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Abstract 
Sustainable intensification of agriculture increasingly depends on biological processes that enhance soil health and 
nutrient-use efficiency. Arbuscular mycorrhizal fungi (AMF) constitute one of the most important functional groups of 
soil microorganisms, playing a vital role in nutrient acquisition, soil aggregation, and plant tolerance to environmental 
stresses. The present study evaluates the contribution of AMF to soil fertility and crop productivity in representative 
agricultural fields of Nashik District, Maharashtra, India. Ten fields under major crops onion, maize, wheat, soybean, and 
grape were assessed for AMF root colonization, spore density, soil physicochemical properties, and crop performance. 
Fields exhibiting higher AMF colonization showed significantly greater soil organic carbon, available nitrogen, 
phosphorus, and potassium, along with enhanced crop growth and yield. Yield improvement ranged from 12-20% across 
crops, with onion and soybean showing the highest responses. Strong positive correlations between AMF abundance 
and soil fertility indices confirm the central role of mycorrhizal symbiosis in sustainable nutrient management. The 
findings establish AMF as effective biological inputs capable of reducing dependency on chemical fertilizers while 
improving soil resilience. Integration of AMF into conventional and integrated farming systems is recommended to 
support climate-resilient and sustainable agriculture in semi-arid regions of India.  
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Agricultural intensification over the past five decades 

has significantly enhanced global food production; however, it 

has also accelerated soil degradation, depletion of organic 

matter, nutrient imbalance, and loss of biological diversity in 

agroecosystems [1-2]. In India, especially in semi-arid regions, 

indiscriminate and prolonged use of chemical fertilizers and 

pesticides has disrupted natural nutrient cycling processes and 

weakened soil resilience. These challenges have encouraged a 

gradual shift toward ecologically based agricultural systems 

that emphasize biological inputs for sustaining productivity 

while minimizing environmental impact. Among beneficial soil 

microorganisms, arbuscular mycorrhizal fungi (AMF) are 

widely recognized as keystone components of soil plant 

systems. These obligate symbionts associate with nearly 80-

90% of terrestrial plant species and play a pivotal role in plant 

nutrition, particularly by enhancing phosphorus uptake in 

nutrient-poor soils [3-4]. AMF form extensive extraradical 

hyphal networks that increase the effective absorptive area of 

plant roots, facilitating the uptake of nitrogen, potassium, and 

essential micronutrients such as zinc and copper. In addition to 

nutrient acquisition, AMF significantly improve soil physical 

structure by promoting aggregation through the production of 

glomalin, a glycoprotein that enhances soil stability, water 

infiltration, and resistance to erosion [5]. 

Recent research has demonstrated that AMF enhance 

plant tolerance to abiotic stresses such as drought, salinity, and 

temperature extremes by improving water relations, osmotic 

adjustment, and antioxidant defense mechanisms [6-7]. These 

attributes make arbuscular mycorrhizal fungi (AMF) 

indispensable partners in climate-resilient agriculture. Nashik 

District, Maharashtra, is a major agricultural hub characterized 

by intensive cultivation of onion, grape, maize, wheat, soybean, 

and vegetables. The region experiences marked rainfall 

variability and increasing dependence on chemical inputs, 

raising concerns about long-term soil sustainability. Although 

AMF are ubiquitous in agricultural soils, systematic field-based 

assessments of their contribution to soil health and crop 

productivity in Nashik remain limited. Earlier investigations by 

[8-11] demonstrated the relevance of arbuscular mycorrhizal 

fungi (AMF) in disease suppression, nutrient uptake, and crop 

growth in this region, yet comprehensive field validation under 

diverse cropping systems has been scarce. The present 

investigation aims to bridge this gap by evaluating the 

ecological and agronomic significance of AMF under real 

farming conditions in Nashik District. By linking AMF 

colonization patterns with soil fertility parameters and crop 

performance, this study provides a scientific basis for 

integrating mycorrhizal technology into sustainable agricultural 

systems. 

