


QUALITATIVE ASSESSMENT OF GROWTH UTILIZATION OF CRUDE OIL BY GENETICALLY MODIFIED NON-CRUDE OIL-DEGRADING REFINERY EFFLUENT INDIGENOUS BACTERIA


Abstract: 
Genetically modified non-hydrocarbon degrading bacteria indigenous to refinery effluent were investigated for potential utilization of crude for growth. Bacteria were isolated from refinery effluent and screened for hydrocarbon degrading potentials using Bushnell-Haas media incorporated with crude oil. The isolates were identified by molecular methods and the hydrocarbon utilizers were Bacillus cereus, Enterobacter mori and Pseudomonas aeruginosa while those incapable of growth in the crude oil medium were Escherichia coli and Proteus columbae. The non-hydrocarbon utilizers were modified by conjugation with hydrocarbon utilizers and the success was indicated by growth in Bushnell Haas medium supplemented with crude oil, Nutrient and MacConkey. The modified organisms (recombinants) had similarities in phenotypic characteristics with the wild (donor) organisms.  Growth of the recombinants in crude oil medium varied, but the three recombinants involving E. coli (P. aeruginosa/E. coli, B. cereus/E. coli, E. mori/E. coli) had the best growth (+++).. Agarose gel electrophoresis of selected functional genes revealed that the organisms tested positive for PAH-RHD gene. The presence of PAH-RHD gene indicated the capacity of the modified organisms to utilize the “difficult” polycyclic-aromatic components of crude oil. Genetic modification of bacteria by conjugation with another bacteria from the same ecological niche in order to enhance degradation of hydrocarbon via bio-augmentation can be of advantage because of prior adaptation to the environment. 
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Introduction 
The environment is persistently being harmed by the continuous discharge of pollutants. Diverse techniques such as landfills, land-farming, reverse osmosis and incineration have been investigated to deal with environmental pollution issues (Bilal et. al., 2019). However, the use of microorganisms remain the most ecologically friendly approach to bioremediation of polluted environments. According to Al-Hawash et. al., 2018, many bacteria species have the capacity to degrade a high level of pollutants; and several investigations have demonstrated that certain bacterial populations in contact with hydrocarbons quickly transit to bacterial strains able to breakdown and use hydrocarbon compounds as sources of carbon and energy (hydrocarbonoclastic bacteria) (Ruiz et. al., 2020). Hydrocarbonoclastic bacteria have evolved adaptive mechanisms to tolerate the presence of hydrocarbons, such as the ability to emulsify and metabolize them, activation of DNA repairing mechanisms, production of the molecules involved in the mechanisms of quorum sensing and biofilm, and regulation of efflux pumps and pores to control the concentration of hydrocarbons inside a cell (Ruiz et. al., 2020). 
The use of in situ bacteria and fungi for removal of pollutants in the environment has always been a good bioremediation strategy. This strategy is usually enhanced by providing nutrients and conditions that enable them degrade pollutants more efficiently (Marinković et al., 2016). This approach is referred to as bio-stimulation and can further be enhanced by bio-augmentation because not all in situ microorganisms are capable of degrading the pollutants. Genetically modified microorganisms may therefore serve the purpose of bio-augmentation especially if the engineered organism is from the same ecological niche like other in situ organisms with pollutant-degradation capability. 
Genetically modified microorganisms have been shown to be effective in the bioremediation of organophosphates, organochlorines and Hydrocarbons (Sazanova et. al., 2022). Complications induced by pollutant combinations, along with some of these pollutants’ toxicity to indigenous microbial populations, make successful microbial biodegradation difficult (Rylott and Bruce, 2020). Artificially created bacterial strains with efficient catabolic pathways for greater bioremediation potential above other microorganisms have been developed to overcome these constraints (French et. al., 2020). By using genetically altered microbial strains to breakdown pollutants and waste, bio-augmentation has emerged as a solution to the problem of sluggish and ineffective decomposition of pollutants and waste (Peng et. al., 2020; Mishra et. al., 2020; Lawniczak et. al., 2020). 
Bio-augmentation based on genetic modification reflects the natural process of horizontal gene transfer which promotes adaptation to a fluctuating environment and reception of pollutant degradation traits from the indigenous neighbor organisms (Bottery, 2022; Marquiegui 2025). For example, indigenous strains of microorganisms capable of hydrocarbon degradation have been isolated from hydrocarbon-polluted environments (Ismail and Dadrasnia, 2015). Such isolates can be useful donors of genes to non-hydrocarbon degrading organisms in the same environment via gene transfer by any of the three classical mechanisms (transformation, transduction and conjugation) or by cloning. Thus the objective of this study was to determine the crude oil utilization potential of non-crude oil degrading bacteria isolated from a refinery effluent and genetically modified by conjugation with crude oil-degrading bacteria from the same refinery effluent. The outcome may be useful in bioremediation stratagem. Hitherto, genetically modified organisms for bio-augmentation, has always come from “outside”. 

