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ABSTRACT: Phylogenetic and functional gene analysis of sulphate-reducing bacteria (SRB) from crude oil and produced 
water was carried out using molecular methods. The concentration of hydrogen sulphide (H2S) produced by SRB, as an 
indication of SRB presence, was determined using spectrophotometric sulphide assay. More H2S was observed to be 
produced at 55 ˚C than at 30 ˚C, with sample B found to produce more H2S at these temperatures than sample A. This 
implies more SRB contamination in sample B, possibly from subterranean water. DNA was extracted from enrichment after 
incubation in Postgate's medium at 30 ˚C and 55 ˚C for 28 days and amplified by Polymerase Chain Reaction (PCR) using 
primers specific for SRB functional genes. PCR products were cloned and sequenced. Sequence analysis of the clones was 
found to display 99 % homology to SRB of the genera Desulfovibrio. Clones were found to be different species of SRB as 
shown by the distances between them. Phylogenetic analysis was successful and showed affiliation of the clones to related 
members of sulphate-reducing bacteria and sulphur-oxidizing bacteria.  
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Introduction 
 
      Sulphate-reducing bacteria (SRB) are problematic in the oil industry where they cause crude oil souring by 
the hydrogen sulphide (H2S) they produce and the pitting corrosion of iron and steel in pipelines and tanks 
(Dunsmore et al., 2006; Geesey et al., 2000). They accelerate corrosion in several ways; which include 
formation of concentration and differential aeration cells, by directly oxidising/reducing metallic atoms/ions and 
production of corrosive metabolic by-products (Videla, 2001). SRB belong to a mixed group of morphologically 
and nutritionally diverse, anaerobic bacteria, which utilise sulfate as an electron acceptor for the dissimilation of 
organic compounds and produce sulphide (Dunsmore et al., 2002; Lopes et al., 2006). They are ubiquitous and 
quantitatively important members in many ecosystems, including anoxic pelagic environments (Teske et al., 
1996), marine sediments (Ravenschlag et al., 2000), and microbial mats (Teske et al., 1998; Minz et al., 1999). 
They are also found as symbionts of marine poly and oligochaetes (Cottrell and Cary, 1999; Dubilier et al., 
2001).  
      Dissimilatory sulfite reductase is the central enzyme in the dissimilatory sulfate reduction and catalyses the 
final six electron transfer to bisulfite to form sulfide. Dissimilatory sulfite reductase gene sequences of the alpha 
and beta subunits of the DSR gene, dsrAB, have shown to be a promising and specific approach for 
investigating the diversity of SRB (Wagner et al., 1998; Klein et al., 2001; Perez-Jimenez et al., 2001; 
Friedrich, 2002). In addition to dissimilatory sulfite reductase, SRB possess Adenosine-5’-phosphosulphate 
(APS) reductase (Rabus et al., 1999). The genes for APS reductase, apsBA, from bacteria and aprBA from 
archaea encode subunits that appear to form a 1:1 alpha beta-heterodimer. Both subunits of the APS reductase 
are highly conserved, and the APS reductase genes have been proposed as a useful phylogenetic marker (Ben-
Dov et al., 2007). 
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      Crude oil contains hundreds of compounds and the chemical composition varies between geologic 
formations (Orisakwe et al., 2004). Crude oil and its refined products account for over 90% of Nigeria’s 
national income (Moffat and Linden, 2005). The Niger-Delta region produces more than 80% of the country’s 
crude oil (Odokuma and Dickson, 2003; Okpokwasili and Amanchukwu, 1988; Okpokwasili and Odukuma, 
1994). Oil spills in Nigeria occur due to: corrosion of pipelines and tankers (accounts for 50% of all spills), 
sabotage (28%), and oil production operations (21%, with 1% of the spills being accounted for by inadequate or 
non-functional production equipment. Flocculants, such as aluminium or ferric sulfate can introduce sulfate into 
previously sulfate-free systems by the injection of fluids such as sea water. For reasons of corrosion control, 
steps are taken to remove oxygen from injected water and this provides an environment conducive to the growth 
of the obligately anaerobic SRB (Magot and Ollivier, 2005). For these reasons, it is common for viable 
planktonic SRB population densities approaching 1 ml-1 to be present in injected seawater (Magot and Ollivier, 
2005).  
      The direct methods for studying SRB include the use of antibodies raised against SRB (Lillebaek et al., 
1995), an immunoassay for the enzyme APS reductase, and the use of 16S rRNA probes (Daly et al., 2000). 
Several problems are encountered when they are used in situ (Amann et al., 1995), for example, rRNA 
fluorescent probes are difficult to use in sediments or industrial wastewater because of high background 
autofluorescence of inorganic particles (Muyzer et al., 1995). Furthermore, not all known types of dissimilatory 
sulphate reducers in environmental samples can be unequivocably identified with the RNA probes (Teske et al., 
1996). In addition, SRB constitute a heterogenous group, thus, it is not feasible to use 16S rRNA gene as a 
general molecular marker (Adamczyk et al., 2003; Castro et al., 2000; Klein et al., 2001; Wagner et al., 1998). 
Molecular microbial ecology studies involve DNA extraction and purification, followed by an enzymatic 
reaction or DNA hybridization (Amann et al., 1995; Head et al., 1998). Although many extraction protocols and 
commercial kits are now available (Steffan et al.,1988; Zhou et al., 1996; Miller et al., 1999; Martin-Laurent et 
al., 2001; Luna et al., 2006), they suffer from bias (Martin-Laurent et al., 2001; Niemi et al., 2001; Luna et al., 
2006) and from the persistence of contaminants in the purified DNA extract (Schneegurt et al., 2003). These 
contaminants, particularly humic substances, might preclude PCR amplification (Zhou et al., 1996; Miller et al., 
1999; Niemi et al., 2001; Braida et al., 2003), interfere with DNA hybridization (Steffan et al., 1988), and 
increase the background in microarray hybridization (Lemarchand et al., 2005).  
      Analytical techniques targeting 16S rDNA or functional genes include hybridization-based techniques, such 
as membrane hybridization (Raskin et al., 1995) and fluorescence in situ hybridization (FISH) (Okabe et al., 
1999) as well as PCR-based techniques, such as denaturing gradient gel electrophoresis  (Muyzer et al., 1993) 
and cloning-sequencing (Zhang and Fang 2001; Zhang et al., 2003a). Sulphate-rich seawater commonly injected 
into the oil reservoir to enhance secondary oil recovery, stimulates the growth of sulphide producers in the 
reservoir, with the subsequent release of sulphide, causing reservoir souring and increase in the sulphur content 
of oil and gas, a major concern in the oil industry (Bass et al., 1993).  It is therefore necessary to analyse for 
SRB functional genes to confirm their presence  in crude oil and its produce water and to phylogentically  
analyse them to indicate their affilation with related members as this will assist in the prevention and control 
strategies.  
      In this paper, phylogenetic and functional gene (apsA) analysis of crude oil and produced water-derived 
SRB responsible for H2S production were carried out, to determine their presence and relationship with other 
SRB and sulphur-oxidising bacteria (SOB). 
 
