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IN VITRO EVALUATION OF SOYBEAN NODULES ASSOCIATED BACTERIA FOR THEIR PLANT GROWTH PROMOTING ABILITY ON AGRICULTURAL SOILS IN CENTER OF COTE D'IVOIRE

ABSTRACT
The overuse of chemical fertilizers poses significant risks to preserving the environment, food safety and human health. As sustainable alternatives, plant growth-promoting rhizobacteria offer a ecological approach to improving plant productivity and soil fertility. This study aims to assess the plant growth promoting (PGP) traits of 10 bacterial isolates derived from soybean nodule in order to select the most efficient ones and use them as biofertilizers. These bacterial isolates were tested for their PGP characteristics such as AIA and ammonia production, phosphate, potassium and calcium solubilization.   
AS results, 60% of isolates produced IAA, 100% ammonia, 60% solubilized phosphate and 40% solubilized potassium and calcium. Two (02) isolates (RSC323, RSC325) showed several characteristics of plant growth promoting. But, one isolate (RSC323) was fund to be most efficient. It shown the higest solubilization indices, PSI (381.48±16.97 %), KSI (211.11±19.24 %) and CaSI (220.00±40.00 %) and produced more IAA and Ammonia
These results suggest that the selected rhizobacterial strains have significant potential as biofertilizers to support sustainable agriculture in tropical ecosystems.
Future work should focus on the identification of 16S rRNA genes and field trials to confirm their effectiveness in promoting plant growth under natural conditions.
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1. INTRODUCTION
Food security is a major concern on a global scale, particularly in developing countries where crop production is often insufficient to meet the needs of a constantly growing population (Daszkiewicz, 2022).  To solve this problem, intensive agriculture is highly dependent on chemical fertilizers which are widely used as a source of nutrients to promote plant growth.  However, the excessive use of chemical fertilizers poses a serious threat to the environment and human health, hardens the soil, reduces its fertility, limits microbial growth, and pollutes ecosystems (Pahalvi et al., 2021).  In addition, they contain heavy metals such as mercury, cadmium, and lead that are absorbed by the roots of plants and successively enter the food chain causing various complications, including renal dysfunction, nervous system disorders, blood-related diseases and cancer (Balali-Mood et al., 2021).  It therefore seems urgent to find other ways to increase agricultural production without compromising the balance of the ecosystem and human health  
This is why the use of PGPR bacteria represents an interesting solution for a sustainable and environmentally friendly approach in agriculture, in order to naturally increase soil fertility.
PGPRs (plant growth-promoting rhizobacteria) are soil microorganisms that can colonize the surface of a plant’s root system (and sometimes the tissues inside the root), promoting plant growth and well-being (Sharma et al., 2023; Vocciante et al., 2022).  Rhizobacteria improve crop yield, soil fertility, increase biodiversity and association with other beneficial microorganisms, and limit pathogen growth and infections (Vázquez et al., 2020).  They improve the biological characteristics of the soil, promote the absorption of mineral nutrients such as nitrogen, phosphate or potassium and facilitate their assimilation by plants (Elhaissoufi et al., 2022), play a crucial role in plant growth and confer host tolerance to biotic and abiotic stresses and survival in stressful environments and also contribute indirectly to soil nutrient stabilization and maintenance (Abdelkrim et al. 2020, Taha et al. 2022).  
Thus, the general objective is to evaluate the plant growth-promoting trait of bacteria isolated from soybean nodules in order to select the most efficient ones and use them as biofertilizers.