Materials and Methods
Isolation of bacteria refinery effluent
The organisms used in this experiment were isolates from Warri refinery effluent identified by biochemical and molecular methods as Pseudomonas aeruginosa MK641318, Bacillus cereus MF085528, Enterobacter mori QQ061881, Escherichia coli CP163029 and Proteus colombae PP556400 in a previous study (Chukuka et al., 2025). They were rejuvenated in Nutrient agar and re-screened for crude oil utilization potential before use in the conjugation experiments. 
Screening for crude oil utilization potentials of the isolates
Two methods were adopted. The first is based on growth on medium containing crude oil as the only carbon source. Pure isolates were cultured in Bushnell-Haas media containing 1% crude oil and incubated at room temperature (25±2oC) for 72 hours. The appearance of colonies on culture plates indicates the potential to utilize crude oil. 
The second is by spectrophotometry. Nutrient broth (100ml) was inoculated with test isolates and agitated on an incubator shaker at 150 rpm for 48 h at room temperature (30±2 oC). It was then centrifuged at 5000g for 30 mins and the pellets washed with normal saline. The cell density was adjusted to optical density of 1.0 at 600nm and 1.0% of the cell suspension was transferred to minimal medium (Bushnell-Hass medium). Hydrocarbon (crude oil) was added in the ratio 1.0 % (v/v). It was then incubated on a shaker at 150 rpm and monitored daily. The absorbance was also measured at intervals of 4 days for 32 days with Spectrophotometer at 600 nm (Habib et. al., 2017). 
Genetic Modification 
Three isolates that showed the best utilization of crude oil based on the outcome of the screening experiment (crude oil utilizers) and two organisms that were unable to grow (non- crude oil utilizers) were utilized for this analysis This was done by transfer of DNA from the crude oil utilizing organisms into non- crude oil utilizing organisms by conjugation. Equal numbers of donor and recipient cells (0.2 ml) taken from overnight cultures were suspended in GM17 (luria bertani, LB) broth for about 30 mins. Two loops-full of the organism taken from the suspension in Luria Bertani broth (LB) was transferred into 8 ml of LB broth and incubated at 37OC for 24 to 30 hours. Turbidity was recorded as growth. Thereafter, the mating mixture was suspended in 4 ml of saline solution, and dilutions were plated in MacConkey and nutrient agar using spread plate and streaking methods to select donor, recipient, and transconjugant cells. To obtain physical evidence of gene transfer into these recipient strains, the donors, recipients and transconjugant strains were screened for hydrocarbon degradability by culturing in a selective medium, Bushnell Haas medium. Growth again was indicated by turbidity.
Detection of Selected Functional Genes 
Following molecular characterization, DNA quantification was done using molecular methods as described by Sadhana et. al., (2021). ALKB genes from the isolates were amplified using the ALKB F1: 5-GATGGGCGAGAGCATCTACC-3’ and ALKB R1: 5'- TGGCAGATGTCAGCTGGAAG-3' primers on a ABI 9700 Applied Biosystems thermal cycler at a final volume of 30 microlitres 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 50ng of the extracted DNA as template. The PCR conditions were as follows: Initial denaturation, 95ºC for 5 minutes; denaturation, 95ºC for 40 seconds; annealing, 57ºC for 40 seconds; extension, 72ºC for   1 minute for 35 cycles and final extension, 72ºC for 5 minutes. The product was resolved on a 1% agarose gel at 200V for 15 minutes and visualized on blue light imaging system but no product size seen. PAH genes from the isolates were amplified using the PAH-RHDF: 5-CGGCGCCGACAAYTTYGTNGG-3’ and PAH-RHDF: 5'- GGGGAACACGGTGCCRTGDATRAA-3' primers on a ABI 9700 Applied Biosystems thermal cycler at a final volume of 30 microlitres 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 50ng of the extracted DNA as template. The PCR conditions were as follows: Initial denaturation, 95ºC for 5 minutes; denaturation, 95ºC for 30 seconds; annealing, 54ºC for 30 seconds; extension, 72ºC for   30 seconds for 30 cycles and final extension, 72ºC for 7 minutes. The product was resolved on a 1% agarose gel at 200V for 15 minutes and visualized on blue light imaging system for 300bp and 190bp product sizes.
16S rRNA Amplification
The 16s rRNA region of the rRNA gene of the isolates were amplified using the 27F: 5'-AGAGTTTGATCMTGGCTCAG-3’ and 1492R: 5'-CGGTTACCTTGTTACGACTT-3’ primers on a ABI 9700 Applied Biosystems thermal cycler at a final volume of 40 microlitres 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 0.5uM and the extracted DNA as template. The PCR conditions were as follows: Initial denaturation, 95ºC for 5 minutes; denaturation, 95ºC for 40 seconds; annealing, 52ºC for 40 seconds; extension, 72ºC for    40 seconds for 35 cycles and final extension, 72ºC for 5 minutes. The product was resolved on a 1% agarose gel at 200V for 15 minutes and visualized on a blue light transilluminator for a 1500bp product. 
Screening for Hydrocarbon Degrading Potentials of conjugants.
Pure isolates were cultured in Bushnell-Haas media supplemented with crude oil and incubated at 25oC. Results were read after 24 hours at intervals of 3days for a period of 21 days.

