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Extremophilic archaea, both hyperthermophiles and halophiles, dominate in habitats where rather harsh conditions are encoun-
tered. Like all other organisms, archaeal cells are susceptible to viral infections, and to date, about 100 archaeal viruses have been
described. Among them, there are extraordinary virion morphologies as well as the common head-tailed viruses. Although ap-
proximately half of the isolated archaeal viruses belong to the latter group, no three-dimensional virion structures of these head-
tailed viruses are available. Thus, rigorous comparisons with bacteriophages are not yet warranted. In the present study, we de-
termined the genome sequences of two of such viruses of halophiles and solved their capsid structures by cryo-electron
microscopy and three-dimensional image reconstruction. We show that these viruses are inactivated, yet remain intact, at low
salinity and that their infectivity is regained when high salinity is restored. This enabled us to determine their three-dimensional
capsid structures at low salinity to a �10-Å resolution. The genetic and structural data showed that both viruses belong to the
same T-number class, but one of them has enlarged its capsid to accommodate a larger genome than typically associated with a
T�7 capsid by inserting an additional protein into the capsid lattice.

Archaea dominate in extreme environments like hypersaline
lakes and hot springs (1, 2) and serve, along with their

viruses, as biological models in such environments. So far,
about 100 archaeal viruses have been described, in contrast to
over 6,000 known bacterial viruses (3–5). All the isolated ar-
chaeal viruses infect extremophiles which belong to either of
the two major archaeal phyla, Crenarchaeota, containing ther-
mophiles and hyperthermophiles, or Euryarchaeota, contain-
ing methanogens, thermophiles, hyperthermophiles, and ex-
treme halophiles (3, 6).

Viruses infecting extremely halophilic hosts have been found
to tolerate a wider range of salinities than their host cells, which are
usually sensitive to lowered ionic strengths (7–9). Furthermore,
the adsorption of some viruses of halophilic hosts is dependent on
salinity (7, 10, 11). Thus, it would be important to determine how
salinity alterations affect viruses. For a viral infection, it is crucial
that host cells are energetically capable of supporting infections,
and viruses might be expected to be able to sense environmental
conditions which affect host cell viability. For example, Semliki
Forest virus is reversibly inactivated by mildly acidic conditions
but retains infectivity upon reneutralization, and it was shown
that low pH inactivates the membrane fusion capability of the
virus (12). Inactivation of bacteriophage T7 by ascorbic acid treat-
ment, which causes single-stranded nicks to accumulate in the
virus genome, is reversible if the host cell mechanisms are allowed
to repair the nicks before the virus is plated with the host (13).

Archaeal viruses are currently classified into nine viral families
(14). Although unusual morphotypes, like bottle- and droplet-
shaped morphotypes, have been discovered, about half of the
studied archaeal viruses resemble classical bacteriophages, with
icosahedral heads and helical tails (3, 5). These viruses are classi-
fied by tail morphology into three families, Myoviridae (long, con-
tractile tails), Siphoviridae (long, noncontractile tails), and Podo-
viridae (short tails), and together, they form the order
Caudovirales (3, 14, 15). The host range of the known archaeal

head-tailed viruses (�50) is limited to euryarchaeal hosts, and
most of them infect extremely halophilic hosts, while only five
viruses have been described to infect methanogens (3, 5). Al-
though no head-tailed viruses infecting hyperthermophilic ar-
chaea have yet been isolated, such virus-like particles have been
observed in hydrothermal environments (16). So far, detailed
characterization of archaeal head-tailed viruses has been limited
mostly to the genome level (17–21), and, in contrast to the exten-
sive structural research on head-tailed bacteriophages, no virion
structures are available for archaeal head-tailed viruses.

Icosahedrally symmetric viruses are built up of 60 repeats of an
asymmetric unit (22). In those viruses exhibiting quasiequiva-
lence, more than one copy of a protein makes up the asymmetric
unit, existing in different conformations (23). The quasiequiva-
lence theory places the capsomers in positions that can be de-
scribed by subtriangulating the icosahedral facets. The triangula-
tion number (T-number) is a parameter used to describe the
capsomer (hexamer and pentamer) arrangement and can be cal-
culated by using the formula T � h2 � hk � k2, where h and k are
positive integers defining the pentameric and hexameric positions
in the lattice (23, 24).

All head-tailed bacteriophages most likely belong to the same
structure-based viral lineage, sharing a common ancestor (25–
27). Despite the evolutionary relationship, the capsid size and thus
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the genome length of these viruses vary considerably, and the size
difference between the smallest and largest genome known so far
is almost 50-fold (28). Two possibilities have been proposed to
explain this size variation: (i) larger genomes originated from
smaller ones by acquisition of new genes, or (ii) smaller genomes
were derived from larger ones by gene deletion (28–30). However,
the former scenario seems to be more reasonable, because icosa-
hedrally symmetric capsids can adopt only certain sizes according
to the triangulation numbers, and the reduction of the capsid size
would be a more complex process than its enlargement (23, 28,
31). So far, three different mechanisms have been shown to be
used by viruses to enlarge the capsid size: (i) a larger T-number,
(ii) a larger major capsid protein (MCP), or (iii) a prolate instead
of an isometric capsid (32–36).

Here, we report a detailed description of the siphovirus
HVTV-1 (Haloarcula vallismortis tailed virus 1) and the myovirus
HSTV-2 (Halorubrum sodomense tailed virus 2), infecting ex-
tremely halophilic archaea (5). We demonstrate that halophilic
viruses tolerate periods of lowered salinity, which is important for
their survival in nature but also for their suitability for structural
analyses. Thus, in addition to genome sequences, we report three-
dimensional (3D) cryo-electron microscopy (cryo-EM) recon-
structions of the capsids for both viruses. Although HVTV-1
(T�13) and HSTV-2 (T�7) have different T-numbers, they be-
long to the same morphological class, class 2, of icosahedrally
symmetric viruses (24). Furthermore, the genome size of HSTV-2
is considered large for a T�7 capsid, and we show that HSTV-2
has solved this problem by inserting a minor protein into the
capsid lattice.

