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Summary. Electron microscopic studies of the viruses in two hot springS(85

pH 1.5-2.0, and 75-9&, pH 6.5) in Yellowstone National Park revealed par-
ticles with twelve different morphotypes. This diversity encompassed known
viruses of hyperthermophilic archaea, filamentaysothrixviridae, rod-shaped
Rudiviridae, and spindle-shapelduselloviridae, and novel morphotypes previ-
ously not observed in nature. Two virus types resembled head-and-tail bacterio-
phages from the familieSphoviridae andPodoviridae, and constituted the first
observation of these viruses in a hydrothermal environment. Viral hosts in the
acidic spring were members of the hyperthermophilic archaeal gemdignus.

*

Viruses are probably the most abundant biological entities on the planet [for a
review, see reference 52]. A comprehensive picture of their diversity should help
to understand the role of viruses in microbial ecology and the entire ecosystem,
as well as contribute to understanding the origin and evolution of viruses.

Only about a dozen viruses of hyperthermophilic organisms are among more
than 5000 known viruses of prokaryotes [1]. They exhibit spindle-like, flamentous
and rod shapes and have been assigned to three novel farfuseHoviridae,
Lipothrixviridae, and Rudiviridae [for reviews, see references 37, 38, 54, 56].

A fourth family, Guttaviridae, has been proposed, but not yet recognised for
droplet-shaped particles which are densely covered with thin tail fibres [3]. Hosts
of the viruses are different strains of hyperthermophilic archaea of the genera
Thermoproteus, Sulfolobus, and Acidianus, isolated from hot springs in Japan,
Iceland, and New Zealand. In addition to these viruses, icosahedral particles, with
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and without projections, as well complex particles with a spindle-shaped central
body and appendages at each end were shown to be producgdftipbus
strains recently enriched from hot pool samples from Yellowstone National Park,
U.S.A. [42].

Here we present results of studies of viruses in samples from two hot springs
in Yellowstone National Park, one acidic, with a pH of 2.0°830ocated at Crater
Hills (44° 39 13.3'Nand 110 28 39.8'W), and another, neutral, Obsidian Pool,
with a pH of 6.0, 75-93C (44° 36 35.4'N and 110 26 20.6'W). Both samples
were enriched prior to investigation. One enrichment culture, named CHE, was
established by adding 1 ml of the sample from Crater Hills to 50 ml of an acidic
medium (pH 3.0) previously developed for culturiBgfolobus [55], in a long-
necked Erlenmayer flask. The inoculated flask was incubated while shaking at
80°C. Immediately after detection of cell growth (after 10 days incubation), cells
were removed by a 5min centrifugation at 5009 and the supernatant was
filtered through a 0.@m filter (Acrodisc PF 0.8/0.g2m, Pall Gelman Laboratory,

Ann Arbor, MI, USA). The filtrate was subjected to ultracentrifugation for 2
hours at 38 000 rpm in a Beckman Coulter (Fullerton, CA, USA) SWA41 rotor.
Pelleted particles were suspended inu3@f sterile medium or distilled water,
deposited on a carbon-coated copper grid and negatively stained with 2% uranyl
acetate, pH 4.5. Samples were examined using a CM12 transmission electron
microscope (TEM) (FEI, Eindhoven, The Netherlands) operated at 120 keV. The
magnification was calibrated using catalase crystals, negatively stained with uranyl
acetate [41]. All images were digitally recorded using a slow-scan CCD-camera
that was connected to a PC running TVIPS software (TVIPS GmbH, Gauting,
Germany).

The Obsidian Pool sample was used to inoculate an 800 ml chemostat culture,
named OPE. Cells were enriched and maintained on Allen Medium (pH 6.5) [2]
supplemented with 0.001% yeast extract, 0.005% peptone, 0.1 mM L£aSO
2-H>0, 0.05 MM NaSQy, 0.1 mM KNGOz and 3mM NaS,03x 5-H»0, which
was continuously replaced (dilution rate of 12 mfth The chemostat was main-
tained under strictly anaerobic conditions at’85and was flushed with Nand
CO» (80/20 viv, 20 mI mirrY). Viruses and virus-like particles (VLPs) in the OPE
culture were examined as described above for the CHE culture.

Mor photypes of the new viruses and VLPs: We observed an unexpected and
unprecedented viral diversity in both enrichment cultures, namely nine distinct
virus and VLP morphotypes in the CHE culture, and at least five distinct morpho-
types in the OPE culture. None of the particles seemed to predominate in any of
the cultures.

