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Abstract

Established in 2016, the family Pleolipoviridae comprises globally distributed archaeal viruses that produce pleomorphic
particles. Pseudo-spherical enveloped virions of pleolipoviruses are membrane vesicles carrying a nucleic acid cargo. The
cargo can be either a single-stranded or double-stranded DNA molecule, making this group the first family introduced in
the 10" Report on Virus Taxonomy including both single-stranded and double-stranded DNA viruses. The length of the
genomes is approximately 7—17 kilobase pairs, or kilonucleotides in the case of single-stranded molecules. The genomes are
circular single-stranded DNA, circular double-stranded DNA, or linear double-stranded DNA molecules. Currently, eight
virus species and seven proposed species are classified in three genera: Alphapleolipovirus (five species), Betapleolipovirus
(nine species), and Gammapleolipovirus (one species). Here, we summarize the updated taxonomy of the family Pleolipo-
viridae to reflect recent advances in this field, with the focus on seven newly proposed species in the genus Betapleolipovirus:
Betapleolipovirus HHPV3, HHPV4, HRPV9, HRPV10, HRPV11, HRPVI2, and SNJ2.

Introduction

Archaeal viruses have unique morphological and genetic
features as well as prominent roles in global ecological
processes [14, 26]. Among viruses infecting halophilic eur-
yarchaeotes, pleomorphic ones represent the second largest
group after tailed icosahedral viruses [14, 26]. Currently, a
decade after the discovery of the first pleomorphic archaeal
virus, Halorubrum pleomorphic virus 1 (HRPV-1), in 2009
[21], 18 such virus isolates are known [4, 5,9, 17, 19]. Here,
following the accumulation of new data, descriptions of new
pleolipovirus isolates, and the recent submission of taxo-
nomical proposals [10, 20], we provide an updated overview
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of this group of viruses, describing their life cycle, host
range, virion components, and genomic content.

The family Pleolipoviridae

Pleomorphic archaeal viruses have been isolated from vari-
ous hypersaline environments all over the world (Table 1,
Fig. 1). The currently described pleolipoviruses have been
isolated on halophilic archaeal strains belonging to the
genera Halorubrum, Haloarcula, Halogeometricum, and
Natrinema of the class Halobacteria. Pleolipoviruses estab-
lish non-lytic infection, presumably using budding as an exit
mechanism. Virus particles are produced continuously, and
the infection may slightly retard host growth (e.g., Haloge-
ometricum pleomorphic virus 1 [HGPV-1]) [23] or impair
it significantly (e.g., His2) [30]. As shown for His2, despite
the growth retardation, host membranes remain intact dur-
ing viral egress, as no ATP leakage or lowered oxygen con-
sumption has been observed in infected cells [30]. Saline
Natrinema sp. J7-1 virus 2 (SNJ2) is the only temperate ple-
olipovirus that has been described. The host range of ple-
olipoviruses is typically very narrow, often limited to the
specific isolation host (Table 1). Some pleolipoviruses have
been shown to tolerate a wide range of NaCl concentrations,
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while others are more sensitive to lowered levels of NaCl or
other ions [9, 23].

Pleolipoviruses lack a rigid protein capsid. Instead, their
virions are simple, spherical, and flexible membrane vesi-
cles of 40-80 nm in diameter [4-6, 9, 16, 17, 19, 23, 24]
(Fig. 2). They have only 2-4 major structural protein types,
either located at the inner side of the membrane or irregu-
larly distributed on the virion surface as spikes (Fig. 2) [4,
5,9, 17, 19, 23]. Lipids forming the viral membrane vesicle
are obtained non-selectively from the host membrane dur-
ing virion assembly [4-6, 9, 17, 19, 23, 24]. Recent crys-
tallographic structures of Halorubrum pleomorphic virus 2
(HRPV-2) and Halorubrum pleomorphic virus 6 (HRPV-
6) spike proteins showed that the monomeric pleolipoviral
spike proteins undergo conformational changes and induce
the fusion of the viral and host membranes. The spike pro-
tein is composed of two roughly equal domains, and its so-
called V-shape represents a unique fold. The pre-fusion form
of the spike protein is extended to an elongated conformation
while being inserted into the membrane to initiate fusion
[12].

