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Abstract

The escalating challenges of climate change necessitate innovative agricultural strategies that enhance crop resilience while maintaining
sustainable productivity. Fungal biotechnology emerges as a transformative solution, offering multifaceted approaches to agricultural
sustainability through mycorrhizal associations, biocontrol mechanisms, and novel biomaterial applications. This comprehensive review
synthesizes current advances in myco-agricultural technologies, examining their roles in enhancing drought tolerance, nutrient acquisition,
pathogen resistance, and soil carbon sequestration. We analyze emerging applications including fungal-based biofertilizers, mycopesticides, and
innovative cultivation systems that demonstrate 20-40% improvements in crop yields under stress conditions. Through systematic evaluation of
field trials, molecular mechanisms, and economic feasibility, we present a framework for integrating fungal solutions into climate-smart
agriculture. Our results explain that a single inoculation of mycorrhizal fungi could lead to 30-50% cost reduction associated with the use of
fertilizer, and can also enhance water productivity by up to 25%. These results highlight the importance of fungal biotechnology in design
resilience agriculture systems to cope with global food security challenges during an age of environmental unpredictability.
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INTRODUCTION

As the population grows, food demand and production will
steadily increase. Climate change shifts rainfall and
temperature patterns, exacerbates droughts and floods, and
alters the frequency and intensity of extreme weather events
[1]. Yet agriculture itself is both a source and sink of
greenhouse gas emissions. It is therefore paramount to develop
agro ecosystem practices capable of guaranteed productivity
without compromising, and preferably even supporting, future
soil quality and reduced carbon emissions a concept here
termed climate-resilient agriculture. Fungi are a vital biological
resource for myco-agri solutions that contribute to sustainable,
climate-resilient agriculture. Accounting for an estimated 1.5
million species most of which await discovery and
characterization fungi are heterotrophic organisms that obtain
carbon by the assimilation of substrates containing organic
carbon [2][3]. They have developed different ecological
strategies for nutrient acquisition and occupy every ecosystem
on the planet. Many fungi form beneficial macroscopic fruiting
bodies or are invisible to the naked eye, with either unicellular
(yeasts), multicellular (filamentous hyphae), or dimorphic
lifestyles. Mycorrhizal associations symbiotically link the roots
of approximately 80% of plant species to vast networks of soil
fungi. This mutualism sustains the global health of terrestrial
ecosystems [4][5][6]. Remarkably, these networks represent
the largest organic carbon pool on Earth and hold tremendous
potential as carbon sinks [7][8]. Myco-agri solutions have
evolved to encompass the range of innovations that exploit
fungi’s unique capabilities and versatility for climate-resilient
agriculture and thriving agro ecosystems. What started as a
mere supplement to enhance crop production has now evolved
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into a broad arsenal of solutions with the potential to address
three pillars of climate resilience: sustainability, productivity,
and adaptation. Their long and proven track record offers a
technology to optimize the use of natural resources and
provide alternatives to chemical products that pollute
ecosystems [9][10]. Fungal bioinoculants, for example, favor
soil vitality and fertility and promote efficient nutrient
bioavailability, while biocontrol agents contain a vast
repertoire of complementary strategies to reduce the impact of
crop pathogens and pests.

Mycorrhizal Fungi: Foundation of Sustainable Agriculture
Diversity and Distribution

Fungal biology and ecology underpin their significant
agricultural potential. Fungi occupy diverse ecosystems
ranging from tropical forests to polar regions and play key
ecological roles as decomposers and in symbiotic associations.
Their high metabolic diversity empowers them to recycle
carbon and other elements effectively through enzymatic
breakdown of organic matter and symbiotic interactions.
Fungal distribution patterns are influenced by temperature,
moisture, pH, and substrate availability, with local sites often
hosting hundreds of species that participate in nutrient cycling
and organic matter turnover [11][12]. Artificially elevating
fungal populations can thereby amplify their involvement in
these processes. A predominant ecological role is the
symbiosis between fungi and plant roots that determines soil
fertility. Such associations frequently govern plant growth by
enabling nutrient uptake, host pathogen resistance, and stress
tolerance [13][14][15]. Most plants engage specialized fungi
(mycorrhizas) to access a greater volume of soil for respiration
and phosphate transport, while generalist endophytes inhabit
seed envelopes to transmit benefits to successive generations
(see table 1).
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Table 1. Major Types of Mycorrhizal Associations in Agricultural Systems

