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Introduction

Archaeal virology is a relatively young research discipline in 
only its fourth decade. During that time, the field has expanded 
substantially with over 50 viruses described in detail and many 
more isolated.1-5 Most of the archaeal virus isolates originate from 
regions that are heated to high temperatures geothermally or are 
hypersaline.2,6

To date, approximately 60 isolated viruses infecting halo-
philic archaea have been described,7 and 14 of the genomes have 
been sequenced.8-18 Seven of them form a recently described 
group of haloarchaeal pleomorphic viruses, HRPV-1, HRPV-
2, HRPV-3, HRPV-6, HHPV-1, HGPV-1 and His2.6,13,15,16,18,19 
These viruses are distinctive due to their unusual morphotypes 
and diverse genomes despite their general relatedness.6,15,16,18,19 
Other sequenced haloarchaeal viruses are the spindle-shaped 
virus His1 and two icosahedral viruses SH1 and HHIV-2.8,17,20 
Molecular and structural studies on these viruses have also been 
described.12,15,19,21-25

The majority of haloarchaeal viruses contain double-stranded 
(ds) DNA genomes and are tailed, with morphological simi-
larity to the tailed bacteriophages.1,5,26-28 In contrast to the 

The complete genome sequences of archaeal tailed viruses are currently highly underrepresented in sequence 
databases. here, we report the genomic sequences of 10 new tailed viruses infecting different haloarchaeal hosts. 
Among these, only two viral genomes are closely related to each other and to previously described haloviruses hF1 and 
hF2. The approximately 760 kb of new genomic sequences in total shows no matches to cRIspR/cas spacer sequences in 
haloarchaeal host genomes. Despite their high divergence, we were able to identify virion structural and assembly genes 
as well as genes coding for DNA and RNA metabolic functions. Interestingly, we identified many genes and genomic 
features that are shared with tailed bacteriophages, consistent with the hypothesis that haloarchaeal and bacterial tailed 
viruses share common ancestry, and that a viral lineage containing archaeal viruses, bacteriophages and eukaryotic 
viruses predates the division of the three major domains of non-viral life. however, as in tailed viruses in general and in 
haloarchaeal tailed viruses in particular, there are still a considerable number of predicted genes of unknown function.

Snapshot of haloarchaeal tailed virus genomes
Ana senčilo,1 Deborah Jacobs-sera,2 Daniel A. Russell,2 ching-chung Ko,2 charles A. Bowman,2 Nina s. Atanasova,1  
eija Österlund,1 hanna M. Oksanen,1 Dennis h. Bamford,1 Graham F. hatfull,2 elina Roine1,* and Roger W. hendrix2,*

1Department of Biosciences and Institute of Biotechnology; University of helsinki; helsinki, Finland; 2Department of Biological sciences; University of pittsburgh; pA UsA

Keywords: virus, haloarchaea, Archaea, tailed virus, bacteriophage, genome, sequence

Abbreviations: AdoMet-MTase, S-adenosylmethionine-dependent methyltransferase; Cas, CRISPR associated; CDD, conserved 
domains database; CRISPR, clustered regularly interspaced short palindromic repeats; dNTP, Deoxyribonucleotide triphosphate; 

ds, double-stranded; HE, homing endonuclease; HGT, horizontal gene transfer; HJR, holliday junction resolvase; HPR, 
hyperplastic region; Hqw, Haloquadratum walsbyi; MCM, minichromosome maintenance; MCP, major capsid protein; MGM, 
modified growth medium; ORF, open reading frame; PesLS, promoter stem loops; Pham, phamily; RFC, replication factor C; 

RNR, ribonucleotide reductase; SD, shine dalgarno; SNase, staphylococcal nuclease; SW, salt water; TerL, terminase large subunit; 
Thy, thymidylate; TMP, (1) tape measure protein; (2) thymidine monophosphate

approximately 6,000 reported and more than 650 sequenced 
tailed phages, there are approximately 50 reported tailed viruses 
infecting haloarchaea.7 The complete genomic sequences of four 
of these (φCh1, HF1, HF2 and BJ1) have been described.9-11,14 
Additional sequence information is available from the recently 
reported collection of 42 “environmental haloviruses.”29 A few 
related proviral regions have also been identified in the genomes 
of several euryarchaeal orders30,31 as well as in the organisms 
belonging to Thaumarchaea and Crenarchaea,32,33 although no 
tailed viruses have been isolated for crenarchaeal hosts.

Studies on the genomes of tailed bacteriophages have revealed 
a tremendous genetic diversity characteristic to these viruses.34-37 
The diversity is created by a variety of mechanisms such as point 
mutations, insertions (including moron acquisition), deletions 
and multiple types of recombination.38 Illegitimate recombi-
nation is considered to be a major evolutionary force creating 
mosaic genomes, consisting of regions derived from a common 
gene pool.39-41

Comparative genomic analyses have shown that as their bac-
teriophage counterparts, archaeal tailed (pro)viruses have mosaic 
genomes, likely evolving through similar mechanisms.9-11,31 
Limited studies on archaeal tailed viruses have shown that they 
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This issue has been rather poorly investigated due to the lack of 
complete genome sequences of archaeal tailed viruses.

In an effort to isolate and describe more archaeal viruses, 
recent studies have concentrated on high-salt environments 
where haloarchaea dominate.1,5 A total of 28 new tailed viruses 
infecting haloarchaea were isolated.1,5 Here, we report the genome 
sequences of 10 viruses from this collection.

