting 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 [14]. A meta-analysis also confirmed this relationship, showing
that plant diversity explains 57.6% of the variation in EMF community composition across
different forest ecosystems [15]. Within these communities, some plants act as ‘keystone’
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species, with an outsized influence on fungal diversity, richness, and community struc-
ture [16]. 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 [17]. Moreover, the difference in the composition of host plants in the forest ecosystem
gives rise to the differences in communities of EMF [18]. In addition to the direct effects
of plant diversity, Eisenhauer et al. [19] found that root biomass and exudates influence
soil bacterial and fungal biomass. This suggests that as plant diversity increases, so does
the complexity of root interactions, which could enhance EMF diversity. This connection
underscores the potential for plant diversity to create a more favorable environment for
EMF through root-mediated processes.

The correlation between plant and fungal richness has been demonstrated in various
studies. Saijo and Loo [20] reported a positive correlation between plant richness and fungal
richness. This finding aligns with that of Zhang et al. [21], who demonstrated that the EM
fungal community of Quercus acutissima exhibited a positive correlation with the richness
of neighboring plants, particularly in mixed forests. 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 [19]. 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 important.
This reciprocal relationship contributes to greater ecosystem resilience and productivity,
allowing diverse plant–fungal associations to partition soil resources more finely and
efficiently [22,23]. 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 EMF diversity is not yet fully understood.
Phillips et al. [24] highlighted that tree species typically associate with either arbuscular
mycorrhizal fungi (AMF) or EMF, with each type employing distinct nutrient acquisition
strategies, 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 EMF diversity and function.

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 involve both generalist and
specialist fungi. Generalist EMF are capable of forming associations with a wide variety
of host plant species, often across different families or even orders [25]. 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 [25]. 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 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 highlighted the varying levels of host specificity in the compatibility of EMF
with different plant species, ranging from highly specialized associations (restricted to one
or two plant species) to more generalist interactions [26]. However, despite the fact that
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the majority of ectomycorrhizal fungi are generalist [17], the structure of ectomycorrhizal
fungal communities in forest ecosystems is strongly controlled by host plant preference and
selectivity [27–29]. This compatibility is crucial for successful seedling colonization [30],
ultimately shaping ecosystem resilience.

3.2. Host Specificity and Environmental Conditions

In a broader ecological context, Prieto-Rubio et al. [31] employed network analysis
to investigate ectomycorrhizal fungal communities. Their findings revealed that the com-
plexity of fungal interaction networks—defined by the number and strength of connections
between fungal species and their plant hosts—significantly influences soil enzymatic activi-
ties. These enzymatic activities, in turn, mediate nutrient cycling and soil health, linking
host specificity in EMF to broader microbial network dynamics. This suggests that host
specificity in EMF is not an isolated trait but is shaped by and contributes to the functional
complexity of microbial networks. While genetic factors play a significant role in deter-
mining 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 distribution of both EMF and their host plants [32].
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 be-
tween 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 [33,34]. For instance, studies on Pinus species indicate that under
prolonged drought, these trees often form associations with more drought-tolerant fungal
species, such as Geopora pinyonesis. These fungi enhance the tree’s water and nutrient uptake
capacity in arid environments, replacing less drought-adapted EMF partners [35]. Similarly,
a study on Quercus mongolica found a shift toward salinity-tolerant EMF such as Gomphidius
viscidus. These associations provide critical survival benefits in salt-stressed soils, even at
the cost of reduced reliance on typical fungal partners [36]. Pollution, particularly from
heavy metals or industrial effluents, has been shown to disrupt host specificity. For ex-
ample, in areas contaminated by cadmium and lead, plants such as Betula spp. establish
relationships with EMF like Suillus luteus, which are adept at heavy metal sequestration
and detoxification [37]. This suggests that the ecological flexibility and activity of ectomyc-
orrhizal fungi depends on their genotypes, environmental factors, host plant genotypes,
and the interactions between all these factors [32].

3.3. Biochemical Mechanisms of Host Specificity

Host specificity in plant–mycorrhiza interactions is a complex phenomenon influenced
by various biochemical mechanisms. 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 AMF colonization, facilitating nutrient exchange between the plant
and fungus [38,39]. Given their role in promoting AMF colonization, strigolactones may
also play a role in enhancing EMF colonization, although this potential requires further
investigation. 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 [40]. On the other hand, Jiarui and Haisheng [41]
demonstrated that the formation and maintenance of EM symbioses rely on complex
molecular signaling processes between fungi and host plants. Signaling molecules, such
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as lipophilic chitin oligosaccharides (LCOs), play a crucial role in the early stages of
communication, enabling plants to identify potential symbiotic partners. Effector proteins,
including MiSSP7 from Laccaria bicolor, are secreted to suppress host immune responses
and promote symbiosis by targeting specific host regulatory pathways. Additionally, plant
cell wall-degrading enzymes, such as GH5 and GH28, contribute to fungal penetration into
root tissues and the formation of Hartig nets, which are essential structures for nutrient
exchange. 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.

