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We investigated the bio-remediation of a hydrocarbon contaminated soil pile that was slated for landfill 
disposal, by utilising laboratory based-soil microcosms. The objective was to accelerate the reduction 
of soil total petroleum hydrocarbon (TPH) to levels that could potentially allow the soil to be used 
outside a landfill site. Soil TPH content reduced by 57% over a 2 year period from 15,800 to ~6,800 mg 
kg

-1
 in the untreated pile, making the soil eligible for landfill disposal under current Australian 

legislation. Subsequent bio-remediation (natural attenuation, biostimulation, bioaugmentation and 
biostimulation-bioaugmentation) resulted in over 74% reduction (~1,800 mg kg

-1
) in soil TPH content 

over 56 days with most of the reduction occurring in the first 21 days (~60%). Nutrient and microbial 
amendments did not confer any long-term benefit on the rate of soil TPH reduction with natural 
attenuation being equally efficient as other bioremediation strategies at day 56. TPH bioavailability 
assay showed a linear decrease from an initial 84 to 35% by day 56 and could explain the reduced TPH 
reduction rates observed after day 21. Denaturing gradient gel electrophoresis (DGGE) analyses of 16S 
rDNA and internal transcribed spacer regions genes revealed diverse and stable (unaffected by 
amendments) bacterial and fungal communities. Microbial analysis also showed substantial 
populations of alkane (alkB) degrading bacteria in the soils. This study therefore showed that soils 
slated for landfill disposal possess substantial hydrocarbon degrading capacity, which can be exploited 
for greater TPH removal through natural attenuation. The soil TPH can be potentially reduced lower 
than the 1,800 mg kg

-1
 obtained in this study provided the contaminant is made more bio-available. This 

would potentially allow the use of such soils for more productive purposes outside the landfill sites 
extending the lifespan of these sites. 
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INTRODUCTION 
 
Hydrocarbon pollution of natural environments is of great 
concern because of health and safety issues. 
Environmental pollution by hydrocarbons can occur 
naturally through seepage or from anthropogenic sources 
via spillage, accidents or improper  disposal of  petroleum  
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and related products (Menzie et al., 1992; Golomb et al., 
2001). Various hydrocarbon pollutants, such as polycyclic 
aromatic hydrocarbons (PAHs), which can accumulate in 
soils, plants and in the food chain (Kipopoulou et al., 
1999; Johnsen et al., 2005; Li et al., 2008), are toxic to 
living systems (Belousova et al., 2001; Haritash and 
Kaushik, 2009; Arulazhagan et al., 2010). It is therefore 
important to carry out effective remediation of 
hydrocarbon polluted environments in order to mitigate 
their detrimental effects on the environment.  
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A combination of biological, chemical and physical 
processes, such as incineration, use of landfills, 
solidification and biological treatments can be used to 
treat hydrocarbon contaminated soils (Scragg, 2005; 
Adams et al., 2009; Yousefi Kebria et al., 2009). 
Biological treatment (bioremediation) is increasingly 
becoming important because of its environmentally 
friendly properties (Adams and Guzman-Osorio, 2008; 
Fouépé et al., 2009). Bioremediation usually involves the 
use of biological agents to detoxify a contaminated 
environment. This process can be carried out using 
different methods, such as natural attenuation (Makadia 
et al., 2011), bioaug-mentation (Yousefi Kebria et al., 
2009; Abdulsalam et al., 2011), biostimulation (Andreoni 
and Gianfreda, 2007; Gennaro et al., 2009) and a 
combination of bioaugmentation and biostimulation 
(Zahed et al., 2010, Sheppard et al., 2011). The role of 
microorganisms in bioremediation is well documented 
with bacterial groups capable of degrading different 
hydrocarbon fractions ranging from straight chain 
aliphatics (Yuste et al., 2000; El-Gendya and Farah, 
2011) to poly-aromatic compounds (Richard and Vogel, 
1999; Wu et al., 2008; Wen et al., 2011). Apart from 
microbial hydrocarbon degrading capa-cities, the success 
of any bioremediation strategy is also dependent on 
environmental factors, such as temperature, O2, soil pH 
and type, organic pollutant concentration and 
bioavailability (Jørgensen et al., 2000; Carberry and Wik, 
2001; Li et al., 2009; Yang et al., 2009; Sinkkonen et al., 
2010; Mohajeri et al., 2010; Nwuche and Ugoji, 2010; 
Sanscartier et al., 2011). 

The aim of these biological and other forms of 
treatment is to reduce the level of hydrocarbon contami-
nant so that the soil can be either be safely re-used for 
other purposes or disposed off in landfill sites. The levels 
of hydrocarbon contaminant in soils safe for re-use or 
disposal is usually defined by legislation and may vary 
from one country to another. For example in Australia, 
soils with TPH levels below 10,000 mg kg

-1
 with the levels 

of metals and organics below the defined health investi-
gation levels (National Environmental Protection Measure 
NEPM guidelines) are regarded as being safe for 
disposal in designated landfill site (NEPC, 1999). 
Additionally, the Australian Environment Protection 
Authority (EPA) is changing the old model of waste 
treatment that relied heavily on landfill disposal as the 
primary means of waste disposal, and is replacing it with 
one which minimizes waste generation. This new model 
is designed to avoid, reduce, reuse, recycle, recover, 
treat and dispose of wastes with landfill disposal being 
used only as a last resort 
(http://www.epa.sa.gov.au/environmental_info/waste). 
While it will take some time before this model becomes 
fully implemented, current anthropogenic activities gene-
rate wastes which still have to be disposed off in a landfill 
site.  
The challenge is to apply bioremediation  tools  to  further 

  
 
 
 
treat soils having TPH levels below 10,000 mg kg

-1
 in 

order to be able to dispose of or even productively use 
such soils outside landfill sites (example for land filling in 
construction sites). Although, some disposal sites at  
receive waste soils with TPH levels above 10,000 mg kg

-1
 

for treatment, soils deposited there can only be put below 
ground when the legislated TPH level is reached. Current 
NEPM guidelines also require amongst other things that 
the soil C9 TPH level be ≤ 1,000 mg kg

-1
 (ex-situ 

remediation) or the soil C16-C35 level be ≤ 5,600 mg kg
-1

 
(in situ remediation) before it can be re-used (NEPC, 
1999; Sheppard et al., 2011). Successful treatment of 
these soils to below the legislated levels of TPH and 
remediation of, or compliance with, other parameters 
such as metal and aromatic hydrocarbon contents 
(NEPC, 1999) will potentially allow the use of these soils 
outside the landfill site, creating more space and 
extending the lifespan of such sites. However, for these 
objectives to be attained there are crucial questions that 
need to be answered. Can the TPH of these waste soils 
be reduced by biological treatments and to what level? 
As cost is a critical issue, it is also important to determine 
which bioremediation method is the most efficient and 
cost effective for waste soil treatment. 

In this study, four different bioremediation methods 
(natural attenuation, bioaugmentation, biostimulation and 
combined biostimulation-bioaugmentation) were applied 
to samples from a two year old pile of mixed hydrocarbon 
contaminated soils at a landfill site in Adelaide, South 
Australia. The rate of hydrocarbon removal was 
monitored through Gas Chromatography analysis while 
changes in both the microbial population were monitored 
using a PCR-DGGE method. The data generated were 
then used to determine the most efficient bioremediation 
method for TPH removal. 
 
