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Viruses package their genetic material in diverse ways. Most known
strategies include encapsulation of nucleic acids into spherical or
filamentous virions with icosahedral or helical symmetry, respec-
tively. Filamentous viruses with dsDNA genomes are currently as-
sociated exclusively with Archaea. Here, we describe a filamentous
hyperthermophilic archaeal virus, Pyrobaculum filamentous virus 1
(PFV1), with a type of virion organization not previously observed
in DNA viruses. The PFV1 virion, 400 + 20 x 32 + 3 nm, contains an
envelope and an inner core consisting of two structural units: a rod-
shaped helical nucleocapsid formed of two 14-kDa major virion pro-
teins and a nucleocapsid-encompassing protein sheath composed
of a single major virion protein of 18 kDa. The virion organization
of PFV1 is superficially similar to that of negative-sense RNA
viruses of the family Filoviridae, including Ebola virus and Marburg
virus. The linear dsDNA of PFV1 carries 17,714 bp, including 60-bp-long
terminal inverted repeats, and contains 39 predicted ORFs, most of
which do not show similarities to sequences in public databases. PFV1
is a lytic virus that completely disrupts the host cell membrane at the
end of the infection cycle.
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Over the past years it has been shown that extreme thermal
environments represent a habitat for unique DNA viruses
with profound morphotypical diversity, many of which have not
been observed in environments with moderate life conditions
(1, 2). The peculiarity of these viruses seems to be linked with the
specific nature of their hosts, hyperthermophilic members of the
phylum Crenarchaeaota of the domain Archaea (1, 3). Neverthe-
less, in their overall morphology some crenarchaeal viruses, in-
cluding those with icosahedral and filamentous virions, resemble
viruses infecting bacteria and eukaryotes. The exact evolutionary
relationship between viruses infecting hosts from different do-
mains of life is often enigmatic. In icosahedral archaeal viruses
the major capsid protein has the double p-barrel fold (4, 5), which
also is found in the capsid proteins of many bacterial and eukaryotic
viruses, pointing toward an evolutionary relationship among these
viruses (6-8). In contrast, filamentous viruses infecting hosts from
different cellular domains appear to be evolutionarily unrelated.
Indeed, bacterial, eukaryotic, and archaeal filamentous viruses
contain ssDNA, ssRNA, and dsDNA genomes, respectively (9).
Virion organization of bacterial M13-like inoviruses and the plant
Tobacco mosaic virus have been studied extensively for decades
using various biochemical, biophysical, and structural biology ap-
proaches. As a result, a comprehensive picture of how these virions
are assembled and how they are organized is available (10-12). In
contrast, little is known about the organization of filamentous
viruses infecting archaea, with the notable exception of the non-
enveloped Sulfolobus islandicus rod-shaped virus 2 (SIRV2), for
which a 3D reconstruction at ~4-A resolution has been obtained
recently (13).

Here we report on the isolation and characterization of a new
filamentous dsDNA virus that infects members of the archaeal
genus Pyrobaculum. We show that the virus has a unique virion
organization, with its linear genome being enclosed in a tripartite
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shell consisting of two protein layers and an external envelope.
Our results provide new insights into the diversity of architec-
tural solutions used by filamentous viruses.

Results

Virus and Host Isolation. From the environmental sample collected
at the Pozzuoli Solfatara, Italy, enrichment cultures were estab-
lished in conditions known to favor the growth of aerobic mem-
bers of the archaeal genus Pyrobaculum (14). The virus-like particles
(VLPs) were detected in the enrichment culture by transmission
electron microscopy (TEM). They were filamentous, uniform in
overall appearance, and measured roughly 400 x 30 nm (Fig. S1).
Their titer in the enrichment culture did not change after two
rounds of 1:100 dilution by culture medium, with further growth of
cells, suggesting active replication of the VLPs. For further anal-
ysis, the VLPs were collected and concentrated.

