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I 
 

 

In natural environments, gold is dissolved (oxidized), dispersed, and reconcentrated 

(reduced and aggregated). Collectively, these processes constitute the biogeochemical cycle of 

gold, which can be catalysed by bacteria, and have been interpreted from the characterisation 

of gold particles that have undergone (bio)transformation. Therefore, the primary focus of this 

study is to explore the diversity and function of bacteria residing on gold particles to understand 

their influence on particle structure and chemistry and hence gold biogeochemical cycling. In 

doing so, both culture-independent (direct amplification of bacterial 16S rDNA gene from 

particles) and dependent (enrichment of viable bacteria from particles) techniques were applied 

to get a comprehensive overview of the composition of microbial communities on gold 

particles. Diverse bacterial species belonging to different phyla were detected on gold particles, 

which was consistent with previous studies. The culture-independent approach provided a 

record of both past and present bacterial existence on gold particles, whereas, the culture-

dependent approach enriched viable bacteria living on gold particles at the time of sampling. 

The detection and enrichment of bacteria from gold particles indicated that on Earth’s surficial 

environment gold particles could provide a solid substrate for bacterial colonisation. The 

biochemical activity of these bacteria, along with other environmental conditions, create 

microenvironments on gold particle surfaces (i.e. polymorphic layers) which promote particle 

biotransformation. The microstructures (porous textures and pure gold nanoparticles) on gold 

particle surfaces were interpreted as “products” of past biogeochemical processes (gold 

dissolution and precipitation). By analysing gold particle structure, chemistry and secondary 

gold concentration in the soil, gold biogeochemical cycling was estimated to be 1.60 × 10-9 M 

year-1 and was attributed, in part, to the viable bacteria living on the surface of those particles. 

The dissolution of particles during biogeochemical transformation can produce toxic soluble 

Au complexes thereby creating an “extreme” microenvironment. In this study, Au-tolerant 

bacteria were enriched (using a soluble Au concentration equivalent to the kinetic estimate) and 

were taxonomically diverse. This provides in-vitro evidence that gold biogeochemical cycling 

could act as a selective pressure on bacteria living on particles undergoing biotransformation. 

As a result, Au-tolerant bacteria are selected over time. The physiology, genomic, and 

functional characterisation of Au-tolerant bacteria demonstrated that these bacteria possess the 

ability to reduce cytotoxic soluble Au to gold nanoparticles (i.e. gold biomineralisation), 

harbour various types of genes (heavy-metal resistance, general-stress tolerance, and metabolic 

genes), and employ multiple mechanisms to mediate the toxicity of soluble Au. Therefore, Au-

tolerant bacteria can survive gold biogeochemical cycling as well as catalyse particle 
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II 
 

biotransformation. Additionally, this present study also demonstrated that heavy-metal 

contamination (derived from anthropogenic activities) alters the natural gold biogeochemical 

cycling and modifies the dynamics of microbe-gold interactions. Mercury contamination in 

soils can directly influence gold particle structure by “erasing” evidence of past biogeochemical 

processes that increase the gold purity on the outer surface of particles. Conversely, mercury 

and other heavy metals could selectively enrich heavy-metal resistant bacteria on gold particles. 

Bacteria with these functional capabilities could amplify gold biogeochemical cycling. Overall, 

the thesis highlights the diversity and function of bacteria occurring on the surface of gold 

particles and how these bacteria could contribute to particle transformation. Moreover, this 

study provides greater insight on bacteria-gold interactions and expands our understanding of 

gold biogeochemistry in natural to engineered systems. 

 

Keywords: Gold, Biogeochemical cycling, Gold particle, Bacterial diversity, Biochemistry, 

Au-tolerant bacterial genome and function, Mercury contamination & Geomicrobiology, 
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magnification secondary electron (SE) micrographs of Serratia sp. 
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high-magnification SE SEM micrograph of gold nanoparticles (C, 
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103 
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Serratia sp. or Stenotrophomonas sp. and its comparison with 
Cupriavidus metallidurans CH34. The size of the arrow represents 
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The arrow with the same colour represents the significant 
sequence homology (≥70%) of the genes 
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Figure 3A.1 A transmission electron micrograph of a S. proteamaculans D2.2 
prepared as an ultra-thin section (1). Arrows indicating the outer 
membrane (presumably the S-layer) and the periplasmic space (P). 
A graphical representation of S. proteamaculans D2.2 growth 
patterns in TMM or TMM amended with Au (III)-chloride (2). 
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Figure 3A.2 A schematic representation of S. proteamaculans strain D2.2 and 
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or within the Noordkaap River (NR), Suidkaap River (SR), and 
Kaap Rivers (KR). 
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Figure 4.2 A flow chart highlighting the different types of sample materials 
and their characterisation using different techniques. 
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Figure 4.3  A plot of particle morphology, i.e., long:short axis ratio, and 
surface texture, i.e., black:white pixel ratio. Dashed lines represent 
the standard deviation from the average morphology and surface 
texture (A). As a group, the gold particles display a variety of 
morphologies and surface textures: angular-transformed particle 
(B, scale bar is 200 µm), rounded-transformed particle (C, scale 
bar is 150 µm), rounded-transformed particle most similar to the 
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Australian particles (D, scale bar is 250 µm), spherical-smooth 
particle (E, scale bar is 300 µm). 
 

Figure 4.4 A Principal Component Analysis (PCA) biplot demonstrating the 
distribution of sampling sites based on the difference of gold 
particle morphology and surface roughness. 
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Figure 4.5 Backscatter Electron (BSE) SEM micrograph of a representative 
gold particle from the NR site (A, inset). The surface of the particle 
was porous, a texture indicative of gold/silver dissolution 
processes (A, arrow). A BSE SEM micrograph of bacteriomorphic 
gold structures on the surface of another NR particle (B). The 
formation of these structures was also attributed to gold/silver 
dissolution. A BSE SEM micrograph showing pure gold 
nanoparticles that appear to be embedded within the clay minerals 
and organics (C). A representative EDS spectrum from the surface 
highlight on the previous micrograph (D). A Secondary Electron 
(SE) SEM micrograph of extracellular polymeric substances, i.e., 
remnants of biofilms, on the surface of an SR gold particle (E, 
arrow). A SE SEM micrograph of bacterial cells of different 
morphology attached to the surface of a gold particle from the NR 
region (F). 
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Figure 4.6 A low-magnification BSE SEM micrograph of a mercury-affected 
gold particle from the KR region. Note the spherical morphology 
(A). A high-magnification BSE SEM micrograph of the smooth 
texture with cracks (B). A representative EDS spectrum of the 
surface illustrated in previous micrograph (C). 
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Figure 4.7  A bar-chart of the relative abundance of bacterial phyla from each 
of the NR, SR, and KR sampling sites. Detection of these bacterial 
communities were obtained by direct PCR, i.e., a culture 
independent study (A). A bi-plot of the first and third dimensions 
of principal axes produced from the PCA analysis showing the 
distribution of the dominant bacterial taxa in relation to three 
sampling regions (B). 
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Figure 4.8 

 
Pie-charts showing the bacterial community structure of the 
primary enrichments cultured from gold particles and their 
corresponding selective enrichment cultures, i.e., primary 
enrichments transferred to TMM amended with AuCl3-.  
 

 
160 

Figure 4.9 A schematic diagram of a metal-resistant bacterium showing the 
mechanisms of different heavy metal resistance or detoxification 
(A). Schematic genetic maps of the mer operon detected in 
Pseudomonas sp. (B) and Arthrobacter sp. (C). 
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Figure 4.10 Homology model of the transcriptional regulator CueR protein 
created with Swiss-model. Inset X-ray crystal structure of CueR 
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showing the proposed hydrogen locations for Cys 112, Cys 120 
and interacting with the Au+ ligand. 
 

Figure 4.11 Schematic summary of the diverse effects of mercury and other 
heavy metals on the transformation of gold particles in 
contaminated sediments. 
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Figure 5.1 A schematic diagram illustrating how the diversity and function of 
bacteria contribute, in part, to particle biotransformation and 
therefore the broader biogeochemical cycling of gold in natural 
and engineered environments. 
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                                                           Chapter 1 

1.1. Introduction 

        Elements are transported through and between the Earth’s compartments in different 

forms, including as gases, liquids, solids, organic or inorganic chemicals, and in their ionic, 

complexed or native forms. Although schematic models commonly depict cycles of individual 

elements, e.g., the carbon cycle, processes affecting the cycling of one element commonly also 

affect the cycling of other elements (Jelen et al., 2016). By driving the biotransformation of 

elements via their highly diverse and complex enzymatic machinery, biota, especially 

prokaryotic microbiota, are central to element cycling on Earth (Banfield et al., 2005; Stahl et 

al., 2013; Paul, 2014). During their >3500 Myr evolution, prokaryotes have developed genetic, 

physiological, metabolic and ecological capabilities, which allow them to live anywhere where 

water is available and ambient temperatures are below 121 ºC (Gogarten et al., 2002; Ramette 

and Tiedje, 2007). Due to their metabolic capabilities ranging from photo-litho-autotrophy to 

chemo-organo-heterotrophy, they are able to obtain metabolic energy from a wide variety of 

substrates and environments (Madigan et al., 2008). As a result of these capabilities and their 

high abundances (total bacterial biomass on Earth ~10^15 kg), they create the foundation of 

interconnected biogeochemical cycles of elements leading to the cycling of elements from the 

atmosphere, hydrosphere into the pedosphere and lithosphere and vice versa (Falkowski et al., 

2008).  

        Microorganisms acquire and metabolise essential macronutrients (C, Ca, K, Mg, N, Na, 

P, and S) from many different environmental sources (Alexander, 1964). Diverse metabolic 

activities of microbes (e.g., the excretion of organic acids and siderophores) ensure the 

bioavailability of essential micronutrients (e.g., Co, Cu, Fe, Mn, Mo, Se, V, and Zn). These 

elements serve, for example, as co-factors for enzymes involved in photosynthesis, glycolysis, 

nitrogen-fixation and a wide range of other biochemical pathways (Moat et al., 2003; 

Gottschalk, 2012). Metals and metalloids can also be directly and indirectly influenced by 

microbial activities. This includes the enzymatic bio-transformations of metals, the oxidation 

and reduction of metals to obtain energy, cell-mediated detoxification via active efflux or 

methylation, and the secretion of various metabolites to either obtain metals or avert their 

toxicity (Da Silva and Williams, 2001; Gadd, 2010). Consequently, the cycling of most major 

metals (Ca, Fe, K, Mg, Mn and Na), metalloids (As, Se and Te), trace- and ultra-trace metals 

(Ag, Cd, Cr, Cu, Hg, Mo, Ni, Pd, U, V, and Zn) in Earth’s surface and many crustal 
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environments is driven by biogeochemical processes (Gadd, 2010; Ehrlich et al., 2015). In 

most environments, microorganisms exist as part of biofilm communities, rather than as free-

living planktonic cells. This is attributed to the symbiotic potential and the protection conferred 

in biofilms (Donlan, 2002). Microbial biofilms commonly are multispecies, sessile 

aggregations of microbiota attached to abiotic or biotic surfaces by extracellular polymeric 

substances (EPS; Costerton et al., 1995). Collective activities of these biofilm communities 

(especially the dissolution and precipitation minerals and metals) play crucial roles for the 

weathering in the Earth’s upper crust (Douglas and Beveridge, 1998; Banfield et al., 1999; 

Gadd, 2004).  

          An example of a biogeochemical cycle of a metal, which until recently was considered 

to be inert, immobile and not biologically active under Earth surface conditions is that of gold 

(Fig. 1.1). Gold is a rare, non-essential, transition metal, which occurs in Earth’s surface 

environments as a primary metallic gold-silver alloy (electrum), in a range of gold-bearing 

minerals (especially sulfides and tellurides) within hardrock deposits and as metallic gold 

particles in placers (Fig. 1.2 A, B). At the Earth’s surface, gold cycling starts with the 

weathering of gold-bearing rocks and minerals, e.g., the mobilisation of gold from gold-hosting 

sulfide minerals (Southam et al., 2009; Reith et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.1 The biogeochemical cycle of gold in Earth’s surface and near-surface environments 
comprises the solubilisation, biomineralisation and aggregation of gold. This leads to the 
formation of mobile or immobilised Au(I/III)-complexes and metallic gold nanoparticles as well 
as the (trans)formation of placer gold particles. 
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Figure 1.2 An optical micrograph of a placer gold particle (A). Quantitative electron microprobe map 
of a polished whole-mount showing a transformed placer gold particle consisting of a primary core 
composed of electrum and a biotransformed rim of pure secondary gold (Rea et al., 2019) (B). 
Backscatter electron (BSE) SEM micrograph of a placer gold particle surface showing a porous 
network of gold dissolution morphotypes (C). BSE SEM micrograph of a gold particle surface showing 
re-precipitation of secondary nanophase gold pseudo-spheres and euhedral crystals embedded in a 
clay-organic polymorphic layer (D). Secondary electron (SE) SEM micrograph showing biofilms 
composed of bacterial cells and EPS on the surfaces of placer gold particles (E, F). 
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Geochemical and geobiological processes can stabilise Au (I/III)-ions in aqueous solutions 

because free Au (I/III)-ions are unstable in aqueous solutions under standard conditions (Reith 

and McPhail, 2006; Pan et al., 2007; Fairbrother et al., 2009; Zou et al., 2015). For instance, 

many microorganisms excrete substances, which could act as complexing ligands for Au-ions 

and promote gold mobilisation. This, in combination with Ag-dissolution, can lead to the 

formation of a range of dissolution features commonly observed on placer gold particle 

surfaces (Fig. 1.2C). 

Mobile Au (I/III)-complexes are highly cytotoxic and exert  detrimental oxidative and 

heavy metal stresses on the cells; note Au (I/III)-complexes display toxicity levels similar to 

those of Ag(I)- and Hg(II)-compounds (Nies, 1999; Wiesemann et al., 2013). Some bacteria 

living in biofilms on placer gold particle surfaces have developed biochemical responses to 

deal with the toxicity of Au(I/III)-complexes (Fig. 1.2 E, F) (Checa et al., 2007; Reith et al., 

2009; Johnston et al., 2013; Wiesemann et al., 2013; Wiesemann et al., 2017). As a result, they 

reductively precipitate Au(I/III)-complexes, which leads to the biomineralisation of metallic 

gold nanoparticles (Reith et al., 2009; Johnston et al., 2013; Bütof et al., 2018). Aggregation 

and recrystallisation of these nanoparticles contribute to the formation of pure (>99 wt.%) 

secondary gold overgrowths on placer gold (Fig. 1.2 B, D). The overgrowths exhibit a range 

of morphologies, including triangular, spherical, hexagonal and octahedral shapes (Fig. 1.2 D). 

Microcrystals and bacteriomorphic gold, as well as sheet and wire gold, can also form 

(Southam and Beveridge, 1994; Kerrich et al., 2000; Shuster et al., 2017a). Ultimately, the 

above mentioned biogeochemical processes lead to: the (trans)formation of placer gold 

particles (i.e., grains and nuggets, defined here following Hough et al. (2007) as gold masses 

weighing less or more than 1 g, respectively), the dispersion of gold in the world’s oceans, and 

the accumulation of gold in (sulfo-)organic sediments. The latter gave rise to the formation of 

a range of large gold deposits, such as shale-hosted- and quartz pebble conglomerate (QPC) 

deposits. The former has been the subject of scientific debate, especially in relation to the 

processes affecting the formation of gold nuggets (e.g., discussed in Falconer et al., 2006). 

According to Hough et al. (2007), following on from the work on Australian nuggets by 

Liversidge (1893 and 1897), the formation of large gold nuggets is the result of hypogene 

processes, as demonstrated by internal structures of coarse-grains (e.g., twinned crystals of 

electrum). In contrast, Kamenov et al. (2013) and Rakovan et al. (2017), who have assessed 

lead isotope signatures and mineral inclusions of gold nuggets from  Rich Hill (Arizona, United 

States) and Bodaibo (Lena Goldfields, Russia), respectively, suggest that these have largely, 

and in some cases entirely, formed in surface environments. While we now understand a range 
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of processes that mediate gold cycling in the environment, a synthesis of knowledge in relation 

to integrating gold cycling with the biologically driven major element cycles is urgently 

needed. The aim of this review is to enlighten the fundamental understanding of interconnected 

element cycles and assess how the cycling of biogenic elements drives the cycling of gold. The 

study encompasses an in-depth review of critical microbial populations and processes that 

mediate carbon, nitrogen and sulfur cycling and how the cycling of these elements affects gold 

mobility on Earth’s surface environments.  

 

1.2. Effect of biogenic element cycles on gold cycling 

1.2.1. Carbon and gold 

If one element was nominated to signify life it has to be carbon, because the global 

carbon cycle exerts its dominance over all living things and the processes that affect them (Fig. 

1.3; Fenchel et al., 2012; Ehrlich et al., 2015). In the global carbon cycle, carbon is recycled 

through all Earth’s major reservoirs, i.e., from the atmosphere and hydrosphere through to the 

biosphere, pedosphere and lithosphere and vice versa (Janzen, 2004). A vast amount of carbon 

on Earth is stored in sedimentary rocks within the planet’s crust. These rocks are produced by 

the sedimentation and diagenesis of organic carbon-rich mud and the formation of carbonate 

minerals, e.g., calcite and dolomite, which is largely associated with marine systems 

(Altermann et al., 2006; Brumsack, 2006). Carbonaceous substances in sedimentary and 

metamorphic rocks are excellent sorbents of heavy metals (including gold) resulting in their 

diagenetic concentration and low-temperature metallogenesis (Razvozzhaeva et al., 2008; 

Large et al., 2011). This points to an important role of carbonaceous organic substances for the 

formation of large gold deposits (Fig. 1.3; Disnar and Sureau, 1990; Razvozzhaeva et al., 2008; 

Frimmel, 2014). Indeed, numerous reports have also shown highly elevated concentrations of 

gold in crude oil (Shah et al., 1970; Hulen and Collister, 1999; Yin et al., 2012). In some gold 

deposits, ore bodies have been shown to contain elevated amounts of light hydrocarbons with 

C1 – C9 carbon chains (Hulen and Collister, 1999; Polito et al., 2002). In others, gold is finely 

dispersed in organic lenticular carbonaceous substances (Mossman and Dyer, 1985; Mossman 

et al., 2008; Wood and Popov, 2006). This is the case at the Sukhoi Log deposit, one of the 

largest gold deposits in Russia, where gold is associated with carbonaceous substances and 

sulfides in a black shale and siltstone sequence (Large et al., 2007).  However, according to 

Frimmel (2014 and 2018) and Frimmel and Hennigh (2015), the largest concentrations of gold 

in the Earth’s crust occur in laterally extensive carbonaceous seams. These are the result of 
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gold accumulation in extensive mats of early photosynthetic bacteria (likely cyanobacteria) 

occurring in the oxygen-deficient environments more than 2900 Myr ago. Frimmel (2018) 

further suggests that reworking of gold from these mats by fluvial processes in ancient placer 

environments led to the formation of quartz-pebble conglomerate (QPC) deposits. Of these, 

the super large Witwatersrand deposits in the Kaapvaal Craton in South Africa are the best 

persevered examples, other examples are found in the Pilbara Craton (Australia), as well as 

old cratons in Canada, China, Brazil and Fennoscandia (Frimmel, 2014). Frimmel (2014 and 

2018) further argues that these gold-bearing bioorganic sediments also provided a source for 

large orogenic, porphyry-type, hydro- and epithermal gold deposits. The formation of the latter 

is a result of the onset of modern-style plate tectonics during the Neoarchean period, which led 

to the reworking of gold-rich sediments along active plate margins. 

 

Arguably the first step in carbon cycling is the biological reduction of atmospheric 

inorganic carbon, i.e., carbon fixation (Fig. 1.3). It is one of the most important biogeochemical 

processes on Earth, because it creates a bridge between inorganic and organic/biological 

realms (Rothschild and Mancinelli, 1990). In modern and ancient ecosystems, the production 

of biomass through photosynthesis is the most widespread form of carbon fixation. Other forms 

of autotrophic carbon fixation have also been described, e.g., by communities surrounding 

deep-sea hydrothermal vents (McKendry, 2002; Ver Eecke et al., 2012). Photosynthesis 

converts photo energy (sunlight) into chemical energy by converting atmospheric carbon 

dioxide to reduced, energy-rich, organic chemicals such as sugars. Eukaryotic phototrophy 

mediated by plants and algae dominates in current terrestrial environments (Smil, 2003; Raven, 

2009). Oxygenic photosynthesis by cyanobacteria is an important driver of carbon fixation in 

freshwater and marine environments and here provides organic carbon as a substrate for a 

heterotrophic succession (Stanier and Bazine, 1977; Huertas et al., 2014). Due to their ability 

to fix carbon phototrophically and their unique stress adaptation capabilities (including heavy 

metal resistance and salt tolerance) cyanobacteria are ubiquitous on Earth. They are found in 

fresh and saltwater environments, in top-soils, in sediments as well as in ‘extreme’ 

environments, including at metal-contaminated or hypersaline sites (Huertas et al., 2014) 
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Figure 1.3 Integration of the short- and long-term biogeochemical cycles of carbon and nitrogen 
with the biogeochemical cycle of gold. 
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In ancient (and modern anoxic) environments, prokaryotically-driven anoxygenic 

photosynthesis is thought to be the main pathway to fixing carbon. During this process, cellular 

energy is produced without producing oxygen as a by-product (Blankenship, 2014). Therefore, 

anoxygenic photosynthesis is also considered to be an important link between the carbon cycle 

and the cycles of nitrogen, iron and sulfur, because electron donors other than water (e.g., NO2-

, H2S, Fe2+) are utilised (Burgin et al., 2011). Some modern cyanobacteria have the capability 

to grow by anoxygenic photosynthesis and morphological fossils of cyanobacteria have been 

recorded in Archean sediments (Nealson and Rye, 2003). For example, some communities 

forming Archean stromatolites (e.g., in Pilbara Craton of Western Australia and in the Pongola 

Supergroup of South Africa) are thought to have capacity of driving anoxygenic 

photosynthesis; note: the occurrence of early oxygenic photosynthesis in the Archean peroid 

has also been proposed (Allwood et al., 2006; Frimmel and Hennigh, 2015). Several other 

groups of obligate and facultatively anaerobic chemolithoautotrophs, e.g., green sulfur 

bacteria, red and filamentous purple bacteria (Chloroflexi, some Acidobacteria and 

Heliobacteria) also use anoxygenic photosynthesis.  

 A scenario where the importance of microbial carbon fixation on gold has been 

demonstrated, is the formation of gold deposits in the Witwatersrand basin of South Africa 

(Frimmel, 2014; Heinrich, 2015). The Witwatersrand gold deposits host approximately 30 % 

of the world’s gold resources (Frimmel, 2014). A large proportion of this gold, in some reef 

deposits as much as 70 % of all gold, is directly associated with organic carbon derived from 

microbial mats (Hallbauer and Joughin, 1973; Mossman et al., 2008; Frimmel, 2005 and 2018). 

These (cyanobacterial) mats grew in shallow lakes or river pools in an early anoxic Earth and 

accumulated mobile Au complexes from solution (Fig. 1.3; Frimmel, 2014, Heinrich, 2015). 

Geochemical modelling has shown that gold solubility in ancient waterbodies was much higher 

than today and that gold likely occurred as Au (I)-sulfide complexes (Heinrich, 2015). 

Different authors have suggested different precipitation mechanisms for these Au-complexes, 

including: i) adsorption (Mossman et al., 2008); ii) oxidative precipitation triggered by the 

release of oxygen on the surface of the microbial mats resulting from oxygenic photosynthesis 

(Frimmel, 2014; Frimmel and Hennigh, 2015); iii) precipitation via reduction by organic 

hydrocarbons (Heinrich, 2015); and iv) reductive precipitation as a result of bacterial activities 

(Horscroft et al., 2012). A laboratory study by Lengke et al. (2006) has shown that the 

cyanobacterium Plectonema boryanum can withstand high concentrations of mobile Au-

complexes and has the ability to biomineralise them to metallic nano- and micro-phase gold. 

The study revealed that P. boryanum releases membrane vesicles, which are responsible for 
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the reduction of Au-complexes and the precipitation of metallic gold nanoparticles outside of 

the cells and so prevent intracellular uptake of toxic mobile gold (Lengke et al., 2006).  

Based on these results, Shuster and Southam (2015) have developed an experimental 

roller-bottle system, comprising cyanobacteria, iron-oxidising- and sulfate-reducing bacteria 

(SRB), sand and fine-grained gravel, as well as nano- and microphase gold. The aim was to 

produce a simplified version of biogeochemical conditions in fluvial placer environments. 

Using this system, the authors have successfully formed millimeter-scale gold particles in a 

range of experiments. These microbially produced gold particles are morphologically highly 

similar to particles from modern QPC deposits, e.g., gold deposits in the Waimumu district, 

New Zealand (Falconer et al., 2006; Shuster and Southam, 2015). Gold from the Waimumu 

district, especially the Belle Brooke and Parker Road deposits, is commonly composed of 

sheet-like high purity secondary gold, resulting from the biogeochemical cycling of gold 

driven locally by the cycling of carbon and sulfur (Falconer et al., 2006). Similarities to gold 

particles from ancient Witwatersrand placer have also been made (e.g., Hallbauer and Barton, 

1987), but can be misleading due to the fact that here the microbially produced gold particles 

have been altered by post-depositional hydrothermal processes and metamorphism.  

 The next step of the carbon cycle is the decomposition of reduced organic carbon, which 

is important as it also regenerates other nutrients, e.g., phosphorus and trace metals and hence 

links to the cycles of these elements (Fig. 1.3; Schimel, 1995). Under oxic conditions, aerobic 

respiration yields the most energy of any catabolic process. Here oxygen is the primary and 

ultimate oxidant for organic carbon. This results in the decomposition of carbohydrates and 

organic acids to the metabolic end-products CO2, H2O and mineral nutrients (Ehrlich et al., 

2015). Under anoxic conditions, the decomposition of organic carbon involves a chain of 

activities mediated by a diverse group of facultative and obligate anaerobic heterotrophic 

bacteria and fungi. It starts with the hydrolysis of complex polymeric organic substances, i.e., 

high molecular weight organic substances (HMWOS) to low molecular weight organic 

substances (LMWOS), and ends with the production of methane and carbon dioxide (Fig. 1.3; 

Madigan et al., 2008). A wide range of heterotrophic microorganisms plays a role in producing 

metabolites, e.g., low molecular weight organic acids (LMWOA) as metabolic by-products or 

through the formation/degradation of HMWOS (Uroz et al., 2009). Many of these organic 

intermediates can act as lixiviants and/or reducers of Au (I/III)-complexes. They are, therefore, 

important determinants of gold mobility (Fig. 1.3). A number of experimental studies have 

shown that amino acids, e.g., aspartic acid, alanine, histidine, serine, and glycine, can solubilise 

gold via the formation of Au (I)-amino-acid-complexes (Korobushkina et al., 1976; Saxby, 
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2012). Bacteria such as Chromobacterium violaceum, Bacillus spp., Pseudomonas aeruginosa 

and P. fluorescens are known to contribute to gold solubilisation via amino acid formation and 

cyanidation (Reith and McPhail, 2006; Fairbrother et al., 2009). Microcosm studies by Reith 

and McPhail (2006) and Fairbrother et al. (2009) have shown that bacterial consortia in soils 

can solubilise gold by producing Au-complexes with amino acids and cyanide. During the later 

stages of the experiments (after 40–50 days of incubation) bacterial consortia metabolised Au-

complexing ligands and thus destabilised gold in solution, leading to its precipitation. Under 

anoxic conditions, LMWOAs are degraded to acetate by acetogenic bacteria (Fig. 1.3). 

Acetogens are a specialised, yet ubiquitous, group of anaerobic bacteria that produce acetate 

(Drake et al., 2008). Gold has been shown to readily form complexes with acetate, increasing 

its mobility (Shock and Koretsky, 1993; Bakrania et al., 2009). As a result of the anoxic carbon 

decomposition in soils and sediment, organo-Au-complexes and organically stabilised 

nanoparticulate gold colloids may be transported in the soil and groundwater as part of the 

dissolved organic matter (DOM; Reith et al., 2007).  

Together with acetogens, methanogenic archaea constitute the last limbs of the 

anaerobic carbon decomposition (Fig. 1.3; Liu and Whitman, 2008). Under anoxic conditions, 

acetoclastic methanogens convert acetate to CH4 and CO2 (Horn et al., 2003). Methanogens 

typically thrive in environments in which all electron acceptors, other than CO2, have been 

exhausted (Horn et al., 2003). A study by Takai et al. (2001) has shown high abundances of 

methanogenic archaeal communities in modern gold mine waters from mines in the 

Witwatersrand (South Africa). Therefore, the presence of hydrocarbon seeps in gold deposits 

containing light hydrocarbons may be attributed to the biochemical activity of methanogenic 

archaea. Methanogenesis and sulfate reduction are thought to be the dominant anaerobic 

microbial processes in the deep subsurface marine environment. In the immediate vicinity of 

deep-sea hot (~350 °C), reducing, metal-rich hydrothermal systems, i.e., ‘black smoker’ and 

‘white smoker’ chimneys, where H2, CH4, H2S gases are abundant, active 

chemolithoautotrophic thermophilic sulfate reducers and methanogens were detected (Ver 

Eecke et al., 2012). This suggests that these microbial communities might play an important 

role in subsurface metal deposit formation (Jannasch and Mottl, 1985; Tivey, 2007). However, 

further research is required to establish the role of methanogens on gold biogeochemistry, 

especially close to hydrothermal systems. Methanotrophic bacteria are a group of bacteria, 

which metabolise methane as their only source of carbon and energy, have been detected on 

secondary gold particles (Rea et al., 2016). A study by Levchenko et al. (2002) has shown that 
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a methanotrophic strain of Micrococcus luteus isolated from a gold mine site has a unique Au-

binding protein, which forms a Au-protein complex that enhances the methane oxidation rate.  

Complex biogeochemical processes produce recalcitrant carbonaceous substances, 

e.g., humic and fulvic acids as well as humins. These substances are not readily biodegradable 

and find their way into the pedosphere and finally into the lithosphere (Fig. 1.3; Atlas, 1998). 

As an element of group IB in the periodic table gold has a strong affinity for complex organic 

matter (Vlassopoulos et al., 1990). Due to the complexity and diversity of DOM researchers 

have found contradicting results in their solubilisation/precipitation experiments (e.g., Freise, 

1931; Baker, 1978; Varshal et al., 1984; Bowell et al., 1993). For example, metallic gold has 

been mobilised into solution by waters containing high amounts of organic matter derived from 

lignite in the absence of oxygen (Freise, 1931). Ong and Swanson (1969) have found that 

organic acids did not dissolve, complex or oxidize gold, but reduced auric chloride solution to 

Au(0) and formed stable gold colloids in aqueous solutions with a high DOM content. Overall, 

the interactions of Au-complexes with organic matter seem to be predominantly linked to 

nitrogen- and sulfur-containing functional groups, which constitute important reactive sites in 

many HMWOS (Housecroft, 1993). 

Carbon is taken out of the fast biogeochemical cycle and moved into slow, geological 

cycle through burial of refractory organic material (i.e., coal and oil) as well as through 

precipitation as carbonate minerals (e.g., calcite, dolomite, vaterite and aragonite; Fig. 1.3; 

Schlesinger, 1995; Jiao et al., 2010). For example, calcrete is a type of pedogenic calcium-

carbonate covering many arid environments around the world (Lintern, 2001). Calcrete is 

considered an important sampling medium for geochemical gold exploration, because, in 

calcrete, calcium displays a strong positive correlation with gold, but not with base metals 

(Lintern et al., 2006; Reith et al., 2011). A comprehensive biogeochemical model for gold-

anomalous calcrete formation has been proposed, which is based on microbial metabolic 

processes that combine biogenic calcium carbonatogenesis with gold co-precipitation 

(Schmidt-Mumm and Reith, 2007; Reith et al., 2011). The process involves the destabilisation 

of Au-amino-acid-complexes through degradation to urea and suggests that nitrogen-

containing compounds formed by microbes are also strongly involved in gold cycling 

(Schmidt-Mumm and Reith, 2007).  
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1.2.2. Nitrogen and gold 

            Nitrogen comprises most of Earth’s atmosphere and is the fourth most abundant 

element in cellular biomass (Stein and Klotz, 2016). Several studies have shown that reactive 

nitrogen-containing compounds, such as proteins, their building blocks (i.e., peptides and 

amino acids) and decomposition products (e.g., cyanides and ammonium) can react with 

metallic gold in the presence of a strong oxidants (e.g., some manganese oxides or bioorganic 

manganese compounds; Ta et al., 2014 and 2015) to form soluble Au-complexes (e.g., Au(I)-

cyanide [Au(CN)2]-, Au(I)-diammine [Au(NH3)2]+ ; Campbell et al., 2001; Vicente et al., 

1997). Therefore, it is likely that the biogeochemical cycling of nitrogen plays an important 

role in gold mobility and cycling. The global biogeochemical nitrogen cycle is closely linked 

to that of carbon and largely dependent on the activities of microbiota (Fig. 1.3; Godfrey and 

Glass, 2011). Steps of the nitrogen cycle are nitrogen fixation, anammox, ammonification, 

nitrification and denitrification (Fig. 1.3). All of the processes are highly dependent on the 

activities of a diverse assemblage of microorganisms (e.g., Gutknecht et al., 2006; Madigan et 

al., 2008).  

Atmospheric nitrogen fixation is the starting point and most essential part of the 

nitrogen cycle (Fig. 1.3). Nitrogen fixation is an energy-requiring process, in which two moles 

of ammonia are produced from one mole of nitrogen gas using the enzyme complex 

nitrogenase (Canfield et al., 2010). Only relatively few species of microorganisms are capable 

of fixing atmospheric nitrogen, all of which are prokaryotes. Important groups of prokaryotes 

that catalyse nitrogen fixation in terrestrial ecosystems are symbiotic, nitrogen-fixing bacteria 

belonging to the genera Rhizobium, Bradyrhizobium, and Frankia, which live in root nodules 

of legumes (Canfield et al., 2010). A number of free-living soil bacteria (e.g., some Clostridium 

spp., Bacillus spp. and Azotobacter spp.) are also able to fix atmospheric nitrogen (Gutknecht 

et al., 2006). In aquatic environments, cyanobacteria (in addition to their role in carbon 

fixation) are the dominant drivers of nitrogen fixation, hereby fueling aquatic primary 

production (Geider et al., 2001).  