 

MATERIALS AND METHODS 
 

Sampling and determination of soil physico-chemical 
properties 
 

Soil was obtained from a pile comprising a mixture of hydrocarbon 
contaminated soils at a research station at the Southern Waste 
Depot, Adelaide, South Australia. This pile of soil (initial TPH level 
of 15,800 mg kg

-1
) contained soils from different contamination 

events (waste engine oil, sludge, waste diesel and crude oil) and 
was subject to natural attenuation for two years. At the start of the 
present experiment, this pile had a TPH of ~6,800 mg kg

-1
. Soil 

samples from the pile were mixed and sieved (< 0.25 mm) prior to 
the start of the microcosm experiments. The moisture content, 
water holding capacity, pH and elemental composition (Carbon and 
Nitrogen) of the soil were determined using standard methods 
(Mishra et al., 2001). 
 
 

Microorganism and nutrient amendments 
 

A known hydrocrabanoclastic fungal strain, Scedosporium 
apiospermum (Martin-Gil et al., 2008), was used as a 

bioaugmenting agent in this study. The fungus stored at -80°C in 
glycerol  was  reactivated   by culturing  it  on Potato Dextrose  Agar
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Table 1. Experimental design of soil microcosms. 
  

Amendment 

Microcosms 

Natural attenuation 
(NA) 

Bioaugmentation 

(BA) 

Biostimulation 

(BS) 

Bioaugmentation and 
biostimulation (BAS) 

Fungi - + - + 

Nutrients  - - + + 

Water + + + + 
 

 “+” indicates addition of amendment to soil microcosms and “–” indicates absence of amendment in soil microcosms. 

 
 
 

 (PDA) plates containing 0.015 g/l of tetracycline at 30°C for up to 
10 days to produce conidia for spore suspension preparation. 
Aliquots of prepared spore suspensions were inoculated into sterile  
Tryptone Soya Broth (TSB) containing tetracycline, and incubated 
at 37°C for up to 3 days on a shaker at 120 rpm for generation of 
mycelia. The mycelia were washed in phosphate buffered saline, 
then filtered and concentrated before being used for subsequent 
studies. A modified minimal salts nutrient solution based on 

Bushnell Haas medium (MgSO4 0.2 g, CaCl2 0.02 g, KH2PO4 1 g, 
H2NH4PO4 1 g, KNO3 1g, FeCl3 0.05 g) (Eriksson et al., 2000) 
supplemented with urea (resulting in an N:P ratio of 10:1 pH 7.6) 
was used for biostimulation in this study. Fungal mycelia were 
added at the desired concentration needed for 200 g of soil by 
mixing the mycelia either in sterile water (used for adjusting the soil 
water holding capacity) or in this modified nutrient solution. 
 
 

Soil microcosms  
 

Soil microcosms were set up in 1 l flasks (Table 1) as described: (i) 
Flasks 1-3 (naturally attenuated microcosms) contained  200 g of 
soil without any amendment; (ii) Flasks 4-6  (bioaugmented 
microcosms) contained  200 g soil and fungal cultures added at 0.4 
mg g

-1
 of soil (iii) Flasks 7- 9 (biostimulated microcosms) contained 

200 g soil and sterile nutrient solution (25%, w/w); and (iv) Flasks 
10-12 (combined bioaugmented and biostimulated microcosms) 

contained 200 g soil and fungi (0.4 mg g
-1

 of soil) and modified 
nutrient solution (25%, w/w). The water content in all 12 flasks was 
adjusted to 50% of the soil water holding capacity. The flasks were 
then covered with perforated aluminum foil and incubated at 30°C 
for 56 days. Microcosm sampling was carried out from triplicate sets 
of flasks at predetermined intervals (days 0, 7, 14, 21, 28, 35, 42, 
49 and 56). Flask contents were mixed periodically (after sampling) 
for aeration and water was added when necessary for the 

maintenance of soil moisture.   
 
 

TPH extraction and quantification 
 

TPH was extracted from soil microcosms (day 0 to day 56) by 
adding 5 ml of acetone and 2 ml of Retention Time Window (RTW) 
solution to 1 g of soil in Teflon coated tubes. After sonicating the 
sample for 1 h, the protocol described in ISO/DIS 16703 (ISO 2004) 

was followed. The extracted TPH was quantified by gas 
chromatography (GC) on a Varian 3800 gas chromatograph 
equipped with a Varian 8200 Autosampler, a Flame Ionisation 
Detector (FID), and a splitless injector valve. The capillary column 
used was an Alltech EC-5 (30 m × 0.25 mm with 0.25 µm film 
thickness), with helium as the carrier gas flowing at a rate of 2 
ml/min in constant flow mode. A standard calibration curve was 
constructed from dilutions of a diesel and oil mixture (RTW 
solution), and the equation from the standard calibration curve was 

used in conjunction with measurement of the area under the 
relevant peaks/curve (area between C10 and C40) in each of TPH 
degradation (reduction) was calculated using the formula:  

chromatogram, to determine TPH concentrations. The percentage 
Percentage of degradation = [(TPH control - TPH treatment)/ TPH 
control] *100. 
 
 
Bioavailable hydrocarbons  
 

Bioavailable hydrocarbons were extracted from naturally attenuated 

microcosms by a modified mild extraction procedure (Sabaté, 
2006), by adding 15 ml of mild extraction solution (70 mM 
hydroxypropyl-b-cyclodextrin and sodium azide (0.5 g l

-1
) in Milli-Q 

water) to 1 g of soil in Teflon coated tubes. Tubes were shaken at 
150 rpm in a horizontal incubator maintained at 25°C. After 24 h, 
the soil and aqueous extraction solution were separated by 
centrifuging the tubes at 2000 rpm for 25 min in a Sigma 3-16PK 
centrifuge (Sigma Laboratory, Osterode, Germany). Liquid–liquid 
extraction of the supernatant was carried out three times using 10 

ml of chloroform. The organic phase was then concentrated by 
rotary evaporation and subjected to GC (gas chromatography) 
analysis for TPH measurements. The TPH level in this extract was 
then deducted from the initial TPH of the soil (and expressed as a 
percentage) to get the available (eluted) hydrocarbon content. 
 

 
Statistical analysis 

 
Experiments were conducted using three independent replicate 
microcosms and were subjected to statistical analyses (ANOVA) 
using Sigma stat 10.0 to determine whether there were significant 
differences between the samples.  

