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Bacillus species. The first half of the scientific assessment is focusing on the impact of usage of
petroleum hydrocarbons such as diesel fuels towards organisms and the surrounding
environments. The other section of the literature collection discusses on the microbial
remediation of this recalcitrant compounds by microbial species with special highlight on the
genus Bacillus. This short evaluation will improve our present comprehension of bacterial
degradation of petroleum hydrocarbons and their respective derivatives while providing an
insight on the role of Bacillus species in microbial remediation communities.

INTRODUCTION

Due to the increase of demands for hydrocarbon fuels such as
diesel to support the anthropogenic activities, the occurrences of
hydrocarbon pollution in many parts of the world are not
shocking. The persistency of these hazardous complexes causes
many toxic effects towards human health and the environment.
Several toxic effects towards human are chronic cough and
phlegm [1], persistent respiratory symptoms [2] and potential of
skin and lung cancer [3].

For this reason, various attempts to remove hydrocarbon
pollutants from the contaminated environment via physical,
chemical and biological methods have been established.
Although the primary response to a source of contamination
such as fuel spills is more biased to the physicochemical
method, the fate of the spilled fuels on the site is unpredictable
due to the disturbances of the natural ecosystems [4]. As
demands for an environmentally-friendly technique are on the
rise, an alternate petroleum hydrocarbons removal method such
as microbial remediation is highly anticipated. Bioremediation
defines as the process used to treat contamination by exploiting
the enzymatic mechanism of microbes and plant [5,6].

Current decades have shown reports and review that
addresses the distinctive application of Bacillus species in
xenobiotics degradation and remediation. The present review
focuses on the degradation of petroleum hydrocarbons,
especially from the diesel fuels by the genus Bacillus. We hope
that this review will increase our understanding of the impact of
hydrocarbon pollution and the subsequent microbial
remediation by this specific genus.

Petroleum hydrocarbon (diesel)

Petroleum, derived from a Greek word métpa (Latin petra) -
rock + éhatov (Latin oleum) - oil) or crude oil is an oily, heavy
or unrefined liquid form that occurs naturally in deposits,
usually beneath the surface of the earth. Meanwhile, petroleum
hydrocarbons are compounds that carry predominantly carbon
and hydrogen atoms. Petroleum hydrocarbons consist of a
complex mixture of non-aqueous and hydrophobic components
of hydrocarbon grouped as aliphatics (straight, branched,
saturated and unsaturated), alicyclic, cycloalkanes, aromatics,
polycyclic aromatics, asphaltenes, and resins [7]. A wide sort of
petroleum hydrocarbon is the result of variations in branching,
chain length and ring condensations.
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The other constituents present in oil are sulfur, oxygen,
nitrogen and metal atoms although in very small amounts [8].
Petroleum or crude oil may appear black or brown since it
varies depending on the composition and also level of
flammability [9]. Most petroleum is lighter than water or rock
thus floats above a layer of water and is held under pressure
beneath a natural gas layer. It will move upward through
adjacent rock layers until it is trapped beneath impermeable
rocks, within porous rocks called reservoirs [10]. The formation
of crude petroleum is formed from the preserved remains of
zooplankton and algae that populated the sea or lake bottom in
large quantities under anoxic conditions. Series of
transformation processes is carried out on the organic matters
before it becomes petroleum. According to geologists,
petroleum is believed to be the product of repeated compression
and heating of prehistoric organic materials over time.

Several refined products of petroleum such as engine fuels,
diesel oil, lubricating oil, jet fuel, liquefied petroleum gas and
gasoline is obtained through the fractional distillation [11].
These groups are called as the petroleum hydrocarbon fractions
[12]. Among the petroleum-refined products, diesel oil proved
to be the most utilized hydrocarbons due to their immense
production for fuel industry. Diesel is a complex mixture of
liquid and solid hydrocarbon, whose composition also varies
with the source. Most of hydrocarbons in diesel oil consist of
straight aliphatic molecules and smaller portions of cyclic or
branched hydrocarbons [13].

The aliphatic alkanes (paraffins), n-, iso- and cycloalkanes
(naphthenes) are saturated hydrocarbons and composed
approximately 80-90% of the diesel oils. Aromatics
hydrocarbons (naphthalenes and alkyl benzenes) and olefins
(styrene and indene) compose of 10-20% and 1% of the fuel
oils, respectively. This oil mixture includes both the volatile and
semi-volatile hydrocarbons [13]. Diesel is typically heavier,
more viscous, immiscible with water and less volatile than
gasoline [14]. It also represents an excellent substrate in the
study of hydrocarbon biodegradation due to its composition.
According to Richard and Vogel [15], a typical diesel fuel
comprises commonly n-hexadecane, alkanes with 16 carbons
(Ci6Hs3a).

Uses of diesel fuels

Diesel fuels have been extensively used as the principal source
of energy to power a diesel engine for transportation such as
ships, boats, motorcycles. Diesel-based fuels also have been
used as locomotives, lubricants and generation of electricity
(power) [16]. In terms of utilization of fuel, diesel is more
advantageous than gasoline as it is less flammable and
commonly used as armoured fighting vehicles like trucks and
tanks for military [17].

Compared to the liquefied petroleum and petroleum ether
gas engines, the ignition of spark plugs when using diesel as
fuels is also more valuable as low voltage is being used [18].
Besides, engines running on diesel-based fuels are less likely to
stall and provide more rotating force as they are controlled by a
mechanical or electronic governor. Moreover, consumption of
diesel fuel in motorized vehicles is more environmentally
friendly as it produces fewer amount of greenhouse gas
emission and more economical in comparison to an equivalent
gasoline engines [19].

Hydrocarbon fuels pollution

Hydrocarbon fuels are important energy resources used by
industry and in our everyday life. For the past few decades, the
growth of modern industrialization has caused a rise in demand
of petroleum and associated products. This action is to fulfill the
energy requirement for current population [20]. Despite the
fluctuations in fuel prices, hydrocarbon fuels will remain as the
principal source of energy within the next several decades due
to the lack of any reliable alternative energy that are more
dominant than petroleum fuels.

According to Plohl et al. [21], petroleum hydrocarbons
posed as a globally environmental pollutant among the most
common anthropogenic contaminants despite its important
usage. The most common sources of fuel contaminations id
from the leakage from storage tanks and pipelines and the
release during accidental spills [22]. The contaminations of
petroleum hydrocarbons into the natural environment provide
serious problems for many countries [23] including Malaysia.
Gallego et al. [22] also reported that diesel oil is the most
frequently reported contaminants to pollute soil, groundwater
and marine environment due to accidents involving motorized
vehicles (ships, cars, trucks), leaking of underground oil storage
tanks, spillage during transferring oil from production facilities
to refinery sites and rupture of pipelines.

