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ABSTRACT 
Bioremediation of hydrocarbon pollutants is advantageous owing to the cost-

effectiveness of the technology and the ubiquity of hydrocarbon degrading microorganisms in 
the soil. Soil microbial diversity is affected by hydrocarbon perturbation thus selective 
enrichment of hydrocarbon utilizers occurs. Hydrocarbons interact with the soil matrix and 
soil microorganisms determining the fate of the contaminants relative to their chemical nature 
and microbial degradative capabilities respectively. Bacterial dynamics in crude oil-polluted 
soil microcosms undergoing bioremediation were investigated over a 42-day period. Four out 
of the five microcosms containing 4kg of pristine soil each were contaminated with 4% 
Arabian light crude oil. Three microcosms were amended with either 25g of NPK fertilizer, 
calcium ammonium nitrate or poultry droppings respectively while the fourth designated oil-
contaminated control was unamended. The fifth microcosm had only pristine soil and was set 
up to ascertain indigenous bacterial community structure pre-contamination. Biostimulated 
soils were periodically tilled and watered. Hydrocarbon degradation was measured throughout 
the experimental period by gas chromatography. Gas chromatographic tracing of residual 
hydrocarbons in biostimulated soils showed marked attenuation of contaminants starting from 
the second (day 14) till the sixth (day 42) week after contamination whereas no significant 
reduction in hydrocarbon peaks was seen in the oil contaminated control soil throughout the 
6-week experimental period. Molecular fingerprints of bacterial communities involved in 
aerobic biodegradation of crude oil hydrocarbons in biostimulated soils and controls were 
generated with DGGE using PCR-amplification of 16S rRNA gene obtained from extracted 
total soil community DNA. DGGE fingerprints demonstrated that NPK, calcium ammonium 
nitrate and poultry droppings selected different bacterial populations during the active phase 
of oil degradation. Cluster analysis of DGGE bands using simple matching group average 
setting revealed that poultry droppings-amended soils and calcium ammonium nitrate-
amended soils formed distinct clades meaning that the treatment selected similar bacterial 
populations for each of the treatments whereas NPK soils showed less association. Excision, 
reamplification and sequencing of dominant DGGE bands in biostimulated soils revealed the 
presence of distinct hydrocarbon degraders like Corynebacterium spp., Dietzia spp., low G+C 
Gram positive bacteria and some uncultured bacterial clones. Phylogenetic analysis of the 16S 
rRNA gene sequences of these dominant bacterial communities was conducted using the 
neighbour joining method of PHYLIP. Two distinct clades appeared in the tree clustered 
members of the Actinobacteria and Firmicutes separately. The overall data suggested that 
Gram positive bacteria especially members of the Actinobacteria may have a key role in 
bioremediation of crude oil-polluted soil. 
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Diversidade filogenética de comunidades bacterianas dominantes 
durante a biorremediação do solo de óleo bruto poluído 

