
ABSTRACT 

WILLARD , DANIEL J. The Confluence of Abiotic and Biotic Chemistry in the Development 

and Metabolic Engineering of Sulfur-Oxidizing Archaea (Under the direction of Dr. Robert M. 

Kelly). 

 

The thermoacidophilic archaeal order Sulfolobales is comprised of organisms that live at 

the extremes of hospitable environments, with optimal growth conditions above 65°C and below 

pH 4. To survive these harsh conditions, they have developed a novel metabolism that derives 

energy from inorganic energy sources including iron and reduced inorganic sulfur compounds 

(RISCs) and use that energy to fix carbon dioxide into biomass; this process is known as 

chemolithoautotrophy. These inorganic energy sources are derived from pyritic ores, which 

release soluble metals like copper or nickel as the archaea metabolize the iron and sulfur. This 

process makes the Sulfolobales valuable candidates for bioleaching processes that aim to recover 

the soluble metal from recalcitrant ores like chalcopyrite such that low-cost methods of 

bioleaching (called ñheap leachingò) are currently implemented using natural consortia of 

organisms found on the ore itself. 

Metabolic engineering presents an opportunity to optimize the bioleaching capacity of 

these extreme microbes. Within the Sulfolobales, however, the only species with viable genetic 

tools to allow for genome engineering are obligate heterotrophs, incapable of metabolizing the 

iron and RISCs necessary to support bioleaching. Recent advances in genome sequencing enable 

rapid construction of high-quality genome assemblies and can provide a road map to connecting 

genotypes with phenotypes. The Sulfolobales, in particular, have benefitted from this age of 

rapid genome sequencing, with 18 species now having assembled genomes, including the 

obligate sulfur oxidizer Sulfuracidifex metallicus assembled in this work. Thus, it becomes 

feasible to construct a genetic road map of sulfur oxidation within the Sulfolobales that can be 



used to metabolically engineer the genetically tractable heterotroph Sulfolobus acidocaldarius 

into a bioleacher, specifically a sulfur oxidizer. 

A major barrier to sulfur oxidation in the Sulfolobales is acquiring the substrates in the 

first place. RISCs are highly reactive in acidic environments, rapidly reacting and polymerizing 

to form insoluble cyclic elemental sulfur. Previously, elemental sulfur has been thought to 

passively diffuse across the cell membrane to the cytoplasm, where biological sulfur oxidation 

occurs. By evaluating the thermodynamic behavior of abiotic sulfur chemistry and applying 

comparative multi-omics across ten species of Sulfolobales, this work identifies a mechanism for 

the solubilization and conversion of elemental sulfur into soluble RISCs that can be actively 

transported by the cell, invoking the only known extracellular sulfur enzyme tetrathionate 

hydrolase. The mechanism is consistent with the observation that proximity of cells to the sulfur 

surface, but not direct contact, is necessary for sulfur oxidation to occur. An engineered strain of 

S. acidocaldarius, strain RK88, containing the complete set of genes for cytoplasmic sulfur 

oxidation demonstrated improved sulfur oxidation compared to its parent strain, but it falls short 

of the performance of native sulfur-oxidizing Sulfolobales, likely due to limitations to sulfur 

acquisition. 

Comparative phenotyping and genomics were also leveraged to better understand the 

bioleaching capabilities of the Sulfolobales. While no novel bioleaching genes were identified, 

the species Sulfurisphaera ohwakuensis emerged as new candidate for bioleaching, 

outperforming ten other species of Sulfolobales. Further investigation of bioleaching with S. 

ohwakuensis revealed a possible mechanism for the onset of bioleaching, invoking a careful 

balance between the kinetics of biological iron and sulfur oxidation. 

Using carefully curated genomic annotations, metabolic reconstructions of S. 



acidocaldarius and S. ohwakuensis were created to explore structural differences in metabolism 

that may impact S. acidocaldariusôs potential as a sulfur oxidizer. This analysis further supported 

that the barrier to sulfur oxidation in S. acidocaldarius remains the acquisition of sulfur but 

demonstrated that otherwise S. acidocaldarius could be capable of chemolithoautotrophy. 

Taken together, this work reports the detailed mechanisms underlying archaeal sulfur 

oxidation, and furthermore, establishes a roadmap to confer this capability on non-sulfur 

oxidizing thermoacidophiles.  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2024 by Daniel J Willard 

All Rights Reserved



The Confluence of Abiotic and Biotic Chemistry in the Development and Metabolic Engineering 

of Sulfur-Oxidizing Archaea 

 

 

 

 

by 

Daniel James Willard 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Chemical Engineering 

 

 

 

Raleigh, North Carolina 

2024 

 

 

 

APPROVED BY: 

 

 

 

_______________________________                       _______________________________ 

             Robert M. Kelly                                             Jason M. Haugh  

             Committee Chair 

 

 

_______________________________                       _______________________________ 

              Amy M. Grunden                         Rodolphe Barrangou 



 

ii  

 

DEDICATION  

To my wife, Grace. Thank you for being my reminder that even though research in the 

pursuit of a better world is noble, it is all for naught if we do not also stop to love and appreciate 

that world and the people in it. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii  

 

BIOGRAPHY  

Daniel James Willard grew up in Cranberry Township, Pennsylvania, where he learned 

from an early age the joys of creativity and exploration. He was raised with a great appreciation 

and respect for the natural world and loved finding new wonders and sights during many family 

camping and backpacking trips. His creativity was satisfied through a love for music, primarily 

through piano, vocals, and guitar. He graduated from Seneca Valley High School in 2011 before 

pursuing his Bachelor of Science in Chemical Engineering at Bucknell University. Following his 

graduation in 2015, Dan went on to work as a process engineer at several adhesive coating plants 

with Avery Dennison. After two years with Avery, he left to work as a research chemist in the 

Reaction Engineering Lab at Merck Pharmaceuticals for another year. 

In 2018, Dan began his doctoral studies at North Carolina State University, where he 

began to fulfill his initial intent in studying chemical engineering: to find more environmentally 

benign methods for industry. Despite little background in biology, this motivation led him to join 

the Kelly Hyperthermophile Lab. Under the guidance of Dr. Robert M. Kelly, Dan spent his 

doctoral years studying extreme thermoacidophiles with the aim of developing an engineering 

platform to support new bioleaching techniques for copper extraction to generate biochemicals 

from carbon dioxide. 

During his time at NC State, Dan also met his wife Grace, and they adopted an adorable 

dog Ivy. Following his PhD, Dan plans to return to industry and continue to work on the 

development of biochemicals. He is also very excited to begin a new adventure with Grace as 

they prepare for the arrival of their daughter, Iris. 



 

iv 

 

ACKNOWLEDGMENTS  

There are many people to thank for their role in my pursuit of a doctoral degree. First, I 

would like to thank my parents and my sister, who have always believed in me and supported me 

in my pursuits. I have been able to believe in myself because you believed in me first. 

Thank you to my funding sources, for making this research possible in the first place. 

Thank you to my lab mates, who engaged in endless hours of discussion about the 

intricacies of life in hot acid. Many of the ideas included in this work only came about out of our 

speculations and questions. 

Thank you to Dr. Kelly, who tirelessly pushed me to think deeper, to work smarter, and 

to recognize when perfection might be getting in the way of a great result. 

And thank you to Grace, my rock through this whole journey. Despite long hours and 

unexpected weekend sampling, you always stood by me. You helped to carry the weight when it 

got too heavy for me, and I would not have made it this far without you. 



 

v 

 

TABLE OF CONTENTS  

LIST OF TABLES ........................................................................................................................ ix 

LIST OF FIGURES ...................................................................................................................... xi  

Chapter 1: Extremely Thermoacidophilic Archaea for Metal Bioleaching: What Do Their 

Genomes Tell Us? ......................................................................................................................... 1 
Abstract .............................................................................................................................. 2 

Introduction ........................................................................................................................ 2 

Bioleaching Applications Using Extreme Thermoacidophiles .......................................... 4 

Bioleaching Potential ï What Do the Genomes Tell Us? .................................................. 6 

Taxonomy and Phylogeny of the Sulfolobales .................................................................. 8 

Iron Oxidation ï Role of the Fox Cluster .......................................................................... 9 

Sulfur Oxidation ï Biotic and Abiotic Contributions ...................................................... 11 

Chemolithoautotrophy ï Sulfur,Iron,CO2 ....................................................................... 13 

Bioleaching Efficacy and Thermodynamics .................................................................... 15 

Biofilms in Bioleaching Systems ..................................................................................... 16 

Metal Resistance ï Extreme Thermoacidophiles ............................................................. 19 

Thermal Stress Response ï Extreme Thermoacidophiles ................................................ 21 

Molecular Genetics and Potential for Metabolic Engineering ......................................... 23 

Bioleaching in the Presence of Additives and Other Enhancers ...................................... 25 

Pyrite Addition ..................................................................................................... 25 

Activated Carbon ................................................................................................. 26 

Silver Ions ............................................................................................................ 27 

Chloride Ions ........................................................................................................ 28 

Surfactants............................................................................................................ 29 

Bioleaching with Extremely Thermoacidophilic Consortia ............................................ 29 

Future Research Directions .............................................................................................. 31 

Acknowledgments............................................................................................................ 32 

References ........................................................................................................................ 33 

Chapter 2: Complete Genome Sequence for the Thermoacidophilic Archaeon 

Sulfuracidifex (f. Sulfolobus) metallicus DSM 6482 ................................................................ 66 

Abstract ............................................................................................................................ 67 

Announcement ................................................................................................................. 67 

Data Availability Statement ............................................................................................. 69 

Acknowledgments............................................................................................................ 69 

References ........................................................................................................................ 70 

Chapter 3: Intersection of Biotic and Abiotic Sulfur Chemistry Supports Extreme 

Microbial Life in Hot Acid  ........................................................................................................ 75 

Abstract ............................................................................................................................ 76 

Introduction ...................................................................................................................... 76 

Methods............................................................................................................................ 79 

Cultivation of S. acidocaldarius Strains .............................................................. 79 

Transformation of Free Energy of Formation Data ............................................. 79 

S. acidocaldarius Growth in Batch Cultures ....................................................... 81 

Results and Discussion .................................................................................................... 82 

Intersection of RISC Biology and Chemistry ...................................................... 82 



 

vi 

 

Biological Sulfur Oxidation in the Sulfolobales .................................................. 82 

Enzymes Coupled to the Electron Transport Chain ............................................. 84 

Energy-Conserving Enzymatic Reactions ........................................................... 85 

Involvement of Abiotic RISC Reactions in Biology ........................................... 87 

Accessing Extracellular Sulfur Substrates ........................................................... 90 

Influence of pH on Reaction Directionality ......................................................... 91 

Energetics of the Sulfur Oxidation Metabolic Pathway ...................................... 93 

Supporting Evidence of Sulfur Oxidation in an Engineered S. acidocaldarius 

Strain .................................................................................................................... 95 

Conclusion ....................................................................................................................... 96 

Supporting Information .................................................................................................... 97 

Acknowledgements .......................................................................................................... 98 

References ........................................................................................................................ 99 

Chapter 4: Phenotype-Driven Assessment of the Ancestral Trajectory of Sulfur 

Biooxidation in the Thermoacidophilic Archaea Sulfolobaceae .......................................... 119 

Abstract .......................................................................................................................... 120 

Importance ..................................................................................................................... 120 

Introduction .................................................................................................................... 121 

Results ............................................................................................................................ 123 

Benchmarking Engineered Sulfur Oxidation Performance ............................... 123 

Evaluating Surface Interaction with Elemental Sulfur ...................................... 125 

Transcriptomic Response of Sulfur Metabolism Genes .................................... 126 

Novel Genes Linked to Sulfur Oxidation .......................................................... 127 

Evolutionary Composition of Chemolithoautotrophy in the Sulfolobaceae ...... 128 

Discussion ...................................................................................................................... 130 

Materials and Methods ................................................................................................... 132 

Strains and Cultivation Conditions .................................................................... 132 

Generation of Recombinant Strains ................................................................... 133 

Pangenome Construction and Functional Annotation ....................................... 134 

Phylogenetic Analysis and Inferred Tree Construction ..................................... 135 

Assessment of Sulfur Oxidation ........................................................................ 135 

Visualization of Cell-Sulfur Attachment by Scanning Electron Microscopy .... 136 

RNA Extraction ................................................................................................. 136 

RNA Ribodepletion, cDNA Synthesis, and Sequencing by ONT MinION ...... 137 

Read Processing and Transcriptomic Analysis .................................................. 138 

Acknowledgments.......................................................................................................... 139 

References ...................................................................................................................... 140 

Chapter 5: Chalcopyrite Bioleaching Efficacy by Extremely Thermoacidophilic Archaea 

Leverages Balanced Iron and Sulfur Biooxidation  ............................................................... 158 

Abstract .......................................................................................................................... 159 

Introduction .................................................................................................................... 159 

Materials and Methods ................................................................................................... 162 

Microorganisms Studied and Bioleaching Cultivation Conditions ................... 162 

Bioleaching Experiments ................................................................................... 163 

Mineral Surface Analysis ................................................................................... 165 

Principal Component Analysis .......................................................................... 166 



 

vii  

 

Pan-genome Analysis and Phylogenetic Placement .......................................... 166 

Results and Discussion .................................................................................................. 167 

Comparative Bioleaching Experiments ............................................................. 167 

Comparative Genomics as Indicator of Bioleaching Potential .......................... 172 

Conclusions .................................................................................................................... 174 

Acknowledgments.......................................................................................................... 175 

References ...................................................................................................................... 176 

Chapter 6: Critical Impact of Initial pH on Chalcopyrite Bioleaching Dynamics by the 

Extreme Thermoacidophile Sulfurisphaera ohwakuensis .................................................... 190 

Abstract .......................................................................................................................... 191 

Highlights ....................................................................................................................... 191 

Introduction .................................................................................................................... 192 

Materials and Methods ................................................................................................... 194 

Microorganisms Studied and Bioleaching Cultivation Conditions ................... 194 

Chalcopyrite Bioleaching Experiments ............................................................. 195 

Mineral Surface Analysis ................................................................................... 195 

Results and Discussion .................................................................................................. 196 

Chalcopyrite Bioleaching by Sulfurisphaera ohwakuensis ............................... 196 

Initial pH Impacts Copper Release by Sohw (75 mL Scale) .............................. 197 

Early Bioleaching Conditions Affect the Trajectory of Copper Release ........... 198 

XRD Analysis of the Mineral Surface During Bioleaching .............................. 201 

Chalcopyrite Bioleaching by Sohw Goes Through Phases ................................ 202 

Conclusions .................................................................................................................... 204 

Acknowledgments.......................................................................................................... 204 

References ...................................................................................................................... 205 

Chapter 7: Metabolic Engineering in Hot Acid: Conferring Sulfur Oxidation Capacity on 

the Extreme Thermoacidophile Sulfolobus acidocaldarius .................................................. 216 

 Abstract .......................................................................................................................... 217 

 Highlights ....................................................................................................................... 217 

 Introduction .................................................................................................................... 218 

 Results and Discussion .................................................................................................. 220 

Metabolic Model for Sulfur Chemolithotrophy ..................................... 220 

Validation of Model-Predicted Growth of Saci ..................................... 221 

Testing Autotrophic Capabilities of Saci ............................................... 222 

Minimum Sulfur Oxidation is Necessary to Support Autotrophy ......... 223 

Overall Metabolic Comparison of Heterotrophy and Autotrophy in Saci 

RK88 ...................................................................................................... 224 

Validation of Model-Predicted Chemolithoautotrophy by S. ohwakuensis

................................................................................................................ 225 

 Conclusions .................................................................................................................... 226 

 Materials and Methods ................................................................................................... 227 

Metabolic Reconstruction of S. acidocaldarius and S. ohwakuensis..... 227 

Flux Balance Analysis of the Metabolic Reconstructions ..................... 228 

Cultivation and Growth of S. ohwakuensis ............................................ 228 

Analysis of Growth Rates and Substrate Uptake Rates ......................... 229 

 Acknowledgments.......................................................................................................... 230 



 

viii  

 

 References ...................................................................................................................... 231 

Appendices ................................................................................................................................ 249 

 Appendix A: Free Energy of Formation Data for Sulfur-Related Species .................... 250 

 Appendix B: Plasmid Map for S. acidocaldarius RK88................................................ 255 

 Appendix C: Transcriptomic Response of Select Sulfolobales to Sulfur ...................... 256 

 Appendix D: Metabolic Reconstruction of S. acidocaldarius and S. ohwakuensis ....... 328 



 

ix 

 

LIST OF TABL ES 

Chapter 1 
 

Table 1 Origins and Characterization of Sulfolobales Type-Strain Isolates with Sequenced 

Genomes ................................................................................................................... 55 

 

Table 2 Chalcopyrite Bioleaching by Extreme Thermoacidophiles ...................................... 56 

 

Chapter 2 

 

Table 1 Summary of Assembly Statistics .............................................................................. 73 

 

Chapter 3 

 

Table 1 Distribution of Sulfur Oxidation Genes in the Genome-Sequenced Sulfolobales . 109 

 

Table 2 Summary of Key Abiotic RISC Reactions ............................................................. 110 

 

Chapter 4 

 

Table E1 Primers Used for Construction of Saci RK88 Construct ........................................ 146 

 

Table E2 List of Assemblies Used for Phylogenetic Tree Reconstruction ............................ 147 

 

Chapter 5 
 

Table 1 Sulfolobales Species Used in this Study ................................................................ 184 

 

Chapter 6 

 

Table 1 Extreme Thermoacidophiles Used in this Study .................................................... 210 

 

Chapter 7 
 

Table 1 Metabolic Engineering of Extreme Thermophiles ................................................. 241 

 

Table 2 Measured Growth Rate and Substrate Production Rates for S. ohwakuensis ........ 242 

 

Appendices 
 

Table A1 Free Energy of Formation Data for Sulfur-Related Species .................................. 250 

 

Table C1 Transcriptomic Response of A. brierleyi genes to elemental sulfur ....................... 256 

 

Table C2 Transcriptomic Response of S. ohwakuensis genes to elemental sulfur ................ 270 



 

x 

 

 

Table C3 Transcriptomic Response of S. tokodaii genes to elemental sulfur ........................ 293 

 

Table C4 Transcriptomic Response of S. acidocaldarius MW001 genes to elemental sulfur ....  

