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A B S T R A C T

Petroleum hydrocarbons are an indispensable energy source and serve as a fundamental feedstock for petroleum 
oil refiners and petrochemical industries. The release of petroleum hydrocarbon pollutants into the environment 
is associated with anthropogenic activities during crude oil production, exploration, and transportation. The 
widespread petroleum hydrocarbons pollutants in the environment caused a major concern due to their bio
accumulation potential and harmful effect on the ecosystem. Nevertheless, such polluted environment with 
petroleum hydrocarbons is enriched with microorganisms that have the natural ability to utilize the petroleum 
hydrocarbons as a carbon source for their growth and metabolic activities. Therefore, this study focused on the 
isolation, molecular identification and characterization of bacterial isolates from seawater samples collected at 
the coastal area nearby oil Refinery Company in Oman. Six marine bacteria were isolated from the contaminated 
seawater and their taxonomical identification was performed based on 16S rRNA gene sequence. The degra
dation potential of bacterial isolates was assessed by growing them in F/2 medium supplemented with crude oil 
as a sole carbon source. Two bacterial isolates belonging to the genus Niallia showed the strongest growth (S1.5: 
1.01 ± 0.27 and S2.1: 0.88 ± 0.23) and were subjected to further Gas Chromatography–Mass Spectrometry (GC- 
MS) analysis determining which n-alkanes in crude oil were degraded by the isolates. The GC-MS chromatogram 
indicated that S2.1 exhibited greater efficiency in degrading a higher number of carbon n-alkanes (C13-C34) 
com-pared to S1.5 (C13-C18). The t-test analysis confirmed the efficiency of S2.1 (t = 3.182; p < 0.01) 
(93.61 ± 1.48 %) compared to S1.5 (86.08 ± 1.85 %). Molecular docking revealed robust binding affinities 
between selected n-alkanes and alkane hydroxylases, facilitating the subsequent degradation of n-alkanes in 
crude oil. The degradation potential of Niallia can be further exploited for the treatment of petroleum 
contaminated, especially with the incorporation of recent technological advancements.

1. Introduction

Crude oil is an essential resource for global industry but is also a 
significant source of pollution in terrestrial, atmospheric, and oceanic 
ecosystems. Factors such as rising population, modern lifestyles, and 

other influences, have led to increased exposure to petroleum hydro
carbons in our daily lives (Rajabi et al., 2020). The undeniable truth is 
that petroleum hydrocarbons can have detrimental effects on all forms 
of life (Saadoun, 2015). Anthropogenic activities, including accidental 
or deliberate discharges, operational spills from offshore pipelines, and 
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tankers, are the most evident causes of oil pollution in marine 
ecosystems.

Hydrocarbons enter the marine environment not merely as "wet" 
byproducts of oil but also as gaseous air pollutants. Non-methane vol
atile organic compounds are examples of hydrocarbons vapors released 
during various stages of extraction to consumption. Between 1970 and 
2013, at least eight large oil spills, each exceeding 700 tons, were re
ported in the oceans (Saadoun, 2015). A report by the International 
Tanker Owners Pollution Federation Limited (ITOPF) highlighted that in 
2021 alone, oil spills in Asia, Africa, and North America collectively 
contributed approximately 10,000 tons of oil pollution, underscoring of 
this issue in marine ecosystems (ITOPF, 2024).

Addressing oil spills in the marine environment can be challenging, 
but hydrocarbon-degrading bacteria have naturally evolved in 
petroleum-polluted environments. These bacteria utilize petroleum 
compounds as their carbon and energy sources, making them promising 
candidates for oil spill remediation (Xu et al., 2018). Bacteria possess 
exceptional versatility, allowing them to reach higher densities, tolerate 
harsh environmental conditions, and degrade noxious compounds, 
including petroleum hydrocarbons (Wang et al., 2019; Zheng et al., 
2011).

In environmental cleanup, bioremediation strategy offers advantages 
such as reduced capital and operating costs compared to chemical and 
physical methods, while also being environmentally friendly. Utilizing 
microbial whole cells for bio-transformations provides additional ad
vantages, including ease of culturing and maintaining cells, lower costs 
compared to enzyme extraction or purification, and the feasibility of 
obtaining biomass at a low cost (Xu et al., 2018).

In general, petroleum hydrocarbons are insoluble in water and are 
classified as volatile and non-volatile organic compounds. These hy
drocarbons are present in crude oil and often found in surface and un
derground water as a result of industrial activities (Bouchard et al., 
2008; Mohammadi et al., 2020; Rajabi et al., 2020). Due to their hy
drophobic nature, many petroleum hydrocarbons exhibit a high affinity 
for organic matter, making them easily adsorbed onto organic matter, 
soil, and sediments. Once adsorbed, they can be difficult to remove and 
may persist for years before degrading (Xu et al., 2018). One factor 
contributing to the persistence of adsorbed petroleum hydrocarbons is 
the limited surface area, which reduce their bioavailability for biodeg
radation and limits access to the physical processes that could otherwise 
aid in their breakdown or dilution (Silliman et al., 2012).

Microbial populations carrying oil-degrading plasmids are increas
ingly observed in oil polluted environments (Atlas, 1995; Nwankwo and 
Okpokwasili, 2019). Various studies highlighted the significant role of 
plasmids in enabling bacterial adaptation within a population. These 
plasmids enhance the assembly and dissemination of polyaromatic hy
drocarbons (PAH) catabolic gene clusters within the bacterial consortia 
(Dealtry et al., 2014). Knowing the genetics of the bacteria with 
degrading potential is pivotal, as it can pave the way to the safer and 
more cost-effective utilization of genetically engineered microbes 
(GEM) to enhance desired traits, rather than relying on alternative 
methods (Rafeeq et al., 2023; Sakshi et al., 2023).

The present study aimed to i) determine whether marine bacteria 
isolated from petroleum-contaminated seawater in Oman can degrade 
the petroleum hydrocarbons by growing them in a medium supple
mented with crude oil serve as the sole carbon source, ii) characterize 
these bacterial isolates based on 16S rRNA gene sequence, iii) evaluate 
the n-alkanes degradation capabilities of the most effective bacterial 
isolates i.e. S1.5 and S2.1, and iv) simulate the binding affinity between 
selected n-alkanes (C13, C18 and C34) against the target alkane hy
droxylases -i.e. non-heme iron monooxygenase (AlkB) and long-chain 
alkane monooxygenase (LadA) as key enzymes in the initial stage of 
hydrocarbon catabolism during aerobic degradation. The novelty of this 
study lies in isolation of two bacterial isolates S1.5 and S2.1 with 
promising biodegradation potential from Niallia genus. This genus was 
proposed in 2020 for which only a few studies have been reported so far 

in the context of bioremediation.

2. Materials and methods

2.1. Collection of oil contaminated seawater samples

Oil contaminated seawater samples were collected from two loca
tions at a coastal area nearby Petroleum Development Oman (PDO) at 
Mina Al-Fahal; location 1 (23⁰38’13.7” N and 58⁰30’26.7” E) and 
location 2 (23⁰37’55.6” N and 58⁰30’52.6” E). The water samples were 
collected in sterilized bottles and stored in the laboratory at room 
temperature for further investigation.

