




SCREENING OF DIFFERENT SUBSTRATE FOR MASS PRODUCTION OF AM FUNGI AND THEIR INTERACTION WITH N2 FIXER AND PO4 SOLUBILIZER ON
GROWTH AND YIELD OF FINGER MILLET (Eleusine corocana L)


ABSTRACT


Application of Arbuscular Mycorrhiza (AM) to field crops has remained yet unresolved as AM fungi are obligate symbionts and cannot be cultured in the laboratory. At present soil based inoculum production and application as such to crops is in vogue. To ease the application procedure, this study was carried out to understand whether or not AM fungi inoculated at nursery level can serve as inoculum to transplantable crops in field. The experiment was conducted under glass house conditions to screen different substrates viz., Vermicompost, Farm Yard Manure, Tank silt for obtaining enhanced colonization and spore numbers. The vermicompost enhanced the colonization and spore numbers. Further, study was carried out to determine the colonization interval of nursery inoculated finger millet seedlings. The root colonization was observed after 20 days of sowing. The colonization percentage increased as days increased. At 30 days interval, root colonization was increased to >50 %. The seedlings thus colonized were used for transplantation to study the interaction effects with Nitrogen fixing and Phosphate solubilizing bacteria on growth and yield of finger millet under glass house conditions. The results showed that the AM colonized seedlings treated with N2 fixer and  Phosphate solubilizer during transplantation, significantly increased the growth, yield and root colonization compared to uninoculated plants. Thus, this study revealed the possibility of  application of AM fungi at nursery level to transplantable crops.
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INTRODUCTION

Arbuscular mycorrhizal (AM) fungi are the most widespread root fungal symbionts and are associated with vast majority of higher plants. Mycorrhizal symbiosis plays an important role in enhancing the growth and health of host plants. AM fungi have been shown to improve soil
structure, plant growth and yield by improving plant nutrient uptake (Smith and Read 2008). Besides this, the symbiotic association of mycorrhizal fungi with roots of crop plants can survive under low temperature, low soil fertility, periodic droughts and other natural stresses.
Application of the AM fungi to the root zone of various agricultural, horticultural and forest crops revealed enhanced growth, biomass and yield (Ortas, 2010; Tajudeen, et al., 2012). Field evaluation of AM inoculated seedlings in nursery along with free living nitrogen fixers and phosphate solubilizers increased the growth, tillering and and grain yield of aerobic rice (Earanna and Muruli, 2011). Co-inoculation of AM fungus (Glomus fasciculatum), Azospirillum brasilense and Phosphate Solubilizing Bacteria (PSB) (Bacillus polymyxa) increased the plant height, dry weight of root and shoot, per cent root colonization, spore numbers in the rhizosphere soil, P and N uptake in Finger millet (Geeta et al., 2013). However, application of AM culture to the field crops is problematic till today as these fungi are obligate symbionts and are difficult to culture in the laboratory. As a result mass production of the AM culture limited to rhizosphere soil.
Finger millet (Eleusine coracana Gaertn.) is an important cereal crop widely grown in the arid areas of Asia and Africa. It is one of the main staple food crops in southern part of Karnataka (India) and grown in a wide range of climatic conditions. Soil based pot culture is the common method for production of AM fungal inocula using different host plants under glass house conditions. Finger millet has fibrous root system and it is a good host for AM colonization (Samanhudi et al., 2014). This study was intended to explore the possibility of dissemination of
AM fungi from  nursery  to main  field through pre-colonized  finger millet seedlings

transplantation that could ease the difficulties of field applications and also aimed to explore suitable substrate for mass production.