Results

The 10 haloarchaeal tailed viruses described here include six 
siphoviruses and four myoviruses (Table 1). The viruses were 
isolated from Samuth Sakhon, Thailand and Margherita di 
Savoia, Italy (Table 1), and they infect either well-defined spe-
cies of haloarchaea (Haloarcula hispanica), tentative species 

share a similar genome organization and a set of functionally 
conserved proteins with tailed bacteriophages, reflecting com-
mon themes in virion architecture and morphogenesis.9,31 Such 
similarity between viruses infecting hosts from different domains 
of life can be explained by common ancestry as proposed by the 
virus lineage model.42-45 According to this model, the viral uni-
verse can be divided into a small number of viral lineages based 
on structural components, each of which originated prior to the 
separation of hosts into the three domains of life.42-45 Archaeal 
tailed viruses have been proposed to fall into the HK97 lineage 
together with bacterial tailed viruses and herpes viruses that 
infect eukaryotic hosts.42,44,45 Even though the membership of 
archaeal tailed viruses in this lineage is strongly supported by the 
predicted similarities in virion assembly and structure, bacterial 
and archaeal tailed viruses may have much more in common.31 

Table 1. properties of the haloarchaeal viruses and their genomes involved in this study

Virus
Morpho-

type
Size 
(bp)

GC 
(%)

# 
ORFs

# 
tRNAs

Endsa Accession Originsb Host Reference Sequencing information

hcTV-1 sipho 103257 57.0 160 1 739 bp DTR Kc292029 Mds ‘har. californiae’ 1

454 and sanger  
libraries/5,294 reads/13 
× coverage (avg. across 

the two)

hcTV-2 sipho 54291 68.1 86 0 circ perm Kc292028 ss ‘har. californiae’ 5
Ion Torrent/232,007 

reads, no sanger/495 × 
coverage

hcTV-5 sipho 102105 57.6 166 1 583 bp DTR Kc292027 ss ‘har. californiae’ 5
sanger only/1,550 

reads/37 primers/ length 
~760 bp/ 11 × coverage

hGTV-1 myo 143855 50.4 281 36*
circ perm 

(nick)
Kc292026 ss

Halogranum sp 
ss5–1

5
454 and sanger libraries/ 

3,029 reads/no primer 
walks/64 × coverage

hhTV-1 sipho 49107 56.5 74 0 circ perm Kc292025 Mds
Har. hispanica 

(62.5% Gc)
1

454 + sanger walks/13 
primers 3,047 reads/26 × 

coverage

hhTV-2 sipho 52643 66.6 88 0 circ perm Kc292024 ss
Har. hispanica

(62.5% Gc)
5

454 and sanger walks/12 
primers/5,402 reads/26 × 

coverage

hRTV-4 sipho 35722 59.5 73 0 circ perm Kc292023 Mds
Halorubrum sp 

s5a-3
5

454 + sanger walks/4 
primers/3,430 reads/26 × 

coverage

hRTV-5 myo 76134 56.4 118 4 271 bp DTR Kc292022 Mds
Halorubrum sp 

s5a-3
5

sanger only 18  
primers/916 reads/9 ´ ×  

coverage

hRTV-7 myo 69048 59.6 105 1
340 bp 

DTR
Kc292021 Mds

Halorubrum sp 
B2–2

5
sanger only/22 prim-

ers/995 reads/avg. length 
788 bp/11 × coverage

hRTV-8 myo 74519 57.1 124 4
346 bp 

DTR
Kc292020 ss

Halorubrum sp 
B2–2

5
sanger only/30 prim-

ers/950 reads/avg. length 
757 bp/9 × coverage

*Two tRNAs contain an intron; aDTR, direct terminal repeat; circ perm, circularly permuted; bMds, Margherita di savoia; ss, samut sakhon.
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(Fig. 1). This is reminiscent of the relationships described for 
the mycobacteriophages, where all five of these genomes would 
be grouped into a single cluster that would then be subdivided 
into subclusters according to the strengths of these similarities.46 
Second, HCTV-1 and HCTV-5 show strong sequence similarity 
and can be considered to be within a common cluster. Third, 
HCTV-2 and HHTV-2 show weak but easily recognizable 
nucleotide sequence similarity. Database searches also revealed 
four predicted proviruses in four euryarchaeal genomes that are 
related to the viruses described here (Supplemental Material).

Haloarchaeal virus protein phamilies. The new genomes 
were annotated for ORFs, tRNAs and other features (Figs. 3–5; 
Figs. S7–9, Tables S3–12). A database was constructed using 
these 10 newly sequenced genomes as well as the previously pub-
lished HF1 and HF2 sequences10,11 using Phamerator.47 A total of 
1,491 putative ORFs was assembled into 966 phamilies (phams) 
(Table S13). Phamily (or pham) is a group of genes the products 
of which share at least 32.5% identical amino acids (ClustalW) 
and have BlastP E-value of 10-50 or less. Remarkably, 726 of these 
(75%) are orphams, i.e., phams containing only one member. 
Most of the phams with more than one member contain ORFs 
from closely related viruses.

The Phamerator database table provides a simple represen-
tation of the genome relationships based on their gene content 

(“Haloarcula californiae”) or haloarchaeal isolates assigned to 
a genus according to the 16S rDNA sequence.5 Siphoviruses 
HCTV-1, HCTV-5 and HRTV-4 were shown to infect only the 
isolation host, whereas for the rest of the viruses, more than one 
susceptible host was identified.5 All of the viruses described here 
form clear plaques and none are obviously temperate, although 
we note that HCTV-5, HRTV-5, HRTV-7 and HRTV-8 encode 
putative integrases.

Relationships of haloarchaeal tailed virus genomes. The 
genomic DNAs were purified and sequenced as described in 
Materials and Methods. All the viruses contain linear dsDNA 
genomes ranging in size from 35–144 kb. The ends of the genomes 
are either circularly permuted (HCTV-2, HHTV-1, HHTV-2, 
HRTV-4) or they have direct repeats of several hundred base 
pairs (HCTV-1, HCTV-5, HRTV-5, HRTV-7, HRTV-8); the 
nature of the HGTV-1 ends is unclear.

