


[bookmark: _GoBack]Original Research Article


EXPLORING THE PLANT GROWTH PROMOTING POTENTIALS OF BACTERIA RECOVERED FROM A COAL MINE SOIL FOR  BIORESTORATION PURPOSE  
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ABSTRACT
	Aim: Coal mining leads to the degradation of surface soil’s physical, chemical and microbiological properties. However, functional microorganisms (such as plant growth promoting microorganisms) with the potential to produce phytohormones, fix nitrogen, solubilize phosphate, and others, can be effective in restoring coal mine soils (CMS). This study was conducted to explore the plant growth promoting potentials [indole-3-acetic acid  (IAA) production and phosphate solubilization] of bacteria isolated from the abandoned Ogbete coal mine,  Enugu State, Nigeria.
Study design: A laboratory study to isolate bacteria from the coal mine soil, screen bacterial isolates for plant growth promoting traits (IAA production and phosphate solubilization), and identify the isolates that tested positive for the traits using 16S rRNA gene sequencing. 
Place and Duration of Study: Sample: Ogbete coal mine at Enugu State, Nigeria, between  June 2025 and August 2025.
Methodology: CMS was analyzed for its physico-chemical properties. Isolation and enumeration of bacterial isolates from the CMS was done on Nutrient agar, after which the bacteria obtained were screened for IAA production and phosphate solubilization following standard methods. Bacterium that tested positive for the trait was identified using 16S rRNA gene sequencing. 
Results: The coal mine soil was acidic (pH 5.84), while Total organic carbon (1.31%), Soil organic matter (2.27%), Total Nitrogen (3.89 mg/kg), Total phosphorus (1.04 mg/kg), were below levels required for arable soils. Total heterotrophic bacteria counts (3.5 × 105 CFU/g) of the CMS were low for arable soils. A total of seven (7) bacterial isolates were recovered from the coal mine soil, out of which one (1) isolate was positive for IAA production, but negative for phosphate solubilization. The other 6 isolates were negative for both IAA production and phosphate solubilization. The  IAA producing bacterium was  identified using 16S rRNA sequencing as Chryseobacterium  indologenes,
 Conclusion: This study revealed the IAA potential of Chryseobacterium  indologenes, which could further be exploited for its potential to biorestore coal mine soil and other disturbed soil ecosystems for future agricultural purpose.This study contributes to the United Nations Sustainable Development Goal 15, targeted at restoring and promoting conservation and sustainable use of terrestrial ecosystems.
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1. INTRODUCTION 

Coal mining has profound ecological and environmental consequences. Mining activities degrade topsoil physico-chemical properties and alter microbial community composition (Mao et al., 2024). This has led to the assumption that coal mine environments are not habitable for microorganisms due to their complex chemical structure and resistance to decomposition (Zhang et al., 2022). However, certain microorganisms including those possessing plant growth promoting traits, can adapt to these conditions making them important in agriculture. Such microorganisms can also serve as effective tools for restoring or reclaiming disturbed terrestrial ecosystems and as reliable indicators for assessing the quality of reclaimed soils (Mao et al., 2024). Furthermore, certain natural coals act as reservoirs for microbial strains capable of degrading lignin, a compound with a molecular structure resembling that of coal components (Zhang et al., 2022). Wang et al. (2023) and Mao et al. (2024), reported species of the Phyla Proteobacteria, Acidobacteriota, Actinobacteria, Firmicutes and Bacteroidota, as the dominant Phyla in coal mine soils. While, the genera Thiobacillus, Sphingomonas, Acinetobacter, Variovorax and Novosphingobium were reported as dominant in coal mine soils (de Quadros et al., 2016).
The continuous growth of the global human population is a matter of concern, as it leads to numerous challenges, including food insecurity (Igiri et al., 2018; Salcedo-Gastelum et al., 2020). To ensure access to healthy food, it is essential to optimize crop production through fertile and sustainable agroecosystems. The agricultural sector contributes nearly one-third of the global gross domestic product. However, with the human population projected to reach approximately 9.5 billion by 2050, the demand for food is also expected to rise significantly (Kumar et al., 2022). At the same time, the availability of fertile land is declining due to urbanization, climate change–related extreme weather events, and anthropogenic activities. Various abiotic and biotic stresses also represent major constraints to crop production (Glaser & Lehr, 2019). Other critical factors influencing yield per unit area include soil quality, nutrient availability, environmental conditions, and the biological health of soils, all of which are vital to achieving global food security (Kumar et al., 2022).

