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ABSTRACT

Few viruses from Archaea have been described and only a limited number have
been characterized in molecular detail. Most hyperthermophilic viruses isolated from the
archaeal sub-domain Crenarchaeota belong to the Sulfolobales family. We have focused
on the isolation and analysis of viruses replicating in Sulfolobus. Sulfolobus is an
acidophilic hyperthermophile that lives optimally at 80°C and pH 3. The SSVs
(Sulfolobus spindle-shaped viruses) are the viruses most commonly isolated from thermal
acidic areas around the world. SSVs are dsDNA spindle-shaped viruses with genomes of
approximately 15kb. They are also the predominant virus isolated from samples
collected in Yellowstone National Park (YNP). The SIRVs (Sulfolobus islandicus rod-
shaped viruses) are also commonly isolated from YNP. These viruses have linear
dsDNA genomes of approximately 33kb.

I have used these two viruses to investigate the interaction of time and viral
population dynamics. For a comparison between geographically isolated acidic hot
springs, we chose to study three sites in YNP. These three sites were monitored
continuously for changes in virus populations, archaeal host populations, and water
chemistry. Each monitor site was chemically unique, but the water chemistry did not
significantly change over time. The archaeal population in each of the three hot springs
was unique and was found to slowly change over time. We have discovered that
although there can be a substantial change in viral population structures in between the
collection of samples, it does not seem to be correlated with a changing environmental
parameter. There also appears to be a strong culturing bias present in the SSVs when we
compare the virus population monitored directly from the environment to the viruses
isolated from an enrichment culture established from a particular hot spring. A long term
goal is to contribute to the understanding of the relationships between time and resident
viral populations within hot spring environments. We hope this work will contribute a
further understanding of life in extreme environments.



CHAPTER 1

VIRUSES OF ARCHAEA: BACKGROUND AND
OBJECTIVES OF THIS RESEARCH

Introduction and overview

The overall objective of this research is to examine in detail the interplay of time
and the environment on viral populations. Specifically, this research is directed towards
understanding viral dynamics in high temperature acidic environments present in
Yellowstone National Park (YNP). This involves the study of viruses from environments
that are poorly understood and provides a unique opportunity to contribute to our
understanding of these unusual environments. Currently, there is little understanding as
to how organisms function in these extreme environments. Therefore, the analysis of
viruses from these environments will provide an important component in understanding
how these communities function. In addition, it is likely that viral populations will be
sensitive sensors of change in the environment. It is envisioned that this research will
contribute to our understanding of viral diversity in high temperature acidic environments
and contribute to our knowledge of life in extreme environments.

This research is the first attempt at examining viral dynamics in high temperature
acidic environments. In fact, to our knowledge, this is the first example of examining
viral dynamics in any natural environment. The initial sampling for viruses and host

sequences in thermal areas in YNP is the first time this has been conducted at this level
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over time. This may result in a new understanding concerning how environmental
changes affect microbial communities.

Research concerning diversity of viruses has been conducted on viruses from the
marine environment, however none of this research has been carried out continuously
over time. Breitbart er. al. (2002) studied the diversity of marine viruses off the coasts of
La Jolla and San Diego, California, however only one sample was collected at each
location. Their results revealed significant diversity in the two locations. Most (>65%)
of the sequences detected were not significantly similar to previously reported sequences
(Breitbart et. al. 2002). This study revealed significant diversity in the two sampling
points, but did not show how viral diversity may change over time.

Studies on influenza virus have been performed over time to investigate how the
virus changes (Ferguson et. al. 2003). This research followed changes that occur in the
surface haemagglutinin glycoprotein (the main antibody target of the human immune
system). This protein is under strong selection by the immune system and different
strains of influenza were found to evolve at different rates. The diversity of the viral
population was found to be low due to density-dependent constraints on the population
size. The researchers believe that if the population size were not constrained, the amount
of viral diversity would rapidly increase (Ferguson et. al. 2003). However, this study
investigated changes in the influenza virus over many years and from varying sampling
sources. In addition, these studies involved analysis of cultured isolates, which may have
strongly biased the results. Our sampling scheme involves collecting samples from the

same sites monthly to detect changes in the virus populations. A comparison of the



strong selection pressures in a pathogenic mammalian virus system to the viral-microbial
community analysis examined in this study may prove insightful.

Recently, the diversity and annual dynamics of a group of coastal
bacterioplankton was measured (Thompson et. al. 2005). This group of organisms was
found to consist of at least a thousand distinct genotypes. Individual genotypes rarely
recurred in samples, and allelic distribution did not show spatial or temporal separation.
It will be interesting to determine whether such extensive genomic variation is a general
characteristic of microbial populations. We plan to assess the diversity of archaeal
viruses over time and determine whether radical changes are apparent in viruses living in
extreme environments.

A study published on the diversity of halo-viruses mentions the use of laboratory
strains to isolate viruses (Dyall-Smith ez. al. 2003). The diversity of the halo-viruses may
be greatly underrepresented because of the culturing capability of hosts and whether the
isolated viruses can infect the laboratory-cultured organisms. The diversity of cyano-
viruses has also been studied using laboratory-cultured organisms (Waterbury and Valois
1993; Wilson et. al. 1993). These previous reports study the diversity of viruses from an
environment, but attempt to do so using laboratory-cultured isolates. The true diversity
of the viruses may not be completely understood because of limitations of the viruses
infecting the laboratory strains. In this research, we will determine whether a culturing
bias exists for one hyperthermophilic virus isolated from thermal acidic areas.

Our research differs significantly from these previous reports. First, the

environments in YNP are considerably less understood than are the marine or human
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environments. In contrast to marine environments and humans, we suspect the YNP
environments will be dominated by archaeal organisms (detailed below). Second, the
organisms in the thermal environments in YNP are poorly understood. Third, our
measurements of diversity will take place over time to determine what changes occur in
the viral community over changing environmental parameters (i.e., temperature and pH).
Our examination of viral dynamics will be monitored at a much higher level of resolution
both in terms of time and virus number. We will also investigate the effect of culturing
the viruses isolated from YNP thermal environments as compared to a culture-
independent analysis.

To our knowledge, research of this type has never been conducted in the
environments of YNP or anywhere else. Three thermal acidic sites in YNP were chosen
and monitored monthly for changes in viral populations within a site and between sites,
and to predict correlation with changes in the environment. Over the course of two years,
the diversity and identity of potential host populations were studied, and the diversity of
the viral populations were compared to previous time points in the same site and other
sites to determine how and if change varies in virus population depending on time and
location. The water chemistry of the three hot springs was also monitored on a monthly
basis so that environmental change could be determined. The overall goal of this project
was to examine the interplay of the dynamics of viral populations, host populations, and

water chemistry in multiple YNP thermal sites.



Major gquestions and hypothesis

There are four major questions that this research proposes to address:

1. How do virus populations change over time within a specific YNP thermal
feature?

2. Do different viruses in the same hot spring undergo the same dynamics or do
they respond differently?

3. Do viruses in different thermal features have the same dynamics?

4. Can changes in viral populations be correlated to changes in host populations
or water chemistry?

We hypothesize that changes in viral population structures will be a sensitive

indicator of change in the environment.

Background: Archaea

Prior to the mid-1970s, life on Earth was classified based on complex
morphologies and the fossil record. At this time, life was characterized into five
kingdoms: animals, plants, bacteria, protists, and fungi. Microbial morphologies, unlike
their multicellular counterparts, were considered too simple or un-interpretable to serve
as a valid characteristic upon which to base phylogeny. Nucleic acid sequencing has
changed all of that. The plethora of information provided by nucleic acid sequences has
led to a different system of classifying organisms; therefore, classical phenotypical
criteria are being supplemented with molecular criteria. Nucleic acid sequences can

reveal evolutionary relationships that classical phenotypical criteria cannot. Phylogenetic
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analysis divides life on this planet into three domains of life, the Bacteria, the Eukarya,
and the Archaea, each containing two or more kingdoms (figure 1.1) (Woese et. al.
1990). As opposed to the Eukarya and Bacteria, little information is known about the
Archaea, their role in the environment, and their associated viruses. There are currently
16 published complete genomes of Archaea (Fukui et. al. 2005; Futterer et. al. 2004;
Galagan et. al. 2002; Deppenmeier et. al. 2002; Slesarev et. al. 2002; Fitz-Gibbon et. al.
2002; Robb et. al. 2001; Kawarabayasi et. al. 2001, 1999, and 1998; She et. al. 2001;
Kawashima et. al. 2000; Ng et. al. 2000; Smith et. al. 1997; Klenk et. al. 1997; Bult et.
al. 1996), and three genomes not yet published (Nanoarchaeum equitans Kin4-M,
Pyrococcus abyssi GES, and Thermoplasma acidophilum DSM 1728). These archaeal
genomes are raising many questions about archaeal gene structure, expression, and
function. Clearly, much of archaeal biochemistry remains to be elucidated.

The Archaeal domain is divided into two major kingdoms, the Euryarchaeota and
the Crenarchaeota, and two proposed kingdoms, the Korarchaeota and the Nanoarchaeota
(figure 1.2). These groups are defined primarily based on 16S rDNA sequences (Garrity

2001; Woese et. al. 1990).

Korarchaeota and Nanoarchaeota

The Korarchaeota branch near the root of the archaeal tree; therefore, they may
display novel biological properties relevant to our understanding of ancient organisms
(Barns 1996). This group of organisms is represented solely by 16S rRNA sequences, as
cultures have not been obtained for any of these organisms. Since the original discovery

of Korarchaeota sequences in Yellowstone (Barns 1996), they have been detected from
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numerous environments around the world (Nercessian 2003; Hjorleifsdottir 2001;

Marteinsson 2001).

Figure 1.1. A tree of life showing the three
domains of life.
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Figure 1.2. Two kingdoms of Archaea:
Euryarchaeota and Crenarchaeota.
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The Nanoarchaeota are likely small symbiotic microorganisms that are larger than
some known viruses but smaller than any other described microorganism. Currently, this
novel kingdom is represented by one species, “Nanoarchaeum equitans”. This organism
was cultivated from a submarine hot vent (Huber etz. al. 2002). “N. equitans” is a nano-
sized symbiont that grows attached to the surface of a new Igniococcus species. In a
recent survey of high temperature environments, Nanoarchaea were found to be widely
distributed (Hohn et. al. 2002). Small cell size and reduced genome size are common
features observed in many symbiotic bacteria, but had not been described for archaea or
hyperthermophiles. The high growth temperature and anaerobic growth conditions of
Nanoarchaeota correlate with early environmental conditions. Therefore, this organism

may represent a primitive form of microbial life.

