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Abstract

The efficiency of bioremediation systems can be improved using specific 
hydrocarbon degrading microorganisms, which necessitates enhancement 
of number, growth, and activity of these microorganisms. Long-chain cyclic 
(c)-alkanes are recalcitrant hydrocarbons in soil and water environments. 
Several long-chain c-alkane degrading bacterial strains have been isolated and 
characterized, and the numbers of bacteria have also been stimulated, with 
Rhodococcus erythropolis and Gordonia terrae being most efficient. Degradation 
efficiency and type of alkane hydroxylase gene were closely related, and bacterial 
number and hydrocarbon degrading activity were important factors for efficient 
bioremediation systems. Management of biomass (Total Carbon (TC), Total 
Nitrogen (TN), and C/N ratio) in the contaminated soil was found to be important 
to enhancement of the number and activity of Hydrocarbon Degrading Bacteria 
(HDB). When TC and TN were controlled (TC=20,000 mg/kg, TN=2,000 mg/kg, 
and C/N ratio=10) using organic materials, the number of HDB was stimulated 
and maintained for a long time relative to those in soil controlled with inorganic 
materials, resulting in improved bioremediation efficiency.
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approaches to biodegradation. However, efficient methods for 
enhancement of biomass and activity of hydrocarbon degrading 
microorganisms in contaminated soils are needed to improve 
degradation efficiency.

Here, development of an efficient bioremediation system 
for petroleum hydrocarbon contaminated soils focusing on 
characterization of various petroleum hydrocarbon degrading 
bacteria and control of organic materials in the soil is described.

Bioremediation of Petroleum Hydrocarbon 
Polluted Soils

Regulations regarding remediation of petroleum hydrocarbon 
contaminated environments started to be enforced from the early 
1980s in several countries, including the United States (1984), the 
Netherlands (1994), Germany (1998), and Japan (2006) [10]. Several 
environmentally friendly and cost effective bioremediation systems 
have been developed for remediation of hydrocarbon polluted soils 
[3,11,12]. These systems can broadly be grouped into two groups, 
biostimulation and bioaugmentation.

Biostimulation
The efficiency of bioremediation is affected by the physical, 

chemical, and microbiological properties of the soil. Since the 
environmental bacteria in the hydrocarbon contaminated soils are 
sensitive to damage by the hydrocarbons, the bacterial biomass in 

Introduction
Environmental pollution with petroleum hydrocarbons is 

currently a major global concern that threatens all forms of life 
in soil, freshwater, groundwater and, marine systems. Physico-
chemical methods such as incineration, solidification, soil vapor 
extraction, soil washing, chlorination, and ozonation are used to treat 
petroleum hydrocarbon contaminated soil [1,2]; however, many of 
these methods are costly or do not completely remove contaminants 
[3]. The most common method of hydrocarbon remediation is 
incineration, which requires a large amount of fossil fuel for burning 
[4]. However, this process also leads to removal of soil organic matter 
and microorganisms; accordingly, it requires a long time for the 
biological activity of soil to return after this type of treatment [5].

Conversely, bioremediation of polluted soils is a promising 
method for treating a wide range of organic contaminants, including 
petroleum hydrocarbons. Bioremediation not only effectively removes 
the soil contaminants, but also regenerates biological activity in the 
soils. To date, a variety of hydrocarbon-degrading bacteria suitable 
for bioremediation applications have been isolated, identified, and 
characterized [6-9].

Enhancement of degradation efficiency is the main challenge 
to removal of petroleum hydrocarbon from the soil. Activation of 
indigenous hydrocarbon degrading microorganisms and the use of 
hydrocarbon degrading microbial strains are the two most common 
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the hydrocarbon contaminated soil was less than that in the pristine 
soil [13]. For effective biostimulation, stimulation and maintaining 
of indigenous HDB in the contaminated soils are necessary. This is 
accomplished by generating favorable environmental conditions for 
degradation of existing hydrocarbons by bacteria via the addition of 
oxygen, water, and inorganic nutrients [14].

