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Abstract 
Mycorrhizal fungi represent one of the most significant biological partnerships in 
terrestrial ecosystems, forming symbiotic associations with approximately 90% of 
plant species. This comprehensive review examines the critical role of mycorrhizal 
fungi in enhancing soil nutrient availability and improving crop performance across 
diverse agricultural systems. The study synthesizes current research on arbuscular 
mycorrhizal fungi (AMF) and ectomycorrhizal fungi (EMF), focusing on their 
mechanisms of nutrient acquisition, particularly phosphorus, nitrogen, and 
micronutrients. Through extensive analysis of field trials and controlled experiments, 
we demonstrate that mycorrhizal inoculation can increase phosphorus uptake by 30-
80%, nitrogen acquisition by 25-60%, and overall crop yields by 15-40% compared to 
non-mycorrhizal controls. The fungi extend the plant's root system through hyphal 
networks, effectively increasing the soil volume explored for nutrients by 100-1000 
fold. Additionally, mycorrhizal associations improve soil structure, water retention, 
and plant stress tolerance. However, the effectiveness varies significantly based on 
soil conditions, crop species, and environmental factors. This review provides 
evidence-based recommendations for integrating mycorrhizal technology into 
sustainable agricultural practices, highlighting both opportunities and limitations in 
current application methods. 
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1. Introduction 

The rhizosphere represents one of the most dynamic and biologically active zones in terrestrial ecosystems, where complex 

interactions between plant roots, soil microorganisms, and mineral particles determine nutrient availability and plant health [¹]. 

Among the most important of these interactions is the symbiotic relationship between mycorrhizal fungi and plant roots, a 

partnership that has evolved over 400 million years and fundamentally shapes terrestrial plant communities [²]. 

Mycorrhizal fungi belong to several taxonomic groups, with arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal fungi 

(EMF) being the most agriculturally significant [³]. AMF, belonging to the phylum Glomeromycota, form associations with 

approximately 80% of plant species, including most crop plants such as cereals, legumes, and vegetables [⁴]. These fungi 

penetrate root cortical cells, forming characteristic tree-like structures called arbuscules where nutrient exchange occurs [⁵]. In 

contrast, EMF primarily associate with woody plants, forming a hyphal mantle around root tips and a Hartig net between root 

cells [⁶]. 

The global challenge of feeding an increasing population while maintaining environmental sustainability has intensified interest 

in biological solutions for enhancing crop productivity [⁷]. Conventional agricultural practices heavily rely on synthetic fertilizers, 

particularly phosphorus and nitrogen, which contribute to environmental problems including eutrophication, greenhouse gas 

emissions, and soil degradation [⁸]. Mycorrhizal fungi offer a promising biological alternative, as they can significantly improve 

nutrient use efficiency and reduce fertilizer requirements [⁹]. 
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Recent advances in molecular biology and soil ecology have 

revealed the sophisticated mechanisms by which mycorrhizal 

fungi enhance plant nutrition. These include the production 

of specialized enzymes for nutrient solubilization, the 

formation of extensive hyphal networks that explore soil 

volumes inaccessible to roots, and the development of storage 

structures that buffer nutrient supply [¹⁰]. Furthermore, 

mycorrhizal associations provide additional benefits beyond 

nutrition, including improved drought tolerance, disease 

resistance, and soil structure enhancement [¹¹]. 

Despite growing recognition of their importance, the 

practical implementation of mycorrhizal technology in 

agriculture faces several challenges. These include variability 

in fungal effectiveness across different soil and climatic 

conditions, compatibility issues between fungal strains and 

crop varieties, and the need for modified agricultural 

practices that support mycorrhizal establishment¹². 

Understanding these factors is crucial for developing 

effective mycorrhizal-based agricultural systems. 

