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Abstract 

A study was carried out to elucidate microbial interactions in extremely 
acidic, metal-rich environments and to evaluate the potential of pure 
cultures and consortia of acidophilic micro-organisms to remediate mine 
waters. Two processes, dissimilatory iron oxidation and sulfate reduction, 
both of which have central roles in the biogeochemical cycling of iron and 
sulfur in the lithosphere, formed the major focus of the study. Novel 
isolates of acidophilic bacteria were obtained from study sites and used to 
develop new prototype systems for bioremediating acidic, metal-rich mine 
waters. Two systems were examined, one of which accelerated ferrous 
iron oxidation, while the other used sulfate-reducing bacteria to generate 
alkalinity and precipitate metals as sulfides. The microbiology of the novel 
sulfidogenic system that operated at low pH was examined in detail, and 
confirmed to comprise a syntrophic consortium of acidophilic/acid-tolerant 
sulfate-reducing and acetate-degrading bacteria. Novel species of 
acidophilic sulfate-reducing bacteria were also obtained from an 
abandoned copper mine in south-east Spain; preliminary characterisation 
of these bacteria suggested that they could be highly effective in low pH 
sulfidogenic bioreactors. 
Interactions between the geochemistry and micro-organisms in acidic, 
metal-rich waters at two abandoned copper mines (Mynydd Parys, north 
Wales, U.K. and Cantareras, Huelva province, Spain) were examined. In 
both locations, iron-oxidising bacteria were present in large numbers both 
in the flowing water (Acidithiobacil/us ferrooxidans) and immobilised in 
massive "acid streamer" growths (notably the novel 13-proteobacterium 
"Ferriovalis acidosiris"). Despite the presence of these bacteria, no 
significant changes in concentrations of soluble iron were detected from 
the point of discharge to ~100 metres downstream, at both mine sites. At 
Mynydd Parys, the relatively high flow rate of the AMO stream was 
thought to be the reason why ferrous iron oxidation was not detected, 
whereas in the Cantareras stream, ferric iron reduction by heterotrophic 
acidophiles present in the streamer growths and fuelled by organic 
carbon originating from photosynthetic eukaryotes that colonised the 
streamer surface, was considered to be the major reason why net iron 
oxidation was not apparent. 
Packed-bed bioreactors containing immobilized iron-oxidising bacteria 
were tested for their potential to oxidise ferrous iron in low temperature 
(~15 °C) and low pH (~2) waters, with the objective of selectively 
removing iron from acid mine drainage as an oxidised mineral (e.g. 
schwertmannite). A novel acidophilic iron-oxidising isolate ("Ferriovalis 
acidosiris") was superior to others when the bioreactors were operated in 
continuous flow mode, while others acidophiles (a Ferrimicrobium-like 
isolate, and Leptospirillum ferrooxidans) were superior in reducing 
concentrations if ferrous iron to very low levels. A prototype iron oxidation 
biosystem was installed at the Mynydd Parys site, and data obtained over 
12 months showed this increased both aeration of the mine water stream 
and net ferrous iron oxidation. 
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Figure 1.1 Hypothetical schematic showing the oxidative dissolution of 
pyrite (FeS2) and the interaction of acidophilic bacteria catalysing the 
process. (after Hallberg and Johnson, 2001b). Key: FOB, iron-oxidising 
bacteria; SOB, sulfur-oxidising bacteria. 
Figure 1.2 Overview of the remediation options currently proposed for the 
treatment of AMO (Adapted from Johnson & Hallberg, 2005). 
Figure 3.1 Bioreactor system used for the growth of the sulfidogenic 
bacterial consortium (Kimura, 2005). Key: a, excess hydrogen sulfide trap 
(copper acetate); b, bioreactor showing zinc sulfide precipitation; c, pH 
and temperature control system. 
Figure 3.2 Relationship between glycerol utilisation and decrease in 
soluble zinc during batch bioreactor growth at pH 3.8 (± 0.1) of the 
bacterial consortium. Key: • , acetic acid ; • , sulfate reduced; • , 
glycerol; • , zinc. 
Figure 3.3 Relationship between glycerol utilisation and decrease in 
soluble zinc during batch bioreactor growth at pH 3.6 (± 0.1) of the 
bacterial consortium. Key: • , acetic acid ; • , sulfate reduced; • , 
glycerol; • , zinc. 
Figure 3.4 Relationship between glycerol utilisation and decrease in 
soluble zinc during batch bioreactor growth at pH 3.4 (± 0.1) of the 
bacterial consortium. Key: • , acetic acid; • , sulfate reduced; • , 
glycerol; • , zinc. 
Figure 3.5 Growth of Acidocel/a PFBC at various starting pH values at 
day 7 of incubation represented by optical density (OD 600). Error bars 
where visible represent standard error (n = 2). 
Figure 3.6 Growth of Acidocel/a PFBC (determined from measurements 
of optical density at 600nm) in media containing different concentrations 
of zinc sulfate. Key: • , 0 mM; • , 20 mM; • , 50 mM; , 100 mM; • , 
500 mM. 
Figure 3.7 Experimental set up for growth of Acidocel/a PFBC under 
anaerobic conditions on acetic acid and fructose in the presence of 
palladium. 
Figure 3.8 Changes in pH and cell numbers in cultures of Acidocella 
PFBC grown on acetic acid under anaerobic conditions. Key: ■ , cells 
numbers; ■ , pH. Error bars where visible represent standard error (n = 3). 
Figure 3.9 Changes in ferrous iron concentration due to the reductive 
dissolution of schwertmannite by Acidocel/a PFBC under microaerobic 
and anaerobic conditions. Key: ■ , micoaerobic; ■ , anaerobic; 
uninoculated control (dashed bars); cultures containing Acidocella PFBC 
(filled bars). Error bars where visible represent standard error (n = 3). 
Figure 3.10 A schematic diagram showing proposed reactions taking 
place during the syntrophic growth of Desulfosporosinus M 1 and 
Acidocella PFBC in the anaerobic sulfidogenic bioreactors (Kimura, 
2005). 
Figure 3.11 Schematic of the removal of hydrogen during the anaerobic 
growth of Acidocel/a PFBC by palladium (Adapted from Kimura, 2005). 
Figure 4.1 Various sites sampled bioprospecting for SRB. A, Sao 
Domingos (Beja, Portugal) ; B, wetland area at Mynydd Parys (Wales, 
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U.K.); C, Cae Coch (Wales, U.K.); D, Mynydd Parys-Dyffryn adit (Wales, 
U.K.); E, Cantareras adit (Huelva, Spain) and F, Mynydd Parys-Mona adit 
post draining (Wales, U.K.). 
Figure 4.2 SEM images of gelatinous acidic streamer/mat material from 
layer CL4 (A) and PAS-BG (B). The arrows indicate the presence of 
bacterial spores in both samples. Scale bar represents 5 µm in both 
images. 
Figure 4.3 Minimal change in analyte concentration seen in 
environmental enrichment bioreactor batch culture 3. Key: A. , sulfate; A. , 
soluble zinc; A. , soluble copper; A. , acetic acid. 
Figure 4.4 Colonies representative of some of the aSRB isolates from 
this study. A, CCu isolate once plated onto aSRBo (Zn) solid media; B, 
isolate CL4-czm; C, isolate PAD PFBposs.1; D, CIL-bzm2

; E, CIL-afm and 
F, CL3-10°. All colonies shown grew on aSRBo (Zn) plates with the 
exception of CIL-afm (E) that grew on an SRBo (Fe) plate. 
Figure 4.5 Phylogenetic relationship of novel aSRB isolated in this study 
and their relationships to other SRB based on 16S rRNA sequence data. 
The tree is rooted with Desulfovibrio vulgaris as an out-group (not 
shown). The source of the aSRB from this study is indicated by black 
superscript letters as follows: P = Mynydd Parys, UK; M = Monserrat, 
West Indies; C = Cantareras, Spain. The species abbreviations used here 
are as follows: Om. = Oesulfotomaculum; D. = Desulfosporosinus; Dh. = 
Dehalobacter; Ds. = Desulfitobacterium and the identity of sequence 
sample as either isolate or clone are as follows: Black = isolates from 
previous studies at UWB; Grey = clones from this study; Red = isolates 
from this study. The scale bar indicates 1 nucleotide substitution per 100 
nucleotides. 
Figure 4.6 Proposed layout of an integrated selective SRB system for the 
remediation of AMO containing soluble copper, zinc and iron as the 
dominant metals (adapted from Johnson et al., 2004). 
Figure 4.8 The toxicity of acetic acid on entering the near-neutral internal 
cell cytoplasm (Adapted from Kimura, 2005). 
Figure 5.1 Picture and diagram showing the configuration of packed bed 
bioreactors. Black lettering refers to aspects common to all systems, blue 
lettering refers to the configuration of batch mode bioreactors and red 
lettering refers to bioreactor configuration under continuous flow mode. 
Figure 5.2 Picture and diagram of trickle bed bioreactor system. 
Turquoise arrows indicate the flow of fresh medium and orange arrows 
indicate the flow of medium once contacted with the biofilm. 
Figure 5.3 Typical results from a test run of a packed bed bioreactor run 
in batch mode showing the linear regression (r2 = 0.991 ), red line; and 
the inverse exponential fit (r2 = 0.968), blue line. The time difference 
between the dashed lines (equating to ferrous iron concentrations of 200 
and 100 mg L-1

) was the defined ferrous iron 'half-life'. 
Figure. 5.4 Changes in 'half-life' of ferrous iron with successive batch run 
number for each isolate. Key: A. , At. ferrooxidans (N037); A. , L. 
ferrooxidans (CF12); A. , "Ferrimicrobium" TSTR; A. , "Fv. acidosiris" 
(PSTR). 
Figure 5.5 Semi-logarithmic plot of ferrous iron 'half-lives' showing the 
rapid decrease in initial values (up to the point indicated by arrow) and 
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the secondary decreases in 'half-lives' (following the arrow) by the three 
chemoautotrophic bacteria. Key: • , At. ferrooxidans (NO37); • , L. 
ferrooxidans (CF12); • , Ferrimicrobium TSTR; • , "Fv. acidosiris" 
(PSTR). 
Figure 5.6 Ferrous iron oxidation in packed bed bioreactors containing 
the three different species of iron-oxidizing autotrophic bacteria. Key: • , 
At. ferrooxidans (NO37); • , L. ferrooxidans (CF12); • , "Fv. acidosiris" 
(PSTR). The lines represents the exponential curve of best fit for each 
bacterium. 
Figure 5.7 Comparative changes in the percentage of ferrous iron 
oxidized in the influent liquor by the four packed bed bioreactors, 
operated under continuous flow conditions, with different flow rates. Key: 
{l'i) , open triangles, synAMD; (•), filled triangles, fsAMD. •l'i, At. 
ferrooxidans (NO37); •l'i, L. ferrooxidans (CF12); •l'i, Ferrimicrobium 
TSTR; •l'i, "Fv. acidosiris" (PSTR). Error bars where visible show 
standard error (n = 3 for each point). 
Figure 5.8 Scanning electron micrographs of Poraver beads taken from 
the iron-oxidizing bioreactors. A , an uncolonised bead showing the 
porous nature of the material (Kolmert & Johnson, 2001 ); 8 , a Poraver 
bead with mineral deposited on surface indicating the smooth Poraver 
surface under higher magnification; C, cells representative of At. 
ferrooxidans (NO37); D, cells representative of L. ferrooxidans (CF12); E, 
cells representative of "Fv. acidosiris" (PSTR); E, remnant strands of 
dehydrated exopolymer from "Fv. acidosiris" (PSTR). 
Figure 5.9 Percentage of feed input ferrous iron oxidized in synAMD 
adjusted to different pH values, by Fv. acidosiris (PSTR) in the trickle bed 
streamer reactor system. Key: • , pH 3.0; ■ , pH 2.8; • , pH 2.6; ■ , pH 2.4; 
■ , pH 2.2, ■, pH 2.0; ■, pH 1.8. Error bars, where visible, show standard 
error (n = 3 for each point). The data point at a flow rate of 111 ml h-1 for 
pH 2.4 is masked by the data point for pH 3.0 (• ). 
Figure 5.10 Changes in percentage of ferrous iron oxidized at different 
flow rates with synthetic and actual AMO as feed liquors. Key: ■ , 
synAMD; ■ , fsAMD. Error bars, where visible, show standard error (n = 3 
for each point). 
Figure 6.1 Location of sampling site (source: Digimap; 
www.edina.ac.uk/digimap) at the Mynydd Parys mine site. Key: J, join; 
AMO, AMO stream; F, fresh; A, Dyffryn Adda adit. 
Figure 6.2 Changes in pH, temperature and dissolved oxygen in AMO at 
the Dyffryn Adda adit between October 2003 and October 2007. Key: ■ , 
pH; ■ , DOC; ■ , temperature; ■, dissolved oxygen. 
Figure 6.3 Changes in transition metals in AMO at the Dyffryn Adda adit 
between October 2003 and October 2007. Key: ■ , soluble copper; ■, 
soluble manganese; ■ , soluble zinc. 
Figure 6.4 Changes in iron, sulfate-S, redox potential and conductivity in 
AMO at the Dyffryn Adda adit between October 2003 and October 2007. 
Key: ■ , soluble ferrous iron; ■ , total soluble iron; ■ , redox potential; ■ , 
sulfate-S; ■, conductivity. 
Figure 6.5 Rainfall (mm) measurements at the nearby Alaw Reservoir (2 
km south west of Mynydd Parys) during the four-year sampling period 
(daily data supplied by the Environment Agency, Wales). Key: ■ , monthly 
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totals (1 st to end of month); ■ , 10-day totals (10 days prior to sample 
collection). 
Figure 6.6 Correlations between concentrations of soluble metals present 
in Oyffryn Adda adit AMO and linear regression of best fit. Key: ■ , ferrous 
iron and manganese (correlation coefficient, +0.582); ■ , total iron and 
manganese (+0.532); ■ , ferrous iron and zinc (+0.611); ■ , total iron and 
zinc (+0.782). 
Figure 6.7 Correlations between concentrations of soluble metals present 
in Oyffryn Adda adit AMO and rainfall and linear regression of best fit. 
Key: ■ , manganese and rainfall-10 (correlation coefficient, -0.411); ■ , zinc 
and rainfall-10 (-0.322); ■, copper and rainfall (+0.383). 
Figure 6.8 Images of the same section of the AMO-impacted Mynydd 
Parys stream taken during four years of monitoring showing the initial 
colonization by the gelatinous streamer materials and the subsequent 
colonization by acidophilic algae. Key: A, September 2004; B, April 2005; 
C, October 2006; 0 , October 2007. -, indicates the direction of water 
flow. 
Figure 6.9 Diagram of the Oyffryn Adda adit stream draining Mynydd 
Parys indicating the flow of water and sampling points of importance. 
Key: Underlined text, represents sampling information for stream length 
transect; Bold text, represents regular sampling points for in situ systems; 
► , AMO-impacted water; ► , fresh water; ► , farm drainage channel. 
Figure 6.10 Redox potentials, conductivities, pH and dissolved oxygen 
concentrations over the length (90 m) of the AMO stream and at its 
convergence with the freshwater stream. Key: ■, dissolved oxygen 
concentration; ■ , pH; ■ , conductivity; ■ , redox potential. 
Figure 6.11 Sulfate-S, soluble ferrous iron and total soluble iron 
concentrations over the length of the AMO-impacted stream and at the 
convergence with the freshwater stream. Key: ■ , soluble ferrous iron; ■ , 
total soluble ferric iron; ■ , sulfate-S. 
Figure 6.12 Concentrations of soluble zinc, copper and manganese 
concentration over the length of the AMO-impacted stream and at the 
convergence with the freshwater stream. Key: ■ , soluble zinc; ■ , soluble 
copper; ■ , soluble manganese. 
Figure 6.13 Terminal restriction enzyme fragment length polymorphism 
(T-RFLP) analysis of streamer material collected in the AMO-impacted 
areas of the Dyffryn Adda adit stream, Mynydd Parys. T-RFs were 
generated using the restriction enzyme Alul. Key: ■, adit sample; ■ , AMO 
stream region; ■ , join and converged stream region. 
Figure 6.14 Ferrous iron oxidation catalysed by various materials taken 
from the Dyffryn Adda AMO stream. Key: ■ , streamer material ; ■ , 
pebbles; ■ , unfiltered water; ■ , control. 
Figure 6.15 Iron oxidation catalysed by homogenized streamer material 
of various inoculum size. Key: ■ , control (no streamer); ■, 50 µL inocula; 
■ , 100 µL inocula; ■ , 250 µL inocula; ■ , 500 µL inocula; ■ , 1000 µL 
inocula. Dashed lines indicate the linear regression of best fit from which 
the respective gradients were calculated. 
Figure 6.16 Correlation between ferrous iron oxidation rate and streamer 
inoculum volume (R = 0.94). 
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Figure 6.17 Congealing of homogenized streamer material and apparent 
deposition of ferric iron. Key: A , freshly inoculated dispersed streamer 
material; B, congealed streamer material after ~12 hours of incubation; C, 
apparent ferric iron coating of congealed streamer material. 
Figure 6.18 Reduction of ferric iron catalysed by streamer material. Key: 
■, microaerobic conditions; ■, anaerobic conditions. 
Figure 6.19 Diagram of the Perspex iron oxidation system implemented 
at Mynydd Parys. The three main methods used to disturb the water flow 
and oxygenate the AMO are shown: B, pipe; C, horizontal plane; D, 
vertical plane. Key: ► , the flow of AMO water; ► , planned/expected 
introduction of oxygen. Red text indicates the sampling points for the 
system. 
Figure 6.20 Ferrous iron oxidation catalysed by the various materials 
used as immobilizing matrix in the Perspex system. Where visible, error 
bars represent standard error (n=2). Key: ■ , control (no inocula material); 
■ , PW; ■ , PB; ■ , FH; ■, GWC; ■ , Ct; ■ , P; ■, M; ■ , F (felt). 
Figure 6.21 Terminal restriction enzyme fragment length polymorphism 
(T-RFLP) analysis of materials used to inoculate the Perspex system, 
materials after application and streamer growths that had formed within 
the system. T-RFs were generated using the restriction enzymes Alul. 
Key: ■ , Perspex materials START; ■ , Perspex materials END; ■ , Perspex 
streamer growths. 
Figure 6.22 Images showing design, placement and colonization of the 
Perspex system tested at Mynydd Parys. 
Figure 6.23 The design of mesh system within the converged stream. 
Figure 6.24 Images of the mesh in situ iron oxidation system traversing 
the Mynydd Parys stream as colonisation progressed. Key: A & B, initial 
placement (December 2006); C, January 2007; D, October 2007. 
Figure 6.25 Limestone used during in situ iron oxidation experiments at 
Mynydd Parys. Key: A & C, limestone deposited in the freshwater stream, 
December 2006 and May 2007 respectively. B & D, limestone deposited 
in the AMO-impacted stream, December 2006 and May 2007 respectively. 
Figure 7.1 Location of the study site, Cantareras adit, Huelva, Spain 
(Sanchez-Espana). 
Figure 7.2 Photographs of the study site. A , Cantareras adit showing 
mineral deposition; B, the flow of AMO into the end pool on leaving the 
cementation channel; C, streamer mat growths colonizing flowing 
channel; D, paper-thin coating of solid ferric iron deposited on surface on 
non-flowing channel; E, wave-like formations deposited by flowing AMO 
over the area flowing between the channel and the end pool. 
Figure 7.3 Downstream evolution of surface streamers at the Cantareras 
mine drainage channel (from Sanchez-Espana et al., 2007) with kind 
permission of Elsevier B.V. , Amsterdam, The Netherlands). 
Figure 7.4 Diagram of the Cantareraas adit showing the flow of AMO 
(direction indicated by dashed orange arrows) and points of sample 
collection. [A, B, C, D or E] relate to representative images from Figure 
7.2. 
Figure 7.5 Picture and diagram of the stratified streamer layers in the 
Cantareras adit, as seen at the 30-meter sample collection point. 
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Figure 7.6 Changes in pH (■) and oxidation-reduction potential (Eh) (■) 
with distance of AMO from the Cantareras adit (GMO). "End" denotes the 
end of the constructed channel and the "pool" was the final sampling 
point. 
Figure 7.7 Changes in soluble ferrous iron (■) , soluble ferric iron (■) and 
sulfate (■) with distance of AMO from the Cantareras adit (GMO). 
Figure 7.8 Changes in soluble dissolved organic carbon (■) and 
dissolved oxygen (■) with distance of AMO from the Cantareras adit 
(GMO). 
Figure 7.9 Terminal restriction enzyme fragment length polymorphism (T
RFLP) analysis of AMO collected from the Cantareras mine adit (GMO). 
T-RFs were generated using three restriction enzymes. Key: Alul , ■ ; Cfol , 
■; Mspl, ■ . 
Figure 7.10 Bacterial terminal restriction enzyme fragment length 
polymorphism (T-RFLP) analysis of streamer/mat sample layers from the 
30-meter point of the Cantareras mine adit. T-RFs compared here were 
generated using the enzyme Cfol. Key: CL 1, ■; CL2, ; CL3, ■ ; CL4, ■. 
Figure 7 .11 Terminal restriction enzyme fragment length polymorphism 
(T-RFLP) analysis of amplified archaeal 16S rRNA genes, from DNA 
extracted from streamer/mat sample layers from the 30-meter point of the 
Cantareras mine adit. T-RFs compared here were generated using the 
enzyme Alul. Key: GMO, ■ ; CL3, ■ ; CL4, ■. 
Figure 7.12 Phylogenetic relationship of Cantareras archaea detected by 
cloning of 16S rRNA gene (indicated in bold lettering) with acidophilic 
archaea or clones detected in other acidic sites. The source of the other 
archaeal clones is indicated by superscript letters after the database 
accession numbers (in parentheses) as follows: A = macroscopic 
filaments in the Rio Tinto river, Spain; B = coal spoil drainage, U.S.A.; C = 
copper mine drainage, China; D = Iron Mountain mine, U.S.A.; and E = 
chalcopyrite bioleaching system, China. The scale bar indicates 1 
nucleotide substitution per 10 nucleotides (Rowe et al., 2007). 
Figure 7.13 Oxidation of ferrous iron in filter-sterilized Canateras AMO by 
acid streamers and mine water bacteria. Key: uninoculated control, A ; 
inoculated with surface (GMO) AMO, A ; inoculated with streamer/mat 
material from layer CL 1 incubated in the light, A ; and incubated in the 
dark, A ; layer CL2, A ; layer CL3, A ; layer CL4, A . 
Figure 7.14 Reduction of ferric iron by streamer/mat material under 
microaerobic conditions. Ferrous iron concentrations were determined at 
the start of the experiment (■), and at weeks 2 (■) and 4 (■). 
Figure 7.15 Reduction of ferric iron by streamer/mat material under 
anaerobic conditions. Ferrous iron concentrations were determined at the 
start of the experiment(■), and at weeks 2 (■) and 4 (■) . 
Figure 7.16 Scanning electron micrographs of acid streamers from 
various depths in the drain channel at the Cantareras mine. Key: fa, 
filamentous algae; pc, precipitate and prokaryotic cells; sm, streamer/mat 
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Figure 7.16 Proposed model of the biogeochemical cycling of iron and 
sulfur at the abandoned Cantareras mine. Dissolution of sulfide minerals 
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sulfate-rich effluent. The anoxic water draining the mine is oxygenated by 
photosynthetic acidophilic algae in the surface (CL 1) layer of the acid 
streamer growths that develop immediately outside of the adit, which 
facilitates oxidation of ferrous iron in the surface AMO (catalysed primarily 
by At. ferrooxidans) . DOC originating from photosynthetic and 
chemosynthetic primary producers serves as substrates for the 
(dominantly) heterotrophic bacteria in the deeper zone (CL2-4) streamer 
layers. Ferric iron is used as terminal electron acceptor in streamer layers 
CL2 and CL3, while in the thick CL4 layer sulfate is also used, resulting in 
the deposition of copper sulfide. The gradual build up of ferric iron 
concentrations as the AMO flows through the channel results in the 
elimination of the microalgae, thereby removing the major primary 
production system that supports the streamer microbial community (from 
Rowe et al, 2007) 
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CHAPTER 1: INTRODUCTION 

1.1 MINING 

Mining has long been carried out by human societies throughout the 

world in order to obtain commodities that are considered to be of value or 

of general use. Mining of coals, metals, non-metallic minerals (such as 

diamonds) and aggregates still accounts for much of human industrial 

activity in the 21 st century. Evidence of historic mineral mining has been 

recorded across cultures and, while the basic techniques used today are 

still often much the same to those used in the past, the processes 

involved have greatly altered, principally in scale, as novel technologies 

have developed. Early mining activity was generally relatively small scale 

and followed rich mineral seams, as evidenced by Bronze Age workings 

at Mynydd Parys (north Wales, U.K.) and other sites across Europe (e.g. 

Manna et al., 2004; Gale & Stos-Gale, 1982). However, increased 

demand and the revolution in industry (late 1 ath Century onwards in the 

U.K.) coincided with huge changes in mining activity. The progression 

seen at Mynydd Parys from small scale tunnelling to the 'great opencast' 

mining that coincided with, or in part enabled, the industrial revolution in 

the U.K. is just one such example. Irrespective of scale, global position or 

historic events, the exposure of ores and minerals wastes to oxygen, 

water and the oxidative action of certain microbes can result in their 

dissolution and the genesis of acid mine drainage (AMD) / acid rock 

drainage (ARD). This form of water pollution is deemed to be one of the 

most pernicious, and is associated with both historic and active mine sites 

worldwide. 

1.1.1 Extraction and processing 

Mining has developed from the Bronze age, where only metallic or metal

rich material was the valuable resource, to the present day where a range 

of minerals of different types, abundances, structures, quality and 

'grades' are exploited. In addition to the vast scale of modern mineral 
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extraction, the processing of these materials to extract even relatively low 

concentrations of some metals has become common practice (e.g. 

biologically catalysed systems such as Escondida mine, Chile; 

Demergasso et al. , 2005). Processing of extracted minerals has 

historically been carried out both on-site and at designated off-site plants 

and this trend continues with modern mining. The amount and particular 

type of processing involved varies depending on the material concerned, 

but may involve physical, chemical and biological processing (or 

combinations of all three). Mineral materials may be physically processed 

to create a material with a higher surface area to volume ratio, chemically 

treated (e.g. using large volumes of concentrated acid) to leach out acid 

soluble constituents, and/or biologically treated in bio-oxidation systems 

to extract/release valuable components. While these processes can be 

highly effective in making available/extracting valuable metals, they often 

require a high-energy input and detailed monitoring. The extraction and 

processing of minerals results in waste material on a large scale, that is 

often dumped or impounded at and around mine sites (e.g. the Iberian 

Pyritic Belt is estimated to have ~158 Hm3 of mine wastes; Sanchez

Espana et al., 2004) and may still contain significant amounts of 

potentially acid- and metal-generating reactive minerals. 

1.1.2 Biomining 

Micro-organisms can be key players in the cycling of iron and sulfur and 

the oxidative aspects of the cycling process for these two elements, 

maintained under optimal conditions, is applied on an industrial scale. 

The oxidation of iron and sulfur compounds is used to generate the 

chemical oxidants (such as ferric iron) and proton acidity required in 

bioprocessing. These processes fall into either of two main categories: 

biooxidation or bioleaching. Biooxidation involves mineral oxidation, 

mainly as a pre-treatment phase, where the target metal is subsequently 

extracted by other chemical processes and bioleaching involves mineral 

oxidation to solubilise metal sulfides, with the metal (e.g. copper) being 

recovered from the leachate. Biohydrometallurgy has had historic 
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application in relation to mining, under various guises (e.g. alchemy), 

although the processes were not always fully understood at the time. 

Ancient civilisations (Phoenecians and Romans) recovered copper and 

silver in the region that is now known as the Rio Tinto mine (Rawlings, 

2002) and there are other reports throughout history of these apparent 

metal transformations (e.g. Olson et al., 2003). Large-scale 

implementation of this process was carried out at Mynydd Parys copper 

mines (north Wales, U.K.) during the 19th Century and continued until the 

mid 20th century, recovering copper from water impounded within the 

great opencast mine (and the network of tunnels). The impounded water 

was released into a series of constructed cementation ponds and scrap 

iron was added to precipitate copper (Southwood & Bevins, 1995). More 

current application of this is seen in areas of the world where large scale 

and active mining is taking place and the processes currently used can 

be divided into two major categories: irrigated heap and stirred tank 

processes. Utilizing these processes, metal recovery has be successfully 

attained from a number of minerals such as: copper from chalcocite 

(Cu2S), nickel from pentlandite ((FeNi)9S8), zinc from sphalerite (ZnS), 

lead from galena (PbS) and gold from gold-containing ores (e.g. 

arsenopyrite, FeAsS). 

1.1.2.1 Irrigated heap leaching 

Dump leaching was the precursor to heap leaching, where large volumes 

of low-grade waste ore are amassed, such as the Bingham Canyon 

project in the 1950's (Rawlings, 2002). Heap leaching follows a similar 

basic design to that of dump leaching but requires a complex 

infrastructure and a variety of supplementary processes for initiation, 

operation and effective metal extraction. Minerals are often crushed and 

agglomerated (usually using sulfuric acid) and then piled onto 

impermeable membranes (to prevent leachate loss) with a complex 

aeration and liquid dousing system supplying the heap. The liquid 

supplied to the surface of the heap is often the re-collected metal

containing leachate solution (pregnant leachate solution, PLS) that may 
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be supplemented with sulfuric acid and suitable nutrients to maintain 

optimal conditions for the microbial community that generates the 

chemical oxidant (ferric iron). Copper is the major target metal in such 

applications and, despite the limited control (of pH, liquor flow, 

temperature and homogeneous mineral distribution) that is possible with 

such processes, their application is often still profitable. Factors such as 

temperature appear to be dependant on the sulfide content of the specific 

minerals present (higher sulfide contents tend to produce more elevated 

temperatures in heaps; Olson et al. , 2003; Esdaile et al. , 1999) and this 

can make overall heap performance somewhat unpredictable (Acevedo, 

2000). However, this method of processing is clearly successful, with the 

world copper produced by biomining between 1980 and 1998 increasing 

from 10% to 25% (Brombacher et al. , 1997; Da Silva, 1998). 

1.1.2.2 Stirred tanks 

Stirred tank operations provide greater control in setting and maintaining 

homogeneous processing conditions therefore avoiding the potential for 

erratic performance that can be seen with heap leaching. By controlling 

the process to a greater degree, optimal conditions for the resident micro

organisms can be attained and, while more complex engineering and 

higher energy input is often required , this can be balanced by elevated 

levels of metal recovery. Stirred tank processes are commonly run in 

continuous flow mode, passing concentrate material (small particulate 

mineral dispersed in water) and microbial inoculum (oxidative microbes 

and nutrients) through a series of tanks, and this approach is generally 

associated with the extraction of gold. While gold is extracted 

conventionally by treating ore materials with cyanide, some materials 

("refractory gold ores") cannot be processed directly and require the 

dissolution of shrouding sulfide minerals, of which arsenopyrite (FeAsS) 

and pyrite (FeS2) are the most important. This occlusion is due to the 

sulfide mineral matrix and biooxidation treatment is primarily used to 

disrupt this, therefore making the conventional treatment possible and 

more productive. Since the first stirred tank process was commissioned 
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(at Fairview, South Africa, in 1986) and operated at 40-45 °C other 

systems have been developed and operated at higher temperatures. One 

of the most striking examples is the Sansu plant, Ghana, where ~1000 

tonnes of concentrate are processed per day, accounting for nearly half 

of the country's foreign exchange (Rawlings, 2002). Current and recent 

research has focussed on the resident micro-organisms within these 

systems and with the greater understanding generated, more specific 

conditions have also been effectively implemented improving the 

extraction of: gold, copper, cobalt and nickel (Olson et al., 2003; Aswegen 

et al., 2006). 

1.2 MINE DRAINAGE 

Once the desired processing has been completed the majority of mine 

wastes are dumped (spoil and tailings heaps) in and around the vicinity of 

the mine or processing site. Despite some level of target-metal extraction, 

very few waste materials are rendered totally un-reactive. Elements such 

as iron and sulfur tend to be very abundant, but of little value, and are 

consequently defined as waste products. As a consequence the potential 

for local and diffuse pollution can be vast. Extreme acidity can occur 

naturally, such as in areas of hydrothermal activity (e.g. Yellowstone 

National Park, U.S.A.), where gases (e.g. hydrogen sulfide, H2S or sulfur 

dioxide, SO2) may be oxidised and sulfuric acid generated. In areas 

where natural exposure of sulfidic minerals occurs, such as the Iberian 

Pyrite Belt (IPB), extreme acidity may also develop naturally, but the 

majority of instances are anthropogenic in origin. The majority of minerals 

exploited are metal sulfides, having their origin in geothermal activity, with 

pyrite being both the most dominant and least desirable. Pyrite is also 

often found in association with coal seams though in many cases the 

occurrence of a surrounding of carboniferous limestone results in non

acidic drainage as the final pH of the water is a balance between potential 

for acidity and potential for alkalinity. However, many impacted areas lack 

sufficient neutralising capacity and resulting waters are acidic. As 

exposed mineral materials degrade, the breakdown products can be 
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dispersed, especially in environments where water flow and precipitation 

readily occur. The unmanaged passage of this can have a detrimental 

impact on those environments that are contacted by it. 

1.2.1 Genesis and characteristics of acid mine drainage (AMD) 

AMO is generated mainly as a result of the exposure of sulfidic minerals 

to air and moisture and this process can be greatly accelerated, 

especially at low pH, by the action of certain micro-organisms. Two 

distinct categories of sulfide minerals are recognized, one group being 

acid-soluble and the other being acid-insoluble. Important acid-soluble 

sulfides are: sphalerite (ZnS), chalcopyrite (CuFeS2) and galena (PbS) 

and acid-insoluble ones include: molybdenite (MoS2), tungstenite (WS2) 

and most importantly, pyrite (FeS2). The dissolution of sulfide minerals 

involves the oxidation of the sulfur moiety and the consequent disruption 

of the crystalline structure of the sulfide (Rimstidt & Vaughn, 2003) and 

the limiting point of the process is generally found to be the availability of 

the aqueous oxidant (Singer & Stumm, 1970; McGuire et al., 2001). In 

acidic environment, such as AMO, ferric iron acts as a more effective 

oxidant than oxygen and the oxidative dissolution of the two sulfide 

mineral categories (acid-soluble and acid-insoluble) follow different 

pathways and can be reliant on ferric iron. Acid-soluble minerals follow 

either the polysulfide or hydrogen sulfide pathway and acid-insoluble 

minerals follow the thiosulfate pathway (Schippers et al., 1996; Sand & 

Gehrke, 2006). 

Acid soluble sulfide minerals follow the polysulfide pathway where 

either ferric iron or ferric iron and proton attack results in the release of 

free metal ions and elemental sulfur, via a polysulfide intermediate 

(Equation 1.1 and 1.2). 

[Equation 1.1] 

[Equation 1.2] 
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Readily acid-soluble metal sulfides (e.g. ZnS) may also undergo 

dissolution in the absence of ferric iron due to proton only attack, 

following the hydrogen sulfide pathway (Equation 1.3; Sand & Gehrke, 

2006). 

[Equation 1.3] 

Acid-insoluble sulfide minerals, such as pyrite (FeS2) , follow the 

thiosulfate pathway where ferric iron attack results in the release of free 

metal ions, thiosulfate and protons (Equation 1.4). 

[Equation 1.4] 

Since thiosulfate is unstable in acidic conditions, especially in the 

presence of ferric iron, it is oxidised via a number of intermediates 

(reduced inorganic sulfur compounds; RISCs) and elemental sulfur 

(Schippers et al., 1996; Druschel et al. , 2003) producing sulfate (Equation 

1.5; Schippers & Sand, 1999). 

[Equation 1.5] 

The reactions so far, describing the oxidative dissolution of sulfide 

minerals, can all occur abiotically and without any requirement for 

oxygen. However, the activity of certain microbes can greatly accelerate 

this process as they (i) catalyse the oxidation of ferrous iron, regenerating 

the powerful aqueous oxidant, ferric iron, and (ii) catalyse the oxidation of 

RISCs. In acidic environments (pH <3.5) ferrous iron is stable and abiotic 

oxidation is very slow, however, under aerobic acidic conditions the 

microbially-catalysed regeneration of ferric iron (Equation 1.6) will 

eliminate any limiting steps resulting from the depletion of ferric iron. 

[Equation 1.6] 
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In addition to the regeneration of ferric iron, certain microbes are capable 

of oxidising RISCs (such as polysulfides, polythionates) and elemental 

sulfur resulting in the generation of sulfate (sulfuric acid) and proton 

acidity (Edwards et al., 2000), for example: tetrathionate (Equation 1.7), 

hydrogen sulfide (Equation 1.8) and elemental sulfur (Equation 1.9). 

[Equation 1. 7] 

[Equation 1.8] 

[Equation 1.9] 

While sulfur-oxidising bacteria do not have a direct role in sulfide mineral 

dissolution they may play a role in preventing the build-up of sulfur on 

mineral surfaces (McGuire et al. , 2001). A hypothetical scheme for the 

oxidation of pyrite and the microbial interactions taking place is shown in 

Figure 1.1 . 
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Attached cells 
(contact) 

Planktonic cells 
( non-contact) 

Figure 1.1 Hypothetical schematic showing the oxidative dissolution of 

pyrite (FeS2) and the interaction of acidophilic bacteria catalysing the 

process. (after Hallberg and Johnson, 2001b). Key: FOB, iron-oxidising 

bacteria; SOB, sulfur-oxidising bacteria. 

The two proposed methods accounting for the microbiologically

mediated sulfide mineral dissolution, 'direct' and 'indirect' (Silverman, 

1967), have been the focus of debate. The 'direct' method could suggest 

an interaction between microbial enzymes and the mineral surface 

(Ehrlich, 2002; Sand et al., 1995) with the 'indirect' method suggesting 

that it relied solely on the regeneration of soluble ferric iron as the 

chemical oxidant. More precise definitions have since been proposed; 

'contact' and 'non-contact' (Rawlings, 2002; Rohwerder et al., 2003), 

accepting that chemolithotrophic bacteria can grow using either method 

of interaction with the mineral. Based on the 'contact' method, cells 

attached to the mineral surface (using extracellular polymeric substances) 

have a defined area in which mineral dissolution is catalysed. By contrast, 

in the 'non-contact' mechanism, planktonic cells catalyse the regeneration 

of ferric iron in solution (away from the mineral surface) and the ferric iron 

generated comes into contact with the mineral surface independently. 
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Acidity generated by sulfide mineral dissolution plays an important 

role in the maintenance of cationic metals (such as iron, zinc, 

manganese, copper and aluminium) in solution. In acidic waters the 

solubility of these metals is far greater than at neutral and near-neutral pH 

and elevated concentrations are a common occurrence. Waters that are 

impounded in mineral rich areas, such as pools or abandoned open cast 

mines, can represent extreme examples, such as pools of AMO seen at 

Iron Mountain, California, U.S.A. (Nordstrom et al., 2000). The solubility 

of these metals also contributes to total acidity as in addition to proton 

acidity (represented by pH) mineral acidity is derived from the dissolved 

iron (ferrous and ferric), manganese and aluminium. Further proton 

generation can also occur during hydrolysis as these metals form solid 

phase hydroxides (Equation 1.10 and 1.11 ). 

[Equation 1.10] 

[Equation 1.11] 

The formation of iron hydroxides and their precipitation (as iron ochre or 

"yellowboy") occurs at a pH >2.5, and this can cause the co-precipitation 

of other metals and metalloids such as arsenic (Bowell, 1994). However, 

the formation of these secondary minerals can cause a decrease in acid 

generation (derived from mineral dissolution) by coating the outer surface 

of sulfide minerals (Edwards et al., 2000) 

AMD is characteristically of low pH and contains elevated levels of 

one or more soluble metal or metalloid and elevated levels of sulfate. 

Resulting conductivity is often elevated (>1800 µS cm-1) and can reach 

similar levels to those recorded for seawater (>5000 µS cm-1
) (Younger, 

2002). The specific characteristics of each particular AMO occurrence is 

dependent upon the geology and geochemistry at the source point and 

that of any converging waterways (Sanchez-Espana et al., 2004; Herr & 

Gray, 1996). Acidity imparted as mineral acidity and proton acidity 

increases the solubility of metals and metalloids and AMO waters are 

commonly dominated by iron (ferrous and ferric) due to the relative 
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abundance of pyrite. Although iron oxidation is a proton consuming 

reaction the oxidation of sulfur compounds to sulfate and the formation of 

metal hydroxides counterbalances this and it is minerals with higher sulfur 

content that are responsible for the greatest generation of proton acidity. 

Other hydrological and environmental factors such as rainfall, 

temperature, humidity and site exposure/containment may also determine 

the AMO characteristics. In arid areas, such as at the Sao Domingos 

copper mine in Portugal where evaporation can be rapid, especially in the 

summer months, a concentration of solutes may occur. This seasonal 

variation is clearly seen in the Odeil River where a dilution effect can be 

seen with the increased seasonal rainfall in winter months (Olias et al., 

2004) and cases of natural attenuation have been recorded over large 

distances as joining waterways dilute the metal containing streams and 

increase the pH, facilitating metal precipitation (Sanchez-Espana et al., 

2005; Sanchez-Espana et al., 2007). Exposed sites in wetter climates 

(year-round rainfall) may result in the generation of a continuous flow of 

AMO that will often maintain fairly stable analyte levels. However, in 

contained mineral deposits such as underground sites or spoil heaps the 

temperature can rise dramatically due to the exothermic dissolution of 

pyrite and other sulfide minerals. Water temperature within the Richmond 

mine (Iron mountain, California, U.S.A.) was recorded as high as 47 °C 

and the dissolution of this dominantly pyritic (~95 %) ore body has 

generated pools of water that have negative pH in which soluble iron and 

sulfate concentrations of ~200 g L-1 and 760 g L-1, respectively, have 

been recorded (Nordstrom et al., 2000). 

1.2.1.1 Circum-neutral pH mine drainage 

Not all mine drainage is acidic. The dissolution of basic minerals such as 

calcite (CaCO3), dolomite (CaMg(CO3)2) and some aluminosilicates (e.g. 

chlorite), concurrent with or in the vicinity of the mine drainage will 

introduce alkalinity into the water courses. The presence, abundance and 

rate of dissolution of these basic minerals determines how much 

neutralization of net acidity will take place. The process of neutralization 
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may also only occur for a limited amount of time as carbonates often 

dissolve more rapidly than sulfide minerals, but in those environments 

where the net alkalinity generated is equivalent to or greater than the net 

acidity generated, the mine drainage waters can be of near-neutral pH. 

1.2.2 Impact and toxicity 

1.2.2.1 Impact and dispersal 

Mine-related pollution varies in character and its environmental dispersal, 

and therefore its impact on the surrounding area also varies greatly. The 

dispersal of mine drainage pollution can be categorized as either acute or 

chronic. Acute pollution usually results from the sudden, often large scale 

and catastrophic release of liquid or sludge, and these incidents are often 

attributed to structural failure at active or abandoned mine sites. Chronic 

pollution results from either the seasonal or year-round availability of 

water (rain), where the impact of the pollution can be a continuous and 

voluminous flow of polluted water. The impact of mine pollution can be 

categorized further based on the scale and perpetuation of the pollution 

with distance from the source point. Local (contained within a specific 

area) and diffuse (flowing or dispersed) mine related pollution has been 

recorded and while local pollution may often contain higher 

concentrations of dissolved pollutants the diffuse form can be pernicious, 

remain un-attenuated and impact on distant and often pristine 

environments. 

In instances of sudden catastrophic release, the origin of the 

pollution is usually very evident. In contrast, with chronic mine pollution 

the origin can be a combined impact of seepage from waste piles, 

pools/void outflow or even the amalgamation of a number of different 

sources at a single downstream convergence point. A number of 

acute/catastrophic releases of mine pollution have been documented 

within the last ~20 years and all have resulted from structural failures 

such as blockages, plug corrosion/failures or dam collapses. The Wheal 

Jane tin mine (Cornwall, U.K.) is a well-documented case of acute 
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pollution in which a plug sealing the Nangiles adit failed (1992) and 

~50,000 m3 of metal rich mine-water, that had previously backed-up 

behind the plug, was discharged into the Camon river and from there to 

the Fal estuary. Although this single discharge event released a large 

volume of metal-laden water into the local river system, the impact of this 

acute discharge was deemed to be relatively small as historic discharge 

from this and other nearby mines had previously impacted on the 

ecosystem. However, a huge plume of ochre was clearly visible and 

spread along the impacted waterways as far as the English Channel and 

the receiving waterways were badly stained by ferric hydroxides (Younger 

et al., 2002). A similar event occurred when a tailings dam at the Las 

Frailes mine failed (1998) releasing tailings, that had been impounded 

underwater behind it (~4 million m3 of polluted water and ~2 million m3 of 

metal rich sludge), into the Guardiamar River, creating the most serious 

environmental disaster seen in Spain (Grimalt et al., 1999). The metal 

pollution and acidity resulted in an impoverished macro-invertebrate 

community (compared to the upstream (pre-mine) community), which 

recovered slightly as some attenuation occurred downstream (Sola et al., 

2004). The annual seepage from the site, for a number of metals, was 

exceeded in this single release and fish kills were recorded along the 

river (Achterberg et al., 1999). The pollution spread to pristine 

environments and reached the proximity of the Doriana National Park (an 

important wetland reserve for breading and migrating wildlife; Gomez et 

al, 2004) and, although some improvement in water quality has been 

recorded, the effects of this spill are still being felt (Olias et al., 2006). 

Metals may not be the only pollutants emanating from mine 

workings and in, areas where concentrate or mineral processing is 

carried out, there may be other chemicals present in addition to the 

compounds commonly associated with AMD. Conventional extraction of 

gold, as noted previously, uses cyanide and, in 2000, snow melts caused 

the failure in a tailings dam at the Baia Mare gold mine, releasing a 

relatively small volume of tailings sludge (4 x 105 m3
) . This failure 

released material that contained a high concentration of free and bound 

cyanide (~1000 tons) and as water from the two-initially impacted rivers 
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flowed rapidly into the Tisa River, a major tributary of the Danube, the 

pollution was rapidly dispersed. The material involved in the spill and the 

nature of the interlinking waterways resulted in fish kills in three 

neighbouring countries and the transport of polluted sediments 

downstream has also been the focus of much scrutiny (Macklin et al., 

2003; Osan et al., 2007). Aquatic life and nearby terrestrial life was 

effected during the initial spill (Soldan et al., 2001) and the impact on 

wildlife is still becoming apparent as even relatively low metal 

concentrations are still having a detrimental impact (e.g. Kertesz et al., 

2006; Lucas, 2001 ). 

Chronic mine related water pollution is less dramatic but more 

common than incidents of acute pollution and emanates as a persistent 

supply. Estimations of the scale of mine related pollution vary; with 

estimates in the region of ~5000 km of waterways in Europe being 

polluted by AMO (Younger, 2000), ~1000 km in the UK alone (Kroll et al., 

2002) and ~2,500 km of streams and 9,000 km2 of groundwater in the 

U.K. designated as 'at risk' from mine related pollution (Jarvis & Rees, 

2004). On a global scale AMO is accepted to be one of the most serious 

forms of water pollution. The formation of AMO is a chronic and ongoing 

process, for example it is estimated that the abandoned Richmond mine 

(California, U.S.A.) could continue producing AMO for ~3000 years 

(Nordstrom & Alpers, 1999). Waterways impacted with chronic mine 

pollution often receive pollutants at a similar and steady ongoing 

concentration and flow, but changes in rainfall can have an impact, 

especially flooding events (Gerhardt et al, 2004). The convergence of 

AMO-impacted waters with non-polluted waters can ameliorate the 

pollution impact to some extent (Soucek et al., 2000) though it can also 

act as a diluent where elevated metal and sulfate concentrations are 

maintained (though at lower concentration). In many areas, abandoned 

mines are deemed to be the major source of freshwater pollution 

(Younger, 2002) though the origin of this pollution, being from pools/voids 

or waste heaps, appears to be site specific. In Scotland the majority (~70 

%) of mine drainage was deemed to have originated from mine voids 

(Younger, 2001) while the opposite was determined for pollution 
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emanating in the Iberian Pyritic Belt (IPB), where ~60 % was determined 

to have its origin in rock and tailings waste piles that litter the area 

(Sanchez-Espana et al. , 2004). 

Examples of chronic mine pollution are numerous. Mynydd Parys 

(north Wales, U.K.) is one such example of an abandoned mine site of 

historical importance from which chronic pollution now emanates (Aton 

Goch) and where no amelioration takes place. The Oyffryn Adda adit, 

Mynydd Parys had previously been dammed to allow water to build up 

and minerals within the underground tunnels and chambers to be leached 

into solution for the purpose of copper recovery by cementation. 

However, after ~50 years of abandonment the dam via which water level 

was controlled had become heavily corroded and ~274,000 m3 of AMO 

was pumped from the mine to avoid a catastrophic release of AMO and a 

potentially acute pollution incident. Since the dewatering operation 

(undertaken in 2003) a constant flow of metal- and sulfate-rich water 

drains from the Oyffryn Adda adit, the lowest outlet from the site, 

impacting on a ~2 km length of stream before entering the Irish sea near 

the town of Amlwch. Of 12 sites along the west coast of the British Isles 

selected to highlight areas that were either pristine or impacted by 

industrial pollution, the accumulation of metals such as cadmium and zinc 

in the shell of the pod razor shell (Ensis siliqua) was most elevated in 

those samples collected at Oulas Bay, directly as a result of the drainage 

from Mynydd Parys (Pearce & Mann, 2006). The continuous deposition of 

metals in sediments at this discharge point has also been recorded 

(Whiteley & Pearce, 2003). 

The IPB represents another historic and important mining region. 

Not only does some natural acidity result from mineral dissolution, in 

areas of natural exposure, but also as a result of anthropogenic activity in 

association with this sulfide deposit, the largest in the world. The IBP is 

vast, covering a large area of southern Spain and Portugal, and the 

exploitation of this mineral body, especially for metal sulfide minerals 

(Leistel et al., 1998), has scarred the landscape and left a legacy of 

abandoned mines and waste heaps, and the consequent diffuse AMO 

pollution. AMO disperses from a vast number of mine sites and waste 
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piles over the area, and these in general converge in larger waterways 

such as the Rio Tinto and Odiel River, heavily loading them with 

dissolved metals. The loading of rivers where the run-off from these 

diffuse AMO sources converge (e.g. the Odeil River basin, where a 

number of mine drainage effluents meet) impacts on larger waterways, 

acidifying them and transferring elevated metal, metalloid and sulfate 

concentrations. These AMO-impacted sites are amongst the most 

polluted sites in the world (Sanchez-Espana et al., 2004) and contribute 

significantly to the global transport of dissolved metals (and metalloids) in 

rivers and oceans, some of which are deposited in potentially bioavailable 

sediments (depending on the pH and salinity) in the Ria of Huelva 

estuary (Nieto et al., 2007). 

1.2.2.2 Toxicity of AMD 

AMO is a multi-factor pollutant and toxicity can be derived from 

both individual components and combinations of components present in 

or attributed to it. Toxicity can be direct and indirect and, while the 

biodiversity of AMO impacted sites is substantial, it is dominated by highly 

adapted extremophilic micro-organisms, and is very limited in comparison 

to non-polluted neutral or near-neutral environments. Direct toxicity such 

as cell acidification, metal accumulation or interruption to cell replication 

and nutrient cycling would be anticipated in such environments. However, 

some indirect processes can also impinge on growth and survival, even 

on those species that are adapted to such environments. While ferric 

hydroxides may not be directly toxic they and other solid precipitates can 

block solar radiation from the lower regions of streams. Living organisms 

may also be inhibited by such precipitates, coating cell surfaces and 

potentially preventing the passage of required nutrients (Gray & Ward, 

1983). However, in such environments there is a case for both solid 

precipitates (McKnight & Feder, 1984) and soluble compounds (OeNicola 

& Stapleton, 2002) having the greater toxic impact on stream 

communities. 
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A number of potential bio-indicators for the assignment of stream 

health and biodiversity have been suggested and are applied to pristine 

and polluted environments (Heino et al., 2007; Verb & Vis, 2005) but their 

application to waterways impacted by AMO has proven problematic. Low 

pH, relatively high osmotic potentials and dissolved bio-available metals 

can cause stress and harm to impacted biota. Amelioration of harmful 

dissolved metals, as may be seen with trace metal concentration, by 

complexing with DOC (De Schamphelaere et al., 2004) is often not viable 

due to the low DOC concentrations usually encountered in mine waters 

(DOC <10 mg L-1; Johnson & Hallberg, 2003). Therefore, without human 

intervention the characteristic physico-chemical parameters of AMO will 

often stay stable and the water highly polluted. Although it has been 

shown that intermittent exposure can decrease the toxic effect on the 

invertebrate biodiversity of a stream (Gerhardt et al, 2004) there is well

documented evidence to suggest that in areas receiving a persistent flow 

of AMO the toxic effect of AMO is wide ranging. 

Exposure to AMO can be detrimental to higher life-forms and 

impact on nutrient cycling. Vertebrates such as fish are often susceptible 

(the gills of fish often becoming coated in metal precipitates preventing 

oxygen transfer; Barry et al., 2000; Grippo & Dunson, 1991; Parsons, 

1977), as were shrimp (Gerhardt et al, 2004). One such example is the 

toxic effect seen over a three-mile stretch of the Avoca River (Wiklow, 

Ireland) receiving diffuse AMO input, that resulted in fish kills along this 

section, especially juveniles (personal communication, Irish fisheries 

department). Algae, even relatively adapted acidophilic algae, are 

susceptible to precipitate formation (Niyogi et al., 2002) and are prone to 

metal accumulation (DeNicola & Stapleton, 2002), which may reduce the 

potential for nitrification and DOC production within the stream (Niyogi et 

al., 2003). Detritivores, which are responsible for organic matter 

degradation and nutrient cycling, can also be inhibited by acidic 

conditions (Arp et al., 1999; Dangles et al., 2004) and this limited nutrient 

cycling may also have an impact on the biodiversity of impacted 

environments. Adapted microbes and invertebrates often survive or grow 

optimally in AMO-impacted environments, though those commonly seen 
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in non-polluted waters generally do not survive (Johnson, 1995). 

However, for some micro-organisms, even those that are adapted to such 

conditions, metal concentrations may reach toxicity levels at 

concentrations that may be not greatly above the level required for growth 

(Riesen et al., 2005). 

The dominant components (iron and sulfate) most commonly 

encountered in AMO may vary in relative concentration between different 

AMO waters, but the presence and concentration of other metal 

compounds will be determined by the mineral source from which each 

AMO water body is generated. The toxic effects of each individual 

component may vary greatly. 

1.2.2.2.1 Sulfate 

Sulfate is often present in elevated concentrations in AMO, predominantly 

as a result of the breakdown of pyrite (FeS2) as well as other sulfides. 