In the CHE culture three virus morphotypes resembling known viruses of
hyperthermophilic archaea were present. We observed: (i) rigid, helical rods
of about 1030< 23nm (Fig. 1A), similar to rudiviruses SIRV1 and SIRV2 of
Sulfolobus [35]; (ii) filamentous particles of 850-95%®4 nm with elongated
terminal structures of 10Q 8-13 nm often found to be attached to long, thin
filaments (Fig. 1B,C); these particles resembled the lipothrixvirus TTV2 of
Thermoproteus [27]; (iil) 80 x 60 nm spindle-shaped particles (Fig. 1D) similar



Viruses from hot environments 2421

Fig. 1 (continued)
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in size and shape to fuselloviruses SSV1, SSV2, and SS\&Il&dlobus [54].
Short, rigid, helical rods of approximately 14323 nm, without appendages

on the ends (Fig. 1E) were similar in size and shape to viruses of vascular
plants, e.g., the Tobacco mosaic virus. Other particles did not resemble known
viruses or VLPs. They comprised: (i) filamentous particles of 700-838 nm

with bulbous ends (Fig. 1F), (ii) filamentous particles of about 1523 nm

with rounded tips (Fig. 1G), (iii) zipper-like particles consisting of triangular
subunits, 15 nm in width, with lengths of 100-200 nm (Fig. 1H,I), (iv) pleomor-
phic particles with arrow-like heads of 130-15®6—70 nm and helical tails of
260-760x 23 nm (Fig. 1J), and (v) complex particles consisting of an approxi-
mately 180x 125 nm ellipsoid body to which one or two appendages 24 nm in
width and 100-620 nm in length were attached (Fig. 1K to N). High magnification
(Fig. 1L) revealed a helical arrangement of subunits in these appendages.

In the OPE culture typical tailed bacteriophages were found. These con-
sisted of icosahedral heads of 100-140 nm in diameter and tails which were
10 nm wide and either 220—280 nm long and flexible (Fig. 2A,B), or very short
(Fig. 2C). The particles resembled representatives of the fanSig®viridae
andPodoviridae, respectively. Until now, these generally ubiquitous viruses had
never been detected in hot environments. Only two viral morphotypes found in the
OPE culture were similar to known viruses of hyperthermophilic archaea. They
included: (i) rod-shaped helical viruses of about 5187 nm (Fig. 2D), similar
to rudiviruses SIRV1 and SIRV2 @ulfolobus, and (ii) filamentous particles of
250-520x 30 nm with elongated terminal structures of approximately 3% nm
(Fig. 2E), resembling lipothrixvirus TTV2 ofhermoproteus. Round particles
found in the OPE culture were in two size classes, with approximate diameters
of 115nm and of 60-70 nm, respectively (Fig. 2F,G). These particles may be
viruses; alternatively, they could be membrane vesicles similar to those produced
by different strains o8ulfolobus[19, 36]. One type of VLP found in the OPE cul-
ture appeared to be morphologically new. They were pleomorphic arrow-shaped
particles with heads of 150-20075-100 nm and tails of 150-30030 nm with
clearly distinguishable terminal structures of :83@1 nm (Fig. 2H to L). The
particles superficially resembled the particles shown in Figs. 1J and 1K, however,

<
Fig. 1. Transmission electron micrographs of viruses and VLPs found in an enrichment
culture of a sample from the Crater Hills region in Yellowstone National Park (CHE). Samples
were negatively stained using 2% uranyl acetate, pH A.a. rod-shaped particle; inset:
enlarged terminud filamentous particles with flexible, elongated terminal structures; inset:
enlarged particle end; often found attached to thin filament3;spindle-shaped particles;

E short rod-shaped helical particlel;filamentous particles with bulbous termini, both
shown enlarged in the inset§; long filamentous particles with rounded ends, both shown
enlarged in the inset$i aggregated zipper-shaped particlegour zipper-shaped particles

at high magnification;) pleomorphic particles with arrow-shaped heads and helical tails;
K—N ellipsoid particlesk with one helical appendage, which is shown enlarged M with

two helical appendagebt with twisted head and two helical tails. Bars, 200 nm (100 nm for
insets)
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differed from them in the width and ultrastructure of the tail, and also by the
presence of a specific terminal structure.

Hosts of viruses and VLPs: Several rounds of dilution of the CHE culture in
fresh medium did not result in a substantial decrease in numbers of any of the
VLPs, suggesting that the host strains were actively growing in the enrichment
culture. Cells in the culture were morphologically homogenous irregular cocci of
0.5-1.5umin diameter. To identify hosts, DNA was extracted from cells collected
from the growing culture, and 16S rDNA was amplified by the polymerase chain
reaction (PCR) using the primers 519uF and 1406uR [15]. The PCR product
was sequenced directly and yielded a single sequence 99% identical to those of
the hyperthermophilic archaéeidianus ambivalens andA. infernus. Although
members of the gen&ilfolobus would be expected to grow under the conditions
used for the CHE culture, PCR conducted witiifol obus-specific primers [42]
failed to yield a product.