This comprehensive review aims to synthesize current 

knowledge on the role of mycorrhizal fungi in improving soil 

nutrient availability and crop performance. We examine the 

mechanisms of nutrient acquisition, quantify the benefits 

across different crop systems, and identify key factors 

influencing mycorrhizal effectiveness. Additionally, we 

provide practical recommendations for integrating 

mycorrhizal technology into sustainable agricultural 

practices. 

 

2. Materials and Methods 

2.1 Literature Search Strategy 

A comprehensive literature search was conducted using 

multiple databases including Web of Science, PubMed, 

Scopus, and Google Scholar for the period 2000-2024. 

Search terms included combinations of "mycorrhizal fungi," 

"arbuscular mycorrhiza," "nutrient uptake," "phosphorus," 

"nitrogen," "crop yield," and "agricultural application." 

Boolean operators were used to refine searches, and reference 

lists of relevant articles were examined for additional sources. 

2.2 Data Collection and Analysis 

Studies were selected based on the following criteria: (1) 

peer-reviewed articles in English, (2) controlled experiments 

or field trials examining mycorrhizal effects on nutrient 

uptake or crop performance, (3) quantitative data on plant 

nutrient concentrations or yields, and (4) adequate 

experimental design with appropriate controls. Data 

extraction included experimental conditions, fungal species, 

host plants, soil characteristics, and measured outcomes. 

 

2.3 Statistical Approach 

Where possible, effect sizes were calculated as percentage 

increases compared to non-mycorrhizal controls. Meta-

analysis techniques were employed to synthesize results 

across studies, with weighted means calculated based on 

sample sizes. Statistical significance was assessed at p < 0.05 

level. 

 

2.4 Experimental Framework 

The review incorporates data from various experimental 

approaches: 

▪ Controlled greenhouse studies under standardized 

conditions 

▪ Field trials across different agricultural systems 

▪ Long-term monitoring of mycorrhizal establishment 

▪ Comparative studies of different fungal species and 

strains 

 

3. Results 

3.1 Mechanisms of Nutrient Acquisition 

Mycorrhizal fungi employ multiple mechanisms to enhance 

plant nutrient acquisition, with the most significant being the 

physical extension of the root system through hyphal 

networks. AMF hyphae, typically 2-5 μm in diameter, can 

extend 10-20 cm from colonized roots, effectively increasing 

the soil volume explored for nutrients by 100-1000 fold [¹³]. 

This hyphal network is particularly important for phosphorus 

acquisition, as this nutrient has limited mobility in soil. 

 
Table 1: Comparative Analysis of Nutrient Acquisition Mechanisms 

 

Mechanism AMF EMF Effectiveness Primary Nutrients 

Hyphal extension +++++ +++++ Very High P, N, K, micronutrients 

Enzyme production ++++ +++++ High P, N, S 

pH modification +++ ++++ Moderate P, Fe, Mn 

Organic acid secretion ++++ +++++ High P, K, micronutrients 

Storage structures +++ ++++ Moderate P, N 
Scale: + (low) to +++++ (very high) 

 

The production of specialized enzymes represents another 

crucial mechanism. AMF produce acid phosphatases, 

alkaline phosphatases, and phytases that can solubilize 

organic phosphorus compounds in soil [¹⁴]. Similarly, EMF 

produce a broader range of enzymes, including cellulases, 

ligninases, and proteases, enabling them to access nutrients 

from complex organic matter [¹⁵]. 

 

 

3.2 Phosphorus Uptake Enhancement 

Phosphorus represents the most well-documented benefit of 

mycorrhizal associations. Analysis of 156 studies revealed 

that mycorrhizal inoculation increased plant phosphorus 

uptake by an average of 52% (range: 10-180%) compared to 

non-mycorrhizal controls [¹⁶]. The effectiveness varied 

significantly based on soil phosphorus levels, with the 

greatest benefits observed in phosphorus-deficient soils (< 15 

mg P kg⁻¹). 
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Each point represents mean values from 8-15 studies 

 

Fig 1: Relationship between Soil Phosphorus Levels and Mycorrhizal Effectiveness 

 

The mechanism of phosphorus acquisition involves both 

direct uptake by fungal hyphae and the modification of 

rhizosphere chemistry. AMF hyphae can access phosphorus 

from soil microsites with different pH and chemical 

conditions than the immediate root zone [¹⁷]. Additionally, 

fungal exudates can solubilize phosphorus from mineral and 

organic sources, making it available for plant uptake [¹⁸]. 

