ABSTRACT
WILLARD, DANIEL J. The Confluence of Abiotic and Biotic Chemistry in the Development
and Metabolic Engineering of Sult@xidizing ArchaegUnder the directioof 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 developedemetabolism that derives
energy from inorganic energy sources including mod reduced inorganic sulfur compounds
(RISCs) and use that energy to fix carbon dioxide into biontlaissprocess is known as
chemolithoautotrophyThese inorganic energyweesare derived fronpyritic 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 metakbm recalcitrant ores like chalcopwisuch thalow-cost methods of
bi ol eaching (called fAheap | eachingd) are curr
organisms found on the ore itself.

Metabolic engineering presents an opportunity to optimizéitileaching capacity of
these extreme microbes. Within the Sulfolobales, however, the only species with viable genetic
tools to allow for genome engineering are obligate heterotrophs, incapabétatfolizing the
iron and RISCs necessary to support l@oleng. Recent advances in genome sequerciagle
rapid construction of higiquality genome assemblies and can provide a road map to connecting
genotypes with phenotypes. The Sulfolobalegarticular have benefitted from this age of
rapid genome se@ucing, with 18 species now having assembled genomes, including the
obligate sulfur oxidizeBulfuracidifex metallicuassembledh 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 heterddafisiobus 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. RISCsare highly reactive in acidic environments, rapidly reacting and polymerizing
to form insoluble cyclic elemental sulfiRreviously, elemental sulfur has been thought to
passively diffuse across the cell membrane to the cytoplasm, where biologicabgigation
occurs. By evaluating the thermodynamic behavior of abiotic sulfur cherarsdrgpplying
comparative multomics across ten species of Sulfolobatks work identifies a mechanism for
the solubilization and conversion of elemental sulfur stluble RISCs that can be actively
transported by the cell, invoking the only known extracellular sulfur enzyme tetrathionate
hydrolase. The mechanism is consistent wWidobservatiorthatproximity of cells to the sulfur
surface, but not direct contaig,necessary for sulfur oxidation to occur. An engineered strain of
S. acidocaldariusstrain RK88, containing thmomplete set afienes for cytoplasmic sulfur
oxidation demonstratemproved sulfur oxidation compared to its parent strain, but it fatigt sh
of the performance of native sulfokidizing Sulfolobaleslikely due to limitations to sulfur
acquisition.

Comparative phenotyping and genomicr@also leveragetb better understand the
bioleaching capabilities of the Sulfolobales. While no novel bioleaching genes were identified,
the specieSulfurisphaera ohwakuenssnerged as new candidate for bioleaching,
outperforming ten other species of Sulfolobales.arrinvestigation of bioleaching with
ohwakuensisevealed 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, metalvetionstructions o%.



acidocaldariusandS. ohwakuensisere createti explore structural differences in metabolism
that may impacs. acidocaldariu& potential as a sulfur oxidizer. This analysis further supported
that the barrier tgulfur oxidation n S. acidocaldariusemains the acquisition of sulfbut
demonstrated that otherwiSe acidocaldariugould be capable of chemolithoautotrophy.

Taken together, this work reports the detailed mechanisms underlying archaeal sulfur
oxidation and furthermaeg, establishes a roadmap to confer this capability onsudiar

oxidizing thermoacidophiles.
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Abstract

Elevated temperatures favor bioleaching processes through fiastieck 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. Geseguences 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 teghperatures 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@m@rgeharder
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 oncomitantly, current mining methods have adverse@mwiental
consequences that discourage simply relying on existing technolBgik=saching, the
microbially-mediated release of critical metals from ores, offers a route to more sustainable
mining practices, especially for recalcitrant depa@tserley, 2019) For acidsoluble pyritic
ores, such as chalcopyrite, acidophilic, indigenous microbial consortia participatatura
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



matri x. Esti mates indicate that as much as 15
recovered through microbiological proces@@snati et al., 2016)and significant amounts of
other metals could aldme obtained this way. Although there are environmental drivers to replace
current mining practices with biologicallyased approaches (e.g., lower energy costs, smaller
carbon footprint), technoeconomic analyses, in general, do not currently supporgarsgide
shift (Roberto & Schippers, 2022)hat is not to say that there have been no efforts to develop
industriatscale bioleaching procesg&gierley & Brierley, 2013; Brierley, 2019put the
volatility of metal prices makes it hard to justify consistent commitment to new biotechnologies,
not to mention the technical challenges that €Rsberto & Schippers, 2022)\s 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 praeeshould increas&his 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 coalg requirements, and less surface passivation are all important
drivers(Donatietal.,,2016) Extremely thermoacidophilic arch
pH optima O 4. 0) t haadsulforach horeavirdnrgents, sutheabdre met a |
deposits, hot springs, and solfatagakibit 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
ecologtal aspects of these microorganisms. In particular, the genomes of many extreme

thermoacidophiles within the order SulfolobalEgy(ire 2) have become available over the past



few decadegCounts et al., 2021p¥uch that rapid assement 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 miper of genes identified within the order) is still open, suggesting

that new isolates, yet to be discovered, will add to this {G@lints et al., 2021bMolecular

genetic tools have been developed for certain extreme therrophies(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 optgrimleaching

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 stegtegp 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 currentlpossible 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



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., 2021Isp that new insights are ergang. For some time, it was known that
extremely thermophilic bioleaching consortia mostly contain members of the archaeal order
Sulfolobales. Species belonging to the geiserdolobusAcidianus Metallosphaera
StygiolobusSulfurisphaeraandSulfuracidifexhave all been identified in enrichments from
mining site§ d 6 Hs 8002 Gerike, 2001; Mikkelsen et al., 2QG8)d related strains that
deviate from species deposited in cultoolections have also been noted. Studies with pure
cultures of taxonomically classified extreme thermoacidophiles have been effective for
chalcopyrite bioleaching (e.dVilcaez, 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 levedafpe better bioleaching outcomes is
an ongoing issue.

The main targets to date for bioleaching have been Cu ariR@herto & Schippers,
2022) In particular, the rapidly depleting reserves of more readily accessed secondary Cu
sulfides require new approaches to gehatvast 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-gtddd and pilescale
bioleaching studies-or example, comparative bioleaching studies of enargited&S),
covellite (CuS) and chalcocite (€2) showed that 805% of Cu was recovered at 65°C,
compared to 0% at 2022°C(Lee, 2011) Column bioleaching studies showed similar results;

low grade primary chalcopyrite (CuFg®res (0.35%0).7% Cu) at 580°C were leached to



more than 60% compared to 30% at mesophilic temperdiDess 2011) A comprehensive
technoeconomic analysis of pHstale aidies using a series of mixed tanks for{gmde

nickelCu 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 extremedimoacidophiles yielding 95% Cu recovery compared to 65% and
30% at 45°C and 35°C, respectiv@Neale, 2009)The extremely thermoacidophilic microbes
came from the archaeal genémidianus MetallosphaeraandSulfuracidifex For chalcocite
dominant Cu ore from Salta, Argentina, indigenous thermophiles (nhaf&hianus
copahuensisndFerroplasma sp.worked more rapidly at 65°C than mesophilic bioleaching at
30°C(Amar A, 2023) Despite the encouramy 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 aficrobebased 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 fobts®d systems, and

eventually fo heap and dump leaching applications.

Bioleaching potentiali 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 understamdmodgiological
phenomena related to bioleaching at high temperafGaaslenas et al., 201@itially, 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 (&glfolobus acidocaldariug€hen



et al., 2005)Saccharolobu¢f. Sulfolobu} solfataricug (She et al., 200)) Genome sequence

data and related details are now available for many salff/or iroroxidizing
thermoacidophilesTiable 1, Figure 2, and can be obtained rapidly at reasonable cost for both
new isolates andatural metagenomic samples. Reports on newly isolated extreme
thermoacidophiles now typically include genome sequence data(#lyeta et al., 2014) so

that insights into the biodiversity of these microorganisms and their metabolic features and
bioleaching relevance are immediately availgkleunts et al., 2021b; Lewis et al., 2021; Liu et

al., 2021; Wang et al., 2020)his 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 basigpfobing 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 5@ars of classical microbiological analysis. However, the
vali dated annotation of extreme thermoacidoph
or 6conserved hypothetical 8 genes encoding pr
togetherthe genetic bases for relevant bioleaching characteristics (e.g., iron oxidation, sulfur
oxidation, CQ fixation, metal toxicity and resistance) is a work in progress. Unlike the case for
model mesophilic microorganisms (e lgscherichia coliSaccharomges cerevisiage which

have had the lontgerm 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.diowedition to strategically

harnessing the power of genomics, facile molecular genetics tools to study and engineer



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

problems with availability of critical metaigill 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 placementosuadniax
reclassification(Counts et al., 2021b; Wirth & Whitman, 2018ndthis approach corroborates
recent reassignments of species within the Sulfolobdlesh, 2020; Sakai & Kurosawa, 2018)
Phylogeny alone may not inform bioleaching potential, but isgwevide a framework within
which new isolates and metagenome analysis can be viéigpdd 3). Genomes of extreme
thermoacidophiles encode many genes for putative proteins of unknown function, but
comparative genomics analysis, guided by experimergaltse 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 gen@svolved in sulfur and iron oxidation, but also other features such as
CQO: fixation, metal resistance, motility, biofilm formation, stress response, and metabolic
regulation. Ultimately, these distinct features can be unified in genome reconstructios taodel
inform metabolic flux and bioenergetics analygitas et al., 2012)

Genomic analyses and experimentatlemce suggest that not all extreme
thermoacidophiles are capable of bioleaching (&.gacidocaldariugndsS. solfataricul
although they may still contribute to the overall ecology of bioleaching consortia. Even more so,
connecting the differences genetic content between these #moleaching 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 bioleathtad
functions, bubnly 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 publigm®mes needs to be

assessed.

Iron oxidation T Role of the Fox Cluster

The genetic basis of iron oxidation and its variation among extreme thermoacidophiles
was not fully appreciated until a study wBlulfuracidifex (f. Sulfolobus) metallic(Bathe &
Norris, 2007; Huber & Stetter, 1991; Itoh, 2028Yyealed 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 (sudietaiosphaera sedula
(Auernik & Kelly, 2008), but are not present in naron oxidizers, such aSulfolobus
acidocaldarus (Chen et al., 2005Figure 4). Eventually, the presence thie fox cluster in
genome sequences in the archaeal thermoacidophileSQutielobalesuggested strong iron
oxidation capability, although there are excepti@@sunts et al., 2021aBased on preous data
on the expression, modelling, and comparative genomic analygistalosphaerapecies, the
role of specific proteins in the Fox Cluster was postulated. FoxCD extracts electrons from
ferrous iron that are transferred through the uphill or thentidl pathway by a multCu
oxidase, FoxAl, FoxA2, and FoxB form a complex on the Adrthing) downhill pathway.
FoxG forms a complex with FoxCD for the (NABdgé&nerating) uphill electron pathway to the
CbsAB-SoxLN complex, to the quinone pool, and evaiijuto the NADH dehydrogenase

(Wheaton et al., 2015Based on its location in the cluster and annotation as a signal



transduction protein, FoxG could act as a sensor to detect the availability of ferro(¥sarum
et al., 2020)

Transcriptomic analysis &fl. sedulagrown on elemental sulfur, pyrite, and chalcopyrite,
showed that 15, 13, and 5 iron oxidation related genes, respectively, wegulgied
compared to growth on yeast extréat, 2020). For growth on chalcopyrite, all of thex genes
and the oxidas€bsABsoX_N were upregulatel. CbsABsoX_.N 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 oxidatiGhuernik & Kelly, 2008) This was
consistent with observations ftetallosphaera yellowstonengisown on ferrous iron or sulfur
(Kozubal et al., 2011)n addition, expression levels bfo xwasdmuch higher thaioxA
indicating that it is essential for iron oxidationNh sedula while the truncated version bfo x A 6
which is present iMetallosphaera prungdeads to diminished iron oxidation capalyilit
(Auernik & Kelly, 2008; Counts et al., 2021&nalysis ofM. sedulamembranes through
proteomics highlighted the essentiality of FoxA2, FoxB, and FoxC, supported by
microbiological, biochemical, and transcriptomic d&@aunts et al., 2021aJhis study also
correlatel variations in théoxA gene sequence with iron oxidation capacity. In addition,
disruption or loss of thioxC gene appeared to be a limiting factor in iron biooxidaf®ounts
et al., 2021a)

In comparing soluble ferrous ion oxidation kinetics at pH 2.0 and 7M#?GedulaandM.
prunaeoutpaced the other extreme thermoacidophiles testedAeidianus brierleyiAcidianus
sulfidivorans Sulfuracidifex (f. Sulfolobus) metalligusulfurisphaera bwakuensigand
Sulfurisphaera (f. Sulfolobus) tokadaivith M. sedulabeing most dynami¢Counts et al.,

2021a) However, how soluble iron (F§ oxidation translates to pyritic ore bioleaching ety
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may not directly relatAuernik & Kelly, 2008) For example, compiag M. sedulaandS.
metallicuson iron pyrite showed that the latter was more effective, although with slower iron
oxidation kineticsfigure 5). Surface chemistry of the solid material and other issues, such as
passivation and metal toxicity, cancometio pl ay, as can the organi st
metabolic integration of metal oxidation into respiratory procedSazubal et al., 2011;

Kozubal et al., 2012However, based on current understanding, afuatitioning iron

oxidation system based on the Fox Cluster would seem paramount to bioleaching performance.
So, extreme thermoacidophiles lacking Hox Cluster (or even parts of the versioiMinsedula

andS. metallicuswould 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 Clusdeidianus copahuensis

(Urbieta et al., 2014; Urbieta et al., 20BndMetallosphaera yellowstonegiKozubal et al.,

2011; Kozubal et al., 2012)oth strong iron oxidizers, while the absence of several Fox proteins
in Metallosphaera cuprinaenders it a weaker metal oxidizéfu et al., 2011a; Liu et al.,

2011b) The presence of quinol and terminal oxidasamexes likely also plays a key role in

iron oxidation, but their specific functions are not well unders{dacgtrnik & 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 i 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 potentyadixcellent energy sources for extreme thermoacidophiles, if

the means to utilize them exigWillard & Kelly, 2021). RISCs include elemental sulfur (S°),
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sulfides ($, HS, and HS), polysulfides (&), thiosulfate (90s%), sulfite (SQ@%), and

tetrathionate ($3s%) and represent valence states fr@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 totatidation in a single stefWillard & Kelly, 2021). While the

complete set of elymes needed for RISC oxidation are not fully known, a number of core
enzymes have been characterizeigire 6). These include a sulfide:quinone oxidoreductase
(SQR)(Brito et al., 2009and thiosulfate:quinone oxidoreductase (TQKdiller et al., 2004)

that connect RISC oxidation to the electron transport chain (ETC), as well as a heterodisulfide
reductase complex (HDR) thought toibeolved in direct energy conservation through

NAD(P)" reduction(Koch & Dahl, 2018) The norenergy conserving sulfur oxygenase

reductase (SOR) has long been considered the starting point of sulfur oxidation in the cytoplasm
(Kletzin, 2007. Recently, comparative genomicshdétallosphaeraspp. 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 sulfitexadation is still unclear. While multiple pathways have been implicated
through enzymatic activity and genomic evidefide etal., 2021; Zimmermann et al., 1999)
no definitive connection to energy conservation has been made. It is worth noting that the sulfite
oxidation halfreaction hashe lowest reduction potential of any RISC oxidation step, enough
that it has the potential to directly reduce NAD(8Y) even the [4F4S] ferredoxin found irs.

acidocaldariugWillard & Kelly, 2021).
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Abiotic sulfur chemistry, especially as it relates tmemnals, is highly complex which
makes discerning how biological sulfur transformations function all the more difWillard
& 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 energyconseving enzymatic steps. Notably, the presence ofdd drive rapid oxidation
of H>S and sulfite to sulfate, stripping the cell of valuable endrgse RISCs. Thus, managing
O- within the cell is crucial to efficient energy conservation from RISCs.

The rok 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
disproportionatingdcidianussp. demonstrated the requirement for cells to diyecthtact
elemental sulfur in order to oxidize sulfur in aerobic conditi@gmenabar & Boyd, 2018)he
proposed mechanism to explain this phenomenon involves the nucleagtiaitic of bisulfide on
cyclic elemental sulfur, ultimately generating nanoparticulate sulfur that can passively diffuse
across the cell membrane. The requirement forstdflr contact here may echo the auto
oxidation sensitivity of kS in the presencd oxygen. This mechanism requires further
elucidation, however, and its role in bioleaching of pyritic ore is unclear; the polysulfide
mechanism for dissolution of aesluble pyritic ores indicates that$i is the direct product of
ferric iron attack réner than $(Sand et al., 2001jneaning that the sulfur product is already in a

soluble formto be taken up by cells.

Chemolithoautotrophy i Sulfur, Iron, CO 2
Genomes of microorganisms belonging to the order Sulfolobales encode enzymes

comprising the dydroxypropionate/hydroxybutyrate (3HP/4HB) cycle that fixes efiom
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atmospheric sourcéBerg et al., 2007; Loder et al., 20{6¢eFigure 7). However, not all
Sulfolobales infable 1can grow chemolithoautotrophically using £&% the carbon source.
Natural bioleaching communities can contain heterotrophs which, given the sparse nutritional
environment, likely utilize organic carbon (suggmteins, lipids) that are released upon lysis of
degrading cells; some mixotrophs, suciMasedula can use inorganic energy sources (e.g.,
iron), in place of, or supplementary to, organic car@ptewkins et al., 2013)n tankbased
bioleaching, media can bagplemented 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 i@@riched air would improve process
performance, is not known. While mass transfer rates may increase, higher temperatures limit O
solubility. But it is not clear if, in general, bioleaching cultures ardir@ited. Indications are
thatA. brierleyican be inhibited by ©£and may grow best ¢evels encountered in its natural
biotopegZeldes et al., 2019 ertainly, efforts to create ovpressures of &in hyperkaric
bioreactors led to growth inhibition f&. acidocaldariusair at 3 bar eliminated growth at 75°C
while CG at 3 bar had no effect. This is not surprising sifcacidocaldariuss a strict
heterotroph(Sturm et al., 1987; Su & Kelly, 1988yor other Sulfolobales, increased gas mass
transfer through sparging and agitation may be more effective than using enriched air streams.
The rates of @and CQ supplementation need to be defined, since they affect cell growth,
oxidation of chalcopyrite, and operating parameters such as redox pdteetiak, 2001; Third
et al., 2002)

Although not as well studied,>ian be an excellent energy sout@mesome
Sulfolobales. In factV. sedulagrows more rapidly on FHhan iron and even yeast extret;

seduladoubling times were under 5 h for chemolithoautorophic growth on dtie gas mixture,
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compared to 6.7 h under heterotrophic conditions in deghbioreactor at 70°CGHawkins et al.,
2013) When CQ was supplemented in an/ir stream, doubling times dropped from 9.4 h to
6.8 h; many genes encoding 3HP/4HB enzymes were significantggupated. In natural
bioleaching consortia, it is not clear whétgcould come from; possibly from geothermal
activity or produced by fermentation of decaying microbial material. In tank bioleaching,
H2/O./CO, feeds raise significant safety concerns, but could be effective for

chemolithoautotrophic growth and metaboligraccelerate bioleaching rates.

