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Abstract
Soybean (Glycine max L. Merrill) is a major legume crop and its productivity relies mainly on symbiotic nitrogen fixation with rhizobia. Biological nitrogen fixation (BNF) through symbiosis with rhizobia plays a crucial role in reducing dependence on chemical fertilizers, enhancing soil fertility, and sustaining crop productivity. The current study assessed the nodulation and symbiotic efficacy of native rhizobial strains isolated from soybean cultivars grown under the agroclimatic region of Chhattisgarh. Symbiotic parameters like nodulation characteristics, biomass accumulation, shoot nitrogen content and leghaemoglobin concentration were measured at 50% flowering stage. Field trials with seven soybean cultivars (SNM-24-68, SNM-24-69, SNM-24-70, SNM-24-71, SNM-24-72, SNM-24-73, SNM-24-74) assessed for growth parameters and symbiotic traits at 60 DAS. SNM-24-74 performed best, showing maximum plant height (66.75 cm), nitrogen uptake (122.75 mg/plant), nodule number (80.75/plant), and leghaemoglobin (2.70 mg/g). Nodulation assessments revealed that SNM-24-74 recorded the highest dry nodule weight (722.00 mg/plant). There was a noticeable difference between cultivars being the significantly highest in Variety, SNM-24-74 followed by SNM-24-70. Seven rhizobial isolates SR-68, SR-69, SR-70, SR-71, SR-72, SR-73, SR-74 were isolated from these seven soybean cultivars and coded according to the concerned cultivars. Further, among native rhizobial strains, SR-74 and SR-70 isolated from soybean cultivars SNM-24-74 and SNM-24-70 respectively, showed good colony growth on YEMA media and all showed a positive response towards IAA production. The study suggests that indigenous rhizobial isolates associated with high-performing cultivars such as SNM-24-74 could be further explored as potential bioinoculants for enhancing soybean productivity in Chhattisgarh, India.
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Introduction
This biological process plays an essential role in sustainable agriculture, since it enables a reduction in exogenous nitrogen fertilizers while providing an efficient means of producing protein-rich food. Nitrogen (N) deficiency in agricultural soils has led to an increased demand for chemical nitrogen fertilizers. However, the excessive use of chemical inputs causes serious environmental problems such as eutrophication and water pollution (Akaffou et al., 2025). Soybean (Glycine max L. Merrill) is one of the most important leguminous crops worldwide, valued for its high protein (40%) and oil (20%) content, making it a vital component in food, feed, and industrial applications. In India, soybean cultivation has expanded rapidly, particularly in central states such as Madhya Pradesh and Chhattisgarh, contributing significantly to the national oilseed economy. However, its productivity is often constrained due to poor soil fertility and limited nitrogen availability, as soybean has a high nitrogen demand during growth and grain filling (Hungria & Mendes, 2015). Soybean can be successfully nodulated by strains of all the recognized species of rhizobia. The contribution of rhizobia to the nitrogen economy of the soil is quite substantial. The application of commercial rhizobial strains became widely known in parts where native nodulation is inadequate. Rhizobia inoculation has become an important agronomic practice to ensure adequate nitrogen supply to legumes to reduce the amount of inorganic nitrogen fertilizers required (Desta et al., 2023). Biological nitrogen fixation (BNF) through symbiosis with rhizobia plays a crucial role in reducing dependence on chemical fertilizers, enhancing soil fertility, and sustaining crop productivity (Giller, 2001). Among rhizobia, Bradyrhizobium japonicum and related strains establish effective nodulation with soybean, improving yield under diverse agro-ecological conditions (Herridge et al., 2008). Indigenous rhizobial populations often exhibit significant variability in symbiotic effectiveness, which depends on host genotype, soil conditions, and microbial diversity (Tena et al., 2016).
Chhattisgarh, often referred to as the “Rice Bowl of India,” is increasingly adopting soybean cultivation as a diversification strategy. Yet, limited studies have investigated the effectiveness of indigenous rhizobia in this region, despite their potential role in reducing fertilizer inputs and improving sustainable agriculture (Shanti et al., 2021). Assessing the nodulation performance and symbiotic effectiveness of native rhizobial isolates is, therefore, essential for identifying efficient strains suited to local cultivars and environments.
This study aims to evaluate the symbiotic effectiveness of indigenous rhizobial strains and nodulation as well as N fixation in different soybean cultivars under the climatic region of Chhattisgarh, thereby contributing to the development of location-specific bioinoculants for enhanced soybean productivity.