 

Ecology and evolution of arbuscular mycorrhizal fungi 

Arbuscular mycorrhizal fungi represent one of the most 

ancient and widespread plant–microbe symbioses, with origins 

dating back more than 400 million years. Fossil and molecular 
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evidence suggests that AMF facilitated the early colonization of 

terrestrial environments by plants, enabling efficient nutrient 

acquisition from primitive soils [12]. Belonging to the phylum 

Glomeromycota, AMF occur across almost all terrestrial 

ecosystems and associate with most agricultural crops, 

underscoring their fundamental ecological importance [13]. 

 

AMF and soil fertility 

Phosphorus deficiency remains a major constraint to 

crop productivity in tropical and subtropical soils. AMF 

enhance phosphorus uptake by mobilizing sparingly soluble 

phosphate pools through enzymatic activity and extensive 

hyphal exploration beyond the root depletion zone [4]. In 

addition to phosphorus, AMF improve the acquisition of 

nitrogen, potassium, and essential micronutrients, while 

stimulating beneficial rhizosphere microorganisms that 

contribute to nutrient cycling and disease suppression [14-15]. 

 

AMF and soil structure 

Beyond nutrient dynamics, AMF play a crucial role in 

improving soil physical properties. The glycoprotein glomalin 

produced by AMF contributes substantially to soil carbon 

sequestration and aggregate stability [5]. Enhanced aggregation 

improves soil porosity, water-holding capacity, and resistance 

to erosion attributes that are especially important in drought-

prone agricultural regions. 

 

Relevance in Indian agriculture 

Several studies in India consistently report positive 

responses of cereals, pulses, vegetables, and horticultural crops 

to AMF inoculation, including improved growth, yield, and 

stress tolerance [16-17]. Region-specific investigations by 

Patale and Shinde [8] demonstrated the influence of Glomus 

species on disease dynamics in Bt cotton, while Patale (2016) 

documented variability in AMF abundance in brinjal 

rhizospheres of Yeola taluka. More recently, Patale [9-10] 

established the role of AMF in enhancing onion and eggplant 

productivity under semi-arid conditions, highlighting their 

practical value in local farming systems. Specific objectives of 

this investigation are as: 

 

1. To quantify AMF root colonization and spore density 

in agricultural soils of Nashik District. 

2. To evaluate the influence of AMF on soil 

physicochemical and biological properties. 

3. To assess the impact of AMF association on crop 

growth and yield. 

4. To promote AMF-based bioinputs for sustainable 

agricultural development in Maharashtra. 

 

MATERIALS AND METHODS 

Study area 

The investigation was conducted in Nashik District, 

Maharashtra, India (19°33′–20°53′ N; 73°16′–74°56′ E). The 

region experiences a semi-arid to sub-humid climate with 

average annual rainfall of 700-900 mm. Dominant crops 

include onion, grape, maize, wheat, soybean, and seasonal 

vegetables. 

Field selection and sampling 

Ten representative agricultural fields were selected 

across different talukas to capture variability in cropping 

systems and management practices. Composite soil samples 

were collected from the rhizosphere (0-20 cm depth) using a 

randomized sampling approach. Fine root samples were 

simultaneously collected from standing crops during the active 

growth stage. 

 

Estimation of AMF colonization 

Roots were cleared in potassium hydroxide and stained 

with trypan blue following Phillips and Hayman [18]. 

Percentage root colonization was determined using the gridline 

intersect method of Giovannetti and Mosse [19]. 

 

Spore density 

AMF spores were isolated from soil using the wet-

sieving and decanting technique [20] and counted under a 

stereomicroscope. Spore density was expressed as the number 

of spores per 100 g of dry soil. 

 

Soil and crop analysis 

Soil pH, electrical conductivity, organic carbon, and 

available nitrogen, phosphorus, and potassium were analyzed 

using standard methods [21]. Crop growth parameters (plant 

height and biomass) and yield were recorded from 

representative plants in each field. 

 

Statistical analysis 

Descriptive statistics and Pearson correlation analyses 

were used to evaluate relationships between AMF colonization, 

soil fertility parameters, and crop productivity. 