Pleolipoviruses have circular single-stranded (ss) or
double-stranded (ds) DNA genomes, except His2, whose
genome is a linear dsDNA molecule (Table 1). Genome
length ranges from ~7 to ~17 kilobase pairs or kilonucle-
otides. The dsDNA genomes of viruses belonging to the
genus Betapleolipovirus may be interrupted by single-
stranded regions, whose function is unclear [5, 9, 17, 19,
28]. All pleolipovirus genomes carry a conserved block
of collinear genes, encoding structural proteins, a putative
NTPase, and other putative proteins (Fig. 2) [4, 19, 28].
The sequence identity between pleolipovirus genomes is
typically low, with the following exceptions: The overall
nucleotide sequence identity between Haloarcula hispanica
pleomorphic virus 1 (HHPV-1) and Haloarcula hispanica
pleomorphic virus 2 (HHPV-2) is ~71% [16], as is the case
with HRPV-2 and HRPV-6 [28]. Halorubrum pleomor-
phic virus 10 (HRPV10), Halorubrum pleomorphic virus
11 (HRPV11), and Halorubrum pleomorphic virus 12
(HRPV12), recently isolated from Lake Retba, also have
highly similar genomes with 92-95% nucleotide sequence
identity [19]. Furthermore, Haloarcula hispanica pleomor-
phic virus 3 (HHPV3) and Haloarcula hispanica pleomor-
phic virus 4 (HHPV4) share identical genomic regions
(Fig. 3) [5]. In addition, pleolipovirus-related proviral
regions commonly found in the haloarchaeal genomes may
share up to 100% identity with viral genes [4, 7-9, 11, 17,
19, 21, 27, 28]. Integrase genes are present in the HHPV4,
SNJ2, and Halorubrum pleomorphic virus 9 (HRPV9)
genomes (see below) [4, 5, 17].

@ Springer

HGPV-1 3 HHPV-1 HHEES
* K
HRPV-1 .
HRPV-3 HRPV-2
4 HRPV10 HRPV-6
HRPV11 *HHPV3
HHPV12 (HAPV-2)
(HRPV-7)
QOriginate from (ARPYV=5)
archaeal cultures:
SNJ2 -
HHPV4 Hisz
HRPV9

Fig.1 Sites from which pleolipoviruses have been isolated (see
also Table 1). Haloarcula hispanica pleomorphic virus 4 (HHPV4),
Halorubrum pleomorphic virus 9 (HRPVY), and Saline Natrinema
sp. J7-1 virus 2 (SNJ2) originate from archaeal cultures. Haloarcula
pleomorphic virus 2 (HAPV-2), Halorubrum pleomorphic virus 7
(HRPV-7), and Halorubrum pleomorphic virus 8§ (HRPV-8) shown in
brackets are currently unclassified. Original map source: Wikimedia
Commons

Current taxonomy of the family
Pleolipoviridae

The family Pleolipoviridae currently has three genera con-
taining fifteen species either approved (8 species) or newly
proposed (7 species). The genera, Alpha-, Beta-, and Gam-
mapleolipovirus, are distinguished based on the whole-
genome sequence identity and gene content of their mem-
bers (Table 1, Fig. 3) [6]. In addition to the conserved block
of genes shared by all pleolipoviruses, the members of the
three genera have specific open reading frames (ORFs). Alp-
hapleolipoviruses encode a putative rolling-circle replication
initiation protein, while the only described gammapleolipo-
virus, His2, encodes a putative protein-primed DNA poly-
merase, suggesting rolling-circle and protein-primed replica-
tion modes, respectively [28]. The linear dsSDNA genome of
His?2 also has inverted terminal repeats and terminal proteins
attached at the ends [7, 25]. Betapleolipoviruses have two
additional conserved ORFs downstream of the conserved
block not found in other pleolipoviruses [4, 19, 28]. One of
these (HGPV-1 ORF14 homologue), is suggested to be a
replication initiation protein [14, 19]. The genomes of three
related pleolipoviruses, Haloarcula pleomorphic virus 2
(HAPV-2), Halorubrum pleomorphic virus 7 (HRPV-7),
and Halorubrum pleomorphic virus 8 (HRPV-8) [3], have
not been sequenced yet and therefore remain unclassified [6].
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Fig.2 Pleolipoviral virion. (A) Cryo-electron tomography of Haloru-
brum pleomorphic virus 6 (HRPV-6). A slice through a tomogram of
HRPV-6. The bar is 40nm. (B) Structure of HRPV-6 virion based on

