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Abstract 
 

Mining produces an enormous quantity of waste material called tailings. Tailings are an 

environmental liability when they oxidize and produce acid mine drainage (AMD), but also 

contain residual metals with substantial economic value. Native microbial consortia catalyze AMD 

production by a factor of 106 over abiotic oxidation rates. These oxidative capabilities can be used 

in bioleaching heaps or stirred tank reactors to extract refractory metals from tailings and stabilize 

toxic heavy metals. Currently, bioleaching has unpredictable yields because both the microbes 

carrying out oxidation and accessory microbes are unidentified or poorly understood. The first 

portion of this project uses a metagenomic approach to identify key players in the Ecuador Tailings 

(ECT) community (including Acidithiobacillales, Bacillales, Capnodiales, Clostridiales, 

Eurotiales, Nitrospirales, and Thermoplasmatales) and their respective roles in iron- and sulfur-

oxidation pathways, quorum sensing, and cold- and heat-shock response. The second portion of 

the project developed methods for a metabolomic approach but did not produce data from ECT. 

Using complementary ‘omic’ approaches will allow broader understanding of key ECT organisms 

and help optimize bioleaching for maximum metal recovery.  
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Chapter 1 
 

1 Overview: Mining, Mine Waste and Microbial Solutions 

1.1  Mining, Tailings, and Acid Rock Drainage (ARD)  

Mining in Canada was not always regulated by government to enforce the protection of the 

environment. Historically, the lack of oversight allowed early industry to extract mineral resources 

without taking accountability for mine waste and environmental damage caused by mining. Legacy 

issues from some of these historical mines persist. Today, the mining life cycle includes provisions 

that go beyond mineral resources extraction. These provisions include studies to define baseline 

environmental parameters (water chemistry, local flora and fauna, and air quality), consultation 

with local indigenous groups, and extensive exploration and feasibility studies before mining takes 

place (Ministry of Energy, Northern Development and Mines, 2020). When a company has 

determined what impact mining will have on the environment, satisfied local residents’ concerns, 

planned for waste management, set funds aside for mine closure, and acquired all the relevant 

permits from government, among other things, the construction of mining facilities and mining 

can begin (Ministry of Energy, Northern Development and Mines, 2020). Before this more holistic 

approach to the mining cycle, most mineral resource extraction focused on the following stages: 

extraction of ore from the ground, either from an open pit or underground mine, milling, smelting, 

refining, and finally, mine closure. At the milling stage, ore is crushed and low-quality materials 

are separated from the target metal(s). The material discarded at the mill stage becomes a waste 

product called tailings (Poling, 1995).  

Tailings present a substantial waste-management challenge for mines because of the sheer quantity 

of waste material. Over 95% of ore mined globally is disposed as waste rock or tailings (Falagan 
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et al., 2016) which present possible ecological impacts resulting from weathering or leaching from 

the waste (Egiebor and Oni, 2007; Akcil and Koldas, 2006). Tailings ponds and dams are created 

to store tailings material until mine closure, when it is contained and covered by different 

engineered or natural caps to minimize contact with oxygen (Simon and Muller, 2014; Sudbury, 

1999). When tailings contain sulfides like pyrite and pyrrhotite, they can be oxidized by water and 

air to produce acidic runoff, which in turn solubilizes any toxic heavy metals present in the ore 

(ex: arsenic, chromium, cadmium, lead, mercury) (Borja et al., 2016; Egiebor and Oni, 2007; Akcil 

and Koldas, 2006; Kelley and Tuovinen, 1988). This leachate generated by oxidized sulfide 

minerals and solubilized heavy metals is called acid rock drainage (ARD) or acid mine drainage 

(AMD) (Egiebor and Oni, 2007). When ARD leaches into the environment, it can cause a great 

deal of damage to waterways, aquatic systems and biodiversity (Akcil and Koldas, 2006; 

Azapagic, 2004; Marchand and Silverstein, 2002). 

There are two main factors that determine the rate of acid production in ARD: the surface area of 

sulfide-bearing minerals and bacterial activity (Falagan et al. 2016; Egiebor and Oni, 2007). In the 

absence of mining operations, the exposure of sulfide-bearing minerals to air and water occurs 

relatively rarely and in small quantities. Mining activity greatly increases the production of ARD 

from sulfide-bearing minerals by extracting those minerals from the ground and grinding them into 

fine particles, which increases surface area of the material (Borja et al., 2016). ARD occurs 

abiotically, but at a slow rate. Native acidophilic microbes that thrive in tailings accelerate the rate 

of sulfide oxidation and increase acid generation by a factor of 106 (Singer and Strumm, 1970). 

Some members of these microbial communities, which include Bacteria, Archaea and Fungi, are 

chemolithoautotrophs, meaning they can use elements like iron and sulfur as electron donors to 

generate their own energy. This metabolic process accelerates oxidation in tailings materials, and 
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therefore acid generation, and can be described in four reactions. A great deal of sulfides found in 

tailings is in the form of pyrite (FeS2), from which both abiotic and biotic oxidation generates 

ferrous iron (Fe2+) and sulfate (SO42-) (Equation 1) (Baker and Banfield, 2003). Sulfur oxidizing 

bacteria, including Acidithiobacillus, Acidiphilium, and Sulfobacillus contribute to the breakdown 

of sulfides in this first stage. Iron oxidizing bacteria like Acidithiobacillus and Leptospirillum can 

further oxidize ferrous iron (Fe2+) to ferric iron (Fe3+) (Equation 2) (Baker and Banfield, 2003). 

As hydrogen ions (H+) from Equation 2 begin to decrease pH, ferric iron (Fe3+) reacts with water 

to precipitate iron hydroxides (Fe(OH)3) (Equation 3) (Akcil and Koldas 2006), and independently 

oxidizes pyrite, which generates more ferrous iron, which iron oxidizers utilize as electron donors, 

ultimately regenerating the cycle (Equation 4) (Baker and Banfield, 2003). Thus, the combination 

of mining activity and iron- and sulfur-oxidizing microbes produce ARD at a quick rate. 

1. FeS! +	7 2( O! →	Fe!" +	SO#	!% +	2	H"   

2. Fe!" +	1 4( O! +	H" →	Fe&" +	1 2( H!O 

3. ./&" + 3	1!2 →	./(21)& +	3	1" 

4. ./5! +	14	./&" + 81!2 → 15./!" + 2SO#	!% + 161" 

The solubility of heavy metals in ARD is determined by pH and buffering capacity of the mineral 

matrix, temperature, water and oxygen, and the microbes present (Morin and Hutt, 2001). These 

factors are site-specific, making prediction of environmental risk difficult.   

 

1.2 Mine Waste Management  

Modern companies in Canada are required by law to contain and manage their waste products to 

minimize environmental risk. Unfortunately, that was not always the case, and the Canadian 
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government is left with thousands of abandoned legacy sites for which no one is held accountable. 

These legacy mine sites pose an environmental risk, but can also house low-grade ores with 

substantial economic value as a result of poor extraction efficiency by conventional practices at 

the time of extraction (Falagan et al., 2016). Modern metal extraction is not entirely efficient, 

either; for example, in Sudbury Ontario, tailings materials at active mine sites (a mixture of historic 

tailings and modern process tailings) contain around 800,000 tonnes of nickel, valued at over 8 

billion US dollars (Peek et al. 2011). As mines deplete metals from easily accessible ore deposits, 

the residual metals in tailings waste materials are becoming a more enticing prospect (Valdes et 

al., 2008). As a result, new technologies and processes have been developed to enable the 

extraction of these metals from low-quality materials in a sustainable way. Bioleaching is one such 

solution that uses the oxidizing capacity of microbes to extract metals. The technique can be used 

in a passive system, such as in heap bioleaching, or in active systems, such as in stirred tank reactor 

(STR) bioleaching (Borja et al., 2016). 

 

1.2.1 Passive Applications – Heap Bioleaching  

To extract metals using heap bioleaching, crushed ore is piled into heaps, sulfuric acid is applied 

to the heap to promote the growth of acidophilic microbes, which will carry out the metabolic 

processes that facilitate leaching, and the runoff solution is collected and valuable metals extracted 

with further processing (Bryan et al., 2011; Pradhan et al., 2008). This process is appealing because 

it yields better results than chemical leaching and uses simple technology with relatively low 

operational costs (Borja et al., 2016; Pradhan et al., 2008).  
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Heap bioleaching takes advantage of microbes typically already adapted to and present in the waste 

material, and is not easily contaminated with other microbes, since the low pH and high heavy 

metal content make the environment inhospitable to most other microorganisms (Pradhan et al. 

2008). The iron- and sulfur-oxidizers that make up most of the microbial consortia found in tailings 

reduce the pH of the system (Equations 1-4), indirectly mobilize valuable metals like nickel and 

copper by freeing them from sulfide complexes, and can also immobilize toxic metals like arsenic. 

These toxic metals can be immobilized directly by changing their speciation via reduction, 

oxidation, or methylation (Lievremont et al., 2009, Casiot et al., 2003), or indirectly, by producing 

metal oxides that adsorb the toxic metals, making them less bioavailable in the environment 

(Hohmann et al. 2010). Heap bioleaching does, however, require more time than its active 

counterpart, STR bioleaching, and can produce unpredictable yields because of the heterogeneity 

in pH, temperature, nutrient and oxygen availability for microbes, metal concentrations, and 

particle sizes within the heap (Borja et al., 2016). 

Despite its shortcomings, heap bioleaching is particularly attractive in cases like abandoned and 

legacy mine sites where materials have already been processed with conventional methods, and it 

is not financially feasible to re-process the waste with resource-intensive systems, or when the 

materials are too great in volume and/or too far away to transport for treatment elsewhere (Pradhan 

et al. 2008). Currently, bioleaching is used successfully to recover metals including cobalt, copper, 

gold, nickel, and uranium (Jerez, 2017; Domic, 2007; Songrong et al., 2002). A notable example 

of excellent metal recovery, at 88.5% efficiency using bioleaching, is the uranium heap at 

Mianhuakeng mine in China (Wang et al., 2017). Other recent pilot studies for heap bioleaching 

have a wide range of recovery rates. For example, Panda et al. (2012) reported overall recovery of 

copper at 30% from low grade chalcopyrite in India. The wide range in success of bioleaching can 
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be attributed to the heterogeneity and unpredictability of the conditions within the pile (Rawlings 

and Johnson, 2007).  

There are fewer successful cases of heap bioleaching in cold climates because of the specific 

physical challenges posed by sub-zero temperatures, including the freezing of liquids on the 

surface layers of the heap, preventing percolation (McBride et al., 2016; Von Kohorn, 1982). 

Additionally, the microorganisms typically found in waste rock and applied for heap bioleaching 

are not adapted to cold climates, which brings their activity to a crawl or halt during the winter 

months. Ideally, heap bioleaching in colder climates would progress at a continuous rate 

throughout the year to maximize metal recovery. Psychrophilic or psychrotolerant organisms 

capable of iron- and sulfur- oxidation, like Acidithiobacillus ferrivorans SS3 described by Liljevist 

et al. (2011), could allow heap bioleaching to continue year-round in cold regions like the northern 

reaches of Canada, Russia, and others. Heap bioleaching has been successful in mines in Finland, 

roughly 350 km south of the arctic circle (Riekkola-Vanhanen, 2013), suggesting the feasibility of 

cold-weather bioleaching and existence of communities of unknown or poorly described cold-

adapted microorganisms with great potential for bioleaching applications (Liljeqvist et al., 2015).   

 

1.2.2 Active Applications –Bioleaching with stirred tank bioreactors 

Bioreactors, as with heap bioleaching, take advantage of iron- and sulfur- oxidizing microbes to 

release valuable metals from ores, but the process is carried out in large, stirred tank reactors 

(STRs) instead of heaps. These STRs are costly to set up and maintain, but extract metals at a 

much quicker rate thanks to continuous stirring and closely controlled physical parameters (Borja 

et al., 2016; Rawlings and Johnson, 2007). 
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Bioreactors are practical when financial investment in the initial stages of bioleaching, such as 

transport, construction of facilities, and operational costs, are balanced by a significant return on 

investment from the metal commodity (i.e., STRs are often applied for higher valued elements 

such as gold). Assessment of the geochemical properties of ores destined for bioleaching allows 

the operator to set physical, chemical, and biological parameters, including aeration, pH, and 

nutrient availability in the bioreactor to increase microbial growth and maximize metal extraction 

(Borja et al., 2016; Cameron et al., 2009; Rawlings and Johnson, 2007). These controlled 

parameters and homogeneity of the bioreactor system create a specific environment which is 

hospitable to the few microbial species that grow in and leach metals from the ore efficiently 

(Rawlings and Johnson, 2007).  

Bioreactors also have disadvantages and challenges. The main disadvantage is, of course, the cost 

of operation. In addition to these costs, the native microbial consortia in the ore can compete with 

microbes applied to the STR (Rawlings and Johnson, 2007). This competition can lead to 

inefficiencies, increase leaching time, and decrease metal recovery (Bryan et al., 2011; Rawlings 

and Johnson, 2007). Finally, most bioreactors operate at higher temperatures, between 40-45 °C, 

limiting the microbial candidates for bioleaching to mesophilic and moderately thermophilic 

organisms (Bryan et al., 2011).  

 

1.3 The Importance of Bioleaching Microbes 

Despite the low pH, relatively high temperature and high metal content of AMD, tailings and 

bioleaching systems, there is a simple but somewhat diverse microbial community spanning all 

three domains of life, Archaea, Bacteria and Eukarya, that thrives in these environments (Baker 
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and Banfield, 2003). Historically, little effort was put into optimizing conditions for microbial 

growth in leaching systems, leading to a great deal of inconsistency in the bioleaching process. By 

understanding the conditions under which a wide variety of organisms or strains grow optimally, 

for example, which strains of Leptospirillum are best adapted to different pH ranges (Baker and 

Banfield, 2003), and understanding their metabolism and community dynamics, we can begin to 

optimize bioleaching at the biological level and reduce uncertainty and margins of error for metal 

production.  

These bioleaching microbes range from lithoautotrophs and lithoheterotrophs that oxidize or 

reduce sulfur and iron, and organoheterotrophs, which make use of the organic carbon by-products 

generated by the sulfur- and iron-oxidizers (Bryan et al., 2011; Baker and Banfield, 2003). The 

lithoauto- and heterotrophs are more easily categorized and referred to as iron-oxidizing bacteria 

(IOB), sulfur-oxidizing bacteria (SOB), iron-reducing bacteria (IRB) and sulfur reducing bacteria 

(SRB). Often, ARD and tailings will host a combination of these categories of organisms since 

they act mutualistically within the system (one group producing biproducts that can be used by 

another group). Heap leach operations tend to be dominated by a more diverse microbial 

community owing to the heterogeneity of the structure of the heap (oxic vs. anoxic zones), while 

bioreactors tend to be dominated by fewer organisms because of the homogeneity of the system 

(Rawlings and Johnson, 2007). In both cases, the system’s conditions shift over time as microbes 

leach electron donors from ore, which generally increases metal concentrations in solution (which 

could inhibit microbial growth) and increases acidity. These changes favour different organisms 

adapted to different conditions over the lifespan of a project. For example, often primary STR are 

dominated by Leptospirillum ferriphilum, an iron oxidizer, and Acidithiobacillus caldus, a sulfur 

oxidizer (Rawlings and Johnson, 2007). In secondary and tertiary STRs, heterotrophic iron 
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oxidizers like Ferroplasma acidiphilum grow in number, likely because of the increased 

concentration of organic by-products produced by the former two species (Bryan et al., 2011).  