Twelve isolates of cells were colony purified from the VLP-
producing enrichment culture and were analyzed for the ability
to produce VLPs. The presence of VLPs was not detected in cell
cultures of these isolates. In all cases, however, the addition of
aliquots from the VLP preparation to exponentially growing cell
cultures of all 12 isolates, followed by their further growth to the
stationary phase, resulted in a dramatic increase of the VLP con-
centration. The results strongly suggested that the VLPs repre-
sent infectious virus particles and that all 12 analyzed isolates
could be infected by this virus. One of these isolates was subjected
to an additional round of colony purification, and the isolated
strain, designated “2GA,” was selected as a standard virus host
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Fig. 1. Transmission electron micrographs of PFV1 virions. (A) Purified virions. (B) Virions in a P. arsenaticum 2GA cell. (C) Virions in the process of egress from
a lysed P. arsenaticum 2GA cell. Negative stain with 2% uranyl acetate. (Scale bars: 100 nm in A; 1,000 nm in B and C)

for all following experiments, unless stated otherwise. Cells of
the 2GA isolate are rod-shaped, with an average length of about
4 pm and a width of about 0.7 pm. Analysis of the 16S-TRNA gene
sequence revealed that the isolate represents a strain of Pyrobaculum
arsenaticum. The sequence, including the intron, was 100% identical
to the sequence of P. arsenaticum PZ6 (DSM13514) that previously
was isolated from the same hot spring (15).

The filamentous virus that replicated in P. arsenaticum 2GA,
after P. arsenaticum 2GA had been infected at an multiplicity of
infection (MOI) of ~0.5, was named “Pyrobaculum filamentous
virus 1”7 (PFV1) (Fig. 14). The morphology of PFV1 virions was
identical to that of the VLPs observed in the enrichment culture
(Fig. S1).

Virus-Host Interactions. Besides P. arsenaticum 2GA, PFV1 also
could infect P. arsenaticum PZ6 and Pyrobaculum oguniense TE7,
but Pyrobaculum calidifontis VA1 was resistant to the virus. Notably,
P. arsenaticum PZ6, which was originally described as an anaerobic
strain (15), could grow in aerobic conditions using DSMZ medium
1090 (14). The result is unexpected, considering the absence of the
gene for the cytochrome ¢ biogenesis factor (Pogu_I1433)—a part
of the cytochrome cluster implicated in the aerobic growth of
P. oguniense (16, 17)—in the genomes of P. arsenaticum strains
PZ6 and 2GA (Fig. S2). However, it should be noted that the
DSMZ medium contains sodium thiosulfate, which is a widely
used oxygen scavenger; thus, it is likely that the concentration of
oxygen in the medium, if any, was low.

Replication of PFV1 in P. arsenaticum 2GA resulted in cell
growth retardation (Fig. S3). Because Pyrobaculum cells could not
be propagated as a lawn on solid medium, a plaque assay could not
be established for PFV1; therefore we relied on TEM observations
for assessment and quantification of virus-host interactions. In the
experimental conditions no virions were observed in the cell-free
culture of P. arsenaticum 2GA supernatant in the first hours post
infection (hpi); the first intracellular virions could be observed
around 16 hpi (Fig. S44). At approximately at 20 hpi the cells were
densely packed with virions (Fig. 1B), which were released by
24 hpi, coinciding with the dramatic rupture of the host cell en-
velope (Fig. 1C and Fig. S4B). Based on the TEM observations, we
estimate that the burst size exceeded 100 virions per cell.

Virion Organization. Negatively stained PFV1 virions are flexible,
filamentous particles, measuring 400 + 20 x 32 + 3 nm (Figs. 1
and 24). Bundles of thin filaments are attached to both ends
of the virions. They measure about 2 nm in width and can
reach the length of 80 nm. Very long virions (~16 times longer
than the typical virion) have been observed occasionally (Fig.
S5), suggesting that such particles encapsidate more than one
unit-length of the genome, as is the case in some other filamentous
viruses (18).

Rensen et al.

Insights into the virion organization were obtained by TEM
observations of partially disintegrated particles. PFV1 virions
appear to be sensitive to mechanical stress and can be partially
disrupted in the course of purification and concentration. Puri-
fied PFV1 preparations contained a small proportion of dis-
rupted particles that were devoid of their envelope, revealing a
complex structure of the virion core, 30 + 3 nm in width (Fig.
2B). The core consists of a nucleoprotein filament, a nucleo-
capsid about 20 nm in width (indicated by black arrows in Fig.
2B), and a surrounding protein sheath. Regular striations in both
the nucleoprotein filament and the nucleocapsid most likely result
from their helical organization. Mild treatment of PFV1 virions with
Tween-20 caused partial detachment of the envelope from the nu-
cleocapsid but not its complete removal. In a few cases, the envelope
was detached at both ends of the virion. In most cases, envelope
detachment caused the virion ends to curl up, transforming the fil-
amentous virions into “lollipop-like” structures and clearly revealing
the helical organization of the core (Fig. 2C). After mild treatment
with Nonidet P-40 or Triton X-100 the virions were disassociated
into completely unsheathed nucleocapsids and pleomorphic
vesicle-like spheres. No other structural entity was produced as a
result of such treatment (Fig. 2D). The unsheathed nucleocap-
sids were thinner than the intact cores (20 + 5 versus 30 + 3 nm).
Surprisingly, these structures were about 40 nm longer than the
intact cores or native virions (440 + 30 nm versus 400 + 20 nm)
(Fig. 2D), suggesting that the sheath is involved in nucleocapsid
compression. However, we do not exclude the possibility that the

