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Viruses with spindle-shaped virions are abundant in diverse environments. Over the years, such viruses have been isolated from
a wide range of archaeal hosts. Evolutionary relationships between them remained enigmatic, however. Here, using structural
proteins as markers, we define familial ties among these “dark horses” of the virosphere and segregate all spindle-shaped viruses
into two distinct evolutionary lineages, corresponding to Bicaudaviridae and Fuselloviridae. Our results illuminate the utility of
structure-based virus classification and bring additional order to the virosphere.

Recent environmental studies have revealed that viruses with
spindle-shaped virions are widespread and abundant in di-
verse habitats, including deep sea hydrothermal vents (1-3), hy-
persaline environments (4-7), anoxic freshwaters (8), cold Ant-
arctic lakes (9), terrestrial hot springs (10-15), and acidic mines
(16, 17), where these viruses often outnumber the ubiquitous
head-tailed viruses and are likely to play an important ecological
role. All spindle-shaped viruses that have been isolated so far ex-
clusively infect archaeal hosts (18); none are associated with the
two other cellular domains, the Bacteria or Eukarya. The virus
species are classified by the International Committee on Taxon-
omy of Viruses (ICTV) into two families (Fuselloviridae and Bi-
caudaviridae) and one unassigned genus (Salterprovirus). Nota-
bly, there is certain flexibility in virion morphology among
spindle-shaped viruses, even for members of the same family. For
example, genetically close members of the genera Alphafusellovi-
rus and Betafusellovirus (family Fuselloviridae) (19) are very differ-
ent morphologically (compare Fig. 1B1 and B2). Importantly, vi-
rion flexibility might represent an inherent, biologically relevant
property common to all spindle-shaped viruses. It has been
demonstrated recently that under certain conditions, virions of
halophilic salterprovirus His1 (5, 20) and hyperthermophilic vi-
rus Pyrococcus abysii virus 1 (PAV1) (2) also undergo structural
transformation from regular spindles into elongated particles (2,
21, 22).

Over the years, a number of spindle-shaped viruses that could
not be assigned to the existing taxa based on genome similarity
have been isolated from phylogenetically distant archaeal lineages,
including Thermococcales (Thermococcus prieurii virus 1 [TPV1]
[3] and PAV1 [2, 23]), Methanococcales (Methanococcus voltae A3
VLP [A3-VLP] (24, 25]), Desulfurococcales (Aeropyrum pernix
spindle-shaped virus 1 [APSV1] [26]), and Sulfolobales (Sulfolobus
tengchongensis spindle-shaped viruses 1 and 2 [STSV1 and -2] [27,
28]). For a long time, these viruses remained “dark horses” of the
archaeal virosphere, with their origins and relationships to other
archaeal viruses being untraceable. Here, we assess the morpho-
logical and genomic diversity of this prominent virus group, re-
veal the evolutionary relationships between different spindle-
shaped viruses, and refine their classification.

Viral proteins underlying the key principles of virion assembly
and architecture provide a valuable marker for tracing deep evo-
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lutionary connections between distantly related viruses (29-31).
Major capsid proteins (MCP) have been experimentally charac-
terized for Sulfolobus spindle-shaped virus 1 (SSV1), a type species
of the Fuselloviridae (32, 33), Acidianus two-tailed virus (ATV), a
type species of the Bicaudaviridae (34), and, more recently, for
Hisl virus, a type species of the genus Salterprovirus (22). We used
this information to perform an in-depth genome analysis of all
known unclassified spindle-shaped viruses.

Spindle-shaped viruses with tails. Acidianus two-tailed virus
(ATV) is the sole member of the Bicaudaviridae family. A remark-
able characteristic of this virus is that it can develop long tails at
both pointed ends of the spindle-shaped virion outside the host
cell (34, 35). The ATV virion consists of several structural pro-
teins; high-resolution structures for two of these proteins are
known (36, 37). Among the unclassified viruses, only STSV1 (27)
and STSV2 (28) were found to encode homologues of the major
structural protein gp131 of ATV (Fig. 2A and B). Notably, the
same protein was indeed identified as the MCP of STSV1 (27). In
addition, comparative genome analysis revealed that ATV has 18
genes in common with STSV1 and STSV2 (Fig. 2A), suggesting an
evolutionary relationship between these viruses. Unlike ATV,
STSV1 and STSV2 each have a single long tail emanating from one
of the pointed ends of the virion (Fig. 1). Furthermore, extracel-
lular morphogenesis has not been demonstrated for these viruses
(27). STSV1 and STSV2 apparently possess more simple virions
than ATV: (i) they do not encode homologues of the structural
ATV protein gp273 (Fig. 2C), and (ii) a paralog of the ATV MCP,
gp145 (Fig. 2B), also a structural component of the ATV virion, is
not encoded by STSV1 or STSV2. Based on the shared gene con-
tent and similarities between their MCPs, we propose to classify
STSV1 and STSV2 into a new genus, Betabicaudavirus, within the
family Bicaudaviridae.
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FIG 1 Negative-contrast electron micrographs of viral species with spindle-
shaped virions. (A1) Three stages of extracellular tail development of ATV, the
type species of the family Bicaudaviridae (35); (A2) STSV1 (27). (B1) SSV1, the
type species of the genus Alphafusellovirus, family Fuselloviridae; (B2) Sulfolo-
bus spindle-shaped virus 6 (SSV6), the type species of the genus Betafusellovirus,
family Fuselloviridae (19); (B3) TPV1 (3); (B4), A3-VLP (25); (B5) PAV1 (2);
(B6) APSV1 (26); (B7) Hisl (20), the type species of the genus Salterprovirus.
Scale bars, 100 nm.

