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Abstract: Pollution from crude oil and its derivatives poses a serious threat to human health and
ecosystems, with accidental spills causing substantial damage. Biodegradation, using microorganisms
to break down these contaminants, presents a promising and cost-effective solution. Exploring and
utilizing new bacterial strains from underexplored habitats could improve remediation efforts at
contaminated sites. This study aimed to evaluate the hydrocarbon biodegradation capacity of bacteria
isolated from agricultural soils in Huamachuco, Peru. Soil samples from Oca crops were collected
and bacteria were isolated. Biodegradation assays were conducted using diesel as the sole carbon
source in the Bushnell Haas Mineral medium. Molecular characterization of the 16S rRNA gene
identified four strains. Diesel biodegradation assays at 1% concentration were performed under
agitation conditions at 150 rpm and 30 ◦C, and monitored on day 10 by measuring cellular biomass
(OD600), with hydrocarbons analyzed by gas chromatography. The results showed Pseudomonas
protegens (PROM2) achieved the highest efficiency in removing total hydrocarbons (91.5 ± 0.7%).
Additionally, Pseudomonas citri PROM3 and Acinetobacter guillouiae ClyRoM5 also demonstrated high
capacity in removing several individual hydrocarbons. Indigenous bacteria from uncontaminated
agricultural soils present a high potential for hydrocarbon bioremediation, offering an ecological and
effective solution for soil decontamination.

Keywords: biotechnology; bioremediation; mitigation; biodegradation; diesel; hydrocarbons

Microorganisms 2024, 12, 1896. https://doi.org/10.3390/microorganisms12091896 https://www.mdpi.com/journal/microorganisms

https://doi.org/10.3390/microorganisms12091896
https://doi.org/10.3390/microorganisms12091896
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-9703-974X
https://orcid.org/0000-0003-2640-9376
https://orcid.org/0000-0002-9449-726X
https://orcid.org/0000-0003-0631-4900
https://orcid.org/0000-0002-0215-5175
https://orcid.org/0009-0004-4821-7046
https://orcid.org/0000-0003-3604-6054
https://doi.org/10.3390/microorganisms12091896
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms12091896?type=check_update&version=2


Microorganisms 2024, 12, 1896 2 of 14

1. Introduction

Gasoil, or diesel, is a complex mixture of hydrocarbons obtained from the distillation
of crude oil between 200 and 425 ◦C, primarily composed of 61% alkanes and 7.1% poly-
cyclic aromatic hydrocarbons [1]. Diesel pollution and its recalcitrant components, such as
saturated hydrocarbons and aromatics, represent a major anthropogenic pollution problem
harmful to both human health and ecosystems, and cause considerable concern among
governments and environmentalists [2]. This concern arises from the proven toxicity of
these substances and the frequent spills resulting from accidents, leaks, pipeline interrup-
tions or emissions of particulate matter resulting from combustion, which cause substantial
environmental damage [3]. Consequently, the removal of these contaminants from the en-
vironment remains a priority. Although various strategies exist, such as chemical oxidation,
thermal desorption, vapor extraction, and the use of electrolyzed catalytic and nanobubble
systems, these methods often result in incomplete cleanup or the generation of undesirable
by-products, in addition to being prohibitively expensive. [4].

Biodegradation offers a more promising approach by leveraging the metabolic ca-
pabilities of microorganisms to degrade contaminants, using them as sources of carbon
and energy, offering a less costly and more ecological solution compared to chemical and
physical methods [5]. This biological strategy can also be employed in bioremediation, with
applications such as composting, bioventing, bioaugmentation, and the use of biopiles,
among others [6]. Currently, a variety of hydrocarbon-degrading bacteria (HDB) have been
reported (Table 1).

Table 1. Biodegradation of diesel by different microbial isolates.

Microbial Isolation Natural Source of Insulation Diesel Biodegradation
Yield Reference

Bacillus megaterium MJ4 Seawater from Jiaozhou
Bay, China.

Degradation rate at 26.54% in 5 days, using
10 g/L of diesel. [7]

Vibrio alginolyticus MFI5
Diesel-contaminated seawater
in Tanjung Jati, Madura
Island, Indonesia.

Diesel degradation capacity up to 26.78%
during 14 days of incubation at 10% initial
diesel (v/v).

[8]

Janthinobacterium lividum
AQ5-29 and Pseudomonas
fildesensis AQ5-41

Antarctic soil of Signy Island.

Strains AQ5-29 and AQ5-41 removed 2.9 and
4.2 mg/mL of diesel, respectively, with
biodegradation of C10 to C30 hydrocarbons
ranging from 40 to 100% at 10 ◦C in less than
8 days.

[9]

Acinetobacter calcoaceticus and
Pseudomonas aeruginosa

Wastewater samples with
effluents from mechanical
workshops, Burkina Faso
(Africa).

Highest biodegradation rate at 65.53%, using
both S2+S7 in diesel. [10]

Other studies have investigated bacteria such as Bacillus pumilus and Bacillus cereus,
which showed an efficiency of 84.15% in the degradation of total hydrocarbons after five
weeks of incubation [11]. Another study identified and characterized bacterial strains and
actinomycetes, such as Pseudomonas proteolytica and Streptomyces sampsonii, which demon-
strated potential for the degradation of saturated hydrocarbons and polycyclic aromatic
hydrocarbons [12]. These findings underscore the diversity and efficacy of indigenous
microorganisms in the biodegradation of contaminants. Therefore, due to the notable
potential of microorganisms for degradation, there is a growing interest in discovering and
utilizing new bacterial strains from underexplored habitats where little microbial study has
been conducted [13].

Typically, diesel-contaminated sites have been explored for hydrocarbon-degrading
bacteria (HDB) to assess their ability to utilize hydrocarbons prior to biodegradation
studies [14]; however, many microorganisms in natural, uncontaminated environments
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may possess hydrocarbon degradation pathways, with the terminal oxidation route being
the most common, found in bacteria such as Pseudomonas putida KT2440, Alcanivorax
borkumensis SK2 (T), and Geobacillus thermodenitrificans NG80-2 [15].

Recent studies have found a higher percentage of unclassified bacteria in contaminated
soils compared to uncontaminated soils. For instance, Gao et al. [16] reported that diesel-
contaminated agricultural lands showed high microbial abundance distributions when
nitrogen amendments were applied.

In Peru, soil contamination by diesel hydrocarbons linked to the oil industry in recent
years has caused numerous environmental incidents, mainly affecting cultivated areas and
resulting in damage to flora and fauna [17]. Pseudomonas sp. has been isolated from soil
contaminated by oil spills in the La Libertad region (Huamachuco), Peru, demonstrating
a phenol-degrading capacity [18]; therefore, the elimination of pollution from oil and its
derivatives through biological methods is crucial to protect human health and ecosystems,
reducing costs, and improving the efficiency of environmental cleanup processes. The re-
search and development of new bacterial strains capable of degrading diesel hydrocarbons
can offer sustainable and effective solutions to this global problem [19].