One key component of healthy soils is the presence of beneficial microbiota, which enrich the nutrient pool via the biogeochemical cycling of soil constituents. However, many arable soils worldwide fail to provide optimal cultivation conditions due to a range of abiotic stresses, including organic pollutants (Tomar et al., 2019), heavy metals (Rizvi et al., 2020), drought (Wang et al., 2020), salinity (Zahra et al., 2020), and extreme temperatures (Narayanan, 2018). Among these, the oligotrophism and acidity associated with coal mine soils and other degraded soil systems pose serious threat to the sustainability of crop production systems (Mao et al., 2024). 
Microorganisms (microbial inoculants or biofertilizers) offer a sustainable alternative, providing a low-cost source of nutrients, enriching soils with micro and micronutrients, supplying organic matter, secreting plant growth hormones, and mitigating the adverse effects of degraded soils and chemical fertilizers (Mahanty et al., 2016). Soil microbes, in particular, are essential for driving key biological processes within the soil ecosystem, ensuring nutrient mobilization and supporting long-term crop productivity (Mahanty et al., 2016).
Microbial inoculants have gained more attention as a vital natural resource for the development of “green methods.” The application of fertilizers enriched with beneficial microbes has become essential for enhancing soil health and crop productivity while ensuring a balance between efficient food production and sustainable agriculture (Nosheen et al., 2021).
Microbial inoculants are a category of biofertilizers that contain beneficial microorganisms with targeted functions (Goyal et al., 2023). Their application can restructure the soil’s microbial community and enhance nutrient availability for plants through soil-mediated processes (Bamdad et al., 2021) (Figure 1). Recent research indicates that microbial fertilizers derived from plant growth–promoting rhizobacteria (PGPR) and plant growth promoting bacteria (PGPB) play a vital role in enhancing soil fertility, stimulating crop growth, and helping plants withstand both biotic and abiotic stresses (Khawula et al., 2025). These microbial fertilizers are renewable, eco-friendly, non-pathogenic to plants, and contribute to improved plant adaptation, growth, and development. They also enhance soil nutrient balance, produce diverse plant growth regulators, detoxify soils contaminated with heavy metals, pesticides, or fungicides, and employ biological control methods for soil remediation (Khawula et al., 2025).

In the soil, most bacterial species are found near plant roots and are collectively known as plant growth-promoting rhizobacteria (PGPR), while some are found in bulk soil, and referred to as plant growth-promoting bacteria (PGPB). These plant growth-promoting rhizobacteria or bacteria (PGPR or PGPB) are a group of beneficial microorganisms that can enhance plant growth and development. They do these through direct or indirect mechanisms (Kochhar et al., 2022). Direct mechanisms involve traits that promote plant growth directly, such as providing beneficial compounds (auxins, cytokinins, gibberelins), as well as, fixing nitrogen, solubilizing phosphorus and enhancing nutrient uptake for host plants   Auxins such as, indole -3-acetic acid are significant for plant growth because IAA helps loosen and expand root cell walls, and also greatly increases the release of root exudates which in turn influences the composition and activity of rhizospheric bacteria that depend on these exudates (Duca & Glick, 2020).
This auxin (IAA) serve as a rooting agent and supports processes such as leaf formation, cell division, stem bending and root hair development (Gao et al., 2024). Phosphate solubilizers convert the large portion of soil phosphorus that exists in insoluble complexes into soluble forms that plants can absorb. Their main mechanism is the secretion of organic acids, which chelate divalent cations such as Ca2+ and break down insoluble phosphate compounds, releasing soluble phosphorus into the soil (Kalayu, 2019). Through this process, phosphate solubilizing bacteria (PSB) increase the pool of plant available phosphorus (Zhu et al., 2012). Beyond solubilizing phosphorus, PSB also support plant growth by enhancing biological nitrogen fixation, producing phytohormones that stimulate plant development, and improving the availability of essential micronutrients such as zinc and iron (Wani et al., 2007; Sharma et al., 2013). Indirect mechanisms involve traits that inhibit the functioning of plant pathogenic organisms. This can be achieved through the production of antibiotics, which can act as antifungal, antibacterial, antihelmintic, and antiviral agents. Examples of antibiotics produced by PGPBs include surfactin, fengycin, rhamnolipids, phenazine-1-carboxylic acid, pyrrolnitrine, butyrolactones, zwittermicin A, aerugin, azomycin. These mechanisms can act independently or synergistically to benefit the plant (Olanrewaju et al., 2017; Kenawy et al., 2020). In turn, plants release secondary metabolites that nourish the microorganisms inhabiting the rhizosphere. Such interactions are fundamental for maintaining a favorable root microenvironment that supports plant growth and development (Chamkhi et al., 2022).
These bacteria belong to various genera, including Azospirillum, Azotobacter, Pseudomonas, Bacillus, Burkholderia, Paenibacillus, Pantoea, Serratia, Streptomyces, and Rhizobia (Shrivastava et al., 2015; Bhise et al., 2017).

