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ABSTRACT We describe the discovery of an archaeal virus, one that infects archaea,
tentatively named Thermoproteus spherical piliferous virus 1 (TSPV1), which was pu-
rified from a Thermoproteales host isolated from a hot spring in Yellowstone Na-
tional Park (USA). TSPV1 packages an 18.65-kb linear double-stranded DNA (dsDNA)
genome with 31 open reading frames (ORFs), whose predicted gene products show
little homology to proteins with known functions. A comparison of virus particle
morphologies and gene content demonstrates that TSPV1 is a new member of the
Globuloviridae family of archaeal viruses. However, unlike other Globuloviridae mem-
bers, TSPV1 has numerous highly unusual filaments decorating its surface, which can
extend hundreds of micrometers from the virion. To our knowledge, similar fila-
ments have not been observed in any other archaeal virus. The filaments are re-
markably stable, remaining intact across a broad range of temperature and pH val-
ues, and they are resistant to chemical denaturation and proteolysis. A major
component of the filaments is a glycosylated 35-kDa TSPV1 protein (TSPV1 GP24).
The filament protein lacks detectable homology to structurally or functionally char-
acterized proteins. We propose, given the low host cell densities of hot spring envi-
ronments, that the TSPV1 filaments serve to increase the probability of virus attach-
ment and entry into host cells.

IMPORTANCE High-temperature environments have proven to be an important source
for the discovery of new archaeal viruses with unusual particle morphologies and gene
content. Our isolation of Thermoproteus spherical piliferous virus 1 (TSPV1), with numer-
ous filaments extending from the virion surface, expands our understanding of viral di-
versity and provides new insight into viral replication in high-temperature environments.
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High-temperature acidic environments, such as those found in the hot springs of
Yellowstone National Park (YNP), USA, provide a rich source of archaeal viruses (1).

A range of virion morphologies is observed in archaeal viruses from these environ-
ments, including rod-shaped helical viruses, spherical icosahedral viruses, and unusual
spindle- and bottle-shaped virions (2–6). Archaeal virus diversity is also reflected at the
genome level, where most genes lack detectable homology to other known genes with
known function (7, 8). The factors driving archaeal virus diversity in acidic hot springs
are unknown but likely reflect adaptations to the physical and geochemical nature of
these environments and the cell biology and biochemistry of their archaeal hosts.

Of the 62 known thermophilic archaeal viruses, 47 viruses infect hosts from the
order Sulfolobales (6, 8–13). The remaining 15 viruses have been isolated from members
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of the Thermoproteales, Desulfurococcales, Methanobacteriales, and Thermococcales (2,
14–18). This bias likely reflects the ease with which many Sulfolobales are isolated and
cultured under predominantly aerobic, heterotrophic conditions. It is therefore reason-
able to suspect that a substantial level of archaeal virus diversity remains unexplored.

In order to expand the diversity of cultured archaeal viruses, we sought to isolate
new viruses infecting the order Thermoproteales. A common genus of this order,
Thermoproteus, is found in sulfur sediments of YNP hot springs (19, 20). These anaerobic
sulfur-reducing organisms have a global distribution in acidic and near-neutral thermal
features (12, 13, 19, 21, 22). They are capable of growing chemolithotrophically using
H2 and CO2 or organoheterotrophically using a wide variety of sugars, organic acids,
and alcohols (23, 24).

To date, only 6 viruses have been described from Thermoproteales hosts. Despite this
limited description, their structural and morphological diversity help define 3 new
archaeal virus families (12, 13, 18, 25). Thermoproteus tenax virus 1 (TTV1), Thermopro-
teus tenax virus 2 (TTV2), and Thermoproteus tenax virus 3 (TTV3) are members of the
Lipothrixviridae, a family of flexible helical viruses, whereas Thermoproteus tenax virus 4
(TTV4) is a member of the Rudiviridae, a related family of stiff rod-like viruses (18). The
remaining 2 viruses are Pyrobaculum spherical virus (PSV) and Thermoproteus tenax
spherical virus 1 (TTSV1), the only members of the Globuloviridae archaeal virus family
(12, 13). We describe here a seventh Thermoproteales virus, Thermoproteus spherical
piliferous virus 1 (TSPV1), with unusual hair-like filaments extending from its virion
surface. We propose that these filaments facilitate viral attachment to host cells.