 

RESULTS AND DISCUSSION 

 

AMF colonization and spore density 

Significant variation in AMF colonization and spore 

density was observed among the surveyed fields, reflecting 

differences in crop species, soil conditions, and management 

practices. Root colonization ranged from 45% to 82%, while 

spore density varied from 150 to 450 spores per 100 g soil. 

Grape and soybean fields recorded the highest AMF abundance, 

indicating that crop type and rhizosphere environment strongly 

influence AMF propagation. 

 
Table 1 AMF colonization and spore density in selected fields 

Field F1 F2 F3 F4 F5 F6 

Crop Onion Maize Wheat Soybean Onion Grape 

AMF Colonization (%) 45 52 60 68 75 82 

Spore Density (per 100 g soil) 150 180 210 260 320 450 

The data presented in (Table 1) reveal substantial 

variability in arbuscular mycorrhizal fungi (AMF) colonization 

and spore density across the six surveyed fields (F1-F6), clearly 

indicating the influence of crop type and rhizospheric 

conditions on AMF dynamics. AMF root colonization ranged 

from 45% in F1 (onion) to 82% in F6 (grape), while spore 

density increased correspondingly from 150 to 450 spores per 

100 g of soil. This progressive increase suggests a strong 

positive relationship between root colonization and spore 

population, implying that fields supporting higher fungal 

establishment within roots also tend to harbor greater propagule 

reserves in the soil. 

Among the crops studied, grape (F6) exhibited the 

highest AMF colonization (82%) and spore density (450), 

followed by onion (F5) and soybean (F4). The elevated AMF 

association in grape fields can be attributed to the perennial 
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nature of the crop, which provides a stable and undisturbed 

rhizosphere that favors continuous fungal growth, sporulation, 

and hyphal network development. In contrast, annual crops 

such as onion, maize, and wheat showed comparatively lower 

colonization levels, particularly in F1 (onion), where minimal 

colonization (45%) and spore density (150) were recorded. This 

may be due to frequent soil disturbances, shorter crop duration, 

and possible agrochemical inputs that negatively affect AMF 

survival and proliferation. 

A gradual increase in AMF colonization from maize 

(52%) to wheat (60%) to soybean (68%) further indicates crop-

specific dependency on mycorrhizal associations. Leguminous 

crops like soybean typically exhibit higher mycorrhizal 

responsiveness due to their greater nutrient demand, especially 

phosphorus, and their symbiotic compatibility with soil 

microorganisms. This is reflected in the relatively higher 

colonization and spore density observed in soybean fields. 

Interestingly, the difference between the two onion fields (F1 

and F5) is noteworthy. While F1 recorded the lowest AMF 

parameters, F5 showed substantially higher colonization (75%) 

and spore density (320). This variation within the same crop 

suggests that soil management practices, organic matter 

content, irrigation regimes, and previous cropping history play 

a crucial role in determining AMF abundance, sometimes even 

more than crop type alone [22]. 

The strong correspondence between spore density and 

colonization percentage also indicates that spore count can 

serve as a reliable indicator of AMF activity and soil biological 

health. Higher spore density reflects a robust fungal community 

capable of rapid colonization and nutrient exchange, thereby 

contributing to improved soil fertility and plant performance. 

Overall, the findings emphasize that AMF distribution is not 

uniform but is shaped by a combination of biological, 

environmental, and agronomic factors [23]. Fields with 

perennial crops and favorable soil conditions tend to support 

higher AMF populations, while intensively managed annual 

cropping systems may limit their development. These insights 

highlight the need for adopting AMF-friendly agricultural 

practices, such as reduced tillage, organic amendments, and 

crop diversification, to enhance soil microbial health and 

sustain long-term productivity [24]. 

 

Soil fertility parameters 

Fields were categorized into low-AMF and high-AMF 

groups based on colonization levels. Soils with higher AMF 

colonization exhibited significantly improved fertility status. 

Organic carbon increased by nearly 71%, while available 

phosphorus showed more than a twofold increase, 

demonstrating the efficiency of AMF-mediated nutrient 

mobilization. 