We compared the nucleotide sequences of all 10 genomes 
to each other using Gepard, including the previously described 
genomic sequences of HF1 and HF2 (Fig. 1).10,11 These genomes 
are genetically diverse, but several patterns emerge. First, HRTV-5 
and HRTV-8 are closely related to each other and form a clus-
ter of related genomes with HF1 and HF2 (Fig. 1). HRTV-7 
is related to this group with evident regions of sequence simi-
larity, although the strength of the relationship is much weaker 

Figure 1. Nucleotide sequence comparison of the studied haloarchaeal tailed viruses and earlier described haloviruses hF1 and hF210,11 represented by 
a dot plot. The dot plot of concatenated viral nucleotide sequences was generated in Gepard.
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reductase, RtcB-like protein and trimeric dUTPase. Members 
of the three phams are in half of the viruses in this study and 
were not found in HCTV-1, HHTV-1, HHTV-2, HRTV-4 and 
HRTV-7.

Capsid and DNA packaging protein gene clusters. Genes cod-
ing for MCPs were identified in all of the viruses. The MCP genes 
of HCTV-1, HCTV-5, HRTV-5, HRTV-7 and HRTV-8 were 
identified using the previously determined N-terminal sequences 
of related haloarchaeal viruses.48 For HCTV-2, HHTV-1 and 
HHTV-2, the gene encoding the MCP was also identified using 
the data of previously determined N-terminal sequences of related 
haloarchaeal viruses (Pietilä MK and Bamford DH, personal 
communication). The MCPs of HGTV-1 and HRTV-4 were 
predicted to belong to the HK97 MCP family due to the presence 
of conserved residues recognized by BLAST against the CDD. 
Homology of the majority of the MCPs across all 10 viruses is not 
detectible at the amino acid level (less than 20% identity). There 
are several exceptions including MCPs of the two pairs of the 
most closely related viruses (HRTV-5, HRTV-8 and HCTV-1, 
HCTV-5). Each pair of the MCPs shares on average 90% amino 
acid identity. HRTV-5 and HRTV-8 MCPs are also about 40% 
identical to that of HRTV-7. HHTV-2 and HCTV-2 MCPs have 
approximately 70% identical amino acid residues.

Other capsid-associated proteins encoded in these viruses 
are prohead proteases and Mu gpF-like minor capsid proteins 
(Supplemental Material). Mu gpF homologs are either encoded 
by their own gene or by a gene fusion, the other part of which 
codes for a putative portal protein. Such an arrangement has been 
shown for some of the bacteriophages, but not archaeal tailed 

using Splitstree (Fig. 2). In general, these relationships reflect 
those seen in the dotplot nucleotide sequence comparison. For 
example, HRTV-5 and HRTV-8 clearly group with HF1 and 
HF2, with HRTV-7 being a more distant relative. HCTV-1 and 
HCTV-5 group together, as do HHTV-2 and HCTV-2, but in 
these cases, the relationships are more distant and likely reflect the 
sharing of only a small number of common genes. Comparative 
genome maps of these three groups are shown in Figures 3–5, 
respectively, and annotated genome maps of the other viruses are 
shown in the Supplemental Material (Figs. S7–9).

Genome duplications and conserved phamilies. Some phams 
have two or more members from the same virus, reflecting pos-
sible genome duplications (Table S13). Such examples are the 
most abundant in HGTV-1 (phams 287, 468, 487, 505, 605; 
Fig. S7). The largest phamily (Pham 14) is composed of nine 
members, including ORFs from closely related viruses HF1 
(ORF91), HF2 (ORFs 103 and 104), HRTV-5 (ORFs 15 and 
16), HRTV-7 (ORFs 14 and 15) and HRTV-8 (ORFs 15 and 
16). This pham has two members in each of the viruses, except 
for HF1, where HF1 ORF91 is a fusion of two ORFs found in 
the other viruses. All these ORFs are located immediately down-
stream of the major capsid protein (MCP) genes and encode pro-
teins of unknown function. HF2 ORF103 was annotated as a 
head-tail adaptor protein.10 Other two large phams (Phams 50 
and 52) include eight members each containing ORFs coding for 
thymidylate synthase and DNA polymerase elongation subunit, 
respectively. They are found in the majority of these viruses but 
not in HCTV-2, HHTV-1, HHTV-2 and HRTV-4. Phams 36, 
44 and 49 have seven members each coding for ribonucleotide 

Figure 2. The relationships between the studied haloarchaeal tailed viruses and haloviruses hF1 and hF210,11 based on their genome contents. The 
tree was constructed according to the number of phams shared between the different viruses and depicted using splitsTree program.92

Figure 3 (See opposite page). Genome maps of hRTV-5, hRTV-7, hRTV-8, hF1 and hF2. Nucleotide sequence similarity is depicted by shading 
between the pairs of the genomes according to color spectrum with purple representing the highest identity. pham and the number of the pham 
members are outlined above each ORF. TerL, terminase large subunit; RnR, ribonucleotide reductase; Thy, thymidylate.
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In addition to the above mentioned putative genes, HCTV-5 
is predicted to encode a protein with ADP-ribosyltransferase 
VIP2 domain and a sialidase. ADP-ribosyltransferase VIP2 
domain has been found in several proviruses as a C-terminal 
part of a fusion protein with Mu gpF in the N-terminal part.31,49 
In the case of HCTV-5 putative VIP2 domain is encoded in 
a separate ORF just upstream of the putative Mu gpF gene. 
Downstream of the ORF coding for Mu gpF there is another 
ORF coding for a putative sialidase. Several genes in this 
HCTV-5 genome region are flanked by the genes encoding 
putative homing endonucleases (HEs, see Fig. 4 and homing 
endonucleases section).

