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Sulfolobus mutants resistant to archaeal lytic virus Sulfolobus islandicus rod-shaped virus 2 (SIRV2) were isolated, and muta-
tions were identified in two gene clusters, cluster ss03138 to ss03141 and cluster ss02386 and ss02387, encoding cell surface and
type IV secretion proteins, respectively. The involvement of the mutations in the resistance was confirmed by genetic comple-
mentation. Blocking of virus entry into the mutants was demonstrated by the lack of early gene transcription, strongly support-

ing the idea of a role of the proteins in SIRV2 entry.

To date, relatively few archaeal viruses have been character-
ized, and most of those that have been characterized infect
acidothermophilic members of the order Sulfolobales. Despite
their limited number of around 50 species, they exhibit consider-
ably greater morphological diversity than the more extensively
characterized bacteriophages, about 95% of which show head-tail
morphologies. Archaeal viruses, in contrast, exhibit fusiform
shapes, often with one or two tails, bottle shapes, bearded-globu-
lar forms, and a wide variety of rod-like and filamentous morpho-
types which often carry small terminal appendages (1-3). This
morphological diversity suggests that the archaeal viruses may
employ a variety of mechanisms to enter their hosts, but current
insights into entry mechanisms are limited to an OppA trans-
porter protein, Sso1273, possibly providing a receptor site for the
Acidianus two-tailed virus (ATV) in Sulfolobus solfataricus P2 (4).
And very recently, microscopic studies suggested that Sulfolobus
islandicus rod-shaped virus 2 (SIRV2) enters the host cell by at-
taching and moving through a pilus-like filament; however, the
nature of the structure and the identity of the involved proteins
remain elusive (5).

Sulfolobus solfataricus P2 is an acidothermophilic crenar-
chaeon that can host a wide range of archaeal viruses, many of
which are propagated stably (1, 3, 6). Moreover, few of the viruses
appear to induce cell lysis, possibly reflecting a need to minimize
contact with the harsh hot acidic environment. However, recent
studies have identified a few viruses that can enter a lytic phase,
including the Sulfolobus turreted icosahedral virus (STIV), the
two-tailed fusiform (ATV), and, more recently, the rudivirus
SIRV2 (7-9).

SIRV2 s classified in the family Rudiviridae together with other
well-characterized viruses, including SIRV1 (10, 11), ARV1 (12)
and SRV1, (13), all of which are rod shaped and lack an envelope,
and their genomes consist of linear double-stranded DNA with
covalently closed ends (10, 14, 15). In a recent microarray analysis
of S. solfataricus infected with SIRV2, we demonstrated that the
viral genes were activated at different times and that mainly stress-
response host genes and those implicated in vesicle formation
were downregulated (16). The results also illustrated that SIRV2
infection at a multiplicity of infection (MOI) of 30 resulted in
growth inhibition of S. solfataricus 5E6 (16). In the present exper-
iment, the culture was infected at alower MOI (< 1) which also led
to a growth retardation, but the infected culture could enter the
exponential-growth phase at 80 h postinfection (p.i.) (Fig. 1A).
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FIG1 (A) Growth retardation of S. solfataricus 5E6 upon SIRV2 infection. (B)
Resistance of S. solfataricus 5E6R to SIRV2. ODg,, optical density at 600 nm.

The surviving cells (named 5E6R) appeared to be resistant to
SIRV2 because, in contrast to the sensitive 5E6 strain, no growth
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FIG 2 Analysis of the pyrEF mutants derived from S. solfataricus SE6. (A) Types and insertion sites of transposons inserted in the pyrEF gene region of different
pyrEF mutants. (B) PCR amplification of the pyrEF region from Sensl to Sens10 and from Resl to Res10. wt, wild type.

retardation was observed when 5E6R was diluted and infected
with SIRV2 at the same MOI (Fig. 1).

