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Abstract

Sulfide minerals are a source of high-value metals such as copper, however,
traditional methods of extracting metals from sulfide minerals are costly and energy
intensive. Bioleaching offers a low-input method of metal extraction, which works
by exploiting the sulfur and iron metabolisms of acidophilic prokaryotes to break
down ore. In this thesis, properties of sulfide minerals were investigated, as well
as the mechanisms underlying their breakdown in the presence of the naturally-
occurring SC3 bioleaching consortium. SC3 is a group of acidophilic prokaryotes
enriched from the Skouriotissa copper mine in Cyprus. The consortium includes
bacteria (Leptospirillum ferrodiazotrophum, Acidithiobacillus spp., and one
member of the Rhodospirillales) and archaea (Ferroplasma spp., and the

Thermoplasmatales member “G-plasma”).

Meta-omics techniques were used to explore metabolism genes expressed during
bioleaching of chalcopyrite and a low-grade copper ore from SC3’s native
environment (Phoukassa ore). Geochemical analyses demonstrated significant
differences in mineral breakdown in the presence of the consortium compared to
abiotic conditions. In the presence of these sulfide minerals, SC3 expressed genes
associated with iron and sulfur metabolism, potentially indicating a mechanism
behind enhanced mineral breakdown. The results represent the first RNA-seq
studies of iron and sulfur metabolism genes in a naturally occurring bioleaching
consortium. Additionally, some species in the consortium possesed and were
expressing putative sulfur metabolism genes previously unknown in their
respective species. An updated model of the mechanisms behind chalcopyrite
breakdown and a novel model of Phoukassa ore breakdown were produced. The
consortium did not grow on the primary antimony mineral, stibnite. To improve the
background understanding of this poorly studied mineral, the first comprehensive
dataset of trace elements in stibnite was obtained using WDS-EPMA, LA-ICP-MS,
MXRF, and pXANES analyses. By combining techniques from the fields of
geochemistry, microbiology and molecular biology, this thesis creates an improved

understanding of sulfide mineral breakdown.
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Chapter 1 — General Introduction

1.1 Project Overview

Worldwide, sulfide minerals are mined to extract valuable metals, such as copper
(Wenk and Bulakh, 2005). However, traditional methods of metal extraction from
sulfide minerals can be expensive, energy intensive and cause pollution (Zhao et
al., 2019). A cost-effective and low input solution to this problem could be
bioleaching. Bioleaching consists of extracting metals by exploiting microbial
metabolisms that break minerals down (Gilbertson, 2000). Determining what role
different microbes in a bioleaching consortium are playing during the dissolution
process of sulfide minerals could contribute to the optimisation of prokaryote

selection for bioleaching (Rawlings and Johnson, 2007).

Bioleaching is based on microbially driven sulfur and iron cycling processes that
naturally occur in the waters of former mine sites, causing highly acidic conditions
(acid mine drainage, AMD). Therefore, a better understanding of the processes
underlying sulfide mineral dissolution is essential not only in improving the
bioleaching process, but also in helping to inform prevention strategies for the
environmentally destructive formation of AMD. Consequently, there are economic
and environmental benefits of understanding sulfide mineral breakdown. Despite
this, many unknowns remain with regards to the multi-step sulfur and iron oxidation
processes underlying this technique. For example, within the genomes of many
common bioleaching microbes, some of the genes responsible for the production

of key sulfur and iron-oxidising enzymes have not yet been identified.

Exploring the genomes of microbes in a bioleaching consortium can address this
issue, helping to clarify each species’ sulfur and iron oxidation pathways. However,
genomic studies alone are insufficient to fully determine the function of bioleaching
consortia (Cardenas et al., 2010). Transcriptome studies can determine which
microorganisms are actively expressing sulfur and iron oxidation genes, as only

actively transcribed genes are quantified. Consequently, transcriptome studies can
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be used to identify whether sulfur and iron oxidation genes of interest are being
expressed in a particular species during sulfide mineral breakdown. This can
provide key information in the effort to resolve prokaryotic sulfur and iron oxidation

pathways during bioleaching.

RNA sequencing (RNA-seq) is a next generation, high throughput sequencing
technique that can be used for whole transcriptome profiling. To date, only two
RNA-seq whole-community transcriptomic studies have been conducted on
bioleaching consortia (Marin et al., 2017; Ma et al., 2019) and no studies in the
literature have attempted to examine the expression of genes associated with
sulfur and iron metabolism in a naturally occurring bioleaching consortium using
RNA-seq.

This thesis aims to further our understanding of microbially driven sulfide mineral
breakdown, with a particular focus on understanding the sulfur and iron oxidation
pathways of bioleaching microbes. During the research described in this thesis, a
naturally occurring bioleaching consortium was used to break down different
sulfide minerals. Community-level genomic and RNA-seq transcriptomic studies
were employed to identify the presence and expression of genes associated with
sulfur and iron oxidation in the prokaryotes in the consortium during sulfide mineral

breakdown.

This initial chapter will provide background information and context for the studies
described in the following chapters, a background to the approaches employed in
this research, an overview of the aims and objectives of the research, and a

summary of the thesis’ structure.

1.2 Sulfide Minerals

Minerals that combine a sulfide anion with a metal or metalloid belong to a class
of minerals known as “sulfide minerals” (Vaughan and Corkhill, 2017). They are
ubiquitous worldwide and are a very important group of ore minerals — they are
often mined to extract metals (such as copper and zinc) present as major
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components of the minerals (Vaughan and Coker, 2016). Additionally,
economically important metals such as cadmium, zinc, lead, gold and silver can
also occur in smaller quantities as impurities in these minerals or be associated
with sulfide mineral deposits (Gribble and Hall, 1985). In this context, furthering the
knowledge base associated with sulfide mineral breakdown could be significant in
improving the practical and economic viability of precious metal extraction.
Additionally, understanding the factors affecting the dissolution of these minerals
is environmentally significant as their breakdown products can cause AMD and/or
release potentially toxic elements, such as lead and arsenic (which can be present

as impurities in sulfide minerals) into water courses (Johnson and Hallberg, 2005).

Pyrite is the most abundant member of this mineral class (Vaughan and Coker,
2016), however a wide variety (c. 500 total) of other sulfide minerals has been
identified globally (Wenk and Bulakh, 2005). An overview of some of the key sulfide

minerals is shown in Table 1.1, below.

Table 1.1 - Key Sulfide Minerals

Mineral Name Formula Key Notes Literature
Demonstrating
Enhanced Dissolution in
the Presence of
Microbes
Arsenopyrite FeAsS Major source of| (Jin et al., 2012; Deng et al.,
environmental 2017; Borja et al., 2019)
arsenic
Chalcocite CuzS Additional (Hawkes, Franzmann and
copper ore| Plumb, 2006; Xingyu et al.,
mineral 2010; Lee et al., 2011)
Chalcopyrite CuFeS: Main ore of| (Dopson and Lindstrém,
copper 2004; Vilcdez, Suto and
Inoue, 2008; Zhou et al,
2009; Feng et al., 2013)
Cinnabar HgS Main mercury | (Limited Studies; Wang et al.,
ore, historical| 2013)
use as pigment,
toxic
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Galena PbS Main ore of lead | (Garcia, Bigham and
Tuovinen, 1995; Park, Kim
and Kim, 2010; Baba et al.,
2011; Chaerun, Putri and
Mubarok, 2020)

Molybdenite MoS:2 Main ore of| (Pistaccio et al., 1994; Olson

molybdenum and Clark, 2008)
Orpiment As2Ss3 Historical use as| (Limited Studies; Zhang et
pigment, al., 2015; Zhang, Yang and
extremely toxic | Yang. 2015)
Pyrite FeS Most abundant| (Rodriguez et al, 2003a;
sulfide mineral Dopson and Lindstrém, 2004;
Okibe and Johnson, 2004;
Gleisner, Herbert and
Frogner Kockum, 2006)
Pyrrhotite Fe (1) S,| Non- (Veglio et al., 2000; Ni et al.,
where x is 0-0.2 | stochiometric 2014; Gu et al., 2015; Zhao et
variant of rare al., 2017; Kim, Koh and
troilite (FeS) Kwon, 2021)
Realgar As4S4 Historically used| (Zhang et al., 2007; Chen et
to colour| al., 2011)
fireworks, toxic

Sphalerite ZnS Main ore of zinc | (Konishi, Nishimura and Asai,
1998; Haghshenas et al.,
2009; Schippers et al., 2019)

Stibnite Sb2Ss Main ore of| (Torma and Gabra, 1977)

antimony

Sulfide minerals have been established in the literature to exhibit enhanced

dissolution in the presence of particular microbes (Table 1.1). This is a naturally

occurring process, however, the anthropogenic harnessing of microbial sulfide

mineral dissolution may also occur — a process known as bioleaching.

1.3 Bioleaching

Bioleaching describes the exploitation of microbial metabolisms to extract metals

from sulfide mineral ore, and is most commonly utilised to recover copper, nickel,

cobalt, zinc and uranium (Gilbertson, 2000; Vera, Schippers and Sand, 2013).
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Compared to traditional methods of sulfide mineral processing, such as
pyrometallurgy, bioleaching has reduced costs and energy inputs (Gilbertson,
2000). Bioleaching can also have other environmental advantages by improving
the economic viability of exploiting low-grade ore that would otherwise be

discarded as waste.

Bioleaching as a metal extraction method is based on the naturally occurring sulfur
and iron cycling processes that occur in AMD. As shown in Fig 1.1, the
metabolisms of sulfur and iron oxidising bacteria can enhance the breakdown of
sulfide minerals through the regeneration of protons (via sulfuric acid) and the

oxidant Fe®*, respectively.

|
H,SO,
/"’__"( _\IN\V“\\\\
N / \
— Y A A Sulfur- A
| Iron- /\ | oxidising )
[ oxidising ) (" microbes |/
(" microbes |/ ~e. M~
= i/ D> et
a _)\»._,4_/' \ /
v / Target
H"\ Fez\+ je3+ H,S, ytal
Sulfide Mineral
Ore

Figure 1.1 — Simplified overview of the bioleaching process showing the regeneration of oxidants

by iron and sulfur oxidising microbes, resulting in the release of target metals.

There is an extremely diverse selection of microorganisms that have been
successfully used in bioleaching applications (Rohwerder et al., 2003a). However,

due to the production of sulfuric acid resulting from sulfide mineral breakdown (Bini,
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2010), and the low nutrient environment of “bare” mineral substrates (Valdés et al.,
2010), the organisms utilised for bioleaching are typically acidophilic
chemolithoautotrophs. Limited evidence suggests heterotrophs could directly
contribute to bioleaching via iron oxidation (Bacelar-Nicolau and Johnson, 1999).
However, heterotrophs are typically regarded as playing a predominantly indirect
role in mineral dissolution, at a community level, by metabolising organic
compounds that may inhibit chemolithotrophic activity (Shiers, Collinson and
Watling, 2016). Heterotrophs could also aid chemolithoautotrophic mineral
dissolution through production of chelating agents, surfactants and vitamins
(Johnson and Roberto, 1997).

As demand for metals intensifies, and high quality ores are depleted, reliance on
lower quality ores is increasing (Crowson, 2012; Memary et al., 2012). Use of
bioleaching can make the exploitation of low grade ores economically viable, and
the generally simple operating procedures make it accessible for a broad range of
users (Watling, 2006). However, to date, uptake of this technology has remained
relatively limited (Johnson, 2018). The possible reasons for this include the
potential for failure. For example, Brierley and Kuhn (2009, 2010) describe failure
of a commercial scale heap bioleaching system attributed to fluoride toxicity that
was in turn attributed to prior laboratory investigations not being sufficiently
comprehensive. An enhanced understanding of the community dynamics and
processes occurring during bioleaching could improve the efficiency and reliability

of this process, reducing the likelihood of failures.

1.4 Environmental Impacts of Sulfide Mineral Dissolution

Understanding the breakdown of sulfide minerals by microbes is not only important
to enhancing bioleaching practices, but also in understanding the factors driving
the environmentally damaging formation of AMD. AMD describes the acidic waters
created near current or (more likely) historic mining sites as a result of the sulfuric
acid released when sulfide minerals exposed to air (after being mined) undergo
oxidative dissolution (Johnson, 2003). Whilst water levels may have been
managed by pumping during the functional life of the mine, expensive water
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removal and treatment activities are frequently abandoned following the
termination of mining, leading natural water levels to return and increasing the
potential for AMD (Johnson and Hallberg, 2005). As the metabolic activities of iron
and sulfur oxidising microbes result in the breakdown of sulfide minerals, their
presence in mine waste environments can accelerate the rate of AMD formation,
potentially by several orders of magnitude (Singer and Stumm, 1970). As protons
can act as oxidants in the dissolution sulfide minerals, a feedback loop is created
by these sulfur metabolisms, causing the pH to fall to <2 (Baker & Banfield 2003).
In some instances, the pH of waters at AMD sites has been recorded as reaching

negative values (Nordstrom and Alpers, 1999a).

This environmental problem is exacerbated by the fact that sulfide minerals present
in mine wastes commonly bear a wide range of potentially toxic elements (PTEs),
either as a major element (e.g. arsenic in arsenopyrite), or as minor and trace
elements present as impurities or inclusions. As the minerals breakdown, these
PTEs are released into the environment (Wu et al., 2009). Additionally, low pH
increases the mobility of some metals (e.g. Cu, Sb, Pb, Zn, Ni) that would be
immobile at neutral pH (Cravotta and Kirby, 2004; Akcil and Koldas, 2006; Krdl,
Mizerna and Bozym, 2020). Consequently, AMD waters are usually contaminated
with elevated levels of mobile PTEs, which can then be transported to
watercourses and soils, posing a significant risk to the environment (Lu and Wang,
2012). Where AMD waters have been transported away from the origin mine, their
acidity can contribute to the remobilisation of deposited metals in sediments further
away from the mine site (Johnston et al., 2017). The overall environmental impact
of AMD is, therefore, notably detrimental, with acidity and PTE loads affecting
aquatic life and contaminating water supplies (Nordstrom and Alpers, 1999b;
Nordstrom, 2000), as well as acid levels increasing rates of soil erosion and

destroying vegetation (Dhir, 2018).

The sulfur and iron oxidising processes and the microorganisms involved in AMD
creation are highly comparable to those exploited beneficially in bioleaching.
Consequently, clarifying sulfide mineral breakdown processes is important both to
improve bioleaching practice and for informing strategies for the prevention of
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AMD. In particular, there are currently notable gaps in our understanding of the
metabolic pathways driving sulfide mineral dissolution processes. However, to
understand these gaps, we must first look at what is currently known regarding

sulfide mineral dissolution processes.

1.5 Sulfide Mineral Dissolution

Sulfide minerals are relatively insoluble, meaning that their breakdown requires
oxidation followed by dissolution processes, compared to some other minerals that
can simply dissolve (Moses et al., 1987). Throughout this thesis, “dissolution” of
sulfide minerals refers to the combined processes of oxidation and dissolution that
result in mineral breakdown. In the following sub-sections, the broad pathways of

sulfide mineral dissolution are discussed.

1.5.1 Pathways of Sulfide Mineral Dissolution

The mechanism by which sulfide minerals are oxidised by microbes varies
depending on the mineral properties. The two pathways are the “polysulfide
pathway” and the “thiosulfate pathway” named after the intermediate sulfur species
generated during mineral dissolution. Acid-insoluble minerals, such as pyrite and
tungstenite are oxidised via the thiosulfate pathway. Conversely, the polysulfide
pathway is the mechanism by which acid-soluble minerals such as chalcopyrite,

galena and arsenopyrite are oxidised (Schippers and Sand, 1999).

The thiosulfate pathway in pyrite proceeds via the oxidation of Sz to a thiosulfate
group by ferric iron hexahydrate and subsequent cleaving of the Fe-S> bond
(Johnson, 2014):

FeSz + 6 Fe3* + 3 Ho0 — S;03% + 7 Fe?* + 6 H* Eq.1.1

This thiosulfate is rapidly oxidised, either abiotically with ferric iron, or via sulfur-
oxidising microbes. The oxidation of thiosulfate results in tetrathionate, which may
then degrade to a number of compounds, including: trithionate, pentathionate,
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sulfite and elemental sulfur. These species may then be oxidised to sulfate via
biotic or abiotic reactions. The thiosulfate to sulfate stage of the process can be

summarised via Eq 1.2. (Vera, Schippers and Sand, 2013):

S203%” + 8 Fe®" + 5 H,O — 2 SO4%” + 8 Fe?* + 10 H* Eq. 1.2

The polysulfide pathway, demonstrated by Schippers and Sand (1999), involves
minerals whose metal-sulfur bonds can be broken apart prior to sulfur oxidation.
Consequently, these minerals are susceptible to proton attack, which is the initial
stage of mineral breakdown. In acidic conditions, protons facilitate the cleaving of
metal from the sulfur moiety and the subsequent formation of hydrogen sulfide.
However, in the presence of ferric iron, a sulfide cation (H2S™) is formed (in place
of H2S) which spontaneously dimerises, leaving H2S,. This is subsequently
oxidised by ferric iron to elemental sulfur, via additional polysulfides (Eq. 1.3-4).
Finally, elemental sulfur may be microbially oxidised to sulfate, then sulfuric acid
(Eq. 1.5) (Schippers and Sand, 1999; Rawlings, 2002).

MS + Fe3* +H* & M?* + 0.5 H2S, + Fe?* (where n = 2) Eq. 1.3
0.5 H2S, + Fe®* - 0.125 Sg + Fe?* + H* Eqg. 1.4
0.125 Sg+ 1.5 O2+ H20 > SO4% + 2 H* Eq. 1.5

The formation of thiosulfate and other polythionates may occur via side reactions
(Schippers and Sand, 1999).

1.5.2 Direct vs Indirect Dissolution

Much of the early literature discussing sulfide mineral oxidation describes the
potential existence of a “direct” mechanism of sulfide mineral oxidation whereby
microbes attach to the mineral surface and directly oxidise sulfide without ferric

iron as an oxidant (e.g. Sand et al., 1995; Bosecker, 1997). It has now been broadly
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recognised that this mechanism is unlikely to exist (Rawlings, 2011; Vera,
Schippers and Sand, 2013; Tao and Dongwei, 2014).

Although evidence has suggested that no direct oxidation takes place within the
mineral structure, it has been proposed that there may be contact and non-contact
bioleaching. The former describes leaching that occurs via cells attached to the
mineral surface (within an EPS matrix) generating ferric iron, and the latter defined
as bioleaching facilitated by planktonic microorganisms oxidising iron which then
oxidises sulfur when it comes into contact with mineral surfaces (Rawlings, 2002).
An additional process of “cooperative leaching” has also been described, whereby
some free-living bacteria oxidise sulfur species released by contact leaching
bacteria (Tributsch, 2001).

1.6  Sulfur Oxidation

In the preceding sections, the overall pathways of sulfide mineral dissolution were
discussed. In order for these pathways to proceed, oxidation of sulfur must take
place. Jones et al. (2014) suggest the following equations for both this complete

oxidation (Eq. 1.6) and the partial oxidation of sulfide to elemental sulfur (Eq. 1.7):

H.S + 20, 2H* + SO (Eq. 1.6)
2H,S + 02 > 28+ H,0  (Eq. 1.7)

The overall oxidation of sulfur from its most reduced form, sulfide, to its most
oxidised state, sulfate, involves 8e" transfers. The oxidation of sulfide to sulfate has
many potential intermediate steps, including: polysulfides, elemental sulfur, sulfite,
thiosulfate, and tetrathionate. Sulfide (2-) may exist in the form of metal sulfides or
as hydrosulfide (Rohwerder and Sand, 2007). Many of the steps in the sulfur
oxidation pathway can proceed either abiotically, or be facilitated by microbes.
However, elemental sulfur (S°) is thermodynamically stable at low pH, meaning
abiotic oxidation will not occur. Consequently, in acidic environments, the only
oxidation of elemental sulfur is that mediated by microbes (Rohwerder et al.,
2003a).
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1.6.1 Sulfur Oxidising Microbes

The reduced forms of sulfur (RISCs) can be utilised for energy generation by a
very ecologically, physiologically and phylogenetically diverse range of
prokaryotes (Friedrich et al., 2005; Karavaiko, Dubinina and Kondrat'eva, 2006;
Rohwerder and Sand, 2007; Frigaard and Dahl, 2008; Johnson and Hallberg,
2008; Ghosh and Dam, 2009; Dopson and Johnson, 2012). These microbes can
be categorised based on their optimum growth pH (neutrophiles or acidophiles)
and energy sources (phototrophs or chemotrophs) (Truper and Fischer, 1982;
Brune, 1989; Friedrich et al., 2005; Konhauser, 2007; Fenchel, King and
Blackburn, 2012). However, most bioleaching microbes are acidophilic
chemolithoautotrophs, i.e. prokaryotes that thrive in low-pH environments, capable
of exploiting inorganic electron sources (e.g. RISCs) for energy generation and
CO2 fixation. The genomes of sulfur oxidising prokaryotes possess a range of
sulfur oxidation associated genes, capable of producing different enzymes that
catalyse the numerous steps in the sulfur oxidation pathway. These enzymes and
their role in the sulfur oxidation pathway are discussed in more detail in the

following section.

1.6.2 Mechanisms of Microbial Sulfur Oxidation

In the 135 years since the discovery of the first sulfur oxidising microbe, Beggiatoa
(Winogradsky, 1887), a great deal of knowledge has been acquired regarding the
biochemical mechanisms of sulfur oxidation processes. Nonetheless, due to the
complexity of the biochemistry involved and the diversity of species capable of

sulfur oxidation, much also remains unknown.

There are a large number of enzymes and proteins that have the potential to
catalyse the oxidation of RISCs (Liu, 2008). There is often more than one catalyst
for each RISC, and the number of sulfur oxidation pathways is almost as great as

the diversity of microbes capable of oxidative sulfur metabolism.
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Fig. 1.2, below provides a simplified overview of the enzymes and pathways

involved in dissimilatory oxidation of RISCs.

Figure 1.2. The steps of microbially mediated sulfur oxidation in aerobic conditions at low pH and
the corresponding enzymes. PSR: polysulfide reductase, SQR: sulfide-quinone reductase, FCC:
flavocytochrome c sulfide dehydrogenase, HDR: heterodisulfide reductase, SOR: sulfur
oxygenase reductase, SDO: sulfur dioxygenase, SAT: sulfate adenylyltransferase, SAR:
sulfite:acceptor oxidoreductase, (P)APS: phosphoadenosine phosphosulfate reductase and
adenylylsulfate kinase, SOX: sulfur oxidation pathway, TQO: thiosulfate-quinone oxidoreductase,

TSD: thiosulfate dehydrogenase, TETH: tetrathionate hydrolase.
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Hydrogen disulfide generated during the initial stages of sulfide mineral breakdown
is transformed to sulfide by polysulfide reductase (PSR, Krafft, Gross and Kroger,
1995). Oxidation of sulfide is a two-electron reaction that takes place via the
cytoplasmic membrane bound sulfide-quinone reductase (SQR, EC 1.8.5.4). SQR
shuttles electrons to a membrane quinone pool, where ubiquinone is reduced.
Alternately, this oxidation can be facilitated by flavocytochrome c¢ sulfide
dehydrogenase (FCC, EC 1.8.2.3). The elemental sulfur resulting from this
reaction can then be oxidised via a number of enzymes: a periplasmic,
glutathionate-dependent sulfur dioxygenase (SDO, EC 1.13.11.18); sulfur
oxygenase reductase (SOR, EC 1.13.11.55) (Urich et al., 2004); or heterodisulfide
reductase (HDR, EC 1.8.7.3). SOR can generate sulfite, thiosulfate and sulfide
(Ghosh and Dam, 2009). Sulfite is then oxidised to sulfate via sulfate
adenylyltransferase (SAT, EC 2.7.7.4), or a sulfite:acceptor oxidoreductase (SAR).
It is probable that an intermediary step occurs in the SAT pathway, wherein sulfite
is first oxidised to APS via an unknown enzyme. There is a third pathway proposed
by Yin et al. (2014), whereby sulfite sequentially oxidised to sulfate by
phosphoadenosine phosphosulfate reductase (PAPS, EC 1.8.4.8), then
subsequently by adenylylsulfate kinase (APS, EC 2.7.1.25).

In the Sal pathway, tetrathionate is generated as an intermediate species;
thiosulfate is oxidised to tetrathionate via thiosulfate-quinone oxidoreductase
(TQO, EC 1.8.5.2). Janiczek et al. (2007) described a thiosulfate dehydrogenase
(TSD) purified from Acidithiobacillus ferrooxidans, an enzyme comprised of four
identical subunits, which also forms tetrathionate. Subsequently, tetrathionate
hydrolase (TetH, EC 3.12.1.B1) hydrolyses tetrathionate to thiosulfate and sulfate
(Tano et al., 1996; Kanao et al., 2013). Elemental sulfur may also be a product of
this reaction (Yin et al., 2014).

The Sox pathway is a multi-enzyme system found in the periplasm, first described
in Paracoccus pantotrophus (Friedrich et al., 2000, 2001). This system is capable
of oxidising sulfide, elemental sulfur, sulfite, and thiosulfate, producing a final
product of sulfate. The Sox system is reportedly widely distributed amongst
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prokaryotes possessing sulfur oxidising capabilities (Ghosh and Dam, 2009;

Rameez et al., 2020). It has not yet been found in any archaeal species.

Although overall the steps involved in sulfur oxidation have been established,
within individual species the exact mechanism for certain steps remains unknown.
This is the case for many common bioleaching microbes, and exploring their
genomes would enable the creation of updated models of sulfur oxidising enzymes
in different species, and consequently lead to an improved understanding of the

role of bioleaching prokaryotes in sulfide mineral breakdown.

1.7 Iron Oxidation

While sulfur oxidation is essential, it is not the only microbial process facilitating
sulfide mineral oxidation. Iron oxidation is also a very important process, as ferric
iron is a chemical oxidant that breaks the covalent bonds holding sulfide minerals
together (Sand et al., 1995; Christel et al., 2018). At low pH, ferrous iron is relatively
stable and abiotic oxidation is very slow (Johnson, Kanao and Hedrich, 2012).

Thus, microbes are vital to the iron oxidation process in acidic environments.

1.7.1 Iron Oxidising Microbes

The iron oxidisers most relevant to bioleaching are the acidophiles, as sulfide
mineral dissolution primarily occurs at low pH. Acidophilic iron oxidisers are
phylogenetically diverse, and include members of both the Bacteria and Archaea.
Although chemolithoautotrophs are the microbes most commonly associated with
bioleaching; autotrophs, mixotrophs and heterotrophs have all been shown to
oxidise ferrous iron (Kappler et al., 2015). Consequently, any member of a
metabolically mixed bioleaching community could potentially contribute to iron

oxidation.
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1.7.2 Microbial iron oxidation at low pH

As sulfide mineral breakdown predominantly occurs at low pH, the iron oxidation
process of interest is that of the acidophiles. Acidophilic iron oxidising microbes
generate energy by reducing oxygen via electrons donated from Fe?* (Hedrich,
Schiémann and Barrie Johnson, 2011). Oxygen is the only electron acceptor that
can be used in this reaction, due to the high redox potential of the Fe(ll)/Fe(lll)
couple (+0.77 at pH2) under acidic conditions (Roger et al., 2012). As oxygen is
the only freely available molecule that has a higher redox potential at low
pH(+1.12V) (llbert and Bonnefoy, 2013), all iron oxidation mechanisms in

acidophiles are aerobic.

The nature of the acidic environment is reflected in the iron oxidation mechanism
of acidophilic iron oxidisers. The high concentration of protons outside the cell
combined with the neutral pH environment inside the cell membrane creates the
opportunity for a trans-membrane gradient which can be exploited by acidophilic
microorganisms (Bonnefoy and Holmes, 2011). Protons can move across the cell
membrane, allowing ATP to be produced with the help of membrane-bound ATP
synthase. However, if this process were to continue in an unmitigated manner, the
cytoplasm would become acidified, causing the cell to die. A counterbalance is
required for the protons, in the form of negatively charged particles (Johnson,
Kanao and Hedrich, 2012). Ferrous iron oxidation can provide these

counterbalancing electrons whilst reducing oxygen (the “downhill pathway”).

Alongside the downhill pathway, reducing equivalents such as NADH are also
produced by exploiting the electrons generated from ferrous iron oxidation.
However, this process requires energy, as the NAD+/NADH couple has a
significantly lower redox potential (-0.32V) than the iron couple, meaning that if
electrons are going to be moved from Fe to NAD+, they have to be pushed “uphill”
against the electron potential gradient. This “uphill pathway” is thought to be
powered by the ATP generated by the proton motive force. The downhill and uphill
pathways run concurrently in iron oxidising chemoautotrophs (Johnson, Kanao and
Hedrich, 2012), however the uphill pathway is not required in heterotrophic iron
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oxidisers, as organic carbon oxidation can be used to produce reducing
equivalents (Bird, Bonnefoy and Newman, 2011). Although all acidophilic
chemolithoautotrophs rely on both the downhill and uphill pathways working in
parallel, the complexes mediating the processes notably vary between genera.
These iron oxidising mechanisms are discussed for specific species in Section
1.8.1.3.3, below.

A number of gaps remain in our knowledge with regards to the mechanisms
involved in prokaryotic iron oxidation; the pathways and associated genes involved
in iron oxidation have thus far only been identified in a handful of species. This
means for many common bioleaching organisms, the mechanism of iron oxidation
is not yet fully elucidated. Exploring the genomes and transcriptomes of
bioleaching microbes could help increase our understanding of iron oxidation
mechanisms and thus, improve our overall understanding of the microbially driven

sulfide mineral dissolution.

1.8 Approaches to Studying Microbial Sulfide Mineral Dissolution

This thesis details experimental work conducted to address the gaps in knowledge
surrounding sulfide mineral dissolution processes. The experimental work
focussed primarily on a bioleaching consortium grown on various sulfide minerals.
Metagenomic and metatranscriptomic techniques were used to identify the
presence of sulfur and iron oxidising genes within the consortium, and whether
these genes were expressed during mineral breakdown. In the following sections,

a background is provided to some of the key methods employed.

1.8.1 SC3 Consortium

To study the sulfide mineral dissolution processes responsible for bioleaching,
study organisms needed to be selected. It is well established that mixed consortia
are more effective at bioleaching than pure cultures (Qiu et al., 2005; Zhang et al.,
2008; Liu, Gu and Xu, 2011). Additionally, in AMD environments where sulfide
dissolution occurs naturally, mineral breakdown is facilitated by mixed microbial
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communities. Therefore, a naturally occurring bioleaching consortium was
selected, named “SC3”. SC3 was enriched from a bioleaching trial column in a

working copper mine in Skouriotissa, Cyprus (Hellenic Cu Mines Ltd).

1.8.1.1 The Skouriotissa Mine Site

The Skouriotissa mine is located within the Nicosia district of Cyprus. It is one of
the oldest working mines in the world, with exploitation of the site dating back
multiple millennia (Naden et al., 2006; Cyprus Geological Survey, 2017). Following
rediscovery of the site in 1914, modern mining began in the 1920s and has
continued ever since (Cyprus Geological Survey, 2017). Original ore reserves at
the Skouriotissa mine site were estimated at more than 5.4Mt, with a Cu
percentage of 2.3 (Naden et al., 2006). In more recent years, microbes have been
employed to improve copper extraction at the site; heap bioleaching has occurred
at Skouriotissa since 1996, with copper cathode production via this method

averaging 8,000 t yr! (Brierley and Brierley, 2013).

Located on the northern part of the Troodos ophiolite, within the metamorphosed
very low grade Upper Pillow Lava suite, the Phoukassa deposit is a volcanogenic
massive sulfide ore deposit of the Cyprus type (Taylor et al., 1986; European
Planetary Science Congress, 2013). Formation temperatures comparable to
modern day black-smokers provide evidence that the genesis of the Skouriotissa
sulfide deposits was exhalative (Adamides, 2010). The host rock for the sulfide
deposits is predominantly basalt, and pyrite is the most abundant sulfide mineral
within the Skouriotissa ore deposits, followed by chalcopyrite (Constantinou and
Govett, 1973; Adamides, 2010). Other copper minerals present are: covellite,
bornite, digenite, idaite and minor amounts of chalcocite (Constantinou and Govett,
1973). In terms of non-copper sulfide minerals, different areas of the site have
varying abundances of sphalerite, with very rare mackinawite, extremely rare
marcasite and trace pyrrhotite (Constantinou and Govett, 1973; Constantinou,
1975).
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1.8.1.2 Consortium Overview

Bacterial species present within the SC3 consortium include: Leptospirillum
ferrodiazotrophum, several Acidithiobacillus species, and one member of the order
Rhodospirillales. There are also archaeal species present. Ferroplasma
acidarmanus, Ferroplasma type Il and the Thermoplasmatales member dubbed “G
plasma”. Additionally, there are three as yet unnamed strains in the consortium
that are related to, but distinct from, three of the above named species. The SC3
consortium has been derived from an acidic bioleaching environment and
concordantly all of the microbes present in the group are acidophiles, with
members deriving energy via a variety of metabolic pathways. Table 1.2., below
provides a representative overview of the species present, based on published
literature. However, it should be noted that some features such as optimum pH and

temperature vary depending on both strain and environmental factors.
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Table 1.2 — Overview of the Microorganisms Present in SC3 Consortium, and what is known regarding published strains of these species in literature

*indicates that there is a distinct, related species also present in the consortium which is yet to be named.

Optimum

Optimum

oH oC References
Species Phylum Metabolism (An)aerobe? for published
(growth (growth .
strains
range) range)
Quatrini &
Johnson 2019;
Quatrini et al.
2009;
Valdes et al.
2008;
Kai et al. 2007;
T : ; - - Kelly & Wood
Aad:th:pbac:ilus Proteobacteria Chemolithoautotroph Facultative 2 30 2000;
ferrooxidans anaerobe (1-6) (10-42) Leduc &
Ferroni 1994;
Drobner et al.
1990;
Temple &
Colmer 1951
(Kappler et al.,
2015)
(Guerra-
Bieberach et
g , - - al., 2017)
ACIthhIObaf s Proteobacteria Chemolithoautotroph Facultative 2:5 25 Christel et al.
ferrivorans anaerobe (1.9-3.4) | (4-37) 2016
Talla et al
2014;
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Liljeqvist et al.
2013;
Liljeqvist et al.
2011;
Hallberg et al.
2010;
Hallberg et al.
2009

Acidithiobacillus
thiooxidans

Proteobacteria

Chemolithoautotroph

Obligate
aerobe

~25
(0.5-5)

(10-37)

Quatrini et al.
2017,

Fazzini et al.
2013;

Valdes et al,
2011

Suzuki
1999

Konishi, Asai
and Yoshida,
1995

et al

Rhodospirillales
(Acidisphaera
species?)

Proteobacteria

Chemoorgano-
heterotrophs,
Factultative
photoorgano-
heterotrophs?

Aerobe
spp.)

(Ac

(2.9-6)

unknown

Kay, Haanela
and Johnson,
2014; Hiraishi,
2015

Leptospirillum
ferrodiazotrophum
(L. group IlI)

Nitrospirae

Chemolithoautotroph

Aerobe,
possible
facultative
anaerobe

(0.7-1.45)

Recorded
at 36, 37,
42

Chen et al
(2015a)
Aliaga

Goltsman et al.

2013 Aliaga

Goltsman et al.

2009

Tyson et al.

2005
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Golyshina et

al. 2019
Golyshina et
G lasma’/ _ al. 2016 a,b;
Cuniculiplapsma Euryarchaeota Organoheterotroph Facultative 112 37-40 Jones et al.
divulgatum anaerobe (0.5-4) (0-48) 2014;
Comoli &
Banfield 2014
Yelton et al.
2013
(Dopson,
Baker-Austin
and Bond,
Ferroplasma . Facultative 1.2 45 2007)
acidarmanus* Euryarchaeota Chemomixotroph anaerobe (0.2-2.5) | 42-45 Edwards et al.
2000)
Dopson et al.
2004
Yelton et al.
Ferroplasma Type Euryarchaeota Heterotroph Facultative unknown | unknown 2013
Il anerobe(?) (Tyson et al.,

2004)
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The SC3 consortium was selected as a naturally occurring community that
is representative of typical bioleaching consortia. Indeed, the SC3
consortium was initially enriched from a working bioleaching trial column at
the Skouriotissa copper mine site. The species within the consortia are all
known to be found in AMD environments (Baker and Banfield, 2003) and
many of the species (e.g. Acidithiobacillus, Leptospirillium, Ferroplasma)
are commonly employed bioleaching organisms (Garcia, Bigham and
Tuovinen, 1995; Dopson et al., 2004; Corkhill et al., 2008; Halinen et al.,
2012; Zhang et al., 2017). In line with this, the species present in the SC3
consortium are known to possess the sulfur and iron oxidation capabilities
required to facilitate sulfide mineral breakdown. The sulfur and iron
metabolisms of the species found in SC3 are discussed in greater detail in
the following Section (1.8.1.3).

