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Archaea of the order Sulfolobales are the earliest extremophiles discovered. They inhabit acidic terrestrial hot
springs worldwide. Since their discovery, these microbes have attracted the attention of scientists studying molec-
ular biology and microbial resources. Their evolutionary closeness to Asgard archaea and eukaryotes, the avail-
ability of genetic toolboxes for several species, and unique metabolic pathways make them ideal microbes for
studying the biology of archaea and the origin of eukaryotic features, as well as platforms for synthetic biology
and potential industrial applications, such as biomass degradation and bioleaching. This review summarizes re-

cent advances in the study of Sulfolobales biology and discusses their biotechnological applications with a specific
focus on biomass degradation using obligate heterotrophic Sulfolobales species.

1. Introduction

Extremophilic microbes belonging to the order Sulfolobales of the
domain Archaea thrive in acidic and high-temperature environments.
Their unique ability to withstand harsh conditions is largely attributable
to the proteins they produce and their unique membrane structures,
which are highly resistant to extremely high temperatures and low
pH levels. Because of their distinct genetic makeup and evolutionary
position, these prokaryotes have become important models for inves-
tigating the evolution of eukaryotic traits [1]. Sulfolobales archaea
can generally be divided into two groups based on their metabolic
capabilities: chemolithoautotrophs (CO,-fixing ions/sulfur oxidizers)
and chemoheterotrophs (organisms relying on organic carbon) [2].
Examples of the former include the genus Metallosphaera, whereas
the latter is represented by the genera Saccharolobus and Sulfolobus.
Metallosphaera species are recognized for their potential applications
in bioleaching, waste gas treatment, and the production of bio-based
chemicals from CO,. Saccharolobus and Sulfolobus species hold promise
for biomass degradation and utilization because of their unique bio-
catalytic properties, especially their capacity to utilize a wide range of
carbon substrates, including both hexose and pentose sugars. Despite
their potential industrial significance, the practical exploitation of Sul-
folobales microorganisms necessitates a comprehensive understanding
of their biology and the establishment of genetic manipulation systems.
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Multiple reviews have addressed the different aspects of Sulfolobales
biology and their potential applications [2-5]. Herein, we provide
an overview of recent research advancements, particularly over the
past six years, in Sulfolobales biology and biotechnology, focusing on
biomass degradation by obligate heterotrophic Sulfolobales species.

2. Diversity and biological features of Sulfolobales

The first species of Sulfolobales, Sulfolobus acidocaldarius, was dis-
covered in 1972 by Thomas Brock in Yellowstone National Park [6].
Since then, numerous other strains have been isolated from hot springs
worldwide. These microbes are capable of living under extreme eco-
logical conditions with pH levels below 4 and temperatures exceeding
65°C. Among the many species that have been identified are Saccha-
rolobus solfataricus (original name Sulfolobus solfataricus) [7], Acidianus
ambivalens [8] (original name Desulfurolobus ambivalens), Acidianus in-
fernus [9], Metallosphaera sedula [10], Sa. shibatae [11], M. prunae [12],
M. hakonensis [13], Sulfurisphaera ohwakuensis [14], Sulfurisphaera toko-
daii [15], Sa. tengchongensis (original names Sulfolobus tengchongensis)
[16], M. cuprina [17], Acidianus copahuensis [18], M. tengchongensis [19],
Sa. caldissimus [20], Sulfurisphaera javensis [21], and Stygiolobus cal-
divivus [22]. It is worth noting that several species, particularly those
originally classified under the genus Sulfolobus, have been reclassified
based on physiological and phylogenetic studies [20]. Analysis by 16S
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Fig. 1. Phylogeny of Sulfolobales species. The tree was constructed based on 16S rRNA sequences of 39 Sulfolobales and 6 other Crenarchaeota species using the
neighbor-joining method. Bootstrap values of 1000 replications were shown. Bars, 0.01 substitutions per nucleotide position. *, genus Aramenus from a metagenome-
assembled genome (MAG). The capacity for autotrophic and/or heterotrophic growth of the species is outlined in circles on the right. Some Sulfolobus species in the

lineage shaded in green could be reclassified under the genus Saccharolobus.

rDNA and whole-genome sequencing revealed that Sulfolobales com-
prises eight validated genera (Sulfolobus, Saccharolobus, Metallosphaera,
Acidianus, Sulfurisphaera, Stygiolobus, Sulfodiicoccus, Sulfuracidifex) and
one metagenome-assembled genome (MAG) designated as Aramenus, en-
compassing over 23 species (Fig. 1). These organisms exhibit a wide
range of metabolic capabilities, including lithotrophy based on iron and
sulfur oxidation, autotrophy, and chemoheterotrophy. The diversity of
metabolic pathways supports the adaptability of these organisms to var-
ious environmental conditions [23].

Similar to other archaea, Sulfolobales archaea exhibit a combination
of characteristics that are found in both bacteria and eukaryotes. In
these organisms, the machineries responsible for DNA replication,
transcription, and translation resemble those of eukaryotes more
closely than those of bacteria, whereas genes associated with metabolic
pathways show greater similarity to their bacterial homologs [24].
Furthermore, members of the order Sulfolobales demonstrate more
eukaryote-like traits, such as a eukaryotic cell cycle and multiple repli-
cation origins, and encode more eukaryotic-like proteins involved in
cell division, such as ESCRT-III and Vps4 homologs, than euryarchaea,
a major culturable lineage of archaea [25,26], aligning with their closer
evolutionary relationship with Asgard archaea and eukaryotes [27,28].
Although these characteristics make Sulfolobales a valuable system
for exploring the emergence and evolution of eukaryotic-like features,
challenges remain in fully comprehending their biology. Within the
Sulfolobales archaea, lithotrophic and mixotrophic strains hold promise
in bioleaching, whereas chemoheterotrophic isolates, such as Sulfolobus

and Saccharolobus provide potential for biomass degradation and
utilization [1,2,4].

