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Abstract A new family of viruses named Sphaerolipo-
viridae has been proposed recently. It comprises icosahe-
dral, tailless haloarchaeal viruses with an internal lipid
membrane located between the protein capsid and the
dsDNA genome. The proposed family Sphaerolipoviridae
was divided into two genera: Alphasphaerolipovirus,
including Haloarcula hispanica viruses SH1, PH1 and
HHIV-2, and Betasphaerolipovirus, including Natrinema
virus SNJ1. Here, we propose to expand the family Sph-
aerolipoviridae to include a group of bacteriophages
infecting extreme thermophilic Thermus thermophilus and
sharing a number of structural and genomic properties with
archaeal sphaerolipoviruses. This new group comprises
two members, lytic phage P23-77 and temperate phage
IN93, as well as putative members P23-72 and P23-65H. In
addition, several related proviruses have been discovered
as integrated elements in bacterial genomes of the families
Thermus and Meiothermus. Morphology of the virus par-
ticles and the overall capsid architecture of these bacte-
riophages resembles that of archaeal members of the
Sphaerolipoviridae, including an unusual capsid arrangement
ina T = 28 dextro lattice. Alpha- and betasphaerolipoviruses
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share with P23-77-like bacteriophages a conserved block
of core genes that encode a putative genome-packaging
ATPase and the two major capsid proteins (MCPs). The
recently determined X-ray structure of the small and
large MCPs of P23-77 revealed a single beta-barrel
(jelly-roll) fold that is superimposable with the cryo-EM
density maps of the SH1 capsomers. Given the common
features of these viruses, we propose to include the so far
unclassified P23-77-like bacteriophages into a new
genus, “Gammasphaerolipovirus”, within the family
Sphaerolipoviridae.

Introduction

Organisms of the two prokaryotic domains, Bacteria and
Archaea, differ radically in terms of their associated viro-
spheres. Viruses infecting archaea often display unique
virion morphotypes that are not observed among bacte-
riophages. This is especially the case with hyperthermo-
hilic archaeal viruses, which are currently classified into
ten different families [47], none of which has relatives
among bacteriophages [3]. The only viral group that cur-
rently bridges the bacterial and archaeal virospheres is the
order Caudovirales (families Myoviridae, Siphoviridae and
Podoviridae). Initially, it was proposed that the presence of
tailed dsDNA viruses in halophilic and methanogenic
archaea is a result of horizontal virus transfer from bacteria
[46]. However, the subsequent identification of these
viruses in a wide range of archaeal phyla [5, 26], including
the deeply branching ones [28], favored an ancient asso-
ciation of the Caudovirales with Archaea. Recently,
another group of archaeal viruses sharing features with
bacteriophages has been described. This new viral group is
the topic of the present communication.
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In 2003, a spherical halovirus, SHI1, infecting the
euryarchaeon Haloarcula hispanica was isolated from
Lake Serpentine in Western Australia [13] and character-
ized in detail during the next few years [7, 23, 29, 42-44].
The particle morphology and genome structure of this virus
resemble those of bacteriophages belonging to the family
Tectiviridae [2]. It has an icosahedral capsid with spikes on
the five-fold vertices, an inner lipid membrane, and no tail.
The linear dsDNA genome has inverted terminal repeats
and proteins attached to the termini [7, 43]. However,
closer analysis of the 31-kb genome and the capsid struc-
ture revealed that SH1 differs markedly from members of
the Tectiviridae. In fact, the capsid geometry of SH1 dif-
fered from all other virus capsid types described at the time
[23]. The capsid is arranged in a novel T = 28 lattice,
which is skewed to the right (T = 28 dextro). The bulk of
the capsid is constructed from two (one ‘small’ and one
‘large’) major capsid proteins (MCP), which are arranged
into two distinct capsomer types. Unusual horn-like spikes
emerge from the vertices of the icosahedral capsid. A lipid
membrane is located between the capsid shell and the
genome, with the lipids being selectively acquired from the
host during particle assembly [7].

So far, two other lytic H. hispanica viruses — HHIV-2
[19] and PH1 [45] — have been described, both of them
being highly similar to SHI in terms of virus morphology,
gene and protein homology, gene synteny, and genomic
structure. Recently, the fourth SHI1-like membrane-con-
taining halovirus, Natrinema sp. J7-1 virus SNJ1, has been
isolated [59]. Unlike other SH1-like viruses, SNJ1 has a
temperate life cycle, and its genome is a circular, rather
than linear, dsDNA molecule. Notably, the SNJ1 genome
has been originally reported as a plasmid pHH205 [57].
The SNJ1 genome shares little similarity to the SH1-type
viruses at the nucleotide sequence level, but a clear relat-
edness is found at the protein sequence level and in the
arrangement of the viral core genes encoding the predicted
genome packaging ATPase and the small and large MCPs.
In addition, proviruses and elements related to the above-
mentioned viruses had been identified in the genomes of
several members of the Halobacteriaceae [21, 22, 45].

Due to distinctiveness of SH1-like viruses, a new viral
family, Sphaerolipoviridae (from the Latin sphaero, for
“sphere”, and the Greek lipos, for “fat”), has been pro-
posed for their classification by Mike Dyall-Smith, Kate
Porter and Sen-Lin Tang [15]. The new family consists of
two genera: genus Alphasphaerolipovirus, comprising
three species (SH1, HHIV-2 and PHI1), and genus Bet-
asphaerolipovirus, including one species (SNJ1). The
proposal is currently under evaluation by the International
Committee on Taxonomy of Viruses (ICTV).

More recently, a group of viruses infecting thermophilic
bacteria of the family Thermaceae has been isolated and
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described. These bacteriophages, exemplified by Thermus
thermophilus phage P23-77, display genomic and structural
features that closely resemble those of archaeal sphaero-
lipoviruses. In this paper, we suggest the formation of a
new genus in the family Sphaerolipoviridae, named
“Gammasphaerolipovirus”, for classification of so far
unclassified Thermus viruses. We summarize the available
genomic and structural information on this viral group and
examine their relatedness to the archaeal sphaerolipovi-
ruses. The classification of bacterial and archaeal viruses
within the same family establishes a new link between
bacterial and archaeal virospheres.