Reduced nitrogen in the form of NH4+ can be assimilated into biomass, such as amino 

acids, which are then incorporated into other nitrogen-containing biomolecules, e.g., 

nucleotides and proteins (Fig. 1.3). Amino acids are abundant in geological bodies and have 

the ability to form mobile Au-complexes (Vlassopoulos et al., 1990; Reith and McPhail, 2006). 

Ambient temperature, acidity as well as type and concentration of amino acids in solution are 

important factors for Au-amino-acid complex formation. A study by Jingrong et al. (1996) 
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indicates that organic acids in waters at moderate to shallow depths, i.e., in meso-epithermal 

solutions, are capable of forming soluble Au-complexes, and thus enhance the gold mobility. 

This suggests that these processes may play an important role in metallogenesis of gold 

deposits by enabling the migration of gold from source rocks (Jingrong et al., 1996). Amino 

acids, such as glycine, function as metabolic precursors for cyanide production in bacteria, 

including Chromobacterium spp. and Pseudomonas spp., which have been shown to solubilise 

gold via cyanidation (Knowles, 1976; Blumer and Haas, 2000; Campbell et al., 2001; 

Faramarzi and Brandl, 2006). In some ecosystems, e.g., in rhizosphere soils, cyanide-

producing microorganisms can constitute up to 50 % of the microbial community (Kremer and 

Souissi, 2001). Eksteen and Oraby (2015) have developed a gold extraction process using a 

glycine-hydrogen peroxide system, which may provide a cheap, environmentally friendly 

alternative to conventional extraction methods. Moreover, they suggest that this method has 

the potential to turn Western Australia’s low-grade copper-gold deposits into commercially 

viable operations by enabling the in situ recovery of the metals.  

Ammonification involves the conversion of organic nitrogen to ammonia via 

deamination, i.e., the metabolic break-down of amino acids and other organic acids by 

heterotrophic microorganisms (Fig. 1.3; Mancinelli, 1996). The ammonia generated dissolves 

in water to form ammonium ions (NH4+). Interestingly, Klyakhin and Levitskiy (1969) suggest 

that NH4+ in hydrothermal solutions enhances the solubility of heavy metals by acting as a 

transporting agent and therefore may play a crucial role in the formation of metalliferous ore 

deposits. Studies on ammonium-rich minerals present in gold deposits indicate that ammonium 

contributes to ore-forming processes by enhancing the mobility of gold in hydrothermal 

solutions (Klyakhin and Levitskiy, 1969; Bottrell and Miller, 1990). In addition, a fluid 

inclusion study by Bottrell (1986) on an ammonium-mineral-rich black shale-hosted quartz-

vein gold deposit in northern Wales has revealed a close association between nitrogen levels 

in the fluids and the grade of gold deposit.  

Urea is a common intermediate product of microbial ammonification in soils. Several 

studies have demonstrated that the formation of gold anomalies in calcrete (i.e., accumulations 

of calcium carbonate forming in soil and regolith environments) is driven by ureolytic 

microbes (Schmidt-Mumm and Reith, 2007; Reith et al., 2011). These studies have shown that 

resident ureolytic bacterial communities are capable of utilising amino acids, including L-

aspartic acid and urea. This leads to the destabilisation of the Au-amino-acid-complexes and 

concomitant co-precipitation of gold with calcium carbonates (Reith et al., 2009 and 2011). 
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Here the formation of ammonium and carbon dioxide from urea creates suitable 

physicochemical conditions required for calcium-carbonatogenesis.  

Nitrification is the next step of the nitrogen cycle, where microbial ammonium is 

converted to nitrate via nitrite (Fig. 1.3; Gutknecht et al., 2006). Nitrification is an aerobic 

process performed by nitrifying bacteria. Nitrification contributes to soil acidification, which 

can result in increasing the mobility of heavy metals, such as gold, particularly in poorly 

buffered soils (Prosser, 2005). Gold nitrate complexes have been reported from the laboratory, 

but evidence for their existence in nature is lacking (Manfait et al., 1981). The final step of the 

nitrogen cycle is denitrification (Fig. 1.3). Denitrification is a microbially facilitated process 

in which nitrate is reduced and ultimately atmospheric nitrogen is produced through a series 

of intermediate oxides of nitrogen. Again, an important link exists here between nitrogen 

cycling and the cycles of other biogenic elements, because reduced carbon or sulfur 

compounds serve as electron donors for this process. In relation to gold mobility, autotrophic 

denitrifying bacteria have been reported to destabilise Au-complexes by utilising sulfur-

containing ligands such as thiocyanate and thiosulfate (Broman et al., 2017). This suggests that 

denitrifying bacteria may play a role in gold cycling. Overall, one can conclude that reactive 

nitrogen-containing compounds formed during biogeochemical cycling of nitrogen likely have 

a strong impact on gold mobility, gold biomineralisation and ore forming processes. 

 

1.2.3. Sulfur and gold 

 Sulfur is an essential nutrient for all organisms and geochemically very important due to 

its ability to form a wide range of metal sulfide minerals. Indeed, most of the Earth's sulfur is 

tied up in primary rocks as metal sulfides (e.g., pyrite, galena, sphalerite, millerite, bornite or 

covellite), in sediments and weathered materials as sulfate minerals (e.g., gypsum, jarosite, and 

barite) and in secondary (biogenic) sulfides (e.g., pyrite, marcasite; Ivanov and Freney, 1983; 

Hedges, 1992). Microorganisms especially sulfate-reducing bacteria (SRB) are the major 

contributors to the formation of biogenic sulfides and facilitate sulfide and gold co-

precipitation by creating localised reducing conditions through their metabolic activities 

(Fortin and Beveridge, 1997). Some of these are products of microbial processes from earlier 

periods of the Earth’s history, e.g., sulfides and sulfates in sedimentary Precambrian rocks 

(Farquhar et al., 2000). Like nitrogen and carbon, microbiota cycle sulfur and thereby 

transform it from its most oxidized- (sulfatic) to its most reduced (sulfidic) form (Fig. 1.4; 

Fike et al., 2016). The individual processes involved in sulfur cycling are dissimilative and 
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assimilative sulfur- and sulfate reduction as well as sulfide- and elemental sulfur oxidation 

(Fig. 1.4 ; Kellogg et al., 1972; Nordstrom and Southam, 1997). Gold has a unique relationship 

with sulfur, because it is incorporated in solid solution and as nanophase gold in (biogenic) 

sulfide minerals (e.g., pyrite, chalcopyrite, arsenopyrite and marcasite; Arehart et al., 1993; 

Groves et al., 1998). In hydrothermal fluids, gold exists as sulfide- and bisulfide-complexes, 

e.g., [Au(HS)0], [Au(HS2)−], [Au2S22−] (Renders and Seward, 1989; Gammons and Williams-

Jones, 1997). Changes in ambient pressure and/or temperature can lead to the precipitation of 

quartz. During these processes, Au-complexes are co-precipitated as metallic gold or in gold-

hosting sulfide minerals leading to the formation of gold-bearing, hydrothermal quartz-veins 

(Knight, 1999). In these sulfides, gold is either finely dispersed in crystal lattices or occurs as 

metallic nano-inclusions (Boyle, 1979; Hough et al., 2011).  

On Earth’s surface environments sulfur-bearing minerals and compounds are readily 

transformed as a result of biogeochemical oxidation-reduction reactions (Ehrlich et al., 2015). 

Generally, the oxidative dissolution of sulfide minerals involves a complex interplay between 

microorganisms, solutions and mineral surfaces that leads to the formation of sulfuric acid, 

fuelling, for example, acid mine drainage (Edwards et al., 2000). Here acidophilic 

chemolithotrophic iron-sulfur-oxidising bacteria (e.g., Acidithiobacillus thiooxidans, A. 

ferrooxidans, A. caldus, Leptospirilium ferrooxidans) play a critical role in the dissolution of 

sulfides and in regulating the mobility of sulfur compounds and associated metals (Nordstrom 

and Southam, 1997). Under acidic weathering conditions, these bacteria can catalyse 

dissolution of gold-hosting sulfide minerals. This releases the gold trapped within minerals via 

the formation of mobile Au-complexes (Fig. 1.4; Lindström et al., 1992). Specifically, the 

oxidation of metal-sulfides produces thiosulfate as a metastable intermediate, which can act as 

ligand for the formation of soluble Au(I)-thiosulfate complexes (Lengke and Southam, 2005; 

Nordstrom and Southam, 1997).  
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A study by Schippers and Sand (1999) has shown that iron- and sulfur-oxidising bacteria drive 

the biogeochemical oxidation of metal sulfides via either by the thiosulfate-leaching- or the 

polysulfide-leaching mechanism, depending on the mineralogy of the metal sulfides. For acid-

insoluble metal sulfides, oxidation via the thiosulfate-leaching mechanism commonly occur. 

Figure 1.4 Integration of the biogeochemical cycles of sulfur and iron with the biogeochemical cycle 
of gold. 
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Hereby Fe-S2 is cleaved. This is followed by the bacterial oxidation of Fe(II) to Fe(III)-

hexahydrate, which drives the oxidation of inorganic sulfide to thiosulfate and ultimately 

produces sulfuric acid (Schippers and Sand, 1999). For acid-soluble metal sulfides, a 

polysulfide-leaching mechanism has been proposed. Hereby sulfides are attacked by both 

Fe(III)-ions and protons, resulting in the formation of intermediate polysulfides, elemental 

sulfur and ultimately sulfate (Friedrich, 1997; Nordstrom and Southam, 1997; Schippers and 

Sand, 1999). On the basis of these biogeochemical mechanisms, an industrial-scale 

bioleaching process for refractory gold ores named BIOX® has been developed (Van Aswegen 

et al., 2007). In this process, a consortium of iron- and sulfur-oxidising bacteria has been used 

for pre-treatment (oxidation) of gold-containing sulfidic ores. This reduces the quantity of 

toxic lixiviants (i.e., cyanide) required in downstream leaching steps and ultimately increases 

gold yields (Van Aswegen et al., 2007). The process has been used in gold mines in South 

Africa (Fairview mine), in Australia (Fosterville, Harbour Lights and Wiluna mines), in Ghana 

(Ashanti-Shansu and Bogoso mines), in China (Jinfeng mine), in Brazil (Sao Bento mine), in 

Peru ( Tamboraque mine), in Kazakhstan (Suzdal mine) and in Uzbekistan (Kokpatas mine; 

Kaksonen et al., 2014). 

The next step of the sulfur cycle is the assimilative reduction of sulfate (Fig. 1.4). The 

process involves the uptake of SO42– by organisms, which is intracellularly reduced to 

sulfhydryl groups (R–SH). These are incorporated as active functional groups in a range of 

organic metabolites, e.g., into the sulfur-bearing amino acids cysteine and methionine 

(Madigan et al., 2008). These amino acids constitute the key functional regions of peptides and 

proteins capable of gold-binding and intracellular Au-S-complex formation in bacteria (e.g., 

in C. metallidurans; Reith et al., 2009). Hence, assimilative sulfate reduction can also lead to 

the biomineralisation of gold and ultimately result in the formation metallic gold nanoparticles 

associated with the microbial cell or plant tissues (Anderson et al., 1999; Reith et al., 2009). 

Studies by Lintern et al. (1997) and Ryan et al. (2013) have shown that substantial amounts of 

gold can be detected in eucalypts and other plants growing in goldfields of southern Western 

Australia. In these plants, gold appears to exist as metallic nanoparticles inside the cells (Ryan 

et al., 2013). 

In the following steps of the sulfur cycle (i.e., dissimilative sulfate and sulfur reduction) 

sulfate or elemental sulfur are reduced to hydrogen sulfide under anoxic condition (Fig. 1.4). 

The processes, where sulfate/sulfur act as terminal electron acceptors, are mediated by a 

diverse group of SRB, including members of the genera Desulfovibrio Desulfomonas, 

Desulfurimonas and Desulfobacter (Nealson and Stahl, 1997). Thereby, substantial amounts 



 
 

Chapter 1 
 

20 
 

of hydrogen sulfide are produced, which react with available aqueous metal ions, e.g., Fe2+, to 

form metal-sulfides (e.g., pyrite and marcasite; Fortin and Beveridge, 1997). A study by Boice 

(2002) assessed present-day microbial communities in the deep subsurface of the 

Witwatersrand Basin, and found diverse SRB communities to be present. A laboratory study 

by Lengke and Southam (2006) has shown that SRB (e.g., Desulfovibrio spp.) are capable of 

metabolising thiosulfate from mobile Au(I)-thiosulfate complexes. This destabilises the Au-

complexes in solution, which leads to extracellular precipitation of gold nanoparticles and the 

production of hydrogen sulfide as a metabolic by-product (Lengke and Southam, 2006). A 

study by Tomkins (2013), assessing anoxic ancient oceanic and sedimentary systems, has 

theorized that bacterial sulfate reduction played a crucial role in the formation of sedimentary 

pyrite minerals and organic muds. Tomkins (2013) also suggests that bacterial sulfate 

reduction has led to a dramatic reduction in the solubility of gold in deep seawater environment 

and the subsequent formation of gold-bearing pyrite. Therefore, in early Earth’s euxinic 

conditions, where waters were both anoxic and sulfidic, bacterial sulfate reduction likely 

played a crucial role in the formation of gold-bearing sedimentary sequences, which are ideal 

source rocks for gold deposits (Hutchinson, 1987). Walsh and Lowe (1985), who studied gold-

bearing rocks the 3,500-Myr-old Onverwacht Group (Barberton Mountain Land, South 

Africa), suggested that SRB may have contributed to precipitation of gold. In the 

Witwatersrand basin in South Africa, the highest gold contents were detected in syn-

sedimentary concentrically laminated pyrite, which is likely of microbial origin (Frimmel, 

2018). Gold-bearing sulfide minerals, which bear strong textural resemblances to 

Witwatersrand precipitates, are found at the Bellebrook deposit in New Zealand. Here 

authigenic, secondary gold is abundant in quartz-pebble conglomerates, which are forming 

under present day conditions (Falconer et al., 2006). The sulfides at the Bellebrook deposit are 

framboidal anhedral marcasite as well as framboidal euhedral pyrite, which are common 

products of BSR (Falconer et al., 2006). Sulfur isotope data of marcasite from Bellebrooke 

corroborate that BSR is responsible for the formation of these iron sulfides (Falconer et al., 

2006). Overall, this suggests that SRB and other sulfur transforming bacteria are likely to play 

a key role in formation economically valuable gold deposits, such as QPC-deposits.  

 

 1.3. Gold and other metals  

In the environment the occurrence and behavior of gold is strongly intertwined with 

biogeochemical cycles of other metals, particularly: i) silver, through the gold-silver alloy 
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(electrum) commonly constituting primary gold; ii) copper, through copper occurring in 

primary gold and soils/sediments overlying gold deposits; iii) iron, through gold-hosting, 

biogenic iron sulfides and iron oxides; iv) manganese, through sorption/oxidation of gold by 

reactive manganese oxides; v) arsenic, through arsenic-containing sulfides (e.g., arsenopyrite) 

hosting gold in primary deposits; and vi) mercury, through natural and anthropogenic gold-

mercury amalgamation. Therefore, the biogeochemical cycling of these elements in relation to 

gold mobility is briefly discussed. 

 

1.3.1. Silver and gold 

Silver (Ag) is a white, lustrous transition metal, which forms a natural alloy (electrum) 

with gold in primary gold deposits. In addition, silver occurs in silver-bearing sulfides, in 

mercury/gold-silver-alloys and as free native silver (nano)particles (Boyle, 1968). Because of 

its close association with gold and its mobility, silver is commonly used as a pathfinder 

element in geochemical exploration for gold (Boyle, 1979). Under surface conditions, 

especially in acidic and oxidising environments, silver is more mobile than gold (Boyle, 1968). 

Therefore, it is depleted from primary gold-silver particles. This, in combination with the re-

precipitation of mobilised gold, results in the formation of transformed secondary placer gold 

particles (grains as well as nuggets) that have silver-poor, gold-rich rims and silver-rich cores 

(Fig. 1.2B; Boyle, 1979). Leaching of silver from placer gold particles commonly occurs 

from the outside and can be seen as a continuous process. Generally, modern oxic 

environments seem to facilitate silver leaching from silver-bearing minerals and gold-silver 

alloyed particles, whereas the anoxic conditions in Precambrian environments may not have 

been conducive to silver mobilisation (Hallbauer and Utter, 1977). Therefore, detrital gold 

particles in ancient conglomerates, e.g., in the Pilbara Craton, and any diagenetically added 

gold may have remained silver-rich if the diagenesis of gold was abruptly halted and 

preserved (Falconer, 2018). However, care has to be taken during with interpreting 

gold/silver ratios in these particles, as they may be the result of later stage alteration. For 

instance, the Witwatersrand gold particles have been compositionally altered by post-
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formation hydrothermal processes, so that no information about the original gold/silver 

distribution can be obtained (Frimmel and Gartz, 1997).  

 

 

 

 

Silver dissolution and complexation can be counteracted by re-precipitation of 

secondary, silver-bearing minerals or elemental silver in the environment, but this appears to 

be a rare phenomenon (Yin et al., 2012). Craw (1992) has shown that during the re-

precipitation of gold-silver alloyed particles, only between 1 and 8 % of mobilised silver is 

re-precipitated. The reason behind this likely is the high environmental mobility of silver 

Figure 1.5 Examples of the association of gold with copper, iron, manganese and mercury. The plot 
shows copper and gold contents of Australian auriferous soils from four sites i) Old Pirate ( ); 
Humpback (□); Wildcat ( ); and Tomakin Park ( ) (Wiesemann et al., 2017) (A). SE micrograph of 
acicular Fe (III)-oxides on the surface of a placer gold particle (B). SE micrograph showing 
microbially formed birnessite on the surface of gold spheres (C). A high-resolution BSC micrograph 
of a gold particle affected by anthropogenic amalgamation with mercury (D). 
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ions, which readily form water-dispersible complexes with sulfate and nitrate, as well as 

chloride (Levard et al., 2012; Shuster et al., 2017b). This suggests that in addition to gold 

toxicity the organisms also have to deal with mobile silver. Mobile Ag-complexes and 

nanoparticles are highly cytotoxic, because they detach cytoplasmic membranes from cell 

walls and affect a wide range of biochemical processes in cells (Ratte, 1999; Levard et al., 

2012). A range of microbes has evolved mechanisms to detoxify Ag-complexes through the 

silver-specific resistance genes expressing transmembrane efflux protein systems, i.e., sil 

(silver resistance determinant) and cus (copper-sensing copper efflux system; Silver, 2003). 

These are found in metal-resistant and gold-cycling bacteria living on gold particle surface, 

such as C. metallidurans, Geobacter metallireducens and a range of other Ralstonia spp., 

Shewanella spp. and Pseudomonas spp. (Silver, 2003). Mobile Ag-complexes can also be 

extracellularly reduced to metallic silver nanoparticles, e.g., in polysaccharide (EPS) layers, 

which are important components of microbial biofilms on the placer gold particles (Miao et 

al., 2009; Gillan, 2016). 

 

1.3.2. Copper and gold 

Copper has a unique geochemical relationship with gold, because it occurs as a 

component of primary gold particles, and is a main constituent of copper-gold-porphyry and 

iron-oxide-copper-gold (IOCG) deposits (Sillitoe, 1979; Groves et al., 2010). Here, it occurs 

as copper sulfides and sorbed to iron-oxides (Sillitoe, 1979; Groves et al., 2010). Analyses of 

copper contents in soils overlying gold deposits have shown elevated total copper and gold 

concentrations, although the gold/copper ratios can vary depending on site conditions (Fig. 

1.5A; Wiesemann et al., 2017). On the Earth’s surface conditions, copper is more mobile and 

therefore more bioavailable than gold (Gadd, 2010). Notably, copper is an essential nutrient, 

which plays a central role in cellular biochemistry, but is toxic if present at high concentrations 

inside cells. Therefore, copper concentrations in cells are tightly regulated via active 

biochemical import and efflux mechanisms (Pena et al., 1999). In gold-containing soils, 

microorganisms may commonly encounter elevated concentrations of toxic soluble Cu-ions 

and -complexes (Wiesemann et al., 2017). Therefore, organisms have developed sophisticated 

copper regulation and resistance systems, e.g., the cop (copper-inducible copper resistance 

system) and cus systems. These are found in many bacteria living in metal-rich environments 

(Nies, 1999; Wiesemann et al., 2013). The toxicity of mobile Cu-ions and -complexes is similar 

to silver and other metals, play an important role in gold-containing environments by exerting 
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continuous selective pressure on the resident microorganisms. This is well reflected in genome 

of the metallophilic bacterium C. metallidurans, which can occur in high abundances in 

biofilms on placer gold particles (Reith et al., 2010). Cupriavidus metallidurans harbors a wide 

range of well-coordinated metal resistance systems and can co-utilise its copper resistance 

elements for the detoxification of toxic Au (I/III)-complexes (Wiesemann et al., 2017; Bütof 

et al., 2018). Biomolecular studies of this bacterium have shown that its periplasmic Cu (I)-

oxidase (CopA) is involved in Au (I/III) detoxification (Wiesemann et al., 2017; Bütof et al., 

2018). Here CopA functions as an oxygen-consuming Au(I)-oxidase, which converts Au (I) to 

Au (III). This prevents entry of Au (I) in the cytoplasm and the subsequent formation of Au(I)-

S adducts, which create cellular oxidative stress (Bütof et al., 2018). The result is the direct 

reduction of Au (III) to Au (0) nanoparticles in the periplasm without the formation of toxic 

Au(I) intermediates (Bütof et al., 2018). Based on these results, Bütof et al. (2018) concluded 

that synergistic gold-copper detoxification is the core of gold biomineralisation in C. 

metallidurans CH34, and may also be important in other organisms living on gold particles.  

 

 1.3.3. Iron and gold 

Iron (Fe) is the most abundant redox-active metal in the Earth’s crust (Emerson et al., 

2012). It occurs naturally as ferrous iron (Fe (II)), and ferric iron (Fe (III)) (Fig. 1.4). During 

the (bio)geochemical iron cycle, iron is oxidized and reduced via a range of abiotic and biotic 

processes. Microorganisms catalyse the oxidation of Fe(II) under oxic or anoxic conditions 

and the reduction of Fe (III) in anoxic habitats (Raiswell and Canfield, 2012). This leads to the 

formation of a range of iron-oxide and -sulfide minerals, e.g., through bacterial 

biomineralisation, which affects the mobility of trace elements including gold (Konhauser, 

1998). The oxidation of Fe (II) to Fe (III) leads to the formation of Fe (III)-oxyhydroxides at 

neutral and alkaline pH, e.g., goethite and ferrihydrite (Figs. 1.4 and 1.5B; Kappler et al., 

2015). Chemolithoautotrophic acidophilic bacteria (e.g., A. ferrooxidans, Sulfobacillus 

acidophilus, Leptospirillum ferrooxidans) as well as some heterotrophic acidophilic bacteria, 

play important roles in Fe (II)-sulfide oxidation in acidic conditions (Kappler et al., 2015). 

Under anoxic conditions, chemolithotrophic and heterotrophic bacteria and archaea can couple 

the reduction of Fe (III) with the conservation of energy (Kappler et al., 2015). This leads to 

the formation of Fe-sulfide minerals (e.g., pyrite, arsenopyrite, chalcopyrite and marcasite; 

Miot and Etique, 2016). Microbial reduction of Fe (III)-minerals by dissimilatory Fe (III)-
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reducing prokaryotes has a strong influence on overall biogeochemical cycles of trace metals 

due to their incorporation into resulting Fe (II)-sulfides (Emerson et al., 2012).  

Gold has a close geochemical relationship with iron because it is commonly 

incorporated in Fe-sulfides and adsorbed by Fe (III)-oxyhydroxides (Fig. 1.5B; Reith and 

Cornelis, 2017). The oxidation of Fe (II)-sulfides, such as gold-bearing pyrite, can lead to the 

mobilisation of associated gold as soluble Au (I)-thiosulfate complexes (Southam and 

Saunders, 2005). Field and experimental studies have shown that Fe (III)-oxides possess a 

substantial capacity for the sorption of mobile Au (I/III)-complexes and gold nanoparticles 

(Gray and Lintern, 1998; Reith and Cornelis, 2017). In lateritic systems, gold is associated 

with Fe (III)-oxides at a range of mining sites, including at Kangaba (Mali), at Cassiporc 

(Brazil), at Ashanti (Ghana) and in the Yilgarn (Western Australia). It occurs as coatings on 

the surface of Fe (III)-oxides or interstratified within Fe(III)-minerals (Greffié et al., 1996). In 

samples from the Darling Ranges in Western Australia, gold has been found as micrometer-

sized particles incorporated into Fe (III)-oxide e.g., pisoliths (Anand and Verrall, 2011). An 

experimental study by Cancès et al. (2007) on gold and goethite observed the presence of gold 

interlocked in goethite and the authors proposed the possibility of  strong inner-sphere sorption 

of mobile Au (III) on the surface of goethite. Another study on the interactions of gold with 

magnetite (Fe3O4) by Spiridis et al. (2014) have shown that the atomic structure of the 

magnetite surface can act as a template for the ordered adsorption of Au. Recently, magnetic 

nanoparticles, such as magnetite nanoparticles, have been extensively studied as an industrial 

adsorbent for the recovery of Au (III)-complexes from aqueous or waste solutions (Sheel and 

Pant, 2018).  

The biochemical activities of Fe (III)-reducing thermophilic bacteria and archaea 

provide a glimpse of the possible role of these organisms in the formation of Precambrian gold 

deposits. The reduction of Fe (III) to Fe (II) by thermophilic Fe (III)-reducers and subsequent 

bacterial sulfate reduction can lead to the formation of sedimentary pyrite (Tomkins, 2013). In 

an experimental study, enzymatically catalysed precipitation of gold has been observed in 

dissimilatory Fe (III)-reducing hyperthermophilic bacteria (Thermotoga maritime) and archaea 

(Pyrobaculum islandicum and Pyrocococcus furiosus; Kashefi et al., 2001). With the aid of an 

unique membrane-enclosed hydrogenase enzyme, these organisms can perform extracellular 

precipitation of metallic gold nanoparticles from Au (III)-chloride at 100 °C under anoxic 

conditions in a hydrogen-rich atmosphere (Kashefi et al., 2001). These results suggest that on 

early Earth, and today in the deep subsurface and hydrothermal systems, Fe (III)-reducing 
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extremophiles along with SRB may have been involved in the formation of sedimentary metal 

sulfide deposits (e.g., gold-bearing sulfide deposits; Southam and Saunders, 2005). 

 

1.3.4. Manganese and gold 

Manganese (Mn) is an essential trace element for living organisms and plays a crucial role 

in cellular metabolism (Ehrlich et al., 2015). In the natural environment, manganese is found 

as a major or minor component in more than 100 oxides, carbonate and silicate minerals (Das 

et al., 2011). Natural manganese oxide accumulations often consist of a range of manganese 

minerals including manganese dioxide (MnO2), hausmannite (Mn3O4), ormanganite 

(MnOOH), and the biomineral birnessite ((Mn4+, Mn3+)2O4). Manganese-oxides are strong 

oxidants and scavengers of trace elements, whereas manganese-carbonates (e.g., 

rhodochrosite, manganese-calcite and kutnahorite) are important long-term reservoirs for 

carbon (Tebo et al., 2004). In surface environments, the oxidation/biomineralisation of Mn 

(II) to Mn (III/IV)-oxides is mediated directly or indirectly by a diverse group of 

microorganisms including cyanobacteria, heterotrophic and lithothrophic organisms (e.g., 

Hyphomicrobium sp., Pseudomonas spp., Leptothrix sp., Nitrosomonas europaea, 

Nitrobacter winogradskyi) (Nealson, 2006). Ultimately, these processes lead to the 

formation of reactive biogenic manganese-oxides, such as birnessite (Fig. 1.5C; Webb et 

al., 2005).  

 In 1958 Goldschmidt first proposed the role of manganese oxides for the mobilisation 

of gold (Goldschmidt, 1958). In a range of studies, Ta et al. (2014, 2015) have further 

demonstrated the role of manganese-oxides for the solubilisation of gold. These studies 

revealed that under acidic conditions, birnessite, can catalyse the oxidation of Au0 and Au (I) 

to mobile Au (III)-complexes, which can persist in saline and hypersaline environments at 

neutral to alkaline pH and reducing conditions. In contrast, manganic oxide (Mn2O3) has also 

been shown to spontaneously reduce Au (III) to metallic gold with an ability of both anchoring 

and dispersing of gold nanoparticles in the absence of a specific reducing agent (Wang et al., 

2008). The unique surface redox properties of Mn2O3 play a critical role in this process (Wang 

et al., 2008; Yamashita et al., 2008). Due to their omnipresence in most weathering 

environments and their high reactivity and variable reactions with gold, manganese oxides 

minerals play an important role in gold mobility on Earth's surface environments. 
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  1.3.5. Mercury and gold 

Mercury (Hg) is a highly cytotoxic heavy metal, which occurs naturally with gold as gold-

(silver)-mercury amalgamate in a number of deposits, e.g., QPC-deposits near Gore in New 

Zealand and the Prophet Gold Mine in Kilkivan, Australia (Fig. 1.5D; Falconer et al., 2006; 

Holley et al., 2010; Reith et al., 2010). Since Roman times mercury has been used in artisanal 

and small-scale gold mining in a process called mercury-gold amalgamation (De Lacerda and 

Salomons, 2012). In this process, mercury is mixed with gold-containing materials, which 

leads to the formation of a pasty mercury-gold amalgam. This is then heated and the mercury 

is vaporized leaving the gold behind (Adler Miserendino et al., 2017). Today, mercury 

amalgamation is widely used for the artisanal production of gold in many countries in South 

America (especially in the Amazon region), in Asia, (e.g., in the Philippines and China) and 

throughout Africa (Lacerda, 1997). In Brazil, more than 100 t of mercury is used annually for 

the extraction of alluvial gold (Palheta and Taylor, 1995). Pacyna et al. (2010) have reported 

that South Africa contributes >10% of the global mercury emissions, which are derived mostly 

from artisanal gold mining. Mercury is highly persistent in the environment, and, partly due to 

microbial activities, is also highly dispersible and bioavailable. As a result, soils and waterways 

surrounding artisanal mining sites, in which mercury is used, are commonly highly 

contaminated with this metal. To combat mercury toxicity biota, especially prokaryotes, have 

developed a range of mercury-specific resistance mechanism (Parks et al., 2013). Mercury 

methylation and enzymatic reduction of Hg2+ to Hg0 by members of the MerR (mercury 

resistance) family of proteins are the most common of the detoxification mechanisms. In some 

bacteria (e.g., C. metallidurans, Escherichia coli, Salmonella enterica) MerR family 

regulatory proteins have also been shown to defend the cells against gold toxicity (Irawati et 

al., 2012; Jian et al., 2009; Pontel et al., 2007). For example, CupR/CueR or GolS, which 

selectively respond to toxic soluble Au (I/III)-stress, upregulate the expression of Au (I) or Cu 

(II) translocating ATPase proteins, which translocate toxic Au (I) from bacterial cell cytoplasm 

(Checa et al., 2007; Jian et al., 2009). 

 

1.3.6 Arsenic and gold 

Arsenic (As) is a cytotoxic metalloid, which in the environment is transformed by a 

diverse group of bacteria (Sanyal et al., 2016). In arsenic-rich gold deposits, gold is often found 

incorporated in arsenic-bearing sulfide minerals, e.g., arsenopyrite (FeAsS), realgar (As2S2) or 

orpiment (As2S3; Simon et al., 1999). Microcosm experiments with Australian soils have 
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shown that resident microbial communities can solubilise gold and arsenic from these soils 

(Reith and McPhail, 2007). Due to the high mobility of As(III), compared to gold, it is readily 

dispersed in soils and groundwaters (Ehrlich et al., 2015). Therefore like silver and copper, 

arsenic is considered an important pathfinder element for gold exploration (Reith and McPhail, 

2007). As a result, microorganisms may encounter arsenic toxicity in the environment leading 

to the evolution of various genetic resistant mechanisms, including those regulated by the ars 

(arsenical resistance) operon and arr (arsenate reductase) and aio (arsenite oxidase) genes 

clusters (Sanyal et al., 2016). However, links between bacterial arsenic resistance and 

detoxification of soluble Au-complexes need to be further investigated. 

 

1.4. Microbial biofilms on placer gold particles 

Multispecies biofilms are commonly found on natural placer gold particles and are known 

to play a key role in gold particle biotransformation (Fig. 1.2E, D; Reith et al., 2010; Reith et 

al., 2018; Reith et al., 2012b; Shuster et al., 2015; Rea et al., 2016; Rea et al., 2018). This next 

section will therefore briefly summarize our current understanding concerning the composition 

and the functional roles of the organisms constituting these biofilms. Biomolecular studies on 

bacterial biofilms present on gold particles have revealed that biofilms could create favourable 

micro-environments for the leaching of gold, silver and other metals and for re-precipitation 

of mobile Au-complexes as secondary gold (Reith et al., 2010; Rea et al., 2016). These biofilms 

have the ability to drive the biomineralisation of gold via the formation of intra- and 

extracellular spherical nanoparticles. These nanoparticles  subsequently aggregate, which leads 

to the biotransformation of primary placer gold particles and may induce the neoformation of 

secondary gold particles (grains to nuggets) in Earth’s surface environments (McCready et al., 

2003; Reith et al., 2009; Reith et al., 2010; Kamenov et al., 2013; Shuster and Southam, 2015; 

Rakovan et al., 2017). 

 

Taxonomic evaluation and studies of putative functional abilities have shown that bacterial 

groups capable of carbon, nitrogen and sulfur cycling (including carbon- and nitrogen fixation, 

nitrification, denitrification, sulfur oxidation, sulfate reduction) are present in these biofilms 

(Fig. 1.6; Rea et al., 2016; Rea et al., 2018; Reith et al., 2018). Carbon- and nitrogen fixation 

are essential for the initial bacterial colonisation of the gold particles in many placer 

environments, because in mineralised system organic carbon concentrations are commonly so 

low and likely insufficient to support the growth and proliferation of heterotrophic bacteria. 
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Initial colonisation with autotrophic bacteria is assumed to generate the supply of bioavailable 

carbon and nitrogen, which could provide the bioavailable nutrient for the subsequent 

colonisation of heterotrophic bacteria (Fig. 1.6). The presence of the autotrophic bacteria 

Rhodobacter spp., Rhodospirillium spp. as well as cyanobacteria in the biofilm communities 

on placer gold particles highlights the inorganic carbon fixation ability of the biofilm bacterial 

communities. Other bacteria capable of nitrogen fixation have also detected in the biofilm 

communities that include many bacterial species from the bacterial class Alpha-proteobacteria 

(e.g., Beijerinckia spp. and Rhizobium spp.).  