Euryarchaeota

The Euryarchaeota comprise many phylogenetically diverse groups, but mainly
consist of the halophiles, organisms that tolerate high salt environments, and the
methanogens, methane-producing microorganisms (Garrity 2001). The extremely
halophilic archaea are a diverse group of organisms that inhabit high saline environments,
such as solar salt evaporation ponds and natural salt lakes, or artificial saline habitats,
such as the surfaces of heavily salted foods. All extremely halophilic archaea are chemo-
organotrophs and most species are obligate aerobes. Methanogens produce methane as
part of their energy metabolism. The diversity of habitats from which methanogens can
be isolated from is quite large, for example marsh, swamp, and lake sediments, rumens of

cattle, sheep, and deer, large intestine of humans, geothermal sources, and endosymbionts
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of various anaerobic protozoa (Whitman 1985). Methanogens are strict anaerobes and
most grow at mesophilic temperatures, although species have been isolated from
temperatures up to 110°C (Burggraf et. al. 1991).

Most Euryarchaeota isolated to date do not live at high temperatures. However,
there are some hyperthermophilic Euryarchaeota. These include members of the orders
Thermococcales and Archaeoglobales, and the organisms Methanopyrus and
Methanothermus. Interestingly, these hyperthermophilic euryarchaeotes branch near the

root on the archaeal tree (figure 1.1).

Crenarchaeota

Previous research indicates that crenarchaeotes are detected in acidic hot springs
worldwide (Wiedenheft er. al. 2004; Whitaker et. al. 2003; Bettstetter et. al. 2003;
Snyder et. al. 2003; Rachel et. al. 2002; Rice et. al. 2001; Zillig et. al. 1998, 1996, and
1994). The Crenarchaeota contain organisms at both ends of the temperature spectrum
(Snyder et. al. 2003). Most known crenarchaeotes are hyperthermophiles that grow
optimally above 80°C. Hyperthermophilic crenarchaeotes have been isolated from both
terrestrial and marine environments. Most known hyperthermophilic crenarchaeotes are
obligate anaerobes and their metabolism is either chemo-organotrophic or chemo-
lithotrophic. The most studied orders from terrestrial volcanic habitats are the aerobic,
sulfur-oxidizers Sulfolobales, which includes Sulfolobus and Acidianus, and the
anaerobic, sulfur-reducers Thermoproteales. The most thermophilic of all known archaea

has been isolated from submarine volcanic habitats, and belongs to the order
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Desulfurococcales. Some of these organisms have optimal growth temperatures above
100°C.
Marine and cold-dwelling crenarchaeotes have been observed from many non-
thermal environments (Schleper et. al. 1997; Preston et. al. 1996; Del.ong et. al. 1994
and 1992; Fuhrman et. al. 1993). These organisms are planktonic and occur in large

numbers.

Archaea in Yellowstone National Park

Archaea have long been studied in YNP and are well represented in the thermal
environments found within YNP (Spear et. al. 2005; Wiedenheft er. al. 2004; Whitaker
et. al. 2003; Snyder et. al. 2003; Bettstetter et. al. 2003; Blank et. al. 2002; Rice et. al.
2001; Reysenbach et. al. 2000; Huber et. al. 1998; Barns et. al. 1996 and 1994). The
abundance of thermal features (>10,000) in YNP makes it an ideal environment in which
to study archaea, and more specifically, hyperthermophilic archaeons. The diversity of
archaea in YNP has been studied largely in part due to Norman Pace and colleagues
(Spear et. al. 2005; Blank et. al. 2002; Reysenbach et. al. 2000; Barns et. al. 1996 and
1994). A recent study investigated the community composition of hot springs (>70°C) in
YNP (Spear 2005). In order to characterize the microbial population, a variety of
universal 16S PCR primers were utilized. Based on 16S rRNA gene analysis, it was
discovered that archaeal organisms comprised a small fraction of the total community
(~2%).

Using a cultivation-independent protocol, many previously unknown organisms

have been discovered. For example, Barns et. al. (1996) discovered 19 novel archaeal
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16S rRNA sequences from Obsidian Pool, a high temperature (74-93°C), near neutral pH
hot spring in YNP. Among these sequences some, termed Korarchaeota, were found that
branch prior to the diversification of all known archaea in phylogenetic analyses.
Another study carried out in Obsidian Pool revealed that archaea may not be the
dominant organisms in hydrothermal pools (Hugenholtz ez. al. 1998). Hyperthermophilic
microbial diversity was also measured in numerous thermal silica-depositing springs
around YNP; this research also indicated that archaea were rare in these communities
(Blank et. al. 2002).

Most of the information concerning Archaea in high temperature environments
(275°C) comes from studies of high temperature, neutral pH hot springs (Reysenbach et.
al. 2000; Barns et. al. 1996). Reysenbach et. al. (2000) found that archaea form only a
small part of the total biomass of the community in a high temperature (83°C) and neutral
pH hot spring, Calcite Springs. However, it was determined the archaeal diversity
exceeded that of the bacterial diversity. There is little information concerning archaeal
organisms in acidic (pH 1-4), high temperature (=75°C) hot springs within YNP. Most
organisms that have been identified in acidic hot springs within YNP belong to the family
Sulfolobales (Snyder et. al. 2003; Rachel et. al. 2002; Rice et. al. 2001); however, most
of that information is based only on 16S rDNA sequences. No research has been
conducted on the dynamics of archaeal organisms within the acidic hot springs in YNP.

We are primarily interested in the thermophilic crenarchaeon, Sulfolobus.
Previous research has shown this organism is readily cultured from numerous acidic hot

springs in YNP (Rice et. al. 2001). Sulfolobus was first isolated and characterized from a
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hot spring in YNP (Brock et. al. 1972; R. Bizzoco, personal communication). Since then,
Sulfolobus has been isolated from acidic hot springs around the world. Sulfolobus grows
optimally at 80°C and pH 3 (Garrity 2001), although it can be found in environments
with a temperature range from 60-90°C and a pH range from 1-5 (Rice et. al. 2001).
Many choose to study Sulfolobus because of its ease to grow in the laboratory.
Sulfolobus is an aerobic heterotroph that oxidizes sulfur to produce sulfuric acid.

The diversity of Sulfolobus within YNP and around the world has recently been
investigated by Whitaker et. al. (2003) who compared numerous Sulfolobus isolates from
volcanic areas around the world (Lassen National Park, YNP, Iceland, Italy, and
Kamchatka, Russia). The population of Sulfolobus within YNP was diverse, however, it
was determined that gene flow among Sulfolobus populations around the world is quite
limited (Whitaker 2003). This study suggests that a long period of geographical isolation

has resulted in the divergence of the studied Sulfolobus strains.

Backeround: Archaeal viruses

To date, we have a rudimentary knowledge of viruses that replicate in archaeal
hosts. An understanding of archaeal viruses may prove useful for unraveling archaeal
biochemistry. The recent discovery of many novel archaeal viruses, especially among
members of the extremely thermophilic Crenarchaeota, is likely to lead to a more
complete understanding of not only archaea, but also the biochemical adaptations
required for life in extreme environments, and to new insights into both host and virus

evolution.
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The detailed analysis of viruses often leads to a better understanding of a
particular cellular environment because viruses are molecular parasites of the cells in
which they replicate. Since all viruses are dependent on the host cell’s biochemical
machinery for their replication, they are highly adapted to the unique characteristics of
their host’s cellular environment. The relative ease of both genetic and biochemical
analyses of viruses as compared to their more complex hosts makes them very attractive
systems for unraveling unique aspects of archaea.

When compared to more than 4,000 different viruses isolated from Eukarya and
Bacteria, relatively few viruses have been isolated from Archaea. Approximately 39
archaeal viruses or virus-like particles (VLPs) have been identified, but few have been
characterized in detail (Snyder ez. al. 2003). The lack of archaeal viruses described to
date is most likely due to the limited effort in isolating archaeal viruses and not a
reflection of any biological restriction limiting viral diversity and number in the archaea.

The isolation of archaeal viruses from extreme environments is often problematic.
Unlike detection of abundant viruses from marine environments (Brietbart ez. al. 2002;
Wommack and Colwell 2000), direct isolation of crenarchaeal viruses by filtration has
been difficult (Rice et. al. 2001). A reason for this failure may be because these viruses
have evolved to minimize the time they exist free of their hosts in hostile environments.
Another potential limitation to isolation is that few potential archaeal hosts have been
cultivated or those that have been cultured require conditions that are not conducive to
the isolation of viruses. True plaque assays for the isolation of viruses from high

temperature crenarachaeota have been difficult to develop because of the difficulty of
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growing host lawns on solid media at temperatures >75°C, and the fact that the majority
of creanarchaeal viruses described are not lytic. Successful plaque-like growth-inhibition
assays for the detection of Sulfolobus viruses have been developed (Zillig et. al. 1994).
However, not all growth inhibition zones are the result of virus replication. For example,
anti-archaeal compounds (sulfolobicins) produced by some Sulfolobus strains limit the
growth of related Sulfolobus strains (Prangishvili et. al. 2000). This inhibition of growth
sometimes appears indistinguishable from virus-induced growth inhibition zones. In
addition, the fact that many of the archaeal viruses are unrelated, with respect to
morphology, to previously described viruses makes it more difficult to depend on
established protocols. Similarly, unlike ribosomal RNA gene sequences, there are no
known universal nucleic acid signatures for viruses, making identification based on
nucleic acid hybridization impossible. Given these limitations, it is no surprise that most
archaeal viruses have been discovered by large-scale random screening, screening
potential hosts that can be cultured, or by direct visualization with an electron microscope

(Snyder et. al. 2003).

Euryarcheaotal viruses

Approximately 27 viruses and VLPs have been isolated from euryarchaeal hosts
(table 1.1). All euryarchaeal viruses described to date are DNA viruses (excluding ¢Chl
isolated from Natrialba species which may contain an RNA component (Klein ez. al.
2002; Witte et. al. 1997)). Known euryarchaeal viruses possess circular or linear double-
stranded (ds) genomes that range in size from 4.4-230 kilobase (kb) pairs. The complete

or nearly complete genome sequence has been determined for five of these viruses



15
(Dyall-Smith et. al. 2003; Klein et. al. 2002; Tang et. al. 2002; Luo et. al. 2001; Pfister
et. al. 1998). The predicted gene products encoded by these genomes have few

similarities to other known sequences in the public databases.

Table 1.1. Viruses of the Euryarchaeotes.