 

Table 2 Soil fertility parameters (Mean ± SD) 

Parameter 
Organic carbon 

(%) 

Available N 

(kg ha⁻¹) 

Available P 

(kg ha⁻¹) 

Available K 

(kg ha⁻¹) 

Low-AMF fields 0.48 ± 0.05 210 ± 12 14 ± 2 280 ± 18 

High-AMF fields 0.82 ± 0.06 265 ± 15 31 ± 3 345 ± 20 

The comparative assessment of soil fertility parameters 

between low-AMF and high-AMF fields provides compelling 

evidence of the positive role of arbuscular mycorrhizal fungi 

(AMF) in enhancing soil quality and nutrient dynamics. The 

clear differences observed across all measured parameters 

organic carbon, available nitrogen (N), phosphorus (P), and 

potassium (K) indicate that AMF colonization is closely 

associated with improved soil fertility status. One of the most 

notable findings is the substantial increase in soil organic 

carbon (SOC), which rose from 0.48% in low-AMF fields to 

0.82% in high-AMF fields, representing an increase of nearly 

71%. This improvement can be attributed to the role of AMF in 

promoting carbon sequestration through the production of 

glomalin, a glycoprotein that contributes to soil aggregation and 

stabilization of organic matter. Enhanced root biomass and 

microbial activity in AMF-rich soils further contribute to the 

buildup of organic carbon, which is a key indicator of soil health 

and long-term fertility [25]. 

The availability of nitrogen also showed a marked 

increase, from 210 kg ha⁻¹ to 265 kg ha⁻¹ in high-AMF soils. 

Although AMF are not direct nitrogen fixers, their symbiotic 

association improves root surface area and nutrient absorption 

efficiency, thereby facilitating better nitrogen uptake. 

Additionally, improved soil structure and microbial interactions 

in AMF-rich environments may enhance nitrogen 

mineralization and retention, reducing losses through leaching. 

A particularly significant enhancement was observed in 

available phosphorus, which increased from 14 kg ha⁻¹ in low-

AMF fields to 31 kg ha⁻¹ in high-AMF fields, more than 

doubling in concentration [26]. This finding strongly supports 

the well-established role of AMF in phosphorus mobilization. 

Through extensive hyphal networks, AMF can access 

phosphorus beyond the depletion zone surrounding plant roots 

and convert it into plant-available forms via enzymatic activity. 

This is especially important in soils where phosphorus is 

present in insoluble or fixed forms, making AMF a critical 

component in improving phosphorus use efficiency [27]. 

Similarly, available potassium increased from 280 kg 

ha⁻¹ to 345 kg ha⁻¹ in high-AMF fields. While potassium uptake 

is less directly associated with AMF than phosphorus, the 

improved soil structure, enhanced cation exchange capacity, 

and increased microbial activity in AMF-rich soils likely 

contribute to better potassium availability and retention [28]. 

The relatively low standard deviation values across parameters 

indicate consistency within each group, suggesting that the 

observed differences are systematic rather than incidental. This 

strengthens the reliability of the findings and underscores the 

significant influence of AMF colonization on soil fertility. 

Overall, the results clearly demonstrate that soils with higher 

AMF colonization are biologically more active and 

nutritionally richer. The synergistic effects of improved organic 

matter content, enhanced nutrient mobilization, and better soil 

physical properties contribute to a more fertile and sustainable 

soil system. These findings reinforce the importance of 

integrating AMF-friendly practices in agricultural management 

to maintain soil health, optimize nutrient use, and support 

sustainable crop production [29]. 

 

Crop growth performance 

All crops recorded improved vegetative growth under 

AMF-rich conditions. Onion and soybean exhibited the highest 

growth response, indicating stronger dependence on 

mycorrhizal pathways. 

The data presented in (Table 3) clearly demonstrate the 

positive influence of arbuscular mycorrhizal fungi (AMF) on 

the vegetative growth of all selected crops, as reflected by 

increased plant height across onion, maize, wheat, and soybean. 

