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Comparative effects of plant growth–promoting rhizobacteria and their formulations with compost and mineral fertilizer on onion productivity and disease incidence in Burkina Faso
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ABSTRACT 

	Soil infertility is a major constraint to onion production in Burkina Faso. This study aimed to evaluate the combined and separate effects of Plant Growth–Promoting Rhizobacteria (PGPR), mineral fertilizer (NPK), and organic (compost) fertilizer on onion growth and disease incidence. Five bacterial isolates—VDK5AN, VDK12AE, M14AN, TI13AN, and M16AN—were characterized for plant growth-promoting properties and antifungal activity against Fusarium sp. and Aspergillus sp. Their effect on onion seed germination and early growth was also evaluated. In addition, soil samples were collected in field and used in pot experiments involving several fertilization modes, including mineral fertilizer (NPK and compost applied at two rates (2.5% and 5%), and their combinations with selected bacterial isolates. Germination dynamics, plant biomass, root length, and disease incidence were monitored throughout the experiment. To assess the individual and combined effects of variety, treatment, and evaluation period on onion performance, an ANOVA test was used for data analysis. Germination tests showed a highly significant varietal effect (p < 0.01), with the Violet de Galmi variety reaching up to 25% germination compared to only 2–14% for Prema-178. In the pot experiments, treatments significantly influenced seedling height and root length (p < 0.05), neck height, and leaf number (p < 0.05). Compost-based inoculations—particularly Compost (5%)–TI13AN, Compost (5%)–M16AN, and Compost (2.5%)–M14AN—significantly increased root length (P < 0.001) and biomass (P < 0.05), yielding the longest roots and highest biomass. Conversely, NPK–M14AN yielded the lowest biomass. Disease incidence reached 100% under NPK+M16AN but declined to 0–16.67% under Compost (2.5%)–M16AN. Overall, compost-based PGPR formulations, particularly with TI13AN (Bacillus), M14AN (Lysinibacillus), and M16AN (Terrilactibacillus), significantly enhanced the germination, growth, and disease resistance of onion seedlings, offering a sustainable alternative to mineral fertilizer dependency in onion production in West Africa.
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1. INTRODUCTION 
[bookmark: _Hlk215880691]Onion (Allium cepa L.), a vegetable grown and consumed fresh or dried worldwide, is an essential component of a balanced diet (Imran et al. 2025). With an estimated annual production of about 111 million tons in 2023 (FAOSTAT 2024), onion is a strategically important horticultural crop in terms of job creation and income regeneration in onion-producing areas at the global, regional, and national levels (Imran et al. 2025; Traoré et Toe 2008). In 2021, Burkina Faso in West Africa recorded a total production of 17,859.71 tons of fresh onions and shallots (Nana et al. 2023), (FAOSTAT 2022). Burkina Faso is now the second-largest onion-exporting country in West Africa, after Niger, with more than 11,000 hectares under cultivation and around 15,000 producers involved in the value chain (FSRP-BF, 2025). Indeed, the onion sector plays a crucial role in ensuring food security and the economic stability of farming households in Burkina Faso. But onion production in Burkina Faso faces challenges related to bulb quality, leading to significant post-harvest losses. Contributing factors include inappropriate farming practices, soil infertility (Ouedraogo et al. 2020), excessive use of chemical inputs (Dakuyo et al. 2021), and infestations by pests and diseases (Kintega et al. 2020).

As a highly nutrient-demanding crop, onion requires fertilization strategies that are adapted to its specific nutritional needs at each growth stage (Khokhar 2019). Because of its shallow and weakly branched root system, onion requires a constant and readily available supply of nitrogen (N), phosphorus (P), and potassium (K) to achieve optimal bulb yield. Indeed, fertilization practices in onion production systems in Burkina Faso are largely dependent on mineral (NPK) fertilizers due to the scarcity of organic manure in major production areas (Ouedraogo et al. 2020). Inappropriate fertilizer management often results in significant nutrient residues remaining in the soil after harvest (Brewster 2008; Mirabella et al. 2025). The high cost of these inputs often leads farmers to apply -recommended rates, which can negatively affect soil health(Geisseler et Scow 2014; Zhang et al. 2024). Furthermore, the excessive use of chemical fertilizers combined with the limited incorporation of organic matter can lead to nutrient imbalances and accumulation in the soil, making onion roots more susceptible to waterlogging, anaerobic conditions, and related toxicities (Lee and Lee, 2014).Onion production in Burkina Faso also relies heavily on the use of pesticides, which leads to environmental degradation, food contamination, and increased human health risks (Dakuyo et al. 2021). Indeed, pesticide exposure mainly occurs through accidental intake, occupational contact, and self-harm, but dietary exposure from food residues also represents a significant source of contamination (Dakuyo et al. 2021; Toe, 2010). Challenges related to the availability and accessibility of approved pesticides and fertilizers for smallholder farmers remain significant in Burkina Faso. 

Our previous research showed that a  combined application of a plant growth-promoting bacteria , organic matter and mineral fertilizer increased onion productivity in Burkina Faso (Otoidobiga et al. 2025). The present study builds on this prior work, aiming to evaluate the combined and separate effects of various Plant Growth–Promoting Rhizobacteria (PGPR), mineral fertilization, and organic fertilization on onion productivity and disease incidence. For this purpose, five PGPR strains were tested in combination with compost or NPK fertilizer. Agro-morphological parameters of onion plants and disease incidence were recorded to identify the most effective fertilizer formulation for optimizing growth, yield, and reducing disease incidence. The results could inform improved farming practices leading to increased onion plant health and productivity, and ultimately livelihood benefits, for smallholder farmers in Burkina Faso and other parts of West Africa.

2. material and methods 
2.1. Soil Sampling and Experimental Site
Soil was collected from an onion cultivation site located in Sabou, a rural commune situated at approximately 13.35400° N and 5.81905° W, within the Sudanian savanna zone of central-western Burkina Faso (Figure 1). Samples were taken from the 0–20 cm soil layer corresponding to the onion rhizosphere. The physicochemical properties of this soil were previously reported by Otoidobiga et al. (2025). The collected samples were transported to Joseph Ki-Zerbo University located at 12°21'19.2"N 1°31'04.6"W, for pot experiments.


