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ABSTRACT

The arbuscular mycorrhizal (AM) fungal symbiosis offers a transformative solution to mitigate agroecosystem 

challenges linked to the excessive use of synthetic chemicals. However, the role of AM–plant communication in 

response to anthropogenic activities and hyphal network functionality remains poorly understood. Here, we 

reposition AM fungal hyphosphere networks as a keystone ecological infrastructure for sustainable agroeco-

systems. Drawing on a synthesis of thousands of global experimental studies, we highlight the primary envi-

ronmental functions of AM fungus–plant communication: enhancing agroecosystem resilience by buffering 

crops against diverse biotic and abiotic stressors through molecular signaling and physiological modulation, 

mediating energy transfer via small-RNA-mediated cross-kingdom interactions, facilitating hydraulic redistri-

bution within the soil profile through hyphospheric networks, and optimizing root architecture via effective 

colonization for improved nutrient acquisition. Certain anthropogenic practices—such as soil disturbance, 

non-mycorrhizal crop monoculture, and fungicide application—can disrupt AM hyphal networks; however, 

these impacts can be minimized through improved farming practices, such as cropping diversification with le-

gumes and AM fungus–compatible crops, AM-responsive plant genotypes, effective AM fungal inoculation, 

and microbial consortium amendments. Integrating insights into AM fungal mechanisms with anthropogenic 

practices and policy support is essential to scaling AM benefits across ecoregions. Harnessing AM fungal 

functionality can increase nutrient use efficiency, reduce reliance on chemical inputs, and enhance ecosystem 

productivity, offering a microbe-centered blueprint to support the United Nations’ sustainability goals.
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INTRODUCTION

Global agriculture is confronting a formidable triple imperative: 

sustaining escalating demands for food, feed, and fiber produc-

tion; mitigating climate disruptions; and improving soil health 

(Anonymous, 2024; Wang et al., 2025c). Twentieth-century 

industrialized agriculture achieved unprecedented yield in-

creases through deployment of synthetic agrochemicals (Pretty, 

2018), but recent data reveal stagnating productivity 

trajectories (Gerber et al., 2024). Current paradigms necessitate 

disproportionate chemical inputs for marginal yield gains, 

thereby inflating production costs (Gu et al., 2023) and 

perpetuating ecological degradation (Tian et al., 2020)— 

manifested as terrestrial pollution (Guo et al., 2020), pedogenic 

acidification (Marris, 2022), and biodiversity collapse 

(Cabernard et al., 2024). Such chemical intensification 

destabilizes the plant–soil–microbiome equilibrium, nullifying 

the ecological services of soil microbial consortia (Banerjee 

et al., 2019). Furthermore, global agrochemical manufacturing 

alone emits approximately 300–400 million tons of CO 2 annually, 

exacerbating climate feedback loops. These realities urgently 

necessitate the development of sustainable alternatives that 

decouple agricultural productivity from synthetic chemical inputs 

while minimizing environmental externalities—a defining chal-

lenge for 21st-century agroecosystem management.

An alternative approach to traditional agrochemical use involves 

harnessing the functional capabilities of soil microbial commu-

nities, such as the arbuscular mycorrhizal (AM) fungal symbiosis 

(Salvioli di Fossalunga and Bonfante, 2023), one of the most 

common plant–microbe symbioses, which occurs in about 80% 

of vascular plant families (Brundrett and Tedersoo, 2018). AM 

fungi colonize plant roots through germinating spores, forming 

hyphal branches and establishing mycelial intercellular hyphae 

(Figure 1). This colonization involves asymbiotic, pre-symbiotic, 

and symbiotic stages (Choi et al., 2018). The extraradical AM 

fungal mycelium provides nutrients to the host. In return, host 

plants provide carbon (C) sources, mainly fatty acids (Luginbuehl 

et al., 2017), for AM fungal survival and growth, thus sustaining 

colonization (Jiang et al., 2017). The mutualistic symbiosis 

grows into the soil, creating AM hyphospheric networks (i.e., 

networks in which AM fungi release hyphal compounds into the 

soil to orchestrate the hyphosphere colonized by a diversity of 

microbes). These networks enable plant roots to access a larger 

resource area in the soil (Rillig et al., 2025). Complex mycelial 

hyphospheric networks bridge soil gaps, as well as increase 

antioxidant enzyme activities and facilitate nutrient exchange 

beyond colonized roots (Callahan, 2025).

In addition to nutrient uptake, hyphospheric networks provide 

various ecological services (Figure 2), systemically inducing 

physiochemical changes in colonized plants that protect 

against various abiotic and biotic stressors and soil 

contaminants, such as heavy metals, by activating immune 

responses or secreting functional enzymes that modify host-

plant cell functions (Wanke et al., 2023). The magnitude of these 

ecological functions is shaped by environmental filtering, spatial 

variability, stochasticity, and niche breadth (Liu et al., 2024b). In 

cultivated ecosystems, multiple AM fungal species and 

microbes can colonize plants simultaneously, and a single plant 

genotypic species can connect multiple AM fungal species to

form distinct hyphospheric networks (Liu et al., 2024a). Thereby, 

antagonistic interactions between host plants and AM fungi or 

between AM fungi and other microbes may occur under some 

specific conditions. Also, host-to-host interactions may alter the 

abundance of fungal partners, potentially hindering extraradical 

network growth (Engelmoer and Kiers, 2015).

Despite the potential of using AM fungal symbiosis as an alterna-

tive or biofertilizer to substitute for agrochemicals, the mechanisms 

that govern the soil–plant–microbiome continuum are poorly 

understood. Nutrient translocation from the AM fungus–induced 

hyphospheric network to plant roots in response to anthropogenic 

practices, such as soil disturbance via tillage and crop rotation, 

has not been well characterized. Recent efforts to manipulate 

the rhizosphere or engineer the hyphosphere have aimed to 

enhance biofertilizer-modulated soil health (Wang et al., 2024b). 

Still, the effectiveness of this approach under diverse soil– 

climate conditions is uncertain. Moreover, commercial AM fungal 

inoculants have shown low efficacy or inconsistent results. 

A recent (2024) meta-analysis synthesizing the results of experi-

ments across four continents showed that commercial mycorrhizal 

products had about 10% efficacy owing to poor product quality 

(Koziol et al., 2024). By contrast, meta-analyses integrating 

hundreds of publications (Wojciechowski et al., 2023; Ge et al., 

2025) revealed that cover-cropping systems enhanced AM 

fungal colonization, spore abundance, and extraradical biomass 

by 34%–55% and that intercropping increased these AM 

benefits by 20%–25%. However, crop rotation reduced the AM 

fungal richness of plant roots by 43%. These diverse findings 

demonstrate that anthropogenic activities and methods of 

handling and applying AM products to fields play vital roles in 

AM fungal survival, functionality, and ecosystem services. We 

must address unanswered questions regarding the effective use 

of the AM fungal symbiosis in real-world agriculture by shifting 

our focus to the urgency of harnessing the potential of AM fungi 

in agriculture. For instance, when should AM inoculants be applied 

in the field to maintain their viability? How do soil moisture and 

temperature affect the efficacy of AM inoculants? Do they merely 

colonize plant roots without functional benefits? How do cropping 

systems (Ge et al., 2025), cultivar choices (Oladele et al., 2025), 

or plant diversity (Trivedi et al., 2020) affect AM symbiotic 

function in different soils?

In this study, we aimed to (1) explore the primary roles of 

AM fungus–dominated hyphospheric networks in improving 

agroecosystem services and functions, and the relationship 

between host crop diversity and AM fungal diversity in shaping 

plant–soil–microbiome associations, (2) assess AM fungi as 

biofertilizers to enhance nutrient use and productivity in agroeco-

systems, and (3) provide evidence-based recommendations to 

optimize AM fungal functioning by improving anthropogenic 

practices and adopting innovative technology for soil and crop 

management.

