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Abstract

Fungal endophytes are microorganisms that inhabit plant tissues without causing disease
and emerge as critical mediators of plant stress tolerance, nutrient acquisition, and ecosys-
tem resilience under diverse climate change scenarios. Their unique position within the
host allows them to modulate physiological responses more closely than external micro-
biota. This review explores how endophytic fungi contribute to plant adaptation under
climate-induced stresses such as heat, salinity, drought, pollution, and nutrient limitation,
with a focus on molecular crosstalk, functional trait modules, and metabolic trade-offs. Key
findings emphasize multilayered signaling systems, including MAMP/DAMP recognition,
phytohormone regulation, immune tuning, ROS dynamics, and effector deployment, while
emerging mechanisms such as cross-kingdom RNA and extracellular vesicle (EV)-mediated
exchange are discussed as promising but currently limited in empirical validation within
many endophytic systems. Endophytes also enhance nutrient exchange through condi-
tional carbon-for-benefit trade and may shape rhizosphere microbiota and soil activities
through plant-mediated inputs. Integrative multi-omics approaches provide predomi-
nantly correlational insights into the mechanistic basis of these effects, linking molecular
function to ecosystem and community outcomes. These insights have potential applications
in climate-resilient agriculture, phytoremediation, and ecosystem restoration; however,
their large-scale implementation requires further field-based validation and context-specific
assessment. Future priorities should focus on trait-based selection, ecological modeling,
and biosafety evaluation to translate microbial functions into reliable field-level strategies
that support sustainable crop performance under accelerating environmental stress.

Keywords: fungal endophytes; climate stress tolerance; plant–microbe interaction;
phytohormone regulation; ROS signaling; multi-omics approaches; rhizosphere microbiome
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1. Introduction
Fungal endophytes are microbes that inhabit internal plant tissues without causing

apparent harm and have emerged as critical but often overlooked components of the plant
microbiome, influencing growth, immunity, stress tolerance, and ecosystem sustainabil-
ity [1]. Unlike rhizosphere microbes that primarily interact with plant roots through the
root-soil boundary, endophytic fungi develop internal tissue-resident connections across
multiple plant tissues, including roots, stems, leaves, and seeds. These associations are
affected by complex recruitment dynamics, which involve transitional niches during fungal
establishment and growth [2]. Symbiotic relationships, based on fungal identity, envi-
ronmental conditions, and host genotype, can range from mutualistic to parasitic states
driven by mechanistic regulation occurring through host-pathogen recognition systems
and metabolic trade-offs [3]. With climate change driving increased environmental variabil-
ity, endophytes are being reassessed not only as microbial partners but also as potential
regulators of plant resilience and adaptive capacity; however, their effects remain highly
dependent on ecological and physiological context [4].

Anthropogenic climate change is escalating stressors such as heatwaves, salinity,
drought and pollution that challenge plant productivity, survival and ecological balance [5].
These stresses modify plant physiology, metabolism, and immunity, while also recon-
figuring microbial community assembly and interaction dynamics [6]. In this changing
environment, endophytic fungi have been proposed to act as biological buffers. They
modulate host responses through molecular mechanisms that include hormonal crosstalk,
immune suppression or priming, nutrient mobilization, and antioxidant modulation [1].
However, empirical support varies among systems, and in some cases endophyte colo-
nization may confer neutral or conditionally negative outcomes. Their unique ability to
function within host tissues positions them to influence plant health from the inside out,
offering advantages under complex stress where external microbial support (rhizosphere
bacteria) may be destabilized or insufficient [7].

Despite growing interest, much remains unknown about how endophyte–plant in-
teractions are formed, maintained, and reprogrammed under environmental stress [8].
Molecular compatibility is not assured: endophyte colonization must be tolerated by the
host immune system while providing tangible functional benefits such as improved nu-
trient uptake, water-use efficiency and defense improvement [9]. Understanding this
compatibility requires detailed analysis of plant–fungal molecular interactions, particularly
the mechanisms governing recognition, metabolite exchange and immune tuning. These
processes are regulated by a network of phytohormones (ABA, SA, JA, auxin), reactive
oxygen species (ROS), and effector-like proteins. Additional signaling molecules, including
MAMPs/DAMPs and, in some fungal systems, emerging communication vectors such as
extracellular vesicles and cross-kingdom RNAs, also contribute; however, direct evidence
for these latter mechanisms in many endophytic associations remains limited [10]. Together,
they form a composite signaling system that determines whether an endophyte is tolerated,
beneficial or rejected.

A critical ecological aspect is the metabolic exchange between plant–fungal part-
ners, often described as a reciprocal biological interaction: plants provide photosynthetic
carbon, while endophytes provide stress-tolerance pathways or promote nutrient acquisi-
tion. In response to climate stress, this exchange can be disrupted. For example, drought
or nutrient challenges restrict the plant’s carbon supply while progressively increasing
the fungal maintenance costs. The cost-benefit balance of endophyte colonization is not
static but transitions along a continuum, with outcomes ranging from mutualism to an-
tagonism. This metabolic diversity emphasizes the need to understand endophyte sym-
bionts in terms of evolutionary strategies, focusing on carbon allocation, transporter reg-
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ulation, and the physiological adaptability of both the plant and fungal partners under
environmental stress.

Recent advances in multi-omics technologies, particularly transcriptomics,
metabolomics, and proteomics, are transforming our ability to examine endophyte func-
tions and their ecological impacts. Metabolite profiling, isotope tracing and dual RNA-seq
are disclosing how fungal colonization reshapes host metabolism, alters exudate chemistry,
and reconfigures rhizosphere microbiota. Combining these molecular approaches with eco-
logical network analysis and trait-based modeling provides primarily correlational insights
into how endophytes influence community dynamics, nutrient cycling, and biogeochemical
feedback across different levels. However, translating this mechanistic knowledge into
field-ready applications remains a major challenge, particularly given the variability in
endophyte performance across soils, genotypes and changing climates.

The main analytical goals of the review are to analyze the molecular mechanisms of
endophyte–plant symbiosis, with a focus on the regulation of hormones, immune mod-
ulation, and oxidative stress management; investigate the role of endophytes in stress
buffering and nutrient exchange; and examine how these functions contribute to plant
resilience under drought, salinity, and heat stress. The review also explores the environmen-
tal implications of endophyte interactions on ecosystem resilience, including their influence
on soil microbiota, nutrient cycling, and community dynamics, and advocates for practical
solutions for the application of fungal endophytes in sustainable agriculture, ecosystem
restoration, and climate-smart resilient land management by enhancing multi-omics and
ecological data.

The literature included in this review was identified through searches of major scien-
tific databases, including Scopus, PubMed, Web of Science, and Google Scholar. Search
terms included combinations of keywords such as fungal endophytes, abiotic stress, plant–
fungal endophyte interactions, plant resilience, stress tolerance, climate change, nutrient
cycling and molecular mechanisms. The review focused primarily on literature published
between 2008 and 2026 while also incorporating a limited number of earlier studies relevant
to providing conceptual background.

2. Climate Change Alters Endophyte Specificity and Interaction Stability
Endophytic fungi are asymptomatic, internal, non-parasitic symbionts that form strong

connections with plant tissues, including leaves, stems, roots, seeds, and vascular tissues.
In contrast to rhizosphere microbes, which primarily interact at the soil–root interface,
endophytes occupy internal plant tissues and act as direct regulators of plants’ physio-
logical processes [11]. This internal ecological niche enables endophytes to progressively
affect multiple host functions, including growth promotion, immune regulation, nutrient
acquisition, and tolerance to both abiotic and biotic stresses [12]. The diversity of major
endophytic fungal lineages and their reported contributions to plant stress adaptation are
summarized in Table 1.

Table 1. Endophytic fungal lineages and their contributions to plant stress adaptation.

Endophytic Fungus/
Plant Host Plant Benefits Abiotic Stress Evidence Type References

Piriformospora indica/barley Enhances plant growth and yield; improves water and
nutrient use efficiency; strengthens antioxidant defenses Salt stress Greenhouse study [13]

Aspergillus ochraceus/barley Increases antioxidant capacity; produces growth
hormones (IAA); enhances plant stress tolerance Salt stress Laboratory/greenhouse study [14]
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Table 1. Cont.

