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ABSTRACT A novel archaeal virus, denoted Sulfolobus ellipsoid virus 1 (SEV1), was
isolated from an acidic hot spring in Costa Rica. The morphologically unique virion
of SEV1 contains a protein capsid with 16 regularly spaced striations and an 11-nm-
thick envelope. The capsid exhibits an unusual architecture in which the viral DNA,
probably in the form of a nucleoprotein filament, wraps around the longitudinal axis
of the virion in a plane to form a multilayered disk-like structure with a central hole,
and 16 of these structures are stacked to generate a spool-like capsid. SEV1 harbors
a linear double-stranded DNA genome of ~23 kb, which encodes 38 predicted open
reading frames (ORFs). Among the few ORFs with a putative function is a gene en-
coding a protein-primed DNA polymerase. Sixfold symmetrical virus-associated pyra-
mids (VAPs) appear on the surface of the SEV1-infected cells, which are ruptured to
allow the formation of a hexagonal opening and subsequent release of the progeny
virus particles. Notably, the SEV1 virions acquire the lipid membrane in the cyto-
plasm of the host cell. The lipid composition of the viral envelope correlates with
that of the cell membrane. These results suggest the use of a unique mechanism by
SEV1 in membrane biogenesis.

IMPORTANCE Investigation of archaeal viruses has greatly expanded our knowledge
of the virosphere and its role in the evolution of life. Here we show that Sulfolobus
ellipsoid virus 1 (SEV1), an archaeal virus isolated from a hot spring in Costa Rica, ex-
hibits a novel viral shape and an unusual capsid architecture. The SEV1 DNA wraps
multiple times in a plane around the longitudinal axis of the virion to form a disk-
like structure, and 16 of these structures are stacked to generate a spool-like capsid.
The virus acquires its envelope intracellularly and exits the host cell by creating a
hexagonal hole on the host cell surface. These results shed significant light on the
diversity of viral morphogenesis.

KEYWORDS archaeal virus, capsid architecture, membrane acquisition, virion
assembly, virus release

he past 2 decades have witnessed the rapid expansion in our knowledge of the
diversity of viruses on Earth, in part due to the discovery of a large number of
unique viruses infecting crenarchaea (1, 2). Although archaeal viruses account for only
~2% of the total virus tally, they not only show nearly all of the morphotypes known
for viruses infecting bacteria and eukaryotes but also exhibit unique and remarkably
diverse morphologies never seen before (3, 4). Archaeal viruses have been found to
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FIG 1 Various virus-like particles from an acidic hot spring in Costa Rica. An enrichment culture was developed with an acidic hot spring sample from Costa
Rica. The cell-free supernatant was stained with uranyl acetate and examined by electron microscopy. (A) Ellipsoid particles; (B) spindle-shaped particles; (C)
a rod-like particle; (D) a filamentous particle. Bars, 100 nm (A), 50 nm (B), 100 nm (C), 200 nm (D).

occur in unusual shapes such as a spindle, a bottle, and a droplet, in addition to
more-common shapes such as a head-tail structure, a sphere, a rod, and a filament. The
majority of archaeal viral genes encode an unknown function, suggesting that archaeal
viruses hold a huge gene pool for the evolution of life in general and Archaea in
particular. Therefore, investigation of archaeal viruses will provide clues to the origin
and evolution of various cellular processes.

Archaeal viruses are known to employ various strategies in packaging their genomes
and releasing their progeny virions from the host cells (5). Some archaeal viral genomes
are packaged within a protein shell or a capsid of different shapes. These include tailless
icosahedral viruses of the families Turriviridae and Sphaerolipoviridae (6, 7), flamentous
viruses of the Tristromaviridae (8), and spindle-shaped viruses of the Fuselloviridae (9).
Other archaeal viral genomes are not encased in a protein shell but instead are
condensed by capsid proteins into various architectural forms, such as a cylinder (e.g.,
filamentous viruses of the order Ligamenvirales) (10, 11), a sphere (e.g., spherical viruses
of the Globuloviridae and Portogloboviridae) (12, 13), a cone (e.g., bottle-shaped viruses
of the Ampullaviridae) (14), and a coil (e.g., spiral coil-like viruses of the Spiraviridae) (15).
Moreover, archaeal viruses are either enveloped or naked. The egress mechanisms of
archaeal viruses are also diverse. Virions of the fusellovirus Sulfolobus spindle-shaped
virus 1 (SSV1) bud from the host cell, acquiring its envelope during the budding process
(16). Although morphologically different, mature virions of the Rudiviridae and Turri-
viridae exit the host cell through a 7-fold symmetrical structure, known as the virus-
associated pyramid (VAP) on the cell surface (17, 18). In addition, 6-fold symmetrical
VAPs have been observed on the surface of Pyrobaculum oguniense, although viral
replication has yet to be demonstrated (19). Release of mature virions of the family
Tristromaviridae and of the archaeal members of the order Caudovirales occurs by cell
lysis (8).

