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Abstract: Cultivation-independent genomic approaches have greatly advanced our 

understanding of the ecology and diversity of microbial communities involved in 

biodegradation processes. However, much still needs to be resolved in terms of the structure, 

composition and dynamics of the microbial community in impacted ecosystems. Here we 

report on the RNA activity of the microbial community during the bioremediation process 

using RNA Temperature Gradient Gel Electrophoresis (RNA-TGGE). Dendrograms 

constructed from similarity matching data produced from the TGGE profiles separated a 

community exhibiting high remediation potential. Overall, increased Shannon Weaver 

Diversity indices (1–2.4) were observed in the high potential remediation treatment samples. 

The functionality of the microbial community was compared, with the microbial community 

showing the greatest organisation also showing the highest levels of hydrocarbon 

degradation. Subsequent sequencing of excised bands from the microbial community 

identified the presence of Gammaproteobacteria together with a number of uncultured 

bacteria. The data shows that RNA TGGE represents a simple, reproducible and effective 
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tool for use in the assessment of a commercial bioremediation event, in terms of monitoring 

either the natural or augmented hydrocarbon-degrading microbial community. 

Keywords: bioremediation; microbial community dynamics; Pareto-Lorenz curve; RNA; 

Shannon Weaver diversity; TGGE 

 

1. Introduction 

In the past, detection and analysis of bacteria in the environment was performed mainly by methods 

based on bacterial culture [1]. As widely reported, the application of this technique leads to the isolation 

only of around 0.001% of the microbial population present in sea water and 0.3% present in soil [2,3]. 

In terms of commercial bioremediation and the management of a bioremediation event, this technology 

has only been of limited value due to the length of time required for isolation [4]; on many occasions  

by the time a drop in hydrocarbonoclastic organisms has been observed [5], the bioremediation has 

already stalled. 

Developments in cultivation-independent genomic approaches have greatly advanced our 

understanding of the ecology and diversity of microbial communities [6]. For example, the separation 

or detection of small differences in specific DNA sequences can give important information about 

community structure and the diversity of microbes containing critical genes [4,7]. Many fingerprinting 

techniques have been developed and used in applied microbial ecology situations, such as 

bioremediation [1,4,8]. Molecular genetic fingerprinting techniques provide a pattern or profile of the 

community diversity on the basis of the physical separation of unique nucleic acid species. The general 

strategy for genetic fingerprinting of microbial communities consist of first, the extraction of nucleic 

acids (DNA and RNA), second the amplification of genes encoding 16S rRNA and third, the analysis of 

PCR products by a genetic fingerprinting technique [9,10]. Different amplified products can be separated 

by electrophoresis to create banding patterns known as a molecular fingerprint. Changes in the molecular 

fingerprint can be analysed to identify the microbial community structure in space and in time [11]. 

TGGE (Temperature Gradient Gel Electrophoresis) is an established community profiling tool that 

allows the study of the complexity and behaviour of microbial communities [9]. TGGE separates the 

PCR amplified DNA fragments (200–700 bp) of the same length but with different sequences [8] like 

DGGE (Denaturing Gradient Gel Electrophoresis). TGGE uses temperature gradient to separate DNA 

fragments. In TGGE, the use of a controlled temperature gradient simplifies the experiment and leads to 

reproducible gel results [12]. 

Genomic DNA (16S rDNA) has been widely used in fingerprinting techniques like TGGE to study 

the microbial community in various environments including petroleum contaminated soils [13], waste 

water treatment [14], streams and rivers [15] and marine waters [16]. DNA based TGGE is popular 

because the extraction protocols of DNA are simple and DNA samples can be readily handled. However, 

genomic DNA may not always be considered a suitable technique because detection of the DNA neither 

indicates the activity nor proves the viability of cells [17,18]; DNA can persist for long periods of time 

in the environment after the cells have lost viability [19]. The alternative approach is to use is RNA. 

rRNA sequences have been used as a marker for bacterial activity since the amount of ribosomes (and 
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their rRNA) per cell was found to be roughly proportional to the growth and activity of bacteria in pure 

cultures [20]. It was also reported that extraction of RNA instead of DNA followed by reverse 

transcription polymerase chain reaction gives information on the metabolically active microbial 

community [4]. Therefore, fingerprints based on RNA better represent the most abundant as well as the 

more active populations [21]. However, limitations to successful RNA based TGGE exists, including 

difficulty in extracting intact RNA [22,23]. To date there is limited research in terms of RNA based 

TGGE [18,24]. The role of many bacteria in the natural environment remains unknown and our 

knowledge about the structure, composition and dynamics of the microbial community that inhabits 

impacted ecosystems is still lacking [25]. Recent progress in metagenomic approaches such as next 

generation sequencing (NGS) may lead to a better understanding of microbial communities involved in 

hydrocarbon degradation in marine environments. However, these methods are still labour intensive, and 

expensive. For example, metagenomics generates huge amounts of data which needs high-performance 

computing and automated software whereas RNA-TGGE fingerprinting as a simple routine technique 

may be more suitable for monitoring a bioremediation project. 