Endophytic Fungus/
Plant Host Plant Benefits Abiotic Stress Evidence Type References

Stemphylium lycopersici/maize
Improves chlorophyll content; increases carotenoids and

secondary metabolites; enhances antioxidant enzyme
activity; reduces lipid peroxidation; improves ion balance

Salt stress Greenhouse study [15]

Penicillium
minioluteum/soybean

Increases shoot growth and biomass; enhances
chlorophyll and flavonoid levels; improves leaf area and

nitrogen uptake; regulates plant hormones
Salt stress Greenhouse study [16]

Periconia macrospinosa,
Neocamarosporium

chichastianum,
Neocamarosporium

goegapense/cucumber, tomato

Increases chlorophyll content, proline accumulation, and
antioxidant enzyme activity Salt stress Laboratory/greenhouse study [17]

Thermomyces sp./cucumber
Enhances heat tolerance; improves photosynthesis, water

use efficiency, and root growth; increases antioxidant
activity and metabolites

Temperature stress Greenhouse study [18]

Paecilomyces formosus/
japonica rice

Increases plant height, biomass, and chlorophyll content;
improves tolerance to high temperature Temperature stress Greenhouse study [19]

Rhizopus oryzae/
sunflower, soybean

Increases antioxidants, proline, phenolics, flavonoids,
sugars, proteins, and lipids; enhances chlorophyll content

and plant biomass under heat stress
Temperature stress Greenhouse study [20]

Piriformospora
indica/grapevine

Reduces leaf damage and ROS accumulation; increases
osmolytes (sugars, proline, proteins) and phenolics;

enhances cold tolerance
Temperature stress Controlled pot/

greenhouse study [21]

Penicillium rubens,
P. bialowienzense/

highbush blueberry

Improves photosynthetic efficiency; reduces oxidative
stress; enhances cold tolerance Temperature stress Greenhouse study [22]

Aspergillus
welwitschiae/soybean

Promotes hormone production and phosphate
solubilization; enhances root growth and biomass;

strengthens antioxidant defense
Toxic metal stress Laboratory/greenhouse study [23]

Trichoderma spp./maize,
tomato, cucumber

Promotes root growth and enhances water and
nutrient uptake Drought stress Pot and greenhouse study [24]

Trichoderma, Fusarium,
Aspergillus spp.

Enhances nutrient mobilization, ROS scavenging, and
hormonal regulation (IAA, ABA); increases

osmolyte accumulation

Drought, salinity,
heavy metals Inferred/multiple studies [25]

Piriformospora indica,
Serendipita spp.,
Rhizoctonia spp.

Induces ligninolytic enzymes, cell wall remodeling, and
root growth; enhances stress tolerance Salinity, heat, drought Inferred/experimental studies [26]

Mucor, Rhizopus,
Mortierella alpina

Stress-induced sporulation; ion chelation;
phosphate solubilization

Drought, nutrient
stress, heavy metals Review/experimental studies [27]

Growing evidence suggests that endophytes should no longer be regarded as dormant
dwellers but as active modulators of plant functional traits; however, the magnitude
and direction of these effects remain context dependent [28]. A conceptual overview of
molecular crosstalk, resource exchange, and adaptive mechanisms under climate-induced
stresses is illustrated in Figure 1.

Endophytes promote plant biomass and productivity across various systems by modu-
lating hormone-related activities such as regulation of auxin and gibberellin, which promote
root system development and photosynthetic efficiency [29]. Simultaneously, they may
enhance defense capacity by conditioning immune pathways and generating antimicro-
bial metabolites that decrease disease pressure. Endophytes occupy a functional niche as
integral in planta components of the microbiome, which can enhance the host phenotype
beyond the plant genome and support adaptive performance under fluctuating environ-
ments [30]. The importance of endophytic symbiosis becomes more evident under climate
change, which alters temperature regimes, precipitation patterns, and leads to severe events
such as droughts, heatwaves, salinity, and flooding [31]. These environmental shifts act as
ecological filters, reshaping plant performance and concurrently affecting the composition,
stability, and function of microbial communities. The global environmental changes can
therefore be viewed as stress filters, altering the cost dynamics, benefits, and stability within
plant-endophyte associations. Under moderate stress, specific endophytes start contribut-
ing positively to plant growth and resilience; however, under severe stress conditions,
these symbioses may shift towards a neutral state. This transfer represents a dynamic
change along the mutualism–parasitism spectrum that can be experimentally measured
by determining plant growth metrics, stress tolerance markers, and fungal colonization
efficiency at different stress levels [32]. These shifts highlight the context-dependent nature
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of endophyte-mediated resilience, where the symbiotic outcome manifests as a result of the
interplay between host genotype, fungal genotype, and environmental factors. Experimen-
tal approaches, such as controlled climate simulations and omics-based analyses, assist in
measuring these dynamic interactions and provide insights into how the plant-endophyte
relationship fluctuates across various environmental stress thresholds.

Figure 1. Conceptual overview of endophytic fungi–plant symbiosis under climate change conditions,
illustrating molecular crosstalk, nutrient exchange pathways, stress-response signaling, and their
collective roles in enhancing plant adaptation and ecosystem resilience.

There are several ways in which climate change can reorganize endophyte symbioses:
by modifying fungal colonization success and transmission, altering host resource alloca-
tion and immune thresholds, and affecting the broader microbial community that competes
with or complements endophyte functions [33]. For example, drought-induced carbon
limitation can reduce host allocation of photosynthates to endophytes, potentially destabi-
lizing mutualistic interactions when fungal benefits decline or carbon demand increases.
Conversely, during periods of stress, plants may exhibit preferential tolerance toward
endophytes that provide protective metabolites, antioxidant capacity, or enhanced nutrient
mobilization. This process, described as stress-mediated symbiotic filtering, appears to be
strongly dependent on host genotype, fungal identity, and environmental context [34].

The plant resilience–ecosystem interface is partially dependent on endophyte-
mediated nutrient acquisition. The reduction of soil quality, changes in precipitation,
intensified agriculture, and the combined effects of warming and drought on soil nutri-
ent cycling have increased the occurrence of nutrient limitation in many ecosystems [35].
Within these constraints, endophytes engage in nutrient mobilization through pathways
that are partly similar to, yet distinct from, mycorrhizal mechanisms. Endophytes enhance
availability of nitrogen and phosphorus through extracellular release of enzymes, organic
acids, and siderophores, thereby mobilizing nutrient pools that are otherwise less accessible
to plants [36]. Nevertheless, nutrient exchange between plant and endophyte is governed
less by cooperative intent and more by resource economics and reciprocal cost–benefit
trade-offs. During nutrient-limited conditions, endophytes may allocate a greater pro-
portion of host-derived carbon toward their own growth and stress-adaptive compound
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synthesis, particularly under severe environmental constraints. This fungal investment
may also generate metabolites that contribute to host protection against osmotic stress,
oxidative damage, or pathogen invasion [37]. Therefore, nutrient exchange in endophytic
symbioses can be viewed as a conditional exchange: plants provide carbon to endophytes,
and endophytes provide services in nutrient mobilization, defense, and stress buffering [38].
The stability of this exchange is environmentally contingent and may shift with changes in
plant carbon status, nutrient availability, and fungal metabolic demand.

Resource exchange at the molecular level is managed by a complex communication
network at the plant–fungus interface [39]. Establishment of endophytic symbiosis requires
a fine balance: the fungus must colonize host tissues without triggering full pathogenic
defense responses, and the plant must permit controlled entry while maintaining immune
competence. This equilibrium is achieved through molecular crosstalk involving immune
signaling pathways, phytohormone modulation, redox homeostasis, and metabolic repro-
gramming [40]. Endophytes can regulate host immunity by attenuating specific defense
branches or by priming faster responses to stress. They may also influence hormone
networks—including jasmonate, salicylic acid, ethylene, abscisic acid, and auxin—to favor
stress tolerance without substantial growth penalties. Simultaneously, endophytes can
affect plant metabolism and nutrient delivery through changes in host transporter and
enzyme expression related to carbon distribution and nutrient uptake [41]. Recent studies,
primarily from pathogenic and specialized fungal systems, indicate that fungal-secreted
effectors, small metabolites, and in some cases extracellular vesicles and cross-kingdom
RNAs may contribute to stable accommodation and long-term integration. However, direct
functional evidence for these advanced mechanisms in many endophytic associations
remains limited [42]. Despite rapid methodological advances, the molecular architecture
underlying endophyte-mediated nutrient interaction under ecologically relevant stress
conditions is not fully understood. Disentangling causality, whether endophytes actively
reprogram host metabolism or preferentially colonize already tolerant phenotypes, remains
a conceptual and experimental challenge.

A second critical gap relates to specificity in how climate change influences partner
selection and the stability of plant–endophyte associations. Host identity, tissue niche,
microclimate, soil conditions, and the surrounding microbial species pool influence en-
dophyte community assembly [43]. These determinants are themselves shifting under
global change, potentially disrupting established symbiotic associations while facilitating
new ones. Stress may increase host permissiveness to certain fungi, reduce colonization
barriers, or promote opportunistic behavior among endophytic taxa. Such changes can
generate unpredictable outcomes, including the emergence of latent pathogens or the loss
of beneficial specialist endophytes [44]. Advancing understanding of specificity therefore
requires a shift beyond descriptive diversity surveys toward trait-based and mechanistic
frameworks that explain why particular endophytes persist, dominate, or decline under
climate-driven pressures.

