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HISTORY ABSTRACT

The genus Rhodococcus is a very diverse group of Eubacteria that are commonly found in
many environmental niches such as soils and seawaters likewise. Owed to their remarkable
range of varied catabolic gene and robust cellular physiology, this genus is competent to
degrade a great number of organic compounds including some of the most difficult compounds
such as petroleum hydrocarbons. This review discusses two interrelated topics, which are the
petroleum hydrocarbons pollution in the environment and the utilization of the Rhodococcus
genus in microbial remediation of petroleum hydrocarbons and its derivatives. The first part
focuses on the application of hydrocarbon components in standard routine, sources of pollution
and the toxicity of these compounds. On the second fraction of this assessment, the
biochemistry, physiology and genetic versatility of the genus Rhodococcus will be reviewed
with emphasizing their significance in environmental biotechnology and bioremediation of
petroleum hydrocarbons.
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INTRODUCTION technologies offered at present due to several valuable qualities

Crude oil and other petroleum derivatives produced from fossil
fuels are refined into petroleum products that have been used
for many different purposes. They are also one of the principal
sources of energy for industry and daily life. One of the
examples is biofuels, which generally used in petroleum-based
fuels such as gasoline and diesel. Other examples of the
petroleum-based product are the heating oil and propane.
Heating oil is commonly used for power plants generation, and
heating applications such as boilers and furnaces to heat homes
and buildings [1]. In spite of this, the release of these
hydrocarbons components into the environment whether
through accidents or improper discharge is reported to be the
main sources of pollution that occur in both soil and aqueous
systems [2]. As a result of this pollution, the potential for
hydrocarbons accumulation within animal and plant tissues may
rise and may instigate toxic effects and even death [3].

Consequently, the requirement for removal of these hazardous
compounds is essential. Several removal methods have been
proposed ranging from the physical, chemical and biological
method. Bioremediation technology emerged as among the best

such as cost-efficient, non-invasive, and utilize natural
resources such as microorganisms and plants as the
bioremediation agent [4—6].

Petroleum pollution

Petroleum and its derivatives, albeit not categorised as
xenobiotic, can be considered as one of the major substances
that  cause  contamination.  Petroleum  hydrocarbon
contamination of water bodies such as lakes and estuaries have
detrimental effects on aquatic biota and water quality [7]. The
petroleum industry is a major industrial concern and widely
considered among the most severe polluter from 130 industrial
branches in the whole world. It has contributed to the largest
scale environmental pollutant and the most dangerous
contaminant in biosphere due to the wide use of petroleum
products that has grown tremendously in the last century [5,8].
Since the last two centuries, amounts of disposed of oils in the
environments have been intensified, and these issues have
received increasing attention and concern around the world.
According to Gallego et al. [9], among the oil pollutants, diesel
oil is frequently reported to pollute soil, ground water and
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marine environment. The cause of this pollution involves the
seepage of underground storage tanks and tanker trucks,
accidental spills during transportation and pipeline leakage [10].
Leakage of storage tanks originates from corrosion of old bare
steel tanks and the connecting pipes or lines, improper
connection and incompatibility between pipes and their fittings,
or shifting of the piping after installation, and pump failures.
Another major source of oil pollution ensues from a variety of
anthropogenic  activities that includes manufacturing,
machinery-based production and illegal disposal of petroleum
products [11]. This rising issue regarding leakage and
contamination of the surrounding environment might be the
main reason for the losses of millions of dollars yearly to the
petroleum industries.

The fate of petroleum hydrocarbons may occur differently
in different systems. For instance, in the soil system, petroleum
that spilt onto the soil will break down into many different
compounds. Some of this compound may evaporate, and some
may dissolve in ground water, far from the release point. Some
compounds will stay in, and the attachment of oil particles in
the soil may cause the toxic components to stay in the soil for
long periods of time, while others will be broken down by
organisms found in the soil [12]. Oil pollution is likely to
remain a significant hazard to the organism, ecosystem and
industry for many more years even after the spill occur [13].
This is because hydrocarbons can persist for ages in one
environment [14].

Toxicity of petroleum hydrocarbons

Petroleum hydrocarbons are highly complex compounds
chemically and physically that rich in carbon atoms that can
pose a risk to human health and ecological receptors if
discharged into the natural environment. The large quantities of
hydrocarbon present in the environment must be removed from
the contaminated sites because of their toxicity [15] and their
potential to disturb the structure and functioning of the natural
ecosystem [16]. Petroleum hydrocarbons, containing toxic
components, become stable and recalcitrant in the subsurface.
These properties make their efficient removal considerably
difficult.

