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Evaluation of Rhizobacteria and Siderophores-Producing Bacteria from Roots of Selected Leguminous Crops in Akungba-Akoko, Ondo State, Nigeria

Abstract

Siderophore production is a potential tool for plant growth promotion and biocontrol. The study evaluated rhizobacteria and siderophore-producing bacteria obtained from roots of leguminous crops. Soil sample were obtained from root regions of common beans (Phaseolus vulgaris L.), peanut (Arachis hypogaea L.), soybeans [Glycine max (L.) Merr.], and cowpea [Vigna unguiculata (L.) Walp.]. Bacterial isolates were identified based on their morphological and biochemical characteristics. Results obtained were compared with those of Bergey's manual of Systematic Bacteriology. All bacteria were screened for ability to produce Indole Acetic Acid (IAA), solubilization phosphate, and ammonia using standard methods.
 Siderophore production was determined by growing all organisms on enriched Chrome Azurol S (CAS) agar plate and siderophore types were determined by standard methods.
 The findings revealed the presence of twenty-three (23) bacteria belonging to eight (8) genera that include; Bacillus, Corynebacterium, Enterococcus, Micrococcus, Proteus, Pseudomonas, Staphylococcus, and Streptococcus. All bacteria produced IAA except Enterococcus sp. (BPV) while all bacteria produced ammonia except Bacillus sp. (PAH), Bacillus subtilis (CVU), Enterococcus sp. (BPV), and Staphylococcus sp. (PAH). Bacillus subtilis (SGM), Bacillus sp. (PAH), Enterococcus sp (BPV), Proteus sp. (SGM), Staphylococcus saprophyticus (SGM), and Streptococcus (PAH) were among six bacteria that could not solubilize phosphate. Also, most of the organisms were siderophore-producing bacteria with Bacillus and Pseudomonas genera producing the strongest siderophores, which varied from carboxylate, hydroxamate to catecholate-type siderophores. The use of rhizobacteria and siderophore-producing bacteria (SPB) should be encouraged to improve environmentally friendly farming system and ensure food safety.
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Introduction

Natural fertility in soil is determined by the rate at which inorganic nutrients are released from organic reserves to sustain rapid plant growth and development (Goswami et al., 2016). Agricultural soils are home to various microorganisms including bacteria, fungi, and algae that break down and recycle organic matter and nutrients in the soil. Soil bacteria have been used to improve crop production for decades and have essential functions such as supplying nutrients to crops, stimulating plant growth through the production of plant hormones, controlling plant pathogens, improving soil structure, and bioaccumulation (Zhuang et al., 2007).

Siderophores are chemical substances that have a strong affinity for iron. The term "siderophore" comes from the Greek words "sidero," which means "iron," and "phore," which means "carriers," or substances that contain iron and absorb insoluble iron from the environment. Because of their application in the agricultural sector, which includes soil science, plant pathology, and environmental sciences, siderophore generation by microorganisms has drawn a lot of attention (Mayegowda & Gadilingappa, 2025; Singh et al., 2022; Timofeeva et al., 2022; van der Heijden et al., 2015). Rhizobium, Arthrobacter, Azospirillum, Pseudomonas, Azotobacter, Bacillus, Acinetobacter, Burkholderia, and Enterobacter are common genera of siderophore-producing bacteria (SPB) (Maheshwari et al., 2019; Zhang et al., 2023). Among the most popular legumes consumed globally are cowpeas (Vigna unguculata L. Walp), peanuts (Arachis hypogea L.), and green peas (Pisum sativum L.). 

According to a study, SPB can both enhance plant development and act as biocontrol agents against specific pathogens (Brundrett, 2004).  In contrast to Peudomonas aeruginosa (JAS-25), which demonstrated antifungal activity against Fusarium oxysporum, F. udum, and Pythium ultimum, Pseudomonas aeruginosa (FP6) has been shown to have antifungal activity against Rhizoctonia solani and Colletotrichum gloeosporioides (Kramer et al., 2021).  Additional functions of siderophores include respiration (Aznar & Dellagi, 2015), promoting plant growth (Ghazy & El-Nahrawy, 2021), and phytoremediation of heavy metals (Ustiatik et al., 2021).

