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Abstract 


Refractory gold-bearing metal-sulfide ores and concentrates can be successfully and 

economically treated by biooxidation prior to cyanidation. However, one of the major 

drawbacks of the bioox idation process is the excessive consumption of cyanide during 

the gold dissolution process. The largest proportion of cyanide wastage is attributed to 

thiocyanate formation. Thiocyanate can be formed by spontaneous chemical reactions 

between reactive sulfur species and cyanide. The enzyme rhodanese (thiosulfate: cyanide 

sulfurtransferase EC 2.8 .1.1) is also able to catalyze the formation of thiocyanate using 

thiosulfate and cyanide as substrates. Therefore, the most relevant members of the 

microbial consortium responsible for biooxidation of gold-bearing ores or concentrates 

were investigated to determine whether they were able to contribute to thiocyanate 

formation by means of a enzyme reaction mechanism indicative of rhodanese. Together 

with a Thiobacillus caldus strain (T. caldus MNG), isolated from a biooxidation pilot 

plant, the sulfur-oxidizers Thiobacillus ferrooxidans ATCC 33020 (also able to oxidize 

iron) and Thiobacillus thiooxidans ATCC 19377 demonstrated rhodanese activity. 

However, the obligate iron-oxidizer Leptospirillum ferrooxidans DSM 2705 had no 

detectable rhodanese activity. High levels of rhodanese activity were detected from the 

mixed microbial population of a biooxidation pilot plant, which appeared to be 

dominated by T. caldus MNG. This T. caldus strain was initially identified in the 

biooxidation pilot plant using the PCR based 16S rDNA profiling technique of Rawlings 

(1995), and the identification confirmed by 16S rDNA sequencing. Therefore, T. caldus 

MNG is considered the major contributor to the rhodanese activity of the biooxidation 

pilot plant mixed culture. Within the range of sulfur substrates tested, the rhodanese 

enzyme of T. caldus MNG behaved exclusively as a thiosulfate: cyanide 

sulfurtransferase, and the rhodanese activity of T. caldus MNG appeared to be dependent 

on the physiological state of the cell during batch growth. An attempt to isolate a 

rhodanese gene from T. caldus MNG by Southern hybridization, using the Azotobacter 

vinelandii rhdA gene as a probe, was unsuccessful. 
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On balance of the information available from this study, and reported elsewhere, 

rhodanese activity probCl.bly does not contribute as much to thiocyanate formation in the 

cyanidation plant as does the spontaneous chemical formation of thiocyanate. 
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1.1) Introduction 

In the past gold was recovered from ore by amalgamation with mercury. However, for 

the last 100 years cyanide has been preferentially used. Although a simple and universal 

process in the mining industry, cyanidation has its limitations. As the gold has to be 

accessible to the cyanide solution, it is only economically viable to use ore grinding as a 

pretreatment process with what is termed 'free-milling ore' - ore that allows for efficient 

gold recovery by direct cyanidation (Morin, 1995). However, gold occurs commonly in 

association with base metals which do not respond well to cyanidation, even after 

grinding the ore to fine particles. Such ores are said to be refractory. In refractory ores 

the gold is locked up in a matrix of metallic sulfides, mainly pyrite (FeS2) and 

arsenopyrite (FeAsS). These refractory ores were in the past simply discarded with 

tailings from the milling process (Morin, 1995). 

Until recently, only two physical processes were successful as pretreatment processes for 

refractory gold-bearing metal-sulfide ores prior to cyanidation (Morin, 1995): 

The most common process for dealing with refractory ores or concentrates is roasting. 

This pyrometallurgical process is a two-stage process in which the ore is subjected to 

intense temperature (700°C) under oxygen deficient conditions. This pyro-physical 

method alters the ore lattice producing a calcine that consists mainly of magnetite 

(Fe304). The magnetite is then transformed into porous hematite (Fe203) which allows 

for gold recovery by cyanidation of the calcine (Morin, 1995). 

Pressure-leaching is also used for gold recovery from refractory ores and concentrates. 

This hydrometallurgical process oxidizes the ore in an aqueous acidic medium under high 

pressure and an oxygen enriched atmosphere to convert sulfides to sulfates (Rawlings and 

Silver, 1995). The ore is then baked at high temperature in the presence of oxygen for the 

complete conversion of elemental sulfur. This process is said to result in a high degree of 

gold liberation (Morin, 1995). 
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Ultimately, the ore from both pyrometallurgical and hydrometallurgical processes is 

subjected to cyanidation for the dissolution of the gold particles from the ore matrix. 

Without a pretreatment process of refractory ores or concentrates only 40-50% of the gold 

is said to be recovered by cyanidation (Rawlings and Silver, 1995). 

However, the above mentioned pyrometallurgical and hydrometallurgical processes cause 

the environmentally unacceptable release of volatile toxic substances such as sulfur 

dioxide, arsenic and lead (Torma and Oolman, 1992). This has meant that these 

pretreatment methods are becoming increasingly unpopular for dealing with refractory 

ores (Brierley, 1982; Morin, 1995). 

Microbial biooxidation of gold-bearing metal-sulfide ores and concentrates in 

continuous-flow bioreactors has become a technically and economically viable 

alternative. A biohydrometallurgical process patented as the Biox® process was 

developed in the 1980' s by Gencor S.A. Ltd., South Africa (now Billiton) for the 

pretreatment of refractory gold-bearing arsenopyrite ores. This was followed by a 

biohydrometallurgical process, developed and commercialized by the company BacTech, 

which operates at temperatures above that of the Biox® process. The BacTech process is 

currently in use treating gold-bearing concentrates at the Youanmi mine in Western 

Australia (Miller, 1997). Both the Biox® and BacTech processes are carried out in 

highly aerated stirred-tank bioreactors. Alternative biohydrometallurgical processes for 

the pretreatment of gold-bearing metal-sulfide ores and concentrates are the heap reactor 

technology and Geobiotics processes. These two processes may be used as alternatives to 

stirred-tank processes as, due to their mineralogical characteristics, certain ores may not 

be amenable to flotation-concentration. Biooxidation heap reactor technology is used by 

the Newmont Gold Company at its Gold Quarry mine in Carlin, Nevada, USA. 

Geobiotics Inc. has built a demonstration plant in South Dakota, USA, based on the use 

of heaps of support rock coated with an ore concentrate (Brierley, 1997; Whitlock, 1997). 
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1.2) Biox® process design 
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Fig 1.1: Flow chart of the Biox® process. Reproduced from Rawlings and Silver (1995). 

Prior to entry into the Biox® plant (Fig 1.1), the refractory gold-bearing ore is milled to a 

fine powder and a gold-bearing concentrate prepared by flotation. The feed concentrate 

then enters the make-up tank of the Biox® plant where inorganic nutrients are added in 

the form of inexpensive fertilizer-grade ammonium sulfate and potassium phosphate 

(Rawlings, 1998). The solids content in the slurry feed entering the primary aeration 

bioreactors is typically 18-20% by mass (Dew et ai., 1997). 

Depending on the mineral biooxidation rate achieved, the residence time of the pulp in 

the biooxidation bioreactors is four days (Dew et al., 1997). Biox® plants are typically 

configured into two stages. In the first stage the primary aeration bioreactors act in 

parallel. This is to allow for a two day pulp retention time, whereas in the secondary 

aeration bioreactors it is 0.67 days (Fig. I. 1). The longer pulp retention time in the 

primary aeration bioreactors allows for the establishment of a stable microbial population, 

microbial attachment to the concentrate, and prevents washout (Dew at aI., 1997). 
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The slurry then passes to the counter-current decantation circuit where the slurry is 

washed for removal of reactive iron species. This enhances gold recovery during 

cyanidation. The oxidized ore is then transferred to the cyanidation plant for final gold 

recovery. The liquor from the decantation circuit enters the neutralization plant where it 

is pH adjusted to pH 7.0-8.0. This pH adjustment causes the precipitation of iron and 

arsenic which allows for safe disposal of the waste on a tailings dam (Dew et al., 1997). 

1.3) The biomining bacteria 

The temperature and pH range at which the Biox® process operates provides optimum 

growth conditions for the mesophilic bacteria responsible for the biooxidation of 

refractory ores. Dependent on the ore to be oxidized, the operating temperature of the 

Biox® process is between 35 and 45°C (Brierley, 1997), and the pH range is 1.2 to 2.0 

(Dew et at., 1997). The operating conditions of the Fairview Biox® plant, South Africa, 

is reportedly 41°C and pH 1.6 (Dew et at., 1997). 

The moSt important Biox® bacteria are a mixed population of highly motile Gram­

negative acidophilic chemolithoautotrophic bacteria (Dew et at., 1997; Rawlings and 

Silver, 1995). These organisms are capable of growth in what is described as an extreme 
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which is highly soluble in acidic solutions, could possibly provide sufficient nitrogen for 

growth although in practice a small quantity of ammonium sulfate is added (Rawlings, 

1997). Water and ore provide trace elements in the form of impurities (Rawlings, 1998). 

The ore, being composed mainly of iron and sulfur, provides the inorganic energy source. 

The thiobacilli oxidize reduced inorganic sulfur compounds for energy acquisition, 

whereas L. ferrooxidans can only oxidize ferrous iron. T. ferrooxidans is, however, able 

to utilize both ferrous iron and reduced inorganic sulfur compounds as its energy source 

(Brierley, 1982; Rawlings and Silver, 1995). 

During the complete oxidation of pyrite only one electron is derived from the ferrous iron 

component of the ore, while 14 electrons are derived from the inorganic sulfur moiety. 

Therefore, reduced inorganic sulfur is far more bioenergetic than ferrous iron. It has been 

shown that T. ferrooxidans yields a higher biomass per mol of electrons during batch 

growth in an inorganic su lfur medium than in a ferrous iron medium (Pronk et ai., 1990). 

It would therefore be expected, and a view long held, that T. ferrooxidans was the 

dominant bacterial species in the biooxidation tanks. This assumption has been revised 

as quantitative bacterial enumeration techniques have shown that in the Fairview and Sao 

Bento Biox® bioreactors L. ferrooxidans predominates. In the Sao Bento Biox® 

bioreactors 48% of the microbial population was composed of L. ferrooxidans, 34% T. 

thiooxidans, and 10% T. ferrooxidans (Dew et aI., 1997). 

T. ferrooxidans is approximately IS-fold more sensitive to end product inhibition by 

ferric iron, following ferrous iron oxidation, than L. ferrooxidans (Norris et al., 1988; 

Rawlings, 1997). This would suggest that in the Biox® bioreactors where the quantity of 

ferric iron is high, L. ferrooxidans would predominate due to its selective advantage over 

T. ferrooxidans. This hypothesis is consistent with the quantitative enumeration of 

bacteria in the Biox® bioreactors and studies showing the presence of L. ferrooxidans 

rather than T. ferrooxidans (Helle and Onken, 1988; Rawlings, 1997). 
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Furthermore, it has been determined that as the slurry moves through the cascade of 

bioreactors in a Biox® plant the proportion of sulfur-oxidizing species increases with a 

concomitant decrease in L. ferrooxidans. This is explained by the decrease in oxidizable 

iron and an increase in the quantity of reduced inorganic sulfur compounds (Dew et ai., 

1997). 

Although the most signif;cant increase in number has been attributed to T. thiooxidans 

(Dew et al., 1997), it has been suggested that it is in fact the phylogenetically related T. 

caldus which shows a pF)portionate increase. T. caidus is an obligate sulfur-oxidizing 

bacterium which has an optimum growth temperature at 45°C and is able to rapidly 

oxidize sulfur in the temperature range of 35 to 50°C (Hallberg and Lindstrom, 1994). T. 

thiooxidans, however, has a temperature tolerance range of only 20 to 35°C (Schnell, 

1997; Rawlings, 1998). As noted by Norris (1997), most commercial biooxidation 

bioreactors operate at 40°C which is the temperature threshold of the mesophilic T. 

ferrooxidans and T. thiooxidans. The thermophilic bacteria can exceed the growth of the 

mesophilic species at this temperature; one of these moderate thermophiles being T. 

caldus (Norris, 1997). 

Harrison (1982) in his study of the genomic comparison between T. ferrooxidans and T. 

thiooxidans found that a strain designated T. thiooxidans DSM 612 had a G+C content 

vastly different to the 51-53 mol% (Holt et ai., 1994) reported for T. thiooxidans. This 

DSM 612 strain had a G+C content of 62 mol % which led Harrison (1982) to suggest, 

after disproving possible contamination, that this was a new species. It is interesting to 

note that Norris et ai. (1986) initially determined the G+C content of strain BC 13 (now 

recognised as a strain of T. caldus) to be 61.7 mol% before correction of this value to 

63.1 mol% (Hallberg and Lindstrom, 1994). 

Goebel and Stackebrandt (1994) in their qualitati ve study to determine if strain or species 

selection occurred when mixed microbial populations are transferred from natural sites to 

commercial batch or coninuous bioreactors noted a T. thiooxidans-like isolate that grew 
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at 45°C unlike the T. thiooxidans isolates that grew at 28°C. Hallberg and Lindstrom 

(1994) noted that the strain C-SH 12 isolated by Goebel and Stackebrandt (1994) from a 

40°C continuous bioreactor showed very high 16S rDNA sequence similarity to their T. 

caldus strain BCl3. The C-SHI2 isolate had a 3.3% 16S rDNA sequence divergence 

from T. thiooxidans ATCC 19377; the type strain (Goebel and Stackebrandt, 1994). It 

should also be noted that Goebel and Stackebrandt (1994) reported a 97.6% sequence 

similarity between the isolate C-SHI2 and T. thiooxidans DSM 612. 

By slot immunobinding, Amaro et al. (1994) showed that T. caldus accounts for a 

significant percentage of the microbial population found in the leachate of bioreactors 

operating at elevated temperatures. This suggests that the identification of T. thiooxidans 

in bioreactors, or rather the proportion of the mixed population that comprises this 

species, has been overestimated. However, Garda and Jerez (1995) found by an 

immunological analysis of a biooxidized ore that the distribution of ferrous iron-oxidizing 

and the sulfur-oxidizing bacteria was different in the leachate to that of the ore-attached 

population. This emphasizes the need for caution when attempting to quantify the 

proportion of various bacterial species in bioreactors. 

1.4) Biooxidation economics and the problem of cyanide wastage 

A new industrial process can only be successful if it competes economically with 

established technologies. In comparison to physico-chemical methods, the biooxidation 

process has the lowest capital costs (Rawlings and Silver, 1995). Roasting is said to have 

the lowest operating costs, but the biooxidation process requires inexpensive equipment 

and fewer skilled operators. However, roasting and pressure-leaching have a greater 

energy requirement in the form of heat and pressure compared to the biooxidation 

processes (Rawlings and Woods, 1995). Hydrometallurgical processes usually result in 

higher gold recoveries than pyrometallurgical processes and their environmental impact 

both in gaseous output and effluent is satisfactory (Morin, 1995). An important 

advantage of the biooxidation process is the ease with which it can handle pyritic and 
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high arsenic content ores without creating the pollution problems associated with 

pyrometallurgical processes (Torma and Oolman, 1992). Therefore, the biooxidation 

process is economically r.ompetitive. 

Following the pretreatment of refractory gold-bearing ores the solids are separated from 

the aqueous medium by filtration or settling. The solid residue then enters the 

cyanidation plant (Fig 1.1) where it is flushed with cyanide (Morin, 1995). The attraction 

of the cyanidation procfss lies in its simplicity. Cyanide binds to the gold forming a 

highly stable chemical gold-cyanide complex (equation 1.1) which allows for the rapid 

dissolution of gold from the ore at ambient temperature (Adamson, 1973; Morin, 1995): 

2Au + 4NaCN + O2 + 2H20 -7 2NaAu(CNh + 2NaOH + H20 2 (1.1 ) 

The dissolved gold is extracted from solution by either adsorption to activated carbon, 

absorption to ion-exchange resins, or by cementation (precipitation). The coarse product 

known as dore is then refined to its economically important metal (Morin, 1995). 

A major problem that may occur during cyanidation is excessive cyanide consumption. 

Although this occurs for both pyrometallurgical and hydrometallurgical pretreated ores, 

cyanide wastage during cyanidation of biooxidation treated ores is greatly increased and 

is, therefore, a major drawback of the biooxidation process (Hackl and Jones, 1997; 

Rawlings, 1998). 

Cyanide consumption data published for operational biooxidation plants show 

consumption quantities of 7.5 kg cyanide/ton of solids at the Y ouanmi mine in Western 

Australia (BacTech process), 15 kg cyanide/ton solids at the Ashanti mine in Ghana and 

30kg cyanide/ton solids at the Wiluna mine in Australia (Biox® processes). These values 

are excessive if one compares typical cyanide consumption values for a pressure-leaching 

plant; approximately 1-2 kg cyanide/ton solids (Hackl and Jones, 1997). In this regard 

pressure-leaching has a significant economic advantage over biooxidation pretreatment. 
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Thus a detailed understanding of the mechanisms of cyanide consumption is required if a 

solution is to be found to improve the competitiveness of the biooxidation process (Hackl 

and Jones, 1997). 

A large number of factors appear to contribute to cyanide consumption. These include: 

the formation of metallo-cyanides, particularly ferric cyanide (Fe(CN) ~-); the formation 

of iron and arsenic precipitates during biooxidation; and the sulfide content of the ore 

being oxidized. The sulfide content of the ore determines the quantity and nature of the 

sulfur species present in the bioresidue (Morin, 1995; Hackl and Jones, 1997). These 

cyanicides and reactive sulfur species can complex with cyanide thereby depleting the 

cyanide available for gold dissolution (Morin, 1995). 

Hackl (1989) was the first to suggest that the production of thiocyanate (SCN-) may 

contribute to the wastage of cyanide. It was later determined that thiocyanate formation 

was accountable for the largest proportion of cyanide consumption (Hackl and Jones, 

1997). Thiocyanate fomlation was attributed to the presence of reactive sulfur species in 

the bioresidue. This can be directly related to the sulfide content of particular ores. 

Arsenopyrite, for example, when oxidized by microorganisms can release significant 

amounts of elemental sulfur (Morin, 1995). This elemental sulfur is proposed to exist in 

a polymeric form rather than its thermodynamically stable orthorhombic (S8) form. The 

polymeric sulfur is considered to be very cyanide reactive which would account for 

consumption quantities of 100kg cyanide/ton of solids being recorded (Komnitsas and 

Pooley, 1990; Morin, 1995; Hackl and Jones, 1997). 

Elemental sulfur (SO) reacts with cyanide in a spontaf?eous chemical reaction to form 
r 

thiocyanate (equation 1.:.) (Hackl and Jones, 1997). 

SO + CN· ---7 SCN- ( 1.2) 
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It is possible that the bacteria themselves contribute to cyanide wastage by producing a 

hydrophobic 'biological' elemental sulfur (SO) (Hazeu et ai., 1988). Hazeu et al. (1988) 

found sulfur globules embedded in the peri plasm and outer membrane wall of T. 

ferrooxidans. These sulfur globules are thought to be formed by the combination of 

higher polythionates with elemental sulfur forming a reactive elemental sulfur (Steudel et 

ai., 1987; Hazeu et al. , 1988). Colloidal sulfur particles formed by the aggregation of 

elemental sulfur atoms released during biooxidation have also been observed in the 

exopolymer layer surrounding T. ferrooxidans cells (Rojas et ai., 1995). These sources of 

elemental sulfur are thought to act as sulfur reserves that are used when the available 

sulfur has been depleted (Schippers et al., 1996; Rojas et ai., 1995). However, during 

cyanidation this 'biological' elemental sulfur may provide the substrate for spontaneous 

thiocyanate formation . 

Bacterial leaching of metal-sulfides occurs via an indirect mechanism that gives rise to 

thiosulfate (Sand et ai., 1995). Thiosulfate is considered a key intermediate in microbial 

sulfur metabolism, and it is well known that thiosulfate readily reacts with cyanide 

forming thiocyanate (equation 1.3) (Hackl and Jones, 1997). 

S20 ~- + CN- ~ SCN- + SO ~- (1.3) 

Therefore, the proportion that thiocyanate contributes to cyanide wastage is argued to be a 

consequence of the production of intermediate sulfur species resulting from biooxidation 

(Hackl and Jones, 1997). 
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1.5) Microbial biooxidation of gold-bearing metal-sulfide ores 

Sand et al. (1995) argued that at the pH at which biooxidation occurs, pH <3.5, ferric iron 

hexahydrate is the primary oxidant of pyrite. The first sulfur intermediate formed 

following the attack on the ore by ferric iron hexahydrate is thiosulfate (S20 ~- ) (equation 

1.4). 

FeS2 + 6Fe(H20)!+ + 3H20 ~ Fe2++ S20 ~- + 6Fe(H20) ~+ + 6H+ 0.4) 

Schippers et al. (996) continued with this argument but pointed out that biomining 

bacteria such as T. ferrooxidans and L. ferrooxidans have an exopolymer layer containing 

a considerable load of iron (III) ions which acts as a reaction compartment allowing the 

bacteria to initiate the indirect attack on the ore surface. Due to the presence of iron (III) 

ions in the exopolymer layer, and the instability of thiosulfate in acidic solutions, 

thiosulfate is rapidly oxidized to tetrathionate (S40 ~-); a chemical reaction which 

proceeds via an intermediate iron (III)-thiosulfate complex (equation 1.5) (Schippers et 

aI., 1996). 

2Fe3++ 2S20 ~- H 2FeS20; ~ 2Fe2++ S40~- ( 1.5) 

As this reaction (equation 1.5) proceeds faster than the dissolution of pyrite, thiosulfate is 

thought to be barely detectable in biooxidation solutions. 

The tetrathionate product (equation 1.5) is then hydrolyzed, in the presence of pyrite, to 

highly reactive disulfane-monosulfonic acid and sulfate (equation 1.6). 

S40 ~- + H20 ~ HS30 ~ + SO~- + H+ (1.6) 
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From this disulfane-moflosulfonic acid several reactions are postulated to give rise to 

elemental sulfur, thiosulfate, trithionate, pentathionate and sulfite (Schippers et aI., 1996); 

as indicated in the following equations (1.7-1.10). 

S30 ~- + S20;- + 0.502+ 2H+ -7 SsO ~- + H20 ( 1.7) 

S30 ~- + S40 ~- -7 S20 ~- + SsO~- (l.8) 

S30;- + 1.502 -7 S30~- (1.9) 

4S30 ~- -7 S8 + 4S0;- ( 1.10) 

Thiosulfate produced by reaction 1.8 may enter the cycle again (Schippers et al., 1996). 

Thiosulfate is unstable)elow pH 4 and rapidly decomposes to elemental sulfur and 

sulfite (Roy and Trudinger, 1970; Pronk et al., 1990). This may account for why 

elemental sulfur is believed to be the first sulfur intermediate in pyrite biooxidation (Sand 

etal.,1995). 

The biomining bacteria are able to metabolize the iron (m ions and various sulfur species 

produced by the above chemical reactions (equations 1.5-1.10) (Schippers et al., 1996). 

Enzymatic oxidation of these reduced inorganic sulfur compounds by the acidophilic 

chemolithoautotrophic bacteria generates electrons that drive the electron transport chain 

for the production of metabolic energy. 

Many of these enzymatic oxidation reactions result in the regeneration of various sulfur 

species which has led Pronk et al. (1990) to propose a hypothetical cyclic pathway for the 

oxidation of sulfur ox:'-anions (Fig 1.2). This pathway has been called the 'S4 

intermediate', or S41, pathway which is said by Kelly et al. (1997) to be characteristic of 

obligate chemolithoautotrophic bacteria such as T. ferrooxidans and T. thiooxidans. The 

S4! pathway considers thiosulfate as the initiating sulfur species in chemolithoautotrophic 

sulfur metabolism. Microbial metabolic regeneration of reactive sulfur species in this 
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cyclical pathway suggests that the bacteria may contribute to the production of reactive 

sulfur substrates for the spontaneous chemical formation of thiocyanate. 

SO ~-+2W V Thiosul~~te \ 
S203 

H 2e 
20-f 

Trithionate Tetrathionate 
S 0 2 - S 0 2 ­

3 6 4 6 

\ r H20 

6e~, 

A\'" 
,......... 


S0 2-+ 2W4 

S-monosulfonic acid 
S 0 2­

3 3 

Fig.1.2: Hypothetical pathway for the microbial oxidation of sulfur compounds. Solid lines represent 
oxidation reactions demonstrated in thiobacilli species. Reproduced from Pronk et at. (1990). 

It has been shown with T. ferrooxidans, T. thiooxidans and T. caidus that the initial step 

in thiosulfate metabolism is its oxidation to tetrathionate (Fig.l.2) (Pronk et ai., 1990; 

Hallberg et ai., 1996) by a thiosulfate oxidizing enzyme referred to by Kelly et ai. (1997) 

as tetrathionate synthase. Tetrathionate synthase oxidatively condenses two thiosulfate 

anions to form tetrathionate (Kelly et ai., 1997). It appears that the tetrathionate synthase 

enzyme of T. caldus is located in the peri plasm (Hallberg et ai., 1996), and an earlier 

study of the tetrathionate synthase enzyme of T. ferrooxidans suggested that the enzyme 

acted "extra-cytoplasmically"; a suggestion based on the finding that the pH optimum of 

this enzyme was pH 4.5. It was noted that below pH 4.5 enzyme activity could not be 

determined because of the instability of thiosulfate (Silver and Lundgren, 1968; Pronk et 

ai., 1990). 

A tetrathionate hydrolase is then proposed to catalyse the hydrolysis of tetrathionate to 

S3-sulfane monosulfonic acid (Pronk et ai., 1990). The enzyme is active at low pH which 

according to Pronk et ai. (1990) is in agreement with the observation that intermediary 
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sulfur formation occurs between the inner and outer membranes of T. ferrooxidans. Tano 

et ai. (1996) purified a tetrathionate decomposing enzyme from T. thiooxidans. This 

enzyme catalyzed the decomposition of tetrathionate to thiosulfate and sulfate at pH 3.0­

3.5 suggesting that tetrathionate is decomposed outside of the plasma membrane. 

Hallberg et al. (1996) noted that tetrathionate is probably transported across the cellular 

membrane before oxidation. This is based on the observation that metabolism of 

tetrathionate occurred in the cytoplasm of T. caldus, or at least on the inner surface of the 

cell membrane. Tano et at. (1996) suggested that the enzyme is a metallo-enzyme as the 

activity of the enzyme increased markedly in the presence of cupric ions. The enzyme 

activity also reportedly increased 100-fold in the presence of sulfate ions. Tano et al. 

(1996) proposed the tetrathionate decomposition reaction as follows: 

4S40~- + 5H20 ~ 7S 20 ;- + 2S0~- + 10H+ (1.11) 

Tetrathionate is relatively stable in acidic environments and oxidation of tetrathionate 

leads to the formation of long chain polythionates and elemental sulfur (Pronk et al., 

1990). Steudel et al. (1987) attempted a detailed analysis of the intermediary sulfur 

formed during oxidation of tetrathionate by T. ferrooxidans. These authors found that the 

intermediary sulfur consisted mainly of long-chain polythionates and orthorhombic 

sulfur. The oxidation of tetrathionate is thought to result in the formation of suI fane­

monosulfonic acids (HSnS03H). The formation of polythionates can be explained 

through the oxidative condensation of two sulfane-monosulfonic acids (Pronk et al., 

1990). Sulfane-monosulfonic acids are important intermediates as polysulfur compounds 

can be rapidly and reversibly synthesized, degraded, and transported across bacterial 

membranes only as these highly reactive and readily soluble substances in a strongly 

acidic medium (Steudel et al., 1987). Sulfane-monosulfonic acids are highly reactive 

compounds that undergo spontaneous elongation reactions leading to the formation of 

important polythionates such as tri-, penta-, hexathionate (Wentzien et ai., 1994; Sand et 

ai., 1995) and polythionates of up to S 13 (Steudel et al., 1987). 
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The elongation reactions of the sulfane-monosulfonic acids was proposed by Pronk et al. 

(1990) to ultimately yield elemental sulfur and sulfite through the following set of 

reactions: 

Tetrathionate hydrolysis to sulfane-monosulfonic acid and sulfate: 


S40 ~- + H20 -7 HS2SO ~ + HSO ~ (1.12) 


Elongation of sulfane-monosulfonic acids and formation of sulfite: 


2HS2S0 ~ H HS4S0 ~ + HSO ~ (1.13) 


2HS4SO ~ H HS8SO ~ + HSO ~ (1.14) 

Formation of elemental sulfur and sulfite: 


HSgSO ~ H Sg + HSO ~ ( 1.15) 


Of particular interest is the fonnation of trithionate (S30 ~- ), a polythionate that has been 

reported in the oxidation of tetrathionate by T. ferrooxidans and T. thiooxidans. 

Trithionate is proposed to be fonned by the biological oxidation of S3-sulfane 

monosulfonic acid (Sinha and Walden, 1966; Pronk et al., 1990). Okuzumi (1966) has 

reported the hydrolysis of trithionate by T. thiooxidans to yield thiosulfate (Pronk et al., 

1990). This suggests metabolic cycling between thiosulfate and tetrathionate in the sulfur 

oxidation pathways of chemolithoautotrophic bacteria, which would account for the 

observed fOimation of thiosulfate following tetrathionate decomposition by T. 

thiooxidans in the work of Tano et al. (1996). 

Oxidation of elemental sulfur, usually in its orthorhombic fonn (Sg), by the thiobacilli has 

been shown to occur at pH values above 4.0. With intact cells of T. ferrooxidans the rate 

of elemental sulfur oxidation is greatly enhanced in the presence of sulfate ions. This 

sulfate ion effect is very specific (Pronk et aI., 1990). Its significance to the reported 

sulfate requirement of the tetrathionate decomposing enzyme of T. thiooxidans (Tano et 

aI., 1996) and T. ferrooxidans (Kuenen et al., 1993; Tano et aI., 1996), and the oxidation 

of elemental sulfur is undetermined. 
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At pH 5.0 the oxidation ·:)f elemental sulfur by T. ferrooxidans yields significant amounts 

of sulfite. However, at lower pH values this accumulation of sulfite does not occur 

(Pronk et at., 1990). Low rates of thiosulfate formation from elemental sulfur has been 

observed with cell-free extracts of T. thiooxidans, but this reaction required a glutathione 

dependent enzyme which exhibited a pH optimum of 7.5 and produces sulfite as an initial 

product. A non-enzymatic condensation of sulfite and elemental sulfur ultimately forms 

thiosulfate (Suzuki, 1974). 

Sulfite is an essential intermediate in the proposed pathways for the oxidation of reduced 

sulfur compounds by thiobacilli . At pH 3 cell suspensions of T. ferrooxidans exhibit 

significant rates of sulfite oxidation. Oxidation of sulfite by this microbe can be coupled 

to the phosphorylation of ADP (Pronk et at., 1990). Intact cells of T. thiooxidans, 

however, exhibit very low levels of sulfite oxidation at pH 3, and only when the pH is 

increased to pH 6.0 can significant rates of sulfite oxidation be observed (Pronk et al., 

1990). This conflicting pH optimum for the enzymic oxidation of sulfite suggests that 

sulfite oxidation may be either a periplasmic or cytoplasmic reaction (Pronk et al., 1990). 

Hallberg et al. (1996) were able to show, through the use of an oxidation uncoupler, that 

T. caldus sulfite oxidation occurs in the cytoplasm. However, a sulfite oxidase purified 

from T. ferrooxidans AP 19-3 was located in the plasma membrane (Sugio et al. , 1992). 

At the enzyme level, two mechanisms have been proposed for the biological oxidation of 

sulfite. In the first mechanism it is proposed that sulfite is oxidized directly to sulfate by 

a sulfite: cytochrome c oxidoreductase (sulfite oxidase). The sulfite oxidase which has 

been purified from T. fe rrooxidans oxidizes sulfite to sulfate with cytochrome c as 

electron acceptor (Suzuki, 1974; Pronk et at., 1990). In the model of T. caldus sulfite 

oxidation proposed by Hallberg et al. (1996), the ubiquinone-cytochrome b complex is 

the electron acceptor. However, the sulfite: ferric ion oxidoreductase purified from T. 

ferrooxidans AP19-3 catalyses the oxidation of sulfite ion using Fe3 
+ as an electron 

acceptor (Sugio et al., 1992). This sulfite oxidase does not use cytochrome c as an 
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electron acceptor and its products are SO ~- and Fe2 
+. The reduced Fe2+ is thought to be 

oxidized by iron oxidase to supply energy for cell growth (Sugio et ai., 1992). 

In the second mechanism (Fig l.3) it is suggested that sulfite may undergo an oxidative 

condensation with adenosine 5' -monophosphate (AMP) to form adenosine 5'­

phosphosulfate (APS). Substrate level phosphorylation is achieved when sulfate is 

ultimately liberated from APS by ADP sulfurylase with the concomitant formation of 

ADP and subsequent generation of ATP by adenylate kinase (Suzuki, 1974; Pronk et at., 

1990). 

AMP 2e- P, 

S02- \.. 3' SO;- + ADP3 • APS "'-- ..",.. 

APS reductase ADP sulfurylase 

Fig 1.3: Diagram of the adenosine 5' -phosphosulfate CAPS) pathway. Note that a substrate level 
phosphorylation occurs via the enzyme ADP sulfurylase. Reproduced from Brock and Madigan (1991) . 

The presence of an APS reductase has been reported for T. thiooxidans (Peck, 1961; 

Pronk et at., 1990). Suzuki (1974) suggested that APS reductase with a cytochrome c as 

electron acceptor should be able to conserve energy through oxidative phosphorylation as 

well as substrate level p_l0sphorylation. The substrate level phosphorylation mechanism 

involving APS yields half a molecule of ATP for each molecule of sulfite oxidized. If 

one assumes that generated electrons from the APS pathway are fed into the electron 

transport chain, they may contribute to the formation of a proton-motive force for 

oxidative phosphorylation (Pronk et at., 1990). However, AMP-independent oxidation of 

sulfite by cell free extracts of T. thiooxidans has also been reported (Pronk et at., 1990). 

Pronk et al. (1990) note that data on sulfite oxidation by the acidophilic thiobacilli is 

sparse and can be conflicting. Furthermore, there is little unity in the catabolic 

mechanisms employed by different sulfur-oxidizing chemolithoautotrophic bacteria. 

