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We describe the first virus-like particle of a hyperthermophilic euryarchaeote which was discovered in a
strain of “Pyrococcus abyssi” previously characterized in our laboratory. This particle, named PAV1, is lemon-
shaped (120 nm X 80 nm), with a short tail terminated by fibers, and resembles the virus SSV1, the type
member of the Fuselloviridae, isolated from Sulfolobus shibatae. Sensitivity of the virus-like particle to organic
solvents and detergents suggested that the envelope of PAV1 may contain lipids in addition to proteins. It
contains a double-stranded circular DNA of 18 kb which is also present in high copy number in a free form in
the host cytoplasm. No integrated form of the PAV1 genome could be detected in the host chromosome. Under
standard growth conditions, the host cells continuously release PAV1 particles into the culture supernatant
without spontaneous lysis, with a maximum reached in the late stationary phase. UV, gamma irradiation,
treatment with mitomycin C, and various physiological stresses had no effect on PAV1 production. Screening
of a large number of Thermococcales isolates did not permit to find a sensitive host. These results suggest that
PAV1 persists in the host strain in a stable carrier state rather than a prophage.

The Archaea domain comprises two major phyla, namely,
the Crenarchaeota, including the extremely thermophilic sul-
fur-metabolizing Archaea of the orders Sulfolobales and Ther-
moproteales, and the Euryarchaeota, containing mainly the meth-
anogens, the extreme halophiles, and the hyperthermophilic
order Thermococcales (29). Our knowledge about archaeal vi-
ruses is still rather limited, and among known archaeal viruses
that have been reported, only few have been studied in detail
at the molecular level.

All known crenarchaeotal viruses display unusual morpho-
types and compose three novel families which were created
to account for their unique features, namely, the filamentous
Lipothrixviridae (2, 13, 32), the lemon-shaped Fuselloviridae
(18, 25), and the rod-shaped Rudiviridae (20). The droplet-
shaped Guittaviridae (3) have not yet been established as an
acknowledged virus family. The best studied virus is the lemon-
shaped SSV1, whose original host is the hyperthermophile
Sulfolobus shibatae. SSV1 is temperate and forms stable lyso-
gens by site specifically inserting its 15.5-kb circular genome
into the host chromosome (31). Its complete nucleotide se-
quence has been determined (19). In contrast, all but two of
the as-yet-described viruses of extreme halophiles and meth-
anogens have the classical head-and-tail morphology typical of
many bacterial phages and have therefore been assigned to the
virus families Myoviridae or Siphoviridae (1). There are two
known exceptions, both showing a lemon-shaped morphology
resembling SSV1, the type member of the Fuselloviridae. The
first one was described as a virus-like particle (VLP) isolated
from M. voltae strain A3 containing a circular double-stranded
DNA of 23 kb, of which an integrated copy was found in the
host chromosome (30). The second exception is the lytic virus
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His1, which possesses a linear double-stranded DNA of 14.9 kb
and infects the extreme halophile Haloarcula hispanica (4).

In the lowest branch of the Euryarchaeota, the Thermococ-
cales, only a few plasmids have been reported from the genera
Thermococcus and Pyrococcus; two of them have been studied
in detail (11, 14, 27), but no virus is known so far.

Here, we report and discuss the isolation and characteriza-
tion of a novel VLP, named PAV1, which was isolated from
“Pyrococcus abyssi” strain GE23, a deep-sea isolate previously
described in our laboratory (15).

MATERIALS AND METHODS

Thermococcales strains. Reference strains, Pyrococcus furiosus DSM 3638, Py-
rococcus woesei DSM 3773, Thermococcus stetteri DSM 5262, and Thermococcus
celer DSM 2476 were obtained from the Deutsche Sammlung von Mikroorgan-
ismen Zellen (DSMZ), Braunschweig-Stokheim, Germany.

Strains GES, GEY, and GE23 of “P. abyssi” used in this study have been
previously described (9, 15). Strain GES is the type strain of “P. abyssi,” and
strain GE23 is the host of the VLP PAV1.