This research investigated the hydrocarbon degradation performance in diesel samples
in vitro using microbial cultures isolated from agricultural soils of Oca (Oxalis tuberosa)
crops in Huamachuco, Peru. The microbial isolates were characterized by molecular
analysis of the 16S rRNA gene, and hydrocarbon degradation was determined through
profiles obtained by gas chromatography.

2. Materials and Methods
2.1. Sampling

Agricultural soil samples were collected from an Oca (Oxalis tuberosa) crop in Hua-
machuco, Peru (Latitude -7.85494, longitude -78.02287) (Figure 1).
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A soil sample (1000 g) was obtained at a depth of 30 cm, placed into a sterile container,
and transported to the laboratory. Soil samples were sieved through a 2 mm sieve to remove
stones and large debris. The samples were stored at 4 ◦C until processing.
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2.2. Microbial Isolation

A total of 100 mL of Bushnell Haas Mineral (BHM) medium was prepared with the
following composition (g/L): MgSO4.7H2O 0.2, CaCl2 0.02, KH2PO4 1, K2HPO4 1, NH4NO3
1, FeCl3 100 µL/L at pH 6.3. The medium was sterilized at 121 ◦C for 15 min in a 250 mL
flask [20]. Subsequently, 1% diesel (B5 S-50, Petroperú, Peru), previously filtered through
a 0.22 µm membrane, was added. In the present study, B5 S-50 diesel was used since it
contains 95% diesel and 5% bio-diesel, and is characterized by its low sulfur content [21].
One gram of the collected soil was enriched in 100 mL of BHM and incubated at 30 ◦C
and 150 rpm for 7 days in an orbital shaker (Biobase, BJPX-200N, Jinan, China). Serial
dilutions up to the tenth were then performed, and the last two dilutions (10−8 and 10−9)
were surface-plated on Petri dishes containing Nutrient Agar (NA). Incubation was carried
out at 30 ◦C for 48 h until the growth of colony-forming units (CFU). Microbial colonies
with distinct morphologies were selected and subcultured in glass penicillin vials with
slanted NA. The subcultures were incubated at 30 ◦C for 48 h and stored at 4 ◦C under
refrigeration until use.

2.3. Selection of Hydrocarbon Degrading Bacteria

A total of 50 mL of sterile BHM medium was prepared, supplemented with 1%
diesel as the sole carbon source. A total of 5% of a bacterial suspension from the isolated
cultures was inoculated, adjusted to an optical density (OD) of approximately 1 at 600 nm,
previously subcultured for 24 h of incubation and washed with a 0.85% NaCl solution
by centrifugation (6000 rpm for 5 min) [22]. The treatments were incubated at 30 ◦C and
150 rpm for 10 days. Cellular biomass was monitored on days 5 and 10, and the percentage
of hydrocarbon removal was determined.

2.4. Analytical Method

Following the 8270e method for the measurement of semivolatile organic compounds,
hydrocarbons were analyzed using a gas chromatograph (TRACE 1300, Thermo Scientific,
Waltham, MA, USA) [23]. The method consisted of liquid–liquid extraction (LLE) for
aqueous samples, where 8 mL of dichloromethane (GC grade, J.T. Baker, New York, NY,
USA) was added to the sample, and the solvent was shaken vigorously for 2 min in a
separatory funnel. The mixture was allowed to stand until the phases were completely
separated. A total of 1 µL of the extracted sample was injected in split mode with an
injector temperature of 250 ◦C, utilizing the T6-5MS column (Thermo Scientific, Waltham,
MA, USA) with a length of 13 mm and a diameter of 0.25 mm. The total analysis time was
25 min. The transfer line and ionization source temperatures were maintained at 280 ◦C.
A helium gas flow of 1 mL/min was employed. The percentage of hydrocarbon removal
(HR%) was calculated using Equation (1) [24].

HR% =

Sum of Initial Area under each individual peak − Sum of Final Area under each
individual peak

Sum of Initial Area under each individual peak
× 100% (1)

The optical density was determined using a UV-VIS spectrophotometer (SI Analytics—
UviLine 9400, Mainz, Germany) at a wavelength of 600 nm. The specific growth rate (µ) was
determined using linear regression of the decimal logarithm of optical density as a function
of time during the exponential phase of microbial growth, through Equation (2) [25].

µ
(

h−1
)
=

∆ log(OD600)

∆ t (h)
(2)
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2.5. Identification of Selected Bacteria

The morphological characteristics of the colonies were determined using a stereoscope
from a 24 h pure culture grown on nutrient agar. Additionally, their morphology was
characterized through microscopy using Gram staining.

The 24 h microbial cultures underwent a cell lysis process using the Quick-DNA™
Fungal/Bacterial Miniprep kit, following the manufacturer’s instructions. This process
included the addition of a lysis buffer, incubation, and centrifugation to separate the DNA
from other cellular components. PCR was performed to amplify the 16S ribosomal DNA
segment. The PCR reaction was carried out in a total volume of 50 µL, which included
25 µL of PCR master mix, 1 µL of each primer 27F (5′-AGAGTTTGATCCTGGCTCAG-3′)
and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′), 2 µL of template DNA, and 21 µL of
nuclease-free water, according to the protocol described by Tejada et al. [26]. The PCR
product was loaded onto a 1.5% agarose gel prepared with TBE buffer and stained with
ethidium bromide. Electrophoresis was conducted at 100 V for 45 min. The gel was
visualized under UV light to confirm the presence and expected size of the amplified
product. The PCR product was sequenced by capillary electrophoresis by Macrogen (Chile).
The partial 16S rDNA sequence obtained was analyzed using MEGA X software. Sequence
alignments were performed and a phylogenetic tree was constructed to determine the
evolutionary relationships between the sequences. The obtained sequences were compared
with those available in the EzBioCloud (accessed on 1 June 2024: https://www.ezbiocloud.
net) database to identify and classify the microbial species [27].

2.6. Statistical Analysis

All experiments were carried out in triplicate, the data obtained from the hydrocarbon
concentration were analyzed by analysis of variance (ANOVA), and the post hoc test was
applied using the Tukey test, using the Origin 2018 v95E software package.