In this article, we describe a novel archaeal virus isolated from a hot spring in Costa
Rica. The virus, named Sulfolobus ellipsoid virus 1 (SEV1), exhibits an ellipsoid morphol-
ogy and a spool-like capsid architecture. The virus acquires its envelope intracellularly
and exits the host cell by rupturing 6-fold symmetrical VAPs on the cell surface.

RESULTS

Identification of SEV1 and its host. A sediment sample was collected from an
acidic hot spring (86 to 106°C, pH 2.2 to 2.5) in Lagura Fumarolica, Costa Rica, and used
to establish an enrichment culture in Zillig's medium (20). At least four types of
virus-like particles (VLPs), in the shapes of a peanut, a spindle, a filament, and a rod,
were observed under transmission electron microscope (TEM) in the supernatant of the
enrichment culture (Fig. 1). While the last three morphologies were often found among
Sulfolobus viruses, the peanut shape appeared quite unusual. To learn more about the
peanut-shaped VLP, we first obtained a virus-free strain, a potential host for the virus,
from the enrichment culture by picking single colonies containing VLPs including the
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FIG 2 Morphology of the SEV1 virion. (A) Electron micrographs of SEV1 virions negatively stained with
2% uranyl acetate. The virions are slightly constricted in the middle, as indicated by red arrows. Bar, 200
nm. Inset, an SEV1 virion. The envelope, capsid striations, and central hole of the virion are indicated by
black, blue, and white arrows, respectively. Bar, 100 nm. (B) Cryo-ET of SEV1 virions. The spikes on the
virus envelope and striated capsid are indicated by orange and blue arrows, respectively. Bar, 50 nm. (C)
A thin slice (~16.12 A) from the cryo-ET of SEV1. The central hole in the capsid is indicated by a white
arrow. The envelope and striated capsid are indicated by black and blue arrows, respectively. Bar, 50 nm.
(D) A sectioned slice from the reconstructed tomogram of an SEV1 virion (top view). Bar, 50 nm. The
envelope and central hole are indicated by black and white arrows, respectively. (E) A 3-D surface
rendering model of the reconstructed SEV1 virion as shown in panel C. The SEV1 virion is surrounded by
a lipid membrane decorated with spikes (yellow), and the interior of the SEV1 virion is striated (purple).
Bar, 20 nm.

peanut-shaped particles and repeated subculturing in liquid Zillig's medium (see
Materials and Methods). This strain was shown to be a novel Sulfolobus species,
denoted Sulfolobus sp. A20 (21). We were then able to purify the peanut-shaped VLPs
by infecting Sulfolobus sp. A20 with the supernatant of the enrichment culture and
picking single colonies. We term this VLP Sulfolobus ellipsoid virus 1 (SEV1).

Virion morphology and structure. The SEV1 virion is ellipsoidal, measures about
115 nm by 78 nm, and is coated with an envelope (Fig. 2). A slight constriction was
observed in the middle of the virion under TEM when the virus particles were nega-
tively stained (Fig. 2A), but no apparent constriction was found under cryo-electron
microscope (cryo-EM) (Fig. 2B and C). As revealed by three-dimensional (3-D) electron
tomography (ET), there are spaces between the capsid and the envelope, especially in
the middle of the virion (inset in Fig. 2A; see also Movie S1 in the supplemental
material). Therefore, the observed constriction in the negatively stained samples under
TEM may have resulted from the dehydration of the virions on the grids during sample
preparation.

As observed under cryo-EM, the SEV1 virion contains a striated capsid enclosed by
an 11-nm-thick envelope decorated with protruding spikes (Fig. 2B). Sixteen helical
striations aligned perpendicular to the longitudinal axis of the particle with a periodicity
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FIG 3 Cryo-electron micrographs of SEV1 virions. (A) Sequential thin slices (~16.14 A) of a cryo-electron
tomogram of SEV1 virions. Numbers indicate the sequence of thin slices. (B) A blow-up view of slice 20
in panel A. Arrows indicate where the nucleoprotein filament goes from one disk to the next. (C) A
blow-up view of slice 15 in panel A. Dots, as indicated by numbered arrows, suggest that the
nucleoprotein filament wraps around the central axis of the virion six times in a single disk. Bars, 50 nm.

