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Abstract

In this study, actual soil samples, taken from Kharg Island,
Iran, with high levels of total petroleum hydrocarbons
(TPHs) were bioremediated by a bacterial consortium. The
strains were: Pseudomonas sp., Stenotrophomonas sp.,
Achromobacter sp., Brevibacillus sp. and Staphylococcus
sp., which were isolated from two highly polluted sites:
Kharg Island and Kermanshah Oil Refinery. The bacteria
were identified and confirmed by biochemical tests and the
PCR assay. In order to isolate the bacteria, the enrichment
method, in which crude oil (2%) was utilized as the sole
source of carbon and energy, was used. The results showed
that the adapted bacterial consortium could degrade
nearly 60% of the pollution. Also, it was found that after
100 days of bioremediation only Brevibacillus sp. could
survive in the environment.
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1. Introduction

The environment may be contaminated through releasing
petroleum components because of crude oil exploration,
accidents, transportation, and leakage from waste disposal
or storage sites, or from industrial facilities (Almasi et al.,
2016). These substances are comprised of various
compounds as follows: alkanes, light aromatics (MAHSs),
cycloalkanes, heavy aromatics (PAHs) and asphaltenes, and
so forth, some of which are mutagenic and carcinogenic
(Timmis et al.,, 2010). Bioremediation, which uses
microorganisms able to decompose pollutants from
contaminated soils, is a clean, cost-effective and
environmentally friendly approach and, more importantly,
it reaches a complete degradation of pollutants in spite of
other methods leaving toxic secondary by-products
(Koolivand et al., 2017; Aljuboury et al., 2017). Apparently,
a single bacterium or microorganism cannot biodegrade
well contaminants like crude oil containing enormous

compounds as usually a wide range of petroleum
hydrocarbons are not decontaminated by one
microorganism (Mishra et al., 2001). Since actual
environments like polluted soils, dislike synthetic solutions,
are not homogenous and include different kinds of
pollutants, the application of mixed microbial populations
or consortia, which are comprised of enzymatic traits, often
results in by far better results (Mishra et al., 2001).
Moreover, it can be claimed that each strain can use a
certain substrate as its source of carbon and energy. It has
even been reported that, when the strain uses the
compounds from crude oil, the residual combinations back
the growth of other strains in soil (Horowitz et al., 1975).
Thus, different mixtures of bacterial or bacterial-fungal
cultures have been utilized in order to clean up effectively
contaminated  soil  with  petroleum  compounds
(Bagherzadeh-Namazi et al., 2008; Ghazali et al., 2004;
Rahman et al., 2002). For instance, Poi et al. employed an
adapted indigenous consortium consisting of 22 strains:
mainly Bacillus, Pseudomonas and Acinetobacter spp. in a
large scale bioaugmentation system for clean-up of soil
contaminated with petroleum hydrocarbons; they
concluded that this system constitutes a proper method for
the treatment of full-scale petroleum polluted soil (Poi et
al., 2017). It is entirely clear that the main upside of using a
consortium, instead of a single microorganism, is its
synergistic effect, because one species degrades toxic
metabolites, which may hinder the growth of other strains
and, in turn, this collective system promotes the
bioremediation process (Ghazali et al.,, 2004). Also,
indigenous bacterial strains applied in a consortium can
better tolerate toxic petroleum compounds and, more
importantly, resist environmental changes (Mishra et al.,
2001; Eriksson et al., 1999; Dibble and Bartha, 1979).

Further, since field scale conditions and actual samples
usually contain different kinds of pollution like crude oil
and all these pollutants are not biodegraded
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simultaneously and also the number of bacterial
population during the process should not be less than 103
to be effective, the survival and monitoring of
microorganisms are of great importance; for example,
multi-ringed aromatic hydrocarbons are not decomposed
over the early phases of bioremediation processes (Lal and
Khanna, 1996; Ramos et al., 1991; Song et al., 1990). The
prime objective of the current research was to evaluate the
ability of a bacterial consortium comprised of new strains
isolated from two oil industrial sites in cleanup of actual
samples of contaminated soil with petroleum
hydrocarbons. Further, during the process, the survival of
the strains was assessed.