MATERIALS AND METHODS
Virus and archaeal strains and growth conditions. Haloarcula vallismortis
strain ATCC 29715 (37) and Halorubrum sodomense strain DSM 3755 (38)
were used as hosts for HVTV-1 and HSTV-2, respectively (5). All cultures
were grown aerobically at 37°C in modified growth medium (MGM) (39, 40).
A 30% stock solution of artificial salt water (SW) was prepared as described
by the Halohandbook website (http://www.haloarchaea.com/resources
/halohandbook/Halohandbook_2008_v7.pdf) and contains 240 g NaCl, 30 g
MgCl2 · 6H2O, 35 g MgSO4 · 7H2O, 7 g KCl, 5 ml of 1 M CaCl2 · 2H2O, and 80
ml of 1 M Tris-HCl (pH 7.2) per liter of water. Broth, solid, and soft-agar
media contained 23, 20, and 18% SW, respectively. Virus stocks were pre-
pared as previously described (40), using confluent plates incubated for 3 days
(HSTV-2) or 5 days (HVTV-1). Titers of about 1�1011 and 4�1010 PFU/ml
were obtained in HVTV-1 and HSTV-2 stocks, respectively.

Life cycle studies. Virus adsorption to host cells was studied by infect-
ing mid-log-phase cells, and the virus stocks in MGM were used. Approx-
imately 3 � 108 cells and 1,500 virus particles were mixed and incubated at
37°C without aeration. Aliquots were removed at 15, 30, and 60 min after
infection, and the number of free viruses was determined by using a
plaque assay. The adsorption rate (k) constant was calculated by using the
formula k � (2.3/Bt) � log(P0/P), where B is the cell concentration, P0 is
the concentration of unadsorbed viruses at the beginning, P is the con-
centration of unadsorbed viruses at the end, and t is the time interval (41).

Viral life cycles were determined by infecting mid-log-phase Haloar-
cula vallismortis and Halorubrum sodomense cells at a multiplicity of in-
fection (MOI) of 10. After 30 min of incubation at 37°C without aeration,
the cells were collected by centrifugation (14,000 � g for 10 min at 20°C)
(Sorvall SA600) and washed twice to remove unadsorbed viruses. Cul-
tures were grown aerobically at 37°C, and turbidity and the number of free
viruses were monitored. Thin sections of HVTV-1-infected Haloarcula
vallismortis cells were prepared at 0.5, 10, and 12 h postinfection (p.i.). The
cells were washed with MGM broth containing 1 M 4-morpholineethane-
sulfonic acid (MES) (pH 6.7) (MGM-MES broth) and fixed with 3%

(vol/vol) glutaraldehyde (Sigma-Aldrich) at room temperature (RT) for
20 min. After fixation, the cells were washed three times with MGM-MES
broth, and thin sections were prepared as previously described (42). The
micrographs were taken with a Jeol 1200EX electron microscope operat-
ing at 80 kV at the Electron Microscopy Unit of the Institute of Biotech-
nology, University of Helsinki.

Virus purification. Virus particles were produced by using liquid cul-
ture propagation. Culture conditions were the same as those used for the
life cycle study (see above). The infected cultures were grown overnight
and then treated with DNase I (70 �g ml�1; Sigma-Aldrich) for 1 h at
37°C. The cell debris was removed (11,000 � g for 30 min at 15°C) (Sorvall
SLA3000), and virus particles were precipitated from the supernatant by
using 10% (HVTV-1) or 11% (HSTV-2) polyethylene glycol (PEG) 6000
(wt/vol). The precipitated particles were collected (11,000 � g for 40 min
at 15°C) (Sorvall SLA3000) and resuspended in 18% SW. Aggregates were
removed from the dissolved PEG precipitate by centrifugation (14,000 �
g for 10 min at 15°C) (Sorvall SA600).

The virus concentrate was purified in a linear 5 to 20% (wt/vol) su-
crose gradient in 18% SW by rate-zonal centrifugation (104,000 � g for 1
h 5 min for HVTV-1 and 1 h 40 min for HSTV-2 at 15°C) (Sorvall
AH629). The light-scattering virus zone was collected and further purified
in a CsCl gradient in 18% SW (mean density, 1.5 g/ml) by equilibrium
centrifugation (72,000 � g for 20 h at 15°C) (Sorvall AH629). The virus
zone was collected and diluted 2-fold with 18% SW without NaCl. The
purified virus particles were concentrated by differential centrifugation
(210,000 � g for 1 h 15 min at 15°C) (Sorvall TH641), and the pellets were
resuspended in 9% SW or 20 mM Tris-HCl (pH 7.2). For density deter-
mination, the CsCl gradients were fractionated after equilibrium centrif-
ugation (83,000 � g for 24 h at 15°C) (Sorvall TH641), and the density and
A260 of the fractions were determined.

Stability assays. HVTV-1 and HSTV-2 sensitivity to lowered ionic
strength was studied by diluting the virus stocks 1,000-fold in 9, 18, and 23%
SW and incubating the virus stocks for 1 h at 4°C. After the incubation,
dilutions series were prepared in the corresponding SW and incubated for 15
min at RT, and the infectivity was determined by a plaque assay. The virus
stocks were also diluted 100- and 1,000-fold in 20 mM Tris-HCl (pH 7.2) and
incubated for 1 h at 4°C. After this, dilution series were prepared in 9% SW
and 20 mM Tris-HCl (pH 7.2) and incubated for 15 min at RT, and the
infectivity was determined by a plaque assay. In all plaque assays, the compo-
nents were added in the following order, to avoid contact of the cells and the
low-salinity buffers: host cells, soft agar, and virus dilutions.

In order to determine how fast the viruses are inactivated at lowered
ionic strength, the virus stocks were diluted 100-fold (HSTV-2) or 1,000-
fold (HVTV-1) in 20 mM Tris-HCl (pH 7.2) and incubated at 4°C. After
5, 15, 30, and 60 min, dilutions series were prepared in 9% SW and 20 mM
Tris-HCl (pH 7.2). The dilution series were incubated for 15 min at RT,
and the infectivity was determined by a plaque assay. In order to deter-
mine the reactivation time, the virus stocks were diluted 100-fold
(HSTV-2) or 1,000-fold (HVTV-1) in 20 mM Tris-HCl (pH 7.2) and
incubated for 60 min at 4°C. The dilution series of the samples were
prepared in 9% SW and incubated for 5, 10, and 15 min at RT, and the
infectivity was determined by a plaque assay.