A total of 180 novel Thermococcales organisms (Thermococcus and Pyrococcus
spp.) isolated from deep-sea vents in the North Fiji Basin (site White Lady;
16°59'S, 173°55'W) or in the East Pacific Rise (13°N,104°W) were screened for
genetic elements and used as potential hosts for PAV1.

Culture conditions and growth measurements. Isolates and reference strains
were cultured in the medium used by Ravot et al. (22) with slight modifications.
The Ravot medium contained (per liter of distilled water) 1 g of NH,CI, 0.2 g of
MgCl, - 6H,0, 0.1 g of CaCl, - 2H,0, 0.1 g of KCl, 0.5 g of sodium acetate
(anhydrous), 5 g of yeast extract, 5 g of bio-Trypcase, 20 g of NaCl, 3.45 g of
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES), and 0.001 g of resazurin.
The pH was adjusted to 7, and the medium was sterilized by autoclaving. After
the medium cooled down, the following solutions, separately sterilized by auto-
claving, were added: 5 ml of a 6% (wt/vol) KH,PO, solution and 5 ml of 6%
(wt/vol) K,HPO, solution. The medium was dispensed (50 ml) into 100-ml sterile
vials and completed by adding 1% (wt/vol) elemental sulfur previously sterilized
by steaming at 100°C for 1 h on three successive days. Anaerobiosis was obtained
by applying vacuum to the medium and saturating it with N,. Finally, the medium
was reduced by adding a sterile solution of Na,S - 9H,O (final concentration,
0.05% [wt/vol]). The medium inoculated to a final concentration of 1% was
incubated at 85°C with shaking (150 to 200 rpm).
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Microbial growth was monitored by direct cell counting using a phase-contrast
microscope and a Thoma counting chamber (0.01 mm depth; Weber, England).

Electron microscopy and counts of VLPs. For negative staining, a droplet of
the virus specimen was spotted onto a carbon-coated copper grid. The specimen
was allowed to adsorb to the carbon layer for 2 min, and excess liquid was
removed with a piece of filter paper (Whatman). A droplet of an uranyl acetate
solution (2%) was then added to the carbon grid for 40 s, and excess liquid was
removed again. After the specimen was air dried, it was examined using a Jeol
JEM 100 CX II electron microscope. The approximate virus titer was determined
by electron microscopy in a manner similar to that described for the virus TTV1
(13). The average number of VLPs, from a known volume of sample extrapolated
to 1 ml, was counted on a measured area.

Attempts to establish a plaque assay. Plaque assays were performed as pre-
viously described (10) with slight modifications (W. Zillig, personal communica-
tion). The soft layer, 1.5 ml, was prepared with 0.2% (wt/vol) phytagel (Gellan
gum; Sigma) in Ravot medium and 75 pl of a suspension of colloidal sulfur (10
g per 100 ml of deionized water) (Riedel-de Haen, distributed by Sigma). Indi-
cator cells (novel isolates, P. furiosus, P. woesei, T. stetteri, and T. celer) were
cultured in Ravot medium to a density of 10%cells/ml, and 150 wl of such culture
was added to the soft layer. Finally, 300 pl of a suspension containing VLP,
prepared by using host cell culture supernatants, by filtering host cells through a
0.2-pm-pore-size filter, or by diluting host cells (1/1,000), was also added to the
mixture. This mixture was layered over 20 ml of 0.8% phytagel supporting gel.
The plates were incubated in homemade anaerobic jars for 48 to 72 h at 85°C.

Attempts to infect a putative sensitive host were also made in liquid culture.
Three milliliters of a culture of strain GE23 was mixed into 100 ml of cultures of
indicator cells, both harvested in the exponential phase. The mixed cultures were
incubated at 85°C for 15 to 20 h. The virus abundance was then checked by
electron microscopy.