3. Results
3.1. Chromatographic Characterization of Diesel

The chromatogram of commercial diesel oil, shown in Figure 2, reveals the presence
of various hydrocarbons, with distinct peaks corresponding to undecane (C11), dodecane
(C12), tridecane (C13), tetradecane (C14), pentadecane (C15), hexadecane (C16), heptade-
cane (C17), octadecane (C18), nonadecane (C19), and eicosane (C20). The retention times
for these compounds range from 5.92 to 16.34 min. Additionally, the presence of fatty
acids at a retention time of 15.71 min suggests the influence of biodiesel compounds in
the sample. The height and shape of the peaks on the chromatogram indicate the relative
concentration of each compound present in the sample. The most abundant compounds, as
inferred from the peak intensities, are pentadecane and tetradecane. These results reflect a
homologous series of alkanes from C11 to C20, suggesting that the sample is predominantly
composed of hydrocarbons. The accurate identification of these compounds was based on
the retention times and fragmentation patterns in the mass spectrum, which is essential for
understanding the chemical nature of the analyzed sample.

https://www.ezbiocloud.net
https://www.ezbiocloud.net
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3.2. Characterization of the Isolated and Selected Bacteria

Four types of pure microbial cultures were isolated from agricultural soil in Hua-
machuco, Peru, which had been enriched with diesel as the sole carbon source. These
isolates were designated as PROM1, PROM2, PROM3, and ClyRoM5. Microscopic char-
acterization revealed that ClyRoM5, PROM2, and PROM3 were Gram negative, whereas
PROM1 was Gram positive. All isolates exhibited a bacillary shape (Figure 3).
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Figure 3. Morphological characteristics of the microbial cultures isolated from diesel-enriched
agricultural soil: PROM1 (A,E), ClyRoM5 (B,F), PROM2 (C,G), and PROM3 (D,H).

Regarding the macroscopic characteristics of their colonies, PROM2 displayed ele-
vated, opaque, medium-sized colonies with circular and mucous edges; PROM3 exhibited
elevated, smooth, medium-sized colonies with circular and mucous edges; PROM1 showed
flat, medium-sized colonies with irregular and smooth edges; and ClyRoM5 presented
pinpoint, medium-sized, circular and mucous colonies (Figure 3).

The molecular characterization based on 16S rRNA gene sequencing of the isolated
microbial strains revealed that PROM1, PROM2, PROM3, and ClyRoM5 exhibited highly
significant pairwise similarity ranging from 99.18 to 100% when aligned with the sequences
of Priestia flexa NBRC 15715, Pseudomonas protegens CHA0, Pseudomonas citri OPS13-3, and
Acinetobacter guillouiae OPS13-3, respectively. Furthermore, the amplicons obtained from
PROM1, PROM2, PROM3, and ClyRoM5 had base pair (bp) sizes of 990, 725, 1343, and
1341, respectively, and the nucleotide sequences were deposited in the National Center for
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Biotechnology Information (NCBI) database with accession numbers PP886133, PP886146,
PP886148, and PP892527 (Table 2).

Table 2. Molecular characterization of the 16S rRNA gene of isolated microbial cultures.

Isolated Microbial
Culture Name Similarity

Strain

Pairwise
Similarity

(%)
Access Number Link (accessed on 11 June

2024)

PROM1 Priestia flexa NBRC 15715 99.59 PP886133 https://www.ncbi.nlm.nih.
gov/nuccore/PP886133

PROM2 Pseudomonas
protegens CHA0 100 PP886146 https://www.ncbi.nlm.nih.

gov/nuccore/PP886146

PROM3 Pseudomonas
citri OPS13-3 99.18 PP886148 https://www.ncbi.nlm.nih.

gov/nuccore/PP886148

ClyRoM5 Acinetobacter
guillouiae CIP 63.46 100 PP892527 https://www.ncbi.nlm.nih.

gov/nuccore/PP892527

Figure 4 illustrates the phylogenetic tree constructed from the nucleotide sequences
of the isolated microbial cultures PROM1, PROM2, PROM3, and ClyRoM5, aligned with
type strains (T) sequences obtained from the EzBioCloud database. It can be observed that
PROM3 and PROM2 clustered together in the same clade with an evolutionary distance
of less than 0.004 and 0.00 with Pseudomonas citri and Pseudomonas protegens, respectively,
suggesting they share a more recent common ancestor compared to the other samples,
which coincides with the observed lower evolutionary distance in the data. PROM1 was
found on a more distant branch compared to the other three samples, indicating greater
genetic divergence. This greater phylogenetic distance suggests that PROM1 has an older
common ancestor with the other samples but presents a better branch distance of 0.004 with
Priestia flexa. Meanwhile, ClyRoM5 is located on a separate branch, although still relatively
close to PROM2 and PROM3, indicating moderate genetic similarity, consistent with the
observed intermediate evolutionary distance.
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drocarbon removal with 91.5 ± 0.7% over 10 days at 150 rpm at 30 ◦C, indicating a high
biodegradation capacity. This result is notable given its intermediate biomass growth of
1.288 (OD600). PROM3 and ClyRoM5 exhibit moderate efficiencies of 67 ± 1.41% and
57.5 ± 0.71%, respectively. Although ClyRoM5 showed high biomass growth, its hydrocar-
bon removal capacity was lower compared to PROM2.
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Figure 5. Accumulation of cell biomass (OD600) in the medium with diesel by isolated microbial
cultures (A), percentage of hydrocarbons removal (B), and determination of the final turbidity after a
10-day incubation using diesel as the sole carbon source (C).

Table 3 presents the statistical analysis that PROM1 has significantly lower values
than PROM3, with a probability (p) less than 0.05. PROM2 significantly outperforms both
PROM1 and PROM3, with mean differences of 65.38 and 23.87, respectively, and p < 0.05.
ClyRoM5 has significantly higher values than PROM1, with a mean difference of 3.13 and a
probability of p < 0.05, and significantly lower values than PROM2, with a mean difference
of −34.1 and a probability of 0.0. However, it does not present significant differences
with PROM3, with a probability of 0.42. The results indicate that PROM1 is significantly
lower than PROM3, while PROM2 significantly outperforms both PROM1 and PROM3.
ClyRoM5 shows significant differences with PROM1 and PROM2 but not with PROM3,
suggesting a similar behavior between ClyRoM5 and PROM3.

Table 3. Tukey test between treatments of different isolated microbial cultures on diesel hydrocarbon
removal.

Isolated Culture MeanDiff q Value Prob

PROM1 and PROM3 −41.51 64.58 0.0 (p < 0.05)
PROM2 and PROM3 23.87 37.13 0.0 (p < 0.05)
PROM2 and PROM1 65.38 101.71 0.0 (p < 0.05)

ClyRoM5 and PROM3 −10.20 15.88 4.20 × 10−1

ClyRoM5 and PROM1 31.30 48.70 0 (p < 0.05)
ClyRoM5 and PROM2 −34.07 53.01 0 (p < 0.05)

PROM3 exhibited specific growth rate (µ), with a value of 0.73 ± 0.2 (h−1) with 68%
total hydrocarbon removal, suggesting a strong link between cell proliferation and hydro-
carbon degradation capacity. On the other hand, PROM1 presents a remarkably low µ, of
only 0.06 ± 0.001 (h−1). This slow growth is differed by a low percentage of hydrocarbon
removal, reaching only 27%. These results indicate that PROM1 has a limited capacity
both to grow and to degrade hydrocarbons, making it the least efficient among the cultures
analyzed. The PROM2 culture shows a growth-to-degradation ratio with a µ of 0.60 ±
0.02 (h−1), in turn achieving the highest percentage of total hydrocarbon removal, reaching
92%. This suggests that, although it does not have the highest µ, PROM2 is extremely effec-
tive in hydrocarbon degradation. Finally, ClyRoM5, with a µ of 0.67 ± 0.04 (h−1), removes
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57% of the total hydrocarbons, despite its good growth rate. The removal percentage is
moderate compared to PROM2.