3. Biology of Sulfolobales

3.1. Nucleoid-associated proteins (NAPs) and structural organization of
Sulfolobales chromatin

Archaea belonging to the order Sulfolobales lack histones, but pos-
sess a variety of small, basic DNA-binding proteins, including Sul7d,
Cren7, and Alba, which have been extensively studied [29-31]. These
components play a pivotal role in chromatin structuring, and recent
studies have provided insights into their underlying mechanisms. Struc-
tural studies on Cren7-DNA complexes have shown that Cren7 binds to
DNA as a monomer, predominantly occupying the minor groove, with
adjacent molecules arranged in a head-to-tail configuration on opposite
sides of the DNA duplex [31]. Upon binding, each monomer forces the
DNA to bend sharply toward the major groove, resulting in an overall
S-shaped conformation. Although both Cren7 and Sul7d possess the ca-
pacity to package DNA into highly condensed structures, Cren7 exhibits
superior efficiency because of its dual mechanism of DNA bending and
bridging [30]. Studies on Sa. solfataricus P2 mapped Cren7-binding re-
gions in the vicinity of the transcription start site and upstream of the
TATA box, suggesting a structural function in mediating the binding of
transcriptional machinery [32,33]. Furthermore, a recent study demon-
strated that Cren7 can be recruited by Cbpl, a CRISPR-specific tran-
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scription factor, to form chromatin-like structures in CRISPR arrays that
are helpful for the expression of long CRISPR arrays [33]. Conversely,
although Alba (Sul10b) was initially characterized as a chromatin pro-
tein in archaea, its function has been redefined as an RNA chaperone in
Sa. islandicus [29,34]. However, the function of Alba has only been ex-
amined in Sa. islandicus and whether its homologs in other Sulfolobales
could function similarly remains unresolved.

In S. acidocaldarius, Lrs14 family proteins display non-specific DNA-
binding properties with a preference for AT-rich regions, suggesting
their potential as chromatin-organizing factors [35]. As highly abun-
dant DNA-binding proteins [36], Lrs14 members share structural sim-
ilarities with Ssol0a, Sull2a, and TrmBL2 [37,38], and modulate the
transcription of various genes [39-41]. Collectively, these findings indi-
cate their role in maintaining chromatin structure and establish them as
novel chromatin-organizing proteins. A recent study demonstrated the
essential nature of the gene for an Lrs14 family protein in Sa. islandi-
cus, named sull4a, whose transcription occurs in a cell cycle-dependent
manner. Transcriptomic and chromatin immunoprecipitation sequenc-
ing (ChIP-seq) analyses suggest that Sull4a is instrumental in orches-
trating chromatin dynamics and transcriptional regulation [42].

The chromosomes of Saccharolobus and Sulfolobus form self-
interacting domains with similar properties to eukaryotic topologically
associating domains (TADs) [43]. Long-range loop structures have also
been observed together with a hub-like configuration where genes re-
sponsible for ribosome biogenesis co-localize [43]. Furthermore, distinct
A and B compartments have been observed, in which genes are gen-
erally transcriptionally active and inactive, respectively [44]. The dis-
tribution of CIsN, a structural maintenance of chromosome (SMC)-like
chromatin protein, and its global gene expression patterns are causally
linked to A/B compartmentation [44]. Specifically, the A compartment
harbors replication origins. To investigate how chromatin organization
influences genome evolution, Bell et al. analyzed the effect of compart-
mentalization on primary sequence evolution in Sulfolobus species [45].
Single-nucleotide polymorphism analyses revealed that despite the A
compartment being more accessible to transposons than the B compart-
ment, genes within the former are less likely to be mutated. These results
suggested that the sequences in compartment A were stably maintained,
whereas those in compartment B were prone to diversification. How-
ever, the mechanisms driving the formation of compartments and the
dynamic changes in these compartments and their impact on gene tran-
scription remain unclear. Interestingly, Gan et al. showed that chromatin
compartmentalization patterns undergo global changes during the cell
cycle, which correlate with fluctuations in the transcription levels of
sull4a in Sa. islandicus [42].

3.2. DNA replication and repair

Although Sulfolobales possess a circular genome similar to that of
bacteria, their DNA replication machinery and associated proteins show
greater similarity to the eukaryotic system, similar to other archaea.
For example, they have multiple origins [46], similar initiation and
DNA replication proteins [47,48], and replisome components and struc-
tures [49-51]. Research on DNA replication proteins and their mecha-
nisms in Sulfolobales has been extensive since the discovery of archaea
[1].

A new replication initiation-related chromatin protein, UBP (ucm-
binding protein), was identified in Sulfolobales and Desulfurococcales
[52]. ChIP-seq has identified more than 300 genomic binding sites
for this protein. UBP specifically targets the ucm element-conserved
sequences required for replication origin activation and binds to the
N-terminus of the mini-chromosome-maintaining helicase (MCM). UBP
likely functions as a molecular bridge that stabilizes MCM at the repli-
cation origins before MCM timely dissociates to initiate DNA replication
[52]. Structural studies of UBP-DNA complexes revealed that, unlike
Cren7 and Sac7d, UBP did not induce significant DNA bending. Instead,
it exhibits distinct sequence specificity, resembling bacterial NAPs,
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such as the integration host factor or factor for inversion stimulation
(Fis) [52].

Single-stranded DNA-binding proteins (SSBs) are traditionally re-
garded as obligatory replication components. Unexpectedly, recent find-
ings have revealed that the gene encoding canonical SSB (SisSSB) in
Sa. islandicus REY15A is not required for cell viability [53]. Under re-
duced temperature conditions (55°C), SisSSB expression is upregulated,
whereas the growth of the Assb mutant is compromised. SisSSB exhibits
dsRNA and DNA/RNA hybrid-melting activity in vitro and can unwind
RNA hairpins in Escherichia coli. In addition, the SisSSB core domain
complements cold shock proteins in E. coli. Notably, canonical SSBs
from Thermoproteota species, which lack bacterial Csp homologs, retain
these activities. This study provides new insights into the role of ar-
chaeal canonical SSBs [53] and raises the question of which proteins
are involved in single-stranded DNA binding during DNA replication in
Sulfolobales archaea.

As in other archaea, the DNA repair systems of Sulfolobales exhibit a
mosaic of eukaryotic and bacterial counterparts, and have unique char-
acteristics [1,54-56]. They utilize the Mrel1l/Rad50 complex to repair
double-stranded DNA breaks (DSBs) via the recombination repair path-
way, a mechanism similar to that observed in eukaryotic organisms. The
Sulfolobales genome encodes key nucleotide excision repair (NER) pro-
teins, including XPD, XPB, and XPF. It has been observed that these pro-
teins are able to interact with archaeal-specific factors, such as Bax1, to
effectively repair DNA damage [57,58]. Notably, the in vivo functions of
this putative NER system have not yet been fully elucidated. Addition-
ally, the proteins involved in base excision repair are similar to those
present in both bacteria and eukaryotes [1].