Virus Host Head/tail (nm) Genome Size References
oH Halobacterium salinarium 64/170 linear 59kb DNA Zsltl(ﬁ; 119998%
oN H. salinarium 55/80 linear 56kb DNA Wenke 1988
Hs1 H. salinarium 50/120 N.D.* Torsvik 1974;1988
Jal H. salinarium 90/150 linear 230kb DNA Wais 1975
Hh1 H. salinarium 60/100 37kb dsDNA Pauling 1982
Hh3 H. salinarium 75/50 29kb dsDNA Pauling 1982
S45 H. salinarium 40/70 N.D. Daniels 1984

. . Dyall-Smith 2003

HF1 Halobacterium sp. 58/94 linear 80kb DNA Nuttall 1993

HF2 Halorubrum coriense 58/94 linear 77kb DNA DA
ang 2002

Hisl Haloarcula hispanica 74x44/7° linear 14kb DNA Bath 1998
His2 Haloarcula hispanica 62x69/0 16.2kb DNA Dyall-Smith 2003
SH1 Haloarcula hispanica 55¢ 27kb DNA Dyall-Smith 2003

. .. linear 55kb DNA Klein 2002

¢Ch1l Natrialba magadii 70/130 Small RNAS Witte 1997

YM1 Methanothermobacter 55/210 linear 30kb DNA Meile 1989

marbugensis

YyM2 M. marbugensis 55/210 linear 26kb DNA Jordan 1989
¢oF1 M. thermoautotrophicus 70/160 linear 85kb DNA Nolling 1993
oF3 M. thermoautotrophicus 55/230 circular 36kb DNA Nolling 1993
PG Methanobrevibacter smithii N.D. ~50kb dsDNA Bertani 1986

PSM1 Methanobrevibacter smithii N.D. 35kb dsDNA Knox 1986

VTA Methanococcus voltae 40/61 4.4kb DNA Eiserling 1999

PAV1 Pyrococcus abyssi 120/80° circular 18kb dsDNA Geslin 2003a

“N.D.=Not determined; "dimensions of assymetrical head; “spherical virus particle; table modified
from Snyder (2003).

Most characterized viruses from the euryarchaeota have typical “head and tail”
morphology, similar to that of most bacterial viruses, and belong to the previously
recognized viral families Myoviridae and Siphoviridae (table 1.1). The best studied of
the euryarchaeotal viruses are the ¢H from Halobacterium salinarium (Zillig et. al.

1988), HF2 from Haloferax volcanii (Tang et. al. 2002), and ¢Ch1 from the halo-
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alkaliphile Natrialba magadii (Klein et. al. 2002). The Methanothermobacter

marburgensis virus (M1 and its variant YyM?2 have also been extensively studied (Pfister

et. al. 1998).

Halophilic viruses. Halo-virus ¢H is the most extensively studied of the viruses

from extreme halophiles (Zillig et. al. 1988). Halophage ¢H belongs to the family
Myoviridae and has a characteristic icosahedral head and a contractile tail with tail fibers.
It has a highly variable genome due to recombination with its host (Pfeifer 1987). Halo-
virus ¢H is temperate and its genome is stably maintained as a circular plasmid and does
not integrate into the host chromosome (Schnabel er. al. 1984).

The haloviruses HF1 and HF2 were originally discovered as part of an Australian
salterns survey for lytic viruses (Nuttall and Dyall-Smith 1993). These viruses are
currently unclassified, but are likely to be placed in the Siphoviridae family. Like most
other halophilic viruses, they have a typical head and tail morphology, and a linear
dsDNA genome. The two viruses are morphologically identical, and have similar
genome sizes and protein composition. They differ in host ranges, plaque morphologies,
and sensitivity to chloroform (Nuttall and Dyall-Smith 1993).

The virus ¢Chl was originally isolated from Natrialba magadii from the soda
lake Lake Magadii in Kenya (Klein ez. al. 2000). Unlike other known viruses of archaea,
it possesses both an RNA and DNA component of its genome (Witte et. al. 1997). The
DNA genome is similar to other halophages; it is double-stranded and linear, and was
found to contain sequences similar to the ¢H genome (Klein ez. al. 2002). Total nucleic

acid extracted from ¢Chl showed two bands on an agarose gel, one DNA band and one
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RNA band (Witte et. al. 1997). Hybridization of the RNA fragments to total DNA from

N. magadii and ¢Ch1 showed that the virion-associated RNA is host encoded.

Methanogenic viruses. There are considerably fewer viruses described from

methanogens than the halophiles or even the crenarchaeotes. It is unclear as to why this
is the case, but it could be due to the difficulty involved with culturing methanogens. The
best studied of the methanogenic viruses are 1M1 and its variant M2 that infect
Methanothermobacter marburgensis (Stedman et. al. 2005). M1 is a lytic virus that
was isolated from an anaerobic sludge at a temperature of 55-60°C (Meile et. al. 1989).
The virus has an icosahedral head and a flexible tail. Its genome is approximately 30.4kb
of double-stranded linear DNA. The virus yM2, a variant of M1, has a completely
sequenced genome of 26kb (Pfister et. al. 1998).

Other viruses from methanogens are less characterized. A small virus-like
particle was observed in cultures of Methanococcus voltae, but it was very low titer
(Eiserling et. al. 1999). A virus-like particle was found in another culture of
Methanococcus voltae strain A3 (Wood et. al. 1989). It has morphology very similar to
the SSV1 virus from Sulfolobus hosts (described below). The double-stranded DNA
genome is 23kb, and was found to integrate into the host genome (Wood et. al. 1989).
Two lytic viruses of Methanothermobacter thermoautotropicus, ¢F1 and ¢F3 were
discovered from a sludge reactor at 55°C (Nolling et. al. 1993). They both have typical
head and tail morphologies, and double-stranded DNA genomes. ¢F1 has a much wider

host range than does ¢F3.
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Thermophilic euryarchaeotal viruses. The Thermococcales, including

Pyrococcus, comprise some of the most thermophilic organisms known to date. Virus-
like particles have been observed in Pyrococcus enrichment cultures from samples
collected from deep-sea hydrothermal vents (Geslin et. al. 2003b). The complete
sequence has been obtained for virus-like morphology isolated from Pyrococcus abyssi
(Geslin et. al. 2003a). This virus-like particle, named PAV1, is lemon-shaped (120nm x
80nm) and resembles the virus SSV1, isolated from Sulfolobus shibatae (see below). It
contains circular dsDNA of 18kb, which is present as a non-integrated form. An
integrated form of the virus could not be detected in the host chromosome, and virus

production was not induced by UV irradiation or mitomycin C.

Crenarchaeotal viruses

Like the viruses infecting euryarchaeotes, known crenarchaeotal viruses possess
DNA genomes. Few of these viruses have been fully characterized. The first viruses
isolated from the crenarchaeota infected extremely thermophilic members of the genera
Thermoproteus (Janekovic et. al. 1983), Sulfolobus (Zillig et. al. 1994), and Acidianus
(Zillig et. al. 1994). Unlike the viruses isolated from euryarchaeota, none of these viruses
have been shown to possess head and tail morphologies (table 1.2). Instead, these viruses
have a range of morphologies from helical stiff rods to irregular spindle-shapes. The
complete or nearly complete genome sequences have been determined for several of
these viruses (Rice et. al. 2004; Wiedenheft et. al. 2004; Haring et. al. 2004; Stedman et.
al. 2003; Bettstetter et. al. 2003; Peng et. al. 2001; Arnold et. al. 2000b; Prangishvili et.

al. 1999; Palm et. al. 1991; Neumann and Zillig 1990). Analysis of their viral genomes
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indicates that they are unrelated to previously known viruses. The unique morphology,

unusual genome structures, and genome sequences required the formation of three new

viral families, Fuselloviridae, Rudiviridae, and Lipothrixviridae. 1t is likely that further

analysis of new crenarchaeotal viruses will lead to the recognition of new viral families.

Thermoproteus viruses. Originally found in a high temperature mud hole in

Iceland, Thermoproteus tenax is a chemolithotrophic, strictly anaerobic crenarchaeote

that grows optimally at 88°C (Zillig et. al. 1981). T. tenax has been found to harbor four

viruses, TTV1, TTV2, TTV3, and TTV4 (table 1.2) (Janekovic et. al. 1983). TTV1,

TTV2, and TTV3 have linear double-stranded DNA genomes that are unrelated

according to hybridization analysis (Stedman et. al. 2005). Each of these viruses has a

different protein composition (Arnold ez. al. 1999).

Table 1.2. Viruses of the Crenarchaeota.

Virus
SSv1
SSv2

SSv3
SSV-RH
SSV-K1

SIRV1
SIRV2
SIRV-Y1
SIFV
SNDV

STIV

TTV1

TTV2

TTV3

TTV4

PSV

DAFV
AFV1

Host
Sulfolobus shibatae

S. islandicus

S. islandicus
S. solfataricus
Sulfolobus sp.
S. islandicus
S. islandicus
S. solfataricus
S. islandicus
S. neozealandicus
Sulfolobus sp.
Thermoproteus tenax
T. tenax
T. tenax
T. tenax
Pyrobaculum sp.
Thermoproteus sp.
Acidianus ambivalens
Acidianus sp.

Dimensions (nm)
spindle 60/90

spindle 55/80

spindle 55/80
spindle 60/90
spindle 60/90
stiff rod 780/23
stiff rod 900/23
stiff rod 900/25
filamentous 1950/24
droplet 110-185/95-75
icosahedral 70
flexible rod 40/400
filamentous 20/1250
filamentous 30/2500
stiff rod 30/500

spherical 100nm

filamentous 2200/27
filamentous 900/24

Genome Size
ccc 15.5kb dsDNA

ccc 14.8kb dsDNA

ccc 15kb dsDNA
ccc 16kb dsDNA
ccc 17.8 kb dsDNA
linear 32kb dsDNA
linear 35kb dsDNA
linear 33kb dsDNA
linear 41kb dsDNA
ccc 20kb dsDNA
ccc 19kb dsDNA
linear 15.9 dsDNA
linear 16kb dsDNA
linear 27kb dsDNA
linear 17kb dsDNA

linear 28kb dsDNA

linear 56kb dsDNA
linear 21kb dsDNA

References
Martin 1984
Arnold 1999
Stedman 2003
Zillig 1998

Wiedenheft 2004
Wiedenheft 2004
Prangishvili 1999
Prangishvili 1999
Rice 2001

Arnold 2000b

Arnold 2000a
Rice 2004

Janekovic 1983

Janekovic 1983

Janekovic 1983
Zillig 1988

Haring 2004

Zillig 1994
Bettstetter 2003

**Table modified from Snyder (2003).
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The best studied of these viruses, TTV1, belongs to the Lipothrixviridae family.
The virions are flexible rods with a central core enclosed by an envelope derived from
host lipids (Zillig et. al. 1988). TTV1 persists in a carrier state in its host and lysis is
induced when sulfur in the culture is consumed (Janekovic et. al. 1983). TTVI1 has a
16kb linear dsDNA genome that is bound by two highly basic proteins (Arnold et. al.
1999).

TTV2 and TTV3 also belong to the Lipothrixviridae viral family. TTV2 and
TTV3 are morphologically similar to each other. Both are flexible filaments composed
of linear DNA surrounded by protein and an outer lipid envelope. TTV4 virions are stiff
rods, and are very virulent causing rapid lysis of host cells (Janekovic et. al. 1983). It is
stable and infectious after one hour of autoclaving at 120°C (Arnold et. al. 1999). In
general, this group of viruses has been difficult to study mostly because of the difficulty
in maintaining the viruses in culture.