 
 
DNA extraction and PCR 

 
Total genomic DNA from 0.3 g of soil samples (days 0, 7, 14 and 
21) was extracted using a Mo Bio soil DNA isolation kit (Mo Bio 
Laboratories, CA, USA) following the manufacturer’s protocol. PCR 
amplifications were carried out on 16S rDNA genes using universal 
primers 341FGC and 518R, Internally Transcribed Spacer regions 
using universal primers ITS1F,1FGC, 2 and 4, and alkB genes 
using Rhodococcus based primers R1f438, R1r835and R1r835GC 
(Muyzer et al., 1993; Anderson et al., 2003; Anderson and Parkin, 
2007; Hamamura et al., 2008). Each (48 µl) PCR reaction 
comprised: 2 μl of forward primer (10 pmol/ μl), 2 μl of reverse 
primer (10 pmol/ μl), 5 μl of magnesium chloride (25 mM) 
(Promega, WI, USA), 1 μl of deoxynucleoside triphosphate (dNTP) 
mixture (10 mM) (Promega), 10 μl of GoTaq Flexi buffer (5 x) 
(Promega), 0.25 μl of Taq polymerase enzyme (5 U/μl) (Promega ) 
and 27.75 μl of sterile nuclease free water. The desired template 
DNA (2 µl) was then added. All PCR amplifications were performed 
using a Bio-Rad DNA Engine

®
 Peltier Thermal Cycler (Bio-Rad 

Laboratories, Mexico, North America) and PCR amplicons were 
analysed on a 2% agarose gel by electrophoresis. The  
thermocycling condition used   for  341FGC  and  518R   primer  set  
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was: 1 × 5 min at 95°C, 33 × (95°C 30 s, 55°C 30 s, 72°C 1 min),  
then 10 min at 72°C. 

Fungal ITS genes were amplified using a nested PCR approach. 
The first amplification was carried out with primers ITS 1F (5’-TCC 
GTA GGT GAA CCT GCG G -3’) and ITS 4 (5’-
TCCTCCGCTTATTGATATGC -3’). The program for the first 
amplification consisted of an initial denaturation for 5 min at 95°C, 
10 × (95°C 30 s, 65 °C 30 s, 72°C 1 min, touchdown with 1°C 
decrease per cycle, 1 min at 72°C), 20 × (95°C 30 s, 55°C 30 s, 72 
°C 1 min), then 10 min at 72°C. The second amplification was 
carried out using primers ITS1F-GC, and ITS 2 (5’-
GCTGCGTTCTTCATCGATGC-3’) using amplicons from the first 
reaction as template DNA and with the same cycle conditions as 

the first reaction. The negative control of the ITS1F-4 reaction was 
also used as a template to eliminate the possibility of carryover 
contamination. 

Amplification of alkB, alkane degrading gene of Rhodococcus sp. 
was performed with group-specific primers (R1f438, R1r835GC and 
R1r835). The first amplification was carried out with primers R1f438 
(5’- CGTCGAGCGCTGGTTGTCC- 3’) and R1r835 (5’- 
GACGTAGGAGTCCGTAGTGC – 3’) at 95°C for 10 min, 10 × 
(94°C 45 s, 64°C 45 s (touchdown with 1°C  decrease per cycle), 

then 72°C for 1 min 30 s;, 20× (94°C 45 s, 54°C 45 s, 72°C 1 min 
30 s); then 72 °C for 7 min. The second amplification was carried 
out using primers R1f438 and R1r835-GC (with GC clamp) using 
amplicons (including the negative control) from the first reaction as 
template DNA. The same cycle conditions as the first reaction were 
used to generate amplicons suitable for Denaturing Gradient Gel 
Electrophoresis analysis.  

 
 
Denaturing gradient gel electrophoresis (DGGE) 

 
All PCR products were run on 9% (w/v) polyacrylamide gels 
(acrylamide-N,N’-methylenebisacrylamide ratio 37:1) (7M Urea) 
with the appropriate denaturing gradient (16S rDNA; 48-60%, 
Fungal ITS; 50-60% and Rhodococcus alkB 53-68%). DGGE was 
performed in 1.0 X TAE running buffer (40 mmol Tris-HCl, 40 mmol 
acetic acid, 1 mmol EDTA) at 60 V and 60°C for 20 h using the Bio-

Rad DCode Universal Mutation Detection System (Bio-Rad, CA, 
USA). Gels were stained with silver as described by Benbouza et 
al. (2006). DGGE gels were incubated in 400 ml of fixing solution 
(40% methanol/10% acetic acid, v/v) for 2 h and then incubated in 
200 ml silver nitrate solution (0.2 g silver nitrate in 200 ml dsH2O, 
w/v) for 20 min. The gels were then placed in 200 ml of developing 
solution (0.02 g sodium borohydride, 0.8 ml formaldehyde, 3 g 
sodium hydroxide in 200 ml dsH2O) for 20 min and then in 400 ml of 
fixing solution (10% ethanol/5% acetic acid, v/v) for 10 min. Gels 
were preserved by soaking in 400 ml preservative solution (125 ml 
of absolute ethanol, 50 ml glycerol in 325 ml of dsH2O, v/v) for 10 
min. Stained gels were scanned using an EPSON perfection V 700 
Photoscanner (Seiko Epson Corporation, Japan). 

 
 
DGGE gel analysis 

 
Total Lab-120 (TL-120) V2006 F Image software was used to 
analyse DGGE bands. Unweighted pair groups were generated 
using arithmetic average (UPGMA) dendrograms constructed via 
Dice–Sorensen's similarity matching index. TL-120 software was 
used to generate hierarchical similarity relationships between 
samples based on the degree of similarity between the bands 
across the lanes of each DGGE gel. The Shannon Weaver diversity 
index (H′) (Shannon and Weaver, 1949) was calculated using band 

densities. The Shannon Weaver diversity index is a general 
diversity value, which increases as the number of species (bands) 
increases (Krebs, 1999). This was calculated using the formula:  

 
 
 
 
H’= -∑piLNpi  
 
Where, H′ is the Shannon Weaver diversity index; pi is the 
proportion of the community that  is  made  of  species i (intensity of  
the band i/total  intensity  of  all bands in  the lane);  and LNpi is  the 
natural log of pi.  
 
 
RESULTS 
 
Bioremediation treatments and TPH degradation 
 
Gas chromatographic analysis of the petroleum 
contaminated soil (pH 6.7, moisture content 6.37% and 
organic carbon content of 15%) showed an initial average 
TPH concentration of 6791.38 mg kg

-1
 at the start of the 

experiment (Figure 1a). A breakdown of the TPH 
composition showed that it contained 2.9% of C10-C14 

(~197 mg kg
-1

), 55.1% of C15-C28 (~3760 mg kg
-1

), 30% of 
C29-C36 (~2050 mg kg

-1
) and 12% of C37-C40 (~821 mg kg

-

1
). Therefore, the C15-C28 fraction was the dominant 

hydrocarbon fraction. There was a rapid reduction in soil 
TPH content from day 0 – 21 in the microcosms, which 
was then followed by a gradual reduction till day 56. 
There was a significant reduction in TPH concentrations 
in all the microcosms by day 7 (ANOVA, P < 0.05) with 
biostimulated and biostimulated-bioaugmented samples 
also being significantly different from naturally attenuated 
samples (ANOVA, P < 0.05). The highest cumulative 
TPH reduction of 61.73% was observed at day 21 in the 
combined bioaugmented-biostimulated microcosms, 
while naturally attenuated samples had the lowest TPH 
reduction percentage (58.15%). Further, TPH reductions 
of approximately 11-16% occurred at day 56 resulting in 
cumulative TPH reductions of approximately 74.5% 
(BAS), 74.4% (NA), 72.37 (BA) and 69.8% (BS). There 
were no significant differences between microcosms at 
the end of the experimental period on day 56 (ANOVA, P 
> 0.05) (Figures 1a and b) with naturally attenuated 
samples having the lowest final TPH value of ~1800 mg 
kg

-1
. At day, 56 the C10-C14 had been completely 

eliminated (100% degradation), the C15-C28 reduced by 
74.6% to 955 mg kg

-1
, C29-C36 by 71.2% to 590 mg kg

-1
 

and C37-C40 by 76.3% to 194 mg kg
-1

 in naturally 
attenuated samples. Other treatments or microcosm 
showed a similar trend (data not shown).  Consequently, 
the greatest reduction in TPH was in the C15-C28 fraction. 
Representative chromatograms showed differences 
between day 0 and 56, but none between the 
microcosms at day 56 (Figure 1b). 
 

