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Abstract

As aresult of the advancing global technologies and civilisation, there has been a
progressive depletion of high-grade mineral deposits. Consequently, it has become
increasingly important to process lower-grade ores. Phosphorous (P) and particular
potassium (K) contained in the iron ore concentrates of the Sishen Iron Ore Mine have a
detrimental effect on the steel making process, whereby these alkali’s cause cracks to
form in the refractory lining of blast furnaces. It is initially essential to determine which
microbes are indigenously present at the Sishen Iron Ore Mine before strategising how
best to employ them to industrial advantage. Therefore, the objective of this study was to
determine which microorganisms are indigenous to the iron ore and soil of the Sishen
Iron Ore Mine. The bacterial 16S PCR and fungal ITS PCR revealed several bacterial and
fungal species present in the mine environment. The bacterial isolates were found to be
closely related to Herbaspirillum species, as well as Acidithiobacillus ferrooxidans, while
the fungal isolates were closely related to Aureobasidium pullulans, Phaeosphaeria
nodorum, Aspergillus fumigatus, and Candida parapsilosis. Isolating A. fumigatus from
the iron ore/soil of the mine may indicate that A. niger, the most common fungi used for
the production of citric acid, can adapt to the stringent mine environment. This would
allow the application of A. niger for the production of citric acid, which may be used for
the chemical leaching of the P and K from the iron ore concentrate of the Sishen Iron Ore

Mine.



Introduction

The depletion of high quality iron ore (>60% Fe; <0.24% K) deposits necessitates
processing of lower quality iron ore (<60% Fe; >0.24% K) (Jian and Sharma 2004; Corne
Taljaard, personal communication). Elements such as phosphorous (P) and potassium (K)
contained within the lower quality iron ore concentrates have a detrimental effect on steel
making process, leading to penalties charged by the steel processing plants when
purchasing iron ore concentrates containing high concentrations of P and K (Yusfin et al.
1999). In an attempt to minimise these penalties charged by the steel making companies,
low quality ore concentrates has been blended with high quality iron ore concentrates to
“dilute” the P and K in the export iron ore concentrate of the mine (Dukino et al. 2000).
This has also been the practice in Hamersley, Australia, where low-P iron ore (0.05% P),
being the major component, was blended with high-P iron ore (0.10% P) before export to
the steel making companies (Dukino et al. 2000). However, the low quality iron ore
stockpiles of the Sishen Iron Ore Mine are increasing, and it is therefore essential to
develop an economical, environmentally friendly process to treat the iron ore

concentrates that contain high concentrations of P and K.

Microorganisms are capable of converting nutrients in their surrounding environment to
biochemical compounds, such as organic acids, required for their metabolism (Gupta and
Sharma 2002; Lesniak et al. 2002). The processes by which this happens can be
invaluable when applied in industrial practice. For example, Acidithiobacillus
ferrooxidans and A. thiooxidans are capable of converting ferrous sulphate (FeSO,) to
ferric sulphate [Fex(SO4)s], while producing sulphuric acid (H,SO4) (Glazer and Nikaido
1995; Rawlings 2002). Ferric sulphate and H,SO4 both play an important role during the
overall leaching of certain minerals from ore bodies (Glazer and Nikaido 1995). Ferric
sulphate is a strong oxidising agent, which is reduced to ferrous sulphate (FeSO,),
leading to the oxidation of certain insoluble metal sulphides to the corresponding soluble
metal sulphate (Glazer and Nikaido 1995). Sulphuric acid is responsible for maintaining
the low pH in the environment in order to maintain the optimal metabolic activity of the

bacteria in the system (Glazer and Nikaido 1995).



It is plausible that microbes indigenously present in the iron-ore and surrounding soil are
able to utilise P and K in their membrane and cell wall as structural components, as well
as in many other microbiological metabolic processes. It is hypothesised that microbes
already living and growing in soils and iron-ore at the Sishen mine are capable of this
metabolism since their environment favours the appropriate required conditions. The
purpose of this investigation was to determine which microbes are indigenously present
in the iron ore and soil of the Sishen Iron Ore Mine before strategising how best to
employ them to industrial advantage. To date no information regarding the microbial
community present in the iron ore concentrates and soil of the Sishen Iron Ore Mine

exists.

