This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.
Author(s): Jaakkola, Salla; Penttinen, Reetta; Vilen, Silja; Jalasvuori, Matti; Rönnholm, Gunilla;
Bamford, Jaana; Bamford, Dennis; Oksanen, Hanna

Title:

Closely Related Archaeal Haloarcula hispanica Icosahedral Viruses HHIV-2 and SH1
Have Nonhomologous Genes Encoding Host Recognition Functions

Year:

2012

Version:

Please cite the original version:
Jaakkola, S., Penttinen, R., Vilen, S., Jalasvuori, M., Rönnholm, G., Bamford, J.,
Bamford, D., & Oksanen, H. (2012). Closely Related Archaeal Haloarcula hispanica
Icosahedral Viruses HHIV-2 and SH1 Have Nonhomologous Genes Encoding Host
Recognition Functions. Journal of Virology, 86(9), 4734-4742.
https://doi.org/10.1128/JVI.06666-11

All material supplied via JYX is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that
material may be duplicated by you for your research use or educational purposes in electronic or
print form. You must obtain permission for any other use. Electronic or print copies may not be
offered, whether for sale or otherwise to anyone who is not an authorised user.

Closely Related Archaeal Haloarcula hispanica Icosahedral Viruses
HHIV-2 and SH1 Have Nonhomologous Genes Encoding Host
Recognition Functions
Institute of Biotechnology and Department of Biosciences, University of Helsinki, Helsinki, Finlanda; Department of Biological and Environmental Science and
Nanoscience Center, Jyväskylä, Finlandb; and Institute of Biotechnology, University of Helsinki, Helsinki, Finlandc

Studies on viral capsid architectures and coat protein folds have revealed the evolutionary lineages of viruses branching to all
three domains of life. A widespread group of icosahedral tailless viruses, the PRD1-adenovirus lineage, was the first to be established. A double ␤-barrel fold for a single major capsid protein is characteristic of these viruses. Similar viruses carrying genes
coding for two major capsid proteins with a more complex structure, such as Thermus phage P23-77 and haloarchaeal virus SH1,
have been isolated. Here, we studied the host range, life cycle, biochemical composition, and genomic sequence of a new isolate,
Haloarcula hispanica icosahedral virus 2 (HHIV-2), which resembles SH1 despite being isolated from a different location. Comparative analysis of these viruses revealed that their overall architectures are very similar except that the genes for the receptor
recognition vertex complexes are unrelated even though these viruses infect the same hosts.

V

iruses with a common virion architecture that infect hosts from
different domains of life have been shown to share a similar coat
protein fold despite the lack of detectable sequence similarity (1, 3,
34). Viruses have been grouped into structure-based lineages in
which the major capsid protein (MCP) folds and, occasionally, similar genome packaging machineries serve as indicators for common
ancestry. One such structural lineage, the PRD1-adenovirus lineage,
consists of icosahedral viruses with double-stranded DNA (dsDNA)
genomes (1, 3, 10, 11, 16, 34). Recent findings suggest that this lineage
divides into two subgroups (24, 25, 26, 27). The subgroups consist of
viruses with similar overall capsid architectures, homologous packaging ATPases, and, with the exception of adenovirus, internal membranes underneath the icosahedral capsids. One of these subgroups is
well established, and it includes several viruses for which high-resolution MCP structures have been determined, e.g., PRD1 (16), adenovirus (49), Paramecium bursaria chlorella virus 1 (PBCV-1) (38),
PM2 (2), Sulfolobus turreted icosahedral virus (STIV) (46), and vaccinia virus (8). In all cases, the monomeric MCP harbors two distinct
␤-barrels formed by eight ␤-sheets, also referred to as double ␤-barrel
MCP. The viruses belonging to the other less-studied subgroup have
two MCPs instead of one. For this subgroup, no high-resolution
structures of the MCPs are yet available. Haloarcula hispanica virus
SH1 (14, 24, 29, 43), Thermus thermophilus phage P23-77 (25, 26),
Thermus aquaticus phage IN93 (37), Salisaeta icosahedral phage 1
([SSIP-1] A. P. Aalto, D. Bitto, J. J. Ravantti, D. H. Bamford, J. T.
Huiskonen, and H. M. Oksanen, submitted for publication), Haloarcula plasmid pHH205 (58), and several proviruses (26, 27) belong to
this subgroup.
The estimated astronomical number of virus particles in the
biosphere (⬎1031) creates a massive selective pressure on cellular
organisms (10, 17, 53, 55). It has also been realized that viruses are
a crucial factor in the global ecosystem and are likely to harbor the
greatest genetic diversity on Earth (53, 55). Hypersaline environments such as salt lakes and salterns with near-saturation NaCl
content are able to support the growth of rich microbial cell populations that consist mainly of euryarchaeal cells belonging to the
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family Halobacteriaceae (41). The number of virus-like particles in
hypersaline environments is also high, and viruses are the only
predators in such environments (22, 52). Today, close to 60 haloarchaeal viruses have been characterized, presenting head-tailed
(myo-, sipho-, and podovirus), spindle-shaped, icosahedral, and
pleomorphic virus morphotypes (7, 42). However, recent observations of virus-like particles in hypersaline environments proposed a wider diversity of virus morphologies (52). Haloviruses
have been found to infect host cells from different locations
around the world that have similar environmental conditions.
This has led us to consider the hypersaline environments as a
single habitat bridged by microbial networks (7).
Only one tailless icosahedral haloarchaeal virus, SH1, has been
characterized (43, 48). SH1 is a virulent virus infecting euryarchaeal H. hispanica (43). It has a linear dsDNA genome of 30,898
bp with 309-bp inverted terminal repeats (ITRs), 5=-terminal proteins, and 56 predicted open reading frames (ORFs) (14, 44). The
virion is composed of at least 15 different structural proteins (VP1
to VP15, where VP is virion protein), which have been divided
into three categories: vertex, capsid, and membrane associated
(24, 29). Its horn-like spikes with 2-fold symmetry are composed
of proteins VP3 and VP6, which are most probably involved in
receptor recognition. The vertex structure also contains the glycine-serine-rich protein VP2 with heptapeptide repeats character-
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Halophilic Haloarcula hispanica Icosahedral Virus 2