 
RESUMO 

A biorremediação de hidrocarbonetos poluentes é vantajosa devido à relação custo-
benefício da tecnologia e da ubiqüidade dos microrganismos degradadores de hidrocarbonetos 
no solo. A diversidade microbiana do solo é afetada pela perturbação gerada por 
hidrocardonetos, ocasionando assim o enriquecimento seletivo dos microrganismos 
utilizadores destes hidrocarbonetos. Os hidrocarbonetos interagem com a matriz do solo e a 
microbiota, determinando o destino dos contaminantes em relação à sua natureza química e à 
capacidade de degradação da comunidade microbiana, respectivamente. A dinâmica 
bacteriana nos microcosmos contaminados por petróleo e submetidos à biorremediação foi 
investigada por um período de 42 dias. Quatro dos cinco microcosmos contendo solo não 
poluído foram contaminados com 4% de petróleo. Três microcosmos contaminados por 
petróleo foram corrigidos com 25 g do fertilizante NPK, nitrato de amônia e cálcio e 
excrementos de aves, respectivamente; enquanto no quarto microcosmo contaminado por 
petróleo nada foi adicionado. O quinto microcosmo consistia apenas de solo puro (não 
contaminado por petróleo) e foi utilizado para a averiguação da estrutura da comunidade 
microbiana indígena do solo. Os solos bioestimulados foram periodicamente cultivados e 
irrigados. A degradação dos hidrocarbonetos foi quantificada por cromatografia gasosa 
durante todo o período experimental. O rastreamento por cromatografia gasosa dos 
hidorcarbonetos residuais nos solos bioestimulados indicaram significativa atenuação dos 
contaminantes a partir da segunda semana (dia 14) até a sexta semana (dia 42) após a 
contaminação, enquanto no solo controle contaminado por petróleo, nenhum pico 
significativo de redução de hidrocarbonetos foi verificado durante todo o período 
experimental. A caracterização molecular das comunidades bacterianas envolvidas na 
biodegradação aeróbia de hidrocarbonetos do petróleo nos solos bioestimulados e nos 
controles foi gerada pela técnica de DGGE, utilizando produtos de amplificação por PCR do 
gene 16S rRNA obtido pela extração do DNA total do solo. Os padrões obtidos pelo DGGE 
demonstraram que a bioestimulação causada pela fertilização com NPK, nitrato de amônio e 
cálcio, e excrementos de aves selecionaram populações bacterianas diferentes durante a fase 
ativa da degradação do petróleo. A análise do agrupamento de bandas do DGGE utilizando a 
média simples de correspondência de grupo revelou que a adição de nitrato de amônio e 
cálcio, e excrementos de aves aos solos formaram clados distintos, o que significa que estes 
tratamentos selecionaram populações características de bactérias para cada tratamento, 
enquanto os solos tratados com NPK mostraram menor associação. A excisão, reamplificação 
e sequenciamento de bandas dominantes no DGGE nos solos bioestimulados revelaram a 
presença de distintos microrganismos degradadores de hidrocarbonetos, como o 
Corynebacterium spp., Dietzia spp., bactérias de baixo G+C Gram-positivas e alguns clones 
bacterianos não cultivados. Análises filogenéticas das sequências do gene 16S rRNA das 
comunidades bacterianas dominantes foram realizadas utilizando-se o método “neighbor 
joining” do programa PHYLIP. Dois clados distintos foram observados na árvore do 
agrupamento, membros do cluster Actinobacteria e Firmicutes, separadamente. Dados globais 
sugerem que bactérias Gram-positivas, especialmente membros de Actinobacteria podem ter 
um papel fundamental na biorremediação de solos poluídos por petróleo. 

 
Palavras-chave: dinâmica bacteriana; petróleo bruto leve da Arábia; biorremediação; análise 
filogenética; PHYLIP. 
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1. INTRODUCTION 
 
Crude oil pollution is widespread in the environment and at present is a serious 

ecological problem facing the oil-rich Niger Delta region of Nigeria. Over 80% of Nigeria’s 
oil comes from this zone and its surrounding offshore area (Okpokwasili and Odokuma, 1994; 
Okpokwasili, 2006). Within the Delta, the numerous tank farms, flow stations, pipelines, 
tankers and loading jetties provide a constant threat of oil pollution (Ijah and Antai, 2003a,b; 
Nweke and Okpokwasili, 2004; Chikere and Chijioke-Osuji, 2006). Bioremediation which is 
the application of the metabolic capacity of biological systems (plants and microbes) to 
degrade hazardous substances into less toxic or innocuous ones in the environment has gained 
popularity in the global conservation and environmental sustainability strategies. It is a 
natural process that takes advantage of nature’s recycling and self-purification capabilities 
and as such is accepted by the public for cleanup of polluted ecosystems (Kaplan and Kitts, 
2004; Nweke and Okpokwasili, 2004; Van Elsas et al., 2007; Chikere et al., 2009a,b,c). 