In the presence of large quantities of carbon (e.g., hydrocarbon 
contamination), other nutrients such as nitrogen (N) and phosphorus 
(P) tend to be depleted [15]. Accordingly, the addition of nutrients 
through inorganic and organic materials has shown positive effects 
on biodegradation of petroleum hydrocarbon in soil [16-21]. It is 
commonly recommended that the C:N:P ratio of soils be maintained 

at 100:10:1 by the addition of inorganic materials to enable effective 
biodegradation of oil contaminated environments [22-25]. However, 
the effectiveness of biostimulation may depend on several other 
factors in the soil, including the type of oil component, non-oil 
organic matter content, and the number and degradation potential of 
indigenous microorganisms. 

Bioaugmentation
Biodegradation is often enhanced by adding previously 

cultivated specific hydrocarbon degrading microorganisms to the 
contaminated site. Bioaugmentation is useful in environments with 
poor reserves of indigenous hydrocarbon degrading microorganisms. 
Moreover, bioremediation of certain recalcitrant compounds can be 
made possible through bioaugmentation of efficient hydrocarbon 
degrading bacteria [26,27]. Several bacterial genera with the ability 
to degrade petroleum hydrocarbons were isolated and identified 
from many environments in our previous study, including Gordonia, 
Acinetobacter, Pseudomonas, and Bacillus [28]. Among these 
organisms, Rhodococcus and Gordonia are extensively used for 
bioremediation of petroleum hydrocarbons [10,29,30]. 

Mechanism for Biodegradation of Petroleum 
Hydrocarbons

Biodegradation of petroleum hydrocarbon requires specific 
enzymes and various mechanisms. Several microorganisms can grow 
by utilizing petroleum hydrocarbon compounds as their sole source 
of carbon and energy. Following microbial degradation, inert and 
toxic alkane compounds are converted into less toxic substances that 
are more easily oxidized by other microorganisms.

The general pathway for biodegradation of hydrocarbons 
from activation to final metabolism is shown in Figure 1. A variety 
of chemical and microbial enzymatic reactions must occur for 
complete degradation of hydrocarbons [31]. Hydrocarbons are 
insoluble in water; therefore, their degradation requires extracellular 
saponification by biosurfactants [32-34]. After entering into the 
microbial cell, several oxidative reactions convert the hydrocarbon 
via intermediary metabolic pathways such as the tricarboxylic acid 
cycle [35]. 

The rate of biodegradation depends on the structure of 
hydrocarbons, with aliphatic hydrocarbons being more easily 
degraded than aromatic ones (Figure 2). Several enzymes have been 
found to degrade hydrocarbons. Major microbial enzymes required 
for initial activation of hydrocarbon degradation under aerobic 
conditions are listed in Table 1.

Isolation and Characterization of Long 
Chain c-Alkane Degrading Bacteria

Long-chain c-alkanes exist for long periods of time in soil [48]; 
thus, the isolation and characterization of bacterial strains are 
important for efficient bioaugmentation of soil contaminated by 
these compounds. 

To enhance the efficiency of bioremediation for long-chain 
c-alkane hydrocarbon contaminated soils, several bacterial strains 
were isolated from soils using three types of long chain hydrocarbons 
(waste car engine oil, base oil, or the c-alkane fraction of the base oil) 
[28]. More than 400 bacterial strains showed the ability to grow in 

Figure 1: General pathway for hydrocarbon degradation under aerobic 
conditions.

Figure 2: Different types of petroleum hydrocarbons and their relative 
degradability.
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medium in which the sole carbon source was long chain c-alkanes. 
Overall, 36 strains showing higher growth ability (OD600≧0.1) 
was identified based on analysis of 16S rRNA gene sequences. The 
strains were classified into four groups: actinobacteria (17 strains), 
gamma-proteobacteria (12 strains), beta-proteobacteria (4 strains), 
and firmicutes (3 strains). Thirteen actinobacterial strains belonged 
to the genus Rhodococcus, while the remaining four were Gordonia. 
Similarly, ten gamma proteobacterial strains belonged to the genus 
Acinetobacter. The genus Rhodococcus and Gordonia were mainly 
isolated from medium containing the c-alkane fraction of base oil. 
A phylogenetic tree of different isolates of the Rhodococcus and 
Gordonia is presented in Figure 3.