Materials and Methods
Field experiments with various soybean varieties have been conducted in the Research trial field during kharif 2024-25, Indira Gandhi Krishi Vishwavidyalaya, Raipur (Chhattisgarh). The experiment involves the isolation and characterization of Rhizobiumfrom soybeanroot nodules,conducted in the Microbiology laboratory of the Department of Microbiology, Indira Gandhi Krishi Vishwavidyalaya, Raipur (Chhattisgarh).

Isolation and Purification of Rhizobium isolate from Soybean root nodules
Soybean rhizobia were isolated from root nodules of various soybean varieties grown in the research field, Indira Gandhi Krishi Vishwavidyalaya, Raipur. To isolate indigenous rhizobia, seven soybean varieties were selected in a replication-wise wise within the research field.Isolation was carried out following serial dilution and plating method. 
	Sterilised petri dishes containing YEMA medium were inoculated with 0.1 ml aliquots from the crushed nodule dilutions and incubated at 28 °C for 2–3 days. Colorless colonies were identified as Rhizobium, while red colonies indicated the presence of Agrobacterium contaminants. Pure cultures were obtained by repeated streaking, and a clear, elevated, opaque white colony was transferred to YEMA slants, incubated (3–10 days at 28 °C), and preserved at 4 °C for further study (Rao, 1988).
Estimation of Indole Acetic Acid
	Isolates were grown in LB broth with 0.01% tryptophan at 28 ± 2°C for 3 days (shaking). The culture supernatant (centrifuged at 10,000 rpm, 4°C, 20 min) was mixed with orthophosphoric acid and Salkowski’s reagent. A reddish-pink colour confirmed IAA production. (Sukmawatiet al., 2021).
Evaluation of Soybean Varieties Based on Symbiotic Parameters 
Study of Nodulation 
At 50% flowering, 2–3 healthy nodules were collected from seven randomly selected soybean plants, washed (Agoyiet al., 2016), counted, and weighed for fresh weight (Solaiman and Hossain, 2006). Healthy spherical nodules were used for Rhizobium isolation.
Biomass accumulation study 
Using a balance, the fresh weights of the roots, nodules, and shoots were determined and recorded. The shoots, roots, and nodules were initially allowed to air dry before being oven-dried for 72 hours at 65°C to determine their dry weight. After that, the dry weights were noted (Vishwakarma et al., 2023)

Plant Shoot N Content
Nitrogen content was estimated using the Micro-Kjeldahl method (Mostafa et al., 2023) with an automated digestion–distillation unit (Kelpluskelvac VA Pelican India). For digestion, 0.25 g of plant tissue was treated with CuSO₄–K₂SO₄ salt mixture and H₂SO₄, and heated at 350–420 °C for 90 min. The digested sample was distilled with 40% NaOH into boric acid indicator solution (16 min) and titrated against 0.05 N H₂SO₄. Nitrogen concentration (%) was calculated from titration values using standard formulae.
Leghaemoglobin Content
Leghaemoglobin concentration was determined at 50% flowering using the modified pyridine-hemochromogen method (Halwaniet al., 2021). A protein extract was mixed with pyridine–NaOH solution, reduced with sodium dithionite, oxidized with potassium ferricyanide, and the absorbance was measured at 556 and 539 nm.
Results and Discussion
Study of nodulation behaviour in Soybean
Nodule counts varied significantly among soybean cultivars (Fig. 1). SNM-24-74 recorded the highest mean nodule number (80.75/plant), followed by SNM-24-68 (75.75/plant), while SNM-24-72 had the lowest (51.25/plant). Variations in nodulation are attributed to host genotype and the effectiveness of the rhizobial symbiont, as also reported by Dansena (2023) and Nakie et al. (2024). At 50% flowering (Fig. 1), SNM-24-70 exhibited the highest fresh nodule weight (1107.00 mg/plant), followed by SNM-24-74 (1092.50 mg/plant), while SNM-24-69 had the lowest (634.25 mg/plant). In terms of dry weight, SNM-24-74 showed the highest (722.00 mg/plant), followed by SNM-24-68 (688.00 mg/plant), with SNM-24-69 being the lowest (444.50 mg/plant).
Leghaemoglobin Content
Leghaemoglobin content varied among cultivars (Fig. 3), ranging from 1.09 to 2.70 mg/g FW of nodules. SNM-24-74 recorded the highest (2.70 mg/g), followed by SNM-24-73 (2.48 mg/g), while SNM-24-69 had the lowest (1.09 mg/g). Similar trends were reportedwhich suggests evidence of symbiotic nitrogen fixation by Halwani et al. (2021).


