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ABSTRACT

	Rice productivity is often hampared by low soil fertility and and excessive dependence on chemical fertilizers. This study evaluated the effects of plant growth–promoting rhizobacteria (PGPR) on rice germination, vegetative growth, and biomass production. Rice seeds were inoculated with bacterial isolates (VDK5AN, VDK12AE, M14AN, TI13AN, and M16AN) belonging to the genera Bacillus, Lysinibacillus, and Terrilactibacillus. Germination parameters, including germinated seed number, seedling height, and radicle length, were assessed, followed by a pot experiment to evaluate plant growth and yield under bacterial and NPK + urea fertilization. Uninoculated seeds and plants were used as controls.
Bacterial treatments significantly influenced seed germination and early seedling development (p < 0.001), with all isolates outperforming the control. Isolates M14AN, TI13AN, and VDK5AN showed the strongest and earliest stimulatory effects. Seedling height and radicle length increased progressively and were significantly enhanced by bacterial inoculation, particularly from 7 days after inoculation onward (p < 0.001). Plant height, tiller number, and biomass accumulation were also significantly affected by treatments and growth stage (p < 0.001). Inoculated plants, especially those treated with VDK5AN, VDK12AE, TI13AN, and M16AN, exhibited superior vegetative growth compared with the control and, in several cases, the NPK treatment. Aerial and root biomass were markedly increased by bacterial inoculation (p < 0.0001), with isolates M14AN and VDK5AN producing the highest yields.
Overall, these results demonstrate the potential of the tested PGPR isolates to enhance rice growth and biomass production, highlighting their promise as sustainable biofertilizers. Further studies are needed to elucidate their mechanisms of action and to validate their effectiveness under field conditions.
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1. INTRODUCTION 

Rice (Oryza sativa) is currently considered a staple food for more than half of the world’s population (Kobua et al. 2025). Thus, more than 500 million tons of rice are produced each year to meet the global population's needs (Ajatasatru et al., 2024). Between 2006 and 2022, rice production in Burkina Faso increased significantly, from 113,724 tons to 438,982.38 tons (FAOSTAT 2024). Despite this growth, domestic production still meets less than half of the country's needs (Koutou et al. 2021). Indeed, local production still covers less than 50% of the country's demand (Koutou et al. 2021). In response, the government of Burkina Faso adopted the agropastoral offensive covering the 2023–2025 period to ensure food security. However, the situation remains challenging given the limited progress achieved in recent years. This production gap is mainly due to abiotic and biotic environmental constraints that negatively affect the productivity of different rice varieties  (Wonni et al., 2014). Major biotic constraints include rice blast, bacterial diseases, rice yellow mottle virus, parasitic nematodes, and weeds (Wonni et al. 2014; Thio et al. 2017). Drought, low temperature, salinity, iron toxicity, and soil poverty are the main abiotic stresses encountered (Konate 2017). Consequently, farmers increasingly rely on pesticides, chemical fertilizers, and herbicides to enhance productivity, practices that contribute to climate change (Kim et al., 2006; Kobua et al., 2025). It has been reported that approximately 11% of greenhouse gas emissions originate from lowland rice fields, with ammonium-based fertilizers accounting for about 0.8% of these emissions ( Scholz et al., 2020; Gao and Cabrera, 2023). Other studies have shown that chemical fertilizers lead to soil degradation, eutrophication of water bodies, and the emergence of fungal diseases such as rice grain rot (Singh et al., 2022; Sena et al., 2024). Previous research reported that plant growth–promoting rhizobacteria (PGPR) can be used as biofertilizers to improve rice productivity and are for sustainable rice production ( Hussain et al., 2022; Hasan et al., 2024). PGPR can colonize various plant niches (Kumar et al. 2020; Lengrand et al. 2024), stimulate plant growth, improve nutrient uptake (Shabanamol et al. 2017; Thakur and Thakur 2023), and enhance plant resistance to biotic and abiotic stresses (Rajendran and Samiyappan 2008; Adeleke et al. 2021; Aminurrasyid et al. 2025). Indeed, bacteria belonging to Bacillus, Paenibacillus, Pseudomonas, Lysinibacillus, and Rhizobium genera have been identified as plant growth–promoting bacteria (Lindström and Mousavi 2020; Jaiswal et al. 2022; Narwal et al. 2022; Sondo et al. 2023). This study aimed to evaluate the effects of five plant growth–promoting bacterial isolates obtained from rice field soils in Burkina Faso on rice productivity. Specifically, their influence on rice seed germination and plant growth was assessed in pot experiment conditions. The results obtained could contribute to improving rice production while reducing the use of chemical inputs in rice cropping systems. 


