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A novel archaeal virus, His1, was isolated from hypersaline waters in southeastern Australia. It was lytic,
grew only on Haloarcula hispanica (titers of up to 1011 PFU/ml), and displayed a lemon-shaped morphology (74
by 44 nm) previously reported only for a virus of the extreme thermophiles (SSV1). The density of His1 was
approximately 1.28 g/ml, similar to that of SSV1 (1.24 g/ml). Purified particles were resistant to low salt
concentrations. The genome was linear, double-stranded DNA of 14.9 kb, similar to the genome of SSV1 (15.5
kb). Morphologically, this isolate clearly belongs to the recently proposed Fuselloviridae family of archaeal
viruses. It is the first member of this family from the extremely halophilic archaea, and its host, H. hispanica,
can be readily manipulated genetically.

Viruses which infect members of each of the three major
phenotypic groups of the Archaea—the extreme halophiles, the
extreme thermophiles, and the methanogens—have been
found (reviewed in references 19 and 30). The viruses de-
scribed for the extreme halophiles and the methanogens (king-
dom Euryarchaeota [29]) are all of the “classical” head-and-tail
morphology, a feature that is typical of most eubacterial
phages. On the other hand, the extreme thermophiles (king-
dom Crenarchaeota [29]) have a number of unusual virus mor-
photypes including the lemon-shaped SSV1, the rod-shaped
TTV1-4, and the icosahedron-headed viruses (19, 30).

The virus SSV1, whose hosts include Sulfolobus shibatae and
Sulfolobus isolates P1 and P2 (12), is one of the few well-
studied thermophilic viruses (reviewed in reference 31) and
the only well-studied lemon-shaped virus. It is temperate and
forms stable lysogens by inserting its 15.5-kb circular genome
site specifically into the host chromosome. The entire nucleo-
tide sequence of SSV1 has been determined (17), along with
the transcriptional map (21), but only four genes have been
identified (9, 20).

Of the twelve halophilic viruses that have been reported (2,
13, 19, 28), only two have been studied past basic virological
levels. These are FH, a temperate but highly mutable virus
(due to the transposition of insertion elements) (23; reviewed
in reference 31), and the lytic virus HF2 (14, 15). We describe
in this report the isolation and initial characterization of a
novel virus, His1, which was isolated from hypersaline waters
in southeastern Australia and specifically infects Haloarcula
hispanica (8).

(The data in this report were first presented at the Austra-
lian Society for Biochemistry and Molecular Biology Confer-
ence, Canberra, Australia, October 1996.)

Isolation, host range, and plaque morphology. Hypersaline
water samples taken from Avalon saltern, on Corio Bay in
Victoria, Australia, were screened for viruses by plating di-
rectly on lawns of three halophilic hosts: H. hispanica (ATCC
33960), Haloferax volcanii (NCMB202), and “Haloferax ali-
cantei” (previously Phenon K, Aa2.2 isolate) (7). A plaque was
found only on an H. hispanica lawn, and from this a virus,

designated His1, was isolated. His1 produced plaques consis-
tently only when plated at 30°C (not at 37°C). The plaques
were small (1.5 mm in diameter) and clear, with precise edges.
The virus appeared to be lytic, as it gave clear plaques and high
titers in liquid cultures.

The host range of His1 was then investigated. Sixteen
halobacterial strains from the genera Haloferax, Halorubrum,
Halobacterium, the newly proposed genus Haloterrigens (26),
and other Haloarcula species—including H. marismortui, H.
sinaiiensis, and H. vallismortis—were tested for the ability to
act as a host to the newly isolated virus. Apart from the original
isolating host, H. hispanica, the halobacteria tested were not
susceptible to infection by His1.

For routine use, virus was stored in halophage (HF) diluent
or 18% modified growth medium (15) at 4°C, and reserve
stocks were kept as isolated plaques on a lawn of H. hispanica,
also at 4°C. Small-scale stocks were grown by infection (mul-
tiplicity of infection, 0.1) of an early logarithmic H. hispanica
culture (50 ml) at 30°C. Liquid cultures (10 to 50 ml) were
shaken at 200 rpm and incubated for 1 to 4 days, and plates
were incubated for 48 to 72 h, for visible plaques. Virus titers
were determined as previously described (15).

Virus sensitivity to organic solvents, low salt, and temper-
ature. Diluted His1 was exposed to chloroform and trichloro-
trifluoroethane (Arklone; ICI Chemicals and Polymers Run-
corn, Cheshire, England) in a volume ratio of 1:4 (solvent to
virus) for 2.5 min and 5 min. Incubation was at room temper-
ature with constant agitation, and samples were then removed
and diluted. His1 was shown to be sensitive to the organic
solvent chloroform, as no viable virus was detected after treat-
ment, but was resistant to a 5-min exposure to trichlorotriflu-
oroethane (data not shown).