2.2. Preparation of F/2 liquid medium

Stock solutions 1, 2 and 3 were used for preparation of F/2 medium 
with minor modification according to the previous studies (Guillard and 
Hargraves, 1993; Radakovits et al., 2012; Rodrigues and de Carvalho, 
2022). Stock solution 1 was prepared by dissolving 3.15 g FeCl3.6H2O, 
4.36 g Na2EDTA.2H2O, 0.18 g MnCl2.4H2O, 0.023 g ZnSO4.7H2O, 
0.0025 g CuSO4.5H2O, 0.022 g Na2MoO4.2H2O and 0.0026 g 
CoCl2.7H2O in 1 L distilled water. All these metallic salts were soluble in 
water and did not cause any precipitation when mixed with distilled 
water. The mixture was autoclaved at 121 ◦C and 15 psi. The stock so
lution 2 was prepared by dissolving 7.5 g NaNO3 and 0.566 g NaH2

PO4.2H2O in 1 L distilled water. The stock solution was autoclaved at 
121◦C and 15 psi. The stock solution 3 (1 M Tris(hydroxymethyl)ami
nomethane or in short Tris) was prepared by dissolving 12.11 g Tris in 
100 mL distilled water and the solution was autoclaved at 121◦C and 
15 psi. In addition to these stock solutions, vitamin solutions of B12 
(0.005 g B12 in 100 mL distilled water) and Thiamine HCl (0.01 g of 
Thiamine HCl in 100 mL distilled water) were prepared. Both solutions 
were filtered using 0.25 μm Millipore filter and stored at − 20◦C. The F/2 
medium was prepared by transferring 1 mL of stock solution 1 and 
10 mL of stock solution 2 in 900 mL filtered and autoclaved seawater in 
1 L standard volumetric flask. The pH of the medium was adjusted to 
6.8–7.0 using 1 M HCl or 1 M NaOH. The F/2 medium was autoclaved at 
121◦C and 15 psi. After autoclaving, 1 mL of stock solution 3, 0.1 mL 
B12 and 1.0 mL thiamine HCl were added into F/2 medium. The F/2 
medium solution was diluted up to the mark in 1 L standard volumetric 
flask with filtered and autoclaved seawater. The agar plates were pre
pared by adding 2 % (w/v) agar and then autoclaved at 121◦C and 
15 psi. The prepared medium was poured into the petri dishes.

2.3. Enrichment and isolation of hydrocarbon-degrading bacteria

Bacteria from seawater were enriched in an F/2 medium supple
mented with 1 % (v/v) crude oil as the sole source of carbon (Abed et al., 
2007). The enrichment was performed in a 250 mL conical flask con
taining 100 mL F/2 medium supplemented with 1 % (v/v) crude oil. The 
culture was maintained at 30 ◦C with constant shaking at 200 rpm. After 
a week of incubation, an aliquot of the cloudy culture was inoculated 
into fresh F/2 medium supplemented with 1 % v/v crude oil, and this 
step was repeated three times. Serial dilution and direct plating were 
used to obtain axenic culture. The bacteria isolated from the coastal area 
near ORPIC were labelled as S1.1, S1.2, S1.3, S1.4 and S1.5, while those 
from the coastal area near PDO were labelled as S2.1.

2.4. Isolation and molecular identification of bacterial strains

The nucleic acid extraction was carried out with cells of the bacterial 
isolates cultured in 5 mL nutrient broth and incubated overnight at 30 ◦C 
with constant shaking at 200 rpm (Innova 4300 incubator shaker, New 
Brunswick Scientific). The cells were harvested by centrifugation at 
12,000 xg for 10 minutes. The genomic DNA was isolated from the cells 
using Thermo Scientific GeneJET Genomic DNA Purification Kit 
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according to the manufacturer’s instructions. The amplification of 16S 
ribosomal RNA (16S rRNA) gene was performed in a 25 µL PCR reaction 
that contained: 1x Standard Taq Reaction Buffer (NEB), 1 unit of Taq 
DNA Polymerase (NEB, 10 mM of each deoxyribonucleotide triphos
phate (dNTPs), 5 µM of each forward and reverse oligonucleotide 
primers (Macrogen Inc., Seoul, South Korea), ~2.5 ngµL− 1 DNA tem
plate and ddH2O to make the final volume 25 μL. The PCR reaction was 
performed in a Techne TC-3000X Thermal Cycler using bacterial uni
versal primer pair 27 F 5’ AGA GTT TGA TCC TGG CTC AG 3’ and 
1492 R 5’ GGT TAC CTT GTT ACG ACT T 3’ (Agunbiade et al., 2022).The 
cycle conditions employed to amplify the target region within 16S RNA 
gene were as follows: 94 ◦C for 1 min, 25 cycles of 94 ◦C for 30 s, 56 ◦C 
for 30 s, 72 ◦C for 1 min and final extension at 72 ◦C for 5 min. The PCR 
products were analyzed on a 1 % (w/v) agarose gel in TAE buffer 
(40 mM Tris, 20 mM acetic acid and 1 mM sodium EDTA) containing 1 
µgmL− 1 ethidium bromide. The PCR products were visualized on a UV 
transilluminator, and results were captured using UVP Gel Documen
tation System (UVP GelDoc-It2 310 Imaging System, Fisher Scientific). 
The size of fragments was estimated with reference to a Gene Ruler DNA 
ladder Mix (Thermo Scientific). The primers used were synthesized by 
Macrogen Inc., Seoul, South Korea. PCR products were purified using 
Gene Jet PCR purification kit (Thermo Scientific) as per the manufac
turer’s instructions. The purified PCR product at a DNA concentration of 
1 ngμL− 1 per 100 bp was sequenced using the Sanger sequencing method 
(Macrogen Inc., Seoul, South Korea). The results of the sequencing were 
analyzed using Sequencher 5.4.6 (Gene Codes Corp., Ann Arbor, MI, 
USA).

2.5. Phylogenetic analysis of 16S rRNA sequence

The obtained 16S rRNA sequences from the isolates were aligned 
with closely related sequences retrieved from NCBI database using 
Molecular Evolutionary Genetic Analysis (MEGA) 11 software. The 
phylogenetic tree with 1000 bootstrap replicates was constructed by 
applying a maximum likelihood method in MEGA 11 software (Tamura 
et al., 2021). The quality filtered 1300 bp consensus 16S rRNA gene 
sequences of the isolates from this study were deposited in Gene Bank at 
National Center for Biotechnology Information under the accession 
numbers PP346386- PP346391.

2.6. Assessment of bacterial growth with selected hydrocarbons

To test the ability of the strains to grow with selected hydrocarbons – 
namely, n-hexane, n-octane and toluene as a sole carbon sources 
(Kothari, 1963), cells from a 5 mL overnight grown culture were washed 
twice with sterile 0.85 % NaCl solution and then the cells were streaked 
on 2 % F/2 agar plates. A plain 2 % F/2 agar plate was included as a 
control. For the utilization of n-hexane by the isolates, the streaked 2 % 
F/2 agar plates (not upside down) were kept in a desiccator containing 
10 mL n-hexane and 90 mL hexadecane in a 100 mL beaker. The control 
plates were also kept inside this desiccator. The plates were incubated at 
25 ◦C for 14 days. Similarly, the utilization studies of n-octane and 
toluene were performed by placing the streaked 2 % F/2 agar plates and 
control plates in a desiccator containing 20 mL n-octane in 80 mL hex
adecane and 10 mL toluene in 90 mL hexadecane in 100 mL beakers, 
respectively. The incubation was carried out at 25 ◦C for 14 days.