Sulfate is not considered as highly toxic and the World Health 

Organization (WHO) suggests that authorities should only be notified of 

concentrations that exceed 500 mg L-1 in drinking water. The aquatic 

moss Fontinalis antipyretica (proposed as a suitable metal-pollution 

biomonitoring species; Bleuel et al., 2005) grew in high concentrations of 

sulfate (up to 1500 mg L-1), although a decrease in shoot length, dry 

weight and chlorophyll content was recorded with increasing sulfate 

concentration (Davies, 2007). However, in AMO-impacted environments 

sulfur compounds act as one of the major metabolites, the reduction of 

sulfate and the oxidation of RISCs being two major metabolic processes 

carried out by some micro-organisms. 

1.2.2.2.2 Iron 

Iron is not only abundant in the lithosphere (fourth most abundant by 

weight) but is generally the dominant soluble metal in AMO-impacted 

environments. Despite its abundance, iron is generally less toxic than 

many of the other metals and metalloids that may be present in AMO, 
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though it is the most visibly obvious contaminant, staining vast areas of 

streambeds. Both ferrous iron and ferric iron may be found in AMO

impacted waters and the oxidation and reduction, respectively, of these 

species accounts for two major metabolic pathways catalysed by micro

organisms at AMO-impacted sites. As described previously, ferric 

hydroxide precipitates can create a physical barrier resulting in the 

obstruction of oxygen transfer in vertebrates such as fish (Gerhardt, 

1993). The deposition of solid material on stream surfaces and 

inhabitants can inhibit primary producers (e.g. algae) and primary 

consumers, causing severe disruption to the food chain, and this can 

result in a decrease in species diversity and population density 

(Letterman & Mitch, 1978; Gray, 1996). The generation of ferric iron 

(which precipitates more readily at pH >2.5), as a result of ferrous iron 

oxidation, depletes the available dissolved oxygen, and this can also limit 

indigenous biodiversity. The physiological mechanism for iron poisoning 

involves the catalysis of the Fenton's reaction by ferrous iron (Equation 

1.12). 

[Equation 1.12] 

The generated free radical species can potentially cause oxidative 

damage (Bury & Grosell, 2003) if they are present within cells in greater 

concentration the necessary antioxidants. An imbalance can result in 

severe tissue damage; other metals can also catalyse similar processes 

(Stohs & Bagchi, 1995). 

1.2.2.2.3 Copper 

Copper is a valuable commodity and a target metal for extraction (from 

minerals such as chalcopyrite, CuFeS2). High concentrations are 

encountered both in AMO and in bio-leaching processes. Copper is 

reported to be highly toxic to a number of organisms, including humans, 

where it can accumulate in the liver and generate free radicals resulting in 

oxidative stress, amongst other effects (Gaetke & Chow, 2003). It is, 
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however, especially toxic to aquatic species, having a detrimental effect 

on a variety of species, such as Daphnia (de Oliveira-Filho et al., 2004). 

Relatively low (<0.2 mg L-1
) concentrations of soluble copper can reduce 

the survival and reproduction in a number of fish species. The disruption 

of ion regulation, gill damage and impaired respiration in fish was 

recorded (Grosell et al., 2004; De Boeck et al., 2007) and in rainbow trout 

it appeared to act as an immune-suppressor (Zelikoff, 1993). Copper 

(Cu2+, <0.2 mg L-1) reduced growth rate and photosynthetic activity of the 

blue-green bacterium Spirulina platensis and also had a detrimental 

impact on the growth of rotifer populations (Kallqvist & Meadows, 1978). 

In an experiment designed to resemble the impact of the Tisa river 

pollution incident (above) mallard eggs were exposed to various 

concentrations of copper, lead, chromium, and cadmium and all were 

found to result in high levels of mortality or abnormal development 

(Kertesz & Fancsi, 2003; Kertesz et al., 2006). 

1.2.2.2.4 Zinc 

Zinc is present in AMO predominantly due to the dissolution of sphalerite 

(ZnS) and it can be one of the more dominant metals. Zinc toxicity has 

been detailed in a number of living organisms, though its toxicity for fish 

does seem to vary from species to species (Hamilton, 1995; Trivedit & 

Dubey, 1978). In other studies on fish, there was also evidence of gill 

damage and endocrine disruption associated with exposure to zinc 

(Leblond & Hontela, 1999). An ecotype of the green alga Stigeoclonium 

tenue from metal-contaminated waters appeared more tolerant of soluble 

zinc than those isolated from unpolluted lakes, though the zinc 

concentration (<30 µM) was relatively low (Pawlik-Skowronska, 2001) 

and a prolonged lag phase was seen coupled with a decrease in growth 

for the bacterium Zoogloea (Molin, 1983). 
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1.2.2.2.5 Manganese 

Manganese is not generally considered to be a particularly toxic metal, 

though it is often present in AMO, and also in some neutral pH waters, at 

relatively elevated concentration. Manganese (II) remains in solution at 

pH <8 and abiotic oxidation to Mn (IV), the insoluble form, is very slow 

except at high pH. The solubility of manganese over a wide pH range can 

provide a helpful indicator of water quality. As with ferric iron, the 

formation of precipitates and staining of waterways can result in physical 

barriers being formed. When manganese is present in domestic supplies 

(e.g. well waters) staining and discolouration of clothes may occur, and 

the water tends to have a distinct metallic taste. However, manganese 

toxicity has been recorded in some situations, such as immuno

suppression in carp (Cossarini-Dunier et al., 1988) and the disruption of 

larval stages in sea urchins (Doyle et al., 2003). Changes in water 

hardness also appeared to determine the extent of manganese toxicity for 

freshwater crustaceans, where lethal concentrations of manganese 

ranged between 3 and 15 mg L-1 (Lasier et al. , 2000). 

1.2.2.2.6 Aluminium 

Aluminium speciation and behaviour will be determined to some extent by 

pH, and aluminium may also co-precipitate concurrently with ferric iron 

minerals. At pH <4 soluble aluminium is predominantly present as soluble 

Al3+, and this hydrolyses to form Al(OH)2+ and Al(OH)2 + as water pH 

increases. Above pH 5 precipitation and the resulting physical coating of 

streams can occur as the insoluble hydroxide, gibbsite (Al(OH)3) is 

formed. Aluminium accumulation in the freshwater snail Lymnaea 

stagnalis correlated with behavioural response suppression, although this 

was ameliorated by hydroxy-aluminosilicate formation in the digestive 

gland (Dobranskyte, 2004). Humic acid addition partly reduced the 

toxicity, although some behavioural suppression was still seen, 

suggesting the colloid formed was still bio-available (Dobranskyte, 2006). 

Toxicity was recorded in amphibian populations (Freda, 1991) and in fish, 
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with gill surfaces clogging and the prevention of oxygen transfer (Poleo, 

1995). The greatest toxicity was derived from cationic species of 

aluminium (Lydersen et al., 1990) as they attached to negatively charged 

gill surfaces (Poleo, 1995). 

1.2.2.2.7 Arsenic 

Concentrations of this metalloid in AMO often arises from the dissolution 

of sulfidic minerals such as arsenopyrite (FeAsS) and enargite (Cu~sS4). 

Concentrations are often relatively low (<5 mg L-1; Leblanc et al., 1996) in 

AMO but extremely elevated concentrations, ~350 mg L-1 have been 

recorded at Iron Mountain, U.S.A. (Nordstrom et al., 2000) and the 

Carnoules mine, France (Bruneel et al., 2003). Accumulation of arsenic in 

algae (Beceiro-Gonzalez et al., 2000) and freshwater fish 

(Suchendrayatna et al., 2002) has been reported. Concentrations of >0.8 

mg L-1 (As Ill) had a detrimental effect on Euglena mutabilis (Casiot et al., 

2004) and was also reported to impact on the growth of other acidophilic 

algae (Valente & Gomes, 2007). Arsenic has several oxidation states (-3, 

0, +3 and +5) and can undergo chemical and biological transformation. 

As (Ill) (arsenite and arsenious acid) and As (V) (e.g. anionic Asal-, 

arsenate) are most relevant in aquatic systems and, though As (V) is 

more common in acidic environments, it is less toxic than As (Ill). In 

acidic environments arsenic also appears less mobile than it does in 

more-neutral environments as it adsorbs onto positively charged mineral 

surfaces (Bowell, 1994). 

1.2.2.2.8 Other metals 

Other metals, such as cadmium and nickel, are less commonly found in 

AMO; however, many of these are also reported to be highly toxic to a 

number of aquatic organisms. Nickel has been documented as a 

respiratory toxin in trout, causing gill damage and preventing gaseous 

exchange (Pane & Wood, 2003) and to be toxic to 10 species of fresh 

water cladocerans; increasing water hardness decreased the toxic effect 
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in the latter (Deleebeeck et al., 2007). Zebrafish hatching was also 

inhibited by low concentrations (<100 µg) of mercury, copper, nickel, lead 

and cobalt (Dave & Xiu, 1991 ). Cadmium accumulation on the gill surface 

and in the liver and kidneys of rainbow trout was observed, although 

some reduction of the effect was seen in fish pre-exposed to non-toxic 

levels of cadmium and copper, but not zinc (McGeer et al., 2007). 

1.3 BIODIVERSITY OF AMO-IMPACTED ENVIRONMENTS 

1.3.1 Growth and survival 

Indigenous life-forms in AMO-impacted environments are often well 

adapted to the prevailing conditions and, although the total biodiversity 

may be significantly lower than that seen in unpolluted environments, a 

large number of different microbial species (dominantly prokaryotes) are 

often found growing optimally in these conditions. While many micro

organisms are tolerant of mildly acidic conditions, a large diversity of 

organisms have been identified that grow optimally in acidic conditions 

(pH <5). Members of the bacterial, archaeal and eukaryotic domains have 

currently been identified as acidophiles. A number of plants, such as 

some members of the grass family, have also been found in acidic metal 

rich environments and appear to be tolerant of such conditions. 

1.3.1.1 Growth characteristics 

Micro-organisms are capable of growth in a range of environments 

including those conditions classified as "extreme". This variation in pH 

and temperature (among others) is matched by the variation and 

adaptation of microbes that exist, often growing optimally under "extreme" 

conditions. Micro-organisms capable of growth, but not optimal growth, 

under acidic conditions are classified as acid-tolerant. Those capable of 

optimal growth at pH <3 have been described as extreme acidophiles, 

and those that grow optimally between pH 3-5 as moderate acidophiles 

(Johnson & Hallberg, 2006). Temperature classification is also important, 
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especially for cultivation and application protocols as this may determine 

success and optimal performance, such as the elevated temperatures 

recorded in mineral leach heaps and bio-oxidation processes (Rawlings, 

2002). Acidophilic micro-organisms can also be classified based on their 

optimal temperature for growth: mesophiles (20-40 °C), moderate 

thermophiles (40-60 °C) or extreme thermophiles (>60 °C). 

1.3.1.2 Adaptation 

In AMO-impacted environments, the ability to tolerate elevated 

concentrations of hydrogen ions is a major adaptive requirement. The low 

pH of AMD waters not only maintains potentially toxic metals in solution 

but also reduces the solubility of carbon dioxide (Langworthy, 1978). 

These conditions also appear incompatible with cellular function such as 

the maintenance of cytoplasmic pH and the function of cellular proteins 

and biomolecules. A range of possible adaptations has been suggested 

to explain how acidophiles maintain a near-neutral pH cytoplasm, 

including: (i) complex cell wall components, (ii) reversed membrane 

potentials, (iii) active proton removal, and (iv) the degradation of organic 

acids (Baker-Austin & Dopson, 2007; Norris & lngledew, 1992). Small 

molecular weight organic acids (e.g. acetic acid and lactic acid) are also 

more toxic at low pH as pH values are lower than their respective pKa 

values and the undisocciated species are often lipophilic and therefore 

membrane permeable. Having entered the cell cytoplasm (pH ~6.5) these 

acids dissociate causing acidification of the cytoplasm (Norris & lngledew, 

1992). Acidophiles are adapted to low pH environments by modifications 

within the cytoplasmic membrane (Madigan et al. , 1997) and the balance 

of ions across the membrane to prevent cell acidification (Matin, 1990). 

1.3.1.3 Metabolism 

The abundance of iron and sulfur (including RISCs) in AMO-impacted 

environments represent a major potential energy source. In many areas 

where AMD environments are exposed to solar radiation this may also 
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provide another potential energy source. The presence of elevated 

concentrations of soluble ferrous iron and ferric iron provides ferrous iron

oxidising and ferric iron-reducing bacteria with a readily available electron 

donor and electron sink, respectively. The same is true for sulfur-oxidising 

bacteria that metabolise reduced inorganic sulfur compounds, generating 

sulfate. The elevated sulfate concentrations provide an energy source for 

sulfate-reducing bacteria (SRB). While these metabolic processes are 

involved in the cycling of nutrients within AMO-impacted environments, 

they are also of importance as they are responsible for both the pollution 

(sulfide mineral dissolution) and its potential mitigation (bioremediation). 

The two processes of particular importance to this study (iron oxidation 

and sulfate reduction) are addressed in greater detail below. 

1.3.1 .3.1 Iron oxidation 

The oxidation of ferrous iron is an important metabolic process in AMO

impacted environments and other low pH, ferrous iron-laden 

environments, such as biomining operations. At pH 2, the ferrous/ferric 

iron redox couple has a standard redox potential of + 770 mV, which is 

only slightly less than the redox potential for oxygen/water redox couple 

(+820 mV). This not only means that the only feasible electron acceptor is 

molecular oxygen but also that the energy budget is relatively small (~30 

kJ mor
1 

at 30 °C; Kelly, 1978) and consequently a large amount of 

ferrous iron oxidation is required to support microbial growth. At higher 

pH, where the ferrous/ferric redox potential is lower, other electron 

acceptors, such as nitrate, are more thermodynamically attractive 

alternatives (Straub & Buchholz-Cleven, 1998). 

The greater solubility of ferric iron at low pH and the redox 

potential value of the ferrous/ferric redox couple make ferric iron a 

potential and thermodynamically viable electron acceptor. Certain 

acidophilic micro-organisms are capable of ferric iron reduction and can 

result in the dissolution of ferric iron minerals such as schwertmannite 

(Fe15O15(OH)12(SO4)2 (Bridge & Johnson, 2000; Coupland & Johnson, 

2007; Lloyd et al., 2003). The reduction of ferric iron is believed to 
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represent one of the first globally-significant mechanisms for the oxidation 

of organic matter to CO2 and may represent one of the earliest respiratory 

processes to evolve on the Earth (Lovley, 1991). It is also a process that 

can be considered environmentally hazardous as it results in the re

solublization of amorphous and crystalline minerals (and any co

precipitated metals) in AMO-impacted environments, though it is also 

responsible for alkalinity production (Lloyd, 2003). 

1.3.1.3.2 Sulfate reduction 

Sulfate, the most oxidised form of sulfur, is usually very abundant in 

AMO-impacted environments. The aerobic microbial oxidation of sulfur 

and other reduced compounds (RISCs) to sulfate is an important and 

energetically profitable process, especially in comparison to the energy 

available from ferrous iron oxidation (Kelly, 1999). 

Sulfate reduction has been recorded in acidic environments and 

demonstrated (in the laboratory) at low pH (e.g. Sen, 2001; Kimura et al., 

2006). Dissimilatory reduction, for the purpose of energy generation, is 

carried out by specific bacteria (and archaea) and differs from 

assimilatory reduction where reduction is performed for the purpose of 

cell synthesis. As with dissimilatory iron reduction, this process can be an 

important part in the cycling of some inorganic elements, and again 

generates net alkalinity. 

Sulfate reduction involves the reduction. of sulfate (sulfur oxidation 

state of +6) to sulfide (sulfur oxidation state of -2) utilizing electrons 

gained from hydrogen or an organic substrate. The process usually 

progresses under obligately anaerobic conditions and involves several 

stages, beginning with the transfer of sulfate across the cytoplasmic 

membrane (by symporting protons), in an energy-consuming reaction 

(Cypionka, 1995). As sulfate is highly stable, activation of the anion is 

required , using ATP to form adenosine-5'-phosphosulfate (APS) and 

releasing pyrophosphate (PP; Equation 1.13; Hamilton, 1998). 

[Equation 1.13] 

26 



This reaction is initiated by ATP sulfurylase and the APS formed is 

reduced to bisulfite (HSO3-) and adenosine-5'-monophosphate (AMP) 

(Equation 1.14; Peck, 1962). 

[Equation 1.14] 

Bisulfite is further reduced to sulfide by dissimilatory sulfate reductases 

(DSRs) and the sulfide is excreted (Fauque et al., 1991). 

Pyrophosphate (PP; generated in equation 1.13) is hydrolysed to 

inorganic phosphate (2Pi) by pyrophoshatase, AMP is eventually 

phosphorylated to adenosine-5'-diphosphate (ADP) and hydrogen ions 

(derived either from the oxidation of organic substrates or sourced from 

environment) are oxidised by membrane-bound enzymes (hydrogen 

dehydrogenases). Protons from the oxidation of hydrogen are maintained 

outside the membrane and electrons are transferred across the 

membrane (via a cytochrome), for the required reductive processes, and 

the proton gradient generated by this is used to generate ATP. 

Some microbes are also able to reduce elemental sulfur to sulfide 

(but not sulfate to sulfide) and are generally referred to as sulfur-reducing 

bacteria (Madiga et al., 1997). Currently classified sulfur-reducers include 

members of Desulfuromonas, Desu/furella and Campy/obacter. Sulfide 

generation may also take place by disproportionation, a process by which 

an element or compound in an intermediate oxidation state is converted 

to substances of a higher and lower oxidation state (Jackson & 

Mcinerney, 2000). This process, initially identified in Desulfovibrio 

sulfodismatus, requires no external electron acceptors required as the 

process takes place within the same molecule ("inorganic fermentation"; 

Bak & Cypionka, 1987). The disproportionation of thiosulfate by 

Desulfoviria desu/furicans progresses by the following reactions 

(Equation 1. 15-1 .17) 

[Equation 1.15] 

[Equation 1.16] 
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[Equation 1.17] 

The overall reaction is described by Equation 1.18. 

[Equation 1.18] 

1.3.1.4 Carbon sources 

A carbon source is vital for growth and development and in many acidic 

environments the availability of carbon can be a limiting factor. The 

dissolved organic carbon content (DOC) of AMO streams is often very 

low (<10 mg L-1
) (Johnson & Hallberg, 2003) and heterotrophic micro

organisms often rely on exudates and lysates from primary producers 

such as photoautotrophs or chemoautotrophs (Norris & Johnson, 1998). 

In many extremely acidic environments, especially those where light is 

excluded, autotrophic bacteria assimilate carbon by fixing CO2 and may 

be the only primary producers, with the energy required for carbon 

assimilation derived from chemical sources (oxidation of iron and sulfur 

compounds). 

1.3.1.5 Microbial interactions, and acid streamer growths 

Microbial interaction in AMO-impacted environments have been 

described in the literature, although in many cases detailed modes of 

interaction and interrelationships remain unclear. Macroscopic growths of 

"acid streamers" in acidic streams have also been reported in mine sites 

in different parts of the world (e.g. Bond et al., 2000a; Bond et al., 2000b; 

Hallberg et al, 2006; Lopez-Archilla et al. , 2004). These microbial 

communities are usually diverse and provide zones and micro

environments of variable chemistry and aeration (aerobic, anaerobic and 

microaerobic zones). 

In anaerobic environments syntrophic interactions, involving the 

interspecies transfer of hydrogen, can be important in facilitating survival 
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in thermodynamically unfavourable conditions (Schink, 2006; Delong, 

2007). Syntrophy has been recorded in mixed archaeal and sulfate 

reducing bacterial communities (Boetius et al., 2000; Orphan et al., 

2001). In addition to interactions that benefit the partner organisms, the 

limited availability of nutrients and potential metabolic reaction pathways 

(Baker & Banfield, 2003) may also result in instances of competition for 

available substrate. 

1.3.2 Acidophilic bacteria 

Bacteria are often the dominant micro-organisms in acidic environments 

and are considered to play a pivotal role in the significant geochemical 

transformations that take place within them. Many microbiological studies 

have been carried out at AMO-impacted sites including streams, wetlands 

and underground mine workings, and a wide diversity of bacteria have 

been identified. Acidophilic bacteria have also been found in mineral 

leaching processes, bio-oxidation processes and associated with waste 

heaps. Bacteria identified in these environments include Gram-positive 

and Gram-negative species that are found within divisions of: the 

Proteobacteria, Actinobacteria, Acidobacterium, Nitrospira and the 

Firmicutes. 

1.3.2.1 Autotrophic acidophilic bacteria 

Chemoautotrophic bacteria are important in AMO-impacted environments 

and may constitute the only active primary producers present (e.g. in 

underground mine workings). Autotrophic acidophiles obtain carbon by 

fixing carbon dioxide, mostly via the Calvin reductive pentose phosphate 

cycle. The bacteria of importance are discussed below. 

1.3.2.1 .1 Leptospirillum spp. 

Leptospirillum spp. are Gram-negative autotrophs found in the Nitrospira 

division. The remaining members of this division are currently all 
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classified as neutrophiles. The initial species isolated (L ferrooxidans) 

was the second acidophilic iron-oxidising acidophile to be discovered and 

was isolated from a copper mine in Armenia (Markosyan, 1972). 

Leptospiril/um spp. are strictly aerobic, obligate chemolithotrophs and 

appear unique among the characterized acidophiles in only being capable 

of utilizing molecular oxygen and ferrous iron as their respective electron 

acceptor and donor. Leptospirillum spp. have been identified in a number 

investigations at mine sites and bio-processing ventures and appear to 

have a global distribution. Many species survive in moderately thermal 

conditions at extreme pH (<2) and appear able to thrive in environments 

with relatively low ferrous iron concentration. They have a high affinity for 

ferrous iron and a high tolerance of ferric iron (Norris et al., 1988) and are 

involved in the dissolution of pyrite and other sulfide minerals. A second 

species has since been isolated (L ferriphilum; Coram & Rawlings, 2002) 

and has been found to be the dominant micro-organism in a number of 

commercial bioprocessing operations. A third species ("Leptospirillum 

ferrodiazotrophum") has been identified and, like L ferrooxidans, is 

capable of oxidising iron and atmospheric nitrogen fixation (Tyson et al., 

2005). Leptospirillum spp. occur small (1-2 µm in length), highly motile, 

vibroid or spiral-shaped cells and in liquid culture may form aggregates 

with fine grain minerals (e.g. pyrite) or floe-like structures. 

1.3.2.1.2 Acidithiobacillus spp. 

Acidithiobacillus spp. fall into a cusp between the ~- and y-subclass of the 

Proteobacteria. This group is comprised of three closely related 

acidophilic bacteria: At. ferrooxidans (formerly classified as Thibacil/us 

ferrooxidans ; Kelly & Wood, 2000), At. thiooxidans and At. caldus. At. 

thiooxidans is an obligately aerobic autotrophic mesophile which couples 

the oxidation of elemental sulfur (and other RISCs) to the reduction of 

molecular oxygen, and was also the first acidophilic prokaryote to be 

characterized (Waksman & Joffe, 1921). At. thiooxidans grows optimally 

at pH 2-3 (growing over a wide pH range, 0.5-5.5), is tolerant of elevated 

metal concentration (Chen et al. , 2004) and is capable of ferric iron 
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reduction (Brock & Gustafson, 1976) though the ferric iron reduction was 

not shown to support active growth (Hallberg et al., 2001 ). 

A closely-related species, At. caldus, grows optimally at pH 2-2.5 

(over a range of pH 1-3.5) and is a moderate thermophile. Like At. 

thiooxidans it is capable of chemoautotrophic growth on RISCs and on 

hydrogen. This bacterium is also capable of mixotrophic growth with 

sulfur or tetrathionate and yeast extract or glucose (Hallberg & Lindstrom, 

1994). 

At. fen-ooxidans is the most well-studied of all acidophilic micro

organisms due to the assumed importance in the dissolution of sulfide 

minerals. Since its initial isolation from AMO discharging from a coal mine 

in Pennsylvania, U.S.A., it has been found to have a worldwide 

distribution. This Gram-negative rod-shaped, obligate acidophile grows 

optimally at pH 2.5 (between 1.3 and 4.5) and is a facultative anaerobe. 

At. fen-ooxidans grows as a mesophile and obligate autotroph, though it 

can use formic acid as an alternative carbon source to CO2 (Pronk et al., 

1991 ). Its differs from At. thiooxidans in being less acidophilic, and can 

grow at slightly higher temperature. Most importantly, however, it is 

capable of autotrophic growth using ferrous iron as sole energy source. 

At. ferrooxidans is metabolically flexible, being capable of growth using 

hydrogen as electron donor coupled to the reduction of molecular oxygen, 

under aerobic conditions, and the coupling of the oxidation of hydrogen or 

elemental sulfur to the reduction of ferric iron under anaerobic conditions 

(Ohmura et al., 1999; Ohmura et al., 2002). There are many publications 

describing characteristics such as growth, metal toxicity/tolerance (e.g. 

Rawlings & Kusano, 1994; Takeuchi, 1999) and ferric iron generation 

(e.g. Grishin & Touvinen, 1988) by At. ferrooxidans. However, there is 

considerable strain variation in bacteria classified as At. ferrooxidans, and 

it is now thought that these may actually comprise several distinct species 

of bacteria (Karavaiko et al., 2003). 
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1.3.2.1.2 "Ferriovalis" spp. 

"Ferriovalis acidosiris" (type stain PSTR; 16S rRNA gene GenBank 

accession number EF133508) is a novel autotrophic iron-oxidising 

bacterium that forms gelatinous streamer growths in the Aton Gach at 

Mynydd Parys and at mine sites in North Wales (Hallberg et al., 2006). 

Previously, PSTR-like bacteria had been detected in acidic mine waters 

but no isolates had been obtained. This isolate, like Leptospirillum spp., 

appears to only grow by using molecular oxygen and ferrous iron as 

electron acceptor and donor. 

1.3.2.2 Heterotrophic acidophilic bacteria 

Organic electron donors that are utilized by acidophilic heterotrophic 

prokaryotes are generally limited in range (mostly small molecular weight 

sugars, alcohols and some organic acids). Some small molecular weight 

aliphatic acids (e.g. acetic acid) are highly toxic to acidophiles, in general 

at very low concentration. 

1.3.2.2.1 Acidiphilium spp. 

Most of these bacteria (with the single exception of A. acidophilum) are 

obligate heterotrophs and belong to the a-subclass of the Proteobacteria, 

are acidophilic (can grow in pH <2) and are capable of ferric iron 

reduction (Johnson & McGinness, 1991; Coupland & Johnson, 2007). 

The analysis of 16S rRNA gene sequences suggests there are two 

separate groups within the genus, the first group containing A. cryptum 

(the first described species; Harrison, 1981), A. organovorum, A. 

multivorum and isolate SJH and the second containing A. rubrum, A. 

angustum and A. acidophilium. This study also indicated that there was 

significant similarity between several gene sequences which are currently 

defined as separate species (Kishimoto et al., 1995). 
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1.3.2.2.2 Acidocella spp. 

The genus Acidocella was proposed after the re-organization of the 

Acidiphilium genus (Kishimoto et al. , 1995). At present the genus is 

comprised of two classified (Ac. facilis and Ac. aminolytica) and one 

proposed ("Ac. aromatica') species. Acidocella spp. are generally less 

acidophilic than Acidiphilium spp .. Acidocella is motile and forms floes 

and chains (Kishimoto et al., 1995). "Ac. aromatica" (both the original 

strain WJB-3, and a closely related strain, PFBC) is able to catabolise a 

range of aromatic compounds including benzoic acid, phenol and 

naphthalene (Hallberg et al., 1999), and can also grow on a range of 

aliphatic acids and other hydrocarbons (Gemmell & Knowles, 2000). 

1.3.2.2.3 Miscellaneous a-Proteobacteria 

Acidisphaera rubrifaciens was first isolated from an acidic hot-spring in 

Japan (Hiraishi et al., 2000); its growth is optimal at pH 4-5 (over the pH 

3.5-6.0 range) and 30-35 °C (range 20-40 °C). Phylogenetically-similar 

bacteria (94.5 % 16S rRNA gene sequence identity) were found in AMO 

discharging from an abandoned copper mine in Norway (Johnson et al., 

2001b). Strains of Acidisphaera were found not to be able to catalyse the 

reductive dissolution of ferric iron in contrast to most other acidophilic 

heterotrophs (Coupland & Johnson, 2007). A recently-described species, 

"Acidicaldus organivorans", isolated from a geothermal site in 

Yellowstone National Park grows optimally at pH 2.5-3 (ranging between 

1.75 and 3.0) and at an optimal temperature of 50-55 °C (up to 65 °C) on 

a range of organic compounds (Johnson et al., 2006). 

1.3.2.2.4 Acidobacteria. 

Acidobacterium capsulatum was the first bacterium described in this 

division. A small number of isolates have been cultivated including 

moderately acidophilic strains from AMO-impacted sites (Hallberg & 

Johnson, 2001 a). Ab. capsulatum was initially isolated from AMO in 
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Japan and grew over a wide pH range (pH 3-6), with rods forming a 

distinctive capsule (Kishimoto et al., 1991). There have been several 

reports of Acidobacterium-like clones from mine impacted waters and 

soils that share 16S rRNA gene sequence similarity (Barns et al., 1999; 

Edwards et al. , 1999; Brofft et al., 2002) and a number of 

Acidobacterium-like isolates were shown to reduce ferric iron (Coupland 

& Johnson, 2007). 

1.3.2.2.5 Acidophilic Actinobacteria 

The first acidophilic Actinobacterium to be described was Acidimicrobium 

ferrooxidans, a moderately thermophilic iron-oxidising facultatively 

autotrophic acidophile (Clark & Norris, 1996). Fm. acidiphilium is a 

closely-related (sharing 95% sequence similarity of its 16S rRNA gene) 

acidophile and is also a Gram-positive, iron-oxidiser, though it is 

mesophilic and does not fix of CO2 (Hallberg & Johnson, 2001 ). Strains of 

this Fm. acidiphi/um-like bacteria have been isolated from a number of 

mine sites in Wales and the U.S.A. (Johnson, 1995). Under aerobic 

conditions, these oxidise ferrous iron when supplied with yeast extract 

and, under anaerobic conditions, they can reduce ferric iron 

1.3.2.2.7 Alicyclobacillus spp. 

Alicyclobacillus spp. are Gram-positive, rod-shaped, endospore-forming, 

moderate thermoacidophilic bacteria. These have been found at a 

number of acidic sites and also isolated from pasteurized fruit juices 

(Hiraishi et al., 1997; Goto et al., 2002). An isolate from the Sylvan 

hydrothermal springs area, Yellowstone National Park grew optimally at 

45 °C and pH 2 (Johnson et al., 2001a) and it was incapable of ferrous 

iron, sulfur and pyrite oxidation but was able to catalyse the reduction of 

ferric iron (Johnson et al., 2001b). 

34 



1.3.2.2. 7 Other miscellaneous heterotrophic acidophiles 

A number of closely related isolates and clones from AMO-impacted 

environments (including Iron Mountain, a pilot wetland (Wheal Jane) and 

an abandoned copper mine, Norway) were most closely related to the 

neutrophilic acetogen Frateuria aurantia (Xanthommonadacaea). This 

species had not previous been described as being acidophilic. 

1.3.2.3 Mixotrophic acidophilic bacteria 

Mixotrophic growth has potential advantages for bacteria, as different 

pathways are available for carbon acquisition which can give competitive 

advantage in carbon-limited environments. A single Acidiphilium species, 

Ac. acidophilium (section 1.3.2.2.1) and two other groups of acidophiles 

are capable of mixotrophic growth. 

1.3.2.3.1 Su/fobacil/us spp. 

Sulfobacillus spp. are mixotrophic, iron- and sulfur-oxidising acidophiles, 

the majority of which are moderate thermophiles, and have been isolated 

from hot springs, coal spoil and AMO. Sulfobacil/us spp. are also 

facultative anaerobes, and can grow by ferric iron respiration in oxygen

limited and anaerobic environments (Bridge & Johnson, 1998). 

1.3.2.3.2 Thiomonas spp. 

This genus was defined after a re-classification of Thiobacil/us spp. was 

carried out and a phylogenetically distinct group were identified (13-
Proteobacteria; Moreira & Amils, 1997). The first acidophilic isolate 

described, Tm. cuprina (previously Thiobacillus cuprinus; Huber & Setter, 

1990) is capable of heterotrophic growth on various organic compounds 

and autotrophic growth on elemental sulfur and RISCs. Moderately 

acidophilic isolates from mine sites in Wales were shown to oxidise 

RISCs and ferrous iron (Hallberg & Johnson, 2003). Closely-related novel 
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strains have been isolated from other mine sites and geothermal areas, 

including those reported to oxidise arsenic (Battaglia-Brunet et al., 2002; 

Bruneel et al., 2003). 

1.3.3 Archaea 

Acidophilic archaea representative of both the Euryarchaeota and 

Crenarchaeota have been cultivated from AMO-impacted environments. 

1.3.3.1 Crenarchaeota 

Isolated acidophilic Crenarchaeotes are thermophilic, growing optimally at 

temperatures >60 °C and include species of Sulfolobus, Acidianus, 

Acidilobus, Metallosphaera, Sulfurisphaera and Sulfurococcus. Acidic 

geothermal areas and mines sites from which Crenarchaeota have been 

isolated (e.g. Huber & Stetler, 2001 a; Huber & Stetler, 2001 b; Kurosawa 

et al., 2003). Sulfolobus meta/lieus and Metallosphaera spp. are believed 

to play a vital role in high temperature mineral oxidation (Norris et al., 

2000). 

1.3.3.1 Euryarchaeota 

Cultivated Euryarchaeota fall into a single order (Thermoplasmales) and 

are comprised of three families (Thermoplasmaceae, Picrophilaceae and 

Ferroplasmaceae). Acidophilic members have been isolated from 

different locations worldwide (Edwards et al. , 2000; Brofft et al., 2002). 

While these are often less thermophilic than other Crenarchaeota this 

phylum does contain the most acidophilic species, Picrophilus oshimae, 

growing in soils of pH <0.5 (Schleper et al. , 1995). Other isolates include 

the Ferroplasma spp., which grow have a diverse metabolism, are 

capable of ferrous iron oxidation and have been isolated in bio-leaching 

systems (Edwards et al. , 2000; Golyshina et al., 2000). 
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1.3.4 Eukaryotes 

Eukaryotes are often present in AMO-impacted environments, though not 

all appear to be acidophilic. Their presence in AMO-impacted 

environments is often over-looked as the role they perform has not been 

widely studied. The most commonly encountered and most visible 

eukaryotic growths are often seen in areas that are colonised by 

photosynthetic algae, but others (such as fungi, protozoa and rotifers) 

have also been documented. A wide variety of eukaryotic species were 

recorded in the Rio Tinto and, although site and seasonal variations were 

found, the most commonly identified were members of the Chlorophyta, 

such as Chlamydomonas, Dunaliella, Chlorella and Euglena (Aguilera et 

al., 2007). Mine sites may appear impoverished when compared to 

unpolluted environments, such as grasslands or forests, though there are 

often abundant and specialized eukaryotic species present. Despite the 

commonly encountered elevated metal concentrations, lack of soil and 

site exposure a number of 'pioneer' plant species and animals (reptiles, 

birds and insects) can inhabit mine sites. Plants such as members of the 

heather family (Ericaceae) are tolerant of the acidic and metal-rich 

conditions and lichen species may also persist (Purvis, 1996). 

Angiosperms such as Juncus bulbosus and Phragmite australis may 

colonise AMO-impacted ponds or lakes (Batty & Younger, 2002) and a 

number of studies have examined the potential impact of 

phytoremediation (Weis & Weis, 2004) and mine/'brownfield' site 

restoration (Blake et al., 2003; Dudeney et al., 2004). Significant algal 

(Sabater et al., 2003) and periphyton (Verb & Vis, 2005) diversity is not 

uncommon in acidic sites. One of the most commonly encountered 

eukaryotic micro-organisms in AMO streams is the micro-alga Euglena 

mutabilis (e.g. Valente & Gomez, 2007). 

1.3.5 Biodiversity of net alkaline mine waters 

In extremely acidic environments, the adaptation required and the 

available metabolic possibilities may limit net biodiversity (Baker & 
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Banfield, 2003) though indigenous communities may not be entirely 

defined by the mine-related pollution. Some neutrophilic iron-oxidising 

micro-organisms have been found in ferrous iron-contaminated waters of 

different (though often near-neutral) pH. The micro-organisms commonly 

associated with these waters include Gallionella ferruginea and 

Leptrothrix spp. (e.g. Carlile & Dudeney, 2000; James & Ferris, 2004; 

Emerson & Weiss, 2004). Conversely acidophilic acidithiobacilli have 

been detected in neutral pH mine tailings, and are believed to inhabit 

acidic microenvironments at the surface of neutrophilic spoil material 

(Southam & Beveridge, 1992). 

1.4 SULFATE REDUCING PROKARYOTES 

Sulfate is the most thermodynamically stable and most abundant form of 

sulfur in the aerated environments, and therefore sulfate reduction 

represents a key point in the aquatic sulfur cycle (Widdel & Hanson, 

1992). Sulfate reduction by sulfate-reducing prokaryotes (SRP), (mostly 

sulfate-reducing bacteria; SRB), has been well documented and the 

phylogeny and physiology of relevant micro-organisms are described in 

this section. 

The identification of sulfate reduction and production of hydrogen 

sulfide in aquatic system as a biological process was first documented by 

Myer in 1864. The limited cultivation success resulting in the belief that 

SRB were a small and highly specialized group of micro-organisms was 

later challenged by the discovery of slow growing sulfate-reducers that 

were capable of growth on a variety of substrates (Widdel & Pfenning, 

1977). In general SRB and sulfate reducing archaea (SRA) use sulfate as 

the terminal electron acceptor to reduce organic acids, fatty acids, 

alcohols and hydrogen (Madigan et al. , 1997). Other electron acceptors 

such as sulfite, thiosulfate, sulfur and, in some cases, nitrate, may also be 

reduced (Cypioka, 2000). Physiological characteristics have 

conventionally been the basis for classification of SRP, but more recently 

phylogenetic classification has subdivided them into four main groups: (i) 
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Gram-negative mesophilic SRB, (ii) Gram-positive spore-forming SRB, 

(iii) thermophilic SRB and (iv) thermophilic SRA (Castro et al., 2000). 

1.4.1 Gram-negative mesophilic SRB 

Gram-negative SRB constitute a large proportion of the currently known 

SRB (Widdel & Bak, 1992), and these belong to the ts-subdivision of the 

Proteobacteria. They are found in the Desulfovibrionaceae and 

Desulfobacteriaceae families and in the genera Thermodesulfobacterium 

and Thermodesulfovibrio. SRB from this group have been isolated from 

the intestines of humans and sheep, marine sediments and sewage 

workings. 

The Desulfovibrionaceae family is comprised of the genera 

Desulfovibrio, Desulfomonas, Desulfohalobium, Desulfonatronum and 

Desulfomicrobium. Of the SRB within this family, the genus Desulfovibrio 

is the most well studied; these occur as curved, motile rods that are 

capable of oxidising lactate, pyruvate, ethanol, malate and furmarate. 

Oxidation is 'incomplete' (not to CO2) and acetate is usually formed as a 

waste product. These SRB can use H2 as electron donor if acetate is 

supplied as a carbon source (Widdel & Bak, 1992). 

The Desulfobacteriaceae family is comprised of the genera 

Desulfobulbus, Desu/fobacter, Desulfobacterium, Desu/fococcus, 

Desulfosarcina, Desulfomonile, Desulfonema, Desulfobotulus, 

Oesulfoarculus, Desulfobacula, Desu/fospira, Desulfocella, Desulfobacca, 

Desulfacinum, Desulforhabdus, Desulfocapsa, Desulforhopalus and 

Desulfofustis. The metabolic diversity of this family is large and in a 

number of genera 'complete' substrate oxidation is carried out. 

Oesulfobacter spp. are the most efficient acetate oxidisers (Widdel & Bak, 

1992) and two Desulfocapsa spp. are capable of sulfur disproportionation 

(Finster et al. , 1998; Janssen et al., 1996). Desulfobacterium spp., 

Desulfococcus spp. and Desulfosarcina spp. utilize fatty acids, alcohols, 

lactate, aromatic compounds and H2 as electron donors (Widdel & Bak, 

1992). 
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1.4.2 Gram-positive spore-forming SRB 

The Gram-positive SRB comprise two genera, Desulfotomaculum and 

Desulfosporosinus (Castro et al., 2000). The majority of 

Desulfotomaculum spp. have been isolated from thermophilic bioreactors, 

geothermal groundwater and areas of low salt concentration (Faque, 

1995), however much variation in substate-oxidation and optimal growth 

temperature is seen. A wide variety of electron donors are utilized 

including: acetate, aniline, succinate, catechol, ethanol, indole, nicotinate, 

phenol, acetone, and stearate (Castro et al., 2000). 

The genus Desu/fosporosinus is comprised of three recognized 

species: D. orientis (previously classified as Desulfotomaculum sp.), D. 

meridiei and D. auripigmenti (previously classified as Desulfotomaculum 

sp.). D. orientis is able to grow autotrophically on hydrogen using sulfate 

as the electron acceptor and CO2 as the carbon source (Lee et al., 1994; 

Lee & Sublette, 1994). D. auripigmenti has a smaller cell diameter and 

lacks motility (Stackebrandt et al., 2003). Members of this genus are 

capable of both complete and incomplete substrate-oxidation. 

1.4.3 Thermophilic SRB 

Two species of thermophilic Gram-negative SRB grow optimally at 

temperatures between 65 and 70 °C (Castro et al., 2000). 

Thermodesu/fobacterium commune (Zeikus et al., 1983) and 

Thermodesulfovibrio yel/owstonii (Henry et al., 1994) have limited 

substrate diversity and are 'incomplete' oxidisers. Other thermophilic 

Gram-negative SRB belong to the family Desulfobacteriaceae and 

include Desulfacinum spp. and Thermodesulforhabdus norvegicus, both 

of which are able to sulfite as electron acceptors (Seeder et al., 1995; 

Rees et al., 1995). 
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1.4.4 Thermophilic SRA 

A single archaeal genus, Archaeoglobus, has been recognized to contain 

sulfate reducing arhaea. This Euryarchaeote is most closely related to 

currently identified methanogens and halophiles and has been isolated 

from a variety of highly saline environments (e.g. Thaier & Kunow, 1995). 

Three species are currently designated: A fulgidus, A. profundus and A 

veneficus. 

A number of important characteristics for the four groups of SRB are 

listed in Table 1.1 . 
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Table 1.1 Some characteristics of importance for SRP classification (Adapted from Castro et al. , 2000). 

Group Genera Cell shape Motility Substrate oxidation Growth temperature 
(OC) 

Gram-negative Desulfomicrobium Ovoid to rod +/- Incomplete 25-40 
mesophilic SRB Desulfomonas Rod - Incomplete 30-40 

Desu/fovibrio Spiral to vibrioid + Incomplete 25-40 
Desu/fobulbus Lemon to rod -/+ Incomplete 25-40 
Desulfobacter Ovoid to rod +/- Complete 20-33 

Desulfobacterium Ovoid to rod +/- Complete 20-35 
Desulfococcus Sperical or lemon -/+ Complete 28-35 
Desulfominile Rods - Complete 37 
Desulfonema Fillaments Gliding Complete 28-32 

Desulfosarcina Ovoid rods or +/- Complete 33 
coccoid 

Gram-positive Desulfotomaculum Straight to curved + Complete/ 25-40, few 40-64 
spore-forming rods Incomplete 

SRB Desulfosporosinus Straight to curved + Complete/ 30 
rods Incomplete 

Thermoohilic SRB Thermodesulfobacterium Vibroid to rod -/+ lncomolete 65-70 
Thermophilic SRA Archaeoglobus Coccoid +/- Incomplete 64-92 
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1.5 PREVENTION AND REMEDIATION OF ACID MINE DRAINAGE 

Increasing awareness of AMO, and other metal-containing industrial 

waste-waters, particularly as a result of catastrophic incidents of AMO 

pollution, and increasing and more directed legislation, such as the U.K. 

Environmental Protection Act (1990) and the E.U. Water Framework 

Directive by the E.U., has created new impetus for prevention and 

remediation of these effluents.There are a number of alternative 

approaches for preventing and remediating AMO. Some of these have 

been used for some time as full-scale systems, while others are still at the 

developmental stage. 

1.5.1 Prevention 

Preventative measures include the following strategies: sealing and/or 

flooding of mine workings, storage of spoil and waste material in 

impermeable dumps, underwater spoil disposal, coating technologies and 

application of anionic surfactants (Johnson & Hallberg, 2005). These 

measures are designed to prevent or limit the exposure of potentially 

reactive minerals to oxygen and moisture, or to reduce the activity of 

mineral-oxidising micro-organisms. The use of barrier materials of low 

permeability and the use of the detergent sodium dodecyl sulfate (SOS) 

has been shown to have some success (Schippers et al., 2001) although 

the longevity of the latter approach has been questioned (Younger, 

2002). Other methods, such as layering with lime (or other neutralizing 

material such as fly ash; Perez-Lopez et al., 2007) and the formation of 

insoluble metal precipitates may be effective, but the scale of materials 

requiring action is often prohibitive to some preventative approaches. 

Many of these may not be applicable to mine voids and underground 

workings and, while they may be feasible for the control of AMO 

production from waste material produced at active mine sites, their 

implementation at historic and abandoned sites may be problematic. The 

flooding and storage of mine wastes is also a technique that requires 

regular monitoring to secure against catastrophic release of mine waters. 
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1.5.2 Remediation 

The majority of mine water remediation is currently carried out using 

passive aerobic wetlands (e.g. the Coal Authority) where aeration results 

from cascade systems and by active abiotic systems such as High 

Density Sludge production and lime-dosing systems (A. Jarvis, personal 

communication). A number of alternative strategies are currently at 

various stages of development and these can be divided into two main 

categories: abiotic and biological. Both of these are designed with the aim 

of metal removal by neutralizing the acidity, and causing the precipitation 

(or co-precipitation) of soluble metals, either as hydroxides or as sulfides. 

These approaches can be further divided on the basis of management 

they require after installation, as; (i) passive systems, that require little or 

not intervention once implemented, and (ii) active systems that require 

constant or regular management, and input of materials (chemicals etc.). 

In addition to the requirement for constant monitoring there are a number 

of considerations required prior to implementation of any remedial 

systems such as; the cost, space and complexity of engineering required 

and these must be addressed on a site-to-site basis. The systems and 

strategies for the remediation of AMO are summarized in Figure 1.2. 
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C Active: aeration and lime addition. 
Abiotic 

Passive: anoxic limestone drains. 

Biological 

Active: Off-line sulfidogenic 
bioreactors I immobilized 
biomass 

Passive 

Aerobic 
wetlands 

Anaerobic wetlands I 
compost bioreactors 

Figure 1.2 Overview of the remediation options currently proposed for the 

treatment of AMO (Adapted from Johnson & Hallberg, 2005). 

1.5.2.1 Abiotic remediation systems 

Passive abiotic treatment currently involves the use of anoxic limestone 

drains (ALO). The purpose of these systems is to add alkalinity to anoxic 

AMO waters, therefore increasing the pH and facilitating the potential for 

downstream metal precipitation. Placement of such systems is vital to 

attain adequate limestone dissolution without coating the carbonate 

minerals in hydroxide precipitates (armouring). Even in anoxic AMO, 

precipitation of aluminium hydroxide in such applications can result in 

ALOs becoming ineffective (Gazea et al. , 1996). 

Active abiotic systems also rely on the addition of chemicals and 

alkaline materials, such as lime (CaO), slaked lime (Ca(OH)2) , 

magnesium hydroxide (Mg(OH)2) or sodium hydroxide (NaOH), to the 

target liquor in a carefully controlled flow process in which aeration is also 

carried out to promote oxidation of iron (e.g. Herrera et al., 2007). These 
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conditions promote the rapid formation of hydroxides and the addition of 

chemical flocculants/coagulants within engineered settling tanks results in 

the precipitation of particulate material and the formation of a high-density 

sludge (once the majority of water has been removed). These treatments 

are often implemented at AMO-impacted sites where space (footprint) is a 

limiting factor and passive systems cannot be implemented. A full-scale 

system was installed by Unipure Ltd. (U.K.) at the former Wheal Jane tin 

mine, and treats up to 350 L s·1 of metal contaminated water, successfully 

removing the metal contaminants (Younger, 2000). More recently, similar 

pilot-scale systems have been evaluated at both the abandoned Mynydd 

Parys (Wales, U.K.) and Avoca (County Wicklow, Ireland) mines. These 

systems require careful management, and the sludge produced is often a 

mixed-metal waste product requiring disposal as hazardous waste. Based 

on the calculated cost for the treatment of the Avoca mine discharge, the 

disposal of the metal-containing sludge alone would account for nearly 

half the projected running cost (€502,000 year"1
) each year (Avoca Mine 

Pilot Plant Treatment Trials, A report to Celtic Copper Herritage, 2007). 

1.5.2.2 Biological remediation systems 

A number of bioremediation systems for treating AMO have been 

proposed and implemented; these also can be divided into active and 

passive systems, on the same basis as abiotic systems. There have been 

suggestions that genetically engineered organisms could present new 

opportunities for improving the efficiency of AMO bioremediation systems 

(Valls & de Lorenzo, 2002). 

1.5.2.2.1 Passive bioremediation 

Passive systems can be aerobic or anaerobic, and are reliant on number 

of processes such as physical filtration, chemical conversion, biological 

alkalinity production, biological sulfate reduction and/or biological iron 

oxidation (Shoeran & Shoeran, 2006). These systems may require 

46 



relatively simple engineering and are often less costly to implement and 

maintain than active abiotic and biological systems, though one of the 

major detractions is their requirement of a relatively large area of suitable 

land ("footprint"). Mine water flow rates and metal concentrations will 

mostly determine the size of the footprint required. Positive and negative 

attributes of passive systems have been reviewed (e.g. Johnson & 

Hallberg, 2002, Younger, 2000; Younger, 2000) and despite some initial 

poor performance, such as seen at the initiation of the Wheal Jane pilot 

project, these are being used increasingly in the U.K. for the treatment of 

chronic AMO pollution. 

Anaerobic passive systems include wetlands, compost bioreactors, 

permeable reactive barriers (PRB) and reducing and alkalinity producing 

(RAPS) systems. Within the anaerobic zones of these systems, iron- and 

sulfate-reduction and methanogenesis are stimulated, resulting in the 

generation of alkalinity (or consumption of acidity). Biological sulfate

(Equation 1.15) and iron-reduction (Equation 1.16) have been identified 

as the major processes of importance in such systems (Johnson, 1995): 

so/- + 9H+ + se- - Hs- + 4H2O 

Fe(OH) 3 + e- - Fe2+ + 3OH-

(e- represents an electron donor in the above equations). 

[Equation 1.19] 

[Equation 1.20] 

These systems are often maintained at near-neutral pH by biological 

alkalinity generation and, in the case of RAPS systems, the dissolution of 

limestone. The choice of substrate is critical to the success of passive 

systems. Constructed systems are often supplied with a mixture of readily 

available and more recalcitrant substrates to promote system longevity. A 

recent application of this technology (a PRB), treating one of the worst 

cases of coal spoil heap (Northumberland, U.K.) drainage has proven 

successful (Jarvis et al., 2006) and the cost of maintenance was 

significantly less than the previously used active chemical system. 

Aerobic wetlands have been successfully applied to treat some 

mine waters (Kalin & Chaves, 2003). These systems are also commonly 
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associated with near-neutral pH mine waters, such as those often 

associated with coalmines. In 2001, one such system was installed for 

the treatment of neutral pH coalmine drainage, successfully preventing 

~ 72 tonnes yea(1 of iron rich sediment from entering the Bargoed Taff 

River in south Wales. The site consists of 4 large settling lagoons, 16 

reed beds and an aeration system covering 3 hectares (Coal Authority, 

U.K.). While effective, this system is large in scale and is only treating 

water containing ~10 mg L-1 of iron. Although iron oxidation and 

precipitation occurs chemically at pH >4, the presence of acidophilic, 

moderately acidophilic and neutrophilic iron-oxidising bacteria will 

accelerate this process (Hallberg & Johnson, 2003). Constructed aerobic 

wetlands are often necessarily large, creating a vast surface area to 

maintain aerobic conditions and prevent lower levels becoming 

anaerobic. The colonisation of these wetlands (accidental and intentional) 

by macrophytes (potentially metal tolerant) can improve the efficiency of 

these systems by disrupting water flow and providing a surface area for 

microbial attachment. While phyto-accumulation of metals has also been 

described, there is some debate as to the importance of this process and 

the potential problem of seasonal recycling of immobilized metals (Batty 

& Younger, 2002). It is also possible that plant materials could provide 

organic carbon required by heterotrophic micro-organisms, a number of 

which are capable of ferric iron reduction (i.e. reversing the objective of 

these wetlands). 

1.5.2.2.2 Active bioremediation 

Current active bioremediation systems used to treat AMO involve either 

immobilized biomass or off-line sulfidogenic bioreactors. A number of 

active sulfidogenic systems for the treatment of acidic metal-containing 

waters have been tested and, as described previously, these systems 

use biogenic sulfide to both increase the pH (produce alkalinity), and to 

precipitate metals. Most classified SRB grow optimally at neutral pH, and 

are sensitive to even mildly acidic conditions and also to many heavy 

metals (Poulson et al., 1997). AMO treatment and biogenic sulfide 
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production therefore must be carried out independently (i.e. 'off-line' 

systems). 

Laboratory-based experiments have been undertaken for both off

line systems and 'on-line' systems. Fluidized-bed reactors were used to 

retain biomass on an inert carrier material, attaining better transfer of both 

substrates and gasses than seen in equivalent packed-bed reactors 

(Kaksonen et al., 2003a). The metal-rich effluent in this 'on-line' system 

was pumped directly into the reactor and effective zinc and iron removal 

(as sulfides) was obtained. However, the alkalinity generated by 

sulfidogenesis within the reactor neutralized the influent water almost 

immediately on entering the reactor so the system operated at near

neutral pH (Kaksonen et al., 2003b). The remediation of AMO using 

packed-bed bioreactors has been investigated (e.g. Kolmert & Johnson, 

2001 ), including studies that have examined the effectiveness of different 

support materials for sulfidogenic bacteria (Alvarez et al., 2006). 

Like all 'off-line' systems, those capable of selective metal 

removal may require complex design and engineering to transfer biogenic 

sulfide from the SRB reactor to the contacting vessel. In proposed 

selective systems, additional vessels poised at different pH values to 

facilitate selective metal removal would also be required. In industrial 

applications the transfer of biogenic sulfide (a highly toxic gas) is 

achieved by stripping it from solution, usually using a H2/C02 gas mixture 

(Buisman et al., 1991). The selective removal of cadmium, cobalt, copper, 

iron, manganese, nickel and zinc was achieved in one such system by 

specifically poising the pH of the metal-containing liquor in the contacting 

vessel (Tabak et al. , 2003), and in another by controlling the redox 

potential and flow of sulfide (Pott & Mattiasson, 2004). 