2. material and methods 

2.1. Material
2.1.1. Plant material
During the study, the FKR62N rice variety from the INERA ( Institute of the Environment and Agricultural Research) seed bank was tested. This variety has a cycle of 118 days, a potential yield of 6 t.ha,-1 and is specifically used in lowlands or irrigated rice fields (Nikiéma et al. 2024).
2.1.2. Bacterial isolates 
The bacterial strains VDK5AN, VDK12AE, M14AN, TI13AN, and M16AN obtained from the microbial culture collection of the Laboratory of Microbiology and Microbial Biotechnology (LAMBAM), Joseph Ki-Zerbo University, were used for the experiment. These isolates were registered in the NCBI database under accession numbers OP168190–OP168194 and were identified based on 16S rRNA gene sequencing as belonging to Lysinibacillus sp. (VDK5AN, M16AN), Bacillus subtilis (TI13AN, VDK12AE), and Terrillactibacillus sp. (M14AN) genera. The plant growth-promoting (PGP) traits of the strains were presented in Table 1 (Otoidobiga et al. 2025).

Table 1. Evaluation of the isolates' plant growth-promoting properties
	Isolate
	Closest relative
	IAA
	Nitrogen
	Ammonium
	HCN
	Antifungal activity

	
	
	
	
	
	
	Fusarium sp
	Aspergillus sp

	VDK5AN
	Lysinibacillus fusiformis DSM 2898
	+
	+
	+
	+++
	37.75
	-

	VDK12AE
	Bacillus subtilis IAM 12118
	-
	+++
	++
	+
	-
	-

	TI13AN
	Bacillus subtilis IAM 12118
	+
	+
	+
	-
	57.14
	88.09

	M14AN
	Terrilactibacillus tamarindi BCM23-1
	+
	+
	++
	++
	-
	85.71

	M16AN
	Lysinibacillus sp SR-86
	+
	-
	++
	++
	64.28
	-


+, positive ; - negative

2.2. Inoculum preparation
Bacterial inocula were prepared by aseptically transferring each isolate into two 1-liter flasks containing Difco™ culture broth (Becton Dickinson, BD, USA). The cultures were incubated at 35 °C under constant shaking at 120 rpm for 24 hours to promote uniform growth and adequate aeration (Bashan et al. 2014). After incubation, the bacterial suspensions were standardized to approximately 10⁸ CFU/mL using sterile distilled water, based on optical density readings at 600 nm (Beal et al. 2020). The inocula were then used immediately for seed or seedling treatments to ensure high cell viability and effectiveness.
2.3. Germination Test and seedling development
The rice seeds were surface-sterilized with 70% ethanol, followed by 7% sodium hypochlorite solution for 5 minutes, and then rinsed six times with sterile distilled water (Naureen et al., 2017). After drying, batches of fifty seeds were inoculated by immersion in the respective bacterial suspensions for 30 min, whereas control seeds were treated with sterile distilled water. The seeds were then placed in Petri dishes containing sterile, moistened filter paper (50 seeds per dish) and incubated in the dark at room temperature for seven days, following the procedure described by Naureen et al. (2017). Filter papers were rehydrated every two days with 5 mL of sterile distilled water. Seed germination rate, seedling length, and radicle length were measured daily to assess the influence of bacterial inoculation on germination and early seedling development. All experiments were conducted in triplicate under aseptic conditions as described in the figures 1 and 2.
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Figure 1. Experimental Design of the Germination Test
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Figure 2. Representative images of the germination test showing treatments A0–2 (control), B0–2 (VDK5AN), C0–2 (VDK12AE), D0–2 (M14AN), E0–2 (M16AN), and F0–2 (TI13AN).
2.4.  Pot Experiment
2.4.1. Soil preparation
The soil samples were air-dried and mechanically ground to obtain a fine and homogeneous texture. The processed soils were then sterilized by autoclaving at 121 °C for 1 hour to eliminate indigenous microorganisms (Wolf et al. 1989). After sterilization, four (4) kg of soil was weighed and transferred into plastic pots. In total, thirty-nine (39) pots were used for the experiment. The pots were submerged with tap water for two weeks before rice plant transplanting, to allow nutrients dissolution, soil saturation, and anaerobiosis conditions, favorable to rice growth (Sahu et al. 2018).
2.4.2. Experimental design
During the experiment, a rice nursery of the FKR62N variety was used. Three-week-old nursery seedlings were transplanted into pots at a rate of one seedling per pot. Uniform seedlings were selected, and their roots were immersed in the respective bacterial suspensions before transplanting into labeled pots at Joseph KI-Zerbo University. VDK5AN, VDK12AE, M14AN, TI13AN, and M16AN, bacterial isolates were used to inoculate rice seedlings (Abd El-Mageed et al. 2022). Mineral fertilizers were applied at rates equivalent to 200 kg ha⁻¹ NPK and 150 kg ha⁻¹ urea, with urea split into two doses (50 kg ha⁻¹ at transplanting and 100 kg ha⁻¹ at 60 days after transplanting) (Otoidobiga et al. 2015). The control pots received no chemical amendments or bacterial inoculation. The pots were arranged in a randomized complete block design with three replicates. A 5 mL bacterial inoculum was applied two days after transplanting per pot, followed by a second application after two weeks (Abd El-Mageed et al. 2022). The experimental design is presented in Figure 3.  Plants were irrigated every two days. Plant height and tiller number were recorded weekly and at harvest. At harvest, aerial and root biomass were collected separately and dried; the weights were measured to determine the yields per pot. 
[image: ]Figure 3. Experimental Design for the Pot Trial

2.5.  Data Analysis
Data were recorded in Microsoft Excel and analyzed using one-way analysis of variance (ANOVA). Mean comparisons were performed using Tukey’s Honest Significant Difference (HSD) test at a significance level of p < 0.05. All statistical analyses were conducted with R software (version 4.3.0).