Some microorganisms are difficult to culture due to their different growth requirements
and physiology, limiting simultaneous cultivation of several species (Widmer et al.
1999). Denaturing gradient gel electrophoresis (DGGE) is an ideal molecular method for
monitoring microbial community ecology since it is PCR based and does not employ
classical methods of culturing the microbes within a sample. DGGE relies on variation in
genetic sequence of a specific amplified region to differentiate between species within
microbial communities (Banks and Alleman 2002; Koizumi et al. 2002). By determining
the closest relatives of unknown microorganisms, the known characteristics can be
inferred upon them (Ueda et al. 1995). Most commonly, 16S rRNA genes are used to
give an overall indication of the bacterial species composition of a sample, while the
Internal Transcribed Spacer region (ITS) is used in the case of fungal species

composition.

Materials and methods

Sample selection
Iron ore concentrate samples (export product) were received for bacterial community
analysis from the Sishen Iron Ore Mine. In addition, iron ore mixed with soil was

collected at various locations within the mine for fungal community analysis.



Bacterial isolation

Iron ore samples were prepared for DNA extraction by enrichment cultures. Briefly, the
enrichment cultures consisted of 100 g of iron ore inoculated into 1 1 of Nutrient Broth
(Sigma—Aldrich Chemie GmbH, Buchs, Switzerland) in 2 | Erlenmeyer flasks. The flasks
and their contents were incubated at 25°C for 24 h. The resulting suspension was used for

DNA extraction.

Fungal isolation

Fungi were isolated from the soil/iron ore by adding 100 g of each sample to 100 ml of
sterile distilled water (dH,O) in a different 500 ml Erlenmeyer flask. The flasks and their
contents were incubated at 25°C for 48 h. One millilitre of the suspension was plated
onto 20 g I water agar (Merck, Darmstadt, Germany) in 60 mm Petri-dishes (Concorde
Plastics, Johannesburg, South Africa). The Petri-dishes were incubated at 25°C and
monitored at 24 h intervals for fungal spore formation. Single fungal spores were then
selected and transferred onto half-strength Potato Dextrose Agar (PDA) (Merck) in

60 mm Petri-dishes (Concorde Plastics). The Petri-dishes were incubated at 25°C for

approximately 2 weeks.

Bacterial DNA extraction

Bacterial DNA of each morphologically distinct colony was extracted separately from the
enrichment culture suspensions using the CTAB method (Doyle and Doyle 1987;
Cullings 1992). Briefly, 1.5 ml of culture suspension was centrifuged to form a compact
pellet, followed by the discarding of the supernatant. The pellet was resuspended in

567 ul of Tris-EDTA (TE) buffer. Thirty microlitres of Sodium Dodecyl Sulphate (SDS)
and 3 pl of Proteinase K (20 mg I™") was added and mixed, followed by incubation at
37°C for 1 h. After incubation 100 pl of 5 M Sodium Chloride (NaCl) was added and
mixed thoroughly, followed by the addition of 80 pl of the CTAB/NaCl solution. The
contents of the tubes were mixed thoroughly and incubated at 65°C for 10 min. This was
followed by mixing with an equal volume of chloroform/isoamyl alcohol, followed by
centrifuging for 5 min. The supernatant was transferred to a new Eppendorf tube,

followed by mixing with an equal volume of phenol/chloroform/isoamyl alcohol and



centrifugation for 5 min. The supernatant was transferred to a new Eppendorf tube,
followed by DNA precipitation by the addition of a 0.6 volume of isopropanol. The DNA
precipitate was collected by centrifugation for 15 min. The precipitated DNA was washed
with 70% ethanol to remove the residual CTAB and salts, followed by centrifugation to
form a pellet of DNA. The supernatant was discarded and the DNA allowed to dry in a
vacuum dryer. The DNA was dissolved in 100 ul of TE and stored at —20°C for

molecular analysis.