Zhang et al (2025b) have reported a novel bifunctional
glycosylase belonging to the HhH-GPD (helix-hairpin-helix-
glycine/proline/aspartate) family of proteins from Sa. islandicus.
This enzyme demonstrated the capacity to excise 1-methyladenine
(1-meA)- and methyl methanesulfonate (MMS)-induced DNA alkylation
both in vitro and in vivo. Researchers have identified crucial residues
responsible for this function. For instance, Sis-HhH-GPD likely leverages
the aromatic rings of Y154 and W57 to form stacking interactions with
the 1-meA base, facilitating its expulsion. Moreover, three of the four
cysteine residues, which are implicated in coordinating with the Fe-S
cluster loop, play a role in this catalytic process [59].

Homologous recombination repair (HRR) is central to managing
DSBs and responding to DNA damages in archaea [60,61]. Until re-
cently, it was unclear whether Sulfolobales archaea possessed additional
pathways for DSB repair. However, a recent study by Huang et al. sug-
gested that the replicative primase PriS-PriL-PriX complex from Sa. is-
landicus has been implicated in DSB repair [62]. Modulation of PriL ex-
pression directly affects the cellular response to DNA-damaging agents;
specifically, its overexpression or downregulation leads to a correspond-
ing increase or decrease in survival rates and mutation frequencies,
respectively. These mutations were primarily small insertions or dele-
tions. Furthermore, PriL. overexpression enhanced the repair capacity of
CRISPR-Cas-generated DSBs in vivo. These results align with the potent
ability of PriSL to promote the annealing of strands that share a micro-
homology. Temporal regulation of this process is evidenced by the fact
that PriL is barely detectable during S/G2 transition, suggesting that
primase-mediated DSB repair is linked to cell cycle progression. Con-
sequently, this study confirmed that primase facilitates DSB repair in
Sulfolobales through microhomology-mediated end-joining [62].

Translesion synthesis (TLS) is a vital and efficient pathway for re-
pairing DNA damage in a timely manner. Research has shown that the
Y-family DNA polymerase Dpo4 plays a fundamental role in TLS in
Sulfolobales [63]. Additionally, three B-family DNA polymerases are
present in Sa. islandicus, with DNA polymerase 2 (Dpo2) being dis-
tinctively identified as being specialized for DNA damage repair. Dpo2
demonstrates high efficiency in extending mismatches and mispaired
primer termini following nucleotide placement opposite a damaged site,
functioning similar to the eukaryotic DNA polymerase Pol zeta [64].



P. Wu, Q. Gan, H. Li et al.

Through its action, Dpo2 enhances cell survival when cellular DNA dam-
age occurs, albeit at the expense of increased mutagenesis. Dpo2 acts as
a damage-inducible TLS enzyme that specifically facilitates GC to AT/TA
conversion [65]. These findings suggest that Dpo2 is involved in DNA
damage tolerance and damage-induced mutagenesis.

The E. coli Pol V mutasome is a multimeric Y-family TLS polymerase
complex composed of UmuC, the UmuD’ dimer, and RecA [66]. Using
AlphaFold structural prediction, Timinskas et al. constructed a hypo-
thetical Sulfolobales mutasome comprised of PolB2, the associated pro-
teins PPB2 and iRadA, a heteropentameric complex, with PolB2 demon-
strating unexpected binding to iRadA via a structural motif resembling
the RadA/Rad51 oligomerization motif. The study further indicated that
clamp-binding motifs are typically present in either iRadA or PolB2 but
rarely appear in both proteins simultaneously. Through their analysis,
they elucidated the structural characteristics of Pol V. Although there
were structural distinctions between PolB2 and Pol V mutasomes, strik-
ing similarities were found in their overall architectural organization
and interactions [66]. It would be interesting to verify this prediction
experimentally.

3.3. Chromosome segregation

The mechanism of chromosome segregation in Sulfolobales remains
poorly understood; however, recent research has shed new light on this
process. In a study conducted by Daniela Barilla’s group in 2012, it was
discovered that the genome of Sulfolobales archaea, such as Sa. solfa-
taricus and S. acidocaldarius contain genes encoding ParA-like proteins
known as SegA [67]. This protein has 34% sequence similarity to bac-
terial ParA. Additionally, an archaeon-specific protein called SegB (en-
coded by an adjacent gene) that did not show any homology to bacterial
ParB was identified [67]. Recently, it has been demonstrated that SegB
forms multiple foci within the nucleoid. This protein plays a role in com-
pacting DNA over short distances and facilitating long-range looping
between distant genomic sites [68]. These findings indicate that SegB
functions in chromosome condensation and facilitates efficient genome
segregation. Another research group reached similar conclusions and
demonstrated that SegB interacts with a DNA sequence located near the
segAB operon in vitro. Formation of distinct foci on individually seg-
regating chromosomes in vivo was observed [69]. In vitro, SegA binds
DNA non-specifically; in vivo, it facilitates chromosome compaction and
segregation. As cell division progresses, SegA moves from chromosome-
associated puncta to generate a unified, elongated structure extending
between SegB foci before withdrawing to envelope the partitioned SegB
foci in the late phase of chromosome segregation. This suggests that
SegA and SegB cooperate to assemble a bipolar DNA-segregating struc-
ture that is fundamentally different from bacterial ParABS systems [69].
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Another study demonstrated that genome compaction into distinct, spa-
tially segregated nucleoids was initiated only after the division ring was
formed, suggesting that Sulfolobales archaea employ a regulatory check-
point to ensure a high-fidelity division process similar to that found in
eukaryotes [70].

