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Abstract The Acidianus hospitalis W1 genome consists
of a minimally sized chromosome of about 2.13 Mb and a
conjugative plasmid pAH1 and it is a host for the model
filamentous lipothrixvirus AFV1. The chromosome carries
three putative replication origins in conserved genomic
regions and two large regions where non-essential genes are
clustered. Within these variable regions, a few orphan orfB
and other elements of the 1S200/607/605 family are con-
centrated with a novel class of MITE-like repeat elements.
There are also 26 highly diverse vapBC antitoxin—toxin gene
pairs proposed to facilitate maintenance of local chromo-
somal regions and to minimise the impact of environmental
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stress. Complex and partially defective CRISPR/Cas/Cmr
immune systems are present and interspersed with five
vapBC gene pairs. Remnants of integrated viral genomes
and plasmids are located at five intron-less tRNA genes and
several non-coding RNA genes are predicted that are con-
served in other Sulfolobus genomes. The putative metabolic
pathways for sulphur metabolism show some significant
differences from those proposed for other Acidianus and
Sulfolobus species. The small and relatively stable genome
of A. hospitalis W1 renders it a promising candidate for
developing the first Acidianus genetic systems.

Keywords Toxin—antitoxin VapBC - CRISPR -
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Introduction

The Acidianus genus consists of acidothermophiles which
grow optimally and slowly in the temperature range
65-95°C and at pH 2—-4 and belongs to the order Sulfo-
lobales. Acidianus species are chemolithoautotrophic and
facultatively anaerobic and are generally versatile physio-
logically. Depending on the culturing conditions, they can
either reduce S° to H,S, catalysed by a sulphur reductase
and hydrogenase, or oxidise S° to H,SO, utilising the
sulphur oxygenase-reductase holoenzyme (Kletzin 1992,
2007). In contrast to several Sulfolobus species, the geno-
mic properties of an Acidianus species have not been
analysed. The Sulfolobales have been a rich source of
genetic elements, including novel conjugative plasmids
(Prangishvili et al. 1998; Greve et al. 2004) and several
exceptional and diverse viruses many of which have now
been classified into eight new viral families (Rachel et al.
2002; Prangishvili et al. 2006; Lawrence et al. 2009).
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Acidianus hospitalis W1 is the first Acidianus strain to be
isolated carrying a conjugative plasmid pAH1 which is a
member of the plasmid family predicted to generate an
archaea-specific conjugative apparatus (Greve et al. 2004;
Basta et al. 2009). These plasmids are also integrative
elements and in an encaptured state have been implicated in
facilitating chromosomal DNA conjugation for some Sulf-
olobus species (Chen et al. 2005b). A. hospitalis is also a
viable host for the model Acidianus alpha lipothrixvirus
AFV1, a filamentous virus carrying exceptional claw-like
structures at its termini which is currently the subject of
detailed structural studies (Bettstetter et al. 2003; Goulet
et al. 2009). Infection of A. hospitalis with AFV1 was shown
to lead to a loss of the plasmid pAH1 and this contrasts with
observations in bacteria where endogenous plasmids tend to
determine the fate of an incoming phage (Basta et al. 2009).

In order to study further the metabolic capability of an
Acidianus species and to examine the molecular mecha-
nisms involved in virus—plasmid-host interactions, it was
important to sequence and annotate the A. hospitalis gen-
ome. To date, most genomic studies of the Sulfolobales
have concentrated on Sulfolobus species that have revealed
relatively large genomes generally exhibiting high levels of
transposable and integrated genetic elements, as well as
considerable genetic diversity (Guo et al. 2011). Analysis
of the A. hospitalis genome revealed a minimally sized
chromosome that appeared relatively stable with few
transposable elements and no evidence of recent integra-
tion events, apart from the reversible integration of pAH1
into a tRNA®® gene (Basta et al. 2009). Potentially,
therefore, A. hospitalis W1 could provide a suitable host
for developing genetic systems for the Acidianus genus.

Materials and methods
Genome sequencing and gap closure

Genomic DNA of A. hospitalis was sequenced using a
Roche 454 Genome Sequencer FLX instrument (Titanium)
with an average 19-fold coverage. All useful reads were
initially assembled into seven contigs (>500 bp) using the
Newbler assembler software (http://www.454.com/). Gaps
were closed by a Multiplex PCR strategy and PCR products
were gel purified and sequenced using an ABI3730 DNA
sequenator. Raw sequence data were assembled into contigs
using phred/phrap/consed software and the final consensus
quality for each base was above 30 (http://www.phrap.org).