 
Bioavailability quantification 
 
Bioavailable hydrocarbons were extracted from the 
laboratory microcosm of control soil samples (naturally 
attenuated) by a mild extraction technique, and were 
quantified using gas chromatography. The percentage of 
bioavailable hydrocarbons decreased  during  the  course  
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(a) 

 
 

i. Figure 1. Average residual total petroleum hydrocarbons (TPH) in different laboratory 

based microcosms incubated for 56 days (a). Representative chromatograms from 

naturally attenuated microcosms at day 0 (i) and day 56 (ii) compared with a 
representative chromatogram from bioaugmented and biostimulated microcosms at 
day 56 (iii) (b). For (a) n=3. 

 
 

 

of the experiment (Figure 2). Availability decreased from 
81.9% on day 0 to 29.5% at day 56.  
 
 
Fingerprinting of the microbial community by DGGE  
 
The effects of the different treatment regimes on 
bacterial, fungal and rhodococcal communities were 
determined by analysing PCR amplicons of 0, 14, and 21 
day samples (as this was the period during which most of 
the soil TPH was eliminated) on DGGE. The UPGMA of 
the 16S rDNA bacterial community in all the samples on 
day 7 showed they differed from the starting community 
of day 0 (37% dissimilar). However, clustering over the 
three week period was largely time dependent and 
indicated very little comparative difference between 
treatments (Figure 3). Analysis of banding patterns 
showed several dominant bands irrespective of treatment 
or amendment during the experimental period.  

In comparison to DGGE of bacterial 16S rDNA, DGGE 
of the Rhodococcus alkB gene showed a similar banding 
pattern with several dominant bands irrespective of 
treatment.  Clustering was largely time based (Figure 4). 
The fungal community banding pattern was highly 
variable and did not show any consistent treatment effect 
(Figure 5). However, the fungal  community  was  diverse  
with several dominant bands. 

Microbial diversity 
 
A comparison of the Shannon Weaver diversity indices 
(H′) for all the treatments is shown in Table 2.  In bacterial 
community analyses based on 16S rDNA genes, natural 
attenuation was observed to have caused an increase in 
bacterial diversity from day 0 till day 21 with the highest 
bacterial diversity of 2.29 being obtained at day 21. In 
other microcosms, bacterial diversity was generally 
higher at day 21 than at the start of the experiment. The 
diversities of bacterial groups similar to Rhodococcus sp. 
were higher than those obtained with 16S rDNA genes, 
the highest H’ values being 2.94 for NA, 2.87 for BA, 2.79 
for BS and 2.82 for BAS (Table 2). Analyses of fungal 
community diversity showed that the community 
fluctuated over 21 days in the different microcosms 
(Table 2).   
 
 
DISCUSSION 
 

TPH analysis 
  
The gas chromatographic (GC) analysis of TPH 
concentrations in the microcosm experiments showed 
that the rate of degradation of TPH in all the treatment 
samples    was    rapid  from  day  0  to  day  21   (> 50%)  
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(i) Chromatogram of hydrocarbon contaminated soil at day 0  

(ii) Chromatogram of sample from natural attenuation microcosm at day 56 

(iii) Chromatogram of sample from combines bioaugmentation-biostimulation microcosm 

at day 56  
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(i) Chromatogram of hydrocarbon contaminated soil at day 0  

(ii) Chromatogram of sample from natural attenuation microcosm at day 56 

(iii) Chromatogram of sample from combines bioaugmentation-biostimulation microcosm 

at day 56  
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indicating the beneficial effects of the bio-treatments on 
the microcosms. Degradation translated to a TPH loss of 
over 4000 mg kg

-1
 over three weeks compared to ~9000 

mg kg
-1 

lost over the two years (the pile was untreated). 
At day 7 of the soil microcosm incubation, the  TPH  level 

was significantly reduced (P≤0.05) in biostimulated (35% 
reduction) and bioaugmented-biostimulated microcosms 
(36% reduction) compared to naturally attenuated 
microcosms (22% reduction). This rapid rate of reduction 
continued  in  all  the  microcosms  till  day  21.  However,  
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Figure 2. Bioavailable total petroleum hydrocarbons (%) in the naturally attenuated soils from the 

laboratory microcosm (n=3). 

 
 
 
there were no significant differences between the 
different microcosms in most of the sampling periods 
after day 7. This indicated that the beneficial effects of 
fungal and nutrient addition were limited to first week of 
incubation. Similar trends of an initially rapid TPH 
reduction during bioremediation especially in the first two 
weeks of incubation in biostimulation treatment have also 
been reported by others, such as Ishihara et al. (1995) 
and Mishra et al. (2001). Bioremediation is known to be 
enhanced by addition of nutrients like N, P, and/or C 
(Gallego et al., 2001; Bento et al., 2005; Mohajeri et al., 
2005) and there are several reports of the successful 
bioremediation of hydrocarbon contaminated soils using 
fungi (Okparanma et al., 2011; Isitua and Ibeh, 2010). It 
is possible that the addition of nutrients and 
hydrocarbonoclastic fungus initially boosted the rate of 
hydrocarbon reduction.  

However, the fact that degradation proceeded at largely 
similar rates in amended and naturally attenuated 
microcosms after the first week indicated that nutrient 
and fungal amendments were not of long-term benefit. 
Hydrocarbon degradation sometimes involves co-
metabolic activities by both bacteria and fungi (Vasco et 
al., 2011) and it is possible that these groups of 
microorganisms were involved in hydrocarbon 
degradation in this experiment. Hydrocarbon 
contamination can lead to an increase in the population 
of hydrocarbonoclastic organisms (Joo et al., 2008) and 
the establishment of an adapted microbial community. 
Bacterial and fungal community analyses of the amended 
and naturally attenuated microcosms showed that the 
microbial community was diverse. Assays for the 
presence of alkane degrading bacteria showed that the 
soil samples had rich and diverse alkane degraders and it 

is likely that these groups would have mediated alkane 
degradation in the soils. However, there were essentially 
no shifts in bacterial and fungal communities banding 
pattern during the period of greatest TPH reduction (day 
0 and 21). Dendrogram analysis also showed that 
nutrient or fungal supplementation had very little effect on 
bacterial diversity, as clustering from day 0 to day 21 was 
found to be largely time related rather than treatment 
related (Figures 3 and 4). This indicates that the bacterial 
populations, which had presumably adapted to the 
presence of the contaminant (in years prior to the start of 
this study), were highly stable and were not affected by 
perturbations related to amendment. Reduction in TPH 
levels without a substantial microbial shift is not unusual, 
as Makadia et al. (2011) for instance have reported that 
rapid changes in TPH of previously contaminated soils 
may not always be accompanied by changes in microbial 
community. 