Purification of VLP from P. abyssi. From a culture of strain GE23 in Ravot
medium, 700 ml was harvested 12 h after inoculation with 108 cells, and cells were
removed by low-speed centrifugation (6,000 X g, 20 min, 4°C). The VLP were
precipitated from the supernatant in 1 M NaCl with 100 g of PEG 6000/liter
overnight at 4°C with gentle stirring. The precipitate was collected by centrifu-
gation (15,200 X g for 1 h 15 min at 4°C), well drained, and resuspended in TE
buffer (10 mM Tris-HCl and 1 mM EDTA [pH 8]). A second precipitation with
PEG 6000 (10%) and 1 M NaCl was performed for 1 h, and the precipitate was
collected by centrifugation and resuspended in TE as described above. Cell
debris were pelleted by centrifugation at 2,200 X g for 10 min at 4°C. The
supernatant was kept, and the pellet was washed two more times under the same
conditions with reduced volumes of TE. The VLP-containing supernatants were
pooled and stored 1 night at 4°C. After a centrifugation (3,000 X g, 15 min, 4°C)
to remove residual cell debris, the supernatant was concentrated by a centrifu-
gation at 32,500 X g for 1 h 45 min, and the pellet was resuspended in TE. The
VLP were purified from this suspension by centrifugation in a CsCl buoyant
density gradient (1.298 g/ml) in a Beckman Optima LE-80 K SW55Ti rotor at
220,000 X g for 24 h. Fractions containing nucleic acids were detected at 254 nm
and collected using a density gradient fractionator (model 185, ISCO). Fractions
were then dialyzed against a large volume of TE buffer overnight at 4°C and
concentrated at 18,800 X g for 3 h or directly concentrated after dilution in TE
buffer in a Beckman ultracentrifuge at 150,000 X g for 3 h.

VLP sensitivity to an organic solvent, detergents, and proteolytic degradation.
A suspension of purified PAV1 was exposed to 25% (wt/vol) chloroform for 2.5
and 5 min at room temperature with constant agitation (4). PAV1 was also
exposed to 0.3% (wt/vol) Triton X-100 for 1 and 3 min at room temperature (2)
and to 0.1% (wt/vol) sodium dodecyl sulfate (SDS) for 3 min at 50°C (20).
Finally, PAV1 was incubated with proteinase K (1 mg/ml) in buffer (10 mM
Tris-HCI, 5 mM EDTA, 0.5% SDS) for 1 h at 56°C.

SDS-polyacrylamide gel electrophoresis. PAV1 proteins were analyzed on
discontinuous 16.5% SDS-polyacrylamide gels using tricine as the trailing ion for
the separation of proteins in the range from 1 to 100 kDa, according the method
of Schigger and Jagow (24). Gels were silver stained (0.1%).

Induction assays. (i) Mitomycin C. Different concentrations of mitomycin C
(Sigma) (0, 5, or 10 pg/ml) were added to a mid-exponential-phase culture of
strain GE23. Incubation was continued, and aliquots (1.5 ml of culture) were
collected at 0, 6, 18, and 30 h after addition of the mutagenic agent. A mitomycin
C-free culture was used as control.

(ii) UV treatment. All manipulations were essentially performed in an anaer-
obic chamber (Coy Laboratory Products, Grass Lake, Mich.) under a 93%
N,-7% H, atmosphere. A culture of strain GE23 in late exponential phase was
diluted in sulfur-free medium to give a final concentration about 10® cells/ml and
placed in plastic petri dishes. UV irradiation (254 nm) was performed with a
Spectroline XX-15F/F lamp at a distance of 8 cm from the cell suspension at
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different exposure times, namely, 0, 5, 10 and 30 s, as previously described by
Watrin and Prieur (28). After irradiation, the cell suspension was transferred in
vials containing elemental sulfur at 1% (wt/vol). The irradiated cultures were
then incubated at 85°C, and aliquots (1.5 ml) were collected at 2, 6,9, 12, 19, and
24 h. A nonirradiated culture was used as control.

