
Chapter 8

Viruses from the Hypersaline Environment

Elina Roine and Hanna M. Oksanen

8.1 Introduction

Organisms thriving in hypersaline environments represent all three domains of life:

Archaea, Bacteria, and Eukarya (Oren 2008). It has been shown, however, that the

higher the salt concentration of the hypersaline environment, the more dominant are

the haloarchaeal species (Benlloch et al. 2002; Casamayor et al. 2002; Pedrós-Alió

et al. 2000; Burns et al. 2004a; Santos et al. 2010). The number of virus-like

particles (VLPs) is also very high (Guixa-Boixareu et al. 1996; Oren et al. 1997;

Pedrós-Alió et al. 2000; Maturrano et al. 2006), and it has been suggested that

in hypersaline environment, viruses may be the only predators (Guixa-Boixareu

et al. 1996).

Studies on organisms living in extreme environments started already in the late

nineteenth century (Oren 2002; Rainey and Oren 2006) and the earliest studies on

extreme halophilic environments such as Great Salt Lake and the Dead Sea were

reported soon after the first reports (Daniels 1917; Wilkansky 1936). The first

haloarchaeal virus was described in 1974 (Torsvik and Dundas 1974).

Although a common theme in early studies on halophilic viruses seems to be the

discovery of a head–tail virus as a result of a spontaneous lysis of a haloarchaeal

culture (Schnabel et al. 1982b; Vogelsang-Wenke and Oesterhelt 1988; Witte et al.

1997) or a discovery of a virus in a flagellar preparation (Torsvik and Dundas 1974),

active searches for halophilic viruses were also conducted (Wais et al. 1975;

Pauling 1982). All the isolated viruses were of head–tail morphotype and they

were studied for the purpose of finding molecular tools for haloarchaea as well as

for studying molecular mechanisms of haloarchaeal transcription (Reiter et al.

1988). Unfortunately, many of these early viruses are most probably not available

anymore. Prokaryotic viruses have now returned to the spotlight as major players in
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the biogeochemical cycles and as examples of new viral architectures (Prangishvili

et al. 2006; Suttle 2007). This has also activated the search for new haloviruses.

Until this day, only approximately 20 haloarchaeal viruses are characterized and

most of them represent the head–tail morphology (e.g., FH and FCh1); and an

icosahedral virus (SH1) as well as enveloped viruses (HRPV-1, HHPV-1, His1 and

His2) have also been described. These viruses do not show as high diversity in the

morphotypes as do the crenarchaeal viruses (Prangishvili et al. 2006), but they show

unexpected variability, especially in the nature of the genome and its structure, even

between related viruses (Witte et al. 1997; Roine et al. 2010; Vogelsang-Wenke and

Oesterhelt 1988). Microscopic examination of environmental samples has also shed

light into the potential diversity of the haloarchaeal VLPs, suggesting that although

most of the isolated viruses are head–tail viruses, the majority of haloarchaeal

viruses are of other morphotypes (Guixa-Boixareu et al. 1996; Oren et al. 1997;

Diez et al. 2000; Santos et al. 2007; Sime-Ngando et al. 2010).

In this review, we give a short introduction to the isolated haloarchaeal viruses.

The relatively few descriptions of the head–tail halophages (Calvo et al. 1988;

Kauri et al. 1991; Kukkaro and Bamford 2009) are not included. We then provide

more in-depth information on the structurally well-characterized icosahedral virus

SH1 and the group of enveloped viruses exemplified by HRPV-1 and HHPV-1. The

detailed structural studies of SH1 have shown evolutionary connections that cannot

be revealed by studying the nucleotide or amino acid sequences alone.

8.2 Approaches to Studying Viruses in Hypersaline

Environment

As the studies of other environmental samples, the ones on the micro-organisms in

extreme environments can methodologically be divided into three different types of

approaches. Microscopy of environmental samples gives us an idea of the number

of the VLPs leaving the infectivity of these particles an open question (Weinbauer

2004). Viruses having novel particle morphology can also easily pass unrecog-

nized. Environmental sequencing (metagenomics) is a powerful tool in generating

new data on the nucleotide sequence space of a sample. As is the case also with the

other approaches, it is not devoid of bias due to the sample preparation and analysis

of data (Tringe and Rubin 2005; Kunin et al. 2008; Wooley et al. 2010). The third

approach, i.e., isolation and cultivation of organisms from the hypersaline

environments has been relatively easy, but we face the same problems as in the

isolation of organisms from other sources. It has been estimated that only 1–10% of

all organisms of an environment can be cultivated in laboratory conditions. An

exceptional achievement was the long-lasting project of isolating the most abundant

haloarchaeal organism in many hypersaline sources, the square haloarchaeon

Haloquadratum walsbyi: It took 24 years from the first microscopic identification

byWalsby (1980) to the first reports of an axenic culture (Bolhuis et al. 2004; Burns
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et al. 2004b). For prokaryotic viruses also the ones with temperate life cycles will

easily go unnoticed in the direct screening of viruses from an environmental sample

(Stedman et al. 2009).