The CsCl-purified virus particles in 20 mM Tris-HCl (pH 7.2) or 9%
SW (see above) were used for the virion stability assays. The virus pellets
(see differential centrifugation described above) were resuspended and
incubated for 15 min at 4°C, after which the A260 was measured, the
infectivity was determined by a plaque assay, and the particles were vitri-
fied. Alternatively, the particles, which were incubated in 20 mM Tris-HCl
(pH 7.2) for 15 min, were diluted with 18% SW to obtain a final concen-
tration of 9% SW. This dilution was incubated for 15 min at RT, after
which the A260 and the infectivity were measured, and the virions were
vitrified.

Cryo-electron microscopy and image processing. Freshly made virus
particles were applied in 3-�l aliquots onto Quantifoil R 2/2 grids and
vitrified in liquid ethane, as described previously (43). The micrographs
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were recorded by using a Gatan 626 cryo-holder and an FEI Tecnai F20
microscope operating at 200 keV at liquid nitrogen temperature (at the
Cryo-Electron Microscopy Unit of the Institute of Biotechnology, Uni-
versity of Helsinki). Images were collected under low-dose conditions on
a Gatan Ultrascan 4000 charge-coupled-device (CCD) camera at a mag-
nification of �68,000 with a 4.0-�m underfocus (virus particles from the
virus stability assay described above) or in 20 mM Tris-HCl (pH 7.2) on
Kodak SO163 film at a magnification of �62 000 and with a range of
underfoci of 0.4 to 2.9 �m (HVTV-1) or 0.7 to 2.9 �m (HSTV-2), as
described previously (44).

The micrographs recorded on film were scanned at 7-�m samplings
with a 12-bit grayscale readout by using a PhotoScan TD scanner (Z/I
Imaging). The digitized micrographs were binned to a pixel size of 2.26
Å/pixel, and the contrast transfer function (CTF) parameters of the im-
ages were evaluated by using CTFFIND3 (45). Viral particles were picked
by using ETHAN (46) and selected in the program BOXER of the EMAN
suite (47). The particles were boxed, normalized, and apodized with the
program RobEM (48) using the EMAN coordinates.

The random model computation (RMC) method (49) was used to
produce 10 initial models of each virus from 150 randomly selected far-
from-focus particles to about 30 Å. The best model of each virus was used
as a starting model for full orientation search and origin determination of
each full data set using AUTO3DEM (48). After several iterations, parti-
cles were recentered by using RobEM, and iterations were continued with
these images (44). Full CTF correction was carried out with AUTO3DEM
as a part of the reconstruction calculation, and the resolution was esti-
mated by using a Fourier shell correlation cutoff of 0.5 (50). A total of
3,530 and 4,930 particles were used for the full reconstruction of HVTV-1
and HSTV-2, respectively.

The final maps were sharpened by using the program EM-Bfactor (51,
52). The reconstructions were first calculated out to the Nyquist frequency
and then corrected with the estimated B-factors (407.20 for HVTV-1 and
435.42 for HSTV-2). Finally, the corrected maps were filtered back to the
original resolution by using Bsoft (53). All visualization was carried out
with UCSF Chimera (54).

Genome sequencing and protein analysis. Purified virus genomic
DNA was sheared hydrodynamically and repaired, and 1- to 3-kbp frag-
ments were inserted into the plasmid pBluescript. Individual clones were
sequenced to depths of 10-fold (HSTV-2) and 11-fold (HVTV-1) cover-
ages using an ABI 3700 sequencer and assembled by using phredPhrapp
and Consed (version 16) at the Pittsburgh Bacteriophage Institute. A total
of 958 reads (HSTV-2) and 1,495 reads (HVTV-1) were assembled. Fin-
ished sequences were analyzed and annotated with genome editors, in-
cluding DNAMaster (http://cobamide2.bio.pitt.edu/), Glimmer (55),
GeneMark (56), tRNA ScanSE (57), COILS (58), and Aragorn (59), to
identify genome features. Functional identifications of the genes are based
on BLASTP (60) matches with expect values better than 10�7, except as
noted in Results and for some functional domains which were assigned
based on HHpred (61–63) data with a probability of greater than 97.2.

Protein concentrations were determined by the Coomassie blue
method, using bovine serum albumin as a standard (64). Modified Tri-
cine-SDS-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE) with 4
and 14% acrylamide concentrations in the stacking and separation gels,
respectively, was used to analyze the samples (65). N-terminal sequencing
was performed as previously described (66), at the Protein Chemistry
Core Facility of the Institute of Biotechnology, University of Helsinki.

Accession numbers. The reconstructions have been deposited in the
EMDB under accession numbers EMD-2234 (HVTV-1) and EMD-2235
(HSTV-2). The nucleotide sequences determined have been deposited in
GenBank under accession numbers KC117376 (HSTV-2) and KC117377
(HVTV-1).

RESULTS
HVTV-1 and HSTV-2 have a long intracellular phase. In order to
study the life cycle of the viruses, the host cells were infected in the

mid-log growth phase. The adsorption experiments showed that
HVTV-1 had high and HSTV-2 low adsorption efficiencies, as the
adsorption rate constants (41) calculated during the first 15 min
were 3.1 � 10�10 and 1.4 � 10�11 ml/min, respectively. In the
one-step growth experiment, HVTV-1 lysed the infected cells at
�12 h p.i., and the increase in the number of extracellular viruses
coincided with lysis (Fig. 1A). The viral levels reached approxi-
mately 3 � 1010 PFU/ml in the growth medium. The HSTV-2-
infected cells lysed at �10 h p.i., and a virus yield similar to that of
HVTV-1 infection was obtained (data not shown). The HVTV-1
infection cycle was also studied by using electron microscopy.
Thin sections of the infected cells showed virions adsorbed onto
the cell surface and, later on, production of intracellular progeny
virions (Fig. 1B to D). Empty capsids, most likely procapsids pre-
ceding genome packaging, were still observed at 12 h p.i. in the
lysing cells (Fig. 1D), indicating that not all the virions were filled.