3.4. Cell division

The study of cell division in Sulfolobales archaea represents a
cutting-edge frontier within the field of archaeal research. Cell division
is essential for the continuity of all cellular life forms. Throughout the
course of evolution, three mechanisms of cell division have emerged:
one centered on the FtsZ-mediated contraction mechanism, another on
the endosomal sorting complex required for transport (ESCRT) system,
and the third on crenactin [71-73] (Fig. 2). Bacteria primarily utilize
the FtsZ mechanism for cell division, whereas different archaeal lineages
employ either the FtsZ, ESCRT system, or crenactin. Eukaryotes use an
ESCRT-based cell division system for membrane abscission. Sulfolob-
ales undergo division through a simplified version of the eukaryotic
ESCRT mechanism involving ESCRT-III homologous proteins (ESCRT-
III, ESCRT-III-1, and ESCRT-III-2), AAA+ATPase Vps4, and archaeon-
specific protein CdvA [72] (Fig. 2). Research conducted on S. acido-
caldarius demonstrated that ESCRT-III assembles into a non-contractile
ring-like formation at the cellular midpoint, acting as a scaffold for the
recruitment of ESCRT-III-1 and ESCRT-III-2. These three proteins be-
come organized into ring-like structures. Upon depolymerization and
degradation of the static ESCRT-III ring by Vps4 and the proteasome,
the tension stored within the ESCRT-III-1 and ESCRT-III-2 polymers is
released, prompting contraction of the cellular membrane and comple-
tion of cell division [74]. Liu et al. showed that all three ESCRT-III pro-
teins in Sa. islandicus exhibit the ability to form contracting rings which
contract in a sequential manner (so-called “relay race” model) [75].
Specifically, ESCRT-III is initially contracted, followed by the ESCRT-
III-1 and ESCRT-III-2 polymers during the ‘pre-late’ and ‘late’ phases of
cell division, respectively. These stages correspond to points in the cell
division process, where the narrow membrane tube connecting the two
daughter cells undergoes detachment [75,76]. Recently, Kuo et al. re-
ported that the C-terminal region of ESCRT-III, which is known to inter-
act with CdvA, plays a crucial role in destabilizing ESCRT-III as cells un-
dergo a transition from the cell division phase to the G1 phase [77]. The
degradation rate of ESCRT-III increases during cell division, which can
be partially attributed to the upregulation of the proteasome-activating
nucleotidase (PAN). PAN is under the control of a newly identified cycli-
cally expressed transcription factor, CCTF1 (Saci_0800), capable of re-
pressing PAN expression. These findings shed light on how archaea reg-
ulate proteasome-mediated degradation during cell division in the ab-

Fig. 2. Cell division systems in the three domains
of life. Notably, the archaea of Sulfolobales exhibit a
eukaryotic-like cell cycle and possess eukaryotic-like
ESCRT-III system for cell division.
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sence of cyclin-dependent kinase (CDK)/cyclin or anaphase-promoting
complex/cyclosome (APC/C) proteins. Furthermore, the role of the sur-
face layer (“S-layer”) in cytokinesis has been discovered [78]. Foo et
al. showed that the S-layer facilitates membrane flattening, thereby ac-
celerating ESCRT-III-dependent cytokinesis. This function is indispens-
able for the maintenance of normal cell division under mechanical stress
[78]. Although our current understanding of cell division has advanced,
unresolved questions remain, such as the accurate localization of CdvA
at the division ring, its disassembly and degradation at the division ring,
and the involvement of post-translational modifications in cell division.

3.5. Cell cycle regulation

The cell cycle of Sulfolobales exhibits a pattern resembling that of
eukaryotes [5,79] (Fig. 2). It contains a brief (approximately 5% of the
cell cycle) G1 phase, S phase (approximately 30-35% of the cell cycle),
G2 phase (accounting for ~50-60% of the cell cycle), and M phase. The
M and D phases in Sulfolobales cells are very short, constituting approxi-
mately 5% of the cell cycle [5,79]. However, the molecular mechanisms
underlying its progression are poorly understood. Recent studies have
revealed that proteasomes influence cell cycle progression by regulating
the degradation of the ESCRT-III protein during cytoplasmic division
in S. acidocaldarius and Sa. islandicus [74,77,80,81]. This proteasome-
dependent cytokinesis regulatory mechanism is similar to that described
in eukaryotic cells [82].

Recent studies have identified a transcription factor designated as
aCcerl (archaeal cell cycle regulator 1) with a ribbon-helix-helix domain
that regulates cell division by inhibiting the expression of cdvA [83,84].
Two additional RHH transcription factors, aCcr2 and aCcr3, which regu-
late the cell cycle, were subsequently identified and characterized [85].
aCcerl, aCcr2, and aCcr3 likely coordinate cell cycle processes such as
chromosome dimer resolution, chromosome segregation, cell division,
genome replication and repair, and amino acid synthesis [85]. In ad-
dition, transcriptomic analysis of a synchronized Sa. islandicus REY15A
population provided new insights into the complexity of the archaeal
cell cycle [86]. These data indicate that, beyond core physiological pro-
cesses, the cell cycle governs a wide spectrum of biological activities,
ranging from metabolic pathways, protein synthesis, and cell motility,
to antiviral defense systems [86].

After chromosome segregation and cell division, chromatin must be
relaxed to facilitate DNA replication and transcription. However, the
mechanism underlying this process remains unclear. Recently, a novel
overcoming lysogenization defect (OLD) family protein named Cranl
(cell cycle-related ATPase and nickase 1) was identified and implicated
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in chromatin relaxation from the M-G1 to the S phase. OLD proteins are
diverse ATPases that function in bacterial antiphage defense [87]. This
study shows that Cranl plays a fundamental role in cell cycle progres-
sion rather than in antiviral defense. Cells with cranl gene knockout
could not be obtained from Sa. islandicus. Moreover, its expression fol-
lowed cyclic patterns at both the transcriptional and translational levels,
peaking from the M to S phases. Cranl overexpression has been shown
to cause substantial growth retardation, increased cell size, and accu-
mulation of cellular DNA. In vitro assays revealed that Cranl possesses
robust ATPase and nickase activities, with nickase activity dependent
on the functional ATPase domain. Notably, Cranl co-purifies with the
chromatin-associated protein Cren7 and a histone deacetylase homolog,
suggesting its involvement in chromatin-related activities [87].

3.6. Cell surface appendages

The surface appendages of microorganisms play a crucial role in their
adaptation to environmental stresses and serve various functions such
as nutrient uptake, biofilm formation, and intercellular communication.
In Sulfolobales, these appendages consist of Type IV pili (T4Ps), such as
archaella and adhesion pili, Type IV secretion system pili (T4SS pili),
bindosomes, and protein threads [88-93]. They participate in processes
such as motility, adhesion, species-specific recognition, contact, sugar
binding, DNA transport, and other pathways whose mechanisms remain
unidentified [88-93]. In recent years, using novel microscopy technolo-
gies, scientists have revealed more insights into the structures and mech-
anisms of these appendages (Table 1) and have raised new questions for
future research.

3.7. Protein post-translational modifications (PTMs) in Sulfolobales

PTMs offer a mechanism for intricately regulating protein functions
independent of de novo protein synthesis, as highlighted by Walsh et al.
[107]. Within Sulfolobales, several PTMs have been reported, encom-
passing phosphorylation, acetylation, methylation, and ubiquitin-like
modifications [1,34,80,108-115]. The functions of the phosphorylation
of some proteins, such as Hjc, Orcl-2, ArnB, and ArnE have been elu-
cidated (see Section 3.8); however, the functional mechanisms of most
PTMs remain to be investigated.