 

1.4 Important Bioleaching Microbes  

Some well-studied, major microbial players include Acidithiobacillus spp. and Leptospirillum 

spp., both of which are popular iron and sulfur oxidizers for use in bioleaching tanks at moderate 

temperatures (Rawlings and Johnson, 2007). Acidithiobacillus spp. are facultatively anaerobic 

chemolithoautotrophs that can oxidize both iron and sulfur, and fix atmospheric carbon and 

nitrogen. This genus includes several species, including A. ferrooxidans, A. ferrivorans, A. 

ferridurans, and A. ferriphilus recently proposed as a distinct species by Falagan and Johnson 

(2016). The former two are the better-known and well-studied of the group. A. ferrooxidans is a 

mesophile that grows best in pH ranging from 1.3 to 4.5 (Valdes et al. 2008; Baker and Banfield, 

2003), while A. ferrivorans is psychrotolerant, capable of growth between 5 °C and 30 °C 

(Liljeqvist et al., 2011), but more sensitive to acidity, with a minimum pH tolerance of 1.9 (Falagan 

and Johnson, 2016). This wide variation in environmental adaptation within a single genus applies 

to other genus’ as well. The minutia of each species’ adaptations and ideal conditions are outside 

the scope of this work, and other groups are described broadly. 

Other major bacterial groups include Leptospirrilum, Sulfobacillus, and Alicyclobacillus spp. 

Leptospirillum spp. are aerobic, iron-oxidizing chemolithoautotrophs often found to be the 

dominant IOB in stirred bioleaching tanks with high ferrous and ferric iron concentrations. 

Leptospirillum spp. are more resistant to iron, high temperatures (above 40 °C) and low pH (below 

1.0) than Acidithiobacillus spp. (Coram and Rawlings, 2002). Sulfobacillus spp. are moderately 
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thermophilic, aerobic chemolithotrophs capable of mixotrophic growth by oxidizing elemental 

sulfur, sulfides and ferrous iron (SOB and IOB), as well as heterotrophic growth on yeast extract 

(Norris et al., 1996). Overall, they have high metal tolerances, and are only moderately sensitive 

to pH and temperature fluctuations (Bogdanova et al., 2006). Alicyclobacillus spp. are a group of 

bacteria often found in soil, and with their thermophilic and acidophilic preferences, have 

developed a reputation for spoiling fruit juices (Chang and Kang, 2004). They have also been 

identified in AMD and hot springs (Zhang et al., 2015, Lopez et al., 2018). These aerobic bacteria 

are heterotrophs (Mendez-Garcia et al., 2015), and possible candidates for late-stage bioleaching 

in stirred tanks as accessory microbes to the main IOB and SOB.   

Major archaeal groups include Thermoplasma spp., Picrophilus spp., and Cuniculiplasma spp., all 

of the order Thermoplasmatales. Thermoplasma spp. are thermo- and acidophilic, facultatively 

anaerobic heterotrophs with optimal growth in media rich in elemental sulfur (Segerer et al., 1988). 

Picrophilus spp. are aerobic heterotrophs, and some of the most extremophilic organisms known 

to date, tolerating extremely low acidity (pH <0.5) and high temperatures (optimal growth 60 °C) 

(Schleper et al., 1995). Cuniculiplasma spp. are acido- and mesophilic, facultatively anaerobic 

heterotrophs (Golyshina et al., 2016). Overall, the archaeon found in bioleaching environments 

are likely best suited as accessory organisms, thanks to their heterotrophic nature, that would thrive 

in extreme acidity and high temperatures in the later stages of tank bioleaching.  

Although not well studied, fungi appear to play a non-negligible role in bioleaching communities. 

Some important fungi include Aspergillus spp., and Penicillium spp., of the order Eurotiales, as 

well as currently unidentified organisms of the order Capnodiales. Aspergillus spp. and Penicillium 

spp. are heterotrophic fungi that generate several organic acids, including citric and oxalic acid, 

which aid in metal solubilization from ores, especially at lower pH. While Aspergillus spp. are not 
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recommended as a sole method of leaching metals, they may be a useful addition to a leaching 

microbial community (Urik et al., 2017). Other fungi classified as members of the order 

Capnodiales have also been found to be highly acidophilic and thermophilic (Yamazaki et al., 

2010).  

An example of a microbial community with some of the aforementioned microbes, namely sulfur- 

and iron-oxidizers, is the Ecuador Tailings (ECT) community. This community consists of 

naturally occurring soil microorganisms enriched in liquid media from arsenic-rich, gold tailings 

in Ecuador.  

 

1.5 Bioleaching in a Cold Weather Context  

Most industrial-scale bioleaching to date has been completed in warm climates, with a few notable 

exceptions such as the Talvivaara mine in Finland (Riekkola-Vanhanen, 2013). There is interest 

in bioleaching in cold climates, but industry faces a substantial challenge: finding bioleaching 

microbes adapted to cold weather to maintain leaching kinetics and consistent metal recovery year-

round. These goals are especially relevant in regions near and above the arctic circle. There are 

few known psychrophilic microorganisms available for bioleaching, namely strains of 

Acidithiobacillus ferrivorans (Liljeqvist et al., 2015), and At. ferrooxidans, known to grow in cold 

climates such as Northern Ontario (Mykytczuk et al., 2011). Comparing these psychrophilic 

microbes to their heat-adapted counterparts may be useful in providing insights to make 

bioleaching feasible in colder climates.  
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1.6 Genomics and Metabolomics as Complementary Approaches 

Genomics is the study of an organism’s genome, or DNA, using a wide range of tools and 

bioinformatic pipelines that allow the analysis of individual genes to entire metagenomes 

(Gasperskaja and Kucinskas, 2017). Metabolomics is the study of an organism’s metabolome; that 

is, the complement of small molecule metabolites that result from and participate in that 

organism’s metabolism (Fiehn, 2001). The information generated by metabolomic studies is 

essentially a molecular snapshot of biological processes informed by both internal factors, such as 

genomic expression and regulation, and external factors, such as environmental availability of 

nutrients and inorganic compounds like oxygen, nitrogen and carbon dioxide, pH, and temperature, 

among others. Metabolomic data is complementary to other upstream ‘omic’ data (Knee et al., 

2014), in that it reflects upstream processes, but also provides insight into real-time biological 

functions. For example, genomic data may suggest that an organism is able to react to a stressor, 

but metabolomic data shows the molecular chemical change resulting from that stressor.  

Unlike the genome, which consists of only four nucleotide bases, or the proteome, which consists 

of protein polymers made from twenty amino acids, metabolites have enormous chemical 

diversity. Metabolites include, but are not limited to: poly-amino acids, cofactors, vitamins, lipids, 

among other biological products (Knee et al., 2014). This immense chemical diversity is a 

challenge in metabolomics studies because a single method or instrument cannot capture the 

complete complement of possible metabolites, highlighting the need to focus on a small subset of 

interesting metabolite features (Knee et al., 2014, Dettmer et al., 2007). This need to limit data 

contrasts with metagenomics, which aims to study the whole metagenome of the microbial 

community.  
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The application of genomics and metabolomics techniques in this project are detailed further in 

their respective chapters (Chapter 2 – A metagenomic analysis of Ecuadorian tailings microbes, 

and Chapter 3 – A metabolomic analysis of Ecuadorian tailings microbes).  

 

1.7 Research Objectives 

This project intended to investigate strains D2, D6, D7, and F2 of At. ferrivorans and At. 

ferrooxidans as cold-weather candidates for bioleaching, and the tropical ECT culture with 

genomic and metabolomic methods in order to make comparisons between the cold- and hot-

adapted bioleaching microbes. Unfortunately, we quickly learned that growing samples at 4 °C 

and acquiring enough biomass for any single experiment would not be feasible in a two-year 

timeframe. Therefore, the cold project with strains of At. ferrivorans was not completed. 

Recommendations for how to proceed with this project are presented in Chapter 4. The remainder 

of this work focuses on the ECT culture. 

There are many important biological functions carried out for a microorganism to tolerate and 

thrive in the heat, acidity, and high heavy metal concentration conditions found in AMD and 

bioleaching systems. For a microbe to be useful in a bioleaching application, it must also work to 

liberate metals from ore. In the case of bacteria, these mechanisms include quorum sensing, which 

is important in the formation of biofilms that allow bacteria to cling to and penetrate ore, and iron- 

and sulfur-oxidation and reduction, which indirectly liberate valuable metals trapped inside 

sulfidic ores. Using metagenomic analyses, I sought to: 
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1) Identify the dominant organisms in the ECT culture. 

2) Identify genes from the ECT metagenome related to important bioleaching pathways: cold 

shock, heat shock, quorum sensing, iron- and sulfur-cycling pathways.   

3) Determine if any one organism completes a full pathway or cycle, or if organisms work 

symbiotically to complete important cycles (ex: sulfur cycling).  

Using metabolomic analyses, I sought to: 

1) Identify intracellular polar metabolites and their relative concentrations. 

2) Explore identified metabolites as possible biomarkers for microbial health in a bioleaching 

context. 

Data from the above-listed goals will be helpful in understanding pathways and microbial 

subsystems important to the bioleaching process. In-depth knowledge about bioleaching microbes 

could allow researchers to create a custom consortia, or a microbial cocktail designed specifically 

for specific materials and/or environments based on minerology and climate. In a broader sense, 

the data could also help in establishing abiotic parameters for optimal microbial growth for tank 

bioleaching of arsenopyrite ore, with the goal of liberating and extracting gold, and stabilizing 

arsenic to minimize environmental harm. The results and accompanying discussion for the 

metagenomic project is presented in Chapter 2. The metabolomic project was carried out to 

completion, including in-house method development, however, insufficient biomass was collected 

and no metabolites were identified. An overview of methods and a discussion of possible outcomes 

are presented in Chapter 3. Conclusions and future directions for both projects are presented in 

Chapter 4.   
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Chapter 2 
 

2 A Metagenomic Analysis of Ecuadorian Tailings Microbes 

2.1 Abstract  

The Ecuadorian Tailings (ECT) community consists of extremophilic Bacteria, Archaea and 

Eukaryota, that thrive in a low-pH, high metal, sulfur-rich environment. This microbial community 

is capable of oxidizing sulfide ores containing trace amounts of gold, and is therefore a candidate 

for bioleaching sulfidic tailings material. Active applications of bioleaching in stirred tank reactors 

(STRs) use these microbial communities to accelerate oxidation and metal leaching. 

Unfortunately, metal recovery in stirred tanks varies because the microbes carrying out the bulk 

of oxidation are poorly understood. This project links classical culturing methods and 

metagenomic sequencing and annotation to understand the ECT microbial community. I explored 

the microbial identifications within the community across the taxonomic ranks, identified major 

contributors to the iron and sulfur metabolism pathways, to quorum sensing, and to cold- and heat-

shock response. This information is useful in identifying the main ECT microbial contributors to 

bioleaching processes that should be targeted for setting optimal conditions in a passive or active 

bioleaching system to maximize microbial growth, and indirectly, metal recovery.  

Keywords: bioleaching, iron oxidizers, sulfur oxidizers, tailings, stirred tank reactors, 

metagenomics 
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2.2 Introduction 

Tailings are defined as a waste product generated by mines during the milling process (Poling, 

1995). These tailings often consist of finely ground sulfidic ore and have a large surface area, 

which makes them susceptible to oxidation when exposed to air and water. This oxidation process 

is accelerated by the ore’s native microbial flora, which fast-track the production of acid rock 

drainage (ARD) (Singer and Strumm, 1970). ARD is a major environmental concern if left 

unmanaged; it can seep out of the mine site and cause damage to aquatic systems and biodiversity 

(Akcil and Koldas, 2006; Azapagic, 2004; Marchand and Silverstein, 2002). This seepage is also 

a concern at legacy mine sites, where no mine closure or tailings management has been enforced. 

At both modern and legacy sites, tailings contain trace levels of valuable metals, like copper and 

gold. As new easily accessible and high-quality ores become less common, the residual metals in 

low-grade waste materials like tailings have become an enticing prospect for the mining industry 

(Valdes et al., 2008). Conventional mining processes are costly, however, and therefore not 

appropriate for processing tailings.  

Bioleaching is a relatively low-cost, low-energy process that employs ARD microbes to extract 

metals from low-quality or waste materials (Borja et al., 2016). Bioleaching is commonly used in 

warm climates, such as in Ecuador. Unfortunately, the process is not optimized because of a lack 

of understanding of the microbial community that carries out the leaching process. These 

communities include lithoauto- and lithoheterotrophs, which oxidize and/or reduce iron and sulfur, 

as well as organoheterotrophs, which thrive on organic by-products generated by the former 

(Bryan et al., 2011; Baker and Banfield, 2003). Metagenomic analyses are a well-established, 

robust tool for studying microbial communities at a genomic level and mapping the roles of 

individual microbial contributors.  
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This project uses a metagenomic approach with the Ecuador Tailings (ECT) culture to determine 

the community composition and identify major contributors to iron and sulfur metabolism 

pathways, quorum sensing, and cold- and heat-shock response. Identifying the main contributors 

to key bioleaching pathways and stress responses is important for microbial monitoring in a 

bioleaching system, ensuring ideal conditions are created for microbial growth and oxidation. 

Ultimately, understanding microbial interactions as well as identifying, and providing ideal 

microbial growth conditions will optimize bioleaching and maximize metal recovery.  

 
 
2.3 Methods 

2.3.1 Study Site and Materials 

Thanks to BacTech Environmental Inc., this project was able to work with tailings from the 

Ecuador Tailings (ECT) site in Camilo Ponce Enríquez, Azuay, Ecuador. This area has a wet 

tropical savanna climate (Köppen Code: Aw) (Kottek et al., 2006), with a mean annual 

temperature of 25.1 °C and average precipitation of 877 mm (Climate Data, 2019).  

Among other samples, the ECT materials were shipped to Sudbury, Ontario at ambient 

temperature. The ECT materials were sampled upon arrival, and sub-samples were sent for metals 

content analysis with ICP-MS (SGS Labs, Lakefield).  

 

2.3.2 Defined versus Native Microbial Activity 

ECT materials are being reprocessed by defined microbial consortia in pH and temperature-

monitored bioreactors to stabilize sulfur and arsenic and leach refractory gold. If the native 

microbial Fe- and S-oxidizers in the ECT materials are equally- or better-suited to leaching than 
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the defined consortia designed in lab trials, they may cause inconsistencies in gold recovery or 

improve recoveries compared to lab defined consortia. Therefore, the early microbial community 

derived from ECT is the subject of further metagenomic and subsystems analyses here.  

