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Abstract. AramcoS2 and AramcoS4 are two bacterial strains that were isolated from oil-contaminated soil
and able to degrade crude petroleum. The gas chromatography-mass spectrometry (GC-MS) technique was
used to identify residues of petroleum after biodegradation. The two isolates were able reduce the
concentration of long-chain n-alkanes of C10 to C20; (n-decane, n-undecane, n-dodecane, n-tridecane, n-
tetradecane, n-pentadecane, n-hexadecane, n-heptadecane, n-octadecane n-nonadecane, and n-eicosane) on
average by 77% of the original concentration. They were also able to degrade polycyclic aromatic
hydrocarbons (PAHS) including biphenyl, naphthalene, and anthracene on average by 67% of the original
concentration within 7 and 14 days of incubation at 30°C, pH=6.8+0.2. AramcoS2 and S4 were classified
as Actinobacteria based on the 16S rRNA gene sequences (GenBank accession numbers are; AramcoS2;
MN142506 and AramcoS4; MN142551). They should be of great practical significance both in the
bioremediation of soil contaminated with petroleum and the bio-treatment of oil spills on surface water.
Keywords: n-alkanes, GC-MS, PAHs degradation, microorganisms, pollutants

Introduction

Biodegradation is the breakdown of organic substances by microbes to their final
products as water and carbon dioxide. Petroleum is an excellent source of energy and
materials for petrochemical industries. It is composed of different hydrocarbons mixed
with non-hydrocarbons. The most common hydrocarbon molecules are n-alkanes or
paraffin (22%), cycloalkanes or naphthenes (50%), and 17% PAHs (Moubasher et al.,
2015). Contamination with petroleum severely affects both human and environmental
health (Bacosa and Inoue, 2015). Petroleum hydrocarbons (n-alkanes and PAHS) are
prevalent organic contaminants (Lee et al., 2018; Huang et al., 2019) usually produced as
a result of pyrolysis of organic compounds or incomplete combustion. PAHs have
mutagenic, and carcinogenic and cause endocrine system problems (Dutta et al., 2017).
The carcinogenic effect of those organic pollutants on body organs appears after
prolonged periods of exposure (Hernandez et al., 2017; Koual et al., 2019). Short and
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long-chain alkanes and PAHSs are the most common components of petroleum and many
microorganisms utilize these components as carbon and energy sources (Adetutu et al.,
2015; Ahmad et al., 2015). Despite their hydrophobicity, long-chain alkanes and PAHs
can be degraded by microorganisms but at a slow rate (Chen et al., 2017a).

The discovery of new genera and species of microorganisms that can degrade
petroleum is the core of petroleum microbiology. Biodegradation is a widely applied
technology to reduce or eliminate petroleum hydrocarbons from affected soils. It has been
applied with other processes to remediate both n-alkanes and PAHs contaminants.
However, the Gulf area, particularly Saudi Arabia, is considered one of the largest
petroleum producers; Saudi Arabia is the second-largest oil reservoir globally, hence,
more prone to petroleum pollution. Therefore, biodegradation and bioremediation are
useful methods to remove petroleum pollutants from the environment. The lack of
information about oil-degrading microorganisms in the eastern region of Saudi Arabia
motivated us to run this research. This study aimed to study the indigenous bacteria that
degrade petroleum oil and reduce its contamination of soil and water.

Materials and methods
Chemicals

Crude petroleum was obtained from Aramco Company (Saudi Arabia). Hexadecane
and octadecane from BDH chemicals (England), toluene from Sigma-Aldrich Chemical
Co. (Germany), biphenyl from Scharlau (Spain), naphthalene and anthracene from
Lobachemie (India), and bacterial medium (mineral salt medium; MSM) from Merk
KGaA, Darmstadt (Germany).

Soil samples and site description

Soil samples (4 samples) were collected at different depths; 5, 15, 25, and 35 cm from
the head well of petroleum aquifers at Uthmaniyah (Aramco). It is located around 35 km
south-west of Al-Ahsa city, in the desert, geo-position 25°21'52"N, 49°33'55"E, with
83.3 mm of annual precipitation, the average temperature in summer between 35°C and
45°C, and in winter between 5°C and 25°C.