A novel virus, named Pyrobaculum spherical virus (PSV), has been found to
infect anaerobic hyperthermophilic archaea of the genera Pyrobaculum and
Thermoproteus (Haring et. al. 2004). The spherical, enveloped virus is about 100nm in
diameter. The viral nucleic acid was sequenced and contains 28kb of linear DNA.
Because of the unique properties of this virus, a new viral family is proposed, the

Globuloviridae.

Acidianus viruses. Members of the archaeal genus Acidianus are thermophilic

acidophiles that can grow both heterotrophically and autotrophically either aerobically by
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oxidizing sulfur to sulfuric acid or anaerobically by reducing sulfur to H,S (Zillig et. al.
1986; Segerer et. al. 1985).

A large, filamentous virus about 2.2um long and 27nm wide was found in an
Acidianus isolate from Iceland (Zillig et. al. 1994). This virus, DAFV (Desulfurolobus
ambivalens filamentous virus), has very similar morphology to TTV2 and SIFV (see
below). It resembled SIFV in both protein profile and lipid content; however, there is no
sequence data available for DAFV. AFV1 (Acidianus filamentous virus 1) was isolated
from an Acidianus strain collected from a hot spring in YNP (Bettstetter ez. al. 2003).
The genome is 20.1kb of linear double-stranded DNA that has been completely
sequenced. The filamentous virions are 900nm long and 24nm wide covered with a lipid
envelope and contain at least five different proteins. The virions are believed to attach to
host cells with the help of unusual claw-like termini. The host range is confined to

Acidianus 1solates from YNP.

Sulfolobus viruses. Most viruses isolated to date from crenarchaeal hosts have

been from Sulfolobus (table 1.2) (Wiedenheft er. al. 2004; Rice et. al. 2004; Snyder et. al.
2003; Rice et. al. 2001; Zillig et. al. 1998, 1996, and 1994). This is most likely due to the
relative ease of isolating and culturing the aerobic Sulfolobus as compared to anaerobic
members of the crenarchaeotes. Sulfolobus is an acidophilic hyperthermophile that
optimally reproduces in a pH range from 1-5 and a temperature range from 60-90°C
(Garrity 2001). Sulfolobus has been isolated from numerous thermal environments

around the world with these parameters.
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Wolfram Zillig and colleagues have been very successful at isolating viruses that
infect Sulfolobus from Japan, Iceland, and New Zealand (Zillig et. al. 1998, 1996, and
1994). Since the original discovery of Sulfolobus in YNP, this organism had not been
extensively studied within YNP until recently.

The first described and most well studied archaeal virus is Sulfolobus spindle-
shaped virus 1 (SSV1). SSV1 was originally isolated from a hot spring in Beppu, Japan
(Yeats et. al. 1982). SSV1 virus particles are approximately 60nm x 90nm in size (figure
1.3). The SSV1 genome was the first archaeal virus to be completely sequenced (Palm et.
al. 1991). The genome is 15.5kb of circular dsSDNA comprising 34 open reading frames

(ORFs) (figure 1.3).

Figure 1.3. Genome map (left) of SSV1 virus illustrating 34 ORFs
and EM micrograph (right) of SSV1 particle (Palm et. al. 1991).

The SSV1 genome is present in infected Sulfolobus cells as an episomal plasmid
(both positively and negatively supercoiled) and as an integrated provirus. The biological

function of each of the forms is unknown, however this was the first virus described that
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contains positively supercoiled DNA (Nadal et. al. 1986). The viral genome integrates
specifically into an arginyl-tRNA gene of the host (Reiter and Palm 1990). It is possible
the integrated viral DNA is a template for transcription, the highly positively supercoiled
form is used for encapsidation, and the negatively supercoiled form is used during
replication of the virus (Snyder et. al. 2003).

SSV1 contains two viral coat proteins, VP1 and VP3, and a DNA binding protein,
VP2 (shown in red in figure 1.3). These three genes along with the viral integrase
(shown in green in figure 1.3) are the only four ORFs in SSV1 that have been assigned a
function. None of the remaining ORFs match genes in the public databases. Because of
the lack of sequence similarity, the function of the ORFs is being investigated by
structural analysis utilizing X-ray crystallography (Kraft ez. al. 2004).

There is limited information concerning SSV1 gene expression. Nine major
transcripts have been detected and mapped onto the genome (black arrows in figure 1.3)
(Reiter et. al. 1987). The nine transcripts start from six promoter sites. The major
transcripts are T1 and T2, which encode for the structural proteins; T3 encodes ORF
a291; T4 encodes for the largest ORF ¢792; and TS transcribes the integrase gene. The
elucidation of the SSV1 replication cycle remains to be determined. SSV1 particle
production in culture can be induced by UV irradiation (Martin ez. al. 1984) or treatment
with mitomycin C (Grogan et. al. 1990; Yeats et. al. 1982). However, the induction of
the virus does not cause host cell lysis (Grogan et. al. 1990; Yeats et. al. 1982).

Sulfolobus cells can be successfully transfected with SSV1 DNA by

electroporation (Schleper et. al. 1992). The SSV1 virus has been used to create a number
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of shuttle vectors (Stedman etz. al. 1999). By a serial selection technique, pBluescript
S/K* (Stratagene, La Jolla, CA) was inserted into a nonessential ORF in the SSV1
genome. The construct will replicate in both Sulfolobus and E. coli. The chimeric DNA
is packaged within virus particles and spreads within a culture leading to infection of
nearly all cells. Because SSV1 can be induced with UV irradiation and can be present in
high copy number, it is very appealing for complementation and expression studies.

A virus named SSV?2 with similar morphology and genome size as SSV1 was
found in samples collected from Iceland (figure 1.4) (Stedman ez. al. 2003). The SSV2
genome is 55% identical to the SSV1 genome at the nucleotide level. The SSV2 genome
is circular dsDNA, however, it is only 14.8kb in size (figure 1.4). The ORFs are arranged
in a similar order on the genome indicating these two viruses belong to the same family
(Fuselloviridae). The integrase gene and the viral coat proteins VP1 and VP3 are
conserved between SSV2 and SSV1. However, SSV2 does not contain VP2. The SSV2
genome integrates into a glycyl tRNA gene instead of an arginyl tRNA gene (as SSV1
does) (Wiedenheft er. al. 2004; Stedman et. al. 2003). SSV2 can be induced with UV
irradiation; however, not to the extent that SSV1 can be induced (Stedman ez. al. 2003).

SSV-like viruses are commonly detected in enrichment cultures established from
YNP (Rice et. al. 2001). One SSV named SSV-RH, isolated from a spring in the Ragged
Hills area within Norris Geyser Basin, has been completely sequenced and its genome

compared to other SSVs (Wiedneheft ez. al. 2004).
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Figure 1.4. Genome map (left) of SSV2 and electron micrograph
(right) both showing similarity to SSV1 (Stedman et. al. 2003).
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Other SSVs have been isolated and their genomes sequenced from other parts of
the world, including YNP (SSV-RH) and Kamchatka, Russia (SSV-K1) (Wiedenheft er.
al. 2004). Both of these SSVs are morphologically similar and contain similar genome
sizes and arrangements (figures 1.5 and 1.6, respectively). In fact, all four sequenced
SSVs (SSV1, SSV2, SSV-RH, and SSV-K1) have similar morphologies and co-linear
genomes. The SSV-RH and SSV-K1 genomes integrate into the Sulfolobus host genome;
however, SSV-RH integrates into a leucyl tRNA gene and SSV-K1 integrates into an
aspartic acid tRNA and a glutamic acid tRNA (Wiedenheft ez. al. 2004).

When the complete genomes of four SSVs (SSV1 from Japan; SSV2 from
Iceland; SSV-RH from Yellowstone; and SSV-K1 from Russia) were compared,
approximately one-half of the genome was found to be similar (Wiedenheft ez. al. 2004).
It is tempting to speculate that the conserved halves of the genome are necessary for life
at high temperatures and low pH. The other half of the genome was found to have no

similarities to each other or to other sequences in the public databases. Perhaps these
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genes are what are necessary for each individual virus to survive in their respective
environments. These ORFs may have diverged long ago allowing the adaptation of the
SSVs to a unique environment, and now they show no similarity to each other. This
research revealed that viruses in the same family could be drastically different. There is
no correlation between genetic and geographic isolation. This is in contrast to what

Whitaker et. al. (2003) determined for the host organism, Sulfolobus.

Figure 1.5. Genome map (left) of SSV isolated from Ragged
Hills, YNP and micrograph (right) showing similarity to
SSV1 (Wiedenheft ez. al. 2004).

B8I2

Figure 1.6. SSV isolated from Kamchatka Russia. The
genome map (left) and the micrograph (right) show its
similarity to others SSVs (Wiedenheft ez. al. 2004).
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The non-enveloped, stiff rod-shaped, linear double stranded DNA viruses SIRV1
and SIRV2 were first described by Zillig ez. al. (1994). Although morphologically
similar to plant viruses (for example, TMV) (figure 1.7), SIRV (Sulfolobus islandicus
rod-shaped virus) viruses form a novel virus family, the Rudiviridae
(www.ncbi.nlm.nih.gov/ICTV/). SIRV1, with a genome of 32kb is about 100nm shorter
than SIRV2, with a genome of 35kb. The virions consist of a tube-like super-helix
formed by the DNA complexed with a single basic protein. The linear DNA molecules
have covalently closed hairpin ends. The SIRV viruses are not lytic and are present as
carrier states in their original hosts. The genomes of both SIRV1 and SIRV2 remain
unchanged in their original host, however, their genomes mutate drastically when the

viruses are switched to different Sulfolobus hosts (Prangishvili et. al. 1999).

Figure 1.7. Electron micrographs of SIRV viruses. The left
figure represents virus isolated from Iceland (Prangishvili et.
al. 1999), and the two right figures illustrate the similarity in
morphology of SIRVs found in

s

YNP (Rice et. al. 2001).

The replication cycle of rudiviruses is better understood than the replication of the
SSVs. Head-to-head and tail-to-tail concatamers were found indicating replication

similar to the genomes of some eukaryal viruses (Peng et. al. 2001). The replicative
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intermediates are resolved by a virus-encoded Holliday junction resolvase (Birkenbihl ez.
al. 2001). These similarities may indicate evolutionary relationships between rudiviruses
and some eukaryal viruses.

SIRV-like viruses are commonly detected in enrichment cultures established from
YNP (Rice et. al. 2001). One SIRV-like virus, named SIRV-Y 1, isolated from Norris
Geyser Basin is currently being sequenced and its genome will be compared to those of
SIRV1 and SIRV2 (M. Young lab, unpublished).