Results 
Out of the five isolates from the refinery effluent, three namely Bacillus cereus, Pseudomonas aeruginosa and Enterobacter mori grew well in the crude oil medium between 12 and 15 days while E.coli and Proteus columbae did not (Table 1). Thus P. aeruginosa, E. mori and B. cereus were used as donors while E. coli and P. columbae became recipients in the conjugation experiment.
The recipients were able to establish growth in MacConkey and Nutrient agar as shown in Table 2 although B. cereus-modified E. coli and P. colombae failed to grow on MacConkey agar. The recombinants were able to grow in Bushnell Haas medium supplemented with 0.2 and 0.5 ml of crude oil throughout the duration of the experiment (Table 3). Visual observation showed that the modified E. coli grew better that the modified P. columbae (Table 3). A comparison of the growth of the donor bacteria and the conjugation-modified bacteria in crude oil medium is presented in Figure 1. The growth curve of the conjugation-modified E. coli was identical with that of the donor P. aeruginosa while that of the modified P. columbae was lower (Figure 1A). On the other hand, the growth of modified P. columbae was identical with that of the conjugant donor E. mori, but not with the modified E. coli (Figure1B). With regards to B. cereus and its conjugation-modified E. coli and P. columbae, their growth curves were closely identical (Figure 1C); 
The results of the tests for the presence of some genes coding for hydrocarbon degradation is presented in Figures 2 and 3. Agarose gel electrophoresis of selected functional genes revealed that the organisms tested positive for PAH-RHD gene as reflected in the production of bands of luminescence in Lanes 1-5 which represent PAH-RHD gene bands expressed at 300bp and 190bp (Figure 2). However, the bacteria isolates tested lacked ALKB gene (Figure 3) 