Sequence analysis and gene annotation

Initially, ORFs were predicted using the programmes
Glimmer and FgeneSB and protein function predictions
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were obtained from the following searches: (1) homology
searches in the GenBank (http://www.ncbi.nlm.nih.gov/)
and UniProt protein (http://www.ebi.ac.uk/uniprot/) data-
bases, (2) function assignment searches in the Sulfolobus
database (http://www.Sulfolobus.org/), and (3) domain or
motif searches in the local CDD database (http://www.
ncbi.nlm.nih.gov/cdd/), the InterPro and the Pfam data-
bases. The KEGG database (http://www.genome.jp/kegg/)
was used to reconstruct metabolic pathways in silico.
Membrane proteins were predicted by Phobius, TMHMM
and ConPred II programmes. Secretory proteins were
divided into two groups; those with a signal peptide were
predicted using the SignalP 3.0 (http://www.cbs.dtu.dk/
services/SignalP/) and non-classical secretory proteins,
lacking a signal peptide, were predicted by the SecretomeP
2.0 programme (http://www.cbS.dtu.dk/services/SecretomeP/).
Transporters were predicted by searching the TCDB data-
base (http://www.tcdp.org) using BLASTP with E values
lower than le-05. Insertion sequence (IS) elements and
transposases were identified by BLASTN searches against
the IS Finder database (http://www-is.biotoul.fr/). The
MITE-like elements were detected using the programme
LUNA (Briigger K, unpublished). Potential frameshifts
were checked by sequencing after manual annotation and
any remaining frameshifts were considered to be authentic.
tRNA genes and their introns were identified using
tRNAScan-SE (Lowe and Eddy 1997). All annotations
were manually curated using Artemis software (Rutherford
et al. 2000). Start codons for single genes and first genes of
Sulfolobus operons were generally located 25-30 bp
downstream from the archaeal hexameric TATA-like box.
Only genes within operons were preceded by Shine—
Dalgarno motifs, where GGUG dominated (Torarinsson
et al. 2005). Where alternative start codons occur, a
selection was made on the basis of experimental data when
available or on its location relative to a putative promoter
and/or Shine-Dalgarno motif. The genome sequence
accession number at Genbank/EMBL is CP002535.

Results
Genomic properties

The A. hospitalis genome consists of a circular chromo-
some of 2,137,654 bp and a circular conjugative plasmid
pAHI1 of 28,644 bp. The chromosome has a GC content of
34.2% and carries 2,389 predicted open reading frames
(ORFs), of which about half are assigned putative functions
with many of the conserved hypothetical proteins being
archaea-specific or specific to the Sulfolobales. About 320
of the encoded proteins are putative membrane proteins
and a further 182 are predicted to be secretory proteins.
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The plasmid sequence is identical to that of the conjugative
plasmid pAHI1 isolated earlier from the A. hospitalis strain
W1, except that it is 4 bp shorter (Basta et al. 2009).

Comparison of the A. hospitalis genome with those of
other members of the Sulfolobales provided no evidence of
extensive conservation of gene synteny, in contrast to that
observed for large regions of several Sulfolobus genomes
(Guo et al. 2011), and consistent with A. hospitalis being
relatively distant phylogenetically from these strains (Basta
et al. 2009). Nevertheless, the genome carries two major
regions that are predicted to be relatively labile. They
extend approximately from positions 75,000-444,500 and
from 1,300,000-1,870,000 and carry most of the trans-
posable elements, all of the CRISPR loci and cas and cmr
family genes, most of the vapBC toxin—antitoxin gene
pairs, and many genes involved in transport-related func-
tions and metabolism, as well as a degenerate fuselloviral
genome (Fig. 1). These two regions lack genes essential for
informational processes including DNA replication, tran-
scription and translation and they appear to constitute sites
where non-essential genes are collected, interchanged,
exchanged intercellularly and where genetic innovation
may occur, similarly to a single variable region observed in
several Sulfolobus genomes (Guo et al. 2011).

Three origins of chromosomal replication, demonstrated
experimentally for Sulfolobus species (Robinson et al. 2004;
Lundgren et al. 2004), were also predicted to occur in the
Acidianus genome. The Y component of a Z curve analysis
(Zhang and Zhang 2003) revealed two major peaks corre-
sponding to the cdc6-3 gene (Ahos0001), and the whiP/cdt]
gene (Ahos1370) and a broader peak coinciding with the
cdc6-1 gene (Ahos0780) (Fig. 1), where the three genes
encode putative replication initiators (Robinson and Bell
2007). The sequences of the cdc6 genes and whiP gene
are quite conserved relative to the S. solfataricus and

S. islandicus genomes, as is the synteny of the flanking genes
except for the region immediately downstream from cdc6-3.

Integrated genetic elements

Integration of genetic elements, generally fuselloviruses or
conjugative plasmids at tRNA genes, occurs commonly for
genomes of the Sulfolobales (She et al. 1998; Guo et al.
2011). Most integration events occur via a reversible
archaea-specific mechanism whereby the integrase gene
partitions into two sections which border the integrated
element and the N-terminal-encoding region carrying the
intN sequence overlaps with the tRNA gene (Muskhelishvili
et al. 1993). Elements that become encaptured within the
chromosome subsequently degenerate and are gradually
lost, but will nevertheless leave a trace because the intN
fragment overlapping the tRNA gene is generally retained
(She et al. 1998) (Table 1).

