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Abstract

The existence of a culturing bias has long been known
when sampling organisms from the environment. This
bias underestimates microbial diversity and does not
accurately reflect the most ecologically relevant species.
Until now no study has examined the effects of culture
bias on viral populations. We have employed culture-
independent methods to assess the diversity of Sulfolobus
spindle–shaped viruses (SSVs) from extremely hyper-
thermal environments. This diversity is then compared to
the viral diversity of cultured samples. We detected a
clear culturing bias between environmental samples and
cultured isolates. This is the first study identifying a
culture bias in a viral population.

Introduction

A limiting factor in environmental microbiology is the
inability to culture, either in pure culture or as a con-
sortium, the organisms that inhabit a particular envi-
ronment [1]. This is especially apparent in culturing
organisms that inhabit extreme environments because of
our rudimentary understanding of the factors required to
support microbial growth from these environments. The
advent of non-culture-dependent methods has allowed us
to examine the microbial diversity present in high-tem-
perature environments [2, 3, 6, 20]. These studies dem-
onstrate that only a limited number of the total
organisms in that environment have been successfully
cultured. It has been estimated that as little as 0.1% of the
microorganisms in a particular environment have been
grown in pure culture. The inability to culture a majority
of thermophiles greatly limits our ability to understand

the biology and the ecological roles these organisms play
in the environment.

It has long been recognized that a culturing bias
exists when isolating microorganisms from the environ-
ment. The selective pressures induced by culturing are
thought to be the principal mechanism for this bias.
Often pure cultures established from extreme environ-
ments do not represent the dominant organism found in
that particular environment [1, 21]. For example, non-
culture-dependent estimations of the microbial diversity
in Octopus Springs suggest that Synechococcus lividus B’ is
a dominant microorganism, whereas Synechococcus livi-
dus P3 is the organism that is typically cultured [21]. In
addition, the organism adapted to growth in culture of-
ten does not faithfully maintain the biochemical and
ecological function of its parents operating in the envi-
ronment.

To date, no studies have determined if there is a
strong selection bias when viruses of extremophiles are
replicated in culture as compared to their natural envi-
ronments. Most investigators use viruses replicating in
culture to examine fundamental aspects of viral replica-
tion and virus–host interactions. However, viruses rep-
licating in culture may not accurately represent the virus
behavior and ecology found in the natural environment.
Interest in the role of viruses in microbial ecology has
been heightened by the completion of multiple microbial
genomes, which has implicated the importance of viruses
in horizontal gene transfer [7, 9, 11, 18].

Sulfolobus spindle-shaped viruses (SSVs) provide an
ideal model system for investigating the effect of cultur-
ing on viral diversity. SSVs are nonlytic temperate viruses
that infect Sulfolobus species inhabiting high temperature
(>80�C) acidic (pH < 4) environments [15, 24, 25]. SSVs
are 60 · 90 nm spindle-shaped particles which encapsi-
date a circular dsDNA viral genome of approximately
15 kb [10, 17, 22]. SSV genomes are stably maintained in
three different forms. The viral genome integrates intoCorrespondence to: M.J. Young; E-mail: myoung@montana.edu
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the host chromosome and the episomal forms can be
both positively or negatively supercoiled. SSVs have been
isolated from multiple locations around the world and
are the most common virus type isolated from high-
temperature acidic environments [14, 22]. We have
previously reported the isolation of SSVs from multiple
high-temperature acidic locations within Yellowstone
National Park (YNP) [14]. The broad collection of SSV
genomes available has allowed a detailed comparison of
the similarities and differences between geographically
distributed SSVs [22]. SSV ORFs show little or no se-
quence similarity to genes in the public database. How-
ever, there is a common set of 18 genes shared by all four
sequenced SSV isolates. In addition to this common set
of genes, each SSV genome contains ORFs that are un-
ique to that particular isolate. The distinct genetic sig-
nature of these viruses and the novel spindle-shaped
morphology has resulted in the creation of a new viral
family, the Fusselloviridae (http://www.ncbi.nlm.nih.gov/
ICTV/). To date, all of the sequenced SSVs have been
determined from cultured isolates. However, we do not
know if these cultured isolates are representative of SSVs
found in the environment.

