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ABSTRACT

We provide here, for the first time, insights into the initial infection stages of a large spindle-shaped archaeal virus and explore
the following life cycle events. Our observations suggest that Sulfolobus monocaudavirus 1 (SMV1) exhibits a high adsorption
rate and that virions adsorb to the host cells via three distinct attachment modes: nosecone association, body association, and
body/tail association. In the body/tail association mode, the entire virion, including the tail(s), aligns to the host cell surface and
the main body is greatly flattened, suggesting a possible fusion entry mechanism. Upon infection, the intracellular replication
cycle lasts about 8 h, at which point the virions are released as spindle-shaped tailless particles. Replication of the virus retarded
host growth but did not cause lysis of the host cells. Once released from the host and at temperatures resembling that of its natu-
ral habitat, SMV1 starts developing one or two tails. This exceptional property of undergoing a major morphological develop-
ment outside, and independently of, the host cell has been reported only once before for the related Acidianus two-tailed virus.
Here, we show that SMV1 can develop tails of more than 900 nm in length, more than quadrupling the total virion length.

IMPORTANCE

Very little is known about the initial life cycle stages of viruses infecting hosts of the third domain of life, Archaea. This work
describes the first example of an archaeal virus employing three distinct association modes. The virus under study, Sulfolobus
monocaudavirus 1, is a representative of the large spindle-shaped viruses that are frequently found in acidic hot springs. The
results described here will add valuable knowledge about Archaea, the least studied domain in the virology field.

Archaeal viruses constitute an integral part of the virosphere,
and they are a ubiquitous feature of archaeal existence. Many

Archaea are recognized as extremophiles, inhabiting extreme en-
vironments such as hot springs and solar salterns in high abun-
dance (1, 2). Thus, viruses infecting extremophilic Archaea can be
considered key players in the complex population dynamics in
these environments. Through host infection, viruses can influence
microbial diversity by introducing genetic variation, affect host
cell physiology, and directly kill their hosts by cell lysis (3, 4).
However, we have only a rudimentary understanding of archaeal
virus-host interactions. Much of the limited knowledge that we do
have comes from studying the virus-host interplay in Sulfolobales
species. Of the about 100 isolated archaeal viruses, more than 30%
infect hyperthermophilic Sulfolobales hosts (5–7). Among these
viruses, distinct characteristics are found: unique bottle, droplet,
and spindle shapes; extracellular virion development; and unique
proteins with unknown functions (8). These distinctive character-
istics are likely to influence the interplay with their hosts and give
rise to unique life cycle traits. This has proven true for the rod-
shaped Sulfolobus virus SIRV2, which has been shown to have an
exceptional egress mechanism involving pyramid-like structures.
To date, SIRV2 remains the most well characterized archaeal vi-
rus, and very little is known about the initial entry processes and
later egress mechanisms of other archaeal viruses (9–11).

As a group, viruses with spindle-shaped virions, single or two
tailed, are common in and exclusive to the Archaea (12). Despite
this architecture being the most common found in Archaea-dom-
inated habitats, studies of these viruses have mostly been confined
to biochemical and genetic characterizations of their virions (13–
16). Relatively little is known about the relationships between

them and their hosts; in particular, insights into the entry process
are lacking. Recently, it was suggested to group five of the large
spindle-shaped viruses together into a new superfamily based on
structural similarities and a shared set of core genes (15). The
group comprises Acidianus two-tailed virus (ATV), Sulfolobus
tengchongensis spindle-shaped virus 1 (STSV1) and STSV2, Acidi-
anus tailed spindle-shaped virus (ATSV), and Sulfolobus mono-
caudavirus 1 (SMV1) (14–18). The virion structures of these large
spindle-shaped viruses are often pleomorphic, and their tails also
vary greatly in length. For example, ATSV tails range in length
from 35 to 720 nm, and ATV has been observed to develop two
elongated tails once released from the host (15, 19). In order to
elucidate the life cycles of these fascinating viruses, a robust model
system is needed.