The comparative assessment between AMF-inoculated and 
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non-inoculated plants reveals a consistent enhancement in 

growth performance, indicating the functional significance of 

arbuscular mycorrhizal fungi (AMF) symbiosis in crop 

development. 

 

Table 3 Effect of arbuscular mycorrhizal fungi (AMF) on plant height 

Crop Onion Maize Wheat Soybean 

Height without AMF (cm) 52 145 78 42 

Height with AMF (cm) 61 165 88 49 

% Increase 17.3 13.8 12.8 16.6 

Plant height, being a key indicator of overall vegetative 

vigor, showed marked improvement in AMF-associated 

treatments. Onion exhibited an increase from 52 cm to 61 cm 

(17.3%), soybean from 42 cm to 49 cm (16.6%), maize from 

145 cm to 165 cm (13.8%), and wheat from 78 cm to 88 cm 

(12.8%). This enhancement can be attributed to the improved 

nutrient acquisition facilitated by AMF, particularly 

phosphorus uptake, along with better absorption of 

micronutrients such as zinc and copper. Additionally, AMF 

enhances water uptake efficiency and root surface area through 

the development of extensive hyphal networks, which 

collectively contribute to improved plant growth [30-31]. 

Among the crops studied, onion and soybean recorded 

the highest percentage increases in plant height. This suggests 

a relatively higher dependency of these crops on mycorrhizal 

associations, possibly due to their comparatively less efficient 

root systems or higher nutrient demand during early growth 

stages. The stronger response in these crops may also be linked 

to their physiological compatibility with arbuscular 

mycorrhizal fungi (AMF), leading to more effective symbiotic 

interactions and nutrient exchange mechanisms. 

In contrast, maize and wheat showed comparatively 

lower but still significant increases in height. These cereals 

generally possess more extensive and fibrous root systems, 

which may reduce their relative dependence on arbuscular 

mycorrhizal fungi (AMF) for nutrient acquisition. However, the 

observed growth improvement still highlights the 

supplementary role of AMF in enhancing nutrient use 

efficiency and promoting overall plant health. The uniform 

increase in plant height across all crops indicates that arbuscular 

mycorrhizal fungi (AMF) contribute not only to nutrient uptake 

but also to improved hormonal balance, particularly through the 

production of growth-promoting substances such as auxins and 

cytokinins. These biochemical influences may further stimulate 

cell division and elongation, thereby enhancing plant stature. 

Overall, the findings underscore the agronomic importance of 

AMF in promoting crop growth, with variable responses 

depending on crop type. The greater responsiveness of onion 

and soybean emphasizes the need for targeted arbuscular 

mycorrhizal fungi (AMF) application in crops that are more 

reliant on mycorrhizal symbiosis, thereby improving 

productivity and sustainability in agricultural systems [32]. 

 

Table 4 Effect of arbuscular mycorrhizal fungi (AMF) on crop yield 

Crop Onion Maize Wheat Soybean 

Yield without AMF (q ha⁻¹) 210 48 32 22 

Yield with AMF (q ha⁻¹) 250 56 36 26 

 

Yield enhancement 

Yield enhancement ranged from 12.5% to 19.0%. Onion 

and soybean recorded the highest yield improvement, 

confirming the agronomic significance of AMF under field 

conditions [33]. The present study clearly demonstrates that 

arbuscular mycorrhizal fungi play a decisive role in improving 

both soil fertility and crop productivity in Nashik district. 

Higher AMF colonization was consistently associated with 

increased soil organic carbon and greater availability of 

essential macronutrients, particularly phosphorus an element 

often limiting in the alkaline soils of Maharashtra. 

The improvement in soil structure observed in AMF-rich 

fields can be attributed to glomalin-mediated aggregation, 

which enhances water infiltration, reduces erosion, and 

increases resistance to drought stress. Such structural benefits 

are critical in semi-arid agroecosystems where rainfall 

variability frequently constrains crop productivity. The 

observed enhancement in crop growth and yield aligns with 

global meta-analyses reporting consistent productivity benefits 

of AMF under field conditions [34-35]. The relatively greater 

response of onion and soybean corroborates earlier findings by 

Patale [10-11], emphasizing the potential of AMF-based 

bioinputs in intensively managed horticultural systems. Beyond 

nutrition, AMF-mediated improvements in plant water relations 

and stress tolerance likely contributed to yield stability under 

fluctuating climatic conditions. These results reinforce the role 

of AMF as strategic biological tools in climate-smart 

agriculture. 