of ~5 nm are clearly visible on the capsid (Fig. 2B and C). Each electron-dense stripe is
~2.8 nm wide. The longitudinal section of the 3-D cryo-ET of a virion reveals a tube-like
structure of ~8 nm in diameter at the center of the capsid (Fig. 2C and D). As shown
in the 2-D sectioned slices from the cryo-ET of the capsid, apparent striations are also
evident in the interior of the particle (Fig. 2C and 3). Considering that the size of the
filament is close to that of double-stranded DNA (dsDNA), along with the observations
that the virion lacks a protein shell, carries no viral DNA in the central channel, and
contains copious amounts of the capsid protein (see below), we propose that the SEV1
capsid is formed by coiling of a nucleoprotein filament. As shown in a top view
cross-sectioned slice of the ET in Fig. 2D, the filament wraps tightly around the
longitudinal axis multiple times in the middle portion of the capsid, in a plane, to form
a disk-like structure (Fig. 2D and 3; see also Movie S2 in the supplemental material).
Sixteen of the stacked disks constitute the SEV1 capsid (Fig. 2E and Movie S2). A similar
capsid architecture is also apparent in the negative-staining ET of the virion (Fig. 2A,
inset, and Movie S1). The capsid is somewhat flexible in shape, presumably due to the
variability in the diameter of a disk and in the space between disks (Movie S2). The flexibility
of the capsid may have contributed to the constriction of the virion in the middle when the
virus particle was dehydrated during analysis by negative-stain TEM.

Genomic features. The sequence of the SEV1 genome was determined by digesting
the viral DNA with restriction enzymes, cloning the restriction fragments, and sequenc-
ing the inserts. Gaps between contigs were filled by PCR, and the terminal sequences
were obtained by primer walking (Fig. 4). The virus harbors a linear double-stranded
DNA genome of 23,219 bp with a 172-bp inverted terminal repeat (ITR) at each end
(Fig. 4A).

The viral genome, which has a GC content of ~33%, contains 38 predicted open
reading frames (ORFs) (>50 amino acid residues in length). The majority (27/38) of the
ORFs reside on one of the strands (Fig. 5A; see also Table S1 in the supplemental
material). Most of the ORFs encode an unknown function. Four genes (i.e., vp1, vp2, vp3,
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TTTGRAAGTAGGGTAT TACAGATTTTTACGAAARAATTGCCCTARAGACCTTGGGATAACGGGAGAAAGCARAATAGGCAGCA

FIG 4 Base calling of the terminal regions of the SEV1 genome. (A) Location of primers for primer walking. (B and C) Left (B) and right
(C) ends of the SEV1 genome. The large green peak at the end of each trace represents the signal of a nucleotide added to the end
of the product of primer extension.
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FIG 5 Composition of the SEV1 virion. (A) Genome map of SEV1. The size and direction of each predicted ORF or genetic element are indicated
by an arrow. ORFs with a putative function, those homologous to ORFs from other archaeal viruses or containing conserved motifs, and those
having no significant sequence matches to known sequences in public databases are shown with blue, green, and gray arrows, respectively. The
inverted terminal repeats (ITRs) are indicated by orange arrows. (B) SDS-PAGE of the virion proteins of SEV1. Four major structural proteins,
denoted VP1, VP2, VP3, and VP4, are shown. Molecular weights (in thousands) of the protein markers are indicated. (C) Relative distributions of
GDGTs from SEV1 virions and Sulfolobus sp. A20.

and vp4) were found to encode the structural proteins of the virus (see below). A
BLASTP search of a locally built archaeal viral ORF database revealed seven significant
sequence matches (E value, <1e—03) in SEV1 ORFs, i.e., ORF281, ORF665, ORF159,
ORF129, ORF381, ORF100, and ORF140 (Table S1). ORF281, ORF665, and ORF159 encode a
glycosyltransferase, a B-family DNA polymerase, and an S-adenosylmethionine (SAM)-
dependent methyltransferase, respectively. The other four ORFs have homologous
sequences in lipothrixviruses and/or rudiviruses and, in some cases, in the spindle-
shaped virus Sulfolobus monocaudavirus 1 (SMV1), implying possible horizontal gene
transfer between these viruses.