SMV1 was originally isolated from an acidic high-temperature
hot spring in Yellowstone National Park (17). Virions of SMV1 are

Received 12 January 2016 Accepted 15 March 2016

Accepted manuscript posted online 6 April 2016

Citation Uldahl KB, Jensen SB, Bhoobalan-Chitty Y, Martínez-Álvarez L,
Papathanasiou P, Peng X. 2016. Life cycle characterization of Sulfolobus
monocaudavirus 1, an extremophilic spindle-shaped virus with extracellular tail
development. J Virol 90:5693–5699. doi:10.1128/JVI.00075-16.

Editor: A. Simon, University of Maryland

Address correspondence to Xu Peng, peng@bio.ku.dk.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JVI.00075-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

June 2016 Volume 90 Number 12 jvi.asm.org 5693Journal of Virology

http://dx.doi.org/10.1128/JVI.00075-16
http://dx.doi.org/10.1128/JVI.00075-16
http://dx.doi.org/10.1128/JVI.00075-16
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00075-16&domain=pdf&date_stamp=2016-4-6
http://jvi.asm.org


spindle shaped (averaging 200 by 70 nm) with a single tail varying
in length from 20 to 500 nm and a nose-like structure on the
opposite pole, which occasionally extends to generate a second
tail. SMV1 has a genome size of 48.8 kb with 51 putative open
reading frames (ORFs) (one major coat protein is predicted). On
infection in Sulfolobus islandicus Rey15A, growth retardation oc-
curs, but no evidence for cell lysis has been observed, and no clear
plaques have been seen on Gelrite plates (17). It has proven easy to
reproduce SMV1 in S. islandicus to obtain high virus titers. Thus,
this virus-host system has been well established in our lab and
represents a valuable model to study the virus-host interactions of
large spindle-shaped viruses. Until now, the entry mechanisms of
these viruses have not been investigated. Here, we studied the life
cycle of SMV1 when infecting S. islandicus �C1C2 (13), with spe-
cial focus on the early stages of infection.

MATERIALS AND METHODS
Virus propagation and purification. SMV1 was propagated in S. islandi-
cus �C1C2 (20). The host culture was grown in Sulfolobus medium sup-
plemented with 0.2% (wt/vol) tryptone, 0.1% (wt/vol) yeast extract, 0.2%
(wt/vol) sucrose, and 0.002% (wt/vol) uracil (TYS�U medium) (21).
Cultures were started from �80°C stock; cells were transferred to 50 ml
TYS�U medium and incubated at 78°C. After 24 h of propagation, the
50-ml cell culture was transferred to 950 ml of preheated (78°C) TYS�U
medium. The culture was grown to an optical density at 600 nm (OD600)
of 0.2 to 0.3 (typically 24 h), at which time point the host culture was
infected with SMV1 stock. The supernatant containing the virus particles
was collected at 48 to 72 h postinfection (hpi) and concentrated by ultra-
filtration using 1,000,000-molecular-weight-cutoff (MWCO) centrifugal
filter units (Sartorius, Aubagne Cedex, France). The virus fraction was
washed two times with 10 ml 10 mM Tris-acetate buffer (pH 6) to ex-
change the medium with storage buffer. The virus titer was determined by
plaque assay as described below. Virus samples were stored at 4°C until
used.

Susceptibility of Sulfolobus strains to SMV1. Five Sulfolobus strains,
i.e., S. islandicus LAL14/1 (22), S. islandicus HVE10/4 (23), S. islandicus
REY 15A (23), S. islandicus �C1C2 (20), and S. solfataricus 5E6 (11), were
tested for susceptibility to SMV1. All strains were cultivated in TYS�U
medium at 78°C with aeration at 150 rpm. Six 50-ml flasks of each culture
were set up; three were uninfected controls, and three were infected with
a multiplicity of infection (MOI) of 5. One milliliter was taken from each
culture every 3 h for 48 h, and OD600 values were measured. To investigate
population dynamics, identical growth experiments were set up with S.
islandicus �C1C2 using an MOI range of 0.01 to 5. The cultures were
monitored for 48 h.