Liquid culture propagation was used for virus production and
purification (see Materials and Methods). The specific infectivities

FIG 1 Infection cycle of HVTV-1 in its host Haloarcula vallismortis. (A) Tur-
bidity of infected (open circles) and uninfected (closed circles) cultures and
number of free viruses in the infected culture (bars). The cultures were washed
at 30 min p.i. to remove unadsorbed viruses. Arrows indicate time points of the
thin-section samples. (B to D) Micrographs of thin sections of the infected cells
observed by transmission electron microscopy at 30 min (B), 10 h (C), and 12
h (D) p.i. Bars, 200 nm (B) and 500 nm (C and D). In panel B, arrows show
virions adsorbed to the cell surface. In panels C and D, arrows indicate intra-
cellular genome-containing virions. In panel D, the arrowhead shows an
empty capsid.
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of the purified HVTV-1 and HSTV-2 virions in 9% SW were ap-
proximately 3 � 1012 and 4 � 1012 PFU/mg of protein, respec-
tively. The specific infectivity calculated based on the nucleic acid
content was about 6 � 1010 PFU/A260 for both viruses in 9% SW.
The densities of HVTV-1 and HSTV-2 in CsCl were 1.47 and 1.46
g/ml, respectively, corresponding to that of bacterial sipho- and
myoviruses (15).

Low salinity causes reversible inactivation of HVTV-1 and
HSTV-2. The virus stocks contained 23% SW, corresponding to
3.15 M NaCl (3.44 M total salinity). In order to study the stability
of the viruses under conditions of lowered ionic strength, the virus
stocks were diluted 1,000-fold in 23%, 18% (2.47 M NaCl), and
9% (1.23 M NaCl) SW and in 20 mM Tris-HCl (pH 7.2). Both
viruses remained infective in the SW buffers but were inactivated
in the Tris-HCl buffer (Fig. 2A and B). However, when HVTV-1
incubated in Tris-HCl buffer was restored to 9% SW, the virus
regained its infectivity (Fig. 2A). Reactivation of HSTV-2 was ob-
served only when the virus was first diluted only 100-fold in the
Tris-HCl buffer and then brought back to 9% SW (Fig. 2B). Ki-
netics studies indicated that inactivation and reactivation were
achieved in less than 5 min (data not shown).

As inactivation was reversible, the effect of altering salinity on
overall virus morphology was determined. The highly purified
virions were incubated under three different conditions: (i) in 9%
SW, (ii) in Tris-HCl (pH 7.2), and (iii) first in Tris-HCl (pH 7.2)
and then in 9% SW. Cryo-electron micrographs show that the
overall morphology remained unaltered during the salinity
changes (Fig. 2C and E). The specific infectivity was the same
before and after the low-salt conditions (Fig. 2D and F), which
correlates well with the observation that the empty/DNA-filled
capsid ratio was approximately the same (data not shown) in all
three preparations, indicating that the salinity changes did not
cause genome release.

Genome sequences of HVTV-1 and HSTV-2. The genome se-
quences of HVTV-1 (Fig. 3) and HSTV-2 (Fig. 4) were deter-
mined, and we report our analysis of the two sequences separately
below.

(i) HVTV-1 genome. The unique genome sequence of
HVTV-1 is 101,734 bp (Fig. 3). The virion DNA has discrete ends
with a direct terminal repeat of 585 bp, bringing the length of the
packaged DNA to 102,319 bp. The G�C content of the genome is
58%. The sequence bears no close overall similarity to any previ-
ously reported viral sequence.

Considering first the structural genes, we identified the MCP
gene as gene 120, based on the N-terminal sequence of the most
abundant protein in the SDS gel pattern (Fig. 5A). The mature
capsid protein sequence begins at residue 103 of the predicted
sequence of gp120 (gp for gene product), indicating that the cap-
sid protein is N-terminally processed. Such processing of capsid
proteins during capsid maturation is common but not universal
among tailed bacteriophages. Gene product 119 has a “peptidase
U35” match in the Conserved Domain Database (CDD). This
maturation protease family is found in many tailed-bacteriophage
genomes, including coliphage HK97. The position of this gene in
the genome, particularly its relationship to the MCP gene and
other identifiable head genes, together with its sequence affinity
for characterized head maturation proteases make a good case that
the function of this gene product is likely to be as the maturation
protease of HVTV-1. The protein sequence of gene product 114
contains a C-terminal domain that shows similarity to the acces-

sory head assembly factor of phage Mu protein F and gp7 of Ba-
cillus phage SPP1. Gene product 110 is a homologue of the large
terminase subunit genes of tailed bacteriophages.

There are two tail genes whose encoded protein sequences give
weak but convincing matches in a BLASTP�PSI search. Gene
product 131 matches a large number of tail-length tape measure
protein (TMP) sequences, and gp136 matches a tail baseplate pro-
tein found in some bacteriophages. The identification of the TMP
is strengthened by the fact that the sequence is predicted to be
largely alpha-helical by COILS, with significant coiled-coil char-
acter, as is characteristic of these proteins. TMPs are thought to
span the length of the tail as an extended alpha-helix, and the
length of the protein sequence, 480 amino acids (aa), predicts a tail
length of 72 nm when fully alpha-helical. The measured length of
the helical tail sheath is in approximate agreement at 73 nm � 5
nm (Fig. 2C). As with HSTV-2 (see below) and most long-tailed
bacteriophages, there are two overlapping open reading frames
(ORFs) immediately upstream of the tape measure protein gene
(genes 129 and 130) that can be related by a putative �1 transla-
tional frameshift.