The present findings strongly corroborate the established 

role of arbuscular mycorrhizal fungi (AMF) as key drivers of 

soil health and crop productivity, particularly in resource-

constrained agroecosystems. The observed improvements in 

soil structure through glomalin-mediated aggregation align 

with widely reported mechanisms whereby AMF enhance soil 

stability, water infiltration, and moisture retention, thereby 

mitigating the adverse effects of drought and rainfall variability. 

This improved soil physical environment directly supports 

better root growth and nutrient acquisition, which is reflected in 

the significant yield increases recorded across all crops in 

(Table 4). The comparatively higher yield responses in onion 

and soybean further substantiate earlier studies indicating a 

greater dependency of horticultural and leguminous crops on 

mycorrhizal associations for efficient phosphorus uptake and 

stress resilience. Moreover, the consistency of these results with 

global meta-analytical evidence reinforces the reliability and 

broader applicability of AMF-based interventions under field 

conditions. Beyond nutrient dynamics, the contribution of AMF 

to improved plant water relations and physiological stability 

under fluctuating climatic conditions highlights their integral 

role in enhancing yield sustainability [36]. Collectively, these 

findings validate the strategic importance of AMF as eco-

friendly bioinputs that integrate soil restoration, crop 

productivity enhancement, and climate resilience within 

sustainable agricultural systems. 

 

CONCLUSION 
 

The present investigation clearly establishes that 

arbuscular mycorrhizal fungi (AMF) play a pivotal role in 

enhancing soil fertility, plant growth, and overall crop 
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productivity under field conditions. The observed variation in 

AMF colonization and spore density across different crops 

highlights the strong influence of crop type, rhizosphere 

environment, and management practices on mycorrhizal 

development. Higher colonization levels, particularly in grape 

and soybean fields, indicate favorable soil plant microbe 

interactions that promote AMF proliferation. A significant 

improvement in soil fertility parameters in high-AMF fields 

underscores the functional importance of AMF in nutrient 

cycling. The marked increase in organic carbon, along with 

enhanced availability of nitrogen, phosphorus, and potassium, 

demonstrates the efficiency of AMF in mobilizing essential 

nutrients, especially phosphorus, which is often a limiting factor 

in many agricultural soils. These improvements also contribute 

to better soil structure and moisture retention, thereby 

increasing resilience under stress conditions. The positive 

impact of AMF on crop growth and yield further reinforces their 

agronomic significance. All studied crops exhibited enhanced 

plant height and yield under AMF-rich conditions, with 

increases ranging from approximately 12% to 19%. Crops like 

onion and soybean showed comparatively higher 

responsiveness, indicating their greater dependency on 

mycorrhizal associations for nutrient uptake and growth. 

Overall, the study highlights AMF as a sustainable and eco-

friendly biological input with immense potential to improve soil 

health, reduce dependency on chemical fertilizers, and enhance 

crop productivity. The integration of AMF-based practices into 

conventional farming systems can contribute significantly to 

sustainable agriculture, particularly in regions facing soil 

degradation and climatic uncertainties. 

 

Acknowledgements 

The author gratefully acknowledges Swami Muktanand 

College of Science, Yeola, for institutional support and 

laboratory facilities. Sincere thanks are extended to the farmers 

of Nashik District for their cooperation during field sampling.

 

 

LITERATURE CITED 
1. Pretty J, Benton TG, Bharucha ZP. 2018. Global assessment of agricultural system redesign for sustainable intensification. Nature 

Sustainability 1: 441-446. 

