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Abstract 

The Au, Pt and diamond mines of South Africa provide access to microorganism bearing 

fluids emanating from fractures at depths ranging from 0.7 to 3.2 km. Due to the unique 

characteristic of mine environment as demonstrated by extreme pH, pressure, temperature 

and/or salinity, it is anticipated that it could hold the promise for novel gene sequences and 

hence gene products of industrial and pharmaceutical importance. To provide insight into the 

microbial diversity of mines in South Africa, biofilm samples were collected from Goldfield 

and diamond mines and their bacterial diversity determined using molecular approaches. 16S 

rRNA genes were amplified from DNA extracted from these samples using polymerase chain 

reaction with universal bacterial primers 27F (5’- AGA GTT TGA TCM TGG CTC AG-3’) 

and 1492R (5’- GGT TAC CTT GTT ACG ACT T-3’). Metagenomic clone libraries were 

constructed and restriction fragment length polymorphism (RFLP) analysis of >100 derived 

clones resulted in four major restriction patterns from which 40 clones were chosen for 

sequencing. More than half (53%) of the sequences were affiliated with the bacterial phylum 

Proteobacteria, forty-one percent (41%) of the sequences with yet uncultured bacteria and 

the phyla Firmicutes and Planctomycetes were accounted for by 4% and 2% of the sequences 

respectively. DGGE analysis of PCR-amplified 16S rRNA genes showed characteristic 

fingerprints for each sample. The differences in community structure observed account for 

the uniqueness of each of the mines with respect to its microbial diversity. 
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INTRODUCTION 
 
Gold, platinum and diamond mines have been 

known to provide unique environment with 

high salinity, extreme temperature, pH and 

high pressure that may select for exceptional 

microorganisms housing proteins with unique 

sequences
1
. However, there have been major 

obstacles to understanding the subsurface 

biosphere. Prominent among such obstacles 

are, our limited abilities to access the 

environment, acquiring pristine samples from 

such environment and placing our knowledge 

of microorganisms (functional genes and 

proteins) into an environmental context2,3. 

 

Microorganisms that are able to develop under 

such extreme conditions have recently 

attracted considerable attention because of 

their peculiar physiology and ecology
4
, and 

important biotechnological applications
5-8

. The 

peculiarity of these microorganisms could be 

due to the unique sequences they posses which 

they can translate to proteins with superior 

biocatalytic properties9,10.   

 

The discovery of novel microorganisms in 

deep accessible subsurface habitats has 

provided the opportunity to discover new 

pharmaceuticals, understand microbial 

biosynthetic processes and enhance 

remediation of contaminated environments
3
.  

 

The microbial diversity in these extreme 

environments has been the key to the 

successful isolation of novel microorganisms 

with unique characteristics. In the light of this, 

South African deep mines which encompasses 

yet unexplored extreme niches of novel 

populations of diverse microorganisms are 

suitable environment for investigation11.  

 

However, the conventional approach of 

studying microbial diversity through their 

growth on culture media have been shown to 

have much limitations as less than 1% of the 

total microbial species are culturable under 

particular conditions
8,12-16

. The pioneering 

works of Woese and Fox17 and Woese18 on 

comparative analysis of small-subunit 

ribosomal RNAs have pioneered the 

determination of evolutionary relationships 

between organisms using a molecular 

approach and thereby establishing diversity as 

sequence divergence on a phylogenetic tree. 

This has proved important in the determination 

of microbial diversity in many environments
19

.  

 

This study was therefore, aimed at 

investigating the bacterial diversity of biofilm 

samples with pH  ranging from 7.9 to 8.62, 

temperature, 28oC to 32.3oC and conductivity 

of between 4.35 to 8.74mS. Samples were 

collected from South African gold and 

diamond mine environments with depth 

ranging from 0.9km to 1.2km. The 

phylogenetic diversity was studied using 

culture-independent techniques, namely: 

extracting DNA directly from the samples, 

construction of metagenomic 16S rRNA gene 

libraries, sequencing and analysis of PCR-

amplified 16S rRNA genes using denaturing 

gradient gel electrophoresis (DGGE) 

technique. 

