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ABSTRACT Our understanding of archaeal virus diversity and structure is just be-
ginning to emerge. Here we describe a new archaeal virus, tentatively named Metal-
losphaera turreted icosahedral virus (MTIV), that was isolated from an acidic hot
spring in Yellowstone National Park, USA. Two strains of the virus were identified
and were found to replicate in an archaeal host species closely related to Metal-
losphaera yellowstonensis. Each strain encodes a 9.8- to 9.9-kb linear double-stranded
DNA (dsDNA) genome with large inverted terminal repeats. Each genome encodes
21 open reading frames (ORFs). The ORFs display high homology between the
strains, but they are quite distinct from other known viral genes. The 70-nm-
diameter virion is built on a T�28 icosahedral lattice. Both single particle cryo-
electron microscopy and cryotomography reconstructions reveal an unusual struc-
ture that has 42 turret-like projections: 12 pentameric turrets positioned on the
icosahedral 5-fold axes and 30 turrets with apparent hexameric symmetry positioned
on the icosahedral 2-fold axes. Both the virion structural properties and the genome
content support MTIV as the founding member of a new family of archaeal viruses.

IMPORTANCE Many archaeal viruses are quite different from viruses infecting bacte-
ria and eukaryotes. Initial characterization of MTIV reveals a virus distinct from other
known bacterial, eukaryotic, and archaeal viruses; this finding suggests that viruses
infecting Archaea are still an understudied group. As the first known virus infecting
a Metallosphaera sp., MTIV provides a new system for exploring archaeal virology by
examining host-virus interactions and the unique features of MTIV structure-function
relationships. These studies will likely expand our understanding of virus ecology
and evolution.

KEYWORDS Archaea, archaeal virus, crenarchaeal, cryo-electron microscopy,
environmental virology, extremophiles, viruses in extreme environments

The recognition of Archaea as a separate domain of cellular life is relatively recent.
Consequently, our knowledge of archaeal cell biology, biochemistry, genetics, and

viruses lags far behind of that of bacteria and eukaryotes. Viruses infecting members of
the Archaea are relatively understudied. Of the �6,000 viral isolates infecting pro-
karyotes, only 120 infect archaeal hosts (1–5). Most of these archaeal viruses infect just
a few genera. Of the 41 viral isolates infecting members of the phylum Crenarchaeaota,
16 infect the species of just one genus, Sulfolobus, and 11 infect Acidianus species
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(2, 3). More viruses have been isolated from a single species of eukaryotes, Homo
sapiens, than from an entire domain of life, Archaea (6). For full understanding of the
virosphere, a more comprehensive understanding of archaeal virus diversity and func-
tion is necessary.

Despite the limited number of known archaeal viruses, they encompass a wide
range of genetic content and morphological diversity (1, 2). Most predicted open
reading frames (ORFs) in archaeal viral genomes have little similarity to known proteins,
and virion morphology differs more among the viruses of Archaea than among those
of Bacteria and Eukarya (2, 7, 8). Archaeal virions range from the icosahedral and
head-and-tail phage-like particles seen in bacterial and eukaryotic viruses to unusual
bottle, lemon, and spindle shapes unique to archaeal viruses (2, 7, 8). The evolution of
these unusual viruses remains a major unresolved question.

Archaeal virions with icosahedral morphology are found in both the Crenarchaeaota
and Euryarchaeota phyla of Archaea (2). Sulfolobus turreted icosahedral viruses 1 and 2
(STIV 1 and STIV 2) are among the better-characterized icosahedral archaeal viruses. The
STIV major structural protein consists of a double �-barrel jelly roll fold common among
icosahedral viruses, forming a pseudo-T�31, 74-nm-diameter virus particle with turret-
like projections extending 13 nm at each 5-fold axis (9). STIV also contains an internal
lipid bilayer derived from a subset of host cell membranes (9, 10). Other known
icosahedral archaeal viruses, which are found replicating in halophilic archaeal hosts,
are structurally similar to STIV, sharing high triangulation numbers, an internal lipid
bilayer, and the double �-barrel fold of their major capsid proteins (11–14). One
surprise of the high-resolution structure of STIVs was that the double �-barrel fold of
their major capsid proteins is highly structurally similar to those of adenovirus and
phage PRD1, demonstrating a likely evolutionary link between archaeal viruses and
viruses from the two other domains of life (9).

We describe here a new archaeal virus isolated from a hot spring located in
Yellowstone National Park (YNP), USA. The virion is built on an unusual icosahedral
structure with turret-like projections; it packages a small, linear double-stranded DNA
(dsDNA) genome quite distinct from that of any previously known virus. This virus likely
represents the founding member of a new family of archaeal viruses.

RESULTS
Virus and host isolation and characterization. Spherical 65- to 70-nm-diameter

virus particles were initially visualized in primary enrichment cultures established from
hot spring samples. Similar virus particles continued to be observed after three suc-
cessive rounds of serial dilution. The virus was purified on Cs2SO4 buoyant density
gradients at a density of 1.225 g/cm3, within range of other archaeal viruses (9, 15–17).
Negative staining of purified particles revealed virions consisting of two spherical layers
and uniformly distributed projections protruding from the virion surface (Fig. 1).