Members of the novel family Sphaerolipoviridae

Members of this newly proposed family comprise icosa-
hedral, nontailed dsDNA viruses with a round appearance
and an internal lipid membrane (Fig. 1). The distinguishing
features common to the members of this viral group
include overall virion morphology, genome size and
organization, gene synteny, sequence homology, and
structure of the capsid. They differ from all other described
viruses infecting Archaea, Bacteria or Eukarya. The gen-
eral characteristics of members of the Sphaerolipoviridae
are highlighted in Tables 1 and 2. All members of the
Sphaerolipoviridae infect hosts from extreme environ-
ments, which are either halophilic archaea in the case of
genera Alphasphaerolipovirus and Betasphaerolipovirus or
extreme thermophilic bacteria of the genus Thermus in the
case of the newly proposed genus Gammasphaerolipovirus.
Members have a narrow host range, typically infecting just
one or two strains of the same host species. Sphaerolip-
oviruses display global geographical distribution, with both
halophilic and thermophilic members having been isolated
from different continents (Table 2). They all share a con-
served block of viral core genes: a gene for a putative
genome packaging ATPase in close proximity to sequen-
tially arranged genes encoding the two major capsid
proteins.

Genus Alphasphaerolipovirus

The genus Alphasphaerolipovirus consists of three hal-
oviruses, SH1, PH1 and HHIV-2. All three viruses have
linear genomes of ~30 kb in size (Fig. 2A) with inverted
terminal repeats and proteins attached to the genomic ter-
mini [7, 43], suggesting a protein-primed mechanism of
genome replication. However, no corresponding DNA-
polymerase-encoding genes are found in viral or host
genomes, indicating that a different mode of replication
might be employed. The three genomes are highly similar
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Fig. 1 (A) Three-dimensional image reconstruction of a P23-77
virion. Symmetry axes are designated with a black ellipse (2-fold),
triangle (3-fold) and pentagon (5-fold). C, capsid shell; M, membrane;
D, DNA. (B) Comparison of bacteriophage P23-77 and archaeal virus
SHI. Surface representations of the two virions are viewed down a

pP23-77

20 nm
—

3-fold symmetry axis. Symmetry axes are indicated with a white
ellipse (2-fold), triangle (3-fold) and pentagon (5-fold). Capsomers of
related symmetry are shown in the same color. Image reconstruction
and surface representations are reproduced from ref. [20] with
permission from Elsevier

Table 1 Primary features of members of the novel virus family Sphaerolipoviridae

Apahasphaerolipovirus

Betasphaerolipovirus

Gammasphaerolipovirus

Virion morphology

Membrane
Capsid Two major coat proteins (MCP)
Triangulation number T = 28  n.d.
Two capsomer types with n.d.
either two or three
crenellations™
n.d. n.d.
Genome
polymerase encoding gene
Size ~16 kb
Linear, with inverted terminal Circular
repeats and terminal proteins
Life cycle Lytic
Host Halophilic archaea, family Halobacteriaceae
Type virus SH1 SNIJ1

Lysogenic (plasmid stage)

Icosahedral, nearly spherical capsid, tailless, spikes on vertices, ~ 10 structural proteins, & 50-80 nm

Internal lipid membrane, lipids acquired selectively from host cell during viral assembly®

Triangulation number T=28

Two capsomer types with two crenellations
in different orientation®

MCPs with single B-barrel core fold, various
MCP building blocks for capsid assembly®

dsDNA, P9-type packaging ATPase encoding gene, similar arrangement of core genes (ATPase, MCP), no DNA

Size ~17-19 kb
Circular

Lytic or lysogenic (genome integrated)
Thermophilic bacteria, family Thermaceae
P23-77

n.d., not determined

» Determined for the type virus of the genus

with respect to sequence homology and gene synteny. The
overall identities between the nucleotide sequences of
alphasphaerolipoviruses are as follows: 72 % between SH1
and PHI1, 59 % between SH1 and HHIV-2, and 54 %
between PH1 and HHIV-2. All three viruses infect the
same host, Haloarcula hispanica. Peculiarly, however,
HHIV-2 was isolated from a saltern in Margherita di Sa-
voia, Italy [5], whereas SH1 and PH1 were both isolated in
Western Australia from Serpentine Lake and Pink Lake,
respectively [13, 45]. The higher level of sequence simi-
larity between SH1 and PHI may reflect the geographical

proximity of the corresponding sampling points compared
to that from which HHIV-2 has been isolated. Since SH1
was the first representative and most extensively studied
member of the genus, it was chosen as the type member
[15]. Alphasphaerolipoviruses display a narrow host range.
Besides the common host, H. hispanica ATCC33960 [24],
Halorubrum strain CSW 2.09.4 [42] was identified as an
alternative host for SH1 and PH1, while SH1 and HHIV-2
could also infect Haloarcula sp. PV7 [5].

In addition, haloarchaea of five and three different
genera, respectively, could be transfected with DNA of
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Table 2 Members of the novel family Sphaerolipoviridae and related proviruses

