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ABSTRACT. We investigated the biodegradability of oil in mangrove 
sediment from Camamu Bay and measured its effect on the bacterial 
community. Microcosms of mangrove sediment were contaminated 
with 0.1, 0.5, 1, 2, and 5% (w/v) oil, and the microbial activity was 
compared to that in uncontaminated sediment. The evolution of CO2 and 
gas chromatography showed the mineralization of oil compounds, which 
could reach 100%. Bacterial diversity was determined by polymerase chain 
reaction using a set of primers for the V3 and V6-V8 regions of 16S rDNA. 
The band profile obtained by denaturing gradient gel electrophoresis of 
the amplicons that were obtained for the V3 region showed a negative 
correlation between band number and oil concentration, whereas that of 
the V6-V8 region showed a positive correlation between band numbers 
and oil concentration. The latter also gave similar results for microcosms 
that were contaminated with 2 and 5% oil. These results demonstrate 
the mangrove sediment’s capacity to recover from oil contamination (in 
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vitro) and suggest that native mangrove microorganisms contain enzymes 
necessary for the catabolism of oil.

Key words: CO2; Denaturing gradient gel electrophoresis; 16S rDNA; 
V3 region; V6-V8 region

INTRODUCTION

Increasing consumption of fossil fuels led to the depletion of resources of Brazilian 
onshore wells and to external dependence, and it prompted offshore oil exploration, which 
led to the discovery of vast offshore oil basins (Lucchesi, 1998). Currently, about 90% of 
Brazilian oil production stems from offshore sources (Petrobras, 2012). Oil emanations on the 
outskirts of Camamu Bay have been known for some time, but an increased interest in its oil 
potential occurred only recently (El Paso, 2005; Albaigés et al., 2006).

Soil and sediment contamination with petroleum hydrocarbons can affect the com-
munity’s structure and functional diversity of resident bacteria and thus may have a major eco-
logical impact (Kathiresan and Bingham, 2001; dos Santos et al., 2012). Mangroves (MGs), 
because of their location, are especially subject to impacts by offshore oil production activities 
that include exploration, production, refining, and transportation (Burns et al., 1993; 2000; 
Seabra, 2001; Li et al., 2007).

The respiration-caused release of CO2 is the main parameter to measure the microbial 
activity of soil and has been applied in environmental impact assessments (Alef and Nannip-
ieri, 1995; Machulla, 2003; Varma and Oelmüller, 2007; dos Santos et al., 2012; Silva et al., 
2012). The amount of CO2 released indicates mineralization (Moreira and Siqueira, 2006). The 
controls made with CO2 emissions do not guarantee universal results, and each result must be 
analyzed according to the type, texture, and soil/sediment structure. These variables can affect 
the microbial populations because they affect aeration, water infiltration, pollutant retention, 
and mobility of resident microorganisms (Margesin and Schinner, 2005). The degrading gra-
dient gel electrophoresis (DGGE) technique is widely used in environmental impact studies 
because it allows the visualization of changes in microbial community structure as a function of 
environmental change (Muyzer and Smalla, 1998). Molecular biology techniques in conjunc-
tion with other biological and physico-chemical parameters demonstrate that microorganisms 
are closely related to essential functions that maintain the ecosystem balance (Dworkin et al., 
2006). Thus, knowledge of the structural diversity of microbial communities has become an in-
creasingly important issue for scientists, especially in polluted ecosystems (Singh et al., 2009).

We investigated oil biodegradability and the impact of contamination by petroleum 
on the bacterial community of MG sediment of the Camamu Bay in in vitro experiments 
for the first time. Chromatographic analysis and CO2 evolution suggest the mineralization of 
petroleum. Our analyses using DGGE amplicons of the V3 and V6-V8 regions of 16S rDNA 
show a richness of bands, and the antagonistic correlations for the two sets of oligos point to 
the importance of this study.