Notably, ORF665 encodes a putative B-type DNA polymerase belonging to the
subfamily of protein-primed DNA polymerases, represented by PRD1 and phi29 DNA
polymerases (22, 23), since it contains well-conserved DNA polymerase motifs (Pol |, lla,
lIb, and Ill) in the C-terminal region and less well conserved 3’ to 5’ exonuclease motifs
in the N-terminal region, in addition to the signature sequences of protein-primed DNA

AQ:B/F6  polymerases, i.e.,, TPR-1, TPR-2, and a C-terminal motif (Fig. 6). Both TPR-1 and the C
terminus are involved in terminal protein interaction, while TPR-2 is required for the
strand displacement activity and the high processivity of the DNA polymerase (24-26).
PRD1 and phi29 DNA polymerases are primed by a terminal protein (TP) covalently
attached to the ends of their linear genomes (27). Protein-primed DNA replication is
employed by various biological entities containing a linear double-stranded genome.
These include some bacterial and eukaryotic viruses, linear plasmids from bacteria,
fungi, and plants (27, 28), transposable elements (29), and mitochondrial DNA (30).
Related protein-primed DNA polymerases are also encoded by certain archaeal cas-
posons (31). It has been suggested that a TP exists in these systems. In general,
however, TPs are highly divergent and are not recognizably similar even between
members of the same virus family (32). So far, only three other archaeal viruses, i.e.,
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FIG 6 Sequence alignment of SEV1 ORF 665 and protein-primed DNA polymerases from bacteriophage phi29 and archaeal
viruses ABV, His 1, and His2. Regions known to exist in protein-primed DNA polymerases (TPR-1, TPR-2, and C terminus) and
the conserved motifs for the exonuclease activity (Exol, -Il, and -lll) and the polymerization activity (Pol |, lla, llb, and Ill) are
indicated. Numbers denote the numbers of amino acid residues between the motifs. Identical and similar bases are shown in
red and orange, respectively.

Acidianus bottle-shaped virus (ABV) (33) and His1 and His2 (34), are known to encode
a putative protein-primed DNA polymerase. The presence of a TP in these viruses was
also suggested (33, 34) but was demonstrated only in His2 (35). No TP-encoding ORF
was identified in the SEV1 genome by sequence searches. Therefore, the molecular
mechanism of SEV1 DNA replication remains to be understood.

Virion composition. Analysis of the purified SEV1 virions by SDS-PAGE resolved
four proteins, denoted VP1, VP2, VP3, and VP4, with estimated molecular masses of
~170, ~90, ~60, and ~12 kDa, respectively (Fig. 5B). Genes encoding these proteins
(i.e., vpl, vp2, vp3, and vp4) were identified by mass spectrometry (Fig. 5A). The
predicted molecular masses of the products of these genes are 50.2, 90.3, 72.3,and 11.8
kDa, respectively. All of them, except that for VP1, are in good agreement with the
SDS-PAGE results. The predicted molecular mass of VP1 is considerably smaller than
that estimated by SDS-PAGE, suggesting that the native VP1 protein might have
undergone posttranslational modifications. VP4, the most abundant of the four pro-
teins, appears to be the major capsid protein (MCP) of SEV1 and is presumably involved
in the formation of the nucleoprotein filament. VP1 and VP2 are likely associated with
the viral envelope since both of them possess transmembrane domains.

The virion shares several lipid species with the host cells, as revealed by mass
spectrometry (Fig. 5C). These lipids include five compounds of isoprenoid glycerol
dibiphytanyl glycerol tetraethers (GDGTs) (Fig. 5C) and isoprenoid diphytanyl glycerol
diether (DGD, archaeol). GDGT4 was found to be the predominant GDGT compound,
accounting for over one-half of the total core lipids, in both the host cell and the virion.
Overall, the distribution pattern of the lipids in the virion envelope is similar, though
nonidentical, to that of the host cell membrane. This observation contrasts sharply with
those made on the filamentous virus Acidianus filamentous virus 1 (AFV1) (11) and the
spindle-shaped virus SSV1 (36). A striking difference in lipid distribution between
the virus envelopes of AFV1 or SSV1 and their respective host membranes exists. The
most-predominant lipid species in the two viruses and in their hosts are GDGT-0 and
GDGT-4, respectively. It is suggested that AFV1 and SSV1 selectively acquire GDGTs
from the host membrane during progeny egress.

Infection of Sulfolobus sp. A20 by SEV1. Infection of Sulfolobus sp. A20 with SEV1
only slightly retarded the growth of the host cells (Fig. 7) and yielded no detectable cell
debris (Fig. 8). To gain insight into the life cycle of SEV1, we monitored morphological
changes of the virion and the host cell during the infection process by using several
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FIG 7 Influence of SEV1 infection on the growth of Sulfolobus sp. A20. Exponentially growing Sulfolobus
sp. A20 cells were infected with SEV1. The infected cells were grown at 75°C in Zillig’'s medium. Samples

were taken at indicated times, and the ODg,, values of the samples were determined. Each data point
represents an average of three independent measurements.