 

2.3.3 Growth Medium, Cell Culture, and Growth Rate 

From the ECT materials sent to Sudbury, 50 g of raw tailings was used to inoculate 50 mL of 

sterilized liquid growth media consisting of (g/l water): 33.4 FeSO4·7H2O; (w/v) 0.3% (NH4)2SO4, 

0.3% MgSO4·7H2O, 0.3% K2HPO4, and acidified to pH 2.5 with H2SO4 (Tuovinen and Kelly, 

1973). Ferric iron (Fe3+) concentration served as a proxy for measuring cell growth over time, 

using the colourimetric method described by Karamanev et al. (2002). Based on previous work 

completed in-house (Mykytczuk et al., 2011, Doran et al., 2017), it was inferred that the new ECT 

culture reached the late-exponential phase of growth when the Fe3+ concentration reached an 

absorbance of 0.85, measured by a light spectrometer (Spectro23, Labomed Inc., California, USA) 

at wavelength 500 nm (OD500 = 0.85). New media was inoculated with, and cells extracted from 

cultures in late-exponential phase to maximize new growth, and balance increased biomass with 

precipitated iron concentration that would disrupt downstream analyses, respectively (Doran et al., 

2017). To grow more ECT biomass for downstream experiments, including genomics and 

metabolomics, 10 mL aliquots were inoculated into sixteen 1 L flasks of fresh TK media. These 

replicates were incubated on a gyratory shaker (Innova 4300 Incubator Shaker, New Brunswick 

Scientific, Connecticut, USA) at 180 rpm, 30 °C.  
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2.3.4 Biomass Collection for DNA Extraction 

To remove ferric iron (Fe3+) from each 1 L ECT culture, liquid media was filtered through 

Whatman No. 1 filters. Then, to collect biomass, the cultures were centrifuged in 250 mL tubes at 

12,000 rpm for 10 minutes at 4 °C. Cell pellets at the base of each 250 mL centrifuge tube were 

re-suspended and pooled into 1.5 mL microcentrifuge tubes, and centrifuged a second time for 10 

min at 13,000 rpm. The cell pellets were pooled and supernatant removed. 

DNA was extracted from the pooled cell pellet using DNeasy PowerSoil Kit (MoBio, CA) and 

Sox Soil DNA Extraction Kit (MetagenomeBio, CA), as per the manufacturer’s instructions. It is 

well known that iron hydroxides, present in the ECT media, interfere with DNA extraction and 

inhibit PCR amplification, making ECT especially challenging to work with. To ensure sufficient 

DNA was extracted from the pooled cell pellet to continue with downstream analyses, the DNA 

was quantified and amplified with PCR. 

PCR reactions were prepared in final volume of 25 μL, with 10-20 ng template DNA, 0.5 μl of 

forward and reverse primers (10 μM), 5 μL standard OneTaq buffer (5×), 0.25 μL dNTP (25 mM), 

1 μl BSA (12 mg/ml), and 0.125 μL OneTaq DNA polymerase (New England Bio, MA, USA). 

The PCR conditions were 5 min at 94 °C, followed by 30 cycles for 30 s at 94 °C, 45 s at 45 °C, 1 

min at 68 °C with final extension of 68 °C for 10 min. To minimize PCR biases, triplicate PCR 

reactions were performed for each DNA sample. The three PCR amplicons from each DNA sample 

were then pooled, and the amount of amplified target gene in the pooled PCR product for each 

sample was quantified on 2% agarose gels. The pooled PCR products were normalized using 

a Qbit fluorometer with the dsDNA HS assay kit (Life Technologies, CA, USA), and used to 

prepare the library for paired-end MiSeq Illumina sequencing (2 x 250 bp with V2 chemistry) at 
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Metagenome Bio Inc. (Toronto, Canada). For bacterial and archaeal community fingerprinting, 

PCR was performed using universal prokaryote primers, Pro341-F (5’-CCT ACG GGN BGC ASC 

AG-3’) (Muyzer et al., 1993) and Pro805-R (5’-GAC TAC NVG GGT ATC TAA TCC-3’) 

(Caporaso et al., 2011), targeting V3-V4 region of 16S rDNA genes. Illumina MiSeq adaptors and 

unique 6 nt barcode sequences were incorporated into the 5’ end of each forward and reverse 

primers to allow for pooling multiple samples in a single sequencing run.  

 

2.3.5 DNA Purification and Sequencing 

To remove contaminants and concentrate nucleic acids, the ECT DNA samples underwent ethanol 

purification. DNA was then shipped on dry ice to the National Research Council (Montreal, QC), 

and stored at -80 °C. DNA was quantified using Quant-iT PicoGreen assay (ThermoFisher, 

#P7589), as per the manufacturer’s instructions. Illumina Nextera XT Library Preparation Kit (FC-

131-1024) was used with 2 ng of purified gDNA, as per the manufacturer’s instructions, to 

construct libraries for shotgun sequencing. The quality of these libraries was determined with a 

TapeStation instrument and High Sensitivity D5000 ScreenTape (Agilent, #5067-5592). 

TapeStation molarity values informed library normalization. Finally, the prepared libraries were 

sent to Genome Québec and sequenced with an Illumina HiSeq4000 instrument, using the paired-

end 100 bp configuration for 216 cycles.  

 

2.3.6 Assembly and Annotation 

Raw sequence paired-end reads were retrieved for both ECT DNA library duplicates. Sample 1 

had 1,190,932,000 bases, 5,954,660 reads, percent duplicate 5.813%, and an average quality of 35, 
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while Sample 2 had 1,229,270,400 bases, 6,146,352 reads, percent duplicate 5.770% and an 

average quality of 35. Duplicate libraries were combined into a single library using a custom, in-

house Python script.  

Raw sequence data was processed with an established bioinformatic pipeline intended for 

metagenomes (Tremblay et al. 2017) that includes the removal of sequencing adapters from the 

ends of reads and removal of bases at read ends with a quality score below 30 using Trimmomatic 

v. 0.32 (Bolger et al., 2014), the generation of quality-controlled reads with DUK 

(http://duk.sourceforge.net), the assembly of QC-passed reads with k-mer sizes 31, 41, 51, 61, 71, 

81, and 91 bases using Megahit, v. 1.1.2 (Li et al., 2015). Properly aligned read pairs generated by 

Megahit were analysed for gene and contig coverage using Bedtools, v.2.17.0 (Quinlan and Hall, 

2010); only paired reads with overlapping genes or contigs were considered in gene counts. 

MG-RAST (Metagenomics Rapid Annotation Using Subsystems Technology) is a popular 

repository for metagenomic data and tool that automatically generates taxonomic and functional 

analysis of metagenomes, while RAST supports similar functional analysis of subsystems, but for 

individual genomes. MG-RAST v.4.0.3 (Meyer et al., 2008) and tools therein, RAST (Aziz et al., 

2008), NCBI BLAST (Johnson et al., 2008), PATRIC BLAST (Davis et al., 2020) were used to 

determine the ECT metagenome taxonomic composition and predict specific subsystem’s genes 

and their microbial donors. Within MG-RAST, 16S rRNA genes were found and matched against 

the Greengenes database (McDonald et al., 2012), a robust 16s rRNA gene database, and full 

assembled contigs were matched against the NCBI RefSeq database (Pruitt et al., 2012), a 

comprehensive database of published DNA and RNA sequences, to determine the taxonomic 

makeup of the ECT metagenome across all taxonomic ranks. Additionally, the metagenome was 

limited to 145 contiguous sequences longer than 79,999 bp, and annotated manually with NCBI 
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BLAST and PATRIC BLAST both popular Basic Local Alignment Search tools available online. 

Limiting metagenome data to only a few long, high-quality contigs for taxonomic identification 

increases the likelihood of a correct microbial identification, since a longer sequence is less likely 

to be mis-assigned to a different organism. However, determining the taxonomic makeup of a 

metagenome based on a small number of high-quality contigs and excluding the vast majority of 

other, shorter contigs, increases the risk of mis-representing the metagenome. That is, there is a 

risk of missing and excluding organisms that are less abundant in the microbial community. For 

this reason, the Greengenes, RefSeq, and manual NCBI and PATRIC BLAST identifications are 

presented side-by-side in the results.  

Specific subsystems relevant to bioleaching and stress response, namely heat- and cold- shock, 

quorum sensing, iron- and sulfur metabolism related genes were manually annotated with MG-

RAST and RAST. The goal for gene annotation was to accurately describe which genes relevant 

to the above-mentioned metabolic pathways are present, and from which microbial donor(s) they 

originate. Therefore, the risk of omitting genes and organisms is accepted for increased confidence 

and accuracy in the results, and subsystems and gene annotation is limited to manual annotation 

completed with NCBI and PATRIC BLAST. To include as much data as possible, genes identified 

by MG-RAST on shorter contigs are listed as present but of unknown microbial origin.  

 
 

2.4 Results 

2.4.1 ICP-MS Data 

ICP-MS data of the Ecuador tailings material is detailed in Table 1.1. The composition of ECT 

materials from which the culture was enriched contained 20-25% sulfide, 1,500 g/t copper, 4 g/t 

silver, ~2.5 g/t gold, and 1.26% arsenic.  
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Table: 1.1: ICP-MS scan of Ecuador Tailings (ECT) rock to determine chemical composition 
(excluded particle size, specific gravity). 
 

 
 
 
2.4.2 Metagenomic Sequencing Data 

The unassembled data from samples S515 and S516 contain 1,210,457,453 and 79,452,296 base 

pairs, respectively (Table 2.1). The assembled data file has 18,119,335 base pairs (Table 2.2). The 

difference in contiguous sequence quantity between the original, complete assembled data set and 

the curated data consisting of only contigs with a length greater than 79,999 base pairs is evident 

in Figure 1.0. 
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Table 2.1: MG-RAST analysis statistics for two enriched ECT sample replicates, S515 and S516 

 Sample S515 Sample S516 
Upload: bp Count 1,210,457,453 bp 79,452,296 bp 
Upload: Sequences Count 11,867,103 513,260 
Upload: Mean Sequence 
Length 

102 ± 11 bp 155 ± 26 bp 

Upload: Mean GC percent 49 ± 8 % 48 ± 8 % 
Artificial Duplicate Reads: 
Sequence Count 

3,991,117 67,745 

Post QC: bp Count 777,758,093 bp 68,546,223 bp 
Post QC: Sequences Count 7,642,608 440,875 
Post QC: Mean Sequence 
Length 

102 ± 14 bp 155 ± 26 bp 

Post QC: Mean GC percent 49 ± 9% 48 ± 8 % 
Processed: Predicted Protein 
Features 

2,885,182 222,278 

Processed: Predicted rRNA 
Features  

7,762 563 

Alignment: Identified Protein 
Features 

216,337 49,756 

Alignment: Identified rRNA 
Features 

596 199 

Annotation: Identified 
Functional Categories 

undefined undefined 

 
 

Table 2.2: RAST analysis statistics for assembled ECT metagenome.  

Metagenome size 18,119,335 bp 
GC Content 50.2 % 
N50 127010 
L50 52 
Number of Contigs 145 
Number of Coding Sequences 21160 
Number of RNAs 214 
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A) B) 

Figure 1.0: Percentage of total data set (consisting of all contigs) and curated data set (consisting 
of only contigs >79,999 bp) used for annotation by RefSeq (A), and Greengenes (B). RefSeq 
uses all data (100%), highlighting the smaller size of the curated data set (5.76%). Greengenes is 
limited to 16s rRNA genes, and uses <0.03% of the total data set, and <0.002% of the total data 
set when limited to the curated data. This comparison of data use makes clear the risk of mis-
representing the microbial community when limiting annotations to curated data and 16s rRNA 
genes.  
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2.4.3 Taxonomic Identification of ECT 

Metagenomic data was analyzed with several annotation tools to determine the microbial 

community composition of the ECT samples. Automatic tools within MG-RAST, Greengenes and 

RefSeq, were all used to annotate the whole, uncurated set of metagenomic data, and NCBI 

BLAST and PATRIC BLAST were used to manually annotate a smaller, curated portion (limited 

contiguous sequences >79,999 base pairs) of the metagenomic data set. These three methods 

highlight the difference between using a larger sum of lower quality data that likely results in more 

mis-identifications, and a smaller sum of higher quality data with a lower risk of mis-identification, 

but higher risk of misrepresenting the metagenome.  

Figures 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, and 2.6 show the relative abundance of organisms at the domain, 

phylum, class, order, family, genus and species levels generated by Greengenes, RefSeq and 

manual annotation using both NCBI BLAST and PATRIC BLAST. 

As taxonomic identifications progress in specificity (ie. from domain to species), it is expected 

that the percentage of the total data set, whether all contigs or the curated sequences, with 

unidentified or unknown sequences will increase. This assumption is true of identifications made 

manually with NCBI BLAST and PATRIC BLAST; at the domain level, all contigs were 

identified, but by the species rank, nearly 50% of contigs were only identifiable at a higher 

taxonomic rank. For taxonomic identifications made with Greengenes, unidentified contigs remain 

at 5% of the total dataset throughout, except for the domain rank, at which all contigs were 

identified. For identifications made with RefSeq, the percentage of unidentified contigs ranges 

from 0.01% at the domain rank, and varies up to 4.5% throughout the other ranks. The high 
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percentage of contigs identified with Greengenes and Refseq may indicate low accuracy in 

comparison to manual annotation with NCBI BLAST and PATRIC BLAST.  

 

2.4.3.1 Taxonomic Identification - Domain 

Metagenome classification at the domain level using Greengenes identified all contigs, and showed 

relative abundances: Bacteria (90.00%) and Archaea (10.00%). RefSeq identified 99.99% of 

contigs, and showed relative abundances: Bacteria (49.21%), Eukaryota (43.85%), Archaea 

(6.86%), Viruses (0.06%) and other sequences (0.01%). Finally, manual annotation using NCBI 

and PATRIC BLAST identified all of the curated contigs, and showed the relative abundances to 

be: Bacteria (58.88%), Eukaryota (33.93%), and Archaea (8.00%) (Figure 2.0). 
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Figure 2.0: Microbial domains present in metagenome extracted from an Ecuador tailings 
microbial community as annotated by Greengenes, RefSeq, and Manual Annotation (NCBI 
BLAST and PATRIC BLAST).  
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2.4.3.2 Taxonomic Identification - Phylum 

Metagenome classification at the phylum level using Greengenes identified 95% of contigs, and 4 

distinct phyla, with relative abundances: Firmicutes (65.00%), Proteobacteria (15.00%), 

Actinobacteria (5.00%), unclassified Bacteria (5.00%), and Euryarchaeota (10.00%). Metagenome 

classification using RefSeq identified 99.68% of contigs, and a total of 48 phyla, 10 of which are 

in abundance greater than 0.5%, these are: Firmicutes (24.72%), Proteobacteria (14.59%), 

Bacteroidetes (2.95%), Actinobacteria (2.79%), Chloroflexi (1.23%), Cyanobacteria (1.09%), 

Deinococcus-Thermus (0.52%), Ascomycota (43.07%), Euryarchaeota (5.99%), and 

Crenarchaeota (0.81%). Manual annotation using NCBI and PATRIC BLAST identified 97.97% 

of curated contigs, and 7 distinct phyla, these are: Firmicutes (42.07%), Nitrospirae (7.89%), 

Proteobacteria (1.38%), Bacteroidetes (0.69%), Ascomycota (36.55%), Dikarya (4.14%), 

Euryarchaeota (5.52%), and a sum of unidentified Bacteria, Fungi and Archaea (2.07%) (Figure 

2.1).  
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Figure 2.1: Microbial phyla present in metagenome extracted from an Ecuador tailings 
microbial community as annotated by Greengenes, RefSeq, and Manual Annotation (NCBI 
BLAST and PATRIC BLAST).  
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2.4.3.3 Taxonomic Identification - Class 

Metagenome classification at the class level using Greengenes identified 95% of contigs, and 

showed relative abundances: Clostridia (50.00%), Bacilli (15.00%), Gammaproteobacteria 

(10.00%), Actinobacteria (5.00%), Betaproteobacteria (5.00%), unclassified Bacteria (5.00%), and 

Thermoplasmata (10%). Metagenome identification using RefSeq identified 98.02% of contigs, 

and showed 103 classes, 18 of which were in abundance over 0.5%, these are: Bacilli (15.52%), 

Clostridia (8.08%), Betaproteobacteria (6.28%), Gammaproteobacteria (4.41%), Actinobacteria 

(2.79%), Alphaproteobacteria (2.26%), Deltaproteobacteria (1.44%), Sphingobacteria (1.29%), 

Flavobacteria (0.68%), Cytophagia (0.66%), Chloroflexi (0.54%), Deinococci (0.52%), 

Eurotiomycetes (33.18%), Sordariomycetes (5.03%), Dothideomycetes (2.93%), Leotiomycetes 

(1.48%), Thermoplasmata (4.78%), Thermoprotei (0.81%), in addition a sum of other Bacteria, 

Eukaryota, and Archaea (6.20%) and other unclassified organisms (1.08%). Manual annotation 

using NCBI and PATRIC BLAST identified 95.17% of curated contigs, and showed 7 distinct 

classes, these are: Bacilli (24.14%), Clostridia (17.24%), Nitrospira (7.59%), Acidithiobacillia 

(1.38%), Eurotiomycetes (22.76%), Dothideomycetes (16.55%), and Thermoplasmata (5.52%), 

and a sum of unidentified Bacteria, Fungi and Archaea (4.83%) (Figure 2.2).  
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Figure 2.2: Microbial classes present in metagenome extracted from an Ecuador tailings 
microbial community as annotated by Greengenes, RefSeq, and Manual Annotation (NCBI 
BLAST and PATRIC BLAST) 
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2.4.3.4 Taxonomic Identification - Order 

Metagenome classification at the order level using Greengenes identified 95% of contigs, and 

showed 7 distinct orders with relative abundances: Clostridiales (50.00%), Bacillales (15.00%), 

Actinomycetales (5.00%), Hydrogenophilales (5.00%), Methylococcales (5.00%), 

Pseudomonadales (5.00%), Thermoplasmatales (10.00%), and unclassified Bacteria (5.00%). 