2. Materials and methods
2.1 Site description and Soil sampling

The bacterial strains were isolated from the samples taken
from two petroleum sites: Kharg lIsland (29°14’26”N
50°18’33”E 35 km) and Kermanshah Oil Refinery
(34°21'04”N 47°06’12’12”E 3 km). These two sites are
known in terms of high volume of petroleum activities. The
first one is one of the most important sites for oil
exportation in Iran and the latter is one of the largest
refineries as it produces 30000 barrels of oil per day. The
samples were taken randomly from the contaminated soils
of these two sites. All the soil samples collected in sterilized
seal pack polythene bags and then ground and sieved
through a 2 mm pore size sieve to improve homogeneity
and kept at 4 °C for less than 48 h before bacterial
examination. In the present study, the bioremediation runs
were conducted on the samples taken from Kharg Island;
these samples thus were tested to measure the following
parameters: pH, potassium, phosphorus content, soil
tissue, moisture content and electroconductivity. EC and
pH were determined by a lab conductivity meter and pH
meter (HACH CO), respectively. Moisture contents were
gravimetrically detected by means of a vacuum oven at 70
°C for 48 h. Total nitrogen and phosphorus concentrations
were measured by the Kjeldahl method and
spectrophotometrically (4500-PC), respectively. The
content of potassium was measured by the standard
method (Wilke, 2005) and the contents of total petroleum
hydrocarbons  (TPHs) were detected by gas
chromatography (GC). The properties of the sampled soils
were as follows: pH 6.5-7, K 293.16 mg/kg, P 30 mg/kg,
tissue sandy loam, TPH 600-13000 mg/L, EC 0.0391 mS/cm
and CFU/g 200-500.

2.2. TPH analysis

First, the extraction of TPH from the soil was carried out via
the liquid-liquid extraction way in two phases by 5 mL of n-
hexane. Next, the obtained extracts were dewatered by
activated sodium sulfate. Then, they were dried by flowing
nitrogen gas and obtain special volumes. At this time, they
were prepared to be injected to the GC device (GC-2010,
Shimadzu, Japan) equipped with a hydrogen flame
ionization detector (FID) and 25 m long SGE capillary
column (fused silica, film thickness: 0.25 um, ID: 0.22 mm).
In this study, the carrier gas was helium applied at the rate
of 2.9 ml min™. The initial temperature was kept at 35 °C

for 2 min and then it was raised at the rate of 10 °C min to
reach 300 °C and maintained constant for 5 min. For
cleaning the column, the final temperature was set at 325
°C for 5 min. The actual pressure and split ratio were 11 psi
and 25%, respectively. The flow rates of hydrogen gas, air,
and makeup for FID were 40, 450, and 30 ml min?,
respectively.

2.3. Culture Medium

Bushnell-Haas (BH) broth, which is a mineral salt medium,
was used in the current study; the medium was comprised
of: 1 g/LKH2P0Os, 1 g/L K2HPOs, 1 g/L NH4NOs3, 0.2 g/L CaClze
7H:0, and 0.2 g/L MgS04#7H,0. The pH of the culture was
adjusted at 7.0 and then sterilized via autoclaving at 121 °C
for 20 min before application. Moreover, in this research
crude oil was utilized as the sole carbon and energy source
in order to enrich and isolate the strains having the ability
to degrade petroleum hydrocarbons.