One-step growth curve and plaque assay. Plaque assays were per-
formed in order to establish a one-step growth curve. Samples of cell-free
supernatant from the time course infection at an MOI of 0.1 (see above)
were serially diluted, and 10 �l of each diluted sample was mixed with 2 ml
preheated fresh S. islandicus �C1C2 cells, followed by 2 ml preheated
0.4% (wt/vol) Phytagel (Sigma-Aldrich, USA). The mixture was layered
over a 0.7% (wt/vol) solid Phytagel layer. Plates were incubated for 2 days
at 78°C. Single plaques were counted, and PFU were determined.

Virus stability. All virus stability experiments were carried out using
highly purified virus stocks. Treatments included (i) detergents, (ii) pro-
teinase K, (iii) different temperatures, and (iv) UV radiation. Incubations
were carried out in either Tris-acetate buffer (pH 6) or treatment solution.
After each treatment, infectivity was determined using the plaque assay,
and virus particles were visualized by negative-staining transmission elec-
tron microscopy. Briefly, virus particles were diluted 10-fold in the fol-
lowing treatment solutions: Triton X-100 (0.1% or 0.01% [wt/vol]), pro-
teinase K (0.2 mg/ml), or Tris-acetate buffer (pH 6). The temperature
conditions for the individual dilutions are listed in Table S1 in the supple-
mental material. To generate UV-inactivated virus stocks, virus particles

diluted 10-fold in Tris-acetate buffer (pH 6) were irradiated in open petri
dishes with either 40 mJ/cm2 or 1 J/cm2 of 254-nm UV light using a UV
Stratalinker 1800 (Stratagene, La Jolla, CA).

Adsorption assay. For the adsorption assay, S. islandicus �C1C2 cells
(OD600 � 0.2; 108 cells/ml) were infected using an MOI of 0.1. At defined
time intervals, a sample of infected culture was removed and the adsorp-
tion stopped by immediate centrifugation (10,000 � g, 5 min, room tem-
perature [RT]). The number of remaining PFU was determined by plaque
assay and compared to the number of PFU present in a cell-free control
mixture incubated at 78°C. The adsorption rate constant (k) was calcu-
lated using the formula, k � 2.3/Bt � log10(P0/P) (24), where P0 � PFU
per milliliter at zero time, P � virus not adsorbed at time t min, and B �
concentration of host cells as number of cells per milliliter (24).

Membrane integrity analysis. The membrane integrity of host cells
was assessed using the Live/Dead BacLight bacterial viability kit (Molec-
ular Probes, OR, USA) with minor modifications to the manufacturer’s
protocol. Briefly, 500-�l samples were taken at regular intervals from the
infected (MOI of 3) and control cultures, and cells were collected by
centrifugation (1,000 � g, 20 min, RT). The cells were resuspended in 1 ml
incubation solution containing 0.3% (wt/vol) ammonium sulfate, 0.05%
(wt/vol) potassium sulfate, 0.01% (wt/vol) potassium chloride, and
0.07% (wt/vol) glycine, pH �5.2. The samples were centrifuged again
under same conditions. Pellets were resuspended in 200 �l incubation
solution containing SYTO9 (0.0068 mM) and propidium iodide (0.04
mM) for 15 min at RT. Samples were analyzed immediately after staining
in an ApogeeFlow A-40 flow cytometer (Apogee Flow Systems, Hemel
Hempstead, United Kingdom), illuminating with a 488-nm laser.

Flow cytometry analysis. S. islandicus �C1C2 cells were infected at an
MOI of 3, and samples were taken regularly from both infected and con-
trol cultures; 300 �l of culture was added to 700 �l of 100% ethanol and
stored at 4°C. When all the samples were collected, the fixed cells were
centrifuged at 3,000 � g for 20 min and resuspended in 1 ml buffer con-
taining 10 mM Tris (pH 7.5) and 10 mM MgCl2. The samples were cen-
trifuged again under same conditions. Pellets were resuspended in 150 �l
fresh staining solution containing mithramycin (100 �g/ml) and
ethidium bromide (20 �g/ml) for 1 h. At all steps, the samples were kept
cold. Samples were analyzed in an ApogeeFlow A-40 flow cytometer
(Apogee Flow Systems, Hemel Hempstead, United Kingdom), illuminat-
ing with a 405-nm laser.