Metagenome identification using RefSeq identified 98.97% of contigs, and a total of 198 orders, 

15 of which have a relative abundance over 1%, these are: Bacillales ((15.04%), Clostridiales 

(5.98%), Burkholderiales (5.48%), Actinomycetales (2.26%), Acidithiobacillales (1.82%), 

Thermoanaerobacterales (1.82%), Sphingobacterales (1.29%), Rhizobiales (1.17%), Eurotiales 

(30.76%), Pleosporales (2.92%), Hypocreales (2.59%), Onygenales (2.42%), Sordariales (1.52%), 

Helotiales (1.48%), Thermoplasmatales (4.78%), in addition to other Bacteria with a relative 

abundance of under 1% (14.32%), other Eukaryota (2.15%), other Archaea (2.09%), viruses 

(0.06%) and unclassified sequences (0.01%). Manual annotation using NCBI and PATRIC 

BLAST identified 94.41% of curated contigs, showing 8 distinct orders, these are: Bacillales 

(27.51%), Clostridiales (17.50%), Nitrospirales (9.85%), Acidithiobacillales (1.74%), Eurotiales 

(18.47%), Capnodiales (13.61%), Pleosporales (2.23%), Thermoplasmatales (6.41%), and the sum 

of unidentified Bacteria, Fungi and Archaea (5.59%) (Figure 2.3).  
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Figure 2.3: Microbial orders present in metagenome extracted from an Ecuador tailings 
microbial community as annotated by Greengenes, RefSeq, and Manual Annotation (NCBI 
BLAST and PATRIC BLAST). 
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2.4.3.5 Taxonomic Identification - Family 

Metagenome classification at the family level using Greengenes identified 95% of contigs, and 

showed 12 families: Clostridiales Family XVII. Incertae Sedis (40.00%), Alicyclobacillaceae 

(5.00%), Bacillaceae (5.00%), Clostridiales Family XVIII. Incertae Sedis (5.00%), 

Hydrogenophilaceae (5.00%), Methylococcaceae (5.00%), Moraxellaceae (5.00%), 

Paenibacillaceae (5.00%), Peptococcaceae (5.00%), Propionibacteriaceae (5.00%), Picrophilaceae 

(5.00%), Thermoplasmataceae (5.00%), and unclassified Bacteria (5.00%). Metagenome 

identification using RefSeq identified 95.50% of contigs, and showed  361 distinct families, 15 of 

which are in abundance over 1%, these are: Bacillaceae (8.31%), Burkholderiaceae (4.56%), 

Alicyclobacillaceae (4.55%), Peptococcaceae (2.46%), Acidithiobacillaceae (1.82%), 

Paenibacillaceae (1.75%), Thermoanaerobacteraceae (1.39%), Clostridiaceae (1.21%), 

Trichocomaceae (30.76%), Nectriaceae (2.59%), Phaeosphaeroaceae (1.82%), Sclerotiniaceae 

(1.48%), Pleosporaceae (1.10%), Thermoplasmataceae (2.36%), Picrophilaceae (1.60%), the sum 

of other Bacteria under 1% (23.14%), the sum of other Eukaryota under 1% (5.05%), the sum of 

other Archaea under 1% (2.90%), viruses (0.06%) and unclassified sequences (1.06%). Manual 

annotation using NCBI and PATRIC BLAST identified 71.72% of curated contigs, and showed 

10 distinct families, these are: Clostridiales Family XVII Incertae Sedis (17.24%), 

Alicyclobacillaceae (8.97%), Nitrospiraceae (7.59%), Paenibacillaceae (3.44%), 

Acidithiobacillaceae (1.38%), Bacillaceae (0.69%), Aspergillaceae (21.38%), Teratosphaeriaceae 

(4.83%), Mycosphaerellaceae (1.38%), Cuniculiplasmataceae (4.83%), and other unidentified 

sequences derived from Bacteria (13.10%), Fungi (13.79%) and Archaea (1.38%) (Figure 2.4).   
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Figure 2.4: Microbial families present in metagenome extracted from an Ecuador tailings 
microbial community as annotated by Greengenes, RefSeq, and Manual Annotation (NCBI 
BLAST and PATRIC BLAST). 
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2.4.3.6 Taxonomic Identification - Genus 

Metagenome classification at the genus level using Greengenes identified 95% of contigs, and 

showed 12 distinct genera: Sulfobacillus (40.00%), Alicyclobacillus (5.00%), Desulfosporosinus 

(5.00%), Enhydrobacter (5.00%), Methylococcus (5.00%), Oceanobacillus (5.00%), 

Paenibacillus (5.00%), Propionibacterium (5.00%), Symbiobacterium (5.00%), Thiobacillus 

(5.00%), Picrophilus (5.00%), Thermoplasma (5.00%), and unclassified sequences derived from 

Bacteria (5.00%). Metagenome identification using RefSeq identified 98.13% of contigs, and 

showed 752 distinct genera, 18 of which are in abundance over 1%, these are: Bacillus (5.80%), 

Ralstonia (3.23%), Alicyclobacillus (3.14%), Geobacillus (1.96%), Acidithiobacillus (1.83%), 

Paenibacillus (1.37%), Desulfitobacterium (1.16%), Clostridium (1.02%), Neosartorya (11.87%), 

Aspergillus (8.77%), Penicillium (7.35%), Gibberella (2.00%), Phaeosphaeria (1.82%), 

Emericella (1.65%), Talaromyces (1.11%), Pyrenophora (1.10%), Thermoplasma (2.36%), and 

Picrophilus (1.60%), in addition to an unidentified species derived from the family 

Alicyclobacillaceae (1.40%), and the sum of other Bacteria (28.28%), Fungi (8.17%), and 

Archaea (2.90%) with relative abundances below 1%, Viruses (0.06%), and unclassified sequences 

(0.01%). Manual annotation using NCBI and PATRIC BLAST identified 55.86% curated contigs, 

and showed 10 distinct genera, these are: Sulfobacillus (17.24%), Leptospirillum (7.59%), 

Alicyclobacillus (2.76%), Acidithiobacillus (1.38%), Paenibacillus (0.69%), Penicillium 

(11.72%), Baudoinia (4.83%), Aspergillus (4.14%), Zymoseptoria (0.69%), and Cuniculiplasma 

(4.83%) in addition to genera derived from orders Bacillales (20.69%), Capnodiales (10.34%), 

Eurotiales (6.20%), Pleosporales (0.69%), Thermoplasmatales (0.69%) and unknown Bacteria 

(2.07%), unknown Fungi (2.76%), and unknown Archaea (0.69%) (Figure 2.5).  
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Figure 2.5: Microbial genera present in metagenome extracted from an Ecuador tailings 
microbial community as annotated by Greengenes, RefSeq, and Manual Annotation (NCBI 
BLAST and PATRIC BLAST). 
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2.4.3.7 Taxonomic Identification - Species 

Metagenome classification at the species level using Greengenes identified 95% of contigs, and 

showed 12 distinct species: Sulfobacillus thermosulfidooxidans (40.00%), Alicyclobacillus 

pomorum (5.00%), Desulfosporosinus meridiei (5.00%), Enhydrobacter aerosaccus (5.00%), 

Methylococcus capsulatus (5.00%), Oceanobacillus picturae (5.00%), Paenibacillus alginolyticus 

(5.00%), Propionibacterium acnes (5.00%), Symbiobacterium thermophilum (5.00%), 

Thiobacillus sp. (5.00%), Picrophilus oshimae (5.00%), Thermoplasma acidophilum (5.00%), and 

an uncultured bacterium (5.00%). Metagenome identification using RefSeq identified 99.95% of 

contigs, and showed 1510 distinct species, 22 of which are in abundance over 1%, these are: 

Alicyclobacillus acidocaldarius (3.14%), Ralstonia pickettii (1.49%), Bacillus tusciae (1.40%), 

Acidithiobacillus ferrooxidans (1.39%), Bacillus megaterium (1.21%), Desulfitobacterium 

hafniense (1.16%), Ralstonia solanacearum (1.02%), Neosartorya fumigate (10.09%), Penicillium 

chrysogenum (6.63%), Aspergillus flavus (2.87%), Aspergillus terreus (2.29%), Gibberella zeae 

(2.00%), Aspergillus clavatus (1.83%), Phaeosphaeria nodorum (1.82%), Neosartorya fischeri 

(1.79%), Emericella nidulans (1.65%), Aspergillus niger (1.26%), Talaromyces stipitatus 

(1.11%), Pyrenophora tritici-repentis (1.10%), Picrophilus torridus (1.61%), Thermoplasma 

volcanium (1.29%), Thermoplasma acidophilum (1.07%), in addition to the sum of other Bacteria 

in abundance below 1% (38.39%), Eukaryota below 1% (9.42%), Archaea below 1% (2.90%), 

viruses (0.06%) and other sequences (0.01%). Manual annotation using NCBI and PATRIC 

BLAST identified 55.86% of curated contigs, and showed 6 distinct species beyond the genus 

level, these are: Sulfobacillus thermotolerans (11.03%), Sulfobacillus thermosulfidooxidans 

(5.52%), Leptospirillum ferriphilum (4.14%), Baudoinia panamericana (4.83%), Penicillium 

arizonense (0.69%), and Cuniculiplasma divulgatum (0.69%). The genera with unknown species 
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are Leptospirillum sp. (3.45%), Alicyclobacillus sp. (2.76%), Acidithiobacillus sp. (1.38%), 

Paenibacillus sp. (0.69%), Sulfobacillus sp. (0.69%), Penicillium sp. (11.03%), Aspergillus sp. 

(4.14%), Zymoseptoria sp. (0.69%), and Cuniculiplasma sp. (4.14%), as well as organisms only 

identified to the order level, Bacillales (20.69%), Capnodiales (10.34%), Eurotiales (6.21%), and 

Thermoplasmatales (0.69%), and finally unidentified organisms of the domains Bacteria (2.07%), 

Fungi (2.76%), and Archaea (0.69%) (Figure 2.6).  
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Figure 2.6: Microbial species present in metagenome extracted from an Ecuador tailings 
microbial community as annotated by Greengenes, RefSeq, and Manual Annotation (NCBI 
BLAST and PATRIC BLAST). 
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2.4.4 Subsystems Annotation 

In addition to metagenome annotation for taxonomic data, organisms with genes known to be 

active in important bioleaching-related pathways, namely heat shock (Figure 3.0, Table 3.0), cold 

shock (Figure 4.0, Table 4.0), quorum sensing (Figure 5.0, Table 5.0), iron metabolism (Figure 

6.0, Table 6.0), and sulfur metabolism (Figure 7.0, Table 7.0), were annotated to describe which 

organisms are key in bioleaching and which pathways are contributed to or completed by those 

organisms. Each figure shows how many functional genes, measured in relative abundance, is 

contributed to the subsystem by each order. The data in all the above-noted figures and tables was 

generated by querying the MG-RAST and RAST databases for gene sequences known to be 

involved in a specific function or pathway, then identifying the corresponding microbial donor 

determined by manual annotation of the 145 high-quality, contiguous sequences of 79,999 bp in 

length or greater using NCBI and PATRIC BLAST.  

 

2.4.4.1 Subsystems Annotation – Heat Shock 

Six orders were found to have heat shock-related genes: Clostridiales (31.25%), Bacillales 

(23.44%), Nitrospirales (21.88%), Thermoplasmatales (14.06%), Capnodiales (4.69%) and 

Eurotiales (4.69%) (Figure 3.0). A total of 64 unique sequences in the metagenome coding for 20 

different proteins were found to have heat-shock related functions (Table 3.0). There is often 

overlap among organisms with genes coding for specific proteins. These are likely genes with 

highly conserved functions and sequences present across many different organisms. For example, 

each of the orders, except for Capnodiales, have at least one coding sequence for the chaperone 

protein DNA J. Conversely, only Bacillales has a sequence coding for DNA K suppressor protein.  
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Figure 3.0: Ecuador tailings microbial orders 
with to heat shock response-related genes, from 
data restricted to 145 assembled, contiguous 
sequences >79,999 bp, sequenced by Illumina 
HiSeq, and manually annotated with NCBI and 
PATRIC BLAST (Basic Local Alignment 
Search Tool). 
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Table 3.0: Heat-shock related genes present in the Ecuador tailings metagenome, their length in 
basepairs and their microbial contributors. The metagenome functions were automatically 
annotated with RAST, and orders manually annotated with NCBI and PATRIC BLAST. This 
data is represented visually in Figure 4.0.  