2.7. Evaluation of bacterial growth in crude oil and their degradation 
efficiency

The growth of bacterial isolates and degradation of crude oil were 
investigated according to the methods described by Al-Hawash et al. 
(2018). In total, the six bacterial isolates were grown overnight in 
nutrient broth and the cells were harvested by centrifugation at 600 rpm 
for 6 min. The pellets were washed twice with sterile 0.85 % NaCl so
lution and transferred into F/2 medium. A fixed volume (1 mL equated 

to 0.01 OD600) of six isolates were individually transferred into separate 
250 mL Erlenmeyer flask containing 100 mL F/2 medium followed by 
the addition of 0.5 mL crude oil. The cultures were incubated in a 
shaking incubator at 130 rpm at 37 ◦C for 14 days. The control was 
prepared similarly except the bacterial inoculum. All experiments were 
performed in triplicate. The growth of bacteria was assessed by 
recording the absorbance (or optical density) at 600 nm by UV–visible 
spectrophotometry after 5, 7, 9, 12 and 14 days.

2.8. Total n-alkanes in control and left n-alkanes in un-degraded crude oil 
by GC-MS

The procedures described by Al-wasify and Hamed (2016) were 
modified for GC-MS analysis of crude oil (control) and un-degraded 
crude oil – i.e. left after inoculation with S1.5 and S2.1 bacterial iso
lates (7890 A, Agilent Technologies). The GC-MS analysis of crude oil 
(control) and un-degraded crude oil (residual crude oil) was performed 
for total n-alkanes (n-C13 to n-C35) in control and left n-alkanes in 
undegraded crude oil, respectively. The residual crude oil at the end of 
14th days of incubation with S1.5 and S2.1 were extracted in chloroform 
(10 mL×2; 5 mL ×1; total volume 25 mL). The lower organic layer was 
separated and passed through dried anhydrous sodium sulphate to 
remove any traces of moisture. The solvent was removed using a rotary 
evaporator and the oil was isolated. The control and residual oil from the 
samples (S1.5 and S2.1) were dissolved in 20 mL dichloromethane and 
transferred into 100 mL Erlenmeyer stoppered flask (Al Kharusi et al., 
2016; Viñas et al., 2002). The oil solution was sonicated at 10 ± 1 ℃ for 
15 min for thoroughly mixing and dissolving crude oil. This solution was 
transferred into 25 mL standard volumetric flask and diluted up to mark 
with dichloromethane. The oil solutions were passed through 0.45 µm 
polyether sulfone membrane filter and injected into GC-MS auto sampler 
for detection of n-alkanes (n-C13 to n-C35).

The Perkin Elmer Clarus 600 C MS was coupled with a fused-silica 
capillary column (Rxi-5Sil MS column (30 m length × 0.25 mm inter
nal diameter × 0.25 μm film thickness; maximum temperature 350 ◦C). 
Helium (ultra-high purity) was used as the carrier gas at a constant flow 
rate of 1.0 mL min− 1. Electron multiplier voltage was auto tuned and the 
ionizing energy was 70 eV. The transfer line and ion source temperatures 
were fixed at 280 ◦C. The injector was set at 290 ◦C, and the GC oven 
temperature was programmed from 80◦C for 5 min and increased to 280 
◦C at 10 ◦C per min for 30 min. The volume of injected sample was 1 µL 
with a split ratio of 10:1. The mass spectrum was recorded from m/z 
100–550 amu. The alkanes were identified by matching their retention 
time and mass spectrum profiles with reference data available in mass 
spectral library (NIST 2011 v.2.3 and Wiley, 9th edition).

2.9. Molecular docking of n-alkanes with alkane 1-monooxygenase and 
long-chain alkane monooxygenase

The 3D structures of ligands (C13, C18 and C34) were drawn using 
Chem3D Pro 12.0 and saved in.sdf format. These.sdf files of ligands were 
then converted to. mol2 file format using Chimera 1.15 software 
through structure editing, minimization and Gasteiger charge assign
ment. The crystallographic structure of 4 proteins namely: Cryo-EM 
structure of alkane 1-monooxygenase AlkB (PDB code: 8SBB; Organ
ism: Fontimonas thermophila), Cryo-EM structure of alkane 1-monooxy
genase AlkB-AlkG complex (PDB code: 8F6T; Organism: Fontimonas 
thermophila), crystal structure of long-chain alkane monooxygenase 
LadA (PDB code: 3B9N, organism: Geobacillus thermodenitrificans) and 
long-chain alkane monooxygenase (LadA) in complex with coenzyme 
FMN (PDB code: 3B9O, organism: Geobacillus thermodenitrificans) were 
downloaded as a.pdb files from the Protein Data Bank (PDB: htt 
ps://www.rcsb.org/) and prepared using Chimera 1.15 software. 
Later, PyRx (0.8) software was used for molecular docking and binding 
affinity analysis. During the analysis, the grid box was set with the 
centre coordinates X = 37.8, Y= 80.2862 and Z = 46.2613, and 
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dimension of 62.2089 Å, 86.9143 Å, and 58.6015 Å for X, Y, and Z, 
respectively with exhaustiveness 8 to cover the active site residues. 
During the analysis of all ligands (C13, C18 and C34), the grid box was 
set with the dimension’s coordinates: X = 69.2385 Å, Y= 126.7675 Å 
and Z = 89.8381 Å for the chain A of 8SBB, X = 53.2159 Å, 
Y= 98.0885 Å and Z = 94.0964 Å for the chain A of 8F6T; 
X = 67.4791 Å, Y= 55.7178 Å and Z = 62.1745 Å for the chain B of 3B9N 
and X = 67.6152 Å, Y= 94.7836 Å and Z = 61.4923 Å for the chain B of 
3B9O. The PyMOL (PyMOL2) was used to visualize the 3D diagram 
showing the overlaid interaction between proteins and the ligands (C13, 
C18 and C34). Finally, the unified dataset was saved in.pdb format and 
analysed in Biovia Discovery Studio 2021 to determine the binding in
teractions, amino acid residues, and bond distances.

2.10. Statistical analysis for significance testing of experimental data

The data collected in the study were statistically analyzed using 
SigmaPlot (Systat Software Ver. 12.0, San Jose, California USA), IBM 
SPSS Statistics for windows, version 20.0. Armonk, NY: IBM Corp.), 
JASP Team (2024) and PAST 4.08. The statistical tests include 
comparative statistics (t-test and one-way RM-ANOVA), violin plots and 
Kernel Density estimation (KDE), matrix plots, and raincloud plots. A p- 
value of less than 0.05 was considered statistically significant.