3. Anthropogenic and Environmental Stressors: Drought, Pollution,
Invasion as Interaction Reprogrammers

The selective regime in which plant–fungal endophyte symbioses evolve, survive, and
provide services is increasingly shaped by anthropogenic pressures, including changes
in land use, pollution, and climate warming, which result in heightened environmental
stress [45]. The existing evidence suggests that drought/heat, heavy-metal pollution, and
biological invasion or land-use disturbance are not merely external constraints. They ac-
tively reshape interactions by altering host carbon availability, immune set-points, and
microbial competition within plant tissues and the rhizosphere. In practice, the stressors
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redefine the functional balance of symbioses. The ability of the host to subsidize the fungal
partner changes, and conversely the potential of fungi to provide benefits such as stress
buffering, nutrient mobilization, or defense modulation is altered [46]. Recent syntheses of
fungal endophyte-mediated abiotic stress tolerance suggest mechanisms involving osmotic
regulation, antioxidant defense, hormone tuning, and molecular or epigenetic modula-
tion. However, the magnitude and direction of these effects are strongly dependent on
host × strain × environment interactions, precisely those conditions being intensified by
global change [47].

Drought and heatwaves are increasingly conceptualized as pulse-like disturbances
that impose repeated switches in plant hydration status and metabolic modes [48]. Under
water shortage, plants lower stomatal conductance and photosynthesis, reducing the car-
bon budget available for endophyte maintenance and reciprocal nutrient exchange [49].
Simultaneously, drought disrupts rhizosphere substrate diffusion and redox microenviron-
ments, indirectly altering the pool of microbes available for recruitment [50]. Heatwaves
exacerbate these dynamics by increasing evaporative demand and oxidative stress, destabi-
lizing cellular membranes and redox homeostasis. Empirical studies suggest that fungal
endophytes sourced from severe or extreme ecological conditions can elevate plant activity
under sequential stresses, typically via antioxidant reinforcement and improved physiolog-
ical stress responses. However, these benefits are not universal and may diminish under
prolonged or repeated stress due to energetic constraints on both partners [51].

The emerging threshold-based framework conceptualizes fungal endophytes as stabi-
lizers of host function at intermediate stress levels through osmotic and redox buffering, but
beyond critical stress thresholds, fungal metabolism may shift toward survival, reducing
host-benefit output, while the host may restrict carbon allocation, thereby diminishing
mutualistic benefits. Pollution and heavy-metal contamination operate along a different
axis, functioning as physiological toxicants and strong ecological filters on plant-associated
fungal communities [52]. Metal pollution reshapes fungal community composition along
contamination gradients, altering the pool of potential colonizing taxa and overall com-
munity architecture [53]. Metals such as Cd, Pb, As, and Cr provoke chronic oxidative
stress and enzyme inhibition in plants, and fungal endophytes may contribute to detox-
ification through chelation, precipitation, enzymatic transformation, and induction of
host antioxidant and secondary-metabolite defenses [54]. The latest framing emphasizes
trade-offs: resources allocated to detoxification and stress protection may reduce invest-
ment in nutrient provisioning, growth promotion, or immune defense, particularly under
carbon-limited drought conditions [55]. Figure 2 illustrates the progression of the plant-
endophyte relationship from mutualism to parasitism as stress intensity elevates, with
three key zones—Mutualistic, Transition, and Parasitic—marking this shift. It effectively
demonstrates how endophytes contribute to plant resilience under low to moderate stress,
while the relationship may become more neutral or even harmful as stress levels rise.

Symbiosis specificity can also be disturbed by pollution, tissue decomposition, and
immune homeostasis, potentially enhancing exposure to opportunistic colonizers and
altering positions along the mutualism–antagonism spectrum [56]. Biological invasion
and land-use change further compound endophyte symbioses by restructuring ecological
networks and reshaping the regional pool of microbial taxa [57]. Recent syntheses indi-
cate that fungal endophytes can modulate invasion success by influencing plant growth,
reproduction, stress tolerance, and resistance to herbivores and pathogens. However, the
magnitude and direction of these effects are highly context-dependent, varying with inva-
sion stage, host identity, and local ecological conditions [58]. Notably, invasive plants may
co-invade with native endophytes, acquire novel symbionts from neighboring species, or
exploit restructured microbial communities in disturbed ecosystems. Experimental and
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observational studies indicate that local interactions between neighboring native plants
can influence endophyte assembly in invaders, further indicating that invasion outcomes
may be mediated by microbial recruitment processes rather than solely by intrinsic plant
traits [59]. Land-use changes (intensification, grazing shifts, fragmentation) may select for
stress-tolerant endophytes and disrupt established symbiotic relationships, simplifying
connections while increasing functional variability and opportunism [60].

Figure 2. Schematic representation of the plant–endophyte relationship under varying stress intensi-
ties, illustrating the transitions across three key zones: Mutualistic, Transition, and Parasitic.

Importantly, these stressors are increasingly co-occurring, producing non-linear multi-
stressor effects [61]. Salinity or metal stress is often amplified by drought-induced oxidative
stress and heat-related physiological disruption, while disturbance intensifies invasion
pressure, collectively destabilizing native symbioses. From a translational perspective, this
implies that endophyte benefits should be evaluated under compound-stressor conditions
and pulse dynamics, since stability depends on thresholds (carbon limitation, detoxification
costs, immune dysregulation, altered microbial competition) rather than responses to
individual factors alone [62].

4. Molecular Crosstalk: Communication Pathways That
Govern Mutualism

The central regulatory layer that determines whether endophytic fungi are accom-
modated within beneficial relationships or recognized as potential threats is molecular
crosstalk. This molecular crosstalk ultimately shapes the stability and functional outcomes
of mutualism under normal and stress conditions [63]. Table 2 provides an overview
of key molecular signaling pathways that mediate endophyte–plant interactions, includ-
ing hormonal, oxidative, and immune signaling mechanisms. Due to their internal lo-
calization, successful symbiosis requires a finely regulated process of controlled accom-
modation, in which plants detect fungal-derived molecular patterns without triggering
excessive immune responses. The balance is maintained by cooperative recognition and
immune tuning, including MAMP/DAMP signaling pathways, which selectively modulate
plant responses toward tolerance, defense priming, or partial suppression rather than full
immune activation.
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Table 2. Molecular signaling pathways in endophyte–plant interactions.

Signaling Pathway Fungal Signals Plant Responses
Key Molecules

(Hormones/
Metabolites)

Functional Outcome References

Auxin (IAA) signaling Production of fungal auxins
Enhanced root

development and
branching

Indole-3-acetic
acid (IAA)

Improved nutrient and water
uptake; better plant growth [64]

Abscisic acid
(ABA) pathway

Induction of ABA biosynthesis
and signaling

Stomatal regulation;
improved drought

tolerance
ABA, osmolytes, proline Increased resistance to

drought and salinity stress [65]

Reactive oxygen species
(ROS) signaling

ROS modulation and
antioxidant enzyme activation

Activation of stress
defense pathways

H2O2, superoxide,
catalase, peroxidase

Stress priming and reduced
oxidative damage [66]

Jasmonic acid
(JA) signaling

Elicitation of JA-dependent
defense pathways

Enhanced resistance to
pathogens and

herbivores

Jasmonic acid,
defense proteins

Induced systemic
resistance (ISR) [67]

Salicylic acid
(SA) signaling

Stimulation of SA-mediated
immune responses

Activation of plant
immune genes

Salicylic acid,
PR proteins

Systemic acquired
resistance (SAR) [68]

Ethylene signaling
Modulation of ethylene

production via ACC
deaminase activity

Regulation of stress and
growth responses

Ethylene, ACC
deaminase

Reduced stress ethylene and
improved plant growth [69]

Secondary metabolite
signaling

Production of fungal
bioactive metabolites

Activation of plant
defense and

metabolic pathways

Phenolics, flavonoids,
alkaloids

Enhanced tolerance to abiotic
and biotic stress [70]

Beyond immune gating, chemical and molecular interactions further stabilize symbio-
sis by reprogramming host physiology. This involves complex phytohormonal networks,
ethylene and redox-linked signaling molecules such as reactive oxygen species (ROS) and
nitric oxide (NO), which integrate stress sensing with metabolic adaptation. Endophytes
can also modulate the partnership through secreted effectors, including proteins, fungal
volatiles, and secondary metabolites that influence growth–defense trade-offs, nutrient
delivery, and stress adaptation [71].

Some emerging mechanisms, such as cross-kingdom RNA communication and extra-
cellular vesicle (EV)-mediated cargo exchange, are primarily documented in pathogenic
or mycorrhizal systems. Their presence in endophyte symbioses is currently speculative
but potentially enables fungi and plants to exchange regulatory small RNAs and signaling
molecules that can affect transcriptional programs and epigenetic states [72].

The molecular dialogue between plants and fungi operates through four intercon-
nected signaling layers, whose integrated output indicates whether the interaction stabilizes
toward mutualism or immunity (Figure 3). These associated layers establish endophytic
mutualism and define its plasticity in response to climate stress. Furthermore, it includes
priming, stress memory, and resilience over time, though empirical support for some of the
advanced mechanisms in endophyte systems remains challenging.