Bioleaching Efficacy andThermodynamics

Bioleaching kinetics have been studied to a much more limited extent than chemical
kinetics, although overall bioleaching rates at high temperatures have been réfairte @)
The relationship between iron and sulfur biooxidation in chalcopyrite bioleaching can be viewed
from the perspective of thermodynamics as viewed through redox potf&drdbba, 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
Fe**/Fe&* can reach equilibrium above 450 mV (vs. Ag/Ag@prdoba, 2008)By contast, the
sulfur oxidation hakreactions all exhibit negative reduction potentials and heavily favor the
oxidation direction of the reactiofigure 8). For example, addition of pyrite to chalcopyrite
during chemical leaching enhances copper extractidrthnmugh galvanic interactions, but
rather from the presence of ferrous iron to modulate ré€doao et al., 2020)The importance of
redox potential can aldme seen when comparing chalcopyrite bioleaching for extreme

thermophiles with different iron oxidation capabiliti@s.brierleyiis a weaker iron oxidizer than
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S. metallicusr M. sedula and thus generates less'Heom chalcopyrite. This led to an optal
redox potential (~450 mV vs. Ag/AgCl) i. brierleyicultures 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 witti Eetrigger the leaung 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 (semgure 8) (Amend & Shock, 2001)As such, the optimal redox
potential for bioleaching should shifitiv 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 exahipleaching 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 ké&s 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@isloba, 2008)However, strong
sulfur oxidation dives acidification, and jarosite precipitation is reduced at higher acid
concentrationgCallaChoque & Lapidus, 2021; Dutrizac, 2008hus, even prolific iron
oxidizers, such all. sedula(Counts et al., 2021alhat are not strong sulfur oxadirs, are not,

by themselves, ideal bioleacheFsgure 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 fomigtion to keep an

organism close to important resources but this microbiastifie also protect cells from

stressors; for example, Cu stress resistance has been nStedoifataricupiofilms (Recalde

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

(Bonnefoy & Holmes, 2012; @pson & Johnson, 2012; Johnson, 2Q1ikgly improved by

attachmen{Zhang et al., 2010However, the impact of biofilm growth on bioleaching has yet

to be quantified. Extreme thermoacidophiles do form biofilms on subidis(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 determisethanzaensidirect contact

with chalcopyrite increased Cu dissoluti@hang et al., 2010B5pecifically,A. manzaensiand

M. hakonensiform biofilms on chalcopyrite and pyri{éfrica et al.,2013; Liu et al., 2018nd

S. metallicusandAcidianws 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., 2ad8éyer,

unlike microtiter plate biofilms growing up to 35 pM in thicknékeserdt et al., 201Q)biofilms

grown on sulfidic ore surfaces are typically thin and dispersed microcolonies, such that thickness

of the biofilm is rarely reporte@Africa et al., 2013; Castro et al., 2016; Liu et al., 2018; Zhang et

al., 2015a; Zhang et al., 2015)ne of the few reports on this indicated theidianus sp.

DSM29099 biofilms grown on elemental sulfur were less than 16 uM (Hitkng et al., 2019)
Regardless of the specific features of the surface, there are three major phases of biofilm

formation in microorganisms: attachment, maturation, and dispersdti(gee 9). The first

phase of biofilm formation is attachment facilitated by type IV pigteinaceous structures that

irreversibly adhere to surfaces. The Archaeal Adhesive Pili (Aap) and the situational UV

inducible pili (Ups) are known type IV pili described3nacidocaldariugHenche et al., 2012;
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Schult et al., 2018; van Wolferen et al., 2048y have deleterious effects on biofilm structure
when removed(Henche et al., 2012Furthermore, a Xfbld increase in protein was measured
in Acidianus spDSM29099 grown on solid elemehtalfur compared to soluble potassium
tetrathionat€Zhang et al., 2019Wwhich may correspond to an increase production of
proteinaceous attachment structu®uring 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 pil¢3arrell & 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 archaellurS.iacidocaldariugHenche et al., 2012¢d to
attachment defects. However, extreme thermoacidophiles, sithhakonensiandAcidianus
specieslack 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 (ECMjKoerdt et al., 2010)The formation of ECM likely helps sequester
nutrients, reactive species, and yet unknown extracellular enzymesactbseore surface to
improve dissolution of the target minerals. ECM composition can vary. For exénple,
metallicusbiofilms contain eDNA and more total protein thacidianus spDSM29099biofilms
grown on the same substr@fhang et al., 2019A. manzaensisiofilms are composed of
polysaccharides, proteins, lipids, with traces of eDNA, although biofilms grown on pyrite and
chalcopyrite surfaces containggbre protein and less polysaccharides than biofilms grown on

elemental sulfu(Liu et al., 2018)Acidianus spDSM29099 cells were detected within and
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around cavities on the S° surface, andsamletabolizing their substratum caused topographical
perturbationgZhang et al., 2019)

Even though progress has been made toward understanding biofilntidorarad
regulation inS. acidocaldariugLewis 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, leveragirgjilons 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 electron transpoft.ewis et al., 2021)While mesophilic
microorganisms possess the ability to uptake essential metals for their metabolism in biotopes
where metals are scarce, extreme thermoacidephilbiomining 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 me&aistance and related stress response
mechanisms.

Mechanisms of metal resistance in extreme thermoacidophiles have been studied and
strainspecific mechanisms have been propobkédsedulavas 6 shockedd by expoc
archaeon to inhibitory and suibhibitory levels of cobalt, Cu, nickel, uranium and zinc
triggering transcription of genes in over 25% of the gen@igeaton, 2016)While the stress
response to these metals had features in common, each metal also triggered responges of meta

specific sets of genes, many of which were not annotated and had no known specific function.
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Type Il ToxinAntitoxin (TA) loci (pairs of genes encoding a ribonuclease and a cognate protein
partner that can silence ribonuclease activity) have been ingalicaa novel metal resistance
mechanism. For examplel. prunaeuses a TA system when exposed to toxic levels of uranium
to induce dormancy by degrading cellular RNA to sur¢Mekherjee et al., 2012; Mukherjee et

al., 2017) Other mechanisms have also been observed. Metals are sequesteredby@nhg\
proteins to alleviate metal toxicity Ba. solfatacus (Wiedenheft et al., 2005)his archaeon
alleviatesmercury (Hg) detoxification through mercuric reductase (MerA) and a
positive/negative regulation transcription factor (Me(®helert et al., 2004TYwo genes

identified adjacent tsnerA namelymerHandmerl, 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 catigAdbi & Serrano, 2016)The main mechanisnigy which
excessive intracellular concentrations of metals are handled involve formation of negatively
charged polyP complexes with metal cations, followed by the methlging degradation of
polyP, producing orthophosphates) Rat form a metalP complex which is subsequently
transported outside of the céBrillo-Puertas et al., 2014; Keasling, 1997; et al., 2021;

Orell et al., 2012; Remonsellez et al., 2QG&ich as PitA and Pho84.Nh sedulathe presence

of these transporters is reddtto Cu resistance, including a Phdi84 transporter in wildtypéa.
sedulafor the update of FCu complex, and a functional PitA transporter. In a spontaneous
mutant strainM. sedulaCuR1, Cu and arsenic resistance increased was observed than the
wildtype M. sedulathat has a truncated variation of {heA gene(McCarthy et al., @14). In

addition, polyP levels in cells are directly associated with metal tolerance. For example, less Cu

resistance was observed isa. solfataricustrain that lacked polyP due to overexpression of
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exopolyphosphatase (PPgSoto et al., 2019 urthermore, in a study with. acidocaldarius
Sa. solfataricusandS. metallicushigh levels of polyP accumulation $ metallicugompared
to theother two resulted in higher Cu resistanceSometallicuof 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 systébewis et al., 2021)CopA and CopB utilize ATP to transport Cu
outside the cellLewis et al., 2021)Transcriptional regulation is associated with CopT, while
CopM is a chaperon that binds metd@tema et al., 2006; Villafane et al., 201This system is
also present in other archg@éartineZBussenius et al., 2017For example, CopT, CopA, and
CopM have homologs to ORFshh sedula(Auernik & Kelly, 2008) where the order of the
genes was akin tBac. solfataricusS. acidocaldariugndS. tokodai(MartinezZBussenius et al.,
2017) When exposed to Cu and chalcopyrite, ATP transporters for Cu and associated metal
chaperones were transcrib@rell et al., 201Q)Sudies withSac. solfataricuslso revealed that
the Cop system is sensitive to cadmium (Cd), but does not respond to silvéEtfag)a et al.,
2006)

Extreme thermoacidophiles have novel mechanisms&al resistance, such as the TA
system inM. prunae mercury resistance fda. solfataricusDNA 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 mlgtasistance required in the extreme environments that they

naturally inhabit and are advantageous in bioleaching processes.

Thermal Stress Responsé 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 antkadrio 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) dhd thermosome (HSP#8ie) to function as molecular
chaperones and the proteasome to turnover misfolded pr@@sioper et al., 2023Also not

seen in bacteria are differences in cell membrane composition-(@tigetetraethelinked

lipids) which further protect against thermal damage. Global regulation of thermal stress in
extreme thanoacidophiles is not done through bactdika transcription (sigma) factors and, as
such, is not well understood. However, some studies have shed light on this Bocess.
acidocaldariusheat shock response is complex and elicits bothtpmsscriptionhand post
translational regulation involving nearly all cell proceq&=es et al., 2023; Baes et al., 2020)
When thermally shocke&a. sulfotaricusranscribed a significant fraction of genes encoded in

its genome, including many TA lo€Tachdjian & Kelly, 2006) a similar response was observed

in S. acidocaldariugBhowmick et al., 2023)However, it is clear that TA loci, mentioned above
with regard to metal resistance, play Eerio heat shock response and interact with heat shock
related transcription facto(€ooperet al., 2009; Cooper et al., 2023; Maezato et al., 2041)

fact, a specific TA pair (VapB6), when deleted fr&a. solfatartus rendered the archaeon heat
shock labile(Maezato et al., 2011xtreme thermoacidophiles can be adapted to sygenal
temperatures, albeit within limits. Whéh sedulawas shifted from its dytat 74°C to 79°C in
chemostat walture, no significant changes in cell density were obsefidad et al., 1997)

However, when shifted to 80.5°C, washout occurred. ttleng thermal adaptation increased the
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washout temperature to 82.5°C, but not higher. Proteomics analysis showd thatmosome
increased @old at the supeoptimal 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 systemskimteaching, 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-baieachers, such & acidocaldarius
(Wagner et al., 2012¥a.solfataricus(Worthington et al., 2003ndSaccharolobusf.
Sulfolobu¥islandicus(Zhang et al., 2013; Zhang et al., 2016; Zhang & Whitadat2; Zheng
et al., 2012) This is not surprising since the development of molecular genetics tools for non
model microorganisms (that are not, for examBkgherichia color Saccharomyces cerevis)ae
is challenging, especially when they are not easily grown on solid mediadatate
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 dgpdataneous mutations resulting in
resistance to the selection mechan{§lannio 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 removi
(Wagner et al., 2012; Worthington et al., 2003; Zhang et al., 2013; Zhang et al.,Makid)g
the initial auxotrophic mutant that can establish a genetic system is not a straightforward process

and attempts have fadeso far in bioleaching thermoacidophiles, sucMasedulaandA.
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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 thepdyxot

While S. acidocaldariusndSa. solfataricugan serve as proxies for studying
bioleaching relevant characteristics of other extreme thermoacidophiles through gene deletions
and insertions (e.g., stress respadidgeca C-J, 2013; Cooper et al., 2009; Cooper et al., 2023;
Maezato et al., 201 linetal resistancgSchelert et al., 2006; Schelert et al., 2013; Villafane et
al., 2011) biofilm formation(Lewis et al., 2023) mechanisms that are bdda iron and sulfur
oxidation are not yet accessible. There have been efforts t8.tagidocaldariusnto a sulfur
oxidizer(Willard & Kelly, 2021; Zeldes et al., 201%utlack 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 inygronetal recovery raises important questions.
From a technical standpoint, the genetic stability of engineered bioleachers could pose problems
for sustained efficacyrurthermore, deployment of genetically modified organisms (GMOS) in
open environments @., heap or dump bioleaching) poses environmental concerns, although this
problem can be managed through closed tanking systenttate, all studied extreme
thermoacidophiles are not pathogenic. However, it is not known how release of engineered
microbeswould 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 eklte genetic material could be an issue. So,e@rterm 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 contaminasnes 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 émgering of norleachers 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 mesoacidophiliebadbut could also be used with
extreme thermoacidophiles.

Pyrite addition.Pyrite addition to chalcopyrite for enhancing bioleaching was first
reported decades ago wiBulfolobuslike cultures at 60°C; direct contact of pyrite and
chalcopyrite effectig at elevated temperatures was proposed to be advanté§Beoyset al.,

1978) This ultimately led to the GalvanBtechnology, where chalcopyrite leaching was
enhanced through galvanic interactions with pyiiixon et al., 2008)The anodic haitell

reaction in this case wabalcopyrite oxidation, and the cathodic badfl 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 proces$srtines
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 extractidibdollahi et al., 2015; Hong et al., 2021; Wang et al., 2018a; Yang et al.,
2016) Bioleaching of lowgrade chalcopyrite ores with pyrite addition using a mixed culture
containingM. cuprinastrain Ar4 andSulfolobussp. HB59 at 65°C recovered over 95% of the

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

to be involvedWu et al., D17) Pyrite addition is thought to promote galvanic interactions,
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selective oxidation of chalcopyrite, as well as positively impact redox potébixan et al.,
2008)

Activated carbonAddition of activated carbon to improve chalcopyrite bioleaching of
refractory gold ore was tried féx. brierleyi despite the formation of jarosite and elemental
sulfur. Carbon impreed cell attachment to the ore surface, thereby mediatitigFeg and
Cu?*/chalcopyrite redox couplé&onadu et al., 2020Activated carbon added fa manzaensis
cultures enhanced Cu extraction from 64% to 95% over 10(dayst al., 2017)even though
jarosite and elemental sulfur was observed. Here, redox potential intfease~ 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 abiotiases for an extremely thermoacidophilic mixed culture
of A. brierleyi M. sedula A. manzaensjsandS.metallicusat 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 reéiwe 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 culiugeneral,
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@®, 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 & Ag chalcopyrite, and its

26



subgquent oxidation by Féto Ag" and S°, thereby enabling Atp react with chalcopyrite
again(Miller et al., 1981; Sato et al., 2000)his model was applied to emmical 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 whahralcopyrite leaching happe(tsiroyoshi et al.,
2002) Synergic effects of silver addition have been studied in conjunction with the effects of
pyrite addition. To enhance the Galvaflbprocess, 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 potentialNazariet 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 fo(Magari 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 chalc@pyleaching, although silveanhanced pyrite
can be recycled for chalcopyrite leaching in the Galvlh@xocesgNazari et al., 2012)Silver
addition did not cange the morphology of the elemental sulfur formed on chalcogiazari
et al., 2012)small amounts of silver deposition in this layer leads to electron eraansd
electrical contact between pyrite and chalcopyiitazari et al., 2012)

Addition of silver to chalcopyrite bioleaching cultures remains as one of teatabt
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
GalvanoxX™ process operating at elevated temperatures. Ini@alditosteffectiveness 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 investigateéxtreme thermoacidophile

bioleaching of chalcopyrite, albeit with mixed results. At 65°C and pH 1.5, adheiieed
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 highes€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 repognhanced bioleaching was observed in the presence usijA.
manzaensifor chalcopyrite containing 32% Cu in a bioreactor at 70°C and pKCh&ngLi,
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 éaction was highest (76.5%) with 10 g/L added chloride, compared to
controls without chloride (63.2%); note that the éfect was not seen in all cases.

No evidence of enhanced chalcopyrite bioleaching enhancement in the presence of
chloride levels foud in seawater was noted using extreme thermoacidophiles at 60°C with CI
concentrations ranging from@O086 M(Watling HR, 2016)Longterm adaptation of known
strains of extreme thmoacidophiles to high salt environments might improve thef€ct.

Along these lines, for cultures containiBgacidocaldariusdapted to chalcopyrite and chloride
over 2 years, Chddition had a positive outconfiartins, 2019) Despite formation of

elemental sulfur and jarosite, complete Ctraotion (100%) from chalcopyrite was reached

after 14 days in cultures with. acidocaldariusnd 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 mdl/NaCl concentrations was studied with two chalcopyrite ores (0.34%

Cu and 1.79% Cu) iB. acidocaldariugultures, 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 addgdartins & Ledo, 2023)Longterm adaptation to high CI
levels are intriguingMartins, 2019) but more information about how this adaptation relates to
biochemical and physiological phenomena in the microorganism is needed to sugport
application of this approach to bioleaching.

Surfactants.In a study withMetallosphaera hakonengi86%), andAc. cupricumulans
(4%), five nonionic surfactants were investigated in chalcopyrite bioleaching. It was shown that
Cu extraction dependsidhe type and concentration of surfactant which could lead to potential
enhancement in chalcopyrite bioleaching, with the highest extraction related to-Z&vaet0
ppm concentration and 75.1% Cu extrac{i@Giadiri et al., 2019)Although previous studies
noticed less cell adhesion to chalcopyrite in the presence of surfgGaatdiri et al., 2019)A.

manzaensibiofilm formation on the ore surface was enhan@udet al., 2021).

Bioleaching with Extremely Thermoacidophilic Consortia

Most efforts looking at bioleaching with consortia have focused on mesoacidophilic
bacteria, usually with microbial communities contairiadithiobacillusandLeptospirillum
speciegChen et al., 202Ma et al., 2019; Wang et al., 2018B)oleachng studies using
microbial consortia have also been done with natural, adaatedal and synthetic consortia of
extreme thermoacidophiles. For example, natural consortia, contaicidignus infernusind
Gulfolobus i ked speci es, emparaurea @RB@anek8b°Crand elevatgdhCu t
levels and then used to leach chalcopyrite concentrates to achieve 90% Cu recdverf u g u e s
2002) Efforts to track community structure indicate that the tyjpgre and process conditions

(i.e., initial pH, temperature, additives) impact the microbiology. On the other hand, a synthetic
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mixed culture oM. sedulaA. brierleyi S. metallicuandA. manzaensi¥N25 was used to

leach a lowgrade nickelCu sulfideand Denaturing Gradient Gel Electrophoresis (DGGE)

tracked community structukgi et al., 2014) Although the riative amounts of each archaeon

varied over the 1@lay periodA. manzaensiandS. metallicusvere 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 syntleetionsortium 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, brierleyidominated at 55°C, while all four species were equally
represerdd at 65°QZhu 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 passivati@u et al., 2011)A complex mixed culture inoculum

with 14 species of mesophiles, moderate thermophiles and extreme thermophiles was used for
column clalcopyrite bioleaching with the highest Cu recovery at 30°C and lower as temperature
increasedWang et al., 2018aHowever, the microbial complexity of this study makes it

difficult to form definitive conclusions other than temperature significantly ineplttte

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 todé&éerent 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 strainsSafifolobus shibata@9%) while, on a 12% concentrate,
Sulfurisphaera ohwakuenssrains (74%dominated with little evidence &. shibataeThe

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 consortighatural, adaptedatural, or synthetic) will ogperform 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 (becomindyeasential
pure culture) that does most of the sulfamd iroroxidation. 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 metaboliealjineered 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 stingt (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 enet modern biologybased 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 potatial 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 mechamdrasable
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 fraarnational cooperation to match

natural resources with bioleaching technology.

31



Acknowledgments

This work was supported by the US Air Force Office of Scientific Research (FABBE50
1-0268, FA955620-1-0216) and the US National Science Foundati®BRET-1802939) DJW
acknowledges support from an NIH Biotechnology Traineeship (2T32GM008776).

All authors contributed to writing and editing the manuscript.

32



REFERENCES

Abdollahi, H., Noaparast, M., Shafaei, S.Z., Manafi, Z., Mufioz, J.A., Tuovinen, O.H. 2015.
Silver-catalyzed bioleaching of copper, molybdenum and rhenium from a chalcopyrite
molybdenite concentratiter Biodeter Biodegradl04, 194200.

Africa C-J, a.H.R., Sand W, Harrison STL. 2013. Investigation and in situ visualization of
interfacial interactions of thermophilic microorganisms with mstdphides in a
simulated heap environmeminer Eng 48, 100-107.

Africa, C-J., van Hille, R.P.Sand, W., Harrison, S.T. 2013. Investigation and in situ
visualisation of interfacial interactions of thermophilic microorganisms with metal
sulphides in a simulated heap environm&fiher Eng 48, 100107.

AiC, Z2.Y., H Chai, T Gu, J Wang, L Chai, G QWY Zeng. 2019. Increased chalcopyrite
bioleaching capabilities of extremely thermoacidophilic Metallosphaera sedula inocula by
mixotrophic propagationl Ind Microbiol Biotechnql46, 11131127.

Ai, C.L., Y.; Qiu, G.; Zeng, W. 2020. Bioleaching of leyvade copper sulfide ore by extremely
thermoacidophilic consortia at 70° ¢ in column reactbSent. South Uniy27, 1404
1415.

Albi, T., Serrano, A. 2016. Inorganic polyphosphate in the microbial world. Emerging roles for a
multifaceted biopolymeiVorld J Microbiol Biotechnql32, 1-12.

Amar A, F.M., CS Costa, C Castro, and ER Donati. 2023. Bioleaching of a chaldociteant
copper ore from Salta, Argentina, by mesophilic and thermophilic microorganisms.
Minerals, 13, 52.

Amenabar, M.J., Boyd, E.S. 2018echanisms of Mineral Substrate Acquisition in a

ThermoacidophileApplied and Environmental Microbiolog84(12).

33



Amend, J.P., Shock, E.L. 2001. Energetics of overall metabolic reactions of thermophilic and
hyperthermophilic Archaea and Bactef@ms Mcrobiology Reviews25(2), 175243.