Degradation of Long Chain c-Alkanes by 
Rhodococcus and Gordonia

To characterize long-chain c-alkane degradation by Rhodococcus 
and Gordonia, the relationship between the alkane hydroxylase gene 
(alkB) sequence and long-chain c-alkane degradation was analyzed 
(Table 2). R. erythropolis, R. rhodochorus, and R. baikonurensis 
all contained the alkBR2 type of the alkB gene. Other species of 

Rhodococcus also carried the alkB gene, but Rhodococcus carrying the 
alkBR2 type gene showed greater degradation of long-chain c-alkanes 
than those carrying other types of the alkB gene. Among Gordonia, 
G. terrae contained the alkBGT type, while all other species had other 
types of alkB genes. The ability to degrade long-chain c-alkanes also 
differed among Gordonia based on the alkB gene type, with G. terrae 
carrying the alkBGT gene showing greater degradation than other 
types.

Previous studies have also shown that Rhodococcus and Gordonia 
could degrade recalcitrant hydrocarbons such as polyaromatic 
hydrocarbon compounds [49]. Moreover, these genera could break 
down even harder to degrade compounds such as phenanthrene, 
pyrene, and benzo-pyrene [50].

Mechanism of Long Chain c-Alkane 
Degradation by Rhodoccus and Gordonia

Long-chain hydrocarbons persist in soil for longer than gasoline 
and light oil [51,52]. Thus, the degradation of long chain c-alkanes by 
microorganisms is of great importance. Acinetobacter, Rhodococcus, 
and Gordonia can degrade c-alkanes; however, they utilize different 
c-alkane degradation pathways [53-55].When dodecylcyclohexane 
was used as a substrate, Acinetobacter could degrade c-alkanes via 
co-oxidation of n-alkanes. Conversely, Rhodococcus and Gordonia 
could degrade c-alkanes without co-oxidation. The putative 
degradation mechanisms of each genus are shown in Figure 4. The 
different metabolic pathways of each bacterial genus suggest that a 
combination of several strains may lead to improved bioremediation 
of long chain c-alkane contaminated soils.

Distribution of Indigenous HDB in the Soil 
Environment

Activation of indigenous HDB and understanding of their 
distribution in the soil environment will lead to improve the 
efficiency of bioremediation. To quantify the indigenous HDB in the 
soil environment and to investigate the distribution of these bacteria, 
various soil samples (clay, silt, and sand soils) without hydrocarbon 
contamination were analyzed. A real-time PCR based method for 
quantification of hydrocarbon degrading bacteria in the soil has been 
developed using the alkB gene [56], which encodes a key enzyme 
involved hydrocarbon degradation [39,41,56]. Since most HDB carry 
the alkB gene, the distribution of alkB carrying HDB was analyzed to 
enhance biostimulation.

A total of 23 samples were collected from soils not contaminated 
with hydrocarbons and analyzed for total bacteria and HDB (Figure 

Target hydrocarbon Enzyme for initial activation References

Short-chain alkanes (C2–C10)
1. Non-heme iron monooxygenase
2. Copper-containing monooxygenase
3. Heme-iron monooxygenase (or cytochrome P450)

[36]
[37]
[38]

Short to medium length chain alkanes (C5–C20) 1. AlkB related alkane hydroxylases [39]

Long-chain alkanes (>C20)

1. Heme-monooxygenase (P450 type)
2. Non-heme iron monooxygenase (AlkB-related)
3. Flavin-binding monooxygenase (AlmA)
4. Thermophilic flavin-dependent monooxygenase (LadA)

[40]
[41]
[42]

[43,44]

Aromatic hydrocarbons
1. Fe-dioxygenase
2. Fe-monooxygenase
3. Flavin-monooxygenase

[45]
[46]
[47]

Table 1: Microbial enzymes required for initial activation of hydrocarbon degradation under aerobic conditions.