Fig. 1: Symbiotic performance of indigenous Rhizobium strains with various soybean varieties at the 50% flowering stage.

[bookmark: _Hlk204301368]
Fig. 2: Symbiotic performance of Indigenous Rhizobium strains in different soybean varieties concerning leghaemoglobin content in nodules for secondary screening



Biomass accumulation study 
	At 50% flowering (Fig.2;Table 1), SNM-24-70 recorded the highest shoot fresh weight (41.75 g/plant) and dry weight (9.38 g/plant), followed by SNM-24-74 (38.50 g and 9.13 g/plant). The lowest fresh weight was recorded in SNM-24-71 (23.75 g/plant), and the lowest dry weight was observed in SNM-24-72 (6.25 g/plant).
	As shown in Fig.2and Table 1, SNM-24-74 recorded the highest root fresh weight (4.63 g/plant) and dry weight (2.07 g/plant), followed by SNM-24-70 (3.83 g and 2.05 g/plant). The lowest fresh weight was recorded in SNM-24-72 (3.31 g/plant), and the lowest dry weight was observed in SNM-24-69 (1.61 g/plant). These findings are consistent with earlier reports highlighting that genotypic variation strongly influences shoot and root growth dynamics, which are linked to crop productivity and adaptability under diverse environments (Vishwakarma et al., 2023).
Plant Shoot N Content
As shown in Table 1, the range of the N accumulation level was 122.75 mg/plant to 83.25 mg/plant. The variety SNM-24-74has the greatest shoot N uptake (122.75 mg/plant), followed by SNM-24-70 (117.00 mg/plant). The variety SNM-24-69 had the lowest shoot N uptake (83.25 mg/plant). Mostafa G. et al.reported a similar outcome in 2023.
Table 1: Dry Shoot and Root biomass accumulation and Nitrogen uptake in the shoot of soybean varieties responsive to Indigenous Rhizobium at 50% flowering stage.
	Soybean
Varieties
	Shoot dry weight (g/plant)
	Root dry weight (g/plant)
	Shoot Nitrogen Uptake (mg/plant)

	SNM-24-68
	8.25
	1.80
	111.75

	SNM-24-69
	7.63
	1.61
	83.25

	SNM-24-70
	9.38
	2.05
	117.25

	SNM-24-71
	7.00
	1.88
	107.50

	SNM-24-72
	6.25
	1.73
	98.75

	SNM-24-73
	8.50
	1.84
	117.00

	SNM-24-74
	9.13
	2.07
	122.75

	SEm±
CD (p=0.05)
	0.40
1.18
	0.11
0.34
	1.61
4.78




Fig.3: Fresh Shoot and Root biomass accumulation of soybean varieties responsive to indigenous Rhizobium at 50% flowering stage.

