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Molecular Characterization of Hydrocarbon-Degrading Bacteria in Oil-Contaminated Soils from Mechanic Workshops in Abakaliki Metropolis, Southeastern Nigeria

ABSTRACT
Engine oil is a hazardous pollutant that contaminates soil, water, and ecosystems. This study isolated and characterized hydrocarbon-degrading bacteria from engine oil-contaminated soils in three (3) mechanic workshops in Abakaliki, Ebonyi State, Nigeria. The bacterial populations were enumerated, and their degradation capacity was assessed using 2,6-dichlorophenol indophenol (DCPIP). Sample S2b had the lowest bacterial count (2.04 × 105 CFU/g; 0.89% of total isolates), while sample S2a had the largest bacterial population (1.01 × 107 CFU/g; 44% of total isolates). The bacterial counts obtained from the soil samples reflect the abundance of hydrocarbon-degrading microorganisms naturally present in the oil-contaminated environment. The isolates, including Pseudomonas putida, Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and Proteus mirabilis, demonstrated hydrocarbon degradation potential and were identified based on their Gram reactions and molecular characteristics using 16S rRNA. The results suggest that these native bacterial isolates can be used for bioremediation of oil-contaminated environments, providing a promising approach for pollution control and soil restoration in the region.
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INTRODUCTION
Pollution from engine oil poses a critical environmental problem, especially in urban areas with high levels of automotive activity [1]. There is global concern about the release of hydrocarbons into the environment from both industrial operations and accidental oil spills. The use of petroleum (primarily a complex hydrocarbon mixture) and petroleum-based polymers has increased significantly in recent years, thereby increasing the risk of pollution [2]. Used engine oil is a common, hazardous contaminant that gets into the environment as a result of human activity. Large amounts are discharged into ecosystems, particularly when motor mechanics and small-scale oil vendors replace and discard motor oil recklessly, frequently pouring spent oil straight onto the ground [3]. They are also introduced into the environment during engine use, primarily through exhaust emissions and leaks from faulty engines of cars, bikes, generators, etc. [4]. Hence, these practices contribute greatly to soil and water pollution, threatening both environmental quality and public health. They also adversely damage numerous plant and animal species and pose a considerable risk to the health of humans [5]. 
The manner in which spent engine oil is disposed of is not properly monitored, resulting in a significant increase in soil pollution, especially in a mechanic workshop where major repairs are carried out. Used motor oil is frequently dumped onto the surrounding soil in Abakaliki, Ebonyi State, which is home to numerous mechanic workshops [3]. Over time, this activity has led to the accumulation of hydrocarbons, which has significantly increased the surrounding ecosystem's pollution [6]. Engine oil contains alkanes, aromatic hydrocarbons, cycloalkanes, and other additional compounds that are permanent, poisonous, and sometimes carcinogenic, all of which pose long-term risks to human health and the environment [7]. When these accumulated pollutants enter the soil, they can contaminate underground water, causing detrimental effects on drinking water supplies and agricultural products [8]. Traditional methods of cleaning (physical removal and chemical treatments) are often inadequate, costly, and may introduce additional pollutants harmful to the environment [9]. Then again, bioremediation offers a promising future by harnessing microbes' natural metabolic abilities to break down hydrocarbons into less harmful products [10,11]. Complex hydrocarbons have been demonstrated to be broken down by bacteria such as Acinetobacter spp., Rhodococcus spp., and Pseudomonas spp. into simpler molecules that can then be broken down into carbon dioxide and water [12,13].  Studies have identified biosurfactant- and hydrocarbon-degrading microorganisms in other regions; however, little research on their identification and characterization in Abakaliki mechanic workshops has been conducted. Therefore, this study aims to identify indigenous hydrocarbon-degrading bacteria in oil-contaminated soils with bioremediation potentials in Abakaliki, Ebonyi State.  

MATERIALS AND METHODS
A detailed description of the study area and sample collection 
Three mechanic workshops at Gunning Road, Abba Omege-Ofe Iyiokwu Road, and Chukwu Road in Azuiyi Udene, Abakaliki, Ebonyi State, Nigeria, roughly 6.3171° N latitude and 8.1173° E longitude in the country's southeast, were used for the study. The area experiences a warm, humid climate that enhances microbial activity and makes it suitable for investigating hydrocarbon-degrading bacteria, especially given the high level of automotive repair activity, which contributes to significant hydrocarbon pollution from improper disposal of used engine oil, lubricants, and other petroleum products. Using a clean auger, two soil samples were taken from each workshop, for a total of six samples collected at depths of 10-14 cm. The soil samples were carefully collected and placed in sterile, resealable plastic bags in accordance with the procedure described by Ebakota et al. [14]. The crude oil used in the study was supplied by an approved filling station in Abakaliki. The materials were promptly transferred to the Microbiology Laboratory for additional analysis after being appropriately labeled.