Proposed taxonomic changes in the family
Pleolipoviridae

The proposals to create seven new species in the genus Beta-
pleolipovirus and to change pleolipovirus species names
using binomial names consisting of the genus name and the
specific epithet have been approved recently by the ICTV
Executive Committee [10, 20]. The newly proposed seven
species are Betapleolipovirus HHPV3, HHPV4, HRPV?Y,
HRPVI10, HRPVI1I, HRPVI2, and SNJ2 (Table 1). Nucleo-
tide sequence identity of <95% has been proposed to be
the criterion for demarcation of species in the genera of the
family Pleolipoviridae [10]. The viruses representing the
new species and species already in the family Pleolipoviri-
dae have collinear dsDNA genomes with <95% nucleo-
tide sequence identity shared between two genomes. The
genomes of the seven new isolates carry the conserved block
of genes and ORFs typical for the members of the family
Pleolipoviridae, as well as two ORFs specific to the mem-
bers of genus Betapleolipovirus [4, 5,9, 17, 19].

SNJ2 is the first described temperate
pleolipovirus

SNJ2 is the only pleolipovirus described to date for which
a temperate life cycle has been demonstrated [17], although
there are also other pleolipoviruses with integrase and
phiH1-like repressor genes. SNJ2 can be induced from its
host strain Natrinema sp. J7-1 [17] and is the only pleomor-
phic virus with Natrinema archaea as a host. In the provirus
state, the SNJ2 genome is integrated into the host tRNAM®!
gene, from which it is excised upon the induction of a lytic
cycle. The host range of SNJ2 is very narrow, as it is known
to infect only Natrinema sp. J7 derivatives, which differ by
their plasmids (Table 1). The highest production of SNJ2

Spike protein
Lipid
/5.~ membrane

2 Internal
“membrane
protein

circular ds- or ssDNA/
linear dsDNA

the tomography. (C) Schematic overview of pleolipoviral virion. Sec-
tions A and B are reproduced from reference 12

is observed from Natrinema sp. J7-1, which contains the
plasmid pHH205, which is a proviral form of the icosahedral
internal membrane-containing dsDNA virus SNJ1 (family
Sphaerolipoviridae), suggesting that SNJ1 promotes the pro-
duction of SNJ2 [17]. The pleomorphic SNJ2 virions are
about 7080 nm in size and contain two major structural
protein species. The SNJ2 lipid composition is similar to that
of its host, except that SNJ2 seems to lack phosphatidylglyc-
erophosphate methyl ester, which is present in Natrinema sp.
J7-1, albeit in low abundance [17].

The SNJ2 genome is a circular dsSDNA molecule with
single-stranded interruptions associated with a conserved
‘GCCCA’ DNA motif, although the motif is not always fol-
lowed by the interruption [17]. The same motif has been
shown to precede single-stranded interruptions in the
genome of the betapleolipovirus Halorubrum pleomorphic
virus 3 (HRPV-3) [28]. The SNJ2 genome is 16,992 bp
long, has a GC content of 59.1 %, and contains 25 ORFs. A
conserved cluster of pleolipoviral genes is present in SNJ2,
including ORFs specific to the genus Betapleolipovirus
(Fig. 3). SNJ2 was the first pleolipovirus known to carry an
integrase and a phiH1-like repressor gene in its genome [17].
The SNJ2 repressor has been suggested to function simi-
larly to the repressor originally described in the halophilic
archaeal tailed icosahedral virus phiH1, where it is involved
in lytic-lysogenic life cycle switches [17, 29]. The SNJ2 inte-
grase excises the virus genome from the host chromosome,
but for integration, two small accessory proteins are also
needed [17, 31]. The SNJ2-type integrases are widely found
in archaeal genomes, being associated with proviruses and
other mobile elements [17, 31]. These integrases are sug-
gested to form a distinct family within the tyrosine recombi-
nase superfamily, having five invariant active site residues of
the R;...K...H;XXRy;...Y pentad (where X is any residue),
but with the typical Glu/Asp; and His/Trpyy sites substituted
by Gly/Ala and Ala/Val residues, respectively [31].