The aim of this study was to analyse the 16S rRNA amplicons based on TGGE from mesocosms 

which examined the role of bioaugmentation and/or biostimulation on the extent of mineralisation of 

weathered crude oil in sea water and study their diversity and functionality through Parento-Lorenz 

curves. We suggest that this is a potentially important tool for use in the assessment of a bioremediation 

event, in terms of monitoring either the natural or augmented hydrocarbon-degrading microbial 

community. To date, certainly in the remediation industry, the application of molecular microbial 

ecological techniques has not been widely adopted. This study highlights the potential of RNA-TGGE 

as a reproducible tool for the monitoring of assessing biodegradation potential during bioremediation. 

2. Materials and Methods 

2.1. Sample Collection 

Sea water and weathered crude oil samples were collected from the three treatments C (seawater + BH 

medium + weathered crude oil + consortia), O (seawater + BH medium + weathered crude oil) and  

S (seawater + BH medium) obtained from previous work [26] in which consortia comprised of  

six bacterial strains grown separately and mixed (final OD600 0.04). Samples were collected from the  

oil-medium interface using sterile 10 mL tubes. All the samples used were in duplicates. Samples were 

further analyzed sequentially using molecular techniques as described below. All the sea water used for 

the experiment was freshly collected from the South Australian coast. 

2.2. Nucleic Acid Extraction 

Glass beads (0.5 g) (212–300 μm) were measured into 2 mL tubes and sterilised at 121 °C for  

15 min. Samples (600 μL) and stool lysis buffer (800 μL) (Qiagen, Hilden, Germany) were added into 

the sterile tubes containing glass beads. The tubes were bead beaten for 1 min using a mini-bead beater 

(Biospec Product, Bartlesville, OK, USA), then incubated for 6 min at 70 °C. After incubation the tubes 

were centrifuged at 13,000 rpm at 4 °C for 2 min. The supernatant from the tubes was separated into 

sterile 2 mL Eppendorf tubes (Melbourne, Australia) and equal volumes of phenol chloroform (1:1 ratio) 
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added. Eppendorf tubes were centrifuged at 13,000 rpm at 4 °C for 2 min. The supernatants were 

separated into new sterile Eppendorf tubes and again equal volumes of phenol-chloroform were added. 

The tubes were re-spun at 13,000 rpm at 4 °C for 2 min. Supernatants were placed into sterile Eppendorf 

tubes containing an equal volume of cold iso-propanol. The tubes were incubated at −20 °C for 1 h. After 

incubation the tubes were centrifuged at 13,000 rpm at 4 °C for 12 min. Supernatants were discarded 

and an equal volume of cold ethanol added. After mixing the tubes were centrifuged for 13,000 rpm at 

4 °C for 12 min. The supernatant was discarded and the pellet was allowed to dry. Finally the pellet was 

dissolved in nuclease-free water (50 μL) and stored at −20 °C. 

2.3. DNase Treatment of RNA Samples 

RNA samples were treated with using RQ1 (RNase free DNase, Promega, Melbourne, Australia) 

according to the manufacturer’s guidelines. 

2.4. cDNA Synthesis 

The first cDNA strand was synthesised using a two-step process (Promega, Melbourne, Australia). In 

the first step 14 μL reaction mixture containing RNA (8 μL), reverse primer 518R (2 μL) (10 pmol/μL) 

and sterile nuclease-free water was incubated at 70 °C for 8 min and cooled on ice quickly for 5 min. In 

the second step the 25 μL reaction mixture containing RNA (14 μL) (from step 1), M-MLV RT buffer 

(5 μL) (5×), deoxynucleoside triphosphate (dNTP) mixture (1.25 μL) (10 mM), M-MLV reverse 

transcriptase (1 μL) (100U/μL) and sterile nuclease-free water was incubated at 55 °C for 60 min 

followed by 70 °C for 15 min to get final cDNA. 

2.5. Bacterial cDNA Amplification 

The active bacterial community (cDNA) was evaluated by PCR using universal primers of 16S rDNA 

using the following primers, 341F (5′ CCTACGGGAGGCAGCAG 3′) with GC clamp (CGCCCGCCG 

CGCGCGGCGGGCGGGGCGGGGGCACGGGGGG) and 518R (50-ATTACCGCGGCTGCTGG) [10]. 