MATERIAL AND METHODS

Study area and collection of samples

The study area was located in the MGs of Camamu Bay, in southern Bahia. The rep-
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resentativeness of the study area was established by choosing five collection points based 
on sediment characteristics and vegetation cover (site I, 13°93'94.8''S, 39°06'89.4''W; site 
II, 13°93'53.1''S, 39°5'7.4''W; site III, 13°92'31.5''S, 39°5'32''W; site IV, 13°90'71.5''S, 39°4' 
96.7''W; and site V, 13°89'46.7''S, 39°3'88''W). The geographical coordinates of each sampling 
point were recorded using a global positioning system unit (model Garmin). Each collec-
tion point, in turn, was represented by five randomly collected sub-samples. Sediment was 
collected in February 2011 during low tide to avoid the proximity of vegetation and to pre-
vent major effects of rhizospheric microbial communities. At each collection point, a 2-kg 
sediment sample was obtained from a depth of 1-10 cm with the aid of a sterilized gardening 
shovel. Samples were packaged in hermetically sealed sterile plastic bags, cooled on ice, and 
rushed to the laboratory where they were processed. The concentration of organic matter from 
composite samples was 62.22 g/kg, and the soil was classified as sand soil. From the samples, 
150 g was removed for analysis of microbial respiration, 3 g for DNA extraction, and 600 g for 
the microcosm experiments. Samples for molecular analysis were placed in 1.5-mL Eppendorf 
microtubes and stored at -80°C.

Microcosms

Microcosm tests were conducted as previously described by dos Santos et al. (2012). 
Twenty-two days after petroleum contamination, aliquots of 25 and 3 g were removed for gas 
chromatographic analysis and DNA extraction, respectively. The statistical significance of the 
data was evaluated by analysis of variance; the means were then compared by the Tukey test.

Gas chromatographic analysis of oil degradation

Uncontaminated and petroleum-contaminated sediment samples [0.1, 0.5, 1, 2, and 
5% (w/v)] were removed from the microcosms on days 0 and 22 for degradation analysis. Oil 
compounds were extracted from 2.5 g soil with 10 mL solvent (hexane, Merck Germany) in a 
separate flask. The resulting suspensions were sonicated (Unique USC1600) for 30 min, and 
the supernatant was removed. The extraction procedure was repeated three times. The three 
supernatants were combined, and the solvent was removed by rotary evaporation (RV06-ML 
IKA® Werke), leaving the oil residue. Five microliters oil extract was collected and redis-
solved in 495 µL hexane. Chromatographic analyses were performed on a Shimadzu gas chro-
matograph using an RTX-5 column (Restek, 30 m, 0.25 mm; 0.30-µm film) and hydrogen 
as the carrier gas. One microliter each sample was injected. The temperature of the injector 
and detector was 240 and 300°C, respectively. The programmed column temperature was as 
follows: 45°C for 1 min, heating speed of 25°C/min to 140°C, heating speed of 10°C/min to 
290°C, and hold at 290°C for 10 min. The percentage of degradation of the compounds was 
calculated as the difference between the peak areas of the samples from the initial experimen-
tal time and final time samples, where the peak area of the sample at the initial time was used 
as the 100% point of reference.

Sediment DNA extraction, polymerase chain reaction (PCR), and DGGE analysis

Total DNA was extracted from sediment samples using the PowerSoil DNA Isola-
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tion Kit (MoBio) following manufacturer instructions. The DNA was subjected to electro-
phoresis on 1% (w/v) agarose gels and quantified in a Genequant spectrophotometer (GE 
Healthcare).