The goal of bioremediation is to degrade pollutants to concentrations that are either 
undetectable or to those below the levels prescribed by regulatory agencies like United States 
Environmental Protection Agency (US EPA), Federal Ministry of Environment (FME) and 
various State Environmental Protection Agencies in Nigeria.  Bioremediation is a preferred 
treatment technology for the decontamination of hydrocarbon-polluted soils (Van Hamme et 
al., 2003; Maila et al., 2005) and several studies have underscored the effectiveness and eco-
friendliness of this technology in different geographical and ecological contexts 
(Macnaughton et al., 1999; Zucchi et al., 2003; Kaplan and Kitts, 2004; Philp et al., 2005; 
Hamamura et al., 2006; Margesin et al., 2007; Stroud et al., 2007; Quatrini et al., 2008). It is 
also well documented that hydrocarbon-utilizing bacteria are ubiquitous in both contaminated 
and pristine soils (Leahy and Colwell, 1990; Bundy et al., 2002, 2004; Van Beilen and 
Funhoff, 2005, 2007). The existence of microorganisms with the required catabolic activities 
is necessary for efficient bioremediation. In addition, the polluting compound must be 
accessible or bioavailable, to the degrading microorganisms in the soil. Environmental and 
nutritional conditions favourable for prolific microbial activities and the absence of inhibitory 
substances are also essential (Van Elsas et al., 2007). Three types of bioremediation are 
predominant in the industry today including natural attenuation, biostimulation and 
bioaugmentation (Van Hamme et al., 2003). The simplest method is natural attenuation, 
where contaminated soils are only monitored for contaminant concentration to assure 
regulators that natural processes of contaminant degradation are active. Biostimulation is the 
process of providing microbial communities with a favourable environment in which they can 
effectively degrade contaminants and in most cases involves the provision of rate-limiting 
resources like nitrogen, phosphorus and oxygen to speed up the bioremediation process 
(Rosenberg et al., 1996; Kaplan and Kitts, 2004; Roling et al., 2002, 2004). Crude oil and 
other petroleum hydrocarbons are chemically heterogeneous and almost ubiquitous in the 
environment. Not only are they found at the site of oil pollution, but chemical analysis has 
revealed the presence of both aliphatic and aromatic hydrocarbons, in most pristine soils and 
sediments (Heiss-Blanquet et al., 2005; Ollivier and Magot, 2005; Philp et al., 2005; Kloss et 
al., 2006; Quatrini et al., 2008). The probable origins of these low concentrations of 
hydrocarbons in pristine environmental media are seepage from natural deposits and 
biosynthesis by plants and microorganisms (Atlas and Philp, 2005; Ollivier and Magot, 2005). 
It is therefore not surprising that hydrocarbon utilizing bacteria (HUB) are widely distributed 
in nature. Several investigations have demonstrated an increase in numbers of HUB in oil-
polluted habitats undergoing bioremediation (Rosenberg et al., 1992, 1996; Rosenberg and 
Ron, 1996; Bouchez-Naitali et al., 1999; Macnaughton et al., 1999; Williams et al., 1999; 
Odokuma and Ibor, 2002; Margesin et al., 2003; Odokuma and Dickson, 2003; Koren et al., 
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2003; Sei et al., 2003; Siciliano et al., 2003; Bordenave et al., 2004; Chikere and Chijioke-
Osuji, 2006; Hamamura et al., 2006; Ruberto et al., 2006; Rojas-Avelizapa et al., 2007; 
Quatrini et al., 2008). However, previous and recent works have suggested that despite an 
increase in the HUB percentage, the biodiversity of the bacterial community may be 
dramatically reduced since the presence of hydrocarbons in the environment often leads to 
selective enrichment of HUB, to the relative detriment of biodiversity (Leahy and Colwell, 
1990; Rosenberg and Ron, 1996; Abed et al., 2002; Evans et al., 2004; Atlas and Philp, 2005; 
Maila et al., 2005; Hamamura et al., 2006; Popp et al., 2006; Quatrini et al., 2008; Rodrigues 
et al., 2009). In order to achieve hydrocarbon utilization by bacteria, a number of rate limiting 
nutritional requirements need to be provided. Hydrocarbons as their name implies are 
composed of hydrogen and carbon; therefore there is a need to supply all other elements 
essential for growth in the growth medium (Philp et al., 2005). These growth factors include 
molecular oxygen for the oxygenases, nitrogen, phosphorus, sulphur and metals like K+ and 
Na+ (Leahy and Colwell, 1990; Rosenberg et al., 1996; Van Hamme et al., 2003; Ollivier and 
Magot, 2005). Traditionally, characterization of microbial community composition in 
contaminated soil has been limited to the ability to culture microorganisms from 
environmental samples. Unfortunately, only a fraction of the microorganisms involved in the 
biodegradation of contaminants in soil can currently be cultured in the laboratory (Malik et 
al., 2008). It is estimated that more than 90% of species making up the microbiota in the 
environment do not form colonies when cultured using conventional techniques 
(Macnaughton et al., 1999; Theron and Cloete, 2006; Quatrini et al., 2008). Through the use 
of culture-independent methods such as nucleic acid-based techniques, polymerase chain 
reaction (PCR)-amplification of 16S rRNA genes, denaturing gradient gel 
electrophoresis(DGGE)and phylogenetic analytical software and programmes, new insights 
have been gained into the composition of both culturable and non culturable microbial 
communities in hydrocarbon-polluted soils during bioremediation (Macnaughton et al., 1999; 
Margesin et al., 2003; Sei et al., 2003; Maila et al., 2005; Surridge et al., 2005; Hamamura et 
al., 2006; Smalla et al., 2007; Chikere et al., 2008, 2009c;  Malik et al., 2008; Quatrini et al., 
2008; Kumar and Khana, 2010; Lal et al., 2010).  