A detailed understanding of the ecological role of
SSVs in high-temperature acidic environments requires
an understanding of the diversity of viruses present in
that environment. As a first step in understanding that
diversity, we were interested in determining whether a
culture bias exists for these hyperthermophilic viruses in
the acidic hot springs of Yellowstone National Park. Here
we report the effects of culturing on SSV diversity from
the environment. We use two separate genetic markers in
the SSV genomes to monitor changes in virus populations
as a consequence of culturing environmental samples.

Methods

Environmental Location. Environmental samples were
collected from a hot spring in the Midway Geyser Basin
(44� 31.287¢N, 110� 48.647¢W) and a hot spring in the
Norris Geyser Basin (44� 43.653¢N, 110� 42.862¢W) in
Yellowstone National Park. The hot spring in the Midway
Geyser Basin (Rabbit Creek site) was characterized by a
range of temperatures from 71 to 91�C and pH values
from 2.8 to 4.2. The hot spring in the Norris Geyser Basin
(Ragged Hills site) ranges from 68 to 78�C and pH 2.6–
3.7.

Sampling. Water samples (500 mL) were col-
lected from each hot spring using methods previously
described [14, 24]. Three hours after collection, �1 mL
of the environmental sample was inoculated into 60
mL of enriching medium (DSMZ media 88; http://
www.dsmz.de/dsmzhome.htm). The remaining envi-

ronmental sample was used for total nucleic acid
extraction. The cultures were incubated at 80�C and
pH 3 for 7–10 days until cultures were visibly turbid.
After the 7 days of incubation, 1 mL of the established
culture was passaged into 60 mL of fresh medium. The
remainder of the primary culture was used for DNA
extraction. The first passage culture was grown for 7–
10 days, after which DNA was extracted.

DNA Isolation. Total nucleic acids were extracted
using the Mo-Bio UltraClean Water DNA Extraction Kit
according to manufacturer’s instructions (Mo-Bio, Sol-
ana Beach, CA). DNA was extracted from the enrichment
cultures using a rapid alkaline lysis method described
previously [16, 23]. The yield of DNA extracted from the
environment and the cultures was estimated by ethidium
bromide staining of agarose gels.

PCR Amplification of SSV Genome Seg-

ments. Whole genome alignments of four geograph-
ically distributed SSVs isolated were used to identify
regions of conserved nucleotides [22]. Two primer sets
(Fig. 1) were identified to amplify SSV sequences.
Primers UnvSSV#7F (5¢ ATTCAGATTCTGWATWCA
GAAC) and UnvSSV#8R (5¢ TCSCCTAACGCACTC
ATC) are located in SSVRH ORFs b170 and a83,
respectively. These primers flank the viral coat proteins
and amplify 1100 to 650 nucleotides, depending on the
presence or absence of the VP2 gene in the isolate [22].
Primer sets UnvSSV#3F (5¢ CAATGCCATAGG

Figure 1. Genomic map of SSV RH from the Ragged Hills area in
Norris Geyser Basin (Yellowstone National Park). The locations of
the PCR primers and approximate amplicon regions are indicated
in white.
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CTACGG) and UnvSSV#4R (5¢ GTACCGTTATAGTAR
TAAACG) amplify �256 nucleotides of the largest ORF
conserved in all SSV genomes (SSV RH ORF B812) [22].
PCR was performed with a Perkin-Elmer DNA Thermal
Cycler 9700, using 40 cycles of 94�C for 1 min, 45�C for
1 min, and 72�C for 1.5 min. Reaction mixtures con-
tained 10· Taq buffer, 10 mM dNTPs, 50 pmol/lL of
both the forward and reverse primer, �10 ng of total
extracted DNA, and 1 unit of Taq DNA polymerase. PCR
products were visualized using agarose gels to estimate
the size and concentration of each amplicon.

Cloning and Sequencing. The PCR products were
cloned using the TOPO TA Cloning Kit as described by
the manufacturer (Invitrogen, Carlsbad, CA). A 2 mL
deep 96-well plate was inoculated with E. coli trans-
formed with the cloned PCR products. Plasmids were
purified from E. coli using the Millipore 96-well plasmid
prep kit (Millipore, Billerica, MA). The plasmid DNA
was sequenced using BigDye Terminator Mix (Applied
Biosystems, Foster City, CA) on an ABI9700 automated
sequencer (Applied Biosystems).