Therefore, until more information is obtained it is not possible to construct a definite 
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scheme for the oxidation of reduced inorganic sulfur compounds in the acidophilic 

thiobacilli. 

A substantial amount of thiosulfate and tetrathionate may be located in the cytoplasm of 

certain thiobacilli. The intracellular pH of the bacteria is considered to be pH 6.5 (Cox et 

aI., 1979); a pH at which both sulfur species are stable (Roy and Trudinger, 1970). It has 

been suggested that during the shift in pH from the acidic biooxidation environment (pH 

1.2) to that of the cyanidation plant (::::pH 10) lysis of the cells may result (Lawson, 1997) 

which would release these sulfur species making them accessible to cyanide. 

It would appear that a range of sulfur species produced by both metabolic and chemical 

reactions are probably present in the bioresidue during cyanidation. Should these oxy­

sulfur species described above persist, they could readily consume cyanide during 

cyanidation of the ore or concentrate (Hackl and Jones, 1997). 

1.6) Microbial wastage of cyanide during cyanidation 

The idea of exclusive chemical consumption of cyanide by biooxidation pretreated ore 

may be nai"ve when one considers that aerobic organisms are particularly sensitive to 

cyanide toxicity. 

Although the chemolithoautotrophic bacteria responsible for gold-bearing ore 

biooxidation are aerobes, they require oxygen as an electron acceptor to generate ferric 

iron. These bacteria use either ferrous iron or reduced sulfur compounds as electron 

donors to the electron transport chain thereby maintaining a transmembrane pH gradient 

from which ATP is generated (Rawlings and Kusano, 1994). The cytochrome oxidase 

enzymes of the electron transport chain are particularly susceptible to cyanide (Knowles, 

1976). Cyanide toxicity is attributed to its tight chelation of di- and tri-valent metals of 

the cytochrome oxidase prosthetic groups. Cyanide is not a specific inhibitor of 

cytochrome oxidase as it also inhibits a wide range of enzymes, many of which are 
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hemoproteins or other metal-containing oxidases or oxygenases (Knowles, 1976). 

Cyanide also reacts with keto compounds to form cyanohydrin derivatives of enzyme 

substrates, with Schiff-base intermediates during enzymic reactions to form stable nitrile 

derivatives, and it can reduce thiol groups (Knowles, 1976; Knowles, 1988). 

Since aerobically respiring bacteria are sensitive to cyanide, microbial wastage of cyanide 

via a possible cyanide detoxification pathway must be considered and the implications of 

such a pathway determined in terms of the microbial contribution to cyanide consumption 

during cyanidation. 

The use of excess cyamde to counteract this inactivation of cyanide is unsatisfactory 

economically and environmentally. Therefore, an understanding of microbial cyanide 

resistance is of economic importance in the understanding of why ore pretreated by 

biooxidation is associated with excessive cyanide consumption. 

An ubiquitous enzyme called rhodanese has been implicated in the wastage of cyanide 

during cyanidation (Lawson, 1995). This thiosulfate: cyanide sulfurtransferase transfers 

the sulfane-sulfur of thiosulfate to cyanide forming thiocyanate. Therefore, if there is a 

direct microbial contribution to the wastage of cyanide the rhodanese enzyme must be 

considered as a likely candidate (Lawson, 1995). 

1.7) Rhodanese (thiosulfate: cyanide sulfurtransferase EC 2.8.1.1) 

As a result of a search for the "active principle" (enzyme) in animal tissues known to 

convert toxic cyanide to less toxic thiocyanate, Lang reported in 1933 the discovery of 

rhodanese in rat liver (Westley, 1981; Nagahara et al., 1995). This thiosulfate: cyanide 

sulfurtransferase (EC 2.8.1.1) is able to convert cyanide to thiocyanate utilizing a sulfur­

donor substrate (Westley, 1973). Lang (1933) demonstrated rhodanese activity in a wide 

variety of animal tissues and in Escherichia coli (Knowles, 1976). Sorbo (1953) isolated 

and crystallized the first rhodanese isoenzyme from bovine liver, with the rat liver 
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rhodanese being purified only in 1979 by Wasylewski and co-workers (Nagahara et at., 

1995). Much of the initial work on rhodanese and the establishment of its catalytic 

mechanism was done on bovine liver rhodanese. Comparative studies on bovine kidney 

rhodanese revealed no differences (Westley, 1973). 

The first formal rhodanese reaction mechanism was an irreversible Theorell-Chance 

mechanism. Initially, it was assumed that a disulfide bond was present in the enzyme 

active site. The mechanism involved the cleavage of the disulfide by thiosulfate to form a 

sulfenyl thiosulfate. An enzyme-substrate complex is formed, which is then cleaved by 

cyanide, eliminating sulfite, forming an organic thiocyanate. The thiocyanate is 

subsequently decomposed by displacement of thiocyanate to regenerate the disulfide 

active site (Westley, 1973). 

Szczepkowski (1961) proposed an alternate mechanism whereby a trisulfide enzymic 

intermediate is formed. This mechanism was proposed when two chemical weaknesses 

of the Theorell-Chance mechanism could not be solved. Firstly, when rhodanese was 

treated with thiosulfate in the absence of cyanide, the predicted formation of the 

sulfhydryl group could not be demonstrated. Secondly, typical sulfenyl thiosulfates are 

not cyanolysed with elimination of sulfite (Westley, 1973). 

Sorbo (1962) later reported that rhodanese contained no disulfide bond, thereby 

supposedly negating both mechanisms (Westley, 1973). Spectroscopic studies, however, 

have demonstrated that rhodanese undergoes conformational changes upon acceptance 

and release of a sulfenyl sulfur (Ogata et at., 1989). When isolated in the presence of 

substrate the native rhodanese contains four free sulfhydryl groups but no disulfide bonds 

(Ogata et at., 1989), and all four sulfhydryl groups are in a reduced state (Miller et aI., 

1991). If rhodanese is isolated free of substrate sulfur it undergoes facile oxidation 

resulting in the formation of an intramolecular disulfide bridge. It is this oxidized form of 

rhodanese which can accept a negatively charged sulfide-sulfur from a donor substrate. 

This results in concomitant reduction of the enzymic disulfide bridge and formation of 
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the catalytically active enzyme-persulfide intermediate (Ogata and Volini, 1990). 

Therefore, in the course of sulfane-sulfur transfer, rhodanese cycles between two stable 

catalytic intermediates (Miller et ai., 1991). 

The double-displacement (Ping-Pong) mechanism of Szczepkowski (1961) is still 

considered to be likely. Direct demonstration of a sulfur-substituted enzymic 

intermediate and its reactions with appropriate thiophilic acceptor substrates was proven 

utilizing polargraphic techniques (Green and Westley, 1962), 35S-radiolabeled thiosulfate 

(Westley and Nakamoto, 1962), and spectrophotometric two-substrate kinetic analysis 

(Volini and Westley, 1966). The results obtained indicated the operation of a formal 

double-displacement mechanism (Westley, 1973). 

Sulfurtransferase enzymes generally show low substrate specificity (Pagani et ai., 1991). 

The wide range of reactions catalyzed by rhodanese defines the enzyme as either a 

thiosulfate: cyanide sulfurtransferase, or as a thiosulfate: dithiol sulfurtransferase 

(Colnaghi et al. , 1996) . Sulfane-sulfur donors include: thiosulfate, thiosulfonates, 

persulfides, polythionates, ethanesulfonate and thiotaurine, while thiophilic acceptors 

include cyanide, sulfite, organic sulfinates, thiols, dithiols, dithionite and Iipoate. 

The double displacement catalytic mechanism of rhodanese (Fig 1.4) is now accepted as 

involving the concomitant electrophilic and nucleophilic attack on the sulfur-sulfur bond 

of a sulfane-sulfur anion. This yields a rhodanese-sulfur complex in which the sulfur 

atom is covalently attached to a single cysteine residue by a persulfide linkage (Ploegman 

et ai., 1978). Following the establishment of the enzyme-substrate complex the first 

product is discharged. The sulfane-sulfur is then transferred from the sulfur-substituted 

enzyme intermediate to a thiophilic acceptor and the free enzyme is regenerated (Westley, 

1973; Ploegman et at., 1978). 
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Fig 1.4: The double displacement mechanism of rhodanese . (RSOxSr is the sulfane-sulfur anion, where R 
can be an organic moiety, and Y- is the unrelated thiophilic anion. Reproduced from Westley (1973). 

Many of the above rhodanese catalyzed reactions are readily reversible. However, the 

rhodanese catalytic reaction involving cyanide as the thiophilic acceptor (equation 1.15) 

is atypical as the reaction results in the irreversible formation of thiocyanate (SeN-) and 

sulfite (Westley, 1973). 

S20;- + eN- ~ SeN- + SO;- 0·15) 

1.8) The covalent and tertiary structure of rhodanese 

Prior to the extensive investigation of the covalent and tertiary structure of bovine liver 

rhodanese by Ploegman et al. (1978) the size and number of polypeptides in rhodanese 

had been the subject of much debate. A molecular weight of 37.5 kDa was initially 

reported for the enzyme and it was thought to be a dimer (Ploegman et aI., 1978). It has 

since been determined that bovine liver rhodanese is a single polypeptide chain of 293 

amino acids with a calculated molecular weight of 32.9 kDa (Ploegman et al., 1978). 

Eukaryotic rhodanese is encoded in the nucleus, translated in the cytosol and then 

imported into the mitochondrial matrix (Miller et al., 1991). The first 30 amino acids of 

rhodanese resemble an import signal, and an a-helix formed by residues 11 to 22 

conforms to the requirenents of a functional mitochondrial targeting sequence. Although 

the import signal sequence is usually cleaved in the mitochondrial matrix, the amino­

terminus of rhodanese is not further cleaved, except for the removal of the initiator 

methionine (Miller et aI., 1991). The rhodanese nucleotide sequence was found to 
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is atypical as the reaction results in the irreversible formation of thiocyanate (SCN-) and 

sulfite (Westley, 1973). 
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1.8) The covalent and tertiary structure of rhodanese 

Prior to the extensive investigation of the covalent and tertiary structure of bovine liver 

rhodanese by Ploegman et al. (1978) the size and number of polypeptides in rhodanese 

had been the subject of much debate. A molecular weight of 37.5 kDa was initially 

reported for the enzyme and it was thought to be a dimer (Ploegman et al., 1978). It has 

since been determined that bovine liver rhodanese is a single polypeptide chain of 293 

amino acids with a calculated molecular weight of 32.9 kDa (Ploegman et ai., 1978). 

Eukaryotic rhodanese is encoded in the nucleus, translated in the cytosol and then 

imported into the mitochondrial matrix (Miller et al., 1991). The first 30 amino acids of 

rhodanese resemble an import signal, and an a-helix formed by residues 11 to 22 

conforms to the requirenents of a functional mitochondrial targeting sequence. Although 

the import signal sequence is usually cleaved in the mitochondrial matrix, the amino­

terminus of rhodanese is not further cleaved, except for the removal of the initiator 

methionine (Miller et al., 1991). The rhodanese nucleotide sequence was found to 

22 



Univ
ers

ity
 of

 C
ap

e T
ow

n

encode three amino acids, Gly-Lys-Ala, at the carboxyl terminus that were not found by 

protein sequencing. Thus, the carboxyl terminus of rhodanese is post-translationally 

processed in the mitochondria. This carboxyl terminus processing would account for the 

two major electrophoretic variants of rhodanese commonly isolated from mammalian 

cells. As many as four electrophoretic variants have been observed (Miller et al., 1991). 

Rhodanese is described as being ellipsoid, of dimensions 60 X 50 X 40 A, and consisting 

of two globular domains of nearly equal size and conformation (Fig 1.5) connected by a 

proline-rich loop of an extended chain (Ploegman et al., 1978; Russell et aI., 1978). The 

two independent domai'ls are held together by extensive hydrophobic interactions (Luo 

and Horowitz, 1994). 

Fig 1.5: Secondary structure representation of bovine liver rhodanese. Reproduced from Miller et al. 
(1991). 

The N-terminal domain (1) comprises residues 1-142, while the C-terminal domain (II) 

extends from residues 159-293 (Fig 1.6). The connecting loop of the two domains is 

composed of 15 residues (Ploegman et al., 1978). Each domain of rhodanese contains a 

central five stranded pm·allel ~-sheet with two a-helices located on one side of the sheet 

and three on the other. There are no anti-parallel ~-strands in the rhodanese secondary 

structure. In each domain, two of the fives helices connect and run anti-parallel to the 
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neighbouring strands of the sheet forming two ~-a-~ units. The two ~-a-~ units in each 

domain are thought to provide potential hinge sites allowing for the structural flexibility 

demonstrated by rhodanese (Cerletti, 1986). The distribution of amino acids in rhodanese 

is: 37% a-helices, 15% parallel ~-structures, and 24% turns (Ploegman et al., 1978). 

Fig 1.6: The covalent structure of bovine liver rhodanese. The positions of the four cysteine residues are 
indicated by boxes, and the active site Cys-247 is starred. Reproduced from Ploegman et at. (1978). 

The active site of rhodanese is located in a depression between domains I and IT and spans 

from residues 170 to 266 (Ploegman et al., 1978; Nagahara et al., 1995). The bound 

substrate sulfur atom forms a persulfide bond with residue Cys-247 which is located at 

the bottom of a pocket in a tum between a ~-strand and an a-helix (Ploegman et al., 

1978; Russell et al., 1978). The geometry of residues 247-249 can align in a cooperative 

way in the a-helix which is catalytically crucial since the initial nucleophilic attack on the 

sulfur donor is favoured by electrostatic influences that lower the pKa of Cys-247 to make 
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it a better nucleophile (Luo and Horowitz, 1994). Side chains from both domains form 

the walls of the pocket which in turn create a hydrophobic and a hydrophilic region 

(Ploegman et ai., 1978). The hydrophobic wall of the active site is contributed by the 

side-chains of Trp-35, Phe-l06 and Tyr-107 found in the N-terminal domain (I), while 

domain II contributes to this hydrophobic wall through residues Phe-212 and Val-25I. 

However, all the residues of the hydrophilic wall, which includes Cys-247, Arg-186 and 

Lys-249, are derived from the C-terminal domain (II) (Russell et al., 1978). Therefore, 

the two domains contrib.lte asymmetrically to the active site (Ploegman et al., 1978). 

Arg-186 and Lys-249 are part of the cationic component of the active site and are close 

enough to Cys-247 to participate in binding the sulfur substrate in the correct orientation. 

Arg-186 and Lys-249 are located at the entrance of the pocket of the active center and the 

substrate binding site (Nagahara et ai., 1995). Lys-249 is essential for thiosulfate binding 

as it is thought that the electrostatic interaction between the negative charge of the oxygen 

atom of thiosulfate and the positive charge of the Lys residue may be important in 

transferring the outer sulfur atom of thiosulfate to form the persulfide intermediate 

(Nagahara et al., 1995). Arg-186 and Lys-249 are thought to act in concert to bind 

thiosulfate in the correct orientation (Luo and Horowitz, 1994) allowing the positive 

charges of these two amino acids to polarize the highly polarizable S-S bond in the sulfur 

substrate, rendering the sulfane-sulfur even more susceptible to thiophilic attack by Cys­

247 (Ploegman et ai., 1978; Russell et ai., 1978). Arg-248 is thought to stabilize the 

persulfide intermediate (Nagahara and Nishino, 1996), while Lys-249 is particularly 

critical for substrate selectivity and protein stability (Luo and Horowitz, 1994). 

Therefore, with thiosulfate as the sulfane sulfur-containing anion, rhodanese reacts with 

thiosulfate to yield a sulfur-substituted enzyme-substrate complex in which the sulfane­

sulfur is covalently attached to Cys-247. Sulfite is then discharged, followed by the 

enzyme-bound sulfur which is transferred to a thiophilic acceptor such as cyanide. 

Thiocyanate is thus formed and the free enzyme regenerated (Ploegman et al., 1978). 

This is a classic double-displacement mechanism. 

25 

it a better nucleophile (Luo and Horowitz, 1994). Side chains from both domains form 

the walls of the pocket which in turn create a hydrophobic and a hydrophilic region 

(Ploegman et ai., 1978). The hydrophobic wall of the active site is contributed by the 

side-chains of Trp-35, Phe-l06 and Tyr-107 found in the N-terminal domain en, while 

domain II contributes to this hydrophobic wall through residues Phe-212 and Val-25I. 

However, all the residues of the hydrophilic wall, which includes Cys-247, Arg-186 and 

Lys-249, are derived from the C-terminal domain (II) (Russell et al., 1978). Therefore, 

the two domains contrib.lte asymmetrically to the active site (Ploegman et al., 1978). 

Arg-186 and Lys-249 are part of the cationic component of the active site and are close 

enough to Cys-247 to participate in binding the sulfur substrate in the correct orientation. 

Arg-186 and Lys-249 are located at the entrance of the pocket of the active center and the 

substrate binding site (Nagahara et aI., 1995). Lys-249 is essential for thiosulfate binding 

as it is thought that the electrostatic interaction between the negative charge of the oxygen 

atom of thiosulfate and the positive charge of the Lys residue may be important in 

transferring the outer sulfur atom of thiosulfate to form the persulfide intermediate 

(Nagahara et al., 1995). Arg-186 and Lys-249 are thought to act in concert to bind 

thiosulfate in the correct orientation (Luo and Horowitz, 1994) allowing the positive 

charges of these two amino acids to polarize the highly polarizable S-S bond in the sulfur 

substrate, rendering the sulfane-sulfur even more susceptible to thiophilic attack by Cys-

247 (Ploegman et ai., 1978; Russell et ai., 1978). Arg-248 is thought to stabilize the 

persulfide intermediate (Nagahara and Nishino, 1996), while Lys-249 is particularly 

critical for substrate selectivity and protein stability (Luo and Horowitz, 1994). 

Therefore, with thiosulfate as the sulfane sulfur-containing anion, rhodanese reacts with 

thiosulfate to yield a sulfur-substituted enzyme-substrate complex in which the sulfane­

sulfur is covalently attached to Cys-247. Sulfite is then discharged, followed by the 

enzyme-bound sulfur which is transferred to a thiophilic acceptor such as cyanide. 

Thiocyanate is thus formed and the free enzyme regenerated (Ploegman et al., 1978). 

This is a classic double-displacement mechanism. 

25 



Univ
ers

ity
 of

 C
ap

e T
ow

n

It was initially thought that a divalent metal ion participated in the catalytic mechanism, 

but this has been difficult to demonstrate and it is thought that bovine liver rhodanese is 

not a metallo-enzyme. There are, however, three water molecules in the structure that are 

bound to Arg-186. One of these bridges to Thr-252 and the other to Lys-249. Thiosulfate 

binding displaces the water between Arg-186 and Thr-252 suggesting that water may be 

involved in catalysis (Luo and Horowitz, 1994). 

There is an extensive salt bridge network in rhodanese. All the six residues creating these 

salt bridges are in the vicinity of the active site (Ploegman et aI., 1978). The two 

independent domains of rhodanese are orientated with respect to each other by two of 

these salt bridges. The salt bridges between Glu-71 and Arg-248, and Arg-110 and Asp­

272 span across the domain interface (Luo and Horowitz, 1994). 

The folding of the two domains of bovine liver rhodanese is very similar, showing 

symmetry between, as well as within, each domain. It was, therefore, surmised that the 

amino acid sequence of each domain would show extensive identity, but this was not to 

be found (Ploegman et al., 1978). Atypically, the rhodanese enzyme assumes equivalent 

tertiary structures but with differing amino acid sequences in each domain. Ploegman et 

al. (1978) proposed that the two domains may have arisen out of gene duplication and 

divergence, resulting in altered amino acid sequences but preserving their conformational 

similarity. However, Russell et al. (1978) questioned what selective pressure would have 

led to similar conformation patterns of the two domains, despite considerable changes in 

covalent structure. These authors suggested that domain I may have possessed an active 

site that has only recently changed; perhaps by the loss of a cysteine residue. This would 

mean that the N-terminal domain's (1) structural similarity to the C-terminal domain (II) 

would only be a reflection of its ancestral function. 
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There is an extensive salt bridge network in rhodanese. All the six residues creating these 

salt bridges are in the vicinity of the active site (Ploegman et aI., 1978). The two 

independent domains of rhodanese are orientated with respect to each other by two of 

these salt bridges. The salt bridges between Glu-71 and Arg-248, and Arg-l10 and Asp-

272 span across the domain interface (Luo and Horowitz, 1994). 

The folding of the two domains of bovine liver rhodanese is very similar, showing 

symmetry between, as well as within, each domain. It was, therefore, surmised that the 

amino acid sequence of each domain would show extensive identity, but this was not to 

be found (Ploegman et al., 1978). Atypically, the rhodanese enzyme assumes equivalent 

tertiary structures but with differing amino acid sequences in each domain. Ploegman et 

al. (1978) proposed that the two domains may have arisen out of gene duplication and 

divergence, resulting in altered amino acid sequences but preserving their conformational 

similarity. However, Russell et al. (1978) questioned what selective pressure would have 

led to similar conformation patterns of the two domains, despite considerable changes in 

covalent structure. These authors suggested that domain I may have possessed an active 

site that has only recently changed; perhaps by the loss of a cysteine residue. This would 

mean that the N-terminal domain's (1) structural similarity to the C-terminal domain (II) 

would only be a reflection of its ancestral function. 
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1.9) The functional rolt. of rhodanese 

Although the rhodanese enzyme is well characterized and it has been used extensively in 

studies on protein folding, mitochondrial import and chaperonin assisted folding (Luo and 

Horowitz, 1994), to date the physiological role of the enzyme is still not well understood 

(Nagahara and Nishino, 1996). It was initially thought that the physiological role of 

rhodanese was the detoxification of cyanide due to its in vitro activity of cyanide 

conversion to thiocyanate (Knowles, 1976; Miller et aI. , 1991). Discoveries of rhodanese 

in the mitochondria of mammalian cells , and that cyanide-inhibited cytochrome oxidase 

is reactivated by the addition of rhodanese and thiosulfate, appeared to confirm this 

proposal (Knowles, 197C). 

In cyanophoric plants which release cyanide by enzymic cleavage of cyanogenic 

glucosides, rhodanese may indeed act as a detoxifying enzyme (Cerletti, 1986). If 

ingested by mammals, however, these cyanogenic materials are not metabolized by 

intestinal enzymes to cyanide. Rather, cyanide liberation is probably the result of 

intestinal flora (Cerletti, 1986). However, it has been recognised by many authors that 

the quantity of cyanide i'1 vivo , or synthesized in biological systems, cannot account for 

the ubiquity or kinetic rate of rhodanese activity observed (Finazzi Argo et aI., 1971; 

Ogata et aI., 1989). 

A second detoxifying role proposed for rhodanese was the disposal of highly neurotoxic 

free sulfide. This su. fide is produced by cystathionase (cysteine desulfhydrase) 

catabolism of cysteine. The sulfide released from cysteine is thought to be used by 

rhodanese to form thiosulfate (Cerletti, 1986). However, the weakness of this proposal is 

the inefficient integration of these two enzymes into a detoxification mechanism, as 

cystathionase is confined to the cytosol while rhodanese is found exclusively In 

mitochondria (Westley, 1973). A more plausible argument for the functional role of 

rhodanese, and for whid the evidence is mounting, is that rhodanese plays a pivotal role 
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in the activation of enzymes of oxidative metabolism through the transfer of sulfane­

sulfur atoms to non-heme iron proteins. 

Rhodanese has been postulated to participate in the biological mechanism by which the 

prosthetic group in an iron-sulfur protein is formed (Pagani et aI., 1982). Finazzi Argo et 

al. (1971) suggested that the non-protein component of conjugated proteins probably 

comes from outside the mitochondrial and chloroplastic matrix. In terms of iron-sulfur 

proteins it seems unlikely that inorganic sulfide is the source of 'labile' sulfide in vivo. 

Rather, there are three sulfurtransferases which, in the presence of their substrates and a 

thiol reducing agent, can catalyse the conversion of sulfur to sulfide. These enzymes are 

~-mercaptopyruvate sulfurtransferase, rhodanese, and thiosulfate reductase (Ogata and 

Volini, 1990). Thiosulfate, which is freely diffusible into and readily metabolized in 

mitochondria, may be the source of 'labile' sulfide (Finazzi Argo et aI., 1971). 

Rhodanese has been considered as a carrier protein that transfers 'labile' sulfide to non­

heme iron proteins of the electron transport chain (Finazzi Argo et aI., 1971). Thus a 

possible role for rhodanese in the formation or reconstitution of iron-sulfur proteins was 

suggested by its apparent ability to transfer sulfur from the sulfane oxidation state in 

thiosulfate to iron-sulfur proteins where it is inserted as sulfide (Pagani and Galante, 

1983). 

This argument stems out of reports that rhodanese is able to protect the 'labile' sulfide of 

iron-sulfur proteins by the reversible insertion of sulfide into Fe-S clusters of non-heme 

iron proteins. It was found that there was a direct relation between sulfide insertion and 

enzyme reactivation of NADH dehydrogenase (Pagani and Galante, 1983), xanthine 

oxidase (Nishino et aL. 1983) and succinate dehydrogenase (Bonomi et aI., 1977). 

Rhodanese was also able to reconstitute ferredoxin apoprotein to active ferredoxin by 

transferring the sulfane-sJlfur from thiosulfate to the 2Fe-2S cluster of spinach ferredoxin 

and the two 4Fe-4S cbsters of ferredoxin purified from Clostridium pasteurianum 

(Pagani et al., 1982). The model proposed for rhodanese-assisted Fe-S cluster formation 

and insertion (Fig 1.7) suggests that dihydrolipoate, a known acceptor of sulfide from 
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rhodanese, is the participating reducing agent as it is able to complex with ferric iron and 

thus may serve as the iron carrier for Fe-S cluster formation (Cerletti, 1986). Notably, 

when rhodanese and thiosulfate substituted for inorganic sulfide the rate of cluster 

formation increased 3-4 fold (Cerietti, 1986). 
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Fig 1.7: Rhodanese assisted Fe-S cluster formation of spinach and Clostridium ferredoxin. Rhodanese 
initiates the process by supplying sulfur to dihydrolipoic acid or dihydrolipoamide. Reproduced from 
Cerletti (1986) . 

It was observed, in work using succinate dehydrogenase as the thiophilic acceptor, that in 

the presence of thiosulfate there is little or no transfer of its sui fane-sulfur to this enzyme. 

However, if rhodanese was incorporated into the system, sulfide was inserted and 

rhodanese was fully reloaded by thiosulfate (Bonomi et aI., 1977). In all cases, sulfide 

insertion required the presence of rhodanese and was specific for iron-sulfur proteins. No 

binding was observed with proteins which have no iron-sulfur clusters in their native state 

(Pagani et aI., 1982). 

These findings suggest that rhodanese functions as a protein sulfurase regenerating the 

2Fe-2S and 4Fe-4S redox centers of iron-sulfur proteins (Ogata et ai., 1989; Pagani et aI., 
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1993). In doing so, rhodanese may be functionally linked to the electron transport chain 

in mitochondria and chloroplasts (Finazzi Argo et aI., 1971). 

The ability of iron-sulfur proteins to act as substrate thiophilic acceptors of rhodanese 

catalyzed reactions has led Ogata et at. (1989) to propose a more plausible argument for 

the functional role of rhodanese. These authors suggest that rhodanese in mitochondria 

serves as a converter eni::yme which directly alters the rate of the electron transport chain 

activity by reversible sulfuration of the respiratory chain iron-sulfur proteins. This in turn 

will regulate ATP production in the mitochondria. By acting in a bicyclic cascade system 

rhodanese participates in a mechanism by which mitochondria can recognize and meet 

changing energy demands (Ogata et aI., 1989). 

The discovery that bovine mitochondrial rhodanese alternates between a phosphorylated 

and dephosphorylated state (the probable site of the phosphoryl group being Ser-124) led 

Ogata et al. (1989) to propose a model in which rhodanese participates in direct 

interactions with key imn-sulfur proteins of the electron transport chain. The model 

proposes that dephosphorhodanese is phosphorylated by A TP in a reaction mediated by a 

cAMP-independent rhodanese kinase, an enzyme which has been identified in liver 

mitochondrial extracts (Ogata et aI., 1989). Phosphorylation of dephosphorhodanese 

results in an immediate conformational transition which brings the side-chain of Cys-247 

into close proximity with one of the four cysteine sulfhydryl groups found in the enzyme 

(Russell et at., 1978; Ogata et aI., 1989). This results in the formation of an 

intramolecular disulfide bridge, which renders the phosphorhodanese inactive to sulfane 

donor substrates, but able to extract 'labile' sulfide from non-heme iron-sulfur proteins of 

the electron transport chain. This causes a down-regulation of the rate of electron 

transport and thus a decrease in ATP production during periods of low energy 

requirement (Ogata et aI., 1989). 

The 'labile' sulfide extracted by the phosphorhodanese reduces the disulfide bridge 

formed by the phosphorylation event, giving rise to an enzymic persulfide. This 
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persulfide sulfur is transferred to either cysteine or another sulfur acceptor. The 

phosphorhodanese can either undergo oxidation to accept more 'labile ' sulfide to 

maintain the down-regulation of ATP synthesis, or it is dephosphorylated by a protein 

phosphatase (Ogata et aI. , 1989). If dephosphorhodanese is formed, it accepts a sulfur 

atom from a sulfane-sulfur donor substrate and transfers the sulfur atom to an iron-sulfur 

center reconstituting non-heme iron proteins of the electron transport chain. This 

consequently increases the rate of electron transport, thereby up-regulating A TP synthesis 

(Ogata et aI. , 1989) 

It is the 'labile' sulfide extracted by the phosphorhodanese which rhodanese uses to 

modulate the rate of electron transport by the direct activation or inhibition of non-heme 

iron proteins. The model assumes that rhodanese is acted upon by a signal pathway that 

involves a protein kinase and phosphatase. The bicyclic rhodanese cascade may be the 

terminal phase of pathways by which hormones and neurotransmitters signal changes in 

ATP production and oxygen consumption (Ogata and Volini, 1990). 

Supporting this model was the finding that bovine liver mitochondrial rhodanese is bound 

to the mitochondrial membrane as a component of multiprotein complexes that form iron­

sulfur centers in situ (Ogata and Volini, 1990). Miller et al. (1991) in their investigation 

of rhodanese post-translational modification suggested that the cleavage of three carboxyl 

terminus amino acids might assist in maintaining the close association of rhodanese with 

these centers at the matrix membrane. The duplication of the tripeptide at the carboxyl 

terminus might act as a retention signal for localization within the matrix (Miller et aI., 

1991 ). 

Kelly et al. (1997), however, reiterated the question of whether rhodanese does playa role 

in sulfur metabolism as the enzymology involved in the conversion of the central sulfane 

atom of polythionates to sulfate in sulfur oxidizing microbes is not yet resolved. 

Rhodanese may thus be considered as one of the enzymes necessary for the 'sulfane pool' 

(Cerletti, 1986). 

31 

persulfide sulfur is transferred to either cysteine or another sulfur acceptor. The 

phosphorhodanese can either undergo oxidation to accept more 'labile' sulfide to 

maintain the down-regulation of ATP synthesis, or it is dephosphorylated by a protein 

phosphatase (Ogata et al., 1989). If dephosphorhodanese is formed, it accepts a sulfur 

atom from a sulfane-sulfur donor substrate and transfers the sulfur atom to an iron-sulfur 

center reconstituting non-heme iron proteins of the electron transport chain. This 

consequently increases the rate of electron transport, thereby up-regulating A TP synthesis 

(Ogata et ai., 1989) 

It is the ' labile' sulfide extracted by the phosphorhodanese which rhodanese uses to 

modulate the rate of electron transport by the direct activation or inhibition of non-heme 

iron proteins. The model assumes that rhodanese is acted upon by a signal pathway that 

involves a protein kinase and phosphatase. The bicyclic rhodanese cascade may be the 

terminal phase of pathways by which hormones and neurotransmitters signal changes in 

A TP production and oxygen consumption (Ogata and Volini, 1990). 

Supporting this model was the finding that bovine liver mitochondrial rhodanese is bound 

to the mitochondrial membrane as a component of multiprotein complexes that form iron­

sulfur centers in situ (Ogata and Volini, 1990). Miller et al. (1991) in their investigation 

of rhodanese post-translational modification suggested that the cleavage of three carboxyl 

terminus amino acids might assist in maintaining the close association of rhodanese with 

these centers at the matrix membrane. The duplication of the tripeptide at the carboxyl 

terminus might act as a retention signal for localization within the matrix (Miller et al., 

1991 ). 

Kelly et al. (1997), however, reiterated the question of whether rhodanese does playa role 

in sulfur metabolism as the enzymology involved in the conversion of the central sulfane 

atom of polythionates to sulfate in sulfur oxidizing microbes is not yet resolved. 

Rhodanese may thus be considered as one of the enzymes necessary for the 'sulfane pool' 

(Cerletti , 1986). 

31 



Univ
ers

ity
 of

 C
ap

e T
ow

n

The discovery of rhodanese in a wide range of eubacteria, but more importantly in the 

thiobacilli, suggested that in these microbes, at least, rhodanese plays a role in sulfur 

metabolism (Knowles, 1976). 

Silver and Lundgren (1968) proposed that rhodanese may be directly involved in sulfur 

metabolism in the thiobacilli where its thiosulfate hydrolysing activity yields sulfur and 

sulfite. Rhodanese activity has been detected in, and the enzyme purified from, T. 

ferrooxidans (Tabita et ai, 1969). However, Pronk et ai. (1990) felt that this role was 

unlikely due to the near-quantitative formation of tetrathionate from thiosulfate oxidation 

observed in T. ferrooxidans. 

The possible physiological role of rhodanese as a cyanide and inorganic sulfide 

detoxifying enzyme, and now as an iron-sulfur protein sulfurase suggests a multiplicity of 

roles for this sulfurtransferase. However, what must be stressed is that the rhodanese 

mediated transfer of sulfane-sulfur of thiosulfate to cyanide has only been demonstrated 

in. vitro. Likewise, the reconstitution of iron-sulfur apoproteins has only been 

demonstrated in. vitro (Miller et aI., 1991). Two different functions, and even an 

argument that rhodanese is a biochemical relic (Schievelbein et ai., 1969; Knowles, 1976; 

Cerletti, 1986), has left the physiological role of rhodanese still open to debate. 