The PCR amplification of bacterial cDNA was performed in a 50 μL polymerase chain reaction (PCR) 

mixture. The master mix contained forward primer (2 μL) (10 pmol/μL), reverse primer (2 μL)  

(10 pmol/μL), magnesium chloride (3 μL) (25 mM), deoxynucleoside triphosphate (dNTP) mixture  

(1 μL) (10 mM), GoTaq flexi buffer (10 μL) (5×), Taq polymerase enzyme (0.25 μL) (5U/μL) and sterile 

nuclease-free water per PCR reaction. The cDNA extract (2 μL) was added to 48 μL of master mix. The 

thermocycling program used consisted of one cycle 5 min at 95 °C; 4 cycles of 30 s at 94 °C, 30 s at  

55 °C, 1 min at 72 °C; 25 cycles of 30 s at 92 °C, 30 s at 55 °C, 1 min at 72 °C; and a final extension at 

72 °C for 10 min. All the reagents were obtained from Promega, Melbourne, Australia. 

2.6. TGGE (Temperature Gradient Gel Electrophoresis) 

Products obtained from PCR were analysed by TGGE, using a TGGE Maxi System (Biometra, 

Germany). Gels were composed of 6% acrylamide (37:5:1). Polymerization of gels were catalysed by 

the addition of N,N,N′,N′-tetramethylethylenediamine (50 μL) and 10% ammonium persulfate solution 

(500 μL) added to the gel solution (50 mL). The gel was loaded with products amplified with 341F-GC 
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and 518R primers (8 μL) and a dye solution (2 μL) and run for 8 h at 250 V with a parallel temperature 

gradient ranging from 45 to 60 °C. After electrophoresis, the gel was silver stained [27]. Gel images 

were scanned with an Epson V700 scanner (Epson, Melbourne, Australia). 

2.7. Identification of Bacterial Species from TGGE Gel 

Bands of interest on the TGGE gel was excised aseptically with sterile scalpels and incubated in 
sterile nuclease-free water (100 μL) overnight at 4 °C. The eluted DNA was subjected to PCR using 
primers 341F and 518R. 

PCR reactions were purified using a PCR clean up kit (Promega, Melbourne, Australia) and quantified 

by Nanodrop (Thermo Fisher Scientific, Melbourne, Australia). The samples were then sent for 

sequencing to AGRF (Australian Genome Research Facility) according to AGRF requirements. 

Chromatographs of the sequences received from the AGRF were checked, edited and assembled using 

Sequencher software (Version 4.9). The aligned sequences were analysed using the nucleotide BLAST 

program. Species were matched with highest identity scoring. 

2.8. Statistical Analyses 

Relative band intensities or peaks on TGGE community profiles were calculated using Phoretix 1D 

advanced analysis package (Totallab, Newcastle, UK). Each band was considered to be an operational 

taxonomic unit (OTU) and the band densities were then used to calculate the Shannon Weaver diversity 

and Pareto-Lorenz curve [28]. For each TGGE lane, the respective bands were ranked from high to low 

based on their intensities; subsequently, the cumulative normalized number of bands was used as X-axis, 

and their respective cumulative normalized intensities represent the Y-axis. 

3. Results and Discussion 

3.1. Microbial Community Dynamics 

The samples collected were used to extract rRNA and subsequent cDNA were produced using  

primers 341F-GC and 518Rfor use in the TGGE gel. TGGE gel profiles were used to construct  

an UPGMA dendrogram (Figure 1) from similarity matching data. The samples were C (seawater + BH 

medium + weathered crude oil + consortia), O (seawater + BH medium + weathered crude oil) and  

S (seawater + BH medium). Sample C represented a high remediation capacity community, able to 

significantly degrade weathered crude oil (28% degradation). Sample O represented a microbial 

community with a lower remediation potential in terms of degradation of weathered crude oil (16%). 

Sample S represented the microbial community of a pristine sea water sample which was amended with 

nutrients but was not contaminated with petrogenic hydrocarbons [26]. 