Sensitivity to a low-ionic-strength environment was tested by
diluting virus stocks in HF diluent (18% SW) 1,000-fold with
pure water, incubating them at room temperature, and deter-
mining virus titers at various time intervals. Unlike most other
haloviruses, His1 appeared to be resistant to a low concentra-
tion of salt ('0.02%), maintaining a constant titer for at least
the 24 h of testing (data not shown).

High-titer virus solutions were also exposed to different tem-
peratures. His1 was able to maintain a stable titer for 3 weeks
stored at 4, 20, 30, and 37°C (data not shown).

Virus purification. To produce high-titer stocks of His1
(.1010 PFU/ml), large (500-ml) cultures of H. hispanica cells
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in 18% modified growth medium were inoculated with approx-
imately 1011 PFU. The infected cultures were incubated at
30°C in a shaker (200 rpm) for 4 to 7 days, with titers of about
1012 PFU/ml being produced. Although the cultures had not
cleared after approximately 4 days, purification proceeded if
the titer was determined to be adequately high. The cell debris
was pelleted, and virus was precipitated and resuspended as
previously described (15), except that polyethylene glycol 8000
(Sigma Chemical Co., St. Louis, Mo.) was used. Resuspended
virus was extracted with trichlorotrifluoroethane at a 4:1 vol-
ume ratio (sample to trichlorotrifluoroethane) and centrifuged
(Sorvall SS34; 6,000 rpm for 10 min at 4°C). The aqueous
phase was loaded directly on a CsCl-HF diluent step gradient
with the following densities: 1.13, 1.3, and 1.5 g/ml. After cen-
trifugation (Beckman SW28 Ti; 24,000 rpm for 2 h at 10°C) the
band(s) visible in the 1.3 g/ml layer was collected and recen-
trifuged to equilibrium in a CsCl-HF diluent solution of 1.3
g/ml (Beckman 70 Ti; 60,000 rpm for 24 h at 10°C). The
resulting band(s) was collected and diluted in HF diluent; the
virus was pelleted (Beckman SW55; 35,000 rpm for 75 min at
10°C), resuspended in HF diluent, titrated, and stored at 4°C.
The virus particles of His1 had a density of 1.28 g/ml, as
determined by equilibrium centrifugation in a CsCl isopynic
gradient. This is a relatively low value, but it is similar to that
of the thermophilic virus SSV1 (1.24 g/ml) (12).

Electron microscopy. Purified virus preparations were exam-
ined by negative-stain electron microscopy (Fig. 1). Virus par-

ticles were allowed to adsorb to poly-L-lysine (0.1 mg/ml) (Sig-
ma Chemical Co.)-coated copper grids and were fixed with 1%
glutaraldehyde (Merck, Darmstadt, Germany) and negatively
stained with 2% uranyl acetate (May & Baker Ltd., Dagen-
ham, England). His1 was found to be similar in morphology to
SSV1 of the Fuselloviridae family, i.e., lemon-shaped with a
very short tail at one end. Virus particles appeared to be
flexible, and some elongated forms were also observed. The
regular lemon-shaped particles were about 74 nm long and 44
nm wide with a 7-nm-long tail.

Genome of His1. Nucleic acids of purified virus preparations
were purified by standard methods with proteinase K (Boehr-
inger, Mannheim, Germany) and 0.1% sodium dodecyl sulfate
(BDH Laboratory Supplies, Poole, England), extracted with
phenol-chloroform-isoamyl alcohol, and precipitated with eth-
anol (1). Agarose gel electrophoresis of the isolated viral nu-
cleic acids through 0.8 to 1.0% agarose gels in Tris-acetate-
EDTA electrophoresis buffer (1) gave a single, well-resolved
band. This, and the ability of a number of nuclease enzymes—
including type II restriction enzymes and the exonuclease Bal
31—to digest the genome, indicated that it was double-
stranded linear DNA. The estimated size of the His1 genome
was 14.9 kb (Table 1; Fig. 2), which is the smallest recorded for
any halophilic virus (13) and resembles the size of the SSV1
genome (15.5 kb) (17).

The His1 genome is not circularly permuted, as restriction
fragments were equimolar and no heterogeneity in the size of

FIG. 1. Electron micrograph of the halophilic virus His1, taken at a magni-
fication of 360,000 and negatively stained with uranyl acetate (2% [wt/vol]).
Flagella of the host are also visible in this purified preparation. Bar, 100 nm.

TABLE 1. Estimated sizes of fragments generated by restriction
endonuclease digestion of the His1 genome

Fragment
Fragment size (kb)

Uncut AseI AvaI DraI NdeI NaeI SphI SspI

1 14.9a 5.9b 8.3 9.4 3.9 10.0 10.0 8.6
2 3.0 4.3 4.5 3.6 4.9 4.9 1.6
3 2.7 1.3 1.0 2.5 1.0
4 1.9b 1.0 2.3 0.6
5 1.3 1.2 0.3
6 0.9
7 0.3

a The restriction digest fragment totals were averaged to estimate the uncut
size.

b Terminal fragment.