2. MATERIEL ET METHODES
2.1. Baterial strains
Ten (10) bacteria (RSC115, RSC119, RSC309, RSC323, RSC324, RSC325, RSC502, RSC504, RSC506 and RSC508)  isolated from soybean nodules at the Jean Lorougnon Guédé University in Daloa, Côte d'Ivoire were used in this study. These bacteria were stocked at -80 °C in the the Laboratory of Agrovalorization of Jean Lorougnon Guede University in Daloa (Côte d’Ivoire). 
2.2. Reactivation and verification of strain purity
The strains stored in 20% (v /v) of glycerol at -80°C were removed from the freezer and their purity was checked by streaking technique according to the Jordan method (1984).
2.3. Evaluation of PGPR activities in vitro
2.3.1. IAA production 
AIA production was tested according to the Ehmann method (1977). The qualitative test of the root growth-promoting hormone auxin (indole-3-acetic acid) was realized on the YEM agar medium supplemented with 0,5 mg/ml of L-tryptophan. 10 µL of each rhizobial isolate was pread on culture medium and incubated at 28 °C. Three (03) days after incubation, sterile filter paper washers impregnated with Salkowski’s reagent had deposited onto the Petri dish containing the culture medium to highlight IAA production. The importance of production was assessed according to the intensity of pink coloration.The appearance of colonies with a pink-red hue after a duration of 30-60 minutes in darkness indicates the production of IAA. 
2.3.2. Ammonia production
The ability of bacterial isolates to Ammonia production was carried out according to the method of Cappucino and Sherman (1992). A quantity of 2ml of the specific culture medium BK131 was distributed in test tubes, which were then inoculated with freshly prepared bacterial precultures at a rate of 10µl per tube. After incubation at 28°C under agitation at 150 rpm for 48 h, 0.5 ml of Nessler reagent (1.75 g KI +2.5 g HgCl2 +4 g NaOH +25 ml H2O) is added to each test tube. The importance of the Ammonia production was evaluated in comparison with the color of the control. Ammonia production and accumulation are indicated by yellow, orange to brown coloration of the medium. 
2.3.3 Phosphate solubilization
[bookmark: _Hlk185952159]The phosphorus solubilization capacity of isolates was tested on Pikovskaya agar medium containing tricalcium phosphate [Ca3(PO4)2] as the sole source of phosphorus according to the method of Pikovskaya (1948). a sample of 10 μL from each culture was spotted on Pikovskaya’s (PVK) agar medium and incubated at 28 °C for 3 days. After incubation, bacterial isolates which were able to solubilize the tri-calcium phosphate establish clear halo surrounded the bacterial spot. Bacteria phosphorus solubilisation was evaluated for phosphorus solubilization index( PSI) determination. It was obtained with the halo diameter and colony diameter for each colony: measuring 
PSI (%) = ((halo diameter - colony diameter)/colony diameter) *100) 
2.3.4. Potassium solubilization 
The qualitative analysis of K solubilization was carried out using Aleksandrov medium (pH 7.2 0.2), containing 5.0 g/L Glucose (C6H12O6), 0.5 g/L Magnesium sulfate (MgSO4), 0.005 g/L Ferric chloride (FeCl3), 0.1 g/L calcium carbonate (CaCO3), 2 g/L calcium phosphate (CaHPO4), and 2 g/L added to a mineral source containing potassium (white mica).  10 μL from each culture was spotted on Aleksandrov agar medium and incubated at 28 °C during 72 hours. The presence of a clear area around the colony of bacteria indicating their ability to solubilize potassium (Meena et al., 2013). 
The potassium solubilization index was estimated by measuring the halo diameter and colony diameter for each colony: 
KSI (%) = ((halo diameter - colony diameter)/colony diameter) *100) 
2.3.5. Calcium solubilization 
The ability of bacterial strains to solubilize calcium was demonstrated on a modified Aleksandrov culture medium (Meena et al., 2013). This medium contain 5g/L Glucose; 2g/L K2HPO4; 2g/L CaCO3; 0.5g/L MgSO4; 0,005g/L FeCl3; 20g/L agar and 1000 ml of distilled water. The calcium solubilization index was estimated by measuring the halo diameter and colony diameter for each colony: 
CaSI (%) = ((halo diameter - colony diameter)/colony diameter) *100)
2.3. Statistical analysis
The collected data were entered with the Excel spreadsheet and then processed using R edition software version 4.3.3 through single-factor analysis of variance (ANOVA) assumptions for normality and of distribution and homogeneity of variance. They were secondly verified Fisher’s Least Significant Difference test (LSD) to compare the performance of isolates (mean) at a significance level of 5%.
3. RESULTS
3.1. Reactivated and purified isolates
After reactivation and purification, the colonies obtained on each Petri dish show identical morphological characters, which translates the purity of these isolates.  Indeed, well-isolated colonies of the same chromogen, shape, contour, opacity, elevation, and appearance were observed on each analyzed Petri dish. (Figure 1). 
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Figure 1: Macroscopic aspect of bacterial colonies after purification on solid YEM Agar medium