(iii) Oxidative stress. One set of three vials containing a mid-exponential-
phase culture of strain GE23 was opened and exposed to atmospheric air for 15
min and then closed and flushed with nitrogen. The control was an anaerobic
culture flushed with nitrogen. After the treatment, each vial was reincubated at
85°C for 18 h. Aliquots were collected at 0, 4, 8, 12, and 18 h after the oxidative
stress.

(iv) Hydrostatic pressure. Cells were exposed to hydrostatic pressures (20 and
30 MPa) in sterile gas-tight glass syringes (Ultrafit; Heinke-Sass-Wolf, GMBH,
Tutlingen, Germany) as previously described (16, 17). Syringes containing cul-
tures were first incubated during 6 h at 85°C under atmospheric pressure; then
they were transferred into the high-pressure, high-temperature reactor, set at
85°C for 2 h, decompressed, and reincubated at 85°C under atmospheric pres-
sure. Aliquots were collected just before the incubation under hydrostatic pres-
sure and 0, 3, 9, 16, and 28 h after that.

After each treatment, aliquots were collected to estimate the microbial growth
and the production of VLPs by counting as described above.

Preparation and analysis of DNA. Total DNA from the host strain GE23 was
prepared essentially as previously described (8). Exponentially growing cells
from 25-ml cultures were collected by centrifugation at 4°C at 6,200 X g for 20
min. Cell pellets were gently suspended in 800 wl of TNE buffer (100 mM
Tris-HCI, 50 mM NaCl, 50 mM EDTA [pH 8]) and transferred to 1.5-ml micro-
tubes kept on ice. For isolation of total DNA, 100 pl of 10% SDS, 100 pl of 10%
lauryl-sarkosyl, and 10 pl of 10-mg/ml DNase-free RNase solution were added
and mixed with the 800-ul cell suspension. After 30 min of incubation at room
temperature, 50 pl of 20-mg/ml proteinase K was added to the lysate, and the
mixture was incubated for 1 h at 56°C. The lysate was extracted with 1 volume of
phenol-chloroform (1:1) mixture and then by 1 volume of chloroform. Total
DNA was precipitated from the aqueous phase by adding 0.8 volume of isopro-
panol followed by centrifugation for 15 min at 18,000 X g in a benchtop centri-
fuge. The DNA pellet was washed in 70% ethanol and was again collected by
centrifugation. The air-dried pellet was dissolved in 200 wl of TE buffer.

Viral DNA was also isolated from 50 pl of a purified and concentrated VLP
suspension by the same procedure described above.

Covalently closed circular DNA (cccDNA) was isolated from exponentially
growing strain GE23 and from VLP by the alkaline lysis method (23) followed by
two extractions with 1 volume of phenol-chloroform-isoamylalcohol (25:24:1)
and one extraction with 1 volume of chloroform. A physical map of the PAV1
genome was established after agarose gel electrophoresis of restriction fragments
obtained with the following enzymes: BamHI, EcoRI, HindIll, PstI, and Xbal
(New England Biolabs).

Total DNA and cccDNAs digested with HindIII or PstI and separated by
electrophoresis on 0.8% agarose gel were transferred on a positively charged
nylon membrane (Hybond N+, Amersham Pharmacia Biotech) by Southern
blotting. cccDNA isolated from the strain GE23 was used as a specific probe:
after complete digestion with HindIIl, the preparation was purified using a
QiaexII kit (Qiagen), and the resulting fragments were randomly prime labeled
with fluorescein-11-dUTP with an ECF labeling and detection kit (Amersham
Pharmacia Biotech). Labeling, hybridization, and detection procedures were
performed in accordance with the manufacturer’s instructions.

