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[bookmark: _GoBack]EFFECTS OF RHIZOBIAL AND NON-RHIZOBIAL BACTERIAL ISOLATES FROM LEGUME ROOT NODULES ON THE GROWTH OF MAIZE (Zea mays L.) IN UMUDIKE, ABIA STATE, NIGERIA

ABSTRACT
The increasing dependence on chemical fertilizers in Nigeria has resulted in soil degradation, nutrient depletion, and environmental, necessitating sustainable alternatives like microbial biofertilizers. This study evaluated the effects of bacterial isolates obtained from the root nodules of selected leguminous plants on the growth of maize (Zea mays L.), contributing to sustainable agriculture and ensuring a healthier environment for future generations. Thirteen bacterial isolates were obtained from root nodules of beans, groundnut, soybean, sensitive plant and butterfly pea, using selective media including Yeast Extract Mannitol Agar, Ashby’s Mannitol Agar, Nitrogen-Free Malate Agar, and Nitrogen-Free BG-11 Agar. The isolates were morphologically and biochemically characterized, and formulated into liquid biofertilizers applied at 5.00ml and 10.00ml volumes to maize seedlings in a completely randomized pot experiment with untreated plants as control. Growth parameters including plant height, number of leaves, leaf area, internode length, and number of cobs were measured at two-week intervals up to 14 weeks. Data were analyzed using analysis of variance (ANOVA), and treatment means were separated using Duncan’s Multiple Range Test at 5% significant level. The results showed significant differences among treatments for all parameters measured. At 14 weeks, T3 (5.00ml) recorded the highest plant height (104.43 ± 25.06 cm), number of leaves (13.67 ± 2.05), leaf area (291.71 ± 33.12 cm²), internode length (5.37 ± 0.48 cm) and number of cobs (1.67 ± 0.40), all significantly exceeding the control values. The findings demonstrate that bacterial isolates from legume root nodules significantly enhanced maize growth and reproductive performance compared to the untreated control. However, molecular identification using 16SrRNA sequencing was not conducted and is recommended for accurate taxonomic confirmation The superior performance of the 5.00ml treatments, particularly T3, demonstrates the potential of indigenous bacterial biofertilizers as effective, eco-friendly inputs for sustainable maize production and reduced reliance on chemical fertilizers.
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1.1 INTRODUCTION
Maize (Zea mays L.), ranks among the most significant cereal grains globally (Chávez-Arias et al., 2021). It is used directly for human consumption, livestock feeds, and various industrial products. However, its productivity is largely constrained by inadequate soil nutrients, particularly nitrogen, which is essential for vegetative growth, grain formation, and yield (Asibi et al., 2019; Gheith et al., 2022). The widespread, prolonged and excessive use of chemical fertilizers to address nutrient limitations has led to soil deterioration, water pollution, and ecosystem imbalance (Thomas and Singh, 2019; Saha et al., 2023). In light of these concerns, increasing emphasis has been placed on eco-friendly farming approaches that favor benign substitutes like biofertilizers (Agu et al., 2021; Saha et al., 2023).
Biofertilizers are formulations containing viable or inactive microbial cells that, upon application to seeds, roots, or soil, establish themselves in the root zone or within plant tissues, thereby encouraging vegetative growth by enhancing nutrient accessibility and absorption (Malusá et al., 2012; Hashmi and Bareliya, 2017). These preparations promote nutrient availability through mechanisms such as atmospheric nitrogen fixation, phosphate solubilzation, synthesis of growth-promoting compounds, and mineralization of organic matter (Agu et al., 2021; Sharma et al., 2022). 
Leguminous plants form symbiotic relationship with nitrogen-fixing bacteria, primarily Rhizobium species, which convert atmospheric nitrogen into plant-usable compounds like ammonium (NH₄⁺) (Mohammed and Dakora, 2024). Beyond Rhizobium species, legume root nodules also harbor diverse non-rhizobial endophytic bacteria, such as Pseudomonas, Bacillus, Enterobacter, and Agrobacterium. These coexist alongside Rhizobia and aid vegetation advancement through diverse plant growth-promoting mechanism (Vargas-Diaz et al., 2019). Thus, both nitrogen-fixing and endophytic bacteria residing in legume nodules hold considerable promise for enhancing crop performance, increasing yields, rehabilitating soil quality, and advancing eco-sustainable farming. Employing them in biofertilizer formulations provides a low-impact method to lessen dependence on chemical fertilizers, thereby aiding ecosystem protection and fostering a better environment for coming generations.
Despite the known benefits of rhizobia-legume symbiosis, limited studies have explored the application of these bacteria on non-leguminous crops such as maize in Nigeria. This further hinders their adoption and has created a gap in knowledge regarding the effectiveness of locally isolated root nodule bacteria in enhancing maize growth under field conditions. In this study, bacterial strains isolated from root nodules of certain leguminous species were applied as biofertilizers to maize plants to investigate their influence on plant growth and development. 
2.0	MATERIALS AND METHODS
2.1	Study Area
The study was conducted at Michael Okpara University of Agriculture, Umudike, Umuahia, Abia State, Nigeria. The area is positioned within latitude 5º28´N and longitude 7º32´E and lies within the tropical rainforest zone (Ezere et al., 2023). The area is characterized by a bimodal rainfall pattern (April to October) and dry season (November and March) (Nwokeh et al, 2024). The soils are predominantly sandy clay loam derived from coastal plain sands, classified as Ultisols (Nuga and Akinbola, 2011). 
2.2	Root Nodule Collection
Root nodules were collected from five leguminous plant species including soybean (Glycine max), groundnut (Arachis hypogea), common beans (Phaseolus vulgaris), sensitive plant (Mimosa pudica) and butterfly pea (Centrosema virginianum). 
2.3	Isolation of Bacterial Strains
Bacterial isolates were obtained from root nodules following the procedure described by Somasegeran and Hoben (1994), reported by Hossain et al. (2012). Healthy nodules were detached, rinsed under running tap water, and surface sterilized by soaking in 70% ethanol for 20seconds and 0.1% acidified mercuric chloride for 3mins. They were then washed repeatedly with sterile distilled water. To isolate nitrogen-fixing bacteria isolates, sterilized root nodules were crushed and streaked unto nitrogen-free media including Yeast Extract Mannitol Agar (YEMA) supplemented with Congo red, Ashby’s Mannitol Agar, Nitrogen-Free Malate Agar, and Nitrogen-Free BG-11 Agar (Mir et al., 2021; Gidado et al., 2025; Buisset et al., 2025) Plates were incubated at 28 °C and observed for colony growth within 5–14 days. Distinct colonies were repeatedly sub-cultured until uniform morphology confirmed purity.
2.4	Identification of Bacterial Isolates
Bacteria isolates were identified using morphological and microscopic characteristics, and biochemical tests including catalase, oxidase, urease, indole production, citrate utilization, starch hydrolysis, hydrogen sulfide production, and carbohydrate fermentation tests using standard protocols (Cowan and steel, 1993; Holt et al., 1994; Cheesbrough, 2006). However, molecular identification using 16S rRNA gene sequencing was not performed due to resource limitations. 
2.5	Biofertilizer Preparation
A total of thirteen (13) bacterial isolates were obtained. Colonies of bacterial isolates were inoculated into nutrient broth and incubated at 280C for 72hours. After the incubation period, cell concentration or optical density (OD600) of the broth was determined using a spectrophotometer. The results ranged from 0.504-0.878. The cultures were then centrifuged at 4000rpm for 20min. the supernatant was discarded, and cells were washed with normal saline and resuspended in fresh sterile nutrient broth. The resulting suspensions (T1-T13) were used as liquid inoculants to treat test plant.
2.6	Pot Experiment
A pot experiment was conducted using a Completely Randomized Design (CRD). Treatments consisted of a control and thirteen biofertilizer formulations applied at 5.00ml and 10.00ml volumes. Each treatment was replicated three times resulting in a total of 81 experimental units. Soil samples were sterilized at 1800C for 30mins using a muffle furnace. Each Plant bag was filled with 2kg of sterilized soil, perforated, saturated with water, and two maize seeds were sown per pot at a depth of 3cm. the experiment lasted for fourteen weeks under regular watering and weeding. Liquid biofertilizer treatments were applied 7 days after planting by injecting the inoculants into the rhizosphere of maize seedlings using sterile syringes.
2.7	Assessment of the Effect of Biofertilizer Formulations on the Growth of Test Plant
The effect of applied liquid inoculant was determined by assessing their impacts on the vegetative and reproductive growth of maize plant. The study focused exclusively on post-germination plant growth parameters including: plant height, number of leaves, leaf area, internode length, and number of cobs.
Determination of plant height: Plant height was measured every two weeks using a measuring tape from the soil surface to the tip of the youngest leaf  (Remison and Eifediyi, 2014).
Determination of number of leaves: The number of fully developed green leaves on each plant was counted at two-week interval (Remison and Eifediyi, 2014).
Determination of leaf area: Leaf area was estimated using the formula described by Remison and Eifediyi (Remison and Eifediyi, 2014): 	
Determination of internode length: Internode length was determined by measuring the distance between two adjacent nodes using a measuring tape.
Determination of number of cobs: The number of cobs produced per plant was recorded during the reproductive stage of maize plant.
2.8	Statistical Analysis
Data were analyzed using ANOVA (SPSS v21), and means were separated using Duncan’s Multiple Range Test at 5% significance level.
3.0	RESULTS AND DISCUSSION
3.1	Morphological and Microscopic Characteristics of Bacterial Isolates
Morphological and microscopic characteristics of bacterial isolates obtained from root nodules of selected leguminous plants as presented in Table 1, revealed considerable diversity. All isolates were rod-shaped, with the majority being Gram-negative, which suggests the presence of rhizobial species such as Rhizobium, Sinorhizobium, and Bradyrhizobium, while Gram-positive isolates likely represent non-rhizobial endophytes associated with root nodules. These findings support earlier reports that legume root nodules often harbor diverse microbial communities dominated by Alphaproteobacteria rhizobia alongside non-rhizobial endophytes (Martinez-Hildalgo and Hirsh, 2017; Vargas-Diaz et al., 2019). Colony morphology further indicated phenotypic heterogeneity among the isolates. Mucoid, glistening colonies observed in several isolates are characteristic of fast-growing rhizobia that produce abundant exopolysaccharides, whereas flat or less mucoid colonies resemble slow-growing Bradyrhizobium species. Similar findings was reported by Yakubu and Lawal (2021) and Ladan et al. (2024). 
Table 1: Microscopic and morphological characteristics of bacteria strains isolated from root nodules of selected leguminous plants
	Isolate No.
	Gram’s nature
	Cell Shape
	Morphological characteristics