3. Results

3.1. Bacterial isolation and molecular identification

Water samples were procured from two potential sites in Oman and 
investigated for the isolation of hydrocarbon degrading bacteria. Five 
bacterial isolates (S1.1, S1.2, S1.3, S1.4 and S1.5) were obtained from 
location 1 and one bacterial isolate (S2.1) from location 2. The obtained 
bacterial isolates showed a slight variation in terms of Gram staining and 
shape as the bacterial isolates were Gram positive with either coccus or 
bacillus. Based on the preliminary results, four bacterial isolates (S1.3, 
S1.4, S1.5 and S2.1) were found to be bacilli and phylogenetically 
belong to the genus Niallia based on 16S rRNA gene sequences, as shown 
in Fig. 1. These isolates shared 99 % sequence similarity to Niallia cir
culans on 16S rRNA gene sequences (previously classified as Bacillus 
circulans) (Gupta et al., 2020). On the other hand, two isolates S1.1 and 
S1.2 were found to be actinomycetes with > 97 % sequences similarity 
to Rhodococcus sp. and Kocuria flava, respectively.

3.2. Bacterial growth and biodegradability of selected hydrocarbons and 
crude oil

The degradation potential of the bacterial isolates was evaluated by 
monitoring their growth with (i) hydrocarbons such as n-alkanes (n- 
hexane and n-octane) and an aromatic hydrocarbon (toluene), and ii) 
crude oil (a complex mixture of hydrocarbons). The growth of bacterial 

Fig. 1. Maximum likelihood phylogenetic tree showing the relationship between the hydrocarbon degrading bacteria isolates based on 16S rRNA gene sequence. The 
bootstrap values are based on 1000 replications and the circles represent the bacterial isolates obtained from this study. The bootstrap values less than 70 were not 
included in the tree. The sequence of 16S rRNA gene from Dunaliella salina (AF547096.1) was used as an outgroup. The scale bar represents approximately 0.05 
substitutions per nucleotide position. Accession Numbers for the bacterial isolates; PP346386 (S1.1), PP346387 (S1.2), PP346388 (S1.3), PP346389 (S1.4), 
PP346390 (S1.5) and PP346391 (S2.1).
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isolates with n-hexane, n-octane and toluene differed, and hence the 
degradation pattern would also differ accordingly, as it is evident from 
Table 1. As such, the growth of S1.5 and S2.1 was found to be more 
efficient on hexane, octane and toluene, while S1.2 grew better on oc
tane as a simple straight chain with eight carbon atoms and least growth 
on hexane and toluene. Nevertheless, the best growth was achieved by 
S1.5 and S2.1 on utilizing n-alkanes and aromatic hydrocarbons.

The bacterial growth of obtained isolates (S1.1, S1.2, S1.3, S1.4 and 

S1.5) with crude oil (1 %) in F/2 medium was investigated by UV–vi
sible spectrophotometry. As shown in Table 2, the absorbance due to the 
growth of S1.1, S1.2, S1.3, S1.4, S1.5 and S2.1 in crude oil was increased 
to 0.39, 0.06, 0.13, 0.26, 0.40 and 0.51 at 600 nm, respectively in 5 
days. This significant increase in the absorbance underlined the initial 
adjustment to the medium and degradation of n-alkanes in crude oil. The 
maximum absorbance of 1.64 was achieved with S1.5 bacterial isolate in 
9 days whereas nearly the same absorbance of 1.60 was achieved in 12 
days with 2.1 bacterial isolate. S1.5 bacterial isolate showed the 
enhanced degradation of n-alkanes when compared with S2.1 bacterial 
isolate in terms of days.

The isolate S1.5 provided the rapid degradation of n-alkanes present 
in the crude oil. Further, the decrease in absorbance on 14 days from the 
saturation point was observed (1.64–1.34 by S1.5 bacterial isolate and 
1.60–0.88 by S2.1 bacterial isolate). The early decrease in absorbance 
from the saturation point justified the breakdown of higher n-alkane to 
medium n-alkane and finally to least toxic substance i.e. CO2. Based on 
the results obtained in terms of absorbance (Table 2), it is evident that 
the bacterial isolates S1.5 and S2.1 possessed notably higher and faster 
degradation of n-alkanes in crude oil.

The initial growth rate (ʋ) of S1.1, S1.2, S1.3, S1.4, S1.5 and S2.1 
bacterial isolates was calculated by taking the slope of the initial tangent 
to the absorbance time curves (1–5 days; Fig. 2) and found to be 
4.58 × 10− 5 min− 1, 7.87 × 10− 6 min− 1, 1.62 × 10− 5 min− 1, 
3.01 × 10− 5 min− 1, 4.75 × 10− 5 min− 1 and 5.90 × 10− 5 min− 1, 
respectively. The initial growth rate of bacterial isolates based on OD600 
in decreasing order is as follows: S2.1>S1.5>S1.1>S1.4>S1.3>S1.2. 
The bacterial isolates S2.1 and S1.5 displayed the highest and second 
highest initial growth rates, respectively. The order of these isolates was 
determined from the plot of the logarithm of the initial growth rate (log 
ʋ) versus the logarithm of the molar concentration of crude oil (log C) 
(Fig. 3), and was found to be unity.

The morphological changes of the crude oil with bacterial isolates 
were also monitored throughout the incubation period in F/2 medium. 
At the beginning of incubation, crude oil appeared to be floating on F/2 
liquid medium. However, as the incubation period progressed to 7 days, 
the surface of crude oil (control) changed into gelatinous blob followed 
by decrease in oil viscosity (or surface tension) and increase in the 
turbidity with emulsification (Fig. 4). The transformation of crude oil 

Table 1 
Bacterial growth on alkanes and aromatic hydrocarbons. The growth on 2 % w/v 
F/2 agar is indicated as follow: (–) = no growth, (+) =low growth, (++) 
=medium growth and (+++) = strong growth. The experiment was conducted 
in triplicates.

Bacterial Isolates Qualitative Growth

n-hexane (C6H14) n-octane (C8H18) Toluene (C₆H₅-CH₃)

Control – – –
S1.1 + + + + + ++

S1.2 + + + +

S1.3 + + + + +

S1.4 + ++ + + + ++

S1.5 + + + ++ + ++

S2.1 + ++ + ++ + ++

Table 2 
The optical density (OD) of bacterial isolates at 600 nm in F/2 liquid medium 
agar (w/v) with 1 % crude oil v/v at different days.

Days Control Bacterial isolates

S1.1a S1.2a S1.3a S1.4a S1.5a 2.1b

OD at 600 nm
1 0 0.01 0.01 0.01 0.01 0.01 0.01
5 0 0.39 0.06 0.13 0.26 0.40 0.51
7 0 0.82 0.14 0.35 1.22 1.07 1.00
9 0 0.89 0.62 0.52 1.28 1.64 1.29
12 0 0.89 0.70 0.67 1.39 1.61 1.60
14 0 1.02 0.70 0.70 1.57 1.34 0.88

a location1.
b location 2.

Fig. 2. Absorbance-time curves due to bacterial isolates (S1.1, S1.2, S1.3, S1.4, S1.5 and S2.1) with 0.05 M crude oil in F/2 medium for 5 days.
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into gelatinous form can be considered as pseudo-solubilization because 
of the possible accumulation of emulsifying agents, hence resulted in the 
conversion of crude oil into small droplets. This phenomenon supported 
the spreading of crude oil and formation of emulsion and finally 
degradation of n-alkanes in crude oil. The morphological changes in 
crude oil can be seen in Fig. 4 with S.1.5 and S.2.1 bacterial isolates. 
Hence, these changes pointed towards the ability of bacteria to emulsify 
and degrade n-alkanes in crude oil.