1.8.1.3 SC3 Metabolisms Relevant to Sulfide Mineral Breakdown

As previously established in this chapter, sulfur and iron oxidation by
microbes is the driving factor behind sulfide mineral dissolution. The
genomes of sulfur and iron oxidising microbes contain genes that encode
various enzymes that catalyse the oxidation of RISCs and iron. This thesis
looks at the presence and expression of these genes within the members of
the SC3 consortium, as although it is established that some species in the
consortium can oxidise sulfide fully to sulfate, some genes corresponding to
vital steps in the pathway are currently unknown. In other species, the
relevant genes are known to be present in the SC3 genomes, but have not
yet been shown to be expressed. The following sections outline what is
currently known with regards to sulfur and iron metabolism genes in the SC3

consortium species.
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1.8.1.3.1 Sulfur Metabolism Genes in Acidithiobacilli

As the best studied genus of acidophiles, it is unsurprising that
Acidithiobacillus presents some of the most complete models of sulfur
oxidation. Acidithiobacilli can facilitate the complete aerobic oxidation of
sulfide to sulfate, following a series of oxidation steps mediated by an array

of enzymes and proteins, as outlined in Figures 1.3 A-C.
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Figure 1.3. — Model of sulfur oxidation in a) At. ferrooxidans; b) At. thiooxidans and c) At. ferrivorans.
Sulfide oxidation proceeds via the inner membrane-bound sulfide-quinone reductase (SQR), which facilitates the oxidation of hydrogen sulfide to elemental
sulfur. Insoluble elemental sulfur in the periplasm is most likely converted to glutathionate persulfide (GSSH) by membrane bound thiols prior to oxidation.

This GSSH is conveyed via transferases (DsrE, TusA and Rhd) to a heterodisulfide reductase (HDR) complex which catalyses its oxidation to sulfite and
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GSH. Alternatively, elemental sulfur may be oxidised by sulfur oxygenase reductase (SOR) or sulfur dioxygenase (SDO). It is predicted that sulfite oxidation
in At. ferrooxidans and At. ferrivorans is catalysed by an as-yet unknown enzyme, generating adenosine-5-phosphosulfate (APS), which is then further
oxidised to sulfate, with concomitant ATP and proton generation by sulfate adenylyltransferase (SAT). In At. thiooxidans, sulfite oxidation is via
phosphoadenosine phosphosulfate (PAPS) reductase, wherein sulfite is first oxidised to PAPS by the PAPS reductase, then oxidised to APS, and sulfate by
APS kinase. In all three species, the oxidation of thiosulfate to tetrathionate is mediated by thiosulfate quinone oxidoreductase (TQQ) or thiosulfate
dehydrogenase (TSD), while an outer membrane-bound, homodimeric tetrathionate hydrolase (TetH) hydrolyses tetrathionate to thiosulfate. At. thiooxidans
and At. ferrivorans both possess the alternate sulfur oxidation pathway - SOX. Across the Acidithiobacilli, electrons produced by RISC oxidation are thought
to be transferred to the quinone pool (Q/QH2), from which they are transported to the membrane bound terminal oxidases bo3 and/or bd. Alternately, the
electrons generated in RISC oxidation can be transferred indirectly to an aas oxidase for Oz reduction (via high potential iron-sulfur protein (HiPIP)), or to a
NADH1 complex, via which NADH can be generated. These figures were created based on information collected from Rohwerder and Sand, 2003; Valdés
et al., 2008; Quatrini et al., 2009; Valdes et al., 2011; Kikumoto et al., 2013; Talla et al., 2014, Yin et al., 2014; Christel et al., 2016; Zhang et al., 2016; Wang
et al., 2019; Camacho et al., 2020)
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Although the sulfur oxidation pathways of the Acidithiobacilli are more
complete than for many other sulfur oxidisers, there are still notable
gaps. For example, the catalyst responsible for sulfite oxidation in At.
ferrooxidans and At. ferrivorans remains unknown. Additionally, as of
yet there has been no identification in the Acidithiobacilli (or indeed the
other SC3 members) of an enzyme such as polysulfide reductase
(PSR) that would mediate the conversion of hydrogen disulfide to
sulfide. Therefore, it is currently unclear how this key step in the initial
stages of sulfide mineral breakdown is being facilitated by the SC3

consortium.

1.8.1.3.2 Sulfur Metabolism Genes in Other SC3 Members

The evidence for sulfur oxidation genes in the other SC3 members is
more limited than in the Acidithiobacilli. An SQR homologue is, to date,
the only RISC oxidising enzyme found in the L. ferrodiazotrophum
genome (Aliaga Goltsman et al., 2009; Chen et al., 2015). Research
has indicated the presence of a SQR homologue in G
plasma/Cuniculiplasma suggesting these organisms could have the
potential to oxidise sulfide. However, to date no studies have found
evidence of expression of any RISC oxidising genes in this species
(Jones, Schaperdoth and Macalady, 2014).

F. acidarmanus and other strains of Ferroplasma have been shown to
possess the RISC oxidising genes sor and sqr (Chen et al., 2007,
Jones, Schaperdoth and Macalady, 2014), but it is unclear whether
these genes are active. There are no current reports for growth using
RISCs as electron donors in the Ferroplasma species present in the

SC3 consortium.

The Rhodospirillales in the consortium is thought to be related to
Acidisphaera. None of the available Acidisphaera sequenced thus far

have been found to have RISC oxidising capabilities, and the family
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Acetobacteraceae are not associated with sulfur oxidation. Therefore,
ascertaining the presence of any RISC oxidation genes in this strain

would be novel.

This thesis looks to improve our understanding of RISC oxidation in
the SC3 consortium by identifying RISC oxidising genes previously
undocumented in their respective species, and determining whether
these genes are expressed. This can help us fill the gaps in
understanding with regards to RISC oxidation pathways in the SC3
consortium. In turn, this helps to determine the role each consortium
member is playing during sulfur oxidation, and consequently,

enhances our understanding of sulfide breakdown pathways.

1.8.1.3.3 Iron Metabolism Mechanisms in the SC3 Consortium

Alongside the ability to oxidise RISCs, many members of the SC3
consortium possess iron oxidation capabilities. Iron redox cycling is
significantly less complex than that of sulfur, as it predominantly exists
in one of two oxidation states - either as ferrous (Fe?*) or ferric (Fe®*)
iron (Taylor and Konhauser, 2011). The mechanisms of iron oxidation
for energy generation by microbes are, nonetheless, somewhat

complex.

At. ferroxidans was the first iron oxidiser to be discovered (Colmer et
al., 1940) and has since then been prolifically studied. Consequently,
At. ferrooxidans provides the most well-understood model of iron
oxidation in acidophilic prokaryotes (Ingledew, 1982; Castelle et al.,
2008; Quatrini et al., 2009; Ishii et al., 2015). Fig 1.4, below, shows the

oxidation pathway for iron in At. ferrooxidans.
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Figure 1.4 — At. ferrooxidans ferrous iron oxidation electron transfer model. The electron transport chain in At. ferroxidans spans the inner
(IM) and outer membranes (OM), forming a super-complex that begins with a high molecular-weight outer membrane bound cytochrome ¢
(CycC). Iron remains outside the cell as it is oxidised via this CycC. Electrons flow from CycC to the periplasmic rusticyanin (RusA) and are

thereafter directed to either the downhill pathway or the uphill pathway. In the downhill pathway, electrons move from RusA to the



membrane-bound periplasmic cytochrome c, Cyc1, finally reducing oxygen via aa3-type terminal cytochrome oxidase. In the uphill pathway,

electrons move from RusA to the alternate membrane-bound periplasmic cytochrome ¢, CycA1. From CycA1, electrons pass to a reverse-

functioning bc1 complex positioned within the inner cell membrane and then via the membrane-associated ubiquinone pool to the NADH-1

oxidoreductase complex (NDH1), where NAD+ is reduced. (Figure based on information and diagrams in: Elbehti, Brasseur and Lemesle-
Meunier, 2000; Quatrini et al., 2006; Castelle et al. 2008; Quatrini et al., 2009; llbert & Bonnefoy, 2013; Ishii et al., 2015)
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Pathways of iron oxidation have also been elucidated in some of the
other SC3 species. At. ferrivorans, although closely related to At.
ferrooxidans, has notable differences in its iron oxidation complexes.
In At. ferrivorans, two different iron oxidation pathways exist. At least
two strains of ferrivorans have been shown to possess both the rus
and petl/ operons (Talla et al., 2014; Liljeqvist et al., 2013), with studies
showing that ferrivorans may possess more than one gene coding for
rusticyanin: rusA (as found in At. ferrooxidans type strain), as well as
rusB (as found in other strains of ferrooxidans) (Liljeqvist et al., 2011,
Talla et al., 2014). A second putative pathway in At. ferrivorans is via
an iron oxidase (HIPIP) encoding gene, iro. Of the Acidithiobacillus
genus, only At. ferrivorans and ferriphilus have been shown to possess
iro, (Tran et al., 2017).

Iron oxidation in Leptospirillum spp. has been demonstrated to involve
two cytochromes — Cyts72, located in the outer membrane and
proposed to be the direct oxidant of iron; and Cytsze, found in the
periplasm, through which electrons are passed via cytochrome c to a
cbbs type cytochrome oxidase (Jeans et al., 2008; Blake, 2012; Aliaga
Goltsman et al., 2013; L. X. Chen et al., 2015a). Fig. 1.5, below, shows
an overview of the potential mechanism of iron oxidation in L.

ferrodiazotrophum.
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Figure 1.5 — Iron oxidation in L. ferrodiazotrophum. Direct oxidation occurs via the
outer membrane Cytsrz2, with electrons passing through a potential periplasmic
Cytsrg to Cyt ¢ to inner membrane bound terminal oxidases. Based on images and

information in (Aliaga Goltsman et al., 2009; lIbert and Bonnefoy, 2013)

Ferroplasma acidarmanus is proposed to oxidise iron via a blue-
copper protein which shares similarities with sulfocyanins and
rusticyanins (Dopson, Baker-Austin and Bond, 2005; Castelle et al.,
2015), as shown in Fig. 1.6, below. It has been speculated that both F.
acidarmanus and F. Type Il contain a SoxM-like super complex, which
consists of a Rieske-cytochrome bcs complex and terminal oxidases
(Castelle et al., 2015). SoxM super complexes are typically found in

non-iron oxidising Sulfolobus species (Ibid).
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Figure 1.6 — Iron oxidation in F. acidarmanus. Oxidation of iron is via a sulfocyanin-
type blue-copper protein. SDH: succinate dehydrogenase. Based on images and
information in (Dopson, Baker-Austin and Bond, 2005; llbert and Bonnefoy, 2013;

Castelle et al., 2015).

Finally, although G plasma was shown by Yelton et al. (2013) to
contain rusticyanin homologues, no iron oxidation abilities were found

in the strain isolated by Golyshina et al. (2016b).
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1.8.2 Sulfide Mineral Selection

To explore the processes involved in sulfide mineral breakdown, relevant
minerals needed to be selected. Three sulfide mineral ores are studied in this
thesis: chalcopyrite, Phoukassa ore (low-grade copper ore) and stibnite.
These ores were selected due to their importance in metal provision and

potential for environmental pollution.

1.8.2.1 Chalcopyrite

Chalcopyrite (CuFeS>) is a copper-bearing sulfide mineral and globally the
most important ore of copper (Pradhan et al., 2008). Copper is typically
extracted from chalcopyrite via pyrometallurgy, but this is both expensive and
has potential environmental impacts, such as increased ambient air pollution
(Dimitrijevi¢ et al., 2009). In addition, an ever increasing demand for copper
combined with ever depleted ore reserves means that over time, there is an
increasing reliance on lower grade ores and methods for efficiently extracting
copper from these will become more essential (Watling, 2006; Brierley and
Brierley, 2013).

1.8.2.2 Phoukassa ore

Phoukassa ore is a low-grade copper bearing ore derived from the
Phoukassa deposit at the Skouriotissa mine site (as described in Section
1.8.1.1). There are a variety of Cu-bearing phases present in the ores derived
from this deposit, alongside pyrite. As lower grade ores at the site have been
subject to processing via bioleaching, it is important to gain a better

understanding of the bioleaching process by native microbes.
1.8.2.3 Stibnite
Stibnite represents the most economically important source of antimony,

however, relatively little is known about this mineral, including the processes
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involved in its dissolution. This is significant, as antimony is a contaminant of
growing concern with regards to its potential environmental impact (Herath,
Vithanage and Bundschuh, 2017). Additionally, very limited work has been
conducted exploring the relationship between microbes and stibnite. As a
result, it is not clear whether stibnite is a good candidate for bioleaching, and
similarly, factors affecting the release of Sb into the environment remain

poorly understood.

1.8.3 Meta-omics and the Application of Next Generation Sequencing to

Studies of Bioleaching Communities

In order to harness microbial community processes for industrial uses, such
as for bioleaching, the characteristics of these community interactions must
be elucidated — a task that can be accomplished with the aid of meta-omics.
Meta-omics describes the application of multiple complimentary “-omics”
analyses (e.g. genomics, transcriptomics) to the study of microbial
communities. The benefits of a “meta-“ approach include the absence of the
requirement to obtain a pure culture of one species, as well as the ability to
study the abundance and gene expression of all community members in situ
during a process of interest, as understanding the interactions during the
target usage is key to developing biotechnological applications of a microbial
community (Dugat-Bony et al., 2015; Ghosh, Mehta and Khan, 2018). Herein,
techniques in metagenomics and metatranscriptomics are discussed, with a

focus on their application to bioleaching consortia.

1.8.3.1 Metagenomics

While genomics provides an insight into the DNA sequence of a singular
organism, metagenomics involves sequencing of a mixed community at the
same time (Tyson et al., 2004). Depending on the technique employed,
metagenomics can be used to both identify the types of organisms present in
a microbial community, as well as exploring the functional genes present
within individual species. Approaches to metagenomics can include genome
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resolved metagenomics and 16s rRNA marker gene sequencing (Ghosh,
Mehta and Khan, 2018).

1.8.3.1.1 16s rDNA Sequencing

Establishing which species are present in a naturally-occurring bioleaching
consortium is an essential first step in determining the functionality of the
consortium. One approach to this is 16s rRNA gene sequencing, which uses
the 16s rRNA gene to identify the species of prokaryptes present in a sample
(Woese and Fox, 1977). The 16s rRNA (part of the small 30s rRNA subunit)
gene is highly conserved between prokaryotes, even between distantly
related species. Differential identification of prokaryotic species using 16s
rRNA gene sequencing is possible as some regions of the gene are
“hypervariable”. Primers used in the PCR amplification of the rRNA gene are
designed to bind to the conserved regions typically found on either side of
these hypervariable regions, thereby amplifying the hypervariable regions
(Han et al., 2002). The process of 16s rRNA gene sequencing involves:
extraction of DNA, amplification of the 16S rRNA amplicon using PCR
universal primers, and preparation of a library before sequencing via a

platform such as short-read lllumina sequencing (D’Amore et al., 2016).

Previous studies have successfully used 16S rDNA sequencing to assess the
types of species capable of growth on sulfide minerals. For example, Dopson
& Lindstrom (2004) examined species present in a bioleaching consortium
grown on pyrite, arsenical pyrite and chalcopyrite, while Ma et al. (2018) used
16s rDNA sequencing to compare changes in bioleaching community
dynamics in differently enriched groups. This approach is therefore well

established as a method of identifying species in a bioleaching consortia.

1.8.3.1.2 Genome-resolved Metagenomics

Exploring the genomes of the SC3 consortium can help us to understand the

roles different members of the consortium are playing during bioleaching. In
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order to achieve this, the full genomes of the present members of the
consortium need to be assembled. This can be achieved via genome-

resolved metagenomics.

Genome-resolved metagenomics involves the assembly of species’
individual genomes from the sequencing data of a mixed community. The
major benefit of this technique is that it can be used for the recovery of whole
genomes for species that have not been or cannot be isolated as a pure
culture (Malmstrom and Eloe-Fadrosh, 2019). This could be extremely
important for the study of bioleaching communities, where it may be difficult
to culture isolates due to reliance on inter-species interactions for metabolic
substrates. Additionally, unlike marker-gene studies, which can only provide
insight into the phylogenetic nature of the metagenome, genome-resolved
metagenomics also delivers information about the metabolic capabilities of
the community (Narasingarao et al, 2012), a key tool in establishing
bioleaching community function. The typical procedure followed is outlined in

Fig 1.7, below.
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Figure 1.7 — Overview of the Genome-Resolved Metagenomic Process. DNA is extracted from a heterogenous microbial sample. This DNA is shotgun
sequenced. This sequence data generates short reads which are combined and organised into longer stretches of sequence, known as contigs and
then scaffolds (orientated fragments of gene sequences) (Tyson et al., 2004, Ayling, Clark and Leggett, 2019; Luo et al., 2019). These contigs/scaffolds
then undergo “binning”, where they are categorised into groups of fragments originating from the same genome (Uritskiy and Di Ruggiero, 2019).
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The initial metagenome-assembled genomes were published in 2004
(Tyson et al., 2004), and since then this technology has been used to
establish the structure and diversity of microbial communities from a wide
range of ecosystems, such as microbial mats (Fullerton et al., 2017; Wong
et al., 2018), wastewater bioreactors (Kantor et al., 2015), sugarcane
waste (Cassman et al., 2018), and human and animal microbiomes (Lee
et al., 2017; Stewart et al., 2018; Olm et al., 2019).

1.8.3.2 Metatranscriptomics

While DNA sequencing can be used to identify the species present in a
sample, and even the genes those species possess, it does not tell us how
the community is functioning. For example, it is possible to obtain intact
DNA from inactive cells (Remonsellez et al. 2009). To know which genes
are being actively transcribed and therefore expressed by a particular
species, it is necessary to look to the transcriptome (Milanese et al., 2019).
The metatranscriptome of a community of bacteria provides a snapshot in
time of which genes are being transcribed into RNA and consequently can
provide important information on which genes are up-regulated under
particular circumstances. This can provide key information on how the
community is functioning. Until very recently, little work had been
conducted examining the metatranscriptome of bioleaching communities.
One of the few early instances in the literature focussing on this topic was
Galleguillos et al. (2008) who studied gene expression in a bioleaching
community using random arbitrary primed PCR. More recent studies of
bioleaching community transcriptomes have utilised next generation

sequencing, although these studies are also very scant.

1.8.3.2.1  RNA-seq

The most holistic method available for metatranscriptomic sequencing is
RNA sequencing (RNA-seq). This ultra-high throughput technology is
method of transcriptome sequencing that, unlike earlier methods such as
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random arbitrary primed PCR, provides a complete picture of the
metatranscriptome. RNA-seq analysis generally follows the process

outlined in Figure 1.8.

RNA extraction
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Figure 1.8 — overview of stages in the RNA-seq analysis process. RNA is isolated from
the samples and extracted RNA is then reverse transcribed to cONA and adapters are
added to one or both ends of cDNA fragments. Fragments may be optionally amplified
via PCR, or alternately may be directly sequenced via a high-throughput sequencing
platform such as lllumina or Roche 454. The resulting reads are then processed through
quality control, adapters and low quality reads are trimmed. The output from this can be
aligned either to a known reference genome or de novo assembly can be conducted.
Following this, statistical analysis of the data can allow for the determination of

differential expression between groups.
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A small number of authors have used RNA-seq to explore gene expression
in a bioleaching community. For example, Marin et al. (2017) used RNA-
seq to examine the expression of genes associated with carbon fixation
metabolisms in a bioleaching consortium grown on chalcopyrite. Ma et al.
(2019) researched constructed bioleaching consortia with a focus on
adaptations for resistance to the extreme low-pH environment. However,
to date, there have been extremely few other metatranscriptomic studies
of acidophiles and no RNA-seq studies examining iron and sulfur
metabolism gene expression in naturally occurring bioleaching consortia.
Using RNA-seq to explore the SC3 consortium would therefore not only
offer an opportunity to study the therefore contribute to the scant number
of metatranscriptomic studies of acidophiles. Additionally, RNA-seq offers
an opportunity to study metabolism genes of all SC3 members at once.
This is highly important to this study, as observing gene expression of a
whole community provides a closer analogue to “in practice” bioleaching

processes, compared to collecting data from individual species.

1.9 Aims and Objectives

The aim of the experimental work detailed in this thesis was to add to the
knowledge base regarding sulfide minerals and the processes involved in
their dissolution, specifically copper ores and stibnite. In particular, this
work aimed to identify the presence and expression of sulfur and iron
oxidising genes in a naturally occuring bioleaching consortium during

sulfide mineral breakdown.

The key objectives of this project were as follows:

1. To collect geochemical information about sulfide mineral breakdown
using a naturally occurring bioleaching consortium and compare this to an
abiotic control. This objective is addressed in all results chapters.

2. To identify genes associated with metabolic processes in the
bioleaching consortium with regards to chalcopyrite dissolution, and
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examine whether these genes are expressed after 8 weeks’ growth on this
mineral. This objective is addressed in Chapter 2 of this thesis.

3. To establish whether metabolism genes are differentially expressed
over time during dissolution of an environmental copper sulfide ore
(Phoukassa ore). This objective is addressed in Chapter 3 of this thesis.
4. To produce models of chalcopyrite and Phoukassa ore breakdown
using metatranscriptomic data mapped to geochemical data over time.
This objective is addressed in Chapters 2 and 3 of this thesis.

5. To determine the types and quantities of impurities in different
stibnites from around the world and from different types of ore deposit, as
this knowledge could help further what is known regarding factors affecting
rates of stibnite dissolution in the environment. This objective is addressed

in Chapter 4 of this thesis.
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Chapter 2 - Meta-omic Analyses of Chalcopyrite

Bioleaching with an Acidophilic Consortium of Prokaryotes

2.1 Introduction

2.1.1 General Introduction

Demand for copper steadily increases each year (Kulczycka et al., 2016).
Chalcopyrite (CuFeS) is the primary mineral used for the production of
copper worldwide (Pradhan et al., 2008). At present, the majority of copper
extraction from chalcopyrite is achieved through pyrometallurgy (thermal
ore treatment), a process that is both energy and water intensive
(Bobadilla-Fazzini et al., 2017). The pyrometallurgical process also
contributes to air pollution as a source of particulates and sulfur dioxide
(Serbula et al., 2017; European Environment Agency, 2019). Therefore,
as water scarcity and concerns over environmental pollution grow, meeting
the increasing demand for copper presents a significant challenge. Finding
alternative methods of copper extraction is key to a sustained and

sustainable copper supply.

Bioleaching offers a potential solution and is increasingly being explored
as a low-input, low-emission method of copper extraction (Wang et al.,
2020; Brar et al., 2021). There are, however, significant gaps in our
understanding of the mechanisms involved in the bioleaching of
chalcopyrite. For example, we are yet to identify all the metabolic genes
that catalyse chalcopyrite breakdown by bioleaching organisms, and data
on the expression of these metabolic genes during bioleaching remains
scant. The reason for this lack of data may lie in the significant challenges
associated with isolating acidophiles and cultivating them in vitro (Johnson
and Quatrini, 2020). Consequently, until recently, molecular data on some

bioleaching acidophiles could not be easily obtained.
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Recent advances in whole-community DNA and RNA sequencing
(metagenomics and metatranscriptomics) offer opportunities to resolve
some of these knowledge gaps, by eliminating the need for isolation of
individual species. Instead, during meta-omic sequencing, the genome
and transcriptome of all species in a community can be sequenced
together. This can provide key information on the presence and expression
of relevant metabolic genes during community chalcopyrite bioleaching.
Nonetheless, metagenomic and metatranscriptomic studies of
bioleaching, and indeed acid mine communities themselves, have thus far
been very limited (Quatrini and Johnson, 2018). Indeed, previous
metatranscriptomic studies of chalcopyrite bioleaching have been limited
to studies of microbial adaptations to acidic environments (Ma et al., 2019),
and carbon fixation pathways (Marin et al., 2017). There have been no
previous metatranscriptomics studies of sulfur and iron oxidising genes

during chalcopyrite bioleaching.

In order to address the gaps in knowledge regarding chalcopyrite
bioleaching, the dissolution of this mineral under abiotic and biotic
conditions is examined in this chapter. Gene comparison techniques are
employed to establish which species are present in a naturally occurring
(derived from a mine environment) consortium (SC3, described in Section
1.8.1); and which sulfur and iron metabolism genes these species
possess. Metatranscriptomics is then used to examine whether genes
predicted to be involved in sulfur and iron metabolism are expressed when
the consortium is grown on chalcopyrite. The results of this chapter’'s work

are then applied to create an updated model of chalcopyrite dissolution.

2.1.2 Chalcopyrite

The opaque, rock forming mineral chalcopyrite is the most abundant
copper containing sulfide mineral and holds roughly 70% of global copper
reserves (Panda et al., 2015). Occurring predominantly in hydrothermal
deposits, it is globally distributed, meaning the impacts and potential
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benefits of chalcopyrite breakdown are a global concern (Wenk and
Bulakh, 2005).

Although various pathways of chalcopyrite dissolution have been
proposed, the detailed mechanisms of chalcopyrite dissolution are still
debated. The following sections will outline what is currently known about

chalcopyrite dissolution and bioleaching.

2.1.2.1 Abiotic Chalcopyrite Dissolution

Chalcopyrite is a notably recalcitrant mineral, as a result of its high lattice
energy, semiconductor properties and the purported tendency for the
formation of a passivating layer (Ahmadi et al., 2010; Wang et al., 2012,
2016; Crundwell, 2015; Tanne and Schippers, 2019). Consequently,
abiotic breakdown of chalcopyrite to extract copper is energy intensive,

usually involving the application of high temperatures (pyrometallurgy).

Without heat, abiotic chalcopyrite dissolution in strong acid can proceed
via Eq. 2.1, however the rate of reaction is very slow (Shiers, Collinson and
Watling, 2016).

CuFeS, + Oz + 4H* — Cu?" + Fe?* + 28 + 2H,O (Eq. 2.1)

In sulfuric acid, a non-oxidative process may also contribute to chalcopyrite
leaching (Li et al., 2013):

CuFeS; + 4H* — Cu?* + Fe?* + 2H,S  (Eq. 2.2)

Alternatively, where ferric iron is present as an oxidant, the reaction is

suggested to proceed via (Pradhan et al., 2008):

CuFeS; + 4Fe’* — Cu?* + 2S + 5Fe?* (Eq. 2.3)

There has been some suggestion that these leaching mechanisms may be

common to both biotic and abiotic breakdown (Watling, 2006), with Li and
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Huang (2011) reporting that the redox mechanisms occurring do not
change in microbial presence or absence, but rather that chalcopyrite
oxidation is accelerated in biotic conditions. Abiotic rates are notably
slower because in the absence of microbes, sulfur oxidation stalls at the
elemental sulfur stage, causing pH to increase and dissolution rates to
slow (Schippers and Sand, 1999).

21.2.2 Chalcopyrite Bioleaching

Chalcopyrite bioleaching involves the application of microbes to facilitate
mineral dissolution. Several factors influence the mechanism by which
microbial breakdown occurs, including, notably, the structure of

chalcopyrite (Fig 2.1, below) (Kocaman, Cemek and Edwards, 2016).

Figure 2.1 — Structure of chalcopyrite created in Mercury (Macrae et al., 2020) based on
structural data from Knight, Marshall and Zochowski (2011). Orange atoms represent
Fe; Yellow S; Blue Cu. Blue line shows the ¢ parameter. The structure of chalcopyrite is
very comparable to the parent structure of sphalerite (ZnS) (Deer, Howie and Zussman,

1986), with the exception of the double length ¢ parameter (edge).

64



The chalcopyrite structure allows for initial attack by both protons and ferric
iron, and as a result, microbial chalcopyrite breakdown follows the
polysulfide pathway, as detailed in Section 1.5.1. The following equations
represent overall chalcopyrite breakdown by this mechanism (Schippers
and Sand, 1999):

CuFeS; + Fe® + H* — Cu?" + 0.5H,S,, + Fe?* (Eq. 2.4)

0.5H2S, + Fe3* — 0.125 Sg+Fe?* + H* (Eq. 2.5)

0.125 Sg +1.5 O2 + H20 — SO4% + 2H* (Eq. 2.6)

As demonstrated by the above equations, Fe3* and H* are key oxidants
that initiate and perpetuate chalcopyrite breakdown. Consequently, by
regenerating these oxidants, iron and sulfur oxidising microbes have a
clear role in the bioleaching process. Indeed, the link between iron and
sulfur oxidising microbes and chalcopyrite breakdown is well established,
as highlighted by numerous studies (D’Hugues et al., 2002; Behrad
Vakylabad, 2011; Zhao et al., 2013; Marin et al., 2017).

Previous studies of chalcopyrite bioleaching have also established that
mixed cultures enhance bioleaching efficacy compared to isolated strains
(Akcil, Ciftci and Deveci, 2007; Tao et al., 2021). It is therefore evident that
defining the iron and sulfur oxidation capabilities of the entire microbial
community is key to understanding chalcopyrite bioleaching mechanisms.
Despite this, little attention has been paid to the specific roles played by
each strain during chalcopyrite bioleaching, and to date, there are no gene
expression studies examining how the sulfur and iron metabolism genes
of a microbial community fit together and function during chalcopyrite

bioleaching. The work described in this chapter looks to address this gap.
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2.1.3 Formation of Hypotheses

Based on the information discussed in this introduction, the following

hypotheses were formed and tested in this chapter:

H1 - Chalcopyrite breakdown will be greater in the presence of a typical
bioleaching consortium than in the abiotic samples

H> . Species in the naturally occurring SC3 bioleaching consortium that
possess iron and/or sulfur metabolisms would have additional iron and
sulfur genes previously unknown in their respective species

Hs . Genes predicted to be involved in sulfur and iron metabolism will be

expressed when the consortium is grown on chalcopyrite

To summarise how these hypotheses were reached:

H1 - It has been extensively demonstrated in the literature that chalcopyrite
dissolution is enhanced in the presence of iron and sulfur oxidising
microbes. The SC3 bioleaching consortium studied in this chapter contains
several species that have been demonstrated to oxidise sulfur and/or iron
(Section 1.8.1.3). Therefore, it is theorised that this consortium would
increase total chalcopyrite breakdown. No previous research has been
conducted regarding the bioleaching potential of the SC3 bioleaching
consortium as a whole, so confirming this hypothesis is an essential first

step in resolving chalcopyrite breakdown mechanisms.

H>_Members of the consortium are known to possess the ability to oxidise
sulfur and iron, however, for most of the strains the oxidation mechanisms
have not yet been fully elucidated or the pathway has incomplete steps.
Thus, it is likely that there are as yet unidentified iron and sulfur oxidising

genes within the genomes of the SC3 consortium members.

Hs . As iron and sulfur oxidising genes facilitate chalcopyrite breakdown, it
is expected that these genes will be expressed during bioleaching.
Previous research shows that iron and sulfur oxidising microbes express
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the genes associated with these processes when iron and sulfur are
available (Holmes and Bonnefoy, 2007; Liljeqvist, Rzhepishevska and
Dopson, 2013; Ai et al., 2019; Feng et al., 2020).

Testing these hypotheses will add to the knowledge base regarding sulfur
and iron oxidation genes in bioleaching acidophiles; and will help to
establish how the SC3 consortium functions as a whole, including the

different roles played by consortium members during bioleaching.

2.1.4 Aims and Objectives

As shown in this introduction, sulfur and iron oxidation by microbes is the
driving force behind chalcopyrite bioleaching, offering a sustainable
alternative to traditional copper extraction. However, the iron and sulfur
oxidising genes that drive this process are not fully documented in many
common bioleaching organisms. Additionally, despite the insights gene
expression data could bring to understanding bioleaching mechanisms,
metatranscriptomic studies of bioleaching consortia are extremely limited.
A model of chalcopyrite breakdown by the SC3 bioleaching consortium,
integrating gene expression information with geochemical data, would
provide a clearer picture of how the sulfur and iron oxidation genes of the
different SC3 consortium members fit together to facilitate bioleaching.
Meta-omics data can also be used to look at other genes, such as nitrogen
and carbon fixation. This supporting information can help us to build a

picture of how the community is functioning.

With these points in mind, the aims of the experimental work detailed in
this chapter were to improve the understanding of chalcopyrite breakdown
mechanisms, and to examine the roles played by different members of a
typical bioleaching consortium during biotic dissolution of chalcopyrite. To

achieve these aims, the following objectives were outlined:
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1. To collect geochemical information about chalcopyrite breakdown by a
naturally occurring bioleaching consortium and compare this to an
abiotic control.

2. To identify genes in the bioleaching consortium associated with sulfur
and iron oxidation processes that facilitate chalcopyrite dissolution

3. To examine whether these genes are expressed after 8 weeks’ growth
on chalcopyrite.

4. To examine the expression of additional metabolism genes that may be
relevant to community functioning, including nitrogen and carbon
fixation.

5. To create a model of chalcopyrite dissolution by the SC3 consortium

using genomic and metatranscriptomic data.

2.2 Materials and Methods

2.2.1 Experimental Design

Numerous studies have looked at the geochemistry of chalcopyrite
bioleaching. Similarly, a large number of individual acidophiles have been
examined for their bioleaching potential. What is lacking, to date, is a
comprehensive approach, integrating geochemistry, community genomics
and community transcriptomics to build a multi-dimensional picture of
chalcopyrite breakdown. An experimental plan was designed that would
use this integrated approach to test the hypotheses and meet the outlined
aims and objectives of this chapter. Figure 2.2, below provides a visual

summary of the experimental steps taken.
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In order to carry out this comprehensive chalcopyrite bioleaching study, a
group of relevant microbes needed to be selected. The group selected for
experimental work was a naturally occurring bioleaching consortium, as it
was representative of microbes naturally found at sulfide mineral mining
sites. The species make-up of this group (dubbed SC3, detailed in Section
1.8.1) was already known due to a metagenomic study conducted prior to
this thesis by J. Santini and the Banfield Lab (described in Section 2.2.2).

The SC3 consortium was chosen for this chapter’s experimental work as it
was predominantly comprised of species known to possess the iron and
sulfur metabolisms necessary for bioleaching. The consortium is known to
grow on copper sulfide minerals, due to being derived from a native copper
mine site, where it was already in industrial use as part of a bioleaching
trial. Therefore, studying this consortium offered the opportunity to fulfil the
aim of examining the roles played by a typical consortium during

chalcopyrite bioleaching.

To commence experimental work for this chapter, the mineral used in the
bioleaching study was confirmed as chalcopyrite by both pXRD and a
strong acid dissolution, followed by ICP-OES analysis. This multi-
technique approach to characterising substrates is commonly used in
bioleaching studies (e.g. Olubambi et al., 2007; Martins, Patto and Leé&o,
2019). It was essential to establish this baseline in order to create an

accurate model of mineral dissolution.

Next, the bioleaching study was set up; the SC3 consortium was grown on
chalcopyrite samples in an acidic medium, alongside abiotic controls. The
dissolution of the mineral was tracked over time using ICP-OES, in line
with numerous previous bioleaching studies (Hedrich et al., 2018; Ma et
al., 2019). SEM observations of microbial samples were used to explore
whether microbes were attached to the mineral surface, providing

contextual information on the breakdown process.
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As the genomes had been resolved 2 years prior to the experimental work
described in this chapter, the consortium had been subject to a great
number of subcultures. 16s rDNA sequencing was therefore used to
confirm that the expected species were still present and contamination had
not occurred. Re-establishing which microbes were present in the
consortium was essential to the accurate alignment of RNA-seq data. 16s
rDNA was therefore sequenced at the same time point as RNA-seq. Two
of the strains in the consortium had not been assigned to known species.
Therefore, comparative genomic techniques were used in combination

with the 16s rDNA in an attempt to classify these strains.

Comparative genomic analyses were used to identify key genes in the
genomes of the consortium members. These were genes associated with
sulfur and iron metabolism that can demonstrate the mechanism of
chalcopyrite breakdown in the consortium. Additional genes that may be
relevant to community functioning were also identified (carbon and
nitrogen fixation). These additional genes provide supporting information
that can help us further understand the roles played by the SC3 consortium

members during chalcopyrite dissolution.