 
 

Materials and Methods 
 
Collection and Enrichment of Samples: Five hundred millilitres each of Bonny Light Crude Oil (Sample A) 
and Bonny Light produced water (sample B) samples were collected aseptically from Bonny dispatch tank and 
oil well respectively into sterile sample bottles from Shell Well 9, Awoba flow station in Degema Local 
Government Area of Rivers State, Nigeria, for laboratory analysis.      
Mixed carbon postgate’s (MCP) medium was prepared and used for culture enrichment. MCP medium is a 
modification of Postgate’s medium (Postgate, 1984). It contained sodium lactate (60 % w/v solution 1.25 ml/l), 
sodium acetate (5.0 g/l), sodium propionate (1.0 g/l), sodium butyrate (0.4 g/l) and sodium chloride (25 g/l). The 
medium was prepared by dissolving the constituents in 1 litre deionised water, and pH adjusted to 7.2, prior to 
autoclaving at 105 ºC for 20 mins to remove dissolved oxygen. The solution was cooled under nitrogen gas 
followed by addition of redox agents as follows: 1 ml each of 10 % w/v solutions of sodium thioglycollate and 
ascorbic acid, and the pH adjusted to 7.2 with 1 M NaOH or HCL.  The bulk medium was introduced into an 
anaerobic cabinet (Don Whitley, Yorkshire) where aliquots were dispensed as required into injection bottles (90 
ml aliquots in 125 ml bottles, Adelphi Tubes Ltd). All vessels were closed in the anaerobic cabinet before being 
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sterilized by autoclaving at 121 ºC for 15 mins. All laboratory inoculations into injection bottles were achieved 
by transfer with sterile hypodermic needles and syringes. 
 
