
ABSTRACT 

HAGHIGHAT MANESH, MOHAMAD JAVAD. Harnessing Thermoacidophilic Archaea for 

Recovery and Separation of Critical Metals and Elements. (Under the direction of Dr. Robert M. 

Kelly). 

 

Extremely thermoacidophilic archaea from the order Sulfolobales represent a promising 

biological solution for the sustainable extraction of metals from sulfide ores, such as copper from 

chalcopyrite. High-temperature bioleaching offers distinct advantages over mesophilic processes, 

including faster reaction kinetics, more favorable mineral chemistry, reduced risk of surface 

passivation through the formation of jarosites, and lower operational cooling requirements. The 

recent availability of complete genome sequences for many Sulfolobales members has revealed 

key insights into their biochemistry, physiology, and metal-mobilizing mechanisms. Despite 

these advances, the lack of robust molecular genetic tools remains a barrier to fully leveraging 

these organisms for industrial-scale applications. 

A comparative bioleaching study was conducted on ten Sulfolobales species across 

multiple genera, including Acidianus brierleyi, Metallosphaera hakonensis, Metallosphaera  

sedula, Metallosphaera  prunae, Sulfuracidifex metallicus, Sulfuracidifex tepidarius, Sulfolobus 

acidocaldarius, Saccharolobus solfataricus, Sulfurisphaera ohwakuensis and Sulfolobus  

tokodaii. Under standardized bioleaching conditions (10 g/L chalcopyrite, 70–75 °C, 21 days), 

six species exhibited significant copper extraction. Among these, S. ohwakuensis was identified 

as the most efficient bioleacher, with high levels of copper solubilization attributed to its ability 

to maintain a balance between iron and sulfur oxidation, thereby reducing the formation of 

passivating by-products, such as jarosites. 

Further investigation into the bioleaching performance of S. ohwakuensis revealed that 

initial pH played a critical role in determining bioleaching onset and outcomes. While microbial 



growth remained stable across slightly varying initial pH values (~3.0 ± 0.15), even subtle shifts 

had significant impacts on copper mobilization. Pre-incubation of chalcopyrite-containing media 

with ferric iron at 75 °C led to abiotic reactions that adjusted the pH prior to inoculation, 

simulating conditions found in industrial processes. These findings highlight the sensitivity of 

thermoacidophilic bioleaching systems to initial chemical conditions and emphasize the 

challenges of achieving reproducibility across laboratories and scale-up processes. 

To support mechanistic understanding, the complete genome of Metallosphaera sedula, a 

prolific iron-oxidizing archaeon, was analyzed. Its metabolic versatility and genetic features 

reinforce its relevance to sulfide mineral oxidation. Beyond biomining, other extremely 

thermophilic microbes, such as Anaerocellum danielii (formerly Caldicellulosiruptor danielii) 

expand the biotechnological relevance of thermophiles. A. danielii is a fermentative anaerobe 

capable of lignocellulosic biomass degradation, offering applications in the production of 

biofuels and chemicals from renewable resources. 

In the context of biomass conversion, the regulatory networks of Anaerocellum bescii 

were dissected to understand xylan utilization. Two global transcription factors, XynR and XylR, 

were identified as key regulators, with fluorescence polarization and biolayer interferometry 

confirming their binding to specific promoter motifs. These regulators coordinate the uptake and 

hydrolysis of xylooligosaccharides and the catabolism of xylose through the isomerase–xylulose 

kinase pathway, revealing a regulatory system that is conserved across the order 

Caldicellulosiruptorales. 

Finally, Sulfolobales growing in rare earth element (REE)-rich environments, such as 

Yellowstone National Park, have emerged as a source of novel proteins with selective REE-

binding properties. A new screening pipeline was applied to a library of candidate metal-binding 



proteins, leading to the identification of a potential REE-specific binder. This opens the door to 

bio-based, environmentally benign alternatives to conventional REE separation methods, which 

are often hazardous and resource-intensive. 

Together, these studies illustrate the potential of thermoacidophiles in addressing 

challenges at the intersection of critical metal recovery, renewable energy, and sustainable 

industrial processes. By integrating genomics, physiology, and molecular tools, these 

extremophiles can be harnessed to advance green biotechnology in extreme environments. 
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1.1 Abstract 
 

Elevated temperatures favor bioleaching processes through faster kinetics, more 

favorable mineral chemistry, lower cooling requirements, and less surface passivation. 

Extremely thermoacidophilic archaea from the order Sulfolobales exhibit novel mechanisms for 

bioleaching metals from ores and have great potential. Genome sequences of many extreme 

thermoacidophiles are now available and provide new insights into their biochemistry, 

metabolism, physiology and ecology as these relate to metal mobilization from ores. Although 

there are some molecular genetic tools available for extreme thermoacidophiles, further 

development of these is sorely needed to advance the study and application of these archaea for 

bioleaching applications. The evolving landscape for bioleaching technologies at high 

temperatures merits a closer look through a genomic lens at what is currently possible and what 

lies ahead in terms of new developments and emerging opportunities. The need for critical 

metals and the diminishing primary deposits for copper should provide incentives for high 

temperature bioleaching.  

 

1.2 Introduction 
  

Dependable supplies of critical (base, precious, and strategic) metals are becoming harder 

to sustain as demand increases and primary ore deposits get depleted. For example, the demand 

for Ni, Co, Cu and Mn is expected to increase by 400 % by 2040 and 500 % by 2050 

(Gunasekera, 2023). Concomitantly, current mining methods have adverse environmental 

consequences that discourage simply relying on existing technologies. Bioleaching, the 

microbially-mediated release of critical metals from ores, offers a route to more sustainable 

mining practices, especially for recalcitrant deposits (Brierley, 2019). For acid-soluble pyritic 

https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0235
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0095
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ores, such as chalcopyrite, acidophilic, indigenous microbial consortia participate in a natural 

cycle that involves the biotic oxidation of sulfur to sulfate and ferrous to ferric iron, coupled with 

the subsequent abiotic attack by ferric iron and protons on the ore, resulting in the generation of 

ferrous iron (Fig. 1). The net result of this cycle is mobilization of metals bound in the pyrite 

matrix. Estimates indicate that as much as 15 % of the world’s Cu and as up to 5 % of gold are 

recovered through microbiological processes (Donati et al., 2016), and significant amounts of 

other metals could also be obtained this way. Although there are environmental drivers to replace 

current mining practices with biologically-based approaches (e.g., lower energy costs, smaller 

carbon footprint), technoeconomic analyses, in general, do not currently support any large-scale 

shift (Roberto & Schippers, 2022). That is not to say that there have been no efforts to develop 

industrial-scale bioleaching processes (Brierley, 2019), but the volatility of metal prices makes it 

hard to justify consistent commitment to new biotechnologies, not to mention the technical 

challenges that exist (Roberto & Schippers, 2022). As the demand for metals increases with 

electric vehicles occupying more of the global transportation market, developing countries 

advance their technology capabilities, and primary ore deposits become scarce, the motivation to 

develop bioleaching processes should increase. This will require much better understanding of 

the complex physical, chemical and biological contributions to bioleaching. 

Elevated temperatures favor bioleaching processes; faster kinetics, more favorable 

mineral chemistry, lower cooling requirements, and less surface passivation are all important 

drivers (Donati et al., 2016). Extremely thermoacidophilic archaea (temperature optima ≥ 65 °C, 

pH optima ≤ 4.0) that naturally inhabit metal- and sulfur-rich hot environments, such as ore 

deposits, hot springs, and solfataras exhibit novel mechanisms for mobilizing metals from ores 

and resistance of metal toxicity (Lewis et al.,2021). Recent advances in molecular 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/microbial-consortium
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#f0005
https://www.sciencedirect.com/topics/immunology-and-microbiology/microbiological-phenomena-and-functions
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0205
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0475
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0095
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0475
https://www.sciencedirect.com/topics/immunology-and-microbiology/surface-property
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0205
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thermoacidophilic-archaeon
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/hot-springs
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metal-toxicity
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0330
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/molecular-biology
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biology and nucleic acid sequencing have led to new insights into the physiological, metabolic, 

genetic and ecological aspects of these microorganisms. In particular, the genomes of many 

extreme thermoacidophiles within the order Sulfolobales (Fig. 2) have become available over the 

past few decades (Counts et al., 2021b), such that rapid assessment of potential bioleaching 

microbes and communities can be done and better approaches to bioleaching can be envisioned. 

While their core genome is about 1,000 genes (out of about 2,000 genes on average for these 

genomes), their pan genome (or total number of genes identified within the order) is still open, 

suggesting that new isolates, yet to be discovered, will add to this total (Counts et al., 

2021b). Molecular genetic tools have been developed for certain 

extreme thermoacidophiles (Lewis et al., 2021), although not so far for those with bioleaching 

capabilities (i.e., iron and sulfur oxidizers). Even though metabolic engineering could open up 

new opportunities for optimizing bioleaching processes, this would currently be restricted to 

tank bioreactors thereby avoiding release of genetically modified organisms (GMOs) in natural 

environments. In the future, however, safeguards could be put in place through molecular 

strategies, so not to rule out using engineered strains and consortia that are enhanced for 

bioleaching through genetic engineering. In any event, the evolving landscape for bioleaching 

technologies merits a closer look through a genomic lens at what is currently possible and what 

lies ahead in terms of new developments and emerging opportunities. Here, the emphasis is on 

high temperature bioleaching which has not been examined comprehensively before, especially 

with the benefit of many genome sequences now available for extreme thermoacidophiles. Focus 

here is on reports from the last decade, although earlier relevant literature is also considered. 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/molecular-biology
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nucleic-acid
https://www.sciencedirect.com/topics/immunology-and-microbiology/thermoacidophile
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#f0010
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0180
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pan-genome
https://www.sciencedirect.com/science/article/pii/S0960852423014165?via%3Dihub#b0180
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1.3 Bioleaching applications using extreme thermoacidophiles 
 

Bioleaching studies with extreme thermoacidophiles have typically involved pure 

cultures of previously characterized archaea and synthetic consortia of 

these archaea intentionally prepared, in addition to natural consortia isolated and adapted from 

mining environments. Genomic and metagenomic sequencing have provided much more 

information about the genetic content of bioleaching cultures than previous 16S 

rRNA phylogenetic analysis (Counts et al., 2021b) so that new insights are emerging. For some 

time, it was known that extremely thermophilic bioleaching consortia mostly contain members of 

the archaeal order Sulfolobales. Species belonging to the 

genera Sulfolobus, Acidianus, Metallosphaera, Stygiolobus, Sulfurisphaera, 

and Sulfuracidifex have all been identified in enrichments from mining sites (d’Hugues et al., 

2002, Gerike et al., 2001, Mikkelsen et al., 2006), and related strains that deviate from species 

deposited in culture collections have also been noted. Studies with pure cultures of 

taxonomically classified extreme thermoacidophiles have been effective for chalcopyrite 

bioleaching (e.g., (Vilcaez, 2008)), but adapted cultures of natural consortia are typically more 

effective (e.g., (Mikkelsen et al., 2006)). OMICS technologies are now available to assess 

consortia composition and drift, thereby providing unprecedented insights that relate to 

bioleaching efficacy. How this information can be leveraged for better bioleaching outcomes is 

an ongoing issue. 

The main targets to date for bioleaching have been Cu and Au (Roberto & Schippers, 

2022). In particular, the rapidly depleting reserves of more readily accessed secondary 

Cu sulfides require new approaches to get at the vast Cu sulfide resources. Cu minerals benefit 

from high temperatures for leaching, and, as such, extremely thermoacidophilic archaea have 
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been more effective than mesophiles and moderate thermophiles in lab-scale and pilot-scale 

bioleaching studies. For example, comparative bioleaching studies of enargite (Cu3AsS4), 

covellite (CuS) and chalcocite (Cu2S) showed that 80–95 % of Cu was recovered at 65 °C, 

compared to 8–20 % at 20–22 °C (Lee, 2011). Column bioleaching studies showed similar 

results; low grade primary chalcopyrite (CuFeS2) ores (0.35 %-0.7 % Cu) at 50–80 °C were 

leached to more than 60 % compared to 30 % at mesophilic temperatures (Dew, 2011). A 

comprehensive technoeconomic analysis of pilot-scale studies using a series of mixed tanks for 

low-grade nickel-Cu concentrates from the Aguablanca Mine in southern Spain looked at 

mesoadicophilic (35 °C), moderately thermoacidophilic (45 °C), and extremely 

thermoacidophilic (70 °C) consortia, with the extreme thermoacidophiles yielding 95 % Cu 

recovery compared to 65 % and 30 % at 45 °C and 35 °C, respectively (Neale, 2009). The 

extremely thermoacidophilic microbes came from the archaeal 

genera Acidianus, Metallosphaera, and Sulfuracidifex. For chalcocite-dominant Cu ore from 

Salta, Argentina, indigenous thermophiles (namely, Acidianus copahuensis and Ferroplasma sp.) 

worked more rapidly at 65 °C than mesophilic bioleaching at 30 °C (Amar A, 2023). Despite the 

encouraging results for extreme thermoacidophile bioleaching, biological complexity, variability 

in mineral chemistry and challenges with extrapolating pilot plant data to the scales of impact in 

the mining industries present daunting hurdles for implementation of microbe-based processes. 

Nevertheless, progress is being made in understanding the microbiological fundamentals of 

extreme thermoacidophiles that may ultimately open the door to expand high temperature 

bioleaching for tank-based systems, and eventually for heap and dump leaching applications. 
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1.4 Bioleaching potential – what do the genomes tell us? 

Before the early 2000s, genome sequence information for extreme thermoacidophiles was 

limited and, thus, constrained bioinformatic analyses aimed at understanding microbiological 

phenomena related to bioleaching at high temperatures (Cardenas et al., 2016). Initially, genome 

sequence data for these archaea were available only for type strains of species that are not 

capable of significant amounts of iron or sulfur oxidation (e.g., Sulfolobus acidocaldarius (Chen 

et al., 2005), Saccharolobus (f. Sulfolobus) solfataricus) (She et al., 2001)). Genome sequence 

data and related details are now available for many sulfur- and/or iron-oxidizing 

thermoacidophiles (Table 1, Fig. 2), and can be obtained rapidly at reasonable cost for both new 

isolates and natural metagenomic samples. Reports on newly isolated extreme thermoacidophiles 

now typically include genome sequence data (e.g., (Urbieta et al., 2014)), so that insights into the 

biodiversity of these microorganisms and their metabolic features and bioleaching relevance are 

immediately available (Counts et al., 2021b, Lewis et al., 2021, Liu et al., 2021, Wang et al., 

2020). This information enables updating pan and core genomic analyses and facilitates 

development of metabolic maps and genome reconstruction models for key bioleaching 

microbes. This also forms the basis for probing transcriptomic and metatranscriptomic data to 

optimize and track bioleaching dynamics. The power of genomics as it relates to microbial 

bioleaching is evolving, but already much has been learned in a short time relative to what was 

known from 50 years of classical microbiological analysis. However, the validated annotation of 

extreme thermoacidophile genomes is sparse, with many ‘hypothetical’ or ‘conserved 

hypothetical’ genes encoding proteins of unknown function, so that efforts to piece together the 

genetic bases for relevant bioleaching characteristics (e.g., iron oxidation, sulfur oxidation, 

CO2 fixation, metal toxicity and resistance) is a work in progress. Unlike the case for model 
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mesophilic microorganisms (e.g., Escherichia coli, Saccharomyces cerevisiae), which have had 

the long-term focus of large communities of microbiologists, extreme thermoacidophiles are 

studied by a much smaller scientific community so that progress in understanding their basic 

features has been understandingly slower. In addition to strategically harnessing the power of 

genomics, facile molecular genetics tools to study and engineer bioleaching extreme 

thermoacidophiles are sorely needed but challenging to develop. Perhaps problems with 

availability of critical metals will drive efforts towards this objective. 

 

1.5 Taxonomy and phylogeny of the Sulfolobales 

The increased availability of complete genomes of extreme thermoacidophiles opens the 

way to reassessing their taxonomy and phylogeny. Rather than relying on 16S rRNA analysis 

alone, the collective core genome can be used for phylogenetic placement and taxonomic 

reclassification (Counts et al., 2021b, Wirth and Whitman, 2018), and this approach corroborates 

recent re-assignments of species within the Sulfolobales (Itoh et al., 2020, Sakai and Kurosawa, 

2018). Phylogeny alone may not inform bioleaching potential, but it does provide a framework 

within which new isolates and metagenome analysis can be viewed. Genomes of extreme 

thermoacidophiles encode many genes for putative proteins of unknown function, but 

comparative genomics analysis, guided by experimental results, can help tease out metabolic 

associations. Applying this analysis through a phylogenetic lens emphasizes how evolutionary 

gene gain/loss events or genetic drift can lead to desired phenotypes. In bioleaching, this analysis 

relates not only to genes involved in sulfur and iron oxidation, but also other features such as 

CO2 fixation, metal resistance, motility, biofilm formation, stress response, and metabolic 
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regulation. Ultimately, these distinct features can be unified in genome reconstruction models to 

inform metabolic flux and bioenergetics analysis (Ulas et al., 2012). 

Genomic analyses and experimental evidence suggest that not all extreme 

thermoacidophiles are capable of bioleaching (e.g., S. acidocaldarius and S. solfataricus), 

although they may still contribute to the overall ecology of bioleaching consortia. Even more so, 

connecting the differences in genetic content between these non-bioleaching species and 

established bioleaching species, can elucidate clear genetic markers for bioleaching. Many 

Sulfolobales species with published genomes exhibit genetic markers for bioleaching-related 

functions, but only a select few of those publicly available organisms are regularly studied in the 

bioleaching community. In order to clearly identify bioleaching genetic markers, the bioleaching 

capabilities of the broader set of extreme thermoacidophiles with published genomes needs to be 

assessed. 

 

1.6 Iron oxidation – role of the fox cluster 
 

The genetic basis of iron oxidation and its variation among extreme thermoacidophiles 

was not fully appreciated until a study with Sulfuracidifex (f. Sulfolobus) metallicus (Bathe and 

Norris, 2007, Huber and Stetter, 1991, Itoh et al., 2020) revealed a cluster of genes encoding a 

terminal oxidase complex that was highly induced during ferrous iron oxidation. These iron 

oxidation (fox) genes have homologs present in most iron oxidizers (such 

as Metallosphaera sedula (Auernik & Kelly, 2008), but are not present in non-iron oxidizers, 

such as Sulfolobus acidocaldarius (Chen et al., 2005) (Fig. 3). Eventually, the presence of 

the fox cluster in genome sequences in the archaeal thermoacidophile 

order Sulfolobales suggested strong iron oxidation capability, although there are exceptions 

(Counts et al., 2021a). Based on previous data on the expression, modelling, and comparative 
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genomic analysis of Metallosphaera species, the role of specific proteins in the Fox Cluster was 

postulated. FoxCD extracts electrons from ferrous iron that are transferred through the uphill or 

the downhill pathway by a multi-Cu oxidase, FoxA1, FoxA2, and FoxB form a complex on the 

(ATP-forming) downhill pathway. FoxG forms a complex with FoxCD for the (NADH-

generating) uphill electron pathway to the CbsAB-SoxLN complex, to the quinone pool, and 

eventually to the NADH dehydrogenase (Counts et al., 2021a). Based on its location in the 

cluster and annotation as a signal transduction protein, FoxG could act as a sensor to detect the 

availability of ferrous iron (Wang et al., 2020). 

Transcriptomic analysis of M. sedula grown on elemental sulfur, pyrite, and chalcopyrite, 

showed that 15, 13, and 5 iron oxidation related genes, respectively, were up-regulated compared 

to growth on yeast extract (Ai, 2020). For growth on chalcopyrite, all of the fox genes and 

the oxidase CbsAB-soxLN were up-regulated. CbsAB-soxLN was induced during growth on 

either sulfur (no ferrous iron in the media) or chalcopyrite, suggesting the involvement of 

CbsAB-soxLN complex in both iron and sulfur oxidation (Auernik & Kelly, 2008). This was 

consistent with observations for Metallosphaera yellowstonensis grown on ferrous iron or sulfur 

(Kozubal et al., 2011). In addition, expression levels of foxA’ was much higher than foxA, 

indicating that it is essential for iron oxidation in M. sedula, while the truncated version of foxA’, 

which is present in Metallosphaera prunae, leads to diminished iron oxidation capability 

(Auernik and Kelly, 2008, Counts et al., 2021a). Analysis of M. sedula membranes 

through proteomics highlighted the essentiality of FoxA2, FoxB, and FoxC, supported by 

microbiological, biochemical, and transcriptomic data (Counts et al., 2021a). This study also 

correlated variations in the foxA gene sequence with iron oxidation capacity. In addition, 
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disruption or loss of the foxC gene appeared to be a limiting factor in iron biooxidation (Counts 

et al., 2021a). 

In comparing soluble ferrous ion oxidation kinetics at pH 2.0 and 70 °C, M. 

sedula and M. prunae outpaced the other extreme thermoacidophiles tested 

(e.g., Acidianus brierleyi, Acidianus sulfidivorans, Sulfuracidifex (f. Sulfolobus) 

metallicus, Sulfurisphaera ohwakuensis and Sulfurisphaera (f. Sulfolobus) tokadaii), with M. 

sedula being most dynamic (Counts et al., 2021a). However, how soluble iron (Fe2+) oxidation 

translates to pyritic ore bioleaching efficacy may not directly relate (Auernik & Kelly, 2008). For 

example, comparing M. sedula and S. metallicus on iron pyrite showed that the latter was more 

effective, although with slower iron oxidation kinetics. Surface chemistry of the solid material 

and other issues, such as passivation and metal toxicity, can come into play, as can the 

organism’s physiological and metabolic integration of metal oxidation into respiratory processes 

(Kozubal et al., 2011, Kozubal et al., 2012). However, based on current understanding, a well-

functioning iron oxidation system based on the Fox Cluster would seem paramount to 

bioleaching performance. So, extreme thermoacidophiles lacking the Fox Cluster (or even parts 

of the version in M. sedula and S. metallicus) would not be strong iron oxidizers, at least based 

on what is known to this point. This is supported by the presence of the main Fox Cluster 

in Acidianus copahuensis (Urbieta et al., 2014, Urbieta et al., 2017) and Metallosphaera 

yellowstonesis (Kozubal et al., 2011, Kozubal et al., 2012), both strong iron oxidizers, while 

the absence of several Fox proteins in Metallosphaera cuprina renders it a weaker metal oxidizer 

(Liu et al., 2011a, Liu et al., 2011b). The presence of quinol and terminal oxidase complexes 

likely also plays a key role in iron oxidation, but their specific functions are not well understood 

(Auernik & Kelly, 2008). The lack of genetic tools for bioleachers, and the fact that Fox Cluster 
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proteins are membrane-associated, present significant challenges to unraveling the details for 

iron biooxidation. 

 

1.7 Sulfur oxidation – biotic and abiotic contributions 
  

While iron oxidation in extreme thermoacidophiles invokes a single enzymatic step, the 

mechanism of sulfur oxidation is much more involved. Unlike iron, reduced inorganic sulfur 

compounds (RISCs) are potentially excellent energy sources for extreme thermoacidophiles, if 

the means to utilize them exists (Willard & Kelly, 2021). RISCs include elemental sulfur 

(S°), sulfides (S2−, HS−, and H2S), polysulfides (Sn
2−), thiosulfate (S2O3

2−), sulfite (SO3
2−), 

and tetrathionate (S4O6
2−) and represent valence states from −2 to + 6. One of the most intriguing 

aspects of RISCs as biological energy sources is that oxidation takes place over multiple steps 

and changes in valence states, thereby releasing energy in increments and allowing for higher 

energy conservation than total oxidation in a single step (Willard & Kelly, 2021). While the 

complete set of enzymes needed for RISC oxidation are not fully known, a number of core 

enzymes have been characterized (Fig. 4). These include a sulfide:quinone oxidoreductase 

(SQR) (Brito et al., 2009) and thiosulfate:quinone oxidoreductase (TQO) (Muller et al., 2004) 

that connect RISC oxidation to the electron transport chain (ETC), as well as a 

heterodisulfide reductase complex (HDR) thought to be involved in direct energy conservation 

through NAD(P)+ reduction (Koch & Dahl, 2018). The non-energy conserving 

sulfur oxygenase reductase (SOR) has long been considered the starting point of sulfur oxidation 

in the cytoplasm (Kletzin, 2007). Recently, comparative genomics of Metallosphaera spp. 

capable of sulfur oxidation highlighted the presence of a sulfur dioxygenase (SDO) as an 
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alternative to SOR (Wang et al., 2020). This suggests that SOR may play more of an ancillary 

role in sulfur oxidation in a recycle pathway. 