To identify the virus host, cells from cultures producing virus after three successive
rounds of serial dilution were collected and subjected to PCR-based amplification,
cloning, and sequencing of the near-full-length 16S rRNA gene. Of the 18 resulting
sequences, 17 matched with 99% identity to the 16S rRNA gene of Metallosphaera
yellowstonensis MK1, a strain previously isolated from Yellowstone National Park (18).
The one remaining sequence aligned with 99% identity to an unclassified Sulfolobus
species (19–21). After an additional five rounds of passaging the culture, recloning and
sequencing of the 16S rRNA gene resulted in 16 clones matching Metallosphaera
yellowstonensis and 1 sequence aligning to an Acidianus brierleyi strain, DSM 1651 (NCBI
RefSeq no. NR_028246.1). To further test Metallosphaera yellowstonensis as a viral host,
cells from virus-producing cultures were dually labeled with fluorescent probes specific
to the virus genome and to Metallosphaera 16S rRNA by use of a direct viral fluores-
cence in situ hybridization (FISH) assay (Fig. 2) (22). We observed colocalization of both
the virus DNA (red) and Metallosphaera cell rRNA (green) probes. Dual labeling for the
Acidianus cell type failed to show colocalization with the viral genome. Controls of viral
and Metallosphaera probes in STIV and Sulfolobus solfataricus culture failed to fluoresce,

Wagner et al. Journal of Virology

October 2017 Volume 91 Issue 20 e00925-17 jvi.asm.org 2

https://www.ncbi.nlm.nih.gov/nuccore/NR_028246.1
http://jvi.asm.org


demonstrating probe specificity. Both 16S rRNA gene sequencing data and catalyzed
reporter deposition (CARD)-FISH analysis indicated that a Metallosphaera-type organism
was the virus host. Furthermore, the cultures required pyrite for growth, a common
feature of Metallosphaera organisms, which are capable of autotrophic growth using
pyrite as an electron donor (18, 23). Unfortunately, a virus-free culture of Metallosphaera
yellowstonensis strain MK1 (kindly provided by W. Inskeep, Montana State University)
was not susceptible to virus infection.

Despite numerous attempts, we were unable to obtain a virus-free isolate in order
to complete Koch’s postulates, indicating that the cellular host is likely chronically
infected by the virus. Virus production closely mirrors cellular growth (Fig. 3). The ratio
of extracellular virus particles to cells remains relatively constant over time (�1,000:1).
Notably, cell numbers do not decline during virus production, as is typical for many lytic
viruses, suggesting that the virus chronically infects its host. Taken together, these
results indicate that the virus is chronically infecting a host closely related to Metal-
losphaera yellowstonensis MK1. Based on its host identification and virion morphology
(described in further detail below), we have named this virus Metallosphaera icosahe-
dral turreted virus (MITV).

Virus genome. The sequences of nucleic acids extracted from purified virions were
assembled into two major contigs of 9,780 and 9,895 bp (Fig. 4). Each contig likely
represents the (nearly) full-length linear genome of one of two strains of MITV, referred
to here as MITV1 and MITV2. The overall nucleotide identity between the two strains is
89%; the major differences between the strains are the sequences that compose
inverted terminal repeats (ITRs) and five ORFs encoded on the 5= end of each genome.
The two genomes have similar GC contents (54.0% and 53.4%, respectively), which are
similar to that of the closest known cellular host, Metallosphaera yellowstonensis (GC
content, 49%) (18). Restriction endonuclease mapping and primer extension assays of
isolated viral genomes confirmed that each MITV strain packages a dsDNA linear
genome of �9.8 kb (Fig. 5).

Both MTIV strains possess large ITRs (Fig. 4). MTIV1 contains a 318-bp ITR, whereas
MTIV2 contains a 355-bp ITR. There is no significant similarity in sequence or predicted
structures between the ITRs of the two viral strains. Both ITRs lack obvious palindromic

FIG 1 Negative-stain electron micrograph of purified virions. The 70-nm particles exhibit icosahedral
morphology with turret-like protrusions across the capsid. The particles display at least two layers, with
ring-like structures surrounding each capsid.
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or hairpin sequences, and the ends of both ITRs consist of �10 bp of homopolymeric
tracks of guanine or cytosine. Like those of other linear dsDNA viruses, these ITRs are
likely involved in genome replication (24).