	T-1
	-
	Rod/round shaped
	Milky white, translucent, raised, and slimy colonies, with a circular shape, smooth surface and entire margins.

	T-2
	-
	Rod/round shaped
	White coloured, translucent, raised, mucoid colonies, with circular shape, smooth and glistening surface, and entire margin. 

	T-3
	-
	Rod shaped
	Creamy white, flat, slightly translucent, round-like colonies with irregular shape, smooth surface and entire margin.

	T-4
	+
	Rod shaped
	Milky white, translucent, raised, and slimy colonies, with circular shape, smooth surface and entire margins.

	T-5
	+
	Rod shaped
	White coloured, translucent, raised, mucoid colonies, with circular shape, smooth and glistening surface, and entire margin. 

	T-6
	+
	Rod shaped
	Milky white, translucent, raised, and slimy colonies, with a circular shape, smooth surface and entire margins.

	T-7
	-
	Rod shaped
	Creamy white, flat, slightly translucent, round-like colonies with irregular shape, smooth surface and entire margin.

	T-8
	+
	Rod shaped
	White coloured, opaque, raised colonies, with circular shape, a smooth and moist surface, and entire edges. 

	T-9
	-
	Rod shaped
	White coloured, opaque, raised colonies, with circular shape, a smooth and moist surface, and entire edges. 

	T-10
	-
	Rod shaped
	Creamy white, flat, slightly translucent, round-like colonies with irregular shape, smooth surface and entire margin. 

	T-11
	-
	Rod shaped
	Milky white, translucent, raised, and slimy colonies, with circular shape, smooth surface and entire margins.

	T-12
	-
	Rod shaped
	Creamy white, flat, slightly translucent, round-like colonies with irregular shape, smooth surface and entire margin

	T-13
	-
	Rod shaped
	White coloured, translucent, raised, mucoid colonies, with circular shape, a smooth and glistening surface, and entire margin. 


T1-T13 = various isolates; (-) = negative; (+) =positive
3.2	Biochemical Characteristics of Bacterial Isolates
Table 2 presents the biochemical characteristic of bacterial isolates obtained from the root nodules of selected leguminous plants. All isolates were positive for catalase and oxidase tests, confirming their ability to tolerate oxidative stress and utilize cytochrome-mediated respiration, features typical of many rhizobial species (Jordan, 1984; Somasegeran and Hoben, 1994). Hydrogen sulphide production was also absent in all isolates, this further supports rhizobial identity, as most symbiotic strains lack this trait (Jordan, 1984). Most isolates utilized citrate as a carbon source, indicating metabolic versatility, prevalent in fast-growing rhizobia, this is consistent with the findings of Oloyede et al. (2024) and Adeyemi et al. (2025). While negative response to citrate utilization is a pattern often observed in slow-growing rhizobia or non-rhizobial endophytes. Similar trend was reported by Yakubu and Lawal (2021) and Paudyal et al. (2021).  Variations in urease activity among isolates indicates strain-level metabolic differences commonly reported among rhizobia, with stronger urease activity often linked to fast growing rhizobia (Mia and shamsuddin, 2010). Starch hydrolysis also varied among isolates, indicating limited amylolytic capacity. This aligns with the findings of Oloyede et al. (2024) and Adeyemi et al. (2025). Occasional indole production detected in a few isolates suggests the presence of non-rhizobial endophytes capable of producing indole-related metabolites (Zgadzaj et al., 2015). The combination of biochemical reactions suggests that several isolates display typical rhizobial characteristics, whereas others may represent non-rhizobial plant growth-promoting bacteria. 