4.1. Host Recognition and Immune Tuning During Endophyte Accommodation

The endophytic fungi colonize internal plant tissues in a passive manner, facilitated
by immune recognition and fine-tuned immune modulation, frequently described as con-
trolled accommodation [73]. Pattern recognition receptors (PRRs) detect fungal infiltration
by recognizing conserved microbe-associated molecular patterns (MAMPs) such as chitin
fragments, β-glucans, and other cell wall fungal components [74]. In pathogenic associa-
tions, MAMP recognition triggers pattern-triggered immunity (PTI) resulting in responses
such as Ca2+ influx, MAPK cascades, ROS bursts, callose deposition, and the activation
of defense genes [75]. However, during endophytic symbiosis, these PTI responses are
generally suppressed or spatially confined, allowing the endophytes to survive within the
plant without causing harm to the host [76].

In addition to MAMPs, tissue disruption leads to the release of damage-associated
molecular patterns (DAMPs), which are host-derived signals indicating cellular dam-
age [77]. Effective endophytes can decrease DAMP activation by enhancing intercellular
colonization, minimizing active cell-wall degradation, and regulating apoplastic conditions.

https://doi.org/10.3390/applmicrobiol6030047

https://doi.org/10.3390/applmicrobiol6030047


Appl. Microbiol. 2026, 6, 47 10 of 34

Endophytic associations can result in immune regulation in two main ways: immune sup-
pression or immune priming [78]. Immune suppression occurs when endophytes secrete
effector molecules that inhibit the outputs of PTI, preventing costly, inflammation-like
immune responses. A clear example of this is the effector proteins secreted by Fusarium
species, which suppress plant immune responses and facilitate continuous colonization.
In contrast, immune priming maintains a low, basal level of immune activation that accel-
erates defense responses when the plant encounters a pathogen, thus increasing induced
resistance. Notably, immune priming is seen in Piriformospora indica, which primes plant
defenses without compromising the symbiotic relationship [79]. Environmental factors
such as drought, heat, and nutrient limitations can disturb the hormonal and redox balance
in plants, thereby altering immune thresholds and affecting the compatibility of endophyte
regulation [80]. Controlled accommodation is thus a dynamic, context-dependent method
that determines whether endophytes persist as beneficial symbionts or are perceived as
threats, especially under changing environmental conditions.

Figure 3. Molecular dialogue governing plant–fungal recognition and immune modulation.

4.2. Hormonal and Redox Signaling in Plant–Fungal Endophyte Symbiosis

After colonization, fungal endophytes regulate host physiology primarily by rewiring
phytohormone and redox signaling pathways that affect growth–defense trade-offs [81].
During abiotic stress, many fungal endophytes have been shown to coordinate abscisic
acid (ABA) pathways to enhance drought and salinity tolerance by adjusting water-use
efficiency and osmotic regulation, and inducing the expression of stress-response genes [82].
Because ABA may antagonize key immune signaling components, fungal endophytes often
fine-tune ABA-regulated stress responses to maintain host defense competence, helping
mitigate immunity tolerance trade-offs [83]. Simultaneously, fungal endophytes regulate
jasmonic acid (JA) and salicylic acid (SA) pathways, which are major regulators of induced
resistance [84]. Rather than inducing a strong immunity that could inhibit colonization,
endophytes often establish a primed state. In this state JA- or SA-responsive mechanisms
are poised for rapid activation upon pathogen attack while enabling symbiotic compatibility.
Growth hormones are also targeted. Many fungal endophytes stimulate auxin-related
pathways, enhancing root branching, root hair development, and nutrient foraging, which
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promote nitrogen and phosphorus acquisition under challenging conditions. Ethylene
signaling is another common target: under stress conditions such as drought or salinity,
ethylene levels often increase and inhibit growth. Fungal endophytes can regulate ethylene
signaling or sensitivity, mitigating the growth-inhibitory effects of stress [85].

At the redox level, damaging oxidative bursts are typically constrained, while con-
trolled ROS/NO connections required for cellular communication, immune priming, and
metabolic adaptation are maintained [86]. This redox buffering is particularly beneficial
under climatic stress, as oxidative damage threatens both host tissue integrity and the
stability of endophytic mutualism. Endophytic fungi thus rewire phytohormonal networks
(auxin, JA, ABA, SA, ethylene) and redox signaling to activate root system architecture
(RSA) genes and antioxidant enzymes (CAT, SOD, POD), promoting root architecture,
maintaining growth–defense trade-offs and supporting mutualistic stability under stress
(Figure 4).

Figure 4. Endophyte-mediated modulation of plant hormonal and redox networks drives root system
architecture remodeling.

4.3. Effector-like Proteins, Volatiles, and Secondary Metabolites in Plant–Fungal
Endophyte Communication

One of the key reasons fungal endophytes can remain in living plant tissues without
causing disease is that they actively modify the host environment by releasing commu-
nication molecules, such as effector-like proteins, volatile organic compounds (VOCs),
and various secondary metabolites [87]. During colonization, fungal endophytes secrete
effector-like proteins that regulate host recognition and downstream immune responses [88].
In contrast to aggressive pathogen effectors, which lead to high susceptibility, endophytic
effectors tend to work subtly, fine-tuning defense levels to enable controlled accommoda-
tion. These proteins can interfere with MAMP-induced signaling, reduce excessive ROS
generation, regulate cell wall reinforcement, and mediate hormone-associated immunity
responses [89]. This interconnection establishes symbiotic compatibility while preserving
host defensive capacity, balance essential for the persistence of long-term mutualism.

Simultaneously, fungal endophytes synthesize VOCs, which are low-cost, long-range
signals that may affect host physiology and linked microbiomes, although evidence from
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field conditions remains a challenge [90]. VOCs produced by endophytes may enhance
plant development, increase chlorophyll content, modulate stomatal activity, and pro-
mote drought and salinity tolerance by priming stress-response pathways [91]. They also
indirectly decrease pathogen abundance, forming a chemical barrier that contributes to
plant health. However, these effects are context-dependent and not universally validated
across systems.

Fungal endophytes also modulate symbioses through secondary metabolites, includ-
ing alkaloids, polyketides, terpenoids, phenolics, and non-ribosomal peptides [92]. These
compounds can have multifunctional activities: they can deter pathogens and herbivores, al-
leviate oxidative stress via antioxidant activity, and influence hormonal signaling networks.
However, production of these metabolites carries ecological trade-offs; at high concen-
trations, some can be dangerous to livestock and non-target organisms [93]. Therefore,
regulating effector release and metabolite production under climate stress is a key factor
both for predicting mutualistic stability and for exploiting endophytes in climate-smart
resilient agriculture and ecosystem restoration. However, the production of secondary
metabolites, especially alkaloids, represents an ecological trade-off. When the concen-
trations of these metabolites are high, they can be phytotoxic, inhibiting plant growth
and potentially harming non-target organisms such as livestock. This trade-off highlights
the delicate balance that endophytes must maintain in promoting metabolite production
without causing detrimental effects on the plant while providing defensive benefits.

4.4. Cross-Kingdom RNAs and Extracellular Vesicles: Frontier Mechanisms Linking Symbiosis to
Stress Memory

Plant–fungal endophyte symbioses are also reported to undergo cross-kingdom regu-
lation at the molecular level, particularly involving small RNAs (sRNAs) and extracellular
vesicles (EVs) [94]. These processes have been primarily observed in model systems, and
their prevalence in endophytic interactions remains largely unvalidated. Fungal endo-
phytes may synthesize regulatory sRNAs that can enter plant cells and potentially modulate
host transcripts involved in immune activation or stress responses, which could facilitate
colonization at a lower metabolic cost [95]. Conversely, plants can produce sRNAs that
may target fungal genes involved in hyphal growth or metabolite production, suggesting a
potential mechanism for maintaining symbiotic balance. While this two-way RNA com-
munication is hypothesized to allow rapid and adaptable regulation of mutualism under
changing conditions, direct empirical evidence in endophyte systems is limited [96].

EVs can transport regulatory cargo, including sRNAs, proteins, lipids, and metabolites,
between interacting cells [97]. EV-mediated secretion may protect signaling molecules
from degradation and enable concurrent delivery of multiple regulators, such as effectors
and RNA molecules, that could influence host or fungal transcriptional programs [98].
Although these pathways are proposed to be relevant under climate stress for adjusting
hormone networks, antioxidant responses, and nutrient transport pathways, evidence in
natural endophyte–plant systems remain sparse.