Function Length 
(bp) 

Order 

Heat shock protein 60 family co-chaperone GroES 285 Bacillales 

Heat shock protein 60 family chaperone GroEL 1629 Bacillales 

Heat shock protein 60 family chaperone GroEL 1215 Bacillales 

DnaK suppressor protein 612 Bacillales 

Heat shock protein GrpE 588 Bacillales 

Hypothetical radical SAM family enzyme in heat shock gene cluster, 

similarity with CPO of BS HemN-type 

1164 Bacillales 

Chaperone protein DnaJ 1161 Bacillales 

Chaperone protein DnaK 1821 Bacillales 

Heat-inducible transcription repressor HrcA 1059 Bacillales 

Translation elongation factor LepA 1809 Bacillales 

Ribosome-associated heat shock protein implicated in the recycling of the 

50S subunit (S4 paralog) 

285 Bacillales 

RNA polymerase heat shock sigma factor SigI 741 Bacillales 

tmRNA-binding protein SmpB 471 Bacillales 

tmRNA-binding protein SmpB 492 Bacillales 

Ribonuclease PH (EC 2.7.7.56) 753 Bacillales 

Chaperone protein DnaK 1809 Capnodiales 

Chaperone protein DnaK 147 Capnodiales 

Heat shock protein 60 family co-chaperone GroES 249 Capnodiales 

Heat shock protein 60 family chaperone GroEL 1635 Clostridiales 

Heat shock protein 60 family co-chaperone GroES 303 Clostridiales 

Heat shock protein 60 family co-chaperone GroES 303 Clostridiales 

Heat shock protein 60 family chaperone GroEL 1650 Clostridiales 

Ribosome-associated heat shock protein implicated in the recycling of the 

50S subunit (S4 paralog) 240 Clostridiales 

Chaperone protein DnaJ 936 Clostridiales 

Chaperone protein DnaK 1929 Clostridiales 

Ribosome-associated heat shock protein implicated in the recycling of the 

50S subunit (S4 paralog) 240 Clostridiales 

Chaperone protein DnaJ 939 Clostridiales 

Chaperone protein DnaK 1908 Clostridiales 

RNA polymerase heat shock sigma factor SigI 744 Clostridiales 

Heat shock protein 60 family co-chaperone GroES 267 Clostridiales 

Heat shock protein GrpE 636 Clostridiales 

Chaperone protein DnaJ 1119 Clostridiales 

Heat-inducible transcription repressor HrcA 1014 Clostridiales 

Ribonuclease PH (EC 2.7.7.56) 741 Clostridiales 

tmRNA-binding protein SmpB 462 Clostridiales 

Translation elongation factor LepA 1800 Clostridiales 
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Chaperone protein DnaJ 936 Clostridiales 

Chaperone protein DnaK 1896 Clostridiales 

Chaperone protein DnaJ 174 Eurotiales 

Translation elongation factor LepA 1302 Eurotiales 

Translation elongation factor LepA 747 Eurotiales 

Heat shock protein Hsp20 459 Nitrospirales 

DnaJ-class molecular chaperone CbpA 855 Nitrospirales 

Ribonuclease PH (EC 2.7.7.56) 738 Nitrospirales 

Heat shock protein Hsp20 444 Nitrospirales 

Translation elongation factor LepA 1830 Nitrospirales 

Heat shock protein GrpE 570 Nitrospirales 

Heat shock protein 60 family chaperone GroEL 1626 Nitrospirales 

Heat shock protein 60 family co-chaperone GroES 264 Nitrospirales 

Chaperone protein DnaJ 1119 Nitrospirales 

Chaperone protein DnaK 1923 Nitrospirales 

Heat-inducible transcription repressor HrcA 1059 Nitrospirales 

Ribosomal RNA small subunit methyltransferase E (EC 2.1.1.-) 864 Nitrospirales 

Chaperone protein DnaK 1812 Nitrospirales 

Chaperone protein DnaJ 1104 Nitrospirales 

Chaperone protein DnaJ 1086 Thermoplasmatales 

Chaperone protein DnaK 1875 Thermoplasmatales 

Heat shock protein 60 family chaperone GroEL @ Thermosome subunit 1665 Thermoplasmatales 

Heat shock protein 60 family chaperone GroEL @ Thermosome subunit 1638 Thermoplasmatales 

Xanthosine/inosine triphosphate pyrophosphatase 546 Thermoplasmatales 

Small heat shock protein 555 Thermoplasmatales 

Archaeal heat shock regulator, ArsR family 591 Thermoplasmatales 

Chaperone protein DnaJ 1092 Thermoplasmatales 

Chaperone protein DnaK 1908 Thermoplasmatales 
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2.4.4.2 Subsystems Annotation – Cold Shock 

Two orders were found to have cold shock-related genes: Bacilalles (85.71%) and 

Acidithiobacillales (14.29%) (Figure 4.0). Only 7 sequences were found contain genes which code 

for CSP family proteins (Table 4.0). 

 

2.4.4.3 Subsystems Annotation – Quorum Sensing 

Five orders were found to have quorum sensing-related genes: Clostridiales (40.63%), Bacillales 

(31.25%), Nitrospirales (18.75%), Acidithiobacillales (3.13%), Thermoplasmatales (3.13%), and 

an unidentified Bacterial order (3.13%) (Figure 5.0). A total of 32 unique sequences in the 

metagenome coding for 7 different proteins were found to have quorum sensing related functions 

(Table 5.0). Unlike the case with heat shock-related sequences, there is overlap in gene function 

between organisms for all the proteins except one, “Similar to phosphoglycolate phosphatase, 

clustered with ubiquinone biosynthesis SAM-dependent O-methyltransferase”, which is the only 

sequence corresponding to Acidithiobacillales.  
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Table 4.0: Cold-shock related genes present in the Ecuador tailings metagenome, their length in 
basepairs and their microbial contributors. The metagenome functions were automatically 
annotated with RAST, and corresponding orders manually annotated with NCBI and PATRIC 
BLAST. This data is represented visually in Figure 3.0.  

Function Length 
(bp) 

Order 

Cold shock protein of CSP family 204 Acidithiobacillales 

Cold shock protein of CSP family 204 Bacillales 

Cold shock protein of CSP family 198 Bacillales 

Cold shock protein of CSP family 195 Bacillales 

Cold shock protein of CSP family 204 Bacillales 

Cold shock protein of CSP family 198 Bacillales 

Cold shock protein of CSP family 201 Bacillales 

 

Figure 4.0: Ecuador tailings microbial orders 
with cold shock response-related genes (Csp 
family), from data restricted to 145 assembled, 
contiguous sequences >79,999 bp, sequenced by 
Illumina HiSeq, and manually annotated with 
NCBI and PATRIC BLAST (Basic Local 
Alignment Search Tool). 
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Figure 5.0: Ecuador tailings microbial orders 
with to quorum sensing-related genes, from 
data restricted to 145 assembled, contiguous 
sequences >79,999 bp, sequenced by Illumina 
HiSeq, and manually annotated with NCBI 
and PATRIC BLAST (Basic Local Alignment 
Search Tool). 
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Table 5.0: Quorum sensing-related genes present in the Ecuador tailings metagenome, their 
length in base pairs and their microbial contributors. The metagenome functions were 
automatically annotated with RAST, and orders manually annotated with NCBI and PATRIC 
BLAST. This data is represented visually in Figure 5.0.  

Function Length 
(bp) 

Order 

Similar to phosphoglycolate phosphatase, clustered with ubiquinone 

biosynthesis SAM-dependent O-methyltransferase 663 Acidithiobacillales 

Glycyl-tRNA synthetase (EC 6.1.1.14) 1392 Bacillales 

Two-component transcriptional response regulator, LuxR family 693 Bacillales 

Two-component transcriptional response regulator, LuxR family 681 Bacillales 

Two-component transcriptional response regulator, LuxR family 693 Bacillales 

Phosphoglycolate phosphatase (EC 3.1.3.18) 684 Bacillales 

Two-component transcriptional response regulator, LuxR family 684 Bacillales 

Two-component transcriptional response regulator, LuxR family 765 Bacillales 

Glycyl-tRNA synthetase (EC 6.1.1.14) 1380 Bacillales 

Phosphoglycolate phosphatase (EC 3.1.3.18) 654 Bacillales 

Two-component transcriptional response regulator, LuxR family 687 Bacillales 

Two-component transcriptional response regulator, LuxR family 609 Clostridiales 

Two-component transcriptional response regulator, LuxR family 771 Clostridiales 

Two-component transcriptional response regulator, LuxR family 684 Clostridiales 

Two-component transcriptional response regulator, LuxR family 912 Clostridiales 

Regulatory protein, LuxR:Response regulator receiver 633 Clostridiales 

Phosphoglycolate phosphatase (EC 3.1.3.18) 711 Clostridiales 

Two-component transcriptional response regulator, LuxR family 816 Clostridiales 

Two-component transcriptional response regulator, LuxR family 642 Clostridiales 

Two-component transcriptional response regulator, LuxR family 672 Clostridiales 

Two-component transcriptional response regulator, LuxR family 912 Clostridiales 

Regulatory protein, LuxR:Response regulator receiver 627 Clostridiales 

Glycyl-tRNA synthetase alpha chain (EC 6.1.1.14) 873 Clostridiales 

Glycyl-tRNA synthetase beta chain (EC 6.1.1.14) 2058 Clostridiales 

Two-component transcriptional response regulator, LuxR family 636 Nitrospirales 

Phosphoglycolate phosphatase (EC 3.1.3.18) 747 Nitrospirales 

Two-component transcriptional response regulator, LuxR family 669 Nitrospirales 

Glycyl-tRNA synthetase alpha chain (EC 6.1.1.14) 903 Nitrospirales 

Glycyl-tRNA synthetase beta chain (EC 6.1.1.14) 2220 Nitrospirales 

Two-component transcriptional response regulator, LuxR family 447 Nitrospirales 

Glycyl-tRNA synthetase (EC 6.1.1.14) 1467 Thermoplasmatales 

Two-component transcriptional response regulator, LuxR family 603 Unidentified Bacteria 
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2.4.4.4 Subsystems Annotation – Iron Metabolism 

Eight orders were found to have iron metabolism-related genes: Bacillales (42.86%), Clostridiales 

(26.32%), Thermoplasmatales (13.53%), Nitrospirales (9.02%), Acidithiobacillales (2.26%),  

Capnodiales (1.50%), Eurotiales (1.50%), Pleosporales (0.75%), as well as an unidentified 

Bacterial order (2.26%) (Figure 6.0). A total of 133 unique sequences in the metagenome coding 

for 48 different proteins were found to have iron metabolism related functions (Table 6.0). Nearly 

half, 20, of these proteins have only one detected gene in the metagenome, while the other proteins 

have multiple sequence copies spread across multiple organisms.  

 

2.4.4.5 Subsystems Annotation – Sulfur Metabolism 

Seven orders were found to have sulfur metabolism-related genes: Bacillales (32.35%), 

Clostridiales (24.51%), Acidithiobacillales (13.73%), Nitrospirales (12.75%), Capnodiales 

(3.92%), Eurotiales (3.92%), Thermoplasmatales (6.86%), as well as an unidentified Fungal order 

(0.98%), and an unidentified Archaeal order (0.98%) (Figure 7.0). A total of 103 unique sequences 

in the metagenome coding for 26 different proteins were found to have sulfur metabolism-related 

functions (Table 7.0). There is significant overlap or redundancy for some genes, for example, 

“sulfate adenylyltransferase” has 27 sequence copies shared between Acidithiobacillales, 

Bacillales, Clostridiales, Nitrospirales and Thermoplasmatales. Nine of the 26 protein-coding 

sequences have only one copy in the metagenome.  
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Figure 6.0: Ecuador tailings microbial orders 
with to iron metabolism-related genes, from 
data restricted to 145 assembled, contiguous 
sequences >79,999 bp, sequenced by Illumina 
HiSeq, and manually annotated with NCBI 
and PATRIC BLAST (Basic Local Alignment 
Search Tool). 
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Table 6.0: Iron metabolism-related genes present in the Ecuador tailings metagenome, their 
length in base pairs and their microbial contributors. The metagenome functions were 
automatically annotated with RAST, and orders manually annotated with NCBI and PATRIC 
BLAST. This data is represented visually in Figure 6.0.  

Function Length 
(bp) 

Order 

Periplasmic aromatic aldehyde oxidoreductase, iron-sulfur subunit YagT 540 Acidithiobacillales 

Ferrochelatase, protoheme ferro-lyase (EC 4.99.1.1) 1041 Acidithiobacillales 

Probable iron export permease protein FetB 777 Acidithiobacillales 

Electron transfer flavoprotein, alpha subunit 969 Bacillales 

Electron transfer flavoprotein, beta subunit 768 Bacillales 

Iron-sulfur cluster assembly ATPase protein SufC 789 Bacillales 

Iron-sulfur cluster assembly protein SufB 1398 Bacillales 

Iron-sulfur cluster assembly protein SufB 1281 Bacillales 

Iron-sulfur cluster regulator IscR 501 Bacillales 

probable iron binding protein from the HesB_IscA_SufA family 348 Bacillales 

Putative iron-sulfur cluster assembly scaffold protein for SUF system, SufE2 426 Bacillales 

ABC transporter, permease protein 1 (cluster 1, 

maltose/g3p/polyamine/iron) 930 Bacillales 

ABC transporter, permease protein 2 (cluster 1, 

maltose/g3p/polyamine/iron) 822 Bacillales 

ABC transporter, permease protein 2 (cluster 1, 

maltose/g3p/polyamine/iron) 810 Bacillales 

ABC transporter, permease protein 2 (cluster 1, 

maltose/g3p/polyamine/iron) 831 Bacillales 

Radical SAM heme biosynthesis protein AhbD, Fe-coproporphyrin III 

decarboxylase 1155 Bacillales 

Coproheme decarboxylase HemQ (no EC) 789 Bacillales 

ABC transporter, permease protein 2 (cluster 1, 

maltose/g3p/polyamine/iron) 840 Bacillales 

ABC transporter, substrate-binding protein (cluster 1, 

maltose/g3p/polyamine/iron) 1104 Bacillales 

ABC transporter, permease protein 2 (cluster 1, 

maltose/g3p/polyamine/iron) 837 Bacillales 

Predicted L-lactate dehydrogenase, Iron-sulfur cluster-binding subunit YkgF 1497 Bacillales 

Probable iron export permease protein FetB 753 Bacillales 

Heme O synthase, protoheme IX farnesyltransferase (EC 2.5.1.-) COX10-

CtaB 933 Bacillales 

Magnesium and cobalt transport protein CorA 951 Bacillales 

Xanthine dehydrogenase iron-sulfur subunit (EC 1.17.1.4) 501 Bacillales 

Ferric iron ABC transporter, iron-binding protein 1125 Bacillales 

Electron transfer flavoprotein, alpha subunit 978 Bacillales 

Electron transfer flavoprotein, beta subunit 771 Bacillales 

Iron-sulfur cluster assembly ATPase protein SufC 786 Bacillales 

Iron-sulfur cluster assembly protein SufB 1398 Bacillales 

Iron-sulfur cluster assembly protein SufD 1287 Bacillales 

Iron-sulfur cluster regulator IscR 447 Bacillales 

Putative iron-sulfur cluster assembly scaffold protein for SUF system, SufE2 426 Bacillales 

ABC transporter, permease protein 2 (cluster 1, 

maltose/g3p/polyamine/iron) 816 Bacillales 

Electron transfer flavoprotein, alpha subunit 945 Bacillales 

Electron transfer flavoprotein, beta subunit 768 Bacillales 
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Coproheme decarboxylase HemQ (no EC) 783 Bacillales 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.5.1) 768 Bacillales 