1.10) Comparison of rhodanese and rhodanese-like enzymes 

The discovery of rhodanese in both eukaryotes and prokaryotes has led to investigations 

into the structural and possible evolutionary relationships among the sulfurtransferase 

enzyme family (Knowles , 1988). 

Structural comparisons between the active site of rhodanese and cytosolic 

mercaptopyruvate sulfurtransferase (MST) suggested that these two enzymes are 

evolutionarily related (Nagahara et at., 1995). Although these two enzymes were 

considered to be different due to their substrate specificity, it was found that MST could 
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transfer a sulfur ion from thiosulfate or mercaptopyruvate to the molybdenum ligand of 

xanthine oxidase. Therefore, the apparent rhodanese activity of MST lead to 

investigations into the relatedness of the two enzymes. It was found that the critical Cys­

247 and substrate binding Arg-186 in rhodanese were conserved in MST. However, Arg­

248 and Lys-249 found in the active site of rhodanese were replaced by Gly and Ser, 

respectively, in MST (Nagahara et at., 1995). 

Site-directed mutagenesis studies using cloned rat liver rhodanese were undertaken in an 

attempt to convert rhodanese to rat liver MST. Amino acid exchange experiments 

showed that replacement of Arg-248 of rat rhodanese with Gly did not affect rhodanese 

activity; that replacement of Lys-249 with Ser decreased rhodanese activity but did not 

effect MST activity; and replacement of Lys-249 with Ala completely eliminated 

rhodanese activity highlighting the importance of this residue in binding thiosulfate. 

Double replacement of Arg-248 and Lys-249 with Gly and Ser, respectively, decreased 

rhodanese and increased MST activity (Nagahara et at., 1995). This demonstrated that 

Arg-248 and Lys-249 were critical residues in determining MST or rhodanese activity. 

The partial conversion of rhodanese to MST by replacement of only two amino acids in 

the active site, together with a 66% sequence identity strongly suggests that these two 

enzymes are evolutionarily related members of the same enzyme family (Nagahara et at., 

1995). Subsequently, Nagahara and Nishino (1996) attempted to convert rat liver MST to 

rhodanese by site-directed mutagenesis of the essential amino acids in the active site. The 

replacement of the Cys-247 residue with Ser completely abolished both MST and 

rhodanese activity indicating that Cys-247 of MST was the catalytic site at which the 

persulfide link is formed. The substitution of Gly-248 and Ser-249 of MST with Arg and 

Lys, respectively, resulted in an increase in the ratio of rhodanese to MST activity 

(Nagahara and Nishino, 1996). Arg-186 is conserved, like Cys-247, between the 

rhodanese and MST sequences. Replacement of MST Arg-186 with Gly resulted in 

decreased rhodanese and MST activity confirming that this amino acid is the essential 

residue for binding thiosulfate and mercaptopyruvate, respectively (Nagahara and 

Nishino, 1996). Arg- -96 is unique to MST and it facilitates the catalysis of 
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mercaptopyruvate, but hinders that of thiosulfate. Possibly the positively charged side 

chain of Arg-196 interacts with the carboxyl group of mercaptopyruvate and assists in 

polarizing the substrate (Nagahara and Nishino, 1996). Thus, in these experiments, MST 

was partial1y converted to rhodanese, again confirming the evolutionary relatedness of 

rhodanese to MST. 

Rhodanese activity has been detected in many prokaryote species. Using a technique for 

the rapid detection of intracel1ular rhodanese, Vandenbergh et al. (1979) detected 

rhodanese in Bacillus subtilis, B. megaterium, various Pseudomonas aeruginosa isolates, 

Acinetobacter calcoaceticus subspecies, and strains of Shigella. Rhodanese has also been 

detected in many thiobacilli. Some of the prokaryote rhodanese enzymes have been 

purified and enzymes characterized. 

Alexander and Volini (1987) purified an enzyme from Escherichia coli that displayed 

rhodanese activity. This ~nzyme had a radius of 17 Aand a molecular weight of 14 kDa; 

approximately half that of bovine rhodanese. Like the bovine rhodanese, this E. coli 

rhodanese was phosphorylated by protein kinase, and inactivated by autoxidation. The 

active enzyme could be reactivated by cysteine which is thought to be the result of its 

conversion from the inert dimeric form to the active monomer (Alexander and Volini, 

1987). This E. coli rhodanese also demonstrated the double displacement (Ping-Pong) 

mechanism of bovine liver rhodanese by forming a binary Michaelis-Menten complex 

which transfers bound sulfenyl sulfide to a thiophilic acceptor fol1owing discharge of 

sulfide (Alexander and VJlini, 1987). 

This E. coli rhodanese was able to catalyze the formation of iron-sulfur centers at a rate 

that was three-fold higher than that of thiocyanate formation at physiological pH 

(Alexander and Volini, 1987). However, this enzyme had a catalytic activity that was 

40% lower than that of bovine rhodanese. It was presumed by these authors that the E. 

coli rhodanese has a single domain structure which would be unable to be 

conformationally mobile jke bovine rhodanese. Due to its large double domain structure, 
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bovine rhodanese is able to undergo a conformational change upon formation of the 

enzyme-substrate complex. This domain movement, relative to each other, results in 

distortion of the persulfide bond aiding bond cleavage (Alexander and Volini, 1987). 

Thus, the single domain structure of this E. coli rhodanese would account for its lower 

enzyme activity (Alexander and Volini, 1987). 

Two rhodaneses have been identified in E. coli. One is localized in the periplasmic space 

and the other within the cytoplasmic membrane (Alexander and Volini, 1987). The 

proximal location of the periplasmically located E. coli rhodanese to the aerobic 

respiratory chain and its observed ability to catalyse iron-sulfur centers adds weight to the 

protein sulfurase proposal put forward by Ogata et al. (1989). Further evidence has 

shown that the E. coli rhodanese is regulated by the cAMP-cAMP receptor protein 

system, subject to catabolite repression, and has an observable maximal specific activity 

under limiting oxygen conditions, as do the E. coli respiratory chain enzymes, succinate 

dehydrogenase, NADH cxidase and cytochrome a2 (Alexander and Volini, 1987). 

An enzyme displaying rhodanese-like activity was cloned by Hama et al. (1994) from E. 

coli. The product from the designated sseA gene showed 50 and 35% nucleotide and 

amino acid identity to rat rhodanese. It consisted of 238 amino acid residues and had a 

calculated molecular we.ght of 26.1 kDa (Hama et al., 1994). However, Nagahara and 

Nishino (1996) suggestd that this enzyme was in fact an E. coli MST as it had higher 

nucleotide and amino acid sequence identity to rat MST. Nagahara and Nishino (1996) 

postulated that the SseA protein was in fact an evolutionary prototype of the two families 

of enzymes. 

Overexpression of the SseA protein resulted in the retardation of isoleucine biosynthesis 

in E. coli (Hama et al., 1994). Cysteine is synthesized from serine and is known to 

inhibit isoleucine biosynthesis. Therefore, an explanation given was that the SseA 

protein elevated the levds of cysteine synthesis thereby inhibiting isoleucine synthesis 

(Hama et al., 1994). It is interesting to note that the addition of cysteine to autoxidized E. 
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coli rhodanese can partially or completely reactivate the enzyme (Alexander and Volini, 

1987). 

A gene with 50.7% amino acid similarity to bovine liver rhodanese was cloned from 

Saccharopolyspora erythraea, and its chromosomal copy inactivated by a recombination 

event involving disruption of the gene with an apramycin marker (Donadio et al., 1990). 

This resulted in a S. erythraea cysteine auxotroph. However, this auxotroph and wild­

type S. erythraea both demonstrated equivalent levels of rhodanese activity. In an 

attempt to explain this, the authors suggested that the gene coded for a different enzyme 

that was evolutionarily related to rhodanese and possibly had a similar function (Donadio 

et al., 1990). The finding of two rhodanese forms in E. coli (Alexander and Volini , 1987) 

seems to strengthen this argument, but no additional bands were identified in genomic 

digests of S. erythraea when this gene was used as a probe in Southern hybridization 

(Donadio et at., 1990). 

This S. erythraea cysteine auxotroph was unable to grow on minimal media unless 

supplemented with cysteine or methionine. If the minimal media contained thiosulfate, 

but not sulfate or sulfi te, the auxotroph was able to grow (Donadio et al., 1990). 

Considering that rhodanese had been demonstrated in other systems to catalyse the 

reversible transfer of sulfane-sulfur between sulfite and thiosulfate it is suggested by the 

authors that this rhodanese-like CysA protein assisted in the cysteine biosynthesis 

pathway of S. erythraea (Donadio et ai ., 1990). 

A prominent 33 kDa polypeptide was found to accumulate to high levels in the 

Synechococcus sp. PCC 7942 when the cyanobacterium experienced sulfur-limited 

growth (Laudenbach et at., 1991). This polypeptide was localized to the periplasmic 

space and encoded by a gene with a deduced amino acid sequence showing 21 % 

similarity to the rhodanese-like protein of S. erythraea (Donadio et al.,1990) and 26% 

similarity to bovine liver rhodanese. In comparison to bovine liver rhodanese, the active 
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site Cys-247 was conserved, and this polypeptide was of similar size (Laudenbach et al., 

1991 ). 

Similarly to the study on S. erythraea (Donadio et al.,1990), the rhdA gene of 

Synechococcus sp. PCC 7942 was interrupted by integration of a spectinomycin 

resistance marker. As this rhodanese-like enzyme was located adjacent to the genes 

encoding the sulfate permease the authors wanted to study the role of this enzyme in 

sulfur metabolism (Laudenbach et al., 1991). While the rhdA mutant no longer expressed 

the RhdA protein under sulfur-limited growth conditions it still exhibited basal levels of 

rhodanese activity. Like the CysA protein of S. erythraea (Donadio et al., 1990), the 33 

kDa protein of Synechococcus sp. PCC 7942 exhibited nominal rhodanese activity 

(Laudenbach et al., 1991). However, elimination of the 33 kDa protein by mutagenesis 

had resulted in the limitation of the number of inorganic sulfur sources that the 

cyanobacterium could grow on (Laudenbach et al., 1991). This lead the authors to 

suggest that the rhodanese activity of this polypeptide may not represent its primary 

function and that this non-specific enzyme may simply enhance the transport of inorganic 

sulfur into the cell (Laudenbach et al., 1991). 

Contrarily, the expression of the rhdA gene found in Azotobacter vinelandii was not 

controlled by the external sulfur source on which the bacterium was cultured (Colnaghi et 

ai. , 1996). This rhodanese enzyme displayed typical rhodanese activity as it was capable 

of using only thiosulfate as a donor substrate (Colnaghi et al., 1996). Although this 30 

kDa enzyme was of similar size to bovine liver rhodanese it had low amino acid sequence 

similarity to bovine liver rhodanese. Significantly, the prokaryotic rhodanese-like 

proteins described above show low sequence similarity even between themselves 

(Colnaghi et al., 1996). Amino acid sequence analysis of the A. vinelandii RhdA protein 

revealed that the active site Cys residue of bovine liver rhodanese is conserved, but that 

basic residues thought to be catalytically important are not (Colnaghi et al., 1996). 

Residual rhodanese activity in A. vinelandii rhdA mutants suggested that this bacterium 

may also contain more than one enzyme with rhodanese activity (Colnaghi et al., 1996). 
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A prokaryote sulfane sulfurtransferase of 17 kDa was purified from Acinetobacter 

calcoaceticus lwoffi which had a predominance of a-helices in its secondary structure, 

unlike bovine rhodanese (Aird et aI., 1987a; Aird and Horowitz, 1990). Due to the size 

of the bacterial sulfurtransferase it is unlikely to have the same conformational mobility 

as bovine rhodanese, a point made by Alexander and Volini (1987) for E. coli rhodanese 

of similar size. The bacterial sulfane sulfurtransferase has only one cysteine residue, as 

opposed to four in bovine rhodanese, and thus cannot form intramolecular disulfides or 

disulfide bonded aggregates (Aird and Horowitz, 1990). 

This prokaryote sui fane sulfurtransferase has the unique property among known 

prokaryote rhodaneses of varying its formal mechanism with respect to its acceptor 

substrate (Aird et aI., 1987a). With inorganic thiosulfate as the sulfane-sulfur donor 

substrate and cyanide as the thiophilic acceptor the enzyme displayed a double 

displacement mechanism like that of mammalian rhodanese. In contrast, with a thiol as 

the acceptor substrate the reaction proceeded by a single displacement mechanism 

reminiscent of the sulfurtransferase thiosulfate reductase (Aird et al., 1987a). Thiosulfate 

reductase (Be 2.8.1.3), however, is unable to transfer the sulfane-sulfur of thiosulfate to 

cyanide (Westley, 1973). When dithiothreitol is the acceptor substrate the sulfane 

sulfurtransferase cycles through both the single and double displacement mechanisms 

(Aird et al., 1987a). When cyanide was used as an acceptor substrate the 

sulfurtransferase demonstrated substrate inhibition by thiosulfate, and sulfite was a non­

competitive inhibitor with respect to thiosulfate. The enzyme displayed enzyme 

inhibition by competing non-substrate anions, as sulfate was a competitive inhibitor of 

the sulfurtransferase when thiosulfate was used as a substrate (Aird et al., 1987a). 

A 35 kDa rhodanese monomer had been previously purified from an A. calcoaceticus 

strain that demonstrated constitutive expression of this enzyme (Vandenbergh and Berk, 

1980). Unlike the sulfUitransferase purified from A. calcoaceticus by Aird et al. (1987a), 

this enzyme demonstrated strict thiosulfate specificity. The rhodanese was sensitive to 
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the thiol-group alkylators N-ethylmaleimide and iodoacetate, and was strongly inhibited 

by sulfite. The reducing agents cysteine-Hel, reduced glutathione and mercaptoethanol 

enhanced enzyme activity (Vandenbergh and Berk, 1980). 

In photosynthetic bacteria rhodanese has been detected in Rhodopseudomonas 

spheroides, R. paiustris, Rhodospirillum rubrum and Chromobacterium vioiaceum (Yoch 

and Lindstrom, 1971). In C. violaceum it was found that the expression of rhodanese 

only occurred after cyanogenesis (Rodgers and Knowles, 1978). It is known that C. 

violaceum is able to cOidense cyanide with cysteine forming p-cyanoalanine which is 

then metabolized to aspartate (Rodgers and Knowles, 1978; Padmaja and Balagopal, 

1985). However, Rodgers and Knowles (1978) did not speculate as to the possible role of 

rhodanese except to nJte that rhodanese, p-cyanoalanine synthase and y-cyano-a­

aminobutyric acid synthase expression increased with the onset of stationary phase. 

However, in a later study by Rodgers (1982) the author noted that the three enzymes 

thought to be active in cyanide assimilation for C. violaceum were only demonstrated in 

vitro and that in vivo the accumulation of only p-cyanoalanine suggested that p­

cyanoalanine synthase was the only cyanide-utilizing enzyme operating in a cyanide 

assimilation pathway. Despite this, Padmaja and Balagopal (1985) felt that rhodanese in 

fungi may be used in cyanide assimilation, as some fungi utilize cyanide in the synthesis 

of alanine, glutamine, and asparagine. 

Rhodanese in P. aeruginosa was localized to the periplasmic space (Ryan et ai., 1979). 

Unlike C. violaceum, P. aeruginosa constitutively expressed rhodanese regardless of the 

source of inorganic sulfur provided for growth (Schook and Berk, 1978). 

The only reference to extracellular rhodanese comes from the fungus Rhizopus oryzae for 

which 78% of the rhodanese activity was detected extracellularly (Ray et al., 1990). This 

fungus was able to oxidize thiosulfate and elemental sulfur to sulfate which the authors 

felt implicated rhodanese in sulfur oxidation (Ray et al., 1990). It was found that cyanide 

was an efficient inducer of rhodanese although the reaction products sulfite and 
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thiocyanate inhibited rhodanese (Ray et ai., 1990). Sulfite was also a strong inhibitor of a 

Streptomyces sp. rhodanese when the organism was grown in thiosulfate supplemented 

media (Oi and Yamamoto, 1977). High concentrations of thiosulfate repressed growth of 

the Streptomyces sp. although the presence of thiosulfate induced rhodanese expression 

six fold. Cyanide and cysteine did not appear to inhibit rhodanese activity (Oi and 

Yamamoto, 1977), but n~ither were tested as inducers of rhodanese expression. 

Enhancement of rhodanese activity by the addition of cyanide to media has been reported 

for R. palustris and Tniobacillus denitrificans (Padmaja and Balagopal, 1985). R. 

palustris doubled its rhodanese activity (Yoch and Lindstrom, 1971), and T. denitrificans 

increased its rhodanese activity three-fold (Bowen et al., 1965) in cyanide supplemented 

media. 

The T. denitrificans rhooanese has an apparent molecular weight of 38 kDa (Bowen et ai., 

1965). A smaller enzymatically active sub-unit of 9 kDa which could be further 

hydrolyzed in mercaptoethanol to a 2 kDa and a 7 kDa fragment was also purified 

(Bowen et ai., 1965). This may indicate the presence of two isoenzymes in T. 

denitrificans, as reported for E. coli (Alexander and Volini, 1987). The 38 kDa 

rhodanese monomer exhibited sulfite, iodoacetamide and N-ethylmaleimide inhibition 

(Bowen et ai., 1965). Therefore, the enzyme was susceptible to end product inhibition, 

while the thiol-group alkylators demonstrated that thiol groups were present in the active 

site (Bowen et ai., 1965). These thiol-group alkylators also inactivated the rhodanese 

enzyme purified from T. ferrooxidans (Tabita et ai., 1969). Although the authors did not 

stipulate which were used, the rhodanese enzyme of the sulfate-reducing bacterium 

Desulfotomaculum nigrtl"icans was not inhibited by thiol group alkylators but it did show 

slight sulfite inhibition (Burton and Akagi, 1971). No rhodanese inhibition studies were 

undertaken for the facultative autotroph T. acidophilus although it demonstrated a marked 

increase in rhodanese acivity for cells cultivated in a sulfur medium compared with those 

cultivated in a glucose medium (Quay and Silver, 1975). 
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(Bowen et ai., 1965). Therefore, the enzyme was susceptible to end product inhibition, 

while the thiol-group alkylators demonstrated that thiol groups were present in the active 
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slight sulfite inhibition (Burton and Akagi, 1971). No rhodanese inhibition studies were 
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The detectable levels of rhodanese activity in cell free extracts of Thiobacillus novellus 

(Charles and Suzuki, 1966) and Thiobacillus intermedius (Charles, 1969) suggested to 

these authors that in th obacilli sulfur metabolism rhodanese initiated the cleavage of 

thiosulfate yielding sulfite. Unlike the cysteine inhibitory effect demonstrated by Hama 

et al. (1994) in E. coli, cysteine had no effect on elemental sulfur oxidation by cell free 

extracts of T. novellus (Charles and Suzuki, 1966). Cysteine did decrease the rate of 

sulfur oxidation in T. neapolitanus by 20%, a bacterium known to express rhodanese 

(Taylor, 1968). 

When dihydrolipoic acid and dihydroJipoamide where used as acceptor substrates for 

Para coccus versutus (Thiobacillus versutus, which was previously Thiobacillus A2), the 

cells catalyzed the cleavrge of thiosulfate producing a-lipoate and lipoamide, respectively 

(Silver and Kelly, 1976). In this reaction the persulfides of dihydrolipoate and 

dihydrolipoamide were fJrmed as intermediates (Silver and Kelly, 1976). The formation 

of sulfite and organic persulfides (e.g. dihydrolipoate persulfide) as end products of 

thiosulfate cleavage was attributed to the presence of rhodanese in P. versutus (Silver and 

Kelly, 1976). 

1.11) Rhodanese in biomining 

Rhodanese activity has Jeen demonstrated during experimental biooxidation of metal­

sulfide ores (Cwalina et al., 1988). In an attempt to establish criteria for the biooxidation 

suitability of T. ferrooxidans on metal-sulfide ores, certain enzymes involved in inorganic 

sulfur metabolism, partkularly sulfite oxidase, thiosulfate oxidase and rhodanese, were 

considered (Cwalina et ar., 1988). 

T. ferrooxidans F26-77 biooxidation of pyrite (FeS2), covellite (CuS), chalcopyrite 

(CuFeS2) and sphalerite (ZnS) was undertaken and the activities of these enzymes 

determined during biooxidation (Cwalina et al., 1988; Cwalina et al. , 1990a; Cwalina et 

al., 1990b). In all cases the enzyme activity of rhodanese increased during the course of 
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ore biooxidation (Cwalina et aI., 1988; Cwalina et aI., 1990a; Cwalina et aI., 1990b). 

However, it was observed that the increase in the studied enzymes did not accelerate the 

rate of zinc bioextraction from sphalerite (Cwalina et at., 1990b). Thus, the authors of 

these studies recognised that enzyme activity was not an appropriate criterion for 

determining culture suitability for ore biooxidation. Rather, it was argued that this 

increase of enzyme activity should be attributed to strain adaptation and acclimitization to 

a particular metal-sulfide ore, and that this resulted in enzyme induction (Cwalina et aI., 

1990a). 

1.12) Conclusion 

The wastage of cyanide during the cyanidation of refractory metal-sulfide ores pretreated 

by biooxidation is considered one of the major disadvantages of this 

biohydrometallurgical process. Although the formation of reactive sulfur species 

resulting from the oxidation of these ores by the resident mixed population of 

chemolithoautotrophic bacteria can contribute to non-enzymic cyanide wastage, the direct 

involvement of enzymic cyanide wastage must be considered. 

The production of thiocyanate is thought to account for the largest proportion of cyanide 

wastage. Although thiocyanate is formed by spontaneous chemical reactions of reactive 

sulfur species with cyanide, the in vitro activity of rhodanese defines this enzyme as a 

thiosulfate: cyanide sulfurtransferase. Therefore, rhodanese may contribute to cyanide 

wastage through the transfer of sulfenyl sulfur to cyanide, forming thiocyanate. 

The ubiquitous existence of rhodanese, and its detected activity in T. ferrooxidans, 

suggests that this enzyme is present in some, if not all, the chemolithoautotrophic bacteria 

responsible for refractory ore biooxidation. 

In spite of being defined as a thiosulfate: cyanide sulfurtransferase, rhodanese has 

demonstrated diverse catalytic abilities . To date, the physiological role of rhodanese is 
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still unclear and thus Knowles' (1973) definition as a general sulfane sulfurtransferase is 

probably the most descriptive. 

Colnaghi et al. (1996) elaborated on this description by arguing that the seemingly 

diverse functions in prokaryote rhodanese-like enzymes and the low sequence similarity 

of these polypeptides suggests that the rhodanese structure "may present an effective 

solution to general 'labile' sulfide transfer that occurs in more than one metabolic 

context". From the evidence presented, it seems possible that genetically and 

physiologically distinct rhodanese-like enzymes may coexist in the same cell. An 

extensive sequence comparison of prokaryote rhodaneses with bovine liver rhodanese by 

Colnaghi et al. (1996) resulted in the finding that through the introduction of gaps in the 

sequence of six surface loops present in one domain, but absent from the other, the N­

terminal and C-domains aligned according to the conformational duplication observed in 

bovine liver rhodanese. This suggests that the rhodanese structure was originally 

generated by gene duplication (Ploegman et aI., 1978; Colnaghi et ai., 1996). The 

different molecular weights of purified rhodanese and the demonstrated 

mercaptopyruvate sulfurtransferase activity of human rhodanese suggests that the 

rhodaneses originate from a common ancestor (Nagahara et al., 1995). The functionally 

diverse rhodaneses described for E. coli (Hama et ai., 1994), S. erythraea (Donadio et ai., 

1990), Synechococcus sp. PCC 7942 (Laudenbach et ai., 1991), and A. vinelandii 

(Colnaghi et ai., 1996) implicates a common ancestry from which evolved divergent 

families of enzymes (Colnaghi et al., 1996). 
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1.13) Aims of this project 

The main aim of this project was to identify the potential contribution to cyanide wastage 

by the predominant chemolithoautotrophic bacteria in the biooxidation process. The 

significant accumulation of thiocyanate during cyanidation, and the possibility that these 

microbes utilize a thiosulfate: cyanide sulfurtransferase to contribute to the formation of 

thiocyanate initiated the investigation into the potential rhodanese contribution to the 

wastage of cyanide duri ng cyanidation. The following approach was undertaken. 

The rhodanese activity of the microbial consortium present in a biooxidation pilot plant, 

and the rhodanese activity of pure cultures of relevant biomining chemolithoautotrophic 

bacteria, was determined. An attempt was made at defining the microbial population in 

the biooxidation pilot plant using a polymerase chain reaction (PCR) based restriction 

enzyme analysis technique. It was envisaged that together with the determined pure 

culture rhodanese activities of the relevant biomining bacteria, the PCR technique would 

assist in identifying which of the bacteria were responsible for rhodanese production. 

A second aim was tJ attempt to isolate the gene(s) for rhodanese from the 

chemolithoautotrophic bacterium that had the highest enzyme activity in pure culture. 

Since there is no direct selection for rhodanese activity in a bacterium like E. coli, a 

Southern hybridization approach was adopted. It was hoped that although taxonomically 

distant to A. vinelandii, the rhdA gene encoding the rhodanese enzyme in these microbes 

would yield a signal when genomic digests of the pure and biooxidation cultures were 

subjected to Southern hybridization using a probe constructed from the A. vinelandii rhdA 

gene. 
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2.1) Introduction 

Rhodanese is commonl~1 assayed using the method established by Sorbo (1953). This 

method is a colourimetric assay based on the spectrophotometric determination of the end 

product thiocyanate which is formed by the enzyme catalyzed reaction of thiosulfate with 

cyanide (Singleton and Smith, 1988). Two products are formed by the enzyme reaction 

with these substrates, namely thiocyanate and sulfite (equation 2.1). 

S20 ~- + CN- -7 SCN- + SO~- (2.1) 

Conventional rhodanese assays colourimetrically measure either thiocyanate or sulfite 

formation (Singleton and Smith, 1988). For example, both Vandenbergh et al. (1979) 

and Lu et al. (1983) developed an ethylenediaminetetraacetic acid (EDTA) and lysozyme 

cell lysis protocol for the rapid detection of intracellular rhodanese using the formation of 

thiocyanate as an indicator of rhodanese. Guilbault et al. (197 I), however, used sulfite as 

an indictor of rhodanese in non-denaturing polyacrylamide gels. The reaction of sulfite 

with CaCI2 yields a white precipitate, CaS03, which made the in situ visualization of 

rhodanese possible. In a non-conventional protocol for detection of rhodanese the 

intrinsic fluorescence of 5-dimethyl-amino-l-naphthalene thiosulfonate (DANTS) is used 

as an indicator (Aird et ai., 1987b). DANTS replaces thiosulfate in the conventional 

assay. Enzymatic cleavage of the sulfane-sulfur of DANTS by rhodanese releases the 

quenched fluorogen allowing for the visual detection of rhodanese in non-denaturing 

polyacrylamide gels (Aird et al., 1987b). 

The method developed by Sorbo (1953) for the detection of thiocyanate is still the most 

commonly used method for the detection of rhodanese, although the assay protocol has 

undergone slight modifications. One of the initial problems with the assay was the 

formation of an interfering blue complex formed upon addition of the ferric nitrate colour 

reagent to the reaction mixture. This blue complex was attributed to the formation of an 

iron-thiosulfate complex. This complex was subsequently prevented by the addition of 

formaldehyde to the assay protocol (Sorbo, 1963). Formaldehyde also has the added 
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feature of tenninating the reaction by stripping the reaction mixture of the cyanide 

through the fonnation of cyanohydrins (Singleton and Smith, 1988). Another problem 

with the assay is the instability of the ferric-thiocyanate colour. The colour instability was 

attributed to the reaction between the nitric acid component of the colour reagent and 

thiocyanate (Nor and Tabatabai, 1975). This instability is promoted in the presence of 

ferric irons and light (Nor and Tabatabai, 1975). These factors were taken into account 

for the colourimetric assays perfonned in this study. 

Possibly the most important consideration for the rhodanese assay is the potential for 

non-biological interference (Westley, 1973). Singleton and Smith (1988) established that 

during the standard (conventional) rhodanese assay three thiocyanate contributing 

reactions can occur. The first of these is the reaction catalyzed by the enzyme (equation 

2.1). The second is the non-enzymic reaction between thiosulfate and cyanide yielding 

thiocyanate and sulfite. In other words, the spontaneous chemical reaction of equation 

2.1. Lastly, the fonnation of thiocyanate may occur by the spontaneous cyanolysis of 

elemental sulfur forming thiocyanate (equation 2.2). 

SO + CN- ~ SCN- (2.2) 

Singleton and Smith (1988) felt that if these reactions were not taken into account results 

obtained should be deemed questionable. Secondly, assay protocols that attempted to 

account for these reactions usually involved the addition of fonnaldehyde to the reaction 

mixture prior to the enzyme suspension and cyanide. This was done under the 

assumption that the fonnaldehyde would denature the enzyme suspension, and this would 

enable the spontaneous chemical fonnation of thiocyanate to be assayed. Such an assay 

control was shown by Singleton and Smith (1988) to be inappropriate as formaldehyde 

rapidly removes cyanide from the reaction mixture. Thus, any non-biological reactions 

would be unable to proceed. Rather, the enzyme suspension should be boiled to denature 

the enzyme, and fonnaldehyde used exclusively to tenninate the assay (Singleton and 

Smith, 1988). 
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It was due to these assay problems, and the solutions offered, that the rhodanese assay 

protocol of Singleton and Smith (1988) was followed throughout the current work 

presented. Assay modifications and optimization were investigated for the use of this 

assay to determine the presence of rhodanese in the biomining bacteria. 
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2.2) Materials and Methods 

2.2.1) Bacterial strains and growth: T. ferrooxidans ATCC 33020 and T. thiooxidans 

A TCC 19377 were batch cultured in 800ml tetrathionate media at 30°C with constant 

shaking. T. ferrooxidans A TCC 33020 was grown in 5mM tetrathionate media pH 1.6, 

while T. thiooxidans ATCC 19377 was grown in 2.5mM tetrathionate media pH 2.0. The 

tetrathionate media used throughout this study is described in detail in Appendix A(i) . L. 

ferrooxidans DSM 2705 was cultured in 800ml 9K iron media pH 1.6 at 30°C with 

constant shaking. The 9K iron media is described in detail in Appendix A(ii). Strains 

used in this study are described in Appendix B. 

The biooxidation pilot plant (Dept. of Chemical Engineering, University of Cape Town 

[UCT]) was inoculated with a natural population of mesophiles obtained from the Biox® 

bioreactors at the Fairview mine (South Africa). The culture was maintained in a 23 litre 

fed-batch culture on a pyrite-arsenopyrite concentrate obtained from the Fairview mine at 

40±I°C and pH 1.65±O.2. The concentrate sample contained 7% As, 26% Sand 24% Fe, 

and 86% of the material was finer than 751lm. The mineral analysis of the concentrate 

was 16% FeAsS and 41 % FeS2 (A. Breed, per. comm.). The bioreactor was agitated by a 

pitched (45°C) six-bladed turbine impeller rotating at 570rpm. The impeller was driven 

by a 0.37kW Flender Himmel motor. The polyvinyl chloride (PVC) 230mm diameter 

bioreactor had four baffles aligned at 90°, and separate internal heating and cooling coils . 

The temperature control system consisted of an Electrolink LM35 temperature sensor and 

a Hitech Micro Systems temperature controller. The pH was determined by a Foxboro® 

871PH electrode and a Foxboro® Electrochemical analyzer was used to control H2S04 

and NaOH addition to maintain the pH. Acid and base addition was achieved through 

separate circuits. Aeration was achieved using compressed air and the feed rate was 

maintained by a rotameter. Air was sparged below the impeller for maximum gas 

dispersion. A YSI Model 5739 dissolved oxygen probe was used to maintain a dissolved 

oxygen concentration of ±6mg.r 1
• A Prominent® gammaJ40216 diaphragm metering 

pump controlled the nutrient feed rate. The nutrient feed consisted of (g.rl) (NH4hS04, 

1.83; (N~hHP04' 1.11; and K2S04, 0.53. As the bioreactor was also being operated by 
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was 16% FeAsS and 41 % FeS2 (A. Breed, per. comm.). The bioreactor was agitated by a 

pitched (45°C) six-bladed turbine impeller rotating at 570rpm. The impeller was driven 

by a 0.37kW Flender Himmel motor. The polyvinyl chloride (PVC) 230mm diameter 

bioreactor had four baffles aligned at 90°, and separate internal heating and cooling coils . 

The temperature control system consisted of an Electrolink LM35 temperature sensor and 

a Hitech Micro Systems temperature controller. The pH was determined by a Foxboro® 

871PH electrode and a Foxboro® Electrochemical analyzer was used to control H2S04 

and NaOH addition to maintain the pH. Acid and base addition was achieved through 

separate circuits. Aeration was achieved using compressed air and the feed rate was 

maintained by a rotameter. Air was sparged below the impeller for maximum gas 

dispersion. A YSI Model 5739 dissolved oxygen probe was used to maintain a dissolved 

oxygen concentration of ±6mg.r 1
• A Prominent® gammaJ40216 diaphragm metering 

pump controlled the nutrient feed rate. The nutrient feed consisted of (g.rl) (NH4)2S04, 

1.83; (N~hHP04' 1.11; and K2S04, 0.53 . As the bioreactor was also being operated by 

48 



Univ
ers

ity
 of

 C
ap

e T
ow

n

the Gold Fields Minerals Bioprocessing Laboratory (Dept. of Chemical Engineering, 

University of Cape Town) bioreactor conditions were subject to change. 

2.2.2) Harvesting bacteria: Cells from the pure cultures were obtained by high speed 

centrifugation and resuspended in 3ml acidified water pH 1.8. Cells were washed three 

times in acidified water by a process of low and high speed centrifugation to remove 

extraneous reactive sulfur species or jarosite; depending on the species harvested. 