RESULTS AND DISCUSSION

Pure cultures of Thermoproteus sp. strain CP80, originally isolated from Cinder Pool
(NHSP103) in YNP, were found to be chronically infected with a 75- to 85-nm spherical
virus (Fig. 1A). There was no evidence of host cell lysis. Cultures remained viable after
multiple rounds of passaging over a 2-year time period, with no significant change in
either virus production or host cell viability.

Cesium chloride density gradient centrifugation was utilized to purify viral capsids
that appeared by transmission electron microscopy (TEM) visualization to be intact.
Virus particles purified at a density of 1.29 g/cm3, which is typical for enveloped virions.
Using both negatively stained and frozen hydrated samples, electron micrographs and
tomograms of the virus were acquired. These images revealed a spherical capsid
morphology with an average diameter of 83 nm (Fig. 1C to F; see also Movie S1 in the
supplemental material). Ten- to 20-nm protrusions were often observed extending
from the surface of the virion (arrows, Fig. 1C). An external lipid envelope also appears
to be present in the electron micrographs (arrows, Fig. 1F). A suspected 3.4-nm-thick
(�0.3 nm) lipid envelope and an envelope surface protein layer extending out to
7.4 nm (�0.4 nm) are observed (Fig. 1F inset). The addition of 20% diethyl ether to a
sample of TSPV1 resulted in the disruption of approximately 70% of the virions, with
most of the remaining virus displaying obvious damage to their capsids, as determined
by TEM analysis. In addition to this, TSPV1 has a buoyant density in CsCl density
gradients that is typical for spherical enveloped viruses. Based on the apparent nonlytic
lifestyle of TSPV1 and the likely presence of a lipid envelope, we hypothesize that TSPV1
buds from the host cell in a manner similar to that reported for the archaeal Sulfolobus
spindle-shaped virus 1 (SSV1) (26).

The most striking and morphologically unique feature of the virion is numerous
3-nm-diameter filaments of various lengths that extend from the virion surface (arrows,
Fig. 1C to F). Each virion contains an average of 7 filaments, with the typical range being
from 0 to 20 filaments per virion. Some of these filaments extend up to 500 nm from
the capsid surface and are highly flexible. In some micrographs, it appears as if the
filaments pass through the surface protein layer and attach to the underlying envelope.
However, higher-resolution microscopy is necessary to confirm this speculation. At this
point, the nature of the association of the filaments with its virion is unknown.

The morphology of TSPV1 resembles those of PSV and TTSV, both members of the
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Globuloviridae (12, 13). The resemblance includes the presence of protrusions from the
capsid surface, the similar diameters of the virions, and the appearance of a lipid layer
in micrographs. However, the filaments present on TSPV1 were not observed on PSV or
TTSV1. Subjecting TSPV1 to increased pH from pH 4.0 to 8.0 ruptured the particles,
releasing a nucleoprotein material (Fig. 1B) whose diameter matches that of the
nucleoprotein observed in ruptured PSV particles (13).

Sequencing and assembly of the TSPV1 genome with 1,200� average coverage
yielded a 18,655-bp linear double-stranded DNA (dsDNA) genome with a G�C content
of 56%, which is similar to that of its host (Fig. 2). The TSPV1 genome codes for 31 gene

FIG 1 (A to F) TSPV1 visualized by negative staining (A to D) and cryo TEM (E and F). (A) TSPV1 particles
in association with its Thermoproteus sp. CP80 host. (B) A ruptured TSPV1 particle showing an exposed
6-nm-diameter nucleoprotein complex (white arrow) and virion filaments (black arrow). (C) Purified
particles showing virion protrusions (white arrows) and virion filaments (black arrows). (D) Enlarged
negative stain of TSPV1 with protrusion (white arrow) and filaments (black arrow). (E) Cryo-TEM
micrographs of TSPV1 with filaments (black arrow) associated with a Thermoproteus sp. CP80 cell. (F)
Tomographic slice of TSPV1 (2.5-nm diameter) showing a virion filament (black arrow). An enlarged
section showing the suspected 3.4-nm-diameter lipid envelope (LL; white arrow) and a 7.4-nm surface
envelope protein layer (PL) are shown (white arrow).
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products (GPs), with 85% coding density (Table 1). Most GPs occur on a single strand
of the genome, with only GP2 and GP6 found on the complementary strand. The
predicted masses of the GPs range from 4.7 to 59.2 kDa, with 19 GPs having a mass of
�20 kDa. Some of TSPV1 predicted genes lack obvious promoter sequences and so
may produce transcripts that are translated as operons. This includes GP3, GP4, GP8,
GP9, GP14-GP17, GP19-GP22, and GP28-GP30. We could not detect a distinct origin of
replication; however, the genome was found to have inverted terminal repeats (ITRs) of
102 bp in length which likely play a role in genome replication.