3. results and discussion
3.1. Effect of plant growth-promoting rhizobacteria on the Number of germinated rice seeds
Table 2 shows the variation in the number of germinated seeds across treatments and periods. The results revealed highly significant effects of treatment (p < 0.001) and evaluation period (p < 0.001) on the number of germinated seeds, indicating that seed germination varied markedly according to both the bacterial isolates applied and the time after inoculation. 
Table 2.  Analysis of the germinated seed number variation according to treatment and period
	Variable
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Treatment 
	2244.9
	5
	449.0
	103.172
	< 0.001***

	Period 
	641.4
	8
	80.2
	18.424
	< 0.001***

	Treatment x Period  
	308.6
	40
	7.7
	1.773
	< 0.05*

	Residuals
	470.0
	108
	4.4
	
	


df = degree of freedom; F = Fisher F; *significant p < 0.05; ***significant p < 0.001;.  
Table 3 illustrates variation in the mean number of germinated seeds across treatments and periods. The Treatment * Period interaction was also significant (p  < 0.05), demonstrating that the influence of bacterial treatments on germination depended on the evaluation stage, with distinct temporal patterns among isolates. These findings corroborate the existence of isolate- and time-dependent responses (Bright et al., 2025; Haron et al., 2025; Ishaq et al., 2025; Thenappan et al., 2024).
In addition, the analysis of the average germination rate across treatments and time (Table 3) showed that all bacterial treatments significantly increased seed germination (p < 0.01) compared with the control from 3–4 Days After Inoculation (DAI). The isolates Ti13AN, M14AN, and VDK5AN exhibited the strongest and earliest stimulatory effects, reaching 35–36 germinated seeds from 6 to 10 DAI, whereas the control stabilized at only 23–24 seeds germinated. Treatments VDK12AE and M16AN isolates also significantly enhanced germination, although their effects were more moderate and progressive (p < 0.01).
Overall, these findings demonstrate that the tested bacterial isolates significantly promote rice seed germination. This variability suggests the involvement of different mechanisms of action, potentially related to phytohormone production, bioactive metabolite synthesis, or improvements in seed physiological vigor. Indeed, previous studies reported that PGPRs can produce auxins (IAA), gibberellins, cytokinins, and  ACC deaminase, thereby promoting leading to rice seed germination (Bal et al., 2013; Narayanasamy et al., 2020; Abd El-Mageed et al., 2022). 
Table 3. Analysis of the average number of germinated seeds according to the treatment and period
	Treatment
	N
	Number of the germinated seeds 

	
	
	2DAI
	3DAI
	4 DAI 
	5 DAI 
	6 DAI 
	7 DAI 
	8 DAI 
	9 DAI
	10DAI

	Control 
	3
	20c0.6
	23c1.2
	23c1.2
	23c1.2
	23c1.2
	23c1.2
	23c1.2
	24c1.2
	24c1.2

	M14AN 
	3
	27ab1.2
	29ab1.2
	30ab1.2
	30ab1.2
	35a1.7
	35a1.7
	35a1.7
	35a1.7
	35ab1.7

	M16AN
	3
	25abc0.6
	25bc1.2
	27bc1.2
	27bc1.2
	27bc1.7
	29b1.2
	29a1.2
	29bc1.2
	29bc1.2

	Ti13AN
	3
	25 abc1.2
	34a1.2
	34a 1.2
	34a1.2
	34a1.2
	34ab1.2
	34ab1.2
	35a1.2
	36a1.7

	VDK5AN
	3
	29a1.2
	31a1.2
	31ab1.2
	31ab1.2
	32ab0.6
	32ab0.6
	32ab0.6
	32ab0.6
	32ab0.6

	VDK12AE
	3
	23bc1.7
	34a1.2
	34a1.2
	34a1.2
	34a1.2
	34ab1.2
	34a1.2
	34ab1.2
	34ab1.2