3.8. DNA damage and other stress responses

Sulfolobales archaeal cells appear to have developed a sophisticated
network in response to external and internal environmental stimuli

Table 1
Structures of cell appendages in Sulfolobales.

Appendages Type Subunit PDB ID Year Organism Method Ref

Archaella T4P ArlX NA! 2012 S. acidocaldarius DSM639 Cryo-EM [94]
Arll 4117, 4IHQ 2013 S. acidocaldarius DSM639 X-Ray [95]
ArlH 4YDS 2015 S. acidocaldarius DSM639 X-Ray [96]
ArlH-ArlX NA 2015 S. acidocaldarius DSM639 Cryo-EM [96]
ArlF 47BH, 4P94 2015 S. acidocaldarius DSM639 X-Ray [971
ArlG 5TUH 2020 S. acidocaldarius DSM639 X-Ray [98]
ArlF-ArlG 6PBK, 5TUG 2020 S. acidocaldarius DSM639 X-Ray [98]
ArlB 8CWM 2022 Sa. islandicus REY15A Cryo-EM [99]
ArlB 9ETT, 8QX4 2024 S. acidocaldarius DSM639 Cryo-EM [100]

Adhesion pili T4P AapB NA 2012 S. acidocaldarius DSM639 Cryo-EM [101]
AapA-AapB 6NAV 2019 Sa. islandicus LAL14/1 Cryo-EM [102]
AapB 6W8X 2020 Sa. solfataricus POZ149 Cryo-EM [103]
AapB 8FJS 2023 Sa. solfataricus POZ149 Cryo-EM [104]
AapB 8TIB, 8TIF 2024 Sa. islandicus REY15A Cryo-EM [105]
AapB 8Q30 2024 S. acidocaldarius DSM639 Cryo-EM [106]
AapB 9ETS 2024 S. acidocaldarius DSM639 Cryo-EM [100]

Threads Protein filament Saci_0406 7PNB 2022 S. acidocaldarius DSM639 Cryo-EM [92]
Saci_0406 8RZL 2024 S. acidocaldarius DSM639 Cryo-EM [100]

1 NA, not available.
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[61,116]. These cells employ Orcl-2, an Orcl/Cdc6 family protein, to
orchestrate transcriptional regulation and DNA damage response (DDR)
upon exposure to DNA damage reagents [116]. As a central DNA damage
regulator, Orcl-2 is induced through an unknown mechanism and ac-
tivates the transcription of TFB3, Dpo2, and HerA-Mrel1-Rad50-NurA
operon. As a transcription factor, TFB3 activates the transcription of
ups (UV-induced pili) and ced (Crenarchaea exchange of DNA) systems,
which mediate species-specific aggregation and chromosomal DNA ex-
change [88,117,118]. Interestingly, a recent study by Liu et al. (2020)
implicated Csa3a, a key transcription factor involved in CRISPR adapta-
tion, in the transcriptional regulation of DDR genes, including those of
the Ups and Ced systems [119], revealing an interplay between CRISPR
adaptation and DNA repair.

3.8.1. Ups system

Ups components are encoded by a conserved ups operon [118,120].
UpsX is a membrane protein with unclarified function [118]. UpsE and
UpsF are pilin assembly ATPase and platform, respectively, while UpsA
and UpsB are pilin subunits that form pili and mediate species-specific
recognition and aggregation. Recently, two independent studies iden-
tified an additional pilin subunit, UpsC, which is likely a minor pilin
essential for pilus formation and cell aggregation [113,121]. For species-
specific recognition, a poorly conserved region within UpsA may inter-
act with unique glycosylation patterns on the cell surface [122].

3.8.2. Ced system

The Ced system, consisting of the pilus assembly platform proteins
CedA and CedE, DNA import ATPases CedB and CedD, pilin subunit
CedC, and pseudo-pilin CedA2, work alongside Ups to import chromo-
somal DNA and facilitates DDR in receptor cells [91,113,121]. Ced pili
have been structurally characterized in Aeropyrum pernix K1. These pili
are composed of CedC subunits and exhibit structural resemblance to
Thermoproteales exchange of DNA (Ted) pili and bacterial conjugative
pili [93]. However, the mechanisms by which DNA is exported and sub-
sequently incorporated into the DNA import apparatus remain ambigu-
ous. Of particular importance is how DNA is exported via conjugative
plasmids in Sulfolobales, a group that lacks relaxosome homologs for
DNA preprocessing.

3.8.3. Functions of protein phosphorylation in stress response

Protein phosphorylation plays a role in transcriptional regulation
[123-129]. It has been demonstrated that the ArnA and ArnB proteins
in Sa. islandicus are implicated in the DDR pathway. Specifically, the
deletion of either ArnA or ArnB led to increased resistance to the DNA-
damaging agent NQO. Moreover, the interaction between ArnA and
ArnB is modulated by ePK1 phosphorylation in vitro and suppressed
by NQO treatment in vivo [111]. In addition, NQO stimulated the in-
teraction of ArnA with another partner, ArnE, whose gene deletion led
to higher sensitivity to NQO than the wild-type cells [111]. Recently,
it was found that the Orc1-2 protein is phosphorylated at the Thr356
site in cells treated with DNA damage agents [112]. Only the non-
phosphorylated forms retained strong specific DNA binding, whereas
the phosphomimetic form Orc1-2T3%6D lost its capacity to exhibit DDR
following NQO treatment. Furthermore, the non-phosphorylated mutant
Orc1-2T356A displayed increased tolerance to DNA-damaging agents and
a prolonged DDR window. A previous study has revealed that Thr356
phosphorylation deactivates Orc1-2 and reduces the cellular DDR [112].

3.8.4. Response to reactive oxygen species (ROS)

The response of Sa. islandicus REY15A to ROS was recently investi-
gated [130]. Using multidisciplinary approaches, SisPerR, a homolog of
bacterial PerR, was identified as the primary regulator of ROS-induced
transcription. This study showed that the transcription of the proteins
Dps, NirD, VIT1/CCC1, and MntH, which are involved in ion home-
ostasis, was significantly upregulated after H,O, treatment, whereas the
expression of ROS-scavenging enzymes remained unchanged. Notably,
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most of these genes are direct targets of SisPerR, and specific residues
critical for ferrous and zinc ion binding have been identified. This study
establishes SisPerR as a redox-sensing transcription factor that regulates
intracellular metal ion homeostasis for oxidative stress defense against
Sa. islandicus.