The other contributing source of oil pollution results from
a variety of human activities including bilge waste and ballast
water discharges from ships (fishing, merchant, and tanker
ships), abandoned gasoline manufacturing sites and illegal of
industrial and urban discharges [24]. Several causes of leakage
of storage tanks includes the corrosion of old bare steel tanks
and the connecting pipes or lines, improper connection and
incompatibility between pipes and their fittings, shifting of the
piping after installation and pump failures [25].

Petroleum released to the soil may move through the soil
to the groundwater [3]. Individual compounds may then
separate from the original mixture, depending on the chemical
properties of the compound. Some of these compounds will
evaporate into the air and others will dissolve into the
groundwater and move away from the release area. Other
compounds will attach to particles in the soil and may stay in
the soil for a long period of time, while others will be broken
down by organisms found in the soil [26].

By 2025, with world oil demand expected to increase to
50%, the oil pollution is likely to remain as significant hazard to
organism, ecosystem and industry for many more year even
after the event took place [27]. This is because hydrocarbons
can be persisting for ages in one environment and completely
biodegraded in a short time, under different condition [28].

Effect of hydrocarbons pollution

The hydrocarbons that contaminate the soil can also lead to the
pollution of underground water and coastal marine water [29].
Soil contamination with hydrocarbons causes’ extensive
damage towards local ecosystems since the accumulation of
pollutants in animals and plants tissues may cause progeny’s
death or mutation [30]. Acute and chronic oil effects on
ecosystems and marine organisms such as fish and shellfish
may kill eggs of marine fauna’s egg, fish and invertebrate
[31,32] as well as bioaccumulation of polyaromatic fractions
that are harmful to the natural environment. In addition, several
congeners of polyaromatic hydrocarbons are known for their
carcinogenic and teratogenic properties.
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The aromatics in oils also have numerous adverse effects
on the environment particularly to the local microbial flora.
Benzo(a)anthracene, chrysene, and benzo(a)pyrene are some
residues in the diesel that may harm human life [33]. The
impact of oil pollution is particularly complex in a forest and
woodland environmental system. It may lead to the decline of
vegetation, which is directly reflected on the environmental and
site value of a forest [34,35].

Additional impairment inflicted during the process of
restoring an accident site may cause the soil to be compacted or
the roots and damaged the above ground plant parts [35]. Mud
ditches have a special status in an oil field. They were formerly
used as disposal sites for drilling waste. Although such sites
have been restored, it still represent the points of threat in an oil
field [16]. From economical aspect, the revenues from sources
of fisheries, recreational, marine activity and tourism will be
affected by the pollution [36].

Petroleum compounds are considered to be recalcitrant to
microbial degradation and persist in ecosystems because of their
hydrophobic nature as well as expensive disposal methods [37].
Uncontrolled releases of these compounds into soil and ground
water are frequent as a result of accidents, improper storage and
handling of fuels, and the indirect booming of tourism that
initiates many anthropogenic activities [38—40].

Toxicity of petroleum hydrocarbons

Hydrocarbon compounds such as petroleum are essential
elements of life. Since they do not naturally occur in the forms
that are more convenient to humans, they can be hazardous due
to the composition of highly concentrated toxic materials and
can become stable and recalcitrant in subsurface [41]. This
makes their biodegradation efficiency considerably challenging
thus can negatively influence to human, animals, soil microbes
and plants, as well as contaminate groundwater, which may be
used for drinking or agriculture [7]. The toxicity of petroleum
and its derivatives is mostly attributed to its soluble part, which
contains low weight molecular polar compounds, such as
monoaromatic hydrocarbons (benzene, toluene and xylene) and
small polyaromatic hydrocarbons (PAHs) [11].

Methodical and accidental discharge of dangerous
hydrocarbon compounds into the aquatic environment has the
impending disturbance to the structure and functioning of
natural ecosystem [42]. The constituents of these contaminants
such as diesel oil are carcinogenic, mutagenic and are potent
immunotoxicants, thus posing a serious threat to human and
animal health [43,44]. It has been observed that diesel oil
presented a higher toxicity than crude oil in all mesocosms [45].
Petroleum and its refined products are found all over the planet,
which justifies the recent global concern with pollution
originated from oil spills that can result in the deposition of
large quantities of aromatic hydrocarbons in the aquatic
ecosystem [11] In regards to toxicity of hydrocarbon
composition, the aromatic constituents are usually more toxic
than aliphatics with the same number of carbon atoms and they
are typically found at higher concentrations in water because
their solubility is three to five times greater [14].

Petroleum hydrocarbons and heavy metals can impact soil
ecosystems sufficiently to result in significant losses in soil
quality [46—48]. Their negative impact results from their
toxicity to biological processes catalyzed by soil
microorganisms. Field studies of contaminated soils have
demonstrated that elevated loadings of these contaminations can
result in diminished microbial biomass, reduced viable bacterial

population densities, inhibition of organic matter mineralization
as well as decreased leaf litter decomposition [49-51], and
mycorrhizal infection of clover (7rifolium sp.) roots [52].

Saturated alkanes with C12 to C18 chains or longer are
readily attacked by a large variety of bacteria. The degradation
of water-soluble short chain alkanes such as pentane, hexane,
heptane and octane, which are toxic for the environment, is less
frequent [41]. In general, different compounds in petroleum
fractions affect the human body in different ways. The smaller
compounds such as benzene, toluene and xylene can affect the
human central nervous system (CNS) and can cause death when
exposed in elevated concentration [53,54]. Inhalation of
concentrated toluene around 100 ppm in a short time period can
cause fatigue, headache, nausea, and drowsiness [55]. Although
these symptoms do not prolong, continuous exposure may
damage the central nervous system permanently. Hexane, an
alkane also can affect the central nervous system but in a
different mode. It will cause numbness in the feet and legs and,
in severe cases, paralysis. It also known as “peripheral
neuropathy” [56].

Gasoline, kerosene or diesel ingestion can cause irritation
of the throat and stomach, central nervous system depression,
breathing difficulties, and pneumonia from breathing liquid into
the lungs. The compounds in the petroleum portions can also
affect the blood, immune system, liver, spleen, kidneys, lungs,
and fetus development. Certain hydrocarbon compounds can be
irritating to the skin and eyes. Other hydrocarbon compounds,
such as some mineral oils, are not very toxic and are used in
foods [7].

Besides that, toxicity of crude oil includes liver necrosis,
congestion of the liver, fat degeneration, and dissociation of
hepatocytes [7]. Birds and animals in oil-contaminated area are
found to have black emulsion in the digestive tract with a
petroleum odour. This leads to a decrease in the absorption of
nutrients and finally leads to death of these birds and animals
due to rupture of capillaries and hemorrhage, hepatocellular
dissociation, hemosiderosis, renal tubular necrosis, and anemia
[57].