Fig. 2. Transmission electron micrographs of native and disrupted PFV1
virions. (A) Native virion. (B) Virion disrupted in the course of purifica-
tion. (C) Virions treated with Tween-20; white arrows indicate an envelope.
(D) Structural entities resulting from virions treated with Triton X-100. Black
arrows in B and D indicate a helical nucleocapsid. Negative stain with 2%
uranyl acetate. (Scale bars: 100 nm.)
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observed differences in nucleocapsid length in the intact and
partially disintegrated states may be artifactual. The PFV1 vi-
rions were completely degraded when treated with 0.1% SDS.
Treatment with ethanol (50% vol/vol) did not affect the integrity
of the virions but did result in their conversion into cane-shaped
particles (Fig. S6).

Genome Organization. Nucleic acid extracted from the purified
PFV1 particles was sensitive to DNase I and type II restriction
endonucleases (BamHI, EcoRI, and Sall). However, it was not
sensitive to RNase. The results indicate that the genome of PFV1
is a dsDNA molecule.

Sequencing of the PFV1 genome yielded a sequence of 17,714
bp, including 60-bp-long terminal inverted repeats (Fig. 3). The
genome has a G+C content of 45.4%, which is considerably (55.1%)
lower than that of the sequenced P. arsenaticum PZ6 genome
(GenBank accession no. CP000660). The PFV1 genome contains
39 predicted ORFs that are larger than 40 codons (Fig. 3). These
are tightly arranged and occupy 93.1% of the genome. All except
one of the ORFs are encoded on the same strand. Thirty-six
OREFs use AUG as a start codon. Ten of the PFV1 ORFs were
predicted to encode proteins with one or more transmembrane
domains (Fig. 3 and Table S1).

Homology searches using the BLASTP program (19) revealed
that only seven (18%) PFV1 gene products are significantly similar
(cutoff of E = 1e-05) to sequences in the nonredundant protein
database (Table S1). The closest homologs for three of these
proteins (ORFs 23, 24, and 26) were encoded in the partially
sequenced genome of Thermoproteus tenax virus 1 (TTV1), a virus
infecting hyperthermophilic archaeon Thermoproteus tenax (20)
(see below).

Notably, the enveloped filamentous virions of TTV1 are su-
perficially similar to those of PFV1, and one of the three ORFs
(ORF24) shared between the two viruses encodes a structural
protein, TP3, previously detected in TTV1 virions (20). To in-
vestigate the relationship between PFV1 and TTV1 further, all
PFV1 putative proteins were compared directly with those of
TTV1 using BLASTP. This approach allowed the identification
of six additional putative protein pairs (with pairwise identities
of 24-55%) shared between these viruses (Fig. 3 and Table S1).
Two of the genes were split in TTV1 as compared with PFV1.
Most notably, the Cas4 nuclease-encoding gene, split in TTV1,
is intact in PFV1 (ORF12). Strikingly, in TTV1 the fragment
encoding the N-terminal domain of Cas4 has been exapted to
function as one of the nucleocapsid proteins (TP1) (21). The intact
Cas4 gene in PFV1 suggests that this virus has the ancestral ge-
nome arrangement with respect to that of TTV1. Similarly, ORF10
of PFV1 corresponds to ORFs 2 and 3 in the TTV1 genome (Fig.
3). Although we cannot exclude the possibility that some of the
apparently split genes in the TTV1 genome result from sequencing

PFV1 (17,714 bp)

Cas4-like nuclease

TIR (60 bp)

24-33% | A0%5e,, 0% 28%

VP3
VP1 VP2 Ser protease | glycosyl transferase

errors, the experimentally determined molecular weight of the
nucleocapsid protein TP1 is consistent with the one calculated
from the sequence (20).