8.3 Viral Life Cycles in the Hypersaline Environment

The life cycles of haloarchaeal viruses seem to fall in the basic modes of the

bacteriophage life cycles (Weinbauer 2004). Most of the head–tail viruses of

haloarchaea are temperate, replicating their genome either as part of the host

genome (e.g., FCh1) or as independent episomes (e.g., FH). The increasing NaCl

concentrations have shown to change the mode of Hs1 and S5100 infection from

lytic to persistent (Torsvik and Dundas 1980; Daniels and Wais 1990). Although

this behavior can be easily explained as a strategy of the virus to utilize the cells’

resources for virus production before cell lysis due to dilution of the salt concentra-

tion (Daniels and Wais 1990), a critical step-by-step analysis of the interactions at

the molecular level will be needed in order to elucidate the causes and the effects.

The effect of salt concentration on the adsorption of haloarchaeal viruses and

different phages in a gradient of salt was systematically tested in the study by

Kukkaro and Bamford (2009). As also reported previously, they concluded that

there is no commonly shared correlation between the changes in adsorption rates

and a range of salt concentrations used.

The two extreme ends of the viral life cycles are represented by SH1, a virulent

haloarchaeal virus, and the enveloped haloarchaeal viruses HRPV-1 and HHPV-1,

which extrude continuously from the cells affecting the host cell growth only

minimally (Porter et al. 2005; Pietil€a et al. 2009; Roine et al. 2010). The difference
in these life cycles can be seen in the one-step experiments where a culture of

synchronized cells (i.e., cells that are in the same exponential growth phase) is

infected at high multiplicity of infection (MOI) in order to get most of the cells

infected. The virulent virus SH1 that lyses the cells in the end of the infection cycle

causes a dramatic drop in the turbidity of the culture (Fig. 8.1a). In a similar set-up,

the enveloped viruses, on the other hand, cause only minor decrease in host cell

culture turbidity (Fig. 8.1b). The changes in turbidity also correlate with the amount

of living and dividing cells in the culture: The viable cell count of a culture infected

with the virulent SH1 has decreased dramatically whereas the cells infected with

enveloped viruses can still divide and produce colonies on the plate. In the case of

HRPV-1 or HHPV-1, the infected cells form smaller colonies which produce

viruses when re-cultured (Pietil€a et al. 2009; Roine et al. 2010). In conclusion,

the viruses are released from the cells without lysis, but viral infection slows down

the division rate of the infected cells.
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8.4 Head–Tail Archaeal Viruses

There are a number of extensive reviews on the research of the head–tail

haloviruses with their properties listed and we refer to these for further information

(Reiter et al. 1988; Dyall-Smith et al. 2003; Porter and Dyall-Smith 2006; Porter

et al. 2007, 2008b). Most of the head–tail viruses were originally reported to infect

Halobacterium halobium or Halobacterium curtirubrum (now Halobacterium
salinarum) (Porter et al. 2008b; Reiter et al. 1988). Although the status of those

strains in terms of the detailed characterization for classification is unclear, many of

them are now classified into Halobacterium salinarum (Ventosa and Oren 1996).

All the isolated head–tail viruses fall into the groups of myo- and siphoviruses, and

no podoviruses have been isolated. Out of the 16 isolated head–tail viruses, only the

complete genome sequences of FCh1, HF1, HF2 and BJ1 have been published

(Pagaling et al. 2007; Porter et al. 2008b). On the basis of this information it is clear,

however, that the genomes show similar type of modular structure as the head–tail

bacteriophages (Hendrix et al. 2000). The connection between the haloarchaeal and

bacterial head–tail viruses is also clear on the basis of gene homologues (Tang et al.

2002; Pagaling et al. 2007; Krupovič et al. 2010). Three dimensional structural

Fig. 8.1 The one-step growth curves of halophilic euryarchaeal (a) icosahedral virus SH1 and (b)

pleomorphic virus HHPV-1 infecting Haloarcula hispanica. The turbidity of uninfected (closed
circles) and infected (open circles) cultures are shown. The exponentially growing hosts were

infected (white arrows) using multiplicity of infection (MOI) of 40 (in a, SH1) and MOI of 15 (in

b, HHPV-1). The free HHPV-1 virions were removed by centrifugation after 1 h post-infection.

The beginning of the release of the progeny viruses is marked by black arrows. (a) The lysis of

Haloarcula hispanica occurs concomitantly with the SH1 release 5 h post-infection, and the

maximum virus yield is approximately 1 � 1012 pfu/ml. (b) HHPV-1 viruses are released contin-

uously from the cells by budding. Virus release starts 3–5 h post-infection and it reaches its

maximum (~1 � 1012 pfu/ml) around 25 h post-infection. The cell densities (colony forming

units/ml) around 25 h post-infection are indicated by arrowheads: uninfected (black) and infected
(white)
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modeling of the haloarchaeal major capsid protein gpE of FCh1 resulted in a

protein fold similar to the bacteriophage HK97 major capsid protein fold showing

relatedness also at the higher structural level (Krupovič et al. 2010).