Total cell numbers were not necessary to achieve the aims and objectives
of this work. This is in line with the only metatranscriptomic study of
bioleaching carried out prior to the commencement of the work described
in this thesis (Marin et al., 2017). In addition, conducting cell counts would
potentially compromise the primary aim of the research, as to conduct
accurate cell counts using a counting chamber or similar would require
significant dislodgement of cells from the mineral surface. Continued
adhesion and subsequent biofilm formation is key to chalcopyrite
bioleaching efficiency (Rodriguez et al., 2003b; Q. Li et al., 2018).
Repeated removal of cells to monitor cell counts would therefore interrupt
chalcopyrite breakdown processes. Therefore, preliminary growth trials
were instead used to establish a time frame for RNA extraction. Preliminary
growth trials and RNA extractions were carried out under the same
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conditions as this chapter’'s experimental work; these trials showed that
sufficient RNA for sequencing was only obtained beyond 8 weeks, making
t0 RNA extractions impossible. Similarly, in other metatranscriptomics
studies of acidophiles, the first RNA extractions are significantly later than
t0 (Marin et al., 2017; Ma et al., 2019). This is likely attributable to the well-
established challenges involved in nucleic acid extraction from acidophilic
communities (Zammit et al., 2011; Hedrich et al., 2016).

To accomplish the aims of this study, only one time point was required for
RNA-seq. Indeed, metatranscriptomic studies are often used to elucidate
ecological processes by profiling an environment at one moment in time
(Cooper et al., 2014). However, due to the aforementioned difficulties
associated with RNA extraction from acidic environments, two time points
were included to provide a higher chance of sufficient RNA retrieval for
sequencing. Whole community RNA was therefore extracted from the
biotic samples at both 8 and 12 weeks’ growth. Sufficient RNA for

sequencing was only obtained at 8 weeks’ growth.

Due to the cost prohibitive nature of large replicate numbers in RNA
sequencing, replicate numbers in most metatranscriptomics studies are
typically low. Indeed, some high profile acidophile metatranscriptomics
studies have only one sample per condition (L. Chen et al., 2015).
However, three replicates is regarded by the European Bioinformatics
Institute (EMBL-EBI) as the minimum number of RNA-seq samples
required for inferential analyses (Huerta and Burke, 2020). Three
replicates are used in a vast number of metatranscriptomics studies
(Edlund et al., 2018; Wang et al., 2021), including the only two existing
metatranscriptomics chalcopyrite bioleaching papers (Marin et al., 2017;
Ma et al., 2019). Three replicates were therefore created for each time
point of RNA and DNA extraction. A novel bioinformatics pipeline was

developed to process the RNA-seq data.
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Finally, a model of chalcopyrite dissolution was proposed, incorporating
the collected metagenomic and metatranscriptomic data to provide a novel
and comprehensive picture of chalcopyrite bioleaching by a naturally

occurring bioleaching consortium.

The following sections provide further detail on the methods used to

achieve this experimental plan.

2.2.2 Preliminary Metagenomic Study: Resolving the SC3 Consortium

Genomes

This work was carried out prior to the commencement of the rest of the
work described in this thesis. All the work described in this Section (2.2.2.1
only) was conducted by Prof. J. Santini (field and laboratory work) and the
Banfield Lab in UC Berkley, California (genomics). This is the only work

described in this thesis carried out by Prof. Santini and/or the Banfield Lab.

The SC3 consortium was collected by Santini in 2013; samples were taken
from a leaching column (designated short column 3, SC3), operating at
ambient temperature and acidic pH (temperature range 16-26 °C; pH 1.5-
2.1. Santini, unpublished data) at the Skouriotissa copper mine in Cyprus.
The leaching column had previously been established at the site to
improve bioleaching processes, and contained ore and indigenous
microbes. Cu-bearing minerals in the ore comprised chalcopyrite,
chalcocite, bornite and pyrite (Kossoff, Hudson-Edwards and Santini,
unpublished data). Further information on Skouriotissa, including the
overall geology of this site is described in Section 1.8.1.1 and in
Constantinou and Govett (1973); Constantinou, (1975).

Approximately 0.5 g of ore from the bioleaching test column designated
SC3 was used as the initial inoculum for enrichments in a minimal acid

medium (MAM), made up as listed in Table 2.1, below.
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Table 2.1 — MAM, made up to 1 litre in purified deionised water, adjusted to pH 1.5 with

H2S04
Reagent Concentration
(NH4)2SO4 0.4gL"
KH2PO4 0.4gL"
MgS04.7H20 0.4gL"
Trace elements SL8 containing W &| 1ml L™
Se (Atlas, 2004)

Enrichments were incubated at 28°C with no shaking and the samples sub-
cultured using a 5% inoculum. Subculturing occurred every 8 weeks and
involved 0.5ml inoculum being pipetted from the previous culture into a
28ml McCartney bottle containing 0.25g laboratory grade chalcopyrite
(sieved to <60 pm; Alfa Aesar, CAS Number : 1308-56-1) and 10ml of
MAM. After >5 transfers, 3 replicate samples of the SC3 consortium grown
on chalcopyrite or chalcocite in MAM were used for extraction and
sequencing of their DNA. DNA extractions from cultures occurred at 4 and
8 weeks using the PowerSoil DNA isolation kit (MoBio), following the
manufacturer’s instructions. Sequencing was conducted by RTL
Genomics (Lubbock, Texas, USA). Libraries were prepared according to
manufacturer's instructions using the KAPA HyperPrep Library kit (KAPA
Biosystems, Inc., Wilmington MA). The lllumina HiSeq 2500 platform was
used to sequence the metagenome, using the 2x250 Rapid mode
(averaging 24 million reads per sample, maximum 50 million, minimum 10

million). Average coverage was 400 (minimum 190, maximum 740).

The genomes of the SC3 consortium were resolved by the Banfield Lab
using genome-resolved metagenomic techniques (Tyson et al., 2004). The
dereplicated draft genomes and annotations were privately obtained from
ggKbase (http://ggkbase.berkeley.edu/). An overview of the genomes is
shown in Table 2.2, below. Gene annotation included both automatic gene
annotation and manual curation. The genomes are, as yet, unpublished.

The SC3 consortium was established to be made up of 11 bacterial and
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archaeal strains. The bacterial strains are: 5 Acidithiobacilli spp., a strain
of the species Leptospirillum ferrodiazotrophum, and a member of the
order Rhodospirillales. The archaea present in the consortium are: 3
Ferroplasma spp. and an archaeon dubbed “G plasma”, potentially a strain

of the species Cuniculiplasma divulgatum.
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Table 2.2 — SC3 Consortium General Genome Information (data from the GGKbase database)

. Number| Longest GC
. Size . Number
Species Completeness of contig Content
(Mbp) . of Genes
Contigs| (kbp) (%)
Acidithiobacillus
3.07 near complete 146 186.35 3310 58.51
ferrooxidans
Acidithiobacillus
3.49 near complete 782 85.88 4394 57.5
ferrooxidans related
Acidithiobacillus
2.83 near complete 126 232.22 2996 52.83
thiooxidans
Acidithiobacillus
) 2.48 near complete 92 174.45 2560 57.15
ferrivorans
Acidithiobacillus
2.16 near complete 262 52.36 2366 57.29
ferrivorans related
Leptospirillum ferrodiaz- )
2.51 partial 106 150.83 2425 58.99
otrophum
Ferroplasma
. 1.94 near complete 238 55.91 2190 36.36
acidarmanus
Ferroplasma
1.77 near complete 232 50.46 2039 36.61
acidarmanus related
Ferroplasma Type | 1.61 near complete 250 58.53 1876 37.26
Rhodospirillales 3.15 near complete 39 423.88 2997 65.95
G plasma 1.77 near complete 179 259.68 1974 37.26
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Following this study, the SC3 consortium was sub-cultured in MAM onto
chalcopyrite >20 times (i.e. a 5% inoculum pipetted from the previous
culture into fresh medium and mineral). This ensured none of the original
ore was present in the SC3 consortium culture and that the consortium
was adapted to growth on chalcopyrite. These cultures were then used as

the inoculum for this chapter’s bioleaching study (Section 2.2.5).

2.2.3 Powder X-Ray Diffraction

In order to fulfil the aims of this research (to improve the understanding of
chalcopyrite breakdown) the identity of the mineral used in the bioleaching
study needed to be confirmed as chalcopyrite. The phase identity of the
chalcopyrite used was confirmed using powder X-ray diffraction (PXRD)
analysis. X-ray diffraction has been used to establish phase identity of
bioleaching substrates in numerous papers (Rodriguez et al., 2003a;
Fantauzzi et al., 2011; Liu et al., 2015). To conduct this analysis, a sample
of the mineral was ground and sieved to < 200 um. PXRD was carried out
using a Stoe Stadi-P Mo diffractometer (Stoe & Cie GmbH, Darmstadt,
Germany), with operating conditions of 20=2°-40°, 0.5 step, 5 s count time
per step. The resulting diffraction patterns were analysed using
DIFFRAC.SUITE EVA v3.1 (Bruker, Germany), and phase identification
was achieved using the International Centre for Diffraction Data PDF
database (Gates-Rector and Blanton, 2019).

2.2.4 Chalcopyrite Composition Analysis

To assess the bulk composition of the chalcopyrite used in the bioleaching
experiment, 3 samples (10mg) of mineral were dissolved in nitric acid and
concentration of Cu, Fe and S was analysed using ICP-OES at the Wolfson
Laboratory for Environmental Geochemistry, UCL. This analysis
established the baseline quantities of Cu, Fe and S in the mineral substrate
and, in combination with ICP-OES analyses (Section 2.2.7), allowed for

the calculation of the percentage of Cu, Fe and S leached out by the SC3
77



consortium. Bulk composition of bioleaching substrates has been
established using ICP-OES in a number of previous studies (Nguyen et al.,
2015; Huang et al., 2018).

2.2.5 Microbial Growth Conditions

In this section, the growth conditions for samples used in geochemical

testing, 16s rDNA sequencing and RNA-seq are described.

Samples were created by adding 0.75g laboratory grade chalcopyrite
(sieved to <50 ym; Alfa Aesar, CAS Number : 1308-56-1) and 50ml
Minimal Acid Medium (MAM, Table 2.1, Section 2.2.2) to 100ml conical
flasks (Fig 2.3). This substrate to medium ratio is in line with other
chalcopyrite bioleaching studies where the mineral is typically added at
between 1-3% wt/vol (He et al., 2010; Yu et al., 2011; Buetti-Dinh et al.,
2020). A 5% inoculum of the SC3 consortium was transferred to all biotic
samples which were then incubated alongside abiotic controls at 28°C
without shaking for up to 12 weeks. It has been demonstrated that initial
inoculum does not have a significant bearing on overall bioleaching (Wang
et al., 2008), nonetheless, a 5% inoculum was used to keep transfers in
line with the earlier SC3 study conducted by Prof. Santini and the Banfield
Lab, and the protocols of other bioleaching studies (e.g. Donati et al., 1996;
Das and Ghosh, 2018). Sterile conditions were maintained throughout
experimental set-up to ensure contamination with non-target species did
not occur, and to ensure the control samples remained abiotic. Further,
sub-samples (20ul) were examined at 400x magnification under a Leica
DM 2500 LED optical microscope (Leica Microsystems GmbH, Wetzlar,
Germany) at 4 week intervals to confirm the presence or absence of

microbes in biotic and abiotic samples, respectively.
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Figure 2.3 - schematic of chalcopyrite dissolution experiment flasks (100ml flasks).

Images of growth can be seen in Appendix .

The minimal acid medium used in this study is a modified version of 9K
medium (Silverman and Lundgren, 1959), which is the standard medium
for growth of numerous chemoautotrophic acidophiles, including
Acidithiobacillius spp. (Mackintosh, 1978; He et al., 2010). Ferrous sulfate
is usually provided in the 9K liquid medium as a source of electrons. This
was not included in the MAM, to allow the Fe and S from the chalcopyrite
mineral to serve as electron donors instead. A modified 9K has been used
in numerous studies of acidophilic microorganisms (e.g. Zammit et al.,
2011).

2.2.6 Scanning Electron Microscopy

To examine whether microbes were present on mineral surfaces, mineral
samples from 50ml biotic samples cultures at 12 weeks’ growth were
adhered to stubs, freeze dried (Mondulyo freeze-drier, Edwards, UK) and
gold coated using an Agar Sputter Coater (Agar Scientific Ltd., UK), prior
to imaging via scanning electron microscopy (SEM) at Earth Sciences,
UCL. SEM imaging was carried out using a JEOL JSM-6480LV SEM
(JEOL Ltd., Japan).
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2.2.7 Geochemical Analyses of Supernatant

To establish the breakdown of chalcopyrite over time in the biotic and
abiotic samples, ICP-OES and pH testing analyses were employed. At 0,
4, 8 and 12 weeks, supernatant (10ml per sample) was collected from 3
biotic and 3 abiotic samples at 0 time, 4 weeks, 8 weeks, and 12 weeks.
Samples were filtered through 0.22 uym syringe filters and stored at -20°C
prior to ICP-OES analysis. Samples were acidified prior to analysis with
1% HNOs3 (an acidification strength established as suitable for inorganic
analyses (Pappas, 2012). ICP-OES analysis was carried out using a
Varian 720 ICP-OES (Varian Inc., CA, USA). Standards and blanks were
matrix matched to the samples. Percentage of total Cu, Fe and S leached
were calculated by dividing concentrations of Cu, Fe and S in the
supernatant by total values for Cu, Fe and S in the mineral, as established
in Section 2.2.5 and multiplying by 100. The pH values of sample
supernatant were assessed using MilliporeSigma MColorpHast pH

indicator strips (pH 0-2.5, Merck KGaA, Darmstadt, Germany).

2.2.8 Gene Comparison Analyses

2.2.81 Unknown Species — Comparisons to Known Species

Although the genome sequences of each SC3 consortium had been
resolved prior to this research, further analyses of the genomes were
required. In order to establish whether sulfur and iron oxidising genes in
the SC3 consortium strains were novel in their respective species, it was
necessary to first establish whether the consortium’s unidentified strains —

G plasma and Rhodospirillales were representatives of a known species.

As 16s rDNA sequencing had shown the presence of Thermoplasmatales,
and previous studies have shown G plasma to be a representative of this
group, the G plasma gene sequence was compared to previously
sequenced Thermoplasmatales species. The sequence identity of both
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the whole genome and the 16s rRNA gene was compared to sequences
from Cuniculiplasma divulgatum strains S5 (Accession number:
NR_144620.1) and PM4 (Accession number: NZ_LT671858.1). This was
achieved using “BLAST 2 sequences” (Zhang et al., 2000) via BLASTN
(Altschul et al., 1990), on the NCBI website.

16s rDNA sequencing had also shown the presence of a member of the
Acetobacteraeceae family — a family within the Rhodospirillales order.
Therefore, the same method was attempted to establish the similarity
between the genome of the SC3’s Rhodospirillales member and
previously sequenced species in the Acetobacteraeceae family:
Acidisphaera rubrifaciens HS-SP3, (Accession number:
GCA_000964365.1), Acidisphaera sp. L21 (Accession number:
GCA_009765685.1), and Acidisphaera sp. S103 (Accession number:
GCA_009765975.1).

228.2 Identification of Genes of Interest

The objectives laid out for this project included identifying the genes that
facilitate chalcopyrite dissolution and those that help establish how the
community is functioning. To this end, “genes of interest” were identified

within the genomes of the SC3 species.

2.2.8.2.1 Identifying Genes Associated with Sulfur and Iron Metabolism

Firstly, an exhaustive literature review was conducted, which collated an
extensive list of gene sequences associated with sulfur and iron
metabolism. Next, sequence comparisons were made to establish what

iron and sulfur genes were present in each SC3 species.

The sequence comparisons were as follows: protein sequences of genes
associated with sulfur and iron metabolism known from literature were
compared to the genomes using “BLAST 2 sequences” (Zhang et al.,

81



2000) and BLASTP (Altschul et al., 1990). Where the gene had not been
previously annotated by automatic or manual curation of the genome, only
shared sequences with identity values of above 95% and coverage of over
95% were accepted. Where the gene had previously been comparably
automatically annotated via KEGG, UNIPROT or UNIREF on GGKbase,
identity values of over 70% and coverage of over 90% were accepted. With
the exception of sqr in Rhodospirillales (74% identity), all protein
sequences of genes were over 85% identical to the query sequences.
These are stringent values, and represent a more conservative approach
than previous literature, where identity values as low as 30% have been
accepted as homologous (Pearson, 2013; Barco et al., 2015). A maximum
E value of <0.0001 was assigned to ensure a high level of identity across
the length of the gene. The results of this analysis showed that all gene
comparison E values were several orders of magnitude lower than this.
The identified “key genes” were used in downstream RNA-seq data

analyses.

2.2.8.2.2 Identifying Genes Associated with Additional Metabolism

Processes

To provide information about additional metabolism functions that could be
contributing essential inputs to the microbial community, N fixation and C

fixation genes were identified in the SC3 consortium.

Potential nitrogen fixing gene sequences were identified via a literature
search. Protein sequences of nitrogen fixation genes from the literature
were then compared to the SC3 genomes in the same method outlined in
2.2.8.21.

Preliminary work conducted by Dr Tom Osborne identified genes predicted
to be involved in carbon fixation (unpublished data). This is the only work
described in this thesis conducted by Dr Osborne. This work was
confirmed, built upon and expanded by me using BLAST 2 sequences as
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described in 2.2.8.2.1 above. These genes, alongside the N fixation genes

identified above, were used in downstream RNA-seq data analyses.

2.2.9 16s rDNA Sequencing

As the genome assemblies had been conducted a number of years prior
to the experimental work described in this chapter, it was necessary to re-
establish the species make-up of the SC3 consortium. To this end, 16s
rDNA sequencing was used, ensuring expected species were present and
contamination with unexpected strains had not occurred. This process
consisted of extracting DNA at 8 weeks’ growth, sequencing and

bioinformatic data processing (described in Sections 2.2.9.1-2, below).

2291 DNA Isolation for 16s rDNA sequencing

For the 16S rDNA sequencing, DNA was extracted from 3 samples at 8
weeks’ growth using a MoBio PowerSoil DNA isolation kit (MoBio
Laboratories, CA, USA). This kit was selected as it has been demonstrated
to recover high quality community DNA from a wide range of growth
substrates (Mahmoudi, Slater and Fulthorpe, 2011; Wu et al., 2011; Evans,
Lépez-Legentil and Erwin, 2018; Shaffer et al., 2022). Use of this kit is
regarded as the standardised protocol of community DNA extraction for
major microbiome projects, such as the Earth Microbiome Project (Marotz
et al., 2018). Prior to extraction samples were examined at 400x
magnification under a Leica DM 2500 LED optical microscope (Leica
Microsystems GmbH, Wetzlar, Germany). Entire cultures (50ml) were
centrifuged for 20 mins at 30,910 x g in a Beckman coulter Avanti J-26
centrifuge (JA 25.50 rotor, Beckman Coulter Inc., CA, USA) at 4°C before
the supernatant was removed. Liquid from PowerBead tubes was removed
and used to resuspend the microbial pellet before being reapplied to the
tubes. Following this, MoBio PowerSoil DNA isolation kit was used in
accordance with the manufacturer's instructions, with the following

modification: elution was carried out with 50 pl not 100 ul of the sterile
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elution buffer. DNA quantities were assessed using a NanoDrop 2000
spectrophotometer (Thermo Scientific, UK). Samples were then

immediately transferred to a -80°C freezer for storage prior to sequencing.

2292 16s rDNA Sequencing and Data Analysis of Obtained

Sequences

The three DNA samples isolated at week 8 were sequenced by RTL
Genomics (Lubbock, Texas, USA) via paired-end lllumina MiSeq (Min
reads per sample: 10,216, Max: 13,885, Median: 11,234). The V4 region

of the 16s rRNA gene was targeted using the primers:

Forward 515F GTGCCAGCMGCCGCGGTAA
Reverse 806R GGACTACHVGGGTWTCTAAT

A number of bioinformatic pipelines have been developed by which 16s
rDNA sequence data can be analysed, such as Mothur (Schloss et al.,
2009), UPARSE (Edgar, 2013) and QIIME (1 and 2) (Caporaso et al.,
2010; Bolyen et al., 2018), of which, the QIIME packages are the most
frequently recommended by comparison papers (Nilakanta et al., 2014;
Almeida et al., 2018; Straub et al., 2019).

The data received from RTL Genomics had been formatted as FASTA files
to be used by QIIME 1. Consequently, it was not possible to use QIIME2
for the initial steps in data processing, where files are required to be in the
FASTQ format. A combination of the QIIME (Caporaso et al., 2010) and
QIIMEZ2 (Bolyen et al., 2019) platforms were therefore employed to analyse
the 16s rDNA data.

Firstly, raw 16s rDNA sequencing data was demultiplexed into sample-
specific libraries using the QIIME split_libraries.py command, with a
mapping file containing sample barcodes and primers. During this step,
sequences shorter than 200 bp and with a quality score below 25 were
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removed. At the recommendation of RTL Genomics, maximum
homopolymer length was set at 1000 and primers were ignored. The
output of this script was imported as an “artifact” into QIIME2, and
thereafter, the vsearch dereplicate-sequences (Rognes et al., 2016) and
feature-table functions were used to dereplicate the sequence data and
create a feature table. Closed reference clustering into OTUs with 97%
identity was conducted using the Silva 132 97% OTUs reference database
(Quast, 2013). Taxonomy was assigned using a Naive Bayes pre-trained
classifier trained on Silva 132 99% OTUs (Pedregosa et al., 2011; Bokulich
et al., 2018).

2.2.10 Whole-Community RNA-seq of the SC3 Consortium during
Chalcopyrite Bioleaching

In order to meet the objective of analysing whether, and which, genes
relevant to bioleaching are expressed during chalcopyrite bioleaching,
RNA sequencing of the SC3 consortium grown on chalcopyrite was carried
out. This process consisted of extracting and sequencing whole-
community RNA, and bioinformatic processing of the sequence data , as
described in Sections 2.2.10.1-2, below.

2.2.10.1 RNA Isolation of the SC3 Consortium during Chalcopyrite
Bioleaching for RNA-seq

RNA was extracted using an adapted protocol for the MoBio
PowerMicrobiome RNA isolation kit (MoBio Laboratories, CA, USA). This
kit was selected as it offers a robust method of whole-community RNA-
extraction that has been successfully used for retrieving RNA from a
number of environments (De Filippis et al., 2016; Delforno et al., 2019;
Ogunade, Pech-Cervantes and Schweickart, 2019; Ayala-Mufioz et al.,
2020). It has been shown to retrieve high RNA yields and purity for

metatranscriptomic studies (Reck et al., 2015).
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Briefly, prior to extraction samples were examined at 400x magnification
under a Leica DM 2500 LED optical microscope (Leica Microsystems
GmbH, Wetzlar, Germany). Entire cultures (50ml) were then centrifuged
for 20 mins at 30,910 x g at 4°C before the supernatant was poured off.
RNA from the microbial pellet was then extracted using the MoBio
PowerMicrobiome RNA isolation kit according to the manufacturer’s
instructions, with the following modification: elution was using 50ul rather
that 100 pl of sterile elution buffer. Samples were kept on ice while RNA
quantities were assessed using a NanoDrop 2000 spectrophotometer.
Samples were then immediately transferred to a -80°C freezer for storage
prior to sequencing. Although RNA was extracted at weeks 8 and 12,
NanoDrop analyses showed insufficient RNA was extracted from week 12
samples for the intended sequencing. Consequently, only 3 week 8

samples were sent for sequencing.

2.2.10.2 RNA Sequencing and Data Analysis

Ribosomal RNA was depleted, libraries were prepared and sequencing
was conducted by RTL Genomics (Lubbock, Texas, USA). The lllumina
NextSeq 550 platform was used to conduct 150bp, non-stranded, paired-
end RNA-seq analysis (averaging 33 million reads per sample, maximum

46 million, minimum 20 million).

A dedicated workflow was created to analyse the metatranscriptomics
data, incorporating a number of bioinformatic tools. The RNA-seq data
analysis pipeline was initiated with the creation of a reference
metatranscriptome, to which the RNA-seq data could be pseudo-aligned.
The reference metatranscriptome was created by first concatenating all
genomes from the SC3 consortium into a single reference. Next, this
metagenome was run through Prodigal v2.6.3 (Hyatt et al., 2010) to predict
gene sequences, thus creating the reference metatranscriptome
(MetaRef). A similar method was used by Stolze et al., (2018) who
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combined four previously established metagenome “bins” to create a

reference metatranscriptome.

The quality of the sequenced metatranscriptomic data was checked using
FastQC v0.11.7 (Andrews, 2010). Low quality reads and adapters were
trimmed using CutAdapt v1.18 (Martin, 2011). Kallisto v0.44.0 (Bray et al.,
2016) was then used to extract estimated read counts from the trimmed
reads using the MetaRef as a reference. Genes were considered
expressed if counts aligned to that sequence were >5. Gene counts below
this threshold were removed, as low gene expression is indistinguishable
from noise. Read counts were normalised by sample using Deseq2 (Love,
Huber and Anders, 2014). The expression level of gene sequences of
interest (identified via BLAST in Section 2.2.8.2) were then established in
R studio.

2.2.11 Graphics and Statistical Analysis

To ensure appropriate statistical tests were employed, datasets (pH, ICP-
OES) were tested for normality first visually, via Q-Q plots and kernel
density plot histograms, then using Shapiro-Wilk tests, and were found not
to be normally distributed (Appendix Il). Consequently, non-parametric
statistical tests were employed to determine the significance of results.
Linear mixed effects models for differences in elements between biotic and
abiotic accounting for the effect of time point, Kruskal-Wallis analysis of
variance testing and Mann-Whitney U testing were used to establish

differences between treatments (Appendix Il).

Statistical analyses, bioinformatic work and production of figures showing
data were carried out in R version 3.4.3 (R Core Team, 2017), using R
studio version 1.1.423 (RStudio Team, 2016), with packages: “ggplot2”
(Wickham, 2016), “ggpubr’ (Kassambara, 2018), “forcats” (Wickham,
2019), “dplyr’ (Wickham et al., 2019), “tximport” (Soneson, Love and
Robinson, 2016), “readr” (Wickham, Hester and Francois, 2018),
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“devtools” (Wickham, Hester and Chang, 2019), “ggbiplot” (Vincent Q Vu,
2011), “gridExtra” (Auguie and Antonov, 2017). Diagrams illustrating
experiment schematics, metabolic pathways and biogeochemical cycles

were produced using Inkscape (Inkscape, 2019).

2.3 Results

2.3.1 Growth Substrate Mineral Composition Analyses

In order to meet the research aim of improving the knowledge base
surrounding microbial chalcopyrite breakdown, it was essential to confirm
that the identity of mineral used in this chapter’'s experimental work was
indeed chalcopyrite. The mineral was verified using pXRD and ICP-OES

analyses.

Chalcopyrite was established by pXRD to be the major phase within the
sample (Fig 2.4, below).
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Figure 2.4 pXRD pattern for the laboratory grade chalcopyrite used in growth experiments. PXRD produces peaks which are characteristic of

specific minerals. Red lines indicate peaks corresponding to chalcopyrite, blue lines indicate peaks corresponding to quartz

89



Total mineral dissolution in acid followed by ICP-OES corroborated the pXRD
analysis. The overall composition of the mineral was revealed to be 33.8% Cu,
31.1% Fe, 32.5% S, (+ standard deviations of 6.0, 5.4 and 5.19 respectively, Fig.
3.5). This result is in line with reported values for chalcopyrite (Lundstrom et al.,
2005).
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Figure 2.5 - Mean element concentrations (ppm) of the chalcopyrite examined in this chapter,

dissolved in nitric acid, as measured by ICP-OES (n=3), error bars show standard error

The strong agreement of the pXRD and ICP-OES results confirmed that the
mineral used in this chapter was high grade chalcopyrite. Additionally, this
information established the baseline (pre-leaching) quantities of Cu, Fe and S in

the mineral.
2.3.2 Scanning Electron Microscopy
Inspection under an optical microscope at 4 week intervals had confirmed that

microbes were present in biotic samples and absent in abiotic samples. To

explore whether there was microbial attachment to the mineral surface, biotic
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samples were then examined using scanning electron microscopy (SEM) at 12

weeks’ growth.

SEM images of the chalcopyrite are shown in Fig. 2.6A-C. These images confirm
the chalcopyrite was colonised by microbes, and show multiple morphologies
suggesting more than one species is present. Fig 2.6A shows a substance
comparable to biofilms seen in sulfide mineral bioleaching and attachment
studies (Q. Li et al., 2018; Nascimento et al., 2019).
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Figure 2.6 SEM images of SC3 consortium at 12 weeks’ growth on chalcopyrite
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2.3.3 Dissolution of Chalcopyrite in Biotic and Abiotic Conditions

To establish whether chalcopyrite breakdown is greater in the presence of a
microbial consortium, the overall extent of mineral breakdown was established
using ICP-OES. Quantities of Cu, Fe and S were measured at 0 time, 4, 8 and 12
weeks. Significant differences in quantities of Cu, Fe, and S present in
supernatant were observed between biotic and abiotic conditions after 4, 8 and

12 weeks’ growth (Fig 2.7 and Appendix IlI; linear mixed effects model, p<0.01).
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Figure 2.7 - mean supernatant ICP-OES results showing percentage of total A) iron, B) copper, and C) sulfur leached from chalcopyrite under biotic

and abiotic conditions over 12 weeks (n=3). Error bars show the standard error of the mean.
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At week 12, the mean leached percentages of Fe, S and Cu for the biotic samples
are 33.8% (x st. dev. 7.5), 50.7% (x13.1) and 55.7% (+14.6) of the total,
respectively. In comparison, in the abiotic samples at the same time point, a mean
6.1%(x1.9) Fe, 13.7%(x 3.7) and 6.7%(£2.21) of the total element was leached

from the mineral.

As protons can be both produced and consumed during mineral dissolution, the
pH of samples over time was measured as an additional indicator of sulfide
mineral breakdown. Both abiotic and biotic samples showed increases in pH over
time (Fig. 2.8), suggesting protons were being consumed in all samples.
However, over time biotic samples showed a greater pH increase than the abiotic
samples, with a mean 0.44 and 0.37 unit difference between the two conditions
at week 8 and 12, respectively. This increase in pH could be indicative of
increased iron oxidation in biotic samples, as this process consumes protons
(Smith, Luthy and Middleton, 1988).
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Figure 2.8 - mean pH values over time for biotic and abiotic CuFeS2 samples. Error bars show

standard error.
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2.3.4 Establishing the Species of the SC3 Consortium Present during
Chalcopyrite Bioleaching

In order to establish what roles are played by different consortium members
during bioleaching, it was necessary to first verify the identity of the microbes
present in the biotic samples. As detailed in Section 2.2.2, previous analyses had
resolved 11 genomes from the SC3 consortium. To ensure the same strains were
present and active during this chapter’s experimental work, a combination of 16s

rDNA sequencing and total RNA-seq transcript alignment was employed.
The results of 16s rDNA sequencing showed that all the families present in the

SC3 consortium after 8 weeks’ growth on chalcopyrite were in line with the

species previously established via genome-resolved metagenomics (Fig 2.9).
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Figure 2.9 - Relative frequencies of microbial families in the SC3 consortium at 8 weeks’ growth
on chalcopyrite determined by 16s rRNA gene sequencing. Brackets show SC3 species that are

within that family.
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Total gene expression data was in broad agreement with these findings, with
transcriptional data aligning to all expected species (Fig 2.10). This finding not
only corroborates the presence of all expected species in the consortium, but also
demonstrates that these taxa were actively transcribing genes when grown on

chalcopyrite (i.e. all species were shown to be alive).

Total alignment of RNA-seq data can also function as a proxy for relative species
abundance (Davids et al., 2016; Marcelino et al., 2019). It is notable, therefore,
that Rhodospirillales is abundant in the RNA-seq data, whereas it was only found
in one sample of the 16s rDNA data.
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Figure 2.10 — violin plot of metatranscriptome RNA-seq counts per species. Wider lines indicate
a greater number of genes expressed at that level, consequently wider lines at higher

expression levels show a high level of reads aligned to this species’ genome.

2.3.5 Genome Comparison of Unclassified SC3 Members to Known Genomes of

Related Strains

To gain an understanding of the iron and sulfur oxidising metabolisms present

within the SC3 consortium, it was important to first ascertain the identity of the
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microbes. Although the previously described metagenomic work resolved the
genome sequences of all the SC3 consortium members, two of the eleven strains
within the SC3 consortium had not been assigned to known species. Instead, one
of these strains had been solely labelled as potentially being a member of the
Rhodospirillales order, and the other strain was dubbed as “G plasma” — an
archaeal group known from culture-independent studies of the acidic environment
at Iron Mountain and acidic cave sites (Bond, Druschel and Banfield, 2000; Jones,
Schaperdoth and Macalady, 2014). In an attempt to identify their species, the
genomes of these strains — G plasma and the Rhodospirillales strain - were

compared to genomes available on the NCBI database.

Using Blast comparison of their protein sequences, it was established that the
SC3 G plasma strain was highly similar to the two strains of Cuniculiplasma
divulgatum available on the NCBI database, across the entire length of the
genome. An extremely high percentage of sequence identity was observed for
the 16s rRNA genes (>99.9%, Table 2.3). It is therefore probable that the SC3 G

plasma constitutes a strain of C. divulgatum.

Table 2.3 — Blast results of G plasma genome against available genomes of Cuniculiplasma

divulgatum
Strain Estimated Median Percentage
genome size| percentage sequence
(bp) sequence identity
identity (whole| (16s rRNA
genome) gene)
SC3 G plasma 1,770,000
Cuniculiplasma 1,938,699 98.77% 99.93%
divulgatum strain S5
Cuniculiplasma 1,878,916 98.75% 99.93%
divulgatum strain PM4

As the only Rhodospirillales family to appear in the results of the 16s rDNA

analyses was the Acetobacteraeceae, it was concluded that the Rhodospirillales
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strain in the SC3 consortium was likely a member of this family. This was in
agreement with earlier conclusions by the Banfield group that this consortium
member was potentially an Acidisphaera relative (Banfield, unpublished data).
However, no significant similarities were found between the SC3 Rhodospirillales
genome and any of the known Acidisphaera genomes available on NCBI.

Therefore, it is possible that this genome represents a novel strain.

2.3.6 Identification of Genes of Interest within the SC3 Consortium Genomes

In Section 2.3.3, it was established that the presence of the SC3 consortium
enhanced the breakdown of chalcopyrite. To understand more about how the SC3
consortium facilitates bioleaching, and consequently meet the research objectives
of this work, genes of interest needed to be identified. Genes of interest were
categorised as those associated with iron and sulfur oxidation, or those relevant to

community functioning.

2.3.6.1 Genes Associated with Iron and Sulfur Metabolism

Iron and sulfur metabolism genes present within the SC3 consortium’s genomes
were identified using the Protein Blast bioinformatics tool. Figure 2.11, below,
shows which putative sulfur metabolism genes were found to be present in the SC3
consortium and highlights the presence of novel genes. Further information,

including Blast scores and references can be found in Appendix IV.
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Figure 2.11 — Tile graph of proteins implicated in sulfur metabolism and associated electron
transport chains, with colours indicating whether genes were found in species in the SC3
consortium, and whether they were previously known in this species. Asterisks indicate genes
only confirmed by Protein Blast. aps: adenylylsulfate kinase paps: phosphoadenosine
phosphosulfate reductase, psr: polysulfide reductase, sqr: sulfide-quinone reductase, fccb:

flavocytochrome c sulfide dehydrogenase, sor: sulfur oxygenase reductase, sdo: sulfur
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dioxygenase, hdr: heterodisulfide reductase, sat: sulfate adenylyltransferase, teth: tetrathionate
hydrolase, tqo: thiosulfate-quinone oxidoreductase, tsd: thiosulfate dehydrogenase, sox: sulfur

oxidation pathway

Of the sulfur oxidation genes known from the literature, only two genes were not
present at all in the consortium - PAPS and APS. Notably, genes for the reduction
of polysulfide, which is a key step in the dissolution of chalcopyrite were also found.
These psr genes, were identified here for the first time in At. ferrooxidans. G
plasma was found to possess an elemental sulfur oxidising hdr homologue, which
was previously unknown in the literature. Comparably, the SC3 Rhodospirillales
was found to possess homologues of sqr, tqo and the sulfur transferase tusA, all
of which are unknown in Acidisphaera spp. At. thiooxidans had the most complete
sox cluster in the consortium possessing soxABXYZ, while At. ferrivorans and its
related strain had only soxBYZ. Some species were found to possess multiple
copies of some genes. The At. ferrooxidans and related strain genomes included
two sqr, and both tsd1 and tsd2 and five or six copies of the rhodanese transferase,
respectively. At. thiooxidans contained four copies of sqr as previously reported for

this species (Travisany et al., 2014).
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Figure 2.12 — Tile graph of proteins implicated in iron metabolism and associated electron
transport chains, with colours indicating whether genes were found in species in the SC3
consortium. Asterisks indicate genes only confirmed by Blast. rus: rusticyanin, soxE: sulfocyanin,

iro: high potential iron-sulfur protein, cytsz2: cytochrome 572.
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Of the eleven species within the SC3 consortium, eight were found to possess
genes for iron oxidation activity (Fig 2.12). This is in line with the species known to
have confirmed iron metabolisms (Kelly and Wood, 2000; Dopson et al., 2004).
Genomes of G plasma, Rhodospirillales, and At. thiooxidans contained no iron
oxidation genes, in line with what has previously been established for these
species (Jones, Schaperdoth and Macalady, 2014; Golyshina et al., 2016b).
Notably, the L. ferrodiazotrophum genome was shown to include Cytochromeszg,
thought to be involved in the electron transport chain during iron oxidation, the
presence of which in the species had previously been the subject of debate
(Levican et al., 2012).