3.2. IAA production 
The ability of bacterial isolates to produce IAA was detected by the appearance of a pink-reddish color after adding Salkowski reagent to the culture. The results obtained show variability in the production of AIA by bacteria. Indeed, the different shades of pink (very dark pink, dark pink and pale pink) observed on the petri dishes reflect a difference in production and each shade is based on the intensity of production of each isolate (Figure 2). The production range is from low to very high intensity (Table I). Of all the isolates tested, 60% show production of Indole Acetic Acid. The strong production of IAA is observed with bacterial isolates RSC323, RSC325 and RSC506. Among these bacteria, RSC323 produced the highest quantity of IAA according to his production intensity
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Figure 2: Indole-3-acetic acid (IAA) production test of soybean nodules bacteria on  YEM Agar  medium supplemented with  L-tryptophan
3.3. Ammonia production
Ammonia production is detected by the change in coloration after adding Nessler reagent compared to the control (yellow). All isolates (100%) produced ammonia with varied intensities, confirming their metabolic versatility and potential to improve nitrogen supply. (Figure 3). The production range is from low to high intensity (Table 1). The high production of ammonia was obtained with the bacterial isolate RSC323.
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Figure 3: Ammonia production test of soybean nodules bacteria in Nessler reagent based medium
3.4. Phosphate Solubilization
The ability of the strains to solubilize phosphate was determined on Pikovskaya medium (PVK). 
In our study, 60% of our bacterial strains showed the ability to solubilize phosphate. These bacteria produced a clear zone around the bacterial colony (Table I).  Also, a significant difference (P=0.0001) was observed between the PSIs ranging from 0% to 382%. The higher production was obtained with bacteria RSC508, RSC504, RSC325, RSC506, RSC119, and RSC323 producing respectively 366.67±19.24%, 368.52±27.40%, %, 374.07±6.41%, 374.08±23.12, 378.24±30 and 381.48±16.97.
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Figure 4: Phosphate solubilization testof soybean nodules bacteria on Pikovskaya (PVK) medium
3.5. Potassium solubilization 
The ability of strains to solubilize potassium was determined by the production of a clear zone around bacterial colonies. Only 40 % of tested bacteria presented a clear halo. However, a significant difference (p=0.0001) was observed between the potassium solubilization indices which ranged from 129.91 to 211.11%. The best. solubilization index (211.11±19.24%) was observed with bacterial isolate RSC323 (Table I).
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Figure 5: Potassium solubilization test of soybean nodules bacteria on Aleksandrov medium
3.6. Calcium solubilization
The ability of the the bacterial isolates to solubilize calcium was determined by producing a clear halo around the colonies. Statistical analysis reveals a significant difference (P=0.0001) between potassium solubilization indices.  Calcium solubilization indices range from 129 to 210%. Bacteria RSC119, RSC325; RSC323 and RSC324 have a strong capacity for calcium solubilization. The greatest production was observed in strain RSC323 with an ISca (=220.00±40.00), (Table I).
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Figure 6: Calcium solubilization test of soybean nodules bacteria on modified Aleksandrov medium
Table I: Plant growth promoting characteristics of  rhizobacteria isolated from soybean nodules
	Isolates
	PSI (%)
	KSI (%)
	CaSI (%)
	AIA
	NH3

	RSC115
	0.00±0.00b
	0.00±0.00b
	0.00±0.00b
	-
	2+

	RSC119
	378.24±30.1a
	129.91±7.64a
	0.00±0.00b
	2+
	1+

	RSC309
	0.00±0.00b
	0.00±0.00b
	0.00±0.00b
	-
	1+

	RSC323
	381.48±16.97a
	211.11±19.24a
	220.00±40.00a
	4+
	4+

	RSC324
	0.00±0.00b
	159.26±7a
	206.66±90.18a
	-
	2+

	RSC325
	374.07±6.41a
	176.29±56.27a
	160.84±43.07a
	3+
	3+

	RSC502
	0.00±0.00b
	0.00±0.00b
	0.00±0.00b
	-
	3+

	RSC504
	368.52±27.40a
	0.00±0.00b
	0.00±0.00b
	1+
	2+

	RSC506
	374.08±23.12a
	0.00±0.00b
	133.00±25.85a
	3+
	2+

	RSC508
	366.67±19.24a
	0.00±0.00b
	0.00±0.00b
	2+
	3+

	Residuals
	5792
	17150
	24513
	
	

	Pr
	2e-16 ***
	0.00000000196 ***
	0.0000000139 ***
	
	


For each mean, the values with the same letters (a, b) on the same column are statistically identical at the 5% threshold according to the Fisher LSD test. 4+: Very high intensity AIA/NH3 production;3+: high intensity AIA/NH3 production; 2+: average production of AIA/NH3; 1+: low production AIA/NH3 et (-): no production of AIA.  PSI: Phosphate Solubilization Index; KSI: Potassium solubilization index and CaSI: Calcium solubilization index. 
Third part: RESULTS AND DISCUSSION