Earlier plasmid pAH1 was sequenced and shown to
integrate reversibly into a tRNA®™® gene (Basta et al.
2009). Genome sequencing of A. hospitalis revealed that a
low fraction of reads matched to the junctions of the
integrated plasmid whilst the majority matched the
unpartitioned integrase gene of pAHI, consistent with both
integrated and free forms being present in the culture. The
integration site of pAH1 was located at genome positions
1,075,876-1,075,946 bp within the gene of tRNAA™
[TCG] (Table 1). In addition, the chromosome carries
remnants of integrated elements adjoining another five
intron-less tRNA genes, each consisting of a few genes or
pseudogenes (Table 1). Three derive from fuselloviruses,
one from a pDL10-like plasmid of the pRN family of
cryptic plasmids (Kletzin et al. 1999) and another origi-
nates from an unknown element (Table 1). Whether these
all derive from single integration events remains unclear
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Fig. 1 The Y component of a Z curve plot for the A. hospitalis
chromosome showing the three putative replication origins. The
positions of the cdc6-3 gene (origin 2), cdc6-1 gene (origin 3) and
the whiP/cdtl gene (origin 1) are indicated as well as locations of the
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Table 1 Integration events at tRNA genes showing the numbers of
residual integrated genes

tRNA Intron Ahos W1
Arg-TCG No pAHI1
Pro-TGG No intN fragment
Glu-CTC No 0986a—0988
fusellovirus
Arg-TCT No 1232-1238
unknown element
Cys-GCA No 1550-1558
plasmid pDL10
Leu-GAG No 2147-2151
fusellovirus ASV1
1604-1609 kb (no tRNA) - 1778-1786

fusellovirus SSV

ASV1 Acidianus spindle-shaped virus, SSV Sulfolobus spindle-shaped
virus

because, in principle, successive integrations can occur at a
given tRNA gene (Redder et al. 2009). An additional 8-10
genes and pseudogenes, most of which are fusellovirus-
related, are clustered distantly from a tRNA gene and they
may have become displaced from one of the three tRNA-
integrated elements.

Transposable elements

The A. hospitalis genome carries five IS elements
belonging to the 1S200/607 family, only three of which
carry intact transposase genes, and there are 11 copies of
orphan orfB elements of the IS605 family, 10 of which
carry intact orfB genes. None of these elements carry
inverted terminal repeats and they all appear to be trans-
posed by “cut-and-paste” mechanisms, with the orfB ele-
ments, at least, transposing via circular single stranded
intermediates and inserting after TTAC sequences (Filée
et al. 2007; Ton-Hoang et al. 2010).

Sulfolobus genomes generally carry IS elements from a
wide variety of families most of which carry inverted ter-
minal repeats and are mobilised by “copy-and-paste”
mechanisms, and tend to be lost by gradual degeneration
and not by deletion (Blount and Grogan 2005; Redder and
Garrett 2006). None of these IS element classes were
detected in the A. hospitalis genome and this suggests that
the genome has rarely, if ever, taken up any of these IS
element classes.

A new class of MITE-like elements

Although none of the MITE elements that are common to
other Sulfolobus genomes were detected (Redder et al.
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2001; Guo et al. 2011), the A. hospitalis genome carries 10
copies of a repeat sequence resembling a MITE-like ele-
ment (Fig. 3). At one end, it carries a short open reading
frame corresponding in amino acid sequence to the
downstream end of an OrfB protein (Fig. 3). The conserved
terminal sequence and the internal similarity to the orfB
element suggests that it could be a transposable element.
This supposition is reinforced by the presence of 10 full
copies in the genome (and a few degenerate copies), and
also by the presence of multiple copies in some Sulfolobus
and other crenarchaeal genomes (unpublished data).

Non-coding RNAs

Many untranslated RNAs have been characterised experi-
mentally for different Sulfolobus species using a variety of
techniques including probing cellular RNA extracts for
K-turn-binding motifs and generating cDNA libraries of
total cellular RNA extracts, as well as numerous antisense
RNAs (Tang et al. 2005; Omer et al. 2006; Wurtzel et al.
2010). Most of these RNAs were characterised for partial
sequence and nucleotide length, and several were detected
by more than one experimental approach. Based on the
genome sequence comparisons and gene contexts, 23
putative conserved non-coding RNAs were annotated in the
A. hospitalis genome. Genes for 12 C/D box RNAs were
localised of which 7 were predicted to modify rRNAs, 2 to
target tRNAs and a further 2 to modify unknown RNAs. In
addition, a single copy of a gene for an H/ACA box RNA
was located which together with aPus7 should generate
pseudouridine-35 in Sulfolobus pre-tRNA™" transcripts
(Muller et al. 2009). However, in A. hospitalis, the aPus7
gene (Ahos0631) is degenerate. A further 10 genes were
assigned to encode RNAs of unknown function. The rela-
tively high conservation of sequence and gene synteny for
these RNAs between Sulfolobus and Acidianus species
underlines their potential functional importance.

Reading frame shifts and mRNA intron splicing

Examples of translational reading frame shifts yielding
single polypeptides have been demonstrated experimen-
tally for S. solfataricus P2 (Cobucci-Ponzano et al. 2010).
For two of these, a transketolase (Ahos1219/1218) and a
putative O-sialoglycoprotein endopeptidase (Ahos0695/
0696), the A. hospitalis genes overlap in a similar way, and
are likely to undergo translational frame shifts. Moreover,
transcripts of the intron-carrying cbf5 gene (Ahos0734/
0735) are likely to undergo splicing at the mRNA level by
the archaeal splicing enzyme complex (Ahos0689/0798/
1417) as has been demonstrated experimentally for dif-
ferent crenarchaea (Yokobori et al. 2009).
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Metabolic pathways

Genome analyses indicate the presence of versatile meta-
bolic pathways in A. hospitalis. They suggest that it can
grow autotrophically by fixing CO, or heterotrophically
using yeast extract, as has been demonstrated experimen-
tally (Basta et al. 2009). Genome analyses also revealed
genes encoding sugar transporters and glycosidases sug-
gesting that A. hospitalis can assimilate carbohydrates,
such as starch, glucose, mannose and galactose. Moreover,
enzymes are encoded that are implicated in energy gener-
ation from oxidising elemental sulphur, hydrogen sulphides
and other reduced inorganic sulphide compounds, but not
ferrous ions. However, no hydrogenase genes were detec-
ted suggesting that A. hospitalis cannot use H, as electron
donor for growth.

