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Vesicular Arbuscular Mycorrhiza an Important Biofertilizer for Production of Quality Seedlings of Tree Species




Abstract 
Vesicular arbuscular mycorrhiza (VAM) is a symbiotic fungus accompanying with the roots of higher plants, playing a dynamic role in enhancing seedling growth and quality. It improves nutrient availability, particularly phosphorus, boosts chlorophyll content and fixes atmospheric nitrogen in leguminous species. These benefits make VAM a significant tool in forest nurseries for producing quality planting materials of economically and ecologically important tree species. This review highlights the potential of VAM, alone and in combination with other biofertilizers, in improving seedling growth, quality attributes, and soil fertility, emphasizing its role in sustainable nursery practices for the production of quality tree seedlings. The methodological approach involved reviewing studies that assessed the effects of VAM inoculation under controlled nursery conditions, either independently or combined with biofertilizers such as Rhizobium, phosphate-solubilizing bacteria (PSB), Azospirillum, Frankia, Phosphobacterium, and Azotobacter. Parameters such as seedling growth, nutrient uptake and quality attributes were analyzed. The effects of combining VAM with nutrient inputs like rock phosphate and NPK fertilizers were also evaluated. VAM inoculation alone significantly improved seedling quality in species such as Anthocephalus cadamba, Azadirachta indica, Dalbergia sissoo, and Swietenia macrophylla. Its combination with biofertilizers enhanced growth in species like Acacia catechu, Butea monosperma, Eucalyptus tereticornis and Tectona grandis. Integration with nutrient inputs further boosted the performance of species like Leucaena leucocephala and Acacia mangium. VAM is a promising tool for producing quality seedlings, contributing to sustainable afforestation and reforestation efforts by enhancing seedling growth, improving soil fertility and supporting environmental conservation.
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Introduction 
Biological compositions including dormant or active microorganisms or their metabolites that are present in the root area or inside plant tissues are referred to as "biofertilizers." (Naveed et al., 2015). When applied to seeds, plants or soil they colonize the rhizosphere and/or plant interiors enhancing plant growth and productivity (Thorat et al., 2025; Mahanty et al., 2017). These microbes are essential for converting nutrients from unusable to usable forms and supporting nutrient addition, conservation and augmentation. (Vessey, 2003). Furthermore, biofertilizers increase soil biodiversity by introducing beneficial microbes into the ecosystem contributing to improved soil health and sustainable agriculture (Raja, 2014).   Biofertilizers include nitrogen fixation (Gupta et al., 2012), phosphorus mobilization, phosphorus solubilization and potassium solubilization (Youssef and Eissa 2014; Thomas and Singh 2019). They are classified into bacterial, fungal, algal and actinomycetes biofertilizers based on their microbial composition (Allouzi et al., 2022). Among the various types of biofertilizers, mycorrhizal fungi play a unique role due to their symbiotic relationship with plant roots. The term "mycorrhiza" was coined by A.B. Frank in 1885 and is derived from the Greek words myco (fungus) and rhiza (roots). This mutualistic relationship is non-pathogenic and benefits plants by enhancing nutrient uptake, particularly phosphorus, while improving resistance to environmental stresses (Dwivedi, 1993)
Mycorrhizae are broadly classified into three types: ectomycorrhiza, endomycorrhiza, and ectendomycorrhiza. Ectomycorrhizae are characterized by extracellular fungal growth in the root cortex. They are predominantly associated with woody plants, forming symbiotic relationships with over 2,000 species of trees such as Pinus, Quercus, Eucalyptus and Sal. (Dwivedi, 1993). The majority of these fungus are members of the Basidiomycetes (Perez Moreno et al., 2021) and Ascomycetes groups and play a vital role in forest ecosystems by improving tree health and productivity (Dwivedi, 1993). Endomycorrhizae, commonly known as vesicular-arbuscular mycorrhiza (VAM), are the most prevalent type, found in nearly 90 % of all herbaceous and woody plants (Sharma et al., 2025). These fungi form intercellular and intracellular structures, including vesicles and arbuscules, in the root cortex. VAM fungi, which belong to the family Endogonaceae and the order Glomales, are symbiotic with a varied range of plants, including angiosperms, gymnosperms and pteridophytes. They enhance phosphorus absorption, boost nitrogen fixation in leguminous plants and improve plant tolerance to drought, high temperatures, heavy metal toxicity, and transplanting stress. Additionally, VAM fungi enhance soil aeration and control nematode infestations, making them effective biofertilizers for agricultural and forestry applications (Dar and Reshi, 2017). Ectendomycorrhizae exhibit characteristics of both ectomycorrhizae and endomycorrhizae, including extensive intracellular fungal penetration. This type of mycorrhiza is primarily restricted to conifer families such as Pinus and Picea (Dwivedi, 1993).