	ANOVA
	ddl
	5
	5
	5
	5
	5
	5
	5
	5
	5

	
	F
	7.643
	15.8
	13.62
	13.62
	13.34
	14.24
	6.319
	5.364
	11.77

	
	P
	< 0.01
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Signification
	**
	***
	***
	***
	***
	***
	***
	***
	***


df = degree of freedom; F = Fisher F; **significant p < 0.01; ***significant p < 0.001.  The values sharing the same letter are not significantly different according to the LSD test, p < 0.05.
3.2. Effect of the plant growth-promoting rhizobacteria on rice Seedling Growth
Tables 4 and 5 present the analysis of the effects of treatment and period on seedling height and radicle length. The results showed that treatment and evaluation period had a highly significant effect on both seedling height (treatment: p < 0.001; period: p < 0.001; Table 4) and radicle length (treatment: p < 0.001; period: p < 0.001; Table 5), indicating that plant growth varied significantly according to both the bacterial isolates applied and the time after inoculation. In contrast, the Treatment * Period interaction was not significant for either trait (seedling height: p = 0.319; radicle length: p = 0.22), indicating that although treatments influenced seedling height and radicle elongation, their effects followed a similar temporal growth pattern.
Table 4 . Analysis of the seedlings' height variation according to the treatment and period
	Variable
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Treatment 
	3.54
	5
	0.708
	7.298
	< 0.001***

	Period
	101.86
	8
	12.733
	131.217
	< 0.001***

	Treatment*Period
	4.29
	40
	0.102
	1.105
	0.319ns

	Residuals
	20.96
	216
	0.097
	
	


df = degree of freedom; F = Fisher F; ***significant p < 0.001, ns: not significant p> 0.05.  
Table 5. Analysis of variance of radicle size between variables to the treatment and period
	Variable
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Treatment  
	45.0
	5
	9.00
	9.553
	< 0.001***

	Period
	884.3
	8
	110.54
	117.403
	< 0.001***

	Treatment*Period
	44.7
	40
	1.12
	1.187
	0.22ns

	Residuals
	203.4
	216
	0.94
	
	


df = degree of freedom; F = Fisher F; *significant p < 0.05; **significant p < 0.01; ***significant p < 0.001; ns: not significant p> 0.05.  
Tables 6 and 7 illustrate the variation in average seedling height and radicle length according to treatment and evaluation period. The results revealed a progressive increase in both seedling height and radicle length across all treatments, reflecting normal plant development (Tables 6 and 7). During the early stages of growth (2–6 DAI for height; 2–5 DAI for radicle length), differences among treatments were generally not significant or were variable (height: p > 0.05; radicle length: p < 0.05 at 2 DAI and p < 0.01 at 4–5 DAI), indicating comparable initial development. From 7 DAI onward, however, significant differences emerged, with bacterial treatments generally promoting taller seedlings and longer radicles than the control. In particular, isolates M14AN, Ti13AN, VDK5AN, and VDK12AE consistently resulted in higher seedling heights between 7 and 10 DAI (values above 2.7 cm), while M16AN, Ti13AN, and VDK5AN showed superior radicle elongation, reaching a maximum of 7.9 cm at 10 DAI. Conversely, the control and specific isolates (M16AN for height; VDK12AE for radicle) exhibited relatively lower growth.
These results indicate that the tested bacterial isolates positively influence seedling growth and radicle development, mainly at later developmental stages or at specific time points, likely through mechanisms such as phytohormone production (e.g., auxins), improved nutrient uptake, and stimulation of root cell elongation, thereby contributing to enhanced early seedling establishment. Indeed, the results of the plant growth-promoting characteristics of the bacteria isolates indicate that they can produce IAA, except for VDK12AE, a phytohormone that can improve plant growth. Shahzad et al. (2017) isolated bacterial endophytes from rice seeds that produced IAA and significantly increased shoot and root length, biomass, and other growth parameters in rice plants. Redondo-Gómez et al. (2023) also reported that IAA produced by PGPRs can promote rice seedling growth, root development, and architecture.
As the VDK12AE isolate, which did not produce IAA, still improved seedling growth, this isolate, as well as the others, should be further investigated for the production of other phytohormones to better understand the mechanisms involved in rice growth promotion. Indeed, such effects may be related to gibberellin and cytokinin synthesis or to modulation of ethylene levels, rather than to IAA production alone. Previous studies reported that PGPRs can produce or modulate auxins (IAA), gibberellins, cytokinins, reduce stress ethylene via ACC deaminase, and in some cases, influence abscisic acid, DAImonates, and salicylic acid, thereby promoting plant growth and stress tolerance (Alemneh et al. 2020; Orozco-Mosqueda et al. 2023; Ratnaningsih et al. 2023). 
Table 6. Analysis of the seedlings' height average according to the treatment and period
	Treatment
	N
	Seedlings height  (cm)

	
	
	2DAI
	3DAI
	4 DAI 
	5 DAI 
	6 DAI 
	7 DAI 
	8 DAI 
	9 DAI
	10DAI

	Control 
	05
	0.58a 
0.0
	1.58 a 
0.1
	1.74 a 
0.1
	1.84a  
0.1
	2.10a  
0.1
	2.70ab  
0.1
	2.48a  
0.2
	2.44ab  
0.2
	2.52ab  
0.1

	M14AN 
	05
	0.68a  
0.1
	1.54 a 
0.1
	1.90 a 
0.1
	2.08a  
0.1
	2.48a  
0.1
	2.74ab  
0.1
	2.86a  
0.1
	2.88a  
0.2
	2.82a  
0.1