In order to manipulate the SIRV2-sensitive S. solfataricus 5SE6
strain genetically (17), 10 pyrEF mutants, labeled Sens1 to Sens10,
were isolated from Gelrite plates containing 5-fluoroorotic acid
(5'-FOA). Their mutation sites in the pyrEF gene region were
identified by a combination of PCR amplification, restriction di-
gest analysis, and sequencing (17). All the mutations were shown
to result from transposon insertions, either IS elements or minia-
ture inverted terminal repeat elements (MITEs), and the inser-
tions occurred in the coding sequences or within the single pro-
moter (Fig. 2A). These results are consistent with the previous
reports demonstrating high transposition activity in S. solfataricus
and its contribution to chromosomal plasticity (18-20). Follow-
ing the procedure described above, SIRV2-resistant cultures were
generated for each of the pyrEF mutants. Single colonies were then
produced from the cultures by streaking onto Gelrite plates to
yield the purified resistant strains Resl to Res10. The stability of
the transposon insertions in the pyrEF genes was tested for each of
the 10 pyrEF mutants (Sensl to Sens10) and their corresponding
SIRV2-resistant colonies (Res1 to Res10) by growing them in rich
media containing uracil (17) for 3 days without transfer, prior to
total DNA extraction and PCR amplification of the pyrEF regions.
Each transposon insertion appeared to be stable, because no wild-
type PCR bands were observed, except a weak wild-type band
produced in Sens2, consistent with the undetectable reversion
rates for Sulfolobus transposons recorded earlier (19, 20). Since
Res2 did not generate the wild-type band, the extra PCR product
in Sens2 was probably due to a minor contamination of the colony
by wild-type cells (Fig. 2B).

Sensl, Sens3, Sens7, and Sens8 were selected for a transforma-
tion test because they carried different transposons located at dif-
ferent insertion sites (Fig. 2A). Shuttle vector pEXA was used for
transformation (21), and water was used in the negative control.
While Sens7 and Sens8 appeared unstable after electroporation,
Sensl and Sens3 yielded transformants without colony formation
in the negative control. Thus, we focused on Sens1 and its resistant
mutants for further studies of SIRV2 susceptibility.

The SIRV2-resistant cells were enriched directly from the
SIRV2-sensitive culture; therefore, the only selective pressure ap-
peared to occur either upon SIRV?2 infection or during virus-in-
duced cell lysis. Moreover, since the active clustered regularly in-

September 2014 Volume 88 Number 17

terspaced short palindromic repeat (CRISPR) loci A, B, C, and D
were all lost from the 5E6 host strain (16), the residual CRISPR
loci E and F, which lack the spacer acquisition cas genes, were
unlikely to be responsible for the resistance (21, 22). Therefore, we
inferred that resistance arose as a result of mutated host genes that
are important for the SIRV?2 life cycle. To identify such mutations,
the genomes of strains Sens1 and Res1 were resequenced by the
use of a Hiseq 2000 sequencer, yielding about 200-fold coverage.
The sequencing reads of both strains were aligned with the
genome sequence of S. solfataricus P2 (23) using the R2R program
(24) to identify mismatches as well as insertions and deletions.
Mutations to the P2 genome in the resequenced genomes of Sens1
and Res1 were then compared manually. Only one mutation was
detected and constituted a single insertion of ISC1078 into Resl
but not Sensl. The insertion was localized in ss03139, a gene en-
coding a conserved hypothetical protein lying within an operon
(Fig. 3A).

Next we tested whether other resistant strains also carried mu-
tations in ss03139 or in other genes of the same operon by employ-
ing a primer pair (5'-GCTACGCTTCTAACAAACCTAATCTG
and 5'-CGAAACTTGCGAAACAACTACCT) designed to am-
plify the whole operon region. After PCR amplification, restric-
tion digestion, and sequencing, another 5 strains were shown to
contain mutations at different locations within ss03139 or the ad-
jacent ss03140 (Fig. 3A). Interestingly, all the 6 mutations were
produced by ISC1078 insertion (Fig. 3A) and appeared to be stably
maintained (Fig. 3C).

To identify possible mutations in the other 4 resistant strains,
genome resequencing followed by PCR analyses of relevant genes
was performed (using primers 5'-GAGTCTGGGGAAAATCGGT
AAAGTT and 5 -TGGCATTGTAACCCTAATTGCTTCT).
These revealed IS element insertions in ss02387 of Res2 and Res10
(Fig. 3B). Ss02387 in Sens2 and Sens10 contains 577 amino acids
(aa) but only 283 aa in the sequenced S. solfataricus P2 genome
(23). An analysis of the sequences around ss02387 in S. solfataricus
P2 revealed that it is a partial gene that resulted from an ISC1225
insertion (Fig. 3B), which could explain the resistance of the wild-
type P2 strain to SIRV2 (13 and this work). Interestingly, an in-
version in ss02386 was detected in Res7 whereas no mutations
were identified in Res9 that could be linked to SIRV2 resistance
(Fig. 3B).

The frequently observed mutations in cluster ss03139 and
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FIG 3 Different mutations in the SIRV2-resistant strains and their stability. (A) Transposon insertions in ss03139 and ss03140. (B) Mutations in s502386 and
5502387. (C) PCR amplification of the mutation region from different resistant strains.