The characterized steps of RISC oxidation lead to the formation of sulfite, but the 

ultimate step of sulfite oxidation is still unclear. While multiple pathways have been implicated 

through enzymatic activity and genomic evidence (Liu et al., 2021, Zimmermann et al., 1999), 

no definitive connection to energy conservation has been made. It is worth noting that the sulfite 

oxidation half-reaction has the lowest reduction potential of any RISC oxidation step, enough 

that it has the potential to directly reduce NAD(P)+ or even the [4Fe-4S] ferredoxin found in S. 

acidocaldarius (Willard & Kelly, 2021). 

Abiotic sulfur chemistry, especially as it relates to minerals, is highly complex which 

makes discerning how biological sulfur transformations function all the more difficult (Willard 

& Kelly, 2021). Abiotic reactions acting in the cytoplasm can synergize with enzymatic steps, 

such as the formation of thiosulfate from the products of SOR, but they can also compete directly 

with energy-conserving enzymatic steps. Notably, the presence of O2 can drive rapid oxidation 

of H2S and sulfite to sulfate, stripping the cell of valuable energy-dense RISCs. Thus, managing 

O2 within the cell is crucial to efficient energy conservation from RISCs. 

The role of abiotic sulfur chemistry in biooxidation is perhaps most apparent (and most 

convoluting) in the extracellular space where sulfur acquisition occurs. Studies of a sulfur-

disproportionating Acidianus sp. demonstrated the requirement for cells to directly contact 

elemental sulfur in order to oxidize sulfur in aerobic conditions (Amenabar & Boyd, 2018). The 

proposed mechanism to explain this phenomenon involves the nucleophilic attack of bisulfide on 

cyclic elemental sulfur, ultimately generating nanoparticulate sulfur that can passively diffuse 

across the cell membrane. The requirement for cell-sulfur contact here may echo the auto-
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oxidation sensitivity of H2S in the presence of oxygen. This mechanism requires further 

elucidation, however, and its role in bioleaching of pyritic ore is unclear; the polysulfide 

mechanism for dissolution of acid-soluble pyritic ores indicates that H2S
+ is the direct product of 

ferric iron attack rather than S0 (Sand et al., 2001), meaning that the sulfur product is already in a 

soluble form to be taken up by cells. 

 

1.8 Chemolithoautotrophy – Sulfur, Iron, CO2 

 

Genomes of microorganisms belonging to the order Sulfolobales encode enzymes 

comprising the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle that fixes CO2 from 

atmospheric sources (Berg et al., 2007, Loder et al., 2016) (see Fig. 5). However, not all 

Sulfolobales in Table 1 can grow chemolithoautotrophically using CO2 as the carbon source. 

Natural bioleaching communities can contain heterotrophs which, given the sparse nutritional 

environment, likely utilize organic carbon (sugars, proteins, lipids) that are released upon lysis of 

degrading cells; some mixotrophs, such as M. sedula, can use inorganic energy sources (e.g., 

iron, hydrogen), in place of, or supplementary to, organic carbon (Hawkins et al., 2013). In tank-

based bioleaching, media can be supplemented with organic carbon to encourage microbial 

activity, but this comes at some expense that could affect overall process economics. To what 

extent ambient air sustains productive bioleaching cultures, or if CO2-enriched air would improve 

process performance, is not known. While mass transfer rates may increase, higher temperatures 

limit O2 solubility. But it is not clear if, in general, bioleaching cultures are O2-limited. 

Indications are that A. brierleyi can be inhibited by O2 and may grow best at levels encountered 

in its natural biotopes (Zeldes et al., 2019). Certainly, efforts to create over-pressures of O2 in 

hyperbaric bioreactors led to growth inhibition for S. acidocaldarius; air at 3 bar eliminated 

growth at 75 °C while CO2 at 3 bar had no effect. This is not surprising since S. acidocaldarius is 
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a strict heterotroph (Sturm et al., 1987, Su and Kelly, 1988). For other Sulfolobales, increased 

gas mass transfer through sparging and agitation may be more effective than using enriched air 

streams. The rates of O2 and CO2 supplementation need to be defined, since they affect cell 

growth, oxidation of chalcopyrite, and operating parameters, such as redox potential (Gerike et 

al., 2001, Third et al., 2002). 

Although not as well studied, H2 can be an excellent energy source for some Sulfolobales. 

In fact, M. sedula grows more rapidly on H2 than iron and even yeast extract; M. sedula doubling 

times were under 5 h for chemolithoautorophic growth on an air-H2 gas mixture, compared to 

6.7 h under heterotrophic conditions in a gas-fed bioreactor at 70 °C (Hawkins et al., 2013). 

When CO2 was supplemented in an H2/air stream, doubling times dropped from 9.4 h to 6.8 h; 

many genes encoding 3HP/4HB enzymes were significantly up-regulated. In natural bioleaching 

consortia, it is not clear where H2 could come from; possibly from geothermal activity or 

produced by fermentation of decaying microbial material. In tank bioleaching, H2/O2/CO2 feeds 

raise significant safety concerns, but could be effective for chemolithoautotrophic growth and 

metabolism to accelerate bioleaching rates. 

 

1.9 Bioleaching efficacy and thermodynamics 
 

Bioleaching kinetics have been studied to a much more limited extent than chemical 

kinetics, although overall bioleaching rates at high temperatures have been reported (Table 2). 

The relationship between iron and sulfur biooxidation in chalcopyrite bioleaching can be viewed 

from the perspective of thermodynamics as viewed through redox potential (Córdoba, 2008). 

Optimal redox potentials in bioleaching processes minimize formation of byproducts from sulfur 

oxidation and iron oxidation (e.g., jarosites) that blind or passivate the ore surface. Furthermore, 

iron species play a key role in electrochemical reactions that drive redox potential, since 
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Fe3+/Fe2+ can reach equilibrium above 450 mV (vs. Ag/AgCl) (Córdoba, 2008By contrast, the 

sulfur oxidation half-reactions all exhibit negative reduction potentials and heavily favor the 

oxidation direction of the reaction (Fig. 6). For example, addition of pyrite to chalcopyrite during 

chemical leaching enhances copper extraction, not through galvanic interactions, but rather from 

the presence of ferrous iron to modulate redox (Zhao et al., 2020). The importance of redox 

potential can also be seen when comparing chalcopyrite bioleaching for 

extreme thermophiles with different iron oxidation capabilities. A. brierleyi is a weaker iron 

oxidizer than S. metallicus or M. sedula, and thus generates less Fe3+ from chalcopyrite. This led 

to an optimal redox potential (Ḑ450 mV vs. Ag/AgCl) in A. brierleyi cultures and better copper 

extraction at 65 °C than with the other two archaea; also important was the reduction in jarosite 

formation even though the culture was seeded with Fe3+ to trigger the leaching reaction (Vilcaez, 

2008). Note that the contribution to solution reduction potential of each chemical species is 

affected to varying degrees by temperature, including the reduction potential of ore dissolution 

half-reactions themselves (see Fig. 6) (Amend & Shock, 2001). As such, the optimal redox 

potential for bioleaching should shift with temperature, and may inform the favorability of 

jarosite formation at elevated temperatures. 

It is clear from literature reports that bioleaching of ores such as chalcopyrite works best 

when sulfur and iron oxidation rates are in balance. For example, bioleaching with mesophilic 

(35 °C) and thermophilic (68 °C) cultures at optimal redox potentials indicated that the 

catalyzing role for the microorganisms comes from regeneration of oxidizing agents and 

from solubilization of elemental sulfur formed. The key is to avoid overly rapid regeneration of 

ferric iron that leads to nucleation and jarosite formation, causing passivation, and to limit sulfur 

oxidization that increases jarosite formation through generation of sulfate ions (Córdoba, 2008). 
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However, strong sulfur oxidation drives acidification, and jarosite precipitation is reduced at 

higher acid concentrations (Calla-Choque & Lapidus, 2021). Thus, even prolific iron oxidizers, 

such as M. sedula (Counts et al., 2021a), that are not strong sulfur oxidizers, are not, by 

themselves, ideal bioleachers. 

 

1.10 Biofilms in bioleaching systems 
 

Biofilms, microbial communities attached to a surface, likely play an important role in 

bioleaching by localizing microbes proximate to the ore. Biofilms not only function to keep an 

organism close to important resources but this microbial life-style also protect cells from 

stressors; for example, Cu stress resistance has been noted in Sa. solfataricus biofilms (Recalde 

et al., 2023). Bioleaching is driven by what happens within the ore surface microenvironment 

(Bonnefoy and Holmes, 2012, Dopson and Johnson, 2012, Johnson, 2014), likely improved by 

attachment (Zhang et al., 2010). However, the impact of biofilm growth on bioleaching has yet 

to be quantified. Extreme thermoacidophiles do form biofilms on sulfidic ores (Africa et al., 

2013, Castro et al., 2016, Liu et al., 2018, Zhang et al., 2015a, Zhang et al., 2019, Zhang et al., 

2015b). Although the extent of cell attachment was not determined, A. manzaensis direct contact 

with chalcopyrite increased Cu dissolution (Zhang et al., 2010). Specifically, A. 

manzaensis and M. hakonensis form biofilms on chalcopyrite and pyrite (Africa et al., 2013, Liu 

et al., 2018) and S. metallicus and Acidianus sp. DSM29099 form biofilms on pyrite and 

elemental sulfur surfaces (Castro et al., 2016, Zhang et al., 2015a, Zhang et al., 2019, Zhang et 

al., 2015b). However, unlike microtiter plate biofilms growing up to 35 µM in thickness (Koerdt 

et al., 2010), biofilms grown on sulfidic ore surfaces are typically thin and dispersed 

microcolonies, such that thickness of the biofilm is rarely reported (Africa et al., 2013, Castro et 
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al., 2016, Liu et al., 2018, Zhang et al., 2015a, Zhang et al., 2015b). One of the few reports on 

this indicated that Acidianus sp. DSM29099 biofilms grown on elemental sulfur were less than 

16 µM thick (Zhang et al., 2019). 

Regardless of the specific features of the surface, there are three major phases of biofilm 

formation in microorganisms: attachment, maturation, and dispersal. The first phase of biofilm 

formation is attachment facilitated by type IV pili, proteinaceous structures that irreversibly 

adhere to surfaces. The Archaeal Adhesive Pili (Aap) and the situational UV inducible pili (Ups) 

are known type IV pili described in S. acidocaldarius and have deleterious effects on biofilm 

structure when removed (van Wolferen et al., 2018). Furthermore, a 10-fold increase in protein 

was measured in Acidianus sp. DSM29099 grown on solid elemental sulfur compared to soluble 

potassium tetrathionate (Zhang et al., 2019), which may correspond to an increase production of 

proteinaceous attachment structures. During maturation, attached cells produce an extracellular 

matrix that can consist of polysaccharides, protein, lipids, and extracellular DNA (eDNA). 

Extreme thermoacidophile dispersal from the biofilm is mediated by the archaeal flagellum 

(or archaellum), which is structurally similar to a type IV pilus (van Wolferen et al., 2018). The 

archaellum plays an important role in attachment by propelling cells to a new location and 

creating reversible interactions with the substratum to start the biofilm process again. In fact, 

deletion of genes encoding the archaellum in S. acidocaldarius (van Wolferen et al., 2018) led to 

attachment defects. However, extreme thermoacidophiles, such as M. 

hakonensis and Acidianus species, lack this motility structure and probably disperse through 

passive mechanisms. 

Once attached to the surface, the biofilm matures by accumulating cells and generating 

an extracellular matrix (ECM) (Koerdt et al., 2010). The formation of ECM likely helps 
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sequester nutrients, reactive species, and yet unknown extracellular enzymes close to the ore 

surface to improve dissolution of the target minerals. ECM composition can vary. For 

example, S. metallicus biofilms contain eDNA and more total protein than Acidianus sp. 

DSM29099 biofilms grown on the same substrate (Zhang et al., 2019). A. manzaensis biofilms 

are composed of polysaccharides, proteins, lipids, with traces of eDNA, although biofilms grown 

on pyrite and chalcopyrite surfaces contained more protein and less polysaccharides than 

biofilms grown on elemental sulfur (Liu et al., 2018). Acidianus sp. DSM29099 cells were 

detected within and around cavities on the S° surface, and cells metabolizing their substratum 

caused topographical perturbations (Zhang et al., 2019). 

Even though progress has been made toward understanding biofilm formation and 

regulation in S. acidocaldarius (Lewis et al., 2021, Lewis et al., 2023, van Wolferen et al., 2018), 

discovering how bioleaching thermoacidophile biofilms directly contribute to bioleaching still 

needs to be fully elucidated. However, leveraging biofilms of either native bioleachers or 

engineered organism would likely improve bioleaching processes. 

 

1.11 Metal resistance - extreme thermoacidophiles 

Biological pathways are often dependent on metals as protein cofactors, for redox 

reaction catalysts, and in electron transport (Lewis et al., 2021). While mesophilic 

microorganisms possess the ability to uptake essential metals for their metabolism 

in biotopes where metals are scarce, extreme thermoacidophiles in biomining environments must 

also ward off the influx of toxic metals or reduce their intracellular concentration upon influx in 

order to survive (Lewis et al., 2021). During bioleaching, extreme thermoacidophiles are exposed 

to high levels of metals, invoking the critical need for metal resistance and related stress response 

mechanisms. 
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Mechanisms of metal resistance in extreme thermoacidophiles have been studied and 

strain-specific mechanisms have been proposed. M. sedula was ‘shocked’ by exposing this 

archaeon to inhibitory and sub-inhibitory levels of cobalt, Cu, nickel, uranium and zinc 

triggering transcription of genes in over 25 % of the genome (Wheaton, 2016). While the stress 

response to these metals had features in common, each metal also triggered responses of metal-

specific sets of genes, many of which were not annotated and had no known specific function. 

Type II Toxin-Antitoxin (TA) loci (pairs of genes encoding a ribonuclease and a cognate protein 

partner that can silence ribonuclease activity) have been implicated in a novel metal resistance 

mechanism. For example, M. prunae uses a TA system when exposed to toxic levels of uranium 

to induce dormancy by degrading cellular RNA to survive (Mukherjee et al., 2012, Mukherjee et 

al., 2017). Other mechanisms have also been observed. Metals are sequestered by DNA-binding 

proteins to alleviate metal toxicity in Sa. solfataricus (Wiedenheft et al., 2005); this archaeon 

alleviates mercury (Hg) detoxification through mercuric reductase (MerA) and a 

positive/negative regulation transcription factor (MerR) (Schelert et al., 2004). Two genes 

identified adjacent to merA, namely merH and merI, were involved in this resistance mechanism 

(Schelert et al., 2006). 

Metal ions can be sequestered by inorganic polyanions, polyphosphates (polyP), and 

metal chelators that bind metal cations (Albi & Serrano, 2016). The main mechanisms by which 

excessive intracellular concentrations of metals are handled involve formation of negatively 

charged polyP complexes with metal cations, followed by the metals-inducing degradation of 

polyP, producing orthophosphates (Pi) that form a metal-Pi complex which is subsequently 

transported outside of the cell (Grillo-Puertas et al., 2014, Lewis et al., 2021, Remonsellez et al., 

2006), such as PitA and Pho84. In M. sedula, the presence of these transporters is related to Cu 
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resistance, including a Pho84-like transporter in wildtype M. sedula for the update of Pi-Cu 

complex, and a functional PitA transporter. In a spontaneous mutant strain, M. sedula CuR1, Cu 

and arsenic resistance increased was observed than the wildtype M. sedula that has a truncated 

variation of the pitA gene (McCarthy et al., 2014). In addition, polyP levels in cells are directly 

associated with metal tolerance. For example, less Cu resistance was observed in a Sa. 

solfataricus strain that lacked polyP due to overexpression of exopolyphosphatase (PPX) (Soto et 

al., 2019). Furthermore, in a study with S. acidocaldarius, Sa. solfataricus, and S. metallicus, 

high levels of polyP accumulation in S. metallicus compared to the other two resulted in higher 

Cu resistance for S. metallicus of up to 200 mM Cu sulfate (Remonsellez et al., 2006). 

Metal resistance can also be achieved through active transport efflux, related to Cu 

resistance via the Cop system (Lewis et al., 2021). CopA and CopB utilize ATP to transport Cu 

outside the cell (Lewis et al., 2021). Transcriptional regulation is associated with CopT, while 

CopM is a chaperon that binds metals (Villafane et al., 2011). This system is also present in other 

archaea (Martínez‐Bussenius et al., 2017). For example, CopT, CopA, and CopM have homologs 

to ORFs in M. sedula (Auernik & Kelly, 2008), where the order of the genes was akin to Sac. 

solfataricus, S. acidocaldarius and S. tokodaii (Martínez‐Bussenius et al., 2017). When exposed 

to Cu and chalcopyrite, ATP transporters for Cu and associated metal chaperones were 

transcribed (Orell et al., 2010). 

Extreme thermoacidophiles have novel mechanisms for metal resistance, such as the TA 

system in M. prunae, mercury resistance in Sa. solfataricus, DNA binding proteins, polyP, and 

active transport systems, namely the Cop pathway, and maybe others yet to be discovered. These 

relate to the need for higher metal resistance required in the extreme environments that they 

naturally inhabit and are advantageous in bioleaching processes. 
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1.12 Thermal stress response – extreme thermoacidophiles 
 

As mentioned, high levels of metals in mining environments can stress extreme 

thermoacidophiles, and specific mechanisms are present to deal with this kind of challenge. 

Thermal stress can also be an issue, even for extreme thermoacidophiles that already thrive at 

elevated temperatures. Sulfur oxidation is highly exothermic and can lead to high temperatures in 

heaps in mining operations from biooxidation. Extreme thermoacidophiles exhibit different types 

of heat shock responses than seen in less thermophilic bacteria, using a more limited set of 

small Heat Shock Proteins (HSP20s) and the thermosome (HSP60-like) to function as molecular 

chaperones and the proteasome to turnover misfolded proteins (Cooper et al., 2023). Also not 

seen in bacteria are differences in cell membrane composition (ether- and tetraether-linked 

lipids) which further protect against thermal damage. Global regulation of thermal stress in 

extreme thermoacidophiles is not done through bacteria-like transcription (sigma) factors and, as 

such, is not well understood. However, some studies have shed light on this process. S. 

acidocaldarius heat shock response is complex and elicits both post-transcriptional and post-

translational regulation involving nearly all cell processes (Baes et al., 2023, Baes et al., 2020). 

When thermally shocked, Sa. sulfotaricus transcribed a significant fraction of genes encoded in 

its genome, including many TA loci (Tachdjian & Kelly, 2006); a similar response was observed 

in S. acidocaldarius (Bhowmick et al., 2023). However, it is clear that TA loci, mentioned above 

with regard to metal resistance, play a role in heat shock response and interact with heat shock-

related transcription factors (Cooper et al., 2009, Cooper et al., 2023, Maezato et al., 2011). In 

fact, a specific TA pair (VapB6), when deleted from Sa. solfataricus, rendered the archaeon heat 

shock labile (Maezato et al., 2011). Extreme thermoacidophiles can be adapted to super-optimal 

temperatures, albeit within limits. When M. sedula was shifted from its Topt at 74 °C to 79 °C 
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in chemostat culture, no significant changes in cell density were observed (Han et al., 1997). 

However, when shifted to 80.5 °C, washout occurred. Long-term thermal adaptation increased 

the washout temperature to 82.5 °C, but not higher. Proteomics analysis showed that the 

thermosome increased 6-fold at the super-optimal temperatures and returned to normal levels 

upon shifting to 74 °C. This result suggests that extreme thermoacidophiles can be adapted to 

even higher temperatures but within limits. In tanking systems for bioleaching, temperature 

control to avert problems with sulfur oxidation exotherms can be important, even for extreme 

thermoacidophiles. 

 

1.13 Molecular genetics and potential for metabolic engineering 
 

As mentioned, molecular genetic tools are not available for any known bioleaching 

extreme thermoacidophile, but they do exist for non-bioleachers, such as S. 

acidocaldarius (Wagner et al., 2012), Sa. solfataricus (Worthington et al., 2003) 

and Saccharolobus (f. Sulfolobus) islandicus (Zhang et al., 2013, Zhang et al., 2016, Zhang and 

Whitaker, 2012, Zheng et al., 2012). This is not surprising since the development of molecular 

genetics tools for non-model microorganisms (that are not, for example, Escherichia 

coli or Saccharomyces cerevisiae) is challenging, especially when they are not easily grown on 

solid media at moderate temperatures and pH, and their physiology and metabolism are not well 

characterized. Extreme thermoacidophiles also do not have access to the array of selection 

markers used in mesophiles, with few options that can be nonetheless ineffective due 

to spontaneous mutations resulting in resistance to the selection mechanism (Cannio et al., 

1998, Zhang and Whitaker, 2012, Zheng et al., 2012). Thus, current genetic techniques for 

extreme thermoacidophiles consist of forcing an initial auxotrophic mutant, usually by removing 

the organism’s ability to make uracil or lactose (Wagner et al., 2012, Worthington et al., 
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2003, Zhang et al., 2013, Zhang et al., 2016). Making the initial auxotrophic mutant that can 

establish a genetic system is not a straightforward process and attempts have failed so far in 

bioleaching thermoacidophiles, such as M. sedula and A. brierleyi (data not shown). If the initial 

auxotrophic parent strain can be established, the desired mutation can be selected for by 

alternating repairing and then reestablishing the auxotrophy. 

While S. acidocaldarius and Sa. solfataricus can serve as proxies for studying 

bioleaching relevant characteristics of other extreme thermoacidophiles through gene 

deletions and insertions (e.g., stress response (Africa C-J, 2013, Cooper et al., 2009, Cooper et 

al., 2023, Maezato et al., 2011), metal resistance (Schelert et al., 2006, Schelert et al., 

2013, Villafane et al., 2011), biofilm formation (Lewis et al., 2023)), mechanisms that are based 

in iron and sulfur oxidation are not yet accessible. There have been efforts to turn S. 

acidocaldarius into a sulfur oxidizer (Willard and Kelly, 2021, Zeldes et al., 2019), but lack of 

detailed information on the complete set of genes/proteins conferring these metabolic traits limits 

such efforts. 

The aspirational goal of applying molecular genetic tools for metabolic engineering of 

bioleaching extreme thermoacidophiles to improve metal recovery raises important questions. 

From a technical standpoint, the genetic stability of engineered bioleachers could pose problems 

for sustained efficacy. Furthermore, deployment of genetically modified organisms (GMOs) in 

open environments (i.e., heap or dump bioleaching) poses environmental concerns, although this 

problem can be managed through closed tanking systems. To date, all studied extreme 

thermoacidophiles are not pathogenic. However, it is not known how release of engineered 

microbes would impact the native microflora and ecology. While their unique growth 

characteristics (low pH, high temperature) would limit the spread of viable species into ambient 
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environments, the dispersal of cell-free genetic material could be an issue. So, any near-term use 

of metabolically engineered extreme thermoacidophiles for bioleaching would be in bioreactors, 

with the potential to improve rates and metal recovery yields. The extreme growth conditions of 

these microorganisms would alleviate contamination issues and allow for use of standard 

chemical processing equipment, thereby positively impacting capital and operating costs. Of 

course, this would all depend on the development of genetic tools for extreme thermoacidophile 

bioleachers or the metabolic engineering of non-leachers to enable iron and sulfur oxidation. 

 

1.14 Bioleaching in the presence of additives and other enhancers 
 

There have been several novel approaches suggested to improve chalcopyrite 

bioleaching, in most cases done with mesoacidophilic bacteria but could also be used with 

extreme thermoacidophiles. 

 

1.14.1 Pyrite addition 
 

Pyrite addition to chalcopyrite for enhancing bioleaching was first reported decades ago 

with Sulfolobus-like cultures at 60 °C; direct contact of pyrite and chalcopyrite effective at 

elevated temperatures was proposed to be advantageous (Berry et al., 1978). This ultimately led 

to the GalvanoxTM technology, where chalcopyrite leaching was enhanced through galvanic 

interactions with pyrite (Dixon et al., 2008). The anodic half-cell reaction in this case was 

chalcopyrite oxidation, and the cathodic half-cell reaction was ferric iron reduction. Thus, pyrite 

provides an alternative surface to chalcopyrite for ferric iron reduction, believed to be the 

limiting factor (Dixon, Mayne et al. 2008). This process was further enhanced by addition of 

silver ions (Nazari, Dixon et al. 2011). To date, most focus has been on mesophilic and 

moderately thermophilic bioleaching of chalcopyrite in the presence of pyrite, to increase Cu 
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extraction (Abdollahi et al., 2015, Hong et al., 2021, Wang et al., 2018, Yang et al., 2016). 