The objectives of the present investigation were to identify key bacterial populations that 
are involved in crude oil degradation using molecular fingerprinting methods (PCR, DGGE) 
and also ascertain the phylogeny of 16S rRNA sequences corresponding to dominant DGGE 
bands by constructing phylogenetic tree using the neighbour joining method of phylogenetic 
inference package (PHYLIP). 
 
2. MATERIALS AND METHODS 
 
2.1. Sample preparation 

Soil (85% sand, 10% clay and 5% silt) with pH 5.3, was collected from the surface 
horizon (A horizon) and divided into fifteen 5 L pots each containing 4 kg of soil. The pots 
which had openings at the base were in triplicates to represent five different treatment 
regimens namely NPK amended soil (PN), calcium ammonium nitrate amended soil (PU), 
poultry droppings amended soil (PP), oil-contaminated control (OC) and pristine control 
(PC). All treatments except PC were contaminated with 4% (w/v) of Arabian light crude oil. 
The oil contaminated soil samples were thoroughly mixed with a hand trowel sanitized with 
70% ethanol. For the nutrient amended soils, 25 g of NPK, calcium ammonium nitrate or 
poultry droppings was dissolved in 200ml sterile distilled water and mixed with the 
contaminated soil to distribute the crude oil and nutrients through the soil particles and also to 
enhance aeration. Microcosms were kept at room temperature in a green house; nutrient 
treated soils were regularly watered weekly with 200ml sterile distilled water to compensate 
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for evaporated water and also mixed every other day for aeration. The oil-contaminated and 
pristine controls were left undisturbed throughout the 6-week experimental period. The 
microcosms were sampled at days zero, 7, 14, 21, 28, 35 and 42. Triplicate microcosms were 
sampled for each treatment and bulked to obtain a composite sample. 

 
2.2. Gas chromatographic analysis 

Hydrocarbon degradation/loss in the biostimulated and control soils was determined by 
extracting residual hydrocarbons from PN, PU, PP and OC microcosms weekly starting from 
day zero of experiment. Five grams of soil was mixed with 40µl of n-pentane (HPLC grade) 
to which 32 µl of Cumene (Isopropyl benzene) was added as internal standard. The analysis 
was carried out using a Varian 1440 GC-FID (California, USA). A DB-1 column was used 
with the following dimensions: 30 m x 0.2 mm; 0.25µm film thickness; 0.32 i.d. Helium was 
the carrier gas at a flow rate of 1ml/min. Analyses were carried out in split injection mode 
using a split ratio 5:1. The injection port was set at 250oC. The oven temperature was 
programmed from 40oC for 10min, then 20oC per min to 330oC, holding this temperature for 
10min. 