The compounds in different petroleum fractions affect the
human body in different ways. BTEX (benzene, toluene,
ethylbenzene, and xylene) compounds can affect the human
central nervous system, and several reported cases can cause
death if exposed to high concentration [17]. Inhalation of high
concentration toluene of about 100 part per million in a short
period can cause fatigue, headache, nausea and drowsiness.
Once the exposure is stopped, the symptom will go away.
However, exposure for a long period can damage the central
nervous system permanently [18]. Hexane, a six-carbon short-
length alkane can also affect the central nervous system
although in a dissimilar fashion. The main symptoms that
associated with hexane toxicity are the numbness in the feet and
legs and severe reports may cause a particular type of paralysis
known as peripheral neuropathy [19].

Ingestion of such petroleum hydrocarbons like gasoline,
kerosene or diesel will cause throat and stomach irritation,
depression of the central nervous system, breathing difficulties
and related symptoms such as pneumonia. Furthermore, some
tissues and organs such as blood, liver, spleen, kidneys, lungs
and development of foetus will also be affected by some of the
petroleum compounds. Certain hydrocarbon compounds can be
irritating to the skin and eyes. However, other hydrocarbon

compounds such as some mineral oil, are not very toxic and are
used in foods [18].

In the marine environment, the direct or indirect contact of
petroleum hydrocarbons and its derivatives to the aquatic
organism can act as a mediator in the generation of free radicals
in fish which also increase in antioxidant defence in an animal
after exposure [20]. Crab, shellfish and mussels can be tainted
from the small oil spill in shallow shore areas [21]. According
to the similar report, the first larvae stage and fish eggs will be
damaged and cannot achieve the next larval stage even with the
exposure at a low concentration (0.1 mg/L diesel oil). The
untreated contamination of hydrocarbon will accumulate and
damage the ecosystem. The accumulation of hydrocarbon in
animal and plant tissues will produce a mutant young and
eventually death of progeny [22].

Microbial degradation of petroleum hydrocarbons
Bioremediation technologies employ the participation of
microbial species to break down the noxious waste to a less
harmful subsequent product thus purifying the site. Microbial
flora and fauna have their particular fundamental role in the
natural ecosystem. Owed to their capability to rapidly and
adeptly purify contaminated sites, this microorganism has the
competence to thrive in constricting settings such as industrially
polluted soils and water. Indirectly, this will help in protecting
the environment and human well-being [23].

Recent years have shown an increase in the microbial
remediation reports as this approach is seen as the most
sustainable method due to their rare prospects in the termination
the pollutants [24]. Bacterial species have been seen as the most
prevalent microorganisms in  petroleum  hydrocarbon
degradation as they play the most part in the degradation of the
hydrocarbon pollutants [6,10,25]. One of the engaging bacterial
groups in petroleum hydrocarbons degradation is from the
genus Rhodococcus because of their superior qualities.

Rhodococcus spp.

The genus of Rhodococcus is a very diverse group. A frequent
microbial inhabitants of the marine, freshwater and soils
community, Rhodococcus is Gram-positive bacteria belonging
to the family Nocardiaceae, in the suborder of the
Corynebacterineae [26,27]. Other well-known families of this
suborder include the Mycobacteriaceae (Mycobacterium genus)
and Corynebacteriaceae (Corynebacterium genus) [27].

After Zopf first proposed the genus Rhodococcus in 1891,
there are many environmental isolates that have been formally
placed in this genus [28]. The name Rhodo (derived from the
Greek term, rhodon, meaning red or rose) and coccus (a New
Latin term derived from Greek, kokkos, meaning grain or seed)
have persisted. Although the name of the genus indicates that
the cells of these bacteria are likely to be cocci, the basic
phenotypic characteristic of rhodococci is pleomorphic Gram-
positive cell. The cell may grow as short rod-shaped or cocci or
multinucleated filaments [29,30]. The colonies form on agar
plates observed to be small and ‘‘dry.”” Some of this genus
produce pale red and orange pigmentation, not only on minimal
agar but also on a richer nutrient medium.

The members of this genus are autochtonous when they are
very persistence in the environment even though they show a
slow growth rate. Rhodococcus also indigenous in many
polluted sites, therefore it is very suitable to be used as
bioremediator [31]. Besides, the absence of catabolic repression
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in Rhodococcus ensures that the pollutants like hydrocarbons
would be degraded even in the presence of more easily
assimilable carbon sources [32]. Rhodococcus strains are
efficient degraders of pollutant as they can degrade many
organic compounds, able to produce surfactants, and their
environmental persistence makes them ideal candidates for
enhancing the bioremediation of contaminated sites. The
importance of Rhodococcus spp. Is reflected in increasing
reports of their biodegradative capabilities in the literature. The
rhodococci appear to survive in many toxic substrates and
solvents, which are highly toxic for other organisms. They are
capable of using all of these compounds as a source of carbon
and energy in the study by Lee et al.[33], the investigated
Rhodococcus  strain  can  efficiently mineralize 3,5-
dichloroaniline of vinclozolin, a very toxic metabolite. Other
toxic compounds that can be tolerated by this genus are
dodecane, bis(2-ethylhexyl) phthalate, and toluene, up to 5%
v/v. They can tolerate up to 50% v/v of ethanol, butanol, and
dimethylformamide [34].