Physicochemical Properties of the Soil Sample
As soon as the soil samples were collected, their physicochemical characteristics were evaluated and meticulously documented using the Matthiesen [15] approach. A thermometer (Model 210609-C) was used to measure soil sample temperature, and a digital pH meter (Jenway 3510) was used to assess pH. To assess the amount of soluble ionic components in the soil samples, electrical conductivity was measured using a calibrated digital conductivity meter (Hanna Instruments, HI 993310). 


Preparation of Bushnell-Haas agar 
The Bushnell-Haas agar, consisting of calcium chloride 0.02 g/l, dipotassium phosphate 0.1 g/l, ammonium nitrate 1.0 g/l, magnesium sulfate 0.2 g/l, ferric chloride 0.05 g/l, monopotassium phosphate 0.1 g/l/, agar 25 g, and amended with 1% crude oil, serving as the only carbon source, was prepared in 1000ml of distilled water and was sterilized using an autoclave (Hirayama HVE 50, Japan) at 15 psi (121 ºC) for 15 minutes [16]. It was aseptically poured into Petri dishes for soil sample inoculation.

Isolation and Enumeration of Hydrocarbon-Degrading Bacteria
Approximately 1 g of each soil sample was transferred into a test tube containing 9 mL of sterile distilled water. Serial dilutions were then prepared up to 10⁻⁷. From the 10⁻5, 10⁻⁶, and 10⁻⁷ dilutions, 0.1 mL was aseptically plated in duplicate onto sterile Bushnell-Haas Agar. The plates were incubated at 37 °C for 7 days, after which bacterial colonies were enumerated using a digital colony counter (Gallenkamp, UK). Only plates with 30–300 colonies were placed on the illuminated counter platform, and colonies were counted manually by pressing the counter button for each colony. Results were recorded and expressed as colony-forming units per gram (CFU/g) of soil. Distinct colonies of each bacterial isolate were subcultured onto Nutrient Agar slants and preserved at 4 °C for subsequent analyses [17].

Screening of Hydrocarbon Degradation Using 2, 6-Dichlorophenol Indophenol Sodium Salt (DCPIP) 
According to Mishra et al. [18], 11.2 g of Bushnell broth medium was measured into 400 ml of distilled water and mixed to ensure a uniform mixture. It was autoclaved at 121 °C and 15 pressure for 15 minutes. Following sterilization, the solution turned deep blue when around three drops of 2,6-Dichlorophenol Indophenol Sodium Salt (DCPIP) were added. Different colonies from pure cultures were inoculated after the media was transferred into sterile labelled petri dishes. Colour changes were seen after the plates were incubated for seven days at 37 °C. Distinct bacterial colonies observed in plates with clear colour changes were further selected for morphological and molecular characterization.

Morphological Characterization of The Isolates
Gram staining was carried out to distinguish Gram-positive and Gram-negative bacteria among the selected hydrocarbon-degrading isolates (DAD 2, JAC 3, ALC 3, UGD, 5 ADI, JAI 3, PIC 4), following the method described by Paray et al. [19]. A loopful of each organism was smeared onto a clean glass slide using a sterile, flamed inoculating loop, then air-dried and heat-fixed. The fixed smear was first stained with crystal violet for 1 minute and gently rinsed with tap water. Decolorization was performed using 70 % alcohol for approximately 2 seconds, followed by another rinse. The smear was then counterstained with safranin for 1 minute, washed with tap water, and air-dried. Stained slides were examined under oil immersion using the ×100 objective to observe Gram reaction and cellular morphology.