 

A diverse group of heterotrophic bacteria (from the phyla Proteobacteria, Firmicutes, 

Bacteroidetes and Actinobacteria) is likely to promote the solubilisation of gold and other 

metals by producing ligands capable of mediating the formation of soluble Au-complexes (e.g., 

amino- and carboxylic acids; Fig. 1.6; Rea et al. 2016). Resident cyanogenic bacteria, such as 

the resident Pseudomonas spp., and Stenotrophomonas spp., can also promote dissolution of 

Au by excreting gold-complexing cyanide (Fig. 1.6; Fairbrother et al., 2009). Other bacteria 

(e.g., Diaphorobacter spp., Sphingomonas spp., Methylobacterium spp.) harbor complete sox 

(sulfur-oxidising) gene clusters. Expression of these permits the conversion of elemental sulfur 

to thiosulfate, which can form the water-soluble Au(I)-thiosulfate complexes at the 

biofilm/particle interface (Friedrich et al., 2005).  
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Figure 1.6 A neighbor-joining circular phylogenetic tree of bacterial taxa detected on placer gold 
particles biofilms from sites in Australia, New Zealand, Brazil, Finland and the UK, demonstrating 
the diversity of bacterial species. The tree was generated using MEGA 5 and further analysed 
using the Interactive Tree of Life (https://itol.embl.de/) online platform; colored circles indicate 
biochemical functions required for biofilm functioning on gold particles. 
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When taken up by cells, soluble Au (I/III)-complexes, could be very cytotoxic, because 

they create oxidative stress by stripping electrons from cell compounds. This leads to the 

disruption of both extracellular and intracellular structures as well as heavy metal stress, which 

can interrupt enzyme pathways (Reith et al., 2007). The presence of EPS-producing bacteria, 

such as some Pseudomonas spp., Acinetobacter spp., in the biofilm bacterial community is a 

safeguard for the structural integrity of the biofilm (Fig. 1.6; Karthikeyan and Beveridge, 2002; 

Teitzel and Parsek, 2003). To reduce the biofilm’s exposure to Au-complexes, EPS layers act 

as the first biological defense against gold toxicity. EPS layers immobilise Au-complexes 

extracellularly, which reduces the amount of soluble gold reaching inside of cells constituting 

the biofilms (Harrison et al., 2007; Fairbrother et al., 2013; Johnston et al., 2013).  

Other organisms have an even more targeted approach to deal with gold toxicity. The 

extensively studied bacterium Delftia acidovorans produce a siderophore (delfibactin) in the 

presence of Au(I/III)-complexes. Delftibactin reduces gold extracellularly to metallic gold 

nanoparticles and thus could protect the biofilm’s bacterial community from the toxicity of 

Au-complexes (Johnston et al., 2013). The metallophilic bacteria C. metallidurans, 

Stenotrophomonas maltophilia, Achromobacter spp., can detoxify Au(I/III)-complexes 

through a range of intracellular mechanisms, including excretion, reductive precipitation, 

nanoparticle formation and possibly also through Au biomethylation (Rea et al., 2016). In C. 

metallidurans CH34, biomineralisation of gold nanoparticles occurs via the reduction of 

mobile Au(I/III)-complexes in the periplasmic space by the copper- and gold-handling protein 

CopA (Zammit et al., 2016; Bütof et al., 2018). The resulting nanoparticulate gold can be 

highly mobile, susceptible to chemical dissolution and transport as well as could be absorbed 

by macrobiota (trees). Therefore, bacteria could drive the environmental dispersion of gold 

and the formation of secondary gold anomalies. Overall, the combination of the wide range of 

carbon, nitrogen and sulfur cycling capabilities coupled with metal-resistance and 

detoxification mechanisms of gold particle associated bacterial communities enable bacteria 

to form biofilm on gold particles despite the omnipresence of toxic mobile metals (e.g., gold, 

silver, copper and mercury). As a whole, the bacterial community may gain an ecological 

advantage by being able to colonise on placer gold particles. 
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             1.5. The biogeochemical gold cycle – starting point for biotechnological applications 

So far, this review has shown that environmental gold cycling is highly complex and 

combines geochemical processes and microbial cycling of major elements. In combination, 

these processes control the nature and kinetics of gold dispersion and re-concentration in near-

surface and surface environments (Boyle, 1979; Reith et al., 2007; Southam et al., 2009; Reith 

et al., 2013;). The fundamental knowledge of environmental gold cycling can now be used to 

develop efficient and cost-effective methods for gold exploration, processing and remediation. 

Using state-of-the-art (meta)genomic techniques allows us to characterize the microbiota and 

microbial functions important for gold cycling and biomineralisation in key metallogenic 

environments, e.g., in soils and deeper regolith materials, overlying different styles of gold 

deposits. An understanding of the distribution, diversity and function of microorganisms in 

soils overlying gold deposits can be used to develop bioindicator systems, which can assist 

with gold exploration (Fig. 1.7; Zammit et al., 2012). In combination with novel micro-

analytical techniques, a probalistic link between microbial communities and physicochemical 

parameters occurring in metal anomalous soils can be established. In several recent Australian 

studies of soils overlying volcanogenic massive sulfide (VMS), gold-, platinum-, copper-gold-

uranium and base metal deposits, microbial community compositions and abundances of 

metal-resistance genes were closely linked to the underlying deposits, demonstrating that 

pinpointing underlying ore bodies is feasible using these techniques (Reith et al., 2012a; 

Wakelin et al., 2012; Reith et al., 2015).  

The Biomes of Australian Soil Environments (BASE) project is currently underway and 

to date contains phylogenetic and geochemical data of 1400 sites across the Australian 

continent (Bissett et al., 2016). From these databases a selection of OTUs and functional genes 

indicative of gold deposits can be combined on a low cost, high-throughput microarray, and a 

scoring system resulting in one number score per sample can be implemented (Fig. 1.7). Scores 

for soil samples on tenement and larger scales can then be imported into mapping software, 

and score maps can be produced. Importing the results into a mapping software will also enable 

to link these data to other datasets, e.g., geological, geochemical and geophysical data. 
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Figure 1.7 Flow-diagram highlighting the development of a bioindicator scoring system for gold 
exploration that can be integrated with other spatially resolved data, e.g., geophysical or 
geochemical exploration datasets. 
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Additionally, in-depth knowledge of how microorganisms interact with Au-complexes can 

be used to develop biosensors, e.g., by using the gold detoxification mechanism observed in a 

strain of Salmonella enterica serovar Typhimurium. The organism harbors the gold 

resistance golTSB gene cluster to alleviate gold toxicity through an active efflux system (Checa 

and Soncini, 2011). Based on this result, Zammit et al. (2013) have developed a whole-cell 

biosensor containing the golTSB gene. The sensor was tested on soil samples and was able to 

measure the concentration of gold accurately down to a quantification limit of 20 ppb (0.1 µM) 

and a detection limit of 2 ppb (0.01 µM) (Zammit et al., 2013).  

Gold processing technologies can also be improved based on advances in our 

understanding of the interactions between gold and microorganisms (Kaksonen et al., 2014). 

For example, thiosulfate- and cyanide-producing microorganisms can be used in in-situ 

leaching of gold. Other metallophilic microbes, such as C. metallidurans and D. acidovorans, 

are being assessed for their ability to bioaccumulate mobile Au-complexes and nanoparticles 

to make them amenable to conventional recovery of gold (Johnston et al., 2013; Kaksonen et 

al., 2014). A recent study by Tay et al. (2013) has shown that a metabolically engineered  strain 

of Chromobacterium violaceum enables the recovery gold from electronic (E-) waste. The 

organism has the ability to produce large quantities cyanide lixiviants, which can efficiently 

dissolve gold from the E-waste (Tay et al., 2013). Another study by Sheel and Pant (2018) has 

proposed a chemical technique, assisted by microbial biosorption, for removal of gold from E-

waste. The technique involves a combination of ammonium thiosulfate and a novel strain 

Lactobacillus acidophilus for gold recovery (Sheel and Pant, 2018). In the future, C. 

metallidurans and D. acidovorans strains could be used to recover gold from mining and E- 

waste efficiently. Additionally, the range of applications for gold nanoparticles is growing 

rapidly. A range of sizes and shapes of gold nanoparticles are now used in electronics as 

conductors, in diagnostics as biomarkers, in therapeutic drug delivery systems, in sensory 

devices and as industrial catalysts. Thereby, microbial processes may offer a cost-effective 

way of producing gold nanoparticles, of particular shapes and sizes. Additional studies need to 

be performed by integrating meta(genomic), (meta)transcriptomic and (meta)proteomic 

approaches to fully understand the bacterial functions that directly or indirectly affect the gold 

biotransformation Therefore, novel gold-transforming bacteria needs to be isolated and studied 

to uncover novel resistance pathways and associated proteins involved in bacterial Au specific 

biochemistry.  
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 1.6.  Study objectives 

 

       The review of past and current literature reveals that element cycling is microbially-

driven. More interestingly, the interconnected “web” of elemental cycling can affect gold 

cycling. The evidence summarised above strongly indicates that the microbes associated with 

gold particles could possess unique genomic (biochemical) traits that could catalyse the 

transformation of particles and, therefore, contribute to the biogeochemical cycle of gold. This 

literature also highlights the gaps in our current understandings of gold biogeochemical 

cycling. For example, there is no comprehensive study on the possible kinetics of gold cycling 

from a reclaimed site bearing residual gold. Additionally, previous studies highlighted 

microbial contributions to gold biogeochemical cycle using bacterial DNA on gold particles 

or proxy species/consortia (culture collection). There is also no definitive genomic or 

biochemical data available regarding the interaction of bacteria inhabiting gold particles. 

Finally, the effect of anthropogenic contamination (heavy metals) on the natural 

biogeochemical cycle of gold has not been addressed before. Thus, to address these knowledge 

gaps, this thesis aims to estimate the in-situ turnover rate of gold during biogeochemical 

cycling and assess gold particles-associated bacterial diversity and biochemical functions to 

provide definitive biomolecular evidence of gold-microbe interaction. Additionally, this thesis 

also aims to understand the biogeochemical cycling of gold in an anthropogenically 

contaminated environment. To address these aims, specific hypotheses were developed as 

follows. 

Hypotheses 

1. Gold biogeochemical cycling exerts a selective pressure (i.e., Au-tolerance) on bacterial 
communities residing on gold particles over time. 
 

2. The selective enrichment of Au-tolerant bacteria perpetuates the progressive 
transformation of gold particles in natural or engineered environments. 

 

3. Gold-tolerant bacteria possess unique physiological and biochemical qualities that enable 
them to catalyse gold particle biotransformation as well as survive the toxicity of soluble 
Au. 
 

4. Anthropogenically mercury chemically reacts with gold particles and erases the signs of 
biogeochemical transformation on particles. 
 

5. Anthropogenic activity affects natural gold biogeochemical cycling. 
 



 
 

Chapter 1 
 

36 
 

1.7 Thesis style and layout 

The thesis is presented in the form of integrated manuscripts. Collectively, these studies 

provide greater insight on the fundamental understanding on the kinetics of gold 

biogeochemical gold cycle from a historic/reclaimed mine site, the diversity and function of 

bacteria living on gold particles, and how these bacteria could contribute to gold 

biogeochemical cycling. The thesis is comprised of four research manuscripts, which 

constitute independent chapters. Each chapter is published, under peer review, or in 

preparation for submission to a peer-reviewed journal. Each chapter is comprised of the 

following section: abstract, introduction, materials and methods, results, discussion and 

conclusion. Therefore, each chapter represents an independent study.  

 

Chapter 1 provides an in-depth review of present and past literature and highlights 

how microbially driven cycling of major elements are interconnected and could influence gold 

biogeochemical cycling and particle (bio)transformation. The conclusions drawn from 

Chapter 1 provide the background to formulate specific hypotheses and to develop the study 

aims.   

 

Chapter 2 focuses on the kinetics of gold biogeochemical cycling from a historic 

mining site that has gradually been reclaimed over ca. 80 years. The study examines gold 

particles chemistry, surface textures and morphology to ascertain biogeochemical processes 

that transform particles. The study also applies culture-dependent and independent 

microbiological techniques to reveal the diversity of bacterial communities residing on gold 

particles. The study evaluates the possible effect of gold biogeochemical cycling on bacteria 

living on gold particles by establishing an in-vitro experiment, that demonstrates how the 

biogeochemical cycling of gold could exert selective pressure on particle-associated bacteria 

and naturally enrich Au-tolerant bacterial populations over time. 

 

Chapter 3 and 3A further investigates the Au-tolerant bacterial consortium enriched 

from particles to better understand how microbes “survive” during particle biotransformation. 

In doing so, Chapter 3 focusses on a physiological and genomic perspective of two Au-tolerant 

isolates (Serratia sp. and Stenotrophomonas sp.). It reveals the capacity of Au-tolerant 

bacteria to reduce soluble Au as well as the links between specific physiological responses 

and genomic properties. Chapter 3A involves a quantitative proteomic study that represents 
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an in-vitro model of the cellular biochemistry of Au-tolerant Serratia proteamaculans that 

would likely occur during particle biotransformation. The main objective of Chapters 3 and 

3A is to infer a mechanistic explanation of how bacteria could survive under soluble Au stress 

and simultaneously catalyse gold particle transformation. Therefore, the physiology, genome, 

and proteome of a Au-tolerant bacterium provide a holistic perspective of how these 

microorganisms exist in the natural environment and interact with gold. 

 

Chapter 4 examines the fate of gold biogeochemical cycling in an environment that 

has been negatively impacted by heavy-metal contamination attributed to anthropogenic 

activities (primarily artisanal mining). This study takes an interdisciplinary and multi-

analytical approach to examine chemistry, morphology, and surface textures of contaminated 

gold particles to explore the textural and morphological evidence of the direct effect of heavy 

metals (i.e., Hg) on gold particles. The study also examines the effect of heavy-metals 

contamination on bacterial communities on gold particles by performing in-vitro 

microbiological and high-throughput genomic experiments. Therefore, the study aims to 

assess the impact of human activity on Earth’s natural environments in the context of gold 

biogeochemical cycling 

 

 Chapter 5 combines the major findings from the research chapters and provides a 

comprehensive ‘big-picture’ of gold biogeochemical cycling in Earth’s natural and engineered 

environments. It also provides a brief overview of the possible applications of this study and 

highlights future research directions for studying gold biogeochemistry. 
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Biogeochemical gold cycling selects metal-resistant bacteria that promote 
gold particle transformation 

 

 

 2.1. Abstract 

Bacteria catalyse the dissolution and re-precipitation of gold, thereby driving the 

biogeochemical cycle of gold. Dissolution of gold/silver and re-precipitation of gold 

transforms gold particles by increasing gold purity. While soluble gold complexes are highly 

cytotoxic, little is known about how gold cycling affects bacterial communities residing on 

gold particles. Micro-analysis of gold particles obtained from Western Australia revealed 

porous textures and aggregates of pure gold nanoparticles, attributable to gold dissolution and 

re-precipitation, respectively. By interpreting structure and chemistry of particles, the kinetics 

of gold biogeochemical cycling at the site was estimated to be 1.60 × 10-9 M year-1. Bacterial 

communities residing on particles were composed of Proteobacteria (42.5%), Bacteroidetes 

(20.1%), Acidobacteria (19.1%), Firmicutes (8.2%), Actinobacteria (3.7%), and 

Verrucomicrobia (3.6%). A bacterial enrichment culture obtained from particles contained a 

similar composition. Exposure of enrichments to increasing concentrations of soluble gold 

decreased community diversity and selected for metal-resistant bacteria. Lower gold 

concentrations, which corresponded well with the concentration from the kinetic rate, provided 

a selective pressure for the selection of metal-resistant organisms while retaining the overall 

diversity. In conclusion, biogeochemical gold cycling directly influences bacterial 

communities on gold particles, thereby contributing to a continuum of particle transformation. 

 

Keywords: Bacteria, Biofilms, Gold, Geomicrobiology, Placer, Bio-mineralisation,   
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2.2. Introduction 

In natural and engineered environments, biogeochemical cycling of gold and silver acts 

upon gold particles and transforms them by increasing gold purity over time (e.g., Reith et al., 

2007). This is initiated through gold and silver dissolution and is completed by reductive gold 

re-precipitation leading to the formation of pure secondary gold. These processes can occur 

simultaneously on gold particles and are catalysed by bacteria occurring on the gold particles 

(see reviews by Reith et al., 2007; Southam et al., 2009; Shuster and Reith 2018;  Sanyal et al., 

2019a and references therein ). The challenge with studying biogeochemical gold cycling 

within natural systems is that the conditions promoting gold dissolution are highly variable 

and making gold dissolution processes the rate limiting steps in the cycle. In contrast, gold re-

precipitation occurs rapidly as various organic (i.e., cells/biofilms, humic substances, 

extracellular polymeric substances (EPS)) and inorganic (i.e., clays, iron oxide minerals) 

substances can act as a reductants for soluble gold (Karthikeyan and Beveridge 2002; Cohen 

and Waite 2004; Lengke et al., 2006;  Zhu et al., 2009; Kenney et al., 2012, Song et al.,2012).  

From a materials approach, these processes have been interpreted through the 

characterisation of secondary gold structures (e.g., nanoparticles and microcrystals) occurring 

on placer gold, and comparing these structures to biomineralised gold formed in-vitro through 

the reductive precipitation and biomineralisation of soluble Au(I/III)-complexes by various 

types of bacteria (Southam and Beveridge 1994; Lengke et al., 2006; Lengke and Southam 

2007; Fairbrother et al., 2013; Shuster et al., 2014; Shuster et al., 2015). In doing so, 

polymorphic layers on gold particles (i.e., regions containing bacteria, clays, secondary gold 

structures on particles) have been identified as likely “hot spots” for gold dissolution and re-

precipitation to occur (Reith et al., 2006, 2009, 2012). By characterising gold nanoparticles 

associated within clays, temporal estimates suggested that biogeochemical gold cycling linked 

to significant transformation of placer particles within sub-tropical environments can occur on 

decadal time scales (Shuster et al., 2017). However, a kinetic (or turnover) rate for gold 

biogeochemical cycling taking into account secondary gold concentrations within gold-bearing 

soil from a weathering environment have not been estimated to date. The development of such 

a “kinetic” model for gold turnover is important, because knowing rates of gold dispersion 

within the weathering environment can aid gold exploration with the discovery of new 

deposits.  

From a microbiological perspective, studies delineating gold dissolution and re-

precipitation processes have characterized bacterial communities existing on the surface of 
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gold particles from tropic to sub-arctic environments (Reith et al., 2018 and references therein). 

A common trend among particles is that phylogenetically diverse bacterial communities exist 

within polymorphic layers. Interestingly, a negative correlation exists between the diversity of 

bacterial communities on particles and the degree of particle transformation (Rea et al., 2018, 

2019). In addition, it has been suggested that soluble gold produced during gold particle 

dissolution could provide a selective pressure for the enrichment of metallophilic microbes on 

particles (Rea et al., 2018). However, there is no empirical evidence for this selective process, 

because the bacterial community identified on a particle only represents a “snapshot” of its 

diversity at that time of sampling and does not capture how it changes or develops over time. 

Specific biochemical functions to deal with gold toxicity and detoxify soluble gold have 

developed in key-species living on the particles such as Cupriavidus metallidurans and Delftia 

acidovorans (Reith et al., 2009; Johnston et al., 2013; Wiesemann et al., 2017; Bütof et al., 

2018). Understanding the development of biofilm communities on gold particles may aid ore 

processing and the recovery of gold from waste materials (e.g., electronic waste) in the future. 

Therefore, the aims of this study are to: i) estimate the turnover rate of gold during 

biogeochemical cycling; ii) determine how mobile gold affects bacterial communities derived 

from the surface of particles in-vitro; and iii) identify links between these factors, which could 

contribute to the observed transformation of particles. We hypothesize that the development 

of metal-resistant bacterial communities on gold particles is primarily dependent upon the 

biogeochemical cycling of gold to provide soluble Au a selective pressure. As a result, these 

metal-resistant bacteria can form functional biofilms, thereby perpetuating gold dissolution 

and a continuum of the gold biogeochemical cycle (i.e., a positive feedback loop). To test this 

hypothesis, a multi-analytical approach was used to study the chemistry and structure of gold 

particles and bacterial communities residing on particle surface. Therefore, this study 

highlights the importance of interdisciplinary studies to gain a holistic understanding of 

biogeochemical processes occurring in natural and engineered environments. 

 

 

2.3. Materials and Methods 

2.3.1. Site description and sample acquisition  

The sampling site is located near the town of Donnybrook (33.58°S 115.82°E), which 

is approximately 200 km south of Perth, Western Australia. This site is situated in a region that 

was once important for mining due to an accessible gold-bearing epithermal deposit 
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(Geological Survey of Western Australia 1998). Geologically, the site is situated east of the 

Darling fault and underlain by Archaean granitic rocks that have been subjected to mechanical 

erosion by an ancient river system, which formed the Donnybrook sandstone sequence 

(Geological Survey of Western Australia 1998). Climate at the site is warm-temperate, with 

an average annual temperature of 22.6 °C and average annual rainfall of 972.5 L m-2 (Bureau 

of Meteorology, Australia; http://www.bom.gov.au). Seventy to eighty percent of annual 

rainfall occurs during the winter months (i.e., May to September), which leads to either 

waterlogging or extensive erosion of soils. In contrast, the summer months tend to be hot and 

dry (Bennett and Richard 2002; Bureau of Meteorology, Australia; http://www.bom.gov.au). 

These climatic conditions support the re-establishment of native flora on mullock heaps since 

mining activity ceased. During a field expedition in October 2016, Eucalyptus sp. and 

Allocasuarina sp. trees as well as a variety of sparse low shrubs and grasses such as Acacia sp. 

and Austrodanthonia sp. were observed.  

Gold was first discovered in 1897 and underground mining, which involved digging 

shafts through sandstone and mudstone, persisted for three decades (Freeman and Donaldson 

2004; Backhouse and Wilson 1989). During gold extraction, the waste rock was discarded into 

piles commonly referred to as “mullock heaps”. By the early 1930s, industrial-scale mining 

activity ceased due to increasing paucity in gold recovery and the mines and mullock heaps 

were abandoned. Today, local knowledge from artisanal miners and gold-prospecting hobbyist 

ascertained the presence of residual gold within mullock heaps, which is attributed to the 

inefficacies of historic extraction. As these mullock heaps and the gold particles have been 

subjected to biogeochemical weathering for a geologically short but well-defined number of 

years (i.e., 86 years since the last mining activity), the site is an ideal location for estimating 

the turnover rates of gold biogeochemical cycling. In turn, the effect of gold biogeochemical 

cycling on bacteria occurring on the surface of gold particles can also be studied. Therefore, 

100 kg of soil was collected from an equivalent 1 m2 plot with a maximum depth of 30 cm on 

a mullock heap. A 500 g aliquot was sifted (described below) and saved for geochemical 

analysis. The remaining soil was sluiced and panned using the field-sterile procedures for gold 

particle acquisition outlined by Reith et al. (2010). A total of 60 gold particles were obtained 

and used for micro-analytical and microbiological analyses. 
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2.3.2.  Scanning electron microscopy and electron microprobe analysis of gold particles 

At the time of sampling, 20 gold particles were immediately placed in Eppendorf tubes 

containing a fixative solution (i.e., 4 wt.% paraformaldehyde, 1.25 wt.% glutaraldehyde, 4 

wt.% sucrose in phosphate-buffered-saline solution adjusted to pH 7.2). The purpose for 

fixation is to preserve the structure of any microbes or biofilms occurring on the surface of the 

gold particles. The gold particles were dehydrated using a serial 2 × 70 wt.%(aq), 90 wt.%(aq), 

and 3 × 100 wt.%(aq) ethanol with 10 min incubations for each concentration. The particles 

were then placed in a 1:1 mixture of 100 wt.% hexamethyldisilazane (HMDS) with 100 wt.% 

ethanol and incubated for an additional 10 minutes. This last step was repeated before placing 

the particles into 100 wt.% HMDS and incubated for an additional 30 minutes. After 

incubation, the HMDS was removed and discarded and the particles were allowed to air-dry. 

Once dry, the gold particles were placed on aluminum stubs using carbon adhesive tabs and 

coated with a 10 nm thick deposition of carbon. Particles were characterized using a FEI 

Quanta 450 Scanning Electron Microscope (SEM) and a FEI Helios Nano-Lab Dual Beam 

Focused Ion Beam (FIB) SEM equipped with Energy Dispersive Spectrometers (EDS). 

Secondary electron (SE) and backscatter electron (BSE) micrographs were obtained using 

5 kV and 20 kV, respectively. Selected gold particles were FIB-milled to obtain high-precision 

cross-sections at the particles’ surface. Milling was performed using 20 kV and 9.7 pA electron 

current. 

Scanning electron microscopy analysis was used to select six representative particles 

for electron microprobe (EMP) analysis. The selected particles were embedded in epoxy-resin 

and polished to obtain cross-sections through the particle. The polished samples were analysed 

using a Cameca™ SX100 microprobe equipped with five wavelength dispersive (WLD) X-

Ray detectors, operating at 20 kV and 200 nA. The EMP software (CalcImage) generated a full 

quantitative pixel-by-pixel calculation using a mean atomic number background correction. 

The corrected EMP data was analysed in Surfer10™ to produce net intensity maps of the 

polished gold particles. The detection limit for gold and silver was 0.24 wt.% and 0.09 wt.%, 

respectively. Both elements were calibrated to pure metal standards purchased from Astimex 

and P&H. 
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2.3.3. Geochemical analyses of the gold-bearing sediment  

At the time of sampling, visible gold particles were removed from the 500 g soil 

aliquot, so that only invisible nano- and micro-phase secondary gold adsorbed to soil materials 

remained. Once free of visible gold, the soil was pulverized according to the method described 

by Reith et al. (2018) to homogenize the sample prior to microwave digestion in concentrated 

aqua regia. The elemental composition of the soil was determined using an Agilent 7700 

inductively coupled plasma-mass spectrometer (ICP-MS) calibrated with National Institute of 

Standards and Technology’s (NIST) standards. Detection limits (mg kg-1) for each element 

were: Na (40), Mg (100), Al (100), P (100), S (40), K (100), Ca (100), V (0.1), Mn (20), Fe 

(100), Co (0.2), Cu (0.2), Zn (0.2), As (0.1), Se (0.2), Mo (0.1), Ag (0.1), Cd (0.1), Sn (0.1), 

Au (0.1), Pb (0.1), U (0.1).  

 

2.3.4. Estimating the kinetics of gold by biogeochemical cycling  

To estimate the turnover rates of gold at the site, gold intensity EMP maps, which 

represent a ‘slice’ through a particle, were used. The area of each slice was calculated by 

analysing EMP maps using ImageJ software. In doing so, the number of pixels representing 

the particle was divided by the known dimensions of one pixel. Similarly, the number of pixels 

representing pure secondary gold were counted and area was calculated. The EMP analysis 

had an average sampling depth of 0.2 µm; therefore, the area of each gold particle slice as well 

as secondary gold was converted to volume. Particle volume was estimated by using the 

average mass of 20 particles (4.25 × 10-4 g), measured weight percent (i.e., based on EMP 

analysis), and densities of gold and silver (i.e., 19.32 g cm-1 and 10.5 g cm-1, respectively). 

Using the average moles of secondary gold per particle, the moles of gold for 60 particles (i.e., 

the number of particles in 100 kg of soil) was determined. To obtain the total moles of 

secondary gold in 100 kg of soil, the amount of dispersed ultrafine and adsorbed secondary 

gold detected in the soil by ICP-MS was added to the moles of secondary gold on the 60 

particles. With this variable along with the minimum length of time in-situ (i.e., 86 years), and 

the average annual rainfall for this region (i.e., 972.5 L m-2; Australian BOM 

http://www.bom.gov.au), the kinetics of gold biogeochemical cycling within the mullock 

heaps was estimated. See Table 2.1 for detailed descriptions of calculations. 
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             2.3.5. Bacterial diversity profiling of gold particles 

A total of 15 gold particles were repeatedly washed with sterile 0.9% NaCl solution to 

remove any residual sediment and placed in sterile, PCR-tubes containing fresh 0.9% NaCl 

solution. A two-step nested polymerase chain reaction (PCR) of direct amplification from gold 

particles and targeting a portion of 16S rRNA gene was performed. It is important to note that 

this direct PCR method was extensively tested in previous studies and subsequently used to 

study bacteria occurring on individual gold particles (e.g., Reith et al., 2006; Reith et al., 2010; 

Rea et al., 2018; Reith et al., 2018). For the initial PCR amplification, universal primers 27F 

and 1492R were used and positive amplicons were further amplified using primers 27F and 

519R (Reith et al., 2018). Amplification of DNA was performed in a Thermal Cycler (Applied 

Biosystems Veriti™). To test for PCR contamination, negative controls from the first round 

were used as template for the second round of PCR, only when first and second round negative 

controls were clean samples were used for NGS. All 15 gold particles were PCR-positive; 5 

PCR-positive gold particle amplicons were kept as a reserve. High-throughput sequencing was 

performed using the Illumina MiSEQ platform – TruSeq SBS v.3 targeting 300 bp pair 

sequence of 10 PCR positive gold particle amplicons following the methods established by 

Bissett et al. (2016). See Supplementary Information for detailed methods regarding PCR and 

sequencing procedures and Table 2.S1 for primers.  

 

2.3.6. Enrichment cultures from gold particles  

For the enrichment of a bacterial consortia from the particles, a total of 20 gold particles 

were directly inoculated into a sterile centrifuge tube containing 20 mL of TRIS Minimal 

Medium (TMM) containing sodium gluconate as a carbon-source (Mergeay et al., 1985). 

These enrichments were placed in a 25˚C rotary shaker or 14 days. After incubation, a 5 mL 

aliquot of this primary enrichment was kept for DNA analyses. Using sterile conical flasks, a 

1 mL aliquot of the primary enrichment was transferred to 50 mL of fresh TMM. This served 

as a control that was performed in parallel with a 1 mL aliquot of primary enrichment that was 

transferred to 50 mL TMM containing 0.01 µM Au. Secondary, tertiary and quaternary 

enrichments were transferred to fresh media containing 0.1, 1, and 10 µM Au, respectively.  

Enrichments were amended with soluble Au (i.e., Au (III)-chloride) to assess how bacterial 

diversities and abundances may change when particles undergo dissolution during gold 

biogeochemical cycling. Gold concentrations used for the enrichment were within the range of 

gold concentrations occurring in soils and micro-zones around gold particles (McHugh 1988; 
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Benedetti and Boulëgue 1991; Ta et al., 2014). All enrichments were incubated for 5 days at 

25˚C in a rotary shaker in the dark to prevent any photocatalytic effects. After incubation, 5 

mL aliquots from each enrichment were used for DNA extraction using a PureLink™ 

Microbiome DNA Purification Kit (Thermo Fisher Scientific, Australia). Extracted DNA was 

subjected to PCR amplification targeting 16S rRNA gene and next-generation sequencing 

(NGS) was performed using the Illumina MiSEQ platform (TruSeq SBS v.3) using 300 bp 

paired-end sequencing as described above.  

 

2.3.7. Bioinformatics and multivariate statistical analysis 

For data from either culture-independent or culture-dependent experiments, 

bioinformatic analysis of the sequences was performed following the methods established by 

Bissett et al. (2016). Briefly, the sequence read quality was evaluated using FastQC (Andrews 

2010). Sequences were trimmed to low-quality bases and merged using FLASH (Magoč and 

Salzberg 2011). Sequences <400 bp, containing unidentified bases (N) or homopolymers runs 

of >8 bp, were removed using MOTHUR (v1.34.1). Remaining sequences were then analysed 

using UPARSE for simultaneous chimera filtering and OTU clustering (OTUs of ≥ 97 % 

similarity). An OTU abundance table was constructed by mapping all reads to the OTUs using 

usearch_global. Taxonomic classification of OTUs (to genus level) were carried out using 

MOTHUR’s implementation of the Wang classifier. Taxonomic identification of the OTUs 

were performed using the Greengenes database (http://greengenes.lbl.gov). Additionally, the 

partial 16S rRNA gene sequences of OTUs were subjected to BLASTN analysis 

(http://www.ncbi.nlm.nih.gov/) for more accurate species level identification based on 

showing significant homology. Multivariate statistical analyses were conducted using the 

PRIMER-6 software with add-on PERMANOVA+ (Anderson and Gorley, 2007; Clarke et al., 

2014). Similarity matrices were generated on square-root-transformed sequence abundance 

data from the culture-independent experiment using the Bray-Curtis method (Bray and Curtis 

1957). Similarities between communities on individual particles were assess using hierarchical 

cluster analysis (similarity profile analysis or SIMPROF, P <0.05).  

Sequences from the culture-independent and culture-dependent experiments were 

deposited in GenBank with the accession numbers MH698582-MH698623 and MH706982-

MH707020, respectively. Sequences were used to construct cladograms using MEGA version 

4.0 and applying the maximum-likelihood (1000 bootstrap replicates) statistic parameter 

(Tamura et al., 2007) and further analysed using the Interactive Tree of Life 
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(https://itol.embl.de/) online platform. Using the cladogram of the culture-independent 

experiment, bacteria were grouped into four putative biochemical functional groups; these are 

carbon- and nitrogen fixation, biofilm development including EPS production and auto-

aggregation, as well as gold biotransformation. Categories were chosen based on the extensive 

cataloging of putative biochemical functions of bacteria occurring on gold particles (see Rea 

et al., 2016 and reference therein; Besemer et al., 2012; Levipan and Avendano-Herrera, 2017). 

To assess the changes in bacterial abundance and diversity in the enrichment culture 

experiments, three groups describing different exposures were used: no gold (i.e., subculturing 

of the primary enrichment), low gold concentrations (i.e., enrichments exposed to 0.01 and 0.1 

µM Au, respectively), and high gold concentrations (i.e., enrichments exposed to 1 and 10 µM 

Au, respectively). Differences between grouped treatments were assessed using the pairwise 

t-testing within PERMANOVA routine, with partial sums of squares on 9,999 permutations 

on an unrestricted permutation of raw data model. 

 

2.4. Results  

2.4.1. Gold particles and host sediment characterisation  

Gold particles were dendritic with overall fern-leaf like morphologies and ranged 

between 0.2 to 3.2 mm along the longest measurable length (Fig. 2.1A). Scanning electron 

microscopy revealed that the surfaces of the particles were rough and contained polymorphic 

layers comprised of abundant secondary gold, EPS, clay minerals and microbial cells. 

Secondary gold occurred as nanoparticles and aggregates in the form of either pseudo-spheres 

or euhedral crystals (Fig. 2.1B, C).  
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Dissolution features occurred as micrometer-scale pores, which gave particles a spongy 

surface texture (Fig. 2.2A). Nanoparticulate gold aggregates often occur in close proximity to 

these dissolution features (Fig. 2.2A). Focused ion beam-milled cross-sections demonstrated 

that porous dissolution features continue beneath the outer surface of the particles (Fig. 2.2B). 