Enzymes were identified for a complete TCA cycle that
is important for generating different intermediates for the
biosynthesis of many cellular components, as well as pro-
ducing reduced electron carriers, such as NAD(P)H,
reduced ferredoxin (Fdgr) and FADH,. Formation of acetyl-
CoA from pyruvate and the formation of succinyl-
CoA from 2-oxoglutarate were predicted to be catalysed,
respectively, by pyruvate ferredoxin oxidoreductase (Ahos
1949-1952) and 2-oxoglutarate ferredoxin oxidoreductase
(Ahos0089/0090/0300/0301). Moreover, both enzymes
were predicted to use ferredoxin instead of NAD™ as a
cofactor.

Genes encoding enzymes involved in pathways for fix-
ing atmosphere N,, or reducing nitrate and nitrite, as
nitrogen sources were absent, as observed for other Acid-
ianus species, and the genome analyses suggest that
ammonium is an exclusive source of nitrogen that is

Fig. 2 Model of pathways for
oxidation and reduction of
sulphur in A. hospitalis
indicating the predicted
functions of genes in the

A. hospitalis genome and
corresponding gene numbers are
given for each step. The
following abbreviations are
used: OM outer membrane,

IM inner membrane,

SOR sulphide:quinone
oxidoreductase,

Fcc flavocytochrome ¢ sulphide
dehydrogenase, SOR sulphur
oxygenase-reductase,

Abos 0513 Abos 0188

NADH  NAD*

assimilated via formation of carbamoyl phosphate, gluta-
mine and glutamate. Genes encoding putative carbamoyl
phosphate synthetase (Ahos1106/1107), glutamine synthe-
tase (Ahos0460, Ahosl1272, Ahos2233) and glutamate
dehydrogenase (Ahos0494) are present.

Sulphur metabolism

A. hospitalis encodes several enzymes involved in sulphur
metabolism, including the oxidation and reduction of sul-
phur, the thiosulphate—tetrathionate cycle which generates
sulphate, and the participation of sulphur in electron
transport. However, genes for some sulphur metabolism
enzymes, including sulphite-acceptor oxidoreductase,
adenosine phosphosulphate reductase, sulphate adenylyl
transferase and adenylylsulphate phosphate adenyltrans-
ferase were not found which suggested that A. hospitalis
has some pathways differing from those of other Acidianus
and Sulfolobus species (Kletzin 2007). Therefore, based on
the gene annotations, a model is presented for the proposed
sulphur oxidation and reduction pathways in A. hospitalis
(Fig. 2). Extracellular H,S is oxidised by a secretory-type
sulphide:quinone oxidoreductase (Ahos0513) and flavocy-
tochrome ¢ sulphide dehydrogenase (Ahos0188) to produce
a surface layer of sulphur on the outer cell membrane.
Elemental sulphur is then transported into the cell by
putative-SH radical transporter(s) using an unknown
mechanism. Subsequently, sulphur is oxidised by sulphur
oxygenase-reductase (Ahos0131) to yield sulphite, thio-
sulphate and hydrogen sulphide. Sulphite and elemental
sulphur convert spontaneously and non-enzymatically to
thiosulphate and elemental sulphur and, consistent with this
mechanism, no candidate gene encoding sulphite:acceptor

Abos 1670 =**"*"""2,, |
e _",_. - - - S, - - U S -

Saoi'z sz?l'z + 50,2 H*

Ahos 023800239

TQO Abos 01120113 H
aa; Ubi-OX

Abos_I1STH18T3
Ahos_0314/1653

TetH tetrathionate hydrolase,
TQO thiosulphate—quinone
oxidoreductase; SulP sulphate
transporter permease,

QH, quinol pool

Sﬂ + 803_,—"_’ 5103'2

o

2H'+%0,

4
H,0

Cytoplasm
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oxidoreductase was identified in the A. hospitalis genome.
Thiosulphate enters the putative thiosulphate/tetrathionate
cycle and is finally oxidised to sulphate. The enzymes
involved in this cycle were all annotated: thiosulphate:
quinone oxidoreductase (Ahos0112-0113 and Ahos0238-
0239) and tetrathionate hydrolase (Ahos1670). H,S is
either oxidised by the sulphide:quinone oxidoreductase
(Ahos1014) in the cytoplasm with quinone-cytochrome as
electron acceptor or it reacts with tetrathionate spontane-
ously under the high temperature growth conditions.
Finally, sulphate generated from sulphur oxidation is
effluxed from the cell by a putative sulphate transport
permease (Ahos1256). Electrons generated from sulphur
oxidation enter the electron transport chain via quinone.
Terminal quinol oxidase receives electrons from quinone
and transfers them to O, coupled with ATP generation.
Some electrons may be transmitted to the NADH complex
to produce NADH for use in other pathways.