2.2. Evaluation of Plant Growth-Promoting Traits of Bacterial Strains
The bacterial strains VDK5AN, VDK12AE, M14AN, TI13AN, and M16AN were obtained from the microbial culture collection of the Laboratory of Microbiology and Microbial Biotechnology (LAMBAM), Joseph Ki-Zerbo University. 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 assessed through tests for atmospheric nitrogen fixation, hydrogen cyanide (HCN) production, indole-3-acetic acid (IAA) synthesis, and ammonia (NH₃) production, as described by Otoidobiga et al. (2025).
2.3. Evaluation of bacterial isolates' antifungal activity 
The antifungal activity of the bacterial isolates was evaluated against Fusarium sp. and Aspergillus sp. fungi, partially identified at the Laboratory of Microbiology and Microbial Biotechnology (LAMBAM). The dual culture method described by Kumar and Dubey (2012) was used on Potato Dextrose Agar media (PDA; Biokar Diagnostics, France). Plates were incubated at 30°C for seven days, and inhibition zones were measured using a ruler. The percentage of mycelial growth inhibition was calculated following Riungu et al. (2008):  

r1: is the pathogen colony diameter in control plates (without bacteria) and r2: the colony diameter in dual culture with the bacteria strains.
2.4. Plant Material 
The onion varieties used in this study were Prema-178 and Violet de Galmi, obtained from the East-West Seed Company (Thailand) and the INRAN seed collection (National Institute of Agronomic Research of Niger), respectively. The Prema-178 variety was evaluated because of its adaptability to dry and rainy season cultivation, while the Violet de Galmi variety is specifically adapted to dry-season farming (Garane et al., 2018).  These varieties were selected because they are widely cultivated by farmers and well adapted to the climatic conditions of Burkina Faso.
2.5. Germination Test
Seeds of the two commercially available onion varieties (Prema-178 and Violet de Galmi) were used. The 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, fifty seeds were soaked in each bacterial suspension for 30 minutes for inoculation. Controls were treated with sterile distilled water. Fifty seeds per Petri dish were germinated on moist sterile filter papers, and kept in the dark at room temperature for seven days (Naureen et al. 2017). Papers were moistened every two days with 5 mL of sterile distilled water. The number of germinated seeds, seedling length, and root length were recorded daily to evaluate the effects of bacteria on seed germination and early growth. All the tests were performed in triplicate under aseptic conditions. 
2.6. Pot Experiment
[bookmark: _Hlk215879409]Pot experiments were conducted using 4 kg of sterilized soil per pot. Treated seeds from both onion varieties were sown in pots. Most onion varieties are typically cultivated during the dry season because they cannot tolerate the high humidity levels characteristic of the rainy season in Burkina Faso (Garane et al. 2018). Thus, seedlings were raised in a nursery and transplanted 45 Days After Transplanting (DAT), with a spacing of 10 cm (two plants per pot).

Three fertilization regimes were tested:
· T0: NPK fertilizer (14-23-14) at 900 kg. ha-1
· T1: Compost at 2.5% (P/V)
· T2: Compost at 5% (P/V)

[bookmark: _GoBack]Each fertilization level was combined or applied separately with the five bacterial inoculants (VDK5AN, VDK12AE, M14AN, TI13AN, and M16AN), giving a total of 18 treatments, each in triplicate (54 pots, two plants per pot). The experimental design is presented in Figure 1. Bacterial inocula were prepared and applied as described by Otoidobiga et al. (2025). Thus, at transplantation, seedling roots were immersed in bacterial suspensions. A second application (0.5 mL per plant) was made 20 DAT at the plant base. During the experiment, plant height, neck diameter, and leaf number were recorded at 20, 40, and 60 DAT. To end the experiment, at harvest, mean plant weight and root length were measured, while the number of dead and diseased plants was also recorded.
[image: ]
Figure 1. Experimental Design for the Pot Trial

2.7. Data Analysis
[bookmark: _Hlk215879586]The collected data were organized and compiled into an Excel spreadsheet. All measured variables were subjected to one-way analysis of variance (ANOVA). Tukey’s Honest Significant Difference (HSD) test was subsequently applied for pairwise comparisons of all parameter means. The statistical analyses were performed using R software version 4.3.0, with a significance threshold set at p < 0.05 to determine differences between treatments.
3. results and discussion
3.1 Plant growth-promoting characteristics of bacterial isolates
During the study, the bacterial isolates displayed diverse plant growth-promoting (PGP) and antifungal activity. All bacterial strains, except for VDK12AE, produced indole-3-acetic acid (IAA) (Table 1). This result highlights the potential of isolates to stimulate root development and enhance nutrient uptake. Indeed, IAA is known to be one of the most important and biologically active phytohormones that regulates key processes in plant development, including organ formation, growth responses, cell expansion, division, differentiation, and gene expression (Lebrazi et al. 2020).

Nitrogen fixation capacity varied across isolates: VDK5AN, TI13AN, and M14AN exhibited generally weak activity, while VDK12AE showed strong positive fixation, and M16AN lacked this trait entirely. Nitrogen (N) is a major nutrient for plants—it is a component of proteins, nucleic acids, and chlorophyll, and contributes to photosynthesis and vegetative growth (Hasan et al. 2024). Furthermore, ammonium production was detected in all strains, with VDK12AE and M14AN demonstrating moderate to high levels, suggesting a meaningful contribution to nitrogen enrichment in the rhizosphere. This nutrient is directly assimilated into amino acids and stimulates root branching to increase the surface for the uptake of nutrients, while also resulting in higher amino acid, chlorophyll contents, sugar, and starch (Hakim et al. 2021). Ammonia (NH₃) or ammonium production in the rhizosphere by PGPR can increase nitrogen availability to the plant, which is particularly useful in poor soils or soils subject to nutrient stress (Fanai et al. 2024).

Hydrogen cyanide (HCN) production was most pronounced in VDK5AN, while VDK12AE, M14AN, and M16AN showed moderate to weak activity; TI13AN did not produce HCN. Hydrogen cyanide (HCN) is a bioactive volatile metabolite, secreted by some soil and rhizosphere bacteria into the environment to control nearby organisms ( Rijavec et Lapanje 2016; Anand et al. 2023). This molecule is a key biocontrol mechanism and has strong inhibitory activity against a range of soil-borne organisms (fungi, some bacteria, nematodes, and insects) by interfering with cellular respiration (inhibition of cytochrome c oxidase) and other metabolic targets (Vocciante et al. 2022). 