	M16AN
	05
	0.70a  
0.1
	1.80 a 
0.2
	1.70 a 
0.1
	1.84a  
0.1
	2.02a  
0.1
	2.16b  
0.1
	2.24a  
0.2
	2.10b  
0.2
	2.16b  
0.1

	Ti13AN
	05
	0.54a  
0.1
	1.54 a 
0.1
	1.90a  
0.1
	2.04a  
0.1
	2.30a  
0.2
	2.80a  
0.1
	2.66a  
0.1
	2.44ab  
0.1
	2.50ab  
0.1

	VDK5AN
	05
	0.70a  
0.1
	1.60 a 
0.1
	1.62a  
0.1
	1.84a  
0.1
	2.16a  
0.1
	2.50ab  
0.2
	2.76a  
0.2
	2.44ab  
0.2
	2.48ab  
0.3

	VDK12AE
	05
	0.60a  
0.1
	1.64 a 
1.1
	1.66a  
0.1
	2.04a  
0.2
	2.48a  
0.2
	2.62ab  
0.1
	2.74a  
0.1
	2.70ab  
0.1
	2.76ab  
0.1

	ANOVA
	df
	5
	5
	5
	5
	5
	5
	5
	5
	5

	
	F
	0.614
	0.377
	1.39
	0.669
	1.545
	2.758
	2.152
	3.249
	2.736

	
	P
	>0.05ns
	>0.05ns
	>0.05ns
	>0.05ns
	>0.05ns
	< 0.05*
	>0.05ns
	< 0.05*
	< 0.05*


df = degree of freedom; F = Fisher F; *significant p < 0.05; ns: not significant p> 0.05.  The values sharing the same letter are not significantly different according to the LSD test, p < 0.05.
Table 7.  Analysis of the seedlings' average radicle length according to the  treatment and the period 
	Treatment
	N
	Radicle length (cm)

	
	
	2DAI
	3DAI
	4 DAI 
	5 DAI 
	6 DAI 
	7 DAI 
	8 DAI 
	9 DAI
	10DAI

	Control 
	05
	1.68ab
0.2
	2.48a 
0.3
	5.62ab0.3
	5.62ab0.2
	5.36a  
0.3
	5.64a 
0.3
	5.70a 
0.3
	5.86a 
0.2
	5.60b 
0.3

	M14AN 
	05
	1.32ab  
0.3
	2.56a 
0.4
	5.86ab 0.4
	6.14ab0.4
	6.36a  
0.5
	6.32a 
0.5
	6.42a 
0.5
	6.32a 
0.4
	6.50ab 
0.5

	M16AN
	05
	2.20a  
0.2
	2.52a 
0.2
	6.70a 
0.5
	6.80a  
0.6
	7.04a  
0.6
	7.08a 
0.5
	6.80a 
0.6
	7.26a 
0.5
	6.94ab  
0.6

	Ti13AN
	05
	1.72ab 
0.2
	2.30a 
0.2
	6.30a  
0.3
	6.86a  
0.2
	6.80a  
0.6
	6.84a 
0.5
	6.90a 
0.6
	6.66a 
0.5
	6.70ab  
0.6

	VDK5AN
	05
	1.48ab 
0.3
	2.02a 
0.4
	5.10ab0.6
	5.60ab0.5
	6.38a  
0.4
	6.90a 
0.6
	7.04a 
0.6
	6.54a 
0.5
	7.90a 
0.6

	VDK12AE
	05
	1.22b 
0.2
	2.70a 
0.3
	4.22b 
0.3
	4.46b 
0.4
	5.52a  
0.5
	6.48a 
0.5
	6.40a 
0.5
	6.24a 
0.5
	6.04ab  
0.1

	ANOVA
	df
	5
	5
	5
	5
	5
	5
	5
	5
	5

	
	F
	2.531
	0.589
	4.749
	4.75
	1.93
	1.144
	0.86
	1.015
	2.0527

	
	P
	< 0.05*
	>0.05ns
	<0.01**
	<0.01**
	>0.05ns
	>0.05ns
	>0.05ns
	>0.05ns
	< 0.05*


df = degree of freedom; F = Fisher F; *significant p < 0.05; **significant p < 0.01; ns: not significant p> 0.05.  The values sharing the same letter are not significantly different according to the LSD test, p < 0.05.
3.3. Effect of plant growth-promoting rhizobacteria on rice plant growth
[bookmark: _Hlk218661974]The analysis of variance showed that both rice plant height and tiller number were significantly affected by treatment and evaluation period (p < 0.001; Table 8). The results showed that plant height varied considerably among treatments and across periods, with a significant treatment * period interaction (p = 0.005), indicating that treatment effects on growth depend on the developmental stage. Similarly, tiller number was highly influenced by treatment and period, and exhibited a highly significant treatment * period interaction (p < 0.001), reflecting treatment-dependent differences in tillering dynamics over time. Overall, these results demonstrate that the applied treatments significantly modulated rice growth and tillering throughout the crop cycle.
Table 8. Analysis of rice height and number of tillers variation according to the treatment and period  
	Variable
	Parameter
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Treatment 
	Heigth
	1657
	6
	276.2
	43.392
	< 0.001***