In addition, a detailed descriptive statistical analysis and one-way 
ANOVA were performed on the absorbance values given in Table 2. 
The results revealed that there was a statistically significant difference 
across all treatments (one-way repeated measures analysis of variance 
(RM-ANOVA); df= 6; SS= 4.993; MS= 0.832; F= 11.504; p < 0.001) 
(Table 3). The highest mean value ± standard error was obtained with 

S1.5 bacterial isolate (1.01 ± 0.27) followed by S1.4 and S2.1 bacterial 
isolates (0.95 ± 0.26 and 0.88 ± 0.23), respectively. However, the 
maximum absorbance value was recorded for S1.5 (1.640) followed by 
S2.1 and S1.4 (1.600 and 1.570), respectively. Apart from this, the range 
values (maximum-minimum) also followed the same pattern i.e. 
S1.5 >S2.1 >S1.4 (Table 3). It was observed that the isolates, i.e. S1.4, 
S1.5 and S2.1 exhibited a higher median values and interquartile range 
(IQR). The degradation potential of obtained bacterial isolates was 
further tested using the Violin plots (Fig. 5). In addition to this, the 
Kernel Density Estimation (KDE) exhibited a better unimodal distribu
tion pattern in S1.5 and S2.1, whereas S1.4 exhibited slightly bimodal 
distribution. Thus, S1.5 and S2.1 are the best bacterial isolates with high 
degradation levels of n-alkanes in crude oil. Therefore, S1.5 and S2.1 
isolates were selected for further studies by GC-MS based on the 

Fig. 3. Log of initial growth rate versus log of molar concentration of crude oil due to (A) S1.5 bacterial isolate and (B) S2.1 bacterial isolate.
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resultant morphological changes in the crude oil, spectrophotometric 
results pertaining to the bacterial growth and biodegradability sup
ported by comprehensive statistical analysis through ANOVA and Violin 
plots.

3.3. n-alkanes degradation of crude oil and its analysis by GC-MS

The biodegradation of n-alkanes in crude oil with the most potent 
bacterial isolates S1.5 and S2.1 were further investigated by GC-MS. The 
GC-MS chromatograms of n-alkanes for both control and undegraded 
crude oil after treatment with S1.5 and S2.1 bacterial isolates were 
recorded and shown in Fig. 6. The detectable n-alkanes in control and 
undegraded crude oil using GC-MS chromatogram were identified by 
matching their retention time and mass spectrum profiles with reference 
data available in mass spectral library. The GC-MS chromatogram of n- 
alkanes in undegraded crude oils differs from that of control crude oil 
(GC-MS chromatogram of control crude oil) in terms of peak area of n- 
alkanes against their respective retention times (C13 to C35). The results 
of the peak area along with retention times of n-alkanes (C13 to C35) for 
control and undegraded crude oils are summarized in Table 4.

The percentage degradation of n-alkanes by both bacterial isolates 
was calculated following the method described in the published paper 
by Bidja Abena et al. (2019), using the following equation: 

% DHC= [(PAC-PAI)/ PAC] × 100                                                         

Where %DHC represents the percentage degradation of n-alkanes in 
crude oil, PAC is the peak area of n-alkanes in control crude oil (without 
bacterial isolates) and PAI is the peak area of n-alkanes in crude oil 
inoculated with S1.5 and S2.1 bacterial isolates. The results are shown in 
Fig. 7.

Table 4 clearly indicated that the percentage degradation of crude oil 
by the S1.5 bacterial isolate ranged from 64.40 % to 100 %. The 
decreasing order of n-alkanes degradation by S1.5 was as follows: 100 % 
(C13) > 98.6 (C16) > 66.81 (C18) > 64.4 (C17). The n-alkanes with 
carbon numbers C13, C16, C17 and C18 are medium hydrocarbon and 
appeared to be easily degraded by the S1.5 bacterial isolate.

The percentage degradation of n-alkanes in crude oil by the S2.1 
bacterial isolate ranged from 73.91 % to 100 %. The decreasing order n- 
alkanes degradation by S2.1 was as follows: 100 % (C13, C14, C15 and 

Fig. 4. Morphological changes in crude oil incubated with bacterial isolates in 2 % F/2 medium with 1 % crude oil v/v at different days. Control did not 
contain bacteria.

Table 3 
Descriptive statistics and one-way repeated measure analysis of variance (RM-ANOVA) for the optical density (OD) of bacterial isolates at 600 nm F/2 liquid medium 
agar (w/v) with 1 % crude oil v/v during the study period of 2 weeks.

Statistics Control Bacterial isolates

S1.1a S1.2a S1.3a S1.4a S1.5a 2.1b

​ OD at 600 nm
Median 0 0.820 0.140 0.350 1.250 1.205 0.940
Mean ± SE 0 0.67 ± 0.15 0.37 ± 0.13 0.39 ± 0.11 0.95 ± 0.26 1.01 ± 0.27*** 0.88 ± 0.23
IQR 0 0.393 0.600 0.448 0.863 0.975 0.615
Variance 0 0.151 0.112 0.081 0.424 0.448 0.319
Range 0 1.010 0.690 0.690 1.560 1.630 1.590
Minimum 0 0.010 0.010 0.010 0.010 0.010 0.010
Maximum 0 1.020 0.700 0.700 1.570 1.640 1.600

*** p < 0.001 (one way RM-ANOVA; df=6; SS=4.993; MS=0.832; F=11.504)
a location 1.
b loaction 2.
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C34) > 73.91 (C20). The n-alkanes with carbon numbers C13, C14 and 
C15 are medium hydrocarbon, while the n-alkanes with carbon numbers 
C20 and C34 are a higher hydrocarbon. These n-alkanes seem to be 
easily degraded by S2.1 bacterial isolate. The additional ability of S2.1 
to degrade both medium and higher n-alkanes highlighted its impor
tance and significance over the S1.5 bacterial isolate.

The % degradation of n-alkanes (C13 to C35) in crude oil along with 
retention time with S1.5 and S2.1 bacterial isolates have been visualized 
using a matrix graph (Fig. 8). The matrix graph clearly revealed the 
efficiency of S2.1 bacterial isolate over S1.5 bacterial isolate in 
degrading the medium and higher n-alkanes of crude oil. As can be seen 
from Fig. 8 that the red shade exhibited higher n-alkanes % degradation 
of crude oil whereas the orange-yellow represented medium n-alkanes % 
degradation of crude oil. The further comparative analysis of % degra
dation efficacies were concluded with raincloud plot and t-test analysis 
(Fig. 9). This finally confirmed that S2.1 bacterial isolate (mean ± SE =
93.613 ± 1.481 %) had a significantly greater n-alkanes degradation 
(%) (mean difference = 7.537) across all hydrocarbon chains (t = 3.182; 
p < 0.01) (two-tailed) than S1.5 bacterial isolate (mean± SE = 86.076 
± 1.847 %).