Siderophores are tiny molecular weight metal scavengers that are released into the rhizosphere by fungi, bacteria, and plants that promote plant growth. All siderophores have a greater affinity for Fe(III) than for Fe(II).  Furthermore, they have a far greater affinity for Fe(III) than the other trivalent or bivalent metals. Bacteria create four types of siderophores: salicylates, carboxylates, hydroxamates, and catecholates (Timofeeva et al., 2022). These siderophores are essential for the buildup of iron from various organic sources. Enterobactin, bacillibactin, and vibriobactin are the primary catecholate siderophores (Liu et al., 2023). Other hydroxamate siderophores are hydroxamate, desferrioxamine B, E, and G, aerobactin (actually bearing citrate and hydroxymate groups) (Bailey et al., 2018), ferribactin released by Pseudomonas fluorescens, as well as gonobactin and nocobactin produced by Norcadia spp (Engelbrecht et al., 2021).  Desferrioxamine is a hydroxamate siderophore that has been produced from Pseudomonas fuorescens (Nithyapriya et al., 2024). Carboxylate is another type of siderophore that both bacteria and fungi produced; it is a novel class of compounds with a carboxylic structure that is neither hydroxamate nor catecholate in nature. An isolate of Pseudomonas sp. uses rhizobactin B as its preferred siderophore to extract iron from dissolved organic materials in peatlands (Kügler et al., 2020). 

Plant growth promoting bacteria (PGPB) such as Variovorax paradoxus, Pseudomonas fluorescens and Bacillus megaterium possess activities that are beneficial for plant growth that can simultaneously produce siderophores and possess nitrogen fixation. Siderophores also play vital role in iron acquisition mechanisms and triggers Acinetobacter baumannii virulence (Cook-Libin et al., 2022). For the majority of living things, iron is a necessary trace element and nutrient is frequently obtained by bacteria through the release of siderophores (Kramer et al., 2021). A biological indicator of the fertility quality of farmed land could be the quantity and activity of siderophore-producing bacteria (SPB) (Zhang et al., 2023). In order to achieve this goal, it is critical to investigate the influences of SPB on plant growth and soil quality (Zhang et al., 2023). 

According to a study report, Bacillus sp. could be used as a possible bioinoculant in a pot culture experiment to increase Sesamum indicum growth and yield (Nithyapriya et al., 2021). Another study by Devi et al. (2024) screened isolated microorganisms for characteristics that promote plant growth, such as nitrogen fixation, siderophore synthesis, ammonia, indole-3-acetic acid, hydrogen cyanide, and the solubilization of phosphorus, potassium, zinc, and selenium.  It was determined that Serratia surfactantfaciens, Serratia marcescens, Serratia nematodiphila, Erwinia persicina, and Serratia sp. were the bacterial strains that produced siderophores and effectively dissolved minerals.

Seven bacterial strains of the genus Pseudomonas were chosen for a study by Lozano-González et al. (2023) based on their capacity to release pyoverdine, a siderophore with a high affinity for iron that may be utilized as a biofertilizer.  A mixed-effect model meta-analysis of 342 studies comparing plant growth with and without SPB was conducted in another study by Zhang et al. (2023).  According to the results, SPB raised plant growth by almost 30%. Consequently, rhizobacteria and SPB derived from leguminous crops were investigated in this study.

Materials and Methods

Sample collection

A 50 g composite rhizospheric soil sample was collected based on the crop growing on each farm of Adekunle Ajasin University, Akungba-Akoko, Ondo State, Nigeria. Rhizosphere soils of five different leguminous crops [Soybeans (Glycine max), Cowpea (Vigna unguiculata), beans (Phaseolus vulgaris), Groundnut (Arachis hypogaea), and green pea (Pisum sativum)] were collected at 5 different points each from respective farms.
 Samples were transferred into sterile zip lock bags and immediately transported to the Microbiology Laboratory of the Department of Microbiology, Adekunle Ajasin University under aseptic conditions and stored in a cool dry place throughout the study period. 