In forestry, the inoculation of VAM fungi has gained prominence due to their ability to produce high-quality seedlings. VAM fungi enhance seedling sturdiness, health and survivability, ensuring quicker establishment in the field. They improve nutrient uptake efficiency, particularly phosphorus and enhance plant vigor and resilience to environmental stresses. VAM inoculation is particularly beneficial for tree species used in afforestation and reforestation programs, as it supports sustainable forestry practices without posing environmental risks. This paper focuses on the role of VAM fungi as biofertilizers in forestry, emphasizing their contribution to the production of quality seedlings for ecologically and economically significant tree species. A SWOT analysis of VAM inoculation in seedling production highlights its strengths and opportunities, underscoring its importance in sustainable forestry practices. By incorporating VAM into nursery management, forestry practices can achieve improved seedling quality, better establishment rates, and enhanced ecological sustainability.
VAM in production of quality seedlings of timber yielding tree species 
	Timber tree species are used in many different wood-based industries. It is crucial to produce high-quality seedlings to meet the demand for timber. Production of quality seedlings is important to fulfill the demand of timber. The influence of VAM in the production of quality seedling of timber yielding tree species is depicted in Table 1. Rani et al. (1999) studied effect of VAM fungi, Rhizobium and Trichoderma harzianum the on growth attributes of Acacia nilotica. They found maximum plant growth, biomass, nodulation attributes and VAM infection (58 %) in A. nilotica when inoculated with G. mosseae and Rhizobium spp. Reena and Bagyaraj (1990) recorded that Acacia nilotica seedlings performed better in growth as well as in root colonization attributes when seedling inoculated with Glomus mosseae (ICRISAT), whereas, Calliandra calothyrsus seedlings performed better to Glomus velum (Nedl) and Glomus merredum (Nedl) for growth and root colonization parameters. Krishan et al. (2006) investigated the influence of Rhizobium and VAM isolates on the growth performance of Albizia lebbeck seedlings. They revealed that dual inoculation of ALS-3 + G. mosseae showed maximum shoot length (31.90 cm), root length (29.30 cm) and total P uptake (19.70 mg plant-1) whereas leaf area (89.9 cm2 plant-1), total chlorophyll content (4.76 mg), root colonization (61.0 %) and P content (0.30 mg in shoot and 0.34 mg in root) were recorded maximum in SAM-3 + G. mosseae. Furthermore, the Rhizobium isolate ALS-3 recorded the highest number of root nodule (25.3 plant-1) and nodule biomass (51.1 mg) whereas the highest total biomass yield (8.3 g) was accumulated by the rhizobial isolate SAM-3. Al-Atrash et al. (2021) investigated the response of various timber tree seedlings cultivated in calcareous soil to mycorrhizal and phosphate dissolving bacteria inoculation. Out of all the treatments, they found that the VAM + Bacillus polymexa treatment produced the greatest growth in Swietenia macrophylla, Albizia lebbeck and Dalbergia sissoo seedlings. Khan et al. (2001) investigated the growth response of D. sissoo seedlings when treated with arbuscular mycorrhiza (AM), Rhizobium and NPK fertilizer application in nursery. They recorded that among different treatment, AM fungi exhibited maximum impact on shoot height (37.06 cm), collar diameter (5.02 mm), dry root (3.28 g) and shoot (3.06 g) weight and total biomass (6.33 g) of D. sissoo seedlings. Raj et al.  (2010) examined the use of biofertilizers to produce quality teak seedlings. The best growth, biomass and seedling vigor were observed in teak when VAM (Glomus fasiculatum), Azospirillum brasilense, and Phosphobacterium were applied in combination. 
VAM in production of quality seedlings of TBOs