MATERIALS AND METHODS
Viruses, cells, media, and growth conditions. The archaeal strains and
viruses used in this study were H. hispanica ATCC 33960 (28), Haloarcula
sp. PV7 (7), SH1 (named according to its isolation location, serpentine
lake and host “hispanica” [43]), and HHIV-2 (7). Cells were grown aerobically at 34/37°C in modified growth medium (MGM) (19, 40). Artificial
30% (wt/vol) salt water (SW) contained 240 g of NaCl, 30 g of MgCl2 ·
6H2O, 35 g MgSO4 · 7H2O, 7 g of KCl, 5 ml 1 M CaCl2 · 2H2O, and 80 ml
of 1 M Tris-HCl (pH 7.2) per liter. The salt water was used as the base of
MGM and diluted to concentrations of 18% (top-layer agar), 20%
(plates), and 23% (liquid). In addition, MGM contained 5 g of peptone
(Oxoid, Hampshire, England) and 1 g of Bacto yeast extract (Becton,
Dickinson and Company, Sparks, MD [BD]) per liter. Bacto agar (BD)
was used to prepare plates (14 g/liter) or top-layer agar (4 g/liter). For
thin-section electron microscopy, we used modified MGM in which
Tris-HCl (pH 7.2) was replaced with 4-morpholine ethanesulfonic
acid (pH 7.2).
Growth and purification of viruses. Virus stocks were prepared by
mixing top-layer agar from confluent plates with 2 ml of broth per plate.
After 1.5 h of shaking (37°C), lysates were cleared by centrifugation
(10,823 ⫻ g for 20 min at 4°C; Sorvall SLA3000 rotor). For large-scale
liquid growth of HHIV-2, an early-logarithmic phase culture of H. hispanica (6.0 ⫻ 108 CFU/ml) was infected with HHIV-2 virus stock using a
multiplicity of infection (MOI) of 5 to 20. Cultures were incubated overnight at 34°C with aeration. After lysis, cell debris was removed by lowspeed centrifugation (10,823 ⫻ g for 30 min at 4°C; Sorvall SLA3000
rotor). Virus particles were precipitated from the cleared lysate with 10%
(wt/vol) polyethylene glycol 6000 with magnetic stirring (at 4°C for 1 h),
collected by centrifugation (10,823 ⫻ g for 1 h at 4°C; Sorvall SLA3000
rotor), and resuspended in HHIV-2 buffer (20 mM Tris-HCl [pH 7.2], 20
mM MgCl2, 10 mM CaCl2, and 0.5 M NaCl). The virus was purified in a
linear 5 to 20% (wt/vol) sucrose (HHIV-2 buffer) gradient (83,641 ⫻ g for
40 min at 20°C; Sorvall AH629 rotor), and the light-scattering virus zone
was collected. This product was designated “once-purified” virus. The
particles were collected by centrifugation (113,580 ⫻ g for 3 h at 20°C;
Sorvall T647.5 rotor) and resuspended in HHIV-2 buffer. When appropriate, the once-purified virus was layered on top of CsCl solution ( ⫽ 1.4
g/ml in HHIV-2 buffer) and centrifuged to equilibrium (83,641 ⫻ g at 16
h for 20°C; Sorvall AH629 rotor). The particles purified in CsCl were
diluted in HHIV-2 buffer in a volume ratio of 1:1 (virus to solution) and
collected by centrifugation as described above. The concentrated CsCl
purified material was designated “twice-purified” virus. For virion density
analyses, the CsCl gradient was fractionated into 1-ml fractions. The infectivity, A260, and density of each fraction were measured, and the fractions were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE). SH1 was grown on H. hispanica and purified as
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previously described (29, 43). Purified HHIV-2 virions were negatively
stained with 3% (wt/vol) ammonium molybdate (pH 7.6). The micrographs were taken with a JEOL 1200EX transmission electron microscope
operating at 80 kV (Electron Microscopy Unit, Institute of Biotechnology,
University of Helsinki).
Life cycle of HHIV-2 and thin-section electron microscopy of
HHIV-2-infected cells. To optimize the virus production in liquid culture, cell densities ranging from 6.0 ⫻ 108 to 9.5 ⫻ 108 CFU/ml (optical
density at 550 nm [OD550] of 0.7 to 0.9) and MOIs ranging from 5 to 40
were tested. For one-step growth experiments, a mid-logarithmic-phase
culture of H. hispanica (9.0 ⫻ 108 CFU/ml; at 37°C) was infected with
HHIV-2 virus stock using an MOI of 10. At 1 h postinfection (p.i.), the
cells were collected (10,823 ⫻ g at 30 min for 22°C; Sorvall SLA3000 rotor)
and resuspended in fresh medium to remove unbound viruses. A noninfected culture was used as a control and treated in the same manner.
Concomitantly with turbidity measurements (OD550), free viruses were
assayed by taking samples at 1-h intervals. The cells were removed by