5503140 and cluster ss02386 and ss02387 in the resistant strains
strongly suggest that the two gene clusters are important for the
SIRV2 life cycle. To confirm the implication of the mutations
in the gained resistance, genetic complementation was per-
formed for the mutated genes. As described above, Sensl ap-
peared stable during genetic manipulation, and we thus se-
lected Resl for complementation of ss03139 mutation. For
complementation of mutations in the other gene cluster,
Res1B, carrying an ISC1234 insertion in ss02387 (Fig. 3B), was
isolated from SIRV2-infected Sensl. Resl cells were trans-
formed with vector pEXA2 containing ss03139, and Res1B cells
were transformed with vector pEXA2 containing ss02386 and
5502387. After SIRV2 was added into the cultures, growth re-
tardation occurred in the complemented cells, while the non-
complemented culture, transformed with the empty vector,
showed a growth rate similar to that of the uninfected culture
(Fig. 4A and B). Further, Southern hybridization (17) using a
probe derived from the SIRV2 inverted terminal repeats (ITR)
detected signals only from the complemented cells (Fig. 4C and
D) and the multiple hybridized bands were consistent with
ongoing replication (Fig. 4E) (10, 25). The absence of SIRV2
signal in the resistant strains indicates a defect in the virus life
cycle.

To gain insights into the functions of the two gene clusters, the
protein sequences of the genes were firstly analyzed by the use of
program TMHMM (http://www.cbs.dtu.dk/servicess TMHMM-2
.0/) for the possible presence of transmembrane helices. Ss03138,
Ss03139, and Ss03140 were predicted to be primarily located ex-
tracellularly (see Fig. S1 in the supplemental material), correlating
with a previous prediction of the presence of class III signal pep-
tides at their N termini (26). Among these, Ss03140 was confirmed
to be a membrane-associated protein in a proteomics study (27).
In contrast to the other 3 proteins, Ss03141 was predicted to con-

10266 jvi.asm.org

tain two transmembrane helices, one at the N terminus and the
other at the C terminus, while the sequence between them was
presumed to be located intracellularly. Therefore, it appears that
the proteins encoded in the operon form a membrane-associated
cell surface structure and may function as a receptor for SIRV2.
Moreover, it was demonstrated recently that Ss02386 carries mul-
tiple transmembrane helices and that Ss02387 constitutes an
ATPase associated with a type IV secretion system, and they were
designated AapF and AapkE, respectively (28). Further, homologs
of both are essential for the formation of the adhesive type IV
pilus of S. acidocaldarius (28). The association with the cell mem-
brane of proteins encoded by both gene clusters strongly indicates
their involvement in the entry process of SIRV2.

The failure of viral entry into Resl and Res1B cells was fur-
ther confirmed by reverse transcription-PCR analysis of one of
the early genes, ORF131a (17). RNA extracted from cells taken
at 15 min p.i. was DNase I treated and reverse transcribed
(SuperScript II reverse transcriptase; Invitrogen). PCR per-
formed on the cDNAs detected ORF131a only from Sensl cells,
while the positive-control ss00446 (tfb-1) gene was detected in
all the 3 strains (Fig. 4F). This strongly supports the conclusion
that the proteins encoded by the two gene clusters are involved
in SIRV2 entry. A likely scenario is that gene cluster ss03138 to
ss03141 encodes a surface receptor for SIRV2 and that gene
cluster 5502386 and 5502387 is involved in the secretion of the
receptor components.

Except in Escherichia coli, very few virus receptors are known in
the domains of Bacteria and Archaea (29). The primary receptors
for E. coli filamentous phages are pili which retract toward the cell
surface, bringing the phages to the secondary receptor located in
the periplasm (30). Linear archaeal viruses, including rudiviruses,
have been observed to attach to pili (5, 31, 32). Future work is
needed to determine the association of the two identified gene
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FIG 4 Cluster ss03138 to ss03141 and cluster s502386 and 5502387 are involved in SIRV2 entry. (A) Growth retardation of sso3139-complemented Resl upon
SIRV?2 infection. Resl (pEXA), Resl transformed with expression vector pEXA; Res1 (pEXA3139), Resl transformed with expression vector pEXA containing
5503139. (B) Growth retardation of ss02386-and-ss02387-complemented Res1B upon SIRV2 infection. Res1B (pEXA), Res1B transformed with expression vector
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respectively.

clusters with the structure of pili. To our knowledge, this is the first
work providing genetic and biochemical evidence for a possible
receptor system in archaeal virus entry.
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