4. Microbial Interactions
4.1. Beneficial Effects of Bacteria on EM Formation

As one of the most abundant and diverse groups of 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 bacte-
rial communities that facilitate the signaling processes essential for symbiosis (Figure 2).
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 EM associations through the production of growth-promoting substances like
indole-3-acetic acid and gibberellins. These compounds not only stimulate fungal growth
but also improve the overall health of the plant-fungal symbiosis [5]. MHB can be classified
into two main functional groups: those that impact the functions of an already established
EMF 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 (the fruiting bodies of fungi), particularly those formed by ectomycorrhizal
fungi near root systems [42,43]. Examples include sporocarps of genera such as Amanita,
Boletus, and Russula, which are closely associated with the roots of their host plants. 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 bac-
teria 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 [44,45]. Frey-Klett et al. [46] demonstrated that MHB play
a critical role in facilitating the establishment and functioning of mycorrhizal symbioses,
enhancing fungal colonization efficiency and potentially boosting spore production. Ad-
ditionally, 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 exu-
dates improves fungal attachment and colonization, particularly during the early stages of
symbiosis, facilitating a more effective establishment of the mycorrhizal relationship [47].
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 between EMF
and pathogenic microbes, thereby providing a safer environment for the plant–fungus
symbiotic relationship to thrive [47,48]. MHB also engage in complex microbial interac-
tions, such as quorum sensing (QS), which involves the secretion of chemical signals that
regulate microbial interactions and gene expression. Through QS, MHB can communi-
cate with other microbes in the rhizosphere, coordinating their activities to enhance the
establishment and functioning of mycorrhizal symbiosis [49,50]. In some cases, MHB are
involved in direct physical interaction with mycorrhizal fungi, such as in producing specific
sugars or enzymes that stimulate spore germination and fungal growth. Schrey et al. [51]
demonstrated that the mycorrhiza helper bacterium (Streptomyces sp. AcH 505) plays a
crucial role in facilitating ectomycorrhizal associations by promoting fungal growth and
influencing the expression of specific genes in the ectomycorrhizal fungi Amanita muscaria
and Suillus bovinus. This involves upregulating genes linked to symbiosis establishment
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and fungal development, while downregulating others associated with stress responses
or competition.
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Bacterial biofilms present another layer of complexity in microbial interactions with
EMF. Biofilms can serve as protective environments for beneficial bacteria, enhancing their
survival and functionality in the soil [52]. However, biofilms can also contribute to resource
competition among microbial communities [53]. Given that EMF are integral members of
these communities, this competition may also affect the success of EM association. Röttjers
and Faust [54] discussed 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. [55] reviewed the historical context and
current applications of beneficial bacteria in agriculture. They suggested that targeted
microbial inoculation has the potential to 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 (Figure 3). One of the primary mechanisms
through which bacteria negatively affect mycorrhizal formation is by competing with EMF
for essential nutrients. This competition not only affects the growth of EMF but may also
lead to reduced plant vigor and health. 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 [56], poten-
tially limiting the carbon available to EMF and thus inhibiting their growth and ability to
form mycorrhizal associations, especially in carbon-limited environments. 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 [2,57]. However, soil bacteria can also mineralize organic
nitrogen into forms that are easily accessible to plants and other microbes. Some bacteria
can outcompete EMF for nitrogen by rapidly metabolizing these compounds, potentially
reducing the nitrogen available to the fungi [6]. Hartmann et al. [58] demonstrated that
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roots and hyphae significantly reduce respiration rates, likely due to competition for soil
nitrogen with other microbial communities. 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 [59]. Through this
competition between PSB and EMF, PSB can outcompete EMF [60] by rapidly mineralizing
these 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.
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Bacteria can inhibit EMF by producing antimicrobial compounds that directly affect
fungal growth, such as antibiotics, siderophores, and lytic enzymes. For instance, Pseu-
domonas fluorescens is known to produce phenazine-1-carboxylic acid (PCA) [61], an
antibiotic that inhibits the growth of large hyphal networks and often acts as an antifun-
gal agent. This compound could potentially disrupt EM formation. 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 demon-
strated by Effmert et al. [62]. Additionally, certain bacteria produce siderophores, which
are molecules that bind and sequester iron from the environment [63]. Iron is a critical mi-
cronutrient for both bacteria and fungi, and the competition for iron can negatively impact
EMF. Understanding these interactions and the specific mechanisms involved is crucial for
developing strategies to manage soil ecosystems and enhance symbiotic development.