Still to date, the temperate myovirus FH isolated from spontaneously lysed cells

of Halobacterium halobium R1 (Halobacterium salinarum R1) in 1982 (Schnabel

et al. 1982b) is one of the most studied among haloarchaeal viruses. Yet, only

partial genome sequence of this virus is available. The distinctive feature of FH
genome was the observed frequent rearrangements in virus population (Schnabel

et al. 1982a, b). The rearrangements were caused by a varying number of copies of

the insertion element ISH1.8 as well as insertion of ISH50 (Schnabel et al. 1982a).

The variants of the virus containing two copies of ISH1.8 in inverted orientation

were shown to experience two types of frequent recombination events: An inver-

sion of the genomic region flanked by the two copies of ISH1.8, the so called

L-segment, as well as circularization of the L-segment into a 12-kb plasmid pFHL
(Schnabel 1984; Schnabel et al. 1982a). The pFHL was shown to confer partial

resistance against theFH infection (Schnabel 1984). The rest of the research onFH
deals mostly with the regulation of transcription and super-infection immunity

(Schnabel et al. 1984; Gropp et al. 1989, 1992; Stolt and Zillig 1992, 1993b).

A FH repressor was discovered that forms unusually stable complexes with DNA

(Ken and Hackett 1991); also the first archaeal antisense transcript was reported that

takes part into the super-infection immunity (Stolt and Zillig 1993a).

Another temperate myovirus FCh1 was isolated in 1997 by Angela Witte and

her colleagues after spontaneous lysis of the haloalkaliphilic archaeon Natrialba
magadii (Witte et al. 1997). FCh1 is the only archaeal virus known to contain both

DNA and RNA in its virion. The virion-associated RNA is mainly of host-origin

varying in length from 100 to 800 nucleotides (Witte et al. 1997). FCh1 ORFs that

could be assigned to a homologue in the sequence databases were the ORFs of Hbt.
salinarum head–tail virus FH (Klein et al. 2002). The close relationship between

these viruses is surprising as their hosts are phylogenetically distant and in terms of

pH they live in totally different environments. As in FH, genomic rearrangements

have been shown to take place in the FCh1 genome. These rearrangements occur in

the region encoding a putative site-specific recombinase Int1 (R€ossler et al. 2004).
These genomic rearrangements are not as versatile as in the FH involving mainly

an inversion of the int1 gene region that affects the amino acid sequences of two

structural proteins of the virion (R€ossler et al. 2004). It was suggested that this

inversion affects the specificity of the host recognition by changing the putative tail

fiber proteins (R€ossler et al. 2004). As discussed above for FH, variations of the
genome are caused by insertion elements. These rearrangements were suggested to

reflect the extremely instable nature of the host genome as shown for the Hbt.
halobium plasmid pHH1 (Pfeifer et al. 1981) as well as for the whole genome

(Sapienza et al. 1982; Simsek et al. 1982; Reiter et al. 1988). Genomic instability

comparable to one found inHbt. salinarium has not been reported for Nab. magadii.
Although there are several other viruses e.g., Hs1, Ja.1, S41, S50.2, S4100,

S5100, FN, Hh-1, Hh-3, and S45 (Porter et al. 2008b) reported to infect Hbt.
salinarum, such genetic divergence of the viral genomes have not been studied.
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Indirect evidence, however, suggests such a phenomenon for S41 and S50.2 viruses

(Daniels and Wais 1998) and genomic rearrangements were also reported for the

BJ1 head–tail virus infecting Halorubrum saccharovorum (Pagaling et al. 2007).

In addition to isolated haloviruses, the “environmental halophage 1” (EHP-1)

has been identified using a metagenomic approach (Santos et al. 2007). Most of the

predicted ORFs with matches to database were similar to predicted gene products of

FCh1. The low G + C content of the 35 kb genome as well as the codon usage were

similar to those of Haloquadratum walsbyi (Santos et al. 2007). Using the combi-

nation of a metagenomic approach and environmental microscopy, another saline

environment, the Lake Retba (Senegal) was analyzed for viral and halophage

content (Sime-Ngando et al. 2010). Microscopy of the concentrated salt water

sample showed great diversity in the morphotypes of VLPs with less than 1%

representing head–tail viruses. Also sequence data revealed very few similarities to

the known sequences (Sime-Ngando et al. 2010). The majority of matches found in

databases, however, represented the sequences of head–tail viruses BJ1, FCh1 and

FH and a couple of sequences had matches to the enveloped virus HRPV-1 and

His1 genomes.