	Period
	
	18861
	13
	1450.8
	227.919
	< 0.001***

	Treatment*Period
	
	790
	78
	10.1
	1.592
	< 0.01**

	Residuals
	
	1248
	196
	6.4
	
	

	Treatment 
	Nombre talle
	812.7
	6
	88.01
	186.97
	< 0.001***

	Period
	
	1849.0
	13
	2.03
	196.32
	< 0.001***

	Treatment*Period
	
	741.9
	78
	1.60
	13.13
	< 0.001***

	Residuals
	
	142.0
	196
	3.09
	
	


df = degree of freedom; F = Fisher F; **significant p < 0.01; ***significant p < 0.001.  
Tables 9 and 10 evidenced the analysis of the rice plants' average number of tillers and height variation during the growth cycle. The results showed that bacterial treatments significantly affected both plant height (p < 0.01) and tiller number (p < 0.001) (Table 9), highlighting their growth-promoting potential compared with the control. Treatment effects on plant height became evident from mid to late growth stages (T2, T5–T9, and T11–T13, corresponding to tillering, flowering, and maturity), with VDK5AN consistently producing the tallest plants (30–32 cm at harvest) (Table 9). Similarly, tiller development showed no significant differences at early stages (T0–T4), whereas marked increases occurred from T5 (flowering) onward (p < 0.05 to p < 0.001), particularly under VDK5AN, Ti13AN, and VDK12AE isolates, which reached up to 10 tillers per plant compared with 1–1.3 in the control (Table 10). Overall, inoculated plants—especially those treated with VDK5AN, VDK12AE, Ti13AN, and M16AN isolates- exhibited superior vegetative growth and tillering across growth stages relative to the control and, in several cases, the NPK treatment.
The isolates M14AN, Ti13AN, VDK5AN, and VDK12AE belong to the genera Bacillus (VDK12AE and Ti13AN) and Lysinibacillus (M14AN and VDK5AN), which have been previously identified as effective promoters of rice plant growth ( Pan et al., 2023; Sultana et al., 2023; Malarvizhi et al., 2025). However, M16AN, belonging to the Terrilactibacillus genus, is a novel isolate isolated for the first time from the bark of Tamarindus indica (Kingkaew et al. 2020). Thus, his role in the rice plant rhizosphere should be further investigated.  
Overall, all the bacterial isolates could enhance rice vegetative growth and tillering likely through mechanisms such as improved nutrient availability (Chen et al. 2023), phytohormone production (Orozco-Mosqueda et al. 2023), and stimulation of root–shoot development (Ha-Tran et al. 2021), highlighting their potential as effective biofertilizers or plant growth–promoting inoculants in rice cultivation.  Thus, further investigations are needed to elucidate the mechanisms by which bacteria enhance rice plant growth. 

Table 9. Analysis of the rice plants' average height variation during the growth cycle 
	Period
	N
	Height (cm)
	ANOVA

	
	
	Control
	NPK
	NPK+ M14AN
	NPK+ M16AN
	NPK+ Ti13AN
	NPK+ VDK5AN
	NPK+ VDK12AE
	F value
	Pr(>F)

	T0
	05
	3.83ab0.4
	6.67a0.3
	7.17a1.1
	5.5a0.8
	6.67a1.5
	3.83a  0.6
	5.00a0.0
	2.894
	> 0.05ns

	T1
	05
	5.67ab0.6
	6.23a0.4
	8.00a0.5
	6.00ab0.7
	7.00ab2.0
	6.67a  1.0
	7.33a0.6
	0.677
	> 0.05ns

	T2
	05
	5.0b 0.5
	6.33b0.2
	7.00b1.0
	7.1b0.1
	6.00b  0.6
	10.0a  0.6
	7.17b0.6
	7.298
	<0.01**

	T3
	05
	5.5a0.5
	5.03a0.3
	8.43a1.3
	8.10a0.5
	7.00a 1.2
	10.5a  1.9
	8.63a1.5
	2.673
	> 0.05ns

	T4
	05
	6.23a0.8
	7.23a0.3
	10.4a2.2
	10.50a1.8
	10.37a1.9
	14.1a  2.1
	10.8a2.2
	2.124
	> 0.05ns

	T5
	05
	7.33b0.4
	7.83b0.2
	11.5ab1.6
	13.17ab0.2
	10.67ab1.9
	16.1a  1.4
	12.9ab1.6
	5.921
	< 0.01**

	T6
	05
	8.00c0.6
	10.3bc1.2
	12.5abc2.0
	14.17ab1.0
	13.83abc0.2
	18.3a  0.7
	16.0ab2.3
	6.557
	< 0.01**