Bioleaching of low-grade chalcopyrite ores with pyrite addition using a mixed 

culture containing M. cuprina strain Ar-4 and Sulfolobus sp. HB59 at 65 °C recovered over 95 % 

of the Cu. Galvanic interactions, controlled by the redox potential and temperature, was 

hypothesized to be involved (Wu et al., 2017). Pyrite addition is thought to promote galvanic 

interactions, selective oxidation of chalcopyrite, as well as positively impact redox potential 

(Dixon et al., 2008). 

 

1.14.2 Activated carbon 

Addition of activated carbon to improve chalcopyrite bioleaching of refractory gold ore 

was tried for A. brierleyi, despite the formation of jarosite and elemental sulfur. Carbon 

improved cell attachment to the ore surface, thereby mediating Fe3+/Fe2+ and Cu2+/chalcopyrite 

redox couples (Konadu et al., 2020). Activated carbon added to A. manzaensis cultures enhanced 

Cu extraction from 64 % to 95 % over 10 days (Liu et al., 2017), even though jarosite and 

elemental sulfur was observed. Here, redox potential increased from Ḑ 250 mV to Ḑ 550 mV, 

while activated carbon enhanced reduction of ferric to ferrous iron, leading to formation of the 

more reactive chalcocite and enhancing galvanic interactions. Activated carbon improved Cu 

extraction in both biotic and abiotic cases for an extremely thermoacidophilic mixed culture of A. 

brierleyi, M. sedula, A. manzaensis, and S. metallicus at 65 °C (Ma Y, 2017). Redox potential 

increased from Ḑ 325 mV to Ḑ 600 over 3 days, with faster dissolution of chalcopyrite in the 

cultures attributed to galvanic interactions between activated carbon and chalcopyrite, leading to 

formation of reactive intermediates. At higher redox potentials, ferric iron did lead to jarosite 

formation and, while elemental sulfur formation was promoted in the presence of activated 
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carbon, this was alleviated by sulfur oxidation activity of the mixed culture{LIU, #9}. In general, 

the positive effect of activated carbon addition results from electron transfer between 

chalcopyrite and iron ions, initial low redox potential to form reactive intermediates, galvanic 

interactions for oxidation of chalcopyrite as the anode, and alleviation of elemental sulfur 

formation by extreme thermophiles. 

 

1.14.3 Silver ions 

Addition of silver ions have also been studied for enhancement of chalcopyrite 

bioleaching. The mechanism involves precipitation of Ag2S on chalcopyrite, and its subsequent 

oxidation by Fe3+ to Ag+ and S°, thereby enabling Ag+ to react with chalcopyrite again (Miller et 

al., 1981, Sato et al., 2000). This model was applied to chemical leaching of chalcopyrite with 

Ag+, where it was proposed that during reductive leaching of chalcopyrite, silver 

sulfide precipitation happens as a result of the reaction between silver ions and hydrogen sulfide, 

broadening the potential range where chalcopyrite leaching happens (Hiroyoshi et al., 2002). 

Synergic effects of silver addition have been studied in conjunction with the effects of pyrite 

addition. To enhance the GalvanoxTM process, pyrite/chalcopyrite ratios of 4, with 60 mg of silver 

per kg of Cu, led to complete Cu extraction at 80 °C in less than 10 h, with controlled pH, redox 

potential (Nazari et al., 2011). The significant enhancement was attributed to the role of silver in 

increasing electron transfer between pyrite and chalcopyrite and facilitating ferric iron reduction, 

even when passivating sulfur layers are formed (Nazari et al., 2012). Despite these results, the 

high cost of silver could ameliorate the observed benefits of its addition. Silver ions cannot be 

effectively recycled during chalcopyrite leaching, although silver-enhanced pyrite can be 

recycled for chalcopyrite leaching in the GalvanoxTM process (Nazari et al., 2012). Silver addition 
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did not change the morphology of the elemental sulfur formed on chalcopyrite (Nazari et al., 

2012); small amounts of silver deposition in this layer leads to electron transfer and electrical 

contact between pyrite and chalcopyrite (Nazari et al., 2012). 

Addition of silver to chalcopyrite bioleaching cultures remains as one of the potential 

options to enhance bioleaching. However, it has not been tried at elevated temperatures of 

extreme thermophilic bioleaching, although the potential is there, especially as a part of the 

GalvanoxTM process operating at elevated temperatures. In addition, cost-effectiveness of adding 

Ag to recover Cu from chalcopyrite may not be justifiable. The biological consequences of Ag in 

addition to Fe, Cu, and other potential metals is yet unknown. 

 

1.14.4 Chloride ions 

 

Chloride ion addition has been investigated in extreme thermoacidophile bioleaching of 

chalcopyrite, albeit with mixed results. At 65 °C and pH 1.5, a mine-derived culture was used to 

bioleach 5 g/l of 2.5 % Cu, with the amount of sodium chloride added ranging from 0 to 200 g/L 

(Vakylabad, 2022). The highest Cu extraction of 77.5 % was achieved at 100 g/L of NaCl, 

compared to 53.2 % in the control without any chloride. Although the mechanism for the 

increase was not clear, a favorable ionic environment likely enhanced chalcopyrite dissolution. 

In another report, enhanced bioleaching was observed in the presence of Cl− using A. 

manzaensis for chalcopyrite containing 32 % Cu in a bioreactor at 70 °C and pH 2.0 (Chang-Li, 

2012). Chloride was proposed to affect sulfur speciation, stimulate Cu extraction, and improve 

leaching efficiency. Formation of soluble sulfur compounds from chalcopyrite increased (e.g., 

sulfite and sulfate). Cu extraction was highest (76.5 %) with 10 g/L added chloride, compared to 

controls without chloride (63.2 %); note that the Cl− effect was not seen in all cases. 
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No evidence of enhanced chalcopyrite bioleaching enhancement in the presence of 

chloride levels found in seawater was noted using extreme thermoacidophiles at 60 °C with 

Cl− concentrations ranging from 0 to 0.086 M (Watling HR, 2016). Long-term adaptation of 

known strains of extreme thermoacidophiles to high salt environments might improve the 

Cl− effect. Along these lines, for cultures containing S. acidocaldarius adapted to chalcopyrite 

and chloride over 2 years, Cl− addition had a positive outcome (Martins, 2019). Despite 

formation of elemental sulfur and jarosite, complete Cu extraction (100 %) from chalcopyrite 

was reached after 14 days in cultures with S. acidocaldarius and 1 M chloride; the abiotic 

controls with the same amount of chloride only reached about 55 % extraction. However, when 

addition of chloride in 0.25 to 1.0 mol/L NaCl concentrations was studied with two chalcopyrite 

ores (0.34 % Cu and 1.79 % Cu) in S. acidocaldarius cultures, contradicting results were 

observed; one of the ores showed more Cu extraction in biotic conditions, whereas the other one 

had more Cu extracted with 1.0 mol/L NaCl added (Martins & Leão, 2023). Long-term 

adaptation to high Cl− levels are intriguing (Martins, 2019), but more information about how this 

adaptation relates to biochemical and physiological phenomena in the microorganism is needed 

to support wide application of this approach to bioleaching. 

 

1.14.5 Surfactants 

In a study with Metallosphaera hakonensis (96 %), and Ac. cupricumulans (4 %), five 

non-ionic surfactants were investigated in chalcopyrite bioleaching. It was shown that Cu 

extraction depends on the type and concentration of surfactant which could lead to potential 

enhancement in chalcopyrite bioleaching, with the highest extraction related to Tween-20 at 

10 ppm concentration and 75.1 % Cu extraction (Ghadiri et al., 2019). Although previous studies 
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noticed less cell adhesion to chalcopyrite in the presence of surfactants (Ghadiri et al., 2019), A. 

manzaensis biofilm formation on the ore surface was enhanced (Su et al., 2021). 

 

 

1.15 Bioleaching with extremely thermoacidophilic consortia 

Most efforts looking at bioleaching with consortia have focused on mesoacidiphilic 

bacteria, usually with microbial communities containing Acidithiobacillus and Leptospirillum 

species (Chen et al., 2020, Ma et al., 2019). Bioleaching studies using microbial consortia have 

also been done with natural, adapted-natural and synthetic consortia of extreme 

thermoacidophiles. For example, natural consortia, containing Acidianus infernus and 

‘Sulfolobus-like’ species, was adapted at high temperatures (75 °C and 85 °C) and elevated Cu 

levels and then used to leach chalcopyrite concentrates to achieve 90 % Cu recovery (d’Hugues, 

2002). Efforts to track community structure indicate that the type of ore and process conditions 

(i.e., initial pH, temperature, additives) impact the microbiology. On the other hand, a 

synthetic mixed culture of M. sedula, A. brierleyi, S. metallicus and A. manzaensis YN25 was 

used to leach a low-grade nickel-Cu sulfide and Denaturing Gradient Gel 

Electrophoresis (DGGE) tracked community structure (Li et al., 2014). Although the relative 

amounts of each archaeon varied over the 16-day period, A. manzaensis and S. metallicus were 

dominant at day 16. The addition of L-cysteine (0.2 g/L) improved Cu recovery, but not Ni 

recovery. Along these lines, the community structure of a synthetic consortium with the same 

extreme thermoacidophiles for chalcopyrite bioleaching at initial pH 1.5, also followed by 

DGGE, varied with time but also with temperature; at day 18, A. brierleyi dominated at 55 °C, 

while all four species were equally represented at 65 °C (Zhu et al., 2013). Chalcopyrite 

bioleaching by pure cultures of these four archaea was less effective than with a mixed 
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culture which may map to sulfur oxidation capacity of the culture that alleviated passivation 

(Zhu et al., 2011). A complex mixed culture inoculum with 14 species of mesophiles, moderate 

thermophiles and extreme thermophiles was used for column chalcopyrite bioleaching with the 

highest Cu recovery at 30 °C and lower as temperature increased (Wang et al., 2018). However, 

the microbial complexity of this study makes it difficult to form definitive conclusions other than 

temperature significantly impacted the evolution of community structure. The complexity of 

adapted, natural, thermophilic consortia will also be impacted by the specific nature of the 

bioleaching substrate. To this point, two culture samples of extreme thermoacidophiles were 

used to leach different concentrations of chalcopyrite at 78 °C and pH 1.6 in a bioreactor. 

16S rRNA analysis showed that consortium on a 4 % concentrate was mostly strains 

of Sulfolobus shibatae (69 %) while, on a 12 % concentrate, Sulfurisphaera ohwakuensis strains 

(74 %) dominated with little evidence of S. shibatae. The cases described above point to the 

complexity of bioleaching systems and highlight the challenge of long-term operation as 

microbial community structure and ore characteristics change. 

Whether consortia (natural, adapted-natural, or synthetic) will out-perform a pure culture 

for specific bioleaching applications is hard to predict. In many cases, consortia evolve and can 

end up, as described above, become composed of a dominant microbe (becoming essentially a 

pure culture) that does most of the sulfur- and iron-oxidation. Then there is the issue of 

mutations occurring during bioleaching over extended periods of time that would require detailed 

(meta)genomics analysis to decipher. Certainly, if metabolically engineered extreme 

thermoacidophiles are developed with optimized bioleaching properties, they would be utilized 

in bioreactors under controlled conditions (e.g., temperature, pH, redox potential). Nucleic 

acid sequencing capabilities are available such that (meta)transcriptomics could provide culture 
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composition information, especially if biofilm and planktonic cells could be analyzed separately. 

Improvements in microbiological analysis and development of molecular genetic tools, will be 

important to enact modern biology-based developments. 

 

1.16 Future research directions 

Genome sequence data for extreme thermoacidophiles have provided unprecedented 

insights into microbiological fundamentals such that the diversity, physiology, metabolism and 

bioleaching potential of these archaea is much clearer. Bioleaching at elevated temperatures by 

extremely thermoacidophilic archaea can outpace mesoacidophiles in this regard and deserve 

continued attention for this technology. Molecular genetic tools to probe mechanisms and enable 

metabolic engineering are sorely needed to make major advances. Demand for critical metals and 

the drive for more sustainable mining methods should drive efforts to develop high temperature 

bioleaching processes. Such efforts would benefit from international cooperation to 

match natural resources with bioleaching technology. 
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Table 1. Origins and characterization of Sulfolobales type-strain isolates with sequenced 

genomes (*draft genome). 
 

Species 

 

Collection 

ID 

 

Isolation Site 

 

Metabolism 

 

 

Topt 

(˚C) 

 

pHopt 

Genome 

(Mb) 

 

G+C 

(%) 

Acidianus 

ambivalens 

LEI10 (Zillig 

et al., 1986) 

DSM-

3772T 

JCM-

9191T 

Solfatara at 

Leirhukur, Mývatn 

Iceland 

Chemolithoautotroph 

(Facultative aerobe) 
81 2.5 2.25 34.2 

Acidianus 

brierleyi 
(Counts, 2018; 

Segerer A, 

1986) 

DSM-

1651 

JCM-8954 

Yellowstone National 

Park, Wyoming, USA 

Chemolithoautotroph 

/heterotroph 

(Facultative 

anaerobe) 

70 2.0 2.95 31.0 

Acidianus 

copahuensis 

ALE1 (Urbieta 

et al., 2014; 

Urbieta et al., 

2017) 

DSM-

29038 

Caviahue-Copahue, 

Neuquen, Argentina 

Chemolithoautotroph 

/heterotroph 

(Facultative 

anaerobe) 

75 3.0 2.45* 35.6* 

Acidianus 

infernus, So4a 
(Segerer A, 

1986) 

DSM-

3191T 

JCM-

8955T 

Pisciarelli Solfatara, 

Naples, Italy 

Chemolithoautotroph 

(Facultative aerobe) 
90 2.0 2.22 34.4 

Acidianus 

manzaensis 
(Ding et al., 

2011; Ma et al., 

2017; Yoshida 

et al., 2006) 

NBRC 

100595 

Fumarole, Manza, 

Gunma, Japan 

Chemolithoautotroph 

/heterotroph 

(Obligate aerobe) 

80 1.5 2.69 30.6 

Acidianus 

sulfidivorans 
JP7 (Counts, 

2020; Plumb et 

al., 2007) 

DSM-

18786 

JCM-

13667 

Solfatara, Lihr Island, 

Papua, New Guinea 

Chemolithoautotroph 

(Obligate aerobe) 
74 1.1 2.29 31.1 

Metallosphaera 

hakonensis 
(Counts, 2018; 

Takayanagi et 

al., 1996) 

DSM-

7519 

JCM-8857 

Ohwakudani, Hakone, 

Japan 

Chemolithoautotroph 

(Facultative aerobe) 
70 3.0 2.54 46.2 

Metallosphaera 

prunae Ron 

12/II 
(Mukherjee et 

al., 2012) 

DSM-

10039T 

Uranium mine in 

Thüringen, Germany 

Chemolithoautotroph 

/heterotroph 

(Obligate aerobe) 

70 2.0 2.2 46 

Metallosphaera 

sedula (Auernik 

et al., 2008; 

Huber et al., 

1989) 

DSM-

5348 

JCM-9185 

Naples, Campania, 

Italy 

Chemolithoautotroph 

/heterotroph 

(Obligate aerobe) 

73 2.0 2.20 46 
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Table 1 (continued). 
Metallosphaera 

yellowstonensis 

MK1 (Kozubal 

et al., 2011) 

NA 

Beowulf, Yellowstone 

National Park, 

Wyoming, USA 

Chemolithoautotroph 

/heterotroph 

(Obligate aerobe) 

70 2.5 2.82* 47.7* 

Saccharolobus 

solfatarcius P2 

(Chen et al., 

2005; Zillig W., 

1980) 

DSM-

1617 

JCM-

11322 

Solfatara volcano, 

Pisciarelli-Campania, 

Italy 

Heterotroph 

(Obligate aerobe) 
80 3.0 2.99 37.0 

Stygiolobus 

azoricus FC6 
(Counts, 2020; 

Segerer et al., 

1991) 

DSM-

6296T 

JCM-

9021T 

Caldera on São 

Miguel Island, Azores 

Chemolithoautotroph 

(Obligate anaerobe) 
80 2.5 1.99 37.6 

Sulfidiicoccus 

acidiphilus 

HS-1 (Sakai & 

Kurosawa, 

2017) 

JCM-

31740 

Ohwakudani, Hakone, 

Japan 

Heterotroph 

(Obligate aerobe) 
70 3.0 2.35 51.2 

Sulfuracidifex 

metallicus 

Kra23 (Counts 

et al., 2020; 

Huber & 

Stetter, 1991) 

DSM-

6482T 

JCM-

9184T 

Solfatara in Krafla, 

Mývatn, Iceland 

Chemolithoautoroph 

(Obligate aerobe) 
65 2.0 2.20* 38.6* 

Sulfuracidifex 

tepidarius HS-

7 (Itoh, 2020) 

DSM-

104736 

JCM-

16833 

Ohwakudani, Hakone, 

Japan 

Chemolithoautoroph 

(Obligate aerobe) 
65 1.5 2.15 39.6 

Sulfurisphaera 

ohwakuensis 
(Counts, 2020; 

Kurosawa et 

al., 1998) 

DSM-

12421T 

JCM-

9065T 

Hot spring in Ohwaku 

Valley, Hakone, 

Japan 

Heterotroph 

(Obligate aerobe) 
84 2.0 2.80 32.7 

Sulfurisphaera 

tokodaii 
(Kawarabayasi 

et al., 2001; 

Suzuki et al., 

2002) 

DSM-

16993 

JCM-

10545 

Beppu, Kyushu, Japan 
Heterotroph 

(Obligate aerobe) 
80 2.5 2.69 32.8 

Sulfolobus 

acidocaldarius 

(Brock et al., 

1972; Chen et 

al., 2005) 

DSM-639 
Yellowstone National 

Park, USA 

Heterotroph 

(Obligate aerobe) 
80 2.5 2.23 37.0 
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Table 2. Chalcopyrite Bioleaching by Extreme Thermoacidophiles 
 

Microorganism(s) 
Temp 

(°C) 
pH 

Pulp 

Density 

Coppe

r 

Releas

e 

Reference Comments 

Acidianus brierleyi 65 1.2 
1% - 5 

kg/m3 
> 90% (Konishi Y, 2001)  

Acidianus manzaensis 65 1.5 2% ~ 5 g/L (Zhu et al., 2011)  

Metallosphaera 

hakonensis 
65 ~2.5 0.5% ~50% (Watling HR, 2016) Saline-water study  

Metallosphaera prunae 75 2 3.20% ~50% (Stott, 2003)  

Metallosphaera sedula 70 
1.85-

2 
10 g/L ~80% (Ai C, 2019)  

Sulfolobus acidocaldarius 67.5 1.5 2.50% 100% (Martins, 2019) 1 M Cl added  

Sulfuracidifex metallicus 80 1.5 1% ~95% (Vilcáez, 2008)  

Mixed Cultures       

Synthetic consortia 65 1.5 2% ~ 6 g/L Zhu et al., 2011) 

A. brierleyi, A. 

manzaensis, M. 

sedula, S. metallicus 

(Zhu et al., 2011)  

Synthetic consortia 65 1.5 2% 
~0.2 

g/L 
(Li et al., 2014) 

A. brierleyi, A. 

manzaensis, M. 

sedula, S. metallicus 

Natural consortia 70 2.2 7.50% 98.40% (Gericke et al., 2001) 

iron/sulfur oxidizing, 

isolated from a coal 

dump near Witbank, 

South Africa  

ICHT 78 > 1.3 12% > 90% (d’Hugues, 2002) 

Originated from a 

hot spring in Iceland   

 "a novel 

unclassified strain, a 

Sulfolobus B6-2-like 

organism and 

Acidianus infernus"  

MTC-A 78 1.6 4%  
(Mikkelsen et al., 

2006) 

Sulfolobus 

shibatae (69%), 

Stygiolobus azoricus 

(11%), 

Sulfurisphaera 

ohwakuensis (10%), 

Metallosphaera sp. 

J1 (8%), Acidianus 

infernus (2%)  

MTC-B 78 1.6 12%  
(Mikkelsen et al., 

2006) 

Sulfurisphaera 

ohwakuensis (73.9%

), other clones 

similar to MTC-A  
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Figure 1. Chalcopyrite bioleaching mechanism involves sulfur and iron oxidation. Copper is 

released from chalcopyrite by protons and the reduction of ferric to ferrous ions. Bioleaching 

organisms can aid in the release of copper from chalcopyrite indirectly by oxidizing ferrous back 

to ferric ions and producing needed protons via the oxidation of hydrogen sulfide also released 

from the ore. Bioleaching can occur through a contact mechanism within microenvironments 

generated by biofilm cells attached to the ore surface or through a non-contact mechanism by 

planktonic cells at a distance from the ore. 
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Figure 2. Timeline of bioleaching Sulfolobales isolations, genome sequencing, and 

establishment of genetic systems. The timeline is restricted to type-strain isolates of the 

Sulfolobales that have genomic sequences or established genetic systems currently available. The 

current naming convention is display in the timeline with *denoted the year the organism was 

isolated and † denoted the year the organism was sequenced. Triangle color is indicative of the 

major event happening that year with the following hierarchy: red – a genetic system was 

established, purple – a genome was sequenced, and yellow – the original isolation of an 

organism. See Table 1 for further details. 
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Figure 3. Fox Cluster-based Iron oxidation model proposed for M. sedula. Electrons are taken 

by FoxC as the primary electron acceptor, and passed by Rus (rusticyanin, a blue copper protein) 

either through the uphill pathway to generate NADPH from NADP+, or downhill to O2 or 

downhill pathways. 
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Figure 4. Current state of the mechanism of sulfur metabolism and acquisition in the 

Sulfolobaceae. Solid arrows indicate enzymatic reactions. Dashed-dotted arrows indicate abiotic 

chemical reactions. Dashed arrows represent transport of chemical species across the cell 

membrane. Enzymes are colored according to evidence for that enzymatic step: yellow – enzyme 

activities have been validated in purified protein samples, connected to a genetic sequence, and 

have a defined protein subunit structure; blue – enzyme activity has been detected and linked to a 

genetic sequence in the Sulfolobaceae; green – enzyme activity has been observed in cell lysate 

but is not associated with a genetic sequence; purple – no enzyme activity has been 

demonstrated, but the function is predicted by annotation software. Abbreviations: ETC (electron 

transport chain); rETC (reverse electron transport chain); hynSL12 (hydrogenase); sreABCD 

(polysulfide reductase); tetH (tetrathionate hydrolase); sqr (sulfide:quinone oxidoreductase); 

tqoAB (thiosulfate:quinone oxidoreductase); saor (sulfite:acceptor oxidoreductase); sor (sulfur 

oxygenase reductase); sir (sulfite reductase); dsrE3 (disulfide reductase); tusA 

(sulfurtransferase); hdrABC (heterodisulfide reductase); LbpA (lipoate binding protein); E3 

(dihydrolipoyl dehydroge nase); APSR (adenylylsulfate reductase); APAT 

(adenylylsulfate:phosphate adenyltransferase); SAT (sulfate adenylyltransferase); AK (adenylate 

kinase); soxABCD/ soxEFGHIM/soxLN-cbsAB/doxBCE (terminal oxidases). 
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Figure 5. Mechanism of CO2 fixation and central carbon management in the Sulfolobaceae. 

Green arrows represent enzymatic steps incorporating CO2 represent enzymatic steps losing CO2, 

and red arrows. The 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle is broken into 

three stages representing different points of exchange with the tricarboxylic acid (TCA) cycle. 