The genome of each MTIV strain encodes 21 highly similar ORFs (Table 1). Most of
the predicted proteins are small (10 to 15 kDa). In both genomes, all ORFs are coded
on one strand (Fig. 4). MITV1 is predicted to be 91% coding, and MITV2 is predicted to
be 90% coding, proportions typical of the coding efficiency of viruses. All predicted
ORFs use standard start codons: (16 AUG, 4 GUG, and 1 UUG codon). Most start codons
(13 of 21) are preceded 12 to 25 bp upstream by at least 5 bp of TATA-like archaeal

FIG 2 Direct viral FISH images of virus-host cultures. (A) Total nucleic acids are stained blue with DAPI. (B) Metallosphaera rRNA is labeled
in green. (C) Viral nucleic acids are labeled in red. (D) Overlay shows the colocalization of total nucleic acids, Metallosphaera rRNA, and
viral DNA and indicates that a Metallosphaera organism is the viral host. Bar, 5 �m.

FIG 3 Growth curve of virus and cells in enrichment culture. During the 80 h postpassage, virus genomes
and cell counts increase by more than an order of magnitude. No cell decline is observed with virus
genome increases, suggesting a chronic infection.
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promoter sequence. Polycistronic mRNAs could potentially be produced to translate
ORFs b88 and a109, which were identified as major structural proteins (described
below). Sixteen ORFs are identical in the two genomes. Predicted protein pairwise
identity for the remaining ORFs ranges from 37.9% to 84.4%. These variable ORFs are
in the initial coding section of each genome and are nearly identical in length, although
several of the predicted proteins have a few extra amino acids on their C termini.
Overall, genome synteny and identity suggest that these are two strains of the same
virus with similar gene products and functions.

The putative viral proteins encoded by the two genomes display little similarity to
known viral or cellular proteins. BLAST (August 2016 release), HHpred (25, 26), and Pfam
(27) queries failed to find homologous proteins in the public databases for all but two
predicted proteins. BLASTp matched b76 with 54% homology across 89% of the ORF to
a hypothetical Acidianus rod-shaped virus protein (E value, 6e�16). HHpred analysis,

FIG 4 MTIV genomes. The two assembled viral genomes, MTIV1 and MTIV2, are 89% identical at the nucleotide level. (A) The nucleotide differences between
MTIV1 and MTIV2 are located at the ends of the genomes (black bars). (B and C) Each strain encodes 21 predicted ORFs, which are represented by filled colored
arrows. (B) MTIV1; (C) MTIV2. Only two ORFs with significant similarity to known proteins were identified in each genome (b76 and b79 [blue]) (see the text).
Virion structural proteins were identified by mass spectrometry and are color-coded green. Both MTIV1 and MTIV2 genomes are capped with inverted terminal
repeats (pink).

FIG 5 EcoRI digest of MTIV DNA. (A) EcoRI digestion of DNA extracted from MTIV virions resulted in six
bands on a 0.1% agarose gel (lane 1). In the no-enzyme negative control (lane 2), one band at
approximately 10 kb was observed. (B) In silico EcoRI digests of MTIV2 (left) and MTIV1 (right) illustrate
how the combination of the two strains would result in the banding pattern observed in panel A.
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which looks for similarity based on a hidden Markov model and includes secondary-
structure predictions, identified an ORF common to both genomes: ORF b79 hit with
�90% probability to a variety of coiled-coil proteins, including bacteriophage P22 tail
needle proteins, chromosomal segregation ATPases, dynein chains, and flagellar export
proteins. This result indicates that b79 is likely a coiled-coil protein but fails to pinpoint
its biological function. Overall, MITV genome annotation failed to predict homologous
proteins, putative functions, or relationships to known viruses for most predicted ORFs.

Virion proteins. SDS-PAGE analysis of purified virus revealed five bands of approx-
imately 9 kDa, 10 kDa, 14 kDa, 16 kDa, and 32 kDa (Fig. 6). Assuming that the 9-kDa
protein is a modified product of the 10-kDa protein, densitometric analysis of the four
remaining bands identified a ratio of 20:20:5:2 with respect to ascending size. In-gel
trypsin digestion of these bands followed by liquid chromatography-mass spectrome-
try allowed identification of the viral ORFs encoding these proteins (data not shown).

TABLE 1 MTIV genome annotations

ORF name
in MTIV1

Mol mass (kDa) of predicted
protein in MTIV1

ORF name
in MTIV2

Mol mass (kDa) of predicted
protein in MTIV2

% identity

Start
codon AnnotationNucleotide

Amino
acid

c118 13.20 c119 13.41 66.8 53.8 AUG
a115 13.23 a116 13.82 57.3 37.9 AUG
c134 16.02 c131 15.28 63.4 43.5 AUG
a188 21.52 b181 20.94 60.6 51.1 AUG
c109 12.87 c109 13.08 83.9 84.4 AUG
c125 14.94 c125 14.94 100.0 100.0 AUG
c153 16.81 c153 16.81 100.0 100.0 AUG
a40 4.82 a40 4.82 100.0 100.0 AUG
c105 12.10 c105 12.10 100.0 100.0 GUG Structural protein
b88 9.61 b88 9.61 100.0 100.0 AUG Structural protein
a109 11.20 a109 11.20 100.0 100.0 GUG Structural protein
c137 14.70 c137 14.70 100.0 100.0 GUG Structural protein
c225 23.54 c225 23.54 100.0 100.0 AUG
b94 10.45 b94 10.45 100.0 100.0 AUG
a339 32.93 a339 32.93 100.0 100.0 UUG Structural protein
c72 7.98 c72 7.98 100.0 100.0 AUG
b136 14.55 b136 14.55 100.0 100.0 AUG
a368 38.48 a368 38.48 100.0 100.0 AUG
b76 7.67 b76 7.67 100.0 100.0 AUG Acidianus rod-shaped virus

hypothetical protein
b79 9.40 b79 9.40 100.0 100.0 AUG Coiled-coil protein
a73 8.39 a73 8.39 100.0 100.0 GUG