MAIN ROLES OF AM FUNGAL 
HYPHOSPHERIC NETWORKS

Buffering responses to multiple global-change factors

The impending environmental disturbances and pollutants result-

ing from global climate change are expected to intensify, posing
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significant challenges to soil–water–organism interactions 

(Wang et al., 2025b; Callahan, 2025). Leveraging the symbiotic 

relationship between plants and AM fungi offers a promising 

solution to mitigate these challenges. A 2023 meta-analysis syn-

thesizing 360 published studies across 181 plant species showed 

that AM fungi protect plants from multiple global-change factors 

(Tang et al., 2023). In particular, AM symbioses can ameliorate 

plant damage from drought (Tang et al., 2023) and high-

temperature stress (Mathur and Jajoo, 2020; Zaman et al., 

2024). The biophysical mechanisms associated with this 

amelioration are not well documented. Still, we find that the 

positive effects on reducing these climate-change-induced 

stresses are closely related to increases in aboveground 

parameters such as leaf number, plant biomass, and net 

photosynthesis (Tereucá n et al., 2021; Zaman et al., 2024); 

belowground parameters such as nutrient content and moisture 

transfer (Tang et al., 2023); alteration in photosystem II 

heterogeneity in the context of AM fungi and high-temperature 

stress (Mathur and Jajoo, 2020); and maintenance of the levels 

of reactive oxygen species, by-products of metabolic reactions 

(Shankar et al., 2024) that are involved in maintaining 

biochemical and cellular processes including the cell cycle, 

programmed cell death, growth and development, hormonal 

signaling, and biotic and abiotic stress responses (Khatri and 

Rathore, 2022).

Another broadly recognized benefit of AM hyphospheric 

networking is ‘‘phytoremediation’’—an emerging ecosustain-

able approach to alleviating soil pollution—which enhances 

nutrient acquisition under adverse conditions (Riaz et al., 2021; 

Lounè s-Hadj Sahraoui et al., 2022). The mechanisms of 

phytoremediation include (1) increasing concentrations of 

hormones such as indole acetic acid, indole butyric acid, 

gibberellic acid, and abscisic acid along the hyphosphere 

(Parniske, 2008) to regulate physiological responses and gene 

expression in the AM-colonized host plant; (2) producing 

additional glucose, soluble proteins, and antioxidant enzymes 

(Zayova et al., 2018) to alleviate environmental stresses 

(Chandrasekaran and Paramasivan, 2022); and (3) decreasing 

glutathione levels and suppressing excessive reactive oxygen 

species (e.g., hydrogen peroxide) to mitigate oxidative 

membrane damage (Khoulati et al., 2025). Another broadly

recognized benefit of AM hyphospheric networking is 

‘‘detoxification’’—a practical biological approach to protecting 

plants against arsenic contamination, restricting the uptake of 

harmful heavy metals from the rhizosphere (Pan et al., 2024), 

and limiting their translocation from roots to aerial tissues (Riaz 

et al., 2021). AM-colonized roots also mobilize immovable 

nutrients such as Cu and Zn within the rhizosphere, reducing 

their toxicity to host plants (Lu et al., 2024). As a result, AM 

fungal inoculation can reduce the use of synthetic chemical 

fertilizers while increasing crop productivity. Meta-analyses 

have revealed that AM inoculation reduces fertilizer costs by 

20%–40% in smallholder maize farms in sub-Saharan 

Africa while improving yield stability under climate extremes. 

A global meta-analysis synthesizing the findings of hundreds of 

studies revealed that AM fungal inoculation increased the yields 

of field-grown cereal crops by an average of 16% (Zhang et al., 

2019b), primarily by increasing N and P acquisition from the 

soil. This cost–benefit asymmetry underscores the potential of 

AM fungi to democratize access to sustainable practices. AM 

fungus–mediated stress resilience is particularly critical for 

women-led farms in arid regions, where labor-intensive agro-

chemical management exacerbates gender disparities.

However, the functionality of AM mycorrhizal networking in 

influencing crop productivity is highly contingent, regulated by 

interactions among fungal species, host-plant health, and 

environmental factors. For instance, Plantago lanceolata L. plants 

colonized by Glomus hoi or Rhizophagus intraradices 

(formerly Glomus intraradices) display temperature-dependent 

growth responses (Alster et al., 2021). As global climate change 

progresses, fungal biodiversity may become increasingly 

critical, as functional traits diverge along phylogenetic lineages. 

How AM fungi interact with diverse microorganism 

communities is still unclear. Significant knowledge gaps persist 

regarding the effects of climatic factor dynamics on the soil–AM 

fungus–plant continuum in diverse agroecosystems.

Interactions of plant diversity with AM fungal diversity

The interactions between crop diversity and AM fungal diversity 

can influence the functioning and services of agroecosystems. 

A suite of ecological, edaphic, and anthropogenic factors govern

Figure 1. Schematic illustration depicting 

AM fungal colonization and symbiosis forma-

tion.

AM fungi initially colonize plant roots through 

germinating spores, forming hyphal branches and 

establishing intercellular hyphae. This colonization 

involves asymbiotic, pre-symbiotic, and symbiotic 

stages (steps). During the asymbiotic stage, AMF 

spores germinate and initiate mycelia; during the 

pre-symbiotic stage, chemotropism activates 

physical contact with roots, and hyphopodia form. 

During the symbiosis stage, the development of 

extraradical and intraradical mycelium leads to 

symbiosis formation and root colonization. An ex-

traradical mycelium provides nutrients to the host, 

and in return, the host offers C sources for AM 

fungal survival and growth. This chart was drawn 

using materials supplied by BioRender (https:// 

www.biorender.com).
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the outcomes of these interactions, mediated through mecha-

nisms that span from molecular signaling to ecosystem dynamics 

(Guzman et al., 2021). First, crop functional diversity directly 

shapes AM fungal communities by altering root exudate 

profiles, which act as a chemical signal for fungal symbionts. 

Diverse crop assemblages enhance niche partitioning, fostering 

distinct AM fungal taxa adapted to specific root chemistries 

and nutrient demands (Town et al., 2022). Functional traits 

such as root architecture (e.g., fibrous vs. taproot systems) 

further modulate fungal colonization strategies (Zhang et al., 

2025). Second, diversified planting induces diversity in soil 

characteristics such as pH, texture, and organic carbon content 

that strongly filter AM fungal communities. For instance, acidic 

soils favor Glomus taxa, whereas pH-neutral soils support Claroi-

deoglomus. Resource availability (e.g., soil C:N ratios) modulates 

fungal functional guilds, such as nutrient-foraging vs. stress-

tolerant AM taxa. Third, the diversity of mycorrhizal fungal spe-

cies significantly influences host-plant community structure and 

development, as AM fungal richness affects soil properties, a leg-

acy effect on plant biodiversity (Zá rate Martı́nez et al., 2024).

Furthermore, AM fungi may have asexual or sexual life cycles, 

leading to genetic complexity and dynamism within the intimate 

plant–AM fungus interactions (Kokkoris et al., 2021). Systems 

with low AM fungal species richness or shifts in AM fungal 

composition can drive substantial fluctuations in plant species 

composition and community dynamics. For instance, in Festuca 

arundinacea prairie mesocosms, increased AM fungal richness 

enhanced host-plant diversity and productivity (Vogelsang 

et al., 2006). AM fungal dynamics can act as a potential switch 

point to determine the trajectory of the plant community during 

succession (Koziol and Bever, 2019). Divergent life-history strate-

gies among AM fungi enable hyphae to acquire nutrients across 

varying spatial scales, while seasonal and temporal dynamics 

shape AM fungal community competition with other microbes 

(Valentin et al., 2023). Mycorrhizal fungi facilitate niche 

differentiation through spatial, temporal, and evolutionary

Improve resource 
use efficiencies

Biocontrol pathogens

Reduce agrochemicals

Against (a)biotic stressors 

Enzymic activities

Nutrient transport

Promote aggregate formation

Stimulate C, N, P, H2O cycling

Improve microenvironment

Enhance root growth

Biofertilization

Improve nutrient update

Figure 2. The main functions of AM hypho-

spheric networking in cultivated systems.