Overall, based on the morphological and biochemical characteristics of bacterial isolates obtained in this study, isolates can be classified as putative members of the genera Rhizobium, Bradyrhizobium, Sinorhizobium, Bacillus, Psuedomonas, Enterobacter, Azospirillum, and Azotobacter. These bacterial groups are widely recognized for their roles in nutrient availability and stimulating plant growth (Etesami, 2025).


Table 2: Biochemical characteristics of bacteria strains isolated from root nodules of selected leguminous plants
	Isolates
	Citrate utilization
	Catalase test
	Oxidase test
	Indole test
	Urease test
	Starch hydrolysis
	H2S production
	Utilization of carbon source

	
	
	
	
	
	
	
	
	Glucose
	Lactose
	sucrose
	Gas production

	T-1
	+
	+
	+
	+
	-
	-
	-
	+
	-
	-
	+

	T-2
	+
	+
	+
	-
	Weakly positive
	+
	-
	+
	-
	-
	+

	T-3
	+
	+
	+
	+
	Weakly positive
	-
	-
	+
	+
	+
	-

	T-4
	+
	+
	+
	-
	Weakly positive
	+
	-
	+
	-
	-
	+

	T-5
	-
	+
	+
	-
	Weakly positive
	-
	-
	+
	-
	-
	+

	T-6
	+
	+
	+
	-
	-
	-
	-
	+
	-
	-
	-

	T-7
	+
	+
	+
	-
	Weakly positive
	-
	-
	-
	-
	-
	-

	T-8
	-
	+
	+
	+
	+
	-
	-
	-
	-
	-
	-

	T-9
	+
	+
	+
	-
	Weakly positive
	+
	-
	+
	-
	-
	+

	T-10
	+
	+
	+
	-
	Weakly positive
	-
	-
	-
	-
	-
	-

	T-11
	+
	+
	+
	-
	+
	-
	-
	-
	-
	-
	-

	T-12
	-
	+
	+
	-
	-
	-
	-
	+
	-
	-
	-

	T-13
	+
	+
	+
	-
	Weakly positive
	-
	-
	+
	+
	+
	-


	

T1-T13 = various isolates; (-) = negative; (+) =positive; H2S= hydrogen sulphide
3.3	Effect of Biofertilizer Formulation on Plant Height
Table 3 shows that biofertilizer application significantly influenced maize plant height across the growth period. Plant height increased progressively from Week 2 to Week 12 across treatments before declining slightly at Week 14, reflecting the onset of plant maturity. Growth differences were generally minimal during the early growth stages, likely because early seedling development relies largely on seed nutrient reserves (Abendroth et al., 2011). However, inoculated plants consistently outperformed the control, which recorded comparatively lower heights throughout the experiment.
Treatments T1, T2, T3, T4, T5, T6 and T9 applied at the 5.00 ml dose consistently showed significant improvements in plant heights, with T3 (5.00 ml) producing the highest plant height throughout the growth period, demonstrating sustained growth enhancement. This improvement became more pronounced from mid-growth stages, likely reflecting successful root colonization and increased nutrient availability during the active vegetative phase. This is consistent with the findings of Alori et al. (2019), Ekpo et al. (2023) and Ikhwan et al. (2025). In contrast, several treatments applied at 10.00 ml showed inconsistent or inhibitory effects with some causing stunted growth and plant mortality. This suggests that excessive inoculum concentrations may disrupt plant–microbe balance or induce phytotoxic effects (Kudoyarova et al., 2019; Etesami, 2025).
Overall, the results indicate that bacterial isolates significantly enhanced the heights of maize plants, particularly at moderate application rates, whereas higher application rates produced inhibitory effects. The observed increase in plant height may be attributed to root nodule-associated bacteria which enhance plant growth through mechanisms such as biological nitrogen fixation, phosphate solubilization, phytohormone production, and improved root architecture (Compant et al., 2019; Santoyo et al., 2021). 
Table 3: Effect of Biofertilizer Formulations on the Height of Maize (Zea mays L.) Plant
	Trt 
	Wk2
	Wk4
	Wk6
	Wk8
	Wk10
	Wk12
	Wk14

	CRTL
	22.40ab ± 2.69
	30.33a± 4.25
	36.80 abcd± 5.89
	44.17 abc± 7.95
	54.33abcde± 10.87
	58.17abcd± 12.80
	22.67b± 5.44

	T1(5ml)
	25.50 ab± 3.06
	36.17a± 5.06
	48.17ab± 7.71
	59.07a± 10.63
	66.83abcd± 13.37
	80.00abc± 14.54
	65.00ab±15.60

	T1(10ml)
	33.33a ± 4.00
	42.70a± 5.98
	56.33a± 9.01
	65.27a± 11.75
	73.87abc± 14.77
	78.73abc± 17.32
	57.57ab±13.82

	T2(5ml)
	22.17 ab±2.66
	32.00a±4.48
	42.17abcd±6.75
	50.97abc±9.17
	62.20abcde±12.44
	61.17abc±13.46
	63.30ab±15.19

	T2(10ml)
	25.33ab ±3.04
	34.10a±4.77
	48.83a±7.81
	57.33a±10.32
	62.67abcde±12.53
	67.13abc±14.77
	48.33ab±11.60

	T3(5ml)
	26.63 ab ±3.20
	35.50a±4.97
	50.97abcd±8.16
	66.90a±12.04
	91.40a±18.28
	99.60a±21.91
	104.43a±25.06

	T3(10ml)
	26.43ab±3.17
	31.50a±4.41
	40.43abcd±6.47
	58.00a±10.44
	64.37abcde±12.87
	69.00abc±15.18
	49.93ab±11.98

	T4(5ml)
	28.20 ab  ±3.38
	36.00a±5.04
	51.67a±8.27
	69.53a±12.52
	76.53ab±15.31
	81.07abc±17.84
	51.00ab±7.44

	T4(10ml)
	20.00 ab ±2.40
	26.43a±3.70
	36.33abcd±5.81
	48.00abc±8.64
	57.23abcde±11.45
	61.53abc±13.54
	48.07ab±11.54

	T5(5ml)
	25.53ab ±3.06
	35.57a±4.98
	52.07a±8.33
	67.17a±12.09
	72.67abc±14.53
	78.03abc±17.17
	54.13ab±12.99

	T5(10ml)
	22.93ab  ±2.75
	31.67a±4.43
	40.67abcd±6.51
	56.17ab±10.11
	68.67abcd±13.73
	75.43abcd±16.59
	32.05ab±7.69