Of the 174 putative protein-encoding genes that we annotate in
HVTV-1, only 43 (25%) make a significant match to sequences in
the GenBank database in a BLASTP search (see Table S1 in the
supplemental material). Beyond the putative head and tail genes
described above, many of the genes for which a possible function
can be inferred appear to be involved in nucleotide metabolism or
DNA replication. These are predominantly but not exclusively
found in the leftward-transcribed cluster of genes bounded by
genes 35 and 104, while the head and tail genes that we have iden-
tified are in the rightward-transcribed cluster bounded by genes
108 and 140. Of the genes predicted to encode protein functions
other than virion structure and assembly functions, we note that
there are three, genes 37, 87, and 96, predicted to encode subunits
of replication factor C (RFC). RFC is a two-subunit protein that
serves as the DNA replication clamp loader in archaea (67). The
products of genes 87 and 96 make strong matches to the large and
small subunits, respectively, of the cellular RFC, and it seems likely
that they constitute a virus-encoded clamp loader. The product of
gene 37 makes a strong match (BLASTP E value of 3 � 10�20) to
the cellular RFC small subunit, but this match extends over only
�20% of its length, suggesting that it may have a different func-
tion. Another intriguing match is that of gp115 to Zeta-toxin,
which is a component of a toxin/antitoxin system found in bacte-
ria and archaea (68). There is no evidence for its cognate antitoxin
from sequence searches of the HVTV-1 genome. The role of this
Zeta-toxin homologue in the viral life cycle is unclear. There is one
tRNA predicted in the HVTV-1 genome, an apparent tRNAGln

(UUG anticodon), encoded by gene 55.
(ii) HSTV-2 genome. The HSTV-2 unique genome sequence is

68,187 bp long (Fig. 4). The DNA in the virion has discrete ends
and direct terminal repeats of 340 bp, bringing the size of the
virion DNA to 68,527 bp. The G�C content of the genome is 60%.
The HSTV-2 genome is similar in sequence and gene arrangement
to the previously characterized archaeal myoviruses HF1 and HF2
(20, 21). Dot plot comparison shows that the overall similarity of
the HSTV-2 and HF1 and HF2 genomes is moderate, 70.4 and
59.8% nucleotide identities, respectively, over the length of
HSTV-2, with the degree of similarity falling off at the right end of
the HSTV-2 genome (data not shown). Overall, the HF1 genome
is 7,372 bp longer and the HF2 genome 9,484 bp longer than the
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FIG 2 Viruses are reversibly inactivated under conditions of low salinity without observable morphological changes. (A and B) Effect of lowered ionic strength
on the infectivity of HVTV-1 (A) and HSTV-2 (B). The virus stocks (white bars) were diluted either 100-fold (black bars) or 1,000-fold (gray bars) in 23, 18, or
9% salt water (SW) or in 20 mM Tris-HCl (pH 7.2) and incubated for 1 h at 4°C. After incubation, the samples were further diluted in the same buffer, except
that the Tris-HCl samples were diluted in 9% SW as well. The diluted samples were incubated for 15 min at RT, and infectivity was then determined. The bars
represent the averages of data from two experiments. The infectivity scale in panels A and B is the same, and the infectivities are corrected for the dilution. (C)
Cryo-electron micrographs of HVTV-1 at a 4-�m underfocus. (I) Virions incubated in 9% SW; (II) virions incubated in 20 mM Tris-HCl (pH 7.2) buffer; (III)
virions which were first incubated in 20 mM Tris-HCl (pH 7.2) and then restored in 9% SW. Bar, 50 nm. (D) Specific infectivity on a logarithmic scale of HVTV-1
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HSTV-2 genome. A striking difference between the genomes is an
apparent net deletion of 12,250 bp in HSTV-2 relative to HF2,
located between HSTV-2 genes 40 and 41.

Analysis of the HSTV-2 genome identified 104 putative ORFs
(see Table S2 in the supplemental material). Several genes can be
identified as encoding structural proteins of the virion or virion
assembly factors. The most abundant protein on the SDS-PAGE
gel of HSTV-2 virions (Fig. 5A) is, by that criterion, the MCP. Its
N-terminal sequence identifies it as the product of gene 13. Unlike
the MCP of HVTV-1 (see above) and like the MCPs of some tailed
bacteriophages, HSTV-2 gp13 is not N-terminally processed, ex-
cept for the first methionine. HSTV-2 gp13 shows significant se-
quence identity to the hypothetical protein HalHV1gp089 of HF1
(43%) and to the hypothetical proteins HF2p101 and HF2p102 of
HF2 (41%). Two more abundant proteins on the gel are identified
by the N-terminal sequence as the products of genes 20 and 21.

Gene product 20 makes a convincing sequence match to the tail
sheath subunits of contractile-tailed bacteriophages, and its high
molecular weight and the position of its gene relative to the MCP
gene support this identification. The tail tube subunit gene in
contractile-tailed bacteriophages typically immediately follows
the tail sheath gene, and we make this assignment for gene 21. This
identification is supported by the high abundance of gp21 in the
virion and its characteristically relatively low molecular weight
(Fig. 5).

Somewhat distant but convincing sequence similarities iden-
tify the products of genes 7, 8, and 30 as the large subunit of
terminase, the portal protein, and a tail baseplate component,
respectively. These identifications are compatible with the gene
positions expected from tailed phages. We make four additional
assignments in the structural gene region based on gene position
and sequence characteristics. Gene 12 encodes a protein with a

virions at different salinities (I to III). (E) Cryo-electron micrographs of HSTV-2 at a 4-�m underfocus showing particles as in panel A. In panel I, the arrow
indicates a noncontracted tail, the arrowhead indicates a contracted tail, and the insets show longitudinal views of baseplates dissociated from the capsids. Bar,
50 nm. (F) Specific infectivity on a logarithmic scale of HSTV-2 virions at different salinities (I to III).

FIG 3 Physical map of the HVTV-1 genome. Genes are represented as rectangles, with those above the central scale transcribed from left to right and those below
transcribed from right to left, and the markers are spaced at 1-kbp and 100-bp intervals. All predicted genes are protein encoding, with the exception of gene 55,
which encodes a tRNAGln. DNA in the virion has a 585-bp direct terminal repeat, indicated by arrows. HNH, histidine-asparagine-histidine homing
endonuclease.
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high propensity for alpha-helical structure. This, together with its
position immediately upstream of the MCP gene, allows a tenta-
tive identification as the head assembly scaffolding protein, based
on precedents from tailed bacteriophages. Gene 24 encodes an-
other protein with high predicted alpha-helicity as well as signifi-
cant coiled-coil propensity, and this, together with gene position,
suggests that this is the tail-length TMP. Gene product 24 would
be 98 nm long as an alpha-helix, and the measured length of the
HSTV-2 tail is 101 � 5 nm (Fig. 2E), supporting this identifica-
tion. Between the tail tube gene (gene 21) and the TMP gene (gene
24), there are two overlapping open reading frames. This pattern is
seen in most long-tailed bacteriophages, where expression of the
downstream ORF is accomplished by a low-frequency transla-
tional frameshift. We propose that expression in the case of
HSTV-2 includes such a frameshift. A frameshift into the �1
frame would be required in this case, and we find a potential �1
“shifty” sequence in the overlap region.