Mycorrhizal Type Host Plants Key Benefits Fungal Partners Global Distribution
Arbuscular (AM) 80%ofcrop species Puptake, drought tolerance Glomeromycota Allcontinents
Ectomycorrhizal (ECM)  Tree crops, orchards Nmobilization, pathogen protection  Basidiomycota, Ascomycota  Temperate/boreal
Ericoid Blueberries, cranberries  Organic Nuptake Ascomycota Acidic soils
Orchid Orchid cultivation Seedgermination Basidiomycota Tropical/temperate
Arbutoid Some fruit trees Nutrient transfer Basidiomycota Mediterranean
Table 2. Stress Tolerance Improvements Through Mycorrhizal Inoculation

Stress Type Crop Species  Improvement (%) Key Mechanisms Reference

Drought Wheat 35-45 Enhanced water uptake, osmolyteaccumulation — [44]

Salinity Tomato 40-50 Na+ exclusion, K+ maintenance [38]

Heat stress Maize 25-35 HSP expression, membrane stability [45]

Cold stress Rice 20-30 Antioxidant production [58]

Heavy metals  Soybean 45-60 Metal sequestration, chelation [60]

These fungal biofertilizers depend on partner compatibility and
environmental conditions, which restrict applicable cropping
scenarios [1][16].

Mechanisms of Plant Growth Enhancement

Mycorrhizal fungi enhance plant growth through multiple
interconnected mechanisms. Primary among these is the
expansion of the root absorption surface area through extensive
hyphal networks, which can extend several meters from the
root surface [17]. These networks access soil pores
inaccessible to root hairs, mobilizing nutrients from organic
and mineral sources through enzymatic degradation and
chemical weathering [18]. Phosphorus acquisition represents
the most well-documented benefit of mycorrhizal associations.
AMF hyphae possess high-affinity phosphate transporters that
maintain uptake even at low soil P concentrations[19]. Studies
demonstrate that mycorrhizal plants can acquire 70-80% of
their phosphorus through fungal pathways, significantly
reducing fertilizer requirements [20] (fig.1). Recent molecular
studies have identified specific genes encoding phosphate
transporters in AMF, enabling targeted enhancement of P-
acquisition efficiency through biotechnological approaches
[21].

Root
Absorption
Surface Area
Exparsion of
ool area
throug hyphal

o
hls

Nitrogen \ Nutrient
Dynamics
Compt = P Fes - Mobllization
pathveays of O > | - I ey Bonessing and
niragen ustake /’ \_ maotlnng munents
and \ / from soil
transformation
I
g
N—4
S
Phosphomnus
Acquisition
Efficient uplake
of phosphoms
by AMF hyphae

Fig.1. Mechanisms Enhancing Plant Growth through

Mycorrhizal Fungi

Nitrogen dynamics in mycorrhizal systems involve complex
pathways of uptake, transformation, and transfer. ECM fungi
possess extensive enzymatic capabilities for degrading organic
nitrogen compounds, including proteins, chitin, and nucleic
acids [22]. This capacity enables plants to access nitrogen
pools unavailable to non-mycorrhizal plants, particularly in
organic farming systems where synthetic fertilizers are
restricted [23].

Stress Tolerance Mechanisms

Climate change intensifies abiotic stresses including drought,
salinity, and temperature extremes, which collectively account
for over 50% of crop yield losses globally [24]. Mycorrhizal
fungi confer remarkable stress tolerance through physiological,
biochemical, and molecular mechanisms that enhance plant
resilience. Drought tolerance enhancement by mycorrhizal
fungi operates through multiple pathways. Hyphal networks
improve soil water retention and hydraulic conductivity,
maintaining water flow to plants during dry periods [25].
Additionally, mycorrhizal colonization induces changes in root
architecture, promoting deeper root systems that access water
in lower soil profiles [26]. At the molecular level, mycorrhizal
associations upregulate aquaporin genes, enhancing cellular
water transport efficiency [27] (Table 2).