MATERIALS AND METHOD


[image: ]The study was carried out to screen the substrates for enhanced AM fungal inoculum production and to study the duration of AM fungal colonization in finger millet seedlings inoculated in nursery. Further, its interaction effect with the phosphate solubilizer and nitrogen fixer was explored under glass house conditions in the Department of Agricultural Microbiology, University of Agricultural Sciences (UAS), GKVK, Bangalore-560065.
Culture collection
Two species of auxenic cultures of arbuscular mycorrhizal fungi (Glomus fasciculatum and Glomus mosseae), Nitrogen fixer (Azotobacter salinestris) and Phosphate solubilizer (Pseudomonas nitroreducens) were collected from Department of Agricultural Microbiology, UAS, GKVK, Bangalore. A. salinestris and P. nitroreducens were multiplied in Waksman No. 77 and Pikovskayas’s agar medium respectively and used for pot experiment.

Screening of different substrates for mass production of AM fungi
The substrates used for screening in this study were Vermicompost, Farm Yard Manure and Tank silt (collected from Tindlu, Bengalore). These substrates were sterilized and mixed with soil in 1:1 (Soil: Substrate) ratio. Then soil based AM culture (100 spores/10 g) was mixed with substrate (100g culture: 4000g substrate) in 5 kg capacity plastic pot containing substrates. The pre soaked Maize seeds were sown in the respective treatments. The treatment details are given below. There were three replications.
1. FYM + Glomus fasciculatum
2. FYM + Glomus mosseae
3. Vermicompost + Glomus fasciculatum
4. Vermicompost + Glomus mosseae
5. Tank silt + Glomus fasciculatum
6. Tank silt + Glomus mosseae
7. Soil + Glomus fasciculatum
8. Soil + Glomus mosseae
9. Control
The crop was harvested at 90 DAS and then the root colonization and spore counts were recorded. The best substrate combination (soil+vermicompost) was used for the pot culture experiment for screening finger millet.





AM root colonization in finger millet at different growth intervals
[image: ]The finger millet seedlings were raised in rectangular trays containing 5 kg vermi compost mixed with AM fungal inoculum containing100 spores/10g soil at different quantities (50, 100, 150, 200 g per 5 kg substrate). The roots of finger millet were assessed for AM colonization at 10, 15, 20, 25 and 30 days after inoculation. Three seedlings from each treatment were uprooted randomly and washed with water to remove adhering substrate. Then roots were treated with 10 % KOH for 24 hours. After 24 hours the excess KOH was decanted and the roots were rinsed in 10 % HCl for 20 minutes. These roots were stained with 0.05 % acid fuchsin as described by Phillips and Hayman (1970) for 48 hours. After then the excess strain was decanted and the root bits were stored in lactoglycerol (glycerol and lactic acid at 1:1 rato) for determination of colonization. The roots were cut in to 1cm bits and colonization was determined by gridline intersection method (Giovanneti and Mosse, 1980) by observing under stereozoom microscope. Per cent root colonization was calculated by using the formula given below.

Per cent AM colonization = Number of roots bits colonized  x100
Total number of root bits observed

AM Spore count in the rhizosphere soil

AM spores from root zone soil were isolated by wet sieving and decantation method (Gerdemann and Nicolson, 1963). Root zone soil (10 g) was suspended in 250 ml water and  stirred thoroughly. The suspension was passed through a series of sieves having different mesh size (1mm, 450µm,250µm, 105 µm and 45 µm) arranged one below the other in descending order. The suspension of two bottom sieves (i.e 105 µm and 45 µm) were collected on a nylon cloth and the nylon cloth was placed on a petriplate. AM spores were counted under stereozoom microscope using tally counter.Commented [ks5]: Remove space

Response of AM colonized finger millet seedlings transplanted to pots with N2 fixer and phosphate solubilizer.

Mycorrhizal and non-mycorrhizal seedlings were raised under glasshouse conditions in the Department of Agriculture Microbiology, UAS, GKVK, Bangalore-65. For Mycorrhizal seedlings (Glomus fasciculatum and G. mosseae) were mixed with the substrate (Soil:Vermicompost at 1:1 v/v) at the rate of 200 g inoculum/ 5Kg substrate. For control (non-





mycorrhizal) the finger millet seedlings (KMR-204) were raised in trays using sterile substrate without mycorrizal culture. These seedlings were grown for 30 days in tray (nursery) for better colonization under glass house condition.
[image: ]After 30 days, pre-colonized seedlings of finger millet roots were dipped in the slurry having Azotobacter salinestris and Pseudomonas nitroreducens separately and then transplanted to pots as per treatment combination given below. There were three replications.