Isolation and identification of bacterial species 

Each soil sample was serially diluted and cultured on a nutrient agar medium after which isolates were observed for cultural characteristics with respect to colour, shape, size, nature of colony, and pigmentation. The isolates were subjected to Gram staining reaction and observed under the microscope. Isolates were further characterized biochemically using catalase, oxidase, citrate, coagulase, methyl red, Voges-Proskauer, sugar fermentation, urease, H2S production, and starch hydrolysis tests. Results obtained were compared with those of Bergey's manual of systematic bacteriology, 9th edition (Sulmiyati et al., 2018).

Determination of pH value and temperature of soil samples  

The pH of the rhizosphere soil sample was determined with the aid of pH meter. A 5 g of soil sample was weighed and placed in a 100ml beaker. A 20 mL of distilled water was added. The suspension was left for 20 minutes, with occasional stirring using a glass rod to enable it to reach equilibrium. The pH meter was calibrated using standard buffer solutions, following the pH meter manufacturer's instructions. pH meter was rinsed with distilled water from a wash bottle. The probe was dried with a clean tissue paper and inserted into the suspension, and the reading was recorded. The procedure was repeated in duplicate, and the average found was taken as pH values (Tian et al., 2021). The temperature of the soil samples was recorded by inserting a mercury thermometer. A 5 g of soil samples was diluted into 70 ml of water in a conical flask, and shaken thoroughly for 10 minutes. The mercury thermometer was dipped into the mixture, and the temperature was measured in °C (Ghazali et al., 2020).

Screening of Plant Growth Promoting (PGP) Traits

Phosphate solubilisation (PS) test
All isolates were screened by culturing at 30°C on the media supplemented Ca3(PO4)2  [Pikovskaya medium (PVK medium)]. When the colonies appeared in 4 days, those with clear phosphate-solubilizing zones were recorded.

Ammonia production test

Each isolate was grown in peptone broth (10 mL) at 37°C for 48 hours. After incubation, 0.5 mL Nessler’s reagent was added to the bacterial suspension and observed for the development of brown to the yellow colour (Nithyapriya et al., 2021). 

Indole-3-Acetic Acid (IAA) test

A modified method as described by Fisher et al. (2007) was used to perform the test. The test isolates were inoculated in Luria-Bertani (LB) broth at ambient temperature for 24 hours. After incubation, the bacterial cells were separated from the culture medium by centrifugation at 8000 x g for 5 min. A 1 ml aliquot of each supernatant was vigorously mixed with 2 ml of Salkowaski's reagent and incubated in the dark at room temperature for 30 min. The appearance of a golden yellow colour indicated the production of IAA. Additionally, the optical density was measured at 530 nm using a Double Beam UV-Vis Spectrophotometer SP-LUV1910. The test was designed to detect IAA production, a key plant hormone produced by bacteria that helps promote plant growth and development.

Qualitative siderophore production screening assay
Chrome azurol S (CAS) agar plates was used for qualitative analysis was used to determine  siderophores production according to the method described by Maheshwari et al. (2019). All bacterial isolates were cultured for 24 hours at 30°C in tryptone-soy broth on a rotatory shaker set at 150 rpm. After that, each CAS agar plate was spotted with 50 µL of each bacterium (108 cells/mL), and incubated for five days at 30°C. After incubation, all plates were checked for the development of a yellow-orange halo zone surrounding the spot, which indicated the production of siderophores.

Detection of hydroxamate-type siderophore
Tetrazolium salt was utilized to test the hydroxamate character of the cell-free supernatants.  One milliliter (mL) of the test sample was added into a test tube, one or two drops of NaOH, and a pinch of tetrazolium salt were added.  The presence of hydroxamate-type siderophore was immediately detected by the emergence of a deep red color (Gomes et al., 2024).