The first full-scale biological sulfate reduction application, for the 

remediation of groundwater polluted with zinc, has been operating at 

Budel Zinc (in the Netherlands) since 1992 (Paques b.v.). The oldest part 

of this system, treating polluted groundwater, has since been upgraded to 

account for changes in the pollution source and a further system was 

added (commissioned in 1999) for the removal of metals from washtower 

bleeds (Boonstra & Buisman 2003). The newer part of the system was 
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also designed to utilize a more cost-effective gas mixture (HiCO2) , 

derived from natural gas as both the carbon and energy source for the 

biogenic sulfide production (Boonstra et al., 1999) and the excess sulfide 

produced in this process is biologically-oxidised (to elemental sulfur) in a 

separate system. 

1.6 SCOPE AND OBJECTIVES OF THE PROJECT 

The current project was concerned with identifying and monitoring 

important biochemical processes taking place in AMO-impacted 

environments and their interaction with the microbial communities 

present. Two biochemical processes (iron oxidation and sulfate 

reduction), both of which have central roles in he cycling of iron and sulfur 

in the lithosphere were studied with a view to applying new biological 

systems for remediating AMO. The project was structured as follows: 

• Examination of low pH sulfidogenesis by a defined bacterial 

community in bench scale bioreactors with potential application for the 

removal of soluble metals as metal sulfides. 

• Bioprospecting for acidophilic sulfate reducing bacteria (aSRB) at 

mine sites in the U.K. and mainland Europe. 

• Examination of low pH and low temperature microbially-catalysed 

ferric iron generation in batch mode for possible application in novel 

bioremediation systems. 

• A detailed study of the stream draining the abandoned Mynydd 

Parys copper mines and the in situ application of low pH iron oxidation 

systems with possible application for the bioremediation of ferrous iron

rich acidic waters. 

• The study of biogeochemical cycles and microbial interactions in a 

channel draining an adit at a mine site in southern Spain, and containing 

extensive growths of biological materials. 

50 



CHAPTER 2: MATERIALS AND METHODS 

The standard procedures and techniques used throughout this research 

project are described in this chapter. All chemicals used were supplied by 

Sigma-Aldrich (U.S.A.), Fisher Scientific (U.S.A.), or WI/R (U.S.A.) and 

were of AnalaR grade, unless stated otherwise. Methodologies that are 

specific to individual experiments are covered in their respective 

chapters. 

2.1 MICRO-ORGANISMS 

Micro-organisms from the Acidophile Culture Collection held at the 

University of Wales, Bangor (UWB) and used routinely in this study are 

listed in Table 2.1. 

Table 2.1 Micro-organisms used in laboratory based experiments. Their 

closest relative(s), % sequence identity and major physiological 

characteristics. 

Isolate Nearest 16S rRNA Physiological trait Reference 
code relative sequence 

identity(%) 
M1 D. auripigmenti 95.6 Sulfate reducer Kimura, 2005 

D. orientis 94.7 
PFBC "Acidocel/a 99.0 Acidophilic Kimura, 2005 

aromatica" heterotroph 

SJH Acidiphilium 99.0 Acidophilic Hallberg & 
cryptum heterotroph Johnson, 

2001 
N037 A cidith iobaci/1 us 98.0 Autotrophic Johnson et 

ferrooxidans acidophilic al., 2001 
iron/sulfur oxidiser 

CF12 Leptospirilf um 98.9 Autotrophic Johnson et 
ferrooxidans acidophilic iron al., 1993 

oxidiser 
TSTR Ferrimicrobium 93.0 Heterotrophic Hallberg et al., 

acidophilum acidophilic iron 2006 
oxidiser 

PSTR "Ferriovalis Novel Autotrophic Hallberg et al., 
acidosiris" isolate acidophilic iron 2006 

oxidiser 
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2.2 MICROBIAL CULTIVATION-BASED TECHNIQUES 

Cultivation is vital for determining physiological traits and other 

characteristics of micro-organisms. Conditions and media required for the 

maintenance of the routinely grown cultures are described below. Liquid 

and solid media were used to cultivate extreme acidophiles (pH <3), 

moderate acidophiles (pH 3-6) and neutrophilic (pH ~ 7) micro-organisms. 

Culture incubation was generally carried out at either 20°C or 30°C and 

most liquid cultures were shaken at ~150 rpm. Microaerobic (02 

concentration ~5%) and anaerobic conditions were generated in sealed 

jars using the CampyGen™ and AnaeroGen™ (Oxoid Ltd., U.K.) 

systems, respectively. 

2.2.1 Standard preparation techniques and concentrated stock 

solutions 

Heat sterilisation of liquids was carried out by autoclaving for 20 minutes 

at 121°C, and filter sterilisation by passing heat-labile liquids through a 

sterile 0.2 µm cellulose-nitrate membranes (Whatman, U.K.). All water 

used for cultivation purposes was reverse osmosis RO-grade (RiOs ™, 

Millipore, U.K.). Liquid and solid media contained one of three basal salts 

formulations, trace elements (TE); some also contained vitamin mixture. 
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2.2.1.1 Basal salt solutions 

Three different basal salt solutions were used for liquid and solid media, 

depending on the type of medium made and the metabolic requirements 

of the micro-organism being cultivated. "Plate salts" did not contain 

phosphate as these were used in conjunction with tryptone soya broth 

(TSB), which contains potassium phosphate. All three basal salt 

formulations were prepared as 50 X concentrates (10 X for plate salts) 

and autoclaved prior to storage at room temperature, the constituents of 

which are listed in Table 2.2. 

Table 2.2 Basal salt constitutes used in liquid cultures (g L-1). 

Autotrophic Heterotrophic Plate basal 
Reagent basal salts basal salts salts 

(ABS) (HBS) (PS) 

(NH4hSO4 7.5 22.5 62.5 
Na2SO4•1 0H2O 7.5 7.5 -

KCI 2.5 2.5 -
MaSO4•7H2O 25 25 25 

KH2PO4 2.5 2.5 -
Ca(NO3h•4H20 0.7 0.7 -
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2.2.1.2 Trace elements (TE) 

A trace element (TE) concentrate (1000 X) was prepared by dissolving 

the compounds listed in Table 2.3 in 0.01 M H2SO4. The trace element 

stock solution was maintained at pH 2.0 while adding each salt and 

adjusted to a final pH of 2.0 (using H2SO4) before heat sterilisation and 

storage at 4°C. 

Table 2.3 Composition of the 1000 X trace elements (TE) concentrate. 

Compound g L-1 
ZnSO4•7H20 10.0 
CuSO4•SH2O 1.0 
MnSO4•4H2O 1.0 
CoSO4•7H2O 1.0 

Cr2(SO4h•15H2O 0.5 
H38O3 0.6 

Na2MoO4•2H2O 0.5 
NiSO4•6H2O 1.0 

Na2SeO4•1 0H2O 1.0 
Na2WO4•2H2O 0.1 

NaVO3 0.1 

2.2.1.3 Vitamin mixture 

A concentrated vitamin mixture (Widdel & Pfenning, 1981) was prepared, 

which contained: 4-aminobenzoic acid (0.004 % w/v), D(+)-biotin (0.001 

% w/v), nicotinic acid (0.015 % w/v), Ca-O(+)-pantothenate (0.005 % w/v), 

pyridoxine·HCL (0.015 % w/v), and thiamine·HCL (0.01 % w/v). The 

mixture was heat sterilised and stored at room temperature. 
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2.2.1.4 Other concentrated solutions used in media preparation 

Ferrous iron was added to all media, either as a major component 

(e.g. when required as an electron donor) or as a micro-nutrient. A filter

sterilised 1 M stock solution of ferrous sulfate (FeSO4), adjusted to pH 2.0 

(using H2SO4) was stored at 4 °C. This solution was filter-sterilized, as 

ferrous iron is heat-labile. All other metal (and non-metal) sulfate 

solutions were prepared in the same manner as either 0.5 or 1 M stock 

solutions and stored at room temperature. Substrates such as glycerol 

were prepared as sterile stocks, generally at a concentration of 1 M, and 

stored at room temperature. 

2.2.2 Solid media 

A variety of solid media were used to isolate, enumerate, purify and sub

culture micro-organisms. Media were solidified by adding agarose (Sigma 

Type I) at a final concentration of 0.5% (w/v). Agarose solutions (pH ~7) 

were heat-sterilised separately from the majority of the media used in 

making solid media to prevent hydrolysis of the polysaccharide. Ferrous 

iron and other heat-labile compounds were added from filter-sterilised 

stock solutions once heat-sterilised solid or liquid components had cooled 

to ~50°C. In general, incubation of inoculated media was performed at 

either 20 °C or 30 °C for various time periods. 

2.2.2.1 Solid media: anaerobic sulfate reducing bacteria (SRB) 

Cultures were grown and maintained using the AnaeroGen ™ system in 

2.5 I sealed jars; both overlay and non-overlay solid media were used. 

Sulfate-reducing bacteria were tentatively identified by the deposition of 

metal sulfide precipitation associated with growing colonies. 
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2.2.2.1 .1 Overlay solid media 

Overlay solid media for SRB were initially developed by Sen (2001) and 

Kimura (2005), and comprise an under-layer inoculated with an 

acidophilic heterotrophic bacterium, under a sterile top layer. The 

heterotrophic bacterium in the gel under-layer is thought to metabolise 

potentially toxic organic compounds (such as pyruvic or acetic acid) that 

derive from hydrolysis of agarose under acidic conditions and/or as 

products of incomplete substrate oxidation by SRB (or other acidopilic 

isolates) and thereby facilitate the growth of acidophiles on the top layer. 

Three solid overlay media variants were used to grow and isolate SRB. 

These had the same basic constituents, but had different pH and/or 

contained a different mixture/ratio of metal sulfates (Table 2.4). The three 

solid media were denoted as: SRBo (Fe), for neutraphilic SRB (medium 

containing iron-only); SRBo (Zn), for acidophilic SRB (medium containing 

zinc) and cuSRBo, for solid SRB media containing copper. Solid overlay 

media contained HBS (1 X), TE (1 X), 0.02% w/v yeast extract (YE), 5 

mM potassium sulfate (K2SO4) and the pH was adjusted by the addition 

of H2SO4. The gelling agent, 2 % (w/v) agarose, was heat-sterilised 

separately. On cooling to~ 50 °C, concentrations of sterile metal sulfates 

were added to the solutions (from sterile stocks) to the concentrations 

listed in Table 2.4 and the combined molten medium was split 50:50 

before 0.5-1.0% (v/v) of an active culture of the acidophilic heterotroph 

Acidocel/a PFBC was added to one half of the medium. The inoculated 

portion of medium was mixed and ~20 ml aliquots were dispensed into 

sterile Petri dishes to form the medium under-layer. Once the under-layer 

had solidified it was covered with a similar volume of the remaining 

portion of sterile (uninoculated) medium. Solid media were left at room 

temperature for the under-layer heterotroph to mature for one day and 

then stored at 4 °C for up to 1 month. Aliquots of sterile organic 

substrates were spread evenly (with a sterile glass spreader) onto the 

solid medium surface, and allowed to absorb into the gelled media prior 

to inoculation. The organic substrates were usually glycerol or mannitol at 
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5 mM concentration (the volume of solid medium in each plate was 

estimated to be ~30 ml). 

2.2.2.1 .2 Non-overlay solid media 

Non-overlay SRB media equivalent to each of the three described above 

were also prepared (single layer gels with no heterotrophic bacterium 

added). The pH and major metals present in SRB solid media are shown 

in Table 2.4. 

Table 2.4 pH and major metals present in SRB solid media. 

Plate code Initial pH Major metals added 
(concentration) 

SRB (Fe) 4.0 FeSO4(5 mM) 
SRB (Zn) 3.5 FeSO4 (100 µM) 

ZnSO4(5 mM) 
cuSRB 2.5 FeSO4 (100 µM) 

ZnSO4(3 mM) 
CuSO4 (0.5 mM) 

2.2.2.2 Solid media: aerobic 

A variety of solid media (including overlay and non-overlay variants) were 

used to cultivate and identify aerobic bacteria. Colonies of iron-oxidisers 

were identified as orange/dark brown in colour and encrusted with ferric 

iron (on iron-containing media). These isolates were further differentiated 

on the basis of colony and cellular morphologies. Colonies of 

heterotrophic bacteria were usually gelatinous, and occurred in a variety 

of colours. Iron-oxidising hetrotrophic bacteria were identified as 

gelatinous, ferric iron-stained colonies. 

2.2.2.2.1 Overlay solid media 

Overlay media were initially devised by Johnson and McGinness (1991) 

and further developed as a range of solid media (Johnson and Hallberg, 
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2006). As with solid overlay media described above (section 2.2.2.1.1) 

these comprised a lower layer that was inoculated with an acidophilic 

heterotroph (Acidiphilium SJH ) and a sterile top layer of the equivalent 

un-inoculated medium. The heterotroph is considered to metabolise 

compounds that are toxic to many acidophiles, especially some 

autotrophs, thereby detoxifying the media and allowing the growth of 

hyper-sensitive micro-organisms (such as Leptospirillum spp.). The 

method used to make aerobic overlay solid media was essentially that 

described in section 2.2.2.1.1. The various aerobic overlay media used 

are listed in Table 2.5. 

Table 2.5 Composition and pH of aerobic overlay solid media. 

Overlay medium Components pH 
(code) (final concentration) 

Iron overlay (FeQ) PS, TE, TSB (0.025% w/v), 2.5 
25 mM FeSO4 

I ron/tetrath ion ate PS, TE, TSB (0.025% w/v), 2.5 
overlay (FeSo) 25 mM FeSO4, 2.5 mM K2S4Os 
lron/thiosulfate PS, TE, TSB (0.025% w/v), 4.0 
overlay (FeTo) 5 mM FeSO4, 10 mM Na2S2O3 
Inorganic iron PS, TE, 25 mM FeSO4 2.5 
overlay (iFeo) 
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2.2.2.2.2 Non-overlay solid media 

Details of the various non-overlay solid media used are shown in Table 

2.6. These were prepared in the same way as the overlay solid media, 

but the separately prepared salt solution and agarose solution were 

poured as a single sterile layer (~30 ml per Petri dish). Non-overlay 

media were stored at 4°C for up to 1 month. 

Table 2.6 Composition and pH of the aerobic non-overlay solid media 

used. 

Solid medium Components (final concentration) pH 

YE3 YE (0.02% w/v), HBS, TE, 500 µM FeSO4 3.0 
YE4 4.0 
FIBS 5 mM fructose, HBS, TE, 100 µM FeSO4 3.0 

2.2.2.3 Culture maintenance of the heterotrophic bacteria required in 

solid media underlayers 

Acidiphilium SJH was maintained at 30°C in a liquid medium containing 

HBS, 0.025% (w/v) tryptone soya broth, 10 mM galactose and 25 mM 

FeSO4 for inoculation of iron overlay plates. The same liquid medium 

containing additional 2.5 mM potassium tetrathionate was used when 

subculturing Acidiphilium SJH for inoculation of iron/tetrathionate overlay 

and iron/thiosulfate overlay plates. Acidocella PFBC was maintained in a 

liquid medium containing HBS, TE, fructose (5 mM) and FeSO4 (100 µM) 

and incubated at 30°C. 

2.2.3 Liquid media 

A variety of liquid media were used to grow pure cultures, defined and 

undefined mixed cultures. The compositions of liquid media were 

generally similar to those used in the corresponding solid media (agarose 

omitted) and were heat-sterilised and cooled prior to the addition of any 
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heat-labile components (e.g. ferrous sulfate) from filter-sterilised stock 

solutions. Two main groups of liquid media were used, those for 

anaerobic and those for aerobic cultures. 

2.2.3.1 Liquid media: anaerobic 

Liquid media maintained under anaerobic conditions were used for the 

growth of the defined sulfidogenic bacterial bioreactor consortium, pure 

SRB isolates and the anaerobic growth of the acidophilic heterotroph 

Acidocel/a PFBC. 

2.2.3.1.1 Sulfidogenic bioreactor medium and conditions 

The liquid medium routinely used in bioreactors experiments contained 

HBS (1 X), TE (1X), K2SO4 (5 mM) and the pH was adjusted to the 

required value (pH 2.5-3.8) using H2SO4, prior to heat sterilisation. Once 

cooled independently heat-sterilized solutions (glycerol, CuSO4, ZnSO4 

as required) were added to the medium. A sterile vitamin mixture (section 

2.2.1.3; 1 ml L-1
) and FeSO4 (0.1 mM) were added to the medium and 

the complete medium was deoxygenated for a minimum of 30 minutes 

prior to inoculation, using a continuous stream of oxygen-free nitrogen 

(OFN). The bioreactor system was run in batch mode and culture medium 

was sparged with a continuous flow of OFN throughout all experiments. 

The culture was incubated at 30 °C, stirred (70 rpm) and pH controlled (± 

0.1 of a pH unit) by the automated addition of either H2SO4 (0.1 M) or 

NaOH (0.1 M). 

2.2.3.1.2 Acidophilic/acid-tolerant SRB (aSRB) liquid medium 

SRB were grown in pure culture in medium containing HBS, TE, K2SO4 (5 

mM) and the pH was adjusted to 3.5 using H2SO4 prior to heat 

sterilisation. Once cooled, heat-sterilized glycerol and ZnSO4 were added 

(to final concentrations of 5 mM) together with the vitamin mixture and 

sterile FeSO4 (0.1 mM). 
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2.2.3.2 Liquid media: aerobic 

A variety of liquid media were used for microbial culture growth under 

aerobic conditions. Cultures were usually incubated at 30 °C and shaken 

at 150 rpm. 

2.2.3.2.1 Iron oxidation media 

Three types of media were used to grow iron-oxidising acidophiles. The 

media constituents and initial pH are listed in Table 2.7. All media were 

heat-sterilized and cooled prior to the addition of ferrous sulfate (5 mM). 

Table 2.7 Composition and pH of the liquid media used for the growth of 

iron-oxidising acidophiles. 

Medium type Components (final concentration) pH 

Iron HBS (1 X) and TE (1X) 2.0 
Iron /YE HBS (1 X), TE (1 X), and YE (0.02% w/v) 2.0 

Iron (half salts) HBS (0.5 X}, and TE (0.5 X) 2.2 

2.3 ANALYTICAL TECHNIQUES 

A variety of analytical techniques were used in experimental work carried 

out in the field and the laboratory. 

2.3.1 Laboratory analyses 

2.3.1.1 Determination of pH and redox 

pH values in the laboratory were recorded using an Accumet 50 pH meter 

coupled to a pHase combination glass electrode (VWR) or a combination 

pH electrode (Russell pH Ltd., U.K.) and were regularly calibrated 
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between pH 1 and 7. Oxidation-reduction (redox) potential was recorded 

using an lnlab® 501 glass redox electrode (Mettler Toledo, U.S.A.). 

2.3.1.2 Determination of ferrous iron concentrations 

Ferrous iron concentrations were determined using the ferrozine 

colorimetric technique as described by lovley and Phillips (1987). The 

analytical reagent contained 11.915 g Hepes (N-[2-

hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid], adjusted to pH 7.0 

with KOH) and 1 g ferrozine (3-(2-pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-

1,2,4-triazine) per litre of RO water and was stored in the dark at room 

temperature. Standards of ferrous sulfate were made between Oto 1 mM 

in acidified RO water (pH 1.8 with H2SO4). A 50 µl sample/standard 

(centrifuged or filtered if required to remove any particulate matter) was 

added to 950 µl the analytical ferrozine reagent and vortexed. The 

absorbance at 562 nm against an iron-free blank was recorded using a 

Cecil CE1011 spectrophotometer (Cecil Instruments, U.K.) and samples 

were diluted within the range of the standards used. Total iron was also 

determined (for some samples) following the same protocol once 

samples had been treated with ascorbic acid to reduce any ferric iron 

present to the ferrous form. 

2.3.1.3 Determination of sulfate concentrations 

Concentrations of sulfate were determined turbidimetrically by the 

formation of insoluble barium sulfate (Kolmert et al. 2000). A 5 ml sample 

(diluted and centrifuged or filtered if required) was added to 400 µl 

conditioning reagent and vortexed. Crushed barium chloride crystals (~60 

mg) were added in excess and vortexed for 20 seconds and the mixture 

was left to settle for 5 minutes before the absorbance was measured at 

420 nm against a sulfate-free blank, using the Hydrocheck system (VI/PA 

Ltd., U.K.). The conditioning reagent consisted of: 100 ml glycerol; 60 

ml concentrated HCI; 200 ml 95% ethanol; and 150 g NaCl in RO water. 

Standards of potassium sulfate (0 to 1.5 mM) were prepared in RO water. 
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2.3.1.4 Determination of protein concentrations 

Protein concentrations were determined using the Bradford assay 

(Bradford, 1976). Bacterial cells were harvested by centrifugation, re

suspended in 0.5 ml of 0.5 M NaOH and incubated at room temperature 

for 15 minutes. One hundred µl of this extract (diluted within range of 

standards in 0.5 M NaOH, if necessary) was mixed with the Bradford 

reagent (100 mg Coomassie brilliant blue G in 50 ml 95 % (v/v) ethanol, 

100 ml of 85 % (w/v) phosphoric acid diluted in a final volume of 1 l 

using RO grade water) and incubated in the dark for 2 minutes. The 

absorbance at 595 nm against a protein-free blank was recorded using a 

Cecil CE1011 spectrophotometer. A standard curve (0-75 µg ml-1) was 

prepared using bovine serum albumin (BSA). 

2.3.1.5 Determination of soluble metal concentrations: Atomic 

Absorption Spectrophotometry (AAS) 

Atomic Absorption Spectrophotometry (AAS) was used to quantify 

concentrations of transition metals, aluminium and arsenic in water 

samples. Concentrations of dissolved iron, copper, zinc and manganese 

were determined against metal-free blanks using a Pye Unicam SP2900 

(Pye Unicam, U.K.) double beam atomic absorption spectrophotometer 

fitted with a SP9-10 gas controller unit (Pye Unicam) using a fuel-lean 

air/acetylene flame. Concentrations of aluminium (309.3 nm) and arsenic 

(193.7 nm) were determined against metal-free blanks with a SpectrAA 

Duo atomic absorption spectrophotometer (Varian, U.K.) using an 

N2O/acetylene flame. Standard solutions of iron (0.5-50 mg l"1
) , copper 

(1-10 mg l·1). zinc (0.1-5 mg l ·1). manganese (0.1-10 mg l"1), aluminium 

(20-200 mg l"1
) and arsenic (10-100 mg l "1) were prepared in 1% nitric 

acid in RO water. 
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2.3.1.6 Determination of soluble cation, anion and carbohydrate 

concentrations: Ion Chromatography 

Ion chromatography (IC) was carried out using a Dionex DX-320 ion 

chromatograph system and data were analysed using Chromeleon 

software, version 6.40 SP2 Build 731 (Dionex, U.S.A.). All reagents used 

for IC were prepared with Milli-Q-grade water, and samples, standards 

and reagents were filtered (through 0.2 µm cellulose-nitrate membranes) 

before use. 

2.3.1 .6.1 Determination of soluble transition metals 

The transition metals Fe, Zn, Cu and Mn were in general determined by 

IC with an Ion Pac® CS5A column, an AD25 absorbance detector (520 

nm) and an IP25 isocratic pump (Dionex, U.S.A.). The eluent comprised 7 

mM pyridine-2,6-dicarboxylic acid (POCA), 66 mM KOH, 5.6 mM K2SO4, 

and 7 4 mM formic acid at pH 4.2 ± 0.1. The post column reagent 

consisted of 0.12 g 4-(2-pyridylazo) resorcinol (PAR) dissolved in 1 L 

diluent (comprising 1 M 2-dimethylaminoethanol, 0.5 M ammonium 

hydroxide, and 0.3 M sodium bicarbonate at pH 10.4 ± 0.2). The flow rate 

was set at 1.2 ml minute-1; column pressure ca. 1,600 p.s.i., and sample 

injection volume to 250 µL. 

2.3.1.6.2 Determination of basic cations: magnesium and calcium 

Magnesium and calcium concentrations were determined by suppressed 

IC with an Ion Pac® CS16 column, an CSRS ULTRA 4 mm suppressor 

and an IC 25 ion chromatograph fitted with a DS11 conductivity detector. 

The eluent (Methanesulfonic acid (MSA)) at a concentration of 30 mM 

was used. Column temperature was maintained at 40 °C and the 

suppressor current set to 100 mA. The flow rate was set at 1 ml minute-1; 

column pressure was maintained between 1,400 and 1,800 p.s.i. , and 

sample injection volume was 250 µI. A mixed standard solution was 
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prepared and "bracketed" on either side of samples, in batches of 10, to 

account for any drift. 

2.3.1.6.3 Determination of anions: acetate and sulfate 

Acetate and sulfate concentrations were determined by suppressed IC 

with an Ion Pac® AS11 column, an ASRS ULTRA 4 mm suppressor and 

an IC 25 ion chromatograph fitted with a DS11 conductivity detector. The 

eluent (KOH) was run as a gradient to maximise peak separation, with 

the starting concentration set at 15 mM and increased incrementally for 5 

minutes until it reached 45 mM, followed by the equivalent decrease back 

to 15 mM. Column temperature was maintained at 30 °C and the 

suppressor current set to 75 mA, to minimise background noise as a 

result of temperature fluctuations in the detector. The flow rate was set at 

1 ml minute-1; column pressure ca. 1,500 p.s.i., and sample injection 

volume was 250 µL. Standards of each anion were used and "bracketed" 

on either side of samples, in batches of 10, to account for any drift. 

2.3.1.6.4 Determination of carbohydrate concentrations 

Glycerol was analysed using a Carbo Pac™ Pa 10 column and an ED 40 

Amperometric Detector. Column temperature was maintained at 30 °C, 

the flow rate was set at 1 ml minute-1; column pressure ca. 2,500 p.s.i. , 

and sample injection volume to 250 µL. The pH of the eluent 

(KOH)/sample mixture was maintained between 10 and 13. The eluent 

concentration was set at 30 mM and the sample analysis was carried out 

over a 7-minute period. Standards of each anion were used and 

"bracketed" on either side of samples, in batches of 10, to account for any 

drift. 
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2.3.1. 7 Determination of Dissolved Organic Carbon (DOC) 

concentrations 

Concentrations of DOC were determined using a PROTOC DOC 

analyser during an early stage of analysis and latter using a LABTOC 

DOC analyser (both supplied by Pollution & Process Monitoring Ltd., 

U.K.). Organic carbon standard solutions (containing O to 25 mg C L-1) 

were prepared using potassium hydrogen phthalate for both instruments 

and samples were also filtered through 0.2 µm cellulose-nitrate 

membranes. Analyte standards and samples were mixed with an acidic 

oxidising reagent (5% (w/v) sodium persulfate acidified with 0.5% (v/v) 

phosphoric acid (nitric acid used with second instrument to avoid 

formation of metal phosphate complexes)) and sparged with nitrogen gas 

to remove any inorganic carbon and dissolved CO2. The remaining 

organic carbon was then oxidised with UV light, producing CO2, which 

was measured with an infra-red detector. 

2.3.1.8 Phase contrast microscopy 

Micro-organisms were visualised by phase-contrast microscopy using a 

Labolux light microscope fitted with a Phaco 2 objective lens (40x; total 

magnification 400 x) and a phase-contrast condenser (Leitz, Germany). 

2.3.1.8.1 Microbial enumeration using a Thoma cell chamber 

Bacterial cells grown in liquid culture were dispersed thoroughly and a 

small aliquot (10 µI) placed on the grid area of the Thoma counting 

chamber (Webber Scientific International, UK) and a cover slip placed on 

top. The number of cells visualised was recorded by using phase contrast 

microscopy. A minimum of 50 cells were counted per sample or until all 

the squared compartments on the grid had been counted and the number 

of cells in 1 ml of culture was calculated based on the volume of each 

squared compartment being 50,000 µm3
. The mean number of cells was 
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calculated and then multiplied by 2 x 107 (1 ml(= 1012 µm3
) / 5 x 104 µm3

) 

to obtain the number of cells in 1 ml of test liquor. 

2.3.1.9 Fluorescence microscopy 

A fluorescence microscope was also used to enumerate microbial 

populations. 

2.3.1.9.1 Sample fixation 

Centrifuged cell pellets were re-suspended in one volume of ice-cold 

filter-sterilised phosphate buffered saline (PBS). PBS contained (g l"1): 

NaCl, (7.6); Na2HPO4•12H2O, (3.58); NaH2PO4·H2O, (0.46); and was 

adjusted to pH 7.2 with NaOH or HCI. Samples were mixed with three 

volumes 4% (w/v) paraformaldehyde (PFA) fixative in PBS (made by 

adding 2 g PFA to 33 ml heated Milli-Q, adding 1 OM NaOH until 

dissolved, made up to 50 ml with 3 X concentrate PBS, and finally 

adjusted pH to 7.2 with NaOH or HCI) and incubated at 4°C for 1 to 3 

hours. For samples with low cell numbers (e.g. environmental water 

samples) a 12% (w/v) PFA fixative was used in a 3:1 sample to fixative 

ratio. The fixed suspension was centrifuged at 16.1 x 103 g for 5 minutes, 

the supernatant discarded and the pellet washed twice in PBS. In 

samples containing elevated concentrations of iron, an iron phosphate 

precipitate formed, which was dissolved and then removed by adding 

oxalic acid (final concentration 2 mM). Samples were then washed again 

with PBS, as described above. Fixed suspensions were finally re

suspended in 1: 1 PBS/ice-cold absolute ethanol, and stored at -20°C until 

viewed under the microscope. 

2.3.1.9.2 DAPI staining 

The DNA dye 4' ,6-diamidino-2-phenylindole (DAPI) was used to facilitate 

the visualisation of micro-organisms present in a sample thus allowing 

total micro-organism counts to be made. Fixed samples were drawn onto 
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black 25 mm polycarbonate filters (0.2 µm pore size, Millipore) under 

vacuum using a multi-filtration manifold (1225 Sampling manifold, 

Millipore). Iron-rich samples were washed twice by drawing filtered 

acidified (pH 1.8 with H2SO4) deionised water through the filter and were 

rinsed with filtered Milli-Q water. Other samples were washed twice with 

filtered Milli-Q water. Rinsed fixed samples were stained with a DAPI 

solution (1 µg ml-1
) for 10 minutes at room temperature then again 

washed twice with filtered Milli-Q water. The membranes were allowed to 

dry and placed onto a drop of non-fluorescent immersion oil 

(CITIFLUOR™ AF87; Citifluor Ltd., U.K.) on a glass slide. A "mounting 

medium" (comprising 90% glycerol, 50 mM Tris pH 9.5, and 23.3 mg mL-1 

1,4-diazabicyclo-[2,2,2]-octane (DABCO)) was applied directly to the filter 

to inhibit fading of the DAPI. Cells were visualised under UV light using 

an ECLIPSE E600 (Nikon, Japan) fluorescence microscope, and at least 

500 cells were counted per sample from randomly selected fields of view. 

2.3.1.10 Scanning electron microscopy (SEM) 

To obtain high magnification images using SEM, of a range of 

environmental and laboratory based materials, samples required prior 

preparation. Dehydrated samples were placed on double-sided carbon 

tape, attached to an aluminium stub and sputter-coated with gold for 5 

minutes, using a Polaron E5000. Coated samples were viewed with an 

Hitachi S-520 scanning electron microscope (Hitachi, Japan). 

2.3.1.10.1 Dehydration and fixation 

Samples were fixed by submerging in 4 % (v/v) glutaraldehyde for 15 

minutes and then dehydrated using a series of ethanol concentrations. 

Samples were held in the ethanol solution (initially 30 % followed by 60 

%, 90 % and absolute ethanol) for 15 minutes per concentration. 

Samples were then transferred to a 50:50 ethanol:acetone solution and 

finally placed in dehydrated acetone. Samples were stored at 4 °C in 

desiccated acetone until dried by critical point drying. 
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2.3.1.10.2 Critical point drying 

The "critical point" is where there is no apparent difference between the 

liquid and gas state of a medium and the surface tension between the 

liquid and gas is reduced to zero (31 °C and 1072 p.s.i. for liquid CO2). At 

this critical point liquid CO2 is converted into a gas without causing any 

surface tension (that would result in cell damage) and dehydration is 

completed. Samples that had been dehydrated and fixed were placed in a 

critical point drying sample basket and submerged in dehydrated 

acetone. The sample basket was placed in the specimen holder and this 

in turn placed in the critical point drying chamber. The pre-cooled 

chamber (below room temperature) was filled with liquid CO2 until the 

pressure reached 800 p.s.i. and then the acetone/CO2 mix drained 

repeatedly until all the acetone had been removed. Once the chamber 

contained only liquid CO2 it was retained under these conditions and was 

drained and refilled every 30 minutes for 3 hours. The chamber pressure 

was then increased to 1400 p.s.i and temperature to 36 °C (the higher 

temperature, 5 °C above the critical point of CO2, thus preventing the re

condensation of the liquid). The chamber was opened slowly to release 

the pressure and allow the specimens to be removed. Dried samples 

were placed directly into sealed containers containing desiccating agent 

(self-indicating silica gel) and stored at room temperature until viewed 

under the microscope. 

2.3.1.11 Energy dispersive analysis of X-rays (EDAX) 

EDAX was performed on a number of samples that had been prepared 

for SEM. The elemental composition of these materials was determined 

using an Oxford Instruments Link Isis Ill EDAX system (Oxford 

Instruments, U.K.) coupled to the Hitachi S-520 scanning electron 

microscope (Hitachi, Japan). An indication of the percentage of each 

elemental present at the selected point could also be ascertained using 

this technique. 
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2.3.2 Field analyses 

2.3.2.1 On-site analyses 

On-site measurements of pH, oxidation-reduction (redox) potential, 

conductivity and temperature were carried out using a YSI 556 MPS 

multi-meter. Redox measurements (E values) were made relative to an 

Ag/AgCI reference electrode and were adjusted to Eh values (i.e. relative 

to a H+/H2 electrode) by adding +236 mV to the E value where required . 

2.3.2.2 Sample collection for DNA extraction 

Water samples for DNA extraction were prepared by filtering a known 

volume of water through a sterile 0.2 µm cellulose-nitrate membrane to 

immobilise the planktonic phase micro-organisms. On return to the 

laboratory, the filter membrane was stored at -20 °C until DNA was 

extracted. Other solid or semi-solid materials collected at sampling sites 

were maintained in suitable containers and where necessary in native 

AMO and DNA extraction done immediately on return to the laboratory. 

2.3.2.3 Other sample preparation 

Water samples for chemical analysis were filtered through 0.2 µm 

cellulose-nitrate membranes into sterile plastic tubes and those used for 

metal analysis were preserved by addition of 0.3% (v/v) concentrated 

nitric acid on collection to prevent precipitation of metals. To analyse 

ferrous iron concentrations in environmental samples, ferrozine reagent 

and samples were combined on site and returned to the laboratory where 

absorbances were recorded . This was to avoid oxidation of ferrous iron 

between the time of collecting samples and the return to the laboratory. 

Previous studies having shown that the ferrous-ferrozine complex is 

stable over a number of hours. 
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2.3.2.4 AMD collection 

AMO samples were collected and filtered through 0.2 µm cellulose-nitrate 

membranes on site (for long distance collections) using a MitYvaC 

(Jencons, U.K.) hand pump and filter unit. Larger volumes collected 

locally were taken to the laboratory within 1 hour and filtered through 0.2 

µm cellulose-nitrate membranes (Whatman, U.K.) into sterile containers 

using a vacuum pump. Filter sterile AMO samples were stored at 4 °C for 

short periods. 

2.4 BIOMOLECULAR TECHNIQUES 

DNA extraction and biomolecular analyses were carried out on both 

laboratory and environmental samples. All water used in reagents for 

biomolecular applications was ultra-pure Milli-Q® A 10 grade (Millipore). 

2.4.1 DNA extraction 

DNA was extracted from pure cultures of micro-organisms and from 

microbial community samples. For colonies grown on solid media, 2-3 

representative colonies picked off with a sterile wire and transferred to 20 

µL cell-lysis solution (0.05 M NaOH plus 0.25 % sodium dodecyl sulfate 

(SOS)) were heated at 95 °C for 15 minutes using a PCR thermocycler. 

Lysates were allowed to cool and 180 µL of pH 7.5 Tris buffer (0.01 mM) 

added. For liquid cultures various volumes were centrifuged (16.1 x 103 g 

for 5 minutes) to obtain sufficient biomass, and all pellets were 

resuspended in cell-lysis solution. Samples were then processed as 

above. Ferric iron-encrusted colonies or liquid cultures were washed first 

in 100 mM oxalic acid, then in sterile MilliQ-grade water, before addition 

of cell-lysis solution. 

For environmental samples (e.g. sediments, biofilms and liquid 

samples (section 2.3.2.2)) DNA was extracted using the Ultraclean™ Soil 

DNA Kit (Mo Bio Laboratories, Inc. U.S.A.), following manufacturer's 

instructions. Once DNA had been extracted, samples containing 
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significant amounts of humic substances were diluted and passed 

through 100 mg of acid-washed polyvinylpolypyrrolidone (PVPP) in a spin 

column (Amicon Ultrafree-MC®, Millipore) by centrifugation (5 x 103 g for 

1 minute). All extracted DNA was stored at-20 °C. 

2.4.1.1 Polyvinylpolypyrrolidone (PVPP) preparation 

PVPP was acid-washed by suspending the solid material (1 %, w/v) in 3 M 

HCI (Evans et al., 1972). Acid was removed by filtration (glass microfibre 

filters, Whatman) and the PVPP resuspended in sterile 200 mM 

potassium phosphate (pH 7.4) and stirred overnight. The PVPP was 

filtered and washed with potassium phosphate until the filtrate reached 

pH 7.4, and then dried and stored at room temperature. 

2.4.2 Polymerase chain reaction (PCR} 

The polymerase chain reaction (PCR) was used mainly to amplify the 

bacterial or archaeal small subunit ribosomal RNA gene (16S rRNA 

gene). By using the primer pair 27f/1492r (or 1387r) for bacteria and 

20f/1392r for archaea it was possible to amplify the 16S rRNA gene from 

most prokaryotes. Primers were used to amplify the genes coding the a

subunit of the adenosine-5'-phosphosulfate (APS) reductase (apsA) gene 

of sulfate-reducing prokaryotes and a number of other primers were used 

less frequently (described in the relevant sections). All primers were 

manufactured by MWG Biotech (Germany) and are listed in Table 2.8. 
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Table 2.8 Primer oligonucleotides used in this study and their respective 

target genes. f = forward, r = reverse. 

Primer Sequence (5'➔3') Target gene Reference 

27f" AGAGTTTGATC(A/C)TGGCTCAG Bacterial 16S Lane et 
rRNA a/., 1991 

20f" TCCGGTTGA TCC(T /C)GCC(A/G)G Archaeal 16S Orphan et 
rRNA al., 2000 

1392r* ACGGGCGGTGTGT(G/A)C Universal** Lane et 
16S rRNA al., 1991 

1387r GGGCGG(A/T)GTGTACAAGGC 
Bacterial 16S Marchesi 

rRNA et al. , 
1998 

1492r* TACGG(C/T)TACCTTGTT ACGACTT Prokaryotic*** Lane et 
16S rRNA al., 1991 

1100r AGGGTTGCGCTCGTTG Prokaryotic Lane et 
(internal al., 1991 
primer) 

530f GTGCCAGC(AC)GCCGCGG Prokaryotic Lane et 
(internal al. , 1991 
primer) 

APS7-f GGG(C/T)CT(G/T)TCCGC(C/T)ATCAA(C/T)AC 
apsA Friedrich, 

2002 
APS8-r GCACATGTCGAGGAAGTCTTC 

apsA Friedrich, 
2002 

T7 TAATACGACTCACTATAGGG Plasmid 
insertion site-

SP6 ATTTAGGTGACACTATAGAA flanking 
reqion 

* Primers were also duplicated with an additional guanine on the 5' end 

(called "G-primers") and used to increase ligation efficiency during cloning 

(section 2.4.5). 

** Universal= prokaryotic and eukaryotic 

*** Prokaryotic = Bacterial and Archaeal 

PCR reactions were usually 25 µI total volume, and contained 12.5 

µL PCR Master Mix (Promega, U.S.A.), 1 µL of 10 pmol µL-1 forward 

primer stock solution (10 pmol per reaction) , 1 µL of 1 0 pmol µL-1 reverse 

primer stock solution, 1 µL of 25 mM MgCl2 (2.5 mM final concentration 

when combined with the PCR Master Mix), 0.5 µL ultra pure dimethyl 

sulfoxide (DMSO) (final concentration 2% (v/v)), and 8 µL nuclease-free 

water. The volume of DNA template added was generally 1 µL and any 

change to this was compensated by a corresponding change in the 
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volume of nuclease-free water included. The PCR "Master Mix" used 

contained the reaction buffer, dNTPs, Taq and 1.5 mM MgCl2. 

A Uvigene™ (UVltec Ltd., U.K.) or a Techne® TC-312 (Midwest 

Scientific, USA) thermocycler was used to carry out PCR and the settings 

for amplification of each specific primer are listed in Table 2.9. 
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Table 2.9 PCR settings for amplification of 16S rRNA, apsA and T7/SP6 genes. 

Initial denature C cles Denature Annealin Pol merization Final extension 
Temp (°C) Time Of the following - Temp (°C) Time Temp (°C) Time Temp (°C) Temp (°C) 

min) sec sec min 
Bacterial 16S rRNA 87r PCR 530f, 536r and 1100 

95 5 30 55 30 72 90 72 10 
Archaeal 16 ne 20f/1492r PCR 

95 5 30 95 3 62 30 72 90 72 10 
apsA gene PCR 

95 I 5 I 30 I 94 I 30 I 45 I 3o I 72 I 60 I 72 I 10 
T7/SP6 clone PCR 

95 I 5 I 30 I 95 I 30 I 45 I 30 I 72 I 1ao I 72 I 10 
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2.4.2.1 Analysis of PCR products by gel electrophoresis 

Gel electrophoresis was used to separate and analyse amplified DNA. 

The gel comprised 0. 7% (w/v) electrophoresis-grade agarose (Sigma) in 

0.5X TBE buffer. TBE was stored as a 10 X concentrate (g L-1
) and 

contained tris(hydroxymethyl)methylamine, (5.4); boric acid, (2.75); 0.01 

M ethylenediaminetetra-acetic acid (EDTA, stock pH 8.0 with NaOH). 

Agarose was melted in a microwave oven and 100 ng mL-1 ethidium 

bromide mixed into the molten solution and the gel was poured into a gel 

tank and allowed to set with a suitable comb inserted. Five µL of amplified 

DNA was mixed with 1 µL 6 X DNA loading buffer (30% (v/v) glycerol, 

0.05% (w/v) bromophenol blue, and 60 mM EDTA) and loaded into the 

gelled lanes alongside a 1 kb DNA ladder (New England Biolabs, Inc, 

U.S.A. or Promega, U.S.A.). In general a 70 mV current was applied to 

the gel until the loading buffer had migrated sufficiently before DNA was 

visualised using a UV lightbox. 

A freshly prepared 1 % (w/v) agarose gel in 1 X TSE buffer was 

prepared and used for the analysis of particular (mainly archaeal) PCR 

products) for which non-specific product (represented by double or triple 

bands) was seen on the gel. Better separation of PCR products was 

obtained in these cases and the correct sized band excised from the gel 

using a sterile scalpel. PCR products were extracted from the agarose gel 

using QIAquick® Gel Extraction Kit (Qiagen, U.K.). 

2.4.3 Restriction Enzyme Fragment Length Polymorphism (RFLP) 

analysis 

RFLP was used to analyse amplified 16S rRNA genes from eubacteria 

and archaea, from the distinct fragment patterns seen on agarose gels 

once PCR products had been digested with one or more restriction 

enzymes. This was used to help identify micro-organisms, but mainly to 

determine if similar looking colony morphologies were different isolates, 

or conversely if different colony morphologies (e.g. as may be seen on 

different growth medium) were the same micro-organism. If two different 
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restriction enzyme digests produced identical RFLP patterns, then 

colonies were concluded to represent the same organism. Restriction 

enzyme digestion reactions contained restriction buffer, restriction 

enzyme(s) (5 units each per reaction) (Promega) and 10 µL PCR product, 

with the total volume made up to 20 µL using nuclease-free water. 

Isolates were analysed using single enzyme reactions, but the enzyme 

EcoR I was included (double-digest) when RFLP was used to analyse 

cloned genes. EcoR I was required to cleave the inserted gene from the 

plasmid insertion site-flanking region. All digestion reactions were 

incubated at 37 °C for 1-2 h to allow for complete digestion and products 

were analysed by gel electrophoresis using a 3% (w/v) high-resolution 

agarose (Sigma-Aldrich) gel dissolved in 1 x TBE with a 100 bp DNA 

ladder (New England Biolabs, Inc, U.S.A.) as a reference and 0.005% 

(v/v) ethidium bromide. A list of the restriction enzymes used and their 

restriction sites are shown in Table 2.10. 

Table 2.10 Restriction endonucleases and their corresponding 

recognition sequences and cutting sites. 

Restriction Enzyme Recognition sequence 

Mspl 
5' ... C T CG G .. . 3' 

3' ... G Gc..,c ... s· 

Cfo 1/Hha I 
5' ... G CG T C .. . 3' 

3' ... c_.Gc G .. . 5' 

Alu I 
5' ... AG T CT. .. 3' 

3' ... TC..,GA. .. 5' 

EcoRI 
5' ... G T AATT C ... 3' 

3' ... C TTAA..,G ... 5' 

Rsa I 
5' . .. GT T AC .. . 3' 

3' ... CA_. TG ... 5' 

"' _. and represent the sites at which the restriction enzyme cuts double 

stranded DNA. 
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2.4.4 Terminal Restriction Enzyme Fragment Length Polymorphism 

(T-RFLP) analysis 

Like RFLP, this technique involved digestion of amplified 16S rRNA 

genes from eubacteria and archaea. T-RFLP was used to study individual 

organisms and microbial populations, giving a semi quantitative analysis 

of the micro-organisms present in a community and the diversity of that 

community (Liu et al., 1997; Marsh 1999). In contrast to RFLP, T-RFLP 

focuses on the terminal (5') restriction fragment (T-RF) length only, and 

not the overall fragment pattern produced by the enzyme digest. 

Genes extracted from either microbial communities or isolates 

were amplified by PCR (section 2.4.2) using a fluorescent label (Cy5.0, 

MWG Biotech, Germany) attached to the 5' end of the forward primer. 

Three separate 25 µL PCR reactions were performed simultaneously and 

the products pooled to reduce some of the biases potentially introduced 

by PCR (Acinas et al., 2005). Pooled reactions were purified using the 

QIAquick® PCR Purification Kit (Qiagen, U.K.) to eliminate interference of 

residual polymerases (Hartmann et al. , 2007) and restriction enzyme 

digestion reactions performed (section 2.4.3). 

As a general rule 0.5 µL (for pure isolates and clones) and 2 µL 

(for communities) of the digested DNA reaction was added to 30 µL of 

sample loading solution (SLS) (Beckman-Coulter, U.S.A.) that contained 

0.5 µL of 600 bp CEQ™ DNA Size Standard (Beckman-Coulter). A small 

volume of high-purity mineral oil was dropped onto the surface of each 

sample to prevent the oxidation of formamide in the SLS and consequent 

damage to DNA. Sizes of terminal restriction fragments (T-RFs), that 

containing the labeled primer, were resolved by capillary electrophoresis 

using a CEQ 8000 Genetic Analysis System (Beckman-Coulter). 

Fragment sizes were compared to concurrently run size standards, and 

resolution was possible to ±1 nt. Each T-RF was assumed to represent a 

single micro-organism and, in a mixed population, the peak area for each 

T-RF was calculated (relative to the total peak area) to give a semi

quantitative measurement of the abundance of each respective T-RF. T

RFLP was used for community structure analysis and T-RFs identified 
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were compared, where possible, by reference to a database of known 

acidophiles (Bryan, 2006). 

2.4.5 Clone libraries 

2.4.5.1 PCR and ligation 

16S rRNA genes were amplified from environmental samples using 

modified "G-primers" (Brownstein et al., 1996) as described in section 

2.4.2. Three separate PCR reactions were pooled and purified for each 

clone library made. Three µL of purified PCR product was added to a 

ligation mix that contained: 5 µL rapid ligation buffer, 1 µL T4 DNA ligase 

(3 Weiss units µL-1
) and 1 µL pGEM®-T Easy Vector (50 ng µL-1) 

(Promega) and was incubated at 4°C overnight. 

2.4.5.2 Preparation of competent Escherichia coli DH5-a 

An aliquot of frozen (-70 °C) stock culture of E. coli DH5-a was defrosted 

and streaked onto LB agar (1 % (w/v) tryptone, 0.5% (w/v) yeast extract, 

1% (w/v) NaCl and 1.5% (w/v) agar, pH 7.0 using NaOH) and incubated 

at 37°C overnight. A single colony was used to inoculate 5 ml of LB liquid 

medium (as above, but with no agar), which was then incubated and 

shaken (~1000 rpm) at 37°C overnight. One ml of the culture was 

transferred to 90 ml LB liquid medium that had been pre-warmed to 37°C 

and the culture shaken (~1000 rpm) at 37 °C until an optical density of 0.5 

at 550 nm was obtained. The culture was chilled on ice for 5 minutes and 

then centrifuged at 4 °C at 2.5 x 103 g for 5 minutes. The supernatant was 

discarded and the pellet resuspended in 30 ml chilled (4 °C) and filter

sterilised (0.2 µm cellulose-nitrate membrane, Whatman) TFB1 . The latter 

contained (g L-1
) potassium acetate (2.946); MnCI2·H2O (9.9); RbCI 

(12.092); CaCl2·2H2O (1.48); 150 ml L-1 glycerol; in MilliQ-grade water 

and was pH adjusted to 5.8 using dilute glacial acetic acid). The cell 

resuspension was chilled on ice for 2 hours before centrifugation at 2 x 
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103 g for 5 minutes at 4 °C. The pellet was gently resuspended in 4 ml 

chilled and filter-sterilised TFB2. The latter contained (g L-1) (2.15) 3-[N

Morpholino]propanesulfonic acid (2.15), RbCI (1.21 ), CaCl2·2H2O (11 ), 

150 ml L-1 glycerol; in Milli-Q water and was pH adjusted to 7.0 using 

NaOH) and 60 µL DMSO added. Aliquots of competent cells (100 µL) 

were flash-frozen (using liquid nitrogen) and stored at -70 °C. 

The majority of the work done that required clone libraries and 

described in this study used pre-prepared stocks of the competent 

Escherichia coli JM-109 (Promega, U.K.). 

2.4.5.3 Transformation of E. coli 

An aliquot of competent E. coli cell suspension was thawed on ice and 5 

µL completed ligation reaction was then added. Gentle mixing was 

performed prior to incubation on ice, for 15 minutes. The mixture was 

placed in a water bath at 42 °C for 50 seconds to heat-shock samples, 

and immediately returned to ice for a further 2 minutes. Nine hundred µL 

of heat-sterilised SOC medium (containing (g L-1
) tryptone (20); YE (5); 

NaCl (0.58); KCI (0.19); MgC12·6H2O (2.03); MgSO4•7H2O (2.47); glucose 

(3.6); in RO water and pH adjusted to 7.0 using NaOH) was added and 

samples incubated at 37 °C for 1 hour with gentle shaking (~100 rpm). 

After incubation was complete, aliquots (usually 50 or 100 µL) of 

transformation culture liquid were spread onto the surface of LB agar 

plates that contained: 100 µg mL-1 ampicillin, 0.5 mM isopropyl-f3-D

thiogalactopyranoside (IPTG) and 80 µg mL-1 5-bromo-4-chloro-3-indolyl

f3-D-galactopyranoside (X-gal) (Melford Laboratories Ltd., U.K.). Plates 

were incubated at 37 °C overnight. 

2.4.5.4 Screening of cloned genes 

Cells that had successfully been transformed grew on solid ampicillin

containing medium and were either white or blue in colour. White colonies 

contained the plasmid with an insert of DNA; these were selected and 
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each transferred into 5 ml LB liquid medium containing 100 µg mL-1 

ampicillin. These cultures were incubated at 37 °C overnight and 

concurrently cell lysates were prepared (section 2.4.1) to confirm the 

presence of a 16S rRNA gene insert. PCR was carried out using the T7 

and SP6 primers and clones containing the correct inset were identified 

by the presence of a product of ~1.4 Kb when analysed by gel 

electrophoresis. PCR products were screened by RFLP analysis using a 

double enzyme digestion that included EcoR I, which removed the 

flanking plasmid sequence (section 2.4.3). Selected clones, 

representative of unique members or groups of clones were grown 

overnight aerobically in liquid LBamp (100 µg ml-1 ampicillin) medium, 

shaken rapidly (1200 rpm) at 37 °C. Plasmids were purified from active 

grown cultures using the Wizard® Plus SV Minipreps DNA Purification 

System (Promega). Purified plasmids were used for T-RFLP and/or 

sequence analysis. The term "clone" is used hereafter to indicate an 

amplified gene from an individual microbe inserted within a plasmid 

vector of E. coli. 
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2.4.6 DNA sequence analysis 

Purified plasmids and PCR products from single organisms were 

sequenced on a CEQ 8000 capillary sequencer using the Dye Terminator 

Cycle Sequencing (DTCS) Quick Start Kit (Beckman Coulter, U.S.A.). 

Primers (forward or reverse) were added to 5 pmol and DNA to 

approximately 100 ng (DNA concentration (template) was determined by 

measuring absorbance at 260 nm using a Cecil CE2292 

spectrophotometer). DNA and nuclease-free water were added to a total 

volume of 5.5 µL and heated at 86 °C for 3 minutes prior to addition of 

primer and Quick Start Mix (total 10 µL). Amplification of the various 

primers was carried out as following the settings listed in Table 2.11. 

Table 2.11 Settings required for amplification product for sequence 

analysis for the primer oligonucleotides used in this study. 

Initial Cycles Denature Annealing Polymerization 
denature 

Temp Time Of the Temp Time Temp Time Temp Time 
(OC) (min) following (OC) (sec) (OC) (sec) (OC) (min) - 27f / 1387r I 530f and 11 00r 
96 2 30 96 30 55 30 60 4 

T7 
96 2 30 96 30 48 30 60 4 

SP6 
96 2 30 96 30 50 30 60 4 

Amplification products of each sequencing reaction were 

precipitated by the addition of a solution containing 3M sodium acetate (2 

µL), 100 mM EDTA (2 µL) and 20 mg L"1 glycogen (1 µL), followed by the 

addition of 30 µL absolute ethanol (stored at -20 °C). The initial three 

additives were gently mixed prior to the addition of the ethanol and the 

whole mixture was centrifuged at 16.1 x 103gfor 15 min. The supernatant 

was removed by aspiration and the pellet washed twice using 100 µL 

chilled (4 °C) 70 % ethanol and allowed to dry completely at room 

temperature. The pellet was resuspended in 30 µL of SLS and DNA base 
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sequence determined by capillary gel electrophoresis using the long

sequence program on a CEQ 8000. 