 

3.3 Nitrogen Acquisition and Cycling 

While historically considered less important for nitrogen 

nutrition, recent research demonstrates significant 

mycorrhizal contributions to plant nitrogen acquisition. AMF 

can directly transfer nitrogen to host plants, with studies 

showing 15-45% increases in plant nitrogen content 

following inoculation [¹⁹]. The fungi access both inorganic 

nitrogen (NH₄⁺, NO₃⁻) and organic nitrogen sources, 

including amino acids and small peptides [²⁰]. 

 
Table 2: Nitrogen Acquisition by Different Mycorrhizal Types 

 

Mycorrhizal Type N Source Preference Uptake Rate* Transfer Efficiency** 

AMF NH₄⁺ > Organic N > NO₃⁻ 12.5 ± 3.2 68 ± 12% 

EMF Organic N > NH₄⁺ > NO₃⁻ 18.7 ± 4.8 72 ± 15% 

Ericoid Organic N >> NH₄⁺ 15.3 ± 3.9 75 ± 11% 
*μg N mg⁻¹ fungal biomass day⁻¹ **Percentage of acquired N transferred to plant 

 

The nitrogen cycling role of mycorrhizal fungi extends 

beyond direct uptake. Fungal hyphae contribute to soil 

nitrogen mineralization through the production of enzymes 

that break down organic nitrogen compounds [²¹]. This 

process is particularly important in organic farming systems 

where synthetic nitrogen fertilizers are restricted. 

 

3.4 Micronutrient Acquisition 

Mycorrhizal fungi significantly enhance the uptake of 

micronutrients, including zinc, copper, iron, and manganese. 

The hyphal network can access micronutrients from soil 

microsites with different redox conditions and pH levels [²²]. 

Studies have shown 25-80% increases in plant micronutrient 

concentrations following mycorrhizal inoculation, with the 

greatest effects observed for zinc and copper [²³]. 

The mechanisms of micronutrient acquisition involve several 

processes: 

• Reduction reactions that convert unavailable forms to 

plant-available forms 

• Chelation by fungal exudates that maintain nutrients in 

solution 

• pH modification in the rhizosphere that affects nutrient 

solubility 

• Bypass of antagonistic interactions between nutrients 

in soil solution [²⁴]. 

 

3.5 Crop Performance Enhancement 

The nutritional benefits provided by mycorrhizal fungi 

translate into significant improvements in crop performance 

across diverse agricultural systems. A meta-analysis of 284 

field studies revealed average yield increases of 23% for 

cereals, 31% for legumes, and 28% for vegetables following 

mycorrhizal inoculation [²⁵]. 

 
Table 3: Crop Yield Responses to Mycorrhizal Inoculation 

 

Crop Category Number of Studies Mean Yield Increase (%) Range (%) Soil P Level Effect 

Cereals 89 23 ± 18 5-65 High at low P 

Legumes 76 31 ± 22 8-78 Moderate at all P 

Vegetables 67 28 ± 24 2-82 High at low-med P 

Fruits 52 35 ± 28 10-95 High at low P 

 

The magnitude of yield response was influenced by several 

factors: 

• Soil phosphorus status: Greatest benefits in low-P soils 

(< 20 mg kg⁻¹) 

• Crop species: Mycorrhiza-dependent crops showed 

larger responses 
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• Environmental stress: Enhanced benefits under 

drought or salinity stress 

• Fungal species: Native AMF often outperformed 

commercial inoculants [²⁶]. 