Transporters and proteolytic enzymes

Twenty-eight gene products were predicted to be involved in
the transport of amino acids, oligopeptide/dipeptides and
ammonium. Of these, 19 are implicated in amino acid
transport, including 5 amino acid transporters (Ahos0100/
0163/0197/0986/1721), three amino acid permeases (Ahos
0328/0439/1725) and 11 amino acid permease-like proteins
(Ahos0272/0276/0958/1040/1086/1868/1891/1907/1953/
2065/2251) of unknown specificity for amino acid uptake.
Genes encoding an ammonium transporter (Ahos1467) and
two oligopeptide/dipeptide ABC transporter gene clusters
(Ahos0337-0342 and Ahos0170-0175) are present. In
addition, 21 genes were predicted to encode proteolytic
enzymes, including 20 peptidases. Of these, four are
endopeptidases (Ahos0428/0516/0695-6/0800), three are
aminopeptidases (Ahos0013/0588/1941), two are pepsins
(Ahos1929/2087) and one is a carboxypeptidase (Ahos
0991). Five of the proteolytic enzymes are predicted to be
membrane-bound and are designated secretory proteins.
These results suggest that A. hospitalis, like Acidianus
brierleyi (Segerer et al. 1986), Acidianus tengchongensis
(He and Li 2004) and Acidianus manzaensis (Yoshida et al.
2006), can grow on organic compounds, such as yeast
extract, peptone, tryptone and casamino acids.

Toxin—antitoxin systems

VapBC complexes constitute the main family of antitoxin—
toxins that are encoded by members of the Sulfolobales
(Pandey and Gerdes 2005; Guo et al. 2011), and they occur
mainly in variable genomic regions where they may
undergo loss or gain events (Guo et al. 2011). The A.
hospitalis genome carries 26 vapBC gene pairs that are
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concentrated in the genomic regions 350-410 and
1,374-1,912 kb with a single vapC-like gene lying in an
operon (Fig. 1). The VapB antitoxins, in contrast to VapC
toxins, could be classified into three families of transcriptional
regulators, AbrB, CcdA/CopG and DUF217 (Fig. 4a), whilst
no subclassification was observed for the VapC proteins
(Fig. 4b). Tree building based on the sequence alignments
demonstrated that the sequences of these antitoxins and
toxins are highly diverse, with sequence identities between
them rarely exceeding 30%, as indicated by all the proteins
exhibiting long branches (Fig. 4). This result contrasted
with the finding that VapBC complexes with closely similar
sequences are commonly found when comparing different
genomes of the Sulfolobales. For example, 11 of the 26
VapBC protein pairs have closely similar homologs enco-
ded in at least 7 of the 13 available Sulfolobus genomes
(Fig. 4b). This indicates that there is likely to be a selection
against the uptake of closely similar vapBC gene pairs in a
given genome, despite the abundance of such gene pairs in
the environment.

The A. hospitalis genome also encodes six copies of
RelE-related toxin proteins, in common with other Sulfol-
obus genomes (Pandey and Gerdes 2005, unpublished
results). At least three of the relE genes occur in integrated
regions carrying degenerated conjugative plasmids, and
they show sequence similarity to proteins encoded in
Sulfolobus conjugative plasmids pKEF9 (ORF69b), pING1
(ORF98) and pL085 (gene no. 3195) (Greve et al. 2004;
Stedman et al. 2000; Reno et al. 2009). However, none of
the putative toxin genes are linked physically to antitoxin
relB genes and their function remains unknown.

Diverse CRISPR-based immune systems

The CRISPR-based immune systems of A. hospitalis can
be classified into two main types based on analyses of their
Casl protein, leader and repeat sequences (Shah et al.
2009; Lillestgl et al. 2009). In total, there are six CRISPR
loci, carrying 129 spacer-repeat units none of which are
identical (Fig. 5). The first three loci in the genome (Ahos-
53, -13 and -9a) are physically linked by cassettes of cmr
and cas family genes, each of which contains a vapBC
antitoxin—toxin gene pair, and they constitute a family II
CRISPR/Cas system (Fig. 5a). The last two CRISPR loci
(Ahos-9b and 5) are coupled into a typical family I paired
CRISPR/Cas module (Fig. 5b) and there is a vapBC gene
pair immediately upstream. Preceding the latter CRISPR/
Cas module, there is a single unclassified locus (Ahos-40)
that lacks both cas genes and a leader region (Fig. 5c)
(Shah and Garrett 2011).

We analysed the degree to which CRISPR spacers
exhibited sequence matches to the many diverse genetic
elements available from Acidianus and Sulfolobus species



Extremophiles (2011) 15:487-497

493

using an earlier approach examining nucleotide and trans-
lated sequences of the spacers (Shah et al. 2009; Lillestgl
et al. 2009). Relatively few significant sequence matches
were found and most of these were to conjugative plas-
mids, with a few matches to members of five different viral
families (Fig. 5).

Discussion

At about 2.1 Mbp, the genome of A. hospitalis is much
smaller than other sequenced genomes of members of the
Sulfolobales. Although this partly reflects the presence of
low levels of transposable elements and few genes deriving
from integrated elements, it also results from a lower
diversity of metabolic and transporter genes (Guo et al.
2011). The Z curve analysis suggests that the chromosome
carries three replication origins as for Sulfolobus species
(Fig. 1), although in contrast to the sequenced strains of S.
solfataricus and S. islandicus, the whiP/cdt]l and cdc6-2
genes are widely separated.