Genus Species Host Genome  Origin GeneBank accession ~ References
[bp] no.
Archaea Alphasphaerolipovirus SH1 Haloarcula 30 898 Serpentine Lake, = NC_007217 [7]
hispanica Western
Australia
PH1 Haloarcula 28 064 Pink Lake, KC252997 [45]
hispanica Western
Australia
HHIV-2 Haloarcula 30 578 solar saltern, Italy JN968479 [19]
hispanica
Betasphaerolipovirus SNJ1 Natrinema sp. J7- 16 341 salt mine, Hubei NC_003158 [59]
1 province, China
Alpha/ IHP Haloarcula ~19000 Dead Sea, Israel AY596297 [21]
Betasphaerolipoprovirus marismortui
HaloMukP1 Halomicrobium ~ 16000 salt lake, Andes, CP001688 [22]
mukohataei Argentina
HaloMukP2 Halomicrobium ~20000 salt lake, Andes, CP001688 [22]
mukohataei Argentina
HalaPauP1  Haladaptatus ~18000 low salt spring, NZ_AEMGO01000027 [45]
paucihalophilus Oklahoma, USA
HaloLacP1  Halobiforma ~ 17800 salt lake, NZ_AGFZ01000123  [45]
lacisalsi Xinjiang, China NZ AGFZ01000124
Bacteria Gammasphaerolipovirus P23-77 Thermus 17 036 hot spring, New NC_013197 [21]
thermophilus Zealand
P23-72 Thermus n.d. hot spring, New - [20]
thermophilus Zealand
P23-65H Thermus n.d. hot spring, New - [20]
thermophilus Zealand
IN93 Thermus 19 604 hot spring, Japan =~ NC_004462 [34]
thermophilus
Gammasphaerolipoprovirus TP1 Thermus sp. 19 265 hot spring, NZ_A1JQ01000002 Current
Manikaran, work
India
MeioSilP1  Meiothermus 21 110 hot spring, NC_014212 [22]
silvanus Portugal
MeioRubP1  Meiothermus 16 019 hot spring, NC_013946 [22]
ruber Kamchatka
Peninsula,
Russia
MeioRubP2  Meiothermus 10 431 hot spring, NC_013946 Current
ruber Kamchatka work
Peninsula,
Russia

PH1 [45] and SHI1 [43], demonstrating that the cell
machinery of several halophilic organisms is suitable for
virus propagation. Thus, the limited host range of alpha-
sphaerolipoviruses is likely to reflect the failure of the
viruses to adsorb to or to enter the host cell.

Genus Betasphaerolipovirus

The only member of the genus Betasphaerolipovirus is the
temperate halovirus SNJ1, which was isolated from a salt
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mine in Hubei, China [52]. It could be induced from a
halophilic euryarchaeon Natrinema sp. J7-1 and infects
Natrinema sp. J7-2 [37], the only host identified for this
virus so far. The sequence of the circular dsDNA is iden-
tical to the previously described Natrinema sp. J7-1 plas-
mid pHH205 [57, 59]. Virion size and morphology are
shared with other members of the family (Table 1). The
circular dsDNA genome is significantly smaller than the
linear genomes of alphasphaerolipoviruses; however, it is
in the size range of the circular genomes of the newly
proposed gammasphaerolipoviruses (Table 1, also see
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Fig. 2 (A) Genomes of proposed alphasphaerolipoviruses SHI
(NC_007217), PH1 (KC252997) and HHIV-2 (JN968479) and
(B) betasphaerolipovirus SNJ1 (NC_003158). The genome of SNJ1
is linearized for clearer presentation. ORFs are represented by arrows.
Genes encoding core proteins are shown in red (ATPase) and dark

below). SNJ1 shares several genes with the members of
Alphasphaerolipovirus, including the ones for the two
MCPs and the predicted genome packaging ATPase
(Fig. 2B). Ten structural proteins have been identified in
the virion of SNJ1 [59], which is in the same range as for
alphasphaerolipoviruses.

Proviruses related to members of the genera
Alphasphaerolipovirus and Betasphaerolipovirus

Several loci have been detected in the genomes of haloar-
chaea that appear to be of viral origin and show similarity at
the nucleotide and protein levels to alpha- and betasph-
aerolipoviruses [19, 21, 22, 45]. They are likely to represent
either functional or defective proviruses. The genomic loci
identified in Haladaptatus paucihalophilus (designated as
HalaPauP1 in Table 2) and Halobiforma lacisalsi (desig-
nated as HaloLacPl in Table 2) are mosaics containing
mixed assemblages of genes homologous to those of alpha-
sphaerolipoviruses SHI/PH1 and HHIV-2 [45]. The putative
provirus HalaPauP1 is ~ 17,026 bp in length and is found in
the genome of Haladaptatus paucihalophilus DX253
(GenBank accession number NZ_AEMG01000027;
Z0D2009_19038 to ZOD2009_19153). The putative pro-
virus HaloLacP1 (~17,758 bp) stretches over genomic
contigs 123 and 124 of Halobiforma lacisalsi AJ5 (GenBank

blue (major capsid proteins, MCPs). Genes encoding structural
components of the virions are in light blue (VP for virion protein, PB
for protein band). ORFs, whose gene products showed significant
similarity between the two genera, are marked in yellow (color figure
online)

accession numbers NZ_AGFZ01000123, NZ_AGFZ
01000124) and is flanked by IS4 family transposase genes on
both ends (locus tag HlacAJ_010100019767 on contig 123
and locus tag HlacAJ_010100019917 on contig 124).

The provirus HaloMukP1 present in the genome of
Halomicrobium mukohataei DSM 12286 [22], by contrast, is
related to betasphaerolipovirus SNJ1. The ~15,814-bp
HaloMukP1 sequence is part of a previously described ~ 40-
kb locus of “virus and plasmid related elements” (Vi-
PREHmukl) [14, 45] ViPREHmukl is flanked by a tRNA gene
for alanine (tRNA-Ala) on one end and a partial copy of the
identical tRNA-Ala gene on the other end. The H. mukohataei
DSM12286 genome carries another ~ 19,058-bp provirus
sequence, HaloMukP2, spanning the region between
Hmuk_1699 and Hmuk_1732, followed by a tRNA gene for
proline (tRNA-Pro). HaloMukP1 and HaloMukP?2 are highly
similar in terms of gene synteny and protein homology; par-
ticularly, the MCPs are nearly 100 % identical [22].

Another putative provirus, IHP (for integrated Haloar-
cula provirus; ~ 18,983 bp), is integrated into the genome
of Haloarcula marismortui ATCC 43049 and is flanked by
a tRNA-Pro gene on one side and an integrase gene on the
other [21, 22]. IHP shares genes with both alphasphaero-
lipoviruses and SNJ1.