2.3.6.2 Genes Associated with Nitrogen Fixation

Genes providing auxiliary information that could indicate how the consortium is
functioning as a community were identified in the SC3 consortium’s genomes.

These included nitrogen fixation genes.

The nitrogen fixation related nif gene cluster (nifHDKENX) has previously been
established in L. ferrodiazotrophum, At. ferrooxidans, and At. ferrivorans
(Pretorius, Rawlings and Woods, 1986; Tyson et al., 2005; Valdés et al., 2008;
Hallberg, Gonzalez-Toril and Johnson, 2010). Genes from the cluster were found
to be present in the genomes of these strains in the SC3 consortium (BLAST
comparison scores can be found in Appendix 1V). The complete cluster was found
to be present in L. ferrodiazotrophum, At. ferrooxidans and the At. ferrooxidans
related strain. In the At. ferrivorans and the At. ferrivorans related strain, the
complete nif cluster was present, with the exception of the ferredoxins (fer1,2), of

which, both are missing in the former, and fer2 is absent in the latter genome.

2.3.7 RNA-seq Investigation of Gene Expression during SC3 Growth on
Chalcopyrite

A metatranscriptomic study was conducted to examine the functional roles of SC3
consortium members during chalcopyrite bioleaching. RNA-seq was used to
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capture which SC3 consortium genes were expressed after 8 weeks’ growth.
Genes were considered expressed if the number of transcript counts aligned to

them was greater than 5.

2.3.71 RISC Metabolism Associated Gene Expression

The RNA transcript counts for RISC oxidation associated genes are presented
below for bacteria and archaea in SC3 consortium (Fig 2.13). All species except
At. thiooxidans were found to be expressing at least one gene associated with
RISC oxidation, and at least one species was expressing every RISC gene
identified in Section 2.3.7.1.

The sulfide oxidising sqr genes - present in all consortium members - were found
to be expressed in 7 out of the 11 species, including both bacteria and archaea.
Similarly, the sulfur oxidation gene, hdr, present in 9 species, was expressed by 6
consortium members. This gene was expressed by all archaea species, excluding

G plasma, where expression below the threshold was found in one sample only.

The genes coding for an alternative elemental sulfur oxidation pathway of SOR
were expressed by both F. acidarmanus strains. At. ferrooxidans was found to be
expressing all sulfur metabolism genes and associated electron transport chains
found in its genome, including all subunits of bd and bosz oxidases, two copies of
tsd, sqr and four copies of rhd. With the exception of the Petll operon, and bd
oxidase subunit Il, the At. ferrooxidans related strain possesses all the RISC genes
found in the confirmed strain of this species. However, notably fewer sulfur
oxidation genes were expressed in the related strain, with only bd oxidase subunit
| showing expression above the threshold. Sox genes were solely expressed in the

At. ferrivorans related strain, where only soxBYZ is present.
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Figure 2.13 — Expression of known sulfur metabolism and associated electron transport chain genes in bacteria and archaea within the SC3

consortium, grown on chalcopyrite for 8 weeks. Normalisation was performed with Deseq2. PSR: polysulfide reductase, SQR: sulfide-quinone

reductase, FCCB: Flavocytochrome c sulfide dehydrogenase, SOR: sulfur oxygenase reductase, SDO: sulfur dioxygenase, HDR: heterodisulfide

reductase, SAT: sulfate adenylyltransferase, TetH: tetrathionate hydrolase, TQO: thiosulfate-quinone oxidoreductase, TSD: thiosulfate

dehydrogenase, SOX: sulfur oxidation pathway.
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2.3.7.2 Iron Metabolism Associated Gene Expression

The transcript counts for iron oxidation associated genes are presented in Fig 2.14.
Similar to findings for RISC oxidation genes, At. ferrooxidans was found to express
all identified genes associated with its iron oxidation pathway. In contrast, the At.
ferrooxidans related strain did not express the rusticyanin responsible for the direct
oxidation of iron, nor any of the associated genes for this pathway. Sulfocyanins
were expressed in all Ferroplasma spp., while the HIPIP encoded by iro - thought
to be involved in an alternative iron oxidation pathway in this species - was

expressed in At. ferrivorans related but not the confirmed strain.
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Figure 2.14 — Expression of putative iron oxidation genes and associated electron transport chain in the SC3 consortium, grown on chalcopyrite for 8
weeks. Normalisation was conducted with Deseq2.

RUS: rusticyanin, SoxE: Sulfocyanin, IRO: high potential iron-sulfur protein, Cytsz2: Cytochrome 572.
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2.3.7.3 Expression of Genes Associated with Additional Metabolism

Processes

2.3.7.3.1 Nitrogen Fixation Associated Gene Expression

In order to provide further insight into the functioning of the SC3 consortium
during chalcopyrite dissolution, the expression of additional metabolism
genes were also explored. The full gene cluster bar nifX was expressed in
SC3’s L. ferrodiazotrophum. In At. ferrooxidans, part of the nif gene cluster
present in its genome (nifDEKN) was found to be expressed (Fig 2.15).
However, no expression was found for any of the gene cluster in the At.
ferrooxidans related species. Similarly, no expression was found for any of
the nif cluster present in the At. ferrivorans’ genome, nor in that of its related

strain.
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Figure 2.15 - Expression of genes in the nitrogen-fixation associated nif gene clusters of At.
ferrooxidans and L. ferrodiazotrophum at 8 weeks growth on chalcopyrite. Normalisation

was conducted with Deseq2.

2.3.7.3.2 Carbon Metabolism Associated Gene Expression

In earlier work conducted by Dr. T. Osborne, genes for carbon fixation were
identified (unpublished data), and expression of these genes was explored in
the present work. Genes for the Calvin Cycle CO: fixing enzyme, ribulose-
1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39, Rubisco) were found
in all Acidithiobacilli as well as Rhodospirillales, but expression of these
genes was only found for At. ferrooxidans, At. ferrivorans and their related
strains (Fig. 2.16). Genes associated with the chimaeric COz fixation pathway

(Cardenas et al., 2009), which partially consists of proteins from Ljungdahl—
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Wood pathway and some steps associated with the serine cycle, were

expressed by all Ferroplasma spp. in the consortium.
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Figure 2.16 - Expression of genes associated with carbon fixation in SC3 consortium at 8

weeks’ growth on chalcopyrite

2.3.8 Model of Chalcopyrite Dissolution by SC3 Consortium

The results given in Sections 2.3.1-2.3.7 established that chalcopyrite
breakdown was greater in the presence of the typical bioleaching consortium
dubbed “SC3”. The strains present in the SC3 bioleaching consortium were
identified, and the expression of genes associated with iron and sulfur
metabolism within the consortium was analysed. These results were linked
together to create an integrated model of chalcopyrite dissolution by the SC3

consortium (Figure 2.17).
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Figure 2.17 — Model of the proposed mechanism of chalcopyrite dissolution by the SC3
consortium. Patterns indicate whether the gene was found in the SC3 consortium, pale green
indicates expression at 8 weeks’ growth, orange indicates no expression found. PSR:
polysulfide reductase, SQR: sulfide-quinone reductase, FCC: Flavocytochrome c sulfide
dehydrogenase, SOR: sulfur oxygenase reductase, SDQO: sulfur dioxygenase, HDR:
heterodisulfide reductase, SAT: sulfate adenylyltransferase, TetH: tetrathionate hydrolase,
TQO: thiosulfate-quinone oxidoreductase, TSD: thiosulfate dehydrogenase, SOX: sulfur
oxidation pathway, RUS: rusticyanin, SoxE: Sulfocyanin, IRO: high potential iron-sulfur
protein, Cytsz2: Cytochrome 572.
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As chalcopyrite dissolution follows the polysulfide pathway, breakdown in
acid conditions is initiated by proton attack, facilitating the release of sulfur
and ferrous iron by cleaving metals away from the sulfur moiety. Copper,
which exists as Cu* within chalcopyrite is readily oxidised to Cu?* when
exposed to ferric iron in acidic aqueous conditions (Kimball, Rimstidt and
Brantley, 2010). Iron is then oxidised to ferric iron by At. ferrooxidans, the At.
ferrivorans related strain, Ferroplasma spp. and L. ferrodiazotrophum. As
ferric iron is present, the released sulfur is in the form of a sulfide ion, which
spontaneously dimerises to hydrogen disulfide (H2S>). Ferric iron can oxidise
this hydrogen disulfide via intermediate polysulfides to elemental sulfur, or
this conversion may occur enzymatically. Where this step is microbially
mediated, it occurs in a stepwise manner. The At. ferrooxidans PSR catalyses
the first step to hydrogen sulfide, which is then oxidised to elemental sulfur
via the SQR expressed by seven members of the consortium (and possessed
by all SC3 members), or the FCC expressed by the F. acidarmanus related
strain. From this stage, elemental sulfur may continue along the pathway of
sequential oxidation and be converted to glutathionate persulfide (GSSH)
then oxidised to sulfite by HDR, as expressed by six SC3 members, At
ferrooxidans’ SDO and the SOR expressed by F. acidarmanus and its related
species. Alternatively, elemental sulfur may be converted to thiosulfate
abiotically or by SOR (Ghosh and Dam, 2009). Thiosulfate is oxidised to
tetrathionate via TQO (At. ferrooxidans and Rhodospirillales) and TSD (At.
ferrooxidans). TETH can disproportionate tetrathionate to thiosulfate,
elemental sulfur and sulfate. Thiosulfate may also chemically decompose to
tetrathionate, sulfur or sulfite (Mizoguchi, Takei and Okabe, 1976). It is
unclear whether SOX is playing a role in the SC3 consortium, as the only
SOX genes expressed were soxBYZ in the At. ferrivorans related strain. It
has previously been concluded that due to the incomplete sox cluster, TQO
is the most likely pathway for oxidation in At. ferrivorans (Christel, Fridlund,
Watkin, et al., 2016). The mechanism of sulfite oxidation remains elusive,
however the subsequent stage of APS oxidation to sulfate may be facilitated
by At. ferrooxidans’ SAT. Finally, as sulfate forms sulfuric acid when
dissolved in water, protons are regenerated to serve as an oxidant by which
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chalcopyrite is further broken down, aided by the ferric iron regenerated by

the iron oxidising members of the consortium.

2.3.9 Results Summary

This chapter’s experimental work improved the understanding of chalcopyrite

breakdown by the naturally occurring SC3 consortium:

e Geochemical information confirmed that the overall breakdown of
chalcopyrite was significantly greater in the biotic versus abiotic samples,
indicating that the SC3 consortium has the capacity for use in copper
bioleaching.

e The presence of genes that facilitate bioleaching (sulfur and iron oxidation)
was shown in every consortium member, highlighting the potential of all
consortium members for direct contribution to the bioleaching process.

¢ A model was created using metatranscriptomics data to show the overall
metabolic pathways of sulfur and iron oxidation, demonstrating the

bioleaching capacity of the consortium.

2.4 Discussion

241 The Bioleaching Potential of the SC3 Consortium

This study is the first to evaluate the bioleaching potential of the SC3
consortium. Geochemical analyses quantified the SC3 consortium’s effect on
chalcopyrite breakdown, compared to abiotic controls. Significant differences
between biotic and abiotic samples were seen in the ICP-OES data,
suggesting the SC3 consortium enhanced chalcopyrite breakdown. This is
consistent with innumerate previous studies of acidophiles, especially mixed
cultures, and their effect on chalcopyrite breakdown through the provision of
oxidants (Qiu et al., 2005b; Qiu, Xiong and Zhang, 2006; Akcil, Ciftci and
Deveci, 2007; Zhang et al., 2008; Ma et al., 2017).
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Contrary to some previous studies (Ma et al., 2019), pH increased in both the
biotic and abiotic samples over time. Although sulfide mineral dissolution is
facilitated by the protons supplied by sulfur oxidation, this process does not
continue uninhibited in bioleaching systems. In reality, the sulfide mineral
dissolution process is a balance between acid-producing and acid-consuming
reactions (Plumb, Muddle and Franzmann, 2008). In the case of chalcopyrite,
an acid-soluble mineral, protons are consumed during its initial breakdown
(Vilcaez and Inoue, 2009). Further, additional protons are consumed during
iron oxidation (Eq. 2.7, Smith, Luthy and Middleton, 1988; Ojumu et al., 2006),

a process that is accelerated in the presence of iron oxidising microbes.

4 Fe?* + 4 H* + O, — 4 Fe® + 2 H,0 (Eq.2.7)

Greater pH increases were seen in biotic compared to abiotic samples, where
the ICP-OES results indicated greater dissolution was also occurring.
Therefore, the pH increase seen is indicative of processes associated with
mineral breakdown, as opposed to barriers to breakdown. This finding is
consistent with previous studies (e.g. He et al., 2012). Indeed, at all times,
the pH remained <3, the point at which proton concentration is sufficiently
high to maintain effective bioleaching (Plumb, Muddle and Franzmann,
2008).

Overall, it can be concluded from the geochemical findings that the SC3
consortium enhances chalcopyrite breakdown. To understand exactly how
the consortium is facilitating this, the genomes of the consortium must be

discussed.

24.2 The Bioleaching Mechanisms of the SC3 Consortium

Microbial chalcopyrite breakdown requires microbes to possess sulfur and
iron oxidation capabilities. Accordingly, sulfur oxidation associated genes

were found in every genome of the SC3 consortium, and 9 of the species
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expressed at least one of these genes. Additionally, iron oxidation genes
were present in 8 of the SC3 species, and their expression was seen in more
than half of the consortium members. Genes coding for all four of the iron-
oxidation enzymes found in the SC3 metagenome were expressed during
bioleaching: Cytochromesz2, the iro high potential iron-sulfur protein,
sulfocyanin and rusticyanin. These findings are consistent with the
geochemical data, providing a potential mechanism underpinning the

observed increase in chalcopyrite breakdown.

The metagenomic and metatranscriptomic data was integrated into a
complete model of bioleaching, which confirmed that the overall chalcopyrite
dissolution mechanism by the SC3 consortium fits the polysulfide pathway,
as described previously (Schippers and Sand, 1999). This pathway is driven
by a complex series of RISC oxidising enzymes. The final stage of this multi-
step sulfur oxidation pathway has remained enigmatic for many bioleaching
organisms. Previous studies have proposed enzymes that facilitate this step
in some organisms. For example, PAPS and APS were hypothesised to form
an alternate sulfite oxidation pathway in At. thiooxidans (Yin et al., 2014;
Camacho et al., 2020). However, in the SC3 consortium, At. thiooxidans did
not possess genes for the (P)APS pathway. Similarly, the multi-enzyme SOX
system has been shown in bioleaching organisms to oxidise a range of
RISCs, including sulfite (Yin et al., 2014). However, in the SC3 consortium
only At. thiooxidans was found to feature the full soxABXYZ, with no
expression seen. Similarly, At. ferrivorans and its related strain were found to
possess only soxBYZ, and these genes were only found to be expressed by
the At. ferrivorans related strain. Indeed, oxidation of thiosulfate via TQO has
previously been suggested to be the most likely pathway of RISC oxidation
in this species (Christel, Fridlund, Buetti-Dinh, et al., 2016). Overall, as no
enzyme is apparent in any of the SC3 consortium genomes accounting for
the oxidation of sulfite to APS, it is possible that thiosulfate cycling and
tetrathionate disproportionation via TQO-TETH is the predominant pathway
of RISC oxidation during bioleaching.
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As well as clarifying the overall pathways of chalcopyrite dissolution, the
integrated model demonstrated for the first time how different organisms
within a typical bioleaching consortium fit together to facilitate the breakdown
pathway. Notably, all the SC3 organisms were shown to be able to play a role
in chalcopyrite bioleaching, including species for which bioleaching
capabilities were previously unconfirmed. For example, the previous
evidence for sulfur oxidation in G plasma was extremely limited. Jones et al.
(2014), reported the presence of a gene for the sulfide oxidising enzyme sqr,
however, these authors did not examine expression. This thesis
demonstrated that the G plasma sqr gene is being expressed when the
consortium is grown on chalcopyrite, concomitantly presenting the first
evidence of sulfur oxidation gene expression in this archaeon. Potentially, this
could suggest that this organoheterotrophic species (Golyshina et al., 2016b)

possesses some mixotrophic abilities.

Similarly, this study demonstrated sulfur oxidation potential in the SC3
Rhodospirillales species. The 16s rDNA gene sequencing indicated that the
Rhodospirillales was likely an Acetobacteraceae. The Acetobacteraceae
family have not previously been notably associated with sulfur cycling
(Whaley-Martin et al., 2019). However, in the SC3 Rhodospirillales genome,
homologues of RISC oxidation associated genes were found to be present
and expressed (sqr and tqo). This finding could indicate that the SC3
Rhodospiralles represents a novel Acetobacteraceae species, notably

possessing the capacity to oxidise thiosulfate and sulfide.

Beyond highlighting the potential roles of species not previously linked to
bioleaching, the research in this chapter also found novel sulfur oxidation
genes in key bioleaching species, filling some long-standing gaps in the
understanding of chalcopyrite breakdown. The first microbially driven step in
the chalcopyrite breakdown pathway is the conversion of polysulfide to
sulfide. Although this is an integral step to the entire breakdown process, the
genes facilitating this step were previously unknown in the large majority of
acidophiles, including the highly-studied At. ferrooxidans. This study resolved
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this gap, by demonstrating the presence and expression of all sub-units of a
polysulfide reductase homologue (psrABC) in this species. The psr genes
have been demonstrated to facilitate the reduction of polysulfide coupled to
the oxidation of hydrogen in Wolinella succinogenes, and quinone in sulfur-
vent extremophiles (Jankielewicz et al., 1994). By demonstrating the
presence and expression of psrin At. ferrooxidans, this study has provided
the first molecular evidence that this organism has the capability to facilitate

sulfur oxidation from polysulfide all the way through to sulfite.

This chapter’s experimental work also provided clarity to a debate regarding
the iron oxidation mechanism of L. ferrodiazotrophum. Previous evidence for
the periplasmic cyts7g thought to be involved in electron transport during iron
oxidation in this species was relatively weak. It was initially detected in an
environmental metagenome from sequence reads associated with L.
ferrodiazotrophum, but not brought into the genome (Aliaga Goltsman et al.,
2009), while Levican et al. (2012) found no copies of Cyts7o in the L.
ferrodiazotrophum genome. Conversely, the SC3 consortium possessed and
was expressing cytszo, providing a more complete picture of the iron oxidation
mechanism in this species. Comparably, the consortium’s Ferroplasma spp.
were all found to possess and be expressing genes for the iron oxidising
sulfocyanin, corroborating the sparse previous findings for F. acidarmanus,
and providing new information about the poorly documented F. type Il
(Dopson et al., 2004; Castelle et al., 2015).

2.4.3 Metatranscriptomic Insights in SC3 Community Functioning

Species within microbial communities are highly dependent on one another
for resources that allow them to survive and, in turn, facilitate processes such
as bioleaching. This is especially true on the inherently nutrient poor surface
of bioleaching ore; the low availability of organic matter and fixed nitrogen in
this environment suggests that bioleaching consortia necessarily include
autotrophs and diazotrophs capable of fixing carbon and nitrogen (Cardenas,
Quatrini and Holmes, 2016). Indeed, the molecular data collected in this
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chapter revealed several SC3 species capable of fixing these essential

macronutrients.

The nif operon genes are expressed in certain microbes in response to low
fixed nitrogen concentrations. Two SC3 species were shown to possess and
express genes from the nif operon: At ferrooxidans and L. ferrodiazotrophum,
in line with previous findings for these species (Mackintosh, 1978; Norris,
Colin Murrell and Hinson, 1995; Aliaga Goltsman et al., 2009). L.
ferrodiazotrophum has been dubbed a “keystone species” in acid mine and
cave environments due to its ability to fix nitrogen at very low pH (Tyson et
al., 2004, 2005; Ram et al., 2005). In fact, L. ferrodiazotrophum is the strain
within the SC3 consortium found to be expressing the most complete nif
operon, suggesting this organism could be playing a prominent role in SC3
community functioning through the provision of fixed nitrogen. This is a
noteworthy prospect, as this species is not typically present in commercial
bioleaching consortia, yet has been demonstrated in this study to be capable

of contributing directly (S + Fe oxidation) and indirectly (N fixation).

The limited number of species within the consortium capable of nitrogen
fixation highlights the reliance of consortium members to function as a whole.
Another regard in which the consortium members may be interdependent is
the provision of another macronutrient — carbon. Many species within the
consortium were shown in the metatranscriptomic data to possess carbon
fixation pathways, however, no carbon fixation pathways are found in G
plasma and it is unclear exactly how this heterotroph is obtaining sufficient
carbon to be present in observable quantities. It has previously been
suggested that heterotrophs can metabolise organic substrates that could
inhibit autotrophs during bioleaching (Bacelar-Nicolau and Johnson, 1999;
Méndez-Garcia et al., 2015). It is possible, therefore, that a symbiotic
relationship exists whereby G plasma receives fixed carbon via organic
substrates produced by autotrophs, simultaneously aiding the autotrophs of

the SC3 consortium by preventing the accumulation of inhibitors.
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Overall, all members of the SC3 consortium were capable of contributing to
chalcopyrite bioleaching, but only certain species can bring essential fixed
carbon and nitrogen into the bioleaching environment. Without these
organisms contributing essential nitrogen and carbon, microbial growth might

be limited and bioleaching processes could be slowed (Levican et al., 2008).

2.4.4 Limitations

In this study, 16s rDNA sequencing was used to confirm the identities of the
species present in the SC3 consortium. This technique remains widely used
for microbial community profiling, as it is relatively simple, accessible and cost
effective. Despite this, a number of limitations of 16s sequencing have been
noted, including primer selection and PCR biases (Acinas et al., 2005; Brooks
et al., 2015). For example, through its simplicity, 16s rDNA sequencing
necessarily lacks much of the information that can be garnered from other
metagenomic techniques. Additionally, the interpretation of 16s results can
vary based on the bioinformatic pipeline used, although there is a greater
degree of agreement between pipelines at higher taxonomic levels (Straub et
al., 2019). Indeed, in this chapter, the 16s rDNA results were resolved to a
relatively high taxonomic level (Family), which was sufficient, when combined
with RNA-seq data, for confirming the presence of expected species.
However, there were some notable contrasts between the 16s rDNA
sequencing findings, and the RNA-seq data. For example, the 16s rDNA
sequencing data suggested that the Rhodospirillales family,
Acetobacteraceae, was only found in one sample at a very low frequency.
However, the converse picture can be seen from the RNA-seq data, where a
large number of reads aligned to the genome. This discrepancy is likely
attributable to 16s rDNA PCR bias (Poretsky et al., 2014; Brooks et al., 2015).

Overall, the 16s rDNA sequencing in this chapter helped to confirm that the
RNA-seq data can be used to confirm species identities. This finding,

combined with the lower accuracy of 16s rDNA sequencing for some of the
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species, meant that 16s rDNA sequencing was not carried out for further

studies in this thesis.

245 Conclusion

The results of this study established the copper bioleaching potential of the
SC3 consortium through both geochemical and molecular data. Geochemical
data showed that chalcopyrite breakdown was significantly greater in the
presence of the SC3 bioleaching consortium (H1). Similarly, metagenomic
and metatranscriptomic work found novel genes associated with bioleaching
within the SC3 consortium genomes (H2), and that genes associated with
sulfur and iron oxidation were expressed when the consortium was grown on

chalcopyrite (Hs).

The experimental findings of this chapter represent the first
metatranscriptomic study of sulfur and iron metabolism genes in a naturally
occurring acidophilic bioleaching consortium. Focussing on a naturally
occurring consortium offered the opportunity to examine the dissolution
mechanisms occurring in acidic environments, while simultaneously filling
gaps in our understanding of the sulfur and iron oxidation mechanisms of

some very commonly used bioleaching organisms.

The meta-omic approach taken provided integrated information about the
organisms in the consortium, without which it could not have been established
that all species were capable of playing a role in bioleaching. Additionally,
utilising a meta-omics approach can help us discover the potential of species
not commonly used in bioleaching, as was demonstrated for L.
ferrodiazotrophum in this chapter. Equally, by capturing information about
auxiliary processes carried out at the same time as bioleaching, e.g. nitrogen
and carbon fixation, the meta-omics approach allows us to consider how
species can contribute indirectly to the consortium’s overall ability to bioleach.
Practitioners looking to optimise bioleaching consortia should take into
consideration this holistic view of microbial capabilities when selecting
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species in order to avoid unnecessary limitations on microbial growth and, in

turn, enhance bioleaching efficacy.

The overall implication of this chapter’s research is that the SC3 consortium
enhances chalcopyrite breakdown, via mechanisms that are now better
understood. This finding was an important baseline, establishing the
mechanism by which copper can be removed from a pure mineral. However,
real-world bioleaching scenarios often involve low-grade ore of mixed mineral
assemblages. Whether the community functioning and mechanism of
breakdown would be the same under these conditions is not yet known.
Therefore, it is vital that the functioning of the consortium when grown on a
low-grade ore is tested, to provide a clear view of how it would function in a

practical application.
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Chapter 3 - Metatranscriptomic Analysis of Low-grade

Copper Ore Bioleaching

3.1 Introduction

3.1.1 General Introduction

In the previous chapter, bioleaching of very pure, laboratory grade
chalcopyrite was studied. Indeed, a large proportion of copper bioleaching
studies use chalcopyrite as the mineral substrate (e.g. Ahmadi et al., 2010;
Behrad Vakylabad, 2011; Ma et al., 2019; Peng et al., 2021). These high-
grade chalcopyrite studies are important in providing a clear
characterisation of the breakdown of an economically important mineral. It
is equally imperative, however, that these studies are built upon with
studies that more closely reflect “real-world” sulfide dissolution scenarios.
In practice, the ore exploited for copper extraction is rarely pure
chalcopyrite, and bioleaching is commonly employed to improve the
economic viability of low-grade ores that would otherwise be discarded as
waste products (Jia et al., 2019). Exploitation of this type of ore is likely to
increase in the following decades as demand for copper increases
worldwide (Elshkaki et al., 2016). Studying the breakdown of low-grade ore
can therefore provide information that could optimise leaching of similar
ores, and additionally, inform remediation plans to reduce the dissolution
and subsequent pollution caused by waste sulfide mineral breakdown in
spoil heaps (Johnson and Hallberg, 2005; Wu et al., 2009, 2016). As
demonstrated in Chapter 2, metatranscriptomic data can help elucidate
which sulfur and iron oxidation genes are active during sulfide mineral
bioleaching. In turn this can help us determine the mechanism of mineral
dissolution by a bioleaching consortium. However, to date, there are no
studies using metatranscriptomics to explore the breakdown of a low-
grade ore by a native microbial community. In this chapter, gene

expression data is used to develop a model of Phoukassa low-grade
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copper ore dissolution by the native SC3 microbial consortium. This work
represents the first metatranscriptomic study of copper ore dissolution by

microbes naturally present in the ore’s environment.

3.1.2 Low-Grade Copper Ore Mineralogy

Low-grade (i.e. low metal percentage, mixed mineral) copper ores are
often the material targeted by bioleaching operations (Watling et al., 2014).
Low-grade ores can have various mineralogical compositions, and as each
type of sulfide mineral breaks down in a different manner, the mineralogical
composition of low grade ore has a bearing on its bioleaching mechanism
(Olubambi et al., 2007; Plumb, McSweeney and Franzmann, 2008).

Low-grade copper ores are predominantly comprised of sulfide minerals
such as: pyrite, chalcopyrite, covellite, magnetite, muscovite, sphalerite,
siderite, chlorite, galena; gangue materials are commonly quartz and
feldspar (Singh, Sukla and Mishra, 2011; Watling et al., 2014). Less
commonly, they may also include copper oxides and carbonates
(Bogdanovic et al., 2016).

Previous analyses have shown the Phoukassa ore used in this chapter to
be comprised predominantly of pyrite (Hudson-Edwards et al. unpublished
data), with minor inclusions of chalcopyrite and other copper sulfides, and
trace amounts of lattice-bound Cu within the pyrite itself. The mineralogy
of this ore is typical of the low-grade material commonly discarded as
waste at mining sites, where their breakdown presents an environmental
hazard. Understanding the breakdown process of the Phoukassa ore could
help improve the recovery of copper from similar low-grade ores,
facilitating the removal of an environmental hazard by creating an
economic opportunity. To date, however, there have been no studies

examining the microbial breakdown of the Phoukassa ore.
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3.1.3 Pyrite Dissolution

As the primary component of the Phoukassa ore is pyrite, the mechanism
of pyrite dissolution is a key component of understanding Phoukassa ore
breakdown. Pyrite is one of the most well studied sulfide minerals in terms
of its dissolution, as a result of its environmental abundance and key role

in the generation of acid mine drainage (Johnson and Hallberg, 2005).

Pyrite oxidation occurs when the mineral is exposed to oxygen and water,
often as a result of human interventions, such as mining. The overall
reactions for pyrite dissolution via dissolved oxygen and ferric iron are
shown by Eq. 3.1 and Eq. 3.2, respectively (Moses et al., 1987). The Fe?*
from dissolved oxygen oxidation can then be further oxidised to ferric iron

via the equation 3.3 (Moses and Herman, 1991).

FeSz +7/202 +H20 > Fe?* + 2S04% + 2H* Eq. 3.1

FeS2+ 14Fe®* + 8H.0 > 15Fe?* + 28042 + 16H" Eqg. 3.2

Fe?* + 1/40, + H* &> Fe®*" + 1/2H20 Eqg. 3.3

Although abiotic dissolution is possible via the mechanism above,
dissolution is significantly enhanced in the presence of microorganisms
(Yahya and Johnson, 2002). As pyrite is not acid soluble, biological
dissolution of pyrite proceeds via the thiosulfate pathway, as described in
Section 1.5.1 of this thesis. Overall, it is well established that sulfur and
iron oxidising microbes facilitate pyrite dissolution by providing oxidants,
and by preventing the build-up of ferrous iron and elemental sulfur that
might otherwise accumulate on the surface of the pyrite and form a barrier
to breakdown (Schippers, Rohwerder and Sand, 1999; Rodriguez et al.,

2003b). However, the underlying mechanisms of pyrite breakdown by
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microbes are not yet fully elucidated, and its breakdown as part of the

Phoukassa ore is yet to be studied.

3.1.4 Formation of Hypotheses

It was demonstrated in Chapter 2 that sulfide mineral breakdown increased
in the presence of the SC3 consortium, in line with previous research on
bioleaching with sulfur and iron oxidising acidophiles (Section 1.5).
Additionally, the SC3 consortium were shown to possess metabolic genes
relevant to the breakdown of sulfide minerals. These genes were shown to
be expressed, and therefore active, during the breakdown of chalcopyrite.
Gene expression levels in microbes fluctuate over time in response to
environmental stimuli (Moreno-Paz et al., 2010; Bunse et al., 2016; Mahto,
Kumari and Das, 2021). The increasing presence of iron and sulfur during
the course of sulfide mineral bioleaching could lead to increased
expression of genes associated with iron and sulfur oxidation. Indeed,
previous studies have shown that some bioleaching organisms upregulate
genes associated with iron and sulfur oxidation in the presence of these
elements (Holmes and Bonnefoy, 2007; Liljeqvist, Rzhepishevska and
Dopson, 2013; Ai et al., 2019; Feng et al., 2020). Based on this
background, several hypotheses were formed regarding the microbial

breakdown of Phoukassa ore:

H1 - Phoukassa ore breakdown will be greater in the presence of the SC3
consortium than in the abiotic samples

H> . Genes predicted to be involved in sulfur and iron metabolism will be
expressed when the consortium is grown on Phoukassa ore

Hs.Genes predicted to be involved in sulfur and iron metabolism would be
upregulated at 16 weeks compared to 8 weeks when the consortium was

grown on Phoukassa ore

Testing these hypotheses will expand our understanding of the iron and
sulfur oxidation pathways in acidophiles, while creating the first datasets
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regarding the microbial dissolution of the Phoukassa ore. Further, testing
H3 can help identify any changes in the roles played by different

consortium members at different stages of bioleaching.

3.1.5 Aims and Objectives

The aims of the work outlined in this chapter were to improve the
understanding of the roles played by different members of the SC3
bioleaching consortium during biotic dissolution of an environmentally
relevant low-grade copper ore, and concomitantly, to produce the first
study of Phoukassa ore breakdown mechanisms. To fulfil the aims, the

following objectives were set out:

1. To collect geochemical information about Phoukassa ore breakdown
by a naturally occurring bioleaching consortium and compare this to an
abiotic control.

2.  To use bioinformatic tools to explore which iron and sulfur oxidising
genes are being expressed, and by which consortium members, during
bioleaching.

3. To use bioinformatic tools to explore which genes associated with
additional metabolism processes that may be relevant to community
functioning, such as carbon and nitrogen fixation, and are being expressed
during bioleaching.

4. To use bioinformatic tools to examine whether there is differential
expression of genes relevant to bioleaching over time.

5. To create a model of Phoukassa ore breakdown using

metatranscriptomic data over time
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3.2 Materials and Methods

3.2.1 Experimental Design

Chapter 2 used a combination of genomic and transcriptomic data to
identify genes associated with bioleaching by the SC3 consortium at a
single time point. This chapter explores whether the same gene pathways
are involved in the bioleaching of a low-grade ore, typical of those exploited
in real-world bioleaching scenarios. Additionally, this chapter will build on
the work carried out in Chapter 2, by testing whether the expression of

genes associated with bioleaching changes over time.

An experimental plan was designed that would test the hypotheses and
meet the outlined aims and objectives of this chapter. The experimental
plan broadly followed that of Chapter 2 (Fig 2.2, Section 2.2.1), with some
exceptions. Briefly, the composition of the Phoukassa ore was established
via pXRD and ICP-OES analysis. Next, a bioleaching study was set up
with the SC3 consortium grown on Phoukassa ore, alongside abiotic
controls. The dissolution of the mineral was tracked over time using ICP-
OES, and SEM observations of microbial samples were used to explore

whether microbes were attached to the mineral surface.

In Chapter 2, a number of limitations were highlighted with regards to 16s
rDNA sequencing. For example, it was found that 16s did not accurately
capture some of the species in the consortium. Additionally, it was
demonstrated that RNA-seq can be used to confirm species’ presence.
Consequently, 16s rDNA sequencing was not employed in this chapter as
it was unnecessary to address the hypotheses in this chapter, and the
resources instead were put towards the creation and sequencing of a

greater number of RNA-seq samples.

Whole community RNA was extracted from 6 samples at 8, 12 and 16
weeks. In Chapter 2, there were some difficulties with extracting sufficient
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RNA for sequencing. This was attributed to the well-known challenges
associated with RNA extraction from low pH environments (Zammit et al.,
2011). Therefore, in order to extract sufficient levels of RNA the number of
samples at each time-point was increased, and the timeframe of the
experiment was increased to 16 weeks, thus providing an inceased growth
time, for a greater chance of RNA recovery. It was also anticipated that
sufficient RNA would be retrieved from at least two time points to examine
whether there are changes in gene expression over time. By sequencing
at multiple time points we can explore whether the individual roles of each
species in the consortium change over time during bioleaching. Following
quality control of the RNA-seq data, some samples were excluded due to
low sequence quality, and 4 samples from week 8, and 5 samples from
week 16 were taken forward to use in downstream analyses. In this
process, all replicates from week 12 were excluded (see Section 3.2.7.2
for detailed explanation). RNA-seq data was processed using the novel

pipeline developed in Chapter 2.

Finally, a model of Phoukassa ore dissolution was proposed, incorporating
the previously collected metagenomic and this chapter's
metatranscriptomic data to provide a novel and comprehensive picture of
Phoukassa ore bioleaching over time by a naturally occurring bioleaching

consortium.

The following sections provide further detail on the methods used to

achieve this experimental plan.