Figure 3: Phylogenetic tree based on alignment of the 16S rRNA gene 
sequences (1,460 bp) of long-chain c-alkane degrading genera Rhodococcus 
and Gordonia. Bold indicates reference strains.
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5). HDB in different soils ranged between 3.7×107 and 5.0×108 cells/
g-soil, with an average of 1.3×108 cells/g. The average proportion of 

HDB was 0.88% of the total bacteria. The presence of hydrocarbon-
degrading microorganisms in pristine environments has also been 
reported [57]. Management of the soil environment may enhance the 
number and activity of these HDB in natural soils, suggesting that 
enhancing the number of HDB will lead to improved efficiency of 
bioremediation systems for petroleum hydrocarbon contaminated 
soils.

Enhancement of Environmental Bacteria 
and Material Circulation Activity by 
Controlling Organic Materials for an 
Efficient Bioremediation System
Optimization of organic material contents in soil 

Enhancements of bacterial number and activity are mandatory 
for efficient bioremediation of petroleum hydrocarbon contaminated 
soils. To identify suitable levels of organic materials in soil for 

Genus Species Strain Alkane hydroxylase gene type Long-chain c-alkane (DDC) degradation rate*

Rhodococcus erythropolis NDKK6 alkBR2 38.8

erythropolis NDKK7 alkBR2 53.5

erythropolis ODMI54 alkBR2 68.2

rhodochorus NBRC15564 alkBR2 50.6

baikonurensis NBRC100611 alkBR2 50.4

triatomae NBRC103116 alkBRT 34.0

maanshanensis NBRC100610 alkBRM 18.3

jostii NBRC16295 alkBRJ 29.8

koreensis NBRC100607 alkBRK 6.0

Gordonia terrae NDKY76A alkBGT 96.5

terrae NDKK46 alkBGT 97.8

terrae NDKY2B alkBGT 76.5

desulfuricans NBRC100010 alkBGD 84.9

effuse NBRC100432 alkBGE 48.2

araii NBRC100433 alkBGA 1.9

otitidis NBRC100426 alkBGT 0.0

Table 2: Type of alkB genes in different species of long chain c-alkane degrading Rhodococcus and Gordonia and their rate of Dodecyl Cyclohexane (DDC) degradation.

*Degradation rate was analyzed after inoculation of pre-cultured bacterial strains in 100 mL modified SW medium [56] containing 0.1 g DDC followed by incubation 
at 30°C for 3 days by rotary shaking at 120 rpm.

Figure 4: Putative pathways of long-chain c-alkanes degradation by genera 
Rhodococcus and Gordonia.

Figure 5: Distribution of total bacteria and HDB in different soil samples 
collected from sites not contaminated with petroleum hydrocarbons.
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enhancing bacterial concentrations and hydrocarbon degrading 
activity, relationships among the effects of Total Carbon (TC), Total 
Nitrogen (TN), and C/N ratio on total bacterial biomass and material 
circulation activity were analyzed in 235 soil samples collected from 
various fields [58]. More than 75% of the soil samples had C/N 
ratios of 8 to 25. In soils with this C/N ratio, N circulation gradually 
increased in accordance with the levels of TC and TN. The number of 
bacteria was clearly enhanced when TC and TN were present at high 
levels (Table 3). These results indicate that control of TC, TN, and 
the C/N ratio in hydrocarbon contaminated soils by organic materials 
will lead to enhancement of the number and activity of hydrocarbon 
degrading bacteria.

Improvement of bioremediation efficiency by controlling 
organic materials in soil

Control of organic materials in soil helps to enhance total and 

TC (mg/kg) TN (mg/kg) Nitrification activity (point) Bacterial biomass (× 108 
cells/g) NH4

+ oxidation rate (point) NO2
- oxidation rate (point) Number of samples

≥ 10,000 ≥ 1,000 29.3 6.4 35.1 58.8 97

≥ 15,000 ≥ 1,500 31.3 6.5 37.9 61.7 61

≥ 20,000 ≥ 2,000 36.4 6.7 42.2 68.8 43

≥ 25,000 ≥ 2,500 37.7 6.5 41.0 70.0 34

≥ 30,000 ≥ 3,000 43.3 7.3 45.8 75.8 27

≥ 40,000 ≥ 4,000 47.5 8.2 49.3 85.1 15

≥ 50,000 ≥ 5,000 53.9 8.7 56.1 87.9 7

Table 3: Analysis of TC and TN conditions needed for suitable bacterial levels and N circulation activities in soils.