The hyphospheric network is characterized by colo-

nization of crop roots by AM hyphae that connect soil 

particles to form a hyphospheric network, which 

recruits beneficial microbiomes and translocates 

nutrients via root hairs. The AM hyphospheric 

network has four main functions in cultivated 

ecosystems: (1) inducing changes in plant physi-

ochemical traits, (2) enhancing the resilience of 

cropping systems by alleviating abiotic and biotic 

stressors, (3) increasing crop productivity through 

biofertilization effects and improved nutrient ex-

change and use efficiencies, and (4) enhancing soil 

health by forming soil aggregates that stabilize soil 

carbon and interacting with other microbes to influ-

ence soil structure and fertility. Several indicators 

reflect each of the four main functions.

processes, forming distinct AM functional 

groups. Increasing the AM fungal functional 

group enhances coexistence capacity and 

species diversity by integrating a broader 

range of plant functional traits. The robustness of plant–AM 

fungal linkages arises from co-responsiveness, though 

unexpected antagonisms or altered associations between the 

two may occur under some conditions (Sendek et al., 2019).

In cultivated soils, the co-responsiveness is jointly determined 

by plant community composition and AM fungal richness. Plant 

productivity responds more strongly to AM fungal identity (e.g., 

species-specific effects) than AM fungal diversity per se (species 

composition, mixing). The interaction between AM fungal diversity 

and plant genotype diversity is modulated by soil nutrient 

availability and climate factors. Three mechanisms—selection ef-

fects, complementarity effects, and intra- and interspecies interac-

tions—govern the outcome of crop diversity and AM fungal 

diversity in influencing agroecosystem functions and services.

The selection effect refers to competition and coordination be-

tween AM fungi and host plants. In the diverse-functioning context, 

the selection effect measures the probability that plant commu-

nities with the genotypes of dominant traits disproportionately drive 

ecosystem processes and productivity. A ‘‘host filtering’’ effect 

may occur, in which plant traits (e.g., root exudates, phylogeny) 

selectively recruit or exclude specific microbial taxa. For example, 

the Brassicaceae family is unique because it does not foster func-

tional symbiosis with AM. This family is also notable for possessing 

glucosinolates, a class of secondary metabolites that function pre-

dominantly in plant defense. Isothiocyanates, the toxic degradation 

products of glucosinolates, particularly indolic and benzenic gluco-

sinolates, are known to be involved in the inhibition of AM (Sharma 

et al., 2023). In addition, phylogenetically conserved crops (e.g., 

monocots) share ancestral traits that favor associations with 

specific AM fungal lineages (e.g., Glomeraceae), reflecting 

evolutionary coadaptation. Non-hosts, like brassicas, lost 

mycorrhizal associations during their evolution and act as 

‘‘ecological interrupters’’ in agroecosystems. Furthermore, in the 

face of abiotic stressors such as soil pollution, nutrient deficiency, 

and elevated CO 2 (Supplemental Table 1), coexisting AM
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fungal species may adapt morphologically, biochemically, or 

molecularly to survive. Fast-adapting AM fungal species can 

dominate resource competition, outcompeting coexisting slow-

growing taxa.

The complementarity effect arises from niche differentiation be-

tween AM fungi and plant genotypes, in which the presence of 

one partner enhances the survival and growth of the other, fostering 

mutualistic fungal associations. Nutrient exchange can also occur 

between neighboring plants via between-plant complementarity 

in root exudates. Loss of carbon inputs into AM fungal hyphae 

from one plant can be ameliorated through inputs of a neighbor, 

based on an unequal trade for symbiosis (Durant et al., 2023). 

In grasslands, fungal diversity mediates rapid incorporation 

of plant-derived carbon into ecosystem cycling, aiding plant 

recovery from anthropogenic soil disturbance (De Deyn et al., 

2011). Facultative mycorrhizal plants (e.g., Brassica spp. and 

Arabidopsis) lack evolutionary adaptations to regulate fungal 

colonization, making them vulnerable to parasitic carbon 

extraction (Cosme et al., 2018). Functional complementarity, 

driven by diverse AM fungal traits, promotes resource use 

efficiency across spatiotemporal gradients, stabilizing AM 

species coexistence and enhancing agroecosystem productivity.

Intra- and interspecies interactions highlight the complexity of AM 

fungus–plant relationships. In plant–fungal feedback loops, plants 

selectively recruit AM fungi through root exudates (e.g., strigolac-

tones), creating positive feedback loops, with diverse crops sus-

taining diverse fungal consortia. This ‘‘partner choice’’ mechanism 

is modulated by defense signaling. In cultivated cropping systems, 

plant genotypes shape AM fungal communities by hosting different 

AM fungal taxon identities and richness (Lekberg and Waller, 2016). 

Flowering plant genotypes typically exude strigolactones into the 

rhizosphere to promote AM fungal symbioses and alter AM fungal 

community structure. Plant root density (Zhang et al., 2022b) or 

the ability to resist disturbance (e.g., invasion) (Wang et al., 

2025a) plays a critical role in shaping the functioning of the AM 

community. However, AM fungi can sometimes exhibit ‘‘parasitic 

interactions,’’ i.e., AM fungi gain benefits that come at the 

expense of the plant host, under specific ecological and edaphic 

conditions, deviating from their classic mutualistic role (Kaur 

et al., 2022; Voller et al., 2024; Lewe et al., 2025). This shift 

occurs when the costs of maintaining the symbiosis (e.g., carbon 

allocation to fungi) outweigh the benefits (e.g., nutrient 

acquisition). When soil P or N levels are abundant, plants reduce 

carbon allocation to AM fungi because fungal-mediated nutrient 

uptake becomes redundant (Jiang et al., 2018). However, AM 

fungi may continue to exploit host carbon without reciprocating 

benefits, leading to asymmetric resource exchange. Parasitic 

interactions may also occur when AM fungi associate with non-

mycorrhizal plants to acquire carbon without reciprocating benefits 

(Cosme et al., 2018). The outcomes of the dual interactive diversity 

for agroecosystem functions and services depend on nutrient 

stoichiometry between the two partners. The capacity of fungal 

mycelia to enrich hyphospheric nutrients may promote, have no 

effect, or inhibit host-plant growth (Romero et al., 2023).

Activating signals against (a)biotic stressors

AM fungi are critical for activating plant defense systems—a key 

mechanism for stress resilience in agriculture. Crop plants face

diverse stressors, including physical damage, herbivory, drought, 

temperature extremes, heavy metals, salinity, and microplastics 

(summarized in Supplemental Table 1). AM fungal mycelia act as 

signaling conduits, triggering biochemical defenses by releasing 

volatile organic compounds to deter herbivores. AM fungi can 

concurrently colonize plants while activating signals against 

pathogens, enhancing plant disease resistance through immune 

activation. Meta-analyses of 130 comparisons derived from 69 

published studies show that AM fungal inoculation reduces 

necrotrophic diseases, an effect driven by AM fungal regulation of 

jasmonic acid, salicylic acid signaling pathways, and secondary 

chemicals (Liu et al., 2024a). Some enzymes regulate signaling 

pathways against pathogens, such as blight disease in crops, 

acting as biocontrol agents (summarized in Supplemental 

Tables 1 and 2). For example, Rhizophagus spp. (Glomeraceae) 

induce antioxidative enzyme activities to mitigate oxidative stress 

(Wang et al., 2022), and effector proteins secreted by AM fungi 

suppress pathogenic agents (Aparicio Chacon et al., 2023). 