 
MATERIALS AND METHODS 
 
Sample collection 
Duplicate biofilm samples were collected from 

one diamond and three gold mines in South 

Africa namely: Star Diamond, Beatrix, 

Merrispruit and Joel Gold mines respectively 

over a period of three months. Samples were 

collected within these mines from sites rife 

with slime deposits at different depth ranging 

from 0.900Km to 1.204Km below sea level. 

The physicochemical properties of the various 

biofilm samples from each mine environment 

were determined (Table 1). Samples were 

collected aseptically into sterile 50ml Falcon 

tubes and transported immediately to the 

laboratory in ice boxes.  DNA was extracted 

immediately from the samples while in the 

laboratory, and where that was not feasible the 

samples were stored at -80oC prior to DNA 

extraction. The Falcon tubes were filled to the 

brim with samples to avoid air entrapment, and 

surface contamination of samples was avoided 

as much as possible. 

 
DNA Extraction 
Genomic DNA was extracted from the biofilm 

samples using the method of Towner
20

, with 

some modifications. All stock and working 

solutions, the Milli-Q water used for reagent 

preparation and all plasticwares were 

autoclaved. Biofilm samples were suspended 

in TE-buffer in a ratio of 0.5g sample matter: 

40ml TE-buffer. After centrifugation at 3000 x 

g for 5min at 4
o
C, the pellet was resuspended 
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in 3.2ml of resuspension buffer [50mM Tris-

HCl buffer (pH 8.0) and 0.7mM sucrose] and 

0.6ml lysozyme (20mg/ml). This mixture was 

allowed to stand on ice for 5min, after which 

0.6ml of 0.5M EDTA (pH8.0) and 0.5ml 

SDS(10%w/v) were added and mixed gently. 

The mixture was further placed on ice for 

5min.Ten milliliters of digestion buffer 

[50mM Tris-HCl, pH 9.0; 1% (w/v) SDS; 

0.1M EDTA;0.2M NaCl; 0.5mg/ml Proteinase 

K] was added and incubated for 16h at 55°C 

with gentle end-over-end inversion 

intermittently. 

 

One volume of chloroform was added and 

gently mixed for 3h at 25°C followed by 

centrifugation at 4000 x g for 10 min. One 

volume of chloroform-isoamylalcohol (24:1) 

was added to the resultant aqueous phase 

followed by centrifugation at 3000 X g for 

10min at room temperature, and subsequent 

incubation on ice for 10min. Nucleic acid was 

precipitated overnight at -20
o
C by adding 

0.1volume of 3M sodium acetate (pH 5.6) and 

equal volume of ice-cold isopropanol. Nucleic 

acid was pelleted by centrifugation, washed 

with 70% ethanol, air-dried and resuspended 

in sterile Milli-Q water. 

 
16S rRNA Gene Library Construction 
The genomic DNA extracted from the 

different biofilm samples were PCR amplified 

for 

16SrRNA genes using the universal bacterial 

primers 27F (5’- AGA GTT TGA TCM TGG 

CTC AG- 3’) and 1492R (5’- GGT TAC CTT 

GTT ACG ACT T-3’). This primer 

combination amplifies a 1500bp 16SrDNA 

fragment. Fifty to One hundred nanogram of 

DNA  extract was added to a final volume of 

50uL of PCR reaction mixture containing 

1.5mM MgCl2, 1X Reaction  buffer (without 

MgCl2) (promega), 200uM of each dNTP, 

0.20uM of each primer and 1.0U Taq 

polymerase (Promega). PCR was performed in 

an automated thermal cycler with an initial 

denaturation at  95oC for 5min. followed by 30 

cycles of 95
o
C for 30sec (denaturation), 52

o
C 

for 45sec (annealing), 72oC for 1.5min 

(extension) and 72oC for 10min (final 

extension). PCR products were run on 1% 

agarose in TAE buffer [40mM Tris, 20mM 

Acetic acid, 1mM EDTA (pH8.0)] to confirm 

that the right product (1500bp) was formed. 