The organization of the genome regions coding for proteins 
comprising the phage capsid (minor capsid proteins, prohead pro-
tease, MCP) or those that are part of DNA packaging machine 
(terminase and portal proteins) is generally the same as reported 
for other archaeal and bacterial tailed viruses.31,34,37,50

viruses.31 All of the viruses contain a predicted large terminase 
subunit, although the sequences are diverse, reflecting the diver-
sity of these in the dsDNA tailed bacteriophages. The terminase 
large subunit gene is typically situated close to one genome end 
in bacteriophages as also seen in HRTV-8 and the related viruses 
(Fig. 3). In the genomes of HCTV-1 and HCTV-5 that have 
direct terminal repeats (Table 1) the large terminase subunit 
genes are atypically located near the center of the genome (Fig. 4).

Whereas in some virus genomes, the capsid and DNA pack-
aging protein genes are compact and similarly ordered (HGTV-
1, HRTV-5, HRTV-7 and HRTV-8), in others the synteny is 
interrupted by additional ORFs. For example, in HHTV-2 and 
HCTV-2, a staphylococcal nuclease homolog is encoded between 
the portal-Mu gpF fusion protein gene and the MCP gene 
(Fig. 5). At a corresponding position, HCTV-1 and HCTV-5 
viruses encode a putative protein with Zeta toxin-like domain 
(Fig. 4, Supplemental Material).

Figure 4 (See previous page). Genome maps of hcTV-1 and hcTV-5. Nucleotide sequence similarity is depicted by shading as in Figure 3. pham and 
the number of the pham members are outlined above each ORF. RnR, ribonucleotide reductase; Thy, thymidylate; AdoMet-MTase, s-adenosylmethio-
nine-dependent methyltransferase; RFc, replication factor c; TMp, thymidine monophosphate; TerL, terminase large subunit.

Figure 5. Genome maps of hcTV-2 and hhTV-2. Nucleotide sequence similarity is depicted by shading as in Figure 3. pham and the number of the 
pham members are outlined above each ORF. TerL, terminase large subunit; AdoMet-MTase, s-adenosylmethionine-dependent methyltransferase; 
sNase, staphylococcal nuclease; hJR, holliday junction resolvase.
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in DNA and RNA metabolism, albeit some of the encoded pro-
teins may not be found in other viruses from our studied set. For 
instance, HHTV-1 virus encodes a putative DNA polymerase 
sliding clamp (Fig. S8). In addition to some of the above-men-
tioned proteins, a virus with the largest genome in our studied 
set, HGTV-1, encodes a putative DNA ligase and thioredoxin 
(Fig. S7).

HGTV-1 encodes some proteins which may be involved in 
dsDNA break repair by homologous recombination: putative 
RecB-like protein, RadA-like protein and Holliday junction 
resolvase (Fig. S7).58 Some of these components are also found in 
other viruses from our collection.

HCTV-2 codes for a putative protein with RecJ-like exonucle-
ase S1 domain, which may be implicated in mismatch repair and 
recombination (Fig. 5). HGTV-1 encodes two copies of putative 
DNA mismatch repair enzymes belonging to endonuclease III 
family. Moreover, HGTV-1 is predicted to encode nucleotidyl-
transferase domain of family X DNA polymerases, which takes 
part both in base excision repair and dsDNA break repair path-
ways (Fig. S7).59

tRNAs and RNA metabolism. Some of our viruses, predomi-
nantly myoviruses, encode tRNAs. The largest number of tRNA 
genes is found in HGTV-1 genome. HGTV-1 has 36 tRNA 
genes, two of which contain introns. HGTV-1 encodes tRNAs 
for all universal genetic code amino acids. For some of the amino 
acids there are several tRNA genes with alternative anticodons. 
We have analyzed codon usage of genes coding for the MCP and 
tail sheath proteins, which are produced at high numbers dur-
ing the virus life cycle (data not shown). For both of the genes, 
HGTV-1 had tRNA genes with anticodons corresponding to 
overrepresented codons of aspartate, glutamate, phenylalanine 
and tyrosine. Roughly taken, the HGTV-1 tRNA genes are clus-
tered together and are located between the putative genes coding 
for DNA polymerase B elongation subunit and a block of puta-
tive genes coding for the enzymes involved in deoxyribonucleo-
tide synthesis.

Some of the viruses in our study are predicted to encode 
enzymes involved in tRNA metabolism. Five of the viruses 
(HCTV-1, HCTV-5, HRTV-5, HRTV-8 and HGTV-1) encode 
putative RtcB-like proteins, which have been shown to act as 
tRNA ligases in E. coli.60 RtcB-like proteins have been found in 
other prokaryotic viruses and have been suggested to protect viral 

Cluster of genes coding for tail structural and assembly pro-
teins. The length of the tail in tailed viruses is governed by the 
length of the tail tape measure protein (TMP).51 Putative ORFs 
coding for TMPs have been identified in all virus genomes of 
this study. Predictions were based on PSI-BLAST hits combined 
with the predicted protein secondary structures, all of which 
were highly α-helical, as in bacterial viruses.52 Repeats with regu-
larly spaced aromatic amino acids are characteristic for many of 
the TMPs.53 Such eight amino acid long repeats were found in 
HCTV-1 TMP.

In tailed bacteriophages, the two genes encoding tail assem-
bly chaperones—typically located immediately upstream of 
the TMP gene—are expressed via a programmed translational 
frameshift, and this is one of the most highly conserved features 
of these phages.54 We have identified several similar examples in 
the haloarchaeal viruses described here (Table S2).