Phylogenetics. Sequences were edited and ana-
lyzed using Sequencher 4.1 (Gene Codes Corp., Ann
Arbor, MI). Sequence alignments were performed using
ClustalX [4, 8]. The alignments were subsequently ana-
lyzed by PAUP 4.0b10 [19] and a maximum parsimony
analysis was conducted. Parsimony bootstrap values were
obtained by resampling the data 10,000 times. A maxi-
mum likelihood analysis was conducted using Modeltest
to select the nucleotide substation model [12]. Clade
credibility values were derived using MrBayes where 11
million permutations were sampled every 10,000 gener-
ations [5].

Results and Discussion

SSV diversity was monitored directly in the environment
and in subsequent enrichment cultures by phylogenetic
analysis of two conserved regions within SSV viral ge-
nomes (Fig. 1). We detected a strong culturing bias in
SSVs between the environment and the primary enrich-
ment culture. Two hundred fifty-six nucleotides within
the largest conserved SSV ORF (SSV RH ORF B812) were
amplified from total environmental DNA using universal
SSV primers 3F and 4R. Seventy-four PCR generated SSV
clones from the Midway Geyser Basin (Rabbit Creek site)
were phylogenetically analyzed. SSV diversity in the
Midway Geyser Basin is dominated by two major clusters
and one minor cluster (Fig. 2). Phylogenetic analysis of
31 viral clones from the primary enrichment culture re-
veals an obvious culture bias (blue in Fig. 2). SSV
diversity observed in the hot spring was reduced to a

single cluster when grown in an enrichment culture. The
primary enrichment culture was associated with only one
of the dominant environmental clusters. This trend was
maintained when 20 additional clones were analyzed
from the first passage of the primary enrichment culture
(green in Fig. 2). The enrichment culture clones may
form a separate cluster distinct from those observed in
the environment, but this separation is not well sup-
ported by high bootstrap values and more clones will
have to be considered (Fig. 2). These results identify a
strong culture bias when comparing the diversity of SSVs
in the environment to SSVs in culture.

Figure 2. Phylogenetic tree of SSV sequences from the Rabbit
Creek site in the Midway Geyser Basin. Seventy-five environmental
clones (black) represent 53 unique sequences amplified using
universal SSV primers 3F and 4R. Blue represents 31 sequences
(seven unique) obtained from the original enrichment culture
using the same primer set. Green represents 20 sequences (nine
unique) obtained from the first passage of the enrichment culture.
The frequency of each environmental clone is indicated directly
following the clone name. Both maximum parsimony and maxi-
mum likelihood analyses resulted in the same tree topology. The
first number at each node is the boostrap value obtained from
resampling the data 10,000 times in the maximum parsimony
analysis. The second number at the nodes represents the Bayesian
clade credibility from the maximum likelihood analysis.
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We employed a similar approach to a second geo-
thermal feature in Yellowstone National Park. Forty-
three environmental PCR clones were analyzed from the
Ragged Hills site within the Norris Geyser Basin. As at the
Rabbit Creek site, a diverse population structure was
observed (Fig. 3). At least five distinct clusters were de-
tected and supported by high bootstrap values. These 43
environmental clones were compared to the four se-
quenced SSV isolates that have been cultured from dis-
tinct locations around the world [22]. It is worth
mentioning that one of these four sequenced isolates was
originally cultured from this same thermal pool in Rag-
ged Hills. This Ragged Hills isolate (SSV RH from Sulf-
olobus solfataricus) clusters more closely together with
cultured isolates from Japan (SSV1 from S. shibatae),
Russia (SSV K1 from S. solfataricus) and Iceland (SSV2
from S. islandicus) than it does with environmental

clones from the Ragged Hills thermal pool (Fig. 3; se-
quenced isolates represented in gray). All characterized
SSVs are viruses of Sulfolobus, but the Sulfolobus species
hosting the four sequenced isolates varies. Apparently
this viral culturing bias is independent of geographic
location and is not solely attributable to selection of a
particular host. The only discernible common thread
among these four sequenced isolates is that they were
established from pure cultures using similar protocols.