Molecular Identification of Bacterial Isolates
Genomic DNA was isolated from the seven hydrocarbon-utilizing bacterial strains (DAD 2, JAC 3, ALC 3, UGD, 5 ADI, JAI 3, and PIC 4) using the ZR Fungal/Bacterial DNA Miniprep Kit supplied by Zymo Research according to Chunwafor and Ogbonda [20]. Amplification of the 16S rRNA gene was carried out through PCR employing the universal primer pair 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1525R (5′-AAGGAGGTGWTCCARCCGCA-3′), yielding fragments of roughly 1.5 kb. The PCR protocol consisted of an initial heating step at 94 °C for 5 minutes, followed by 36 repeated cycles comprising denaturation at 94 °C for 30 seconds, primer annealing at 56 °C for 30 seconds, and extension at 72 °C for 45 seconds. A final elongation was performed at 72 °C for 7 minutes. Successful amplification was verified by running the PCR products on an agarose gel and visualizing the bands under UV illumination. Sequencing of the purified amplicons was performed on the Applied Biosystems 3130xl Genetic Analyzer using the BigDye Terminator v3.1 chemistry. First, BioEdit and MEGA X were used to clean and align the sequence reads. The closest known relatives of the processed sequences were then found by using BLAST to match them with those in the NCBI GenBank database. Following confirmation, sequences were added to GenBank and given distinct accession numbers. The isolates were classified with known hydrocarbon-degrading species and their evolutionary links were discovered using phylogenetic analysis utilizing the neighbor-joining method and 1,000 bootstrap repetitions. The isolates’ identities were confirmed by this molecular study, which also highlighted their significance as possible bioremediation agents in areas contaminated by petroleum.

RESULTS
Physicochemical Characterization of Soil Samples
The physicochemical investigation revealed that the pH values of the soil samples varied from 6.35 to 7.34, indicating slightly acidic to neutral conditions (Fig. 1). The temperature range of the soil was between 22.3 and 24.9 degrees Celsius, which is within the ambient range that is conducive to microbial activity. Electrical conductivity (EC) values varied more significantly, ranging from 0.68 to 2.85 dS/m. Sample S1b had the highest EC (2.85 dS/m), showing a greater ionic concentration likely connected to hydrocarbon pollution, while sample S2a had the lowest EC (0.68 dS/m), indicating a comparatively less damaged site. The findings show that soil salinity was impacted by the presence of hydrocarbons, while temperature and pH remained within levels that promote microbial activity.


FIG. 1. Physicochemical Properties of Soil Samples

Assessment of Hydrocarbon-Degrading Bacterial Populations 
The hydrocarbon-degrading bacterial populations in the six soil samples differed significantly (Table 1), reflecting differences in the characteristics of the soil and the level of contamination. Sample S2a had the highest bacterial counts at 1.01 x 107 CFU/g, making up around 44% of all isolates obtained. Sample S2b, which comprised about 0.89% of the total population, had the lowest microbial counts, 2.04 x 105 CFU/g. These patterns imply that while highly contaminated or nutrient-poor soils may restrict microbial growth, moderately contaminated soils may provide conditions that promote the growth of hydrocarbon degraders.




	Sample Code
	Percentage (%)
	Cfu/ml

	S1a
S1b
S2a
S2b
S3a
S3b
	0.93
5.27
44.00
0.89 
34.95
13.94 
	2.13 x 10⁵
1.21 x 10⁶
1.01 x 10⁷
2.04 x 10⁵
8.02 x 10⁶
3.20 x 106


Table 1. Total Hydrocarbon-Degrading Bacterial Counts in Soil Samples
Legend:
Cfu/ml = colony-forming unit per millilitre

Screening of Hydrocarbon Degradation using 2,6-Dichlorophenol Indophenol (DCPIP)
Seven bacterial isolates were evaluated for their ability to degrade hydrocarbons: DAD 2, JAC 3, ALC 3, UGD 5, ADI, JAI 3, and PIC 4. Although the degree of decolorization varied among isolates, indicating variations in degrading efficiency, all isolates generated a discernible color shift (Fig. 2). In contrast to the other isolates, strain ALC 3 had total decolorization.
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FIG 2. Assessment of hydrocarbon-utilizing activity of bacterial isolates using DCPIP as a redox indicator

Morphological and Molecular Characterization of Bacterial Isolates 
The isolates that showed hydrocarbon-degrading capacity were further characterized using morphological and molecular techniques; the results are reported as follows (Table 2). All isolates were rod-shaped and Gram-negative when examined under a microscope, suggesting a uniform phenotypic profile throughout the groups. 16S rRNA gene-based molecular identification of bacterial isolates produced amplicons of approximately 1500 bp, as estimated against a 1 kb Hyperladder marker. The 16S rRNA-based identities of the isolates and their corresponding NCBI accession numbers are also shown (Table 2), which provides a consolidated overview of both phenotypic and genotypic characteristics. This combined analysis confirms the taxonomic identities of the isolates and supports their potential for hydrocarbon bioremediation, while the gel electrophoresis image of the amplified 16S rRNA fragments is shown (Fig. 3). Phylogenetic relationships among the isolates as illustrated (Fig. 4) confirms the taxonomic positions of the isolates and their relatedness to known hydrocarbon-degrading bacteria.