The PCR product was purified using the 

QIAGEN PCR purification kit and ligated into 

pGEM-T Easy vector (Promega) following the 

manufacturer’s  protocol. The ligation mixture 

was transformed into competent E.coli JM 109 

cells, plated on LB/Ampicillin/IPTG/X-Gal 

plates and incubated for 16hr at 37oC. Two 

hundred successfully transformed clones were 

picked and stored at -80
o
C as glycerol stocks 

(20% glycerol in LB-ampicillin). Plasmid 

DNA was isolated from 120 randomly chosen 

clones (distributed among all the sampling 

points) using FastPlasmid miniprep kit 

(Eppendorf, Germany). 

 
RFLP Analysis, Sequencing and 
Phylogenetic Analysis 
Cloned 16S rRNA inserts were characterized 

by single digestion with the restriction 

endonuclease EcoR1. The diversity of the 

restriction patterns were observed on 1% 

agarose gel and similar patterns were grouped 

together. Randomly chosen clones from each 

RFLP group were selected for sequencing 

(Inqababiotech SA). Sequences were edited 

and their similarities determined against 

known sequences in the NCBI Genbank 

database using the Basic Local Alignment 

Search Tool (BLAST) algorithm21. For 

phylogenetic analysis, the sequences were first 

aligned using ClustalW, the resulting 

alignment checked and the sequences used for 

phylogenetic tree construction using the PAUP 

software. Parsimony, neighbor- joining and 

maximum likelihood analysis with different 

positional conservation filtering was 

performed to evaluate tree topologies. 

 
PCR – DGGE 
This method utilizes the principle that the 

melting behaviour of the double stranded DNA 

is dependent on its base-pair composition22. A 

highly variable region (V3) of the 16SrRNA 

gene was amplified using GC-clamped PCR 

primers. One primer (forward), which 

complemented a region conserved among 

members of the domain bacteria (E.coli) 

positions 341 to 358, had incorporated at the 

5’end a 40bp GC-clamp (5'- 

CGCCCGCCGCGCGCGGCGGGCGGGGCG 

GGGGCACGGGGGGCCTACGGGAGGCA

GCAG -3'). The specificity of this primer is 

imparted by the underlined region. The other 

primer (reverse) is based on a universally 

conserved region (E.coli positions 517-534: 5'-

ATTACCGCGGCTGCTGG - 3')
23

.  
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This primer combination amplified a 233bp 

fragment suitable for DGGE analysis. Fifty to 

one hundred nanogram of biofilm DNA extract 

was added directly to a PCR reaction mixture 

containing 0.2uM of each primer, 200uM of 

each dNTP, 1.5mM MgCl2 (promega), 1X 

reaction buffer (without MgCl2) (promega) and  

1.0U Taq polymerase (promega). PCR was 

performed in an automated thermal cycler with 

an initial denaturation at 95oC for 4min. 

followed by 30cycles of 1min. at 95
o
C, 2min. 

at 55
o
C and 2min. at 72

o
C before the final 

extension at 72oC for 10min. DGGE was 

performed on the PCR product using a Hoefer 

SE 600 DCode system (Hoefer, Inc.USA) 

following the procedure first described by 

Muyzer et al.
23

. The 8% (w/v) Polyacrylamide 

gels(acrylamide : bisacrylamide ratio 37.5:1) 

were made with a denaturing gradient ranging 

from 15% - 55% (100% denaturant 

corresponds to 7M urea and 40%(w/v) 

formamide). Electrophoresis was performed in 

1X TAE buffer at a constant voltage of 70V 

and a temperature of 60
o
C for 12hr. After 

electrophoresis, gels were stained with 

Ethidium bromide (10mg/ml) for 45min and 

viewed with a UV transilluminator (Biorad, 

Italy). 

 
RESULTS AND DISCUSSION 
 

In this study, we have undertaken to determine 

the bacterial diversity in 3 South African gold 

and 1 diamond mine using culture-independent 

approaches. The successful extraction of 

microbial DNA from the biofilm samples 

collected at different locations from the mines 

is a positive indication of the presence of 

microbial flora in the environment (Fig.1). 