FUNGAL BIOCONTROL AGENTS

Mechanisms of Pathogen Suppression

Fungi as biocontrol agents offer an environmentally friendly
strategy to replace synthetic pesticides in suppressing plant
pathogens and restore ecological harmony [28]. These agents
utilize a myriad of modes from competition, antibiosis,
mycoparasitism and ISR to safeguard crops against diseases
mounting ~$220+ billion annual losses around the world
[29].Resource and space competition is an early biocontrol
mechanism. Trichoderma species, the most successful
commercial biocontrol agents, colonize quickly in the
rhizosphere and compete root exudates and infection sites to
pathogens [30]. These fungi exudate siderophores with an
ability to chelate iron, resulting in conditions of nutrients
deprivation that limit the growth of the pathogens [31].
Antibiosis by producing antimicrobial metabolites for direct
pathogen suppression. There are many different secondary
metabolites, peptaibols, poly- betides, and terpenoids among
them, which have been synthesized by aflatoxigenic for
biocontrol purpose[32]. Recent metabolomic studies have
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identified over 300 antifungal compounds from Trichoderma
species alone, many showing efficacy comparable to synthetic
fungicides [33].

Induced Systemic Resistance

Fungal biocontrol agents trigger complex plant defense
responses that provide long-lasting, broad- spectrum disease
resistance [34]. This induced systemic resistance (ISR)
involves activation of defense genes, accumulation of
pathogenesis-related proteins, and reinforcement of cell walls
through lignification and callose deposition [35]. Molecular
studies reveal that fungal elicitors activate multiple defense
signaling pathways including salicylic acid, jasmonic acid, and
ethylene pathways. This multi-pathway activation provides
robust protection against diverse pathogens while maintaining
yield potential, unlike constitutive resistance that often carries
fitness costs [36].

FUNGAL BIOFERTILIZERS AND SOIL ENHANCEMENT

Nutrient Mobilization Strategies

Fungal biofertilizers encompass diverse formulations that
enhance nutrient availability = through solubilization,
mineralization, and biological nitrogen fixation [37].
Phosphate- solubilizing fungi (PSF) including Aspergillus and
Penicillium species produce organic acids that dissolve
insoluble phosphate minerals, increasing P availability by 20-
30% in field conditions [38]. Recent innovations in fungal
biofertilizer technology include consortium formulations that
combine complementary species for synergistic effects [39].
Multi-strain products containing AMF, PSF, and growth-
promoting fungi demonstrate superior performance compared
to single-strain inoculants, with yield improvements of 25-40%
in nutrient-poor soils [40].
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Fig. 2. Unveiling the Multifaceted Benefits of Fungal Biofertilizers
Soil Structure and Carbon Sequestration

Fungal hyphae play crucial roles in soil aggregation through
physical binding and production of extracellular
polysaccharides including glomalin, a glycoprotein that
accounts for 5-20% of soil organic carbon (Table 3). These
improvements in soil structure or water infiltration and erosion

resistance will depend on the extent to which they favour
processes of carbon sequestration [41].

EMERGING TECHNOLOGIES AND APPLICATIONS

Fungal Nanotechnology

Fungi have played a pivotal role in the development of
nanotechnology-based materials for several decades. The start
of the twentieth century marks the origin of nanotechnology
with the advent of the transmission electron microscope, which

later enabled in-depth studies of nano-surfaces and
nanoparticles in all materials. Since that time, tremendous
innovations have been made in every aspect of

nanotechnology. Fungal nanotechnology (FN), also called
myconanotechnology, is a category of nanotechnology devoted
to mycology and the fabrication of different nanoparticles
(NPs) from fungi. The rapid development of fungal
nanotechnology relies on fungal scientists and the fabrication
of fungal-mediated NPs in an exciting manner [64]. Fungal
species such as mushrooms and endophytic fungi have played
a fundamental role in nanotechnology development. The
number of research studies focused on myogenic NPs has
increased dramatically in recent years, making fungal
nanotechnology a prominent field of research [63]. Integration
of fungal biotechnology and nanotechnology has resulted in
novel agriculture applications [23]. Metallic nanoparticles are
bio-synthesised by the fungus through enzymatic based
reduction yielding biocompatible formulations for agriculture
purposes [24]. Fungal fabricated NPs show significant
antimicrobial potential, better nutrient transport and lower eco-
toxicity than chemically synthesized products
[42].Applications of this research arenano encapsulated fungal
spores can be prepared for prolonged shelf-life and controlled
release, resulting in 70% greater field efficacy than
commercial formulations. Fungal-nanoparticle composites also
act as smart nutrient and bioactive compound release responses
to environmental stimuli such as pH or wetness [43].