Inoculation: Ten milliliters of sample A was dispensed into 125ml sterile bottles containing sterile 90 ml MCP. 
Incubation was carried out at 30 ºC and 55 ºC for 28 days. The same procedure was carried out for sample B. 
Subcultures were later made into fresh MCP medium contained in sealed injection bottles. Ten millilitres of the 
reference strain Desulfobacter curvatus  was dispensed anaerobically into 90 ml MCP in 125 ml sterile bottles, 
cultured under the same condition and used as positive control.  
 
Spectrophotometric Sulphide Assay: This was carried out according to the method described by Truper and 
Schlegel (1964) and Cline (1969) and relies on the liberation of sulphide and subsequent development of 
methylene blue from N,N-dimethyl-p-phenylene diamine sulphate. A standard sodium sulphide solution, 
concentration of 50 µg/l, was prepared by dissolving a washed, dried, weighed crystal of Na2S.9H2O in 100 ml 
of 10 % w/v zinc acetate solution. The assay reagent, N,N-dimethyl-p-phenylene diamine sulphate was prepared 
by adding 500 ml concentrated hydrochloric acid to 500 ml distilled water and  cooling before adding 4 g of 
N,N-dimethyl-p-phenylene diamine and 6 g of ammonium ferric sulphate. The reagent was wrapped with 
aluminium foil and kept in the fridge. A solution of 1 % w/v zinc acetate was prepared with which to fix 
sulphide in test samples. Four and half millilitres each of a range of dilutions of the standard sulphide solution, 
containing between 1 µg/ml and 10 µg/ml sodium sulphide as calculated from the mass of dissolved salt in 1% 
zinc acetate solution, were mixed with 0.4 ml of diamine reagent, mixed and allowed to stand for 5 mins, while 
methylene blue developed and absorbance was measured at 670 nm using Cecil 3000 spectrophotometer. A 
standard curve was prepared to calculate sulphide concentrations in samples A and B. Four and half millilitres 
of 1 % zinc acetate and 0.5 ml of the sample were mixed with 0.4 ml of the diamine reagent and allowed to 
stand for 5 mins before taking the absorbance as stated above. All experiments were carried out in triplicate.    
 
DNA extraction and agarose gel electrophoresis: DNA was extracted from a 28 days culture of samples A 
and B in MCP at 55 ºC according to the method described by Sambrook et al., (1989). Agarose gel 
electrophoresis was carried out on the extracted DNA fragments to separate the DNA fragments by their sizes 
and to visualise the fragments. 1.0 g of agarose was dissolved in 100 ml of 1 x TAE buffer and heated in the 
microwave for 30 secs, swirling halfway through. It was allowed to cool and 4 µl of ethidium bromide was 
added and poured into taped tray. Bubbles were removed with the tip of comb and the comb was inserted and 
allowed to set for 20 mins. The tape and comb were then removed and the hyperladder and samples were loaded 
after mixing 5 µl of each sample with 2.5 µl loading dye. It was then run at 100 V for 40 mins and viewed under 
UV light. 
 
PCR amplification of apsA gene fragments: PCR of amplification of apsA gene fragments in crude oil and 
produced water was carried out using primers specific for SRB functional genes, (apsA) responsible for H2S 
production (Ben-Dov et al., 2007). The PCR reaction mixture contained a total volume of 50 µl, 25 µl 
Mastermix, 2 µl of the forward primer, 0.5 µl of the reverse primer and 2 µl DNA template.  The standard 
thermal profile for amplification was as follows: an initial denaturation step (3 mins, 94 ºC) was followed by 34 
cycles of denaturation (30 secs, 94 ºC), annealing (55 secs, 45 ºC) and extension (60 secs, 72 ºC).  After a 
terminal extension (7mins, 72 ºC), the samples were kept at 4 ºC before aliquots of the amplicons (5 µl) were 
analysed by electrophoresis on 1 % agarose gels and visualized after staining with ethidium bromide using a 
UVP bioimaging system.  A no-template control was included during the PCR reaction.  PCR products of the 
samples were then purified and cloned.  
 