centrifugation (16,060 ⫻ g for 10 min; Biofuge Pico), and the number of
free viruses in the supernatant fraction was determined by a plaque assay.
The number of released progeny viruses was calculated from a singlestep experiment in which an MOI of 7 was used to infect the cells (6.7 ⫻
108 CFU/ml) at 37°C. Unbound viruses were removed by centrifugation
(10,823 ⫻ g for 30 min at 22°C; Sorvall SLA3000 rotor) at 1 h p.i., and the
amount of progeny viruses was determined by a plaque assay.
For thin-section electron microscopy of noninfected and HHIV-2infected cultures of H. hispanica, cultivation was performed as described
above, except that the MOI was 80 and the infected cell density was 6.0 ⫻
108 CFU/ml. Unbound viruses were removed at 30 min p.i. as described
above. Thin-section electron microscopy was performed as previously
described (13). Micrographs were taken with a JEOL 1200EX electron
microscope operating at 80 kV (Electron Microscopy Unit, Institute of
Biotechnology, University of Helsinki).
Adsorption assays. An early-logarithmic-phase culture of H. hispanica or Haloarcula sp. PV7 was infected with HHIV-2 or SH1 (MOI of
2.7 ⫻ 10⫺4) and incubated at 22 or 37°C without aeration for 2 h. Samples
were taken at 20-min intervals, and adsorption was stopped by diluting
the cells 1:100 in ice-cold broth. The cells were removed (16,060 ⫻ g for 10
min; Biofuge Pico), and the reduction in the number of PFU in the supernatant was determined by a plaque assay using H. hispanica as a host. The
rate of adsorption was calculated with the formula k ⫽ 2.3 ⫻ log(P0/P)/Bt,
where B represents the concentration of host cells, P0 represents the concentration of free viruses at time point zero, and P represents the concentration of free viruses at the end of the experiment after a period of time t
(4).
HHIV-2 stability. The thermal stability of HHIV-2 was examined by
incubating samples of HHIV-2 lysate in 23% MGM for 30 min at different
temperatures (0, 22, 30, 40, 50, 60, and 70°C), followed by a plaque assay.
HHIV-2 stability in solutions of depleted ionic strength was examined by
diluting HHIV-2 lysates (1:100) in modified HHIV-2 buffers containing
0, 100, 200, 300, or 400 mM NaCl or in modified HHIV-2 buffers with no
Ca2⫹ or Mg2⫹. The samples were incubated at 4°C for 2 h and for 24 h for
buffers with no Ca2⫹ or Mg2⫹. Virion stability was determined by a
plaque assay.
Protein analyses. The protein concentration of purified virus was
measured by the Coomassie blue method (18) using bovine serum albumin as a standard. The protein composition of the virion was analyzed
using an 8, 14, or 17% polyacrylamide-tricine-SDS gel (51). SDS-PAGE
gels were stained with either Coomassie brilliant blue or Sudan Black B
(Sigma-Aldrich). The structural proteins were identified by either N-terminal sequencing or mass spectrometric analyses of the tryptic peptides
(partial amino acid sequences of the peptides) in the Protein Chemistry
Core Laboratory, Institute of Biotechnology, University of Helsinki, as
described previously (14).
Genome sequencing and sequence analyses. The genome was extracted from twice-purified virus particles diluted 1:10 in water using SDS
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istic of coiled-coil proteins. The protein-rich membrane of SH1
consists of cardiolipin, phosphatidylglycerol, phosphatidylglycerophosphate methyl ester, and phosphatidylglycerosulfate,
which are selectively incorporated from the host membrane into
the virion during virus assembly (14). The selective incorporation
of lipids into the virus membrane has also been described for other
viruses with an internal membrane (36). The capsid, arranged in a
T⫽28 lattice, is composed of two MCPs: VP4 (25.7 kDa) and VP7
(20.0 kDa) (24). The capsomers are decorated with either two or
three towers (24).
Here, we report the characterization of H. hispanica icosahedral virus 2 (HHIV-2), a second icosahedral tailless halophilic
dsDNA virus containing an inner membrane. We also compared
the properties of HHIV-2 with those of SH1. The two viruses have
significant similarities at the genomic and protein levels, as well as
unique properties. Thus, this study provides insight into the evolution of archaeal viruses.