Detection of catecholate-type siderophore
Ferric chloride (Iron (III) chloride) was used to test the catecholate nature of the cell-free supernatants. One milliliter (1 mL) of culture supernatant was mixed with 1 mL of recently made aqueous 2% Iron (III) chloride solution in a test tube.  Formation of a wine-colored compound indicated the presence of catecholate-type siderophore (Gomes et al., 2024).

Detection of Carboxylate-type Siderophores
The Vogel’s chemical test was used to assay carboxylate in cell-free supernatants. Three drops of NaOH and one drop of phenolphthalein were added into a test tube, followed by addition of sterile deionized water until a light pink color developed. The presence of carboxylate-type siderophore was indicated by the disappearance of color upon the addition of culture supernatant (Gomes et al., 2024).

Results and Discussion

Physiochemical properties and bacterial counts of soil samples
The pH of the soil samples ranged between 6.3 and 7.2 while the soil temperatures ranged between 29 and 32oC (Table 1). Similarly, the results of bacterial counts revealed that sample BPV had the highest bacterial counts (10.5 × 108 cfu/g) followed by sample PAH (3.4 × 108  cfu/g) while sample CVU had the least bacterial counts 0f 3.2 × 107 cfu/g (Table 1). The results further showed that seven (7) bacterial species were isolated and identified from roots of common beans (Phaseolus vulgaris) – BPV, followed by Peanut (Arachis hypogaea) - PAH, while Soybeans (Glycine max) - SGM, and Cowpea (Vigna unguiculata) - CVU had 5 bacterial species each (Table 2).

Table 1: Physiochemical properties and bacterial counts of rhizosphere soil samples

	S/N
	Sample code
	pH
	Temperature (oC)
	Bacterial Counts (CFU/g of soil)

	1
	SGM
	7.2
	31
	30.5 × 107

	2
	CVU
	6.9
	30
	3.2 ×107

	3
	BPV
	6.9
	32
	10.5  × 108

	4
	PAH
	6.3
	29
	3.4 × 108


Keys: Common beans (Phaseolus vulgaris) – BPV, Peanut (Arachis hypogaea) - PAH, Soybeans (Glycine max) - SGM, and Cowpea (Vigna unguiculata) - CVU 
Table 2: Rhizobacteria isolated from leguminous crops obtained from Akungba-Akoko
	S/N
	Sample code
	Number of bacteria
	Organisms

	1.
	SGM
	5
	Bacillus cereus, Bacillus polymyxa, Bacillus sp., Proteus sp., Staphylococcus saprophyticus

	2.
	CVU
	5
	Bacillus licheniformis, Bacillus polymyxa, Bacillus subtilis, Micrococcus sp., Pseudomonas sp.

	3.
	BPV
	7
	Bacillus cereus, Bacillus megaterium, Bacillus subtilis, Corynebacterium sp., Enterococcus sp., Pseudomonas aeruginosa, Staphylococcus sp.

	4.
	PAH
	6
	Bacillus cereus, Bacillus polymyxa, Bacillus sp., Pseudomonas aeruginosa, Staphylococcus sp., Streptococcus sp.


Keys: Common beans (Phaseolus vulgaris) – BPV, Peanut (Arachis hypogaea) - PAH, Soybeans (Glycine max) - SGM, and Cowpea (Vigna unguiculata) - CVU 

Screening for plant growth promoting (PGP) traits

Screening results for IAA, PS, and ammonia production tests were carried out on all organisms. For IAA, twenty-two (22) bacteria were positive while only one (1) bacterium [Enterococcus sp. (BPV)] was negative. Also for ammonia production, nineteen (19) bacteria produced ammonia while four (4) bacteria [Bacillus sp. (PAH), B. subtilis (CVU), Enterococcus sp. (BPV), and Staphylococcus sp. (PAH)] were negative, For PS test seventeen (17) rhizobacteria were positive for while six (6) were negative. B. subtilis (SGM), Bacillus sp. (PAH), Enterococcus sp (BPV), Proteus sp. (SGM), S. saprophyticus (SGM), and Streptococcus (PAH) were among six bacteria that could not solubilize phosphate (Table 3).