  ................................................................................................................................ 305 

 

Table D1 Metabolic reactions representing S. acidocaldarius and S. ohwakuensis metabolisms  

  ................................................................................................................................ 328 

 

Table D2 Metabolites included in S. acidocaldarius and S. ohwakuensis metabolic 

reconstructions ........................................................................................................ 371 

 

 

 

 



 

xi 

 

LIST OF FIGURES 

Chapter 1 

Figure 1 Modes of Indirect Bioleaching of Chalcopyrite ....................................................... 57 

 

Figure 2 Timeline of Bioleaching Sulfolobales Isolations, Genome Sequencing, and 

Establishment of Genetic Systems ........................................................................... 58 

 

Figure 3 Inferred Phylogenetic Tree of 79 Published and Complete Genomes of the 

Sulfolobaceae ........................................................................................................... 59 

 

Figure 4 Fox Cluster-Based Iron Oxidation Model Proposed for M. sedula .......................... 60 

 

Figure 5 Pyrite Bioleaching with M. sedula and S. metallicus on Iron Pyrite ........................ 61 

 

Figure 6 Current State of the mechanism of Sulfur Metabolism and Acquisition in the 

Sulfolobaceae ........................................................................................................... 62 

 

Figure 7 Mechanism of CO2 Fixation and Central Carbon Management in the Sulfolobaceae . 

 .................................................................................................................................. 63 

 

Figure 8 Reduction Potential Tower of Bioleaching-Relevant Half Reactions at 

Mesoacidophilic and Thermophilic Conditions ....................................................... 64 

 

Figure 9 Biofilm Life Cycle of Bioleaching Sulfolobales on the Ore Surface ....................... 65 

 

Chapter 2 
 

Figure 1 Hierarchical Distance and Clustering of Sub-Assembly Contigs ............................ 74 

 

Chapter 3 
 

Figure 1 Distribution of Oxidation States and ȹGf
° of Various Sulfur Species ................... 111 

 

Figure 2 Schematic of Sulfolobales Enzymes Involved in Sulfur Oxidation ....................... 112 

 

Figure 3 Minimalist Representation of RISC Reactions Invovled in Sulfolobales Sulfur 

Oxidation ................................................................................................................ 113 

 

Figure 4 ȹGrxn (kJ/mol) for RISC Reactions at pH Increments of 0.5 ................................. 114 

 

Figure 5 Energy Conservation in a Stepwise Representation of Sulfur Oxidation .............. 115 

 

Figure 6 Reduction Potential of Enzymatic Sulfur Half-Reactions and Energy Carrier Half-

Reactions ................................................................................................................ 116 



 

xii  

 

 

Figure 7 Effect of Sulfur Oxidation on Growth in Saci Strains ............................................ 117 

 

Figure 8 Endpoint pH of Sulfur-Grown Saci Strains ............................................................ 118 

 

Chapter 4 
 

Figure 1 Mean Sulfate Generation and Specific Sulfate Generation Scaled by Cell Density of 

72 h Cultures for 10 Sulfolobaceae Species and Two Engineered Strains of S. 

acidocaldarius ........................................................................................................ 149 

 

Figure 2 Phenotype Scores of Known and Proposed Sulfur Metabolism Genes .................. 150 

 

Figure 3 SEM Images of Sulfolobaceae Cultures Attached to Elemental Sulfur ................. 151 

 

Figure 4 Stages of Cell Cluster Formation in A. brierleyi Attached to Elemental Sulfur .... 152 

 

Figure 5 Transcriptomic Response of Known Sulfur Metabolism genes from A. brierleyi, S. 

ohwakuensis, S. tokodaii, and S. acidocaldarius .................................................... 153 

 

Figure 6 Principle Component Analysis of Differential Gene Expression in Response to 

Elemental Sulfur Presence for Biological Replicates of A. brierleyi, S. ohwakuensis, 

S. tokodaii, and S. acidocaldarius .......................................................................... 154 

 

Figure 7 Differential Expression of Significant Homologous Genes from A. brierleyi, S. 

ohwakuensis, and S. tokodaii or A. brierleyi and S. ohwakuensis .......................... 155 

 

Figure 8 Phylogenetic Tree of 485 Core Single-Copy Genes of the Sulfolobaceae ............. 156 

 

Figure 9 Proposed Acquisition Mechanism for the Active Uptake of Thiosulfate Through 

Sulfur Depolymerization by Sulfite ....................................................................... 157 

 

Chapter 5 

 

Figure 1 Bioleaching of Chalcopyrite by Extremely Thermoacidophilic Archaea .............. 185 

 

Figure 2 X-Ray Diffraction Results Showing the Normalized Matching Scores Spectral Peaks 

with Compounds ..................................................................................................... 186 

 

Figure 3 Scanning Electron Microscopy and Energy Dispersive X-Ray Spectrometry Results 

for Residual Solids of Best Performing Copper Leaching Cultures ...................... 187 

 

Figure 4 Principal Component Analysis for Bioleaching at Each Timepoint ...................... 188 

 

Figure 5 Inferred Phylogenetic Tree of Ten Sulfolobales Species Assessed in this Study .. 189 

 



 

xiii  

 

Chapter 6 
 

Figure 1 Cell Density and Fraction of Copper Mobilized and XRD Surface Analysis ........ 211 

 

Figure 2 Influence of Initial pH and Initial Iron Concentration on Copper Yields During 

Bioleaching ............................................................................................................. 212 

 

Figure 3 Chalcopyrite Bioleaching Profiles of S. ohwakuensis ............................................ 213 

 

Figure 4 XRD Profile of the Solid Phase During Bioleaching at pHinitial 3.03 ..................... 214 

 

Figure 5 Progression of Sohw Chalcopyrite Bioleaching Progresses through Phases .......... 215 

 

Chapter 7 
 

Figure 1 Structure of Sulfolobales Metabolic Model for Chemolithoautotrophic Growth .. 243 

 

Figure 2 Mixotrophic and Autotrophic Growth Capabilities of S. acidocaldarius strains 

MW001 and RK88 ................................................................................................. 244 

 

Figure 3 Minimum Sulfur Oxidation Necessary to Support Chemolithoautotrophy ............ 245 

 

Figure 4 Heterotrophic Flux Through the Central Carbon Metabolism of Saci RK88 ........ 246 

 

Figure 5 Autotrophic Flux Through the Central Carbon Metabolism of Saci RK88 ........... 247 

 

Figure 6 Autotrophic Flux Through the Central Carbon Metabolism of S. ohwakuensis .... 248 

 

Appendices 
 

Figure B1 Plasmid map of pDJW001 for insertion of STK_24850 into the S. acidocaldarius 

RK34 strain ............................................................................................................. 255 

 



   

1 

 

CHAPTER 1: Extremely Thermoacidophilic Archaea for Metal Bioleaching: What Do 

Their Genomes Tell Us? 

 

Mohamad J.H. Manesh#, Daniel J. Willard#, April M. Lewis, and Robert M. Kelly*  

#contributed equally 

 

Department of Chemical and Biomolecular Engineering, North Carolina State University, 

Raleigh, North Carolina, USA 27695-7905 

 

 

Published In: Bioresource Technology 129988 (2023) 

  



   

2 

 

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. 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.  

 

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 

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



   

3 

 

matrix. Estimates indicate that as much as 15% of the worldôs 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 & Brierley, 2013; 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 Ó 65ÁC, 

pH optima Ò 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 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 (Figure 2) have become available over the past 
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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. 

 

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 
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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 (dôHugues, 2002; Gerike, 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 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 
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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. 

 

Bioleaching potential ï 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 
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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, Figure 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 óhypotheticalô 

or óconserved hypotheticalô 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 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 
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bioleaching extreme thermoacidophiles are sorely needed but challenging to develop. Perhaps 

problems with availability of critical metals will drive efforts towards this objective.   

 

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 & Whitman, 2018), and this approach corroborates 

recent re-assignments of species within the Sulfolobales (Itoh, 2020; Sakai & 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 (Figure 3). 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 

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 
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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. 

 

Iron oxidation ï 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 & 

Norris, 2007; Huber & Stetter, 1991; Itoh, 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) (Figure 4). 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 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 

(Wheaton et al., 2015). Based on its location in the cluster and annotation as a signal 
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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 foxAô was much higher than foxA, 

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

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

(Auernik & 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, 

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 
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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 (Figure 5). Surface chemistry of the solid material and other issues, such as 

passivation and metal toxicity, can come into play, as can the organismôs 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 proteins are membrane-

associated, present significant challenges to unraveling the details for iron biooxidation. 

 

Sulfur  oxidation ï 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°), 
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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 (Figure 6). 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 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). 
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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-

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. 

 

Chemolithoautotrophy ï Sulfur, Iron, CO 2 

Genomes of microorganisms belonging to the order Sulfolobales encode enzymes 

comprising the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle that fixes CO2 from 
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atmospheric sources (Berg et al., 2007; Loder et al., 2016) (see Figure 7). 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), 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 a strict 

heterotroph (Sturm et al., 1987; Su & 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, 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, 
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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. 

 

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 

Fe3+/Fe2+ can reach equilibrium above 450 mV (vs. Ag/AgCl) (Córdoba, 2008). By contrast, the 

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

oxidation direction of the reaction (Figure 8). 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 
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S. metallicus or M. sedula, and thus generates less Fe3+ from chalcopyrite. This led to an optimal 

redox potential (~450 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 Figure 8) (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). However, strong 

sulfur oxidation drives acidification, and jarosite precipitation is reduced at higher acid 

concentrations (Calla-Choque & Lapidus, 2021; Dutrizac, 2008). 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 (Figure 5). 

 

Biofilms in Bioleaching Systems 

Biofilms, microbial communities attached to a surface, likely play an important role in 
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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 & Holmes, 2012; Dopson & 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 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 (see Figure 9). 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 (Henche et al., 2012; 
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Schult et al., 2018; van Wolferen et al., 2018) and have deleterious effects on biofilm structure 

when removed  (Henche et al., 2012). 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 (Jarrell & Albers, 2012). 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 (Henche et al., 2012) 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 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 
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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. 

 

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. 

Mechanisms of metal resistance in extreme thermoacidophiles have been studied and 

strain-specific mechanisms have been proposed. M. sedula was óshockedô 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. 
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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; Keasling, 1997; Lewis et al., 2021; 

Orell et al., 2012; Remonsellez et al., 2006), such as PitA and Pho84. In M. sedula, the presence 

of these transporters is related to Cu 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 
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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 (Ettema et al., 2006; Villafane et al., 2011). This system is 

also present in other archaea (MartínezȤBussenius 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 (MartínezȤBussenius et al., 

2017). When exposed to Cu and chalcopyrite, ATP transporters for Cu and associated metal 

chaperones were transcribed (Orell et al., 2010). Studies with Sac. solfataricus also revealed that 

the Cop system is sensitive to cadmium (Cd), but does not respond to silver (Ag) (Ettema et al., 

2006). 

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. 

 

Thermal Stress Response ï Extreme Thermoacidophiles 

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

 

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 & 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 & Whitaker, 2012; Zheng et 

al., 2012). Thus, current genetic techniques for extreme thermoacidophiles consist of forcing an 

initial auxotrophic mutant, usually by removing the organismôs ability to make uracil or lactose 

(Wagner et al., 2012; Worthington et al., 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. 
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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 & 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 

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 
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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. 

 

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.  

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 extraction (Abdollahi et al., 2015; Hong et al., 2021; Wang et al., 2018a; 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, 
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selective oxidation of chalcopyrite, as well as positively impact redox potential (Dixon et al., 

2008). 

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 ~ 250 mV to ~ 

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 ~325 mV to ~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 carbon, this was alleviated by sulfur oxidation activity of the mixed culture. 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.  

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 
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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 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.  
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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 0-200 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. 

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 0-0.086 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 
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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. 

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 

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). 

 

Bioleaching with Extremely Thermoacidophilic Consortia 

Most efforts looking at bioleaching with consortia have focused on mesoacidophilic 

bacteria, usually with microbial communities containing Acidithiobacillus and Leptospirillum 

species (Chen et al., 2020; Ma et al., 2019; Wang et al., 2018b). 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 

óSulfolobus-likeô 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 (dôHugues, 

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 
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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 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., 2018a). 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. 
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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 

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. 

 

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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Figure 1. Modes of Indirect Bioleaching of Chalcopyrite. 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 À denoted the year the organism was sequenced. Triangle color is indicative of the 

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

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

organism. See Table 1 for further details. 
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Figure 3: Inferred phylogenetic tree of 79 published and complete genomes of the Sulfolobaceae 

based on 446 single-instance core genes. Outer rings indicate the % completeness of metabolic 

pathways related to chemolithoautotrophic growth based on predicted functional annotations 

(red: iron oxidation; orange: sulfur reduction; brown: hydrogen metabolism; yellow: direct sulfur 

oxidation; light blue: sulfate assimilation; dark blue: HDR complex; green: autotrophy). For 

autotrophy, the pathway is split into three parts matching the three sections of the 3-HP/4-HB 

cycle represented in Figure 8 (Stage 1 ï acetyl-CoA to propanoyl-CoA; Stage 2 ï propanoyl-

CoA to succinic semialdehyde; Stage 3 (bf) ï succinic semialdehyde to acetyl-CoA using a 

bifunctional crotonyl-CoA hydratase/3-hydroxybutyryl-CoA dehydrogenase; Stage 3 (ms) ï 

succinic semialdehyde to acetyl-CoA using alternative enzymes for a multi-step conversion of 

crotonyl-CoA to acetoacetyl-CoA). Coloring on the species names indicates that work has been 

published demonstrating the biomining capabilities of these specific strains (grey: pyrite 

leaching; tan: chalcopyrite leaching; blue: reductive chalcopyrite bioleaching with chloride). 
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Figure 4. 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. 

Electron flow shown by dotted line following the uphill or downhill pathways. 
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Figure 5. Pyrite bioleaching with Metallosphaera sedula (Msed) (top) and Sulfuracidifex 

metallicus (Smet) (bottom) on iron pyrite after 14 days at 70°C. Note the formation of 

insoluble chemical complexes that can passivate the mineral surface and reduce bioleaching 

rates. Orange color comes from oxidized iron. Smet solubilized ~4.0 g/L of iron compared to 

~2.5 g/L by Msed. 
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Figure 6. 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 ï enzyme 

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

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

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

but is not associated with a genetic sequence; purple ï 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 dehydrogenase); 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 7. Mechanism of CO2 fixation and central carbon management in the Sulfolobaceae. 

Green arrows represent enzymatic steps incorporating CO2, and red arrows represent enzymatic 

steps losing CO2. 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 8. 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 ï half 

reactions involving ore structures, yellow ï half reactions involving reduced inorganic sulfur 

compounds (RISCs), red ï half-reactions involving metal ions, green ï half-reactions involving 

organic compounds, blue ï 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 where 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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Figure 9. Biofilm life cycle of bioleaching Sulfolobales on the ore surface. Planktonic 

Sulfolobales include both non-motile species (e.g. Acidianus species) and motile species (e.g. 