 
2.3. Molecular analysis 

Total microbial community DNA from microcosms corresponding to the five treatments 
was extracted with Zymo Research Soil Microbe DNA kit (Inqaba Biotech, SA) and Bio 101 
FP-120 FastPrep cell disruptor (Qbiogene, Inc. Canada). PCR was done according to Surridge 
(2005) as described briefly. Amplification of the template DNA was performed using 2 µl 
volume of the extracted DNA with Bio Rad MJ Mini thermal cycler (Mexico). The 50 µl PCR 
mixture contained 5µl of deoxy nucleoside triphosphates (dNTPs) mixture (2.5 µM) ( 
Promega, USA), 5 µl of 5X Green Go Taq Flexi buffer (Promega, USA), 3.5 µl of 25 mM 
MgCl2 (Promega, USA), 2 µl each of 10 pmol of both forward (primer M) and reverse (primer 
K) primers pA8f-GC (5’-CGC-CCG-CCG-CGC-GCG-GCG-GCG-GGC-GGG-GCG-GGG-GCA-
GGG-GAG-AGT-TTG-ATC-CTG-GCT-CAG-3’) and KPRUN518r (5’-ATTACCGCGGCTGCTGG-
3’), 0.25 µl of 5U/µl hot start Go Taq DNA polymerase, 2.5 µl of 20 mg/ml of bovine serum 
albumin and 27.75 µl of sterile water. A reaction tube without template DNA was included as 
negative control. The PCR programme was as follows: denaturing step at 95oC for 3 min, 
followed by 33 cycles of 30 sec at 95oC, annealing for 30 sec at 55oC and extension at 72oC 
for 1 min, followed by a final extension at 72oC for 7 min and then held at 4oC. Amplified 
DNA was examined by electrophoresis in 1.4% agarose gel with 2 µl aliquots of PCR 
products in 1X Tris-Acetate-EDTA buffer using Bio Rad Power PacTM electrophoretic 
machine while DGGE was done according to Muyzer et al. (1993) using BioRad Dcode Multi 
Mutation Detection System as described briefly. Ten microlitres containing 250ng of the 
various 16S PCR products were loaded per lane onto 25-55 % denaturing gradient gels.  Gels 
were run at 70 V for 17 h at a constant temperature of 60 °C. Image analysis was performed 
using the Gel2K (Norland, 2004) programme and fingerprints were analysed in a cluster 
investigation using CLUST (Norland, 2004). PCR products of excised dominant bands were 
sequenced using an ABI 3130XL genetic analyzer (Applied Biosystems, Foster City, CA) 
incorporating the ABI Big Dye Terminator Cycle Sequencing kit version 3.1 (Applied 
Biosystems, Foster City, CA). Sequence identification was performed using the BLAST-N 
facility of the National Center for Biotechnology Information (NCBI 
http://www.ncbi.nlm.nih.gov) while phylogenetic analysis was performed using the neighbour 
joining method of PHYLIP. All the sequences obtained in the study have been deposited with 
GenBank under accession numbers GU451069 to GU451108.  
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3. RESULTS AND DISCUSSION 
 

The bacterial populations associated with aerobic degradation of crude oil as examined 
by analysis of PCR-amplified 16S rRNA gene fragments using DGGE are shown in Figure 1. 
DNA samples used for DGGE were taken from the days when appreciable reduction in 
hydrocarbons peaks was demonstrated in the chromatograms (data not shown). All nutrient-
amended treatments showed emergence of prominent DGGE bands during the experimental 
period. Banding patterns showed that dominant DGGE bands appeared in nutrient amended 
soils PN, PU, PP over time (0-42 days) and not in the pristine or oil contaminated controls 
(PCB, OCB, OC0, OC42). 

 
 

 
 

Figure 1. DGGE profiles of 16S rRNA gene fragments from pcb, 
pristine control baseline; ocb, oil-contaminated control baseline; oc0, oil-
contaminated control zero day; oc42, oil-contaminated control 42nd day 
and nutrient amended soils pn0, NPK-amended soil day0; pn14, NPK-
amended soil day14; pn42, NPK-amended soil day42; pu0, calcium 
ammonium nitrate-amended soil day0; pu14, calcium ammonium nitrate-
amended soil day14; pu21, calcium ammonium nitrate-amended soil 
day21; pu42, calcium ammonium nitrate-amended soil day42; pp0, 
poultry droppings-amended soil day0; pp14, poultry droppings-amended 
soil day14; pp28, poultry droppings-amended soil day28; pp42, poultry 
droppings-amended soil day42. 
 