In conclusion, proviruses related to alpha- and bet-
asphaerolipoviruses are integrated into the genomes of
diverse haloarchaeca, where they are typically found
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adjacent to tRNA genes, a common target site for the
integration of various temperate viruses and plasmids.

The new genus Gammasphaerolipovirus

Over the last few years, a number of bacteriophages
infecting extreme thermophilic bacteria of the genus
Thermus have been isolated, and this group includes four
representatives: P23-77, P23-72, P23-65H [58] and IN93
[32]. Following detailed characterization, it became
apparent that these bacterial viruses display striking simi-
larity to archaeal sphaerolipoviruses (as detailed below),
rather than to any other group of bacteriophages. Thus, to
acknowledge this relationship, we propose the creation of a
new genus, “Gammasphaerolipovirus” within the family
Sphaerolipoviridae.

The most extensively studied virus of this group, P23-
77, was isolated from an alkaline hot spring on the North
Island of New Zealand, together with bacteriophages P23-
72 and P23-65H [58]. The sampling expedition focusing on
isolation of Thermus viruses for potential biotechnological
applications was directed by the Promega Corporation [58].
These viruses were originally designated as tectiviruses
due to the overall morphology of the virus particles. All
three viruses were found to infect the same host and had
practically identical growth cycles and virus particle yields.
They also showed very similar protein patterns in SDS-
PAGE analysis [20]. Due to its superior stability, P23-77
was selected for more detailed characterization. Although
there are no genome sequence data available for P23-72
and P23-65H, the observed similarity in virion morphology
and composition indicates that the two viruses belong in
the same genus with P23-77.

IN93 was isolated from hot-spring soil in Japan [32]. It
is a temperate phage that could be induced from lysogenic
host Thermus thermophilus TZ2. Like alpha- and bet-
asphaerolipoviruses, gammasphaerolipoviruses have a
narrow host range. P23-77, P23-72 and P23-65H share a
common host, 7. thermophilus ATCC33923. In addition,
P23-77 and P23-72 have been shown to form plaques on
T. thermophilus ATCC27978 [58]. INO93 replicates in
T. thermophilus TZ2 and T. thermophilus HB8 [34].

We propose to designate phage P23-77 as the type
member of the suggested genus on the basis of compre-
hensive analysis of its genome, capsid architecture, and
high-resolution structure of capsid proteins (see below).

Morphology of gammasphaerolipoviruses
P23-77 virus particles are spherical and tailless and have an

average diameter of 78 nm. Approximately 15-nm-long
stick-like spikes emerge from the five-fold vertices ([20],
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Fig. 1A). An inner lipid membrane is located between the
6-nm-thick capsid and the circular dsDNA genome. The
capsid and membrane are connected by proteins at the five-
fold vertices. The lipids are selectively acquired from the
host cell during virus assembly [21]. Neutral lipids and
phosphoglycolipids were identified in the membrane of
P23-77, while glycolipids, a substantial component of the
host lipid composition, were almost completely excluded.
The same is true for SH1, where glycolipids, which con-
stitute approximately 20 % of the total host lipids, failed to
be detected in viral lipid extracts [7]. Selective incorpora-
tion of lipids has been shown for other non-tailed, mem-
brane-containing icosahedral viruses [8, 9, 30, 31], whereas
the lipid composition of archaeal and bacterial pleomorphic
viruses reflects the host lipid composition [4, 41]. Three of
the 10 identified structural proteins of P23-77 have been
shown to be associated with the capsid, and five with the
membrane, while the remaining two could not be unam-
biguously located [21]. In contrast, of the 11 structural
proteins identified in SH1, eight are capsid proteins and
three are associated with the membrane [29]. In bacterio-
phage PRDI, the type member of the family Tectiviridae,
most of the membrane-associated proteins are involved in
virus entry [16]. The difference in the number of mem-
brane proteins in P23-77 and SH1 may reflect differences
in host entry — a reasonable assumption given that the two
viruses infect hosts from two different domains of life.

The geometrical arrangement of capsomers in an ico-
sahedral capsid can be defined by the triangulation
(T) number [11]. The P23-77 capsid consists of 270 hex-
americ and 12 pentameric capsomers, arranged in a
T = 28, dextro lattice. The only other characterized virus
with such unusual capsid architecture is SH1 (Fig. 1B).
This observation suggests that the two groups of viruses,
one bacterial and the other archaeal, share a common
ancestor.

Genome analysis

P23-77 and IN93 have circular dsDNA genomes. Their
genome sizes are 17,036 bp with 37 assigned ORFs for
P23-77 and 19,604 bp with 39 assigned ORFs for IN93 [21,
34]. We have assigned four additional ORFs (ORF40-43)
to the genome of IN93 based on sequence comparisons
(Fig. 3A, Online Resource 1). Most of the P23-77 genes
have homologs in IN93, yet 78 % of the gene products lack
similarity to any other protein sequences in public dat-
abases. The viral core proteins — the putative genome
packaging ATPase (ORF13) and the small (ORF16) and
large (ORF17) MCPs — are among the most conserved
proteins in P23-77 and IN93, with sequence identities of
79, 74 and 79 %, respectively. The gene order is highly
conserved in the two genomes. The main difference is the



The proposed genus Gammasphaerolipovirus 1547
A packaging small large the Hilic
DNA repair amidase ATPase MCP MCP lysozyme  trans- oy pinding
P23-77 DNA proteinRadC endolysine vp ve glycosylase  cisionase
replication endolysme WD40-like B-
|  PAPS reductase le V” | VP | | VP Ve vp | propeller | /