Crabs, shellfish and mussels can be tainted from small oil
spill in shallow shore areas [29]. Fish eggs and first larvae stage
will be destroyed and cannot reach the next larval stage even
with the low concentration (0.1 mg/L) diesel. Exposure to crude
oil and derivatives can induce a variety of toxic symptoms in
experimental animals. Petroleum hydrocarbons can act as a
mediator in free radical generation in fish [58]. Studies with the
goldfish Carassius auratus has shown an increase in antioxidant
defenses in animals after exposure to different concentrations of
the water-soluble fraction of diesel oil (WSD) for various
experimental times [59,60]. Other studies have also indicated
that the exposure of fish to a water-soluble fraction of
petroleum derivatives causes different effects in cortisol plasma
concentrations [61-63], suggesting that these contaminants
might interfere in the fish stress response.

Hydrocarbon removal from contaminated environment

Hydrocarbon pollution such as oil spills cause short-term as
well as long-term damage to the environment especially in soil,
water, animals and aquatic flora and fauna. Remediation of the
affected sites helps to reduce the environmental damage and aid
in its recovery. Several physical and chemical techniques for
decontamination have been developed and used such as
incineration, combustion, solvent extraction, washing with
detergent, mechanical collection, sorbent materials utilization,
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sinking, dispersion and diffusion. Although these techniques are
well developed and established, these methods have limited
efficacy. The synthetic detergents used in petroleum
remediation often led to more destruction of the environment,
production of more toxic compounds thus can cause
recontamination by secondary waste products, costly and
demand the custom usage of elaborate equipment and large
amounts of energy [64—67].

For the past few decades, researchers have established the
use of microorganism to decompose petroleum products and
this approach shows to be a promising technological alternative
pollution treatment [14]. One documented example is the
contamination cleanup of the Exxon Valdez oil spill occurred in
Prince William Sound, Alaska on March 1989, which resulted
in the release of large quantities of crude oil. It was reported
that the oil affected about 1300 miles of shoreline and
considered as one of the most devastating man-made
environmental tragedies to ever to occur at sea. Various
methods from high-pressured dispersant to hot water beach
treatment were used to remove oil from the beaches.

Mechanical methods such as backhoes and other heavy
equipment were also employed to dig the beaches in order to
expose the oil underneath so that it could be washed out.
Concurrent to these methods, research focusing on remediation
of contaminated area has increased. It is an important tool in
attempts to lessen the environmental contamination. In a
bioremediation effort, beaches were fertilized to promote
growth of bacteria that utilize hydrocarbons. This was
successful on several beaches where the oil was not too thick.
Some solvents and chemical agents were also used, although
none extensively [68,69].

Bioremediation of petroleum hydrocarbons has been
proposed as more economical compared to current conventional
technologies, can be carried out on-site with minimal site
disruption, have low energy requirements and most importantly,
capable of a complete destruction of the contaminants in a
shorter time span and perceived as environmental friendly
technology [70,71]. In general, bioremediation is defined as the
process that exploits plants and microorganisms to revert back
the contaminated environments to their original state [72,73].
Specifically, it is an organized or spontaneous process that
exploits the catalytic capabilities of living organisms to degrade,
transform and/or detoxify organic contaminants to less or non-
toxic products in order to reduce the environmental pollution
[74] to a safer environmental levels.

Bioremediation are the one of the most effective methods
and give more advantages over the conventional methods to
cleaning up hydrocarbons environmental contamination. The
advantages of bioremediation include small capital
expenditures, less energy requirement, fairly inexpensive and
also greater removal of contaminant with less disturbance to the
environment [75]. By this process, it will lowered the public’s
health and safety compared to the conventional systems [76].

Conversely, bioremediation also have some disadvantages
such as slow process and may not removes all quantities of
contaminants [77]. Furthermore, there will be limited areas for
bioremediation application. Last but not least, bioremediation
also need a stronger scientific basis for rational designing of
process and success while requiring an extensive monitoring
[78].

Currently, bioremediation technologies are well
established for the clean-up process in industrial sector and also
being applied commercially in large scale [79]. There are three
types of bioremediation which are natural attenuation,
biostimulation, and bioaugmentation. Biodegradation by natural
populations of microorganisms, or in situ attenuation is a
primary mechanism by which petroleum hydrocarbons could be
eliminated from contaminated sites such as soil or water
[80,81]. For natural attenuation to be viable approach, the site
must have a high natural supply of nutrients and oxygen, and
the source of contamination must be small. Significant
evaluation up front and follow-up monitoring are necessary to
ensure removal of contaminants of concern at reasonable rates
[67].

Biostimulation is a process in which the indigenous
microorganisms are stimulated with oxygen supply, optimized
temperature and pH conditions [81,82] and appropriate nutrient
supplements to ensure that the microbial growth is sustained so
that they can effectively degrade contaminants. Other than that,
the ratios of carbon to other nutrients such as nitrogen and
phosphorus are limited only by carbon [83], hence speeding up
the bioremediation process. However, different strategies are
used to enhance the rate of degradation process in certain cases
such as low or absence of natural communities of degrading
bacteria therefore unable to meet the required demand.

The inoculation of an enriched mixed microbial
consortium into the contaminated site is called as
bioaugmentation [81,82]. As mentioned above, enrichment of
degrading microbial communities and inoculation those into the
contaminated site can be useful for removing oil pollutant from
the environment thus the best bioaugmentation performance can
be approached [75].

Hydrocarbon-degrading Bacillus spp.

Microorganisms survive in contaminated habitat because they
are metabolically capable of utilizing its resources and can
occupy in a suitable niche. Many microorganisms have been
reported to degrade fuel and diesel oils and distributed in soil
and marine environments [84,85]. This is possible because
microorganisms have enzyme systems to degrade and utilize
diesel oil as a source of carbon and energy [86]. Previous study
have reported on several genus that have been able to utilize
hydrocarbon such as Pseudomonas, Bacillus, Proteus,
Aeruginosa, Klebsiella, Aeromonas, Micrococcus, Serratia,
Acinetobacter, and Flavobacterium [87,88]. Such bacterial
genera of Acinetobacter, Arthrobacter, Bacillus,
Corynebacterium, Flavobacterium, Vibrio and Pseudomonas
contain species that together can degrade most constituents of
crude oil, including the aliphatic, alicyclic, aromatic, and
polycyclic [89].