A fragment of the V3 region of the bacterial 16S rDNA gene was amplified using 
primers F385 (5'-GCACTCCTACGGGAGGCAGCAG-3') and R518 (5'-ATTACCGCGGCT
GCTGG-3') (Lane, 1991; Muyzer et al., 1993). A fragment of the V6-V8 region of the bacte-
rial 16S rDNA was amplified using primers F984 (5'-AACGCGAACCTTAC-3') and R1378 
(5'-CGGTGTGTACAAGGCCCGGGAACG-3') (Heuer et al., 1997). Forward primers con-
tained a 40-bp GC-clamp (5'-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGG
GGGG-3') attached to the 5' end (Muyzer et al., 1993). All PCRs used a mix containing 1X 
Taq buffer, 3 mM MgCl2, 0.2 mM dNTPs, 0.2 μM of each primer, 10 ng DNA, and 0.02 U/
μL Taq Platinum® DNA Polymerase (Invitrogen). Amplification was performed in an auto-
mated thermal cycler (Mastercycler personal, Eppendorf). The amplification program for the 
fragment of the V3 region of 16S rDNA was as follows: 5 min at 95°C, 1 min at 94°C, 1 
min at 55°C, 1 min at 72°C, and a final extension step for 10 min at 72°C. The amplification 
program for the fragment of the V6-V8 region of 16S rDNA was as follows: 4 min at 94°C, 
1 min at 94°C, 1 min at 60°C, 1 min at 72°C, and a final extension step for 20 min at 72°C. 
The amplified rDNA gene sequences were analyzed on a 6% polyacrylamide gel (w/v) (37.5:1 
acrylamide:bis-acrylamide) composed of a denaturing gradient of 35-70% (for the V3 region) 
and 45-70% (for the V6-V8 region). The gels were run in 0.5X TAE buffer (20 mM Tris ac-
etate, pH 7.4, 10 mM sodium acetate, 0.5 mM ethylenediaminetetraacetic acid disodium) with 
a constant voltage of 70 V for 16 h at 60°C (16S). The mutation detection system (MAXFILL, 
BioAgency, USA) was used for the DGGE analysis. The bands were visualized by staining 
with silver nitrate. Each band was considered to be an operational taxonomic unit. The DGGE 
profile was analyzed from a matrix of the presence and absence of bands to calculate the simi-
larity values among samples. The band profile of the DGGE was used to establish a similarity 
matrix. Multivariate analyses of principal component analysis (PCA) and hierarchical cluster-
ing, were performed using the Past software (Hammer et al., 2001), and the correlation was 
calculated based on the Dice algorithm. Venn diagrams were elaborated manually to check the 
intersections of the bands found in gels.

RESULTS AND DISCUSSION

Evolution of CO2 and chromatography

The impact of oil on the bacterial communities of the MG sediment of the Camamu 
Bay was evaluated for 22 days in microcosm systems. The evolution of CO2 indicated that 
uncontaminated MG sediment and 5% oil-contaminated MG sediment showed the lowest and 
highest production rate of CO2 respectively (Figure 1A). In MG sediment, the organic material 
should be readily degraded (Figure 1B). In the early days of observation, no significant differ-
ences could be observed between the differently contaminated samples. However, beginning 
on the 10th day, significant differences were seen in CO2 production between uncontaminated 
MG sediment and the sample contaminated with 5% oil (P < 0.05 to P < 0.001) (Figure 1B and 
C). These values indicate the adaptation of native microbial communities to the introduced 
carbon source. Similar results were reported by dos Santos et al. (2012). Comparing the aver-
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age rate of respiration between the first and last day of the experiment, it is evident that the oil 
contamination affects microbial activity in the sediment (Figure 1D). Significant differences in 
respiration were observed when comparing the treatment in relation to time (P < 0.0001). Our 
results show that microorganisms from oil-contaminated sediment samples could metabolize 
the compounds of the oil and could be specialized in degradation (Atlas and Bartha, 1992; 
Korda et al., 1997; Islam and Weil, 2000; Karlen et al., 2001; dos Santos et al., 2012).