Orange: TCA cycle; Yellow: 2-methylcitrate cycle; Green: 3HP/4HB cycle Stage 1; Purple: 

3HP/4HB cycle Stage 2; Pink: 3HP/4HB cycle Stage 3. 
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Figure 6. Reduction potential tower of bioleaching-relevant half reactions at mesoacidophilic 

and thermophilic conditions. Values are derived from temperature-adjusted free energy of 

formation reported by Amend and Shock (2001) and calculated according to methods in Willard 

and Kelly (2021). All half-reactions were balanced for oxygen using water and hydrogen using 

protons. Half-reactions are colored according by category: grey – half reactions involving ore 

structures, yellow – half reactions involving reduced inorganic sulfur compounds (RISCs), red – 

half-reactions involving metal ions, green – half-reactions involving organic compounds, blue – 

miscellaneous half-reactions. The dark green color on the redox scale represents the proposed 

optimal solution reduction potential identified in literature, and yellow represents regions were 

bioleaching has been studied. Half-reactions in the blue region heavily favor reduction in bio-

leaching conditions, while half-reactions in the red region heavily favor oxidation. Red lines for 

half-reactions are used to emphasize half-reactions that shift positions in the redox hierarchy 

between 25°C and 75°C. 
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2.1 Abstract 
 

Factors that contribute to optimal chalcopyrite bioleaching by extremely 

thermoacidophilic archaea were examined for ten species belonging to the order Sulfolobales 

from the genera Acidianus (A. brierleyi), Metallosphaera (M. hakonensis, M. sedula, M. prunae), 

Sulfuracidifex (S. metallicus, S. tepriarius), Sulfolobus (S. acidocaldarius), Saccharlobus (S. 

solfataricus) and Sulfurisphaera (S. ohwakuensis, S. tokodaii). Only A. brierleyi, M. sedula, S. 

metallicus, S. tepriarius, S. ohwakuensis, and S. tokodai exhibited significant amounts of 

bioleaching and were investigated further. At 70-75 ° C, Chalcopyrite loadings of 10 g/l were 

leached for 21 days during which pH, redox potential, planktonic cell density, iron 

concentrations and sulfate levels were monitored, in addition to copper mobilization. S. 

ohwakuensis proved to be the most prolific bioleacher. This was attributed to balanced iron and 

sulfur oxidation, thereby reducing by-product (e.g., jarosites) formation and minimizing surface 

passivation. Comparative genomics suggest markers for bioleaching potential, but the results 

here point to the need for experimental verification. 
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2.2 Introduction 

As the global demand for critical metals increases, and as primary ore deposits are 

depleted, new approaches to mining are needed, especially ones that minimize environmental 

impact. Bioleaching of pyritic ores with acidophilic microorganisms to recover critical metals, 

copper and gold in particular, is a long-standing technology to process ores from secondary 

deposits and recalcitrant mining residue; as much as 15-20% of the copper recovery in countries, 

such as China and Chile, has been attributed to bioleaching (Brierley, 2019). Pyritic ore 

bioleaching is based on sulfide mineral oxidation driven by microbial bioenergetics, and offers 

an environmentally friendly alternative to current mining technologies (You et al., 2020). 

Mesophilic (35-45° C) and thermophilic (> 45° C) acidophiles have been implicated in natural 

processes that are applicable to pyritic ore bioleaching. However, with complex ores, such as 

those containing chalcopyrite, bioleaching with mesophilic bacteria is characteristically slow and 

can result in low metal extraction, due at least in part to surface passivation with metal sulfide 

oxidation by-products (Howard & Crundwell, 1999; Mehta & Murr, 1982; Sand et al., 1992). 

Bioleaching at higher temperatures can achieve higher rates, better metal recovery, and with less 

surface passivation (Manesh et al., 2024). Compared to mesophiles, extreme thermoacidophiles 

generally show higher growth rates can function in non-optimal growth conditions, enabling 

their use for in situ bioleaching (Castro et al., 2019). Diffusion of reagents at moderate 

temperatures is affected by elemental sulfur and other intermediate compounds, such as copper 

sulfides, whereas these effects are alleviated at high temperatures (Rodrıguez, 2003). In addition, 

extremely thermophilic cultures have also been used successfully in bioleaching pilot plants 

(Sandström & Petersson, 1997) with high copper extractions (Gericke et al., 2001).  However, 

there are still major challenges to using extreme thermoacidophiles (Topt > 65° C, pHopt < 3.5) for 
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certain biomining applications, such as maintaining temperature during heap bioleaching. Tank-

based systems have shown great promise and may be the best route for extreme 

thermoacidophile bioleaching.  

The mechanisms underlying pyritic ore bioleaching has been well-studied and lately this 

has incorporated information gleaned from genomic databases (Ibanez et al., 2023; Lewis et al., 

2023). Bacteria belonging to mesoacidiphilic genera, such as Acidithiobacillus and 

Leptospirillum, either as members of consortia or as pure cultures, can attack the pyritic content 

thereby mobilizing copper for recovery (Nie et al., 2016). Previous studies show accelerated 

abiotic leaching of chalcopyrite at elevated temperatures, which has given rise to the study of the 

order Sulfolobales, and specifically the genera Acidianus, Metallosphaera, Sulfuracidifex, and 

Sulfurisphaera, to take advantage of the potential the potential synergism of the improved abiotic 

leaching and biological activity of the cells at elevated temperatures (Lewis et al., 2023; 

Wheaton et al., 2015). Certain genomic features in these archaea map to bioleaching potential: 

Fox Cluster (Counts et al., 2021a; Counts et al., 2021b; Wang et al., 2020), enzymes active on 

Reduced Inorganic Sulfur Compounds (RISCs) (Lewis et al., 2021), CO2 fixation cycles (Loder 

et al., 2016), metal resistance pathways (Orell et al., 2010; Orell et al., 2012; Orell et al., 2013; 

Wheaton et al., 2015; Wheaton, 2016), and biofilm formation (Lewis et al., 2023; van Wolferen 

et al., 2018; Zhang et al., 2019), but it is still difficult to predict the extent of copper mobilization 

in the absence of experimental information. Process parameters (e.g., pH, temperature, redox 

potential, pulp density, aeration, ore characteristics) correlate with bioleaching efficacy but 

phenomena, such jarosite formation, surface passivation, non-copper metal toxicity, come into 

play in complex ways. There is also the issue of experimental reproducibility and consistency 
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with inter-laboratory comparisons that are further exacerbated when natural or synthetic 

consortia are involved. 

Overall, chalcopyrite bioleaching reactions can be summarized as follows: 

CuFeS2 + 4Fe3+  OCu2+ + 5Fe2+ + 2S0   [1] 

CuFeS2 + O2 + 4H+  OCu2+ + Fe2+ + 2S0 + 2H2O  [2] 

4Fe2+ + O2 +4H+  O4Fe3+ + 2H2O   [3] 

S0 + 3/2O2 + H2O  O2H+ + SO4
2-   [4] 

3Fe3+ + 2SO4
2- + 6H2O + M+  PMFe3(SO4)2(OH)6 + 6H+  [5] 

In reactions [1] and [2], chalcopyrite is leached either by ferric iron attack or oxidized by 

O2. Reaction [3] shows the conversion of ferrous iron to ferric iron that can occur through bio-

oxidation of iron. Reaction [4] shows sulfur bio-oxidation resulting in acid generation, and 

reaction [5] describes the potential formation of passivating layers through iron complex 

precipitation. 

In order to evaluate extremely thermoacidophilic bioleaching of chalcopyrite, ten 

microorganisms from the order Sulfolobales with sequenced genomes, covering a wide range of 

iron and/or sulfur oxidation capabilities, were compared. Experimental conditions were adjusted 

to account for each archaeon’s optimal growth pH and temperature. Results were then mapped to 

genomic features to see if these connect to bioleaching outcomes.  

 

2.3 Materials and Methods 

2.3.1 Microorganisms studied and bioleaching cultivation conditions  

 

The microorganisms studied were obtained from the Leibnitz Institute DSMZ 

(Braunschweig, Germany) and grown in pure culture in appropriate media and growth conditions 
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(Table 1). These microorganisms and the temperature for corresponding chalcopyrite 

bioleaching experiments were: Acidianus brierleyi (DSM-3772) (70° C), Metallosphaera 

hakonensis (DSM-7519) (70° C), Metallosphaera prunae (DSM-10039) (70° C), Metallosphaera 

sedula (DSM-5348) (70° C), Saccharolobus solfataricus P2 (DSM-1617) (75° C), Sulfuracidifex 

metallicus (DSM-6482) (70° C), Sulfuracidifex tepidarius (DSM-104736) (70° C), 

Sulfurisphaera ohwakuensis (DSM-12421) (75° C), Sulfurisphaera tokadaii (DSM-16993) (75° 

C), and Sulfolobus acidocaldarius (DSM-639) (75° C). All species were grown in Brock’s Salts 

(DSM-88 medium) containing: 1.30 g/L (NH4)2SO4, 0.28 g/L KH2PO4, 0.25 g/L MgSO4·7H2O, 

0.07 g/L CaCl2·2H2O, 0.02 g/L FeCl3·6H2O, 4.5 mg/L Na2B4O7·10H2O, 1.8 mg/L MnCl2·4H2O, 

0.22 mg/L ZnSO4·7H2O, 0.22 mg/L Na2MoO4·2H2O, 0.05 mg/L CuCl2·2H2O, 0.03 mg/L 

VOSO4·2H2O, 0.01 mg/L CoSO4·7H2O; media pH was adjusted with concentrated sulfuric acid. 

Species-specific nutrients included: 2 g/L sucrose and 1 g/L NZ-Amine (S. acidocaldarius DSM-

639, S. solfataricus P2); 1 g/L yeast extract (A. brierleyi DSM-3772, M. hakonensis HO1-1, M. 

prunae DSM-10039, M. sedula DSM-5348, S. ohwakuensis DSM-12421, S. tokodaii DSM-

16993); 1 g/L glucose and 1 g/L casamino acids (S. tokodaii DSM-16993); and 0.2 g/L yeast 

extract (S. metallicus DSM-6482, S. tepidarius DSM-104736). Cultures were grown in 75 mL 

volumes in 250 mL Erlenmeyer flasks vented with foam stoppers. All bioleaching experiments 

started with an initial pH of 2.5. These conditions (pH, temperature, media composition, and 

chalcopyrite loading without any other minerals or elemental sulfur) were used for adapting 

cultures over 2 days before bioleaching. The cultures were inoculated from their respective 

adapted cultures to a starting optical density measured at a wavelength of 600 nm (OD600) of 

0.01 (approximately 107 cells /mL). 
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2.3.2 Bioleaching experiments 

 

Chalcopyrite was obtained from BOC Sciences (NY, USA) provided at -325 mesh pass 

rates ≥ 97% (dry brush method). Pulp density in all cases was 10 g/L. Energy dispersive X-ray 

spectrometry (EDS) analysis of the chalcopyrite samples showed an average weight percent of 

34.3% Fe, 29.5% Cu, 24.3% S, 10.1% O, 1.1% Si, 0.5% Mg, and 0.3% Ca. X-Ray Diffraction 

(XRD) analysis of the chalcopyrite showed peaks corresponding to chalcopyrite and pyrite.  

Bioleaching cultures were incubated at the initial conditions listed above for each microorganism 

and cultures were sampled (70/75 ° C, initial pH 2.5) for sulfate, iron, and copper concentrations 

as well as pH and redox potential after 4, 7, 14, 18 and 21 days. At each sampling time, 2 ml was 

drawn from each culture for chemical analysis. Samples were placed on a magnetic rack to 

separate chalcopyrite from the solution, and cell density was then measured by OD600 

absorbance. After measuring cell density, samples were sterile filtered using 0.22 μm syringe 

filters. Redox potential was measured using a PINPOINT ORP Monitor (American Marine Inc., 

CT, USA). pH was determined using an ORION STAR A211 pH Meter (Thermo Fisher 

Scientific, MA, USA). 

Total iron and ferrous iron concentrations were measured using the 1,10-phenanthroline 

method. Briefly, samples were diluted with deionized water to a total volume of 1 mL. Diluted 

samples were combined with 100 μL of 3.24 M ammonium acetate in 70 vol% acetic acid and 

100 μL of 100 mM 1,10-phenanthroline in 60 vol% methanol. For total iron measurement, 50 μL 

of 1.44 M hydroxylamine hydrochloride was added to reduce ferric iron to ferrous iron. In the 

case of ferrous iron measurement, 50 mL of deionized water was added in its place. Samples 

were incubated for 15 min before measuring absorbance at 510 nm. To mitigate copper 

interference with the assay, they were diluted to ensure concentrations did not exceed 2 g/L. 
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Solubilized Cu2+ concentrations were determined using the bis(cyclohexanone) 

oxaldihydrazone method, modified to mitigate interference from soluble iron. Samples were 

diluted with deionized water, and 100 μL of diluted samples was combined with 400 μL of 1M 

Tris buffer, adjusted to pH 9.2 with hydrochloric acid, and 500 μL of 5 g/L 

bis(cyclohexanone)oxaldihydrazone in 50 vol% ethanol. Samples were incubated for 15 minutes 

before measuring absorbance at 600 nm. 

Sulfate concentration was measured with a barium sulfate method  (Zeldes et al., 2019). 

Samples were diluted in deionized water, and 100 μL of diluted sample was combined with 75 

μL of activated barium chloride reagent containing 35 g/L BaCl2·2H2O, 75 g/L polyethylene 

glycol MW8000, and 20 mL/L concentrated HCl. The solution was activated by adding 150 μL 

of 10 mM sodium sulfate to 30 mL of barium chloride reagent. Samples were agitated in a plate 

reader for 5 minutes prior to measuring absorbance at 600 nm. 

All absorbances for chemical assays were measured using a Biotek Cytation 5 Imaging 

Reader (Agilent, CA, USA). 

 

2.3.3 Mineral surface analysis 

 

2.3.1. X-Ray Diffraction (XRD) analysis. One replicate for each strain with the highest 

copper concentration after 21 days was centrifuged at 5,000 x g for 5 min and the supernatant 

was discarded. The remaining solids were washed once with Brock Salts pH 2.5 and once with 

filtered deionized water. The solids were then dried at 75° C overnight, crushed to a powder and 

mounted for XRD analysis using SmartLab X-Ray Diffractometer (Rigaku, USA). Data analysis 

was carried out using HighScore Plus software. Peaks were determined based on highest 
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matching scores, and the same scores were recorded and normalized for the determined 

compounds for each sample to provide a semi-quantitative comparison among all the samples. 

 

2.3.4 Scanning electron microscopy and energy dispersive X-ray spectrometry (SEM-EDS) 

 

Samples prepared for XRD analysis were also used for SEM-EDS. SEM-EDS was 

carried out using the Hitachi SU3900N SEM, and Oxford Energy Dispersive X-ray spectrometer. 

EDS results for elemental analysis were converted to molar percentages to use the ratios in the 

final analysis. A minimum of 3 measurements from random particles were carried out from the 

highest copper leaching biological replicate. 

 

2.3.5 Principal Component Analysis (PCA) 

 

PCA analysis was carried out using RStudio (2023.09.1 Build 494) using FactoMineR 

(Le S, 2008). A two-tail t-test was performed to compare the copper solubilization by each 

species to the relevant abiotic control; species that solubilized a greater amount of copper than 

the controls with a p-value < 0.05 were classified as “good” bioleachers, and species that 

solubilized a lesser amount of copper than the controls with a p-value < 0.05 were classified as 

“poor” bioleachers. In cases where the p-value was > 0.05, the biological replicates of that 

species were evaluated for outliers using a Grubbs’ Test with α = 0.05. In cases where outliers 

were identified, the biological replicates were considered individually for placement in the 

“good” and “poor” bioleaching bins. These bins were overlaid on the PCA analysis to look for 

clustering effects in the reduced dimensions. 
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2.3.6 Pan-genome analysis and phylogenetic placement 

 

Assembled genomes for the ten Sulfolobaceae used in this study (Table 1) were analyzed 

using GET_HOMOLOGUES (Contreras-Moreira & Vinuesa, 2013), with default settings and 

the orthoMCL algorithm (Li et al., 2003) to identify homologous protein clusters across the ten 

species. These homologous clusters were parsed by grouping the evaluated species according to 

their bioleaching performance to identify clusters uniquely correlated with the bioleaching 

phenotype. A core genome consisting of 1,138 single-copy orthologs was extracted from the 

pangenome matrix for phylogenetic reconstruction. The sequences were each protein cluster 

were aligned with Muscle v5.1 (Edgar, 2004). The aligned clusters were then trimmed and 

concatenated using trimAL v1.4 (Capella-Gutiérrez et al., 2009) and MEGA v11.0.13 (Kumar et 

al., 2008), respectively. A phylogenetic tree was inferred from the resulting concatenated 

alignment using FastTree v2.1.11, with 1000 bootstraps and the LG+CAT method (Price et al., 

2010). The tree was visualized with Interactive Tree of Life v5 (Letunic & Bork, 2021) using a 

mid-point root. 

 

2.4 Results and Discussions 

2.4.1 Comparative Bioleaching Experiments 

  

Ten species belonging to the order Sulfolobales from the genera Acidianus (A. brierleyi, 

Abri), Metallosphaera (M. hakonensis, Mhak; M. sedula, Msed; M. prunae, Mpru); 

Sulfuracidifex (S. metallicus, Smet; S. tepriarius, Step); Sulfolobus (S. acidocaldarius, Saci); 

Saccharolobus (S. solfataricus Sso); and, Sulfurisphaera (S. ohwakuensis, Sohw, S. tokodaii, 

Stok) were evaluated for their ability to bioleach copper from chalcopyrite (Table 1). Only A. 

brierleyi, M. sedula, S. metallicus, S. tepriarius, S. ohwakuensis, and S. tokodaii exhibited 



 

73 

 

significant amounts of Cu mobilized and these archaea were chosen for further analysis. 

Time-course data for the bioleaching cultures are shown in Figure 1. All bioleaching 

strains grew on chalcopyrite as the primary energy substrate. Cells were adapted to chalcopyrite 

prior to experimental inoculation to truncate lag phases. Cultures reached planktonic stationary 

phase by day 4, except for Stok which reached stationary phase on day 11 (Figure 1A). Culture 

pH in all cases initially increased in the first ~7 days, but subsequently decreased (Figure 1B). 

This trend was also observed in the abiotic controls at 70 and 75° C (Ctrl70, and Ctrl 75), albeit 

to a lesser extent. The initial increase in pH was attributed to consumption of H+, reaction [2], 

which has been observed in bioleaching systems.   

Redox potential for the bioleaching cultures reached elevated levels of ~400-600 mV 

after 21 days (Figure 1C). Redox potential (ORP) correlates with optimal chalcopyrite 

bioleaching, since chalcopyrite is most reactive ~ 450 mV (Vilcáez et al., 2008). ORP reflects 

the ferric iron to ferrous iron ratio in bioleaching media (Zhao et al., 2017); higher ORP, or 

higher ferric iron, leads to further oxidation of chalcopyrite (Córdoba et al., 2009). However, 

elevated levels of ferric iron also can cause generation of iron-sulfur byproducts, thereby 

inhibiting bioleaching by formation of passivating compounds, such as jarosites (Córdoba et al., 

2009). 

Total iron and ferrous iron varied among the bioleaching cultures (Figures 1D, 1E). 

Significant iron leaching was observed for Abri, Msed, Smet, Step, Sohw, and Stok, although the 

highest total iron leached was in the abiotic controls. Iron in the abiotic controls was mostly Fe2+, 

while mostly Fe3+ in the bioleaching cultures.  This was also evident in the comparison of iron 

conversion ratios to the redox potential, where the corresponding cultures with higher ferric iron 

levels had higher ORP values compared to the abiotic controls. This highlights the importance of 
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biological activity in bio-oxidation of ferric iron to ferrous iron. The role of microorganisms in 

bioleaching cultures can be attributed to regeneration of ferric iron for enhancement of 

chalcopyrite oxidation. 

Sulfate generation is directly associated with biological sulfur oxidation in the 

bioleaching environment, leading to acidification of the media. Significant sulfate concentrations 

were recorded for all bioleaching cultures (Figure 1F). Sohw, Msed, Smet, Step, and Stok all 

catalyzed significant copper mobilization over 21 days (Figure 1G), with Sohw the most prolific 

(averaging 68% Cu released) and Abri the least prolific (averaging 24% Cu released). Results for 

the other three species were comparable (51-59% Cu released) and intermediate to Sohw and 

Abri. 

Bioleaching is significantly impacted by the formation of byproducts on the mineral 

surface, leading to surface passivation. To assess surface changes and potential effects on the 

bioleaching outcome, XRD analysis was used (Figure 2). Cultures in which minimal bioleaching 

was noted (Saci, Sso, Mhak, Mpru) showed little evidence of passivation, but byproducts were 

identified for several prolific bioleachers (Abri, Msed, Smet, Step). Notably, iron sulfate hydrate, 

potassium/ammonium jarosite, and magnesium iron oxide were most evident. However, for 

Sohw, that exhibited the best copper mobilization, byproduct formation was minimal. This may 

relate to the balance between iron and sulfur oxidation in bioleaching systems. Passivation in 

jarosite form is still possible in the case of Sohw, as it was detected on the remaining solids of the 

other two replicates in these experiments. Sohw exhibited trends in ORP comparable to that of 

Msed and Smet (other bioleachers that achieved >50% copper mobilization but exhibited jarosite 

formation). As discussed earlier, iron biooxidation and the ratio of a ferric-to-ferrous iron plays a 

major role in determining the ORP of a bioleaching system. Sohw leaching profiles differ from 
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those of Msed and Smet when considering pH. The initial pH increase for Sohw was the smallest 

compared to the other cultures by day 4, and its pH decreased rapidly after this timepoint. In 

addition, Sohw cultures consistently had the highest concentrations of sulfate throughout entire 

21-day leaching period. This indicates that Sohw exhibited the most robust sulfur oxidation of 

the ten species examined in this study, while also having comparable iron oxidation to 

bioleachers like Msed and Smet. Thus, the balance between sulfur and iron biooxidation appears 

to influence formation of passivating byproducts. Less copper extraction was observed in 

cultures where passivating compounds (ammonium and potassium jarosites in particular) were 

formed. As such, prolific iron oxidizers (e.g., Msed), can have high initial iron oxidation rates 

(Counts et al., 2021a), but ultimately this leads to the formation and passivation of the mineral 

surface. Unless sulfur and iron oxidation rates are balanced to minimize byproduct generation, 

sub-optimal copper extraction will result. 

Identification of pyrite as a phase in the chalcopyrite sample gives rise to the possibility 

of chalcopyrite leaching enhancement by galvanic interactions between pyrite and chalcopyrite. 

The anodic half-cell reaction in this case is chalcopyrite oxidation, and the cathodic half-cell 

reaction is ferric iron reduction. Thus, pyrite would provide the alternative surface to 

chalcopyrite for ferric iron reduction (Sandström & Petersson, 1997). Pyrite effects are believed 

to be mainly due to galvanic interactions, selective oxidation of chalcopyrite, and controlling the 

redox potential (Dixon et al., 2008). While iron release was observed here, the released iron was 

mostly in ferrous iron state. Thus, with insignificant ferric iron in the environment, it was 

expected that the redox potential would be lower than optimal conditions for copper release, 

which resulted in low copper extraction results for the abiotic controls (Figure 1). It has also 

been reported previously that the galvanic couple of pyrite and chalcopyrite might have marginal 
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effects on chalcopyrite dissolution (Nichol, 2022). Therefore, the potential galvanic interactions 

could have insignificant contributions to the copper extraction outcome of the bioleaching 

cultures. 

The formation of byproducts was further examined using SEM for visualization and EDS 

for elemental analysis. SEM-EDS results are shown in Figure 3. In SEM images, formation of 

secondary structures was evident. These structures were mainly associated with pyrite and 

chalcopyrite for non-bioleachers, Saci, Sso, Mhak, and Mpru, much like the controls and the 

starting chalcopyrite from XRD results. For other strains with significant copper extraction, these 

structures are associated with the type of passivating layer formed on the surface. This is 

highlighted in the EDS analysis of Smet cultures where no Cu was detected on the surface, 

indicating that there was no Cu accessible on the surface of the mineral, potentially covered by 

jarosite or other precipitating layers. Furthermore, the comparison of Fe/S ratios revealed that, 

for the better bioleachers, there is more iron enrichment on the surface post-bioleaching, 

compared to sulfur, highlighting the importance of intensified sulfur solubilization, compared to 

iron, for successful bioleaching. 

To further isolate the key factors to bioleaching outcomes over the course of the 

experiment, Principal Component Analysis (PCA) was used to reduce the number of dimensions 

in the data by identifying linear combinations of the measured variables. Figure 4 reveals that 

the amount of copper mobilized throughout the 21-day experiment tracked primarily with the 

variation described by Dimension 1 of the PCA. The experimental variables describing 

Dimension 1 included pH, ORP, and sulfate concentration, with some contribution from the total 

iron concentration. Importantly, cell density (OD600) contributed primarily to Dimension 2 of 

the PCA, indicating that improved growth of the microbes in a bioleaching system did not 
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necessarily improve copper mobilization. Similarly, the amount of ferrous iron measure in the 

system did not consistently contribute to Dimension 1, indicating that the ferric-to-ferrous iron 

ratio may have less of a correlation with copper mobilization outcomes than expected. The PCA 

analysis echoes the observations from Sohw's bioleaching performance that a greater emphasis 

on sulfur oxidation and acidification of the bioleaching system over iron oxidation may lead to 

improved copper mobilization. While all parameters are impacted through biological activity 

throughout the process, optimization of starting parameters and their control in the initiation 

stages of bioleaching are the keys to better outcomes. Under uncontrolled conditions, extremely 

thermoacidophilic archaea (i.e., Sohw) promote favorable conditions for chalcopyrite 

bioleaching, likely through balanced iron/sulfur oxidation. PCA highlights the importance of 

each of the measured bioleaching variables, showing that the overall bioleaching mechanism 

evolves over time. 