TEM. Samples (5 �l) containing SMV1 or Sulfolobus cells infected
with SMV1 were adsorbed onto carbon-coated copper grids for 5 min and
stained with 2% (wt/vol) uranyl acetate. Images were recorded using a
JEM-1010 transmission electron microscope (TEM) (JEOL, Tokyo, Ja-
pan) with a Gatan digital camera 792.

RESULTS AND DISCUSSION
Closely related Sulfolobus strains exhibit different susceptibili-
ties to SMV1. To find a suitable host for studying the life cycle of
SMV1, we infected a range of well-established lab strains of Sul-
folobus with an MOI of 5 to test for susceptibility. Whereas S.
islandicus HVE10 and S. islandicus LAL14/1 showed low or no
susceptibility to SMV1 as indicated by similar growth rates of the
virus-treated and the control cultures, S. islandicus REY15A and
the deletion mutant S. islandicus �C1C2 appear to be highly sus-
ceptible to SMV1 infection (Fig. 1A and B). REY15A displayed
observable growth retardation 14 h postinfection (hpi), whereas
�C1C2 displayed growth retardation already at 6 hpi. This sug-
gests that strain �C1C2 has a higher susceptibility to SMV1 than
REY15A. The �C1C2 strain was derived from REY15A carrying an
�160-kbp deletion. The deleted region includes the type I-A clus-
tered regularly interspaced short palindromic repeat (CRISPR)
system, the two repeat-spacer arrays, some toxin-antitoxin genes,
and hypothetical genes, which likely confers some immunity to
SMV1. Interestingly, cultures of S. solfataricus 5E6 show growth
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retardation between 14 and 23 hpi, at which point the cultures
start growing again with a growth rate comparable to that of the
control (Fig. 1B). SMV1 has been confirmed by plaque assay to
reproduce in 5E6 (data not shown). Investigation of the recovery
of 5E6 was not pursued in this work but could prove interesting
for future studies investigating whether SMV1 has host-depen-
dent life cycle traits.

Based on the results, we selected �C1C2 as the host for further

investigations into viral life cycle traits of SMV1. First, we infected
�C1C2 cultures at a range of MOIs (0.01 to 5) to test the effect of
MOI on growth retardation. The MOIs were calculated based on
viral titers enumerated by plaque assay as PFU/ml. Figure 1C
shows that the higher the MOI, the sooner the growth retardation
occurs; at an MOI of 5 (when �99% of the cells are infected),
growth retardation is observed at 6 hpi, compared to 12 hpi at an
MOI of 0.01 (when �1% of the cells are infected).

SMV1 adsorption is rapid. To gain insights into the initial
stages of SMV1 entry, we followed the kinetics of SMV1 adsorp-
tion to �C1C2 cells. The adsorption was very efficient, with 50%
of virions being bound to cells within 1 min of infection (Fig. 2).
Further incubation of the virus in the presence of the host cells
resulted in additional virion binding: �80% of virions were
bound within 20 to 30 min postinfection. All adsorption assays
were conducted under optimal growing conditions for the �C1C2
host cells, i.e., at 78°C and pH 3.5. To ensure that the observed loss
of virus titer was not due to high temperature and/or acidic effects
but indeed could be attributed to virus adsorption, we performed
a cell-free control experiment in which the same amount of SMV1
as used for the infection was added to �C1C2 growth medium.
The virus titer of the control did not change over the 30 min of
incubation (conditions were as described above). The adsorption
rate (calculated as 7 � 10�9 ml min�1 at 1 min postinfection) was
very rapid and comparable to the even faster adsorption rate ob-
served for SIRV2 (9). An adsorption assay using a 10-fold-higher
MOI resulted in a similar pattern (data not shown), resembling
what has been observed previously for SIRV2 (9). SMV1 and
SIRV2 are the only two hyperthermophilic archaeal viruses for
which the adsorption rate is known. The only other group of ar-
chaeal viruses for which adsorption rates have been studied are the
viruses of halophilic Archaea, which often bind to their hosts ex-
tremely slowly; e.g., 30% adsorption over 3 h is observed for His1
(25, 26). The high adsorption rates of hyperthermophilic viruses
are hypothesized to minimize the time they spent in the hostile
extracellular environment with boiling temperatures and acidic
pH (9).