The amplified PCR products from Week 0 through to Week 4, of all three different treatment samples 

(C, O and S) were analysed by TGGE. Generally at Week 0, the bacterial community gave risetoonly a 

few bands with low intensity in all treatments (Figure 1). Bacterial profile analysis of the highest 

remediation potential community (C) showed consistently greater band intensities (Figure 1). Bacterial 

communities in three different treatment samples represented three distinct clusters (Figure 1); cluster 1 

was the smallest representing Week 0 samples of S (seawater + BH medium) and O (seawater + BH 
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medium + weathered crude oil) and showed a similarity value of 67%. Cluster 2 represented treatment 

C (seawater + BH medium + weathered crude oil + consortia) for all samples from Week 0 to Week 4; 

Week 0 were different from Week 1; Week 2, Week 3 and Week 4 showed 66% similarity while Week 3 

and Week 4 profile were84% similar (Figure 1). Cluster 3 represented Week 1 to Week 4 samples of  

O (seawater + BH medium + weathered crude oil) and Week 1 to Week 4 of S (seawater + BH medium) 

(Figure 1). 

 

Figure 1. UPGMA dendrogram constructed from similarity matching data produced from 

the TGGE profiles of cDNA amplified from Week 0 to Week 4 of samples S (seawater + 

BH medium), O (seawater + BH medium + weathered crude oil), and C (seawater + BH  

medium + weathered crude oil + consortia). The scale bar represents percent similarity. 

Duplicate samples were analysed.  
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During the initial week (Week 0) the natural community in sea water should be similar in all 

treatments, so treatments S (seawater + BH medium), O (seawater + BH medium + weathered crude  

oil) from Week 0 represented the same cluster (Figure 1). However treatment C (seawater + BH  

medium + weathered crude oil + consortia) from Week 0 did not fall into same cluster (Cluster 1) 

presumably due to fact that the community in sea water was already changed by adding the consortia. 

Further weeks (Week 1 to Week 4) of treatment S (seawater + BH medium) formed the same cluster 

which included treatment O (sea water + BH medium + weathered crude oil) from Week 1 to Week 4, 

showing that the community in natural sea water changed from the initial week. Throughout the experiment, 

for Week 0 to Week 4 for treatment C (seawater + BH medium + weathered crude oil + consortia) all samples 

clustered together (Cluster 2) (Figure 1). However within the cluster, changes were observed, presumably 

due to changes in the dominance of the bacterial species. This was observed clearly in Week 3 (Figure 1). 

It can be concluded that TGGE was found to be an excellent tool for analysing communities and 

separating those exhibiting a greater ability to carry out bioremediation from other, less active 

communities (Figure 1). 

RNA-TGGE data was not only used to cluster the communities or differentiate the communities 

having high potential in bioremediation but can also be used for a range of analyses (Shannon Weaver 

diversity, Pareto-Lorenz curve) as well as for sequencing through excision of the TGGE bands which 

provides further information. All this data represents important management and reporting information 

relating to successful bioremediation. 

3.2. Shannon Weaver Diversity 

Shannon Weaver diversity represents an estimation of species richness [1,29]. Shannon Weaver diversity 

was calculated for each of the differently treated samples (C, O and S) (Figure 2). Greatest diversity was 

observed in sample C (seawater + BH medium+ weathered crude oil + consortia), with greatest diversity 

being observed in the Week 3 sample. Increased diversity is generally an indication of good resilience 

of a community and generally associated with relatively higher levels of bioremediation [30]. 

3.3. Pareto-Lorenz Curve 

Pareto Lorenz curves represent the functional organisation of community. This organisation is the 

result of the action of microorganisms that are most fitting to the ongoing environmental-microbiological 

interactions [28]. Pareto-Lorenz curves were constructed using the band intensities of the three 

treatments S (seawater + BH medium), O (seawater + BH medium + weathered crude oil), and  

C (seawater + BH medium + weathered crude oil + consortia) representing Week 0 to Week 4. As a 

general rule, the more the PL curve deviates from the 45° diagonal (the theoretical perfect evenness line), 

the less evenness can be observed in the structure of the studied community. The latter means that a 

smaller fraction of different species is present in dominant numbers. The 25%, 45% and the 80% curves 

based on the Y-axis projection of their respective intercepts with the 20% X-axis represent low, medium 

and high functional organisation respectively [26,28]. 
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Figure 2. Diversity of three treatment samples“ ” C (seawater + BH medium + weathered 

crude oil + consortia); “ ” O (seawater + BH medium + weathered crude oil); and “ ” S 

(seawater + BH medium) from Week 0 to Week 4. Duplicate data (n = 2) were analysed. 