Nutrients can be limiting in hydrocarbon contaminated 
soils and the addition of nutrients generally benefits soil 
hydrocarbon degradation (Beolchini et al., 2010; Kauppi 
et al., 2011). The depletion of the supplied nutrients may 
have been accelerated after the first week. This could 
have led to lower than expected TPH reductions being 
observed in nutrient supplemented microcosms, with the 
subsequent outcomes being similar to TPH reduction 
rates across all the microcosms thereafter. However, it 
was also possible that the bioavailability of hydrocarbons 
had some influence on TPH degradation rates especially 
between days 28 and 56. Decreasing or limited 
bioavailability of hydrocarbon contaminants has been 
reported to negatively affect hydrocarbon removal from 
soils (Loser et al., 1999). At day 0, 81% of contaminating 
hydrocarbons were  available for biological  activities,  yet  
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Figure 3. UPGMA dendrogram derived from 16S rDNA genes based bacterial community profiles on days 0, 7, 14, 

and 21. NA- natural attenuation, BA- bioaugmentation, BS- biostimulation and BAS-bioaugmentation and 
biostimulation. Numbers 1 and 2 with the same letter are duplicate samples of the same treatment and letters A, B, C 
and D are for NA, BA, BS and BAS respectively. Scale is indicative of similarity levels. Duplicate samples loaded on 
DGGE gel for ease of analysis. Some examples of common dominant bands are shown in a box.  

 
 
 

at day 21, only ~ 61% of hydrocarbons were still 
available. The bioavailable hydrocarbons continued to 
reduce less, decreasing to ~30% by day 56, and indica-
ting that the lengthening experimental period may be 

correlated with decreasing bioavailability of the hydro-
carbon contaminant. Therefore, it is alternately possible 
that the observed stagnation of TPH reduction between 
days 21 and 56  was  either  due  to  the  degradable  soil 
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Figure 4. UPGMA dendrogram derived from alkB genes based bacterial community profiles on days 0, 7, 14, 

and 21. NA- natural attenuation, BA- bioaugmentation, BS- biostimulation and BAS-combined 
bioaugmentation and biostimulation. Scale is indicative of similarity levels. Duplicate samples loaded on 
DGGE gel for ease of analysis. 

 

 
 

hydrocarbon having been unavailable or while available 
could not be degraded by the available microbial 
capacity.  

At the end of the experiment at day 56, there was a 
substantial reduction in TPH levels, which were down by 
over 74% in the naturally attenuated samples. Although, 
this was the highest observed cumulative degradation 
rate, this was not significantly different from the 
cumulative degradation rates of other biotreatments. This 
outcome showed that natural attenuation was just as 
effective as other treatments over a long time frame 

(Margesin and Schinner, 2001). Unlike the original pile, 
which was left untouched, naturally attenuated samples 
were mixed regularly ensuring more  even  distribution  of 
air, contaminants and hydrocarbon degraders, and were 
watered regularly, as in other studies (Balba et al., 1998). 
This is likely to have enhanced the activities of the 
hydrocarbonoclastic microorganisms and leading to the 
overall extensive TPH reduction observed. 

 In conclusion, this study has shown that soils with TPH 
levels of ≤ 10,000 mg kg

-1
 destined for landfill disposal 

can be  potentially  remediated  to  lower  TPH  values  of  
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Figure 5. UPGMA dendrogram derived from ITS genes based fungal community profiles on days 0, 7, 14, and 

21. NA- natural attenuation, BA- bioaugmentation, BS- biostimulation and BAS-combined bioaugmentation 
and biostimulation. Scale is indicative of similarity levels. Duplicate samples loaded on DGGE gel for ease of 
analysis. 

 

 
 

about 1800 mg kg
-1

. However, this process can be 
negatively affected by decreasing TPH bioavailability. 
Future work should include the addition of surfactants 
(which are known to substantially improve hydrocarbon 
solubilization in soil) during the treatment process to 
improve   hydrocarbon    bioavailability    (Lai et al., 2009; 
Zhang et al., 2010; Davezza et al., 2011). With the 
addition of surfactants, it might be possible to reduce the 
TPH levels to ≤ 1,000 mg kg

-1
 (NEPC, 1999) and 

provided other safety parameters are met, such soils can 

be used outside the landfill site. This will create more 
space at landfill sites, increasing space turnover, and 
even extending their lifespan. In addition, this study has 
shown that nutrient addition and or fungal augmentation 
was of little long-term benefit in the remediation of soils at 
a landfill site. Simply mixing the soils (to improve 
aeration) and watering (as practiced in naturally 
attenuation) was as effective as nutrient and microbial 
amendments because these soils probably have an 
already  enhanced  microbial  capacity  to degrade hydro-  
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Table 2. Shannon Weaver diversity (H′) indices of DGGE profiles generated from PCR-amplified samples of day 0, 14, 21 
of all treatments. 
 

Microbial group Time (days) NA BA BS BAS 

Bacteria 

(16S rDNA genes) 

0 1.79 ± 0.08 1.79 ± 0.08 1.79 ± 0.08 1.79 ± 0.08 

7 2.20 ± 0.07 2.23 ± 0.04 2.08 ± 0.16 2.11 ± 0.4 

14 2.23 ± 0.10 2.11 ± 0.27 2.41 ± 0.07 2.37 ± 0.24 

21 2.29 ± 0.27 2.01 ± 0.03 2.37 ± 0.24 1.81 ± 0.15 

      

Rhodococcus 

(alkB genes) 

0 2.53 ± 0.07 2.53 ± 0.07 2.53 ± 0.07 2.53 ± 0.07 

7 2.94 ± 0.18 2.82 ± 0.07 2.79 ± 0.13 2.82 ± 0.04 

14 2.76 ± 0.13 2.86 ± 0.06 2.57 ± 0.06 2.71 ± 0.19 

21 2.62 ± 0.2 2.87 ± 0.08 2.75 ± 0.22 2.51 ± 0.1 

      

Fungi 

(ITS genes) 

0 2.23 ± 0.38 2.23 ± 0.38 2.23 ± 0.38 2.23 ± 0.38 

7 1.67 ± 0.04 1.96 ± 0.77 2.5 ± 0.01 1.86 ± 0.99 

14 2.04 ± 0.16 2.15 ± 0.18 2.3 ± 0.12 1.98 ± 0.85 

21 2.24 ± 0.51 1.86 ± 0.41 2.14 ± 0.15 2.39 ± 0.35 
 

NA- Natural attenuation, BA- bioaugmentation, BS-biostimulation and BAS-combined bioaugmentation and biostimulation.  

Data shown in means and standard errors of means. Figures in bold are the highest diversity values obtained for each particular 
amendment and gene. 

 

 
 

carbons. Natural attenuation by mixing and watering may 
be the cost-efficient and process-efficient bioremediation 
option for complex hydrocarbon contaminated soils that 
have been left to stand for long periods unturned. 