Enrichment of petroleum-degrading bacteria

The procedure of Parthipan et al. (2017) was followed. Soil samples were introduced
separately to a standard bacterial medium (MSM) at 1 gm soil/100 ml, pH 6.8+0.2 in 250
ml Erlenmeyer flasks with continuous shaking at 30°C and 120 rpm. The medium was
autoclaved and amended with a 1% (v/v) filter-sterilized (0.22 um syringe filter)
petroleum as the sole carbon and energy source. A control sample of 1% petroleum in
MSM was used. After a series of three subcultures, inoculums were streaked out on MSM
containing agar, and the phenotypically different colonies were characterized.

Scanning electron microscopy (SEM) of AramcoS2 and AramcoS4 isolates

The bacterial cells were directly applied onto the copper grid, allowed to dry for 2
hours then examined under a scanning electron microscope (TECHNAI10-Philips).
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Sequencing of 16S rRNA

Genomic DNA from a single colony of each isolate was used separately as a template
for PCR amplification of the 16S rRNA gene in the presence of the universal primers 27F
and 1492R. The PCR reaction was carried out as follows; one cycle of DNA denaturation
at 94°C for 45 s, 35 cycles at 94°C for 45 s, 55°C for the 60 s for annealing of primers,
and 72°C for 2 min as an extension step. These cycles were followed by a final elongation
step at 72°C for 5 min. Sequencing of DNA was performed using the Big Dye terminator
sequencing kit in a 3730xI DNA analyzer (Applied Biosystems, USA) using the universal
primer pair 785F and 907R.

Construction of phylogenetic trees

The sequences obtained from the 16S rRNA were edited and assembled using
GENETYX software (GENETYX, Tokyo, Japan). The assembled sequences were used
in BLASTN for the search of similar sequences on the NCBI (The National Center of
Biotechnology Information) database. The most similar sequences were retrieved and
applied to MEGA7 software to build phylogenetic relationship trees using the neighbor-
joining method and bootstrap support based on 1000 replicates. The evolutionary
distances were computed using the Kimura 2-parameter method (Kumar et al., 2016).

Biodegradation of petroleum

Petroleum residues were identified by chemical analysis of samples following the
procedure of Zhang et al. (2011). Four experimental sets were prepared of 100 ml MSM
supplemented with 1% crude oil for; a) AramcoS2, b) AramcoS4, ¢) mixed culture of
AramcoS2 + AramcoS4, and d) a control set without bacteria. All four experimental sets
were incubated at 30°C, pH=6.8+0.2 with continuous shaking at 150 rpm for 7 and 14
days. The rate of petroleum biodegradation was monitored by extraction and
measurement of the concentration of petroleum residues using the GC-MS technique.
Five milliliters of each treatment were extracted with 5 ml chloroform and shaken in a
closed conical flask for 3 hours; (1:1; v/v). The organic layer was collected using a
separation funnel. The obtained organic extract was analyzed in the Shimadzu GC-MS
instrument, model QP2010 SE equipped with Rx-5 Sil MS (30 mm length X 0.25mm ID
X 025 pm film thickness) capillary column (Li et al., 2016). Analysis of 1 pl of each
extract was performed in GC-MS using the following parameters: temperature of injector,
250°C; starting temperature of the oven, 40°C (hold for 1min), then adjusted to 230°C at
arate of 10°C min. The inlet setting was the split-less mode. The line of GC-MS transfer
was held at 200°C. Highly pure helium was used as a carrier gas with a flow rate of
1 ml mint. Lab Solution software (Shimadzu, Japan) was used to control the system and
to report the analytical data.

Biodegradation of pure n-alkanes and PAHs

To examine the degradability of isolates, 125 ppm of each pure n-alkane
(n-hexadecane and n-octadecane), toluene, or PAHs (biphenyl, naphthalene, and
anthracene) were injected into separate vials that contained 100 ml of MSM and freshly
harvested cells of AramcoS2 or/and AramcoS4. Treatments were kept in a dark incubator
at 30°C and shaking at 150 rpm. Samples were collected after 7 and 14 days for analysis
(Prakash et al., 2014). Three milliliters of each n-alkane, toluene, and PAHs were
extracted with an equal volume of hexane for 30 min. The organic phase was collected
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using a separation funnel and then analyzed using the same GC-MS instrument mentioned
in the former section and the same parameters according to Li et al. (2016).