SMV1 exhibits three distinct association modes. Very little is
known about the initial infection stages of archaeal viruses,
whereas studies of viruses infecting the other domains of life have

FIG 1 (A and B) Susceptibility of different Sulfolobus strains to SMV1 infec-
tion. The OD600 was measured over a time period of 48 h in cultures with (open
symbols) or without (filled symbols) the addition of SMV1 (MOI of 5). Cul-
tures were incubated in triplicates at 78°C. (C) Growth inhibition of S. islan-
dicus �C1C2 by SMV1 infection at different MOIs (0.01 to 5). Cultures were
incubated in triplicates at 78°C.

FIG 2 Kinetics of SMV1 adsorption. Cells were infected with SMV1 using an
MOI of 0.1 at 78°C. The number of unbound virus particles was determined at
different time points postinfection as described in Materials and Methods.
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revealed three common entry mechanisms: penetration, mem-
brane fusion, and endocytosis (27). The SMV1 virion is amenable
to lipophilic dye staining indicative of a lipid component on the
surface (K. B. Uldahl and X. Peng, unpublished data). Other spin-
dle-shaped viruses, such as SSV1 and SSV2, have well-established
lipid envelopes, providing the potential of fusion entry. To gain
insight, we followed the interaction of SMV1 and �C1C2 cells by
transmission electron microscopy (TEM) just after infection. In
general, we observed three distinct modes of viral association with
the host cell, i.e., nosecone association, body association, and
body/tail association (Fig. 3), possibly occurring sequentially. The
first stage appears to be the initial attachment to the host cell; the
attachment occurs at the nose-like end, and from the TEM images
the receptor appears to be highly abundant, as 	30 virions can be
attached to a single cell at the same time. The second stage is
referred to as the alignment stage. It appears that the virion aligns
along the host cell; initially the main body is adsorbed along the
surface of the host, while the tail is still unabsorbed. At some point
the whole virion, including the tail, is absorbed along the host
surface, and the virus particle is coating the cell. At this stage, the
virion appears to be flattened against the host surface, and the
spindle morphology “disappears” (coating/flattening) (Fig. 3).
Taken together, the presence of a lipid component in SMV1 viri-
ons and the attachment modes suggest a possible fusion entry
mechanism. However, it is clear that further studies are needed to
undoubtedly establish the fusion mechanism.

SMV1 release does not cause cell lysis. Upon SMV1 infection,
clear growth retardation is observed in �C1C2 cells; however, it is
not clear whether virus release lyses the cells. We first determined
the time required for the infecting SMV1 to release viral progeny.
A one-step growth curve revealed a dramatic increase of extracel-
lular virus titer at around 8 hpi; this reached the maximum at
around 11 hpi (Fig. 4A), which is comparable to the release time
for the related virus STSV1 (16) as well as to that for SIRV2 (11).
Moreover, this correlates with the observed delayed growth retar-
dation at an MOI of 0.01 (Fig. 1A); at 8 to 12 hpi, new viral prog-
eny from the first replication cycle would have been released and
infected the remaining uninfected cells, at which point the growth
of the whole culture would be affected.

As the lytic virus SIRV2 causes chromosome degradation in the
infected host cells, we then investigated the chromosome contents

FIG 3 Electron micrographs of SMV1 interaction with S. islandicus �C1C2 cells. Samples were collected at 10 min postinfection and negatively stained for TEM.
Left scale bar, 1 �m; right scale bar, 200 nm. The three different virus-host association modes are indicated: attachment, alignment, and coating/flattening.