Table 2. Phenotypic and Genotypic Characterization of Hydrocarbon-Degrading Bacteria
	Sample 
	Cell Shape
	Grams Reaction
	Cell Arrangement
	Assigned GenBank Accession numbers
	16S rRNA sequence similarity (%)
	Isolate names

	DAD 2
	Rod
	-
	Single
	PX572502
	95.42
	Pseudomonas putida

	JAC 3
	Rod
	-
	Short chains
	PX572503
	96.49 
	Stenotrophomonas maltophilia

	ALC 3
	Rod
	-
	Single
	PX572501 
	77.82 
	Proteus mirabilis

	UGD
	Rod
	-
	Single
	PX572506 
	95.46 
	Pseudomonas putida

	5 ADI
	Rod
	-
	Single
	PX572500
	80.34
	Proteus mirabilis

	JAI 3
	Rod
	-
	Short chains
	PX572504
	91.94 
	Stenotrophomonas maltophilia

	PIC 4
	Rod
	-
	Single
	PX572505
	93.55
	Pseudomonas aeruginosa


Legend: 
· Gram-negative
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FIG 3. Gene amplification (A) Image Showing Genomic DNA from PCR amplification of 16S RNA gene. (B) Its gene amplification
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FIG. 4. Phylogenetic relationships among the isolates 

Discussion
Petroleum hydrocarbon contamination from routine activities in mechanic workshops creates persistent hotspots of organic pollution that profoundly alter soil physicochemistry and select for specialized microbial assemblages capable of hydrocarbon transformation [21]. In oil-impacted soils, indigenous bacteria, frequently members of Proteobacteria, Firmicutes, and Actinobacteria, rapidly respond to hydrocarbon influx and often dominate biodegradation, either as single strains or as synergistic consortia that produce degradative enzymes [22,23]. Hydrocarbon-tolerant bacteria, including Pseudomonas spp., Bacillus spp., and related taxa, have been found in Nigerian soils from mechanic workshops, according to earlier research, highlighting the area's inherent ability for intrinsic bioremediation [24,25]. The community changes seen in this study are probably caused by long-term exposure to organic pollutants, given the reported buildup of petroleum wastes in Abakaliki and other urban mechanic sites. The total ecological recovery of contaminated soils and degrading performance are significantly impacted by such changes [21].
The soil's physicochemical characteristics help to explain the factors controlling microbial activity and reflect patterns frequently seen in petroleum-contaminated areas. Since most petroleum-degrading bacteria thrive between pH 6.0 and 8.0, the slightly acidic to neutral pH values (6.35-7.34) observed across sites fell within the ideal range for bacterial growth and hydrocarbon degradation [26]. Similarly, soil temperatures (22.3-24.9 ºC) fall within the mesophilic range that is advantageous for hydrocarbon enzymatic breakdown, which is in line with earlier findings that indicate hydrocarbon degraders' maximal activity occurs between 20 and 30 ºC [22]. The remarkably high electrical conductivity (EC) of sample S1b (2.85 dS/m) indicates an ion accumulation likely associated with long-term petroleum contamination and the presence of breakdown byproducts. This is consistent with other research showing that petroleum pollution can raise the salinity and ionic strength of soil [27]. A site with less contamination is likely indicated by Sample S2a’s lower EC (0.68 dS/m), which highlights variation in location in pollutant distribution similar to trends observed in Nigerian auto-mechanic workshop soils [28]. Physicochemical gradients in oil-impacted soils may significantly affect community structure because higher EC may affect the selection of stress-tolerant microbial communities [29].
The high bacterial density in sample S2a (1.01 × 107 CFU/g) suggests that moderate hydrocarbon levels may offer adequate carbon substrates without causing severe toxicity [30]. The exceptionally low count in sample S2b (2.04 × 105 CFU/g) may be the result of limited nutrient availability or the inhibitory effects of high hydrocarbon concentrations, supporting previous findings that excessive hydrocarbon stress can inhibit microbial growth through factors like hydrophobicity or oxygen limitation [29]. Similar geographical variation has been observed in Nigerian soils, where the degree of contamination significantly affects the quantity of local bacteria that degrade crude oil [31]. 
In line with the DCPIP assay, where the dye acts as an artificial acceptor and is lowered as microorganisms break down hydrocarbons, the observed shift from blue to colourless observed in all the isolates indicates active electron transfer during hydrocarbon metabolism [32]. Previous findings that hydrocarbon-degrading bacteria exhibit species and strain-specific degradation efficiencies based on genetic and physiological traits are supported by differences in the degree of decolorization among the isolates, which indicate differences in metabolic activity and enzyme expression [22]. According to comparable DCPIP-based research, isolates from genera including Bacillus and Pseudomonas show quantifiable but inconsistent capacities to break down crude oil fractions [33]. Thus, the positive outcomes indicate that the isolates may play an important role in restoring soils contaminated with petroleum hydrocarbons in workshop environments. 
The combined phenotypic and molecular characterization of the seven hydrocarbon-degrading bacterial isolates provides strong evidence supporting their taxonomic placement and biodegradation potential. All isolates displayed rod-shaped, Gram-negative morphologies, a trait consistent with many well-documented hydrocarbon degraders commonly recovered from petroleum-contaminated soils [34]. Molecular analysis using 16S rRNA gene amplification produced ~1500 bp fragments, aligning with the expected size for bacterial 16S rRNA genes, and enabling precise species-level identification. The isolates were identified as Pseudomonas putida (DAD 2; UGD), Pseudomonas aeruginosa (PIC 4), Stenotrophomonas maltophilia (JAC 3; JAI 3), and Proteus mirabilis (ALC 3; 5 ADI), all of which have been previously associated with the degradation of crude oil and related hydrocarbons [22,32]. Members of the genus Pseudomonas, particularly P. putida and P. aeruginosa, are among the most efficient hydrocarbon degraders due to their metabolic versatility and possession of catabolic genes such as alkB, nah, and xyl, which enable the breakdown of both aliphatic and aromatic fractions [35]. Likewise, Stenotrophomonas maltophilia has been increasingly reported in oil-polluted environments where it contributes to hydrocarbon oxidation and biosurfactant production [36], while Proteus mirabilis has been identified in several Nigerian studies as part of the indigenous microbial community capable of utilizing petroleum hydrocarbons [31,37]. The isolates’ evolutionary links were further confirmed by the phylogenetic tree, which demonstrated their strong affinity for well-known hydrocarbon-degrading reference strains. The robustness of the identification procedure and the potential of these isolates for use in the bioremediation of hydrocarbon-contaminated soils are highlighted by the agreement between phylogenetic clustering and 16S rRNA sequencing data. 