 

2.4.2 Comparative Genomics as Indicator of Bioleaching Potential 

 

The ten Sulfolobales species examined here were divided into three groups according to 

their bioleaching performance: the first group represents the bioleaching-capable species Abri, 

Msed, Smet, Step, Sohw, and Stok, all of which released more copper than observed in the abiotic 

controls; the second group represents the obligate heterotrophs Saci and Ssol, which were not 

expected to perform as bioleachers and did not; the third group contains Mpru and Mhak, which 

were expected to be capable of bioleaching but did not show any evidence of that in these 

experiments. By parsing the pangenome matrix of these ten species, patterns of genetic content 

that could explain the differences in bioleaching performance between these three groups were 

examined. As expected, the majority of annotated sulfur and iron oxidation genes were excluded 
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from the obligate heterotroph group, although highly conserved across the bioleaching-capable 

group (Figure 5). Of particular note, Msed performed well as a bioleacher despite lacking the sor 

gene, which has been previously considered a hallmark for sulfur oxidation (Willard & Kelly, 

2021). Msed is a moderate sulfur oxidizer despite this missing gene, and thus sor is not essential 

for bioleaching. However, the extracellular tetH is likely a better indicator of the sulfur oxidation 

component of bioleaching, which is consistent with the analysis here. For iron oxidation, the fox 

cluster has been associated with iron oxidation capability with exceptions. Components of the fox 

cluster are believed to be involved in the electron transport chain in either the downhill pathway 

leading to ATP generation, or the uphill pathway leading to NADPH generation (Manesh et al., 

2024). Here, the canonical fox cluster is not conserved among the bioleachers, since the genomes 

of Stok, Sohw, Step, Smet, and Abri all miss genes encoding at least one subunit of the 

membrane-bound complex. Despite this, foxA, considered to form a complex with FoxB in the 

ATP-forming downhill electron transport pathway (Manesh et al., 2024), is highly conserved and 

should continue to be considered a marker of bioleaching potential. 

A surprising observation emerged from examining the third grouping - unexpected non-

bioleachers Mpru and Mhak. From the pangenome analysis, both organisms should have the 

genetic content to be effective bioleachers: a full complement of sulfur oxidation and iron 

oxidation genes, as well as the genes related to copper stress resistance. However, neither strain 

oxidized iron nor sulfur effectively from chalcopyrite. Looking to the broader pangenome, seven 

genes are present in the non-bioleachers and absent in the bioleaching group; five of these are 

either hypothetical proteins or contain a domain of unknown function. Similarly, only two genes 

are absent in this unexpected non-bioleacher group that are also present in the good bioleaching 

group: a putative aminocarboxypropyltransferase and a conjugative plasmid protein, neither of 
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which have a clear role in chalcopyrite bioleaching. Thus, a direct comparison of orthologous 

genes did not reveal the basis for differences in bioleaching performance between Mhak and 

Mpru and the good bioleachers. 

In the case of Mhak, the lack of bioleaching performance may be related to genome 

structure. Mhak has a disrupted fox cluster, with numerous insertions between the key iron 

oxidation genes; Mhak did not oxidize ferrous sulfate (Counts et al., 2021a). Therefore, if Mhak 

is incapable of iron oxidation due to this structural disruption of the fox cluster, it would follow 

that Mhak would also not be an effective bioleacher. 

On the other hand, Mpru has been shown to be individually capable of oxidizing both 

ferrous sulfate (Counts et al., 2021a) and elemental sulfur (unpublished data) and would be 

expected to bioleach chalcopyrite, although it did not. This points towards a regulatory role 

limiting Mpru’s iron and sulfur oxidation in the presence of chalcopyrite. Considering that Mpru 

has previously been shown to shut down its chemolithotrophic functions in the presence of 

uranium (Mukherjee et al., 2012), a similar response may be triggered by exposure to copper. 

Given the lack of bioleaching by Mhak and Mpru, iron and sulfur oxidation markers (e.g., 

tetH and foxA) do not necessarily define bioleaching capability. While certain genomic 

signatures point to this, experimental confirmation is necessary. Further understanding of 

transcriptional and regulatory contributions could clarify genomic ambiguity for the bioleaching 

phenotype. 

One surprising finding was the strong performance of Sohw as a bioleacher. This 

archaeon has not been the focus of previous bioleaching studies. However, Sohw-like archaea 

dominated (73.9% of total clones) in a natural bioleaching consortium on 12% (w/v) chalcopyrite 

(Mikkelsen et al., 2006). Beyond genomic markers, gene regulation by Sohw likely plays a major 
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role in balancing iron and sulfur oxidation that minimizes passivation and underlies bioleaching 

efficacy. Sohw merits further attention in future studies on chalcopyrite bioleaching. 

 

2.5 Conclusions 

While genomic analysis provides insights into bioleaching potential through conserved 

genes, experimental verification is ultimately needed to confirm this. Surprisingly, Sohw turned 

out to be the most effective for copper mobilization from chalcopyrite. Physical and chemical 

analysis pointed to balanced iron and sulfur oxidation, thereby minimizing surface passivation. It 

is important to keep in mind that sub-species and strains of these model archaea exist in nature 

and small differences in genomic content could map to significant differences in bioleaching 

outcomes. Further exploration of microbial diversity in ore deposits is essential in this regard. 
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Table 1. Sulfolobales species used in this study 

 

 

Species 

 

Collection 

ID 

 

Isolation 

Site 

 

Metabolism  

 

 

Topt 

(˚C) 

 

pHopt 

Assembly 

Accession 

Number 

Genome 

(Mb) 

 

G+C (%) 

Acidianus brierleyi 

(Counts et al., 

2018; Segerer et 

al., 1986) 

DSM-1651 

JCM-8954 
 

Yellowston

e National 

Park, 

Wyoming, 

USA 

Chemolithoaut

otroph/heterotr

oph 

(Facultative 

aerobe) 

 

70 2.0 
GCA_0032018

35.2 
2.95 31.0 

Metallosphaera 

hakonensis 
(Counts et al., 

2018; Takayanagi 

et al., 1996) 

DSM-7519 

JCM-8857 

Ohwakuda

ni, Hakone, 

Japan 

Chemolithoaut

otroph 

(Facultative 

aerobe) 

70 3.0 
GCA_0032016

75.2 
2.54 46.2 

Metallosphaera 

prunae Ron 12/II 
(Mukherjee et al., 

2012) 

DSM-

10039T 

Uranium 

mine in 

Thüringen, 

Germany 

Chemolithoaut

otroph 

/Heterotroph 

(Obligate 

aerobe) 

70 2.0 
GCA_0052225

25.1 
2.2 46 

Metallosphaera 

sedula (Auernik et 

al., 2008; Huber et 

al., 1989) 

DSM-5348 

JCM-9185 

Naples, 

Campania, 

Italy 

Chemolithoaut

otroph 

/Heterotroph 

(Obligate 

aerobe) 

73 2.0 
GCA_0000166

05.1 
2.20 46 

Saccharolobus 

solfatarcius P2 

(Chen et al., 2005; 

Zillig et al., 1980)  

DSM-1617 

JCM-11322 

Solfatara 

volcano, 

Pisciarelli-

Campania, 

Italy 

Heterotroph 

(Obligate 

aerobe) 

80 3.0 
GCA_0000070

05.1 
2.99 37.0 

Sulfuracidifex 

metallicus Kra23 
(Counts et al., 

2020b; Huber & 

Stetter, 1991) 

DSM-6482T 

JCM-9184T 

Solfatara in 

Krafla, 

Mývatn, 

Iceland 

Chemolithoaut

oroph 

(Obligate 

aerobe) 

65 2.0 
GCA_0097295

15.1 
2.20 38.6 

Sulfuracidifex 

tepidarius HS-7 
(Itoh et al., 2020) 

DSM-

104736 

JCM-16833 

Ohwakuda

ni, Hakone, 

Japan 

Chemolithoaut

oroph 

(Obligate 

aerobe) 

65 1.5 
GCA_0083264

25.1 
2.15 39.6 

Sulfurisphaera 

ohwakuensis 
(Counts et al., 

2020a; Kurosawa 

et al., 1998) 

DSM-

12421T 

JCM-9065T 

Hot spring 

in Ohwaku 

Valley, 

Hakone, 

Japan 

Heterotroph 

(Obligate 

aerobe) 

84 2.0 
GCA_0097290

55.1 
2.80 32.7 

Sulfurisphaera 

tokodaii 
(Kawarabayasi et 

al., 2001; Suzuki et 

al., 2002) 

DSM-16993 

JCM-10545 

Beppu, 

Kyushu, 

Japan 

Heterotroph 

(Obligate 

aerobe) 

80 2.5 
GCA_0000112

05.1 
2.69 32.8 

Sulfolobus 

acidocaldarius 

(Brock et al., 1972; 

Chen et al., 2005) 

DSM-639 

Yellowston

e National 

Park, USA 

Heterotroph 

(Obligate 

aerobe) 

80 2.5 
GCA_0000122

85.1 
2.23 37.0 
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Figure 1. Bioleaching of chalcopyrite by extremely thermoacidophilic archaea. Time course 

of (A) OD600, (B) pH, (C) redox potential (ORP), (D) total iron, (E) ferrous iron, (F) ratio of 

ferrous iron to total iron, (G) sulfate (H) copper for Abri, Mhak, Mpru, Msed, Saci, Smet, Ssol, 

Step, Stok, and Controls (Ctrl: Ctrl70° C, Ctrl75° C). Panels titled “High” and “Low” are 

distinguished based on the bioleaching performance of individual bioleaching cultures for each 

microorganism, indicating high or low copper extraction compared to the abiotic controls. 

 



 

91 

 

 

 

Figure 2. X-ray Diffraction (XRD) results showing the normalized matching scores of 

spectral peaks with compounds shown as percentage of stacked bars on the left axis. Red 

dots show the amount of copper solubilized (mM) for the cultures (right axis). CtrlS is the 

autoclaved chalcopyrite before bioleaching, different from the abiotic controls at 70° C and 75° 

C (Ctrl70, and Ctrl75). 
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Figure 3. Scanning electron microscopy and energy dispersive X-ray spectrometry (SEM-

EDS) results for the residual solids of best performing copper leaching cultures. Note the 

difference on the formation of secondary structures on the partially leached particles (Abri), 

leached with jarosite formation (Msed), the abiotic controls (Ctrl 70, Ctrl 75), and the starting 

chalcopyrite without treatment (CtrlS). Boxed areas show the EDS scanned area. Average 

elemental analysis is shown in the bar graph. Red line indicates the starting ratio of Fe/S for the 

starting chalcopyrite (Ctrl-S).  
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Figure 4. Principal Component Analysis (PCA) for bioleaching at each timepoint shown as 

separate replicates. Samples are grouped based on their bioleaching performance into “High” 

and “Low” copper extraction, and “Ctrl” for the abiotic controls. 
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Figure 5. Inferred phylogenetic tree of the ten Sulfolobales species assessed in this study, 

constructed from 1,138 single-copy orthologs. Key genes involved in sulfur oxidation 

(yellow), iron oxidation (red), and copper resistance (blue) are shown to be present (filled in 

squares) or absent (empty squares) in each organism. Organisms found to be capable bioleachers 

in this study are highlighted in green. Note that genome content does not necessarily confirm 

bioleaching efficacy. 

 

Abbreviations: tetH (tetrathionate hydrolase), yeeE (thiosulfate importer), ps3e (putative sulfite 

exporter), sqr (sulfide:quinone oxidoreductase), sor (sulfur oxygenase reductase), sdoA (sulfur 

dioxygenase), tqoAB (thiosulfate:quinone oxidoreductase), TST/Rhd (rhodanese), 

hdrAB1C1B2C2 (heterodisulfide reductase subunits), tusA (sulfur trafficking protein), 

dsrB/E3A (disulfide reductase), DLD (dihydrolipoate dehydrogenase), lbpM1M2 (lipoate 

binding protein), saor (sulfite:acceptor oxidoreductase), soeAB (sulfite oxidase), sir 

(assimilatory sulfite reductase), apsr (adenylylsulfate reductase), sat (sulfate 

adenylyltransferase), aoxAB (arsenite oxidase), foxABCDEFGHIJVWYZ (iron oxidation 

subunits), copABR (copper-exporting ATPases), CHAD (conserved histidine alpha-helical 

domain protein), tmdK (dTMP kinase), tmk (thymidylate kinase), ppX (exopolyphosphatase), 

sixA (phosphohistidine phosphatase). 
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3.1 Abstract 
 

The extremely thermoacidophilic archaeon Sulfurisphaera ohwakuensis served as the 

basis for probing how initial pH (pHinitial) affects copper mobilization from chalcopyrite. 

Screening of small-scale cultures (75 mL) at 75°C revealed that ~pH 3.0 was a maximal 

threshold for bioleaching onset. Subsequently, chalcopyrite at 10 g/L in 750 mL culture media, 

containing small amounts of ferric ion, adjusted to pH 2.5 with sulfuric acid and incubated for 24 

h at 75°C prior to inoculation, brought the pH to approximately 3.0 through abiotic chemical 

reactions. However, the resulting subtle differences in pHinitial (3.0 ° 0.15) in bioleaching 

cultures, while not affecting microbial growth, were critical to bioleaching onset and progress. 

Initial iron levels were less important than pHinitial in starting the bioleaching process. X-Ray 

Diffraction (XRD) surface analysis informed bioleaching trajectories over 21 days and 

reinforced the impact of pHinitial. The subtle differences in pHinitial markedly affected S. 

ohwakuensis onset and outcomes, as it presumably would for other bioleaching 

thermoacidophilic archaea. Furthermore, the findings here highlight the challenges faced in 

replicating bioleaching experiments across, and even within, laboratories as well as in achieving 

consistent results in bioleaching processes. 
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3.2 Introduction 
 

Extremely thermoacidophilic archaea (growth Topt ² 65°C, pHopt ¢ 3.5) are 

indigenous to thermal mining environments and extract bioenergetic benefit from oxidation 

of reduced iron and sulfur moieties associated with pyritic ores (Manesh, Willard, Lewis, et 

al., 2024). This feature has made them attractive candidates for bioleaching applications 

(Donati et al., 2016).  Most prevalent are species from the genera Sulfolobus, 

Metallosphaera, Sulfuracidifex, Sulfurisphaera and Acidianus that are present at varying 

levels within natural consortia. Metagenomic analysis can determine and track population 

characteristics within bioleaching consortia, but the respective roles and contributions of 

individual microorganisms to the mobilization of metals, such as copper from chalcopyrite, 

are difficult to decipher. Thus, most of what is known about the details of iron and sulfur 

biooxidation at elevated temperatures and related physiological features comes from the 

study of individual extreme thermoacidophiles in laboratory monocultures. Nevertheless, as 

more information emerges about the genomes of individual extreme thermoacidophiles 

(Counts, Willard, et al., 2021), microbiological features that define a efficient bioleacher 

become clearer (Counts, Vitko, et al., 2021; Manesh, Willard, John, et al., 2024).These 

insights can then be extended to understanding mechanisms associated with bioleaching 

consortia (Ríos et al., 2024) 

Physical, chemical and biological phenomena all contribute to the complex nature of 

bioleaching systems, making it difficult to elucidate specific drivers for metal mobilization. 

From the biological perspective, cellular metabolism, membrane energetics, biofilm 

formation, cell motility, metal inhibition and metal resistance reflect response to 

environmental conditions (temperature, pH, redox potential), concentration of chemicals 
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(metals, sulfur species, organic carbon, CO2, O2), and physical characteristics of the ore body 

(metal composition and distribution, pulp density, particle size) (Manesh, Willard, Lewis, et 

al., 2024). Unlike laboratory bioleaching studies, ore deposits are open systems such that 

conditions are not controlled. The challenge is to leverage what is learned in the laboratory to 

develop better bioleaching processes whether they are operated in open heaps or in tanking 

systems. 

Several extreme thermoacidophiles have been studied for their ability to mobilize 

copper from chalcopyrite, including Sulfuracidifex metallicus (Gautier et al., 2008; Howard 

& Crundwell, 1999; Nemati et al., 2000), Metallosphaera sedula (Ai et al., 2019; Auernik & 

Kelly, 2010), and Acidianus brierleyi (Dinkla et al., 2009). Optimal bioleaching conditions 

are specific to each archaeon in this group, where initial pH, Fe2+/Fe3+ concentration, redox 

potential (ORP), and temperature all play a role albeit to varying extents (Vilcaez et al., 

2008). Nevertheless, natural and synthetic thermophilic consortia containing these species 

and others have been successfully adapted for chalcopyrite bioleaching (d’Hugues et al., 

2002; Gericke et al., 2010; Gericke et al., 2001; Li et al., 2014; Mikkelsen et al., 2006). For 

example, advantages with high temperature bioleaching were demonstrated in a pilot-scale 

tanks-in-series system that successfully bioleached low-grade nickel-Cu concentrates using a 

consortium containing  Acidianus, Metallosphaera, and Sulfuracidifex species; however, the 

contributions of specific microbes were not determined (Neale, 2009). Similar findings came 

from bioleaching studies with a chalcocite-dominant Cu ore from Salta, Argentina, where 

indigenous thermophiles (including Acidianus copahuensis and Ferroplasma sp.) 

outperformed less thermophilic microbes (Amar et al., 2023). These promising results 

motivate continued efforts to develop high temperature bioleaching processes. 
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As more is learned about the physiology, ecology and metabolism of extreme 

thermoacidophiles for development of high temperature bioleaching processes (Manesh, 

Willard, Lewis, et al., 2024), details of the complex ways in which physical, chemical and 

microbiological phenomena factor in need to be understood. This will help in choosing the 

best operating conditions and microbes (monocultures or consortia) for optimal results. 

However, the intrinsic kinetic and thermodynamic properties characteristic of bioleaching 

systems can make it difficult to replicate and reproduce results, not only across laboratories 

but also within laboratories. Certainly, reports of bioleaching studies are often based on a 

single replicate for this reason (Córdoba, 2008; Ranjbar R, 2017; Vilcaez et al., 2008; Zhao 

H, 2017; Zhao H, 2014). Here, the extremely thermoacidophilic archaeon, Sulfurisphaera 

ohwakuensis (Sohw), served as the basis for examining the dynamics and trajectory of 

chalcopyrite bioleaching with an eye towards discerning how subtle differences in 

experimental conditions can impact experimental outcomes and skew interpretation of 

results.  

 

3.3 Materials and Methods 
 

3.3.1 Microorganisms studied and bioleaching cultivation conditions  

 

Sohw (DSM-12421) was obtained from the Leibnitz Institute DSMZ (Braunschweig, 

Germany) and grown at 75 °C in monoculture using appropriate media and conditions. Growth 

media was formulated as follows: Brock’s Salts (DSM-88 medium): 1.30 g/L (NH4)2SO4, 0.28 

g/L KH2PO4, 0.25 g/L MgSO4·7H2O, 0.07 g/L CaCl2·2H2O, 0.02 g/L FeCl3·6H2O, 4.5 mg/L 

Na2B4O7·10H2O, 1.8 mg/L MnCl2·4H2O, 0.22 mg/L ZnSO4·7H2O, 0.22 mg/L Na2MoO4·2H2O, 

0.05 mg/L CuCl2·2H2O, 0.03 mg/L VOSO4·2H2O, 0.01 mg/L CoSO4·7H2O; sulfuric acid was 
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used to adjust the pH of the medium. Sohw is a heterotrophic microorganism, therefore, cultures 

also included 1 g/L yeast extract as a nutrient source. All cultures were sealed with foam 

stoppers. All chalcopyrite bioleaching experiments were inoculated at a starting OD600 of 0.01 

(approximately 107 cells /mL). Small-scale screening cultures were grown on 10 g/L 

chalcopyrite in 75 mL in 150 mL serum bottles, inoculated 3 h after adjusting the pHinitial to 2.0, 

2.5, 3.0, or 3.5. To investigate the effect of pH further, three larger scale cultures were grown on 

10 g/L chalcopyrite at 750 mL in 1 L Erlenmeyer flasks following incubation of chalcopyrite for 

24 h prior to inoculation. Despite efforts to replicate experimental conditions, at the time of 

inoculation, the pH in the three flasks had varied slightly (2.94, 3.03, or 3.15) likely due to subtle 

differences in rates of abiotic chemical reactions. Note that the ORION STAR A211 pH Meter 

pH meter and probe (Thermo Fisher Scientific, MA, USA) used was capable of measuring pH 

with an accuracy of ° 0.01 units. 

 

3.3.2 Chalcopyrite bioleaching experiments 

 

Chalcopyrite (BOC Sciences (NY, USA)) samples were obtained at -325 mesh pass rates 

≥ 97% (dry brush method).  Pulp density across all experimental bottles was 10 g/L, at 75 °C, 

and sampling took place immediately after inoculation and on days 5, 15, and 21 for the 75 mL 

cultures. For 750 mL cultures, sampling was done every 24 h until day 5, every ~ 12 h until day 

15, and then every 3 days until day 21. For sampling, 2 mL of 75 mL cultures were used on a 

magnetic rack to separate the chalcopyrite, and the remainder was used initially for OD600 

measurements, sterile filtered using 0.22 μm syringe filters, and stored at -20 °C for follow-up 

measurements. For 750 mL cultures, 80 mL was used separately for counting cells using acridine 

orange staining and epifluorescence microscopy, and 4 mL of cultures were centrifuged briefly, 
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after which the supernatant was filtered as mentioned above, and stored for follow-up 

measurements.  

Measurements at each timepoint included redox potential (PINPOINT ORP Monitor 

(American Marine Inc., CT, USA)), pH (ORION STAR A211 pH Meter (Thermo Fisher 

Scientific, MA, USA), total iron and ferrous iron concentration (1,10-phenanthroline method 

(Manesh, Willard, John, et al., 2024), copper concentration (bis(cyclohexanone) 

oxaldihydrazone method (Manesh, Willard, John, et al., 2024), and sulfate concentration (barium 

sulfate method (Zeldes et al., 2019)). A Biotek Cytation 5 Imaging Reader (Agilent, CA, USA) 

was used to measure absorbances for iron, copper, and sulfate measurements. 

 

3.3.3 Mineral surface analysis 

 

Residual solids from sampling at each timepoint for the 750 mL cultures were washed 

once with Brock’s Salts pH 2.5, once with distilled water, dried over night at 75 °C, and stored 

for X-Ray Diffraction (XRD) analysis. Endpoint solids after bioleaching were similarly prepared 

for the 75 mL cultures. All 3 starting pHs of the 750 mL cultures, and the cultures with the 

highest copper extraction from the 75 mL cultures were selected for XRD analysis. A SmartLab 

X-Ray Diffractometer (Rigaku, USA) was used for XRD analysis. HighScore Plus software was 

used for data analysis, phase recognition, and the matching peak scores were normalized and 

used to represent a semi-quantitative representation of the XRD results. 

 

3.4 Results and Discussions 

3.4.1 Chalcopyrite bioleaching by Sulfurisphaera ohwakuensis (Sohw) 

Sulfurisphaera ohwakuensis (Sohw) (Kurosawa et al., 1998), originally isolated from 
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muddy waters (70-80°C) in acidic hot springs (~pH 3) in Hakone, Japan, outperformed other 

previously studied bioleaching extreme thermoacidophiles available from culture collections for 

mobilizing copper from chalcopyrite (Manesh, Willard, John, et al., 2024). Sohw is a 

facultatively anaerobic organotroph that can oxidize elemental sulfur. Its genome encodes the 

Fox cluster (Counts, Vitko, et al., 2021; Manesh, Willard, Lewis, et al., 2024), indicating that it 

should also be capable of iron oxidation. While bioleaching survey results can vary from lab to 

lab, the identification of Sohw as an efficient bioleacher was unexpected, given that it has not 

been studied in any detail previously. That being said, a strain related to Sohw was the main 

component of an adapted bioleaching consortia operated at 78°C and pH 1.6 with high copper 

recoveries (Mikkelsen et al., 2006). Thus, Sohw was selected here for further analysis to 

determine the dynamics and trajectory of the chalcopyrite bioleaching process. 

 

3.4.2 Initial pH impacts copper release by Sohw (75 mL scale) 

Previous work in our lab showed that for chalcopyrite bioleaching with several extreme 

thermoacidophiles that pH 3 seemed to be a threshold for initiating and driving copper release 

(Manesh, Willard, John, et al., 2024; Manesh, Willard, Lewis, et al., 2024). Although pH can be 

controlled in small-scale laboratory bioleaching studies, this will be more challenging at larger 

scales where pH can vary as microbial action and ore chemistry conflate. Thus, the key at larger 

scales will be to maintain pH in a range that supports bioleaching. Here, while Sohw growth was 

not affected as pH varied slightly above or below at a pH of 3, bioleaching was impacted to a 

significant extent. This sensitivity of bioleaching to pH was not observed at lower pHs. Thus, pH 

of 3 was investigated as a threshold for bioleaching performance for Sohw and potentially a 

concern for other extreme thermoacidophiles. 
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Bioleaching with Sohw was screened in 75 mL cultures to investigate the impact of 

pHinitial on bioleaching performance. Chalcopyrite was allowed to incubate for 3 h before 

inoculating with Sohw. After 21 days, copper solubilization reached up to 80% yield for cultures 

with initial pHinitial ≤ 3.0, while limited amounts of copper were mobilized from cultures with an 

pHinitial of 3.5 (Figure 1). Notably, the variability in copper solubilization between replicates at 

each pHinitial decreased significantly as pH decreased, demonstrating that, while Sohw is capable 

of efficient bioleaching at a pHinitial up to ~3.0, the dissolution of chalcopyrite is more 

pronounced at lower pHinitial. This indicated that the chemical environment in the early stages of 

bioleaching had a significant impact on the onset and ultimate trajectory of a bioleaching system. 