Tailless spindle-shaped viruses. Fuselloviruses and salterpro-
virus His1 typically display regular spindle-shaped morphology
and build their virions using utterly different structural proteins
than bicaudaviruses. Whereas MCPs of bicaudaviruses display a
unique helix bundle topology (Fig. 2C) (37, 38), those of fusello-
viruses and Hisl are characterized by two hydrophobic domains
(22, 32). Thus, it has been suggested that hyperthermophilic
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fuselloviruses and halophilic salterprovirus His1 might be evolu-
tionarily related (5, 22), despite infecting hosts residing in differ-
ent archaeal phyla—Crenarchaeota and Euryarchaeota, respec-
tively. Notably, fuselloviruses encode two paralogous MCPs (VP1
and VP3), while Hisl suffices with the product of a single gene
(open reading frame 21 [ORF21]). We have investigated the ge-
nomes of unclassified spindle-shaped viruses for the presence of
ORFs that would (i) display sequence similarity to the MCPs of
fuselloviruses and His1 and (ii) share similar hydrophobicity pro-
files with these proteins. (Homologs were searched for using
BLASTP [39], while hydrophobicity profiles were calculated with
TMHMM v2 [40]). In all of the viral genomes studied, we could
identify ORFs encoding proteins matching our search criteria
(Fig. 3A and B). Notably, ORF121 of PAV1, which was identified
as a homologue of fuselloviral MCPs (22), has been identified as
the major structural component of the PAV1 virions (23), con-
firming the validity of our approach. Likewise, we identified ho-
mologous MCPs in TPV1, A3-VLP, and APSV1 (Fig. 3), which
previously eluded functional annotation. The identification of a
fusellovirus-like MCP in APSV1 is perhaps most unexpected;
based on virion morphology, APSV1 was originally considered to
be related to bicaudaviruses (26). However, our analysis shows
that it is related to fuselloviruses instead. Although sequence iden-
tities between the MCPs of different viruses were generally low,
the overall pairwise sequence similarities were typically above 50%
(Fig. 3C). (Sequence identities and similarities were calculated
using SIAS [http://imed.med.ucm.es/Tools/sias.html], consider-
ing the physicochemical properties of aligned amino acids.) No-
tably, all of the predicted MCPs contain positively charged amino
acid residues in the short hydrophilic tail following the C-terminal
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FIG 2 Evolutionary relationship between spindle-shaped viruses with tails. (A) Genome maps of Acidianus two-tailed virus (ATV) and Sulfolobus tengchongensis
spindle-shaped viruses 1 and 2 (STSV1 and -2). Homologous regions shared between STSV1 and STSV2 are connected by gray shading. Names of ATV genes that
have homologs in STSV1 and/or STSV2 are indicated; the names of corresponding STSV1 and STSV2 genes are also shown. The new genus “Betabicaudavirus”
within the family Bicaudaviridae is proposed for classification of STSV1 and STSV2. (B) Multiple alignment of major capsid protein sequences of ATV, STSV1,
and STSV2. Note that products of ATV ORF145 and ORF131 are paralogs. GenBank identification (GI) numbers: ATV ORF131, 75750454; ATV ORF145,
75750440; STSV1 ORF40, 51980166; STSV2 gp37, 448260184. (C) Available X-ray structures of two ATV structural proteins, ORF131 (PDB ID no. 3FAJ) and
ORF273 (PDBID no. 4ATS), both displaying unique folds. Whereas a homologue of ORF131 is encoded by both STSV1 and STSV2 (A and B), ORF273 is unique
to ATV.
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FIG 3 Evolutionary relationship between tailless spindle-shaped viruses. (A) Multiple alignment of major capsid protein sequences. Red bars above the
alignment denote the positions of the two hydrophobic a-helixes. The positively charged residues (R and K) found at the hydrophilic C-terminal tail following
the hydrophobic domain are highlighted in red. GenBank identification (GI) numbers: SSV1 VP1, 19263455; ASV1 VP1, 270281782; His1 ORF21, 123827233;
PAV1 ORFI121, 125863384; TPV1 gp15, 378554458; A3-VLP Mvol0497, 297619025; APSV1 orf17-96, 371924949. (B) Hydrophobicity profiles of the capsid
proteins aligned in panel A. (C) Pairwise identity and similarity (in parentheses) values calculated from the alignment shown in panel A using SIAS (http://imed
.med.ucm.es/Tools/sias.html). Sequence similarity was calculated by taking into consideration the following physicochemical properties of aligned amino acids:
aromatic (F, Y, W), hydrophobic (V, I, L, M, C, A, F, Y, W), aliphatic (V, I, L), positively charged (R, K, H), negatively charged (D, E), polar (N, Q, H, K, R, D,
E, T, S), or small (A, T, S, G). The proposed taxonomic classification of the tailless spindle-shaped viruses is shown on the right.