Chryseobacterium species are widespread in nature, occurring predominantly in soil, foodstuffs, plants and aquatic environments (Arouna et al., 2017; Jung et al., 2023). Approximately 80 species of Chryseobacterium have been identified, most of which are non-pathogenic environmental isolates commonly linked to moist habitats (Booth, 2014). However, C. indologenes and C. gleum have been reported as human pathogens, frequently cultured from clinical specimens, causing pneumonia, bacteraemia and other human infections (Chen et al., 2013: Jean et al., 2017).
Recently, Chryseobacterium species have gained attention as a promising PGPB genus (Lee et al., 2017 ; Kim et al., 2020). Some Chryseobacterium species have been reported to promote plant growth by facilitating nutrient cycling and producing beneficial plant hormones (Sang et al., 2018; Jung et al., 2023). Additionally, they can indirectly support plant growth through biocontrol activity against plant pathogens and also aid in stress tolerance by synthesizing 1- aminocyclopropane-1-1-carboxylic acid (ACC deaminase) and producing phytohormones such as IAA, which improves root elongation and shoot growth (Jung et al., 2023).
Biofertilizers, including promising candidates such as Chryseobacterium offer a sustainable alternative to conventional fertilizers (Lee et al., 2017; Kim et al., 2020; Jung et al., 2023). Once established in soils or colonizing root surfaces, these beneficial microbes can modify the mobility and toxicity of pollutants, prevent further contamination, and enrich soil nutrient pools through multiple direct and indirect mechanisms to enhance fertility and crop productivity across diverse agroecosystems  (Ajuzieogu et al., 2015; Zaidi et al., 2017). 
The increasing global population and consequent high demand for food, have lead to search for eco-friendly strategies for reclamation or restoration of mine dump sites, improved crop production and yield. Thus, this study was done to isolate, screen and identify bacterial species with plant growth promoting traits for potential use as biofertilizer in the restoration of coal mine soils.
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2. materiaLs and methods 


2.1 Study Area
This research was conducted at Nucleometrix Laboratory, Tombia, Yenegoa, Bayelsa State Nigeria, situated at GPS coordinates latitude 4° 56’ 23” N and longitude 6° 21’ 15” E.
2.2. Site Description and Sample Collection
This was done following the method of Norby et al. (2024). Coal mine soil samples were collected from the abandoned Ogbete coal mine site located in Enugu State, Nigeria. The sampling points were geo-referenced using GPS device. Points 1, 2, 3, 4, and 5 were located at latitude 6°26'1. 032"N and longitude, latitude 7°28'5.0412"E, 6°26’1.11012” N and longitude 7°28’5.664” E, latitude 6°26’1. 14612” N and longitude 7°28’5.484” E, latitude 6°26’1.13388” N and longitude 7°28’5.20788” E, and  latitude 6°26’1.032” N and longitude 7°28’5.04012” E, respectively. Coal mine spoil soils were collected from depths of 0-15cm (top soil), 7 km apart, from the five randomly selected points using a soil auger. These samples were pooled together to form a composite sample, transferred into sterile plastic containers, placed in ice chests, and transported to the laboratory for further analysis. 

2.3 Physico-chemical  Analysis  of  the Coal Mine Soil 
Coal mine soil sample was analyzed for physical and chemical properties such as soil moisture content, soil pH, electrical conductivity, organic carbon, nitrogen, phosphorus, and heavy metals.
2.3.1 pH  and Conductivity
pH and conductivity were measured using a digital Oakton pH meter (model PCD 650) and HANNA Conductivity/TDS meter (HI 9835) respectively (Melia et al., 2024).

2.3.2  Moisture Content
The method used for determining moisture content in soil was based on ASTM D2216. This is a simple weight loss technique obtained at temperature range of 105 to 115oC with the moisture content result expressed in percentage.