3.8.5. Biofilm formation

Benninghoff et al. (2021) studied the response of S. acidocaldarius to
the organic solvent 1-butanol [131]. Their results showed that biofilm
formation is the main cellular response to 1-butanol, where biofilm for-
mation is enhanced upon exposure to butanol [131]. Additionally, the
consequent cell/membrane stress resulted in marked shifts in culture
heterogeneity and alterations in central biological processes, includ-
ing cell division and cellular defense systems, indicating a coordinated
global response for protection at the population level.

3.8.6. Toxin-antitoxin (TA) systems

TA systems are important for stress adaptation in bacteria, includ-
ing persistence, antibiotic resistance, pathogenicity, and biofilm forma-
tion. During heat stress, cells of S. acidocaldarius exhibit upregulated
expression of multiple bicistronic type II VapBC TA systems, particu-
larly VapBC4. Through the specific activities of the VapC4 toxin, which
include translation inhibition, induction of persister-like cell formation,
and regulation of biofilm formation, VapBC4 is posited to shift the cel-
lular preference towards persister cell formation rather than biofilm
growth [132].

4. Genetic manipulation system

The development of efficient genetic tools is indispensable for ad-
vancing both fundamental research and biotechnological applications
as it enables a thorough exploration of the mechanisms underlying the
biology of Sulfolobales. Currently, efficient genetic manipulation sys-
tems are available for only a few Sulfolobales strains, namely, S. aci-
docaldarius, Sa. islandicus, and Sa. solfataricus [1,133]. Several studies
have reported progress in the improvement of genetic systems for these
strains. Kuschmierz et al. reported that protein expression could be en-
hanced by integrating S. acidocaldarius 5-UTRs into ParA expression
plasmids [134]. By utilizing the alba 5-UTR, a four-fold increase in
the yield of active, soluble esterase was achieved, validating the vec-
tor for broader applications. Type IA CRISPR-Cas was used to establish
a genome editing system for Sa. islandicus REY15A [135]. Using a simi-
lar strategy for S. acidocaldarius, Bost et al. engineered a plasmid-borne
xylose-inducible mini-CRISPR array based on an endogenous CRISPR-
Cas system [136]. This approach successfully mediated targeted DNA
cleavage. The transcription activator XylR, which regulates the pen-
tose transporter and pentose metabolizing genes, was characterized in S.
acidocaldarius [137]. Based on these findings, they constructed a high-
throughput expression vector system using the two XylR-dependent pro-
moters. It was observed that the deletion of xylR led to disrupted tran-
scription of the corresponding ABC transporter and growth retardation
in the presence of D-xylose and L-arabinose. Notably, compared with
other available promoters, xylR-responsive promoters exhibited mini-
mal background activity.

The ancestor of the Cas12 family protein, TnpB, was identified from
the widespread 1S200/1S605 [138]. It uses noncoding RNA for the RNA-
guided cleavage of double-stranded (ds) DNA and has been employed for
genome editing in human cells. In two recent studies, the TnpB system
from Sulfolobales was explored for efficient gene deletion and single-
nucleotide editing in Sulfolobales archaea as well as in mesophilic bac-
teria [139,140].

The dual-vector system is superior to the single-vector genetic system
in several respects, including its usefulness for studying protein-protein
interactions in vivo. The dual-vector system is available in E. coli and
budding yeast, but has not been developed in archaea. Recently, Zhao
et al. established a dual plasmid genetic system for Sa. islandicus [141].
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Previous genetic studies of Sa. islandicus relied exclusively on pRN2, as
attempts to utilize pRN1-based vectors failed, despite the natural co-
existence of pRN1 and pRN2. We hypothesized that this failure could
be attributed to CRISPR immunity against a putative replicase gene on
pRN1. To address this issue, plasmids containing mutations in the puta-
tive target sequences were generated. These mutations have been shown
to evade host immunity because they do not trigger degradation. The
resulting mutated pRN1 backbones were subsequently integrated into
shuttle plasmids. Importantly, this approach allowed the stable coexis-
tence of pRN1-based and pRN2-based vectors within cells [141].

5. Degradation and utilization of biomass and other carbon
sources

Sulfolobales species have a significant potential for industrial appli-
cations. They are potentially useful owing to their resilience to extreme
conditions—specifically high temperatures (75-80°C) and low pH (pH
2-5)—which mirror harsh industrial environments, as well as their pos-
session of unique enzymes and enzyme cascades. The ease of growth of
heterotrophic species such as Sa. islandicus, Sa. solfataricus, and S. aci-
docaldarius under aerobic or microaerophilic conditions, combined with
established fermentation technologies, make these Sulfolobales species
microbial resources for extremozymes and potentially useful novel plat-
form organisms for biotechnology [4]. Recent studies have increased
our understanding of the mechanisms underlying the activity and regu-
lation of endogenous cellulases [142], glycerol and phenol utilization
[143,144], and the ethanol production activity of oxygen-insensitive
bifunctional PORs/PDCs (pyruvate decarboxylase/pyruvate: ferredoxin
oxidoreductase) in vitro [145].

5.1. Roles and transcriptional regulation of cellulases in Saccharolobus

As the most ubiquitous carbohydrate in nature, lignocellulose is
a pivotal renewable biomass resource with significant application
prospects [146,147]. However, efficient biomass utilization is often hin-
dered by technical impediments during the pretreatment and transfor-
mation stages. Conventional pretreatment technologies often combine
physical, chemical, and biological methods. As an effective method,
acid-thermal treatment disrupts the crystalline structure and physical
barriers of lignocellulose [148,149]. However, this normally requires
subsequent treatments, including cooling and neutralization. The use
of heterotrophic Sulfolobales, such as Saccharolobus and Sulfolobus, can
combine lignocellulose degradation and fermentation into one step
without the requirement of cooling and neutralization [4].