8.5 The Icosahedral Virus SH1

SH1 was isolated in 2005 (Porter et al. 2005) from a salt lake in Western Australia.

To date, SH1 is the only described euryarchaeal virus with icosahedral morphology.

Under the icosahedral protein capsid there is a membrane enclosing the genome.

SH1 is a virulent virus infecting Haloarcula hispanica. As discussed above

(Fig. 8.1a), the infected host cells lyse between 5 and 6 h post infection releasing

progeny particles (Porter et al. 2005).

8.5.1 The SH1 Genome

The genome is a linear dsDNAmolecule of 30,898 bp, and contains 309-bp inverted

repeats and 50 terminal proteins (Bamford et al. 2005b; Porter and Dyall-Smith

2008). Thus, the genome is most probably replicated by a protein-primed mecha-

nism. This replication strategy has been described in great detail for phage F29
(Salas 1984). However, the SH1 genome does not appear to have any ORF with

canonical DNA polymerase motifs, and most likely uses a host enzyme (Bamford

et al. 2005b). The G + C content of the genome is 68.4%, which is close to that of

the host Har. hispanica (63.5%). The genome contains 56 predicted ORFs, which

are arranged in at least seven polycistronic operons with tightly regulated promoters

and containing in most cases a potential 50 ribosome binding site (Bamford et al.

2005b; Porter et al. 2008a). Late in the infection cycle the SH1 transcription seems
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to be characterized by extensive counter-transcription for most of the coding

transcripts that may have a function in translational regulation (Porter et al. 2008a).

Among the SH1 ORFs only few sequences are similar to previously identified

sequences in the databases (Bamford et al. 2005b). This reflects the fact that only a

limited number of archaeal sequences have been determined, and that archaeal

genes seem to be significantly different from those of bacterial and eukaryotic

origin. Recently, a proviral element (IHP) was found to be integrated in the genome

of Haloarcula marismortui (Jalasvuori et al. 2009). The IHP element contains

genes similar to the SH1 genes encoding the major capsid proteins and the ATPase

(see below). The same genetic module is also found in the archaeal plasmid

pHH205 of Hbt. salinarum as well as in bacterial viruses (phage P23-77 and

IN93) revealing an evolutionary relationship between bacterial and archaeal genetic

elements (Jalasvuori et al. 2009). Additionally, the ORF 17 of SH1 encodes a

putative protein with ATPase motifs including classical Walker A and B motifs

(Walker et al. 1982) as well as a motif common to internal membrane-containing

dsDNA viruses e.g., bacteriophages PRD1 and PM2, eukaryotic viruses Parame-
cium bursaria Chlorella virus 1 (PBCV-1) and Chilo Iridescent Virus (CIV), and

archaeal virus Sulfolobus turreted icosahedral virus (STIV) (Bamford et al. 2005a;

Str€omsten et al. 2005).

8.5.2 SH1 Virion Structure

Production of large amounts of highly purified viral material has enabled us to study

the structure of SH1 by quantitative dissociation studies as well as by electron cryo-

microscopy (cryo-EM) and image reconstruction at 9.6-Å resolution (Kivel€a et al.
2006; J€a€alinoja et al. 2008). The icosahedral SH1 virion has a diameter of 78 nm

between facets and is composed of approximately 15 virally encoded structural

protein species (VP1-VP15), of which 11 have been identified as virion proteins by

protein chemistry (Fig. 8.2; Bamford et al. 2005b; Kivel€a et al. 2006). Most of the

structural protein species have been localized within the virions and the proteins

can be divided into those forming the protein capsid, the vertex complex, and those

being associated with the viral membrane (Fig. 8.2; Bamford et al. 2005b; Kivel€a
et al. 2006; J€a€alinoja et al. 2008).

The SH1 spikes are horn-like structures projecting almost 20 nm outwards from

the capsid surface (Fig. 8.2). These two-fold symmetric structures, composed of at

least two proteins VP3 and VP6, are most probably involved in receptor recognition

(J€a€alinoja et al. 2008). Also protein VP2 is associated with the SH1 vertex structure.
The glycine- and serine-rich VP2 protein with heptapeptide repeat patterns charac-

teristic for coiled-coil proteins suggest that it could be an elongated fiber-like

protein appropriate for forming a flexible structure (Bamford et al. 2005b).