A culturing bias is also apparent when analyzing
sequence from the SSV viral coat protein region from the
Ragged Hills site. Direct analysis of 63 environmental
clones identifies five dominant clusters (Fig. 4). In
agreement with the B812 marker analysis, phylogenetic
analysis using the coat protein marker places all four
sequenced viral isolates in the same cluster, despite their
geographic separation (Fig. 4; sequenced isolates repre-

Figure 3. Phylogenetic tree of environmental clones from Ragged
Hills in the Norris Geyser Basin comparing environmental se-
quences and the sequences of four cultured SSV isolates (gray)
from geographically distinct locations. Black represents 43 envi-
ronmental clones (21 unique) amplified with primers 3F and 4R.
Both maximum parsimony and maximum likelihood analyses re-
sulted in the same tree topology. The numbers at the node rep-
resent support from both analyses (see Fig. 1 legend for
description).

Figure 4. Phylogenetic tree of environmental clones from Ragged
Hills and four sequenced isolates from geographically distinct
locations. Black represents 63 environmental clones (40 unique)
amplified with primers 7F and 8R. Gray represents the four se-
quenced isolates grown in culture (for a description see Fig. 3
legend and [22]). Both maximum parsimony and maximum
likelihood analyses resulted in the same tree topology. The num-
bers at the node represent support from both analyses (see Fig. 1
legend).
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sented in gray). These results suggest that culturing im-
poses a strong selective pressure in these viruses regard-
less of geographical origin.

Overall, similar results were obtained using two
independent markers from two different geothermal
features. There was a significant reduction in SSV
diversity observed in the primary enrichment culture
(Fig. 2). This suggests that culturing SSVs from the
environment alters the population structure. It is likely
that culturing introduces a selection pressure that results
in a bottleneck of SSV sequences that are not represen-
tative of the diversity originally present in the natural
environment. Taken together, these results indicate that
describing the diversity and population structure based
on viruses isolated from cultures would severely under-
estimate the viral diversity actually present in a particular
environment.

There are several possibilities that may explain the
observed culturing bias in the SSV populations. One
possibility is that the host range of SSVs extends beyond
the Sulfolobus genus. 16S rDNA sequence analysis indi-
cates that Acidianus and Stygiolobus are the dominant
members of the Archaeal community in the two high-
temperature acidic environments sampled (data not
shown). However, these organisms were not detected in
the enrichment cultures. All enrichment cultures were
exclusively Sulfolobus solfataricus as determined by 16S
rDNA sequence analysis (data not shown). In contrast,
Rachel et al. [13] established cultures from environ-
mental samples from a hot springs in the Crater Hills
region of YNP (44� 39¢ 13.3¢¢N and 110� 28¢ 39.8¢¢W)
using similar protocols that were exclusively Acidianus by
16S rDNA analysis [13]. A 60 · 90 nm SSV-like spindle-
shaped virus like morphology was observed in these
enrichment cultures. However, it has not yet been
determined if these viruses are members of the Fussello-
viridae.

Another possibility for the apparent high diversity in
the environmental samples is errors may have occurred
during PCR, cloning, and/or sequencing. The PCR
reactions were performed using Taq polymerase, which
does not possess the capability to proofread. However,
the expected error rate due to Taq polymerase would be
low because of the short length of the amplicons. The
PCR products were then cloned, which could also induce
errors, although the diversity could actually be underes-
timated because of the limited number of clones that
were screened. It is also pertinent to note that two dif-
ferent DNA extraction methods were used to extract viral
DNA from the environment and from cultures. However,
it is unlikely that different DNA extractions would ac-
count for the bias detected.

The PCR assays used in this investigation do not
necessarily ensure that we are detecting replicating viral
sequences. The sequenced regions could be remnants of

sequences found in the genomes of host organisms.
However, the sequences are likely to be from replicating
virus because the coding capacity, high sequence simi-
larity, and size of the amplicon significantly match those
of known replicating SSVs (data not shown). If anything,
PCR primer bias may be underestimating the diversity of
these viruses.

It has long been known that there is a culturing bias
in microorganisms; however, this phenomenon has not
been shown in viruses until now. Clearly, microbial
diversity in enrichment cultures seldom reflects the
diversity of microbial life present in the environment. As
shown by this study, the same appears to be true for a
hyperthermophilic virus. We have shown that when
viruses are cultured from the environment, the viral se-
quences may not be representative of the viruses in the
natural environment. Therefore, conclusions regarding
viruses based on culturing experiments must be made
cautiously.
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