E@»@»@»@mm»m 900D

9 10 11 12 13 1415 16 17 1819 20 2122232225 27 28 31 2333536
26 34
endonuclease
M23 i
. phage LexAlike
IN93 metallopepndase |nteg?ase I repressor
mouu:w»om »-»o-»m«««mm-
8 91011 12 13 14 1516 17 1819 4041 21 22 43 23 2425 26 27 37 362830 32 3435
20 a2 29 31 33
DNA DNA packaging and major structural proteins and integration cassette
replication virus exit virus entry
TP1 19265 bp WO OB D> PPEDD) mw»-»—»-» ««Q Wivoo
27 26 2524 2322712019 18 17 16 1514 131211109 7 6 5 4 37 36 3533 3130
L] 3832
PiT
domain lnmpama
MeioSIPL  atstots {090 COBARHSEIIC| O P am-led- 450 § (et LmB LM 01000
26 252842322 20 1918 1746 16 1514 13 1211 10 8 7 S 1 4544434241 40 39 38 37 36 35343231 2928
21 9 6 3 30
nucleohdebmdam
MeioRubP1  16019bp w »-»4—4— @»’0
25 24 23 22 21 20 19 18 171615 14 13 12 11 9 8 765 4 30 29282726
MeioRubP2  10a30bp DOC_DEpiDd »Wﬂ '»

23 22 21 20 19 18 17 15 14 13 12

Fig. 3 (A) Genomes of proposed gammasphaerolipoviruses P23-77
(NC_013197) and IN93 (NC_004462) and (B) related proviruses:
TP1, identified in the genome of Thermus sp. RLM
(NZ_A1JQ01000002.1), MeioSilP1, identified in the genome of
Meiothermus silvanus DSM 9946 (NC_014212.1), and MeioRubP1
and P2, identified in the genome of Meiothermus ruber DSM 1279
(NC_013946.1). Genomes of P23-77 and IN93 are linearized for
clearer presentation. ORFs are represented by arrows. ORF numbers
are according to GenBank entry (P23-77, IN93) or position in the host
genome (TP1, MeioSilP1, MeioRubPland P2). Transcriptional units

presence of an integration cassette encoding a LexA-like
repressor, an endonuclease and an integrase required for
the lysogenic cycle (ORFs 36-39, Fig. 3) in the genome of
IN93. The genes of the integration cassette are the only
ones located on the opposite strand with respect to the rest
of the genes. P23-77 lacks the integration cassette, which is
reflected by its smaller genome size and strictly lytic life
style. A partial Thermus tRNA gene for isoleucine (tRNA-
Ile) is located directly downstream of the integrase gene of
INO93, enabling genome integration through recombination
with an identical tRNA-Ile gene sequence in the host
genome [34].

Besides the small and large MCPs, eight additional
structural proteins have been identified in P23-77
(assigned as VP for virion protein in Fig. 3A). One is a
minor capsid protein encoded by ORF11, which has no
homologues in public databases or in related viruses or

11 8 765 &

are indicated in brackets below the IN93 genome. Genes are shown in
color if their gene products have been identified as structural
components of the virus (VP = virion protein) or if a function is
assigned according to experimental data or hits in BLAST searches.
Genes of unknown function are colored black (shared by all
members), grey (shared by at least two members) or white (found
in only one member). Genes encoding viral core proteins, ATPase,
and the two major capsid proteins (MCP), are marked in italics and
bold-framed arrows

viral elements. Five are membrane-associated proteins
(corresponding ORFs 15-17, 19, 20, 22 and 23). Whether
VP29 (ORF29) is located in the capsid or membrane is
unclear [21]. The homologous gene in IN93 (ORF23)
encodes a functional lysozyme, which displays no
sequence similarity to other known lysozymes. It acts
specifically on Thermus species and is highly thermosta-
ble [33]. In the P23-77 genome, the thermophilic lyso-
zyme-encoding gene is grouped together with genes
coding for a putative transglycosylase (ORF31) and a
protein with a WD40-like beta-propeller domain (ORF28;
Fig. 3A). A beta-propeller head is found in the structure
of PRD1 receptor binding protein P2 [56], implying a role
in receptor recognition. A similar set of genes is found in
the genomes of the related proviruses TP1 and MeioSilP1
(Fig. 3B). This block of genes may play a role in receptor
recognition and host cell entry.
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Transcription of viral genes has been experimentally
investigated in the case of IN93; its genome was found to
be divided into four transcriptional units and transcribed by
the host RNA polymerase [34]. The first unit contains
genes for DNA-binding and genome replication proteins
(ORF28-ORF4, Fig. 3A). The second one includes genes
for DNA-packaging and lytic enzymes (ORF5-ORF11).
The third group of genes encodes the majority of structural
proteins and proteins involved in virus entry (ORFI12-
ORF27). The fourth transcriptional unit (ORF36-39) is
transcribed in the opposite direction when compared to
units 1-3 and contains genes for proteins required for
integration into the host genome. Transcriptional units 1
and 4 are likely to be transcribed during early stages of
infection from Thermus promoters, whereas units 2 and 3
are transcribed later on from inherent IN93 promoters.
Since the gene order is highly conserved in IN93 and P23-
77, we assume similar transcriptional units for P23-77.
Gene synteny is highest in the area where structural genes
are located (transcriptional unit 3) and most variable in the
area containing genes for DNA replication (unit 1). Tran-
scriptional unit 2 (DNA-packaging and virus exit) also
shows a variable gene content, which may reflect adapta-
tion to the host. P23-77 has two lytic enzymes in this area,
probably attributable to the strictly lytic life cycle. In the
same region, IN93 carries a gene encoding a metallopep-
tidase, which was most likely acquired from the host.

Genome replication

As in the case of other members of the Sphaerolipoviridae,
P23-77-like viruses do not encode their own DNA poly-
merases for genome replication. The ORF1 products of
P23-77 and IN93 show 26 % identity to the replication
initiation protein RepA of Thermus sp. plasmid pMY1 [12]
for which a theta-type mechanism of replication was pro-
posed. The IN93 ORF1 gene was used to create an Esch-
erichia coli/Thermus thermophilus shuttle vector [35]. The
plasmid successfully replicated in 7. thermophilius, dem-
onstrating that ORF1 indeed encodes the replication pro-
tein of IN93 and that it is sufficient for replication of
circular dsDNA molecules. Thus, gammasphaerolipovi-
ruses are replicated the same way as plasmids of Thermus
species, most likely by a theta-type mode of replication.