	T7
	05
	11.0c0.6
	13.3bc0.7
	16.5abc2.6
	18.0ab1.2
	18.0ab0.6
	21.17a  0.4
	19.7a1.3
	8.119
	< 0.001***

	T8
	05
	11.0c 0.6
	15.3bc0.3
	17.7ab2.8
	20.0ab0.6
	20.00ab  0.6
	22.0a  0.6
	21.5a0.8
	10.43
	< 0.001***

	T9
	05
	12.0b 0.6
	19.0ab0.0
	20.0a3.6
	22.3a0.7
	22.67a  0.4
	23.2a  0.6
	22.0a1.0
	6.916
	<0.01**

	T10
	05
	18.5a1.2
	23.5a0.3
	20.0a3.5
	24.7b1.3
	24.0a1.2
	23.5a  0.8
	25.5a0.5
	2.594
	> 0.05ns

	T11
	05
	19.5c0.6
	20.0c0.6
	23.0bc2.0
	27.0ab1.0
	29.0a0.6
	26.5ab  0.3
	26.5ab0.3
	15.51
	< 0.001***

	T12
	05
	19.7b0.3
	24.0ab1.2
	28.7ab5.0
	31.0a1.6
	32.3a  0.6
	30.5a  0.3
	31.0a2.5
	4.143
	< 0.05*

	T13
	05
	23.0b0.6
	27.5ab0.0
	30.7ab5.9
	32.5ab0.8
	30.67ab  1.9
	30.5ab  0.3
	34.8a1.6
	2.388
	< 0.05*


T= Period; df = degree of freedom; F = Fisher F; *significant p < 0.05; **significant p < 0.01; ***significant p < 0.001; ns: not significant p> 0.05.  The values sharing the same letter are not significantly different according to the LSD test, p < 0.05.





Table10. Analysis of the rice plants' average number of tillers variation during the growth cycle
	Period
	N
	Tillers number 
	ANOVA

	
	
	Control
	NPK
	NPK+ M14AN
	NPK+ M16AN
	NPK+ Ti13AN
	NPK+ VDK5AN
	NPK+ VDK12AE
	F value
	Pr(>F)

	T0
	05
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1
	> 0.05ns

	T1
	05
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1
	> 0.05ns

	T2
	05
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1
	> 0.05ns

	T3
	05
	1.00a0.0
	1.00a0.0
	1.00a0.0
	1.33a0.3
	1.00a0.0
	1.33a  0.3
	1.00a0.0
	0.833
	> 0.05ns

	T4
	05
	1.00a0.0
	1.33a0.3
	1.00a0.0
	1.00a0.0
	1.67a0.7
	2.00a  0.6
	1.00a0.0
	1.292
	> 0.05ns

	T5
	05
	1.00b0.0
	1.00b0.0
	1.00b0.0
	1.33b0.3
	2.00ab 1.0
	3.33a  0.3
	1.33b0.3
	3.833
	< 0.05*

	T6
	05
	1.00c0.0
	1.00c0.0
	1.00c0.0
	1.67bc0.7
	1.67bc0.7
	4.33a  0.3
	3.00ab0.6
	8.444
	<0.001***

	T7
	05
	1.00c0.0
	1.00c0.0
	1.67c0.3
	3.00bc0.6
	2.33c0.9
	7.00a  0.0
	5.00ab0.6
	22.67
	<0.001***

	T8
	05
	1.00d 0.0
	1.67d0.7
	2.67cd0.3
	4.00c0.6
	7.00b  0.6
	10.00a  0.6
	8.00ab0.6
	44.16
	<0.001***

	T9
	05
	1.33c 0.3
	2.33bc0.3
	4.00bc0.6
	5.00b1.2
	10.0a  0.6
	10.00a  0.6
	10.0a0.5
	35.6
	<0.001***

	T10
	05
	1.33c0.3
	2.33bc0.3
	4.67b0.8
	8.00a1.2
	10.0a0.6
	10.0a0.6
	10.0a0.6
	30.21
	<0.001***

	T11
	05
	1.33c0.3
	2.33bc0.3
	4.67b0.8
	8.00a1.2
	10.0a0.6
	10.0a0.6
	10.0a0.6
	30.21
	<0.001***

	T12
	05
	1.33c0.3
	4.67b0.3
	4.67b0.8
	8.00a1.2
	10.0a  0.6
	10.0a  0.6
	10.0a  0.6
	24.84
	<0.001***

	T13
	05
	1.33c0.3
	5.00b0.6
	4.67b0.8
	8.00a1.2
	10.0a  0.6
	10.0a  0.6
	10.0a  0.6
	22.82
	<0.001***


T= Period; df = degree of freedom; F = Fisher F; *significant p < 0.05; ***significant p < 0.001; ns: not significant p> 0.05.  The values sharing the same letter are not significantly different according to the LSD test, p < 0.05.
	