3.2.2 Phoukassa Ore

Ore was obtained from the Phoukassa deposit, Skouriotissa Mine, Cyprus
(provided by Hellenic Copper Mines Ltd). The Phoukassa deposit is one of
multiple exploited within the The Skouritissa mine site. Previous analyses
of this ore had established its non-silicate portion to comprise
predominantly of pyrite, with frequent chalcopyrite inclusions, and some
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replacement chalcocite, covellite and bornite. Gangue minerals were
shown to be predominantly quartz. EPMA analysis of the pyrite, conducted
away from obvious microscopic inclusions of the chalcopyrite, covellite,
chalcocite and bornite, found an average Cu concentration of <0.01%

(Hudson-Edwards et al., unpublished data).

3.2.3 Phoukassa Ore Compositional Analysis

The phase identity of the Phoukassa ore was assessed using PXRD which
was conducted as outlined in Chapter 2 of this thesis. To assess total
amounts of Cu, Fe and S in both the Phoukassa ore, 3 samples (10mg) of
mineral were dissolved in nitric acid and the concentration of elements was
analysed using ICP-OES at the Wolfson Laboratory for Environmental
Geochemistry, UCL.

3.2.4 Microbial Growth

In this section, the growth conditions for samples used in geochemical

testing and RNA-seq are described.

Prior to setting up the bioleaching experiment, microbes were adapted to
growth on the Phoukassa ore by serial sub-culturing. Sub-culturing
involved a 5% inoculum of the consortium being transferred into minimal
acid medium (MAM, Table 2.1, Section 2.2.2) containing the Phoukassa
mineral 3 times (every 8 weeks). These adapted cultures were then used

as the inoculum for the Phoukassa ore bioleaching experiment.

Growth medium and conditions of the bioleaching experiment were similar
to those described in chapter 2. Briefly, samples were created by adding
50mlI MAM and 1g Phoukassa ore to 100ml conical flasks (Fig 3.1). A 5%
inoculum of the SC3 consortium was transferred to all biotic samples which
were then incubated alongside abiotic controls at 28°C without shaking for
up to 16 weeks. Sterile conditions were maintained throughout
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experimental set-up to ensure contamination with non-target species did
not occur, and to ensure the control samples remained abiotic. Further,
samples (20 ul) were examined at 400x magnification under a Leica DM
2500 LED optical microscope (Leica Microsystems GmbH, Wetzlar,
Germany) at 4 week intervals to confirm the presence or absence of

microbes in biotic and abiotic samples, respectively.

Abiotic Biotic

50mI MAM

2.5ml SC3
inoculum

50mI MAM

Figure 3.1 - Schematic of Phoukassa ore dissolution experiment flasks. Images of

growth in flasks are in Appendix V

3.2.5 Scanning Electron Microscopy

At 16 weeks’ growth, mineral samples from biotic Phoukassa samples
were adhered to stubs, freeze-dried and imaged using SEM, as outlined in
Section 2.3.2 of this thesis.

3.2.6 Geochemical Analyses of Supernatant

To establish the breakdown of Phoukassa ore over time in biotic and
abiotic samples, ICP-OES and pH testing analyses were employed.
Supernatant (10ml per sample) was collected from biotic and abiotic
samples at 0 time, 8 weeks, and 16 weeks (as grown in Section 3.2.4).
Samples were filtered to 0.22um before being frozen at -20°C until
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analysis. Samples were acidified prior to analysis with 1% HNO3 ICP-OES
analysis was carried out using a Varian 720 ICP-OES (Varian Inc., CA,
USA). Standards and blanks were matrix matched to the samples.
Percentage of total Cu, Fe and S leached were calculated by dividing
concentrations of Cu, Fe and S in the supernatant by total values for Cu,
Fe and S in the mineral, as established in Section 3.2.3 and multiplying by
100. The pH values of sample supernatant were assessed using
MilliporeSigma MColorpHast pH indicator strips (pH 0-2.5, Merck KGaA,

Darmstadt, Germany).

3.2.7 RNA-seq

To meet the objective of analysing whether, and which, genes relevant to
bioleaching are expressed during Phoukassa ore bioleaching, RNA
sequencing of the SC3 consortium grown on Phoukassa ore was carried
out. This process consisted of extracting and sequencing whole-
community RNA, and bioinformatic processing of the sequence data, as

detailed below.

3.2.71 RNA lIsolation and Sequencing

RNA was isolated from six biotic samples at 8, 12 and 16 weeks’ growth
using the adapted protocol for the Mo Bio PowerMicrobiome RNA isolation
kit (Mo Bio Laboratories, CA, USA), and RNA quantities assessed as
outlined in Section 2.2.11 of this thesis. Samples were stored at -80°C prior

to sequencing.

Library preparation and RNA sequencing was conducted by LGC
Genomics GmbH (Berlin, Germany). Samples were treated with bacterial
RiboZero to enrich for mRNA, and library construction was achieved using
an Ovation Complete Prokaryotic RNA-seq kit (NuGen). Sequencing was
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150bp, paired-end (average 25 million read pairs per sample, minimum 12
million paired-end reads per sample, maximum 45 million paired-end reads

per sample), non-stranded via an Illlumina NextSeq 500 V2 platform.

3.2.7.2 RNA-seq Data Analysis

Bioinformatic processing of metatranscriptomic data was carried out as
described in Section 2.2.11.2. Quality checks (FastQC and alignment
metrics) indicated degraded RNA for all week 12 replicates; 2 week 8
replicates; and 1 week 16 replicate. These samples were therefore
removed from downstream analyses. All remaining samples had a
minimum of 50% aligned to the reference metatranscriptome, indicating

high sequence quality.

Additionally, Wald tests in Deseq2 (Love, Huber and Anders, 2014) were
used to establish intra-species differential expression between the two
timepoints. The p values generated were adjusted for multiple testing using
the Benjamini and Hochberg method for controlling the false discovery rate
(Benjamini and Hochberg, 1995).

To further assess the quality of the RNA, a principal component analysis
(PCA) was performed. To carry this out, genes that were present across
genomes needed to be identified, so that data could be compared across
species. This was achieved using InterProScan version 5.34-73.0 (Jones
et al., 2014) to annotate genes in the genomes. Following this, genes
present in two or more species were used in the PCA. Where genes were

not present in a species, their expression value was set to zero.

3.2.8 Graphics and Statistical Analysis

Diagrams illustrating experiment schematics, metabolic pathways and

biogeochemical cycles were produced using Inkscape (Inkscape, 2019).
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Statistical analyses were carried out and figures showing data were
produced in R version 3.4.3 (R Core Team, 2017), using R studio version
1.1.423 (RStudio Team, 2016), with packages: “ggplot2” (Wickham,
2016), “ggpubr” (Kassambara, 2018), “forcats” (Wickham, 2019), “dplyr”
(Wickham et al., 2019) “tximport” (Soneson, Love and Robinson, 2016),
‘readr” (Wickham, Hester and Francois, 2018), “devtools” (Wickham,
Hester and Chang, 2019), “ggbiplot” (Vincent Q Vu, 2011), “gridExtra”
(Auguie and Antonov, 2017).

Linear mixed effects models for differences in elements between biotic and
abiotic accounting for the effect of time point, Kruskal-Wallis analysis of
variance testing, and Mann-Whitney U testing were used to establish

differences between treatments.
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3.3 Reslults

3.3.1 Growth Substrate Mineral Composition Analyses

To meet the aim of this chapter to improve the understanding of Phoukassa ore
and its breakdown, it was essential to establish the composition of the ore. This
was achieved via PXRD and ICP-OES analyses.

The PXRD analysis carried out determined the major phase within the sample of

Phoukassa ore analysed to be pyrite, with secondary chalcopyrite and quartz
(Fig. 3.2).
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Figure 3.2 - PXRD pattern for the Phoukassa ore used in growth experiments. PXRD produces peaks which are characteristic of specific
minerals. Red lines indicate peaks matching pyrite, blue lines highlight peaks corresponding to chalcopyrite and green lines highlight peaks

analogous to quartz.
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Subsequently the baseline (pre-leaching) quantities of Cu, Fe and S in the
Phoukassa ore were ascertained via ICP-OES analysis of dissolved samples (Fig.
3.3). This analysis revealed the mean composition of the Phoukassa ore to be
predominantly pyrite with a low level of copper, in line with the pXRD analysis for
this mineral (2.2% + 0.4 Cu, 39.1% + 4.1 Fe, 43.5% + 5.2 S).
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Figure 3.3 - Mean element concentrations (ppm) of the Phoukassa ore dissolved in nitric

acid, as measured by ICP-OES (n=3), error bars show standard error

3.3.2 Scanning Electron Microscopy

Inspection under an optical microscope at 4 week intervals had confirmed that
microbes were present in biotic samples and absent in abiotic samples. To explore

whether there was microbial attachment to the mineral surface, biotic samples
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were then examined using scanning electron microscopy (SEM) at 16 weeks’
growth (Fig 3.4A-C). The SEM images confirm the Phoukassa ore was colonised

by microbes, and show multiple morphologies suggesting more than one species
is present.
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Figure 3.4 — SEM images of SC3 on Phoukassa ore at 16 weeks’ growth
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3.3.3 Dissolution of Phoukassa Ore in Biotic and Abiotic Conditions

To establish whether Phoukassa ore breakdown is greater in the presence of the
SC3 consortium, quantities of Cu, Fe and S were measured at 0 time, 8 and 16
weeks using ICP-OES. Concentrations of Fe, Cu and S in the supernatant
increased over time in all samples (Figure 3.5 and 3.6), and over time the Fe and
S concentrations for the biotic samples significantly exceeded those of the abiotic
samples (linear mixed effects model p<0.001). A contrasting trend was found for
copper, with abiotic samples showing significantly increased concentrations over
time compared to the biotic samples (linear mixed effects model p=0.02). However,

overall copper concentrations were notably lower than Fe and S (Fig 3.6).
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Figure 3.5 - mean supernatant ICP-OES results showing percentage of A) iron, B) copper, and C) sulfur leached from Phoukassa ore under biotic and
abiotic conditions over 16 weeks (time0: n=3, Week 8,16: n=4). Error bars show the standard error of the mean.
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To assess the regeneration of protons via sulfur oxidation, pH was measured
throughout the Phoukassa bioleaching experiment. The pH values for the abiotic
samples increased steadily over the 16 weeks, whereas the biotic samples showed
a converse trend, becoming more acidic over time (Figure 3.7). By week 16, there

was an average 0.64 difference in pH between the two conditions.
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Figure 3.7 - mean pH values over time for biotic and abiotic Phoukassa samples. Error bars show

standard error.
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3.3.4 Metatranscriptomic Insights into Gene Expression during Growth of
SC3 on Phoukassa Ore

A metatranscriptomic study using RNA-seq data was used to explore
differential expression of metabolism associated genes between week 8 and
16 growth on the Phoukassa ore. Principal components analysis (PCA) was
employed to visualise variation in the transcriptomic data. The results
showed that species grouped together, helping to confirm that reads were
correctly aligned and that the RNA sequenced produced a clear biological
signal. There was also some phylogenetic clustering; for example, all of the
archaea clustered together (Fig 3.8, below). Further, these results confirm
that all SC3 species were still present when the consortium was grown on

the Phoukassa ore.
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Differential expression of metabolism genes was explored using Deseq2.
Archaea demonstrated the greatest changes in overall gene expression
between week 8 and 16, which could be indicative of changes in function,

and/or changes in abundance (Fig 3.9).
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To test whether iron and sulfur metabolism changed over time during
bioleaching, the expression level of genes associated with these processes
were compared across time points, alongside nitrogen and carbon fixation.
Generalised functional categories were manually assigned based on the
sulfur oxidation, iron oxidation, nitrogen and carbon fixation genes
established in Chapter 2 (Appendix IV). These categories were used to
explore whether functional change occurred over time across the whole
consortium (Fig. 3.10). Linear regression of gene expression found that
there were no significant differences between time points for iron, or sulfur
metabolism (p>0.05). This finding suggests that at a functional community
level, iron and sulfur oxidation are being carried out at a consistent level at
week 8 and 16. Additionally, no significant differences between time points
were seen between time points for carbon fixation (p>0.05). Nitrogen
fixation was the only generalised function to be significantly different

between the two time points (p=0.02).
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3.3.4.1

Sulfur and Iron Metabolism Gene Expression during Growth of SC3 on

Phoukassa Ore

Genes associated with sulfur oxidation were found to be expressed at both
time points by all species except At. thiooxidans (Figs 3.11. — 3.12),
however, in At. ferrivorans, overall expression of sulfur genes was very
limited. Of the two direct RISC oxidising genes showing expression, sqr was
not expressed above the threshold at week 8 and hdr was downregulated
at week 16 (log? fold change -1.1, p <0.01).

For many of the species, expression of sulfur oxidation genes was
consistent over time. For example, At. ferrooxidans was expressing all sulfur
oxidation genes present in its genome, maintaining expression levels
between the two time points. Likewise, L. ferrodiazotrophum was expressing

its only sulfur oxidation gene, sqr, consistently across both time points.

For individual genes within some of the species, differences in sulfur and
iron oxidation gene expression were observed between the two time points.
For example, G plasma was found to be expressing sqr and hdr significantly
more at week 16 (log? fold change 2.6 and 2.4, respectively, p <0.01).
Similarly, sor was slightly upregulated at 16 weeks in F. acidarmanus (log?
fold change 0.8, p <0.05). In F. Type Il, sor was determined to be
upregulated at week 16 (log? fold change 2, p <0.01), although the overall
number of reads aligned to this gene was low (mean 13.4 across all

samples).

In contrast, both of the expressed Rhodospirillales RISC oxidation genes,
sqr and tqo were downregulated at week 16 (log? fold change -3.6, -2.6,
respectively, p <0.01). The At. ferrivorans related strain showed significant
down regulation of almost all its sulfur oxidation associated genes at week
16 compared to week 8 (soxBYZ, dsre, tusA, rhd, sqr, bo3, petll operon,
median log? fold change -1.3, p <0.03).
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Figure 3.11 - Expression of known sulfur metabolism and associated electron transport
chain genes in the bacteria of the SC3 consortium grown on Phoukassa ore for 8 and 16
weeks. Normalisation was performed with Deseq2. PSR: polysulfide reductase, SQR:
sulfide-quinone reductase, FCCB: Flavocytochrome c sulfide dehydrogenase, SOR: sulfur
oxygenase reductase, SDO: sulfur dioxygenase, HDR: heterodisulfide reductase, SAT:
sulfate adenylyltransferase, TetH: tetrathionate hydrolase, TQO: thiosulfate-quinone

oxidoreductase, TSD: thiosulfate dehydrogenase, SOX: sulfur oxidation pathway.
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Expression of iron oxidation associated genes was shown in all 8 of the consortium
species that were demonstrated to possess them (Chapter 2). It was found that
there was differential expression of some of the iron genes in L. ferrodiazotrophum,
with cycA1, and one copy of the gene responsible for direct iron oxidation, cyts72,
downregulated at 16 weeks (-1.5, -0.8 log? fold change, respectively, p <0.05). The
At. ferrivorans iro gene was also downregulated at 16 weeks (-1.5 log? fold change,
p <0.01), as well as all of the additional iron oxidation associated genes in this
organism, of which significant differential expression was found for ctaT, coxA,
Cyc1, Cyc2 (median log? fold change -1.1, p<0.05). Conversely, the Ferroplasma
acidarmanus related strain and Ferroplasma Type Il were found to be upregulating
their sulfocyanin, soxE at 16 weeks (log? fold change 2.8 and 1.8, respectively,
p<0.01) (Fig. 3.14). It was found that soxE was not expressed at all in Ferroplasma
acidarmanus, despite this species showing expression of the other iron metabolism
associated genes at both time points. No significant difference in expression was
seen for At. ferrooxidans’ rusticyanin encoding rus, which was moderately

expressed at both time points (Fig. 3.13).
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Figure 3.13 - Expression of iron oxidation and associated electron transport protein genes in the bacteria of the SC3 consortium grown on Phoukassa ore
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3.3.4.2 Nitrogen Fixation

As a generalized function (i.e. genes from all species taken together) nitrogen
fixation genes were significantly different between time points (linear regression,
p=0.02), suggesting an increase in nitrogen fixation activity over time. Nitrogen
fixation genes were expressed in four of the five species that possessed them: At.
ferrivorans and its related species, At ferrooxidans and L. ferrodiazotrophum (Fig.
3.15). At both week 8 and 16, the complete nif operon was expressed in both L.
ferrodiazotrophum and At. ferrooxidans. Additionally, all of the nif operon genes
present in At. ferrivorans related species were expressed, with the exception of
nifX. At. ferrivorans was only found to express two of the nif genes, nifEN. At a
species level, no individual genes were differentially expressed between the two
time points for any consortium member. Overall, the number of reads aligned to
the L. ferrodiazotrophum nif operon (mean across all samples: 102) was notably
higher than any of the other species (mean across all samples: 5, 45, 12, for At.

ferrivorans, At. ferrivorans related, and At. ferrooxidans, respectively).
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Figure 3.15 — Expression of nitrogen fixing nif genes in the SC3 consortium at week 8 and 16 of

growth on Phoukassa ore. Normalisation was conducted with Deseq2.
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3343 Carbon Fixation

Genes for the Calvin Cycle CO: fixing enzyme, ribulose-1,5-bisphosphate
carboxylase/oxygenase (EC 4.1.1.39, Rubisco) were expressed in At
ferrooxidans, At. ferrivorans and their related strains (Fig. 3.16), as well as
Rhodospirillales. Genes associated with the chimaeric CO: fixation pathway
(Cardenas et al., 2009), were expressed by all Ferroplasma spp. in the consortium.
As a generalised function and within individual species and genes over time, no
significant differences were seen in carbon fixation genes between the two time

points (Linear regression, p>0.05).
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Figure 3.16 - Expression of genes associated with carbon fixation in SC3 consortium at 8 and 16

weeks’ growth on Phoukassa Ore.

3.344 Model of Phoukassa Ore Bioleaching by the SC3 Consortium

The expression data given in the previous sections were linked together to create

a model of Phoukassa ore dissolution by the SC3 consortium (Figure 3.17).
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thiosulfate-quinone oxidoreductase, TSD: thiosulfate dehydrogenase, SOX: sulfur oxidation
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pathway, RUS: rusticyanin, SoxE: Sulfocyanin, IRO: high potential iron-sulfur protein, Cytszz:
Cytochrome 572.

The bioleaching of the Phoukassa ore is more complex than pure chalcopyrite as
it includes chalcopyrite alongside a primary phase of pyrite. As pyrite is acid
insoluble, protons do not initiate the attack on this mineral. Instead, pyrite
dissolution proceeds via the thiosulfate pathway during which thiosulfate is
generated via ferric iron hexahydrate oxidation of the mineral (Schippers and Sand,
1999). This thiosulfate may then be oxidised by TQO (At. ferrooxidans and
Rhodospirillales) or TSD (At. ferrooxidans) to tetrathionate, which can
subsequently be disproportionated by At. ferrooxidans’ TETH to sulfur, thiosulfate,
and sulfate. Tetrathionate may also be abiotically hydrolysed to disulfane-
monosulfonic acid, which can then be oxidised to trithionate by molecular oxygen
or ferric iron, which in turn is hydrolysed to thiosulfate and sulfate (Schippers,
Rohwerder and Sand, 1999). Pentathionate and elemental sulfur can also form as
intermediary sulfur compounds due to side reactions of disulfane-monosulfonic
acid with ferric iron, although the quantity of these products is limited compared to
sulfate (Sand et al., 2001; Tu et al., 2017). Pentathionate may additionally be
hydrolysed by TETH (De Jong et al., 1997). Elemental sulfur formed via side
reactions and tetrathionate disproportionation can be oxidised by the multispecies
HDR, SDO (At. ferrooxidans) or SOR (Ferroplasma spp. and At. ferrivorans
related). Although the mechanism of sulfite oxidation to APS remains unknown,
both At. ferrooxidans and the At. ferrivorans related strain expressed APS oxidising
SAT consistently at 8 and 16 weeks’ growth, suggesting that this pathway of
oxidation to sulfate was being mediated by microbes. Protons generated by pyrite
breakdown can initiate the attack on chalcopyrite breakdown, which can then

proceed as outlined in Chapter 2.
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3.4 Discussion

3.4.1 The Potential of the SC3 Consortium to Bioleach Low-Grade Ore

This study examined the capability of the SC3 consortium to breakdown a
low-grade copper ore derived from its native environment. Geochemical
testing found that copper, sulfur and iron availability increased over time
both with and without the consortium. This is in line with numerous
previous studies that show sulfide ores break down in abiotic conditions,
however, breakdown is enhanced in the presence of iron and sulfur
oxidising microbes (Garcia, Bigham and Tuovinen, 1995; Bosecker, 1997;
Sand et al., 2001; Ma et al., 2019). Overall, this trend was seen in this
chapter, with significantly greater iron and sulfur retrieval in the presence
of SC3.

Phoukassa ore is comprised of the elements iron, sulfur and copper. Given
the increased breakdown of Phoukassa ore indicated by greater iron and
sulfur availability in biotic samples, it would be expected that copper would
follow the same trend. However, contrary to expectations, copper
availability was greater in the abiotic samples than the biotic samples.
These findings are in line with a previous study of low grade ore, where
increased iron and sulfur release during bioleaching from a low grade ore
did not result in a corresponding increase in copper release. The authors
suggest this finding is due to copper release being a purely chemical

process at low copper percentages (Bostelmann and Southam, 2020).

It is unlikely that this trend in Phoukassa ore is due to greater breakdown
of the copper bearing phases in the abiotic samples. Firstly, the copper
bearing phases within the mineral are predominantly chalcopyrite, and
SC3 was demonstrated to enhance chalcopyrite breakdown in Chapter 2.
Secondly, pH was decreasing in biotic samples only, and the regeneration
of protons aids chalcopyrite dissolution (Sand et al., 2001; Vera, Schippers
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and Sand, 2013). Finally, it is well established that chalcopyrite dissolution
is enhanced in the presence of pyrite due to galvanic interactions, and that
this effect is greater in the presence of microbes (Berry, Murr and Hiskey,
1978). In line with this, copper retrieval reached above 80% in the biotic
samples, indicating notable copper mineral breakdown in the presence of
the microbes. Therefore, it is likely that the greater copper availability in
the abiotic samples is due to an alternative factor, such as uneven
distribution of copper minerals within the Phoukassa ore, owing to its
mixed mineral assemblage. Uneven distribution of target minerals within
mixed ores is an established feature of low-grade ores (Svetlov et al.,
2020; Mohanraj et al., 2022). Indeed, supernatant copper as a percentage
of the total available copper in the abiotic samples increased beyond
100%, reaching 101% at week 8 and 133% at week 16. This implies the
proportion of copper available differed from that of the ore tested by total
dissolution, i.e. the small sample quantity used in mineral dissolution tests
(3 replicates of 10mg of mineral) likely had a different proportion of copper
to the portion of mineral used for the bioleaching tests. Further, the overall
proportion of copper in the ore is notably lower than that of iron and sulfur:
only 2% of the mineral is copper, compared to 39% and 44% for iron and
sulfur, respectively. It is possible, therefore, copper availability in leachate
may not be the strongest indicator of overall breakdown for this ore. In
support of this concept, iron and sulfur retrieval were significantly higher in
the presence of the SC3 consortium. Therefore, overall Phoukassa ore
breakdown was higher in the presence of the SC3 consortium. The pH
data is in line with this conclusion, as mean pH decreased over time in the
biotic samples. This indicates the SC3 microbes facilitated the greater

release and oxidation of sulfur to sulfuric acid (Ma et al., 2019).

The pH trend contrasts with the results of the previous chapter, where pH
increased in the presence of the SC3 consortium. This finding does,
however, fit with the expected mechanism of mineral breakdown:
Phoukassa ore is comprised predominantly of pyrite, which is acid
insoluble, whereas chalcopyrite is acid soluble and consumes protons
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during its initial dissolution (Schippers and Sand, 1999; Vilcaez, Yamada
and Inoue, 2009). The difference in acid solubility between the two
minerals can also explain the contrast in the total mineral breakdown
observed. A greater overall percentage of mineral breakdown was seen in
the chalcopyrite of Chapter 2 compared to the Phoukassa ore. As an acid
insoluble mineral, the pyrite of the Phoukassa ore requires ferric iron to
initiate bioleaching (as detailed in Section 1.5.1), which is not initially
present in the medium. Initial breakdown of this mineral therefore
progresses slowly until iron is leached out of the mineral and oxidised
(Kocaman, Cemek and Edwards, 2016). Conversely, as chalcopyrite is
acid soluble, and thus vulnerable to proton attack, mineral breakdown
could commence faster than that of pyrite. This is in line with previous
findings for microbial chalcopyrite and pyrite dissolution (Kocaman, Cemek
and Edwards, 2016). Therefore, where pyrite makes up a large proportion
of an ore’s mineralogy, bioleaching practitioners may consider adding

ferric iron to the bioleaching system to enhance mineral breakdown.

3.4.2 Mechanisms of Phoukassa Ore Bioleaching by the SC3 Consortium

In Chapter 2, the bioleaching mechanism of the SC3 consortium was
shown to be driven by the expression of iron and sulfur oxidation
associated genes. To examine whether the same genes are involved in
the breakdown of a low-grade copper ore, a metatranscriptomics study

was conducted.

The metatranscriptomics results showed that as generalised functions,
there were no significant differences in the expression of genes associated
with iron and sulfur oxidation between the two time points. This suggests
that, at a community level, sulfur and iron metabolism is maintained over
time during bioleaching. Genes representing every step in the complex
sulfur oxidation pathway are expressed at both time points. Therefore, as
a whole, the oxidation pathways are similarly active over time. Previous
research based on single species found that iron and sulfur oxidation
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genes are upregulated in the presence of iron and sulfur (Ramirez et al.,
2004; Liljeqvist, Rzhepishevska and Dopson, 2013). However, the results
of this chapter show that this upregulation is not seen at a community level
over time; overall relative expression of these genes remains constant

despite the increasing concentrations of sulfur and iron in the supernatant.

Individual genes within some species were differentially expressed
between time points. For example, several of the putative sulfur and iron
metabolism genes were significantly more highly expressed in the
Ferroplasma spp. and G plasma in the second time point. This increase
could be as a function of increased relative abundance of these species —
the archaea had an overall greater number of reads aligned to them at 16
weeks compared to 8 weeks. Therefore, it is unclear whether this change
in expression level is due to changes in relative abundance of these
species, or due to upregulation of the genes. However, in either scenario,
it would appear that the archaea are playing a larger role in RISC and iron
oxidation at the latter stage of Phoukassa ore bioleaching, compared to
week 8. As overall sulfur and iron metabolism gene expression at the
community level did not increase over time, these findings could be
indicative of some degree of shift from bacteria to archaea for these
functions. In line with this, the bacterial species of Rhodospirillales and the
At. ferrivorans related strain downregulated their sulfur oxidation genes at
week 16. This is a notable finding, as the archaeal species in the
consortium are not generally associated with playing major roles in direct
bioleaching. They would not be traditionally added to “created” bioleaching
consortia and, in naturally occurring communities, are broadly regarded as
predominantly playing an indirect role in community functioning (Baker and
Banfield, 2003; Shiers, Collinson and Watling, 2016)

As well as indicating the potential changing roles of individual species
during bioleaching, the gene expression results also highlighted the
expression of some novel genes. Notably, the elemental sulfur oxidising
hdr gene identified in G plasma was shown to be expressed at both of the
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studied time points. This gene was unidentified in this species prior to this
thesis. The presence and expression of sqr and hdr homologues in this
species provides a putative pathway of oxidation from sulfide through to
sulfite. In combination with the results of Chapter 2, this offers the first
evidence of expression of this sulfur oxidation pathway in this species, and
provides evidence that this organism is capable of facilitating more of the
sulfur oxidation pathway than ever previously theorised. As it has been
previously noted that the sqr found in G plasma is genetically distant from
sqr sequences in other organisms (Jones, Schaperdoth and Macalady,
2014), there is a degree of possibility that G plasma could facilitate even
more of the RISC oxidation pathway, utilising additional enzymes that are
as yet unidentifiable as being associated with sulfur metabolism. Further
work is needed to identify additional sulfur oxidation associated genes in
this species, and to establish whether a complete RISC oxidation pathway

is present.

To provide a complete picture of Phoukassa ore breakdown mechanisms,
sulfur and iron metabolism gene expression data was fitted into a
community bioleaching model (Figure 3.17). This model suggested that the
mechanism of ore breakdown was likely a hybrid pathway combining the
previously described polysulfide and thiosulfate pathways (Schippers and
Sand, 1999), leading to the breakdown of the two major mineral
components of the ore: pyrite and chalcopyrite. This work represents, for
the first time, an evidenced view of the Phoukassa ore breakdown

mechanisms.

The metatranscriptomic study also facilitated examination of nitrogen
fixation processes that can help to sustain the community. Relative
expression of genes associated with nitrogen fixation were upregulated
over time at the community level. As a small quantity of fixed nitrogen was
provided in the initial growth medium, this finding fits a pattern of gene
upregulation over time in response to depletion of initial nitrogen (Marin et
al., 2021).
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3.4.3 Conclusion

This study fulfilled the outlined aims of the chapter by using geochemical
and molecular data to establish the role and mechanism of the SC3
consortium in the dissolution of a low-grade ore found in the consortium’s
native environment. This study used the first metatranscriptomic dataset
of low-grade ore bioleaching to create the first ever model of Phoukassa
ore breakdown. Geochemical data showed that ore breakdown was overall
significantly greater in the presence of the SC3 bioleaching consortium
(H1). However, an upscaled study is required to confirm enhanced retrieval
of copper, due to the uneven distribution and comparatively low quantities
of this element within the ore. Genes associated with sulfur and iron
oxidation were expressed at both time points when grown on the
Phoukassa ore (H2). Notably, they were not differentially expressed
between time points at a community level, however, within species, some
up- and down-regulation of these genes was seen (Hs). This shows that
while the relative contribution of each species may change, overall
bioleaching processes are consistently maintained by the consortium as a

whole.

In compliment to the findings of Chapter 2, this study confirms that more
species may be playing a direct role in bioleaching than previously thought,
and that species may play unexpected roles. In turn, this could have
implications for the selection of optimised bioleaching consortia. The
metatranscriptomic approach taken was essential to this finding, as it
provided a picture of how the community functions as a whole to maintain
consistent bioleaching over time. This has never previously been
demonstrated, as this chapter’'s study represents the first whole-
community study of iron and sulfur gene expression over time during

bioleaching.
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Chapter 4 — Characterisation of Trace Elements and

Exploration of Bioleaching Potential in Stibnite

4.1 Introduction

4 1.1 General Introduction

The previous results chapters improved the understanding of the
mechanisms behind the breakdown of copper sulfide minerals. For copper
sulfide minerals, bioleaching is already employed industrially worldwide.
However, not all sulfide minerals have been equally studied. For some
sulfide minerals, not only is bioleaching not yet commercially exploited, but
even the feasibility of bioleaching has not been adequately explored.

Stibnite is one such sulfide mineral (Dembele, Akcil and Panda, 2022).

Stibnite is the primary ore of the metalloid antimony. Antimony (Sb) is
increasingly in demand for a range of industrial uses, and consequently
has high global extraction rates - worldwide antimony production was
estimated to be 160,000 tons in 2019 (USGS, 2020). Despite the high
extraction rates and economic importance of stibnite, very little is known
about the geochemistry of this mineral. Consequently, it is currently
unclear whether bioleaching could enhance antimony recovery from
stibnite. Additionally, improving the understanding of stibnite dissolution is
important because where this process takes place in the environment (e.qg.
in mining spoil heaps), it results in the release of antimony into the
environment (Ashley et al, 2003). Antimony exposure has been
associated with negative human health impacts such as impaired liver
function, pneumoconiosis and gastrointestinal symptoms (Sundar and
Chakravarty, 2010; You et al., 2020). It is important therefore to establish

the factors affecting the release of antimony from sulfide minerals.

166



In this chapter, very preliminary trials attempting to establish microbial
growth on stibnite were unsuccessful. Therefore, to improve future
attempts to explore stibnite bioleaching, a better background
characterisation of the mineral is required. Stibnite is poorly studied not
just with regards to its breakdown, but also with regards to its geochemical
characteristics. Significantly less research has been conducted with
regards to stibnite than copper bearing sulfide minerals. Consequently,
much of the background information that is available for historically more
valuable sulfide minerals (e.g. chalcopyrite) is absent in the literature for
stibnite. This is a significant gap as geochemical characteristics of minerals
are important to their mechanisms of breakdown. For example, the
presence of trace elements in minerals has been shown to affect how
sulfide minerals break down (Fallon et al., 2019). However, the types and
typical concentrations of trace elements in stibnite are one of the key areas
where no formal study has previously been conducted. Therefore, this
chapter attempts to fill the gaps regarding stibnite characteristics to help
provide a background understanding of stibnite on which further

dissolution studies can be based.

4.1.2 Stibnite

Stibnite (Sb2S3, Fig. 4.1) is an opaque sulfide mineral found in
hydrothermal deposits worldwide. Typically made up of 72% antimony,
stibnite is commonly mined for this element’s retrieval (Schwarz-
Schampera, 2014).
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Figure 4.1 — Structure of stibnite created in Mercury (Macrae et al., 2020) based on
structural data from (Bayliss and Nowacki, 1972). Purple atoms represent Sb; yellow
atoms, S. Bayliss & Nowacki (1972) determined the cell parameters to be: a = 11.314, b
= 3.844, ¢ = 11.234, with the structure of stibnite made up of infinite Sb4Se chains
parallel to the b axis which form crumpled sheets (two in each unit cell, with interatomic
distances between sheets of 3.373 and 3.642 A). The bonds joining Sb-S were found to

be largely covalent.

Antimony is increasingly in demand due to its wide range of applications,
which include as a fire retardant, an alloy in lead-acid batteries, and for
plastic production (Sundar and Chakravarty, 2010; Belzile, Chen and
Filella, 2011). Very pure antimony is also employed for niche electronics
uses, such as in semiconductor devices (Cooper and Harrison, 2009). As
well as being mined as a target mineral for antimony extraction, stibnite
may also be retrieved then discarded as a by-product of precious metal
mining (e.g. Au, Ag) (Ashley et al., 2003; Schwarz-Schampera, 2014). Due

to the increasing mining and disposal of stibnite ores, there is growing
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concern regarding the breakdown of this mineral and the concomitant
environmental consequences (Filella, Belzile and Chen, 2002). However,
due to the very limited previous study of this mineral, there are many
notable gaps in relation to our understanding of stibnite. What is currently
understood regarding the characteristics of stibnite and its breakdown are

discussed in the following Sections (4.1.3 - 4.1.5).

4 1.3 Stibnite Dissolution

Antimony is released from stibnite into the environment when the mineral
is exposed to oxidising conditions, i.e. when it is mined and lower quality
ores are discarded (Wilson et al., 2010; Hiller et al., 2012; M. He et al.,
2012). The formal dissolution of stibnite under abiotic conditions,

generating acid, is represented by Eq. 4.1, (Biver and Shotyk, 2012b):

SbySs + 602 + 6H,0 > 2Sb(OH)s + 32H.S04 (Eq. 4.1)

Although sulfide mineral dissolution at mining sites is typically thought of
as an acidic process, in the natural environment, pH may be buffered by
the surrounding geology (e.g. pH may be elevated if carbonates are
present)(Ashley et al. 2003). As a result, neutral or alkaline conditions may
sometimes prevail, and there is evidence to suggest stibnite breakdown
can occur in these conditions. For example, elevated antimony loads have
been observed in mine drainage waters with neutral and alkaline pH
(Ashley et al., 2003; Klimko et al., 2011). To date, only one study has
explored the effect of pH on stibnite dissolution rates, with highest
dissolution rates found to be under acid and alkaline conditions, compared
to neutral (Biver and Shotyk, 2012b).

4.1.4 Bioleaching Potential of Stibnite

The first paper to demonstrate the potential for stibnite bioleaching used

the acidophile Acidithiobacillus (then Thiobacillus) ferrooxidans (Torma
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and Gabra, 1977), while an earlier report provided an overall equation of
stibnite breakdown by At ferrooxidans within acid mine drainage
environments (Eq.4.2, Rossi (1971)):

Sb2S3 + 602 2> Sbo(SO4)3 (Eq. 4.2)

In more than four decades since the publication of these studies, very little
work has been conducted to further the understanding of stibnite
bioleaching. Acidithiobacillus ferrooxidans remains the only acidophile
confirmed to be capable of mediating stibnite dissolution (Ubaldini et al.,
2000). There are only two reports of stibnite bioleaching under non-acidic
conditions, where the neutrophiles Paraccocus versutus XT0.6 and Bosea
sp. AS-1 were demonstrated to mediate the dissolution of stibnite under
circumneutral conditions (Loni et al., 2020; Xiang et al., 2022). To date, no
alkaliphiles have been demonstrated to grow on, or enhance the
dissolution of, stibnite. Overall, much remains unknown about the
mechanisms of stibnite breakdown with microbes. For example, it is not
currently known whether stibnite is acid soluble or insoluble, a notable gap

in our understanding of this mineral’s geochemistry.