RESULTS

VLP shape and structure. In the course of an extensive
screening for extrachromosomal elements in deep-sea Thermo-
coccales (reference 12; C. Geslin, M. Le Romancer, M. Gail-
lard, G. Erauso, and D. Prieur, unpublished data; and G.
Erauso, A. Bideault, A.-C. Mattenet, C. Geslin, and M. Le
Romancer, unpublished data), VLPs were discovered in the
culture supernatant of the “P. abyssi” strain GE23. These par-
ticles, named PAV1 for “P. abyssi” virus 1, are regular lemon-
shaped VLPs about 120 nm long and 80 nm wide with a tail
approximately 15 nm in length terminated by fibers. Besides
free VLP, clusters of VLPs adsorbed to cell-derived vesicles or
cell fragments were also observed (Fig. 1a). PAV1 appeared to
be similar in morphology to the S. shibatae virus SSV1 (18) of
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FIG. 1. Electron micrographs of PAV1 negatively stained with 2% uranyl acetate. (a) Virus particles attached to cellular material. (b) Purified
free virus particles obtained after centrifugation in a CsCl buoyant-density gradient. (c) Elongated virus particles indicating plasticity of form. (d)
Effect of exposure to chloroform on virus particle structure. (e) Effect of exposure to proteinase K on virus particle structure. Bars, 100 nm.

the Fuselloviridae family and also to the H. hispanica virus His1
(4), i.e., lemon-shaped with a short tail. PAV1 had a density of
1.28 g/ml, as determined by equilibrium centrifugation in the
CsCl isopycnic gradient used in the process of VLP purifica-
tion. This method of preparation yielded pure and intact VLP,
as confirmed by transmission electron microscopy (TEM) (Fig.
1b). Nevertheless, under certain culture conditions, i.e., in me-
dia with an osmolarity higher than in the medium currently
used for GE23 growth, VLP appeared more or less elongated
and/or flattened, indicating plasticity of form (Fig. 1c).

The physical stability of the PAV1 structure was assessed by
exposing diluted particles to organic solvent, detergents, and
proteolytic degradation and was checked by TEM observa-
tions. The PAV1 viability or infectivity could not be tested
because a plaque assay was not available (see the next para-
graph). PAV1 was shown to be sensitive to chloroform, be-
cause only spherical particles were observed in treated samples
instead of the regular lemon-shaped ones (Fig. 1d). The VLPs
were also partially disrupted by treatment with 0.3% Triton
X-100 (data not shown), as well as after incubation for 1 h with
proteinase K (1 mg/ml) (Fig. le); they were completely de-
stroyed with 0.1% SDS (data not shown). These preliminary

results suggested that the envelope of PAV1 was composed of
proteins and lipids.

Genome of PAV1. The cccDNA purified by the alkaline lysis
method from strain GE23 was digested with restriction en-
zymes (BamHI, EcoRI, HindIIl, and Pstl), and its size was
estimated to be 17.5 = 0.5 kb (Fig. 2). We suspected this
extrachromosomal DNA to be the free form of the PAV1
genome. To check this hypothesis, DNA prepared from puri-
fied virus particles was compared with plasmid DNA isolated
from strain GE23. Agarose gel electrophoresis of viral DNA
and plasmid DNA restricted with endonucleases HindIII or
Pstl gave the same pattern and proved the two to be identical.
To investigate the possibility that viral DNA was in fact not
circular in the virion, but rather linear with cohesive ends
which cause circularization, samples of viral DNA but also
plasmid DNA were heated to 70°C after digestion and chilled
on ice before loading on gels. No change in the band pattern
was observed (Fig. 3). We therefore conclude that the plasmid
DNA is a free form of the PAV1 genome in strain GE23 and
that PAV1 is composed with a double-strand circular DNA.
Comparison of the intensity of the band corresponding to
plasmid DNA with that of chromosomal DNA on total DNA
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FIG. 2. Agarose gel electrophoresis of the cccDNA from strain
GE23 cut by BamHI (lane 2), EcoRI (lane 3), HindIII (lane 4) and Pst1
(lane 5) and uncut (lane 6). Lane 1, DNA size marker (kb) showing
ADNA digested with HindIIl, BamHI, and EcoRI.

preparation allow us to estimate the copy number of the plas-
mid form to be between 10 and 20 copies per chromosome
(data not shown).