Metallosphaera sedula) that use their archaella to swim to a surface to attach. Irreversible 

attachment to an ore surface is then mediated by Type IV pili and the cells will then accumulate 

and produce an extracellular matrix to become a mature biofilm. During biofilm formation the 

cells release an unknown quorum signal to detect its neighbors. Motile cells disperse from the 

biofilm via their archaella structures while non-motile species use more passive mechanisms. 
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Abstract 

Reported here is the complete genome sequence (2,191,724 bp) for the thermoacidophilic 

archaeon Sufluracidifex (f. Sulfolobus) metallicus DSM 6482 (Topt 65°C, pHopt 2.0). This 

obligately chemolithoautotrophic microorganism is a prolific metal and sulfur oxidizer and has 

application in metal bioleaching operations. A multi-assembly reconciliation approach enabled 

closure of the genome. 

 

Announcement 

Sulfuracidifex (f. Sulfolobus) metallicus (DSM 6482, JCM 9184) was isolated from a 

solfataric field in Iceland in 1991 as an obligately chemolithoautotrophic aerobe and sulfur 

oxidizer that grows optimally at 65°C and pH 2.0 (1). Its classification was subsequently 

transferred to the genus Sulfuracidifex upon isolation of Sulfuracidifex tepidarius, based on 

closely related 16S rRNA gene sequences and physiological features (2); this re-assignment was 

supported further by detailed taxonomic and phylogenetic analysis (3). A draft genome assembly 

for S. metallicus DSM 6482 was first reported consisting 167 contigs (BioProject: PRJDB806), 

although later refined efforts resulted in a 5 contig assembly (4). Here, we report the closed 

genome sequence of S. metallicus DSM 6482, consisting of 2,194,724 bp containing 2,268 open 

reading frames. 

The S. metallicus DSM6482 was previously obtained from DSMZ and maintained in a 

freezer stock of 50:50 (vol%) glycerol:DSM88 medium (pH 4.5) at -80°C. S. metallicus cultures 

were grown at 65°C in modified DSM88 medium, per DSMZ recommendation. Genomic DNA 

was purified from liquid cultures using the NEB Monarch Genomic DNA Purification Kit (New 

England Biolabs, USA). DNA was barcoded and sequenced using Oxford Nanopore 



   

68 

 

Technologies (UK) Native Barcoding Kit (SQK-NBD112-24) and R9.4.1 flow cell (FLO-

MIN106D) on a MinION Mk1B without size selection. During barcoding and library 

preparation, DNA was quantified on a Qubit 4.0 with the 1X dsDNA HS Assay Kit (Invitrogen, 

Q33231). The multiplexed library was sequenced for 72 hours using MinKNOW v22.12.7 and 

Guppy v6.4.6 with live high-accuracy GPU base-calling. MinionQC was used to verify the 

quality of the run (5). 

Read-trimming was performed by Guppy during base-calling, and filtering was done with 

NanoFilt v2.8.0 using 1000 bp length and Q10 quality cutoffs (6). The genome was assembled 

using the Trycycler v0.5.3 workflow (7), with sub-assemblies generated by Flye v2.9.1 (8), Canu 

v2.2 (9), Raven v1.6.1 (10), NECAT v0.0.1 (11), and Miniasm+Minipolish v0.3-r179/0.1.2 (12, 

13). Briefly, reads were sub-sampled into 20 sets, and each assembler was used on 4 subsets to 

generate 20 sub-assemblies. Contigs were clustered using a Mash distance of 0.05 and visualized 

using the Interactive Tree of Life (14) (Figure 1). With the exception of Cluster 1, the resulting 

clusters were largely comprised of contigs from only 2-5 sub-assemblies and exhibited erratic 

size and coverage, indicating these were likely misassembly artifacts. Therefore, only Cluster 1 

was carried forward to reconcile and circularize the consensus genome sequence in Trycycler. 

The resulting circular genome was rotated using Circlator v1.5.5 (15) to start at the dnaA gene as 

predicted by Prodigal v0.5.2 (16). The assembly was polished with the full set of trimmed and 

filtered reads using Medaka v1.7.2 (https://github.com/nanoporetech/medaka), and further error 

correction was performed using Pilon v1.24 (17). Read-mapping was performed with BWA 

v0.7.17 (18) and sorted and indexed with samtools v1.16.1 (19). The final assembly was 

evaluated with Quast v5.2.0 (20) for GC content and read coverage and CheckM v1.2.2 (21) for 

https://github.com/nanoporetech/medaka
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completeness and contamination (Table 1) and annotated using PGAP v2023-05-17.build6771 

(22). Default settings were used for all software unless specified. 

 

Data Availability Statement 

The data for this whole genome sequencing project has been deposited at NCBI and can 

be accessed using the accession numbers found in Table 1 for the BioProject, BioSample, and 

Genome. The raw reads used for the assembly are also accessible through NCBI using the SRA 

accession number provided in Table 1.  
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Table 1: Summary of Assembly Statistics 

Genome Accession ID CP135238 

BioProject PRJNA1021186 

BioSample SAMN37544857 

Sequence Read Archive PRJNA1021186 

# of Reads 120,335 

Total Reads 491,271,433 bp 

Read n50 7,548 bp 

Genome Size 2,194,724 bp 

GC Content 38.57% 

Read Coverage 202x 

Completeness 99.40% 

Contamination 0.60% 

# of Predicted Genes 2,268 

https://www.ncbi.nlm.nih.gov/nuccore/CP135238
https://www.ncbi.nlm.nih.gov/bioproject/1021186
https://www.ncbi.nlm.nih.gov/biosample/37544857
https://www.ncbi.nlm.nih.gov/sra/PRJNA1021186
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Figure 1: Hierarchical Distance and Clustering of Sub-Assembly Contigs. Contigs (Ctg) with 

a Mash distance <0.05 are considered within the same cluster. Contig length and read coverage 

depth are given for each contig leaf. Sub-assemblies (SA) are indicated by color: Flye (red), 

Canu (yellow), Raven (green), NECAT (blue), and Miniasm (purple). Contig Cluster 1 

(highlighted in green) was selected for reconciliation of the genome. 
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Abstract 

Microbial life on Earth exists within wide ranges of temperature, pressure, pH, salinity, 

radiation, and water activity. Extreme thermoacidophiles, in particular, are microbes found in 

hot, acidic biotopes laden with heavy metals and reduced inorganic sulfur species. As 

chemolithoautotrophs, they thrive in the absence of organic carbon, instead using sulfur and 

metal oxidation to fuel their bioenergetic needs, while incorporating CO2 as a carbon source. 

Metal oxidation by these microbes takes place extracellularly, mediated by membrane-associated 

oxidase complexes. In contrast, sulfur oxidation involves extracellular, membrane-associated and 

cytoplasmic biotransformations, which intersects with abiotic sulfur chemistry. This novel 

lifestyle has been examined in the context of early aerobic life on this planet, but it is also 

interesting when considering the prospects of life, now or previously, on other solar bodies. 

Here, extreme thermoacidophily (growth at pH below 4.0, temperature above 55°C), a 

characteristic of species in the archaeal order Sulfolobales, is considered from the perspective of 

sulfur chemistry, both biotic and abiotic, as it relates to microbial bioenergetics. Current 

understanding of the mechanisms involved are reviewed which are further expanded through 

recent experimental results focused on imparting sulfur oxidation capacity on a natively non-

sulfur oxidizing extremely thermoacidophilic archaeon, Sulfolobus acidocaldarius, through 

metabolic engineering. 

 

Introduction  

Sulfur is among the most abundant elements on Earth, ranking even above carbon, 

making up 5.4% of Earthôs mantle and crust1. Sulfur-rich environments have also been identified 

on Mars, leading to theories that the planet as a whole is more sulfur-rich than Earth2. Sulfur has 



   

77 

 

a similar electronegativity to carbon and exhibits oxidation states anywhere from -2 to +6. 

Because of this, the element exists in numerous electron-dense species, ranging from metal-rich 

minerals and ores to gasses and fumes from hydrothermal vents. These diverse chemical species 

encompass a wide range of Gibbs free energies of formation (Figure 1), which are frequently 

exchanged through the sulfur cycle. Another key feature of sulfur chemistry is the polymeric 

structure arising from sulfur-sulfur bonds. These long chains exhibit an overall oxidation state of 

-2 and act as the site of attack for more nucleophilic species3. This enables chain-lengthening and 

chain-shortening reactions, thereby generating polysulfides, cyclized sulfur4, polythionates, and 

sulfane monosulfonate intermediate species of varying chain length5. 

Sulfurôs multiple oxidation states and stepwise depolymerization potential means that 

sulfur can be incrementally oxidized through intermediate species in order to maximize energy 

conservation, much like the stepwise degradation of glucose that is characteristic of cellular 

metabolism. The opportunity presented by these energy-rich sulfur species has not been 

overlooked in nature. Prokaryotes in domains Bacteria and Archaea oxidize reduced inorganic 

sulfur compounds (RISCs) to elemental sulfur (S0) or sulfate for phototrophic or 

chemolithotrophic growth. Indeed, the biological oxidation of sulfur plays a major role in the 

sulfur cycle on Earth6. The diversity of sulfur species identified on Mars suggest the possibility 

that a similar mechanism of sulfur cycling occurred at some point on this planet, and recent 

thermodynamic analyses show that a chemolithoautotrophic metabolism could be supported even 

in the limited Martian atmosphere7. Thus, a deeper understanding of the primitive and more 

extreme terrestrial forms of life on Earth could provide clues towards the possibility of 

extraterrestrial life. 
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While sulfur-oxidizing Bacteria span a wide range of genera, the sulfur-oxidizing 

Archaea belong exclusively to the order Sulfolobales6. The order consists entirely of extremely 

thermoacidophilic species, with optimal temperatures greater than 55°C and pH optima less than 

4. Not all extremely thermoacidophilic archaea oxidize sulfur8. In fact, these microbes exhibit 

physiologies ranging from facultative anaerobes, capable of sulfur oxidation and reduction 

(Acidianus ambivalens9), to aerobic chemolithautotrophs, leveraging sulfur oxidation and iron 

oxidation (Sulfuracidifex metallicus 10 and Metallosphaera sedula 11, respectively), to obligate 

heterotrophs (Saccharolobus solfataricus12). There is some evidence that certain Sulfolobales 

may even be able to oxidize vanadium and molybdenum for energetic benefit13. A single obligate 

anaerobe is now part of the order (Stygiolobus azoricus14), and recently a sulfur-inhibited 

Sulfolobales member has been described (Sulfodiicoccus acidiphilus15). In all, the order 

Sulfolobales now contains more than twenty distinct species, with some isolates still awaiting 

classification. Among the most studied organisms in the order is Sulfolobus acidocaldarius, the 

first isolated species of this order16. While S. acidocaldarius was initially believed to be a sulfur 

oxidizer, the current lab-cultured strain does not have this capability17. It is, however, one of the 

few Sulfolobales with a tractable genetic toolkit that can be used for mutational analysis and 

metabolic engineering18. 

Because of the lack of genetic tools for the Sulfolobales, most efforts to understand sulfur 

oxidation in the order have been focused on characterization of individual enzyme activities19-23 

and comparative ñomicsò analyses to relate what is known about bacterial enzymes to the 

archaeal Sulfolobales24-27. These approaches offer snapshots of the overall landscape of 

biological sulfur oxidation that involves a complex web of both abiotic and enzymatic reactions. 

Recently, efforts to engineer some of these enzymes into S. acidocaldarius have begun17. 
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Engineering S. acidocaldarius to become a sulfur-oxidizer demonstrates and validates an 

understanding of the sulfur oxidation mechanism in the Sulfolobales and also presents interesting 

opportunities for biotechnological application. Here, we examine the abiotic and enzymatic 

reactions implicated in sulfur oxidation and evaluate the prospects for energy conservation from 

these reactions. Furthermore, evidence of energy conservation in an engineered strain of S. 

acidocaldarius supports the prospect that energy conservation through the coordination of biotic 

and abiotic sulfur chemistry is indeed possible. 

 

Methods 

Cultivation of S. acidocaldarius Strains 

All strains of S. acidocaldarius were grown in 125 mL serum bottles containing 1 g/L NZ 

Amine and 0.01 g/L uracil in Brock Salts (DSM medium #88 without yeast extract), which 

contains on a per liter basis: 1.3 g (NH4)2SO4, 0.28 g KH2PO4, 0.25 g MgSO4Ö7H2O, 0.07 g 

CaCl2Ö2H2O, 4.5 mg Na2B4O7Ö7H2O, 1.8 mg MnCl2Ö4H2O, 0.22 mg ZnSO4Ö7H2O, 0.22 mg 

Na2MoO4Ö2H2O, 0.05 mg CuCl2Ö2H2O, 0.03 mg VOSO4Ö2H2O, and 0.01 mg CoSO4Ö7H2O. The 

pH of the Brock Salts was adjusted to 3.0 using concentrated sulfuric acid. All cultures were 

incubated in Eppendorf air shakers at 75°C with agitation (150 rpm). Except for the cultures used 

in the growth curve measurements, S. acidocaldarius media also contained 2 g/L sucrose. 

Cultures used to evaluate S. acidocaldarius growth on sulfur were provided with 10 g/L 

elemental sulfur. 

 

Transformation of Free Energy of Formation Data 
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Free energy of formation data were collected from several sources to cover the range of 

chemical species needed for analysis. All data were examined at 25°C for consistency between 

sources. For inorganic compounds and sulfur species, free energy of formation data were taken 

from Amend and Shock, with multiple protonation states where possible28. Polysulfide data for n 

= 2-8 was collected from Kamyshny et al., again using all protonation states of polysulfide 

chains29. Organic molecules, including biological energy carriers and intermediates of glucose 

metabolism, were calculated by the eQuilibrator online database at standard state. Again, all 

available protonation states for each compound were used30. Three energy carriers specific to S. 

acidocaldarius were used to evaluate redox coupling of sulfur reactions. Because of their 

uniqueness, free energy of formation data were not available in all cases. Instead, experimental 

reduction potential was used for caldariellaquinone31 and the [3Fe-4S] and [4Fe-4S] 

ferredoxins32 from S. acidocaldarius. 

Free energy values were adjusted for ionic strength, pH, and protonation state according 

to the methods laid out by Alberty33. Briefly, free energy values for all protonation states were 

adjusted for ionic strength according to: 

ЎὋ ὭȟὍ ЎὋ ὭȟὍ π
Ȣ ϳ

Ⱦ  [EQN 1] 

For these calculations, the adjusted ionic strength was I=0.338 (the ionic strength of the 

Brock Salts medium), zi is the charge number of species i, and B = 1.6 L1/2mol-1/2. ȹGf
0 is in 

units of kJ/mol. The transformed free energy was then calculated at pH intervals of 0.5 from 0.5 

to 14 according to: 

ЎὋ Ὥ ЎὋ Ὥ ὔ ὭЎὋ Ὄ ὙὝÌÎὌ           [EQN 2] 
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where NH(i) is the number of hydrogen atoms in species i and ȹGf
0(H+) = 0 kJ/mol, as given by 

Amend and Shock28. Finally, the various protonation states of a single species were aggregated 

as a ópseudoisomerô group according to: 

ЎὋ Ὥίέ ὙὝÌÎВὩὼὴ
Ў

 [EQN 3] 

This aggregate transformed free energy accounts for the dominant protonation state of a 

species at a particular pH, and so the pseudoisomer group was calculated separately for each pH 

interval. Free energy of reaction was then evaluated using these transformed pseudoisomer 

groups as: 

ЎὋ ὴὌȟὍ πȢσσψ ВЎὋȟ ὭίέȟὴὌȟὍ πȢσσψВЎὋȟ ὭίέȟὴὌȟὍ πȢσσψ  

[EQN 4] 

To calculate reduction potential, half-reactions of sulfur transformations and energy 

carrier reduction were generated. Transformed free energy of reaction for these half-reactions 

was converted to transformed reduction potential by: 

Ὁ ὴὌȟὍ πȢσσψ
Ў ȟ Ȣ

 [EQN 5] 

where n is the number of electrons, F is the Faraday constant as 96.485 kJ (V mol)-1, and Eô0 has 

units of V. For each half-reaction, the equilibrium limits of the half-reaction were based on 

maximum and minimum physiological concentrations of 10 mM and 1 µM for reactants and 

products34.  

 

S. acidocaldarius Growth in Batch Cultures 

S. acidocaldarius cultures were started from freezer stocks and grown with sucrose 

present, as described above. Cultures were passaged twice into fresh media upon reaching an 

OD600 value of 0.5-0.8. Cultures were passaged a final time into media containing no sucrose 



   

82 

 

and some containing 10 g/L elemental sulfur to measure growth. One mL samples were taken 

periodically from serum bottles and transferred to plastic cuvettes. Samples were allowed to 

settle for one min prior to measuring OD600 spectrophotometrically. 