Figure 6 shows the percentage of removal of various individual hydrocarbons from
B5 S-50 diesel by isolated microbial cultures (PROM1, PROM2, ClyRoM5, and PROM3).
All cultures showed high removal efficiency (95.89–97.95%) for Undecane (C11), indicating
high consistency in the biodegradation of this compound. Dodecane (C12) removal varied
significantly among the cultures, with Pseudomonas protegens PROM2 and Pseudomonas citri
PROM3 showing higher efficiency (67.56 and 68.98%, respectively) compared to Priestia
flexa PROM1 (50.04 ± 3.67%). Pseudomonas citri PROM3 demonstrated the highest efficiency
in the removal of Tridecane (C13), Tetradecane (C14), and Pentadecane (C15), with removal
rates of 60.01 ± 8.45%, 59.42 ± 1.35%, and 50.64 ± 6.41%, respectively. Acinetobacter
guillouiae ClyRoM5 showed high removal (99.46 ± 0.95%) of Hexadecane (C16), significantly
higher than the other cultures. Pseudomonas citri PROM3 showed the highest efficiency
in the removal of Octadecane (C18) and Eicosane (C20), with values of 56.60 ± 2.40%
and 67.64 ± 1.43%, respectively, followed closely by ClyRoM5. In contrast, Pseudomonas
protegens PROM2 was the only culture that showed significant activity in the removal of
Nonadecane (C19), with 45.87 ± 5.87%, while Acinetobacter guillouiae ClyRoM5 had the
highest efficiency in the removal of Palmitic acid, with 98.32 ± 6.37%, surpassing Priestia
flexa PROM1.
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4. Discussion

According to the standards, most of the n-alkanes of interest for biodegradation testing
in this study were identified (Figure 2). This is crucial to evaluate the degradation capacity
of different bacterial strains and predict their efficiency in the bioremediation of soils
contaminated with hydrocarbons [28]. The chromatogram reported in the study showed
distribution patterns and levels similar to those analyzed by Yang et al. [29], who also found
predominant hydrocarbons such as n-C15, n-C14, and n-C16 from a sample of biodiesel
in hexane. The presence of these components could influence the biodegradation time of
diesel, as the stability of alkanes and the length of their carbon chains may require specific
conditions and extended end periods to achieve significant degradation [30].

Four microbial cultures capable of growing from diesel as the sole carbon source
were isolated and selected (Table 2). Additionally, according to the literature, Pseudomonas
protegens species have been similarly reported in riverbank soils as rhizospheric bacteria [31];
Priestia flexa VL1 has been reported in tannery effluent-contaminated soils as a potential
bioremediator [32]; likewise, Pseudomonas citri has been reported in citrus rhizosphere
soil [33]. Acinetobacter guillouiae has not been reported in the literature in the removal of
hydrocarbons; however, in the case of the Acinetobacter group, species have been reported
as potential agents in the degradation of crude diesel [34]. Another study also reported
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the presence of two bacteria from the Acinetobacter and Pseudomonas groups capable of
degrading diesel, as Dohare et al. [35] isolated Acinetobacter pittii ED1 and Pseudomonas
aeruginosa BN, which optimally degrade diesel at 30 ◦C, with a pH of 7.0 and 1% diesel.
Similarly, Palanisamy et al. [36] highlights another species, Acinetobacter baumannii, in
diesel-contaminated soils, finding that this microorganism can effectively degrade diesel
under optimal cultivation conditions; therefore, this study reports for the first time the
involvement of the species Acinetobacter guillouiae in diesel degradation.

The increases in optical density of the four isolated microbial cultures (Figure 3) in-
dicated they utilized diesel as a growth source, energy, and biomass increase, reflected in
the turbidity of the culture medium [37]. According to the categorization described by
Talaiekhozani et al. [38], low growth is indicated by an OD600 range of 0.21–0.40, mod-
erate growth by a range of 0.41–0.60, high growth by a range of 0.61–0.80, and excellent
growth by a range of 0.81–1.00. Therefore, the results obtained showed that all four iso-
lated microbial cultures exhibited excellent growth, with OD600 values exceeding 1, falling
within a range of 1–2. The results obtained in the study of the hydrocarbon-degrading
isolates PROM1, PROM2, PROM3, and ClyRoM5 can be compared with similar studies
highlighting the capabilities of different bacteria in hydrocarbon degradation. For exam-
ple, Acinetobacter calcoaceticus CA16 demonstrated a remarkable growth capacity in the
presence of diesel, reaching an OD600 of approximately 1.12 after 20 days, emphasizing its
efficiency in utilizing diesel as a carbon source [39]. Another study evaluated the efficiency
of Stenotrophomonas maltophilia and found that this bacterium not only grew well in the
presence of diesel but also produced biosurfactants that facilitate hydrocarbon degrada-
tion [40]. Additionally, strains of Pseudomonas aeruginosa have been shown to efficiently
degrade petroleum hydrocarbons due to the production of rhamnolipids, which enhance
the solubility and bioavailability of the contaminants [41].

The maximum percentage of hydrocarbon removal (91.5 ± 0.7%) in this study sur-
passes that of Chaudhary et al. [42], who obtained 79.0% and 85.4% degradation of diesel
hydrocarbons (C18, C20 and C22) using Acinetobacter sp. K-6, and Panda et al. [43], who
reported a degradation of 49.93% of diesel for 20 days at 150 rpm at 37 ◦C using Pseu-
domonas sp. Moreover, the isolated Pseudomonas protegens PROM2 achieved a degradation
efficiency comparable to that of a microbial consortium reported by Otiniano et al. [44],
with a value of 94.77%, using 10% inoculum for 5% diesel. Similarly, previous studies
have identified Pseudomonas protegens as an effective bioremediation agent for toxic metal
contamination [45]; however, little has been found regarding its action against hydrocarbon
biodegradation as demonstrated in this study.