A combination of BLASTP and a more sensitive hidden Markov
model (HMM)-based HHpred (homology detection and struc-
ture prediction by HMM) (22) analyses allowed the assignment of
putative functions to less than a quarter of all PFV1 ORFs (nine
OREFs, 23%) (Table S1). Five of the ORFs (26, 28, 29, 30, and 39)
were predicted to be involved in carbohydrate metabolism. ORF26
codes for a putative glycosyltransferase (P = 97.4), and the gene
product of ORF28 is a putative O-glycoside hydrolase containing
a five-bladed p-propeller fold (P = 95.5). The N-terminal region
(amino acids 15-146) of the latter putative protein also contains a
noncatalytic carbohydrate-binding domain. ORFs 29, 30, and 39,
encode small, lectin-like carbohydrate-binding proteins (Table
S1). As mentioned above, ORF12 encodes a Cas4-like nuclease,
which may participate in certain stages of genome replication and
repair (23) or in the degradation of the host chromosome (24), as
has been suggested for another crenarchaeal virus, SIRV2 (25).
The product of ORF37 was confidently predicted by both BLASTP
(E = 9e-10) and HHpred (P = 99.8) to be a ferritin protein,
possibly involved in iron homeostasis and oxidative stress re-
sponse. Finally, ORF23 encodes a putative trypsin-like serine pro-
tease (P = 96.7). Notably, the latter gene is located immediately
upstream of ORF24, which encodes a homolog of the TTV1 struc-
tural protein TP3 (Fig. 3).

Virion Composition. To determine the structural proteins of PFV1,
highly purified virions were analyzed by SDS/PAGE. Two prom-
inent bands of equal intensity (bands IV and V), and six weaker
bands (I, II, III, VI, VII, and VIII), were observed on the gel
stained with Coomassie Brilliant Blue (Fig. 44). The analysis by
LC-MS/MS revealed that band IV contained two proteins with
molecular masses of about 14 kDa, the viral proteins (VP) 1 and
VP2, encoded by ORF20 and ORF?21, respectively (Fig. 3). Both
proteins also were present in band III. Bands V, VII, and VIII
contained protein VP3 with molecular mass of about 18 kDa,
encoded by ORF24 (Fig. 3). VP3 also was present in the area
between band VIII and the stacking gel (Fig. 44). The incidence
of VP3 at multiple positions on the gel could be caused by the
occurrence of multimers of VP3 or its random aggregation, as
well as by different extents of posttranslational modification of
the protein. The weak bands (Fig. 44) contained minor virion
proteins, encoded by ORF23 (band VI), ORF25 (band II),
ORF27 (band VII), ORF28 (band VII), and ORF37 (band I).

Potential glycosylation of virion proteins was analyzed using
ProQ-Emerald Glycoprotein stain (Fig. 4B). Only VP3 could be
identified in the stained bands. The smear in the lower part of
the gel in Fig. 4B contained no PFV1 proteins and might cor-
respond to glycolipids.

glycoside

hydrolase Cftype lectins ferritin-like lectin

31% TIR (60 bp)

TTV1 (13,669 bp /16 kb) -=-—(1{2 30> B.bgg» 1213 @1 s 19 20 —{21 - {28 {25 26— — -

TP1

Fig. 3. A genome map of PFV1 compared with the partial genome map of the virus TTV1. ORFs are indicated by arrows, which indicate the direction of
transcription. Genes encoding the structural proteins are shown in blue; those encoding predicted membrane proteins are indicated by asterisks. Terminal
inverted repeats (TIR) are depicted by red rectangles. The incompleteness of the TTV1 genome is illustrated by the broken line. The genes shared by PFV1 and
TTV1 are connected by blue shading, and the identity between the corresponding proteins is indicated. The relationship between the cas4 gene of PFV1 and
the TP1 gene of TTV1 is indicated by hatched shading.
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Fig. 4. SDS/PAGE of PFV1 proteins. (A) Proteins stained with Coomassie
Brilliant Blue. Roman numerals indicate bands of proteins with identified
genes. (B) Proteins stained with ProQ-Emerald. M, molecular mass standards.