3.4. Molecular docking of selected n-alkanes with alkane 1-monooxyge
nase and long-chain alkane monooxygenase

Molecular docking analysis was employed to evaluate the binding 
characteristics between n-alkanes (C13, C18 and C34 ligands) with 
alkane 1-monooxygenase (AlkB, chain A of 8SBB; AlkB-AlkG, chain A of 
8F6T) and long chain alkane monooxygenase (LadA, chain B of 3B9N; 

LadA-FMN, chain B of 3B9O). The binding affinities of selected n-al
kanes (C13, C18 and C34) with said proteins in the docked complex are 
summarized in Table 5. It is evident from Table 5 that the binding af
finity was varied for n-alkanes (C13, C18 and C34) from − 4.5 to 
− 5.5 kcal mol− 1 for AlkB (8SBB), AlkB-AlkG (8F6T), LadA (3B9N) and 
LadA-FMN (3B9O). The highest binding affinity of − 4.5 kcal mol− 1, 
− 5.5 kcal mol− 1, − 5.3 kcal mol− 1 and − 5.5 kcal mol− 1 were obtained 
for C13 with AlkB (8SBB), C13 with AlkB-AlkG (8F6T), C34 with LadA 
(3B9N) and C34 with LadA-FMN (3B9O), respectively. Hence, it is evi
denced that alkane 1-monooxygenase (AlkB and AlkB-AlkG) were 
effectively degrading medium n-alkane of C13 whereas long chain 
alkane monooxygenase (LadA and Lad-FMN) degraded higher n-alkane 
bearing C34. The binding 2D structures of C13 with AlkB (8SBB) and 
AlkB-AlkG (8F6T) and C34 with LadA (3B9N) and Lad-FMN (3B9O) are 
shown in Figs. 10 and 11, respectively. The 2D structures (Figs. 10 and 
11) were generated by Biovia Discovery Studio, illustrated the in
teractions, amino acid residues, and bond distances of the selected n- 
alkanes with the said enzymes. Additionally, the 3D superimposed dia
gram of C13, C18, and C34 ligands with alkane 1-monooxygenase (AlkB, 
8SBB; AlkB-AlkG, 8F6T) and long chain alkane monooxygenase (LadA, 
3B9N; Lad-FMN, 3B9O) are shown in Figs. 12 and 13, respectively.

4. Discussion

4.1. Bacterial isolation and molecular identification

A number of hydrocarbons degrading bacteria have been identified 
in the marine environments with oil pollution. Hydrocarbons are present 

Fig. 5. Violin plots for the absorbance values of bacterial isolates. The last three isolates, i.e. S1.4, S1.5 and S2.1 exhibited a higher interquartile range (IQR). 
However, the Kernel Density Estimation (KDE) showed that a better unimodal distribution was found in S1.5 and S2.1 isolates only.
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everywhere in the ecosystem, and approximately 800 million tons crude 
oil are released annually via a combination of natural seeps, accidental 
releases from the petroleum industry as well as from the cyanobacterial 
activities (Committee on Oil in the Sea: Inputs, Fates, and E., 2003; 
Lea-Smith et al., 2015; Love et al., 2021). Hydrocarbons are considered a 

rich nutritive source for bacteria and have significant environmental 
implications (Brzeszcz and Kaszycki, 2018; Yakimov et al., 2022; Zhao 
et al., 2008). In this study, 16S rRNA gene sequences of the bacterial 
isolates such as S1.3, S1.4, S1.5 and S2.1 were found to be similar to one 
of a metal resistant and a plant growth promoting strain of Niallia 

Fig. 6. GC-MS chromaograms for n-alkanes (n-C13 to n-C35) in dichloromethane: (a) control (b) undegraded crude oil (inoculted with S1.5 bacterial isolate) (c) 
undegraded crude oil (inoculted with S2.1 bacterial isolate).

Table 4 
% Degradation of n-alkanes (dissolved in dichloromethane) in crude oils with S1.5. and S2.1 by GC-MS.

Carbon No. of n-alkanes Retention time (min) Peak area % degradation of n-alkanes in crude oils

Control S1.5 S2.1 S1.5 S2.1

C13 10.277 13355774 0 0 100.0 100.0
C14 11.881 70531288 1910369.62 0 97.29 100.0
C15 13.42 130383624 4917255 0 96.23 100.0
C16 14.861 102638424 1438125.125 18741046 98.60 81.74
C17 16.237 86591160 30861790 13441698 64.40 84.48
C18 17.548 87794112 29143142 18663020 66.81 78.74
C19 18.794 85218968 6543976 2587700.25 92.32 96.96
C20 19.975 71703000 7622488 18705486 89.37 73.91
C21 20.95 74103704 1219648 4987994.25 98.35 93.27
C22 22.196 71128568 9462134 5142536 86.70 92.77
C23 23.247 68337752 9902150 2112602 85.51 96.91
C24 24.244 70948936 11467644 2663159 83.84 96.25
C25 25.209 86712672 17584564 6467218 79.72 92.54
C26 26.13 77871200 13256738 4405907 83.00 94.34
C27 27.029 66986644 10363108 2990695 84.53 95.54
C28 27.885 55943512 8229250 2129043 85.29 96.19
C29 28.719 57357164 8231854 1687223 85.65 97.06
C30 29.651 48327376 7139027 1743740 85.23 96.39
C31 30.745 39729384 6428584 949596.7 83.82 97.61
C32 32.056 36426636 5168323 1345426 85.81 96.31
C33 33.628 26259472 4678695 278643 82.18 98.94
C34 35.567 23094008 4250216 0 81.60 100.0
C35 37.94 21833440 3603843 1498588 83.50 93.14
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circulans (Qin et al., 2021; Yilmaz, 2003; Yu et al., 2013). A recent study 
on the genomic analysis of Niallia sp. annotated genes of nitrate reduc
tase, cytochrome P450 and FMN-dependent NADH-azoreductase, indi
cated potential roles in lignocellulose hydrolysis and bioremediation 
(Srivastava and Dafale, 2024).

S1.1 and S1.2 bacterial isolates were actinomycetes with sequence 
similarities of over 97 % to Rhodococcus sp. and Kocuria flava, respec
tively. Literature reports the isolation Rhodococcus sp. from young vol
canic Easter Island in Chile, where it was used to degrade levulinic acid, 

chloroxylenol and pretilachlor (Xiaoyuan Guo et al., 2023a, 2023b; Liu 
et al., 2023; Nazari et al., 2022). The genus is known for its resilience in 
adverse environmental conditions and its ability to bio-remediate oil 
and oil-bearing products (Xiaoyuan Guo et al., 2023a, 2023b; Ying et al., 
2019). The S1.2 isolate, shared sequence identity with Kocuria flava, 
which can grow on various polycyclic aromatic hydrocarbons (Ahmed 
et al., 2010). Its capability to degrade pyrene and its exposure to high 
concentrations of polycyclic aromatic hydrocarbons resulted in 
increased expression of catabolic enzymes such as catechol 2, 

Fig. 7. % Degradation of n-alkanes in crude oil with S1.5 and S2.1 bacterial isolates incubated at 37 ◦C for 14 days.

Fig. 8. Matrix plot of retention time (minutes) vs n-alkanes % degradation in crude oil with S1.5 and S2.1 bacterial isolates incubated at 37 ◦C for 14 days. The color 
range bar shows the corresponding values of variables. The red color exhibits higher levels, and orange-yellow colors represent lower levels of % degradation. S2.1 
isolate effectively degrades the higher n- alkanes than S1.5 isolate.