VLP-associated proteins. Proteins from CsCl-purified VLPs
were analyzed by conventional SDS-polyacrylamide gel elec-
trophoresis or by the method of Schigger and Jagow (24),
which gives a better resolution of small proteins. Numerous
bands of high molecular weight were often observed in such
preparations, suggesting the presence of host proteins in ad-

FIG. 3. Comparison of cccDNA from strain GE23 with DNA from
purified PAV1 VLP. Lanes 1 and 3, plasmid DNA; lanes 2 and 4; VLP
DNA. Lanes 1 and 2, digested with HindIII; lanes 3 and 4, digested
with PstI. Lane 5, 1-kb DNA ladder.
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FIG. 4. Silver-stained SDS-polyacrylamide gel electrophoresis of
the PAV1 proteins. The results for three independent preparations of
CsCl-gradient purified VLPs are shown. Lanes 3 and 4 are still con-
taminated with host proteins (presumably from host flagella); lane 5
contains mostly PAV1 proteins indicated by an arrow. Lanes 1 and 2,
Kaleidoscope prestained standards and unstained Precision protein
standards (Bio-Rad); the subunit sizes are listed in kDa at the left of
the figure.

dition to VLP proteins (Fig. 4, lanes 3 and 4). Indeed, TEM
observations of these preparations showed they were contam-
inated by host cell flagella. In some cases, however, it was
possible to obtain VLP preparations free of flagella (Fig. 4,
lane 5), though in smaller amounts, making more difficult the
visualization of the bands even with highly sensitive silver stain-
ing. Comparison of lane 5 with lanes 3 and 4 showed at least
three VLP-specific proteins, the most abundant corresponding
to the fat band of approximately 6 kDa and two others corre-
sponding to fainter bands of about 13 and 36 kDa.

VLP-host relationship. PAV1 was continuously and sponta-
neously released in the extracellular medium throughout
growth of strain GE23, with the highest production during the
stationary growth phase after about 30 h of incubation (1.6 X
10° VLP/ml) (Fig. 5). Virions were never observed by TEM
inside cells or attached to intact cells. VLP production was
never accompanied by the lysis of the culture nor by decrease
of the cell density of the host. Nevertheless, it seems that
PAV1 persistently infects the host cells, since attempts to ob-
tain cured clones of GE23 by serial dilution in liquid medium
and by plating failed. Moreover, the growth of strain GE23 is
similar to that of strain GE9, a VLP-free “P. abyssi” strain,
which indicates that strain GE23 tolerates the viral load very
well.

Assuming that PAV1 could be a temperate virus, attempts
were made to increase the VLP production by induction using



3892 GESLIN ET AL.

J. BACTERIOL.

10 10
g
E =
i+t $io¢ E
= A
=]
: 2
E B
:
[}
g . =
S 100+ +10 §
2
Q

7

10 10

24 30 36

Time (h)

FIG. 5. Strain GE23 growth curve (cells/ml) (®) and time course of VLP production (). The approximate titer of free VLP was estimated by
a standardized electron microscopic count together with the corresponding host cell count.

chemical or physical treatments that damage DNA (mitomycin
C, UV) and by exposing the host cells to physiological stresses
like aerobiosis and hydrostatic pressure. Whatever the stress
condition was, induction was never observed but rather a de-
crease of the viral production due to a slowdown of the host
growth.

Southern hybridization experiments did not allow detection
of any integrated prophage DNA in the host chromosome (Fig.
6). Indeed, in cross-hybridization reactions between labeled
plasmid DNA (corresponding to a free form of the viral DNA)
and total DNA of strain GE23, no additional hybridizing DNA
fragments were observed in comparison to the restriction pat-
tern of the plasmid DNA. Thus, the viral DNA did not inte-
grate into the host chromosome.

Lastly, to establish the possible infectivity of PAV1, we have
tested almost 100 Thermococcales strains, including original
isolates and reference species (“P. abyssi” strain GES, P. furio-
sus, P. woesei, T. stetteri, and T. celer), for their abilities to act
as a host, first by plaque assays and also in liquid culture.
Despite numerous attempts, no strain was found to be a host.