Moreover, in terms of antifungal activity, the isolates exhibited selective inhibition profiles. TI13AN strongly inhibited Fusarium sp. (57.14%) and Aspergillus sp. (88.09%), whereas M14AN showed notable activity against Aspergillus sp. (85.71%). VDK5AN and M16AN were only weakly active against Fusarium sp. (37.75%) and Aspergillus sp. (64.28%). In contrast, VDK12AE remained inactive against both fungal pathogens. The antifungal activity observed among the bacterial isolates represents an essential indirect mechanism of plant growth promotion. Indeed, many studies reported that the antifungal activity of PGPR relies on synergistic mechanisms, including metabolite production (Haas et Défago 2005; Deepa et al. 2022), enzymatic degradation, competition for resources (Compant et al. 2005; El-Gendi et al. 2025), induction of plant systemic resistance (Pieterse et al. 2014; Rabari et al. 2023), and emission of inhibitory volatile compounds (Glick 2012; Zhao et al. 2022). The strains capable of inhibiting Fusarium and Aspergillus species may contribute to disease suppression (Haas et Défago 2005; Santos et al. 2024).

Several studies have reported the PGP properties of Bacillus subtilis and Lysinibacillus species. Indeed, B. subtilis stimulates plant growth through the production of auxins (IAA), phosphate solubilization, siderophore synthesis (Lim 2009; Bahadir et al.  2018), and 1-aminocyclopropane-1-carboxylate deaminase (ACC deaminase) activity (Xu et al. 2014; Chandwani et al. 2025). This species is also capable of producing antimicrobial lipopeptides that contribute to plant protection against pathogens and the induction of systemic resistance (Hashem et al. 2019). For their part, bacteria of the genus Lysinibacillus exhibit similar characteristics, including IAA production, phosphorus and potassium solubilization, and the production of ammonia (NH₃) and siderophores, thereby improving nutrient availability and plant vigor (Naureen et al. 2017). Several studies have also demonstrated their biocontrol role against soil-borne pathogens such as Fusarium, Rhizoctonia, and Pythium, thereby enhancing plant tolerance to abiotic and biotic stresses (Ahsan and Shimizu, 2021; Naureen et al., 2017). 

Contrary to current knowledge, no studies have reported the involvement of bacteria of the genus Terrilactibacillus in promoting plant growth. This bacterial genus has only recently been isolated and identified (Kingkaew et al. 2020; Prasirtsak et al. 2017). Further studies, considering the complete molecular characterization of this bacterial strain, would therefore provide a better understanding of the PGP process used by these bacteria.

Overall, TI13AN and M14AN displayed the most promising dual PGP and antifungal activity, combining IAA production, ammonium synthesis, and broad-spectrum antifungal activity. These strains are therefore potential candidates for further development as bioinoculants for onion cultivation under pathogen-prone conditions. 

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
3.2 Effect of bacterial isolates on the number of germinated onion seeds 
The ANOVA of the number of germinated onion seeds according to the variety, treatment, and evaluation period (days) is presented in Table 2. Results revealed a highly significant effect of variety on seed germination (p < 0.001), indicating clear differences in germination behavior among the tested onion varieties. The treatment factor also showed a significant effect (p < 0.05), suggesting that the applied treatments influenced seed germination capacity. Likewise, the period had a very significant effect (p < 0.01), reflecting temporal variations in germination rate during the experiment. In contrast, no significant interaction was observed between factors (Variety * Treatment, Variety * Period, Treatment * Period, or triple interaction, p > 0.5), indicating that each factor acted independently. 
Table 2. Variation in the number of germinated seeds according to onion variety, treatment, and the period
	Variable
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Variety
	209.8
	1
	209.79
	69.162
	< 0.001***

	Treatment 
	44.0
	5
	8.79
	2.898
	< 0.05*

	Period
	38.9
	2
	19.43
	6.405
	< 0.01**

	Variety*Treatment 
	6.7
	2
	3.33
	1.099
	> 0.05ns

	Variety*Period
	14.9
	2
	7.45
	2.455
	> 0.05ns

	Treatment*Period  
	9.8
	10
	0.98
	0.325
	> 0.05ns

	Variety*Treatment*Period
	4.3
	4
	1.07
	0.352
	> 0.05ns

	Residuals
	327.6
	108
	3.03
	
	


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.  

Data on the number of germinated seeds were analyzed according to the period of evaluation and treatment for each variety. The result evidenced that the evaluation period (p < 0.001) and treatment (p < 0.05) had significant effects on germination of the Violet de Galmi variety. In contrast, the period*treatment interaction was not significant (p > 0.05) (Table 3). Conversely, in the Prema-178 variety, periods, treatments, or their interaction (p > 0.05) had no significant differences in the number of germinated grains. Overall, these results indicated that Violet de Galmi exhibited a more dynamic and responsive germination behavior to all factors, reflecting a higher physiological aptitude for germination compared with the Prema-178 variety. This result is consistent with those of Sogoba et al. (2024), who reported that the germination rates of Violet de Galmi were higher than those of Prema-178. Indeed, the germination of onion seeds may depend on seed-related genetic, physiological, and environmental factors (Das and Prabha, 2024). 

Table 3. The analysis of variance of the number of germinated grains according to period and treatment for each variety
	Variable
	Variety
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Period
	Violet de Galmi
	53.36
	2
	26.678
	7.646
	< 0.001***

	Treatment 
	
	45.42
	5
	9.084
	2.604
	< 0.05*

	Period*Treatment 
	
	13.31
	10
	1.331
	0.382
	> 0.05ns

	Residuals
	
	251.20
	72
	3.489
	
	

	Period
	Prema-178
	0.4
	2
	0.200
	0.094
	> 0.05ns

	Treatment 
	
	5.2
	2
	2.600
	1.225
	> 0.05ns

	Period*Treatment 
	
	0.8
	4
	0.200
	0.094
	> 0.05 ns

	Residuals
	
	76.4
	36
	2.122
	
	


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.