U.H. Al Hoqani et al.                                                                                                                                                                                                                          Regional Studies in Marine Science 85 (2025) 104143 

10 



3-dioxygenase, dehydrogenase, and peroxidase (Sakshi et al., 2021). 
Additionally, this bacterium has copper-remediating potential, which 
may also attributed to its oil-degrading nature (Achal et al., 2011).

4.2. Bacterial growth and biodegradability of selected hydrocarbons and 
crude oil

n-Hexane, n-octane and toluene are among the volatile organic 
compounds naturally associated with crude oil and are insoluble in 
water, which justifies their use in monitoring bacterial growth 
(Bouchard et al., 2008; Mohammadi et al., 2020; Rajabi et al., 2020). In 
this study, the growth of bacterial isolates (S1.5 and S2.1) was more 
pronounced with n-hexane, n-octane and toluene compared to other 
bacterial isolates. The differences in the utilization of individual hy
drocarbons by the bacterial isolates highlighted that each bacterium has 
its own catabolic capacity for the degradative pathway/s.

n-hexane was tentatively degraded by bacteria and entered into 
degradation through intermediates such as 2-hexanol, 2-hexanone, 5- 
hexen-2-one, 2,5-hexanedione, 4-methyl-2-pentanone, 3-methyl-1- 
butanol, 3-methyl-1-butanone and butanal to CO2 (Lee et al., 2010). 
n-Octane was degraded via intermediates like 1-octanol, 1-octanal, 
octanoate, octanoyl-CoA. The end-product formation was based on the 
degradative pathway followed by the type of bacteria (Wang and Shao, 
2013).

The biodegradation of toluene involved both ring cleavage, 
methylation and hydroxylation. Toluene was reported to be degraded by 
many isolates of aerobic bacteria utilizing specific monooxygenases. The 
degradation pathway resulted in the formation of o-, m-, or p-cresol and 
m-cresol may be transformed to 3-methylcatechol or 4-hydroxybenzoate 
or benzoic acid. Later, benzoic acid may be converted to catechol 

(Sarsaiya et al., 2017; Shinoda et al., 2004; Zhong et al., 2020).
Crude oil and refinery compounds polluting the water sources may 

comprise n-alkanes, branched (iso-alkanes) or cycloalkanes (naph
thenes) containing up to 60 carbons, and aromatic hydrocarbons 
(Abrajano et al., 2014). Alkanes are the most abundant hydrocarbons in 
crude oil, with an estimated abundance of 20–50 % (Rehm and Reiff, 
1981). As non-polar molecules with very low chemical activity, alkanes 
present significant challenges for microbial utilization due to factors 
such as low water solubility, high degree of accumulation in cell mem
branes, and higher activation energies (Labinger and Bercaw, 2002; 
Rojo, 2009). The poor solubility of petroleum hydrocarbons hinders 
direct contact between cells and petroleum hydrocarbon molecules, 
limiting degradation opportunities (Liu et al., 2022). Alkane-degrading 
bacteria typically require specific, induced transport systems to absorb 
alkanes (Hua et al., 2013). Previous findings indicate that direct uptake 
of alkane molecules from the water phase is only feasible for low mo
lecular weight alkanes, which are sufficiently soluble to facilitate effi
cient transport into cells. For medium- and long-chain n-alkanes, 
microbes may gain access to these compounds by adhering to hydro
carbon droplets (which is facilitated by the hydrophobic cell surface) or 
by surfactant-facilitated access (Rojo, 2009; Wang et al., 2023).

Various studies suggested that Bacillus has the ability to produce 
natural biosurfactants, which can affect n-alkanes degradation (Das 
et al., 2024; Wang et al., 2023). Since Niallia is a genus previously 
classified in the Bacillus family, the presence of surfactants can be ex
pected. Surfactants have been reported to increase the uptake and 
assimilation of n-alkanes in hexadecane (Beal and Betts, 2000; Sabirova 
et al., 2006). Oil-degrading bacteria typically produce and secrete sur
factants of diverse chemical nature, allowing n-alkane emulsification 
(Lee et al., 2018; Liu et al., 2022). Also, biosurfactants may remain in the 
extracellular milieu rather than entering the cell (Wang and Shao, 
2013).

In this study, it was found that both isolates (S1.5 and S2.1) were 
capable of degrading medium n-alkanes, but the S2.1 isolate also 
degraded higher n-alkanes. This may be attributed by any of the afore 
mentioned factors. The biodegradation process of crude oil resulted in 
the degradation of n-alkanes, thereby reducing the toxicity of hydro
carbons in environmental samples (Kosaric, 2001). The significance of 
n-alkane degradation in crude oil by S1.5 and S2.1 isolates was statis
tically proven using descriptive statistical analysis and one-way ANOVA. 
The n-alkane degradation was significant, with a p-value of less than 
0.05 and an F-value of 11.504. Violin plots supported the degradation 
pattern of n-alkanes by S1.5 and S2.1, showing a unimodal distribution 
pattern for both isolates i.e. S1.5 and S2.1.

4.3. n-alkanes degradation of crude oil and its analysis by GC-MS

n-alkanes (CnH2n+2) mostly available in crude oil are C13 (tride
cane), C14 (tetradecane), Cl5 (pentadecane), C16 (hexadecane), Cl7 
(heptadecane), Cl8 (octadecane), C19 (nonadecane), C20 (eicosane), 
C21 (henicosane), C22 (docasane), C23 (tricosane), C24 (Tetracosane), 
C25 (Pentacosane), C26 (Hexacosane), C27 (Heptacosane), C28 (Octa
cosane), C29 (Nonacosane), C30 (Triacontane), C31 (Hentriacontane, 
C32 (Dotriacontane), C33 (Tritriacontane), C34 (Tetratriacontane) and 
C35 (Pentatriacontane). S2.1 bacterial isolate was found to be an effi
cient degrader for the medium (C13, C14, C15) and higher n-alkanes 
(C34) % degradation (73.91–100 %) of crude oil over medium n-alkane 
(C13, C16, C17, C18) % degradation (64.40–100 %) of crude oil with 
S1.5 bacterial isolate in a time period of 14 days. 100 % degradation of 
n-alkanes was achieved for n-alkanes constituting C13 with S1.5 bac
terial isolate and C13, C14, C15 and C34 with S2.1 bacterial isolate. The 
same 100 % degradation of C20 was reported with Pseudomonas fred
eriksbergensis in 25 days (Abdel-Mageed et al., 2013).

Several regulators and multiple enzymes have been reported to 
control the utilization of n-alkanes in different bacteria. Additionally, 
various transcriptional regulators and diverse transcription modes likely 

Fig. 9. The raincloud plot showed the comparison and t-test between the n- 
alkanes % degradation efficacies of S 1.5 and S2.1 isolates. Both isolates were 
effective in their % degradation yet the S1.5 isolate had significantly medium n- 
alkanes % degradation capabilities than S2.1 isolate (t = -3.182; p < 0.01).