Many myoviruses encode a baseplate J-like protein down-
stream of the TMP gene. The baseplate J-like protein was shown 
to be located on the side of the baseplate in P2 virus particles.55 
In addition to a baseplate J-like protein, HGTV-1 also encodes 
homologs of phage late control D-like protein and baseplate 
V-like protein, which was shown to be responsible for baseplate 
assembly and forming the tail spike in P2 phage (Fig. S2).55,56

DNA metabolism genes. A number of proteins predicted 
to be involved in deoxyribonucleotide synthesis, DNA replica-
tion, recombination and repair, were predicted to be encoded 
by these viruses. Putative ORFs coding for four key enzymes 
of deoxyribonucleotide synthesis [ribonucleotide reduc-
tase (RNR), thymidylate synthase, thymidylate kinase and 
dUTPase] were found in HCTV-1, HCTV-5 and HGTV-1 
genomes. Ribonucleotide reductases are main players in regu-
lation of deoxyribonucleotide triphosphate (dNTP) levels. In 
mycobacteriophages, RNR was shown to be important during 
lytic phage life cycle since it has a role in replacing host enzyme 
activity.57

Siphoviruses HCTV-1 and HCTV-5 encode a substantial 
number of proteins predicted to play a role in replication. Both 
viruses encode small and large subunits of replication factor C, 
DNA polymerase B elongation subunit, DNA polymerase II 
small subunit and RNase HI (Fig. 4). Siphoviruses with smaller 
genomes (HHTV-1, HHTV-2, HRTV-4 and HCTV-2) encode 
comparatively small amounts of recognizable proteins involved 

Figure 6. conserved nucleotides of aligned hGTV-1 repeats. The repeats are found approximately 60 bp upstream of some hGTV-1 genes. exact posi-
tions of the repeats in hGTV-1 genome and their alignment can be found in supplemental Material (Fig. S10). WebLogo was used to generate a graph 
out of the repeats alignment. The conservation of the nucleotides at individual positions is measured in bits. The TATA box-like and inverted repeat 
sequences found within the hGTV-1 repeats are underlined and indicated below the sequence logo.
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Repeats located in the coding regions of the viral genomes 
have also been identified. For example, in HCTV-5, ORF114 
coding for a protein with Zeta toxin and ParB nuclease motifs 
contains two types of repeats. One of those is also found in puta-
tive ORF coding for ADP-ribosyltransferase (Table S14).

In addition to interspersed repeats, a number of tandem repeats 
ranging from 6–27 nt has been detected in both intergenic and 
coding regions of the analyzed genomes (Table S15). Three dif-
ferent tandem repeats were found in a putative ORF coding for 
the tape measure protein (TMP ) in HCTV-1. TMP are known 
to evolve by duplications, so the observed repeats could be a trace 
of this recent evolutionary event in HCTV-1.66 Tandem repeats 
seemed to be a non-conserved feature, since even most closely 
related viruses in our set, HRTV-5 and HRTV-8, showed differ-
ent patterns of the repeats. In our data set, there was one type of 
a tandem repeat shared among six viruses. HCTV-2, HCTV-5, 
HHTV-2, HRTV-4, HRTV-5 and HRTV-8 had a repeat with 
the consensus sequence “GA(C/G)GA(C/G/A)GA(C/G)GA.” 
In five of the viruses (except for HHTV-2), this repeat was in 
the coding region of a putative ORF located one or two ORFs 
upstream of the gene coding for MCP. In these five cases, the 
sequence codes for a stretch of acidic amino acids glutamate and 
aspartate.

Search for CRISPR spacer sequences and other related 
functions. Clustered regularly interspaced short palindromic 
repeats (CRISPR) are genomic loci, which with the help of 
CRISPR-associated (Cas) proteins, provide an adaptive immu-
nity against foreign genetic material in prokaryotes.67-69 Because 
several of the sequenced haloarchaeal genomes contain pre-
dicted CRISPR loci (CRISPRdb), we examined whether any of 
the viruses described here contain protospacers matching these 
CIRSPRs. We identified only one possible match, between 
HRTV-7 and a Pyrococcus yayanosii CH1 CRISPR spacer, 
although with one mismatch and three gaps it may not be func-
tional (Fig. S6).

HCTV-1, HCTV-5, HRTV-5, HRTV-7, HRTV-8 and 
HGTV-1 encode proteins belonging to a large superfamily of 
RecB-like nucleases (cl00641) that also includes CRISPR/Cas 
system-associated protein Cas4 (Table S16). We have compared 
these viral proteins with all haloarchaeal proteins belonging to 
this superfamily from non-redundant protein database available 
at NCBI (Table S16). Viral proteins are rather distantly related 
to the proteins from the database sharing at most an average of 
20% identity at the amino acid level with several hypothetical 
proteins. The only putative homolog with a predicted function 
is the cas4A gene product of Haloquadratum walsbyi (Hqw) C23 
(YP_005839106.1) sharing 21.1% identical amino acids with 
ORF90 product of HCTV-5. Despite low similarity, all of the 
analyzed viral proteins, except for that of HGTV-1, have four 
conserved cysteine residues and RecB-type nuclease active site 
residues (Fig. 7), which are also found in Cas4 proteins.70 The 
RecB type nuclease active site residues of the viral proteins do 
not align well with the Hqw homolog and spacing of the first 
C-terminal cysteine is not always optimal (three residues apart 
from the next cysteine). When the HRTV-5 Cas4 homolog 
was analyzed using Phyre2, the predicted secondary structure 

tRNAs from cleavage by host enzymes.37 In addition to RtcB-
like protein, HGTV-1 encodes RNA ligase and lysyl-tRNA syn-
thetase, which may also be involved in tRNA restriction-repair 
dynamics in virus-host systems.61