 

RESULTS AND DISCUSSION 

Intersection of RISC Biology and Chemistry 

The role of abiotic sulfur chemistry in biological sulfur oxidation is clearly evident in 

mining environments, where the breakdown of sulfidic ore is facilitated by acidophilic iron- and 

sulfur-oxidizing microbes. The well-studied mechanisms of this process reveal that microbes do 

not directly act on the ores; instead, the ore undergoes abiotic attack by protons and ferric iron35. 

The role of microbes in this scenario is to regenerate protons and ferric iron through sulfur and 

iron oxidation, respectively. Here, abiotic and biotic reactions act synergistically; the abiotic 

degradation of ores provides the microbes with an energy source for growth, and the byproducts 

of the microbesô metabolism accelerates ore dissolution. At the same time, the sulfur liberated 

from this process undergoes numerous abiotic reactions to generate a diverse pool of sulfur 

species and drives acidification. While mesoacidophilic bacteria play the dominant role 

biomining environments36, high temperature biomining applications are often comprised of 

Acidianus and Metallosphaera spp.37 and the bioleaching capabilities of the Sulfolobales have 

been investigated in laboratory settings38. 

 

Biological Sulfur Oxidation in the Sulfolobales 

Oxidation of RISCs is a complex process that spans the extracellular space, the cell 

membrane, and the cytoplasmic space (Figure 2) and, while it has been extensively studied in 
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mesoacidophiles, the thermoacidophilic mechanism of sulfur oxidation is less clear. Recent 

sequencing of Sulfolobalesô genomes has enabled a comparative genomic analysis of relevant 

sulfur oxidation genes in an effort to identify the core constituents of the thermoacidophilic 

variant of sulfur oxidation, based on the established phenotypes of the Sulfolobales (Table 1)25, 

39. A major component of mesoacidophilic sulfur oxidation is the thiosulfate cycle catalyzed by a 

membrane-associated protein complex, SoxACBDXYZ 40. However, this cycle is not present in 

thermoacidophilic organisms. Instead, the central enzyme in sulfur oxidation by the Sulfolobales 

is the sulfur oxygenase reductase (SOR), which disproportionates zero-valent sulfur into H2S and 

SO3
2- 22. A 24-subunit homomeric cytoplasmic protein, SOR requires no cofactors and is 

inhibited by zinc ions 41. An indirect product of this enzyme is thiosulfate (S2O3
2-), which is 

generated by an abiotic reaction of H2S and SO3
2- 42. SOR is only expressed under aerobic 

conditions, possibly the result of its hypothesized oxygen-dependent reaction mechanism that 

involves polysulfide chains as the substrate for SOR rather than elemental sulfur 43.  

The hot acidic environment of the Sulfolobales is particularly hostile towards secreted or 

surface-bound proteins. Therefore, it is notable that one such enzyme, tetrathionate hydrolase 

(TetH), is involved in sulfur oxidation. In the thermoacidophilic, sulfur-oxiding facultative 

anaerobe Acidianus ambivalens, the majority of TetH activity was located extracellularly, and 

the isolated protein had a pH optimum of 123. In A. ambivalens, growth on tetrathionate increased 

transcription of the tetH gene compared to growth on elemental sulfur17. Homologous genes in a 

related species, Acidianus brierleyi, however, showed significant increase in transcription when  

grown on elemental sulfur compared to yeast extract17. While TetH is likely essential for growth 

on tetrathionate, it appears that it also plays a role in elemental sulfur oxidation. 
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Enzymes Coupled to the Electron Transport Chain 

While SOR is central to the diversification of sulfur species within the cytoplasm, it is not 

directly coupled to energy conservation. Instead, the various RISCs associate with a range of 

membrane-bound quinone oxidoreductases to transfer electrons into the Electron Transport 

Chain (ETC). Thiosulfate:quinone oxidoreductase (TQO) was the first of these complexes 

identified in A. ambivalens, and it is responsible for oxidizing thiosulfate to tetrathionate 20. By 

coupling sulfur oxidation to the ETC, the cell powers proton pumping and avoids the acidifying 

effect of SOR disproportionation. In fact, an engineered strain of S. acidocaldarius with a 

heterologous SOR was capable of oxidizing sulfur, but this ultimately proved to be toxic to the 

organism17. Upon the insertion of a gene encoding a heterologous TQO to the S. acidocaldarius 

mutant, normal growth was restored while maintaining the capacity to oxidize sulfur17. This S. 

acidocaldarius strain containing SOR and TQO was ultimately designated Saci RK34. TQO 

connects one product of the SOR disproportionation reaction to the ETC, and two other 

membrane-bound oxidoreductases serve similar functions for H2S and SO3
2-. The enzyme 

responsible for H2S oxidation, sulfide:quinone oxidoreductase (SQR), was originally described 

as a novel type of NADH dehydrogenase44. However, further investigation revealed that NADH 

dehydrogenase activity was only possible with a truncated version of the enzyme. When the full 

protein sequence was intact, the additional amino acid chain on the C-terminus blocked the 

binding site for NADH. Instead, the enzyme assembles polysulfide chains from individual H2S 

monomers19. SQR reduces a quinone for each H2S molecule added to the polysulfide chain, 

significantly increasing the energy conserved from a single elemental sulfur moiety. The 

proposed mechanism of SQR implicates two cysteine residues, which form a persulfide bond 

with incoming H2S and build up a polysulfide chain between the two residues. Ultimately, an 
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incoming H2S molecule kicks out the assembled polysulfide chain and takes its place between 

the two cysteines, triggering the formation of a new polysulfide chain45. SO3
2- is coupled to the 

quinone reduction by a putative sulfite:acceptor oxidoreductase (SAOR). While activity for this 

enzyme has been detected in aerobically grown A. ambivalens, it has not been linked to a coding 

region of the A. ambivalens genome21. Note that a similar enzyme, sulfite dehydrogenase, has 

been characterized in the mesoacidophile Thiobacillus denitrificans, although the electron 

acceptor in this case is cytochrome c 46. 

 

Energy-Conserving Enzymatic Reactions 

The final oxidation of SO3
2- to SO4

2- can occur in the cytoplasm as well, where it is 

directly coupled to the phosphorylation of ADP. Two routes of cytoplasmic sulfite oxidation 

exist, although they share a common first step. Initially, adenosine-5ô-phosphosulfate reductase 

(APSR) catalyzes the reaction of sulfite with AMP to generate adenosine-5ô-phosphosulfate 

(APS). The sulfate group of APS is then cleaved by either ATP sulfurylase with pyrophosphate 

to generate ATP or adenylylsulfate:phosphate adenylyltransferase (APAT) with phosphate to 

generate ADP. In the case of the latter reaction, two molecules of ADP are converted to ATP and 

AMP by an adenylate kinase (AK). A number of sulfur oxidizing organisms use both the 

cytoplasmic and membrane pathways for sulfite oxidation, and this is thought to increase the rate 

of generation of reducing equivalents 47. Interestingly, the cytoplasmic path involving APS also 

operates in the reverse direction for the assimilatory reduction of sulfate 48. It is only in this 

reductive function that the ATP sulfurylase and APAT/AK paths have been observed 

simultaneously. In oxidative organisms, the APAT/AK path dominates 47, although instances of 

the ATP sulfurylase have been observed 49. This observation is consistent with the limited work 
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on sulfite oxidation in the Sulfolobales. Much like the membrane-bound SAOR, activity for the 

APAT/AK route has been observed in A. ambivalens, but no further characterization of the 

enzymes has been reported. ATP sulfurylase activity was investigated in the same experiment, 

but no activity was detected21. 

The most recent insights into Sulfolobales sulfur oxidation involves the highly conserved 

hdr/dsr/tusA locus. In mesoacidophilic sulfur oxidation, this complex has been linked to the 

oxidation of organic persulfides, namely glutathione, but also extended to sulfur-containing 

organic molecules, like dimethyl sulfide (DMS)50, 51. This complex is proposed to conserve 

energy through reduction of ETC electron carriers, although further experimentation is needed to 

confirm this function 52. This is supported by the transmembrane domain contained in the HdrC 

subunit51. Comparative genomic analysis has identified homologs to the hdr/dsr/tusA complex in 

all genome-sequenced Sulfolobales17. However, characterization of the DsrE3A and TusA 

enzymes in Metallosphaera cuprina have shown activity on tetrathionate rather than organic 

persulfides 53. As a result, the Dsr/TusA system serves to cycle tetrathionate and thiosulfate in 

conjunction with TQO, while also funneling polythionates towards total oxidation through 

formation of sulfite by Hdr. Despite these insights into substrate preference, the electron acceptor 

of the Hdr complex is still not clear. In the DMS-degrading Hyphomicrobium denitrificans, a 

lipoate-binding protein was found to be associated with the Hdr complex. The complex reduced 

the cyclic sulfur bond of lipoic acid, while oxidizing thiosulfate to sulfite. The reduced 

dihydrolipoic acid can power NAD+ reduction with the E3 subunit of pyruvate dehydrogenase24. 

This newly proposed function of the hdr/dsr/tusA complex provides a direct route to reducing 

power for sulfur metabolism. However, the presence of this pathway in non-chemolithotrophic 

Sulfolobales (see Table 1) calls into question whether the complex serves to provide energy to 
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the cell or detoxify cytoplasmic RISCs by oxidation. The synthesis of the lipoic acid cofactor 

could shed some light on Hdr function in the Sulfolobales. While homologs of the LipB-

catalyzed lipoate synthesis mechanism were identified in a number of non-sulfur oxidizing 

Sulfolobales, S. tokodaii (the only sulfur oxidizer investigated) appeared to only be capable of 

using exogenous lipoate scavenging 24. Further understanding of lipoate synthesis in the 

Sulfolobales could clarify the role of the Hdr complex in thermoacidophilic sulfur oxidation. 

 

Involvement of Abiotic RISC Reactions in Biology 

Solid elemental sulfur is mainly orthorhombic and has limited solubility in water54. Ring-

opening reactions typically involve nucleophilic attack by cyanide, bisulfide, or sulfite5. In the 

case of attack by bisulfide, polysulfide chains are generated55. Under alkaline conditions, 

polysulfides reach an equilibrium distribution of chain length29. As pH decreases, the reverse 

reaction takes place, with H2S undergoing radical chemistry to build polysulfide chains; 

ultimately, the chain attacks itself, cleaving off a closed sulfur ring from the chain56. Similarly, 

sulfite attack on a sulfur ring creates a linearized chain of sulfur, this time in the form of sulfane 

monosulfonate (SnO3
2-)5. Further attack by sulfite leads to the stepwise release of thiosulfate 

from the chain, resulting in the total conversion of cyclic sulfur to thiosulfate3. Much like the 

polysulfide mechanism, as pH decreases, the reaction runs in reverse and acidified thiosulfate 

leads to the formation of sulfur rings57. 

Sulfane monosulfonates are highly unstable in water5, but the combining of these chains, 

or direct oxidation of a single chain by diatomic oxygen, gives rise to polythionates56, 58. 

Polythionates are more stable than their sulfane monosulfonate precursors and are often present 

in fairly high concentration in native environments of the Sulfolobales59. However, polythionates 
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are subject to hydrolysis, resulting in the release of sulfate from the chain and reformation of the 

sulfane monosulfonate species. Polythionates are also subject to attack by bisulfide, producing 

thiosulfate and polysulfide, even though polysulfide is often represented as elemental sulfur 

(S0)5, 56, 59. While the exact reaction mechanism is not clear, a possible explanation is the 

sequential attack of bisulfide releasing thiosulfate from the polythionate chain, thereby forming 

sulfane monosulfonate first, before subsequent bisulfide attack forms just polysulfide. 

In addition to the exchange between polymeric sulfur species, chain-lengthening and 

chain-shortening reactions are possible. In particular, sulfite is capable of attacking each of the 

three polymeric species discussed above, resulting in the liberation of thiosulfate3, 5. This 

reaction (combined with others discussed here) is often implicit in the overall reactions presented 

in sulfur biooxidation studies, such as the total conversion of polythionate to thiosulfate in the 

presence of bisulfide and sulfite5 or the formation of cyclooctosulfur (S8) from S3O3
2-35. A 

minimalist set of reactions (Table 2), most of which are described above, were identified such 

that they represent the broad array of overall reactions reported in literature. Select overall 

reactions are also presented, with a listing of the representative reactions that describe them.  

A visualization combining this reaction network with the known enzymatic sulfur 

reactions of the Sulfolobales highlights points of synergy or antagonism (Figure 3). While the 

Sulfolobales possess several enzymes equipped to cycle thiosulfate and tetrathionate, no 

enzymatic step has been identified to facilitate the formation of thiosulfate from polysulfide or 

H2S. It appears that the cell instead relies on the abiotic formation of thiosulfate from polysulfide 

degradation by sulfite. This reaction is often accounted for in models of sulfur oxidation in 

thermoacidophiles and mesoacidophiles alike41, 66. Other abiotic paths to thiosulfate include 

degradation of polythionates by sulfite (Reaction 10), degradation of polythionate by H2S 
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(Reactions 16 and 17), and hydrolysis of polythionates (Reaction 1 plus n-2 Reaction 4). 

Direct competition between abiotic and enzymatic reactions also exists, notably in the 

case of all three enzymes directly linked to the ETC. Conversion of H2S to polysulfide (SQR), 

thiosulfate to tetrathionate (TQO), and sulfite to sulfate (SAOR) all occur abiotically. Therefore, 

only a portion of the available energy from these reactions is actually captured by the ETC and 

made available to the cell. Accounting for this partial energy conservation is key in any model of 

the sulfur oxidation metabolism, although the extent of energy loss to abiotic reactions 

necessitates a more detailed kinetic understanding of the enzymatic steps. This consideration is 

only pertinent to enzymatic steps that conserve energy. TetH, for instance, catalyzes the 

hydrolysis of polythionates, namely tetrathionate, and this reaction also occurs abiotically. 

However, there is no energy conserved by TetH, so the distinction between enzymatic and 

abiotic hydrolysis is not significant.  

Finally, some abiotic reactions may be directly antagonistic to the Sulfolobales. H2S 

forms cyclic sulfur through sequential chain-building of polysulfides via radical chemistry, 

where the oxidizing agent is often Fe3+ 4. This reaction leads to the generation of Fe2+, which 

when combined with peroxide byproducts of the ETC can lead to the generation of hydroxyl 

radicals through Fenton chemistry and subsequent oxidative stress in the cell. Notably, all sulfur-

oxidizing Sulfolobales possess the fox cluster of genes, which are linked to biological iron 

oxidation27. While some of these species rely on iron oxidation for energy, this gene cluster may 

also be providing a way for the sulfur-oxidizers to deal with the toxic byproducts of H2S radical 

chemistry. 
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Accessing Extracellular Sulfur Substrates 

In contrast to the extracellular localization of sulfur reduction, sulfur oxidation occurs 

largely on the cytoplasm side of the cell membrane where the pH is more circumneutral. 

Transport of sulfur across the cell membrane is a particularly difficult process, considering that 

elemental sulfur dominates the distribution of sulfur species at low pH and is largely insoluble in 

water 54. Sulfur transport has been studied in mesophilic sulfur oxidizers, and multiple 

mechanisms have been proposed. In the mesophilic, photoautotrophic purple sulfur bacterium 

Chromatium vinosum, vesicles encapsulating extracellular sulfur are formed. Proteins encoded 

by dsrE and tusA then cleave individual sulfide atoms within the vesicle and transport them into 

the cytoplasm67. Mesoacidophilic Acidithiobacillus spp. exhibit a similar mechanism, where 

proteins in the cell membrane form persulfide bonds, which are then cleaved on the cytoplasmic 

side of the membrane 68. No such transport mechanism has been identified in the Sulfolobales to 

date. However, hydrogen sulfide appears to be capable of crossing the cell membrane. Because 

of its structural similarity to water, H2S appears to be capable of passing through aquaporins into 

the cytoplasmic space 69, where the near-neutral cytoplasm enables the abiotic redistribution of 

RISCs. In fact, H2S may not even need the aid of a transporter to cross into the cytoplasm; rather 

it is capable of passive diffusion across the membrane 70. It has been postulated that cyclic S8 

could diffuse across the cell membrane in a similar manner due to its hydrophobic character an 

neutral charge71. However, transmembrane diffusion of S8 has not yet been demonstrated 

experimentally. 