Corroborating the observed CO2 evolution, gas chromatographic analysis showed the 
removal of many oil compounds over time, suggesting their mineralization (Figure 2A). In the 
microcosm contaminated with 1% oil, there was a clear degradation after 22 days of incuba-
tion, even in the heavier fraction of petroleum compounds (Figure 2B), and the rate of deg-
radation reached 100% in the microcosms that were contaminated with 1 and 5% oil (Figure 
2C). For rapid degradation, suitable enzymes must be already available in the microorganism 
sediment; this suggests that some microorganisms must be endowed with genetic information 
for oil degradation. Moreover, the high concentration of organic matter (62.22 g/kg) in the in-
vestigated sediment and its composition might play a decisive role in the biodegradation pro-
cess. Therefore, soil or sediment composition and ease of microbial attack on the carbon chain 
of hydrocarbons are critical factors for the success of petroleum biodegradation. However, the 

Figure 1. Respiration (mg CO2/kg) during experiments in microcosms containing uncontaminated mangrove sediment 
(MG), and contaminated with 0.1, 0.5, 1, 2, 5% (w/v) of oil showing CO2 accumulated (A) and CO2 evolution (mg/
kg) (B). C. Average of CO2 produced during the experiment. D. CO2 produced in the first and last day of analysis.
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impact of the oil on the microbial community in natura should be assessed, keeping in mind 
that our results are based on in vitro assays (Margesin and Schinner, 2005).

Analysis of DGGE generated band profiles

The impact of different oil concentrations on bacterial populations from the MG sedi-
ment of Camamu Bay was evaluated by DGGE using primers for the V3 and V6-V8 regions 
of 16S rDNA. To perform this study, limitations related to DNA extraction from oil-contami-
nated soils must be overcome (Maciel et al., 2009). After several unsuccessful attempts using 
protocols described by Amorim et al. (2008) and Maciel et al. (2009), DNA was extracted 
from sediment using the Power Soil Kit (Mobio). The DNA concentration (522 μg/mL) and 
quality were sufficient for PCR because all samples showed amplification with both sets of 
primers. The PCR products that were amplified with primers of the V3 region of the 16S rDNA 
generated fragments of 210 base pairs (bp), and the products of the V6-V8 region were 390 
bp. Primer choice was based on the applicability of the same primers in studies on eubacteria. 
Primers that amplify the V3 region are used in analysis of bacteria residing in soils, sediments, 
and aquatic environments, and they are widely applied in studies of Enterobacteriaceae. This 
peculiarity is not observed with the pair of primers that amplify the V6-V8 region, which are 
applied in studies of soil bacterial communities (Maciel et al., 2009).

DGGE of DNA amplified with primers for the V3 region allowed the detection of 46 
bands in different positions and 19 bands observed in all treatments (Figure 3). The highest lev-

Figure 2. Chromatogram of 1% of oil-contaminated microcosm at onset of the experiment (A) and after 22 days of 
incubation (B). C. Degradation (%) of total oil in the microcosms contaminated with 0.1, 0.5, 1, 2, and 5% after 22 days.
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els of similarity were found between treatments with 0.1 and 0.5% oil contamination and those 
where the contamination was 1% (Figure 3). The greatest richness of bands was found with 0.1% 
contamination (33) and the lowest was observed with 2% oil-contaminated sediment (20) (Figure 
4A). All treatments yielded unique bands that were related to the concentration of the contaminant 
(Figure 4B). However, the majority of unique bands were observed in the control experiment with 
uncontaminated MG sediment (Figure 4B). This finding indicates that some non-dominant bacte-
rial populations may have been favored by the presence of oil. The presence of bands that were 
common to all treatments suggests the presence of dominant populations in the environmental sedi-
ment, which are not only able to survive in the presence of hydrocarbons but also can use them as 
an energy source. However, the negative correlation between the number of bands and the increas-
ing oil concentration indicates the presence of oil-sensitive bacterial populations (Figures 3 and 4). 
The PCA reinforces the groupings that were observed in the dendrogram, showing differences in 
the structures of bacterial communities (Figure 5A and B).

Figure 3. Denaturing gradient gel electrophoresis from amplicons of V3 region of the 16S rDNA using a 6% 
polyacrylamide gel and denaturing gradient of 35-70%. The dendogram represents the similarity between communities 
in the sediment samples contaminated with 0.1, 0.5, 1, 2 and 5% (w/v) of oil and uncontaminated mangrove (MG).