Analysis of virion organization by TEM suggested the pres-
ence of an envelope. To determine if PFV1 virions contain lipids
and to compare their content with that of the host, we performed
lipid analysis by LC-MS/MS (SI Materials and Methods). The
analysis revealed similar lipid composition in both CsCl gradient-
purified PFV1 virions and membranes extracted from P. arsenaticum
2GA (Fig. S7), suggesting a nonselective acquisition of the host lipids
by the virus. In both cases, the membranes contained archaea-
specific sn-2,3-dibiphytanyl diglycerol tetraethers (also known as
“glycerol dibiphytanyl glycerol tetraether,” GDGT) and small
amount of the glycerol trialkyl glycerol tetraether (GTGT) lipids.
However, we cannot exclude the possibility that the lipid com-
position of the PFV1 preparation is affected by contamination by
cellular components. Unfortunately, because of the low yield of
PFV1, it was not feasible to perform further purification steps to
exclude the latter possibility.

Location of the Major Virion Proteins. To understand the archi-
tecture of PFV1 virions further and to reveal the location of the
major structural proteins, virions were dissociated by Triton X-100
treatment into two types of entities shown in Fig. 2D: irregular
spheres and filaments. These two types of structures could be sep-
arated by isopycnic centrifugation in CsCl gradient in the presence
of the detergent (Fig. S8). The spherical particles, likely corre-
sponding to the viral envelope, were found in fractions collected
close to the top of the centrifuge tube, in which mass spectrometry
analysis revealed the presence of solely VP3 (Fig. S8). Consistently,
VP3 is the only structural protein with predicted transmembrane
domains (Table S1). This major virion protein apparently forms the
sheath, which, along with the outer envelope, is a constituent of the
spherical particles. The unsheathed helical filaments were present
in the fractions collected from the middle of the centrifuge tube
(Fig. S8). Mass spectrometry analysis revealed that these fractions
contain proteins VP1 and VP2, which apparently are the principal
protein constituents of the helical nucleocapsid. The results of the
analysis of virion organization and the location of the major virion
proteins are summarized as a schematic model in Fig. 5.

Discussion

All known filamentous viruses with dSDNA genomes infect hyper-
thermophilic archaea. They are classified into four different families:
Lipothrixviridae (26), Rudiviridae (25), Clavaviridae (27), and Spi-
raviridae (28). The two former families include evolutionarily
related viruses and are grouped into the order Ligamenvirales (29).

Rensen et al.

In this paper we have described the isolation and characterization of
a novel hyperthermophilic archaeal virus, PFV1. The only pre-
viously known virus that appears to be related to PFV1 is TTV1
(20): () TTV1 and PFV1 virions are enveloped rod-shaped parti-
cles, measuring about 400-500 nm in length and 32-38 nm in width;
(i) the genomes of the two viruses share nine homologous genes
(23% of the PFV1 gene content), including a gene for one struc-
tural protein; (iii) both viruses are lytic and leave the host cell after
its complete disruption; (iv) both viruses infect neutrophilic hyper-
thermophilic archaea of the order Thermoproteales. Thus, in all
likelihood, TTV1 and PFV1 have evolved from a common ancestor.

Although historically TTV1 has been classified as belonging to
the family Lipothrixviridae (genus Alphalipothrixvirus) based on
its overall morphology and the presence of the external enve-
lope, it does not share any homologous gene with the rest of
the members of this virus family (genera Beta-, Gamma-, and
Deltalipothrixvirus) (26). Even the major virion proteins of TTV1
are unrelated to those of other lipothrixviruses. Unfortunately,
the TTV1 genome has not been sequenced completely (~85% has
been reported) (30-32), and the virus is not available in culture
collections, so the validity of its taxonomic placement cannot be
investigated. Comparison of TTV1 with PFV1 and, in particular,
the dissociation experiments carried out with PFV1 now clearly
show that the two viruses form a group that is unrelated to other
known viruses.

TEM observations on structural entities generated by the dis-
sociation of PFV1 virions and the examination of their protein
constituents (Fig. 2 and Fig. S8) depict the virion organization and
location of major virion proteins VP1, VP2, and VP3 (Fig. 5). The
basic structural element of the virion, the inner helical nucleo-
capsid (20 + 5 nm in width), consists of the linear dsSDNA genome
and multiple copies of DNA-binding proteins VP1 and VP2. It is
surrounded by a helical sheath apparently composed of protein
VP3. The nucleocapsid and the sheath together constitute the
helical core of the virion (30 + 5 nm in width), which is further
encased in the envelope (Fig. 5). The structural organization of
the PFV1 virion is in many ways similar to that of the TTV1 virion
as described by Janekovic et al. (20). In the latter case, however,
the sheath that surrounds the nucleocapsid has seemingly been
overlooked, although the indirect evidence discussed below sug-
gests its existence.