imaging techniques. An uninfected Sulfolobus sp. A20 cell was coccoid with irregular
rises on the surface of the cell (Fig. 8A and B). Following SEV1 infection, clustered virions
started to appear inside the host cell (Fig. 8C). Numerous granules of sizes similar to
that of the SEV1 virion were also found in freeze-fractured infected cells (Fig. 8D).
Coinciding with the appearance of virions, 6-fold pyramid-like protruding structures,
known as virus-associated pyramids (VAPs) (17, 18), appeared at multiple sites on the
cell surface (Fig. 8E and F). No VAPs were found on the surface of an uninfected cell.
Ultrathin-sectioned cells infected by SEV1 were further analyzed by EM and 3-D ET (Fig.
9; see also Movie S3 in the supplemental material). We found that virion clusters in the
cytoplasm of the infected cells were often close to VAPs, suggesting potential coupling
between the formation of VAPs and the production of virions during SEV1 infection
(Fig. 9). The electron density of the cytoplasm peripheral to the sites of virion assembly
appeared more condensed than that in the rest of the cytoplasm (Fig. 8A and C and 9).
Presumably, molecular machineries involved in processes such as viral DNA replication,
transcription, translation, and assembly were enriched in the electron-dense region.
Intriguingly, the existence of enveloped virions in the cytoplasm suggested that the
virion acquired the lipid envelope inside the host cell (Fig. 8C and 9B and C). Rupture
of a VAP led to the formation of a hexagonal opening on the cell surface, permitting the
release of mature progeny virions (Fig. 8G and H). Multiple openings varying in size
from 200 to 280 nm were seen on the surface of a single cell. These openings are all
large enough for mature virions to move through. It is worth noting that the egress
mechanism for SEV1 is consistent with the notion that the virion acquires the lipid
envelope within the host cell. Ghost cells, which were left as empty shells after the
release of virus particles and the host cell contents, remained in abundance in the
culture even at a very late growth stage (Fig. 81 and J). This agrees well with the absence
of cell debris and a decrease in cell density in the infected culture (Fig. 7).

DISCUSSION

Archaeal viruses represent a unique addition to the ever-expanding virosphere for
their tremendous morphological and genomic diversity. In this report, we describe a
novel archaeal virus, denoted SEV1, from an acidic hot spring in Costa Rica. The SEV1
virion has an ellipsoid shape never reported before in archaeal viruses. A 3-D ET analysis
reveals an exceptional architecture for SEV1 virion. The virion capsid, enveloped by an
11-nm lipid membrane, displays 16 evenly spaced stripes and contains a cylindrical hole
in the middle. The SEV1 capsid carries no protein shell and, instead, appears to be
assembled from a nucleoprotein filament in a highly organized fashion (Fig. 10): the
filament first wraps up around the longitudinal axis to form a multilayered flat disk-like
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FIG 8 Analysis of the infection of Sulfolobus sp. A20 by SEV1 by TEM and SEM. (A and B) Virus-free host
cells. (C and D) Assembly of virions in the infected host cells. The envelope of the virus particle is
indicated by arrows. (E and F) Formation of VAPs on the cell surface. VAPs are indicated by arrows. (G and
H) Hexagonal openings generated from VAPs on the cell surface. Arrows indicate where rupture of the
VAPs occurred. (I and J) Empty ghost cells in the SEV1-infected culture at a late growth stage. Shown are
TEM micrographs of the thin sections of infected cells (A, C, E, G, and 1) and SEM micrographs of infected
cells (B, D, F, H, and J). Bars: 500 nm (A), 1 um (B), 100 nm (C), T wm (D), 50 nm (E), 200 nm (F), 200 nm
(G), 200 nm (H), 2 um (1), 1 wm (J).

structure and continue to extend to the next disk, and 16 of these structures then stack
up to produce a spool-like capsid. Given its great abundance, VP4, the major capsid
protein of SEV1, may serve to package genome DNA into the nucleoprotein filament.
The length of the entire nucleoprotein filament is similar to that of the SEV1 genome.
Assuming six layers per disk, the contour length of the filament in the capsid is
estimated to be ~7.7 um, a value close to the size of the viral genome (~7.9 um).
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FIG 9 Assembly of SEV1 virions in the cytoplasm of the host cell. (A) TEM micrograph of the thin section of a SEV1-infected cell showing clusters of SEV1 virions
in the cytoplasm of the host cell. Black arrows show VAPs on the cell surface, which are located in close proximity to clusters of SEV1 virions in the cytoplasm.
(B) A single slice from the electron tomogram of an ultrathin-sectioned SEV1-infected host cell. (C) A segmented and surface-rendering display of the tomogram
in panel B, showing various structures and components with different colors, including the S layer (purple), capsid (gray-green), cell membrane (green), virus
envelope (orange), and cytoplasm (blue). A slight rise (white arrow), a VAP (yellow arrow), and a VAP opening (red arrow) on the surface of the infected cell
are visible. Naked and enveloped virions are indicated by brown and blue arrows, respectively. Bar, 100 nm.