Notably, the proposed link between cross-kingdom RNA/EV signaling and epigenetic
stress memory is largely speculative. Symbiotic fungi may stimulate long-term modifi-
cations in plant chromatin (e.g., DNA methylation, histone modifications), potentially
affecting responses to drought, heat, salinity, or pathogens [99]. These effects remain hypo-
thetical in endophytic systems, and their contribution to long-term tolerance traits is a key
area for future research rather than an established network [100].
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5. Mutualistic Nutrient Exchange Under Deficiency: Carbon Economics
and Resource Allocation

Recent literature describes plant-endophyte mutualism under nutrient limitation as a
resource economic exchange: plants allocate photosynthetically derived carbon; in return,
endophytes provide nutrient provisioning and stress buffering functions. This interaction is
often conditional and becomes unstable under climate stress, where limited carbon supply
or increased metabolic costs of endophyte maintenance break the balance [101]. Studies,
including isotope-tracing experiments, have demonstrated that under conditions of nitro-
gen (N) or phosphorus (P) deficiency, endophytes act as effective carbon sinks within plant
roots and other colonized tissues. These endophytes attract host-fixed carbon by regulating
growth and aiding the synthesis of metabolites that enhance fungal resistance [102]. Impor-
tantly, isotope-labeling studies have quantitatively confirmed the movement of carbon from
host plants to endophytes, strengthening the idea that carbon allocation to endophytes is
not inherently detrimental. Indeed, this process often supports the fungal functions that
result in benefits to the host, such as stress tolerance and growth regulation [103].

In recent mechanistic reports and syntheses, phosphorus mobilization emerges as a
key mechanism in nutrient-poor soil. Endophytic fungi may enhance P availability through
the secretion of organic acids and phosphatases, and by altering root physiology to increase
P uptake capacity [104]. Recent evidence suggests that endophyte-induced rewiring of
host lipid and hormonal metabolism may promote plant permissiveness to colonization
while simultaneously improving P uptake efficiency, indicating that nutrient returns are
optimized through host metabolic reprogramming [105]. With regard to nitrogen, it is
claimed that the current perspective focuses on indirect yet strong pathways: endophytes
facilitate root system architecture, enhance internal N-use efficiency, and enhance local
organic N turnover by means of enzyme-mediated mineralization. Combinations of these
routes can sustain chlorophyll and growth in the presence of limited external N supply,
especially in conditions where drought would be predicted to inhibit rhizosphere nutrient
flux [106]. Iron acquisition has gained momentum as a third nutrient return pillar during
times of stress. Many fungal endophytes secrete siderophores that chelate iron (Fe) where
Fe solubility is limited, especially in alkaline or saline soils [107]. Redox coupling is also a
focus of newer discussions. With the ability to affect localized redox chemistry and ROS
balance, endophytes can have an indirect effect on Fe speciation, increase the accessibility
of micronutrients, and reduce oxidative stress on host photosystems. This function is
particularly important as it often co-occurs during drought and heat stress, resulting in a
bottleneck that can be mitigated by endophytes [108].

Another significant development in recent literature is the shift towards a transport-
based model of exchange. The concept of nutrient trade is now increasingly viewed as the
concerted control of membrane transport across the symbiotic interface on either side of the
membrane [109]. Carbohydrate partitioning and sugar export on the plant side determine
the magnitude of carbon allocation to colonized tissues, whereas fungal uptake systems
regulate nutrient acquisition from microsites and their subsequent transfer towards the
host interface [110]. Recent mechanistic studies consistently identify reprogramming of
host nutrient uptake pathways, particularly P transport systems, as a central outcome of
successful colonization, suggesting that endophytes can induce a high-uptake state in host
transport capacity. Accommodation of carbon export and nutrient import capacities are not
only compatible in this framework, but they are synchronized.

Finally, the benefit–cost curve for endophyte symbioses under stress gradients serves
as a conceptual tool to understand dynamic interactions. With moderate nutrient limitation,
the net effects of carbon costs are overcome by enhanced N, P, and Fe uptake and reduction
of stress, which have a strong positive net impact [111]. As stress intensifies, particularly
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under combined nutrient limitation with drought and heat, host photosynthesis and carbon
supply decline while fungal maintenance costs rise. Beyond the critical threshold, the
benefit–cost curve may shift such that the relationship becomes mildly parasitic rather
than mutualistic [112]. This instability emphasizes predictable challenges under global
change, including limited carbon supply, depleted nutrient pools, or failure of transporter
coordination, where sites of carbon export occur without proportional nutrient import.
Practically, this revised framework emphasizes that endophytes should be evaluated not
only for promoting growth but also for carbon costs, nutrient recovery efficiency, and stable
performance under fluctuating stress, recognizing that mutualism is dynamic [113].

6. Functional Diversity and Scaling of Fungal Endophyte Symbioses
Recent studies indicate that species richness is not a good predictor of plant benefit,

particularly under climate variability in which plants are now living [114]. Consequently,
the field is shifting towards a trait-based functional approach where endophyte communi-
ties are characterized based on the “symbiotic relationships” that they have and express
in specific environmental conditions. This methodological shift emphasizes measuring
functional traits and their ecological expression rather than cataloging species identities,
integrating empirical and synthetic studies. The identity of an endophyte is less important
than the endophyte’s functional contributions, and the consistent plant outcomes are linked
to functional traits that match the needs of the host plant and the stress regimes [115]. Thus,
functional diversity is more appropriately understood as a collection of traits within the
assembly of endophyte members. Modern studies are important for understanding how
these traits influence individual host performance, the resilience of groups, the tenacity of
communities, and the functioning of entire ecosystems.

A trait-based framework provides a structured classification for fungal endophyte
functions into different functional groups that can be mapped directly to plant survival and
performance measures [116]. In the context of global change, four modules of resilience are
often mentioned. First, osmotic tolerance modules increase tolerance to drought and salinity
through osmotic accumulation, membrane stabilization, and increased water use efficiency.
This modulation of stomatal and root hydraulic behavior is extremely valuable in arid and
semi-arid systems where precipitation patterns are becoming increasingly erratic [117,118].
Second, detoxification capacity modules involve endophytes in the toleration of heavy
metals and pollutants. They include chelation, sequestration, antioxidant up-regulation,
and manipulation of host detoxification pathways [119]. This module’s contribution is
context-dependent, varying with pollutant type, intensity, and the host-endophyte combi-
nation. Third, hormone/ROS modulation modules reveal potential roles for endophytes in
regulating phytohormone networks such as ABA, jasmonate, salicylate, ethylene, and auxin,
as well as ROS/NO networks to stabilize growth–defense trade-offs [120]. Fourth, nutrient
acquisition modules involve both the solubilization and mineralization of phosphorus and
nitrogen turnover and assimilation support, as well as iron acquisition via the production
of siderophores and redox-linked mobilization [121]. These functions are critical when
diffusion of nutrients is limited due to drought and the bioavailability of micronutrients
is compromised. The appearance of these modules occurs quite often in combination,
for example by drought resilience commonly resulting from integrated multi-trait sets of
osmotic, redox buffering and nutrient acquisition traits that stabilize host function under
compound environmental stress.

The functional organization of endophyte communities is shaped by the balance be-
tween keystone endophytes and functional redundancy [122]. Keystone endophytes are
taxa or strains whose expressed traits crucially determine host phenotype or community
outcomes under certain conditions, often dominated by mechanisms such as ROS buffer-
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ing, P mobilization or the production of antimicrobial metabolites [123]. Experimental
evidence indicates that in some systems, a single keystone strain can disproportionately
influence host performance, though the effect size is highly context dependent. In many
plant systems, a single, high-impact endophyte can have a profound effect on growth
or stress recovery, which identifies functional dominance that outweighs differences in
species richness for explaining observed variance in host performance. The value of func-
tional redundancy is emphasized under fluctuating environmental conditions, as it allows
for the persistence of core functions despite turnover in community composition. Func-
tional redundancy occurs when several endophytes perform the same function, which
can be retained if specific species decline due to warming, drought pulses, or seasonal
turnover [124]. This redundancy acts as ecological insurance: despite the changes in com-
munity membership manifesting in these shifts, key community resilience services are still
available. Empirical evidence indicates that high redundancy could impart ecosystem-level
stability but may also obscure mechanistic signals, as the same phenotypes can be gener-
ated by different community configurations [125]. Accordingly, the great challenge is to
identify the circumstances under which redundancy enhances resilience versus outcomes
when redundancy leads to operational neutrality through poor trait expression or poor
colonization compatibility.

Scaling from individual hosts to plant communities requires linking the expression of
fungal traits within hosts to plant–plant interactions [126]. Endophytes regulate host growth
rate, nutrient absorption efficiency, stress tolerance, and pathogen resistance, all charac-
teristics that have a fundamental impact on determining competitive hierarchies [127]. In
heterogeneous environments, endophytes might promote coexistence by allowing different
plant species or genotypes to coexist within different stress niches, promoting the stability
of the community. For example, the use of drought-tolerant endophyte modules stabilizes
perennial grass during periods of drought stress, and nutrient-mobilizing modules can be
particularly important for plants that are otherwise poorly adapted to living in low-fertility
soils [128]. Conversely, endophytes can increase dominance: when a plant recruits modules
that disproportionately promote resource capture or defense, it can outcompete neigh-
bors at the expense of diversity. Thus, the effect of endophytes on community structure
is context-dependent, with the potential to stabilize community structure through niche
differentiation or destabilize it through competitive exclusion.