The normal, branched, cyclic alkenes and aromatics
compound in diesel were shown to be readily biodegradable by
bacteria [90]. A large number of bacterial genera have been
identified as being involved in crude oil degradation. Among
the bacteria, Bacillus sp. have been reported have diesel-
degradation ability [91-93]. Diesel-oil degrading Bacillus
strains have been isolated from a number of oil polluted sites
[94-96].
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The genus Bacillus is a Gram positive, rod-shaped
bacterium which sporulate in aerobic environment. This genus
belongs to the class of Bacilli and family of Bacillaceae. They
can be obligate aerobes or facultative anaerobes, motile, and
have positive production of cytochrome C oxidase and catalase
[97]. According to Kumar and Léon [98], Bacillus species are
able to grow in minimal salt, commonly found as mesophilic
with temperature optima between 30 and 45°C with small
percentage of thermophiles with optimal temperature as high as
65°C. The organism capable to form a distinctive type of resting
cell called anendospore. During stressful environmental
conditions, Bacillus cells produce oval endospores that can
remain dormant for extended periods. These characteristics
originally defined the genus, but not all such species are closely
related. Each bacterium creates only one spore, which is
resistant to heat, cold, radiation, desiccation, and disinfectants
[71].

There are several characteristics of the genus Bacillus that
are more beneficial over other microorganisms in hydrocarbon
biodegradation. Bacillus species display an array of
physiological abilities that permit them to live in a wide range
of habitats, including many extreme habitats such as desert
sands, hot springs, and Arctic soils. Species in the
genus Bacillus can be thermophilic, psychrophilic, acidophilic,
alkaliphilic, halotolerant, or halophilic and are capable at
growing at pH values, temperatures, and salt concentrations
where few other organisms can survive. This bacterium is
highly resistant to extreme environmental conditions such as
low or no nutrient availability, desiccation, irradiation, H2O:
and chemical disinfections [99].

Besides, Bacillus species are commonly available in nature
[100]. Most bacilli are saprophytes and they are the most widely
represented organisms found in soil, marine [101], and fresh
water sediments. They are often found in petroleum-
contaminated environments [102—107]. A key and pivotal factor
in the rate of biodegradation of hydrocarbons either in soil or in
liquid phase is based on the survival of microorganisms in
diesel medium after their inoculation. Bacillus can use
hydrocarbon as their carbon source and energy in order to grow
in diesel media. Hence, gram-positive bacteria particularly
Bacillus species has been attracting interest in both
environmental bioremediation strategies and biotechnological
applications. Table 1 shows the list of bacterial species from the
genus Bacillus that able to utilize hydrocarbons as their carbon
source.

Table 1. Hydrocarbon-degrading strains from the genus Bacillus.

Strain Comments Reference(s)
Bacillus badius D1 Alkaliphilic anthracene degrader. Able to [108]
degrade 50 mg/100 ml of anthracene at pH 9

within 60 hours.

Potent degraders of crude oil isolated from [109]
petroleum-refined area in Kaduna, Nigeria

Bacillus cereus

Bacillus cereus
CPOU13

Strain was able to degrade PAHs up to 250 [110]
ppm and optimal pH for degradation was 6-8.
The strain degraded 73.46% of phenanthrene,
anthracene (85.76%), and pyrene (47.88%)
within 14 days incubation period.

Isolated from automobile engine and widely

Bacillus cereus [111,112]

DRDU1 used in hydrocarbon degradation studies
Bacillus cereus Anthracene-degrading strain with 98% of [113]
IMG-01 substrate (500 ppm) degradation within 21
incubation days
Bacillus The thermophilic bacteria was evaluated for [114]

lichenformis the degradation of Maya crude oil, a type of
Mexican heavy oil using bubble column
reactor

Bacillus A halotolerant and thermotelerant strain [98]

lichenformis DHT capable to degrade wide range of

hydrocarbons and yield biosurfactant as the

side product

Used in bacterial consortium study which [115]
demonstrated an outstanding sludge

Bacillus cibi
and Bacillus

megaterium degradation capacity in liquid medium (90.7%

reduction of aliphatic fraction, 51.8% of

aromatic fraction)
Bacillus pumilus ~ Naphthalene degrading strain isolated from [94]
28-11 oils sludge and proficient in producing

biosurfactant
Bacillus pumilus  Used to test the bioaugmentation efficiency of [116]
JLy diesel degradation in contaminated soils

with/without the supplementation of nutrients

via fertlizers
Bacillus pumilus ~ Strain isolated from oil fields of Sivasagar [117]
KS2 (district of Assam), India was able to degrade

80.44% of TPH by 4 weeks of acrobic

incubation
Bacillus sp. One of the isolated bacterial species from soil [118]

and bottom sediments of hypersaline
environments that able to degrade PAHs

Bacillus sp. Ege Showed 60% and 33% of chrysene and [119]
B.6.2i naphthalene degradation with more than 30%

of emulsification activity
Bacillus sp. Ege Showed 36% and 55% of chrysene and [119]

B.1.4ka naphthalene degradation
Bacillus Capable to grow obligately on crude oil at high ~ [120]
stearothermophilus temperature (optimal at 60°C) and grew best

on middle-chain alkanes

Bacillus subtilis  Able to utilize petrol fuel as sole carbon and [121]
energy sources

Bacillus subtilis  Strain was isolated based on their proficiency [122]

22BN to utilize n-hexadecane and naphthalene

simultaneously while producing surface-active
compound (rhamnolipid) at 1.5-2.0 g/L

Bacillus  subtilis Biosurfactant-producing and alkane-degrading [123]
Al strain. Biodegradation efficiency of the strain

was about 87% within short period of time (7

days)
Bacillus subtilis  First report on the specific species that was [124]
BMT4i (MTCC  able to degrade benzo-[a]-pyrene as sole
9447) carbon source
Bacillus subtilis  Produce lipopeptide-type biosurfactant, and [125]
Cc9 showed fast degradation of alkanes up to C19
Bacillus subtilis  Crude oil degrading bacteria used in [91]
DM-04 consortium shake flask study
CONCLUSION

Petroleum hydrocarbons and its derivatives such as diesel and
gasoline are one of the most reported pollutants that can be
found around the globe. Extensive usage of these xenobiotic
compounds for transportation and power generation caused the
substantial spread of this recalcitrant complex. Due to this, the
demand for cleanup of this compound is very critical.
Microorganisms are the minute scavengers that could be found
enormously in the environment. Their natural competency to
utilize and manipulate petroleum hydrocarbon components into
less harmful constituents makes the exploitation of microbial
flora and fauna more valuable than the mechanical physical and
chemical remediation practice. One of the main vehicles for
microbial remediation is Bacillus spp. Regarded as one of the
potential bioremediator agent, this genus is more beneficial than
other genera in respect to their outstanding defense mechanism.
The genus’ high rate of survivality also strengthen their ability
to survive in many polluted environments. Although scientific
reports have proved the remarkable proficiency of this bacterial
genus in degrading wide-range of aliphatic and aromatic
hydrocarbons, a profound understanding on the total diversity of
biodegradation pathways in this genus remains understudied.
Hence, by understanding all the inferior vital feature in the
genus catabolic pathway that often overlooked in most study
may enhance the genus overall capability to mineralize these
recalcitrant compounds.