FIG 2 The genome map of the 18,655-bp dsDNA TSPV1 genome and its 31 predicted gene products (GPs). TSPV1 has 102-bp inverted terminal repeats (ITR).
GPs conserved across the Globuloviridae are colored.

TABLE 1 Predicted TSPV1 proteins, characteristics, and homologues

TSPV1
gene

TTSV1
homologue

PSV
homologue

Mol wt
(kDa)

Predicted
isoelectric
point

No. of N-linked
glycosylation
sites predicted

Predicted signal
peptide(s) Structure/function annotations

GP1 GP1 GP2 59.2 8.80 1 AAA� helicase
GP2 GP4 GP3 33.4 4.70 Na�/Ca2� exchanger
GP3 GP5 GP5 16.0 8.63 1 Thioredoxin fold
GP4 GP6 GP8 10.2 6.35
GP5 GP8 GP15 26.2 7.90
GP6 GP27 GP16 26.5 8.98 Yes (FlaFind) Minor virion protein
GP7 GP11 GP21 31.4 8.80
GP8 GP13 GP23 13.3 8.62 1 Yes (FlaFind and

SignalP)
GP9 GP14 GP24 8.0 7.92 4
GP10 GP15 GP25 18.3 7.39 Yes (FlaFind)
GP11 GP16 GP26 11.1 6.52 Major virion protein
GP12 GP18 GP28 8.3 7.53
GP13 21.0 9.04 7 Yes (SignalP)
GP14 7.4 9.17
GP15 18.0 9.92
GP16 GP22 GP11 24.0 4.37 Armadillo �-solenoid repeat protein family
GP17 11.0 9.37 1
GP18 GP19 GP29 10.0 8.46
GP19 GP20 vp2 26.0 4.80 Minor virion protein (PSV)
GP20 GP21 GP17 31.7 5.83
GP21 11.3 5.58
GP22 13.4 4.56 1
GP23 GP27 27.0 10.83 3
GP24 GP24 VP3 33.5 6.50 6 Yes (SignalP) Minor virion protein (PSV), filament protein

(TSPV1)
GP25 4.7 9.29
GP26 GP32 10.4 8.76 Possible anti-CRISPR protein
GP27 12.7 11.20
GP28 15.6 10.45
GP29 4.23
GP30 14.3 9.38
GP31 GP18 12.5 10
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Comparative genomic and virion morphology analyses place TSPV1 as a new
member of the Globuloviridae family of archaeal viruses. The highest similarity of TSPV1
GPs was to predicted proteins found in two Globuloviridae members, PSV and TTSV1.
Eighteen of the 31 TSPV1 GPs (60%) are conserved across these three Globuloviridae
members (BLASTp E values � 1 � 10�5). Fifteen of these 31 GPs are exclusively found
within Globuloviridae members and are not found in other viral or cellular genomes
(Fig. 3A). One block of TSPV1 genes (GP8 to GP12) shows a high degree of synteny in
all three viruses. Given that this block contains the major virion protein (MVP; discussed
below), the other proteins in this gene block could play a role in virion assembly (Fig.
3A, boxed region). All three viruses have linear dsDNA genomes with ITRs of �100 bp.
TSRV1 and PSV have ITRs of similar length (120 bp). However, no sequence homology
could be detected between the repeats of each virus. TSPV1 has the smallest genome
of the three viruses, which have genomes of 18.6 kb, 21.6 kb, and 28.3 kb for TSPV1,
TTSV1, and PSV, respectively. At the nucleotide level, TSPV1 is distinct from the other
two viruses of the Globuloviridae.