Results and discussion
Isolation and preliminary identification of petroleum-degrading bacteria

Twenty bacterial isolates were able to grow during enrichment cultivation in MSM
amended with 1% of petroleum as an energy and carbon source. Two isolates (AramcoS2
and AramcoS4 for easy recognition) were able to degrade up to 80% of petroleum under
experimental conditions. The colonies of AramcoS2 appeared creamy in color, opaque
and Gram-positive. Cells are non-motile, coccoid, and grow rapidly and optimally
between 28-30°C, measuring 0.88 um in length and 0.35 pum in diameter. Whereas
AramcoS4 formed small colonies, white in color, opaque, Gram-positive, slowly growing
bacilli, and the cell measures 1.85 um in length and 0.5 um in diameter (Fig. 1).

16Ky x20,000  1pm KFUMedici

Figure 1. Scanning electron microscope images of a pure culture of bacterial isolate AramcoS2
(left) and AramcoS4 (right)

Sequencing and phylogeny using 16S rRNA

Based on the results of aligned sequences and phylogenetic relationships (Fig. 2),
AramcoS2 was found similar (99.99%) to Georgia daeguensis strain 2C6-43
(NR 117960.1) of the phylum Actinobacteria, a 4-chlorophenol (aromatic hydrocarbons)-
degrading bacterium isolated from activated sludge during industrial wastewater
treatment (Chen et al., 2017b). In addition, the gene for AramcoS2 was similar to that of
G. soli strain C1-25c¢-3 (JX517240.1), and G. ferrireducens strain S61 (MG786638.1). All
of these strains belong to the phylum Actinobacteria, which includes members
well-known to degrade cyclic contaminant hydrocarbons (Chen et al., 2014, 2017a, 2020;
Hu et al., 2020).

AramcoS4 showed high homology with the genus Arthrobacter sp. HS-NOB2 1427
(KF668242.1) (100%), A. nicotianae strain VITNJ6 (KM047491.1), and Glutamicibacter
nicotianae strain FL95 (KY849352.1). Arthrobacter is well-known to degrade phenone
and acetophenone (Chen et al., 2014). A. citrus, isolated from an organic waste-rich site,
is an aerobic bacterium able to respire phenols as a sole carbon source. Recently,
Zhihengliuella sp. ISTPL4 was found to efficiently degrade and detoxify phenanthrene
(Mishra et al., 2020). The Actinobacteria is capable of living on limited nutritional
resources, is resistant to drought, and has great potential to degrade alkanes and PAHs
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under such conditions. This fact is in full agreement with AramcoS2 and AramcoS4
isolates since they were collected from the eastern desert of Saudi Arabia where the
environment is dry and nutritional resources are limited.
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Figure 2. Evolutionary relationships of AramcoS2 (left) and AramcoS4 (right) bacterial isolates

Biodegradation of petroleum

The analysis of control samples showed that the most abundant fractions in petroleum
are saturated hydrocarbons, mainly C10 to C20 alkanes; n-decane, n-undecane,
n-dodecane, n-tridecane, n-tetradecane, n-pentadecane, n-hexadecane, n-heptadecane,
n-nonadecane, and n-eicosan. After 7 or 14 days of incubation, the petroleum degradation
was checked in the three treatments (AramcoS2, AramcoS4, and AramcoS2 + AramcoS4)
along with the control. The obtained chromatograms and peak areas from the control and
treatments were used to identify each compound of C10-C20 hydrocarbons. When the
obtained data from the treatments were compared to the control, it was found that both
isolates were able to degrade n-alkane hydrocarbons effectively after 7 days of incubation
at 30°C. In general, AramcoS2 isolate was able to degrade n-decane, n-dodecane,
n-tridecane, and n-tetradecane by more than 85%, while it was able to degrade the long
chains of n-pentadecane, n-hexadecane, n-heptadecane, n-nonadecane, and n-eicosan by
more than 75%. AramcoS4 was able to degrade n-decane by 85%, but reduced n-
undecane, n-dodecane, n-tridecane, and n-tetradecane by 65-68% and reduced long-chain
alkanes n-pentadecane, n-hexadecane, n-heptadecane, n-nonadecane, and n-eicosan by
56-71%. The degradation efficiency seems to decrease with the increase of the alkane
chain. The results indicated that AramcoS2 is stronger in the biodegradation of long-chain
alkanes than AramcoS4. Several studies documented the biodegradation of crude oil /oily
sludge using a single or consortium of microorganisms (Hamzah et al., 2013; Chen et al.,
2017a).