	Chart 1: Treatment details for pot experiment

	T1
	Glomus fasciculatum

	T2
	Glomus fasciculatum + Azotobacter salinestris

	T3
	Glomus fasciculatum + Pseudomonas nitroreducens

	T4
	Glomus fasciculatum + Azotobacter salinestris + Pseudomonas nitroreducens

	T5
	Glomus mosseae

	T6
	Glomus mosseae + Azotobacter salinestris

	T7
	Glomus mosseae + Pseudomonas nitroreducens

	T8
	Azotobacter salinestris + Pseudomonas nitroreducens

	T9
	Glomus mosseae + Azotobacter salinestris + Pseudomonas nitroreducens

	T10
	Recommended dose of fertilizer

	T11
	Control (Uninoculated)



The crop was grown under glass house condition by watering as and when required. The observations for plant height, tiller number, finger length, 1000 seed weight, grain yield and total dry weight was recorded.

RESULTS AND DISCUSSION

Table 1. Effect of different organic substrates on root colonization and spore density of AM fungi in Maize.

	
Trt
	
Substrate Composition
	Root colonization (%)
	Spore density (per 100g)

	T₁
	FYM + Glomus fasciculatum
	63.33ᵇ
	92.67ᵇ

	T₂
	FYM + Glomus mosseae
	59.00ᶜ
	83.33ᶜ

	T₃
	Vermicompost + G. fasciculatum
	75.33ᵃ
	111.33ᵃ

	T₄
	Vermicompost + G. mosseae
	70.33ᵃᵇ
	103.33ᵃᵇ

	T₅
	Tank Silt + G. fasciculatum
	43.00ᵈ
	76.33ᵈ

	T₆
	Tank Silt + G. mosseae
	36.66ᵉ
	67.33ᵉ







	T₇
	Soil + G. fasciculatum
	30.66ᶠ
	56.67ᶠ

	T₈
	Soil + G. mosseae
	26.33ᶠ
	51.00ᶠ

	T₉
	Uninoculated Control
	0.00ᵍ
	0.00ᵍ


G. mosseae- Glomus mosseae, G. fasciculatum -Glomus fasciculatum
Note: Means of the same superscript in the column do not differ significantly @ P<0.05 as per DMRT VC: Vermicompost, FYM: Farm Yard Manure.























Figure 1: Effect of inoculum load on AM root colonization of finger millet seedlings at different growth intervals
A critical perusal of the data in Table 1 (Fig 1.) reveals a statistically significant influence of substrate composition on the establishment of the mycorrhizal symbiosis. The treatment consisting of Vermicompost amended with Glomus fasciculatum recorded the maximum root colonization of 75.33%. This represents a substantial increase over the native soil control, which recorded only 30.66%. This treatment was statistically superior to all other combinations tested, indicating that the specific interaction between Glomus fasciculatum and vermicompost creates a highly favorable niche for fungal proliferation. The next best performance was observed in the Vermicompost + Glomus mosseae treatment, which recorded 70.33% colonization. Although slightly lower, it was still significantly higher than the FYM treatments, underscoring the