In the studies on the TTV1 virion, the protein TP3 was solu-
bilized by detergent treatment, and in the liberated form it self-
assembled into long filaments ~30 nm wide (20). It was hypothe-
sized that such filaments could be constituents of the TTV1 virion,
intertwining with the helical nucleocapsid (20). In the PFV1 virion,
we indeed have observed the presence of the 30-nm-wide nucle-
ocapsid-surrounding sheath, supporting the hypothesis that a
similar structural constituent exists in the TTV1 virion. Moreover,
the sheath is formed from multiple copies of the protein VP3,
which is homologous to the TP3 protein of TTV1.

One of the most unexpected findings of our study is that, despite
pronounced structural and genomic similarities, viruses TTV1 and
PFV1 differ significantly in the protein composition of their virions.
Unexpectedly, VP1 and VP2, the principal constituents of the PFV1
nucleocapsid, are not homologous to nucleoproteins TP1 and

vP3
envelope VP1+2

20£2nm
30£3nm
32+3nm

400 + 20 nm

Fig. 5. A scheme showing the organization of the PFV1 virion.
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TP2 of TTV1. Nevertheless, a homolog of VP1 (30% identical) is
encoded by ORF11 of TTVL1. The latter protein was not identi-
fied in the TTV1 virions, suggesting that VP1 and the product of
TTV1 ORF11 play distinct roles in the infection cycles of the two
viruses. Even more strikingly, recent sequence analysis of the TTV1
structural proteins has shown that one of the two nucleocapsid
proteins, TP1, has evolved from the inactivated Cas4 nuclease, a
conserved component of the CRISPR-Cas immunity systems (21).
To our knowledge, this shift in function is the first example of
exaptation of an enzyme to serve as a virus capsid protein. Unlike
TTV1, PFV1 contains an intact Cas4-encoding gene, suggesting
that the TP1 nucleoprotein of TTV1 has evolved relatively recently
and functionally has replaced one of the ancestral nucleoproteins
found in PFVI. This observation suggests that in genetically and
structurally related viruses, such as PFV1 and TTV1, nucleoprotein
filaments might be constructed using unrelated DNA-binding pro-
teins. Importantly, this finding might be more general in virus
evolution than currently appreciated. Different members of the
family Bunyaviridae also form helical nucleocapsids using unrelated
nucleocapsid proteins. Specifically, nucleoprotein of Crimean-Congo
hemorrhagic fever virus (genus Nairovirus in the family Bunyaviridae)
is homologous to the corresponding protein of Lassa fever virus
(Arenaviridae) (33), whereas nucleocapsid proteins of bunyaviruses
from the genus Phlebovirus display a distinct protein fold (34, 35). It
also has been reported that phleboviral-like nucleocapsid protein
has been transferred between viruses with negative-strand RNA
and dsRNA genomes (36). These observations suggest that nu-
cleocapsid protein genes are subject to horizontal transfer between
widely different viruses and are not suitable phylogenetic markers
for delineating viral families. Accordingly, we propose that VP3
forming the nucleocapsid surface shell (Fig. 5) represents the sole
signature protein of PFV1-like viruses.

The fourth protein of the TTV1 virion, TP4, is a minor con-
stituent of the virion and is thought to be involved in formation of
the virion termini (20). In the PFV1 virion, along with the three
major proteins, VP1, VP2, and VP3, we detected five minor
proteins, none of which is homologous to TP4 of TTV1. However,
some of these minor proteins might form terminal filaments of
PFV1. Examples of interchangeable gene cassettes encoding
receptor-binding proteins are known from several different families
of archaeal viruses, including Lipothrixviridae, Sphaerolipoviridae, and
Fuselloviridae (37-40). Most of the minor structural proteins of
PFV1 are encoded in the vicinity of the three major virion proteins
(Fig. 3), suggesting that they may be coexpressed. Functions could
be predicted for three of these proteins. ORF25 encodes a trypsin-
like serine protease, which could be involved in proteolytic virion
maturation, as is the case in various bacterial and eukaryotic
viruses (41), whereas a glycoside hydrolase encoded by ORF28
could facilitate virus entry by processing the host surface proteins,
which typically are heavily glycosylated in archaea (42). In con-
trast, the role of the ferritin-like protein (ORF37) in the virion
remains enigmatic.