	T6(5ml)
	23.63 ab  ±2.84
	33.57a±4.70
	51.33a±8.21
	67.17a±12.09
	76.10ab±15.22
	81.90ab±18.02
	52.43ab±12.58

	T6(10ml)
	17.00 c   ±2.04
	25.50a±3.57
	34.83±5.57
	41.87abc±7.54
	54.40abcde±10.88
	60.30abc±13.27
	42.13ab±10.11

	T7(5ml)
	21.63 ab  ±2.60
	33.17a±4.64
	46.00abc±7.36
	53.50abc±9.63
	60.07abcde±12.01
	67.00abc±14.74
	0.00c±0.00

	T7(10ml)
	18.67 ab ±2.24
	32.00a±4.48
	39.67abcd±6.35
	43.33abc±7.80
	50.77abcde±10.15
	53.17abcde±11.70
	29.07ab±6.98

	T8(5ml)
	24.10ab   ±2.89
	36.10a±5.05
	47.07abc±7.53
	50.50abc±9.09
	55.97abcde±11.19
	61.10abc±13.44
	42.73ab±10.26

	T8(10ml)
	18.90ab ±2.27
	26.67a±3.73
	16.67bcd±2.67
	0.00d±0.00
	0.00f±0.00
	0.00e±0.00
	0.00c±0.00

	T9(5ml)
	26.67ab ±3.20
	38.67a±5.41
	56.33a±9.01
	69.00a±12.42
	77.20ab±15.44
	82.83ab±18.22
	58.50ab±14.04

	T9(10ml)
	25.40ab  ±3.05
	38.27a±5.36
	13.60cd±2.18
	17.00bcd±3.06
	23.87cdef±4.77
	27.57bcde±6.07
	0.00c±0.00

	T10(5ml)
	24.17ab ±2.90
	31.90a±4.47
	42.83abc±6.85
	52.10abc±9.38
	59.50abcde±11.90
	63.93abc±14.06
	68.47ab±16.43

	T10(10ml)
	23.10ab  ±2.77
	31.83a±4.46
	13.33cd±2.13
	16.67bcd±3.00
	20.00def±4.00
	21.33cde±4.69
	0.00c±0.00

	T11(5ml)
	18.93ab±2.27
	30.17a±4.22
	29.67abcd±4.75
	33.33abcd±6.00
	36.83bcdef±7.37
	40.53abcde±8.92
	0.00c±0.00

	T11(10ml)
	20.87 ab±2.50
	36.10a±5.05
	45.83abc±7.33
	50.50abc±9.09
	55.47abcde±11.09
	38.13bcde±8.39
	0.00c±0.00

	T12(5ml)
	21.50 ab±2.58
	31.00a±4.34
	10.00d±1.60
	13.73cd±2.47
	14.77ef±2.95
	17.00de±3.74
	0.00c±0.00

	T12(10ml)
	15.50 c ±1.86
	22.73a±3.18
	30.83abc±4.93
	35.00abcd±6.30
	40.00bcdef±8.00
	43.10abcde±9.48
	45.40ab±10.90

	T13(5ml)
	22.60ab  ±2.71
	31.00a±4.34
	40.83abcd±6.53
	33.83abcd±6.09
	38.10bcdef±7.62
	42.07abcde±9.26
	43.83ab±10.52

	T13(10ml)
	25.70 ab ±3.08
	35.17a±4.92
	31.67abcd±5.07
	36.17abcd±6.51
	41.43abcdef±8.29
	45.00abcde±9.90
	0.00c±0.00


Values are mean ± standard deviation (SD). Means within the same column followed by the same letter(s) are not significantly different at 5% probability level according to Duncan’s Multiple Range Test (DMRT). ;. CRTL = Control; Ml= Mlligrams. Wk. = Week; T1 – T13 -= Various Treatments; TRT = treatment
Effect of Biofertilizer Formulations on Number of Leaves
Table 4 shows that biofertilizer application significantly influenced leaf production in maize plants, with leaf number increasing progressively from Weeks 2 to 12 across treatments, followed by a decline at Week 14, likely due to natural senescence during the reproductive stage. Inoculated plants generally produced more leaves than the control, indicating enhanced vegetative growth. 
Treatments applied at 5.00 ml, particularly T1, T3, T4, T5, T6, T9 and T10, consistently recorded higher leaf numbers during the vegetative phase, with some maintaining greater leaf retention at maturity. Among these, T3, T5, T9 and T10 showed outstanding performance, reflecting delayed senescence and sustained canopy development. Similar trend of improved leaf number was reported by Ekpo et al. (2023) and Ikhwan et al. (2025). In contrast, several treatments applied at 10.00 ml exhibited inconsistent or inhibitory effects, with some causing reduced leaf numbers, severe growth suppression and plant mortality. 
The enhanced leaf production observed in effective treatments may be attributed to plant growth-promoting activities of nodule-derived bacterial isolates such as improved nutrient acquisition, phytohormone production, ACC deaminase activity and delayed senescence (Mia and Shamsuddin, 2010; Borrás and Vitantonio-Mazzini, 2018). Conversely, reduced performance at higher inoculum levels suggests possible phytotoxic effects potentially inducing hypersensitive responses, hormonal imbalance, or resource competition that accelerates leaf drop (Etesami, 2025).
Overall, the results demonstrate that biofertilizer effects on leaf development are both formulation and dose-dependent, with lower inoculation volume (5.00 ml) promoting leaf emergence and retention in maize plants, whereas higher volume (10.00ml) frequently produced inhibitory effects.

Table 4: Effect of Bio-fertilizer Formulations on Number of Leaves of Maize (Zea mays L.) Plants
	Trt 
	Wk2
	Wk4
	Wk6
	Wk8
	Wk10
	Wk12
	Wk14

	CRTL
	4.00ab±0.20
	6.00abc±0.42
	7.33abc±0.66
	9.67abc±1.06
	10.33abc±1.34
	11.00ab±1.54
	4.33ab±0.65

	T1(5ml)
	4.00ab±0.15
	6.00abc±0.45
	8.33a±0.75
	10.18ab±1.16
	12.00ab±1.56
	13.00ab±1.82
	9.67ab±1.45

	T1(10ml)
	4.33ab±0.22
	6.67abc±0.47
	8.33a±0.75
	12.00a±1.32
	13.67a±1.78
	14.67a±2.05
	10.20ab±1.65

	T2(5ml)
	4.00ab±0.20
	6.00abc±0.42
	8.00ab±0.72
	9.33abc±1.03
	11.33abc±1.47
	9.00abc±1.26
	9.33ab±1.40

	T2(10ml)
	4.00ab±0.20
	7.00abc±0.49
	8.33a±0.75
	11.00a±1.21
	12.33ab±1.60
	13.33ab±1.87
	9.36ab±1.57

	T3(5ml)
	4.33ab±0.22
	6.33abc±0.44
	8.33a±0.75
	10.00ab±1.10
	12.00ab±1.56
	13.33ab±1.87
	13.67a±2.05