Genes 41, 44, and 48 encode proteins that show strong se-
quence similarities to thymidylate synthase, DNA polymerase,
and adenylate kinase, respectively. This small cluster of nucleotide
metabolism and DNA replication genes lies adjacent to the loca-
tion where HF2 has 12,250 bp more than HSTV-2, and this “extra”
DNA in HF2 encodes at least two additional enzymes of nucleo-
tide metabolism, a dCTP deaminase and a ribonucleotide reduc-
tase (alpha subunit). HSTV-2 gene product 75 has the closest se-
quence BLAST (E value of 0) and HHpred (100% probability)
matches to bacterial XerCD members of the integrase family.

The products of genes 26, 34, 51, 52, 72, and 93 were as-
signed to a function based on HHpred data. Considering the
position of gene 26 in the genome, its product may be a tail
component. Gene 34 is predicted to encode a metal-binding
protein. Genes 51 and 52 most probably encode a dual-speci-
ficity phosphatase and an ATP-dependent helicase, respec-
tively. Gene 72 encodes a putative homing endonuclease, and
gp93 is a putative heat shock protein. Finally, we find a single
tRNA in the HSTV-2 genome, a tRNAGln (UUG anticodon)
located just upstream from gene 69. This tRNA has the same
apparent amino acid specificity and anticodon as the tRNA in
HVTV-1, but the two sequences are only 62% identical.

HSTV-2 has a larger genome than expected based on the cap-
sid T-number. Cryo-electron micrographs showed that HVTV-1
and HSTV-2 had angular, icosahedrally symmetric capsids (Fig.
2C and E). HVTV-1 had a long, thin siphovirus-like tail structure
(Fig. 2C). For HSTV-2, we observed a long, thick myovirus-like
tail with tail fibers and both contracted and noncontracted tails
with baseplates (Fig. 2E) as well as end-on views of isolated base-
plates (Fig. 2E, inset). 3D icosahedral reconstruction was used to
solve the structure of HVTV-1 and HSTV-2 DNA-filled capsids
under low-salinity conditions to 10.5- and 9.8-Å resolutions, re-
spectively (Fig. 6). The dimensions of the HVTV-1 capsid were
760 Å (facet to facet) and 955 Å (vertex to vertex). The corre-
sponding dimensions for HSTV-2 were 679 and 738 Å (Fig. 6A
and B). The central sections of the capsids showed that HSTV-2 is
more spherical than HVTV-1 and revealed several highly ordered

FIG 4 Physical map of the HSTV-2 genome. Genes are represented as rectangles above or below the central scale, depending on whether they are transcribed
from left to right or right to left, respectively, and the markers are spaced at 1-kbp and 100-bp intervals. All predicted genes are protein encoding, with the
exception of gene 70, which encodes a tRNAGln. DNA in the virion has a 340-bp direct terminal repeat, indicated by arrows.
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layers of concentrically packaged DNA (Fig. 6A and B). The spac-
ing between the DNA layers was 24 Å, and the genome packaging
densities calculated based on the genome length and the inner
icosahedral volume were 0.51 bp/nm3 (HVTV-1) and 0.58 bp/
nm3 (HSTV-2). The genome packaging efficiencies (69), calcu-
lated based on the formula �pack � 0.34	Nbp/
capsid (where Nbp is
the number of base pairs and 
capsid is the capsid volume), were
0.55 for HVTV-1 and 0.62 for HSTV-2. The genomes of both
viruses were least well organized under 5-fold vertices (Fig. 6A and
B), indicating the presence of a portal structure in one of the 12
vertices.

The MCP capsomers of HVTV-1 were arranged in a T�13
lattice, and those of HSTV-2 were arranged in a T�7 lattice (Fig.
6C and D). Homology searches using I-Tasser (70) did not reveal
any structural homologues for the MCPs of HVTV-1 and HSTV-2
(data not shown), and the resolution of the capsid reconstructions
was too low to allow reliable fitting of known MCP structures. The
HVTV-1 capsid had 5-fold-symmetric spikes projecting from the
vertices and trimeric decorative structures, most likely formed by
a minor capsid protein, occupying the center of each MCP hex-
amer (Fig. 6C). In the HSTV-2 capsid, a minor capsid protein
formed additional trimeric structures between the MCP pentam-
ers and hexamers and between the MCP hexamers, at the local
3-fold positions (Fig. 6D).

HSTV-2 was observed to deviate from the general trend when
the genome sizes of head-tailed viruses and herpes simplex virus 1
(HSV-1) were compared to their capsid T-number (Fig. 7A).
Among the T�7 head-tailed viruses, for which the genome se-
quences are available, HSTV-2 had the largest genome (Fig. 7B).
The MCPs of epsilon15, T7, and lambda (71) are about the same
size as the HSTV-2 MCP. However, the HSTV-2 genome is 1.4

times longer than the genome of lambda and 1.7 times longer than
the genomes of epsilon15 and T7.

The facet-to-facet diameter of mature lambda virions is 600 Å,
and as the shell thickness is about 40 Å, the corresponding inner
diameter of lambda is 520 Å (72). The inner diameter of the
HSTV-2 virion (facet to facet) was considerably larger, 620 Å (Fig.
6B). A closer comparison of the HSTV-2 and lambda (73) capsids
revealed that the trimeric structures of HSTV-2 occupy the same
positions as the gpD trimers of lambda (Fig. 8). At this resolution,
it appears that three MCP hexamers of HSTV-2 each contribute
two rods of density that interact with the base of the trimeric
structures (Fig. 8). Thus, without the trimers, the interaction be-
tween hexamers would most likely be too loose to hold the capsid
together, indicating that the minor capsid protein has an impor-
tant role in stabilizing the HSTV-2 capsid. The resolution of the
HSTV-2 reconstruction was not high enough to accurately model
the trimers. However, to facilitate a rough comparison to gpD
(Fig. 8, magnified region), we used the “fit in map” tool in UCSF
Chimera (54) to fit the lambda gpD protein structure (PDB acces-
sion number 1C5E) (74) into the position occupied by the trim-
eric structures in the HSTV-2 capsid lattice. The gpD protein of
lambda is 11.4 kDa (74). Protein products of several genes, such as
gene 14 or 15, downstream of the MCP gene are potential homo-
logues of gpD (Fig. 4), and there were unidentified protein bands
from purified virions, one of which may represent this minor cap-
sid protein stabilizing the lattice (Fig. 5A).