PFV1, like TTV1, is a lytic virus. The other two examples of
lytic viruses of hyperthermophilic archaea are the rod-shaped
SIRV2 and the icosahedral Sulfolobus turreted icosahedral virus
1 (STIV). The two viruses exploit a unique mechanism of virion
egress through virus-encoded pyramidal structures that are formed
on the host cell surface (43-46). The egress mechanism of PFV1
appears to be completely different. No specific structures are
formed on the surface of infected cells. Moreover, the cell
membrane at the later stages of the infection cycle appears to
be slashed by long, straight cuts not observed previously for any

1. Prangishvili D (2013) The wonderful world of archaeal viruses. Annu Rev Microbiol 67:
565-585.

2. Krupovic M, Prangishvili D, Hendrix RW, Bamford DH (2011) Genomics of bacterial
and archaeal viruses: Dynamics within the prokaryotic virosphere. Microbiol Mol Biol
Rev 75(4):610-635.
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archaeal virus—host system (Fig. 1B). It is likely that some of the
PFV1 proteins with a predicted transmembrane domain are in-
volved in this process (Table S1).

It is interesting that, although unique among DNA viruses, the
virion organization of PFV1 is superficially similar to that of
members of the family Filoviridae, including Ebola virus and
Marburg virus, which possess negative-sense RNA genomes (47,
48). Similar to PFV1, filamentous virions of filoviruses consist of
a helical nucleocapsid, a matrix layer, and a lipid membrane. The
matrix protein, similar to VP3 of PFV1, mediates the interaction
between the nucleocapsid and the envelope (47, 48). This ob-
servation again suggests that overall similar designs in the evo-
lutionarily unrelated viruses have been achieved convergently on
multiple independent occasions.

Because of the unique genomic and architectural features of
PFV1 and TTV1, we propose that the two viruses be considered
representatives of a new viral family, which we tentatively name
“Tristromaviridae” (from the Greek #ria, three, and stroma, a layer).

Materials and Methods

Enrichment Culture. The environmental sample was collected from a hot spring
with neutral pH (88 °C, pH 6) in Pozzuoli, Italy (40°49'45” N and 14°8'50” E). We
used 5 mL of the sample to inoculate 100 mL of the DSMZ medium 1090 (14)
containing 10 g Tryptone, 1 g yeast extract, and 3 g Na,S5,03 x 5H,0 without
pH adjustment. The enrichment culture was incubated for 4 d at 90 °C in
aerobic conditions without shaking in flasks topped with Steristoppers
(Heinz Herenz).

Isolation of PFV1 and Host Strains. VLPs were collected from cell-free culture
supernatant by filtration through a nitrocellulose filter membrane with a
pore size of 0.22 ym (Merck Millipore). Single Pyrobaculum strains were
colony-purified from the VLP-producing enrichment culture by plating on
Exedia cellulose plates (Kyokuto Pharmaceutical Industrial), infiltrated with
medium 1090, and incubated for 5 d at 90 °C.

P. arsenaticum PZ6 (DSM 13514), P. calidifontis VA1 (DSM 21063), and
P. oguniense TE7 (DSM 13380) were purchased from the DSMZ. The two
former strains were grown in DSMZ medium 1090, as described above. Cells
of P. oguniense were grown in DSMZ medium 390 (49). In all cases, the pH
value was adjusted to about 7.

The analyzed strain of PFV1 was obtained by infecting cells of P. arsenaticum
2GA with freshly prepared filamentous VLPs at an MOI of ~0.5. The virions were
collected from cell-free culture supernatant by precipitation with polyethylene
glycol 6000 and were purified by isopycnic gradient centrifugation in CsCl, as
described previously (50).

TEM. The samples were analyzed by TEM as described previously (27). PFV1
titer was estimated by counting the number of virions in meshes on copper
grids. As a standard, we used a preparation of the SIRV2 with the titer de-
termined by plaque assay (51).

Dissociation of PFV1 Virions. Virus particles were dissociated by incubation in
Tris-acetate (TA) buffer with Tween-20 (0.5% final concentration) or Triton
X-100 (0.5% final concentration) for 4 h at room temperature. Virion frag-
ments obtained by Triton X-100 treatment were separated by gradient
centrifugation and analyzed as described in S/ Materials and Methods.
DNA and protein purification and analyses were performed as described in
SI Materials and Methods. The complete genome sequence of PFV1 has been
deposited in the GenBank database under the accession no KU307456.
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