Although no systematic analysis has been performed
experimentally on the metabolic capacity of A. hospitalis,
genome analyses revealed that A. hospitalis possesses the
capacity to assimilate a broad range of organic compounds,
including different amino acids and proteolytic products,
which is similar to some other Acidianus and Sulfolobus
species (Segerer et al. 1986; Grogan 1989; He et al. 2004;
Yoshida et al. 2006; Plumb et al. 2007). The analyses also
support that A. hospitalis can assimilate various carbohy-
drates, similarly to several Sulfolobus species (Grogan
1989) but in contrast to some Acidianus species (Yoshida
et al. 2006; Plumb et al. 2007).

A. hospitalis, like other Acidianus and Sulfolobus spe-
cies, obtains energy for growth mainly via oxidation of
reduced inorganic sulphuric components (RISCs), and the
enzymes involved were predicted from the genome anal-
yses (Fig. 2). A sulphur oxygenase-reductase was identi-
fied showing amino acid sequence similarity to other
Acidianus and Sulfolobus SORs of 67-99%, and we
inferred that it is important for elemental sulphur oxidation
and reduction, as occurs in both Acidianus and Sulfolobus
species (Kletzin 1989, 1992; Sun et al. 2003; Chen et al.
2005a). One product of sulphur oxygenase-reductase
catalysis is sulphite. Owing to the apparent lack of the four
enzymes, sulphite-acceptor oxidoreductase, adenosine
phosphosulphate reductase, sulphate adenylyl transferase
and adenylylsulphate phosphate adenyltransferase, A.
hospitalis must have adopted a strategy for sulphite oxi-
dation that differs from the currently known pathway
(Kletzin 2007). Here, we propose that sulphite is chan-
nelled to thiosulphate in A. hospitalis via a spontaneous
reaction with elemental sulphur, but this remains to be

tested experimentally. Some Acidianus species, such as
A. manzaensis (Yoshida et al. 2006) and A. sulfidivorans
(Plumb et al. 2007) grow chemolithoautotrophically with
oxidation of molecular hydrogen, but this cannot occur in
A. hospitalis because it apparently lacks an encoded
hydrogen dehydrogenase.

Transposable elements include a few IS200/607 elements
and several orphan orfB elements which all belong to the
1S200/605/607 family. They lack inverted terminal repeats
and are mobilised by “cut-and-paste” mechanisms (Filée
et al. 2007; Ton-Hoang et al. 2010). No representatives of
other transposable element families were found, common to
other Sulfolobus genomes, which carry inverted terminal
repeats and are mobilised by “copy-and-paste”” mechanisms
(Blount and Grogan 2005; Redder and Garrett 2006). It
remains uncertain whether the OrfB protein is responsible
for transposition of the orfB elements or whether they are
mobilised in trans by the TnpA transposase encoded by the
1S200/607 elements (Filée et al. 2007; Guo et al. 2011). The
1S200/607 and orfB elements have been detected in Sulfol-
obus conjugative plasmids and orfB elements also occur in a
few viruses of the Sulfolobales including four copies in the
Acidianus two-tailed bicaudavirus ATV (She et al. 1998;
Greve et al. 2004; Prangishvili et al. 2006). Thus, they are
likely to be transmitted intercellularly, and enter chromo-
somes, via such genetic elements.

MITEs are common in Sulfolobus species and have been
predicted to be mobilised by transposases encoded in dif-
ferent IS element families (Redder et al. 2001). The novel
MITE-like elements in the A. hospitalis genome (Fig. 3)
may derive from orfB elements and be mobilised by a
similar mechanism but at present we can provide no evi-
dence for their mobility. In this respect, they may be
similar to other Sulfolobus MITEs which show a low level
of transpositional activity (Redder and Garrett 2006). This
is consistent with the hypothesis that MITEs drive the
evolutionary diversification of their mobilising transpos-
ases to the point that they are no longer recognised which
leads to their immobilisation and subsequent degeneration
(Feschotte and Pritham 2007).

All of the integrated elements, except one, could be
identified as originating from fuselloviruses or a pDL10-
like member of the pRN family of cryptic plasmids
(Kletzin et al. 1999), and the conjugative plasmid pAHI
was already shown to reversibly integrate at a tRNA™®
[TCG] gene (Basta et al. 2009). None of these events
occurred within any of the 15 tRNA genes carrying introns
and this observation is consistent with the hypothesis that
archaeal introns protect tRNA genes against integration
events (Guo et al. 2011).

VapBC constitutes the predominant antitoxin—toxin
family found amongst the Sulfolobales and the A. hospi-
talis genome carries 26 vapBC gene pairs, more than occur

@ Springer



494

Extremophiles (2011) 15:487-497

1

100

éAGAC TG"‘AILCA( ”GCACQ}TAAC T=- —AIFTAG—"‘T‘AT TJV’_‘ AATTGC ’_‘IFC TAAAT‘T‘TG(“C CTGATC
AGTACTGCAAC CATATAACTTTGATTAG,
~~GACTGTAACAC
GAGACTATAGCAC

200

TGC TL.ALGAGAGT
LGAGGGl

TGA----AATAGTTT
CCGA----AGTAGTTTTT.