HCTV-1 and HCTV-5 viruses are predicted to have a block 
of genes coding for the enzymes involved in a biosynthesis of a 
tRNA-specific ribonucleotide, queuosine (Fig. 4).62 Surprisingly, 
the putative enzymes are those involved in bacterial queuosine, 
but not archaeosine biosynthesis (Supplemental Material). 
Upstream of the QueCDEF cluster both HCTV-1 and HCTV-5 
encode a putative GTP cyclohydrolase I. This enzyme, among 
other functions, has been shown to be involved in the first steps 
of queuosine and archaeosine biosynthesis.62

Three putative hammerhead ribozymes have been identi-
fied in the genomes of HRTV-5 and HRTV-8 (Fig. S3). Two 
of the identified ribozymes are upstream of the genes coding for 
putative Rad3-like helicases in HRTV-5 and HRTV-8 genomes 
(at 65,998–66,064 nt and 63,409–63,474 nt positions, respec-
tively) (Fig. S3). Earlier, similar hammerhead ribozymes have 
been identified at equivalent positions in related haloviruses HF1 
and HF2 (at 65,540–65,607 nt and at 67,312–67,379 nt, respec-
tively).63 The other putative ribozyme in HRTV-8 genome is 
located in intergenic region between putative ORFs 107 and 108 
(at 65,506–65,572 nt) (Fig. S3). The homologs of the ORF108 
are found in HF1, HF2 and HRTV-5 genomes. However, none 
of the genomes have homologs of HRTV-8 ORF107.

Homing endonucleases. All viruses in this study, except for 
HHTV-1 and HHTV-2, encode free-standing HEs. The larg-
est number of HEs is found in the HCTV-5 genome, which 
has 14 putative HEs, the majority of which belong to the HNH 
family. According to amino acid sequence similarity, HCTV-5 
HNH HEs can be divided into three groups (Figs. S4 and S5). 
HCTV-5 encodes an interesting fusion protein containing a Hef 
nuclease region in its N terminus and an HNH endonuclease in 
its C terminus. A closely related virus, HCTV-1, encodes only 
the putative Hef nuclease at a corresponding position, suggesting 
a recent HNH insertion in HCTV-5 or a deletion in HCTV-1. 
These phages may benefit from encoding HEs by cleavage of het-
erologous phage DNA during co-infection.64

Repeats in virus genomes. The genome sequences of the 
viruses were analyzed for the presence of repeats. Most of the 
identified interspersed repeats are located in the intergenic 
regions (Table S14). Perhaps the most dramatic case is found 
in HGTV-1 genome. HGTV-1 has a cluster of putative ORFs 
encoded in the right-hand end of the genome (Fig. S7). ORFs 
in this region are relatively short and most of their products 
do not have significant matches in the non-redundant protein 
sequence database. There is a 50 nucleotide long repeat approx-
imately 60 bp upstream of nearly every ORF in this region 
(Fig. 6; Table S14).

The central part of this repeat contains a 9-base inverted 
repeat spaced 8 bp from a TATA-box like feature, and likely 
represents a binding site for a virally encoded transcription fac-
tor. However, the TATA-box is positioned approximately 100 bp 
upstream of the closest ORF, rather than the more typical spac-
ing of approximately 25 bp.65
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was closest to the AddAB structure (fold library id c3u44B), a 
helicase-nuclease complex with 97.3% confidence along 48% 
coverage (data not shown).

Discussion

Here, we report the complete genomic 
sequences of 10 haloarchaeal tailed 
viruses, which more than doubles the 
number of complete haloarchaeal tailed 
virus genomes previously described. It 
may seem surprising and unexpected at 
first blush that some of these viruses, for 
example HCTV-1 and HCTV-5, have very 
similar genome sequences and host range 
yet were isolated from geographically very 
distant sources (Italy and Thailand in this 
case). Our small sample of haloarchaeal 
tailed viruses clearly raises some inter-
esting questions about the ecology and 
mechanisms of evolution of this group of 
viruses. Dispersal over large geographic 
distances and extensive swapping of genes 
are also seen in the bacteriophages.71,72 
The fascinating questions raised by these 
observations about the place of viruses 
in global ecology and the pathways of 
viral evolution are only beginning to be 
addressed for those bacteriophages, where 
there are many hundreds of genome 
sequences available for analysis. The data 
we present here for the tailed haloarchaeal 
viruses, sparse though it is, will lay the 
groundwork, we hope, for a larger field of 
study that will develop as more genome 
sequence, biological and geographic data 
become available.

Although we found relatedness of some 
viral genomes in this study, the nucleo-
tide sequence analyses confirm that over-
all they constitute an underrepresented 
component of the viral sequence universe 
because very few similar sequences are 
present in current databases. Despite the 
high divergence of our studied viruses, we 
were able to annotate gene clusters cod-
ing for virion structural and assembly 
proteins, enzymes involved in DNA and 

RNA metabolism and some additional proteins. Many of these 
predictions were possible due to similarities between archaeal 
and bacterial tailed virus proteins. As also shown by previous 

Figure 7. Alignment of the putative cas4 
homologs of haloarchaeal tailed viruses 
and Haloquadratum walsbyi c23. Accession 
numbers of the proteins are: Yp_005839106.1 
(Hqr.walsbyi_cas4), Np_861634 (hF1_halh-
V1gp046), Np_542546 (hF2p052). cysteine 
residues predicted to coordinate Fes center 
are marked in yellow. putative nuclease active 
site residues are marked in grey.
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studies,31 archaeal tailed viruses studied here seem to share a set 
of structural proteins with tailed bacteriophages. Shared virion 
architectural principles play a central role in grouping these dis-
tant members of the viral universe into a lineage.42-45 However, 
are there any other common characteristics? As in bacteriophages 
and earlier studied haloarchaeal tailed viruses, the new genomes 
reported in this study are also mosaic in nature.10,31,48 Our studies 
suggest that putative genome shuffling mechanisms such as the 
promoter stem loops-like (PesLS) repeats in HGTV-1 genome 
and possibly some features of virus-host interplay (RtcB-like 
proteins) are shared among bacterial and archaeal tailed viruses. 
Whether these features were transferred between tailed viruses 
by horizontal gene transfer (HGT), appeared through conver-
gent evolution or they were vertically inherited from a possible 
common ancestor remains an open question. Prediction of the 
inherently bacterial proteins such as bacterial queuosine synthesis 
enzyme QueF and a protein with Zeta toxin domain encoded 
in archaeal tailed virus genomes (and previously mycobacterio-
phages73) argues for recent HGT among archaeal viruses and 
bacteria/bacteriophages. It is clear that all three processes shape 
genomes of viruses, but the extent and consequence of each 
requires further investigation.