Resulting sequence data were analysed using Chromas version 

1.45 and compared with gene sequences deposited in GenBank using 

BLAST (Altschul et al., 1997) and using the 16S rRNA Classifier, 

provided by the Ribosomal Database Project II (RDP, 

http://rdp.cme.msu.edu/index.jsp). 

2.5 SUMMARY 

The methods used in this study were in general standard procedures that 

are either widely used or were previously designed specifically for the 

cultivation of acidophilic microorganism in BART. However, some 

modification were used, such as the development of a low pH, copper 

containing solid overlay medium to isolate SRB and the biological 

oxidation of ferrous iron, prior to chemical precipitation of the ferric iron, 

allowing accurate determination of other metals present at much lower 

concentration. Many of the methods used have determined limits, 

including the widely accepted bias that can occur in PCR-based 

techniques or the often-encountered low relative cultivation success. In 

this project a multi-disciplinary approach was taken utilizing a number of 

available methods, to confirm and compare any results acquired using 

the various selected methods. 
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CHAPTER 3: SULFIDOGENESIS IN ACIDIC MEDIA BY A DEFINED, 

SYNTROPHIC, BACTERIAL CONSORTIUM 

3.1 INTRODUCTION 

There have been a number of reports of sulfidogenesis in low pH 

environments, yet the majority of sulfate reducing bacteria (SRB) that 

have been isolated from mine waters have proven to be neutrophilic, 

growing only above pH 5 (Tuttle et al. , 1969; Gyure et al., 1990; Fortin et 

al., 2000; Kusel et al. , 2001). An exception to this was a 

Desulfosporosinus-like bacterium ( strain M 1) that was isolated from an 

acidic geothermal site on the island of Montserrat (West Indies; Sen et al, 

1999) and which was shown to grow in pure culture at pH 3 using 

hydrogen as electron donor. Growth of Desulfosporosinus M1 on glycerol 

was seen to be inconsistent in acidic media, due to the accumulation of 

acetic acid in the growth medium, as a result of 'incomplete' substrate 

oxidation. Small molecular weight organic acids, such as acetic acid, tend 

to be highly toxic to acidophilic micro-organisms, due to them being 

undissociated and lipophilic at low pH, so that they migrate through cell 

membranes and cause the cytoplasmic pH to be lowered (Norris & 

lngledew, 1992). However, this toxicity was found to be relieved when 

Desulfosporosinus M1 was grown in co-culture with the heterotrophic 

acidophile Acidocella isolate PFBC (Kimura et al., 2006). 

Hydrogen sulfide produced by SRB is used to remediate 

wastewaters that contain elevated concentrations of metals, as hydrogen 

sulfide reacts with many transition metals, such as copper and zinc, 

forming highly insoluble metal sulfides. However, the pH sensitivity of 

characterised SRB means that bioreactor systems used for treating 

metal-containing wastewaters need to be engineered to avoid direct 

contact of the acidic liquors with the bacteria. Sulfide generation and 

metal precipitation are usually carried out in separate tanks, to prevent 

any detrimental effect on the production of biogenic sulfide (Tabak & 

Govind, 2003). 
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This chapter describes the ability of the Desulfosporosinus 

M1/Acidocella PFBC consortium to reduce sulfate at low pH, and 

assesses the suitability of such a system for the selective precipitation of 

three transition metals commonly found in AMD. The previously proposed 

hypothesis (Kimura, 2005; Kimura et al., 2006) to account for the 

syntrophic relationship between Desulfosporosinus M1 , and Acidocella 

PFBC, is critically reviewed and developed. 

3.2 SULFIDOGENIC BIOREACTOR CONSORTIUM 

3.2.1 Materials and methods 

The defined bacterial consortium was grown in a P350 2 l bench-scale 

bioreactor (Electrolab Ltd., U.K.), fitted with pH, temperature and 

dissolved oxygen sensors (Fig 3.1 ). Bioreactor medium (section 

2.2.3.1.1) was prepared at pH 3.8 - 3.2 (at intervals of 0.2 of a pH unit) 

and the medium was deoxygenated with a continuous flow (10 ml per 

minute) of oxygen-free nitrogen for a minimum of 30 minutes before initial 

inoculation, and nitrogen sparging was maintained throughout the 

operation of the bioreactor culture. The bioreactor was inoculated with 60 

ml of the defined mixed culture (Desulfosporosinus M1 and Acidocella 

PFBC, provided by S. Kimura) and set conditions maintained (section 

2.2.3.1.1 ). Between batch runs, 1 l of culture liquor was drained from the 

bioreactor and replaced with fresh medium, but at twice the standard 

concentration, in order to restore the concentrations of glycerol, zinc and 

other culture components to the desired levels. Culture liquor was usually 

extracted from the reactor on a daily basis and 3 ml aliquots were filtered 

(through 0.2 µm pore-size cellulose nitrate membrane filters (Whatman, 

UK)) into 1.5 ml tubes and stored at-20 °C prior to analysis. Three batch 

culture experiments were carried out at pH 3.8 and pH 3.6, two at pH 3.4 

and one at pH 3.2. Concentrations of sulfate, acetic acid, glycerol and 

zinc were determined as described in section 2.3.1.6. On occasions, the 

pH of bioreactor liquor was also measured off-line using an Accumet 50 
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pH meter coupled to a phase combination glass electrode (section 

2.3.1.1). 

Figure 3.1 Bioreactor system used for the growth of the sulfidogenic 

bacterial consortium (Kimura, 2005). Key: a, excess hydrogen sulfide trap 

(copper acetate); b, bioreactor showing zinc sulfide precipitation; c, pH 

and temperature control system. 

3.2.2 Results 

The data collected from batch cultures replicated at the same pH showed 

similar trends. A similar trend was also seen in batch cultures maintained 

at pH 3.8 (Figure 3.2), 3.6 (Figure 3.3) and 3.4 (Figure 3.4). However, at 

pH 3.2 no sulfidogenic activity was recorded (data not shown), and 

therefore pH 3.4 (± 0.1 of a pH unit) was determined as the lower limit of 

activity for the consortium. In all growing bioreactor cultures, changes in 

glycerol concentration were closely coupled with changes in soluble zinc, 

and the number of days required for these two analytes to reach low 

concentrations increased slightly in batch cultures with lower pH (Table 
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3.1 ). Sulfate reduction was evaluated by measuring bioreactor sulfate 

concentrations and correcting for any automated sulfuric acid addition 

(required during pH control) but analysis was often erratic and the 

decrease in soluble zinc was determined as a better measure of sulfide 

produced and thus sulfate reduced. 

Table 3.1 Number of days required for completion of a single batch 

bioreactor run at different pH. 

uired 
9 
12 

14 +) 

By day 9 of the 12-day incubation period, for the batch bioreactor culture 

maintained at pH 3.8 (± 0.1) (Figure 3.2), 3.3 mmoles L-1 of glycerol had 

been oxidised and 4.6 mmoles L-1 of soluble zinc been removed from 

solution. During this incubation period acetic acid was not seen to 

accumulate at any point. 

2 4 6 8 10 12 

Time (Days) 

Figure 3.2 Relationship between glycerol utilisation and decrease in 

soluble zinc during batch bioreactor growth at pH 3.8 (± 0.1) of the 

bacterial consortium. Key: A , acetic acid; A , sulfate reduced; A , 

glycerol; A , zinc. 
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At pH 3.6 (± 0.1) (Figure 3.3), 3.3 mmoles L-1 of glycerol was oxidised 

and 3.8 mmoles L-1 of soluble zinc removed from solution during the 12-

day bioreactor batch incubation. During this incubation period acetic acid 

was not seen to accumulate to a concentration above of 0.05 mmoles L-1
. 

4.5 - -0 :E 4.0 
~ .§_ 3.5 ... __ ....... 

(.) "C 
~ Cl> 3.0 
C> (.) _ ::::, 2.5 

"C "C ·c:; e 2.0 

~ JB 1.5 
., ffl 
Cl) 'i- 1.0 
(.) :i 
<( u, 0.5 

4 5 6 7 8 9 10 11 12 

Time (Days) 

Figure 3.3 Relationship between glycerol utilisation and decrease in 

soluble zinc during batch bioreactor growth at pH 3.6 (± 0.1) of the 

bacterial consortium. Key: A , acetic acid; A , sulfate reduced; A , 

glycerol; A , zinc. 
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At pH 3.4 (± 0.1) (Figure 3.4), 2.6 mmoles L-1 of glycerol was oxidised 

and 3.3 mmoles L-1 of soluble zinc removed from solution during the 14-

day bioreactor batch incubation. During this incubation period acetic acid 

accumulated to a concentration of 0.27 mmoles L-1 by day 8 and between 

day 3 and day 14 the lowest concentration was 0.21 mmoles L-1
. 

4 6 8 10 12 14 

Time (Days) 

Figure 3.4 Relationship between glycerol utilisation and decrease in 

soluble zinc during batch bioreactor growth at pH 3.4 (± 0.1) of the 

bacterial consortium. Key: A , acetic acid; A , sulfate reduced; A , 

glycerol; A , zinc. 

At pH 3.2 (± 0.1) sulfidogenesis was not observed during the 12-day 

bioreactor incubation and the few cells present, representative of the 

bioreactor consortium, were elongated or in spore form, interpreted as a 

sign of cell stress. 
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3.3 Desulfosporosinus M1 16S rRNA GENE SEQUENCE ANALYSIS 

Previously, only a partial sequence of the 16S rRNA gene of 

Desu/fosporosinus M1 had been determined. In this section the methods 

used to obtain a complete gene sequence, and the result obtained, are 

described. 

3.3.1 Materials and methods 

In order to obtain a full length sequence analysis, Desulfosporosinus M1 

was grown on overlaid solid medium (section 2.2.2.1.1) incubated under 

anaerobic conditions in 2.5 L anaerobic jars using the AnaeroGen™ 

AN25 system (Oxoid Ltd., UK) and an individual colony was picked off 

and lysed in 20 µL of lysis buffer (section 2.4.1 ). One µL of the lysate was 

used as template for the amplification of the 16S rRNA gene by PCR, 

using the 27F and 1387R primer pair (section 2.4.2). The 16S rRNA gene 

sequence was compared to those in GenBank using BLAST (section 

2.4.6). 

3.3.2 Results 

The % identity of the near-complete (1344 base pair) Desulfosporosinus 

M 1 16S rRNA gene sequence to closely related micro-organisms is 

shown in Table 3.2. The sequence was deposited in GenBank, accession 

number EU180237. 

Table 3.2 Sequence identities of the 16S rRNA gene of 

Desulfosporosinus M1 to other acidophilic and neutrophilic SRB. 

Bacterium Neutrophile 16S rRNA gene 
or sequence identity 

Acidophile (%) 
D. auripigmenti nSRB 95.6 

D. orientis nSRB 94.7 
Desulfosoorosinus P1 aSRB 99.5 

Desu/fosporosinus PFB aSRB 94.3 
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3.4 METAL TOLERANCE OF Desulfosporosinus M1 

The tolerance of the sulfidogen Desu/fosporosinus M1 to some metals 

commonly encountered in the AMO at Mynydd Parys (the AMO impacted 

stream targeted) were tested. The tolerance of copper, the other 

dominant metal in Mynydd Parys AMO, had been determined earlier 

(Kimura, 2005). 

3.4.1 Materials and methods 

Desulfosporosinus M1 was grown as a pure culture in 5 ml of sterile 

liquid medium (section 2.2.3.1 .2) containing glycerol (5 mM) at pH 3.5 in 

bijou bottles maintained under anaerobic conditions, in triplicate. Ferrous 

iron, aluminium, zinc and manganese were added (as sulfates) to 

different final concentrations (Table 3.3). Positive growth was indicated by 

the presence of zinc sulfide precipitates after 28 days of incubation and 

confirmed by microscopic examination of cultures (after 60 days of 

incubation). 

Table 3.3 Concentration of various metals used to assess toxicity to 

Desulfosporosinus M1 . 

Metal Concentration (mM) 
Zn2+ 5 10 20 50 100 
Al,j+ 1 2 5 10 20 
Mn2+ 0.25 0.5 1 5 10 
Fe2+ 20 50 100 150 200 

3.4.2 Results 

The growth, or absence of growth, of Desu/fosporosinus M1 , in medium 

containing different metals (at various concentrations), determined by the 

presence and morphology of cells and the precipitation of zinc sulfide, are 

shown in Table 3.4. The results indicate that while this aSRB was able to 

grow in the presence of 50 mM zinc and 100 mM ferrous iron, it was very 

sensitive to both aluminium and manganese. 
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Table 3.4 Growth of Desulfosporosinus M1 in medium containing various 

metals (at various concentrations) after 28 and 60 days incubation. The 

presence of cells (and morphology) and zinc sulfide precipitate are listed. 

Growth represented by+ for each replicates (n = 3 unless stated). 

Metal Concentration 28 day 60 day 
(mM) 

Zn2+ 5 +++ +++ 
Precipitate Precipitate & cells 

10 ++ +++ 
Precipitate Precipitate & cells 

20 ++ +++ 
Precipitate Precipitate & cells 

50 ++ +++ 
Precipitate Precipitate & cells 

100 No precipitate No precipitate or cells 

Al;s+ 1 +++ +++ 
Precipitate Precipitate & cells 

2 No precipitate No precipitate or cells 

5 No precipitate No precipitate or cells 

10 No precipitate No precipitate or cells 

20 No precipitate No precipitate or cells 

Mn.:+ 0.25 No precipitate Spores no precipitate 

0.5 No precipitate Spores no precipitate 

1 No precipitate Spores no precipitate 

5 No precipitate Few spores no precipitate 

10 No precipitate Few spores no precipitate 

Fe.:+ 20 No precipitate + + + 
Spores & precipitate 

50 No precipitate +++ 
Spores & some precipitate 

100 No precipitate +++ 
Some spores & precipitate 

150 No precipitate No precipitate or cells 

200 No precipitate No precipitate or cells 

Controls 0 + + (n=2) + + (n=2) 
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3.5 EFFECT OF pH ON THE GROWTH OF Acidocel/a PFBC 

The lower pH limit for growth of the sulfidogenic consortium could have 

been determined either by that of the sulfidogen (Desulfosporosinus M1) 

or the partner acidophile (Acidocella PFBC). It was, therefore, important 

to determine the lower pH limit and pH range for growth of Acidocella 

PFBC. 

3.5.1 Materials and methods 

Growth of Acidocella PFBC at different initial pH values was tested in 

duplicate liquid cultures. Fifty ml of medium (section 2.2.2.3) containing 5 

mM fructose was inoculated with 1 ml of actively growing Acidocel/a 

PFBC culture in 100 ml conical flasks and shaken (150 rpm) under 

aerobic conditions at 30 °C. Cultures were monitored using optical density 

(OD 600) on a daily basis for 7 days and, while pH was not controlled 

during the experiment, it was measured on day 7 in addition to a brief 

microscopic examination of cultures to note cell morphologies and 

numbers. The initial medium pH values ranged between 1.0 and 6.0 at 

increments of either 0.5 or 1.0 pH unit. 

3.5.2 Results 

Growth of Acidocella PFBC was seen across a range of pH values 

(Figure 3.5) but since the pH was not controlled during the experiment, 

considerable downward drift in culture pH was recorded by day 7 in 

cultures initially poised at pH 3.5 and above (Table 3.5). While automated 

pH control in bioreactor culture would have been preferential, this 

experiment was designed to give a rapid indication of the lower pH limit of 

this bacterium, with a view to decreasing the pH of overlay solid media in 

which it was included in the lower layer. Phase contrast microscopic 

examination of growing cultures at day 7 indicated the level of 'stress' of 

cells present in cultures grown at different starting pH and suggested that 

cells showed least stress at between pH 2.5 and 4.0. 
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Figure 3.5 Growth of Acidoce/la PFBC at various starting pH values at 

day 7 of incubation represented by optical density (OD 600). Error bars 

where visible represent standard error (n = 2). 

Table 3.5 End point pH (day 7) of Acidoce/la PFBC liquor and phase 

contrast microscopic examination of growing culture with different starting 

pH values. Standard error values are shown for end point pH (n = 2). 

Start End pH Presence of cells 
pH (SE) 
1.0 0.97 (0.01) Very few non-active cells 
2.0 1.90 (0.00) Very few non-active cells 
2.5 Good density with a few chains and elongated 

2.30 (0.00) cells 
3.0 Good density with a few chains and elongated 

2.60 (0.00) cells 
3.5 2.90 (0.03) Good density of cells 
4.0 2.80 (0.02) Good density of cells 
4.5 Good density with some chains and elongated 

2.70 (0.12) cells 
5.0 2.90 (0.04) Some cells mainly elongated 
6.0 3.30 (0.03) Few cells predominantly elongated 
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3.6 METAL TOLERANCE OF Acidocella PFBC 

Tolerance of Acidocella PFBC to selected metals was determined to 

ascertain whether this acidophile was more or less sensitive to these 

metals than the sulfidogen Desu/fosporosinus M 1. Since the microbial 

consortium depended on the viability of both partner bacteria, inhibition 

(or mortality) of Acidocel/a PFBC by one or more heavy metals could, in 

theory, result in an ineffective sulfidogenic system. 

3.6.1 Materials and methods 

Acidocella PFBC was grown in 50 ml of a liquid medium (section 2.2.2.3) 

containing 1 mM fructose (a low concentration was used to avoid the 

possible formation of metal complexes) in 100 ml conical flasks, shaken 

(150 rpm) aerobically at 30 °C. Each flask was inoculated with 1 ml of an 

actively growing Acidocel/a PFBC culture, and all metals were tested in 

triplicated cultures. Growth was monitored from optical density 

measurements (OD 600) on a daily basis for 7 days and a final brief 

examination of cell morphology and cell numbers was carried out on day 

7. Various metals, at different concentrations, were tested by the addition 

of filter-sterile metal sulfates to the liquid medium at final concentrations 

shown in Table 3.6. 
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Table 3.6 Concentrations of metals (as sulfates) used to assess the 

tolerance of Acidocel/a PFBC. 

Metal Concentration I mM) 
Al"+ 20 50 100 -
Cd~+ 20 50 100 500 
Co"+ 20 50 100 500 

cu~+ (Test 1) 1 5 7.5 10 
Cuz+ (Test 2) 0.25 0.5 0.75 1 

Cr"+ 20 50 100 -
Fez+ 20 50 100 -
Mn"+ 20 50 100 -
Ni~+ 20 50 100 500 
Znz+ 20 50 100 500 

K+ 20 50 100 500 
Mgz+ 20 50 100 500 

3.6.2 Results 

Growth of Acidocella PFBC in metal-containing media began after lag 

periods of one to several days. Results of tests in zinc-containing liquid 

media are shown in Figure 3.6. Growth occurred in media containing up 

to 100 mM zinc, but not in the presence of 500 mM zinc. 
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Fig 3.6 Growth of Acidocel/a PFBC (determined from measurements of 

optical density at 600nm) in media containing different concentrations of 

zinc sulfate. Key: • , 0 mM; • , 20 mM; •, 50 mM; , 100 mM; • , 500 

mM. 
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Table 3.7 Growth of Acidocella PFBC in medium containing various 

metals (at various concentrations) during 7-day incubation period. Key: 

No inhibition (Bold text), slight inhibition (x), strong inhibition (xx) and 

zero growth (xxx). 

Metal Concentration I mM) 
Al.,+ 20 50 100 -

X 
Cd.(+ 20 50 100 500 

XXX XXX XXX XXX 
Co.(+ 20 50 100 500 

X X X XXX 
Cu.(+ (Test 1) 1 5 7.5 10 

xx XXX XXX XXX 
Cu.(+ (Test 2) 0.25 0.5 0.75 1 

X xx 
Cr3+ 20 50 100 -

xx xx xx 
Fe..:+ 20 50 100 -

Mn.(+ 20 50 100 -

Ni.(+ 20 50 100 500 
X X X XXX 

zn..:+ 20 50 100 500 
X xx XXX 

K+ 20 50 100 500 
XXX 

Mg.(+ 20 50 100 500 
xx 

3.7 ANAEROBIC GROWTH OF Acidocella PFBC 

Acidocella PFBC, originally described as an obligate aerobe, had been 

found to be growing under strictly anaerobic conditions in sulfidogenic 

bioreactors, in parallel with the sulfidogen Desulfosporosinus M1 (Kimura, 

2005). A proposed route for the anaerobic degradation of acetic acid by 

Acidocella PFBC was proposed by Kimura et al. (2006), but preliminary 

experiments aimed at confirming this were unsuccessful (Kimura, 2005). 

One key confirmation required, however, was the demonstration that 

Acidocel/a PFBC could grow in pure culture on acetic acid under strict 

anoxic conditions if the hydrogen that was produced via the acetoclastic 
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reaction (as proposed in the model), was removed rapidly and effectively. 

Anaerobic growth of Acidocella PFBC on fructose (the substrate used 

routinely to grow it in vitro) was also tested. 

3. 7 .1 Materials and methods 

Growth of Acidocella PFBC on acetic acid and fructose under anaerobic 

conditions was tested in triplicate in anaerobic jars, using the 

AnaeroGen™ AN25 system (Oxoid). Fifty ml wide-necked conical flasks, 

each containing 5 ml of pH 3.5 medium (section 2.2.2.3) and 1 mM 

acetic acid or fructose were inoculated with 500 µl of aerobically-grown 

Acidocella PFBC culture (previously sub-cultured on acetic acid or 

fructose respectively) and immediately sealed in anaerobic jars. One 

anaerobic jar contained 3 sachets of activated palladium pellets 

(Anaerobic catalyst, Oxoid) and granular palladium (Aldrich Chemical 

Company Inc, U.S.A.) was spread thinly over the central region (1 cm x 

4.5 cm) of a piece of masking tape (2 cm x 5 cm) that was layered down 

the inside of each flask, to just above the level of the medium (Fig 3.7). 

This set-up was replicated in a separate jar without the addition of 

palladium as the control. Palladium sachets and grains were heated at 

160°C for a minimum of 4 hours to activate them prior to use, and all 

media were stored under anaerobic conditions once sterilised to prevent 

any ingress of oxygen. Whole anaerobic jars were shaken (100 rpm) at 

30 °C. Growth was analysed by measuring optical density (OD 600), pH 

and cell numbers (using a Thoma counting chamber) (sections 2.3.1.8.1 ) 

following inoculation and again after 10 or 14 days for the fructose- and 

acetic acid-grown cultures, respectively. 
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Figure 3.7 Experimental set up for growth of Acidocella PFBC under 

anaerobic conditions on acetic acid and fructose in the presence of 

palladium. 

3.7.2 Results 

An increase both in cell numbers (Fig. 3.8) and optical densities (data not 

shown), and a concurrent decrease in pH, indicated that Acidocella PFBC 

could grow on acetic acid under anaerobic conditions, under conditions 

where the hydrogen hypothesised to be generated was rapidly removed 

by adsorption onto activated palladium (Figure 3.8). No growth was 

detected when supplemented with fructose. 
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Figure 3.8 Changes in pH and cell numbers in cultures of Acidocel/a 

PFBC grown on acetic acid under anaerobic conditions. Key: ■ , cells 

numbers; ■ , pH. Error bars where visible represent standard error (n = 3). 

3.8 REDUCTIVE DISSOLUTION OF FERRIC IRON BY Acidocel/a 

PFBC 

Since Acidocella PFBC was found to grow under anoxic conditions both 

in pure and mixed cultures, the ability of this acidophile to grow by ferric 

iron respiration under conditions of oxygen limitations was also tested. 

3.8.1 Materials and methods 

The ability of Acidocella PFBC to reduce ferric iron was tested under 

microaerobic conditions using the CampyGen TM CN25 system (Oxoid 

Ltd., UK) and anaerobic conditions using the AnaeroGen™ AN25 system 

(Oxoid Ltd., UK). Fifty ml of liquid medium (pH 3.5; section 2.2.2.3) 

containing 5 mM fructose and 100 mg of sterile schwertmannite 

(Coupland, 2005) in triplicated 100 ml conical flasks were inoculated with 

1 ml of actively growing Acidocella PFBC and sealed in anaerobic jars, 

which were incubated at 30 °C. Single non-inoculated controls were also 
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set up. pH and ferrous iron concentrations (using the ferrozine assay; 

section 2.3.1.2) were measured at 0, 1 and 2 weeks. 

3.8.2 Results 

Changes in ferrous iron concentrations due to the reductive dissolution of 

schwertmannite by Acidocella PFBC, grown under microaerobic and 

anaerobic conditions, are shown in Figure 3.9. By week 2 Culture pH 

increased in inoculated cultures from pH 3.5 to a mean of pH 4.4 in 

cultures incubated under microaerobic conditions and from an initial pH of 

3.5 to 4.1 in anaerobically incubated cultures. The increase in pH was 

due to the dissolution of the mineral (Equation 3.1 ). 

[3.1] 

200 
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C> 140 
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Figure 3.9 Changes in ferrous iron concentration due to the reductive 

dissolution of schwertmannite by Acidocella PFBC under microaerobic 

and anaerobic conditions. Key: ■ , micoaerobic; ■, anaerobic; 

uninoculated control (dashed bars); cultures containing Acidocel/a PFBC 

(filled bars). Error bars where visible represent standard error (n = 3). 
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3.4 DISCUSSION 

Sulfate reducing bacteria (SRB) have been used to treat a variety of 

metal-containing wastewaters (Hao, 2000). However, using neutrophilic 

SRB to treat acidic wastewaters that contain elevated concentrations of 

heavy metals can be problematic, requiring complex "off-line" engineered 

systems, in which the sulfide produced is piped to separate contacting 

reactors, maintaining physical separation between the (near) neutral 

growing bacteria and the acidic, metal-loaded liquors being treated. Most 

such systems require the biogenic sulfide to be stripped from the 

sulfidogenic reactor(s) using a gas (often H2 / CO2 mixture) to facilitate 

the transfer of the sulfide to the metal precipitation tank(s) (Buisman et 

al., 1991), which confers additional construction and operational costs. In 

comparison an "on-line" system, using bacteria able to grow in the 

wastewater itself, would offer two major advantages: 

(i) elimination of gas transfer (hydrogen sulfide also being 

highly toxic) and the associated engineering cost and 

complexities. 

(ii) bioreactors of set pH could be maintained thus allowing the 

selective recovery of different metals dependent on their 

different solubility products of their sulfides (Johnson et al., 

2004; Johnson et al., 2006). 

Such a system would require a sulfidogenic microbial community that 

tolerated moderate or extreme acidity, and also any other pollutants (e.g. 

metals) that were present in the wastewater being treated . 

The defined bacterial consortium described in this chapter, 

containing the sulfidogen Desu/fosporosinus M1 and the heterotrophic 

acidophile Acidocella PFBC has been studied previously, and many of its 

attributes defined (Kimura, 2005). When Desulfosporosinus M1 was 

grown in pure culture in liquid medium containing glycerol, 'incomplete 

substrate oxidation' was recorded with the stoichiometric accumulation of 

acetic acid (Equation 3.2), whereas in mixed cultures, containing 

Acidocella PFBC, little acetic acid accumulation was seen (Kimura et al., 

2006). This was also seen in bioreactor batch cultures with a pH of 3.8 
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and 3.6, though some accumulation of acetic acid was recorded at pH 

3.4. 

[3.2] 

Based on 'incomplete substrate oxidation' (glycerol) by 

Desulfosporosinus M1, for each 1 mole of glycerol oxidised, 0.75 mole of 

sulfate would be reduced (Equation 3.2). In the defined bioreactor 

consortium the amount of sulfate reduced/sulfide produced, represented 

by the amount of soluble zinc removed from solution, always exceeded 

the amount of glycerol oxidised (also recorded by Kimura, 2005). In 

bioreactor batch cultures maintained at pH 3.8, 3.6 and 3.4 the ratio of 

glycerol oxidised to zinc removed from solution was between 1: 1.14-

1.50, i.e. significantly greater than the calculated 1 :0. 75 ratio based on 

the 'incomplete oxidation' of glycerol by Desulfosporosinus M1. While 

these values are slightly lower than values obtained by Kimura (2005) this 

may be due to the greater rate at which the bioreactors were sparged 

with nitrogen in the present experiments, which would probably have 

removed some of the free hydrogen sulfide before it reacted with the 

soluble zinc present to form ZnS. This possibility was supported by the 

observation that a black precipitate (probably CuS) formed in the sulfide 

gas trap. 

The apparent discrepancy between the ratio of glycerol oxidised 

and that of sulfide produced/zinc precipitated, based on incomplete 

oxidation of glycerol by Desulfosporosinus M1, and the values actually 

obtained by the mixed culture in bioreactor cultures, was considered to be 

due to utilization of acetic acid by Acidocella PFBC, generating hydrogen 

which was also shown to be used as an electron donor by the SRB 

(Kimura, 2005). This hypothesis was confirmed in part by the 

demonstration that the consortium could use acetic acid as sole carbon 

and energy source to fuel sulfidogenesis, even though a pure culture of 

Desulfosporosinus M1 could not (Kimura et al, 2006). 

In the proposed model if acetic acid was oxidised to carbon dioxide 

and hydrogen within the circum-neutral pH cytoplasm of Acidocella PFBC 
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(Equation 3.3) the free energy (!1G0
) of the reaction, calculated from free 

energies of formation (i1Gt) of the reactants and products (Dean, 1973) 

would be +418.24 kJ/mol (+ 104.50 kJ/mol of acetate). 

[3.3] 

However, if this reaction took place within the periplasm of Acidocel/a 

PFBC, where the pH would be anticipated to be similar to that of the 

bathing liquor{~ pH 3 - 4) and below the pKa values of both acetic acid 

(pH 4.75) and carbonic acid (pH 7.60), undissociated acetic acid and 

carbon dioxide would be the dominant species involved rather than 

acetate and bicarbonate (Equation 3.4), resulting in a lower net !1G0 of 

+328.40 kJ/mol (+ 82.00 kJ/mol acetic acid). However, even at the lower 

pH the reaction remains energetically unfavourable, and is essentially the 

reverse of that carried out by acetogens, such as Acetobacterium wodii, 

to produce energy (Madigan et al., 1997). 

[3.4] 

The model assumes that protons act as terminal electron acceptors and 

are reduced to hydrogen gas (Equation 3.5). 

[3.5] 

Some of the conundrums with this hypothetical model were 

addressed by Kimura (2005). The low redox potential (Eo') of the 2H+/H2 

couple (-410 mV; Madigan et al., 1997) make it difficult to understand 

how the electron transport chain would operate, though similar scenarios 

exist and are overcome, such as the "activation" of sulfate in systems 

using sulfate as the terminal electron acceptor, where Eo' of the so/
/HSO3- couple is -520 mV. Additionally, the E0' values often quoted are 

calculated on the basis of equimolar concentrations of reduced and 

oxidised species. For example the value of + 770 mV quoted for the 

ferrous/ferric iron couple applies at low pH {~ pH 2), where both species 
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are soluble. At higher pH, where ferric iron is insoluble, this redox couple 

shifts strongly towards the negative (+200 mV at pH 7). In a similar vein, 

the redox potential of the 2H+/H2 couple would be expected to be more 

positive in situations where proton concentration was elevated (acidic 

conditions) and in environments where hydrogen partial pressures are 

very low. 

A key part of this hypothesis, the maintenance of very low partial 

pressures of hydrogen, relies on the use of the hydrogen produced 

(during the oxidation of acetic acid) by Acidocella PFBC to fuel further 

sulfidogenesis by Desu/fosporosinus M1 (Equation 3.6), completing the 

syntrophic relationship proposed to operate in the sulfidogenic 

bioreactors. 

[3.6] 

This reaction is energetically favourable (h.G0 = -609.20 kJ/mol) and, 

when coupled to the oxidation of acetate at either pH 7 (Equation 3.2) or 

pH 3-4 (Equation 3.4), the net reaction is energetically favourable (h.G0 = 

-190.96 kJ/mol and h.G0 = -280.80 kJ/mol for pH 7 and pH 3-4 

respectively). The complete oxidation of glycerol to carbon dioxide is 

shown in Equation 3.7. 

The h.Gf of this reaction is -1238 kJ/mol, equivalent of -309.50 kJ/mol 

glycerol. The proposed model (Kimura et al., 2006) for the syntrophic 

relationship between Desulfosporosinus M1and Acidocel/a PFBC is 

summarized in Figure 3.10. 
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M1 

Glycerol 

4C3HaO3 + 3SO/- + 6H+ 
- 4CH3COOH + 4CO2 + 3H2S + 8H2O 

Acetic acid 

4CH3COOH + 8 
~ 16H2 + 

Molecular 

hydrogen 

+ 480/- + 8H+ 
~ 16H20 + 4H2S 

Overall syntrophic reaction 

Figure 3.10 A schematic diagram showing proposed reactions taking place during 

the syntrophic growth of Desulfosporosinus M1 and Acidocella PFBC in the 

anaerobic sulfidogenic bioreactors (Kimura, 2005). 
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A final confirmation of the proposed syntrophic association, 

between Desulfosporosinus M1 and Acidoce/la PFBC was the 

demonstration of growth of the latter under strictly anoxic conditions using 

acetic acid as sole source of carbon and energy. To do this, it was 

necessary to maintain a low partial pressure of hydrogen by using 

activated palladium, which is capable of absorbing up to 900 times its 

volume of hydrogen (at 80 °C under 1 atmosphere pressure; Hartley, 

1973). A similar test, carried out by Kimura (2005) had yielded negative 

results, but on this occasion the experimental design was modified, which 

included suspending the activated palladium granules just above, rather 

than within, the liquid medium, and shaking the culture to aid the 

dispersion of hydrogen. 

Acetic acid 

Carbon dioxide + Hydrogen 

Figure 3.11 Schematic of the removal of hydrogen during the anaerobic 

growth of Acidoce/la PFBC by palladium (Adapted from Kimura, 2005). 

The result of this experiment confirmed that Acidoce/la PFBC can grow 

under anaerobic conditions in both co-culture and pure culture, and that 

its current description of being an obligate aerobe is incorrect. Further, 

this acidophile was shown to accelerate the reductive dissolution of the 

ferric iron mineral, schwertmannite, under both microaerobic and 

anaerobic condition. Like Acidiphilium spp. (Bridge and Johnson, 2000) 

ferric iron reduction by Acidocella PFBC was more extensive when 

incubated under microaerobic conditions. It was not ascertained whether 

ferric iron reduction can support the growth of Acidoce/la PFBC, though 

this has been shown for other acidophiles (Pronk and Johnson, 1992). 
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Syntrophic relationships are defined as those in which both 

partners depend on each other to facilitate the degradation of a substrate 

which would otherwise be energetically unfavourable, and usually 

involves the removal of an end product by one of the members, and that 

the consortium is only successful when the partner micro-organisms are 

physically closely associated (Schink, 2006). Syntrophic reactions have 

been reported in anaerobic environments where the energy budget is 

often small and are less commonly found in aerobic environments (Starns 

et al., 2006). The current syntrophic bioreactor consortium was 

maintained under strictly anaerobic conditions throughout (since 

Oesulfosporosinus M1 did not grow aerobically or microaerobically; 

Kimura, 2005) but is unusual in containing an obligate anaerobe and what 

was believed to be an obligate aerobe (actually a facultative anaerobe), 

with the two isolates growing in very close physical association (Kimura et 

al., 2006). It has been suggested that the poorly understood area of 

syntrophic interactions may account, at least in part, for the phenomenon 

of "uncultivatable" micro-organisms. Most estimates conclude that only a 

small fraction of the microrganisms that exist in nature have been 

successfully cultivated in vitro. One reason for this is that some micro

organisms probably have obligate requirements for partners (Schink, 

2006). 

Some syntrophic relationships have been demonstrated, and 

others suggested, that involve the interspecies transfer of hydrogen 

which, due to its small size, is readily able to diffuse (Schink, 2002). 

Understanding of such systems is developing using a combination of 

biomolecular tools and cultivation techniques. The recently published 

genome sequence of Syntrophus acidophicus, a bacterium that that 

degrades fatty acids, benzoate, cyclohexane carboxylate, cyclohex-1-ene 

carboxylate, and crotonate in co-culture with hydrogen / formate-utilising 

methanogens or SRB should give further insights into these interactions 

(Jackson et al, 1999; Elshahed et al, 2001; Mcinerney et al., 2007). Other 

reports have described syntrophy between SRB and non-SRB partners in 

which the SRB partners enable energetically-unfavourable substrate 

utilisation to proceed by the removal of H2. Syntrophy between SRB and 
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archaea with the anaerobic oxidation of methane (reverse 

methanogenesis) performed by methanogenic archaea and facilitated by 

the removal of end products such as H2 and acetate by the SRB has also 

been described (Boetius et al. , 2000; Orphan et al., 2001). Some studies 

have examined changes in community structures of methanogens during 

syntrophy as conditions change due to the availability of substrates, 

creating competitive conditions (Leybo et al. , 2006). 

Both of the isolates integral to the current sulfidogenic consortium 

were also capable of growth in pure culture, which allowed a more 

detailed characterisation of the partner bacteria. While both isolates were 

able to grow in liquor with pH as low as 3 (or less in the case of 

Acidocella PFBC) it is interesting that the defined sulfidogenic consortium 

showed no growth or sulfidogenesis at pH 3.2. The sulfidogenic member 

of the consortium, Desulfosporosinus M1 , grew on hydrogen in pure 

culture at pH 3.0 (but not at 2.5) and the acidophilic heterotroph, 

Acidocella PFBC, grew at pH 2.5. However, it was noted by Kimura 

(2005) that the majority of cells of the sulfidogen were elongated at pH 

3.0, and that some signs of stress were also apparent at pH 3.5. Low pH 

sulfidogenesis has not been widely recognised and in this system the 

accumulation and retention of acetic acid throughout the active period of 

the pH 3.4 bioreactor batch runs may have addit ionally stressed the 

bioreactor culture. Despite this, the oxidation of glycerol was closely 

coupled to zinc precipitation between the pH values of 3.8-3.4 (± 0.1 ), 

although the number of days required for the soluble zinc to precipitate 

from solution did increase, possibly due to the limit of zinc sulfide 

solubility being neared or the pH stress inducing a longer initial lag phase 

in bioreactor growth. 

The toxicity of acetic acid at low pH (Norris & lngledew, 1992) may 

have contributed to the system failure at pH 3.2, as while 

Desulfosporosinus M1 grew in medium containing up to 5 mM of acetic 

acid in pure culture (Kimura, 2005) and Acidocella PFBC was often sub

cultured aerobically in medium containing 5 mM acetic acid, the 

combination of a consortium marginalized by pH stress in addition to 

acetic acid stress (background level was never depleted at pH 3.4) could 
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have resulted in the lower pH limit of the sulfidogenic consortium being 

reached. The presence of undissociated hydrogen sulfide (due to the 

lower pH resulting in decreased metal precipitation) in the reactor over an 

increasingly prolonged period may also have had a detrimental impact, as 

sulfide is known to inhibit micro-organisms directly (Oude Elferink et al. , 

1994) and indirectly by coating cell surfaces, therefore reducing their 

ability to access vital nutrients (Utgikar, 2002). 

The low pH of the sulfidogenic system described appears 

promising for developing an "on-line" application, though the sensitivity of 

Desulfosporosinus M 1 to some metals, such as manganese and 

aluminium, that are common in mine waters, could present problems. 

Copper, although also highly toxic to Desulfosporosinus M1, is less likely 

to be problematic in a continuous system where its low sulfide solubility 

would mean that it would rapidly be removed from inflowing waters by 

hydrogen sulfide. Other SRB have also been reported to be sensitive to 

dissolved metals such as nickel and zinc (Poulson et al., 1997; Utgikar, 

2001). Desulfosporosinus M1 was found to be highly tolerant to ferrous 

iron or zinc, two of the more dominant metals in wastewaters such as 

AMO. While the sulfidogen was, in general, more sensitive to metals than 

Acidocel/a PFBC, the latter bacterium was also found to be strongly 

inhibited by low concentrations of copper. 

The potential application of an "on-line" sulfidogenic system relies 

on the fact that hydrogen sulfide is a weak acid with two dissociation 

constants (Equation 3.8) and in acidic liquors containing free sulfide the 

dominant species is undissociated hydrogen sulfide (~99.9 % at pH 4), 

whereas at pH 6.9 H2S and HS-occur in equal concentration. 

[3.8] 

While concentrations of s2
- (the species that reacts with chalcophilic 

metals) are extremely small, except in alkaline conditions, selective 

precipitation of metals as sulfides can be controlled by varying the pH of 

the metal containing liquor or the "on-line" bioreactor system, which in 
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turn controls that concentration of s 2
·, and thereby dictates which metal(s) 

will precipitate. 

Systems currently industrially used include the Budelco zinc 

refinery plant, removing zinc from contaminated groundwater (Barnes et 

al., 1994; Paques bv, the Netherlands) and other bench and pilot scale 

systems that selectively remove metals as sulfides from mixed metal 

liquors by controlling the pH in contacting vessels (Tabak & Govind, 

2003; Tabak et al., 2003) or by controlling the redox potential at a set pH 

(Pott & Mattiasson, 2004). Another "on-line" example neutralised the 

acidity of the effluent liquor almost immediately, within the reactor, using 

the excess alkalinity generated by sulfidogenic activity (Kaksonen et al., 

2003) a factor that in a selective precipitation system could be either 

balanced (by metal precipitation) or used to control the pH of the 

individual selective precipitation reactors. Some fluctuation in pH was 

seen during the operation of the bioreactors, where the pH fluctuated 

between the set parameters (± 0.1 pH unit), possibly increasing in part 

because of alkalinity produced by any excess Hs· during sulfidogenesis 

(Equation 3.9) and also due to the excretion of bicarbonate, which once 

excreted gains a proton forming carbon dioxide and water (Equation 

3.10), and decreasing as a result of the automated addition of sulfuric 

acid. 

[3.9) 

[3.10] 

The majority of sulfide excreted would however have reacted with zinc, 

counterbalancing any alkalinity produced and assisting in the 

maintenance of pH due to the release of protons (Equation 3.11 ). 

[3.11] 

System application could be further simplified, as has been 

successfully implemented at the Budelco zinc refinery in the Netherlands. 
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Like its closest characterised relative, Desulfosporosinus orientis, 

Desulfosporosinus M1 was capable of growth on H2 using CO2 as a 

carbon source coupled to the reduction of sulfate (Lee et al., 1994; Lee & 

Sublette, 1994; Kimura, 2005) (Equation 3.12). 

[3.12] 

Grown under these culture conditions Desulfosporosinus M1 was 

effectively growing chemolithotrophically and this capacity to perform 

sulfidogenesis, using hydrogen as the fuel, suggests it could be applied to 

a system similar to the "second generation" system that has been 

installed at Budelco, using a gas mixture of H2/C02, derived from natural 

gas (Boonstra et al., 1999), which would eliminate the need for the 

partner organism and the possible acetic acid toxicity issue. Whereas the 

"first-generation" system at the Budelco zinc refinery used ethanol as 

electron donor and carbon source, the use of H2/C02 derived from natural 

gas in the "second generation" reactor provided a more cost-effective 

solution, and has wider application (Tabak & Givind, 2003). 

3.9 SUMMARY 

This syntrophic, sulfidogenic, bacterial consortium; previously described 

by Kimura (2005), Kimura et al. (2006) and Johnson et al. (2006) was 

able to grow using glycerol as the carbon and energy source, coupled to 

the reduction of sulfate. Despite the sulfidogenic member of the 

consortium, Desulfosporosinus M1, being an 'incomplete substrate 

oxidiser', producing stoichiometric amounts of acetic acid from glycerol, 

the complete oxidation of glycerol was facilitated by the syntrophic 

interaction of the acidophilic heterotroph, Acidocel/a PFBC that, under 

anoxic conditions, oxidised acetic acid to carbon dioxide and hydrogen, 

the latter being used as a substrate by the sulfidogen coupled to further 

sulfate reduction. In this study the syntrophic consortium, similar to a 

number of other anaerobic syntrophic systems described in the literature, 

was shown to involve the interspecies transfer of hydrogen, but this 
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instance appears unique in being between an obligate anaerobe and 

what was believed to be an obligate aerobe (actually a facultative 

anaerobe). In this study the activity of the syntrophic system at pH values 

as low as 3.4 (± 0.1) was determined, and this is promising with regard to 

any application for the selective removal of metals (as sulfides) from 

mixed metal contaminated wastewaters, using an "on-line" system. 

Currently, the reason(s) for the lower pH limit of the consortium are not 

fully understood. Metal toxicity data and the lower pH limit of 

Desulfosporosinus M1 would suggest that the sulfidogenic member of the 

consortium is the 'weak-link', though further work is required in this area. 
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CHAPTER 4: ISOLATION AND CHARACTERISATION OF 

ACIDOPHILIC AND ACID-TOLERANT SULFATE-REDUCING 

BACTERIA (aSRB). 

4.1 INTRODUCTION 

There have be a number of reports of sulfidogenesis in low pH 

environments that contain elevated concentrations of soluble sulfate, 

such streams draining mines and pit lakes (Johnson, 2000). In addition to 

available sulfate, prokaryotes that catalyse the dissimilatory reduction of 

sulfate to sulfide also require anaerobic (micro)environments, and an 

energy source (generally a form of organic carbon, though hydrogen is 

also used widely by SRB). However, there has been limited success in 

isolating SRB from acidic, mine-impacted environments, and most 

isolates obtained to date grow optimally under neutrophilic or near

neutrophilic conditions, and show little activity in acidic (pH <5) culture 

media (Tuttle et al., 1969; Kusel et al., 2001). 

One of the reasons for this lack of success is the use of an 

inappropriate substrate in enrichment media. Sodium lactate is a 

commonly used substrate for cultivating SRB (Postgate, 1979) but in low 

pH media lactate occurs as undissociated lactic acid which, like many 

small molecular weight organic acids, is highly toxic to acidophilic micro

organisms. In addition, SRB may be categorized into one of two distinct 

groups - "complete" and "incomplete" substrate oxidisers. The latter 

group, which includes some of the more well known SRB such as 

Desulfotomacu/um spp., only partially oxidise their substrates and usually 

excrete acetate (which, in natural environments is generally used by other 

prokaryptes present, such as methanogenic archaea). Again, at low pH 

the excreted product is a toxic, undissociated acid which, if not removed, 

can inhibit or kill acidophilic SRB (Kimura, 2005; Norris & lngledew, 

1992). 

Sulfidogenesis at low pH is an interesting and potentially important 

process for wastewater treatment (Chapter 3). Previously, successful 

cultivation of SRB in acidic culture media has been achieved using two 
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main methods. Firstly, the use of non-acid substrates, such as small 

molecular weight alcohols, reduces the potential for substrate toxicity. For 

example, Hard & Babel (1997) used methanol as carbon and energy 

source to cultivate an SRB isolate (from a copper mine) in media poised 

between pH 4 and 9, and also to cultivate the known species 

Desu/fovibrio salexigens at pH 4.5. Secondly, the use of overlay solid 

media, devised by Sen (2001 ), Sen & Johnson (1999) and developed 

further by Kimura (2005) eliminated the problem of organic acid (e.g. 

acetic acid) toxicity at low pH. The inclusion of an acidophilic heterotroph 

in the under-layer medium not only accounted for any acetate generated 

by "incomplete substrate oxidation", but also any small molecular weight 

organic compounds produced by acid hydrolysis of the gelling agent 

(section 2.2.2.1.1 ). 

In this chapter, enrichment and cultivation techniques for 

acidophilic SRB (aSRB) were developed and tested, isolates obtained 

were identified and partially characterized . The various sites sampled are 

shown in Figure 4.1. 

4.2 SAMPLING SITES 

Four sampling sites, all impacted by AMO, were visited, three on single 

occasions and the third at regular intervals throughout the study. Solid 

sediment samples were collected from anaerobic sulfidogenic zones on 

the basis of their colour and odour of hydrogen sulfide (liberated when 

contacted with the acid stream water). The sites sampled, their global 

position and the physico-chemical properties of the waters that overlayed 

the sediments are shown in Table 4.1. 
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Figure 4.1 Various sites sampled bioprospecting for SRB. A, Sao 

Domingos (Beja, Portugal); B, wetland area at Mynydd Parys (Wales, 

U.K.); C, Cae Coch (Wales, U.K.); D, Mynydd Parys-Dyffryn adit (Wales, 

U.K.); E, Cantareras adit (Huelva, Spain) and F, Mynydd Parys-Mona adit 

post draining (Wales, U.K.). 
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Table 4.1 Physico-chemical properties for AMO impacted streams 

sampled for SRB (subsurface anaerobic zones). All values are mg L-1 

unless stated. 

AMD property Mynydd Cantareras Sao Cae Coch 
Par11s Dominaos 

g> E "C o,- g> E - rn E 
Description of 

C C Q) Cl) C 
·- ro ro ·- C ·- ro o ·- ro 

waterway 
~ Q) ;; ~ C ~ Q) 0 ~ Q) 
0 .... 

~ 
o ro 0 .... a.. 0 ~ _...., - ..c LL en LL Cl) LL U i:;:::: Cl) 

PH 2.40 2.67 2.66 2.68 1.95 
Redox (Eh; mV) 465 749 626 637 654 

Conductivity 2.95 ND 4.32 3.40 9.70 
(mS/cm) 
Sulfate-$ 890 237 1,190 141 1,184 

Ferrous iron 300 17 915 320 3,920 
Total iron 480 95 1,130 495 11,144 

Zinc 60 44 24 ND 455 
Copper 35 10 157 ND 115 

Manaanese 15 11 9.5 ND 104 
Aluminium 60 20 ND ND 265 

Arsenic 1.5 ND ND ND <5 
DOC 4.75 ND 2-5 ND 3.30 

Temperature 12 ND 19* 19* 9.40 
(OC) 

Oxygen(%) 14 ND 0.5-5.0 65 0.9 
(mQ L-1) (mQ L-1) 

Cae Coch data are from Kimura (2005); Mynydd Parys wetland data are 

from Coupland (2005); ND = not determined; * = temperature varied with 

sunlight exposure and time of day. 

Samples collected for enrichment and isolation of SRB are detailed in 

Table 4.2. 
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Table 4.2 Mine sites, material and code of samples taken for SRB 

inocula. 

Mine site Specific details Depth* Code 
(cm) 

Sao Domingos Disused copper mine ~15 SD 
(Beja, Portuaall (Stream sediment) 

Cae Coch Disused pyrite mine ~60 cc 
(North Wales, (Streamer material from pool 

UK) depth) 
Sediment from stream previously ~10 PAM 

Mynydd Parys draining Parys mine (Coupland, 
(North Wales, 2005) 

UK) Sediment from edge of stream ~2 PADe 
currently drainina mine (at adit) 

Disused copper Sediment from centre of stream ~12 PADc 
mine currently draininq mine (at adit) 

Gelatinous material from stream ~60 PAD-
drainina mine (~100 m from adit) BG 

Cantareras Gelatinous turquoise material from ~4 CL3 
(Huelva, Spain) drainage channel (~30 m from 

adit) 
Disused copper Gelatinous black material from ~6 CL4 

mine drainage channel (~30 m from 
adit) 

Sediment material from drainage ~20 GIL 
channel (within adit) 

* =recorded from top surface of covering water-body 

4.3 DETERMINATION OF SEDIMENT pH 

SRB activity is commonly associated with neutral or near-neutral pH 

anaerobic zones even at sites impacted by acidic conditions, as 

sulfidogenesis is an alkali-generating reaction (section 1.3.1.3.2). 

Consequently, the sediments are often pH >5, and the dominant sulfide 

mineral present is (hydro)troilite (iron monosulfide: FeS). 

4.3.1 Materials and methods 

The pH values of the sediment/mat samples were measured using an 

adapted method used routinely to determine soil pH. 
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Sediment/streamer/mat material (1 g) was dispersed in RO-grade water 

(2.5 ml) and shaken (150 rpm) for 1 hour. The solid material was allowed 

to settle and the pH of the covering liquid was measured (section 2.3.1.1 ). 

4.3.2 Results 

Sediment/mat pH values varied greatly between sites (Table 4.3). A one

way ANOVA was performed followed by Tukey post-tests using 

GraphPad lnStat version 3.0 statistical analysis package and with the 

exception of PAM v PAW, CL4 v GIL, PADc v PAM and PADc v PAD BG 

all other comparisons were significantly different from each other 

(p<0.05). 

Table 4.3 Sediment/mat pH of materials collected for SRB enrichment 

and cultivation. Mean pH and standard error are shown (n = 3). 

Code H 
PADe 6.35 0.12 
PADc 5.76 0.13 
PAM 5.44 0.10 
PAW 5.06 0.10 
PAD BG 5.85 0.01 
CL3 2.48 0.01 
CL4 3.89 0.01 
CIL 3.98 0.01 

4.4 SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY 

DISPERSIVE X-RAY ANALYSIS (EDAX) 

SEM and EDAX were performed on several sediment/mat materials to 

determine if prokaryotes could be visualised within them, and also to 

determine the relative elemental composition of the materials, in 

particular the sulfide minerals present. 

120 



4.4.1 Materials and methods 

SEM and EDAX were performed on four of the materials 

streamer/sediment materials from Cantareras and Mynydd Parys. 

Material was prepared by critical point drying and visualised as described 

in sections 2.3.1.10 and 2.3.1.11. 

4.4.2 Results 

Biological structures (single bacterial cells, chains and/or filaments) were 

seen in all sediment/mat samples examined, and endospore-like 

structures were found in samples CL4 and PAD-BG (Figure 4.2). Two of 

the acid streamer/mat samples showed evidence of dehydrated 

exopolymeric material surrounding bacterial cells, and these were 

markedly different from "inorganic" sediment samples, where cell 

surfaces were often found to be coated with particulate materials (images 

not shown). Despite apparent similarities in appearances between the 

two materials in which bacterial endospores were visualized, EDAX 

indicated that CL4 contained a high relative ratio of copper to iron, 

whereas PAS-BG contained a high relative amount of iron and no copper 

(Table 4.4). 

Figure 4.2 SEM images of gelatinous acidic streamer/mat material from 

layer CL4 (A) and PAS-BG (B). The arrows indicate the presence of 

bacterial spores in both samples. Scale bar represents 5 µm in both 

images. 
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Table 4.4 Approximate relative % of metals, ± standard error (potentially 

incorporated as sulfides) that were present at a single point on the 

biofilms (n = 3). 

Metal CL4 PAS-BG 
Iron 2.23 ± 1 13.83 ± 7 

Copper 11.47±3 0.00 ± 0 

4.5 BIOREACTOR aSRB ENRICHMENTS 

Enrichment cultures were trialled in bench scale bioreactors initially using 

hydrogen as the electron donor (made available by the dissolution of 

metallic iron under acidic conditions) and yeast extract as the carbon 

source. Glycerol was also used in later enrichments as electron donor 

and organic carbon source. The pH of the bioreactors was maintained at 

low pH and under anaerobic conditions in an attempt to enrich for low pH 

sulfidogenic activity. 