Table 3: Plant growth promoting (PGP) traits

	S/N
	Organism
	IAA
	PS
	Ammonia

	
	Bacillus cereus (BPV)
	+
	+
	+

	
	Bacillus cereus (PAH)
	+
	+
	+

	
	Bacillus cereus (SGM) 
	+
	-
	+

	
	Bacillus licheniformis (CVU) 
	+
	+
	+

	
	Bacillus megaterium (BPV) 
	+
	+
	+

	
	Bacillus polymyxa (CVU) 
	+
	+
	+

	
	Bacillus polymyxa (PAH)
	+
	+
	+

	
	Bacillus polymyxa (SGM)
	+
	+
	+

	
	Bacillus sp. (PAH)
	+
	-
	-

	
	Bacillus sp. (SGM) 
	+
	+
	+

	
	Bacillus subtilis (BPV) 
	+
	+
	+

	
	Bacillus subtilis (CVU) 
	+
	+
	-

	
	Corynebacterium sp. (BPV)
	+
	+
	+

	
	Enterococcus sp. (BPV) 
	-
	-
	-

	
	Micrococcus sp. (CVU) 
	+
	+
	+

	
	Proteus sp. (SGM) 
	+
	-
	+

	
	Pseudomonas aeruginosa (BPV) 
	+
	+
	+

	
	Pseudomonas sp. (CVU) 
	+
	+
	+

	
	Pseudomonas aeruginosa (PAH) 
	+
	+
	+

	
	Staphylococcus saprophyticus (SGM)
	+
	-
	+

	
	Staphylococcus sp. (BPV) 
	+
	+
	+

	
	Staphylococcus sp. (PAH) 
	+
	+
	-

	
	Streptococcus sp. (PAH)
	+
	-
	+


Keys: + = positive result, - = negative result, Common beans (Phaseolus vulgaris) – BPV, Peanut (Arachis hypogaea) - PAH, Soybeans (Glycine max) - SGM, and Cowpea (Vigna unguiculata) - CVU, Indole Acetic acid (IAA), Phosphate Solubilization (PS)
Siderophore-producing organisms

Table 4 shows the screening results of siderophore producing bacteria from the roots of leguminous crops, twenty-one (21) organisms were positive for production of siderophore while only Enterococcus sp. (BPV) Staphylococcus sp. (BPV) were tested negative. Additionally, all rhizobacteria produced siderophores, although P. aeruginosa, B. licheniformis, B. megaterium, and B. polymyxa produced siderophores in high concentrations. They all produced a variety of siderophore types, such as catecholate, hydroxamate, and carboxylate (Table 4).
Table 4: Qualitative siderophore production

	S/N
	Organism
	Reaction
	Siderophore type

	
	Bacillus cereus (BPV)
	+
	Hydroxamate

	
	Bacillus cereus (PAH)
	+
	Catecholate

	
	Bacillus cereus (SGM) 
	+
	Carboxylate

	
	Bacillus licheniformis (CVU) 
	+++
	Carboxylate

	
	Bacillus megaterium (BPV) 
	+++
	Hydroxamate

	
	Bacillus polymyxa (CVU) 
	+
	Hydroxamate

	
	Bacillus polymyxa (PAH)
	+
	Hydroxamate

	
	Bacillus polymyxa (SGM)
	+++
	Hydroxamate

	
	Bacillus sp. (PAH)
	++
	Catecholate

	
	Bacillus sp. (SGM) 
	+
	Carboxylate

	
	Bacillus subtilis (BPV) 
	++
	Catecholate

	
	Bacillus subtilis (CVU) 
	+
	Catecholate

	
	Corynebacterium sp. (BPV)
	+
	Carboxylate

	
	Enterococcus sp. (BPV) 
	-
	ND

	
	Micrococcus sp. (CVU) 
	++
	Carboxylate

	
	Proteus sp. (SGM) 
	++
	Hydroxamate

	
	Pseudomonas aeruginosa (BPV) 
	+++
	Catecholate

	
	Pseudomonas sp. (CVU) 
	+
	Carboxylate

	
	Pseudomonas aeruginosa (PAH) 
	+
	Carboxylate

	
	Staphylococcus saprophyticus (SGM)
	++
	Hydroxamate

	
	Staphylococcus sp. (BPV) 
	-
	ND

	
	Staphylococcus sp. (PAH) 
	+
	Hydroxamate

	
	Streptococcus sp. (PAH)
	++
	Hydroxamate


Keys: + = positive result (strong = +++, moderate = ++, weak = +), - = negative result, ND = Not Determined.