hydrophobic domain (Fig. 3A). However, the functional signifi-
cance of these residues remains to be tackled experimentally.
Horizontal gene transfer plays a profound role in shaping the
genomic landscape of viruses: any given gene in a viral genome,
including those responsible for essential functions, such as ge-
nome replication and virion formation, can be replaced by non-
homologous counterparts (41-44). Consequently, virus classifi-
cation based on a small number of shared characters does not
always faithfully represent the evolutionary history of a given viral
group. With this caveat in mind, we sought to further validate the
grouping of tailless spindle-shaped viruses by performing an ex-
haustive comparative genomic analysis of spindle-shaped viruses.
We found that besides the MCP genes, these viruses share an over-
lapping set of genes encoding various proteins involved in viral
genome replication and integration (Fig. 4). For example, APSV1
encodes four other proteins with homologues in tailless spindle-
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FIG 4 An overlapping gene set shared by tailless spindle-shaped viruses. The
diagram shows that in addition to the capsid protein (CP) gene, the viruses share
an overlapping set of genes. The numbers next to the lines connecting the viruses
denote the number of shared genes. PAV1, TPV 1, and A3-VLP are proposed to be
grouped into a new genus “Deltafusellovirus,” and are indicated with a triangle.

Journal of Virology


http://imed.med.ucm.es/Tools/sias.html
http://imed.med.ucm.es/Tools/sias.html
http://jvi.asm.org

shaped viruses, including the DnaA-like AAA™ ATPase believed
to be involved in genome replication (45). Similarly, in addition to
the MCP, PAV1 shares a three-gene cassette with A3-VLP (23, 46),
while with TPV1, it shares two other genes for putative minor
structural proteins (3). Notably, our analysis has shown that all
spindle-shaped viruses encode AAA™ ATPases. Interestingly,
however, the DnaA-like ATPases typical of SSV1-like fusellovi-
ruses apparently have been replaced in some of the lineages with
nonorthologous AAA™ ATPases from plasmids. Such an ex-
change is most explicit in the case of PAV1 and a group of Ther-
mococcales plasmids (46), emphasizing the network-like process
of evolution in this viral group. Based on the evidence of related
capsid proteins (Fig. 3) and the shared overlapping gene content
(Fig. 4), we propose to classify all tailless spindle-shaped viruses
into different genera within the family Fuselloviridae (Fig. 3C).

Here we have addressed a long-standing, unsettled question
regarding the evolutionary relationships among spindle-shaped
archaeal viruses. Previous efforts failed to reveal links between
spindle-shaped viruses infecting phylogenetically distant hosts.
Our analysis shows that all known spindle-shaped viruses can be
segregated into two distinct groups, corresponding to the families
Fuselloviridae and Bicaudaviridae. Peculiarly, similarity in the
overall virion morphology for the two viral groups appears to be a
result of convergence, rather than divergence; notably, unlike
MCPs of fuselloviruses, which are highly hydrophobic (Fig. 3B),
the MCPs of bicaudaviruses are predicted to be soluble, consistent
with experimental evidence (37). It is rather surprising that spin-
dle-shaped viruses are abundant in archaea but have not been
discovered in bacteria or eukaryotes. Presumably, this morpho-
type is well suited for interaction with archaeal cells, which often
dwell in harsh habitats. Clearly, further studies on the biology and
structure of spindle-shaped viruses are necessary to explain this
specific association. The observation that evolutionarily related
spindle-shaped viruses infect hosts thriving in extremely diverse
environments and belonging to distinct phylogenetic, metabolic,
and physiological groups (acidophiles, hyperthermophiles, meth-
anogens, and halophiles) suggests that the origin of this viral lin-
eage is likely to antedate the radiation of major archaeal groups.
More generally, our results demonstrate the utility of the struc-
ture-based virus classification (29, 30) and bring additional order
to the viral universe.
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