In PN soil, no dominant bands were observed on day zero (pn0) of the experiment, but a 
prominent band appeared on day 14 and persisted till day 42. All nutrient amended soils 
showed obvious successional patterns, where most DGGE bands emerging early in the 
experiment disappeared with time as others that appeared later remained relatively prominent 
throughout the study period. Conversely, no obvious changes in DGGE banding patterns were 
observed in the oil contaminated control (oc0 and oc42) during the experimental period. 

  pcb    ocb   oc0  oc42  pn0   pn14 pn42  pu0   pu14 pu21 pu42  pp0  pp14 pp28 pp42 
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Consequently, the populations corresponding to the prominent DGGE bands in nutrient 
amended soils were clearly due to biostimulation rather than oil contamination alone. Species 
diversity, and to certain extent species richness, as derived from the DGGE gel by compiling 
a dendogram (cluster analysis) using simple matching – group average setting of the CLUST 
software is shown in Figure 2. The programme CLUST (Norland, 2004) is based on Shannon 
index algorithms and groups the profiles of the species in each sample according to how 
similar in community composition the samples are. Thus, samples from similar environments 
would be expected to display analogous communities and group together in the CLUST 
dendogram. Two main clades were observed with the simple matching algorithm comprising 
(1) pristine control soil baseline (PCB), NPK-amended soil days 0 (PN0) and 14 (PN14), oil-
contaminated soil baseline (OCBl), oil contaminated control day42 (OC42), calcium 
ammonium nitrate-amended soil days 0 (PU0), 14 (PU14), 21 PU21), 42 (PU42) and (2) oil-
contaminated control day 0 (OC0I), NPK-amended soil day 42 (PN42D)  poultry droppings-
amended soil days 0 (PP0D), 14 (PP14D), 28 (PP28D) and 42 (PP42D). Thus, all poultry 
droppings amended samples clustered together which meant that the treatment selected 
similar bacterial groups involved in crude oil biodegradation during the period studied. 
Calcium ammonium nitrate samples (PU) on days 14, 21 and 42 also formed a distinct cluster 
which showed that the treatment given to the sample resulted in the selection of a similar 
genetic community profile across the days DNA samples were extracted from the PU soil. 
NPK-amended soil (PN) on days 0 and 14 clustered together with pristine control (PCB) 
while PN42 clustered with oil-contaminated control day 0 (OC0I). Oil-contaminated control 
baseline (OCBl) clustered with calcium ammonium nitrate soil day 0 (PU0D).  
 

 
 

Figure 2. Cluster analysis of the banding pattern in Figure 1 using a simple 
matching group average setting to separate communities according to species 
sequence differences. PCB: pristine soil baseline; PN0D: NPK-amended soil day 
0; PN14: NPK-amended soil day 14; OC: oil-contaminated control soil day 42; 
PU0: calcium ammonium nitrate-amended soil day 0; OCBI: oil-contaminated-
control baseline; PU14D: calcium ammonium nitrate-amended soil day 14; 
PU21D: calcium ammonium nitrate-amended soil day 21; PU42D: calcium 
ammonium nitrate-amended soil day 42; OC0I: oil-contaminated control soil day 
0; PN42D: NPK-amended soil day 42; PP14D: poultry dropping-amended soil 
day 14; PP28D: poultry dropping-amended soil day 28; PP42D: poultry 
dropping-amended soil day 42; PP0D: poultry dropping-amended soil day 0. 
Scale on y axis represents the evolutionary distance between tree branches and 
nodes in increments of 0.1. 
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Phylogenetic relationships of 16S rRNA sequences obtained from dominant DGGE 
bands were done using PHYLIP (phylogenetic inference package) version 3.67. Phylogenetic 
tree shown in Figure 3 was constructed using the neighbour joining method, distance matrixes 
were calculated by Jukes and Cantor Model for single nucleotide substitution. Sequencing 
revealed that dominant bacterial populations in the biostimulated treatments were mainly 
Gram positive bacteria which comprised Corynebacterium spp., Dietzia spp., Low G+C Gram 
positive bacteria, uncultured bacterial clones and Rhodococcus sp. The numbers in the tree 
branches represent the dominant DGGE bands while the maximum identities of these DGGE 
bands to their GenBank closest relatives are presented in percentage. 