Jaakkola et al.

RESULTS

HHIV-2 is a virulent virus. HHIV-2 infecting H. hispanica (Alicante, Spain) (28) was isolated from a saltern in Margherita di
Savoia, Italy, while searching for new viruses in hypersaline environments (7). The screening of the host range of HHIV-2 using
close to 80 different archaeal strains revealed that, in addition to its
original isolation host, Haloarcula sp. PV7 from Trapani, Italy,
was also susceptible to HHIV-2 (7). The plating efficiency of
HHIV-2 on H. hispanica and Haloarcula sp. PV7 was the same (7),
which was also the case with SH1 (data not shown).
In the single-cycle growth experiment of HHIV-2 using an
MOI of 10, the host culture turbidity started to decrease at 4 to 5 h
p.i. concomitantly with the increase in the number of free progeny
viruses (Fig. 1A). Electron micrographs of thin-sectioned H. hispanica cells infected with HHIV-2 revealed a few virus-sized particles bound to the cell surface at 30 min p.i. (Fig. 1B) and a few
putative empty procapsids and newly assembled viral particles
inside the cells at 5 h p.i. (Fig. 1C and D). As a consequence of the
cell lysis, the culture turbidity dropped an average of 0.23 optical
density units (from the highest to the lowest point, 0.10 to 0.35;
n ⫽ 6). The lysate titer was typically around 4.5 ⫻ 1010 PFU/ml
(9.1 ⫻ 109 to 9.0 ⫻ 1010 PFU/ml; n ⫽ 6). Based on single-cycle
growth data, approximately 180 virus particles per infected cell
were released (n ⫽ 3). We optimized the virus production using
different cell growth phases and MOIs upon infection (see Materials and Methods). However, none of the conditions tested had
any significant effect on the virus yield.
Adsorption assays of SH1 and HHIV-2 were conducted at 22°C
and 37°C with H. hispanica and Haloarcula sp. PV7. The host or
temperature used had no effect on the rate of adsorption with
either of the viruses (data not shown). Adsorption of HHIV-2 and
SH1 on H. hispanica at 22°C is shown in Fig. 1E. The adsorption
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FIG 1 HHIV-2 life cycle. (A) One-step growth curve of HHIV-2 on H. hispanica. The cells were grown at 37°C and infected at an MOI of 10 at time point
zero. Sixty minutes after infection, the cells were collected and resuspended in
fresh medium to remove the nonadsorbed particles. The turbidity of uninfected (open circles) and infected (closed circles) cultures and the number of
free viruses (gray bars) are shown. (B, C, and D) Thin section of HHIV-2
infected H. hispanica cells using an MOI of 80 at 0.5 (B) and 5 (C and D) h p.i.
Black arrowheads point to virus particles. A white arrowhead points to a virussized empty particle. Scale bar, 200 nm. (E) Adsorption of HHIV-2 (closed
circles) and SH1 (open circles) to H. hispanica at 22°C (n ⫽ 3).

rate constants calculated during the first hour p.i. for HHIV-2 and
SH1 were 3.7 ⫻ 10⫺12 and 1.1 ⫻ 10⫺11 ml/min, respectively,
showing that HHIV-2 binds slightly faster than SH1.
HHIV-2 is a membrane-containing complex virus. Surprisingly, the virus particle remained infectious under buffer conditions with low concentrations of NaCl (see Fig. S1A in the supplemental material). NaCl concentrations as low as 100 mM NaCl
had no measurable effect on the virus titer after 24 h of storage.
However, the total removal of NaCl reduced the titer by 2 orders
of magnitude. There was a minimal effect on virus infectivity
when magnesium and calcium were omitted from the buffer (see
Fig. S1B). It seems that divalent cations are not absolutely necessary for virion stability. The virus was also stable at high temperatures up to 50°C (see Fig. S1C).
Virus particles obtained from liquid lysates were concentrated by
polyethylene glycol precipitation and purified by rate zonal centrifugation in sucrose, resulting in a single infectious virus-containing
zone. When the purified viruses from the sucrose gradient zone were
subjected to equilibrium centrifugation in CsCl, a sharp infectious
virus zone at the density of 1.33 g/ml was obtained (Fig. 2A). The
recovery of infectious viruses during the purification process is shown
in Table S1 in the supplemental material. Analysis of the CsCl-equil-
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and proteinase K (final concentrations of 2% and 100 g/ml, respectively). To extract DNA without protease treatment, only SDS was added
(final concentration of 0.5%). After incubation (at 37°C for 1 h) nucleic
acids were extracted with phenol and ether and precipitated with sodium
chloride and ethanol. The purified genome was treated with DNase I (final
concentration of 0.5 mg/ml; Sigma-Aldrich) or digested with a selection
of 23 different restriction enzymes.
Isolated DNA was digested with SalI, SmaI, HincII, or Eco321. DNA
fragments were ligated into pSU18 or pSU19 (15) cloning vectors digested
with either SalI or SmaI. The clones were sequenced, and the obtained
sequences were used to design oligonucleotides for primer walking using
genomic DNA as a template. The sequencing was performed using the
Sanger sequencing method with an automatic sequencer (Applied Biosystems 3130xl Genetic Analyzer) and a BigDye Terminator, version 3.1,
Cycle Sequencing Kit (Applied Biosystems). Base calling and sequence
refining were performed with Sequencing Analysis, version 5.2.0 (Applied
Biosystems). Both DNA strands were sequenced at least twice, giving
4-fold coverage for each base pair (except region 6284 to 6410, where the
other strand was sequenced only once). Regions at the ends of the genome
(approximately 400 bp) were sequenced in one direction toward the genome end using several specific primers. The ORFs were determined, and
similar sequences were searched using BLAST (5), after which the resulting nucleotide and amino acid sequences of the corresponding ORFs were
aligned. To execute the computational genomic stages described above,
Vector NTI, version 11.0 (Invitrogen), was used. The possible presence of
transmembrane helices in HHIV-2 amino acid sequences was predicted with
TMHMM, version 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) (33).
Nucleotide sequence accession number. The HHIV-2 genome was
submitted to the GenBank database under accession number JN968479.