3.4. Effect of plant growth-promoting rhizobacteria application on rice biomass yield
Table 11 showed the variance in aerial and root biomass yield according to the treatment applied. The analysis revealed a highly significant effect of treatments on both aerial biomass yields and root biomass yield (p < 0.0001; Table 11), highlighting apparent differences among treatments. Bacterial inoculation of all bacteria tested markedly enhanced biomass production compared with the control and NPK treatments. The highest aerial biomass was recorded for M14AN (20.40 ± 1.30) and VDK5AN (19.43 ± 1.15) isolates, followed by M16AN and Ti13AN, whereas the control exhibited the lowest yield. Similarly, root biomass was significantly greater in plants treated with M14AN (9.60 ± 0.46) and VDK5AN (9.45 ± 0.95) isolates, indicating an intense stimulation of root development by these bacterial isolates. In contrast, the control showed minimal root biomass, while NPK and some bacterial treatments displayed intermediate values. 
Overall, these results demonstrate that all the selected bacterial strains, particularly M14AN and VDK5AN isolates, were more effective than chemical fertilization alone in improving both aerial and root biomass, suggesting a strong potential of these bacteria for enhancing rice productivity. 
Although the potential of Terrilactibacillus to promote rice plant growth has not yet been reported, previous studies have shown that Lysinibacillus and Bacillus species can improve rice growth and yield (Lelapalli et al. 2021; Malarvizhi et al. 2025).
Indeed, Lysinibacillus fusiformis (Naureen et al., 2017), Lysinibacillus sphaericus  (Passera et al. 2021), and  Bacillus subtills (Hashem et al. 2019) have been identified as Plant Growth Promoting Rhizobacteria (PGPR). Many studies have demonstrated that these bacteria can be used as plant biostimulants, biocontrol agents, bioremediation agents, and entomopathogenic agents ( Shabanamol et al., 2017; Hashem et al., 2019; Ahsan and Shimizu, 2021; Passera et al., 2021). In addition, recent studies have shown that Lysinibacillus species ( Naureen et al., 2017; Jaiswal et al., 2022) also possess plant growth–promoting traits, including auxin production, phosphate solubilization, siderophore production, and nitrogen fixation (Shabanamol et al. 2018).
Moreover, many studies reported that bacteria belonging to the genus Bacillus are among the most effective PGPR in rice, regarding their ability to enhance seed germination, nutrient acquisition, stress tolerance, and biomass production through multiple synergistic mechanisms, including phytohormone production and biocontrol activity (Rajer et al. 2022; Abd El-Mageed et al. 2022; Khan et al. 2022).
Plant growth-promoting rhizobacteria (PGPR) can improve rice productivity by increasing nutrient availability and absorption in rice plants (Chen et al. 2023; Sultana et al. 2024). Indeed, these bacteria can also enhance soil nutrient solubilization, root growth, and nutrient uptake, and stimulate plant physiological responses, which together support increased biomass accumulation and yield (Purwanto and Suharti, 2021; Pan et al., 2023). 
However, further research is needed to elucidate the mechanisms of action underlying these results and to evaluate the effectiveness of these bacteria on rice productivity under real field conditions. In addition, formulation studies should be conducted to develop suitable and effective biofertilizers that can optimize and consistently improve yields.

Table 11. Variation in average rice yield according to treatment
	Treatment
	N
	Aerial biomass (g.pot-1) 
	Root Biomass (g.pot-1)

	Control
	03
	7.00 d  1.15
	1.63 c  0.31

	NPK
	03
	9.87 cd  1.70
	5.05 b  0.43

	NPK+M14AN
	03
	20.40 a  1.30
	9.60 a  0.46

	NPK+M16AN
	03
	16.55 ab  0.61
	5.60 b  0.28

	NPK+Ti13AN
	03
	15.27 abc  1.33
	6.23 b  0.54

	NPK+VDK5AN
	03
	19.43 ab   1.15
	9.45 a  0.95

	NPK+VDK12AE
	03
	14.30 bc  0.57
	4.30 ab  0.66

	ANOVA
	df
	6
	6

	
	F
	16.94
	25

	
	P
	< 0.0001***
	< 0.0001***


df = degree of freedom; F = Fisher F; *significant p < 0.05; **significant p < 0.01; ***significant p < 0.001; ns: not significant p> 0.05.  The values sharing the same letter are not significantly different according to the LSD test, p < 0.05.


4. Conclusion

In conclusion, the current study demonstrated that the tested bacterial isolates (VDK5AN, VDK12AE, M14AN, TI13AN, and M16AN) significantly improved rice seed germination, early seedling development, and subsequent vegetative growth depending on the isolate and the evaluation period. Several isolates, particularly M14AN and VDK5AN, consistently promoted seedling vigor, tillering, and biomass accumulation, outperforming the uninoculated control and, in some cases, chemical fertilization alone. These findings highlight the strong potential of the selected isolates as plant growth–promoting bacteria for sustainable rice production. Overall, the findings provide a basis for developing bacterial biofertilizers that enhance rice productivity while reducing dependence on chemical inputs.  Further studies under field conditions will be essential to confirm these benefits and facilitate their practical application in rice-based cropping systems.
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