Cloning and Sequencing: Purification of PCR products was carried out using the QIAquick PCR Purification 
Kit Protocol, designed to purify DNA fragments from PCR reactions. The purified PCR products were cloned 
into the TOPO vector according to manufacturer’s instructions (www.invitrogen.com). This was transformed 
into chemically competent Escherichia coli cells. Plasmid DNA was isolated using the QIA prep spin miniprep 
kit. Analysis of the plasmids for inserts by restriction analysis was carried out by digestion with restriction 
enzyme, Eco R1 endonuclease and separated by electrophoresis on agarose gel. After staining with ethidium 
bromide, the bands were visualised on a UV transilluminator to  select clones containing the appropriately sized 
insert. The clones with the correct plasmid insert were then used for sequencing. Sample plasmids were sent to 
MWG-Biotech in Germany after purification, for sequencing. Sequencing was carried out using the same 
primers for PCR. The primers were freeze-dried using the Edwards Modulyo freeze drier, before they were sent 
along with samples for sequencing. Analysis of sequences was carried out using the Basic Local Alignment 
Search Tool (BLAST) (Altschul et al., 1990) by aligning sequences obtained with the closest match found in the 
GenBank. Distances between clones were calculated to determine whether the clones were the same or different. 
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Phylogenetic analysis of sequences 
Phylogenetic analysis of BLAST results from sequence analysis of samples to indicate the affiliation of the 
isolates to some members of the SRB and SOB was carried out. Construction of phylogenetic tree was done 
using the Neighbour-Joining method (Saito and Nei, 1987) with Mega package (Kumar et al., 2004).  
 
 
 

Results and Discussion 
 
H2S Assay: Spectrophotometric sulphide assay was successful to detect H2S produced by SRB. Volatile 
sulphide which may escape as gas was precipitated as insoluble zinc sulphide and on addition of N,N-dimethyl-
p-phenylene diamine sulphate, methylene blue develops. Assay was carried out in triplicate and standard curve 
drawn from the results, was used to determine the concentration of H2S produced by the samples. Figure 1 
illustrates the production of H2S by sample A in MCP enrichment. It showed that at 55 ºC, more H2S was 
produced than at 30 ºC at various time-points. The highest H2S produced at 55 ºC was 0.6 µg/ml and this was at 
the fourth time-point of the experiment, as compared to a highest concentration of 0.3 µg/ml produced at 30 ºC. 
The lowest concentration of H2S produced at 55 ºC was 0.15 µg/ml at the second time-point, while that 
produced at 30 ºC was 0.13 µg/ml on the first time-point. 
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        Figure 1: Hydrogen sulphide production by sample A at 30ºC and 55ºC (n = 3) 
 

Figure 2 shows the H2S production by sample B in MCP enrichment. At 55 ºC, the highest H2S 
produced was 30 µg/ml on the fourth time-point while that produced at 30 ºC was 18 µg/ml on the third time-
point. The lowest H2S produced at 55 ºC was 9.0 µg/ml while that at 30 ºC was 7.0 µg/ml. These results showed 
that sample B produced more H2S at 55 ºC than at 30 ºC and it produced more H2S at both temperatures than 
sample A. These results were similar to those of Bass and Lappin-Scott (1997) who reported marked increase in 
sulphide production with more available nutrients. There was evidence of growth and presence of sulphidogenic 
activity in the enrichment medium seen as culture turbidity, blackened particulate material, and sulphide 
production in the medium. Subculturing from the initial enrichments into further fresh medium was successful. 
This observation was supported by Postgate (1984) who found that mixed carbon Postgate’s medium 
encourages growth of SRB than any other media for anaerobic sulphidogens. These observations were found to 
be consistent with earlier findings of Dunsmore (2001), who found that microbial sulphide generation was 
directly proportional to microbial growth. 
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Figure 2: Hydrogen sulphide production by sample B at 30ºC and 55ºC (n =3) 
 
       Molecular analysis of functional genes revealed presence of apsA genes (Figure 3). This was similar to that 
observed by Ben-Dov et al. (2007) who found APS genes responsible for H2S production in SRB. Cloning of 
PCR products following PCR amplification of functional genes was successful (Figure 4).  
 
 

 
 

 

 

Figure 3: PCR amplification of apsA gene fragments. Lane 1 and 6: Hyperladder 1; lane 2: Sample A; lane 3: 
Sample B; lane 4: Positive control; lane 5: negative control  
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Figure 4: Agarose gel electrophoresis of digestion products, lanes 1, 12, 15, and 34: Hyperladder 1; lanes 2 - 11: 
Plasmids with inserts for sample A; lanes 13 – 33: Plasmids with inserts for sample B. 
 
      Table 1 shows distances between clones of samples which confirmed similarity and differences between the 
clones and BLAST analysis of clones from both samples showed the detection of SRB with 99% similarity to 
Desulfovibrio. This was consistent with the results of Castro et al. (2000) who noted that SRB would be 
detected in clones by future microbiologists. Phylogenetic analysis of the clones (Figure 5), showed affiliation 
of the clones to related members of sulphate-reducing bacteria and sulphur-oxidizing bacteria (SOB). Bootstrap 
values are shown and the scale bar represents 0.05 changes per nucleotide.  
 