DISCUSSION

Considering its lemon-shaped morphology, which is an un-
usual morphotype for euryarchaeotal viruses, PAV1 remark-
ably resembles the VLP A3 of M. voltae (30) and the viruses
His1 of H. hispanica (4) and SSV1 of S. shibatae (18), the last
one being the virus type of the Fuselloviridae family. Despite a
plasticity of form, illustrated by the presence of elongated or
flattened particles frequently observed by TEM, PAV1 parti-
cles were not altered by the purification procedures (ultracen-
trifugation in the presence of CsCl), indicating that they are
osmotically resistant and can stand high gravity. The density of
PAV1 in CsCl (1.28 g/ml) as deduced from the process of
purification is very similar to those of VLP A3 (1.28 g/ml), Hisl
(1.30 g/ml), and SSV1 (1.24 g/ml), and such low density is
characteristic of the enveloped viruses. This was confirmed by

its sensitivity to organic solvent and detergents. Nevertheless,
the sensitivity to lipid solvents as chloroform does not neces-
sarily prove the presence of lipids. For example, despite the
general absence of lipids, about 30% of tailed phages are
readily inactivated by lipid solvents (acetone, chloroform,
ether, toluene, etc.). Moreover, many viral proteins are sus-
ceptible to denaturation with chloroform and Triton X-100.
Therefore, while these tests are commonly used for the char-
acterization of new viruses, they cannot provide definite con-
clusions for PAV1 regarding the presence of an envelope con-
taining lipids.

Several observations indicated that PAV1 persisted in its
host in a stable carrier state. Very few particles are produced
(estimated as 1.6 X 10° particles/ml for the best production).
This could be compared with SSV1, for which 107 particles/ml

FIG. 6. Southern hybridization analysis. Total DNA and cccDNA
from the strain GE23 were digested with HindIIl (lanes 1 and 2,
respectively) or Pstl (lanes 3 and 4, respectively) and separated on
agarose gels (0.8%) before blotting. The pooled HindIII fragments of
the cccDNA, labeled with fluorescein-11-dUTP, were used as a probe.
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of culture were released spontaneously in nonirradiated cul-
tures (18). Virion structures were never observed inside host
cells like in the case of SSV1. They were also not seen attached
to intact cells, in contrast to SSV1, so it is unclear by which
mechanism VLP enter, are assembled, and are released by the
host cell. Attempts to induce VLP production or influence
levels of production by subjecting GE23 culture to various
chemical, physical, or physiological stresses failed. In this re-
gard, PAV1 differs from SSV1, which is inducible by UV, but
is comparable to the VLP A3, which is not. PAV1 is very stable
in its host, as it has never been lost after many transfers in
subcultures and was found in all colony clones checked.

Considering the host range of PAV1, we have been unable
to demonstrate its infectivity. Possible reasons for this failure
include biological inactivation of the particles during purifica-
tion and/or lack of an appropriate uninfected host strain. To
minimize the first possibility, infections were attempted by
using simple filtration of GE23 supernatants, without any pos-
itive results. Regarding the second possibility, more than 100
strains, including novel isolates and type strains, were unsuc-
cessfully tested. These results suggest that the host specificity
for PAV1 is likely very restrictive or that PAV1 is defective for
transmission. In the case of the bacteriophage P1, for example,
some virions examined have smaller heads than usual and
hence are defective. Most defective virions carry only 40% of
the phage genome. However, because of the circularly per-
muted DNA, multiple infection of a single cell by defective
viruses can result in progeny virus production as a consequence
of complementation between defective phages (6). In the case
of PAVI1, the complementation between the defective phages
may be not possible. The fact that we could not observe infec-
tion might also be due to our relative ignorance of the optimal
conditions for phage infection and to the difficulties inherent to
the cultivation of a strictly anaerobic sulfur-requiring hyper-
thermophile. In particular, the difficulty of plating potential
hosts as a lawn hindered our investigation of the host-VLP
interactions, and this point should be optimized for further
studies.