While only a small number of organisms have been confirmed to facilitate
stibnite breakdown, a wide range of microbes have been shown to oxidise
the element antimony once released from the mineral. These include both
acidophiles and neutrophiles (Casiot et al., 2007; Sun et al., 2016; J. Li et
al., 2018; Xiang et al., 2022). Current evidence suggests that the greatest
effect of the presence of microbes on antimony oxidation is at
circumneutral conditions, where antimony oxidation occurs significantly
faster compared to abiotic conditions (Leuz and Johnson, 2005; Biver and
Shotyk, 2012b; Hamamura, Fukushima and Itai, 2013; Nguyen and Lee,
2015). Whether microbial antimony oxidation has an effect on stibnite
breakdown remains unknown, as to date no antimony-oxidation based

stibnite breakdown has been identified at any pH.
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4.1.5 The Presence of Trace Elements as Impurities in Stibnite

Establishing the quantity and nature of impurities in sulfide minerals is
important in determining the environmental impact of their breakdown, as
some elements commonly found within sulfide minerals are toxic.
Additionally, impurities within minerals, including sulfide minerals, can
have an effect on the rate and mechanism of their dissolution (Eisenlohr et
al.,, 1999; Xuehong et al., 2006; Dos Santos et al., 2017; Gartman,
Whisman and Hein, 2020). For example, Dutrizac & MacDonald (1973)
found that chalcopyrite dissolution could increase or decrease, depending
on the type of impurity present. Improving the knowledge base with
regards to the impurities in sulfide minerals can therefore be an important

first step in understanding factors affecting dissolution.

The current understanding of the types of impurities typically present in
stibnite is very limited. There are small number of technical and scientific
reports describing the types of elements that are present in specific
antimony ore deposits. These elements include: Au, Se, Pb, Fe, Zn, Cu,
U, As and Ba (Davidson, 1960; Seal, Bliss and Campbell, 1986; Ashley et
al., 2003). Nonetheless, no formal study has yet been conducted
examining the types of element present as impurities from stibnites
collected from different deposits worldwide, and to date, there has been no
study examining the speciation of trace elements in naturally-occurring
stibnite. It is known that certain factors can influence the types and
quantities of elements found within sulfide minerals, for example, the
temperature of mineral formation and the surrounding geology (Pfaff et al.,
2011; Tanner et al., 2016; Grant et al., 2018). Therefore, these
categorisations should be considered when examining trace elements in

stibnite.
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4.1.6 Hypotheses Formation

Based on the information in this introduction, the following hypotheses

were formed and tested in this chapter:

H+1 - Acidophilic and neutrophilic bacteria will facilitate stibnite breakdown
by oxidising sulfur or antimony

H> - All stibnites will contain a range of elements as impurities

Hs - Greater quantities of trace elements will be present in stibnites formed
at higher temperatures compared to lower temperatures

Hs - The trace element profile of the stibnites will vary depending on host
rock

Hs - Selenium substitutes for sulfur within the structure of stibnite

To summarise how these hypotheses were reached:

H1_ Neutrophiles and acidophiles have both been previously demonstrated
to facilitate stibnite breakdown (Section 4.1.4).

The acidophilic SC3 consortium has been demonstrated in this thesis to
mediate sulfide mineral dissolution and to possess sulfur oxidising genes.
Consequently, it is hypothesised that this consortium will mediate stibnite
breakdown through sulfur oxidation, as theorised previously for At.
ferrooxidans (Torma and Gabra, 1977).

One of the neutrophilic bacteria used in this chapter, NT-26, has been
previously shown to oxidise arsenic for energy generation (Santini et al.,
2000; Andres et al., 2013). Arsenic and antimony share similar chemical
properties (Liu et al., 2010), arsenic oxidisers and arsenite oxidase have
been shown to oxidise antimony (Wang et al., 2015). Itis possible therefore
that this arsenic oxidising microbe could oxidise antimony, and

consequently facilitate stibnite breakdown.
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H> - Sulfide minerals typically contain impurities in the form of minor or
trace elements, as inclusions or within the mineral lattice (Fontboté et al.,
2017).

Hs -The temperature at which sulfide minerals form has been shown to
affect quantities of trace elements within minerals (Wang et al., 2017), with
sulfide mineral deposits that form at higher temperatures typically contain
higher concentrations of elements (Metz and Trefry, 2000; Fontboté et al.,
2017).

H4 - The geology surrounding the mineral, i.e. the “host rocks” have been

shown to affect trace element characteristics in sulfide minerals .

Hs — Results of the initial geochemical analyses indicated that selenium
was consistently present as a trace element in stibnite. Selenium
substitution for sulfur has been demonstrated in synthetic stibnite (Kyono,
Hayakawa and Horiki, 2015). It is possible therefore that selenium can fit
within the mineral lattice of naturally occurring stibnite by replacing

antimony.

4.1.7 Aims and Objectives

The aims of this chapter were to improve the understanding of stibnite
geochemistry and potential for microbial breakdown. An initial objective of
this chapter was to establish whether neutrophilic and/or acidophilic
microbes could mediate stibnite dissolution and then to determine the
mechanism of microbial stibnite dissolution. Initial trials indicated that the
trialled organisms did not grow on stibnite under the tested range of
conditions. Consequently, it was determined that a better background
characterisation of the mineral is required to understand the geochemical
factors that could affect mineral breakdown, which could improve future

attempts to explore stibnite bioleaching. Therefore the following objectives
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were set out to improve the overall geochemical characterisation of

stibnite:

1.  Touse arange of analytical techniques to determine which elements,
at what quantities, are present as impurities in stibnite.

2.  Touse WDS mapping and pXRF to assess whether there is zonation
of trace elements in stibnite.

3. To analyse whether there are differences in the type or quantity of
trace elements based on the type of deposit the stibnites originated from,
or the type of rock the stibnites were hosted in.

4.  Utilise uXANES to investigate the speciation state of Se in stibnite.

4.2 Materials and Methods

4.2.1 Experimental Overview

Previous study of stibnite has been extremely limited, with many gaps
remaining regarding both this mineral’s geochemical characterisation and
its viability as a substrate for bioleaching. An experimental plan was
designed that would improve the overall understanding of stibnite, test the
outlined hypotheses and meet the aims and objectives of this chapter.
Preliminary trials were set up to examine if microbial growth could be
established and whether neutrophiles and/or acidophiles could facilitate
mineral breakdown. As these trials did not indicate microbial growth on
stibnite, focus was placed on improving the background understanding of
stibnite geochemistry, which could help inform future dissolution studies.
A series of geochemical analyses were conducted to characterise a range
of stibnites derived from diverse deposits across the globe and the types
and quantities of trace elements present within them. Further detail on the

analyses conducted is provided in the following sections.
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4.2.2 Preliminary Microbial Growth Trials on Stibnite

In an attempt to establish whether sulfur oxidising microbes could grow on
stibnite, and the effect this would have on the dissolution of the mineral,
two preliminary growth trials were set up, one with the acidophilic SC3
consortium, and one with neutrophile strains. As optimum growth
conditions have not been previously established for this mineral, a number
of different parameters were tested to explore if growth and stibnite
dissolution could be established. As no alkaliphiles have yet been
demonstrated to oxidise antimony or to mediate the dissolution of stibnite,

acidophilic and neutrophilic microbes were trialled in this chapter.

4.2.2.1 Acidophilic Growth Trials on Stibnite

The acidophilic microbes selected for growth trials were the SC3
consortium described in Section 1.8.1, and used in bioleaching
experiments in Chapters 2 and 3. These organisms were selected due to
their known sulfur oxidation abilities and well documented ability to break
sulfide minerals down in acidic conditions. An Acidithiobacillus
ferrooxidans isolate was also trialled, as this species had been previously
suggested to contribute to the dissolution of stibnite (Torma and Gabra,
1977; Ubaldini et al., 2000).

Several environmentally relevant stibnites obtained from currently active
mine sites were trialled for suitability as a growth substrate for the
acidophiles. The stibnites were samples Stb 6, Stb 7 and Stb 8
(mineralogical data listed in Section 4.2.3). These stibnites were selected
in line with the previous studies of acidophile growth on stibnite which have
both been conducted on stibnites derived from mine sites (Torma and
Gabra, 1977; Ubaldini et al., 2000).

An At. ferrooxidans isolate grown on an iron medium and the acidophilic
SC3 consortium were used as the inocula for stibnite growth trials. These

175



inocula (5% v/v) were transferred to McCartney bottles containing 10ml
minimal acid medium (MAM, as listed in Section 2.2.2) and 0.25g of stibnite
samples 6, 7 or 8. This is in line with numerous recent bioleaching studies
where the mineral is typically added at between 1-3% wt/vol (He et al.,
2010, 2014; Yu et al., 2011; Buetti-Dinh et al., 2020). This set up was
repeated three times. All biotic samples were then incubated alongside

abiotic controls at 28°C without shaking for up to 8 weeks.

In each attempt, after 4 and 8 weeks growth, a 20ul sub-sample of each
sample was viewed at 400x magnification under a Leica DM 2500 LED
optical microscope (Leica Microsystems GmbH, Wetzlar, Germany). In
every attempt, at 4 and 8 weeks incubation no, or <5 cells per view were
seen in any sample, compared to hundreds of cells per view in the inocula.
Additionally, pH was measured at 4 and 8 weeks using MilliporeSigma
MColorpHast pH indicator strips (Merck KGaA, Darmstadt, Germany) and
pH did not change from the initial ~pH 1.5 in any sample over this period.
Therefore, it was determined that growth on stibnite could not be
established with these organisms. Consequently, the original experimental
plan could not be followed. Had these growth attempts been successful, a
full scale experiment would have been set up in line with those of Chapter
3 to explore the effect of the SC3 on stibnite dissolution and the expression
of sulfur related genes in the consortium during growth on a mineral that

lacks iron.

4222 Neutrophilic growth trials on stibnite

The neutrophilic microbes selected for growth trials were the strains “NT-
24” and “NT-26" (now Pseudorhizobium banfieldiae (Lassalle et al., 2021),
which had been isolated from a mine environment (Granites Goldmine,
North West Territory, Australia) (Santini et al., 2000). NT-26 is a known
sulfur and arsenite oxidiser (Andres et al., 2013). NT-24 is an unpublished
Comamonas species which oxidises sulfur (J. Santini, Pers. Comm., 2017,
confirmed 2022). This strain was therefore included to examine whether
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sulfur oxidation could facilitate mineral breakdown at neutral pH. Both

strains can grow autotrophically (Ibid).

It has been suggested that antimony and arsenic oxidation could share
biogeochemical oxidation pathways in microbes (Terry et al., 2015; Li et
al., 2017). Therefore, these organisms were trialled to examine whether
they were capable of facilitating stibnite breakdown via antimony or sulfur

oxidation.

In this trial, laboratory grade stibnite was used to ensure that neutrophiles
were growing on stibnite only. This conservative approach was taken as at
the time of designing this experiment, no neutrophiles had been
demonstrated to grow on stibnite. In the time since the research in this
thesis was carried out, two neutrophilic studies of microbial growth on
stibnite have been conducted, which also utilise laboratory grade stibnite
for dissolution experiments, in line with the methodology of this chapter
(Loni et al., 2020; Xiang et al., 2022).

Microbes were cultivated in line with previous work on these strains
(Andres et al., 2013). Microbes grown in 0.04% yeast extract and minimal
salts medium (MSM, Table 4.1, below) aseptically transferred daily (1%
inoculum). Transfers were carried out by pipetting 1% of the previous
culture into a new sterile bottle of media. Once steady growth was
established, bacteria were transferred to 0.004% yeast extract (1%
inoculum) + MSM to acclimatise them to lower amounts of organic
substrate. After several transfers at this concentration of yeast extract,
bacteria were transferred to an inorganic MSM (5% inoculum), with 10mM
thiosulfate as the electron donor. A minimum of 6 inorganic transfers
occurred before transferring to the mineral without any additional electron
donors. The bacteria (1% inoculum) were then transferred to McCartney
bottles containing 0.2g autoclaved laboratory grade stibnite, ground and
sieved to leave the 200-500um fraction, and 10ml MSM (aseptically
created and transferred to the sterilised bottle containing the mineral).
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Samples were incubated alongside abiotic controls at 28°C without

shaking.

Table 4.1 — Minimal Salts Medium (Santini et al., 2000)

Reagent Concentration
Na2S04 - 10H20 0.7 gL
KH2PO4 0.17 gL
MgClz - 6H20 0.04 gL’
KCL 0.05gL"
CaClz - 2H20 0.05gL"
KNO3 0.15gL"
(NH4)2S04 0.1gL"
NaHCOs 0.05gL"
Trace elements SL8 containing W & Se| 1mlL"
(Macy et al., 1996)

At all stages, bacterial samples were checked periodically for purity by
transferring a small amount (20ul) onto an LB plate and incubating for 24-
48 hours. Samples were viewed under an optical microscope as described
in Section 4.2.2.1. Small numbers of cells (<20 per view) were visible at
weeks 2 and 4. Samples were analysed for pH once per fortnight,
assessed using MilliporeSigma MColorpHast pH indicator strips (Merck
KGaA, Darmstadt, Germany). Quantities of antimony and sulfur in
supernatant samples over time were analysed using ICP-OES as
described in Section 2.2.7, to establish whether stibnite had been broken

down in biotic and abiotic samples.

4.2.3 Stibnite Characterisation Study

Stibnite samples collected from around the world were examined using a
range of analyses to establish the presence, quantity, zonation and

speciation of trace elements. Phase identity was confirmed for a
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subsection of the stibnites using PXRD; the micro-analytical techniques of
EPMA (WDS) and LA-ICP-MS were used to identify trace elements and

confirm whether any zonation of trace elements was present; speciation of

Se in the samples was established using XANES. These methods are

explained in detail in Sections 4.2.3.1-4.2.3.6, below.

4.2.3.1 Stibnite Collection and Sample Preparation

Table 4.2, below shows a list of all the stibnite samples (total number: 34),

including the geographic location they were collected and their source.

Further information on the samples is included in Appendix VII.

Table 4.2 — Stibnite Samples and Origins

Sample | Location of origin Source
ID
Stb 1 Medas, Portugal Private seller
Stb 2 Knipes Mine, Scotland Private seller
Stb 3 Su-Suergiu-Martalai, Sardinia Private seller
Stb 4 Bau Mine, Malaysia Private seller
Stb 5 Les Biards Mine, France Private seller
Stb 6 Reefton, NZ Private mine contact
Stb 7 Xiknangshan XKS Mine, Hunan| Private mine contact
Province
Stb 8 Xiknangshan XKS Mine, Hunan| Private mine contact
Province
Stbh 9 Hillgrove, NSW, Australia Smithsonian, DC,
USA
Stb 10 Black Warrior Mine, AZ, USA Private collector
Stb 11 Hampton Mine, UT, USA Private collector
Stb 12 Bajuz Mine, Romania Private collector
Stb 13 Red Devil Mine, AK, USA Smithsonian, DC,
USA
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Stb 14

Antimony Peak, San Benito County,
CA, USA

Smithsonian, DC,
USA

Stb 15 Isle of Pines, Cuba Smithsonian, DC,
USA
Stb 16 Caspari-Zeche, Arnsberg,| Smithsonian, DC,
Germany USA
Stb 17 Boccheggiano, Tuscany, Italy Smithsonian, DC,
USA
Stb 18 Echinokawa Mine, Near Saijo,| Smithsonian, DC,
Ehime, Japan USA
Stb 19 Estado de San Luis Potosi, Mexico Smithsonian, DC,
USA
Stb 20 Manhattan, Nye County, NV, USA Smithsonian, DC,
USA
Stb 21 Kremnica, Stredne Slovensko,| Smithsonian, DC,
Slovakia USA
Stb 22 Asturias, Spain NHM*, London, UK
Stb 23 “Busoh, India™** NHM, London, UK
Stb 24 Rawdon, Hants Co., Nova Scotia,|] NHM, London, UK
Canada
Stb 25 Clontibret mine, Co. Monaghan,| NHM, London, UK
Ireland
Stb 26 San Antonio de Esquilache mine,| NHM, London, UK
Puno, Peru
Stb 27 Stolica mine, Podrinje, Krupanj,| NHM, London, UK
Serbia
Stb 28 Lucette mines, Le Genest,|] NHM, London, UK
Mayenne, France
Stb 29 Sherwood siding, Gwelo,| NHM, London, UK
Zimbabwe
Stb 30 Alcacoya mine, San Vincente Prov.,| NHM, London, UK

Bolivia
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Stb 31 [Berndorf, Lower Austria] *** NHM, London, UK

Stb 32 San Martin mine, Zacatecas, NHM, London, UK

Mexico

Stb 33 Montauto, Grosseto, Toscana, Italy| NHM, London, UK

Stb 34 Niarbyl trial, Traie Vrish, Isle of Man| NHM, London, UK

*

Natural History Museum.

*%

NHM historic labelling, Busoh does not exist in India. There is a Busoh in
Indonesia. No records can be found of an antimony mine in this region, but gold-mining
from sulfide deposits is known.

*kk

Probable location.

Upon receipt, each stibnite was photographed to retain visual
mineralogical information (see Appendix VIII). For samples where a larger
quantity of material was available (Stb 1-8, i.e. those not obtained from
museums or private collections), subsamples were removed with a
hammer. As far as possible, gangue material (non-stibnite mineral e.g.
quartz) was manually excluded. Part of these subsamples were ground
and sieved to <200um for XRD analysis. As Stb 9-34 had been sampled
from museum and private collections, only a very small amount of material
was available, hence the whole sample was mounted for LA-ICP-MS and
EPMA analysis. Each sample was mounted in resin and a thin section was
polished and mounted on a glass slide by Vancouver Petrographics Ltd
(Langley, BC, Canada). Samples were categorised by both deposit type:
epithermal (14) or mesothermal (7); and host rock: granites (6),
greywackes-phyllites (5), carbonates-limestones (11). For some samples,

no information could be obtained about their deposit of origin.

The types, quantities and distribution of the elements present is a function
of the prevalent physical and geochemical conditions during formation (Fu
et al., 2020). Stibnite samples were therefore categorised by deposit type
(i.e. formation conditions) and host rock surrounding deposits. The most
common host rocks for stibnite deposits are sedimentary and meta-

sedimentary rocks such as limestone, calcareous shales, sandstone; or
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granitic terranes (Seal, Bliss and Campbell, 1986; Bliss and Orris, 1989).
Additional surrounding geology can include phyllites (Ibid). Mesothermal
stibnite veins predominantly form under moderate pressure in the
temperature range of 250 to 350°C (Pirajno, 1992). Epithermal deposits
have been generally agreed to form under medium pressure, at
temperatures in the range of 160 to 270°C (Hedenquist, Arribas and
Gonzalez-Urien, 2000).

4.2.3.2 Powder X-ray Diffraction (PXRD)

Stibnite samples 1-8 were analysed with PXRD to confirm their identities.
In order to conduct this analysis, a sample of the mineral was ground and
sieved to < 200 um. PXRD was carried out using a Stoe Stadi-P Mo
diffractometer (Stoe & Cie GmbH, Darmstadt, Germany), with operating
conditions of 26=2°-40°, 0.5 step, 5 s count time per step. The resulting
diffraction patterns were analysed using DIFFRAC.SUITE EVA v3.1
(Bruker, Germany), and phase identification was achieved using the
International Centre for Diffraction Data PDF database (Gates-Rector and
Blanton, 2019).

4.2.3.3 Electron Probe Micro Analysis (EPMA)

All stibnite samples were analysed using EPMA. EPMA has been used in
numerous previous mineral composition studies, including to examine
trace and minor elements in sulfide minerals (Huston et al., 1995;
Desborough et al., 2010; Marques de Sa, Noronha and Ferreira da Silva,
2014).

For each sample in this chapter’s study, one site was selected at random
and analysed by energy dispersive spectroscopy (EDS), using the Oxford

Instrument Inca system (Oxford Instruments Plc., Abingdon, UK). This
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allowed qualitative identification of minor elements present within the
stibnite. Ten sites were then selected at random per sample and analysed
by wavelength dispersive spectroscopy (WDS), using a JEOL 8100
Superprobe (JEOL Ltd., Tokyo, Japan; accelerating voltage 15 kV, 2.5 mA
current, beam diameter 1 um, counting time 20s on peaks and 10s on high
and low backgrounds), to allow quantification of the trace elements
identified by WDS. The elements analysed by WDS were: O, Al, Sb, S, Si,
As, Fe, Se, Cu, Zn, Au, Ag, Pd, Pb, Mo, W. Additionally, ~400 ym? WDS
maps were used to identify any possible chemical zonation within a subset
of the stibnite samples, no obvious zonation was seen (Appendix XI). All
data were normalised to 100%. The data for stibnite 14 had four points with
very low values for Sb and S, indicating that these samples had not been
taken from stibnite grains. These points were therefore removed from the

dataset.

4.2.3.4 Laser Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS)

Laser ablation inductively coupled mass spectrometry (LA-ICP-MS) is a
rapid and accurate method of element analysis, that has been used to
establish trace element concentrations in a wide variety of minerals,
including sulfide minerals (Belousova et al., 2002; Cook et al., 2009, 2011;
George et al.,, 2015; Wang et al., 2017). LA-ICP-MS instruments can
determine quantities of trace elements at lower concentrations in minerals
than is possible using EPMA (lower limits approaching parts per billion
(ppb) concentrations, compared to parts per million (ppm) for EPMA-WDS
(Cook et al., 2011; Batanova, Sobolev and Magnin, 2018)). Therefore,
after establishing a baseline and any elements present at larger quantities
using EPMA, many studies follow up with LA-ICP-MS analysis, to provide
finer detail (e.g. Belissont et al., 2014; Cook et al., 2015).

In work undertaken (by me) at the School of Earth and Ocean Sciences,

Cardiff University, 15 of the stibnite samples were analysed using a New
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Wave Research P213 laser ablation system (Elemental Scientific,
Portland, OR, USA) attached to a Thermo X Series ICP-MS (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Three points were analysed
per sample. Samples were analysed in time-resolved mode using a spot
diameter of 55 ym and 80 pym (depending on grain size) with a frequency
of 10 Hz. Acquisition lasted 45s and a gas blank was measured for 20s
prior to the start of analysis. 3S was used as an internal standard for all
analyses and subtraction of gas blanks and internal standard corrections
were performed using Thermo Plasmalab software (Prichard et al., 2013).
The isotopes analysed were: 5Fe, °Co, 8'Ni, 85Cu, 86Zn, 75As, 7’Se, **Mo,
99Ru, 10'Ru, 193 Rh, 195Pd, 106pd, 198Pq, 109Ag, 111Cd, 121Sb, 125Te, ®Re,

18903, 195Pt’ 197AU, 206Pb, 209

LA-ICP-MS data contained some data points below the detection limit (the
detection limit (D.L.) was variable from element to element). In light of this,
in order the ensure that data trends were accurate, all statistical testing
was carried out with data points below D.L. set to zero and then repeated
with these data points set to the D.L. No differences in results of statistical
tests were observed between the two treatments of the data. The data

presented in this thesis is with the points in question treated as zero.

4.2.3.5 pXRF and X-ray Absorption Near Edge Structure (XANES)

Microfocus X-ray fluorescence (UXRF) is a method that allows analysing
very small sample areas for trace quantities of elements. Due to small
spatial resolution, micro XRF can pick up much smaller features on a
sample than conventional XRF. The technique can be used to create
detailed trace element maps of sulfide mineral surfaces (Courtin-Nomade
et al., 2009; Cook et al., 2015)

X-ray absorption near-edge structure (UXANES) is a type of inner shell
spectroscopy that involves using photon energy interacting with a deep-
core electron to determine XANES. This technique is well established as
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a method of determining the speciation of impurities within minerals,
including sulfide minerals (Simon et al., 1999; Savage et al., 2000; Cook
et al., 2012). Determining the speciation state of trace elements within a
mineral can help to establish which elements they may be substituting for
within the crystal structure, and consequently improve our understanding

of factors that could facilitate mineral breakdown.

To determine the zonation of trace elements and speciation of Se in a
subset of stibnite samples, yXRF mapping (Stb 1, 7, 12, 14, 16, 18) and
MXANES mapping (Stb 1, 7, 14, 16) was carried out on 118 beamline at
Diamond Light Source Synchotron Facility (Didcot, UK). For two of the
samples, Stb 12 and 18, pXRF maps were carried out, however as no
notable areas of Se could be established, pXANES maps were not

pursued.

The data were collected with the beamline in fluorescence mode, with a
spot size of 2um x 3.5um, and exposure time of 0.05 sec per point for
MXRF. The standards used were: sodium selenite pentahydrate (+4),
sodium selenate anhydrous (+6), selenium sulfide (+4), elemental Se shot
(0). Further information on the standards, as well as a full summary of
beam energies and scans carried out is available in Appendix IX. Data
analysis and map visualisations were carried out with DAWN (‘Data
Analysis Workbench’) (Basham et al., 2015) for uXRF. Data from XANES
analyses were extracted and normalised in Mantis (‘Multivariate data

analysis for spectromicroscopy’) (Lerotic et al., 2014).

4.2.3.6 Statistical Analysis

Statistical analysis of data and production of graphs was conducted using
R version 3.4.3 (R Core Team, 2017) in R studio version 1.1.423 (RStudio

Team, 2016), using packages: “ggplot2” (Wickham, 2016), “ggpubr’
(Kassambara, 2018), “forcats” (Wickham, 2019), “dplyr” (Wickham et al.,
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2019), ‘“effectsize” (Ben-Shachar, Makowski and Ludecke, 2020),
“reshape2” (Wickham, 2007) and “picante” (Kembel et al., 2010).

Data distributions were tested for normality using Shapiro-Wilk tests, and
were found not to be normally distributed (P<0.01). Consequently, non-
parametric statistical tests were employed to ascertain the significance of
results. Kruskal-Wallis analysis of variance testing and Mann-Whitney U
testing were used to establish differences between host rock and deposit
types, respectively. Pairwise correlations between elements were explored
first visually with the creation of pairwise plot matrices, then tested for

significance using Spearman correlation testing.

4.3 Results

4.3.1 Bacterial Growth Trials

4.3.1.1 Acidophile Trials

Experiments with acidophiles could not be set up as growth of At
ferrooxidans isolates or the SC3 consortium could not be established in
any of the stibnites. Therefore, it was determined that the original
experimental plan could not be followed and no data was obtained.
4.3.1.2 Neutrophile Trials

Following two weeks’ growth, pH values for the samples were consistent

across biotic and abiotic samples. After a further 2 weeks growth, pH had

decreased slightly in the abiotic sample and for NT-26 (Table 4.3).
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Table 4.3 - pH values during growth on stibnite

Time 0 weeks 2 weeks 4 weeks
Abiotic 8 8 7.5
Sb2S3

NT-26 8 8 7.5
Sb2S3

NT-24 8 8 8

Sb2S3

Table 4.4 — |ICP-OES data concentrations of S and Sb in biotic and abiotic samples after

4 weeks growth on stibnite, at 0 time values were below detection limit (<D.L.)

Sample Sb (mM) | S (mM)
4 weeks | 4 weeks
Abiotic Sb2S3 | 0.55 1.32
NT-26 Sb.S; | 0.46 4.21
NT-24 Sb2S; | 0.52 <D.L.

It has been noted that sulfur may not be a reliable indicator of quantity of
stibnite dissolution, as sulfur precipitates may form on the mineral surface
and some S may be lost as gaseous H2S, instead Sb should be used as
the core measure of stibnite dissolution (Biver and Shotyk, 2012b, 2012a),
and indeed is used as the sole measure of stibnite breakdown in the only
studies of neutrophilic stibnite bioleaching (Loni et al., 2020; Xiang et al.,
2022). There was a similar, or slightly lower, concentration of antimony in
biotic compared to abiotic samples, indicating that microbes did not
enhance mineral breakdown (Table 4.4). As the geochemical data
indicated that the bacteria were not contributing to stibnite dissolution,

neutrophilic trials were ended.

4.3.2 Confirmation of Mineral Identity

To confirm that the mineral samples studied were stibnite, pXRD, a

technique that identifies unique minerals (or “phases”), was employed.
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Diffraction patterns for samples Stb 1-8 can be found in Appendix X. As
shown in Table 4.5, below, the major phases for all the samples analysed

were stibnite and quartz.

Table 4.5 — major phases in each of the stibnite samples, with PDF database identifiers
Stb Phase 1 Phase 2

1 00-046-1045 Si O2 Quartz, | 00-042-1393 Sb2S3 Stibnite
syn
00-042-1393 Sb.S3 Stibnite |00-046-1045 Si O2 Quartz, syn
00-042-1393 Sb.S3 Stibnite |00-046-1045 Si O2 Quartz, syn
00-042-1393 Sb.S3 Stibnite |00-046-1045 Si O2 Quartz, syn
00-046-1045 Si O2 Quartz|00-042-1393 Sb2S3 Stibnite

low, syn
6 01-079-1910 Si O2 Quartz, | 00-042-1393 Sb2S3 Stibnite
syn
7 00-042-1393 Sb.S3 Stibnite |00-046-1045 Si O2 Quartz, syn
8 00-042-1393 Sb.S3 Stibnite |00-46-1045 Si O2 Quartz, syn

Al B~ WD

4.3.3 Quantification of Trace Elements via Electron Probe Micro Analysis

- Wavelength Dispersive Spectroscopy (EPMA-WDS)

Across all 34 samples, the mean percentages of the two major elements,
Sb and S, were highly consistent (Fig 4.2, below). The notable exception
is Stb 5, where mean sulfur is recorded as is 13.45% (£ 5.08). This notably
lower mean has been attributed to 4 analysis points for Stb 5 having values
of 0.01 - 0.02%; the remaining analysis points for sample 5 had values
between 26.41 and 27.29%, in line with the other stibnite samples
analysed (i.e., these samples were likely sampled in gangue material as
opposed to the stibnite phase). The S values for the remaining samples
ranged between 23.79 - 35.96%, with a median value of 27.53%, in line
with theoretical/reported values for stibnite. The range for Sb across all
samples was 62.4 - 75.88%, with a median value of 70.75%, in line with
reported/theoretical values for stibnite (Kadioglu et al., 2009).
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Figure 4.2 — WDS Mean and Standard Error of Sb and S percentages in stibnite samples

As well as Sb and S, a further 16 elements were analysed using WDS, of which 7
were found to be present at trace element quantities: Ag, Au, Mo, Pb, Pd, Se and
Zn (Fig 4.3). Across all stibnite samples, trace elements were present at average

percentages of Au (0.46%), Mo (0.42%), Se (0.35%), Pb (0.08%), Zn (0.02%), Pd
(0.008%), Ag (0.005%).
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Figure 4.3 - Mean concentration (%) of trace elements in stibnites split by host rock (a), and deposit

type (b) as analysed by WDS. Error bars show standard error of mean.

Significant differences between different deposit types were found for Mo (p=0.02)
and Se (p<0.01). Significant differences were found between all host rock types for
Pd (p=0.04). Pairwise follow-up tests found significant differences between
greywacke-phyllites and carbonates-limestones for this element. Pairwise follow-
up testing also identified significant differences for Pb and Se values between
greywacke-phyllites and carbonates-limestones (p<0.01); and for Pb values
between greywacke-phyllites and granite (p<0.01). Correlation testing via
Spearman testing of WDS data from all stibnite samples found that the strongest
correlation of elements was a negative association between Au and Sb (-0.56,
p<0.01). The WDS data suggested that there was a strong negative correlation

between gold and antimony in the mesothermal deposits (-0.77, p<0.01).
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4.3.4 Quantification of Trace Elements via Laser Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS)

Of the twenty-four isotopes measured by LA-ICP-MS analysis, eight were found to
be present at trace element quantities (i.e. below 0.1%): '°°Ag, '9"Au, 2°°Bi, '?5Te,
"SAs, 296Pp, 77Se, 56Zn. Mean concentrations of these trace elements are shown in
Fig. 4.4, below. Antimony was found to have a mean concentration of 71.2% (+1.66
st. dev), in line with the stoichiometric values for stibnite (Kadioglu et al., 2009).
Measurements for each of the remaining 15 isotopes (°’Fe, 5°Co, 8'Ni, 85Cu, %Mo,
%Ry, 101Ry, 193 Rh, 15Pd, 106Pd, 108pd, 111Cd, 85Re, 1890s, 195Pt) were all, or

predominantly, below the detection limit.

Significant differences were found within concentrations of Ag, Pb and Bi (Kruskal-
Wallis p=0.02,<0.01,<0.01, respectively) that were dependent on the rock types
within which the minerals were hosted. Ag was notably higher in samples with host
rocks of granites and greywackes-phyllites compared to carbonates-limestones.
Post-hoc pairwise Mann-Whitney U tests were performed to establish which pairs
were significantly different to one another. This established that there were
significant differences in Ag concentrations between stibnites hosted in granite
versus carbonates-limestones (p=0.01), and in Pb concentrations for greywackes-
phyllites versus carbonates-limestones (p<0.01). Bi was determined to be present
in significantly higher concentrations in samples hosted in greywackes-phyllites to

both carbonates-limestones (p=0.02) and granite (p=0.03).

Differences in element concentrations between deposit types were established
using Mann-Whitney-U testing. Ag was determined to be present in significantly
higher quantities in epithermal compared to mesothermal deposits (p<0.01). Se,
As and Te were also present in higher quantities in epithermal deposits, however
this difference could not be established as significant using the employed non-

parametric tests.
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Fig 4.5, below demonstrates the variability that was present within the conditions.
For As, there is a high degree of intra-condition variability in the data within all
categorisations, with pooled standard deviations (PSD) of 483.61 and 421.24 for
host rock (HoRo) and deposit type (Dep), respectively. There is also notable intra-
condition variability in the Pb (PSDHoro = 132.45, PSDpep = 147.94) Se (PSDHoro =
34.59, PSDpep = 134.36) and Zn (PSDuoro = 27.88, PSDpep = 26.44) data. This
high degree of intra-condition variability may suggest that there is heterogeneity of
trace elements across the samples. Within individual samples, variability was lower
(Per stibnite PSDs for: As = 292.04, Pb = 59.70, Se = 22.03, Zn = 21.03),
suggesting that variation was not a function of outliers, but rather the presence of
different concentrations of these elements in different samples. Conversely, intra-
condition values for Ag (PSDhoro = 4.43, PSDpep = 3.88), Au (PSDHoro = 0.14,
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PSDpep = 0.13), Bi (PSDHoro = 0.07, PSDpep = 0.18) and Te (PSDhoro = 0.84,
PSDpep = 1.71) were highly homogeneous.
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Figure 4.5 — Boxplot of scaled LA-ICP-MS data for all stibnite samples measured, showing
variability in the data.
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Correlation testing of elements did not reveal any strong patterns across
conditions. However, a positive correlation was found between Au and Pb across
all samples (0.54, p<0.01), with this correlation stronger in stibnites from
mesothermal deposits (0.86, <0.01) than epithermal deposits (0.43, p=0.03). A
similar trend was seen for Pb-Bi, which showed a positive correlation overall, and
had a stronger correlation in mesothermal than epithermal deposits (all= 0.63,
meso = 0.53, epi = 0.51, p<0.02). No strong negative correlations were found
across the data as a whole, although a very strong negative correlation was seen
between Se and As in the stibnites derived from Greywacke-phyllite host rock (-
0.91, p<0.01), a trend also seen in the stibnites derived from the mesophilic
deposits (-0.7, p<0.01).

4.3.5 Qualitative Assessment of Trace Element Presence and Zonation

Spectroscopy

To help establish whether there was zonation of elements and identify areas with
high Se to conduct XANES mapping, pXRF was employed. uXRF scans of areas
selected for uXANES are shown in Fig 4.6, below. Qualitative analysis of samples
1, 7, 14 and 16 by uXRF mapping indicated that Au, Ag, As, Se and Pb were
present in all samples. These elements were not homogeneously distributed within
the areas studied, indicating some degree of zonation within the minerals. In Stb
7, Fe and Zn were present in small patches. In Stb 12 small patches of Pb and As
were visible, whereas no notable areas of trace elements could be found in Stb 18.
Bismuth was not established in any sample. The presence of other elements
detected using WDS and LA-ICP-MS (Mo, Te, and Pd) could not be evaluated due
to their Ka X-ray emission energies being above the energy used in this study
(maximum 13200 eV).
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Figure 4.6 - Intensity of Se in Stb 1(A), 7(B), 14(C), 16(D) analysed with uXRF. Arbitrary units.