~ATCTGATGACH GGG( ACTGCTCACGAGGGT
~ATCTGATGACGGGCACTGCTCACGAGGGT

300 315

T T T

GAAGAG IAGC ’_‘GTGTT"‘C CC ITTAC TAACTC C. AAIGA’_‘C TGAGGGTAAACG”ATATGA”C L.LCTAAGAAGAATG

~~GGGAGTGATAG-AAGTGTGGATGG-AGGGTAGTGGCGT"
TGGGGAGTGATAA-GAGTGTGGATGGGAGGGTATTGGTGT?
——————— TGGTAAGAAAGGTGGATGGGAGGGTATTGGTGT"

T T T 1

CAA’_‘GA(,GGAATT 777777777777777777 GGATAAGTTATGCCACGGGTAAATAC
CGTGGCGGAATTAGAAGTAAT TAAAAGTAAGGAAAAGTTACGCCACGGGTAAACAC
CCGCG TGG AATTAGAAGCAAGGAAAAGTTACGTCACGGATAAACAC
CCTTGAGAGGGGTGCCCGTGGTGGAATTAAAAGTAAT TAAAAGTAAGGAAAAGT TACACCACGGGTAAACAC
CCTTAAGAGGGGTGACC, GAATTAGAAGTAAGGATAAGT lA( GCCACGGGTAAACAC

—-GGGAGTGATAA-AAGTGTGGATGGGAGGGTATTGGTGTTTCCCTC GA( T‘AG( "CCAAGGAC T‘T‘AAGGGT‘GAAT‘G"‘GTATGA o

—-GGGAGTGATAA-AAGTGTGGATGGGAGGGTAGTTGTGTTTCCCTCGACTAGCCCCAAGGACTTAAGGGTGAATGTGTATGATCCCTTA TGCC! (,G"‘GG( G T‘AATT‘AAAAGTAAGGAAAAGT‘TA(‘G “CACGG-TAAACAC
~~GGGAGTGATAA-AAGTGTGGATGGGAGGGTAGTGGTGTTTCCCTCGACTAGCCCCAATG——————— GGTGAATGTGTATGATCCCTTA IGCCCGTGGCG GAATTAAAAGTAAGGA---—— TACGCCAAGGGTAAACAC
~~GGGAGTGATAA-AAGTGTGGATGGGAGGGTATTGGTGTTTCCCTCGACTAGCCCCAAGGAC TTAAGGGTGACTGTGTATGAT CCCTTA- - === === GCCCGTGGCTGAATTAGAAGTAAT TAAAAGTAAGGAAAAGT TACGCCACGGGTAAACAC
~~GGGAGTGATAA-AAGTGTGGATGGGAGGGTAGTGGTGTTTCCCTCGACTAGCCCCAAGGACTTAAGGGTGACTGTGTATGATCCCTTAAGAGGGGTGCCCGTGGCAGAGT TAG -~~~ = = m AGGATAAGTTACGCCACGGGTAAACAC

Fig. 3 Alignment of 10 MITE-like repeat elements present in the genome of A. hospitalis. The shaded area denotes to a small open reading
frame corresponding to the downstream part of the OrfB found within transposable orfB elements

A antitoxins [VapB] B toxins [VapC] antitoxin other
ORF class ORF class genomes
0374 0712 N/A 12
2101 1521 AbrB 3
0399 0210 AbrB 1
0394 0355 AbrB 6
0264 0353 CcdA 8
0209 @ 1674 CcdA 1
0412 g 1737 CcdA 12
1712 0362 CcdA 7
1520 1729 CcdA 0
1610 1996 CcdA 0
0183* 0400 AbrB 4
0356 0265 AbrB 13
0183 AbrB 7
1583 DUF217 7
0361 1979 DUF217 2
1738 0375 AbrB 4
1728 0} 1 1611 AbrB 0
0354 I3 0205 DUG217 4
1673 g _| 1713 AbrB 0
1997 g 2058 CcdA 13
1644 o 0395 AbrB 7
1587 0413 AbrB 7
2059 1645 CcdA 0
0206 ~ 2102 AbrB 1
1524 § 1586 CcdA 8
1582 =) 1663 unknown 4
5%, 1978 = 5% 1525 Duf217 0

Fig. 4 VapBC trees. Phylogenetic trees for a VapB antitoxins and
b VapC toxins. They demonstrate that VapBs, despite their high
sequence diversity, can be classified into three main families AbrB,
CcdA/CopG and DUF217, whereas the VapCs are highly diverse in
their sequences but cannot be classified into major subgroups. The
Ahos gene numbers are given for each protein. Moreover, the class of
the VapB corresponding to each VapC is given in b. The degree of
conservation of the VapC proteins in the available 13 Sulfolobus

in more rapidly growing Sulfolobus species (Pandey and
Gerdes 2005; Guo et al. 2011). Moreover, the groups of
VapB and VapC proteins are highly diverse in sequence
(Fig. 4). Antitoxin—toxins were originally shown to
enhance plasmid maintenance as a consequence of the
growth of plasmid-free cells being preferentially inhibited
by free toxins which are inherently more stable than the
antitoxins (Gerdes 2000). By analogy with this mechanism,
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genomes is indicated in b where 0 indicates it is absent from all the
genomes whilst 13 indicates that it is present in all. The antitoxin
corresponding to VapC-0183 is not annotated in the genome because
it lacks a start codon but it is included in the figure. The VapC-like
protein (Ahos0712) is part of the operon with a translation-related
protein and lacks a VapB. The Ahos1664/1663 pair are variant ORFs
where both VapB and VapC are longer than usual and the VapB does
not cluster with the families in a