Recently, a study of the extremely thermoacidophilic archaeon Acidianus DS80 showed 

that, while sulfur reduction can occur even when sulfur was sequestered away from the 

organism, sulfur oxidation required direct contact between the cells and solid sulfur substrate72. 
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In the case of sulfur reduction, organism growth was dependent on the pore size of the dialysis 

bag, indicating that the particle size distribution of sulfur influenced sulfur reduction72. Whether 

this is indicative of mass transfer-limited growth or reaction-limited growth is unclear, but it is 

possible that for acidophiles, nanocrystalline S8 is the substrate for sulfur reducers and is formed 

by ring-opening of H2S and subsequent ring closure by the reverse reaction. This independence 

of direct contact for sulfur reduction has previously been explained in neutrophilic Archaea by 

polysulfide chains acting as the actual substrate for the cell73. This would require extracellular 

cleavage of cyclic sulfur to generate polysulfide in the first place, and the thermodynamic 

equilibrium of cleavage by H2S at acidic extracellular pH is highly unfavorable (see Figure 4 

bottom). However, cleavage by SO3
2- has a more favorable equilibrium. In the presence of 

oxygen, extracellular sulfite would be rapidly oxidized to sulfate according to Reaction 12 (see 

Table 2). This instability of sulfite in aerobic conditions could explain the need for direct 

interaction with (or at least proximity to) the sulfur substrate for oxidation, while it would not be 

required for sulfur reduction under anaerobic conditions. Notably, all sulfur-oxidizing species in 

the order Sulfolobales contain a putative sulfite exporter, which could provide the nucleophile 

necessary for ring cleavage (see Table 1).  

 

Influence of pH on Reaction Directionality 

How pH influences reactions involving RISCs is particularly pertinent when considering 

thermoacidophilic biooxidation. While these organisms do thrive at acidic pHs, they maintain a 

near-neutral cytoplasmic pH of ~6.574, 75. The cell membrane acts as a discrete barrier to this 

large pH gradient, which causes a drastic shift in reaction equilibria as RISCs cross the cell 

membrane. ȹGf
0 values from literature were transformed to account for ionic strength of the 
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standard Brock Salts medium and the protonation state of the species, and the equilibrium 

constant of abiotic reactions of RISCs was evaluated over a range of pH values (Figure 4). The 

equilibrium between polysulfide chains of varying lengths has been well-studied under alkaline 

conditions29. However, the instability of polysulfides in acid makes the direct examination of this 

equilibria at low pH challenging. In general terms, the ȹGrxn appears to favor combining shorter 

chains into longer polysulfide chains at pH below 7, even at the expense of liberating H2S 

(Figure 4 top). However, the presence of an oxidant, like ferric iron, enables the radical 

chemistry necessary to assemble n H2S into a polysulfide chain Sn
2- 56 and is favorable, 

independent of pH. Ultimately, this chain-building effect results in the formation of insoluble 

cyclic sulfur and release of H2S. 

There is a stark contrast between the nucleophilic attack of sulfur rings by H2S and by 

sulfite (Figure 4 bottom). At low pH, the reaction involving H2S is favored in the reverse 

direction, forming sulfur rings from polysulfide chains by releasing H2S. However, at near-

neutral  cytoplasmic pH, an equilibrium between reactants and products persists. In contrast, 

nucleophilic attack by sulfite (and the subsequent degradation of polysulfide chains by sulfite) is 

favored in the forward direction, even at low pH, and becomes more favorable as pH increases. 

This mechanism has implications for making sulfur accessible to the cell, as discussed below. It 

is somewhat complicated by the stability of SO3
2-. In aerobic conditions, SO3

2- will rapidly 

oxidize to SO4
2- 63, and SO3

2- is degraded in acid even in an anoxic environment, although 

measurable quantities of SO3
2- were still detectable after 24 h of incubation76. 

Reaction equilibria of polythionates also appear to vary with chain length, but with a free 

energy minimum at n = 4 as tetrathionate. While the hydrolysis of polythionates is favored at 

cytoplasmic pH, hydrolysis of tetrathionate specifically approaches an equilibrium in the 
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extracellular space. The stability of tetrathionate outside of the cell represents a possible 

bottleneck in the interchange of RISCs and may explain why the Sulfolobales produce an 

extracellular tetrathionate hydrolase, which catalyzes a reaction that is normally spontaneous at 

higher pH. 

 

Energetics of the Sulfur Oxidation Metabolic Pathway 

The comprehensive energetics of sulfur oxidation have previously been examined in a 

biological context65. However, these overall oxidation reactions represent only a maximum 

potential for energy conservation. To evaluate the metabolic potential of a pathway, the 

energetics of individual steps of the pathway must be assessed. To this end, energy conservation 

of sulfur oxidation in Sulfolobales can be compared to the primary heterotrophic pathway in the 

Sulfolobales, the non-phosphorylative Entner-Doudoroff Pathway77, 78.  

For the purposes of overall energetic comparison, a pathway was constructed for the total 

oxidation of H2S to sulfate in the Sulfolobales (Figure 5). Note that a number of recycle steps 

and branch points normally exist for the sulfur pathway, as outlined earlier (Figure 2). However, 

this representation is intended to include all known enzymatic sulfur reactions of the 

Sulfolobales and to ensure total oxidation of the number of H2S molecules considered. In this 

case, the overall biological oxidation of H2S to sulfate is represented as: 

υ ὌὛ ρτ ὗ ς ὔὃὈ ὃὓὖ ς ὖ ρτ Ὄὕ ὕ  

ᴼυ Ὓὕ ρτ ὗὌ ς ὔὃὈὌὃὝὖ  [EQN 6] 

The electron acceptor for the sulfite:acceptor oxidoreductase and APS reductase reactions 

are unknown (shown as ñRò/òRH2ò in Figure 5) and were assumed to be quinones for the 

purpose of pathway energetic calculations. Notably, the sulfur oxidation pathway reduces 
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significantly more quinones than the NPED pathway (Figure 5a, 5b), indicating that sulfur-

oxidizing Sulfolobales rely much more heavily on the electron transport chain for energy than 

their heterotrophic counterparts. This may also be a means of dealing with the liberation of 

protons that occurs during cytoplasmic sulfur oxidation and the consequential acidification. 

Total energy conservation of the sulfur oxidation pathway was compared against the 

NPED pathway of the Sulfolobales and glycolysis (Figure 5c). The magnitude of the abiotic 

ȹGrxn
ô0 for oxidation of four H2S molecules is comparable to ȹGrxn

ô0 for complete combustion of 

glucose. The sulfur oxidation pathway falls short of the >90% energy conservation from the two 

heterotrophic pathways, but it does still conserve greater than 60% of the available energy. 

However, this calculated energy conservation is assuming all molecules of H2S proceed to SO4
2- 

through enzymatic steps wherever possible. As discussed earlier, competitive abiotic sulfur 

reactions may cut into this energy conservation, making the practical energy conservation even 

lower. The extent of this interference requires more detailed kinetic enzymatic understanding. 

A breakdown of the cumulative free energy change through each step of sulfur oxidation 

(Figure 5d) reveals that the first two steps of the pathway, H2S to S0 by sulfide:quinone 

oxidoreductase and the disproportionation of S0 by sulfur oxygenase reductase, result in the most 

significant energy loss. This is not surprising for the SOR reaction, considering that it is not 

coupled to any biological energy carrier. Downstream of the SOR reaction, the rate of free 

energy change is not too dissimilar from heterotrophic pathways, indicating a high degree of 

energy conservation in these steps. 

The reduction potential of the enzymatic half-reactions of sulfur were evaluated against 

the half-reaction reduction potential of major biological energy carriers (Figure 6). The majority 

of sulfur half-reactions have moderately high reduction potential and so are only capable of 
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coupling to quinone reduction. The lowest reduction potential of any enzymatic step is the 

oxidation of sulfite to sulfate, associated with sulfur:acceptor oxidoreductase. Notably, the 

electron acceptor of this enzyme remains unknown, but it has the energetic capability to reduce 

even the [4Fe-4S] ferredoxin, the energy carrier with the lowest known reduction potential in the 

Sulfolobales32. The Sulfolobales also possess a rather unusual [3Fe-4S] ferredoxin, which has a 

standard reduction potential of -0.275 V32. Interestingly, this energy carrier sits squarely in the 

range of the [H2S,Sn-1
2-/Sn

2-] reduction potential and suggests that it may be a ferredoxin uniquely 

suited to the reduction potential of sulfur oxidation. 

 

Supporting Evidence of Sulfur Oxidation in an Engineered S. acidocaldarius Strain 

The engineered strain of S. acidocaldarius (RK34)17 and the parent strain S. 

acidocaldarius MW001 were grown with limited heterotrophic nutrients, with and without 

elemental sulfur present (Figure 7). The resulting growth data were fit to logistic equation of the 

form: 

ὔ                       [EQN 7] 

where K is the carrying capacity of the population, N0 is the initial population and r is the 

intrinsic growth rate of the population. The data were also analyzed by Principle Component 

Analysis (PCA) to evaluate differences in behavior between the growth conditions. When grown 

with sulfur, the carrying capacity of MW001 somewhat decreased compared to growth on just 

amino acids (NZ-Amine). In contrast, the RK34 strain nearly doubled, indicating that the 

presence of sulfur improved growth from amino acids alone. In the PCA analysis, minimal 

difference between MW001 and RK34 was observed in the first two components when grown 

without sulfur. Addition of sulfur to the cultures resulted in a shift in the second principle 
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component that was similar between the two strains. However, the first principal component 

showed a divergence between MW001 and RK34 in the presence of sulfur. This implies that the 

RK34 strain gains an energetic advantage from sulfur that enables more of the amino acids to be 

allocated as a carbon source for biomass generation and not used as an energy source.  

Notably, in the non-sulfur condition, batch cultures of both MW001 and RK34 had a final 

pH greater than 5 (Figure 8). This was also the case for batch cultures of MW001 with sulfur. 

However, the RK34 strain grown with sulfur ended with a pH between 2 and 3. Maintaining the 

acidic environment in these cultures is likely a consequence of sulfur oxidation by RK34. 

Naturally one might assume that a lower extracellular pH, and therefore a larger transmembrane 

proton gradient, might enable the cell to generate more energy from protonmotive force. 

However, acidophilic microbes have been shown to throttle proton influx to levels similar to 

neutrophilic microbes due to a positive membrane potential79. In fact, acidophilic microbes have 

even been shown to adjust this membrane potential in response to changes in extracellular pH in 

order to maintain a constant proton flux74. In the Sulfolobales, increasing the number of 

cyclopentyl rings attached to the tetraether lipid membrane reduces proton permeability in the 

membrane80. Therefore, it is possible that the difference in extracellular pH does not affect the 

energy conservation from protonmotive force in RK34. However, the microbe would have to 

change its membrane composition to deal with higher pH, therefore increasing the energy 

demand of the cell. As such, it remains to be seen if RK34 generates cellular energy directly 

from sulfur oxidation or as an indirect consequence of the maintained pH gradient. 

 

Conclusion 

The complexity of abiotic sulfur chemistry adds a challenging dimension to sulfur 
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oxidation that is unique among inorganic metabolisms. As such, to fully understand the energetic 

potential of sulfur as a metabolic substrate, the effect of abiotic reactions on energy conservation 

must be considered. Some reactions, such as hydrolysis of polythionates and formation of 

thiosulfate, create synergy with enzymatic steps. Others impede energy conservation through 

direct competition with enzymatic steps or by creating cellular stress. The function of these 

abiotic reactions between the acidic extracellular space and the neutral cytoplasm may even 

provide insight into mechanisms of sulfur transport in the Sulfolobales. 

The stepwise oxidation of sulfur offers numerous opportunities to conserve energy 

through enzymatic coupling to energy carriers, theoretically capturing over 60% of the available 

energy from sulfur oxidation. Matching the oxidation step with an energy carrier of similar 

reduction potential is critical to minimizing energy loss while providing some clues as to the role 

of enzymes in sulfur metabolism. Even introducing only a few of these enzymes into a non-

sulfur oxidizer provides an energetic advantage to the engineered strain. 

Another consideration for the role of sulfur chemistry, biotic and abiotic, is the role that 

this element may have played in establishing life in an emerging aerobic system on Earth or 

elsewhere. The stepwise oxidation of sulfur creates an opportunity for efficient energy 

conservation, and the varied reduction potential of sulfur half -reactions enables reduction of 

varied biological energy carriers. Further understanding of how biological sulfur oxidation 

influences and responds to the distribution of RISCs in an environment may provide clues 

towards the presence or potential for life beyond the planet Earth. 
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Table 2: Summary of Key Abiotic RISC Reactions 

Reaction # Reaction Representation in Reaction Network  

(Figure 3) [Rxn 1] Ὄὕ Ὓὕ ᴼὛ ὕ Ὓὕ ς Ὄ  Yes58-60 

[Rxn 2] ὌὛ ς ὕ ᴼὛὕ Ὄ  Yes60 

[Rxn 3] Ὓὕ Ὓ ᴼὛ ὕ  Yes3 

[Rxn 4] Ὓὕ Ὓὕ ᴼὛ ὕ Ὓὕ  Yes3 

[Rxn 5] ὌὛ Ὓ ᴼὛ Ὄ  Yes5, 35, 56, 60, 61 

[Rxn 6] Ὓὕ Ὓ ᴼὛ Ὓὕ  Yes3, 5 

[Rxn 7] Ὓὕ Ὓ ς Ὄ ᴼὌὛ Ὓὕ  Yes3, 5 

[Rxn 8] Ὓ σ
ςὕ ᴼὛὕ Ὓ  Yes56, 60 

[Rxn 9] Ὓὕ Ὓὕ ᴼὛ ὕ Ὓὕ  Yes3 

[Rxn 10] Ὓὕ Ὓὕ ᴼὛὕ Ὓ ὕ  Yes5, 59, 61, 62 

[Rxn 11] Ὓὕ Ὓὕ ᴼὛ ὕ Ὓ ὕ  Yes58 

[Rxn 12] ς Ὓὕ ὕ ᴼς Ὓὕ  Yes63 

[Rxn 13] Ὓὕ Ὓὕ ρ
ςὕ ς Ὄ ᴼὛ ὕ Ὄὕ Yes58, 59 

[Rxn 14] Ὓὕ Ὓὕ ς ὊὩ ᴼὛ ὕ ς ὊὩ  Yes56, 58 

[Rxn 15] Ὓὕ σ
ςὕ ᴼὛὕ  Yes58 

[Rxn 16] Ὓὕ ὌὛᴼὛ ὕ Ὓὕ Ὄ  Yes* 

[Rxn 17] Ὓὕ ὌὛᴼὛ Ὓὕ Ὄ  Yes* 

[Rxn 18] Ὓ ὌὛ ς ὊὩ ς ὌὕᴼὛ ς ὊὩ ς Ὄὕ  Yes+ 

[Rxn 19] Ὓὕ ψ ὊὩ υ Ὄὕᴼς Ὓὕ ψ ὊὩ ρπ Ὄ  Yes 

[Rxn 20] Ὓ Ὓ ᴼὛ Ὓ  Yes4, 5, 56 

Overall 

Reactions 

Summarized 

by 

Rxns [1-20] 

Ὓὕ ὲ σὛὕ ᴼὛὕ ὲ σὛὕ  [Rxn 9 + (n-4) Rxn 4] or 

 [(n-2) Rxn 10]3, 5 

Ὓὕ ρ
ψὛ ᴼὛὕ  [Rxn 3 + Rxn 4 + Rxn 3r] 5, 59, 62, 64, 65 

Ὓὕ ὌὛᴼς Ὓὕ ὲ σὛ Ὄ  [Rxn 16 + Rxn 17 + Rxn] 3r]5 

Ὓὕ ὌὛ ὲ σὛὕ ᴼ ὲ ρὛὕ Ὄ  [Rxn 16 + (n-3) Rxn 4] 5 

Ὓὕ Ὓὕ ᴼὛ ὕ Ὓ ὕ  [Rxn 10 + Rxn 10r] 5 

ὌὛ ὊὩ ᴼὊὩ ὌὛϽ O ὶὥὨὭὧὥὰ ὧὬὥὭὲ ὦόὭὰὨὭὲὫ [Component of Rxn 18] 35, 56 

Ὓὕ ς ὌὛᴼς Ὓὕ ὲ ςὛ ς Ὄ  [Rxn 16 + Rxn 17] 56, 59 

τ Ὓὕ ᴼὛ τ Ὓὕ  [(4) Rxn 4r + (7) Rxn 4 + Rxn 3] 58 

Note: Reaction numbers followed by an ñrò designate the reverse reaction corresponding to that number; numbers in 

parenthesis indicate multiple instances of that reaction occurring as part of the overall reaction 
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Figure 1: Distribution of oxidation states and ȹGf
0 of various sulfur species; APS: adenylyl 

sulfate, GSH: glutathione, GSSH: glutathione disulfide, PAPS: phosphoadenylyl sulfate; dotted 

lines indicate multiple sulfur oxidation states within the same molecule 
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Figure 2: Schematic of Sulfolobales enzymes involved in sulfur oxidation; solid lines indicate 

enzymatic reactions, dashed lines indicate abiotic formation of thiosulfate, dashed-dotted lines 

indicate a shared sulfur species between reactions, blue arrows indicate the movement of quinones; 