4.5.1 Materials and methods 

Five batch bioreactor enrichment cultures were set up in an Electrolab 

P350 2 L bench-scale bioreactor (Electrolab, U.K.), fitted with pH, 

temperature and dissolved oxygen sensors (Figure 3.1 ). The complete 

system was heat-sterilised by autoclaving for 30 minutes at 120 °C and 

sterile conditions were maintained for the duration of each bioreactor run. 

The liquid medium (Table 4 .5) was deoxygenated with a continuous flow 

(10 ml per minute) of oxygen-free nitrogen (OFN) for a minimum of 1 day 

before initial inoculation with the test material, and OFN continued to be 

bubbled through the reactor throughout each experimental run. The 

bioreactor culture was stirred (70 rpm), maintained at 30 °C, and pH was 

controlled to the specified value(± 0.1 pH unit) by the automated addition 

of either sterile 0.1 M sodium hydroxide (NaOH) or sterile 0.1 M sulfuric 

acid (H2SO4). 
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Two types of liquid medium were used in the bioreactors. In the 

first of these, sterile iron filings (10 g l-1
) were placed in the reactor 

vessel, which resulted in the continuous production of small amounts of 

hydrogen on reaction with the acid (pH 2.5) liquors. The second medium 

contained glycerol (5 mM) as the energy and carbon source. The specific 

constituents of medium used in each of the five bioreactor batch 

enrichment culture are listed in Table 4.5. 

Table 4.5 Compositions of liquid media used to enrich for acidophilic SRB 

in bioreactors. 

Enrichment Shared Unique constituents pH* 
number constituents 

1 YE (0.01 %) 
Iron filings (10 g l-1)** 

2.5 
(±0.2) 

2 CuSO4 
(0.5 mM) 

CuSO4 
3 HBS (20 ml L-1

) Vitamin mix (1 ml l-1
) (0.1mM) 

TE (1 ml l-1
) . Glycerol (5 mM) ZnSO4 

FeSO4 (1 mM) (5mM) 
CuSO4 

4 (0.5mM) 3.0 
ZnSO4 (±0.1) 

(2.5mM) 
CuSO4 

5 (1mM) 
ZnSO4 

(3.75mM) 
* pH was adjusted using 1 M sulfuric acid (H2SO4) prior to heat 

sterilisation 

** Zero-valent iron (iron filings) was heat-sterilized separately. 

The amount of enrichment material added to each bioreactor, the point of 

addition during the enrichment process and the origin of the enrichment 

are listed in Table 4.6. During enrichment number 3 an actively growing 

culture of Acidiphil/ium SJH (20 ml) was added to the bioreactor as a 

precautionary measure to ensure that any oxygen that may have 
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ingressed was rapidly utilized, therefore maintaining the desired 

anaerobic conditions. 

Table 4.6 Amount of enrichment material used as inocula, origin, 

description of material and time of addition to each enrichment bioreactor 

culture. 

B INOCULA 
A 
T Origin Description Volume Time of 
C (Table 4.2) {ml) addition 
H 

1 cc Deep streamer 10 Day 15 
PAM material 10 
PAD Sediment 10 

Sediment 

2 PAM Sediment 20 Day2 
PAD Sediment 20 

Acidiphillium SJH Acidophilic heterotroph 20 Day20 

3 Defined consortium Sulfate-reducing 300 Day2 
(M1/PFBC) (Chapter 3) consortium 

PAM Sediment 30 Day 3 
PADc Sediment 30 
PADe Sediment 30 
PAW Sediment 30 

4 Progression from batch enrichment 3 
media drained and replaced (1 L) 

between batch 3-4 and 4-5 
5 

All sediments were pre-dispersed in HBS and only the liquid phase was 

added to the bioreactors as the enrichment material. This was to avoid 

masking any subsequent metal sulfide production (due to sulfidogenesis), 

an indicator of culture activity that would have been visualised as a fine 

precipitate within the bioreactor vessel. 
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4.5.2 Results 

No trends indicative of sulfidigenesis (decreases in concentrations of 

sulfate, zinc or copper) were observed during the operation of any of the 

five bioreactor enrichments. The trend in analyte concentration for 

enrichment bioreactor batch culture number 3 is shown in Figure 4.3. 
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Figure 4.3 Minimal change in analyte concentration seen in 

environmental enrichment bioreactor batch culture 3. Key: _.. , sulfate; _.. , 

soluble zinc; _.. , soluble copper; _.. , acetic acid. 

The mean value (± standard error) for all analytes measured in each of 

the 5 bioreactor enrichment cultures and the number of days for which 

the enrichment conditions were maintained, are listed in Table 4.7. 

Despite the various methods used and the length of the enrichment 

period , no indication of sulfate-reduction was detected in any of the batch 

enrichment cultures. 
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Table 4.7 Mean concentrations of various analytes in environmental 

enrichment batch bioreactors ± standard error (n = 6-13, unless stated). 

Enrichment pH Acetate Sulfate Zn Cu Fe Days 
number (mM) (mM) (mM) (mM) (mM) run 

1 2.67 ± N/A ND N/A NIA v* 70 
0.02 

2 2.51 ± ND ND N/A 0.46 0.82 ± 40 
0.05 (n=1) 0.04 

3 2.95 ± 0.0 ± 5.54 ± 4.63± 0.10 ± ND 16 
0.01 0.00 0.08 0.05 0.01 

4 2.96 ± 0.0 ± 6.11 ± 2.73 ± 0.49 ± ND 15 
0.01 0.00 0.13 0.06 0.03 

5 2.97 ± 0.0 ± 6.95 ± 3.49 ± 0.84 ± ND 16 
0.01 0.00 0.22 0.05 0.01 

*The concentration of ferrous iron increased over the duration of the 

bioreactor life, an indication of hydrogen production; N/A = not applicable; 

ND = not determined. 

4.6 ISOLATION OF aSRB ON SOLID OVERLAY MEDIA 

Solid media cultivation was also performed either concurrent with 

bioreactor enrichments or independently (depending on sample 

collection) using the overlay plate technique (section 2.2.2.1.1 ). 

Acidophilic SRB isolates were tentatively identified by the deposition of 

metal sulfides within growing colonies, and these were sub-cultured for 

further examination. 

4.6.1 Materials and methods 

Sediment samples were dispersed in 1X HBS (pH 3.5), serially diluted 

and spread onto overlay solid media using a sterile glass spreader. Two 

types of solid overlay medium were routinely used SRB(Fe)o and 

SRB(Zn)o and were usually supplemented with either glycerol or mannitol 

(each at 5 mM; section 2.2.2.1.1 ). All solid media was incubated 

anaerobically in sealed jars using the AnaeroGen™ AN25 system (Oxoid 

Ltd., UK). The solid media type, substrate supplied and extent of dilution 

series carried out for each of the cultivated samples are shown in Table 
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4.8. Colonies of SRB were initially identified by the presence of metal 

sulfide precipitates (black FeS on iron-containing medium, and pink/white 

ZnS on or zinc-containing medium). Colonies were differentiated on the 

basis of morphology and enumerated. Isolates identified with different 

and distinct colony morphologies were sub-cultured on fresh solid media, 

equivalent to that on which they were initially isolated. Once the isolates 

were considered to be pure, they were differentiated using RFLP (section 

2.4.3) and identified by sequencing their 16S rRNA genes. Colony and 

cellular morphologies of those isolates that were successfully sub

cultured were documented. 

Table 4.8 Solid media type, substrate supplied and extent of dilution 

series carried out for each of the plated samples. 

Site code Dilution ranae Plate type / substrates 
SD 10° and 10· 1 SRB(Zn)o / 

Qlycerol 
cc 10-1 SRB(Zn)o & SRB(Fe)o / 

mannitol, glycerol & lactate 
PAM 
PADe 10° 10·2 and 10-4 

' 
SRB(Zn)o & SRB(Fe)o / 

PADc mannitol & glycerol 
PAD-BG 

CL3 
CL4 10° 10-2 and 10-4 

' 
SRB(Zn)o & SRB(Fe)o / 

CIL mannitol & glycerol 
(Chapter 7) 

4.6.2 Results 

4.6.2.1 Sao Domingos (SD) 

No growth (SRB or non-SRB) was seen on aSRBo (Zn) solid media 

inoculated with serially diluted sediment collected from the Sao Domingos 

stream during the 28-day incubation period, using glycerol as the 

substrate. 
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4.6.2.2 Cae Coch (CC) 

No growth of SRB was seen on SRBo (Fe) or aSRBo (Zn) solid media 

inoculated with serially diluted streamer material collected from the Cae 

Coch stream pool during the 35-day incubation, using glycerol, mannitol, 

lactate or yeast extract as substrate. By day 85 of incubation, no SRB 

growth was observed and the plate surface was covered with small 

white/off white colonies that did not follow the dilution series and were 

thought to have arisen from the under-layer solid medium inoculm. 

4.6.2.3 Mynydd Parys 

4.6.2.3.1 Mona (PAM) 

After 42 days of incubation a single type of putative SRB colony grew on 

aSRBo (Zn) plates inoculated with sediment from the drained Mona adit 

(Mynydd Parys) and supplemented with glycerol. Numbers of colony 

forming units (CFU) per gram of dry weight sediment, are shown in Table 

4.9. This isolate was coded PFBposs.1. 

4.6.2.3.2 Dyffryn stream edge (PADe) 

After 42 days of incubation a single type of putative SRB colony grew on 

aSRBo (Zn) plates inoculated with sediment from the edge of the Dyffryn 

adit stream (Mynydd Parys) and supplemented with glycerol. Numbers of 

CFUs per gram of dry weight sediment, are listed in Table 4.9. This 

isolate was coded PFBposs.2. 

4.6.2.3.3 Dyffryn stream centre (PADc) 

After 42 days of incubation two putative SRB colony morphologies were 

identified on both glycerol and mannitol supplemented aSRBo (Zn) solid 

overlay media. One of these represented 3 and 7 % of the overall SRB 

that grew on glycerol- and mannitol-supplemented media respectively. 

128 



The dominant isolate on glycerol-supplemented media was sub-cultured 

and coded as PAD-SC1. Both colony morphologies represented on 

mannitol supplemented media were subcultured and coded as PAD-SC2 

and PAD-SC3. Greatest numbers of CFUs of SRB and smaller numbers 

of non-SRB colonies were obtained using glycerol-supplemented media 

(Table 4.9). Isolates coded here were subsequently considered to be 

identical to isolates from the PAD-BG sample (using RFLP) and therefore 

not subcultured. 

4.6.2.3.4 Dyffryn black gelatinous material (PAD-BG) 

After 35 days of incubation a single putative SRB colony morphology 

grew on each of the aSRBo (Zn) media, supplemented with either 

glycerol or mannitol. Similar numbers of CFUs were recorded for SRB 

and non-SRB colonies on media supplemented with different substrates 

(Table 4.9). The SRB were labelled: PAD-BG1 and PAD-BG3, for the 

glycerol and mannitol grown isolates respectively. Other non-SRB 

colonies grew as white, domed colonies that ranged in size between 1 

and 4 mm diameter, and were considered not to be the under-layer 

organism. A small percentage (13-20 %) of the non-SRB colonies were 

small (1-2 mm, diameter) and black in colour, but these were not 

successfully sub-cultured. 

4.6.2.4 Cantareras 

4.6.2.4.1 Layer 3 (CL3) 

No colonies of SRB or non-SRB grew on solid media inoculated with acid 

streamer/mat material layer 3 on aSRBo (Zn) or SRBo (Fe) solid media 

supplemented with either glycerol or mannitol within the initial 28-day 

incubation period. However, after re-incubating the solid media for a 

further 80 days, a single colony grew on an aSRBo (Zn) plate 

supplemented with glycerol (coded CL3-10°) and appeared to be 
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depositing zinc sulfide. Colony forming units of both putative SRB non

SRB colonies were enumerated. 

4.6.2.4.2 Layer 4 (CL4) 

After 28 days of incubation a single putative SRB colony morphology 

grew on each of the SRBo (Fe) solid media supplemented with glycerol 

and mannitol. The sub-cultured isolate from the mannitol plate was coded 

CL4-afm. On aSRBo (Zn) solid medium, two putative SRB colony 

morphologies were seen to be depositing zinc sulfide, corresponding to 

isolates coded CL4-bzm and CL4-czm. On re-incubation of initial plates 

for a further 80 days a single colony morphology was seen on the aSRB 

(Zn) plate supplemented with glycerol and inoculated with higher dilution 

samples, and this isolate was coded CL4-102
. Greatest numbers of CF Us 

of SRB and non-SRB from this sample are shown in Table 4.9. 

4.6.2.4.3 Inner lower layer (CIL) 

After 28 days of incubation a single putative SRB colony morphology was 

observed on plates inoculated with sediment material from the inner lower 

region of the drainage channel within the adit (Table 4.2) and this isolate 

was coded CIL-amf, On plates re-incubated for a further 80 days a single 

colony morphology (labelled CIL-bzm2
) was also seen on aSRB (Zn) 

plates supplemented with mannitol from the higher dilution. Greatest 

numbers of CFUs (SRB and non-SRB) are shown in Table 4.9. 

4.6.2.4.4 Copper-containing solid media 

Some bacterial colonies grew on copper-containing solid media incubated 

anaerobically. The entire surface of the plates was discoloured with a 

dark-green/black metallic sheen and colony morphologies were difficult to 

differentiate, therefore all ten colonies that grew were removed and sub

cultured on aSRBo (Zn) media. Those cultures that were successfully 
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sub-cultured in this way were differentiated by RFLP and two unique 

isolates (coded CCu5 and CCu6) were identified. 

Table 4.9 Numbers of Colony forming units of SRB and non-SRB 

obtained from mine sediments and microbial mats, enumerated on solid 

overlay media. 

CFU g-1 dry weight sediment 
Site code Substrate SRB Non-SRB 

S.Domingos Glycerol X X 

Cae Coch All four X X 

PAM Glycerol 4.6 X 104 5.3 X 104 

PADe Glycerol 1.8x104 1.4 X 10° 
PADc Glycerol 6.7 X 104 5.9 X 103 

PADc Mannitol 3.7 X 104 2.0 X 104 

PAD-BG Glycerol 2.1x101 6.7 X 10° 
PAD-BG Mannitol 2.2x10' 7.0 X 106 

CL3 Glycerol X X 

CL3 Mannitol 1.9 X 10° X 

CL4 Glycerol 4.4x104 1.3 X 10° 
CL4 Mannitol 5.9 X 104 9.5 X 104 

CL-IL Glycerol 9.1 X 104 1.5 X 104 

CL-IL Mannitol 8.0 X 104 7.7 X 103 

x = no growth 

4.7 IDENTIFICATION OF PUTATIVE ACIDOPHILIC SULFATE

REDUCING BACTERIAL (aSRB) ISOLATES 

The surface of the solid media close to the growing aSRB colonies and, 

on occasions the entire plate surface, were covered with an iridescent 

metallic sheen as evidenced in the photographic images of the colonies 

that grew (Figure 4.4). The isolates that were successfully cub-cultured 

were sequenced (16S rRNA genes) and data compared with those of 

known SRB. 
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4. 7 .2 Materials and methods 

RFLP analysis was carried out to screen isolates (section 2.4.3), and 16S 

rRNA gene sequencing carried out on representative unique isolates. 

Sequence data were compared to those deposited in the GenBank 

database using BLAST (Altschul et al. , 1997) (section 2.4.6). 

Phylogenetic analysis was carried out using a neighbour joining tree, 

created using ClustalX. 
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Figure 4.4 Colonies representative of some of the aSRB isolates from 

this study. A, CCu isolate once plated onto aSRBo (Zn) solid media; B, 

isolate CL4-czm; C, isolate PAD PFBposs.1 ; D, CIL-bzm2
; E, CIL-afm and 

F, CL3-10°. All colonies shown grew on aSRBo (Zn) plates with the 

exception of CIL-afm (E) that grew on an SRBo (Fe) plate. 
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4. 7 .2 Results 

From an initial number of 42 apparently different SRB colony 

morphologies, 13 were successfully sub-cultured and deemed to be 

unique based on screening by RFLP. The characteristic colony and 

cellular morphology of these isolates are detailed in Table 4.10. The 

complete or partial 16S rRNA gene sequences of the majority of these 

isolates, were determined and their identities and relatedness to other 

known micro-organisms is shown in Table 4.10. The phylogenetic 

relationship of the aSRB isolates to one another, other (neutrophilic) 

SRB, and to acidophilic/acid tolerant SRB previously cultivated at UWB 

are shown in Figure 4.5. While further work is required to obtain more 

complete 16S rRNA gene sequences of some of the bacteria, the isolates 

appear to divide into two distinct groups. One of these is closely related to 

Desulfosporosinus orientis, as were the previous aSRB isolates obtained 

at UWB (M1 , P1 and PFB), while the second group contained only 

isolates from the Cantareras adit acidic streamer/mat material, and these 

appeared to represent a novel genus. Molecular characterization 

indicated that the isolates from both PADc and PAD BG were probably 

wrongly identified in the preliminary identification as SRB, as sequence 

analysis indicated that these isolates were most closely related to 

Cellulomonas sp. (Table 4.10). 
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Table 4.10 Identification of isolates cultivated using solid overlay SRB media. 

Isolate Colony and cell morphologies Nearest relative Identity 
(plate I substrate) (length of sequence, base pairs) (%) 
PAM PFBposs.1 Irregular white/pink "metallic" colonies (2-4 mm); thick straight rods. D. orientis M1 / P1 100 

(Zn/ G) (669) 
PADe PFBposs.2 Domed (raised) white/pink colonies (2-4 mm); thick straight rods. D. orientis M1 / P1 99 

(Zn / G) (788) 
PAD BG-1 Conical (raised) gelatinous white/pink colonies (4-8 mm); thin straight Cel/ulomonas sp. 100 

(Zn I G) rods. (1215) 
PAD BG-3 Domed (raised) gelatinous white/pink colonies (2-4 mm); thin straight Cellulomonas sp. 99 

(Zn / M) rods. (520) 
CL3-10u Umbonate white pink colony (8-10 mm); long/straight rods and Peptococcaceae bacterium CL4czm 96 
(Zn / G) endospores. (505) 
CL4-afm Domed black (white edged) gelatinous colonies (2-4 mm); broad rod Desu/fosporosinus sp. PFB 97 
(Fe/ M) shaped cells and terminal endospores. (862) 

CL4-czm Domed white/pink colonies (2-4 mm), gelatinous, thin straight rods, with Desulfitobacterium hafniense I 91 / 93 
(Zn I M) terminal endospores. Desu/fosporosinus auripigmenti (1491) 

CL4-bzm Domed white gelatinous colonies (1-2 mm); small/broad rods. ND ND 
(Zn I M) 
CL4-10~ Domed white/pink colonies (4-8 mm) growing into the agarose surface; ND ND 
(Zn / G) lonq/straiqht rods and endospores. 
CIL-afm Domed black gelatinous colonies (2-4 mm); thin straight rods with Peptococcaceae bacterium CL4czm 97 
(Fe I M) terminal endospores. (691) 

CIL-bzm"' Domed ( 2-4 mm) white/pink coloured (granular) colonies (becoming Peptococcaceae bacterium CL4czm 96 
(Zn / M) brown with age); straight rods with terminal endospores. (1186) 
CCu-5 Unclear due to green/black metallic sheen covering whole plate surface. Peptococcaceae bacterium CL4czm 100 

(Cu I G) (617) 
CCu-6 Unclear due to green/black metallic sheen covering whole plate surface. ND ND 

(Cu I G) 
Measurements of colony sizes are of their diameters; ND = Not determined due to poor quality of sequence data. 
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Oesu/fovibrio vulgaris 
Om. guttoideum 

Om. thermosapovorans 
.------------- Clone CL4.4 c 

Om. thermoacetoxidans 
Om. kuznetsovii 

Om. acetoxidans 
Om. ruminis 
Om. aeronauticum 

Om. nigrificans 
Oh. restrictus 

Isolate CL4bzm2 c 

Isolate CL310° c 
'-----' 

L---- Clone CL4.20 c 

.----- isolate Cllamfc 
Isolate CL4czm c 

Isolate CCu5c 
Os. metallireducens 

Os. deha/ogenans 
Os. chlororespirans 
Os. hafniense 

Isolate PFB1 possP 
~- Isolate PFB2possP 

Isolate M1M 
Isolate P1P 
Isolate CL4amf c 

Isolate PFBP 
0. orientis 

0. meridiei 
0. auripigmentum 

Figure 4.5 Phylogenetic relationship of novel aSRB isolated in this study and 
their relationships to other SRB based on 16S rRNA sequence data. The 
tree is rooted with Oesu/fovibrio vulgaris as an out-group. The source of the 
aSRB from this study is indicated by black superscript letters as follows: P = 
Mynydd Parys, UK; M = Monserrat, West Indies; C = Cantareras, Spain. The 
species abbreviations used here are as follows: Om. = Oesu/fotomaculum; 
0. = Oesulfosporosinus; Oh. = Oehalobacter; Os. = Oesulfitobacterium and 
the identity of sequence sample as either isolate or clone are as follows: 
Black= isolates from previous studies at UWB; Grey = clones from this 
study; Red = isolates from this study. The scale bar indicates 1 nucleotide 
substitution per 100 nucleotides. 
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4.8 CHARACTERIZATION OF METABOLISM OF ISOLATES, BASED 

ON "COMPLETE" OR "INCOMPLETE" SUBSTRATE OXIDATION 

All SRB isolates in this study were isolated initially on overlay media, the 

underlayer organism being present to remove any potentially toxic by

products of growth (section 2.2.2.1.1) such as any resulting acetic acid 

secreted during incomplete substrate oxidation by the SRB, as well as 

materials derived from the slowly hydrolysing agarose. Previous aSRB 

have been shown to be "incomplete" substrate oxidisers (Kimura et al., 

2006) and a provisional test was carried out to give an indication whether 

the new isolates also were of this type. 

4.8.1 Materials and methods 

Selected isolates were grown on four types of solid SRB media, two 

overlay media: SRBo (containing Fe) and aSRBo (containing Zn), and 

two non-overlay media: SRB (Fe) and aSRB (Zn) (section 2.2.2.1 ). This 

was devised: (i) to assess whether isolates could grow on both neutral 

and acidic pH solid media, and (ii) to determine whether the underlay 

bacterium was vital to putative SRB isolate growth, which would indicate 

that the SRB were probably incomplete oxidisers. Growth was monitored 

after 28, 42 and 60 days of anaerobic incubation. All isolates that grew on 

non-overlay solid anaerobic media were also sub-cultured onto fructose 

(pH 3.5) and TSB (pH 4.0) solid media (section 2.2.2.2) and were 

incubated aerobically to test for the presence of cryptic aerobic 

heterotrophs, such as Acidocel/a PFBC, that may have been carried over 

from the under-layer of initial isolation media, or from the initial inoculum. 

4.8.2 Results 

Growth was assessed from the presence (or otherwise) of bacterial 

colonies after 60 days incubation, on both acidic and non-acidic solid 

overlay and solid non-overlay media. From this it was inferred 2 isolates 

appeared to be "incomplete" substrate oxidisers, 4 isolates appeared to 
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be "complete" substrate oxidisers and insufficient evidence was available 

to make any determination for the remaining 5 isolates (Table 4.11 ). 

Table 4.11 Growth of isolates on acidic overlay (aSRBo (Zn)), acidic non

overlay (aSRB (Zn)), neutrophilic overlay (SRBo (Fe)) and neutrophilic 

non-overlay (SRB (Fe)) solid media after 60 days incubation. ++, colonies 

present; +, poor growth observed (unclear evidence of colonies); -, no 

colonies observed. 

Isolate aSRBo aSRB SRBo SRB 
CL4-10L** ++ ++ ++ ++ 
CL4-bzm* ++ - ++ -
CIL-afm** ++ ++ ++ ++ 
CIL-bzmL ++ ++ - -
CL4-czm** ++ ++ ++ ++ 
CL3-1 au* ++ - ++ -
CL4-afm ++ - - -
CCu-5** ++ ++ ++ ++ 
CCu-6 ++ ++ ++ -
Pas BG-1 + - - -
Pas BG-3 + - - -

*"incomplete" 

**"complete" substrate oxidisers 

Aerobic heterotrophic acidophiles appeared not to have been transferred 

as none were detected on either fructose or TSB solid media incubated 

aerobically. The two Mynydd Parys isolates showed signs of growth on 

TSB solid media and further clarification is required, but this may relate to 

the fact that these two isolates were subsequently determined (from gene 

sequencing) to be Cellulomonas sp .. 

4.9 pH TOLERANCE 

Since most cultivated SRB appear to grow in neutral or near-neutral pH 

environments and those previously identified as acidophilic/acid tolerant 

are not very numerous, the pH range at which sulfidogenic activity was 

possible is of interest. While no pH control was maintained on the 
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growing media some indication of pH tolerance was identifiable and spent 

media pH was also recorded. 

4.9.1 Materials and methods 

Six selected putative SRB isolates were grown in duplicate in liquid media 

(section 2.2.3.1.2) poised at different initial pH values to test the pH range 

of the isolates. Sulfidogenic activity, indicated by the presence of metal 

precipitates in solution, was monitored at 28, 42 and 60 days of 

incubation (and regular visual appraisal was made between these points). 

Liquor pH was recorded at the start and end of the experiment and cell 

morphology and numbers were also monitored (sections 2.3.1.1 and 

2.3.1.8.1, respectively). 

4.9.2 Results 

The pH range over which selected isolates were capable of growth are 

shown in Table 4.12; a rough indication of their pH optima was inferred by 

the earliest time at which growth was observed. No growth was observed 

below pH 3 but two isolates (CL4-czm and CL4-102
) appeared to grow 

preferentially at low pH (3-4) whereas the other tested isolates appeared 

to grow preferentially at higher pH (>5). 
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Table 4.12 Growth of selected SRB isolates over a range of pH values 

(2-7). Indication of the number of cultures in which growth was recorded 

(n = 2) and the bracketed number indicates the earliest recorded sign of 

growth of that isolate (in days). 

Isolate Culture pH Growth* Isolate pH 80 days 
Pas BG-1 2 -/- CL4-czm 2 -/-

3 -/- 3 +/+ (31) 
4 -/- 4 +/+ (31) 
5 +/+ (80) 5 +/+ (35) 
6 +/+ (80) 6 +/+ (80) 
7 +/+ (40) 7 +/+ (80) 

Pas BG-3 2 -/- CL4-10;.! 2 -/-
3 -/- 3 +/+ (31) 
4 +/+ (48) 4 +/+ (33) 
5 +/+ (33) 5 +/+ (80) 
6 -/- 6 +/+ (48) 
7 +/+ (35) 7 +/+ (80) 

CIL-afm 2 -/- CL4-bzm 2 -/-
3 +/+ (80) 3 -/-
4 +/+ (48) 4 -/-
5 +/+ (48) 5 +/+ (48) 
6 +/+ (40) 6 +/+ (48) 
7 +/+ (48) 7 +/+ (80) 

* growth was determined by the presence of metal sulfide precipitate; +/-, 

growth/or not of individual cultures. 

Changes in culture pH were seen due to sulfidogenic activity and growth 

of isolates. The initial culture pH and spent media pH are shown in Table 

4 .13. 

Table 4.13 Changes in culture medium pH in which growth of isolate 

CL4-czm was recorded (80 days incubation). 

Start pH Final pH 
2.0 N/A 
3.0 3.9 
4.0 4.3 
5.0 4.7 
6.0 6.3 
7.0 7.1 

N/A, no growth recorded, therefore spent media pH not determined. 
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Mean cell counts representative of initially inoculated cultures and final 

cell counts for duplicate cultures of all isolates that grew, at all pH values, 

are listed in Table 4.14. 

Table 4.14 Mean initial cell counts in freshly inoculated media, for each 

isolate, the pH values at which growth of each isolate was recorded and 

the final (80 day) cell counts for the growing cultures. Standard error 

values are shown in brackets. 

Isolate Initial cell numbers* 
(x 106 mr1 

) 

pH Final cell numbers 
(x 106 mr1 

) 

(n = 3) (n = 2) 
Pas BG-1 5.0 16.56 (14.69) 

2.79 (0.09) 6.0 1.17(0.31) 
7.0 60.91 (43.09) 

Pas BG-3 1.28 (0.07) 5.0 144.00 (112.00) 
7.0 94.34 (33.16) 

IL-afm 3.0 263.91 (256.09) 
4.0 138.32 (136.68) 

1.64 (0.12) 5.0 214.33 (17.67) 
6.0 205.00 (15.00) 
7.0 245.50 (9.50) 

L4-czm 3.0 131.39 (13.61) 
4.0 157.88 (19.58) 

1.95 (0.12) 5.0 208.00 (28.00) 
6.0 13.88 (2.06) 
7.0 92.91 (77.09) 

L4-102 3.0 30.33 (1.19) 
4.0 100.09 (1 .91) 

2.21 (0.07) 5.0 86.67 (26.67) 
6.0 8.39 (2.60) 
7.0 50.97 (6.81) 

L4-bzm 5.0 53.66 (52.34) 
1.88 (0.21) 6.0 450.00 (70.00) 

7.0 70.59 (66.91) 
* mean initial cell numbers were calculated from 3 randomly selected, 

freshly inoculated cultures (of any pH) for each isolate. The justification 

for this was the use of the same inoculum culture being used to inoculate 

the same volume for each of the tested isolates. 
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4.10 SUBSTRATE UTILIZATION 

Sulfate reducing bacteria isolates were tested for their ability to grow on a 

range of different potential organic substrates. A total of 26 substrates 

were screened and included different alcohols, sugars and organic acids. 

4.10.1 Materials and methods 

Substrate utilization was tested in triplicate in a 96 well plate using liquid 

media containing HBS (1 X), TE (1X) and K2SO4 (5 mM) at pH 3.5 (with 

zinc sulfate added to 5 mM) or pH 6.0 (with 5 mM ferrous sulfate), as 

described in section 2.2.3.1 .2. One hundred µL of liquid media was 

aliquoted into each well, a potential substrate added (5 mM) and each 

well was inoculated with 10 µL of the SRB isolate tested (L4-102, L4-czm 

(pH 3.5) and PAD-BG3 (pH 6)). Control wells (a triplicate set of wells that 

contained no substrate, and another contained no ZnSO4/Fe SO4) were 

also set up. A central row (row D) was left uninoculated (but contained 

ZnSO4/Fe SO4) to determine if any cross-well sulfide transfer took place 

during the experiment, as this may have produced false positive results. 

Test substrates were added to a concentration on 5 mM, with the 

exception of yeast extract (0.02%). Growth was determined by visual 

examination of the media within the wells represented by the presence of 

metal sulfide precipitate, and also by looking for increases in cell numbers 

using phase contrast microscopy (section 2.3.1.8). The substrate map for 

the various substrates tested (for all isolates) in a single 96-well plate, is 

shown in Table 4.15. 
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Table 4.15 The substrate map indicating the substrates tested and the control measures used for each isolate in a 96-well plate. 

Column► 1 2 3 4 5 6 7 8 9 10 11 12 
RowT 

A 
B 
C 
D 
E 
F 
G 
H 

Zn- Benzyl D-gluc-
free Mannitol Methanol Fructose Glucose alcohol Fumarate Citrate uronic Succinate Propionate Formate 

controls acid 

X X X X X X X X X X X X 

substrate- Yeast 
free Glycerol Ethanol Mannose Phenol Benzoate Malate Lactate Acetate extract Glutamate Glycine 

controls 
Alanine Acetone Butyrate 1,2-propanediol 

x = uninoculated well containing media and ZnSO.JFe SO4 (metal but no substrate or inoculum) to determine if hydrogen sulfide 

transfer between wells occurred. Media pH 3.5 was used for L4-102 and L4-czm and pH 6.0 for PAD-BG3. 
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4.10.2 Results 

Growth of all three putative SRB isolates was seen and they utilized 

different potential substrates (Table 4.16). Isolate Pas BG-3 grew on the 

greatest number of potential substrates (15) and isolates CL4-102 and 

CL4-czm utilized 10 and 14 substrates respectively. 

Table 4.16 Substrate utilisation by three putative SRB isolates indicated 

by metal sulfide formation and the presence of cells. Key: -, no growth (no 

precipitate or cells) ; - c, no precipitate but cells present; +, growth 

(precipitate and few cells); ++, growth (precipitate and good density of 

cells); +++, growth (precipitate and large number of cells). 

Substrates Pas BG-3 CL4-10L CL4-czm 
Metal-free control L,; -c 

- L,; 

Substrate-free control - - -
Mannitol ++ ++ ++ 

Glvcerol + ++ ++ 

Methanol - - + 

Ethanol ++ - ++ 

Fructose ++ ++ ++ 

Mannose - - -
Glucose +++ +++ ++ 

Phenol + - -
Benzvl alcohol - - + 

Benzoate + - ++ 

Fumarate - ++ ++ 

Malate ++ - -
Citrate + - -
Lactate - - -

D-glucuronic acid + - -
Acetic acid + ++ ++ 

Succinate - ++ + 

Yeast extract (0.02%) ++ ++ +++ 

Prooionate + ++ + 

Glutamate ++ - -
Formate - - -
Glycine - - -
Alanine ++ ++ ++ 

Acetone - - -
Butyrate - - -

1,2-orooanediol - - -
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4.11 DISCUSSION 

Various enrichment and isolation techniques were performed on acid 

sediment/streamer/mat samples collected from the anaerobic zones of 

four AMO impacted waterways in three European countries, with the aim 

of isolating pure cultures or enriching for consortia that were capable of 

sulfidogenesis at extremely low pH (<3). Enrichments carried out in 2 L 

bioreactors at pH 2.5 and 3.0, using hydrogen produced from the 

dissolution of metallic iron (iron filings) or glycerol as the energy source 

for sulfidogens were unsuccessful in all five enrichment cultures that were 

set up. The facultative anaerobe Acidithiobacillus ferrooxidans was the 

only micro-organism recovered from one of these enrichments, and it was 

thought that this acidophile was growing as a result of a small ingresses 

of oxygen and not by coupling the oxidation of hydrogen to the reduction 

of either ferric iron or sulfur (Ohmura et al., 1999; Ohmura et al., 2002) as 

the concentration of these would have been very low in bioreactor 

medium. Possible reasons why no sulfidogenic activity was detected in 

these enrichment cultures include: (i) the inocula used did not contain 

extremely acidophilic sulfate reducers; (ii) the substrates/energy sources 

provided were not used by the indigenous sulfidogens; (iii) copper 

present in the media (0.1 - 1 mM) inhibited growth of the SRB present 

(copper was shown to be highly toxic to the sulfidogen Disulfosporosinus 

M1; Kimura, 2005). 

Although there was evidence of sulfidogenesis at the sites from 

which the samples were taken, the bacteria responsible may live in (and 

maintain) micro-environments that have significantly higher pH than the 

AMO that flows over the sediments. This supposition is supported by the 

presence of black FeS in sediments in the stream draining Mynydd Parys. 

This mineral only forms at pH values of above 5, yet the pH of the Oyffryn 

Adda stream was consistently ~pH 2.5 (Chapter 6). The acid 

streamer/mat samples from the Cantareras mine channel (Chapter 7) 

were not used in these enrichments, as they were collected at a much 

later stage in the project. However, with hindsight it appears that this 

material may be a suitable candidate for the enrichment approach used 
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as copper sulfide, rather than iron sulfide, was detected in these samples, 

indicating that higher pH micro-environments are rare or absent. In 

addition, the SRB isolates that were obtained from the Cantareras 

samples appeared to be more acidophilic than those from Mynydd Parys 

(or Desulfosporosinus M1). 

Current treatment measures are employed to remediate AMO 

including: the addition of neutralizing chemicals, diversion through 

wetlands (natural and designed), placement of anoxic limestone drains 

and treatment with compost bioreactors and other similar systems. These 

systems all rely on metal precipitation at neutral/near-neutral pH and 

various sludges are accumulated that contain a mix of metals 

predominantly as sulfides or hydroxides. Selective metal 

removal/precipitation systems have been developed on bench, pilot and 

industrial scale using neutral pH biogenic sulfide producing systems that 

are often complex engineered systems, as described in Chapter 3. While 

the basis of many of these systems is similar to the system proposed by 

Johnson et al., (2006) there are a number of advantages to be attained 

from utilizing acidophilic/acid tolerant SRB (aSRB), such as those isolated 

in this study. The low pH growth of isolates in this study (pH 3; CL4-czm 

and CL4-102
) and ones that appear to be tolerant of relatively high 

concentrations of copper (0.25 mM; CCu5 and CCu6, solid media initially 

poised at pH 2.5) would make an "on-line" selective system viable, in 

which, a single biogenic sulfide producing and wastewater contacting 

reactor could be maintained at a poised pH (between pH 2.5 and 6.0) 

(Figure 4.6). The system would enable the sequential removal of the 

three most commonly dominant metals (Cu, Zn and Fe) from wastewaters 

such as AMO (based on the different solubility products of their sulfides; 

Johnson et al. , 2006) generating metal sulfides of smeltable quality/purity, 

eliminating the current requirement for costly and complex bioreactor 

engineering, remove the risks involved in hydrogen sulfide gas transfer 

and reducing the financial burden of sludge/waste disposal. 

145 



AMD Fe/Mn oxidation 
(pH ~2.5) and precipitation 

D 
(Fe, Chapter 5) 

J aSRB aSRB SRB 
Bioreactor 1 

c) 
Bioreactor 2 Bioreactor 3 

pH ~2.5 pH ~4.0 c) pH ~6.0 

D D D 
CuS ZnS FeS 

Figure 4.6 Proposed layout of an integrated selective SRB system for the 

remediation of AMO containing soluble copper, zinc and iron as the 

dominant metals (adapted from Johnson et al., 2004). 

SRB can be classified into two groups on the basis of substrate 

utilization: either "complete" or "incomplete" substrate oxidisers. Complete 

oxidisers convert substrates to CO2, in some instances accumulating 

acetate until other substrate sources have been depleted (Widdel & 

Hansen, 1992) and incomplete oxidisers only convert substrates as far as 

acetate, which may accumulate in growth medium and can be toxic, 

especially at low pH (Norris & lngledew, 1992). In the previously 

discussed bacterial consortium (Chapter 3) and in the solid overlay 

medium (section 2.2.2.1.1) used for SRB isolation the accumulation of 

acetic acid as a result of Desulfosporosinus M1 growth is overcome by 

the addition of the acidophilic heterotroph Acidocella PFBC (under-layer 

of plates), effectively mimicking complete oxidation, as Acidocella PFBC 

utilizes any acetate produced. This is of particular relevance in low pH 

environments/culture as the biotoxic effect of acetic acid would be 

intensified as the undisociated species will be more dominant, is lipophilic 

and therefore membrane permeable, which can accumulate in the cell 

resulting in cytoplasmic acidification (Figure 4.8). 
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CH3COOH (acetic acid) 

pH :54.0 

CH3COO- + H+ (acetate) 

pH ~7.0 

Internal pH ~6.5 

Figure 4.8 The toxicity of acetic acid on entering the near-neutral internal 

cell cytoplasm (Adapted from Kimura, 2005). 

Pure cultures of several SRB isolates from the Cantareras adit appeared 

to grow on acidic non-overlay solid media containing glycerol. This 

indicates that these isolates are possibly 'complete substrate oxidisers' 

and, if that is the case, the requirement for a partner organism such as 

Acidocel/a PFBC to mediate active sulfidogenesis at low pH when using 

organic substrates such as glycerol would be eliminated. 

The choice of a suitable substrate is important not only for 

successful cultivation and growth of aSRB, but also with regard to the 

cost and efficiency of any industrial-scale application that might 

eventually incorporate these bacteria. Isolation and cultivation in the work 

described was mainly carried using glycerol or mannitol as carbon and 

energy sources, since these materials had previously been the most 

successful for obtaining acid-tolerant SRB from AMO-impacted sites 

(Sen, 2001 ). Waste products from other industrial/agricultural processes, 

if identified as suitable substrates could, for example, be both economic 

and readily available. Alternatively, the use of a H2/CO2 gas mixture as 

electron donor and carbon source, respectively, has been suggested as a 

cost-effective alternative to organic electron donors (Tabak & Govind, 

2003) and used as such in the second generation sulfidogenic bioreactor 
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at the Budelco zinc refinery in the Netherlands (Boonstra et al., 1999). 

Growth of SRB on a H2/CO2 gas mixture is dependent on them not only 

using hydrogen as electron donor, but also being able to grow 

autotrophically, by fixing carbon dioxide. An advantage of this mode of 

bioreactor operation is that biomass production (and therefore costs of 

disposal) is much reduced. While none of the isolates were tested for 

growth on hydrogen in the present study, this is something that needs to 

be addressed, particularly since the acid-tolerant isolate 

Desulfosporosinus M1 has been shown to use hydrogen as sole electron 

donor (Kimura, 2005). 

It was demonstrated, however, that isolates from this study were 

capable of growth on a number of different organic substrates. Isolate 

CL4-czm utilized the largest number of the tested substrates (14 of 26), a 

larger number than the previously described Desu/fosporosinus isolate 

M1 (10 of 26) and the two putative (PFBposs.1 and PFBposs.2) isolates 

(11 of 26) (K. B. Hallberg, unpublished). The greatest number of 

substrates utilized was by the PAD BG isolates and while they 

subsequently were confirmed not to be SRB, being most closely related 

to Ce/lulomonas sp.. These are interesting in their own right when 

considering the cycling of DOC (Rowe et al., 2007) and its availability to 

heterotrophs (such as SRB) in acidic environments but require further 

study to determine the details of their growth (especially with respect to 

their tentative identification as SRB). 

SUMMARY 

While biogenic sulfide production is not a novel discovery and has been 

used in several active biological processes to date, the details of the 

proposed application method in this study and the qualitative examination 

of a number of novel micro-organisms isolated represents a new 

development. Biogenic sulfide production has been recognized as one of 

two major alkalinity-generating processes that underpin biological passive 

treatment systems for the remediation of metal contaminated 

wastewaters, and their activity in low pH environments has also been 
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recognized, although the majority of current isolates grow at neutral or 

near-neutral pH. Although bioreactor enrichment cultures were 

unsuccessful the isolation of colonies on solid media returned some 

interesting results. While some of the isolates cultivated in this study were 

most closely related to other previously isolated aSRB (M1 , P1 and PFB) 

a new group that appears to represent a novel genera, be capable of 

grow at low pH and in the presence of soluble copper is interesting and 

warrants more detailed research. The latter group of isolates, some of 

which appear capable of complete substrate oxidation, would represent a 

step towards the development of an "on-line" sulfidogenic system for the 

selective removal of metals from mixed metal wastewaters such as AMO. 
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CHAPTER 5: COMPARISON OF IRON OXIDATION AT LOW pH 

CATALYSED BY DIFFERENT SPECIES OF IMMOBILIZED 

ACIDOPHILIC BACTERIA 

5.1 INTRODUCTION 

Iron is often the dominant soluble transition metal present in AMO. At 

Mynydd Parys (the main study site used) the concentration of soluble iron 

is approximately 560 mg L-1
. At its point of discharge AMO is often both 

anaerobic and acidic, both of which contribute to maintaining iron (both 

ferrous and ferric forms) and many other metals, metalloids and sulfate in 

solution at elevated concentrations. Acidophilic iron-oxidising bacteria 

play a key role in sulfide mineral-rich environments since they have direct 

and indirect involvement in mineral dissolution, which impacts on: (i) the 

concentrations of soluble iron and other metals in run-off waters, (ii) iron 

speciation (ferrous: ferric ratios, and hence redox potentials) and (iii) the 

amount of sulfate released from solid phase minerals (Johnson, 1995). 

The soluble iron present in mine drainage (at active and abandoned mine 

sites) is often predominantly ferrous (as at Mynydd Parys), though this 

will change with distance from the point of discharge, as waters become 

oxygenated and iron is (biologically) oxidised. In acidic environments 

(defined here as pH <4) ferrous iron is relatively stable, and oxidises 

abiotically only slowly (Stumm & Morgan, 1996). However, at low pH the 

presence of iron-oxidising prokaryotes greatly accelerates the rate of 

ferrous iron oxidation (Equation. 5.1 ). 

[5.1) 

In the present study, four different species of acidophilic bacteria 

were grown in pure culture and immobilized on "Poraver®" porous glass 

beads (Dennert GmbH, Germany). The four isolates, all of which had 

been isolated from AMO-impacted environments were: Acidithiobacil/us 

feroooxidans (strain N037), Leptospirillum ferrooxidans (strain CF12), a 

Ferrimicrobium-like (isolate TSTR) and "Ferriovalis acidosiris" (isolate 
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PSTR). While there has been a large number of reports describing the 

impact of bioreactor design and different support/immobilization 

materials, studies have focused almost exclusively on a single species of 

iron-oxidising bacteria, the well-studied acidophile At. feroooxidans 

(Grishin et al., 1988; Wood et al., 2001; Long et al. , 2003; Mazuelos et 

al. , 1999; 2000; Nemati & Webb, 1996; Armentia & Webb, 1992; Breed & 

Hansford, 1999) there has been little or no comparative work with other 

iron-oxidisers (with the notable exception of Kinnunen & Puhakka, 2004). 

This chapter describes biofilm development and activity (inferred by the 

increase in ferrous iron oxidation rate) of four different species of iron

oxidising bacteria immobilized on the same support matrix (Poraver 

beads) at low pH. Batch and continuous flow systems were examined 

using synthetic ("synAMD") which contained ferrous iron as sole transition 

metal, and filter-sterilized AMO ("fsAMD") that was collected from Mynydd 

Parys, in order to compare the capacities of the four species of 

acidophilic bacteria to oxidise ferrous iron in bioreactors. 

5.2 MATERIALS AND METHODS 

Four isolates of iron-oxidising bacteria, maintained in the Acidophile 

Culture Collection at the University of Wales, Bangor (UWB), were 

selected for this study. The four isolates were grown separately in liquid 

media in pure culture and then transferred to larger flasks to facilitate 

their immobilization on Poraver beads. Batch and continuous flow 

experiments were carried out on each isolate in packed bed bioreactor 

systems. A second trickle bed bioreactor system was also set up only 

using the streamer-forming isolate "Fv. acidosiris" (PSTR). 
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5.2.1 Identification and description of selected acidophilic bacterial 

isolates 

The four acidophilic bacterial isolates selected for this study are 

described below. 

5.2.1.1 Acidithiobacil/us feroooxidans (strain N037) 

At. ferrooxidans strain NO37 was originally isolated from AMD draining an 

abandoned Norwegian copper mine (Johnson et al., 2001). Although it 

has the physiological characteristics that identify it as a strain of At. 

ferrooxidans (being an iron/sulfur-oxidising Gram-negative 

chemolithotroph) its 16S rRNA gene sequence (GenBank accession 

number AF376020) places it in a separate group to the type strain of this 

acidophile, and it possibly represents a different species (Karavaiko et al., 

2003), a detail that is currently under review. Its tolerance of low 

temperature, low pH and high levels of many metals make At. 

ferrooxidans a prime candidate for application in biooxidation and 

bioremediation systems (Chen et al., 2004). Since its discovery a large 

amount of research activity has focused on At. ferrooxidans as it was 

believed to be the major biological catalyst of mineral dissolution in 

commercial operations, a view that has been disputed in recent years 

(Rawlings et al., 1999). 

5.2.1 .2 Leptospirillum ferrooxidans (strain CF12) 

L. ferrooxidans strain CF12 (16S rRNA gene GenBank accession number 

AF356834) was originally isolated from a 14 °C, pH 3.1 AMD impacted 

stream draining Blackbird cobalt mine, Cobalt, Idaho, USA (Johnson et 

al., 1993). Leptospirillum spp. are unique amongst classified acidophiles 

as these aerobic and chemolithotrophic bacteria appear to grow only 

using ferrous iron as electron donor and molecular oxygen as electron 

acceptor. They are capable of thriving at extreme pH (<2), growing 

successfully in liquor containing relatively low concentrations of ferrous 
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iron and in the presence of high concentrations of ferric iron and are 

found both at mine sites and many commercial bioleaching operations 

(Rawlings et al., 1999). 

5.2.1.3 Ferrimicrobium-like isolate TSTR 

Ferrimicrobium TSTR is a filamentous iron-oxidixing bacterium that was 

isolated from a chalybeate stream at Trefriw Wells spa (North Wales). 

The bacterium is physiologically and morphologically similar to an earlier 

isolate "CCH7" (Johnson et al., 1992) and others isolated from mine sites 

in North Wales (Hallberg et al., 2006) contrasted with the other bacteria 

used in bioreactor experiments in being obligately heterotrophic. 

5.2.1.4 "Ferriovalis acidosiris" (strain PSTR) 

"Fv. acidosiris" strain PSTR (16S rRNA gene GenBank accession number 

EF133508) dominates gelatinous streamer growths in the Afon Goch 

(North) (Hallberg et al. , 2006). Previously, PSTR-like bacteria had been 

detected in acidic mine waters but no isolates had been obtained. 

5.2.2 Solid matrix 

The four bacteria were immobilized, separately, onto porous glass beads 

obtained from Poraver Dennert GmbH, Germany. Poraver beads are 

synthesized from recycled glass and are used predominantly in the 

construction industry. Those used in the bioreactor systems were 

supplied as 8-16 mm diameter beads with a bulk density of 140 ±20 kg 

m-2 and pH of 9-12 (due to the presence of soda glass). Poraver beads 

were acid-washed several times before use to remove alkaline 

constituents, which would otherwise impede the development of 

acidophilic biofilms. Other properties of the bead used include 15 % water 

absorption, compressive strength of 0.8 N mm-2 and an apparent granular 

density (dispersal) of 270 ± 20 kg m-2. The chemical composition of 

Poraver beads is listed in Table 5.1. 
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Table 5.1 Constituent chemical components of Poraver beads (data from 

http://www.poraver.de). 

Constituent % 
cao 9.0 
Si02 71.9 
Al203 2.5 
Ti02 0.1 

Fe203 0.4 
MgO 2.1 
K20 0.8 

Na20 13.2 
S03 0.1 

5.2.3 Preparation of bioreactor cultures 

All isolates were grown in pure culture on solid media (section 2.2.2.2.1) 

before being transferred to appropriate liquid media. At. ferrooxidans 

NO37 and L ferrooxidans CF12 were grown in a liquid medium 

containing 5 mM ferrous sulfate, pH 2.0 and Ferrimicrobium TSTR in the 

same medium supplemented with 0.02% (w/v) yeast extract (YE). Isolate 

PSTR was grown in an inorganic ferrous sulfate medium at pH 2.2 

(section 2.2.3.2.1 ), since this isolate was more acid-sensitive than the 

other isolates. In each case, cultures (~2 L of liquid in 5 L conical flasks) 

contained ~2 L of acid-washed, sterile Poraver beads, and oxidised 

liquors were routinely replaced with fresh medium over a period of 6 

weeks (approximately 10 transfers in each case), in order to establish 

microbial attachment on the bead surfaces. Initially some liquid was 

retained during each medium change to retain some of the indigenous 

planktonic phase bacteria, but once it had been determined that sufficient 

growth and attachment of bacteria on the beads had taken place, the total 

volume of media was exchanged. 

The colonised beads were then transferred to four separate 

bioreactor vessels. These were constructed from 3 mm thick perspex and 

both the attached base and the tightly fitting lid each contained two 

outlet/inlet pipes. The bottom inclined area of each reactor was packed 

with acid-resistant, sterile gravel (to prevent blockages and stop the 
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erosion of the Poraver) and a 2 cm layer of gravel was also added at the 

top surface to hold the Poraver beads in place, under the surface of the 

liquid. The area between the two sections of gravel was packed with 

Poraver beads that had previously been colonised with iron-oxidising 

bacteria (Figure 5.1 ). The volume of beads used in each reactor was 

1500 ml (equivalent to 225 g (dry weight) or approximately 1100 

individual beads). The mean Povaver bead diameter of 12 mm, produced 

a total theoretical available (external) surface area of 48.86 m2 per 

bioreactor. The total liquid volume (with no immobilizing matrix present) 

was 1500 ml although a standard media change during a run (once 

packed with beads) required only 500 ml of liquid. 

5.2.4 Operation of bioreactors 

The packed bed bioreactors were operated in both batch and continuous 

flow modes, as described below. Two ferrous iron-containing liquors were 

used to test the efficiencies of the bioreactors at oxidising iron. 

5.2.4.1 Ferrous iron containing liquors 

(i) synthetic AMO (synAMO). Two sterile ferrous iron-containing 

solutions were prepared, and denoted as "synAMO". For At. 

ferrooxidans N037, L.ferrooxidans CF12 and Ferrimicrobium 

TSTR, this contained 5 mM ferrous sulfate, normal strength 

heterotrophic basal salts (HBS) and trace elements (TE) 

solution (section 2.2.3.2.1) and was adjusted to pH 2.0 using 

sulfuric acid. In the case of isolate PSTR, the HBS and TE 

solutions were used at half-strength, and the solution pH was 

adjusted to 2.2 (section 2.2.3.2.1 ). 

(ii) filter-sterilized AMO (fsAMO). AMO, taken from the Aton Goch 

North at Mynydd Parys on several different occasions, was 

filtered through 0.2 µm pore-size cellulose nitrate membrane 

filters (Whatman, UK) for use in the bioreactor experiments. 
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Physico-chemical parameters of the AMO were measured on 

site using a YSI 556 multimeter (section 2.3.2.1) and 

concentrations of iron, other metals, and sulfate were 

measured in the laboratory using methods described in section 

2.3.1. Representative analytical data of the mine water 

chemistry is shown in Table 5.2. Oxygen concentrations are not 

listed, but were relatively low on site (~ 13 % of maximum 

soluble 0 2) but would have increased substantially on filtration 

of the AMO. 

Table 5.2 Physico-chemical properties of fsAMO used in continuous 

mode systems. fsAMO was collected on five separate occasions and 

typical values for the important properties are listed. All values are mgL-1 

unless stated. 