2.4 Isolation and screening of strains

Ten g of the contaminated soil sample was added into 200
mL of the BH medium containing 20 g/L of the crude oil as
the sole carbon and energy source. The culture was
incubated in a rotatory shaker (150 rpm) under sterile
conditions at 37 °C for 7 d. Afterwards 100 uL of the
incubated culture was added to the fresh solution of the BH
culture containing 20 g/L of the crude oil. This inoculation
was repeated consecutively three times (under the same
conditions). It should be pointed that the procedure was
lasted for 4 weeks. After enrichment, 10 uL of the final
incubated culture was spread on the nutrient-agar plates
(containing 10 g/L crude oil) and then incubated at 37 °C
for 24-48 h. Following, grown single and pure colonies were
cultured separately on the fresh plates and reincubated for
24-48 h. At this stage, the isolated colonies were picked
from the plates and stored in beef extract peptone medium
(BEPM), with 15% (w/w) glycerol at -80 °C, until they were
used. Finally, the isolates were first assessed according to
the morphological, cultural characteristics of each colony,
followed by routine biochemical tests.

2.5. DNA extraction and isolate confirmation by the PCR
assay and sequencing

In this study, DNA extraction was performed through the
thermal lysis (boiling method) (El Aila et al., 2009) with
some modifications. First, 400 uL of ice-cold ethanol was
added into the micro tube containing nucleic acid so as to
concentrate the nucleic acid attain from the thermal lysis.
Next, the solution was mildly mixed and kept in a deep
freezer (-18 to —20 °C) for 10-30 min. Afterwards, it was
centrifuged for 10 min at the maximum speed of 4000 rpm.
At this stage, the supernatant was removed and the pellet
was dried out fully by means of the heater block (Nedaye
Fan Co., Iran) at 55 °C. Finally, 50 uL of sterile 1x TE [Tris-
EDTA buffer] buffer was poured to the micro tube and the
pellet was mildly dissolved. A few of the concentrated
nucleic acids were used for PCR and the rest were saved
frozen at =20 °C for future applications.

In order to confirm the extracted isolates detected by
phenotypic methods, the PCR assay was applied and the
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reaction was done using Bio-Rad Thermal Cycler; thus, so
as to amplify the 16S rRNA gene the primer 8F (forward-5'
GGATTAGATACCCTGGTAGTCC-3' and reverse-5'-
TCGTTGCGGGACTTAACCCAAC-3'). The PCR mix contained 1
pL (10 pmol) of the primer, 2 uL DNA, 12.5 uL PCR Master
Mix in a final 25 pL reaction volume. DNA amplification was
conducted in a thermal cycler (S1000™ Thermal Cycler, Bio-
Rad, Hercules, CA, USA), under the following conditions:
initial denaturation at 95 °C for 5 min, followed by 35 cycles
of denaturation at 95 °C for 1 min, an annealing
temperature at 57 °C for 1 min, an extension at 72 °C for 1
min, followed by a final extension at 72 °C for 5 min.
Electrophoresis of the amplified DNA fragments, along with
a 100bp DNA ladder, was carried out using 2% agarose gel
(Merck, Darmstadt,- Germany).

One sample of each PCR products (amplicons) was
sequenced by Bioneer Co., Korea mediated by Pishgam Co.,
Iran and the data were analyzed using the Chromas
software and aligned with the ClustalW program.
Sequences were compared to those present in the
databank using blast and aligned with the ClustalWw
program.

2.6. Comparison of the growth rates of the isolated strains
Microbial monitoring

All the isolated strains were cultured on the nutrient-agar
plates for 24-48 h for growing pure colonies. Then, the
grown colonies of each strain were dissolved into 10 mL of
distilled water to increase turbidity stemming from the
growth of bacteria by its optical densities (OD) at the
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wavelength of 600 reached 0.5 McFarland standard
(1.5 x 108 CFU mL™). Next, these solutions were added to
100 mL of the sterilized BH culture and then incubated in a
shaking incubator at 37 °C for 30 days. The growth rates of
all strains were assessed and compared daily over the
treatment by means of their levels of ODsoo. It should be
noted that a separate 100 BH culture without any strain
was considered as the control sample and its ODsoo Was
monitored during the period.