Even though there are no major differences in 

the physicochemical properties of the different 

biofilm samples despite the difference in 

sampling depth (Table 1), there are major 

phylogenetic differences in their bacterial 

population. 

 

The analysed clone sequences were affiliated 

to three phyla namely: Proteobacteria (n=27; 

53%), Firmicutes (n=2; 4%) and 

Planctomycetes (n=1; 2%) and more than a 

third of the entire clone sequences were 

affiliated to yet uncultured bacteria (n=21; 

41%). The extent of the bacterial diversity in 

the studied South African mines is also 

demonstrated by the level of divergence of the 

pylogenetic tree constructed using parsimony, 

neighbor-joining and maximum likelihood 

analysis with PAUP software (Fig.2).  

 

The community structure within the 

Proteobacteria phylum changed with the 

mines. Clone sequences belonging to the 

gamma-Proteobacteria lineage dominated, and 

were represented in all the mine samples 

except in Joel mine. Clone sequences 

belonging to the beta-Proteobacteria were 

isolated in all the samples except with samples 

collected from Star Diamond mine and from 

Library A. Clone sequences that are not close 

matches to database sequences of known 

bacteria (uncultured bacteria) were identified 

across the mine samples analysed (Table 2). 

This confirms that a variety of organisms that 

have not been successfully identified exist in 

the mine environment. The result of the short-

gun sequencing of some of the clones (Table 

3), revealed between 86% and 100% closeness 

to some proteins of industrial importance. This 

is a possible indication that the group of 

bacteria in these mine samples may represent 

novel species, genera or even families of 

bacteria or archaea that may possess properties 

and characteristics that are unique. This agree 

with other workers8,9,15,24, that have reported 

that groups of yet uncultured bacteria may be 

housing unique genes responsible for the 

expression of novel enzymes in the field of 

pharmaceuticals, bioremediation and in the 

studying of biosynthetic processes.  However, 

the sequences have not been submitted to any 

gene bank as further work on the identification 

is still on 

 

The use of DGGE method to determine 

community structure of microorganisms in 

particular environments has been 

reported
22,25,26

. In this respect, DGGE analysis 

of the PCR-amplified 16S rRNA fragment was 

used to further provide information on the 

genetic diversity of microbial communities of 

the mines (Fig. 3). In general, the number of 

amplified bands varied with biofilm samples 

rather than with mines. This resulted in 

different samples from the same mine giving 

diverse banding pattern, with no specific 

finger printing for each specific mine. Samples 

from Beatrix gold mine had fewer numbers of 

bands, which in this case was interpreted to be 

fewer operational taxonomic units (OTU) even 

though the physicochemical properties and the  
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Figure 1: Ethidium Bromide stained agarose gel of genomic DNA extracted from biofilm samples.  

M: 1Kb MassRuler DNA Ladder mix #SM0403. Lane 1: Star Diamonds BF3a, lane2: Star Diamonds 

BF3b, lane 3: Star Diamonds BF3c, lane 4: Star Diamonds BF3d, lane 5: Star Diamonds BF3e, lane 6: 

Star Diamonds BF3f, lane 7: Star Diamonds BF5a; lane 8: Star Diamonds BF5b; lane 9: Beatrix B1.1a; 

lane 10: Beatrix B1.1b; lane 11: Beatrix B2.1a; lane 12: Beatrix B2.1b; lane 13: Beatrix B3.2;  

lane 14: Merrispruit  BH3 BF5a; lane 15, Merrispruit  BH3 BF5b; lane 16: Merrispruit  BH3 BF6a; 

lane 17 Merrispruit  BH3 BF6b; lane 18: Joel J3a; lane 19: Joel J3b; lane 20: Joel J8a; lane 21: Joel 

J8b.   
 