Figure 5 shows no direct correlation between the percentage of hydrocarbon removal
and cell growth (OD600) in the strains studied. Although some strains achieved high
efficiency in hydrocarbon removal, their cell growth did not increase proportionally, sug-
gesting that hydrocarbon degradation is not directly related to cell proliferation and that
they could be using other metabolic or energetic mechanisms not reflected in an increase in
biomass. As Wang et al. [15] highlighted, that the efficiency of degradation may depend
on specific interactions within the microbial communities and the presence of specialized
enzymes (hydroxylases, aldehyde dehydrogenase, dioxygenase, alcohol dehydrogenase
and aldehyde dehydrogenase). This lack of correlation could be due to factors such as
the use of other hydrocarbons available in the medium, the accumulation of intermediate
products, or the specific metabolic adaptation of each strain [46].

Table 3 shows that PROM2 is significantly more efficient in hydrocarbon removal
compared to PROM1 and PROM3, as demonstrated by the mean differences of 65.38 and
23.87, respectively, both with a probability value (p < 0.05). This suggests that Pseudomonas
protegens PROM2 has a superior degradation capacity. However, when comparing the
degradation capacity of Acinetobacter guillouiae ClyRoM5 and Pseudomonas citri PROM3,
the results indicate comparable efficiencies, suggesting that both strains could be viable
candidates to form effective consortia. Previous studies have shown that microbial consortia
can enhance hydrocarbon degradation due to the synergy between different species [47].
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A µ of 0.05–0.31 h−1 was obtained from the four isolated microbial cultures. These
results surpass those obtained by Sharma et al. [48], who reported a µ value of 0.052 h−1

using P. aeruginosa at 37 ◦C and 180 rpm over approximately 25 days in the removal of crude
oil. Additionally, they differ from the results studied by Azzahra et al. [49], who reported
specific growth rate (µ) values ranging from 0.0440 to 0.0952 h−1 using a consortium of
Acetobacter tropicalis and Lactobacillus casei to degrade TPH in both SMSS liquid medium
and artificial seawater. Furthermore, these results differ from those obtained by Zannotti
et al. [50], who reported a specific growth rate of 0.0297 h−1 for Marinomonas sp. at 22 ◦C
with 1% diesel.

Microbial cultures varied in their efficiency and accuracy for removing hydrocar-
bons from B5 S-50 diesel, with Pseudomonas citri PROM3 and Acinetobacter guillouiae
ClyRoM5 standing out for their versatility and overall effectiveness, while Pseudomonas
protegens PROM2 and Priestia flexa PROM1 excelled in the removal of specific compounds.
These results are comparable to studies on diesel hydrocarbon biodegradation using mixed
cultures of Bacillus subtilis InaCC B289 and Pseudomonas aeruginosa InaCC B290, achiev-
ing 57.56% degradation, showing effective removal of octadecane (62.78%) and Eicosane
(42.23%) [51]. Another study found that the Acinetobacter sp. JYZ-03 strain efficiently de-
graded diesel n-alkanes, reaching up to 84.05% efficiency in long-chain n-alkanes, although
it showed lower efficiency in undecane degradation (48.78%) [52].

Likewise, analyzing the impact of different environmental factors, such as pH, tem-
perature, and nutrient availability, on the efficiency of hydrocarbon biodegradation by
indigenous bacteria obtained in this study, could help optimize conditions for bioreme-
diation in specific sites. In turn, exploring new bioremediation technologies, such as
biostimulation with natural surfactants and bioaugmentation, could improve the degrada-
tion of recalcitrant contaminants in future research [53].

5. Conclusions

This study conducted in Huamachuco, Peru, revealed the significant potential of
native bacterial strains for hydrocarbon biodegradation in agricultural soils. Four isolated
strains (PROM1, PROM2, PROM3, and ClyRoM5) demonstrated diverse degrading capa-
bilities, with Pseudomonas protegens (PROM2) standing out with a maximum efficiency of
91.5 ± 0.7% in hydrocarbon removal. Additionally, PROM2 showed notable removal of
specific compounds such as Nonadecane (45.87 ± 5.87%). Pseudomonas citri PROM3 and
Acinetobacter guillouiae ClyRoM5 strains also demonstrated high efficiency in the removal
of various individual hydrocarbons, with Pseudomonas protegens PROM3 achieving 67.64 ±
1.43% in eicosane. These results highlight the potential of indigenous bacteria from un-
contaminated soils for bioremediation applications, providing an effective and ecological
alternative to hydrocarbon contamination in agricultural regions.

Author Contributions: Conceptualization, C.Q.-C., J.C.R.-S. and M.G.-A.; methodology, A.C.-A.,
M.T.-G., D.S.-F. and M.G.-A.; software, F.H.-B.; validation, J.C.R.-S., J.A.C.-M. and M.A.Q.-A.; formal
analysis, J.A.C.-M. and F.H.-B.; investigation, A.C.-A., M.T.-G. and W.U.-L.; data curation, M.A.Q.-A.;
writing—original draft preparation, C.Q.-C. and J.A.G.-R.; writing—review and editing, J.A.G.-R.
and M.E.-M.; visualization, W.U.-L.; supervision, M.E.-M. and C.Q.-C.; project administration, C.Q.-C.
and D.S.-F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by PROCIENCIA/CONCYTEC, grant number PE501083332-2023:
“Mitigación de suelo contaminado con hidrocarburos totales mediante una tecnología híbrida elec-
trocinética y microorganismos hidrocarbonoclásticas nativos inmovilizados de la región La Libertad”.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors acknowledge the infrastructure and support of the Laboratorio
de Biotecnología e Ingeniería Genética and Laboratorio de Investigación y Desarrollo en Ciencias
Ambientales of the Universidad Nacional de Trujillo.

Conflicts of Interest: The authors declare no conflicts of interest.



Microorganisms 2024, 12, 1896 12 of 14

References
1. Sarıkoç, S. Fuels of the diesel-gasoline engines and their properties. In Diesel and Gasoline Engines, 1st ed.; Viskup, R., Ed.;

IntechOpen: London, UK, 2020; Volume 1, pp. 1–16. [CrossRef]
2. Olivera, C.; Laura-Tondo, M.; Girardi, V.; Sol-Herrero, M.; Lucía-Balaban, C.; Matías-Salvatierra, L. High-performance diesel

biodegradation using biogas digestate as microbial inoculum in lab-scale solid supported bioreactors. Chemosphere 2024, 352,
141384. [CrossRef] [PubMed]

3. Wu, D.; Li, Q.; Ding, X.; Sun, J.; Li, D.; Fu, H.; Teich, M.; Ye, X.; Chen, J. Primary particulate matter emitted from heavy fuel
and diesel oil combustion in a typical container ship: Characteristics and Toxicity. Environ. Sci. Technol. 2018, 52, 12943–12951.
[CrossRef] [PubMed]

4. Chen, W.T.; Chun-Te, J.; Chen, S.H.; Verpoort, F.; Hong, K.L.; Surampalli, R.Y.; Kao, C.M. Remediation of diesel-oil contaminated
soils using an innovative nanobubble and electrolyzed catalytic system. J. Clean. Prod. 2023, 432, 139776. [CrossRef]