[bookmark: _Hlk213163821]Comparison of the average number of germinated onion seeds according to the variety and period revealed a highly significant effect of variety on the number of germinated seeds at all evaluation periods (P < 0.01, Table 4). The Violet de Galmi variety consistently showed the highest germination rates at 4, 5, and 7 DAT. Conversely, the Prema-178 variety showed significantly lower values, reflecting slower or less uniform germination. Indeed, the germination rate was less than 25% for the Violet de Galmi onion variety, and varied between 2 to 14% for the Prema-178 variety. This result is different from those of Sogoba et al. (2024), who reported germination rates of 89.33% and 88% for the Violet de Galmi and Prem-178 varieties, respectively. The current results could be explained by the quality of the seed used for experiments or by the inoculation treatment of the onion seeds. Brar et al. (2020) revealed that onion seed loses its viability rapidly under ambient storage conditions. Indeed, the germination of onion seeds is influenced by several factors, such as the physiological quality of the seeds, age, viability, and genetic potential of the varieties (Das and Prabha, 2024). Low-quality onion seeds lead to poor, uneven germination and abnormal seedlings under stress, with seed quality influenced by factors like growing conditions, harvest timing, and storage (Brar et al. 2020). The overall low germination rate of both varieties could be attributed to genetic factors, the physiological quality of the seeds, their nutrient reserve content, and their ability to adapt to local climatic conditions. These findings are consistent with those of  Kamaei et al. (2024), who explained that a seed’s germination rate largely depends on its physiological state—a key factor for rapid germination. 

Several studies have emphasized the importance of determining the optimal inoculum concentration of PGPR to achieve beneficial effects on seed germination and plant development. According to Samayoa et al. (2020), excessively high levels of PGPR can inhibit rather than promote growth; the modulation of plant growth occurs within an optimal range of bacterial density and auxin (IAA) concentration. Similarly, Edelmann (2022) reported that IAA produced by PGPR regulates plant growth by stimulating root elongation at low concentrations, while at higher levels it inhibits root and shoot development due to hormonal imbalance and disruption of normal cellular processes. These findings indicate that identifying the appropriate inoculum concentration is crucial for maximizing the positive impact of PGPR on onion seed germination and early seedling development. Thus, further experiments should seek to determine the optimum concentration of inoculum for the best onion seed germination rates and optimal productivity of the onion plants.
Table 4. Average number of germinated onion seeds depending on variety and period
	Variety
	N
	Number of germinated onion grains

	
	
	4 (DAT)
	5 (DAT)
	7 (DAT)

	Violet de Galmi
	30
	3.87 a  0.31
	5.17 a  0,33
	5.7 a  0,38

	Prema-178
	30
	2.20 b  0,36
	2.20 b 0,36
	2.4 b 0,34

	ANOVA

	df
	1
	1
	1

	
	F
	10.87
	30.38
	29.66

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


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.
Table 5 shows the evolution of onion seed germination according to the period, for the two onion varieties. For the Violet de Galmi variety, the germination increased significantly between 4 and 6 DAT, rising from 3.87 ± 0.31 germinated seeds to 5.70 ± 0.38. Analysis of variance revealed a highly significant difference among periods (p < 0.001), indicating a clear and steady progression of germination over time. In contrast, the Prema-178 variety showed no significant variation across periods (p = 0.903), with germination remaining stable at around 2.2–2.4 number of seeds germinated. Overall, these findings demonstrate that the Violet de Galmi variety exhibits a faster germination dynamic than Prema-178. This result is consistent with Zadjéhi et al. (2023), who reported that Violet de Galmi showed superior agro-morphological performance, including more rapid and vigorous germination compared to Prema-178, indicating better physiological adaptation to experimental conditions in Côte d'Ivoire.
Table 5. Average number of germinated onion seeds according to the variety over time
	Period (DAT)
	N
	Variety

	
	
	Violet de Galmi
	Prema-178

	4
	30
	3.87 b 0.31
	2.2 a  0.36

	5
	30
	5.17 a  0.33
	2.2 a  0.36

	6
	30
	5.7 a  0.38
	2.4 a  0.34

	ANOVA

	ddl
	2
	2

	
	F
	7.489
	0.102

	
	P
	< 0.001***
	> 0.05


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.

3.3 Effect of treatment on onion seedling growth
During the germination test, the Prema-178 variety seedlings exhibited high fragility, which prevented their inclusion in the assessment of additional growth parameters, particularly seedling height and radicle length. Thus, the effect of the treatment was evaluated on the Violet de Galmi variety only. The ANOVA showed that seedling height of the Violet de Galmi variety varied significantly according to treatment and period (Table 6). The results show that the treatment had a significant effect (p < 0.05) on the seedling height, indicating that some treatments promoted greater shoot elongation than others (Table 6). The period effect was highly significant (p < 0.001), reflecting a progressive increase in height over time. In contrast, the treatment*period interaction was not significant (p> 0.05), suggesting that the seedling rate of growth remained relatively stable throughout the observation periods across the different treatments. Overall, the height of the Violet de Galmi seedlings was mainly influenced by the type of treatment and the growth duration, with no notable interaction between these factors.

Table 6. Variation in the height of the Violet de Galmi variety seedlings according to treatment and period
	Variable
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Treatment
	12.70
	6
	2.116
	2.821
	< 0.05*

	Period
	60.10
	2
	30.051
	40.056
	< 0.001***

	Treatment*Period
	4.83
	11
	0.439
	0.585
	> 0.05ns

	Residuals
	45.01
	60
	0.750
	
	


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.

During the germination test, the average seedling height was evaluated according to the treatments applied and periods (Table 7). The results indicated a significant increase in seedling height over time for most treatments. Growth was progressive between 5 and 7 DAT, with highly significant differences observed for TI13AN, VDK5AN, and VDK12AE (p < 0.01), and significant differences for the control and M14AN (p < 0.05). These findings suggest that the evaluation period had a marked effect on seedling growth, reflecting the normal progression of vegetative development. In contrast, no significant variation was observed for M16AN (p > 0.05), indicating a more stable or less responsive growth pattern over time. Overall, these results confirm that seedling height mainly depends on growth duration, with a notable improvement between 6 and 7 DAT, particularly under TI13AN, VDK5AN, and VDK12AE, which appear to enhance early plant vigor.