Figure 2.2 A high-magnification BSE SEM micrograph of gold dissolution features (arrow one, A) 
along with an aggregation of secondary Au nanoparticles (arrow three, A) from a particle (inset, A). 
A secondary electron SEM micrograph of a FIB-milled cross-section through the gold dissolution 
feature. Note that the FIB-milled cross-section corresponds to the α-β line in Fig. 2.2A and the 
number arrows point at corresponding features: (1) dissolution feature, (2) a ‘ridge’, (3) aggregated 
secondary gold nanoparticles. The aggregated secondary gold nanoparticles occurred directly above 
the gold dissolution feature (arrow 3, B). These dissolution features appeared as network of cavities 
at the surface of the gold particle (B). Some pores spaces contained EPS (inset, B). A series of spot 
analysis by energy dispersive spectroscopy corresponding to the locations illustrated in Fig. 2.2B(C). 
A representative EMPA gold-intensity map of a gold particle. The outer edge of the particle contained 
an enrichment of secondary pure (≥ 99.0%) gold (D). 
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Pore spaces deeper within the particle were nanometer in size, whereas pores directly beneath 

aggregated nanoparticles were micrometer in size and contained EPS (Fig. 2.2B and inset). 

Energy dispersive spectroscopy identified gold and silver variations from these structures: 

consolidated regions contain 62.4 to 69.0 wt.% gold (Fig. 2.2C, spots 1–6, 11–13, 16–17), 

porous regions contain 77.7 to 98.0 wt.% gold (Fig. 2C, spots 7–10, 14, 15, and 18), secondary 

aggregates contain ≥99.0 wt.% gold (Fig. 2.2C, spots 19–23). This was confirmed using 

electron microprobe analysis, which showed that the distribution of gold and silver within the 

particles is heterogeneous. While the cores of particles are composed of a gold-silver alloy 

with an average composition of 68.3 wt.% gold and 31.7 wt.% silver, outer sections of the 

particles are often composed of pure (≥ 99.0 wt.%) secondary gold (Fig. 2.2D). The 

concentration of secondary gold dispersed within the soil was 0.23 mg kg-1, which is equivalent 

to 1.17 × 10-4 moles secondary gold in 100 kg of soil. In contrast, silver was not detected. See 

Table 2.S2 for full elemental composition of soil. 

 

2.4.2. Kinetics of gold turnover  

The presence of secondary gold enriched on visible gold particle surfaces as well as 

dispersed in the soil strongly suggests that gold has been subject to biogeochemical cycling. 

Mass balance calculations show that primary and secondary gold contained in the 60 collected 

particles accounted for 43.1 % of gold in the system (i.e., the 100 kg of soil); with primary 

gold from gold-silver alloys accounting for 34.8 % and secondary pure gold accounting for 8.2 

% of all gold. This means that the majority of gold in the system (i.e., 56.9 %) was dispersed 

within the soil. In turn, this also means that more than 65.2 % of all gold in the system has 

likely been the subjected to biogeochemical cycling in the last 86 years. Within the mullock 

heap, the mass balances in combination with calculations explained above and shown in Table 

2.1, estimate the turnover of gold by biogeochemical cycling to be 1.60 × 10-9 M year-1.  
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a Weight percent of gold determined by EMP analysis. 
b Weight percent of silver determined by EMP analysis. 
c Particle volume = ((a × average mass of a particle) ÷ gold density) + ((b × average mass of a particle) ÷ silver density) 
  Where gold density = 19.32 g cm-3 and silver density = 10.5 g cm-3 
d Volume of particle slice = Particle slice area × average sampling depth 
  Where average sampling depth = 0.2 µm 
e Volume of secondary gold per particle ‘slice’ = Secondary gold area × average sampling depth.   
f Multiplication factor = c ÷ d  
g Total volume of secondary gold = e × f   
h Mass of secondary gold = g × density of gold  
i Moles of secondary gold = h ÷ molar mass of gold  
  Where molar mass of gold = 196.96657 g mol-1 
j Moles of secondary gold for 60 particles = average moles of secondary gold × 60 
k Moles of secondary gold in 100 kg soil = (Gold concentration determined by ICP-MS ÷ molar mass of gold) × 100 kg 
l Total moles of secondary gold in 100 kg soil = j + k 
m Rate of gold (bio)geochemical cycling = l ÷ minimum number of year gold occurred in mullock heaps ÷ average annual rainfal

Table 2.1 Calculations for estimating the rate of (bio)geochemical gold cycling within mullock heaps at Donnybrook, Australia, using EMP data 
of gold particles and ICP-MS data of soil. 

Particle Au 
(wt.%) a 

Ag 
(wt.%)b 

Volume of 
Particle 
(cm3)c 

Volume of 
Particle 

‘Slice’ (cm3)d 

Volume of 
Secondary Au 
per Slice (cm3)e 

Multiplication 
Factorf 

Total Volume 
of Secondary 

Au (cm3)g 

Mass of 
Secondary 

Au (g)h 

Moles of 
Secondary 

Aui 

1 70 30   2.75 × 10-5   6.65 × 10-10 4.43 × 10-11 4.14 × 104 1.83 × 10-6 3.54 × 10-5 1.80 × 10-7 
2 65 35 2.85 × 10-5 1.15 × 10-10 8.83 × 10-12 2.47× 105 2.18 × 10-6 4.22 × 10-5 2.14 × 10-7 
3 68 32 2.79 × 10-5 3.97 × 10-10 4.29 × 10-11 7.02 × 104 3.01 × 10-6 5.82 × 10-5 2.95 × 10-7 
4 70 30 2.75 × 10-5 1.65 × 10-09 7.09 × 10-11 1.67 × 104 1.18 × 10-6 2.28 × 10-5 1.16 × 10-7 
5 72 28 2.72 × 10-5 5.31 × 10-10 1.31 × 10-10 5.12 × 104 6.70 × 10-6 1.29 × 10-4 6.57 × 10-7 
6 65 35 2.85 × 10-5 2.41 × 10-10 1.97 × 10-11 1.18 × 105 2.33 × 10-6 4.50 × 10-5 2.28 × 10-7 

Average        2.82 × 10-7 
60 particlesj        1.69 × 10-5 
  
Moles of secondary gold in 100 kg soil (extrapolated)k 1.17 × 10-4 
Total Moles of Secondary Gold in 100 kg soill 1.34 × 10-4 
  
Rate of (Bio)geochemical Gold Cycling (M year-1)m 1.60 × 10-9 
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2.4.3. Community composition of biofilms residing on gold particles 

High-throughput sequencing of PCR-positive amplicons produced a total of 978,000 

high-quality sequence reads. Bacterial communities on individual particles were diverse and 

comprised between 26 and 41 different operational taxonomic units (OTUs). Cluster analyses 

revealed similarities of 44 to 75 % between bacterial communities derived from different 

particles, with similarity profile analysis (SIMPROF, P <0.05) showing that only two 

significantly different groups of particles associated communities existed (Fig. 2.3A). These 

were combined to constitute a representative bacterial community of 46 OTUs that is 

representative of the community residing on gold particles from the Donnybrook site. It 

contained: Alpha-proteobacteria (16.7 %), Beta-proteobacteria (9.8 %), Gamma-

proteobacteria (14.9 %), Delta-proteobacteria (1.0 %), Bacteroidetes (20.1 %), Acidobacteria 

(19.1 %), Firmicutes (8.2 %), Actinobacteria (3.7 %), Verrucomicrobia (3.6 %), and 2.9 % of 

reads that were unclassified bacteria (Fig. 2.3B). Twenty-five of these OTUs were further 

classified following Rea et al., (2016) as microorganisms putatively capable of carbon- or 

nitrogen fixation, biofilm development, and gold biotransformation. Of these, Bacteroidetes 

constituted the largest group (11 OTUs), of which five were attributed to biofilm development 

(i.e., Flavobacterium sp. (OTU 10), Arcicella sp. (OTU 4), Sphigobacterium sp. (OTU 31), 

Porphyromonas sp. (OTU 35), and Sediminibacterium sp. (OTU 36)) (Fig. 2.4). The classified 

Alpha-proteobacteria (7 OTUs) contain putative carbon and nitrogen fixers and biofilm 

developers (2 OTUs each), and gold bio-transformers (1 OTU). Beta-proteobacteria and 

Gamma-proteobacteria each constituted 6 and 5 OTUs, respectively, which were associated 

with either biofilm development (1 and 3 OTUs respectively) or gold biotransformation (2 and 

4 OTUs, respectively) (Fig. 2.4). Actinobacteria contained 6 OTUs, three of which were 

attributed to gold biotransformation (Fig. 2.4). Specifically, the OTUs for gold 

biotransformation included metallophilic microbes such as Cupriavidus sp. (OTU 45), 

Burkholderia sp. (OTU 39), Arthrobacter sp. (OTU 17), Shewanella sp. (OTU 3), 

Stenotrophomonas sp. (OTU 23), Sphingomonas sp. (OTU 24), and Serratia sp. (OTU 11). 

The remaining OTUs (23) could not be classified with respect to the four putative biochemical 

functions.  
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Figure 2.4 A neighbor-joining circular cladogram of bacterial OTUs demonstrating the diversity 
of bacterial species. Colored circles indicate putative biochemical functions necessary. 
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2.4.4. Bacterial diversity profiling in selective enrichment experiments 

A primary enrichment culture was obtained from 20 gold particles. Next generation 

sequencing confirmed that this consortium contained 39 distinct bacterial OTUs belonging to 

Alpha-proteobacteria, Beta-proteobacteria, Gamma-proteobacteria, Bacteroidetes, 

Acidobacteria, Actinobacteria (Fig. 2.5). Overall, this initially enriched community was 

similar to the community detected on the gold particles using direct PCR (Figs. 2.4 and 2.5). 

In general, bacterial diversity across all phyla decreased with exposures to increasing 

concentrations of soluble Au (AuCl3), while metal resistant microbes were selected (Fig. 2.5 

to 2.7).  

When the initial enrichment was exposed to 0.01 µM Au, 67 % of the original OTUs 

were retained. With subsequent exposures to 0.1, 1.0, or 10 µM Au, 89, 74, and 65 % of the 

OTUs of the previous selective enrichment was retained, respectively (Fig. 2.6 and 2.7). All 

phyla within the bacterial community were retained up to the exposure to 0.1 µM Au (Fig. 

2.6); however, the entire Bacteroidetes phylum was eliminated when the enrichment culture 

was exposed to 1 µM Au (Fig. 2.7). Within selective enrichments exposed to 1 or 10 µM Au, 

species belonging to the Proteobacteria (i.e., Pseudomonas spp., Cupriavidus sp., 

Stenotrophomonas sp., Serratia sp., and Sphingomonas sp.) were retained. Interestingly, these 

organisms were also detected on gold particles from the culture independent study (Fig. 2.3). 

Statistical analysis (i.e., t-testing) was used to assess changes in community composition 

between enrichments subjected to low and high gold concentrations and the community in 

control incubations not exposed to soluble Au. Results showed that significant changes 

occurred in enrichment amended with both low Au concentrations (t = 3.41, P < 0.05) as well 

as high Au concentrations (t = 2.43, P < 0.05). It is important to note that differences between 

the primary enrichment and subculture as well as between the enrichments amended with low 

and high Au concentrations were not significant.  
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Figure 2.5 Circular cladogram of the bacterial OTUs detected in the primary enrichment culture. 
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Figure 2.6 Circular cladograms of the bacterial OTUs from the primary enrichment amended with 
0.01 µM Au and the secondary enrichment amended with 0.1 µM Au (i.e. the low gold 
concentration group). Note that these concentrations represent elevated Au concentrations in 
natural environments 
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Figure 2.7 Circular cladograms of the bacterial OTUs from the tertiary enrichment amended 
with 1 µM Au and the quaternary enrichment amended with 10 µM Au (i.e. the high gold 
concentration group). Note that these concentrations represent highly anomalous Au 
concentrations in natural environments. 
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2.5. Discussion  
2.5.1.  Interpreting gold transformations during biogeochemical cycling  

Gold particles from primary sources are typically composed of gold-silver alloys and 

are angular in shape. This chemical composition and morphology reflect the geochemical 

conditions in which gold was emplaced and mineralised within the host rock (Webster and 

Mann 1984; Townley et al., 2003; Hough et al., 2009). Such particles are usually highly 

irregular in shape and show no signs of rounding, pitting or abrasion, which are commonly 

observed when particles have been physically transported in Earth’s surface environments 

(Townley et al., 2003). In contrast, gold particles occurring in placer deposits (e.g., in colluvial, 

alluvial or glacial placers) typically exhibit rounded morphologies, often show signs of 

bending and folding as well as scratched, pitted or gouged surfaces resulting from mechanical 

reshaping during transport (Townley et al., 2003). With respect to the gold particles collected 

at the Donnybrook site, the overall composition of their cores (i.e., 68.3 wt.% gold and 31.7 

wt.% silver) as well as the dendritic morphologies (Fig. 2.1) highlight their primary origin. 

More importantly, they suggest that little to no mechanical reshaping had occurred since their 

placement in the mullock heaps. Gold particles from Earth’s surface environments often 

display porous surface textures and secondary gold nanoparticles and microcrystals, which are 

attributed to (bio)geochemical rather than physical transformation (e.g., Mossman and Dyer 

1985; Bowles, 1988; Reith and McPhail, 2007; Falconer and Craw, 2009; Reith et al., 2012; 

Reith et al., 2018; Shuster et al., 2015; Rea et al., 2018). At Donnybrook, the presence of gold 

and silver dissolution features, which were closely associated with ≥99.0% pure secondary 

gold structures on particle surfaces, suggests that particles were subject to intense 

biogeochemical transformation over the past 86 years (Fig. 2.1 and 2.2). 

On Earth’s surface environments, both gold and silver are mobile (Mann, 1984). The 

lack of silver and high levels of gold detected in the soil at the study site (i.e., 0.23 mg kg-1) 

suggest that silver was widely dispersed in the environment, while gold was re-precipitated in 

closer proximity to the initial source. Within hydrological regimes, silver is generally more 

reactive and more readily mobilised compared to gold, which contributes to its greater 

dispersion in the environment (Boyle 1968; Mann 1984; Settimio et al., 2014; Shuster et al., 

2017). Biogeochemical transformations lead to the formation of soluble gold complexes, 

which are commonly reduced as secondary gold nanoparticles. These nanoparticles often occur 

in close proximity to the gold source and lead to an overall gold enrichment in soils overlying 

deposits (Reith et al., 2005). Indeed, gold complexes and nanoparticles are known to readily 
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adsorb onto clay minerals, organic matter and iron/manganese oxides (Baker, 1978; Gatellier 

and Disnar, 1989; Wang et al.,1995; Gray, 1998; Reith and Cornelis, 2017).  

The turnover rate of gold by biogeochemical cycling was calculated to be 1.60 × 10-9 

M year-1. Given the average moles of gold in a particle (1.47 × 10-6) and this turnover rate, it 

is possible that entire particles could be completely transformed into pure secondary gold in 

little less than 1000 years. In geological terms this is rapid, especially for a noble element that 

was conventionally considered to be inert. However, similarly high transformation rates of 

gold were observed in a recent study of gold particles from Kilkivan, a subtropical environment 

in Australia (Shuster et al., 2017). In contrast, the turnover of gold and transformation of 

particles from sub-arctic environments (i.e., Finland) were two to three orders of magnitude 

slower, suggesting that climatic factors, such as ambient temperature and water availability are 

important in determining biogeochemical gold turnover rates (Reith et al., 2018). Indeed, 

temperature and rainfall determine the rates of major element (e.g., the cycling of carbon, 

nitrogen and sulfur) cycling (Wollast and Mackenzie, 1989). Recent research has shown that 

an interconnected “web” of elemental cycling governs the gold mobility and drives gold 

cycling (Sanyal et al., 2019a). For example, compounds resulting from the cycling of carbon, 

nitrogen, and sulfur (i.e., nutrient elements) need to be available for bacteria to: form biofilms 

on gold particle surfaces, excrete gold-complexing ligands, and provide the energy for bacterial 

gold detoxification (Sanyal et al., 2019). At Donnybrook, seasonal variations of major element 

cycling and therefore gold cycling are expected due to seasonal variations in rainfall (i.e., 70 

to 80 % of rainfall occurs during the winter months). For long-term gold cycling to occur well 

into the future, average annual rainfall needs to persist to support conditions for successive 

biofilm development and growth (e.g., nutrient availability, pH, and salinity). Therefore, it is 

reasonable to suggest that climate change as well as other anthropogenic activities could alter 

the kinetics of biogeochemical gold cycling.  

 

2.5.2. Bacterial contributions to the biogeochemical cycling of gold 

Gold particles are substrates onto which a diverse range of bacteria can attach, form 

biofilms, and contribute to gold dissolution as well as gold re-precipitation, thereby facilitating 

the complete biogeochemical cycle of gold (Reith et al., 2010; Shuster et al., 2015; Rea et al., 

2018; Reith et al., 2018). In the present study, residual organic material and EPS were observed 

within polymorphic layers and pores of dissolution features (Fig. 2.1C and 2.2 B), suggesting 

that biofilms exist or are developing on the surface of these particles. Direct amplification of 
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the 16S rRNA gene from the gold particles confirmed the presence of a diverse range of 

bacteria occurring on the surface of the particles (Fig. 2.3). In terms of diversity, communities 

were similar to previous studies that identified communities on placer particles from various 

environments (e.g., Reith et al., 2018; Rea et al., 2018).  

Carbon- and nitrogen-fixing bacteria play an important role in providing bioavailable 

carbon and nitrogen necessary for colonisation by other bacteria to form a multispecies biofilm 

(Sanyal et al., 2019). Based on the categorisation of putative biochemical functions, 16 % of 

bacteria resident on the Donnybrook particles were involved in either carbon- or nitrogen 

fixation, including Rhodobacter sp., Porphyrobacter sp., Brevundimonas sp., and Nitrobacter 

sp. Of the remaining categorized OTUs, 40 % were involved with biofilm development; these 

include Bacteroidetes as well as a range of Proteobacteria. Previous studies reported that the 

Bacteroidetes Sphingobacterium sp. and Flavobacterium sp. detected on the particles, have an 

important role in surface adhesion/biofilm formations (Besemer et al., 2012; Levipan and 

Avendano-Herrera, 2017 see also Figure 2.3, this study). Proteobacteria belonging to the 

identified EPS-producing, genera Pseudomonas, Acinetobacter, Serratia, and Burkholderia, 

may further contribute to the structural integrity and rigidity of biofilms (Bezawada et al., 

2013).  

Once formed, these biofilms can excrete large amounts of organic substances including 

low molecular weight organic acids (e.g., carboxylic and amino acids) as well as cyanide as 

metabolic by-products (Beech and Sunner, 2004). These substances act as complexing ligands 

enabling the dissolution of gold and silver (Korobushkina et al., 1976, 1983; Smith and Hunt, 

1985; Fairbrother et al., 2009; and references therein). This provides a starting point for gold 

biogeochemical cycling and a mechanistic explanation for the existence of dissolution features 

with EPS on the surface of the gold particles (Fig. 2.2B, arrow 1). Gold particle dissolution 

can produce soluble Au complexes that are highly cytotoxic (Wiesemann et al., 2013, 2017). 

However, metal-resistant bacteria (e.g., Cupriavidus sp.) with putative gold transforming 

functions comprised 44 % of the categorized OTUs. These bacteria ameliorate the toxic effects 

of gold complexes by actively forming nanoparticles to prevent oxidative and heavy metal 

stress and avoid cell death (Karthikeyan and Beveridge 2002; Reith et al., 2009; Johnston et 

al., 2013; Shuster et al., 2015; Bütof et al., 2018). Additionally, biomass including cells and 

EPS are a source of electrons for the reduction of soluble gold complexes, which form pure 

gold nanoparticles with committal cells death or EPS degradation (i.e., passive 

biomineralisation, Shuster and Reith, 2018 and reference therein). It is important to note that 

these processes can occur contemporaneously. More importantly, these processes can be 
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perceived as opposing yet complimentary in the context of a cycling; therefore, reduction of 

soluble gold complexes and the formation of gold nanoparticles “completes” the 

biogeochemical cycle of gold (Fig. 2.2B, arrow 3).  

 

2.5.3. The effect of biogeochemical cycling of gold on bacterial communities 

Previous studies have shown that heavy metals are an important factor influencing the 

diversity and function of soil microbial communities (Wakelin et al., 2012a, 2012b). For 

instance, elevated concentrations of copper, lead, zinc, or cadmium in anthropogenically-

polluted soils and sediments have been shown to strongly influence the composition and 

activity of resident bacterial communities (e.g., Bååth, 1989; Kizilkaya et al., 2004; Abaye et 

al., 2005; Wakelin et al., 2012a; Wakelin et al., 2012b; Macdonald et al., 2011). From 

microcosm experiments, Reith and McPhail (2006) demonstrated that indigenous soil bacteria 

were capable of dissolving elemental gold (i.e., an equivalent 1.8 µM Au within 20 to 45 days 

of incubation) and highlighted the possible effects of soluble gold on microorganisms residing 

on gold particles. In the present study, the culture-dependent experiments served as a 

laboratory model of how bacterial diversity of biofilms on gold particles could change during 

particle transformation, specifically during gold particle dissolution. The lower Au 

concentrations used in this study (i.e., 0.01 and 0.1 µM Au) are considered to be elevated 

concentrations (Benedetti and Boulëgue, 1991), but were comparable to that which was 

detected in the Donnybrook soil as well as other Australian gold-bearing soils (Reith and 

McPhail, 2006; Reith and McPhail, 2007). The higher Au concentrations used for the tertiary 

and quaternary enrichments (i.e., 1 and 10 µM Au) can be considered highly anomalous 

(Benedetti and Boulëgue, 1991). However, it is possible that these concentrations could exist 

in localised micro-environments surrounding particles or occur if rates of gold 

(bio)geochemical cycling increased due to greater rainfall or anthropogenic influences.  

In a study by Reith et al. (2012), the exposure of bulk soil microbes to 5 µM Au led to 

a significant reduction of the overall number of bacterial taxa; exposures to 0.5 mM Au led to 

an almost complete destruction of the bacterial community due to the strong bactericidal 

properties of the soluble Au(III) complex (Reith et al., 2012). Further analysis of the functional 

potential of these microbial communities (i.e., GeoChip microarrays) showed an increasing 

abundance and diversity of metal-resistance genes. In particular, the metal-resistance genes 

copA, chrA and czcA of the aurophillic bacterium Cupriavidus metallidurans CH34, which 

only occurred in soils overlying gold mineralised regions (Reith et al., 2012). From the 
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Donnybrook gold particles, the bacterial diversity of the primary enrichment was comparable 

to that which was determined by direct amplification (Figs. 2.4-2.5); furthermore, the 

community composition was stable when the primary enrichment was sub-cultured. Therefore, 

it is reasonable to suggest that the primary enrichment could represent a bacterial community 

constituting a biofilm on particles. The primary and secondary amended with 0.01 or 0.1 µM 

Au, respectively, led to the largest statistical changes (t = 3.41, P > 0.05). While all phyla were 

still present, a reduction in community diversity was observed (Fig. 2.4 and 2.5) and these low 

Au concentrations were sufficient to drive significant community changes. This result was 

consistent with previous studies involving the exposure of microbial communities from bulk 

soils, associated with varying degrees of gold mineralisation, to soluble Au (Reith and Rogers, 

2008; Reith et al., 2012). More importantly, this result confirmed that bacterial communities 

from gold particles are highly sensitive to very low levels of soluble gold. While these 

concentrations can be cytotoxic, it suggests that functional adaptions may also occur. 

Respective enrichments amended with 1 and 10 µM Au represented bacterial populations that 

have been affected by higher Au concentrations. While the community diversity further 

declined, the most notable change was the complete elimination of Bacteroidetes after the 

exposure to 1 µM Au. This phylum originally constituted 20.1% of bacterial community on 

gold particles. Bacteroidetes are known to contribute to surface conditioning and EPS 

formation for biofilm development, but are commonly not known to be highly resistant to 

heavy metals (Beech and Sunner 2004; Harrison et al., 2007; Lo Giudice et al., 2013; Ding et 

al., 2015). Conversely, metal-resistant bacteria such as Cupriavidus sp., Pseudomonas sp., 

Stenotrophomonas sp., Serratia sp., and Sphingomonas sp. were selected in enrichments 

exposed to higher Au concentrations and were also consistent with studies involving the 

enrichment of Au-tolerant bacteria (Rea et al., 2016; Reith et al., 2018). Therefore, selection 

of metal-resistant bacteria from Donnybrook particles supports the notion that the retention of 

these bacteria would perpetuate biogeochemical gold cycling and particle transformation by a 

multispecies biofilm with diverse biochemical functions (Fig. 2.8) 
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Figure 2.8 A schematic diagram representing the effect of gold biogeochemical cycling on 
bacteria and the development of a metal resistant biofilm contributing to particle transformation 
and the continuum of gold biogeochemical cycling. 

 

 

2.6. Conclusions 
In this study, a diverse bacterial community residing on gold particles from mullock 

heaps in Donnybrook, Western Australia, were identified. Characterisation of putative 

functions suggests that the bacterial community is capable of mediating the biogeochemical 

cycle of gold. Based the structural and chemical analysis of gold particles and secondary gold 

concentrations within soil, the turnover rate (or in-situ kinetics) of gold by biogeochemical 

cycling at Donnybrook was estimated to be 1.60 × 10-9 M year-1. The experiments involving 

the enrichments demonstrated that the community was sensitive to low concentrations of 

soluble Au. While the representative community was retained, metal-resistant bacteria were 

selected with higher concentrations of soluble Au. Therefore, the study suggests that Au 

concentrations comparable to that which was calculated in the turnover rate would provide 

enough metal stress allowing the biofilm to become gold-resistant over time yet retain bacterial 

diversity. From an environmental perspective, the availability of water is important for the 

continuum of gold biogeochemical cycling since microbial growth and biofilm development 

are dependent upon it. Additionally, the overall dissolution of gold particles and a biofilm’s 

increased resistance to the toxicity of soluble Au highlights how the biogeochemical cycling 
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of gold can select for metal-resistant bacteria and promote gold particle transformation in the 

natural environment. In conclusion, biogeochemical gold cycling directly influences bacterial 

communities on gold particles, thereby contributing to a continuum of particle transformation. 
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2.7. Supplementary Information 

Supplemental Methods: PCR and Sequencing  

PCR and sequencing methods were adapted from Reith et al., (2010, 2018). For the first 

round of PCR, a total of 15 gold particles were used to amplify a partial 16S rRNA gene (~1500 

bp) with primers 27F and 1492R (Table S1). The PCR program was as follows: 94 °C for 10 

min, 30 cycles at 94 °C for 30 sec cycle-1, 58 °C for 30 sec, 72 °C for 1 min, and a final 

extension at 72 °C for 10 min. The first round PCR products were used for the second round 

PCR using primers 27F and 534R (Table 2.S2). The second round PCR program was as 

follows: 94 °C for 10 min, 20 cycles at 94 °C for 30 sec cycle-1, 67 °C for 30 sec (with reduction 

of annealing temperature by 0.5 °C cycle-1), 15 cycles 57 °C for 30 sec, 72 °C  for 30 sec, and 

final extension at 72 °C for 10 min. For all amplified samples, the following PCR reaction mix 

contained: 14.55 μL PCR water (MO BIO), 0.5 μL dNTPs, 1.25 μL MgCl2 (50 mM), 2.5 μL 

each of the forward and reverse primers (5 μM final concentration), 1.0 μL genomic DNA, 2.5 

μL ImmoBuffer, and 0.2 μL DNA polymerase (5U/μL). Cleaned amplicons were quantified 

using Nanodrop. Sequencing was completed on the TruSeq SBS v.3. 

 

 

                        

 

 

 

 

 

 

 

 

 

              

 

 

Table 2.S1 List of primers used in the study. 

Primer name  
(PCR, Library Prep., or 
Sequencing) 

           Sequence 

27F (PCR) AGAGTTTGATCMTGGCTCAG 

1492R (PCR) 
 

TACGGYTACCTTGTTACGACTT 

534R (PCR) 
 

ATTACCGCGGCTGCTGG 

ILM_27F_Uv3 (forward)  
 (Library prep.) 
 

AATGATACGGCGACCACCGAGATCTACAC 
TATGGCGAGTGAAGAGTTTGATCMTGGCTCAG 

ILM_519R_NNNN (reverse)  
(Library prep.) 

CAAGCAGAAGACGGCATACGAGAT XXXXXXXXXXXX 
AGTCAGTCAG GGGWATTACCGCGGCKGCTG 
 

Read 1 Primer  
(Sequencing) 
 

ACACTATGGCGAGTGAAGAGTTTGATCMTGGCTCAG 

Read 2 Primer 
(Sequencing) 
 

AGTCAGTCAGGGGWATTACCGCGGCKGCTG 

Index Primer CAGCMGCCGCGGTAATWCCCCTGACTGACT 
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                                                     Chapter 3       

A genomic perspective of metal-resistant bacteria from gold particles: 
Possible survival mechanisms during gold biogeochemical cycling  

                                                      

3.1. Abstract 

A bacterial consortium was enriched from gold particles that ‘experienced’ ca. 80 

years of biotransformation within waste-rock piles (Australia). This bacterial consortium was 

exposed to 10 µM AuCl3 to obtain Au-tolerant bacteria. From these isolates, Serratia sp. and 

Stenotrophomonas sp. were the most Au-tolerant and reduced soluble Au as pure gold 

nanoparticles, indicating that passive mineralisation is a mechanism for mediating the toxic 

effect of soluble Au produced during particle dissolution. Genome-wide analysis 

demonstrated that these isolates also possessed various genes that could provide cellular 

defence enabling survival under heavy-metal stressed condition by mediating the toxicity of 

heavy metals through active efflux/reduction. Diverse metal-resistant genes or genes clusters 

(cop, cus, czc, znt, ars) were detected, which could confer resistance to soluble Au. 

Comparative genome analysis revealed that the majority of detected heavy-metal resistant 

genes were similar (i.e. orthologous) to those genes of Cupriavidus metallidurans CH34. The 

detection of heavy-metal resistance, nutrient cycling, and biofilm formation genes (pgaABCD, 

bsmA, hmpS) may have indirect yet important roles when dealing with soluble Au during 

particle dissolution. In conclusion, the physiological and genomic results suggest that bacteria 

living on gold particles would likely use various genes to ensure survival during Au 

biogeochemical cycling.  

 

Keywords: Gold particles; Heavy-metal resistance; Serratia; Stenotrophomonas; Gold 

biogeochemistry, Gold biogeochemical cycling, Au-tolerant bacteria 
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              3.2. Introduction 

Bacteria residing on gold particles have been directly observed using high-resolution 

electron microscopy or indirectly inferred using high-throughput molecular techniques (Rea 

et al., 2018; Reith et al., 2009; Shuster et al., 2015). From a materials characterisation 

perspective, the surface of particles often contained crevices that are filled with secondary 

gold structures (pure gold nanoparticles or bacteriomorphic structures), inorganic material 

(clays and other minerals), and organic material (cells and Extracellular Polymeric 

Substances, EPS) (Fig. 1). Crevices containing these materials are commonly referred to 

polymorphic layers and are considered microenvironments (or ecological micro-niches) 

where gold dissolution and gold precipitation are likely to occur, thereby forming secondary 

gold structures (Reith et al., 2012b ; Shuster et al., 2015; Shuster et al., 2017; Youngson and 

Craw, 1993). Studies taking a molecular approach have detected a number of bacterial 

operational taxonomical units (OTUs) from the direct amplification of 16S rDNA from gold 

particles (Reith et al., 2018 and references therein). It has been revealed that these OTUs 

represent a diverse range of bacteria, with various functional capabilities, that could form 

multispecies biofilms on gold particles (Rea et al., 2016). Hence, the notion that bacterial 

biofilms commonly occur on particles and contribute to biogeochemical conditions within 

the microenvironments (polymorphic layers) they inhabit (Reith et al., 2010; Reith et al., 

2018). More specifically, the bacterial biochemical activities within the polymorphic layers 

could create a suitable physicochemical condition including low pH and organic ligands for 

gold dissolution from particles (Sanyal et al., 2019b). 

Few studies have directly enriched or characterised viable bacteria that occur within 

polymorphic layers on gold particles or determined whether or not particle-associated 

bacteria are tolerant to soluble Au, i.e., gold that would be dissolved during the 

biotransformation of particles (Sanyal et al.,  2019a; Shuster et al., 2015a; Sanyal et al., 

2020). Additionally, studies on gold geomicrobiology have focused on the interactions of 

various photosynthetic or chemolithotrophic bacteria or low molecular weight compounds, 

i.e., amino acid, cyanide, protein, from proxy bacterial species with soluble auric 

thiosulphate or chloride (Johnston et al., 2013; Lengke et al., 2006;  Lengke and Southam, 

2005; Shuster et al., 2014; Shuster et al., 2015b; Southam and Beveridge, 1994).  

Microbes are known to catalyse the oxidation of metals (e.g., Mn, Fe, Cu, Ag, Au) 

under Earth’s near-surface environmental conditions (Gadd 2010; Jelen et al., 2016). In 

terms of Au biogeochemical cycling, it has been suggested that bacteria/biofilms contribute 
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to gold particle dissolution via the production of organic acids. Bacteria/biofilms complete 

the Au biogeochemical cycle by contributing to gold precipitation. During passive 

mineralisation, bacteria/biofilms act as a reservoir of electrons that are “stripped” away by 

soluble Au which has a strong electron affinity (Shuster and Reith, 2018). While gold 

biogeochemical cycling increases gold purity on the outer surface of particles, soluble Au is 

highly cytotoxic and can diffuse into the cytoplasm of cells, thereby generating oxidative 

stress and potentially inhibiting protein/enzyme function (Wiesemann et al., 2017;  Zammit 

et al., 2016). Under these conditions, bacteria can become Au-tolerant and use different 

biochemical machinery to mediate the toxic effect of soluble Au. For example, Cupriavidus 

metallidurans CH34 is an aurophilic bacterium that is often detected on gold particles as 

well as in mineralised soils/sediment. This bacterium has been shown to express a 

gold/copper-regulated gene (copA) leading to the energy-dependent reduction and 

precipitation of soluble Au, i.e., active mineralisation. Additionally, C. metallidurans CH34 

has been shown to express and up-regulate the  oxidative stress-related genes in the presence 

of soluble Au (Bütof et al., 2018;  Zammit et al,. 2016). 