Finally, the cell pellet was resuspended in the rhodanese assay buffer pH 7.5. The 

biooxidation pilot plant (UCT) mixed culture was harvested by collection of washout 

after the addition of an appropriate volume of mineral feed. The dense particulate matter 

was allowed to settle and the resulting supernatant was then centrifuged at 3K for 10 

minutes to pellet the finer particles from the liquor. High speed centrifugation was then 

used to pellet the microbial population in the reSUlting supernatant. The cell pellet was 

resuspended in acidified water pH 1.8 and subjected to the same washing process as 

described for the pure cultures. Finally, the washed cell pellet was resuspended in the 

rhodanese assay buffer pH 7.5. 

2.2.3) Rhodanese assay: The rhodanese fraction consisted of either whole un lysed cells 

or a crude enzyme extract. A Virsonic (Virtis) sonicator was used to prepare the crude 

enzyme extract. Cells were resuspended in 1.5ml assay buffer and subjected to pulse 

cycles of 60 seconds with 30 second cooling intervals for a total of 4 minutes sonication 

time. Sonication was performed on ethanol cooled ice to prevent heat denaturation of the 

soluble extract. The extract was then centrifuged in a refrigerated microcentrifuge at 12K 

for 30 minutes and the supernatant stored on ice prior to use in the assay. 

To standardize the assay, total protein was determined using the Bio-Rad protein assay 

reagent and assay protocol (Bio-Rad Laboratories). 

The rhodanese fraction (182111) was added to a reaction mixture containing 91111 67mM 

K2HP04 + 20% NaCl pH 7.5 (assay buffer) and 91111 100mM Na2S203 + 20% NaCI. 

Following a 10 minute preincubation at 30°C, 91111 of pre-warmed 100mM KCN + 20% 
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NaCI was aliquoted inte the reaction mixture yielding a total volume of 455/l1. This 

reaction mixture was then incubated for a further 30 minutes prior to reaction termination 

by the addition of 45/ll 37% formaldehyde. The reaction mixture was then centrifuged 

for 5 minutes at 14K to remove spectrophotometric interfering protein. After transfer of 

the supernatant to a new Eppendorf tube, colour development was achieved by the 

addition of 500/ll of the ferric nitrate colour reagent (15%, w/v, Fe(N03)3 in IN HN03). 

The absorbance of the 1 mi final volume was determined at 460nm in a Beckman DU®­

64 spectrophotometer. Rnodanese specific activity is defined as the formation of 1 /lmol 

SCN- per minute per mg lotal protein (/lmol SCN-.min-I.mg protein-I). 

All substrates and buffers were made up in double distilled water (MilliTM-Q) as metal 

ions can accelerate the decomposition of thiosulfate (Roy and Trudinger, 1970). 

The assay blank was prepared with all the above constituents except that assay buffer 

replaced the rhodanese fraction . To account for extraneous sulfane-sulfur anions 

introduced by the rhodanese fraction a control was included. This control comprised a 

boiled rhodanese fractior which was added to the assay substrates. To achieve complete 

inactivation of the rhodanese fraction the sample was boiled for 40 minutes in a water 

bath. 

2.2.4) Scanning electron microscopy (SEM): Cells were harvested and resuspended in 

SET buffer (Appendix A). The bacteria were fixed in 2.5% glutaraldehyde and incubated 

overnight at 4°C. The fixed cells were resuspended in 1% osmium tetroxide and SET 

buffer, and then dehydrated in a graded series (30-99%) of ethanol. The bacteria were 

attached to SEM stubs Llsing an unspecified commercially available glue mixed with 

graphite. The bacteria were photographed using a Leica Stereoscan S440 electron 

microscope. All cultures investigated in this study were prepared by and photographed 

with assistance from the 31ectron Microscope Unit (University of Cape Town). 
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2.3) Results 

Given the number of potential problems associated with the rhodanese assay it was felt 

that assay optimization would yield rhodanese specific activity results of greater 

accuracy. 

2.3.1) Rhodanese assay optimization 

The mechanism of thiosulfate degradation in acid pH is not well understood, and at 

alkaline pH the ionic strength of the solution determines the decomposition products 

(Roy and Trudinger, 1970). Therefore, it was preferable to determine the pH at which 

thiosulfate in the assay was most stable. Minimal thiosulfate decomposition would allow 

for accurate determination of non-biological thiocyanate formation, thereby improving 

the quantitative sensitivity of the assay. Assays were performed across a pH range of pH 

5.0-10.0, without a biological fraction, to determine the spontaneous formation of 

thiocyanate (Fig 2.1). 
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Fig 2.1: Spontaneous thiocyanate formation at different assay pH. Assays were performed in triplicate and 
the standard deviation found to be minimal. Standard deviation error bars fall within the line at the top of 
the columns and are therefort not depicted on the graph. 
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The end product thiocyanate was found to be stable across this pH range and linear with 

increasing concentration (data not shown). 

As the spontaneous chemical formation of thiocyanate increased above pH 7.0 (Fig 2.1), 

and since in weakly acidic solution thiosulfate is known to be converted almost entirely 

to sulfur and bisulfite (Roy and Trudinger, 1970), which would account for the very low 

thiocyanate formation at pH 5.0 and 6.0, it was decided that the assay would be buffered 

at pH 7.5. Thiosulfate is stable at neutral pH (Roy and Trudinger, 1970 and Budavari, 

1989), and the ability of T. ferrooxidans to maintain its intracellular pH at a value close to 

neutral over an external pH range of 1.0 to 8.0 (Cox et aI., 1979) meant that the assay for 

rhodanese at pH 7.5 would be reasonable. This assay pH was also chosen on the basis 

that the rhodanese enzyme purified from T. ferrooxidans (Tabita et at., 1969), one of the 

biomining bacteria to be considered in this study, showed a broad pH optimum between 

pH 7.5-9.0. 

A problem encountered in the initial assays was the large deviation between assays. It 

was considered that the method of rhodanese inactivation by boiling the rhodanese 

sample in a water bath for 30 minutes may not completely denature the biological 

sample. If a control for determining the spontaneous formation of thiocyanate contained 

a rhodanese sample that was not completely inactivated this would affect the specific 

activity result. This problem was particularly prevalent for whole cell assays. Possible 

denaturing agents such as trichloroacetic acid (TCA) and nitric acid were considered for 

the rapid denaturation of the rhodanese sample used as the control. These denaturing 

reagents rely on a change of solution ionic strength to denature the sample. 

However, a denatured acidic rhodanese sample would require a pH adjustment for its use 

in the assay; for reasons discussed above. As direct pH adjustment was prone to titration 

inaccuracy and buffer dialysis was too time consuming, this method of denaturation was 

determined to be unfeasible. Alkaline denaturing agents such as NaOH could also not be 

used. Apart from the problems associated with direct pH adjustment to the pH of the 

assay, hydroxyl ions compound the problem. Hydroxyl ions are nucleophilic and their 
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The mean specific activity standard deviation for all cultures was large, but as Table 2.1 

shows, the variation between assay samples was considerably larger than the variation 

within triplicate assays of the same sample. 

Table 2.1: Rhodanese specific activity for whole cell and crude enzyme extract assays showing the 
standard deviation within and between assays. The specific activities of T. ferrooxidans ATCC 33020 
(T.f), T. thiooxidans A TCC 19377 (T.t), L. ferrooxidans DSM 2705 (L.f) and the biooxidation pilot plant 
(UCT) (Biox) whole cell and crude enzyme extracts are presented. 

T.f 

T.t 

L.f 

Biox 

W
(~mo

No. of 
assays 

I 

2 

3 

I 

2 

1 
2 

3 

4 

5 

6 

h
l SCN·.min·\mg 

Specific 
activity 
1.71 ±1.05 

1.66 ±D.41 

4.68 ±D.21 

5.84 ±D.21 

8.02 ±D.2 

Not detected 

5.13 ±D.08 

1.95 ±D. I 

0.82 ±D.05 

0.46 ±D.12 

0.29 ±D.OI 

1.41 ±D.09 

ole cell rhodanese assay 
protein·l) 

Mean 

2.68 ±1.73 

6.93 ±1.54 

1.68 ±1.8 

Cr
(~mo

No. of 
assays 

I 

2 

3 

I 

2 

3 

I 

2 

3 

4 

5 

6 

7 

u
l SCN' .min·l.mJ! 

Specific 
activity 
6.44 ±D.2 

8.73 ±D.2 

9.45 ±D.l7 

5.98 ±D.l4 

2.89 ±D.12 

10.36 ±D.22 

Not detected 

14.27 ±0.36 

27.82 ±0.15 

14.3 ±D.12 

21.96±D.19 

23 .47 ±D.69 

19 .94±D.27 

18.66 ±D.18 

de enzyme extract assay 
protein-I) 

Mean 

8.21±1.57 

6.41±3.75 

14.68 ±9.63 

8 

9 

10 

II 

12 

24.67 ±D.66 

1.09 ±D.21 

3.69 ±D.22 

2.6 ±D .02 

3.65 ±D. I 

In general, whole cell assays were less consistent than crude enzyme extract assays. This 

was possibly due to vanable cell lysis occun'ing on neutralization of the samples prior to 

assay. 
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Table 2.1: Rhodanese specific activity for whole cell and crude enzyme extract assays showing the 
standard deviation within and between assays. The specific activities of T. ferrooxidans ATCC 33020 
(T.f), T. thiooxidans A TCC 19377 (T.t) , L. ferrooxidans DSM 2705 (L.f) and the biooxidation pilot plant 
(VCT) (Biox) whole cell and crude enzyme extracts are presented. 

Whole cell rhodanese assay Crude enzyme extract assay 
(~mol SCN-.min·\mg protein-I) (Ilmol SCN·.min-l.mJ! protein-I) 

No. of Specific Mean No. of Specific Mean 
assays activity assays activity 

I 1.71 ±1.05 I 6.44 ±D.2 

T.f 2 1.66 ±D.41 2.68 ±1.73 2 8.73 ±D.2 8.21±1.57 

3 4.68 ±D.21 3 9.45 ±D.l7 

I 5.84 ±D.21 I 5.98 ±D.14 

T.t 2 8.02 ±D.2 6.93 ±1.54 2 2.89 ±D.12 6.41±3.75 

3 10.36 ±D.22 

L.f Not detected Not detected 

I 5.13 ±D.08 I 14.27 ±0.36 

2 1.95 ±D. I 2 27.82 ±0.15 

Biox 3 0.82 ±D.05 1.68 ±1 .8 3 14.3 ±D.12 14.68 ±9.63 

4 0.46 ±D.12 4 21.96 ±D.19 

5 0.29 ±D.OI 5 23.47 ±D.69 

6 1.41 ±D.09 6 19.94±D.27 

7 18.66 ±D.18 

8 24.67 ±D.66 

9 1.09 ±D.21 

10 3.69 ±D.22 

II 2.6 ±D.02 

12 3.65 ±D. I 

In general, whole cell assays were less consistent than crude enzyme extract assays. This 

was possibly due to vanable cell lysis occun'ing on neutralization of the samples prior to 

assay. 
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reaction at physiological pH and temperature with any Ss present in the biological sample 

would possibly yield sulfide and thiosulfate (Roy and Trudinger, 1970). To account for 

this would further complicate the assay. Therefore, no substitute for the time consuming 

boiling of the biological sample could be found. Empirical inactivation studies (data not 

shown) led to the period of boiling being extended to 40 minutes to ensure effective 

denaturation of rhodanese in the fraction to be used as the control. 

2.3.2) Rhodanese specific activities of the chemolithotrophic bacteria 

The rhodanese specific activities for the pure cultures of some of the predominant 

chemolithoautotrophic bacteria reported to be present in biooxidation bioreactors, and the 

rhodanese specific activi[y of the mixed population in a biooxidation pilot plant (UeT), 

are graphically represented in Fig 2.2. The rhodanese specific activity for each culture 

was determined as a mean of assays performed for both whole cells and lysed crude 

enzyme extracts (Table 2.1). 
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Fig 2.2: Rhodanese specific activities of chemolithoautotroph pure cultures and the mixed culture from the 
biooxidation pilot plant (UCT). Error bars for (0) whole cell and (_) crude enzyme extract specific 
activities represent the standard deviation between assays . 
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To determine whether this assay variation was a consequence of the growth substrate, the 

sulfur- and iron-oxidizing chemolithoautotroph, T. ferrooxidans ATee 33020, was 

cultured in tetrathionate and 9K iron media (Fig 2.3). 
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Fig 2.3: Rhodanese specific activity determined for whole cells (WCA) and crude enzyme extracts 
(Crude) of T. ferrooxidans ATCC 33020 cultured in 5mM tetrathionate media pH 1.6 (tetra) and in 9K 
iron media pH 1.6 (9K). Error bars represent the standard deviation between assays. 

Rhodanese appeared to be expressed in T. ferrooxidans ATee 33020 regardless of the 

substrate in which it was cultured. It therefore appeared to be expressed constitutively. 

The fairly large variation in specific activity between assays was still observed regardless 

of the growth substrate (Fig 2.3). 

An attempt was made at determining whether rhodanese was exported from the cell by 

harvesting the cells frorr the growth media and assaying the media for rhodanese activity. 

Exported protein in the growth medium was concentrated with 90% ammonium sulfate, 

dialysed against assay buffer and assayed. No rhodanese activity was detected but this 

was expected as at such a low pH (media pH after growth was ± pH 2.0) any active 

enzyme would most likely have been denatured. 
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2.3.3) SEM micrographs of the bacterial cultures 

Scanning electron micrographs of the pure cultures and the biooxidation pilot plant 

(UeT) culture used in this study are presented in Fig 2.4 to Fig 2.7. 

Fig 2.4: SEM of T. ferrooxidans ATCC 33020. Fig 2.5: SEM of T. thiooxidans ATCC 19377. 

Fig 2.6: SEM of L. ferrooxidans DSM 2705 . 	 Fig 2.7: SEM of Biooxidation plant (UCT) 

mixed culture. 
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Fig 2.5: SEM of T. thiooxidans ATCC 19377. 

Fig 2.7: SEM of Biooxidation plant (UCT) 

mixed culture. 
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2.4) Discussion 

To enable the quantitative determination of each strain's rhodanese specific activity an 

assay pH was sought at which thiosulfate degradation was limited. The demonstrated 

instability of thiosulfate (the rhodanese substrate) at acid and alkaline pH values (Fig 2.1) 

limited the assay to a pH range near neutrality. An assay pH compromise of pH 7.5 was 

chosen for two reasons. Firstly, as a result of the degradation of thiosulfate at weakly 

acidic pH, low spontaneous thiocyanate formation occurred at values below pH 6.0. 

Conversely, marked spontaneous chemical formation of thiocyanate was found at pH 8.0 

(Fig 2.1). Secondly, the integrity of cells in whole cell assays should not have been 

affected at pH 7.5 if the ability of T. ferrooxidans to counteract external alkaline 

conditions (Cox et ai., 1979) can be extrapolated for the bacteria considered in this study. 

Representatives of the biooxidation bacteria were grown in pure culture to determine if 

they possessed any rhodanese activity. Only the sulfur-oxidizing bacteria demonstrated 

rhodanese activity, while the iron-oxidizing L. ferrooxidans DSM 2705 was unable to 

convert cyanide to thiocyanate (Fig 2.2). Crude enzyme extracts prepared from the 

natural mixed population of bacteria harvested from the biooxidation pilot plant (UCT) 

exhibited a mean level of rhodanese higher than that of the pure cultures (Fig 2.2 and 

Table 2.1). However, the standard deviation between biooxidation pilot plant (UCT) and 

pure culture assays indicated that these results were too variable to draw a comparison 

between pure culture and biooxidation bioreactor rhodanese activities. 

The large standard deviation between rhodanese assays of both pure cultures and the 

biooxidation bioreactor was of concern. Many factors may have contributed to this large 

deviation. Singleton and Smith (1988) reported difficulties with the standard rhodanese 

assay and were the first to demonstrate the contribution of non-enzymatic thiocyanate 

formation in the rhodanese assay. As the accumulation of reactive sulfur species during 

growth of T. ferrooxidans (Hazeu et al., 1988) has been demonstrated, the biological 

sample would most certainly introduce reactive sulfur species into the rhodanese assay. 

These reactive sulfur species would contribute to the non-enzymatic formation of 
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thiocyanate over and c:bove the assay substrate-catalyzed spontaneous formation of 

thiocyanate. The assay protocol of Singleton and Smith (1988) uses a denatured 

biological control to account for the non-enzymatic formation of thiocyanate, and it was 

for this reason that the protocol of these authors was used. The spontaneous formation of 

thiocyanate was observed to contribute between 30-60% of the total thiocyanate formed 

in a rhodanese assay reaction (see Appendix C). Despite this, the assay itself appeared to 

be fairly reliable as the standard deviation within triplicate assays of the same sample was 

generally low (Table 2.1). However, the standard deviation between assays was large. 

The potentially weakest component of the rhodanese assay is the denatured biological 

control. Should this biological control not be completely denatured then both non­

enzymatic and residual rhodanese activity would result in the thiocyanate produced in the 

control being attributed to spontaneous chemical formation of thiocyanate. The control 

would therefore not be a true representation of the non-enzymatic formation of 

thiocyanate. This would influence the enzymatic determination of thiocyanate formation 

in the non-denatured biological sample. As no substitute for heat denaturation of the 

assay control could be found (see section 2.3.1) it was possible that incomplete 

denaturation of the assay control influenced the deviation between assays. However, 

boiling a rhodanese fraction for 40 minutes appeared to be sufficient to achieve complete 

inactivation of the rhodanese enzyme. 

Another possible contributing factor to the variation between assays is inhibition of 

rhodanese by substrate, non-substrate anions, and end-products. Sulfur oxidation by 

chemolithotrophic bacteria produces thiosulfate, sulfite and sulfate. If these sulfur 

species are present in excess in the assay sample they may influence the catalytic ability 

of the enzyme by means of competitive and non-competitive inhibition. Such inhibition 

has been described previously for rhodanese enzymes (see section l.1O). The end­

product thiocyanate has also been demonstrated to inhibit rhodanese (Ray et al., 1990). 

As the accumulation of reactive sulfur species appears to be correlated to the age of the 

culture and degree of substrate oxidation (Rojas et at., 1995), the growth phase at which 

the culture is harvested for the assay may determine the contribution of these sulfur 
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species to the molar concentration of thiocyanate. For instance, the reaction of elemental 

sulfur with cyanide results from the nucleophilic attack by cyanide on the Sg ring and is 

known to be rapid (Roy and Trudinger, 1970; Hackl, 1989). Therefore, within the assay 

period, the reaction shmv'n in equation 2.2 may contribute significantly to the thiocyanate 

inhibition of rhodanese. Since another end-product of the rhodanese catalyzed reaction 

with cyanide is sulfite (equation 2.1), it is possible that in the presence of elemental sulfur 

the reaction of Sg with sulfite (equation 2.3) could form thiosulfate (Roy and Trudinger, 

1970). 

Sg + 8S0 ~- -7 8S20 ~- (2.3) 

This argument, however, would not hold for T. f errooxidans cultured in iron-media. 

The extraneous thiosulfate formed could contribute to the inhibition of rhodanese by 

either spontaneous chemical formation of thiocyanate (equation 2.1) or by substrate 

inhibition. This substrate inhibition effect was observed for the sulfane sulfurtransferase 

purified from A. calcoaceticus lwoffi (Aird et al., 1987a). The varying degree to which 

these rhodanese inhibitiLg anions are present in the rhodanese assay may be a function of 

the growth phase at which the culture is harvested. Growth phase may therefore 

influence the catalytic activity of rhodanese, which could contribute to the large standard 

deviation between assays. 

Therefore, the problems associated with the specific activity standard deviations could be 

attributed to such diverse factors as the physiological state of the cell , substrate and end­

product inhibition of rhodanese, and the incomplete denaturation of the assay control. 

With so many factors influencing the assay this could have contributed significantly to 

the deviation observed between assays. The influence of accumulation of reactive sulfur 

species and the physiological state of the cell on rhodanese assays will be further 

addressed in chapter three. 
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Finally, considering the comparatively large standard deviation between assays of the 

biooxidation pilot plant (Table 2.1), the impact of changing species dominance during 

concentrate biooxidation may have compounded the problem of deviation between 

assays. The rhodanese assay results for the biooxidation pilot plant (UCT) listed in Table 

2.1 were obtained under different operating conditions. These different operating 

conditions could have caused a change in the bacterial species population dominance in 

the bioreactor. For instance, iron substrate limitation in the concentrate after prolonged 

oxidation of the concentrate could lead to a shift in population dominance that would 

have resulted in an increased biomass of sulfur-oxidizers (see section 1.3). As the 

prominent iron-oxidizer in bioreactors, represented by L. ferrooxidans DSM 2705, had no 

observable rhodanese activity (Fig 2.2), an increase in the relative proportion of sulfur­

oxidizers in the biomass would result in higher rhodanese activities being determined for 

the biooxidation pilot plant (UCT) sample. Therefore, shifting species dominance caused 

by the oxidation state of the pyrite-arsenopyrite concentrate could have influenced 

biooxidation pilot plant (UCT) rhodanese assays which would have exacerbated the 

problem of deviation between assays . 

Therefore, the only conclusion that could be derived from Table 2.1 was that T. 

ferrooxidans A TCC 33020 and T. thiooxidans ATCC 19377 demonstrated the ability to 

convert cyanide to thiocyanate through an in vitro catalyzed reaction indicative of the 

rhodanese enzyme. The above arguments may also explain the variation in rhodanese 

specific activity for T. ferrooxidans A TCC 33020 grown in iron and tetrathionate media 

(Fig 2.3). What could not be determined was whether the growth media directly 

influenced the level of rhodanese activity, although the constitutive expression of 

rhodanese in T. ferrooxidans ATCC 33020 was demonstrated (Fig 2.3). 

Should the physiological state of the cell affect rhodanese activity, or the oxidation state 

of the Biox® concentrate influence the species dominance, these factors could be used to 

improve the economics of the process. It might be possible to optimize the conditions 

within the bioreactors to allow complete gold recovery and also to minimize the wastage 

of cyanide during cyanidation. 
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3.1) Introduction 

The difficulty in isolating, identifying and enumerating individual species and strains of 

microorganisms in environmental samples which display large microbial diversity yet 

common metabolic requirements is one of the major obstacles encountered in the study of 

microbial ecology. However, the identification and enumeration of microbes in 

biooxidation processes is of importance as an ability to define the role and interaction of 

these species will allow the intimate link between microbial physiology and metal-sulfide 

ore biooxidation to be understood (Goebel and Stackebrandt, 1994). The importance of 

determining population composition and dynamics is done under the pretext that strains 

best suited for a particular kind of mineral biooxidation will be selected (Harrison, 1982). 

Consequently, such knowledge could translate into process optimization. For example, 

biooxidation at high acid concentrations increases the rate of recovery from copper­

sulfide ores and prevents ferric iron precipitation, yet a compromise of pH 1.3 was made 

to allow for the growth of T. ferrooxidans as it was considered one of the more relevant 

bacteria in biomining. However, it has been found by direct molecular analysis of DNA 

prepared from bioreactors that significant bacterial growth can occur at pH values below 

pH 1.0, and that meaningful shifts in population composition will occur under these 

highly acidic conditions (Pizarro et al., 1996; Vasquez and Espejo, 1997). 

The introduction of molecular techniques to the study of microbial ecology is rapidly 

replacing the more laborious and frequently problematic techniques of plating and 

microscopic enumeration. Plating is possibly the most highly selective isolation and 

enumeration technique, and it is prone to bias. It is now recognised that only a minor 

fraction of the overall diversity of microbes in environmental samples are accounted for 

by plating as not all community members are guaranteed to be culturable (Polz and 

Cavanaugh, 1997; Wood et aI., 1998). Apart from the tedious and nonspecific nature of 

microscopic enumeration, microscopy is inadequate for at least two reasons. It is unable 

to discriminate between populations of morphologically similar bacteria, and it is unable 

to discriminate between metabolically active and dormant or dead microorganisms 

(Amaro et al., 1994; Stoner et al., 1996). 
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Dot (DIMA) and slot (SIMA) immunobinding assays were developed to overcome the 

problems of conventional techniques. Although these immunoassays were able to detect 

T. caldus and the thermophilic archaeon Sulfolobus acidocaldarius in biooxidation 

samples containing as few as 103_104 cells, it suffered from the inability to distinguish 

between viable and non-viable cells (Amaro et al., 1994). Immunoassays do, however, 

provide a convenient means of monitoring specific bacteria within industrial bioreactors 

as it is a technique that is fast, sensitive and provides identification and enumeration 

results simultaneously. However, the identified multiple serotypes of T. ferrooxidans and 

T. caldus (Hallberg and Lindstrom, 1996) presents yet another problem for microbial 

ecologists; the need for a barrage of antisera to recognize all microbes present in the 

population. This infers that the microorganism(s) must already have been isolated and be 

available in pure culture. DNA-DNA and DNA-RNA hybridization analysis of 

population diversity is hampered by the similar need to develop a panel of 

oligonucleotide probes that can only be constructed using available sequence data (Wood 

et al., 1998). Goebel and Stackebrandt (1994) cautioned against the development of 16S 

rRNA oligonucleotide probes specific for the iron and sulfur-oxidizing phenotypes 

because of the polyphyletic nature of these groups as shown by Lane et al. (1992). Thus, 

using these techniques uncultured microbes and their contribution to the microbial 

consortium will continue to go unrecognized. 

A high-resolution denaturing gradient gel electrophoresis assay was developed to 

overcome the problem of distinguishing between metabolically active and inactive cells 

in a biomining environment. The basis of the assay is the electrophoretic separation of 

5S rRNA species extracted from the biomass, and identification of microbes based on the 

unique migration behaviour of each 5S rRNA species (Stoner et al., 1996). This assay, 

however, is also compromised by its reliance on known community members as assay 

controls. Despite this being a non-selective direct molecular method for the 

characterization and mor itoring of the predominant, metabolically active members of the 

bioreactor microbial consortium De Wulf-Durand et ai. (1997) considered this method to 

be too insensitive and laborious due to the complicated experimental procedure. 
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The application of polymerase chain reaction (PCR) techniques for the analysis of rDNA 

sequences has revolutionized the study of microbial ecology and presented potential 

solutions to some of the problems described above. The amplification by PCR of 16S 

rRNA genes from microbial communities is an alternative method to investigate the 

species present in a consortium. This provides a means to determine the number of 

different populations and the degree of dominance of individual populations (Polz and 

Cavanaugh, 1997), but is also subject to certain inaccuracies. 

Although PCR provides a means of exploring the microbial diversity in a consortium it 

cannot yield reliable quantitative information on the relative dominance of populations 

(Polz and Cavanaugh, 1997). This is attributed to the inadequately understood influence 

of PCR selection. PCR selection refers to the potential for preferential amplification of 

certain sequences during multi-template PCR. PCR selection is considered the major 

force driving unequal amplification of templates. It results in altered template to product 

ratios which affects the quantitative nature of PCR. PCR selection describes all 

mechanisms that favour the amplification of certain templates in multi-template samples 

due to intrinsic properties of the genes targeted, their flanking sequences, or of their 

overall genome. Important contributors to PCR selection include preferential template 

denaturation due to low G+C content, different binding energies of degenerate primers, 

differential accessibility of rRNA genes within genomes, and bias associated with 

variations in 16S rRNA gene copy numbers across species. Another factor that must be 

considered is the lysis efficacy of all bacteria in the consortium during extraction of DNA 

for PCR (Rawlings, 1995; Polz and Cavanaugh, 1998). 

Various approaches using PCR have been considered for elucidating population diversity. 

An investigation into :;elective pressure generated by different growth conditions 

identified T. thiooxidans and L. ferrooxidans as predominant species in low ferrous iron 

copper concentrates by selective amplification of the spacer region between the 16S and 

23S genes. Identification of the bacteria was achieved by electrophoretic separation of 
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overall genome. Important contributors to PCR selection include preferential template 

denaturation due to low G+C content, different binding energies of degenerate primers, 

differential accessibility of rRNA genes within genomes, and bias associated with 

variations in 16S rRNA gene copy numbers across species. Another factor that must be 

considered is the lysis efficacy of all bacteria in the consortium during extraction of DNA 

for PCR (Rawlings, 1995; Polz and Cavanaugh, 1998). 

Various approaches using PCR have been considered for elucidating population diversity. 

An investigation into :;elective pressure generated by different growth conditions 

identified T. thiooxidans and L. ferrooxidans as predominant species in low ferrous iron 

copper concentrates by selective amplification of the spacer region between the 16S and 

23S genes. Identification of the bacteria was achieved by electrophoretic separation of 
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the amplified spacer regions, which on the basis of their unique and different sizes made 

the discrimination of species possible (Pizarro et aI., 1996). 

Another approach to the detection of specific bacteria in environmental samples is by the 

construction of species-specific primers. What complicates the construction of species­

specific primers for chemolithoautotrophic bacteria is the genetic diversity of certain 

species. For instance, T. ferrooxidans is genomically very diverse and comprises 5 DNA 

homology groups, while T. thiooxidans comprises 2 DNA homology groups (Harrison, 

1982). This factor must be considered and primers designed that are specific to a 

phylotype group. Such considerations allowed for the possible detection of six groups of 

chemolithotrophs responsible for the biooxidation of chalcopyrite ore at very low target 

DNA concentrations (De Wulf-Durand et ai., 1997). This PCR based method was not 

designed to detect as yet unidentified bacteria in the biomining environment. 

A novel method, however, attempts to overcome the problem associated with PCR 

quantification of uncultured microorganisms by using PCR-generated templates for the in 

vitro transcription of 16S rRNA. These transcribed templates serve as standards in 

quantitative probing of uncultured microorganisms (Polz and Cavanaugh, 1997). 

Although, this technique does not require pure cultures of the microbe, it does require the 

16S rRNA gene of the unidentified bacterium to be cloned. Therefore, this technique is 

also indirectly subject to problems associated with PCR selection. This method may be 

quantitative for particular species in a population, but may fail to account for all members 

of a community. 

Thus, the use of the PCR for the isolation of unidentified bacteria and enumeration of 

these bacteria in an environmental sample has not completely overcome problems 

experienced with other techniques. The PCR also suffers from the inability to distinguish 

between viable and non-viable cells and is prone to limitations. Such limitations include 

the inhibition of various commercially available Taq DNA polymerases by environmental 

components found in biological samples (Abu AI-Soud and Radstrom, 1998). 
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In order to determine the predominant species present in the biooxidation pilot plant 

(UCT) the protocol established by Rawlings (1995) was used. This protocol involves the 

restriction enzyme profiling of PCR amplified 16S rDNA for the rapid identification of 

chemolithotrophic bacteria in bioreactors. In this protocol bacterial 16S rRNA gene 

primers amplify the 16S rDNA from total DNA extracted from the bioreactor biomass. 

The amplified 16S rDNA is then systematically digested with a range of restriction 

enzymes that results in 16S rDNA fragment profiles in agarose gels that can be correlated 

to known profiles of representative bacteria. In this way the identification of the 

apparently predominant bacteria can be made. As each restriction enzyme generates a 

unique 16S rDNA fragment profile for each known bacterium, an unrecognized profile 

will immediately signal the possibility of a previously unidentified bacterium. However, 

this PCR technique is almost certainly not quantitative due to problems associated with 

multi-template PCR selection. Although the amount of PCR product cannot reliably be 

used to estimate the number of bacteria in a sample, analysis of the PCR product using 

restriction enzymes reflects the bacterial diversity in a sample (Rawlings, 1995). 

In conclusion, Pizarro et at. (1996) argued that it is important to identify and characterize 

bacteria involved in biomining since some properties in a few popular laboratory strains 

are extrapolated for the entire microbial consortium and considered for process design. 

The aim of the presented work in this chapter is two-fold. Firstly, an attempt was made at 

identifying bacteria in the biooxidation pilot plant (UCT) using the restriction enzyme 

based PCR product profiling technique of Rawlings (1995). Secondly, to determine the 

level of rhodanese activity of the newly identified T. caldus strain since it was possibly 

the major rhodanese producer in the biooxidation pilot plant (UCT). 
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3.2) Materials and Methods 

3.2.1) Preparation of chromosomal DNA: The biomass was harvested by 

centrifugation. The cells were washed in acid water pH 1.8, and resuspended in 560~1 

TE (O.OIM Tris, O.OOIM EDTA)-0.15M NaCl pH 7.6 buffer. After heating the cells to 

70°C for 15 minutes (Pizarro et al., 1996), 15~1 of a 20mg.rnl-1 solution of Proteinase K 

and 30~1 of 10% SDS was added to the sample. The sample was incubated at 42°C for 30 

minutes until cell lysis was complete. The DNA was precipitated using 10% (v/v) 3M 

KAc pH 5.2 and absolute ethanol. It was washed with 70% ethanol, air-dried and 

resuspended in TE buffer pH 7.6. 

3.2.2) DNA manipulations: The standard methods of Sambrook et al. (1989) and 

Ausubel et al. (1993) were used for restriction enzyme digests, agarose gel 

electrophoresis, purification of DNA fragments from agarose gels by electroelution, and 

ligations. All restriction enzymes and their buffers were acquired from Boehringer 

Mannheim. The restriction enzymes and other enzymes used for DNA manipulations 

were used according to manufacturer's specifications. The bacterium E. coli JM109 was 

made competent using the standard rubidium chloride method of Sambrook et al. (1989). 

3.2.3) Polymerase chain reaction protocol: The PCR was carried out in 50~1 total 

volume using the primers and a modified protocol of Rawlings (1995). Total 16S rDNA 

was amplified from the sample in a Biometra® Personal Cycler using 1~1 genomic DNA, 

0 .25~ of each primer, 2.5mM MgCh, 0.25mM dNTPs and 1 unit Redhot polymerase 

(Advanced Biotechnologies). After initial denaturation for 60s at 94°C, 25 cycles of 

amplification were carried out as follows: 30s at 94°C, 30s at 52°C, 90s at 72°C. A final 

elongation step of 120s at 72°C followed by a cooling step for 60s at 25°C ended the 

reaction. The 16S rDNA primers, designed from bacterial 16S rRNA gene conserved 

regions (bold), are given below. Primer fDD2 contains the restriction enzyme sites 

BamHI and SaiI , and primer rPP2 contains the sites HindUI and XbaI (Italics) upstream 

of the 16S rRNA conserved sequence to facilitate cloning (Rawlings, 1995). 
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primer fDD2 5' CC GGATCCGTCGACAGAGTTTGATCITGGCTCAG 3' 34-mer 
BamHI San 

primer rPP2 5' CC AAGC1TCTAGACGGITACCTTGTTACGACTT 3' 33-mer 
HindUI XbaI 

PCR restriction enzyme analysis for the identification of species, as described by 

Rawlings (1995), was used to determine the dominant species in the bioreactors. 