Despite the variability in bioleaching outcomes, the cell density of the cultures was consistent 

across the pHinitial range explored, even in cases where copper yield was very poor. Thus, the 

catalytic role of Sohw in a bioleaching system was not the sole determining factor influencing 

the ultimate bioleaching outcome. 

XRD surface analysis was performed on the 75 mL samples following 21 days of 

bioleaching. For pHinitial of 2, 2.5, or 3.0, the mineral surface was mostly covered with iron oxide 

and potassium jarosite, both expected byproducts of the bioleaching process. At pHinitial 3.5, 

chalcopyrite and pyrite were evident, indicating that the bioleaching process was still in early 

stages (also reflected by low levels of copper release). Thus, the pHinitial 3.5 condition did not 

necessarily stall out during the bioleaching process, but rather had a significant kinetic lag 

compared to the lower pHinitial conditions. 

Iron concentrations at the time of inoculation exhibited significant variation among pHs, 

ranging from <1 mg/L at pHinitial 3.5 to 40-45 mg/L at pHinitial 2.0, despite all media being 

prepared with an initial concentration of 4.1 mg/L ferric iron (Figure 2). Thus, the variability in 
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iron concentration was attributed to the 3 h abiotic incubation period prior to inoculation of 

Sohw. At pHinitial 3.5, the decrease in iron concentration during abiotic incubation, likely as a 

result of precipitation, may explain the poor bioleaching outcomes due to a lack of Fe3+ to 

initiate the attack on the chalcopyrite. In one pHinitial 3.5 replicate, the iron concentration 

remained > 1 mg/L, and moderate copper solubilization was observed. However, the pHinitial 3.0 

cultures exhibited a similar iron concentration to the pHinitial 3.5 replicate and vastly 

outperformed it. Indeed, above the 1 mg/L threshold, the initial iron concentration appeared to 

have little influence on the ultimate copper yield and is arguably more a consequence of the 

effect of pHinitial on abiotic solubilization of chalcopyrite.  

 

3.4.3 Early Bioleaching Conditions Affect the Trajectory of Copper Release 

Based on the results from the 75 mL scale cultures, larger scale (750 mL) experiments 

were done centered around pH 3 to further understand the influence of pHinitial on the onset and 

trajectory of bioleaching. Cultures were prepared at pH 2.5 and allowed to incubate abiotically 

for 24 h prior to inoculation to allow any chemical changes to equilibrate. Bioleaching 

experiments can be difficult to replicate exactly, given the interaction of physical, chemical and 

biological phenomena and this was also noted here. At the point of inoculation, pH had varied 

slightly among the replicates reflecting small differences in mixing, aeration, and mineral 

characteristics, among other factors, such that the pH of cultures had shifted slightly to 2.94, 

3.03, or 3.15. Over the course of 21 days of bioleaching, Sohw grew comparably for all three 

pHinitial’s, based on measurement of planktonic cell OD600. However, for pHinitial 3.15, there were 

no signs of bioleaching, while for pHinitial 3.03 and pHinitial 2.94, 72% and 62% copper yield were 

observed, respectively (Figure 3 A-B-C). Notably, the onset of copper release from the pHinitial 
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3.03 and pHinitial 2.94 conditions at the 750 mL scale lagged behind the copper release of the 75 

mL scale pHinitial 3.0, which reached 15-25% copper yield by day 5. Despite this, the 750 mL 

cultures ultimately reached comparable endpoint copper yield to the 75 mL scale, indicating 

there may be some scale-up effects on the kinetics of bioleaching perhaps related to solids 

distribution, O2 mass transfer among other factors. 

Both pHinitial 2.94 and pHinitial 3.03 cultures saw a small increase in pH at 24 h after 

inoculation but exhibited steady acidification beyond that point. One contributing factor is the 

precipitation of iron ions as jarosite, which leads to acidification. In contrast, the pHinitial 3.15 

culture saw an increase in pH up to 3.71 at 24 h, where it held stable for 2 days before 

neutralizing further to pH > 5 (Figure 3 D-E-F). It is unclear if this dramatic proton 

consumption is linked to some small amount of ore dissolution or that the lack of available sulfur 

to be oxidized caused Sohw to consume protons to support its growth; likely, it is some 

combination of both. 

Redox potential (ORP) started between 285-290 mV (vs. SHE) and increased to 300-320 

mV after 24 h for all three conditions. At pHinitial 3.15, ORP remained constant at this point, 

averaging 300 mV and never exceeding 380 mV over the course of the entire 21 days. For pH 

pHinitial 2.94 and pHinitial 3.03, the cultures exhibited a continuous increase in ORP to > 400 mV 

over the course of the first 6 days (Figure 3 G-H-I). Both cultures then exhibited a rapid jump in 

ORP to > 500 mV before stabilizing around 550 mV; note that this occurred at day 8 for pHinitial 

3.03 and at day 12 for pHinitial 2.94. Favorable redox potentials with appropriate concentrations of 

Fe2+ has been reported as critical, since low redox potentials (350-450) favor Fe2+ over Fe3+, 

leading to less passivation and more leaching efficiency (Tian, 2021).  
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Sulfate concentration was an indicator of sulfur oxidation for reduced inorganic sulfur 

compounds (RISCs) by Sohw. For pHinitial 3.15, little to no sulfate production was observed 

beyond 24 h, which is not surprising since chalcopyrite dissolution is the source of RISCs in this 

system and minimal chalcopyrite dissolution occurred in this case. For pHinitial 2.94 and pHinitial 

3.03, sulfate concentrations remain constant until day 4, after which a rapid and steady increase 

in sulfate was detected for the remainder of the 21 days (Figure 3). Biological oxidation of 

sulfur and RISCs acts as the source of protons in bioleaching systems, so it is notable that 

acidification of the pHinitial 2.94 and pHinitial 3.03 conditions preceded the detectable increase in 

sulfate concentration. Only small amounts of sulfur and RISCs would be available in the system 

during early bioleaching, so the amount of sulfate produced prior to day 4 was likely below the 

detection limit, despite having a noticeable impact on pH. Another possibility though is that 

sulfate precipitation was occurring even during early bioleaching, and the increasing sulfate 

concentration was only detectable once sulfur oxidation rates significantly increased after day 4. 

This is consistent with the observation that soluble iron concentrations dropped to near zero 

during the first 24 h of leaching for all three pHinitial (Figure 3). No appreciable soluble iron was 

detected at any point in the pHinitial 3.15 case, and iron concentrations did not increase the pHinitial 

2.94 and 3.03 conditions until after the ORP exceeded 400 mV. At this threshold, a rapid spike 

in both total iron and Fe2+ occurred; total iron continued to increase in conjunction with the rise 

in sulfate concentration, while Fe2+ concentrations rapidly dropped to very low levels for the 

remainder of the 21 days. 

The timing of events around the iron spike plays a key role in parsing out the 

mechanisms of action involved in the Sohw bioleaching system. The increase in ORP of 

bioleaching systems is frequently attributed to the Fe3+/Fe2+ equilibrium as more iron is 
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solubilized during bioleaching. This appears to be the case for the rapid jump in ORP from 400 

mV to > 500 mV for pHinitial 2.94 and 3.03 cultures; the spike in iron immediately preceded the 

ORP increase and the shift in Fe2+/Fe3+ ratio coincides with the ORP increase. This is certainly 

where the bulk of chalcopyrite oxidation occurred, based on the rapid increases in soluble iron, 

sulfate, and copper around this point. This result is consistent with the reduction potential of 

chalcopyrite oxidation of 400-440 mV (Manesh, Willard, Lewis, et al., 2024). However, the 

initial steady climb of ORP from 300 mV to > 400 mV occurred well before any signs of soluble 

iron were present in the system, and chalcopyrite oxidation is thermodynamically unfavorable in 

these early stages. Thus, an ORP of 400 mV appears to be a critical threshold to enable effective 

bioleaching by chalcopyrite oxidation. This is further supported by the lack of chalcopyrite 

dissolution for pHinitial 3.15, where the ORP failed to reach 400 mV. Heterogenous oxidation of 

ferrous iron to ferric iron under acidic conditions is enhanced by iron oxyhydroxides that alters 

the Fe2+/Fe3+ ratio, and contributes to the availability of ferric iron for bioleaching (Jones, 2014).  

In spite of this observation, small increases in soluble sulfate and copper were observed 

in both pHinitial 2.94 and 3.03 cases prior to ORP reaching the 400 mV threshold and the 

appearance of soluble iron. This indicated that dissolution of the ore was occurring by a 

mechanism other than chalcopyrite oxidation in the early stages of Sohw bioleaching. 

 

3.4.4 XRD Analysis of the Mineral Surface During Bioleaching 

To further examine the behavior of the Sohw bioleaching during the early leaching stages 

and to assess the effect of passivation of the ore surface during late-stage bioleaching, solid 

samples from the fastest leaching condition (pHinitial 3.03) were analyzed by XRD to detect 

changes to the mineral surface (Figure 4). Initially, the main phases comprising the mineral 
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were chalcopyrite and pyrite, where most of the changes were on the pyrite portion of the 

mineral. With the increase in total iron present in the culture, by the 167 h timepoint there was 

no pyrite detected, indicating that the initial iron increase was due to iron leaching from pyrite. 

This also provides more ferrous iron to be converted to ferric iron through biological activity, 

enhancing copper extraction. Around 191 h, formation of secondary phases was detected, mainly 

copper sulfides, and iron sulfides in form of pyrite. With the significant increase in iron and 

sulfur solubilization, formation of passivating layers, mainly potassium jarosite, was then 

detected throughout the bioleaching experiment. By the 359 h timepoint, all the remaining 

chalcopyrite is masked by the passivating layers on the mineral surface. Sohw alleviated the 

formation of passivating layers of precipitates via its strong sulfur oxidation capability, leading 

to high levels of copper extraction, even compared to other thermoacidophiles (Manesh, Willard, 

John, et al., 2024). However, chemical reactions related to potassium jarosite formation outpace 

sulfur solubilization by Sohw after a certain timepoint, leading to effectively terminating copper 

solubilization. This happened at about days 9 and 10 for the cultures that had significant copper 

extraction. 

Therefore, another way by which Sohw can be more effective than other 

thermoacidophiles is by its ability to extend the effective bioleaching time by alleviating the 

passivation problem for prolonged periods. Metallosphaera sedula (Msed), for example, has 

been shown to have a faster initial copper release, but its bioleaching efficacy is hindered soon 

thereafter by surface passivation (Manesh, Willard, John, et al., 2024). Since Msed is known to 

be a efficient iron oxidizer (Counts, Vitko, et al., 2021), this contributes to jarosite formation 

without any counterbalancing action.  
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3.4.5 Chalcopyrite bioleaching by Sohw progresses through phases 

 

Based on the bioleaching trajectory of Sohw, the onset of chalcopyrite bioleaching 

proceeds through several phases (see Figure 5). Initially, the low ORP of the system is 

unfavorable to chalcopyrite oxidation (Phase 1). However, galvanic action between pyrite and 

chalcopyrite consumes protons through the reduction of O2 and can drive the release of small 

amounts of copper and sulfide, leading to the formation of a copper sulfide phase. Iron released 

from chalcopyrite during this process forms ferric hydroxide, which is highly insoluble in water 

but becomes more soluble under more acidic conditions. These events result in stoichiometric 

excess of sulfur and RISCs such that some sulfur remains in solution to be oxidized by Sohw to 

offset the neutralizing effect of galvanic activity. 

During Phase 2 of bioleaching, the rate of proton generation from Sohw sulfur oxidation 

outpaces the rate of proton consumption, and the system begins to acidify. As the pH decreases, 

copper sulfide and ferric hydroxide being to dissolve back into solution. Copper can affect the 

ORP of bioleaching systems, and small amounts of soluble copper in early bioleaching stages 

may drive the increase in ORP to > 400 mV. 

Clearing the 400 mV ORP threshold represents the transition to Phase 3 of bioleaching, 

where chalcopyrite oxidation becomes favorable. The solubilized ferric hydroxide supplies Fe3+ 

ions to facilitate this reaction that are quickly reduced to Fe2+ by chalcopyrite. The process 

becomes limited by the ability of Sohw to oxidize Fe2+ ions and regenerate the Fe3+ pool. The 

release of significant amounts of iron and copper drive the ORP up above 500 mV, triggering 

Phase 4 of bioleaching. At this point, the Fe2+/Fe3+ equilibrium shifts to favor Fe3+, and 

biological iron recycling is no longer a rate-limiting step. Chalcopyrite oxidation occurs rapidly, 

and most of the copper is solubilized during this phase. 
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Ultimately, the ORP climbs high enough to favor the precipitation of jarosite compounds. 

This represents Phase 5 and final phase of bioleaching, where the mineral surface becomes 

covered in jarosite, blocking attack by Fe3+ and protons and thereby passivating the mineral. At 

this point, minimal gains to copper yield occur and bioleaching has effectively terminated. 

In chalcopyrite (bio)leaching, the properties of the mineral itself also need to be taken 

into account. Specifically, the semiconductor properties of chalcopyrite limit the current flow 

until a breakpoint is reached, but it is inhibited by the presence of impurities, making it pseudo-

metallic (O'Connor, 2020). These properties, alongside the operating conditions of chalcopyrite 

(bio)leaching affect the copper recovery efficiency. While passivation as a hindrance to 

chalcopyrite dissolution has been controversial (O'Connor, 2020), recent studies still highlight 

passivation as one of the main reasons for partial copper extraction from chalcopyrite 

(bio)leaching (Sun, 2021; Wang, 2021), with high temperatures associated with extreme 

thermoacidophiles suitable for alleviating the adverse effects of aforementioned parameters for 

copper extraction from chalcopyrite even with passivation occurring (Zhu et al., 2011).  

Whether this sequence of events applies to other bioleaching systems involving extreme 

thermoacidophiles remains to be seen. But the paradigm discussed here can serve as a reference 

point for other high temperature (or maybe less thermophilic) bioleaching systems, either in 

monoculture or involving consortia. 

 

3.5 Conclusions 
 

The onset of Sohw chalcopyrite bioleaching was especially sensitive to pH, with a pH of 

~3.0 representing a threshold for initiating the process. While Sohw has been less studied as a 

bioleacher, its genome suggests that it has many of the same metabolic characteristics as other 
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extreme thermoacidophiles (i.e., sulfur and iron oxidation capability). It is not clear how pHinitial 

impacts bioleaching by natural or synthetic consortia, but pH could serve as a driver to initiate 

and regulate processes in tanking systems. The results here also illustrate why bioleaching 

experiments can be difficult to replicate between laboratories and even within the same 

laboratory, given the sensitivity to initial chemical environment in these complex systems. This 

is not surprising given the heterogeneous nature of bioleaching environments, exacerbated here 

by elevated temperature, foe extreme thermophiles.  
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Figure 1. (Top) Cell density and fraction of copper mobilized after 21 days as a function of 

pHinitial. While cell growth was significant for all initial pHs, only limited amounts of copper 

were mobilized with starting pH of 3.5. (Bottom) XRD surface analysis following 21 days of 

bioleaching. For initial pH of 2 or 2.5, surface was mostly covered with iron oxide and 

ammonium jarosite. At pH 3, some chalcopyrite was also present. At pH 3.5, more chalcopyrite 

was present as was pyrite. Presence of chalcopyrite indicated bioleaching process was in early 

stages as reflected in copper release. 
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Figure 2. Variability of initial iron concentration of different startin pH bioelaching 

cultures to the eventual copper yield. Above 1 mg/L, initial ferric iron does not significantly 

increase the copper yield. However, presence of iron above the threshold is required for the 

inititiation of bioleaching. 
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Figure 3. Chalcopyrite bioleaching cultures (750 mL) were inoculated with S. ohwakuensis 

at pHinitial 3.15, 3.03 and 2.94 at 75 °C followed over 21 days. (Top) (A-B-C) Copper % yield 

(cyan) and cell density (magenta), (D-E-F) pH (purple) and redox potential (orange), (G-H-I) total 

sulfate concentration (blue), total iron concentration (red), and ferrous iron concentration (green). 

(Bottom) Cultures (750 mL) (left-right: 3.15, 3.03 and 2.94) at various points over 21 days of 

bioleaching. Note that 504 h culture shown following 60 min of settling to reveal azure color 

indicating copper solubilization. 
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Fig4. XRD profile of the solid phase during bioleaching at pHinitial 3.03. The early 

disappearance of pyrite (green) and formation of copper sulfide (purple) indicates progressive 

stages of bioleaching, in which chalcopyrite (orange) is only substantially leached during the 

later stages of bioleaching and after jarosite (yellow) formation has already begun to occur. 

Ultimately, coverage of the mineral surface by jarosite appears to terminate the bioleaching 

process. 
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Figure 5. Progression of Sohw Chalcopyrite Bioleaching Progresses through Phases 

 

Phase I: oxygen-dependent galvanic 

interaction between chalcopyrite and 

pyrite leads to the initial release of 

sulfide, with iron and copper 

precipitating due to less acidic 

conditions.  

 

 

Phase II: Sohw oxidizes sulfide and 

elemental sulfur to sulfate, generating 

protons and beginning to solubilize 

copper sulfide intermediates.  

 

 

 

 

Phase III: decreasing pH and soluble 

copper drive an increase in redox 

potential (ORP), allowing oxidative 

bioleaching to start breaking down 

pyrite and chalcopyrite in earnest.  

 

Phase IV: once the ORP excedes ~450 

mV, the ferrous-to-ferric iron ratio 

shifts and most iron exists in the form 

of ferric iron, causing extremely rapid 

chalcopyrite dissolution.  

 

Phase V: rapid increases in ferric iron 

lead to precipitation of jarosite 

compounds, which cover the ore 

surface and prevent further dissolution 

of chalcopyrite.  
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4.1 Abstract 

The complete genome sequence of the thermoacidophilic archaeon Metallosphaera 

sedula (DSM 5348) is reported here. M. sedula, originally isolated from a volcanic field in Italy, 

is a prolific iron oxidizing archaeon with applications in bioleaching of sulfide minerals.  

 

4.2 Announcement 

Metallosphaera sedula is an obligate aerobe, Chemolithoautotroph/heterotroph, isolated 

from a solfataric field in Italy, with optimal growth at pH of 2.0 and 73 °C [1, 2]. It was assigned 

to the new genus Metallosphaera in 1989, and is described as an iron oxidizing archaea with 

applications in biomining of sulfide minerals [2, 3]. It can also be grown on meteorites [4].The 

previous M. sedula reference genome was removed from NCBI due to inability to verify source 

material. The closed genome sequence of M. sedula DSM 5348 is reported here, consisting of 

2,190,631 bp. 

M. sedula was obtained from DSMZ and grown from -80°C freezer stocks at 70 °C in 

modified DSM88 medium. NEB Monarch Genomic DNA Purification Kit (New England 

Biolabs, USA) was used to extract and purify genomic DNA from liquid cultures. The 1X 

dsDNA HS Assay Kit (Invitrogen, Q33231) was used to quantify DNA on a Qubit 4.0 

fluorimeter. Oxford Nanopore Technologies (UK) Native Barcoding Kit (SQK-NBD112-24) was 

used for DNA barcoding, and Oxford Nanopore Technologies (UK) R9.4.1 flow cell (FLO-

MIN106D) on a MinION Mk1B was used for DNA sequencing without size selection 

Sequencing was carried out for 72 h for the library using MinKNOW v22.12.7, while Guppy 

v6.4.6 was used for live high-accuracy GPU base calling and quality verification of the run, 

respectively.  
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Guppy base-calling workflow was used to trim the long reads initially, and NanoFilt 

v2.8.0 [5] was used to filter the reads, with read quality and length cutoffs set at 10 and 1000, 

respectively. The ONT long reads were then used to generate a circularized contig for each strain 

using Flye assembler (v2.9.1-b1780) [6]. Rotation of the assembled genome to start at the dnaA 

gene was carried out using the fixstart command in Circlator v1.5.5 [7]. GraphMap v0.5.2 [8] 

was used for mapping the reads, SAMtools v1.16.1 [9] was used for indexing and sorting the 

mapped reads, and Pilon v1.24 [10] and Medaka v1.11.1 (Oxford Nanopore Technologies, UK) 

were used for error correction and polishing of the assemblies. Error correction and polishing 

was done using the trimmed and filtered reads. QUAST v5.2.0 [11], Pilon [10], and CheckM 

v1.2.2 [12] were used to generate quality and statistics reports for the finalized assemblies. 

Annotation of final assemblies was carried out using PGAP2023-10-03.build7061 . All software 

was used with default parameters unless specified otherwise. A summary of assembly statistics is 

shown in Table 1. 
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Table 1: Statistics for M. sedula genome assembly 

 Metallosphaera sedula 

Genome Accession ID CP139956 

BioProject PRJNA1046088 

BioSample SAMN38472205 

Sequence Read Archive SRR27048297 

# of Reads 126,414 

Total Reads 571,623,454 

Read n50 7,468 

Genome Size 2,190,631 

GC Content 46.22% 

Read Coverage 240 

Completeness 100.00 

Contamination 0.00 

# of Predicted Genes 2,367 
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5.1 Abstract 

The complete genome sequence of the extremely thermophilic bacterium Anaerocellum 

(f. Caldicellulosiruptor) danielii (DSM:8977) is reported here. A. danielii is a fermentative 

anaerobe and capable of lignocellulose degradation with potential applications in biomass 

degradation, chemicals, and fuel production from renewable feedstock. 

 

5.2 Announcement 

Anaerocellum (f. Caldicellulosiruptor [1]) danielii was isolated from a hot spring in 

Waimangu, New Zealand, and grows optimally at 65°C, pH of 7.2. Microorganisms from the 

order Caldicellulosiruptorales are capable of degrading lignocellulose and solubilizing 

carbohydrates, and can be used in fuel and chemical production from renewable resources [1-3]. 

The previous A. danielii reference genome (ASM95572v1) was not circularized. Here, the 

circularized genome sequence of A. danielii is reported, which consists of 2,822,094 bp. 

A. danielii culture was procured previously from DSMZ and grown from -80 °C freezer 

stocks for genome sequencing in 65 °C Medium 640. NEB Monarch Genomic DNA Purification 

Kit (New England Biolabs, USA) was used to extract and purify genomic DNA from liquid 

cultures. Oxford Nanopore Technologies (UK) Native Barcoding Kit (SQK-NBD112-24) was 

used for DNA barcoding, and Oxford Nanopore Technologies (UK) R9.4.1 flow cell (FLO-

MIN106D) on a MinION Mk1B was used for DNA sequencing without size selection. The 1X 

dsDNA HS Assay Kit (Invitrogen, Q33231) was used to quantify DNA on a Qubit 4.0 

fluorimeter. Sequencing was carried out for 72 hours for the multiplexed library using 

MinKNOW v22.12.7, while Guppy v6.4.6 was used for live high-accuracy GPU base calling and 

quality verification of the run, respectively.  
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Guppy base-calling workflow was used to trim the long reads initially, and NanoFilt 

v2.8.0 [4] was used to filter the reads, with read quality and length cutoffs set at 10 and 1000, 

respectively. The ONT long reads were then used to generate a circularized contig for each strain 

using Flye assembler (v2.9.1-b1780) [5]. Rotation of the assembled genome to start at the dnaA 

gene was carried out using the fixstart command in Circlator v1.5.5 [6]. GraphMap v0.5.2 [7] 

was used for mapping the reads, SAMtools v1.16.1 [8] was used for indexing and sorting the 

mapped reads, and Pilon v1.24 [9] and Medaka v1.11.1 (Oxford Nanopore Technologies, UK) 

were used for error correction and polishing of the assemblies. Error correction and polishing 

was done using the trimmed and filtered reads. QUAST v5.2.0 [10], Pilon [9], and CheckM 

v1.2.2 [11] were used to generate quality and statistics reports for the finalized assemblies. 

Annotation of final assemblies was carried out using PGAP2023-10-03.build7061 . All software 

was used with default parameters unless specified otherwise. A summary of assembly statistics is 

shown in Table 1. 
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Table 1: Statistics for A. danielii genome assemblies. 