In terms of linking particle-associated bacteria with Au biogeochemical cycling, 

previous studies have assigned broad putative functions, e.g., EPS production, auto-

aggregation, C/N cycling, or cell dispersion, to OTUs representing bacteria on gold particles 

(Rea et al., 2016; Reith et al,. 2018; Sanyal et al., 2019a). In doing so, the inferred presence 

of bacteria and their assigned putative functions were used to reconstruct multispecies 

‘biofilms’ that could contribute to Au biogeochemical cycling on particles (Rea et al., 2016; 

Reith et al., 2018). More recently, functional capabilities were evaluated from bacterial DNA 

from gold particles obtained from various depositional environments around the world 

(Reith et al., 2019). Although viable Au-tolerant bacteria have been enriched from particles 

(Sanyal et al., 2019a), identification of their functional capabilities is a gap in the current 

literature. Therefore, the aim of this present study was to analyse the genome of 

metabolically active bacteria enriched from Au particles. In doing so, Au-tolerant bacteria 

were isolated from particles and their physiological response to soluble Au stress was 

assessed. Additionally, their genomes were analysed to ascertain their likely functional 

capabilities that could be used as “survival mechanisms” during Au biogeochemical cycling. 

We hypothesize that Au-tolerant bacteria harbour diverse heavy-metal resistant genes 

similar to C. metalidurans CH34, which could enable survival during gold particle 

dissolution within polymorphic layers. To test the hypothesis, this study evaluates the 

soluble Au tolerance/reduction capacity of the Au-tolerant isolates as well as compares their 
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             3.3.2.  Selecting and identifying bacterial isolates with the highest Au-tolerance  

To isolate Au-tolerant bacteria, an aliquot (1 mL) from the bacterial enrichment was 

transferred to a test tube containing 19 mL of fresh TMM with 10 µM AuCl3. This selective 

enrichment was incubated for 7 days under the same conditions used for the primary 

enrichment. After incubation, the selective enrichment was serially diluted (10-3 fold) using 

filter sterilised (0.2 µm-size pore size) deionised water. The terminal dilution was transferred 

onto solid agar (1.5 %w/v) TMM with 10 µM AuCl3. The plates were then placed in 25 °C 

incubator for 7 days. Individual bacterial colonies were first observed after 2 days of 

incubation. After 7 days of incubation, the most abundant colonies (5) that were 

morphologically distinct were selected, sub-cultured, and purified using fresh liquid TMM.  

From the 5 isolates, genomic DNA was extracted using the ATP™ Genomic DNA 

Mini Kit (Promega, USA). To check whether or not any of the isolates contained any extra-

chromosomal DNA, the Wizard®Plus SV Minipreps plasmid DNA Purification kit (Promega, 

USA) was used to extract any plasmid DNA. Using universal primers for the bacterial 16S 

rRNA gene (27F and 1492R), polymerase chain reaction (PCR) was performed followed by 

sequencing. Partial 16S rRNA gene sequences from individual isolates were subjected to 

nucleotide BLAST analysis (http://www.ncbi.nlm.nih.gov/) to identify the most similar 

species based on the most significant sequence homology. A phylogenetic tree was constructed 

using assembled sequences of 16S rRNA gene and the neighbour-joining algorithms following 

the p-distance model by using MEGA 6.0 software (Tamura et al., 2007). The 16S rRNA 

sequences of the respective isolates were deposited in National Centre for Biotechnology 

Information (NCBI) GenBank database under the accession numbers MN704661- MN704666. 

For this article, isolate notation has been simplified: D1 (reported as D2.2), D2 (D5.1), D3 

(13.1), D4 (D10.1), and D5 (D11.1). 

From the 5 bacterial isolates (D1 to D5), isolates with the highest Au-tolerance were 

selected for further genome-wide analysis. Using a 96 well microtiter plate, wells were filled 

with 20 µL of a pure bacterial culture and 130 μL of fresh TMM or TMM containing AuCl3 

(10, 25, or 50 µM Au final concentration). Both types of growth medium, with no bacterial 

inoculum, were also used as abiotic controls. All experiments and abiotic controls were 

performed in triplicate. The optical density of the wells was measured using a SynergyTM Mx 

Microplate Reader (BioTek); the average optical density (OD600) of all wells was 0.04 ±0.02. 

The plate was placed in a 25 ºC incubator for 7 days. After incubation, bacterial growth was 
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determined by re-measuring the OD using the same microplate reader. Wells with OD600 ≥0.2 

were considered to have positive bacterial growth, i.e., within the exponential growth stage.  

 

3.3.3. Most Au-tolerant isolates: growth patterns and gold reduction capacity 

Growth patterns: Since the D1 and D2 isolates were the most Au-tolerant, their growth 

patterns with and without the presence of AuCl3- were assessed using an experiment that was 

performed in a similar manner as the Au-tolerance experiment described in section 2.2. Using 

a 96 well microtiter plate, aliquots (20 µL) of D1 or D2 isolates were transferred to wells 

containing 130 µL of TMM or TMM supplemented with AuCl3 (10, 25, or 50 µM Au final 

concentration). The plate was placed in a 25 ºC incubator for 5 days. Optical densities were 

measured using the same BioTek SynergyTM Mx Microplate Reader at 2 hour intervals 

(between 0 –18 hours of incubation), followed by 12-hour intervals (between 24 – 96 hours of 

incubation), and at 120 hours of incubation.  

Au-reduction capacities: The D1 and D2 isolates were used to determine their 

respective capacity to reduce soluble Au. In doing so, sterile borosilicate glass test tubes 

containing a bacterial isolate (5 mL-volume) was exposed to AuCl3 with a final measured 

concentration of 168 µM Au. These bacterial isolate-Au systems were covered with sterile 

push caps and were mixed by vortex. Growth medium (pH 7.0 ± 0.5) containing 200 µM Au 

was used as an abiotic control to determine if constituents in TMM could abiotically reduce 

Au. Additionally, 168 µM Au solutions were also used as abiotic controls to determine whether 

or not Au could abiotically precipitate out of solution during the course of the experiment. The 

bacterial isolate-Au systems and the abiotic controls were wrapped in aluminium foil to 

prevent any photocatalytic effects, performed in triplicate, and placed in a 25 ºC shaking 

incubator. Note that the 168 µM Au concentration was necessary for visualisation by electron 

microscopy (described below). The exposures to soluble Au were arrested after 0.5, 1, 2, 4, 8, 

or 16 hours of incubation by centrifuging (12,000 × g for 1 min) the bacterial isolate-Au 

systems to form a bacterial-gold pellet and removing the supernatant, i.e., spent TMM with 

residual soluble gold. The supernatants were separately filtered using  0.2 µm pore-size filters 

and were analysed using an Agilent 8900x Triple Quad Inductively Coupled Plasma-Mass 

Spectrometer (ICP-MS) to measure the concentration of  residual (unreacted) soluble Au. The 

amount of reduced gold was calculated by subtracting the measured concentrations from the 

initial input.  
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The bacterial-gold pellets were immediately washed by resuspending the cells in 

phosphate-buffered saline (PBS, pH = 7.0) and mixing by vortex to rinse any soluble Au that 

may have been adsorbed on the extracellular surface of cells. The cells were re-pelleted by 

centrifugation, and the PBS supernatant was discarded. After performing a second wash in the 

same manner, the bacterial-gold pellets were resuspended in 2%(aq) glutaraldehyde for 24 hours 

to fix the cells. 

Electron microscopy: Fixed cells from bacterial-gold pellets were prepared for 

scanning electron microscopy in the methods modified from Shuster et al., 2019a. Briefly, 

fixed cells were centrifuged (12,000 × g for 1 min) to form a pellet and the supernatant 

containing residual fixative was discarded. The bacterial-gold pellets were separately 

dehydrated in a series of ethanol solutions (70%(aq), 90%(aq), 3 × 100%), followed by a 1:1 ratio 

of 100% hexamethyldisilazane (HMDS):100% ethanol, and finally by 100% HMDS. The 

bacterial-gold pellets were separately incubated in each solution for 15 min. Dehydrated 

samples were collected onto 0.2 µm pore-size filters, air-dried for 24 hours, mounted onto 

aluminium stubs using carbon adhesive tabs, and coated with a 20 nm-thick deposition of 

carbon. The samples were characterised using secondary electron (SE) or backscatter electron 

(BSE) imaging modes using a Helios NanoLab Scanning Electron Microscope (SEM), 

equipped with an Oxford Instruments Energy Dispersive Spectrometer (EDS), operating at 5 

kV or 10 kV accelerating voltage.  

 Additional bacterial-gold pellets were prepared for transmission electron microscopy. In 

doing so, the fixed cells were post-fixed using 2%(aq) osmium tetroxide followed by 1%(aq) 

uranyl acetate with 1hour exposures for each solution. The post-fixed cells were then 

dehydrated in a serial ethanol series (70%(aq), 90%(aq), 95%(aq), and 3 × 100%) with 15 min 

incubation for each concentration. The samples were then embedded in a 1:1 ratio of propylene 

oxide:epoxy resin and incubated for 1 hour. The samples were then transferred to 100% epoxy 

resin and were allowed to polymerise overnight on a rotating 70 °C heating block. From the 

polymerised resin block, ultrathin (70 nm-thick) sections were the cut using a diamond knife 

and a 4 Leica ultramicrotome, collected on formvar, carbon-coated copper grids, and analysed 

using a Phillips CM200 transmission electron microscope (TEM), equipped with GATAN 832 

SC1000 CCD camera, operating at 200 kV. 
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3.3.4. Most Au-tolerant isolates: genomic capabilities  

Genomic DNA from the D1 and D2 isolates was analysed at the molecular level to 

ascertain their genomic capabilities that could contribute to Au biogeochemical cycling. The 

genome sequencing was performed by using the Illumina HiSeq 2500 Sequencing System 

(Illumina, Inc). The raw sequences were trimmed and filtered by using AdapterRemoval v.2 

for removal of sequencing adaptor sequences and low-quality bases (Schubert et al., 2016). 

The filtered sequence reads quality was examined by using FastQC (Andrews, 2010). For 

sequence assembly, “Unicycler” assembly pipeline was used (Wick et al., 2017). Unicycler 

contains the SPAdes and PILON software to assemble sequence reads, resolve single 

nucleotide polymorphisms (SNPS), insertion-deletion (indels) or local mis-assemblies. The 

assembled contigs were re-arranged using Mauve, i.e., multiple genome alignments, to get 

ordered contigs (Darling et al., 2004). The contigs re-arrangement was performed using closest 

reference genomes available in the NCBI GenBank. The functional annotation of the genomes 

was carried out using the Patric (https://www.patricbrc.org/) and further processed in NCBI 

Prokaryotic Genome Annotation Pipeline (PGAP) (Wattam et al., 2013). The presence of 

genomic islands (GIs) in the genome of the isolates were detected by the prediction approach 

using islandviewer4 (Bertelli et al. 2017). Note that this tool incorporates the IslandPick, 

IslandPath, DIMOB and SIGI-HMM algorithms. Additionally, the presence of transposable 

elements (i.e., insertion sequence, IS) were detected in the genomes using ISsaga2 

(https://www-is.biotoul.fr/). This Whole Genome Shotgun project has been deposited at NCBI 

GenBank under the accession SRHZ00000000 (Serratia sp.) and SRIA00000000 

(Stentrophomonas sp.). The version (SRHZ01000000 and SRIA01000000) described in this 

paper is statistically validated by NCBI and available on NCBI website. 

 

3.3.5. Comparative Genomics 

The genome sequences of the two Au-tolerant isolates were compared with the genome 

of C. metallidurans CH34. In doing so, the genome sequence of C. metallidurans CH34 was 

obtained from the National Centre for Biotechnology Information (NCBI) genome sequence 

repository (https://www.ncbi.nlm.nih.gov/genome/). The genome-wide comparison and 

annotation of clusters of orthologous groups (COGs) between organisms were performed using 

the OrthoVenn2 (Xu et al. 2019). Additionally, MEGA 5.2 was used for comparative analysis 

of orthologous gene sequences to understand the extent of sequence homology. Note that this 

analysis was exclusively performed to target those genes responsible for heavy-metals 
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resistance, nutrient cycling (i.e., carbon/nitrogen metabolism in nutrient limiting condition), 

stress response, and biofilm formation. 

               

 3.4.  Results  
3.4.1.  Bacterial enrichments from gold particles 

Positive growth in the bacterial enrichment was observed by the progressive 

development of turbidity during incubation. Turbidity was first observed after 7 days and was 

attributed to bacterial cells, which was confirmed by using 10 mL-volume aliquots of the fluid 

phase and a light microscopy (data not shown). Turbidity did not occur in the abiotic controls.  

 

3.4.2. Selective enrichment and isolation of Au-tolerant bacteria  

Some bacteria, transferred from the primary enrichment, were able to grow in the 

presence of 10 µM AuCl3-. From this selective enrichment, 5 morphologically distinct colonies 

(D1 to 5) were isolated. Sequencing and phylogenetic reconstruction of 16S rRNA gene 

revealed that 4 out of 5  isolates, at the phylum level, belonged to Proteobacteria while 1  isolate 

belonged to Actinobacteria. The 5 isolates were identified as Serratia sp. (D1), 

Stenotrophomonas sp. (D2), Pseudomonas sp. (D3), Arthrobacter sp. (D4), and Enterobacter 

sp. (D5) (Fig. 3.2). Serratia sp. (D1) and Stenotrophomonas sp. (D2) were the most tolerant to 

soluble Au as they were able to grow in the presence of 50 and 25 µM AuCl3, respectively. 

Comparatively, Pseudomonas sp. (D3), Arthrobacter sp. (D4), and Enterobacter sp. (D5) were 

the least tolerant to soluble Au as growth only occurred in the presence of 10 µM AuCl3. 

 

3.4.3. Serratia sp. and Stenotrophomonas sp.: growth patterns and Au-reduction capacity 
 
When grown in TMM, Serratia sp. and Stenotrophomonas sp. reached a stationary 

growth phase (OD600 ≃ 0.6) within 48 hours of incubation at 25 ºC and demonstrated a 

‘normal’ growth pattern. When Serratia sp. and Stenotrophomonas sp. were grown in the 

presence of soluble Au, lag-phases were prolonged, and the stationary growth phase began 

between 100 and 120 hours of incubation (Fig. 3.3).  

The reduction of soluble Au by Serratia sp. and Stenotrophomonas sp. was rapid; 

almost 50% of soluble was reduced within 30 minutes by both isolates. After 4 hours of 

exposure, both isolates reduced ≥89% of AuCl3 and appeared to reach a maximum reduction 

capacity as the amount of Au in solution remained relatively similar after 8 and 16 hours (Fig. 
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3.4A). Note that Au concentrations in the abiotic controls did not change. Both Serratia sp. 

and Stenotrophomonas sp. reduced soluble Au as pure gold nanoparticles (euhedral crystals or 

octahedral platelets) that were less than 100 nm in size (Fig. 3.4B-D). While some gold 

nanoparticles occurred on the extracellular surface, TEM analysis demonstrated that some gold 

nanoparticles also occurred intracellularly (Fig. 3.4E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Neighbour-joining 16S rRNA tree showing the phylogenetic positions of the gold-
tolerant bacteria that were isolated from the selective enrichment. Numbers at branching 
points indicate bootstrap values determined from 1000 iterations. 
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genomic islands (GIs) and the transposable elements. Using islandviewer4.0 tool, 6 GIs 

were detected in Serratia sp. D1 and 9 in Stenotrophomonas sp. D2. See Table 3.1, NCBI 

Accession PRJNA529743 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA529743) for 

further details regarding genome statistics for each isolate. 
 

Table 3.1. Comparison of general genome features of the Serratia sp. (D1) and Stenotrophomonas 
(D2) with   the genome of C. metallidurans CH34 

 

 

 

 

 

 

 

 

 
      *MP = Mega Plasmid 

 
 

The genome-wide comparison of Serratia sp., Stenotrophomonas sp., and C. 

metallidurans CH34 demonstrated that Stenotrophomonas sp. and C. metallidurans CH34 

shared 1511 orthologous gene clusters, whereas Serratia sp. and C. metallidurans CH34 

shared 1675 gene clusters. Both Au-tolerant isolates, shared 1470 orthologous genes 

clusters. Interestingly, 1121 orthologous genes clusters were shared by all three isolates (Fig. 

3.5A). These genes were involved in functioning with hydrolase, transporter, molecular 

function, oxidoreductase, transferase, cofactor binding, nucleotide binding, peptidase, etc 

activities (Fig. 3.5B). 

 
3.4.5. Genes: Heavy-metal resistance, stress tolerance, nutrient cycling & biofilm 

formation 

A total of 47 genes related to heavy-metal resistance (22), stress tolerance (10), nutrient 

cycling (9), or biofilm formation (6) were identified from Serratia sp. and Stenotrophomonas 

sp. Both isolates contained various genes clusters as well as distinct genes that covered a broad 

range of heavy metals (Cu, Pb, Co, Zn, Cd, As, and Cr) resistance (Table 2). The orthologous 

clusters of copper-resistant genes of Stenotrophomas sp. (copB, copD, cueO) and Serratia sp. 

Genome Properties Serratia sp. (D1) Stenotrophomonas sp. 
(D2) 

C. metallidurans CH34 
CHR1 CHR2 

(MP*) 
Genome Size (Mb) 5.2 4.6 3.93 2.58 
G + C ratio (mol %) 54.9 66.04 63.8 63.6 
Total Genes 4914 4293 3652 2314 
Protein Coding Genes 4771 4176 3522 2256 
tRNA 75 63 55 8 
rRNA Genes  3  4  6 6 
Genomic Island 6 9 11 0 
Transposable Elements  12 14 8 7 
Plasmid 0 0       2  
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formation were distinct to each isolate. See Table. 3.3 for the full list and descriptions of the 

stress tolerance, nutrient cycling, and biofilm formation genes detected in two isolates. 

 

Table 3.2. The detection of heavy-metal resistance genes in Serratia sp. (D1), Stenotrophomonas 
sp. (D2), and C. metallidurans CH34. 
 
 

+ Detection 
- No detection 
*Significant sequence homology 

 

 

 

 

 

 

 

 

 

 

Heavy-metal Gene Protein Name Biological Function D1 D2 CH34 

 
 
 
 
 
 

Copper (Cu) 
 

copA Cu-translocating P-type ATPase Detoxification of Cu ion + + + 

copB Cu resistance protein B Cellular Cu ion homeostasis - +* +* 

copC Periplasmic Cu-binding protein Cu ion transport + +* +* 

copD Cu-resistance membrane protein Cu detoxification via transport + +* +* 

copZ Cu chaperone Cu(I)-binding and delivery to CopA - + + 

copL Cu-binding lipoprotein (Regulator) Cu hyper resistance - + + 

cueO Multicopper oxidase Cu detoxification via Cu(I) oxidation                        + + + 

cupC Cytoplasmic Cu metallochaperone Cupo-protein maturation - + + 

cusA Cu/Ag Efflux RND Transporter Resistance to Cu and Ag +* - +* 

cusB Membrane fusion protein Resistance to Cu and Ag +* - +* 

cusC Outer membrane efflux protein Resistance to Cu and Ag +* - +* 

cusF Periplasmic Cu-binding protein Resistance to Cu and Ag +* - +* 

 
Cobalt (Co) 
Zinc (Zn) 

Cadmium (Cd) 

zntA Zn/Cd/Co transporting ATPase Heavy-metal resistance +* - +* 

czcA Metal cation efflux:  RND 
Transporter 

Heavy-metal resistance - +* +* 

czcB Metal cation efflux: membrane 
fusion protein 

Heavy-metal resistance - +* +* 

czcC Outer membrane efflux protein Heavy-metal resistance - +* +* 

 
Arsenic (As) 

arsB Arsenical pump membrane protein As resistance via As (III) efflux  - +* +* 

arsC Glutaredoxin-dependent arsenate 
reductase 

As resistance via As(V) reduction +* +* + 

arsC1 Arsenate reductase As resistance via As(V) reduction - + + 

Chromium (Cr) chrA1, 
A2 

Chromate transport protein Reduces chromate accumulation via 
transport 

- + + 
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Table 33. The detection of stress response, nutrient cycling, and biofilm formation genes in Serratia 
sp. (D1), Stenotrophomonas sp. (D2), and C. metallidurans CH34. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    + Detection 
                      - No detection 
                                   *Significant sequence homology 

 

 

 

 

 

Trait Gene Protein Name Biological Function D1 D2 CH34 
 
 
 
 
 
 

 
Stress  

Response 

gpx Glutathione peroxidase Detoxification via free-radical 
neutralisation (H2O2 related) 

+* +* +* 

gstA Glutathione transferase Detoxification via free-radical 
neutralisation (H2O2 related) 

+* +* +* 

sodB Superoxide dismutase Removal of superoxide radicals +* +* +* 
ohr Organic hydroperoxide 

resistance 
Neutralisation of oxidative stress +* +* +* 

yggX Fe(II)-trafficking protein Cellular response to oxidative stress + + + 
gsiB

C 
Glutathione ABC 
transporter 

Oxidative stress neutralization due to 
heavy metal stress 

+ - - 

pspG Envelope stress response 
protein 

Reducing oxidative stress on cell 
membrane 

+ - - 

grx Monothiol glutaredoxine  Protect against oxidative stress and 
maintain redox homeostasis 

+ + + 

glsB Stress responsive membrane Reducing oxidative stress on cell 
membrane 

+ - - 

 
 
 
 
 

Nutrient 
Cycling 

 

csrA C storage regulation Regulates carbohydrate metabolism under 
nutrient limiting condition 

+* +* - 

cstA C starvation Peptide uptake in response to starvation +* +* +* 
narK Nitrate/nitrite transporter  Nitrate assimilation +* +* +* 
ntrB

C 
N regulation N fixation + - + 

ntrY N assimilation regulation N fixation - + + 
nac N assimilation regulation Regulates nitrogen metabolism in nitrogen 

limiting condition 
- + - 

azoR FMN-dependent NADH-
azoreductase 

Xenobiotic degradation via 
biotransformation 

+ + - 

- Aromatic ring-
hydroxylating dioxygenase 

Xenobiotic degradation + + - 

 
Biofilm 

Formation 
 

hmpS Biofilm formation regulator Intercellular signal transduction + - - 
bsmA Biofilm peroxide resistance 

protein 
Acid and peroxide neutralisation + - - 

pgaA
BCD 

poly-beta-1,6-N-acetyl-D-
glucosamine 

Biofilm matrix structural stability - + - 
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            3.5. Discussion 
3.5.1. Au-tolerant bacteria identification and gold mineralisation  

Gold particles, including those from Donnybrook (Fig. 3.1), often contain pure gold 

nanoparticles or overgrowth depending on the degree of (bio)transformation (Groen et al., 

1990; Rea et al., 2019; Sanyal et al., 2019a; Youngson and Craw, 1993). Nanoparticles form 

when gold-silver alloy is dissolved from a particle and soluble Au is reduced by an (in)organic 

substance (Shuster et al., 2017). In this present study, the selective enrichment of Au-tolerant 

bacteria supports the notion that gold dissolved from particles could selects for Au-tolerant 

bacteria (Reith et al., 2009a; Sanyal et al., 2019a). Viable Proteobacteria (Shewanella sp. and 

Nitrobacter sp.) on placer gold particles were thought to contribute to particle 

biotransformation within the Saldaña River, Colombia (Shuster et al., 2015a). Additionally, it 

has been demonstrated that Stenotrophomonas sp. and Pseudomonas sp. are capable of 

reducing soluble Au as nanoparticles (Karthikeyan and Beveridge, 2002; Song et al., 2008); 

while EPS produced by Serratia sp. and Arthrobacter sp. can reduce heavy metals via passive 

biomineralisation (Shuhong et al., 2014; Srivastava and Thakur, 2012). Therefore, it is 

reasonable to suggest that Au-tolerant Proteobacteria (Serratia sp., Stenotrophomonas sp., 

Pseudomonas sp., Enterobacter sp.) and Actinobacteria (Arthrobacter sp.), isolated in this 

study (Fig. 3.2, 3.3), could contributed to particle biotransformation within the waste-rock 

piles at Donnybrook. Additionally, the formation of octahedral gold platelets by Serratia sp. 

and Stenotrophomonas sp. appeared morphological similar to those which were observed on 

particles (compare Fig. 3.4 and 3.1). Therefore, it is possible that some octahedral gold 

platelets on particles could have been bacterially formed. Furthermore, the isolation of 

Enterobacter sp. highlights the diversity of Au-tolerant microbes on particles as this enteric 

bacterium has also been detected in wallabies and kangaroos faeces (Gordon and FitzGibbon, 

1999; Hernández et al., 1998). It is important to remember that mining activity ceased over 80 

years ago, and the abandoned sites have been reclaimed by indigenous plants such as 

Eucalyptus sp. and Allocasuarina sp. and fauna (based on field observations). Therefore, this 

historic mining site is changing from an engineered environment to a natural environment. In 

doing so, enteric bacterium from animals could become incorporated into the microbial 

community of gold-bearing soils/sediments, thereby contributing to gold biogeochemical 

cycling. 
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3.5.2.  Heavy-metal resistance genes 

Gold particle dissolution likely occurs as punctuated “episodes” that reflect changes 

in seasonal to decadal rainfall patterns within a given environment (Shuster et al. 2017). In 

Donnybrook, particle dissolution likely occurred at a rate of 1.60 × 10-9 M Au per year 

within the waste-rock piles (Sanyal et al.,  2019). During particle dissolution, soluble Au 

could form organic or inorganic Au complexes (Shuster and Reith. 2018). If these soluble 

Au complexes are stable, sublethal concentrations could select for metal-tolerant bacteria 

residing on particles (Reith et al., 2009). Consequently, these metal-tolerant bacteria could 

contribute to Au biogeochemical cycling within microenvironments, i.e., polymorphic 

layers, thereby perpetuating the biotransformation of particles (Rea et al., 2018). In this 

study, the enrichment and isolation of Au-tolerant isolates from particles supports the 

notion that particle transformation selectively enriches heavy-metal resistant bacteria. The 

genome wide analysis and comparison of Serratia sp. and Stenotrophomonas sp. with each 

other and with C. metallidurans provides insight into the genome structure, genes, and 

biochemical function of these bacteria (Fig. 3.5A, Table 3.1). The presence of 1121 shared 

orthologous genes clusters between Serratia sp., Stenotrophomonas sp., and C. 

metallidurans CH34 highlights the functional similarity of the genomes of heavy-metal 

resistant bacteria (Fig. 3.5A, B). More-importantly, the presence of various genomic 

islands and mobile genetic elements within the genome of Au-tolerant isolates highlights 

the possibility of lateral gene transfer between bacterial communities inhabiting Au 

particles. While further studies are required, laterally acquired genes could be essential for 

Au-tolerance in natural or engineered environments (Sanyal et al., 2020). 

In this study, the detected copper-resistance genes clusters, e.g., cop, cue, cus, 

detected in the genome of Au-tolerant isolates were similar to those of C. metallidurans 

CH34 (Fig. 3.6). Wiesemann et al. (2013) observed that the copABCD determinant on 

chromosome 2 of C. metallidurans CH34, which encodes periplasmic proteins involved in 

copper resistance, is necessary for the complete resistance against soluble Au. While this 

role primarily depends on the metabolic state of cells and Au/Cu concentration 

(Wiesemann et al., 2013), periplasmic copper oxidase (CueO) in association with CopA 

can inhibit the entry of soluble Au into the cytoplasm causing oxidative damage. Therefore, 

detoxification is achieved by reducing soluble Au as nanoparticles in the periplasmic space 

(Bütof et al., 2018). Serratia sp. and Stenotrophomonas sp. are generally considered to be 

more ubiquitous in soils/sediments and abundant on gold particles relative to Cupriavidus 
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sp. (Adegoke et al., 2017; Diels et al., 2009;  Martínez et al., 2018). Therefore, the detection 

of similar copper-resistant genes (copA, copCD, cueO) in Au-tolerant Serratia sp. and 

Stenotrophomonas sp. suggests that these microbes could also synergistically detoxify 

soluble Au and Cu, even though they are not considered to be “aurophillic” microbes. 

Additionally, the presence of copL and copB genes in Stenotrophomonas sp., which are 

known to provide hyper-tolerance to Cu complexes in some metal-resistant bacteria along 

with C. metallidurans CH34, reflects the potential of periodic elevation of copper levels in 

the environment over the last 100 years and its effect on biosphere (Staehlin et al., 2016; 

Rosario-Cruz et al., 2019). It is important to note that particles from Donnybrook were 

composed of 68.3 wt.% Au and 31.7 wt.% Ag (Sanyal, Shuster and Reith 2019a). 

Therefore, the presence of tripartite RND Cu/Ag efflux pump encoding genes, e.g., 

cusFCBA, in Serratia sp. highlights the possibility of Ag resistance in this isolate.  

Other heavy-metal genes have been detected from bacterial consortia in soils 

associated with mineralised systems (Reith et al., 2012a). In this present study, other heavy 

metal (arsenic, cadmium, chromium, cobalt, zinc, and other copper) resistance gene/s (znt, 

czc, ars, chr) were detected in the genome of Au-tolerant bacteria. (Table 3.2). It is 

important to note that these heavy metals were also detected in elevated concentration in 

the gold-bearing host sediment (Sanyal et al., 2019a). Stenotrophomonas sp. contains two 

variants (distinct copy) of cobalt, zinc, cadmium specific RND efflux pump genes, i.e., 

czcCBA homologous to C. metallidurans (Fig. 3.7). Although these heavy-metal resistant 

genes were distinct to their respective Au-tolerant isolates, they could have important roles 

in bacterial survival, especially in a mineralised system containing elevated concentrations 

of other heavy-metals. More importantly, the presence of diverse heavy-metal resistance 

genes indicate that different metal-resistance genes could be expressed within Au-tolerant 

bacteria, thereby providing a broad-spectrum of metal-tolerance as a strategy for survival 

during particle biotransformation. Previous studies have primarily relied on a culture-

independent approach to infer putative bacterial functions and their possible contribution 

to particle biotransformation (Rea et al., 2018; Rea, Zammit and Reith, 2016; Reith et al., 

2018). This present study provides genomic evidence of heavy-metal resistance from Au-

tolerant bacteria isolated from gold particles.  
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3.5.3. General-stress response, nutrient cycling, and biofilm formation genes 

Although general-stress genes are often non-specific, they can be categorised as 

responses to environmental, oxidative, or metabolic stress (Marles-Wright and Lewis 2007). 

Interestingly, the majority of stress response genes detected from both Au-tolerant isolates 

code for oxidative stress mediating proteins (Table 3.3). These proteins are known to repair 

cellular damage caused by heavy metals, provide antioxidative defence, and metal 

homeostasis (Cabiscol et al., 2000). From both Au-tolerant isolates, oxidative-stress genes 

such as gpx, gstA,, sodB, ohr  were detected and are important for repairing cellular damage 

attributed to heavy metals (Hu et al., 2005). More importantly, these genes were also 

detected in the genome of C. metallidurans CH34. The glutathione ABC transporter genes 

(gsiBC) was detected in the genome of  Serratia sp.; the protein from this gene enables 

resistance against various heavy metals such as uranium, chromium, and cadmium (Yung et 

al., 2014). It is important to note that glutathione (GSH) can perform diverse functions 

including metal-ion chelation and protection against oxidative damage attributed to heavy-

metal stress (Jozefczak et al., 2012). Additionally, it has been proposed that the reducing 

conditions and the presence of several glutathione-bearing proteins could destabilise and 

reduce soluble Au as pure gold nanoparticles (Bütof et al., 2018).  

Since mining activity often involves stripping land of natural vegetation, i.e., disrupts 

natural environmental conditions, nutrient availability becomes an increasing important 

factor for successful reclamation (Salomons 1995; Stehouwer, Day and Macneal 2006; 

Tordoff et al., 2000). Despite bushland re-establishment at Donnybrook, the waste-rock piles 

contained low total carbon and nitrogen concentrations (0.12 and 0.01 wt%, respectively; 

Sanyal et al., 2019a), which were consistent with other historic mining sites in semi-arid 

regions of Australia (Holt 1997; Reith and McPhail 2007). Polymorphic layers on gold 

particles, could be considered “extreme” in the context of limited nutrient availability. 

Therefore, it would be advantageous for Au-tolerant bacteria residing on particles to have 

genetic determinants for survival in these nutrient-deficient and heavy metal-bearing 

microenvironments. In terms of survival under carbon- or nitrogen-limiting conditions, 

Serratia sp. and Stenotrophomonas sp. both contained carbon-storage regulator A gene 

(csrA) and a carbon-starvation gene (cstA) (Table 3.3). The former gene regulates central-

carbon flux during nutrient-limiting conditions (Webb et al., 2003) while the latter gene 

metabolises peptides as a nutrient scavenging mechanism (Dubey et al., 2003).  Additionally, 

both isolates contained nitrogen-regulation (ntr), nitrogen-assimilation (nac) genes and 



  
 
                                                                                             Chapter 3 
   

111 
 

xenobiotic compound metabolising genes (Table 3.3), which enables bacteria to utilise a 

wide range of alternative nutrient sources (Merrick and Edwards, 1995).  

The expression of broad heavy-metal resistant genes or oxidative-stress genes 

provides instant protection ensuring survival of individual bacterial cells (De Angelis and 

Gobbetti, 2004; Nies. 1999). Biofilm formation, however, could be considered a long-term 

survival strategy, especially for communities that are exposed to soluble metals including 

Au since intracellular material from lysed cells can act as reductants for soluble metals 

(Harrison et al., 2007). A biofilm’s matrix contains polysaccharides, which have been 

reported to bind heavy metal cations (Teitzel and Parsek, 2003). With the oxidation of EPS 

material or cells at the biofilm-fluid interface, soluble Au ‘strips’ electrons allowing cells 

deeper within the biofilms to be protected from the toxic effect of soluble Au, thereby 

enabling survival (Karthikeyan and Beveridge 2002; Shuster et al., 2015b). In this study, 

Serratia sp. contained lipo-protein gene (bsmA) and biofilm formation regulator gene 

(hmsP); while, Stenotrophomonas sp. contained poly-β-1,6-N-acetyl-d-glucosamine export 

protein gene cluster (pgaABCD). Expression of these genes could help the respective 

bacteria to form and regulate biofilm development and provide biofilm structural integrity 

(Wang  et al., 2004).  

 

3.5.4 Outlook on gene expression  

Given the importance of heavy-metal genes as well as other genes (general-stress 

response, nutrient-cycling, biofilm formation) as survival mechanisms during particle 

biotransformation, it is worth considering the possible timing of gene expression (Fig. 3.8). 

From this study, Serratia sp. and Stenotrophomonas sp. represent two Au-tolerant bacteria 

from a dominant phylum (Gamma-Proteobacteria) that reside on gold particles and could 

contribute to particle biotransformation.  