- 18-



BSTR, 2018, Vol 6, No 2, 14-21

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Rodriguez-Trigo G, Zock J-P, Pozo-Rodriguez F, Goémez FP,
Monyarch G, Bouso L, et al. Health changes in fishermen 2 years
after clean-up of the Prestige oil spill. Ann Intern Med. 2010 Oct
19;153(8):489-98.

Zock J-P, Rodriguez-Trigo G, Rodriguez-Rodriguez E, Espinosa
A, Pozo-Rodriguez F, Gomez F, et al. Persistent respiratory
symptoms in clean-up workers 5 years after the Prestige oil spill.
Occup Environ Med. 2012 Jul;69(7):508—-13.

Agency for Toxic Substances and Disease Registry (ATSDR).
Toxicological profile for total petroleum hydrocarbons (TPH).
Atlanta, GA: U.S. Department of Health and Human Services,
Public Health Service; 1999.

Aislabie JM, Balks MR, Foght JM, Waterhouse EJ. Hydrocarbon
spills on Antarctic soils: effects and management. Environ Sci
Technol. 2004 Mar 1;38(5):1265-74.

Das N, Chandran P. Microbial degradation of petroleum
hydrocarbon contaminants: an overview. Biotechnol Res Int.
2011;1-13.

Jesus HE de, Peixoto RS, Rosado AS. Bioremediation in Antarctic
soils. J Pet Environ Biotechnol. 2015 Jul 26;6(6).

MacFarland HN. Toxicology of petroleum hydrocarbons. Occup
Med Phila Pa. 1988;3(3):445-454.

Speight JG. The chemistry and technology of petroleum. CRC
Press; 2014.

Hsu C., Robinson P. Practical advances in petroleum processing.
Berlin: Springer; 2006.

Bashkin VN. Oil and gas biogeochemical provinces. In: Modern
Biogeochemistry: 2nd edition. Springer, Dordrecht; 2006. p. 201—
14.

Vanzella TP, Martinez CBR, Coélus IMS. Genotoxic and
mutagenic effects of diesel oil water soluble fraction on a
neotropical fish species. Mutat Res Toxicol Environ Mutagen.
2007 Jul 10;631(1):36-43.

Harkavy MD. The new Webster’s international encyclopedia: the
new illustrated reference guide. Trident Reference Publishing;
1998.

Eriksson M, Swartling A, Dalhammar G, Fildt J, Borg-Karlson A-
K. Biological degradation of diesel fuel in water and soil
monitored with solid-phase micro-extraction and GC-MS. Appl
Microbiol Biotechnol. 1998 Jul 1;50(1):129-34.

Vieira PA, Vieira RB, de Franga FP, Cardoso VL. Biodegradation
of effluent contaminated with diesel fuel and gasoline. J Hazard
Mater. 2007 Feb 9;140(1):52-9.

Richard JY, Vogel TM. Characterization of a soil bacterial
consortium capable of degrading diesel fuel. Int Biodeterior
Biodegrad. 1999 Sep 1;44(2):93-100.

Van Gestel K, Mergaert J, Swings J, Coosemans J, Ryckeboer J.
Bioremediation of diesel oil-contaminated soil by composting
with biowaste. Environ Pollut. 2003 Oct 1;125(3):361-8.

Karagéz Y, Sandalc1 T, Koylu UO, Dalkilig¢ AS, Wongwises S.
Effect of the use of natural gas—diesel fuel mixture on
performance, emissions, and combustion characteristics of a
compression ignition engine. Adv Mech Eng.
2016;8(4):1687814016643228.

Sundar AS. Petrol and diesel pollution control by potassium alum.
Int J Adv Res Technol. 2013;(2):1-12.

National Service Center for Environmental Publications (NSCEP).
Emission facts: average carbon dioxide emissions resulting from
gasoline and diesel fuel.

Margesin R, Schinner F. Biodegradation and bioremediation of
hydrocarbons in extreme environments. Appl Microbiol
Biotechnol. 2001;56(5):650-663.

Plohl K, Leskovsek H, Bricelj M. Biological degradation of motor
oil in water. Acta Chim Slov. 2002;49(2):279-290.

Gallego JLR, Loredo J, Llamas JF, Vazquez F, Sanchez J.
Bioremediation of diesel-contaminated soils: evaluation of
potential in situ techniques by study of bacterial degradation.
Biodegradation. 2001 Sep 1;12(5):325-35.

Oceana. The EU fleet and chronic hydrocarbon contamination.
2005 Sep.

Mukherji S, Jagadevan S, Mohapatra G, Vijay A. Biodegradation
of diesel oil by an Arabian Sea sediment culture isolated from the
vicinity of an oil field. Bioresour Technol. 2004 Dec;95(3):281-6.

25.

26.
217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

-19-

Braverman JI, Miller CA, Hofmayer CH, Ellingwood BR, Naus
DJ, Chang TY. Degradation assessment of structures and passive
components at nuclear power plants. Nucl Eng Des. 2004 Mar
1;228(1):283-304.

Norris RD. Handbook of bioremediation. CRC Press; 1993.
McKew BA, Coulon F, Osborn AM, Timmis KN, McGenity TJ.
Determining the identity and roles of oil-metabolizing marine
bacteria from the Thames estuary, UK. Environ Microbiol. 2007
Jan;9(1):165-76.

Kanaly RA, Harayama S. Biodegradation of high-molecular-
weight polycyclic aromatic hydrocarbons by bacteria. J Bacteriol.
2000;182(8):2059-2067.

King AJ, Readman JW, Zhou JL. Determination of polycyclic
aromatic hydrocarbons in water by solid-phase microextraction—
gas chromatography—mass spectrometry. Anal Chim Acta.
2004;523(2):259-267.

Panda SK, Kar RN, Panda CR. Isolation and identification of
petroleum hydrocarbon degrading microorganisms from oil
contaminated environment. Int J Environ Sci. 2013;3(5):1314.
Holdway DA. The acute and chronic effects of wastes associated
with offshore oil and gas production on temperate and tropical
marine ecological processes. Mar Pollut Bull. 2002;44(3):185—
203.

National Research Council (US) Committee. Oil in the Sea III:
Inputs, Fates, and Effects. Washington (DC): National Academies
Press (US); 2003.

Sharma VK, Hicks SD, Rivera W, Vazquez FG. Characterization
and degradation of petroleum hydrocarbons following an oil spill
into a coastal environment of south Texas, USA. Water Air Soil
Pollut. 2002;134(1):111-127.