 

3.6 Soil Structure and Water Relations 

Beyond nutrient acquisition, mycorrhizal fungi contribute to 

improved soil physical properties. Fungal hyphae produce 

glomalin, a glycoprotein that acts as a soil binding agent, 

improving aggregate stability and reducing erosion [²⁷]. 

Studies have shown 15-40% increases in water-stable 

aggregates in mycorrhizal soils compared to non-mycorrhizal 

controls [²⁸]. 

 

 
 

Fig 2: Soil Aggregate Stability in Mycorrhizal vs Non-Mycorrhizal Soils 

 

The improved soil structure enhances water infiltration and 

retention, contributing to better drought tolerance in 

mycorrhizal plants. Additionally, the hyphal network creates 

continuous pore spaces that facilitate water movement and 

gas exchange [²⁹]. 

 

3.7 Factors Affecting Mycorrhizal Effectiveness 

Several environmental and management factors significantly 

influence mycorrhizal effectiveness: 

 

Soil Factors 

▪ pH: Optimal range 6.0-7.5 for most AMF species 

▪ Phosphorus levels: Effectiveness decreases at high P 

levels (> 50 mg kg⁻¹) 

▪ Organic matter: Enhances fungal establishment and 

activity 

▪ Heavy metals: Can inhibit fungal growth and 

colonization [³⁰]. 

 

Agricultural Practices 

▪ Tillage: Intensive tillage disrupts hyphal networks 

▪ Fertilization: High P fertilization can suppress 

mycorrhizal development 

▪ Pesticides: Some fungicides are detrimental to 

mycorrhizal fungi 

▪ Crop rotation: Affects fungal community composition 

and effectiveness [³¹]. 

 

4. Discussion 

4.1 Ecological and Agricultural Significance 

The results presented in this review demonstrate the 

fundamental importance of mycorrhizal fungi in plant 

nutrition and agricultural productivity. The ability of these 

fungi to increase nutrient uptake efficiency by 30-80% for 

phosphorus and 25-60% for nitrogen represents a biological 

solution to one of agriculture's most pressing challenges: 

improving nutrient use efficiency while reducing 

environmental impacts [³²]. 

The ecological significance extends beyond individual plant-

fungus partnerships. Mycorrhizal networks create "wood 

wide webs" that connect multiple plants, facilitating nutrient 

sharing and information transfer between species [³³]. In 

agricultural systems, these networks can enhance the 

resilience of plant communities and improve resource use 

efficiency at the ecosystem level [³⁴]. 

 

4.2 Mechanisms and Specificity 

The diversity of mechanisms employed by mycorrhizal fungi 

for nutrient acquisition reflects their evolutionary adaptation 

to different ecological niches. The specialization of AMF for 

phosphorus acquisition and EMF for organic nitrogen 

utilization demonstrates functional complementarity that can 

be exploited in agricultural systems [³⁵]. However, the 

specificity of plant-fungus partnerships means that successful 

application requires careful matching of fungal species to 

crop requirements and environmental conditions [³⁶]. 

Recent advances in molecular techniques have revealed the 

complexity of mycorrhizal communities, with individual 

plants often hosting multiple fungal species simultaneously 
[³⁷]. This diversity provides functional redundancy and 

enhanced resilience to environmental stresses, suggesting 

that inoculation strategies should focus on fungal 

communities rather than individual species [³⁸]. 

 

4.3 Agricultural Implementation Challenges 

Despite the clear benefits demonstrated in research studies, 

the implementation of mycorrhizal technology in commercial 

agriculture faces several challenges. The variability in 

effectiveness across different soil and climatic conditions 

means that blanket recommendations are often inappropriate 
[³⁹]. Successful implementation requires site-specific 

approaches based on soil testing, crop requirements, and 

environmental conditions [⁴⁰]. 

The interaction between mycorrhizal fungi and conventional 

agricultural practices presents additional challenges. High 

phosphorus fertilization can suppress mycorrhizal 
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development, while certain pesticides and tillage practices 

can disrupt fungal networks [⁴¹]. These interactions 

necessitate integrated management approaches that consider 

mycorrhizal biology in all agricultural decisions [⁴²]. 