! !
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$%&'(Z(
(( (

GG)(
!

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

X1(104"?(%"&(%,9,3-(/5(-&3&(&H$'&11,/3(,1(,9$/'%#3%?(&1$&4,#::A(1,34&(I9,4'/M&38,'/39&3%#:(

4/3;,%,/31( #'&( ;A3#9,4( #3;( %"&( $034%0#%&;( &$,1/;&1( /5( -/:;( ;,11/:0%,/3( D,%"( 10E1&20&3%(

$'&4,$,%#%,/3?(,B&B?(4A4:,3-?(:,V&:A('&5:&4%1(8#',#%,/31(,3(1&#1/3#:(/'(;&4#;&($'&4,$,%#%,/3(IP#3A#:(

&%(#:B?()@G<#_(P"01%&'(&%(#:B?()@G=MB(+&34&?(D#%&'(,1(3&4&11#'A(3/%(/3:A(5/'(-/:;./H,;#%,/3e.

'&;04%,/3( '&#4%,/31(E0%( #:1/( %/( 10$$/'%(9,4'/E,#:( :,5&B( Q3;&&;?( 5#4%/'1( 104"(#1( %&9$&'#%0'&?(

%&'()*+?-B+$$!<$.,"#*&%+,$-+&9/&*$/#7/#.#)%+)9$<1?%(2#/&)%$0&,%#/+&$()$9(2-$7&/%+,2#.$&)-$0&,%#/+&2$
7"8.+(2(98$&)-$9#)(*+,$,&7&,+%8$%($.1/3+3#$<1$0+(9#(,"#*+,&2$,8,2+)9;$



  
 
                                                                                             Chapter 3 
   

113 
 

salinity, and pH would also be influenced by rainfall and would thereby influence gold 

biogeochemical cycling (Shuster and Reith, 2018). When Au-tolerant bacteria are exposed to 

soluble Au during particle dissolution, it is possible that oxidative-stress genes could be 

expressed prior to the expression of heavy-metal resistance genes. This sequence of gene 

expression has been demonstrated using Acidithiobacillus ferrooxidans with an immediate 

exposure (pulse) to Cd2+ as well as a Cd-tolerant A. ferrooxidans cultured in the presence of 

soluble Cd (Ramos-Zúñiga et al., 2019). Therefore, it is possible that the contemporaneous 

expression of heavy-metal stress genes and oxidative-stress (attributed to heavy metals) genes 

could deal with the toxicity of soluble Au complexes. Furthermore, surface runoff into a river 

system can ‘wash in’ nutrients that are could support microbial growth within river sediment 

(Varol and Şen, 2012), including biofilm formation on gold particles. Increased biofilm 

development would produce low molecular weight organic acids that could dissolve gold (and 

presumably silver) from particles (Sanyal et al., 2019b). Under these conditions, cells would 

likely turn on gene expression to replace biomass “lost” to soluble Au reduction at the biofilm-

fluid interface. While biofilm formation could promote gold particle dissolution, an increased 

amount of biomass (cells and EPS) could also favour passive gold mineralisation, thereby 

contributing to the continuum of gold biogeochemical cycling on particle 

 

3.6. Conclusion  
 The present study provides an in-depth analysis of physiological and molecular 

responses of Au-tolerant bacteria (Serratia sp. and Stenotrophomonas sp.) that naturally occur 

on the surface of gold particles. The exposure of Serratia sp. or Stenotrophomonas sp. to 

soluble Au was a laboratory-model representing how these bacteria would respond to gold 

dissolution during the biotransformation of particles within the waste-rock piles at 

Donnybrook (Western Australia). From a physiological perspective, these microbes were 

tolerant to high soluble Au concentrations (25 or 50 µM Au), which are considered anomalous 

relative to concentrations detected in mineralised systems. The viability of these isolates under 

this heavy metal stressed conditions can be attributed, in part, to their ability to form gold 

nanoparticles either intracellularly or extracellularly, thereby reducing the toxicity of soluble 

Au. From a molecular perspective, these Au-tolerant isolates contained diverse heavy-metal 

resistance and stress tolerance genes similar to those of aurophilic C. metallidurans CH3. 

While the expression of these genes may have a role in particle biotransformation, their 

contributions to the genome of both isolates highlight the diversity of possible survival 
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mechanisms in microenvironment (polymorphic layers) where gold biogeochemical cycling 

would likely occur. From a broad microbial ecology perspective, this study provides definitive 

biomolecular evidence of how these particle-associated bacteria respond to changes within the 

microenvironments they inhabit; specifically, how these metal-resistant bacteria could survive 

during gold biogeochemical cycling. 
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Chapter 3A (Appendices to Chapter 3) 

How bacteria survive on gold particles: Proteomic insights using gold 
tolerant Serratia sp. 

3A.1. Abstract 
In gold-bearing soil/sediments a diverse group of bacteria, with a variety of biochemical 

functions, catalyse the biotransformation of gold particles. While earlier studies have used 

laboratory type-strains to explain how bacterial biochemical processes may contribute to this 

transformation process, cellular biochemistry of bacteria residing on gold particles has not 

been directly investigated.  In this study, Serratia proteamaculans was isolated from gold 

particles obtained from Donnybrook, Western Australia. The isolate was selected and its whole 

proteome response against soluble Au (III)-chloride was examined to ascertain bacterial 

cellular biochemistry, that could be influenced during biogeochemical dissolution of gold from 

particles.  In Au (III) treatment, a total of 371 proteins were identified, of which 245 proteins 

were either up regulated or uniquely expressed only in gold treatment. The majority of  

expressed proteins (52.0%) in Au (III) treatment were involved in cellular metabolism and 

biogenesis, followed by cellular process/control (24.0%) and nucleic acid regulations (16.0%). 

Several proteins related to cell wall/membrane biosynthesis, periplasmic chaperone action, 

oxidative stress mitigation were also either uniquely expressed or up-regulated. The 

expression/up-regulation of these proteins indicated that under Au (III) stress, bacteria might 

accelerate the biosynthesis of different sulfhydryl (-SH) containing proteins, arguably to 

replenish the oxidatively damaged ones due to Au toxicity. Several other proteins related to 

the metabolism of complex carbohydrates, amino acids and organic/inorganic substances were 

also up regulated. Results highlight that bacteria residing on gold particles are evolved with 

unique biochemical activities that help them to survive during biogeochemical dissolution of 

gold. Moreover, the overall bacterial biochemical responses for survival during 

biogeochemical transformation of gold perhaps ultimately lead to the biomineralisation of 

gold. In the context of gold-bacteria interaction, this study highlights a complex interplay 

between the gold particles inhabiting bacterial functional response, which could occur during 

biogeochemical transformation of gold. 

 

              Keywords: Gold; Serratia; Proteome; Biochemistry; Biogeochemistry 
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              3A.2. Introduction 
Gold particles are not highly reactive relative to other metals but under certain 

environmental conditions, e.g., low pH, weathering conditions, presence of organic/inorganic 

ligands, gold can be dissolved (Lindström et al., 1992; Reith et al., 2007; Shuster et al., 2015). 

Interestingly, the metabolic activity of bacteria residing on particles can either directly or 

indirectly influence the gold dissolution process (Sanyal et al., 2019). Like other heavy-metal 

cations (Ag+, Cd2+, Hg2+), soluble Au+/3+ complexes are cytotoxic and can cause cellular 

damage by stripping electron, i.e. oxidation, from molecules ultimately leading to reduced cell 

viability or death (Bütof et al., 2018; Li and Yu, 2014). Earlier biomolecular studies on 

bacteria-gold interactions demonstrated that metal-resistant bacteria can employ active or 

passive biochemical pathways (including efflux) to deal with the toxicity of soluble Au, 

thereby retaining viability under the oxidative stress of soluble Au (Johnston et al., 2013; 

Pontel et al., 2007; Zammit et al., 2016). These studies, however, involved proxy bacterial 

species such as strains from culture collections.   

Previous studies focusing on the bacterial contribution to gold biogeochemical cycling 

proposed that the microbiota of gold particles (or gold-mineralised soils/sediments) might 

experience metal stress (toxicity) due to the (bio)geochemical transformation of gold particles. 

Due to this selective pressure,  metal-resistant bacterial populations could be enriched over 

time thereby perpetuating the biogeochemical cycling of gold (Reith et al., 2012; Reith and 

McPhail, 2006). Sanyal et al. (2019) enriched a bacterial consortium from gold particles from 

an abandoned mining site in Donnybrook, Australia. This bacterial consortium was 

predominantly comprised of known metal-resistant bacteria and was tolerant to high 

concentrations of soluble Au (Sanyal et al., 2019). From that consortium, Serratia 

proteamaculans D2.2 was isolated, identified, and characterised. Specifically, this bacterium 

was tolerant to 50 µM of Au (III)-chloride and had the capacity to reduce soluble Au as gold 

nanoparticles (Sanyal et al., 2020). It is important note that the bacterium Serratia 

proteamaculans belongs to the bacterial phylum proteobacteria which comprises the majority 

of bacterial OTU (operational taxonomic units) detected on gold particles from around the 

world (Reith et al., 2019 and references there in). Serratia proteamaculans D2.2 is a 

representative Au-tolerant bacterium that naturally occurs on gold particles and was therefore, 

selected for proteomic analysis to understand the biochemical functions of bacteria living on 

gold particles and how they would “survive” on a particle undergoing biotransformation.  
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               3A.3. Materials and Methods 
               3A.3.1. Bacterial strain and treatments 

Pure cultures of Serratia proteamaculans D2.2 were grown on a solid Tris Minimal 

Medium (TMM) (2.0 wt.% agar) plates. A single colony was picked and sub-cultured in a 20 

mL-volume Falcon tube containing 10 mL of liquid TMM and placed in a 25°C shaking 

incubator for 10 hours. The culture was allowed to grow until it reached a mid-exponential 

growth phase (Optical Density: OD600nm = 0.3 ± 0.02). Cell morphology at this growth stage 

was characterised by transmission electron microscopy. Briefly, an aliquot of cells was fixed, 

dehydrated, embedded, and sectioned following the methods described by Shuster et al. (2019) 

for transmission electron microscopy (TEM) analysis. To upscale the bacterial enrichment for 

experimental purposes, 1 mL of culture (exponential phase) was transferred to a sterile 

Erlenmeyer flask containing 49 mL TMM and incubated in a 25°C shaking (120 rpm) 

incubator until the absorbance reached an early exponential phase (OD600nm = 0.18 ± 0.02). 

The upscaled bacterial enrichments were performed in sextuplicate. Once the upscaled 

enrichments reached an early exponential phase, Au (III)-chloride (AuCl3) was added to three 

flasks to a final concentration of 10 µM Au. Note that the bacterial and gold concentration are 

anomalous relative to concentrations measured in natural environments (Webster and Mann, 

1984; Benedetti and Boulëgue, 1991); however, these laboratory-based microcosm are 

extrapolations of a natural system so that molecular-level changes could be detected. The 

remaining flasks were used as triplicate controls. Both the microcosm experiment and the 

controls were incubated under the same conditions previously described and grown until the 

end of the exponential phase (OD600nm = 0.55 ± 0.02). After incubation, cell pellets from each  

experiment and  controls were collected by centrifugation (10,000 rpm for 10 min at 4ºC) and 

the supernatant was removed. The cell pellets were washed three times with phosphate-

buffered saline (PBS, pH = 7.2) and kept for further analyses. 

 

    3A.3.2. Protein extraction and digestion 

To lyse cells for protein extraction, washed cell pellets were separately resuspended in 

100 µL of 20% aqueous trichloroacetic acid and vortexed to evenly re-suspend the cells in the 

fluid. The cell suspensions were transferred to separate Bioruptor® sonication tubes 

(Diagenenode, Australia) and sonicated at high power for 10 min (Bioruptor®). After 

sonication, 100 µL of ultrapure water and 6 x volume (600 µL) cold 100% acetone was added 

to each sample (3 control and 3 experimental) and incubated in a -20 ºC freezer overnight. 
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After incubation, all samples were centrifuged (20,000 × g for 20 min at -9ºC) in a pre-cooled 

rotor. The supernatants were removed, and pellets were re-suspended in a 200 µL solution 

containing 1.0 % SDS, 50 mM Tris (pH = 8.0), and 50 mM dithiothreitol (DTT). The 

suspension was sonicated for 1 min and vortexed, followed by incubation at 56ºC for 30 

minutes (to aid the solubility). All samples were centrifuged (10,000 × g for 5 min) to remove 

insoluble debris and further processed using an in-solution filter-aided sample preparation 

(FASP) protocol with slight modifications (Wiśniewski et al., 2009). Briefly, the samples were 

re-solubilised in a solution containing 8 M urea, 1% SDS, 100 mM ammonium bicarbonate, 

and 1% protease inhibitor cocktail (Millipore Sigma) and incubated with 1 M DTT at 30°C for 

1 hour, followed by centrifugation (13,000 × g for 5 min). Protein concentration was measured 

using the EZQ™ Protein Quantitation Kit (ThermoFisher, Scientific, Aus). 

Approximately 100 µg of each samples was alkylated with 55 mM iodoacetamide 

(IAA) in a Vivacon 500 spin column (30 kD molecular weight cut-off) for 20 min in dark. 5 

µg of trypsin (sequencing grade, Promega) dissolved in 10 mM ammonium bicarbonate was 

added and incubated overnight at 37°C. Digested samples were then eluted through the spin 

filter, reduced to ca. 1 µL by vacuum centrifugation and then resuspended in 3% aqueous 

acetonitrile (ACN). The peptide concentration was measured on a NanoDrop™ 2000/2000c 

Spectrophotometer (Thermo Fisher Scientific) at 205 nm wavelength. Samples were then 

acidified using trifluoroacetic acid to a final concentration of 0.1% (v/v). 

 

              3A.3.3.  LC-MS/MS Data acquisition 

Digested samples were analysed using an Ultimate 3000 nano-flow system (Thermo 

Fisher Scientific) coupled to a LTQ XL Orbitrap ETD mass spectrometer (Thermo Fisher 

Scientific). For each sample 1 µg of total protein was pre-concentrated onto a C18 trapping 

column (Acclaim PepMap100 C18 75 μm × 20 mm, Thermo-Fisher Scientific) for 10 min at a 

flow rate of 5 μL/min, using a buffer containing 2% ACN (v/v) in 0.1% formic acid (v/v). 

Peptides were then separated at a flow rate of 300 nL/min by using a 15 cm long C18 separation 

column (Acclaim PepMap100 C18 75 μm × 15 cm, Thermo-Fisher Scientific) with a 65 min 

linear gradient of 5% – 45% buffer B, followed by a 5 min wash with 90% buffer B, and a 15 

min equilibration with 5% buffer B [buffer A: 2% ACN (v/v) in 0.1% formic acid (v/v), buffer 

B: 80% ACN (v/v) in 0.1% formic acid (v/v)]. Liquid chromatography and mass spectrometry 

data acquisition were controlled by Xcalibur version 2.1 (Thermo Fisher Scientific). The LTQ-

Orbitrap instrument was operated in the positive ion mode with normalised collision energy 
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set to 35%. All MS and MS/MS spectra were acquired in  data-dependent mode with mass 

range of m/z 300 to 2000 at a resolution of 60000 in the FT mode. The 10 most intense 

precursor ions were selected for MS/MS scan by collision-induced dissociation (CID) using a 

dynamic exclusion of 5 seconds, a minimum relative signal intensity of 1000, and ≥2 positive 

charge state. All samples were analysed in technical triplicate. 

 

  3A.3.4. Data analysis 

 MS spectra were analysed and subjected to label-free quantification (LFQ) using 

MaxQuant software (version 1.5.2.8) with the Andromeda search engine against database 

(https://www.ncbi.nlm.nih.gov/nuccore/SRIA00000000). Search parameters used were as 

follows; maximum number of missed-cleavages for trypsin set  as two per peptide; 

carbamidomethylation of cysteine was set as a fixed modification, while methionine oxidation 

was considered as a variable modification. LFQ was activated with a minimum ratio count of 

2 and allowed a match between runs as well as unidentified features. The standard Orbitrap 

setting was used with the mass tolerances for MS and MS/MS set at 20 ppm and 0.5 Da 

respectively. Only proteins which were identified with more than 2 peptides and a minimum 

length of 7 amino acids were includedfor further analysis.  

 

3A.4.  Results and Discussion 
          3A.4.1. S. Proteamaculans’s morphology, growth and proteome under Au stress 

 TEM micrographs of ultrathin sections revealed that S. proteamaculans D2.2 cells were 

short rods (coccobacilli shape) with an average diameter of ca. 0.5 μm and length of ca. 1.5 

μm with a thin peptidoglycan layer and cell envelope. Some cells appeared elongated in shape 

which could  represent a cell during division or tangential cross-section through an irregular-

shaped cell (Fig. 3A.1). The growth pattern of S. proteamaculans D2.2 changed upon addition 

of 10 µM Au. Approximately 7 hours of lag-phase (with no change in growth) was observed 

in the microcosm, indicating the toxicity of soluble gold (Fig. 3A.2). 
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exhibited up-regulation when gold (III) chloride was added as a treatment or any “unique” 

proteins expressed only in gold treatment.  

 

 

 

 

 

 

 

Approximately 66% of these proteins (245 up-regulated proteins) matched these 

qualifications. These up-regulated proteins were involved in a range of biosynthetic and 

metabolic activities, process and signalling as well as molecular information processing (Table 

3A.1). Approximately 52% of these proteins were related to cellular metabolism and 

biogenesis, 24% of proteins were involved in cellular process control, and 16% were involved 

in nucleic acid regulations.  

 

3A.4 2. Metabolism under gold stress 

In this study, 52% of expressed proteins were involved in cellular metabolism, of which 

56% were involved in cellular biosynthesis, i.e. 22% amino acid synthesis, 5% lipid synthesis, 

Table 3A.1 The functional categories, sub-categories, and numbers of proteins changing their 
synthesis levels in Serratia proteamaculans D2.2. grown in presence of Au (III) chloride. 

Functional Category Proteome in Au (III) Treatment 
 Number 

of 
Proteins 

Up 
Regulated 

Down 
Regulated 

Percent 

Metabolism and Biogenesis 194 127 67 52.3 
Amino acids biosynthesis 43 27 16  
Nucleotide biosynthesis 17 12 5  
Carbohydrate metabolism 23 11 12  
Energy production (TCA cycle) 15 12 3  
Lipid biosynthesis 11 8 3  
Organic substances and In-organic ion 
transport 

46 28 18  

Other (Extracellular secretion, co-factors, 
other enzymes) 

39 29 10  

     
Cellular processes and signalling 89 63 26 24.0 

Cell wall/membrane/pili/secretion 35 29 6  
Chaperone, protein modification 15 6 9  
Cellular stress response/defence 29 22 7  
Cell cycle control, cell division 10 6 4  

     
Information storage and processing 60 40 20 16.2 

Translation 36 20 16  
            Transcription 13 11 2  

DNA replication and damage repair 11 9 2  
     
Poorly characterised 28   7.5 

Function unknown 28 15 13  
     
TOTAL 371 245 126 100 
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9% nucleotides, 20% other intra-/extra-cellular proteins or enzymes. Furthermore, 34% of 

expressed proteins were associated with either carbohydrate/energy metabolism or transport. 

The greater abundance of metabolic proteins indicates an increase in cellular metabolic rate 

under Au stress (Table 1). More importantly, the up-regulation of some proteins associated 

with glycolytic pathways such as 6-phosphofructokinase (12.96-fold), D-lactate 

dehydrogenase (7.07-fold), fructose-bisphosphate aldolase (4.88 -fold) further strengthens this 

argument (Table 2). It is important to note that soluble Au has a greater chemical affinity for 

thiol groups in biomolecules (Wiesemann et al., 2017). The binding of soluble Au with 

sulfhydryl groups (-SH) can lead to the irreversible inactivation of proteins/enzymes 

constituting the cellular biomolecules (Ortego et al., 2014). Up-regulation of several transport 

proteins, e.g., L-cysteine and glutathione ABC transporter (20.03 and 2.1 fold), arylsulfatse 

(5.9 fold), periplasmic sulfate binding protein (22.85 fold), therefore suggests that S. 

proteamaculans D2.2 cells could have been adjusting to the oxidative stress by increasing 

biosynthesis of thiol-containing proteins to replenish damaged ones. 

 

        3A.4.3. Bacterial cellular interaction with soluble Au 

Sorption of heavy metals by bacteria mainly occurs due to the electrostatic interaction 

between the bacterial cell components e.g., cell wall/membrane biomolecules, and metal 

cations (Pal et al., 2017). Similarly, when bacterial cells interact with soluble Au, proteins in 

the cell wall/membrane may be the most susceptible to oxidative damage as these are the first 

barrier, i.e. outer-most layer of a cell.  
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Functional 
Categories 

Protein 
IDs 

Protein name Biological function  Mol. 
weight  

Sequence 
length 

Score Fold 
change 

 
 
 
 
 
 
 
 
 
 
 
Metabolism 
And  
Biogenesis 

4849 6-phosphofructokinase Carbohydrate metabolism 35.067 320 191.54 12.96 

4038 Fructose-bisphosphate aldolase class II Carbohydrate metabolism 39.142 359 245.32 4.88 

1379 D-lactate dehydrogenase  Carbohydrate metabolism 63.378 568 39.458 7.07 

3319 Mannonate dehydratase Carbohydrate metabolism 44.727 396 258.88 43.5 

3484 Long-chain fatty acid transport protein Lipid metabolism 46.341 425 150.15 3.06 

394 Inorganic pyrophosphatase Phosphorus metabolism  19.575 176 43.133 4.59 

3646 Exopolyphosphatase Phosphorus metabolism 58.013 516 44.393 - 
4330 Arylsulfatase Sulfur metabolism 23.082 206 226.55 5.9 

4127 S-adenosylmethionine synthetase Metabolism, quorum sensing 41.923 384 323.31 5.94 

3242 5-methyltetrahydropteroyltriglutamate--
homocysteine methyltransferase 

Methionine biosynthesis 38.696 343 112.84 9.00 

710 2-isopropylmalate synthase AminoAcids biosynthesis 57.722 524 73.653 3.78 

1628 TP phosphoribosyltransferase AminoAcids biosynthesis 33.347 299 206.74 3.44 

495 Ornithine carbamoyltransferase AminoAcids biosynthesis 37.694 339 107.21 3.33 

4820 Argininosuccinate lyase AminoAcids biosynthesis 50.055 457 177.15 3.30 

851 2-keto-3-deoxy-D-arabino-heptulosonate-7-
phosphate synthase I alpha 

AminoAcids biosynthesis 38.998 357 323.31 6.74 

 
 
 
 
 
 
Transporters 
 
 
 
 
 

2680 Sulfate-binding protein Sbp Sulfate transport 36.794 331 59.627 22.85 

2996 L-cystine ABC transporter  Transport and stress response 28.993 266 202.65 20.03 

137 Dipeptide transport ATP-binding protein  Transport 36.726 329 35.082 6.69 

1951 Copper resistance protein CopC Transport (resistance to Cu2+) 13.591 127 24.495 4.84 

2595 Mg/Co/Ni transporter MgtE,  Transport (Mg, Co, Ni) 36.758 339 11.95 - 

1066 Inner-membrane proton/drug antiporter AcrB Multidrug efflux system  23.291 207 3.9753 - 

3692 Auto-transporter Transport 105.14 1011 76.392 2.8 

1555 Glutathione ABC transporter  Transport (periplasmic binding) 56.425 512 50.33 2.1 

Table 3A.2 Up-regulation of some identified proteins in Serratia proteamaculans D2.2 grown in presence of gold (III) chloride 
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Cell 
Wall/membrane 
Biogenesis 

3885 Undecaprenyl diphosphate synthase Cell wall biosynthesis 28.405 252 23.703 9.4 

3365 Outer membrane protein YfaZ Cell membrane component 57.722 524 73.653 3.78 

3620 Outer membrane beta-barrel assembly protein  Cell membrane component 33.347 299 206.74 3.44 

1837 Lipoprotein Cell membrane component  32.267 302 2.0887 - 

4375 Penicillin-binding protein activator LpoA 
 

Cell wall (peptidoglycan synthesis) 72.198 674 219.91 1.8 

1611 Phosphomannomutase Exopolysaccharide synthesis 50.664 457 105.66 - 

4407 Lipopolysaccharide export system protein LptC Cell membrane component 21.68 192 3.89 - 

504 Lipopolysaccharide export permease (LptG) 
 

Cell membrane LPS biosynthesis 40.05 364 3.90 - 

 
 
Stress Response 

1283 Cytochrome d ubiquinol oxidase subunit I  Stress response 58.12 522 323.31 9.08 

2225 Monothiol glutaredoxin GrxD  Oxidative stress neutralisation 13.149 115 109.88 4.44 

1562 S-(hydroxymethyl)glutathione dehydrogenase Oxidative stress neutralisation 39.882 375 2.2717 - 

951 Thiol:disulfide interchange protein dsbA precursor Oxidative damage repair 78.094 707 2.7037 - 

2680 Thiol peroxidase, Tpx-type Stress response (oxidative) 17.504 167 323.31 1.6 

Chaperones 3881 Periplasmic chaperone of outer membrane proteins Chaperone, protein folding 18.325 165 323.31 7.68 

748 Iron-sulfur cluster insertion protein ErpA  Chaperone, protein maturation  12.115 114 31.159 8.80 

 
 
DNA/RNA 
Regulation 
 

153 ATP-dependent RNA helicase RhlB RNA degradation 47.878 428 133.41 4.41 

2769 DNA Binding protein H-NS Transcription regulation 15.406 135 88.509 23.71 

2680 Leucine-responsive regulatory protein Transcription regulation 18.881 164 50.65 32.42 

3319 Mannonate dehydratase Cellular response to DNA damage 
stimulus,  

44.727 396 258.88 43.52 

815 Carbon storage regulator Stress response 6.8529 61 10.62 1.3 
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In this study, 24% of proteins expressed under soluble Au stress were related to cellular 

processes and signalling, of which ca. 90% of these proteins were either components of the 

cell wall/membrane or associated with the cellular stress response. Interestingly, the majority 

(71%) of these proteins were upregulated. Earlier studies also demonstrated that bacteria under 

heavy-metal stress can up-regulate the expression of its cell wall/membrane biosynthetic 

proteins for maintaining its structural rigidity (Gang et al., 2019; Ramos-Zúñiga et al., 2019). 

In this present study, various membrane-associated proteins also demonstrated a similar trend. 

For example, expression of proteins related to glycosyl carrier lipids, i.e., Undecaprenyl 

diphosphate synthase (UppS) expression was up-regulated by ca. 9-fold (Table. 3A.2). This 

protein is reported to play an important role in the biosynthesis of cell wall components such 

as peptidoglycan and lipopolysaccharide (Teng and Liang, 2012). Additionally, proteins 

associated with cell membrane lipopolysaccharide transports, e.g., LptC and LptG and O-

antigen export system, were expressed in observable quantities only under Au stress. Note that 

the genome of Serratia proteamaculans D2.2 contains all the Lpt protein encoding genes 

(lptABCDEF), which act as a LPS transport system when combined (Okuda et al., 2016). The 

expression of exopolysaccharide, e.g., capsular polysaccharide producing bi-functional protein 

phosphomannomutase/phosphoglucomutase, was also detected in Au amended microcosm 

experiment. Previous studies demonstrated that the biosynthesis of exopolysaccharides do 

not only provide cell wall/capsule structural integrity but also promote biofilm formation 

(Sutherland, 2001).  Interestingly,  biofilm exudates are commonly observed on the surface 

gold particles and biofilm constituents can also effectively reduce soluble Au (Reith et al., 

2019). 

 

              3A.4.4. Bacterial response towards Au-induced oxidative stress  

 Like other heavy-metals cations, the presence of soluble Au creates an oxidative 

environment; however, the extent of its cytotoxicity on bacteria depends on the solubility and 

concentration of gold, i.e., a lethal or sub-lethal concentration (Zammit et al., 2016). When 

bacteria interact with soluble Au, neutralisation of the reactive oxygen species (i.e. ROS) in 

the cell membrane/cytoplasm becomes essential for bacteria to remain viable. In this study, the 

expression of several proteins related to oxidative-stress neutralisation such as thiol peroxidase 

(Tpx), monothiol glutaredoxine (Grx) and glutathione ABC transporter (GsiB/CydC) was 

increased by 1.6-fold, 4.4-fold, and 2.1-fold, respectively (Table 3A.2). Note that Grx and 

GSH are small disulphide oxidoreductases that can catalyse the reduction of disulphide bridges 
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and rescue thiol groups of proteins from irreversible inactivation (Berndt et al., 2008).  

Additionally, the expression of the thiol:disulfide interchange protein DsbA and DsbC from 

Au amended cultures also suggests an oxidative damage re-pair scenario. Previous studies 

demonstrated that DsbA has the ability to rescue damaged proteins by interacting with 

incorrectly folded proteins (Gleiter and Bardwell, 2008; Maskos et al., 2003). Another inner 

membrane protein (ElaB) is known to play an important role in cellular oxidative-stress 

response by maintaining membrane integrity (Guo et al., 2017) and was also expressed when 

cells were exposed to soluble Au. Furthermore, up-regulation of periplasmic chaperone 

proteins such as i) outer membrane proteins chaperone (Skp) (7-fold) and ii) beta-fimbriae 

chaperone protein (8-fold) suggests possible damage-repair of periplasmic/outer membrane 

proteins.   

 

              3A.4.5. Bacterial active response against Au toxicity and gold biomineralisation 

 While heavy-metal resistant bacteria deploy cellular machineries to alleviate the 

oxidative effect of soluble Au, the active efflux of soluble Au complexes or reduction to 

nanoparticles in/outside the cellular environment can occur simultaneously. In this study, a 4-

fold up-regulation of periplasmic copper-binding protein CopC was observed. A study by Li 

and Yang (2014) found that CopC could act as metallothionein-like protein and possesses the 

ability to interact with Au3+ and Ag+ (Li and Yang, 2014). In addition, copper 

resistant/homeostasis proteins (Cop/Cus/Cup) were also previously reported to have a 

connection with Au resistance (Reith et al., 2019). In this study, several other transporters, 

including RND-type proteins, such as AcrB (structurally similar to CusA, heavy metal 

transporter), MgtE (Co, Ni, Mg) transporter, autotransporter, were also up-regulated (Table 
3A.2) (Kulathila et al., 2011).  The up-regulation of  glutathione-dependent ABC-type export 

systems (GsiB/CydC) observed in this present study is also consistent with previous studies 

and supports the notion that Au+ can be exported from cell the cytoplasm to the periplasm 

(Wiesemann et al., 2017).  
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occur during gold particle biotransformation. This study revealed that under soluble Au stress, 

bacteria can up-regulate the expression of different sulfur-containing proteins, chaperones 

proteins, oxidative stress neutralising proteins to deal with the toxicity and remain viable (Fig. 

3A.2). Additionally, cell wall/membrane integrity is strengthened by upregulating the 

expression of different structural/transport proteins and proteins involved in 

efflux/translocation of heavy metals. In the environment, these biochemical phenomena might 

help bacteria tolerate the toxicity of soluble Au and simultaneously allow the active/passive 

reduction of soluble Au to less toxic gold nanoparticles.  

 

3A.5. Conclusion 
The results of this study provide a mechanistic explanation of bacterial metabolism that 

could occur during gold particle biotransformation. Results indicate that soluble Au resistance 

involves a combination of different cellular/biochemical responses mainly involving thiol 

replenishment, antioxidant/ repair systems, efflux, and cellular structural integrity. The study 

also provides a foundation for further experimental investigation on bacterial Au resistance, 

which can be performed by targeting those highly upregulated or uniquely expressed proteins 

under soluble Au stress and their interaction networks.  
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Chapter 4 

Heavy-metal contamination affects gold biogeochemical cycling 

4.1. Abstract 

On Earth’s surface, gold particles are progressively transformed through various 

biochemical and geochemical processes. Previous studies have focused on gold 

biogeochemical cycling in environments that have little or no heavy-metal contamination 

derived from anthropogenic activity such as mining. This study aims to assess the influence of 

heavy-metal contamination on gold biogeochemical cycling by (i) assessing the structure and 

chemistry of gold particles to interpret the direct chemical effect of mercury on particle 

morphology and (ii) analysing the genome of bacteria residing on gold particles to identify 

possible mechanisms in which heavy metals could indirectly affect particle transformation and 

therefore gold biogeochemical cycling. Gold-bearing sediments from the De Kaap Valley 

(South Africa) containing varying amounts of different heavy metals likely derived from 

nearby mining activity were selected for this study. Mercury is unique among heavy metals 

because it can chemically interact with gold and directly alter gold particle morphology and 

surface textures; we found that mercury “erased” textural evidence indicative of 

biogeochemical gold particle transformation. In contrast, other heavy metals indirectly 

affected gold cycling by exerting a selective pressure on microbial communities on gold 

particles within contaminated sediments. We demonstrated this effect by showing that particles 

harbouring gold-tolerant bacteria with heavy-metal resistant genes contained three times more 

secondary gold relative to particles harbouring bacteria with less gold-tolerance. Arthrobacter 

sp. and Pseudomonas sp. are representative microbes that contribute to gold biotransformation 

and were isolated from South African particles enriched with secondary gold. Their respective 

genomes contained diverse heavy-metal resistant genes and they were resistant to high 

concentrations of soluble Au. Therefore, heavy-metal contamination within an environment 

can have a direct or indirect effect on the biogeochemical cycling of gold. 

  

Keywords: Gold cycling; Heavy-metal impact; Mercury; Metal-resistant bacteria; Gold 

Biogeochemistry; Gold particles 
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4.2. Introduction 

While gold is generally considered to be inert, in reality a (bio)geochemical cycle 

involving physical, geochemical, and microbial processes accelerates the dispersion of gold 

in natural and engineered environments by catalysing the transformation of gold particles, 

gold dissolution, gold transport, and gold precipitation (Reith et al., 2007; Southam et al., 

2009; Etschmann et al., 2016; Shuster and Reith, 2018; Bohu et al. 2019). Gold particles 

originating from the weathering of ‘primary’ ore deposits are widespread in sediments as a 

result of physical transport within fluvial systems. Some long-distance dispersion of gold, 

leading to the formation of secondary enrichments distal from its primary origin, is attributed 

to its mobility as either a soluble ionic (Au+ or Au3+) Au complex or as gold nanoparticles 

(Falconer and Craw, 2009; Hough et al., 2011; Reith et al., 2011). Over the past 15 years, a 

large body of work has highlighted the importance of biogeochemical processes occurring at 

the surface of gold particles in promoting both the oxidation and dissolution of gold and the 

formation of nanoparticles, a process  referred to as particle transformation (Craw, 1992; Reith 

et al., 2012). Hence, the morphology of placer gold particles reflects both mechanical 

reshaping via physical transport and physiochemical conditions of their surrounding 

microenvironment (Townley et al., 2003; Shuster et al., 2015a; 2017). Importantly, the surface 

textures include polymorphic layers, which are regions on the surface of placer particles that 

contain bacteria, extracellular polymeric substances, clay minerals, and high purity (>99%) 

secondary gold nanoparticles. These polymorphic layers are considered to be ‘hot spots’ for 

biogeochemical processes (Shuster and Reith, 2018). Microorganisms residing within 

polymorphic layers contribute to gold biogeochemical cycling, thereby influencing particle 

transformation (Reith et al., 2010; Shuster et al., 2015a). Biogeochemical gold dissolution 

involves two steps: the rate-limiting step of elemental gold (Au0) oxidation, followed by the 

stabilisation of the resulting cations (A1+ or Au3+) in solution by inorganic or organic 

complexing ligands (Korobushkina et al., 1983; Usher et al., 2009; Fairbrother et al., 2009). 