Halophilic Haloarcula hispanica Icosahedral Virus 2

a CsCl density gradient. The density (triangles), infectivity (closed circles), and
A280 (open circles) of the gradient fractions are shown. (B) Nucleic acids in the
upper SDS-PAGE gel stained with ethidium bromide. (C) Proteins separated in an
SDS-PAGE gel stained with Coomassie blue. The molecular masses (kDa) of standard proteins are shown on the left. (D) Lipids in the SDS-PAGE gel are stained
with Sudan Black B.

ibrated virus fractions by SDS-PAGE followed by staining of the
stacking gel with ethidium bromide (for nucleic acid) and staining of
the separation gel with Coomassie brilliant blue and Sudan Black B
(for proteins and lipids, respectively) (Fig. 2B to D) revealed that the
highly purified HHIV-2 virions were composed of nucleic acids, protein, and lipids. SDS-PAGE and Coomassie brilliant blue staining
resolved 16 different protein species, which were directed to identification. The chloroform sensitivity (7) and low buoyant density of the
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FIG 2 HHIV-2 virion composition. (A) Purification profile of HHIV-2 virion in

particles (Fig. 2A) further suggested that HHIV-2 has a membrane
component.
The protein pattern of HHIV-2 virion resembles that of the
icosahedral halophilic virus SH1. The SDS-PAGE analysis of purified HHIV-2 and SH1 virions revealed that their protein profiles
are rather similar but not identical (Fig. 3A). Both virions had two
major protein species with similar apparent molecular masses
(HHIV-2 VP4 and VP7, 25.9 and 19.8 kDa, respectively; SH1 VP4
and VP7, 25.7 and 20.0 kDa, respectively). Several other protein
species in both viruses also migrated to similar positions.
The HHIV-2 virion proteins were identified using highly purified particles (Fig. 3A). Thirteen protein bands with molecular
masses under 60 kDa were subjected to N-terminal sequence analysis. As a result, we obtained seven unique N-terminal sequences,
all of which correlated with the translated gene products (VP4,
VP5, VP7, VP10, VP12, VP16, and VP17) derived from the
HHIV-2 genome sequence (Fig. 3B). In all of the determined Nterminal protein sequences, the first methionine had been removed. No host proteins or other impurities were detected. Four
protein bands were subjected to identification by lipid chromatography with tandem mass spectrometry, which gave peptides
belonging to HHIV-2 proteins VP1, VP2, VP18, and VP17 (Fig. 3;
see also Table S2 in the supplemental material). In addition, there
were four minor proteins associated with highly purified virions
(VP13, VP14, VP19, and VP20). They did not yield any detectable
signals in N-terminal sequencing.
The HHIV-2 proteins were named according to their relatedness to SH1 proteins. The HHIV-2 gene products resembling SH1
proteins VP1, VP2, VP4, VP7, VP10, VP12, and VP13 were named
accordingly. HHIV-2 protein VP14 was identified on the basis of
the similar mobility and seemingly similar copy number as SH1
VP14 in the SDS-PAGE gel (Fig. 3A). We detected two HHIV-2
virion-associated proteins, VP16 and VP17, with no match in
SH1. A corresponding protein to HHIV-2 VP18 has not been
detected in SH1, but SH1 ORF 55 shares significant similarity with
HHIV-2 gene 42, which encodes VP18 (see Table S3 in the supplemental material). To summarize, the HHIV-2 virion contains
at least 14 protein species with molecular masses ranging from
approximately 4 to 200 kDa. Transmission electron microscopy
visualized the HHIV-2 virions as tailless particles with a diameter
of approximately 80 nm (Fig. 3C) (7). Based on the similarities
with SH1 (see also below), we proposed a model for HHIV-2
virion organization (Fig. 3D).
HHIV-2 genome. The purified genome of HHIV-2 was
cleavable with DNase I and digested with SmaI, XmaI, NotI,
SalI, Eco321, and HincII. This demonstrates that the genome is
a dsDNA molecule. Determination of the complete HHIV-2
genomic sequence revealed that the genome is a linear molecule of 30,578 bp with an overall GC content of 66.5% (Fig.
4A), which is typical not only for halophilic archaea (6, 9, 39)
but also for haloviruses (14, 30, 47). The genome contains complementary identical 305-bp ITRs (Fig. 4A). Isolation of DNA
from viruses, e.g., PRD1, Bam35, and SH1, without protease
treatment leaves covalently linked terminal proteins attached
to the linear dsDNA (12, 44, 45). Consequently, the DNA does
not properly enter agarose gels. The HHIV-2 DNA isolated
without protease treatment behaved in a similar manner, indicating that HHIV-2 most probably has covalently linked terminal proteins attached to the ends of its genome (see Fig. S2 in
the supplemental material).