Sulfolobus islandicus filamentous virus (SIFV) was originally isolated from a hot
spring in Iceland (Zillig et. al. 1994). The SIFV particles are ~30nm x 2,000nm. The
virus particles are almost twice as long as the diameter of its host. SIFV possesses an
envelope comprised of host lipids and mop-like tail fibers located at its termini (figure
1.8). The SIFV genome is 41kb and encodes for 74 ORFs (Arnold et. al. 2000b). The
SIFV genome does not integrate into its host genome, but is maintained in a carrier state.
The SIFV1 genome has been 96% sequenced as the ends of the DNA seem to be
modified in an uncharacterized way. As with other archaeal viruses, the predicted SIFV
encoded genes have little or no similarity to other genes in the public databases.
However, there was similarity between ORFs in SIFV and some ORFs in SIRV (Peng et.
al. 2001). SIFV-like viruses have been also detected from YNP enrichment cultures,
although not as prominently as SSVs and SIRVs. SIFV-like viruses have also been
detected in numerous anaerobic cultures from YNP (J. Spuhler, personal

communication).
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Figure 1.8. Electron micrographs of SIFV1 (left) isolated from
Iceland (Arnold et. al. 2000b) and SIFV-like particles detected
in YNP enrichment cultures (right) (Rice et. al. 2001).

A novel virus, SNDV (Sulfolobus neozealandicus droplet-shaped virus) was
isolated from a hot spring in New Zealand (Arnold et. al. 2000a). The host range of
SNDV is confined to several Sulfolobus isolates from New Zealand. It contains a 20kb
DNA genome that is believed to be heavily modified. SNDV has an unusual
morphology, a “bearded” droplet of 110-185nm long by 75-90nm wide with many thin
fibers on the pointed end of the virion. This virus has not been detected in hot springs
outside of New Zealand.

A newly discovered virus, STIV (Sulfolobus turreted iscosahedral virus) has
recently been completely sequenced and the structure has been solved (Rice et. al. 2004).
This virus was isolated from a hot spring in the Rabbit Creek thermal area in YNP. The
genome is circular dsSDNA of 17.3kb, encoding for an estimated 36 ORFs (figure 1.9). A
viral coat protein has been identified. The structure of this virus is unlike other

previously described archaeal viruses with turrets extending from the five-fold axis of the
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virion (figure 1.9). The function of the turrets is unknown at this time, but is postulated

to play a role in the infection of Sulfolobus cells.

Figure 1.9. Electron micrograph (left) of newly discovered STIV from
YNP and the genome map of the virus (right) (Rice et. al. 2004).
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Uncharacterized viruses. Numerous virus-like particles detected in Sulfolobus

enrichment cultures from YNP have been detected that have morphologies unlike any
other crenarchaeotal viruses (Snyder etz. al. 2003). However, there have also been new
viral morphologies have been detected that are not associated with Sulfolobus hosts.
Numerous virus morphologies found in Acidianus enrichment cultures isolated from YNP
have been identified (Rachel etz. al. 2002). These include viruses with head-and-tail
morphologies, which would be the first example of a head-and-tail viral morphology in
the crenarchaeotes. Novel virus-like particles have also been observed in suspected
hyperthermophilic Thermoproteales cultured from YNP samples. The morphologies of
these virus-like particles are similar to the lemon-shaped SSV morphologies, and

morphologies similar to that of SIRV, a stiff rod (W. Zillig, personal communication).
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The virus and VLPs detected from YNP to date are listed in table 1.3. Many of

these virus morphologies have been observed from other acidic thermal features

worldwide. These include SSV-, SIRV-, SIFV-, and AFV-like virus morphologies.

Several other virus particle morphologies have only been detected thus far in YNP (table

1.3). We, along with other researchers, detected viral morphologies that had previously

been unseen (Rice et. al. 2004; Snyder et. al. 2003; Bettstetter et. al. 2003; Rachel et. al.

2002). The viral diversity detected to date in YNP high temperature acidic environments

likely represents a fraction of the total viral diversity present in these environments. No

doubt more viruses will be discovered as more effort is directed at their isolation and

characterization.

Table 1.3. Viruses and virus-like particles (VLPs) detected in environmental samples
and enrichment cultures established from thermal acidic environments in YNP.

Virus or VLPs Host(s) Mor‘;;l;:ogy Abundance OSZ::: References
Frequentl Japan,
SSV-RH S. solfataricus spindle de?ecte dy Iceland, Wiedenheft 2004
Russia
Thermoproteus spp. Zillig, unpublished;
SSV-like VLP Sulfolobus spp. spindle F;Z?::tzgy Lassen | Stedman, unpublished;
Acidianus spp. Rachel 2002
SIRV-Y1 S. solfataricus stiff rod Common Iceland Rice 2001
Sulfolobus spp. Rice 2001;
SIRV-like VLPs Thermoproteus spp. stiff rod Common Iceland Zillig, unpublished;
Acidianus spp. Rachel 2002
. Sulfolobus spp. . Zillig, unpublished
SIFV-like VLP Acidianus spp. filamentous Rare Iceland Rice 2001
. . Rice 2001;
STIV Sulfolobus spp. icosahedral Rare None Rice 2004
AFV1 Acidianus spp. filamentous Common None Bettstetter 2003
Small l\c](;f;hedral Sulfolobus spp. icosahedral Rare None Rice 2001
Asymetrically- asymmetric .
Rice 2001
shaped VLP Sulfolobus spp. sprindle Rare None ice




32

In previous research, a survey of viruses inhabiting many extremely thermal
acidic sites in YNP was completed (Rice et. al. 2001). In this survey, SSV-like and
SIRV-like morphologies were commonly detected in cultures established from YNP.
SSVs and SIRVs appear to have a worldwide distribution. The genomes of four SSVs
(Wiedenheft et. al. 2004; Stedman et. al. 2003; Palm et. al. 1991) and two SIRVs (Peng
et. al. 2001; Pransgishvili et. al. 1999) have been sequenced. The ability to detect SSV-
like and SIRV-like viruses in enrichment cultures from YNP and the availability of
sequence data from each virus type resulted in the decision to monitor SSV-like and

SIRV-like viruses in YNP.

Site selection, rationale, and characteristics

Three geographically distinct thermal areas in YNP were chosen as monitoring
sites for this research (represented by the red stars in figure 1.10). The rationale for
choosing these sites includes the success in establishing Sulfolobus enrichment cultures,
and the ability to detect SSV-like and SIRV-like viruses in these locations (Rice et. al.
2001).

Crater Hills is located within the Hayden Valley near the Mud Volcano
geothermal area (44° 39.317'N and 110° 28.951'W). The Crater Hills area is
characterized by a temperature range of 75 to 85°C and a pH range of 2 to 6 (M. Young
lab, unpublished). The Crater Hills area has a very barren landscape of approximately
1km®. Some of the hot springs are quite large (~300m?*), while others are small (<1m?)

and seem to come and go depending on the season. Crater Hills is a very active thermal
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area, with the thumping of water being felt through the ground near some of the larger
pools. The area surrounding the monitor site is quite active, and we have noticed a
general expansion of thermal features in a south-westerly movement over the past few
years. The colors of the individual hot springs in the Crater Hills area range from bright
yellow to gray to aquamarine to white to dark gray. The Crater Hills area is surrounded
by lush meadows; however, the thermal area is quite barren and there is a sharp

distinction between the meadows and the thermal area.

Figure 1.10. A map illustrating locations that were monitored
over time during this research. The three sites were monitored
for water chemistry, archaeal populations, and virus
populations. RHMS=Ragged Hills monitor site; RCMS=Rabbit
Creek monitor site; CHMS=Crater Hills monitor site.
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The Rabbit Creek monitor site is located within the Midway Geyser Basin (44°
31.287'N and 110° 48.647'W) near Old Faithful. This thermal area is characterized by
high temperatures (75-90°C) and a pH range of 2 to 5 (M. Young lab, unpublished). This
environment is a mature geothermal area and appears to be highly altered. There are no
dead trees remaining from the emergence of the thermal area, indicating it is a mature
thermal site. The presence of this acidic sulfate-rich thermal site was recorded as early as
1935 (Allen and Day 1935). There is an astounding amount of diversity within hot
springs in the Rabbit Creek thermal area; some are gray bubbling ‘mud pots’, springs
with red products, aquamarine colored springs, and steam dominated fumaroles. These
features are quite diverse in appearance, having a wide range of sizes, colors, turbidity,
clarity, and consistency. The hot springs ranged in clarity and color from completely
transparent to very murky browns, grays, and reds. The mud pots ranged in color from
red to white to brown. The individual springs and mud pots ranged in size from very
small pools, less than ten centimeters in diameter, to medium sized pools as much as five
meters in diameter.

Ragged Hills is located in Norris Geyser Basin (44° 43.653'N and 110°
42.862'W). This thermal area is characterized by temperatures ranging from 65-80°C
and the pH ranges 2 to 5 (M. Young lab, unpublished). The Ragged Hills area is
composed of silica-cemented gravels and until recently there was no evidence of any past
thermal activity. The Ragged Hills thermal area is one of the most geothermally active
areas within YNP. The site is a new geothermal feature that developed in June 1999.

Over time has grown to its current size of 300m>. There are abundant dead trees killed
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off from the recent emergence of the thermal area. The site is located across the
northwest ridge of a small saddle connecting the Ragged Hills area of Norris Geyser
Basin to another small hill to the north. The flowing springs in the area have a diverse
range of colors including clear, hazy blue, murky grey, murky brown, and murky white.
There is also a wide array of colors found in the outflow channels, often changing
downstream as well as through time. The outflow channels are often brown, yellow, red,
orange and white.

These three sites in YNP were chosen because they are all thermal acidic hot
springs and we were able to culture Sulfolobus and its viruses. They were also chosen
for their uniqueness as well, such as their age and their chemical composition. By
comparing these sites we could determine whether there is a difference in virus
populations across different hot spring systems in YNP. The virus population structure,
potential host populations, and the water chemistry of each of the three monitor sites was

extensively studied.

Summary

1. High temperature acidic environments support crenarchaeal organisms and are
poorly understood.

2. Few crenarchaeal viruses have been isolated, and little is known about these
highly unusual viruses.

3. The role of viruses in any environment, and particularly YNP high

temperature, acidic environments, is unknown.
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4. The objective of this study is to examine for the first time, the dynamics of

crenarchaeal viruses in high temperature, acidic environments within YNP.

The chapters in this dissertation are separated based on study site. Chapter 2
provides results of a hyperthermophilic virus culturing bias. Chapters 3, 4, and 5 provide
data and results from the Crater Hills, Rabbit Creek, and Ragged Hills monitor sites,
respectively. The materials and methods for each study site were identical. These
methods are described in detail within Chapter 3. Chapters 3, 4, and 5 are structured
beginning with water chemistry data, archaeal population data, followed by virus
population data, and ending with a discussion of the results and concluding remarks.
Chapter 6 provides a comparison of the three study sites and future implications of this
research. Finally, Chapter 7 provides answers to the four major questions addressed in

this research and whether the hypothesis was accepted or rejected.
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CHAPTER 2

POPULATION DYNAMICS OF VIRUSES IN CULTURE

Introduction

A detailed understanding of the role of SSVs (Sulfolobus spindle-shaped viruses)
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 culturing bias exists for these hyperthermophilic
viruses in the acidic hot springs of Yellowstone National Park (YNP). We used two
genes in the SSV genome to monitor changes in virus populations as a consequence of
culturing environmental samples.