2.8. Strain selection and bioremediation runs (inoculation)

The consortium applied in this study consisted of 9 isolated
bacterial strains. The basis of the bacterial selection was
the growth rate of the isolated strains in BH containing 2%
of crude oil as the sole source of carbon and energy. At this
stage, so as to prepare the samples (500 g of the polluted
soil each) with a standard inoculation (at least 10°
CFU/gsoil), the 2 McFarland standard (1.5 x 108 CFU mL™?) of
each strain was prepared as each bacterium was grown on
Tryptone Soy Broth at 37 °C in an orbital shaker at 150 rpm
for 24 h to reach the enough number of each cell. Then, a
consortium comprised of all strains with ODeoo of 2
McFarland was prepared and was added to the soil samples
(10% (v/w)). It should be noted that the TPH concentration
range of the sample soil was between 600 and 1300 mg/L.
In the current research, two kinds of experiments
containing 500 g of the soil samples: sterilized (autoclaved)
and unsterilized were utilized to evaluate the impact of the
addition of the inoculation. It should be pointed that each
experiment was performed in triplicate and mean values of
data were reported.

Table 1. Identification and characterization of the strains isolated from the soil of Kharg Island

Accession no. of

Strain Closet relatives Phylogenetic group Similarity (%) closet relatives
1 Stenotrophomonas acidaminiphila y-Proteobacteria 99 CP019797
2 Achromobacter sp. strain TPKDS1 B-Proteobacteria 99 KX984042
3 Pseudomonas sp. strain DNE-S1 y-Proteobacteria 95 MF803832
4 Stenotrophomonas rhizophila strain MA-25 y-Proteobacteria 99 KX426625
5 Achromobacter pulmonis strain R-16442 U-SMWF-AI2 B-Proteobacteria 97 KX778109
6 Brevibacillus sp. NCCP-1139 Firmicutes 98 LC065166
7 Pseudomonas aeruginosa strain 1242 y-Proteobacteria 96 MF574356
8 Pseudomonas sp. BJ-27 y-Proteobacteria 94 GQ280037
9 Staphylococcus arlettae strain LEH4_3A Firmicutes 98 IJN644587

3. Results and discussion

The GC analysis showed that the soil contained normal
alkanes (hydrocarbons from C12-C29). It illustrates that the
pollution is of aged petroleum hydrocarbons because
alkanes (C4-C11) are disappeared for evaporation
(Figure 4).

All bacterial strains were identified by the biochemical tests
and were confirmed using the PCR assay (Fig. 1). Nine
strains of bacteria capable of growing in mineral salt broth
containing 2% of the crude oil, as the sole source of carbon
and energy. The strains were Gram-negative and positive
and oxidase positive and negative with a predominance of
Proteobacteria (approximately 78%). The findings of the
16S rRNA sequences of the isolated bacteria showed that

the rest were affiliated to the Firmicutes (Table 1). Also, the
Gamma and Beta subclasses of Proteobacteria were
represented by 5 and 2 isolates, respectively. It is known
that the Gamma subclass of the Proteobacteria and
Firmicutes have this property to generate producing
catabolic enzymes, by which petroleum hydrocarbons can
be degraded (Nnamchi et al.,, 2006); moreover, these
bacteria can be adapted in extreme environments such as
soils, sediments and sludge contaminated with high levels
of pollution via coincidental induction of a few catabolic
pathways, resulting in reaching new ways for
biodecomposition of different contaminants (Ornston and
Yeh, 1982). For instance, Whyte et al. explained that a
transfer of biodegradative pathways between mesophiles
and psychrotrophs in nature may be a reason for the similar
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alk pathways (C5-C12 n-alkanes) of mesophilic P.
oleovorans and two hydrocarbon-degrading psy-
chrotrophic Pseudomonas spp. strains, isolated from
petroleum-contaminated Arctic soil (Whyte et al., 1996).
All 19 strains isolated in this study were able to grow in BH
medium containing 2% of crude oil as the sole carbon and
energy; in general, nine strains showed the highest growth
rates (ODs00=0.2-0.9). Figure 1 indicates a mixed model of
the growth rates of the strains isolated.