Fungal DNA extraction

DNA of each morphologically distinct colony was extracted separately from the fungal
cultures using the sterile river sand method (Surridge et al. 2003). Briefly, fungal
mycelium was placed in Eppendorf tubes, followed by the addition of sterile river sand to
facilitate the disruption of the mycelia wall. Five hundred microlitres of DNA extraction
buffer (DEB) was added to each tube and the samples grinded. A further 200 ul of DEB
was added to each tube, followed by mixing of the samples in each tube. This was
followed by the addition of 500 pl of phenol and 300 pl of chloroform, after which the
tubes were vortexed. The tubes were centrifuged at 1000 rpm for 60 min, followed by
transferring of the upper aqueous phase to a new Eppendorf tube. Five hundred
microlitres of phenol and 500 pl of chloroform was added to each tube, followed by
centrifugation at 10,000 rpm for 10 min. This phenol/chloroform step was repeated until
the interphase was clean. The upper aqueous phase was transferred to a new Eppendorf
tube, followed by the addition of 500 pl of chloroform. The tubes were centrifuged at
11,000 rpm for 5 min, and the resulting aqueous phase transferred to a new Eppendorf
tube. Twice the volume of 100% ethanol was added and mixed, followed by incubation at
4°C overnight. The tubes were centrifuged at 11,000 rpm for 30 min and the supernatant
discarded. The pellet containing DNA was washed by adding 500 pl of 70% ethanol,
followed by centrifugation at 11,000 rpm for 5 min. The supernatant was removed and
the tubes containing the DNA vacuum dried for 30 min. The DNA was dissolved in

100 pl of sterile Sabax water and stored at —20°C for molecular analysis.



16S polymerase chain reaction for amplification of bacterial DNA
A 16S polymerase chain reaction (PCR) was performed by amplifying a portion of the
16S eubacterial gene from the bacterial DNA extracted from the enriched culture

suspensions. The following primers were used for DNA amplification:

K: PRUNS518r: 5'-ATT-ACC-GCG-GCT-GCT-GG-3' (Siciliano et al. 2003)

M: PABE-GC: 5'-CGC-CCG-CCG-CGC-GCG-GCG-GGC-GGG-GCG-GGG-GCA-CGG-
GGG-GAG-AGT-TTG-ATC-CTG-GCT-CAG-3’ (Fjellbirkeland et al. 2001).

All PCR reagents were manufactured by Bio-Rad Laboratories (Hercules, CA, USA),
unless otherwise stated. The PCR reaction was performed in a reaction volume of 25 ul
containing, 150 mM KCI, 30 mM Tris—HCI (pH 9.0), 0.3% Triton X-100, 50 mM MgCl,,
10 uM PCR nucleotide mix, 5 pmol primer PRUNS518r (Whitehead Scientific, Cape
Town, South Africa), 5 pmol primer PA8f-GC (Whitehead Scientific), 1.5 units of Taq
polymerase and 0.5 pl bacterial suspension. Denaturation of extracted DNA at 95°C for
10 min was followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 51°C for
30 s, and extension at 72°C for 1 min (Bio-Rad Thermal Cycler, Bio-Rad Laboratories).
A final extension at 72°C for 10 min concluded the PCR amplification of the DNA. A
reaction containing no DNA template was included as a negative control. The amplified
PCR products were separated using 1% agarose gel electrophoresis in Tris-Acetate-

EDTA (TAE) buffer.

Denaturing gradient gel electrophoresis

The 16S PCR products were subjected to DGGE according to the method described by
Muyzer et al. (1993). Briefly, 10 pl containing ca. 250 ng of the 16S PCR products was
loaded per lane onto a 25-55% denaturing gradient gel. The gel was run at 70 V for 17 h
at a constant temperature of 60°C. Image analysis was performed using the Gel2K

program and fingerprints were analysed in a cluster investigation using CLUST.