Figure 4. Richness of bands visualized in the gel of denaturing gradient gel electrophoresis (DGGE) from amplicons 
of V3 region of 16S rDNA showing uncontaminated treatment MG, and contaminated with 0.1, 0.5, 1, 2 and 5% 
(w/v) of oil (A). B. Venn diagram showing the profile of the DGGE bands of V3 region shared between the samples. 
The band profiles from samples contaminated with 0.1, 0.5 and 1% of oil were grouped in Group G1. The band 
profiles from samples contaminated with 2 and 5% were grouped in Group G2. The profile from uncontaminated 
microcosm (MG) was grouped in Group G3.
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Analysis of the DGGE band profile generated from the amplicons of the V6-V8 re-
gion suggests that bacterial communities change in relation to the contaminant concentration 
(Figure 6). The highest similarity, approximately 97%, was observed between the profiles of 
treatments contaminated with 2 and 5% oil (Figure 6). This was confirmed by the PCA (Fig-
ure 7). In the experiment with uncontaminated MG sediment, we observed the lowest band 
number (16) (Figure 8). The highest richness of bands (28) was found with 0.5, 1, and 2% oil 
contamination.

Figure 6. Denaturing gradient gel electrophoresis from V6-V8 region of the 16S rDNA using a 6% polyacrylamide 
gel and denaturing gradient of 45-70%. The dendogram represents the similarity between communities in the 
samples contaminated with 0.1, 0.5, 1, 2, and 5% (w/v) of oil and uncontaminated mangrove (MG).

Figure 5. Principal components analysis (PCA) from denaturing gradient gel electrophoresis band profiles of V3 
region of 16s rDNA. A. PCA considering all treatments. B. PCA considering only treatments contaminated with 
oil (0.1, 0.5, 1, 2, and 5%).
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The Venn diagram built with the contaminated samples shows the sharing of 16 bands 
(Figure 9A). The Venn diagram built with all samples shows the sharing of 12 bands (Figure 
9B). These findings revealed a positive correlation between the band number and oil concen-
tration when the amplicons from the V6-V8 region were used. Increasing oil concentrations 
favored the appearance of new bands, confirming the findings of dos Santos et al. (2012). Ap-
parently, the increase in band richness is associated with selective pressure that is exerted by 
the presence and the concentration of oil in the microcosms (Figure 8A and B). Generally, the 
range of oil contamination from 2 to 5% is best for biodegradation (Dibble and Bartha, 1979; 
Brown et al., 1983), but the concentration at which inhibition occurs varies with the compound 
and the organism (Alexander, 1985). dos Santos et al. (2012) showed that an oil concentration 
of 5% proved to be extremely toxic for the group of ammonia-oxidizing bacteria.

Figure 8. Richness of bands from denaturing gradient gel electrophoresis profile of V6-V8 region of the 16S rDNA 
showing uncontaminated sediment (MG) and contaminated with 0.1, 0.5, 1, 2, and 5% (w/v) of oil.

Figure 7. Principal components analysis (PCA) from denaturing gradient gel electrophoresis band profiles of V6-
V8 region of 16S rDNA. PCA considering all treatments.
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Comparing the DGGE profiles that were generated by the amplicons of the V3 and 
V6-V8 regions, the behavior of the microbial community sediment is antagonistic. Our find-
ings confirm the results of Li et al. (2009), who showed that a selected set of primers could 
influence the band profiles. Our results also corroborate those of others, where analyses for the 
universal 16S rDNA were made with at least two sets of primers and where only a fraction of 
bacterial diversity was effectively analyzed (Hansen et al., 1998; Siciliano et al., 2000; Li et 
al., 2009). Taken together, the results of oil degradation and band richness seem to indicate a 
recovery of the contaminated environment and also suggest the action of different species in 
bioremediation. However, it is necessary to keep in mind that our studies were performed in 
vitro and that in vivo (in natura) tidal fluctuations may carry contamination to other areas in 
MGs, resulting in even greater microbial diversity.
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