[image: ]superiority of vermicompost as a base material. Treatments involving Farm Yard Manure (FYM) showed moderate efficacy; FYM + G. fasciculatum recorded 63.33% colonization. While FYM is a standard organic amendment, its variable decomposition rate and potential release of phenolics may explain its slightly lower efficacy compared to the stabilized vermicompost. However, FYM treatments were still vastly superior to Tank Silt treatments, which recorded 43.00% and 36.66% colonization respectively. The lowest colonization in inoculated pots was observed in the native soil treatments, ranging from 26.33% to 30.66%, indicating that native soil alone lacks the physical porosity and biological stimulants required for intensive mass multiplication. The uninoculated control showed zero colonization, validating the effectiveness of the sterilization protocols used in the experiment.
The marked superiority of vermicompost treatments over FYM and Tank Silt can be attributed to the unique micro-architecture and biological properties of the substrate. Vermicompost typically possesses a significantly lower bulk density (0.6–0.8 g/cm³) compared to red soil or tank silt (1.3–1.5 g/cm³), which directly influences the aeration porosity of the medium. AM fungi are obligate aerobes; their extra-radical mycelium requires adequate oxygen tension to traverse the soil matrix, explore for resources, and infect the root cortex. The porous nature of vermicompost facilitates unrestricted hyphal extension, preventing the hypoxic conditions that often occur in heavier soils. Furthermore, vermicompost is rich in humic substances, including humic and fulvic acids. Recent molecular studies by Zhang et al. (2019) have shown that humic substances can structurally mimic strigolactones, the primary signaling molecules released by plant roots that trigger fungal spore germination. This chemical priming likely resulted in a higher percentage of initial infection points in the vermicompost treatments, leading to more rapid and extensive colonization. Additionally, Geeta et al. (2013) noted that vermicompost has a narrower C:N ratio (typically 12:1 to 15:1) compared to raw FYM (20:1 to 30:1). This ensures a steady release of nitrogen that supports the vigorous growth of the host plant (Maize) without suppressing the fungal symbiosis through nitrogen toxicity or locking up nutrients in microbial biomass. In contrast, the tank silt treatments likely suffered from physical compaction and high bulk density. In such clay-heavy substrates, the pore spaces are often smaller than the diameter of the fungal hyphae, mechanically restricting their growth and limiting the contact surface area between the fungus and the root, a limitation noted by Patricia et al. (2009).








Table 2. Root colonization and spore numbers in the root zone of finger millet seedlings inoculated with G. fasciculatum and G. mosseae ([image: ]200 g inoculum /5kg substrate)



The detailed kinetic data in Table 2 (Plate 1.) confirms the superior aggressiveness of G. fasciculatum over G. mosseae during the critical Log Phase. At 25 DAS, G. fasciculatum had already achieved 46.20% colonization compared to 42.50% for G. mosseae. This 4-point lead widened to nearly 4 points by the saturation phase at 30 DAS (68.50% vs 64.80%). This reinforces the earlier finding that the indigenous G. fasciculatum strain possesses higher infectivity, making it the preferred candidate for the bio-hardening protocol.
Commented [ks6]: It should be non italic


	
Sampling Intervals
	G. fasciculatum
	G. mosseae
	
Infection Status

	
	Root Colonization (%)
	Spore numbers/10 g soil
	Root Colonization (%)
	Spore numbers/ 10 g soil
	

	10 DAS
	0.00
	4.00
	0.00
	4.00
	Lag Phase

	15 DAS
	2.50
	3.80
	1.80
	3.60
	Hyphal Entry

	20 DAS
	18.50
	5.50
	16.20
	5.20
	Colonization Initiation

	25 DAS
	46.20
	15.20
	42.50
	12.50
	Log Phase

	30 DAS
	68.50
	42.00
	64.80
	38.00
	Saturation


























Fig.2. Roots of finger millet seedling showing arbuscular mycorrhizal colonization (vesicles)
4.3 Synergistic interactions of microbial consortia in controlled pot culture