Gray barrier represents the cell membrane, with cytoplasmic space below the barrier and 

extracellular space above; enzymes are colored according to their functional associations: cycling 

of RISCs (yellow), cycling of quinones (orange), assimilation of SO3
2- (red), direct energy 

conservation through ATP or NAD(P)H (purple), and export of RISCs (blue); enzymes with 

multiple functional associations have a color gradient 
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Figure 3: Minimalist representation of RISC reactions involved in Sulfolobales sulfur 

oxidation; Blue lines indicate abiotic reactions; Red lines indicate enzymatic reactions; Green 

lines indicate abiotic reactions also catalyzed by enzymes. Tan boxes indicate a class of sulfur 

species with varying chain length 
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Figure 4: ȹGrxn (kJ/mol) for RISC reactions at pH increments of 0.5; Colorscale boundaries 

are 50 and -50 kJ/mol, and any ȹGrxn exceeding these values are shown at the bounds of the color 

scale; Purple shading indicates extracellular pH conditions; Green shading indicates cytoplasmic 

pH conditions; (Top): polysulfide chain-sizing from Reaction 20; (Bottom): RISC Reactions 1-19, 

excluding Reaction 9. 
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Figure 5: Energy Conservation in a Stepwise Representation of Sulfur Oxidation; a) Non-

phosphorylative Entner-Doudoroff pathway (NPED); b) Representative sulfur oxidation pathway; 

c) Cumulative free energy change by reaction step for glycolysis (blue), NPED (gray), and sulfur 

oxidation (orange); d) Overall percent energy conservation of pathways (gray) based on free 

energy change of total combustion or oxidation of substrate (orange) and free energy change of 

enzymatic pathway (blue). 
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Figure 6: Reduction potential of enzymatic sulfur half-reactions (green) and energy carrier 

half-reactions (orange); bars represent the physiological range of reactant/product ratios; vertical 

lines in each bar represent the equimolar transformed reduction potential of the half-reaction. 
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Figure 7: Effect of Sulfur Oxidation on Growth in Saci Strains; Growth curves of Saci MW001 

(blue) and RK34 (red) on amino acids without sulfur (circles) and with sulfur (triangles); Logistic 

equation models for the data are shown as solid lines (without sulfur) or dotted lines (with sulfur); 

values for the logistic equation parameters are shown in the insert, where ñNSò indicates the 

condition without sulfur and ñS0ò indicates the condition with sulfur 
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Figure 8: Endpoint pH of Sulfur -Grown Saci Strains; Final pH measurement of serum bottles 

for Saci MW001 without sulfur (pH 6, top left), Saci MW001 with sulfur (pH 5.5, top right), Saci 

RK34 without sulfur (pH 5.5, bottom left), and Saci RK34 with sulfur (pH 2, bottom right). 
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Abstract 

Certain members of the Family Sulfolobaceae represent the only Archaea known to 

oxidize elemental sulfur, and their evolutionary history provides a framework to understand the 

development of chemolithotrophic growth by sulfur oxidation. Here, we evaluate the sulfur 

oxidation phenotype of Sulfolobaceae species and leverage comparative genomic and 

transcriptomic analysis to identify the key genes linked to sulfur oxidation. Metabolic 

engineering of the obligate heterotroph Sulfolobus acidocaldarius revealed that the known 

cytoplasmic components of sulfur oxidation alone are not sufficient to drive prolific sulfur 

oxidation. Imaging analysis showed that Sulfolobaceae species maintain proximity to the sulfur 

surface but do not necessarily contact the substrate directly. This indicates that a soluble form of 

sulfur must be transported to initiate cytoplasmic sulfur oxidation. Conservation patterns and 

transcriptomic response implicate an extracellular tetrathionate hydrolase (TetH) and putative 

thiosulfate transporter (YeeE) in a newly proposed mechanism of sulfur acquisition in the 

Sulfolobaceae. 

 

Importance 

Sulfur is one of the most abundant elements on earth (2.9% by mass), so it makes sense 

that the earliest biology found a way to use sulfur to create and sustain life. However, beyond 

evolutionary significance, sulfur, and the molecules it comprises, have important technological 

significance, not only in chemicals such as sulfuric acid and in pyritic ores containing critical 

metals, but as a waste product from oil and gas production. The thermoacidophilic Sulfolobaceae 

are unique among the archaea as sulfur oxidizers. The trajectory for how sulfur biooxidation 

arose and evolved can be traced using experimental and bioinformatic analyses of the available 
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genomic dataset. Such analysis can also inform the process by which extracellular sulfur is 

acquired and transported by thermoacidophilic archaea, a yet to be elucidated phenomenon 

critical to these microorganisms. 

 

Introduction  

Members of the thermoacidophilic archaeal family Sulfolobaceae (pHopt < 4; Topt җ 65°C) 

have been identified throughout the globe in regions of volcanic activity, where they play a 

significant role in the acidification of these environments through the oxidation of reduced 

inorganic sulfur compounds (RISCs) (1). These archaea utilize inorganic substrates, including 

elemental sulfur and RISCs, as energy sources for chemolithotrophic growth (2). Among the 

archaea, only certain Sulfolobaceae exhibit this ability to oxidize sulfur and RISCs (3). Thus, 

discerning the genetic basis that distinguishes sulfur-oxidizing Sulfolobaceae from other 

members of the family (and, more broadly, the Order Sulfolobales) can reveal the evolutionary 

changes that lead to a sulfur oxidation lifestyle. The first isolated member of this family, 

Sulfolobus acidocaldarius, was isolated in the presence of sulfur (4) and several strains of S. 

acidocaldarius were shown to oxidize elemental sulfur (5). However, the strain of S. 

acidocaldarius currently available through culture collections (strain 98/3), no longer has the 

capability to oxidize elemental sulfur, although its genome encodes enzymes attributed to this 

process (6).  

Genetic tools in the Sulfolobales have been challenging to develop such that they are 

available only for the heterotrophic species S. acidocaldarius (7), Sulfolobus islandicus (8), and 

Saccharolobus solfataricus (9). As a result, approaches to understanding the mechanism of sulfur 

oxidation in the Sulfolobales have largely relied on characterization of specific enzymatic 
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functions (10-13). These approaches have identified several key steps in the cytoplasmic sulfur 

oxidation mechanism of the Sulfolobaceae, centered around an oxygen-dependent sulfur 

oxygenase reductase (SOR) that disproportionates elemental sulfur into sulfide and sulfite, 

forming thiosulfate through an abiotic side reaction (10). This central proposed role of SOR 

implies a requirement that oxygen be present in order for sulfur oxidation to take place. 

Oxidation of sulfide and thiosulfate are then connected to the electron transport chain (ETC) 

through the membrane-bound sulfide:quinone oxidoreductase (SQR) (11) and 

thiosulfate:quinone oxidoreductase (TQO) (12). The product of TQO is tetrathionate, which is 

further processed in the cell by sulfur transport proteins DsrE3A and TusA (13), ultimately 

leading to NAD(P)+ reduction by the HDR complex (14). While some enzymatic activity of 

sulfite oxidation has been observed in Acidianus ambivalens (15), this activity has not been 

connected to a specific genetic sequence within the Sulfolobaceae. Ultimately, the fate of sulfite 

in the sulfur metabolism of the Sulfolobaceae is unknown. 

While mechanisms for cytoplasmic sulfur oxidation have been proposed, several key 

pieces are missing. In particular, the extracellular acquisition of insoluble elemental sulfur  has 

not been clearly elucidated. Elemental sulfur could be taken up by the cell by passive diffusion 

of nanoparticulate sulfur, the formation of which is facilitated by bisulfide (16) or by 

extracellular conversion to soluble RISCs, for which no clear enzymatic path has been identified. 

The only characterized extracellular enzyme from the Sulfolobaceae that is involved in RISC 

oxidation is a tetrathionate hydrolase (TetH) (17), but the role of this enzyme in oxidation of 

elemental sulfur is unclear. Other studies have demonstrated that sequestering the organisms 

away from elemental sulfur prevents sulfur oxidation from taking place, suggesting direct cell-

substrate interaction, or at least proximity, is necessary to facilitate sulfur acquisition (16). 
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Even with long-standing interest in the Sulfolobaceae since the initial discovery of S. 

acidocaldarius (4), the pan-genome of the family remains open (18), and new species continue to 

be isolated and sequenced (19, 20). The ever-expanding collection of sequenced genomes in the 

Sulfolobaceae provides a powerful tool for understanding their mode of sulfur oxidation more 

deeply. To date, differential gene and protein expression analysis of sulfur oxidation has focused 

on individual organisms (6, 21) rather than looking for common threads throughout the 

Sulfolobaceae. Conversely, direct comparison of genetic content in the Sulfolobales tends to be 

largely computational and targets the broader metabolism of these organisms (18, 22), rather 

than targeting a specific metabolic function. Here, the aim was to connect phenotypic evidence 

for sulfur oxidation capabilities across the Sulfolobaceae with comparative genomic and 

transcriptomic analysis to further decipher the details of sulfur oxidation and to elucidate novel 

features of the mechanism for acquisition and oxidation of RISCs. 

 

Results 

Benchmarking Engineered Sulfur Oxidation Performance 

Ten Sulfolobaceae species were evaluated for sulfate production from elemental sulfur 

after a culturing period of 72 h. Of the ten species, the two Sulfuracidifex species generated the 

most sulfate, both in terms of net production (Figure 1A) and when normalized to planktonic 

cell density (Figure 1B); thus, these two species were designated as ñstrongò sulfur oxidizers.  In 

contrast, both Saccharolobus solfataricus and Sulfolobus acidocaldarius MW001 generated 1 

mM or less of sulfate during that same period, rendering them as ñweakò sulfur oxidizers. The 

remaining 6 Sulfolobaceae evaluated produced between 3.6 ï 21.6 mM of sulfate over the 72 h 

period. These were characterized as ñmoderateò sulfur oxidizers, with the exception of 
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Sulfurisphaera tokodaii: despite generating 21.6 mM sulfate, the sulfate production normalized 

to cell density was lower than all species tested besides S. solfataricus and S. acidocaldarius 

MW001. Therefore, the high total sulfate concentration was attributed to significant cell growth 

rather than particularly efficient sulfur oxidation, and S. tokodaii was considered to be 

somewhere between a ñweakò sulfur oxidizer and a ñmoderateò sulfur oxidizer. Using these 

phenotypic groupings, a pangenome matrix of the 10 Sulfolobaceae was parsed for a correlation 

between gene conservation and sulfur oxidation capabilities (Figure 2). Homologous gene 

clusters were categorized by a phenotype score according to Equation 1, 

 ὛὧέὶὩ
ȟ

ȟ

ȟ

ȟ
  [1]   

where the ñAò group refers to the Sulfolobaceae species that demonstrated more than weak 

sulfur oxidation and the ñBò group refers to the Sulfolobaceae species that demonstrated weak 

sulfur oxidation, Ni,gene is the number of homologs for a particular gene cluster in each group, and 

Ni,species is the number of species in each group. Phenotype scores can therefore range from -1, 

indicating a complete inverse correlation between that geneôs presence and a speciesô ability to 

oxidize sulfur, to 1, indicating a direct correlation of the same. Notably, none of the cytoplasmic 

sulfur oxidation genes had a phenotype score above 0.625, indicating that these genes are not 

necessarily markers of strong sulfur oxidation. The only sulfur metabolism gene with a 

phenotype score of 1, indicating a complete correlation with the sulfur oxidation phenotype 

groupings, was the tetH gene, encoding an extracellular TetH (17), which does not yet have a 

definitive role in elemental sulfur oxidation. 

In addition to the 10 Sulfolobales species assessed, two engineered strains of S. 

acidocaldarius MW001 were also evaluated for sulfate production: one strain containing the sor 

and tqoAB genes from S. tokodaii (S. acidocaldarius RK34) and one strain containing the sor, 
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tqoAB, and sqr genes from S. tokodaii (S. acidocaldarius RK88). Thus, the RK88 strain encodes 

homologs to all of the previously characterized cytoplasmic enzymes involved in archaeal sulfur 

oxidation. Relative to the S. acidocaldarius MW001 parent strain, the RK34 and RK88 strains 

showed modest increases in sulfate production (Figure 1A,B insets). The specific sulfate 

production of the RK88 strain was comparable to the RK34 strain, but the total sulfate 

production of RK88 was much improved, indicating that the RK88 strain can reach higher cell 

densities while oxidizing sulfur compared to its parent strain. However, the increased sulfate 

production in either of the engineered S. acidocaldarius strains failed to reach the sulfate levels 

seen in any of the strong or moderate sulfur oxidizers. In fact, the sulfate production from the 

RK88 strain is comparable to S. solfataricus P2, an obligate heterotroph that contains all of the 

sulfur genes introduced to the RK88 strain except sor. Thus, the known cytoplasmic components 

of sulfur oxidation alone are insufficient to impart strong sulfur oxidation to an engineered strain 

of S. acidocaldarius. 

 

Evaluating Surface Interaction with Elemental Sulfur 

A possible explanation for the relatively low sulfate oxidation capabilities of the RK88 

strain is the requirement of surface interaction with the sulfur substrate. SEM imaging of S. 

acidocaldarius MW001 and RK88 strains revealed cells attached to the elemental sulfur in both 

cases (Figure 3D,E,I,J). Cells were distributed across the sulfur surface and directly in contact 

with sulfur, indicating that cell proximity to the sulfur substrate was not a factor in the RK88 

strainôs limited ability to oxidize sulfur. 

As a point of reference, cultures of Acidianus brierleyi, Sulfuracidifex metallicus, and 

Sulfurisphaera tokodaii were also imaged to assess cell-substrate interaction (Figure 
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3A,B,C,F,G,H). Interestingly, these species did not spread out across the sulfur substrate in the 

manner of the S. acidocaldarius strains. Instead, they formed large aggregates tethered to the 

surface of the sulfur substrate through only a small fraction of cells. In the case of A. brierleyi, 

cells were observed in what appears to be multiple stages of this aggregate formation, 

propagating from a single cell attached to the sulfur surface (Figure 4A) into a cluster of cells 

near the sulfur surface (Figure 4B) and ultimately extending out and away from the sulfur 

surface (Figure 4C). This indicates that proximity of the cells to the sulfur substrate, rather than 

direct cell-to-sulfur contact, is sufficient for sulfur oxidation. 

 

Transcriptomic Response of Sulfur Metabolism Genes 

The low sulfate production of the RK88 strain was not attributed to a lack of physical 

association with the sulfur substrate. Therefore, the genetic components of sulfur oxidation were 

explored further in A. brierleyi, Sulfurisphaera ohwakuensis, and S. tokodaii through 

transcriptomic response to elemental sulfur. This was also assessed for S. acidocaldarius 

MW001 to check for patterns that correlated with sulfur oxidation capabilities. 

The transcriptomic response of genes known to be involved in sulfur oxidation varied 

among the four species (Figure 5). The highly conserved genes encoding the HDR complex 

were the only sulfur oxidation genes consistently upregulated in all species. A. brierleyi 

exhibited significant upregulation of the sqr, tetH, and sor genes, while downregulating the 

genes encoding TQO. The two Sulfurisphaera species exhibited conflicting profiles of sulfur 

oxidation genes, with S. ohwakuensis upregulating the sqr, dsrE3A, and tusA genes and one 

subunit of TQO and S. tokodaii upregulating only the sor gene and a TQO subunit. While a 

transcriptomic response for the tetH gene from S. ohwakuensis was not detected, a homologous 
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protein, annotated as a óPQQ-binding-like beta-propeller proteinô, was upregulated nearly 11-

fold on sulfur. This homologous protein is also predicted to have a signal peptide and could serve 

a similar function in S. ohwakuensis to the TetH protein conserved in other species. Genetic 

components of sulfite oxidation/sulfate assimilation were largely unresponsive to the presence of 

sulfur. 

 

Novel Genes Linked to Sulfur Oxidation 

Principle component analysis of the transcriptomic response of the individual biological 

replicates for each species revealed that the first principal component dimension largely 

described the variation related to growth in the presence of elemental sulfur (Figure 6). Genes 

with significant differential expression that also correlated strongly (a correlation coefficient > 

0.5) with the first principal component dimension are likely involved in sulfur oxidation 

metabolism, including some genes beyond those known to be related to sulfur oxidation. 

Combining the four speciesô transcriptomic profiles revealed 265 homologous gene clusters that 

satisfied this selection criteria. Only 9 of those gene clusters exhibited significant differential 

expression in all three of the sulfur-oxidizers (A. brierleyi, S. ohwakuensis, and S. tokodaii), and 

of those 9 clusters, only two exhibited a similar direction of regulation in all three species 

(Figure 7). Those two gene clusters are annotated as the alpha and beta subunits of a putative 

arsenite oxidase, which is notably absent in the genome of S. acidocaldarius. 