FIG 4 (A) One-step growth curve of SMV1 infection of S. islandicus �C1C2.
SMV1wasaddedatanMOIofabout0.1.ThePFUareplottedagainsttime(hours).(B)
Flow cytometry time course analysis of S. islandicus �C1C2 cells infected by SMV1.
Left panel, DNA content distribution from an uninfected culture. Right panel, DNA
distribution from a culture infected with SMV1 (MOI 
 3). The virus was added just
before time point 0 h. The experiment was repeated twice.
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of SMV1-infected cells. The intracellular DNA contents in unin-
fected and SMV1-infected (MOI of 3) cultures over time were
monitored by flow cytometry. The DNA content distributions of
the control cultures (Fig. 4B, left) were typical for exponentially
growing Sulfolobus cells (28), with a majority of the cells contain-
ing 2 chromosomes. In the infected cultures (Fig. 4B, right), cells
with a very high DNA content (	2 genomes) started to appear
already 4 hpi and continued to increase until 22 hpi, whereas the
proportion of cells containing 1 to 2 genome equivalents de-
creased. At 16 and 22 hpi, a large majority of the cell population
had a DNA content above the detection range of the assay (		 2
genomes). After extruding from the host cell, SMV1 particles of-
ten remain attached to the surface of the cell, and layers of virus
particles have occasionally been observed to surround a single or
multiple host cells (Fig. 5A). A similar tendency has been observed
for STSV1 and host cells (16). This gives rise to particle aggregates
with very high DNA contents, which are outside the detection
range of the assay of up to 4 genomes. During the 22-h experi-
ment, equivalent to about two viral replication cycles, no signifi-
cant chromosome degradation occurred in the SMV1-infected
cultures. Moreover, we performed a Live/Dead BacLight assay to
detect potential membrane disruption of the infected cells. Com-
pared to the uninfected culture, only a negligible increase in the
amount of “broken” cells was detected in the SMV1-infected cul-
ture over 48 h (Fig. 5B). As a control for the assay, a Sulfolobus
culture infected with the lytic virus SIRV2 (10) exhibited a high
level of cell lysis (Fig. 5C). Thus, no indications of cell lysis were

observed in the SMV1-infected culture, and SMV1 appears to be
nonlytic like the related STSV1 (16) and the spindle-shaped fu-
selloviruses (29, 30).

Pleomorphism and stability of SMV1. SMV1 particles iso-
lated and purified immediately after release appear spindle shaped
with no visible or very short tails (Fig. 6A). Upon release and if left
in the cell culture at 78°C, the virions start developing tails; some-
times tail development occurs at both poles, with one tail being
shorter than the other. Purified SMV1 particles are often observed
in rosette-like structures with virions connected through thin fi-
bers at one pole (Fig. 6B and D). Together this gives rise to a very
heterogenic virus population, as seen in Fig. 6C. The closely re-
lated ATV displays similar extracellular tail development indepen-
dent of its host (14). A study measuring ATV virions showed the
virion body dimensions of ATV to shift upon tail development:
tailless virions exhibited an average maximum width of 119 (�2)
nm, while the two-tailed particles showed a maximum width of 85
(�4) nm (14). However, electron micrograph measurements of
tailless, one-tailed, and two-tailed SMV1 particles exhibited the
same average maximum width of 80 (�4) nm. Thus, a width dif-
ference was not observed upon SMV1 tail development. Variation
in tail lengths has been reported for both ATV and ATSV, with a
maximum reported tail length of ATSV of 720 nm (15). Here, we
show that SMV1 can develop tails of more than 900 nm in length
(Fig. 6C), more than quadrupling the total virion length. The abil-
ity of SMV1 and ATV to undergo major extracellular morpholog-
ical development is a unique feature of these two archaeal viruses,

FIG 5 (A) Electron micrograph of an S. islandicus �C1C2 culture infected with SMV1 (high MOI) at 22 hpi. Scale bar, 1 �m. (B) Time course analysis of the
percentage of live (light gray) and dead (dark gray) cells in an S. islandicus �C1C2 culture infected with SMV1 (MOI 
 3) compared to an uninfected control.
(C) Flow cytometry analysis of live/dead staining of S. islandicus �C1C2 before and after infection with SMV1 (MOI of 3) at 22 hpi. S. solfataricus 5E6 cells
infected with SIRV2 (MOI of 5) were used as a positive control for DNA degradation and cell lysis.
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not observed elsewhere in the virosphere. The reason for the ex-
tracellular development of the virions is still unclear.