 

 

 

 

Table 1: Physicochemical parameters of the different sampling points 

---------------------------------------------------------------------------------------------------------- 

Sample site    Site           Sample.    Sample     Conductivity Depth  

     Name             Temp (
o
C)     pH           (mS)  (Km)    

 

Star Diamond BF3 Burns 13Drive  28      7.90 8.74  1.141 

Star Diamond BF5 Burns 14W Drive 30.6      8.34 4.35  0.900 
 

Beatrix Gold B1.1 16J West Drive 28.3      8.38 4.53  0.832 

Beatrix Gold B2.1 16J 11 North Breakway 27.8       8.72 4.47  1.221 
 

Joel Gold J3  121-E4 Crosscut 28.7       8.45 7.06  1.211 

Joel Gold J8  98 Chairlift  32.3       8.62 6.30  0.988  
 

Merrispruit Gold  Site 49   37.3        8.41 7.62    0.930 

BH3.BF5 
 

Merrispruit Gold Site 51   33.0        8.35 4.58  1.200  

BF3.BF6                    . 

 
 

 

 

 

 

 

. 
 

1500bp 

10,000bp 
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Figure 2: Phylogenetic relationship of representative clones of bacterial 16S rRNA gene sequences as 

determined using the PAUP software. Clone numbers of uncultured organisms are indicated by uppercase 

boldface type.  
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             1              2               3           4             5             6              7           8 

 

Figure 3: DGGE Profile of PCR-amplified 16S rDNA fragment obtained with bacterial primer set and DNA 

isolated from biofilm samples from the different South African mines. Sample names are in parenthesis. Lane 

1: Joel mine (J3); lane 2: Merrispruit mine (BH3.BF6); lane 3: Beatrix mine (B2.1); lane 4: Beatrix mine 

(B1.1); lane 5: Star diamond mine (BF3); lane 6: Joel mine (J8); lane 7: Merrispruit mine (BH3.BF5); lane 8: 

Star diamond mine (BF5). 

 
Table 2: Identification of 16S rRNA gene clone sequences based on BLAST analysis. 

Sample/site  Clone #  Related Organism  Phylogenetic group     %     

                                    similarity   
Star Diamond (BF3_1)  Uncultured Flexibacter sp                     100 

     mine    Bradyrhizobium sp. ISLU256 alpha-Proteobacteria  100 

  (BF3_2)  Pelobacter acetylenicus  delta-Proteobacteria  96 

    Uncultured Desulfuromonas sp     96 

  (BF3_3)  Hyphomicrobium zavarzinii alpha-Proteobacteria  99 

  (BF3_4)          Uncultured bacterium      89 

              Planctomycete GMD14H10 Planctomycetes   88 

  (BF5_1)  Uncultured bacterium      97 

    Uncultured beta proteobactrium 5Z-C1    96 

   (BF5_2) Uncultured bacterium     91 

  (BF5_3)  Uncultured bacterium     94 

    Legionella anisa   gamma-Proteobacteria 94 

  (BF5_4)  Legionella-like pathogen HT99 gamma-Proteobacteria 94 

Beatrix mine (B1.1_1)               Uncultured bacterium                                                               98 

    Thiothrix sp. CT3   gamma-Proteobacteria 98 

  (B1.1_2)  Fe-Oxidizing bacterium F10  gamma-Proteobacteria 88 

  (B1.1_3)  Thiothrix sp. CT3   gamma-Proteobacteria 97 

    Thiothrix  fructosivorans   gamma-Proteobacteria 97 

  ((B1.1_4) Uncultured bacterium     95 

  (B2.1_1)  beta-Proteobacterium CBD21   bata-Proteobacteria 98 

    Uncultured bacterium     98 

 

55% denaturant 

15% denaturant 
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  (B2.1_2)  Methylococcus capsulatus str. Bath    gamma-Proteobacteria 97 

    Uncultured Methylococcus sp.    gamma-Proteobacteria 97 

  (B2.1_3)  Methylococcus capsulatus str. Bath    gamma-Proteobacteria 97 

  (B2.1_4)  Uncultured bacterium     98 

    Uncultured Hydrogenophilaceae bacterium  98 

Merrispruit mine (BH3.BF5_1)       Sulfur-oxidizing bacterium OBII5     gamma-Proteobacteria    94  

  (BH3.BF5_2)      Uncultured bacterium                                                                99 