2.3.3  Total Organic Carbon And Soil Organic Matter
This was done following the Walkey & Black (1934) wet oxidation method. A precisely measured volume of standardized potassium dichromate solution was added into an Erlenmeyer flask containing 1 g of finely ground soil sample. Concentrated sulfuric acid was carefully added to initiate the oxidation reaction. The mixture was allowed to react for 30 minutes. The solution was diluted with water, then phosphoric acid and; sodium fluoride were added (to complex interferences). Few drops of a suitable indicator (diphenylamine) were added. The solution was titrated with standardized ferrous ammonium sulphate until a sharp colour change was noticed which indicated the endpoint. An identical titration without a soil sample (blank titration) was performed to determine the initial amount of dichromate added. The organic carbon percentage was calculated based on the difference in ferrous ammonium sulphate (FAS) consumed between the blank and sample titrations.

2.3.4 Total Nitrogen
This was determined using the Kjeldahl method. An aliquot (0.5 g) of the soil sample was mixed sulfuric acid (H2SO4) and copper sulfate to break down organic matter and convert nitrogen to ammonium sulfate. Sodium hydroxide (NaOH) was added to release ammonia (NH3) which was distilled into boric acid solution and titrated with standardized HCl. The total nitrogen was calculated from the volume of the used acid  (Adomako & Dellor 2023).
2.3.5 Total Phosphorus
This was determined using the Olsen method. The soil sample was extracted with 0.5M NaHCO3 solution and filtered. A fraction (0.5 g) of soil was mixed with a digestion reagent (HNO3 + HCI) and heated to break down organic matter and release phosphorus. A color developing reagent (ammonium molybdate + antimony potassium tartrate) was added to form phosphomolybdenum blue complex. The absorbance of the complex was measured at 880 nm using a spectrophotometer. The total phosphorus concentration was calculated using a calibration curve prepared with known phosphorus standards (Koralage et al., 2015).
2.3.6  Particle size distribution

The method was primarily adopted from ASTM D1921-Practice for Description and identification of soils (usual -manual procedure) with contributions from other standards such as ASTM D2487 and D422. Soil sample was classified as clay, sandy, loam, and silt.

2.3.7  Heavy Metals Analysis
Acid digestion of the soil sample was conducted prior to analysis. Five (5) grams of each section of the sample was accurately weighed and transferred into a boiling tube. Aqua Regia preparation was made by adding the ratio of 3:1 concentrated hydrochloric acid and concentrated nitric acid. Fifteen (15) mL of the aqua Regia was then added into the boiling tube containing the measured samples and set to heat for 1 hour in the fume cupboard. After heating, the mixture was allowed to cool and then filtered into a 50 mL volumetric flask and filled up to the mark with distilled water. The concentration of each metal in the sample obtained after digestion was determined using Atomic Absorption Spectrophotometer (ASTM D6357-18) methods. This was carried out using PG instrument AAS (Model: AA500PCF). Prior to the analysis, calibration was done with each metal standard of known concentrations. Concentration of each metal was ascertained from the data generated by the AAS and expressed in mg/kg (Mohammadi et al., 2019).
2.4 Bacterial Analysis
2.4.1 Isolation and enumeration of bacteria from coal mine soil
Isolation and enumeration of bacterial species were carried out following the method described by Igbinosa et al. (2020). One (1)  gram of  the coal mine soil was thoroughly homogenized with  9 mL of sterile distilled water to make suspensions. The suspensions were diluted serially (10-1  to 10-4 )  using physiological saline  and  0.1 mL  of  the 10-3 and 10-⁴ dilutions were aseptically plated in duplicates on Nutrient Agar. The inoculated plates were incubated  at 37 °C for 24 hours. After incubation, plates were examined for microbial growth, and the morphological characteristics of the isolates including colony shape, size, color, and texture were recorded. Distinct colonies were enumerated, and bacterial counts were expressed as colony-forming units per gram of soil (CFU/g).