In search for the genomic repeat sequences, we have found 
a region in HGTV-1 genome in which most of the genes are 
flanked by repeats consisting of putative TATA-box and inverted 
repeats. Besides the putative function in transcription regula-
tion, the repeats could serve as sites for recombination contrib-
uting to the genome plasticity of the virus. Similar intergenic 
repeats have been discovered in T4-like phages.74 These repeats, 
the PesLSs, are composed of σ70-like promoter and stem loop 
structures, which were suggested to be involved in transcription 
regulation.74 PesLSs were found mainly in hyperplastic genome 
regions (HPRs) and were suggested to mediate modular genome 
shuffling.74 This idea was supported by the ability of PesLSs to 
recombine and form mini-circles, which, in turn, were suggested 
to be encapsidated into virus particles.74 Similarity of PesLSs to 
repeats identified in HGTV-1 suggests that it may utilize similar 
genome shuffling mechanisms as T4-type phages.

Phage T4 is replete with HE genes and encodes 15 HEs 
in its 168,903-bp long genome.75 The siphovirus HCTV-5 
almost matches this with 14 predicted HE genes representing a 
greater abundance given that it has a smaller genome than T4. 
Compared with T4, HCTV-5 also encodes HEs belonging to a 
broader range of HE families. In bacteriophage T4, the mobil-
ity of HEs is dependent on several phage and host-encoded 
proteins involved in DNA recombination, synthesis and 
repair.75 Nevertheless, the presence of these putative proteins 
in HCTV-5 cannot explain the abundance of HE genes in its 
genome, because a very close relative HCTV-1 also encodes the 
same putative proteins involved in DNA recombination, syn-
thesis and repair as HCTV-5, but its genome is almost devoid of 
the HEs. HCTV-5 is distinct from HCTV-1 in that it encodes 
a putative integrase between the sialidase and zeta toxin protein 
genes. However, this integrase is smaller than most phage tyro-
sine integrases (234 aa) and we can find no nearby sequence 
corresponding to a putative attP site. This integrase may thus 

be involved in viral DNA rearrangements rather than chromo-
somal integration.

Collectively, these haloarchaeal viruses encode almost a full 
set of proteins required for elongation and Okazaki fragment 
maturation stages of DNA replication. Interestingly, we were not 
able to identify proteins which would be involved in replication 
initiation processes, such as ssDNA-binding protein or mini-
chromosome maintenance (MCM) proteins. The only known 
archaeal tailed virus encoding MCM is BJ1.14 This contrasts with 
the studies on archaeal proviruses, in which MCM was the most 
widespread replication-associated protein.31

Our understanding of the CRISPR-Cas systems in prokary-
otes, the adaptive defense system against invading genetic mate-
rial such as viral genomes,67,68 is growing rapidly. Approximately 
90% of sequenced archaeal genomes contain CRISPR-Cas sys-
tems,76 but a recent report on haloarchaeal genomes shows that 
a complete CRISPR-Cas system can be found in only 12 out of 
21 of these sequenced haloarchaeal genomes.77 Accordingly, in 
the total of approximately 760 kb of viral sequence, we found 
only one potential sequence to match a CRISPR spacer in a dis-
tant euryarchaeal host (Fig. S6). Although as also noted previ-
ously,76-78 the CRISPR-Cas defense system in haloarchaea may 
not be the primary resistance mechanism against viruses, it is also 
possible that the diversity of hosts and viruses is greater than pre-
viously understood, as suggested by the virus genomes described 
here; a much larger database of host and viral sequences may thus 
be necessary to identify such spacer-protospacer matches.

Six new viral genomes as well as HF1 and HF2 contain genes 
encoding putative PD-(D/E)XK nucleases. Such RecB-type 
nucleases are also found encoded by the cas4 genes belonging 
to CRISPR-Cas gene clusters.70,79 A recent report by Zhang et 
al. (2012) shows that Sso0001, a Cas4 homolog of Sulfolobus 
solfataricus, is an iron-sulfur (FeS) cluster protein that forms 
multimers in a similar way as many other related nucleases. In 
Thermoproteus tenax, Cas4 protein has also been shown to form 
complexes with Cas1 and Cas2 proteins80 that are suggested to 
be involved in the spacer acquisition pathway. Although the 
virally encoded proteins could play roles in viral replication or 
recombination, is it possible that they also play roles in immune 
defense? An alignment of the putative viral and host homologs 
shows that the four cysteins involved in the formation of FeS-
cluster70 and some of the nuclease active site residues (except for 
HGTV-1 homolog) can be aligned, although the viral versions of 
the predicted protein are bigger in size and more variable outside 
the active site regions (Fig. 7). Plausibly, the viral forms of Cas4 
could be beneficial for the infection if they could be incorporated 
into the host complexes and, thus, interfere with the acquisition 
of the new spacer sequences of the infecting virus. Interestingly, in 
this study, viruses containing the putative Cas4 homologs infect 
haloarchaeal species reported to contain complete CRISPR-Cas 
systems.77

There are several lines of evidence that haloarchaeal tailed 
viruses share many common features with tailed bacteriophages. 
This is, however, in contrast to the results obtained using the 
pham analysis, which shows that 75% of the phams are orphams, 
protein families containing only one member among the studied 
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set of 10 viruses. Not only does it emphasize the underrepresen-
tation of these viruses in the known viral universe, but also the 
lack of knowledge we have about the genes carried in the archaeal 
viral genomes and their encoded functions.