Auernik, K.S., Kelly, R.M. 2008. Identification of components of electron transport chains in the
extremely thermoacidophili®letallosphaerasedulathrough iron and sulfur compound
oxidation transcriptome#ppl EnvironMicrobiol, 74, 77237732.

Auernik, K.S., Maezato, Y., Blum, P.H., Kelly, R.M. 2008. The genome sequence of the metal
mobilizing, extremely thermoacidophilic archaedetallosphaerasedulaprovides
insights into bioleachingssociated metabolisAppl Envion Microbiol, 74, 68292.

Baes, R., Grunberger, F., Pyr Dit Ruys, S., Couturier, M., De Keulenaer, S., Skevin, S., Van
Nieuwerburgh, F., Vertommen, D., Grohmann, D., Fert€esca, S., Peeters, E. 2023.
Transcriptional and translational dynamics underlying heat shock respohse in t
thermophilic crenarchae®ulfolobus acidocaldariusnBio, e0359322.

Baes, R., Lemmens, L., Mignon, K., Carlier, M., Peeters, E. 2020. Defining heat shock response
for the thermoacidophilic model crenarcha&uifolobus acidocaldariugExtremophiles
24(5), 681692.

Bathe, S., Norris, P.R. 2007. Ferrous #and sulfusinduced genes iSulfolobusnetallicus
Appl Environ Microbio) 73, 24912497.

Berg, I.A., Kockelkorn, D., Buckel, W., Fuchs, G. 2007.-Ay&iroxypropionate/4
hydroxybutyrate autotrophitarbon dioxide assimilation pathway in ArchaBeience
3185857), 178.

Berry, V., Murr, L., Hiskey, J. 1978. Galvanic interaction between chalcopyrite and pyrite during

bacterial leaching of lovgrade waste-dydrometallurgy 3(4), 309326.

34



Bhowmick, A, Bhakta, K., Roy, M., Gupta, S., Das, J., Samanta, S., Patranabis, S., Ghosh, A.
2023. Heat shock response in Sulfolobus acidocaldarius and first implications fer cross
stress adaptatioRes Microbio] 104106.

Bonnefoy, V., Holmes, D.S. 2012. Genomisights into microbial iron oxidation and iron
uptake strategies in extremely acidic environmdatsiron. Microbiol, 14, 1597611.

Brierley, C.L., Brierley, J.A. 2013. Progress in bioleaching: part B: applications of microbial
processes by the mineratglustriesAppl Microbiol Biotechnql97(17), 754352.

Brierley, J., and CL Brierley. 2019. Bioleaching. 8ME Mineral Processing & Extractive
Metallurgy Handbook(Ed.) C.Y. SK Kawatra, Vol. 2, Soc Mining, Metallurgy &
Exploration Englewood, CO, pp-ZL1.

Brito, J.A., Sousa, F.L., Stelter, M., Bandeiras, T.M., Vonrhein, C., Teixeira, M., Pereira, M.M.,
Archer, M. 2009. Structural and Functional Insights into Sulfide:Quinone
OxidoreductaseBiochemistry48(24), 56135622.

Brock, T.D., Brock, K.M., BellyR.T., Weiss, R.L. 197Xulfolobusa new genus of sulfur
oxidizing bacteria living at low pH and high temperatéseeh Mikrobiol, 84(1), 54-68.

CallaChoque, D., Lapidus, G.T. 2021. Jarosite dissolution kinetics in the presence of acidic
thiourea and aalate mediaHydrometallurgy 200.

Cannio, R., Contursi, P., Rossi, M., Bartolucci, S. 1998. An autonomously replicating
transforming vector foBulfolobus solfataricus) Bacterio|] 180(12), 323%73240.

Cardenas, J.P., Quatrini, R., Holmes, D.S. 2016. Genomic and metagenomic challenges and

opportunities for bioleaching: a mineview.Res Microbio) 167(7), 52938.

35



Castro, C., Zhang, R., Liu, J., Bellenberg, S., Neu, T.R., Donati, E., Sand, W., Vefd,6M. 2
Biofilm formation and interspecies interactions in mixed cultures of themophilic
archaed\cidianus sppandSulfolobus metallicufRes Microbiol 1677), 604612.

Changli, L., Jin-Lan, X., ZhenYuan, N., Yi, Y., & ChenYan, M. 2012. Effect o§odium
chloride on sulfur speciation of chalcopyrite bioleached by the extreme thermophile
Acidianus manzaensiBioresource Technpl10, 462467.

Chen, L., Brugger, K., Skovgaard, M., Redder, P., She, Q., Torarinsson, E., Greve, B., Awayez,
M., Zibat, A, Klenk, H.P., Garrett, R.A. 2005. The genomé&affolobus acidocaldariys
a model organism of the CrenarchaedtBacterio| 187(14), 49929.

Chen, W., Yin, S., Wu, A., Wang, L., Chen, X. 2020. Bioleaching of copper sulfides using
mixed microorganismsral its community structure succession in the presence of
seawaterBioresour TechnoR97, 122453.

Cooper, C.R., Daugherty, A.J., Tachdjian, S., Blum, P.H., Kelly, R.M. 2009. Ruo&pBiC
toxini antitoxin loci in the thermal stress respons&uwifolobus slfataricus Biochem
Soc Trans37(1), 123126.

Cooper, C.R., Lewis, A.M., Notey, J.S., Mukherjee, A., Willard, D.J., Blum, P.H., Kelly, R.M.
2023. Interplay between transcriptional regulators and VapBC-totitoxin loci during
thermal stress respongeaxtremely thermoacidophilic archa&aviron Microbiol
25(6), 12001215.

Coérdoba, E.M.M., J. A.; Bldzquez, M. L.; Gonzalez, F.; Ballester, A. . 2008. Leaching of
chalcopyrite with ferric ion. Part II: Effect of redox potentld}idrometallurgy 93, 88

96.

36



Counts, J.A., Vitko, N.P., Kelly, R.M. 2021a. Fox Cluster determinants for iron biooxidation in
the extremely thermoacidophilic Sulfolobacearviron Microbiol 24, 850856.

Counts, J.A., Vitko, N.P., Kelly, R.M. 2020. Genome sequences of five type strain members of
the archaeal famil$ulfolobaceae, Acidianus ambivaleAsjdianus infernus,

Stygiolobus azoricus, Sulfuracidifex metallicasdSulfurisphaera ohwakuensis
Microbiol Resour Announ®(11), 10.1128/mra. 014919.

Counts, J.A., Vitko, N.P. and Kelly, R.M. 2018. Complete genome sequences of extremely
thermoacidophilic metainobilizing type strain members of the archaeal family
SulfolobaceaeAcidianus brierleyDSM-1651, Acidianus sulfidivoran®SM-18786, and
Metallosphaera hakonenddSM-7519.Microbiol Resour Announ@, e0083118.

Counts, J.A., Vitko, N.P. and Kelly, R.M. 2020. Genome sequences of five type strain members
of the Archaeal Family Sulfolobaceaidianus ambivalen#cidianus infernus
Stygiolobus azoricysulfuracidifex metallicusandSulfurisphaera ohwakuensis
Microbiol Res Announ®(11).

Counts, J.A., Willard, D.J., Kelly, R.M. 2021b. Life in hot acid: a gentwarged reassessment of
the archadaorder SulfolobalesEnviron Microbiol 23(7), 35683584.

déHugues, P. , -Savalléthpand . BMaorin. 2002. CoBGtauolis éioleaching of
chalcopyrite using a novel extremely thermophilic mixed cultunte] Miner Process
66, 10/1109.

Dew, DW., Rautenbach, G.F., van Hille, R.P., DaBslmar, C.S., Harvey, I.J., and Truelove,
J.S. 2011. High temperature heap leaching of chalcopyrite: Method of evaluation and

process model validation. iRercolation Leaching: The Status Globally and in Setrth

37



Africa., Vol. SAIMM Symposium Series 269, Southern African Institute of Mining and
Metallurgy. Joannesberg, South Africa, pp.-21D.

Ding, J., Zhang, R., Yu, Y., Jin, D., Liang, C., Yi, Y., Zhu, W., Xia, J. 2011. A novel acidophilic,
thermophilic iran and sulfwoxidizing archaeon isolated from a hot spring of tengchong,
yunnan, ChinaBraz J Microbio| 42(2), 51425.

Di xon, D. , Mayne, D. , Baamovel gaivanicatyassisted 2008 . Gal v
atmospheric leaching technology for copper concerstr@enadian Metallurgical
Quarterly, 47(3), 327#336.

Donati, E.R., Castro, C., Urbieta, M.S. 2016. Thermophilic microorganisms in biomikorégd
J Microbiol Biotechnal32(11), 179.

Dopson, M., Johnson, D.B. 2012. Biodiversity, metabolism and applications of acidophilic
sul fur met abol i EnvirogMiecndbiol 14610)r26282631.s ms .

Dutrizac, J.E. 2008. Factors Affecting the Precipitation of Potassium Jarosite in Sulfate and
Chloride MediaMetallurgical and Materials TransactionsBrocess Metallurgy and
Materials Processing SciencgX6), 771783.

Ettema, T.J., Brinkman, A.B., Lamers, P.P., Kornet, N.G., De Vos, W.M., Van der Oost, J. 2006.
Molecular characterization of@nserved archaeal copper resistance (cop) gene cluster
and its copperesponsive regulator iBulfolobus solfataricuB2.Microbiology, 1527),
19691979.

Gericke, M., Pinches, A., Van Rooyen, J. 2001. Bioleaching of a chalcopyrite concentrate using
an exremely thermophilic culturdnt Mineral Process62(1-4), 243255.

Gerike, M., A. Pinches, and J.V. van Rooyen. 2001. Bioleaching of a chalcopyrite concentrate

using an extremely thermophilic cultutat J Miner Process62, 243255.

38



Ghadiri, M., Harrign, S.T., Fagaftndres, M.A. 2019. Effect of surfactant on the growth and
activity of microorganisms in a heap bioleaching systdinerals Engineeringl38 43
51.

Grillo-Puertas, M., Schurigriccio, L.A., RodriguezMontelongo, L., Rintoul, M.R., Rapisda,
V.A. 2014. Copper tolerance mediated by polyphosphate degradation aaffitaty
inorganic phosphate transport systenkgtherichia coliBMC Microbiol, 14(1), 1-10.

Gunasekera, O. 2023. Resolving the critical metals shortage to meetrogoals Part 1. in:
Forbes Forbes, Inc. New York, NY.

Han, C.J., Park, S.H., Kelly, R.M. 1997. Acquired thermotolerance and stigsssel growth of
the extremely thermoacidophilic archaddatallosphaera sedule continuous culture.
Appl Environ Microbio) 63(6), 23916.

Hawkins, A.S., Han, Y., Bennett, R.K., Adams, M.\W.W., Kelly, R.M. 2013. Role of 4
hydroxybutyratecoA synthetase in the CO2 fixation cycle in thermoacidophilic archaea.
J Biol,Chem?288 40124022.

Henche, A-L., Koerdt, A., Ghosh, A., Albers, &. 2012. Influence of cell surface structures on
crenarchaeal biofilm formation using a thermostable green fluorescent pEoteiron
Microbiol, 14(3), 779793.

Hiroyoshi, N., Arai, M., Miki, H., Tsunekawa., Hirajima, T. 2002. A new reaction model for
the catalytic effect of silver ions on chalcopyrite leaching in sulfuric acid solutions.
Hydrometallurgy 63(3), 257%267.

Hong, M., Huang, X., Gan, X., Qiu, G., Wang, J. 2021. The use of pyrite to cadoX r
potential to enhance chalcopyrite bioleaching in the preseragptdspirillum

ferriphilum. Miner Eng 172, 107145.

39



Huber, G., Spinnler, C., Gambacorta, A., Stetter, K.O. 19%%allosphaerasedulagen. and sp.
nov.represents a new genus of aerphetatmobilizing, thermoacidophilic
archaebacteri&gyst Appl Microbiql12, 3847.

Huber, G., Stetter, K. 1998ulfolobus metallicysp. nov., a novel strictly
chemolithoautotrophic thermophilic archaeal species of metdlilizers.Syst Appl
Microbiol, 14, 372378.

Itoh, T., Miura, T., Sakai, H.D., Kato, S., Ohkuma, M., and Takashina, T. Z0#racidifex
tepidarius gen. nov., sp. nand transfer oBulfolobus metallicusluber and Stetter 1992
to the genusulfuracidifexasSulfuracidifex metaliuscomb. novint J Sys Evol
Microbiol, 70, 18371842.

Jarrell, K.F., Albers, SV. 2012. The archaellum: an old motility structure with a new name.
Trends Microbio) 20(7), 307312.

Johnson, D.B. 2014. Biominidgbiotechnologies for extracting and recamngrmetals from ores
and waste material€urr Opin Biotechnql30, 24-31.

Kawarabayasi, Y., Hino, Y., Horikawa, H., dwo, K., Takahashi, M., Sekine, M., Baba, S.,
Ankai, A., Kosugi, H., Hosoyama, A., Fukui, S., Nagai, Y., Nishijima, K., Otsuka, R.,
Nakazawa, H., Takamiya, M., Kato, Y., Yoshizawa, T., Tanaka, T., Kudoh, Y.,
Yamazaki, J., Kushida, N., Oguchi, A., Aoki, K., Masuda, S., Yanagii, M., Nishimura,
M., Yamagishi, A., Oshima, T., Kikuchi, H. 2001. Complete genome sequence of an
aerobic thermoacigihilic crenarchaeorgulfolobus tokodastrain7.DNA Res8(4), 123
40.

Keasling, J. 1997. Regulation of intracellular toxic metals and other cations by hydrolysis of

polyphosphateAnn NY Acad S@&29, 242249.

40



Kletzin, A. 2007. Metabolism of inorganic sulfur compounds in archaeArdmaea. Archaea:
evolution, physiology, and molecular biologid.) R. Garrett, and H. Klenk, Blackwell
Publishing Ltd, pp. 26274.

Koch, T., Dahl, C. 2018. A novel bacterial fsmloxidation pathway provides a new link between
the cycles of organic and inorganic sulfur compoutsiae Journal12(10), 24792491.

Koerdt, A., Gbdeke, J., Berger, J., Thormann, K.M., Albers, S.V. 2010. Crenarchaeal biofilm
formation under extreme cditions.PLoS One5(11), €14104.

Konadu, K.T., Sakai, R., Mendoza, D.M., Chuaicham, C., Miki, H., Sasaki, K. 2020. Effect of
carbonaceous matter on bioleaching of Cu from chalcopyritéHgdrometallurgy 195,
105363.

Konishi Y, M.T., S Asai, T Suzuki.GD1. Copper recovery from chalcopyrite concentrate by
acidophilic thermophilécidianus brierleyin batch and continuotffow stirred tank
reactorsHydrometallurgy 59, 271-282.

Kozubal, M. a. , DIl aki c, M., MacurE,IndReetb WP. | nske
2011. Terminal oxidase diversity and function Metallosphaerayellowstonensls gene
expression and protein modeling suggest mechanisms of Fe(ll) oxidation in the
SulfolobalesAppl Environ Microbio] 77, 18441853.

Kozubal, M.A., Macu, R.E., Jay, Z.J., Beam, J.P., Malfatti, S.a., Tringe, S.G., Kocar, B.D.,
Borch, T., Inskeep, W.P. 2012. Microbial iron cycling in acidic geothermal springs of
Yellowstone National Park: Integrating molecular surveys, geochemical processes, and

isolationof novel Feactive microorganisms:ront Microbiol, 3, 1-16.

41



Kurosawa, N., Itoh, Y.H., Iwai, T., Sugai, A., Uda, I., Kimura, N., Horiuchi, T., Itoh, T. 1998.
Sulfurisphaera ohwakuengign. nov., sp. nov., a novel extremely thermophilic
acidophile of the mler Sulfolobalesint J Syst Evol Microbiol8(2), 451456.

Lee, J.A., S.; Doerr, D. L.; Brierley, J. A. . 2011. Comparative bioleaching and mineralogy of
composited sulfide ores containing enargite, covellite and chalcocite by mesophilic and
thermophilc microorganismdg-ydrometallurgy 105 213221.

Lewis, A.M., Recalde, A., Brasen, C., Counts, J.A., Nussbaum, P., Bost, J., Schocke, L., Shen,
L., Willard, D.J., Quax, T.E.F., Peeters, E., Siebers, B., Albers, S.V., Kelly, R.M. 2021.
The biology of thermacidophilic archaea from the order SulfolobaliSMS Microbiol
Rey 63(4), 1-60.

Lewis, A.M., Willard, D.J., MJ, H.M., Sivabalasarma, S., Albers, S.V., Kelly, R.M. 2023. Stay
or Go: Sulfolobales biofilm dispersal is dependent on a bifunctional VapB Antitoxin.
mBio, 14(2), 0005323.

Li, S., Zhong, H., Hu, Y., Zhao, J., He, Z., Gu, G120Bioleaching of a lovgrade nickel
copper sulfide by mixture of four thermophil&@oresour Technoll53 3006.

Liu, H.-c., Xia, J:I., Nie, Z-y., Zhu, H-r., Zhao, Y-d., Zheng, L., Hong, €h., Wen, W. 2017.
Relatedness between catalytic effecactivated carbon and passivation phenomenon
during chalcopyrite bioleaching by mixed thermophilic Archaea culture at 6bfa@s
Nonferrous Metals Soc China7(6), 13741384.

Liu, L.-Z., Nie, Z-Y., Yang, Y., Pan, X., Xia, X., Zhou, Y., Xia, J:L., Zhang, L:J., Zhen, X-

J., Yang, HY. 2018. In situ characterization of change in superficial organic components
of thermoacidophilic archaedkcidianus manzaensiéN-25. Res Microbio] 16910),

590-597.

42



Liu, L.J., Jiang, Z., Wang, P., Qin, Y.L., Xu, W., Wp Y., Liu, S.J., Jiang, C.Y. 2021.
Physiology, taxonomy, and sulfur metabolism of the Sulfolobales, an order of
thermoacidophilic archaekront Microbiol, 12, 768283.

Liu, L.J., You, X.Y., Guo, X., Liu, S.J., Jiang, C.Y. 201Metallosphaera cuprinap. nov, an
acidothermophilic, metahobilizing archaeonint J Syst Evol Microbigl61(Pt 10),
23952400.

Liu, L.J., You, X.Y., Zheng, H., Wang, S., Jiang, C.Y., Liu, S.J. 2011b. Complete genome
sequence dfletallosphaera cuprinaa metal sulfideoxidizing archaeon from a hot
spring.J Bacterio| 193(13), 33878.

Loder, A.J., Han, Y., Hawkins, A.B., Lian, H., Lipscomb, G.L., Schut, G.J., Keller, M.W.,
Adams, M.W.W., Kelly, R.M. 2016. Reaction kinetic analysis of the 3
hydroxypropionate/hydroxybutyrate ©2 fixation cycle in extremely thermoacidophilic
archaeaMetab Eng 38, 446463.

Ma, L., Wang, H., Wu, J., Wang, Y., Zhang, D., Liu, X. 2019. Metatranscriptomics reveals
microbial adaptation and resistance to extreme environment coupling with bioleaching
performanceBioresour TechnoR80, 9-17.

Ma, L.H., Xia J, Nie Z, Zhu H, Zhao Y, Ma C, Zheng L, Hong C, Wen W. 2017. Relatedness
between catalytic effect of activated carbon and passivation phenomenon during
chalcopyrite bioleaching by mixed thermoptiArchaea culture at 65 °Crans Nonferr
Metals Soc Ching27, 13741384.

Ma, Y -l., Xia, J-I., Yang, Y., Nie, Zy., Liu, H-c., Liu, L-z. 2017. Complete genome sequence
of the extremely thermoacidophilic archagemndianus manzaens¥N-25. Genome

Anroung 5(25), 10.1128/genomea. 00438.

43



Maezato, Y., Daugherty, A., Dana, K., Soo, E., Cooper, C., Tachdjian, S., Kelly, R.M., Blum, P.
2011. VapCe, a ribonucleolytic toxin regulates thermophilicity in the crenarchaeote
Sulfolobus solfatariculRNA 17(7), 1381-92.

Mart2nez Bussenius, c., Navarro, C.A., Jerez,
importance in biohydrometallurgMicrobial Biotechno] 10(2), 279295.

Martins, F.L., Ledo, V.A. 2023. Bioleaching of two different chalcopyrite ores in delonedia.
Brazilian J Chem Engl-11.

Martins, F.L.P., G. B.; Ledo, V. A. 2019. Chalcopyrite bioleaching in the presence of high
chloride concentrations. Chem Technol Biotechn@4, 23332344.