DISCUSSION

In this study, we report a detailed characterization of two head-
tailed viruses, HVTV-1 and HSTV-2, infecting extremely halo-
philic archaea—from the life cycles to the genome sequences

FIG 5 HVTV-1 and HSTV-2 structural proteins. (A) Protein pattern of virions in a Tricine-SDS-polyacrylamide gel stained with Coomassie blue. 1� indicates
virions purified in a sucrose gradient by rate-zonal centrifugation, and 2� indicates virions further purified in a CsCl gradient by equilibrium centrifugation.
Numbers on the left indicate molecular mass markers. (B) Amino acid sequences of the major structural proteins. The N-terminal sequence determined from the
protein band is shown by boldface type and underlining, except that the sixth amino acid in HSTV-2 gp20 could not be identified. The theoretical molecular
masses of the mature proteins are given in parentheses.
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and 3D reconstruction of the capsids. Two important aspects
were observed. First, this study revealed that halophilic head-
tailed viruses survive under changing salinity conditions. Sec-
ond, the capsid structure of HSTV-2 introduced a new strategy
for how to enlarge a capsid to accommodate a larger genome.

The infection cycles of HVTV-1 and HSTV-2 (Fig. 1) were
typical of virulent head-tailed viruses, and cycles of 6 to 17 h were
previously reported for several haloarchaeal head-tailed viruses
(9, 11, 75–78). The adsorption efficiency of head-tailed viruses
infecting halophilic prokaryotes seems to vary considerably (7, 78,
79), and it has been observed that viruses with high adsorption
rates usually infect a host originating from the same geographical
site as the virus (7). In contrast to this, HVTV-1 had a high ad-
sorption efficiency, even though it was isolated from Thailand and
its host was from the United States (5, 80, 81). HSTV-2, with a low
adsorption rate, also infects a host isolated from a different loca-
tion than the virus origin (5, 38).

Several viruses infecting halophilic hosts require high salinity
to be infective, although many also tolerate low salinity (7, 9, 82,
83). For example, �N, infecting Halobacterium salinarum, sur-
vives even in distilled water (9). Salinity fluctuations occur in hy-
persaline environments due to evaporation as well as rainfall and
freshwater streams (84, 85), and thus, viruses infecting hosts re-
siding in such environments should be able to withstand these
fluctuations. The salt-dependent infectivity inactivation/reactiva-
tion described here (Fig. 2) could be important for the survival of

FIG 6 Cryo-EM reconstruction of the HVTV-1 and HSTV-2 capsids. (A and
B) Central section of HVTV-1 (A) and HSTV-2 (B) capsids. The icosahedral
reconstructions are viewed along a 2-fold axis. The ellipse, triangle, and pen-
tagon indicate 2-fold-, 3-fold-, and 5-fold-symmetry axes, respectively. Bar, 10
nm. (C and D) Isosurface representation of HVTV-1 (C) and HSTV-2 (D)
capsid reconstructions along an icosahedral 2-fold axis. The capsids are dis-
played at a threshold of a sigma value of 3.0. The symmetry axes are shown as
in panel A. Coloring was done using radial-depth cueing (bar, 325- to 425-Å
radius) in UCSF Chimera (54).

FIG 7 Genome size and T-number comparison. (A) Genome size versus T-
number. Triangles indicate HSTV-2 (GenBank accession number KC117376)
and HVTV-1 (accession number KC117377), accordingly. Circles indicate ep-
silon15 (accession number AY150271), HK97 (accession number AF069529),
T7 (accession number V01146), P22 (accession number BK000583), lambda
(accession number J02459), T5 (accession number AY543070), SPO1 (acces-
sion number FJ230960), HSV-1 (accession number X14112), and phiKZ (ac-
cession number AF399011). (B) Genome sizes of T�7 head-tailed viruses.
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the viruses in their natural habitats. During low-salinity periods,
viruses are inactive, as their host cell viability is poor, and when
salinity and cell viability increase, viruses become infectious.

The adsorption of some halophilic head-tailed viruses is salt
dependent and is most efficient at 3 to 4 M NaCl (7). Our obser-
vation that HVTV-1 and HSTV-2 are reversibly inactivated at low
salinity (Fig. 2) supports a hypothesis that salt is necessary for a
halophilic virus to adsorb to its host cell. Myovirus T4 requires
tryptophan for adsorption: in the absence of tryptophan, the tail
fibers are retracted, and in its presence, they are extended (86).

Although no major structural changes were observed for HVTV-1
and HSTV-2 during the salinity changes (Fig. 2C and E), there
might have been minor variations in the tail fibers. However, we
did not observe T4-like, long tail fibers in either HVTV-1 or
HSTV-2, nor did we identify potential homologous genes in their
genome sequences.

The genomes of bacterial head-tailed viruses are typically mo-
saic and share a large common gene pool (87–89). This mosaic
nature was also observed for the genomes of HVTV-1 and
HSTV-2 (Fig. 3 and 4). The MCP-encoding genes were identified
in both genomes. Furthermore, genes involved in tail structure,
virion assembly, nucleotide metabolism, and DNA replication
were detected. Our findings indicate that HVTV-1 uses the same
maturation process as coliphage HK97 (90). A gene encoding a
putative maturation protease was recognized in the HVTV-1 ge-
nome, and its MCP was proteolytically cleaved similarly to the
HK97 MCP, gp5 (91). In contrast to HK97, HVTV-1 assembles
with a T�13 lattice of hexamers and pentamers of the MCP, sim-
ilar to phage T5 (92). The center of the MCP hexamers is deco-
rated by a small, apparently trimeric, auxiliary protein. This posi-
tion in SPP1 is occupied by gp12, which has been shown to
stabilize the capsid (93). It is likely that the auxiliary protein in
HVTV-1 performs a similar role.