MAUVE whole-genome alignment detected only small segments of the genome that
could be aligned across the three Globuloviridae members (Fig. 3B). The overall maxi-
mum nucleotide identities of the TSPV1 genome with the PSV genome or TTSV1

FIG 3 Genome comparisons of the three Globuloviridae members. (A) Genome maps for PSV, TSPV1, and TTSV1 are shown with conserved genes colored the
same in each map. Eighteen of 31 TSPV1 GPs are shared with the other two Globuloviridae members. A block of genes (boxed regions) is conserved among
the 3 viruses and contains the predicted major virion protein (TSPV1 GP11). (B) MAUVE alignment of the 3 Globuloviridae genomes showing only limited regions
of sequence similarity at the nucleotide level; however, TSPV1 appears to be more similar to TTSV1 than to PSV.
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genome are 2.2% and 1.1%, respectively; however, there are short regions of high
identity. Not surprisingly, TSPV1 and TTSV1 share the highest identity most likely
because they infect similar host genera.

A combination of analyses using BLAST, HHpred, and Phyre2 was employed to
annotate the proteins of TSPV1. Despite this combined annotation approach, we were
only able to assign tentative annotations for 9 TSPV1 GPs (Table 1). Two PSV GPs for
which high-resolution structures have been determined by X-ray crystallography have
identifiable homologs in TSPV1 (27). PSV GP11 (PDB 2X3M) is homologous to TSPV1
GP16, and PSV GP32 (PDB 2X5C) is homologous to TSPV1 GP26. Despite crystal
structures, functions for these two proteins have yet to be determined. However, the
PSV GP11 structure, and therefore the TSPV1 GP16 structure, suggests that it is a likely
member of the armadillo �-solenoid repeat protein family that is known to orchestrate
protein-protein interactions in a diversity of cellular functions (28). Though it has a
different fold, the PSV GP32 structure has an overall morphology similar to that of the
B116 protein of the Sulfolobus turreted spherical virus (PDB 2J85) (29), which has
recently been suggested to have potent anti-CRISPR activity (30). It is tempting to
speculate that TSPV1 GP26 also has an anti-CRISPR function.

Both Phyre2 and HHpred analyses suggest that TSPV1 GP2 is similar to the sodium-
calcium exchange (NCX) protein (79% of residues modeled with 93% confidence using
Phyre2). The TSPV1 GP3 has a predicted thioredoxin fold, with 81% of residues modeled
at 96% confidence with thioredoxin 2 from Pseudomonas aeruginosa (PDB 2LRC); the
role GP3 plays in TSPV1 biology remains to be elucidated. We suspect that TSPV1 buds
from its host cell surface. Given this, we predict that virion envelope proteins would be
located in the host membrane prior to budding, through either the Sec or Tat
translocase pathway, both of which are present in archaea (31). Consistent with this, 5
TSPV1 proteins, GP6, GP8, GP10, GP13, and GP24, are predicted to contain N-terminal
secretion signal peptides (Table 1).

SDS-PAGE analysis of the purified TSPV1 virions revealed an intense band migrating
with an estimated molecular weight of 10 kDa, a less-intense band with an estimated
molecular weight of 15 kDa, minor protein bands at 24, 35, 48, 60, and 115 kDa, and a
protein smear stretching from the top of the gel downward to an estimated molecular
weight of 200 kDa (Fig. 4A). In-gel tryptic digestion identified GP11 as the protein
product for the 10-kDa band. Four peptide sequences belonging to GP11 were de-
tected, resulting in 71% coverage of this protein. Based on band intensity, we assign
GP11 as the major virion protein (MVP). This agrees with the previous results that found
a homologous protein from TTSV1 (GP16) as the MVP (12). GP11 is predicted to contain
four �-helices. Four-helix bundle proteins are commonly used to facilitate nucleic acid
condensation (32). We suspect that GP11 is a major component of the virion nucleo-
protein complex that serves to condense and form a superhelical, protein-bound form
of the viral DNA. In-gel tryptic digestion of the 15-kDa band produced liquid
chromatography-mass spectrometry (LC-MS) spectra matching to four peptides from
TSPV1 GP6. We assign GP6 as a minor capsid protein. The predicted molecular weight
of GP6 is 26 kDa, which suggests that this protein may be posttranslationally cleaved.
In support of this, the four identified peptides map to the N terminus, with a predicted
molecular weight of 15.6 kDa. Given its predicted secretion signal and presence in
purified TSPV1 capsids, we suspect that GP6 is an envelope protein.