it was proposed that chromosomally encoded toxins may
facilitate maintenance of local DNA regions where vapBC
gene pairs are located that might otherwise be prone to loss
(Magnuson 2007; Van Melderen 2010). This hypothesis is
consistent with the observation that most of the A. hospi-
talis vapBC gene pairs lie within the two variable genomic
regions where DNA regions are exchanged (Fig. 1).
Moreover, it receives strong support from both the high
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Fig. 5 Schematic representations of the CRISPR loci of A. hospitalis.
a Family IT CRISPR module carrying three CRISPR loci and Cmr and
Cas family gene cassettes which are both interrupted by, or bordered
by, four vapBC gene pairs (orange). b Paired family I CRISPR/Cas
system flanked by one vapBC gene pair, and c. an unclassified
CRISPR locus lacking a leader region and adjacent cas genes. csml is
a homolog of cmr2, csm2 is a homolog of cmr5 and csm3 is a

diversity, and the uniqueness of all the VapC proteins
encoded within the A. hospitalis chromosome (Fig. 4b),
because any similar VapBC complexes would compensate
for the loss of one another, thereby undermining any DNA
maintenance activity.

In slowly growing organisms, from nutrient poor envi-
ronments, multiple toxins are also assumed to be involved
in stress response and/or quality control (Gerdes 2000;
Pandey and Gerdes 2005). Involvement in stress response
entails that the more stable toxins inhibit growth and allow
the host to lie in a dormant state during the period of
environmental stress (Gerdes 2000). However, there may
also be a negative effect on host growth due to the con-
tinuous presence of low levels of free toxin (Wilbur et al.
2005). Thus, the presence of many vapBC gene pairs
in A. hospitalis could reflect a compromise between the
ability to survive different environmental stresses and
maintaining an adequate growth rate under normal condi-
tions. This would be also consistent with the presence of
three families of VapB proteins and high sequence diver-
sity of the VapC proteins, since functionally overlapping
systems would be redundant for stress responses and they
would confer an unnecessary burden on host growth. The
proposed dual roles of maintenance of local chromosomal
DNA regions and providing resistance to stress and are not
mutually exclusive.

Although the mechanism of action of VapC toxins
remains unknown (Arcus et al. 2011), in A. hospitalis, a
single vapC-like gene (Ahos0712) is directly coupled to
genes encoding proteins involved in transcription and ini-
tiator tRNA binding to the ribosome, and this gene cassette

homolog of cmr4. The light blue genes each carry two short RAMP
motifs. a—c¢ Structures of the individual CRISPR loci are shown
together with the leader region (L) where each triangle represents a
spacer-repeat unit. Significant spacer matches to sequenced viruses
and plasmids are colour coded: red rudivirus, orange lipothrixvirus,
yellow fusellovirus, green bicaudavirus, furquoise turreted icosahe-
dral virus, blue conjugative plasmid and violet cryptic plasmid

is highly conserved in gene content and sequence in other
Sulfolobus genomes (Guo et al. 2011). This suggests that
this VapC protein, at least, may also regulate or inhibit
translational initiation by binding at the ribosomal A-site,
as demonstrated recently for a RelE type toxin (Neubauer
et al. 2009). A similar inactivation mechanism would be
plausible for the VapC toxins, if one assumes that
expression of the individual VapBC complexes is stimu-
lated by either the requirement to maintain different local
regions of chromosomal DNA or different environmental
stresses.

Despite the complexity of the CRISPR-based immune
systems present in the genome, they appear to be, at best,
only partially functional. Thus, the family I CRISPR/Cas
system is coupled with an archaeal family D Cmr module
in A. hospitalis, but is apparently defective, retaining only
its putative RNA, but not DNA, targeting function. The
system lacks the group 2 cas genes (cas3, cas5, csa2, csaJ,
csaX) which encode proteins implicated in targeting and
inactivating foreign DNA elements (Fig. 5). However, the
cas group 1 genes (casl, cas2, cas4, csal), putatively
involved in integrating new spacers from invading DNA
elements are present, and the Cmr module implicated in
RNA targeting are also present (Garrett et al. 2011; Shah
et al. 2011). The family I system exhibits small CRISPR
loci, with intact leader regions and group 2 cas genes.
However, the cas2 gene in the group 1 cas gene cassette is
truncated, having incurred a point mutation which produces
a premature stop codon. Thus, this system has apparently
lost the ability to integrate new spacers. This suggests that
neither CRISPR-based system is fully functional, despite
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their apparent complexity. The presence of five vapBC
gene pairs located either within the cmr and cas gene
cassettes of the family II CRISPR/Cas module, or imme-
diately upstream from the modules of both families, may
reflect that they help to maintain these gene cassettes on the
chromosome (see above).

Although a range of genetic systems have been devel-
oped for Sulfolobus species, at present no genetic systems
are available for the Acidianus genus and A. hospitalis
provides a promising candidate for such studies. It has a
minimal size and the relative stability of its chromosome
suggests that it is likely to generate stable deletion mutants.
This, combined with its ability to host different plasmids
and viruses provides a promising starting point for devel-
oping a genetic system.
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