Ladder

Figure 1. Agarose gel electrophoresis analysis of 16S rRNA
gene amplified from nine bacterial isolates. PCR amplified
products were run on 1% agarose gel. Lane M indicates
the DNA ladder (O'GeneRuler DNA Ladder Mix 320 base
pair, catalogue number SM1173, ThermoFisher). Markers
with high intensity have been presented by their size.
Lanes 1 to 9 show the PCR amplified 16S rRNA gene of the
respective bacterial isolates.

The review of literatures reveals that consortium
containing bacterial strains are capable of degrading crude
oil (El Mahdi et al., 2016). However, since the environment
may often be contaminated by different kinds of
hydrocarbon pollutants like crude oil comprised of
different kinds of compounds, a single bacterium cannot
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use all hydrocarbons as its substrate to grow and, in turn,
degrade them (Couling et al, 2010). The consortium
applied in the present study were selected from the genera
Pseudomonas (3 strains), Achromobacter (2 strains),
Stenotrophomonas (2 strains), Staphylococcus (1 strain),
and Brevibacillus (1 strain). In accordance with our study,
other researchers have reported similar results; for
example, Fallgren and Jin utilized a bacterial consortium
comprised of Pseudomonas, Achromobacter, Bacillus and
Micromonospora genera (Fallgren and lJin, 2008). And,
Arvanitis et al. claimed that Acinetobacter and
Rhodococcus strains can be employed in consortium as
their ability in petroleum hydrocarbon degradation
(Arvanitis et al., 2008). Interestingly, Pseudomonas
aeruginosa strain 1242 was isolated from the polluted site
of Kharg Island; this species is a typical strain for the
production of rhamnolipid, which can improve the
bioavailability in soil, and can consume crude oil as the sole
carbon and energy source. It should be noted, besides
Pseudomonas species, all other strains isolated in the
current research were able to tolerate high levels of crude
oil.
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Figure 2. The mixed model of the growth rates of the
strains isolated.
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Figure 3. (a) The growth rates in sterilized soil sample with inoculation and unsterilized soil sample without inoculation
and (b) Trend of TPH removal in sterilized soil sample with inoculation and unsterilized soil sample without inoculation
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Figure 4. Gas chromatography analysis of petroleum compounds (A) before and (B) after the bioremediation process
with addition of the bacterial consortium within 75 days

Figure 3 (b) presents the variations of TPH concentrations
during the bioremediation process. It should be noted that
a significant change was not seen at the samples containing
TPH contents higher than 3700 mg/L, even though they
were inoculated with the adapted consortium. On the
other hand, in the case of the sample with the initial
concentration of 600 mg/L, a notable change was seen over
the process time; as can be seen, an approximate 60%
decrease happened in inoculated soil sample with the
acclimatized consortium and only 14% in the uninoculated
sample (control sample) over 75 days. Thus, based on the
results obtained in the current research, it can be claimed
that the concentration of the pollutant (TPHs) is a limiting
factor because other environmental parameters were at
the suitable range. For instance, in this study, since the soil
was deficient in nitrogen and phosphorus, NH4Cl and
KH2POs were added to obtain an initial C/N/P ratio of
100/10/1, which is suitable for the growth of bacteria
(Gargouri et al., 2012) and the pH value ranged between 6
and 8 during the bioremediation time. However, since our
work was not a culture-based study and we utilized the
actual samples of the soil instead of a synthetic soil sample,
other variables like the presence of potentially toxic metals
in soil may be effective in as much as it makes it impossible
for bioremediation processes. In accordance with this
claim, Gargouri et al. (Gargouri et al., 2014) reported a
dramatically higher reduction in TPH during 70 days (96%);
of course, the initial concentration was approximately 65
mg/L, which is nearly ten times less than that of in our
study.