Many studies reported that PGPR significantly improve seedling growth, particularly by increasing stem height, biomass (fresh and dry), leaf area, and water use efficiency, as demonstrated in corn and other plant species (Song et al. 2022; Utamy et al. 2025). The TI13AN and VDK5AN strains have the ability to synthesize IAA, a hormone that promotes plant growth (Lebrazi et al. 2020). However, the VDK12AE strain does not produce this hormone, but may have the ability to synthesize other growth hormones, such as cytokinins and gibberellins ( Vacheron et al. 2013; Backer et al. 2018; Mhlongo, Piater, et Dubery 2022). Therefore, future research could investigate the capacity of PGPR to synthesize other hormones and metabolites that enhance plant growth.
Table 7. Analysis of the average seedling height according to treatment and periods
	Period (DAT)
	N
	Seedling height (cm)

	
	
	Control
	M14AN
	M16AN
	TI13AN
	VDK5AN
	VDK12AE

	5 
	30
	1.20b 0.31
	1.43b 0.39
	2.15a  0.23
	1.93b 0.39
	1.45b  0.42
	1.23b 0.34

	6 
	30
	2.15ab 0.26
	2.85ab 0.46
	2.65a  0.53
	3.37ab 0.31
	2.85a  0.27
	2.35ab0.43

	7 
	30
	2.75a  0.35
	3.85a  0.67
	3.68a  0.31
	4.95a  0.55
	3.87a  0.22
	3.75a 0.14

	ANOVA

	ddl
	2
	2
	2
	2
	2
	2

	
	F
	6.319
	5.364
	4.115
	12.22
	14.39
	14.52

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


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.
Analysis of variance revealed that both treatment and evaluation period had a significant affected on the seedling root length during the germination test (Table 8). The effect of treatment was highly significant (p < 0.01), indicating that some treatments promoted greater root elongation than others (Table 8). Similarly, the evaluation period had a very highly significant effect (p < 0.001), reflecting a clear temporal progression of root growth. In contrast, the treatment*period interaction was not significant (p > 0.05), suggesting that the influence of treatments on root elongation remained consistent across observation times. Overall, these results indicate that root growth is determined by both the type of treatment and the duration of development, with no significant interaction between these factors.
Table 8. Variation of the seedling root height depending on treatment and period
	Variable
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Treatment
	3.849
	5
	0.7699
	3.382
	< 0.01**

	Period 
	4.392
	2
	2.1960
	9.646
	< 0.001***

	Treatment*Period 
	1.571
	10
	0.1571
	0.690
	> 0.05ns

	Residuals
	16.392
	72
	0.2277
	
	


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 variance of the mean root length evolution across different treatments and evaluation periods (5, 6, and 7 DAT) is presented in Table 9. Overall, root length increased progressively over time for all treatments. At 5 DAT, the VDK12AE treatment exhibited a significantly shorter root length (0.82 ± 0.09 cm) compared to the others, whereas by 7 DAT, it reached 1.56 ± 0.19 cm, becoming statistically the longest. The ANOVA indicated that only this treatment showed a significant difference among periods (F = 7.30; p = < 0.01), reflecting a pronounced temporal response. Although the application of other isolates as inoculum also showed growth progression, no significant variations were observed (p > 0.05), indicating a more uniform development over time. These results suggest that the VDK12AE treatment, despite a slower initial growth, effectively promotes root elongation from the sixth day onward. This result confirmed the previous suggestion that the VDK12AE strain, which does not produce IAA, could have the ability to synthesize other growth hormones, enabling root growth (Vacheron et al. 2013). 

Table 9. Analysis of the average seedling root length growth according to treatment and periods
	Period
	N
	Length (cm)

	
	
	Control
	M14AN
	M16AN
	TI13AN
	VDK5AN
	VDK12AE

	5 DAT
	30
	1.00a  0.19
	1.52a  0.29
	1.38a  0.12
	1.26a  0.17
	1.46a 0.20
	0.82b 0.09

	6 DAT
	30
	1.46a  0.18
	1.58a  0.25
	1.46a  0.20
	1.76a  0.14
	1.92a0.18
	1.06ab0.11

	7 DAT
	30
	1.74a  0.22
	1.76a  0.19
	2.08a  0.44
	1.52a  0.13
	2.02a0.19
	1.56 a 0.19

	ANOVA

	ddl
	2
	2
	2
	2
	2
	2

	
	F
	3.37
	0.24
	1.70
	2.77
	2.32
	7.30

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


df = degree of freedom; F = Fisher F; **significant p < 0.01; ns: not significant p> 0.05.  
3.4  Effect of treatment on the average agro-morphological growth of the onion varieties 
During the pot experiment, the ANOVA of the Prema-178 onion variety neck height and number of leaves per plant according to treatments and observation periods revealed significant effects (Table 10). For neck height, treatment had a moderate effect (F = 1.752; p < 0.05), whereas period was highly significant (F = 67.29; p < 0.001), indicating substantial growth variation over time. The treatment*period interaction was not significant (p> 0.05), suggesting that treatment effects remained stable throughout the observation periods.

For the number of leaves per plant, treatment also had a significant effect (F = 1.83; p < 0.05), and the period was highly significant (F = 49.13; p < 0.001). The lack of significant interaction (p> 0.05) confirms that the influence of treatments on leaf number did not vary over time. Overall, these results indicate that plant growth dynamics (neck and leaf) are primarily driven by the observation period, while treatments exert a moderate but significant effect on measured morphological traits.

Table 10. Variation in onion neck height and number of leaves depending on the period and treatment
	Variable 
	Factor
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Neck Height
	Treatment
	44.48
	20
	2.22
	1.75
	< 0.05*

	
	Period 
	170.81
	2
	85.40
	67.30
	< 0.001***

	
	Treatment*Period 
	28.07
	40
	0.70
	0.55
	> 0.05ns

	
	Residuals
	159.93
	126
	1.27
	
	

	Number of leaves per plant
	Treatment
	51.47
	20
	2.57
	1.83
	< 0.05*

	
	Period 
	138.30
	2
	69.15
	49.13
	< 0.001***

	
	Treatment*Period 
	34.15
	40
	0.85
	0.60
	> 0.05ns

	
	Residuals
	177.33
	126
	1.41
	
	


df = degree of freedom; F = Fisher F; *significant p < 0.05; ***significant p < 0.001; ns: not significant p> 0.05.  