4.3.6 Speciation of Se in Stibnites

The oxidation state of Se was explored to determine how this trace element was
fitting within the stibnite structure. This element was selected as it was present in
both EPMA-WDS and LA-ICP-MS assessments. Selenium K-edge XANES spectra
for samples 1, 7, 14 and 16 are shown in Figure 4.7, below. The standards used
for comparison (selenite pentahydrate (+4), sodium selenate anhydrous (+6),

selenium sulfide (+4), elemental Se shot (0)) are also plotted.
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By comparing XANES spectra to the standards analysed (position of white line
peaks and second peaks), it appears that stibnite samples measured could
correspond to either Se(4+) sulfide or elemental selenium (0). The white line peaks
for the stibnites were 12651.5 eV, 12651.25 eV for Se sulfide, and 12651.5 eV for

elemental selenium.
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4.4 Discussion

441 Trace Element Trends in Stibnite

This study represents the first comprehensive study of trace elements in stibnites
from a wide variety of origins. In line with findings for other sulfide minerals
(Fontboté et al., 2017), the experimental data collected by WDS, LA-ICP-MS and
MXRF confirmed the presence of a range of trace elements in the analysed stibnite
samples. There was consensus between the analytical techniques that Se, Au, Ag,
Pb and Zn were present in stibnite. Additionally, the presence of As was confirmed
by LA-ICP-MS and uXRF. These results are in agreement with the small number
of previous studies which examined single stibnite samples (Murao et al., 1999;
Ashley et al., 2003; Fu et al., 2020). Overall, these findings demonstrate that

stibnite breakdown could contribute potentially toxic elements to the environment.

The replacement of major elements in a sulfide mineral with trace elements can
lead to the creation of defects in the mineral structure, which has been shown to
lead to more breakdown compared to sulfide minerals free of impurities (Lehner et
al., 2007; Liu et al., 2008). This is as a result of element substitutions changing the
structural and electronic properties of the mineral (Chen, Chen and Guo, 2010).
The nature of the trace elements found in this study can inform what properties of
the mineral may be changed by their inclusion. The majority of the elements
present as trace elements in the stibnites were chalcophile elements, which
preferentially form bonds with sulfur (As, Se, Te, Pb, Zn, Ag, Mo and Bi (Dare et
al., 2011)). Additional elements identified in this study included Au and Pd, which
can act as chalcophiles in some magmatic ore deposits (Barnes and Ripley, 2015).
These findings could imply that trace elements found within the mineral lattice of
stibnite are more likely to be replacing antimony than sulfur. As most of the
elements found to be present in stibnite in this study (As, Se, Te, Pb, Zn, Ag, Mo,
Au and Pd) have atomic radii smaller than antimony, if these elements are
replacing antimony, changes to the size of the mineral lattice could occur. This
could create defects and/or affect the bonds within the mineral, with potential
implications for the rate of mineral breakdown (Chen, Chen and Guo, 2010). A

197



detailed electrochemical study is required to establish the complex effects of

mineral substitutions in stibnite.

A key challenge to interpreting the results collected in this chapter was the
conflicting data collected by the different analytical techniques. The percentage of
Sb determined by both EPMA-WDS and LA-ICP-MS was highly similar, suggesting
the two methods are accurate at higher concentrations. At trace element
concentrations, however, there were many contrasts between the techniques in
terms of quantities detected. For example, the EPMA-WDS data indicated that Mo
was present in notable quantities, while this element was not detected by LA-ICP-
MS. It is unlikely that high levels of Mo would be present in the stibnite samples
studied, as Mo is poorly soluble in sulfide hydrothermal vent fluids below 350°C
(Metz and Trefry, 2000). Epithermal and mesothermal deposits (i.e. the conditions
of formation of the stibnites studied in this chapter) predominantly form below this
temperature (Pirajno, 1992; Hedenquist, Arribas and Gonzalez-Urien, 2000).
Indeed, Mo potentially had an overlapping L alpha X-ray line with sulfur, potentially
indicating that this element was recorded erroneously in place of sulfur (see plot of
EPMA-WDS X-ray values in Appendix Xll). Previous authors have concluded that
LA-ICP-MS is more accurate than WDS at trace element concentrations. For
example, Fu et al. (2020) could not use EPMA-WDS to detect trace elements in
stibnite due to many values being recorded below the detection limit. Therefore,
where data conflicts occur, focus should be placed on LA-ICP-MS results at trace

element concentration levels.

Mapping carried out via WDS suggested homogeneity of trace elements within the
samples. Conversely, zonation and heterogenous distribution of trace elements in
the stibnites was implied by the pXRF and LA-ICP-MS (due to intra-sample
variability). As the uXRF findings corroborate the accuracy of LA-ICP-MS, the LA-

ICP-MS results will be focussed on in the following section.

4.4.2 The Effect of Host Rock and Deposit Type on Trace Elements in Stibnite
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A number of factors can affect the quantity and types of trace elements in sulfide
minerals, including the type of deposit they form in and the surrounding geology
(i.e. the host rock). This is the first study to examine whether these factors affect

the characteristics of trace elements in stibnite.

General trends for sulfide minerals are that solubility and therefore quantities of
trace elements decrease as temperatures decrease (Metz and Trefry, 2000;
Fontboté et al., 2017). Consequently, the lower temperature epithermal deposits
might be expected to contain fewer trace elements. However, no elements were
present at significantly lower quantities in the epithermal stibnite group. In fact, LA-
ICP-MS analysis established that the concentration of Ag was significantly higher
in epithermal deposits. This specific result is in line with findings that Ag may be
enriched in some sulfide minerals formed at lower <200°C temperatures (Trefry et
al., 1994; Metz and Trefry, 2000). Similarly, there were no differences between the
conditions in quantities of Au, despite the well-documented Au-Sb association in
mesothermal ore, making enrichment in this condition likely (Madu, Nesbitt and
Muehlenbachs, 1990; Ortega, Vindel and Beny, 1991; Bortnikov et al., 2010; Yang
et al., 2017). The reasons for the contrasting findings of this study compared to
findings for some other sulfide minerals could be due to a range of factors. For
example, the two deposit types in which stibnite is found (epithermal and
mesothermal) are closer in temperature formation range than the temperature
ranges for other minerals; the precipitation of sulfide minerals from hydrothermal
fluids ranges from 100-500°C (compared to 160-350 for meso- and epithermal
deposits) (Fontboté et al., 2017). Indeed, there is some overlap in formation
temperatures between the two (250-270°C). Additionally, compounding effects of
other factors could explain why intra-condition variability was greater than inter-
condition. For example, fluid salinity, pH and sulfide concentration in hydrothermal
fluids during mineral formation can all affect the deposition of trace elements in
sulfide minerals (Fontboté et al., 2017). Due to this range of influencing factors, it
has been noted that making creation of a simplified model of trace element

distribution extremely challenging (Metz and Trefry, 2000).
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Host rock also did not appear to be a strong indicator of trace element trends, with
very limited differences between the three conditions. This is consistent with some
previous authors who have attributed differences in trace elements in sulfide
minerals to variations in fluid composition and redox conditions during formation,
as opposed to, or in combination with, host lithology (Bonnet et al., 2016;
Maslennikov et al., 2019).

As a whole, the results of this chapter found very limited significant differences
between the different conditions studied in terms of trace element composition or
quantities. Instead, much variability between samples, within conditions was seen
in LA-ICP-MS data, suggesting that neither host rock nor deposit type is a reliable

predictor of the variability between samples.

4.4.3 Selenium Speciation in Stibnite

The speciation of trace elements found within stibnite can help us to establish
whether an element is substituting for sulfur or antimony in the crystal structure, or
whether it is present outside the mineral structure as an inclusion. In turn, this can
help us understand factors that could affect stibnite breakdown. This chapter
provides the first study of the speciation state of any element in naturally occurring

stibnite.

No obvious inclusions were visible in the stibnites via EDS, although micron-scale
inclusions may possible based on pXRF data. Consequently, upXANES was
employed to determine the oxidation state of Se, as this element had been shown
to be present in both LA-ICP-MS and EPMA-WDS analyses. There was a high
degree of similarity in the XANES spectra across the four samples analysed.
However, it could not be established whether Se was present as elemental
selenium (possibly as an inclusion) or as selenium sulfide (within the mineral
structure). These results are comparable to the findings of Matamoros-Veloza,
Peacock and Benning (2014) for Se oxidation in pyrite from shales. These authors

noted that the white line peaks and inflection points of the Se uXANES spectra for
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the pyrite grains examined were very similar to their selenium sulfide and elemental

selenium standards.

If Se is present as selenium sulfide, then it would potentially be substituting for Sb
in the mineral structure. However, as no negative correlation was found between
Sb and Se in either EPMA-WDS or LA-ICP-MS data, it was determined this was
unlikely to be the case. Additionally, Kyono et al. (2015) suggest that in synthetic
stibnite, Se substitutes for S, forming antimonselite, and it has been proposed that
stibnite and antimonselite occur in solid solution, with Se substituting for S. In order
for Se to substitute for S within the stibnite structure, Se would need to be present
in the -2 oxidation state, as opposed to the +4 oxidation state of selenium sulfide.
Therefore, it was determined that Se within the stibnite samples is unlikely to be
occurring as a substitution. Instead, it could be considered more likely that the Se
is occurring as elemental selenium. Furthermore, it has been suggested that
identification of Se based solely on the position of peaks may be inaccurate due to
the close positions of K-edge energies for the different oxidation states of Se.
Instead, overall spectra shape should be employed (Shah et al., 2007). Visual
inspection of the spectra suggested that the selenium in the stibnite samples more
closely matched elemental selenium. Therefore, it is likely that Se in stibnites is
occurring as a microscale inclusion, rather than substituting for S or Sb within the
mineral structure. This finding demonstrates that Se is unlikely to affect the mineral
structure and therefore breakdown of stibnite. This is particularly notable, as Se
was one of the trace elements measured with the highest concentrations in stibnite,

and was present in all samples.

4.4 4 Stibnite as a Substrate for Microbial Growth

Despite its economic and environmental importance, the potential for microbial
breakdown of stibnite has received limited study, and consequently, is poorly
understood. Here, attempts to shed light on stibnite bioleaching by establishing
microbial growth on stibnite were unsuccessful. Nonetheless, this outcome can

provide some insights into stibnite, which could inform future bioleaching studies.
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Although At. ferrooxidans and other members of the SC3 consortium have been
comprehensively established to grow using a wide range of sulfide minerals as
substrates, in this study, sustained growth of acidophiles in the SC3 consortium
could not be achieved on stibnite. This observation could help inform our
understanding of stibnite geochemistry and its susceptibility to breakdown in
different conditions. For example, it is widely recognised that for certain sulfide
minerals in acidic conditions, breakdown cannot be instigated by protons, but
instead ferric iron is required. These minerals are considered acid-insoluble
(Schippers and Sand, 1999). However, as limited information is available regarding
stibnite dissolution, it has not previously been established whether or not it is acid-
soluble. Indeed, both previous studies of stibnite breakdown with acidophiles have
used stibnites that contained iron in the form of pyrite and as inclusions (Torma
and Gabra, 1977; Ubaldini et al., 2000). Conversely, in this chapter, iron was not
detected even at trace element level by either WDS nor LA-ICP-MS in the stibnites
used as growth substrates for the acidophiles. It is therefore possible that where
acidophilic dissolution of stibnite has been suggested in previous studies, the
actual mechanism of stibnite dissolution was via pyrite dissolution followed by iron
oxidation by At. ferrooxidans, with ferric iron then acting as an oxidant for stibnite
dissolution. This could indicate that stibnite might be acid insoluble. Further

bioleaching studies with and without iron are required to corroborate this finding.

At the initiation of this chapter's work, no studies existed demonstrating the
existence of neutrophilic stibnite oxidisers. Arsenic and antimony could share
biogeochemical oxidation pathways in microbes (Liu et al., 2010), and microbially
produced arsenite oxidase has been shown to oxidise antimony (Wang et al.,
2015). It is possible, therefore, the arsenic oxidising microbes could oxidise
antimony, and consequently facilitate stibnite breakdown. This study therefore
explored whether an arsenic oxidising neutrophile derived from a mining site could
mediate stibnite breakdown. Enhanced mineral breakdown could not be
established in the presence of the studied neutrophiles. Consequently, it is unlikely
that the neutrophiles were oxidising antimony or sulfur from the mineral, but rather
using thiosulfate left over from the initial inoculum for growth. This is in line with
findings of previous work that showed that the neutrophile Bosea Sp. WAO
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resulted in no sustained stibnite oxidation and at the end of the experiment, no
difference was found in soluble sulfate between the biotic samples and abiotic
controls (Walczak, 2016). Since this chapter's work was conducted, two
neutrophiles have been ostensibly demonstrated to facilitate stibnite breakdown
(Loni et al., 2020; Xiang et al., 2022). In both instances, however, iron was present
in the medium. Additionally, the mechanism of stibnite dissolution by microbes is
accompanied by changes to pH and greatest oxidation was found under
heterotrophic conditions. As it has been previously demonstrated that organic
ligands can facilitate stibnite breakdown (Biver and Shotyk, 2012a), the basis for

the enhanced stibnite dissolution with these organisms remains unclear.

Overall, it can be concluded that under the conditions tested, NT-24 and NT-26 are
not capable of facilitating autotrophic stibnite breakdown. Additionally, despite
similarities in chemistry between the elements, arsenite oxidising ability does not
necessarily indicate the ability to oxidise antimony and facilitate stibnite

breakdown.

445 Conclusion

In this chapter, the first comprehensive study of trace elements in stibnites from
different sources around the world was presented. All techniques indicated that Se,
Au, Ag, As, Pb and Zn were present as trace elements in the stibnites studied (H2).
These results indicate that the potential environmental consequences of stibnite
breakdown include the release of toxic elements. Additionally, these findings could
be used as a basis for understanding the types of trace elements present in stibnite

for metal extraction.

Limited significant differences were seen between conditions in terms of quantities
of the trace elements present, and it was consequently concluded that neither
deposit type nor host rock provided a strong explanation for the variation seen
between samples. A uXANES study allowed for the first insight into the speciation
of Se as a trace element in naturally occurring stibnites, with conclusions drawn
that Se is likely present in the elemental zero oxidation state, possibly as micro-
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inclusions. These results indicate that the hypotheses 3-5 (Hs -Hs) cannot be

accepted.

Similarly, H1 cannot be accepted as bacteria did not grow using stibnite under the
tested conditions, nor did they facilitate stibnite breakdown. The lack of growth in
the acidophilic strains could be indicative of the mineral being acid insoluble,
therefore requiring iron to break down. This idea was supported by the collected
geochemical data which indicated the lack of iron in the studied stibnite samples.
Future stibnite bioleaching trials should be conducted in the presence and absence

of iron to confirm this concept.

Some authors have suggested that abiotic stibnite breakdown is greatest at very
alkaline pH (Hu, He and Kong, 2015; Hu et al., 2016, 2017). Therefore, it is possible
that the same may be true for biological dissolution of stibnite, i.e. in the absence
of iron, alkaline conditions may be required to initiate microbial mineral breakdown.
However, at present, there are very few studies of alkaliphilic bioleaching on any
mineral, and to date, no alkaliphiles have been found to oxidise either stibnite or

antimony.
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Chapter 5 - General Discussion

5.1 Thesis Overview

Sulfide minerals are an ubiquitous and important group of minerals, both

economically and environmentally. The impact of their breakdown can be desirable

(for the retrieval of precious metals) or damaging (the creation of toxic acid mine

waters). Despite the global impact of sulfide minerals and their dissolution (both

intentional and unintentional), key aspects of their breakdown were poorly

understood. This thesis aimed to add to the knowledge base regarding sulfide

minerals and factors affecting their breakdown. To meet this aim, a series of

objectives were outlined in Chapter 1 of this thesis, and these objectives were

fulfilled as follows:

1.

In Chapters 2 and 3, the collected ICP-OES and pH data indicated that,
compared to abiotic conditions, chalcopyrite and Phoukassa ore breakdown
was enhanced by the presence of the naturally occurring SC3 bioleaching
consortium. In Chapter 4, geochemical data could not be collected, as
growth of the SC3 consortium was not established, suggesting that stibnite
is an unsuitable growth substrate for these microbes.

In Chapter 2, genes associated with the metabolic processes of the SC3
consortium were identified and RNA-seq analysis found expression of
genes associated with iron and sulfur metabolism across the whole
consortium during bioleaching. This work led to the detection of sulfur
oxidation genes previously unknown in their respective species.

RNA-seq demonstrated that all identified iron and sulfur genes were
expressed during dissolution of Phoukassa copper sulfide ore in Chapter 3,

and several of these genes were differentially expressed over time.

. The expression and geochemical data collected in Chapters 2 and 3 were

used to create models of mineral breakdown for chalcopyrite and

Phoukassa ore, respectively.
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5. In Chapter 4, data collected from a range of analytical methods offered an
improved understanding of the the types of impurities in stibnites from
around the world, providing an enhanced geochemical background of this

poorly studied mineral.

By meeting these objectives, this thesis has improved the understanding of the
make-up of sulfide minerals and their breakdown. In turn, this information could be
used to enhance the efficacy of bioleaching, and inform remediation strategies to
reduce the environmental impact of sulfide minerals. Additionally, the research
detailed in this thesis has provided a number of notable contributions to the field,

including:

e The creation of a reproducible, novel bioinformatic pipeline for
metatranscriptomic analyses

e The first community transcriptomic data sets of the SC3 bioleaching
consortium

e The first metatranscriptomic study of sulfur and iron genes in a naturally
occurring bioleaching consortium

e The first evidence of sulfur oxidation gene expression in the Archaeon G
plasma

e A novel polysulfide reductase (psr) gene was shown to be expressed in At.
ferrooxidans, providing the first evidence for a polysulfide reduction step in
this organism

e The first geochemical dataset for the breakdown of Phoukassa ore

e The first model of Phoukassa ore dissolution by microbes

e The first comprehensive data set of stibnite impurities, providing key
information regarding this poorly studied mineral

e The first ever data regarding speciation of any trace element in stibnite

These contributions to knowledge and their implications, with regards to sulfide
minerals and the metabolisms of the SC3 bioleaching consortium, are discussed

in the following sections. Additionally, potential practical applications of this work
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are discussed. Finally, the limitations of this work and possible future directions are
highlighted.

5.2 Metabolisms of the SC3 Consortium

Previous literature detailing metatranscriptomic studies of acidophiles is very
limited, potentially due to the practical challenges associated with extracting
sufficient high-quality RNA at low pH (Zammit et al., 2011). To date, only two
studies have used whole-community RNA-seq to examine gene expression during
bioleaching processes (Marin et al, 2017, Ma et al, 2019). The
metatranscriptomics studies carried out in Chapters 2 and 3 of this thesis represent
the first whole community RNA-seq datasets exploring iron and sulfur oxidation
genes in a bioleaching consortium. In the absence of metatranscriptomic studies,
previous analyses of iron and sulfur oxidation gene expression have only been
carried out for individual species (e.g. Carlos et al., 2008; Quatrini et al., 2009;
Lilieqvist, Rzhepishevska and Dopson, 2013). Such studies cannot capture the
interactions between species in a community during the active process of
bioleaching. Therefore, the datasets in this thesis build the first comprehensive

picture of inter-species sulfide mineral dissolution pathways.

The findings demonstrated that genes facilitating every step of the complex sulfide
mineral dissolution process were consistently expressed by the consortium when
faced with varying conditions (different mineral substrates of Chapter 2 and 3), and
over time (Chapter 3). Indeed, as generalised functions of the whole consortium,
expression of sulfur and iron oxidation genes were not significantly different over
time in Chapter 3. Changes were, however, seen over time at the species level in
Chapter 3, where the data indicated a potential shift over time in the types of
species dominating sulfur and iron oxidation. Similarly, certain organisms were
expressing some RISC oxidising genes when grown on the Phoukassa ore, but
not when grown on chalcopyrite. Nonetheless, all sulfur oxidation steps were
shown to be mediated by at least one species in both conditions. Therefore, while
the roles played by individual species may vary over time, and in response to

changing mineral substrates, the overall processes of sulfur and iron oxidation are
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consistently facilitated by the community as a whole. This finding is significant as
it indicates that bioleaching as a community-level function is robust in this
consortium, and could suggest SC3 is capable of facilitating bioleaching under a

range of conditions.

As well as exploring inter-species and community-level gene expression, the use
of metatranscriptomics to explore a naturally occurring consortium also allows the
study of the transcriptomes of species that are not yet isolated. For G plasma, this
enabled the first ever gene expression analyses to be carried out in the species.
Additionally, for the Ferroplasma spp. in the consortium, this study represented the
first report of sulfur oxidation gene expression. That these archaeal species were
found to be expressing iron and sulfur oxidation genes in the experimental work of
both Chapters 2 and 3 broadens the evidence for bioleaching capabilities in these
previously poorly studied species. Indeed, all SC3 members were shown in
Chapters 2 and 3 to be expressing genes that could directly contribute to
bioleaching. This finding could have implications for how we view the roles of
heterotrophs in AMD and bioleaching communities, as G plasma has been posited
to be organoheterotrophic (Golyshina et al., 2016b). It has traditionally been
concluded that heterotrophs predominantly play a supporting role in bioleaching
communities, providing nutrients or removing organic acids that could inhibit the
growth of the chemolithotrophs (Rawlings, 2005; Fang and Zhou, 2006; Vardanyan
and Vyrides, 2019). Nonetheless, there have been some previous suggestions that
heterotrophs can directly oxidise iron and sulfur to facilitate bioleaching (Valdés et
al., 2010). This thesis corroborates this proposition, by demonstrating that G
plasma not only possesses sulfur oxidising enzymes, but also that these genes are
expressed during bioleaching, consequently indicating an active role for this
species in sulfide mineral oxidation pathways. Alternatively, it is possible that these
findings indicate that G plasma, previously categorised as heterotrophic,
possesses the ability to gain energy mixotrophically. Indeed, if this were the case
it would represent a first step in understanding how presumed “heterotrophs” are
surviving and obtaining energy in the barren environment of a mineral surface.
Extrapolating further, these findings could make us reconsider how many species
in acid mine drainage environments are true heterotrophs, or whether the
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inhospitable environment necessitates diversification of mechanisms for obtaining
energy. High resolution metagenomic and metatranscriptomic studies will be

essential to resolving this in future work.

5.3 Sulfide Mineral Dissolution

The results chapters of this thesis clearly demonstrated differences in the
geochemical properties of the sulfide minerals studied. A key example of this is the
differences in susceptibility to bioleaching observed. Growth of the SC3 consortium
was not observed on stibnite, and no evidence of mineral breakdown was seen in
the presence of microbes. In contrast, mineral breakdown was observed during
SC3 growth on chalcopyrite and the Phoukassa ore. This indicates that the
presence of acidic conditions and sulfur and iron oxidising microbes (i.e. the
fundamental components of bioleaching), is not sufficient to initiate bioleaching
across sulfide minerals. Indeed, differences in metal-sulfur bonds across different
sulfide minerals affect the susceptibility of minerals to acid attack (Schippers and
Sand, 1999). When chalcopyrite was bioleached by SC3, pH increased over time,
suggesting proton consumption. This observation is in line with previous studies
that demonstrate that chalcopyrite breakdown is initiated by proton attack, and its
breakdown is a proton-consuming reaction (Vilcaez and Inoue, 2009). Conversely,
pH fell over time in the Phoukassa ore, in line with previous findings for pyritic ores,

which are not vulnerable to acid attack (Rohwerder et al., 2003a).

The vulnerability to initial proton attack can also provide information regarding the
impact of ferric iron presence on mineral breakdown. No iron was present in the
minimal growth medium of the SC3 consortium studies. As chalcopyrite is
vulnerable to proton attack, lack of added ferric iron would not inhibit breakdown,
and iron and sulfur would be released into solution for oxidation by the SC3
consortium, leading to a feedback loop of mineral breakdown. Comparatively,
pyrite, the major mineral phase of the Phoukassa ore is not vulnerable to initial

attack by protons. Consequently, microbial mineral breakdown may have been
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delayed until the abiotic oxidation of pyrite via dissolved oxidation (Moses et al.,

1987) released iron into solution.

Unlike the sulfide substrates studied in Chapters 2 and 3, stibnite (Sb2S3) does not
contain iron as a constituent element, and indeed, geochemical analyses
suggested iron was not present even in trace element quantities in the stibnites
used in microbial trials. No known study has been conducted regarding the
susceptibility of stibnite to initial proton attack. However, all previous studies
demonstrating microbial growth on stibnite have been conducted in the presence
of iron (within the medium or as pyrite in a mixed assemblage). It is possible,
therefore, that stibnite is not vulnerable to initial proton attack, and requires iron to
be added to initiate and sustain mineral breakdown. Studies conducted to
corroborate this suggestion would provide interesting insights into the interplay

between iron and sulfur metabolisms in bioleaching organisms.

5.4 Contributions to the Field of Metatranscriptomics

Data analysis techniques for acidophile whole-community RNA sequencing are not
consistent in the small number of studies published to date, and no standard
protocol exists for metatranscriptomic analyses more generally. Further, the small
number of bioinformatic tools that have been specifically developed for
metatranscriptomics are aimed at creating de novo assemblies from samples
containing unknown microbial assemblages (Kuske et al., 2015; Shakya, Lo and
Chain, 2019). De novo assembly for metatranscriptomics has a number of
drawbacks, notably including errors in assembly and limited gene identification in
non-model organisms (Ungaro et al., 2017; Shakya, Lo and Chain, 2019). In the
work detailed in this thesis, the genomes of the SC3 consortium were known
through genome resolved metagenomics. Consequently, a higher level of detail
could be achieved by using the resolved genomes as a reference transcriptome.
To leverage these data in this way, it was necessary to develop a reproducible,
dedicated bioinformatics pipeline, which incorporated a number of bioinformatic

tools (as detailed in Section 2.2.10.2). With decreasing sequencing prices,
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assembled metagenomes of entire communities are likely to become increasingly
common. As a result the opportunity to perform analyses such as conducted in this
thesis will gain relevance. Therefore this pipeline is likely to become useful for a

wide variety of users.

5.5 Practical Applications of Experimental Findings

The significance of improving the knowledge surrounding sulfide minerals and their
breakdown lies in their potential to provide valuable metals, or create
environmental damage. The research conducted in this thesis adds to our general
background understanding of both these minerals and bioleaching consortia. In
addition, some of the findings could be considered for practical applications to
improve bioleaching. For example, in Chapter 4, microbial growth could not be
established on stibnite which was demonstrated to not contain iron as an impurity.
Similarly, in Chapter 3, it was posited that due to the acid-insoluble nature of pyrite
and lack of iron present in the medium (Rohwerder et al., 2003b), onset of
breakdown may have been delayed. Bioleaching practitioners should therefore
take into consideration the specific mineral assemblages of ores being used in
bioleaching, and consider whether the addition of ferric iron is necessary to initiate
the bioleaching process. This may be particularly relevant for low-grade ores where
the target mineral may only represent a minor proportion of the overall ore. In such
instances, it would be worthwhile to consider whether the major mineral

components are likely constrain the overall rate of bioleaching.

At present, a limited range of sulfur and iron-oxidising microbes are typically used
in commercial bioleaching operations (e.g. Acidthiobacillus spp., Leptospirillum
spp.). While some archaea are used in bioleaching (e.g. the obligate autotroph
Ferroplasma ferriphilum), some of the SC3 archaeal species are not yet reported
to be used in bioleaching in any published study (G plasma and Ferroplasma Type
II), and indeed, none of the SC3 archaeal species are commonly added to
constructed bioleaching consortia. The results of the metatranscriptomic analyses

highlighted the potential for notable contributions to bioleaching from the archaeal
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species in the SC3 consortium. Bioleaching practitioners should therefore take a
holistic approach to selecting organisms for bioleaching consortia, including
considering the opportunities provided by “non-traditional” microbes, such as the

archaeal SC3 species.

5.6 Limitations of Laboratory Studies on Bioleaching Consortia

The work detailed in this thesis provided new information on the mechanisms of
breakdown of Phoukassa ore and chalcopyrite in the presence of an acidophilic
consortium. For practical and budgetary reasons, this work was conducted using
flasks in a laboratory environment. This offered some advantages over field-based
studies of bioleaching consortia. For example, the differences in conditions and
differences in abiotic and biotic mineral dissolution would be impossible to monitor
in the environment due to the universal presence of microbes. Additionally, control
of variables such as temperature and initial pH allows for differences in condition
to be accurately assessed. However, due to the variable geochemical factors
influencing microbial activity in the environment, care should be exercised in
extrapolating the results of this study to the functioning of large-scale heap

bioleaching or environmental samples (Edwards et al., 2000).

Crushed sulfide minerals on a larger scale, as in industrial heap or dump
bioleaching system, may face varying aeration gradients, with anaerobic or
microaerophilic sub-environments (Pradhan et al., 2008). This thesis focussed on
aerobic oxidation of sulfur and iron, however many chemolithoautotrophs, for
example At. ferrooxidans, are also capable of anaerobic sulfur oxidation (Osorio et
al., 2013). Additionally, in anaerobic conditions, some of the species in the SC3
consortium are capable of iron reduction (Dopson et al., 2004; Hallberg, Gonzalez-
Toril and Johnson, 2010). The effects of anaerobic growth during bioleaching
should be investigated further to further increase the understanding of mineral
breakdown mechanisms, and also to inform environmental protection measures,
as creating anaerobic environments surrounding sulfide minerals is sometimes

used as a method of AMD remediation (Vera, Schippers and Sand, 2013).
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5.7 Future Directions for Research

As highlighted in the previous section, there are some constraints on what can be
extrapolated from laboratory scale studies. Future research could address this cap
by scaling-up studies of bioleaching with the SC3 consortium. For example,
extraction and sequencing of RNA from the consortium grown in a bioleaching
column (e.g. as in Marin et al., 2017). This project would be a significant
undertaking, as RNA extraction protocols would need to be adapted to account for
the difference in scale, and the practicalities would likely dictate that the experiment
would need to be conducted in the field. Such a project would, nonetheless, further
illuminate the expression of metabolism genes in bioleaching consortia and clarify

the effect of scale.

Additionally, a scaled-up study of bioleaching could include trials with thermophilic
species. In some bioleaching set-ups (e.g. heap leaching), mesophiles (i.e.
microbes that operate at an optimum temperature range of 20-40°C) are the
primary colonisers of sulfide minerals, then, as sulfide mineral dissolution is an
exothermic process, thermophiles (optimum temperature range of 40-80°C) begin
to take over later in the breakdown (Natarajan, 2018a). The species present in the
SC3 consortium are widely reported as being mesophiles (Table 1.2, Section
1.8.1.2), however trials to establish the specific optimum temperature for the

consortium could further enhance the efficacy of bioleaching.

As well as trials incorporating new species, such as thermophiles, future work could
look to isolate and re-combine the consortium in a number of different groupings
to explore whether this effects the roles played by different consortium members.

This work could be a crucial step in tailoring optimal bioleaching consortia.

A key challenge presented by the work described in this thesis was the difficulty in
extracting sufficient RNA from the bioleaching consortium for sequencing. Time
and funding constraints prevented further exploration of this, however, future work
could include investigation of RNA protocols to develop an optimised method of
extracting RNA from low pH consortia, and including steps to account for biofilm
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formation. Biofilm formation using extracellular polymeric substances (EPS) has
been shown to commonly occur during copper bioleaching by acidophiles
(Bobadilla-Fazzini and Poblete-Castro, 2021). As it is well established that the EPS
matrix binding microbes is a key inhibiting factor to RNA extraction from biofilms,
modification of the RNA extraction method to include steps to remove the EPS
could help improve the quantity of RNA recovered from acidophiles (Vera et al.,
2009). Trials to remove EPS could include enzymes, mechanical or chemical
techniques (Callahan, 2010). However, inclusion of additional steps must be
demonstrated to not affect the quality of the extracted RNA, as both quantity and
quality of RNA affect the success of the sequencing and analysis (Franga, Melo
and Cerca, 2011). Indeed, due to the very acidic conditions involved, it was
necessary to carry out the RNA extractions described in this thesis very quickly to
avoid RNA degradation. The addition of steps such as EPS removal must therefore
establish a balance between the potential for enhanced quantity against possible

reduced quality of the extracted RNA.

Due to funding constraints, only a limited number of samples could be sequenced
via RNA-seq. Consequently the entirety of the sample was treated as one
environment and RNA extracted together, as opposed to extracting RNA from the
supernatant and mineral surface separately. The SEM images obtained in
Chapters 2 and 3 suggest that some consortium cells are attached to the mineral
surface. As it has previously been suggested that microbial communities attached
to mineral surfaces are different to those in solution (Watling et al., 2014), future
work could explore the potential differences between sessile and planktonic
members of the bioleaching consortium in terms of community dynamics and gene
expression. For example, using a similar approach to previous studies exploring
the different activities of biofilm and planktonic Clostridium thermocellum
(Dumitrache et al., 2017) and the functioning of river microbial communities
(Nakamura et al., 2016). This work could help further elucidate the exact function

of consortiums during bioleaching breakdown.

This thesis utilised a metatranscriptome concatenated from the known genomes of
the species in the SC3 consortium as a reference for alignment of RNA-seq reads,
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however, due to the nature of most metatranscriptomic studies, where species
present are unknown, de novo assembly is often employed. In de novo
metatranscriptome assembly, the transcripts are assembled without alignment to
a reference genome. There are limitations of this approach, as errors affecting
results are more frequent in de novo assembly, for example, erroneous contig
assembly (Hsieh, Oyang and Chen, 2018). Therefore, although alignment to a
genome, as conducted in this thesis, is considerably more robust in terms of
transcriptomic analysis, a complimentary de novo alignment could potentially
highlight additional genes not present in the current metagenome, as the genomes
used in this thesis were not complete. However, the majority of genes known from
literature associated with S and Fe metabolism were already present in the
reference SC3 metatranscriptome. Instead, de novo alignment may be useful for
researchers interested in exploring other aspects of the genome, for example, acid
resistance associated genes, other metabolisms and the types of features present

on the plasmids.

Contrary to some previous studies, microbial growth on stibnite could not be
established with the tested microbes under the trial conditions in Chapter 4. Future
work could therefore explore the factors that affect the success of microbial growth
on stibnite, for example, the presence of iron, as discussed in Section 4.4.4. To
determine whether iron is essential to microbial growth on stibnite, a future study
could trial microbes previously posited to grow on stibnite (e.g. At. ferrooxidans) in
the presence and absence of iron. This would also help establish the mechanism
of stibnite bioleaching, as the sulfide minerals that break down following the

thiosulfate bioleaching mechanism require iron (Schippers and Sand, 1999).

As it has been demonstrated that trace elements effect the rate of sulfide mineral
dissolution (Fallon et al., 2019), additional studies that could build on the stibnite
research conducted in this thesis could include examining in detail the effect of
different trace elements on stibnite breakdown, these studies could include a
combination of laboratory and computational studies (e.g. as conducted by
Xuehong et al., 2006; Chen and Chen, 2010; Dos Santos et al., 2017). The trace
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elements that were established in Chapter 4 as being commonly present in stibnite

can provide the foundation for these studies.

5.8 Conclusion

Multidisciplinary research techniques were used to address the aims and
objectives of this thesis, enhancing the knowledge surrounding sulfide minerals
and their dissolution. In particular, the presence of sulfur and iron oxidising genes
were identified in a naturally occurring bioleaching consortium, and it was
demonstrated that these genes were expressed during sulfide mineral breakdown.
This work has not only helped to fill core gaps in the understanding of bioleaching
mechanisms for some of the most important acidophiles, but also highlighted the
potential role of less commonly applied bioleaching microbes during sulfide mineral

breakdown.