2.5 Screening Bacterial Isolates For Plant Growth Promoting Traits 
2.5.1 Phosphate Solubilizing 
Phosphate solubilization was evaluated using Pikovskaya’s agar. The bacterial isolates were spot inoculated onto the agar plates and incubated for 7 days. After incubation, the plates were examined for the presence of clear zones around the colonies, which indicates phosphate solubilization (Ajuzieogu et al., 2015; Wang et al., 2022). 
2.5.2 Indole-3-Acetic Acid (IAA) Production 
Each bacterial isolate was inoculated into 20 mL of 1-SP2 liquid medium supplemented with 0.2 mL of 0.2% L-tryptophan and incubated in an agitated incubator (120 rpm) at room temperature (27 °C) for 7 days. After incubation, culture medium cells were centrifuged at 14,000 rpm for 15 minutes. One milliliter of the supernatant from each culture was mixed with 4 mL of Salkowski’s reagent. The mixture was incubated at room temperature in the dark for 30 minutes. Development of a pink color indicated IAA production (Thenappan et al., 2024). 
2.6 Molecular Identification of the Bacterium 
2.6.1 Bacterial DNA extraction, quantification, 16S rRNA Amplification and Sequencing of 16S rRNA

Extraction was done using the Fungi/Bacteria DNA mini prep extraction kit according to Saitou & Nei (1987). The extracted genomic DNA was quantified using the Nanodrop 1000 spectrophotometer. The ultra-pure DNA was then stored at -20°C  for other downstream reaction. The 16S rRNA region of the rRNA genes of the isolates were amplified using the the 27F: 5'-AGAGTTTGATCMTGGCTCAG-3’ and 1492R: 5'-CGGTTACCTTGTTACGACTT-3’ primers on an ABI 9700 Applied Biosystems thermal cycler at a final volume of 50  uL for 35 cycles. The PCR mix included: the X2 Dream Taq Master mix supplied by Inqaba, South Africa (Taq polymerase, DNTPs, MgCl), the primers at a concentration of 0.4M and the extracted DNA as template. The PCR conditions were as follows: Initial denaturation, 95ºC for 5 minutes; denaturation, 95ºC for 30 seconds; annealing, 52ºC for 30 seconds; extension, 72ºC for 30 seconds for 35 cycles and final extension, 72ºC for 5 minutes. The product was resolved on a 1% agarose gel at 120V for 15 minutes and visualized on a UV transilluminator. Sequencing was done using the BigDye Terminator kit on a 3510 ABI sequencer by Inqaba Biotechnological, Pretoria South Africa. The sequencing was done at a final volume of 10 uL, the components included 0.25 uL BigDye® terminator v1.1/v3.1, 2.25 uL of 5 x BigDye sequencing buffer, 10uM Primer PCR primer, and 2-10ng PCR template per 100bp. The sequencing conditions were as follows 32 cycles of 96°C for 10 seconds, 55°C for 5 seconds and 60°C for 4 minutes
2.6.2 Phylogenetic Analysis
Obtained sequences were edited using the bioinformatics algorithm Trace edit. Similar sequences were downloaded from the National Center for Biotechnology Information (NCBI) data base using BLASTN. These sequences were aligned using ClustalX. The evolutionary history was inferred using the Neighbor-Joining method in MEGA 6.0 (Saitou & Nei, 1987). The bootstrap consensus tree inferred from 500 replicates (Felsenstein, 1985) was taken to represent the evolutionary history of the taxa analysed. The evolutionary distances were computed using the Jukes-Cantor method (Jukes & Cantor 1969).

3. results and discussion

3.1 Physico-chemical properties of coal mine soils
The physico-chemical properties of the coal mine soil sample are presented in  [Table 1].  The CMS had a pH of 5.84 (acidic), while electrical conductivity (38.8 μs/ cm), total organic carbon (1.31%), Soil organic matter (2.27%), Total Nitrogen (3.89 mg/kg), and Total phosphorus (1.04 mg/kg), were low. 









Table 1.  Physico-chemical properties of coal mine soil
	
S/N
	
Parameters (unit)
	
Coal Mine Soil

	1
	pH
	5.84

	2
	Moisture content, (%)
	11.31

	3
	Conductivity (μs/cm)
	38. 8

	4
	Soil organic matter (%)
	2.27

	5
	Total Organic Carbon (%)
	1.31

	6
	Total Nitrogen (mg/kg)
	3.89

	7
	Total phosphorus (mg/kg)
	1.04

	8
	Mn (mg/kg)
	1.18

	9
	Cu (mg/kg
	2.88

	10
	As (mg/kg)
	< 0.001

	11
	Cr (mg/kg
	2.32

	12
	Exchangeable cations ( meq/ 100g)
	0.108

	13
	Particle Size Distribution  (%)
	

	14
	Sand (%)
	61. 54

	15
	Silt (%)
	30.60

	16
	Clay( %)
	7.86


* Mg/Kg: Milligram per Kilogram; Mn: Manganese; Cu: Copper; As: Arsenic; Cr: Chromium
% : Percentage; μs/ cm: Microsiemens percentimetre

3.2 Enumeration of bacterial Isolates from Coal Mine Soil
The bacterial counts from the coal mine soil are presented in [Table 2]. The total heterotrophic bacteria count (THBC) was 3.5 × 10-5 CFU/g.