A transcriptomic pattern is more apparent when considering only the strong sulfur 

oxidizers A. brierleyi and S. ohwakuensis. In this case, 33 genes showed significant differential 

expression in response to elemental sulfur (Figure 7). Thirteen of those genes changed in the 

same direction for both species, of which 7 genes are involved in the hdr complex. Two genes 
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that were upregulated for both species represent b-subunits of terminal oxidases, indicating 

upregulation of electron transport chain components. Among the mostly highly upregulated 

genes in these species was a putative membrane protein with a DUF2173 domain (up 99-fold in 

A. brierleyi and 32-fold in S. ohwakuensis). This protein exhibits multiple transmembrane 

domains, indicating an oscillating pattern that may point towards a role in substrate detection and 

signaling. Notably, this gene was also upregulated 2.3-fold in S. tokodaii, although not 

statistically significant. Another highly sulfur-responsive gene in A. brierleyi (up 211-fold) and 

S. ohwakuensis (up 4-fold) was a putative YeeE-type thiosulfate transporter (23), which is 

conserved in all strong sulfur oxidizers and absent in S. tokodaii, S. acidocaldarius, and S. 

solfataricus. 

 

Evolutionary Composition of Chemolithoautotrophy in the Sulfolobaceae 

Genetic components involved in sulfur oxidation are highly conserved throughout the 

Sulfolobaceae (Figure 8). Genes involved in processing persulfide compounds, such as dsrE3A, 

tusA, and the hdr complex, are present in every member of the family, suggesting that at least 

some ability to process sulfane sulfur is necessary, at least at some evolutionary point, for 

thermoacidophilic archaea. Components of sulfur oxidation involved in polysulfide and 

thiosulfate processing are not ubiquitous, but still are more conserved than might be expected. 

The genes encoding known sulfur oxidation proteins such as SQR, TQO, and SOR largely track 

with patterns of canonical sulfur oxidation. Surprisingly, the gene most consistently tracking 

with the sulfur oxidation capability throughout the Sulfolobaceae is tetH, despite its unclear role 

in oxidation of elemental sulfur. 

Predicted gene ógain and lossô events relating to sulfur metabolism create a picture of the 
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development of sulfur oxidation capabilities. Acquisition of the highly conserved hdr complex, 

along with electron transport chain related genes sqr and tqoB, occur at the branch point for the 

Sulfolobaceae, coinciding with adaptation to an acidic environment. The sor gene, understood to 

be a key marker of sulfur oxidation capabilities, is acquired (along with tetH) at a later branching 

point. The sulfur-inhibited Sulfodiicoccus acidophilus is excluded from the ancestry of sor/tetH 

acquisition, as it branches off from the rest of the Sulfolobaceae prior to this event. In fact, this 

speciation event coincides with the loss of genes lbpM1/lbpM2 encoding two lipoate-binding 

proteins involved in the functionality of the hdr complex (14). 

Based on this gene acquisition pattern, the ancestral Sulfolobaceae (excluding S. 

acidophilus) were likely strong sulfur oxidizers, developing this phenotype in two stages. The 

initial acquisition of basal sulfur oxidation capabilities likely occurred with the acquisition of the 

hdr complex and may have been a mechanism to manage RISC toxicity in its sulfur-rich and 

acidic environment. The ancestor then improved upon this basal level of sulfur oxidation with 

the acquisition of sor and tetH to actively facilitate sulfur oxidation for bioenergetic benefit. As 

species branched off from this initial ancestor and became more heterotrophic, sulfur oxidation 

capability was sometimes lost. Specifically, the loss of the tetH and sor genes correlate with the 

reversion of some Sulfolobaceae lineages to a baseline amount of sulfur oxidation, enough to 

tolerate their sulfur-rich environments but not enough to support a chemolithoautotrophic 

lifestyle. One key exception to this trend is the loss of the sor gene in the genus Metallosphaera. 

Here, most species are still capable of strong sulfur oxidation despite the absence of sor. Thus, 

the tetH gene appears to be the primary marker of strong sulfur oxidation in the Sulfolobaceae. 
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Discussion 

Engineering S. acidocaldarius RK88 to contain the known cytoplasmic components of 

sulfur oxidation did improve the net sulfate production over its parent strain S. acidocaldarius 

MW001, although not at levels of sulfate generation consistent with strong or moderate sulfur-

oxidizing Sulfolobaceae species. This shortcoming in S. acidocaldarius RK88 occurs despite 

interfacing with elemental sulfur in a similar manner to native sulfur-oxidizing species (e.g., A. 

brierleyi, S. metallicus, and S. tokodaii). However, observing that these cells tend to form 

aggregates tethered to the sulfur surface, rather than the cells directly contacting the sulfur, 

points towards the formation of a soluble sulfur compound that is taken up by the cells. It seems 

likely that S. acidocaldarius RK88 is lacking the genetic components to generate this soluble 

sulfur compound, thus preventing strong sulfur oxidation. Furthermore, this same limitation in 

sulfur acquisition may explain the low levels of sulfate generation observed in S. tokodaii 

relative to its high cell density. 

The combined genomic and transcriptomic analysis of the sulfur-oxidizing Sulfolobaceae 

points towards several key genes encoding membrane-bound or extracellular proteins that could 

facilitate the active uptake of a soluble sulfur compound. First, a putative sulfite exporter, 

previously identified in Metallosphaera cuprina (21), is present exclusively in the sulfur-

oxidizing Sulfolobaceae evaluated in this analysis, giving it a phenotype score of 1 (Figure 2). 

This fact, combined with the low phenotype score of many sulfite oxidation genes, taken 

together with the lack of transcriptomic response from these same genes, points towards the 

Sulfolobaceae exporting sulfite formed during sulfur oxidation rather than biologically oxidizing 

it to sulfate. Sulfite could then act to initiate the solubilization of elemental sulfur, forming 

unstable monosulfonate compounds; further attack of these compounds by sulfite could lead to 
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the formation of extracellular thiosulfate (24). This implicates the highly transcribed yeeE 

thiosulfate importer from A. brierleyi and S. ohwakuensis as the means for transport of sulfur 

compounds into the cytoplasm to undergo sulfur oxidation (Figure 9). In support of this, the 

yeeE gene has a similarly high phenotype score (0.875), and the weak sulfur oxidizer, S. 

tokodaii, is the only sulfur oxidizer lacking this gene. 

These RISC species are all thermodynamically unstable in acid (24) and highly reactive 

with oxygen. Monosulfonates can be quickly converted to polythionates in the presence of 

oxygen, which have been shown to have some degree of stability in acidic hot springs (25), 

thereby reducing the pool of available sulfur for thiosulfate formation and uptake. In this case, 

tetrathionate hydrolase (TetH), which has a phenotype score of 1 and is upregulated on sulfur in 

A. brierleyi, acts in a recycling capacity, hydrolyzing polythionate compounds back into 

monosulfonates for further degradation to thiosulfate. 

This potential mechanism for active uptake of sulfur involves multiple compounds that 

are highly reactive in acidic environments and sensitive to oxygen. Thus, the cells maintaining 

proximity to the solid sulfur substrate would be beneficial by creating a localized high 

concentration of these sulfur compounds. This improves the rate of sulfur solubilization and 

reduces the exposure of these compounds to oxygen prior to thiosulfate uptake. Cells aggregating 

near the sulfur surface, as observed by SEM imaging, would be more effective at sulfur 

acquisition. 

Nanoparticulate cyclic sulfur could also be taken up by the cells through passive 

diffusion across the cell membrane, taking advantage of the hydrophobic nature of elemental 

sulfur. However, without a strong presence of sulfide ions to initiate the formation of these 

nanoparticulates, the process would likely be slow. Recent work demonstrating unexpectedly 
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high stability of sulfide in acidic pH and in the presence of oxygen, likely due to the fully 

protonated state of sulfide at low pH, emphasizes that formation of nanoparticulate sulfur would 

likely be a slow process (26). However, it may explain the base levels of sulfate production 

observed even in weak sulfur-oxidizing species, such as S. solfataricus and S. acidocaldarius. 

Indeed, the idea of passive sulfur acquisition supports the total conservation in the Sulfolobaceae 

of the HDR complex as a sulfur detoxification mechanism. Only Sulfolobaceae that evolved to 

acquire sulfur through an active enzymatic process are the ones now capable of leveraging sulfur 

oxidation for energy conservation and growth. 

 

Materials and Methods 

Strains and Cultivation Conditions 

All Sulfolobaceae species were grown in a low-sulfate formulation of Brockôs Salts 

(DSM-88 medium) containing: 1.05 g/L (NH4)Cl, 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 Na2MoO4·2H2O, 0.22 mg/L ZnSO4·7H2O, 0.05 mg/L CuCl2·2H2O, 0.03 mg/L 

VOSO4·2H2O, 0.01 mg/L CoSO4·7H2O; media pH-adjusted with concentrated HCl. Cultures 

were supplemented with 10 g/L elemental sulfur. Media supplements for specific species 

included: 2 g/L sucrose and 1 g/L NZ-Amine (Sulfolobus acidocaldarius MW001, 

Saccharolobus solfataricus P2); 0.01 g/L uracil (Sulfolobus acidocaldarius MW001); 1 g/L yeast 

extract (Acidianus brierleyi DSM1651, Metallosphaera hakonensis HO1-1, Metallosphaera 

prunae RON 12/II, Metallosphaera sedula DSM5348, Sulfurisphaera ohwakuensis TA-1, 

Sulfurisphaera tokodaii str.7); 1 g/L glucose and 1 g/L casamino acids (Sulfurisphaera tokodaii 

str. 7); and 0.2 g/L yeast extract (Sulfuracidifex metallicus DSM6482, Sulfuracidifex tepidarius 
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IC-007). All cultures were 50 mL volumes in 125 mL glass serum bottles vented with foam 

stoppers; organisms were grown at 65°C (S. metallicus, S. tepidarius), 70°C (A. brierleyi, M. 

hakonensis, M. prunae, M. sedula), or 75°C (S. ohwakuensis, S. tokodaii, S. solfataricus, S. 

acidocaldarius MW001), and pH 2 (S. metallicus, S. tepidarius, A. brierleyi, M. prunae, M. 

sedula) or pH 3 (M. hakonensis, S. ohwakuensis, S. tokodaii, S. solfataricus, S. acidocaldarius). 

Solid media for recombinant S. acidocaldarius strains was prepared using a 1:1 mixture of 1.2 

wt% phytagel solution and a 2X concentrated solution of the Sulfolobus acidocaldarius media, as 

described above. Plates used for selection of plasmid-integrated colonies were prepared by 

omitting uracil from the solid media, and plates used to select for backbone excision from the 

integrated colonies contained 0.1 g/L 5-fluoroorotic acid. 

 

Generation of Recombinant Strains 

The S. acidocaldarius strain designated RK34 was previously engineered to contain the 

sor (ST1127) gene and the doxD and doxA genes encoding subunits of TQO (ST1855-1856) 

from S. tokodaii (6). This strain was used as the starting point for further addition of the sqr 

(STK_24850) gene extracted by PCR amplification from S. tokodaii genomic DNA. The gene 

was inserted into S. acidocaldarius RK34 directly between doxDA genes and the constitutive 

promoter region directly upstream of these genes, with a slaB ribosome binding site (12 bp 

upstream of Saci_2354) following the sqr gene to facilitate expression of the doxDA genes. 

Flanking regions upstream and downstream of the insertion site were approximately 800 bp and 

were amplified by PCR from S. acidocaldarius RK34 genomic DNA. PCR was performed using 

Q5 polymerase (New England Biolabs, Inc.); primers are listed in Table 1. These DNA 

fragments were assembled into a pUC19 plasmid backbone containing the pyrBEF cassette 
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(SSO0614-0616) using HiFi DNA Assembly Master Mix (New England Biolabs, Inc.).  The 

resulting plasmid was transformed into chemically competent E. coli 5-Ŭ and extracted using a 

Plasmid Miniprep Kit (Zymo Research). The plasmid sequence was verified by Sanger 

sequencing (Azenta Life Sciences). The extracted plasmid was transformed further into E. coli 

K12 ER1821 (New England Biolabs, Inc.) to undergo methylation. 

The methylated plasmid was transformed by electroporation into electrocompetent S. 

acidocaldarius RK34 cells and selected for using uracil auxotrophy as previously described (7). 

Transformed cells were plated on a uracil-free medium and screened for plasmid integration into 

the chromosome. Colonies with integration were transferred into uracil-containing liquid media 

to allow excision of the plasmid backbone and then plated on a medium containing uracil and 0.1 

g/L 5-fluoroorotic acid to select for removal of the plasmid backbone. Colonies were 

subsequently screened by PCR to verify removal of the plasmid backbone and retention of the 

inserted sqr region. The positive colony was verified by Sanger sequencing (Azenta Life Sci). 

 

Pangenome Construction and Functional Annotation 

All Sulfolobaceae genomes used for analysis are accessible through the NCBI GenBank 

database or RefSeq database, if an equivalent GenBank file was not available (Table 2). All 

closed genomes in the Sulfolobaceae were utilized, and contig-level assemblies were used in 

instances where a species did not have a published closed genome. GET_HOMOLOGUES (27) 

was used for homology-driven clustering of proteins from these genomes using the orthoMCL 

algorithm (28). Two separate clustering databases were generated: one including the complete 

set of 79 Sulfolobaceae genomes and one including only the 10 strains analyzed for extent of 

sulfur oxidation. These 10 genomes were functionally annotated using BlastKOALA (29), 
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eggNOG-Mapper v2 (30), MicrobeAnnotator (31), signalP v5.0 (32), and TransportDB (33) 

along with the NCBI annotations from the Genbank files. A consensus annotation for each 

protein cluster in the 10-genome database was found using an in-house algorithm to reconcile 

these annotations. The 10-genome and 79-genome protein cluster matrices were mapped to each 

other using the reference protein for each cluster from the 10-genome database. 

 

Phylogenetic Analysis and Inferred Tree Construction 

A phylogenetic tree for the 79 Sulfolobaceae genomes was generated using all 446 core 

protein clusters that contained no in-paralogs. Protein sequences were aligned using Muscle v5.1 

(34), trimmed using trimAL v1.4 (35), and all core alignments were concatenated using MEGA 

v11.0.13 (36). The concatenated alignment was used to infer a phylogenetic tree for the 

Sulfolobaceae using FastTree v2.1.11 with the LG+CAT method and 1000 bootstraps (37) and 

visualized using the Interactive Tree of Life v5 (38). This phylogenetic tree and the 79-genome 

pangenome matrix were used as inputs to the Count software (39) to calculate gene gain and loss 

rates for the whole pangenome and for a specific subset of sulfur metabolism genes, identified 

using the consensus annotations described above. 

 

Assessment of Sulfur Oxidation 

Cultures were sampled after 72 h, and optical density was measured by absorbance at 600 

nm after a rest period to allow solid sulfur particles to settle. A sample of each culture was 

collected and measured for sulfate concentration according to the turbidimetric method, as 

previously described (6). Briefly, 1 mL of culture was spun down at 15,000 x g for 5 min to 

pellet out cell mass and solid sulfur particulates. The supernatant was diluted to a range of 0-10 
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mM SO4
2-. A solution containing 35 g/L BaCl2·2H2O, 75 g/L polyethylene glycol MW8000, and 

20 mL/L concentrated HCl was prepared fresh prior to each analysis. The solution was activated 

with 150 ˃ L of 10 mM sodium sulfate for 30 mL of assay solution. One hundred L˃ of the 

diluted samples, along with sodium sulfate standards from 0-10 mM, were mixed with 75 ˃L of 

the activated assay solution in a clear 96-well plate. Absorbance was measured at 600 nm and 

converted to sulfate concentration using a linear fit of the standard curve. Each biological 

replicate was measured in six technical replicates on a single 96-well plate. 

 

Visualization of Cell-Sulfur Attachment by Scanning Electron Microscopy (SEM) 

Cultures were harvested after 72 h of growth. Forty mL of each culture was centrifuged at 

2,000 x g for 20 min, and the supernatant was decanted. The remaining solids containing cell 

mass and elemental sulfur was fixed for 1 h using 1 mL of a solution containing 4% 

paraformaldehyde, 1% glutaraldehyde, and 0.1 M sodium cacodylate buffer. The samples were 

washed 3 times in 1 mL of 0.1 M sodium cacodylate buffer, with a 30 sec centrifuge step at 

2,000 x g between each wash. Samples were washed in 1 mL solutions using a series of ethanol 

concentrations: 70% ethanol, followed by 95% ethanol, followed by 2 washes in 100% ethanol. 

The solutions were then dehydrated by critical point drying using Samdri 795 equipment 

(Tousimis, USA) and sputter-coated with gold and palladium. Coated samples were imaged 

using a Hitachi SUJ3900 scanning electron microscope on the same day. 