The coinoculation of G. intraradices and Trichoderma harzianum 

increases P uptake in vegetable crops while suppressing 

Fusarium oxysporum–induced wilt (Martı́nez-Medina et al., 2011). 

When a stressor attacks plants whose neighboring plants 

have not yet been attacked, AM fungi can transmit stress signals 

from the damaged to the healthy plants, upregulating defense-

related genes (e.g., PAL, PR-1b, ERF3, and LOX) to minimize dam-

age to the whole plant community (Alaux et al., 2020). 

This biocontrol mechanism demonstrates the role of AM fungi 

in systemic pathogen resistance. Furthermore, AM fungal 

hyphospheric networks can act as a bioameliorant (Chen et al., 

2023) that reduces elements toxic to crop plants, a remediator 

(Banerjee et al., 2025) that improves nutrient cycling in mining-

affected areas, and a soil reclaimant (Navnage et al., 2024) that 

alleviates soil contaminants such as heavy metals (summarized in 

Supplemental Table 3).

Optimizing P supply is a significant challenge in crop production, 

given the limited availability of rock phosphate and the poor mobility 

of P in soils. AM fungal inoculation enhances P uptake by releasing 

active signals when P deficiency occurs. Cotton (Gossypium 

hirsutum L.) colonized by Rhizophagus irregularis CD1 exhibited 

upregulated P-transporter gene expression (Gao et al., 2020), 

leading to a 29% yield increase via enhanced chlorophyll content 

and photosynthesis (Al-Arjani et al., 2020). Increased P availability 

boosts photosynthetic capacity by enhancing light-dependent 

reactions, Calvin cycle enzymes, ATP and NADPH synthesis, and 

nucleic acid production (Chandrasekaran et al., 2019). In addition 

to providing timely signaling for plants in P-deficient situations, 

AM fungi improve the acquisition of other nutrients, such as K, 

magnesium (Mg), and calcium (Ca). In tomato (Solanum lycopersi-

cum L.), AM fungi regulate zinc (Zn) uptake in two ways: enhancing 

Zn absorption below a critical threshold, while restricting Zn trans-

location to shoots at higher Zn concentrations (Bhantana et al., 

2021). In addition, AM fungi can modulate phytohormones like 

cytokinins as a signal (Cosme et al., 2016), promoting chloroplast 

development and delaying senescence.

AM fungi mediate carbon decomposers

AM hyphae play a key role in soil food webs, regulating carbon-

cycle processes such as assimilation, decomposition, and stabi-

lization of organic matter (Wu et al., 2022c). Host plants and AM
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fungi can influence one another across spatial and temporal 

scales, in which AM mycelia extend into soil to access organic 

matter, linking carbon cycles through shoot-to-root carbon 

transport and driving biogeochemical processes (Hawkins 

et al., 2023). In this review, we find that the biochemical 

pathways underpinning AM fungus–driven carbon dynamics 

include, but are not limited to, the following:

(1) AM fungi engage in cross-kingdom interplay with soil 

microbiomes, interfacing with the organic–mineral matrix 

to catalyze redox-driven transformations of organic matter 

(Kleber et al., 2021).

(2) Hyphal exudation of low-molecular-weight metabolites 

(e.g., fructose) and high-complexity biomolecules (e.g., 

glycoproteins) directly primes carbon fluxes along the 

hyphosphere ‘‘highway’’ (Zhang et al., 2022a).

(3) AM fungus–derived exuded surfactants induce the forma-

tion of soil aggregates (Baumert et al., 2018), sequestering 

labile carbon into stabilized microhabitats (Zhang et al., 

2020). In this function, AM fungal networking mainly 

influences soils that harbor microaggregates (Totsche 

et al., 2018).

(4) AM fungi orchestrate hyphospheric enzymatic cascades 

(Zhang et al., 2022a), recalibrating organic matter 

decomposition kinetics and facilitating the neo-synthesis 

of recalcitrant C compounds (Tanaka et al., 2022; Wu 

et al., 2023).

(5) Mycelial hydrotropism synergizes with hydraulic gradients 

to expedite nutrient mobilization and C translocation.

Rising atmospheric CO 2 levels are anticipated to disrupt global 

carbon cycling dynamics. First, elevated CO 2 can enhance 

photosynthetic carbon fixation, which may increase rhizodeposi-

tion and alter belowground carbon allocation processes. In this 

context, AM fungal hyphae function as critical conduits, trans-

porting plant-derived carbon into the hyphosphere to strengthen 

soil organic carbon (SOC) storage. Concurrently, climate-driven 

selection pressures are most likely to promote the development 

of novel AM-associated microbial communities specialized in 

modulating carbon cycling. However, the interaction between 

human activities (e.g., land-use practices and fertilization) and 

AM fungal roles in climate–carbon feedbacks remains a key 

knowledge gap that requires further investigation. For instance, 

meta-analyses of 97 global trials revealed that AM fungi nega-

tively influence soil carbon storage by promoting the ‘‘priming ef-

fect’’ (Choreno-Parra and Treseder, 2024), in which AM hyphae 

absorb plant-derived carbohydrates and lipids via signaling 

feedback. These results indicate that AM hyphospheric net-

works can neutrally or negatively affect host-plant community 

functioning, and anthropogenic activities may govern the 

outcomes.

AM fungal hyphospheric networks govern hydraulic 
redistribution

The AM fungal hyphospheric network constitutes a hydraulic 

lifeline in water-limited agroecosystems, with its role in plant– 

water relations attaining paramount importance in xeric edaphic 

environments. In intercropping matrices, AM hyphae mediate 

hydraulic redistribution from deep-rooted taxa (e.g., Cajanus 

cajan L.) to shallow-rooted cohorts (e.g., Eleusine coracana) 

through hyphosphere-mediated root architectural plasticity

(Singh et al., 2019). In contrast to conventional soil hydrology 

models that emphasize matric-bound water flow, an AM 

hyphospheric network enables direct apoplastic water 

transfer via interconnected hyphae (Pauwels et al., 2023). 

Diurnal hydraulic reversibility manifests in arid zones, with 

transpirational water flux dominating daylight hours and 

nocturnal hydraulic reflux replenishing fungal reservoirs in soils 

(Barto et al., 2012). Hyphal surface hydrophilicity facilitates 

gradient-driven hydraulic redistribution, culminating in interspe-

cific water subsidization—a process termed ‘‘mycohydrologic 

bioirrigation’’ (Singh et al., 2019).

A compartmentalized microcosm trial using isotopic tracers 

revealed that an AM hyphospheric network enabled hydraulic 

lift from pigeon pea (C. cajan) to finger millet (E. coracana), with 

deuterium-labeled water transfer enhancing recipient survival 

by 38% under acute drought stress (Singh et al., 2019). 

Alternate wetting–drying irrigation regimens that synergize with 

AM symbiosis enhance crop production in rice (Oryza sativa L.) 

via AM-induced upregulation of aquaporin expression and 

osmotic adjustment mechanisms to bolster drought resilience 

(Das et al., 2022). These adaptations position the AM 

hyphospheric network as a critical amplifier of agricultural water 

productivity amid climate-driven aridification.

AM hyphospheric networks regulate nutrient cycling

AM fungal hyphospheric networks can act as biogeochemical en-

gineers, orchestrating cross-kingdom nutrient economies (Duan 

et al., 2024). Mycorrhizal plants that form a symbiosis with AM 

fungi experience the top-down carbon flow and the bottom-up min-

eral flow in this continuum (Wang et al., 2024a). Plants take up 

nutrients from the soil through two pathways: the root pathway 

via root epidermal cells and root hairs, and the mycorrhizal 

pathway via the extraradical hyphae. AM-induced symbioses 

produce exudates to recruit the microbiome to the rhizosphere 

and hyphosphere, governing plant nutrient uptake efficiency 

(Zhang et al., 2022a). The recruited microbiomes along the 

hyphosphere produce enzymes, stimulating the mineralization of 

organic nutrient forms. Furthermore, hyphospheric bacteria 

colonize the soil that surrounds the extraradical AM fungal 

hyphae (Wang et al., 2024a). AM fungus–bacterium cross-

kingdom interactions influence the biogeochemical cycling of 

nutrients (Duan et al., 2024), enhancing nutrient availability for the 

interacting organisms (including the host plant, AM fungi, and 

hyphosphere bacteria) and helping to support the whole 

ecosystem (Zhang et al., 2022a).