Table 2. Bacterial population of the CMS


	Sample
	Total Heterotrophic Bacteria Counts (CFU/g)

	
Coal mine 
soil
	
3.5 × 105


* CFU/g: Colony forming unit per gram

3.3 Morphological properties of bacterial isolates	
The morphological properties of the bacterial isolates from the coal mine soil are displayed in [Table 3]. Also the colonial morphology of the bacterium that tested positive for IAA production is presented in [Plate 2].






Table 3. Morphological characteristics of bacterial isolates from coal mine soil

	Isolate Code
	Colony Colour
	Colony Size
	Colony Elevation
	Colony Edge
	Colony Shape

	CDY
	Dark yellow
	Large
	Raised
	Entire
	Round

	CCWI
	Creamy white
	Large
	Raised
	Irregular
	Round

	CLY
	Light yellow
	Small 
	Raised
	Entire
	Round

	CY
	Yellow
	Small
	Raised
	Entire
	Round

	CDYI
	Dark yellow
	Small
	Raised
	Irregular
	Round

	CCWR
	Creamy white
	Large
	Raised
	Entire
	Round

	CCW
	Creamy White 
	Large
	Raised
	Entire
	Round




3.5. Plant growth promoting traits of the bacterial isolates
Bacterial isolates with plant growth promoting traits (indole-3-acetic acid production and phosphate solubilization) are presented in [Table  4 and  Plate 1].

Table 4: Plant growth promoting traits of the bacterial isolates
	S/N
	 Isolate code
	Indole-3-acetic acid Production
	Phosphate solubilization

	1.
	 CCWI      
	 -ve    
	 -ve    

	2.
	 CCW     
	 -ve    
	 -ve    

	3.
	  CCWR    
	 -ve    
	 -ve    

	4.
	 CDYI         
	 -ve    
	 -ve    

	5.
	 CDY
	+ve 
	 -ve    

	6.
	  CY      
	 -ve    
	 -ve    

	7.
	CLY   
	 -ve    
	 -ve    





[image: 1765475132230]

Plate 1. Qualitative screening showing indole-3-acetic acid production (pink colour) by Chryseobacterium indologenes 

[image: 1765475132198]
Plate 2. cultural morphology of Chryseobacterium indologenes 



3.6 The 16S rDNA  identity of the bacterium

The 16S rDNA gene bands of the bacterium and its 16S rDNA identity are presented in [Plate 3], [Figure 2] and [Table 5]. Molecular analysis revealed the identity of the bacterium recovered from the CMS, with IAA production potential  as Chryseobacterium indologenes. 

[image: Tessy 16S 2]
Plate 3. 16S rRNA gene band of Chryseobacterium indologenes during agarose gel electrophoresis
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Fig 2. The evolutionary relatedness of the bacterium 




Table 5. 16S rRNA  identification of bacterium
	Isolate Code
	Closest Match (NCBI BLAST)
	Accession number
	Percentage Similarity index