	T3(10ml)
	4.33ab±0.22
	6.00abc±0.42
	8.33a±0.75
	10.13ab±1.04
	11.33abc±1.47
	12.67ab±1.77
	9.00ab±1.85

	T4(5ml)
	4.67ab±0.23
	6.67abc±0.47
	8.33a±0.78
	10.33ab±1.14
	12.33ab±1.60
	13.67ab±1.91
	5.00ab±1.45

	T4(10ml)
	4.00ab±0.20
	5.33abc±0.37
	7.00abc±0.63
	9.33abc±1.03
	11.00abc±1.43
	12.33ab±1.73
	9.00ab±1.35

	T5(5ml)
	5.00a±0.25
	6.67abc±0.47
	8.67a±0.78
	11.33a±1.25
	13.00a±1.69
	14.00a±1.96
	10.00ab±1.50

	T5(10ml)
	4.33ab±0.22
	6.33abc±0.44
	8.00ab±0.72
	10.33ab±1.14
	12.33ab±1.60
	13.33ab±1.87
	4.67ab±0.70

	T6(5ml)
	4.33ab±0.22
	6.33abc±0.44
	8.33a±0.75
	10.33ab±1.14
	12.33ab±1.60
	13.33ab±1.87
	9.33ab±1.40

	T6(10ml)
	2.67b±0.13
	4.00c±0.28
	5.33abc±0.48
	7.00abc±0.77
	8.33abc±1.08
	9.33abc±1.31
	5.06ab±0.93

	T7(5ml)
	4.33ab±0.22
	6.00 abc ±0.42
	7.67abc±0.69
	9.00abc±0.99
	12.00ab±1.56
	13.00ab±1.82
	0.00d±0.00

	T7(10ml)
	3.33ab±0.17
	4.67abc±0.33
	5.67abc±0.51
	6.67abc±0.73
	8.33abc±1.08
	9.67ab±1.35
	5.00±0.80

	T8(5ml)
	4.33b±0.22
	6.67abc±0.47
	8.00ab±0.72
	9.67abc±1.06
	11.67abc±1.52
	13.33ab±1.87
	9.03±1.70

	T8(10ml)
	2.67ab±0.13
	4.67abc±0.33
	2.67bc±0.24
	0.00d±0.00
	0.00d±0.00
	0.00c±0.00
	0.00±0.00

	T9(5ml)
	4.67ab±0.23
	7.67a±0.54
	9.00a±0.81
	11.00a±1.21
	13.00a±1.69
	14.00a±1.96
	9.33ab±1.40

	T9(10ml)
	4.67ab±0.23
	7.33ab±0.51
	2.67bc±0.24
	4.00a±0.44
	4.33cdb±0.56
	5.00abc±0.70
	0.00d±0.00

	T10(5ml)
	3.67ab±0.18
	5.67abc±0.40
	7.67abc±0.69
	9.00abc±0.99
	11.33abc±1.47
	13.00ab±1.62
	13.67a±1.25

	T10(10ml)
	4.00ab±0.20
	5.67abc±0.40
	2.33bc±0.21
	3.00cd±0.33
	3.67cd±0.48
	4.00bc±0.56
	0.00d±0.00

	T11(5ml)
	4.00ab±0.20
	6.00abc±0.42
	4.67abc±0.42
	6.00abcd±0.66
	8.00cdabc±1.04
	8.67abc±1.21
	0.00d±0.00

	T11(10ml)
	4.00ab±0.20
	6.67abc±0.47
	7.67abc±0.69
	9.00abc±0.99
	10.67abc±1.39
	8.00abc±1.12
	0.00d±0.00

	T12(5ml)
	4.00ab±0.20
	6.33abc±0.44
	2.67bc±0.24
	3.00cd±0.33
	3.67cd±0.48
	4.00abc±0.56
	0.00d±0.00

	T12(10ml)
	3.00ab±0.15
	4.33bc±0.30
	5.33abc±0.48
	7.00abc±0.77
	8.00abc±1.04
	8.67abc±1.21
	8.67ab±1.30

	T13(5ml)
	3.67ab±0.18
	5.67abc±0.40
	7.33abc±0.66
	7.00abc±0.77
	8.33abc±1.08
	9.00abc±1.26
	9.00ab±1.35

	T13(10ml)
	4.33ab±0.22
	6.33abc±0.44
	5.60abc7±0.51
	6.67abc±0.73
	8.67abc±1.13
	9.00d±1.26
	0.00d±0.00


 Values are mean ± standard deviation (SD). Means within the same column followed by the same letter(s) are not significantly different at 5% probability level according to Duncan’s Multiple Range Test (DMRT); CRTL = Control; Ml= Mlligrams. Wk. = Week; T1 – T13 -= Various Treatments; TRT = treatment 
Effect of Biofertilizer Formulations on Leaf Area of Maize
Table 5 shows that biofertilizer application significantly influenced leaf area development in maize plants, with values increasing from Weeks 2 to 12 across most treatments, and declining at Week 14, reflecting the onset of senescence during the reproductive stage. Inoculated plants consistently produced larger leaf areas than the control, indicating enhanced canopy development and photosynthetic capacity.
Treatments applied at 5.00 ml, particularly T1, T2, T3, T4, T5, and T9, consistently produced larger leaf areas, with T3 (5.00 ml) recording the highest values and sustaining a larger canopy at maturity. This is similar to the reports of Obid et al. (2016) and Ikhwan et al. (2025). These increases suggest improved vegetative growth and delayed senescence. In contrast, several treatments applied at 10.00 ml exhibited variable effects, with some treatments (T8 and T10) resulting in reduced leaf area, severe canopy loss, and plant mortality. Other higher volume treatments produced only modest increases or remained comparable to the control.
The enhanced leaf area observed in effective treatments may be attributed to plant growth-promoting activities of nodule-derived bacterial isolates through mechanisms including indole-3-acetic acid (IAA) production, cytokinin signaling, improved nitrogen assimlation, and phosphate solubilization, leading to greater cell division and expansion (Gopalakrishnan et al., 2015).. Conversely, reduced performance at higher inoculum levels likely reflects phytotoxic or stress-related effects.
Overall, the results indicates formulation and dose-dependent effects of the bacterial inoculants on leaf area of maize plants. Lower application volume (5.00 ml) generally promoted leaf expansion and sustained canopy growth, whereas higher volume (10.00ml) frequently caused growth suppression. 