These scaling effects are further amplified under a disturbance regime, and when
ecosystems face repeated temporary stress, their stability depends not only on resistance
but also on recovery dynamics. Endophytes can enhance resistance by maintaining growth
under stress conditions while simultaneously boosting post-stress recovery by maintaining
nutrient uptake capacity, reducing oxidative injury and preserving meristem integrity [129].
At the community level, such resilience has the potential to dampen the synchrony of
declines in productivity across species, creating portfolio effects that dampen aggregate
biomass. However, the sustainability of these benefits is limited by temporal variability in
colonization and trait expression, which may reduce observed functional contributions over
time. Endophyte colonization or indicator trait expression can be seasonally inconstant,
potentially undermining community-level resilience without short-term visible gains [130].
Hence, interpreting stability induced by endophytes requires a temporal perspective: for a
system to be sustainable, resilience must include persistence, continuity of function, and
compatibility under several subsequent climatic shocks rather than singular and exceptional
effects [131].

Endophytes also play an important role in invasion resistance, a subject of increasing
importance in the context of global change ecology [132]. The combinations conferred by
endophytes have the potential to reinforce native plant stress tolerance and defense and
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thus can also increase plant resistance to invasion. On the other hand, invasive plants may
use endophytes to gain a competitive advantage, either through co-introduction of their
own symbionts or by acquiring novel beneficial endophytes in the invaded range [133]. As it
stands, certain endophyte modules (most notably those contributing to nutrient acquisition
and defense priming) can favor the establishment of invaders in harsh environments, as
they enable the colonization of saline, drought-prone or disturbed environments [134].
Additionally, endophyte-mediated changes in the microbial community of the soil can
alter feedback mechanisms that regulate the dynamics of invasions and sometimes favor
invasive dominance. Consequently, endophytes may be both promising tools for restoration
and potential hidden drivers of invasion success, highlighting the need for careful and
continuous monitoring of endophyte functions and performance assessment [135].

To describe these multi-scale dynamics, more recent studies make increasing efforts to
use ecological network approaches. Rather than investigating endophytes as passenger
microbes, network ecology takes a holistic perspective on plant-associated microbiomes as
interaction webs operating under the principles of cooperation, competition, facilitation,
and antagonism [136]. Keystone endophytes may manifest as high centrality nodes that
shape community interactions, while redundancy can enhance network robustness when
taxa are lost. Network analyses also reveal functional trade-offs, such as pathogen suppres-
sion by endophytes potentially decreasing support for different mutualists, emphasizing
the need to interpret network stability measures alongside functional results.

Overall, the emerging consensus is that functional diversity is the operative unit in
fungal endophyte symbioses and scaling up to resilience. This involves the distribution
of trait modules among hosts and the balance of keystone effects and redundancy, with
microbial networks mediating indirect interactions [137,138]. The framework offers a
powerful foundation for predicting the climatic conditions under which endophytes can
enhance ecosystem stability and how to select endophyte communities with trait-based
information for sustainable agricultural production and restoration [139].

7. Endophyte-Driven Plant–Soil Feedback and Biogeochemical Cycling
Fungal endophytes largely influence soil functioning through indirect control over

plant inputs and the quality of the root zone habitat, shaping the assembly of the rhi-
zosphere and subsequent biogeochemical processes. Because endophytes regulate host
metabolism, they can change both the quantity and composition of rhizodeposition (sugars,
amino acids, organic acids, phenolics) and the chemistry of litter entering decomposition
mechanisms [140]. These shifts are important because rhizodeposits and litter chemistry are
key regulators of the growth strategies, enzyme investments and composition of microbial
communities in the soil matrix [141]. Practically, endophyte-colonized plants may exude
compounds that selectively promote certain microbial groups (e.g., phosphate mobiliz-
ers, stress-tolerant decomposers) while inhibiting others through antimicrobial molecules.
Endophyte-colonized plants also change their nutrient stoichiometry, which in turn cre-
ates an environment conducive to some microbial groups and less suitable for others,
establishing a plant-mediated selection mechanism that can persist seasonally [142].

Evidence from recent studies suggests that endophytes have the capacity to restructure
microbial rhizosphere recruitment through alterations in root architecture, root turnover,
and signaling chemistry that determine which bacteria and fungi are enriched in the vicinity
of roots [143]. For example, studies on vertically transmitted (seed) endophytes indicate that
internal microbes can restructure rhizosphere microbiota during initial plant establishment,
supporting the hypothesis that the internal endosphere can “precondition” soil microbial
communities via host physiological outputs rather than direct soil colonization [144]. In
parallel, field-scale inoculation experiments in crops have provided a potential link between
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fungal endophyte influence on plant traits (i.e., exudation, aggregation, residue quality)
and soil biogeochemistry, indicating a causal relationship between the biochemical traits
regulated by endophytes [145].

An important outcome of this plant–soil feedback is its influence on carbon stabiliza-
tion and soil organic carbon (SOC) formation. Endophyte-mediated alterations in root
exudation also have the potential to increase microbial processing of carbon inputs and
enhance the formation of mineral-associated organic matter and the physical protection
of carbon within aggregates [146]. Conversely, endophytes could modify decomposition
trajectories by altering litter lignin/cellulose accessibility or by reshaping decomposer
community composition and enzyme activity profiles [147,148]. Comparisons of net ecosys-
tem carbon gain (SOC + aboveground biomass − litter losses) with soil carbon content
across different habitats reveal that loss rates in waterlogged soil are approximately twice
those observed in forests, though they are generally comparable across other plant systems.
Recent field work reporting endophyte-associated increases in SOC fractions supports the
concept of a stabilization pathway linked to altered rhizodeposition and aggregation rather
than a simplistic “more biomass equals more SOC” model [149].

Endophyte effects on nitrogen cycling seem particularly significant under climate stress
because drought, warming, and fertilization may destabilize nitrification/denitrification
balances [150]. Endophytes can influence nitrogen cycling both indirectly, by modifying
plant N demand and rhizosphere oxygen conditions (through rooting patterns and mi-
crobial respiration), and directly, by altering microbial functional gene abundance related
to nitrification and denitrification [151]. For example, recent work on Epichloë symbiosis
reveals changes in the abundance and diversity of rhizosphere genes involved in nitrogen
cycling, suggesting that a foliar or systemic fungal association can impact rhizosphere func-
tional potential via host-driven effects [152]. Such shifts are important because they may
influence nitrate availability to plants, nitrogen retention versus loss, and the sensitivity of
N transformations to short periods of rainfall [153].

These processes are closely linked to greenhouse gas dynamics under stress. Climate
extremes often trigger rapid changes in soil aeration and substrate availability, which
can influence CO2 and N2O emissions [154]. Endophytes may affect the magnitude of
these pulses by regulating carbon inputs (rhizodeposition and litter), shaping microbial
community composition, and altering the balance of aerobic and anaerobic processes
occurring at microsites [155]. While many greenhouse gas studies focus on mycorrhizae
or bulk soil drivers, emerging microbiome research suggests that manipulating plant-
associated microbes, including endophytes, may help achieve climate-smart outcomes by
coupling plant carbon allocation to soil microbial activity [156].

Overall, fungal endophytes may be considered key regulators of plant–soil coupling.
They can reprogram host input chemistry and stress physiology, filter and structure micro-
bial populations in the rhizosphere, reshape microbial functional potential, and affect SOC
dynamics, nitrogen transformations, and greenhouse gas fluxes. A key research priority
is to quantify the conditions under which this feedback renders ecosystems more stable
(enhanced carbon retention, tighter nitrogen cycling, faster post-stress recovery) versus
unstable (accelerated decomposition or increased gaseous N losses), particularly under
realistic multi-stress field conditions [157].

8. Integrative Multi-Omics and Ecology to Resolve Fungal
Endophyte Function

Integrating multi-omics with ecological inference is now the most rigorous pathway
towards solving the problem of what fungal endophytes do and why outcomes shift from
mutualism to neutrality under climate stress. Recent studies increasingly understand
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that endophyte function cannot be inferred solely from presence or absence. Instead, it
must be associated with host molecular states (immune tuning and reprogramming of
transporters, stress response activation), metabolic end products (root exudate chemistry,
fungal metabolites, VOCs), and community- and ecosystem-level consequences (micro-
biome recruitment, network stability, nutrient cycling) [158]. For transcriptomics, the trend
is tipped towards dual profiling approaches and comparative designs that contrast the
closely related endophytic versus pathogenic lifestyles in planta. These approaches allow
for clean identification of host immune markers and fungal colonization programs that
segregate exposure with accommodation and disease modes of action [159]. In parallel, root
exudate metabolomics facilitate higher-resolution insights into exudation dynamics and
chemical signals that structure microbiome community assembly, providing a mechanistic
bridge between plant physiology and rhizosphere shifts [160].