 

4.4 Economic Considerations 

The economic viability of mycorrhizal inoculation depends 

on several factors, including inoculant costs, application 

methods, and yield benefits. Current commercial inoculants 

range from $2-15 per hectare, while yield benefits can 

translate to economic returns of $50-200 per hectare in 

responsive systems [⁴³]. However, the economic analysis must 

consider long-term benefits, including reduced fertilizer 

requirements and improved soil health [⁴⁴]. 

The development of cost-effective inoculation methods 

remains a priority for widespread adoption. On-farm 

production of inoculants and the use of native fungal 

communities represent promising approaches for reducing 

costs and improving effectiveness [⁴⁵]. 

 

4.5 Future Research Directions 

Several key areas require further research to optimize 

mycorrhizal applications in agriculture: 

 

Molecular Approaches 

▪ Development of molecular markers for rapid assessment 

of mycorrhizal colonization 

▪ Genomic analysis of fungal traits associated with 

enhanced plant performance 

▪ Understanding of plant-fungus signaling mechanisms [⁴⁶] 

 

Ecological Studies 

▪ Long-term effects of mycorrhizal inoculation on soil 

microbial communities 

▪ Interactions between mycorrhizal fungi and other 

beneficial microorganisms 

▪ Climate change impacts on mycorrhizal effectiveness [⁴⁷] 

 

Applied Research 

▪ Development of delivery systems for reliable field 

inoculation 

▪ Integration with precision agriculture technologies 

▪ Breeding crops for enhanced mycorrhizal 

responsiveness [⁴⁸] 

 

4.6 Sustainability Implications 

The integration of mycorrhizal technology into agricultural 

systems aligns with broader sustainability goals, including 

reduced fertilizer use, improved soil health, and enhanced 

ecosystem services [⁴⁹]. The ability of mycorrhizal fungi to 

improve nutrient use efficiency by 30-50% could 

significantly reduce the environmental footprint of 

agriculture while maintaining or improving productivity [⁵⁰]. 

However, the sustainability benefits depend on appropriate 

implementation. Overuse of commercial inoculants or 

inappropriate species selection could disrupt native fungal 

communities and reduce long-term sustainability [⁵¹]. 

Sustainable approaches should emphasize the management of 

native mycorrhizal communities through appropriate 

agricultural practices [⁵²]. 

 

5. Conclusion 

This comprehensive review demonstrates that mycorrhizal 

fungi play a crucial role in improving soil nutrient availability 

and crop performance across diverse agricultural systems. 

The evidence clearly shows that these fungal partners can 

increase phosphorus uptake by 30-80%, nitrogen acquisition 

by 25-60%, and crop yields by 15-40% compared to non-

mycorrhizal controls. These benefits result from 

sophisticated mechanisms including hyphal network 

extension, enzyme production, and rhizosphere modification. 

The practical implementation of mycorrhizal technology in 

agriculture requires understanding of the complex 

interactions between fungal species, crop varieties, soil 

conditions, and management practices. While challenges 

exist, including variability in effectiveness and compatibility 

with conventional practices, the potential benefits justify 

continued research and development efforts. 

Future agricultural systems should integrate mycorrhizal 

biology into management decisions, recognizing these fungi 

as essential partners in sustainable crop production. This 

integration requires interdisciplinary approaches combining 

soil biology, agronomy, and economics to develop practical 

solutions for diverse agricultural contexts. 

The evidence presented supports the conclusion that 

mycorrhizal fungi represent a biological solution to 

improving agricultural sustainability while maintaining 

productivity. However, successful implementation requires 

site-specific approaches, appropriate species selection, and 

management practices that support fungal establishment and 

activity. With proper application, mycorrhizal technology 

can contribute significantly to the development of more 

sustainable and resilient agricultural systems. 
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