Restriction enzyme maps of the strains considered are shown diagrammatically (Fig 3.3) 

and simulated 16S rDNA restriction enzyme analyses, to determine fragment numbers 

and sizes, is presented in Table 3.1. Simulated restriction enzyme digests and restriction 

enzyme maps were constructed using the DNAMAN version 3.0 (Lynnon BioSoft) 

software. 

3.2.4) Isolation of T. caldus MNG: The bacterium T. caldus MNG was isolated in our 

laboratory (Thiobacillus Research Unit) by Dr Deane. The liquor fraction from the 

biooxidation pilot plant (UCT) was plated onto solid FeSo medium (Johnson, 1995) and 

the plates incubated at 37°C until colony formation. Liquid culture was in 10mM 

tetrathionate media pH 2.5 (Appendix A[i]). 

3.2.5) Cloning of T. caldus MNG 16S rRNA gene: The 1.5kb 16S rDNA fragment 

amplified from the T. caldus MNG isolate was cloned into the vector pBluescriptSK at 

the Sail and HindUI restriction enzyme sites. Recombinant plasmids were generated by 

subcloning to facilitate sequencing of the 16S rDNA insert. All recombinant plasmids 

were transformed into E. coli JM 109 and grown on Luria-Bertani medium containing 

lOOllg.mr1 ampicillin and 2llg.mr1 X-gal (Appendix A) for selection of transformants. 

Recombinant plasmids were purified using the High Pure Plasmid Isolation Kit 

(Boehringer Mannheim). Strains and vectors used in this study are described in 

Appendix B. 

3.2.6) Nucleotide sequencing of T. caldus MNG 16S rRNA gene: The 16S rDNA was 

sequenced by the dideoxy chain termination method (Sanger et al., 1977), using the 

thermosequenase fluorescent labeled primer cycle sequencing kit (Amersham Pharmacia 
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Biotech UK Ltd.). The Cy5 end-labeled primers used for sequencing were obtained from 

the Synthetic DNA Laboratory, Department of Biochemistry (University of Cape Town) . 

Sequencing reactions were run on an ALFexpress automated DNA sequencer (Pharmacia 

Biotech, Uppsala, Sweden). As sequencing was used for identification purposes, and not 

for direct comparison to other T. caldus 16S rDNA sequences, the 16S rDNA was cloned 

and sequenced to completion only once in both directions. The Genetics Computer 

Group Inc. Winconsin Package version 9.1 (GCG, Madison Wis.) sequence analysis 

software was used for sequence assembly and analysis. The 16S rRNA gene sequence 

was submitted to the Ribosomal Database Project (RDP) for comparison with other 

bacterial 16S rDNA sequences. The result returned (Fig 3.7) was assembled using the 

Aladdin Ghostscript version 5.1 graphical interface software. For sequence comparison, 

the GeneDoc version 2.3 mUltiple sequence alignment software was used to produce 

Appendix D[ii]. 

3.2.7) Substrate range of T. caldus MNG rhodanese: The substrate range of T. caldus 

MNG rhodanese was determined using assays (section 2.2.3) in which the thiosulfate 

substrate was substituted with the sulfur substrate in question. Sulfur substrates 

investigated include: SO;-, SO ~-, S20;-, and S40 ~-. All sulfur substrates for this 

investigation were made as stocks of 100mM SnO ~- + 20% NaCI, except S40 ~- which 

was made to ImM. 

3.2.8) T. caldus MNG growth kinetics and rhodanese activity during batch growth: 

The T. caldus MNG batch culture growth rate was determined using a 3 litre jacketed 

Z61103CT04 Applikon® autoclavable bioreactor (Fig 3.1). The bioreactor had a 

working volume of 2 litres and three baffles orientated 120° to one another. The head 

plate contained a number of ports which allowed for media injection, and continuous pH 

(Mettler Toledo Combination pH Electrode) and temperature monitoring. A Grant Y6 

constant temperature bath was used to maintain the temperature in the bioreactor at 37°C 

by circulating water through the bioreactor jacket. Temperature and pH were monitored 

by an Applikon® ADI 1030 Bio Controller. A pitched (45°) six-bladed turbine impeller 

rotating at 400rpm was used for mixing and gas dispersion. The impeller was located 
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2cm from the base of the bioreactor and driven by an Applikon® PI00 motor and an 

Applikon® ADI 1032 stand alone speed controller. A Peak Scientific OAG2000DA 

Oilless Air Generator supplied the inlet gas, and the flow rate of 315ml.min-1 was 

controlled by a Brooks Model 5850S Mass Flow Controller and a Brooks Model 0154 

Microprocessor Control and Read Out Unit. The air entered the bioreactor through an 

air-inlet pipe located under the impeller. The off-gas was dried using a reflux condenser 

containing an ethylene:glycol (75%:25%) coolant chilled to 6°C by a Grant LTD6G low 

temperature bath. Prior to entering the gas analyzers the off-gas was passed through a 

cloth filter and a Hartmann & Braun CGEK Sample Gas Conditioner fitted with a 

CGKA 1 Automatic Condensate Outlet. Off-gas CO2 concentration from the bioreactor 

was determined using a Hartmann & Braun Uras 4 NDIR (non-dispersive infrared) 

Industrial Photometer. The off-gas O2 concentration was determined using a Hartmann & 

Braun Magnos 6 G Oxygen Analyzer. 
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Fig 3.1: Schematic of 3 litre Jacketed Applikon® autoclavable bioreactor 
[Adapted with permission from Breed et al. (1998)] 
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Calculations for CO2 and O2 utilization rates are found in Appendix E. The CO2 and O2 

off-gas concentrations and the inlet air were alternately logged onto computer. The 

sampling period for the bioreactor was set at six minutes. The switching and data logging 

hardware and software used was both designed, built, and written by the Department of 

Chemical Engineering (University of Cape Town). 

To ensure sterility, the bioreactor was filled with the make-up volume of double distilled 

water (Milli-Q TM), sealed, the pH probe attached, and autoclaved. Once the bioreactor 

had cooled the lOmM tetrathionate media (Appendix A[i]) was injected through the 

injection port. All media entering the bioreactor was passed through a O.22/lm membrane 

filter (Micron Separations Inc.). After the bioreactor had reached the growth temperature 

of 37°C and the required gas flow rate had been achieved the pH of the bioreactor was 

adjusted to pH 2.5 by injection of conc. H2S04 (no further pH adjustment was made 

during an experiment). T. caldus MNG (ISml) was inoculated into the media through the 

injection port, and data logging initiated. 

Due to the low biomass, the bioreactor was stopped at various bacterial growth stages, as 

determined by mmolC.r i analysis, and the entire biomass harvested (section 2.2.2) for a 

rhodanese assay. Rhodanese assays of T. caldus MNG during batch growth were as 

described in section 2.2.3. 
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3.3) Results 

To determine whether shifting species dominance in the biooxidation pilot plant (UeT) 

caused by the oxidation state of the concentrate could have influenced the deviation 

between biooxidation pilot plant (VeT) rhodanese assays, a ten day batch culture was 

initiated in an attempt to observe shifting species dominance during prolonged 

concentrate biooxidation. 

3.3.1) Detection of aT. caldus-like bacterium in the biooxidation pilot plant (UeT) 

Using the substrate described in section 2.2.1, and an inoculum from previous 

biooxidation experiments, a ten day batch culture was initiated in the biooxidation pilot 

plant (VeT). A batch culture of only ten days was possible as an extended period 

resulted in bioreactor foaming. Samples were withdrawn from the bioreactor every 48 

hours, the bacteria harvested from the liquor fraction, and restriction enzyme analysis 

performed on the peR amplified total 16S rDNA obtained. It was not possible to amplify 

directly from the concentrate due to the inability to remove the bacteria from the ore 

particles, and/or interfering non-biological compounds. The method of Garcia and Jerez 

(1995), who demonstrated release of ore-bound T. ferrooxidans using the non-ionic 

detergent Triton-X 100, was unsuccessful. As the bacteria from the biooxidation pilot 

plant (VeT) were harvested only from the liquor fraction for rhodanese assays, it was the 

microbial composition of the liquor fraction that was of most interest. 

In the Rawlings (1995) protocol the restriction enzymes EcoRI, StuI, and EcoRV were 

used to generate unique fragment profiles to identify T. ferrooxidans, T. thiooxidans, and 

L. ferrooxidans from a mixed culture. Initially, it was thought that over the ten day batch 

culture the predominant bacterium was T. thiooxidans (Fig 3.2) as comparison of the 

culture samples with the control 16S rDNA profiles gave EcoRI and StuI profiles 

identical to that of T. thiooxidans. However, the emerging importance of T. caldus and 

the suggestion that this bacterium has been underestimated in biooxidation bioreactors (P. 
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Norris per. comm.) prompted further investigation to confirm that the bacterium thought 

to be T. thiooxidans was indeed T. thiooxidans. 

EcoRI Stu I EcoRV 

T.r L.r T.t 2 8 TJ L.r T.t 2 8 T.r L.r T.t 2 8 

Fig 3.2: Restriction enzyme digestion profiles of PCR amplified 16S rDNA digested with EcoRI, StuI and 
EcoRV from samples harvested at 48 and 192 hours (samples 2 and 8) from the bioreactor. The restriction 
enzyme profiles of the contro,s T. ferrooxidans ATCC 33020 (T.f), L. ferrooxidal1s DSM 2705 (L.f) and T. 
thiooxidans ATCC 19377 (l.t) are present in all restriction enzyme groupings. PstI-digested Lambda 
marker is included in each group. 

There is currently only one T. caldus 16S rRNA gene sequence lodged in the NCBI 

database; that of T. caldus DSM 8584 (Hallberg and Lindstrom, 1994). Analysis of this 

16S rRNA gene sequence against the T. ferrooxidans, T. thiooxidans, and L. ferrooxidans 

sequences revealed two possible restriction enzymes that would generate unique fragment 

profiles for T. caldus. The restriction enzymes are BamHI and Nar!' Although NarI is 

inherently a poor DNh digesting enzyme it was included as a second diagnostic 

restriction enzyme for T. caldus. It has subsequently been established that the 16S rDNA 

of a strain classified as T. thiooxidans (Accession no.: X72851) physiological group 11, 

and which contains a BamHI and a NarI site, is in fact a strain of T. caldus. The BamHI 

and NarI sites are absent from the T. thiooxidans DSM 612 sequence (Accession no.: 

M79401) and the 16S rRNA genes of T. thiooxidans ATCC 19377, DSM 504, and TI 

(Rawlings, 1995). Thus, with this range of restriction enzymes unique 16S rDNA 
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database; that of T. caldus DSM 8584 (Hallberg and Lindstrom, 1994). Analysis of this 

16S rRNA gene sequence against the T. ferrooxidans, T. thiooxidans, and L. ferrooxidans 

sequences revealed two possible restriction enzymes that would generate unique fragment 

profiles for T. caldus. The restriction enzymes are BamHI and NarI. Although NarI is 

inherently a poor DNh digesting enzyme it was included as a second diagnostic 

restriction enzyme for T. caldus. It has subsequently been established that the 16S rDNA 

of a strain classified as T. thiooxidans (Accession no.: X72851) physiological group II, 

and which contains a BamHI and a NarI site, is in fact a strain of T. caldus. The Bam HI 

and NarI sites are absent from the T. thiooxidans DSM 612 sequence (Accession no.: 

M79401) and the 16S rRNA genes of T. thiooxidans ATCC 19377, DSM 504, and TI 

(Rawlings, 1995). Thus, with this range of restriction enzymes unique 16S rDNA 
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profiles could be generated for T. ferrooxidans, T. thiooxidans, L. ferrooxidans, and T. 

caldus (Fig 3.3 and Table 3.1). 
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EcoRV StuI StuI EcoRV L. jerrooxidansI') I C I 

Stu I Stu I BamHI EcoRI NarI T. caldus=:-:-? ::?-J / I I 
L-...J 

100bp 

Fig 3.3: Restriction enzymes used to create unique 16S rDNA profiles for the strains considered. 
Restriction enzyme maps were generated using published sequences in the NCB! database. 

Table 3.1: 16S rDNA fragment sizes (bp) as determined for each strain by computer simulation using 
available NCBI database sequences. The number of fragments (Frag No.) generated and the size of these 
simulated fragments (Size) in base pairs following restriction enzyme digestion of a particular strain's PCR 
amplified 16S rDNA is presented. 

T. jerrooxidans T. thiooxidans L. ferrooxidans T.caldus 

Enzyme 
Frag. 
No. 

Size 
(bp) 

Frag. 
No. 

Size 
(bp) 

Frag. 
No. 

Size 
(bp) 

Frag. 
No. 

Size 
(bp) 

EcoRI 3 
329 
497 
644 

2 
634 
838 0 2 

641 
819 

StuI 2 
387 
1083 3 

151 
226 
1095 

3 
65 
164 
1250 

3 
151 
233 
1076 

EcoRV 0 0 3 
96 

572 
811 

0 

BamHI 0 0 0 2 
425 
1035 

NarI 0 0 0 2 
656 
804 

-
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Table 3.1: 16S rDNA fragment sizes (bp) as determined for each strain by computer simulation using 
available NCBI database sequences. The number of fragments (Frag No.) generated and the size of these 
simulated fragments (Size) in base pairs following restriction enzyme digestion of a particular strain's PCR 
amplified 16S rDNA is presented. 

T. jerrooxidans T. thiooxidans L. ferrooxidans T.caldus 

Enzyme 
Frag. Size Frag. Size Frag. Size Frag. Size 
No. (bp) No. (bp) No. (bp) No. (bp) 

329 634 641 
EcoRI 3 497 2 838 0 2 819 

644 
387 151 65 151 

Stu I 2 1083 3 226 3 164 3 233 
1095 1250 1076 

96 
EcoRV 0 0 3 572 0 

811 
425 

BamHI 0 0 0 2 1035 

656 
NarI 0 0 0 2 804 
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peR amplified total 16S rDNA products obtained from cells harvested 48 and 192 hours 

from the bioreactor were digested with this range of restriction enzymes to tentatively 

determine whether the initial T. thiooxidans identification was in fact T. caldus. 

According to the comp.Iter simulated profiles (Table 3.1) and the fragment profiles 

obtained for these two samples, it appeared that the amplified 16S rDNA was that of a T. 

caldus-like bacterium (Fig 3.4). 

Bam"I Narl 

Tor L.r Tot 2 8 T.r L.r Tot 2 8 

Fig 3.4: Restriction enzyme digestion profiles of the l6S rDNA amplified from samples harvested at 48 
and 192 hours (samples 2 and 8) generated by digestion with BamBI and Nar!' The restriction enzyme 
profiles of the controls T. f errooxidans ATCC 33020 (Tof) , T. thiooxidans ATCC 19377 (T.t) and L. 
ferrooxidans DSM 2705 (L.f) are present in both restriction enzyme groupings. PstI-digested Lambda 
marker is included in each group. 

The same five peR amplified 16S rDNA samples from the ten day batch culture were 

digested with the five diagnostic restriction enzymes. The digestion profiles generated 

from total 16S rDNA peR amplified from samples harvested every 48 hours indicated 

the apparent predominance of a T. caldus-like bacterium throughout the batch culture 

period. In Fig 3.5 only the digestion profiles obtained after digestion with StuI and NarI 

are given to demonstrate the similarity between a StuI profile of T. thiooxidans and T. 
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ferrooxidans DSM 2705 (L.t) are present in both restriction enzyme groupings. PstI-digested Lambda 
marker is included in each group. 

The same five peR amplified 16S rDNA samples from the ten day batch culture were 

digested with the five diagnostic restriction enzymes. The digestion profiles generated 

from total 16S rDNA peR amplified from samples harvested every 48 hours indicated 

the apparent predominance of a T. caldus-Iike bacterium throughout the batch culture 

period. In Fig 3.5 only the digestion profiles obtained after digestion with StuI and NarI 

are given to demonstrate the similarity between a StuI profile of T. thiooxidans and T. 
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caldus, and that digestion of the same PCR product with NarI (or BamHI, data not 

shown) can be used to differentiate between these two species. 

StuI NarI 

T.r T.t L.r 0 2 4 6 8 10 T.r T.t L.r 0 2 4 6 8 10 

Fig 3.5: StuI and NarI restriction enzyme digestion profiles of PCR amplified total 16S rDNA from the 
biooxidation pilot plant (UCT). Samples were prepared every 48 hours over a ten day batch culture (lanes 
0-10). The 16S rDNA profiles of T. ferrooxidans ATCC 33020 (T.f), T. thiooxidans ATCC 19377 (T.t), 
and L. ferrooxidans DSM 2705 (L.f) are included for identification purposes. PstI-digested Lambda 
marker is included in each group. 

It was unusual not to have detected the iron-oxidizer L. ferrooxidans in the biooxidation 

pilot plant (UCT) (Fig 3.5) as during the establishment of the PCR protocol this 

bacterium was commonly identified in the leach liquor (see Appendix D[i]). Possible 

reasons why L. ferrooxidans was not detected during the ten day batch culture are 

discussed in section 3.4. 

3.3.2) Identification of aT. caldus strain from the biooxidation pilot plant (UeT) by 

16S rRNA gene sequencing and analysis 

The predominant bacterium in the biooxidation pilot plant (UCT) leach liquor was 

isolated by Dr Deane (Fig 3.6). The 16S rRNA gene was amplified from this isolate, 
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cloned, and sequenced. The isolate showed a 99.5% nucleotide similarity (Table 3.2) to 

T. caldus DSM 8584 and seven changes in the nucleotide sequence of this bacterium's 

16S rRNA gene were identified (Appendix D[ii]). 

Fig 3.6: SEM of T. caldus MNG. 

Table 3.2: FASTA of the T. caldus MNG 16S rONA sequence to determine percentage (0/0) identity to 16S 
rONA sequences lodged in the NCBI database. 

NCBI sequence description 

T. caldus DSM 8584 

% Identity 

99.5 

Accession Number 

Z29975 
I 

Thiobacillus strain C-SHI2 
(now recognised as T. caldus) 
T. ferrooxidans DSM 9465 

99.7 

95.4 

X72851 

Y11595 

T. thiooxidans A TCC 19377 95.3 Y11596 

T. ferrooxidans N-Fe4 (Partial) 95.4 X75267 

T. ferrooxidans N-Fe3 (Partial) 95.5 X75268 

T. ferrooxidans N-B3 (Partial) 95.1 X75269 

T. ferrooxidans N-Fe2 (Partial) 95.2 X75266 

T. thiooxidans DSM 612 
- -­ -

93.4 
-

M79401 
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The phylogenetic relationship of the new isolate, designated T. caldus MNG, to other 

bacteria based on 16S rRNA gene sequences is shown in Fig 3.7. 

'I'hWbacillus caJdus DSM 85!W 
Melhywbacler IUleus 

Melhywmicrobium album 
Melhylococcus capsuiaJus 

Pseudol1llJMS pUlido JCM 6156 
,.....____ Escherichia coli K-12 
'--___ Aerol1llJMS sa/l1lIJnicido 

'-­_____ Legionella pneumophila 
,....._______ 7hiobacillus IhWparus DSM 505 

Thiobacillus hydrolhermalis 
'---- ThWbacillus neopolilanILS 

sym. Codakia coslala 
L...___ sym. Solemya reidi 

r____-C=========-Magnetobacterium bavaricum 
LeptospirilJumjerrooxidans DSM 2705 

L.....___--1 Thiobacillus novellus lAM 121()() 

Thiobacillus acidophilus ATCC 33338 
Acidiphilium cryptwn ATCC 33463 

,..---- OIromatium tepidum ATCC 43061 
OIromatium vinosum A TCe 17899 

wbacillus jerrooxiilans ATCC 23270 
'I'hWbacillus thioondilns ATCC 19377 

'I'hWbaciIlus caJdus MNG 

0.1 

Fig 3.7: Phylogenetic relationship of T. caldus MNG to the thiobacilli and related species. The scale of 0.1 
represents a 10% difference in the nucleotide sequence. 

3.3.3) T. caMus MNG rhodanese activity and rhodanese substrate range 

Having isolated a T. caldus strain from the biooxidation pilot plant (UCT) and noted its 

predominance it was of interest to determine whether this bacterium demonstrated 

rhodanese activity (Fig ~ : .8). 
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o 
T thiooxidans Biooxidation T caldus MNG 
ATCC 19377 pilot plant (UCT) 

T ferrooxidans 
ATCC 33020 

Fig 3.8: Rhodanese specific activity of T caldus MNG and comparison to pure culture rhodanese activities 
determined previously. Error bars represent the mean standard deviation between (D) whole cell and C-) 
crude enzyme extract assays. 

As T. caldus MNG demonstrated the ability to convert cyanide to thiocyanate, and 

because of its predominance throughout batch culture in the biooxidation pilot plant 

(UCT), the rhodanese substrate range of this bacterium was investigated (Table 3.3). 

Table 3.3: T caldus MNG rhodanese activity as determined using a range of sulfur substrates. 

Sulfur 
substrate 

/lmol SCN-.min-I. mg protein-I 
Whole cell assay Crude enzyme extract 

S02­
3 0 0 

S02­
4 0 0 

S20 ; ­ 6.66 ±1 .S8 7.73 ±S.09 

S20 ; ­ 0 0 

S40~- 0 0 
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(UCT), the rhodanese substrate range of this bacterium was investigated (Table 3.3). 
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It was found that tetrathionate (S40 ~-) reacted spontaneously with cyanide in the assay 

resulting in a molar concentration of thiocyanate outside the range of the assay. 

Therefore, the concentration of tetrathionate in the assay reaction mixture was lowered so 

that rhodanese activity might be detected above the spontaneous chemical reaction. Even 

when the assay concentration of tetrathionate was as low as SO/lM, as opposed to the 

normal SmM assay sulfur substrate concentration, no rhodanese activity could be 

detected above the spontaneous formation of thiocyanate (Table 3.3). The cyanolytic 

degradation of tetrathionate to form thiocyanate and sulfate is well characterized (Roy 

and Trudinger, 1970). 

3.3.4) Effect of bacterial growth phase on rhodanese activity 

The rhodanese specific activity of T. caldus MNG (Table 3.3) had the same large 

deviation between assays as observed for the sulfur-oxidizers in chapter two. Therefore, 

in an attempt to address whether the physiological state of the cell affected rhodanese 

activity T. caldus MNG was cultured in a 3 litre Applikon® bioreactor. A 3 litre 

bioreactor was required for growth phase experiments for two reasons. Firstly, the low 

biomass yield of the che:molithoautotrophic bacterium required that the entire bioreactor 

be harvested to determine rhodanese activities during early growth phases. Secondly, as 

optical density readings on such low biomass was unreliable (absorbance did not 

correlate with assays of total protein, data not shown), off-gas analysis was required to 

assist in estimating the growth phase of the culture. 

The initial T. caldus MNG rhodanese activity result (Table 3.3) had been determined 

using shaking flask experiments. Due to available laboratory equipment limitations and 

the volume of culture media required for sufficient rhodanese assay biomass, the growth 

of T. caldus MNG in shaking flask experiments had been restricted to a temperature of 

37°C. Consequently, it was decided that although T. caldus grows at an optimum growth 

temperature of 4SoC (Hallberg and Lindstrom, 1994) the bioreactor experiments would be 

undertaken at 37°C to minimize growth condition changes between shaking flask and 

bioreactor experiments. It was hoped that a correlation between shaking flask and 
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bioreactor rhodanese activity might assist in explaining the large standard deviation 

between assays. 

Fig 3.9: Biomass concentration (mmolC.r i; solid line) derived from off-gas analysis and CO2 utilization 
rate (-rC02 mmoIC02.r i.h(i; dotted line) during batch growth of T. caldus MNG. Insert graph shows the 
biomass concentration (mmolC.r i; solid line) and protein concentration (Jlg.ml· i; points) versus time. 

From the growth kinetic data (Fig 3.9) the generation time of T. caldus MNG could be 

determined for the particular growth conditions (described in section 3.2.8). A generation 

time of approximately 4 hours at 37°C, with no pH adjustment, was estimated which 
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generation time is a reflection of the growth rate constant in exponential growth, a low 

growth rate will result in an extended generation time. CO2 limitation is argued on the 

observation that the maximum carbon dioxide utilization rate was reached during early 

exponential growth (Fig 3.9). The exponential growth phase is the most metabolically 

active phase of the culture. Therefore, considering that the carbon dioxide utilization rate 

was unchanged during exponential growth, rather than increasing (as would be expected 

if CO2 was available in excess), it appears that the T. caldus MNG growth rate was 

constrained by CO2 limitation. As inlet gas entered the bioreactor at a constant rate of 

315ml.min-1 throughout batch growth, the maximum growth rate for T. caldus MNG 

would be relative to the amount of available CO2. Data from the oxygen consumption 

rate (see Appendix D[iiiD showed that the oxygen consumption rate increased for a 

further 12 hours after the carbon dioxide consumption rate had stabilized (presumably 

due to an increase in cell mass). This indicated that O2 did not have as profound an effect 

on the growth rate as CO2 limitation. As the culture entered stationary phase (Fig 3.9) the 

rate of carbon dioxide fixation stabilized which is reflected in the steady decrease in the 

carbon dioxide utilization rate to basal levels by 60 hours. 

Having determined the growth kinetics under the particular growth conditions described 

above, batch cultures of T. caldus MNG were terminated during various growth phases 

and the cells harvested for rhodanese assays. Basal levels of rhodanese activity were 

detected prior to exponential growth (Fig 3.10), but it was only after 45 hours of culture 

growth in the bioreactor, when the culture had entered the exponential growth phase, that 

rhodanese activity began to increase. The greatest fluctuation in rhodanese activity was 

found when the culture was in early stationary phase (Fig 3.10). The variation in whole 

cell rhodanese activities during early stationary phase was not as pronounced as for crude 

enzyme extracts (see section 3.4). Prolonged growth in stationary phase resulted in both 

whole cell and crude enzyme extract rhodanese activities returning to basal levels (Fig 

3.10). 
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Fig 3.10: Composite diagram demonstrating the specific activity of rhodanese produced during different 
growth phases of T. caldus MNG in batch culture. The growth data are represented by biomass 
concentration (mmolC.r l; solid line), with both whole cell (D) and crude enzyme extract (Ll) rhodanese 
specific activities expressed :n ,",mol SCN".min-l.mg protein-I. Dashed line for biomass concentration is an 
extrapolation of growth data allowing for the assays performed in late stationary phase to be represented. 
Numbers in square brackets represent the number of rhodanese assays at each point shown. Error bars 
represent the mean standard deviation between rhodanese assays. 
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3.4) Discussion 

Using the restriction enzyme based 16S rDNA profiling technique described by Rawlings 

(1995) a T. caldus strain was identified as the predominant species in the leach liquor of a 

biooxidation pilot plant treating a pyrite-arsenopyrite concentrate. The identification was 

based on the finding that the restriction enzyme sites NarI and BamHI are unique sites for 

T. caldus (Fig 3.3 and Table 3.1). The complete digestion of the PCR amplified 16S 

rDNA product by BamHI (Fig 3.4) showed that the PCR products obtained over the ten 

day biooxidation pilot plant (UCT) batch culture were not a heterologous mixture of 

templates and were composed entirely of T. caldus 16S rDNA. The restriction enzyme 

NarI is recognised as a poor DNA digesting enzyme which would account for the 

undigested 1.5kb fragment in lanes 2 and 8 of Fig 3.4. Therefore, NarI can only be used 

in a confirmatory capacity and not for determining the heterogeneity of a PCR 16S rDNA 

product. It was surprising that during the ten day biooxidation pilot plant (UCT) batch 

culture that L. ferrooxidans was not detected. Previous investigations had revealed that 

this iron-oxidizer was present in the leachate (see Appendix D[i]). Possibly unequal lysis 

of species during chromosomal DNA extraction and/or PCR selection factors resulting 

from a high template ratio could have resulted in L. ferrooxidans not being detected. 

These are recognised problems associated with this identification technique (Rawlings, 

1995). 

The sequence of the 16S rRNA gene of the T. caldus isolate that was consistently present 

during the ten day batch culture in the biooxidation pilot plant (UCT) was determined to 

establish that this bacterium was indeed a T. caldus strain. Sequence analysis revealed 

seven nucleotide changes (Appendix D[ii]) when compared to the published sequence of 

T. caldus DSM 8584. The T. caldus isolate showed a 99.5% nucleotide sequence identity 

to T. caldus DSM 8584 (Table 3.2). However, higher nucleotide identity to a sequence 

lodged in the databases as "T. thiooxidans gene for 16S ribosomal RNA" (Accession no. 

X72851) was found. Analysis of this T. thiooxidans physiological type II sequence 

(Goebel and Stackebranjt, 1994) has led to the proposal that it is the 16S rRNA gene 

sequence of a T. caldus strain. The T. thiooxidans physiological type II 16S rRN A gene 
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sequence has a 99.7% nucleotide sequence similarity to the T. caldus isolate (Table 3.2). 

A FASTA analysis of this T. thiooxidans physiological type II sequence against T. caldus 

DSM 8584 confirmed a 99.7% nucleotide similarity supporting the previously inaccurate 

designation of this sequence. The 16S rRNA gene for T. thiooxidans ATCC 19377 and 

T. thiooxidans DSM 612 showed sequence similarities of only 95.3% and 93.4%, 

respectively, to the T. caldus isolate (Table 3.2). Simulated computer restriction enzyme 

mapping of the 16S rRNA gene of this T. thiooxidans physiological type II strain 

revealed a BamHI and NarI site at the same base pair location (taking published sequence 

length into consideration) as found for T. caldus DSM 8584 (Fig 3.3). These restriction 

enzyme sites are not found in the 16S rRNA gene sequence of T. thiooxidans ATCC 

19377, DSM 612, DSM 504 or TI. Having an explanation for the high sequence 

similarity to T. thiooxidans physiological type II and T. caLdus DSM 8584, the 

biooxidation pilot plant (UCT) isolate was designated T. caldus MNG. Phylogenetic 

analysis of T. caldus MNG showed that after T. caldus DSM 8584 it was more closely 

related to T. ferrooxidans ATCC 23270 than T. thiooxidans ATCC 19377 (Fig 3.7). 

Having confirmed the identification of this species found in the leach liquor, the pure 

culture of T. caldus MNG was assayed for rhodanese activity. No rhodanese activity for 

a T. caldus strain has been reported but considering the ubiquity of rhodanese in the 

thiobacilli (section 1.10) it was not surprising that T. caldus MNG demonstrated in vitro 

rhodanese activity (Fig 3.8). The substrate range of the T. caldus MNG rhodanese was 

investigated (Table 3.3) and it was found that within the sulfur substrates tested, this 

rhodanese behaved exclusively as a thiosulfate: cyanide sulfurtransferase. The specific 

activities determined for whole cell and crude enzyme extract T. caldus MNG rhodanese 

assays were found to be comparable with that of T. thiooxidans ATCC 19377 (Table 2.1 

and Fig 3.8). However, as was experienced with previous rhodanese assays (section 2.3), 

the T. caldus MNG rhodanese assays also demonstrated fluctuations between assays, 

although the standard deviations within replicates of the same sample were much lower. 

As T. caldus MNG appeared to be the dominant sulfur-oxidizer in the biooxidation 

bioreactor, and could be cultured in a shorter time period than the other pure cultures 
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investigated, it was chosen for growth related rhodanese assays . It was hoped that growth 

related rhodanese assays would indicate whether the physiological state of the celI 

affected rhodanese activity. Rhodanese specific activities for both whole celI and crude 

enzyme extracts of T. caldus MNG were first detected in late lag phase, but this may be 

attributed to the low biomass yield (Fig 3.10). The accumulation of reactive sulfur 

species during stationary phase growth may have progressively influenced the 

quantitative sensitivity of the rhodanese assay. Spontaneous chemical formation of 

thiocyanate catalyzed by these reactive sulfur species could have affected the whole cell 

assays (see section 2.4), as after exponential growth these activity levels began to 

decrease. This spontaneous chemical formation of thiocyanate may also have contributed 

to the very high standard deviation between crude enzyme extract assays observed in 

early stationary phase. Boiled sample control levels of spontaneous thiocyanate 

formation for stationary phase E. coli BMH 71-18 rhodanese assays (data not shown) 

were in the order of 1.5-fold and 19.4-fold lower for crude enzyme extract and whole cell 

assays, respectively, than for stationary phase (70 hour, Fig 3.10) T. caldus MNG 

rhodanese assays. This suggests that accumulated reactive sulfur species affected T. 

caldus MNG rhodanese assays as the culture aged. Both whole cell and crude enzyme 

extract rhodanese activity decreased to basal levels as the culture aged during prolonged 

growth in stationary phase (Fig 3.10). Thus, if the shaking flask experiments to 

determine rhodanese activity for the various pure cultures used in this study were not 

harvested at a similar stage of the growth cycle, this may have contributed to the large 

variation observed in rhodanese activity for the pure cultures. In other words, 

indiscriminate timing for the harvesting of pure cultures for rhodanese assays contributed 

to the high standard deviation between assays, as rhodanese activity was strongly 

influenced by the physiological state of the culture. 

A further observation from the T. caldus MNG bioreactor rhodanese assays was the high 

mean specific activity of the crude enzyme extract at 70 hours. Although a large standard 

deviation between assays demonstrated fluctuations in rhodanese activity during 

stationary phase growth (Fig 3.10), a mean crude enzyme extract specific activity of 

20.31 (±18.23) Ilmol SCN·.min-'.mg protein-' was calculated. This mean value was 5 
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units higher than that determined for the biooxidation pilot plant (UCT) mixed culture 

(Table 2.1). Considering the assay fluctuations observed for the biooxidation pilot plant 

(UCT) culture (Fig 2.2), and the optimal growth conditions in both the Applikon® 

bioreactor and the biooxidation pilot plant bioreactor (which was dominated by T. caldus 

MNG), the levels of rhodanese activity are of the same order. This suggests that 

rhodanese activity in the biooxidation pilot plant (UCT) is primarily due to T. caldus. 