Life cycle

Members of the proposed genus Gammasphaerolipovirus
exhibit different life cycles (Table 1). IN93 is a temperate
phage, which integrates into a tRNA gene in the host
chromosome. The only other temperate sphaerolipovirus,
SNIJ1, persists within the cell in an extrachromosomal,
episomal form [59]. P23-77, P23-72 and P23-65H are
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strictly lytic, with cell lysis occurring ~90 min postin-
fection [20]. The widespread occurrence of proviruses
related to members of the Sphaerolipoviridae indicates that
a temperate lifestyle is a preferred strategy for these viru-
ses. Genome integration may increase the chances of sur-
vival in extreme environments, where cell growth rates are
often low and virions are exposed to harsh conditions
during transmission.

Proviruses related to gammasphaerolipoviruses

Several P23-77-like proviruses have been described [22].
Recently, we have identified a new proviral member, TP1
(for Thermus provirus 1), of the gammasphaerolipovirus
group integrated into the genome of Thermus sp. RLM
(isolated from a hot spring in Manikaran, India,
NZ_AI1JQ01000002). The putative provirus is integrated
into a tRNA-Ile gene and spans a genomic region of 19,265
bp between genes RLTM_01505 and RLTM_01670
(Table 1 and Online Resource 1). Compared to the IN93
and P23-77 genomes, TP1 contains four additional ORFs
(ORF8, 10, 33 and 34). Viral ORFs were designated
according to their position in the bacterial genome, starting
with ORF1 (RLTM_01505) to ORF38 (RLTM_01670)
(Fig. 3B). Comparative genomic analysis shows that the
TP1 genome is a mosaic and contains homologues of both
IN93 and P23-77. The gene order is highly preserved with
respect to P23-77/IN93. TP1 seems to contain all genes
required for the production of virions, yet it remains to be
elucidated if it could be induced from its host.

On the contrary, none of the other gammasphaer-
olipovirus-related sequences, which have been detected in
the genomes of Meiothermus species [22], appears to rep-
resent a complete virus genome. The ~21,110-bp Meio-
thermus silvanus DSM9946 provirus MeioSilP1 contains
an insertion of transposases and other provirus-unrelated
genes in the integration cassette (ORF38—ORF44). Within
the variable region for DNA binding and replication
(transcriptional unit 1), the proviral genes are replaced by a
set of genes apparently acquired from a bacterial genome
(ORF25-ORF27). This sequence rearrangement explains
the larger genome size of MeioSilP1 compared to P23-77
and IN93 and may be a consequence of host defense,
rendering the virus defective [22].

In the case of Meiothermus ruber DSM1279 provirus
MeioRubP1 [22], a set of genes proposed to be involved in
host entry (ORF28—ORF30 in P23-77 and ORF22-ORF25
in IN93) is lacking, and this explains the smaller genome
size of ~16,019 bp. Recently, we have detected remnants
of another provirus in the genome of Meiothermus ruber
DSM1279, MeioRubP2, which is nearly 100% identical to
the sequence of MeioRubP1 but comprises only ORF1 to
ORF23 (Fig. 3B, Online Resource 1). The ~10,430-bp



The proposed genus Gammasphaerolipovirus

1549

MeioRubP2 sequence ranges from locus tag Mrub_0077
(ORF1, transglycosylase) to Mrub_0096 (ORF23) of the
M. ruber genome (NC_013946.1). A homolog of Meio-
RubP1, ORF16, is missing in MeioRubP2.

All proviruses — except for MeioRubP2 — carry an IN93-
related integration cassette (containing genes for a LexA-
like repressor, an endonuclease and a phage integrase) and
appear to be integrated into host tRNA genes (MeioRubP1,
MeioRubP2 and MeioSilP1 into tRNA-Arg genes, and TP1
and IN93 into tRNA-Ile genes). Presumably, genome
integration of the proviruses follows the same mechanism
as described for IN93 [34]. The gene arrangement of the
Thermus proviruses TP1, MeioSilP1 and MeioRubP1 — an
integrase gene on one end of the provirus and a tRNA-gene
directly following the last provirus-related gene on the
opposite end of the sequence — is similar to the arrange-
ment found in  alpha-/betasphaerolipovirus-related

proviruses IHP, HaloMukP1 and HaloMukP2 (see above).
Integration into tRNA genes is common among bacterial
and archaeal viruses [10, 48, 55] and allows multiple
integrations into a single host genome. For example, six
different integrated elements have been described in the
genome of the euryarchaeon Methanococcus maripaludis
C6 [27]. Identification of a proviruses related to bacterial
and archaeal sphaerolipoviruses not only provided valuable
data for comparative genomic analysis but also enabled a
better resolution of the phylogenetic structure of the family
Sphaerolipoviridae (see below).

Structure of major capsid proteins and capsid
organization

Recently, the small (VP16) and the large (VP17) MCPs of
P23-77 were crystallized and their structures determined

D

Fig. 4 Structures of (A) P23-77 major capsid protein (MCP) VP17
(green, PDB ID code 3ZMN) and (B) P23-77 MCP VP16 (orange,
PDB ID code 3ZMO) showing the eight-stranded single beta-barrel
core fold. In addition, VP17 has an upper domain. VP16 exists as
strand-swapped homodimer with each subunit completed by a strand
from the other subunit (strand shown in grey). (C) VP16 superim-
posed on the lower domain of VP17. (D) P2 (yellow, PDB ID code
2VVF), the MCP of marine bacteriophage PM2, superimposed on the
lower domain of VP17. PM2 is a member of the PRD1/adenovirus

lineage. (E) P23-77 capsid protein structures fitted into the P23-77
virion cryo-EM reconstruction (EMDB ID code: emdb_1525). The
upper domains of VP17 form turrets protruding from the capsomer
base (inset). Molecular graphics and analyses were performed with
the programs CCP4 Molecular Graphics Program v. 2.6.2 (36), PyMol
(The PyMOL Molecular Graphics System, Version 1.5.0.5, Schro-
dinger, LLC, (http://www.pymol.org), and UCSF Chimera (40) (color
figure online)
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[49, 50]. The core fold of both proteins is a nearly identical
eight-stranded beta-barrel, which shows clear homology to
the double beta-barrel capsid proteins of the structure-
based PRD1/Adenovirus viral lineage (Fig. 4A-D). Mem-
bers of the lineage infect hosts from all three domains of
life [6, 25]. It has been suggested that P23-77 represents the
earliest branch in the so-called vertical beta-barrel super-
lineage consisting of dsDNA viruses that use capsid pro-
teins with a conserved beta-barrel core fold for capsid
assembly and homologous genome-packaging ATPases
[25, 50].