It is important to understand if there is a culturing bias in these organisms. Unlike
the marine environment that can contain up to 10° to 10® virus particles/mL sea water
(Breitbart et. al. 2002; Wommack and Colwell 2000), the thermal acidic areas contain
very low amounts of free virus (Rice et. al. 2001). Therefore, in order to study viruses
from thermal acidic environments one must culture the host organism. The presence of a
culturing bias in these viruses could dramatically change what one would expect to see in
the environment.

To date, no studies have determined if there is a strong selection bias when
viruses of hyperthermophiles are replicated in culture as compared to their natural
environments. Most investigators use viruses replicating in culture to examine

fundamental aspects of viral replication and virus-host interactions. However, viruses
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replicating 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 (Hughes and Friedman 2003; Nelson et.
al. 1999; Peng et. al. 2001).

SSVs provide an ideal model system for investigating the effect of culturing on
viral diversity. The broad collection of SSV genomes available has allowed a detailed
comparison of the similarities and differences between geographically distributed SSVs
(Wiedenheft et. al. 2004). SSV open reading frames (ORFs) show little or no sequence
similarity to genes in the public database. However, there is a common set of eighteen
gene shared by all four sequenced SSV isolates. In addition to this common set of genes,
each SSV genome contains ORFs that are unique to that particular isolate. The distinct
genetic signature of these viruses and the novel spindle-shaped morphology has resulted
in the creation of a new viral family, the Fusselloviridae (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 YNP.
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Materials and Methods

Sample collection and culturing

Environmental samples were collected from the Rabbit Creek and Ragged Hills
monitor sites. The Rabbit Creek site was 75°C and pH 3.3 on January 20, 2003, and the
Ragged Hills site was 70°C and pH 2.7 on October 17, 2002. Five hundred milliliter
water samples were collected from each hot spring using methods previously described
(Rice et. al. 2001). Upon return to the laboratory, approximately ImL of the
environmental sample was inoculated into 60mL of enrichment medium. The media used
was Zillig media, which contains per liter: 3g (NH,),SO,, 0.5g KH,PO, x 3H,0, 0.5¢g
MgSO, x 7H,0, 0.1g KCI, 0.01g Ca(NO,), x 4H,0, supplemented with rare elements,
1.8mg MnCl, x 4H,0, 0.05mg CuCl, x 2H,0, 0.03mg NaMoO, x 4H,0, 0.22mg ZnSO, x
7H,0, 0.03mg VOSO, x 5H,0, 4.5mg Na,B,0, x 10H,0, and 0.01mg CoSO, x 7H,0O and
adjusted to pH 3.2 with sulfuric acid (Zillig et. al. 1994). The cultures were incubated at
80°C for 7-10 days until growth was visually evident. After the 7 days of incubation,
ImL of the established culture was passaged into 60mL of fresh media. 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.

We also wanted to determine whether the culturing media made a difference in
possible culturing bias. Environmental samples were collected from the Rabbit Creek
and Ragged Hills monitor sites. The Rabbit Creek site (sample named RCMS7) was
64°C and pH 3.8 on November 13, 2003. The Ragged Hills site (sample named RHMS9)

was 65°C and pH 3.5 on November 13, 2003. We tested two media: Zillig medium
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(described above) supplemented with 10% yeast extract, 10% sucrose, and 10% tryptone
and DSMZ Sulfolobus medium 88 (http://www.dsmz.de/media/med088.htm). Medium
88 is very similar to Zillig medium, per liter it contains: 1.3g (NH,),SO,, 0.28g KH,PO,,
0.25g MgSO, x 7H,0, 0.017g CaCl, x 2H,0, 1.8mg MnCl, x 4H,0, 0.05mg Cu(Cl, x
2H,0, 0.03mg NaMoO, x 4H,0, 0.22mg ZnSO, x 7H,0, 4.5mg Na,B,0, x 10H,0, 0.02g
FeCl, x 6H,0, and 0.01mg COSO,, 1g yeast extract, and adjusted to pH 2 with 10~
sulfuric acid.

A Sulfolobus solfataricus P2 culture infected with SSV1 was used to determine
how much the virus would change in culture. A glycerol stock of a previously infected
culture of S. solfataricus was inoculated into Zillig medium supplemented with 10%
tryptone (previous research indicated media supplemented with tryptone resulted in the
best virus production, data not shown). The P2 culture was incubated at 80°C for 7-10
days until growth was visually evident. After growth was detected, 1mL of the

established culture was passaged into 60mL of fresh media.

DNA extraction and viral PCR

DNA was extracted from the environmental samples using the UltraClean™
Water DNA Extraction Kit (Mo-Bio, Solana Beach, CA). The DNA was extracted from
the cultures using a rapid alkaline lysis method described previously (Stedman ez. al.
1999). The yield of DNA extracted from the environment and the cultures was estimated
by ethidium bromide staining of agarose gels.

Two primer sets designed from the alignment of the four sequenced SSV isolates

were used to amplify SSV sequences from culture and the environment. Primer set
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UnvSSV#7F (5’-attcagattctg(a/t)at(a/t)cagaac-3’) and UnvSSV#8R (5°-
gatgagtgcgttagg(c/g)ga-3’) flank the viral coat proteins and amplify 650 to 1,069
nucleotides, depending on the presence or absence of the VP2 gene in the isolate
(Wiedenheft 2004). Primer set UnvSSV#3F (5’-caatcgccataggctacgg-3’) and
UnvSSV#4R (5’-cgttta(c/t)tactataacggtac-3") amplifies approximately 256 nucleotides of
the largest ORF in the SSV genome (b812 in SSV-RH). PCR was performed with a
Perkin-Elmer DNA Thermal Cycler 9700, using 40 cycles of 94°C for 1 minute, 45°C for
1 minute, and 72°C for 1.5 minutes. Reaction mixtures contained 10X Taq buffer, 10mM
dNTPs, 50pmol/uL of both the forward and reverse primer, approximately 10ng of total
extracted DNA, and 1 unit of 7ag DNA polymerase. PCR products were visualized using

agarose gels to determine concentrations and the correct size of the amplicon.

Cloning and sequencing

The PCR products were cloned using the TOPO TA Cloning Kit (Invitrogen,
Carlsbad, CA). A 2mL deep 96-well plate was inoculated with E. coli transformed 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 with
primers available on the vector (T7 and M13R) and BigDye Terminator Mix (Applied
Biosystems, Foster City, CA) on an ABI 9700 automated sequencer (Applied

Biosystems).
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Sequence analysis

Sequences were edited and analyzed using Sequencher 4.2.2 (Gene Codes
Corporation, Ann Arbor, MI). Sequence alignments were performed using ClustalX
(Higgins et. al. 1996). The alignments were subsequently analyzed by PAUP 4.0b10
(Swofford 2002) and a maximum parsimony analysis was conducted. Bootstrap values
were obtained by resampling the data 10,000 times. A maximum likelihood analysis was
conducted using MrBayes (Huelsenbeck and Ronquist 2001) with Bayesian clade

credibility values.

Results

Rabbit Creek and Ragged Hills culturing bias

We detected a strong culturing bias in SSVs between the environment and the
primary enrichment culture. Seventy-four PCR generated SSV-like 3F/4R clones from
the Rabbit Creek site were phylogenetically analyzed. SSV-like diversity in the site is
dominated by one major group and two minor groups (figure 2.1).

Phylogenetic analysis of 27 clones from the primary enrichment culture reveals an
obvious culture bias (blue in figure 2.1). SSV-like diversity observed in the hot spring
was reduced to a single group when grown in an enrichment culture. The primary
enrichment culture was associated with only one of the environmental groups. This trend
was maintained when 22 additional clones were analyzed from the first passage of the
primary enrichment culture (green in figure 2.1). The enrichment culture clones form a

separate group distinct from those observed in the environment, and this separation is
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well supported by high bootstrap values (figure 2.1). Clearly, there is a strong culturing

bias when one compares the diversity of SSVs in the environment to SSVs in culture.

Figure 2.1. SSV 3F/4R sequences collected from Rabbit Creek
monitor site. Blue=sequences from the primary enrichment;
green=sequences from the secondary enrichment culture. The
remaining sequences were obtained from the environment.
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A culturing bias is also apparent when analyzing sequence from the SSV viral
coat protein region. Direct analysis of 63 environmental clones from the Ragged Hills

site identifies four dominant groups (figure 2.2). These environmental clones were



pressure in these viruses regardless of geographical origin.

compared to coat protein genes from the sequenced SSV isolates (Wiedenheft et. al.
2004). The only discernible common thread among these four sequenced isolates is that
they were maintained in culture. Interestingly, phylogenetic analysis of this region places
all four viral isolates in the same group, despite their geographic separation (figure 2.2;

sequenced isolates in red). These results suggest that culturing imposes a strong selective

Figure 2.2. SSV coat proteins from the Ragged Hills
monitor site. Red=coat proteins from the four sequenced
SSV isolates; remaining sequences were obtained from

Ragged Hills.
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There was a dramatic reduction in diversity in the primary enrichment culture
(figure 2.1). This suggests that culturing SSVs from the environment alters the
population structure. It is likely that culturing introduced a selection pressure that
resulted in a bottleneck of SSV-like sequences that are not representative of the diversity
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 underestimate the viral diversity actually present in that particular environment.

Viral culturing bias using two medias

Rabbit Creek culturing bias. Two enrichment cultures were obtained with the

sample collected from Rabbit Creek in November 2003. Both SSV-like 3F/4R and 7F/8R
sequences were investigated from these cultures. There does not seem to be a correlation
with media or number of passages on the viral sequences obtained from culture (figure
2.3). The viruses cultured in Zillig media and media 88 group together with some
outliers. There were some instances where the SSV-like 3F/4R sequences were identical
whether they were cultured in Zillig media or media 88 or whether they were the primary
enrichment culture or the first passage of the primary enrichment culture (represented by
RCMS7_mix in figure 2.3).

A culturing bias is evident when comparing the viral sequences obtained from the
cultures to the viral sequences obtained from environmental samples (figure 2.4). The
environmental SSV-like sequences from the Rabbit Creek monitor site comprise two

groups that are distinct from the cultured sequences (figure 2.4; purple represents the
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environmental sequences). It is interesting to point out that two of the sequenced SSV
isolates (SSV2 and SSV-K1; shown in blue in figure 2.4) group with environmental
sequences from Rabbit Creek. SSV1 is related to a sequence detected in culture (figure
2.4). This may be a result of this virus being maintained in culture for several years

before the genome was sequenced. SSV-RH is also related to a large group of cultured

SSV-like sequences from Rabbit Creek (figure 2.4).