Table 5: Effect of Biofertilizer Formulations on Leaf Area of Maize (Zea mays L.) Plant
	Trt 
	Wk2
	Wk4
	Wk6
	Wk8
	Wk10
	Wk12
	Wk14

	CRTL
	35.63abc±2.57
	69.08a±5.86
	88.36abc±8.54
	97.76abcdef±10.73
	101.90abcd±11.96
	107.55abcd±13.28
	43.75c±6.92

	T1(5ml)
	47.21abc±3.84
	105.74a±8.92
	150.68ab±13.47
	205.00ab±19.86
	220.18a±23.41
	237.60ab±27.58
	204.94ab±24.36

	T1(10ml)
	56.72a±4.38
	111.16a±9.14
	146.25ab±12.84
	175.65abcde±15.97
	195.38abc±19.82
	210.27abc±23.46
	164.40ab±19.64

	T2(5ml)
	39.21abc±3.21
	72.69a±6.14
	116.28abc±10.62
	160.54abcde±15.43
	179.30abc±18.97
	164.19abcd±17.64
	162.29ab±19.32

	T2(10ml)
	40.13abc±3.29
	91.07a±7.42
	128.18abc±11.24
	147.18abcde±13.87
	160.16abc±16.52
	173.58abcd±19.74
	124.91ab±14.86

	T3(5ml)
	45.31abc±3.67
	98.54a±8.21
	151.20ab±13.92
	233.98a±21.76
	251.63a±25.84
	274.15a±29.67
	291.71a±33.12

	T3(10ml)
	47.68abc±3.82
	79.52a±6.42
	100.83abc±8.67
	138.69abcdef±11.76
	150.55abcd±13.92
	169.35abcd±17.84
	134.83ab±15.96

	T4(5ml)
	49.21abc±3.98
	98.18a±7.94
	140.85ab±12.68
	187.96abcd±17.42
	201.71ab±21.36
	219.00abc±24.58
	86.40ab±9.74

	T4(10ml)
	34.52abc±2.86
	65.66a±5.28
	84.71abc±7.14
	111.15abcdef±9.76
	125.00abcd±11.82
	144.49abcd±14.62
	114.98ab±13.48

	T5(5ml)
	56.73a±4.42
	91.63a±7.36
	160.73b±14.38
	235.20a±21.84
	253.00a±25.67
	267.57a±29.42
	209.28ab±24.91

	T5(10ml)
	33.42±abc2.91
	77.11a±6.34
	107.78abc±9.26
	152.48abcde±13.74
	177.03abc±17.36
	195.03abc±21.28
	85.2ab±9.86

	T6(5ml)
	31.69abc±2.61
	88.36a±7.12
	142.25ab±12.74
	173.24abcde±16.58
	186.95abc±20.41
	209.26abc±24.38
	130.78ab±15.62

	T6(10ml)
	22.69abc±1.97
	69.83a±5.94
	101.84abc±8.74
	145.00abcde±12.48
	153.40abcd±14.62
	170.35abcd±18.06
	115.50ab±13.62

	T7(5ml)
	41.58abc±3.42
	80.61a±6.68
	115.41abc±9.87
	131.93abcdef±11.64
	144.81abcd±14.32
	169.69abcd±17.91
	0.00c±0.00

	T7(10ml)
	49.68abc±3.96
	92.00a±7.36
	122.05abc±10.84
	133.80abcdef±12.16
	150.25abcd±14.82
	168.28abcd±17.94
	97.26ab±11.48

	T8(5ml)
	46.82abc±3.76
	89.68a±7.28
	119.04abc±10.54
	140.96abcdef±12.87
	154.72abc±15.48
	173.38abcd±18.06
	125.40ab±14.83

	T8(10ml)
	35.41abc±2.98
	81.86a±6.74
	47.25bc±3.86
	0.00f±0.00
	0.00d±0.00
	0.00d±0.00
	0.00c±0.00

	T9(5ml)
	54.58ab±4.26
	118.23a±9.87
	171.34a±14.76
	189.95abc±17.94
	202.23ab±21.63
	222.91abc±24.74
	152.78ab±17.96

	T9(10ml)
	45.90abc±3.78
	102.31a±8.26
	43.70bc±3.64
	52.80cdef±4.92
	62.44bcd±6.18
	75.60bcd±8.24
	0.00c±0.00

	T10(5ml)
	25.33abc±2.18
	65.83a±5.47
	102.4abc±8.86
	129.10abcdef±10.94
	149.79abcd±13.68
	168.19abcd±16.74
	176.94ab±19.58

	T10(10ml)
	25.75abc±2.13
	55.35a±4.36
	33.08c±2.82
	43.20def±3.94
	47.44bcd±4.86
	52.50abcd±5.92
	0.00c±0.00

	T11(5ml)
	15.75c±1.46
	60.13a±4.92
	67.71abc±5.84
	86.95bcdef±7.62
	97.49abcd±9.38
	105.11abcd±11.27
	0.00c±0.00

	T11(10ml)
	38.09abc±3.14
	88.96a±7.18
	114.44abc±9.82
	130.18abcdef±11.76
	142.84abcd±13.64
	103.75abcd±11.92
	0.00c±0.00

	T12(5ml)
	29.91abc±2.43
	70.40a±5.82
	30.63c±2.76
	36.40ef±3.21
	42.90cd±4.17
	49.50cd±5.63
	0.00c±0.00

	T12(10ml)
	20.18bc±1.74
	59.57a±4.82
	85.24abc±7.36
	99.06abcdef±9.14
	109.43abcd±11.26
	121.29abcd±13.84
	125.75ab±14.96

	T13(5ml)
	32.03abc±2.69
	75.41a±6.31
	102.68abc±8.74
	101.25abcdef±9.18
	114.50abcd±11.43
	129.32abcd±13.67
	130.73ab±14.82

	T13(10ml)
	41.12abc±3.38
	98.68a±7.96
	90.93abc±8.24
	103.75abcdef±9.72
	117.28abcd±11.84
	129.95abcd±13.96
	0.00c±0.00


 Values are mean ± standard deviation (SD). Means within the same column followed by the same letter(s) are not significantly different at 5% probability level according to Duncan’s Multiple Range Test (DMRT). ;. CRTL = Control; Ml= Mlligrams. Wk. = Week; T1 – T13 -= Various Treatments; TRT = treatment 
Effect of Biofertilizer Formulations on Internode Length of Maize
Table 6 shows that biofertilizer application significantly influenced internode length of maize. No significant differences observed at early growth stage (Weeks 2), indicating similar early growth across all plants. However, from Week 4 onward, significant differences were observed among treatments compared to the control. This delayed response suggests that bacterial establishment and interaction with the maize rhizosphere occurred after initial plant development.
Treatments applied at 5.00 ml, particularly T1, T2, T3, T4, showed enhanced internode elongation, with T3 (5.00 ml) consistently recording the highest values throughout the growth period. This is similar to the findings of Alori et al. (2019). These improvements were most pronounced during the active vegetative stage, indicating increased nutrient availability and growth stimulation. In contrast, several treatments applied at 10.00 ml exhibited reduced or inhibited internode development, suggesting negative effects of excessive inoculum concentration.
The enhanced internode elongation observed in effective treatments may be attributed to plant growth-promoting activities such as improved nitrogen availability, and phytohormone production, which directly stimulate cell elongation and division in plant stems (Gopalakhrishnan et al., 2015; Oleńska et al., 2020).. The decline observed at later stages reflects the natural transition from vegetative to reproductive growth.
Overall, the results indicate that bacterial biofertilizer effects on internode elongation are dose-dependent, with moderate application volume (5.00 ml) promoting optimal growth, while higher volume (10.00ml) resulted in suppressed development.