Analyte Representative value 
pH 2.40 

Redox (Eh; mV) 465 
Conductivity (uS/cm) 2950 

Sulfate as sulfur 890 
Ferrous iron 300 

Total iron 480 
Zinc 60 

Copper 35 
Manganese 15 
Aluminium 60 

Arsenic . 1.5 
DOC 4.75 

5.2.4.2 Batch mode operation 

The four bioreactor systems were run concurrently in batch mode. Initially 

synAMO (section 5.2.4.1) was added to each bioreactor and changes in 

the concentration of ferrous iron monitored using the ferrozine 

colorimetric assay (Lovley & Phillips, 1987). Once the ferrous iron had 

been fully oxidised, the liquid was drained from the lowest point of the 

bioreactor and replenished with fresh synAMO. Time courses of iron 

oxidised were monitored in detail in the majority of experimental runs. 
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5.2.4.3 Continuous flow mode 

Once the time required to oxidise ~90 % of the ferrous iron present in 

synAMD had equilibrated at about 30 minutes during operation of a single 

batch mode, the bioreactors were re-configured for continuous flow 

operation. A sterile 5 ml glass pipette was inserted into each bioreactor, 

in line with one of the outlets in the lid, with as little disturbance as 

possible to the colonised Poraver beads (Figure 5.1 ). The resting point for 

the tip of the pipette was at the interface between the Poravor beads and 

the lower section of gravel. Tubing was attached to the inserted glass 

pipette (through one of the lid outlets) to act as the outflow and the other 

was used as the inlet for the continuous flow of fresh medium. One of the 

inlets in the base was maintained as the inlet for the compressed air and 

the second was clamped shut. Liquid medium (specified above) was 

pumped into the reactors using an Ecoline lsmatec peristaltic pump 

(Bennett Scientific Ltd., U.K.) keeping each reactor as a separate entity 

and free as possible of any possible cross-contamination. Pump speed 

settings were initially calibrated and the same pump configured to both 

supply fresh medium and drain the reactor, thereby balancing the volume 

of liquid present. Initially low pump speeds were used and then the rate 

was increased, with each rate being tested for a day or until all of the 

inflow liquor had been used. Seven flow rates were tested initially using 

synAMD, and this was followed by two runs using fsAMD, tested at a 

relatively low and a relatively high flow rate (396 and 1593 ml h-1, 

respectively). 
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Figure 5.1 Picture and diagram showing the configuration of packed bed 
bioreactors. Black lettering refers to aspects common to all systems, 
blue lettering refers to the configuration of batch mode bioreactors and 
red lettering refers to bioreactor configuration under continuous flow 
mode. 
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5.2.4.4 Rates of iron oxidation 

Rates of iron oxidation (calculated as mg of ferrous iron oxidised L-1 h-1) 

were determined for both batch and continuous flow operations and both 

dilution rate (h-1
) and effective volumes were evaluated using flow rate of 

fresh medium, bioreactor liquid volumes and total bioreactor volumes. 

5.2.5 Assessment of bioreactor integrity 

The bacterial integrity of each of the packed bed bioreactors (i.e. whether 

the pure culture status had been maintained during the course of the 

experiments) was carried out by plating liquid effluents (from post

continuous batch mode) onto selective solid media. Aliquots (100 µL) of 

liquid removed from each bioreactor were spread onto Feo, FeSo 

(Johnson 1995) and iFeo (Johnson & Hallberg, 2007) solid media, and 

incubated at 30 °C for 14 days (section 2.2.2.2.1 ). Colony morphology 

(Johnson et al., 2005; Johnson & Hallberg, 2007) and phase contrast 

microscopic examination of cellular morphologies were used to identify 

the cultivated micro-organisms and determine the level of bioreactor 

integrity maintained for each bioreactor. 

5.2.6 Post-oxidation ferric iron hydrolysis 

AMO draining the packed bed bioreactors operated in continuous flow 

mode was put in an open tray (42 by 30 cm) at a depth of 7 cm, and left 

at room temperature(~ 18 °C) for over 100 hours. The pH was monitored 

occasionally (section 2.3.1 .1) and the concentration of ferrous and total 

iron were monitored using ferrozine (section 2.3.1.2) to monitor hydrolysis 

of the ferric iron generated, which would have been denoted by a 

decrease in total soluble iron present. 
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5.2. 7 Trickle bed bioreactor system 

This system was used only for the "Fv. acidosiris" (PSTR) isolate 

because it was the only isolate examined that readily forms gelatinous 

streamer growths that anchor to available surfaces, as evidenced in the 

Afon Gach North at Mynydd Parys. 

5.2.7.1 System design 

"Fv. acidosiris" (PSTR) was grown in liquid medium that was continuously 

cycled over a length of gauze that had been extended inside a glass tube, 

and which was elevated at the medium input end (Figure 5.2). Synthetic 

AMO (5 mM ferrous sulfate, with half-strength HBS/TE; section 2.2.3.2.1) 

was pumped into the system at varying rates (initially very low to enable 

the bacterial streamer growth to develop) so that the liquid flowed down 

the length of the tube, running over the surface of the anchored gauze 

with its attached biofilm. 
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Fig 5.2 Picture and diagram of trickle bed bioreactor system. Turquoise arrows indicate the flow of fresh medium 

and c1ntJ1t: arrows indicate the flow of medium once contacted with the biofilm. 
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5.2.7.2 System parameters tested 

Once the biofilm had successfully colonised the gauze in the housing 

tube (i.e. there was clearly visible streamer growth) iron oxidation was 

monitored under a variety of operating conditions. Operating parameters 

varied were: (i) pH, commencing with 2.2 and adjusted by 0.2 of a unit, 

between the lower limit of 1.8 and higher limit of 3.0, (ii) the effect of light, 

(iii) nature of the influent liquor (synAMD and fsAMD). All parameters 

were tested over a range of flow rates between 22 and 332 ml h-1
• 

5.2.7.3 Sample collection and analysis 

Concentrations of ferrous iron were measured both in the input medium 

and the outflow liquor (having passed over the biofilm), using the 

ferrozine assay (section 2.3.1 .2). To facilitate collection of freshly 

discharged liquid from the terminal point on the descending tube, 

movement of the glass tube housing the biofilm was required (Figure 5.2) 

and a period of ten minutes equilibration was therefore maintained 

between any movement of the housing tube and sample collection. Once 

a collection commenced three individual samples were taken during the 

ensuing 30 minutes, and mean ferrous iron concentrations calculated. To 

ensure that the system had reached steady state after parameters had 

been changed, one hour was maintained between any variations in pump 

speed. The exception to this was the experiment involving only variation 

in flow rate (synAMD, pH 2.2), for which the pump speed was maintained 

overnight and monitored at regular intervals throughout the following day. 

5.2.7.4 Biofilm surface area calculation 

The approximate surface area was calculated by measuring the visible 

area (within the tube) of the gelatinous streamer growth. The width of the 

streamer growth was measured at 5 cm intervals between O (upper end) 

and the 20 cm mark, with a final measurement taken at the 29 cm mark. 
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This surface area was used to calculate the rate of ferrous iron oxidation 

as mg m·2 h·1. 

5.2.8 Miscellaneous analyses 

With both the packed bed and trickle flow bioreactors, measurements of 

pH (section 2.3.1.1) were carried out regularly, and of total (ferrous plus 

ferric) iron (by ion chromatography; section 2.3.1.6.1) more occasionally. 

Poraver beads taken from the four reactors (prior to decommissioning) 

were viewed using scanning electron microscopy (SEM) (section 

2.3.1.10). 

5.3 RESULTS 

5.3.1 Commissioning of packed bed bioreactors 

All four selected isolates were capable of oxidising ferrous iron at low pH, 

and the development of an active biofilm was indicated by a trend in 

decreasing 'half-lives' (of ferrous iron) with successive batch runs. During 

a single experimental batch run the best fit was calculated as an inverse 

exponential decrease in ferrous iron concentration and from this the 'half

life' was calculated . The 'half-life' value was calculated as the time taken 

for the concentration of ferrous iron to decrease by 50 %. During the 

initial period of iron oxidation, however, a linear regression was seen and 

from this, maximum rates of iron oxidation were calculable (Figure 5.3). 
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Figure 5.3 Typical results from a test run of a packed bed bioreactor run 

in batch mode showing the linear regression (r2 = 0.991 ), red line; and 

the inverse exponential fit (r2 = 0.968), blue line. The time difference 

between the dashed lines ( equating to ferrous iron concentrations of 200 

and 100 mg L-1) was the defined ferrous iron 'half-life'. 

5.3.1.1 Oxidation of ferrous iron in packed bed bioreactors operated 

in batch mode 

The number of batch runs for each bioreactor are listed in Table 5.3. A 

clear trend of decreasing ferrous iron 'half-life' with increasing number of 

runs was seen in all cases (Figure 5.4). 

Table 5.3 Number of batch mode runs operated for each bioreactor. 

Bioreactor acidophile Number of batch runs 
At. ferrooxidans (N037) 195 
L. ferrooxidans (CF12) 170 
Ferrimicrobium TSTR 132 

"Fv. acidosiris" (PSTR) 151 
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Figure. 5.4 Changes in 'half-life' of ferrous iron with successive batch run number for each isolate. 
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5.3.1.2 Comparison of isolates in batch mode 

An initial rapid decline in ferrous iron 'half-life' to ~100 minutes was seen 

in bioreactors containing the three autotrophic isolates (At. ferrooxidans, 

L. ferrooxidans and isolate PSTR) (Figure 5.5; arrow), followed by much 

slower decreases in ferrous iron 'half-lives'. This indicated that biofilm 

formation in these bioreactors followed two distinct phases: an initial rapid 

phase followed by a slower phase. In contrast, the bioreactor containing 

the heterotrophic isolate Ferrimicrobium TSTR displayed a much faster 

rate of ferrous iron oxidation from the start of the experiment, and 

decreases on ferrous iron "half-lives" were far less dramatic. 
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Figure 5.5 Semi-logarithmic plot of ferrous iron 'half-lives' showing the 

rapid decrease in initial values (up to the point indicated by arrow) and 

the secondary decreases in 'half-lives' (following the arrow) by the three 

chemoautotrophic bacteria. Key: .A. , At. ferrooxidans (NO37); .A. , L. 

ferrooxidans (CF12); .._ , Ferrimicrobium TSTR; .A. , "Fv. acidosiris" 

(PSTR). 

The number of batch mode runs required for ferrous iron 'half-lives' 

to decrease from (i) 800 - ~100 minutes (denoted as the "first phase"), 
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and (ii) from 30 - ~10 minutes (denoted as the "second phase") are 

shown in Table 5.4. The rate at which the 'half-life' decreased with 

increasing batch runs was determined from the gradient of lines of best fit 

fitted to the semi-logarithmic plots (Figure 5.5). This decrease can be 

described by a single exponential coefficient, which defines the decrease 

in oxidation time with increased run number, a constant commonly 

termed the 'decay rate'. The representative 'decay rates' of ferrous iron 

for overall batch mode runs and for the two determined phases, are listed 

in Table 5.4. The larger the 'decay rate' the more rapid the decrease in 

'half-life'. 

Table 5.4 Decrease in ferrous iron 'half-life' and 'decay rate' for the 

different phases of the batch mode bioreactor operation. 

Decrease in 'Decay rate' 
'half-life' (run-1) 

Isolate (batch runs) 
800-100 30-10 Primary Secondary Overall 
minutes minutes phase phase 

At. ferrooxidans 26 97 0.074 0.014 0.0192 
(N037) 

L. ferrooxidans 8 47 0.112 0.018 0.0223 
(CF12) 

Ferrimicrobium N/A 98 N/A 0.008 0.0082 
TSTR 

"Fv. Acidosiris" 21 77 0.082 0.082 0.0283 
(PSTR) 

5.3.1.3 Optimized iron oxidation in batch mode 

The smallest batch mode 'half-lives' obtained (n = 10), together with the 

residual ferrous iron concentration at the 30 minute point of a single batch 

mode bioreactor run (n = 7-11), and the percentage feed ferrous iron 

oxidised during the initial 30 minutes, are listed in Table 5.5. Residual 

ferrous iron concentrations at this time point were significantly lower (p 

<0.05) in the L. ferrooxidans and Ferrimicrobium TSTR bioreactors than 

in the At. Ferrooxidans and isolate PSTR bioreactors. Maximum ferrous 

iron oxidation rates, calculated on the basis of effective volumes of the 
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bioreactors (500 ml), reached a maximum of 1.17 g L-1 h-1 during batch 

mode optimization (Table 5.5). 

Table 5.5 Comparison of batch mode 'half-lives', maximum rates of 

ferrous iron oxidation, % feed input ferrous iron oxidised and residual 

ferrous iron concentrations for optimized packed bed bioreactors 

operated in batch mode (mean values ± standard error, n = 10 unless 

stated). 

'Half- Residual Rate of % feed input 
life' ferrous iron iron ferrous iron 

Isolate (min) concentration oxidation oxidised 
(at 30 min) (g L-1 h-1) (by 30 min)* 

(mg)* 
At. ferrooxidans 7.94± 36 ± 1.3a-- 1.12 ± 0.3 90.77 ± 0.89 

(NO37) 0.18a** a** 

L. ferrooxidans 6.03 ± 22 ± 1.5 ° 1.17 ± 0.3a 94.33 ± 1.04 
(CF12) 0.13b 

Ferrimicrobium 7.86 ± 13±1.5° 1.15±0.3a 94.57 ± 0.95 
TSTR 0.40a 

"Fv. acidosiris" 8.42 ± 35 ± 1.3 a 1.02 ± 0.2 a 88.67 ± 1.01 
(PSTR) 0.27a 

*n = 7-11 replicates 

**values denoted by different suffixes (a, b) in the same column are 

significantly different (p < 0.05). A one-way ANOVA was performed 

followed by Tukey post-tests using GraphPad lnStat version 3.0 statistical 

analysis package. 

5.3.1.4 Comparative substrate affinity and iron oxidation trend in a 

single batch run of the three autotrophic isolates 

The three autotrophic isolates followed similar iron-oxidation trends, with 

the concentration of ferrous iron decreasing rapidly (due to ferrous iron 

oxidation) at the start of a batch run, followed by a slowing down in the 

rate of ferrous iron oxidation (Figure 5.6). The point at which this decline 

in ferrous iron oxidation rate was recorded differed for each bacterium 

used and is considered to be indicative of their different affinities for 

ferrous iron. The possibility that this was due to different sensitivities to 

ferric iron is less likely, given the relatively small concentrations of iron 
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used in these experiments. The ferrous iron concentrations around which 

this decline in ferrous iron oxidation rate was recorded are listed in Table 

5.6, and suggest that L ferrooxidans (CF12) has the strongest affinity for 

ferrous iron, oxidising the input feed ferrous iron to the lowest 

concentration before the rate of ferrous iron oxidation declined, followed 

by At. ferrooxidans (NO37) and finally "Fv. acidosiris" (PSTR). 
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Figure 5.6 Ferrous iron oxidation in packed bed bioreactors containing 

the three different species of iron-oxidising autotrophic bacteria. Key: A , 

At. ferrooxidans (NO37); A , L ferrooxidans (CF12); A , "Fv. acidosiris" 

(PSTR). The lines represents the exponential curve of best fit for each 

bacterium. 

Table 5.6 Concentration of ferrous iron around which each of the three 

isolates showed a marked decline in rates of ferrous iron oxidation. 

Isolate Ferrous iron concentration 
mQ L-1 

At. ferrooxidans (N037) 50 
L. ferrooxidans (CF12) 10 
"Fv. acidosiris"(PSTR) 125 
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5.3.2 Continuous flow mode 

Under continuous flow conditions, a greater variation in the performance 

of the four packed bed bioreactors was observed as the flow rates and 

nature of the influent liquor (synAMD or fsAMD) was varied. 

5.3.2.1 Continuous flow mode: synAMD 

Under continuous flow mode conditions, the percentage of ferrous iron 

oxidation at any set time was seen to decrease as the rate of flow 

(dilution rate) increased, independent of the bioreactor, though the extent 

of this decrease was determined to some extent by the immobilized 

bacterium in question (Figure 5.7). The percentages of ferrous iron 

oxidised with each bioreactor at flow rates of between 130 and 1993 ml 

h-1 (equivalent to dilution rates of 0.09 and 1.33 h-1, respectively) are 

listed in Table 5.7. 

5.3.2.2 Continuous flow mode: fsAMD 

Challenging the bioreactors with fsAMD had a notable impact on the 

ability of the single-isolate systems to oxidise ferrous iron. The 

percentage of ferrous iron oxidation was found to decrease as the flow 

rate increased, and differences between the performances of the four 

bioreactors were apparent (Figure 5. 7). While ~97 % of the feed input 

ferrous iron was oxidised with all four bioreactors at the lower flow rate of 

396 mUh (equivalent dilution rate 0.26 h-1) a greater discrepancy was 

seen at a flow rate of 1593 ml h-1 (equivalent dilution rate 1.06 h-1
) 

(Table 5.7). 
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Table 5.7 Percentages of ferrous iron oxidised at flow rates of 396 mUh 

(*) and 1593 mUh (**) by bioreactors fed with synAMD of fsAMD and 

operated in continuous flow mode. 

Isolate 

At. ferrooxidans (N037) 
L. ferrooxidans (CF12) 
Ferrimicrobium TSTR 

"Fv. acidosiris" (PSTR) 
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Figure 5.7 Comparative changes in the percentage of ferrous iron 

oxidised in the influent liquor by the four packed bed bioreactors, 

operated under continuous flow conditions, with different flow rates. Key: 

(fl), open triangles, synAMD; (.A.), filled triangles, fsAMD. A. fl , At. 

ferrooxidans (N037); All, L ferrooxidans (CF12); All, Ferrimicrobium 

TSTR; All, "Fv. acidosiris" (PSTR). Error bars where visible show 

standard error (n = 3 for each point). 

Although oxidation of iron was evident, with the effluent liquors 

being coloured yellow/orange due to the presence of ferric iron in contrast 

to the colourless feed liquor, there was very little change in 

concentrations of all soluble metals present in the inflowing fsAMD (Table 
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5.8). The small decrease in mean iron concentrations possibly reflected 

some retention of ferric iron within the bioreactors. 

Table 5.8 Changes in soluble metal concentration of fsAMD in the 

continuous flow mode bioreactors. 

Liquor type 

Influent 
Effluent 

Total iron 
m L-1 

427 
418 

Manganese 
m L-1 

15 
14 

5.3.2.3 Rates of iron oxidation in packed bed bioreactors operated in 

continuous flow mode 

Ferrous iron oxidation rates varied between the bioreactors during 

continuous flow mode operation when fed with synAMD. The rates of 

ferrous iron oxidation, calculated on the basis of effective volume of the 

bioreactors (500 ml) decreased, in each case, with increasing dilution 

rates, with the highest rate occurring at a dilution of 0.27 h-1 (flow rate of 

~400 ml h-1) . The fastest rates of iron oxidation obtained, together with 

those recorded at the highest flow rates used, are listed in Table 5.9. 

Table 5.9 Rates of ferrous iron oxidation, calculated for effective volume 

of bioreactors, operated in continuous flow mode. Data show the 

maximum rate of iron oxidation obtained for each bioreactor (at a dilution 

rate of 0.27 h-1) and the rates of iron oxidation measured at the highest 

dilution rate tested (1 .33 h-1
). 

Isolate Rate of ferrous iron oxidation (g L-1 h-1
) 

Dilution rate 0.27 h-1 Dilution rate1 .33 h-1 

At. ferrooxidans (N037) 1.43 0.98 
L. ferrooxidans (CF12) 1.45 1.00 
Ferrimicrobium TSTR 1.60 0.98 

"Fv. acidosiris" (PSTR) 1.63 1.18 
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5.3.3 Iron oxidation in bioreactors run in batch mode following 

continuous flow operation 

A single batch mode run was carried out with all four bioreactors following 

the period of continuous flow operation. The rate of ferrous iron oxidation 

was found to have increased significantly, and the 'half-life' of ferrous iron 

to have decreased, in all bioreactors. Data are shown in Table 5 .10, 

where the percentage of iron oxidised is shown for the first 15 minutes of 

the batch run, and rates of iron oxidation are calculated based on 

effective (liquid) volume of the bioreactors (500 ml). 

Table 5.10 Comparison of the single post-continuous batch mode 'half

life', % of ferrous iron oxidised and the rate of ferrous iron oxidation at 15 

minutes for all four bioreactors. 

Isolate 'Half-life' % feed input Rate of iron 
(min) ferrous iron oxidation 

oxidised (g L-1 h-1) 
(at 15 min) 

At. ferrooxidans 4.00 94 2.24 
(NO37) 

L. ferrooxidans 3.00 96 2.32 
(CF12) 

Ferrimicrobium 4.50 84 1.64 
TSTR 

"Fv. acidosiris" 4.50 94 2.06 
(PSTR) 

5.3.4 Hydrolysis of ferric iron generated by the bioreactors 

While concentrations of total soluble iron in bioreactor effluents held at 

room temperature (~18 °C) over a period of 112 hours fluctuated slightly, 

no precipitation of iron was observed. During this time the pH remained at 

2 .44 ( n = 7 and standard error = 0.01) and the concentration of total 

soluble (ferric) iron remained at 530 mg L-1 (n = 7 and standard error = 
4.61). 
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5.3.5 Assessment of bioreactor culture purity 

Colony forms and cell morphologies, representative of the isolates used 

to inoculate the bioreactors, were obtained from effluent liquors taken 

from the post-continuous flow batch mode experiment, which 

corresponded to ~3-9 months after the initial commissioning of the 

bioreactors. Despite the fact that sterile test liquors (synAMD and fsAMD) 

were used it was not possible to operate the bioreactors as aseptic 

systems throughout the protracted time coarse of the experiments. 

However, although some fungal colonies grew from effluents draining all 

four bioreactors, there appeared to be no cross-over of iron-oxidising 

bacteria from one bioreactor to another, except in one case (the At. 

ferrooxidans N037 bioreactor). 

The diagnostic features used to identify the four iron-oxidising 

bacteria were: 

(i) "Fv. acidosiris" (PSTR): this grew as small iron

encrusted colonies only on iFeo plates, and cells were 

oval rods that were often found as aggregates or chains. 

(ii) Ferrimicrobium TSTR grew as gelatinous 'fried-egg' 

colonies only on Feo plates, and cells were straight rods 

that predominantly appeared in chains or filaments. 

(iii) At. ferrooxidans (N037) grew as large ferric iron

encrusted colonies on all three plate types. Cells were 

straight rods that were larger than PSTR and mainly 

occurred as single cells. 

(iv) L ferooxidans (CF12) grew as small orange-coloured 

colonies most successfully on Feo plates (fewer colonies 

grew on iFeo plates) and cells were small, highly motile 

curved rods. 

Colony numbers, based on these identities and phase contrast 

microscopic examination of 5 individual colonies per plate, were used as 

an indication of the bacterial integrity of the four bioreactor systems 

(Table 5.11 ). It was found that in three cases (bioreactors initially 

174 



inoculated with L. ferrooxidans, Ferrimicrobium TSTR and isolate PSTR) 

only these bacteria were recovered at the end of the experimental period. 

In the case of the At. ferrooxidans N037 bioreactor, about 90% of the 

colonies obtained corresponded to this acidophile, but 10% appeared to 

be L. ferrooxidans, indicating some limited cross-contamination in this 

case. 

Table 5.11 Numbers and identities of colonies formed on various solid 

media inoculated with 100 µL of effluent liquors from the final post

continuous batch mode run of each individual bioreactor system. Colony 

identities are based on descriptions given previously. X = no bacterial 

colonies present. 

Solid "Fv. Ferrimicrobium At. L. 
media acidosiris" ferrooxidans ferrooxidans 

PSTR bioreactor 
Feo X X X X 

FeSo X X X X 
iFeo 10 X X X 

TSTR bioreactor 
Feo X 22 X X 

FeSo X X X X 
iFeo X X X X 

N037 bioreactor 
Feo X X 69 4 

FeSo X X 89 10 
iFeo X X 35 X 

CF12 bioreactor 
Feo X X X 143 

FeSo X X X X 
iFeo X X X 28 

5.3.6 SEM of Poraver beads 

Scanning electron micrographs of Poraver beads that had been removed 

from each bioreactor after the completion of experiments indicated the 

presence of cells, and mineral material that would have steadily 
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accumulated due to the partial retention of the ferric iron generated over 

the lengthy operation of the bioreactors. The colonisation and presence of 

minerals, predominantly on the outer surface of the beads, contrasted 

markedly with the uncolonised, beads (Figure 5.8, A). Higher 

magnification analysis of the Poraver bead surface showed that the 

surface of these individual pores was relatively smooth (Figure 5.8, 8) 

especially when compared to the mineral precipitate that covered large 

areas of the available surfaces on beads removed from the end-point 

bioreactors. Cells representative of each acidophile inoculated onto the 

beads (Figure. 5.8, A-E), together with what appeared to be two distinct 

mineral forms (Figure 5.8, D and F) were seen. Although present, 

individual bacteria were not readily observed in many cases, though on 

Poraver beads removed from the "Fv. acidosiris" (PSTR) bioreactor a 

large clump of cells was apparent in addition to remnants of what 

appeared to be dehydrated exopolymer (Figure 5.8, F). 
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Figure 5.8 Scanning electron micrographs of Poraver beads taken from 

the iron-oxidising bioreactors. A , an uncolonised bead showing the 

porous nature of the material (Kolmert & Johnson, 2001 ); B, a Poraver 

bead with mineral deposited on surface indicating the smooth Poraver 

surface under higher magnification; C, cells representative of At. 

ferrooxidans (NO37); D, cells representative of L ferrooxidans (CF12); E, 

cells representative of "Fv. acidosiris" (PSTR); E, remnant strands of 

dehydrated exopolymer from "Fv. acidosiris" (PSTR). 
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5.3. 7 Trickle bed bioreactor 

A trickle bed bioreactor was set up only with Fv. acidosiris (PSTR), 

utilizing its capacity to grow as macroscopic streamers. Although the 

bioreactor was covered with black polyethylene to exclude any possible 

detrimental effects of light, an experiment carried out with the well

established biofilm showed that the isolate was not light-sensitive (Table 

5.13). 

5.3.7.1 Response to pH 

Influent synAMD, with pH ranging between 2.0 and 3.0 (with increments 

of 0.2 of a pH unit), had little impact on the ability of the biofilm to oxidise 

ferrous iron, but at pH 1.8 iron oxidation was severely inhibited (Figure 

5.9). With the exception of pH 1.8 influent, where a maximum of only 18 

mg l -1 of ferrous iron was oxidised; ferrous iron oxidation was similar at 

any set flow rate. At a relatively low flow rate (111 ml h-1
), between 119 

and 149 mg l -1 of ferrous iron was oxidised, while at flow rates of 221 and 

332 ml h-1 ferrous iron oxidation of between 62 - 104 and 49 - 68 mg l -1 

respectively, was recorded . These data, normalized to the percentage of 

feed input ferrous iron oxidised, are shown in Figure 5.9. It is apparent 

that at the initial flow rate used (111 ml h-1) ferrous iron oxidation in all 

but the most acidic synAMD liquors were broadly similar (45-50 %) to 

one another. At higher flow rates the percentages of ferrous iron oxidation 

in the pH 2.4 and 2.6 synAMD were significantly greater than at other pH 

values, suggesting that ferrous iron oxidation by PSTR was optimal within 

this pH range (Figure 5.9). 
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Figure 5.9 Percentage of feed input ferrous iron oxidised in synAMD 

adjusted to different pH values, by Fv. acidosiris (PSTR) in the trickle bed 

streamer reactor system. Key: • , pH 3.0; ■ , pH 2.8; • , pH 2.6; ■ , pH 2.4; 

■ , pH 2.2, ■, pH 2.0; ■, pH 1.8. Error bars, where visible, show standard 

error (n = 3 for each point). The data point at a flow rate of 111 ml h.1 for 

pH 2.4 is masked by the data point for pH 3.0 ( • ). 

5.3.7.2 Comparison of trickle bed bioreactor performance when fed 

with synAMD and fsAMD 

Increasing the flow rate of pH 2.2 synAMD resulted in a steady decrease 

in ferrous iron oxidation from 300 mg l "1 (99 % of feed input) at a low flow 

rate of 22 ml h-1
, to 77 mg l -1 (26 % of feed input) at a flow rate of 288 

ml h-1
. When this was repeated using fsAMD (pH ~2.4) a similar trend 

was noted, though the change in ferrous iron oxidised was between 274 

mg l -1 (97 % of feed input) and 97 mg l -1 (34 % of feed input) (Figure. 

5.10). 
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Figure 5.10 Changes in percentage of ferrous iron oxidised at different 

flow rates with synthetic and actual AMO as feed liquors. Key: ■ , 

synAMD; ■ , fsAMD. Error bars, where visible, show standard error (n = 3 

for each point). 

5.3.7.3 Determination of specific rates of iron oxidation in the trickle 

bed bioreactor 

The surface area of the streamer growth within the trickle bed reactor was 

calculated from measurements taken of the established biofilm (Table 

5.1 2). The net surface area of the PSTR biofilm was calculated to be 

14.65 cm2
. 
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Table 5.12 Dimensions of the streamer growth present in the trickle bed 

bioreactor. 

Distance from input (cm) Width (mm) 
0 9 
5 6 
10 4 
15 4 

20 4 
29 3 

Using this figure, values of between 0 and 22.29 g of ferrous iron 

oxidised m-2 biofilm h-1 were obtained when taking into account all of the 

above treatments (Table 5.13). The mean value of g ferrous iron oxidised 

m-2 biofilm h-1 was 12.27 (SE = 0.74, n = 39) and the median value was 

12.89 g ferrous iron oxidised m-2 biofilm h-1
. Elimination of points based 

on two factors, low flow rate (less than 111 ml h-1) and treatments that 

caused the system to fail (pH 1.8), defined these values more accurately. 

With the elimination of these points the mean was 13.52 g ferrous iron 

oxidised m-2 biofilm h-1 (SE = 0.56, n = 34) and the median was 13.11 g 

ferrous iron oxidised m-2 biofilm h-1 . 
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Table 5.13 Mean values (over all flow rates for each parameter) and 

ranges (over the different flow rates for each parameter) of ferrous iron 

oxidised (as g m-2 biofilm h-1
) for all parameters tested in the trickle bed 

bioreactor system (n = 3 unless stated otherwise). 

Parameter tested g ferrous iron oxidised m-" biofilm h-1 

Mean Range 
synAMD Flow rate 13.31 11 .18 - 15.18 
(111 - 288 ml h-1) (n = 6) (n = 6) 
synAMD pH 1.8 1.78 0-2.99 
synAMD pH 2.0 12.34 11.22 - 13.02 
synAMD pH 2.2 12.62 9.48 - 15.49 
svnAMD pH 2.4 12.65 9.65-14.94 
synAMD pH 2.6 13.07 10.23-13.21 
svnAMD pH 2.8 9.81 8.99-11 .12 
synAMD pH 3.0 11.00 10 .10 - 11. 92 

Parys fsAMD 18.12 12.97 - 22.29 
(n = 8) (n = 8) 

synAMD Dark 13.79 10.79 - 16.54 
synAMD Light 13.95 10.62 - 17.37 

5.4 DISCUSSION 

The results of the experiments carried out with the packed bed 

bioreactors, and to a lesser extent with the trickle bed bioreactor, 

confirmed the efficacy of using iron-oxidising acidophiles to generate 

ferric iron in acidic mine waters. The objective in so doing is to produce 

an ionic species that is much more easily removed from solution; 

precipitation of ferric iron is readily achieved at pH above ~2.5, in contrast 

to ferrous iron which is far more soluble over a wide range of pH values. 

In contrast to the vast majority of previous reports however, this study has 

compared iron oxidation in packed bed bioreactors that have been 

colonised by four different species of acidophiles - two well characterized 

bacteria (At. ferrooxidans and L ferrooxidans) and two (Ferrimicrobium 

TSTR and "Fv. acidosiris" PSTR) that are relatively novel isolates. Three 

of the bacteria tested were autotrophs and therefore were able to utilize 

inorganic carbon, while Ferrimicrobium TSTR appears, as other 

Ferrimicrobium-like isolates, to be an obligate heterotroph and requires 
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an organic carbon source (such as yeast extract). The latter provided the 

opportunity to establish biofilm-colonised bioreactors of this acidophile 

much more rapidly than the three autotrophs, which had much smaller 

growth yields in "inorganic" ferrous sulfate liquid medium. The choice of 

the particular strains of At. ferrooxidans and L. ferrooxidans was on the 

basis that any full-scale bioreactors developed would be used to 

remediate iron-rich mine waters in (primarily) temperate regions such as 

the U.K., and so the bacteria would have to be active at relatively low 

temperatures. Both At. ferrooxidans N037 and L. ferrooxidans CF12, 

having been isolated from relatively cool mine waters should, in theory, 

fulfill these requirements better than the type strains of these acidophiles. 

The other two bacteria used (Ferrimicrobium TSTR and "Fv. acidosiris" 

PSTR), both having been isolated from cool mine waters in North Wales, 

should also be appropriate in this context. 

Although the initial colonisation of the Poraver beads occurred in 

shake flask cultures, the bacterial biofilms continued to grow when the 

packed bed bioreactors were set up and run in batch mode, as indicated 

by the decreasing 'half-lives' of added ferrous iron with progressive batch 

runs. In the early runs of the bioreactors in batch mode, the obligately 

heterotroph Ferrimicrobium TSTR was far superior to the three auotrophic 

systems; this was probably due the presence of greater bacterial biomass 

as a result of growing this isolate in yeast extract-supplemented liquid 

medium prior to deposition into the bioreactor. In contrast to the 

Ferrimicrobium TSTR bioreactor, the three "autotrophic" bioreactors 

showed a dual-phase of development during commissioning. Initially, 

there were rapid decreases in the 'half-lives' of ferrous iron in these 

systems, followed by a second phase in which the "half-lives" continued 

to decrease, but at a much slower rate. This was interpreted as an initial 

phase of rapid biofilm build up as the bacteria colonised the available 

surfaces present on the Poraver beads, thereby increasing the 

"biologically active" surface areas of the bioreactors, followed by a phase 

in which the biofilms increased in depth rather than surface areas. The 

rapid decrease in the ferrous iron 'half-life' seen in the L. ferrooxidans 

(CF12) bioreactor in the first phase of batch mode operation (Table 5.4) 
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suggests rapid colonisation of the beads during this period; which, in 

addition to the temperature tolerance of other L. ferrooxidans isolates 

(Sand et al., 1992) and ferric iron tolerance (Rawlings et al., 1999), 

described previously in the literature, could play a pivotal role in the 

dominance of Leptospirillum-like organisms in industrial bio-oxidation and 

leach processes that are commonly maintained at near-washout point. 

While L ferrooxidans (CF12) out-performed the other isolates during 

primary colonisation, the second most effective bacterium in this respect 

was "Fv. acidosiris" (PSTR), which displayed a generally more steady 

and rapid 'decay-rate' of ferrous iron 'half-life'. This could be attributed to 

the streamer-forming capacity of isolate PSTR, a trait that would have 

enhanced the attachment of cells to Poraver beads, especially during the 

second phase of batch mode operation, where the medium was replaced 

more frequently. 

Occasional data outliers were seen during batch mode operation 

of the bioreactors, though these tended to be short-term features. The 

pair of outliers at the ~25th batch run for "Fv. acidosiris" (PSTR), an 

increase of ferrous iron 'half-life' of ~100 minutes, can be attributed to the 

failure of the compressed air system. It is of interest that the relevant 

increase in ferrous iron 'half-life' attributed to this failure for At. 

ferrooxidans (NO37) and L ferrooxidans (CF12) was only ~20 minutes. 

This discrepancy may represent a requirement for higher levels of 

oxygenation of AMO for "Fv. acidosiris" (PSTR), a factor that has 

previously been studied and found to be vital, in other low pH microbially

catalyzed iron oxidation systems (Mazuelos et al., 2000; Kinnunen & 

Puhakka, 2004). 

Comparisons made between the three autotrophic isolates at an 

early stage of batch mode optimization suggest that L. ferrooxidans has a 

greater affinity for ferrous iron than At. ferooxidans, as previously 

suggested by Norris et al. (1987). Iron oxidation showed a notable decline 

only when ferrous iron reached a concentration of ~10 mg L-1, and 

continued to lower the concentration to ~1 mg L-1
, which was below the 

levels achieved by the other bacteria tested. The values shown in Table 

5.6 indicating the point at which the rate of ferrous iron oxidation declined 
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for L ferrooxidans and At. ferooxidans in this study and are similar to the 

apparent affinity (Km) values quoted by Norris et al. (1987) and while the 

ferrous iron affinities of Ferrimicrobium TSTR and "Fv. acidosiris" (PSTR) 

are not known the statistical data (Table 5.5) suggest that they are similar 

to that of L. ferrooxidans (CF12) and At. ferooxidans (NO37), 

respectively. As suggested by Norris et al. (1987) this, together with a 

greater tolerance of ferric iron than many other iron-oxidising acidophiles, 

is a major reason why Leptospirillum spp. tend to dominate mineral 

bioleaching operations where elevated redox potentials exist (such as the 

processing of refractory gold concentrates). In the present context i.e. 

remediation of mine waters, the greater affinity of L. ferrooxidans for 

ferrous iron is of more significance, as minimizing the concentration of 

soluble (ferrous) iron in treated waters is a primary objective (the limit for 

discharged iron in freshwater streams in the U.K. has been set by the 

Environment Agency at 1 mg L-1
) . 

Under continuous flow operation, an expected decrease in the 

percentage of feed input ferrous iron oxidised in the feed liquor (synAMD) 

with increasing flow (dilution) rate was seen for all four bioreactors, 

though there were clear differences between the performances of the 

packed bed systems. "Fv. acidosiris" (PSTR) appeared to be least 

affected by increasing dilution rates, oxidising 295 mg L-1 of ferrous iron 

at a rate of ~2 L h-1 (dilute rate of 1.33 h-1), which was considerably 

greater than that recorded with bioreactors containing the other isolates 

which were only capable of oxidising a maximum of 249 mg L-1 at the 

same flow rate. Some part of this can be attributed to greater 

concentrations of ferrous iron in the inflow liquor, though "Fv. acidosiris" 

(PSTR) consistently oxidised a greater percentage of feed input ferrous 

iron than any of the other isolates. A similar trend was seen when the 

reactors were challenged with fsAMD despite the presence of several 

other metals and metalloids in this liquor. Due to the volume of liquid 

required, fsAMD was only run through the reactors at two flow rates (396 

and 1593 m L h-1
, dilution rates of 0.26 and 1.06 h-1 respectively) and 

some variation in ferrous iron content between the collected samples was 

seen. There was, however, little impact on the ability of the four isolates 
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to oxidise ferrous iron in this more complex (and potentially more toxic) 

liquor, with only slight decreases in percentage of feed input ferrous iron 

oxidation seen with the At. ferrooxidans (NO37) and L. ferrooxidans 

(CF12) bioreactors, and these were within a range of experimental error. 

The increase in the percentage of ferrous iron oxidised found with the 

Ferrimicrobium TSTR- bioreactor is possibly due to the fact that fsAMD 

was the final liquor tested, and that the isolate, like the other three 

autotrophs, was still growing within the bioreactor, but the presence of 

low levels of dissolved organic carbon (DOC) within the fsAMD may have 

enhanced the growth of this heterotrophic isolate. The identical 

percentage of feed input ferrous iron oxidation seen for "Fv. acidosiris" 

(PSTR) using synAMD or fsAMD is interesting not only because other 

components present in fsAMD did not have a detrimental effect on iron 

oxidation but also because isolate PSTR maintained a percentage of feed 

input ferrous iron oxidation 5 - 10 % greater than other isolates at a flow 

rate of ~1600 ml h-1
. 

While an intention of this experiment was to monitor the decrease 

in ferrous iron 'half-life' with increased batch run number, thus inferring 

how quickly the four isolates colonised the Poraver beads within the 

bioreactors, some comment on the rates of iron oxidation and the 

suitability of the support matrix is necessary. Firstly, despite only small 

changes in ferrous iron 'half-life', rates of ferrous iron oxidation in batch 

mode greatly increased, near doubling in all cases (with the exception of 

Ferrimicrobium TSTR), when the bioreactors were re-tested in batch 

mode following operation in continuous flow mode (Table 5.14). This 

increase was thought to be due to the steady supply of ferrous iron (feed 

liquor) and the selective pressure of continuous flow operation, washing 

out unattached cells and thereby putting selective pressure on biofilm 

development. 
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Table 5.14 Rates of ferrous iron oxidation based on effective bioreactor 

volume for each isolate in optimized batch mode and after continuous 

flow mode. 

Ferrous iron oxidised (a L-1 h-1
) 

Isolate Optimized batch Post-continuous 
mode batch mode 

At. ferrooxidans (N037) 1.12 2.24 
L. ferrooxidans (CF12) 1.17 2.32 
Ferrimicrobium TSTR 1.15 1.64 

"Fv. acidosiris" (PSTR) 1.02 2.06 

Rates of ferrous iron oxidation under continuous flow mode were also 

encouraging and equivalent to some similar studies reviewed in the 

literature (Kinnunen et al., 2004), warranting further study and 

optimization of the systems under continuous flow operation, especially 

with regard to isolate PSTR. While the rates of ferrous iron oxidation do 

not compete with those described by Kinnunen et al. (2004), the 

experimental conditions and design were very different and probably sub

optimal for the purpose of high-rate ferric iron generation. Secondly, the 

potential of Poraver as a suitable support material for acidophilic biofilms 

in the field is not clear, as excessive disturbance caused mechanical 

erosion of the material, on occasions when the system was incorrectly 

maintained. As an experimental model, the potentially large internal 

surface area (increasing the estimated ~49 m2 external bead surface area 

per reactor), available for bacterial attachment may be potentially 

advantageous, though there was little or no evidence for internal 

colonisation of the beads. SEM imaging of cells attached to Poraver 

beads was problematic, producing few clear images of bacterial cells, 

especially on examination of the deeper pores. In any case, the 

contribution of bacteria that colonised the internal surfaces of the beads 

to net iron oxidation might be anticipated to be minor, as problems of 

substrate (ferrous iron) and product (ferric iron) transfer by mass flow and 

diffusion would be slower than on the bead surfaces. Poraver beads did, 

however, act as a suitable matrix for the purpose of this experiment and 

colonisation/biofilm development did take place, as indicated by the 
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decrease in ferrous iron 'half-lives' and the visualisation of cells 

representative of all four isolates attached to Poraver beads used in SEM, 

including remnants of dehydrated exopolymer associated with Poraver 

beads from the Fv. acidosiris (PSTR) bioreactor. Low numbers of 

planktonic / free-swimming cells grew on solid media, a further sign of the 

immobilisation of bacteria on the Poraver and, in general, the biological 

integrities of the bioreactors were maintained throughout the experiment. 

The presence of L ferrooxidans-like (presumably CF12) colonies, 

alongside colonies of At. ferrooxidans (N037), although in much smaller 

numbers (~10 % of total) may have had a low-level effect on the 

performance of the At. ferrooxidans (N037) bioreactor. 

Precipitation of ferric iron both in the bioreactors themselves and in 

stored effluent liquor was minimal, due to the low pH of the processed 

AMO (Wood et al., 2001; Kappler & Straub, 2005). By the final stages of 

testing the bioreactors there was some colouration (yellow - orange) of 

the Poraver beads due to the accumulation of some ferric iron that was 

consequent on the large volumes of iron-rich AMO that had been 

processed by that time. Two distinct mineral structures were seen by 

SEM examination. One of these was irregular and almost spherical in 

structure, and was possibly an amorphous or poorly crystalline ferric 

mineral, while the other had a regular straight edged form, indicative of a 

moderate to advanced degree of crystallinity (possibly as a result of 

microbial transformations (Wang et al., 2006) or the ageing of the 

amorphous phase, e.g. ageing of metastable schwertmannite produces 

the more crystalline mineral goethite (Schwertmann and Cornell, 2000)). 

Similar mineral formations have been seen in other iron oxidation 

experiments, most notably, associated with the exopolymer matrix of a 

liquid grown pure culture of Fv. acidosiris (PSTR) (at the University of 

Wales, Bangor) but have also been recorded in other low pH iron 

oxidation systems (Kinnunen & Puhakka, 2004; Grishin et al. , 1988). 

Based on the structural appearance, bioreactor pH and the knowledge of 

what potential constituent elements had been supplied, the identities of 

the two minerals are possibly schwertmannite and jarosites and/or 

goethite. 
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The trickle bed bioreactor system was very different to the packed 

bed bioreactors. "Fv. acidosiris" (PSTR) was the only acidophile 

considered to be suitable for such a system, and the monitoring of 

parameters via this system were vital in determining the boundaries and 

scope for further work, especially with respect to the packed bed 

bioreactor, for this, as yet, uncharacterized isolate. The system was 

maintained under sterile conditions so far as possible and given the lack 

of information about this iron-oxidising isolate, it was decided to routinely 

exclude light from the bioreactor, as a different novel iron-oxidising 

bacterium isolated from a deep pyrite mine in North Wales (CCH7) had 

previously been shown to be light-sensitive (Johnson et al., 1992). 

However, isolate PSTR was shown not to be light-sensitive, which is not 

too surprising, given its dominance of acid streamer growth in the light

impacted Aon Goch North. Changing the pH of the influent liquor from 2.0 

to 3.0 also had only a small impact on the performance of this bioreactor. 

At an influent pH of 1.8, however, iron oxidation was very much slower, 

which indicated that below a pH of 2.0 the growth or activity (indicated by 

ferrous iron oxidation) was untenable (Figure 5.9). It is of further interest 

that, despite this event, the biofilm recovered and no permanent effect 

was seen once medium was returned to the standard pH 2.2 synAMO. 

Optimal ferrous iron oxidation was recorded at pH 2.4 and 2.6, the pH 

values most representative of the AMO-impacted stream from which "Fv. 

acidosiris" (PSTR) was isolated. This effect is likely to have been one of 

the reasons why there was a higher percentage of ferrous iron oxidised 

using fsAMO (pH ~2.4) than with standard synAMO (pH 2.2), as well as 

the fact that the biofilm itself would have been more developed by the 

time the system was challenged with fsAMO. A mean value of 13.52 g 

ferrous iron oxidised m·2 h"1 was obtained with this prototype system, a 

rate of ferrous iron oxidation that warrants further work, including system 

design, for low temperature passive AMO remediation. The survival and 

anchoring of this isolate, probably contributed to by the self-perpetuating 

acid-stable polysaccharide matrix it forms, are interesting, yet could be 

both advantageous and problematic with regard to system application 

and engineering. 
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There are advantages and disadvantages with using a trickle bed 

system compared to a packed bed bioreactor. On the positive side, no 

oxygenation of AMO was required in the trickle bed bioreactor used, as 

the biofilm was directly exposed to the atmosphere. Oxygen consumption 

during ferrous iron oxidation is an important consideration. Using the 

stoichiometry of equation 5.1, 100 mg of ferrous iron requires 14.3 mg of 

oxygen for complete oxidation to ferric iron. Given a typical oxygen 

concentration in fully aerated AMO of about 8 mg/I (at ca. 20°C), a ferrous 

iron concentration of 56 mg/I would consume all of the oxygen present (if 

microbiologically oxidised) and secondary oxygenation would be required 

for ferrous iron concentrations above this, which is the case for many 

mine waters. With the packed bed bioreactors used in the work 

described, active aeration of the systems ensured that iron oxidation was 

never limited by oxygen availability, but this adds both cost and 

engineering complexity to any full-scale bioremediation system. On the 

other hand, trickle bed reactors have detractions, such as channelling 

whereby water flows only over part of the available biofilm surface, so 

reducing the efficiency of the system. 

5.5 SUMMARY 

In conclusion, of the four acidophilic iron oxidisers examined in the 

packed bed bioreactors, L. ferrooxidans (CF12) and "Fv. acidosiris" 

(PSTR) appeared to be the most effective at bioreactor colonisation, as 

indicated by the rapid decrease in ferrous iron 'half-life'. Both L. 

ferrooxidans (CF12) and Ferrimicrobium TSTR appear suitable isolates 

for possible application in a final polishing stage system as these two 

isolates oxidised ferrous iron to lower levels more rapidly. The rapid initial 

decrease in ferrous iron 'half-life' by L ferrooxidans (CF12) may be 

another factor that contributes to Leptospirillum-like micro-organisms in 

industrial systems. The currently uncharacterized isolate "Fv. acidosiris" 

(PSTR) could also represent an interesting new development, not only 

did it rapidly colonise the bioreactor under batch-mode operation and 

appear unaffected by the multi factor fsAMD but under continuous flow 
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operation it maintained the highest percentage ferrous iron oxidation of 

the isolates tested. With regard to Fv. acidosiris (PSTR) the possible 

sensitivity to oxygen level and the exopolymer matrix produced are 

potentially interesting areas for future work. Reasonable iron oxidation 

rates (~2 g L·1 h"1
) were attained as a bi-product during this study for all 

four isolates and this is an area that needs to be revisited with respect to 

at least Fv. acidosiris (PSTR) and possibly L ferrooxidans (CF12). 
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CHAPTER 6: DETERMINATION OF IN SITU MICROBIAL IRON 

OXIDATION IN 'NATURAL' AND EXPERIMENTAL SYSTEMS IN ACID 

MINE DRAINAGE (AMD) AT AN ABANDONED COPPER MINE 

(ANGLESEY, UK). 

6.1 INTRODUCTION 

Mynydd Parys, located in north-west Anglesey, Wales, has a historic 

association with mining that dates back to the early Bronze Age (~ 3,500 

years ago) and extended until as recently as the 1950s. During the peak 

of mining activity, in the late 18th to early 19th century, two adjacent mines 

(Parys (west) and Mona (east)) were operated and production from the 

site controlled the world copper price. While excavation and underground 

work ceased around 1880, a significant quantity of copper was recovered 

at the site until the 1950s by leaching and cementation (Southwood & 

Bevins, 1995). During the mid-18th century the Dyffryn Adda adit was 

driven into the mountain at the "45 fathom" level to drain both mines, with 

the lower regions being dewatered by wind and steam-powered pumps, 

and it was from this point that water level and the previously described 

cementation was controlled. The Dyffryn Adda adit was dammed to retain 

water within the numerous underground passages and chambers, which 

facilitated the oxidative dissolution (since recognized to have been 

microbially accelerated) of the mineral-rich surfaces, and the metal rich 

liquors were periodically released and channelled into a series of 

precipitation ponds, in which the soluble copper was precipitated by the 

addition of scrap iron. When this process ceased, the valves present in 

the concrete Dyffryn Adda adit dam were sealed and, over time, the water 

level built up, filling the open cast pit and flowing through the east-facing 

Mona adit, until April 2003, at which time the mine hydrology was 

dramatically altered. 

Concern about the level of corrosion and damage to the concrete 

Dyffryn Adda adit dam, as a result of the volume and acidic nature of the 

retained water, was registered by a group of mining enthusiasts (the 

Parys underground group; PUG) in the late 1990's and as a consequence 
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a major dewatering program was implemented to avoid any structural 

failure and the possibility of severe flooding and catastrophic pollution of 

the nearby town of Amlwch. The impounded water was pumped from 

within the mine via the existing Gardd Daniel shaft and during the three 

months of operation an estimated 274,000 m3 of AMO was passed over 

an existing wetland and into the Dyffryn Adda adit stream ~300 metres 

downstream of the dam, after which the dam was removed, making the 

Dyffryn Adda adit the main outlet point from which AMO discharged 

(Coupland, 2005). 

This chapter describes the geochemistry of the AMO stream 

draining Mynydd Parys through the Dyffryn Adda adit (Figure 6.1) and the 

nature of the microbial streamer growths that colonised the channel. The 

study included monitoring oxidation of iron in the stream by the 

indigenous bacteria, and by two bioengineered systems designed and put 

in place in an attempt to accelerate the rate of iron removal from the 

AMO. 
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Figure 6.1 Location of sampling site (source: Digimap; 

www.edina.ac.uk/digimap) at the Mynydd Parys mine site. Key: J , join; 

AMO, AMO stream; F, fresh; A, Dyffryn Adda adit. 
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6.2 DYFFRYN ADDA ADIT WATER CHEMISTRY 

The physico-chemical properties of the stream draining the lower depth of 

Mynydd Parys (the Dyffryn Adda adit) were monitored on a monthly basis 

throughout this study (commencing in October 2003). The dewatering 

operation was completed in June 2003 and the Dyffryn Adda adit, that 

had previously been a minor tributary carrying relatively little AMO water, 

became the major outflow of water from within the Parys mines. 

6.2.1 Materials and methods 

Monthly sampling was carried out (with the exception of August 2004, 

July 2007 and September 2007) over a four-year period (October 2003-

October 2007). On site measurements of temperature, conductivity, pH, 

and ORP were carried out using a Hanna Water Test field analyser 

(VWR, U.K.) up to December 2004, while later measurements were taken 

with a YSI 556 MPS multi-meter (section 2.3.2.1 ). Water samples were 

taken at the end of the adit, where AMO first emerged from the 

underground channel draining the mine (Figure 6.1; A). Water samples 

were filtered (through sterile 0.2 µm cellulose-nitrate membranes) into two 

separate sterile plasic tubes (25 ml), one for subsequent DOC analysis 

and the other (to which 2 drops of concentrated nitric acid were added) 

for transition metal analysis. The ferrozine assay was carried out on-site 

and ferrous iron concentrations were calculated from spectrophotometer 

readings taken on return to the laboratory (within 2 hours of collection) 

(section 2.3.2.3). Transition metal and metalloid analysis (section 

2.3.1.6.1 ), sulfate analysis (section 2.3.1 .3) and DOC analysis (section 

2.3.1.7) were also carried out for each sample collected. 

6.2.2 Results 

Some fluctuations were seen in analyte values during the 4-year 

sampling period (Figures 6.2-6.4) but the physico-chemical properties of 
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the AMO-impacted Dyffryn Adda adit stream remained, in general, fairly 

stable throughout this period (Table 6.1). 
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Figure 6.2 Changes in pH, temperature and dissolved oxygen in AMO at 

the Dyffryn Adda adit between October 2003 and October 2007. Key: ■ , 

pH; ■ , DOC; ■ , temperature; ■ , dissolved oxygen. 
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Figure 6.3 Changes in transition metals in AMO at the Dyffryn Adda adit 

between October 2003 and October 2007. Key: ■ , soluble copper; ■ , 

soluble manganese; ■ , soluble zinc. 

195 



en 
I 1200 

Q) .... 
~ -> :::, 

E~ 900 en 
r:: .c 

w 0 -... 
>< 

cu ,8 600 .... 
0 Q) 

I- 0:: -r:: -_g -'...J 300 

"' O> :::, E 
0 -... ... 
Q) 

LL 

Figure 6.4 Changes in iron, sulfate-S, redox potential and conductivity in 

AMO at the Oyffryn Adda adit between October 2003 and October 2007. 

Key: ■, soluble ferrous iron; ■ , total soluble iron; ■ , redox potential; ■, 

sulfate-S; ■ , conductivity. 

Table 6.1 Mean physico-chemical data from the AMO at the Oyffryn Adda 

adit over a four-year sampling period, October 2003-October 2006 

(n=46). 

Analyte Mean Analyte Mean Analyte Mean 
SE SE SE 

pH 2.53 Fe+ 377.75 Zn 66.85 
0.04 m L-1 14.50 m L-1 1.63 

Eh 668.63 Fetotal 562.94 Cu 8.6 
mV 2.65 m L-1 10.67 m L-1 2.21 

Conductivity 2506.26 Sulfate-$ 800.47 Mn 5.7 
S cm-1 67.61 m L-1 13.03 m L-1 0.68 

Temperature 11.26 DOC 4.50 As .36 oc 0.14 m L-1 0.29 m L-1 0.11 
Oxygen 12.65 Al .15 

% 0.38 m L-1 0.16 
*n=21 
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Rainfall at the nearby Alaw reservoir followed a seasonal pattern over the 

four-year period and correlated strongly (0. 733, correlation coefficient) 

with rainfall totals for the 10-day period prior to each sampling occasion 

(Figure 6.5). 
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Figure 6.5 Rainfall (mm) measurements at the nearby Alaw Reservoir (2 

km south west of Mynydd Parys) during the four-year sampling period 

(daily data supplied by the Environment Agency, Wales). Key: ■ , monthly 

totals (1st to end of month); ■ , 10-day totals ( 10 days prior to sample 

collection). 