The comparative analysis of neck height over time for each treatment revealed a general increasing trend, although the magnitude and significance of this growth varied among treatments (Table 11). Several treatments showed significant increases in neck height between 20, 40, and 60 days after inoculation, including Compost-TI13AN (2.5%) (F = 19.05; p< 0.01), Compost (2.5%) -VDK12AE (F = 11.59; P < 0.01), Compost (2.5%)-VDK5AN (F = 6.40; P < 0.05), Compost (5%)-M16AN (F = 16.75; P < 0.01), Compost (5%) -VDK12AE (F = 12.41; P < 0.01), Compost (5%)-VDK5AN (F = 15.69; p < 0.01), NPK (F = 10.87; p< 0.05) and NPK+VDK5AN (F= 36.49, p< 0.001). These treatments showed marked and statistically significant progression, particularly between 40 and 60 days.

Conversely, other treatments, such as NPK-M14AN, NPK-M16AN, NPK-TI13AN, Compost (5%) -M14AN or Compost (5%)-TI13AN, showed no significant differences across periods (P > 0.05), suggesting slower or more variable growth. These results highlight the effectiveness of certain treatments, particularly those combining compost and inoculum application, in sustaining neck height growth throughout plant development. This result is consistent with those of Phat et al. (2019), who evidenced that compost inoculated with PGPRs can reduce chemical fertilizer application by 50% in three vegetables. Indeed, PGPR, thanks to their ability to fix nitrogen and gradually release the nutrients contained in compost over a long period of time, can contribute to a more sustained availability of nutrients for plants , thereby promoting better plant growth and health (Kumar et al., 2025; Lashari et al., 2022; Otoidobiga et al., 2025).

Table 11. Comparative analysis of onion plant neck height according to period and treatment
	Treatment
	N
	20 DAT
	40 DAT
	60 DAT
	ANOVA

	
	
	
	
	
	F
	p

	Compost (2.5%)
	03
	0.53a 0.33
	1.93a  0.52
	2.67a  0.67
	4.263
	>0.05ns

	Compost(2.5%)-M14AN 
	03
	1.30a 0.15
	2.17a  0.46
	3.17a  0.58
	4.522
	>0.05ns

	Compost(2.5%)-M16AN 
	03
	1.63a  0.20
	2.60a  0.40
	4.17a  0.88
	5.01
	>0.05ns

	Compost(2.5%)-TI13AN 
	03
	1.97b  4.33
	1.93 b  0.12
	4.73a  0.37
	19.05
	< 0.01**

	Compost(25%)-VDK12AE 
	03
	0.63b  0.28
	1.60 ab  0.37
	2.63a  0.18
	11.59
	< 0.01**

	Compost(25%)-VDK5AN 
	03
	1.30b  0.35
	2.10 b   0.42
	3.20a  0.36
	6.398
	< 0.01**

	Compost (5%)
	03
	2.10 a  0.21
	3.47 a   0.51
	3.50a  0.29
	4.854
	>0.05ns

	Compost(5%)-M14AN 
	03
	1.06 a  0.07
	1.63 a   0.18
	3.00a  1.00
	2.852
	>0.05ns

	Compost(5%)-M16AN 
	03
	1.40 b  0.20
	3.17 a  0.44
	3.97a  0.27
	16.75
	< 0.01**

	Compost(5%)-TI13AN 
	03
	1.77 a  0.14
	2.27a   0.89
	4.00a  0.29
	4.534
	>0.05ns

	Compost(5%)-VDK12AE 
	03
	1.80 b  0.17
	2.97 ab  0.32
	3.53a  0.24
	12.41
	< 0.01**

	Compost(5%)-VDK5AN 
	03
	1.37 b   0.17
	2.37ab  0.31
	3.93a  0.44
	15.69
	< 0.01**

	NPK
	03
	1.17 b  0.33
	2.20 ab  0.36
	3.67a  0.44
	10.87
	< 0.05*

	NPK-M14AN
	03
	0.83 a  0.08
	0.50 a  0.28
	1.33a  0.67
	0.985
	>0.05ns

	NPK-M16AN
	03
	0.90 a   0.21
	1.67 a  0.88
	3.83 a  2.04
	1.384
	>0.05ns

	NPK-TI13AN
	03
	1.50 a  0.57
	1.40 a  0.94
	3.73a  1.29
	1.791
	>0.05ns

	NPK-VDK12AE
	0.3
	1.23a  0.17
	1.67a  0.83
	3.50a 1.75
	1.14
	>0.05ns

	NPK-VDK5AN
	0.3
	1.33b  0.17
	1.50   0.11b
	4.40  0.45a
	36.49
	< 0.001***


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.

The comparative analysis of the number of leaves per plant across periods for each treatment revealed a general trend of increasing foliage over time, although the intensity and significance of this progression varied among treatments (Table 12). Several treatments exhibited statistically significant increases between 20, 40, and 60 days after inoculation, including Compost (2.5%) -TI13AN (F = 10.17; p < 0.05), Compost (2.5%)-VDK5AN (F = 12.33; p < 0.01), Compost (5%) (F = 14; p < 0.01), Compost (5%) -M16AN (F = 11.17; p < 0.01), Compost (5%) -TI13AN (F = 10.86; p < 0.05), and Compost(5%) -VDK5AN (F = 24; p < 0.01). These results indicate that compost-based treatments, especially those enriched with biofertilizers, promote sustained vegetative growth.

In contrast, treatments such as NPK, NPK-M14AN, NPK-M16AN, and NPK-VDK12AE showed no significant differences across periods (p > 0.05), suggesting a more moderate or irregular vegetative response. Among mineral treatments, NPK-TI13AN (p < 0.05) and NPK-VDK5AN (p < 0.05) showed significant increases in the number of leaves over time.
 Overall, these findings confirm that the evaluation period strongly influences foliar development in onion plants and that organic treatments, particularly when combined with microbial inoculants (Compost (2.5%) -TI13AN, Compost (2.5%) -VDK5AN, Compost (5%)-M16AN, Compost (5%)-TI13AN, Compost (5%) -VDK5AN), are more effective in stimulating leaf growth. However, mineral treatments are less effective in promoting leaf growth. Only some strains applied with mineral fertilizer (NPK-TI13AN and NPK-VDK5AN) can promote leaf growth over time. This result is consistent with those of  Amogou et al. (2021), who revealed that inoculating corn with the Pseudomonas syringae strain in combination with 50% mineral fertilizer resulted in a significant improvement in plant growth and yield. Thus, in the present study, Bacillus and Lysinibacillus genera, to which the strains TI13AN and VDK5AN, belong, respectively, could be used as biofertilizers in combination with mineral fertilizers to promote onion leaf growth. 