Internal transcribed spacer region PCR for amplification of fungal DNA
A portion of the ITS gene sequence of the DNA from each fungal isolate was subjected to
PCR using the following primer set (White et al. 1990):

ITS1: 5'-CAT-CGA-GAA-GTT-CGA-GAA-GG-3'

ITS4: 5'-TAC-TTG-AAG-GAA-CCC-TTA-CC-3".

All PCR reagents were manufactured by Bio-Rad Laboratories (Hercules, CA, USA),
unless otherwise stated. The PCR reaction was performed in a reaction volume of 25 pl
containing, 150 mM KCI, 30 mM Tris—HCI (pH 9.0), 0.3% Triton X-100, 50 mM MgCl,,
10 uM PCR nucleotide mix, 5 pmol primer ITS1 (Whitehead Scientific, Cape Town,
South Africa), 5 pmol primer ITS4 (Whitehead Scientific), 1.5 units of Taq polymerase
and 0.5 pl bacterial suspension. Denaturation of extracted DNA at 92°C for 10 min was
followed by 30 cycles of denaturation at 92°C for 1 min, annealing at 50°C for 1 min, and
extension at 72°C for 1 min (Bio-Rad Thermal Cycler, Bio-Rad Laboratories). A final
extension at 72°C for 10 min concluded the PCR amplification of the DNA. A reaction
containing no DNA template was included as a negative control. The amplified PCR
products were separated using 1% agarose gel electrophoresis in Tris-Acetate-EDTA

(TAE) buffer.

Sequence analysis of the bacterial and fungal DNA from the iron ore/soil
Sequencing the PCR products from the 16S PCR and ITS PCR using the K and ITS1
primers above, respectively, provided tentative species identification. Each isolate was
sequenced in an Eppendorf tube containing 1 pl of clean PCR product, 2 ul “Big Dye”
(Roche) sequence mix, 0.32 ul primer and 1.68 pl filter-sterilised dH,O. The sequence
PCR products were cleaned by the addition of 15 pl of sterile dH,O, followed by the
transfer of the entire volume to a 0.5 pl Eppendorf sequencing tube. Two microlitres of
3 M sodium acetate and 50 pl of 95% ethanol were added to each sequencing tube and
allowed to stand on ice for 10 min, followed by centrifugation at 10,000 rpm for 30 min.

The supernatant was removed, followed by washing of the DNA with 150 pl of 70%



ethanol. After centrifugation at 10,000 rpm for 5 min, the supernatant was aspirated and
the DNA pellet vacuum dried for 10 min. DNA sequences were determined using the
ABI PRISM " Dye Terminator Cycle Sequencing Ready Reaction Kit using AmpliTaq®
DNA Polymerase (Applied Biosystems, UK). Partial sequences of the 16S eubacterial
gene, as well as of the ITS region of the rDNA of the bacteria and fungi, respectively,
were obtained using the K and ITS1 primers, respectively. Nucleotide sequence order
was confirmed by comparison with the sequences obtained from the M and I'TS4 primers,
respectively, of the corresponding samples. The sequences reported in this study were
compared to similar sequences present in the GenBank database by using the BLAST
program of the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov), and matching hits, with e-values closest to 0.0 indicating
an exact match, were selected for alignment. Sequences were aligned with the
CLUSTALX version 1.83 program (Thompson et al. 1997) and inserted gaps were
treated as missing data. Ambiguously aligned regions were excluded from the data set
before analysis. Phylogenetic trees were generated using the CLUSTALX version 1.83
program. The robustness of the trees was determined by bootstrap resampling of the
multiple-sequence alignments (1000 sets) with the CLUSTALX version 1.83 program.
The graphical output of the phylogenetic trees was created with the TREEVIEW version
1.6.6 program (University of Glasgow; http://taxonomy.zoology.gla.ac.uk).