Glycan SDS-PAGE gel staining was used to examine the glycosylation status of
virion-associated GP6, GP11, and GP24 based on the prediction that they too contain
multiple N-linked glycosylation sites (Table 1). The results indicate that all three proteins
are glycosylated (Fig. 4B). One role of glycosylation is to mediate virus-host interactions
during attachment and entry (33, 34). We propose that TSPV1 glycosylation serves
to increase the stability of the filaments and/or to mediate the recognition of host
receptor proteins.

Also present in CsCl density gradients was a second protein band at a density of 1.35
g/cm3. Inspection of this band by negative-stain TEM revealed abundant filaments (Fig.
5A). SDS-PAGE analysis of these purified filaments resulted in a series of protein bands
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ranging in estimated mass from 35 kDa to �250 kDa (Fig. 5B). The prominent MVP
bands at 10 kDa for GP11 and at 15 kDa for GP6 were absent from the sample. The
series of protein bands observed in both intact capsids and purified filament samples
indicates that the filaments are likely composed of multimers formed from protein(s)
with a subunit mass of �35 kDa. Only TSPV1 GP2 and GP24 have predicted molecular
weights close to this value (Table 1). Since GP2 appears to be an NCX type transport
protein, this implicates GP24 as a likely filament constituent.

N-terminal Edman sequencing of purified filaments identified one peptide se-
quence, AVFLVAVAIYITYT. This sequence is present near the N terminus of TSPV1 GP24.
A nearly identical N-terminal sequence is present in the homologous PSV protein GP16.
The sequenced N terminus is recessed 13 amino acids from the initiator methionine of
PSV and 11 amino acids internal for TSPV1. Although the TSPV1 and PSV proteins have
low overall homology (16% identity), the sequence immediately preceding the identi-
fied N-terminal match is well conserved in TSPV1, PSV, and TTSV1. This suggests that it
may serve as a cleavable secretion signal.

To further validate the assignment of TSPV1 GP24 to the viral filaments, a variety of
proteases and digestion conditions were explored prior to LC-MS analysis. Treatment
with proteinase K, pepsin, and thermolysin produced no visible change in filament
structure by TEM or detectable peptide signatures by LC-MS. Similarly, pH conditions
ranging from 1 to 10 had no observable effect on the filament structure. However,
exposure of samples to either 6 M guanidinium chloride or 8 M urea, combined with
incubation at 98°C for 40 min, completely eliminated filament structures from the 8 M
urea-treated samples and substantially reduced the number of filament structures in
the guanidinium chloride-treated samples. The use of saturated urea and extended
thermal denaturation was therefore incorporated into both in-solution and in-gel
digestion of the purified viral filaments. LC-MS-based sequencing of both in-solution

FIG 4 (A) Identification of GP11 and GP6 as major and minor virion proteins. An SDS-PAGE gel of purified
TSPV1 virions showing major protein bands corresponding to a molecular weight (MW) of 10 kDa (white
box) and 15 kDa (black box). The 15-kDa band produced spectra by LC-MS matching 4 peptides from
GP6. The 10-kDa band produced spectra by LC-MS matching 4 peptides from GP11. (B) Glycosylation
status of TSPV1 virions and purified filaments. Virion and purified filament proteins dispalyed on an
SDS-PAGE gel stained with either Coomassie (lanes 1 to 4) or Pro-Q Emerald 488 glycoprotein stain (lanes
5 to 8). Lanes 1, 4, 5, and 8 display virion proteins, lanes 2 and 4 display molecular weight standards of
known glycosylated proteins, and lanes 3 and 7 display molecular weight standards of known nongly-
cosylated proteins.
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and in-gel digests yielded matches to peptides from only GP24. The identified peptides
were VVDGKSLTTVSQLGSR, SLTTVSQLGS, and SLTTVSQLGSRLATIAVNNTAYIPWIIVSESK,
giving a total protein coverage of 19% for GP24. These data support GP24 as a
component of the filaments. However, at this point, we do not know if GP24 is the sole
or even the major component of the filaments.