Table 12. Comparative study of the number of onion leaves according to the period and treatment
	Treatment
	N
	20 DAT
	40 DAT
	60 DAT
	ANOVA

	
	
	
	
	
	F
	p

	Compost (2.5%)
	03
	2.67 b   0.33
	3.67 ab  0.33
	4.33 a  0.33
	6.33
	< 0.05*

	Compost(2.5%)-M14AN 
	03
	2.77 b   0.33
	3.67 ab   0.33
	5.00 a  0.58
	7.4
	< 0.05*

	Compost(2.5%)-M16AN 
	03
	3.00 a   0.57
	4.33 a  0.33
	5.00 a  0.57
	4
	> 0.05ns

	Compost-(2.5%)TI13AN 
	03
	2.67 b  0.33
	4.33 ab   0.33
	5.67 a  0.67
	10.17
	< 0.05*

	Compost(2.5 %)VDK12AE 
	03
	2.67 b  0.33
	2.67 b   0.33
	4.33 a  0.33
	8.33
	< 0.05*

	Compost(2.5%)VDK5AN 
	03
	2.33 b   0.33
	3.33 ab  0.33
	4.67 a   0..33
	12.33
	<0.01**

	Compost (5%)
	03
	3.33 b  0.57
	4.00 b   0.00
	5.33 a   0.33
	14
	<0.01**

	Compost(5%)M14AN 
	03
	2.67 b  0.07
	3.67 ab  0.18
	4.33 a   1.00
	6.33
	< 0.05*

	Compost(5%) M16AN 
	03
	2.33 b   0.66
	4.67 a  0.33
	5.33 a  0.33
	11.17
	< 0.01**

	Compost-(5%) TI13AN 
	03
	2.67 b   0.33
	4.00 ab  0.57
	6.00 a   0.57
	10.86
	< 0.05*

	Compost-(5%)VDK12AE
	03
	2.67 a  0.88
	4.67 a   0.33
	5.33 a   0.66
	4.33
	> 0.05ns

	Compost(5%)VDK5AN 
	03
	2.67 c   0.33
	4.00 b    0.00
	5.33 a    0.33
	24
	< 0.01**

	NPK
	03
	3.33 a  0.33
	4.00 a   0.57
	4.67 a   0.66
	1.5
	> 0.05ns

	NPK-M14AN
	03
	2.33 a  0..33
	1.67 a   0.88
	3.00 a   1.53
	0.414
	> 0.05ns

	NPK-M16AN
	03
	2.33 a   0.33
	4.00a  1.00
	3.333 a  1.76
	0.5
	> 0.05ns

	NPK-TI13AN
	03
	2.00 b   0.57
	3.00 ab   1.54
	6.00 a  0.00
	7.8
	< 0.05*

	NPK-VDK12AE
	03
	2.67 a  0.33
	2.67 a  1.45
	3.33 a   1.76
	0.083
	> 0.05ns

	NPK-VDK5AN
	03
	2.33 b  0.33
	4.00 ab    0.57
	5.00 a   0.57
	7
	< 0.05*


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.

Table 13 presents the results of the ANOVA of the effect of treatments on root length and plant biomass. For root length, the treatment effect was highly significant (F = 6.041; P < 0.001), indicating a strong influence of the treatments on the root growth. The sum of squares for the treatment (Sum Sq = 1085.6) was substantially higher than that of the residuals (377.4), confirming a real treatment effect (Table 13). In contrast, the treatment effect was significant but less pronounced (F = 2.149; p < 0.05) on plant biomass, suggesting a moderate influence. 

These results indicate that while treatments (inoculum application) affect both root growth and aboveground biomass, their impact is more pronounced on root development, highlighting the importance of treatment selection for optimizing root growth and overall plant vigor and biomass. This result is consistent with previous findings showing that inoculation, by improving root growth, enhances nutrient uptake and increases onion biomass (Arunachalam et al. 2024).

Table 13. Variation in onion plant weight and root height depending on treatment and period
	Variable 
	Variable
	Sum Sq
	Df
	Mean Sq
	F value
	Pr(>F)

	Root-Heigth
	Treatment
	1085.6
	20
	54.28
	6.041
	< 0.001***

	
	Residuals
	377.4
	42
	8.99
	
	

	Plant Weight 
	Treatment
	3203
	20
	160.13
	2.149
	< 0.05*

	
	Residuals
	3130
	42
	74.52
	
	


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

[bookmark: _Hlk215780473]The comparative analysis of average plant biomass and root length across treatments is presented in Table 14. The analysis revealed significant variations for onion plant biomass (p< 0.001) and root length (p< 0.001). The treatment Compost-TI13AN (5%) showed the highest mean plant biomass (43.07 g ± 7.15), while Compost-M14AN (2.5%) produced the longest roots (22.83 cm ± 2.20). Overall, enriched compost treatments (M14AN, M16AN, TI13AN, VDK5AN, VDK12AE) promoted greater root growth and higher biomass compared to NPK treatments, which showed lower values, particularly for root length (NPK: 9.33 cm ± 0.61). The NPK-M14AN had a significantly lower biomass (11.05 g ± 0.43) than the other treatments. These findings demonstrated that organic amendments, especially when integrated with biofertilizers, significantly enhance root development and plant growth, with the TI13AN isolate showing the highest performance.