Compared to other viral genome packaging strategies, multilayered nucleoprotein
wrapping, as employed by SEV1, allows viral DNA to be packaged more tightly while
protected effectively by bound proteins. This unusual capsid architecture may repre-
sent a strategy for a virus to survive in a hot and acidic habitat. Interestingly, Sulfolobus
polyhedral virus 1 (SPV1), a recently reported hot spring virus, appears to have a thread
ball-like capsid bearing resemblance in DNA packaging to that of SEV1 (13).

SEV1 infection resulted in no significant retardation in the growth of the host cell,
producing no detectable cell debris. This observation agrees with the ability of the
SEV1-infected cells to form colonies. However, the virus was capable of lysing the
infected cells, generating ghost cells, as revealed by the TEM and scanning electron
microscope (SEM) analyses of the SEV1-infected cells in the late stage of infection.
Therefore, it appears that the rupture of the SEV1-infected cells is triggered under
certain conditions. The release of mature virus particles involves the formation of a
multitude of virus-associated pyramids on the surface of the infected cell. Notably, the
intracellular space in which virion assembly occurs appears to be located close to the
cell surface where a VAP is formed, indicating mechanistic coupling between the two
processes. The opening of VAPs allows the release of mature virus particles. The
mechanism of SEV1 release resembles that reported for the rod-shaped virus Sulfolobus
islandicus rod-shaped virus 2 (SIRV2) and the spherical virus Sulfolobus turreted icosahe-
dral virus (STIV) (17, 18). However, SEV1 uses a hexagonal pyramidal structure, whereas
SIRV2 and STIV employ a seven-sided pyramid. The hexagonal pyramids were also
found on the surface of UV-irradiated Pyrobaculum cells, although viral replication
could not be demonstrated (19). The difference between SEV1, SIRV2, and STIV in their

FIG 10 Schematic 3-D model of the SEV1 virion. (A) A nucleoprotein filament (blue) is coiled to form a
disk, and 16 of these disks are stacked to form the capsid. Protein cross-links (yellow) exist between layers
of the filament. The capsid is enveloped by a lipid membrane (brown) decorated with spikes (dark
yellow). (B) Top view of the model. (C) Side view of the model.
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pyramidal structures probably explains why no gene encoding a homologue of P98
(37-39) or C92 (40, 41), a protein capable of self-assembly into a VAP in SIRV2 or STIV,
respectively, was readily identifiable through sequence comparison in the SEV1 ge-
nome. Taken together, our results support the notion that the VAP-based egress
strategy is widely employed by Sulfolobus viruses of different morphologies, and,
therefore, morphogenesis and virion release pathways are independently evolved in
archaeal viruses.

Strikingly, as an enveloped virus, SEV1 acquires the lipid membrane within the cell.
Electron micrographs of the thin sections of SEV1-infected cells clearly show that the
enveloped viral capsids clustered in the cytoplasm, indicating that the SEV1 virion
acquired the lipid membrane intracellularly. Therefore, SEV1 contrasts sharply with
most enveloped viruses, which escape from host cells by budding, during which they
obtain a lipid membrane enclosing the capsid (42). Very few enveloped viruses are
known to acquire their lipid membrane inside the host cell (43). The vaccinia virus
becomes enveloped through the use of membrane sheets derived from preexisting
cellular membranes (44). Bacteriophage phi6 obtains its lipid membrane inside the host
cell by membrane vesiculation or invagination (45). Acquisition of lipid membrane has
not been extensively studied in the enveloped archaeal viruses. The Sulfolobus virus
SSV1 was reported to obtain the lipid membrane through budding (16). STIV, a structurally
unusual virus, possesses an icosahedral protein shell and an inner membrane enclosing
a circular dsDNA genome (6). The viral membrane lipids are believed to be synthesized
de novo (46). The insertion of the MCP into the lipid layer through its C terminus
anchors the internal membrane to the protein shell. In comparison, the SEV1 virion was
enveloped in the cytoplasm of the infected host cell, which lacks an inner membrane
system, and released through VAPs. Therefore, it appears unlikely for the virus to
acquire the membrane through either budding or membrane vesiculation. Lipid anal-
ysis shows that the SEV1 envelope contains a similar but nonidentical set of the host
membrane lipids. Differences in lipid distribution between virions and host cells are
also found in other archaeal viruses, i.e., STIV (47), SSV1 (36), and AFV1 (11). The lipid
asymmetry probably results from a selective incorporation of lipids into the virion.
These data suggest possible coordination between the virion and the host cell in
membrane biogenesis. SEV1 appears to acquire lipids from a host lipid pool for the de
novo assembly of its envelope.