Figure 2.3. SSV 3F/4R sequences obtained from
enrichment cultures from Rabbit Creek. Purple=
SSVs from Zillig-YTS media; red=SSVs from
Media 88; black=SSVs in both medias. M88=media
88; ZYTS=Zillig media + YTS; lst=primary enrichment
culture; 2nd=secondary enrichment culture; mix=identical
sequences obtained from both medias.
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Figure 2.4. SSV 3F/4R sequences from
cultures and the environment from Rabbit
Creek. Purple=environmental sequences;
yellow and black=cultured sequences. See
legend for figure 2.3 for description of names.
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When comparing the viral coat protein sequences (primer set 7F/8R) a culturing
bias is also present (figure 2.5). The environmental sequences (represented by purple in
figure 2.5) are all grouped together without any cultured sequences. The environmental
viral coat protein sequences make up one group, which is different than the sequences
from ORF c792 (primer set 3F/4R; figure 2.4) that compose two groups. This could be
due to the fact that the viral coat proteins are more conserved in nature than is ¢792. In

both instances an obvious culturing bias is present which does not seem to be dependent
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on the media or the number of passages. In this case, the four sequenced SSV isolates
group closely with Rabbit Creek sequences that have been cultured. Again, this could be
a result of the sequenced isolates remaining in culture for many years before they were

sequenced.

Figure 2.5. SSV 7F/8R sequences from Rabbit Creek.
Purple=environmental SSV 7F/8R sequences; black=
cultured SSV 7F/8R sequences. See legend for figure
2.3 for description of names.
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Ragged Hills culturing bias. Similar to the Rabbit Creek samples, there does not

seem to be a correlation in number of passages to viral sequences (figure 2.6). It is

important to point out that a culture could not be established in Zillig media from the
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Ragged Hills monitor site. A possible reason for this is the predominant organism
detected by 16S rDNA in the Ragged Hills monitor site is not Sulfolobus (see Chapter 5),
which is the organism Zillig media was specifically designed to grow. However, there
does not seem to be a large difference in the first or second passage in media 88. There
are two dominant groups with one outlying sequence (figure 2.6a). This trend is slightly
different when comparing the viral coat protein sequences (figure 2.6b). The viral
sequences are all grouped into one major group with one outlying sequence. This again
may be the result of the coat proteins being more conserved than ORF ¢792. This reveals

that the viral sequences do not necessarily change with an inoculation into a fresh media.

Figure 2.6. SSV sequences from a Ragged Hills culture.

M88=media 88; 1st=primary enrichment culture; 2nd=secondary enrichment culture.
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A viral culturing bias is not as evident in the samples from Ragged Hills as it was
in the samples from Rabbit Creek (figure 2.7). Although there are very few
environmental sequences from Ragged Hills, the cultured sequences and the
environmental sequences group together. The largest group is composed of three of the
four sequenced isolates (represented by blue in figure 2.7), environmental viral
sequences, and cultured viral sequences. One group of viral sequences is composed of
only cultured sequences, which still lends to the presence of a culturing bias in these
viruses. Unfortunately, the viral coat proteins were never amplified from the RHMS9

culture or the environmental sample.

Figure 2.7. Environmental and cultured SSV 3F/4R
sequences from Ragged Hills. Purple= environmental
SSVs; black=cultured SSVs. See figure 2.6 for a
description of names.

Ssvi

——— SSV2
SSVK1
68t RHMS9(1)
100) RHMS9(1)
RHMS9(1)

SSVRH

RHMS9_M88_1st(1)

RHMS9_M88_1st(1)
RHMS9_M88_2nd(1)
s RHMS9_M88_2nd(1)

100 RHMS9_M88_1st(3)

RHMS9_M88_2nd(8)

RHMS9(2)

L— RHMS9(1)

RHMS9(2)

6 RHMS9_M88_1st(1)

RHMS9_M88_1st(1)
i RHMS9_M88_1st(1)

RHMS9_M88_1st(2)
§

RHMS9_M88_1st(6)

100

RHMS9_M88_2nd(2)
RHMS9_M88_2nd(1)

L RHMS9(1)

RHMS9_M88_2nd(1)
10 changes




51

When comparing the cultured viral sequences from Rabbit Creek and Ragged
Hills there are differences between the two sites. Even though the viruses are cultured in
the same medias, there are definite differences between the cultured viral sequences from
the two monitor sites (figure 2.8). There is a clear distinction between the viral
sequences from the two monitor sites (figure 2.8; cultured Rabbit Creek (RCMS7)
sequences are shown in purple; cultured Ragged Hills (RHMS9) sequences are shown in
green, and the four sequenced isolates are shown in blue). As with individual cultures,
there are more viral groups when the 3F/4R primer set is used (figure 2.8a), revealing

perhaps that the ¢792 OREF is not as conserved as the viral coat proteins (figure 2.8b).

Figure 2.8. Cultured SSV sequences from Rabbit Creek (purple) and Ragged Hills
(green). A=SSV-like 3F/4R; B=SSV-like 7F/8R. M88=media 88; ZYTS=Zillig media +

YTS; mix=sequence found in both medias; 1st=primary enrichment; 2nd=secondary enrichment.

A. SSV-like 3F/4R B. SSV-like 7F/8R
~ RCMS7_mix(10)
L RCMS7_mix(15) RCMS7_ZYTS_2nd(6)

- RCMS7_M88_2nd(3) «| RCMS7_ZYTS_2nd(1)

[ RCMS7_mix(4) RCMS7_ZYTS_2nd(2)

RCMS7_M88_1st(1) RCMS7_ZYTS_1st(1)
RCMS7_ZYTS_1st(1) RCMS7_M88_1st(1)
SSvi 1 RCMS7_M88_1st(1)
RCMS7_M88_15t(6)
RCMS7_M88_2nd(17)
RCMS7_M88_1st(1)
" RcMs7_M8s_1st(1)
RCMS7_M88_1st(1)
SSVK1

SSVRH

RHMS9_M88_15t(6)
RHMS9_M88_1st(1)
RHMS9_M88_1st(1)
RHMS9_M88_1st(1)
RHMS9_M88_15t(3)

s | RHMS9_M88_2nd(3)
RHMS9_M88_2nd(1)

0 RHMS9_M88_2nd(1)
RHMS9_M88_2nd(1)
RHMS9_M88_2nd(3)
RHMS9_M88_2nd(4)

RHMS9 8_1st(2)
7ot RHMS9_M88_1st(1)
M88_1st(1)

I RCMS7 M88 2nd
|- RCMS7_ZYTS_1st(1)

e e = * | RHMS9_M88_2nd(1)

L RCMS7_ZYTS_2nd(1 L= { RHMS9_N
RCMS7_mix(3) e RHMS9_M88_2nd(1)
[ RCMS7 :‘:xx((4; 0 RHMS9_M88_2nd(4)
L RCMS7_mix(8) RHMS9_M88_2nd(3)

RHMS9_M88_2nd(1)
RHMS9_M88_1st(2)
Ssvi1

SSv2

L RCMS7_M88_1st(1)
L RCMS7_M88_1st(1)
L RCMS7_M88_2nd(1)
f RCMS7_M88_2nd(1) o s 1
I RCMS7_M88_2nd(1) _M88_1s

I RCMS7_M88_2nd(1) RCMS7_ZYTS_2nd(1)

|- RCMS7_M88_2nd(1) RCMS7_ZYTS_2nd(2)

L RCMS7_ZYTS_1st(1) RCMS7_ZYTS_2nd(2)

I RCMS7_ZYTS_1st(1) RCMS7_ZYTS_1st(1)
[ RCMS7_ZYTS_1st(1) RCMS7_ZYTS_1st(1)
[ RCMS7_ZYTS_2nd(1) RCMS7_ZYTS_1st(4)
L SSVRH — 50 changes

_ 5changes



52

SSV1 changes in Sulfolobus solfataricus P2 culture

The changes occurring in SSV1 were monitored in a Sulfolobus solfataricus P2
culture over time. A Sulfolobus solfataricus P2 culture previously infected with SSV1
DNA was inoculated into Zillig medium supplemented with tryptone. Purified SSV1
DNA was PCR amplified, cloned, and sequenced with the sequences obtained from
culture. The first enrichment culture yielded 45 c792 (3F/4R) clones and 42 coat protein
(7F/8R) clones. The second enrichment culture yielded 32 3F/4R clones, but no coat
protein clones were obtained. It is curious as to why the 7F/8R primers did not work on
the secondary enrichment culture, and it will be further discussed later.

When 42 SSV1 3F/4R clones were sequenced and compared to the sequence from
SSV1 DNA, there are four groups of sequences (figure 2.9; primary enrichment culture is
represented by green). Twenty-nine of the SSV1 sequences closely resembled wild type
SSV1. The sequences in this group each contained one nucleotide change from the SSV1
DNA. Two groups each contained only two sequences each, and each contained three
changes from the wild type SSV1 sequence (figure 2.9). A larger group contained 11
sequences, and also contained three changes in comparison to SSV1 (figure 2.9).

When 32 clones from the secondary enrichment culture were added to the
analysis, only two groups of sequences were represented (figure 2.9; secondary
enrichment culture is represented by red). Most of the sequences (29) showed only one
change from the SSV1 DNA (figure 2.9), and three other sequences showed three

changes from SSV1 (figure 2.9). So, over time in culture, the viral sequences had
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decreased from four groups to only two groups. This result is similar to what was
observed in culturing SSV-like viruses from the natural environment.
Figure 2.9. SSV1 3F/4R DNA sequences obtained from a

Sulfolobus solfataricus P2 infected culture. Green=primary
culture; red=secondary culture.
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SSV1 in P2(3)
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The SSV1 3F/4R protein sequences (85 amino acids) obtained from the cultures
show even fewer changes. When comparing all sequences obtained from the primary and
secondary enrichment cultures, only one sequence contained more than one amino acid
change (figure 2.10). Most of the sequences (37 from the primary culture and 30 from
the secondary culture) were identical to the wild type SSV1 3F/4R protein sequence
(figure 2.10). Five sequences from the primary culture revealed only one amino acid
change (represented by green in figure 2.10), and one sequence contained two amino acid
changes (represented by red in figure 2.10). The amino acid changes do not appear to be

centralized in one area, but instead throughout the entire sequence.
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Figure 2.10. SSV1 3F/4R protein sequences obtained
from an infected culture of S. solfataricus P2.
Green=primary enrichment culture; red=secondary
enrichment. The change(s) in each sequence are listed
below the sequence name.
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aa 15 Pro-->Ser

SSV1 in P2(1)
aa 3 Ala-->Thr
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PROTEIN
SEQUENCE

SSV1 DNA
SSV1 in P2(30)

aa 21 Ser-->Pro

aa 59 Ser-->Pro aa 47 Phe-->Ser

aa 62 Val-->Ala

0.5 changes

aa 34 Met-->Val
aa 55 Val-->lle

The SSV1 coat proteins (primer set 7F/8R) were only amplified from the primary
enrichment culture. When 42 coat protein clones from culture are compared to the wild-
type coat protein sequence of SSV1, there are even fewer changes than in the 3F/4R
sequences (figure 2.11). Forty of the clones show only one nucleotide change in the coat
protein sequence, and two sequences show three changes from the wild type SSV1 DNA
sequence (figure 2.11). The forty clones that revealed only one change in the coat protein
sequence, each showed a different nucleotide change, so it seems the virus may be

radiating out (figure 2.11).
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Figure 2.11. SSV1 7F/8R DNA sequences from a Sulfolobus
solfataricus P2 infected culture.
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When the coat protein sequences are translated to protein and compared to the
protein sequence of SSV1, only a few changes are observed (figure 2.12). When 42
protein sequences are compared, one was very different from the other sequences (figure
2.12 inset). Upon closer investigation it was found this sequence was missing VP3, and
therefore, it was removed from further analysis (figure 2.12). Only one cultured coat
protein sequence contained two changes from the wild type SSV1 coat protein sequence
(figure 2.12). The remaining sequences only showed one amino acid difference from

wild type sequence (figure 2.12). Five sequences obtained from culture showed one
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amino acid change in VP1, one sequence showed one amino acid change in VP3, one
sequence had a change in VP2, and one sequence contained one change in VP3 and one

change in VP2 (figure 2.12).