In a complex cultivated ecosystem, anthropogenic practices can 

influence the outcome of the interactive functions. Legume– 

cereal intercropping can exemplify this symbiosis, in which AM 

mycelia channel fixed N from Rhizobium-inoculated legumes 

(e.g., Vigna radiata) to cereals (e.g., O. sativa), circumventing 

soil N immobilization (Li et al., 2009). Isotopic fractionation 

studies using 15 N tracing techniques have quantified N transfer 

efficiencies ranging from 5% to 17% in rice–mung bean (V. radi-

ata L.) intercropping systems, together with 65% and 57% 

enhancements in P acquisition by legumes and cereals, respec-

tively (Li et al., 2009). This tripartite synergy—encompassing AM 

fungi, N-fixing rhizobia, and host plants—redefines traditional 

plant–microbe nutrient competition paradigms.
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Furthermore, metagenomic correlations between hyphal density 

and nosZ gene abundance underscore the role of AM fungi in 

mitigating N 2 O emissions via enzymatic stimulation of N 2 O 

reductase in denitrifying microbiomes (Zhao et al., 2021). A 

negative relationship between soil P availability and the rate of 

AM fungal root colonization often occurs because the extra P 

‘‘mined’’ from the soil P ‘‘bank’’ made available to host plants 

reduces AM fungal colonization. However, the inhibitory effect 

of soil P on AM symbiosis and function varies among AM fungal 

species and plant genotypes (Qin et al., 2020). Overcoming the 

inhibitory effect of high P doses on AM colonization and its 

functioning may involve identifying compatible plant genotypes 

and genotype-specific AM adaptations for high-P soils (Smith 

et al., 2004). This suggests significant potential to exploit AM-

assisted nutrient pathways even in high-P agricultural soils.

ANTHROPOGENIC PRACTICES THAT 
INFLUENCE AM FUNCTIONS

Anthropogenic practices that disrupt AM fungal 
functions

Anthropogenic activities exert profound influences on root 

colonization, symbiosis formation, and function of the AM fungi’s 

hyphospheric network (Figure 3). Here we highlight some of the 

major anthropogenic activities that may adversely affect AM 

fungal functions in agroecosystems.

(1) Soil disturbance, like tillage, interrupts AM hyphosphere 

networks (Kabir, 2005) (Figure 3). First, mechanical soil 

disturbance directly severs the extensive extraradical 

hyphae of AM fungi. These hyphae form interconnected 

networks that extend beyond plant roots to access 

nutrients and water in the soil. Breaking these hyphae 

reduces their ability to transport nutrients and support 

symbiotic relationships with plants and soil microbes. 

Second, tillage disrupts soil aggregates and pore 

spaces that are critical habitats for AM fungi and their
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Figure 3. Main factors affecting AM hypho-

spheric networks in agroecosystems.

(1) Host plant–AM fungus interactions that determine 

bilateral nutrient exchange; (2) many anthropogenic 

activities, including but not limited to tillage and 

crop rotation, crop diversification, integrated man-

agement practices, pesticide use, organic amend-

ments, cultivar characteristics, and efforts to modify 

root architecture and engineer soil microbiomes;

(3) environmental factors, such as light quality and 

CO 2 fertilization, that influence plant photosynthesis 

and carbon translocation to AM hyphae, and climate-

change-induced (a)biotic stressors; and (4) soil 

properties, such as soil temperature and moisture, 

that affect AM fungus survival and hyphosphere 

growth; soil aggregates and structure, which facili-

tate AM hyphae formation; and soil biological 

properties, which affect the ability of AM fungi to 

recruit or interact with other microbiomes to promote 

nutrient transfer from the hyphosphere to plant roots.

associated hyphospheric microbes. The 

loss of stable microhabitats reduces 

hyphal survival and limits the formation of 

water films on hyphal surfaces, which are a key pathway 

for bacterial mobility (e.g., phosphate-solubilizing bacteria) 

along fungal ‘‘highways.’’ This disruption impairs nutrient 

cycling and microbial interactions in the hyphosphere 

(Banerjee et al., 2019). Third, mechanical tillage damages 

crop roots, causing plant stress that reduces carbon 

allocation to fungal partners, weakening hyphal growth 

and metabolic activity. Tillage shifts the soil microbial 

composition by favoring fast-growing, disturbance-

tolerant taxa over slower-growing AM fungi and their sym-

bionts. Fourth, repeated tillage prevents the regeneration 

of hyphal networks. AM fungi require time to reestablish 

hyphae and reconnect with plant roots, but frequent tillage 

disrupts this recovery process, leading to long-term de-

clines in fungal abundance and soil health.

(2) Pesticides damage the AM fungal symbiosis. Although 

essential for pathogen control, pesticides impose collateral 

damage on the AM fungal symbiosis (Edlinger et al., 2022). 

There is a dose-dependent inverse relationship between 

pesticide use and AM fungal abundance. Pesticides not 

only directly inhibit fungal spore germination, hyphal 

elongation, and metabolic activity but also indirectly 

interfere with plant–fungus crosstalk. These two modes 

of action differ among pesticide types. Systemic 

fungicides such as benomyl and carbendazim disrupt 

microtubule polymerization, impairing hyphal growth and 

root colonization (Schreiner and Bethlenfalvay, 1997), 

whereas broad-spectrum pesticides such as mancozeb 

compromise spore viability and colonization efficiency via 

membrane destabilization (Hage-Ahmed et al., 2019). 

Sub-lethal fungicide concentrations suppress metabolic 

functions without outright lethality, impairing enzyme activity 

or membrane integrity and thereby hindering root coloniza-

tion. Furthermore, fungicides perturb soil microbiomes, indi-

rectly destabilizing the ecological niche upon which AM 

fungi depend. Notably, azoxystrobin—a well-known anti-

fungal agent with the broadest spectrum of activity that
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protects crops from fungal diseases—inhibits strigolactone 

biosynthesis in host plants, disrupting the chemical signaling 

essential for hyphal branching and symbiosis initiation 

(Zhang et al., 2019a). Broad-spectrum formulations 

suppress beneficial bacterial taxa that synergize with AM 

fungi, exacerbating negative effects on ecological services 

(Edlinger et al., 2022). The multifactorial nature of pesticide 

effects—active ingredients, modes of action, application 

regimes, and species-specific responses—complicates 

risk assessment.

(3) Excessive use of synthetic chemicals disrupts the formation 

and functions of AM fungal networks (Lin et al., 2020). 

Although nitrogen fertilizer application has enhanced 

worldwide ecosystem-available N in the past several 

decades, global N deposition levels are estimated to 

double by the end of the 21st century, and some areas 

have a cumulative N deposition as high as 63.5 kg ha − 1 

year − 1 (Li et al., 2019). Excessive N deposition has 

adversely affected AM fungal colonization and growth, 

weakening the symbiotic association between AM 

fungi and host plants. Excessive N:P-rich inputs (e.g., 

overmineralized manures) suppress symbiosis by 

saturating soil P pools, reducing host reliance on AM fungi 

(Garbowski et al., 2023).