Robertson SJ, McGill WB, Massicotte HB, Rutherford PM.
Petroleum hydrocarbon contamination in boreal forest soils: a
mycorrhizal ecosystems perspective. Biol Rev Camb Philos Soc.
2007 May;82(2):213-40.

Arellano P, Tansey K, Balzter H, Boyd DS. Detecting the effects
of hydrocarbon pollution in the Amazon forest using hyperspectral
satellite images. Environ Pollut. 2015 Oct 1;205(Supplement
C):225-39.

Zakaria MP, Okuda T, Takada H. Polycyclic aromatic
hydrocarbon (PAHs) and hopanes in stranded tar-balls on the
coasts of Peninsular Malaysia: applications of biomarkers for
identifying sources of oil pollution. Mar Pollut Bull.
2001;42(12):1357-1366.

Abed RM, Safi NM, Koster J, De Beer D, El-Nahhal Y, Rullkotter
J, et al. Microbial diversity of a heavily polluted microbial mat
and its community changes following degradation of petroleum
compounds. Appl Environ Microbiol. 2002;68(4):1674—1683.
Mishra S, Jyot J, Kuhad RC, Lal B. Evaluation of inoculum
addition to stimulate in sifu bioremediation of oily-sludge-
contaminated soil. Appl Environ Microbiol. 2001;67(4):1675—
1681.

Roling WF, Milner MG, Jones DM, Lee K, Daniel F, Swannell
RJ, et al. Robust hydrocarbon degradation and dynamics of
bacterial communities during nutrient-enhanced oil spill
bioremediation. Appl Environ Microbiol. 2002;68(11):5537-5548.
Atlas RM, Philp J. Bioremediation.-applied microbial solutions for
real-world environmental cleanup. ASM Press; 2005.

Tani A, Ishige T, Sakai Y, Kato N. Gene structures and regulation
of the alkane hydroxylase complex in Acinetobacter sp. strain M-
1. J Bacteriol. 2001;183(5):1819-1823.

Cavas T, Ergene-Goziikara S. Micronucleus test in fish cells: a
bioassay for in situ monitoring of genotoxic pollution in the
marine environment. Environ Mol Mutagen. 2005;46(1):64-70.
Boonchan S, Britz ML, Stanley GA. Degradation and
mineralization of high-molecular-weight polycyclic aromatic

hydrocarbons by defined fungal-bacterial cocultures. Appl
Environ Microbiol. 2000;66(3):1007-1019.
Samanta SK, Singh OV, Jain RK. Polycyclic aromatic

hydrocarbons: environmental pollution and bioremediation.
Trends Biotechnol. 2002;20(6):243-248.

Coulon F, Pelletier E, Gourhant L, Delille D. Effects of nutrient
and temperature on degradation of petroleum hydrocarbons in
contaminated sub-Antarctic soil. Chemosphere.
2005;58(10):1439-1448.



46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

BSTR, 2018, Vol 6, No 2, 14-21

Coyne MS. Soil microbiology: an exploratory approach. Delmar
New York; 1999.

Kelly JJ, Tate RL. Effects of heavy metal contamination and
remediation on soil microbial communities in the vicinity of a zinc
smelter. J Environ Qual. 1998;27(3):609-617.

Amadi A, Abbey SD, Nma A. Chronic effects of oil spill on soil
properties and microflora of a rainforest ecosystem in Nigeria.
Water Air Soil Pollut. 1996;86(1):1-11.

Testa SM. The reuse and recycling of contaminated soil. CRC
Press; 1997.

Roane TM, Kellogg ST. Characterization of bacterial communities
in heavy metal contaminated soils. Can J Microbiol.
1996;42(6):593-603.

Chander K, Brookes PC. Effects of heavy metals from past
applications of sewage sludge on microbial biomass and organic
matter accumulation in a sandy loam and silty loam UK soil. Soil
Biol Biochem. 1991;23(10):927-932.

Koomen I, McGram SP, Giller KE. Mycorrhizal infection of
clover is delayed in soils contaminated with heavy metals from
past sewage sludge applications. Soil Biol Biochem.
1990;22(6):871-873.

Filley CM, Halliday W, Kleinschmidt-DeMasters BK. The effects
of toluene on the central nervous system. J Neuropathol Exp
Neurol. 2004;63(1):1-12.

Niaz K, Bahadar H, Maqgbool F, Abdollahi M. A review of
environmental and occupational exposure to xylene and its health
concerns. EXCLI J. 2015;14:1167.

Pohanish RP. Sittig’s handbook of toxic and hazardous chemicals
and carcinogens. William Andrew; 2017. 3564 p.

Sendur OF, Turan Y, Bal S, Gurgan A. Toxic neuropathy due to n-
hexane: report of three cases. Inhal Toxicol. 2009;21(3):210-214.
Mrayyan B, Battikhi MN. Biodegradation of total organic carbons
(TOC) in Jordanian petroleum sludge. J Hazard Mater.
2005;120(1):127-134.

Achuba FI, Osakwe SA. Petroleum — induced free radical toxicity
in African catfish (Clarias gariepinus). Fish Physiol Biochem.
2003 May 1;29(2):97.

Zhang JF, Shen H, Xu TL, Wang XR, Li WM, Gu YF. Effects of
long-term exposure of low-level diesel oil on the antioxidant
defense system of fish. Bull Environ Contam Toxicol.
2003;71(2):234-239.

Zhang JF, Wang XR, Guo HY, Wu JC, Xue YQ. Effects of water-
soluble fractions of diesel oil on the antioxidant defenses of the
goldfish,  Carassius  auratus. Ecotoxicol Environ  Saf.
2004;58(1):110-116.

Alkindi AYA, Brown JA, Waring CP, Collins JE. Endocrine,
osmoregulatory, respiratory and haematological parameters in
flounder exposed to the water soluble fraction of crude oil. J Fish
Biol. 1996 Dec 1;49(6):1291-305.

Pacheco M, Santos MA. Biotransformation, endocrine, and
genetic responses of Anguilla anguilla L. to petroleum distillate
products and environmentally contaminated waters. Ecotoxicol
Environ Saf. 2001;49(1):64-75.

Pacheco M, Santos MA. Tissue distribution and temperature-
dependence of Anguilla anguilla L. EROD activity following
exposure to model inducers and relationship with plasma cortisol,
lactate and glucose levels. Environ Int. 2001;26(3):149-155.
Margesin R. Potential of cold-adapted microorganisms for
bioremediation of oil-polluted Alpine soils. Int Biodeterior
Biodegrad. 2000;46(1):3-10.