Materials and Methods

Archaea, viruses, virus growth and purification. Viruses and 
host strains used to propagate them are listed in Table 1. Host 
cultures were grown aerobically at 37°C using a modified growth 
medium (MGM) containing 5 g peptone (Oxoid) and 1 g Bacto 
yeast extract (Difco Laboratories) per liter.81 Solid and top-layer 
media contained 14 and 4 g of Bacto agar (Difco Laboratories) 
per liter, respectively. A 30% (wt/vol) stock solution of artificial 
salt water (SW) was added to broth, solid and top-layer media 
to give final concentrations of 23%, 20% and 18% (wt/vol), 
respectively. The preparation of the artificial SW is described in 
the Halohandbook (www.haloarchaea.com/resources/halohand-
book/Halohandbook_2009_v7.2mds.pdf).

Virus stocks were prepared by using semi-confluent or conflu-
ent top-layer agar plates incubated at 37°C for 2–4 d as previously 
described.5 Virus particles were purified from the virus stocks using 
18% (wt/vol) SW as a buffer as previously described.5 In brief, virus 
particles were precipitated with 10% (wt/vol) polyethylene glycol 
6000 and after removal of aggregates, the viruses were purified in 
a linear 5–20% (wt/vol) sucrose gradient by rate-zonal centrifuga-
tion (Sorvall AH629 rotor, 104,000 × g, 40–95 min, 20°C) and 
further purified in a CsCl gradient (mean density of 1.5  g/ml) by 
equilibrium centrifugation (Sorvall AH629 rotor, 79,000 × g, 20 h, 
20°C). The purified virus was diluted 2-fold with 18% SW with-
out NaCl and concentrated by differential centrifugation (Sorvall 
T647.5, 114,000 × g, 3 h, at 20°C).

DNA extraction, sequencing and annotation of the viral 
genomes. Genomic DNA was extracted using phenol/chloroform 
extraction method followed by ethanol precipitation of DNA. 
Precipitated DNA was then resuspended in TE Buffer (pH 7.5) 
and sequenced by the Pittsburgh Bacteriophage Institute using 
Sanger sequencing, 454 sequencing and Ion Torrent sequenc-
ing technologies. Raw reads were assembled using Phred/Phrap/
Consed (Sanger method) or 454’s GS De Novo Assembler and 
assemblies were then quality controlled using Consed (454 and 
Ion Torrent methods). Coverage for each viral genome was 
dependent on the method, with at least 9 × coverage using Sanger 
method, 26 × coverage using 454 and greater than 450 × cover-
age using Ion Torrent. Sanger reads were required to resolve weak 
areas in the assembly. Sequencing specifics are noted in each 
GenBank file. Accession numbers are shown in Table 1.

Viral genomic sequences were annotated using DNA Master 
(www.cobamide2.bio.pitt.edu/, version 5.22.5  http://cobamide2.
bio.pitt.edu/). The annotations were verified based on coding 
potential graphs generated by GeneMark.hmm for prokaryotes.82 
The start site positions of the predicted open reading frames 
(ORFs) were refined based on the proximity to the preceding 
annotated ORF and the presence of the putative Shine-Dalgarno 
(SD) sequence (GGA GGT GA).83 As genes are usually tightly 
packed in viral genomes, the main criterion for choosing the start 

position was the shorter distance to the stop position of the imme-
diate upstream ORF. For some genes where there are several possi-
ble start sites located at similar distances from the preceding ORF, 
the regions from 0 to +20 nucleotides upstream the putative start 
sites were inspected for at least 4–5 nt matches to the SD sequence.

The predicted functions of putative gene products were based 
on the results of similarity searches (blastp and PSI-BLAST) 
against the NCBI non-redundant protein database and Conserved 
Domains Database (CDD). The products of putative ORFs 
located in the genome regions coding for putative structural pro-
teins were also analyzed using Fold and Function Assignment 
System server (FFAS03). Some of the putative proteins were 
analyzed with Homology Detection and Structure Prediction 
by HMM-HMM comparison tool (HHpred)84 and Protein 
Homology/Analogy Recognition Engine V 2.0 (PHYRE2).85

Sequence analysis. Nucleotide similarity searches were 
performed using the BLASTN tool available at the NCBI.86 
Tandem repeats finder87 and discontiguous megablast similar-
ity searches were used to locate repeated sequences. Alignments 
were done using T-coffee.88 Identity of proteins at the amino 
acid sequence level was determined using the EMBOSS align-
ment tool Needle available at EMBL-EBI. Conserved DNA and 
protein motifs were visualized with WebLogo.89 Virus genome 
maps and gene assignments into phamilies (phams) were done 
using Phamerator.47 Two genes were grouped into the same pham 
if their predicted amino acid sequences showed at least 32.5% 
amino acid identity according to ClustalW and a BlastP E-value 
threshold of 10-50. Putative CRISPR sequences in viral genomes 
were searched for using CRISPRFinder web tool.90 Viral genome 
sequences corresponding to CRISPR spacers were retrieved from 
CRISPRdb database.76 Putative RNA elements encoded in the 
genomes were detected by search against RNA families database 
(Rfam).91 Phyre285 was used to predict the secondary structure 
and putative functional homologs for some predicted proteins.
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