Shake flask experiments to determine the rhodanese activity of T. caldus MNG (Table 

3.3) did not demonstrate activities of this magnitude. 
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4.1) Introduction 

As thiosulfate: cyanide sulfurtransferase activity had been demonstrated for the sulfur­

oxidizers T. ferrooxidans A TCC 33020, T. thiooxidans A TCC 19377 and T. caldus MNG 

an attempt was made to identify and clone the rhodanese gene(s) from one of these 

bacteria. It was hoped that should a rhodanese gene be cloned, sequence analysis would 

assist in the characterization of the first rhodanese gene isolated from a Thiobacillus. 

An approach considered for the isolation of a rhodanese gene was the polymerase chain 

reaction (PCR) amplification of the gene using primers designed from the available 

sequences in the National Center for Biotechnology Information (NCBI) database. 

However, there were two difficulties with this approach. Firstly, besides T. ferrooxidans 

(Rawlings et al., 199]), the codon usage preference is not well characterized for 

thiobacilli. Secondly, the available rhodanese sequences in the NCBI database have low 

sequence similarity, and therefore it would be difficult to design primers that were likely 

to be specific. The A. vinelandii rhdA gene isolated by Colnaghi et ai. (1996) had been 

acquired from these authors and the potential to identify the rhodanese gene by Southern 

hybridization using the rhdA gene as a probe was considered to be a better option. Once 

a restriction fragment which gave a positive hybridization signal to the probe had been 

identified, it was envisaged that a partial gene library would be constructed using 

fragments of a similar size, and the gene isolated. 
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An approach considered for the isolation of a rhodanese gene was the polymerase chain 

reaction (PCR) amplification of the gene using primers designed from the available 

sequences in the National Center for Biotechnology Information (NCB I) database. 

However, there were two difficulties with this approach. Firstly, besides T. ferrooxidans 

(Rawlings et al., 199]), the codon usage preference is not well characterized for 

thiobacilli. Secondly, the available rhodanese sequences in the NCBI database have low 

sequence similarity, and therefore it would be difficult to design primers that were likely 

to be specific. The A. vinelandii rhdA gene isolated by Colnaghi et al. (1996) had been 

acquired from these authors and the potential to identify the rhodanese gene by Southern 

hybridization using the rhdA gene as a probe was considered to be a better option. Once 

a restriction fragment which gave a positive hybridization signal to the probe had been 

identified, it was envisaged that a partial gene library would be constructed using 

fragments of a similar size, and the gene isolated. 

88 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4.2) Materials and Methods 

4.2.1) Preparation of chromosomal DNA for Southern hybridization: Chromosomal 

DNA from the pure and biooxidation pilot plant (VCT) cultures were prepared using the 

method described in section 3.2.1, with the slight modification of two to three additional 

washes of the chromosomal DNA with ammonium acetate. The ammonium acetate 

precipitation protocol for the removal of bound extraneous protein involved the addition 

of 50% (v/v) 7.5M ammonium acetate pH 7.5 to chromosomal DNA resuspended in TE 

buffer pH 7.6. The solution was incubated for 60 minutes, and then centrifuged for 15 

minutes at 14K. The supernatant was transferred to a new Eppendorf tube and 2.5 

volumes absolute ethanol added. The solution was incubated for two hours before being 

centrifuged to pellet the chromosomal DNA. The chromosomal DNA pellet was then 

washed with 70% ethanol, air-dried and resuspended in TE buffer pH 7.6. The 

ammonium acetate precipitation protocol was carried out at room temperature. 

4.2.2) DNA manipulations: The standard methods of Sambrook et al. (1989) and 

Ausubel et al. (1993) were used for restriction enzyme digests, agarose gel 

electrophoresis, purification of DNA fragments from agarose gels by electroelution, and 

ligations. All restriction enzymes and their buffers were acquired from Boehringer 

Mannheim. The restriction enzymes and other enzymes used for DNA manipulations 

were used according to manufacturer's specifications. The bacterium E. coli JM 109 was 

made competent using the standard rubidium chloride method of Sambrook et al. (1989). 

4.2.3) Southern hybridization probe preparation: The pRC9189 recombinant plasmid 

containing the A. vinelandii rhdA gene (Fig 4.1) was acquired from Colnaghi et al. (1996) 

and used to construct a probe for Southern hybridization studies. 
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Fig 4.1: Restriction enzyme map of the 1.3kb insert containing the A. vinelandii rhdA gene cloned into the 
Sphl and Smal sites of the cloning vector pTZ18 . Bracketed StuI is the StuI-SmaI blunt-end cloning site. 
The 813bp rhdA open reading frame is represented by the black rectangle and the flanking regions are 
represented by unshaded rectangles. The multiple cloning site (MCS) of the pTZ18 cloning vector is 
represented by the hatched rectangles. 

The alkaline lysis cell disruption method (Birnboim and Doly, 1979; Ish-Horowicz and 

Burke, 1981) and plasmid purification by CsCI-EtBr gradient centrifugation (Ausubel et 

al., 1993) was used for the large scale preparation of pRC9189 plasmid DNA from E. 

coli. For Southern hybridization against chromosomal digests the rhdA probe was 

prepared by digesting the plasmid pRC9189 with the restriction enzymes SphI and 

EcoRI, followed by the electroelution of the fragment from a 0.8% agarose gel. The 

fragment was labeled according to the digoxigenin-ll-dUTP (DIG) random primed DNA 

labeling method using the DIG DNA labeling kit (Boehringer Mannheim). When 

screening the partial gene library the rhdA probe was digested with San and KpnI to 

remove as much of the A. vinelandii rhdA gene flanking regions and vector sequence as 

possible, so as to increase hybridization specificity (see section 4.3). This SalI-KpnI 

rhdA probe was labeled using a scaled-up DIG random primed DNA labeling protocol 

(Boehringer Mannheim). 

4.2.4) DNA:DNA hybridization (Southern hybridization): Restriction enzyme 

digested chromosomal and recombinant plasmid DNA fragments were separated by 

electrophoresis in a 0.8% agarose gel at 25V overnight, together with PstI-digested 

Lambda DNA as a marker. After electrophoresis, the DNA was depurinated by washing 

the gel in two volumes 0.25M HCI for 15 minutes, rinsing with water, and washing the 

gel in two volumes of O.4N NaOH for 15 minutes at room temperature to denature the 

DNA. The DNA was then capillary blotted overnight onto Hybond™ -N+ nucleic acid 

transfer membrane (Amersham) using O.4N NaOH. The membrane was prehybridized 

with DIG Easy Hyb (Boehringer Mannheim) solution for one hour at 35°C. Following 
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Fig 4.1: Restriction enzyme map of the 1.3kb insert containing the A. vinelandii rhdA gene cloned into the 
SphI and SmaI sites of the cloning vector pTZlS. Bracketed StuI is the StuI-SmaI blunt-end cloning site. 
The 813bp rhdA open reading frame is represented by the black rectangle and the flanking regions are 
represented by unshaded rectangles. The multiple cloning site (MCS) of the pTZ18 cloning vector is 
represented by the hatched rectangles. 

The alkaline lysis cell disruption method (Birnboim and Doly, 1979; Ish-Horowicz and 

Burke, 1981) and plasmid purification by CsCI-EtBr gradient centrifugation (Ausubel et 

ai., 1993) was used for the large scale preparation of pRC9189 plasmid DNA from E. 

coli. For Southern hybridization against chromosomal digests the rhdA probe was 

prepared by digesting the plasmid pRC9189 with the restriction enzymes SphI and 

EcoRI, followed by the electroelution of the fragment from a 0.8% agarose gel. The 

fragment was labeled according to the digoxigenin-ll-dUTP (DIG) random primed DNA 

labeling method using the DIG DNA labeling kit (Boehringer Mannheim). When 

screening the partial gene library the rhdA probe was digested with San and KpnI to 

remove as much of the A. vinelandii rhdA gene flanking regions and vector sequence as 

possible, so as to increase hybridization specificity (see section 4.3). This SalI-KpnI 

rhdA probe was labeled using a scaled-up DIG random primed DNA labeling protocol 

(Boehringer Mannheim). 

4.2.4) DNA:DNA hybridization (Southern hybridization): Restriction enzyme 

digested chromosomal and recombinant plasmid DNA fragments were separated by 

electrophoresis in a 0.8% agarose gel at 2SV overnight, together with PstI-digested 

Lambda DNA as a marker. After electrophoresis, the DNA was depurinated by washing 

the gel in two volumes 0.2SM HCI for 15 minutes, rinsing with water, and washing the 

gel in two volumes of O.4N NaOH for IS minutes at room temperature to denature the 

DNA. The DNA was then capillary blotted overnight onto Hybond™-N+ nucleic acid 

transfer membrane (Amersham) using O.4N NaOH. The membrane was prehybridized 

with DIG Easy Hyb (Boehringer Mannheim) solution for one hour at 3SoC. Following 
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prehybridization, the denatured probe was added to the DIG Easy Hyb solution and 

hybridization was carried out at 3SoC overnight. The membrane was then washed twice 

for ten minutes with 2X SSC (300mM NaCI, 30mM sodium citrate pH 7.0) containing 

0.1 % SDS at room temperature. A second set of higher stringency washes using O.IX 

SSC (1SmM NaCI, l.SmM sodium citrate pH 7.0) containing 0.1 % SDS were carried out 

at 6SoC for ten minutes. After these washes the probe was detected using the DIG 

luminescent detection kit and protocol of Boehringer Mannheim. The chemiluminescent 

substrate used was CSPD® (Boehringer Mannheim) and the signal was detected by 

autoradiography using 3M X-ray film (Trimax). 

4.2.5) Partial gene library of T. caldus MNG: Chromosomal DNA of T. caldus MNG 

was digested with BamHI and PstI. DNA fragments in the size range of 1.8-2.3kb, which 

corresponded to the approximate hybridization signal size, were gel excised and 

electroeluted from a 0.8% agarose gel. The DNA fragments were cloned into the vector 

pUCBM20 and the recombinant plasmids transformed into E. coli JM109. Strains and 

vectors used in this study are described in Appendix B. Transformants were selected on 

Luria-Bertani medium (Appendix A) containing lOOllg.mrl ampicillin and 2llg.mr1 X­

gal. A total of SOO positive transformants were replica-plated in groups of 30 per plate. 

To screen the partial gene library, each group of 30 transformants was pooled and 

recombinant plasmids purified from the pool by the alkaline lysis and CsCI-EtBr gradient 

centrifugation methods (Birnboim and Doly, 1979; Ish-Horowicz and Burke, 1981; 

Ausubel et al., 1993). BamHI-PstI digests of the recombinant plasmids from each pool 

were separated by electrophoresis in a 0.8% agarose gel and the pools screened by 

Southern hybridization using the SaLI-KpnI rhdA probe. Lack of a hybridization signal 

from a pool resulted in the elimination of that pool from further rounds of screening. 

4.2.6) Nucleotide sequencing of the recombinant plasmid pUC350-34: The 

recombinant plasmid pUC3S0-34 was sequenced by the dideoxy chain termination 

method (Sanger et aI., 1977) using the thermosequenase fluorescent labeled primer cycle 

sequencing kit (Amersham Pharmacia Biotech UK Ltd.). The CyS end-labeled primers 
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used for sequencing where obtained from the Synthetic DNA Laboratory, Department of 

Biochemistry (University of Cape Town). Sequencing reactions were run on an 

ALFexpress automated DNA sequencer (Pharmacia Biotech, Uppsala, Sweden). The 

Genetics Computer Group Inc. Winconsin Package version 9.1 (GCG, Madison Wis.) 

and the GeneDoc vers ion 2.3 multiple sequence alignment software were used for 

sequence construction and analysis. Simulated restriction enzyme digests and restriction 

enzyme maps were constructed using the DNAMAN version 3.0 (Lynnon BioSoft) 

software. 
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4.3) Results 

4.3.1) peR primer design for the amplification of a Thiobacillus rhodanese gene 

Using the protein sequences available in the NCBI database, confirmed prokaryotic 

rhodanese and rhodanese-like amino acid sequences, including putative thiosulfate: 

cyanide sulfurtransferase sequences from various genome sequencing projects, were 

aligned using Pll..EUP (Fig 4.2). 
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SyRhdA 
EcSseA 
Bfir-m (Put) 
Mtb (Put) 
Cor-yThtR 
Scoel(Put) 
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Meth (put) 
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4.3.1) peR primer design for the amplification of a Thiobacillus rhodanese gene 

Using the protein sequences available in the NCBI database, confirmed prokaryotic 

rhodanese and rhodanese-like amino acid sequences, including putative thiosulfate: 

cyanide sulfurtransferase sequences from various genome sequencing projects, were 

aligned using PILEUP (Fig 4.2). 
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Fig 4.2: GeneDoc multiple sequence alignment of prokaryotic rhodanese and rhodanese-like amino acid 
sequences. Residues that are conserved are shaded in black, while residues that show a greater than 80% 
conservation are shaded in grey. Sequences with the suffix (Put) are putative thiosulfate: cyanide 
sulfurtransferase polypeptides identified in genome sequencing projects. Abbreviations used are: A. 
vinelandii rhodanese (AvRhdA); S. erythraea CysA (SeCysA); Synechococcus PCC 7942 RhdA 
(SyRhdA); E. coli SseA (EcSseA); Bacillus firmus (Bfirm), Mycobacterium tuberculosis (Mtb), 
Corynebacterium glutamicum ThtR (CoryThtR), Streptomyces coelicolor (Scoel), Mycobacterium leprae 
(Mlep), Aquifex aeolicus (Aqui), Methanobacterium thermoautotrophicum (Meth). 

Attempts were made to design peR primers to the partially conserved sequences. The 

conserved sequences considered were at approximately amino acid residues 158-166, 

240-251, and 319-328. However, no primers of sufficient length and specificity could be 
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sulfurtransferase polypeptides identified in genome sequencing projects. Abbreviations used are: A. 
vinelandii rhodanese (AvRhdA); S. erythraea CysA (SeCysA); Synechococcus PCC 7942 RhdA 
(SyRhdA); E. coli SseA (EcSseA); Bacillus firmus (Bfirm), Mycobacterium tuberculosis (Mtb), 
Corynebacterium glutamicum ThtR (CoryThtR), Streptomyces coelicolor (Scoel), Mycobacterium leprae 
(Mlep), Aquifex aeolicus (Aqui), Methanobacterium thermoautotrophicum (Meth). 

Attempts were made to design peR primers to the partially conserved sequences. The 

conserved sequences considered were at approximately amino acid residues 158-166, 

240-251, and 319-328. However, no primers of sufficient length and specificity could be 
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designed due to the lack of adequate conserved sequence length. As a result a Southern 

hybridization approach was adopted. 

4.3.2) Southern hybridization using the A. vinelandii rhdA probe 

Initially the A. vinelandii rhdA gene and its flanking regions were used to probe total 

chromosomal digests of the pure cultures and biooxidation (UCT) mixed culture (Fig 

4.3). As A. vinelandii is taxonomically distantly related to the bacterial species 

considered in this study the hybridization temperature was lowered to 35°C according to 

the DIG Easy Hyb (Boehringer Mannheim) protocol for heterologous probes. The 

hybridization temperature of 35°C and a stringency wash in O.IX SSC containing 0.1 % 

SDS at 65°C were the upper limits for a hybridization signal to be detected. 

EcoRIBamHI 

T.r T.t LJ T.c M.C DH5a I T.r T.t L.r T.c M.C DH5a 

+- S.08kb 

• 
+- 2.84kb 

+-1.70kb 

+-1.16kb 

Fig 4.3: Southern hybridization using the SphI-EcoRI digested A. vinelandii rhdA probe. Total 
chromosomal DNA of the pure cultures and biooxidation pilot plant (UCT) were digested with either 
BamHI or EcoRI. An E. coli DHSa (DHSa) total chromosomal DNA control was included in each group. 
Southern hybridization was attempted against total chromosomal DNA of: T. ferrooxidans ATCC 33020 
(T.£), T. thiooxidans ATCC 19377 (T.t), L. ferrooxidans DSM 2705 (L.£), T. caldus MNG (T.e), and the 
biooxidation pilot plant (UC~) mixed culture (M.C). A PstI-digested Lambda marker was used to identify 
fragment sizes. 
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A hybridization signal was detected for the E. coli DH5a control (Fig 4.3) which 

probably indicates hybridization to the E. coli sseA gene. Less clear signals were 

obtained for T. ferrooxidans and the biooxidation pilot plant (UCT) mixed culture. 

However, a clear hybridization signal in both BamHI and EcoRI digested T. caldus MNG 

total chromosomal DNA was detected, and it was decided to create a T. caldus MNG 

partial gene library in an attempt to clone the DNA which gave the clear signal. 

4.3.3) Partial gene library of T. caldus MNG 

In order to facilitate cloning, total chromosomal DNA of T. caldus MNG was digested 

with a range of restriction enzymes that would generate 5' - and 3' -overhangs. 

Combinations of these restriction enzymes were used for double-digests of the total 

chromosomal DNA because it would be much easier to clone a DNA fragment with 

different sticky ends than fragments having similar sticky ends. The rationale for this 

approach was that after Southern hybridization and probing with the SphI-EcoRI rhdA 

probe, double-digested total chromosomal DNA that showed a hybridization signal size 

shift to a smaller size, when compared to total chromosomal DNA digested with a single 

restriction enzyme, would allow for that particular combination of restriction enzymes to 

be considered for cloning purposes. Such a hybridization signal size shift was found 

when total chromosomal DNA was digested with BamHI and Pst! (data not shown). 

As the positive signal for BamHI-PstI digested DNA was approximately 2kb, a partial 

gene library of 1.8-2.3kb size fragments was created in E. coli JM 1 09 using the cloning 

vector pUCBM20. A total of 500 positive transformants were screened by Southern 

hybridization. However, under the hybridization conditions described in section 4.3.2, 

the SphI-EcoRI rhdA probe also hybridized to digested pUCBM20 vector control DNA 

(data not shown). As an increase in hybridization temperature and wash stringency 

resulted in the loss of hybridization signals from the insert DNA, the only means of 

increasing hybridization specificity was to remove the flanking regions of rhdA gene 

present on the SphI-EcoRI rhdA probe. Therefore, a SaLI-KpnI rhdA probe was 
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constructed and used to screen the recombinant plasmids. Although the StuI site in the 

recombinant pRC9189 plasmid might appear to be a more logical choice for the removal 

of the downstream flanking region (Fig 4.1), this restriction enzyme site was lost due to 

the StuI-SmaI blunt-end cloning to generate the pRC9189 plasmid (Colnaghi et al., 

1996). As the full nucleotide sequence of the A. vinelandii rhdA insert in pRC9189 (Fig 

4.1) is known, a simulated restriction enzyme map was created in order to determine 

possible restriction enzymes that would remove the flanking regions of the A. vinelandii 

rhdA gene; thereby increasing hybridization specificity. The downstream flanking region 

posed the greatest problem as no suitable restriction enzyme site could be found that was 

not also present in the rhdA open reading frame. Because no suitable alternative 

restriction enzyme sites were found it was decided to use the KpnI site present in pTZI8. 

This meant that ten nucleotides of the pTZ 18 multiple cloning site (the cloning vector 

from which the recombinant plasmid pRC9189 was constructed [Colnaghi et ai., 1996]) 

remained attached to the downstream flanking region. Thus, this flanking region of 

approximately 127 nucleotides could not be removed. However, the larger rhdA 

upstream flanking region was removed by digestion with SaIl. Although there is a Sall 

restriction enzyme site 138bp into the A. vinelandii rhdA open reading frame (Fig 4.1) 

this restriction enzyme was used as little amino acid similarity to other prokaryotic 

rhodanese and rhodanese-like enzymes had been demonstrated within the region to be 

deleted (Fig 4.2). This Sall-KpnI rhdA probe hybridized at exactly the same positions as 

the previous probe when used on the blot shown in Fig 4.3 (data not shown). 

Unfortunately, this probe continued to hybridize under the same conditions used for the 

SphI-EcoRI rhdA probe to the digested pUCBM20 vector control (data not shown), and 

further increases in wasn stringency resulted in the loss of the insert DNA hybridization 

signals. 

In spite of this background hybridization to vector DNA, using the Sall-KpnI rhdA probe, 

one recombinant plasmij, designated pUC350-34, was isolated which appeared to give a 

stronger hybridization signal than the vector control. This recombinant plasmid 

contained a 1.9kb insert which was sequenced for 990bp from the insert 5-'end and 

978bp from the 3' -end. However, sequence homology comparisons using the BLAST 
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program yielded non-rhodanese-like sequences. A BLAST of the 5' -end indicated a 48% 

amino acid identity to 209 amino acids of the E. coli penicillin-binding protein 1 A 

sequence. A BLAST of the 3' -end indicated a 39% amino acid identity to 104 amino 

acids of the Neisseria m€ningitidis penicillin-binding protein 1 sequence. 
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4.4) Discussion 

The attempt to isolate a rhodanese gene from one of the sulfur-oxidizers that possessed 

rhodanese activity was unsuccessful. Initially, enzyme purification was attempted, but 

proved to be difficult. The major difficulty was the low protein concentrations of soluble 

enzyme extracts (as a consequence of poor biomass yields), even after (NH4hS04 

precipitation of soluble extracts and combining the concentrates. Given the low 

concentration of enzyme, the buffer ionic strength at which the T. caldus MNG enzyme 

suspension would bind efficiently to either DE-52 or CE-52 Whatman ion-exchange 

resins, or to the stronger anion-exchange Sepharose-Q Fast Flow resin, could not be 

determined. If a rhodanese enzyme could have been purified then N-terminal sequencing 

would have allowed for the design of degenerate PCR primers that would have facilitated 

the isolation of a rhodanese gene. 

No sufficiently specific PCR primers could be designed on the basis of published 

rhodanese and rhodanese-like sequence data. A multiple sequence alignment of both 

eukaryotic and prokaryotic rhodanese and rhodanese-like enzymes (data not shown) 

showed no conserved amino acid regions of sufficient length for this purpose. Greater 

amino acid sequence similarity was found when only prokaryotic rhodanese and 

rhodanese-like amino acid sequences were aligned (Fig 4.2), but even in this case no 

conserved amino acid region large enough to be used for primer design was available. 

This point was made by Colnaghi et al. (1996) who also noted that the E. coli SseA 

protein, which demonstrated marginal rhodanese activity, was more closely related to 

vertebrate rhodaneses than other prokaryotic rhodanese sequences. Even so, Nagahara et 

al. (1995) showed that a partial sequence of rat mercaptopyruvate sulfurtransferase had 

higher amino acid similarity (87.5%) to human rhodanese than it does to other vertebrate 

rhodaneses (64-68%). This suggests that the human rhodanese is in fact a 

mercaptopyruvate sulfurtransferase. Thus, low rhodanese sequence similarity is found 

even within the vertebra ~e rhodanese group. 
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Therefore, the only other approach for the isolation of a rhodanese gene was the 

screening of a partial gene library using a rhodanese gene probe. Although a clear 

hybridization signal was detected when the A. vinelandii rhdA gene was used to probe 

digested total chromosomal DNA of the bacteria studied in this investigation (Fig 4.3), 

this signal was not specific as the probe also hybridized to a digested pUCBM20 cloning 

vector control, and to digested E. coli DH5a. However, as the hybridization signal 

detected in digested T. caldus MNG total chromosomal DNA was stronger than the signal 

for the vector control, a partial gene library was created using BamHI-PstI digested T. 

caldus MNG chromosomal DNA. Screening of recombinant plasmids by gene 

complementation of a mutant was not possible as the only prokaryotic rhodanese mutant 

available was A. vinelandii (Colnaghi et at., 1996). This A. vinelandii mutant had no 

discernible phenotype distinct from wild-type A. vinelandii and the mutant strain 

demonstrated residual rhodanese activity (Colnaghi et al., 1996) which suggested that A. 

vinelandii contained more than one enzyme with rhodanese activity (as has been found in 

other bacteria; see section 1.10). Therefore, screening of recombinant plasmids by 

complementation was deemed to be impractical. Screening of recombinant plasmids of 

the partial gene library by Southern hybridization with the A. vinelandii rhdA probe was 

the alternate approach. 

Taxonomic distance, and therefore lack of sufficient nucleotide sequence similarity, 

probably prevented the Southern hybridization method of screening from being 

successful. BLAST SCl)[es of the isolated pUC350-34 plasmid insert DNA showed a 

48% (5' -end) and 39% (3' -end) amino acid identity to an E. coli and N. meningitidis 

penicillin-binding protein, respectively. Although there was no obvious explanation for 

this, the rather convincing similarity to a penicillin-binding protein appeared to be a 

meaningful result, but was of no significance in the context of the probe used. To verify 

that the pUC350-34 insert DNA originated from T. caldus MNG, the pUC350-34 insert 

DNA was gel excised, labeled, and used to probe BamHI-PstI digested T. caldus MNG 

chromosomal DNA. A T. caldus MNG chromosomal signal of equal size to the pUC350­

34 insert DNA (data not shown) confirmed that although a rhodanese-like sequence had 

not been identified, the insert DNA of pUC350-34 originated from T. caldus MNG. 
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Chapter Five 

General discussion 

Refractory gold-bearing metal-sulfide ores and concentrates reqUIre a pretreatment 

process to allow for efficient gold recovery by cyanidation. The establishment of 

biooxidation has presented mining operations with an economically viable alternative to 

costly metallurgical process, such as roasting and pressure-leaching, for the pretreatment 

of refractory gold-bearing ores and concentrates. As with all technologies, process 

optimization is required to maintain a competitive edge for the continued use of such 

technology. Although, economically and technologically successful, when compared to 

pyro and hydrometallurgical processes, one of the greatest drawbacks of the biooxidation 

process is the excessive wastage of cyanide during cyanidation. 

A large number of factors appear to contribute to cyanide wastage. It is well documented 

that the formation of metallo-cyanides and the presence of reactive sulfur species 

contributes to cyanide wastage. As gold is locked up in a matrix of metallic sulfides, the 

sulfide content of the ore or concentrate is a major consideration when treating ores or 

concentrates with cyanide for the dissolution of gold. It is argued that the microbial 

population in the bioreactors contributes indirectly to the wastage of cyanide through the 

metabolic production of a range of reactive sulfur species that may readily complex with 

cyanide forming thiocyanate. Thiocyanate formation is presently recognised as 

accounting for the largest proportion of cyanide consumption during cyanidation (Hackl 

and Jones, 1997). Further investigation of the microbial contribution to cyanide wastage 

was deemed necessary to evaluate the potential for enzymatic depletion of cyanide. 

Enzymatic depletion of cyanide would implicate the biooxidation microbial consortium 

in contributing directly to cyanide wastage. A more complete understanding of the 

chemical and enzymatic depletion of cyanide during cyanidation of biooxidation treated 

ores and concentrates could result in process optimization. 
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To investigate the direct microbial contribution to cyanide wastage, the seemingly 

ubiquitous enzyme, rhodanese, was examined for its potential to deplete cyanide. This 

enzyme, which is defined by its in vitro activity as a thiosulfate: cyanide 

sulfurtransferase, has been found in many prokaryote species. The defining irreversible 

reaction that this enzyme is able to catalyze is the transfer of the sulfane-sulfur of 

thiosulfate to the thiophilic acceptor cyanide, by means of a double-displacement 

mechanism, forming thiocyanate. Although the various rhodanese enzymes reported 

have displayed such diverse catalytic ability that the physiological role of this enzyme is 

still debated, it was due to the catalytic ability of rhodanese to form thiocyanate that the 

rhodanese activity of the relevant biomining bacteria was investigated. As an enzyme 

family, the rhodaneses are probably best defined as general sulfurtransferases able to 

form a binary Michaelis-Menten complex by electrophilic attack on a sulfane-sulfur 

anion. The enzyme-substrate complex then transfers the bound sulfenyl sulfide to a 

thiophilic acceptor following discharge of sulfide. 

Enzymatic depletion of cyanide 

The assay protocol of Singleton and Smith (1988) for the detection of thiocyanate was 

adopted for this study. The sulfur-oxidizers T. ferrooxidans ATee 33020, T. thiooxidans 

ATee 19377, and T. caldus MNG demonstrated rhodanese activity, but it was difficult to 

quantify and, therefore, correlate rhodanese activities between pure cultures and a 

biooxidation pilot plant. However, the obligate iron-oxidizing chemolithoautotroph L. 

ferrooxidans DSM 2705 demonstrated no rhodanese activity. Although the assay was 

reliable within replicates of the same sample, activity fluctuations between assays made 

quantifying the rhodanese activity of the sulfur-oxidizers difficult. It appears from work 

based on the effect of growth phase on T. ca/dus MNG rhodanese activity that the large 

standard deviation between assays could be attributed to the physiological state of the 

cell. The accumulation of reactive sulfur species during growth is thought to be 

responsible for influencing the catalytic ability of rhodanese and, therefore, decreasing 

the quantitative nature of the assay. As the culture aged, background levels of 

spontaneously formed thiocyanate in the assays increased. This highlights the 
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anion. The enzyme-substrate complex then transfers the bound sulfenyl sulfide to a 

thiophilic acceptor following discharge of sulfide. 

Enzymatic depletion of cyanide 

The assay protocol of Singleton and Smith (1988) for the detection of thiocyanate was 

adopted for this study. The sulfur-oxidizers T. ferrooxidans A TCC 33020, T. thiooxidans 

ATCC 19377, and T. caldus MNG demonstrated rhodanese activity, but it was difficult to 

quantify and, therefore, correlate rhodanese activities between pure cultures and a 

biooxidation pilot plant. However, the obligate iron-oxidizing chemolithoautotroph L. 

ferrooxidans DSM 2705 demonstrated no rhodanese activity. Although the assay was 

reliable within replicates of the same sample, activity fluctuations between assays made 

quantifying the rhodanese activity of the sulfur-oxidizers difficult. It appears from work 

based on the effect of growth phase on T. caldus MNG rhodanese activity that the large 

standard deviation between assays could be attributed to the physiological state of the 

cell. The accumulation of reactive sulfur species during growth is thought to be 

responsible for influencing the catalytic ability of rhodanese and, therefore, decreasing 

the quantitative nature of the assay. As the culture aged, background levels of 

spontaneously fonned thiocyanate in the assays increased. This highlights the 
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importance of growth phase, and the accumulation of reactive sulfur species during 

growth, on rhodanese activity. 

Possibly the major contributor to enzymatic depletion of cyanide is T. caldus. This 

sulfur-oxidizer is becoming increasingly important to biooxidation studies owing to its 

newly recognised dominance in the biomining microbial consortium. Throughout a ten 

day pyrite-arsenopyrite batch culture this bacterium was consistently present, and 

together with the high levels of rhodanese activity detected during pure culture bioreactor 

studies, this suggests that T. caldus is potentially the major contributor to rhodanese­

mediated wastage of cyanide during cyanidation. Shifting species dominance in the 

Biox® bioreactor cascade (Dew et al., 1997) towards a higher percentage of sulfur­

oxidizers in the last bioreactor, would determine whether species such as T. caldus were 

present in proportionately higher numbers during cyanidation than species unable to 

catalyze the formation of thiocyanate. Optimizing conditions so that the microbial 

population in the slurry entering the cyanidation plant is predominantly composed of 

species lacking rhodanese activity, such as L. ferrooxidans , would assist in decreasing 

cyanide wastage. 

Chemical depletion of cyanide 

An alternative would be to ensure the complete oxidation of sulfur species so that 

available reduced sulfur sources, including cellular sulfur reserves, would be exhausted. 

This would serve to decrease the concentration of reactive sulfur species introduced to 

the cyanidation plant. However, this would require the complete mineralization of the 

ore, and, therefore, very long residence times. Possibly, the most influential sulfur 

species contributing to cyanide wastage is tetrathionate. Due to its instability in acid 

solutions, thiosulfate is barely detectable in leaching solutions (Schippers et al., 1996), 

and is rapidly oxidized either chemically or enzymatically to tetrathionate. Enzymatic 

oxidation of thiosulfate to tetrathionate has been demonstrated in T. ferrooxidans, T. 

thiooxidans, and T. caldus (Pronk et al.,1990; Hallberg et al., 1996). The reported 

stability of tetrathionate in acidic biooxidation conditions, as opposed to thiosulfate, 

103 

importance of growth phase, and the accumulation of reactive sulfur species during 

growth, on rhodanese activity. 

Possibly the major contributor to enzymatic depletion of cyanide is T. caldus. This 

sulfur-oxidizer is becoming increasingly important to biooxidation studies owing to its 

newly recognised dominance in the biomining microbial consortium. Throughout a ten 

day pyrite-arsenopyrite batch culture this bacterium was consistently present, and 

together with the high levels of rhodanese activity detected during pure culture bioreactor 

studies, this suggests that T. caldus is potentially the major contributor to rhodanese­

mediated wastage of cyanide during cyanidation. Shifting species dominance in the 

Biox® bioreactor cascade (Dew et al., 1997) towards a higher percentage of sulfur­
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species lacking rhodanese activity, such as L. ferrooxidans, would assist in decreasing 

cyanide wastage. 
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An alternative would be to ensure the complete oxidation of sulfur species so that 

available reduced sulfur sources, including cellular sulfur reserves, would be exhausted. 