(4) Non-mycorrhizal crops (e.g., brassicas) or inhibitory spe-

cies reduce AM fungal colonization. Cropping systems 

with monocultures of non-mycorrhizal crops disrupt AM 

fungal hyphosphere networks. Without host plants in a 

sequential cropping rotation, extraradical hyphae degrade, 

disrupting nutrient transport and microbial interactions in 

the hyphosphere. Also, transition shifts in crop choice pre-

vent hyphal regrowth, disrupt spore dormancy and germi-

nation cycles, and lower fungal diversity.

(5) Contaminant-laden amendments (e.g., heavy metal 

sludge) disrupt hyphosphere integrity via mycotoxicity, 

whereas alkaline inputs (e.g., wood ash) impair AM fungal 

viability in high-pH soils (Arcidiacono et al., 2025).

Anthropogenic practices that optimize AM fungal 
functions

In a complex agroecosystem, anthropogenic practices associ-

ated with soil and crop management can influence AM fungal 

colonization, symbiosis formation and functions, and contribution 

to ecosystem resilience. Here we discuss some of the major 

anthropogenic practices that regulate nutrient exchange be-

tween plants and AM fungi, highlighting possible mechanisms 

underpinning the host–AM fungus nutrient exchange continuum. 

The goal is to explore prospects for the human activity–micro-

biome–pedosphere axis to facilitate the utilization of AM-

dominant hyphospheric networking in sustainable agriculture. 

Spatiotemporal cropping diversification

Sequential cropping diversification with AM-compatible crops 

represents a pivotal lever for modulating AM fungal functionality 

in agroecosystems (Sun et al., 2024). An AM-compatible sequen-

tial diversification system (e.g., legumes and cereals) sustains 

fungal populations, promoting extensive extraradical mycelium 

development and accelerating fungal colonization. Such a sys-

tem exhibits resilience against abiotic and biotic stressors (Brito 

et al., 2021). Sequential diversification with multiple mycorrhizal 

hosts promotes a richer AM fungal community, enhancing

hyphosphere networks by fostering interactions with soil 

microbes. Furthermore, sequential diversification optimizes 

alpha diversity within AM communities, exhibiting enhanced 

compositional stability across spatial and temporal dynamics. 

A seminal 18-year field experiment demonstrated that sequential 

diversification promoted by alpha diversity stabilized AM fungal 

communities intraannually and also improved community 

composition temporally for enhanced plant nutrient acquisition 

efficiency (Finn et al., 2021). In conclusion, strategies for 

sequential cropping diversification can enhance AM fungal 

functionality in agroecosystems by promoting diversity and 

resilience. By contrast, mismanaged rotational systems with 

non-compatible or non-host species destabilize AM fungal hy-

phosphere networks. Balancing sequential cropping diversifica-

tion with AM-compatible practices is critical for sustaining 

nutrient exchanges and minimizing drawbacks.

Modulating plant–fungus communications

Nutrient bioavailability critically modulates the establishment of 

the plant–fungal symbiosis. Low-to-moderate organic amend-

ments augment SOC, stimulating hyphosphere microbial activity 

via enhanced root exudation and hyphal elongation, and optimal 

P levels in such amendments promote AM colonization by 

sustaining host dependency on fungal P acquisition (Arcidiacono 

et al., 2025). Structurally, compost and biochar enhance soil 

aggregation, creating macroporous networks that mitigate 

tillage-induced hyphal fragmentation and preserve hyphosphere 

connectivity (Singh Yadav et al., 2023). Organic inputs also 

introduce microbial consortia that exhibit synergistic interactions 

with AM fungi: P-solubilizing bacteria mobilize mineral-bound 

P for fungal uptake, while saprotrophs competitively partition C 

resources but accelerate organic matter mineralization, indirectly 

supporting AM proliferation. Repeated amendments foster SOC 

accrual and microbial biomass, stabilizing resilient AM commu-

nities. Certain amendments (e.g., Bacillus-enriched residues) 

further suppress hyphal pathogens via recruitment of antagonistic 

microbes (Zhang et al., 2023).

Amendment type dictates hyphosphere outcomes: biochar 

stabilizes networks through pH modulation, porosity enhance-

ment, and recalcitrant C sequestration; fresh crop residues sus-

tain C:P stoichiometric equilibrium to avoid P saturation; and 

green manures maintain AM viability during fallow periods via 

living root bridges.

Organic amendments enhance AM symbiosis and hyphosphere 

functionality by optimizing edaphic structure, nutrient cycling, 

and microbial interplay—but their efficacy hinges on amendment 

chemistry, application rate, and pedoclimatic context. Strategic 

integration of tailored organic inputs can amplify AM-mediated 

agroecosystem services—enhancing plant stress resilience, 

nutrient-use efficiency, and soil C stabilization—while necessi-

tating precision to avert context-dependent trade-offs.

Modern plant genetic enhancement

Historically, the anthropogenic selection gradient has centered on 

optimizing elite germplasm for high-input agroecosystems, pro-

moting favorable yield traits but attenuating C allocation to fungal 

partners (Bunn et al., 2024), inadvertently eroding the AM 

symbiosis. Meta-analyses reveal that modern cereal cultivars 

exhibit 40%–60% lower AM colonization rates than pre-Green Rev-

olution landraces, attributed to reductions in strigolactone exuda-

tion and flavonoid signaling that are critical for fungal chemotaxis
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(Marin et al., 2025). This symbiotic decay is mechanistically linked 

to breeding-induced shifts in root architecture and exudate profiles. 

Emerging breeding frameworks now prioritize ‘‘myco-proficient’’ 

plants bred to harness microbial partnerships for nutrient acquisi-

tion and stress resilience. For instance, genotype-specific compat-

ibility breeding target metrics (e.g., colonization efficiency, C-for-P 

exchange ratios) in selection indices, potentially modifying the ca-

nonical inverse P-colonization relationship by enhancing plant traits 

that improve P acquisition independent of AM fungal colonization. 

The AM+ wheat program at CIMMYT has pyramided Pht1 phos-

phate transporter variants with high strigolactone-producing D27 

alleles, obtaining genetic lines with 35% higher AM-mediated 

P uptake without yield penalties (Abarca et al., 2023). Strategic 

genotype modulation also targets assembly of the rhizosphere 

microbiome. In Sorghum bicolor, root-specific overexpression 

of SbTSA1 (tryptophan synthase) increased indole-3-acetic 

acid exudation by 3.8-fold, recruiting Pseudomonas spp. that syn-

ergistically enhance AM hyphal branching and N mineralization (Wu 

et al., 2022b). Field trials of these engineered lines showed 20% 

yield increases under drought stress, mediated by AM-facilitated 

water retention and microbiome-driven nutrient cycling.

Rewiring crop breeding paradigms to prioritize the AM symbio-

sis—through allele mining of mycotrophy-related genes and 

microbiome-aware selection—can reconcile yield resilience 

with reduced agrochemical dependency (Khoulati et al., 2025). 

Proof-of-concept models in maize and wheat demonstrate 

10%–30% fertilizer savings together with enhanced stress toler-

ance, confirming AM optimization as a pillar of next-generation 

sustainable agriculture (Arora et al., 2024).