Jaakkola et al.

gel (17% acrylamide) stained with Coomassie blue. The positions of SH1 and HHIV-2 structural proteins (VPs) are indicated. The sizes of the protein molecular
mass standards (kDa) are shown on the left. The HHIV-2 protein bands (numbers 1 to 16) were directed to identification. (B) Identification of HHIV-2 virion
structural proteins. (C) Transmission electron micrograph of highly purified HHIV-2 virions stained with 3% (wt/vol) ammonium molybdate (pH 7.6). Scale
bar, 100 nm. (D) Model for HHIV-2 virion architecture.

The potential ORFs were assigned using a threshold of 72 bp
as a minimum for the protein-encoding region. The HHIV-2
genome contains 43 putative ORFs, which are tightly packed in
the genome. The properties of the ORFs and the encoded polypeptides are shown in Table S3 in the supplemental material.
We also screened for putative ribosomal binding sites (RBSs)
by comparing the sequences upstream from the start codon
with the 3=-end of the host 16S rRNA gene sequence (AGGAG
GTGA) (see Table S3). For most of the ORFs, a reasonable RBS
was found. The distance between the RBS and start codon varied
from 1 to 20 bp, with the average being 7 bp. According to the
reading direction of the ORF clusters, the genes are organized in at
least four operons (Fig. 4A). Ten ORFs were designated to encode
the structural proteins of the virus (Fig. 3B; see also Tables S2 and
S3) and thus were confirmed to be functional genes. Most of the
genes encoding structural proteins are located in the middle of the
genome and are most probably transcribed from a single operon
(Fig. 4A). HHIV-2 genes 5 and 42, encoding structural proteins
VP1 and VP18, respectively, are located separately from the other
structural protein-encoding genes. HHIV-2 VP12 (gene 14) and
four other hypothetical proteins (ORFs 2, 6, 12, and 27) have
predicted transmembrane helices (Table S3).
Comparison of HHIV-2 and SH1 genome sequences suggests
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that the viruses have different components for host recognition.
A BLAST search demonstrated that the genome of the halophilic
archaea Haladaptatus paucihalophilus strain DX253 (RefSeq
identifier NZ_AEMG01000000) contains an HHIV-2-related genome-integrated provirus, in which HHIV-2 ORFs/genes 4, 7
(putative ATPase), 9, 11, 13, 14 (VP12), 15 (MCP VP7), 16 (MCP
VP4), 19 (VP2), 20 (VP5), and 21 (VP10) had homologous genes.
The identities between the two HHIV-2 MCPs and the corresponding homologous proteins of H. paucihalophilus provirus
were 48.5% and 48.4%, respectively. However, if we exclude SH1
and provirus hits, the BLAST search demonstrated that HHIV-2
genes encode proteins that have no clear homologues in current
databases. Only HHIV-2 ORF 7 encodes a protein that is similar to
other ATPase sequences. The putative HHIV-2 ATPase includes
the classical Walker A and Walker B ATPase motifs (21, 57) along
with the P9/A32-specific motif, which can be found in the putative
packaging proteins of internal membrane-containing viruses, e.g.,
PRD1 and poxvirus (32, 54).
Both genome organization and gene and protein homologies
showed that HHIV-2 and SH1 are closely related (Fig. 4A and B).
The overall nucleotide similarity of these two genomes is 59.1%.
The 309-bp-long ITR of SH1 was aligned with that of HHIV-2,
showing 59.5% similarity, which corresponds to the overall ge-
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FIG 3 HHIV-2 virion and its structural proteins. (A) Protein composition of highly purified SH1 and HHIV-2 virions analyzed in a polyacrylamide-tricine-SDS
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and reading directions. Arrows are colored, as indicated on the figure, on the basis of the amino acid identity between the corresponding translated ORFs and
genes of HHIV-2 (GenBank accession number JN968479) and SH1 (GenBank accession number AY950802). ITRs are marked with gray boxes. Solid lines refer
to genes confirmed to be functional, and dashed lines refer to ORFs with corresponding genes confirmed to be functional in related virus species. (C) SH1 operons
(44). (D) Alignment of the major structural protein coding regions of HHIV-2 and SH1. The amino acid identities (%) are given in between the related
polypeptides. Identities for VP2 domains are calculated separately. The known functions of the SH1 proteins are indicated (MMP, major membrane protein;
MCP, major capsid protein). The putative spike-encoding genomic region of HHIV-2 is bordered with a dashed line.