Table 14. Comparative analysis of onion plant average biomass and root length according to the fertilization mode
	Treatment
	N
	Biomass (g/plant)
	Root height (cm)

	[bookmark: _Hlk213343878][bookmark: _Hlk212053117]Compost (2.5%)
	03
	15.57 bc  0.89
	15.33 abcde  0.33

	Compost-(2.5%) M14AN 
	03
	28.47 abc  5.39
	22.83 a  2.20

	Compost-(2.5%) M16AN 
	03
	32.00 abc  2.98
	18.60 abc  0.37

	Compost-(2.5%) TI13AN
	03
	21.47 abc  4.33
	20.47 ab  2.28

	Compost (2.5%)-VDK12AE 
	03
	19.97 abc  3.44
	17.17 abcd  2.89

	Compost-(2.5%) VDK5AN 
	03
	24.90 abc   3.76
	17.50 abcd   1.44

	Compost (5%)
	03
	31.23 abc  3.24
	15.63 abcde  1.44

	Compost-(5%) M14AN 
	03
	27.73 abc  3.36
	15.23 bcde  1.11

	Compost-(5%) M16AN 
	03
	33.73 abc  6.19
	21.00 ab  0.76

	Compost-(5%) TI13AN 
	03
	43.07 a  7.15
	20.83 ab  1.09

	Compost-(5%) VDK12AE 
	03
	31.50 abc  1.62
	14.00 bcde  0.57

	Compost-(5%) VDK5AN 
	03
	24.90 abc   0.45
	21.17 ab   1.92

	NPK
	03
	22.43 abc  8.51
	9.33 e  0.61

	NPK-M14AN
	03
	11.05 c  0.43
	13.75 bcde  0.43

	NPK-M16AN
	03
	19.25 abc  2.85
	10.85 de  0.49

	NPK-TI13AN
	03
	37.33 ab  1.58
	11.00 de  2.30

	NPK-VDK12AE
	0.3
	33.60 abc  10.16
	11.25 cde  0.43

	NPK-VDK5AN
	0.3
	27.60 abc   5.78
	12.00 cde   0.57

	ANOVA

	ddl
	17
	17

	
	F
	2.723
	8.6

	
	P
	< 0.01**
	< 0.001***


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.
3.5 Disease incidence and plant health
During the pot experiment, the analysis of the incidence of onion plant disease according to fertilization mode revealed strong variability among treatments (Figure 2). The highest incidences were recorded in plants amended with NPK combined with certain inoculants. The incidence was particularly high when M16AN and TI13AN (100%) were used as biofertilizer, indicating increased susceptibility or a possible unfavorable interaction between these inoculants and mineral fertilization. Other treatments (i.e., NPK_VDK5AN, NPK_M14AN, and NPK_VDK12AE) showed relatively high incidences of disease (50–66.67%). This result suggested that the use of NPK alone or in combination with some inoculants may promote disease development, probably due to nutrient imbalance or indirect effects on soil microbial communities. Indeed, Tripathi et al. (2022) reported that excessive nitrogen fertilization often increases susceptibility to foliar fungal diseases (e.g., rusts, powdery mildews) and that nutrient imbalances affect plant-pathogen interactions and defense responses. In addition, Semenov et al. (2022) also demonstrated that long-term NPK application increased the relative abundance of potentially pathogenic fungal genera such as Fusarium in the rhizosphere compared to organic amendments.
Conversely, organic amendments based on compost markedly reduced disease incidence. Treatments such as compost 2.5% and compost 5%, either alone or combined with certain isolates (VDK5AN, VDK12AE, TI13AN), exhibited the lowest incidences (16.67%), and even 0% for compost 2.5% _M16AN (Figure 2). These findings suggest that organic amendments, particularly compost combined with bacteria, especially M16AN, enhance plant resistance to pathogens. Indeed, previous studies reported that the combined application of PGPR and compost can improve stimulation of plant defense mechanisms (Rasool et al. 2021) or increase microbial competition in the rhizosphere (De Corato 2020). Thus, further research should seek to determine the optimal application rates for specific inoculums to achieve significant improvements in onion productivity and quality.  


[image: ]
Figure 2. Evaluation of the rate of diseased onion plants according to fertilization method.
2.5_Compost= Compost (2.5 %), 2.5_Compost_M14AN= Compost (2.5%)+M14AN, 
2.5_Compost_M16AN= Compost (2.5%)+M16AN, 
2.5_Compost_TI13AN=Compost (2.5%)+TI13AN, 2.5_Compost_VDK12AE= 
Compost (2.5%)+VDK12AE, 2.5_Compost_VDK5AN= Compost (2.5%)+VDK5AN, 
5_Compost= Compost (5 %), 5_Compost_M14AN= Compost (5%)+M14AN, 
5_Compost_M16AN= Compost (5%)+M16AN, 
Compost_TI13AN=Compost (5%)+TI13AN, 5_Compost_VDK12AE= 
Compost (5%)+VDK12AE , 5_Compost_VDK5AN= Compost(5%)+VDK5AN , NPK= N+P+K, NPK_M14AN = NPK+M14AN, NPK_M16AN= NPK+M16AN, NPK_TI13AN =NPK+TI13AN, NPK_VDK12AE=NPK+VDK12AE, NPK_VDK5AN=NPK+VDK5AN
4. Conclusion
This study highlighted the plant growth-promoting (PGP) properties of five bacterial isolates belonging to Bacillus (TI13AN and VDK12AE), Lysinibacillus (M14AN and VDK5), and Terrilactibacillus (M16AN) genera on onion plants in Burkina Faso in West Africa. Collectively, the results demonstrated that organic fertilization (compost) combined with all the bacterial isolates can enhance onion plant growth, biomass accumulation, and disease resistance. On the other hand, the study evidenced that mineral fertilization (NPK), although promoting growth in some cases, was associated with higher disease incidence and less efficient root development, notably when applied in combination with bacterial isolates. In conclusion, among all the isolates tested, TI13AN (Bacillus), and M14AN and M16AN (Terrilactibacillus), are recommended for application in combination with 5% compost. This formulation was found to provide the most effective synergy for enhancing onion plant growth and overall health.

Future research should focus on evaluating the biocontrol potential of the isolated Plant Growth-Promoting Rhizobacteria (PGPR) strains against major onion pathogens, while developing a formulation suitable for sustainable field application. Additional trials are needed to assess the antifungal properties of these isolates and their effects on yield under real growing conditions. The combined use of inoculants with compatible phytosanitary treatments could further enhance plant health and productivity. Moreover, determining the optimal inoculum concentration is essential to achieve the best germination rate and plant performance, especially since low-quality seeds often lead to poor and uneven germination, especially when under stressful environmental conditions. Although the tested VDK12AE strain does not produce IAA, it may synthesize other growth hormones such as cytokinins and gibberellins, warranting further investigation into the ability of PGPR to produce diverse growth-promoting metabolites. In addition, a comprehensive molecular characterization of the Terrilactibacillus isolate (M16) would provide deeper insight into the mechanisms underlying bacterial-induced plant growth promotion. 
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