Production of quality seedlings of TBOs (Tree Borne Oilseeds) is important for increasing the production of biofuel. The influence of VAM on the production of quality seedlings is depicted in Table 2. Venkatesh et al. (1998) investigated the effectiveness of biofertilizer inoculation with Rhizobium, Phosphobacteria and VAM, both sole and in combination, on the growth and development of Pongamia pinnata seedlings. They found that combination of Rhizobium, Phosphobacteria and VAM recorded maximum seedling growth and increment (32.2 % shoot length, 31.1 % root length and 54.9 % total dry weight) than the control. Sumana and Bagyaraj (2003) investigated the impact of VAM on the growth response of Azadirachta indica seedlings. They recorded that seedling inoculated with G. mosseae exhibited higher plant height (24.27 cm), number of leaves (11.90), stem collar girth (5.08 mm), dry biomass (shoot of 4.26 and root of 4.23 g plant-1), with biovolume index (611.61) and quality index (0.85). 
VAM in production of quality seedlings of MPTs for Agroforestry
Multipurpose tree species in agroforestry is a major component of many agroforestry practices that influence the overall yield. Quality plating material is important for good yield. The production of quality seedlings of MPTs (Multi-Purpose Tree Species) for Agroforestry is presented in Table 3. Jeyanny et al. (2011) found that seedlings of Acacia mangium inoculated with AM + NPK had the maximum values for shoot height (17.5 cm), stem diameter (2.57 mm), total dry biomass (1.08 g), root: shoot ratio (0.25) and mycorrhizal infection (77.9 %). Dubey et al. (2006) recorded that after six months of biofertilizer application, Acacia catechu showed more seedling height (48.94 cm) in Rhizobium + VAM combination treatment, while Azotobacter + VAM combination recorded more seedling height in B. monosperma (23.94 cm). Further, Puthur et al. (1998) reported that micropropagated Leucaena leucocephala plantlets exhibited maximum shoot length (28.5 cm), number of leaves (14.0) and degree of nodulation in VAM inoculated soil than other treatments. Yacoub et al. (2023) recorded a higher shoot growth rate of 17.5 cm/month and total dry weight of 106.2 g in L. leucocephala seedlings when seedlings exposed to Rhizobium + VAM in rock phosphate added soil than soil without rock phosphate. Rajeshkumar et al. (2009) recorded that the combined doses of Glomus geosporum, Azotobacter chroococcum and Bacillus coagulans lead to maximum growth (seedling height of 36.5 cm and stem diameter of 7.6 mm), total biomass (12.1 g per plant), biovolume index (2076), and quality index (1.06) in Melia azedarach seedlings. Muthu-Kumar et al. (2023) recorded that the combination of AMF + Azospirillum + Azotobacter + Phosphobacteria + Potash mobiliser showed a significant effect on growth parameters of sandalwood seedlings such as shoot length (52.50 cm), collar diameter (4.27 mm), root length (26.00 cm), total dry weight (shoot weight of 15.18 g) and root weight of 15.21 g) and root: shoot ratio (1.01) than other treatments. Further Dickson’s quality index is found maximum in AMF + Potash mobilise treatment. Reena and Bagyaraj (1990) recorded that Calliandra calothyrsus seedlings performed better to Glomus velum (Nedl) and Glomus merredum (Nedl) for growth and root colonization parameters. 
VAM in production of quality seedlings of pulp and paper
Production of quality planting materials is important for producing raw paper and pulp materials. VAM in production of quality seedlings of pulp and paper is presented in Table 4. Shah et al. (2007) studied the effect of Rhizobium, Frankia and VAM on the seedling growth and biomass of A. nilotica, Casuarina equisetifolia and Eucalyptus tereticornis. They found that in A. nilotica, shoot length (63.31 cm), root length (39.36 cm) and root nodulation characters were maximum in Rhizobium + VAM inoculation; whereas in C. equisetifolia, shoot length (94.49 cm), root length (43.06 cm) and biomass (11.59 mg) were recorded highest in Frankia + VAM inoculation. Further, maximum shoot length (106.74 cm), root length (49.69 cm) and biomass (8.47 mg) were obtained when seedling inoculated with Azospirilum + VAM inoculation in E. tereticornis.
Conclusion
Vesicular arbuscular mycorrhiza (VAM) significantly enhances the growth and quality of tree seedlings, either alone or in combination with biofertilizers like Rhizobium, PSB, Azospirillum and others. It has proven effective in species like Anthocephalus cadamba, Azadirachta indica, Tectona grandis, and Santalum album. Additionally, combining VAM with rock phosphate or NPK fertilizers boosts seedling growth in species such as Leucaena leucocephala and Acacia mangium. VAM is a promising inoculant for producing quality planting material in forest nurseries.
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Table 1: Influence of VAM on quality seedling production of timber tree species