FIG 6 Protein gel of purified virions. The 4-to-20% SDS-PAGE gel of purified virus revealed four major
bands at approximately 10, 14, 16, and 32 kDa, with a doublet at the 10-kDa band. By densitometric
analysis, these bands are in a 20:20:5:2 ratio. Liquid chromatography followed by mass spectrometry
identified the ORF in each band to which most spectra matched (data not shown).
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Each band matched spectra to peptides from the predicted ORFs b88, a109, and c137.
These ORFs are all adjacent to each other within the conserved region of the viral
genomes (Fig. 4). However, in each band, most spectra could be assigned to a single
ORF. For the 9- or 10-kDa band, the majority of spectra hit to the predicted 9.60-kDa
protein encoded by ORF b88. For the 14-kDa band, the majority of spectra hit to the
predicted 14.69-kDa protein encoded by ORF c137. For the 16-kDa band, the majority
of spectra hit to the predicted 11.19-kDa protein encoded by ORF a109. For the 32-kDa
band, the majority of spectra hit to the predicted 32.91-kDa protein encoded by ORF
a339, which is downstream from the cluster of other structural proteins (Fig. 4). The
14-kDa band also contained 17 spectra matching to four peptides from the predicted
12.09-kDa protein encoded by c105, which is adjacent on the 5= end to the cluster of
structural proteins (Fig. 4). These data suggest that the b88, a109, c137, and a339 gene
products are major structural proteins of MITV virions, while ORF c105 plays a minor
role in the virion. Unlike most major icosahedral capsid proteins (28), secondary-
structure predictions for two of the putative structural proteins are predominately
�-helical (b88, 83% �-helical; a109, 47% �-helical). In contrast, the c137 protein is
predicted to be 60% �-strands, while the a339 product is predicted to be 50%
disordered.

Virion structure. To further investigate virion morphology, both cryo-electron
tomography and single-particle analysis were performed. The tomographic work was
performed first, since undamaged virus was difficult to purify with high yields. The
reconstructed tomogram of a single virion revealed a two-layered spherical shell with
turret-like projections extending from the outer surface. Initial segmentation revealed
both 5-fold and 6-fold symmetric, turret-like projections. The positions of the 12 5-fold
symmetric turrets indicated icosahedral symmetry, allowing the virion to be icosahe-
drally averaged (Fig. 7). Using two independent half-sets of icosahedral symmetry
operators suggests a nominal resolution of �3.7 nm, as judged by Fourier shell

FIG 7 Cryo-electron tomogram of a single, icosahedrally averaged MTIV particle. (A) A single slice
through the center of the unaveraged particle rotated into a standard icosahedral orientation (2-fold axes
along x, y, and z). The locations of the 2-fold (2�) (magenta) and 5-fold (5�) (blue) axes lying in the
central plane are indicated. (B) A single hemisphere of the icosahedrally averaged particle (in a standard
orientation; comparable to panel A) reveals the outer surface layer (cyan) surrounding an inner shell
(green) that, in turn, encases three additional layers of concentric density (green, yellow, orange)
indicative of packaged DNA. (C) A surface view down the icosahedral 2-fold axis (standard orientation).
The turrets at the icosahedral 5-fold axes (magenta) and the approximately 6-fold symmetric turrets
on the 2-fold axes (dark blue) are shown. (D) The particle is rotated 31.72° about the horizontal axis to
show the view down an icosahedral 5-fold axis.
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correlation (FSC; cutoff, 0.143), between the averaged tomographic structure and the
2.2-nm structure from single-particle analysis (see below). The averaged particle shows
an outer shell diameter of approximately 70 nm through which extend 12 5-fold
symmetric and 30 apparently 6-fold symmetric projections that are coincident with the
icosahedral 2-fold axes. The outer shell is 6 to 7 nm thick, and the inner shell is �10 nm
thick.