Surprisingly, similar filaments were not observed on the other two related Globu-
loviridae viruses, PSV and TTSV1, even though these viruses code for homologues of the
TSPV1 GP24 filament protein (Table 1). It is unclear why only TSPV1 has these filaments,
but it may reflect differences in purification methods or possibly the differences in time
in which these viruses have been maintained under laboratory conditions.

It is worthwhile to speculate on the role the virion filaments play in the TSPV1
replication cycle. High-temperature, acidic, hot spring environments where TSPV1 is
found typically harbor low total cell densities. Combined with the harsh chemical
conditions, this creates an evolutionary impetus for viruses to develop strategies to
increase the probability of interacting with a host cell. One solution is for the virus to
target cellular pili, as is the case for SIRV and STIV (35, 36). It is conceivable that TSPV1
may decorate its virion with a structural analog to host pili and thereby increase its
effective surface area and binding probability. The presence of thin filament extensions
on the viral capsid would serve to increase the effective surface area. Despite its
theoretical advantages, such a structural solution has not been observed in archaeal
viruses other than TSPV1.

FIG 5 Purification and analysis of TSPV1 filaments. (A) TEM image of viral filaments banded in a CsCl gradient. (B) SDS-PAGE gel
of molecular weight standards (lane 1) and purified filaments showing a series of high-molecular-weight bands ranging from
�35 kDa to �250 kDa (lane 2). Both N-terminal sequencing and LC-MS analysis support GP24 as the protein constituent of the
viral filaments.
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MATERIALS AND METHODS
Host and virus source. Thermoproteus sp. strain CP80 is an anaerobic, sulfur-reducing archaeon

originally isolated from Cinder Pool (44°43=56.9	N, 110°42=32.4	W) in Yellowstone National Park (20). This
thermal feature is a high-temperature (80 to 89°C) and low-pH (4.0 to 4.4) hot spring. Strain CP80 was
isolated from sulfur-rich hot spring sediments, and 16S rRNA sequencing (20) and metagenomic
sequencing of the sediment and planktonic communities typically show it to be among the most
abundant taxa in these ecological compartments (E. S. Boyd, unpublished data). A pure culture of this
strain was obtained by dilution to extinction, and purity was confirmed by 16S rRNA gene and genomic
sequencing (20).

A pure culture of Thermoproteus sp. CP80 was screened for the presence of virus-like particles (VLPs)
by negative-stain electron microscopy. Samples were stained with 2% uranyl acetate prior to TEM
imaging using a LEO 912AB with 2K � 2K charge-coupled-device (CCD) camera (Carl Zeiss, Jena,
Germany).

Culture conditions. Medium was prepared as described by Boyd et al. (37), with the following
modifications: in place of peptone, 3 g/liter tryptone and 0.2 g/liter yeast extract were used as the
sources of carbon. Anaerobic bottles (0.5 liters) were filled with 150 ml of medium, heated to 80°C,
purged for 30 min with nitrogen gas, and inoculated with 5 ml of a log-phase cell culture. Cultures were
incubated for 10 days at 80°C or until peak viral production was observed. Viral production was
monitored by quantitative PCR (qPCR) amplification of a genome segment using qPCR primers orf14_F
(TGGCCGGCCGCTTCCAGATA) and orf14_R (GCGGTCGATAGGTTAGCGGGC). Standards for qPCR consisted
of a 255-bp fragment from the predicted major virion protein GP11 cloned into a TOPO TA pCR2.1 vector
(Thermo Fisher, Waltham, MA). SsoAdvanced Sybr green supermix was used for qPCRs, according to the
manufacturer’s directions (Bio-Rad, Hercules, CA). A Rotor-Gene series Q instrument (Qiagen, Hilden,
Germany) was used for qPCR, with an initial denaturation at 98°C for 30 s, followed by 22 cycles at 98°C
for 5 s and 65°C for 30 s.