CRISPR-Edited Fungal Strains

Genome editing technologies have greatly advanced the field
of fungal strain improvement that allows for specific traits
related to agriculture to be engineered. CRISPR-Cas9 system
has been effectively applied to improve nutrient mobilization
efficiency, stress tolerance and biocontrol activity in agri-fungi
[38]. Recent successes have included selection of hypervirulent
Trichoderma strains that are three times more antagonistic
towards plant pathogens [46]. In like manner, AMF strains
have been edited for, increased colonization rate and nutrient
transfer efficiency such that the inoculant amount required is
halved; yet the efficacy of colonization is not compromised
[47].

CRISPR Mechanisms in Fungi: The CRISPR-Cas system
has revolutionized biology by facilitating efficient and broadly
applicable genome modifications. Multiple Cas9 variants and
gentler nucleases enable activity increase, basic function
refinement, and regulatory application. Fungal adaptation
requires consideration of characteristic Cas9 and gRNA design
and expression constraints [69]. The bacterial CRISPR-Cas
system protects against exogenous genetic factors. Cas9
complexes with tracrRNA and a complementary crRNA
recognize and cleave target DNA provided the target adjoins a
specific protospacer adjacent motif (PAM).
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Table 3. Impact of Fungal Inoculation on Soil Properties

Soil Parameter Change (%) Fungal Treatment Measurement Period  Reference
Aggregate stability +35-45 AMF consortium 6 months [56]
Organic carbon +15-25 Trichoderma + AMF 12 months [57]
Water holding capacity +20-30 AMF 6 months [61]
Cation exchange capacity ~ +18-22 Mixed fungi 12 months [59]
Microbial biomass +40-55 Fungal consortium 9 months [32]

Table 4. Economic Analysis of Fungal Technology Adoption

Technology Initial Cost ($/ha)  Annual Savings ($/ha)  Payback Period = ROI(5years)
AMF inoculation 45-60 120-180 6-8months 420%
Trichodermabio control 30-40 85-110 5-6months 380%
Fungal biofertilizer 50-70 150-200 7-10months 450%
Integrated fungal package ~ 100-130 280-350 8-12months 520%

When crRNA and tracrRNA are fused as a single-guide RNA
(sgRNA) of approximately 100 nucleotides, a two-component
system is generated that also produces site-specific DNA
breaks [68]. The commonly used Streptococcus pyogenes Cas9
requires an NGG PAM sequence. Fungal Cas9 sequence
requirements and preferred PAMs may dictate editing. For
example, single-stranded PAM sequences (spRY) can offer
near-PAMless editing [70]. The technology facilitates genetic
interventions in fungi with expanding applications. The
Streptococcus pyogenes Cas9 enzyme cuts target DNA 3 base
pairs upstream of the PAM, while enAsCas12f targets 5 base
pairs downstream. Simpler Cas nucleases may enable more
efficient modification of industrious and medically significant
fungi (Fig.3).
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Fig. 3. CRISPR-Cas9 Genome Editing in Fungi

Cas9 and Its Variants: The CRISPR/Cas9 system enables
efficient targetable genome modification in filamentous fungi.
Construction of marker-free CRISPR/Cas9 plasmid vectors
with a selection marker allows simple and quick mutation of
target genes through expression of Cas9 and guide RNA
(gRNA) originating from a common Aspergillus nidulans. Bi-
and multi-nucleate spores of filamentous fungi can be
uniformly targeted using this system, while marker-free
knockout or knock-in mutants are produced through
introduction of a circular CRISPR/Cas9 plasmid together with
a homologous donor cassette and subsequent elimination of the
CRISPR/Cas9-donor plasmid along with the target gene locus.
Synergic effects of marker-free and Agrobacterium
tumefaciens-mediated transformation approaches enable
simultaneous modification of several genes in fungi [67].
SpCas9 derived from Streptococcus pyogenes requires a 5'-
NGG protospacer-adjacent motif (PAM) downstream of the
target site. High-fidelity SpCas9 variants have been engineered
to eliminate off-target mutations. The Cas9 orthologue SaCas9
from Staphylococcus aureus has a 5-NNGRRT PAM and a
more flexible target sequence restriction, enabling temporally
sensitive genome editing [67].