The capsid surface of P23-77 is covered with small
turret-like protrusions [20]. The high-resolution structures
of the P23-77 capsid proteins [50], fitted into the electron
cryo-microscopy reconstruction (cryo-EM) of the P23-77
virion [20], showed that turrets are formed by the upper
domain of VP17, while VP16 and the lower domain of
VP17 form the base of the capsomers (Fig. 4E).

P23-77 has two distinct types of pseudohexameric
capsomers (Fig. 5A). Both have two turrets, arranged
either on the same side or on the opposite corners of the
capsomer. Two types of turreted capsomers are also found
in the alphaspaerolipovirus SH1, but they have either two
or three turret protrusions (Fig. 5B) [23]. The model of
the P23-77 capsid revealed an unexpected organization,
which clearly differs from those in other members of the
PRD1/adenovirus lineage [50]. The capsomers of PRD1/
adenovirus lineage members consist of compact homo-
trimers, while in P23-77 the capsid building blocks are

Fig. 5 Comparison of the two capsomer types of P23-77 (A) and
SH1 (B). The overall topology of the virions is similar, and both P23-
77 (C) and SH1 (D) have bridges of electron density between adjacent
capsomers (arrows). In P23-77, the bridges correspond to VP16
dimers that span across capsomer borders. EMDB ID codes for the
cryo-EM maps used in producing the images: emdb_1350 (SH1) and
emdb_1525 (P23-77). Molecular graphics and analyses were per-
formed with the UCSF Chimera package (40)
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represented by several types of heteromultimers, with
VP16 forming strong dimers across capsomer borders.
The dimerization is clearly seen in the P23-77 virion cryo-
EM reconstruction, where there are bridges of electron
density between capsomers at the sites occupied by VP16
dimers (Fig. 5C). The same bridging pattern is observed
in the cryo-EM reconstruction of the SH1 virion (Fig. 5D)
[23]. Furthermore, the two coat proteins of SH1 are likely
to participate in building the capsomers in the same way
as in P23-77: small and large MCPs form the hexagonal
base of the capsomer with turrets produced by an upper
domain of the large MCP, and the strongest protein-pro-
tein interactions are between dimerized subunits that span
adjacent capsomers. Indeed, the X-ray structures of the
P23-77 MCPs are superimposable within the cryo-EM
density maps of the SHI capsomers, producing a rea-
sonable fit [50]. Collectively, the same capsid geometry
(T = 28), sequence and structural similarity between the
corresponding MCPs as well as similar capsid stabiliza-
tion principles utilized by P23-77-like and SHI-like
viruses strongly suggest that the two viral groups have
evolved from a common ancestor.

Links to other viruses

The genomes of gammasphaerolipoviruses and related
proviruses carry several genes that have homologues in
other, unrelated viruses (Fig. 3). For example, homologues
of the genes with predicted function in host recognition and
cell entry (ORF28—-ORF31 in P23-77 and ORF22-ORF26
in IN93) are found in the genomes of unrelated tailed
siphoviruses P23-45 and P74-26, which also infect T.
thermophilus [38]. Similarly, IN93 ORF24 and ORF43
despite having no relatives within P23-77 and related
proviruses are also present in the same two siphoviruses.
This block of entry-related genes is highly conserved and
may be subject to horizontal gene transfer between unre-
lated Thermus phages that occupy the same ecological
niche. Notably, in tectiviruses, genes involved in host
recognition and cell entry were found to evolve more
rapidly than those encoding other functions [51]. The
presence of a conserved block of genes involved in virus
entry in various, even unrelated Thermus phages implies a
similar entry mechanism for these viruses. In contrast,
HHIV-2, which infects the same host as SH1 and PHI,
differs from the two viruses mainly in the putative spike-
encoding region [19].

The products of IN93 ORF9 and provirus TP1 ORF21,
located in the variable gene region, show similarity to the
gene product VP2 of hyperthermophilic archaeal Sulfolo-
bus and Acidianus spindle-shaped fuselloviruses. The pre-
sence of a gene related to archaeal viruses in the genomes
of Thermus bacteriophages shows that viruses of
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Fig. 6 Molecular phylogenetic
analysis of (A) large and

(B) small major capsid protein
and (C) ATPase sequences.
Members that are confirmed to
form virions are underlined. The
evolutionary history was
inferred by using the maximum-
likelihood method based on the
JTT amino acid substitution
model. The trees are drawn to
scale, with branch lengths
measured in the number of
substitutions per site. The
percentage of trees in which the
associated taxa clustered
together is shown next to the
branches. All positions
containing gaps and missing
data were eliminated.
Evolutionary analyses were
conducted in MEGAS5 (54)