In SH1, the membrane lying under the capsid follows its icosahedral shape and

there are several interactions between the capsomers and the membrane (J€a€alinoja
et al. 2008; Fig. 8.2). The viral membrane is composed of neutral lipids and three
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major archaeal phospholipids: phosphatidylglycerol, phosphatidylglycerosulfate, and

phosphatidylglycerosulfate methyl ester (Bamford et al. 2005b). The viral lipid

composition is different from that of its host cell indicating that the phospholipids

are selectively acquired from the host cytoplasmic membrane during virus matura-

tion. The overall structure of SH1 virion resembles the virion morphology of archaeal

Sulfolobus turreted icosahedral viruses STIV and STIV-2 (Happonen et al. 2010;

Khayat et al. 2005) and bacteriophages PRD1, Bam35, PM2 and P23-77 (Abrescia

et al. 2004, 2008; Laurinm€aki et al. 2005; Jaatinen et al. 2008) as well as eukaryotic
Paramecium bursaria Chlorella virus 1 (PBCV-1; Nandhagopal et al. 2002). They

all have a dsDNA genome encapsidated into a proteinaceous membrane residing in

an icosahedral protein capsid. The capsid architecture of SH1 is most similar to that

of the bacteriophage P23-77 infecting Thermus thermophilus (Jaatinen et al. 2008).
Structurally related viruses having hosts from different domains of life support the

hypothesis that viruses are ancient and these two viruses might share a common

ancestry dating back to the time before the separation of the three domains of life

(Bamford 2003; Krupovič and Bamford 2008).

8.6 Enveloped Viruses Infecting Haloarchaea

The characterization of the new group of pleomorphic viruses was a result of our

efforts in looking for new viruses from the hypersaline environments. The first

member of this group, the Halorubrum pleomorphic virus 1 (HRPV-1) is also the

first archaeal virus reported to have a single-stranded DNA (ssDNA) genome

(Pietil€a et al. 2009). The group includes at the moment also a dsDNA virus,

Haloarcula hispanica pleomorphic virus 1 (HHPV-1, Fig. 8.3a) as well as two

putative proviruses, the pHK2, a genetic element previously reported to be a

plasmid (Holmes et al. 1995) and a provirus in the genome of Haloferax volcanii

Fig. 8.2 Halophilic icosahedral membrane-containing virus SH1. (a) Schematic picture of the

virion architecture showing the location of the major structural proteins (VPs). (b) Cryo-electron

microscopy based structure of the SH1 virion viewed down twofold axis of symmetry. Part (b) is

reproduced from J€a€alinoja et al. (2008). Copyright (2008) National Academy of Sciences, USA
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(Roine et al. 2010, Fig. 8.3b). The genomes of HRPV-1 and HHPV-1 are circular

molecules of 7,048 nt and 8,082 bp, in size, respectively. Previously identified

spindle-shaped viruses His1 and His2 (genus Salterprovirus; Bath et al. 2006) are

flexible particles containing approximately 15 kb linear dsDNA genomes. The

chloroform sensitivity as well as the low buoyant density of His1 and His2 suggest

they belong to enveloped viruses (Bath et al. 2006). Although the genome types of

pleomorphic viruses and spindle-shaped viruses are different, limited homology is

shared at the amino acid sequence level between His2 virus and HHPV-1 and

HRPV-1 (see below; Bath et al. 2006). It is worth emphasizing that even though

the two pleomorphic viruses are closely related (see below), they contain different

types of genomes: HRPV-1 contains a ssDNA genome whereas the HHPV-1

contains a dsDNA genome (Pietil€a et al. 2009; Roine et al. 2010). These results

conflicts with current viral classification that is based on the genome types and the

mode of replication (Baltimore 1971), because in the absence of the sequence data

these two viruses having two different genome types would be classified as unre-

lated viruses (Roine et al. 2010).

8.6.1 Genomic Comparison

Similar protein patterns of HRPV-1 and HHPV-1 with two major structural proteins

already suggested relatedness (Fig. 8.3a). At the nucleotide sequence level these

two genomes only show homology along a very short stretch. However, the

genomes are co-linear along the whole genomes and at the amino acid sequence

level the highest identity can be found between the small major structural protein

VP3 (Fig. 8.3b). The co-linearity can also be found between the viruses and the

putative proviruses (Fig. 8.3b; Roine et al. 2010). This region includes ORFs 1, 2, 6

(HHPV-1 ORF5), 7 (HHPV-1 ORF6) and 9 (HHPV-1 ORF7 and HRPV-1 gene 8).
ORFs 1 encode putative replication initiation proteins showing rather low identity

between each other. They are predicted, however, to serve the same function (Roine

et al. 2010). The region starting from ORF2 and ending in ORF9 (in pHK2 and in

the Hfx. volcanii genomic region) show amino acid sequence identity higher than

20%. In the genomic alignment, we can see small ORFs that may have been lost in

HHPV-1. HRPV-1 still seems to have a homolog of ORF5, but has lost ORF8 that

can be found in pHK2 and Hfx. volcanii proviral elements. At the genomic level,

Fig. 8.3 (Continued) comparison of the viruses HRPV-1 and HHPV-1 as well as the putative

proviral elements pHK2 and Hfx. volcanii genomic region. The newly identified genomic region

in Hmc. mukohataei (DSM12286) shows the same features as the Hfx. volcanii proviral region
with a tRNAArg in the 50 region followed by the ORF1 and a putative integrase in the end of the

proviral element. The tRNAArg in Hmc. mukohataei is a split-tRNA. The percentages show

the identity of the amino acid sequences of the pairwise alignments. The Hmuk_0952 contains

the DUF1424 conserved domain common to proteins involved in replication. It also shows 30%

identity with the pHK2 ORF1 which is not indicated in the picture
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HRPV-1 seems to be a closer relative to pHK2 proviral element than to HHPV-1 as

judged by the higher number of homologous ORFs as well as by the higher identity

of the proteins VP3 and VP4 sequences (Fig. 8.3b, Table 8.1).