The mixed culture of AramcoS2 + AramcoS4 reduced the peak areas of n-decane,
n-undecane, n-dodecane, n-tridecane, and n-tetradecane by 72% and 58%, 65%, 53%, and
51%, respectively. Similar to the separate isolates, the degradation efficiency of the mixed
isolates was lower for long-chain saturated alkanes (C15, 32%; C16, 22 %; C17, 16%;
C19, 13%, and C20, 11%). Heavier hydrocarbons usually express resistance to
biodegradation. Several studies have documented that long-chain alkane hydrocarbons
need more degradation time than short ones when a consortium of microorganisms was
used (Chenetal., 2014, 2017b; Lietal., 2016). Based on the results above, it can be stated
that AramcoS2 isolate is a potential candidate tool in the field of biodegradation and soil
restoration from petroleum contamination.
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Biodegradation of pure n-alkanes and PAHs

To confirm the above results, it was found that AramcoS2 and AramcoS4 could
metabolize pure C16 and C18 alkanes. AramcoS2 degraded 85-90% of n-hexadecane and
80-85% of n-octadecane after 7 and 14 days of incubation (Fig. 3a & b), respectively.
Whereas, AramcoS4 degraded about 70-80% of n-hexadecane and 40%-70% of
n-octadecane during the same incubation periods (Fig. 3¢ & d).
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Figure 3. n-Hexadecane (a) & (b) or n-Octadecane (c) & (d) degradation after 7 or 14 days,
respectively, of incubation without or with AramcoS2, AramcoS4, or a mix of both isolates

AramcoS2 degraded about 94-96% of the pure toluene, and 95-98% of bipheny! after
7 and 14 days of incubation, successively, and degraded 91% of naphthalene after 14
days, but there was no significant degradation of naphthalene after 7 days. While
AramcoS4 degrade about 73-91% of the toluene, and 88-91% of biphenyl after 7 and 14
days of incubation, consecutively, and degraded 77% of the naphthalene after 14 days,
but there was no significant degradation of naphthalene after 7 days (Fig. 4a-d; Fig. 5a
& b).
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Figure 4. Toluene (a) & (b) or Biphenyl (¢) & (d) degradation after 7 or 14 days, respectively,
of incubation without or with AramcoS2, AramcoS4, or a mix of both isolates
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Figure 5. Naphthalene (a) & (b) and Anthracene (c) & (d) degradation after 7 or 14 days,
respectively, of incubation without or with AramcoS2, AramcoS4, or a mix of both isolates

The degradation of anthracene by both isolates was nearly identical, i.e. 96% after 7
days and 98% after 14 days of incubation (Fig. 5¢ & d).

Therefore, the degradation of petroleum, C16, and C18 alkanes, toluene, and PAHSs by
the two isolates show aligned results, which emphasized that both isolates, i.e., AramcoS2
and AramcoS4 are petroleum-degrading bacteria. They can also use alkanes, toluene, and
PAHSs to support their metabolism. Microbial degradation of alkanes has been extensively
studied, and the pathways and genes involved in the degradation of alkanes are also
documented (Bian et al., 2015; Laso-Pérez et al., 2019; Wang et al., 2019; Liu et al.,
2019). Monooxygenases were found to be triggered by alkanes and start to oxidize the
terminal methyl group to produce alcohol that is turned into aldehyde, then to a fatty acid
by continuous oxidation. B-oxidation processes the fatty acid into acetyl-CoA. The
degradation of alkanes by microorganisms focused on the short and medium-chain
alkanes. AramcoS2 and AramcoS4 were isolated from soil chronically exposed to
petroleum spills. They were able to degrade long-chain n-alkanes of C10 to C20, toluene,
and PAHs. They can lower the concentration of alkanes and PAHs. The obtained 16S
rRNA gene sequences placed both isolates in the phylum Actinobacteria, a well-known
degrading bacteria.

Conclusion

In conclusion, AramcoS2 and AramcoS4 are two bacterial isolates inhabiting the
eastern desert soil of Saudi Arabia. They can efficiently degrade the major components
of crude petroleum oil; n-alkanes and PAHSs. Despite that, AramcoS2 isolates degraded
crude oil with higher efficiency compared to AramcoS4 isolate. The 16S rRNA analysis
of both bacteria placed these isolates in the same Actinobacteria phylum that contains
members known for their ability to degrade crude oil spills along with cyclic contaminant
hydrocarbons. Based on the results obtained from the current study, it is suggested that
AramcoS2 and AramcoS4 isolates can be considered key players to mediate in or remove
oil spills, saturated hydrocarbons, and PAHSs fractions.
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