Interestingly, the HSTV-2 genome showed sequence identity
to the genomes of haloarchaeal myoviruses HF1 and HF2, which
are close relatives with 94.4% sequence identity (20, 21). The iden-
tity was detected in the region where the HF1 and HF2 genomes
differ from each other. Thus, there might have been recombina-
tion between HSTV-2-like and HF-like ancestors. Remarkably,
HF1 and HF2 have been isolated from Australia, and HSTV-2 was
isolated from Israel (5, 39), and the relationship of these viruses
indicates that such viruses are able to spread over wide distances.
Furthermore, it seems that the MCPs of all three viruses were
inherited from a recent common ancestor. In contrast to the pre-
viously studied icosahedrally symmetric archaeal viruses Serpen-
tine Lake hispanica virus 1 (SH1) and Sulfolobus turreted icosahe-
dral virus 1 (STIV1) and STIV2, the MCP is not predicted to be
formed of �-barrels but rather with an � secondary structure
(94–96).

The observation that viruses infecting hosts from all three do-
mains of life share the same MCP fold has led to the hypothesis
that such viruses are related and form structure-based viral lin-
eages. Within a lineage, all viruses share the same capsid architec-
ture inherited from an ancestor which most probably existed be-
fore the domains of cellular life separated (25, 26, 32, 97, 98).
Remarkably, our examination of the gene sequences of these two
archaeal viruses shows similarity in inferred protein sequences
and in relative position along the genome between a small subset
of the archaeal viral genes and a corresponding number of genes of
the tailed bacteriophages. In the phages, where more functions
have been identified, these genes include, among others, the genes
encoding the terminase large subunit, the portal protein, the head
maturation protease, the tail-length tape measure protein, and the
pair of overlapping genes just upstream of the tape measure gene
that are expressed through a programmed translational frame-
shift. These phage genes all have roles in producing the virion
structure, and we have suggested that some of the archaeal viral
genes may have functions similar to those of their apparent bac-
teriophage analogues (28, 87, 99). If so, these observations suggest
that there may be common ancestry, at least for these few struc-

FIG 8 Organization of the two capsid proteins of HSTV-2, illustrated for two
icosahedral facets. Shown is the capsid protein organization of bacteriophage
lambda (structure under EMDB accession number EMD-5012 filtered to a
9.8-Å resolution and isosurface drawn at a threshold of a sigma value of 3.0)
(73) (top) and archaeal virus HSTV-2 (isosurface drawn at a threshold of a
sigma value of 3.0) (bottom). For two icosahedral facets, positions of MCP
pentamers and hexamers are shown in blue, and positions of minor capsid
protein trimers are shown in red. The magnified region shows cryo-EM den-
sity of the HSTV-2 minor capsid protein trimer with the bacteriophage lambda
gpD protein structure (PDB accession number 1C5E) (74) fitted in and shown
as a red ribbon. Visualization was done by using UCSF Chimera (54). Fitting of
the gpD structure was done with the “fit in map” tool in UCSF Chimera.
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tural genes, between the head-tailed archaeal viruses and the tailed
bacteriophages. This would agree with and reinforce inferences of
a shared MCP lineage across host domains based on shared MCP
architecture.

Returning to the MCP-based lineage, although the architecture
is the same within the lineage, the capsid size may differ consider-
ably. It has been observed that the capsid size correlates with the
genome size. One strategy to enlarge the capsid is to have a higher
copy number of MCP, i.e., a larger T-number (32). The other one
is to use a larger building block, i.e., to have a larger MCP. For
example, human adenovirus and bacterial virus PRD1 have the
same MCP fold and T-number, but adenovirus has expanded its
capsid by having an extra domain and a loop between the two
�-barrels of the trimeric MCP (33). This, and the lack of a lipid
membrane, helps adenovirus to enclose its genome, which is 2.4
times larger than the genome of PRD1. The third mechanism is to
retain the T-number but change the head morphology from
isometric to prolate. For example, bacteriophages T4 and T5
have the same MCP fold, and the T-number of the midsection
of the prolate T4 capsid is the same as that of the isometric T5
capsid (34–36).

Our results show that HSTV-2 uses a new, fourth approach to
enlarge its capsid. The HSTV-2 capsid and genome are larger than
those of lambda (Fig. 7). The genome packaging efficiency of
HSTV-2, however, is rather close to that reported for lambda
(�pack � 0.56) (100). Because HSTV-2 and lambda are isometric
T�7 viruses and their MCPs have about the same molecular mass,
this excludes the three above-mentioned enlargement strategies.
Besides, according to the hypothesis put forward previously by
Mannige and Brooks (24), geometrical constraints are imposed on
icosahedral capsids belonging to class 2, so that T�9 (class 1) and
T�12 (class 3) capsid arrangements are not easily available for a
virus with a T�7 arrangement (24). There are, however, a number
of incidences in the literature where other assemblies have been
reported; for instance, in the system of bacteriophages P2 (T�7)
and P4 (T�4), the Sid protein of P4 forces the shell into a T�4
instead of a T�7 arrangement (101). In addition, bacteriophage
P22 (T�7) produces T�4 capsids in the absence of the scaffolding
protein (102, 103).

We propose that HSTV-2 uses an additional, stabilizing pro-
tein in the protein lattice to make its capsid larger (Fig. 8). Several
head-tailed viruses such as lambda, epsilon15, and T4 as well as
HSV-1 use decorating, auxiliary proteins to stabilize their capsids
(71, 73). The stabilizing protein gpD of lambda forms trimers
decorating the capsid between hexamers (72–74, 104, 105), and
the HSTV-2 stabilizing protein structures resemble these struc-
tures (Fig. 6 and 8). In order to enlarge the capsid, T�7 viruses
such as lambda may use gpD-type helper proteins to increase their
capsid size (73, 74). Based on the analysis of the HSTV-2 capsid,
MCP, and genome sizes, we propose that HSTV-2 is a more ex-
treme case of such development, as it uses a lambda gpD-type
helper protein in an attempt to reach even further over the chasm
of geometric constraints that separates T�7 and T�13, both be-
longing to class 2, in the realm of available capsid architectures
(24). Remarkably, the genomes of haloarchaeal head-tailed vi-
ruses HF1 and HF2 (20, 21) are even larger than the HSTV-2
genome, and as the MCPs of these viruses share significant se-
quence identity, HF1 and HF2 could be T�7 viruses having even
larger capsids.
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