To gain insights into the mechanism behind the morphological
variation of SMV1, we tested the effects of a range of physical and
chemical treatments on the morphology and infectivity of SMV1.
Highly purified virions were treated with different detergents, differ-
ent solvents, and proteinase K, as well as a variety of temperature and
UV conditions. After each treatment, viral infectivity was deter-
mined, and the appearance of the virus particles was assayed by neg-
ative-stain TEM. Among the tested conditions, Proteinase K and
boiling clearly induced the development of one or two tails at the
poles of the virion body, whereas the effect of other treatments was
not obvious (see Table S1 in the supplemental material). This sug-
gests that the tail development involves conformational change or
reorganization of structural proteins, which can be triggered by envi-
ronmental conditions such as boiling temperatures.

Surprisingly, SMV1 particles demonstrated extreme stability un-
der a range of the conditions tested above, including freezing without
cryoprotectants, which had no effect on infectivity and appearance
(see Table S1 in the supplemental material). Moreover, a very high
dose (1 J/cm2) of UV irradiation could not completely inactivate
SMV1. Plaque assays suggested a 100% inactivation of SMV1 by the
high (1-J/cm2) UV irradiation dose and 98% inactivation by a lower
UV irradiation dose (40 mJ/cm2, the European standard for the in-

activation of most pathogens [31]). However, incubation of 50 ml
�C1C2 cells with 100 �l of the high-dose UV-treated virus suspen-
sion resulted in the production of infectious SMV1 particles at 6 hpi,
and a virus titer of 103 PFU/ml was observed by plaque assay at 8 to 10
hpi (data not shown). This indicates that the initially added virus had
reproduced. Thus, a complete inactivation had not occurred even at
the very high UV dose.

In addition, the UV exposure experiment makes us very cau-
tious when interpreting infectivity by plaque assay. If no infectiv-
ity is seen by plaque assay it should not be interpreted as an abso-
lute result but should be followed up by other infectivity assays.
Finally, we want to stress the difficulties in estimating precise titers
of infectious virus particles. As seen in Fig. 3, more than 30 virus
particles can attach to one cell but will give rise to only one plaque.
Thus, plaque assays are far from a precise enumeration method, at
least for SMV1. Also, we have used a nanoparticle analyzer to
estimate the nanoparticle count in a highly purified virus suspen-
sion, which gave a 10-fold-higher particle count than that by
plaque assay, similar to the particle/PFU ratio estimated with
quantitative PCR (qPCR) analysis (K. B. Uldahl and X. Peng, un-
published data). Another study enumerated the spindle-shaped
virus SSV9 by plaque assay and qPCR and similarly found a 10-
fold difference (32), suggesting this to be a general observation for
spindle-shaped viruses.

FIG 6 Electron micrographs of different forms of SMV1. (A) Tailless SMV1 particles isolated immediately after release. (B and C) SMV1 develops 1 or 2 tails
outside the host cell. The development occurs at high temperatures (	75°C). Often one longer and one shorter tail are observed (blue arrow). (D) Only one pole
appears to have short tail fibers, which can attach to tail fibers of other virions to form characteristic rosettes (B). All preparations were negatively stained with
2% uranyl acetate.
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Concluding remarks. Our study provides valuable insight into
the initial infection stages of one of the large spindle-shaped ar-
chaeal viruses, SMV1. Our observations suggest that SMV1 viri-
ons adsorb to host cells through three distinct modes, possibly
leading to fusion entry. Interestingly, we observed more than 30
virions attached to the surface of a single host cell, indicating a
relative abundance of viral receptors. Upon infection, the replica-
tion of the virus retarded host growth but did not cause lysis of the
host cells. Similar to ATV, SMV1 shows remarkable virion plas-
ticity by developing a tail(s) independent of the host, an extraor-
dinary feature observed only for these two hyperthermophilic
spindle-shaped viruses. Moreover, SMV1 particles demonstrate
an exceptional resilience to a range of harsh conditions, especially
at extremes of temperature and UV irradiance. The work pre-
sented here provides a good basis for future studies into the viral
traits of the large spindle-shaped archaeal viruses.
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