Results and discussion

The DNA extracted from the iron ore enrichment cultures using the CTAB method
proved to be of a high quality, displaying no protein and no RNA contamination (Fig. 1).
The 16S PCR of the DNA extracted from the iron ore enrichment cultures yielded a ca.
500 bp band on a 1.5% TAE agarose gel (Fig. 2).



Fig. 1 A 1.5% TAE agarose gel showing DNA extracted from two iron-ore samples using
the CTAB method

Fig. 2 A 1.5% TAE agarose gel showing 16S PCR products of ca. 500 bp (M, 100 bp

DNA marker; C, negative control; 1 and 2, iron ore samples



The DGGE with the 16S rDNA PCR products from the duplicate iron ore enriched
samples resulted in a gel displaying a similar banded fingerprint pattern with some higher
colour intensity (Fig. 3). This duplication indicated reproducibility of results on DGGE
gels and that some bacterial species within the sample form the dominant portion of the
population indicated by darker banding (Fig. 3). Each band on the gel is theoretically

representative of only one distinct species.
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Fig. 3 (a) Denaturing gradient gel fingerprints resulting from assessing bacterial diversity
between communities detected from iron-ore samples, using a gradient of 25-55%; (b)
graphic representation of the denaturing gradient gel determining bacterial community

richness and diversity

The DGGE gel showed clear multiple banding, forming a fingerprint, in each lane.

However, only 12 bands were observed across both of the duplicate samples run,



indicating 12 bacterial species present. This is most probably due to the extreme
environment of the iron ore. Two dense, dominant bands were displayed in both of the
duplicate fingerprints, which indicated that these species are prominent in the iron ore.
According to phylogeny and blast results these bands were both closely related to
Herbaspirillum species (Fig. 4).
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Fig. 4 Phylogenetic analysis of the 16S Eubacterial gene of the rDNA operon of the

bacteria isolated from the enriched iron ore concentrate of the Sishen Iron Ore Mine

Many of the Herbaspirillum species are known to be soil inhabitants associated with iron

ore soils or extremophiles associated with chlorophenol degradation (Im et al. 2003;



Connon et al. 2005). According to literature linked to blast results on GenBank,
Herbaspirillum magnetovibrio is an example of a novel magnetotactic bacterial species
found in iron ore soil (Gao et al. 2005). One of their chief functions is nitrogen fixation
and root nodule formation in nutrient limited soils (Kniemeyer et al. 1999; Probian et al.
2003; Valverde et al. 2003). All but one of the sequences found in the enriched iron ore
concentrate were close matches to Herbaspirillum species, while KS2 is a closer match to
A. ferrooxidans (formerly known as Thiobacillus ferrooxidans) (Fig. 4). It seems that
most of the species present in the sample are to be expected in iron ore and its

surrounding soils.

The most likely candidate for bioleaching is A. ferrooxidans. This bacterial species is
well known for its bioleaching properties, and is widely used in the industry for this
purpose. A. ferrooxidans is acknowledged as being responsible for iron and inorganic
sulphur compound oxidation in areas such as mine tailings and coal deposits (Horan
1999). A. ferrooxidans is assumed to be obligately acrobic, however, under anaerobic
conditions it can be grown on elemental sulphur using ferric iron as an electron acceptor
(Das et al. 1992; Pronk et al. 1992; Ohmura et al. 2002). It has been documented that At.
ferrooxidans could also obtain energy from oxidising Cu’, Se*, tetrathionate, molecular
hydrogen, formic acid, antimony compounds, uranium compounds, and molybdenum
compounds (Horan 1999). Thus, A. ferrooxidans can be considered a facultative anaerobe
that plays an important role within iron and sulphur cycles in acidic environments such as
in the mining industry (Horan 1999). This ability to grow in oxygen deficient
environments implies useful biotechnology in bioleaching processes where anaerobic

conditions may exist.