In Sa. solfataricus, four putative cellulases, SsoCelS (SS02534),
SS01354, SSO1949, and SsoLacS (SSO3019)—have been identified
[151] (Table 2). Functional validation revealed that Sa. solfataricus
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produces a hydrolysis zone on carboxymethylcellulose sodium (CMC)-
containing plates, and SsoCelS transcription is significantly upregu-
lated by CMC [159]. Distinct biochemical properties were observed in
§5S01949 and SSO1354, which likely evolved via duplication/insertion
events [160]. The recombinant SSO1949 protein displays endoglu-
canase activity in vitro with optima at pH 1.8 and 80°C [161], whereas
SS01354 functions optimally at a pH of 3.5 and 95°C [162]. In addi-
tion, SSo1354 was found to be glycosylated and contains a predicted hy-
drophobic N-terminus, suggesting that it functions by anchoring to the
cell membrane [160,162]. SsoLacS, which is widely utilized as a reporter
in genetic studies, possesses f-galactosidase activity, hydrolyzing p-D-
gluco-, fuco-, and galactosides. It can also degrade G2-G5 oligosaccha-
rides and form a robust cell dextrin degradation system through syner-
gistic interactions with SSO3053, an ABC transporter substrate-binding
protein specific for G2-G8 substrates [163-166]. These three cellulases
were annotated in Sa. islandicus REY15A as Cell (SiRe_0332), Cel2A
(SiRe_0791), and LacS (SiRe_2224), which corresponde to SsoCelS,
§S01354/SS01949, and SsoLacS, respectively [150] (Table 2). Never-
theless, the precise in vivo mechanisms of cellulose degradation and the
roles of these proteins remained obscure until recently [1,167,168]. A
major unresolved issue is that, with the exception of LacS, the expression
and activity of cellulases in wild-type cells are remarkably low.

The cellulose degradation ability and transcriptional regulation of
two endogenous cellulases, Cell and Cel2A, were investigated in Sa.
islandicus REY15A [142]. To analyze the functions of the three cellu-
lases in archaeon, an expression vector, pSeAP, harboring a strong pro-
moter, Py;,,, was developed, enabling the construction of strains over-
expressing each of the three cellulases, along with single- and double-
deletion mutants. The results indicated that both Cell and Cel2A were
membrane-associated, with Cel2A displaying a greater tendency for se-
cretion into the culture medium compared to Cell. The detected sizes
of the two proteins exceeded the theoretical predictions, implying the
occurrence of glycosylation in their N-terminal transmembrane regions
[160,162], which is consistent with reports regarding Cel2A in Sa. solfa-
taricus [159,160]. This study established that Cel2A functions as the only
active endoglucanase in Sa. islandicus. While prior studies have noted the
expression and respective activities of Cel2A and the g-glucosidase LacS
[160,162,164], the underlying induction mechanisms and interactions
between these cellulases remain unclear.

Further analysis revealed a complex scenario for cellulose utilization
in archaea. CMC was observed to induce the expression of all three
cellulases, Cell, Cel2A, and LacS. The transcriptional abundance of
these genes is interdependent; for instance, cell and cel2A levels in-
crease following lacS deletion or overexpression of an ABC transporter,
pointing toward an intracellular oligosaccharide-dependent regulatory
mechanism. More interestingly, cell is regulated by aCcrl, aCcr3, and
potentially aCcr2, the cell cycle regulators in Sulfolobales [85,169].

Table 2
Distribution of three cellulases among representative genera of Sulfolobales.
Cell Cel2A LacS

Species (GH12 endoglucanase) (GH12 endoglucanase) (GH1 p-glycosidase) Reference
Saccharolobus islandicus REY15A SiRe_0332 SiRe_0791 SiRe_2224 [150]
Saccharolobus solfataricus P2 S$S02534 SS01949/SS01354 SS03019 [151]
Saccharolobus shibatae B12 J5U23_01332/J5U023_02023 J5U23_01882 J5U23.00459 [11]
Saccharolobus caldissimus JCM32116 SACC_30210/SACC_30110 - SACC_30300 [152]
Saccharolobus tengchongensis RT2 V6M85_02595 V6MS85_02145 V6M85_08795 [16]
Sulfolobus acidocaldarius DSM 639 Saci_1852 - Saci_1849 [153]
Sulfuracidifex metallicus JCM 9184 JCM9184_RS12210 - JCM9184_RS08950 [154]
Metallosphaera sedula DSM 5348 - - - [155]
Sulfurisphaera tokodaii str.7 - - ST0774 [15]
Acidianus hospitalis W1 Ahos_1962 - Ahos_0285 [156]
Sulfodiicoccus acidiphilus HS1 HS1genome_0586 - HS1genome_1665 [157]
Stygiolobus azoricus FC6 D1868_06830 - D1868_04050 [158]

* Data were obtained from BLASTP searches using the protein sequences of SiRe_0332, SiRe_0791, and SiRe_2224 as queries against the NCBI RefSeq protein
database using the BLOSUM62 matrix with an E-value threshold of 1e-5. References refer to the genome annotations of the corresponding strains or relevant

research. -: No homologous protein was found.
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Fig. 3. A model for cellulose utilization in Sulfolobales archaea (modified from [142]).

This finding indicates a link between cell transcription and cell cycle
progression. Additionally, the presence of the uracil synthesis gene
pyrEF was associated with the upregulation of all cellulase transcripts.
Unexpectedly, the deletion of these cellulase genes facilitated cell
growth in a medium supplemented with CMC. Since Cell and LacS
homologs are apparently present in all Sulfolobales (except in Metal-
losphaera and Sulfurisphaera for Cell and except in Metallosphaera for
LacS), and Cel2A is conserved in the genus Saccharolobus (Table 2), the
intricate mechanism is likely conserved in Sulfolobales archaea to aid
in environmental adaptation [142]. Based on these data, a conceptual
model of cellulose utilization in Sa. islandicus was proposed (Fig. 3).

5.2. Glycerol/phenol utilization

Glycerol, a compound widely distributed in natural ecosystems,
serves as a vital carbon source for microbes and is a potential feedstock
for industrial use. Schmerling et al. (2025) explored glycerol degradation
in archaea and established that S. acidocaldarius could grow on glycerol
alone [143]. Mechanistically, following uptake via facilitated diffusion,
glycerol is converted to glycerol-3-phosphate by glycerol kinase (GK)
and is subsequently oxidized to dihydroxyacetone phosphate. The latter
step is catalyzed by the atypical glycerol-3-phosphate dehydrogenase
(G3PDH), which features a novel membrane-anchoring mode mediated
by a CoxG-like protein. Moreover, although two paralogous GK/G3PDH
clusters (saci 1117-1119 and saci 2031-2033) exhibit comparable bio-
chemical activities, only saci 2031-2033 proves essential and was signif-
icantly upregulated by glycerol, suggesting the environment-dependent
regulation of these enzyme pairs. This study also highlights the exten-
sive versatility of G3PDHs in terms of their interacting proteins, electron
transfer mechanisms, and membrane anchoring, shedding light on the
unique evolutionary strategies that facilitate archaeal adaptation.