 

RNA Extraction 

Cultures were grown with and without elemental sulfur in the medium to mid-exponential 

phase before being snap-cooled in a dry-ice ethanol bath. RNA extractions were performed using 
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the NEB Monarch Total RNA Miniprep Kit (New England Biolabs, Inc.), according to the 

vendorôs directions. One mL of culture was centrifuged at 5,000 x g for 10 min, avoiding solid 

elemental sulfur when possible, and resuspended in 1 mL of the provided Lysis Buffer. 

Extractions proceeded according to vendor instructions, including the optional DNase treatment, 

and the extracted RNA was eluted in 50 L˃ of nuclease-free water and stored at -80°C. Total 

RNA concentration was quantified using a Qubit Fluorometer with the RNA Broad Range Assay 

Kit (Invitrogen). 

 

RNA Ribodepletion, cDNA Synthesis, and Sequencing by ONT MinION 

For transcriptomic analysis, ribosomal RNA was removed from the total RNA samples 

using an RNase H treatment. Briefly, 10 g˃ of total RNA was hybridized to species-specific 

ssDNA probes (2 ˃M each) and incubated at 95°C for 5 min with 40U of murine RNase Inhibitor 

(New England Biolabs) in 10 mM Tris-HCl, 100 mM NaCl, and 1 mM EDTA, pH 8.0. 

Thermostable RNase H (31.25 U) and RNase H buffer (New England Biolabs) was added to 

hybridized mixture and incubated for 30 min at 50°C. Turbo DNase (7.36 U) and Buffer 

(Invitrogen) was then added to the mixture and incubated for 37°C for 30 min. Ribodepleted 

mRNA was extracted from the final mixture using 1.8 volumes of RNAClean XP Beads 

(Beckman Coulter), washed twice with 70% ethanol, eluted in 16 ˃L of nuclease-free water, and 

quantified on a Qubit Fluorometer using the RNA High Sensitivity Assay Kit (Invitrogen). 

The resulting mRNA was polyadenylated and reverse transcribed using a modified 

protocol from Oxford Nanopore Technologies (ONT). Briefly, the mRNA samples were 

polyadenylated using E. coli Poly(A) Polymerase (New England Biolabs, Inc.) followed by a 

bead clean-up with RNAClean XP beads. Reverse transcription was performed according to the 
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ONT protocol, with the exception that a custom 2 M˃ (dT)VN oligo primer and 10 ˃M Template 

Switching oligo were used (Table 1). Second strand synthesis similarly used the ONT protocol, 

but with a custom 10 ˃M second strand synthesis primer (Table 1), followed by RNA 

degradation using RNase Cocktail Enzyme Mix (ThermoFisher). 

The reverse-transcribed cDNA samples were barcoded and prepared for Nanopore 

sequencing using the Native Barcoding Kit 24 V14 (Oxford Nanopore Technologies), according 

to the vendorôs directions. The sequencing libraries for the biological triplicates of the sulfur and 

non-sulfur conditions were prepared together for each species, resulting in six multiplexed 

samples per flow cell. Sequencing was performed on a MinION Mk1B with 10.4.1 flow cells 

using high-accuracy live GPU base-calling with MinKNOW v22.12.7 and Guppy v6.4.6. 

 

Read Processing and Transcriptomic Analysis 

Read trimming was performed by Guppy during base-calling. The resulting reads were 

filtered using NanoFilt v2.8.0 (40) using Q9 quality and 200 bp length cut-offs. The filtered 

reads were aligned to coding sequences of the published genomes for each organism (Table 2) 

using BowTie2 with local alignment (41) and counted using HTSeq (42). Read counts were 

analyzed for differential expression between the sulfur and non-sulfur conditions using a 

generalized linear model in EdgeR (43). The library size-adjusted counts per million (CPM) 

values for individual genes was used as the input variables for a Principal Component Analysis 

(PCA) of the biological replicates within each species. PCA was performed in RStudio using the 

FactoMineR v2.9 (44). Genes of interest were identified as having a change in differential 

expression >2-fold and a correlation coefficient >0.90 for the principal component that most 

strongly described the split between sulfur and non-sulfur conditions of the biological replicates. 
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Table E1: Primers Used for Construction of Saci RK88 construct 

 

Primer  Function Sequence 

DJW_010S Linearization of pSVA406 

backbone 

AGGTCGACCATATGGGAG 

DJW_010A Linearization of pSVA406 

backbone 

CACTAGTGATATCGAATTCCCG 

DJW_016S Plasmid construct screening CGATTAAGTTGGGTAACGCC 

DJW_020A Plasmid construct screening GGGCTTTGTGAGATTAAGACAC 

DJW_021S Saci RK34 5ô flanking region GGCGGCCGCGGGAATTCGATATCA

CTAGTGCTCTTGAAGCTTTCAGATC

G 

DJW_021A Saci RK34 5ô flanking region CTAAAACTTTTGGCATATTTTATCC

AAGTAATTCTTCTCTC 

DJW_022S STK_24850 (sqr) gene GAGAAGAATTACTTGGATAAAATA

TGCCAAAAGTTTTAGTTTTAGGTG 

DJW_022A STK_24850 (sqr) gene CTTCATTGAAGTTTATCTTTGACAT

TCACCAGCTCGCTAAGAAC 

DJW_023S Saci RK34 3ô flanking region GTTCTTAGCGAGCTGGTGAATGTCA

AAGATAAACTTCAATGAAG  

DJW_023A Saci RK34 3ô flanking region GCGTTGGGAGCTCTCCCATATGGTC

GACCTGCCATGTTCCATTAGATATT

TC 

DJW_024S Plasmid construct sequencing CGTACTGGAGAGAGTACCTG 

DJW_025S Plasmid construct sequencing TACTGTATTCTCTCCAGGTGA 

DJW_026S Plasmid construct sequencing CCTTCAACTGCAAACCAC 

DJW_027S Plasmid construct sequencing GGGTTTGGGGATTGGATT 

DJW_028S KLD insertion of RBS ATGTCAAAGATAAACTTCAATGAA

GG 

DJW_028A KLD insertion of RBS ACACATACACCCGATCACCAGCTC

GCTAAGAAC 

DJW_033S STK_24850 gene sequencing GTTGTCTGGGTATTTTAAGAAG 

DJW_034A STK_24850 gene sequencing GTATGAAACCGCCATCATC 

DJW_035A STK_24850 gene sequencing CCAACCTTTAACCAATTCAG 

DJW_037A Saci RK88 integration screening CTTCTGTCTCTGAACCATCAGG 

DJW_038S Saci RK88 insertion sequencing CTTACGGAAAGAGAGTTGTTGC 

DJW_038A Saci RK88 insertion sequencing CATTCCATGGTGCTTGAATTATC 

TSO-1 Template-switching oligo GCTAATCATTGCAAGCAGTGGTATC

AACGCAGAGTACATrGrGrG 

Oligo(dT)V

N 

Binding to poly-A tail TTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTVN 

S3P Second-strand synthesis GCTAATCATTGCAAGCAGTGGTATC

AACGCAGAGTACAT 

 

  



   

147 

 

Table E2: List of Assemblies Used for Phylogenetic Tree Reconstruction 

 

Species and Strain Designation NCBI Assembly Accession 

Number 

Ignisphaera aggregans DSM 17230 GCA_000145985.1 

Staphylothermus marinus F1 GCA_000015945.1 

Staphylothermus hellenicus DSM 12710 GCA_000092465.1 

Thermogladius claderae 1633 GCA_000264495.1 

Thermosphaera aggregans DSM 11486 GCA_000092185.1 

Desulfurococcus mucosus DSM 2162 GCA_000186365.1 

Desulfurococcus amylolyticus DSM 16532 GCA_000231015.3 

Ignicoccus hospitalis KIN4I GCA_000017945.1 

Ignicoccus islandicus DSM 13165 GCA_001481685.1 

Acidilobus saccharovorans 345-15 GCA_000144915.1 

Caldisphaera lagunensis DSM 15908 GCA_000317795.1 

Aeropyrum pernix K1 GCA_000011125.1 

Aeropyrum camini SY1 GCA_000591035.1 

Pyrolobus fumarii 1A GCA_000223395.1 

Hyperthermus butylicus DSM 5456 GCA_000015145.1 

Pyrodictium occultum PL-19 GCA_001462395.1 

Pyrodictium delaneyi Su06 GCA_001412615.1 

Fervidicoccus fontis Kam940 GCA_000258425.1 

Sulfolobales archaeon HS-7 GCA_019704295.1 

Sulfodiicoccus acidophilus HS-1 GCA_003967175.1 

Sulfuracidifex metallicus DSM 6482 GCA_009729515.1 

Sulfuracidifex tepidarius IC-007 GCA_008326385.1 

Sulfuracidifex tepidarius IC-006 GCA_008326425.1 

Candidatus Aramenus sulfurataquae AZ1 GCA_000565255.1 

Acidianus brierleyi DSM 1651 GCA_003201835.2 

Candidatus Acidianus copahuensis ALE1 GCA_000632495.1 

Acidianus manzaensis YN-25 GCA_002116695.1 

Acidianus sulfidivorans JP7 GCA_003201765.2 

Acidianus sp. HS-5 GCA_021655615.1 

Acidianus infernus DSM 3191 GCA_009729545.1 

Acidianus ambivalens LEI 10 GCA_009729015.1 

Acidianus hospitalis W1 GCA_000213215.1 

Metallosphaera yellowstonensis MK1 GCA_000243315.1 

Metallosphaera tengchongensis Ric-A GCA_013343295.1 

Metallosphaera cuprina Ar-4 GCA_000204925.1 

Metallosphaera hakonensis HO1-1 GCA_003201675.2 

Metallosphaera javensis Mjav AS7 GCA_021654415.1 

Metallosphaera sedula MJ1HA GCA_023169565.1 

Metallosphaera prunae Ron 12/II GCA_005222525.1 

Metallosphaera sedula CuR1 GCA_000747605.1 

Metallosphaera sedula DSM 5348 GCA_000016605.1 

Metallosphaera sedula SARC-M1 GCA_001266735.1 

Metallosphaera sedula ARS120-2 GCA_001266715.1 

Metallosphaera sedula ARS120-1 GCA_001266695.1 

Metallosphaera sedula ARS50-2 GCA_001266675.1 

Metallosphaera sedula ARS50-1 GCA_001266655.1 

Sulfolobus sp. S-194 GCA_012222305.1 

Sulfurisphaera tokodaii str. 7 GCA_000011205.1 

Sulfurisphaera ohwakuensis TA-1 GCA_009729055.1 

Stygiolobus azoricus FC6 GCA_009729035.1 
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Table E2 (continued) 

Stygiolobus caldivivus KN-1 GCA_019704315.1 

Sulfolobus acidocaldarius SUSAZ GCA_000508305.1 

Sulfolobus acidocaldarius DSM 639 GCA_000012285.1 

Sulfolobus acidocaldarius Ron 12/I GCA_000338775.1 

Sulfolobus acidocaldarius N8 GCA_000340315.1 

Sulfolobus acidocaldarius GG12-C01-09 GCA_001481595.1 

Sulfolobus acidocaldarius NG05B_CO5_07 GCA_001481635.1 

Sulfolobus acidocaldarius DG1 GCF_002215565.1 

Sulfolobus acidocaldarius Y14 20-20 GCF_002215445.1 

Sulfolobus acidocaldarius Y14 16-22 GCF_002215485.1 

Sulfolobus acidocaldarius Y14 13-1 GCF_002215525.1 

Sulfolobus acidocaldarius Y14 18-5 GCF_002215405.1 

Sulfolobus sp. A20 GCA_001719125.1 

Saccharolobus caldissimus JCM 32116 GCA_020886315.1 

Saccharolobus solfataricus P2 GCA_000007005.1 

Saccharolobus solfataricus P1 GCA_900079115.1 

Saccharolobus solfataricus POZ149 GCA_015654385.1 

Saccharolobus solfataricus SULA GCA_000968435.2 

Saccharolobus solfataricus SARC-B GCA_000968355.2 

Saccharolobus solfataricus SUL120 GCA_003852115.1 

Saccharolobus solfataricus SARC-C GCA_000968395.2 

Saccharolobus solfataricus SARC-N GCA_003852175.1 

Saccharolobus solfataricus SARC-H GCA_003852195.1 

Saccharolobus solfataricus SARC-O GCA_003852095.1 

Saccharolobus solfataricus SARC-I GCA_003852215.1 

Saccharolobus solfataricus SULM GCA_003852155.1 

Saccharolobus solfataricus SULG GCA_003852135.1 

Sulfolobus sp. E5-1-F GCA_009601705.1 

Sulfolobus sp. E11-6 GCA_009602405.1 

Saccharolobus shibatae B12 GCA_019175345.1 

Saccharolobus shibatae S36A GCA_019175305.1 

Saccharolobus shibatae BEU9 GCA_019175325.1 

Sulfolobus islandicus L.D.8.5 GCA_000024305.1 

Sulfolobus islandicus L.S.2.15 GCA_000022385.1 

Sulfolobus islandicus Y.G.57.14 GCA_000022465.1 

Sulfolobus islandicus Y.N.15.51 GCA_000022485.1 

Sulfolobus islandicus REY15A GCA_000189555.1 

Sulfolobus islandicus HVE10/4 GCA_000189575.1 

Sulfolobus islandicus LAL14/1 GCA_000364745.1 

Sulfolobus islandicus M.16.4 GCA_000022445.1 

Sulfolobus islandicus M.16.2 GCF_000245095.1 

Sulfolobus islandicus M.16.40 GCF_000245215.1 

Sulfolobus islandicus M.14.25 GCA_000022405.1 

Sulfolobus islandicus M.16.27 GCA_000022425.1 

Sulfolobus islandicus M.16.23 GCF_000245175.1 

Sulfolobus islandicus M.16.47 GCF_000245275.1 

Sulfolobus islandicus M.16.43 GCF_000245235.1 
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Figure 1: Mean sulfate generation (A) and specific sulfate generation scaled by cell density 

(B) of 72 h cultures for 10 Sulfolobaceae species and two engineered strains of S. 

acidocaldarius. Insets show a zoomed-in view of the sulfate generation values for the engineered 

S. acidocaldarius strains. Error bars indicate one standard deviation using three biological 

replicates. 
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Figure 2: Phenotype scores of known and proposed sulfur metabolism genes. Genes are split 

into sulfur oxidation (yellow), sulfate assimilation/sulfite oxidation (blue), and potential novel 

sulfur genes (green). Species evaluated for sulfur oxidation phenotype in this work are indicated 

by a red asterisk. Phenotype scores are calculated by presence/absence of each gene in these 

indicated species, with a score of 1.00 (orange) indicating presence only in prolific sulfur 

oxidizers and a score of -1.00 (purple) indicating presence only in basal sulfur oxidizers. 
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Figure 3: SEM images of Sulfolobaceae cultures attached to elemental sulfur: A. brierleyi 

(A,F); S. metallicus (B,G); S. tokodaii (C,H); S. acidocaldarius MW001 (D,I); S. acidocaldarius 

RK88 (E,J); Stages of cluster formation in A. brierleyi showing initial cell attachment (K), cell 

propagation at the sulfur surface (L), and formation of cell aggregates tethered to the sulfur 

surface (M). 
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Figure 4: Stages of cell cluster formation in A. brierleyi attached to elemental sulfur: A. 

brierleyi cells associate with the surface initially as a single cell (A), propagates at the sulfur 

surface (B), and forms large cell aggregates tethered to the sulfur surface (C). 
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Figure 5: Transcriptomic response of known sulfur metabolism genes from A. brierleyi, S. 

ohwakuensis, S. tokodaii, and S. acidocaldarius. Genes upregulated in the presence of 

elemental sulfur are shown in orange, and genes downregulated in the presence of elemental 

sulfur are shown in purple. Grey boxes indicate that the gene is absent in the particular organism. 

Bold outlines indicate the differential expression is considered statistically significant by F-test. 

Enzymes represented in yellow are associated with sulfur oxidation, and enzymes represented in 

blue are associated with sulfate assimilation or sulfite oxidation. Abbreviations: sqr 

(sulfide:quinone oxidoreductase), sir (sulfite reductase), sor (sulfur oxygenase reductase), 

hdrA/hdrB1/hdrC1/hdrB2/hdrC2 (heterodisulfide reductase complex), dld(E3) 

(dihydrolipoamide dehydrogenase), lbpA (lipoate binding protein), dsrB/dsrE3 (disulfide 

reductase), tusA (sulfur carrier protein), tqoA/tqoB (thiosulfate:quinone oxidoreductase), tetH 

(tetrathionate hydrolase), saor (sulfite:acceptor oxidoreductase), apsrB (adenylylsulfate 

reductase), apat (adenylylsulfate:phosphate adenyltransferase), sat (sulfate adenylyltransferase), 

ak (adenylate kinase) 

  