FIG. 2. Agarose gel electrophoresis of His1 DNA, uncut (U) and cleaved
with a number of endonuclease restriction enzymes: AseI (A), AvaI (Av), DraI
(D), NaeI (Na), NdeI (N), and SspI (S). DNA size markers (in kilobases) are
shown on the left.
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the terminal restriction fragments was observed (Fig. 2).
Therefore, it is not likely that a headful packaging mechanism
is used in the assembly of this virus. The abundance of restric-
tion enzymes able to digest the His1 genome revealed that
there was no selection against palindromic sequences, which is
a common phage mechanism for resisting host restriction en-
zymes and which has previously been encountered in the halo-
philic viruses HF1 and HF2 (14).

Several linear double-stranded DNA phages have a terminal
protein linked to the 59 ends of their DNA (22). His1 DNA was
isolated with and without proteinase K being present and then
digested with AseI and separated on a 1% agarose gel. The
untreated samples had the same restriction profile as the pro-
teinase K-treated samples, indicating that His1 does not pos-
sess terminal proteins, which would have caused retardation of
the terminal fragments in the gel (data not shown).

Exonuclease treatment with Bal 31 (New England Biolabs)
over various periods of time, prior to digestion with the endo-
nuclease restriction enzyme AseI, was the initial procedure
used to map the genome. The results of these experiments
enabled the terminal AseI fragments to be established (Fig. 3),
as well as the order in which the AseI fragments are arranged
within the genome. With a basic AseI map established, double
digests with AseI and different restriction enzymes were able to
establish the positions of additional restriction sites (Fig. 3).

Viral structural proteins. Attempts were made to study the
proteins of purified virus particles. Despite numerous attempts
with conventional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (10) or the protocols described for analyzing
the small and highly hydrophobic SSV1 proteins (20), no well-
resolved bands were observed.

Persistent infection state. Although His1 appeared to be
lytic, due to the clear plaques and high titers, liquid cultures of
virus did not clear (even at multiplicities of infection as high as
5), and host cells which appeared to be persistently infected
were isolated. Attempts to produce single-step growth curves
also were not successful, as virus appeared to be liberated from
cells continuously after a 4- to 6-h eclipse. This may have been
due to the host continually extruding virus particles with little
or no cell death, a phenomenon previously observed with SSV1
(11). Alternatively, His1 may have been able to form a stable
state with the host.

Southern blot hybridization of the host chromosome from a
persistently infected culture was therefore performed to deter-
mine if His1 is temperate or capable of producing a carrier
state. DNAs were isolated from H. hispanica cultures that
appeared to be persistently infected; i.e., cells extruded virus,
as shown by plaques around the streaked bacteria on an unin-
fected indicator lawn. Chromosomal DNA was purified as pre-
viously described by Dyall-Smith and Doolittle (5), and plas-

mid extraction was performed by the alkaline lysis miniprep
protocol of Ausubel et al. (1) with two modifications: (i)
halobacterial cells were centrifuged for 2 min at 13,000 rpm,
and (ii) 1 M NaCl–5 mM Tris (pH 7.5) was used to resuspend
the cell pellet before proceeding with cell lysis.

Southern blot hybridization showed that no plasmid-form or
chromosomally integrated virus DNA existed in these host
cells (data not shown). Linear His1 DNA was detected in very
small amounts, probably indicating that not every cell in the
culture contained virus DNA. The evidence indicated that the
persistent infection was not of a lysogenic nature but was a
carrier state, as reported for many other halophilic viruses (18,
24, 25, 27). In this respect, His1 differs from the other known
lemon-shaped virus, SSV1, which forms lysogens (11, 31).

In summary, His1 is a novel halophilic virus of the Archaea
which plaques only on the isolating host H. hispanica. The
typical lemon-shaped morphology of His1 indicates it should
be classified within the family Fuselloviridae, the type species of
which is the Sulfolobus virus SSV1 (12). His1 is the first halo-
philic member of this virus family and expands the range of
hosts to include organisms in two kingdoms of the Archaea.
This morphotype has not been previously found among the
Bacteria or Eukarya and would appear to be restricted to the
Archaea, perhaps reflecting a deep evolutionary history within
this domain. His1 is also the first “culturable” halophilic virus
of this morphotype which appears to be geographically wide-
spread, as lemon-shaped virus-like particles have been ob-
served by electron microscopy in hypersaline water taken from
the Dead Sea (16) and in two Spanish solar salterns (6). Since
genetic manipulation within the Archaea is currently more
advanced in halobacteria (3, 4), the isolation of His1 offers the
prospect of study of this novel virus group at a much finer level
than previously possible.
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