As the purification protocol improved, we generated a small amount of material
suitable for preliminary single-particle electron microscopy (EM) analysis. A map calcu-
lated from images of 65 virion particles revealed a more-detailed view of this unusual
virion morphology (Fig. 8). At 22 Å resolution, the 69.2-nm-diameter outer shell is built
on a T�28 icosahedral lattice (Fig. 8B). Importantly, the T�28 lattice places a hexon on
each of the icosahedral 2-fold axes. Thus, the T�28 icosahedral symmetry is consistent
not only with the observation of 12-penton, 9-nm turrets that mark the 5-fold axes but
also with 30-hexon, 10-nm turrets located on the icosahedral 2-fold axes. Overall, the
morphologies of the 5-fold and 6-fold turrets appear distinct from each other, but this
speculation will need to be confirmed by higher-resolution MTIV structures. Interest-
ingly, at high contour levels, the hexon turrets disappear while the penton turrets
remain, suggesting that the hexon turrets lack full occupancy on individual particles
(Fig. 8C). In agreement with this, lower occupancy at the hexon turrets is also seen in
the averaged tomographic reconstruction of the single virion. These types of transient
surface features are reminiscent of many large virus particles found among bacterial
and eukaryotic viruses that incorporate cementing or glue proteins that give the capsid
increased physical strength or stability (29–31). Overall, structural analysis reveals an
unusual virion morphology and gene content not seen previously among archaeal
viruses.

DISCUSSION

We have isolated an archaeal virus from an acidic, high-temperature hot spring in
YNP that is novel in both virion morphology and genome content. The double-shelled
70-nm virion exhibits an icosahedral morphology built on a T�28 icosahedral lattice,
with 42 turret-like projections, 12 pentameric turrets positioned on the icosahedral
5-fold axes and 30 turrets with apparent hexameric symmetry positioned on the
icosahedral 2-fold axes. The linear dsDNA 9.8-kb genome encodes 21 potential proteins,
the vast majority of which show no significant similarity to known proteins. This virus
chronically infects a crenarchaeal Metallosphaera species; it is the first virus isolated to
infect this genus of Archaea. We propose naming the new virus Metallosphaera turreted
icosahedral virus (MTIV) and submit that it represents the founding member of a new
archaeal viral family.

At only 9.8 kbp, the MTIV genome is one of the smaller archaeal virus genomes. It
is roughly comparable in size to the 5.2-kbp circular genome of Aeropyrum pernix

FIG 8 Single-particle cryo-electron microscopy reconstruction of MTIV. (A) Surface view of MTIV at 22 Å resolution
showing the two types of turret-like projections extending above the main capsid surface. (B) T�28 icosahedral
lattice superimposed on the surface of MTIV. (C) Reduced-contour view of MTIV showing only the 12 turret-like
projections at the 5-fold axes.
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bacilliform virus 1, the 9.7-kbp circular genome of Halogeometricum pleomorphic virus
1, the 8.7-kbp circular genome of Halorubrum virus 3, and the 8-kbp circular genome
of Haloarcula hispanica virus 1 (2). Among known icosahedral archaeal viruses, STIV
packages a 17.7-kb genome within a 74-nm virion, while SH1 packages a 30.9-kb
genome inside a 79-nm virion (9, 32). The presence of long, �300-bp ITRs unique to
each MTIV strain suggests that these structures are involved in genome replication,
possibly similarly to ITRs in the linear genomes of adenovirus and some herpesviruses
(23, 33). It is not known whether MTIV, like adenovirus, uses a protein as a primer for
DNA replication.

We identified two different genomes for MTIV present in the enrichment cultures,
which likely represent two different strains of MTIV. Approximately 89% of these two
genomes are identical at the DNA sequence level. The remaining 11% in sequence
divergence is found predominately in each genome’s unique ITR sequences. At present,
we do not know if these two different genomes are replicating within different cells in
the Metallosphaera species population, are separately packed into separate capsids, or
are copackaged within the same virion. Our inability to cure the cultures of either or
both of these viruses and the nature of host-virus growth curves indicate that the
cultures are chronically infected with both strains of MTIV. There is no indication that
MTIV integrates into its host chromosome.

Both MTIV genomes encode 21 proteins. Most predicted proteins are identical in the
two strains, but the first 5 ORFs encoded on the 5= end of the genome range in amino
acid identity from 43.5 to 84.4%. At present, it is not known why this is the only cluster
of divergent viral proteins, but we speculate that they could play a role in avoiding host
defense mechanisms. Since both genomes persist in a near-1:1 ratio in culture super-
natants, even after multiple passages, they are likely equally fit under our culture
conditions.