  (BH3.BF5_3) Sulfur-oxidizing bacterium OBII5   gamma-Proteobacteria 94 

    Thiobacillus sp. MS02    bata-Proteobacteria 94 

  (BH3.BF6_1) Uncultured bacterium     97 

  (BF3.BF6_2) Uncultured hydrocarbon bacteriumBPC023 gamma-Proteobacteria97 

  (BF3.BF6_3)       Uncultured bacterium                                                               97 

Joel mine (J3_1)  Azoarcus sp.   bata-Proteobacteria 92 

  (J3_2)  Uncultured bacterium     96 

  (J3_3)  Uncultured bacterium     90 

  (J3_4)  Methylococcus capsulatus str. Bath gamma-Proteobacteria 97 

  (J8_1)  Uncultured bacterium     99 

  (J8_2)  Uncultured bacterium     98 

  (J8_3)                  Thiomonas arsenivorans                   beta-Proteobacteria           96 

    Uncultured Thiomonas sp  beta-Proteobacteria 96 

Library A (A_1)  Oceanimonas smirnovii  gamma- Proteobacteria 96 

  (A_2)  Bacillus firmus                                 Firmicutes                           97 

    Bacillus sp. ARCTIC-P30  Firmicutes  97 

Libray BP2 (BHP1_1) Pseudomonas stutzeri  gamma-Proteobacteria 98 
  (BHP1_2) Alcaligenes sp. R-21939  beta-Proteobacteria 94 

    Uncultured beta-Proteobacterium beta-Proteobacteria 94 

  (BHP1_3) Pseudomonas asplenii  gamma-Proteobacteria 95 

    Pseudomonas fuscovaginae gamma-P roteobacteria 95 

 

 

 
 
 
Table 3: Shortgun sequencing of selected clones for gene identification 

 

 

 

SAMPLE 
SITE 

CLONE 
SIZE 

POSSIBLE IDENTIFICATION SOURCE (%) Identities 

Library BP2 935bp Alanine racemase Rhodopseudomonas palustris CGA009 88 

Library BP2 837bp Beta-galactosidase alpha peptide 

LacZalpha 

Cloning vector pEZseq-kan 100 

Library BP2 850bp Putative glutathione-S- transferase Bordetella bronchiseptica RB50 83 

Library BP2 809bp Putative integrase Burkholderia pseudomallei 96 

Library BP2 854bp Flavoprotein, possibly 3-ketosteroid 

dehydrogenase 

Azoarcus sp. EbN1 82 

Library A 842bp Cytidylate kinase-like protein Bacillus cereus ATCC 10987 96 

Library A 843bp Phosphate starvation-induced protein Bacillus subtilis subsp. subtilis str.168 86 

Kloof B 858bp Aspartokinase I, homoserine 

dehydrogenase I 

Escherichia coli K12 98 

Kloof B 851bp Aspartokinase I, homoserine 

dehydrogenase I 

Escherichia coli K12 99 

Kloof B 741bp Alpha-Amylase precursor E.Colui (Kohara clone) 100 

Kloof B 851bp Acetyl-CoA: acetyltransferase E.Colui (Kohara clone) 99 

Kloof B 854bp Acetyl-CoA: acetyltransferase E.Colui (Kohara clone) 97 

Kloof B 843bp Aspartokinase I, homoserine 

dehydrogenase I 

Escherichia coli K12 99 
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depth of sampling did not vary much from the 

other sites. The operational taxonomic units 

(OTU) as depicted by the banding pattern thus 

observed for all the samples shows a diverse 

community structure with a few organisms 

showing dominance with respect to their band 

intensity. However, a few bands had the same 

electrophoretic mobility irrespective of the 

sample. This could indicate the presence of 

these organisms in all the mine samples. 

 

Since none of the DGGE bands were excised 

and sequenced, estimation of the microbial 

diversity in this respect was limited to the 

finger prints on the DGGE gel. It can therefore 

be concluded that our use of a culture-

independent approach has revealed a diverse 

community structure in the sampled gold and 

diamond mines of which many of the 

organisms are yet unidentified and could 

therefore be the carrier of novel genes for 

future biotechnological breakthroughs. 
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