Bacteria could form multispecies biofilms on particles that differ in their ecology or function 

from communities from the surrounding sediment (Reith et al., 2019 and references there in). 

Biofilms are complex systems that can form microenvironments with conditions (e.g., 

decreased pH and available complexing ligands) that promote Au0 dissolution (Rea et al., 

2016; Sanyal et al., 2019a). Soluble Au1+,3+ is reduced via passive or active 

(bio)mineralisation, which completes the biogeochemical cycling of gold (Johnston et al., 

2013; Bütof et al., 2018). Passive gold biomineralisation occurs when bacterial cells or other 
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organic material act as a source of electrons which are ‘stripped’ away by soluble Au1+, 3+. In 

addition, chemolithotrophic bacteria can alter the geochemistry of the surrounding 

environments favouring the reduced forms of gold (Shuster et al., 2014; 2015b). For active 

gold biomineralisation, some bacteria associated with placer gold particles developed gold 

(non)specific biochemical mechanisms to deal with the toxicity of soluble gold (Pontel et al., 

2007; Johnston et al., 2013; Wiesemann et al., 2013). 

Recently, Sanyal et al. (2019a) highlighted the cycling of essential nutrient elements, 

e.g, carbon, nitrogen, and sulfur, by bacteria could be linked with gold biogeochemical cycling 

in natural or engineered environments. Additionally, the cycling of non-nutrient elements, 

e.g., silver, mercury, copper, manganese, and arsenic, could also be indirectly linked with gold 

biogeochemical cycling. For example, biogenic manganese oxides, e.g., birnessite, can 

catalyse the oxidation of Au0 to soluble Au1+, 3+ complexes under acidic weathering conditions 

(Ta et al., 2015), and the presence of copper can prime the synergic detoxification mechanisms 

of copper and gold in some bacterial strains (Wiesemann et al., 2017). Furthermore, it has 

been proposed that gold itself, solubilised from particles during transformation, acts as a 

selective pressure for the development of heavy-metal resistant bacteria occurring on gold 

particles (Sanyal et al., 2019b). This may be possible in relatively ‘pristine’ environments 

where gold particles are the main source of heavy metal within the host sediment. However, 

it is known that heavy metals can have an effect on the natural cycling of other elements 

(Hedges, 1992; Falkowski et al., 2008); yet how heavy-metal contamination influences gold 

biogeochemical cycling in environments impacted by anthropogenic activity is a question that 

remains to be addressed. 

We hypothesize that heavy-metal contamination within sediments will act as a selective 

pressure for bacteria residing on gold particles, thereby influencing natural gold 

biogeochemical cycling. Anthropogenic contamination of mercury provides an opportunity to 

test this hypothesis. Mercury and gold have a natural affinity, which has been used as a process 

for separating fine gold particles. This amalgamation process is often performed after a 

gravimetric pre-concentration step. In the final step, gold is recovered from the amalgam by 

distillation (Pfeiffer et al., 1993; Esdaile and Chalker, 2018). Veiga and Hinton (2002) 

reported that almost 50% of mercury vapours produced as a result of artisanal gold mining are 

dispersed in the air and subsequently deposited onto land and aquatic ecosystems, thereby 

altering microbial community structure. We selected the gold-mining region of the De Kaap 

Valley, South Africa, as a field site (Anhaeusser, 2012). Industrial-scale mining operations 

used mercury for the recovery of fine gold particles until the 1930s (Pfeiffer et al., 1993; 
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Esdaile and Chalker, 2018), when its industrial use was banned with increasing knowledge of 

its impact on the environment, i.e., its persistence in terrestrial/aquatic systems and its 

cytotoxic effect on (micro)organisms (Farrell et al., 1990; Skyllberg, 2010; Mahbub et al., 

2017). However, large-scale illegal gold mining uses mercury for recovering gold in the valley 

to this day, as confirmed in our 2016 visit. This study will i) characterise and assess gold 

particle morphology and surface textures, ii) correlate the particle morphology with bulk 

sediment geochemistry and with metal-resistance of the microbial communities residing on 

gold particles, and (iii) correlate metal-resistance with Au-tolerance from bacterial isolates 

that are known to contribute to gold particle transformation. 

 

4.3. Materials and Methods 
4.3.1. Geological setting and sample acquisition 

In the De Kaap Valley (Mpumalanga, South Africa), the Noordkaap and Suidkaap 

Rivers are tributaries that flow into the Kaap River; the confluence of these rivers is located 

ca. 12 km north east of Barberton (Fig. 4.1). The climate is semi-arid with rainfall ranges 

between 583 to 1243 mm per annum and an average annual temperature of 20.0 °C. The 

majority of rainfall occurs in the summer while the winter is often cool and dry (Middleton 

and Bailey, 2008). The De Kaap Valley hosts a number of important gold mines and is part of 

the Barberton Goldfields. Geologically, these Goldfields are located in one of the oldest (3.57 

to 3.2 Ga) fragments of continental crust, consisting of a volcanic-sedimentary sequence 

known as the Barberton Greenstone Belt that contains more than 300 documented gold 

occurrences (Heubeck, 2019; Nabhan et al., 2016; Tankard et al., 2012). Gold deposits formed 

from hydrothermal fluids over a wide range of temperatures (>500˚C or <300˚C) during the 

later end of the tectono-metamorphic history (mineralisation ages ranging from 3084 ±18 Ma 

to ca. 3015 Ma) (Argapadmi et al., 2018). The first recorded discovery of alluvial gold in the 

De Kaap Valley was in 1882, during the peak of the Barberton Goldfields gold rush 

(Anhaeusser, 2012). Underground mining is ongoing, with an approximate total of 350 tons 

gold produced up to 2011 (De Lacerda and Salomons, 2012). In the spring of 2016, samples 

were obtained from sites located along or within the Noordkaap River (NR; 25°38' S, 31°2' E), 
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Suidkaap (SR; 25°42'50.7"S, 31°03'32.2"E), and Kaap River (KR; 25°42' S, 31°10' E) (Fig. 

4.1). 

 

 

 

Approximately 50 g of sediment were recovered from each site and used for geochemical 

analyses. By sluicing and panning ca. 150 kg of sediment at each site, a total of 130 gold 

particles (NR 29, SR 60, KR 41) were recovered and used for structural, chemical, and 

molecular analysis. All samples were obtained using sterile equipment. See Figure 4.2 for an 

overview of the sampled materials and respective analysis used in this study. 

Figure 4.1 A map of South Africa and the three sampling sites located near or within the 
Noordkaap River (NR), Suidkaap River (SR), and Kaap Rivers (KR). 
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Figure 4.2 A flow chart highlighting the different types of sample materials and their 
characterisation using different techniques. 
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 4.3.2. Characterisation of gold-bearing sediments and gold particles 

Using a sterile mortar and pestle, sediment samples were separately pulverised into 

powders with particle sizes ≤5 µm. Aliquots (1 g) of powdered samples were dissolved in 

70%(aq) HNO3 and 37%(aq) HCl (1:3 ratio) at 95 °C for 2 hr. Once cool, the solutions were 

diluted with deionised water for a final 50 mL-volume and twice filtered. Final solutions were 

analysed for Na, Mg, Al, P, S, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Mo, Ag, Cd, Sn, Au, 

Hg, Pb, and U using an Agilent 7700 Inductively Coupled Plasma-Mass Spectrometer (ICP-

MS) calibrated with National Institute of Standards and Technology’s (NIST) standards. 

A total of 70 particles (9 NR, 41 SR, 20 KR) were prepared for high-resolution scanning 

electron microscopy analysis following the methods described by Shuster et al. (2019). Gold 

particle morphology and surface texture were characterised using either a FEI Quanta 450 

Scanning Electron Microscope (SEM) or a FEI Focused Ion Beam SEM operating at 5 or 

20 kV for Secondary Electron (SE) and Backscatter Electron (BSE) modes, respectively. Both 

microscopes were equipped with an Energy Dispersive Spectrometer (EDS) for micro-

chemical analysis. The long-axis and the perpendicular short-axis of each gold particle were 

measured using digital micrographs and the ImageJ software (https://imagej.nih.gov/ij), and a 

ratio of the longest-axis to the perpendicular short-axis was calculated for each particle. As 

such, an average and standard deviation of the axis ratios were calculated and used to define 

three categories of gold particle morphology: angular, nugget-like, or spherical. To semi-

quantify variations in particle surface roughness, i.e., texture, micrographs were converted to 

binary images and analysed using the ImageJ software. Black pixels represented rough 

textures, i.e., polymorphic layers or other crevices, whereas white pixels represented smooth 

textures. Three to five non-overlapping squares (50 µm × 50 µm) were superimposed at 

random on the binary images. Black and white pixels were counted within these squares and 

the ratios of these pixels was used as a semi-quantitative index for surface roughness. The 

average and standard deviation of these ratios were used to define three categories of surface 

roughness: high, medium, or low. These ratios were plotted for each particle. 

 

 4.3.3. Estimating the amount of secondary gold on particles 

Secondary gold is structural evidence of past biogeochemical processes that contributed 

to gold enrichment within localised microenvironment surrounding a particle. Therefore, 

secondary gold represents the amount of biogeochemical transformation a particle had been 

subjected to under near-surface conditions over a given period of time (Shuster et al., 2017). 
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The amount of secondary gold was estimated from 4 NR, 5 SR, and 6 KR particles. These 

particles were nugget-like in morphology with medium surface roughness and were most 

similar to the average morphology. The particles were embedded in resin and carefully 

polished to expose cross-sections for electron microprobe (EMP) analysis using a Cameca 

SXFive Microprobe equipped with five wavelength dispersive (WLD) X-ray detectors, 

PeakSite instrument control software, and Probe EMPATM data acquisition and processing 

software. Mapping of particle cross sections was conducted at 20 kV and 200 nA. The average 

sampling depth (187 nm) was calculated using the amount of collected x-rays generated from 

3 spots on a sample (60, 100 and 400 nm). The particles were analysed for the following 

elements (wt% detection limit): Au (0.24), Ag (0.09), and Hg (0.8). Pure gold foil (Astimex), 

synthetic silver telluride and cinnabar (P&H Developments Ltd.) were used for calibration. 

Average weight percent of gold, silver, and mercury were determined from the EMP maps. 

Since the mass of individual particles could not be accurately measured using a balance, 

20 representative particles from each site were weighted together to determine an average mass 

(NR 3.5 × 10-4 g, SR 3.2 × 10-4 g, and KR 4.5 × 10-4 g). The volume of each particle was 

estimated by using the average particle mass in accordance with the weight percent and 

densities of Au, Ag, and Hg. Each EMP map represents a ‘slice’ through a particle. Therefore, 

the number of pixels representing the particle were counted using ImageJ software and 

converted to an equivalent area, based on known pixel dimensions. Since the average sampling 

depth of the EMP analysis was 187 nm, the volume of each slice was calculated. This same 

approach was used for estimating the volume of secondary gold. A scaling factor (or 

multiplication factor) was used to account for the volume of secondary gold comprising a 

particle. This volume was subsequently converted to mass and moles. 

 

 4.3.4. Detection of bacterial communities directly from gold particles 

The phyla-level composition of bacterial communities residing on the surface of 

particles was determined from 12 particles from each site. At the time of sampling, the particles 

were washed twice with saline solution, placed in fresh saline solution, and then stored at -

20 ºC until analysis. The bacterial 16S rRNA gene (V1-V9 region) was directly amplified by 

Polymerase Chain Reaction (PCR) using universal primers 27F and 1492R; amplification was 

performed in a Thermal Cycler (Applied Biosystems Veriti™). High-throughput sequencing 

(HTS) was performed using the Illumina MiSEQ platform – TruSeq SBS v.3 targeting 

300 base pairs (bp) sequence (V1-V3 region) of the positive amplicons (Bissett et al., 2016); 
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see Sanyal et al. (2019b) for detailed methods for sequencing. Operational Taxonomic Units 

(OTUs) that represented ≥70% of total sequence reads were selected. Principal component 

analysis of these OTUs was performed using XLSTAT (XLSTAT version 2011.1.02, 

Addinsoft, Paris, France) to understand the distribution of bacteria on particles from NR, SR, 

and KR sites. 

 

 4.3.5. Bacterial community composition from primary and selective enrichments  

To obtain primary enrichments of bacteria residing on particles, 10 particles from each 

site were inoculated into separate Falcon tubes containing 20 mL of Tris Minimal Medium 

(TMM) and incubated for 7 days in a 25 °C shaking incubator. After incubation, an aliquot 

(5 mL) from the NR, SR, and KR primary enrichments were used to identify the bacterial 

community at the phyla level. Bacterial genomic DNA was extracted from the primary 

enrichments by using PureLink™ Microbiome DNA Purification Kit (Thermo Fisher 

Scientific, Australia). Extracted DNA were then subjected to HTS targeting the 16S rRNA 

gene using the Illumina MiSEQ platform (TruSeq SBS v.3). Sequencing data analysis was 

performed using the same method described by Sanyal et al. (2019b). 

To obtain gold-tolerant bacterial communities, aliquots (1 mL) from each primary 

enrichment was separately transferred to fresh TMM (49 mL) supplemented with 5 µM AuCl3. 

These NR, SR, and KR selective enrichments were incubated for 5 days at 25 ˚C in a rotary 

shaker. After incubation, an aliquot (5 mL) from each selective enrichment was used for 

bacterial genomic DNA extraction followed by HTS targeting the 16S rRNA gene. Sequencing 

and data analysis of the selective enrichments were performed in the same manner as the 

primary bacterial enrichment previously described. To assess any changes in bacterial 

community structure between the primary and selective enrichments, a SIMPER analysis 

(similarity percentage analysis) was performed using PRIMER software (PRIMER v7.0; 

(Clarke and Gorley, 2015). Taxonomic abundance data was subjected to square root 

transformation to compute a similarity matrix and the Bray–Curtis similarity coefficient was 

applied to the square root transformed taxonomic abundance data (Bray and Curtis, 1957; 

Clarke et al., 2014). A SIMPER routine was performed by considering bacterial phylum and 

abundance to evaluate the average percentage of similarity before and after the exposure to 

5 µM Au. 
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4.3.6. Bacterial isolates: identification, gold-tolerance, and genomic capabilities 

To obtain Au-tolerant bacterial isolates, the NR, SR, and KR selective enrichments were 

serially diluted using filter-sterilised, de-ionised water (10-5 terminal dilution). Each terminal 

dilution (100 µL) was plated separately onto solid (1.5%(w/v) agar) TMM. Plating was 

performed in duplicate and plates were placed in a 25 ˚C incubator for seven days. After 

incubation, individual bacterial colonies were observed. Fourteen morphologically distinct 

colonies (4 NR, 5 SR, 5 KR) that were most abundant were selected, sub-cultured, and purified 

using liquid TMM. To determine the likely identity of the isolates, genomic DAN was 

extracted using an ATPTM Genomic DNA Mini Kit. PCR was performed using the same 

universal primers targeting the bacterial 16S rRNA gene (see Section 2.4) followed by Sanger 

sequencing. Partial gene sequences were subjected to nucleotide BLAST analysis 

(hht://www.ncbi.nlm.nih.gov/) to identify the most homologous species. All sequences were 

deposited in the NCBI GenBank database under the accession number MN973920-33. 

Using a 96-well microtiter plate, the 14 isolates (4 NR, 5 SR, 5 KR) were exposed to 

different Au concentrations to determine their tolerance to soluble Au. Wells were filled with 

130 μL of sterile TMM or TMM supplemented with soluble AuCl3 (5, 10, 15, 20, 25, 50, or 

100 µM Au). A 20 µL aliquot of bacterial isolate with an optical density (OD590 nm) of 0.1 was 

inoculated into each of these wells and the plate was placed in a 25 ˚C incubator for 5 days. 

Abiotic controls (TMM and TMM with AuCl3) were performed in parallel; all experiments 

and controls were performed in triplicate. After incubation, the optical density from each well 

was measured; wells with OD590 nm ≥0.3 were considered to have positive growth. 

The two most Au-tolerant isolates from different bacterial phyla were selected for 

genome-wide analysis. The genome sequence of these two isolates was obtained using the 

HiSeq 2500 Sequencing System (Illumina, Inc). Arrays of bioinformatics tools were used for 

bioinformatic analyses of the raw sequences. The raw sequences were processed using 

AdapterRemoval v.2 software for removal of sequencing adapter and low-quality bases 

(Schubert et al., 2016). The filtered sequence read quality was examined using FastQC 

(Bioinformatics, 2011). The bacterial genome assembly pipeline Unicycler (Wick et al. 2017) 

was used to assemble the filtered sequence data. Unicycler contains the SPAdes and PILON 

software to assemble sequence reads, resolve single nucleotide polymorphisms (SNPS), 

insertion-deletion (indels) or local mis-assemblies (Walker et al., 2014). The polished contigs 

were rearranged by using Mauve to construct multiple genome alignments and to obtain 

ordered contigs (Darling et al., 2004). The rearrangement of the contigs was performed using 
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closest reference genomes available in the National Centre for Biotechnology Information 

(NCBI) Genbank: Pseudomonas sp. A214 (accession number LT707062.1) and Arthrobacter 

sp. PGP41 (accession number CP026514.1). The functional annotation of the genomes was 

carried out using Patric (https://www.patricbrc.org/; Wattam et al., 2013). This Whole Genome 

Shotgun (WGS) project was deposited in the NCBI GenBank under the accession codes 

VDEW01000000 and VDEV01000000. 

 

4.4. Results 
4.4.1 Geochemistry of gold-bearing sediments and gold particle structure and chemistry  

Sediment from NR contained 0.92 wt.% total carbon (TC), 0.02 wt.% total nitrogen 

(TN), and had a soil pH of 8.32. The SR and KR sediments contained 0.64 wt% TC, 0.05 wt% 

TN, pH 6.87; and 0.92 wt% TN, 0.02 wt% TN, pH 8.32, respectively. Based on ICP-MS 

analysis, the sediments from the NR, SR, and KR sites contained a variety of heavy metals. 

On average, the De Kaap Valley river system contained Cr (1.21 × 103 mg kg-1), Co (3.60 × 

101 mg kg-1), Cu (3.61 × 101 mg kg-1), Zn (4.86 × 101 mg kg-1), As (3.47 × 101 mg kg-1), Ag 

(5.00 × 10-2 mg kg-1), Cd (9.33 × 10-2 mg kg-1), Au (3.97 × 10-1 mg kg-1), and Hg (1.03 × 100 

mg kg-1). It is important to note that abundant millimetre-sized balls of mercury were observed 

during panning at the SR and KR sites. See Table 4.1 for details of physiochemical parameters 

and other elemental compositions from the sediments. 
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*The average of NR, SR, and KR sediments represents the river system within the De Kaap Valley 

Table 4.1 Physicochemical parameters and elemental composition of Noordkaap River (NR), 
Suidkaa River (SR), and Kaap River (KR) sediment from the De Kaap Valley, South Africa. 

Parameter or Element Detection 
Limit 

(mg kg-1) 

NR 
Sediment 

SR 
Sediment 

KR 
Sediment 

De Kaap 
Valley* 

pH  8.32 6.87 8.15 7.78  
Electrical Conductivity (dS 

m-1) 
 5.26 × 101 2.43 × 101 1.30 × 102 6.88 × 101   

Total Carbon (%)  9.20 × 10-1 6.40 × 10-1 7.80 × 10-1 7.80 × 10-1  
Total Nitrogen (%)  2.00 × 10-2 5.00× 10-2 6.00 × 10-2 4.33 × 10-2  

      
Na 5.0 × 101 1.05 × 102 2.13 × 102 1.76 × 102 1.65 × 102 
Mg 1.0 × 102 3.30 × 104 8.40 × 103 6.15 × 103 1.59 × 104 
Al 1.0 × 102 2.47 × 104 2.78 × 104 1.40 × 104  2.22 × 104 
P 4.0 × 101 <4.0 × 101 3.40 × 102 1.17 × 102 1.66 × 102 
S 4.0 × 101 <4.0 × 101 1.03 × 102 1.18 × 102 8.70 × 101 
K 1.0 × 102 5.06 × 102 3.43 × 103 2.19 × 103 2.04 × 103 
Ca 1.0 × 102 2.10 × 104 3.72 × 103 2.70 × 103 9.14 × 103 
V 1.0 × 10-1 1.16 × 102 6.12 × 101 4.80 × 101 7.51 × 101 
Cr 1.0 × 10-1 1.27 × 103 1.98 × 103 3.90 × 102 1.21 × 103 
Mn 5.0 × 101 3.97 × 102 9.58 × 102 1.43 × 102 4.99 × 102 
Fe 1.0 × 102 5.10 × 104 5.23 × 104 3.39 × 104 4.57 × 104 
Co 2.0 × 10-1 4.06 × 101 3.74 × 101 3.00 × 101 3.60 × 101 
Ni 2.0 × 10-1 6.00 × 102 1.22 × 102 1.83 × 102 3.02 × 102 
Cu 2.0 × 10-1 4.25 × 101 4.15 × 101 2.43 × 101 3.61 × 101 
Zn 2.0 × 10-1 2.86 × 101 7.29 × 101 4.42 × 101 4.86 × 101 
As 1.0 × 10-1 1.67 × 101 7.56 × 101 1.18 × 101 3.47 × 101 
Mo 2.0 × 10-1 <2.0 × 10-1 6.00 × 10-1 <2.0 × 10-1 3.33 × 10-1 
Ag 4.0 × 10-2 <4.0 × 10-2 7.00 × 10-2 <4.0 × 10-2 5.00 × 10-2 
Cd 1.0 × 10-1 1.00 × 10-1 1.00 × 10-1 8.00 × 10-2 9.33 × 10-2 
Sn 1.0 × 10-1 3.00 × 10-1 1.14 × 100 3.10 × 10-1       5.83 × 10-1 
Au 8.0 × 10-2 <8.0 × 10-2 6.30 × 10-1 4.80 × 10-1 3.97 × 10-1 
Hg 1.0 × 100 <1.0 × 100 1.03 × 100 1.06 × 100 1.03 × 100 
Pb 1.0 × 10-1 2.00 × 100 9.90 × 100 6.20 × 100 6.03 × 100 
U 1.0 × 10-1 8.00 × 10-1 6.00 × 10-1 3.40 ×10-1 5.80 ×10-1 
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Figure 4.3 A plot of particle morphology, i.e., long:short axis ratio, and surface texture, i.e., 
black:white pixel ratio. Dashed lines represent the standard deviation from the average 
morphology and surface texture (A). As a group, the gold particles display a variety of 
morphologies and surface textures: angular-transformed particle (B, scale bar is 200 µm), 
rounded-transformed particle (C, scale bar is 150 µm), rounded-transformed particle most similar 
to the Australian particles (D, scale bar is 250 µm), spherical-smooth particle (E, scale bar is 300 
µm). 
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Gold particles represent the fraction of Au0 that is recoverable by sluicing and panning 

sediment from the Noordkaap, Suidkaap, and Kaap River. As a population, these particles had 

long-axes ranging from 0.2 to 3.2 mm in length and perpendicular short-axes ranging from 0.1 

to 1.5 mm in length. In terms of morphology, the majority (64.3%) of particles had a nugget-

like shape whereas a lesser number of particles had an angular (17.1%) or spherical (18.6%) 

shape. Most of the particles contained medium (70.0%) surface roughness while a lesser 

number of particles contained low (18.6%) or high (11.4%) surface roughness (Fig. 4.3, 

Fig. 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Particle contained Au-Ag dissolution features which occur as either porous textures or 

bacteriomorphic structures. Pure gold occurred as coatings on the outer surface of particles as 

well as nanoparticles that occurred on clay minerals in close association with extracellular 

polymeric substances (EPS) or cells (Fig. 4.5). 

Figure 4.4   A Principal Component Analysis (PCA) biplot demonstrating the distribution of 
sampling sites based on the difference of gold particle morphology and surface roughness. 

1 μm

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-4 -3 -2 -1 0 1 2 3 4

PC
A

 C
oo

rd
in

at
es

 d
im

en
si

on
 F

2 
(1

3.
07

 %
)

PCA Coordinates dimension  F1 (86.20 %)

Biplot (axes F1 and F2: 99.27 %)

KR, SR, NR Site (Active variables)          

Gold particle morphology and texture (Observational variables)

Spherical morphology; Medium surface roughness

Nugget-like morphology; High surface roughness
Angular morphology; High surface roughness

Nugget-like morphology; Medium surface roughness

Angular morphology; Medium surface roughness

KR

SR

NR

Angular morphology; Low surface roughness
Nugget-like morphology; Low surface roughness



  
 
                                                                                             Chapter 4 
   

154 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Backscatter Electron (BSE) SEM micrograph of a representative gold particle from the NR 
site (A, inset). The surface of the particle was porous, a texture indicative of gold/silver dissolution processes 
(A, arrow). A BSE SEM micrograph of bacteriomorphic gold structures on the surface of another NR 
particle (B). The formation of these structures was also attributed to gold/silver dissolution. A BSE SEM 
micrograph showing pure gold nanoparticles that appear to be embedded within the clay minerals and 
organics (C). A representative EDS spectrum from the surface highlight on the previous micrograph (D). A 
Secondary Electron (SE) SEM micrograph of extracellular polymeric substances, i.e., remnants of biofilms, 
on the surface of an SR gold particle (E, arrow). A SE SEM micrograph of bacterial cells of different 
morphology attached to the surface of a gold particle from the NR region (F). 
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Figure 4.6.  A low-magnification BSE SEM micrograph of a mercury-affected gold particle from 
the KR region. Note the spherical morphology (A). A high-magnification BSE SEM micrograph 
of the smooth texture with cracks (B). A representative EDS spectrum of the surface illustrated in 
previous micrograph (C). 

 

Almost half (42.8%) of the KR particles were categorised as having spherical 

morphologies with low surface roughness. Interestingly, these particles had varying degrees of 
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cracked textures. Mercury was detected on the surface of these particles (compare Fig. 4.3 E 

and Fig. 4.6). Based on the EMP data, the KR and SR particles contained an average 88.7 wt.% 

Au, 8.1 wt.% Ag, 3.2 wt.% Hg and 86.7 wt.% Au, 10.6 wt.% Ag, 2.7 wt.% Hg, respectively. 

In comparison, NR particles contained and average 90.3 wt.% Au, 9.7 wt.% Ag; Hg was not 

detected. 

 

              4.4.2. Secondary gold on particles 

Pure (≥ 99%) secondary gold on particles represents the extent to which particles have 

been subjected to (bio)geochemical transformation. The amount of secondary gold on particles 

from the De Kaap Valley was estimated by analysing particle morphology in association with 

surface texture and chemistry. On average, the NR particles contained the least amount of 

secondary gold (1.03 × 10-7 moles Au) whereas the SR and KR particles contained a greater 

amount of secondary gold (2.94 × 10-7 and 3.51 × 10-7 moles Au, respectively). Therefore, the 

amount of secondary gold representing biogeochemical transformation of SR and KR particles 

were 2.9 and 3.4 times greater relative to the NR particles (Table 4.2). 

 

4.4.3. Composition of bacterial communities on particles 

Particles from the NR, SR, and KR sites were PCR positive and HTS produced high-

quality sequence reads. The taxonomic distribution of sequences demonstrated that a diverse 

range of bacteria resided on the surface of gold particles at some point when the particles were 

in-situ (Fig. 4.7A). Bacterial communities on NR gold particles contained Proteobacteria 

(54.3%), Firmicutes (20.3%), and Bacteroidetes (18.4%). Detected genera included 

Acinetobacter sp. (OTU 2), Acidovorax sp. (OTU 48), Sphingopyxis sp. (OTU 79), Xylophilus 

sp. (OTU 107), Staphylococcus sp. (OTU 31), and Flavobacterium sp. (OTU 5). On SR 

particles, bacterial communities contained Proteobacteria (62.5%) and Bacteroidetes (24.2%). 

Detected genera included Massilia sp. (OTU 14), Pseudomonas sp. (OTU 41), Herbaspirillum 

sp. (OTU 113), Sphingomonas sp. (OTU 746), Lysobacter sp. (OTU 95), Streptococcus sp. 

(OTU 16), and Flavobacterium sp. (OTU 5), respectively.  
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              a Weight percent of gold determined by EMP analysis 
b Weight percent of silver determined by EMP analysis 
c Weight percent of mercury determined by EMP analysis 
d Particle volume = ((a × average mass of a particle) ÷ gold density) + ((b × mass of a particle) ÷ silver density) + (c × mass of a particle) ÷ mercury density) 

Where average mass of a particle was 3.5 ×10-4 g (NK), 3.2 ×10-4 g (SR), and 4.5 ×10-4 g (FG) 

Where gold density = 19.32 g cm-3, silver density = 10.5 g cm-3 and mercury density = 13.56 g cm-3 
e Area of the particle determined by image analysis of EMP maps 

f Volume of particle slice = e × average sampling depth of the EMP (1.87 ×10-1 µm) 
g Area of secondary gold determined by image analysis of EMP maps 
h Volume of secondary gold per particle ‘slice’ = g × average sampling depth of the EMP (0.2 µm)   
i Scaling factor = d ÷ f  
j Total volume of secondary gold per particle = h × i   
k Secondary gold mass = j × density of gold  

Where gold density = 19.32 g cm-3 

l Secondary gold moles = k ÷ molar mass of gold  

Where gold molar mass = 196.96657 g mol-1 

Table 4.2. Calculations for estimating the amount of secondary gold on representative particles from the Nordkaap River (NR), 
Suidkaap River (SR), and Kaap River (KR) sites. 

Particle Au 
(wt.%)a 

Ag 
(wt.%)b 

Hg 
(wt.%)c 

Particle 
Volume   
(cm3)d 

Particle 
Slice  
Area  
(cm2)e 

Particle  
Slice 

Volume  
(cm3)f 

Secondary  
Au Area  

Slice-1  
(cm3)g 

Secondary 
Au Volume 

Slice-1 (cm3)h 

Scaling 
Factori 

Total 
Secondary 
Au Volume 

Particle-1 
(cm3)j 

Secondary 
Au Mass 

(g)k 

Secondary 
Au Molesl 

NR 1 84.6 15.4 0 2.05 ×10-5 1.39 ×10-7 2.59 ×10-8 2.12 ×10-8 3.96 ×10-13 7.89 ×102 3.12 ×10-6 6.03 ×10-5 3.06 ×10-7 
NR 2 98.1 1.9 0 1.84 ×10-5 1.25 ×10-7 2.33 ×10-8 5.11 ×10-9 9.56 ×10-10 7.89 ×102 7.55 ×10-7 1.46 ×10-5 7.40 ×10-8 
NR 3 79.8 20.2 0 2.12 ×10-5 7.21 ×10-8 1.35 ×10-8 4.19 ×10-10 7.84 ×10-11 1.57 ×103 1.23 ×10-7 2.38 ×10-6 1.21 ×10-8 
NR 4 98.8 1.2 0 1.83 ×10-5 5.08 ×10-8 9.49 ×10-9 5.16 ×10-10 9.65 ×10-11 1.93 ×103 1.86 ×10-7 3.59 ×10-6 1.82 ×10-8 

Average 90.3 9.7 0   
 

      1.03 ×10-7 

SR 1 96.5 2.3 1.2 1.70 ×10-5 2.29 ×10-8 4.28 ×10-9 1.69 ×10-9 3.16 ×10-10 3.96 ×103 1.25 ×10-6 2.42 ×10-5 1.23 ×10-7 
SR 2 71.5 26.5 2.0 2.04 ×10-5 5.78 ×10-8 1.08 ×10-8 4.01 ×10-9 7.49 ×10-10 1.89 ×103 1.41 ×10-6 2.73 ×10-5 1.39 ×10-7 
SR 3 78.1 20.8 1.1 1.95 ×10-5 2.82 ×10-8 5.26 ×10-9 2.39 ×10-9 4.47 ×10-10 3.71 ×103 1.66 ×10-6 3.21 ×10-5 1.63 ×10-7 
SR 4 92.6 5.6 1.8 1.73 ×10-5 9.03 ×10-9 1.69 ×10-9 3.77 ×10-9 7.05 ×10-10 1.03 ×104 7.23 ×10-6 1.40 ×10-4 7.10 ×10-7 
SR 5 87.7 4.2 8.1 1.77 ×10-5 1.11 ×10-8 2.07 ×10-9 2.35 ×10-9 4.40 ×10-10 8.56 ×103 3.76 ×10-6 7.27 ×10-5 3.69 ×10-7 
SR 6 94.5 4.0 1.5 1.73 ×10-5 6.95 ×10-8 1.30 ×10-8 1.08 ×10-8 2.02 ×10-9 1.33 ×103 2.68 ×10-6 5.18 ×10-5 2.63 ×10-7 

Average 86.7 10.6 2.6          2.94 ×10-7 

KR 1 91.1 4.3 4.6 2.46 ×10-5 6.63 ×10-8 1.24 ×10-8 2.86 ×10-9 5.35 ×10-10 1.98 ×103 1.06 ×10-6 2.05 ×10-5 1.04 ×10-7 
KR 2 87.7 11.6 0.7 2.56 ×10-5 7.38 ×10-8 1.38 ×10-8 4.21 ×10-9 7.88 ×10-10 1.86 ×103 1.46 ×10-6 2.83 ×10-5 1.43 ×10-7 
KR 3 91.7 6.1 2.2 2.47 ×10-5 9.30 ×10-9 1.74 ×10-9 3.01 ×10-9 5.63 ×10-10 1.42 ×104 8.00 ×10-6 1.54 ×10-4 7.84 ×10-7 
KR 4 86.3 8.0 5.7 2.54 ×10-5 1.38 ×10-9 2.57 ×10-9 1.76 ×10-9 3.29 ×10-10 9.87 ×103 3.24 ×10-6 6.27 ×10-5 3.18 ×10-7 
KR 5 86.7 10.6 2.7 2.56 ×10-5 3.95 ×10-9 7.39 ×10-9 6.38 ×10-9 1.19 ×10-9 3.47 ×103 4.14 ×10-6 8.00 ×10-5 4.06 ×10-7 

Average 88.7 8.12 3.2         3.51 ×10-7 
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Gold particles from the KR site contained bacterial communities with Proteobacteria (43.8%), 

Firmicutes (24.0%), and Actinobacteria (17.4%). Detected genera included Pseudomonas sp. 