The MTIV virion is structurally similar to known archaeal viruses in several respects.
The T�28, 70-nm virion uses a high triangulation number, like the pseudo-T�31 and
T�28 virions of STIV and SH1, respectively (9, 32). In visualizations of the high-contour
reconstruction levels, the virus has 12 turret-like projections protruding from each of
the 5-fold axes. Although only 9 nm, they are reminiscent of STIV’s 13-nm turrets. In
STIV, these are suggested to serve as a tunnel for DNA in the virion-packaging or
-unpackaging event (34, 35). Additionally, initial cryo-electron tomography analysis
suggests a bilayer at the virion’s inner surface reminiscent of STIV’s internal lipid bilayer.
The putative major capsid proteins are small—9, 13, and 16 kDa—less than half the size
of STIV’s 37-kDa major capsid protein (36). From the ratios of structural proteins
visualized on SDS-PAGE gels, it is tempting to speculate that the 10-kDa and 14-kDa
bands make up the majority of the underlying T�28 protein shell, that the 32-kDa
protein contributes to the 12 5-fold turrets, and that the 16-kDa protein makes up the
20 6-fold related turret structures. In contrast to other archaeal icosahedral viruses,
secondary-structure predictions do not suggest a double �-jelly roll fold for any of the
major capsid proteins. Using Phyre2, b88 and a109 are predicted to be �-helical, while
the c137 and a339 proteins are predicted to be composed of 60% �-strands and to be
50% disordered, respectively. Phyre2 found no significant similarity to known protein
structures for any of these MTIV proteins.

Visualizing the single-particle analysis virion reconstruction at low contour levels
reveals hexon, turret-like projections on the icosahedral 2-fold axes. It remains unclear
whether these extra turrets are present only in a subset of virions and are potentially
a result of different viral strains or whether they are cement proteins without full
occupancy. The tomographic reconstruction suggests the latter, since the hexon turrets
are present in the averaged tomogram only at reduced contour levels. Cement proteins
have been reported on other icosahedral viruses, including adenovirus, T4 phage, and
bacteriophage L, but not yet in a virus that infects Archaea (29–31). These cement
proteins are hypothesized to confer further structural stability. In bacteriophage L,
these cement proteins exhibit highly discriminatory binding: the cement protein Dec
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binds only to the HK-97-like major capsid protein at the quasi-3-fold axis nearest the
icosahedral 2-fold axes (30).

Classical virology techniques and culturing limitations of Archaea implicitly limited
the types of archaeal viruses discovered. Cell types can host only a finite number of
viruses, so archaeal viral diversity can only extend so far when limited to cell cultures
of a few genera. MTIV is the first known virus to infect a Metallosphaera cell. Simulta-
neously, it exhibits a significant lack of genetic homology, even among archaeal viruses,
and structural data thus far point toward a novel morphology. Therefore, MTIV indicates
that significant diversity remains to be found among archaeal viruses, and studying
viruses infecting other genera may lead to the discovery of that diversity.

MATERIALS AND METHODS
Virus isolation and growth. Hot spring water samples were collected from CHANN041, an acidic (pH

2.1), high temperature (75 to 82°C) thermal feature in Yellowstone National Park (44°65.329=N,
110°48.47=W). Within 24 h of collection, a primary enrichment culture was established by collecting cells
from 1 liter of a hot spring sample on an in-line 0.8-�m filter (Millipore, Billerica, MA), gently washing cells
from the filter, and resuspending cells in 5 ml of a minimal salt medium [0.4 g/liter (NH4)2SO4, 0.4 g/liter
K2HPO4, 0.4 g/liter MgSO4·7H2O, 0.2 g/liter yeast extract (pH 2.5)]. The resulting material was diluted
10-fold into 25 ml of this medium supplemented with 1% (wt/vol) pyrite and was incubated aerobically
in a shaking oil bath at 70°C and 130 rpm. After 96 h of incubation, samples were stained with 2% uranyl
acetate and were screened for the presence of virus-like particles (VLPs) using a Leo912AB transmission
electron microscope (TEM). Using the same growth conditions, primary enrichment cultures displaying
VLPs were passaged three times by 10-fold dilution, followed by three serial dilutions to extinction. At
each passage, the serially diluted material was screened for VLPs by TEM. Following serial dilutions, the
culture-producing virus was maintained by passage of a 10-fold dilution using the conditions described
above.

Virus purification. Virus was collected from cultures during maximal VLP accumulation as estimated
by TEM visualization (�80 h postpassage). Cells were removed by filtration through 0.22-�m in-line filters
(Millipore, Darmstadt, Germany), and the resulting virus filtrate was concentrated 10-fold to 100-fold by
use of a Corning (Corning, NY) Spin-X UF concentrator (molecular weight cutoff [MWCO], 100,000) to a
volume of �10 ml. Virus was subsequently purified by banding on a Cs2SO4 continuous density gradient
(30% [wt/vol] in culture medium lacking pyrite [pH 2.5]), and fractions were dialyzed into culture medium
without yeast extract and were screened for VLPs by TEM or by a quantitative PCR (qPCR) assay
(described below). Fractions containing VLPs were pooled and further concentrated 10- to 100-fold to
approximately 100 �l in dialysis tubing by dehydration with 40% polyethylene glycol (MWCO, 20,000) in
culture medium lacking yeast extract and pyrite.