Limitations and Recommendations
This study's laboratory design is one of its limitations, field-scale bioremediation and the efficacy of mixed microbial consortia in hydrocarbon-contaminated soils should be investigated in future studies.

Conclusion
The use of native hydrocarbon-degrading bacteria in bioremediation of oil-contaminated soil is gaining traction for pollution control and soil restoration. This development could benefit industries seeking eco-friendly and cost-effective cleanup methods. In this study, DCPIP reduction by the locally isolated and identified bacteria species, Pseudomonas putida, Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and Proteus mirabilis, demonstrated the ability to metabolize petroleum hydrocarbons, offering a practical and environmentally friendly approach to restoring contaminated soils. The study emphasizes the importance of using locally adapted bacterial strains since they improve biodegradation efficiency and promote sustainable restoration operations due to their innate tolerance to site-specific pollutants. We were able to more precisely identify the hydrocarbon-degrading bacteria by employing both Gram staining and 16S rRNA analysis. While 16S rRNA sequencing provided accurate taxonomic identification at the species level, Gram staining allowed quick preliminary classification based on cell shape and staining reactivity. 


Data Availability 
All 16S rRNA sequences have been deposited in the NCBI SRA database and can be found at https://www.ncbi.nlm.nih.gov/genbank.
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Gel image showing amplification of the 16SrRNA gene of the isolates.
Lane Mis 1kbp DNA ladder, lane 1 is DAD 2, lane 2 is JAC 3, lane 3
is ALC 3, lane 4 is UGD, lane 5 is 5 ADL lane 6 is JAI 3 and lane 7is
PIC4
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Gel image showing high molecular weight DNA

extracted from the isolates. lane 1is DAD 2, lane
is JAC 3, lane 3 is ALC 3, lane 4 is UGD, lane

5is 5 ADI, lane 6 is JAI 3 and lane 7 is PIC 4