Table 1: Clone distances in samples 
 

 A1 A4 B1 B2 B10 B11 B12 B13 

A1 0.0000 6.0600 0.0021 0.0043 6.0600 0.0053 6.0600 4.1702 
A4 6.0600 0.0000 6.0600 6.0600 6.0600 6.0600 6.0600 4.8624 

B1 0.0021 6.0600 0.0000 0.0021 6.0600 0.0032 6.0600 4.1148 

B2 0.0043 6.0600 0.0021 0.0000 6.0600 0.0053 6.0600 4.1148 

B10 6.0600 6.0600 6.0600 6.0600 0.0000 6.0600 0.0037 6.0600 

B11 0.0053 6.0600 0.0032 0.0053 6.0600 0.0000 6.0600 4.1744 

B12 6.0600 6.0600 6.0600 6.0600 0.0037 6.0600 0.0000 6.0600 

B13 4.1702 4.8624 4.1148 4.1148 6.0600 4.1744 6.0600 0.0000 
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CLONE B11 
CLONE A1
CLONE B2
CP000112.1
EF442888.1 Desulfovibrio sp.
CLONE B1 
EF596013.1 Uncultured sulfate-reducing bacterium clone RH.apsA-2302
EF052986.1 Uncultured sulfate-reducing bacterium clone RH.apsA-
EF052940.1 Uncultured sulfate reducing  bacterium clone RH.apsA-208-49-14
EF052981.1 Uncultured sulfate-reducing bacterium clone RH,apsA-4004
EF052982.1 Uncultured sulfate-reducing bacterium clone RH.apsA-4008
EF052928.1 Uncultured sulfate-reducing bacterium clone RH.apsA-208-49-11
EF052929.1 Uncultured sulfate-reducing bacterium clone RH.apsA-208-49-12
EF052931.1 Uncultured sulfate-reducing bacterium clone RH.apsA-208-49-15
EF052937.1 Uncultured sulfate-reducing bacterium clone RH.apsA-208-49-4
EF596018.1 Uncultured sulfate-reducing bacterium clone RH.apsA-2501
AF418106.1 Desulfovibrio intesstinalis
AF418142.1 Desulfovibrio termitidis
Z69372.1 Desulfovibrio vulgaris
AE017285 Desulfovibrio vulgaris
AF418141.1 Desulfovibrio giganteus
AF418133.1 Desulfovibrio profundus
AF418109.1 Desulfovibrio fructosovorans
AY744465.1 Desulfovibrio alkalitolerans
AF418146.1 Desulfobulbus elongatus
AF418110.1 Desulfobulbus rhabdoformis
EF442922.1 Desulfococcus multivorans
AF418151.1 Desulfococcus biacutus
EF442926.1 Desulfonema magnum
EF442928.1 Desulfosarcina variabilis
AF418117.1 Desulfocella halophila
EF442930.1 Desulfotignum balticum
EF442910.1 Desulfobacterium autotrophicum
AF418107.1 Desulfobacter curvatus
AF418144.1 Desulfacinum infernum
EF442955.1 Desulfotomaculum acetoxidans
EF641917.1 Thiobacillus plumbophilus strain DSM 6690
CLONE B13
DQ825794.1 Uncultured Thiobacillus sp.
EF641928.1 Riftia pachyptila
EF641926.1 Endosymbiont of Inanidrilus leukodermatus
EF641925.1 Endosymbiont of Inanidrilus makropetalos
EF641916.1 Thiobacillus equaesulis
EF641922.1 Thiobacillus denitrificans strain DSM 807
AY296750.1 Thiobacillus denitrificans
EF641920.1 Thiobacillus thioparus
EF641923.1 Thiobacillus denitrificans strain DSM 739
EF641924.1 Thiobacillus denitrificans strain DSM 12475
CLONE B10
CLONE A4
CLONE B12
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Figure 5: Phylogenetic relationships of apsA gene sequences (clones) that were retrieved from samples with 
other members of related genera of SRB and SOB.  
 
Conclusion 
      Phylogenetic and functional genes for SRB responsible for H2S production, reservoir souring, microbially 
induced corrosion and loss of oil quality have been successfully analysed in this research. Results from this 
study revealed the presence of SRB, therefore frequent maintenance overhaul for pipelines, flowlines and 
flowstations, as well as continuous treatment of injected sea water with nitrate are recommended to prevent the 
activity of SRB in crude oil and produced water. 
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