The pHK2 and Hfx. volcanii proviral elements are almost identical along the

conserved ORF2 to ORF9 region (Fig. 8.3b). After that there have been genomic

rearrangements, still preserving the last three predicted ORFs. The translated

polypeptides of these three ORFs show high identity. The pHK2 ORF11 and

ORF13 and the corresponding ORFs in the Hfx. volcanii genome also encode

putative polypeptides that by homology are predicted to be a FH-type repressor

and an integrase like protein, respectively (Fig. 8.3b).

The pHK2 region spanning from ORF4 to ORF9 can also be found in the genome

of the spindle-shaped virus His2 (Bath et al. 2006; Pietil€a et al. 2009). The major

structural protein of His2 (VP1 encoded by gp29) shows 25% identity to the pHK2

ORF4 encoded polypeptide, which is higher than the identity between the HHPV-1

protein VP4 and pHK2 ORF4 encoded protein (Table 8.1). The rest of the His2 ORFs

encoded putative polypeptides show lower homology to their predicted counterparts.

In addition to the homologous genetic elements mentioned above, there are

regions in almost all haloarchaeal genomes that show homology to different

sets of these genes (Table 8.2). After a closer examination of the genomic

databases, an almost complete proviral element was found from the genome of

Halomicrobium mukohataei (GenBank CP001688.1). This element contains all the

other homologous ORFs found in the Hfx. volcanii proviral element except for the

ORF encoding the putative FH repressor like protein (Fig. 8.3b). The alignment of

this element with the haloarchaeal enveloped viruses and other putative proviral

elements further supports the observation that the central region containing the

genes encoding the major structural proteins, are the most conserved part of the

viruses (Roine et al. 2010).

Table 8.1 Homology of theVP4 major structural proteins and predicted amino acid sequences of

the putative ORF4 productsa

HRPV-1

VP4

HHPV-1

VP4

His2

gp29

His1

ORF27

pHK2

ORF4

HVO_

1431

HVO_

0271

Hmuk_

0956

HRPV-1

VP4

– 19 26 12 36 36 20 23

HHPV-1

VP4

19 – 20 12 18 18 22 17

His2 gp29 26 20 – 12 25 26 23 26

His1

ORF27

12 12 12 – 14 13 11 13

pHK2

ORF4

36 18 25 14 – 98 23 24

HVO_1431 36 18 26 13 98 – 22 22

HVO_0271 20 22 23 11 23 22 – 21

Hmuk_0956 23 17 26 13 24 22 21 –
aIdentity percentages of the pair-wise alignments determined by CLUSTALW at the NPS@ Web

server (http://npsa-pbil.ibcp.fr/) using the default settings
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8.6.2 Particle Architecture and Structural Proteins

The virion structure of the pleomorphic viruses is relatively simple with the genome

enveloped by protein-containing membrane. The envelope lipids are acquired from

the host cytoplasmic membrane non-selectively and thus the lipid composition is

approximately the same as in the host (Pietil€a et al. 2010; Roine et al. 2010). There
are two major structural proteins, VP3 and VP4 (Fig. 8.3). In addition, protein VP8

has been identified as a minor structural component in HRPV-1 (Pietil€a et al. 2009).
The smaller major structural protein VP3 is predicted to be a membrane associated

protein facing the interior of the virion (Pietil€a et al. 2010) whereas VP4 is the spike
protein protruding outside and being anchored to the virion envelope by a

C-terminal trans-membrane domain (Pietil€a et al. 2009, 2010). The HRPV-1

particles are approximately 44 � 55 nm in size and not as uniform in shape as

the virions containing a rigid icosahedral protein coat. This can be seen as a very

diffuse light scattering band in a rate zonal sucrose gradient, for example. However,

the particles of HRPV-1 seem to be more uniform in shape than the HHPV-1

particles when samples are studied by negative staining and transmission electron

microscopy (TEM). This may be explained by the fact that the HRPV-1 VP4 is

glycosylated but the HHPV-1 VP4 is not (Pietil€a et al. 2010; Roine et al. 2010) and
thus the surface of the HHPV-1 particle is more prone to the pressure by the

different negative stains. Some negative stains seem to radically reduce the infec-

tivity of HHPV-1 (Roine et al. 2010) and at the same time change the morphology

of the virion from flexible into round particles that are more uniform in shape

(Kukkaro, personal communication). To conclude, the definition of a pleomorphic

particle, in our opinion, describes best this virus morphology.