Table 5 
Binding affinity of C13, C18 and C34 n-alkanes with alkane 1-monooxygenase 
enzymes (8SBB and 8F6T) and C34 with long-chain alkane monooxygenase 
enzymes (3B9N and 3B9O).

Species Fontimonas thermophila Geobacillus thermodenitrificans

Protein AlkB AlkB-AlkG LadA LadA-FMN

PDB ID 8SBB 8F6T 3B9N 3B9O
Ligands (n-alkanes) Binding affinity (kcal mol− 1)
C13 (tridecane) − 4.5 − 5.5 − 5.1 − 4.7
C18 (octadecane) − 4.4 − 4.0 − 5.3 − 5.1
C34 (tetratriacontane) − 4.4 − 4.4 − 5.3 − 5.5
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exist in different microbes. Microbes respond to and utilize n-alkanes by 
altering their cellular regulatory network and initiating the transcription 
of related hydroxylase genes (Ji et al., 2019; Liu et al., 2014). These 
factors may explain the lower degradation percentage of C17 and C18 by 
S1.5 and C20 by S2.1.

4.4. Molecular docking of selected n-alkanes with selected proteins

In this study, n-alkanes: C13-C15 and C34 in the crude oil were 
completely degraded by S2.1, whereas the bacterial isolate achieved the 
complete degradation of C13. The docking results (2D and 3D struc
tures) showed that n-alkane bearing C13 exhibited strong binding with 
alkane 1-monooxygenase enzymes (8SBB and 8F6T) and C34 with long- 
chain alkane monooxygenase enzymes (3B9N and 3B9O) forming bonds 
that included alkyl, pi-alkyl interactions, and van der Waals forces, 
based on similar compatibility principles. Another study corroborated 
these findings, suggesting that the immobilized carrier established a 
strong hydrophobic connection with the n-alkanes in crude oil, ulti
mately facilitating the subsequent biodegradation of the crude oil (Fu 

et al., 2021). In addition to this, the degradation of n-alkanes by a 
particular type of alkane hydroxylase is based on the chain length of the 
n-alkane substrate. For example, an integral membrane non-heme iron 
monooxygenase enzyme e.g. AlkB catalyzes the initial hydroxylation of 
mid-chain n-alkanes (C8-C16), while a long-chain alkane mono
oxygenase enzymes such as LadA initiates the hydroxylation of the 
long-chain n-alkanes (>C18) (Moreno and Rojo, 2010; Nie et al., 2013). 
The docking with crystal structure of long-chain alkane monooxygenase 
enzymes as LadA included as the apoenzyme (3B9N) and, its complex 
with the mononucleotide coenzyme FMN (3B9O) from Geobacillus 
thermodenitrificans as a member of Bacillaceae family as Niallia circulans 
(Feng et al., 2007; Li et al., 2008). Since no crystal structure is currently 
available for alkane 1-monooxygenase enzyme form Bacillaceae family, 
the crystal structure of alkane 1-monooxygenase (PDB: 8SBB) and 
alkane 1-monooxygenase AlkB-AlkG complex (PDB: 8F6T) were taken 
from Fontimonas thermophila (Xue Guo et al., 2023a, 2023b). However, 
homologs of alkane monooxygenase (AlkB) have been detected at the 
transcript levels in the member of Bacillaceae family during n-alkanes 
degradation (Korshunova et al., 2011). Additionally, a comprehensive 

Fig. 10. 2D molecular docked structures of alkane 1-monooxygenase enzymes: (A) C13 with AlkB (8SBB) & (B) C13 with AlkB-AlkG (8F6T).
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genomic survey highlighted the presence of AlkB gene alongside AlkG in 
over 390,000 isolates spanning 3687 genera thereby emphasizing on 
considering AlkB gene as a molecular marker for n-alkanes degradation 
(Christian et al., 2020; Wang et al., 2022).

The highest binding affinity of − 4.5 and − 5.5 kcal mol− 1 for C13 
with mid-chain n-alkanes (C8-C16) degraders such as AlkB (8SBB) and 
AlkB-AlkG (8F6T) were justified and parallel to our experimental find
ings of 100 % degradation of n-alkane bearing C13. Similarly, the 
highest binding affinity of − 5.3 and − 5.5 kcal mol− 1 for C34 with long- 
chain n-alkanes (>C18) degraders (LadA, 3B9N and LadA-FMN, 3B9O) 
were justified too and parallel to our experimental findings of 100 % 
degradation of C34 n-alkane. As per the reported literature (Das et al., 
2024), the n-alkane degradation pathway was initiated with the oxida
tion of n-alkane via hydroxylation of a terminal methyl group to alcohols 
then to corresponding aldehydes and fatty acids. The fatty acids were 

then conjugated to CoA to generate acetyl-CoA via β-oxidation.

4.5. Statistical analysis

The percentage degradation of n-alkanes in crude oil by S1.5 and 
S2.1 was visualized using matrix graph, revealing higher degradation 
efficiency for S2.1. The significance of degradation was tested using a 
Raincloud plot and t-test, which supported the higher percentage 
degradation by S2.1 (mean ± SE = 93.613 ± 1.481 %) compared to 
S1.5 (mean ± SE = 86.076 ± 1.847 %). The degradation of n-alkanes in 
crude oil was significant, as indicated by the lower p-value (less than 
0.05) and lesser t-value (t = -3.182) when compared with the tabulated 
t-value.

Fig. 11. 2D molecular docked structures of long chain alkane monooxygenase enzymes: (A) C34 with LadA (3B9N) & (B) C34 with Lad-FMN (3B9O).
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5. Conclusions

Contamination of marine ecosystem by petroleum products is a 
pressing issue. Bacterial mediated degradation of n-alkanes in crude oil 
by marine bacterial isolates holds enormous potential for future appli
cations in the remediation of petroleum-contaminated marine environ
ments. Hydrocarbon scavenging bacteria, adapted to harsh marine 
conditions, showcase a significant ability to break down complex hy
drocarbons found in crude oil. The present study explored the isolation, 
identification and characterization of potential marine bacterial isolates 
capable of degrading n-alkanes in crude oil. The results of this study 
report the isolation of six hydrocarbon-degrading bacteria belonging to 
Rhodococcus, Kocuria, and Niallia genera based on their 16S rRNA gene 
analysis. Among these, two Niallia isolates exhibited promising degra
dative capabilities for n-alkanes in crude oil. The Niallia isolate S2.1 
efficiently degraded both medium and higher n-alkanes in crude oil as: 
100 % degradation of C13, C14, C15 and C34, and 73.91 % degradation 
(C20). While the Niallia isolate S1.5 showed a promising ability to 
degrade medium n-alkanes as: (100 % degradation of C13; 98.6 % 
degradation of C16, 66.81 % degradation of C18, and 64.4 % degrada
tion of C17. The findings indicated that the bacterial isolate S2.1 can 
individually degrade both medium and higher n-alkanes, whereas the 
bacterial isolate S1.5 is more effective with medium n-alkanes. This is 
further supported by molecular docking studies for the selected n-al
kanes (C13, C18 and C34) with alkane 1-monooxygenase enzymes 
(8SBB and 8F6T) and long-chain alkane monooxygenase enzymes (3B9N 
and 3B9O) suggesting the potential of exploiting S1.5 and S2.1 isolates 
as effective agents for future bioremediation applications.
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