Glycolate dehydrogenase (EC 1.1.99.14), iron-sulfur subunit GlcF 1347 Bacillales 

Heme O synthase, protoheme IX farnesyltransferase (EC 2.5.1.-) COX10-

CtaB 912 Bacillales 

Xanthine dehydrogenase iron-sulfur subunit (EC 1.17.1.4) 579 Bacillales 

Two-component response regulator SA14-24 696 Bacillales 

Two-component sensor kinase SA14-24 1851 Bacillales 

Zn-dependent hydrolase YycJ/WalJ, required for cell wall metabolism and 

coordination of cell division with DNA replication 798 Bacillales 

Iron-dependent repressor ideR 675 Bacillales 

Electron transfer flavoprotein, alpha subunit 1095 Bacillales 

Electron transfer flavoprotein, beta subunit 843 Bacillales 

Electron transfer flavoprotein-quinone oxidoreductase 1410 Bacillales 

ABC transporter, substrate-binding protein (cluster 8, B12/iron complex) 807 Bacillales 

Electron transfer flavoprotein, alpha subunit 978 Bacillales 

Electron transfer flavoprotein, beta subunit 771 Bacillales 

Iron-sulfur cluster assembly ATPase protein SufC 786 Bacillales 

Iron-sulfur cluster assembly protein SufB 1398 Bacillales 

Iron-sulfur cluster assembly protein SufD 1287 Bacillales 

Iron-sulfur cluster regulator IscR 447 Bacillales 

Putative iron-sulfur cluster assembly scaffold protein for SUF system, SufE2 426 Bacillales 

Coproheme decarboxylase HemQ (no EC) 750 Bacillales 

Glycolate dehydrogenase (EC 1.1.99.14), iron-sulfur subunit GlcF 1332 Bacillales 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.5.1) 783 Bacillales 

Probable oxidoreductase, with Rieske iron-sulfur protein 2Fe-2S subunit 1539 Bacillales 

Cytochrome C heme lyase CCHL (EC 4.4.1.17) 864 Capnodiales 

probable iron binding protein from the HesB_IscA_SufA family 723 Capnodiales 

ABC transporter, permease protein 1 (cluster 1, 

maltose/g3p/polyamine/iron) 879 Clostridiales 

ABC transporter, substrate-binding protein (cluster 1, 

maltose/g3p/polyamine/iron) 1281 Clostridiales 

Xanthine dehydrogenase iron-sulfur subunit (EC 1.17.1.4) / Xanthine 

dehydrogenase, molybdenum binding subunit (EC 1.17.1.4) 2826 Clostridiales 

Ferritin/ribonucleotide reductase-like protein 294 Clostridiales 

Electron transfer flavoprotein, alpha subunit 978 Clostridiales 

Electron transfer flavoprotein, beta subunit 768 Clostridiales 

Ferrous iron transport protein B 1800 Clostridiales 

Coproheme decarboxylase HemQ (no EC) 744 Clostridiales 

Glycolate dehydrogenase (EC 1.1.99.14), iron-sulfur subunit GlcF 1278 Clostridiales 

Probable iron export permease protein FetB 774 Clostridiales 

ABC transporter, substrate-binding protein (cluster 1, 

maltose/g3p/polyamine/iron) 993 Clostridiales 

Ferric uptake regulation protein FUR 477 Clostridiales 

Ferric uptake regulation protein FUR 456 Clostridiales 

Magnesium and cobalt transport protein CorA 915 Clostridiales 

ABC transporter, substrate-binding protein (cluster 1, 

maltose/g3p/polyamine/iron) 999 Clostridiales 

Electron transfer flavoprotein, alpha subunit 978 Clostridiales 

Electron transfer flavoprotein, beta subunit 768 Clostridiales 

Ferrous iron transport protein B 1800 Clostridiales 

Radical SAM heme biosynthesis protein AhbD, Fe-coproporphyrin III 

decarboxylase 1026 Clostridiales 

Xanthine dehydrogenase iron-sulfur subunit (EC 1.17.1.4) 483 Clostridiales 
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ABC transporter, ATP-binding protein (cluster 1, 

maltose/g3p/polyamine/iron); ABC transporter, ATP-binding protein 

(cluster 10, nitrate/sulfonate/bicarbonate) 1098 Clostridiales 

Electron transfer flavoprotein, alpha subunit 951 Clostridiales 

Electron transfer flavoprotein, beta subunit 768 Clostridiales 

Heme A synthase, cytochrome oxidase biogenesis protein Cox15-CtaA 1011 Clostridiales 

Iron-sulfur cluster assembly ATPase protein SufC 768 Clostridiales 

Iron-sulfur cluster assembly protein SufB 1401 Clostridiales 

Putative iron-sulfur cluster assembly scaffold protein for SUF system, SufE2 423 Clostridiales 

Heme A synthase, cytochrome oxidase biogenesis protein Cox15-CtaA 1011 Clostridiales 

Iron-sulfur cluster assembly ATPase protein SufC 768 Clostridiales 

Iron-sulfur cluster assembly protein SufB 1401 Clostridiales 

Iron-sulfur cluster regulator IscR 459 Clostridiales 

Putative iron-sulfur cluster assembly scaffold protein for SUF system, SufE2 423 Clostridiales 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.5.1) 765 Clostridiales 

Ferric uptake regulation protein FUR 486 Clostridiales 

ABC transporter, substrate-binding protein (cluster 1, 

maltose/g3p/polyamine/iron) 987 Clostridiales 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.5.1) 297 Eurotiales 

Cytochrome c heme lyase subunit CcmH 204 Eurotiales 

TonB-dependent receptor 2901 Nitrospirales 

ferric uptake regulator, Fur family 441 Nitrospirales 

Iron-sulfur cluster assembly scaffold protein IscU 414 Nitrospirales 

probable iron binding protein from the HesB_IscA_SufA family 330 Nitrospirales 

4Fe-4S ferredoxin, iron-sulfur binding domain protein 687 Nitrospirales 

TonB-like protein 1104 Nitrospirales 

Ferric uptake regulation protein FUR 462 Nitrospirales 

Ferric siderophore transport system, biopolymer transport protein ExbB 705 Nitrospirales 

TonB-dependent receptor 2925 Nitrospirales 

Ferric siderophore transport system, biopolymer transport protein ExbB 693 Nitrospirales 

Ferrochelatase, protoheme ferro-lyase (EC 4.99.1.1) 1071 Nitrospirales 

TonB-dependent receptor 2913 Nitrospirales 

Electron transfer flavoprotein, alpha subunit 1203 Pleosporales 

Electron transfer flavoprotein, alpha subunit 891 Thermoplasmatales 

Electron transfer flavoprotein, beta subunit 744 Thermoplasmatales 

Cytochrome bc1-analogous complex, Rieske iron-sulfur subunit (SoxL) 819 Thermoplasmatales 

Electron transfer flavoprotein, beta subunit / Electron transfer flavoprotein, 

alpha subunit 1710 Thermoplasmatales 

ABC transporter, substrate-binding protein (cluster 8, B12/iron complex) 819 Thermoplasmatales 

Cytochrome bc1-analogous complex, Rieske iron-sulfur subunit (SoxL) 759 Thermoplasmatales 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.5.1) 753 Thermoplasmatales 

Iron-sulfur cluster assembly ATPase protein SufC 741 Thermoplasmatales 

Iron-sulfur cluster assembly protein SufB 1452 Thermoplasmatales 

Iron-sulfur cluster assembly protein SufD 1227 Thermoplasmatales 

Electron transfer flavoprotein, alpha subunit 1044 Thermoplasmatales 

Electron transfer flavoprotein, beta subunit 789 Thermoplasmatales 

Electron transfer flavoprotein-quinone oxidoreductase 1296 Thermoplasmatales 

Heme O synthase, protoheme IX farnesyltransferase (EC 2.5.1.-) COX10-

CtaB 873 Thermoplasmatales 

Iron(III) dicitrate transport system permease protein fecD 1083 Thermoplasmatales 

Radical SAM heme biosynthesis protein AhbD, Fe-coproporphyrin III 

decarboxylase 1200 Thermoplasmatales 

TPR domain protein, putative component of TonB system 870 Thermoplasmatales 

Succinate dehydrogenase iron-sulfur protein (EC 1.3.5.1) 744 Thermoplasmatales 
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Probable thiol oxidoreductase with 2 cytochrome c heme-binding sites 1197 Unknown Bacteria 

TonB-dependent receptor 2229 Unknown Bacteria 

TonB-dependent siderophore receptor 2172 Unknown Bacteria 

 

 

 

 

Figure 7.0: Ecuador tailings microbial orders 
with to sulfur metabolism-related genes, from 
data restricted to 145 assembled, contiguous 
sequences >79,999 bp, sequenced by Illumina 
HiSeq, and manually annotated with NCBI 
and PATRIC BLAST (Basic Local Alignment 
Search Tool). 
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Table 7.0: Sulfur metabolism-related genes present in the Ecuador tailings metagenome, their 
length in basepairs and their microbial contributors. The metagenome functions were 
automatically annotated with RAST, and orders manually annotated with NCBI and PATRIC 
BLAST. This data is represented visually in Figure 7.0.  

Function Length 
(bp) 

Order 

Sulfate adenylyltransferase (EC 2.7.7.4) / Adenylylsulfate kinase (EC 

2.7.1.25) 1665 Acidithiobacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) / Adenylylsulfate kinase (EC 

2.7.1.25) 1665 Acidithiobacillales 

Tetrathionate reductase subunit B 1059 Acidithiobacillales 

Tetrathionate reductase subunit C 1236 Acidithiobacillales 

Tetrathionate reductase subunit A 3192 Acidithiobacillales 

Sulfhydrogenase subunit gamma (EC 1.12.98.4) 831 Acidithiobacillales 

Sulfhydrogenase subunit beta (EC 1.12.98.4) 1107 Acidithiobacillales 

Sulfide:quinone oxidoreductase, Type VI 1128 Acidithiobacillales 

Sulfide:quinone oxidoreductase, Type VI 1128 Acidithiobacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) / Adenylylsulfate kinase (EC 

2.7.1.25) 1665 Acidithiobacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) / Adenylylsulfate kinase (EC 

2.7.1.25) 1665 Acidithiobacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) / Adenylylsulfate kinase (EC 

2.7.1.25) 1665 Acidithiobacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) / Adenylylsulfate kinase (EC 

2.7.1.25) 1665 Acidithiobacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) / Adenylylsulfate kinase (EC 

2.7.1.25) 1665 Acidithiobacillales 

3'(2'),5'-bisphosphate nucleotidase (EC 3.1.3.7) 813 Bacillales 

Sulfate and thiosulfate import ATP-binding protein CysA (EC 3.6.3.25) 1176 Bacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1155 Bacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1137 Bacillales 

Adenylylsulfate kinase (EC 2.7.1.25) 612 Bacillales 

Adenylylsulfate kinase (EC 2.7.1.25) 606 Bacillales 

Phosphoadenylyl-sulfate reductase [thioredoxin] (EC 1.8.4.8) 711 Bacillales 

Alkanesulfonates transport system permease protein 780 Bacillales 

Thiosulfate sulfurtransferase, rhodanese (EC 2.8.1.1) 846 Bacillales 

Sulfite reductase [NADPH] hemoprotein beta-component (EC 1.8.1.2) 1710 Bacillales 

Cysteine synthase (EC 2.5.1.47) 951 Bacillales 

Cysteine synthase (EC 2.5.1.47) 915 Bacillales 

Cysteine synthase (EC 2.5.1.47) 930 Bacillales 

Cysteine synthase (EC 2.5.1.47) 927 Bacillales 

Cysteine synthase (EC 2.5.1.47) 918 Bacillales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1350 Bacillales 

Homoserine O-succinyltransferase (EC 2.3.1.46) 918 Bacillales 

Sulfide:quinone oxidoreductase, Type III 1140 Bacillales 

Sulfide:quinone oxidoreductase, Type III 1140 Bacillales 

sulfur oxygenase reductase 921 Bacillales 

3-methylmercaptopropionyl-CoA ligase (EC 6.2.1.44) of DmdB1 type 1590 Bacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1155 Bacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1137 Bacillales 

Adenylylsulfate kinase (EC 2.7.1.25) 612 Bacillales 

Adenylylsulfate kinase (EC 2.7.1.25) 606 Bacillales 
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Sulfate adenylyltransferase (EC 2.7.7.4) 1155 Bacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1137 Bacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1155 Bacillales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1137 Bacillales 

Adenylylsulfate kinase (EC 2.7.1.25) 612 Bacillales 

Adenylylsulfate kinase (EC 2.7.1.25) 606 Bacillales 

Phosphoadenylyl-sulfate reductase [thioredoxin] (EC 1.8.4.8) 711 Bacillales 

Sulfite reductase [NADPH] hemoprotein beta-component (EC 1.8.1.2) 1710 Bacillales 

Cystathionine beta-synthase (EC 4.2.1.22) 636 Capnodiales 

Cystathionine beta-synthase (EC 4.2.1.22) 336 Capnodiales 

Cysteine synthase (EC 2.5.1.47) 402 Capnodiales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1323 Capnodiales 

3'(2'),5'-bisphosphate nucleotidase (EC 3.1.3.7) 810 Clostridiales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1158 Clostridiales 

Adenylylsulfate kinase (EC 2.7.1.25) 594 Clostridiales 

Thiosulfate sulfurtransferase, rhodanese (EC 2.8.1.1) 825 Clostridiales 

Cysteine synthase (EC 2.5.1.47) 942 Clostridiales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1125 Clostridiales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1167 Clostridiales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1125 Clostridiales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1056 Clostridiales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1107 Clostridiales 

Cystathionine gamma-synthase (EC 2.5.1.48) 1158 Clostridiales 

Cystathionine gamma-synthase (EC 2.5.1.48) 1158 Clostridiales 

Cystathionine gamma-synthase (EC 2.5.1.48) 1155 Clostridiales 

Sulfide:quinone oxidoreductase, Type III 1140 Clostridiales 

Sulfide:quinone oxidoreductase, Type I 1152 Clostridiales 

Sulfide:quinone oxidoreductase, Type I 1269 Clostridiales 

Sulfide:quinone oxidoreductase, Type III 1140 Clostridiales 

Sulfide:quinone oxidoreductase, Type I 1152 Clostridiales 

Sulfide:quinone oxidoreductase, Type I 1269 Clostridiales 

sulfur oxygenase reductase 921 Clostridiales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1158 Clostridiales 

Adenylylsulfate kinase (EC 2.7.1.25) 594 Clostridiales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1158 Clostridiales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1158 Clostridiales 

Adenylylsulfate kinase (EC 2.7.1.25) 594 Clostridiales 

Phosphoadenylyl-sulfate reductase [thioredoxin] (EC 1.8.4.8) 444 Eurotiales 

Sulfite reductase [NADPH] flavoprotein alpha-component (EC 1.8.1.2) 3147 Eurotiales 

Phosphoadenylyl-sulfate reductase [thioredoxin] (EC 1.8.4.8) 444 Eurotiales 

Sulfite reductase [NADPH] flavoprotein alpha-component (EC 1.8.1.2) 3147 Eurotiales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Nitrospirales 

Adenylylsulfate reductase beta-subunit (EC 1.8.99.2) 345 Nitrospirales 

Adenylylsulfate reductase alpha-subunit (EC 1.8.99.2) 1734 Nitrospirales 

Cysteine synthase (EC 2.5.1.47) 939 Nitrospirales 

Sulfide:quinone oxidoreductase, Type I 1275 Nitrospirales 

Sulfide:quinone oxidoreductase, Type VI 1128 Nitrospirales 

Sulfide:quinone oxidoreductase, Type I 1275 Nitrospirales 

Sulfide:quinone oxidoreductase, Type VI 1128 Nitrospirales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Nitrospirales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Nitrospirales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Nitrospirales 

Adenylylsulfate reductase beta-subunit (EC 1.8.99.2) 345 Nitrospirales 
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Adenylylsulfate reductase alpha-subunit (EC 1.8.99.2) 1734 Nitrospirales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Thermoplasmatales 

Cystathionine beta-synthase (EC 4.2.1.22) 1008 Thermoplasmatales 

Cysteine synthase (EC 2.5.1.47) 1026 Thermoplasmatales 

Cystathionine gamma-lyase (EC 4.4.1.1) 1179 Thermoplasmatales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Thermoplasmatales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Thermoplasmatales 

Sulfate adenylyltransferase (EC 2.7.7.4) 1182 Thermoplasmatales 

Cystathionine gamma-synthase (EC 2.5.1.48) 1101 uncultured Archaea 

Sulfite reductase [NADPH] flavoprotein alpha-component (EC 1.8.1.2) 2109 uncultured Fungi 

Sulfite reductase [NADPH] flavoprotein alpha-component (EC 1.8.1.2) 2109 uncultured Fungi 
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2.4.4.6 Sulfur Pathway Summary 

Figure 8.0 shows a sulfur pathway diagram. Of the 51 enzymes in the sulfur pathway, 26 were 

accounted for by genes identified in the metagenome, only 5 of which were from the full data set, 

not the curated data set of 154 high-quality contigs. Because half the pathway is unaccounted for 

in this data set, I cannot confidently state that any organism is contributing a complete sub-function 

of the pathway. 