Table 6: Effect of Biofertilizer Formulations on Internode Length of Maize (Zea mays L.) Plant
	Trt 
	Wk2
	Wk4
	Wk6
	Wk8
	Wk10
	Wk12
	Wk14

	CRTL
	2.77a ± 0.20
	2.83bc ± 0.18
	2.17abcd ± 0.19
	2.17abcd ± 0.17
	3.43b ± 0.42
	2.27c ± 0.21
	0.80ab ± 0.07

	T1(5.00ml)
	3.17a ± 0.23
	3.33abc ± 0.18
	5.33abc ± 0.44
	4.00abc ± 0.22
	3.00b ± 0.18
	3.10c ± 0.33
	3.67a ± 0.45

	T1(10.00ml)
	2.83a ± 0.21
	3.17abc ± 0.21
	5.13abcd ± 0.18
	3.33abcd ± 0.28
	4.06b ± 0.22
	1.57c ± 0.13
	2.87ab ± 0.29

	T2(5.00ml)
	2.43a ± 0.18
	2.67bc ± 0.19
	3.16abcd ± 0.16
	5.17a ± 0.19
	4.10b ± 0.22
	4.17b ± 0.14
	1.83ab ± 0.23

	T2(10.00ml)
	2.83a ± 0.15
	2.60bc ± 0.21
	4.67abcd ± 0.24
	2.40abcd ± 0.25
	3.00c±0.35
	4.37b ± 0.21
	2.33ab ± 0.26

	T3(5.00ml)
	3.10a ± 0.17
	2.83bc ± 0.21
	6.23a ± 0.22
	3.78abc ± 0.23
	6.33a ± 0.60
	7.77a ± 0.24
	3.10ab ± 0.48

	T3(10.00ml)
	2.70a ± 0.20
	3.17abc ± 0.12
	3.67abcd ± 0.34
	4.67ab ± 0.18
	1.53b ± 0.17
	2.43c ± 0.18
	2.00ab ± 0.29

	T4(5.00ml)
	3.27a ± 0.24
	2.48bc ± 0.21
	5.00abcd ± 0.27
	4.67ab ± 0.16
	4.43b ±0 .36
	3.70c ± 0.15
	0.93ab ± 0.14

	T4(10.00ml)
	2.77a ± 0.21
	2.17bc ± 0.25
	3.43abcd ± 0.22
	3.50abcd ± 0.27
	5.00b ± 0.44
	1.17c ± 0.19
	2.07ab ± 0.22

	T5(5.00ml)
	3.00a ± 0.22
	3.00bc ± 0.29
	4.83abcd ± 0.24
	2.83abcd ± 0.23
	4.23b ± 0.38
	1.60c ± 0.13
	1.77ab ± 0.21

	T5(10.00ml)
	3.17a ± 0.23
	3.00bc ± 0.24
	4.00abcd ± 0.20
	2.83abcd ± 0.16
	4.67b ± 0.25
	1.53c ± 0.14
	1.73ab ± 0.16

	T6(5.00ml)
	2.80a ± 0.25
	2.80bc ± 0.26
	4.67abcd ± 0.24
	3.50abcd ± 0.18
	3.07b ± 0.23
	2.50c ± 0.23
	1.83ab ± 0.32

	T6(10.00ml)
	2.00a ± 0.15
	1.83bc ± 0.13
	3.00abcd ± 0.15
	2.07abcd ±0 .15
	5.33b ±0.19
	0.67c ± 0.19
	1.10ab ± 0.13

	T7(5.00ml)
	2.50a ± 0.19
	2.50bc ± 0.25
	5.47ab ± 0.22
	3.23abcd ± 0.14
	2.33b ± 0.13
	2.63c ± 0.26
	0.00c± 0.00

	T7(10.00ml)
	2.00a ± 0.15
	2.17bc ± 0.17
	4.67abcd ± 0.14
	1.73abcd ± 0.15
	4.10b ± 0.33
	1.07c ± 0.10
	1.17ab ± 0.11

	T8(5.00ml)
	3.57a ± 0.26
	2.50bc ± 0.19
	4.17abcd ± 0.23
	3.50abcd ± 0.10
	1.56b ± 0.14
	2.03c ± 0.21
	2.23ab ± 0.22

	T8(10.00ml)
	2.43a ± 0.18
	2.00bc ± 0.32
	1.33bcd± 0.11
	0.00e ± 0.00
	0.00c ± 0.00
	0.00c ± 0.00
	0.00c ± 0.00

	T9(5.00ml)
	3.80a ± 0.28
	3.50abc ± 0.26
	3.43abcd ± 0.25
	3.03abcd ± 0.27
	3.16b ± 0.29
	1.57c ± 0.15
	2.43ab ± 0.24

	T9(10.00ml)
	3.67a ± 0.29
	2.90bc ± 0.27
	1.10bcde ± 0.09
	1.50bcd ± 0.07
	1.43b ±0.06
	1.50c ± 0.11
	0.00c ± 0.00

	T10(5.00ml)
	2.63a ± 0.19
	2.67bc ± 0.21
	4.00abcd ± 0.32
	3.50abcd ± 0.14
	2.83b ± 0.25
	1.10c ± 0.11
	3.20ab ± 0.30

	T10(10.00ml)
	3.83a ± 0.28
	2.50bc ± 0.50
	1.07bcdef ± 0.08
	0.93bcde ± 0.07
	0.67b ± 0.06
	0.33c ± 0.13
	0.00c ± 0.00

	T11(5.00ml)
	2.67a ± 0.20
	2.67bc ± 0.22
	2.50abcd ± 0.14
	2.00abcd ± 0.12
	1.57b ± 0.15
	0.87c ± 0.16
	0.00c ± 0.00

	T11(10.00ml)
	2.57a ± 0.19
	2.67bc ± 0.21
	3.00abcd ± 0.18
	3.57abc ± 0.26
	2.83b ± 0.22
	2.20c ± 0.22
	0.00c ± 0.00

	T12(5.00ml)
	3.60a ± 0.26
	2.17bc ± 0.16
	1.10bcde ± 0.03
	0.83bcde ± 0.03
	0.50c ± 0.04
	0.50c ± 0.17
	0.00c ± 0.00

	T12(10.00ml)
	2.20a ± 0.16
	1.33c ± 0.11
	2.67abcd ± 0.14
	1.67abcd ± 0.08
	2.00b ±0.10
	0.83c ± 0.13
	2.00ab ± 0.26

	T13(5.00ml)
	2.67a ± 0.20
	2.93bc ± 0.20
	3.77abcd ± 0.30
	2.20abcd ± 0.20
	0.90b ± 0.08
	1.00c ± 0.17
	1.57ab ± 0.28