2. Lal R. 2020. Soil health and carbon management. Food and Energy Security 9: e200. 

3. Smith SE, Read DJ. 2008. Mycorrhizal Symbiosis (3rd Edition). Academic Press. 

4. Smith SE, Jakobsen I, Grønlund M, Smith FA. 2011. Roles of arbuscular mycorrhizas in plant phosphorus nutrition: interactions 

between pathways of phosphorus uptake in arbuscular mycorrhizal roots have important implications for understanding and 

manipulating plant phosphorus acquisition. Plant Physiology 156(3): 1050-1057. doi: 10.1104/pp.111.174581.  

5. Rillig MC, Aguilar-Trigueros CA, Bergmann J. 2015. Plant root and mycorrhizal fungal traits for understanding soil aggregation. 

New Phytologist 205: 1385-1388. 

6. Augé RM, Toler HD, Saxton AM. 2020. Arbuscular mycorrhizal symbiosis and drought tolerance in plants. Mycorrhiza 30: 135-

149.  

7. Evelin H, Devi TS, Gupta S, Kapoor R. 2019. Mitigation of salinity stress in plants by arbuscular mycorrhizal symbiosis. 

Frontiers in Plant Science 10: 470.  

8. Patale SW, Shinde BP. 2012. Influence of Glomus species and soil phosphorus on Verticillium wilt in Bt cotton. Advances in 

BioScience 3(4): 276-280.  

9. Patale SW. 2016. Screening of brinjal rhizosphere soil for assessment of AM fungi. International Journal of Advanced 

Multidisciplinary Research 3(1): 74-77.  

10. Patale SW. 2025. The effect of AM fungi on onion (Allium cepa L.) enhancement, growth, and yield. International Journal of 

Innovative Research in Technology 11(8): 1567-1570.  

11. Patale SW. 2025b. Enhancing drought tolerance, nutrient uptake, and disease resistance in eggplant (Solanum melongena L.) 

through arbuscular mycorrhizal fungal inoculation. International Journal of Innovative Research in Technology 10(1): 1714-

1721.  

12. Brundrett MC, Tedersoo L. 2018. Evolutionary history of mycorrhizal symbioses and global host plant diversity. New 

Phytologist 220(4): 1108-1115.  

13. Van der Heijden MGA, Martin FM, Selosse MA, Sanders IR. 2015. Mycorrhizal ecology and evolution. New Phytologist 205: 

1406-1423.  

14. Rajapitamahuni S, Kang BR, Lee TK. 2023. Exploring the roles of arbuscular mycorrhizal fungi in plant–iron homeostasis. 

Agriculture 13(10): 1918.  

15. Zhang Y, Li T, Li J, Zhao Z. 2023. Arbuscular mycorrhizal fungi reshape rhizosphere microbiome to improve soil fertility and 

crop productivity. Soil Biology & Biochemistry 173: 108782.  

16. Schütz L, Gattinger A, Meier M, Müller A, Boller T, Mäder P, Mathimaran N. 2018. Improving crop yield and nutrient use 

efficiency via biofertilization: A global meta-analysis. Frontiers in Plant Science 8: 2204.  

17. Basiru S, Mwanza HP, Hijri M. 2020. Analysis of arbuscular mycorrhizal fungal inoculant benchmarks. Microorganisms 9(1): 

81.  

18. Phillips JM, Hayman DA. 1970. Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular 

mycorrhizal fungi for rapid assessment of infection. Transactions of the British Mycological Society 55: 158-161.  

19. Giovannetti M, Mosse B. 1980. An evaluation of techniques for measuring vesicular arbuscular mycorrhizal infection in roots. 

New Phytologist 84: 489-500.  

20. Gerdemann JW, Nicolson TH. 1963. Spores of mycorrhizal endogone species extracted from soil by wet sieving and decanting. 

Transactions of the British Mycological Society 46: 235-244.  

21. Jackson ML. 1973. Soil chemical analysis. Prentice Hall of India Pvt. Ltd. New Delhi. 

22. Kuila D, Ghosh S. 2022. Aspects, problems and utilization of arbuscular mycorrhizal application as bio-fertilizer in sustainable 

agriculture. Current Research in Microbial Sciences 3: 100107.  