nome similarity. Additionally, the HHIV-2 and SH1 genes are
organized in an analogous fashion, and their transcription directions are similar, allowing the assumption that HHIV-2 genes are
also grouped in more than four operons, as concluded for SH1
(Fig. 4C) (44). Thirty-two of 43 putative HHIV-2 ORFs were related to SH1 ORFs. We used the criterion that when the overall
amino acid sequence identity was above 20%, they were denoted
as homologues. Additionally, ORF 40 was determined to be homologous with SH1 ORF 52 because the ORFs shared a 210-bp
region of 30% identity even though their overall identity remained
below 20%. The identities between the corresponding translated
ORFs ranged from 17.2 (HHIV-2 ORF 40 versus SH1 ORF 52) to
87.2% (HHIV-2 gene 14 versus SH1 gene 23), whereas in some
genomic regions, there was no detectable similarity between ORFs
(Fig. 4A and B; see Table S3 in the supplemental material). SH1
encodes six putative proteins containing predicted transmembrane helices (14). Five of them, excluding the ORF 15 product,
have a homologue in the HHIV-2 genome.
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The most conserved region between the genomes includes
the genes coding for structural proteins (from HHIV-2 ORF 7
to gene 21) (Fig. 4D). The highest identities at the amino acid
level were found in the putative ATPase (79.2%), major coat
proteins VP4 and VP7 (82.3% and 72.4%, respectively), and
major membrane protein VP12 (87.2%). In addition, the
HHIV-2 genomic region spanning from ORF 30 to ORF 39
shares significant similarity to SH1 (Fig. 4A and B), especially
ORFs 30, 31, and 36, which encode polypeptides (identities,
68.6 to 71.9%) (see Table S3 in the supplemental material). The
remaining translated ORFs in this region show lower amino
acid level identity (37.3 to 52.0%) to SH1 proteins, but most of
them contain regions with an identity as high as 80%. Moreover, the largest structural protein, VP1 (194.5 kDa in HHIV-2
and 152.3 kDa in SH1), has a domain structure. The overall
amino acid identity between VP1 proteins is only 21.3% (see
Table S3). Nevertheless, the region of HHIV-2 VP1 residues
290 to 449, 481 to 585, and 1666 to 1775 have identities of 53,
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FIG 4 Comparison of the genome and protein sequences of HHIV-2 and SH1. (A and B) Numbers refer to ORFs and genes, and the arrows display their lengths
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DISCUSSION