	Sr. no
	Name of species 
	Inoculation  
	VAM treatment 
	Characters of quality seedling production
	Source

	1
	Acacia nilotica
	Seed 
	VAM 
	Maximum plant growth, biomass, nodulation attributes and VAM infection
	Rani et al. (1999)

	2
	Acacia nilotica
	Seedling
	Glomus mosseae
	growth as well as in root colonization attributes
	Reena and Bagyaraj (1990)

	3
	Albizia lebbeck
	Seedling 
	ALS-3 + G. mosseae 
	Enhance growth parameters of tree, total P uptake, leaf area, total chlorophyll content, root colonization, P content, root nodule and nodule biomass 
	Krishan et al. (2006) 

	4
	Dalbergia sissoo
	Seedling 
	Arbuscular mycorrhiza (AM), Rhizobium and NPK fertilizer 
	Enhance growth parameters of tree, dry root and shoot weight and total biomass  
	Khan et al. (2001) 

	5
	Swietenia macrophylla
	Seedling 
	VAM alone
	Enhance growth parameters, dry weight of plant higher seedling quality index  
	Saini (2019)

	6
	Tectona grandis 
	Seedling 
	 VAM + Azospirillum brasilense + Phosphobacterium
	Enhance growth parameters, biomass and seedling vigour  
	Raj et al. (2010) 

	7
	Swietenia macrophylla
	Seedling 
	VAM + Bacillus polymexa
	exhibited maximum growth
	Al-Atrash et al. (2021)

	8
	 Albizia lebbeck 
	Seedling 
	VAM + Bacillus polymexa
	exhibited maximum growth
	Al-Atrash et al. (2021)

	9
	Dalbergia sissoo
	Seedling 
	VAM + Bacillus polymexa
	exhibited maximum growth
	Al-Atrash et al. (2021)




Table 2: Influence of VAM on quality seedling production of TBOs

	Sr. no
	Name of species 
	Inoculation  
	VAM treatment 
	Characters of quality seedling production
	Source

	1
	Azadirachta indica
	Seedling
	G. mosseae alone
	Exhibited higher plant height number of leaves, stem collar girth, dry biomass, with biovolume index and quality index 
	Sumana and Bagyaraj (2003)

	2
	Pongamia pinnata 
	Seedling 
	Rhizobium, Phosphobacteria and VAM
	Enhance seedling growth and increment (shoot length, root length and total dry weight)
	Venkatesh et al. (1998)



Table 3: Influence of VAM on quality seedling production of MPTs in Agroforestry

	Sr. no
	Name of species 
	Inoculation  
	VAM treatment 
	Characters of quality seedling production
	Source

	1
	 Acacia catechu 
	Seedling 
	Rhizobium + VAM
	Exhibited higher plant height   
	Dubey et al. (2006) 

	2
	Acacia mangium
	Seedling
	AM+ NPK
	Exhibited higher plant height 
	Jeyanny et al. (2011)

	3
	Butea monosperma
	Seedling
	Azotobacter + VAM
	Maximum seedling height
	Dubey et al. (2006)

	4
	Leucaena leucocephala
	Plantlets 
	VAM alone
	Maximum shoot length, number of leaves and degree of nodulation  
	Puthur et al. (1998)

	5
	Melia azedarach
	Seedling
	Glomus geosporum, Azotobacter chroococcum, and Bacillus coagulans 
	Maximum growth, total biomass, biovolume index   and quality index  
	Rajeshkumar et al. (2009) 

	6
	Santalum album
	Seedling
	AMF + Azospirillum + Azotobacter + Phosphobacteria + Potash mobiliser 
	Enhance growth parameters   total dry weight, root: shoot ratio and maximum Dickson’s quality index  
	Muthu-Kumar et al. (2023) 

	7
	Calliandra calothyrsus
	Seedling 
	Glomus velum (Nedl) and Glomus merredum (Nedl) 
	Enhance growth and root colonization parameters.
	Reena and Bagyaraj (1990) 

	8
	Leucaena leucocephala
	Plantlets 
	Rhizobium + VAM
	Maximum shoot height and total dry weight
	Yacoub et al. (2023)







Table 4: Influence of VAM on quality seedling production of pulp and paper

	Sr. no
	Name of species 
	Inoculation  
	VAM treatment 
	Characters of quality seedling production
	Source

	1
	Eucalyptus tereticornis
	Seedling 
	Azospirilum + VAM
	Shoot length, root length and biomass
	Shah et al. (2007)

	2
	Casuarina equisetifolia
	Seedling 
	  Frankia +VAM
	Shoot length, root length and biomass
	

	3
	Anthocephalus cadamba  
	Seedling 
	VAM alone 
	Enhance growth parameter, biomass   and seedling quality index    
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Figure 1: SWOT Analysis of Vesicular Arbuscular Mycorrhiza for production of quality seedlings of    economically important tree species
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