MATERIALS AND METHODS

Enrichment cultures and virus-like particles. A sediment sample was collected from an acidic hot
spring (pH 2.2 to 2.5, 86 to 106°C) in Lagura Fumarolica, Costa Rica (10°46'365"N, 85°20'646"W) and
inoculated in Zillig's medium (20, 21). Incubation was carried out at 75°C with shaking at 150 rpm until
growth was apparent (~9 days). The culture was filtered through a 0.45-um polyvinylidene difluoride
(PVDF) membrane (Merck Millipore). The cell-free supernatant was examined under EM for the presence
of virus-like particles.

SEV1 and Sulfolobus sp. A20. The enrichment culture containing VLPs including SEV1 was plated
on a Zillig’s medium plate. Single colonies were picked and examined for the presence of VLPs by EM and
PCR targeting SEV1 DNA. Cells from colonies devoid of any VLP were further purified by colony
purification. A resulting strain susceptible to infection by SEV1 was designated as the host strain for SEV1.
The strain was later shown to be a novel Sulfolobus species, denoted Sulfolobus sp. A20 (21). To purify
SEV1, a growing culture of Sulfolobus sp. A20 was infected with the cell-free supernatant of the
enrichment culture containing VLPs including SEV1. The culture was plated on a Zillig’s medium plate,
and colonies were picked. The colonies were examined for the presence of SEV1 by EM and PCR, and
those containing SEV1 alone were further purified by repeated colony picking.

SEV1 virion preparation. Sulfolobus sp. A20 was grown in Zillig’'s medium at 75°C to an optical
density at 600 nm (ODy,,) of 0.4 to 0.6 and infected with a sample of SEV1. The infected culture was
grown to an ODg, of 0.8 to 1.0 and centrifuged at 14,087 X g for 20 min at 4°C. The virus particles were
collected from the cell-free supernatant by ultracentrifugation at 82,667 X g for 2 h at 4°C and
resuspended in Zillig's basal salt. To purify the SEV1 virion, the concentrated SEV1 sample was subjected
to CsCl gradient centrifugation (0.45 g/ml CsCl, 214,200 X g for 24 h at 4°C). The SEV1 particles for TEM
observations were concentrated from the cell-free supernatant by ultrafiltration in an Amicon stirred cell
(Merck Millipore).

Infection experiments. Exponentially growing Sulfolobus sp. A20 cells were harvested and mixed
with SEV1 at a multiplicity of infection (MOI) of ~3. The infected cells were inoculated in Zillig’s medium,
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and the culture was incubated at 75°C with shaking. Samples were taken at intervals, and the ODg,
values of the samples were determined.

Viral DNA extraction. A sample of SEV1 was digested for 3 h at 50°C with proteinase K (0.8 mg/ml)
in the presence of 1% SDS. Cetyltrimethylammonium bromide (CTAB) and NaCl were added to final
concentrations of 1% and 0.8 M, respectively. After incubation for 10 min at 65°C, the sample was
extracted with phenol-chloroform, and the viral DNA was precipitated with ethanol.

DNA sequencing and genome analysis. The genomic DNA of SEV1 was digested with EcoRI, EcoRV,
Kpnl, or BamHI, separately. The restriction fragments were gel purified (Wizard SV Gel and PCR Cleanup
System; Promega) and ligated with linear pUC18 plasmid digested with a corresponding restriction
enzyme. Ligation products were transformed into Escherichia coli TransT1 strains (TransGen Biotech).
Plasmids from the transformed cells were isolated, and inserts in the plasmids were sequenced.
Sequences were assembled with VectorNTl, and sequence gaps were filled by PCR. The terminal
sequences of the viral genome were determined by primer walking using Sanger’s method with viral
DNA as the template and a primer directing synthesis toward either end of the genome from outside the
corresponding inverted terminal repeat. Base calling was done by BioEdit. Gene prediction was carried
out using ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). Sequence comparison and secondary
structure prediction were performed with BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and SMART
(http://smart.embl-heidelberg.de/), respectively.

Analysis of virion proteins. A sample of SEV1, purified by CsCl gradient ultracentrifugation, was
loaded onto a 15% SDS-PAGE gel. The gel was stained with Coomassie brilliant blue G250. Proteins were
recovered from the stained gel and identified by liquid chromatography-tandem mass spectrometry
(LC-MS/MS).

Lipid analysis. Total lipids were extracted as described previously with modifications (48, 49). A
mixture of methanol (MeOH)-dichloromethane (DCM)-phosphate buffer (PB) (2:1:0.8 by volume) was
added to the sample. After sonication, the ratio of MeOH to DCM to PB was adjusted to 1:1:0.9. Following
phase separation, the organic phase was collected. The process of solvent extraction was repeated twice,
and the extracts were combined. After the addition of internal standards (C46, 10 ul), the sample was
dried, and GDGTs were detected by high-pressure liquid chromatography (HPLC)-MS as described
previously (50).