A large number of the measured parameters correlated with one another 

and were statistically significant (Appendix B), when analysed by SPSS 

11.4 using a Pearson's correlation (p<0.05). Both soluble ferrous iron and 

total soluble iron correlated positively with soluble zinc and manganese 

concentrations (Figure 6.6) but not with soluble copper. Soluble zinc and 

manganese correlated negatively with rainfall-10 (rainfall for the ten days 

prior to each sampling event) but soluble copper correlated positively with 

monthly rainfall (Figure 6. 7). 
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Figure 6.6 Correlations between concentrations of soluble metals present 

in Oyffryn Adda adit AMO and linear regression of best fit. Key: ■ , ferrous 

iron and manganese (correlation coefficient, +0.582); ■ , total iron and 

manganese (+0.532); ■, ferrous iron and zinc (+0.611); ■, total iron and 

zinc (+0.782). 
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Figure 6.7 Correlations between concentrations of soluble metals present 

in Oyffryn Adda adit AMO and rainfall and linear regression of best fit. 

Key: ■ , manganese and rainfall-10 (correlation coefficient, -0.41 1); ■, zinc 

and rainfall-10 (-0.322); ■ , copper and rainfall (+0.383). 
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6.3 DYFFRYN ADDA ADIT STREAM LENGTH TRANSECT 

Colonisation of the AMO-impacted Dyffryn Adda adit stream by 

macroscopic microbial growths was apparent during the four-year 

monitoring period (Figure 6.8). The stream appeared to be sequentially 

colonised by a mass of acid streamer growths followed by a bloom of 

(acidophilic) algae that were first seen in small non/slow-flowing pools on 

the stream edge and subsequently covered large areas of the streambed, 

including the surface of the acid streamer material. The bacterial 

component of the streamer material was shown to oxidise ferrous iron 

and, on this basis, detailed analysis of the stream length was carried out 

to monitor the bacterial component (streamer material) and any changes 

in metal concentration and iron speciation (ferrous or ferric) . 
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Figure 6.8 Images of the same section of the AMO-impacted Mynydd Parys stream taken during four years of monitoring showing 
the initial colonisation by the gelatinous streamer materials and the subsequent colonisation by acidophilic algae. Key: A, 
September 2004; B, April 2005; C, October 2006; D, October 2007. -, indicates the direction of water flow. 
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6.3.1 Materials and methods 

Physico-chemical sampling (section 2.3.2) was carried out at 15 metre 

intervals (7 in number) within the AMD stream from the adit (to the pipe under 

the footpath (~90 metres downstream)), at the join of the AMO-impacted 

stream with the freshwater stream (1 sample}, at 15 metre intervals from the 

join (to the footbridge, 3 in number within the converged stream) and at the 

fresh-down point (1 sample) (Figure 6.9). Concentrations of ferrous iron and 

other analytes were measured as described previously. At the designated 

sampling points (within the AMO stream) streamer material (~10 ml) was also 

collected and taken back to the laboratory submerged in AMD water from the 

same sampling points. T-RFLP analysis was carried out on streamer material 

from the AMD stream transect (section 2.4.4). A rough estimate of stream flow 

rates were obtained by collecting the water flowing from the 'pipe' and by 

determining the time taken for a dye-front to travel 45 metres down the 

stream. 
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Figure 6.9 Diagram of the Dyffryn Adda adit stream draining Mynydd Parys 

indicating the flow of water and sampling points of importance. Key: 

Underlined text, represents sampling information for stream length transect; 

Bold text, represents regular sampling points for in situ systems; , AMO

impacted water; ► , fresh water; ► , farm drainage channel. 
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6.3.2 Results 

6.3.2.1 Physico-chemical properties 

The Dyffryn Adda adit AMO stream was estimated to be flowing at a 

volume of 15 L s-1 at a rate of 0.27 m s-1
. Despite the mass of streamer 

growth within the channel no change in ferrous iron concentration was 

detected along the length of the AMO stream (~90 m). Conductivity, pH, 

dissolved oxygen concentrations and redox potentials all remained 

relatively stable along the length of the AMO stream until the convergence 

of the AMO-impacted stream with the freshwater stream. The latter did not 

originate from Mynydd Parys itself, but was thought to drain the 

surrounding farmland soils (and contained elevated levels of nitrate, at 

>300 mg L-1). This stream was relatively unpolluted by metals (<5 mg L-1
) 

and sulfate and had a higher pH (~5.40), lower conductivity (~0.18) and 

higher dissolved oxygen concentration (~100 %) than AMO stream. At the 

point of conjunction ('join') of the two streams, there was (as anticipated) a 

notable dilution of the AMO-impacted stream by the 'fresh' stream, 

evidenced by a decrease in metal and sulfate concentrations, and 

conductivity. However, some other physico-chemical properties did not 

follow this trend once the two streams had converged. Redox potentials 

and pH remained at levels similar to those seen in the AMO-impacted 

water while dissolved oxygen was introduced at the 'join' from both the 

fresh stream and the 'waterfall' present at the end of the AMO stream, just 

prior to the 'join' point. Analyte values at the 'join' appeared to decrease 

further with distance before levelling off after the 'join+15 m' point and this 

is likely to be a result of incomplete mixing of the two streams at the initial 

point of convergence (Figures 6.10-6.12). 
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Figure 6.10 Redox potentials, conductivities, pH and dissolved oxygen 

concentrations over the length (90 m) of the AMO stream and at its 

convergence with the freshwater stream. Key: ■, dissolved oxygen 

concentration; ■ , pH; ■ , conductivity; ■ , redox potential. 
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Figure 6.11 Sulfate-S, soluble ferrous iron and total soluble iron 

concentrations over the length of the AMO-impacted stream and at the 

convergence with the freshwater stream. Key: ■ , soluble ferrous iron; ■ , 

total soluble ferric iron; ■ , sulfate-S. 
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Figure 6.12 Concentrations of soluble zinc, copper and manganese 

concentration over the length of the AMO-impacted stream and at the 

convergence with the freshwater stream. Key: ■ , soluble zinc; ■ , soluble 

copper; ■ , soluble manganese. 

6.3.2.2 Biomolecular characterization of microbial growths 

T-RFLP analysis of DNA extracted from streamer samples at the 

respective sampling points along the AMD stream, at the join and 

downstream of the join appear to have a relatively similar community 

structure (Figure 6.13). The identity of the dominant peaks (using two 

restriction enzymes) were established with reference to the UWB 

Acidophi/e Database (unpublished) (Table 6.2). 
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Figure 6.13 Terminal restriction enzyme fragment length polymorphism (T

RFLP) analysis of streamer material collected in the AMO-impacted areas 

of the Oyffryn Adda adit stream, Mynydd Parys. T-RFs were generated 

using the restriction enzyme Alul. Key: ■ , adit sample; , AMO stream 

region; ■ , join and converged stream region. 

Table 6.2 T-RF fragment lengths (using the restriction enzyme Alul) , their 

identities and physiological traits. 

T-RF Identity Range in relative 
length -physiological trait peak area (%) 

154 Possible At. ferrooxidans secondary 1-12 
peak 

170 "Ferriovalis acidosiris" (isolate PSTR) 18-38 
-autotrophic iron oxidiser 

231 Acidobacterium-like (PK51) 2-10 
-heterotrophic iron oxidiser 

234 At. ferrooxidans* 17-30 
-iron/sulfur oxidiser 

TRA2-10-like 2-10 
-heterotrophic iron oxidiser 

276 Possible At. ferrooxidans secondary 0-8 
peak 

*dominantly the N037-type 
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6.3.2.3 Modelling of AMD-streamer/AMD-freshwater interactions 

The AMO-impacted stream was estimated to be 90 m in length with an 

average width of 1 m, and the volume of streamer covering the surface of 

the whole streambed was estimated to be 240 L. The estimated volume of 

water in this section of stream was calculated to be 21,780 Lat any given 

time, based on the area of cross sections taken within the stream. The flow 

rate of the stream varied on different sampling times (Table 6.3). 

Table 6.3 Flow rate measurements of the AMO-impacted Oyffryn Adda 

adit stream. 

Sampling point Distance travelled Mean time take Rate (m s-1
) 

in stream {m) (s) 
May 2006 5 22 0.23 

December 2006 10 31.33 (± 1.2)* 0.32 
October 2007 15 39.67 (± 2.2)* 0.39 

* n = 3 

The ratio of streamer:water volume in the AMO stream was estimated to 

be about 1 :85, and a similar ratio was used in initial laboratory 

experiments (section 6.5), in which a 500 µL inoculum of homogenized 

streamer material was used to inoculate 50 ml of filter-sterile AMO 

(~1 :100 ratio). In this laboratory based experiment a rate of 19.6 mg L-1 h-1 

of ferrous iron oxidation was recorded. Based on this figure, estimated 

streamer and water volumes, and the various flow rates (at different 

sampling occasions) of the AMO-impacted stream, it was calculated that 

over the 90 m length of the AMO-impacted stream (Adit to 'pipe') a mean 

value of 3.32 mg L-1 (standard error, 0.51 ; n = 3) of ferrous iron should, in 

theory, be oxidised. However, this value may be considerably lower when 

temperature is accounted for as laboratory experiments were carried out at 

20 °C, nearly double the temperature recorded in the Oyffryn Adda Adit 

AMO stream. 
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6.4 IRON OXIDATION CATALYSED BY STREAM MICROBIOLOGY 

Since no significant changes in ferrous iron concentrations indicative of in 

situ iron oxidation was found along the 90 m length of the AMO stream 

various materials (solid and liquid) were taken from the Oyffryn Adda 

stream and assessed for their potential to accelerate oxidation of ferrous 

iron in Mynydd Parys AMO under laboratory conditions. 

6.4.1 Materials and methods 

The three materials used as inocula were unfiltered AMO water, ferric iron 

encrusted pieces of gravel and acid streamer material. Duplicate conical 

flasks (100 ml), each containing 50 ml of AMO (taken from inside the adit 

and filter-sterilized on site), were inoculated with either 0.5 g (wet weight) 

streamer samples, 0.5 g of gravel or with 1 ml of unfiltered AMO. Flasks 

were incubated for 9 days at 20°c in the dark, shaken (at ~150 rpm) and 

samples were withdrawn at regular intervals to monitor iron oxidation (by 

measuring concentrations of ferrous iron), pH and Eh. 

6.4.2 Results 

Ferrous iron oxidation occurred in all cultures except the non-inoculated 

control. Cultures in which iron oxidation was recorded also showed a 

decrease in pH (from ~2.7 to ~2.3) and an increase in Eh (from ~680 to 

~800) over the course of the 9-day incubation period. The most rapid 

ferrous iron oxidation was seen in those cultures inoculated with streamer 

material (Figure 6.14) where the maximum ferrous iron oxidation rate was 

16 mg l -1, far greater than the equivalent rates for cultures inoculated with 

pebbles (~4 mg l -1) or unfiltered water (~2 mg l -1
) . 
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Figure 6.14 Ferrous iron oxidation catalysed by various materials taken 

from the Dyffryn Adda AMO stream. Key: ■, streamer material; ■ , pebbles; 

■ , unfiltered water; ■ , control. 

6.5 STREAMER IRON OXIDATION/REDUCTION 

Despite the mass of streamer growths that colonised the Dyffryn Adda adit 

AMO stream and which laboratory experiments showed were highly 

effective at oxidising iron, there appeared to be little or no net oxidation of 

ferrous iron in situ. Detailed experiments were carried out to determine the 

rates of iron oxidation that could be achieved using different inocula 

volumes of homogenized streamer material. The potential for the bacterial 

component of this material to also catalyse ferric iron reduction was also 

tested to determine whether this may be playing any part in the lack of 

change in iron speciation over the stream length. 
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6.5.1 Materials and methods 

6.5.1.1 Iron oxidation catalysed by streamer material 

Streamer material (15 ml) collected at the Dyffryn Adda adit was rinsed in 

heterotrophic basal salts (pH 2.5) to remove any residual soluble iron and 

homogenized with an additional 15 ml of HBS (pH 2.5). Duplicate conical 

flasks (100 ml), each containing 50 ml of AMO (taken from inside the adit 

and filter-sterilized on site), were inoculated with various volumes of 

homogenized streamer material (50, 100, 250, 500, 1000, 2500 and 5000 

µl). Flasks were incubated for ~160 hours at 20°C in the dark, shaken (at 

~150 rpm) and samples were withdrawn at regular intervals to monitor 

ferrous iron oxidation (by measuring concentrations of ferrous iron), pH 

and Eh. 

6.5.1.2 Iron reduction catalysed by streamer material 

Duplicate conical flasks (100 ml) conical flasks containing 50 ml of 

synthetic medium (5 mM fructose/5 mM ferric iron/basal salts/trace 

elements; pH 2.3) were inoculated with HBS rinsed streamer material (0.5 

g) and were incubated at 30°C under either microaerobic or anaerobic 

conditions (using CampyGen and AnaeroGen systems, respectively; 

Oxoid) in sealed anaerobic jars. Samples were taken at weeks 0, 2 and 4 

to determine pH and redox values and ferrous iron concentrations, in order 

to monitor any reduction of ferric iron. 

6.5.2 Results 

6.5.2.1 Iron oxidation catalysed by streamer material 

No significant ferrous iron oxidation was seen in the control culture, but 

iron oxidation was seen in all cultures inoculated with streamer material, 

and was greater in those cultures with larger volumes of streamer (Figure 
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6.15). In cultures where ferrous iron oxidation was detected, decreased pH 

(from ~2.8 to ~2.4) and increased Eh values (from ~680 to ~850) were 

also recorded. Cultures inoculated with 2500 and 5000 µL were discarded 

as all the available ferrous iron had been oxidised prior to the first 

sampling point. 
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Figure 6.15 Iron oxidation catalysed by homogenized streamer material of 

various inoculum size. Key: ■ , control (no streamer); ■ , 50 µL inocula; ■ , 

100 µL inocula; ■ , 250 µL inocula; ■, 500 µL inocula; ■ , 1000 µL inocula. 

Dashed lines indicate the linear regression of best fit from which the 

respective gradients were calculated. 

The rate of iron oxidation increased with increased volume of 

homogenized streamer material used. Between 3.46 (50 µL) and 25.68 

(1000 µL) mg L-1 h-1 of ferrous iron were oxidised in experimental cultures 

and the rate of ferrous iron oxidation correlated (R = 0.94) with the size of 

inoculum used (Figure 6.16). 
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Figure 6.16 Correlation between ferrous iron oxidation rate and streamer 

inoculum volume (R = 0.94). 

Homogenized streamer was observed to congeal after incubation for ~12 

hours and after prolonged incubation, ferric iron (hydroxides) appeared to 

attach to the surface of the congealed streamer material (Figure 6.17), 

although no significant reduction in total soluble iron was recorded (data 

not shown). 
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Figure 6.17 Congealing of homogenized streamer material and apparent 

deposition of ferric iron. Key: A, freshly inoculated dispersed streamer 

material; B, congealed streamer material after ~12 hours of incubation; C, 

apparent ferric iron coating of congealed streamer material. 

6.5.1.2 Iron reduction catalysed by streamer material 

No ferric iron reduction was recorded in control cultures containing no 

streamer inoculum (data not shown) or in cultures inoculated with streamer 

material and maintained under microaerobic conditions. However, cultures 

inoculated with streamer material and maintained under anaerobic 

conditions readily reduced ferric iron, reducing almost all the available (5 

mM) ferric iron within the first 2 weeks of incubation (Figure 6.18). 
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Figure 6.18 Reduction of ferric iron catalysed by streamer material. Key: 

■ , microaerobic conditions; ■ , anaerobic conditions. 

6.6 IN SITU IRON OXIDATION SYSTEMS 

Since it was shown that biological material present in the stream was 

capable of ferrous iron oxidation, three systems were developed to 

address what were believed to be the limiting factors that prevented 

ferrous iron oxidation within the AMO-impacted stream. The systems were 

designed (i) to disrupt the water flow and by doing so increase the mass 

transfer of oxygen, (ii) to create surfaces for microbial attachment (iii) to 

increase the alkalinity of the stream and (iv) to control the directional water 

flow. 

6.6.1 Materials and methods 

The positioning of these in situ systems within the Dyffryn Adda adit 

stream and the respective sampling performed is shown in Figure 6.9. 

Sampling was carried out at monthly intervals over a 12-month period 

(twice in October and January 2006 and with the exception of July and 

September 2007). At each sampling event the physico-chemical 

parameters were recorded using a YSI 556 MPS multi-meter (section 
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2.3.2), ferrous iron concentrations were determined using the ferrozine 

assay (section 2.3.1 .2), sulfate and transition metals were determined, the 

latter using IC (sections 2.3.1.3 and 2.3.1.6.1 ). 

6.6.2 Perspex system 

The 'Perspex system' was positioned in the AMO-impacted stream just 

upstream of the stream conjunction ('join '). This system was 1.8 metres in 

length, 20 cm tall and 20 cm wide. The outer structure of the system, the 

entrance ramp and the baffles were made from solid sheets of Perspex (7 

mm thick). The two mid-plates were drilled with a series of holes that 

increased in size (5-10 mm diameter) with distance from the entrance 

ramp allowing the water in the system to disperse through (Figure 6.19). 

Mid-plate 1 was set 12 cm above the base and mid-plate 2 was set 6 cm 

above the base. The lower region of the system (under the mid-plates) 

was packed with material that had previously been inoculated with iron

oxidising bacteria (Figure 6.19, D). Three structures were incorporated into 

the design to facilitate the disruption of water flow and induce oxygen 

ingress: 

1. Horizontal baffles: 3 cm high, entire width of system (20 cm) 

(Figure 6.19, C&D). 

2. Vertical baffles: 10 cm high, from alternate sides, 12 cm in width 

(Figure 6.19, C&D) 

3. Pipes (4 in total): 16 cm in length, 1 cm diameter were anchored 

to vertical baffles at evenly space intervals. The lower end of the 

pipe was 2 cm off the base and the upper end was maintained 

above the level of the flowing water (Figure 6.19, B). 

6.6.2.1 Perspex system inocula material 

'Poraver' recycled glass beads (Poraver Dennert GmbH, Germany) used 

in previous laboratory bioreactor experiments (Chapter 5) were placed in a 

60 by 40 cm, 20 cm deep plastic container containing ~10 L of basal salt, 
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trace element and ferrous sulfate (10 mM) medium (pH 2.2). Fresh 

(bacteria-free) acid washed Poraver beads and strips of 7 other materials 

(~2-4 cm wide and ~30-60 cm in length; Table 6.4) were added to the 

container and maintained under the surface of the medium using plastic 

tubes positioned within the culture container. The liquid medium was 

aerated (~1 L min.1
) by a series of branching tubes placed on the bottom of 

the container and medium was changed at regular intervals as the majority 

of ferrous iron was determined to have been oxidised (using the ferrozine 

assay). The medium was replaced ~15 times. This mixture of immobilizing 

material was used to pack the lower layer of the Perspex system. 
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Figure 6.19 Diagram of the Perspex iron oxidation system implemented at Mynydd Parys. The three main methods used to disturb 

the water flow and oxygenate the AMO are shown: B, pipe; C, horizontal plane; 0 , vertical plane. Key: ► , the flow of AMO water; 

► , planned/expected introduction of oxygen. Red text indicates the sampling points for the system. 
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Table 6.4 Materials used as immobilizing matrix for iron oxidising bacteria 

in the lower region of the Perspex system. 

Code Description and properties 
p1 'Poraver' , porous recycled glass 

bead (section 5.2.2). 
FH Flow-hood filter, large porous 

nylon material. 
GWCL 'Weed block', Garden weed cover. 

Ct3 Canvas, woven cotton. 

F., Felt, spun polyester fabric. 

PW3 PVC coated woven polyester 
(white). 

PB3 PVC coated woven polyester 
(blue). 

M., Woven acrylic. 

1 Dennert GmbH, Schl0sselfeld, Germany. 
2 B&Q, Hampshire, UK. 
3 Intension Fabric Engineering, Cardiff, UK. 

Known uses 
Construction industry. 

Laboratory flow hood filters 

Weed barrier. 

Tenting. 

Weed barrier, automobile 
industrv. 

Architectural fabrics, 
tarpaulins, boat covers. 

Marine industry, blinds, 
canooies. 

6.6.2.2 Perspex system inocula material - iron oxidation 

Material that had undergone the colonisation process (above), 

representative of each of the materials used as inocula (with the 

exclusion of Poraver that originated from the previous bioreactor 

experiments), was extracted from the container and rinsed with HBS (pH 

2.5). The surface area of selected Poraver beads was determined and 

sections of the remaining materials cut to be of equivalent surface area 

(6.16 cm2
) . Duplicate conical flasks (100 ml), each containing 50 ml of 

basal salt, trace element and ferrous iron (5 mM) medium, were 

inoculated with the various materials. Flasks were incubated for 47 hours 

at 20°c in the dark, shaken (at ~150 rpm) and samples were withdrawn at 

regular intervals to monitor iron oxidation (by measuring concentrations of 

ferrous iron). T-RFLP analysis (section 2.4.4) of the immobilized bacterial 

community on the material inoculum that showed the most rapid iron 

oxidation was also carried out both on system initiation (October 2006) 

218 



and a year later, on the final sampling occasion (October 2007). T-RFLP 

was also carried out on streamer material that had developed in the 

upper regions of the Perspex system on the final sampling occasion. 

6.6.3 Perspex system inocula material 

The rate of iron oxidation recorded with the different inocula materials 

was used to infer the usefulness/suitability of the materials as an 

immobilizing matrix for acidophilic iron oxidising bacteria. No significant 

iron oxidation was seen in control cultures or in cultures inoculated with 

the two plastic sheeting materials (PW and PB) and a slow rate (~1 mg L-

1 h-1
) was also recorded in cultures inoculated with flow hood material 

(FH). Faster rates of iron oxidation were achieved with all other materials 

used as inocula (>5.5 mg L-1 h-1
) and the fastest rate was achieved using 

the felting material (F, ~11 mg L-1 h-1) (Figure 6.20). 
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Figure 6.20 Ferrous iron oxidation catalysed by the various materials 

used as immobilizing matrix in the Perspex system. Where visible, error 

bars represent standard error (n=2). Key: ■ , control (no inocula material); 

■ , PW; ■ , PB; ■ , FH; ■ , GWC; ■ , Ct; ■, P; ■ , M; ■ , F (felt). 
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6.6.3.1 Perspex system T-RFLP 

The 'felt' material (F) with which the highest rate of ferrous iron oxidation 

was attained, prior to Perspex system initiation, was dominated by 

Leptospirillum ferrooxidans (217 nt, using the restriction enzyme Alul), 

presumably isolate CF12 from the previous bioreactor experiments that 

were used to prepare the immobilizing material (Chapter 5). However, 

after a year of system implementation within the Dyffryn Adda adit AMO 

stream, the microbial composition of the immobilizing material had 

changed and was similar to that of the streamer material that had formed 

within the upper area of the Perspex system (Figure 6.22) and also to the 
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streamer that was present over the length of the stream (section 6.21 ). 

Figure 6.21 Terminal restriction enzyme fragment length polymorphism 

(T-RFLP) analysis of materials used to inoculate the Perspex system, 

materials after application and streamer growths that had formed within 

the system. T-RFs were generated using the restriction enzymes Alul. 

Key: ■, Perspex materials START; , Perspex materials END; ■ , Perspex 

streamer growths. 
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Figure 6.22 Images showing design, placement and colonisation of the Perspex system tested at Mynydd Parys. 
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6.6.3.2 Perspex system - iron oxidation 

Despite the lack of flow control on the system iron oxidation was recorded 

during the passage of AMO water through the Perspex system. During the 12-

month application the maximum iron oxidation was regularly recorded at the 

'out-bottom' sampling point. Of the AMO-impacted water that passed through 

the system, 6.06 % (± 1.04, standard error, n = 10) of the ferrous iron present 

in the water was oxidised by the 'out-bottom' sampling point, equivalent to 

21.80 mg L-1 (± 3.59, standard error, n = 10). In addition to iron oxidation 

taking place within the Perspex system, that would have utilized dissolved 

oxygen, a small increase in the dissolved oxygen concentration was also 

recorded between the 'in' AMO water and the 'out' AMO water, and within the 

Perspex system itself. The percentage decrease in ferrous iron and 

percentage increase in dissolved oxygen concentration and their respective 

standard error values are shown in Table 6.5. Other parameters remained 

relatively stable throughout the progression of AMO water through the system. 

Table 6.5 Changes in ferrous iron concentration and dissolved oxygen 

concentration at sampling points within the Perspex system. 

Analyte Sampling point Mean value 
(n, standard error) 

Ferrous iron decrease (%) 'in' n/a (0) 
'mid' 2.89 (7, 0.93) 

'out-top' 5.07 (10, 0.83)* 
'out-bottom' 6.06 (10, 1.04)* 

Dissolved oxygen(%) 'in' 17.45 (8, 0.65) 
'mid' 18.41 (7, 1.00) 

'out-top' 22.21 (8, 1.325) 
'out-bottom' 20.46 (8, 2.09) 

* A one-way ANOVA was performed followed by Tukey post-tests using 

GraphPad lnStat version 3.0 statistical analysis package, significantly 

changed from 'in' (p<0.05). 

6.6.4 Mesh system 

The 'mesh system' was simple in design and the primary function was to 

facilitate microbial immobilization, however, due to the nature of the structure 
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some flow disruption and oxygen mass transfer was also expected. Flexible 

wooden poles (3 in number, 1.8 m long) were threaded through at both ends 

and in the centre of a pair of parallel 1 m long, 75 cm wide sections of plastic 

mesh (4 cm grid openings) and the pole end were inserted 15 cm deep into 

the stream bank to anchor the mesh in place. The mesh system consisted of 

two layers of the structure described above, one being anchored and held 

taut, level with (and slightly submerged) the water surface, and the second 

being angled diagonally downward (in the direction of the flowing water) from 

the level of the upper mesh to the stream bed (Figure 6.23). Measurement of 

ferrous iron concentrations and other parameters was carried out ~30 cm 

upstream and ~30 cm downstream of the mesh system. 

◄ 

Figure 6.23 The design of mesh system within the converged stream. 

6.6.5 Results 

The 'mesh' system became progressively colonised with streamer material 

over the 10-month period for which it was anchored in the stream and created 

some disruption to the flowing water (Figure 6.24). Changes in ferrous iron 

concentration (decrease) and dissolved oxygen concentration (increase) were 

seen on almost all 10 sampling occasions but were very minor (Table 6.6). 
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Figure 6.24 Images of the mesh in situ iron oxidation system traversing the 

Mynydd Parys stream as colonisation progressed. Key: A & B, initial 

placement (December 2006); C, January 2007; D, October 2007. 

Table 6.6 Changes in ferrous iron and dissolved oxygen concentration. 

Mean 
standard error 

Decrease in 
ferrous iron m L-1 

4.4 (0.76) 

6.6.6 Limestone addition 

Increase in dissolved 
ox en% 
3.26 (1 .03) 

Seventy-five kg of limestone ("ornamental white stone"; B&Q, U.K.) were put 

into plastic mesh bags and placed in the fresh water stream ~2 metres 

upstream of the join point (Figure 6.9). The stone-containing bags were 

packed on top of a wooden board (to prevent the stones sinking into the 

streambed) and a ~45 cm cross-section of the fresh stream was filled. A 

smaller volume of stones (~2.5 kg) was placed in a mesh bag and placed in 
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the AMO-impacted stream, downstream of the join in a position that would not 

interfere with any of the designated sampling points. Sampling involved the 

collection of water both ~30 cm up- and downstream of the limestone in 

addition to the standard field analysis (section 2.3.2) Alkalinity both up- and 

downstream of the limestone was measures by titration with 0.02 N sulfuric 

acid. 

6.6.7 Results 

Limestone positioned within the AMO stream itself became heavily coated 

("armoured") in ferric iron hydroxide deposits (Figure 6.25, D) but other than a 

thin film of surface silt, the limestone placed in the fresh water stream 

remained visibly unchanged (Figure 6.25, C). Dissolution of the limestone 

positioned within the freshwater stream resulted in a slight increase in pH and 

in alkalinity relative to the upstream freshwater (on all 7 sampling occasions), 

however not only was the increase in alkalinity downstream of the limestone 

negligible but the total alkalinity (16.54 (± SE, 2.73, n = 7) mg L-1 CaCO3 ) was 

very much smaller than the calculated acidity of the converging AMO stream 

(1234.57 (± SE, 26.33, n = 7) mg L-1 CaC03 ). The mean values and standard 

error for pH, calculated alkalinity and calculated acidity (as mg L-1 CaC03) are 

shown in Table 6.7. 

Table 6. 7 Changes in pH and alkalinity concentration of freshwater stream 

after passage through the additional limestone (n = 7). 

Anal te Mean Standard error 
pH 

Downstream 5.60 0.16 
Relative increase 0.08 0.03 

Alkalinity U stream 14.88 2.63 
(mg L-1 CaC03) Downstream 16.54 2.73 

1----------,f-------->--__,_-__, 
Relative increase 1.66 0.23 
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Figure 6.25 Limestone used during in situ iron oxidation experiments at 
Mynydd Parys. Key: A & C, limestone deposited in the freshwater stream, 
December 2006 and May 2007 respectively. B & D, limestone deposited in the 
AMO-impacted stream, December 2006 and May 2007 respectively. 

Based on measurement of the concentrations of sulfates and manganese (two 

analytes expected to remain relatively unaffected by the physico-chemical 

changes at the convergence of the streams) in the AMO stream, the fresh

water stream and the stream conjunction ('join'), a dilution of the AMO

impacted stream was calculated to be ~2 fold (1.99 ±0.22, standard error, n = 

11 ) . In addition to the dilution of the AMO stream by the fresh-water stream 

some buffering capacity was transferred as pH did increase slightly from 2.36 

(± 0.04; standard error, n = 11) to 2.62 (± 0.04). The mean values were 

determined to be significantly different (p<0.05) using an unpaired t-test using 

GraphPad lnStat version 3.0 statistical analysis package. 
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6. 7 DISCUSSION 

After the dewatering operation to remove the AMO impounded within the 

Parys mines had been completed and the potential of a catastrophic release 

of AMO, such as was seen at the Wheal Jane tin mine, U.K. (Younger et al., 

2005), the upper Tisa Basin, Romania (Macklin et al. , 2003) and the 

Aznalcollar tailings spill, Spain (Grimalt et al., 1999; Gomez et al., 2004), 

amongst others, was avoided, the dam in the Dyffryn Adda adit was removed 

and the stream became the main waterway draining the mines. The stream

bed had been mechanically cleared and widened in preparation and, at the 

start of the current project, represented a relatively newly impacted water

course (~4 months), although historically (even as late as the 1950s) this 

channel would have been used as the inlet to the precipitation ponds that 

surround the adit. During the four-year period in which the AMD stream 

draining Mynydd Parys was monitored, some fluctuations in measured 

analytes were seen, though the stream retained the "classical" characteristics 

of AMD in terms of its low pH, high metal and metalloid loading and high 

sulfate concentration . The growth of copious amounts of acid streamers within 

the Dyffryn Adda adit and the sequential colonisation by acidophilic algae, 

eventually coating the entire length of the AMO stream, is also a phenomenon 

that has been described in similar polluted environments, and these streamer 

growths were similar in appearance to those documented at some other 

similar mine sites (Hallberg et al., 2006). 

Despite the abundance of acid streamer growths within the AMO 

stream and the dominant constituent bacteria being two known low pH (2.0 

and 2.2, respectively) iron oxidisers (At. ferrooxidans and "Ferriovalis 

acidosiris" (isolate PSTR; Chapter 5), no significant ferrous iron oxidation was 

recorded. Factors such as this and the apparent stability of soluble metals in 

such waters (due to low pH) enable AMO to be both a local and diffuse 

pollution problem (Macklin et al., 2006) and, in this instance, large volumes of 

metal-laden water drain into the Irish Sea on a continuous basis (Whiteley and 

Pearce, 2003). Since chemical iron oxidation at low pH is very slow (Stumm 

and Morgan, 1996) and micro-organisms capable of low pH ferrous iron 

oxidation are present, it could be assumed that the limiting factor(s) must lie 
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either with the in situ microbiology or the characteristics of the mine waters. A 

number of possible reasons could account for the lack of microbial ferrous iron 

oxidation, such as the availability and supply of dissolved oxygen, or the 

cycling of iron similar to that observed at either sites (Rowe et al. , 2007). 

Concentrations of dissolved oxygen were not found to be depleted along the 

length of the stream (90 m) that was monitored and, although reduction of 

ferric iron was observed in synthetic medium in the laboratory (using the 

streamer material as the inoculum) this only occurred under anaerobic 

conditions and not under microaerobic (~5 % dissolved oxygen, Oxoid, U.K.) 

conditions that were more similar to the conditions within the Dyffryn Adda adit 

stream. This would discount these two potential limiting factors. It is possible 

that the bacteria responsible for the anaerobic iron reduction do not constitute 

a large relative percentage of the streamer community, or are attached on the 

surface (in the flowing AMD). A similar occurrence was seen with stored 

streamer samples (that had become anoxic with time) in which sulfidogenic 

bacteria had become active, the resulting sulfidogenesis increasing the pH 

and precipitating the metals. However, the lack of ferrous iron oxidation within 

the 90-metre section of the AMO-impacted Dyffryn Adda adit stream was in 

this case considered to be limited predominantly by the flow rate of the 

stream, causing to the retention time being too limited for substantial oxidation 

of the iron present. 

Based on a calculation of the volume of AMD present in the stream, the 

volume of biological streamer material present in the stream, the stream flow 

rate and a laboratory based iron oxidation rate it was estimated that, without 

any other limiting factors, 3.32 (± 0.51) mg L-1 of ferrous iron would be 

expected to be oxidised over the 90 m length of stream (between the 'adit' 

and the 'pipe'). However, this may be an overestimate due to temperature 

differences (~9 °C) between the laboratory (~20 °C) and the field site (~11 °C, 

mean value over this four year period). Based on the Q10 index, mean field 

rates may be expected to be about half of those measured in the laboratory. 

Despite the abundance of streamer growths, no significant change in ferrous 

iron concentration was seen in the AMD stream which is not too surprising as 

the value calculated from the laboratory system would only represent ~1 % of 

the total ferrous iron in AMD at the Dyffryn Adda adit. The acid streamers 
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themselves appeared to be the most effective iron-oxidising inoculum used in 

laboratory-based experiments. Rates of ferrous iron oxidation correlated with 

the size of the biomass inoculated into liquid cultures, though other limiting 

factors (such as oxygen concentration) were not addressed in these 

laboratory experiments. The relatively low percentage of dissolved oxygen in 

the flowing AMO on emerging from underground, and for the 90 m length of 

the stream, would also be potentially problematic in a system where the 

oxidation of all the available ferrous iron was to be carried out. In the Oyffryn 

Adda adit AMO stream, the mean oxygen concentration (over this four year 

period) was ~13%, equivalent to ~1 mg L-1 (assuming that 8 mg L-1 represents 

100% oxygenation in these waters) and the mean ferrous iron concentration 

was ~380 mg L-1. Based on these values (and Equation 1.6) the dissolved 

oxygen present within the AMO stream would only be sufficient to enable the 

oxidation of ~2% of the ferrous iron present, and any remediation system 

installed would need to significantly increase the concentration of dissolved 

oxygen in order to facilitate complete oxidation of the ferrous iron present. 

Dissolved oxygen concentrations increased significantly at the point at 

which the AMO and fresh-water streams joined, which was mostly due to 

water turbulence caused by the AMO stream cascading down an incline of 

~60 cm height, and then combining with the oxygenated freshwater stream. 

From the 'join' point onwards, streamer growths were less abundant and the 

flow rate and volume of water (while metals and sulfate were more dilute) 

greatly increased, exacerbating the lack of contact time (retention time) 

between the iron oxidising bacteria and the ferrous iron-containing AMO 

water. The freshwater stream contained some alkalinity (~15 mg L-1 CaCO3) 

and, despite the slight increase in alkalinity (~2 mg L-1 CaC03) resulting from 

the placement of the packed limestone, any buffering capacity was greatly 

outweighed by the acidity (calculated at ~1200 mg L-1 CaC03) of the AMO 

stream itself. As a result of the limited alkalinity in the freshwater stream, 

many of the parameters tested (pH, redox potential and conductivity) after the 

convergence point were more similar to the AMO stream than the freshwater 

stream and, although concentrations of soluble metals and sulfate decreased 

to some extent, these were still present at elevated levels in the "combined" 
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stream. The effective result of the two streams converging at the 'join' point 

was a greater volume of more dilute but still heavily polluted AMO water. 

The 'mesh' system was relatively successful insofar as it rapidly 

became colonised with streamer growths, eventually being encapsulated by a 

large build-up of biofilm that masked the mesh structure. Disruption of the 

overflowing AMO stream, evidenced by the appearance of bubbles on the 

surface immediately downstream of the mesh system, was also observed and, 

by the end of the 10-month period, the density of colonising streamer material 

had produced a shelf-like structure within the stream. Although no calculations 

were made to estimate the volume of water, flow rate and streamer cover, the 

flow rate of the stream is likely to have been the main cause of the limited 

oxidation of ferrous iron observed. Streamer growths downstream of the 'join' 

point were also less evident, and there are two possible reasons for this. 

Firstly, the increased flow rate and volume, as a result of the stream 

convergence, may have prevented the streamer material from anchoring and 

growing as successfully as in the Oyffyn Adda adit. Secondly, although no 

significant iron oxidation was measured in situ over the stream length (90 m), 

there was extensive deposition of ferric iron hydroxides downstream of the 

'join' point that could have had a negative impact on streamer growths. The 

cause of this was the change in pH (from ~2.3 to ~2.6) between the AMO 

stream and that of the conjoined streams, which would have promoted 

hydrolysis of the soluble ferric iron present (~185 mg L-1). While even a small 

amount of ferric iron precipitation is known to be responsible for the visible 

staining associated with such environments, the sheer volume and constant 

flow of water within the Oyffryn Adda adit stream would have perpetuated this 

and this precipitation could be responsible for coating the outer surface of the 

streamer material, potentially creating a physical barrier for growth. On the 

other hand, the ochre-like material may also have been a successful matrix for 

bacterial attachment. 

While this study mainly focused on soluble iron (the dominant metal in 

this (and many other) AMO waters) with a view to establishing trial systems 

capable of 'passive' ferrous iron oxidation in low pH and low temperature 

waters, it is interesting that concentrations of soluble zinc and manganese 

correlated positively with both soluble ferrous iron and total soluble iron, 
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though copper did not. Mynydd Parys was exploited predominantly for copper 

on a relatively large scale, especially during its peak of activity and, while 

other soluble metals (zinc and manganese) appeared to be diluted during 

periods of heavy rainfall (negative correlation) soluble copper behaved 

counter-intuitively, increasing in concentration with increased rainfall (positive 

correlation). It is possible that the vast area of tunnels and chambers, 

excavated to exploit copper-rich seams, that had previously been flooded 

(initially for the purpose of copper cementation) are now exposed and provide 

a vast surface covered in copper rich salts over which rainwater passes. This, 

in addition to the vast piles of mine waste (tailings and spoil) that are 

deposited on site and have been processed to various extents (though 

residual copper remains; Bryan, 2006) may have created what appears to be 

an increased washout/extraction of soluble copper with greater rainfall in the 

AMD draining the lowest point of the mine site. 

Conventional treatment of iron- (and other metal) rich waters can 

involve a number of abiotic and biological systems. In general, abiotic systems 

involve the addition of neutralizing chemicals (e.g. calcium oxide or sodium 

hydroxide) to increase the pH and precipitate the metals present and 

biological systems commonly involve aerobic wetlands, compost bioreactor 

systems or sulfidogenic bioreactor systems (Chapters 3 & 4). These systems 

all have their drawbacks for the treatment of metal-rich wastewaters, 

especially where iron (particularly ferrous iron) is the dominant metal, as they 

either require large amounts of neutralizing chemicals, complex engineering 

or a large areas of land ("footprints" Johnson and Hallberg, 2005). The system 

proposed and tested in this chapter would represent a sub-unit of a larger 

multi-part treatment system (as discussed in Chapter 4) in which iron was 

treated on its own once the other metals present had been selectively 

removed. The objective of such a system for the selective treatment of ferrous 

iron would be to biologically oxidise all the ferrous iron to ferric iron at low pH 

and low temperature (representative of the native AMD), thereby producing an 

ionic species that would more easily be removed from solution. Precipitation 

of ferric iron is readily achieved at pH above ~2.5, in contrast to ferrous iron 

which is far more soluble over a wide range of pH values. While in many 

instances (in low pH waters such as Mynydd Parys) this system may require 
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the addition of neutralizing chemicals to stimulate the precipitation of the ferric 

iron generated, there would be a significant reduction in the amount required 

by conventional "active" chemical treatment. As with the remainder of the 

overall proposed selective treatment system, a potentially-saleable product 

rather than a hazardous waste material would be generated. 

The lower regions of the Perspex system were packed with various 

materials inoculated with iron-oxidising bacteria, all of which appeared not to 

be degraded by their year-long submergence in AMO. Even the 'Poraver', that 

degrade when shaken or aerated too vigorously in laboratory experiments, 

appeared to be intact on visual examination. Initial colonisation of these 

materials by iron oxidising bacteria was carried out in a container using batch 

mode operation and a 10 mM ferrous iron medium. The resulting microbial 

community was dominated by Leptospirillum ferrooxidans, and the other three 

iron-oxidising bacteria (Chapter 5) that were added to the start-culture 

appeared to be absent. The prevalence of this bacterium is likely to be due to 

the culture conditions, where the resident bacteria would have been bathed in 

a solution of steadily increasing soluble ferric iron concentrations as they 

oxidised the ferrous iron present. L. ferrooxidans is believed to be more 

tolerant of high ferric iron concentrations dominating many biooxidation and 

bioleaching processes, of both laboratory and industrial scale (Rawlings et al., 

1999; Kinnunen and Puhakka, 2004). However, once the immobilizing 

materials were transferred into the lower regions of the Perspex system and 

Oyffryn Adda adit AMO had percolated trough the system during the year-long 

application period, the composition of the microbial community had changed 

to be representative of the streamer that had colonised the upper regions and 

the AMO-impacted stream upstream of the system. It is intriguing that L. 

ferrooxidans disappeared entirely from the community present in the lower 

region of the Perspex system but it may be due to prevailing stream 

conditions being more optimal for the streamer community which could be 

better able to attach to available surfaces and anchor itself against potential 

washout under the physical pressure imparted by continuous water flow 

(Rowe and Johnson, 2007). 

No flow control was built into the Perspex system as one of the 

conditions imposed on the trial project was that the flow of AMO in the Oyffryn 
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Adda adit stream was not to be diverted or impeded. As a consequence the 

system was placed in the stream at a relatively narrow section just 

downstream of the 'pipe', which took the entire AMO water flow for a ~1 m 

section (under a footpath) before returning to an open stream of ~0.75 m in 

width. AMO water flowed through the system continuously as the level of the 

stream did not drop below the level of the entrance plate during the year-long 

application (based on visual examination on sampling dates). However, on 

two sampling dates, gorse (growing along the stream edge) and other 

inflexible material had become entangled in the entrance and the flow through 

the system was compromised. The issue of system clogging is something that 

would need to be addressed for any larger scale application, as any sizable 

blockage would either alter the retention time and water flow within the system 

or potentially block the entire stream. Excluding the interrupted sampling 

dates, ferrous iron oxidation and an increase in dissolved oxygen were 

recorded during the passage of AMO through the 1.8 m Perspex system. A 

mean decrease of 6.06 % (±1.04, n = 10) soluble ferrous iron (due to ferrous 

iron oxidation) was recorded during the year-long system application, 

equivalent to ~22 mg L"1 ferrous iron oxidation, a decrease considerably larger 

than that detected (0 mg L"1
) or calculated (~3 mg L"1) for the 90 m AMO 

waters upstream of the Perspex system. This can be attributed to both the 

design of the system, creating improved contact between the AMO, the air 

(replenishing the dissolved oxygen concentration) and the in situ micro

organisms, and may also be as a result of a greater numbers of iron-oxidising 

bacteria within the system. Concurrent with ferrous iron oxidation, for which 

the in situ iron-oxidising bacteria require molecular oxygen (dissolved 

oxygen), an increase in dissolved oxygen concentration (by ~5 %) was seen 

in AMO flowing through the Perspex system. While the amount of iron 

oxidation taking place within the Perspex system was relatively low 

(considering the overall ferrous iron concentration) the results are promising 

for a trial system in which no flow control was afforded and two possible 

further tests using this system design should be considered. Firstly, the 

development of flow control measures for the system, and secondly, the 

placement of the system within the post 'join' stream, where the slightly higher 

pH would accelerate the precipitation of ferric iron generated. 
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6.8 SUMMARY 

Following the dewatering operation to drain the Mynydd Parys mines, the 

AMO water draining from the site was directed out at the Oyffryn Adda adit 

(the Aton Goch, North). The stream was sequentially colonised by abundant 

acid streamer growths and then by acidophilic algae, but no significant ferrous 

iron oxidation was recorded along the first 90 m length of the stream where 

these growths were particularly abundant. It was thought that the lack of iron 

oxidation was due mainly to the flow rate of the stream in effect decreasing 

the contacting time (retention time) between the iron-oxidising streamer 

community and the ferrous iron-containing AMO water, rather than due to iron 

cycling (contemporary iron oxidation and reduction). In laboratory-based 

experiments, streamer growths from Oyffryn Adda adit were shown to 

successfully catalyse ferrous iron oxidation. The various attempts made to 

generate alkalinity and catalyse ferrous iron oxidation by limestone addition (in 

the converging freshwater stream) and biofilm immobilization using the 'mesh' 

system had limited success, however, the Perspex system yielded promising 

results. The microbial community within the Perspex system changed from an 

L. ferrooxidans dominated one, on implementation, to be dominated by the 

same iron oxidising bacteria that constituted the acid streamer community (At. 

ferrooxidans and "Ferriovalis acidosiris") and both ferrous iron oxidation (~22 

mg L-1
) and an increase in dissolved oxygen concentration (~5 %) were 

recorded during the passage of AMO water through the 1.8 m long system. 
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CHAPTER 7: GEOCHEMICAL DYNAMICS AND MICROBIAL 

ECOLOGY OF AN ACID MINE STREAM DRAINING AN ABANDONED 

COPPER MINE (HUELVA, SPAIN). 

7 .1 INTRODUCTION 

Mining of metals, especially large-scale extraction that has become 

prevalent with modern mining, has left a legacy of environmental pollution 

that can impact not only on the immediate environment but also 

contaminate more remote environments. In some areas of the world, vast 

areas of land and water are impacted by active and abandoned mining 

activity that can persist for many years (Younger, 1997). Acid mine 

drainage (AMO) may be generated and released from mine workings 

(underground and opencast) and/or waste piles (tailings and rock waste), 

and the mineral dissolution process is usually greatly accelerated by 

microbial activity (Hallberg & Johnson, 2001). 

The Iberian Pyrite Belt (IPB) is an extensive mining region that 

represents the largest concentration of known massive sulfides on Earth 

(Leistel et al., 1997). This region comprises over 80 mines scattered 

across southern Spain and Portugal including a number of important 

historical sites such as: Riotinto, Tharsis, La Zarza, Sotiel and Aznalc611ar 

in Spain, and Aljustrel, Loussal and Neves-Corvo in Portugal. Historic 

mining activity in this region has resulted in 57 abandoned waste piles 

(with a total estimated volume of 107 Hm3
) and 10 tailings dumps (42 

Hm3
) in the province of Huelva alone (IGME, 1998). These are among the 

largest accumulations of pyritic mine waste in the world, and the impact 

on local and often more remote waterways is very evident. The 

generation of AMO from waste material in this region is further 

accelerated by the characteristics and texture of the dominant minerals. 

The mineralization is dominated by pyrite (>90% in volume), with variable 

amounts of sphalerite (ZnS), chalcopyrite (CuFeS2) and galena (PbS). 

These ores are predominantly pyritic, fine-grained, usually brecciated and 

fractured and thus highly reactive, lacking carbonates to neutralize acidity 

(Sanchez Espana et al. , 2005). 
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Despite the toxicity of AMD, a relatively high diversity of life forms 

are adapted to the conditions and able to survive, though not all are 

directly involved in AMD genesis. The resulting growths can be dramatic 

when manifested as acidic streamers/mats, which are commonly 

associated with such environments (Lopez-Archilla et al. , 2004; Bond et 

al., 2000). One such site is a cementation channel, constructed in the 19
th 

century for the recovery of copper, at the abandoned Cantareras mine 

(located within the Tharsis mine district, Huelva province, Spain (Figure 

7 .1 ). In this study, the complex nature and interactions of the channel 

streamer/mat communities that have developed, underpinned by both 

solar and (inorganic) chemical energy, are described. The impact of the 

indigenous microflora on mine water geochemistry is also described. 

Ortogonal aerial image 

Figure 7.1 Location of the study site, Cantareras adit, Huelva, Spain 

(Sanchez-Espana). 
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7.2 MATERIALS AND METHODS 

Figure 7.2 Photographs of the study site. A, Cantareras adit showing 

mineral deposition; B, the flow of AMO into the end pool on leaving the 

cementation channel; C, streamer mat growths colonising flowing 

channel; 0 , paper-thin coating of solid ferric iron deposited on surface on 

non-flowing channel; E, wave-like formations deposited by flowing AMO 

over the area flowing between the channel and the end pool. 
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7 .2.1 Description of study site 

The Cantareras adit was sampled on June 16th
, 2005. The roof and walls 

of the adit (Figure 7.2 (a)) were covered with extensive deposits of 

greenish-blue secondary minerals (predominantly copper-enriched 

melanterite (FeSO4.7H2O) and rozenite (FeSO4.4H2O), together with 

minor chalcantite (CuSO4.5H2O) and trace brochantite (Cu4(SO4)(OH)s) 

derived from the partial oxidation of pyrite and copper sulfides 

(chalcopyrite) and sulfosalts (tetrahedrite-tenantite) (Sanchez-Espana 

personal communication). Two channels exited the adit, one still flowing 

(Figure 7.2 (A and C)) and the other blocked ~40 meters downstream and 

no-longer flowing (Figure 7.2 (A and 0)). The water present in the non

flowing channel was stagnant and also encrusted with a paper-thin layer 

of solid ferric iron that covered the majority of the surface. Water inside 

the adit (in the flowing channel) was not coloured and showed no obvious 

signs of life and it was on the contents of this channel that this study was 

carried out. On leaving the adit, the AMO flowed through the open 

channel (partly wood-lined) for ~ 100 meters, and then down an 

embankment (for ~30 meters) before draining into a brownish-red pool 

(Figure 7.2 (Band E)), the overflow of which drained into a tributary of the 

Odiel river. Immediately on exiting the mine adit, the AMO was colonised 

by a mass of acid streamer/mat growths, which persisted for 80 meters 

down the channel, before coming to an abrupt end at about 100 meters 

(Figure 7.3). A diagrammatic representation of the sampling site and the 

flow of AMO is shown in Figure 7.4. 
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Om 20m 40m 

60m 80m 100m 

Figure 7.3 Downstream evolution of surface streamers at the Cantareras 

mine drainage channel (from Sanchez-Espana et al. , 2007) with kind 

permission of Elsevier B.V., Amsterdam, The Netherlands). 
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Adit walls covered in mineral deposits [A] 

Blocked channel, encrusted with solid ferric iron [D] 

Adit opening sample 

point (CMO) [A] 

30-meter streamer/mat collection 

point [C] 

Flowing channel (~100 

meters) in which study was 

carried out at 10-meter 

intervals [C] 

Channel end 

Flow of AMD down 

incline to pool (~30 

meters) [B & E] 

Pool entry 

Pool [B] 

............. ·► 
Odeil river tributary 

Figure 7.4 Diagram of the Cantareraas adit showing the flow of AMD (direction indicated by dashed orange 

arrows) and points of sample collection. [A, B, C, Dor E] relate to representative images from Figure 7.2. 
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7 .2.2 Description of stratified streamer/mat layers 

The acid streamer/mat growths in the drain channel at Cantareras 

showed very distinct stratification with depth (Figure 7.5). At the 30 meter 

sampling point where streamer samples were taken, a top thin (~0.25 cm 

thick) dark green-coloured layer (denoted CL 1) was present about 3 cm 

below the stream water surface. This overlaid another relatively thin (~0.5 

cm) layer (CL2) that was orange-brown, below which was a 2 cm layer 

(CL3) that had a distinct turquoise colour, and the lowest (9 cm thick) 

layer (CL4) that was dark gray. Microbial growths in layers CL 1-CL3 had 

a filamentous, streamer-like appearance, while layer CL4 had a more

dense, mat-like structure. A further sample, equivalent to the lowest mat

like layer (CL4), but more sediment-like and dark grey in colour, was also 

taken from within the adit itself (GIL). 

CL 1 (0.25 cm) 

CL2 (0.5 cm) 

CL3 (2 cm) 

I 
CL4 (9 cm) 

I 
Figure 7.5 Picture and diagram of the stratified streamer layers in the 

Cantareras adit, as seen at the 30-meter sample collection point. 
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7 .2.3 Field analysis 

Field analysis was carried out on site using a YSI 556 multimeter (YSI 

Environmental, U.S.A.) (section 2.3.2.1 ). Filtered, and unfiltered water 

samples (section 2.3.2.3), were taken from within the adit and at 10-meter 

intervals (to 100 meters from the mine portal). Further samples were 

taken at the end of the drainage channel and from a deep red pool into 

which the AMO stream flowed. 

7 .2.3.1 Acid streamer/mat growths 

Acid streamer/mat growths were examined at various points within the 

drainage channel. Samples representative of each layer (denoted CL 1-

CL4 and GIL) were collected at 30 meters from the adit. Samples of 

streamers/mats (~20 ml) collected from different depths, were placed in 

sterile polypropylene bottles with AMO from the same depth, to preclude 

dehydration (section 2.3.2.2). 

7 .2.4 Laboratory analysis 

Streamer/mat pH was measured for samples collected from the lower 

depths (GIL, CL3 and CL4) using an adaptation of the soil pH 

determination method (section 4.3.1 ). SEM and EOAX analyses were 

carried out on streamer/mat material collected from all layer, with the 

exception of the sample taken from within the adit (GIL) and all layers 

were examined by phase contrast microscopy (sections 2.3.1.8 and 

2.3.1.10). Dissolved metal concentration was determined by iron 

chromatography (IC) for various samples collected at the mine site 

(section 2.3.1.6.1 ). 

7.2.4.1 Dissolved metal concentration - post microbial oxidation 

Dissolved metal concentration was determined for water samples that 

had been processed by iron-oxidising bacteria (in this instance, 
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Leptospirillum ferrooxidans - CF12). The soluble ferric iron produced was 

removed by subsequently increasing the solution pH to 3.5 and samples 

were filtered to eliminate any particulate matter prior to processing with 

IC. This technique was found to give a reliable and accurate 

quantification of metals other than iron, that were previously diluted out in 

samples prepared for the quantification of all metals (including iron) by IC. 