The design and synthesis of effective 20-bp gRNA spacers for
use with Cas9 variants accordingly facilitate high-efficiency
genome editing. Transfer of the CRISPR (clustered regularly
interspaced short palindromic repeats) technology, first
elucidated in bacteria, to eukaryotic organisms allows site-
specific, RNA-governed targeting of double-strand breaks to a
genome. The versatility of the CRISPR system promises robust
application in diverse fungal species.

Fungal-Based Biomaterials

Mycelium-based materials represent an emerging category of
sustainable agricultural inputs [47]. These materials, produced
from fungal mycelium grown on agricultural waste substrates,
serve multiple functions including mulching, soil conditioning,
and controlled- release fertilizer matrices [18].Commercial
applications include biodegradable seed coatings incorporating
beneficial fungi, providing protection and growth enhancement
during critical establishment phases [48]. Field trials
demonstrate 20-30% improvements in germination rates and
seedling vigor compared to conventional treatments [30].

ECONOMIC ANALYSIS AND ADOPTION BARRIERS

Cost-Benefit Analysis

Economic evaluation of fungal technologies reveals favorable
returns on investment across diverse agricultural systems (See
table 4) [49]. Comprehensive analyses incorporating input
costs, yield improvements, and reduced chemical inputs
demonstrate benefit-cost ratios ranging from 2.5:1 to 6:1 for
mycorrhizal inoculation in major crop systems [50].

Adoption Challenges

Despite demonstrated benefits, adoption of fungal technologies
remains limited, with global usage rates below 15% of
agricultural land [51]. Primary barriers include knowledge
gaps among farmers, inconsistent product quality, and
inadequate extension services. Additionally, regulatory
frameworks for fungal products remain underdeveloped in
many countries, creating market access challenges [52].
Infrastructure limitations particularly affect smallholder
farmers in developing countries, where lack of cold storage
facilities compromises inoculant viability. Addressing these
challenges requires integrated approaches combining farmer
education, quality standardization, and supportive policy
frameworks [26].
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FUTURE PERSPECTIVES AND RESEARCH PRIORITIES

Climate-Smart Integration

Future agricultural systems must integrate fungal technologies
within comprehensive climate adaptation strategies. This
includes developing region-specific fungal consortia adapted to
local environmental conditions and cropping systems.
Predictive modeling including future climate data projections
indicates that more advanced fungal applications could
counteract 30-40% of yield loss from climate by 2050 [53].

Precision Agriculture Applications

Combinations of the fungal with precision agriculture are
leading to site-specific management and resource use
efficiencies. Soil microbiome mapping and remote sensing
technologies allow for selective application of fungi according
to field heterogeneity. Read More Machine learning
procedures based on multi-year data sets can predict optimal
timing and rates of application for the fungi, and increase
efficiency by 40-50% [54].

Synthetic Biology Frontiers

As such, SB features are anticipated to provide Fungal
solutions of the future with synthetic features [29]. Customized
fungal consortia designed for particular agricultural concerns
could provide tailored solutions in a wide range of contexts,
ranging from various cropping systems (Taylor and
Underwood, Utilizing it as leverage: building on pre-stressed
vegetation 2024) [55]. Ideally, such developments will also
facilitate the production of 'programmed' fungi that generate
food or nutrition-antagonists on an as-needed basis when
present in a particular microenvironment [62].

CONCLUSION

Climate change poses significant threats to global agriculture
through droughts, floods, and other extreme weather events.
These complications can limit crop production by affecting soil
health, plant growth, and the natural cycling of nutrients and
elements an additional consequence of climate change is the
reduced availability of arable land, which thus provides greater
impetus for sustainable agriculture. Myco-agri (MA) solutions
assess farming requirements and offer tailored alternatives
based on fungal-based biofertilizers, biopesticides, and
biocontrol agents isolated from soils worldwide. Given the
ongoing challenges posed by climate change and food security,
MA strategies provide the necessary tools to enhance
agricultural resilience and sustainability.
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