The robustness of this genus has been observed to tolerate
up to 80% (v/v) toluene and 50% (v/v) ethanol [35] which
clearly cannot be endured by most bacterial genera. There are
also rhodococci from contaminated groundwater have been
observed to be tolerant of up to 1 g/L of benzene [31]. This
evidence and observation indicated the rhodococci might be
important in mediating the environment in which the
concentration of pollutants is particularly high. Rhodococcus
possesses a very versatile metabolic capability. Therefore, it has
an ability to degrade a wide range of xenobiotic compound
including some of the most complex compounds that are
considered recalcitrant and toxic. They appear to have adopted a
hyper-recombination evolutionary strategy that relies upon the
acquisition and storage of many genes to deploy as
recombination substrate upon adaptation [36].

In general, the genus of Rhodococcus appears proficient of
surviving in harsh environments. LeBlanc et al. [37] observed
that there are many Rhodococcus cell that survive desiccation
for long periods and this provides scope for deploying them for
remediation in dry environments. The studies by Alvarez [38]
also revealed that Rhodococcus opacus possesses protection
mechanisms to withstand desiccation. This involves a wide
range of physiological responses, including the ability of the
rhodococci cells to tightly regulate its energy-producing system,
among others. This species not only can survive under dry
conditions, but they also able to withstand and show metabolic
respond in the presence of increased hexadecane vapour.
However, they exhibit limited growth on the hydrocarbon and
under conditions of low water availability.

Besides the practicality of this genus, Rhodococcus genus
does include several pathogenic species. One of the most
common examples is Rhodococcus equi. Rhodococcus equi
causes chronic bronchopneumonia and enteritis in horses and
infects immunosuppressed human [39]. Aside from
Rhodococcus equi, most Rhodococcus species are non-
pathogenic with the exception of the well-characterized plant
pathogen Rhodococcus fascians [40].

With regards to the petroleum hydrocarbons degradation,
several common features of the Rhodococcus genus can be
highlighted that contributed to the excellence of the genus to
degrade this recalcitrant compound. Firstly, the degree of alkane
compounds mineralization is quite expansive due to the
presence of multiple alkane hydroxylase systems in their cells
[41-43]. Secondly, several strains of Rhodococcus species that

able to degrade ranges of aromatic compounds were also
reported [44—46] indicating a full potential of total degradation
of petroleum hydrocarbons, which composed mostly of both
aliphatics and aromatics. Last but not least, a number of
Rhodococcus species was able to produce surface active agents
or biosurfactants [47-49] that assist in increasing the rate of
petroleum hydrocarbons degradation. Table 1 shows the list of
hydrocarbon-degrading Rhodococcus species.

Table 1: Hydrocarbon-degrading strains from the genus Rhodococcus.

Strain Comments Reference(s)

Rhodococcus spp. Groups of Rhodococcus spp. isolated [50]
from both Arctic and Antarctic
regions were able to grow on selective
media supplemented with different
hydrocarbons
Strain was able to degrade anthracene [51]
(53%), phenanthrene (31%), pyrene
(13%) and fluoranthene (5%) as sole
carbon source, but negative results
were observed in naphthalene and
chrysene
Isolated from oil-contaminated soil [52]
from Newfoundland and utilize
numerous aromatic compounds as
both carbon and energy
Rhodococcus sp. 5/14  Strain was reported to degrade hexane, [53]
eicosane and pristine at -2°C but
viable count reduced when
temperature increase to 37°C
Both psychrotolerant strain isolated [54]
from the Terra Nova Bay, Ross Sea,
Antarctica were able to degrade
commercial diesel oil as their sole
organic substrate. Both strains also
showed the ability to utilize Cas n-
paraffin octacosane and
polychlorinated biphenyls (PCBs) at
20°C
Rhodococcus sp. DCB- The phenol-degrading bacterium was [55]
p0610 tested in a continuous degradation of
phenolic substances through
immobilization on granular activated
carbon and Ca-alginate
Rhodococcus sp. DK17 Strain shows ability to utilize o-xylene [45]
as sole carbon source, but displays
negative growth on m- and p-xylene.
Mutant strain was made from the
strain to test the loss of oxygenases

Rhodococcus sp.

Rhodococcus sp.