 

 
 
 

 
 

It is an established scientific fact that hydrocarbon utilizing bacteria proliferate in a given 
environment following anthropogenic and natural release of crude oil and other hydrocarbons 

Low G+C Gram positive bacterium T135 (99%) pp0 

Dietzia  sp. A1401 (100%)pu14 

Figure 3. Phylogenetic relationships of dominant 16S rRNA sequences from different nutrient-
amended treatments in Figure 1 using PHYLIP version 3.67. Phylogenetic tree was constructed 
using the neighbour joining method, distance matrixes were calculated by Jukes and Cantor 
Model for single nucleotide substitution per sequence represented by a scale of 0.1 at the foot 
of the tree. The tree was rooted with the 16S rRNA gene sequence of Rhodococcus erythropolis 
strain Hg2B, a hydrocarbon degrading bacterium. Percentage represents maximum identity 
score to GenBank closest relative. The numbers 1-14 represent 16S rRNA sequences of the 
dominant DGGE bands shown in Figure 1 and their maximum identity with closest GenBank 
relatives are enclosed in parentheses as percentages.  

Low G+C Gram positive bacterium T135 (99%) pp42 

Dietzia  sp. CNJ898 (99%) pu21

Uncultured bacterium AB366971 (98%) pu21 

Low G+C Gram positive bacterium T135 (99%) pp28 

Low G+C Gram positive bacterium T135 (99%) pp14 

Low G+C Gram positive bacterium T135 (98%) pn42 

Corynebacterium  sp. IC10 (99%) pu42 

Corynebacterium  sp. IC10 (97%) pu21

Corynebacterium  sp. IC10 (98%) pn14

Uncultured bacterium EU777031(100%) pu42 

Corynebacterium  sp. IC10 (99%) pu14 

Dietzia  sp. KUA-5 (99%) pu42 

Rhodococcus erythropolis strain Hg2B (outgroup) 



CHIKERE, C. B; SURRIDGE, K. J; CLOETE, T. E; OKPOKWASILI, G. C. Phylogenetic diversity of 
dominant bacterial communities during bioremediation of crude oil-polluted soil. Ambi-Agua, Taubaté, v. 6, n. 
2, p. 61-76, 2011. (doi:10.4136/ambi-agua.186) 
 