This would serve to decrease the concentration of reactive sulfur species introduced to 

the cyanidation plant. However, this would require the complete mineralization of the 

ore, and, therefore, very long residence times. Possibly, the most influential sulfur 

species contributing to cyanide wastage is tetrathionate. Due to its instability in acid 

solutions, thiosulfate is barely detectable in leaching solutions (Schippers et al., 1996), 

and is rapidly oxidized either chemically or enzymatically to tetrathionate. Enzymatic 

oxidation of thiosulfate to tetrathionate has been demonstrated in T. ferrooxidans, T. 

thiooxidans, and T. caldus (Pronk et aI.,1990; Hallberg et aI., 1996). The reported 

stability of tetrathionate in acidic biooxidation conditions, as opposed to thiosulfate, 
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suggests that this reactive sulfur species, formed by both chemical and enzymatic 

oxidation reactions, is introduced to the cyanidation plant in proportionately higher 

concentration than thiosulfate, following biooxidation. Tetrathionate decomposition in 

the alkaline conditions (""pH 10) of the cyanidation plant results in a range of reactive 

sulfur species that readily complex to cyanide forming thiocyanate. Alternatively, 

tetrathionate will react rapidly with excess sulfide to form thiosulfate and elemental 

sulfur (equation 4.1), or react spontaneously with cyanide (equation 4.2) forming 

thiocyanate (Roy and Trudinger, 1970). 

S40 ~- + S2- -7 2S20 ~- + SO (4.1) 

S40 ~- + CN- + OR -7 S20 ~- + HSO ~ + SCN- (4.2) 

Cyanol ysis of thiosulfate and elemental sulfur would then form thiocyanate (equations 

2.1 and 2.2). Thiosulfate may, however, decompose to sulfide and sulfite, or sulfate, as it 

is also unstable at high alkaline pH values (Roy and Trudinger, 1970). 

Relative contribution of enzymatic and chemical depletion of cyanide 

It is, therefore, likely that the major contributor to chemical thiocyanate formation in the 

cyanidation plant is tetrathionate. Chemical consumption of cyanide could account for 

proportionally greater depletion of the cyanide than rhodanese. Although the rhodanese 

substrate (thiosulfate) is formed in the cyanidation plant during the decomposition of 

tetrathionate, the activity of rhodanese at cyanidation pH (""pH 10) is questionable. 

Rhodanese activity was detected in the predominant and relevant sulfur-oxidizers of the 

biooxidation process, but due to the instability of thiosulfate at alkaline pH values, 

rhodanese activity couU not be assayed above pH 8.0. During biooxidation the 

cytoplasmic pH of the chemolithoautotrophic bacteria is maintained at pH 6.5 (Cox et aI., 

1979). It would be expected that at pH 6.S rhodanese is active, and cellular thiosulfate 

would not be as susceptible to decomposition at that pH. Rhodanese would, therefore, be 
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Cyanol ysis of thiosulfate and elemental sulfur would then form thiocyanate (equations 

2.1 and 2.2). Thiosulfate may, however, decompose to sulfide and sulfite, or sulfate, as it 

is also unstable at high alkaline pH values (Roy and Trudinger, 1970). 

Relative contribution of enzymatic and chemical depletion of cyanide 

It is, therefore, likely that the major contributor to chemical thiocyanate formation in the 

cyanidation plant is tetrathionate. Chemical consumption of cyanide could account for 

proportionally greater depletion of the cyanide than rhodanese. Although the rhodanese 

substrate (thiosulfate) is formed in the cyanidation plant during the decomposition of 

tetrathionate, the activity of rhodanese at cyanidation pH (:::::pH 10) is questionable. 

Rhodanese activity was detected in the predominant and relevant sulfur-oxidizers of the 

biooxidation process, but due to the instability of thiosulfate at alkaline pH values, 

rhodanese activity couU not be assayed above pH 8.0. During biooxidation the 
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would not be as susceptible to decomposition at that pH. Rhodanese would, therefore, be 
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active in the biooxidation environment, provided it remained in the cell. However, 

should cellular integrity De affected at cyanidation pH, it is thought that rhodanese would 

probably be inactive. If rhodanese does contribute to the formation of thiocyanate in the 

cyanidation plant, the c~/anide and thiosulfate will probably have to be transported into 

the cell for the reaction to take place in the cytoplasm. Rhodanese thiocyanate formation 

is unlikely to contribute as much to cyanide depletion as the spontaneous chemical 

fOlmation of thiocyanate 

Alternative gold dissolution processes 

If the production of tetrathionate in the Biox® bioreactors cannot be avoided, it may be 

necessary to consider processes other than cyanidation for the dissolution of gold. 

Lixiviants, such as thiourea and chloride, offer the potential for dissolution of gold in 

acidic conditions (Nicol et al., 1987). Although, the dissolution of gold by chlorination is 

approximately two-fold higher than cyanidation (Nicol et al., 1987), both chloride and 

thiourea, like cyanide, are susceptible to oxidation resulting in unfavourable biooxidation 

end-products. Thiocyanate and thiosulfate may also be used as lixiviants. The 

dissolution of gold is faster in thiocyanate than in thiosulfate (Nicol et at., 1987). 

However, ammonium thiosulfate dissolution of gold from heap biooxidation processes 

was found to be economical by the Newmont Gold Company (Brierley, 1997). The 

applicability of gold dissolution lixiviants for a particular ore or concentrate must be 

based on the cost of the lixiviant, efficiency of gold dissolution, and consumption (both 

chemical and microbial) of the lixiviant. Therefore, if it is not possible to reduce the 

consumption of cyanide following biooxidation, alternative gold dissolution processes 

may be required to impreve the economics of the process. 
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Appendix A 

All media, solutions and buffers were sterilized by autoclaving at 121 °C for 20 minutes. 

Heat labile substances w~re filter sterilized using 0.22J.lm membrane filters (Micron 

separations Inc.) 

A) Chemolithoautotroph liquid culture media 

lOX Mineral salt solution 

(N14hS04 30.0g.rl 

KCl 1.0g.r l 


K 2HP04 5.0g.r l 


MgS04.7H20 5.0g.r l 


Ca(N03h.4H20 0.14g.r1 


Na2S04 14.5g.r l 


pH to 2.5 with H2S04 and autoclave. 

1000X Trace elements solution 

ZnS04.7H20 10.Og.rl 
CuS04.5H20 l.Og.r l 

MnS04.4H20 1.0g.r l 

CoCh.6H20 0.5g.r l 

Cr2(S04h 15H20 0.5g.rl 
Na2B407.10H20 0.5g.rl 
NaMo04.2H20 0.5g.rl 

Acidify with 530pU I H2S04 and autoclave. 

L) Tetrathionate medium 

The mineral salt and trace element solutions were added aseptically to the required 
concentration of filter sterilized tetrathionate. The pH was then adjusted to the required 
pH with H2S04. 
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Appendix A 

All media, solutions and buffers were sterilized by autoclaving at 121°C for 20 minutes. 

Heat labile substances w~re filter sterilized using 0.22!..1m membrane filters (Micron 

separations Inc.) 

A) Chemolithoautotroph liquid culture media 

lOX Mineral salt solution 

(N14hS04 
KCI 
K2HP04 

MgS04.7H20 
Ca(N03)2.4H20 
Na2S04 

pH to 2.5 with H2S04 and autoclave. 

1000X Trace elements solution 

ZnS04.7H20 
CuS04.5H20 
MnS04.4H20 
CoCh.6H20 
Cr2(S04h-15H20 
Na2B407.10H20 
NaMo04.2H20 

Acidify with 530jlU- 1 H2S04 and autoclave. 

i.) Tetrathionate medium 

30.0g.rl 
1.0g.r l 

5.0g.r l 

5.0g.r l 

0.14g.r1 

14.5g.rl 

10.0g.rl 
l.Og.r l 

1.0g.r l 

0.5g.r l 

0.5g.r l 

0.5g.rl 
0.5g.rl 

The mineral salt and trace element solutions were added aseptically to the required 
concentration of filter sterilized tetrathionate. The pH was then adjusted to the required 
pH with H2S04. 
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Appendix A (cont.) 

ii.) 9K iron medium 

FeS04.7H20 38g.r' 

Adjust pH of iron solution to pH 1.2 and autoclave. 

The mineral salt and trace element solutions were added aseptically to the iron solution. 
The medium pH was then adjusted to pH 1.6 with H2S04. 

B) Luria-Bertani media 

Bactotryptone 109.r' 
Yeast extract Sg.r' 
NaCI Sg.r' 

Solid media contained I.S % (w/v) agar 

C) Media additives 

Media additive stocks were made as follows: 

Ampicillin (Amp) 100mg.mr' 

X-gal (S-bromo-4-chloro-3-indolyl-~-galactoside) 

X-gal (2% w/v) 0.2g 
Dimethylformamide lOml 

The solution was stored in aliquots at -70°C 

D) SET buffer 

Sucrose SOg 
O.SM EDT A pH 8.0 0.8ml 
1.0M Tris pH 8.0 lOml 

Make to 200ml with distilled water and autoclave 
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Appendix A (cont.) 

ii.) 9K iron medium 

38g.rl 

Adjust pH of iron solution to pH 1.2 and autoclave. 

The mineral salt and trace element solutions were added aseptically to the iron solution. 
The medium pH was then adjusted to pH 1.6 with H2S04 . 

B) Luria-Bertani media 

Bactotryptone 
Yeast extract 
NaCI 

109.r1 

5g.r1 

5g.r1 

Solid media contained 1.5% (w/v) agar 

C) Media additives 

Media additive stocks were made as follows: 

Ampicillin (Amp) IOOmg.ml·1 

X-gal (5-bromo-4-chloro-3-indoly!-~-galactoside) 

X-gal (2% w/v) 0.2g 
Dimethylformamide 10m! 

The solution was stored in aliquots at -70°C 

D) SET buffer 

Sucrose 50g 
0.5M EDT A pH 8.0 0.8m! 
l.OM Tris pH 8.0 lOml 

Make to 200ml with distilled water and autoclave 
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Appendix B 

Strains Genotype Reference/Origin 

Thiobacillus Jerrooxidans ATCC 33020 

Thiobacillus thiooxidans ATCC 19377 
(Type strain) 

LeptospirillumJerrooxidans DSM 2705 
(Type strain) 

Thiobacillus caldus MNG 

Escherichia coli JM109 

Escherichia coli DH5a 

Escherichia coli BMH 7i -18 

Wild type 

Wild type 

Wild type 

Wild type 

endA 1 recA 1 gyrA96 thi 
hsdR 17 (rk-, mk+) re/A 1 
supE44 !l(lac-proAB) [F' 
trad36 proAB lacflZllM 15] 

q,80dlacZllM 15 endA 1 
recAI gyrA96 thi-l hsdR17 
(rk-, mk+) relAl supE44 
deoR !l(lacZYA-argF) U169 

thi supE !l(lac-proAB) 
[mutS::TnlO] [F' proAB 
lacflZllM 15] 

Rockville, Md. 

Rockville, Md. 

Braunschweig, FRG 

This work 

Promega Corp. USA 

Promega Corp. USA 

Promega Corp. USA 

Plasmids Description Reference/Origin 

pBluescriptSK AmpR, cloning vector Stratagene, USA 

pUCBM20 AmpR, cloning vector Stratagene, USA 

pRC9189 Derivative ofpTZ18 
containing rhdA gene of 
A. vinelandii 

Colnaghi et al. 
(1996) 
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Appendix B 

Strains Genotype Reference/Origin 

Thiobacillus Jerrooxidans A TCC 33020 Wild type Rockville, Md. 

Thiobacillus thiooxidans ATCC 19377 Wild type Rockville, Md. 
(Type strain) 

LeptospirillumJerrooxidans DSM 2705 Wild type Braunschweig, FRG 
(Type strain) 

ThiobaciLLus caldus MNG Wild type This work 

Escherichia coli JM109 endA 1 recA 1 gyrA96 thi Promega Corp. USA 
hsdR17 (rk-, mk+) relAI 
supE44 !l(lac-proAB) [F' 
trad36 proAB lacf'ZllM 15] 

Escherichia coli DH5a q,80dlacZllM 15 endA 1 Promega Corp. USA 

recAI gyrA96 thi-l hsdR17 
(rk-, mk+) relAI supE44 
deoR !l(lacZYA-argF) U169 

Escherichia coli BMH 7i -18 thi supE !l(lac-proAB) Promega Corp. USA 

[mutS::Tn 10] [F' proAB 
lacf'ZllM 15] 

Plasmids Description Reference/Origin 

pBluescriptSK AmpR, cloning vector Stratagene, USA 

pUCBM20 AmpR, cloning vector Stratagene, USA 

pRC9189 Derivative ofpTZ18 Colnaghi et al. 
containing rhdA gene of (1996) 
A. vinelandii 
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Appendix C 

The table below illustra:es the range of spontaneous chemical formation of thiocyanate 
(SCN-) formed during assays . Representative data is used to show the upper and lower 
limits of the spontaneous thiocyanate contribution to the rhodanese assays. For each 
assay the spontaneous chemical formation of thiocyanate (Denatured control) was 
subtracted from the biological sample (Non-denatured biological sample) to yield a result 
that reflected only the enzymatic formation of thiocyanate. Data is expressed as the 
molar formation of thiocyanate after a 30 minute reaction period at 30°C. 

mM SCN­ % spontaneous chemical 
SCN- formation in the Non-

denatured sample 

25 
27 
33 
36 
38 
46 
47 
50 
52 
53 
54 
58 
64 

- --­

Denatured control 

0.01 
0.07 
0.01 
0.13 
0.10 
0.28 
0.25 
0.02 
0.31 
0:16 
0.90 
0.43 
0.20 

- -

Non-denatured biological 
sample 

0.04 
0.26 
0.03 
0.36 
0.26 
0.61 
0.53 
0.04 
0.60 
0.30 
1.67 
0.74 
0.31 

- - -­
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Appendix C 

The table below illustra~es the range of spontaneous chemical formation of thiocyanate 
(SCN-) formed during assays. Representative data is used to show the upper and lower 
limits of the spontaneous thiocyanate contribution to the rhodanese assays. For each 
assay the spontaneous chemical formation of thiocyanate (Denatured control) was 
subtracted from the biological sample (Non-denatured biological sample) to yield a result 
that reflected only the enzymatic formation of thiocyanate. Data is expressed as the 
molar formation of thiocyanate after a 30 minute reaction period at 30°C. 

mMSCN- % spontaneous chemical 

Denatured control 
Non-denatured biological SCN- formation in the Non-

sample denatured sample 

0.01 0.04 25 
0.07 0.26 27 
0.01 0.03 33 
0.13 0.36 36 
0.10 0.26 38 
0_28 0.61 46 
0.25 0.53 47 
0.02 0.04 50 
0.31 0.60 52 
0:16 0.30 53 
0.90 1.67 54 
0.43 0.74 58 
0.20 0.31 64 
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Appendix D 

i.) Detection of L. ferrooxidans and T. caMus in the biooxidation pilot plant (UeT) 

1 2 3 4 


+--- 1.50kb 
+--- 1.04kb 
+--- O.81kb 
+--- O.57kb 
+--- O.43kb 

Fig A: Detection of L. ferrooxidans and T. caldus in the biooxidation pilot plant using the restriction 
enzyme based PCR amplified 16S rDNA profiling technique. Lane 1 is PstI-digested Lambda marker. 
Lanes 2-4 are the same PCR product digested with EcoRV (2), Stu! (3), and BamHI (4) . Using Table 3.1 
the typical profiles of L. f e-rooxidans and T. caldus can be distinguished. For example, in Lane 2 L. 
ferrooxidans I6S rDNA digested with EcoRV is identified by the O.57kb and O.8Ikb bands (O.Ikb band is 
to small to see in the gel) . However, T. caldus is not digested by EcoRV resulting in the approximate 1.5kb 
undigested band in the same lane. Similarly, the 0.43kb and 1.04kb bands characteristic of T. caldus can be 
seen in the BamHI digested samples (lane 4) . The approximate 1.5kb undigested band in lane 4 is that of L. 
f e rrooxidans. 
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i.) Detection of L. ferrooxidans and T. caldus in the biooxidation pilot plant (UeT) 

1 2 3 4 

~ 1.50kb 
~ 1.04kb 
~ O.81kb 

~ O.57kb 
~ 0.43kb 

Fig A: Detection of L. ferrooxidans and T. caldus in the biooxidation pilot plant using the restriction 
enzyme based PCR amplified l6S rDNA profiling technique. Lane 1 is PstI-digested Lambda marker. 
Lanes 2-4 are the same PCR product digested with EcoRV (2), Stu I (3), and BamHI (4). Using Table 3.1 
the typical profiles of L. fe700xidans and T. caldus can be distinguished. For example, in Lane 2 L. 
ferrooxidans 16S rDNA digested with EcoRV is identified by the 0.57kb and 0.81 kb bands (0.1 kb band is 
to small to see in the gel). However, T. caldus is not digested by EcoRV resulting in the approximate 1.5kb 
undigested band in the same lane. Similarly, the 0.43kb and 1.04kb bands characteristic of T. caldus can be 
seen in the BamHI digested samples (lane 4). The approximate 1.5kb undigested band in lane 4 is that of L. 
ferrooxidans. 
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----------------------------------------------------

ii) Multiple sequence alignment of T. caldus MNG 168 rRNA gene 
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* * 
TTGGGCT.nJ'.!. T.w.CO:; C'.l..T~i::.GL\.'t·TGil.GG I _~ I; G'A.2.].!, GCGI; G Ij lj;r..TC TTI,'ljGfl.!.· r: 208 

TTGGGCT.njl.T].V:::C' GC·;r..T6..n..GC'r:.I.: 'TI:;j1.G (~ ljGGl:{nJ'.!1.~., ~lGGGG.ll.TCTTCGGAC'.' 182 

TTGGGCT'" ATl1ccr, r7', T~ nG(T 'TI"Z' (.· '~(·G· I '·Sl n n!-'r,IJ'-:;Gr,r,nTr TTCI-GArl-' ::1'1-"_ •• J ___ M .... . ~_.J~.:l4j:Y "'T ... _.,..:r ... ~_ -=r....:r • • _ .:J_ 177 

TTG GGCT'A_Zl.T.n.CC'GCJ'.. TI :::.G':c l GGG "D..;D.. 1 GGGGATCTTCGGAO-' 107 


220 240 260
* * * 
'.;1....." 'Tr ""t;11, ' . , JKJJ:T"r"!J_--'eTO" 'G'1'e,', ' , _~JATT ...,..:1_.'""'\..;1' C'T '" JJJ r....1.4.......... 260
~, W~ .:JJ:I _"T
Tce TT,"m,' ,'" r T' , ., GG C 


Ter:: 1"rTC: n '.r.T·t~ I-'~ I'G ~I1.;1 " crT~._ - '-GTrrr,ATT...nl~'-TA('TTI~ I';m~J_J_I~r-r~TA.n ~ r::r::r' 234
J.;1_ , JAJ _ __.;1 J_ .J ..:1_ ~.JJ_ 

TCG, GcTIInAbl:; ;r..GGI::;:GCCTl.\~I :·GTC'CGATTfl.l-:;CT.ll.GTTG I~;~GGGGTA.nJ'.!.GGC 229 

TCG - GCT .nJJ~GAGG~GCCT '=:GTCCGATTAGCT.w.GTTGG '::;GGGTA.Tv.....GGC 158 


280 300
* * * 
C· ACCA.ZI.GGCGACG.ll.TCGGT.n.G'-=:TI}GTCTGJl..GAGGJl..CG'A.CCAGCC':;'-:.n.'~·TGG 312 


.. , ' _·.:Jro. J .r.J -_ J U IJ . ___ 286
1', r(~7', '-:;(-'--]"1'71 rTr,J_,-;r-_ 7'<rc"'·n._" i"'1..1""'. '" Gu_ucr ~T,......... rl"T'T(~G(-' 'T7'q~rT['I-:;I ~' __ T '~TI~A '~AI~eJJ...n('_ ~ ..... __ .-.. r\ _ ~.. _ ­

r: n.CC'.Z1_n.GGCGACGATCGGTAGCTGGTCTG.n.GAGGil.CGACCAGCCAC.n.CTGG 281 

C n.CCJ'...n.G(~CG!".CGP..TCGGNfl.G CT;'-:;TCTG.n.G.n.GG.ll.CGACCAGCCACACTGG 210 


320 340 360
* * 
GACTGAGACP-.CGGCCCAGACTCCTP-.CGGGP-.GGCAGCAGTGGGGA.n.TTTTTCG 364 

GP-.CTGAGAC.n.CGGCCCAGACTCCTP-.CGGGAGGCAGC.n.GTGGGGP.ATTTTTCG 338 

GP-.CTGP-.GACP-.CGGCCC.ll.GACTCCTACGGGAGI:;CAGCAGTGGGGP-J!.TTTTTCG 333 

G.ll.CTG.ll.GP-.CACGGCCCI'1GACTCCT.n.CGGGAGGCAGCAGTGGGG.nATTTTTCG 262 
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ii) Multiple sequence alignment of T. caldus MNG 16S rRNA gene 

Tcmng16s 
229975 
X72851 
M79401 

Tcmng16s 
229975 
X72851 
M79401 

Tcmng16s 
229975 
X72851 
M79401 

Tcmng16s 
229975 
X72851 
M79401 

Tcmng16s 
229975 
X72851 
M79401 

Tcmng16s 
229975 
X72851 
M79401 

Tcmng16s 
229975 
X72851 
M79401 

* 20 * 
GTCGACAGAGTTTGATCGTGGCTCAGATTG 
--------------------------ATTG 

40 * 
• fj.CG ('TGI~':'=;GI :'ATGt':CTfl)lJ:r 
• J!.r~·G'~·TG(-CGGc .. r~_TGCI~·TA.n.c'p 
~_CGCTGG ('I; 1~.!.I=·,.:n .. TG CCT~_I!.(·"j.\ 

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

60 * 80 * 100 
1~·;:.Tl-~l;.!...n.r~ Tr 'GG.l::..CGGr '_n(~(_·,z:..GG TI~~CTT(·l·;f~(~f...TC~f=·T(;(~ :-;'~f:..,_~ trr ~I ~() ~I ~ ~.'--'r. 

':·P. .. TG'~]\] .... GT'~GG~.(·GG,=·p..c~C): .. GGTC(~TT('GGG~ ... T '.}1:'TGG =·G~_GTGGi=!,-~G.~.,:·G 
(;~ TGI::-i1.J~G r"~G(,;:C.,-y~ r;"~~.Gc.1:..G ',; TC".:'l'rC;;(:G.~ TG C:W;G :(~ ~(~ TGI·~I=,I:::GJ:.(·G 

" (;~f~ 

* 120 * 140 * 

160 * 180 * 200 
TTGGGCTJ1]'l.T fI.'~CI:; I~·.;:':l A.::"'G 1~' I.·r:'TG .n.G :; I.; '.;(; ;"::';;.8 r:'(; '..:13 I.; I; ;::':1"."1''1' .'1.:1.;]\.'.'''.' 

TTG (.; GC':Tn n Tn(~('(;,'''' Tb :l (.; ,'I . 11·~'lY; "l:';" 1:,;, :~ r. T ~ " -" "I-:; (~I-:;'·; n ~I"rT " ',;, ' " , '1 ' oJ - .- • •• -.1' .. -_ ........ r----Y--- .. r . .. ,., ___ ._~.1_' __ ~1- --- .. 1- __ JJJ. __ _ 

TTGGGCTf\Jl. T.,".C('I-;I-'.i:.Tli\}\G 1:,= f~'Tr::; }:\G :;I'~ I·; I ';;:'A~ GC'GI; G ,-:; 1-:; A T'::-TT'='G G]\C I" 

TTGGGCTf\_'".T.ll.CCG'='.2..T'e!n.G :'1:' • I-~I-';"; i:..~. ' GGGGJ1.TI::-TT':GGfI.("" 

* 220 * 240 * 260 

* 280 * 300 * 
rm'" eli' n I -~ !~('I-' n I-'I-~ ~ T'-'l-~(';T"LI--:;I-I'T"(. ' I-';T '~TI-~ n ,-' 7' (~ -, ~ ('0,-':' ~ 1-'I'r.(~I"" I-' ~ I-'~ t-·,....,I-.;I-~ -f-( .... -- ....... -_\.J~~J •• --~- --- _____ .:1. __ ._Jl""._\J. ________ . ___ _ . • ___ l __ 

': _, ,4,1-=-CAfI.G G C G,;:;'I :'I:;;'.T'=' G G T ;::'.13 '-=-TGG T '-=-TI:; .n.GAG 1:;.IlJ:G ;'.('1_'1-.1_; cr:.:v: f\.r='TG I~; 
': :'.CC P,_ll.r.~ G r~'G,L.r:'G;'. TC G 13 T.i:.G c.-':'I::; I.; T r:TG.n.GJ1.G Gf\.CG .LJ='r.:1-.I; C":.:'.C'.Il.CTG ,_; 
, .~.c".~:l.l; I-~( 'I·~ lFI-:; ;'1. TC ,~~G J-J.2..G rT';'; T('TI-'; .n,.r~ .;:;'1-'; 1 -.;.n.rG;'\CCT-. I;r:r.'.~.CAl·T' ~ I ~ 

320 * 340 * 360 
GACTGAGACf\.CGGC':CAGACTC":::TfI.C·GGGf\.GGCAGC.r..GTGGGGf\_,".TTTTTCG 
Gf\.CTGAG:n.Cf\.CGGCCCAGACTCCTf\.CGGGfI,GG CAGC:n.GTGGGGJ:._r.. TTTTTCG 
GfI.CTGfI.GACfI.CGGCCC:n.G:n.CTCCTfI.CGGGAGGCAGCAGTGGGGJ!._Il.TTTTTCG 
Gf\.C TG J!..G J!.. CN:'I; G CCCJ'1G A CTr:.-CTfI.CG G G AG G C .r..G CAG TG G G Gp..A T TTTTC G 

11 1 

52 
26 
21 

104 
78 
73 
10 

156 
130 
125 

S9 

208 
182 
177 
107 

260 
234 
229 
158 

312 
286 
281 
210 

364 
338 
333 
262 

http:n.CCJ'...n.G(~CG!".CGP..TCGGNfl.GCT;'-:;TCTG.n.G.n.GG.ll
http:GGGTA.Tv
http:GcTIInAbl:;;r..GGI::;:GCCTl.\~I:�GTC'CGATTfl.l-:;CT.ll.GTTGI~;~GGGGTA.nJ
http:L\.'t�TGil.GG
http:TTGGGCT.nJ
http:T~GGGGJI-o,r=:AAC(TAGGGA.n..ZI
http:TG;GP:;G.:::.CG
http:rCGG'Jl.'::-GG'::-'fJ..GC.El
http:A'~'GCTGGCGGC;:'.TGl)~�TA.n.CP
http:ACt::;':::TGGCGGCATG':CT.n.:n.CZ
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Appendix Dii (cont.) 

* 380 * 400 * 
Tcmng16s CAA.TGGGGGCAACCCTGACGA.L.GCAATGCCGCGTGGATGA.2\GAAGGCCTTCG 416 

Z29975 CJ...L.TGGGGGCA.L.CCCTGACGllAGCAATGCCGCGTGGATGAAGA.L.GGCCTTCG 390 

X72851 CAATGGGGGCllACCCTGll.CGAAGCAATGCCGCGTGGATGAAGAAGGCCTTCG 385 

M79401 CAATGGGGGCllACCCTGACGA.L.GCAATGCCGCGTGGATGAAGAAGGCCNNCG 314 

420 * 440 * 460 

Tcmng16s GGTTGT.n.J>AGTCC'DTTCGTgGGGGACGJ...ZlAL.GGO";CATC'-::"GAAT.Zl.CGGTCTG 468 

Z29975 GGTTGTJ...AAGTCdrTTCGTGGGGGACGAP..AAGGb:;G~TCC(;}J~T.Z\.~~GGTCTG 442 

X72851 GG TTGTAAAGTCCTTTC G TGGG G G ACG.7C...AJ:...AG GO:;GA T C CGll..A TJl.CGG TCTG 437 

M79401 GGTTGTA.L..n.GTCC ',mOJNGGGGGACGAl"1.r"'\AGG :;G Tee 1AN.Zl GGTCTG 366 

* 480 * 500 * 520 

Tcmng16s CTATTG.L.CGTG.n.J>.C'CC'AA.I;f:\,.L.GJ...L.GCJ!..CCG GCTJ!._L.CT CCGTG CCAG CJl.Gl-'CG 520 

Z29975 CTATTGA('~TG.l\..ACCCAAG~Jf'\GAAGCACCGGCTJl..ACTCCGTGCCAGCJ!.mCCG 494 

X72851 CTATTGAC TG.AACCCAAG~.GAAGCACCGGCTAACTCCGTGCCAGCAGCCG 489 

M79401 CHNTTGAC AACCCJ...L.G Zl.GAAGC'ACCGGCTAACTCCGTGCCAGCll.GCCN 416 

* 540 * 560 * 
Tcmng16s CGGTAATACGGAGGGTGCGAGCGTTll]\.TCGGAATTACTGGGCGT.L..L.Jl.GGGCG 572 

Z29975 CGGTAA.Tl'.CGGAGGGTGCGj'\GCGTTAATCGGAll.TTll.CTGGGCGTllAn.GGGCG 546 

X72851 CGGTAATll.CGGJ\.GGG TGCGAGCGTTllATCGGll..A TTACTGGGCGTJ...L..n.GGGCG 541 

M79401 CGGTAll.TACGGll.GGNTGCNll.GCGTTllATCGGAll.TTACTGGGCGTJtL..n.GGGCG 468 

580 * 600 * 620 

Tcmng16s CGTAGGCGGTPGGTTACGTCTGCCGTGAAATCCCCGGGCTCAACCTGGGAll.T 624 

Z29975 CGTAGGCGGTpGGTTACGTCTGCCGTGAAATCCCCGGGCTCAACCTGGGllAT 598 

X72851 CGTAGGCGGTGGGTTACGTCTGCCGTGAA.n.TCCCCGGGCTCA.L.CCTGGGAAT 593 

M79401 CGTAGGCGGT GGTTll.CGTCTGCCGTGAA.n.TCCCCGGGCTCll_L.CCTGGGNAT 520 

* 640 * 660 * 
Tcmng16s 

229975 

GGCGGTGGAA.n.CGGGC!r,GACTG:;ll.GTA TGGGAGAGGG TGATGGM"TTCCAGG 

GGCGGTGGAAACGGGCIT'r 
i ' G.i'l.CTG:;AGT~;TGGGAGAGGGTGATGGAATTCCAG G

I ,; " 

676 

650 

X72851 GGCGGTGGAJ!.]\.CGG G Crr,:;ACTGGAGTt<:TG GGll.GAGGG TGATGGJ...L. T T CCAG G 645 

M79401 GGCGGTGGA.L..L.CGGGC ' :;ll.CT~GAGT TGGGAGAGGGTGATGGAATTCCAGG 572 

680 * 700 * 720 

Tcmng16s TGTAGCGGTG.L.Jl_L.TGCGTAGAGATCTGGAGGAAC;:'.GCAGTGGCGAAGGCGGT 728 

Z29975 TGTll.GCGGTGll]\..ATGCG TJl.GAGATCTGGAGGJtn.CACiCAGTGGCGAAGGCGGT 702 

X72851 TGTAGCGGTGJ...L..L.TGCGTll.GAGATCTGGAGGll_L.Cll.CC.n.GTGGCG.AAGGCGG T 697 

M79401 TGTAGCGGTGA.Z\]\.TGCGTAGAGATCTGGAGGAAC' (:AGT GGCGll..AGGCGGT 624 
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Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
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X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

* 380 * 400 * 
CA]..TGGGGGCAACCCTGll.CGA.1l,.GCAATGCCG'::;GTGGATGA.Zl.GAAGGCCTTCG 
CA.1l,.TGGG GGCA.1l,.CCCTGACGllAGCAATGCCGCGTGGATGAAGllAGGCCTTCG 
CAATGGGGGCllACCCTGll.CGAAGCAATGCCGCGTGGATGAAGAAGGCCTTCG 
CA].. TGGGG GCllACCCTGll.CGA.1l,.GCAA TGCCGCGTGGATGAAGAAGGCCNNCG 

420 * 440 * 460 
";GTTGTAllAGTCCTTTCGTgGGGGACGA.:iJ..PJc,r"; '_;C';CJl::-C'-:GJJ>.T.l:.D_~GTC'TG 

:;GTTGTA.AAGTCCTTTCGTGGGGGACGJ..J1.PAGIC: (' ::;G~,TCCG},Jl.T.:..r:)C:GTCTG 
GGTTGTAAAGTCC'TTTCGTGGGGGAO:;.2lJl)\.AGG'::' ::;GATCCGf'.}-\ T]\r~ ,'~G TCT'-:; 
GGTTGTA.n..1l,.GTCC ,n'JcJ.JJ~GGGGGACGA;'"}\AGG -:;G TCT' ~A]OJ.z:. :;GTCT':; 

* 480 * 500 '" 520 
eTA '1'1' G.W.l~·GTG.n.J-!.. C'CCll.J... l; ;'J .. r;J....w);CACCG G CT J;] .. C1 ('C 13 TG CCAe; C;::.G'_TG 
CTATTGAr'GTG.Z1'p.CCCAl";~IJ\GAAGCACCGGl:TJ;.ACTCCGTGCCJ'..GC!!.m'XG 
CTA T T GAeG TGJlAC CC]V-:"GAJ"G AAGCACC GGCTAACTCCGTGCCAG C]\.G.xC; 

'-::;HNTTGAC AJ.l..CCCA.L.G n.Gp..AGCACCGGCTAACTCCGTGCCAGCll.G ::::eN 

'" 540 * 560 * 
':;GGTAATACGGAGGGTGCGAGCGTTP.JI.TCGGA]..TTACTGGGCGT.1:;..j'.\AGGGCG 
CGGTA]..TT\CGGAGGGTGCG.i'\GCGTTA]..TCGGA.'Zl.TTP..CTGGGCGTJ!.Jt'Zl.GGGCG 
CGGTAATP..CGGP..GGGTGCGAGCGTTP.JI.TCGGllJl.TTACTGGGCGTA.r;.]I.GGGCG 
CGGTAll.TACGGll.GGNTGCNll.GCGTTllATCGGA]..TTACTGGGCGTll_r;.]I.GGGC13 

580 * 600 * 620 
'-=:13 TAG GCG G T~GG TT.1:;.CG TCTGCCGTGA.AA TCCCCG GGCTCAACCTG GGA].. T 
CGTAGGCGGT/::tGGTTACGTCTGCCGTGA.AATCCCCGGGCTCAACCTGGGll_1:;.T 
CGTAGGCGGTGGGTTACGTCTGCCGTGAAP-.TCCCCGGGCTCA.1l,.CCTGGGAAT 
'-::;GTll.GGCGGT~GGTTP..CGTCTGCCGTGAAP-.TCCCCGGGCTCP._1l,.CCTGGGNll.T 

* 640 * 660 * 
GGCGGTGGP..A]I.CL~GG ':'·TI;J;.CTG :;ll.GT1\ TG~GAr ~,".GGl~'l'Gjl.TGG.Al,TT':CAGG 

GGCGGTGGAAACGGGcrr':;ACTG::;AGT~.TGGGAGll.GGGTG.n.TGGAATTCCAGG 
! , : 

GGCGGTGGAllJl.CGGGCT:;ACTG,:;AGT;'.TGGGP..GP..GGGTGATGGA.1:;.TTCCll.GG 
GGCGGTGGA.n..1:;.CGGG C :;P..CT~GAGT TGGGP..GP..GGGTGJl.TGGA.1:;.TTCCAGG 

680 * 700 720 
TGTAGCGGTG.r;.J;_1l,.TGl-:GTAGll.GJl.TCTGGAGGA]..C:Z:;.(,':-AGTGGCGIJ,GGCGGT 
TGTP..GCGGTGP.JlATGCGTj'\.GAGATCTGGAGGll_1:;.CAG':-ll.GTGGCGA.1l,.GGCGGT 
TGTAGCGGTGA.n..n.TGCG Tll.GAGATCTGGAGGp._1:;.c.n.t:c.n.GTGGCG.r;.AGGCGGT 
TGTAGCGGTGA.'ZlJl.TGCGTJl.GAGATCTGG.!l.GG;:'.Jl.C;; I!!":-P..G TGGCG.n..n.GGCGGT 
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416 
390 
385 
314 

468 
442 
437 
366 

520 
494 
489 
416 

572 
546 
541 
468 

624 
598 
593 
520 

676 
650 
645 
572 

728 
702 
697 
624 
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Appendix Dii (cont.) 