Manipulation of root architecture

Root systems typically operate within a self-induced nutrient 

depletion zone. The AM symbiosis can transcend this limitation 

through hyphosphere networking: fungal hyphae extend the 

nutrient depletion boundary while inducing root architectural 

optimization via lateral root initiation and root hair elongation to 

amplify absorptive surface areas. In Poncirus trifoliata, R. irregu-

laris colonization triggered a 2.3-fold increase in lateral root 

density, concomitant with glucose reallocation to primary roots 

and sucrose to laterals, driving enhanced P and Zn acquisition 

(Chen et al., 2017). Parallel studies in Phaseolus vulgaris 

demonstrated that AM-mediated root architectural remodeling 

increased N uptake efficiency by 38% under low-N conditions 

(de Souza Buzo et al., 2022). The mechanisms by which AM 

fungi regulate lateral root formation are not well documented in 

the scientific literature. However, we find that the molecular 

choreography of AM-induced root morphogenesis involves (1) 

AM-colonized plant cells perceiving chitin fragments (i.e., chitoo-

ligosaccharides) via LysM receptor kinases (He et al., 2019), 

leading to gene induction and defense responses, which 

activate conserved SYM-pathway signaling cascades (Feng 

et al., 2019); (2) microbe-associated molecular pattern receptor 

complexes (e.g., CERK1 in O. sativa, Medicago truncatula, and 

Lotus japonicus) that mediate root developmental reprogram-

ming (Zhang et al., 2015; Chiu et al., 2022); and (3) soil redox 

gradients and microbiome-derived metabolites (e.g., ACC deam-

inase) that fine-tune root–fungus crosstalk (Cockerton et al., 

2020). In the context of breeding programs discussed above, 

anthropogenic intervention could modulate genotype-specific 

root architecture by increasing root hairs and lateral roots or pro-

moting prostrate roots to facilitate nutrient absorption from the

soil surface. This could potentially create AM-hyperresponsive 

genetic lines that promote the enhancement of nutrient acquisi-

tion by AM fungi in specific environments.

Engineering the target microbial community

Many AM fungal species are generalists with wide host ranges 

and engaged in multitrophic interactions across kingdoms (Zhang 

et al., 2024), and microbial consortia (e.g., synthetic microbial 

communities containing multiple species) synergistically enhance 

plant stress resilience (Geetha and Dathar, 2022). For example, 

coinoculation of AM fungi with Lavandula dentata and 

Bacillus thuringiensis under drought stress reduced levels of 

malondialdehyde (a biomarker of oxidative stress) by 55% while 

increasing superoxide dismutase activity 3.2-fold—a biochemical 

signature of enhanced oxidative stress mitigation (Armada et al., 

2016). In the maize rhizosphere, the AM fungal hyphospheric 

network recruited Devosia sp. ZB163 through hyphal exudation 

of specific lectins, enhancing mycorrhization efficiency by 27% 

(Peñ a Venegas et al., 2021). Some AM fungi employ asymbiotic 

sporulation strategies by producing infection-competent 

secondary spores, using odd-chain fatty acids (e.g., palmitoleic 

acid) as both carbon sources and quorum-sensing molecules 

(Kameoka et al., 2019). Despite lacking canonical decomposition 

enzymes, AM fungi orchestrate ‘‘nutrient mining consortia’’— 

leveraging bacterial auxotrophy to access organically bound 

nutrients (Zhang et al., 2022a). This metabolic division of labor 

underscores the role of AM fungi as keystone species for 

sustainable agroecosystem design (Voss-Fels et al., 2019).

Although microbial consortia are critical for increasing crop 

production while reducing climate-change-induced stresses, the 

efficacy of commercial microbial inoculants remains unreliably 

low owing to a lack of assessment of environmental compatibility 

and in-field performance under diverse environmental conditions 

(Elliott et al., 2021; Banerjee et al., 2025). Urgent concerns are to 

evaluate the relative performance of AM-dominant inoculants vs. 

microbial consortia (Jiang et al., 2023) under specific soil 

conditions and to assess whether AM-dominant inoculants have 

advantages over the home-field resident community in colonizing 

cultivated soil (Ma et al., 2024). Some recent studies have shown 

that home-field native microbes are more advantageous than 

inoculated ones, as the latter usually increase niche overlay 

(Jiang et al., 2023; Wang et al., 2024c). A synthetic microbial 

community of 21 bacterial strains from agricultural soils increased 

maize root:shoot ratio by 78%–121%, which was significantly 

greater than the 23%–86% increase obtained with commercial 

plant growth–promoting rhizobacteria (Jiang et al., 2023), as the 

former showed robust colonization and positive interactions with 

the resident community. Similarly, a study of highly aluminum-

resistant bacterial strains isolated from a rice home field increased 

rice yield by 26% in aluminum-acidified fields (Liu et al., 2023). 

These findings suggest that home-field AM fungi may be superior 

to introduced species for engineering crop microbiomes to support 

soil nutrients.

Integrated farming strategies

To reconcile the multiple imperatives of nutrient use efficiency, 

pathogen suppression, biodiversity conservation, and agroeco-

system resilience, we advocate for a paradigm shift toward inte-

grated approaches with the following key practices:

(1) Substituting chemical pesticides and leveraging beneficial 

microorganisms such as Trichoderma spp., Pseudomonas
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spp., and Bacillus spp. to suppress pathogens while 

enhancing AM fungal richness (Pylak et al., 2019). Also, 

using plant-derived biopesticides (e.g., garlic and cinna-

mon extracts) as eco-compatible alternatives to synthetic 

fungicides in economically essential crops (Liao et al., 

2023).

(2) Integrating management frameworks that encompass 

biological control, cultural practices, functional genotype 

incorporation, N 2 -fixing crop rotations, and precision 

‘‘4R’’ nutrient management to increase ecosystem resil-

ience (Wu et al., 2022a). Using organic amendments 

(e.g., compost or biochar) to foster competitive exclusion 

of pathogens and amplify microbial diversity, facilitating 

AM fungal hyphosphere formation (Kim et al., 2020). 

Incorporating AM-compatible cover crops and legumes 

in diversified cropping sequences to disrupt pathogen 

life cycles and enrich soil microbiomes while sustaining 

AM fungal communities.

(3) Inducing systemic resistance priming to activate plant 

defense pathways—one of the major mechanisms of 

microbes in biocontrol (Kour et al., 2024). Beneficial 

microbes release certain compounds as elicitors, such 

as chitosan, salicylic acid, or jasmonic acid, into the 

rhizosphere region; these are perceived by plant roots as 

signals, increasing plant defense and resistance against 

phytopathogens.

(4) Developing feasible and practical ecological pest mitigation 

strategies to explore the potential of AM fungal biofertilizers 

to act as ‘‘loyal helpers’’ (Salvioli di Fossalunga and 

Bonfante, 2023) to reduce synthetic chemical use in 

cropping. The focus of this strategy can be on, but not 

limited to, the standardization of biofertilizer formulation, 

testing, and product quality-control mechanisms (Salvioli 

di Fossalunga and Bonfante, 2023); promoting effective 

establishment of the AM symbiosis in diverse soil 

conditions; and harmonizing AM fungal products with field 

operation practices (such as the intensity of soil 

disturbance).

(5) Engineering pathogen-resistant crop genotypes using 

advanced scientific tools. For example, CRISPR-Cas9 

enables precise editing of plant genomes to introduce 

pathogen resistance traits that disrupt susceptibility 

genes; RNA interference silences pathogen genes or 

enhances plant immune responses through targeted 

RNA molecules; marker-assisted selection accelerates 

breeding by identifying genetic markers linked to pest 

resistance; machine learning predicts optimal gene 

combinations for resistance using big data analytics and 

genomic datasets; and drones/AI can rapidly screen 

crop populations for resistance traits under field condi-

tions.

(6) Reducing tillage or using no-till practices to enhance AM 

fungal colonization of subsequent crops in rotation 

(Bowles et al., 2017), fostering long-term improvements 

in soil fertility and ecosystem resilience.

To effectively harness these anthropogenic practices to 

explore the potential of AM hyphosphere functions in sustain-

able agriculture, it will be important to integrate social science 

dimensions—notably policy setting and farmers’ acceptance. 

Policy implementation demands coherent, cross-sectoral

governance frameworks that align agricultural, environmental, 

and economic incentives to incentivize AM fungus-centric 

practices such as reduced tillage and cover cropping. Simulta-

neously, farmers’ acceptance hinges on participatory ap-

proaches that address socioeconomic barriers through acces-

sible education, tangible demonstrations of AM fungal benefits 

(e.g., nutrient use efficiency), and financial support mecha-

nisms. With collaborative policy integration and genuine farmer 

engagement, biophysical strategies for AM optimization can 

be adopted effectively, enhancing real-world agroecosystems.