This study showed a wide range of bacteria associated with roots of leguminous crops obtained from Akungba-Akoko. The pH values of soil samples were observed to be neutral (pH 6.3 – 7.2) and the temperature ranged between 27°C and 32°C which is ideal for rhizosphere part of leguminous crops (Borowik & Wyszkowska, 2016; Xia et al., 2024). From the four soil samples used for present study, different types of bacterial species were identified belong to the following genera; Bacillus, Corynebacterium, Enterococcus, Micrococcus, Proteus, Pseudomonas, Staphylococcus, and Streptococcus. These results are consistent with the reports of Saidi et al. (2009) and Adeoyo (2020) who stated that these bacteria were identified based on their morphological and biochemical characteristics.
PGP rhizobacteria found in relation to roots of plants and have ability to both directly and indirectly promote plant growth. The results showed that most of the rhizobacteria have ability to solubilize phosphate, produce IAA and ammonia which are PGP traits. These results corroborate the findings of Adeoyo (2020), Adeniyi et al. (2023), and Watanabe et al. (2023) who reported the importance of these traits in growth promotion. Similar finding was also reported by Qingwei et al. (2023) who identified Bacillus, Cedecea, Cellulosimicrobium, Delftia, Ensifer, Paenibacillus, Pantoea, Phyllobacterium, Pseudomonas, Rhizobium, Sinorhizobium and Staphylococcus as PSB.

In soil, iron is not readily available due to very low solubility of ferric iron (Fe3+) which is more dominant in neutral to alkaline conditions (Pahari and Mishra, 2017). Bacteria can acquire iron as nutrient through the secretion of siderophore, a low molecular weight secondary metabolite that chelates iron from soil and make it available to plants through specific receptors (Kramer et al., 2021). This study showed that twenty-one (21) rhizobacteria were able to produce different type of siderophores, whereas only two [Enterococcus sp. (BPV) and Staphylococcus sp. (BPV)] were unable to do so. Among the organisms with strong siderophore production, Bacillus genus was more prominent. Bacteria are capable of producing siderophores that create a condition that moderate the availability of iron in soil. They positively affect organisms in soil through their growth and production of siderophores (Timofeeva et al., 2022). This study corroborates the findings of Ghazy & El-Nahrawy (2021), who found that two Pseudomonas species and four Bacillus species produce siderophores. Their study used a greenhouse experiment and dual plate culture method to demonstrate antagonistic activity of siderophores against Cephalosporium maydis. This observation was also reported for B. subtilis by Timofeeva et al. (2022). 

Conclusion 

The finding showed that these organisms would significantly contribute to better growth and health of leguminous crops, considering their PGP traits and potential for making siderophores available to plants. Furthermore, siderophores production could improve the interactions between plants and other bacteria, prevent plant diseases, and promote plant growth hormones and nutrient intake.  Consequently, this study supports using these bacteria to enhance farming methods.  Finally, more studies should focus on understanding the molecular and physiological status of rhizobacteria and siderophores produced by them in order to properly incorporate them into agricultural practices and programmes.
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Mention the standart method was used


Mention the standart method was used





please add information on this background why all bacteria were screened for ability to produce Indole Acetic Acid (IAA), solubilization phosphate, and ammonia


Add the identification certificate number for each five leguminous crops


The identification will be more valid if used moleculer identification


The discussion will be more comprehensive if the data analysis uses statistical analysis and While the discussion references relevant literature, it is largely confirmatory rather than analytical; it could explore mechanistic explanations or ecological implications
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