[image: ]Following the successful standardization of the nursery inoculation protocol in the initial phase, the investigation proceeded to its second critical objective: evaluating the interactive potential of the bio-hardened seedlings with specific Plant Growth Promoting Rhizobacteria (PGPR) under controlled glasshouse conditions. This intermediate phase was designed to bridge the gap between the nursery and the open field, allowing for a precise dissection of the Triple Synergy hypothesis without the confounding variables of field heterogeneity such as soil slope, pest pressure, or erratic rainfall. The experiment utilized a Two-Step inoculation strategy: Step 1 involving Glomus-colonization in the nursery (Bio-hardening), and Step 2 involving a root-dip treatment with Azotobacter and Pseudomonas at the time of transplanting. This section provides a comprehensive analysis of the vegetative dynamics, yield realization, and rhizospheric alterations observed in the pot culture study, interpreting the data through the lens of recent advances in microbiome science.
Table 3. Influence of microbial inoculants on growth of finger millet under pot culture

	
Treatments
	Plant
height (cm)
	No. of
tillers hill⁻¹
	Total biomass (g
plant⁻¹)

	Control (Uninoculated)
	68.00ᵉ
	2.50ᵉ
	18.00ᵉ

	Glomus fasciculatum (GS)
	82.50ᶜ
	4.50ᶜ
	28.50ᶜ

	Glomus mosseae (GM)
	81.00ᶜ
	4.40ᶜ
	27.80ᶜ

	Azotobacter salinestris (AS)
	77.50ᵈ
	3.90ᵈ
	25.00ᵈ

	Pseudomonas nitroreducens (PN)
	78.00ᵈ
	4.00ᵈ
	25.50ᵈ

	GF + AS
	85.00ᵇᶜ
	5.00ᵇ
	32.00ᵇ

	GM + AS
	84.50ᵇᶜ
	4.80ᵇ
	31.50ᵇ

	GF + PN
	86.50ᵇ
	5.20ᵇ
	33.50ᵇ

	GM + PN
	85.20ᵇ
	5.00ᵇ
	32.80ᵇ

	GF + AS + PN
	92.50ᵃ
	6.50ᵃ
	38.50ᵃ

	GM + AS + PN
	91.00ᵃ
	6.20ᵃ
	37.80ᵃ


Means with the same superscript in a column do not differ significantly at P=0.05 as per Duncan's Multiple Range Test.





[image: ]The data in Table 3 reveals a distinct hierarchy of efficacy: Triple Inoculation > Dual Inoculation > Single Inoculation > Uninoculated Control. The treatment representing the full consortium of Glomus fasciculatum, Azotobacter salinestris, and Pseudomonas nitroreducens recorded the maximum plant height of 92.50 cm. This is a statistically significant improvement over all other treatments, representing a 36.0% increase over the control (68.00 cm) and a 12.1% increase over the single Glomus inoculation (82.50 cm). The alternate triple consortium (G. mosseae based) followed closely with 91.00 cm, confirming the robustness of the triple-agent strategy regardless of the specific fungal species used. The impact on tillering-a critical yield determinant in millets-was even more pronounced. The superior triple consortium produced an average of 6.50 tillers per hill, which corresponds to a massive 160% relative increase over the control (2.50 tillers). Even compared to the single bacterial treatments, which averaged ~4.0 tillers, the triple consortium demonstrated a synergistic gain of over 60%.

The physiological basis for this enhanced vegetative growth lies in the complementary modes of action of the microbial partners. Azotobacter salinestris serves as a rhizospheric nitrogen factory. As documented by Mehta et al. (2024), free-living diazotrophs can fix significant quantities of atmospheric nitrogen (20-40 kg N/ha equivalent), which is the primary driver of vegetative biomass and chlorophyll synthesis. Moreover, Azotobacter species are prolific producers of phytohormones, specifically Indole-3-Acetic Acid (IAA) and Gibberellins (GA3). Thilagar et al. (2016) quantified IAA production in Azotobacter strains and found a direct correlation between hormone levels and apical dominance or stem elongation. This hormonal stimulus explains the increased height. However, nitrogen fixation is an energetically expensive process, requiring large amounts of Adenosine Triphosphate (ATP) to break the triple bond of the N2 molecule. Since phosphorus is a key component of ATP, P-limitation often restricts biological nitrogen fixation in tropical soils.
This is where the synergy of the triple consortium becomes critical. Pseudomonas nitroreducens solubilizes insoluble inorganic phosphates (like Tricalcium Phosphate) through the secretion of organic acids such as gluconic, citric, and malic acid, releasing orthophosphate ions into the soil solution. Simultaneously, the extra-radical mycelium of Glomus fasciculatum acts as a high-affinity transport system, scavenging this solubilized P and delivering it directly to the root cortex. This interaction, described as Solubilization-Transport Coupling by Richardson et al. (2009) and more recently by Sharma et al. (2024), ensures that the Azotobacter and the host plant
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have sufficient energy reserves to fuel rapid growth. The inferior performance of single inoculations can thus be attributed to stoichiometric limitations: AMF provided P but no N, while Azotobacter provided N but was P-limited. The triple consortium resolves these nutritional bottlenecks, creating a balanced source-sink metabolic state that maximizes vegetative output.
Table 4. Influence of microbial inoculants on grain yield and root parameters under pot culture