TOWARD MICROBE-CENTRIC 
AGRICULTURE

Feeding 10 billion people sustainably under climate change de-

mands a symbiosis-driven revolution in agriculture. AM fungi epit-

omize nature’s nutrient engineers, enhancing uptake efficiency. 

Our comprehensive review and analyses reveal that in a well-

managed agroecosystem, exploring AM-dominant hyphosphere 

networking can increase the use efficiency of P by 35% and Zn 

by 28%, sequester an additional 2.3 Gt C year − 1 globally, and 

buffer abiotic stress (e.g., 57% increase in drought-stress survival). 

However, some anthropogenic activities—tillage-induced AM 

network fragmentation, agrochemical toxicity, crop genetic nar-

rowing—threaten these symbiotic lifelines. The microbial renais-

sance demands rewriting the rules of agricultural practice. 

The imperative is to reconcile ‘‘green’’ production with planetary 

boundaries in the Anthropocene with innovative solutions. 

Whereas conventional agrochemical-dependent agroecosystems 

have precipitated ecological debt through erosion of biodiversity 

and disruption of biogeochemical cycles, we find that AM fungal 

hyphospheric networks constitute an evolutionarily tested biogeo-

chemical engineering toolkit capable of rebalancing the tripartite 

equilibrium among food security, environmental sustainability, 

and climate resilience. In this context, we propose a framework 

that integrates strategic innovations.

Agroecosystem redesign—transition from chemical-intensive 

cropping to functionally diversified rotations (e.g., mycotrophic 

and non-mycotrophic alternation) to amplify microbiome leg-

acy effects; implement hybrid tillage regimes to combine 

shallow-disturbance soil zones with preserved fungal highways 

in subsoil strata; and develop AM-optimized precision agro-

ecology through spectral sensing of root colonization levels 

to guide site-specific AM-derived biofertilizers (e.g., R. irregu-

laris consortia) to gradually replace (perhaps by 20%–30%) 

synthetic fertilizer inputs.

Symbiont coevolution engineering—employ synthetic community 

approaches to assemble AM fungal consortia with complementary 

functional traits (e.g., P-solubilization and N-mobilization special-

ists); leverage evolutionary rewilding strategies by reintroducing 

ancestral AM genotypes from wild relatives to restore lost symbi-

otic dialogues; and establish phytobiome breeding pipelines to 

select for ‘‘symbiosis-optimized phenotypes’’ through advanced 

scientific tools.

Next-generation bioinoculant systems—engineer AM fungal bio-

factories using aeroponic culturing with phytohormone-elicited 

sporulation; develop nano-encapsulated mycostimulants with
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pH-responsive release mechanisms to target rhizosphere 

microsites; and create AI-powered decision support systems to 

integrate real-time soil microbiome data with process-based 

models to predict AM functionality under climate extremes.

Field-level implementation—using AM fungal inoculation effec-

tively in real-world farm fields, including inoculation quality 

screening, testing, and incorporating high-performance strains 

in AM inoculants with priority given to AM fungal species with 

broad host adaptability, stress tolerance, and nutrient uptake 

efficiency; optimization of production protocols, using stan-

dardized substrates with balanced physical and chemical 

properties aimed at promoting optimal spore yield and fungal 

growth; and developing carrier-based products (e.g., clay 

granules, peat-based formulations, or liquid suspensions) for 

different agricultural systems.

Regulatory and commercialization considerations—certifica-

tion and labeling that adhere to regional standards (e.g., EU 

organic certification or USDA BioPreferred) to ensure market 

acceptance; providing training to farmers on inoculant benefits 

to encourage adoption and understanding of challenges and 

opportunities for future directions; addressing competition 

from indigenous AM fungi by developing ‘‘super strains’’ with 

superior competitiveness and stress tolerance; optimizing 

large-scale production using automated bioreactors or hydro-

ponic systems to reduce labor and substrate costs; and vali-

dating inoculant performance under climate extremes (e.g., 

heatwaves) using neutron radiography and isotopic tracing 

for real-time monitoring.

This systems-level reconceptualization positions AM hypho-

spheric networks as living bioinfrastructures operationalizing 

the circular bioeconomy paradigm. By transforming soils 

from chemical warehouses into biologically mediated reactors, 

we can reconcile yield gaps with planetary boundaries, uplift-

ing 250 million smallholders worldwide. Leveraging nature’s 

oldest symbiosis to engineer agriculture’s sustainable future 

demands nothing less than a symbiosis revolution, where 

extractive agronomy gives way to regenerative engineering, 

ensuring food security, climate resilience, and ecosystem vital-

ity for generations to come.
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Effect of spontaneous arbuscular mycorrhizal colonization in bread 

wheat varieties on the incidence of foliar diseases and grain yield. J. 

Biosci. 48:12. https://doi.org/10.1007/s12038-023-00335-5.

Al-Arjani, A.-B.F., Hashem, A., and Abd Allah, E.F. (2020). Arbuscular

mycorrhizal fungi modulates dynamics tolerance expression to 

mitigate drought stress in Ephedra foliata Boiss. Saudi J. Biol. Sci. 

27:380–394. https://doi.org/10.1016/j.sjbs.2019.10.008.

Alaux, P.-L., Naveau, F., Declerck, S., and Cranenbrouck, S. (2020).

Common mycorrhizal network induced JA/ET genes expression in 

healthy potato plants connected to potato plants infected by 

Phytophthora infestans. Front. Plant Sci. 11:602. https://doi.org/10. 

3389/fpls.2020.00602.

Alster, C.J., Allison, S.D., Johnson, N.G., Glassman, S.I., and

Treseder, K.K. (2021). Phenotypic plasticity of fungal traits in 

response to moisture and temperature. ISME Commun. 1:43. https:// 

doi.org/10.1038/s43705-021-00045-9.

Anonymous. (2024). Feeding the future global population. Nat. Com

15:222. https://doi.org/10.1038/s41467-023-44588-y.

Aparicio Chacon, M.V., Van Dingenen, J., and Goormachtig, S. (2023).

Characterization of arbuscular mycorrhizal effector proteins. Int. J. Mol. 

Sci. 24:9125. https://doi.org/10.3390/ijms24119125.

Arcidiacono, M., Ercoli, L., Piazza, G., and Pellegrino, E. (2025).

Field inoculation with a local arbuscular mycorrhizal (AM) fungal 

consortium promotes sunflower agronomic traits without changing 

the composition of AM fungi coexisting inside the crop roots. 

Appl. Soil Ecol. 206:105830. https://doi.org/10.1016/j.apsoil.2024. 

105830.
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Cosme, M., Ferná ndez, I., Van der Heijden, M.G.A., and Pieterse, 

C.M.J. (2018). Non-mycorrhizal plants: The exceptions that prove the 

rule. Trends Plant Sci. 23:577–587. https://doi.org/10.1016/j.tplants. 

2018.04.004.

Cosme, M., Ramireddy, E., Franken, P., Schmü lling, T., and Wurst, S. 
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Peñ a Venegas, R.A., Lee, S.J., Thuita, M., Mlay, D.P., Masso, C., 

Vanlauwe, B., Rodriguez, A., and Sanders, I.R. (2021). The 

phosphate inhibition paradigm: host and fungal genotypes determine 

arbuscular mycorrhizal fungal colonization and responsiveness to 

inoculation in cassava with increasing phosphorus supply. Front. 

Plant Sci. 12:e693037. https://doi.org/10.3389/fpls.2021.693037.

Pretty, J. (2018). Intensification for redesigned and sustainable 

agricultural systems. Science 362:eaav0294. https://doi.org/10.1126/ 

science.aav0294.
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