 
 
REFERENCES 

 
Abdulsalam S, Bugaje IM, Adefila SS, Ibrahim S (2011). Comparison of 

biostimulation and bioaugmentation for remediation of soil 
contaminated with spent motor oil. Int. J. Environ. Sci. Tech. 8 (1): 

187-194. 
Adams RH, Guzmán-Osorio FJ (2008). Evaluation of land farming and 

chemico-biological stabilization for treatment of heavily contaminated 

sediments in a tropical environment. Int. J. Environ. Sci. Tech. 5 (2): 
169-178. 

Adams RH, Olán-Castro D, Guzmán-Osorio FJ, Díaz-Ramirez IJ 

(2009). Relationship between geomorphology and contamination with 
weathered hydrocarbons in an old river levee/marsh association. Int. 
J. Environ. Sci. Tech. 6 (4): 527-538 

Anderson IC, Campbell, CD, Prosser JI (2003). Potential bias of fungal 
18S rDNA and internal transcribed spacer polymerase chain reaction 
primers for estimating fungal biodiversity in soil. Environ. Microbiol. 5: 

36-47. 
Anderson IC, Parkin PI (2007). Detection of active soil fungi by RT-PCR 

amplification of precursor rRNA molecules. J. Microbiol. Meth. 68: 

248-253. 
Andreoni V, Gianfreda L (2007). Bioremediation and monitoring of 

aromatic-polluted habitats. Appl. Microbiol. Biot. 76: 287-308. 

Arulazhagan P, Vasudevan N, Yeom IT (2010). Biodegradation of 
polycyclic aromatic hydrocarbon by a halotolerant bacterial 
consortium isolated from marine environment. Int. J. Environ. Sci. 

Tech. 7 (4): 639-652. 
Balba MT, Al-Awadhi N, Al-Daher R (1998). Bioremediation of oil-

contaminated soil: microbiological methods for feasibility assessment 

and field evaluation. J. Microbiol. Meth. 32: 155-164. 
Belousova N, Baryshnikova L, Shkidchneko A (2001). Selection of 

microorganisms capable of degrading petroleum and its products at 

low temperatures. Appl. Biochem. Micro. 38: 437-440.  
Beolchini F, Rocchetti L, Regoli F, Dell'Anno A (2010). Bioremediation 

of marine sediments contaminated by hydrocarbons: Experimental 
analysis and kinetic modelling. J. Hazard. Mater. 182(1-3): 403-407. 

Benbouza H, Jacquemin JM, Baudoin JP, Mergeai G (2006). 
Optimization of a reliable, fast, cheap and sensitive silver staining 
method to detect SSR markers in polyacrylamide gels. Biotechnol. 

Agron. Soc. Environ. 10: 77-8. 
Bento FM, Camargo FAO, Okeke BC, Frankenberger WT (2005). 

Comparative bioremediation of soils contaminated with diesel oil by 

natural attenuation, biostimulation and bioaugmentation. Bioresource 
Technol. 96: 1049-1055. 

Carberry JB, Wik J (2001). Comparison of ex situ and in situ 

bioremediation of unsaturated soils contaminated by petroleum. 
Environ. Sci. Heal. A. 36: 1491-1503. 

Davezza M, Fabbri D, Prevot AB, Pramauro E (2011). Removal of 

alkylphenols from polluted sites using surfactant-assisted soil 
washing and photocatalysis. Environ. Sci. Poll. Res.18: 783-789. 

El-Gendya NS, Farah J (2011). Kinetic modeling and error analysis for 

decontamination of different petroleum hydrocarbon components in 
biostimulation of oily soil microcosm. Soil. Sediment. Contam. 20: 
432-446.  

Eriksson M, Dalhammar G, Borg-Karlson A (2000). Biological 
degradation of selected hydrocarbons in an old PAH/creosote 
contaminated soil from a gas work site. Applied and Environ. 
Microbiol. 53: 619-626. 

Fouépé AT, Kengni L, Gurunadha Rao VVS, Ndam JR (2009). Transfer 
of moisture through the unsaturated zone in the tropical forest using 

the neutron probe. Int. J. Environ. Sci. Tech. 6 (3): 379-388. 
Gallego JLR, Loredo J, Llamas JF, Vázquez F, Sánchez J (2001). 

Bioremediation of diesel-contaminated soils: Evaluation of potential in 

situ techniques by study of bacterial degradation. Biodegradation. 12: 

325-335. 
Gennaro PD, Morenoa B, Annonib E, García-Rodríguez S, Bestetti G, 

Beniteza E (2009). Dynamic changes in bacterial community 
structure and in naphthalene dioxygenase expression in 
vermicompost-amended PAH-contaminated soils. J. Hazard. Mater. 

172 (2-3): 1464-1469. 
Golomb D, Barry E, Fisher G, Varanusupakul P, Koleda M, Rooney T 

(2001). Atmospheric deposition of polycyclic aromatic hydrocarbons 

near New England coastal waters. Atmos. Environ. 35: 6245-6258. 
Hamamura N, Fukui M, Ward DM, Inskeep WP (2008). Assessing soil 

microbial populations responding to crude-oil amendment at different 
temperatures   using     phylogenetic,    functional   gene   (alkB)   and  

http://dx.doi.org/10.1046/j.1462-2920.2003.00383.x
http://dx.doi.org/10.1046/j.1462-2920.2003.00383.x
http://dx.doi.org/10.1046/j.1462-2920.2003.00383.x
http://dx.doi.org/10.1046/j.1462-2920.2003.00383.x
http://dx.doi.org/10.1016/j.mimet.2006.08.005
http://dx.doi.org/10.1016/j.mimet.2006.08.005
http://dx.doi.org/10.1016/j.mimet.2006.08.005
http://dx.doi.org/10.1007/s00253-007-1018-5
http://dx.doi.org/10.1007/s00253-007-1018-5
http://dx.doi.org/10.1016/S0167-7012(98)00020-7
http://dx.doi.org/10.1016/S0167-7012(98)00020-7
http://dx.doi.org/10.1016/S0167-7012(98)00020-7
http://dx.doi.org/10.1016/j.biortech.2004.09.008
http://dx.doi.org/10.1016/j.biortech.2004.09.008
http://dx.doi.org/10.1016/j.biortech.2004.09.008
http://dx.doi.org/10.1007/s11356-010-0427-7
http://dx.doi.org/10.1007/s11356-010-0427-7
http://dx.doi.org/10.1007/s11356-010-0427-7
http://dx.doi.org/10.1007/s002530051667
http://dx.doi.org/10.1007/s002530051667
http://dx.doi.org/10.1007/s002530051667
http://dx.doi.org/10.1007/s002530051667
http://dx.doi.org/10.1016/S1352-2310(01)00456-3
http://dx.doi.org/10.1016/S1352-2310(01)00456-3
http://dx.doi.org/10.1016/S1352-2310(01)00456-3


 

15162        Afr. J. Biotechnol. 
 
 
 

physiological analyses. Envir. Sci. Tech. 42: 7580-7586. 
Haritash AK, Kaushik CP (2009). Biodegradation aspects of polycyclic 

aromatic hydrocarbons (PAHs): A Rev. J. Hazard. Mater. 169 (1-3): 

1-15. 
Ishihara M, Sugiura K, Asaumi M, Goto M, Sasaki E, Harayama S 

(1995). Oil degradation in microcosms and mesocosms. In: Hincheee 

RE, Brockman FJ & Vogel CM (Ed.) Microbial Processes for 
Bioremediation. Battelle Press, Columbus, Ohio. 