Virus genome extraction, sequencing, assembly, and analysis. Nucleic acids were extracted from
purified virions by treatment with 0.1% SDS and proteinase K, followed by extraction with Tri reagent and
precipitation with ethanol (37). The purified viral DNA was sequenced using the Illumina MiSeq v3 system
with 250-nt paired-end reads at the University of Illinois Champaign-Urbana Sequencing Center. The
paired reads were trimmed with Trimmomatic, v0.35.0, and reads were subsampled and assembled using
the Geneious 9.1.5 de novo assembler (38, 39). Genome assemblies were confirmed by using Geneious
9.1.5 to map all reads onto assembled genomes and by selective PCR amplification, using primers based
on the assembled genome, followed by DNA sequencing of the resultant PCR products (38). To confirm
the sequences of the viral genome ends, adapters described by Hamilton et al. (40) were ligated onto the
viral DNA. Primers unique to each end (for MTIV1, 5=-TGACTCCCCCATCCTCATCA-3=; for MTIV2, 5=-AGTC
TCTTGGGGATCTCGCT-3=) and the forward adapter primer were used to PCR amplify the unique genome
ends for each viral genome. The resulting PCR products were cloned into the PCR 2.1 plasmid (TOPO-TA
cloning kit; Invitrogen, Carlsbad, CA), purified with a PureYield plasmid miniprep kit (Promega, Madison,
WI), and subjected to Sanger sequencing.

Open reading frames (ORFs) were identified on the assembled genomes using a combination of
Glimmer3 (41), Geneious 9.1.5 (38), and hand curation. The genome and translated ORFs were used to
search the NCBI RefSeq database for similarity using BLASTn, BLASTx, and BLASTp (August 2016 release).
HHpred (25, 26), Phyre2 (42), and Pfam (27) were also used to search for similarity to translated ORFs.

qPCR assay development. Primer3 was used to develop qPCR assays for each of the two assembled
viral genomes (43, 44). Primers resulting in 150- to 200-bp products were designed for the conserved
region of both assembled genomes (F, 5=-ACTACGTCGCCTCTTCTCCT-3=; R, 5=-ATACTGGGCGTACTCCTG
GT-3=) and for the unique regions of MTIV1 (F, 5=-TTGATGTGGTGGGCAGGATC-3=; R, 5=-AGTCTCTTGGGG
ATCTCGCT-3=) and MTIV2 (F, 5=-GGTCAGCCTAACCCTGCATT-3=; R, 5=-ACACCTCACACGGAACATCC-3=). PCR
products were cloned, confirmed by DNA sequencing, purified, and used as standards in subsequent
qPCR assays. The qPCR assay was performed using SsoFast EvaGreen supermix (Bio-Rad, Hercules, CA) in
a Rotor-Gene Q cycler (Qiagen, Hilden, Germany) and was used to track virus during culturing and
purification.

Culture growth curve. Samples of virus-host cultures passaged with a 10-fold dilution were taken
every 8 h and were rapidly cooled to 4°C. Within 24 h of collection, cells were stained with SYBR gold
stain (Invitrogen, Carlsbad, CA) and were counted using a BD Accuri C6 cytometer (BD Biosciences, San
Jose, CA). Fluorescence events were filtered first against a blank medium control and then for cell clumps
by plotting side-scattering height over side-scattering area and eliminating nonlinear results. The virus
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copy number was measured by consensus qPCR both in the unadulterated sample and in the superna-
tant after cells were pelleted in a microcentrifuge.

Major coat protein identification. Major proteins associated with purified virions were displayed on
a 4-to-20% SDS-PAGE gel. Following staining with Coomassie brilliant blue R-250 (Fisher Scientific,
Pittsburgh, PA), major protein bands were excised, subjected to in-gel trypsin digestion (45), and
analyzed on a Bruker maXis Impact mass spectrometer. Peaks were used to search a database containing
all predicted viral genome ORFs and the Metallosphaera yellowstonensis proteome (NCBI RefSeq no.
NZ_AHKJ00000000.1) using X! Tandem (46) and PeptideShaker 1.7.1 (47). Spectrum matches were filtered
for m/z errors of �2.

Sequencing of the 16S rRNA gene. The near-full-length 16S rRNA gene region was amplified from
cultures by PCR amplification using a universal archaeal forward primer (5=-TTCCGGTTGATCCCGCCGG
A-3=) and reverse primer (5=-GACGGGCGGTGAGTACA-3=). The resulting 1,390-bp product was cloned into
the PCR 2.1 vector, purified, and subjected to Sanger sequencing. Sequences were analyzed with the
NCBI RefSeq database using BLASTn (August 2016 release).