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 [64]. The ability of these bacteria to produce chitinases enhances their
effectiveness in degrading fungal cell walls, as evidenced by the findings of Zhang et al. [65],
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 EMF from
accessing the roots. The protective role of Bacillus biofilms was further demonstrated by
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Zhu et al. [66], who showed that Bacillus pumilus HR10 effectively colonizes the roots of
pine seedlings through the formation of its biofilms.

Bacterial activity in the soil can alter its chemical environment in ways that are detri-
mental to EMF. One significant mechanism involves pH modulation, where certain bacteria
produce organic acids as metabolic byproducts, leading to a decrease in soil pH [59]. The
pH modification of the rhizosphere, such as through the production of gluconic acid by
Pseudomonas species [67], can negatively affect EMF. Although certain EMF, such as
Xerocomus ferrugineus, thrive in acidic soils with pH levels ranging from 3.5 to 6.5, many
EMF prefer pH values around neutral. For instance, Amanita rubescens and Suillus luteus
grow best at higher pH levels (6.5–8.5) [68]. Similarly, Rhizopogon luteolus and Suillus luteus
perform optimally at pH 5.8–6.8 [69]. Therefore, lower pH levels can harm these groups
of fungi through several mechanisms, such as disrupting cellular processes and nutrient
uptake [70]. Acidification may alter the availability of essential nutrients; for example,
while phosphorus becomes more soluble in acidic conditions, other nutrients such as cal-
cium and magnesium may become less available [71], negatively impacting fungal growth.
In addition to pH changes, bacterial metabolism, such as that of Pseudomonas, can generate
toxic metabolites like hydrogen cyanide (HCN) and ammonia [72], that are harmful to EMF,
thereby impairing their ability to establish and maintain mycorrhizal associations.

Direct antagonistic interactions between bacteria and EMF play a significant role in
inhibiting mycorrhizal formation and affecting plant health. One such interaction is bacte-
rial parasitism, where certain bacteria exploit EMF for nutrients while causing structural
damage. For example, mycoparasitic bacteria like Lysobacter species produce extracellular
lytic enzymes that degrade fungal hyphae, leading to a decline in fungal biomass [73]. This
degradation could potentially target EMF hyphae as well, thereby hampering the formation
of ectomycorrhizal associations. 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 [74], thereby disrupting the
formation of beneficial mycorrhizal associations. Moreover, Levy et al. [75] highlighted the
genomic adaptations of bacteria that allow them to efficiently colonize plant roots. Their
results suggest that these adaptations may also include mechanisms to outcompete fungi
for space.

4.3. Beneficial Interactions Between Fungi in EM Formation

Recent research highlights the complex interactions influencing EM formation, with
notable contributions from different fungal groups, such as saprotrophic fungi and AMF
(Figure 2). While mycorrhizal–saprotrophic interactions can be either inhibitory or stimula-
tory depending on the context, these relationships are vital for understanding the broader
ecosystem processes that govern nutrient cycling and plant–soil interactions [76,77].

Saprotrophic fungi are essential decomposers in forest ecosystems, breaking down
complex organic matter such as leaf litter, wood, and other plant debris. This decomposi-
tion process releases a range of nutrients, including nitrogen, phosphorus, and carbon, into
the soil, which can be readily utilized by EMF [78]. 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 [56]. 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 nu-
trients but also alter the soil environment in ways that favor EM colonization. For instance,
the breakdown of organic matter by saprotrophic fungi can lower soil pH, a condition that
often promotes EM formation, but not below pH of 5, which is the minimum pH typically
needed by most mycorrhizal fungi for effective symbiotic relationships [79]. Additionally,
some saprotrophic fungi may produce secondary metabolites that stimulate EM fungal
growth or suppress potential competitors, further facilitating EM associations [80]. An-
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other form of positive interaction is the spatial niche differentiation between EMF and
saprotrophic fungi. In boreal forests, EMF and saprotrophs may coexist by occupying dis-
tinct spatial niches, enabling both fungal groups to thrive without direct competition [81].
Furthermore, saprotrophic fungi may promote the activity of bacterial saprotrophs, which
are capable of decomposing complex carbon substrates, including fungal and bacterial
necromass [82,83]. This synergistic relationship enhances overall decomposition processes
and contributes to the nutrient dynamics observed in EM and arbuscular mycorrhizal (AM)
ecosystems. 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 [83]. 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 and even on individual trees [84,85]. While these mycorrhizal types
were traditionally viewed as competitors, recent studies suggest that they can facilitate
each other’s establishment and function [56]. These positive interactions enhance plant–soil
functioning and contribute to greater multifunctionality within soil communities.