McCarthy, S., Ai, C., Wheaton, G., Tevatia, R., Eckrich,R¢lly, R., Blum, P. 2014. Role of an
archaeal PitA transporter in the copper and arsenic resistaMetafosphaera seduja
an extreme thermoacidophil&Bacterio| 19620), 35623570.

Mikkelsen, D., Kappler, U., McEwan, A.G., Sly, L.I. 2006. Archadigérsity in two
thermophilic chalcopyrite bioleaching reactdgswviron Microbiol 8(11), 20506.

Miller, J., McDonough, P., Portillo, H. 1981. Electrochemistry in silver catalyzed ferric sulfate
leaching of chalcopyrite. ifProcess and fundamental coderations of selected
hydrometallurgical system¥ol. 27, SMEAIME New York, pp. 327.

Mukherjee, A., Wheaton, G.H., Blum, P.H., Kelly, R.M. 2012. Uranium extremophily is an
adaptive, rather than intrinsic, feature for extremely thermoacidophtiallosphaera
speciesProc Natl Acad Sci USA09 167027.

Mukherjee, A., Wheaton, G.H., Counts, J.A., lleomah, B., Desai, J., Kelly, R.M. 2017. VapC
toxins drive cellular dormancy under uranium stress for the extreme thermoacidophile

Metallosphaera prunadenviron Microbiol, 1%(7), 28312842.

44



Muller, F.H., Bandeiras, T.M., Urich, T., Teixeira, M., Gomes, C.M., Kletzin, A. 2004. Coupling
of the pathway of sulphur oxidation to dioxygen reduction: characterization of a novel
membranebound thiosulphate : quinoneidereductaseMolecular Microbiology 53(4),
11471160.

Nazari, G., Dixon, D., Dreisinger, D. 2011. Enhancing the kinetics of chalcopyrite leaching in
t he Gal van élydiBbmepaiumyl653<t), 251258.

Nazari, G., Dixon, D., Dreisinger, D. 2012. The mechanism of chalcopyrite leaching in the
presence ofsivee nhanced pyrite i nHydrbmetallGrgyld8anox E pr
122-130.

Neale, J. 2009. Integrated piloting of a thermophilic bioleaching précetise treatment of a
low-grade nickel copper sulphide concentrdt8outh African Institute Mining and
Metallurgy, 10905), 273293.

Orell, A., Navarro, C.A., Arancibia, R., Mobarec, J.C., Jerez, C.A. 2010. Life in blue: copper
resistance mechanisms afdberia and archaea used in industrial biomining of minerals.
Biotechnol Ady28(6), 839848.

Orell, A., Navarro, C.A., Rivero, M., Aguilar, J.S., Jerez, C.A. 2012. Inorganic polyphosphates
in extremophiles and their possible functioBstremophilesl6, 573583.

Plumb, J.J., Haddad, C.M., Gibson, J.A., Franzmann, P.D. 2@@#anus sulfidivoransp.
nov., an extremely acidophilic, thermophilic archaeon isolated from a solfatara on Lihir
Island, Papua New Guinea, and emendation of the genus desclimtib®yst Evol

Microbiol, 57(7), 14181423,

45



Recalde, A., Gonzalelgladrid, G., Acevedd.opez, J., Jerez, C.A. 2023. Sessile Lifestyle Offers
Protection against Copper Stres$accharolobus solfataricuMicroorganisms11(6),

1421.

Remonsellez, F., OrelA., Jerez, C.A. 2006. Copper tolerance of the thermoacidophilic archaeon
Sulfolobus metallicugpossible role of polyphosphate metabolisticrobiology, 1521),
59-66.

Roberto, F.F., Schippers, A. 2022. Progress in bioleaching: part B, applicatiorssalfiati
processes by the minerals industriggpl Microbiol Biotechngl106(18), 59135928.

Sakai, H.D., Kurosawa, N. 2018accharolobus caldissimus gen. nov., sp,refacultatively
anaerobic irofreducing hyperthermophilic archaeon isolated fromadi@terrestrial
hot spring, and reclassification of Sulfolobus solfataricus as Saccharolobus solfataricus
comb. nov and Sulfolobus shibatae as Saccharolobus shibatae combt d@yst Evol
Microbiol, 68(4), 1271:1278.

Sakai, H.D., Kurosawa, N. 2013ulfodiicoccus acidiphilus gen. nov., sp. nawsulfurinhibited
thermoacidophilic archaeon belonging to the order Sulfolobales isolated from a terrestrial
acidic hot springlnt J Syst Evol Microbigl67(6), 18801886.

Sand, W., Gehrke, T., Jozsa, P.G., Schippers, A. 2001. (Bio) chemistry of bacterial leaching
direct vs. indirect bioleachingdydrometallurgy 59(2-3), 159175.

Sato, H., Nakazawa, H., Kudo, Y. 2000. Effect of silver chloride on the bioleaching of
chalcqyrite concentratdnt J Min Process59(1), 1724.

Schelert, J., Dixit, V., Hoang, V., Simbahan, J., Drozda, M., Blum, P. 2004. Occurrence and
characterization of mercury resistance in the hyperthermophilic arcBagfotobus

solfataricusby use of gendisruption.J Bacterio| 186(2), 427437.

46



Schelert, J., Drozda, M., Dixit, V., Dillman, A., Blum, P. 2006. Regulation of mercury resistance
in the crenarchaeotgulfolobus solfataricus) Bacterio| 18820), 714150.

Schelert, J., Rudrappa, D., Johnson Blum, P. 2013. Role of MerH in mercury resistance in
the archaeosulfolobus solfataricusMicrobiology, 159Pt 6), 11981208.

Schult, F., Le, T.N., Albersmeier, A., Rauch, B., Blumenkamp, P.deabDoes, C., Goesmann,

A., Kalinowski, J., Albers, SV., Siebers, B. 2018. Effect of UV irradiation 8alfolobus
acidocaldariusand involvement of the general transcription factor TFB3 in the early UV
responseNucleic Acids Re€6(14), 71797192.

Segerer A, N.A., Kristjansson JK, Stetter KO. 1986dianus infernus gen. nov., sp. npand
Acidianus brierleyi comb. naviFacultatively aerobic, extremely acidophilic thermophilic
sulfur-metabolizing archaebacteriat J Syst Microbiql57, 14181423.

Segerer, A.H., Trincone, A., Gahrtz, M., Stetter, K. 1L SBtygiolobusazoricusgen. nov., sp.
nov.represents a novel genus of anaerobic, extremely thermoacidophilic archaebacteria
of the order Sulfolobalent J Syst Bacterioél, 495501.

She, Q., Singh, R.K., Confalonieri, F., Zivanovic, Y., Allard, yayez, M.J., ChatWeiher,

C.C., Clausen, I.G., Curtis, B.A., De Moors, A., Erauso, G., Fletcher, C., Gordon, P.M.,
Heikampde Jong, I., Jeffries, A.C., Kozera, C.J., Medina, N., Peng, X-Ngbc, H.P.,
Redder, P., Schenk, M.E., Theriault, C., Tolsthp,Charlebois, R.L., Doolittle, W.F.,
Duguet, M., Gaasterland, T., Garrett, R.A., Ragan, M.A., Sensen, C.W., Van der Oost, J.
2001. The complete genome of the crenarch&diolobus solfataricuB2.Proc Natl

Acad Sci U S 08(14), 783540.

47



Soto, D.F., Recalde, A., Orell, A., Albers;\&, Paradela, A., Navarro, C.A., Jerez, C.A. 2019.
Global effect of the lack of inorganic polyphosphate in the extremophilic archaeon
Sulfolobus solfataricusa proteomic approaci.Proteomics191, 143152.

Stott, M.B., Sutton, D. C., Watling, H. R., & Franzmann, P. D. 2003. Comparative leaching of
chalcopyrite by selected acidophilic bacteria and arcl@eamicrobiol J20, 215230.

Sturm, F.J., Hurwitz, S.A., Deming, J.W., Kelly, R.M. 1987. Growth of #teeme thermophile
Sulfolobus acidocaldarius in a hyperbaric helium bioreaBiotechnol Bioeng29(9),
106674.

Su, G,, Li, S., Deng, X., Hu, L., Praburaman, L., He, Z., Zhong, H., Sun, W. 2021. Low
concentration of TweeB0 enhanced the adhesion anafibn formation of Acidianus
manzaensis YRR5 on chalcopyrite surfac€hemosphere284, 131403.

Su, W.W,, Kelly, R.M. 1988. Effect of hyperbaric oxygen and carbon dioxide on heterotrophic
growth of the extreme thermophiBilfolobus acidocaldariugiotedinol Bioeng 31(7),
750-4.

Suzuki, T., lwasaki, T., Uzawa, T., Hara, K., Nemoto, N., Kon, T., Ueki, T., Yamagishi, A.,
Oshima, T. 2002. Bfolobus tokodaii sp. novf. Sulfolobussp. strain 7), a new member
of the genusulfolobusgsolated from Beppu Hd&prings, Japarextremophiles6(1), 39
44.

Tachdjian, S., Kelly, R.M. 2006. Dynamic metabolic adjustments and genome plasticity are
implicated in the heat shock response of the extremely thermoacidophilic archaeon

Sulfolobus solfataricus) Bacterio|] 18812), 45539.

48



Takayanagi, S., Kawasaki, H., Sugimori, K., Yamada, T., Sugai, A., Ito, T., Yamasato, K.,
Shioda, M. 1996Sulfolobus hakonenssp. nov., a novel species of acidothermophilic
archaeonlnt J Syst Bacterigl6(2), 37%82.

Third, K.A., CordRuwisch, R., Watling, H.R. 2002. Control of the redox potential by oxygen
limitation improves bacterial leaching of chalcopyrBétechnol Bioengr8(4), 43341.

Ulas, T., Riemer, S.A., Zaparty, M., Siebers, B., Schomburg, D. 2012. Gestahee
reconstrution and analysis of the metabolic network in the hyperthermophilic archaeon
Sulfolobus solfataricus®LoS One7(8), e43401.

Urbieta, M.S., Rascovan, N., Castro, C., Revale, S., Giaveno, M.A., Vazquez, M., Donati, E.R.
2014. Draft genome sequence of the novel thermoacidophilic arcAagbanus
copahuensistrain ALE1L, Isolated from the Copahue Volcanic area in Neuquen,
Argentina. Genome Announ@(3).

Urbieta, M.S., Rascovan, N., Vazquez, M.P., Donati, E. 2017. Genome analysis of the
thermoacidophilic archaeokcidianus copahuensfecusing on the metabolisms
associated to biomining activitidlBMC Genomicsl8(1), 445.

Vakylabad, A., S Nazari, E Darezereshki. 2022. Bioleaching of copper from chalcopyrite ore at
higher NaCl concentrationsliner Eng 175, 107281.

van Wolferen, M., Orell, A., Albers, §/. 2018. Archaeal biofilm formatiomNat Rev Microbial
16(11), 699713.

Vilcaez, J., K. Suto and C. Inoue. 2008. Bioleaching of chalcopyrite with thermophiles:

TemperaturegpHi ORP dependencint J Miner Process38, 37-44.

49



Vilcaez, J.S., K.; Inoue, C. 2008. Response of thermophiles to the simultaneous addition of
sulfur and ferridon to enhance the bioleaching of chalcopyfiier Eng 21, 1063
1074.

Villafane, A., Voskoboynik, Y., Ruhl, I., Sannino, D., Maezato, Y., Blum, P., Bini, E. 2011.
CopR ofSulfolobus solfataricugepresents a novel class of archasgmcific copper
regonsive activators of transcriptioklicrobiology, 157(Pt 10), 280&8817.

Wagner, M., van Wolferen, M., Wagner, A., Lassak, K., Meyer, B.H., Reimann, J., Albers, S.V.
2012. Versatile genetic tool box for the Crenarcha8atéolobus acidocaldariugront
Microbiol, 3, 214.

Wang, P., Li, L.Z., Qin, Y.L., Liang, Z.L., Li, X.T., Yin, H.Q., Liu, L.J., Liu, S.J., Jiang, C.Y.
2020. Comparative genomic analysis reveals the metabolism and evolution of the
thermophilic archaeal gentetallosphaeraFront Microbiol, 11, 1192.

Wang, Y., Chen, X., Zhou, H. 2018a. Disentangling effects of temperature on microbial
community and copper extraction in column bioleaching of low grade copper sulfide.
Bioresour TechnoR68 480487.

Wang, Y., Li, K., Chen, X., Zhou, H. 2018b. Responses of microbial community to pH stress in
bioleaching of low grade copper sulfid&oresour TechnoR49 146153.

Watling HR, C.D., Corbett MK, Shiers DW, Kaksonen AH, Watkin EL. 2016. Saliater
bioleaching of chalcopyrite with thermophilic, iron ¢@nd sulfuroxidizing
microorganismsRkes Microbio] 167, 546554.

Wheaton, G., Counts, J., Mukherjee, A., Kruh, J., Kelly, R. 2015. The confluence of heavy metal
biooxidation and heavy metal resistanceplications for bioleaching by extreme

thermoacidophiledMinerals 5, 397451.

50



Wheaton, G.H., Mukherjee, A. and Kelly, R.M. 2016. Transcriptomes of the extremely
thermoacidophilic archaedvietallosphaerasedula x posed t o met al ASho
generic angpecific metal response&ppl Environ Microbio) 82, 46134627.

Wiedenheft, B., Mosolf, J., Willits, D., Yeager, M., Dryden, K.A., Young, M., Douglas, T. 2005.
An archaeal antioxidant: characterization of a s protein from &ifolobus
solfataricus Proc Natl Acad Sci USAL0230), 1055110556.

Willard, D.J., Kelly, R.M. 2021. Intersection of biotic and abiotic sulfur chemistry supporting
extreme microbial life in hot acid.Phys Chem BL2520), 52435257.

Wirth, J.S., Whitman, W.B. 2018. Phylogen@mainalyses of a clade within the roseobacter
group suggest taxonomic reassignments of species of the derstuariivita,

Citreicella, Loktanella, Nautella, Pelagibaca, Ruegeria, Thalassobius, Thiobacimonas
andTropicibacter,and the proposal of six novgéneralnt J Syst Evol Microbiol
Systematic and Evolutionary Microbiolqd8(7), 23932411.

Worthington, P., Hoang, V., Per®omares, F., Blum, P. 2003. Targeted disruption of the alpha
amylase gene in the hyperthermophilic archa®olfolobus solfatacus. J Bacteriol
1852), 4828,

Wu, B., Shang, H., Wu, M.L., Wen, J.K. 2017. The influence of pyrite on galvanic assisted
bioleaching of low grade chalcopyrite or&®lid State Phengr262, 93-98.

Yang, Y., Liu, W., Bhargava, S.K., Zeng, W., Chen, ML0A XANES and XRD study of
chalcopyrite bioleaching with pyritdinerals Engineering89, 157162.
Yoshida, N., Nakasato, M., Ohmura, N., Ando, A., Saiki, H., Ishii, M., Igarashi, Y. 2006.

Acidianus manzaensis sp. naa hovel thermoacidophilic archaeon growing

51



autotrophically by the oxidation of Hvith the reduction of F&. Curr Microbiol, 53(5),
406-11.

Zeldes, B.M., Loder, A.J., Counts, J.A., Haque, M., Widney, K.A., Keller, L.M., Albers, S.V.,
Kelly, R.M. 2019.Determinants of sulphur chemolithoautotrophy in the extremely
thermoacidophilicSulfolobalesEnviron Microbiol 21(10), 36963710.

Zhang, C., Cooper, T.E., Krause, D.J., Whitaker, R.J. 2013. Augmenting the genetic toolbox for
Sulfolobus islandicuwith the stringent positive selectable marker for agmatine
prototrophy. Appl Environ Microbiol

Zhang, C., She, Q., Bi, H., Whitaker, R.J. 2016. The ap&thylpurine counterselection system
and its applications in genetic studies of the hyperthermophilic anclsagfolobus
islandicus Appl Environ Microbio) 82(10), 30763081.

Zhang, C., Whitaker, R.J. 2012. A broadly applicable gene knockout system for the
thermoacidophilic archaedulfolobus islandicusased on simvastatin selection.
Microbiol, 158 Pt 6), 13.3-22.

Zhang, L., Peng, J., Wei, M., Ding, J., Zhou, H. 2010. Bioleaching of chalcopyrite with
Acidianus manzaens¥N25 under contact and naiontact conditionsTrans Nonferrous
Met So¢20(10), 19811986.

Zhang, R., Neu, T.R., Bellenberg, S., Kuhlicke, Sand, W., Vera, M. 2015a. Use of lectins to
in situ visualize glycoconjugates of extracellular polymeric substances in acidophilic
archaeal biofilmsMicrob Biotechnal8(3), 448461.

Zhang, R., Neu, T.R., Li, Q., Blanchard, V., Zhang, Y., Schippers, A., Sand, W. 2019. Insight
into interactions of thermoacidophilic archaea with elemental sulfur: biofilm dynamics

and EPS analysigront Microbiol, 10, 896.

52



Zhang, R., Neu, T.R., Zhang,,¥Bellenberg, S., Kuhlicke, U., Li, Q., Sand, W., Vera, M. 2015b.
Visualization and analysis of EPS glycoconjugates of the thermoacidophilic archaeon
Sulfolobus metallicus\ppl Microbiol Biotechnqgl99(17), 73437356.

Zhao, C., Yang, B., Wang, X., Zhao,,iin, G., Qiu, G., Jun, W. 2020. Catalytic effect of
visible light and C&" on chalcopyrite bioleachingrans Nonferr Met Soc Chind0(4),
10781090.

Zheng, T., Huang, Q., Zhang, C., Ni, J., She, Q., Shen, Y. 2012. Development of a simvastatin
selection marker for a hyperthermophilic acidophi®ylfolobus islandicusAppl Environ
Microbiol, 78(2), 56874.

Zhu, W., Xia, J.L., Yang, Y., Nie, Z.Y., Peng, A.A., Liu, H.C., Qiu, G.Z. 2013. Thermophilic
archaeal community succession and function change atswevith the leaching rate in
bioleaching of chalcopyritdBioresour Technoll33 40513.

Zhu, W., Xia, J.L., Yang, Y., Nie, Z.Y., Zheng, L., Ma, C.Y., Zhang, R.Y., Peng, A.A., Tang, L.,
Qiu, G.Z. 2011. Sulfur oxidation activities of pure and mixed tlogximies and sulfur
speciation in bioleaching of chalcopyrig&oresour Technoll024), 387%82.

Zillig, W., Yeats, S., Holz, I., Bock, A., Rettenberger, M., Gropp, F., Simon, G. 1986.
Desulfurolobus ambivalens, gen. nov., sp. naw.autotrophic archaabterium
facultatively oxidizing or reducing sulfugyst Appl Microbiql8, 197203.

Zillig W., S.K., Wunder| S, Schul z W, Priess
group: taxonomy on the basis of the structure of D&pendent RNA polymesa.Arch

Microbiol, 125, 259269.

53



Zimmermann, P., Laska, S., Kletzin, A. 1999. Two modes of sulfite oxidation in the extremely
thermophilic and acidophilic archaedgidianus ambivaleng\rch Microbiol, 1722),

76-82.