DNA was successfully extracted from all fungal pure cultures isolated from the iron
ore/soil of the Sishen Iron Ore Mine. The ITS PCR DNA extracted from the fungal pure
cultures yielded a ca. 700 bp fragment of PCR product on a 1.5% TAE agarose gel

(Fig. 5).
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Fig. 5 A 1.5% TAE agarose gel showing the ITS PCR products of ca. 700 bp (M, 100 bp
DNA marker; 1-12, fungal culture PCR amplicons; C, negative control)

The phylogenetic analysis of the ITS gene of the fungi isolated from the iron ore/soil of
the mine is illustrated in Fig. 6. The phylogenetic analysis indicated that one of the fungal
isolates (KIOL1) from the iron ore/soil had a strong sequence comparison with
Aureobasidium pullulans, while another fungal isolate (KIOL2) had a strong sequence
comparison with Aspergillus fumigatus (Fig. 6). The fungal isolates KIOL4 and KIOL6,
as well as KIOL3 and KIOLS5 were found to be similar to one another, having strong
sequence comparisons to Phaeosphaeria nodorum and Candida parapsilosis,

respectively (Fig. 6).
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Fig. 6 Phylogenetic analysis of the ITS gene of the fungi isolated from the iron ore/soil of
the Sishen Iron Ore

Aureobasidium pullulans is a dimorphic fungus, which is commonly distributed
throughout the environment, especially in soil and plants (Krogh et al. 1998; Yoshikawa
et al. 2006). This fungus is able to grow well in the presence of high concentrations of

saccharides, and produces polysaccharides (pullulans and B-glucan), oligosaccharides



(FOS and isomaltooligosaccharides) and various carbohydrate-degrading enzymes
(Deshpande et al. 1992; Yun et al. 1994; Hamada et al. 2000). A. pullulans may be a
potential candidate for bioremediation of heavy metal contaminated environments, as this
fungus has been shown to assimilate certain heavy metals, such as zinc, cobalt, cadmium
and copper (Gadd et al. 1987; Krogh et al. 1998). Furthermore, A. pullulans has been
used for the commercial production of xylanases, used for the enzyme-aided bleaching in

the pulp and paper industry (Viikari et al. 1994).

Aspergillus fumigatus is frequently found in the environment, especially soil, and the
fungus is able to be airborne in the form of conidia (Goto et al. 1998; Weig et al. 2001;
Pastor et al. 2006). Humans frequently inhale the conidia of A. fumigatus, however, only
a small proportion of the exposed individuals develop clinical manifestations (Weig et al.
2001). The most susceptible individuals suffer from immunosuppression, caused by
therapeutics, leukopenia or chronic granulomatous disease, resulting in invasive
pulmonary or disseminated aspergillosis (Weig et al. 2001). Another human pathogen,
Candida parapsilosis, has emerged as an important cause of human candidiasis, often
responsible for pathological lesions of the nails (Gautret et al. 2000; Krcmery and Barnes
2002; Kiffer-Moreira et al. 2007). In addition, the heterothallic ascomycete,
Phaeosphaeria nodorum, is a common necrotrophic plant pathogen causing leaf blotch
and glume blotch diseases on wheat (Triticum aestivum) (Lalaoui et al. 2000;
Stukenbrock et al. 2006). Neither A. fumigatus nor C. parapsilosis or P. nodorum have

been reported to have industrial biotechnology application potential.

The most likely candidate for the removal of P and K from the iron ore concentrate would
seem to be A. ferrooxidans, however, this bacterium produces sulphuric acid, which is
undesired in the iron ore industry due its corrosive properties. Furthermore, the P and K
contained in the iron ore is in a non-sulphidic phase, and therefore, the use of organic
acids, such as citric acid, for the removal of these contaminants may have potential
(Rawlings 2005). These organic acids are typically produced by certain types of fungi,
such as Aspergillus niger (Jianlong 2000; Vandenberghe et al. 2000; Rawlings 2005).

Although A. niger was not isolated from the iron ore/soil of the Sishen Iron Ore Mine,



isolating A. fumigatus may indicate that A. niger may have the potential to adapt to the
environment that prevails at the mine. This would allow the application of A. niger for
the production of citric acid, which in turn may be used for the removal of P and K from

the iron ore concentrate.
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