	CDY
	Chryseobacterium indologenes
	MK949394
	100





This study explored the plant growth promoting potentials (phosphate solubilization and indole -3-acetic acid production) of bacterial species isolated from a coal mine soil. The  physico-chemical properties of the CMS indicated the soil was acidic and oligotrophic in nature [Table 1], therefore, unsuitable for plant agriculture purpose. This confirm reports that coal mining alters the physical and chemical properties of soil (texture, organic matter, organic carbon, pH and bulk density) (Xu et al., 2019; Ghosh & Maiti, 2021; Mao et al., 2024; Ahmad et al., 2025).
Bacterial population (Total heterotrophic bacteria counts) were low [Table 2], and beyond levels required for arable soils (10-6 – 108 CFU/g) (Ratnakar & Shikha, 2018). This underscores the oligotrophic nature of the CMS, depicted by its poor physico-chemical properties [Table1]. Soils affected by mining are usually low in fertility due to continuos excavation and leaching, which depletes nutrients and disrupts microbial life (de-Quadros et al., 2016; Ma et al., 2019). This explains the low bacterial abundance observed in this study. Despite these adverse conditions, the successful recovery of seven (7) bacterial isolates from the coal mine soil demonstrated microbial resilience and adaptation to stressed environments. Microorganisms capable of surviving under such nutrient-limited (oligotrophic) conditions often possess unique metabolic traits that enable them to contribute to ecosystem recovery (Zhang et al., 2022; Mao et al., 2024). However, screening the bacterial isolates for plant growth promoting traits revealed only one was positive for indole-3-acetic acid (IAA) production, while none were able to solubilize phosphate [Table 4]. Also, Rahayu et al. (2024) isolated bacterial species with the potential to produce IAA from rhizosphere of legume plants grown in a post coal mine soil. The limited occurrence of plant growth promoting (PGP) traits among the isolates may be due to the soil’s low organic matter concentration and acidic nature, both of which are unfavorable for microbial expression of enzymes required for phosphorus mineralization and nutrient uptake facilitated by bacterial IAA (Seshachala & Tallapragada, 2012; Alori et al., 2017; Tomar et al., 2019). 
The production of IAA by one bacterium is significant because IAA is one of the major phytohormones that stimulate plant root and shoot elongation, cell division, cell expansion, sprouting, genes regulation  and nutrient absorption (Ambreetha et al., 2018; Nosheen et al., 2021). This enhances plant resilience under environmental stress, making it well suited for sustainable agriculture, biorestoration and bioremediation purpose (Etesami & Glick 2024). Molecular identification revealed the IAA-producing bacterium as Chryseobacterium Indologenes. Although Chryseobacterium species are more commonly associated with aquatic and moist soil habitats (Jung et al., 2023), several strains within this genus have recently been reported as emerging plant growth promoting bacteria with the ability to produce auxins, promote nutrient cycling, and suppress pathogens (Lee et al., 2017 ; Sang et al., 2018; Kim et al., 2020). The detection of C. indologenes in a coal mine soil environment underscores its ecological adaptability and suggests its potential role as a biofertilizer candidate for restoring degraded soils. Akoijam & Joshi (2023) reported similar findings of isolating and identifying Chryseobacterium sp. with IAA production potential, however, from an acidic and arsenic-contaminated soil. 
Bacteria that adapt to oligotrophic conditions often harbor stress-tolerance genes, including those encoding antioxidant enzymes, efflux transporters, and resistance determinants for toxic compounds (Zhang et al., 2022). These adaptive features are advantageous for potential biofertilizer use, as they enable microbial survival and functionality in degraded or contaminated soils where conventional fertilizers are less effective.  The role of C. indologenes as a potential biofertilizer extends beyond plant growth promotion. Its involvement in soil bioremediation is particularly significant. Previous studies have demonstrated that Chryseobacterium species can degrade heavy metals, pesticides and aromatic hydrocarbons, contributing to organic matter transformation and detoxification in polluted soils (Szoboszlay et al., 2009; Qu et al., 2015; Chaudhary & Kim, 2017; Zhang et al., 2022). These attributes, coupled with its ability to produce extracellular enzymes and polysaccharides, may improve soil aggregation, enhance moisture retention, and promote microbial colonization, thereby facilitating the early stages of soil reclamation.

CONCLUSION
The results from this study revealed the oligotrophic and acidic state of the coal mine soil and its impact on bacterial abundance. Despite these limitations, several bacterial isolates were successfully recovered from the coal mine soil, indicating that microbial life can persist even under extreme and nutrient-limited conditions. Among the seven (7) bacterial isolates obtained, Chryseobacterium indologenes was the only bacterium with the potential of producing indole-3-acetic acid (IAA), an important phytohormone that stimulate root and shoot elongation, cell division and plant development. Although none of the seven isolates exhibited phosphate solubilization activity, the ability of C. indologenes to produce IAA suggests that it could serve as a promising plant growth promoting bacterium useful in restoring coal mine soils and other degraded environments. These findings emphasize the adaptive capacity of native bacteria and their potential use in sustainable agricultural and environmental restoration. The outcome of this study points to the need for further exploration of Chryseobacterium indologenes for the presence of other plant growth promoting traits, to fully understand its biological and ecological roles, and to evaluate its effectiveness under green house and field conditions for improving soil fertility. 
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