The existence in strain GE23 of a large plasmid (pGN23) of
16.8 kb was previously reported (5). We estimated the size of
this plasmid DNA to be 17.5 = 0.5 kb, which is slightly larger
than the first estimation (5). Our speculation that this element
is in fact a free form of the viral genome has now been con-
firmed by showing that the DNA prepared from purified virus
particles is identical to the plasmid DNA isolated from GE23
cells. In this regard, the DNA genome of PAV1 closely resem-
bles those of the VLP A3 and SSVI in being circular and
double-stranded but differs from the genome of His1, which is
linear. However, the genome of PAV1 is slightly larger than
the genome of SSV1 (15.5 kb) and Hisl (14.9 kb), in agree-
ment with the significantly larger size of the PAV1 particles.
An important difference between SSV1 and PAV1 is that no
integrated prophage of PAV1 was detected in GE23 host chro-
mosome. Indeed, most temperate bacteriophages integrate a
copy of their genome into the host chromosome, as does SSV1
(18). However, others, for example, coliphages P1 and P4, can
be stably maintained as plasmid prophages. Interestingly, P4
may lysogenize the host cell by integrating its genome into the
bacterial chromosome (7), but it also can be maintained as a
freely replicating multicopy plasmid (30 to 50 copies per Esch-
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erichia coli chromosome), a situation resembling that of PAV1
plasmid (about 20 copies per chromosome). To accomplish its
Iytic cycle, P4 exploits an unrelated helper phage of the P2
family for its viral morphogenesis. Such a system has also been
described in Archaea for Sulfolobus, where the plasmid pSSVx
requires the phage SSV2 to produce virion particles. PAV1
could be analogous to these systems by replicating its genome
as a multicopy plasmid but differs because it seems defective
for transmission, perhaps due to the absence of a helper virus.

The presence of lemon-shaped viruses seems to be more
frequent in the Euryarchaeota lineage than previously ex-
pected. This morphotype has never been found among the
Bacteria or Eucarya, but it is present in quite diverse extreme
environments, such as acidic thermophilic continental solfatara
(SSV1), salterns (Hisl), and deep-sea hydrothermal vents
(PAV1), but also in subsurface anaerobic sediments (VLP A3).
This strengthens the idea of their specificity to the archaeal
domain and probably reflects a deep evolutionary history
within this domain. It is interesting to speculate whether these
different lemon-shaped viruses have evolved together with
their respective hosts, which would imply that the common
ancestor of Archaea was also infected by an ancestral lemon-
shaped virus, or if such a virus originally present in one ar-
chaeal lineage has secondarily infected the other ones.

Based on its lemon-shaped morphology, the nature of its
envelope, and its circular double-stranded DNA genome,
PAV1 could be proposed as a new member of the recently
described Fuselloviridae family (26). This family contains so far
only one genus (Fusellovirus) represented by the best studied
crenarchaeal virus, SSV1; therefore, the precise criteria for
belonging to this family have not yet been clearly established.
For these reasons, it is not clear whether the morphotype of
Hisl virus, for example, is sufficient to classify it in the Fusello-
viridae family as previously proposed (4), although the linear
type of its DNA suggests a different mode of replication than
for SSV1. Usually the genomes of viruses belonging to the
same genus have the same organization and mode of replica-
tion. This also seems to be valid for the few representatives of
the novel archaeal viruses whose genome have been se-
quenced; e.g., the genomes of the Rudiviruses SIRV1 and
SIRV2 are highly similar (20, 21). Sequencing of the complete
genome of PAV1 is currently in progress and will be finished
soon (unpublished data). Preliminary comparison of more than
80% of the total sequence with the genomes of SSVs viruses
did not reveal any significant similarity, providing potential
evidence that PAV1 is not closely related to known SSVs at
least at the genus level. Unfortunately, the genome sequence
of Hisl and VLP A3 are not yet available for comparison
studies. Obviously, more genome sequences of lemon-shaped
viruses are needed to address the question of the PAV1 taxo-
nomic status.
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