The common thread of experimental work in this thesis has been the interactions
between bioleaching microbes and their geological substrate. Microbes have been
demonstrated to affect their host sulfide mineral through facilitating breakdown
(Chapter 2 and 3). In turn, minerals have been shown to affect the bioleaching
organisms studied by providing iron and sulfur, which are electron donors for
microbial growth. Where one of these factors was not provided (i.e. no iron by
stibnite) microbial growth was not achieved. Nonetheless, much remains to be
examined regarding sulfide mineral-microbe interactions. The work in this thesis
sets the foundation for new avenues of research in this field, including the potential

for using metatranscriptomics to engineer optimal bioleaching consortia.
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Appendices

Appendix | -Chapter 2 Growth Images Chalcopyrite

Figure API1.1 — Week 4 samples, showing A) yellow/white cloudy residue in
biotic sample, B) blue-green medium in biotic sample, and C) clear media in
abiotic sample
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Figure API.2 — Week 12 samples showing medium differences between A)

biotic and B) abiotic conditions

Appendix Il - Normality Tests and Significance tests of Chapter 2 data

Table API.1 - Shapiro Wilk Normality Testing of Chalcopyrite Ore ICP-OES Values

(Ppm)
Element | P-Value Normal?
Fe <0.01 Not normal
S <0.01 Not normal
Cu <0.01 Not normal
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Table API.2 - Kruskal Wallis testing of ICP-OES (ppm)

Biotic vs abiotic including all data

Element P value | Significant?
Fe <0.01 sf
S <0.01 sf
Cu <0.01 sf

Appendix Ill - ICP-OES Chalcopyrite (ppm)
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Figure APIII, mean supernatant ICP-OES results (ppm) for copper, iron and

sulfur under biotic and abiotic conditions. Error bars show the standard error
of the mean.
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Appendix IV - Gene similarity scores Blast

Table APIV.1 — sulfur metabolism

Species Gene Accession code of| Query | Identity
comparison Cover | %
%
Acidithiobacillus | DSRE-family SMH65574
ferrivorans protein 100 98.72
Acidithiobacillus ACK78200.1
ferrivorans rhodanese 100 95
Acidithiobacillus ACK77889.1
ferrivorans rhodanese 99 91.67
Acidithiobacillus ACK80456.1
ferrivorans rhodanese 100 90.78
Acidithiobacillus WP_031568639.1
ferrivorans TQO (DoxX) 99 99.38
Acidithiobacillus WP_163054051.1
ferrivorans TusA 98 97.37
Acidithiobacillus | petll short-chain| CDQ09795.1
ferrivorans dehydrogenase 99 93.31
Petll Ub cyt C| WP_012537361.1
Acidithiobacillus | reductase
ferrivorans subunit 99 95.15
Petll Ub cyt C| ACK78596.1
Acidithiobacillus | reductase
ferrivorans subunit b 100 92.33
Petll Ub cyt C| WP_014030553.1
Acidithiobacillus | reductase
ferrivorans subunit C1 99 97.98
Acidithiobacillus WP_081258187.1
ferrivorans SoxY 99 94.12
Acidithiobacillus WP_024892985.1
ferrivorans SoxZ 99 90
Acidithiobacillus WP_035192270.1
ferrivorans SoxB 99 97.91
Acidithiobacillus WP_012537257.1
ferrivorans hdrB 99 97.54
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Acidithiobacillus QFX97247 1

ferrivorans hdrC 100 96.65
Acidithiobacillus WP_014029932.1

ferrivorans sor 99 99.04
Acidithiobacillus ACK80009.1

ferrivorans Bo3 subunit 99 94.31
Acidithiobacillus ACK77850.1

ferrivorans Bo3 subunit 100 90.52
Acidithiobacillus ACK80492.1

ferrivorans Bo3 subunit 93 90.91
Acidithiobacillus SMH65574

ferrivorans- DSRE-family

related protein 100 98.08
Acidithiobacillus WP_012537258.1

ferrivorans-

related rhodanese 97 92.59
Acidithiobacillus WP_064219726.1

ferrivorans-

related rhodanese 99 93.62
Acidithiobacillus WP_126604958.1

ferrivorans-

related rhodanese 99 92.19
Acidithiobacillus WP_163054051.1

ferrivorans-

related TusA 98 97.37
Acidithiobacillus WP_163097178.1

ferrivorans-

related sat 99 98.74
Acidithiobacillus CDQ09795.1

ferrivorans- petll short-chain

related dehydrogenase 99 93.68
Acidithiobacillus | Petll Ub cyt C| WP_012537361.1

ferrivorans- reductase

related subunit 99 95.15
Acidithiobacillus | Petll Ub cyt C| ACK78596.1

ferrivorans- reductase

related subunit b 100 94.31
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Acidithiobacillus
ferrivorans-

related

Petll Ub cyt C
reductase
subunit C1

WP_064220210.1

98

89.22

Acidithiobacillus
ferrivorans-

related

sqr

ACK80058.1

99

87.47

Acidithiobacillus
ferrivorans-

related

SoxB

WP_024895114.1

99

92.2

Acidithiobacillus
ferrivorans-

related

SoxY

WP_081258187.1

98

92.94

Acidithiobacillus
ferrivorans-

related

SoxZ

WP_024892985.1

99

90

Acidithiobacillus
ferrivorans-

related

SoxB

WP_035192270.1

99

97.57

Acidithiobacillus
ferrivorans-

related

Bo3 subunit

ACK80492.1

93

90.91

Acidithiobacillus
ferrivorans-

related

Bo3 subunit

ACK77850.1

100

90.52

Acidithiobacillus
ferrivorans-

related

Bo3 subunit

ACK80009.1

99

94.03

Acidithiobacillus
ferrivorans-

related

hdrC

QFX97247 1

100

96.55

Acidithiobacillus
ferrivorans-

related

hdrB

QFX97290.1

100

95.66

Acidithiobacillus
ferrivorans-

related

sor

AHZ58326.1

99

97.11

Acidithiobacillus

ferrooxidans

TSD1

AFE_0042/ACK78
0471

100

96.67
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Acidithiobacillus

AFE_0050/ACK78

ferrooxidans TSD2 958.1 100 98.52

Acidithiobacillus BAD99305/AB217

ferrooxidans SQR 915.1 99 99.54

Acidithiobacillus AFE_0267/ACK80

ferrooxidans SQR 058 99 98.67

Acidithiobacillus AFE_0954

ferrooxidans bd subunit 11 /ACK79239.1 100 98.67

Acidithiobacillus AFE_0955/ACK77

ferrooxidans bd subunit | 832.1 97 93.95

Acidithiobacillus ACK79235.1/AFE

ferrooxidans hdrC 2551 100 98.74

Acidithiobacillus WP_180830595.1/

ferrooxidans hdrB QLK43761.1 99 100

Acidithiobacillus ACM91726.1

ferrooxidans tetH 99 98.8

Acidithiobacillus WP_163057956.1

ferrooxidans sat 99 99.46

Acidithiobacillus | sdo subunit| WP_163058634.1

ferrooxidans alpha 99 100

Acidithiobacillus ACK78424 1

ferrooxidans petll cyt C4 100 99.08

Acidithiobacillus | petll short-chain| ACH84551.1

ferrooxidans dehydrogenase 100 100
Petll Ub cyt C| ACK79816.1

Acidithiobacillus | reductase

ferrooxidans subunit 100 100
Petll Ub cyt C| ACK78596.1

Acidithiobacillus | reductase

ferrooxidans subunit b 100 99.75
Petll Ub cyt C| ACK79992.1

Acidithiobacillus | reductase

ferrooxidans subunit C1 100 99.14

Acidithiobacillus | DSRE-family SMH65574

ferrooxidans protein 100 98.72

Acidithiobacillus CAC43401.1

ferrooxidans rhodanese 100 99.53

Acidithiobacillus ACK80456.1

ferrooxidans rhodanese 100 98.58
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Acidithiobacillus ACK77889.1

ferrooxidans rhodanese 100 99.08
Acidithiobacillus ACK78200.1

ferrooxidans rhodanese 100 99.62
Acidithiobacillus ACK78494 .1

ferrooxidans rhodanese 100 96.88
Acidithiobacillus ACK78122.1

ferrooxidans rhodanese 100 100
Acidithiobacillus WP_163054051.1

ferrooxidans TusA 98 100
Acidithiobacillus ACK79544 1

ferrooxidans Bo3 subunit 100 96.88
Acidithiobacillus ACK80009.1

ferrooxidans Bo3 subunit 100 98.3
Acidithiobacillus ACK77850.1

ferrooxidans Bo3 subunit 100 96.21
Acidithiobacillus ACK80492.1

ferrooxidans Bo3 subunit 100 99.15
Acidithiobacillus CBI05577.1

ferrooxidans tqo 99 99.17
Acidithiobacillus CBI05581.1

ferrooxidans tgo(DoxDA) 99 98.06
Acidithiobacillus AFE_0042/ACK78

ferrooxidans- 047.1

related TSD1 99 98.17
Acidithiobacillus AFE_0050/ACK78

ferrooxidans- 958.1

related TSD2 100 98.52
Acidithiobacillus BAD99305/AB217

ferrooxidans- 915.1

related SQR 100 96.19
Acidithiobacillus AFE_0267/ACK80

ferrooxidans- 058

related SQR 100 98.93
Acidithiobacillus WP_113526682

ferrooxidans-

related bd subunit 11 99 100
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Acidithiobacillus
ferrooxidans-

related

bd subunit |

AFE_0955/ACK77
832.1

100

98.15

Acidithiobacillus
ferrooxidans-

related

hdrC

ACK79235.1/AFE
2551

100

97.49

Acidithiobacillus
ferrooxidans-

related

tetH

ACM91726.1

100

98

Acidithiobacillus
ferrooxidans-

related

sat

WP_113526832.1

100

98.33

Acidithiobacillus
ferrooxidans-

related

sdo subunit

alpha

WP_113526332.1

100

98.69

Acidithiobacillus
ferrooxidans-

related

petll short-chain

dehydrogenase

ACHB84551.1

100

98.33

Acidithiobacillus
ferrooxidans-

related

DSRE-family

protein

SMH65574

100

98.72

Acidithiobacillus
ferrooxidans-

related

rhodanese

ACK77889.1

100

97.25

Acidithiobacillus
ferrooxidans-

related

rhodanese

ACK80456.1

100

97.16

Acidithiobacillus
ferrooxidans-

related

rhodanese

CAC43401.1

100

98.14

Acidithiobacillus
ferrooxidans-

related

rhodanese

ACK78200.1

100

90.77

Acidithiobacillus
ferrooxidans-

related

rhodanese

ACK78494.1

100

96.09

Acidithiobacillus
ferrooxidans-

related

rhodanese

ACK78122.1

100

100
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Acidithiobacillus

ferrooxidans-

WP_113526480.1

related TusA 98 100
Acidithiobacillus ACK77850.1

ferrooxidans-

related Bo3 subunit 100 97.16
Acidithiobacillus ACK80009.1

ferrooxidans-

related Bo3 subunit 97 98.09
Acidithiobacillus CBI05581.1

ferrooxidans-

related tqo(DoxDA) 99 99.17
Acidithiobacillus CBI05577.1

ferrooxidans-

related tqo(DoxDA) 99 97.5
Acidithiobacillus AHA38170.1

thioooxidans SQR 99 98.68
Acidithiobacillus | DSRE-family WP_010637276.1

thioooxidans protein 99 100
Acidithiobacillus AHA38169.1

thioooxidans sqr1 99 99.08
Acidithiobacillus AHA38166.1

thioooxidans sqr3 99 96.8
Acidithiobacillus AHA38165.1

thioooxidans sqré 99 98.6
Acidithiobacillus AHA38170.1

thioooxidans sqrd 99 99.68
Acidithiobacillus WP_024895117.1

thioooxidans SoxX 99 99.21
Acidithiobacillus OCX75091.1

thioooxidans SoxY 99 100
Acidithiobacillus WP_024895114.1

thioooxidans SoxB 99 99.83
Acidithiobacillus WP_075323176.1

thioooxidans rhodanese 99 100
Acidithiobacillus WP_024892993.1

thioooxidans rhodanese 99 100
Acidithiobacillus WP_142087411.1

thioooxidans rhodanese 99 95.44
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Acidithiobacillus

WP_010641189.1

thioooxidans rhodanese 99 990.18
Acidithiobacillus WP_024895053.1

thioooxidans TQO (DoxX) 99 99.38
Acidithiobacillus TQNS51362.1

thioooxidans TusA 100 100
Acidithiobacillus QFX96528.1

thioooxidans teth 100 99.6
Acidithiobacillus QFX97266.1

thioooxidans SoxA 100 100
Acidithiobacillus WP_175438514.1

thioooxidans SoxZ 100 100
Acidithiobacillus WP_010638552.1

thioooxidans TQO 99 100
Acidithiobacillus WP_024892968.1

thioooxidans HdrB 100 100
Acidithiobacillus QFX97247 1

thioooxidans HdrC 100 100
Acidithiobacillus ACK80009.1

thioooxidans Bo3 subunit 97 88.66
Acidithiobacillus ACK80492.1

thioooxidans Bo3 subunit 95 85.84
Ferroplasma ARD85677.1

acidarmanus sqr 100 99.76
Ferroplasma WP_009887592.1

acidarmanus sor 99 990.48
Ferroplasma WP_009887778.1

acidarmanus hdrB 100 98.97
Ferroplasma ARD84263.1

acidarmanus fccb 100 96.82
Ferroplasma ARD85677.1

acidarmanus-

related sqr 100 99.76
Ferroplasma WP_009887592.1

acidarmanus-

related sor 100 99.02
Ferroplasma WP_009887778.1

acidarmanus-

related hdrB 99 98.97
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Ferroplasma ARD84263.1

acidarmanus-

related fccb 100 990.73

Ferroplasma ARD85677.1

type Il sqr 100 92.26

Ferroplasma WP_009887592.1

type Il sor 100 97.87

Ferroplasma WP_009887778.1

type Il hdrB 100 93.13

Gplasma sqr EQB68569.1 99 98.51

Leptospirillum SQR EES51740.1 99 100

Leptospirilum | SQR EES53159 99 96

Rhodospirillales | SQR ABQ35800.1 99 74

Rhodospirillales | TusA WP_114913215.1 | 98 100
TQO  (DoxX-| WP_114912346.1

Rhodospirillales | related) 99 97.78

Table APIV.2— Iron oxidation

Species Gene Accession code of | Query Identity%
comparison Cover%

acidithiobacillus

ferrivorans ctat WP_064218441.1 98 90.82
acidithiobacillus

ferrivorans ctab OCX77064 .1 98 84.27
acidithiobacillus

ferrivorans related Coxb WP_081919233.1 99 92.26
acidithiobacillus

ferrivorans related Coxa AEM47198.1 99 92.18
acidithiobacillus

ferrivorans related ctab OCX75109.1 98 85.64
acidithiobacillus

ferrivorans related ctat WP_071182563.1 98 90.16
acidithiobacillus

ferrooxidans Cyc1 WP_163059395.1 99 96.61
acidithiobacillus

ferrooxidans Cyc2 WP_163054682.1 99 99.79
acidithiobacillus

ferrooxidans rus WP_163059407.1 99 99.47

288



acidithiobacillus

ferrooxidans cup ACK78265.1 100 93.99
acidithiobacillus
ferrooxidans sdr ACK78064.1 99 98.85
acidithiobacillus
ferrooxidans coxb ACK78948.1 100 94.88
acidithiobacillus
ferrooxidans COXC ACK77876.1 98 93.96
acidithiobacillus
ferrooxidans coxa ACK79083.1 100 94.58
acidithiobacillus
ferrooxidans coxd ACK78613.1 100 90.62
acidithiobacillus
ferrooxidans petA AAF76298 100 99.51
acidithiobacillus
ferrooxidans petB AAF76299.1 100 98.01
acidithiobacillus
ferrooxidans petC AAF76300.1 100 95.87
acidithiobacillus
ferrooxidans related | rus WP_113526420.1 99 100
acidithiobacillus
ferrooxidans related | Cyc2 WP_151528126.1 99 100
acidithiobacillus
ferrooxidans related | Cyc2 WP_113526413.1 99 100
acidithiobacillus
ferrooxidans related | Cyc1 WP_126605216.1 99 92.96
acidithiobacillus
ferrooxidans related | cup ACK78265.1 100 99.45
acidithiobacillus
ferrooxidans related | coxb ACK78948.1 100 98.03
acidithiobacillus
ferrooxidans related | sdr ACK78064.1 99 96.95
acidithiobacillus
ferrooxidans related | coxc ACK77876.1 100 97.83
acidithiobacillus
ferrooxidans related | coxa ACK79083.1 100 97.93
acidithiobacillus
ferrooxidans related | coxd ACK78613.1 100 93.75
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acidithiobacillus

ferrooxidans related | ctat ACK78336.1 99 96.46

acidithiobacillus

ferrooxidans related | ctab SMH65005.1 99 90

acidithiobacillus

ferrooxidans related | petA AAF76298 100 99.03

acidithiobacillus

ferrooxidans related | petB AAF76299.1 100 100

Ferroplasma

acidarmanus sulfocyanin | WP_009887159.1 99 100

Ferroplasma cbb3 subunit

acidarmanus I/ WP_009887157.1 98 99.51

Ferroplasma cbb3 subunit

acidarmanus Il WP_009887160.1 100 99.64

Ferroplasma

acidarmanus rieske ARD84307.1 99 100

Ferroplasma

acidarmanus cytb WP_081141558.1 99 100

Ferroplasma

acidarmanus related | sulfocyanin | WP_009887159.1 99 99.51

Ferroplasma

acidarmanus related | rieske ARD84307.1 100 100

Ferroplasma

acidarmanus related | cytb WP_081141558.1 99 100

Ferroplasma type Il sulfocyanin | EQB71946.1 99 98.01
cbb3 subunit

Ferroplasma type Il I/ WP_009887157.1 100 92.17

Ferroplasma type Il rieske EQB74440.1 99 94.07

Ferroplasma type Il cytb EQB74439.1 100 99

Leptospirillum

ferrodiazotrophum CycA1 EES53608.1 100 97.08

Leptospirillum

ferrodiazotrophum Cyt572 EES51436.1 100 94.37

Leptospirillum

ferrodiazotrophum Cyt572 EES53235.1 100 97.69

Leptospirillum

ferrodiazotrophum Cyt579 WP_101494943.1 96 86.03
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Leptospirillum

ferrodiazotrophum cbb3 EES51563.1 100 100
Table APIV.3— Nitrogen fixation

Species Gene | Accession Query | Identity%
code of | cover
comparison

L. NifH AFD97520.1 | 100% | 98.97%

ferrodiazotrophum

L. NifK AFD97522.1 | 100% | 99.61%

ferrodiazotrophum

L. NifD AFD97521.1 | 100% 100%

ferrodiazotrophum

L. NifE EES53487.1 | 100% | 99.79%

ferrodiazotrophum

L. NifN EES53488.1 | 99% 98.48%

ferrodiazotrophum

L. NifX EES53489.1 | 100% 100%

ferrodiazotrophum

At. ferrooxidans NifH WP_0095674 | 99% 100%
941

At. ferrooxidans NifD WP_1630545| 99% 100%
76.1

At. ferrooxidans NifK QLK42049.1 | 100% | 99.81%

At. ferrooxidans NifE QLK42046.1 | 100% 100%

At. ferrooxidans Fer1 WP_0125365| 99% 100%
78.1

At. ferrooxidans Fer2 WP_1630545| 98% 100
80.1

At. ferrooxidans NifN QLK42045.1 | 100% | 98.9%

At. ferrooxidans NifX WP_1630549 | 99% 100%
33.1

At. ferrooxidans| NifX WP_1266052 | 99% 100%

related 451

At. ferrooxidans| NifH RBM03589.1 | 100% 99.66%

related

At. ferrooxidans| NifD RBM03588.1 | 100% 99.39%

related
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At. ferrooxidans| NifK WP_1266052 | 99% 99.42%

related 48.1

At. ferrooxidans| NifE WP_1135257 | 99% 100%

related 94.1

At. ferrooxidans| NifN WP_1266052 | 99% 100%

related 46.1

At. ferrooxidans| Fer1 WP_1135257 | 99% 100%

related 95.1

At. ferrooxidans| Fer2 WP_1266052 | 99% 100%

related 471

At. ferrivorans NifN QLK42045.1 | 100% 97.13

At. ferrivorans NifX WP_0351932 | 99% 98.55%
55.1

At. ferrivorans NifH WP_1630976 | 99% 99.32%
55.1

At. ferrivorans NifD WP_0351927 | 99% 99.19%
37.1

At. ferrivorans NifK QLK42049.1 | 100% 97.30%

At. ferrivorans NifE WP_0140290 | 99% 98.27%
34.1

At. ferrivorans-| NifH WP_0654137 | 99% 98.65%

related 59.1

At. ferrivorans-| NifD WP_0125365| 99% 98.78%

related 80.1

At. ferrivorans-| NifK QLK42049.1 | 100% 97.88%

related

At. ferrivorans-| NifE WP_1630976 | 100% 99.30%

related 58.1

At. ferrivorans-| NifX WP_0654137 | 100% 97.83%

related 94.1

At. ferrivorans-| NifN WP_0351927 | 99% 97.86%

related 251

At. ferrivorans-| Fer1 WP_0125365| 99% 83.33%

related 771
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Appendix V - Chapter 3 Growth Images Phoukassa Ore

Figure APV — Phoukassa ore experiment, week 16 samples under A) biotic and B)
abiotic conditions

Appendix VI - Additional RNA-seq plot Phoukassa Ore
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Figure APVI — Principal components responsible for variance in RNA-seq data
from the Phoukassa ore.
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Appendix VII - Stibnite Background Information

Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)

Stb1 Medas, Portugal Epithermal, Sb-Au| Cambrian phyllites and| Sb-Au-quartz veins Exact location  of| (Neiva, Andras
veins in the region| metagraywackes sample collection | and Ramos, 2008)
formed from unknown. Medas is| (Couto and Roger,
hydrothermal within ~ the  Ddurico| 2017)
mineralizing fluids Beirdo mining district.

Stb2 Knipe Mine, | Epithermal, high salinity | Late Caledonian| As-Sb-Cu-Pb-Zn-quartz- | 19" Century antimony| Sampson & Banks

Scotland granite chert mineralisation mining (1988)
Smith et al. (2008)-
Map
Stb3 Su-Suergiu- No information | Cataclastic Scheelite,  antimonite, | Exploitation began | (Carmignani et al.,
Martalai, Sardinia | available carbonaceous black | arsenopyrite, pyrite, | 1858, mined intensively | 1979)
shales and | calcite, quartz during periods of war, | (Cidu et al., 2013)
metalimestones closed 1960
Stb 4 Bau Mine,| There are several| Limestone Quartz, calcite, pyrite,| Bau mining district saw | (Pour, Hashim and
Malaysia deposit types in this arsenopyrite, minor Au | extraction of 79| Marghany, 2014)
mining district thousand tonnes of Sb| (Percival, Radtke
and 37.3 tonnes of Au| and Bagby, 1990)
between 1820 and| (Breward et al., no
1981, mercury also| date)
mined in the area (Bradshaw, 1972)
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Sample

Location

Type of ore deposit

Host rock

Associated minerals

Mining history

Reference(s)

(Kirwin and Royle,
2019)

Stbd Les Biards Mine,| No data Paragneiss of the| Quartz, Pyrite,| Former Sb mine, c.| Bouchot et al.
France Upper arsenopyrite, 1,500t stibnite | (2005)
Gneiss Unit Jamesonite, sphalerite, | extracted 1909-1931 (Bellot et al., 2003)
tetrahedrite,
chalcopyrite, (gold),
chalcostibite, native
antimony
Stb6 Reefton, New | Mesothermal, Orogenic| Greywacke and argillite | Quartz, auriferous pyrite, | Historic gold mining| Christie &
Zealand gold deposit of lower Palaeozoic| arsenopyrite occurred  1872-1950. | Braithwaite (2003)
Greenland Group Modern gold mine| Craw et al. (2004)
opened in 2007, | Milham & Craw
currently producing | (2009)
60,0000z Au per year,| Milham & Craw
with gold recovered at| (2009b)
1.5g/t (Mackenzie,
Douglas  James;
Craw, Dave;

Hamish, 2014)
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
Stb7 Xikuangshan Mesothermal Middle-Upper Devonian | Quartz and calcite, with | Discovered 1521, | Hu et al. (1996)
(XKS) Mine, carbonate rocks rare pyrite and | originally a tin mine. Carter & Kiilsgaard
Hunan Province sphalerite. Minor fluorite, | 172,000 tons  Sb| (1983)
barite, chlorite and talc. | produced from 1949-| Hu et al. (1996)
Trace pyrite, pyrrhotite | 1981. Fan et al. (2004)
and sphalerite. Hu & Peng (2018)
Gangue minerals may
not be co-genetic
Stb8 Xiknangshan XKS| Information as for Stb7.
Mine, Hunan
Province
Stb9 Hillgrove, = NSW, | Mesothermal Late Carboniferous | Stibnite-Au-Ag-quartz Sb and Au| Ashley et al.
Australia sediments, granitoids. | veins with occasional | intermittently mined in| (2003)
scheelite, arsenopyrite | the district since 1877 | Boyle & Hill (1988)
Stb10 Black Warrior| No information| No information| Quartz Ag-Pb-Cu-Au-Zn mine.| (Mindat, 2020a)
(Silver Prince | available available Discovered 1874, | (Guiteras, 1936)
Mine, Swastika produced 600,000

Mine) Mine, AZ,
USA

ounces of silver 1910-
15
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
Stb11 Hampton Mine, | No information| Predominantly Realgar, arsenates, and | Discovered 1880, | (Traver, 1949)
Utah, USA available sandstone, some shale | sulfate minerals incl:| extensively mined
gypsum, epsomite; | during WWI
kaolinite, fluorite. Rare:
pyrite, limonite
Stb12 Bajuz (Baiut) | Epithermal Neogene calc-alkaline| No information on| No data Plotinskaya et al.
Mine, Romania igneous rocks specific vein but the (2014)
metallogenic veins in the Marcoux et al.
region contain (2002)
Grancea et al.
(2002)
Stb13 Red Devil Mine,| Epithermal Greywackes and| Cinnabar, minor realgar,| Mercury mine 1933-| MacKevett
Alaska, USA argillaceous rocks orpiment and pyrite 1971, producing | Wemly
36,000 flasks of | Gray et al. (1991)
mercury. Burton and Ball
Stb14 Antimony  Peak, | Epithermal Tertiary igneous rocks | Quartz, cinnabar, pyrite. | Historical mining in the| (Dunning and
San Benito district — Sb ore mined | Cooper Jr, 1989)

County, California,
USA

from 1870-1875, then
mercury mining began

with intermittent

Bailey and Myers

Davidson
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
production of Sb and
Hg until the 1950s.
Stb15 Isle of Pines, Cuba| Epithermal Greenschist facies, | Principal: Quartz, | No information | Bortnikov et al.
micaceous quartzites| arsenopyrite. Minor: | available (2010)
and quartz-muscovite | sphalerite, galena, (Bortnikov et al.,
schist sericite, graphite, 1989)
boulangerite. Rare:
pyrite, native  gold,
tetrahedrite, jamesonite,
chlorite, ankerite
Stb16 Caspari-Zeche, Mesothermal Carboniferous  pyrite- Limited information, | (Wagner and
Arnsberg, rich black shales and papers predominantly | Boyce, 2003)
Germany siliceous limestones in German
Stb17 Boccheggiano, Epithermal (Mostly triassic)| Calcite, fluorite, gypsum, | Mining of base metals| (Morteani,
Tuscany, Iltaly carbonates sphalertite, pyrite, native | has occurred since 16" | Voropaev and

gold, Dbarite, alunite,

orpiment, realgar. quartz

C — mostly Cu and

pyrite mining

Grinenko, 2017)
(Benvenuti et al.,
1997)

(Dini, 2003)
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
Stb18 Echinokawa Mine,| Epithermal Carboniferous-Permian | ? Mined for several| Asaoka
Near Saijo, Ehime, sedimentary rocks hundred years. Mine| Mindat/Geological
Japan abandoned in 1957 Survey of Canada
Almost all stibnite has
been removed.
Stb19 Estado de San| Epithermal Limestone Chalcedony, calcite,| Sb deposits in the| (Camprubi, 2003)
Luis Potosi, pyrite, quartz, gypsum, | region discovered | (White and
Mexico anhydrite 1898, a number of| Gonzales, 1946)
mines have operated in| (Levresse et al,
the area since. In the| 2012)
early 20" C, was one of | (Mascunano et al.,
the biggest Sb| 2011)
producers in the world
Stb20 Manhattan, Nye| Epithermal Limestone Calcite, quartz, (Ferguson, 1921)
County, NV, USA arsenopyrite, pyrite, (Ferguson, 1924)
realgar, orpiment,
cinnabar.
Stb21 Kremnica, Stredne | Epithermal Diorite porphyry and| Quartz, some | Mined for gold for over| (Stevko et al.,
Slovensko, other volcanic rocks carbonates, pyrite,| a thousand years,| 2018)
Slovakia 250Kg Au and Ag
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
marcasite, minor| mined per annum| (Majzlan, Stevko
cinnabar, native gold during 15" C, 90-100kg | and Lanczos,

of Au and 120-130kg | 2016)
Ag total produced| (Kodéra and Lexa,
between 1947-1970, at| 2010)
which  point  mining
ceased
Stb22 Asturias, Spain Location not specific| NA NA NA
enough for research,
several deposits in
Asturias
Stb23 Busoh, India Location incorrect and| NA NA NA
not specific enough for
research
Stb24 Rawdon, Hants| The large number of| Unclear which deposit| Unclear which deposit| A humber of gold mines| (Ryan and Smith,

Co., Nova Scaotia,

Canada

gold deposits in the

region are mesothermal

sample was acquired

from

sample was acquired

from

in this region,
Sb-Au deposit mined at
West-Gore

1998)
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
Stb25 Clontibret  mine,| No information | Greywackes Quartz, arsenopyrite, | Mining occurred during | (Hegarty, 2017)
Co.  Monaghan,| available pyrite, sphalerite, | mid 19" Century, WWI, | (Lusty et al., 2012)
Ireland chalcopyrite, late 1950s. Site cleared
tetrahedrite, Pb-Zn| and remediated in
enrichment 1984, no remaining
trace of mine
Stb26 San Antonio de| No information | Local geology is| NA Lead-zinc mines/ | (Schultze, 2013)
Esquilache mine, | available — no specific| predominantly volcanic Ancient historical silver
Puno, Peru mine of this name, mines in the region
various mineralisations
within the region, none
where stibnite/Sb has a
notable presence
Stb27 Stolica  (Stolice)| Epithermal Upper/Late Arsenopyrite, pyrite, | Mine opened 1916, (Ministry of Mining
mine, Podrinje, Carboniferous sphalerite, chalcopyrite, | closed 1987 leaving a| and Energy

Krupanj, Serbia

Limestone

tetrahedrite, barite,
cinnabar, calcite,
realgar, orpiment,
dolomite, marcasite
quartz

flotation tailing
deposition site, which
been

has latterly

capped.

(Serbia), 2002)
(Vuji¢, 2014)
(Radosavljevi¢ et
al., 2013)
(Jakovljevi¢ et al.,
2020)
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
(Randelovi¢ et al.,
2020)
Stb28 La Lucette mines,| No information| Ordovician to upper| Quartz-carbonate veins, | Produced 42 kt Sb| Pochon
Le Genest, | available Silurian metapelites | arsenopyrite, native Au | metal and 8 t Au| BessoOn
Mayenne, France and sandstones between 1905 and
1939
Stb29 Sherwood siding, | No information| No information| No information available | No information
Gwelo, Rhodesia| available available available
(now Gweru,
Zimbabwe)
Stb30 Alcacoya mine, | No information| No information| No information available | No information
San Vicente Prov.,| available available available
Bolivia
Stb31 Berndorf, Lower| No reported Sb/stibnite| No information| No information available | No information
Austria or related deposits| available available

Location assumed
by NHM based on

historic labelling

associated with this

area
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Sample Location Type of ore deposit Host rock Associated minerals Mining history Reference(s)
Stb32 San Martin mine,| Epithermal Dark grey limestone Quartz, Late tetrahedite- | Stibnite comparatively | (Rubin and Kyle,
Zacatecas, Mexico tennantite, pyrite, native| rare at this site, mine| 1988)

silver. Intermediate | primarily targeted Cu-| (Gonzéalez-Partida
sphalerite, chalcopyrite, | Zn-Ag ore and Camprubi,
galena. Early 2006)
arsenopyrite, bornite,
chalcopyrite, pyrrhotite
and molybdenite.
Stb33 Montauto, Epithermal Dolomitic limestones Calcite, quartz Mined from 19t | Morteani,
Grosseto, Century until 1960s Voropaev and
Toscana Grinenko, 2017)
(Tuscany), ltaly (Baroni et al,
2000)
(Dessau, 1952)
(Mindat, 2020c)
Stb34 Niarbyl trial, Traie| No Information | No Information | No Information available | A trial made in 1893-4 | (Lamplugh and
Vrish, Isle of Man | available available revealed the stibnite| Geological Survey

was only a small pocket
that
been entirely removed
in the mid 19" C

had previously

of Great Britain,
1903)
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Appendix VIII - Photographs of stibnite samples analysed in Chapter 2

Stb16 Stb17 Stb18
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Appendix IX — XAS summary of beam energies and scans conducted and
XANES standards

Table APIX.1 Summary of uXRF and puXANES scans performed on stibnite
samples

Stibnite Sample Area of Interest MXRF Map MXANES Map
1 1 eV 13000 (Pb not| None
covered).

480 x 400 pm.
Step size 5 um.
2 eV 13200 2 maps - 4um step
480 x 400 pym. size

Step size 5 um.
3 eV 13200 None
1140 x 930 pm.
Step size 5 um.
7 1 eV 13200 None
275 x 400 pm.
Step size 5 um.
2 eV 13200 None
1650 x 2000 pm.
Step size 5 um.
3 eV 13200 3 maps - 4um step
760 x 730 um. size

Step size 5 um.
4 eV 13200 None
955 x 910 pm.
Step size 5 um.
12 1 eV 13200 None
1490 x 1280 uym.
Step size 5 um.

Mercury showing in
polishing marks.
2 eV 13200 None
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Longer exposure
time of 1sec per
point

Step size 5 um.

eV 11950 to get just
above gold edge.

Step size 5 ym

None

14

eV 13200
480 x 370 pm.
Step size 2 pm.

None

eV 13200
510 x 415 pm.
Step size 5 um.

None

eV 13200
810 x 440 pm.
Step size 5 um.

None

eV 13200

950 x 760 pm.

Step size 5 um.
Extended out from

scan 3

1 map - 4 ym step

size

16

eV 13200
365 x 295 pm.
Step size 5 um.

None

eV 13200
500 x 300 pm.
Step size 5 um.

None

eV 13200

400 x 260 pm.

Step size 5 um.

On a small grain
away from main

sample body.

None
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4 eV 13200 3 maps - 4 um step
325 x 350 uym. size

Step size 5 um.
18 1 eV 13200 None
565 x 425 pm.
Step size 5um.

2 eV 13200 None
1480 x 890 pm.
Step size 5 um.

Standards were prepared for use by grinding 5mg of the standard with 75mg of
cellulose, and pressed into a pellet with a hydraulic press. Standards were

analysed with the beamline in transmission mode.

Table APIX.2 - standards used in XANES

Standard Compound Speciation CAS Number

1 Sodium  selenite| +4 26970-82-1
pentahydrate

2 Sodium selenate| +6 13410-01-0
anhydrous 99.8%

3 Se sulfide +4 7488-56-4
Se shot 99.99% 0 7782-49-2

Appendix X- Stibnite PXRD patterns
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Stb1 diffraction pattern
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Stb5 diffraction pattern

(Coupled TwoTheta/Theta)
1 MO06409b.raw
4 | PDF 01-089-1961 Si O2 Quartz low, syn
| PDF 00-042-1393 Sb2 S3 Stibnite
4000—
3000—
[2}
g ]
3
o
[&]
2000—
1000—
0 1.\ v
T 1 i I [ T [
10 20 30 40

2Theta (Coupled TwoTheta/Theta) WL=0.70930

Stb6 diffraction pattern

311



(Coupled TwoTheta/Theta)

Counts

800(

700(

600(

500!

400

300!

200(

100

1 MO06412b.raw
| PDF 01-079-1910 Si O2 Quartz, syn
| PDF 00-042-1393 Sb2 S3 Stibnite

Stb7 diffraction pattern

20

2Theta (Coupled TwoTheta/Theta) WL=0.70930

30

312



(Coupled TwoTheta/Theta)

Counts

@ a a
8 8 8
TS ST ST ST

N
S
?

1$||||I11||

o

1 M06410b.raw
| PDF 00-042-1393 Sb2 S3 Stibnite
| PDF 00-046-1045 Si O2 Quartz, syn

2Theta (Coupled TwoTheta/Theta) WL=0.70930

Stb8 diffraction pattern

(Coupled TwoTheta/Theta)

Counts

3000

2800

2600

2400

2200

2000

1800

1600-]

1400-]

1200-]

1000

800-]
600
400-]

200

04

|1 MO06411b.raw
| PDF 00-042-1393 Sb2 S3 Stibnite
| PDF 00-046-1045 Si O2 Quartz, syn

I
10 20 30 40

2Theta (Coupled TwoTheta/Theta) WL=0.70930

313



Appendix XI - WDS Maps
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Appendix XIl - EPMA X-ray values
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