5. Nzila, A. Current status of the degradation of aliphatic and aromatic petroleum hydrocarbons by thermophilic microbes and
future perspectives. Int. J. Environ. Res. Public Health 2018, 15, 2782. [CrossRef]

6. Chaudhary, D.K.; Kim, J. New insights into bioremediation strategies for oil-contaminated soil in cold environments. Int.
Biodeterior. Biodegrad. 2019, 142, 58–72. [CrossRef]

7. Gao, J.; Ming, J.; Xu, M.; Fu, X.; Duan, L.F.; Xu, C.C.; Gao, Y.; Xue, J.L.; Xiao, X.F. Isolation and characterization of a high-efficiency
marine diesel oil-degrading bacterium. Pet. Sci. 2021, 18, 641–653. [CrossRef]

8. Imron, M.F.; Kurniawan, S.B.; Titah, H.S. Potential of bacteria isolated from diesel-contaminated seawater in diesel biodegradation.
Environ. Technol. Innov. 2019, 14, 100368. [CrossRef]

9. Yap, H.S.; Khalid, F.E.; Wong, R.R.; Convey, P.; Sabri, S.; Khalil, K.A.; Zulkharnain, A.; Merican, F.; Shaari, H.; Ahmad, S.A.
Diesel−biodegradation and biosurfactant—Production by Janthinobacterium lividum AQ5-29 and Pseudomonas fildesensis AQ5-
41 isolated from Antarctic soil. Int. Biodeterior. Biodegrad. 2024, 188, 105731. [CrossRef]

10. Sawadogo, A.; Cissé, H.; Otoidobiga, H.C.; Odetokun, I.A.; Zongo, C.; Dianou, D.; Savadogo, A. Characterization of two bacterial
strains isolated from wastewater and exhibiting in-vitro degradation of diesel and used oils. Sci. Afr. 2024, 25, e02289. [CrossRef]

11. Patowary, K.; Patowary, R.; Kalita, M.C.; Deka, S. Development of an Efficient Bacterial Consortium for the Potential Remediation
of Hydrocarbons from Contaminated Sites. Front. Microbiol. 2016, 7, 1092. [CrossRef]

12. Alsberi, H.; Hamad, A.A.; Hassan, M.M. Biodegradation of petroleum hydrocarbons using indigenous bacterial and actinomycetes
cultures. Pak. J. Biol. Sci. 2020, 23, 726–734. [CrossRef]

13. Bharali, P.; Bashir, Y.; Ray, A.; Dutta, N.; Mudoi, P.; Alemtoshi; Sorhie, V.; Vishwakarma, V.; Debnath, P.; Konwar, B.K. Bio-
prospecting of indigenous biosurfactant-producing oleophilic bacteria for green remediation: An eco-sustainable approach for
the management of petroleum contaminated soil. 3 Biotech 2022, 12, 13. [CrossRef] [PubMed]

14. Oba, A.; John, B.; Garba, J.; Oba, A.J.; John, K.V.; Balami, S.B.; Uchechukwu, O.; Musa, J.A.; Ofili, A. Bioprospecting of
hydrocarbonoclastic representative bacteria. J. Environ. Prot. 2022, 13, 449–458. [CrossRef]

15. Wang, M.; Ding, M.; Yuan, Y. Bioengineering for the microbial degradation of petroleum hydrocarbon contaminants. Bioengineering
2023, 10, 347. [CrossRef]

16. Gao, Y.; Du, J.; Bahar, M.M.; Wang, H.; Subashchandrabose, S.; Duan, L.; Yang, X.; Megharaj, M.; Zhao, Q.; Zhang, W.; et al.
Metagenomics analysis identifies nitrogen metabolic pathway in bioremediation of diesel contaminated soil. Chemosphere 2021,
271, 129566. [CrossRef]

17. Lostaunau-Silvera, C.A.; Puris-Naupay, J.E.; Zaldivar-Alvarez, W.F.; King-Santos, M.E.; Anahua-Balcon, E.A.; Reátegui-Romero,
W. Removal of organic contaminants from the water used to wash the tanks of trucks transporting diesel: Electrocoagulation in
batch mode. Desalination Water Treat. 2023, 315, 241–250. [CrossRef]

18. Cruz, J.; Quiñones, C.; Saavedra, J.B.; Urquizo, D.; Esparza, M. Biodegradation of phenol by Pseudomonas aeruginosa isolated from
oil contaminated environments in Peru. Biosci. Res. 2021, 18, 1294–1300. [CrossRef]

19. Landrigan, P.J.; Stegeman, J.J.; Fleming, L.E.; Allemand, D.; Anderson, D.M.; Backer, L.C.; Brucker-Davis, F.; Chevalier, N.; Corra,
L.; Czerucka, D.; et al. Human health and ocean pollution. Ann. Glob. Health 2020, 86, 151. [CrossRef] [PubMed]

20. Lima, S.D.; Oliveira, A.F.; Golin, R.; Lopes, V.C.P.; Caixeta, D.S.; Lima, Z.M.; Morais, E.B. Isolation and characterization of
hydrocarbon-degrading bacteria from gas station leaking-contaminated groundwater in the Southern Amazon, Brazil. Braz. J.
Biol. 2020, 80, 354–361. [CrossRef]

21. Wu, Y.; Xu, M.; Xue, J.; Shi, K.; Gu, M. Characterization and Enhanced Degradation Potentials of Biosurfactant-Producing Bacteria
Isolated from a Marine Environment. ACS Omega 2019, 4, 1645–1651. [CrossRef]

22. Yang, H.; Zhang, Y.; Li, C.; Fang, Y.; Li, X. Physicochemical characteristics of particulate matter emitted from the oxygenated
fuel/diesel blend engine. Aerosol. Air Qual. Res. 2021, 21, 210175. [CrossRef]

23. Akbari, A.; David, C.; Rahim, A.A.; Ghoshal, S. Salt selected for hydrocarbon-degrading bacteria and enhanced hydrocarbon
biodegradation in slurry bioreactors. Water Res. 2021, 202, 117424. [CrossRef] [PubMed]