Table 1: Qualitative assessment of growth of bacteria isolated from refinery effluent in crude oil-enhanced BH- medium
	Isolates

	           Incubation period (days)
	
	
	 
	

	
	 3
	6
	9
	12
	15
	18
	21
	

	Pseudomonas aeruginosa 
	-
	-
	+
	++
	+++
	+++
	+++
	

	Bacillus cereus
	-
	-
	-
	++
	+++
	+++
	++
	

	Enterobacter mori
	-
	-
	-
	+
	+++
	+++
	++
	

	Escherichia coli  
	-
	-
	-
	-
	-
	-
	-
	

	Proteus columbae
	-
	-
	-
	-
	-
	-
	-
	

	- : No growth,            +: Scanty growth ,         ++: Moderate growth,        +++: Heavy growth.


	





Table 2: Qualitative assessment of Genetic modification by growth
	                                            
Modified bacteria
	                Growth
	

	
	MacConkey agar
	Nutrient agar

	
Eschericha  coliPa
	
+
	
+

	
Proteus  colombaePa
	
+
	
+

	
Eschericha  coliEm
	
+
	
+

	
Proteus   colombaeEm
	
+
	
+

	
Escherichia  coliBc
	
-
	
+

	
Proteus   colombaeBc
	
-
	
+

	Genetically modified by conjugation with: PaPseudomonas. aeruginosa; EmEnterobacter mori; BcBacillus cereus as donors



Table 3: Growth period of recombinants in crude oil-enhanced Bushnell Haas medium
	Modified bacteria
	     Growth after:
	
	

	
	           24h
	         48h
	       72h

	
	
	
	

	                                 Crude oil (ml):
	0.2 
	0.5
	1.0
	0.2 
	0.5
	1.0
	0.2 
	0.5
	1.0

	
Eschericha  coliPa
	
+++
	
+++
	
  -
	
+++
	
+++
	
  -
	
+++
	
+++
	
 -

	
Proteus  colombaePa
	
++
	
+
	
  -
	
++
	
+
	
  -
	
 ++
	
 ++
	
 -

	
Eschericha  coliEm
	
+++
	
+++
	
  -
	
+++
	
+++
	
  -
	
+++
	
+++
	
 -

	
Proteus   colombaeEm
	
++
	
+
	
  -
	
++
	
+
	
  -
	
 ++
	
 ++
	
 -

	
Escherichia  coliBc
	
+++
	
+++
	
  -
	
+++
	
+++
	
  -
	
+++
	
+++
	
 -

	
Proteus   colombaeBc
	
++
	
+
	
  -
	
++
	
+
	
  -
	
 ++
	
 +
	
 -


Genetically modified by conjugation with: PaPseudomonas. aeruginosa; EmEnterobacter mori; BcBacillus cereus as donors.  +++: Heavy growth;  ++: Moderate growth;  +: Scanty growth;  -: No growth   *:Recepient organism



		



	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	



Figure 1: Comparative assessment of the growths of conjugation donor crude oil utilizing bacteria and recipient/modified non-crude oil utilizing bacteria in crude oil medium. APa, P. aeruginosa donor/conjugant; BEm, E. mori donor/conjugant; CBc,  B. cereus donor/conjugant
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Figure 2: Agarose gel electrophoresis of bacterial isolates tested for PAH-RHD genes. Lanes 1-5 represent PAH-RHD gene bands (300bp and 190bp). Lane I represents the 100bp Molecular ladder.
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[bookmark: _Hlk97662061]Figure 3: Agarose gel electrophoresis of ALKB gene of some selected bacterial isolates. . Lanes 1-5 are the isolates tested, with no positive ALKB gene band. Lane I represents the 100bp Molecular ladder of 1500bp.