@ Springer
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Fig.3 Linear representation of the pleolipovirus genomes and the
division of the viruses into the three genera in the family Pleolipoviri-
dae shown on the left. Genes and ORFs are shown as arrows, while
the shading between them represents the percentage of nucleotide
sequence identity (BLASTn, max. e-value 0.001) from 63% to 100%
(shades of grey or green for direct and inverted similarities, respec-
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tively, see lower panel). Similar genes and ORFs are highlighted
with the same colours. In Haloarcula hispanica pleomorphic virus 1
(HHPV-1), the box shows the conserved block of genes encoding the
spike protein and integral membrane protein as well as ORFs with no
assigned functions that are shared by all pleolipoviruses. The image
was generated using Easyfig version 2.2.3
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HHPV3, HHPV4, and HRPV9 survive
in a saturated salt

HHPV3 was isolated from the solar saltern of Samut Sak-
hon, Thailand, on Haloarcula hispanica [3]. HHPV4 and
HRPV9 were isolated from plaques obtained on Har. his-
panica and Halorubrum sp. SS5-4 lawns, respectively, after
the addition of the other archaeal culture supernatant [2, 5]
(Table 1). Virus particles efficiently adsorb to their host cells
with adsorption rate constants of 2.4 x 1072, 1.7 x 1072,
and 8.5 x 10~!! ml/min (measured during the first 30 min of
infection) for HHPV3, HHPV4, and HRPV9, respectively.
After ~2 h of infection, 65-90% of the particles are bound
to cell surfaces. Like other pleolipoviruses, infection with
these viruses results in the retardation of the host’s growth
[4,5,9].

HHPV3 and HHPV4 infectivity drops in the absence of
NaCl or CaCl, [5, 9], while for HRPV9, only the absence
of NaCl is critical [4]. HHPV3 and HHPV4 show a pH-
dependent drop of infectivity at 1-1.5 M NaCl [5, 9], and
HRPV?Y infectivity is stable over a wide range of NaCl con-
centrations (0.5-5 M) [4]. HHPV3, HHPV4, and HRPV9,
as well as betapleolipoviruses HRPV-3 and HGPV-1, stay
infectious even in NaCl-saturated solutions [4, 5, 9], which
may be highly beneficial for their survival in hypersaline
environments.

The HHPV3, HHPV4, and HRPV?9 virus particles are
spherical or slightly pleomorphic with a diameter of 50-60
nm [4, 5, 9]. Like HGPV-1, the viruses HHPV3, HHPV4,
and HRPVY have one spike protein and two membrane pro-
tein types [4, 5, 9, 23, 28]. Lipid profiles of these viruses
resemble those of their hosts, implying non-selective
lipid acquisition [4, 5, 9]. The major lipids in HHPV3 and
HHPV4 are phosphatidylglycerol, phosphatidylglycer-
ophosphate methyl ester, phosphatidylglycerosulfate, and
triglycosyl glycerodiether [5, 9]. The HHPV3, HHPV4, and
HRPV9 genomes are circular dsSDNA molecules of 11,648,
15,010, and 16,159 bp in length, respectively, with a GC
content of 55-60% [4, 5, 9]. Single-stranded interruptions
have been suggested in genomes of HHPV3 and HHPV4
[5, 9]. The two viruses have identical genome regions, cov-
ering ~65% and ~84% of the whole genome sequences in
HHPV4 and HHPV3, respectively. These identical regions
include the conserved block of betapleolipoviral genes: all
characteristic betapleolipoviral ORFs are 100% identical
in HHPV3 and HHPV4, except that HHPV4 ORF16 and
HHPV3 ORF7 share ~73% nucleotide sequence identity. The
case of HHPV3 and HHPV4 highlights flexibility in ple-
olipoviral virion assembly, as the larger genome of HHPV4
is packed into vesicles made up of the same major struc-
tural components as in HHPV3, which has a smaller genome
[5, 9]. Notably, the HHPV4 genome contains a block of an