54



(3q073¢ 218311q0)

(00T "[p 12Uy 'TL6T "0

0'LE ez st 08 qdonosieg VS e [BUONEN JUOISMOT[R X SE9WSA| 15 yo0.4g) suuvppoopiov suqopofins
. . . (aqoree 2)e31[qQ) . . CHSOT-INOL , ) (C0o0Z "
87TE 69°Z ¢z 08 o OUE ueder ‘nysndy nddeg g 12 IYNZNG [ TO0C 1P 12 1SRADGRADNDY)
donoRIRH EGGIT-NSA nopoyoy viavydstinfing
. . . (2qoiee 21E31[q0) . . 1£906-NDf (9661 "I 12 DNDSOLILY '0ZOT
Lee 08 0 v8 ydonomieH ueder “auoseR “3[[2A MO Ul SuLds 10H 1TTHTT-INSA| Siuno)) sisuanynmifo veavydsinfing
. . ) (2qoiae 21E51qQ) . . £€89T-NDI (ococ
9°6€ ST ST $9|  ydoroymeopromar) redv RUONPH WEPENIO| o0 01 wsal| yorp) L-sh snivprdon xafprovanfimg
(I6s1
2qoI2E 2]B3T -
£9'8€ £0T°T 0T c9 . moﬁ:m:moﬂ :« EMMHOV PuBd] ‘WAL ‘R[JRId UI BIRJRI[OS pwwg. oL UBNI2IS W L2GNE (0Z0C “IV 12 SjUno))
1¢0 B 1D 1C8F9-NSA SZVLY SHOIIVIAWL X2 [IPLovInfing
. . ) (eqo12e 21¥311q0) B ‘ (£ 10E DMDSOUILY P IDYDS)
cls $ET 0€ 0L ydonorlsyg ey SUONRE MIEIEATO OVLTENOI [-SH supydiprov snooooupying
. . . (3qorseue 21831[qO) ] . 11206- DL (1661 IV 12 1249525 '0Z0Z
9LE 661 €T 08| ydomomeommowany S07Y “PUL]S] [PNSYN 0BS V0 BP[ED) | o o el sunos) 994 swaormsngojoishs
. . . (2qozee 21e51[qQ) . . TTETT-NOCL (0861 “MSHIZ 500 "I 12
0LE 66zl  o¢ 08 ydonomeH Ae)] “eruedure)-[[RIRIISI] ‘OUBI[OA BIRIRI[OS L101-wsa| woyD) zd smroamfios snqojoavyaons
200138 2831 .
L LY +28°C T 0L @ zmo.ﬂo.mwmnwﬁw VS Burmoyy Yied [BUONEN 2U0ISMO[[2 X Jnmoag VN (170¢ "1V 12 [Dq1=0%)
ydonomeoqomaYH : : T s1suauopssoqad vaavydsopmapy
(2qorce &mmzﬁov
. . : . ‘ B €816-NOI (6861 “I1 12 42QNE 'S00C “I?
9% 07T 0T €L ydonojayy Apel] “emredure) ‘sapden g .
T STES-INSA 12 YILIBIY) DINPas DaavydsopvIapy|
(2qo12e 21831]q0)
) . : . (z10Z “Te 10 20l1atpnIN)
of T QT QL Q&O.ﬂo.ﬂwmﬂ.\ %Gmﬁ:m@ Em%ﬁ%!mﬂm. UT ST WnNIwer) H.m €O0T-INSA .
ydonomeoqousg) II/Z1 uoy avunad vianydsoniapy|
. . i (2qorae 2ATEINOR ) . . LE88-NOI (9661 "0 12 ISUBABYNT 'STOT
Lor L 0L ydonolneomiowar) edE( QUONEH TUEPIEATO GISL-INSA| ‘siunod) sisuauoyvy vaavydsoyniapy
. . . (3qo1=e 2e311q0) s . . L99ET-NOI (£00C "[p 12 qunld ‘020
1€ 67T 11 YL gdononeonnowmag) eaunn map ‘ended ‘pue[s] ;I ‘eIejRI[OS 03 ST-NSC| ‘S14110.9) 7 JF SUDIOMPLINS SHUDIPIIY
(2qo1ae 21e31q0) (900¢
9°0¢ 69°C 1 08 ydonomyayy uedep ‘eummy ‘ezuepy oforeum,| ¢6E00T DWEN D j2 DPI{SOT L[0T “1P 12 DIV ST T0C
ydononeoyrjowat) 0 12 BUIT) SISUDITUBU SHUDIPIOT
. . . (2qoIae 2AnRINOR I) . . 16S68- DI (9861
Fre el 0T 06 ydononeoypoway) Aeay "sa[den eIegIos MRS 1I6LE-NSA| 'V 1219325) k10§ ‘SHULLful SHUBIDIOY
(2qo1eene 2ATIEI[NIE]) (Lroc
£0°6E e a4 XS cL ydonorelay; eimuasTy ‘uenbnap “antedo-anieiae) SCO6T-INSA| ‘I 12 DI21Q4] ‘FIOT “IP 12 PI21Q4])
ydonomeoyjoway)y [TV sisuanyvdod snuvIpy |
(2q0I2BUR 2ATIE[NIE ) J— (996] F 1040598
X . X donoralar ‘BUTTIOAAN, NI [PUOTIRN 2UOISMOI[2 ; . .
0T¢ S6T| 0T 0L zgcbotﬁqu_cﬁﬁqw VS[1 "SUIUOAM, NTed [eUOneN RA 1soT-Nsal  ‘s70z ‘snunop) 1aparq snuvpror
. . . (2qoree 2anjEYNOE) . ) 11616-INOL (9861 "Te12
ore e 8] ydonomeoproway PUETEAN MEAIN IGIRTIE RO | ) c sl Sunz) ona suavsiqun snuvgpioy
(%) D+9 | (i) smoman [ *pd | (5.) P wsjjoqeRN NS wonE[os| a1 uonIsfe) sapads

(swouad ye1p,,) sewouad pasuanbas Mrm sale[osT uens-2dL) sa[eqojoJNS JO UONBZIIAIIRIEYD Puk SUISLIQ T JqEL

55



V-DLIN O} Tefrus (9002 . ]
SAUO[d I210 (046" € L) SISUDIYDMI{O DABDYASINING “Te 12 U2STaIN) %Cl o1 8L EOIN
(%0)
stuLiafil sSnunip1dy (%8) 11 “ds v.iavydsojpiopy (9002 . 5
"(%01) szsuarypsifo vDYASLYING (%1 1) “Te 19 UAS[IN) s o1 8L VIR
SNI140ZD SNGOJOL3AIS “(%469) 20IDqIYSs SHGOjofIng
JSHUABfL
SNUDIPIOY PUE WISTURSIO oYI[-7-9d S1GOjofing . )
& “UIEnS POLISSE[OUN [9A0 B, (TooT 'son3nfLp) | %06< | %Tl | €T1< [ 8L IHOI
puer23] ur Sutds 107 B WO PIeUISLI)
BV INOS “YURQI A\ JeaU (1002 ; ) .
dump [e0d & WoOIJ paje[osI ‘SUIZIPIXO INJ[1NS /U0 “Te 12 9Yd112D)) %07'86 | %0S°L (4 0L PHHOSTOD TEIMEN
SNoIjjpIalL o o ] .
S ‘DINpas Y SISUIDZUDUL Y WD (10T "TR R 1D 18T0 %T €1 €9 BILIOSUOD JMRUAS
(110T "¢ 30 nyZ) snoyjpjaut .
< DInpss W SISUSDZUDU T UOLOLq (TToT "re3emyz | 139~ |  %C S| <9 BIIOSUOD dAYIUAS
SN PaxiA
(800T ZoBMIA) %S 6~ %1 S’ 08 SnaLj[p12UL Xofiprov.yng
PePPEID N T (610T "sUnIEN) %001 %06°C €1 €LY SMADP]DIOPIID SNGOJOJINS
(610T "D 1V) %08~ | T80T |T-S8T| OL D[1pas DAY dso] DI
(€00T "nO1S) %08~ | %0T’€ 4 SL apun.dp.1aoydso] |1
Apmys 121em-aurles (910T “MH 3umpem) | %05~ %650 €T~ €9 SISUBLOYDY DAY ASO]IDIGPN
(110T “TB 10 NUZ) 3G~ %T ST 69 SISUBDZUDIL STUDIPIOY
. I,
(100T "A WSTOY) | %06 < m i W” T1 <9 142].421.4q SNUDIPIDY
0
S]UIMIWO0 ) ADWARIIY NMMM_MW ESM”“MQ Hd QA.W%H (s)wsImeS100.10N

sopqdoproeouLay [ dWaNX Aq Sunjdoedjoiqg uLdodey) "7 dIqeL

56



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 ferrag& bo 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 througlomcontact mechanism by planktonic cells

at a distance from the ore.
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Figure 2. Timeline ofbioleaching Sulfolobales isolations, genome sequencing, and

establishment of genetic system3he timeline is restricted to tygstrain isolates of the

Sulfolobales that have genomic sequences or established genetic systems currently available. The
current naming convention is display in the timeline witbnoted the year the organism was

i solated and A denoted

t he

y e a ris indicative ofthg ani s m

major event happening that year with the following hierarchyi r@genetic system was
established, purplea genome was sequenced, and yelldhe original isolation of an

organism. Se&able 1for further details.
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Figure 3: Inferred phylogenetic tree of 79 published and complete genomes of the Sulfolobaceae
based on 446 singiastance core genes. Outer rings indicate the % completeness of metabolic
pathways related to chemolithoautotrophic growth based on preélictettbnal 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 ¢lar parts matching the three sections of tHW#34-HB

cycle represented iRigure 8 (Stage I’ acetytCoA to propanoylCoA; Stage 4 propanoy

CoA to succinic semialdehyde; Stage 3 {bfuccinic semialdehyde to acetybA using a
bifunctional crotony CoA hydratase/ydroxybutyrytCoA dehydrogenase; Stage 3 (mMs)

succinic semialdehyde to acetybA using alternative enzymes for a mugitep conversion of
crotonytCoA to acetoacetyCoA). 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-basedlron oxidation model proposed forM. 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 downhifl to O
Electron flow shown by dotted line following the uplat downhill pathways.
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Figure 5. Pyrite bioleaching with Metallosphaera sedulédMsed (top) and Sulfuracidifex
metallicus(Sme) (bottom) on iron pyrite after 14 days at 70°CNote the formation of
insoluble chemical complexes that can passivate theral surface and reduce bioleaching
rates. Orange color comes from oxidized ir®metsolubilized ~4.0 g/L of iron compared to
~2.5 g/L byMsed
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methods in Willard and Kelly (2021). All hateactions were balanced for oxygen usiager
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represents the proposed optimal solution reduction potential identified in literature, and yellow
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favor reduction in bideaching conditions, while hafeactions in the red region heavily favor
oxidation. Red lines for halieactions are used to emphasize-hadictions that shift pogins in
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Figure 9. Biofilm life cycle of bioleaching Sulfolobales on the ore surfac®lanktonic

Sulfolobales include both nemotile species (g. Acidianusspecies) and motile speciesd.
Metallosphaerasedulg 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 biofilmafion the

cells release an unknown quorum signal to detect its neighbors. Motile cells disperse from the
biofilm via their archaella structures while rorotile species use more passive nagtdims.

65



CHAPTER 2: Complete Genome Sequence for the Thermoaaghilic Archaeon

Sulfuracidifex (f. Sulfolobug metallicusDSM 6482

Daniel J. Willard, Mohamad J. H. Manesh, Ryan G. Bing, Robert M. Kelly

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

Raleigh, North Carolina, US&76957905

Published In: Microbiol. Resour. Annound3:e0098123 (2024)

66



Abstract

Reported here is the complete genome sequence (2,191,724 bp) for the thermoacidophilic
archaeorsufluracidifex(f. Sulfolobuy metallicusDSM 6482 (Tpt 65°C, phypt 2.0). This
obligately chemolithoautotrophic microorganism is a prolific metal and sulfur oxidizer and has
application in metal bioleaching operations. A maksembly reconciliation approach enabled

closure of the genome.

Announcement

Sulfuracidifex(f. Sulfolobu¥ 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 86 and pH 2.@1). Its classification was subsequently
transferred to the gen@ulfuracidifexupon isolation oSulfuracidifex tepidariusbased on
closely related 16S rRNA gene sequences and physiological fe@)réss reassignment was
supported further by detailed taxonomic and phylogenetic anéB)si& draft genome assembly
for S. metallicu®DSM 6482 was first reported consisting 167 contigs (BioProject: PRJDB806),
although later refined efforts resulted in a 5 contig asseMhlyHere, we report the closed
genome sequence 8f metallicuDSM 6482, consisting of 2,194,724 bp containing 2,268 open
reading frames.

TheS. metallicubSM6482 was previously obtained from DSM#d maintained in a
freezer stock of 50:50 (vol%) glycerol:DSM88 medium (pH 4.5861C. S. metallicusultures
were grown at 68C in modified DSM88 medium, per DSMZ recommendation. Genomic DNA
was purified from liquid cultures using the NEB Monarch GeitoDNA Purification Kit (New

England Biolabs, USA). DNA was barcoded and sequenced using Oxford Nanopore
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Technologies (UK) Native Barcoding Kit (SQKBD112-24) and R9.4.1 flow cell (FLO
MIN106D) on a MinlON Mk1B without size selection. During barcoding &brary

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 higlaccuracy GPU basealling. MinionQC wasised to verify the

quality of the run5).

Readtrimming was performed by Guppy during basdling, and filtering wa done with
NanoFilt v2.8.0 using 1000 bp length and Q10 quality cutéffsThe genome was assembled
using the Trycycler v0.5.3 workflogr), with subassemblies generated by Flye v2 &)l Canu
v2.2(9), Raven v1.6lL (10), NECAT v0.0.1(11), and Miniasm+Minipolish v0-3179/0.1.2(12,

13). Briefly, reads were subampled into 20 sets, and each assembler was used on 4 subsets to
generate 20 sussemblies. Contigs were clustered using a Mash distance of 0.05 and visualized
using thelnteractive Tree of Lif€14) (Figure 1). With the exception of Cluster 1, the resulting
clusters were largely comprised of contigs from only fubassemblies and exhibited erratic

size and coverage, indicating these wiely 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 v{15)30 start at thelnaAgene as
predicted by Prodigal v0.5(26). The assembly was polished with the full set of timmed and

filtered reads using Medaka v1.7[2ts://github.com/nanoporetech/medaky and further error

correction was performed using Pilon v1(2Z). Readmapping was performed with BWA
v0.7.17(18) and sorted and indexed with samtools v1.169). Thefinal assembly was

evaluated with Quast v5.2(R0) for GC content and read werage and CheckM v1.2(21)for
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completeness and contaminatidalple 1) and annotated using PGAP v202317.build6771

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

Data Availability Statement

The data for this wholgenome sequencing project has been deposited at NCBI and can
be accessed using the accession numbers fourabie 1for the BioProject, BioSample, and
Genome. The raw reads used for the assembly are also accessible through NCBI using the SRA

accession nmber provided imable 1
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Table 1: Summary of Assembly Statistics

Genome Accession ID | CP135238
BioProject PRJNA1021186
BioSample SAMN37544857
SequenceRead Archive | PRINA1021186
# 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
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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 microbesround i
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 G@2Zarbon source.
Metal oxidation by these microbes takes place extracellularly, mediated by merabsac&ated
oxidase complexes. In contrast, sulfur oxidation involves extracellular, merrdsaoeiated and
cytoplasmic biotransformations, which intertsewith 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 thernagidophily (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 acidagas, through

metabolic engineering.

Introduction
Sulfur is among the most abundant elements on Eartking even abovearbon,
makngup 5. 4% of Ear tlLisdlfarriamanmitorimentsaave also beenddentified

on Mars, leading to theories that the planet as a wiol®re sulfuirich than Earth Sulfur has
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a similar electronegativity to carbon and exhibits oxidation states anywhereXtoma6.
Because of this, thelement exists in nuemous &ctrondense speciesangingfrom metairich
minerals and ores to gasses and fumes from hydrothermal vents. Thesedthiesnsalspecies
encompasa wide range of Gibbs free engrgof formation(Figure 1), which are frequently
exchangdthroudh the sulfur cycle. Aotherkey feature osulfur chemistrys the polymeric
structure arising from sulfesulfur bonds. These long chains exhibit an overall oxidation state of
-2 and act as the site of attdor more nucleophilic speciésThis enables chailengthening and
chainshortening reactionghereby generating polysulfides, cyclized sifolythionates, and
sulfane monosulfonaiatermediatespecies of varying chain length

Sul fur 6s mu ltates and sepwise deppaymeripation gotential 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
metabolismThe opportunity presented by these enaigly sulfur species has not been
overlooked in nature. Prokaryotes in domains Bacteria and Archaea oxidize reduced inorganic
sulfur compounds (RISCs) to elemental sulfi}) (8 sulfate for phototrophior
chemoithotrophic growth. Ideed the biological oxidation of sulfur plays a majotern the
sulfur cycle on Earth The diversity of sulfur species identified on Mars suggest the possibility
that a similar mechanism of sulfur cycling occurred at some paithis plaet and recent
thermodynami@nalyseshow that a chemolithoautotrophic metabolism could be supported even
in the limited Martian atmospheteThus, a deeper understanding of phienitive and more
extreme terrestriabifms of lifeon Earth could providelues towards the possibility of

extraterrestrialife.
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While sulfuroxidizing Bacteria span a wide range of genera, the sokiglizing
Archaeabelong exclusively tohe order SulfolobalésThe oder consists entirely of extremely
thermoacidophilic species, with optimal temperatures greater than 55°C apdipidless than
4. Not all extremely thermoacidophilic archaegidize sulfuf. In fact, these microbegxhibit
physiologiesangirg from facultative anaerobgsapable of sulfur oxidation and reduction
(Acidianus ambivalef} to aerobic chemolithautotropHsveraging sulfur oxidation and iron
oxidation Sulfuracidifex metallicu&’ andMetallosphaera seduld, respectively)to obligate
heterotrophsSaccharolobus solfatarict®. There is some evidence that certain Sulfolobales
may even be able to oxidize vanadium and molybdenumrfergetic benefit. A single obligate
anaerobés now part othe order $tygiolobus azoricd), and recetly a sulfurinhibited
Sulfolobalesnemberhas been describg¢8ulfodiicoccus acidiphilds). In all, the order
Sulfolobalesrow containsmore than twenty distinct specj@sth some isolates still awaiting
classification Among the most studied organisms in the ord&uisolobus acidocaldars) the
first isolated species of this orderwhile S. acidocaldariusvas initially believed to be a sulfur
oxidizer, the current labultured strain does nbave this capability. It is, however, one of the
few Sulfolobales with a tractable genetioltat that can be used for mutational analysis and
metabolic engineerint§

Because of the lack of genetic tools for the Sulfolobales, most efforts to understand sulfur
oxidation in the order haveebn focusd oncharaterization of individual enzyme activities3
and compar at i v & refate whatdskihowraabaatl bgcterealsenzymes to the
archaeal Sulfolobalés?’. These approaches offer snapshots of the overall landscape of
biological sulfur oxidatiorthatinvolves a complex web of both abiotic and enzymatic reactions.