	
Treatments
	Grain yield (g plant⁻¹)
	Root length (cm)
	Root colonization (%)

	Control (Uninoculated)
	9.50ᶠ
	18.00ᶠ
	12.00ᶠ

	Glomus fasciculatum (GS)
	18.20ᶜ
	25.50ᵈ
	62.00ᶜ

	Glomus mosseae (GM)
	17.50ᶜ
	24.80ᵈ
	60.00ᶜ

	Azotobacter salinestris (AS)
	14.20ᵈ
	22.00ᵉ
	18.00ᵉ

	Pseudomonas nitroreducens (PN)
	14.50ᵈ
	22.50ᵉ
	20.00ᵉ

	GF + AS
	20.50ᵇ
	28.00ᶜ
	65.50ᵇ

	GM + AS
	19.80ᵇ
	27.50ᶜ
	63.50ᵇ

	GF + PN
	21.80ᵇ
	29.50ᵇ
	68.00ᵇ

	GM + PN
	20.20ᵇ
	28.50ᵇ
	66.00ᵇ

	GF + AS + PN
	24.50ᵃ
	32.00ᵃ
	78.50ᵃ

	GM + AS + PN
	23.80ᵃ
	31.50ᵃ
	76.00ᵃ


Means with the same superscript in a column do not differ significantly at P=0.05 as per Duncan's Multiple Range Test.
The yield data vividly illustrates the transformative potential of the bio-consortium approach as depicted in the table 4. The best-performing treatment (GF + AS + PN) recorded a grain yield of 24.50 g/plant, which is more than 2.5 times the yield of the control (9.50 g/plant) and significantly higher than the single AMF treatment (18.20 g/plant). The relative increase over the control was a staggering 157.8%. This yield maximization is the result of improved Source-to-Sink partitioning. Phosphorus is well-known as the key nutrient for reproductive development; it is essential for DNA synthesis, cell division in the developing embryo, and energy transfer during grain filling. The treatments containing Pseudomonas consistently showed higher yields than their non-PSB counterparts, highlighting the importance of P-solubilization in the restricted soil volume of a pot.





[image: ]However, nitrogen is equally crucial for protein synthesis and grain weight. The single bacterial treatments provided only moderate yield increases (~50%) because while they supplied N or P, they lacked the extensive reach of the mycorrhizal network to scavenge nutrients from the bulk soil. The triple consortium essentially mimics a Balanced Fertilization strategy but using biological agents. Singh and Reddy (2025) noted that microbial consortia significantly improve the Harvest Index (HI) of millets by delaying leaf senescence (the stay-green trait) and ensuring a prolonged supply of photosynthates to the developing grain. The high N availability from Azotobacter increased the protein content and sink capacity (number of grains), while the P supplied by the Pseudomonas-Glomus duo ensured that these grains were well-filled and heavy. This complementarity is supported by the work of Kaushik et al. (2020), who found that triple inoculation in finger millet increased nutrient use efficiency by over 35%, leading to higher test weights and reduced chaffiness
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