In various ecosystems, particularly mixed-forests, AMF, typically associated with
herbaceous plants, and EMF, primarily found in woody plants, can interact and facilitate
each other 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 [86,87], which subsequently benefits EMF associated
with nearby trees. This, in turn, enhances the establishment and survival of EM trees.
This relationship promotes diverse plant communities and enhances overall ecosystem
resilience [88]. Therefore, the presence of AMF directly influences EM associations by
ameliorating the soil microbiome and nutrient dynamics. For example, AMF enhance
phosphorus availability, which supports EM formation on adjacent trees [56]. Additionally,
mycorrhizal networks that include both AMF and EMF contribute to ecosystem stability
by supporting diverse plant communities [89], indirectly promoting EM establishment
and persistence. 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 interactions, enhancing nutrient uptake, soil structure, and overall plant health. 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 [85]. These two symbioses utilize different
nutrient acquisition strategies that can complement each other. This functional diversity
enhances ecosystem nutrient cycling, enabling the efficient management of resources and
maintaining productivity across varying environmental conditions.

The beneficial interactions between fungi involved in EM formation are of critical
ecological and practical significance. Understanding these interactions offers valuable
insights for forest management and restoration, especially in environments with limited
nutrient availability. Indeed, integrating saprotrophic fungi into soil amendments or
restoration efforts can accelerate nutrient cycling, thereby supporting EM formation in
newly planted forests. 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 might face challenges in establishing robust
colonization and functioning without the synergistic 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. Furthermore, exploring the
molecular mechanisms behind these fungal interactions could pave the way for new
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biotechnological innovations in forestry and agriculture [56]. 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.

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
(Figure 3). In particular, saprotrophic fungi often compete with EMF for essential nutrients
and carbon sources, especially in nutrient-poor environments [90]. 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 dominate in their ability to
degrade organic matter due to the higher abundance of carbohydrate-active enzymes
(CAZymes) compared to EMF [91]. This enzymatic advantage allows saprotrophs to access
and transform complex organic nutrients more efficiently. 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 [92]. Moreover, the presence of saprotrophic fungi influences ecosystem processes
beyond direct competition for resources. Research by Rousk and Bååth [93] highlighted
that saprotrophic fungi interact with soil bacteria. This interaction introduces additional
complexity to their ecological relationships, particularly 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 (Figure 3). These pathogenic fungi may compete with EMF for root
colonization sites. This type of competition has been demonstrated in Fusarium oxysporum,
where the pathogenic and nonpathogenic (saprophytic) strains, representing two different
trophic modes, compete for infection sites on tomato roots [94]. Such interactions can
further limit the extent of mycorrhizal associations, reducing their overall effectiveness.
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. Pathogenic fungi are known to produce toxins, enzymes, or other
compounds that degrade fungal cell walls; although direct evidence for EMF degradation
is limited, this hypothesis aligns with established mechanisms of fungal competition
and warrants further investigation. 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 [95]. These compounds help restrict the
growth and spread of the pathogen. However, these compounds can also inadvertently
inhibit the growth of beneficial 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 [96]. The
presence of pathogenic fungi can weaken the plant host [97], further compromising its
ability to support ectomycorrhizal fungi and thereby reducing the overall health and
resilience of the mycorrhizal symbiosis.

Negative interactions between different mycorrhizal fungi, particularly between AMF
and EMF, can significantly influence the dynamics of plant–fungal symbioses (Figure 3).
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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 the effectiveness of both
AMF and EMF when they coexist in the same environment [98]. This competition can
limit the availability of root niches for EMF, thereby reducing their establishment and
proliferation. Furthermore, AMF can influence how the host plant allocates resources,
potentially limiting the availability of nutrients and carbohydrates for EMF. 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.
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 [98]. The outcome of these
competitive interactions is influenced by various factors, including the relative abundance
and interactions 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 [98,99]. 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. Conclusions

The intricate interplay between plant and fungal diversity, host specificity, and micro-
bial 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 sym-
biosis, 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
understanding the biochemical and molecular mechanisms of host specificity in EM associ-
ations, 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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