Critically, the integration of multi-omics (transcriptomics and metabolomics) is in-
creasingly being conducted together with both ecological network analyses and trait-based
modeling aimed at producing a testable set of hypotheses about resilience mechanisms,
rather than simply describing associations only [161]. To establish causality, the most
robust designs now attach synthetic communities (SynComs), gnotobiotic systems, and
stable isotope tracing (13C/15N) to quantify carbon–nutrient exchange and directly attribute
functional consequences to important endophyte modules under controlled yet ecologically
relevant stress regimes [162]. By integrating multi-omics data within an ecological frame-
work, we were able to move from identifying correlative signatures of immune tuning to
establishing the causal mechanisms driving functional outcomes (Figure 5).

Figure 5. Multi-omics integration reveals causal mechanisms in plant–fungal symbiosis.

8.1. Transcriptomics

Dual RNA-seq is now an integral approach to resolving plant–fungal endophyte
function by profiling both partners in the same colonized tissue and distinguishing be-
tween beneficial and harmful interactions. Recent research on beneficial root endophytes
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reports that asymptomatic colonization is associated with host immune tuning: genes
encoding markers of pattern-triggered immunity and defense transcription factors are
up-regulated at low levels, while hypersensitive signaling modules leading to cell death
and long-lasting outputs of oxidative burst are maintained at low levels [163]. In paral-
lel, stress response genes (ABA/heat shock/antioxidant networks) are often reweighed
towards tolerance rather than full defense, enabling better performance under drought,
heat, or low-nutrient conditions [164]. Low-phosphate symbioses are often associated with
the activation of phosphate-starvation regulons and phosphate transporter transcripts,
suggesting a reprogramming by endophytes of host uptake capacity coupled with fun-
gal activation of nutrient acquisition machinery [165]. For Colletotrichum tofieldiae, host
phosphate regulators and transporters are up- or downregulated under low Pi during
colonization [166]. Fungal reads usually enrich for secreted megaphyll effectors, cell wall
remodeling, and nutrient scavenging pathways that enable intercellular growth without
causing excessive damage [167]. Comparative transcriptomics between endophytic and
pathogenic lifestyles also suggests that compatibility corresponds to low-level expression
of aggressive necrotrophic programs, as well as stricter temporal control of virulence-
associated genes [168]. Together, dual RNA-Seq associations link immune markers, stress
mechanisms, and transporter-centered exchanges to long-term stable mutualism.

8.2. Metabolomics

Metabolomics has emerged as the most advanced means of “reading out” the function
of plant–fungal endophytes because it reflects the chemical phenotype that bridges molecu-
lar signaling and ecological outcomes, evident in root exudate chemistry, fungal metabolites,
and volatile organic compounds (VOCs). High-resolution LC-MS/MS profiling of exudates
is beginning to reveal that plants actively manipulate rhizosphere recruitment through
specific release of sugars, amino acids, organic acids, and specialized metabolites, with
particular compounds having been found to correlate with changes in bacterial/fungal
community structure [169]. In parallel, endophyte colonization can induce host secondary
metabolism, often with increased production of phenylpropanoids/terpenoids and pools
of antioxidants, with fungi contributing their own bioactive metabolites (in host defense,
stress tolerance, and/or competition suppression) [170]. VOC metabolomics (e.g., SPME-
GC-MS) is particularly interesting in the context of fungal endophytes since VOCs can
exert diffusible signaling and antimicrobial functions; recent reviews are devoted to sum-
marizing VOC classes and their relevance for biocontrol and stress mitigation in endo-
phytic fungi [171]. A practical objective is the identification of biomarkers of mutualism
vs. collapse. “Mutualism signatures” frequently contain elevated osmoprotectants and
antioxidant-related metabolites (responsible for drought/salinity buffering) and changes in
exudates that enrich beneficial rhizosphere guilds [172]. In contrast, “collapse signatures”
are suggested by the strong accumulation of defense phytoalexins, lipid peroxidation prod-
ucts, and stress-damage metabolites, indicative of immune escalation and metabolic cost,
and perhaps in association with fungal toxin-like compounds or VOC profiles linked to
antagonism rather than coexistence [173].

8.3. Ecological Integration

Recent studies of endophytes are also evolving away from treating function as an
individual- or taxon-level phenomenon, towards considering it a community-level phe-
nomenon, such as by integrating (i) analyses of community assembly in different compart-
ments (bulk soil → rhizosphere → root endosphere) into (ii) network inference analyses of
endophyte community hubs/keystones and stability signatures, and (iii) trait-based mod-
els that incorporate logic from omics mechanisms into resilience predictions [174]. Field
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compartmental surveying indicates that root endosphere communities are highly filtered
compared to surface pools within the rhizosphere/soil, guiding host-microbiome selection
by microhabitat constraints, which in turn may drive both internal and propagule persis-
tence. This implies that functional capacities at the propagule level can scale upward to
influence ecosystem function [175]. At the same time, co-occurrence networks can be used
to quantify the effects of drought or management on network topology (e.g., modularity,
centrality, hub taxa), which can indicate changes in robustness and competitive structure.
Water-stress microbiome studies show how bacterial and fungal subnetworks may reor-
ganize differently under stress, implying distinct stabilizing or destabilizing roles [176].
The field is rapidly embracing the use of genome-informed, trait-informed modeling to
bridge the identification of microbial strategies (resource acquisition, growth efficiency,
stress tolerance) to observe community dynamics and plant outcomes [177]. A notable
step forward is dynamic energy budget, trait-based modeling, which can predict emergent
microbiome behavior from trait distributions rather than taxonomy, providing a route to
predicting resilience in a changing environment [178]. Coupled with community ecology
(turnover, beta diversity, dispersal limitation) and network diagnostics, trait-based models
allow for a “mechanisms → community shifts → resilience” pipeline, which is becoming
the preferred standard for scaling endophyte biology to ecosystem-level predictions.

8.4. Causality

Causal inference in the study of plant–fungal endophytic interactions is becoming
more dependent on experimental designs that make both microbial identities and their in-
teraction types explicitly measurable. First, gnotobiotic plant systems (sterile plant growth
systems, where microbes are reintroduced in predetermined assemblages) can provide
rigorous tests to determine whether a candidate endophyte is sufficient to elicit a given
phenotype under controlled nutrient or stress regimes. Modern systems (peat/soil-mimic
platforms like Flow-Pot/GnotoPot and Litterbox) are widely adopted as they provide a
more faithful model of soil aeration and nutrient dynamics than traditional assays on
agar [179]. Second, synthetic communities (SynComs) apply this reasoning to multilat-
eral causality: when simplified, modular microbial consortia are built, investigators can
measure additive versus interactive effects (synergy vs. antagonism), identify keystone
members, and assess the stability of these consortia across a stress gradient while maintain-
ing traceability of community composition [180]. Third, stable-isotope approaches provide
unique evidence of exchange. ˆ13C labeling (plant carbon) together with ˆ15N tracing
(nutrient acquisition) enables quantification of carbon-for-nutrient exchange and can reveal
mutualistic weakening under stress. Recent dual-isotope studies have resolved preferential
C-N exchange dynamics in endophytic root symbioses and associated nutrient-trading
fungi [181]. Collectively, gnotobiotic systems, SynComs, and isotope tracing form a robust
experimental pipeline for moving from mere association to mechanistic understanding and
defining critical points where endophyte benefits fail under climate-linked constraints.

9. Deploying Fungal Endophytes for Climate-Resilient Agriculture and
Ecosystem Restoration

Deployment of fungal endophytes in climate-resilient agriculture and restoration has
moved beyond establishing proof of concept for the benefits observed under controlled
conditions, with the main challenge being to ensure reliability under variable climatic
events [182]. Field environments are discontinuous in temperature and moisture regimes,
and soils may have unusual chemistry and harbor complex resident microbiomes that
can suppress introduced strains or modify their function. This degree of dependency on
context explains the variability in endophyte benefit reports: while the potential benefits
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delivered by endophytes associated with plant tissues have been the focus of numerous
studies in well-characterized grass symbioses in recent years, analyses have shown that
symbiosis does not necessarily lead to increased drought tolerance. Because of this condi-
tional dependency, endophyte effects should be treated as contingent on a specific set of
circumstances, rather than guaranteed.

Consequently, the question arises: under what circumstances do fungal endophytes
thrive, and when and why do they fail [183]? Under drought and heatwave regimes,
some fungal endophytes can enhance tolerance through osmotic and antioxidant buffering
and hormone regulation, most notably balancing abscisic acid (ABA)/ethylene while
maintaining root function. Nevertheless, drought decreases carbon supply from the host,
which might destabilize the carbon-for-benefit trade if the fungus continues to act as a robust
carbon sink, potentially reducing plant yields. This is consistent with observations that
host genotype, fungal strain, and environment affect drought outcomes and drive drought-
induced changes in the structure of fungal communities in soil, which may influence the
establishment and persistence of inoculant fungi.