	T13(10.00ml)
	3.13a ± 0.23
	3.17abc ± 0.21
	3.00abcd ± 0.15
	1.83abcd±0.16
	0.83b ± 0.07
	0.83c ± 0.12
	0.00c ±0.00


Values are mean ± standard deviation (SD). Means within the same column followed by the same letter(s) are not significantly different at 5% probability level according to Duncan’s Multiple Range Test (DMRT); CRTL = Control; Ml= Mlligrams. Wk. = Week; T1 – T13 -= Various Treatments; TRT = treatment 
Effect of Biofertilizer Formulations on Cob Development of Maize
Table 7 shows the effect of biofertilizer formulations derived from bacterial isolates obtained from root nodules of leguminous plants on cob development of maize plants. Cob formation was first observed at Week 10 across treatments, consistent with the normal reproductive development of maize. 
Biofertilizer application significantly influenced cob production, with several treatments producing higher cob numbers than the control. Treatments applied at 5.00 ml, particularly T3, T4, and T9, showed consistent improvement in cob development, while some treatments at 10.00 ml (T1 and T2) also enhanced cob numbers. Peak cob production occurred at Week 12, where certain treatments produced more than one cob per plant, indicating improved reproductive performance compared to the control. This is consistent with the findings of Obid et al. (2016), Alori et al. (2019), and Ekpo et al. (2023), who reported improved reproductive outcome in inoculated crop plants. In contrast, several treatments at higher application rates exhibited inhibitory effects, resulting in reduced or absent cob formation. This suggests that excessive inoculum concentration may negatively affect reproductive development mirroring reports of inoculum overload inducing oxidative stress or hormonal imbalance that inhibits reproductive transition (Dodd et al., 2010; Kudoyarova et al., 2019)..
The enhanced cob production observed in effective treatments may be attributed to improved nutrient availability, phytohormone-mediated growth regulation, and better assimilate partitioning to reproductive structures (Raffi and Charyulu, 2021). Overall, the results indicate clear formulation and dose-dependent effects on maize reproductive development. 
Table 7: Effect of Biofertilizer Formulations on Cob Development of Maize (Zea mays L.) Plant 
	Trt 
	Wk2
	Wk4
	Wk6
	Wk8
	Wk10
	Wk12
	Wk14

	CRTL
	NC
	NC
	NC
	NC
	0.33a±0.10
	1.00c±0.25
	0.33b±0.10

	T1(5ML)
	NC
	NC
	NC
	NC
	0.67a±0.18
	1.00c±0.25
	1.33b±0.30

	T1(10ML)
	NC
	NC
	NC
	NC
	1.00a±0.30
	2.00a±0.50
	1.33b±0.30

	T2(5ML)
	NC
	NC
	NC
	NC
	0.33a±0.10
	1.00c±0.25
	1.00b±0.25

	T2(10ML)
	NC
	NC
	NC
	NC
	0.67a±0.18
	1.67b±0.40
	1.33b±0.30

	T3(5ML)
	NC
	NC
	NC
	NC
	0.33a±0.10
	1.33c±0.30
	1.67a±0.40

	T3(10ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.67c±0.18
	0.67b±0.18

	T4(5ML)
	NC
	NC
	NC
	NC
	0.33a±0.10
	2.00a±0.45
	0.67b±0.18

	T4(10ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.67c±0.18
	1.00b±0.25

	T5(5ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	1.00c±0.25
	1.00b±0.25

	T5(10ML)
	NC
	NC
	NC
	NC
	0.33a±0.10
	1.33c±0.30
	0.67b±0.18

	T6(5ML)
	NC
	NC
	NC
	NC
	0.33a±0.10
	1.33c±0.30
	1.00b±0.25

	T6(10ML)
	NC
	NC
	NC
	NC
	0.67a±0.18
	1.00c±0.25
	0.67b±0.18

	T7(5ML)
	NC
	NC
	NC
	NC
	0.33a±0.10
	1.00c±0.25
	0.00c±0.00

	T7(10ML)
	NC
	NC
	NC
	NC
	0.33a±0.10
	1.50b±0.35
	0.67b±0.18

	T8(5ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.67c±0.18
	0.33b±0.10

	T8(10ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.00e±0.00
	0.00c±0.00

	T9(5ML)
	NC
	NC
	NC
	NC
	1.00a±0.30
	1.67b±0.40
	1.33b±0.30

	T9(10ML)
	NC
	NC
	NC
	NC
	0.67a±0.20
	0.67c±0.20
	0.00c±0.00

	T10(5ML)
	NC
	NC
	NC
	NC
	0.67a±0.18
	1.00c±0.25
	1.00b±0.25

	T10(10ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.33d±0.10
	0.00c±0.00

	T11(5ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.67c±0.18
	0.00c±0.00

	T11(10ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.00e±0.00
	0.00c±0.00

	T12(5ML)
	NC
	NC
	NC
	NC
	0.00e±0.00
	0.00e±0.00
	0.00c±0.00

	T12(10ML)
	NC
	NC
	NC
	NC
	0.33±0.10
	0.67c±0.20
	0.33b±0.10

	T13(5ML)
	NC
	NC
	NC
	NC
	0.33±0.10
	0.67c±0.18
	0.67b±0.18

	T13(10ML)
	NC
	NC
	NC
	NC
	0.33±0.10
	1.00c±0.25
	0.00c±0.00


Values are mean ± standard deviation (SD). Means within the same column followed by the same letter(s) are not significantly different at 5% probability level according to Duncan’s Multiple Range Test (DMRT); NC= No Cobs; CRTL = Control; Ml= Mlligrams. Wk. = Week; T1 – T13 -= Various Treatments; TRT = treatment


CONCLUSION
This study demonstrated that bacterial isolates obtained from root nodules of selected leguminous plants possess significant plant growth–promoting potential and can enhance the growth performance of maize (Zea mays L.) plants when formulated as biofertilizers. Morphological and biochemical characterization revealed diverse bacterial populations with traits consistent with nitrogen-fixing and plant growth–promoting rhizobacteria, confirming that legume nodules serve as reservoirs of beneficial microorganisms beyond classical symbiotic rhizobia. Application of the formulated liquid biofertilizers significantly improved several growth parameters of maize, including plant height, leaf number, leaf area, internode length, and cob development compared with the un-inoculated control. The responses were formulation and dose-dependent, with lower application volume (5.00ml) generally producing stronger growth-promoting effects, while higher application volume (10.00ml) occasionally resulted in inhibitory responses. These results suggest that optimal inoculum concentration is critical for maximizing the benefits of microbial biofertilizers. The enhanced growth observed in inoculated plants is likely associated with plant growth–promoting activities of the bacterial isolates, including associative nitrogen fixation, phytohormone production, improved nutrient availability, and enhanced rhizosphere interactions. Overall, the findings highlight the potential of nodule-derived bacterial isolates as effective biofertilizer candidates for sustainable maize production. Their application contributes to improved soil fertility, reduced dependence on synthetic fertilizers, and environmentally sustainable agricultural practices.
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