Virus isolation and purification of virion filaments. Tangential flow filtration (TFF) was used to
concentrate 12 liters of cell culture to 100 ml using a 10-kDa molecular weight cutoff (MWCO) poly-
ethersulfone (PES) column (Amersham, Westborough, MA), followed by centrifugation for 15 min at
1,200 � g in a swinging bucket rotor to pellet cells and debris. Viruses present in the supernatant were
further concentrated to 50 ml by TFF, followed by in-line filtration through 0.8-�m Acrodisc syringe filters
(Pall, New York, NY) to remove any remaining cells. The final step in purification was accomplished by
banding viruses on buoyant density gradients created by the addition of CsCl to a final density of 1.286
g/cm3, followed by ultracentrifugation for 24 h at 37,000 rpm (175,000 � g) in an SW41 rotor. Gradients
were hand fractionated, dialyzed against 5 mM citric acid (pH 4), and analyzed by both qPCR and
negative-stain electron microscopy. The protein concentrations in fractions were measured using Qubit
fluorometric protein quantification (Invitrogen, Eugene, OR). Fractions containing separated filaments
were further purified by 10 cycles of diafiltration with a 0.5-ml Amicon Ultra spin column and a 100-kDa
MWCO (Millipore, Burlington, MA).

Cryo-electron tomography. For cryo-electron tomography, purified virus was frozen on Quantifoil
R2/1 holey carbon grids (200-mesh copper) in liquid propane-ethane using a Vitrobot Mark III system (FEI,
Hillsboro, OR). Tilt series were taken using a Titan Krios TEM (FEI) operated at 300 kV and equipped with
a Volta phase plate (38, 39), a Quantum postcolumn energy filter (Gatan, Pleasanton, CA), and a Summit
K2 camera (Gatan) operated in electron counting mode at the Max Plank Institute of Biochemistry,
Martinsried, Germany. Tilt-series images were collected using SerialEM (40). Individual frames of images
acquired with the K2 camera were aligned in DigitalMicrograph (Gatan). The acquisition parameters were
magnification, �35,700; tilt range, � 60°; tilt increment, 2°; total dose, �60 e�/Å2; pixel (px) size,
0.14 nm/px; and defocus with phase plate, �0.25 �m. The Volta phase plate was operated as previously
described (41, 42).

Tomograms were reconstructed using IMOD 4.7 (43). Contrast transfer function (CTF) corrections
were not performed. Ten-nanometer gold nanoparticles were used as fiducial markers for the alignment
of tilt-series projection images. Local alignment solutions were used to refine rotation, magnification, and
tilt angles, while a global solution was employed for distortion. Gold particles were erased from the final
aligned stack. Images were binned 2�, radially filtered with a cutoff of 0.4 and falloff of 0.05, and run
through 10 simultaneous iterative reconstruction technique (SIRT)-like filter iterations.

Genome sequencing and assembly. Viral nucleic acid was extracted from CsCl fractions using a
PureLink viral RNA/DNA extraction kit (Thermo Fisher, Waltham, MA) and was sequenced at the
University of Illinois Sequencing Center (Urbana-Champaign, IL) using Illumina HiSeq technology with
2 � 250-bp paired-end reads (Illumina, San Diego, CA). Genome assembly was performed using the MIRA
assembly program (version 4.0.4). Initial assembly required subsampling 30,000 reads and assembling
these in order to avoid assembly failure from high sequence coverage. Read recruitment to verify the
inverted terminal repeats (ITRs) was performed using the Geneious assembler (Biomatters, Newark, NJ).
For this process, the ITR region was trimmed from each end of the genome, and then paired reads were
recruited to the trimmed sequence. Genome alignments between TSPV1, TTSV1, and PSV were con-
ducted using MAUVE v.20159226 (44).

Gene prediction and annotation. Glimmer and Prodigal were used to predict viral genes (45, 46).
Predicted gene products were compared to the NCBI nr database using BLASTp (47). In addition, proteins
from both PSV and TTSV were queried against the TSPV1 genome to identify homologs using BLASTp
(47). Protein alignments were generated using MUSCLE (48). Predicted proteins were further analyzed
using the Phyre2 structure prediction server and HHpred to detect distant homologues (49, 50). PSIPRED,
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FlaFind, and SignalP 5.0 were used to identify potential signal peptides in the predicted proteins of TSPV1
(51–53). PSIPRED was also used for protein secondary structure prediction (53).