Isitua C, Ibeh I (2010). Comparative study of Aspergillus niger and 

Penicillium sp. in the biodegradation of automotive gas oil (AGO) and 

premium motor spirit (PMS). Afr. J. Biotechnol. 9(24): 3607-3610. 
ISO (2004). Soil quality in determination of content of hydrocarbon in 

the range C10 to C40 by gas chromatography, International 
organisation for standardisation, Geneva. 

Johnsen AR, Wick LY, Harms H (2005). Principles of microbial PAH-

degradation in soil. Environ. Pollut. 133: 71-84. 
Joo H, Ndegwa PM, Shoda M, Phae C (2008). Bioremediation of oil 

contaminated soil using Candida catenulate and food waste. Environ. 

Pollut. 156:891-896. 
Jørgensen KS, Puustinen J, Suortti AM (2000). Bioremediation of 

petroleum hydrocarbon-contaminated soil by composting in biopiles. 

Environ. Pollut.107: 245-254. 
Kauppi S, Sinkkonen A, Romantschuk M (2011). Enhancing 

bioremediation of diesel-fuel-contaminated soil in a boreal climate: 

Comparison of biostimulation and bioaugmentation. Int. Biodeter. 
Biodegr. 65(2): 359-368. 

Kipopoulou AM, Manoli E, Samara C (1999). Bioconcentration of 

polycyclic aromatic hydrocarbons in vegetables grown in an industrial 
area. Environ. Pollut. 106: 369-380. 

Krebs CJ (1999). Similarity coefficients and cluster analysis. Ecol 

Method. 2nd edn. Benjamin Cummings, Menlo Park, California, USA. 
Lai CC, Huang YC, Wei YH, Chang JS (2009). Biosurfactant-enhanced 

removal of total petroleum hydrocarbons from contaminated soil. J 

Hazard Mater. 167: 609-14. 
Li CH, Zhou HW, Wong YS, Tam NF (2009). Vertical distribution and 

anaerobic biodegradation of polycyclic aromatic hydrocarbons in 

mangrove sediments in Hong Kong, South China. Sci. Total. Environ. 
21(407): 5772–5779. 

Li Y, Li F, Chen J, Yang G, Wan H, Zhang T, Zeng X, Liu J (2008). The 

concentrations, distribution and sources of PAHs in agricultural soils 
and vegetables from Shunde, Guangdong, China. Environ. Monit. 
Assess. 139: 61-76. 

Loser C, Seidel H, Hoffmann P, Zehnsdorf A (1999). Bioavailability of 
hydrocarbons during microbial remediation of a sandy soil. Appl. 
Microbiol Biotechnol. 51:105-111. 

Makadia TH, Adetutu EM, Simons KL, Jardine D, Sheppard PJ, Ball AS 
(2011). Re-use of remediated soils for the bioremediation of waste oil 
sludge. J. Environ. Manage. 92: 866-71 

Margesin R, Schinner F (2001). Bioremediation (natural attenuation and 

biostimulation) of diesel-oil-contaminated soil in an alpine glacier 
skiing area. Appl. Environ. Microb. 67:3127-3133. 

Martin-Gill J, Navas-Gracias L, Gomez-Sobrino E, Correa-Guimaraes A, 

Hernandez-Navarro S, Sanchez-Bascones M, Ramos-Sanchez, M 
(2008). Composting and vermicomposting experiences in the  
treatment and bioconversion of asphaltenes from the Prestige oil 

spill. Bioresour. Technol. 99: 1821-1829. 
Menzie CA, Potocki BB, Santodonato J (1992). Exposure to 

carcinogenic PAHs in the environment. Environ. Sci. Technol. 26: 

1278-1284. 
Mishra S, Jyot J, Kuhad RC, Lal B (2001). Evaluation of inoculum 

addition to stimulate in situ bioremediation of oily-sludge-

contaminated soil. Appl. Environ. Microbiol. 67: 1675-1681. 
Mohajeri L, Isa MH, Aziz HA, Zahed MA, Nasrolahzadeh H (2005). 

Survey of petroleum hydrocarbons bioremediation in aquatic 

environment. In: South East Asia Conference on the Advancement of 
Scientific and Social Research, Putra Palace, Perlis, Malaysia. 

Mohajeri L, Aziz H, Isa M, Zahed M, Mohajeri S (2010). Ex-situ 

Bioremediation of Crude Oil in Soil, a Comparative Kinetic Analysis. 
B. Environ. Contam. Tox. 85(1):54-58. 

 

 

 
 
 
 
Muyzer G, De Waal EC, Uitterlinden AG (1993). Profiling of complex 

microbial populations by denaturing gradient gel electrophoresis 
analysis of polymerase chain reaction-amplified genes coding for 16S 

rRNA. Appl. Environ. Microbiol. 59: 695-700. 
NEPC (1999) Assessment of Site Contamination Schudule B(1) 

Guideline on the Investigation Levels for Soil and Groundwater, 

National Environmental Protection Council, 
http://www.ephc.gov.au/sites/default/files/ASC_NEPMsch__01_Inves
tigation_Levels_199912.pdf 01/10/2010. 

Nwuche CO, Ugoji  EO,(2010). Effect of co-existing plant species on 
soil microbial activity under heavy metal stress. Int. J. Environ. Sci. 
Tech. 7 (4): 697-704. 

Okparanma RN, Ayotamuno JM, Davis DD, Allagoa M (2011) 
Mycoremediation of polycyclic aromatic hydrocarbons (PAH)-
contaminated oil-based drill-cuttings. Afr. J. Biotechnol. 10 (26): 

5149-5156. 
Richard JY, Vogel TM (1999). Characterization of a soil bacterial 

consortium capable of degrading diesel fuel. Int. Biodeter. Biodegr. 

44: 93-100. 
Sabaté J, Viñas M, Solanas AM (2006). Bioavailability assessment and 

environmental fate of polycyclic aromatic hydrocarbons in 

biostimulated creosote-contaminated soil. Chemosphere. 63: 1648-
1659. 

Sanscartier D, Reimer K, Zeeb B, Koch I (2011). The effect of 

temperature and aeration rate on bioremediation of diesel-
contaminated soil in solid-phase bench-scale bioreactors. Soil. 
Sediment. Contam. 20: 353-369. 

Scragg A (2005). Bioremediation In: Environmental Biotechnology, New 

York, United States, Oxford University Press Inc. 
Shannon C, Weaver W (1949). The mathematical theory of 

communication. University of Illinois Press, Urbana. 
Sheppard PJ, Adetutu EM, Makadia TH, Ball AS (2011). Microbial 

community and ecotoxicity of bioremediated, weathered 

hydrocarbon-contaminated soil. Soil Research 49: 261-269 
Sinkkonen A, Simpanen S, Romantschuk R (2010). An evolutionary 

perspective to the stimulation of bacterial activity in contaminated 

soil. In: Plaza, G. (Ed.), Trends in bioremediation and 
phytoremediation. Res. Signpost Kerala India. 