Yateem A, Balba MT, Al-Shayji Y, Al-Awadhi N. Isolation and
characterization of biosurfactant-producing bacteria from oil-
contaminated soil. Soil Sediment Contam. 2002;11(1):41-55.
Urum K, Pekdemir T, Gopur M. Optimum conditions for washing
of crude oil-contaminated soil with biosurfactant solutions.
Process Saf Environ Prot. 2003;81(3):203-209.

Riser-Roberts E. Remediation of petroleum contaminated soils:
biological, physical, and chemical processes. Boca Raton, USA:
CRC Press; 1998. 542 p.

Pritchard PH, Mueller JG, Rogers JC, Kremer FV, Glaser JA. Oil
spill bioremediation: experiences, lessons and results from the
Exxon Valdez oil spill in Alaska. Biodegradation. 1992;3(2—
3):315-35.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

-20-

Bragg JR, Prince RC, Harner EJ, Atlas RM. Effectiveness of
bioremediation for the FExxon Valdez oil spill. Nature.
1994;368(6470):413-418.

Rittmann BE, McCarty PL. Environmental biotechnology:
principles and applications. Tata McGraw-Hill Education; 2012.
Madigan MT, Clark DP, Stahl D, Martinko JM. Brock Biology of
Microorganisms 13th edition. Benjamin Cummings; 2010.
Iwamoto T, Nasu M. Current bioremediation practice and
perspective. J Biosci Bioeng. 2001;92(1):1-8.

Thassitou PK, Arvanitoyannis IS. Bioremediation: a novel
approach to food waste management. Trends Food Sci Technol.
2001;12(5):185-196.

Martin MC, Gonzalez BA, Blanco SM. Biological treatments for
contaminated  soils: hydrocarbon contamination. = Fungal
applications in bioremediation treatment. Rev Iberoam Micol.
2004;21(3):103-120.

Bento FM, Camargo FA, Okeke BC, Frankenberger WT.
Comparative bioremediation of soils contaminated with diesel oil
by natural attenuation, biostimulation and bioaugmentation.
Bioresour Technol. 2005;96(9):1049—1055.

Skinner JH. Bioremediation research issues. Environ Biotechnol
Waste Treat. 1991;41:61-70.

Azubuike CC, Chikere CB, Okpokwasili GC. Bioremediation
techniques—classification based on site of application: principles,
advantages, limitations and prospects. World J Microbiol
Biotechnol. 2016;32(11):180.

Cookson Jr JT. Bioremediation engineering: design
application. McGraw-Hill, Inc.; 1995.

Jorgensen KS, Puustinen J, Suortti A-M. Bioremediation of
petroleum hydrocarbon-contaminated soil by composting in
biopiles. Environ Pollut. 2000;107(2):245-254.

Del’ Arco JP, De Franca FP. Influence of oil contamination levels
on hydrocarbon biodegradation in sandy sediment. Environ Pollut.
2001;112(3):515-519.

Barathi S, Vasudevan N. Utilization of petroleum hydrocarbons by
Pseudomonas fluorescens isolated from a petroleum-contaminated
soil. Environ Int. 2001 May 1;26(5):413-6.

Seklemova E, Pavlova A, Kovacheva K. Biostimulation-based
bioremediation of diesel fuel: field demonstration. Biodegradation.
2001;12(5):311-316.

Thomassin-Lacroix E, Eriksson M, Reimer K, Mohn W.
Biostimulation and bioaugmentation for on-site treatment of
weathered diesel fuel in Arctic soil. Appl Microbiol Biotechnol.
2002;59(4):551-556.

Moslemy P, Neufeld RJ, Guiot SR. Biodegradation of gasoline by
gellan gum-encapsulated bacterial cells. Biotechnol Bioeng.
2002;80(2):175-184.

Saadoun 1. Isolation and characterization of bacteria from crude
petroleum oil contaminated soil and their potential to degrade
diesel fuel. J Basic Microbiol. 2002;42(6):420-428.

Ezeji EU, Anyanwu BN, Ibekwe VI, Onyeze GOC. Studies on the
utilization of petroleum hydrocarbon by microorganisms isolated
from oil-contaminated soil. Int J Nat Appl Sci. 2005;1(2).
Odokuma LO, Dickson AA. Bioremediation of a crude oil
polluted tropical rain forest soil. Glob J Environ Sci.
2003;2(1):29-40.

Vinas M, Grifoll M, Sabate J, Solanas AM. Biodegradation of a
crude oil by three microbial consortia of different origins and
metabolic  capabilities. J Ind  Microbiol  Biotechnol.
2002;28(5):252-260.

Hedlund BP, Staley JT. Vibrio cyclotrophicus sp. nov., a
polycyclic aromatic hydrocarbon (PAH)-degrading marine
bacterium. Int J Syst Evol Microbiol. 2001;51(1):61-66.

Penet S, Marchal R, Sghir A, Monot F. Biodegradation of
hydrocarbon cuts used for diesel oil formulation. Appl Microbiol
Biotechnol. 2004;66(1):40—47.

Das K, Mukherjee AK. Crude petroleum-oil biodegradation
efficiency of Bacillus subtilis and Pseudomonas aeruginosa
strains isolated from a petroleum-oil contaminated soil from
North-East India. Bioresour Technol. 2007;98(7):1339—1345.
Ghazali FM, Rahman RNZA, Salleh AB, Basri M. Biodegradation
of hydrocarbons in soil by microbial consortium. Int Biodeterior
Biodegrad. 2004;54(1):61-67.

Marquez-Rocha FJ, Olmos-Soto J, Rosano-Hernandez MC,
Muriel-Garcia M. Determination of the hydrocarbon-degrading

and



94.

95.

96.

97.

98.

99.

BSTR, 2018, Vol 6, No 2, 14-21

metabolic capabilities of tropical bacterial isolates. Int Biodeterior
Biodegrad. 2005;55(1):17-23.

Calvo C, Toledo FL, Gonzalez-Lopez J. Surfactant activity of a
naphthalene degrading Bacillus pumilus strain isolated from oil
sludge. J Biotechnol. 2004;109(3):255-262.

Ouoba LII, Cantor MD, Diawara B, Traore AS, Jakobsen M.
Degradation of African locust bean oil by Bacillus subtilis and
Bacillus pumilus isolated from soumbala, a fermented African
locust bean condiment. J Appl Microbiol. 2003;95(4):868-873.
Zhuang W-Q, Tay J-H, Maszenan AM, Krumholz LR, Tay S-L.
Importance of Gram-positive naphthalene-degrading bacteria in
oil-contaminated tropical marine sediments. Lett Appl Microbiol.
2003;36(4):251-257.

Turnbull PCB. Bacillus. In: Medical Microbiology. 4th ed.
Galveston (TX): University of Texas Medical Branch at
Galveston; 1996.