N-terminal sequencing and LC-MS sequencing. N-terminal Edman sequencing was performed
using purified filaments (5 �g) that were applied to a Prosorb cartridge, followed by 8 sequencing cycles
conducted using a Shimadzu PPSQ-53A sequencer at the Iowa State University Sequencing Center.

LC-MS analysis was performed on in-solution digests of both purified viral capsids and purified
filaments as follows: samples were dialyzed into 12.5 mM NH4HCO3 (pH 8), followed by the addition of
mass spectrometry-grade urea to a final concentration of 8 M. Following this, samples were reduced in
5 mM dithiothreitol (DTT), alkylated with 14 mM iodoacetic acid (IAA), and digested for 4 h (37°C) at a 1:20
protease/protein ratio using trypsin–Lys-C mix (Promega, Madison, WI) with ProteaseMax (Promega,
Madison, WI) addition to 0.03%. Samples were then diluted to a urea concentration of 1 M, followed by
overnight digestion (37°C).

For in-gel digestion, 9 �g of purified capsids or 7 �g of purified filaments was dialyzed into 12.5 mM
NH4HCO3 (pH 8), and then mass spectrometry-grade urea was added directly to a final concentration of
8 M together with SDS-PAGE loading buffer (50 mM Tris-HCl, 2% [wt/vol] SDS, 0.1% [wt/vol] bromophe-
nol blue, 10% glycerol, 100 mM �-mercaptoethanol [pH 6.8]). Samples were denatured at 98°C for 40 min
or at room temperature for 2 h. Electrophoresis was performed using a 4 to 12% Bis-Tris NuPAGE gel
(Thermo Fisher, Waltham, MA) for separation. Gels were stained with colloidal Coomassie and imaged
with a Typhoon Trio laser scanner (GE, Boston, MA). Gel slices were excised and proteolyzed as follows:
gel slices were destained in 50 mM NH4HCO3 until clear and then reduced with 100 mM DTT, followed
by alkylation with 55 mM iodoacetamide. Digestion was performed overnight in 25 mM NH4HCO3 using
0.3 �g sequencing-grade trypsin (Promega). Samples were subjected to reverse-phase chromatography
using a Dionex nano-ultrahigh-performance liquid chromatography (nano-UHPLC) and then analyzed
with a Bruker MaXis Impact mass spectrometer (Billerica, MA).

Data analysis was performed using MetaMorpheus v. 0.0.300 with precursor and product tolerance
of 35 ppm, 3 max missed cleavages, and posttranslational modifications (PTMs) of common fixed,
common variable, glycosylation, common biological, less common, common artifact, metal, trypsin
digested, UniProt, and Unimod modifications. Searches were performed against a database of viral
proteins, cellular proteins, and/or common contaminants. Alternatively, searches were performed with
SearchGui v. 3.3.13, with precursor and product tolerance of 35 ppm, 3 max missed cleavages, oxidation
of M, and carbamylation of K as variable modifications using X! tandem, MS-GF�, and Tide search
engines (54).

Virion protein glycosylation analysis. The NetNGlyc server was used to predict N-linked glycosy-
lation sites (55). For glycan staining, electrophoresis was performed with 9 �g of purified capsids or 7 �g
of purified filaments using a 4 to 12% Bis-Tris NuPAGE SDS-PAGE gel (Thermo Fisher, Waltham, MA) for
separation with 4 �l CandyCane ladder (Invitrogen, Eugene, OR) and 4 �l of Precision Plus Protein Dual
Xtra ladder (Bio-Rad, Hercules, CA) as standards. The gel was stained with the Pro-Q Emerald 488
glycoprotein gel and blot stain kit (Invitrogen, Eugene, OR), following the manufacturer’s recommenda-
tions, and visualized using an AlphaImager 2200 imager (ProteinSimple, San Jose, CA).

Diethyl ether sensitivity assay. To test for the presence of a viral envelope, the method developed
by Andrewes and Horstmann was employed. Briefly, diethyl ether was added to viral particles in 5 mM
citric acid buffer (pH 4) (56). The final concentration of diethyl ether was 20% (vol/vol); samples were
incubated at room temperature for 24 h and then analyzed by negative-stain TEM.

Data availability. The genome for TSPV1 is available under GenBank accession number MT047590.
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