Recently, efforts to engineer some of these enzymesirdoidocaldariutiave begutl.
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EngineeringS. acidocaldariuso become sulfuroxidizer demonstrates and validates

understanding of the sulfur oxidation mechanism in the Sulfolobales and also presents interesting
opportunities for biotechnological application. Hexe examinethe abiotic and enzymatic

reactions implicated in sulfur oxidation and evaluatepttospects foenergy conservation from

these reactions:urthermore, @dence of energy conservation in an engineered streén of
acidocaldariussupportghe prospect that emgy conservatiorthrough the coordination of biotic

and abiotic sulfur chemistry is indeed possible

Methods
Cultivation of S. acidocaldarius Strains

All strains ofS. acidocaldariusvere grown in 125 mL serum bottles containing 1 g/L NZ
Amine and 0.01 &/ uracil in Brock Salts (DSM medium #88 without yeast extract), which
contains on a per liter basis: 1.3 g (J$Q, 0.28 g KHPQy, 0.25 g MgSGQIH,0, 0.07 ¢
CaCb@QH:0, 4.5 mg NeB4O7JH:0, 1.8 mg MnCGI@H.0, 0.22 mg ZnS@IH.0, 0.22 mg
Na:M004QH,0, 0.05 mg CuGIQH,0, 0.03 mg VOS@2H,0, and 0.01 mg CoSEH,0. 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 ciudedes u
in the growth curve measuremerfis,acidocaldariusnedia also contained 2 g/L sucrose.
Cultures used to evalua® acidocaldariugrowth 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 doraett were taken
from Amend and Shock, with multiple protonation states where poSsiBEysulfide data for n
= 2-8 was collected from Kamyshny et al., again using all protonation states of polysulfide
chaing®. Organic molecules, including biological energy carriers and intermediates of glucose
metabolism, were calculated by the eQuilibrator online database at standard state. Again, all
available pratnation states for each compound were ts@three energy carriers specifico
acidocaldariuswere usedo 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 caldariellaquirtdaad the [3FetS] and [4Fe4S]
ferredoxing? from S. acidocaldarius

Free energy values were adjusted for ionic strength, pH, and protonation state according
to the methods laid out by Albetfy Briefly, free energy values for all protonation states were

adjusted for ionic strength according to:
yo o Yo @O m ——— [EQN 1]
For thesecalculations, the adjusted ionic strength was 1=0.338 (the ionic strength of the
Brock Salts medium),i s the charge number of species i, and B = Y8riol*2.  &igin

units of kJ/mol. The transformed free energy was then calculated at pH intdr@ddsrom 0.5

to 14 according to:

YO Q YO™Q 6 QYO0 'O Y'YTO [EQN 2]
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whereNy( i) is the number of hy'H)e@lkd/mol,asgvendy i n s p.
Amend and Shocék Finally, the various protonation states of a single species were aggregated

as a O6pseudoi somer6 group according to:
Y, r 4 € vy T v \ \ y
YO Qi ¢ YVYIBQwr—— [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 reactioras/then evaluated using these transformed pseudoisomer
groups as:

YO /60 M@ oy BYOx QiffEO @ oy BYO; QiR HO @ oW
[EQN 4]
To calculate reduction potential, ha#factions of sulfur transformations and energy

carrier reduction were generated. Transformed free energy of reaction for thasattadhs

was converted to transformed reduction potential by:

0¢
o]

y

0O N80 ™ o Y [EQN 5]
where n is the number of electrons, F is the Faraday constant as 96.485 kJ{\\anwB has
units of V. For each halfeaction, the equilibrium limits of the hakkaction were based on

maximum and minimum physiayical concentrations of 10 mM and 1 uM for reactants and

productg”,

S. acidocaldarius Growth in Batch Cultures
S. acidocaldariusultures were started from freezer stocks and grown with sucrose
present, as described above. Cultures wergagasl twice into fresh media upon reaching an

OD600 value of 0.8.8. Cultures were passaged a final time into media containing no sucrose
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and some containing 10 g/L elemental sulfur to measure growth. One mL samples were taken
periodically from serum bd#s 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 sulfixidation is clearly evident in
mining environments, where the breakdown of sulfidic ore is facilitated by acidophiliaimdn
sulfur-oxidizing microbes. The weltudied mechanisms of this process reveal that microbes do
not directly act on the oresistead, the ore undergoes abiotic attack by protons and ferre iron
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 synertijstiba abiotic
degradation of ores provides the microbes with an energy source for growth, and the byproducts
of the microbesd metabolism accelerates ore
from this process undergoes numerous abiotictia@®s to generate a diverse pool of sulfur
species and drives acidification. While mesoacidophilic bacteria play the dominant role
biomining environment, high temperature biomining applications are often comprised of
AcidianusandMetallosphaeraspp3’ and the bioleaching capabilities of the Sulfolobales have

been investigated in laboratory settitfgs

Biological Sulfur Oxidation in the Sulfolobales
Oxidation of RISCs is aomplexprocesghat spans the extracellular space, the cell

membrane, and the cytoplasmic spéeéigure 2) and while it has been extensively studied in
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mesoacidophiles, the threoacidophilic mechanism of sulfur oxidation is less clBa&cent
sequencing of Sulfolobalesd genomes has enabl
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 Sulfoldlzdies1)>
39, A major component of mesoacidophilic sulfur oxidation is the thiosulfate cycle catalyzed by
membrae-associated protein compleZpxACBDXYZ 4% However this cycle is not present in
thermoacidophilic organisms. Instead, the central enzgreelfur oxidationby the Sulfolobales
is the sulfur oxygenase reductase (SOR), which disproportionategater sulfur into HS and
SO:% 22, A 24-subunit homomeric cytoplasmic protein, SOR requires no cofaaalis
inhibited by zinc ion$. An indirect product of this enzyme is thiosulfate@s), which is
generated by an abiotic reaction af-and SG “2 SOR is only expiesed under aerobic
conditions, possiblthe result ofts hypothesizeaxygendependent reaction mechanitimat
involvespolysulfide chains as the substrate for SOR rather than elemental*3ulfur

The hot acidic environment of the Sulfolobales is particularly hostile towards secreted or
surfacebound proteins. Therefore, it is notable that one such enzyme, tetrathionate hydrolase
(TetH), isinvolved in sulfur oxidation. In the thermoacidophilic, suéixiding facultative
anaerobé\cidianus ambivalenshe majority of TetH activity was located extracellularly, and
the isolated protein had a pH optimum &t In A. ambivalensgrowth on tetrathionaiecreased
transcription of théetH gene compared to growth on elemental stiffiflomologous genes in a
related speciegcidianus brierleyi however, showed significantdrease in transcription when
grown on elemental sulfur compared to yeast exttagthile 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 thepagm, it is not
directly coupled to energy conservation. Instead, the various RIS0siate witla range of
membranebound quinone oxidoreductases to transfer electrons intelebonTransport
Chain (ETC). Thiosulfate:quinone oxidoreductase (TQO9 the first of these complexes
identified inA. ambivalensand it is responsible for oxidizing thiosulfate to tetrathiofatBy
coupling sulfur oxidation to the ETC, the cell powers proton pumping and avoids the acidifying
effect of SOR disproportionation. In fact, an enginesteain ofS. acidocaldariusvith a
heterologou$SOR was capable of oxidizing sulftnut this ultimatelyprovedto betoxic to the
organism’. Upon thensertionof a gene encoding a heterologd@O to theS. acidocaldarius
mutant, normal growth was reséor while maintaininghe capacity to oxidizseulfurt’. This S.
acidocaldariusstrain containing SOR and TQO was ultimately designgtiRK34. TQO
connects one product of the SOR disproportionation reaction to the ETC, and two other
membraneboundoxidoreductases serve similar functions feBHnd SG . The enzyme
responsible for kB oxidation, sulfide:quinone oxidoreductase E3Qvas originally described
as a novel type of NADH dehydrogen#sélowever, further investigation revealed that NADH
dehydrogenase activity was only possible with a truncated version of the enzyme. When the full
protein sequence wastact, the additional amino acid chain on thée@minus blaked the
binding site for NADH. Instead, the enzyme assesitdysulfide chains from individual ¥
monomer¥’. SQRreduces a quinone for eachSimolecule added to the polysulfide chain,
significantlyincreasing the energy conserved from a single elemental sulfur mihety.
proposed mechanism of SQR implicates cysteine residues, which form a persulfide bond

with incoming BS and build up a polysulfide chain between the two residues. Ultimately, an
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incoming BS molecule kicks out the assembled polysulfide chain and takes its place between
the two cysteinedriggering the formation of a new polysulfide cH&ir80s* is coupled to the
guinone reduction by a putative sulfite:acceptor oxidoredu¢g8S@R). While activity for this
enzyme has been detected in aerobically grown A. ambivalens, it has not been lm&edihg
region of theA. ambivalengienomé'. Note thata similar enzyme, sulfite dehydrogenase, has
been characterized in the mesoacidophii®bacillus denitrificansalthough the electron

acceptoiin this casés cytochrome ¢°.

EnergyConserving Enzymatic Reactions

The final oxidation of S€¥ to SO can occur in the cytoplasm as well, where it is
directly coupled to the phosphorylation of ADP.dvwoutes of cytoplasmic sulfite oxidation
exist, although they share a common first step. Initially, adenésiphosphosulfate reductase
(APSR) catalyzes the reaction of sulfitéh AMP to generate adenosise@hosphosulfate
(APS). The sulfate group &PS 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 organisseboth the
cytoplasmic and membrane pathways for sulfite oxidation, and ttieughtto increase the rate
of generation of reducing equivaleffsinterestingly, the cytoplasmic path involving APS also
operates in the reverse direction for the assimilatory reduction of stilfites only in this
reductive function that the ATP sulfurylase and APAT/AK paths have been observed
simultaneously. In oxidative organisms, the APAT/AK path dominHtesdthough instances of

the ATP sulfurylase have been obserf®d his observation is consistent with the limited work
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on sulfite oxidation in the Sulfolobales. Multke the membrandéound SAOR, activity for the
APAT/AK route has been observedAnambivalensbut no further characterization of the
enzymedas been reported TP sulfurylase activity was investigated in the same experiment,
but no activity was detestf.

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 alsenebed to sulfucontaining
organic moleculedike dimethyl sulfide (DMSY % This complex is proposed to conserve
energy through reduction of ETC electron carriers, although further experimentation is needed to
confirm this fundon 2. This is supported by the transmemante domain contained in the HdrC
subunit. Comparative genomic analysis has identified homologs to the hdr/dsr/tusA complex in
all genomesequenced SulfolobafésHowever, characterization of the DSrE3A and TusA
enzymes irMetallosphaera cuprindaveshownacivity on tetrathionate rather than organic
persulfides®, 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 insiginit® substrate preference, the electron acceptor
of the Hdr complex is still not clear. In the DMiggradingHyphomicrobium denitrificansa
lipoate-binding protein was found to be associated with the Hdr complex. The complexdeduce
the cyclic sulfur bonaf lipoic acid while oxidizing thiosulfate to sulfite. The reduced
dihydrolipoic acid can power NADreduction with the E3 subunit of pyruvate dehydrogefiase
This newly proposed function of tielr/dsr/tusAcomplex provides a direct route to reducing
power for sulfur metabolism. However, the presence of this pathway tohenolitotrophic

SulfolobaleqseeTable 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 Sulfolobal&hile homologs of the LipB
catalyzed lipoate synthesis mechaniseraidentified in a number of nesulfur oxidizing
SulfolobalesS. tokodaiithe only sulfur oxidizer investigated) appeared to only be capable of
using exogenous lipoate scavengthgrurther understanding of lipoate synthesis in the

Sulfolobales could clarify the role of the Hdr complex in thermoacidophilic sulfur oxidatio

Involvement of Abiotic RISC Reactions in Biology

Solid elemental sulfur is mainly orthorhombic and has limited solubility in Wating-
opening reactions typically involve nucleophilic attack by cyanide/flisyor sulfite. In the
case of attack by bisulfide, polysulfide chains are generatddder alkaline conditions,
polysulfides reach an equilibrium distribution of chain leAytAs pH decreases, the reverse
reaction takes place, withH undergoing radical chemistry to build polysulfide chains;
ultimately, the chain attacks itself, cleaving offlased sulfur ring from the chaih Similarly,
sulfite attack on a sulfur ring create linearized chain of sulfur, this time in the form of sulfane
monosulfonate ($s%)°. Further attack by sulfite leads to the stepwise release of thiosulfate
from the chai, resulting in the total conversion of cyclic sulfur to thiosufatéuch like the
polysulfide mechanism, as pH decreases, the reaction runs in reverse and acidffidfhte
leads to the formation of sulfur rimjs

Sulfane monosulfonates are highly unstable in Walbert the combining of these ains,
or direct oxidation of a single chain by diatomic oxygen, gives rise to polythiéhates
Polythionates are more stable than their sulfane monosulfonate precursors and are often present

in fairly high concentration in native environments of the SulfoloBale®wever, polythionates
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are subject to hydrolysis, resulting in the release of sulfate from the chain and reformdt®sn of t
sulfane monosulfonate species. Polythionates are also subject to attack by bisulfide, producing
thiosulfate and polysulfide, even though polysulfide is often represented as elemental sulfur
(S 36: 59 While the exact reactiomechanism 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 tothe exchange between polymeric sulfur species, deagthening and
chainshortening reactions are possible. In particular, sulfite is capable of attacking each of the
three polymeric species discussed above, resulting in the liberation of thiGsulfes
reaction (combined with others discussed here) is often implicit in the overall reactions presented
in sulfur biooxidation studies, such as the total conversion of polythibmétesulfate in the
presence of bisulfide and sulfiter the formation of cyclooctosulfur §5from S$0323. A
minimalist set of reactiong @ble 2), most of whichare described above, were identified such
that they represent the broad array of overall reactions reported in liteBeleet overall
reactions are also presented, with a listing of the representative reactions that describe them.

A visualization comiming this reaction network with the known enzymatic sulfur
reactions of the Sulfolobales highlights points of synergy or antagoRigor¢ 3). While the
Sulfolobales possess several enzymes equipped to cycle thiosulfate and tetrathionate, no
enzymatic s#p has been identified to facilitate the formation of thiosulfate from polysulfide or
H>S. 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 Imodsulfur oxidation in
thermoacidophiles and mesoacidophiles 4liké Other abiotic paths to thiosulfate include

degradation of polythionates by sulfite (Reaction 10), degradation of polythionatsby H
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(Reactions 16 and 17), and hydrolysis of polythionatesa¢Ron 1 plus 2 Reaction 4).

Direct competition between abiotic and enzymatic reactions alsa,easably in the
case of all three enzymes directly linked to the ETC. Conversion®fdipolysulfide (SQR),
thiosulfate to tetrathionate (TQO), andfgalto 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 instatalgzes 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 abitic reactions may be directly antagonistic to the SulfolobalgS. H
forms cyclic sulfur through sequential chdinilding of polysulfides via radical chemistry,
where the oxidizing agent is often®F& This reaction leads to the generation of* Fehich
when combined with peroxide byproducts of the ETC can lead to the generation of hydroxyl
radicals through Fenton chemistry asubsequent oxidative stress in the cell. Notably, all sulfur
oxidizing Sulfolobales possess the fox cluster of genes, which are linked to biological iron
oxidatiort’. While some of these species rely on iron oxidation for energy, this gene cluster may
also be providing a way for the sulakidizers to deal with the toxic byproducts of3Hadical

chemistry.
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Accessing Extracellular Sulfur Substrates

In contrast to the extracellullcalizationof sulfur reduction, sulfur oxidation occurs
largely on the cytoplasm side of the cell membnahere the pH is more circumneutral
Transport of sdlr across the cell membrane is a particularly difficult process, considering that
elemental sulfur dominates the distribution of sulfur speatiésw pHand is largely insoluble in
water®*, Sulfur transporhas keen studied in mesophilic sulfur oxidizeasdmultiple
mechanisméave beemroposed. Ithe mesophilic, photoautotrophic purple sulfur bacterium
Chromatium vinosum, vesicles encapsulating extracellular sulfur are formed. Proteins encoded
by dsrEandtusA then cleave individual sulfide atoms within the vesicle and transport them into
the cytoplasiff. MesoacidophilicAcidithiobacillusspp.exhibita similar mechanism, where
proteins in the cell membrane form persulfide bonds, which are then cleaved on the cytoplasmic
side of the membrarfé. 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, 33 appears to be capable afping through aguaporins into
the cytoplasmic spac@ where the neameutral cytoplasm enables the abiotic redistribution of
RISCs. Infact, HS may not even need the aid of a transporter to cross into the cytoplasm; rather
it is capable of passive diffusion across the membfariehas been postulated that cyclic S
could diffuse across the cell membrane in a similar manner due to its hydrophobic character an
neutral chargeé. However, transmembrane diffusion afffas not yet been demonstrated
experimentally.

Recently, a study of the extremely thermoacidophilic archaeahanus DS8@howed
that, while sulfur rduction can occur even when sulfur was sequestered away from the

organism, sulfur oxidation required direct contact between the cells and solid sulfur s{fbstrate
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In thecase 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 red(fctivhether

this is indicative of mass transflamited growth or reactiotimited growth is unclear, but it is
possible that for acidophiles, nanocrystallizésShe substrate for sulfur reducers and is formed
by ring-opening of HS and subsequent ring closure by the reverse reaction. This independence
of direct contact for sulfur regttion has previously been explained in neutrophilic Archaea by
polysulfide chains acting as the actual substrate for th€.ceflis would require extracellular
cleavage of cyclic sulfur to generate polysulfide in the first place, and the thermodynamic
equilibrium of cleavage by #$ at acidic extracellular pH is highly unfavorable (Bgpire 4

bottom). Howeve, cleavage by S§€ 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 needifect

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 safidizing species in

the order Sulfolobales contain a putative iseiéxporter, which could provide the nucleophile

necessary for ring cleavage (Sesble 1).

Influence of pH on Reaction Directionality

How pH influence reactions involving RISCs is particularly pertinent when considering
thermoacidophilic biooxidationWhile these organisms do thriaeacidic pHs, they maintain a
nearneutral cytoplasmic pH 66.5’* > The cell membrane acts as a discrete barrier to this
largepH gradient which @use a drastic shift in reaction equililaras RISCs cross the cell

membraneqiGi° 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(Fdues 4). The
equilibrium between polysulfide chaf varyinglengths has been wedtudied under alkaline
conditiong®. However, the instability of pgulfidesin acidmakesthe direct examination of this
equilibriaat low pH challenging. In general terms, th&, appears to favor combining shorter
chains into longer polysulfide chains at pH below 7, even at the expense of liber&ing H
(Figure 4 top). However, the presence of axidant,like ferric iron, enables the radical
chemistry necessary to assemble28 kto a polysulfide chain,3 3% andis favorable
independent of pH. Ultimatelyhis chainbuilding effect results in the formation of insoluble
cyclic sulfurand release of 5.

There is astark contrasbetweerthe nucleophilic attack of sulfur rings by$iandby
sulfite (Figure 4 bottom). At low pH, the reaction involving #% is favored in the reverse
direction, forming sulfur rings from polysulfide chains by releasin§.HHowever, at near
neutral cytoplasneipH, an equilibrium between reactants and prodpetsists In contrast,
nucleophilic attack by sulfite (and the subsequent degradation of polysulfide chains by sulfite) is
favored in the forward directioeven at low pHand becomes more favorable &bipcreases.
This mechanism has implications for making sulfur accessiliteetzell, as discussed below
is somewhat complicated by the stability ofs3Qn aerobic conditions, S® will rapidly
oxidize to S@* %3 and SG* is degraded in acid even in an anoxic environment, although
measurable quantities of $Owere still detectable after 24 h of incubatidn

Reaction equiliba of polythionates also appear to vary with chain lenigti with a free
energy minimum at n = 4s 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
Thecomprehensivenergetics of sulfur oxidation have previously beesm@ned in a
biological contex®. However, these overall oxidation reactions representamgximum
potential for energy conservation. To evaluate the metabolic potential of a pathway, the
energetics of individual steps of the pathway musidsessed o this endgnergy conservation
of sulfur oxidation in Sulfolobalesan becomparedo the pimary heterotrophic pathway in the
Sulfolobales, the nephosphoriative EntnefDoudoroff Pathway/ 8
For the purposes of overall energeticnparison, a pathway was constructed for the total
oxidation of BS to sulfate in the SulfolobaléBigure 5). Note that a number of recycle steps
and branch points normally exist for the sulfur pathway, as outlined diljgire 2). However,
this represntation is intended to include all known enzymatic sulfur reactions of the
Sulfolobales and to ensure total oxidation of the number$friblecules considered. In this
case, the overall biological oxidation of&ito sulfate is represented as:
LOY pwW ¢0BO 6OD ¢cd ptTOL O
OCuYl pwWO ¢ OO0 YD [EQN 6]
The electron acceptor for the sulfite:acceptor oxidoreductase and APS reductase reactions
are unknown ( S ofgare SpasdwBréasstndel td 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 path\fgure 5a, 5b) indicating that sulfur
oxidizing Sulfolobales rely much more heawvilly 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 consertian of the sulfur oxidation pathway was compared against the
NPED pathway of the Sulfolobales and glycoly§igure 5¢). The magnitude of the abiotic
P Gr® or oxidation of four HS mo |l ecul es i sx° toocomplete eombustiontofo G
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 pféteed to SO
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 requiregentetailed 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 pathways kb S by sulfide:quinone
oxidoreductase and the dispropontation of 8 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
enegy change is not too dissimilar from heterotrophic pathways, indicating a high degree of
energy conservation in these steps.

The reduction potential of the enzymatic haéctions of sulfur were evaluated against
the halfreaction reduction potential ofajor biological energy carrie(&igure 6). The majority

of sulfur halfreactions 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 ofsulfite 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 [4FelS] ferredoxin the energy carrier with the lowest known redutotentialin the
Sulfolobaled®. The Sulfolobales also possess aeatunusual [3F4S] ferredoxin, which has a
standard reduction potential €.275 \#2. Interestingly, this energy carrier sits squarely in the
range of the [I45,51%/S: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 argifreered S. acidocaldarius Strain
Theengineered strain @. acidocaldariu§RK34)!” and the parent strai.

acidocaldariusMW001 were grown with limited heterotrophic nutrientsth and without

elemental sulfur presef(figure 7). The resulting growtkdatawere fit to logistic equationf the

form:

b — [EQN 7]

where K is the carrying capacity of the populationj\the initial population and r is the

intrinsic growth rate of the population. The data were afsdyzed byPrinciple Component
Analysis(PCA) to evaluate differences in behavior between the growth condithdmsn grown
with sulfur, the carrying capacity of MW001 somewhat decreased compared to growth on just
amino acidsNlZ-Amine). In contrast, th&kK34 strain nearly doubled, indicating that the
presence of sulfur improved growth framino acidslone.ln the PCA analysis, minimal
difference between MW0O01 and RK34 was observed in the first two components when grown

without sulfur. Addition of sulfuto 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 pficmipponent
showed a divergence between MWO0O01 and RK34 in the presence of Shisumplies that the
RK34 straingains an energetic advantage from sulfur that enables morearhthe acidgo be
allocatedas a carbon source fbromass generaticaind not used as an energy source

Notably, in the nossulfur condition, batch cultures of both MWO001 and RK34 hédad
pH greater than B-igure 8). Thiswas also the cager batch cultures of MW0O01 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 consequenselfof 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 showthtottle proton influx to levels similar to
neutrophilic microbes due to a positive membrane potéhtialfact, 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 fifixn the Sulfolobales, increasing the number of
cyclopentyl rings attached to thersther lipid membrane reduces proton permeability in the
membran®. 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 iimgr¢tas energy
demand of the cellAs such, it remains to leeenf 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 altdnging 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. Somecetans, 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 enzymaticoupling to energy carriers, theoretically capturing @@ 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 aki&sthe 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 abiotibeisole 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 sulfifirreactions 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 foe lifeyond the planet Earth.