Negative-stain transmission electron microscopy. For negative-stain TEM, purified SEV1 virions
were stained with 2% (wt/vol) uranyl acetate and observed under a JEM-1400 (JEOL) TEM (51).

Cryo-electron microscopy and cryo-electron tomography. A sample (~3.5 ul) of purified SEV1
virions was deposited on a 200-mesh quantifoil R2/1 copper EM grid coated with a thin holey carbon film.
After blotting excess solution with a filter paper, the grid was rapidly plunged into liquid ethane,
transferred into a liquid-nitrogen-cooled side entry Gatan 626 cryo holder, and inserted into an FEI Talos
F20C cryo-electron microscope equipped with a field emission gun and operated at an acceleration
voltage of 200 kV for observation. EM micrographs were taken at a magnification of X22,000 in a
direct-electron-detecting camera (DE-20; Direct Electron Co.) in correspondence to 2.02 A/pixel. For
cryo-ET analysis, tilt series images were collected using the serialEM software package (52) with a tilt
range from —60° to 60° in increments of 2° at a magnification of X22,000. The collected tilt series were
processed, and 3-D tomographic reconstructions of SEV1 virions were performed using the IMOD (53)
and ICON software packages (54). The ET volumes were segmented, surface rendered, and displayed in
3-D with Amira software (FEI Visualization Sciences Group).

ET of negatively stained virions. A sample of purified SEV1 virions was negatively stained with 2%
uranyl acetate and applied to a carbon-coated specimen grid. The excess liquid was blotted away, and
the dried grid was inserted into an FEI Tecnai electron microscope operated at an acceleration voltage
of 200 kV. EM micrographs were taken at a magnification of X50,000 by a charge-coupled-device (CCD)
camera (Gatan US1000 894) with 2.21 A/pixel. Tilt-series images were collected using the serialEM
software package (52) and processed by the Protomo software package (55). The volume segmentations
were carried out with the Amira software (FEI Visualization Sciences Group).

Ultrathin section of SEV1-infected cells. SEV1-infected cells were drawn into a carrier and quickly
frozen in a Leica EM HPM100 high-pressure freezer. The frozen samples were subjected to a substitution
process in Leica EM AFS2 with a 2% osmium tetroxide-acetone solution and then infiltrated sequentially
with 25%, 50%, and 75% Spurr-acetone for 3 h in each solution. The samples were then embedded in
100% Spurr resin and polymerized at 45°C for 12 h and 60°C for 24 h. The samples in the embedding
block were cut into 70-nm-thick ultrathin sections by a diamond knife on a Leica UC6 ultramicrotome,
stained with 2% uranyl acetate and 0.1% lead citrate, and observed in an FEI Sprit electron microscope
operated at 120 kV.

Electron tomography of SEV1-infected cells. The ultrathin sections of SEV1-infected cells were put
into a Tecnai Spirit, operated at 120 kV (FEl), and subjected to an ET analysis. The tilt series were collected
using the SerialEM software package (53) on an Eagle CCD (FEI) camera at a magnification of X30,000
in correspondence to 7.54 A/pixel, with a total dose of ~120 e~/A2. The tilt angles ranged from around
—45° to 45° at 2-degree increments. The collected tilt series images were processed, and the 3-D electron
tomograms were reconstructed using the software package Protomo, version 2.2.1 (55). The ET volumes
were segmented, surface rendered, and displayed in 3-D with Amira software (FEI Visualization Sciences
Group).

Scanning electron microscopy. SEV1-infected cells were fixed in 2.5% glutaraldehyde for 12 h at
4°C, washed with Zillig's basal salt for three times, dehydrated through a graded series of ethanol
dilutions, and critical-point dried (Bal-Tec CPD 030). The dried coverslips were sputtered with 5- to 8-nm
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platinum, and the samples were observed under a field emission scanning electron microscope (Hitachi
SU8010).
Freeze fracture and cryo-SEM. SEV1 virions were loaded onto a specimen shutter, frozen in liquid
nitrogen, and transferred into a cryo-SEM preparation chamber. Freeze fracture was carried out by using
the micrometer-advanced rigid blade. Autosublimation was performed for 20 min at —90°C in a cryo-SEM
work station (Quorum PP3010T). The specimen was observed under a field emission scanning electron
microscope (Hitachi SU8010).
Availability of data. The SEV1 genome sequence has been deposited in GenBank under accession
number MF144115.
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