(OTU 1), Hydrogenophaga sp. (OTU 29), and Pseudoarthrobacter sp. (OTU 69). Multivariate 

statistical analysis (principal component analysis) demonstrated that detected genera were 

diverse between the three sites (Fig. 4.7B). 

 

             4.4.4. Composition of bacterial communities: primary vs selective enrichments  

Primary enrichments were obtained directly from gold particles inoculated in TMM and 

demonstrated the viability of living (or dormant) bacteria residing on particles at the time of 

sampling. The bacterial community of primary enrichments was diverse. The NR primary 

enrichment contained Proteobacteria (47.0%), Acidobacteria (18%), and Firmicutes (14%). 

The primary enrichment from SR particles contained Proteobacteria (48.0%), Firmicutes 

(28.9%), and Acidobacteria (11.0%). The primary enrichment from KR particles contained 

Proteobacteria (42.0%), Actinobacteria (24.1 %), and Bacteroidetes (15%) (Fig. 4.8). 

The bacterial communities of the selective enrichments, i.e. primary enrichments re-

cultured in the presence of 5 µM Au, were different relative to their respective primary 

enrichments. At the phylum level, the NR selective bacterial enrichment was only 30.0% 

similar to its corresponding primary enrichment. In this selective enrichment, species 

belonging to Proteobacteria and Firmicutes were retained while all other phyla were eliminated 

by the presence of soluble gold. In contrast, the SR and KR selective enrichments were 83.8% 

and 88.9% similar to their corresponding primary enrichments. Although relative phyla 

abundances changed in the SR and KR selective enrichments, all phyla from the primary 

enrichment were retained after incubation in the presence of soluble Au (Fig. 4.8). 

               4.4.5. Gold-tolerant bacterial isolates  

 A total of 14 bacterial isolates, tolerant to varying soluble Au concentrations, 

were obtained. As a population, these isolates included Pseudomonas sp. (64.3%), 

Enterobacter sp. (21.4%), and Arthrobacter sp. (7.1%) and represented the types of Au-

tolerant bacteria from the river system of the De Kaap Valley. 
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Figure 4.7.  A bar-chart of the relative abundance of bacterial phyla (class for 
proteobacteria) from each of the NR, SR, and KR sampling sites. Detection of these bacterial 
communities were obtained by direct PCR, i.e., a culture independent study (A). A bi-plot 
of the first and third dimensions of principal axes produced from the PCA analysis showing 
the distribution of the dominant bacterial taxa in relation to three sampling regions (B). 
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Figure 4.8.  Pie-charts showing the bacterial community structure of the primary enrichments 
cultured from gold particles and their corresponding selective enrichment cultures, i.e., primary 
enrichments transferred to TMM amended with AuCl3. 
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From these different genera, Pseudomonas sp. (MF554631.1) was the most tolerant to soluble 

gold (25 µM Au) and Arthrobacter sp. (NR 026236.1) was the second most gold-tolerant (20 

µM Au). See Table 4.3 for the full list of isolates and their respective Au-tolerance.  

 

Table 4.3   A list of bacterial isolated obtained from the selective enrichments derived from gold 
particles obtained from Noordkaap River (NR), Suidkaap River (SR), and Kaap River sites. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
                         *Most gold-tolerant isolates from different phyla used for genomic analysis. 

                      
 

The Pseudomonas sp. genome was ca. 6.2 Mb with a 60.2% guanine-cytosine (GC) content 

whereas the Arthrobacter sp. genome was ca. 4.5 Mb with a GC content of 65.6%. Genomic 

analysis revealed the presence of several heavy-metal resistance genes as well as homeostasis 

genes (Table 4.4). Both isolates contained metal transporting/homeostasis genes for essential 

metals such as copper, cobalt, zinc, and nickel as well as detoxification genes for heavy metals 

such as arsenic, lead, cadmium, chromium, and silver (Fig. 4.9 A). Interestingly, both isolates 

contained a mercury-resistant mer operon; however, there was a genomic divergence in the 

operon (Fig. 4.9 B,C). The Pseudomonas sp. mer operon (merRTPADE) was ca. 3.5 kb in 

length and contained genes for a mercury-resistance transcriptional regulator (merR), mercuric 

transporter (merT), periplasmic mercury-binding protein (merP), mercuric reductase (merA), 

co-repressor of transcriptional activator (merD), and a broad range mercury transporter (merE). 

Isolate Closest bacterial identity in NCBI 
database 

 (accession number) 

Au tolerance  
(µM) 

NR-1 Pseudomonas protegens (NR 114749.1) 5 
NR-2 Pseudomonas extremorientalis (NR 025174.1) 5 
NR-3 Pseudomonas sp. (KX 186942.1) 5 
NR-4 Pseudomonas marginalis (NR 117821.1) 5 

SR-1 Enterobacter aerogenes (KP764198.1) 5 
SR-2 *Arthrobacter sp. (NR 026236.1)  20 
SR-3 Enterobacter sp. (KP764198.1) 15 
SR-4 Pseudomonas migulae (NR 024927.1) 10 
SR-5 Pseudomonas sp. (NR 115608.1) 10 

KR-1 Pseudomonas sp. (KX 186942.1) 10 
KR-2 Enterobacter sp. (AB682273.1) 10 
KR-3 *Pseudomonas sp. (MF554631.1) 25 
KR-4 Pseudomonas extremorientalis (KX186943.1) 15 
KR-5 Pseudomonas putida (LC507960.1) 20 
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Arthrobacter sp. contained genes for organomercurial lyase (merB) along with mercuric 

reductase (merA). Both isolates contained a broad range of cation (Hg2+, Cu2+, Cd2+, Pb2+) 

translocating P-type ATPase, e.g. copA, czcA, of which some genes have an upstream heavy-

metal sensing transcriptional regulator, e.g., cueR, hmrR. Homology modelling 

(https://swissmodel.expasy.org) of the transcription regulatory protein CueR has shown that 

the ligand-binding pocket binds with cations such as Hg2+, Au+, or Ag+ (Fig. 4.10). 

 

 

 

 

 

Heavy-
metals 

Resistance Genes Biological Function 

Hg Both:  merA, merR,  
Pseudomonas sp.: merD, merE, merP, 
merT  
Arthrobacter sp.: merB, ccdA, tipA 
 

Resistance to both inorganic and organic 
mercury-bearing compounds 

Cu Both: copA, copC, copD, cueO 
Pseudomonas sp.:  copB, copG, cusA, 
cusB, cusC, cusS, cusR 
Arthrobacter sp.: copZ, csoR, cutC 

Maintaining copper homeostasis and 
resistance to elevated copper 
concentrations 

Au/Ag/Hg Both: hmrR, copA, czcA  Encodes for regulatory proteins for 
translocation 

As Both: arsR, arsC1, acr3  
Pseudomonas sp.: arsB, arsC3, arsH, 
arsO   
Arthrobacter sp.: arsA, arsC2, arsD, orf3 
 

 
Resistance to arsenic-bearing compounds     

Cr Both: chrR 
Pseudomonas sp.: chrA, chrB, chrE, chrF 

Detoxification through chromium 
reduction and efflux mechanisms  

Cd/Zn/Co/Pb Both: cbtA  
Arthrobacter sp.: czcABC cluster, czcD, 
cadR 

Maintaining metal homeostasis and 
broad-spectrum metal resistance via 
efflux mechanisms  

Ni/Co/Mn Both: corA, corC  
Pseudomonas sp.: nreA, rcnR  
Arthrobacter sp.: mntR 

Maintaining metal homeostasis and 
resistance to elevated metal 
concentrations 

 

 

Table 4.4   A list of identified heavy-metal resistance genes from the genome of Pseudomonas 
sp. and/or Arthrobacter sp. 
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Figure 4.9 A schematic diagram of a metal-resistant bacterium showing the mechanisms of 
different heavy metal resistance or detoxification (A). Schematic genetic maps of the mer operon 
detected in Pseudomonas sp. (B) and Arthrobacter sp. (C). 
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Figure 4.10 Homology model of the transcriptional regulator CueR protein, created using Swiss-
model (https://swissmodel.expasy.org). Inset X-ray crystal structure of CueR showing the 
proposed locations for Cys 112, Cys 120 and interacting with the Au+ ligand.  
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               4.5. Discussion 
               4.5.1. Understanding gold biogeochemical cycling from gold particles 

Gold cycling and its mobility within pristine environments can be inferred from 

mechanical and biogeochemical processes that contribute to gold particles transformation. The 

transformation mechanisms of particles, in turn, have been interpreted from the 

characterisation of particle morphology, surface texture, chemistry, and microbial 

communities that occurred on particles (Reith et al., 2018 and references therein). Within 

natural environments, geochemical and biochemical processes contribute to gold cycling and 

can contemporaneously occur. In this study, placer gold particles were obtained from an 

environment that continues to be impacted by mining activity, and heavy-metal contamination 

could have a direct or indirect effect on particle transformation and thereby gold 

biogeochemical cycling (Fig. 4.11). 

 

             4.5.2. Interpreting the direct effects of mercury on gold particles  

The sampling sites were located within or near the Nordkaap River, Suidkaap River, and 

Kaap River, a hydrological system in the De Kaap Valley that covers an area of ca. 8 km2 (Fig. 

4.1). The majority (64.3%) of gold particles from this area were nugget-like in shape (Fig. 4.2), 

which was consistent with previous studies that demonstrated a correlation between 

morphological variations and distance from a primary source. Briefly, particles that are 

transported a short distance will generally appear angular whereas particles transported a 

further distance with have more equant axis lengths (Townley et al., 2003; Shuster et al., 

2015a). Additionally, surface textures of particles from the De Kaap Valley river system were 

also consistent with previous studies involving the characterisation of placer gold particles 

from a variety of environments around the globe (Shuster and Reith, 2018 and references with 

in). Porous surface textures and the presence of pure gold nanoparticles are remnant structures 

attributed to (bio)geochemical Au/Ag dissolution and Au0 re-precipitation processes, 

respectively (Reith et al., 2007; Shuster and Reith, 2018; Sanyal et al., 2019a and references 

therein). Note, bacteriomorphic gold structures (e.g., Fig. 4.5 B) can form via ‘dealloying’ of 

gold alloys in the presence of inorganic or organic acids (Watterson, 1994; Okrugin et al., 

2014). Gold biogeochemical cycling is dependent on the availability of water added to a system 

(Fairbrother et al., 2012; Shuster and Reith, 2018). As such, variations in particle morphology 

and surface textures reflect different degrees of mechanical or biogeochemical transformation 

(Shuster et al., 2017). As a hydrological catchment within a semi-arid environment, the 
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Nordkaap, Suidkaap, and Kaap Rivers are subject to prolonged periods of drought with 

sporadic flooding. For example, water flow within the Kaap River can range between 0.8 to 

9.2 m3 s-1 depending on variation in seasonal rainfall (Camacho Suarez et al., 2015). With 

increasing drought conditions affecting vast regions of South Africa (Kandji et al., 2006), it is 

reasonable to suggest that low-frequency, yet high-intensity rainfall would contribute to 

punctuated movement of sediment, thereby mechanically reshaping gold particles through 

transport as well as dispersing heavy metals within the surrounding environment (Nde et al., 

2018). 

The Nordkaap, Suidkaap, and Kaap Rivers are negatively impacted by anthropogenic 

activity, specifically by extensive legacy and present-day mining (Deksissa et al., 2003). 

Additionally, illegal gold mining contributes to localised Hg contamination as evidenced by 

the recovery of mercury balls during sampling. Heavy-metal concentrations, e.g., Cr, Co, Cu, 

Zn, As, and Cd, detected in the river sediments (Table 4.1), were comparable to concentrations 

measured in contaminated sediments near the Upper Crocodile River, a mining region ca. 

400 km west of the sampling sites in this present study (Nde et al., 2018). Of the heavy metals 

detected from the Nordkaap, Suidkaap, and Kaap Rivers sediments, Hg was also detected on 

spherical particles with low surface roughness from the SR and KR sites. Mercury from 

anthropogenic activity contaminates both land and aquatic ecosystems (Veiga and Hinton, 

2002; Telmer and Veiga, 2009). Elemental mercury (Hg0) chemically reacts with gold leading 

to the formation of a Au-Hg amalgam, which can occur as spherical structures with 

homogenised surface textures; hence, its application in gold recovery (Fiałkowski et al., 2004). 

All Hg species (Hg0, Hg2+, and MeHg+) can react with gold nanoparticles and form Au-Hg 

amalgam (Zierhut et al., 2009). Mercury contamination in Kaap River sediment likely 

contributed to the spherical morphology of particles with cracked surface textures. These 

particles are markedly different from the average gold particles in this study (Figs. 4.2A and 

4.6) as well as particles from previous studies (see Reith et al., 2018 and references therein). 

From a materials perspective, Hg homogenises particle morphology, i.e., increases sphericity, 

and “erases” textural features such as bacteriomorphic and pure nanophase particles. 

Therefore, these particles most likely represent in-situ examples of the direct effect of mercury 

on gold particles (Fig. 4.11). 
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Figure 4.11 Schematic summary of the diverse effects of mercury and other heavy metals on the 
transformation of gold particles in contaminated sediments. 
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4.5.3.  Interpreting the indirect effect of heavy-metal resistant bacteria on gold particles   

The detection of a diverse range of bacteria belonging to different phyla was consistent 

with previous studies (Fig. 4.7 and Rea et al., 2018; Reith et al., 2018; Rea et al., 2019). 

However, the primary enrichments reported in this study confirmed for the first time the 

existence of active/viable bacteria occurring on the gold particles. Although the Au 

concentration (TMM supplemented with 5 µM AuCl3) used for the selective enrichments is 

anomalous relative to naturally occurring concentrations in ground- and soil-water (Benedetti 

and Boulëgue, 1991), its toxicity induces oxidative/metal stress comparable to other heavy 

metals such as those detected in the sediments (Fig. 4.8, Ranjard et al., 1997; Nies, 1999). 

Pseudomonas sp. and Arthrobacter sp. have been detected from gold particles derived from 

placer environments around the planet; additionally, these two bacterial genera could play an 

important role in gold particle transformation (Karthikeyan and Beveridge, 2002; 

Kalabegishvili et al., 2012; Rea et al., 2016; Sanyal et al., 2019b). The detection of merA genes 

in both isolates and merB gene in Arthrobacter sp. is consistent with previous studies and 

suggests that these microbes could have been exposed to prolonged Hg contamination and 

adapted broad-spectrum heavy-metal detoxification mechanisms (Fig. 4.9; see Summers, 

1986; Osborn et al., 1997; Irawati et al., 2012). MerR-family protein, e.g. CueR, regulates the 

transcription and expression of several other heavy-metal efflux pump genes, e.g. copA, which 

also responds to Au stress in bacteria such as Cupriavidus metallidurans (Bütof et al., 2018). 

In this study, cueR was detected on the upstream of copA of the Arthrobacter sp. (Figs. 4.9C, 

4.10), and is consistent with previous studies (Mathema et al., 2011). However, further 

laboratory-based molecular experiments coupled with bioinformatical analysis are needed to 

validate the functional role of cueR and copA in bacteria associated with gold particle 

transformation.  

Under pristine environmental conditions, Au dissolved from gold particles is thought to 

exert the primary selective pressure promoting Au-tolerance in bacteria that occur on particle 

surfaces. Moreover, these Au-tolerant bacteria are thought to contribute to particle 

transformation by increasing gold purity, thereby perpetuating gold biogeochemical cycling 

(Sanyal et al., 2019b). However, in environments such as the De Kaap Valley, heavy metals 

(Hg, Cr, Co, Cu, Zn, As, and Cd) are prevalent contaminants (Table 4.1) and are mobile in 

this river system (Deksissa et al., 2003). The retention of original phyla in the selective 

enrichments (NR 30.0%, SR 83.8%, KR and 88.9%) demonstrates that bacteria from SR and 

KR particles were more resistant to soluble Au relative to bacteria from NR particles (Fig. 4.8). 
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Combined with the fact that average particles, i.e., nugget-like particles with medium surface 

roughness (Fig. 4.3) from the SR and KR sites comprised 3 times more secondary gold than 

the average particles from the NR site (Table 4.2), this suggests that heavy metals could exert 

a greater selective pressure on microbial communities than Au dissolved from gold particles. 

It is likely that heavy metals induce resistance to a broad range of metals including Au (Fig. 

4.8, 4.9A; Gzik et al., 2003). Since the NR site does not differ significantly from the two other 

sites based on heavy-metal contents of bulk sediments, these results also highlight the 

variability of small-scale contaminant retention/accumulation or mobility, which can be 

associated with prolonged aridity or punctuated rainfall, respectively. 

Therefore, it is important to note that the ‘amplification’ of particle transformation by 

heavy-metal resistant bacteria could contemporaneously occur with the direct chemical effect 

of Hg on gold particles. While Hg appears to homogenise particle morphology and surface 

texture, i.e., spherical particles with low surface roughness, cracks could still provide protected 

microenvironments analogous to polymorphic layers where heavy-metal resistant bacteria 

could continue gold biogeochemical cycling. From a geomicrobiology perspective, this creates 

challenges in interpreting biogeochemical processes from gold particle structure. As heavy-

metal contamination becomes an increasing environmental and sociocultural challenge with 

greater international awareness (Pfeiffer et al., 1993; Esdaile and Chalker, 2018), a better 

understanding of the extent of anthropogenic activity disrupting natural biogeochemical cycles 

raises a new question: how ‘pristine’ are other environments containing placer gold particles?  

               

             4.6. Conclusion 
In terms of morphology and surface textures, the majority of gold particle were 

consistent with previous studies. However, this study is the first to document and characterise 

spherical Au-Hg particles that occurred concurrently with particles containing morphologies 

and textures ‘consistent’ with those noted in previous studies. It is reasonable to suggest that 

Hg contamination in the De Kaap Valley likely contributed to formation of these spherical 

particles. This study experimentally demonstrated that bacteria enriched from particles with 

more secondary gold were tolerant to high concentrations of soluble Au. While Au dissolved 

from particles could act as a selective pressure, the presence of many other heavy metals in the 

sediment would likely exert a greater selective pressure. Arthrobacter sp. and Pseudomonas 

sp. are two types of bacteria that could play an important role in gold biogeochemical cycling 

on particles; these bacteria were isolated from Au-tolerant bacterial enrichments. Molecular 
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data of these isolates highlighted the genomic capacity to be resistant to a variety of heavy 

metals (Hg, Cr, Co, Cu, Zn, As, and Cd). This broad-range resistance would enable microbes 

to survive in environments contaminated with heavy metals, including anomalous 

concentrations of soluble Au. From an environmental perspective, this study demonstrates 

microbe-mineral interactions; specifically, the direct effect of Hg on gold particles and the 

indirect effect of heavy metals on bacteria that are capable of transforming particles.  
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5.1. General summary  
 

The biogeochemical cycling of gold is a natural phenomenon that involves many 

environmental factors including biological and geological factors (Sanyal et al., 2019b; Shuster 

and Reith, 2018). Gold particles from natural or engineered environments contain structural, 

chemical, and microbial materials that can be used to interpret the biogeochemical processes 

contributing to gold cycling. Therefore, interdisciplinary geomicrobiological studies are 

necessary to delineate the ‘big-picture’ of gold dissolution, precipitation, and even mobility 

(Fig. 5.1). Chapter 1 involved an extensive literature review that discussed the relationship 

between major elements (e.g., carbon, nitrogen, and sulfur) cycling and gold biogeochemical 

cycling from natural or engineered environments. Moreover, the review highlighted how 

microbially mediated processes are interconnected and could influence gold biogeochemical 

cycling and particle (bio)transformation. Moreover, the purpose of the review is to highlight 

the gaps in our current understandings of biogeochemical cycling of gold such as i) the 

environmental kinetics (i.e. mobility) of gold on Earth’s surface, ii) the biochemical interaction 

between gold and bacteria during gold’s journey through the biogeosphere and finally iii) the 

effect of anthropogenic heavy-metal contamination on gold biogeochemical cycling. 

Therefore, to address these questions, Chapter 2, 3, (3A), and 4 involved interdisciplinary 

experiments and multi-analytical techniques including electron microscopy, microanalysis, 

microbiology, and high-throughput omics techniques (genomics and proteomics) to better 

understand the dynamics of how particle (bio)transformation influences bacterial communities 

on particles and, in turn, how bacteria contribute to gold biogeochemical cycling. 

 

5.2. The kinetics of gold biogeochemical cycling and bacterial contributions  
 

Previous studies interpreted the gold biogeochemical cycling from the structural, 

chemical, and biomolecular characterisation of placer gold particles (Reith et al., 2018; Shuster 

et al., 2015). While previous studies provided evidence of (bio)transformation of particles and 

the possible bacterial contribution to the geochemical process, the kinetics of gold 

biogeochemical cycling in association with viable bacterial communities on particles had not 

been addressed.  
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Figure 5.1 A schematic diagram illustrating how the diversity and function of 
bacteria contribute, in part, to particle biotransformation and therefore the broader 
biogeochemical cycling of gold in natural and engineered environments. 
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Therefore, Chapter 2 endeavoured to understand the kinetics of gold biogeochemical cycling 

from particles and how it could affect bacterial communities residing on the surface of 

particles.  

The dendritic shape of the gold particles from Donnybrook (Western Australia) was 

attributed to their primary origin and indicated that little to no mechanical reshaping had 

occurred since the deposition of the gold-bearing waste rock material.  However, particles 

contained dissolution textures (pores and bacteriomorphic structures), secondary gold 

nanoparticles and gold-enrich ‘rims’ which, collectively, suggested that the particles had 

undergone biotransformation (Rea et al., 2018; Shuster et al., 2017). Additionally, the detection 

of gold (unrecovered by sluicing and panning) in the sediment supported the notion that gold 

biogeochemical cycling can disperse gold, which is likely to occur as a nanoparticle (Reith and 

Cornelis, 2017; Reith et al., 2010). More importantly, the presence of bacterial EPS-like 

material (i.e., residual organic material) within the polymorphic layers (crevices containing 

clay minerals and secondary gold nanoparticles) on particles could be attributed, in part, to 

bacterial biochemical activities (Rea et al., 2016). Since mining activity ceased in the 1930s, 

it is responsible to suggest that particles had undergone biotransformation in waste rock since 

deposition ca. 80 years ago. Therefore, structural and chemical analysis of particles and 

secondary gold concentrations within the sediment could be used to estimate the kinetics of 

gold biogeochemical cycling at Donnybrook (1.60 × 10-9 M year-1). From this study, it is 

important to highlight that this “turnover rate” is an estimate of in-situ kinetics and is 

dependent on major factors such as water activity (i.e., annual rainfall, runoff, retention), 

bioavailability of organics, and microbial activities.  

Bacteria do not receive any nutrition from gold; however, due to the relative stability 

of this element, particles are a type of substrate on which bacteria can colonise (Sanyal et al., 

2019a). Once metabolically active bacteria colonise on a particle, the overall biochemistry of 

bacteria can create a microenvironment that could promote gold dissolution in part (Fairbrother 

et al., 2009; Sanyal et al., 2019b). It is also important to note that the biogeochemical 

dissolution of Au from particles is also a multifactorial process and depends on the overall 

environmental conditions such as climate (e.g., rainfall), soil/sediment geochemistry (e.g., pH) 

and in-situ macro/micro-biota (Southam et al., 2009). Therefore, in terms of bacteria-gold 

interaction, a fundamental question arises: what happens to bacteria residing on particles 

during the biogeochemical dissolution of gold since soluble Au is cytotoxic.  

Using a culture-dependent technique, a bacterial consortium was enriched from the 

Donnybrook gold particles. The enrichment of bacteria directly from gold particles 
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demonstrated that viable bacteria exist on particles. Since cells were observed within 

polymorphic layers, these crevices likely served as a protective niche for bacteria. It also 

suggests that the polymorphic layers on gold particles may be the ‘hot-spot’ for bacteria-gold 

interactions (Shuster et al., 2015; Shuster et al., 2017). In-vitro experiments, using an enriched 

bacteria consortia and soluble Au (a Au concentration of what could be dissolved from 

particles), selected for Au-tolerant bacteria yet the overall diversity at the phyla-level was 

retained. This was the first experimental study to demonstrate the effect of gold 

biogeochemical cycling on a bacterial community enriched from gold particles. This study, 

however, raised further fundamental questions: how do bacteria tolerate the toxicity of soluble 

Au? What is the cellular biochemistry of Au tolerant bacteria? How do bacteria on particles 

catalyse the biotransformation of particles?  

 

5.3. Bacterial contribution in gold biogeochemistry: Genomic and functional perspective 

 The objective of Chapter 3 was to characterise Au-tolerant bacteria and provide 

definitive physiological and biomolecular information associated with gold particle 

biotransformation. The results from this chapter demonstrated that bacteria residing on gold 

particles were tolerant to high concentrations of toxic soluble Au and possessed the 

physiological capacity to reduce soluble Au as nanoparticles. The capacity to reduce soluble 

Au (biomineralisation) to less toxic nanoparticles could represent a strategy of how bacteria 

“survive” on particles during biotransformation of particles and, therefore, gold 

biogeochemical cycling. More importantly, the reduction of soluble Au by bacteria highlights 

the possible bacterial contribution to the occurrence of pure gold nanoparticles on the surface 

of particles and possibly the gold-enriched rims. Moreover, the study demonstrates the 

interaction of gold with bacteria in the context of structure-functions relationship. 

The physiological qualities of Au-tolerant bacteria warranted genome-wide analysis to 

ascertain these phenotypic traits at the molecular level. Interestingly, genome-wide analysis 

demonstrated that two types of Au-tolerant bacteria, isolated from gold particles, harboured 

various types of genes (heavy-metal resistance, general-stress tolerance, and biofilm 

formation) that, if expressed, could produce proteins that would protect bacteria from the 

toxicity of soluble Au. The presence of diverse copper-resistance genes clusters (cop, cus) 

along with other heavy metal-resistance genes (ars, chr, czc) indicated that these bacteria can 

also mediate the toxicity of soluble Au through similar active efflux/reduction mechanisms 

that bacteria use for other heavy-metals (Reith et al., 2019; Wiesemann et al., 2017). The 
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presence of different oxidative, metabolic stress tolerant genes in the genome of bacteria 

highlighted the reason for bacterial physiological tolerance of oxidative stress of metal cations 

(or Au+/3+). Several metabolic genes were also identified and could enable bacteria (and 

possible cells within biofilms) to remain viable under nutrient-limiting conditions. Therefore, 

the genome of the isolates could be considered as a molecular ‘blueprint’ of possible bacterial 

survival strategies during particle biotransformation and thus contributions to gold 

biogeochemical cycling. Understanding the physiology and genome of bacteria on particles 

provides and holistic perspective of how these microorganisms exist in the natural environment 

and interact with Au.  

Additionally, the genomic data of Au-tolerant bacteria demonstrated that bacteria could 

contribute, in part, to particle biotransformation as well as maintain their viability. The 

challenge with genome-based studies is that bacteria are highly influenced by environmental 

factors as they respond to changes in water availability, pH, salinity, temperature, nutrient 

availability, and geochemistry (discussed above) that could alter the biochemical functions 

(Newman and Banfield, 2002). Therefore, Chapter 3A involved a quantitative proteomic study 

using one of the Au-tolerant bacteria (S. proteamaculans). This experiment represented an in-

vitro model of bacterial metabolism that could occur during the biogeochemical dissolution of 

Au from particles. The expression of different transport proteins, sulfur-containing proteins, 

chaperones proteins, and oxidative-stress neutralising proteins demonstrated that the Au-

tolerant bacteria can employ multiple (non-specific) mechanisms to mediate the toxicity of 

soluble Au and remain viable. The results of the proteomic study inferred a mechanistic 

explanation of how bacterial could survive under soluble Au stress and simultaneously catalyse 

gold particle transformation. This study can be considered as an attempt to provide functional 

biochemistry of bacteria inhabiting gold particles. However, further proteomic studies are 

needed to account the dynamic environmental conditions as well as involving bacterial 

consortia instead of a single bacterium.  
 

5.4. Anthropogenic impact on gold biogeochemical cycling 

 While Chapter 2 and 3 investigated the bacterial contributions to gold biogeochemical 

cycling in a natural environment, Chapter 4 examined the fate of gold biogeochemical cycling 

in an environment that has been impacted by heavy-metal contamination attributed to 

anthropogenic activities (primarily artisanal mining). It is important to realise that the natural 

cycling of gold has been perturbed within localised regions since this precious metal has been 
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valued since antiquity. It is reasonable to suggest that current anthropogenic activities (i.e., 

legal large-scale mining or illegal small-scale mining) are the primary factors influencing Au 

biogeochemical cycling. With technological advancements, large-scale mining no longer uses 

mercury for amalgamation to optimise gold recovery; however, artisanal gold mining in 

various parts of the world still use mercury, which poses serious threats to the environment 

(Adler Miserendino et al., 2017). Small-scale mining activities are often un-regulated and can 

lead to the generation of large quantities of heavy-metal laden wastes causing widespread 

contamination of ecosystems (Fashola et al., 2016). Therefore, an understanding of the effect 

of heavy-metal contamination on the natural biogeochemical cycling of gold is necessary. To 

address the issue, gold-bearing sediments were collected from De Kaap Valley, South Africa, 

where the entire ecosystem is facing a severe threat due to the anthropogenic mercury and 

other heavy-metal pollution. 

Chapter 4 aimed to encompass a broader environmental context of microbe-mineral 

interactions in a polluted environment. The presence of a variety of heavy metals (e.g., Cr, Co, 

Cu, Zn, As, Cd, Hg) at a high concentration in river sediments from the De Kaap valley 

highlighted the extent of heavy-metal pollution. The ‘inconsistent’ spherical morphology, 

cracked surface texture, and detection of relatively high Hg content from some particles 

demonstrated the direct effect of mercury on gold particles. It is important to note that the 

inconsistent morphology and surface texture of gold particle could create a challenge in 

interpreting biogeochemical processes from gold particle structure. Other particles not directly 

affected by mercury contained increased amounts of pure gold (e.g., both nanoparticles and 

rim formation) and suggested that these particles might have experienced  ‘extensive’ 

biogeochemical transformation. Interestingly, bacteria enriched from these particles were 

tolerant to the anomalously high concentrations of soluble Au and genome-wide analysis 

revealed the presence of diverse heavy-metals resistance genes, indicating the possible 

underlying mechanisms to resist soluble Au toxicity. Arguably, the presence of diverse heavy-

metal resistant viable bacteria on particles at the time of sampling suggests that these bacteria 

could be capable of catalysing a greater biogeochemical transformation of gold particles. These 

results provide empirical evidence of bacterial adaptation and the enrichment of diverse heavy-

metal resistant bacteria attributed to prolonged heavy-metal pollution. This study highlights 

the impact of human activity on Earth’s natural environments and raises additional questions: 

What is the extent of the human influence on natural gold biogeochemical cycling? How 

‘pristine’ are the environments containing placer gold particles if these regions have been 
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exploited in the past? How long would it take for contaminated sites to return to natural 

conditions with steady-state cycling of elements?  

 

5.5. Possible applications of this research work and future research 

directions 

Undoubtedly, gold continues to have a significant impact on the society, culture, and 

many economies of countries across the world. However, the decline in the discovery of new 

gold deposits in various parts of the world calls for attention to develop innovative and eco-

friendly sustainable strategies for exploration (Kumah, 2006). The results presented in this 

thesis provide a basis for the development of new tools to expand our ability to “trace” gold 

mobility in natural and engineered systems. Specifically, the kinetic model developed in this 

thesis (Chapter 2) can be expanded to integrate other environmental factors (e.g., pH, 

temperature, nutrient availability, anthropogenic activities). This improved model  would 

potentially provide a more accurate estimation of the kinetics of gold cycling in a given 

environment.   

The recent advancement in molecular biology, as well as the high-throughput bio-

molecular techniques (e.g., genomics and proteomics), can also be utilised to develop 

biotechnological tools (e.g., bioindicator and biosensors) for gold exploration (Kaksonen et 

al., 2014). In this thesis, “classical” microbiological and molecular techniques were used to 

provide a detailed profile of bacterial communities occurring on gold particles. The distribution 

of microbial species in gold particle soils/sediment overlying mineralised systems can be 

utilised to develop bioindicator systems (microarray or geo-chip) (Zammit et al., 2012). 

Therefore, it is also important to study the microbial communities associated with gold-bearing 

soil/sediments and reveal what fractions of that microbial community actually chose to reside 

on gold particles. Additionally, the influence of overall biota (e.g., prokaryotes and eukaryotes) 

and their symbiotic associations with each other and ‘higher organisms’ on gold 

biogeochemistry also need to be studied. 

The introduction of culture-dependent microbiological techniques in this study for the 

enrichment and isolation of viable bacteria directly from gold particles provided some insights 

on preferable niches for bacteria on gold particles. The observed growth of bacteria in the 

polymorphic layers on gold particles containing clay and organics highlighted the possible 

interaction point of soil/sediment microbial communities with gold particles. The genomic and 
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proteomic studies performed in this study provided a comprehensive overview of why and how 

bacteria residing on gold particles mediate the toxicity of soluble Au and catalyse particle 

transformation. The non-specific cellular biochemistry can be used to develop 

biotechnological tools for the recovery of gold from mine tailings or electronic waste. 

Therefore, in this new arena, future gold biogeochemical studies could focus on developing 

geobiological exploration techniques and providing a solution to existing problems. 

 

5.6. Conclusion   
These studies provided greater insights into the fundamental understanding of gold 

biogeochemical cycling by connecting the fields of microbiology and geology. Both 

theoretical and experimental studies demonstrated the diversity of biogeochemical influences 

on gold particles as they would occur in Earth’s near-surface environments. This research 

tracked the possible environmental kinetics (i.e. mobility) of gold on the Earth’s surface and 

demonstrated Au-bacteria’s biochemical interaction during gold’s journey through the 

biogeosphere. The experimental evidence and ideas generated from this study of gold 

biogeochemistry would support the development of new geobiological tools for gold 

exploration and processing. Therefore, fundamental research on gold biogeochemistry should 

be continued to expand the utilisation of gold in modern technological and biomedical 

applications and gold will continue to be appreciated beyond aesthetics. 
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