Betasphaerolipoviruses

Betasphaerolipoviruses

—
0.2

SNJA1

HanMukPZ ‘ Betasphaerolipoviruses

0.2

extremophilic bacteria and archaea can share a common  unknown function with three predicted transmembrane
gene pool. TP1 encodes another protein (gene product of = domains, encoded by myovirus phiYS40 infecting T.
ORF1) that is similar to protein YS40_146, a protein of  thermophilus HB8 [39].
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In the genomic region encoding nonstructural proteins,
P23-77 and TP1 carry a gene coding for a putative phos-
phoadenosine phosphosulfate reductase (PAPS-reductase)
that is widespread in bacterial genomes and probably rep-
resents a moron [17]. Interestingly, a similar PAPS-
reductase gene is found in the genome of bacteriophage
SSIP-1, infecting halophilic bacterium Salisaeta sp. SP9-1
[1]. SSIP-1 is an icosahedral, tailless, inner-membrane-
containing bacteriophage whose 44-kb genome shares no
sequence similarity with sphaerolipoviruses. On the other
hand, the virus encodes a PRDI-type genome-packaging
ATPase and two major capsid proteins of nearly identical
size that are arranged in the genome in a similar manner to
the ATPase and MCP genes of members of the Sphaero-
lipoviridae. In addition, the capsid is formed by two types
of capsomers. Consequently, SSIP-1 might be a highly
divergent yet genuine member of the ancient virus group,
which gave rise to bacterial and archaeal sphaerolipovi-
ruses. However, further structural studies are needed to
verify this hypothesis.

To conclude, in addition to the core of signature genes
exclusive to gammasphaerolipoviruses, different members
of the group carry a variable portion of genes that were
horizontally acquired from various sources, including
unrelated bacterial and archaeal viruses and plasmids.

Phylogenetic relationships within the Sphaerolipoviridae

All members of the Sphaerolipoviridae share a block of
genes encoding a predicted packaging ATPase and the two
MCPs (Figs. 2, 3). The ATPase gene is located in close
proximity to the sequentially arranged MCP genes. In the
betasphaerolipovirus SNJ1 and the proviruses HaloMukP1,
HaloMukP2 and IHP as well as in gammasphaerolipovi-
ruses and related proviruses, the ATPase gene is located
one or two ORFs upstream of the MCP genes and tran-
scribed in same direction. In alphaspaerolipoviruses and
the related proviruses HalaPauPl and HaloLacPl, the
ATPase gene is separated by six genes from the sequen-
tially arranged MCP genes and transcribed in the opposite
direction. The ATPases of members of the Sphaerolipo-
viridae in addition to the classical Walker A and B motifs
carry a signature motif common to all icosahedral dsDNA
viruses with an internal membrane [18, 53] and initially
identified in the packaging ATPase P9 of PRD1 (Online
Resource 2, Fig. 3) [53], providing additional phylogenetic
link between the Sphaerolipoviridae and the PRD1/ade-
novirus lineage.

Sequences of the core proteins are highly conserved
between members of the same genus, with more than 70 %
(small MCP) or 80 % (large MCP, ATPase) identity. The
highest similarity is found between the core proteins of the
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alphashaerolipoviruses SH1 and PH1, which are more than
92 % identical. Although the overall similarity is low
between genera, distinctive conserved residues could be
identified in corresponding proteins, suggesting their
relatedness (Online Resource 2, Figs. 1, 2, 3).

The phylogenetic relationship between the members of
the Sphaerolipoviridae is illustrated in Fig. 6. Phylogenetic
reconstruction based on the core gene products (small and
large MCPs and the packaging ATPase) produced con-
gruent trees, with the members of the proposed genera
Alphasphaerolipovirus, Betasphaerolipovirus and Gam-
masphaerolipovirus falling into three distinct, well-sup-
ported clades. Based on the analysis of all three core
proteins, the haloarchaeal proviruses IHP, HaloMukP1 and
HaloMukP2 are related to the betasphaerolipovirus SNJ1,
whereas HalaPauP1 and HaloLacP1 are clearly related to
alphasphaerolipoviruses. As expected, proviruses identified
in the Thermaceae genomes form a monophyletic clade
with bacteriophages P23-77 and IN93. Notably, the phy-
logenetic grouping is consistent with the arrangement of
the core genes in alpha- and betasphaerolipoviruses and the
corresponding proviruses (see above). Thus, core proteins
may serve as signature sequences for the identification of
putative new members of the three genera in future data
bank searches.

Conclusion

The genomic and structural analyses presented above
clearly indicate that P23-77-like viruses form a distinct
group in the newly proposed family Sphaerolipoviridae.
P23-77-like viruses infect thermophilic bacteria, whereas
the other members of the family replicate in halophilic ar-
chaeal hosts. We suggest the name “Gammasphaerolipo-
virus” for this new genus in order to be consistent with the
nomenclature proposed for the other two genera — “Al-
phasphaerolipovirus” and “Betasphaerolipovirus”. The
proposal for the creation of the new genus Gammasph-
aerolipovirus is currently under consideration by the ICTV.

The relatedness of bacterial and archaeal viruses indi-
cates, once again, that although hosts belong to different
domains of life, their viruses can share common ancestors.
Moreover, based on the major capsid protein structure of
P23-77, the homologous ATPases, and the general virion
organization with the inner membranes, Sphaerolipoviri-
dae may represent a potentially primordial branch in the
previously described structural lineage of dsDNA viruses
that build their virions using the double beta-barrel capsid
protein. The members of this lineage exhibit enormous
variety in the characteristics of individual viruses [25]. The
existence of Sphaerolipoviridae members with single beta-
barrel capsid proteins pushes the border even further by
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illuminating the increasing variability in the ways these
types of capsid proteins are utilized to assemble the virion
shell. Overall, the vertical beta-barrel superlineage now
comprises more than ten distinct virus families. The fact
that single-beta-barrel viruses are present in two distinct
domains of life may imply that their ancestor already
existed before the separation of cellular organisms into the
now established domains Bacteria and Archaea. An
intriguing question for the future is whether dsDNA viruses
with vertical single-beta-barrel capsid proteins are also
present in the domain Eukarya, as in the case of their
siblings with double-beta-barrel MCPs.

So far, the members of the Sphaerolipoviridae are
restricted to extremophilic hosts. Given the low sequence
homology between genera, it may be difficult to recognize
potential mesophilic members using only sequence-based
approaches. However, it would be interesting to know
whether Sphaerolipoviridae is yet another unique group of
viruses of extremophiles, or if similar viruses also exist in
more moderate environments.
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