Figure 6: Time course of hydrocarbon concentration (B) and number of HDB 
(A) in soils contaminated with petroleum hydrocarbon (car engine oil). Open 
circles, biostimulation using inorganic nutrients (SW medium [56]). Filled 
circles, biostimulation using organic material (chicken manure). The data are 
the average (± standard deviation) of three replications.

hydrocarbon degrading bacterial concentration. Previous studies 
have shown that improvement of soil biomass via organic manure 
can enhance the number and activity of indigenous hydrocarbon 
degrading bacteria [3,11,56]. To enhance the efficiency of 
bioremediation systems using organic materials, chicken manure 
was added into the hydrocarbon contaminated soil in a previous 
study [56]. The concentration of hydrocarbon degrading bacteria was 
enhanced and maintained for a long time by the addition of organic 
material (TC: 20,000 mg/kg, TN: 2,000 mg/kg, and C/N ratio 10) 
(Figure 6). The degradation rate of car engine oil after 28 days was 
30.4% when amended with inorganic materials, while it was 47.4% 
when organic materials were used. Thus, efficiency of petroleum 
hydrocarbon contaminated soils bioremediation can be enhanced 
through stimulation of hydrocarbon degrading bacteria using organic 
material.

Another experiment was conducted to compare the effects of high 
(TC: 20,000 mg/kg, TN: 1,300 mg/kg, and C/N ratio 15.4) and low 
(TC: 15,000 mg/kg, TN: 900 mg/kg, and C/N ratio 16.7) levels of TC 
and TN on bioremediation efficiency of car engine oil contaminated 
soils. The rate of engine oil degradation was also enhanced when TC 
and TN were controlled at higher levels (Figure 7). The higher rate 
of bioremediation of car engine oil corresponded to enhancement 
and maintenance of the number of R. erythropolis NDKK6 (Figure 8). 
These findings suggest that proper management of the soil biomass 
through organic materials is important for enhancing the efficiency 
of a bioremediation system. 

Figure 7: Gas chromatograms of hydrocarbon contents during bioremediation 
of soils contaminated with car engine oil. A and B: 0 and 5 weeks after 
bioaugmentation of R. erythropolis NDKK6 with high levels of organic matter 
(TC: 15,000, TN: 9,300 mg/kg). C and D: 0 and 5 weeks after bioaugmentation 
of R. erythropolis NDKK6 with low levels of organic matter (TC: 20,000, TN: 
1,300 mg/kg).
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Figure 8: Effects of controlling levels of TC and TN on the concentration of 
Rhodococcus erythropolis NDKK6 cells in hydrocarbon contaminated soils 
during a bioremediation period of 5 weeks. Filled circles, TC and TN controlled 
at high levels (TC: 20,000 mg/kg, TN: 1,300 mg/kg). Filled triangles, TC and 
TN controlled at low levels (TC: 15,000 mg/kg, TN: 900 mg/kg). The data are 
the averages (± standard deviation) of three replications.

Conclusion
Bioremediation is an emerging approach for treatment of 

petroleum hydrocarbon contaminated environments. Hydrocarbon 
degrading bacteria break down and utilize several petroleum 
hydrocarbons via their specific enzymes. Indigenous HDB exists in a 
natural soil environment, and enhancement of HDB is very important 
for an efficient bioremediation system. The use of specific HDB such 
as Rhodococcus and Gordonia can further enhance bioremediation 
efficiency. Finally, controlling soil biomass (TC, TN, and C/N ratio) 
is very important to improving the efficiency of bioremediation 
systems.
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