Rhodococcus sp.
B11/B15

Rhodococcus sp. DM1- Strain was able to degrade the middle- [56]
21 chain alkanes, crude oil and

hydrocarbon vapours
Rhodococcus sp. EC1  Cyclohexane-degrading strain that [57]

optimally degrade the substrate at 25-
35°C and pH 6-8. The strain was also
reported to be able to mineralize
alcohols and PAHs
Rhodococcus sp. MK1 The hydrocarbon-degrading capability [58]
of the strain owed to the founding of
numerous routes of oxidative genes
for aliphatic and aromatic compounds
in the strain’s draft genome
Rhodococcus sp. Q15 A psychrotrophic strain that able to [59]
mineralize short alkane-chain at 5°C,
and middle- and long-chain alkanes
when temperature increased to 20°C

Rhodococcus sp. Potent polychlorinated biphenyl- [60]
RHA1 degrading actinomycetes
Rhodococcus sp. The strain was isolated from [61]

UKMP-5M petroleum-contaminated sites. The
strain was tested for phenol-degrading
ability with positive outcomes. The
optimized growth condition and
phenol mineralization for the
bacterium were 30°C, pH 7.5, glucose
concentration of 2 g/L, 0.4 g/L of
ammonium sulphate as nitrogen
source, and 0.9 g/L of phenol
Rhodococcus Isolated from petroleum hydrocarbon [62]
aetherivorans IFP mixture. Strain have wide
2017 mineralization capacities towards
hydrocarbon components including



Rhodococcus
baikonurensis EN3

Rhodococcus equi

the more recalcitrant ones (BTEX)
The actinomycete was isolated from
hydrocarbon-contaminated sites.
Strain was tested for the effect of
mycolic acid (2-hexyl-3-
hydroxydecanoic acid) on diesel oil
biodegradation. Mycolic acid
enhances the biodegradation of diesel
in all tested concentration

Several strains from this species was
isolated and tested for the competency
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[63]

[64]

potential of this genus in the uncontrollable environment cannot
be predicted. For example, the expressions of vital catabolic
genes during restricting condition may be overlapping
(aliphatics catabolic pathways and benzoate degradation)
between one another thus causing repression of the genes and
overall degradation. Hence, a more detailed information and
data in regard to the physiological, biochemical and molecular
mechanism of the rhodococci cells in needed to improve our
understanding on the principal mechanisms and function of this

to degrade hexadecane. Study showed

a positive interfacial uptake of

hexadecane due to the rhodococci cell

flocculation

Used as co-culture along with [65]
Pseudomonas fluorescens pl to
remove chlorophenols derivatives
such as 2-chlorophenol, phenol and p-
cresol

The most prominent example of
hydrocarbon-degrading strain in
topical study. The whole genome of
the strain was sequenced and
numerous related genes in regards to
hydrocarbon degradation was found
The psychrotolerant strain was [70]
isolated from oil-polluted seabed mud

of Bohai Sea, China. In the study,

addition of nutrient to the artificial

seawater increases the biodegradation

rate from 12.61% to 75% within 1

week

Phenol-degrading strain tested for [71]
potential immobilization in Biolite in

a packed-bed reactor

Rhodococcus fascians The strain was reported to degrade [72]
diesel in sand column. The optimal

degradation of the substrate by the

isolate was at pH 8 with flow rate of

air of 30 ml/min. Diesel degradation

was also reported to increase when

larger inoculum size was used while

no growth inhibition occurred up to

5% of diesel

Study was conducted to optimize the [73]
4-nitrotoluene biodegradation

condition by the strain using

modelling and kinetics study

Rhodococcus ruber  Previously assigned as Rhodococcus [74]
219 sp. 219, the newly assigned strain was

able to degrade tetrahydrofuran, 2,5-
dimethyltetrahydrofuran and

tetrahydropyran

Potential producer of surface active [75]
agent due to the attainment of 63%

emulsifying index for a diesel-water

binary system

Isolated from a consortium containing [62]
hydrocarbon mixture. Although

reported to be able to degrade wide

range of hydrocarbons, the presence of

BTEX had a detrimental effect on

ethyl tert-butyl ether (ETBE) and

methyl fert-butyl ether (MTBE)

mineralization, while presence of

octane shows higher percentage of

MTBE degradation

Rhodococcus
erythropolis M1

Rhodococcus
erythropolis PR4

[66-69]

Rhodococcus
erythropolis T7-2

Rhodococcus
erythropolis UPV-1

Rhodococcus
pyridinivorans NT2

Rhodococcus ruber
AC239

Rhodococcus
wratislaviensis IFP
2016

CONCLUSIONS

The wide range of hydrocarbon pollutants mineralized by the
Rhodococcus species proved that this exceptional genus is a
potential hydrocarbon scavenger for the practical use in
microbial remediation of hydrocarbon substrates. The genus
aptitude in catabolizing the noxious waste is largely owed to
their ~ substantial  physiological and  biotechnological
characteristics, large genomes with numerus sets of genes
encoding arrays of catabolic pathways, and their availability in
most environmental niche. Although the genus’ uniqueness is
considered as significant for hydrocarbon removal, the actual

distinctive genus.
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