 69

(Leahy and Colwell, 1990). PN treatment showed the greatest decrease of the pollutants by 
day 14 followed by PU and PP by day 21 respectively. It was observed that almost all the 
hydrocarbons in the amended soils were degraded three weeks post-oil contamination as 
revealed by gas chromatography. By day 42, the heights of the hydrocarbon peaks were all 
reduced in the nutrient amended soils in this order, PN>PU>PP whereas no noticeable 
decrease was observed in the oil contaminated control (OC). Throughout the 42-day period, 
PN (NPK amended soil) showed the most effective degradation of the crude oil. The bacterial 
counts however did not reflect these trends as PP (poultry droppings amended soil) showed 
the highest counts for both THB and HUB (data not shown). Poultry litter has been shown to 
contain a large number of microorganisms (Williams et al., 1999; Ijah and Antai, 2003a) 
which may have been an added inoculum to the ones already in the soil as also recorded in 
this study. In the same vein, Van Hamme et al. (2003) reported that mineral salts medium 
used in the isolation of HUB can favour even non degrading microbes because of traces of 
carbon in agar thereby overestimating their numbers and importance during bioremediation. 
Hamamura et al. (2006) in their study also reported cultivation of numerous HUB from oil-
contaminated soil which did not correlate with the results obtained using culture-independent 
molecular techniques and advised that molecular methods should be used to confirm and 
verify results obtained using traditional cultivation methods. Culture-dependent methods have 
been used by several researchers to isolate bacteria involved in the degradation of petroleum 
hydrocarbons (Odokuma and Dickson, 2003; Chaillan et al., 2004; Nweke and Okpokwasili, 
2004; Ebuehi et al., 2005; Maila et al., 2005; Ayotamuno et al., 2006; Chikere and Chijioke-
Osuji; 2006; Adoki and Orugbani, 2007; Rojas-Avelizapa et al., 2007), even though only a 
fraction of soil bacteria involved in biodegradation can currently be cultured in the laboratory 
(Surridge et al., 2005; Malik et al., 2008; Zengler, 2008; Heinzel et al., 2009). It was observed 
that total culturable heterotrophic and hydrocarbon utilizing bacterial counts increased in the 
biostimulated soils (PN, PU and PP) starting from days 7 and 21 reaching the highest 
numbers by days 35 and 42 respectively. On the other hand, populations of both culturable 
heterotrophic and hydrocarbon utilizing bacterial counts remained stable throughout the 
experimental period in the oil-contaminated and pristine control soils (OC and PC). Several 
studies have also recorded an increase in culturable heterotrophic and hydrocarbon utilizing 
bacterial counts during crude oil biodegradation following biostimulation (Margesin et al., 
2003; Chaillan et al., 2004; Nweke and Okpokwasili, 2004; Ebuehi et al., 2005; Ayotamuno 
et al., 2006; Chikere and Chijioke-Osuji, 2006). Changes in bacterial counts detected in all 
biostimulated soils were induced by the addition of nutrients rather than oil contamination 
alone. The same observation was made by Evans et al. (2004) when they investigated the 
impact of oil contamination and biostimulation on the diversity of indigenous bacterial 
communities in soil microcosms. The most consistent pattern observed in the present study 
was the emergence of Corynebacterium sp. IC10-like bacteria in all nutrient-amended soils 
treated with different organic and inorganic nutrients. Wide distribution of these bacterial 
species in the biostimulated soils indicates the importance of Corynebacterium spp. in 
hydrocarbon degradation. This finding is consistent with results from previous studies 
showing the prevalence of hydrocarbon-degrading Corynebacterium spp. in various 
hydrocarbon-contaminated soils using culture-dependent (Bouchez-Naitali et al., 1999; 
Rahman et al., 2002; Adebusoye et al., 2007 ) and culture-independent approaches (Jimenez 
et al., 2007). Electron microscopy (electron micrographs not shown) also revealed the 
abundance of Corynebacterium spp. in consortia across all nutrient-amended treatments 
which confirmed the results obtained from the sequencing study which revealed prevalence of 
Corynebacterium sequences. The phylogenetic tree comprised two distinct clades which 
clustered members of the Actinobacteria and Firmicutes separately. These Gram positive 
bacteria have been shown by independent researches to contain hydrocarbon degrading 
species (Okpokwasili et al., 1986; Ollivier and Magot, 2005; Hamamura et al., 2006; Van 
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Beilen and Funhoff, 2007; Quatrini et al., 2008) and it may be that species of these bacteria 
detected in the study could as well be hydrocarbon degraders. 

 
4. CONCLUSION 
 

It could be inferred that bacterial population changes occurred as a result of 
biostimulation.  Nutrient input, aeration and watering enhanced biodegradation capabilities of 
the autochthonous bacterial populations. Denaturing gradient gel electrophoresis of PCR-
amplified 16S rRNA gene used in this study provided a rapid and efficient culture-
independent approach to elucidate the bacterial diversity, community structure and phylogeny 
during bioremediation. This technique demonstrated that members of the Actinobacteria 
phylogenetic group were the dominant bacteria involved in crude oil biodegradation after 
biostimulation with different nutrient sources as measured using molecular fingerprinting 
method. From the gas chromatographic tracing, NPK fertilizer seems to be the best nutrient 
for the biostimulation of indigenous bacterial community in crude oil-polluted soil and 
concomitant degradation of hydrocarbons. 
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