Figure 8.1 shows peripheral sulfur pathways. Assimilatory sulfate reduction allows organisms to 

convert inorganic sulfate into sulfide, which can be incorporated into sulfur-containing amino 

acids, and further into proteins (Brunold and Suter, 1989). All 8 of the enzymes participating in 

the assimilatory sulfate reduction pathway are accounted for in the metagenome by Bacillales, with 

only one unknown organism contributing the gene for the sulfite reductase enzyme, ‘Sir’. Four 

orders, Acidithiobacillales, Clostridiales, Nitrospirales, and Thermoplasmatales possess the genes 

to generate the proteins PAPSS, Sat, CysN, CysD, and CysC, which convert sulfate to APS, and 

APS to PAPS. Eurotiales possesses the genes to generate the proteins CysH, CysJ and CysI for the 

other half of the pathway not completed by the above-mentioned 4 orders.  

Dissimilatory sulfate reduction is an anaerobic respiration process in which microbes couple the 

conversion of sulfate to sulfide, to an electron donor (Simon and Kroneck, 2013). Two of 3 

enzymes in the dissimilatory sulfate reduction and oxidation pathway are accounted for, with 

complete organism identification. One order, Nitrospirales, has both the Sat and AprAB genes, 

and 4 others, Acidithiobacillales, Bacillales, Clostridiales, and Thermoplasmatales have the Sat 

gene.  
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The sulfur oxidation complex, SOX, is a widespread sulfur oxidation mechanism found in many 

photo- and chemo-lithotrophic microbes. The SOX system is capable of oxidizing thiosulfate, 

sulfide, sulfite, and elemental sulfur to sulfate (Wang et al. 2019), which is used in both 

assimilatory and dissimilatory sulfate reduction. Five out of 8 enzymes are accounted for in the 

SOX system. It is interesting to note that a gene is present at every step in the pathway. 

Unfortunately, none of the organisms contributing SOX genes could be identified.  
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2.5  Discussion 

2.5.1 Dominant ECT Organisms 

The ECT microbial community is a consortium of organisms derived from arsenic-rich gold 

tailings from Ecuador. These organisms appear to grow well in TK media in the lab, a liquid media 

with the main energy sources for chemolithoautotrohs: sulfur and iron, as well as other salts and 

appropriate pH. However, no tests were done to find if any organisms were lost in the transition 

from tailings to a lab environment, or if there was a shift from the original community composition 

(the relative abundance of different organisms) due to growth in unintentionally selective media. 

The tailings organisms in Ecuador may also shift in composition as the sulfide minerals become 

weathered over time, or with seasonal weather changes. Therefore, the metagenomic data drawn 

from lab-grown ECT organisms may not accurately reflect the original or current ECT community, 

especially in terms of community composition. 

All taxonomic ranks, domain through species, are presented because confidence of annotation for 

different groups differs across ranks. For example, some Sulfobacillus species (Sulfobacillus 

thermotolerans and Sulfobacillus thermosulfidooxidans) were confidently identified with manual 

annotation throughout all ranks, while other groups, including Bacillales, Capnodiales, Eurotiales, 

and Thermoplasmatales were only identifiable to the order rank, and from class onwards are listed 

as “Unidentified” from whichever order or other rank was confidently annotated. If all groups were 

identified with equal confidence, it would suffice to present the species data only. Showing all 

taxonomic ranks may also be useful in identifying where metagenome annotation databases may 

be lacking or incomplete. Additionally, the continuity of microbial species throughout the 

taxonomic ranks is reassuring that the data is accurate within a single database (ie. there are no 

large discrepancies in the relative abundance of a group across ranks). For example, the archaeal 
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order Thermoplasmatales makes up ~5% of the microbial community. It is expected, and found, 

that members of that order also make up ~5% of the microbial community at a different taxonomic 

rank.  

Which organisms dominate the ECT culture depends somewhat on which database (Greengenes, 

RefSeq, or manual annotation) was used to analyze the raw data. At the Order level, 

Thermoplasmatales is the only archaea present across all three methods of identification. 

Greengenes identified no fungi, while the other two methods identified Eurotiales and Capnodiales 

as possible major players. All three methods identified a number of different bacteria, the major 

portion of which is accounted for by Acidithiobacillales, Bacillales, Clostridiales, and 

Nitrospirales.  

At the Genus level, Thermoplasma, Picrophilus, and Cuniculiplasma, all from the order 

Thermoplasmatales were identified across the 3 databases as possible members of the ECT culture. 

The only one of these three archaea identified with certainty by manual annotation was 

Cuniculiplasma. Aspergillus and Penicillium fungi of the order Eurotiales both make up a large 

portion of identified fungi, among unidentified or uncultured Capnodiales. Major bacterial 

members include Acidithiobacillus of the order Acidithiobacillales, Alicyclobacillus of the order 

Bacillales, Sulfobacillus of the order Clostridiales, and Leptospirillum of the order Nitrospirales. 

These major microbial players are common in AMD and bioleaching systems, especially those 

derived from sulfide-rich materials, and are described briefly in Chapter 1.  
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2.5.2 Annotation Database Comparison 

The results from metagenome annotation, including relative abundance of every organism, as well 

as the organisms themselves, differ depending on the annotation database used at every taxonomic 

rank. Each method is useful depending on the prioritization of accurate over comprehensive 

results, and vice versa. The Greengenes database produces data with a limited scope, since it only 

annotates the 16s rRNA gene (as opposed to annotating all available genes). However, the 16s 

rRNA gene is also highly conserved and is an excellent tool for distinguishing closely related 

species, making Greengenes an ideal option for distinguishing organisms at the species- or strain-

level. The RefSeq database, conversely, produces data based on the entire dataset, and is therefore 

more representative of the whole metagenome. For the same reason, RefSeq risks mis-identifying 

contributors to the metagenome, since there is a higher risk of mis-aligning shorter contigs than 

longer ones. Similarly to Greengenes, manual annotation using NCBI- and PATRIC BLAST risks 

misrepresentation of the metagenome since it annotates only the longest 145 contigs (as opposed 

to 16s rRNA genes exclusively), which make up less than 10% of the total data set, but also has 

less risk of mis-aligning and mis-identifying the longer contigs. Therefore, if accuracy of 

metagenome identifications takes precedence over a comprehensive representation of the 

microbial community, more weight should be given to Greengenes and manual annotation, and 

more precedence given to RefSeq if comprehensive representation of the metagenome takes 

precedence over accuracy of species identification.  
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2.5.3 Microbial Participation in Subsystems  

Acidithiobacillales and Bacillales are the only two orders identified with cold shock response-

related genes, distinguishing them as possible options for cold-temperature applications. Specific 

species and/or strains derived from colder, non-tropical environments should be investigated. This 

low number of organisms is unsurprising, given the tropical climate where the ECT culture 

originates. All the major players identified in the taxonomic analyses had heat shock response-

related genes, except for Acidithiobacillales. Similarly, all of the major players had quorum 

sensing-related genes, except for the two fungal orders, Capnodiales and Eurotiales. Fungi in an 

AMD/bioleaching context are not well-studied, and this distinct lack of quorum sensing genes 

marks these groups out as interesting for applications such as stirred tanks, where biofilms 

sometimes develop less because of continuous stirring. Finally, all major players had both iron- 

and sulfur- metabolism-related genes. The presence of these genes is unsurprising, given their 

growth in high-sulfide content tailings materials, and identifies all the major players as worthy of 

further investigation for use in bioleaching applications.  

 

2.5.4 Partial Completion of Sulfur Pathways 

Understanding the complex microbial roles and interactions of bioleaching mechanisms is vital for 

maximizing metal recovery by prescribing specific microbial cocktails and setting environmental 

parameters to enhance microbial growth. The sulfur metabolism pathway is of particular interest 

because many precious metals are found in sulfide ores. Microbial utilization of sulfur breaks down 

the ore, thereby releasing the target metal.  
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The sulfur metabolism pathway involves over 50 enzymes, over half of which have corresponding 

genes from organisms in the ECT culture. Based on the limited data in Figure 8.0, it appears 

unlikely that any single organism completes the pathway independently. Similarly, very few multi-

step portions of the pathway are completed by a single organism. One such example is Bacillales, 

which has the genetic tools to convert extracellular sulfate to intracellular sulfate, APS (adenylyl 

sulfate) and PAPS (3’-phosphoadenosine 5’-phosphosulfate) (Figure 8.0). Bacillales is also 

capable of completing the entire assimilatory sulfate reduction pathway (Figure 8.1), while 

Acidithiobaillales, Clostridiales, Eurotiales, Nitrospirales, and Thermoplasmatales all complete 

half of the pathway individually. As a collective, any combination of these organisms could 

complete the pathway. Two thirds of the dissimilatory sulfate reduction and oxidation pathway is 

completed by Nitrospirales. Finally, although SoxA, SoxC and SoxZ are missing, the SOX system 

pathway is complete, albeit by unidentified microbes. 

It is worth restating that the microbial identifications used to generate the diagrams in Figures 8.0 

and 8.1 were manually annotated from contigs >79,999 bp. The sum of these 154 high quality 

sequences is 18,119,335 base pairs, while the complete metagenomes from the original replicate 

files, S515 and S516, contain 777,758,093 base pairs within 7,642,608 sequences, and 68,546,223 

base pairs within 440,875 sequences, respectively. Therefore, I have only used a small fraction of 

the data to make a statement about the sum of the microbial community; the 154 contiguous 

sequences make up only 2.33% of the first replicate, and 26.43% of the second replicate. However, 

when I searched the original sequences in replicates S515 and S516 for the missing pieces of the 

sulfur pathways, I was only able to add 5 missing genes. Therefore, I am confident that the curated 

154 sequences are representative of the ECT metagenome, and that the missing data from the other, 

shorter sequences, is not substantial for this analysis. It is possible, however, that if more biomass 
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were available for extraction, or if the DNA extraction procedures were to be made more robust 

for use with these problematic samples, more missing genes in the sulfur pathway could be 

identified.  

 
2.6 Conclusion 

The ECT cultures used for this work were derived from microbial growth in tailings material in a 

tropical area of Ecuador. These extremophilic communities are interesting because they are 

relatively simple, making the study of multi-organism, symbiotic processes feasible. Further 

understanding the processes, including sulfur and iron oxidation, carried out by bioleaching 

communities is necessary to improve bioleaching efficiency and maximize metal recovery from 

low grade ores and waste materials. These new technologies are already in use, and increasing in 

popularity as easily accessible high-grade ores are depleted and new high-grade ore bodies more 

difficult and costly to access. 

The ECT community’s major players were found to span a large taxonomic range, from archaea, 

bacteria, to fungi. The major players were found to be members of the orders Acidithiobacillales, 

Bacillales, Capnodiales, Clostridiales, Eurotiales, Nitrospirales, and Thermoplasmatales. Each 

order made some contribution to subsystems and pathways of interest for bioleaching: cold shock, 

heat shock, quorum sensing, iron- and sulfur- metabolism. An in-depth look at the sulfur 

metabolism pathway revealed that while no single organism could complete the pathway 

independently, a combination of the above-noted organisms likely participate in different, smaller 

portions of the pathway. Because of time limitations and challenges of working with non-lab 

adapted cultures that thrive in iron-rich media, which often hinders DNA extraction, it is likely 

that the pathways presented here are incomplete. However, the results that are presented were 
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created by curating high-quality contigs from the sum of data, and possible under- or 

misrepresentation of the microbial community taken into account.  

This project faced many challenges, but is an excellent step towards understanding a specific 

culture intended for use in bioleaching of gold-bearing sulfide ores. Future work should focus on 

increasing sample sizes for increased biomass, developing robust iron-removal and DNA 

extraction procedures, and linking genomic data to transcriptomic and metabolomic data to provide 

a complete snapshot of the ECT community at a molecular level. Such in-depth understanding of 

the inner-workings of this microbial community would be valuable for industry applications of 

bioleaching in hot climates.  
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Chapter 3 
 

3 A Metabolomic Analysis of Ecuadorian Tailings Microbes 

3.1 Abstract  

The Ecuadorian Tailings (ECT) community consists of extremophilic microbes that thrive in a 

low-pH, high metal, sulfur-rich environment. This microbial community is known to have 

oxidative capabilities and is therefore considered by industry as a strong candidate for application 

in active bioleaching systems for gold recovery. Currently, bioleaching metal recovery is 

inconsistent because the microbial communities carrying out the brunt of oxidation are poorly 

understood. Mainstream ‘omics’ techniques like metagenomics are useful, robust tools for gaining 

insight into microbial communities such as ECT, but the picture they present is incomplete. Other 

‘omics’ techniques like metabolomics add unique but complementary data to that generated with 

genomics methods. This project links in-house metabolite extraction and quenching techniques, 

and metabolomic method development as first steps towards profiling the ECT metabolome. Due 

to unforeseen circumstances, no metabolomic data was collected from the ECT culture, however 

method trials and recommended steps for moving forward are presented.  

Keywords: bioleaching, iron oxidizers, sulfur oxidizers, tailings, metabolites, metabolomics  
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3.2 Introduction 

Tailings are low-pH waste rock produced by mines in the milling process that contain trace 

amounts of valuable metal (Poling, 1995). This waste material presents a challenge for industry 

because it is both an environmental hazard, and contains value not able or feasible to be extracted 

by conventional mining practices (Valdes et al., 2008). Bioleaching is a relatively low-cost process 

that makes use of native microbial flora with oxidizing potential to further break down sulfide ores 

and release metals for leaching (Borja et al., 2016). Metal recovery from bioleaching is 

inconsistent however, because the bioleaching environment is not optimized for microbial growth. 

Understanding the processes and interactions of bioleaching microbial communities such as ECT 

are necessary to improve metal recovery.  

This project aimed to use a metabolomic approach to identify metabolites generated by the ECT 

community. Metabolomics, in comparison to other ‘omics’ techniques (genomics, transcriptomics 

and proteomics), is in its infancy. Like any new field of research, metabolomics is less common, 

especially in areas of study dealing with non-model organisms. Because metabolomics is less 

common, it presents the exciting opportunity to uncover potentially new and useful insights into 

the ECT community, but also presents challenges in method development and processing of data 

through bioinformatics pipelines. 