Wolf et al. (2021) investigated phenol degradation in Sa. solfataricus
P2 under extreme conditions [144]. Although Sa. solfataricus can uti-
lize phenol for biomass production, it induces profound stress reactions,
including genome rearrangement and the strong intracellular accumu-
lation of polyamines.

5.3. Ethanol production pathways

Two main pathways in microbes have been employed to produce
ethanol: the bifunctional alcohol/aldehyde dehydrogenase (AdhE) path-
way and the bifunctional POR/PDC pathway [3,170,171]. POR/PDC

plays a pivotal role in ethanol fermentation by catalyzing the decar-
boxylation of pyruvate into acetaldehyde and CO,. In the search for
thermostable and oxygen-stable PDCs for high-temperature biotechno-
logical applications, researchers have characterized enzymes from Sa.
solfataricus and S. acidocaldarius [172]. These enzymes were found to
be insensitive to oxygen and exhibited CoA-dependent PDC and POR
activity. At 80°C, they demonstrated thermostability with half-lives of
2.9 + 1 and 1.1 + 1 h, respectively, with optimal pH values established
at 7.9 and 8.6 for PDC and POR activities, respectively. These results
have important implications for the metabolic engineering of ethanol
fermentation using heterotrophic Sulfolobales as chassis microbes.

6. Applications of Metallosphaera and Acidianus in bioleaching

Bioleaching is the process of converting insoluble metals into soluble
metal ions using microorganisms. Given that metal sulfide ores such as
chalcopyrite exhibit high stability under moderate-temperature condi-
tions, the leaching process requires high-temperature and acidic condi-
tions. Furthermore, these ores generate substantial heat during leaching.
Consequently, microorganisms employed for bioleaching must possess
tolerance to elevated temperatures and low pH levels, while simulta-
neously achieving effective colonization of the ore surface [173]. Aci-
dothermophilic archaea can survive under high-temperature and low-
PH conditions, making them promising candidates for the development
of chassis cells for bioleaching [174].

Metallosphaera archaea thrive under aerobic conditions in the pres-
ence of sulfur, exhibiting vigorous growth in high-temperature, low-pH
environments and strong resistance to heavy metals. They attach to ore
surfaces and release metal cations through mineral oxidation via their
oxidase systems [17,174]. Concurrently, they oxidize Fe?* to Fe3*, en-
abling indirect ore oxidation [175]. These characteristics establish them
as a model species among acidophilic thermophilic archaea for studying
biological metal oxidation, particularly chalcopyrite bioleaching. Re-
cent studies indicate that, in addition to achieving bioleaching of pyrite,
Metallosphaera can also oxidize V,0; and MoO,, and are capable of bi-
oleaching insoluble metals from extraterrestrial meteorites [176,177].
These findings suggest the potential applications of Metallosphaera in the
bioleaching of low-grade ores and future planetary mineral resource ex-
traction. Archaea of the genus Acidianus, with their acidophilic and ther-
mophilic growth characteristics and ability to oxidize Fe?*, can also be
utilized for the bioleaching of ores [178,179]. Concurrently, their capac-
ity for chemolithoautotrophic growth using sulfur and the presence of
the tricarboxylic acid cycle in their metabolic pathways confer CO, fix-
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ation capabilities, making them promising candidates for development
as chassis cells for anaerobic bioleaching [180,181].

7. Conclusions and perspectives

In recent years, substantial progress has been made in research
on Sulfolobales. This review highlights the interesting and exciting
advancements in Sulfolobales biology and the potential use of het-
erotrophic Sulfolobales in various applications. However, a number of
mechanisms in Sulfolobales biology still need to be elucidated. For ex-
ample, the chromosomal organization of Sulfolobales resembles that of
eukaryotes which contain A and B compartments, whereas the organi-
zation and regulation of compartmentation still need to be elucidated.
Moreover, although the SMC protein CIsN has been identified to be in-
volved in this process, whether and how various chromatin proteins
such as Sul7d, Cren7, and Sull2a, and the newly characterized pro-
teins Sull4a and Cranl collaborate with CIsN for chromosome orga-
nization remain outstanding questions. In addition, how chromosome
3D-structure and gene transcription affect each other remains unclear.
Because chromosome segregation and cell division in Sulfolobales are
closely coordinated, there is probably a checkpoint that allows cells
to divide, which is an intriguing question to investigate. Furthermore,
based on accumulating reports on the functions of PTMs in Sulfolob-
ales, it will be critical to explore the importance of PTMs in regulating
archaeal biological processes, especially in the DDR and cell cycle reg-
ulation. Understanding these mechanisms may also provide important
clues regarding eukaryogenesis, as the functions of PTMs in eukaryotes
are highly diverse.

Although a complex mechanism for cellulase regulation in Sa. is-
landicus was unveiled, how cellulase transcription is linked to the cell
cycle and metabolic processes, such as de novo uracil synthesis, remains
unclear. Future investigations on these aspects will reveal how ther-
mophiles, such as Sulfolobales, survive in harsh environments and stim-
ulate the development of their applications in synthetic biology. Over
the last decade, efficient genetic manipulation methods, particularly
those based on the CRISPR-Cas system, have been developed to facilitate
remarkable progress in Sulfolobales research. Therefore, the exploration
of more genetic tools, such as the deletion and insertion of large and
multiple gene fragments in Sulfolobales genomes, and the development
of new genetic systems in other non-model Sulfolobales species, such
as chemolithotrophic Metallosphaera and Acidianus, are urgently needed
for a deeper investigation of their biological processes and applications.

Due to space constraints, this review was unable to delve into the
progress made in areas such as basic transcription, protein translation
mechanisms, immunity systems, virus-host interactions, and the physiol-
ogy of chemolithotrophic and sulfur-oxidizing Sulfolobales, only briefly
summarizing PTMs and cell surface appendages.

Moving forward, we anticipate further exciting developments in the
study of Sulfolobales biology and its applications, particularly in un-
derstanding their cell cycle control mechanisms, responses to internal
and external stimuli, and establishment of genetic manipulation systems
for chemolithotrophic ions and sulfur oxidizers. Addressing both fun-
damental and technical inquiries will unlock the full potential of these
promising thermoacidophilic archaea in evolutionary studies and indus-
trial biotechnology.
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