 Anaerocellum danielii 

Genome Accession ID  

BioProject PRJNA1046088 

BioSample SAMN38472127 

Sequence Read Archive SRR27048298 

# of Reads 80,438 

Total Reads 478,059,903 

Read n50 2,822,094 

Genome Size 2,822,094 

GC Content 35.74% 

Read Coverage 158 

Completeness 99.26 

Contamination 0.00 

# of Predicted Genes 2,702 
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6.1 Abstract 

Global transcription factors (TFs) control metabolic processes in bacteria to efficiently 

utilize available carbon. The order Caldicellulosiruptorales has drawn interest due to the ability 

of its members to degrade components of lignocellulosic biomass. Regulatory reconstruction 

of Anaerocellum (f. Caldicellulosiruptor) bescii identified two major global transcription factors 

for xylan utilization, XynR and XylR, and the corresponding putative transcription factor binding 

sites. Recombinant versions of XynR (LacI family) and XylR (ROK family) were subjected to 

fluorescence polarization (FP) and biolayer interferometry (BLI) analysis to confirm the 

predicted binding sites. Four XynR sites and two XylR sites were validated, accounting for 20 of 

26 genes regulated by XynR and six of seven genes regulated by XylR. Bioinformatic analysis of 

the individual genes controlled by the two regulators showed an inter-dependent scheme for 

xylan conversion; the transport of xylooligosaccharides (XOS) is dependent on XylR, while 

enzymes responsible for hydrolysis are controlled by both regulators. For xylose catabolism by 

the xylose isomerase-xylulose kinase pathway, regulation is also split, with XylR controlling 

xylose isomerase and XynR controlling xylokinase. The XynR/XylR regulator pair within A. 

bescii is conserved in all sequenced species of Caldicellulosiruptorales, suggesting similarities in 

regulating linear xylan conversion. In other xylanolytic thermophiles, XylR homologs control 

xylan degradation, compared to just 6 out of 26 genes for A. bescii. These results show that two 

separate regulatory schemes (dual repression) are coordinated by A. bescii to effectively regulate 

the hemicellulose inventory and xylan catabolism. 

 

6.2 Importance 

To take full advantage of extreme thermophiles as platform metabolic engineering 
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microorganisms, the tools for genetic manipulation must be further developed, and strategies that 

exploit a better understanding of metabolic regulation need to be discerned. Anaerocellum bescii, 

the most studied of the extremely thermophilic fermentative anaerobic bacteria that can utilize 

microcrystalline cellulose, can degrade microcrystalline cellulose and hemicellulose and has 

been metabolically engineered to convert the resulting sugars to products such as ethanol and 

acetone. For xylan, in particular, two major global transcription factors (TFs), XynR and XylR, 

play a role in sugar metabolism, although their predicted regulatory interdependence from 

bioinformatics analysis has not been elucidated experimentally. Here, fluorescence polarization 

(FP) and biolayer interferometry (BLI) were used to explore this issue to support metabolic 

engineering efforts aimed at improving carbohydrate processing to industrial chemicals. 

 

6.3 Introduction  

Protein-DNA interactions in bacteria control numerous processes including gene 

expression, replication, foreign DNA recognition, and transcriptional regulation (1). For 

transcriptional regulation, the protein interaction pair consists of a transcription factor protein 

(TF) and transcription factor DNA binding site (TFBS) that can either prevent (repressor) or 

recruit (activator) binding of RNA polymerase (2). Metabolic intermediates or small proteins can 

act as effector molecules for the binding of TFs, which often cause a conformational change 

allowing for either dissociation or association of the TF to the TFBS. Identifying both the genes 

that a putative TF might regulate, as well as the small-molecule effector, provides important 

physiological insights for an organism, especially for metabolic engineering strategies as well as 

for understanding cellular processes, such as pathogenesis (1, 2). 
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Bacteria from the order Caldicellulosiruptorales (3–7) have received attention for their 

ability to deconstruct lignocellulose without pretreatment and have been considered consolidated 

bioprocessing platforms (5). Of the sequenced strains to date, most efforts for developing an 

industrial host have focused on Anaerocellum (f. Caldicellulosiruptor) bescii as it is genetically 

tractable (8) and capable of deconstruction of both cellulose and hemicellulose (3). A. 

bescii encodes cellulases within a single genomic region known as the glucan degradation locus 

(GDL), while its hemicellulolytic inventory is decentralized over multiple loci (9, 10). Recent 

metabolic and regulatory reconstruction of carbohydrate catabolic networks in A. bescii and 

closely related genomes identified several putative TFs, including the LacI-family XynR and 

ROK-family XylR regulators, and their cognate binding sites (11). The reconstructed XynR 

regulon includes the xylan degradation locus (XDL) genes and four other gene loci encoding 

uptake transporters and catabolic enzymes predicted to be involved in xylan degradation and 

utilization of xylose and xylooligosaccharides (XOS). XylR is thought to control xylose 

isomerase (XylA encoded in xylA) and a putative XOS/xylose ABC transporter (XynUVW 

encoded in xynUVW) (11, 12). RNA-sequencing data for A. bescii grown on various carbon 

sources confirmed the upregulation of all predicted XynR target genes on xylan, whereas the 

predicted XylR-controlled genes were highly upregulated on xylose, xylan, and cellulose (11). 

However, there are few direct experimental studies on A. bescii transcription factors, with only 

the Rex repressor being characterized experimentally (13). This highlights the need to validate in 

silico predictions for operator sites across the genome to further understand how the regulation 

influences A. bescii metabolism and physiology. Furthermore, additional tools for modulating 

transcription levels for metabolic engineering, such as inducible promoters, are limited in A. 
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bescii, with the xylose-inducible xylose isomerase promoter and its putative operator sites being 

the only reported examples to date (14). 

Here, validation of in silico predicted binding sites of two A. bescii transcription factors, 

XynR and XylR, to their putative operator sites from the XDL and other xylose/XOS catabolic 

gene loci was pursued by fluorescence polarization (FP) and biolayer interferometry (BLI) 

analysis. This information provides a basis for understanding the dual, but coordinated, 

regulatory strategy of XOS processing by A. bescii. Furthermore, the regulatory strategies 

employed by Caldicellulosiruptorales were compared to those employed by other thermophilic, 

xylanolytic bacteria. Ultimately, understanding how xylanolytic TFs function will inform the 

integration of novel regulatory strategies for further metabolic engineering efforts with A. bescii. 

 

6. 4 Materials and Methods 

6.4.1 Plasmid construction, maintenance, and protein expression 

All genes of interest and the pET28a plasmid backbone were PCR-amplified using Q5 

polymerase (New England Biolabs, Ipswich, MA) with suitable overhangs to perform Gibson 

assembly (Table 1). A. bescii genomic DNA was isolated, as previously described (9). Gibson 

assembly was performed using the NEBuilder HiFi DNA Assembly Mastermix. For both XynR 

(UniProt Accession Number B9MPD1) and XylR (UniProt Accession Number Q44406), the 

endogenous stop codon was removed to add a C-terminal 6 x His purification tag. All plasmids 

were transformed into E. coli DH5α, verified by Sanger sequencing (Azenta Life Sciences, 

Morrisville, NC), and maintained as glycerol stocks in Luria Bertani (LB) medium +15% 

glycerol +50 µg/mL kanamycin at −80°C. Plasmids were then transformed into E. coli Rosetta 

pLysS with strains maintained in LB medium +15% glycerol +50 µg/mL kanamycin and 34 
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µg/mL chloramphenicol. Protein expression was induced in a modified 2 x YT medium for 

induction containing 16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 0.5 g/L glucose, 0.4% 

(vol/vol) glycerol, and 2 g/L lactose, plus the appropriate antibiotics at 37°C for 24 h (22). Cells 

were harvested by centrifugation at 6,000 × g for 10 min prior to lysis and purification. 

 

6.4.2 Protein purification 

E. coli cell pellets were resuspended with 3 mL/g wet weight cells in 20 mM Tris-HCl, 

300 mM sodium chloride, pH 7.6. Resuspended cells were lysed using three passes in a French 

press (Sim-Aminco) at ~13,000 psig. Because all proteins were expected to be thermostable, 

lysates were heat-treated at 65°C for 20 min, clarified by centrifugation at 20,000 × g for 60 min, 

and sterile-filtered through a 0.22 µm filter prior to purification. 

His-tagged proteins were purified by immobilized metal affinity chromatography 

(IMAC) using a 500 mM imidazole gradient for elution on a 5 mL HisTrap HP column (Cytiva). 

All chromatographic procedures were performed on a Biologic DuoFlow FPLC (Bio-Rad) for 

BLI and NGC Quest (Bio-Rad) for FP. Fraction purity was evaluated by SDS-PAGE by 

incubating 10 µL of the sample in an equal amount of 2 x Laemmli buffer (Bio-Rad) at 99°C for 

20 min. Denatured proteins were resolved on a 4-20% TGX Mini-Protean stain-free gel 

(BioRad). Protein fractions containing the correct protein size were pooled and concentrated 

through Vivaspin 20 filters with a 10 kDa cutoff. Proteins were then buffer-exchanged into 20 

mM Tris-HCl, 100 mM sodium chloride, 0.02% Tween 20, and pH 7.4 (biolayer interferometry 

(BLI) buffer herein, and the same buffer composition was used for all FP experiments). The 

protein concentration was determined using a Qubit 4 fluorometer (Thermo Fisher) and the 

https://journals.asm.org/doi/full/10.1128/aem.00516-25#core-collateral-B22
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Pierce BCA assay kit (ThermoFisher) according to the manufacturer’s instructions with bovine 

serum albumin as the protein standard. 

 

6.4.3 Operator probe design and synthesis 

Predicted operator sites for XylR and XynR were previously reported by Rodionov et al. 

(14). The predicted operator site was centered in the oligonucleotide sequence, with the 14 bp of 

the genomic sequence flanking the operator site on both the 5′ and 3′ ends, to generate probes 

between 44 bp and 46 bp. Complementary oligonucleotides were ordered from Integrated DNA 

Technologies (Coralville, IA), with one of the nucleotides having a 5′ biotin end (Table 2). 

Oligonucleotides were resuspended in BLI buffer to produce 100 µM stocks. Equimolar amounts 

of each nucleotide (1 µM final concentration) were diluted in BLI buffer, mixed, heated to 95°C 

for 2 min, and then cooled at 0.5 °C/min to room temperature. Hybridized probes were diluted to 

100 nM for use in biolayer interferometry experiments. 

 

6.4.4 FP data analysis 

The following iteration of the Hill equation was used to fit the FP results in Microsoft 

Excel, using Solver: Ὂὖ  
ᶻ

 
, where FP is the fluorescence polarization signal value, A is 

the amplitude of change in FP, [P] is the protein concentration (nM), and Kd is the dissociation 

constant (nM). 
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6.5 Results 

6.5.1 Xylan metabolism is regulated by two independent transcription factors in A. bescii 

To further understand the role of the two putative regulators controlling xylan catabolism 

in A. bescii, full-length versions of XynR (Athe_0566, LacI family) and XylR (Athe_0617, ROK 

family) were recombinantly produced in Escherichia coli. Comparative genomics previously 

identified putative binding sites for both regulators in the A. bescii genome (11) (Table 1). Here, 

experimental verification was pursued using fluorescence polarization (15) and biolayer 

interferometry (16) (Fig. 1). 

From FP analysis, a Hill Coefficient model indicated that XylR binds to xynUVW with a 

Kd = 165 nM, but not to xylA. XynR binds to xynR (Kd = 172 nM), xynM (Kd = 150 

nM), XDL (Kd = 161 nM), and xyl3A (Kd = 169 nM) (Fig. 2). The Hill Coefficient in all cases 

was less than 1, suggesting negative cooperativity or decreased affinity of other binding sites for 

the transcription factor. To further evaluate XylR binding to xylA, BLI analysis was performed, 

which did, as expected from bioinformatic analysis, confirm the association (Fig. 3). In the case 

of inconclusive results for binding between XylR and xylA in FP results, the binding was 

confirmed using BLI (Fig. 1). Negative controls using random DNA sequences and cross-checks 

between XynR and XylR regulators are shown in Fig. 4. 

These results suggest several features of the regulation of xylan metabolism by A. 

bescii (Fig. 5). XynR co-regulates the expressions of xyl3A, xynM, xynR, and XDL, which 

collectively encode ABC transporters and catabolic enzymes involved in xylan degradation. 

Previous work showed that Xyl3A is the primary β-xylosidase used 

by Caldicellulosiruptorales species for conversion of XOS into monomeric D-xylose, in 

coordination with the XDL that encodes several secreted endoxylanases (17). Furthermore, 
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XynR is likely co-operonic with the xylulose kinase and regulates this gene pair. This implies 

that XynR controls several important hemicellulosic processes and the ATP-dependent step of 

xylose catabolism. However, XylR, and not XynR, controls the expression of the putative 

XOS/xylose transporter (xynUVW). 

 

6.5.2 Comparative analysis of XynR and XylR homologs across xylanolytic thermophiles 

Across the Caldicellulosiruptorales, orthologs to both XynR and XylR from A. bescii are 

found in all sequenced genomes in this order (Fig. 6). The overall amino acid identity (AAI) of 

these transcription factors across the genus is greater than 78% for all species for XynR and 

greater than 70% for XylR. Genomic searches for XylR and XynR binding sites led to the 

reconstruction of both transcriptional regulons in the other Caldicellulosiruptorales genomes. 

The reconstructed XylR regulon includes both xylA and xynUVW targets in nine genomes, 

including A. bescii and Caldicellulosiruptor saccharolyticus. Three other genomes 

corresponding to other species in this order do not have the xylA gene in their genomes, and their 

reconstructed XylR regulons include only orthologs of xynUVW genes. The xylA2 gene (e.g., 

Csac_1154 in C. saccharolyticus), encoding non-orthologous replacement of xylulose isomerase 

XylA, is not co-regulated via XylR or XynR. The reconstructed XynR regulons include 

the xynR-xylB, xyl3A, and xynMNC operons in all Caldicellulosiruptorales genomes (the regulon 

core genes), while the aguX-uxuBA-bgaL operon is also preceded by a conserved XynR binding 

site in all genomes except Caldicellulosiruptor naganoensis NA10 and Caldicellulosiruptor sp. 

F32 strains that apparently have lost this glucuronide catabolic operon from their genomes. The 

XDL operon was identified in 11 Caldicellulosiruptorales genomes. However, it is preceded by 

a highly scored XynR binding site in A. bescii, Anaerocellum kronotskyensis, and C. 
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saccharolyticus and by a lowly scored site in Anaerocellum acetigenus and Anaerocellum 

owensensis. In six other genomes, the site does not have a XynR operator and is potentially 

controlled by another local regulator from the LacI family encoded within the XDL locus. Thus, 

from an evolutionary standpoint, the XDL locus has the most flexible regulatory interactions 

within species in the Order Caldicellulosiruptorales. 

Analysis of the genomic context of XylR and XynR orthologs in other bacterial taxa 

showed several major differences in the corresponding regulons. The closest orthologs to A. 

bescii XylR with amino acid identity ~48% were identified in thermophilic clostridia from the 

genus Thermoanaerobacter (Fig. 6A), where they presumably control the xylose/XOS utilization 

gene cluster (Fig. 6). Previously characterized xylose-responsive repressors from Bacillus 

subtilis and Geobacillus stearothermophilus are each 43% identical to XylR from A. bescii and 

have very similar consensus DNA-binding motifs with A. bescii XylR. The XylR repressor in B. 

subtilis controls the xylose catabolic genes xylAB and XOS utilization operon xynP-xynB (PMID: 

1588910), while the G. stearothermophilus XylR regulon includes at least five different gene 

loci encoding xylan degradation enzymes, XOS transporter and catabolic genes, as well as 

the xylAB operon and xylose mutarotase XylM (Fig. 6) (18). Interestingly, transcriptional 

regulation of xylan degradation genes in G. stearothermophilus also involves a two-component 

regulatory system for XOS ABC transporter (XynDC) and a putative regulator for xylanase 

(XynX) (18). Another previously characterized xylose-responsive regulator from the ROK 

family in hyperthermophilic bacterium Thermotoga maritima is 33% identical to the A. 

bescii XylR protein and co-regulates the xylose utilization genes, with multiple gene loci 

encoding xylan degradation enzymes and XOS transporters (Fig. 5) (17). 
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 However, in the case of XynR, the closest homolog outside the Caldicellulosiruptorales is 

in Moorella thermoacetica, which has 38% amino acid identity to the A. bescii XynR protein and 

is encoded within the xylAB-xynR-xylM-xylFGH gene cluster, preceded by a candidate XynR-

binding site. Reconstruction of the M. thermoacetica XynR regulon did not identify other 

potential targets in the genome, suggesting XynR is a local regulator of xylose utilization genes 

in this organism.  

Besides Caldicellulosiruptorales and Moorella, XynR orthologs have not been identified 

in other taxa of Firmicutes. Additional homologs (< 35% AAI), found in Halobacillus 

aidingensis, Brevibacillus agri, and unidentified Firmicutes and Chloroflexi, are not clustered on 

the chromosome with xylose/xylan catabolic genes and thus unlikely to control xylose 

metabolism. Despite the presence of XylR for controlling a small fraction of the xylanolytic 

genes in A. bescii, XynR is the major regulator for xylan and xylose metabolism 

in Caldicellulosiruptorales spp., and this protein appears to have no characterized homologs that 

perform a similar function. 

 

6.6 Discussion 

The role of two xylanolytic transcription factors, XynR and XylR, from A. bescii was 

investigated experimentally to validate previous bioinformatic predictions (11). XynR bound to 

all four of the tested in silico predicted sites, while XylR was found to bind both of the sites 

tested. As these proteins are conserved across the Order Caldicellulosiruptorales, the results here 

provide additional insights into how Caldicellulosiruptorales species regulate their xylanolytic 

inventories and central xylan metabolism. 
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The regulation of xylan and xylose metabolism has been investigated in several 

thermophilic bacteria (19, 20) and in a thermophilic archaeon (21). XynR and XylR homologs 

appear in other thermophilic species; for example, XylR orthologs are present in Geobacillus 

stearothermophilus, a well-characterized xylan degrader (Fig. 7). The G. 

stearothermophilus XylR controls more genes than the A. bescii XylR and has more binding sites 

in the genome (18). Conversely, the closest homolog to A. bescii XynR outside of the genus is 

in M. thermoacetica, which belongs to the phylum Firmicutes, that utilizes both gaseous and 

carbohydrate-derived carbon substrates for growth. Additionally, no homologs of this protein 

have been characterized, so its role for A. bescii as a global repressor may provide insights into 

how other organisms with this protein may regulate their metabolism. 

 In Caldicellulosiruptorales species, the relatively weak repression by XynR suggests that 

any changes in the available carbohydrates in the environment will allow for rapid adaptation to 

new growth substrates. 

The implications for two regulatory strategies for xylan utilization highlight a larger 

theme for Caldicellulosiruptorales species. While A. bescii does not exhibit carbon catabolite 

repression nor does have a homolog to CcpA, it instead encodes numerous transcription factors 

to detect the available sugars and activate the appropriate machinery to process those sugars. The 

parallel regulatory strategies of XynR and XylR (Fig. 5) emphasize simultaneous control of ATP 

consumption by Caldicellulosiruptorales species. XylR controls the primary transporter for 

xylooligosaccharides and one of the steps in xylan catabolism. Furthermore, XylR regulates the 

expression of a secreted xylanase that is highly active on linear xylan, providing a similar 

strategy to G. stearothermophilus XylR. The released xylooligosaccharides then likely activate 

the XynR regulon, which regulates the expression of additional xylanases that are more active on 
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heterogeneous parts of lignocellulose and all of the β-xylosidases encoded in A. bescii. XynR 

additionally controls xylulose kinase, which links xylose utilization to central carbon 

metabolism. The regulation on xylose isomerase by XylR acts as a feedback loop to control both 

regulons. Unfortunately, effectors were unable to be experimentally determined under the 

conditions tested in this work due to the need to run binding assays at temperatures far below the 

optimum growth temperature for Anaerocellum bescii. 

Overall, the validation of TFBS and measurement of affinities for two global 

transcription factors provides insights into how Caldicellulosiruptorales species regulate xylan 

utilization. This insight should prove useful for further efforts to enhance the development of A. 

bescii into a metabolic engineering platform. 
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Table 1: Operator Sequences of Genes Controlled by XynR and XylR 

Operator 

Site 

Transcription 

Factor 

Operator Sequence # 

Target 

Genes  

Functions 

xynR-xylB XynR aatcgaaatcgcttacaatt 2 Regulator, xylulose kinase 

xyl3A XynR gcttgaaaccgctttctaac 1 β-xylosidase 

xynMNC XynR tcatgaaatcgctttcctat 3 endo-xylanase, 

carbohydrate esterases 

XDL XynR actagtaaacgcttacgata 14 Xylan ABC transporters, 

endoxylanases, β-

xylosidases, esterase 

aguX-

uxuBA-bgaL 

XynR tttagaaatcgttttctaaa 4 Xylan -glucuronidase, 

glucuronate catabolism,  

β-galactosidase 

xylA XylR tagtttgtttaataaacaaacta 1 xylose isomerase 

xynUVW-

xylR-xynA 

XylR tagtttgtttaagaaataaacca 5 XOS transporter, XylR 

regulator, endoxylanase 
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Table 2: Primers Used for Plasmid Construction 

Primer 

ID 
Purpose Sequence 

JRC 807 pET28a Backbone R  GCCCATGGTATATCTCCTTCTTAAAG 

JRC 808 pET28a Backbone F ACTCGAGCACCACCACC 

JRC 833 pET28a-XynR  F ctttaagaaggagatataccatgggcCCGTCGATTGAGGATGTTGC 

JRC 834 pET28a-XynR R ggtggtggtggtgctcgagTGCAGATTGTCTGATTATAAGCTGAGTG 

JRC 835 pET28a-XylR  F ctttaagaaggagatataccatgggcGGTAACCACACGCTACTAAAG 

JRC 836 pET28a-XylR  R ggtggtggtggtgctcgagTGCATATTCTGGAAAAGAAAGC 

Lower Case letters represent Gibson Overhang region on pET28; Start codon underlined and in red 
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Table 3: Oligonucleotides Used for Fluorescence Polarization 1 

Operator Site Nucleotide ID Sequence (5' - 3') 

XynR: XDL 

(Athe_0174) 

XDL 6FAM F (6FAM) attgACTAGTAAACGCTTACGATAtatt 

XDL Unlabeled R aataTATCGTAAGCGTTTACTAGTcaat 

XynR: xyl3A 

(Athe_2354) 

Xyl3A 6FAM F (6FAM) tgagGTTAGAAAGCGGTTTCAAGCaatt 

Xyl3A Unlabeled R aattGCTTGAAACCGCTTTCTAACctca 

XynR: xynR-xylB 
XynR 6FAM F (6FAM) taatAATCGAAATCGCTTACAATTcctg 

XynR Unlabeled R caggAATTGTAAGCGATTTCGATTatta 

XynR: xynMNC 

(Athe2722) 

XynMNC 6FAM F (6FAM) atttTCATGAAATCGCTTTCCTATctaa 

XynMNC Unlabeled R ttagATAGGAAAGCGATTTCATGAAaata 

XylR: xylA 

(Athe_0603) 

XI 6FAM F (6FAM) attatagatATTAGTTTGTTTAATAAACAAACTAAGtacacgtact 

XI Unlabeled R agtacgtgtaCTTAGTTTGTTTATTAAACAAACTAATatctataat 

XylR: xynUVW 

(Athe_0614) 

XynUVW 6FAM F (6FAM) taaatatataaataGTTTGTTTAAGAAATAAACCAAAaggagtgatt 

XynUVW Unlabeled R aatcactcctTTTGGTTTATTTCTTAAACAAACtatttatatatttA 

1 Predicted operator sites are shown in capital letters 
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Table 4: Oligonucleotides Used for Biolayer Interferometry2 

Operator Site Nucleotide ID Sequence (5' - 3') 

XynR: XDL 

(Athe_0174) 

XDL Biotin F (Biotin)caaaaaatattgACTAGTAAACGCTTACGATAtattatataaac 

XDL Unlabeled R gtttatataataTATCGTAAGCGTTTACTAGTcaatattttttg 

XynR: xyl3A 

(Athe_2354) 

Xyl3A Biotin F (Biotin)ctttgtgctgagGTTAGAAAGCGGTTTCAAGCaatttaaaacaa 

Xyl3A Unlabeled R ttgttttaaattGCTTGAAACCGCTTTCTAACctcagcacaaag 

XynR: xynR-xylB 
XynR Biotin F (Biotin)ataacaaagaatAATCGAAATCGCTTACAATTcctgtatttgat 

XynR Unlabeled R atcaaatacaggAATTGTAAGCGATTTCGATTattctttgttat 

XynR: xynMNC 

(Athe2722) 

XynMNC Biotin F (Biotin)atatttttttatttTCATGAAATCGCTTTCCTATctaaaatattaa 

XynMNC Unlabeled R ttaatattttagATAGGAAAGCGATTTCATGAAaataaaaaaatat 

XylR: xylA 

(Athe_0603) 

XI Biotin F (Biotin)attatagatATTAGTTTGTTTAATAAACAAACTAAGtacacgtact 

XI Unlabeled R agtacgtgtaCTTAGTTTGTTTATTAAACAAACTAATatctataat 

XylR: xynUVW 

(Athe_0614) 

XynUVW Biotin F (Biotin)gaaatatataaataGTTTGTTTAAGAAATAAACCAAAaggagtgatt 

XynUVW Unlabeled R aatcactcctTTTGGTTTATTTCTTAAACAAACtatttatatatttc 

2 Predicted operator sites are shown in capital letters 
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Figure 1. Schematic representation of fluorescence polarization (FP) and biolayer interferometry 

(BLI) approaches for determining protein-DNA interactions. 
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Figure 2. Fluorescence polarization (FP) of XynR and XylR binding to sequence motifs (Table 

3). Data were fit to the Hill equation (in red): A = amplitude for ΔFP, [P] = protein concentration 

(nM), Kd = dissociation constant (nM), and n = Hill Coefficient. 
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Figure 3. Confirmation of protein-DNA interactions by biolayer interferometry for XynR and 

XylR. Representative BLI sensograms for XynR against the xynR, xynMNC, xyl3A, and XDL 

operator sites (A) and XylR against the xylA (xylose isomerase) and xynUVW operator sites (B), 

with sequences shown in Table 4. 
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Figure 4. Negative controls for fluorescence polarization (FP) of XylR (A), XynR (B), and xylA 

showing no indication of binding to XylR (C) and XylR binding to xylA using BLI (D), 

Fluorescence polarization results for XylR against xynR, a XynR regulator (E), and XynR against 

xylA, a XylR regulator (F). All sequences shown in Tables 3–4. 
 