Host-virus CARD-FISH. Cultured cells producing virus were grown to the late-log-growth phase,
concentrated 100-fold by low-speed centrifugation, and fixed with 1% (wt/vol) paraformaldehyde. Two
probes, one specific to the 16S rRNA region of Metallosphaera spp. (5=-TGGGCGCCCCCCGACGGGATC-3=)
and one specific to the 16S rRNA region of Acidianus brierleyi (5=-ACCTCTAGACAGTATTAGCCT-3=), were
designed. Primers designed for the MTIV genomes using Primer3 (43, 44; also data not shown) were used
to amplify 10 DNA probes of approximately 200 to 500 bp from the viral DNA. PCR products were labeled
using the Ulysis Alexa Fluor 594 nucleic acid labeling kit (Thermo Fisher Scientific, Waltham, MA)
following the protocol described in reference 22. These probes were hybridized to fixed cells so as to
differentially fluorescently label the virus and cells via a modified version of the direct-gene FISH method
(22). In the modified procedure, cells were dried onto slides and were dehydrated in 50, 80, and 96%
ethanol, respectively, for 3 min each, followed by air drying. Cells were then permeabilized in 50 �l of
50 mM glucose–20 mM Tris (pH 7.5)–10 mM EDTA– 0.2% Tween 20 and were incubated on ice for 1 h.
After permeabilization, cells were washed with 1� PBS for 5 min and with water for 1 min. Native
peroxidases were then deactivated with 0.2 N HCl for 10 min, followed by washing with 1� PBS for 5 min,
water for 1 min, and 96% EtOH for 1 min, followed by air drying. The hybridization buffer was optimized
for 16S rRNA specificity as described previously (3, 48), and the viral probes were designed to hybridize
at the same formamide concentration using the protocol described in reference 22. Viral primers were
added to the hybridization buffer to a final concentration of 62 pg/�l. Probes were denatured at 85°C for
45 min and were then transferred to 46°C for 2 h. Five minutes after the transfer to 46°C, the 16S rRNA
probes were added to a final concentration of 0.16 ng/�l. After hybridization, cells were washed at 48°C
for 15 min in washing buffer. Cells were then incubated in 1� PBS for 15 min, followed by a 10-min
incubation at 37°C in amplification buffer with 0.0015% H2O2 and 0.33 �g/ml Alexa Fluor 488 Tyramide
(Thermo Fisher Scientific, Waltham, MA). Cells were washed at 46°C for 10 min, followed by 1 min in H2O
and 1 min in EtOH, followed by air drying. Cells were counterstained with 4=,6-diamidino-2-phenylindole
(DAPI) and were mounted with VectaShield antifade mounting medium (Vector Laboratories, Burlin-
game, CA).

Tomographic data collection. Purified virions were dialyzed into 5 mM citrate buffer (pH 3.0) and
were frozen on Quantifoil R 2/1 holey carbon grids (copper, 200 mesh) (Quantifoil, Großlöbichau,
Germany) in liquid propane-ethane using a Vitrobot Mark III system (FEI, Hillsboro, OR). Tilt series were
taken using a Titan Krios transmission electron microscope (FEI, Hillsboro, OR) operated at 300 kV and
equipped with a Volta phase plate, a Quantum postcolumn imaging energy filter (Gatan, Pleasanton, CA),
and a K2 Summit camera (Gatan, Pleasanton, CA) operated in dose-counting mode (49). Tilt series images
were collected using SerialEM software (50). Individual frames of images acquired with the K2 camera
were aligned in DigitalMicrograph software (Gatan, Pleasanton, CA). Acquisition parameters were as
follows: magnification, �35,700; tilt range, �60°; tilt increment, 2°; total dose, �60 e�/Å2; pixel size, 0.14
nm; defocus value with phase plate, �0.25 �m. The Volta phase plate was operated as described
previously (51, 52).

Tomographic reconstruction. Tomograms were reconstructed using IMOD 4.7 (53). Contrast trans-
fer function (CTF) corrections were not performed. Gold nanoparticles were used as fiducial markers for
the alignment of tilt series projection images. The aligned image stack was binned by a factor of 2. The
radial filter options were left at their default values (cutoff, 0.35; falloff, 0.05). The resulting tomogram was
surface modeled in IMOD, and the icosahedral symmetry revealed was used to average the particle
40-fold using Particle Estimation for Electron Tomography (PEET) (54, 55). Alternatively, the particle
underwent 60-fold averaging with strict icosahedral symmetry using AVE (56, 57).

Single-particle cryo-EM analysis. Cryo-electron microscopy (cryo-EM) specimens were prepared by
taking 2.5-�l aliquots of an MTIV preparation (0.1 �g protein/ml in 5 mM citrate buffer [pH 3.0]) and
applying them to C-flat perforated carbon grids (Protochips, Inc., Morrisville, NC) that were plasma-
cleaned. Cryo-specimens were prepared by manual face-on blotting and vitrification in liquid ethane and
were imaged using an Arctica transmission electron microscope (FEI, Hillsboro, OR) operating at 200 kV,
at a magnification of �36,000 (resulting in image sampling at 1.2 Å/pixel), and with defocus values
between �2.3 and �4.1 �m. Images were recorded using Leginon, on a K2 Summit direct electron
detector (Gatan, Pleasanton, CA) operated in counting mode. Dose-fractioned frames were aligned (58),
and contrast transfer function parameters for each image were determined using the CTFFIND4 program
(59). Single virion EM images were analyzed using the RELION program (60).

Accession number(s). The complete sequences of MTIV1 and MTIV2 have been submitted to
GenBank under accession numbers MF443783 and MF443784, respectively.
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