:I: 	 :I:740 	 760 :I: 780 
Tcmng16s 	 CACCTGGCCC:A...:lJ... TP·.CTG.r..CGCTG7!);GCGCGT~_n.AGCGTGGGG;:.C;cp.....n.]~.'.=-AGG~ 780 

rACCTl:~'- C '-~C "" "'T'" rT I~-' rl~ rT I··~'~ I~rr.:rl~-'''' '" I~ rl~TI~ I-: I~I~ '" 1-' I~"" T, Z\rT',~("""Z29975 ...... , "TU '-' r~. .--. __ ~A _' .:r ,--, .:r~ J _",_, J ~- .:r .t-!......~J-'.I.J '-' _'" _..,:t ,J _"'T i4.1.J'-.•>-t........._ • _ r>. ~u ...... 754 
X72851 C]\.CCTGGCCC'A.n..TJ::.. CTGACGCTG~GGCGCG.Z\An..GCGTGGGGAGCl'_Z\.AC]l.GGlo 749 
M79401 CJ::..CCTGGCCCAAT]\.CTGACGCTGi'.GGCGCHAA.Zl.GCGTGGGGAGClollp.CAGG.7:. 676 

:I: :I: 	 :I:800 	 820 
~-' TA(:r-"-'T, 	 ' ·t··", T 7', r~TI~I" ~I"h,'-'Tcmng16s 	 TTr. '" l:-T}-\ " '_ v"-' ......:'"'r·.... TT'I-·Trr. J ~I~T,,_, .'-"1.~, ('I"""~,. J '-' - (--'T T n_ n.1'"1"' _ n Tl:,., .:f ........ r. _ ' . T"TI~TTT I.JI - 832
' ' ~- __ r _ ,' ..:Y . " _."1 J." J ""' I-! .:rr 

Z29975 TTAG]\.TACCCTGGT.Z\,1:;TCCACGcr=-CTl:.J._L.CGlo.TG ;.n.Tlo.CTI~Glo.TGTTTGG!~ ':; 806 
X72851 TT••nl-:.Jr'"•Tn rrl'TG u'''' TLI~T.:1 __ ~ •• _.:.r_. __. __ _ -_0. J ,.:J' • • r. _- "' _._I . .. _ J-_"--'_ 801... ____ ., .. ,~rL 1~1"r~rl~Tn Z\ n'~I-:;. _ ::TI+ ZlT7', (~ T -::' -:;Z\TI-:;TTT I~I-J."·-:; 
M79401 TT]\.G]\. Tl'.CCCTGG Tl:.G TCC.Z\.CG C:CCTAA.Z!.CGATG~ATACT~':;P,.TG T TTG ,:; :; 728 

840 :I: 860 :I: 880 
Tcmng16s r-:;CTTA,I';G TGCTG GTGTCGT.Lj:;: :'TAACGCGATA.Z\.G Tl:.TF!'XGCCTGGGA.ZI.G T 884 
Z29975 CCTTA~GTG e TGp:GTGTeGT.7:.,dc TA.Zl.C GCGA T MGTAT'j'::CGCCTG G G AAG T 858 
X72851 .xTT~F"GTGCTG~I:;TGTCGTlo,d'::TA.L.CGCGAT.Z\.AGT]l.TyCCGCCTGGGAAGT 853 
M79401 -:;Nl'm.n . GTGCTG::':GTGTNGT.Z\ :"TA.n.CGCGATAF.GT.Z\.T -=-CGCCTGGGAAGT 779 

:I: 	 :I:900 	 920 * 
Tcmng16s 	 Zl. e: G~I~:CG 1=:loll.I.;G T T l:AZl.]o.CT Cl:An,l'; i:;.Z\.AT TGl:. eGG G G G I:' C I: I;CAl:']\.7:..GI:"::rG T 936 
Z29975 	 910ACG~CCGCloAG GTTl:_nAZl.CTC'z\An.G~J.Z\..Zl.TTGl:.CG GGGGCCCGCW:'z\.AGC~GT 

X72851 ACG!~I=-CGCA].l.GGTTl:..!.AL.CTCj\-'".A.Gli,Zl.]o.TTGACGGGGGCCCGCj\,CA.Zl.GC~GT 904 
M79401 ACGr.;I:CGCAAGGTTA.nJ:'.ACTCAAAG~]\'Zl.TTG.n.CGGGGGCCCGCACAAGC':;i':;T 831 

:I: 	 :I:940 960 980 

Tcmng16s GGAGCATGTGGTTT'_, TTlcrj~;CM'C'GCGAAGMCCTT"'CCTAGGCTTGAr 988 
Z29975 GG]\.GCATG TGG TTTl:_!..TT ::d.- :;CAJI.CGCG.L.AG]\_!"CCTTl'.CCTF~ :;GCTTGl'.C 962 
X72851 GGAGC]\.TGTGGTTTl'.ATT~:~.:. :;CAJI.CGCG]\ll.G]\JKCTTl'.CCTJ,:;G':TTGAC 956 
M79401 GGAGCATGTGGTTT~.ATT i:J~NNA.n.CGCG.nll.GAACCTTACCT :;GCTTGl'J:' 882 

:I: 	 :I: :I:1000 1020 1040 
Tcmng16s 'TGTe':""~Go:'CTG',"."AG.~.TOTO "'ToTil'C": :TT~~GGGMTCGGMCV 1040 
Z29975 ZlTGTrr(.;GJ'.!............. J ~ bY, 'TGC]\.Jr'~"" GATGTI-:JJ'~~I-C: "I~ T(.,, ,~rf__ _ 11T(T I- /'1-:;AATCGr.:AAJ CA"·_.. ...J-!.. ___ .. I ! ... jl_JIJJ_ .. 1014 
X72851 :..TGTCCGGA.L}"XTG CAGAGAT G TGG G ~G T~':(=- -::·'IjTp~GGGloll.TCG GAACAC 1008 
M79401 1)"TG TCCGGAA '=-C TGCJ\G.Zl.G.n.TG TGGG~1k; T, ~(=-r: T GGGlo_n.TCGG.Zl.ACl'.C 932 

:I: 	 :I: :I:1060 1080 
Tcmng16s !\GG TGCTG CJ!..TGGCTG TCG TCl:.GCTCG TG TCG TGJ!..GATGTTGG G TTP·ll.G TCe: 1092 
Z29975 ".GGTGCTGCATGGCTGTCGTCJ!..GCTCGTG TCG TGAGATGTTGGGTTA.n..GTCC 1066 
X72851 -, GGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTlo_n..GTCC 1060 
M79401 ,GGTGCTGClo,TGGCTGTCGTCAGCTCGTGTCGTGAGJ!..TGTTGGGTT]\p.GTCC 984 
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Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

:I: 740 :I: 760 :I: 780 
'=ACCTGG ' =':,·c·~_n.T.-:'~.1 ·T (~.L.I ~·GI=·T ~~J:..I -~ I -~I- 1-';'=- ;.T"-~.~""'.I -~ l -·I~ TGG :;I:;J . .I -~l -·.~';V-:'I-·;\ ~~I -~J.. 

CJI.CCTGG C ~C/l])'. T]\FTG.".'~I-:; rT .~~ -:; I-';(~ G ,~ I'~J:';!J'..G '~'I-'; T I=~ 1-:; 1-'; 1-:; AG ''".:.r...''-J •. , -;,. , =~ GJ'. 

CJI.CCTGG(,(::-CA.n. T.Z::. ''".:TGf':.CG :F;;r..I:; GC G C :;/l_::'_l::.G CG TG G GGJ'..G CL_::'J'..C;".G G." 
CJI.CCTGGCCCPJ;.TJ..CTGJ:..CG '-::· TGil.GGCGCHJI.Al·.GCGTGGGI:;.:::'.GC."_::'_".C.l::.GG.L 

:I: 800 :I: 820 :I: 

TTf':.GJI.TJI. I :·'='CTGG':'.:'. " ~;IYA :'G ' ~" :' I "':';'_"":, :'G;\ Tl;l=~.::.T;:. I·· TG :;T!.T ~;TTTGI'; I~'; 
TT.n.G.n. TACCCTGG T;,I~~,:"CC':" ' :GI:'I~CT;'_;::' ... -:. ':G~\ TGG.:J. Tll.l:T/:; :;J:.T ':;TTTG , ~;~:::; 

TTJI.GJI.TJl.CCC'TGG T.:'.G ':' :c;... :G':'I:I=·~.::"':'_:'.'='G.::.TGG.:'.T."'J~TI =~ ' =;;".TG TT':'G :;c:; 
TT.n.GJl. T):.CCCTGG T.:'.G ~(::·r:·.:'D:; -::'I'".: r:·T.::_:...n.':·G;'.TI:;~AT.z:..r:·T~'~~'::.TG TT':'G ':; '!!! .; 

840 :I: 860 :I: 880 
"" " TTL(:;";T ,'~ I "TI'; 1·;T':;T,·'GTr. ,-:: "T:' 7""' I'~ " ' ,';", T r. :. ';T:' T'-'I "' I-"'~I" I~TC;"; I '; 7\ n r;T v .. ~, . . _ .. . . ~I ' .~.". _ . .. . _ . . .. . . ~ '" ~ . . r_. 

'::-CTT):.l:; ,:; TGCTG:;':;TGTCGT."J;' =·TA.n.I~GCGfl.ThY-.GTJ>.TC ::-CG''".:CTGGGfl])..GT , 
'::-CTT."-.GI:; T ':; C TI:;;".,:; TG T':G T ':'J:;,-::'T J>_"'.c,:;r:'GA T.!."::.G T):l.':'C ::-CG C': TG GGAJI.G T 
,::-m'J]..):l;:,:; T,:;CT,:;;". :;TGTlJGT.;::' :~ TAL.CGCG.".TJ'."::.G T):l.~ '!!! ::- ':GCCTGGGAJI.GT 

:I: 900 :I: 920 
-

::"Cl~G I- ' _ ' I-~l · ':'_.1.I -~I-~ T7.:.~z:._:'~2..I=·T - '.:~] .. J ... ' -~~;::!.....7; TTI-~;!..I-·GGGGI~I - · I - ·I -·I~I-·.:'. I -·.~_:'.I-';I- ,~G T 

:' .. CG~I =- I-:-Gf:-;! .. ::'.G G T':'~)::'_:l_:'.CT 1-=-~~2..;l.l~~r.:1.::'_w. TT(; .~. 1:G 31::C; G C CCGC~. -:: ~';"G r:-GG T 
~ r~ I .. ~-~<'- ~ -, ~T"'- - ~ - <'T-- ~ - " ',- - TT~- ...... ~ ~ '. " r~('r"" r - -- - ~r" I "T ~ ,..l..:d.:r ' . I.b l _ .":'~.IJI_, 1 ..... .J-... :J.J·.:..' _ . r..f-o_.:..!.I~,I.:r.-_~. 1_,r. l __ I;! l;r 1_ ... t.j 1_, __ -' _ ,_, _ • .....:. .. 1 _ .~~;.....I...J'. 1_, 

-('~h--~~-~~~ TT~-~-~T-- -~ ""~--TT~~~~ ~~""~~ -r~-- r- - ~~~~T ...... _ I .. :d..:t
'
_ 1_ I...] 1_ j-\J-\ 1_1 ' _, .o.J.~J-;.. ... w....J...;. .. I. I . r.;..v..;,I_"1 r.!1. ......... ~ 1_"1~" _ 1_, l..:r 1_, I .. :"..:r 1_ I . _ 1_, 1_ j-\ _ A:...... IJ t. b ,j _, 

:I: 1000 1020 :I: 1040 
:.. TG TI ~'I~'G Gf! ... :'J=>:' I:'TG I :'.w.13.!!.I"';.2..TG r:'GG GG·I; T&I(' ~'~:TTC:GG 1:;1; ;:'_~.T ,:'(; G.n ... n. I ~' .~}~· 

:"TGTCCGG.:...::.rXI='TGCAG.!;'GATGTGGG~;GTG I'".: ' :·I:'T':'f:'GGGGkL.TCGG.L,ACA':· 
.... - ..... "'T' .... _ -,.-., ... 7''-'' -. ...". .-.. -. - . -. . ... • ... . -. --, ...... -. .... -. .... ... 7' • 7' --. -.TGTCCGI",r.r.I. 1.1. TIJCA'",Jl.lJ."'. TbT1.:o1",1", -'",Tf""," '.1 _ 'VT~_ t:;1", IJI_"f-_n.TCG'",JI_",c.",I . 
;TGTr::-r::-GI;';:'..r. , :'r~· T l; eA ,:; .l::.G .;:.TGTGGI_;~';TG ' :I: T ';GG].])..TCGG.r..AC.z:..r,< 

* 1060 :I: 1080 
L.GGTGCTGCATGGI:TGTCGTC;:'.GCTCGTGT(·GTGJl.GATGTTGGGTT.r'.)\.GTC'I:' 
n.GG TGCTGr':ATGGCTGTCG TCfl.GCTCG TG Tr.:'G TGAGATG TTGGG TTA.n.G TCe 
-'.GGTG CTGCATGGCTGTCGTC;:'.GCTCGTGTCGTG;:'.GATGTTGGGTT):_l::.GTCe 
71.GGTGCTGr~ATGGC'TGTCGTC.n.GCTCGTGTCGTGAGf\.TGTTGGGTT.z:.])'.GTCe 

113 

780 
754 
749 
676 

832 
806 
801 
728 

884 
858 
853 
779 

936 
910 
904 
831 

988 
962 
956 
882 

1040 
1014 
1008 

932 

1092 
1066 
1060 

984 

http:TGC]\.Jr
http:ACG!~I=-CGCA].l.GGTTl:..!.AL.CTCj\-'".A.Gli,Zl.]o.TTGACGGGGGCCCGCj\,CA.Zl
http:TTl:_nAZl.CTC'z\An.G~J.Z\..Zl
http:l:AZl.]o.CT
http:GTGTCGT.Lj
http:TCC.Z\.CG
http:TTAG]\.TACCCTGGT.Z\,1:;TCCACGcr=-CTl:.J._L.CGlo.TG
http:C]\.CCTGGCCC'A.n..TJ
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Appendix Dii (cont.) 

Tcmng16s 

Z29975 

X72851 

M79401 

Tcmng16s 

Z29975 

X72851 

M79401 

Tcmng16s 

Z29975 

X72851 

M79401 

Tcmng16s 

Z29975 

X72851 

M79401 

Tcmng16s 

Z29975 

X72851 
M79401 

Tcmng16s 

Z29975 

X72851 

M79401 

1100 1120 1140
* * 
CGC.LJ'..CGAGCGC.LJ~I.CCCTTGTrrCt~T.L.G TTG('I-=-;:.GCGGTT'-=-GG f~("-:;GGCJ>.':T C· 1144 

rGC"" 71 CI~7),GC'r, I~~' 71 1~,-'rTT '~TI. ~ r·'1Tnl~TTl:~ r r~. l'r l·'I~' TT '~ I~ I~(~I~G (:' ~ ,-,-,., '·~T '·· 
..J .~ .::ri. , J ... . O--""....... __ v___ <.J rr '..J- ... ~ "'Y,---, -_f.J,-J __' _,_, .:J __' :T _"T L"'T ~ ·~. '- - 1118 


CGCJ::..J>.CGAGCGCf\}: ..CTCTTGTfrCf. Tf\,GTTGCCAGCGGTTCGGCCGGGCACT'-=' 1112 


CGCf\]\.CGAGCGC:W)l.CCCTTGT TAG TTGcc.n.GCGGTTCGGCCGGGCf\.CTC 1036 


1160 1180
* * * 
T.n.GBGAGACT I :; I =-CG(;TC~;'.C~;lJ~'I....L.CCGGfl.GGJ.]'..Gr;TGGGG~.TGACGTI:]\.}\.GTC 1196 


T7I~~'r~r7lrTrrrrr,Tr7'r7l~.r<.'J · J.-. Jr. '- J _ __ J.:r rr~r.rr,nnrrJ T rrrr,::::Tr7'C_ •• .J J-<.. __ G '_r"_-".::r _ t -' 1170
~r.·_r...J4...j-l.,-·_\J.Jr•. .J_ . ..... J JJJ ' ~Tr1'7IrTrr 

TJI.G }GAG.z:..CT GCr:-GGTG.n,CflAL.CCGG'::.GGP._w.GGTGGGGATGACG TCJ:._n.GTeI-:­ 1164 

T.l\.G~Gfl.G,n.CTG,-='r:'GGTG.L.':.L_n..z:..CCGGAGGP..AGGTGGGG.::.TGfl.C GTCf._w.G TC-!::- 1088 

1200 ;I: 1220 1240
* 
TCATGGCCTTT.L.TGTCCJI.GGGCTACJI.c.n.CGTGC1'ACA.n.TGGCGCG1'ACA GAG 1248 


TCJI.TGGCf::TTTJI.1'GTCCAGGGC1'ACACJI.CGTGC1'JI.CJ::..J>.1'GGCGCG1'ACAGAG 1222 


TCJI.TGGCCT1'TA1'GTCCAGGGCTJI.CACJI.CG1'GCTJI.CJI]:I.TGGCGCGTACJI.GAG 1216 


TCATGGCCNTTATGTCCAGGGCTACJI.CACG 1'G CTACJlATGG CGCGTJI.CAGAG 1140 


1260 1280 1300
* * * 
GGAAGCC'l.v:J·~" :-CGCGAGG~GGAC~CAG;".CCCf:7~Gf\Anf;CGI ·'G'lj':-GTAGTTCGG 1300 

I~G~ ~ I~ ~r~ ::::IJ,'~rGrGAI~'.'~~ ~J~ __ r_·.:tl-''- '- .. JJ 

GGAAG CCf\.J:h 'TGCGAGG 1 

GGAAGr~'c.z:,...:::: ':-CGCGAGG 

' ~ ~~ ~...~ I~~ rr ,~rf\G7I7' 7"GrGr '·'m'~GT~ GTTrGG'.:r l.:r;":'.G,-A.:r~._ ... __ .. ........- .........'""'\ '- ~.:r 1_ ..~ - '" 1274 


G G f\.GC.L.GACC CC'.L.Gf\.A.n.GCG '-:-GiW:-G Tf\.G TTCGG 1268 


':;Gf\.GC.L.G.L.CCCCA':;A.nJ'.GCG'-:-c;I ':-GTAGTTCGG 1192 


1320 1340
* * * 
A1'TGCJI.GTCTGCAACTCGACTGCJI.TGJI]\.GTCGGJlA1'CGCTAGTJI):"1'CGCGG:' 1352 


-"T1'GCAGTC1'GCAACTCGACTGCATGA.~GTCGGAA1'CGCTAGTJ::..J>.1'CGCGGJ\ 1326 


Z\.T1'GCAG1'CTGCJlACTCGACTGCA1'GJI_~GTCGGJlJ'..TCGCTAG1'A.~TCGCGGP, 1320 


ATTGCJI.GTCTGCAACTCGJI.c:TGCATGAAGTCGGJI}I.TCGCTJ\.GTAAT C'GCGGP, 1244 


1360 1380 1400
* * 
TCA GCATGCCGCGGTGAJ.,T.L.CG T1' CCGGGCC1'TGTACACACCGCCCG1'CAC 1404 


TCJI.GCA1'GCCGCGG1'GJI..z:.Jr.L/::G T1' CCGGGCCT1'GTACACACCGCCCGTCAC 1378 


TCAGCATG CCGCGG TGM. 1338 


1'CAGCA1'GCCGCGG1'GMlJI',r..CG1'1' 1269 


114 


Appendix Dii (cont.) 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

Tcmng16s 
Z29975 
X72851 
M79401 

1100 * 1120 * 1140 
CGC~)".CG;'.GCG,::' ;:; .. n.I··'·· ':·TTGTTcqT]'.:.GT ':"·~'·"··.:'. G'··GGTT :·GG'~'··'~I~ ':;'·'-;"'··T ' . 
CGC~~.CG1~GCGC;\_:"\.':·':·(::TTG TTr:'r:T ."-.t-~ TTC;' -',-' T·.G'::G G TT ' ~I:~ I-~ '~ I~ 1-; I'; ,-; "'.:1. :'T':' 
,::'GCA.L.CGI.l.GCGG·_"-.':·'::·CTTGTTC'::T.n.':; TTG':'C.r..G '·::GG':'T::-GGr:"::GGG,:'ACT:' 
':::GC]:\]\.CGAGCGC-",)".,::-r::CTTGT TAGTTGCC.Z:.G '::-I?GTT'::GG,::er:;GGC'::.CT r:· 

* 1160 * 1180 * 
T.n.Gt';'j -~.7:..G.:"~. ' =' T I-~ I-'I-'I-~I-~ T I -:;.:'.I~·;l_z:._~. 1 "-'I ~ I ~;~I~~I~T-<-,"'.I~ -.; T -'; I-': I-~ I~':~.TI ~~.T .. '-·G T I=· ; .... ~ .. (; TI-

T .n.Gl;G.!..G~ :'T :;I-':I-=-GG TG.~.I ~~~_~.:I::-G G .~.G I~ .r .. _!..G I:; T G G G I~ .::.. TI~~ .2.,1:'(; TI :';'_:'):; TI= r: 
TJl.G~~G.r..G f4. -:'T I:; I-:'I"".:G G TG~.I-=·~_!.~. :' I:'GI:; -;'.G GP·]:. ... G I ~ T :.; G I~ I~ .~_ TI~~ ;.I~G TC;';:'.G TI='I~ 
T .. n.G~G.n.G.:'. :'T ~I='I='(;G TGJ.... I =- ."J._J._"J.. ,--.:I-=-GG~.GG.!.]!.G I:; TGG I:; I? -:".TG;'.I-=-G TI=·.z.._:..I~ TI",: 

1200 * 1220 * 1240 
TCATGGCI::TTTATGTCC]:\.GGG(,TN::~.I::.'D..C'GTGCTll.('AJl.TGG':'GC'GTA':'~.Gll.G 

TCP..TGGCI::TTTP..TGTCCAGGGCTACAc.n.CGTGCT~.CA}..TGGCGCGT]:\,CAGP-.G 

TCP..TGGCCTTTATGTCCAGGGCTP-.C]\.CP-.CGTGCT]\.C]\]J.TGG,::'GCGTACP-.GP-.G 
TCATGGCCI-ITTATGTCCAGGGCTAC]\.CACGTGCTAC]\}\'TGGCGCGT]:\.CAG~.r:; 

* 1260 * 1280 * 1300 
GG;-v . .I-~ -'I-';"~],:f~ -· I -· I-~I-·I-~.Z'..GI~TGGAC~ C;\(:;~.I~·I - · '-'I-·;~I~~]; .... L.G ("Y~ I '1-;T':'GTJ:"'l-;TT'='GG , 
G C;~]l.G CC .~J;J; ~I:G CGf..G I~['I G Gp..GC~.G ~.I-=-C CC~.Gp._!._n.G CG ':-GTCG T~.G TTee; G 

, ' 

GG.n)l.GC·C;':']·~J; -:1-=- GCG.~GGTGGP..GC~.G."'J..CCCC';l.G~y._n.GCG '-=-GTI~GT~.GTTCGG 

Gcp..AG(_'C' .. ":..J-:. ="-:GCGJ4.GG I~G ~.GI-=-.:"I~;:'.CI_· r_· I=· -;'. ~.~_w...n.GI-=-GI-=-G ;I _·G T.:"'I_~TT ='1;(; 

* 1320 * 1340 * 
n.TTGCAGTCTGCA}..C·TCGACTGCJ.l.TG;1.J:.GT':GGM.l.TCGCTAGTP-}l.TCGeGG: 
~.TTGCAGTCTGCJ.l...n..CTCGACTGC]\.TGA.L.GTCGGAATCGCTAGTA.L.TCGCGG]\ 

n. TTGCAG TCTGe~J\.eTCGACTG CATG~_n..G TCGG]\~. TCGCT.n.G TM ... TCGCGGl; 
A. TTGC.n.G TeTG CA.n..CTCG.n.CTG r::A TGll_n..G TC'G GJl.Jl. TCGCTJ.l.G T;:'..n. T' _·GCGG.z: 

1360 * 1380 * 1400 
TCAGCATGCCGO:; ':; T':;.r...Z:.TJ-I.,::'G TT 
TCJ.l.GCATGCCGCGG TG]\_z:,T;::,. ... ~·G TT 
TC]\.GCP-.TGCCGCGG TGJ.l.J. 
TCAGCATGCCG'::-f_;I~ T,:;.nJl.'='."" .:'G TT 

114 

CCGGGCCTTGTACACACCGCCCGTCAC 
CCGGGCCTTGTACACACCGCCCGTCAC 

1144 
1118 
1112 
1036 

1196 
1170 
1164 
1088 

1248 
1222 
1216 
1140 

1300 
1274 
1268 
1192 

1352 
1326 
1320 
1244 

1404 
1378 
1338 
1269 

http:1'GJI..z:.Jr
http:TCAGCATGCCGCGGTGAJ.,T.L.CG
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Appendix Dii (cont.) 

:I: 1420 :I: 1440 :I: 

Tcmng16s ACCATGGGAGTGGATGGTACCAGAAGCCGTTAGCCTAACCTTCGGGGGGGCG 1456 
Z29975 ACCATGGGAGTGGATGGTACCAGAAGCCGTTAGCCTAACCTTCGGGGGGGCG 1430 
X728 51 ------------------------------------------------­--­
M79401 ---------------------------------------------------­

:I: :I:1460 1480 1500 
Tcmng16s ACGACCACGGTATGGTTCATGACTGGGGTGAAGTCGTAACAAGGTACCCGTC 1508 
Z29975 ACGACCACGGTATAGTTCATGACTGGGGTG---------------------- 1460 
X72851 
M79401 

:I: 

Tcmng16s TAGAAGCTT 1517 
Z29975 
X72851 
M79401 

Fig B: GeneDoc Pll.-EUP of 1~ caldus MNG (tcmng16S) 16S rDNA sequence against T. caldus DSM 8584 
(Z29975), Thiobacillus strain C-SH12 (X72851), and T. thiooxidans DSM 612 (M79401). Nucleotides 
shaded in black are conserved throughout sequences, while those in grey are found in three of the 
sequences. 

liS 

Appendix Dii (cont.) 

Tcmng165 
Z29975 
X72851 
M79401 

Tcmng165 
Z29975 
X72851 
M79401 

Tcmng165 
Z29975 
X72851 
M79401 

* 1420 * 1440 * 
ACCATGGGAGTGGATGGTACCAGAAGCCGTTAGCCTAACCTTCGGGGGGGCG 
ACCATGGGAGTGGATGGTACCAGAAGCCGTTAGCCTAACCTTCGGGGGGGCG 

1460 * 1480 * 1500 
ACGACCACGGTATGGTTCATGACTGGGGTGAAGTCGTAACAAGGTACCCGTC 
ACGACCACGGTATAGTTCATGACTGGGGTG----------------------

* 
TAGAAGCTT 1517 

1456 
1430 

1508 
1460 

Fig B: GeneDoc Pll-EUP of 1: caldus MNG (tcmng16S) 16S rONA sequence against T. caldus DSM 8584 
(Z29975), Thiobacillus strain C-SH12 (X72851), and T. thiooxidans DSM 612 (M79401). Nucleotides 
shaded in black are conserved throughout sequences, while those in grey are found in three of the 
sequences. 
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iii.) Off-gas analysis of T. caldus MNG bioreactor batch growth 

." r , •. _~ 0.122.5 

~ 

• • - Il1o .. 
~ '1 0.1 

a ,•2 

/
, ~ 

~ 
0.08 	 ;.., 

0 
N 1.5 U0 "0"0 •E I 0.06 §,

E '-' .~.'-' N 
N 00 

'; .' • 	 ,: 0.04::r , 	 ~ 

0.5 r0.02Y 	 \.. 
a 

o t ••• ' . •• '"-. ,.... ,. ! ~ !!: " . ~.:. ' 	 10 

0 10 20 30 40 50 60 70 

Time (hours) 

Fig C: Off-gas analysis of T. caldus MNG bioreactor during a 70-hour batch growth period, Off-gas 
analysis for the oxygen utilization rate (-r02; solid line) and the carbon dioxide utilization rate (-rC02; 

dotted line) is expressed as mmoLr l,h(l, 

116 

iii.) Off-gas analysis of T. caldus MNG bioreactor batch growth 

2.5 0.12 

, ... - .... 0.1 
2 , 

---. I ~ 1: 
I 

• 0.08 -N - , 
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~ I 
, 

0.04 • 
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Fig C: Off-gas analysis of T. caldus MNG bioreactor during a 70-hour batch growth period. Off-gas 
analysis for the oxygen utilization rate (-r02; solid line) and the carbon dioxide utilization rate (-rC02; 

dotted line) is expressed as mmol.rl,h(I, 
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Appendix E 

Equations used for the calculation of oxygen and carbon dioxide utilization rates, and 

biomass concentration in the Applikon® 3 litre bioreactor. 

i) Oxygen utilization rate [-r02, mol02.r1.hro1
] 

- r02 = VI (<Pgas ,in [0 2 ] ref - <Pgas,out [OJouJ 
tiq 

where: 

r02 oxygen production rate 

Vliq liquid volume 

<Pgas, in volumetric flow rate of the inlet gas 

[02] ref concentration of oxygen in the inlet gas 

<Pgas, out volumetric flow rate of the off-gas 

[02] out concentration of oxygen in the off-gas 

ii) Carbon dioxide utilization rate [-rC02, molC02.r1.hrol ] 

-rC02 = vI (<P gas,iJC0 2 l ef - <Pgas ,ou.[C0 2 ]oJ 
Uq 

where: 

rC02 
carbon dioxide production rate 

[C02] ref concentration of carbon dioxide in the inlet gas 
[C02] out concentration of carbon dioxide in the off-gas 

and: 

1 -- [0 2 ] ref - [C0 2 l ef I 
<Pgas ,out =<Pgas,in ( 1- [02]out - [C02]out ) 

117 

mol.rl,hol 

I 
ol

l.h
mol.r l 

l.h-! 

mol.r! 

mol.rl,h- l 

mol.r! 
mol.r! 

Appendix E 

Equations used for the calculation of oxygen and carbon dioxide utilization rates, and 

biomass concentration in the Applikon® 3 litre bioreactor. 

where: 

r02 

Vliq 

<l>gas. in 
[02] ref 

<l>gas. out 
[02] out 

oxygen production rate 

liquid volume 
volumetric flow rate of the inlet gas 
concentration of oxygen in the inlet gas 
volumetric flow rate of the off-gas 
concentration of oxygen in the off-gas 

ii) Carbon dioxide utilization rate [-rC02, moIC02.r1.hr-1
] 

-rC02 = vI (<I>gas.iJC021ref - <l>gas .ouJC02]oJ 
Uq 

where: 

rCo2 

[C02] ref 

[C02] out 

and: 

carbon dioxide production rate 

concentration of carbon dioxide in the inlet gas 
concentration of carbon dioxide in the off-gas 

(
I -- [021ref -[C021ref J 

<l>gas .out = <l>gas.in 1- [0] - [CO ] 
2 out 2 out 
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mol.r1.h-1 

I 
l.h-1 

mol.r1 

l.h-I 

mol.r l 

mol.rJ.h-1 

mol.r l 

mol.r l 
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Appendix E (cont.) 

iii) Biomass concentration [cx, molC.r l
] 

Cx(t)=cx(O)_IrC02 (tj)+rCO/tj+l)( . _ ) 

where: 

cx(t) 
cx(O) 
rco

2
(tj) 

rCo2(ti+l) 

ti+1 - tj 

I . 2 t,+1 tj 
1=1 

bacterial concentration at time t 
bacterial concentration at time = 0 (inoculum) 
carbon dioxide production rate at time = ti 

carbon dioxide production rate at time = ti+1 

timt: between two successive carbon dioxide analyses 

118 

molC.r l 

molC.r l 

molC.rl.h-1 

molC.rl.h-1 

h 

Appendix E (cont.) 

iii) Biomass concentration [cx, mole.}"!] 

where: 

cx(t) 
cx(O) 
rco

2
(tj) 

rcoltj+l) 

ti+1 - ti 

bacterial concentration at time t 
bacterial concentration at time = 0 (inoculum) 
carbon dioxide production rate at time = ti 
carbon dioxide production rate at time = ti+1 

time between two successive carbon dioxide analyses 

118 

molC.r l 

molC.r l 

molC.rl.h-1 
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