The large major structural proteins (VP4) show very low sequence similarity to

each other (Table 8.1). We have hypothesized that the VP4 protein is responsible

for the receptor recognition and fusion of the envelope with the host cytoplasmic

membrane (Pietil€a et al. 2009; Roine et al. 2010). The proteins recognizing the host
receptors are usually very diverse due to the selection pressure of the host (Lubbers

et al. 1995; Br€ussow and Desiere 2001; Saren et al. 2005). HRPV-1 and HHPV-1

VP4 polypeptides are both N-terminally processed and during the morphogenesis of

the viral particle, the protein is translocated to the extracellular face of the host

membrane (Pietil€a et al. 2010). The VP4 molecules also share some putative

structural features such as a predicted C-terminal membrane anchor preceded by

predicted coiled-coil domain. As coiled-coil domains are usually involved in

multimeric interactions, it is probable that the VP4 is multimeric at some stage of

host recognition or entry. It is highly probable that VP4 protein interacts with VP3,

which contains four predicted trans-membrane domains (Pietil€a et al. 2009). Two of

these have been experimentally verified suggesting a role as a matrix forming protein

(Pietil€a et al. 2009, 2010). The interaction of VP3 with the genomic DNA was not

excluded, although the experimental results did not indicate any strong interaction to

occur (Pietil€a et al. 2010). Whether the VP3 proteins act solely as structural

components or are active also in the fusion process needs to be determined.
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Another predicted protein product showing relatively high homology between

the identified viruses and the proviral elements are the ORF9 encoded products, the

VP8 protein of HRPV-1 and the putative ORF33 of His2 virus. Many of these show

the conserved motifs of P-loop NTPases (Bath et al. 2006; Pietil€a et al. 2009), i.e.,
the Walker A and Walker B elements (Walker et al. 1982). Experimental evidence,

however, is needed to show that they are functional. We propose that they may

function in the assembly of the viral particles.

As discussed above, the putative ORF1 encoded proteins are all predicted to be

replication initiation proteins. The conserved motifs 2 and 3 (Ilyina and Koonin

1992) found in plasmids and viruses replicating their genomes by rolling circle

replication (RCR) can also be found in all of them (Roine et al. 2010). This is in

good agreement with the fact that the HRPV-1 and HHPV-1 genomes are circular

and that pHK2 was initially described as a haloplasmid.

8.7 Conclusions

Haloarchaeal viruses are among the least studied viruses comprising currently only

around 20 characterized isolates. Our systematic approach for screening new host

isolates and subsequently viruses for them has shown that there are still new types of

viruses to be found. Although not as versatile in the particle architecture as the

crenarchaeal viruses (Prangishvili et al. 2006), the description of the new

haloarchaeal viruses have significantly contributed to the general knowledge of the

viral universe. This is true especially in the case of the pleomorphic viruses HRPV-1

and HHPV-1 that are closely related, but have different genome types. The higher

order viral classification divides viruses according to the genome type and replica-

tion strategy (Baltimore 1971). The pleomorphic viruses thus represent a deviation

from this scheme and points to a reconsideration of the higher order taxonomy.

The virion architecture of the haloarchaeal pleomorphic viruses is to some extent

reminiscent of the Plasmaviridae family of viruses L2 and L172 that infect

Acholeplasma laidlawii (Dybvig et al. 1985). These viruses are enveloped and

pleomorphic in structure and have a similar structural protein pattern between

each other and also between the haloarchaeal enveloped viruses (Dybvig et al.

1985). L2 contains a circular 12 kb dsDNA genome whereas the L172 genome is a

circular ssDNA molecule 14 kb in size. However, only the L2 genome sequence is

available (Maniloff et al. 1994) and the relatedness of the plasma viruses cannot be

confirmed. The structural relatedness of the plasmaviruses and the pleomorphic

viruses would not be surprising when taking into account the fact that both SH1 and

the head–tail viruses of haloarchaea have relatives among the bacteriophages.

Our studies together with the ones by Mike Dyall-Smith have shown that the

early isolation of only head–tail haloarchaeal viruses does not reflect the virus

population in halophilic environment. The isolation of many enveloped viruses

correlates better with the results of microscopical examination of environmental

samples, suggesting that in terms of morphotypes there is much diversity to be
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found (Guixa-Boixareu et al. 1996; Oren et al. 1997; Diez et al. 2000; Santos et al.