24. Xin, Q.; Saborimanesh, N.; Greer, C.W.; Farooqi, H.; Dettman, H.D. The effect of temperature on hydrocarbon profiles and the
microbial community composition in North Saskatchewan River water during mesoscale tank tests of diluted bitumen spills. Sci.
Total Environ. 2023, 859, 160161. [CrossRef]

https://doi.org/10.5772/intechopen.89044
https://doi.org/10.1016/j.chemosphere.2024.141384
https://www.ncbi.nlm.nih.gov/pubmed/38350516
https://doi.org/10.1021/acs.est.8b04471
https://www.ncbi.nlm.nih.gov/pubmed/30346144
https://doi.org/10.1016/j.jclepro.2023.139776
https://doi.org/10.3390/ijerph15122782
https://doi.org/10.1016/j.ibiod.2019.05.001
https://doi.org/10.1007/s12182-020-00540-z
https://doi.org/10.1016/j.eti.2019.100368
https://doi.org/10.1016/j.ibiod.2024.105731
https://doi.org/10.1016/j.sciaf.2024.e02289
https://doi.org/10.3389/fmicb.2016.01092
https://doi.org/10.3923/pjbs.2020.726.734
https://doi.org/10.1007/s13205-021-03068-0
https://www.ncbi.nlm.nih.gov/pubmed/34966636
https://doi.org/10.4236/jep.2022.136029
https://doi.org/10.3390/bioengineering10030347
https://doi.org/10.1016/j.chemosphere.2021.129566
https://doi.org/10.5004/dwt.2023.30132
https://doi.org/10.1590/0104-6632.20170341s20150388
https://doi.org/10.5334/aogh.2831
https://www.ncbi.nlm.nih.gov/pubmed/33354517
https://doi.org/10.1590/1519-6984.208611
https://doi.org/10.1021/acsomega.8b02653
https://doi.org/10.4209/aaqr.210175
https://doi.org/10.1016/j.watres.2021.117424
https://www.ncbi.nlm.nih.gov/pubmed/34332190
https://doi.org/10.1016/j.scitotenv.2022.160161


Microorganisms 2024, 12, 1896 13 of 14

25. Donner, J.; Reck, M.; Bunk, B.; Jarek, M.; App, C.; Meier-Kolthoff, J.; Overmann, J.; Müller, R.; Kirschning, A.; Wagner-Döbler, I.
The Biofilm Inhibitor Carolacton Enters Gram-Negative Cells: Studies Using a TolC-Deficient Strain of Escherichia coli Jannik.
mSphere 2017, 2, e00375-17. [CrossRef] [PubMed]

26. Tejada, K.C.; Quiñones, C.E.; Salirrosas, D.; Huanes, J.E.; Valdivieso, S.C.; Cruz, J.A.; Haro, D.; Rodriguez, J. Production of
Prodigiosin using Serratia marcescens from tilapia scale hydrolysates: Influence of stirring speed and NaCl concentration. Chem.
Eng. Trans. 2024, 108, 37–42. [CrossRef]

27. Cueva-almendras, L.C.; Alva, J.; Fuentes-Olivera, A.; Llontop-Bernabé, K.; Quiñones, C.; Rodriguez-Soto, J.; Cruz-Monzon, J.;
Quezada-Alvarez, M. Production of polyhydroxyalkanoate by Bacillus thuringiensis isolated from agricultural soils of Cascas-Peru.
Braz. Arch. Biol. Technol. 2022, 65, e22220107. [CrossRef]

28. Sun, Y.; Wang, H.; Li, J.; Wang, B.; Qi, C.; Hu, X. Nutrient-enhanced n-alkanes biodegradation and succession of bacterial
communities. J. Oceanol. Limnol. 2018, 36, 1294–1303. [CrossRef]

29. Yang, Z.; Shah, K.; Pilon-McCullough, C.; Faragher, R.; Azmi, P.; Hollebone, B.; Fieldhouse, B.; Yang, C.; Dey, D.; Lambert, P.; et al.
Characterization of renewable diesel, petroleum diesel and renewable diesel/biodiesel/petroleum diesel blends. Renew. Energy
2024, 224, 120151. [CrossRef]

30. Bekele, G.K.; Gebrie, S.A.; Mekonen, E.; Fida, T.T.; Woldesemayat, A.A.; Abda, E.M.; Tafesse, M.; Assefa, F. Isolation and
Characterization of Diesel-Degrading Bacteria from Hydrocarbon-Contaminated Sites, Flower Farms, and Soda Lakes. Int. J.
Microbiol. 2022, 2022, 5655767. [CrossRef]

31. Pagès, S.; Ogier, J.C.; Gaudriault, S. A novel semi-selective medium for Pseudomonas protegens isolation from soil samples. J.
Microbiol. Methods 2020, 172, 105911. [CrossRef]

32. Ravishankar, P.; Srinivas, R.M.; Bharathi, K.; Subramanian, S.K.; Asiedu, S.K.; Selvaraj, D. Unlocking nature’s toolbox: Kinetin-
producing Priestia flexa VL1 paves the way for efficient bioremediation of chromium-contaminated environments. J. Environ.
Chem. Eng. 2024, 12, 112065. [CrossRef]

33. Gao, H.; Feng, G.; Feng, Z.; Yao, Q.; Li, J.; Deng, X.; Li, X.; Zhu, H. Pseudomonas citri sp. nov., a potential novel plant growth
promoting bacterium isolated from rhizosphere soil of citrus. Antonie Van Leeuwenhoek 2023, 116, 281–289. [CrossRef] [PubMed]

34. Faiza, B.; Mohamed, B.B.H.; Sidi-Mohammed, E.A.A. Crude oil degradation potential of indigenous hydrocarbonoclastic bacterial
strain Acinetobacter johnsonii firstly isolated from marine sediments of Oran Port, Algeria. J. Environ. Sci. Eng. A 2019, 8, 131–140.
[CrossRef]

35. Dohare, S.; Kumar, H.; Bhargava, Y.; Kango, N. Characterization of Diesel Degrading Indigenous Bacterial Strains, Acinetobacter
pittii and Pseudomonas aeruginosa, Isolated from Oil Contaminated Soils. Indian J. Microbiol. 2024, 64, 749–757. [CrossRef]

36. Palanisamy, N.; Ramya, J.; Kumar, S.; Vasanthi, N.S.; Chandran, P.; Khan, S. Diesel biodegradation capacities of indigenous
bacterial species isolated from diesel contaminated soil. Environ. Health Sci. Eng. 2014, 12, 142. [CrossRef] [PubMed]

37. Ashikodi, A.O.; Abu, G.O. Hydrocarbon degradation potential of some hydrocarbon—Utilizing bacterial species associated with
Kenaf (Hibiscus cannabinus L.) plant. Int. Res. J. Biol. Sci. 2019, 8, 10–19.