integrase and two phiH1-like repressor genes, which is
absent in HHPV3 [5]. The integrase and phiH1-like repres-
sor genes are also found in the HRPV9 genome [4]. The
HHPV4 integrase belongs to the SNJ2-type family, while
HRPV?Y integrase differs, with a Met substitution at the His/
Trpyy site, where SNJ2-type integrases typically have Ala/
Val (see above) [4, 31]. It is unclear whether HHPV4 and
HRPVO integrases are functional or defective [4]. Phylog-
enomic trees inferred using the Genome-BLAST Distance
Phylogeny (GBDP) method suggest that HHPV3, HHPV4,
and HRPVO cluster with SNJ2 and other betapleolipoviruses

[4].

Closely related betapleolipoviruses HRPV10,
HRPV11, and HRPV12 from Africa

The most recently discovered viruses, HRPV10, HRPV11,
and HRPV 12, were isolated from the saline Lake Retba,
close to Dakar, Senegal, on Halorubrum strains originat-
ing from the same location [19]. The viruses produce hazy
plaques, typical for pleolipoviruses, suggesting a non-lytic
virus life cycle. Out of 19 autochthonous Halorubrum strains
from Lake Retba that were tested, HRPV11 was found to
infect four, while HRPV10 and HRPV 12 were capable of
infecting only two strains. Out of 51 Halorubrum strains
from other geographical locations, HRPV11 could infect
one strain from Eilat, while the other two viruses had no
additional hosts [19]. Thus, these three viruses have narrow
and distinct host ranges with a preference for autochthonous
strains (Table 1).

HRPV10, HRPV11, and HRPV12 form tailless round
virus particles of ~55 nm in diameter, having distinct pro-
tein profiles with two major structural proteins. The lipid
content seems to be identical in the three viruses, and a non-
selective mode of lipid acquisition is suggested. The virus
genomes are circular dsSDNA molecules with single-stranded
regions. The total genome length of HRPV10, HRPV11,
and HRPV12, is 9,296, 9,368, and 9,944 bp, respectively,
and their GC content is 55.5%. The genomes contain 13-16
ORFs, which are arranged in two putative operons. The three
viruses display close genetic similarity, sharing 92-95%
overall nucleotide sequence identity, but they are genetically
distant from all other pleolipoviruses. In addition to the con-
served core genes found in all pleolipoviruses, HRPV10,
HRPV11, and HRPV12 have ORFs that are specific to all
known betapleolipoviruses (homologues of HRPV10 ORF8
and ORF11) as well as the ORFs conserved in some betaple-
olipoviruses (HRPV10 ORF10 and ORF13). Phylogenomic
trees constructed using the GBDP method show the cluster-
ing of these three viruses with HRPV-3, HGPV-1, HHPV3,
and SNJ2, i.e., the members of the genus Betapleolipovirus
[19].

@ Springer



2730

T. Demina, H. M. Oksanen

Conclusions

Concerning virion morphology, pleolipoviruses resemble
bacteriophages belonging to the family Plasmaviridae [15],
although they share no common genes. Deep evolutionary
relationships have been proposed between pleolipoviruses
and mobile genetic elements, including plasmids enclosed
in membrane vesicles [13, 14]. However, the evolutionary
pathways are still unclear for this virus group. Having been
neglected until 2009, pleomorphic archaeal viruses now
seem to be extremely abundant in hypersaline environments
all over the planet. The identification of numerous related
putative proviruses in the genomes of halophilic archaea that
inhabit various locations, including the deep sea [18], also
highlights the abundance of pleolipoviruses and related ele-
ments. The family Pleolipoviridae is expanding fast, and we
anticipate that future studies will reveal many more of its
members, and/or closely related viruses.
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