2007; Sime-Ngando et al. 2010). Although our culture-dependent studies support

the observations of the environmental microscopy, not all the VLPs seen by

microscopy are necessarily viruses. Viruses are genetic elements capable of pack-

aging their genome into a particle. They are also infective agents and consequently

obey Koch’s postulates. This means that the viruses produce new infective progeny

highly similar to the one used for the infection. Unfortunately, this can be proven

only by the culture-dependent approach. Environmental sequencing has expanded

our knowledge of the sequence space to be found from the hypersaline environ-

ment. Several limitations in the preparation of the sample such as viruses that do not

pass the 0.2-mm filter (Hendrix 2009) or are dissociated by chloroform, and

sequences that are toxic to the cloning hosts used pose serious challenges if the

entire viral fraction of the sample is to be determined (Tringe and Rubin 2005;

Kunin et al. 2008; Wooley et al. 2010). Consequently, the environmental sequenc-

ing approach also has a bias that may not be any less significant than the bias in the

other approaches. In addition, the sequences that show no matches to databases gain

their full value only when similar sequences have been identified in a virus

characterized in detail. This usually involves the isolation of the virus. As when

mapping the sequences in other environmental niches, the mapping of the hypersa-

line environment should include all the possible types of approaches from the

measurement of the bulk biological processes such as primary production and

physico-chemical conditions to environmental microscopy and sequencing as

well as the culture-dependent approach of isolating the infective viruses.

It is clear that prokaryotic viruses are important players in the genomic plasticity

of their hosts. In hypersaline environment, it is generally agreed that the amount of

viruses and their hosts is high (Guixa-Boixareu et al. 1996; Oren et al. 1997;

Maturrano et al. 2006; Pedrós-Alió et al. 2000). The lysis of cells due to viral

infection, however, was shown to be low (Guixa-Boixareu et al. 1996). This

suggests that the popular “kill the winner” phenomenon would not fully operate

in hypersaline environments. Rodrı́guez-Valera and others (Rodriguez-Valera et al.

2009), on the other hand, propose a “kill the winner” type of control by viruses over

the dominating host population preserving the microdiversity of the microbial

population and generating a pan genome comprised of numerous different, but

closely related clones (Papke et al. 2004; Rodriguez-Valera et al. 2009). The

existence of proviruses and the numerous remnants of them that are homologous

to the pleomorphic viruses suggest a very intimate relationship between the virus

and the haloarchaeal host. The proposed high number of the enveloped viruses

suggests that these viruses have a great impact in generating the microdiversity

using a strategy more benign than the “kill the winner” strategy is. In such an

extreme environment it is conceivable that the relationship of the predator and prey

are closely connected and dependent on each other. Support for this can also be

found in the observed changes of the head–tail virus life cycles in which the higher

salinity caused a switch from lysis into proviral mode. As seen in other prokaryotes,

proviruses may have dramatic effects on the behavior of their hosts (Br€ussow et al.

2004). More studies, however, are needed to elucidate the complex interactions
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monitoring population dynamics of the viruses and their hosts by taking advantage

of the detailed molecular biology data available.

Acknowledgments This work was supported by Academy of Finland Centre of Excellence

Program in Virus Research grant 11296841 (2006–2011), by the University of Helsinki Three

Year Grant 2010–2012 to E.R., and by the Academy of Finland grant (1127665) to H.M.O. We

acknowledge Dennis Bamford for critical comments on our manuscript and Petra Kukkaro for

contributing to the studies on the transmission electron microscopy of the pleomorphic viruses.

References

Abrescia NG, Cockburn JJ, Grimes JM, Sutton GC, Diprose JM, Butcher SJ, Fuller SD, SanMartin

C, Burnett RM, Stuart DI, Bamford DH, Bamford JK (2004) Insights into assembly from

structural analysis of bacteriophage PRD1. Nature 432:68–74

Abrescia NG, Grimes JM, Kivel€a HM, Assenberg R, Sutton GC, Butcher SJ, Bamford JK,

Bamford DH, Stuart DI (2008) Insights into virus evolution and membrane biogenesis from

the structure of the marine lipid-containing bacteriophage PM2. Mol Cell 31:749–761

Baltimore D (1971) Expression of animal virus genomes. Bacteriol Rev 35:235–241

Bamford DH (2003) Do viruses form lineages across different domains of life? Res Microbiol

154:231–236

Bamford DH, Grimes JM, Stuart DI (2005a) What does structure tell us about virus evolution?

Curr Opin Struct Biol 15:655–663

Bamford DH, Ravantti JJ, R€onnholm G, Laurinavičius S, Kukkaro P, Dyall-Smith M, Somerharju
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Roine E, Kukkaro P, Paulin L, Laurinavičius S, Domanska A, Somerharju P, Bamford DH (2010)

New, closely related haloarchaeal viral elements with different nucleic acid types. J Virol

84:3682–3689

R€ossler N, Klein R, Scholz H, Witte A (2004) Inversion within the haloalkaliphilic virus FCh1
DNA results in differential expression of structural proteins. Mol Microbiol 52:413–426

Salas M (1984) A new mechanism for the initiation of replication of F29 and adenovirus DNA:

priming by the terminal protein. Curr Top Microbiol Immunol 109:89–106
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