4. DISCUSSION
In the framework of sustainable agriculture and environmental preservation, there are numerous issues that need to be resolved, including alternative strategies to decrease the use of synthetic fertilizers in order to increase plant productivity without compromising soil fertility, environmental balance, and public health. Therefore, this study is a research avenue for a solution to increase agricultural yields, guarantee food security,, and assure sustainable soil management. 
In the present study, bacteria isolated from soybean nodules in the soil of Côte d’Ivoire were selected to evaluate their plant growth-promoting (PGP) traits such as IAA production and ammonia production ,phosphate, potassium , calcium solubilization
The majority of nodule bacteria used in this study had potential for promoting plant growth by the production of IAA, production of Potassium, production of Calcium, production of Ammonia and solubilization of phosphate. the capacities of these strains would be linked to their intrinsic characteristics. This is suggested by the work of Guei et al (2024) who explain that the capacities of the Bambara pea endophytic bacteria studied were linked to their genetic lineage. Kuklinsky-Sobral et al. (2004) which studied nodule endophyte isolated from soybean have revealed that bacteria with PGP traits were generally affiliated with the genera Bacillus, Pseudomonas, Paenibacillus, Rahnella, Rhizobium etc.. included within Firmicutes and Proteobacteria phyla
The ability of rhizosphere bacterial strains to produce auxin is a promising tool to study the profound effect of these strains on plant growth (Marfungah et al, 2023). IAA is widely regarded as the most significant phytohormone that regulates several plant developmental processes (Kunkel and Johnson, 2021). These include cell-cell signaling, regulation of plant development, and induction of plant defense systems (Gravel et al., 2007)
Based on tests, 60% of the bacteria isolated from soybean nodules produced measurable levels of IAA, with the strength of production ranging from low to very high.
The ability of the tested strains to produce IAA may be attributed to the substantial presence of AIA in the nodules of leguminous plants. Indeed, this phytohormone may be involved in the development of legume-rhizobia symbiosis, a phenomenon that is the foundation for the formation of nodules (Duca et al., 2014). Mengstie et al. (2024) found that eight isolates the Bacteria from the faba bean rhizosphere, seven were able to produce IAA.
The observed constant ammonia production is characteristic of an efficient PGPR.  Ammonia not only contributes to nitrogen supply, but also inhibits phytopathogens by altering soil pH (Cochard et al., 2022). The result of this study clearly shows that all the isolates tested were able to produce ammonia.  These results are confirmed by those of Capuccino and Sherman (1992) and those of Ahmed et al., (2008) who studied endophytic bacteria that were capable of producing ammonia. Ahmed et al. (2021) reported similar metabolic characteristics in tomato and corn PGMPs. 
Phosphorus, an essential macronutrient, plays a key role in plant growth and development. However, its availability of phosphate is a major limiting factor in tropical soils.
In this study, in total, 60% of the strains tested showed the ability to solubilize phosphorus. These results corroborate those obtained by Djuuna et al. (2022), who worked on bacterial strains that recorded a high phosphorus production The ability of isolates to mobilize phosphate is explained by the work of Afzal et al. (2023) and Bashir et al. (2023), where Bacillus and Rhizobium species significantly increased P uptake and plant yield. The wide range of PSI observed could be understood by the fact that prolonged incubation improves solubilization efficiency (Tariq et al., 2022).
The use of phosphate-solubilizing bacteria (PSB) as biofertilizers for crop production is one solution to the problem of plant phosphate inadequacy. 
Potassium and calcium solubilization by PGPRs is increasingly recognized as a crucial factor in nutrient cycling. In this work, 40% of the isolates tested were able to solubilize potassium (K) and calcium (Ca). Isolate RSC323 demonstrated dual efficacy in solubilizing potassium and calcium, suggesting potential for the development of multi-nutrient biofertilizers. According to the work of Fatharami & Rahayu (2018), certain bacteria isolated from rice roots were able to solubilize K (mica). Research by Ahmed et al (2021) has also shown that certain bacterial genera are capable of solubilizing Calcium. This ability would be linked to the production of organic acid by PGPR, which would facilitate the solubilization of (Wang et al., 2020; Verma et al., 2017).
Isolates RSC325 and RSC323 performed well in all the PGP activities tested. The effectiveness of PGPR is directly related to the presence of multiple plant growth-promoting mechanisms in the microorganisms (Mengstie et al. 2024). The use of these bacteria as biofertilizers for crop production is one solution to f the problem of soil infertility and the decline in crop production. Consequently, our isolates could be of interest for future inoculant production.

5. CONCLUSION 
This study demonstrated that PGPR isolated from soybean nodules had multiple beneficial characteristics for plants, including hormone production and nutrient solubilization. Two (02) isolates(RSC323, RSC325) showed particularly promising potential for the development of biofertilizers. Future work should focus on the identification of 16S rRNA genes and field trials to confirm their effectiveness in promoting plant growth under natural conditions.
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