Kumar M, Leén V, Materano ADS, Ilzins OA. A halotolerant and
thermotolerant Bacillus sp. degrades hydrocarbons and produces
tensio-active emulsifying agent. World J Microbiol Biotechnol.
2007;23(2):211-220.

Nicholson SE, Yin X, Ba MB. On the feasibility of using a lake
water balance model to infer rainfall: an example from Lake
Victoria. Hydrol Sci J. 2000;45(1):75-95.

100.Drobniewski FA. Bacillus cereus and related species. Clin

Microbiol Rev. 1993;6(4):324-338.

101.0rtigosa M, Garay E, Pujalte MJ. Gram-positive bacteria of marine

origin: a numerical taxonomic study on Mediterranean isolates.
Microbiol Madr Spain. 1997;13(4):453-462.

102.Da Cunha MAA, Converti A, Dos Santos JC, Da Silva SS. Yeast

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

immobilization in LentiKats®: a new strategy for xylitol
bioproduction from sugarcane bagasse. World J Microbiol
Biotechnol. 2006;22(1):65-72.

Tlori MO, Amund OO, Ezeani CJ, Omoijiahina S, Adebusoye SA.
Occurrence and growth potentials of hydrocarbon degrading
bacteria on the phylloplane of some tropical plants. Afr J
Biotechnol. 2006;5(7):542-545.

Mihial DJ, Viraraghavan T, Jin Y-C. Bioremediation of
petroleum-contaminated soil using composting. Pract Period
Hazard Toxic Radioact Waste Manag. 2006;10(2):108—115.

Kim J-S, Crowley DE. Microbial diversity in natural asphalts of
the Rancho La Brea Tar Pits. Appl Environ Microbiol.
2007;73(14):4579-4591.

Lal B, Khanna S. Degradation of crude oil by Acinetobacter
calcoaceticus and Alcaligenes odorans. J Appl Microbiol.
1996;81(4):355-362.

Cubitto MA, Cabezalli C. Marine bacterium capable of
preferential growth on hydrocarbons isolated from Bahia Blanca
estuary. Microbios. 1994;77(310):15-18.

Ahmed AT, Othman MA, Sarwade VD, Kachru GR. Degradation
of anthracene by alkaliphilic bacteria Bacillus badius. Environ
Pollut. 2012 Jun 14;1(2):97.

Chonoko UG, Abdullahi 10, Ado SA, Whong CMZ. Hydrocarbon
degradation by autochthonous species of Bacillus cereus and
Pseudomonas aeruginosa Isolated from Kaduna refinery effluents.
Cont J Biol Sci. 2017 Jul 27;10(2):10-26.

Rao MP, Rajithasri AB, Sagar K, Satyaprasad K. Isolation of
polycyclic aromatic hydrocarbons degrading PGPR from a oil
products contaminated site in Hyderabad, Telangana State, India.
Int J Pharma Biosci. 2015;6(4):305-317.

Borah D, RNS Y. Plasmid curing of a novel hydrocarbon
degrading Bacillus cereus strain DRDU] revealed its involvement
in petroleum oil degradation. J Pet Environ Biotechnol. 2015 Apr
21;6(3).

Borah D, RNS Y. Biodegradation of petroleum oil by a novel
Bacillus cereus strain DRDU1 from an automobile engine. Int J
Environ Res. 2014 Oct 1;8(4):1287-94.

Das M, Bhattacharya A, Banu S, Kotoky J. Enhanced
biodegradation of anthracene by Bacillus cereus strain JIMG-01
isolated from hydrocarbon contaminated soils. Soil Sediment
Contam Int J. 2017 Jul 4;26(5):510-25.

Garcia-Alcantara JA, Maqueda-Galvez AP, Téllez-Jurado A,
Hernandez-Martinez R, Lizardi-Jiménez MA. Maya crude-oil
degradation by a Bacillus licheniformis consortium isolated from a
Mexican thermal source using a bubble column bioreactor. Water
Air Soil Pollut. 2016 Nov;227(413).

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

-21-

Cerqueira VS, Hollenbach EB, Maboni F, Vainstein MH,
Camargo FAO, Peralba M do CR, et al. Biodegradation potential
of oily sludge by pure and mixed bacterial cultures. Bioresour
Technol. 2011 Dec 1;102(23):11003-10.

Singh C, Lin J. Bioaugmentation efficiency of diesel degradation
by Bacillus pumilus JLB and Acinetobacter calcoaceticus LT 1 in
contaminated soils. Afr J Biotechnol. 2010;9(41):6881-6888.
Patowary K, Saikia RR, Kalita MC, Deka S. Degradation of
polyaromatic hydrocarbons employing biosurfactant-producing
Bacillus pumilus KS2. Ann Microbiol. 2015;65(1):225-234.
Plotnikova EG, Altyntseva OV, Kosheleva IA, Puntus IF, Filonov
AE, Gavrish EI et al. Bacteria-degraders of polycyclic aromatic
hydrocarbons, isolated from soil and bottom sediments in salt-
mining areas. Mikrobiologiia. 2001 Feb;70(1):61-9.

Kolsal F, Akbal Z, Liaqat F, Gok O, Sponza DT, Eltem R.
Hydrocarbon degradation abilities of psychrotolerant Bacillus
strains. AIMS Microbiol. 2017;3(3):467-82.

Sorkhoh NA, Ibrahim AS, Ghannoum MA, Radwan SS. High-
temperature hydrocarbon degradation by Bacillus
stearothermophilus from oil-polluted Kuwaiti desert. Appl
Microbiol Biotechnol. 1993 Apr;39(1):123-6.

Darsa KV, Thatheyus AJ, Ramya D. Biodegradation of petroleum
compound using the bacterium Bacillus subtilis. Sci Int. 2014 Jan
1;2(1):20-5.

Christova N, Tuleva B, Nikolova-Damyanova B. Enhanced
hydrocarbon biodegradation by a newly isolated Bacillus subtilis
strain. Z Naturforschung C J Biosci. 2004 Apr;59(3-4):205-8.
Parthipan P, Preetham E, Machuca LL, Rahman PKSM, Murugan
K, Rajasekar A. Biosurfactant and degradative enzymes mediated
crude oil degradation by bacterium Bacillus subtilis Al. Front
Microbiol. 2017;8.

Lily MK, Bahuguna A, Dangwal K, Garg V. Degradation of
benzo-[a]-pyrene by a novel strain Bacillus subtilis BMT4i
(MTCC 9447). Braz J Microbiol. 2009 Dec;40(4):884-92.

Kim H-S, Kim S-B, Park S-H, Oh H-M, Park Y-I, Kim C-K, et al.
Expression of sfp gene and hydrocarbon degradation by Bacillus
subtilis. Biotechnol Lett. 2000 Sep 1;22(18):1431-6.



	INTRODUCTION