Table 2: Morphological characterization and IAA production of Soybean Rhizobium isolates isolated from Soybean root nodules
	Soybean Rhizobium isolates isolated from root nodules
	Soybean varieties
	Morphological characters
	Colony growth
	Indole Acetic Acid 

	
	
	Shape
	Gram’s Reaction
	
	

	SR-68
	SNM-24-68
	Rod
	Negative
	++
	Postive

	SR-69
	SNM-24-69
	Rod
	Negative
	+
	Postive

	SR-70
	SNM-24-70
	Rod
	Negative
	+++
	Postive

	SR-71
	SNM-24-71
	Rod
	Negative
	+
	Postive

	SR-72
	SNM-24-72
	Rod
	Negative
	++
	Postive

	SR-73
	SNM-24-73
	Rod
	Negative
	+
	Postive

	SR-74
	SNM-24-74
	Rod
	Negative
	+++
	Postive


(Where ‘+’ indicates showing colony formation)





Fig. 4: Isolation and colony growth of  Soybean rhizobial isolates from different Soybean cultivars
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Cultural characterization
Seven rhizobial isolates SR-68, SR-69, SR-70, SR-71, SR-72, SR-73, SR-74 were isolated from these seven soybean cultivars and coded according to the concerned cultivars. All isolates were gram-negative;rod shaped and showed colony growth on YEMA media after 48 hours of inoculation and incubation at 28 ±2oC. Better colony growth was seen in SR-74 and SR-70Rhizobium isolates.
Indole Acetic Acid
All soybean Rhizobium isolates showed positive IAA production, indicated by pink/red colour in the Salkowski assay, especially with L-tryptophan supplementation, Studies also confirm that IAA-producing microorganisms contribute to enhanced crop productivity and stress tolerance (Sukmawatiet al. 2021)

Conclusion
The study showed that the soybean cultivars significantly differ in terms of biomass accumulation, nodulation behavior, and symbiotic efficacy.  Above all, the soybean variety SNM-24-74, paired with its rhizobial isolate SR-74, exhibited exceptional performance in plant height, root development, biomass accumulation, nitrogen uptake, and nodulation, driven by high leghaemoglobin content and nitrogen-fixing capacity. Screening of indigenous strains as per local Chhattisgarh agro-climatic conditions is significant to be used as bio-inoculants in Soybean crop cultivation for enhancing the productivity.  These findings highlight SR-74 as a potential bioinoculant for sustainable soybean cultivation in Chhattisgarh, reducing chemical fertilizer dependence and enhancing soil fertility through biological nitrogen fixation. Further research will focus on the molecular characterization of promising local strains and multi-location field trials with the application of this bioinoculant to reach a valid conclusion.
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Nodule fresh weight(mg/plant) 	SNM-24-68	SNM-24-69	SNM-24-70	SNM-24-71	SNM-24-72	SNM-24-73	SNM-24-74	881.75	634.25	1107	872.5	676.5	788.75	1092.5	Nodule dry weight(mg/plant) 	SNM-24-68	SNM-24-69	SNM-24-70	SNM-24-71	SNM-24-72	SNM-24-73	SNM-24-74	688	444.5	631.25	592.5	465.25	551.75	722	Nodule number/plant 	
SNM-24-68	SNM-24-69	SNM-24-70	SNM-24-71	SNM-24-72	SNM-24-73	SNM-24-74	75.75	51.5	74.25	55.75	51.25	60.75	80.75	Soybean varities

Nodule weight (mg/plant)

Nodule number/plant




Leghaemoglobin content 	
SNM-24-68	SNM-24-69	SNM-24-70	SNM-24-71	SNM-24-72	SNM-24-73	SNM-24-74	2.3299999999999987	1.0900000000000001	2.4299999999999997	2.17	1.25	2.48	2.7	Soybean Varities

Leghaemoglobin content 
(mg g-1 fresh weight nodules)



Fresh Shoot and Root Biomass

Shoot fresh weight(g/plant)	
SNM-24-68	SNM-24-69	SNM-24-70	SNM-24-71	SNM-24-72	SNM-24-73	SNM-24-74	31	28.630000000000017	41.75	23.75	27.630000000000017	35.75	38.5	Root fresh weight (g/plant)	
SNM-24-68	SNM-24-69	SNM-24-70	SNM-24-71	SNM-24-72	SNM-24-73	SNM-24-74	3.75	3.54	3.8299999999999987	3.4299999999999997	3.3099999999999987	3.69	4.63	Soybean Varities


Shoot fresh weight (g/plant)


Root fresh weight (g/plant)
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