Supporting Information

Free energy of formation data for all chemical species and protonation states used for
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calculations, including source of the data.
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Table 2: Summary of Key Abiotic RISReactions

Reaction # Reaction Representation in Reaction Network
[Rxn 1] o6 YO ©°Y O Y0 ¢O Yesse0
[Rxn 2] "'O°Y ¢ ° YO O Yes?
[Rxn 3] YO YO Y § Yes
[Rxn 4] "Y O YO O O "YO Yes
[Rxn 5] oY Yoy O Yes» 35 % 60,61
[Rxn 6] YO Y O°Y YO Yes®
[Rxn 7] "Y0 Y ¢'0O © 0" "YU Yes»®
[Rxn 8] v O c G O Yo Y Yest 60
[Rxn 9] YO YO © Y 0O "YO Yes
[Rxn 10] YO "YO © YO Y O Yes 59 61,62
[Rxn 11] YO YO O°Y 0 Y 0 Yes®
[Rxn 12] ¢YO 0 O ¢'YO Yess
[Rxn 13] Yo YO Pb ¢OOTY G 'Ob Yes® 9
[Rxn 14] YO Y 0 ¢’0Q ° Y § ¢'0Q Yegh 58
[Rxn 15] YO o c O O "Yh Yes®
[Rxn 16] YO 0Yo Y "YO O Yes*
[Rxn 17] "YO ‘0°Yo vy "YO O Yes*
[Rxn18] |[°Y O ¢0Q <¢cO(GOY ¢0Q ¢OU Yes
[Rxn 19] "YO P'oQ uv0O0O ¢"Yi PoQ p 1O Yes
[Rxn 20] Y Y oY Y Yesh 556
YO € o0 © Y0 & o"Y0 [Rxn 9 + (r4) Rxn 4] or
[(n-2) Rxn 10§:°
Overall YO P YO YD [Rxn 3 + Rxn 4 + Rxn 3} 59 62.64.65
Reactions Y0 "0"YO ¢"YO ¢ oYy O [Rxn 16 + Rxn 17 + Rxn] 37]
Summarized Y0 0Y & o0 ©° & pTY0 "0 [Rxn 16 + (r3) Rxn 4]°
by YO YO O°%Y 0 Y 0 [Rxn 10 + Rxn 10rP
Rxns [£20] | "'O"Y "OQ © "0Q "O°YP i & 'Q G&IS@b 6 Qa Q [Component of Rxn 18 %
Y0 ¢'0"YO ¢"YO ¢ ¢y ¢O [Rxn 16 + Rxn 17p¢ %°
TY0O ©7%Y 170 [(4) Rxn 4r + (7) Rxn 4 + Rxn 3F
Note:Reacti on numbers followed by an fAro designate

parenthesis indicate multiple instances of that reaction occurring as part of the overall reaction
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Figure 1: Distribution of oxidation statesa n d °gf@arious sulfur species APS: adenylyl
sulfate, GSH: glutathione, GSSH: glutathione disulfide, PAPS: phosphoadenylyl sulfate; dotted
lines indicate multiple sulfur oxidation states within the same molecule

111



[ Cyclic Sulfur Pool

| RISC Cycling $,50,%  $,50.% (pH<3.5 |
0 quinone cycling @ Energy Conservation SO"ZMH o
. TetH 2
. Sulfite Assimilation “ RISC Export
B . SO;* 50,2
Generat.e Reducing - || Electron Transport " ~. Extrude Protons e
Equivalents - Chain & Reduce O, I R
SRR — :
- SAR
m N NADH (or Fd,, )
3H.,0 red
FOHS  SF ey 25,0 5,02 7 +250 4 Ny
: ! | . S S0, SO,* 3 4
: i I ¢ TusA -5550;% HS< TusA . Im—-—->F3 4
n H,0 i X2 \ +
I nao, i H,0

: i \ >__TO§ A NAMP ATP
T T A S . N
\ i il d »____//’ *» S0, ? 2

] i it Y
\ n/2H,5 A1+n/2 50,5 ¢ " S380;% s 5,50, ADP

e P4 APS —-‘<_
0 e ) HO

Figure 2: Schematic ofSulfolobales enzymes involved in sulfur oxidationsolid lines indicate
enzymatic reactions, dashed lines indicate abiotic formation of thiosulfate, edsthed lines
indicate a shared sulfur species between reactions, blue arrows indicate the mof/quieohes;

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), assititita of SQ% (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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2HS,- +2Fe3+-->522-+2Fe 2+
3 HS,- + 3Fe,3+--> §3.2- + 3 Fe 2+

4 HS,- + 4 Fe,3+ --> 54 2- + 4 Fe 2+ 40
5HS.- + 5Fe,3+ --> 55,2- + 5 Fe, 24
6 HS,- + 6 Fe,3+ --> 56,2- + 6 Fe 2+

7 HS.- + 7Fe,3+ --> S7,2- + 7 Fe 24 30
8 HS.- + 8 Fe,3+ --> §5.2- + 8 Fe 2+
HS,- + 83,2---> 2 82 2

HS,- + 54,2- --> §2,2- + S3,2 - 20

HS,- + $5,2- --> 52,2- + 54,2~
HS.- + 56.2- —> 52,2- + 85,2
HS,- + 87.2- > 52,2- + 56,2-
HS,- + §8,2- --> §2,2- + §7,2=
§2,2- + 54,2- --> 2 83,2¢
$2,2- + 85,2- > 83,2- + 84,2~
82,2- + 86,2- > 83,2- + 85,2~
S2,2-+ 87,2 > S3.2- + 56,2+
S2,2- + 88,2- > 83,2- + S§7,2-
8§3,2- + 85,2- --> 284,22
$3,2- +86,2- > $4,2- + S5,2-
$3,2- + 57,2- > S4,2- + S6,2-
S$3,2- +88,2- > 84,2- + ST, 2-
S4,2- + 86,2- --> 285,2¢
84,2- + 37 .2---> 85,2- + 56,2~
84,2- + §8,2- > 85,2- + S7,2-
85,2- + 87,2- --> 2 56,2
$5,2- + 58,2- --> §6,2- + 57,2-
S6,2- + 58,2- --> 2 57,2«

S306.2- + H20 —> §203,2- + S04,2- + 2 H + 50

S406,2- + H20 + Sn,2- > §203,2- + S04,2- + S§(n+1),2- + 2 H+
§506,2- + H20 + 8n,2- --> §203,2- + S04,2- + §(n+2),2+
H2S + 202 --> 804,2-

6 S03,2- + S6 --> 6 S203,2¢

7 803,2- + 87 --> 7 8203 2¢

8 S03,2- + S8 --> 8 S203,2-

HS - + 86 --> §7.2- + H,+

HS,- + 87 --> 88,2+

S03.2- + 88.2- --> 87,2- + §203,2-

503.2- + 57.2- > SB,2- + $203,2-

503,2- + 56,2- --> 35,2- + 5203,2-

S503,2- + §5,2- --> 54,2- + 5203,2¢

S03,2- + 54,2- --> 83,2- + 5203,2¢

S03,2- + 83,2- > 82,2- + 8203,2-

§03,2- + 82,2- + H,+ --> HE,- + 8203,2:

58.2- + 3/2 02 --> §203.2- + 56

S3086,2- + S03,2- --> 5203, 2- + S2086,2-

S406,2- + 503,2- --> 5203,2- + S306,2-

8§506.2- + 803,2- --> 5203 2- + 3406,2-

285032-+ 02 -->2804,2-

28203,2-+1/202+ 2H,+--> 5406,2- + H20

2 8203,2- + 2 Fe,3+ --> S406,2- + 2 Fe,2+

5203,2- + 312 02 —-> 5206,2:

5306,2- + HS,- --> 2 5203,2¢

5406,2- + 2HS,- > 2 5203,2- + 52,2- + 2 H,+

§506,2- + 2 HS,- --> 2 5203,2- + S3,2- + 2 H, &

Sn,2- + H2S + 2 Fe 3+ —> S(n+1),2- + 2 Fe,2+ + 2 H 4
S203,2- + 8 Fe,3+ + 5 H20 --> 2 SO4,2- + 8 Fe,3+ + 10 H,+

40

30

20

Figure 4: g Gxn (kJ/mol) for RISC reactions at pH increments of 0.5 Colorscale boundaries
are50and5 0 k J/ mol nexeeding éhasg valges are shown at the bounds of the color
scale; Purple shading indicates extracellular pH conditions; Green sliaditetes cytoplasmic

pH conditions; (Top): polysulfide chasizing from Reaction 20; (Bottom): RISC Reactionsal,
excluding Reaction 9.
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Figure 5: Energy Conservation in a Stepwise Representation of Sulfudxidation; a Non
phosphorylative Entnddoudoroff 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) basee on fre
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 halfreactions (green) and energy carrier
half-reactions (orange) barsrepresent the physiological range of reactant/product ratios; vertical
lines in each bar represent the equimolar transformed reduction potential of treabtfn.

116



1.000

(=
3
£ 0.100
Q Carrying Initial Intrinsic Growth
Capacity Population Rate
(OD600) (OD600) (hrt)
b4 ] RS0L 0.367 0.0624 0.097
Y ‘, NS
’
s 1
2 ’ [ LLULE 0.224 0.0001 0.359
§ o e
4 1
. ’ ' i RK34 NS 0.380 0.0417 0.052
’
!
’
’ ! RK34 S0 0.736 0.0061 0.124
0.010 ‘ !
0 10 20 30 40 50 60 70 80

Time (hours)
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Figure 8: Endpoint pH of Sulfur-Grown SaciStrains; Final pH measurement of serum bottles
for SaciMWO001 without sulfur (pH 6, top I&f SaciMWO0O01 with sulfur (pH 5.5, top righthaci
RK34 without sulfur (pH 5.5, bottom left), alghciRK34 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 evahasutfur
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 heterotrdphlfolobus acidocaldariusevealedhat 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 substiratetigl. 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 transper (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 andhslifstaHowever, 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 froiinrand gas production. The thermoacidophilic Sulfolobaceae
are unigue 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 @taset. 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 &eeal family Sulfolobaceae (pkd< 4; Topt X65°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 ompounds (RISCH]L). These archaea utilize inorganic substrates, including
elemental sulfur and RISCs, as energy sources for chemolithotrophic gg)wimong the
archaea, only certain Sulfolobaceae exhibit this ability to oxidize sulfur and R3d#$us,
discerning the genetic basis that distinguishes solfidizing 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 firdaied member of this family,
Sulfolobus acidocaldariysvas isolated in the presence of su(#tirand several strains &
acidocaldariuswere shown to oxidize elemental sul{6). However, the strain @&.
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
procesg6).

Genetic tools in the Sulfolobales have beenlehging to develop such that they are
available only for the heterotrophic specg&sacidocaldariug7), Sulfolobus islandicué), and
Saccharolobus solfataricy®). 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 amunsdygerdependent sulfur
oxygenase reductase (SOR) that disproportionates elemental sulfur into sulfide and sulfite,
forming thiosulfate through an abiotic side reaciip@). 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 membrargound sulfide:quinone oxidoreductase (SQR)) and
thiosulfate:quinone oxidoreductase (TQ@2). The product of TQO is tetrathionate, which is
further processed in thelbby sulfur transport proteins DsrE3A and TugkB), ultimately
leading to NAD(P) reduction by the HDR complg4). While somesnzymatic activity of
sulfite oxidation has been observedAicidianus ambivalen@lb), this activity has not been
connected to a specific genetic sequence within the Sulfolobaceaeatdlti, 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 elesdfial 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 bisulfié or by
extracellular conversn 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 (Tefty), but the role of this enzyme in oxidation of
elemental sulfuis 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 sulfusitiogyil6).
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Even with longstanding interest in the Sulfolobaceae since the initial discove3y of
acidocaldariug4), the pangenome of the family remains op&l8), and new species continue to
be isohted and sequencétd, 20) The everexpanding 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 sulfuiaxidas focused
on individual organismg, 21)rather than looking for common threads throughout the
Sulfolobaceae. Conversely, direct compani of genetic content in the Sulfolobales tends to be
largely computational and targets the broader metabolism of these orgétsi@®) rather
than targetin@ 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 tdat&inovel

features of the mechanism for acquisition and oxidation of RISCs.

Results
Benchmarking Engineered Sulfur Oxidation Performance
Ten Sulfolobaceae species were evaluated for sulfate prodérctiorelemental sulfur
after a culturing period of 72. Of the ten species, the two Sulfuracidifex species generated the
most sulfate, both in terms of net productiéig(re 1A) and when normalized fganktonic
cell density Figure 1B); thus these two species wedesignateda8 st r ong o sulhf ur o0X
contrast, bottsaccharolobus solfataricudSulfolobus acidocaldariusIW001 generated 1
mM or | ess of sulfate during that same period
remaining 6 Sulfolobaceae evaluated produced betweén23.® mM d sulfate over the 72 h

period. These were characterized as fAmoder ate
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Sulfurisphaera tokodaiidespite generating 21.6 mM sulfate, the sulfate production normalized

to cell density was lower than all species testesidesS. solfataricuandS. acidocaldarius

MWOO01. Therefore, the high total sulfate concentration was attributed to significant cell growth

rather than particularly efficient sulfur oxidation, édtokodaiwas considered to be

somewher e bekKowesewl fauriwexi di zer and a fimoder at e
phenotypic groupings, a pangenome matrix of the 10 Sulfolobaceae was parsed for a correlation
between gene conservation and sulfur oxidation capabilkigare 2). Homologous gene

clusterswere categorized by a phenotype score accordiggjt@tion 1,

YOET Q—" h [1]

h h

wheret he AAO0O group refers to the Sulfolobaceae ¢
sul fur oxidation and the ABO0 group refers to
sulfur oxidation, Ngeneis the number of homologs for a particular genetetus each group, and
NispeciesiS the number of species in each group. Phenotype scores can therefore rangje from
indicating a complete inverse correlation bet
oxidize sulfur, to 1, indicating a dicecorrelation 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 scerof 1, indicating a complete correlation with the sulfur oxidation phenotype
groupings, was theetH gene, encoding an extracellular TttT), which does not yet have a
definitive role in elemental sulfur oxidation.

In addition to the 10 Sulfolobales species assessed, two ergglirstains of.
acidocaldariusMWO0O01 were also evaluated for sulfate production: one strain containisgrthe

andtqoABgenes fronS. tokodai(S. acidocaldariufK34) and one strain containing tber,
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tqoAB andsqgrgenes fronS. tokodailS.acidocaldariusRK88). Thus, the RK88 strain encodes
homologs to all of the previously characterized cytoplasmic enzymes involved in archaeal sulfur
oxidation. Relative to th8. acidocaldariudfWO001 parent strain, the RK34 and RK88 strains
showed modest areases in sulfate productiofigure 1A,B inset9. 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
densties while oxidizing sulfur compared to its parent strain. However, the increased sulfate
production in either of the engineer8dacidocaldariustrains failed to reach the sulfate levels
seen in any of the strong or moderate sulfur oxidizers. Intfecsulfate production from the
RK88 strain is comparable & solfataricu$?2, an obligate heterotroph that contains all of the
sulfur genes introduced to the RK88 strain exseptThus, the known cytoplasmic components
of sulfur oxidation alone are sunfficient 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 requireant of surface interaction with the sulfur substrate. SEM imagiisy of
acidocaldariusMWO001 and RK88 strains revealed cells attached to the elemental sulfur in both
casesKigure 3D,E,l,J). Cells were distributed across the sulfur surface and direatlyritact
with sulfur, indicating that cell proximity to the sulfur substrate was not a factor in the RK88
strainés | imited ability to oxidize sul fur.
As a point of reference, culturesAidianus brierleyj Sulfuracidifex metallicysand

Sulfurisphaera toédaii were also imaged to assess-selbstrate interactiorF{gure
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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 thés. acidocaldariustrains. Instead, they formed large aggregates tethetkd to
surface of the sulfur substrate through only a small fraction of cells. In the casbrirleyi

cells were observed in what appears to be multiple stages of this aggregate formation,
propagating from a single cell attached to the sulfur surfagere 4A) into a cluster of cells

near the sulfur surfac&igure 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 cellto-sulfur contactjs sufficient for sulfur oxidation.

Transcriptomic Response of Sulfur Metabolism Genes

The low sulfate production of the RK88 strain was not attribtdedlack of physical
association with the sulfur substrate. Therefore, the genetic components of sulfur oxidation were
explored further irA. brierleyi Sulfurisphaera ohwakuensiandS. tokodaithrough
transcriptomic response to elemental sulfur. Téas also assessed racidocaldarius
MWO0O01 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 specieBigure 5). The highly consrved genes encoding the HDR complex
were the only sulfur oxidation genes consistently upregulated in all spaclaserleyi
exhibited significant upregulation of tisgr, tetH,andsor genes, while downregulating the
genes encoding TQO. The t&alfurisphaeraspecies exhibited conflicting profiles of sulfur
oxidation genes, witls. ohwakuensigpregulating theqr, dsrE3A andtusAgenes and one
subunit of TQO ané. tokodaiupregulating only theorgene and a TQO subunit. While a

transcriptomic response for thetH gene fromS. ohwakuensiwas not detected, a homologous
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protein, ann-bindiaglletetaps opedbPOOQ proteind; was
fold on sulfur. This homologous prates also predicted to have a signal peptide and could serve

a similar function irS. ohwakuensi® 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 relatemlgrowth in the presence of elemental sulfig(re 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 speciesb6 transcriptomic
satisfied this selection criteria. Only 9 of those gene clusters exhigtaticant differential
expression in all three of the suHaxidizers A. brierleyi, S. ohwakuensiandS. tokodaii, and
of those 9 clusters, only two exhibited a similar direction of regulation in all three species
(Figure 7). Those two gene clustesise annotated as the alpha and beta subunits of a putative
arsenite oxidase, which is notably absent in the genor8eaafidocaldarius

A transcriptomic pattern is more apparent when considering only the strong sulfur
oxidizersA. brierleyiandS. ohwakuesis In this case, 33 genes showed significant differential
expression in response to elemental suFugyre 7). Thirteen of those genes changed in the

same direction for both species, of which 7 genes are involved indtlt®emplex. Two genes
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that wee upregulated for both species repregestibunits 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 dom&ifoldiin9

A. brierleyiand 32fold in S. ohwakuens)jsThis 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 upregulateddin S. tokodaii although not

statistically significant. Another highly sulfuesponsive gene iA. brierleyi(up 21fold) and

S. ohwakuensi@ip 4fold) was a putative YeeEype thiosulfate transporté23), which is

conserved in all strong sulfur oxidizers and abseft takodaii, S. acidocaldariugndsS.

solfataricus

Evolutionary Composition of Chemolithoautotrophy in the Sulfolobaceae

Genetic components involveé sulfur oxidation are highly conserved throughout the
SulfolobaceaeHRigure 8). Genes involved in processing persulfide compounds, suwitsra3A
tusA and thehdr complex, are present in every member of the family, suggesting that at least
some abiliy 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 migpetiee.
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 Sulfolobae idetH, despite its unclear role
in oxidation of elemental sulfur.

Predicted gene O0gain and | ossd events rela
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development of sulfur oxidation capabilities. Acquisition of the highly consdrdedompkx,

along with electron transport chain related gesgg®ndtqoB, occur at the branch point for the
Sulfolobaceae, coinciding with adaptation to an acidic environmentsdigene, understood to

be a key marker of sulfur oxidation capabilities, is a@gli{along withtetH) at a later branching
point. The sulfuinhibited Sulfodiicoccus acidophilus excluded from the ancestry sdr/tetH
acquisition, as it branches off from the rest of the Sulfolobaceae prior to this event. In fact, this
speciation ewvet coincides with the loss of genbpM1/IbpM2 encoding two lipoatdinding

proteins involved in the functionality of thelr complex(14).