The practical aspects of “success” in drought-prone grasslands require accounting for
(i) target hosts being locally adapted individuals, (ii) fungal endophytes originating from
environments with similar stress levels, and (iii) multi-season persistence being validated
rather than relying on short-term trials [184]. To translate mechanistic understanding
into practical solutions, we implemented a multi-stage deployment pipeline (Figure 6)
that integrates context-aware strain selection with rigorous field validation and adaptive
monitoring to ensure both efficiency and ecological safety.

 

Figure 6. A translational pipeline for climate-resilient deployment of fungal endophytes.

Restoration of drought-prone grasslands is an example of a high-value application
because stress buffering translates into population maintenance and erosion control. In this
context, fungal endophytes should be introduced with a focus on stability rather than yield
enhancement: priority endpoints are survival, recovery after short-term stress, and reduced
synchrony of species failure. However, there are biosafety considerations. Certain grass
endophytes (e.g., clavicipitaceous lineages in cool-season grasses) can affect herbivory and
forage quality, so restoration programs need to actively screen for non-target risks and
ensure compatibility with grazing uses [185]. A meta-level synthesis of drought responses
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described by grass endophyte systems supports a trait- and context-driven deployment
strategy rather than blanket recommendations [186].

Saline soil deployment is often more predictable because salinity is a strong selective
pressure favoring stress-tolerant fungal trait groups (osmoprotection, ion homeostasis,
redox buffering). Recent crop-specific research shows that salt-tolerant fungal endophytes
isolated from salt-tolerant plants can improve the growth and physiological performance
of salt-sensitive plants upon inoculation. Importantly, this observation provides a practical
selection rule: endophytes should be sourced from saline-adapted plants, and their transfer-
ability validated in target hosts rather than using generic inoculants [187]. Contemporary
work also highlights the need to match specific soil limitations (e.g., alkaline salinity with
low iron availability) and to measure strong functional endpoints such as ion balance,
photosystem integrity, and root hydraulic traits, rather than simply short-term biomass
increases [188].

Polluted ecosystems and phytoremediation represent a third area for fungal endophyte
deployment. Their intracellular habitat enables regulation of detoxification mechanisms,
oxidative stress defenses, and metal absorption/translocation. Recent reviews summarize
several mechanisms, such as chelation/complexation, enzymatic transformation, and
transporter regulation, and conclude that endophytes can enhance phytoremediation
efficiency when coupled with tolerant host plants. Empirical studies support inoculation
with specific fungal strains to reduce heavy metal stress and improve plant growth under
contaminated soils (e.g., maize under Zn/Ni stress) [189]. At the same time, polluted soils
reshape endophytic fungal communities, so introduced strains must compete in a new
microbial environment, and their persistence and containment need monitoring to avoid
unintended spread or changes in metal mobility [190].

Reliability testing is a critical component of a deployment roadmap under uncertainty.
Inoculants must be tested across a range of stress conditions, including moderate to extreme
levels, in different seasons and soils with diverse resident microbiomes, and failure cases
should be documented. Field experiments are essential because formulation and delivery
are critical to performance. Monitoring and metrics should define success across levels,
including colonization stability, host physiological indicators (water status, ion balance, re-
dox), and ecosystem endpoints (cover persistence, invasion suppression, soil stabilization).
In contaminated sites, monitoring should also include metal partitioning and potential
off-site transfer. Biosafety and non-target assessments are crucial due to variability in fungal
metabolites and species composition, and screening should consider plant toxicity, livestock
relevance (especially in grasslands), and impacts on resident mutualists (e.g., mycorrhizae)
and pathogen dynamics. Scalability and formulation depend on stable production, shelf
life, carrier compatibility, quality control, and consistent field establishment [191]. There
have been key challenges over the past two decades for microbial inoculants in general,
which are directly pertinent to fungal endophytes.

10. Challenges, Knowledge Gaps, and Future Prospects
Despite significant advances in understanding plant–fungal endophyte mutualisms,

many challenges and gaps limit our ability to predict and utilize these interactions under
ongoing climate change. A major problem is the dependency of symbiotic outcomes. The
benefits of endophytic fungi can vary across host genotypes, stress conditions, and envi-
ronmental contexts, making it difficult to generalize mechanisms identified in controlled
laboratory or greenhouse experiments to field conditions. For example, salinity- or drought-
tolerance conferred by endophytes may be robust under moderate stress but may collapse
at higher stress levels when carbon supply is altered or immune responses are deregulated.
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This threshold-dependent shift highlights the need for dynamic, multifactorial models that
capture nonlinear responses rather than relying on static benefit estimates.

One ongoing knowledge gap is the mechanistic understanding of stress tolerance path-
ways. Experimental studies under controlled conditions suggest roles for phytohormone
modulation, antioxidant networks, and nutrient mobilization in endophyte-mediated stress
tolerance; however, many of these mechanisms remain incompletely validated under natu-
ral field conditions. For instance, endophyte-associated changes in ion transport, osmolyte
accumulation, or hormonal signaling have been reported in several experimental systems,
but the causal molecular pathways underlying these responses remain only partially char-
acterized. Likewise, the relative contributions of host plasticity versus fungal influence on
observed phenotypes are rarely validated in field experiments.

Recent advancements in fungal endophyte research offer exciting future prospects,
yet significant gaps remain, especially in integrating multi-omics approaches and cutting-
edge biotechnological tools for large-scale applications. One major gap lies in the genetic
modification of endophytes using genome editing tools such as CRISPR-Cas9 (Figure 7).
This technology has the potential to modify endophyte traits, such as stress tolerance and
nutrient mobilization, which may enhance their functional interactions with crops under
changing environmental conditions, although experimental validation remains limited.
Additionally, the use of CRISPR-Cas9 in field applications remains limited, and regulatory
challenges along with regional disparities reduce its widespread adoption.

Figure 7. Causal dissection of symbiosis mechanisms through genetic perturbation and multi-omics.

To address this, research must focus on optimizing the stability and efficacy of CRISPR-
edited endophytes across diverse agricultural fields. Additionally, integrating multi-omics
technologies, including RNA-seq, stable isotope tracing, and metabolomics, provides an
opportunity to explore the molecular underpinnings of plant–endophyte interactions. By
combining these approaches with synthetic community experiments and ecological mod-
eling, researchers may be able to identify causal links between genetic modifications and
functional plant responses, which could influence processes such as nutrient cycling or
plant stress resilience. These approaches may facilitate the development of predictive
models to evaluate when and where genetically modified endophytes could be beneficial
in agricultural systems. Furthermore, emerging mechanisms such as extracellular vesicles
and cross-kingdom RNA transfer could offer novel strategies to enhance the balance and
performance of these modified microbes under stress. Although considerable progress has
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been made in identifying physiological and molecular mechanisms underlying endophyte-
mediated stress tolerance, translating these findings into ecosystem-scale processes and
long-term resilience remains an important area for future research, particularly through
field-based and multi-season studies. Importantly, understanding these regulatory mecha-
nisms will be essential for managing risks associated with the use of genetically engineered
endophytes, ensuring biosafety and minimizing unintended ecological impacts. Address-
ing these gaps through integrated research efforts will pave the way for the deployment of
fungal endophytes in ecosystem restoration and climate-resilient agriculture.

11. Conclusions
Fungal endophytes emerge as key modulators for sustainable and climate-resilient

agriculture. Their capacity to optimize host immune responses, modulate hormonal and
redox networks and engage in complex molecular dialogues positions them as a dynamic
group in enhancing plant resilience under stress. This review highlights how multilay-
ered communication regulates plant-endophyte interactions. These processes include
MAMP/DAMP recognition and immune tuning, effector deployment, volatile signaling,
and cross-kingdom RNA exchange. Together, they enable a controlled accommodation
process that maintains symbiotic balance without triggering harmful defense responses.
These interactions are not static; rather, they are deeply context-dependent and modulated
by environmental cues, such as nutrient deficiencies, heat stress and drought. Recent
advances in transcriptomics, metabolomics, and extracellular vesicle science have shown
the mechanistic basis through which endophytic fungi enhance plant physiology and stress
adaptation. However, their full potential lies in bridging the gap between molecular under-
standing and ecological function. Integrating multi-omics data with ecological network
analysis and trait-based modeling is essential to predict when, where and how endophytes
enhance plant performance under changing environmental conditions. Furthermore, ad-
dressing stability, biosafety and scalability will be important for transitioning endophyte
applications from controlled experiments to field deployment.

As climatic conditions become more extreme, fungal endophytes offer a flexible,
adaptive tool for buffering crops and ecosystems against stress. Their symbiotic plastic-
ity, mediated by highly evolved molecular crosstalk, can support ecosystem restoration,
sustainable agriculture and long-term climate resilience. Future efforts should focus on
translating mechanistic insights into applied strategies, ensuring that endophyte-based
solutions are reliable, robust and sustainable.
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RNA Ribonucleic Acid
RNA-seq RNA Sequencing
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