Metabolomics can be particularly challenging because metabolites have immense chemical 

diversity; metabolites include, but are not limited to: poly-amino acids, cofactors, vitamins, lipids, 

and other biological products (Knee et al., 2014). This diversity is in stark contrast to the four 

nucleotide bases of the genome, or twenty amino acids of the proteome. No single analytical 

technique or method can characterize a complete metabolome. Several instruments, including 
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ultraviolet-visible spectrophotometers, nuclear magnetic resonance spectrometers, and mass 

spectrometers can individually detect a wide, though incomplete range of metabolites (Knee et al., 

2014, Dettmer et al., 2007). Liquid-chromatography mass-spectrometry (LC-MS) is a popular 

choice in metabolomics because of its flexibility; LC uses chromatography columns to separate 

metabolites based on their solubility in water or an organic solvent (ex: ACN), positive or negative 

charge, and size (Bird, 1989).  

Mass spectrometers are complex instruments, but there are fundamental steps common to most 

instruments. After separation through the LC column, metabolites entering the MS are ionized at 

atmospheric pressure with electrospray ionization (ESI). Those ions travel through funnels with 

increasing vacuum (and decreasing pressure), where a quadrupole (four parallel, cylindrical metal 

rods electrically charged with direct current) removes neutral gas ions and solvent particles, 

allowing only charged metabolites to travel uninterrupted through the instrument. In tandem-MS 

(LC-MS/MS), metabolite ions enter the collision cell with high translational energy; when the ion 

collides with the collision gas (N2), its translational energy is converted to vibrational energy, and 

the ion dissociates into daughter ions (Thomas, 2019). It should be noted that in LC-MS, as 

opposed to LC-MS/MS, the parent ion does not dissociate, and the data generated excludes 

metabolite fragmentation data, or spectra, which can be helpful in distinguishing similar 

metabolites. In the final step, lenses collect and pass parent and daughter ions into the time-of-

flight (TOF) chamber, where a detector detects the mass-to-charge (m/z) ratio of ions (Waters, 

2015). The final data produced by LC-MS for each sample includes retention time of metabolites 

through the LC column, metabolite m/z ratios, a chromatogram (a two-axis graph combining 

retention time on the x axis, and m/z ratio by relative abundance on the y-axis), and metabolite 

spectra.  
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This project aimed to use a metabolomic approach to identify polar, intracellular metabolites 

produced by the ECT culture. Identifying polar metabolites would give insights to active metabolic 

processes during the exponential phase of growth that could later be linked to metagenomic or 

other ‘omic’ data. By producing complementary data to more mainstream techniques, we can 

confirm or reject suspected processes, as well as develop key biomarkers that could be used to 

monitor microbial health in a bioleaching system and indirectly increase metal recovery.  

 

3.3 Methods 

The study site and materials, growth medium, cell cultures, and biomass collection for this portion 

of the project were identical to those described in Chapter 2. Refer to sections 2.3.1, 2.3.3, and 

2.3.4 above.  

 
 
3.3.1 Metabolite Extraction and LC Method Development 

An in-house method for quenching and extracting metabolites (Doran et al., 2017), with a change 

in extraction solution composition to 85:15 acetonitrile:water (ACN:H2O), was used to extract 

metabolites for downstream analyses. This extraction solution, which is ultimately the sample 

composition for use with LC-MS, must match the initial mobile phase composition in the LC 

column. If the sample composition and LC mobile phase do not correspond, there is a risk of 

metabolite and/or contaminant precipitation and damage to the instruments.  

During the growth of ECT cultures at early stages of the project, five extraction solutions ranging 

from 97:3 to 80:20 ACN:H2O were tested with Drosophila melanogaster samples (in the absence 

of ECT biomass) to inform preliminary experiments with ECT. The best extraction solution was 
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selected based on a trade-off between better extraction of polar metabolites, and retention within 

the LC column which allows metabolites to be identified in the data analysis pipeline. Extraction 

solutions with a higher ratio of water are better able to extract and solubilize polar metabolites, but 

decrease retention within the column, leading to poor peak resolution in LC chromatograms. If 

peak resolution is too poor, no metabolites will be identified, stressing the need to balance these 

two requirements for a successful experiment.  

 

3.3.2 LC-MS Instrumentation and Run Parameters 

All testing and the final experiment were completed with a Waters Acquity Class I UHPLC (Ultra-

High Performance Liquid Chromatography) paired to a Waters Xevo G2-XS QToF (Quadrupole 

Time of Flight) MS. The LC mobile phases were: A) 5 mMol ammonium formate, 0.1% formic 

acid solution in LC-MS grade water, B) and 0.1% formic acid in LC-MS grade acetonitrile. The 

HPLC gradient was: (t=0-10 min, pre-run period) 85% A, 15% B, (t=12 min) 60% A, 40% B, 

(t=18 min) 60% A, 40% B, (t=20 min) 85% A, 15% B, (t=21 min), 85% A, 15% B, with a 

consistent flow rate of 0.4 mL per minute. Chromatographic separation of metabolites was 

achieved with an Acquity BEH Amide Column, 130 Å, 1.7 µm, 2.1 mm X 150 mm (Waters, 

#186004802) coupled to an Acquity UPLC BEH Amide VanGuard Pre-Column, 130Å, 1.7 µm, 

2.1 mm X 5 mm (Waters, #186004799). The MS was operated in positive mode and calibrated 

with 200 pg/µL leucine enkephalin solution, as per the manufacturer’s recommendations.  

All experimental sample runs were preceded by a solvent blank and equilibration quality control 

(EQC) pooled samples. Sample injection order was randomized, including 4 QC replicates, which 
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served as technical replicates. QCs were used as technical replicates because of the extremely low 

sample volume and possible risk of injecting air, which could damage the chromatography column 

and LC-MS instrument.  

 

3.3.3 Targeted and Untargeted Metabolite Identification 

There are two general metabolite identification methods: targeted and untargeted. In targeted 

metabolomics, a specific set of known compounds expected to be found in a sample are ‘targeted’. 

That is, methods and instrumentation are selected specifically to identify those metabolites. The 

most accurate way to confirm the presence of these metabolites is to create a pure metabolite 

standard and create a metabolite profile, so to speak, which can later be compared to the data 

obtained from samples. These metabolite profiles include the retention time of the metabolite 

through the column, its chromatogram peak shape, spectra (possible only with tandem-MS), and 

mass-to-charge (m/z) ratio. Creating these metabolite standards is costly, however, and online 

databases with similar data on a huge range of compounds exist. These online databases consist of 

data contributed by many individuals, using different methods and instrumentation, and are 

therefore less accurate and reliable than in-house standards. These databases are often used in 

untargeted metabolomics, since there is a potential to identify unknown or unexpected compounds 

(Mosier et al., 2013). To maximize the number of metabolite identifications from my samples, I 

generated over a dozen in-house metabolite profiles, and secured access to several metabolite 

databases available as addons in Progenesis QI software.  
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3.3.4 Data Analysis and Software 

Raw metabolomic data was processed in Progenesis QI Software (Waters). This software has 

access to metabolite databases and external plugins for metabolite identification, and plot 

generation (PCA and heat maps). Both metabolite databases and in-house metabolite pure 

standards would be used to maximize the advantages offered by targeted and untargeted 

metabolomic analyses. Online databases offer a much larger pool of information, while in-house 

pure standards data use known parameters and instrumentation, but are costly and time-consuming 

to generate.  

 

3.4 Results  

3.4.1 LC-MS Solvent Composition  

Five extraction solution and solvent compositions were tested with an Acquity BEH Amide 

chromatography column (Waters, #186004802): 97:3 ACN:H2O, 95:5 ACN:H2O, 90:10 

ACN:H2O, 85:15 ACN:H2O, and 80:20 ACN:H2O. Of these, 85:15 ACN:H2O produced a 

chromatogram with consistent peaks with good resolution and intensity, and minimal baseline 

noise (Figure 9.0). Other methods tested, but ultimately rejected, are shown in Figures 9.1 through 

9.4.  
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3.4.2 Insufficient Biomass  

Unfortunately, none of the ECT samples collected for the metabolomics portion of this project 

yielded sufficient biomass for LC-MS analysis. Methods testing and trial runs using pure 

metabolite standards and Drosophila melanogaster biomass, in the absence of ECT samples, were 

successful and generated chromatograms with peaks and metabolite feature data. The ECT 

samples, however, resulted in no peaks and no useful metabolite feature data (Figure 9.5).   
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3.5 Discussion 

At the beginning of this thesis, the metagenome and metabolomics projects were progressing 

concurrently. For that reason, a broad, semi-untargeted approach was selected for the 

metabolomics project. Moving forward, I recommend using the metagenomic data presented in 

Chapter 2 to inform a thorough search of the literature to identify theoretical metabolites likely to 

be present in the ECT samples. This targeted approach would facilitate linking data from these two 

complementary approaches, that is, linking genes to observed metabolic function, or lack thereof. 

For example, Martinez et al. (2013) found metabolites and corresponding genes involved in 

biofilm formation, sulfur oxidation, among other functions, but also noted that a specific gene, 

speB was not detected in their sample, nor did they find the corresponding metabolite. This absence 

of data is useful, since it suggests a currently unknown or unreported pathway in their studied 

organism. 

Consider the dissimilatory sulfate reduction and oxidation pathway presented in Figure 8.1 of 

Chapter 2 as an example for the application of complementary metagenomic and metabolomic 

data. This pathway includes three metalloenzymes: Sat (sulfate adenylyltransferase, EC:2.7.7.4]), 

AprAB (adenylylsulfate reductase, subunits A and B, [EC:1.8.99.2]), and DsrAB (dissimilatory 

sulfite reductase subunits A and B [EC:1.8.99.5], and four metabolites: APS (adenosine 5’-

phosphosulfate), sulfate (SO42-), sulfite (SO32-), and sulfide (S2-). The metagenomic data from the 

ECT culture indicates that genes coding for two of the three enzymes are present. Sat is present in 

the orders Acidithiobacillales, Bacillales, Clostridiales, Nitrospirales, and Thermoplasmatales. 

AprAB is present only in Nitrospirales, while DsrAB is unaccounted for. This data alone suggests 

that Nitrospirales is a main actor in this pathway, and that the reduction of sulfite to sulfide is not 
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completed in the system. As such, in a metabolomic analysis of the same culture, it is expected to 

find sulfate, APS, and sulfite, but not sulfide (Figure 10). Metabolomic data can affirm or 

contradict metagenomic data, either of which leads us to useful conclusions. For example, if the 

three predicted metabolites are identified, this data affirms assumptions made using the 

metagenome. If any of the predicted metabolites (sulfate, APS, or sulfite) were not identified, it 

could be said that the pathway is occurring so little, and so producing few products, that those 

products were below the identification threshold of the instrument, or that the pathway is not active 

at all under certain conditions. If the metabolomic data were to identify sulfide, which is predicted 

to be missing, it might be reasonable to assume that either the metagenomic data is incomplete, 

having missed the DsrAB gene, or sulfide is being produced or present by some other pathway. 

For these reasons, metabolomics is a worthwhile pursuit for understanding the molecular 

mechanisms underlying the ECT culture’s metabolism.  

 

 

Figure 10: Dissimilatory sulfate reduction and oxidation pathway. Metalloenzymes Sat, AprAB 
and DsrAB catalyze the oxidation and reduction of sulfur compounds. Sat and AprAB are present 
(blue) based on the ECT metagenome, while DsrAB is not present (red). In a metabolomic study, 
it would be expected to find sulfate, APS, and sulfite, but not sulfide.  
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3.6 Conclusion 

Metabolomics is a complementary approach to other ‘omic’ techniques used to study the molecular 

mechanisms underlying bacterial function and metabolism. This work aimed to identify small 

intracellular polar metabolites in the ECT culture, but was not able to acquire enough biomass. 

Method development was completed, however, and may be useful to other projects moving 

forward. The metagenomic data presented in Chapter 2 can be used for future metabolomic work 

by identifying expected and unexpected metabolites, allowing an informed, targeted approach, 

which will maximize the number of metabolite identifications and useful insights to the ECT 

community.   
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Chapter 4 
 

4 Conclusions and Future Directions 
 
4.1 Metagenomics ECT Project 

The ECT microbial community, in addition to being the primary focus of this work and work done 

concurrently by Arielle Bieniek, is the subject of pilot benchtop bioleaching experiments at 

Cambrian College by the Mykytczuk Research Group.  

In early bioleaching projects, metal recovery was inconsistent because of poor microbial 

performance. Limited understanding of the microbial community carrying out the bulk of leaching 

processes, and lack of maintenance to enhance microbial growth prevented bioleaching from 

reaching its maximum potential. In a stirred-tank bioleaching setting, abiotic factors including pH, 

temperature, aeration, and carbon and nitrogen sources must be monitored and maintained to 

ensure optimal microbial growth within the system. As ore is leached, the available nutrients and 

shifting environmental conditions cause the microbial community to adjust and change. That is, 

the microbial community at the beginning of the leaching process will be different from the 

community at the end of the leaching process. The controlled abiotic factors must also change to 

accommodate the new microbial community dynamic. 

To accurately assess which abiotic parameters need to be adjusted in a stirred tank, the microbial 

community must be understood. Identifying which organisms are major contributors to the 

leaching process, and their individual roles in relevant pathways is a key step in optimizing 

bioleaching. In this work, the ECT microbial community was subjected to metagenomic analysis 

to identify the major microbial players, and genetic data used to infer their individual roles in cold- 

and heat-shock, quorum sensing, and iron- and sulfur-oxidation and reduction pathways.  
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Future work could expand upon this project by re-testing the ECT culture with improved methods 

for biomass collection and DNA extraction to increase gene coverage of the above-noted and other 

pathways. Additionally, transcriptomic and metabolomic approaches should be taken with the 

same community to provide a molecular snapshot of the ECT community at different bioleaching 

and growth stages, both to confirm expression of genes in the pathways of interest, and provide 

possible biomarkers for testing in a stirred-tank setting. Finding and testing biomarkers produced 

by key bioleaching microbes could be the ultimate real-time indicator of microbial processes, 

stressors, etc., to inform the adjustment of abiotic factors ensuring community health.  

 

4.2 Metabolomics ECT Project  

In the future, more testing should be done to develop more robust biomass collection and 

metabolite extraction procedures. Time permitting, a more comprehensive pure metabolite 

standard library based on known genes identified in this work would also be useful. These 

metabolites could be identified in published literature through a thorough search of relevant genes 

and their individual downstream metabolic processes.  

 
4.3 Cold Project  

The cold project briefly detailed in Chapter 1 could not be completed in a two-year timeframe. 

Before the project can proceed, the two cold-adapted organisms, Acidithiobacillus ferrivorans and 

A. ferrooxidans must establish consistent and optimal growth at ambient temperatures within a 

laboratory setting. Once the cultures are growing, they can be exposed to cold-temperature 

stressors for varying periods of time and tested with genomic and metabolomic methods. Learning 

how these two bacteria respond to cold-stress in the short- and long-term, and learning to what 

extent their iron- and sulfur-oxidizing capabilities are hindered by cold temperatures will help 
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inform if they are viable candidates for bioleaching in frigid northern climates, such as the climate 

in Northern Ontario.  
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