38. Talaiekhozani, A.; Jafarzadeh, N.; Fulazzaky, M.A.; Talaie, M.R. Kinetics of substrate utilization and bacterial growth of crude oil
degraded by Pseudomonas aeruginosa. J. Environ. Health Sci. Eng. 2015, 13, 64. [CrossRef]

39. Ho, M.T.; Li, M.S.; Mcdowell, T.; Macdonald, J.; Yuan, Z. Characterization and genomic analysis of a diesel-degrading bacterium,
Acinetobacter calcoaceticus CA16, isolated from Canadian soil. BMC Biotechnol. 2020, 20, 39. [CrossRef]

40. Stancu, M.M. Characterization of new diesel-degrading bacteria isolated from freshwater sediments. Int. Microbiol. 2023, 26,
109–122. [CrossRef] [PubMed]

41. You, Z.; Xu, H.; Zhang, S.; Kim, H.; Chiang, P. Comparison of Petroleum Hydrocarbons Degradation by Klebsiella pneumoniae and
Pseudomonas aeruginosa. Appl. Sci. 2018, 8, 2551. [CrossRef]

42. Chaudhary, D.K.; Bajagain, R.; Jeong, S.; Kim, J. Biodegradation of diesel oil and n-alkanes (C18, C20 and C22) by a novel strain
Acinetobacter sp. K-6 in unsaturated soil. Environ. Eng. Res. 2020, 25, 290–298. [CrossRef]

43. Panda, S.K.; Kar, R.N.; Panda, C.R. Isolation and identification of petroleum hydrocarbon degrading microorganisms from oil
contaminated environment. Int. J. Environ. Sci. 2013, 3, 1314–1321. [CrossRef]

44. Otiniano, N.M.; Rojas-Villacorta, W.; De La Cruz-Noriega, M.; Lora-Cahuas, C.; Mendoza-Villanueva, K.; Benites, S.M.; Gallozzo-
Cardenas, M.; Rojas-Flores, S. Effect of Inoculum concentration on the degradation of diesel 2 by a microbial consortium. Sustain.
2022, 14, 16750. [CrossRef]

45. Bensidhoum, L.; Nabti, E.; Tabli, N.; Kupferschmied, P.; Weiss, A.; Rothballer, M.; Schmid, M.; Keel, C.; Hartmann, A. Heavy
metal tolerant Pseudomonas protegens isolates from agricultural well water in northeastern Algeria with plant growth promoting,
insecticidal and antifungal activities. Eur. J. Soil Biol. 2016, 75, 38–46. [CrossRef]

46. Liu, H.; Gao, H.; Wu, M.; Ma, C.; Wu, J.; Ye, X. Distribution Characteristics of Bacterial Communities and Hydrocarbon
Degradation Dynamics During the Remediation of Petroleum-Contaminated Soil by Enhancing Moisture Content. Microb. Ecol.
2020, 80, 202–211. [CrossRef]

47. Nnabuife, O.O.; Ogbonna, J.C.; Anyanwu, C.; Ike, A.C.; Eze, C.N.; Enemuor, S.C. Mixed bacterial consortium can hamper the
efficient degradation of crude oil hydrocarbons. Arch. Microbiol. 2022, 204, 306. [CrossRef] [PubMed]

48. Sharma, S.; Pandey, L.M. Integration of biosorption and biodegradation in a fed- batch mode for the enhanced crude oil
remediation. Lett. Appl. Microbiol. 2021, 73, 471–476. [CrossRef]

https://doi.org/10.1128/mSphereDirect.00375-17
https://www.ncbi.nlm.nih.gov/pubmed/28959742
https://doi.org/10.3303/CET24108007
https://doi.org/10.1590/1678-4324-2022220107
https://doi.org/10.1007/s00343-018-6310-y
https://doi.org/10.1016/j.renene.2024.120151
https://doi.org/10.1155/2022/5655767
https://doi.org/10.1016/j.mimet.2020.105911
https://doi.org/10.1016/j.jece.2024.112065
https://doi.org/10.1007/s10482-022-01803-y
https://www.ncbi.nlm.nih.gov/pubmed/36596938
https://doi.org/10.17265/2162-5298/2019.04.001
https://doi.org/10.1007/s12088-024-01317-3
https://doi.org/10.1186/s40201-014-0142-2
https://www.ncbi.nlm.nih.gov/pubmed/25530870
https://doi.org/10.1186/s40201-015-0221-z
https://doi.org/10.1186/s12896-020-00632-z
https://doi.org/10.1007/s10123-022-00277-2
https://www.ncbi.nlm.nih.gov/pubmed/36156170
https://doi.org/10.3390/app8122551
https://doi.org/10.4491/eer.2019.119
https://doi.org/10.6026/97320630009150
https://doi.org/10.3390/su142416750
https://doi.org/10.1016/j.ejsobi.2016.04.006
https://doi.org/10.1007/s00248-019-01476-7
https://doi.org/10.1007/s00203-022-02915-9
https://www.ncbi.nlm.nih.gov/pubmed/35532873
https://doi.org/10.1111/lam.13535


Microorganisms 2024, 12, 1896 14 of 14

49. Azzahra, F.; Rinanti, A.; Hadisoebroto, R.; Minarti, A.; Aphirta, S. Removal of Total Petroleum Hydrocarbon (TPH) crude oil by
consortium bacteria Acetobacter tropicalis and Lactobacillus casei. E3S Web Conf. 2023, 420, 09009. [CrossRef]

50. Zannotti, M.; Vassallo, A.; Ramasamy, P.; Loggi, V. Hydrocarbon degradation strategy and pyoverdine production using the salt
tolerant Antarctic. RSC Adv. 2023, 13, 19276–19285. [CrossRef]

51. Safitri, R.A.; Mangunwardoyo, W.; Ambarsari, H. Biodegradation of diesel oil hydrocarbons using Bacillus subtilis InaCC B289 and
Pseudomonas aeruginosa InaCC B290 in single and mixed cultures. AIP Conf. Proc. 2018, 2021, 030013. [CrossRef]

52. Su, Q.; Yu, J.; Fang, K.; Dong, P.; Li, Z.; Zhang, W.; Liu, M.; Xiang, L.; Cai, J. Microbial removal of petroleum hydrocarbons from
contaminated soil under arsenic stress. Toxics 2023, 11, 143. [CrossRef] [PubMed]

53. Acer, Ö.; Johnston, G.P.; Lineman, D.; Johnston, C.G. Evaluating degradation of polycyclic aromatic hydrocarbon (PAH) potential
by indigenous bacteria isolated from highly contaminated riverbank sediments. Environ. Earth Sci. 2021, 80, 773. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1051/e3sconf/202342009009
https://doi.org/10.1039/D3RA02536E
https://doi.org/10.1063/1.5062737
https://doi.org/10.3390/toxics11020143
https://www.ncbi.nlm.nih.gov/pubmed/36851017
https://doi.org/10.1007/s12665-021-10070-5

	Introduction 
	Materials and Methods 
	Sampling 
	Microbial Isolation 
	Selection of Hydrocarbon Degrading Bacteria 
	Analytical Method 
	Identification of Selected Bacteria 
	Statistical Analysis 

	Results 
	Chromatographic Characterization of Diesel 
	Characterization of the Isolated and Selected Bacteria 
	Diesel Biodegradation Tests 

	Discussion 
	Conclusions 
	References