7.2.5 Microbiological analysis 

7 .2.5.1 Biomolecular analysis 

DNA was extracted from planktonic micro-organisms in the adit AMO 

(CMO) and from the streamer/mat material (0.5 g wet weight) collected 

from the various layers (section 2.3.2.2). Microbial communities were 

analysed by terminal restriction enzyme fragment length polymorphism 

(T-RFLP) analysis (section 2.4.4) and bacterial and archaeal gene 

libraries (section 2.4.5) were constructed and analysed for layer CL3 and 

CL4; and CL3 and the planktonic micro-organisms in the adit AMO 

(CMO), respectively. 

7.2.5.2 Cultivation based analysis 

Homogenized streamer samples from the lower two layers (CL3 and CL4) 

and the adit lowest layer (CIL) were serially diluted in sterile basal salts 

solution (of suitable pH) and spread onto aSRBo (Zn) and SRBo (Fe) 

solid media (section 2.2.2.1.1) Plates were incubated anaerobically (using 

the AnaeroGen AN25 system: Oxoid, U.K.) at 30°C for 28 days and then 

reincubated for a further 32 days. Representative colonies showing 

accumulation of metal sulfides white/pink colonies on the zinc-containing 

medium (due to formation of ZnS), or black colonies on the iron

containing medium, (due to formation of FeS) were removed and sub

cultured (Chapter 4). 
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7.2.5.3 Oxidation of iron in native AMO by streamer/mat and AMO 

microflora 

Duplicate conical flasks (100 ml), each containing 50 ml of AMO (taken 

from inside the adit and filter-sterilized on site), were inoculated with 

either 0.5 g (wet weight) streamer samples (from the four layers (CL 1-

CL4) collected at the 30 meter point, assessed separately) or with 1 ml 

of unfiltered AMO. Flasks were incubated at 20°C in the dark, shaken (at 

~150 rpm) and samples withdrawn at regular intervals to monitor iron 

oxidation by measuring concentrations of ferrous iron. Flasks inoculated 

with surface layer streamers (CL 1) were also incubated in the light at 

room temperature (~20°C). 

7.2.5.4 Iron reduction catalysed by streamer/mat microflora 

Duplicate conical flasks (100 ml) conical flasks containing 50 ml of 

synthetic medium (5 mM fructose/5 mM ferric iron/basal salts/trace 

elements (section 2.2.2.3); pH 2.3) were inoculated with material from the 

four layers (CL 1-CL4) collected at the 30 meter point and were incubated 

at 30°C under either microaerobic or anaerobic conditions (using 

CampyGen and AnaeroGen systems, respectively; Oxoid) in sealed jars. 

Samples were taken at weeks 0, 2 and 4 to determine pH, ORP and 

ferrous iron concentrations to monitor the reduction of ferric iron. 

7.3 RESULTS 

The AMO draining at Cantareras was colourless within the mine adit 

itself, and remained so until it flowed past the point in the drain channel at 

which acid streamer growths ended (at about 80 m from the portal). 

Surface streamer growths were noted to be bright green close to the mine 

portal (though the extent of algal colonisation decreased with distance 

from the adit) (Figure 7.3). 
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7 .3.1 Microscopic examination 

Microscopic examination of the streamer/mat layers showed that the 

surface streamer (CL 1) contained large numbers of eukaryotic algae, 

some of which were filamentous and others unicellular. The algal 

community consisted of conspicuous unicellular Euglena and 

Chlamydomonas, while the immediately obvious filamentous algae 

appeared to be Zygnema (presumptive identification by microscopy, 

though molecular analysis also supported this - Clone ORCL3.2). Algae 

were relatively rare in CL2 and CL3, and appeared to be absent 

altogether in CL4. Most of the biomass in subsurface streamer zones 

appeared to be prokaryotic. 

7 .3.2 Sediment pH 

The pH of the three streamer/mat layers used for the attempted 

cultivation of SRB are shown in Table 7 .1. The values were significantly 

different from each other (p<0.01). A one-way ANOVA was performed 

followed by Tukey post-tests using GraphPad lnStat version 3.0 statistical 

analysis package. 

Table 7.1 pH of the streamer/mat materials used for SRB cultivation 

(n=3). 

Sam le site code H 
CL3 
CL4 3.89 0.01 
CIL 3.98 0.01 
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7 .3.3 Water chemistry 

The physico-chemical properties of Cantareras AMD collected at the adit 

(CMO) are shown in Table 7.2. The concentration of transition metals at 

the adit are shown and an indication of the values seen for metals, other 

than iron, a representative of samples prepared by microbial iron 

oxidation and chemical precipitation (of the ferric iron generated). 

Table 7.2 Physico-chemical properties of Cantareras adit AMD (CMO). 

Re resentative value 
2.66 

Redo +626 
Conduct 4.30 

Sulfat 1190 
Ferrous 915 

Total i 1130 
24* 
160* 

Man 10* 
C 2.4* 
DO 1.4 

* = initially recorded as zero (as a result of dilution to account for iron 

concentration) these values were attained after microbial ferrous iron 

oxidation and subsequent removal of soluble iron (section 7.2.4.1 ). 
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The pH of the AMO stream remained highly acidic throughout, although a 

slight increase (from around 2.65 to around 2.75) was recorded, steadily 

increasing from the adit and peaking at the 70-meter mark. The colour 

change of AMO observed with distance from the adit, a result of 

increasing concentrations of soluble ferric iron (Fe(III)), was consistent 

with increasing ORP (Eh) values (Figure 7.6). 

2.8 740 

720 
2.75 

700 

2.7 680 -> 
J: 2.65 660 .§_ 
0. .c 

640 w 
2.6 

620 

2.55 600 

2.5 580 

Figure 7.6 Changes in pH (■) and oxidation-reduction potential (Eh) (■) 

with distance of AMO from the Cantareras adit (CMO). "End" denotes the 

end of the constructed channel and the "pool" was the final sampling 

point. 
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No distinct trends were observed with sulfate but changes in iron 

speciation were observed from the 50-meter point onwards (Figure 7.7). 
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Figure 7.7 Changes in soluble ferrous iron (■), soluble ferric iron (■) and 

sulfate (■) with distance of AMO from the Cantareras adit (CMO). 
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AMO within the adit itself (CMO) was essentially anoxic, and contained 

very little DOC. On exiting the adit, within the initial 20 meters of the 

drainage channel, both dissolved oxygen and DOC increased rapidly, and 

both remained at about 4-6 mg L-1 within the drain channel, though values 

were lower in the receiving pool (Figure 7.8). 
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Figure 7.8 Changes in soluble dissolved organic carbon (■) and 

dissolved oxygen (■) with distance of AMO from the Cantareras adit 

(CMO). 

7 .3.4 Microbial community analysis 

There were variations in both bacterial and archaeal diversities in some of 

the stratified layers of streamers/mats, and differences also between the 

streamers and the overlying AMO. 

7 .3.4.1 Biomolecular analysis of Cantareras adit - bacteria 

T-RFLP analysis of DNA extracted from filtered AMO, using three 

restriction enzymes, showed a single dominant peak in each case (Figure 

7.9). Reference to the UWB Acidophi/e Database (unpublished) 
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confirmed that this single peak corresponded to a subgroup of At. 

ferrooxidans that includes strain N0-37 (Johnson et al., 2001). 
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Figure 7.9 Terminal restriction enzyme fragment length polymorphism (T

RFLP) analysis of AMO collected from the Cantareras mine adit (CMO). 

T-RFs were generated using three restriction enzymes. Key: Alul, ■; Cfol, 

■; Mspl, ■ . 

The streamer/mat layer microbial communities, determined from 

samples collected from the 30-meter point in the cementation channel, 

were more diverse than the community present in the overlying AMO. 

Biomolecular analysis of streamer/mat samples from all four layers 

showed that those from the upper three layers (CL 1-3) had very similar 

bacterial compositions, the T-RFLP profiles of the streamer/mat material 

containing many restriction fragments of the same length, though often in 

different relative proportions. The T-RFLP profiles of the upper layers 

were markedly different from the lower dark-grey/black layer (CL4), which 

appeared to be a less diverse community and included fragment lengths 

not represented in the upper layers (Figure 7 .10). 
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Figure 7 .10 Bacterial terminal restriction enzyme fragment length 

polymorphism (T-RFLP) analysis of streamer/mat sample layers from the 

30-meter point of the Cantareras mine adit. T-RFs compared here were 

generated using the enzyme Cfol. Key: CL 1, ■; CL2, ■ ; CL3, ■ ; CL4, ■ . 

The identity of the majority of the bacteria present in the 

streamer/mat layers, represented by the different T-RFs, was confirmed 

by sequence analysis of constructed gene clone libraries. The major peak 

(351 nt) in the upper layers (CL 1-3) corresponded to chloroplast DNA, 

while most of the others were identified as known extremely or 

moderately acidophilic heterotrophic bacteria. The exception to this was a 

relatively large T-RF that corresponded to "Ferriovalis acidosiris" (isolate 

PSTR), a novel iron-oxidising autotrophic ~-proteobacterium (Hallberg et 

al., 2006). The less complex CL4 layer contained two major T-RFs that 

corresponded to Acidobacteriaceae (heterotrophic acidophiles), and the 

two others were distantly related to Desulfotomacu/um kuznetsovii 

(88.2% identity of 16S rRNA gene) and Desulfitobacterium I 

Desulfosporosinus (~ 90%) and probably represent bacteria from novel 

genera. The identity of bacteria present in the streamer/mat layers, as 

determined by gene clone library analysis, the nearest relative and their 

physiological traits (where known), are shown in Table 7.3. 
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Table 7.3 Identification of indigenous micro-organisms and corresponding Cfol terminal restriction fragments (T-RFs) in 
- - ---- ------ · · --- - - ---- --- - - -- --··· --·· ---- ······ - · ·-· ·· - · -··- ·· -·-·.1 - · ·-·..1- · - ,---r--- ··- ···. -- - -- -- - - - , --- -_,-

Clone T-RF GenBank Nearest cultivated relative % 
length accession# (physiological traits) Identity 

(nt) 

Upper layer streamers (CL 1-3) 

ORCL3.10 62 EF042584 gammaproteobacteria WJ2 / PK51 99.6 
(heterotrophic Fe2+-oxidisers) 

ORCL3.14 93 EF042585 Acidobacterium capsulatum 95.1 
(moderately acidophilic heterotroph) 

ORCL3.1 195 EF042582 acidophile G1 92.9 
(iron-oxidising heterotroph) 

ORCL3.22 206 EF042586 betaproteobacterium PSTR 99.3 
(autotrophic Fe2+-oxidiser) 

ORCL3.2 351 EF219137 Chloroplast rRNA from Zygnema circumcarinatum 94.7 
(filamentous green alga) 

ORCL3.9 360 EF042583 actinobacteria CS11 / KP1 99.5 
(heterotrophic Fe2+-oxidisers) 

Bottom layer streamer (CL4) 

ORCL4.4 93 EF042587 Desulfotomaculum kuznetsovii 88.2 
(sulfate-reducing bacterium) 

ORCL4.8 95 EF042589 Acidobacteriaceae Ellin 5285 98.5 
(heterotrophic moderate acidophile) 

ORCL4.6 283 EF042588 Acidobacteriaceae Ellin 5241 96.1 
(heterotrophic moderate acidophile) 

ORCL4.20 596 EF042590 Desulfitobacterium hafniense I Desu/fosporosinus auripigmenti 90.0 
(sulfate-reducing bacteria) 90.5 



7 .3.4.1 Biomolecular analysis of Cantareras adit - archaea 

No archaea were isolated in this study but archaeal PCR products were 

amplified from the two lower streamer/mat layers (CL3 and CL4), and 

also from the overlying AMO collected at the adit (CMO). In comparison 

to the limited bacterial component in the Cantareras adit AMO, the 

archaeal component appeared more diverse and a number of peaks, 

each probably representing a single archaea, were seen with T-RFLP 

analysis (Figure 7 .11 ). The archaeal community within the two 

Cantareras streamer/mat layers (in which archaea were detected) 

appeared less diverse than the archaeal communities in overlying AMO, 

and while some common peaks were observed between the two layers 

(CL3 and CL4) these were different from those present in the AMO. 

----______ , 
0 

187 193 389 
397 409 416 423 

T-RF length (nt) 432 

Figure 7.11 Terminal restriction enzyme fragment length polymorphism 

(T-RFLP) analysis of amplified archaeal 16S rRNA genes, from DNA 

extracted from streamer/mat sample layers from the 30-meter point of the 

Cantareras mine adit. T-RFs compared here were generated using the 

enzyme Alul. Key: CMO, ■; CL3, ■ ; CL4, ■. 
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No assignment was made to the different T-RFs, however, all archaea 

detected in gene libraries (CL3 and GMO) were members of the phylum 

Euryarchaeota, and were more closely related to archaeal clones 

detected in acidic environments than to cultivated archaea (Figure 7.12). 
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---Sulfolobus meta/lieus (X90479) 
Metallosphaera sedula (X90481) 

Acidianus brierleyi (X90477) 
Su/folobus acidocaldarius (014053) 
Stygiolobus azoricus (085520) 

AMO clone ORCMO.26 (EF396247) 
AMO clone ORCMO.17 (EF396245) 

Clone anta6 (OQ303248t 
AMO clone ORCMO.1 (Ef 396246) 
Clone ARCP1-30 (AF523939)8 

Picrophilus oshimae (X84901) 
Ferroplasma acidiphilum (AJ224936) 
Fp. cupricumulans (A Y907888) 

Thermop/asma acidophilum (M38637) 
Tp. volcanium (AJ299215) 

Clone tlsA 1-2 (OQ857287f 
Acid mat clone ORCL3.3 (EF396244) 
Clone ant d5 (OQ303252t 

Clone AS10 (AF544221)0 

Clone HHA3 (OQ523826f 
Clone ant g4 (00303254 t 
Clone ASL 1 (AF544224)0 

Clone ARCP1-28 (AF523940)8 

Figure 7.12 Phylogenetic relationship of Cantareras archaea detected by 

cloning of 16S rRNA gene (indicated in bold lettering) with acidophilic 

archaea or clones detected in other acidic sites. The source of the other 

archaeal clones is indicated by superscript letters after the database 

accession numbers (in parentheses) as follows: A = macroscopic 

filaments in the Rio Tinto river, Spain; B = coal spoil drainage, U.S.A.; C = 
copper mine drainage, China; 0 = Iron Mountain mine, U.S.A.; and E = 
chalcopyrite bioleaching system, China. The scale bar indicates 1 

nucleotide substitution per 10 nucleotides (Rowe et al., 2007). 
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7 .3.5 Isolation and enumeration of acidophilic/acido-tolerant sulfate 

reducing bacteria (aSRB) in streamer/mat samples 

Isolation of SRB was confirmed by the deposition of metal sulfides (ZnS 

or FeS) by growing colonies on solid media that had been inoculated with 

homogenized and serially diluted streamer/mat material from CL3, CL4 

and CIL. No microbial colonies grew on anaerobically-incubated plates 

inoculated with zone CL3 acid streamer material during the initial 28 days 

of incubation. After plates were re-incubated a single colony grew from 

the CL3 inoculated plates. Significant numbers of colonies determined to 

be SRB developed both on SRBo (Fe) plates and aSRBo (Zn) plates 

inoculated with bottom layer (CL4) mat and incubated anaerobically. The 

total colony forming units (CFU) and the CFU of those colonies identified 

as SRB mL-1 of streamer/mat sample, growing on either aSRBo (Zn) or 

SRBo (Fe) plates incubated anaerobically, are shown in Table 7.4. 

Colonies identified as SRB by their deposition of metal sulfides were sub

cultured and details of these including some characterization of selected 

isolates are covered in Chapter 4. 

Table 7 .4 Plate counts of anaerobic bacteria that grew from homogenized 

streamer/mat material from the lower two layers and the adit sediment. 

Layer Medium type Total colony SRB colony 
forming units forming units 

(ml-1 streamer) (ml-1 streamer) 

CL3 aSRBo (Zn) <1 <1 
SRBo (Fe) <1 <1 

CL4 aSRBo (Zn) 2220 320 
SRBo (Fe) 2380 940 

CIL aSRBo (Zn) 4440 640 
SRBo (Fe) 4760 1880 
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7 .3.6 Iron oxidation catalysed by streamer/mat microbiology in filter 

sterile Cantareras AMD 

Oxidation of ferrous iron occurred in filter-sterilized AMO collected from 

the Cantareras adit (CMO) inoculated with unfiltered adit AMO (CMO) 

and drain channel streamer samples from layers CL2 and CL3. No iron 

oxidation was observed in flasks containing filter-sterile AMO inoculated 

with CL 1 streamers (whether incubated in light or dark conditions), 

bottom zone (CL4) streamers, or in uninoculated controls (Figure 7.13). 
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Figure 7.13 Oxidation of ferrous iron in filter-sterilized Canateras AMO by 

acid streamers and mine water bacteria. Key: uninoculated control, A ; 

inoculated with surface (CMO) AMO, A ; inoculated with streamer/mat 

material from layer CL 1 incubated in the light, A ; and incubated in the 

dark, A; layer CL2, A ; layer CL3, A ; layer CL4, A . 

7.3.7 Iron reduction catalysed by streamer/mat microbiology 

Dissimilatory ferric iron reduction was catalysed by streamer/mat samples 

from all four layers. Under micro-aerobic conditions (Figure 7.14), CL2 

streamer material displayed the greatest propensity for this, while in 

cultures inoculated and maintained under anaerobic conditions (Figure 
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715) iron reduction was greatest with inocula of streamer/mat material 

from the lower two layers (CL3 and CL4). Ferric iron reduction, as 

indicated by an increase in concentrations of soluble ferrous iron, was 

also accompanied by decreased Eh and increased culture pH (Table 7.5). 
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Figure 7.14 Reduction of ferric iron by streamer/mat material under 

microaerobic conditions. Ferrous iron concentrations were determined at 

the start of the experiment (■), and at weeks 2 (■) and 4 (■) . 
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Figure 7.15 Reduction of ferric iron by streamer/mat material under 

anaerobic conditions. Ferrous iron concentrations were determined at the 

start of the experiment(■) , and at weeks 2 (■) and 4 (■) . 

Table 7.5 Changes in pH and Eh during reduction of ferric iron, between 

0 and 4 weeks, of cultures inoculated with streamer layer material (CL 1-

4) maintained under microaerobic and anaerobic conditions. 

Microaerobic Anaerobic 
Layer pH Eh pH Eh 

wk0 wk4 wk0 wk4 wk0 wk4 wk0 wk4 
CL1 2.27 2.35 765 739 2.31 2.34 770 723 

±0.02 ±0.01 ±0.00 ±0.00 
CL2 2.24 2.33 758 699 2.25 2.29 751 734 

±0.01 ±0.03 ±0.00 ±0.00 
CL3 2.22 2.34 786 786 2.24 2.33 801 635 

±0.00 ±0.06 ±0.00 ±0.01 
CL4 2.30 2.30 727 836 2.27 2.46 732 588 

±0.01 ±0.01 ±0.02 ±0.00 
Control 2.30 2.29 840 837 2.33 2.30 779 814 

±0.00 ±0.00 ±0.00 ±0.00 
The values represented in bold correspond to cultures where there were 

large increases in soluble ferrous iron concentrations during incubation. 

259 



7.3.8 Analyses of streamer/mat material by SEM and EDAX 

Streamer/mat materials collected from the four layers at the 30-meter 

point were all clearly visualised by SEM. The dominant eukaryote in layer 

CL 1, the filamentous algae ("Zygnema"), was readily observed and in 

areas was seen to be encrusted with particulate matter, assumed to be 

iron-containing minerals either deposited by biological/chemical 

processes in situ or during the SEM preparation process; isolated clumps 

of prokaryotes attached to the filaments were also seen. The lower three 

subsurface layers (CL2-CL4) appeared more similar in appearance to 

each other and very different in appearance from CL 1 and images were 

dominated in the main by prokaryotic cells and vestiges of dehydrated 

exopolymer. In sample CL4 evidence of bacterial endospores were also 

seen (Figure 7.16). 
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Figure 7.16 Scanning electron micrographs of acid streamers from 

various depths in the drain channel at the Cantareras mine. Key: fa, 

filamentous algae; pc, precipitate and prokaryotic cells; sm, streamer/mat 

material; cc, cluster of prokaryotic cells; ua, unicellular algae; c, 

prokaryotic cells; de, dehydrated exopolymer; sp, bacterial spore. 
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EDAX analysis (of a single point on the prepared material) confirmed that 

the dominant elements (besides C, H and 0) in the four streamer/mat 

layers were similar, with the exception of layer CL4, that contained a 

relatively high concentration of copper. The mean approximate relative % 

of elements of interest for each layer, are shown in Table 7.6. 

Table 7.6 Mean relative% (standard error) of elements identified from the 

Cantareras streamer/mat layers (n = 3, or 2*). 

Element CL1 CL2 CL3* CL4 

s 3.87 (1 .54) 7 .97 (1.80) 3.10 (0.30) 13.23 (1.45) 

Fe 13.27 (6.23) 24.27 (9.60) 3.10 (2.20) 2.23(1 .10) 

Al 2.43 (1 .40) 0.50 (0.25) 2.40 (1.60) 9.30 (3.20) 

Cu 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 11.47 (3.01) 

Elements not included in this table include: C, 0 , Si, Cl and Ca, as these 

would have constituted either biological material or elements contained 

within the stream water. 

7.4 DISCUSSION 

The Cantareras mine site, located within the Tharsis mine district, Huelva 

province, Spain, is an abandoned mine which, despite its relatively small 

size, hosted a massive pyrite body (300 meters long and 30 meters wide) 

that included 6 million tonnes of copper-rich mineralization. Despite the 

toxicity of acidic and metal-rich waters discharged from such mine sites to 

many forms of life (micro-organisms included), the biodiversity of AMO

impacted waters is recognized as being surprisingly large (Verb & Vis, 

2005; Baker & Banfield, 2003), though not as great as unpolluted waters, 

and is often restricted to specialized prokaryotic and eukaryotic micro

organisms. The mass of stratified acid streamer/mat growths that were 

found to have colonised the (still flowing) 19th century cementation 

channel, constructed for the recovery of copper, at this mine site, are 

evidence of this. Though AMO-impacted waters often contain an 

abundance of ferrous iron and reduced forms of sulfur (sulfides and 



reduced inorganic sulfur compounds (RISCs)) that may act as important 

sources of energy for iron- and sulfur-oxidising prokaryotes (often the 

major primary producers); not all bacterial, archaeal and eukaryotic 

species present are necessarily involved in mineral oxidation (and thus 

AMO genesis) (Hallberg and Johnson, 2001) and in addition, the 

availability of solar energy may facilitate colonisation by other primary 

producers. 

With the exception of the extensive mineral formations on the adit 

walls that are striking in appearance and diverse in mineralogy (Sanchez

Espana; as in Rowe et al., 2007) the sampling site would appear on initial 

examination to be similar in cosmetic appearance to other mine adits 

(e.g. Mynydd Parys). The occurrence of acidic streamer/mat growths has 

also been documented previously, with the presence of macroscopic, 

gelatinous and often filamentous growths both underground in 

abandoned mines and anchored in surface streams and rivers that have 

been impacted by AMO (e.g. Lopez-Archilla et al., 2004; Bond et al., 

2000), but the clear stratification (by colour) and volume of biological 

material present within the cementation channel is remarkable. On exiting 

the adit the physico-chemical properties of the subterranean Cantareras 

adit AMO were similar to those seen draining other similar mine sites (e.g. 

Coupland & Johnson, 2004 and other sites described in this thesis) in 

being essentially anoxic (severely restricting any possible microbial iron 

oxidation), containing low levels of DOC and high concentrations of 

soluble iron (predominantly ferrous) and sulfate. These conditions 

resulted in limited bacterial diversity within the adit AMO (CMO), with the 

iron/sulfur-oxidising bacterium Acidithiobacillus (At.) ferrooxidans being 

the dominant micro-organism. This acidophile is often present in large 

numbers in oxygen-depleted mine waters, seemingly due to the fact that, 

in contrast to iron-oxidising Leptospirillum spp., At. ferrooxidans is a 

facultative anaerobe (Hallberg & Johnson, 2001 ). 

Despite the AMO present in the adit being exposed to the same 

level of diffusional input of oxygen as the AMO flowing in the drain 

channel a rapid increase in the dissolved oxygen (DO) concentration of 

the flowing AMO was recorded, increasing rapidly within the first 20 
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meters of the cementation channel, and here after similar values were 

recorded for the length of the drain channel (~100 meters). The rapid 

increase in dissolved oxygen concentration coincided with the exposure 

of the AMO to direct sunlight and the start of stratified streamer/mat 

growths in the channel. The uppermost layer (CL 1) of these was 

dominated by algal growth and the resulting oxygenic photosynthesis by 

these algae rapidly oxygenated the flowing AMO. Previous studies 

conducted in this mine effluent have shown that the residence time of the 

AMD within the drain channel is about 19 minutes (Sanchez-Espana et 

al., 2007) and while the diffusion of atmospheric oxygen may have made 

some contribution to the dissolved oxygen concentration of the AMO it 

was deemed to be minimal, considering the rapid initial increase and the 

continuous flow of the AMO. Although it might be expected that 

oxygenation of the AMO would result in rapid bacterial ferrous iron 

oxidation, this was not apparent in the drain channel where net ferrous 

iron oxidation was limited, particularly in the upper reaches (0-50 m) of 

the channel. 

The acid streamers/mats that colonised the channel immediately 

on exiting the adit were dark-green coloured on the surface and grew ~3 

cm below the surface of the flowing AMO; however, on excavation a clear 

colour-stratification with depth was seen (CL 1-4). Phase contrast 

microscopic analysis of material collected from the four individual layers 

indicated that layer CL 1 was dominated by algae and that the three lower 

layers (CL2-4), were dominated by prokaryotes. Biomolecular and 

cultivation-based analyses of the streamer/mat layers confirmed that with 

the exception of CL 1 the lower layers were composed mainly of 

prokaryotes, and that prokaryotes were also present at some level 

within/attached to algae in CL 1. Biomolecular analysis showed that the 

bacterial community structures in the upper three layers (CL 1-3) were 

similar to each other, more diverse than and different from both the 

overlying AMO and lower layer CL4; and that CL 1-3 included micro

organisms able to, in theory, catalyse both the oxidation and reduction 

(also in CL4) of iron. Analysis of T-RFLP and gene libraries showed that 

autotrophic and heterotrophic iron-oxidising acidophiles, found previously 
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in other subterranean mine waters (Kimura et al. , 2005), AMO-impacted 

streamers (Hallberg et al., 2006) and wetlands constructed to remediate 

AMO (Hallberg & Johnson, 2003) were present in the three upper layers 

(CL 1-3). 

Laboratory experiments using streamer/mat material from all four 

layers confirmed that micro-organisms present in streamer/mat 

communities could catalyse both the reduction (layer CL2, 

microaerobically and layers CL3 and CL4, anaerobically) and the 

oxidation (layers CL2 and CL3) of iron. However, the oxidation of ferrous 

iron was most rapid in those cultures inoculated with unfiltered adit AMO 

(CMO), which was dominated by At. ferrooxidans. This contrasted to 

similar experiments using material from other mine sites (Tan-Y-Garn, 

south Wales (data not shown) and Mynydd Parys (Chapter 6)), in which 

cultures containing unfiltered AMO as the inocula were less efficient than 

those containing streamer-type inocula. The microbial component of the 

stratified streamer layers that catalysed iron oxidation/reduction included 

a number of micro-organisms known to oxidise and/or reduce iron. 

Acidiphilium-like spp. and other heterotrophs related to Acidobacterium 

were isolated from acid streamers on solid media, and the latter was also 

identified in T-RFLP community analysis. All characterized Acidiphilium 

spp. have been shown to catalyse the dissimilatory reduction of ferric 

iron, though they appear to do this more proficiently when grown under 

microaerobic as opposed to strictly anoxic conditions (Hallberg & 

Johnson, 2001) and it has recently been shown that the ability to reduce 

iron is also widespread among Acidobacteriacae that have been isolated 

from mine waters. The ability to reduce iron was also found for the 

Cantareras Acidobacteriacae isolate Thars1 (Coupland & Johnson, 

2007). 

Streamer growths were found to have colonised the channel up to 

80 meters downstream of the adit and during this stretch of channel 

limited net ferrous iron oxidation was recorded despite the abundance of 

the iron-oxidiser, At. ferrooxidans in the mine water. This absence of net 

ferrous iron oxidation was considered to be the result of a 

counterbalancing of iron oxidation by the reductive streamer/mat 
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microflora. While photochemical iron reduction has been reported at other 

AMO-impacted sites (McKnight et al., 1998) the exposure to sunlight and 

the consequent photochemical influence would have been essentially the 

same along the length of channel and greater importance was therefore 

assigned to the biological reduction of iron in the area of the channel 

colonised by streamer/mat growths. Although some autotrophic 

acidophiles (notably At. ferrooxidans; Brock and Gustafson, 1976) can 

reduce ferric iron, the reduction observed here was thought to be 

primarily catalysed by the heterotrophic members within the streamer 

community, using ferric iron as an electron acceptor coupled to the 

oxidation of organic electron donors (originating, at least in part, from the 

photosynthetic algae in the surface streamers). While At. ferrooxidans 

was present in the flowing AMO, the required electron donors (reduced 

inorganic sulfur compounds (RISCs) or hydrogen) are likely to be at an 

insufficient level to support this process, especially in oxygenated ferrous 

iron-containing waters. 

Levels of DOC followed a similar trend to DO in the Cantareras 

drain channel, increasing rapidly on exiting the adit and thereafter 

remained fairly stable and this was also directly related (at least in part) to 

the algae present in the upper streamer/mat layer (CL 1 ). One indigenous 

algal isolate was shown to produce sufficient DOC in spent growth 

medium to support the growth of two known iron reducing heterotrophs, 

Acidiphilium isolate SJH and Acidobacteriacae isolate Thars1 (N. Fox; as 

in Rowe et al., 2007). The DOC level in the Cantareras AMD would 

therefore have been contributed to by DOC "leaking" (lysates) from 

growing algae (Sabater et al., 2003) in addition to the breakdown of other 

materials derived from dead algal and streamer/mat biomass. The initial 

low level of DOC and DO in the adit mine water (CMO) is likely to have 

limited the biodiversity, but as the concentration of these increased (as 

the flowing AMD contacted the streamer/mat growths within the drain 

channel) the number of heterotrophs in the flowing AMO increased from 

being 3 orders of magnitude smaller than the respective number of 

autotrophs (at the adit), to being similar in number to the autotrophs by 
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the 100 meter point in the channel (D.B. Johnson, as in Rowe et al, 

2007). 

The algal community (CL 1) is vital in underpinning the dominantly 

heterotrophic Cantareras streamer/mat community. Initial streamer/mat 

growth was seen on the AMD exiting the adit and becoming exposed to 

solar radiation but the algal layer became progressively less evident as 

the AMD flowed down the length of the channel (Figure 7.3). One 

possible reason for the decline in algal populations was the slow but 

gradual increasing concentrations of soluble ferric iron in the flowing AMD 

with distance from the mine portal. Growth of the indigenous algal isolate 

(Chlamydomonas isolate PST3) was completely inhibited by 5 mM ferric 

iron (though it was readily subcultured in media containing 10 mM ferrous 

iron) (N. Fox; as in Rowe et al., 2007) and other acidophilic eukaryotes 

have, in general, been found to be sensitive to soluble heavy metals in 

AMD (Aguilera et al., 2006). Another likely factor in the depletion and 

disappearance of the algal layer was the seasonal hydrolysis of ferric 

iron, resulting in the deposition of solid-phase ferric minerals that coat the 

acid streamers in the lower reaches of the drain channel (Sanchez

Espaiia, unpublished data). The disappearance of acidophilic algae (CL 1) 

from the drain channel, which is believed to constitute the major method 

of primary production within the drain channel, would have eliminated the 

energetic underpinning of the dominantly heterotophic Cantareras 

channel communities. 

Acid streamer/mats are not uncommon in AMO-impacted waters 

but in contrast to others that have been described elsewhere (e.g. Bond 

et al., 2000; Hallberg et al. , 2006) the growths present in the Cantareras 

drain channel consist predominantly of heterotrophic bacteria. Despite the 

physico-chemical parameters of the overlying AMD being relatively 

similar to Mynydd Parys and other sites the pH of the streamer/mat 

material (or sediment) was distinctly lower than those encountered from 

other sampled site, especially that of CL3 (Chapter 4). EDAX analysis of 

material for each layer indicated the presence of a relatively high 

percentage of iron in material from the upper two layers (CL 1-2), a low 

percentage of all metals in CL3, and the presence of copper at a 
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relatively high percentage (5 fold higher than iron, and similar to sulfur) in 

CL4. Although iron was present in far greater concentrations than copper 

in the flowing AMO the low pH of the mine water (and streamer/mat 

material) had resulted in the selective precipitation of copper sulfide 

(CuS) in the lower CL4 layer. Both sulfides have similar colours (CuS 

being dark-grey/black in appearance) but since the solubility product of 

CuS (log Ksp at 25°C is -35.9) is very much smaller than that of FeS (-

18.8; Diaz et al., 1997), this sulfide precipitates in low pH liquors, 

whereas FeS does not. Differential immobilization of transition metals by 

acidophilic SRB has previously been demonstrated in both on-line 

(Johnson et al., 2006) and off-line (Tabak & Govind, 2003) systems 

though this example appears to be the first demonstration of this 

occurring in a "natural" environment. The presence of clones in the CL4-

layer gene library, that were remotely related to characterized SRB, and 

appear to be novel genera, and the growth of a number of metal sulfide 

precipitating bacterial isolates (from layer CL4 and CIL), some of which 

grew at low pH and some in the presence of copper (Chapter 4), would 

lend weight to the suggestion that CuS was the more important product of 

biomineralization in the bottom streamer/mat layer (CL4). The growth of 

non-SRB colonies (deemed not to represent the underlayer organism) 

alongside SRB, on anaerobically incubated plates from the lower layer 

(CL4 and CIL), is intriguing and while gene library data would suggest the 

dominant members of these layers were Acidobacteriacae, it is unclear 

as to how they were able to grow under the set culture conditions. 

The AMO stream remained highly acidic for the entire length of the 

channel, although a slight increase was recorded, due in part to the 

proton-consuming nature of ferrous iron oxidation. While no distinct 

trends were observed with sulfate, changes in iron speciation were 

recorded from the 50-meter point onwards and the majority of iron was 

ferric in the pool, the pH being notably lower, chiefly due to ferric iron 

hydrolysis forming, primarily, schwertmannite in a proton-generating 

reaction (Bigham & Nordstrom, 2000) and to the concentration of solutes 

by evaporation. The depletion and cessation of algal streamer growths 

and the consequent reduction in the supply of DOC to the heterotrophic 
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iron reducing micro-organisms, present in the lower streamer layers, 

represents a break in the counterbalancing cycle and it was from this 

point that net iron oxidation was seen. In addition to the bacteria, with 

known physiological traits, and the eukaryotes (a small number of which 

have been examined) that were detected in this study, biomolecular 

analysis also detected the presence of archaea in the adit AMO and in 

the two lower streamer/mat layers (CL3 and CL4). The streamer layers 

had some community similarity and unlike the bacterial component, the 

adit AMO appeared more diverse than the streamer layer community. 

Gene library analysis indicated that the archaea present at the 

Cantareras mine site were most closely related to archaea also detected 

from other similar sites worldwide (Brofft et al., 2002; Baker & Banfield, 

2003), though since they were not closely related to cultivated archaea 

and none were isolated from this study it is impossible, with any certainty, 

to assign any physiological traits to them nor a definitive role within the 

geochemical dynamics of the Cantareras mine site. 

7.5 SUMMARY 

A model, accounting for the proposed microbial role in the 

geochemical cycling of iron and sulfur in the Cantareras mine is shown in 

Figure 7.17. Two primary production systems (photoautotrophy and 

chemoautotrophy) were prevalent at this site. While both were important 

systems, they contributed to a counterbalancing that resulted in an 

apparent stability in iron and sulfur species, for the region of the drain 

channel in which streamer/mat growths persisted. The algae (responsible 

for significant CO2 fixation during daylight hours) have two contrasting 

indirect roles in controlling redox transformations of iron in the mine 

water. On the one hand, by oxygenating the water (via oxygenic 

photosynthesis) they promote iron/sulfur oxidation, but they also are 

providers of organic carbon that is utilized by (iron/sulfur-reducing) 

heterotrophic acidophiles potentially resulting in metal solublization (iron) 

and immobilization (CuS in this instance). In any case the role of the 

algae appears to be vital in facilitating the development of the stratified 
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streamer/mat layers that had filled the Cantareras drain channel and play 

a vital role in the geochemical cycling evident at the site. However, during 

non-daylight hours it is possible that this proposed system could function 

entirely differently as the input of both oxygen and DOC would be 

expected to be greatly lessened. While other studies within the IPB have 

highlighted the critical importance of indigenous micro-organisms in 

attenuating AMO-impacted waters (Sanchez Espana et al., 2005; 

Gonzalez-Tori! et al. , 2003) this study has highlighted the sometimes 

conflicting impacts that phototrophic and chemolithotrophic primary 

producers have on the biogeochemistry of extremely acidic mine waters. 

Stratified 

streamers 

es ➔ Me2++ SO/· 

~ 
Fe3+ 

02---. 
Fe2+ 

Zone of oxygenic photosynthesis ➔ 0 2 & DOC 71 
Fe3+ 0 

_,,,.~ Fe2+ 

ooc...____ p so/· 

~ H2S + Cu2+ ➔ CuS 

Figure 7 .16 Proposed model of the biogeochemical cycling of iron and 

sulfur at the abandoned Cantareras mine. Dissolution of sulfide minerals 

in the exposed mine workings gives rise to a highly acidic, metal- and 

sulfate-rich effluent. The anoxic water draining the mine is oxygenated by 

270 



photosynthetic acidophilic algae in the surface (CL 1) layer of the acid 

streamer growths that develop immediately outside of the adit, which 

facilitates oxidation of ferrous iron in the surface AMO (catalysed primarily 

by At. ferrooxidans) . DOC originating from photosynthetic and 

chemosynthetic primary producers serves as substrates for the 

(dominantly) heterotrophic bacteria in the deeper zone (CL2-4) streamer 

layers. Ferric iron is used as terminal electron acceptor in streamer layers 

CL2 and CL3, while in the thick CL4 layer sulfate is also used, resulting in 

the deposition of copper sulfide. The gradual build up of ferric iron 

concentrations as the AMO flows through the channel results in the 

elimination of the microalgae, thereby removing the major primary 

production system that supports the streamer microbial community (from 

Rowe et al, 2007). 
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSIONS 

The focus of this thesis has been the microbial and geochemical 

interactions that take place in AMO-impacted waters, which often result in 

the perpetuation of the pollution, and the examination of two processes 

(iron oxidation and sulfate reduction) of potential importance for 

bioremediation of these waters. Although some bioprospecting was 

carried out at different mine sites in the Iberian Pyritic Belt (IBP) and 

North Wales, the main focus of the project has been on streams draining 

two abandoned copper mines: Mynydd Parys mines (north Wales, U.K.) 

and Cantareras mine (Huelva province, Spain). However, a number of 

simple system and bioreactor designs were also utilized in this project to 

determine the role of miroorganisms with possible application in the 

treatment of acidic metal-rich wastewaters. 

Sulfate reduction has been documented in acidic and often metal

contaminated sites, though the majority of known and cultivated sulfate 

reducing bacteria (SRB) appear to grow at neutral or near-neutral pH and 

are very sensitive to soluble metals (Hao, 2000). Acidophilic/acid-tolerant 

isolates have, however, previously been cultivated (e.g. Sen, 2001) using 

a combination of suitable substrate and overlay solid media, all of which 

were most closely related (16S rRNA gene analysis) to 

Desulfosporosinus orientis. Bioprospecting for acidophilc/acid-tolerant 

SRB (aSRB) was unsuccessful at a number of sites sampled in this 

study, but new isolates (mainly from Mynydd Parys), closely related to 

this group of Gram-positive spore-forming SRB, were cultivated. 

Interestingly, two other groups of micro-organisms were cultivated in this 

study, one from the lower depths of acid streamer/mat material that had 

colonised the heavily contaminated cementation channel draining the 

Cantareras copper mine and the other from gelatinous sub-surface 

streamer material at Mynydd Parys. The Cantareras SRB isolates appear 

not only to be different from other isolated aSRB but may represent new 

genera within the Gram-positive spore-forming sulfate reducing 

prokaryote (SRP) group designated by Castro et al. (2000). These 

isolates appear capable of growth at low pH (~3), on a wide variety of 
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substrates (potentially being 'complete substrate oxidisers') and the 

apparent formation of copper sulfide (CuS) as the dominant 

mineralization product in situ (Cantareras CL4) is interesting and the first 

reported instance of such. These novel isolates may prove to be 

important in future bioremediation strategies to treat acidic metal-rich 

wastewaters. 

The final group of anaerobic isolates, from Mynydd Parys, were 

confirmed (by 16S rRNA gene sequence analysis) not to be SRB, but 

were most-closely related to Cellulomonas sp .. The role of potential 

cellulose-degrading micro-organism within the stream microbial 

community has not been investigated although their activity could 

represent a route for carbon cycling, potentially supplying the 

heterotrophic micro-organisms present with a metabolisable carbon 

source. Such activity would be especially pertinent in passive biological 

remediation systems (such as wetlands or compost bioreactors) that are 

often supplied with both a readily available and a recalcitrant carbon 

source to facilitate net alkalinity generation by dissimilatory sulfate and 

iron reduction. 

Active systems used for the biological production of sulfide have 

been implemented on an industrial scale, and a number of laboratory 

systems have also been evaluated, all of which are either 'off-line' 

(separate growth and contacting vessels) or maintained under neutral pH 

conditions due to the sensitivity of currently-used SRB to low pH and 

metal-rich liquors. The bench scale system described by Kimura et al. 

(2006) containing the obligate anaerobe and sulfidogen 

Desulfosporosinus M1 and the heterotrophic acidophile Acidocel/a PFBC 

(originally described as an obligate aerobe) is an exception. In this study 

further work was carried out on this system and Desulfosporosinus M1, 

an 'incomplete substrate oxidiser' producing stoichiometric amounts of 

acetic acid (from glycerol) was shown to be capable of growth in 

consortium with Acidocel/a PFBC at pH as low as 3.4, although the 

reason for this lower limit being met remain unclear. Acidocella PFBC 

was shown to be a facultative anaerobe, capable of iron reduction under 

anaerobic and, more extensively, under microaerobic conditions, that 
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facilitated the syntrophic degradation of acetic acid and a consequent 

increase in sulfate reduction in anaerobic consortium with 

Desulfosporosinus M1. The ability of this consortium to generate 

biological sulfide at low pH would make it possible to selectively remove a 

number of metals from mixed metal wastewaters based on their solubility 

products and the Cantareras isolates cultivated in this study would also 

appear to be suitable candidates for such a system. 

AMO-impacted environments often have a relatively limited, 

though specialized and dominantly prokaryotic, biodiversity, which is due 

to both the environmental extremes (e.g. low pH, metal loading) and the 

more limited primary production associated with them than near-neutral 

pH environments. Apart from the autotrophic iron- and sulfur-oxidisers, 

the other biological systems that can contribute to net primary production 

in extremely acidic environments are some acidophilic photoautotrophs 

that may colonise acidic environments exposed to solar radiation. The 

two AMO streams/channels (the Dyffryn Adda adit, Mynydd Parys stream 

and Cantareras adit cementation channel) both drained underground 

copper mines and, on exiting the adit, are exposed to solar radiation. 

Both remained grossly polluted and of low pH for the ~100 metre length 

over which they were monitored and, despite the abundance in microbial 

growths (acid streamers and mats) capable of catalysing iron oxidation, 

no significant change in analyte values were recorded. However, the 

apparent reasons for this lack of ferrous iron oxidation in situ at the two 

sites sampled are thought to be disparate. 

At the Canatareras adit, the streamer/mat community that ramified 

the channel was dominated by heterotrophic bacteria supported by the 

supply of DOC, predominantly released by photoautotrophic algae 

present in the upper layer. The streamer/mat growths coincided with the 

growth of algae and the decline and termination of these layers also 

coincided with the termination of algal growth (due possibly to ferric iron 

toxicity). The lack of net iron oxidation was thought to be a result of the 

cycling of iron as the microbial ferrous iron oxidation was 

counterbalanced by microbial ferric iron reduction, the latter being 

catalysed within the anaerobic and microaerobic streamer layers and 
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supported by DOC from the algae. However, at the 0yffryn Adda adit, the 

streamer material was deemed not to contribute significantly to the 

cycling of iron (ferric iron reduction) within the oxygen-depleted AMO 

water, and despite the rapid rate of iron oxidation seen to be catalysed by 

the streamer material in laboratory experiments, it was calculated that the 

volume and flow rate of the AMO over the streamer prevented any 

significant and measurable iron oxidation (although it was sufficient for 

growth). 

These two contrasting interactions highlight two major factors that 

are vital in understanding the conservation of ferrous iron in acidic waters 

and the relevance of micro-organisms in such environments. The 

conservation of iron as the ferrous species also furthers the persistence 

of the pollution problem, as in this form it is soluble over a greater pH 

range. In acidic environments, the chemical oxidation of ferrous iron is 

very slow, but this process may be catalysed by acidophilic bacteria, and 

this study has shown that different acidophilic iron-oxidising bacteria have 

a variety of facets that may be useful for the application of a low 

temperature, low pH, passive-biological iron-oxidation system. 

This study represents the first reported study of different 

acidophilic iron-oxidising bacteria in the context of examining their 

comparative immobilization and their capacities to oxidise ferrous iron at 

low temperature in synthetic and actual AMO. The colonisation of the 

immobilizing material and the generation of ferric iron varied between the 

species tested, with Leptospirillum ferrooxidans (of the autotrophic 

isolates) colonising the bioreactors most rapidly and oxidising the 

available ferrous iron to the lowest level. Ferrimicrobium-like isolate TSTR 

was capable of rapid biomass accumulation (as this heterotrophic isolate 

could be additionally supplemented with a suitable carbon source), and, 

like L ferrooxidans, was able to attain a low residual ferrous iron 

concentration. However, "Ferriovalis acidosiris" (isolate PSTR) appeared 

superior to the other isolates when the systems were operated in 

continuous flow mode. A system for the in situ application of this low 

temperature, low pH, passive, biological iron oxidation process was 

developed and evaluated in the AMO stream draining from the Dyffryn 
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Adda adit and although the levels of ferrous iron oxidation in this system 

were relativeiy low compared to the overall concentration of ferrous iron 

in the AMO stream, this trial system indicated promising initial results. 

The results from this project indicate that the development of a 

process for the selective removal of metals from acidic mixed-metal 

wastewaters, such as AMO, could be viable, and has highlighted several 

areas that warrant further research: 

• a series of bioreactors designed to accelerate ferrous iron 

oxidation at low pH and low temperature using single isolate and 

mixed bacterial communities including an in-depth examination of 

the oxygen requirement of such systems. 

• characterization of the novel J3-proteobacterium, "Ferriovalis 

acidosiris" (isolate PSTR) including the examination of its streamer 

forming capacity. 

• a flow rate control system attached to the 'Perspex in situ' system 

to further evaluate this system and the application of it in the 

converged AMO-impacted stream at Mynydd Parys to determine if 

increased rates of iron oxidation are possible. 

• the novel acidophilic/acid-tolerant SRB (aSRB) isolates obtained 

from the Cantareras mine site require further characterization and 

these, and other previously isolated aSRB, require further 

characterisation with the target of developing an 'on-line' 

sulfidogenic system for the selective removal of metals. 
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APPENDICES 

Appendix A: The near-complete (1344 base pair) Desu/fosporosinus M1 

16S rRNA gene sequence (GenBank, accession number EU180237). 

AGAGTTTGATCATGGCTCAGGACGAACGCTGGCGGCGTGCTTAACACATGCAA 
GTCGAACGGAGAGAATTCTAAGTTTACTTAGAAGGATCTTAGTGGCGGACGGG 
TGAGTAACGCGTGGGTAACCTACCCAACAAACCGGGACAACCCTTGGAAACGA 
GGGCTAATACCGGATACGCTTATAGGTTGGCATCAACGTATAAGGAAAGGCGG 
CCTCTGAATATGCTGCCGATGATGGATGGACCCGCGTCTGATTAGCTAGTTGG 
TGGGGTAAAGGCCTACCAAGGCGACGATCAGTAGCCGGCCTGAGAGGGTGAA 
CGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGT 
GGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGTATG 
ATGAAGGTCTTCGGATTGTAAAGTACTGII IIIAGGGAAGAACGGTTTCTTCAG 
GAATATGGAGGAGACATGACGGTACCTAAGGAGGAAGCCCCGGCTAACTACG 
TGCCAGCAGCCGCGGTAATACGTAGGGGGCGAGCGTTGTCCGGAATTATTGG 
GCGTAAAGGGCGCGTAGGCGGGTATTTAAGTCCGGTGTGAAAGATCAGGGCT 
CAACCCTGAGAGTGCATCGGAAACTGGGTATCTTGAGGACCGGAGAGGAAAG 
TGGAATTCCACGTGTAGCGGTGAAATGCGTAGATATGTGGAGGAACACCAGTG 
GCGAAGGCGACTTTCTGGACTGTAACTGACGCTGAGGCGCGAAAGCGTGGGG 
AGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAG 
GTGTAGGGGGTATCGACCCCTCCTGTGCCGGAGTTAACACAATAAGCACTCCG 
CCTGGGGAGTACGGCCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCG 
CACAAGCGGTGGAGCATGTGGTTTAATTCGACGCAACGCGAAGAACCTTACCA 
GGGCTTGACATCCTCTGAACCCTTTGGAAACAAGGGGGTGCCTTTCGGGGAA 
CAGAGAGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGG 
GTTAAGTCCCGCAACGAGCGCAACCCCTGTATTCAGTTGCTAACAAGTAAGGT 
TGAGCACTCTGGATAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGAC 
GTCAAATCATCATGCCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCCG 
GTACAGACGGAAGCGAAGCCGTGAGGAGAAGCCAATCCGAGAAAGCCGGTCT 
CAGTTCGGATTGCAGGCTGCAACTCGCCTGCA 
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Appendix 8: Correlation of measured parameters analysed by SPSS 11.4 using a Pearson's correlation. Samples collected at 
monthly intervals between October 2003 and October 2007 (n = 46). R= correlation coefficient. Sig. = significance (2-tailed). ** 
Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level. 

Ferrous Rainfall -pH Oxygen Cond. Temp Redox iron Total iron Sulfate -s DOC Zinc Cooper Mn Rain fall 10 
PH R 1 -.047 -.731(**) .354(*) -.721 (**) .163 .357(*) .120 .214 .583(**) -.171 .535(**) -.230 -.250 

Sig. .755 .000 .016 .000 .278 .015 .425 .153 .000 .257 .000 125 .093 
Oxygen R -.047 1 -.118 .259 -.073 -.094 .224 .038 .1 18 .126 .421 (**) -.173 .416(**) .237 

Sig. .755 .435 .082 .631 .536 .135 .800 .434 .403 .004 .251 .004 .112 
Conductivity R -.731(**) -.1 18 1 -.385(**) .461 (**) .174 -.130 -.116 -.297(*) -.418(**) -.198 -.103 .111 .264 

Sig. .000 .435 .008 .001 .248 .390 .442 .045 .004 .187 .497 .462 .077 
Temperature R .354(*) .259 -.385(**) 1 -.033 -.201 .004 -.213 .128 .010 -.161 .020 -.010 .009 

Sig. .016 .082 .008 .830 .179 .979 .155 .397 .946 .286 .895 .948 .950 
Redox R -.721(**) -.073 .461 (**) -.033 1 -.513(**) -.521 (**) -.420(**) -.302(*) -.764(**) -.087 -.618(**) .185 .284 

Sig. .000 .631 .001 .830 .000 .000 .004 .041 .000 .564 .000 .219 .056 
Ferrous iron R .163 -.094 .174 -.201 -.513(**) 1 .473(**) .404(**) .051 .611 (**) -.095 .582(**) -.262 -.260 

Sig. .278 .536 .248 .179 .000 .001 .005 .738 .000 .529 .000 .079 .081 
Total iron R .357(*) .224 -.130 .004 -.521 (**) .473(**) 1 .313(*) -.082 .782(**) .017 .532(**) .053 -.030 

Sig. .015 .135 .390 .979 .000 .001 .034 .590 .000 .912 .000 .728 .841 
Sulfate-s R .120 .038 -.116 -.213 -.420(**) .404(**) .313(*) 1 .306(*) .469(**) .556(**) .067 .049 -.01 6 

Sig. .425 .800 .442 .155 .004 .005 .034 .039 .001 .000 .656 .748 .917 
DOC R .214 .118 -.297(*) .128 -.302(*) .051 -.082 .306(*) 1 .049 .191 .019 -.020 -. 157 

Sig. .153 .434 .045 .397 .041 .738 .590 .039 .748 .203 .899 .893 .298 
Zinc R .583(**) .126 -.418(**) .010 -.764(**) .611 (**) .782(**) .469(**) .049 1 .163 .651 (**) -.134 -.322(*) 

Sig. .000 .403 .004 .946 .000 .000 .000 .001 .748 .279 .000 .373 .029 
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.108 

.475 

.281 

.059 

-.293(*) 

.048 

.222 

.138 

.141 

.349 

-.709(**) 

.000 

.286 

.054 

-.189 

.209 

-.120 

.425 

-.039 

.798 



Appendix B continued. 

Ferrous Rainfall_1 

DH Oxygen Cond. Temo Redox iron Total iron Sulfate -s DOC Zinc Copper Mn Rain fall 0 Ferric iron 

Copper R -.171 .421 (**) -.198 -.161 -.087 -.095 .017 .556(**) .191 .163 1 -.462(**) .383(**) .146 .117 

Sig. .257 .004 .187 .286 .564 .529 .912 .000 .203 .279 .001 .009 .333 .439 

Mn R .535(**) -.173 -.103 .020 -.618(**) .582(**) .532(**) .067 .019 .651 (**) -.462(**) 1 -.402(**) -.411 (**) -.207 

Sig. .000 .251 .497 .895 .000 .000 .000 .656 .899 .000 .001 .006 .005 .168 

Rain_fall R -.230 .416(**) .111 -.010 .185 -.262 .053 .049 -.020 -.1 34 .383(**) -.402(**) 1 .739(**) .327(*) 

Sig. .125 .004 .462 .948 .219 .079 .728 .748 .893 .373 .009 .006 .000 .026 

Rainfa11_10 R -.250 .237 .264 .009 .284 -.260 -.030 -.016 -.157 -.322(*) .146 -.411 (**) .739(**) 1 .259 

Sig. .093 .112 .077 .950 .056 .081 .841 .917 .298 .029 .333 .005 .000 .083 

Ferric_iron R .108 .281 -.293(*) .222 .141 -.709(**) .286 -.189 -.120 -.039 .117 -.207 .327(*) .259 1 

Sig. .475 .059 .048 .138 .349 .000 .054 .209 .425 .798 .439 .168 .026 .083 
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