Like previous studies (Kaplan and Kitts, 2004; Sutton et al.,
2013), the bioremediation process occurred in two phases
and much of degradation happened in the first stage
(approximately 50% reduction in 45 days); the second
phase, which was by far slower than the first one, reached
only 10% degradation and then the removal efficiency
leveled off. In the early stage of bioremediation, normal
alkanes and low molecular weight aromatics are most

sensitive to biodegraders (Venosa et al., 1997). It is worth
noting that the control did not reach a notable TPH
degradation even though it was provided the same
conditions without inoculation. In accordance with our
study, Liu et al. stated that a significant biodegradation
happened during the first 35 days of the process (Liu
et al., 2011) and then the rate of bioremediation declined.

The number of culturable bacteria of the sample soil
ranged between 200 and 300 CFU/g. It is believed that, if
we want to have a significant bioremediation, the number
of hydrocarbon-degrading bacteria should be more than
10° CFU/g of soil (Mishra et al., 2001), otherwise it can act
as a limiting factor (Xu et al., 2014). At higher numbers of
acclimatized petroleum degrading bacteria, their
competition ability increases towards native micro-
organisms of soil (Xu et al.,, 2014). Therefore, in this
research, the experiments were inoculated at the bacterial
number of 10° CFU/g (2 McFarland). As can be seen from
figure 3 (a), a decrease happened in the number of bacteria
after the inoculation (0.9 x 10° CFU/g) during the first 13
days, which may be owing to the lag phase of the strains;
the data obtained from the investigation of growth rates of
the bacteria confirm this claim. Similar results were
reported by Mishra et al. (Mishra et al., 2001). This delay in
biodegradation is due to the hydrophobic property of the
materials in crude oil, which decrease the bioavailability of
them to bacteria. Of course, after passing the lag phase, the
polarity of the crude oil increases and then the
bioavailability goes up (Xu et al., 2014). It was found that
nearly all strains had rather a long lag phase. But, after this
time, an increase was observed in the number of the
bacteria and it reached 1.2 x 10° CFU/g on the day 20 and
increased gradually by 1.4 x 10° CFU/g on the day 30; at this
stage, in which the log phase occurred, the highest
degradation rate was obtained. This illustrates that the
isolated strains had been adapted to this soil because they
were isolated from the sites with aged pollution with crude
oil. Following, the number started to decline slowly and
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reached 0.5 x 10° CFU/g. It should be pointed that the
number of the uninoculated soil samples ranged from 200
to 450 CFU/g.

In the current research, the enumeration of the bacteria in
the consortium was proceeded after 90 days; a very
important point to make here is that the number of CFU/g
of soil became approximately zero. However, when a
suspension of the soil was prepared and cultured in
trypticase soy broth and then plated on nutrient agar, only
the strain: Brevibacillus sp. could grow (according to the
results of the biochemical tests (data not shown). It shows
that this strain can survive and grow in a harsh
environment polluted with crude oil. Ellipsoidal spores are
formed by the Firmicute phylum (Logan and Vos, 2015); but
strain 9, which is of the Firmicute phylum could not survive
after four months. It is the first time that Brevibacillus is
isolated from the petroleum contaminated soils and its
survival in bioremediation is reported. Of course, further
studies are needed to investigate more precise the
tolerance and biodegradation potential of these strains
separately and in full-scale applications.

4, Conclusions

It can be claimed that the acclimatized bacteria could
remediate the contaminated soil. The bacteria selected for
bioaugmentation had higher growth rates in a mineral salt
culture containing 2% of crude oil than other strains.
Moreover, when it comes to actual soil samples, the
applied consortium could tolerate only the TPH
concentrations up to 3700 mg/L. Therefore, so as to purify
full-scale pollutions, other than only bioaugmentation,
other methods like biopile composting can be considered
as better alternatives.
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