The successful modification of genes in non-crude oil utilizers was indicated by growth in Nutrient agar, MacConkey agar and Bushnell Haas media as in table 2. The modified organisms (recombinants) had similarities in phenotypic characteristics with the wild (donor) organisms. This conforms with the work of Virolle et al., 2020 who stated that conjugative plasmids carry all the genes required for their maintenance during horizontal transfer by conjugation. Recombinants of Eschericha coli (


Discussion
The presence of non-crude oil-utilising bacteria (E. coli and P. colombae) in the refinery effluent was not unexpected because polluted sites contain organisms that are yet to adapt to using hydrocarbons as carbon source due to the absence of genes that code for hydrocarbon degradation. The fact that the two organisms remained viable in the presence of hydrocarbons in the effluents, suggests tolerance which is useful in selecting organisms for genetic modification by conjugation. It is known that microorganisms acquire genes from others by horizontal transfer in their habitat as part of their survival strategy in harsh environments (Ikuma and Gunsch, 2012; Li et al., 2023). However, this “in vivo” process is slow hence the genetically engineered “in vitro” process is necessary to produce a large population of hydrocarbon degraders for bio-augmentation to speed up remediation. The presence of hydrocarbon-degrading organisms which include Pseudomonas and Bacillus species are already known (John et al., 2012; Madan et al., 2023; Mekonnen et al., 2024). These organisms may have become adapted to the waste water hydrocarbon ecological niche after exposure. 
The results showed that the modified bacteria were viable having developed on MacCongey and Nutrient agar plates and grew in crude oil medium for up to 72h. This substantiates the observation by Virolle et al., 2020 that conjugative plasmids carry all the genes required for their maintenance during horizontal transfer by conjugation. This information is important because of concerns on the survival of genetically engineered organisms in the environment due to changes in genomic composition and the burden of extra genetic material among others (Lensch et al., 2024). The hydrocarbon degradation potential of the conjugation-modified bacteria was demonstrated by prolonged growth (32 days) in crude oil medium with growth curves that were either identical or marginally different from that of the donor bacteria. This similarity further affirms that conjugation remains a viable tool for transfer of genes from indigenous hydrocarbon degraders to indigenous non-hydrocarbon degraders. Transfer of genes by conjugation is associated with plasmids and this has been reported to be the major mechanism of horizontal gene transfer in the natural environment for antibiotics- and metal-resistance, and degradation of organic pollutants which includes hydrocarbons (Sørensen et al., 2005; Ikuma and Gunsch, 2012). 
The detection of PAH-RHD gene which is associated with hydrocarbon degradation in these organisms also confirms the success of the conjugation. It was observed that the growth of the genetically modified P. columbae in the crude oil medium was not as robust as that of the modified E. coli. This is consistent with the report by French et al., (2020) which indicated that genetically engineered bacteria differed in efficiency of bioremediation. The transferred genes may code for the enzymes associated with hydrocarbon degradation, but the translation process depends on the cell’s unique metabolic machinery and the environment. 
An advantage of using genetically modified indigenous bacteria for bio-augmentation is their prior adaptation to the complexity of ecosystems at pollution sites. This includes the biotic and abiotic conditions which are crucial to the success of bioremediation stratagem (Pandolfo et al., 2023). Thus indigenous organisms should be the first choice for any genetic modification aimed at bio-augmentation for the purpose of remediating polluted environments. Further studies will focus on the degradation of the specific crude oil components by the conjugation-modified bacteria. 
Conclusion
Bacillus, Enterobacter and Pseudomonas that were isolated from refinery effluent were able to utilize crude oil for growth whereas Escherichia coli and Proteus colombae, also from the refinery effluent, could not. The non-crude oil-utilising bacteria were thus modified by conjugation to become capable of utilizing crude oil for growth. The finding of PAH-RHD gene that codes for hydrocarbon degradation in both donor hydrocarbon utilising bacteria and the modified recipients, further demonstrated a successful transfer of genes associated with hydrocarbon-utilization capability to non-hydrocarbon-utilizing bacteria. Therefore, production of conjugation-modified indigenous non-hydrocarbon-utilizing bacteria can be useful for bio-augmentation of hydrocarbon polluted sites because of prior adaptation to the biotic and abiotic conditions of the polluted environment.  
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