23. Zhang Y, Ma Y, Ma X, Li C. 2025. Temporal changes in arbuscular mycorrhizal fungi communities and their driving factors in 

Xanthoceras sorbifolium plantations. Frontiers in Microbiology 16: 1579868.  

217 



24. Aloud SS, Alotaibi F, Sorrori SN, Alshebe B. 2025. Influence of rhizosphere dynamics and soil chemical properties in arid 

environments on the distribution, abundance, and diversity of arbuscular mycorrhizal fungi (AMF). Ecologies 6(4): 80.  

25. Han Y, Yuan G, Yang X, Fang L, Liang Y, Zhou B, Wei Z. 2025. Arbuscular mycorrhizal fungi enhance soil nutrient cycling 

by regulating soil bacterial community structures in mango orchards with different soil fertility rates. Frontiers in 

Microbiology 16: 1615694.  

26. Folina A, Kakabouki I, Baginetas K, Bilalis D. 2025. Integration of bioresources for sustainable development in organic farming: 

A comprehensive review. Resources 14(7): 102.  

27. Etesami H, Jeong BR, Glick BR. 2021. Contribution of arbuscular mycorrhizal fungi, phosphate-solubilizing bacteria, and 

silicon to P uptake by plant. Frontiers in Plant Science 12: 699618.  

28. Zhuang H, Feng Z, Hu Y, Ning Z, Zhao Q, Wang H, Xing Y, Zhang A. 2025. AMF promotes the structure and metabolic 

activity of rhizosphere soil microbial communities in areca/vanilla intercropping system under nitrogen-limited conditions. 

Frontiers in Microbiology 16: 1657672.  

29. Sande TJ, Tindwa HJ, Alovisi AMT, Shitindi MJ, Semoka JM. 2024. Enhancing sustainable crop production through integrated 

nutrient management: A focus on vermicompost, bio-enriched rock phosphate, and inorganic fertilisers: A systematic review. 

Frontiers in Agronomy 6: 1422876.  

30. Kumar A, Kumar R, Singh P, Kalaichelvan S, Santos-Villalobos SL, Kumar N, Fernando L, Kumar R, Solanki MK, Joshi NC, 

Babalola OO. 2025. Emerging role of arbuscular mycorrhizal fungi in sustainable agriculture: From biology to field 

application. MicrobiologyOpen 14(5): e70082.  

31. Begum N, Qin C, Ahanger MA, Raza S, Khan MI, Ashraf M, Ahmed N, Zhang L. 2019. Role of arbuscular mycorrhizal fungi 

in plant growth regulation: Implications in abiotic stress tolerance. Frontiers in Plant Science 10: 1068.  

32. Sun Q, Wang J, Zhang H, Yao L, Si E, Li B, Meng Y, Wang C, Yang K, Shang X, Xie X, Wang H, Ma X. 2025. The effect of 

arbuscular mycorrhizal fungi on the growth of wheat seedlings with contrasting phosphorus use efficiencies under low 

phosphorus stress. BMC Plant Biology 25(1): 1201.  

33. Peng ZC, Xing YX, Ma YH, Li SH, Jia YX, Yang HC, Zhang FH. 2025. Arbuscular mycorrhizal fungi enhance soybean 

phosphorus uptake and soil fertility under saline-alkaline stress. Scientific Reports 15(1): 31792.  

34. Chen X, Guo X, Hao X, Zhang X. 2019. Effects of arbuscular mycorrhizal fungi on crop yields under field conditions: A meta-

analysis. Journal of Integrative Agriculture 18: 1703-1713.  

35. Lehmann A, Leifheit EF, Rillig MC. 2020. Mycorrhizas and soil aggregation: A meta-analysis. Journal of Ecology 108: 105-

116.  

36. Wahab A, Muhammad M, Munir A, Abdi G, Zaman W, Ayaz A, Khizar C, Reddy SPP. 2023. Role of arbuscular mycorrhizal 

fungi in regulating growth, enhancing productivity, and potentially influencing ecosystems under abiotic and biotic stresses. 

Plants 12(17): 3102.  

218 