The origin and evolution of viruses are often difficult to interpret, and
there have been speculations on various different scenarios (20, 31). A
fairly new approach considering the capsid organization and MCP
structure to be the landmarks of viruses has let us approach viral
evolution from an architectural point of view (1, 3, 10, 11, 16). Although nucleotide sequences are evolving rapidly and viral genes and
genomes are extremely diverse, the protein structures are more conserved. The limited number of known virus structures remains a hindrance, especially among archaeal viruses. Thus, there is an inherent
value in learning more about viruses to evaluate this hypothesis more
profoundly. The first virus infecting archaea was isolated in 1974
from a hypersaline environment by Torsvik and Dundas (56). By the
year 2011, approximately 100 archaeal viruses had been isolated and
characterized (7, 42), which is a miniscule number compared to
thousands of described bacterial viruses.
As for many other archaeal viruses described thus far, analyses
of the genomes and genes are of limited value due to the lack of
similarity to other sequences deposited in databases. Here, our
comparison of the two related viruses allowed us to interpret
the gene function and genome organization more thoroughly.
HHIV-2 and SH1 have a similar genome synteny and size, demonstrating a close evolutionary relationship between the viruses
(Fig. 4). However, the genetic similarity is unevenly distributed,
not only throughout the genomes but also within single genes
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(Fig. 4). The other SH1-related genetic elements, Haloarcula plasmid pHH205, and integrated proviruses in the genomes of Haloarcula and Halobacterium, have only a few genes in common with
SH1, whereas they are more similar to each other, suggesting a
more distant evolutionary relationship (27). However, comparison of HHIV-2 genes against databases led to the discovery of a
provirus in the genome of H. paucihalophilus. Nevertheless, it is
unknown whether these genetic elements are still active viruses or
only defective remnants of viruses.
Both H. hispanica icosahedral viruses have complex structures
composed of several structural protein species (Fig. 3) (14). It is
expected that HHIV-2 has a virion architecture similar to that of
SH1, given that their virions have equal diameters (approximately
80 nm) (7, 24), their MCPs (VP4 and VP7) and major membrane
proteins (VP10 and VP12) are homologous, and the entire virion
protein patterns share common signatures (Fig. 3 and 4D). Our
previous study (7) together with these data (Fig. 2A and D) suggest
that there is a membrane under the HHIV-2 protein capsid. SH1,
also an inner membrane-containing virus, has an unusual T⫽28
capsid architecture (24). The SH1 capsomers consist of two different MCPs together forming a hexagonal plane topped by tower
structures (24). The homologous HHIV-2 and SH1 MCPs have
seemingly similar copy numbers, and their molecular masses
are almost identical, proposing similar tertiary MCP structures. The structural descriptions of archaeal SH1 and bacterial
P23-77 virions have shown evolutionary connections that cannot be revealed by comparisons of nucleotide or amino acid
sequence data (24, 25).
The sequence analyses and comparison of these two virus isolates demonstrate that the viral proteins can be dissected into a
slowly evolving group responsible for conserved capsid architectures and a more rapidly changing group involved in interactions
with the host, as has been previously suggested (11, 35). The SH1
spike complex proteins VP3 and VP6 and the nonhomologous
HHIV-2 proteins VP16 and VP17 are encoded by genes that are
located in similar positions in their genomes, clearly illustrating
recent recombination events (Fig. 4). Both SH1 and HHIV-2 contain the large structural proteins VP1 and VP2. In SH1, VP2 has
been shown to be associated with the VP3-VP6 vertex complex
(24, 29). Comparison of SH1 and HHIV-2 VP1 and VP2 sequences suggests that some parts of the corresponding genes have
evolved more rapidly than others (Fig. 4D). It is likely that the
conserved areas are involved in encoding the homologous capsid
structures. The less conserved areas might be those associated with
the more rapidly evolved spike proteins. Given the vertex position
for VP2 (24), it might function in stabilizing the connection
among the capsid, spike complex, and the underlying membrane.
Despite SH1 and HHIV-2 having different genes for putative spike
structures and the adsorption rates of the viruses varying substantially (Fig. 1E), the host ranges of the viruses are the same, including two Haloarcula strains. The receptor molecules for both viruses remain unknown. To avoid host resistance to infection, the
host-recognizing structures of viruses are prone to variation. This
has been shown among very closely related viruses (50) and also
for the crenarchaeal Sulfolobus turreted icosahedral viruses STIV
and STIV-2, which share capsid organization similarity to PRD1
but have strikingly different vertex structures (23, 46).
Isolating and studying more structures of icosahedral viruses
from the domain Archaea are crucial to gaining understanding of
not only viruses but also the ancient division of the three domains
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43, and 65%, respectively, to the corresponding SH1 VP1 regions, suggesting that the proteins are related.
SH1 VP2 is a structural protein closely associated with the vertex complex (24). Sequence alignment showed that the first approximately 260 N-terminal amino acids of SH1 VP2 are absent in
HHIV-2 VP2 (Fig. 4D). Although the overall amino acid identity
between VP2 proteins is 26.1%, two separate domains in the VP2
polypeptide are rather highly conserved (identities, 63.3 and
56.1%) (Fig. 4D). Between the conserved domains, HHIV-2 VP2
contains a repeating stretch pattern previously reported for SH1
VP2 (heptapeptide repeat DXAARGY, where X is D/E and Y is
A/S/T) (14). The amino acid identity of VP2 repeat domains between the viruses is low (25.6%). The HHIV-2 VP2 repeat sequence could be classified as a heptapeptide repeat, although not
as clearly as the corresponding repeat sequence in SH1 VP2 (see
Fig. S3 in the supplemental material). The main resemblance between these repeat sequences is that the first amino acid is acidic,
either aspartic acid or glutamic acid.
There is a cluster of five ORFs/genes (ORFs 22 to 26) in
HHIV-2 which are unique and have no homologues in the sequence databases. Two of them (genes 24 and 25) encode the
HHIV-2 structural proteins VP16 and VP17. In SH1, the corresponding region (genes 31 to 33) codes for at least three SH1specific structural proteins (VP3, VP6, and VP9), of which VP3
and VP6 form the spike structures at the 5-fold vertices. The spikes
are known to be responsible for host recognition (24). Thus, VP16
and VP17 are potential candidates for forming the HHIV-2 spike
complex. Other differences between these two haloviruses can be
found in individual ORFs that are unique to each genome (Fig. 4A
and B). The updated annotation of SH1 (44) suggests that SH1
may not have as many ORFs as described previously (14). The SH1
ORFs 1, 2, 3, and 56 located in the ITR regions are probably not
transcribed, and they have no matches in the HHIV-2 genome
(Fig. 4A and B).

Halophilic Haloarcula hispanica Icosahedral Virus 2

of life. It is also of importance to demonstrate that archaeal viruses
are an essential part of the virosphere, with their evolutionary
origin being shared with other viruses. Resolving a detailed structure of the HHIV-2 capsid and its proteins is the next step to be
taken.
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