 

 



   

 

158 

 

 

 
 

Figure 5. Regulatory model for intersecting XynR and XylR regulons. Transport of linear xylan 

is performed by XynUVW, catabolism of xylooligosaccharides (XOS) is performed by Xyl3A, 

and then free xylose is converted to xylulose-5-phosphate by the xylose isomerase-xylulose 

pathway. XylR represses the expression of xynUVW and xylA, while XynR controls xyl3A and 

XylB. The interconnected regulation on the four-step transport and conversion of XOS highlight 

the importance of these two transcription factors for xylan metabolism. 
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Figure 6. Phylogenetic tree of XylR and XynR protein orthologs in Caldicellulosiruptorales and 

related bacterial species. Phylogenetic trees were constructed in MEGA for XynR (Panel A) and 

XylR orthologs (Panel B). 
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Figure 7. Genomic content of xylose/xylan regulons in A. bescii and other gram-positive 

bacteria. 
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Chapter 7. High throughput screening of protein libraries for rare earth 

element separation and purification 
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7.1 Abstract 
 

Rare Earth Elements (REEs) are vital in the transition from the traditional industry 

practices into the green era. However, the environmentally adverse procedures and their costs, 

including using hazardous solvents and the requirement of hundreds of stages, has made the 

supply of these elements a bottleneck. A novel approach to alleviate the costs and environmental 

impacts of REEs is the use of biological ligands, namely proteins, in separation of purification of 

REEs. Thermoacidophiles often grow in extreme environment rich in REEs, such as Yellowstone 

National Park, and may provide novel candidates for REE protein binders. Upon finding protein 

candidate from thermoacidophiles, fast, and cost-effective approaches are needed to identify 

these proteins. In this study, a novel selection concept for potential REE protein binders is 

presented and applied to a library of potential metal binders, and a potential REE binder is 

identified. These binders can then be used in bioaffinity chromatography processes. 
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7.2 Introduction 

Lanthanides, with scandium and yttrium, are called Rare Earth Elements (REEs), with 

proven importance in green technologies (1), including but not limited to electric vehicles and 

wind turbines (2). The use of REEs in these technologies, however, has been impacted by the 

adverse environmental impacts involved in their separation and purification, leading to supply 

chain issues (3, 4). Therefore, novel technologies in separation and purification of REEs are 

needed to address the environmental impacts and make their applications in clean industries 

feasible. (5) 

Current methods, such as liquid-liquid extraction, may require hundreds of stages, which 

deems the process economically unfeasible due to the high investments, and energy costs, and 

the time required for acid-leachate extractions (5). Organic solvents involved in the process also 

lead to health and environmental concerns. In addition, these approaches are not suited for 

secondary resources of REEs, such as used electronics, or industrial waste (5). 

The use of biological ligands in solid-liquid extraction schemes has recently been studied 

as an alternative for REE separation and purification. Previous studies have identified 

lanmodulin (LanM) from a methylotrophic bacterium, as one of the candidates to develop such a 

process (6).  In this method, LanM was immobilized on a resin in a column chromatography 

scheme and was able to separate between REE pairs such as Nd and Dy, as well as into heavy 

and light REE fractions (7). However, the stability and robustness of the protein used in this 

process, and the ability to purify each REE individually, remains a challenge. 

To find proteins that bind specific targets, the use of protein scaffolds has long been 

studied for a variety of purposes, such as clinical efforts and biotechnology. Among different 
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hosts of proteins, thermoacidophiles, microorganisms that thrive in hot acid, offer robust proteins 

that can tolerate acidic conditions at high temperatures (8). Previously, such a protein named 

Sso7d, from hyperthermophilic archaeon Sulfolobus solfataricus, has been used to produce a 

scaffold of binding proteins by targeting its DNA-binding surface using yeast surface display (9-

11). However, it is not clear whether these proteins bind any REEs. 

In order to find the protein that binds REEs, and potentially each REE individually, a 

selection procedure is needed. In this study, potential screening of REE-binding proteins in a 

protein library is examined using a novel method. In this method, REEs are immobilized on the 

surface of magnetic particles. The yeast cells expressing the Sso7d protein library on its surface 

are then incubated with magnetic particles. The cells then bind the magnetic particles through if 

the expressed protein on their surface has high affinity towards the REE on the surface of the 

magnetic particles. These cell-particle systems can then be separated by using a magnet, and the 

DNA-sequence of the binding proteins can be sequenced to identify the protein, and for its 

characterization. The protein can then be expressed and purified and used on a resin in a 

chromatography approach for REE separation and purification. The selection concept and the 

REE purification schemes are shown in Figure 1. 

In this study, the utilization of such approach is tested to find an REE-binding protein 

from the Sso7d protein library, with using LanM expressing cells as a positive control and for 

proof of concept (Figure 2).  
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7.3 Materials and Methods 

7.3.1 Sso7d library 

 

Freezer stocks of the Sso7d library yeast (Saccharomyces cerevisiae) cells were kindly 

provided by the Rao Lab at North Carolina State University. Media, agar plates, buffers, making 

freezer stocks, cell transformations, and the magnetic screening (partly), was carried out based 

on published protocols (12). Briefly, 10 g/L yeast extract, 20 g/L peptone, and 20 g/L dextrose 

was used in deionized water for the non-selective Yeast Peptone Dextrose (YPD) media, 20 g/L 

dextrose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acid, 5.4 g/L Na2HPO4, 8.6 g/L 

NaH2PO4.H2O, was used for the selecting media, SDCAA. For expression of proteins, SGAA 

media was used by replacing dextrose with galactose. NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 

0.24 g/L KH2PO4, 1 g/L bovine serum albumin (BSA), with pH adjusted to 7.4 was used for the 

PBS-BSA buffer, with the addition of 0.05% tween-20 for the PBS-BSA-T buffer. All buffers 

and solutions were filter sterilized using a 0.2 µm filter. 

7.3.2 Preparation of LanM-yeast cells 

 

Tris-DTT buffer was prepared fresh using 0.39 g/ml 1,4-dithiothreitol and 1 M Tris, with 

pH adjustment to 8.0, filter-sterilized. E buffer was prepared using 1.2 g/L Tris base, 92.4 g/L 

sucrose, 0.2 g/L MgCl2 in deionized water with pH adjustment to 7.5. All yeast freezer stocks 

were prepared in an autoclaved yeast freezing solution containing 10% glycerol, 6.7 g/L yeast 

nitrogen base. LanM DNA sequence (6) was ordered from Integrated DNA Technologies 

(Research Triangle Park, NC, USA), and transformed into yeast according to published protocols 

(12). Briefly, EBY-100 cells were grown in 50 mL of YPD medium, at 30 °C. 500 µL of Tris-

DTT buffer was added to the culture, and was incubated for another 15 min, followed by 

harvesting cells at 2500 x g for 3 min, discarding the supernatant and resuspension in 25 mL of 
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chilled E buffer, followed by 1 mL, and finally 300 µL of E buffer. 50 µL aliquots were then 

prepared for each transformation, mixed with the insert DNA and cut vector. The mixture were 

added to cuvettes on ice, and electroporation was carried out at 540 V, 25 µF and 1,000 ꭥ. One 

mL of YPD media preheated to 30 °C was added to the cuvettes, pulled and incubated at 30 °C 

for 1 h, followed by transferring cells to SDCAA media. Fluorescence Activated Cell Sorting 

(FACS) and scanning electron microscopy – energy dispersive spectroscopy (SEM-EDS) was 

used to confirm its expression. 

7.3.3 Preparation of magnetic particles for selections – immobilization of REEs 

 

MonoMag Carboxyl Beads, 1 µm (10 mg/mL), hydrophilic, were obtained from Ocean 

Nanotech (CA, USA). A solution of high concentration REEs was prepared by dissolving 0.5 g 

of target REE in 10 mL of water, filter sterilized using a 0.2 µm filter. Two µL of the particles 

were first washed twice with 70% ethanol. Two washes in filter sterilized deionized water were 

then used to remove the residual ethanol. Magnetic particles were then separated using a magnet, 

and resuspended in the REE solution for 1 h, and subsequently washed with PBS-BSA, separated 

and removed the supernatant. The magnetic particle pellet was kept in room temperature to 

prepare yeast cells. 

7.3.4 Preparation of magnetic particles for selections - SEM-EDS characterization 

 

Prepared magnetic particles were resuspended in deionized water, dispersed on a glass 

slide, and dried overnight at 70 °C. The particles were then transferred to a carbon tape on a 

SEM sample holder, and were analyzed using a Hitachi SU3900 SEM equipped with an Oxford 

Instrument (High Wycombe, UK) EDS detector was used for elemental analysis using the 

AztecLive software platform. 
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7.3.5 SEM-EDS preparation of yeast cells 

The cells were separated by centrifugation at 2,500 x g for 5 min, and were resuspended 

in a 4% paraformaldehyde, 1% glutaraldehyde solution in 0.1M sodium cacodylate buffer 

fixative solution for 1 hour. Samples were washed three times using the 0.1 M sodium 

cacodylate buffer, and a series of ethanol washes (70%, 80%, and twice 100%) were used for 

dehydration. A Samdri 795 (Tousimis, USA) was used for critical point drying of the samples.  

7.3.6 Preparation of protein expressing yeast cells for REE binding selections 

 

Protein (Sso7d library or LanM) expressing yeast cells were separated from the SGAA 

media by centrifugation at 2,500 x g for 5 min at 4 °C using a SORVALL LEGEND X1R 

(Thermo Scientific, USA) benchtop centrifuge. The cells were then resuspended in 1 mL of PBS-

BSA-T buffer and added directly to the pellet of magnetic particles. 

7.3.7 REE binding selections 

 

The cells were first added to a pellet of magnetic particles that had not been incubated 

with any REEs for negative selections. The fraction of the cells that did not bind to the particles, 

i.e. the supernatant, was then removed and added to a pellet of magnetic beads that had an REE 

immobilized on their surface. The solution was then incubated at 4 °C on a Hula Mixer (Thermo 

Scientific, USA) for 1 h. The magnetic particles in the solution were then separated using a 

DynaMag magnet (Thermo Scientific, USA), and the supernatant was discarded. The cells were 

washed twice with PBS-BSA-T, and were added to fresh SDCAA medium to grow the selected 

cells for freezer stocks and plasmid extraction. 

7.3.8 Plasmid purification of yeast cells 
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The selected yeast cells grown in SDCAA medium were separated and the plasmids were 

extracted and purified using the Zymoprep Yeast Plasmid Miniprep II Kit (Zymo Research, 

USA) according to manufacturer instructions.  

7.3.9 PCR amplification of Sso7d gene, PCR cleanup, and sequencing 

 

PCR amplification of the Sso7d gene in purified plasmids from selected yeast cells were 

carried out using the following primer sequences: 5’- TTT TTT CTG TTT TTC CAG CAT CTG 

CAG-3’ and 5’- ATG GCG ACC GTG AAA TTT AAA TAT AAA GGC, targeting the reported 

(9) sequence of Sso7d, 5′-

ATGGCGACCGTGAAATTTAAATATAAAGGCGAAGAAAAACAGGTGGATATTAGCAA

AATTNNNNNNGTGNNNCGCNNNGGCAAANNNATTNNNTTTNNNTATGATCTGGGCG

GCGGCAAANNNGGCNNNGGCNNNGTGAGCGAAAAAGATGCGCCGAAAGAACTGCT

GCAGATGCTGGAAAAACAGAAAAAA-3′. PCR cleanup was carried out using QIAquick 

PCR Purification Kit (QIAGEN, USA) according to manufacturer’s instructions. PCR-EZ 

service (Genewiz, USA) was used for sequencing the PCR products. 

7.3.10 Sequencing analysis and consensus sequence 

 

RStudio (2025.05.1 Build 513, Posit Software PBC) was used for sequence analysis. A 

program was developed to tile the reads into overlapping chunks of 300 bp, which were aligned 

to the reference sequence of Sso7d. Aligned sequences without gaps were extracted and 

positioned on the reference, with a loop iterating through aligned bases to count each of the 

nucleotides. The frequencies were then calculated to generate a consensus sequence, and the 

unknown N sequences in the reference sequence were identified by aligning the consensus 
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sequence to the reference sequence, generating the final La-binding Sso7d sequence. ShortRead, 

Biostrings, ggplot2. Reshapte2, and tidyr libraries were used in RStudio. 

7.3.11 Computational structural prediction and analysis of the consensus sequence for metal 

binding 

 

AlphaFold 3 (13) was used for structural predictions using the final sequence of La-

binding Sso7d. Metal binding predictions was carried out using MIB2 (14, 15) that predicted 

structure by homology modeling (PS2), enabling binding predictions for a set of 18 metals (Ca²⁺, 

Mg²⁺, Sr²⁺, Ba²⁺, Cu⁺, Cu²⁺, Fe²⁺, Fe³⁺, Mn²⁺, Zn²⁺, Cd²⁺, Ni²⁺, Co²⁺, Hg²⁺, Pb²⁺, Pt²⁺, Au⁺, Sm³⁺). 

 

7.4 Results and Discussions 
 

7.4.1 Immobilization of REEs on magnetic particles 

 

It has been shown that carboxyl functional groups bind metals (16). Therefore, iron oxide 

particles functionalized with carboxyl groups were used as candidates for REE immobilization. 

Direct addition of rare earth elements, including La, Nd, Yb, and Dy, was studied. The prepared 

pellets of particles were imaged and analyzed using SEM-EDS. The results are shown in Figure 

3. The spectra from each set of particles that had been in contact with different REEs confirmed 

binding of carboxyl groups to the REEs. However, since the yeast-protein selection experiments 

were going to be in PBS-BSA medium, the effects of pH change were studied to examine the 

robustness of this approach in immobilizing REEs on magnetic particles. To this end, La solution 

in water was pH adjusted to 0.5 with sulfuric acid. The results, shown in Figure 4, show a strong 

peak relating to La, even after pH adjusting to 0.5, validating the robustness of this approach in 

different pHs. 
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In addition, the REEs, in this case La and Eu, were dissolved in PBS-BSA, and deionized 

water, to mimic the experimental selection conditions. Between the two elements and two 

conditions, strong La, and Eu peaks were observed (Figure 5), further solidifying previous 

results in confirming the immobilization of REEs on magnetic particles through carboxyl 

functional groups. 

 

7.4.2 SEM imaging of EBY-100 cells, and LanM-expressing cells before and after expression 

While expression of proteins can be determined using FACS (Figure 6), the potential use 

of SEM was examined here. The resulting images are shown in Figure 7. In these images, the 

change in the cells shapes, from the spherical shape of EBY-100 cells and LanM cells before 

expression (Figure 7-A and B) to the star shape (Figure 7-C) corresponds to the expression of 

the proteins. Therefore, in addition to FACS, SEM can also be used as a fast and cost-effective 

way to confirm protein expression in yeast surface display. 

 

7.4.3 Using SEM-EDS to confirm binding of yeast surface-expressed proteins and REEs 

 

Confirmation of REE binding to cells or proteins often involves colorimetric assays (17), 

or methods such as inductively coupled plasma optical emission spectroscopy/mass spectrometry 

(ICP-OES/MS). The optimization of such assays might be challenging and time-consuming, 

while the use of ICP equipment is expensive. Here, potential use of SEM-EDS as a fast and 

qualitative method to confirm REE binding to proteins is examined. Since LanM is known for 

binding REEs, it was used in yeast surface display and Eu as the representative REE. The results 

are shown in Figure 8. While the cell pellet is visualized using SEM, the EDS spectra show a 

strong signal from Eu on these cells, confirming the binding between LanM and Eu, and showing 
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the effective application of SEM-EDS in examining the binding between proteins and REEs. The 

same approach can also be used in cases where REE attachment to cell surface is being studied. 

In addition, REE uptake can also be determined through the same approach, by adding a cross-

sectioning step to this procedure.  

 

7.4.4 The magnetic particle selection approach for protein library selections – proof of concept 

using LanM 

The feasibility of the selection process was examined using EBY-100 cells as competitor 

cells, and LanM expressing cells as positive controls. The initial cells mixture of EBY-100 and 

LanM cells were 1000:1 based on OD600 measurements. This initial cell mixture was then put 

through the selection process, and the resulting cell mixtures were plated on selective plates 

(where only LanM cells could grow), and non-selective plates (both EBY-100 and LanM cells 

could grow). The goal was to see if the ratio of LanM cells to EBY-100 would change after the 

selection process, aiming to enrich LanM cells due to their affinity of the expressed LanM to 

REEs immobilized on the surface of the magnetic particles. The results are shown in Table 1.  

The initial mixture showed a ratio of ~680 for the EBY-100:LanM cells, whereas the 

bound cells, representing the fraction that was attached to the magnetic particles through the 

protein-REE bond was ~181 for the EBY-100:LanM cells, indicating a ~3.75 enrichment of 

LanM cells compared to the EBY-100 cells. Therefore, this confirms that the overall selection 

process works and can be used for protein libraries, where the target cells are the ones that 

express proteins with high affinity towards REEs, and the rest of the cells, with low-REE-affinity 

proteins would act as the competitor cells. 
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7.4.5 The magnetic particle selection approach for protein library selections – Sso7d library 

AlphaFold prediction for the structure of the identified sequence is shown in Figure 9A. 

The structure includes one α-helix on the left side of the protein, and several β-strands, forming a 

β-sheet, which is folded into a compact, globular domain. The secondary structures are 

interconnected with loops and turns. Metal binding potential of the protein was predicted using 

MIB2 tools. The results for the number of predicted binding sites for each metal ion are shown in 

Figure 9B. The predictions show at least one binding site for each of the 18 metal ions, with Fe2+ 

having the greatest number of predicted sites with 22. These metal ions cover a range of different 

elements, including alkaline metals, transition metals, noble metals, and REEs. Here, Sm3+ is 

considered as the representative REE. The two sites are comprised of 7K, 11E, and 12E binding 

residues for the first site, and 28K, and 48E binding residues for the second site. The structural 

predictions for the protein binding Sm3+ are shown in Figure 9C. The first site is a known motif 

for trivalent ions like Sm3+, with 11E and 12E forming a strong bidentate glutamate pair, with 7K 

potentially providing structural stabilization or charge support. Since this site is located near the 

N-terminus, it would be promising for engineering selectivity. The second site features only one 

acidic ligand (48E), which would be weaker and might be a transient binding site. Since these 

sites have overlapping binding residues with other metals predicted here, like Fe2+ and Zn2+, it is 

likely that the protein in its current form is not specific towards REEs. A rational design strategy, 

including adding nearby acidic residues, and avoiding residues that favor transient metals would 

contribute to making the protein more REE-specific. In addition, the fast and cost-effective 

nature of the proposed selection approach enables multiple negative selections towards the 

competing metals, before positive selections for target metal REEs, leading to a more specific 

protein binder for REEs. 
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7.5 Conclusions 
 

Biological ligands offer an alternative approach to the energy-intensive, environmentally 

adverse conventional methods of REE separation and purification. In this study, a new method of 

screening protein libraries for REE binding involving magnetic particles and yeast surface 

display is presented and examined. This method can be used for multiple REEs in sequence, with 

flexibility to adjust the assay for multiple positive or negative selections to obtain protein 

sequences specific to an element. For example, negative selections can be carried out to remove 

the fraction of cells with proteins with affinity towards common metal impurities in REE 

resources, such as Cu, Fe, Mg, and Na, and examine the remainder of the library for proteins that 

have higher affinity towards REEs. 
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Table 1. Plate colony count results for LanM and control cells (EBY-100) 

with La as the REE immobilized on magnetic particles. 

cell mixture unbound bound 

Non-selective Selective Ratio Non-selective Selective Ratio Non-selective Selective Ratio 

12,000,000 23,000 522 17,500,000 32,000 547 178,000 850 209 

20,000,000 24,000 833 9,100,000 49,000 186 108,000 730 148 
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Figure 1. Alternative approaches for biological separation and purification of REEs. Proposed 

selection scheme using magnetic particles with immobilized REEs and yeast surface display 

(Top), and schematic representation of using REE-binding proteins in chromatography 

approaches for separation and purification of REEs (Bottom). Figure credit: Dr. Balaji M Rao. 
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Figure 2. Steps of the experimental approach taken for finding a protein binder for REEs. 
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Figure 3. Immobilization of La, Nd, Yb, and Dy on magnetic 

particles showing representative electron images and EDS 

spectra. REEs bind magnetic particles through the carboxyl 

functional groups on the particle surface. 
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Figure 4. Immobilization of La on magnetic particles in acidic conditions (pH 0.5). The EDS 

spectrum (top) shows strong peaks for La, the electron image (bottom) shows the particles 

scanned for imaging and EDS. The possible effects of pH on binding capacity of magnetic 

particles to REEs was considered. pH change is often used in biological separation of REEs 

using proteins as an elution method. 
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Figure 5. REE immobilization in yeast experimental buffer. REE (La/Eu) 

immobilization on magnetic particles in PBS-BSA solution (Top/Bottom – 

La/Eu) compared to water (Middle - Eu). Potential application of REEs 

immobilized on the surface of magnetic particles in yeast surface display 

studies was tested by confirming the binding of another REE (Eu), and in the 

media used in yeast surface display studies (PBS-BSA). 
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Figure 6. FACS confirmation for the expression of LanM on yeast surface showing strong 

signals for HA and Cmyc tags. Recombinant expression of LanM in yeast cells is confirmed 

using two tags, N-terminus HA tag, and C-terminus myc tags using FACS, and comparison to 

the unlabeled controls. 

 

  

Unlabeled HA + DAG647 Cmyc + GAC633 
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Figure 7. SEM images of A) EBY-100 cells, B) LanM cells before protein 

expression, and C) LanM cells after protein expression. 

A direct imaging approach was developed to observe and confirm yeast 

control cells without protein expression (EBY-100), and protein expressing 

yeast cells before and after expression of the protein (in this case LanM). 

Differences in cell shape indicate protein expression. 
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Figure 8. SEM images of LanM cells after protein expression and incubation with Eu as the 

representative REE. EDS spectra show strong Eu signals, indicating binding between LanM and 

Eu. LanM expressing yeast cell pellets were fixed, separated, washed and prepared for SEM 

imaging and EDS analysis to confirm a direct approach for metal binding of surface proteins. 
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Figure 9. Predictive structural and metal binding results for the consensus 

sequence of the selected Sso7d library using AlphaFold and MIB2 online 

software tools. 

A - AlphaFold structural prediction for La-binding Sso7d sequence. The 

structure is comprised of an α-helix on the left, and several β-strands forming 

a β-sheet on the right, folded into a globular domain.   

B - Predicted number of binding sites for 18 metal ions using MIB2. 

C - The two binding sites predicted for protein binding with Sm3+. The first 

binding site (left) is comprised of 7K, 11E, and 12E binding residues, and the 

second binding site (right) is comprised of 28K, and 48E. 
 