Fourteen single strains Atidianuswere isolated from the CHE culture, either
by plating on colloidal sulfur-containing Gelrite (Kelco, San Diego) plates [as
described in reference 55], or by using optical tweezers [as described in references
4 and 25]. The 16S rDNA sequence (positions 519-1406) from each isolate was
100% identical to the sequence from the enrichment culture DNA. One of these
strains turned out to be a host for the filamentous virus shown in Fig. 1B,C and
another was a host for two particles with distinct morphotypes shown in Fig. 1D
and in Figs. 1H,1. It is important to note that neither of the VLPs detected in the
CHE culture is morphologically identical to the one presumeiiianus virus
known, which was detected in a sample from Iceland [55].

In contrast to the CHE culture, many different bacteria and archaea were en-
riched in the OPE culture. This was expected since a variety of electron donors and
acceptors were provided and because Obsidian Pool contains an extremely diverse
community of prokaryotes [5, 26]. From this culture, we have been able to recover
16S rDNA sequences representing several known genera, which can be regarded
as possible hosts. These wé&her mofilum, Ther moproteus, Thermosphaera from
the archaeal phylum Crenarchaeodachaeoglobus from the archaeal phylum
Euryarchaeota, anicher mus, Geother mobacterium, andTher modesulfobacterium
from the domain Bacteria. In addition, sequences from noncultivated members
of the Crenarchaeota, the “Korarchaeota” [5], the Nanoarchaeota [24] and the
bacterial phylum Aquificae have been recovered.

<
Fig. 2. Transmission electron micrographs of viruses and VLPs found in an enrichment
culture of a sample from Obsidian Pool in Yellowstone National Park (OPE). Samples were
negatively stained using 2% uranyl acetate, pH AB head-and-tail viruse< possible
head-and-tail virus with short tai) rod-shaped particle; inset: enlarged particle efd;
filamentous particles with elongated terminal structures, shown enlarged in theHGet;
spherical particles with different diametek$:-K pleomorphic particles with arrow-shaped
heads and wide tails with specific terminal structures, enlargéd Bars, 200 nm (100 nm

for insets)
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Concluding remarks

Previously, different viruses and VLPs have been reported in extreme thermal
environments in Yellowstone National Park [42]. However, their hosts are exclu-
sively strains of the archaeal gerfaufol obus. On the contrary, none of the viruses

and VLPs described in the present communication are harbour&dlfoyobus
strains, although four of them are morphologically similar to kndsuliol obus
viruses. Hosts for at least three particles were shown to be strains of the archaeal
genusAcidianus, and very likely, six other types of particles found in the CHE
culture also havécidianus hosts. Such diversity of unique virus types from a
single host is remarkable. Moreover, there is no precedent for finding VLPs with
nine different morphotypes at a single hydrothermal site.

The morphological diversity of viruses and VLPs in hot aquatic environ-
ments appears to exceed that in any freshwater, estuarine, or marine system with
moderate or cold temperatures (not regarding viruses parasitizing native higher
eukaryotes). According to numerous reports, native viruses and VLPs observed in
water samples from the latter habitats, or their enrichments, are almost exclusively
either tailed bacteriophage-like particles, or are tailless polyhedrons [7-11, 13, 14,
16-18, 21, 22, 28-32, 34, 39, 40, 43-53]. In addition to these morphotypes, VLPs
with star or spindle shapes were found in hypersaline Dead Sea waters [33].
Spindle-shaped viruses were also found in saltern ponds and were shown to infect
extremely halophilic archaea [6, 20].

All identified hosts of viruses from hot habitats are species of the hyper-
thermophilic generéulfolobus, Thermoproteus and Acidianus and belong to
the archaeal phylum Crenarchaeota. Thus, at present, it is unclear whether the
remarkable diversity of virus morphotypes is specific to hot environments, or
Is host-specific, that is, specific for crenarchaeotes. The latter case would mean
that there is a dramatic difference in virus morphotypes between viruses infect-
ing the two phyla of the archaeal domain, Euryarchaeota and Crenarchaeota. In
contrast to the morphological variety of crenarchaeal viruses, all but two viruses
of euryarchaeotes are typical head-and-tail phages, belonging to the bacterio-
phage familiesMyoviridae and Sphoviridae [reviewed in 1 and 38]. Moreover,
crenarchaeotes are not restricted to high temperatures and are also abundant
in some temperate environments [12, 23]. Further studies on virus ecology are
required to confirm the observed differences in morphotypes of prokaryotic viruses
in hot and moderate aquatic ecosystems, and to understand evolutionary implica-
tions of this observation.
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