Communities of treatment C (seawater + BH medium + weathered crude oil + consortia) in Week 2 

and Week 3 suggested that the most active species (playing a major role in degradation) were dominant 

from the PL curve at 50% and 40% (Figure 3) [28]. The remaining Weeks (Week 0, Week 1 and Week 4) 

of treatment C (seawater + BH medium + weathered crude oil + consortia) represent a specialised 

community (PL curve around 60%) in which a small number of species were dominant and all others 

species were present in low numbers [31]. A similar specialised community was also observed in 

treatment O (Week 1 to Week 4), (seawater + BH medium + weathered crude oil) (Figure 4) and 

treatment S (seawater + BH medium) (Figure 5). This also explains why treatments O and S formed a 

cluster (Cluster 3) (Figure 1). There were no PL curves at Week 0 for both treatments (treatment O and 

treatment S) due to the low number of DNA bands detected (Cluster 1) (Figure 1). 

 

Figure 3. PL curves representing from Week 0 to Week 4 oftreatment C (seawater + BH 

medium + weathered crude oil + consortia). (“ ” Perfect evenness line; “ ” C (Week 4); 

“ ” C (Week 3); “ ” C (Week 2);“ ” C (Week 1);“ ” C (Week 0)).Oval 

represents a grouping of curves (more than one) and horizontal line without oval represents 

asingle PL curve.  
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Figure 4. PL curves representing from Week 1 to Week 4 oftreatment O (seawater + BH 

medium + weathered crude oil). (“ ” Perfect evenness line; “ ” O (Week 4);  

“ ” O (Week 3); “ ” O (Week 2);“ ” O (Week 1)). 

 

Figure 5. PL curves representing from Week 1 to Week 4 of treatment S (seawater + BH 

medium). (“ ” Perfect evenness line; “ ” S (Week 4); “ ” S (Week 3);“ ” S 

(Week 2); “ ” S (Week 1)). 

3.4. RNA-TGGE Bands 

The additional key feature of RNA-TGGE is that it allows to the excision and sequencing of bands 

from the gel, enabling the identification of members of the active community (Table 1). Sequenced data 

from TGGE excised bands showed the presence of two species in all the three treatments, namely a 

Gammaproteobacteria and an uncultured bacterium (Table 1). However, these species represented 

various identities (accession number) and similarities in each treatment confirming the fact that they are 

certainly unique in nature (Table 1). 
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Table 1. Different bacterial species identified from the TGGE gel bands excised in three 

different treatments (C, O and S), their identity and similarity. 

Identified Species Treatment Accession No. 
Similarity 

(%) 
Pseudomonas sp. 

(Gammaproteobacteria) 
C JF778683.1 96 

Uncultured marine bacterium C FM211075.1 93 

UnculturedAlcanivorax sp. 
(Gammaproteobacteria) 

C JF979266.1 84 

Uncultured bacterium clone C HQ827507.1 100 

Uncultured organism clone C JN528201.1 88 

Uncultured bacterium clone C HM580751.1 99 

Uncultured bacterium clone C JN178389.1 100 

Alcanivoraxborkuumensis 
(Gammaproteobacteria) 

C FJ218422.1 94 

Alcanivorax sp. 
(Gammaproteobacteria) 

C AB681673.1 91 

Alcanivoracaceae bacterium 
(Gammaproteobacteria) 

O HQ537302.1 97 

Uncultured betaproteobacteruim O GQ274246.1 88 

Alcanivorax sp. 
(Gammaproteobacteria) 

O HE586882.1 96 

Uncultured bacterium O EU255846.1 81 

Uncultured bacterium S DQ861039.1 91 

Alcanivorax sp. 
(Gammaproteobacteria) 

S HM171217.1 95 

Alcanivorax sp. 
(Gammaproteobacteria) 

S HM171217.1 98 

Marinobactermobilis strain 
(Gammaproteobacteria) 

S NR_044456.1 95 

In this present study RNA-TGGE was carried out using universal bacterial primers rather than specific 

primers, because the site to be remediated contains multiple types of compounds or contaminants [2,32] 

which is not ideal for the application of specific primers. In this study the contaminant was weathered 

crude oil, representing a complex mixture of tens of thousands of compounds [31,33–35]. However, 

RNA-TGGE can be readily applied to bioremediation where there are few contaminants through the use 

of specific gene primers. 

Previous researchers have shown that TGGE is well suited for fingerprinting bacterial communities 

by separating PCR-amplified fragments [36] because it provides a crucial measurement for different 

habitants, thereby providing a comparative study [15]. In addition, this technique can be coupled with 

other techniques [13] so, this technique not only useful as a management tool but also can be useful 

technology in commercial bioremediation. 
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4. Conclusions 

RNA-TGGE was found to be an excellent tool for analysing hydrocarbon-degrading bacterial 

communities in marine ecosystems representing a simple, reproducible, management tool for 

commercial bioremediation purposes. 
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