Vasco MF, Cepero MC, Restrepo S, Vives-Florez MJ (2011). Recovery 

of mitosporic fungi actively growing in soils after bacterial 
bioremediation of oily sludge and their potential for removing 
recalcitrant hydrocarbons. Int. Biodeterior. Biodegrad. 65(4): 649-655. 

Wen J, Gao D, Zhang B, Liang H (2011). Co-metabolic degradation of 
pyrene by indigenous white-rot fungus Pseudotrametes gibbosa from 

the northeast China. Int. Biodeterior. Biodegrad. 65: 600-604. 

Wu Y, Luo Y, Zou D, Ni J, Liu W, Teng Y, Li Z (2008). Bioremediation of 
polycyclic aromatic hydrocarbons contaminated soil with Monilinia 

sp.: degradation and microbial community analysis. Biodegradation 
19: 247-257. 

Yang S Z, Jin HJ, Wei Z, He RX, Ji YJ, Li XM, Yu SP (2009). 
Bioremediation of Oil Spills in Cold Environments: A Review. 
Pedosphere.19: 371-381. 

Yousefi Kebria D, Khodadadi A, Ganjidoust H, Badkoubi A, Amoozegar 
MA (2009). Isolation and characterization of a novel native Bacillus 

strain capable of degrading diesel fuel. Int. J. Environ. Sci. Tech. 6 

(3): 435-442. 
Yuste L, Corbella M, Turiegano M, Karlson U (2000). Characterization 

of bacterial strains able to grow on high molecular mass residues 

from crude oil processing. FEMS Microbiol. Ecol. 32: 69-75. 
Zahed MA, Aziz HA, Isa MH, Mohajeri L (2010). Effect of initial oil 

concentration and dispersant on crude oil biodegradation in 

contaminated seawater. B. Environ. Contam. Tox. 84 (4): 438-442. 
Zhang X, Li J, Thring R (2010). Surfactant enhanced biodegradation of 

petroleum hydrocarbons in oil refinery tank bottom sludge. J. Can. 

Petrol. Technol. 49: 34-39. 
 
 
 

http://dx.doi.org/10.1016/j.jhazmat.2009.03.137
http://dx.doi.org/10.1016/j.jhazmat.2009.03.137
http://dx.doi.org/10.1016/j.jhazmat.2009.03.137
http://dx.doi.org/10.1007/s00248-005-0022-5
http://dx.doi.org/10.1007/s00248-005-0022-5
http://dx.doi.org/10.1016/j.envpol.2008.05.026
http://dx.doi.org/10.1016/j.envpol.2008.05.026
http://dx.doi.org/10.1016/j.envpol.2008.05.026
http://dx.doi.org/10.1016/S0269-7491(99)00144-X
http://dx.doi.org/10.1016/S0269-7491(99)00144-X
http://dx.doi.org/10.1016/S0269-7491(99)00144-X
http://dx.doi.org/10.1016/j.ibiod.2010.10.011
http://dx.doi.org/10.1016/j.ibiod.2010.10.011
http://dx.doi.org/10.1016/j.ibiod.2010.10.011
http://dx.doi.org/10.1016/j.ibiod.2010.10.011
http://dx.doi.org/10.1016/S0269-7491(99)00107-4
http://dx.doi.org/10.1016/S0269-7491(99)00107-4
http://dx.doi.org/10.1016/S0269-7491(99)00107-4
http://dx.doi.org/10.1016/j.jhazmat.2009.01.017
http://dx.doi.org/10.1016/j.jhazmat.2009.01.017
http://dx.doi.org/10.1016/j.jhazmat.2009.01.017
http://dx.doi.org/10.1016/j.scitotenv.2009.07.034
http://dx.doi.org/10.1016/j.scitotenv.2009.07.034
http://dx.doi.org/10.1016/j.scitotenv.2009.07.034
http://dx.doi.org/10.1016/j.scitotenv.2009.07.034
http://dx.doi.org/10.1007/s10661-007-9816-x
http://dx.doi.org/10.1007/s10661-007-9816-x
http://dx.doi.org/10.1007/s10661-007-9816-x
http://dx.doi.org/10.1007/s10661-007-9816-x
http://dx.doi.org/10.1016/j.jenvman.2010.10.059
http://dx.doi.org/10.1016/j.jenvman.2010.10.059
http://dx.doi.org/10.1016/j.jenvman.2010.10.059
http://dx.doi.org/10.1128/AEM.67.7.3127-3133.2001
http://dx.doi.org/10.1128/AEM.67.7.3127-3133.2001
http://dx.doi.org/10.1128/AEM.67.7.3127-3133.2001
http://dx.doi.org/10.1021/es00031a002
http://dx.doi.org/10.1021/es00031a002
http://dx.doi.org/10.1021/es00031a002
http://dx.doi.org/10.1128/AEM.67.4.1675-1681.2001
http://dx.doi.org/10.1128/AEM.67.4.1675-1681.2001
http://dx.doi.org/10.1128/AEM.67.4.1675-1681.2001
http://dx.doi.org/10.1007/s00128-010-0058-1
http://dx.doi.org/10.1007/s00128-010-0058-1
http://dx.doi.org/10.1007/s00128-010-0058-1
http://dx.doi.org/10.1016/S0964-8305(99)00062-1
http://dx.doi.org/10.1016/S0964-8305(99)00062-1
http://dx.doi.org/10.1016/S0964-8305(99)00062-1
http://dx.doi.org/10.1016/j.chemosphere.2005.10.020
http://dx.doi.org/10.1016/j.chemosphere.2005.10.020
http://dx.doi.org/10.1016/j.chemosphere.2005.10.020
http://dx.doi.org/10.1016/j.chemosphere.2005.10.020
http://dx.doi.org/10.1071/SR10159
http://dx.doi.org/10.1071/SR10159
http://dx.doi.org/10.1071/SR10159
http://dx.doi.org/10.1016/j.ibiod.2010.12.014
http://dx.doi.org/10.1016/j.ibiod.2010.12.014
http://dx.doi.org/10.1016/j.ibiod.2010.12.014
http://dx.doi.org/10.1016/j.ibiod.2010.12.014
http://dx.doi.org/10.1016/j.ibiod.2011.03.003
http://dx.doi.org/10.1016/j.ibiod.2011.03.003
http://dx.doi.org/10.1016/j.ibiod.2011.03.003
http://dx.doi.org/10.1007/s10532-007-9131-9
http://dx.doi.org/10.1007/s10532-007-9131-9
http://dx.doi.org/10.1007/s10532-007-9131-9
http://dx.doi.org/10.1007/s10532-007-9131-9
http://dx.doi.org/10.1016/S1002-0160(09)60128-4
http://dx.doi.org/10.1016/S1002-0160(09)60128-4
http://dx.doi.org/10.1016/S1002-0160(09)60128-4
http://dx.doi.org/10.1016/S0168-6496(00)00015-5
http://dx.doi.org/10.1016/S0168-6496(00)00015-5
http://dx.doi.org/10.1016/S0168-6496(00)00015-5
http://dx.doi.org/10.1007/s00128-010-9954-7
http://dx.doi.org/10.1007/s00128-010-9954-7
http://dx.doi.org/10.1007/s00128-010-9954-7
http://dx.doi.org/10.2118/137211-PA
http://dx.doi.org/10.2118/137211-PA
http://dx.doi.org/10.2118/137211-PA