Based on this gene acquisition pattern, the ancestral Sulfolobaceae (ex8luding
acidophilug were likely strong sulfur oxidizerdeveloping 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 itgsishland
acidic environmentThe ancestor then improved upon this basal level of sulfur oxidation with
the acquisition ofor andtetHto actively facilitate sulfur oxidation for bioenergetic benefit. As
species branched off from this initial ancestor and became more heterotraffbiayadation
capability was sometimes lost. Specifically, the loss ofdtté andsor genes correlate with the
reversion of some Sulfolobaceae lineages to a baseline amount of sulfur oxidation, enough to
tolerate their sulfurich environments but n@nough to support a chemolithoautotrophic
lifestyle. One key exception to this trend is the loss osthigene in the genudetallosphaera
Here, most species are still capable of strong sulfur oxidation despite the abssmcéluds,

thetetH gene apears to be the primary marker of strong sulfur oxidation in the Sulfolobaceae.
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Discussion

EngineeringS. acidocaldariu®RK88 to contain the known cytoplasmic components of
sulfur oxidation did improve the net sulfate production over its parent &ramdocaldarius
MWO0O01, although not at levels of sulfate generation consistent with strong or moderate sulfur
oxidizing Sulfolobaceae species. This shortcoming.iacidocaldariufK88 occurs despite
interfacing with elemental sulfur in a similar manner to native swafinlizing species (e.gA.
brierleyi, S. metallicusandS. tokodaii. However, observing that these cells tend to form
aggregates tethered to the sulfur surfagier 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 thatS. acidocaldariufRK88 islacking thegeneticcomponentso generate this soluble
sulfur conpound, thus preventing strong sulfur oxidation. Furthermore, this same limitation in
sulfur acquisition may explain the low levels of sulfate generation obsern&dakodaii
relative to its high cell density.

The combined genomic and transcriptomic gsial of the sulfuioxidizing Sulfolobaceae
points towards several key genes encoding membdyaned or extracellular proteins that could
facilitate the active uptake of a soluble sulfur compound. First, a putative sulfite exporter,
previously identified ifMetallosphaera cupring2l), is present exclusively in the sulfur
oxidizing Sulfolobaceae evalut in this analysis, giving it a phenotype score dfigiure 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
Sulfoloba®ae 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 compousuléiteycould lead to

130



the formation of extracellular thiosulfat24). This implicates the highly transcribgdeE
thiosulfate importer from\. brierleyiandS. ohwakuensiags the means for transport of sulfur
compounds into the cytoplasm to undergo sulfur oxidataguge 9). In support of this, the
yeeEgene has a similarly high phenotype score (0.875), and the weak sulfur oX8dizer,
tokodaii is the only sulfur oxidizer lacking this gene.

These RISC species are all thermodynamically unstable i{z&idnd 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 &8)ngs
thereby reducing the pool of available sulfur for thiosulfate formation and uptake. In this case,
tetrathionate hydrolase (TetH), which has a phenatgpee 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 maltipmpounds 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 impréivesate 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 cya 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

nanopairtulates, 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 nanolpéetswifur would

likely be a slow proceqd26). However, it may explain the base levels of sulfate production
observed even in weak sulfaxkidizing species, such &s solfataricusandS. acidocaldarius

Indeed, the idea of passive sulfur acquisition supports the total conservation in theb&odae

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 growninadew | f at e for mul ati on of
(DSM-88 medium) containing: 1.05 g/L (N}CI, 0.28 g/L KHPQ;, 0.25 g/L MgSQ-7H:0,
0.07 g/L CaG4-2H:0, 0.02 g/L FeGt6H-0, 4.5 mg/L NaB4Oy7-10H:0, 1.8 mg/L MnC}-4H,0,
0.22 mg/L NaM0oO4-2H20, 0.22 mg/L ZnS®7H20, 0.05 mg/L CuCt2H:0, 0.03 mg/L
VOSOy-2H-0, 0.01 mg/L CoS®7H0; media pHadjusted with concentrated HCI. Cultures
were supplemented with 10 g/L elemental sulfuedid supplements for specific species
included: 2 g/L sucrose and 1 g/L M¥mine (Sulfolobus acidocaldariusiWw001,
Saccharolobus solfataricu®2); 0.01 g/L uracilSulfolobus acidocaldariusiW001); 1 g/L yeast
extract Acidianus brierleyDSM1651 ,Metallophaera hakonensidO1-1, Metallosphaera
prunaeRON 12/I,Metallosphaera seduleSM5348,Sulfurisphaera ohwakuensi#-1,
Sulfurisphaera tokodastr.7); 1 g/L glucose and 1 g/L casamino actlgfurisphaera tokodaii

str. 7); and 0.2 g/L yeast extra@ufuracidifex metallicuSM6482 ,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 658Cr(etallicus, S. tepidariys70°C @A. brierleyi, M.
hakonensis, Mprunae, M. sedulaor 75°C §. ohwakuensis, S. tokodaii, S. solfataricus, S.
acidocaldariusMWO001), and pH 2%. metallicus, S. tepidarius, A. brierleyi, M. prunae, M.
sedulg or pH 3 M. hakonensis, S. ohwakuensis, S. tokodaii, S. solfataricus, S.aldatnes).

Solid media for recombinai®. acidocaldariustrains was prepared using a 1:1 mixture of 1.2
wt% phytagel solution and a 2X concentrated solution oSthfolobus acidocaldariusiedia, as
described above. Plates used for selection of plasrtédrated 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 gAfl&oroorotic acid.

Generation of Recombinant Strains

TheS. acidocaldariustrain designated RK34 was previously engineered to contain the
sor(ST1127) gene and tlimxDanddoxAgenes encoding subunits of TQO (ST18%56)
from S. tokodaii6). This strain was used as the starting point for further addition sfjthe
(STK_24850) gene extracted by PCR amplification f@ntokodaigenomic DNA. The gene
was inserted int&. acidocaldariuRRK34 directly betweedoxDAgenes and theonstitutive
promoter region directly upstream of these genes, wsthBribosome binding site (12 bp
upstream of Saci_2354) following tegr gene to facilitate expression of thexDAgenes.
Flanking regions upstream and downstream of the insert®emere approximately 800 bp and
were amplified by PCR fror8. acidocaldariuiRK34 genomic DNA. PCR was performed using
Q5 polymerase (New England Biolabs, Inprimersarelisted inTable 1. These DNA

fragments were assembled into a pUC19 plasmid baekbontaining theyrBEF cassette
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(5S006140616) using HiFi DNA Assembly Master Mix (New England Biolabs, Inc.). The
resulting plasmid was transformed into chemically competent E.¢dlisland extr act ed
Plasmid Miniprep Kit (Zymo Research). Theagid sequence was verified by Sanger
sequencingAzenta Life Sciences)he extracted plasmid was transformed further Entooli

K12 ER1821 (New England Biolabs, Inc.) to undergo methylation.

The methylated plasmid was transformed by electroporatiorelettrocompeterg.
acidocaldariusRK34 cells and selected for using uracil auxotropdyreviouslhydescribed?7).
Transformed cells were plated on a urdide medium and screened for plasmid integratinto
the chromosome. Colonies with integration were transferred into-a@dihining 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 ptad backboneColonies 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 FunctioAainotation

All Sulfolobaceae genomes used for analysis are accessible through the NCBI GenBank
database or RefSeq database, if an equivalent GenBank file was not avadalde?). All
closed genomes in the Sulfolobaceae were utilized, and deatiassemblies were used in
instances where a species did not have a published closed genome. GET_HOMOLQBUES
was used for homologgriven clusterig 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 functigrainotated using BlastK OALAR9),

134

L



eggNOGMapper v2(30), MicrobeAnnotato31), signalP v5.q32), and TrasportDB(33)

along with the NCBI annotations from the Genbank files. A consensus annotation for each
protein cluster in the 2§enome database was found using amauase algorithm to reconcile
these annotations. The-g@nomeand 79genome protein cluster matrices were mapped to each

other using the reference protein for each cluster from tigefibme database.

Phylogenetic Analysis and Inferred Tree Construction

A phylogenetic tree for the 79 Sulfolobaceae genomes wasagedersing all 446 core
protein clusters that contained nepgaralogs. Protein sequences were aligned using Muscle v5.1
(34), trimmed using trimAL v1.435), and all core @jnments 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 boq3Megrsd
visudized using the Interactive Tree of Life {88). This phylogenetic tree and the-génome
pangenome matrix were used as inputs to the Count soft@@® 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 wee 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 turbidimetricipaestho
previously describe(b). 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 rati§e of O
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mM SQZ. A solution containing 35 g/L BagPH;0, 75 g/L polyethylene glycol MW8000, and

20 mL/L concentrated HCI 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 huneleaf the

diluted samples, along with sadh sulfate standards fromXD mM, were mixed with 75L of

the activated assay solution in a clean@8l plate. Absorbance was measured at 600 nm and
converted to sulfate concentration using a linear fit of the standard curve. Each biological

replicatewas measured in six technical replicates on a singlegdigplate.

Visualization of CelSulfur 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 nm, 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 3imes 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 washe@%netBanol.
The solutions were then dehydratgdcritical point dryingusing Samdri 795 equipment
(Tousimis, USA) and sputteoated 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 teerpdnential

phase before being snapoled in a dryice ethanol bath. RNA extractions were performed using
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the NEB Monarch Total RNA Miniprep Kit (New England Biotalnc.), according to the
vendorés directions. One mL of culture was <ce
elemental sulfur when possible, and resuspended in 1 mL of the provided Lysis Buffer.

Extractions proceeded according to vendor imstons, including the optional DNase treatment,

and the extracted RNA was eluted in800f nucleasdree water and stored €80°C. Total

RNA concentration was quantified using a Qubit Fluorometer with the RNA Broad Range Assay

Kit (Invitrogen).

RNA Rilmdepletion, cDNA Synthesis, and Sequencing by ONT MinlON

For transcriptomic analysis, ribosomal RNA was removed from the total RNA samples
using an RNase H treatment. Briefly, 3@ of total RNA was hybridized to specispgecific
ssDNA probes (2M each) ad incubated at 95°C for 5 min with 40U of murine RNase Inhibitor
(New England Biolabs) in 10 mM TrdCI, 100 mM NacCl, 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 incaed 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), washedite with 70% ethanol, eluted in 2 of nucleasdree water, and
guantified on a Qubit Fluorometer using the RNA High Sensitivity Assay Kit (Invitrogen).

The resulting mMRNA was polyadenylated and reverse transcribed using a modified
protocol from OxfordNanopore Technologies (ONT). Briefly, the mRNA samples were
polyadenylated using. coli Poly(A) Polymerase (New England Biolabs, Inc.) followed by a

bead cleafup with RNAClean XP beads. Reverse transcription was performed according to the
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ONT protocol, vith the exception that a custon»®I (dT)VN oligo primer and 1M Template
Switching oligo were used @ble 1). Second strand synthesis similarly used the ONT protocol,
but with a custom 18M second strand synthesis primé&gable 1), followed by RNA

degrdation using RNase Cocktail Enzyme Mix (ThermoFisher).

The reversdaranscribed cDNA samples were barcoded and prepared for Nanopore
sequencing using the Native Barcoding Kit 24 V14 (Oxford Nanopore Technologies), according
to the vendorségsendnyg liberees forthe lwologichlhriplicates of the sulfur and
nonsulfur conditions were prepared together for each species, resulting in six multiplexed
samples per flow cell. Sequencing was performed on a MinlON Mk1B with 10.4.1 flow cells

usinghigh-accuracy live GPU basmlling with MinKNOW v22.12.7 and Guppy v6.4.6.

Read Processing and Transcriptomic Analysis

Read trimming was performed by Guppy during beeléing. The resulting reads were
filtered using NanoFilt v2.8.040) using Q9 quality and 200 bp length -@ifs. The filtered
reads were aligned to coding sequences of the published genomes for each ofigabies®) (
using BowTie2 with local alignmei@1) and counted using HTS€42). Read counts were
analyzed for differential expression between thiéus and norsulfur conditions using a
generalized linear model in Edgé&3). The library sizeadjusted 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 spscPCA was performed in RStudio using the
FactoMineR v2.944). Genes of interest were identified as having a chamglifferential
expression >2old and a correlation coefficient >0.90 for the principal component that most

strongly described the split between sulfur and-swlfur conditions of the biological replicates.
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Table E1: Primers Used for Construction ofSaciRK88 construct

Primer Function Sequence
DJW_010S | Linearization of pPSVA406 AGGTCGACCATATGGGAG
backbone
DJW_010A | Linearization of pPSVA406 CACTAGTGATATCGAATTCCCG
backbone

DJW 016S | Plasmid construct screening CGATTAAGTTGGGTAACGCC

DJW_ 020A | Plasmid construct screening GGGCTTTGTGAGATTAAGACAC

DJW_021S |SaciRK34 506 f | anl GGCGGCCGCGGGAATTCGATATCA
CTAGTGCTCTTGAAGCTTTCAGATC
G

DJW_021A |SaciRK34 506 f | an} CTAAAACTTTTGGCATATTTTATCC
AAGTAATTCTTCTCTC

DJW_022S | STK 24850 $qr) gene GAGAAGAATTACTTGGATAAAATA
TGCCAAAAGTTTTAGTTTTAGGTG

DJW_022A | STK 24850 $qr) gene CTTCATTGAAGTTTATCTTTGACAT
TCACCAGCTCGCTAAGAAC

DJW_023S |SaciRK3 4 306 dgibnan i GTTCTTAGCGAGCTGGTGAATGTCA
AAGATAAACTTCAATGAAG

DJW_023A |SaciRK34 306 f | anl 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 | SaciRK88 integration screening)| CTTCTGTCTCTGAACCATCAGG

DJW 038S | SaciRK88 insertion sequencing| CTTACGGAAAGAGAGTTGTTGC

DJW 038A | SaciRK88 insertion sequencing| CATTCCATGGTGCTTGAATTATC

TSO1 Templateswitching oligo GCTAATCATTGCAAGCAGTGGTATC
AACGCAGAGTACATIGIGrG

Oligo(dT)V | Binding to polyA talil TTTTTTTTTTTTTTTITTITTITTITITTTTT

N [TTTTTTTTTTTTVN

S3P Secondstrand synthesis GCTAATCATTGCAAGCAGTGGTATC
AACGCAGAGTACAT
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Table E2: List of Assemblies Used for Phylogenetic Tree Reconstruction

Species and Strain Designation

NCBI Assembly Accession
Number

Ignisphaera aggregansSM 17230

GCA_000145985.1

Staphylothermus marinusl

GCA_000015945.1

Staphylothermus hellenicidSM 12710

GCA_000092465.1

Thermogladius cladera#633

GCA_000264495.1

Thermosphaera aggregaisM 11486

GCA_000092185.1

Desulfurococcus mucosidsSM 2162

GCA_000186365.1

Desulfurococcus amylolytici3SM 16532

GCA_000231015.3

Ignicoccus hospitali&IN4|

GCA_000017945.1

Ignicoccus islandicuDSM 13165

GCA_001481685.1

Acidilobus saccharovorar4515

GCA_000144915.1

Caldisphaera lagunensBSM 15908

GCA_000317795.1

Aeropyrum perniX1

GCA _000011125.1

Aeropyrum caminbY1

GCA_000591035.1

Pyrolobus fumariilA

GCA_000223395.1

Hyperthermus butylicuBSM 5456

GCA _000015145.1

Pyrodictium occultunfPL-19

GCA _001462395.1

Pyrodictium delaneysu06

GCA_001412615.1

Fervidicoccus fontigam940

GCA_000258425.1

Sulfolobales archaeoHS-7

GCA_019704295.1

Sulfodiicoccus acidophiludS-1

GCA_003967175.1

Sulfuracidifex metallicuBSM 6482

GCA_009729515.1

Sulfuracidifex tepidariu$C-007

GCA_008326385.1

Sulfuracidifex tepidariu$C-006

GCA_008326425.1

Candidatus Aramenus sulfurataquagl

GCA_000565255.1

Acidianus brierleyDSM 1651

GCA_003201835.2

Candidatus Acidianus copahuensikE1l

GCA_000632495.1

Acidianus manzaens¥N-25

GCA_002116695.1

Acidianus sulfidivorangP7

GCA_003201765.2

Acidianussp. HS5

GCA_021655615.1

Acidianus infernuPSM 3191

GCA_009729545.1

Acidianus ambivalenkEl 10

GCA_009729015.1

Acidianus hospitalisvl

GCA_000213215.1

Metallosphaera yellowstonengidk 1

GCA_000243315.1

Metallosphaera tengchongensgtsc-A

GCA_013343295.1

Metallosphaera cuprindr-4

GCA_000204925.1

Metallosphaera hakonendi$O1-1

GCA_003201675.2

Metallosphaera javensigljav AS7

GCA_021654415.1

Metallosphaera sedullJ1HA

GCA_023169565.1

Metallosphaera pruna&on 12/11

GCA_005222525.1

Metallosphaera sedul@uR1

GCA_000747605.1

Metallosphaera sedulBSM 5348

GCA_000016605.1

Metallosphaera sedul8ARCGM1

GCA_001266735.1

Metallosphaera sedulARS1202

GCA_001266715.1

Metallosphaera sedulARS1201

GCA_001266695.1

Metallosphaera sedulARS50-2

GCA_001266675.1

Metallosphaera sedulARS50-1

GCA_001266655.1

Sulfolobussp. $194

GCA_012222305.1

Sulfurisphaera tokodastr. 7

GCA_000011205.1

Sulfurisphaera ohwakuensi\-1

GCA_009729055.1

Stygiolobus azoricusC6

GCA_009729035.1
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Table E2 (continued)

Stygiolobus caldivivuKN-1

GCA_019704315.1

Sulfolobus acidocaldariuSUSAZ

GCA_000508305.1

Sulfolobus acidocaldariuBSM 639

GCA_000012285.1

Sulfolobus acidocaldariuRon 12/I

GCA_000338775.1

Sulfolobus acidocaldariusl8

GCA_000340315.1

Sulfolobus acidocaldariu6G12C01-09

GCA_001481595.1

Sulfolobus acidocaldariusGO5B_CO5_07

GCA_001481635.1

Sulfolobus acidocaldariuBG1

GCF_002215565.1

Sulfolobus acidocaldariu¥14 2020

GCF_002215445.1

Sulfolobus acidocaldariug14 1622

GCF_002215485.1

Sulfolobus acidocaldariug14 131

GCF_002215525.1

Sulfolobus acidocaldariu¥14 185

GCF_002215405.1

Sulfolobussp. A20

GCA 0017191251

Saccharabbus caldissimugCM 32116

GCA_020886315.1
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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 strain$§ of

acidocaldarius Insets show a zoomed view of the sulfate generation values for the pagred
S. acidocaldariustrains. Error bars indicate one standard deviation using three biological

replicates.
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Figure 2: Phenotype scores of known and proposed sulfur metabolism gen€enes are split

into sulfur oxidation (yellow), sulfate assimilati/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 speci& with a score of 1.00 (orange) indicating presence only in prolific sulfur
oxidizers and a score f.00 (purple) indicating presence only in basal sulfur oxidizers.
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A. brierleyi S. metallicus S. tokodaii Saci RK88

b

Figure 3: SEM images of Sulfolobaceae cultures attached to elemental sulfuy. brierleyi
(A,F); S. metallicugB,G); S. tokodai(C,H); S. acidocaldariu$iwWo001 (D,l); S. acidocaldarius
RK88 (E,J); Stages of cluster formationAnbrierleyishowing initial cell attachment (K), cell

propagation at the sulfur surface (L), and formatiboell aggregates tethered to the sulfur
surface (M).
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NCSU AIF SU3900 5,00k 5.0mm x3.00k SE et NCSU AIF SU3900 5.00KV 5.1mm x2.00k SE

Figure 4: Stages of cell cluster formation irA. brierleyiattached 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 frorA. brierleyi, S.
ohwakuensisS. tokodaij and S. acidocaldariusGenesupregulated 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 diffential expression is considered statistically significant-bgsE
Enzymes represented in yellow are associated with sulfur oxidation, and enzymes represented in
blue are associated with sulfate assimilation or sulfite oxidatibbreviations sqr

(sulfide:quinone oxidoreductaseajr (sulfite reductase}or (sulfur oxygenase reductase),
hdrA/hdrBY/hdrCYhdrB2hdrC2 (heterodisulfide reductase compleahd(E3)

(dihydrolipoamide dehydrogenast#)pA (lipoate binding protein)isrB/dsrE3(disulfide

reductse) tusA(sulfur carrier protein)tqoA'tqoB (thiosulfate:quinone oxidoreductasestH
(tetrathionate hydrolaseyaor (sulfite:acceptor oxidoreductasapsrB(adenylylsulfate
reductase)apat(adenylylsulfate:phosphate adenyltransferass)sulfateadenylyltransferase),

ak (adenylate kinase)
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