Figure 2.12. SSV1 7F/8R protein sequences from a S. solfataricus
infected culture. All of the sequences are from the primary
enrichment. Inset: phylogenetic tree of all sequences retrieved from
culture; however, the sequence with the very long branch was
missing VP3, and therefore, was left out of the analysis.
Red=sequences with a change in VP1; green=sequences with a
change in VP3; and purple=sequences with a change in VP2.

SSV1in P2(1)
aa 255 Tyr-->His ssvi P2
SSV1 in P2(1)
aa 19 Val-->lle
ssvipe
S5V1 Bole)
SSV1 in P2(1) 05 changes ssvi e
aa 17 Arg-->Ly ssvire
SSV1 in P2(33) SAME PROTEIN
SSV1 DNA SEQUENCE
SSV1 in P2(1) SSV1 in P2(1)
aa 128 Leu-->Pro aa 54 Ser-->Gly
SSV1in P2(1) SSV1 in P2(1)
aa 23 Val-->Ala aa 256 Leu-->Pro
SSV1 in P2(1)
aa 153 lle-->Thr

0.5 changes
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In reviewing the changes in SSV1 coat protein sequences, there is not a particular
region of the protein sequence that appears more susceptible to change. The changes
occurred throughout the sequence, and appeared to be random. The coat proteins appear

to be more conserved than the 3F/4R sequences in SSVs.

Conclusions

There are several possibilities that may explain the observed culturing bias in the
SSV-like populations. One possibility is that the host range of SSVs extends beyond the
Sulfolobus genus. Sequence analysis of the 16S rDNA gene indicates that Acidianus and
Stygiolobus are dominant members of the archaeal community in the two high
temperature acidic environments sampled (see Chapters 4 and 5). However, these
organisms were not detected in the enrichment cultures. All enrichment cultures were
exclusively Sulfolobus solfataricus as determined by 16S rDNA sequence analysis. In
contrast, Rachel et. al. (2002) established cultures from environmental samples from a
hot springs in the Crater Hills region of YNP (44° 39’ 13.3"N and 110° 28" 39.8"W) that
were exclusively Acidianus by 16S rDNA analysis. They observed viruses with similar
morphology as SSVs associated with these Acidianus hosts. Using similar culturing
methods, designed to culture Sulfolobus species, they were only able to culture Acidianus
species. A 60 x 90nm 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 Fusselloviride.
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Another explanation for our results is the possibility that the viral sequences were
present in low numbers in the environment, and we enriched for those viruses in the
enrichment cultures. This appears to be congruent with the low abundance of Sulfolobus
in the acidic hot springs in YNP.

It has long been known that there is a culturing bias in microorganisms, however,
this trend 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 research, the same appears to be true for these
hyperthermophilic viruses. There was a dramatic reduction in diversity in the primary
enrichment culture (figure 2.1). This suggests that culturing SSVs from the environment
alters the population structure. Culturing introduced a selection pressure that resulted in a
bottleneck of SSV sequences that are not representative of the diversity present in the
natural environment.

By amplifying these genes from extracted DNA, the presence of virus in the
enrichment cultures is not guaranteed. PCR does not tell us that we are detecting viral
sequences; we could be detecting other sequences that are present in the environment.
However, the sequences appear to be viral because of the size of the amplicon, and the
sequences significantly match SSV-like sequences in the public databases. Perhaps, we
are underestimating the diversity of the viruses and not over-estimating because we are
always using the same primers to amplify potentially changing viral sequences.

The culturing bias in SSVs from the environment was present regardless of the

media used to enrich the viruses. However, when the cultured viral sequences from
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Rabbit Creek and Ragged Hills are compared, there are distinct differences between the
viral sequences from each location. Perhaps this distinction is representative of the
different chemical environments of each acidic hot spring.

It is interesting the viral coat proteins were not detected more often from the
cultured viruses enriched from Ragged Hills. Perhaps we are amplifying related viruses
from different archaeal organisms. The sensitivity of the SSV 7F/8R primer set was
found to be 10,000X lower than the SSV 3F/4R primer set (see Chapter 3). This is likely
the explanation for detecting more SSV-like 3F/4R sequences in the environment and
enrichment cultures.

By culturing viruses from two acidic hot springs in YNP, it was determined a
culturing bias does exist for this hyperthermophilic virus. Over time, the diversity of the
SSVs in culture was reduced to a single group of viruses. To determine how rapidly that
event could have occurred, a sampling of the enrichment culture everyday over a time
course would have been useful. Sampling the enrichment culture daily and monitoring
how the viral sequences changed could have established the rate of the adaptation of the
viruses to the new environment.

By studying SSV1 in culture, the sequences (both 3F/4R and 7F/8R) do not
change significantly over time. In both instances, only one SSV sequence from the
enrichment cultures showed more than one amino acid change from the wild type SSV1
sequence. There were not any sequences that contained three amino acid changes. The

coat proteins of SSVs were found to be more conserved (in culture) than the sequences
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obtained from the largest ORF in the viruses (c792 in SSV1). The changes occurring in
each sequence appears to be random and not focused within one area of the gene.

The results from the SSV1 sequencing reveals that the viral sequences do change
in culture, but not drastically. One might expect that in such a controlled environment,
such as a laboratory culture, the viruses would not change at all. But, I believe that
changes over time are inevitable. The glycerol stock of Sulfolobus strain P2 infected with
SSV1 has been frozen away at -80°C for numerous years, so it is certainly reasonable that
the virus may have changed some in that time or perhaps being inoculated into fresh
culturing media will result in changes as well. It is also possible the replication of the
virus resulted in changes. It is assumed these viruses utilize the polymerase of their host
organism, which does possess a proofreading capability. However, that does not exclude
the chance that mistakes are made and not corrected. In fact, many viruses encode a
polymerase without a proofreading capability. This increases the chance that a variant of
the virus may be better able to adapt to its surroundings.

The SSV1 sequences in this study do not appear to drastically change in culture
over time. This result is not necessarily surprising; a laboratory culture is a very
controlled environment in that the culture is kept at a constant temperature and pH
without many fluctuations. In the natural environment, fluctuations in temperature and
pH are inevitable. Therefore, it will be interesting to determine how these viruses may
change in a natural system when they must respond to changing environmental

parameters.
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It has long been known that most microorganisms cannot be cultured from the
environment, and that culturing dramatically reduces and changes the microbial diversity.
But, until now it was unknown whether viruses were subject to the same occurrence. We
have shown that by culturing viruses from the environment, the viral sequences may not
be representative of the viruses in the natural environment. So, conclusions regarding the

viruses based on culturing experiments must be made cautiously.



62

CHAPTER 3

CRATER HILLS MONITOR SITE: VIRUS DYNAMICS, HOST
POPULATIONS, AND WATER CHEMISTRY

Introduction

A thermal acidic feature within the Crater Hills area was selected as a monitor
site. The reasons for selecting this particular site included the monitor site is both
thermal and acidic, the site is easily accessible year round, and we were successful in
culturing Sulfolobus and its viruses from this hot spring (Rice et. al. 2001). Over the
course of two years, we monitored an acidic hot spring within the Crater Hills thermal
area in Yellowstone National Park (YNP) for changes in the viral and host populations,
and water chemistry. The overall goal of this research is to determine if there are
significant changes in viral population structures over time. The hypothesis being tested
is whether there is an association between virus changes and observed changes in the host
populations and water chemistry of an individual thermal feature.

The viruses monitored in Crater Hills over time were SSV-like and SIRV-like
viruses. These viruses were chosen because of the ease of culturing Sulfolobus and its
associated viruses from YNP, there was genomic data available for both virus types from
geographically isolated thermal areas worldwide (Wiedenheft ez. al. 2004; Peng et. al.
2001; Prangishvili et. al. 1999; M. Young lab, unpublished), and these two viruses were
commonly detected in primary enrichment cultures established from YNP (Rice et. al.

2001).
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Materials and Methods

Site location
The Crater Hills monitor site is located within Hayden Valley near the Mud

Volcano geothermal area (44° 39.317'N, 110° 28.951'W).

pH and temperature monitoring

The temperature of the Crater Hills monitor site was continuously monitored with
a data logger. The data logger recorded the measured temperature approximately every

20 minutes. The pH of the monitor site was measured each time a sample was collected.

Sample collection and water chemistry analysis

Hot spring water samples were collected by mixing the water in the pool and
collecting a surface sample. Approximately S00mL of hot spring water was collected
from each time point for both total nucleic acid extraction and water chemistry analyses.

The chemistry samples were analyzed by Energy Laboratories (Billings, MT).
Each sample was analyzed for inorganics (chloride and sulfate), organics (dissolved
organic carbon [DOC]), nutrients (ammonia, total nitrogen [expressed as nitrate + nitrite],
and phosphorus), and metals (aluminum, antimony, arsenic, barium, boron, cadmium,
calcium, copper, iron, lead, magnesium, manganese, mercury, molybdenum, nickel,
potassium, selenium, silicon, sodium, and zinc). Energy laboratories supplied us with
protocols and sampling kits containing four bottles: two plastic 500mL bottles, one
plastic 250mL bottle, and one 500mL glass bottle. The water in the glass bottle was

filtered and preserved with H,SO,, the water in the plastic 250mL bottle was not filtered
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and was preserved with H;PO,, the water in one of the plastic 500mL plastic bottles was
filtered and preserved with HNO;, and the water in the other plastic 500mL bottle was
not filtered or preserved (to test for dissolved metals). The samples were kept at 4°C
until being sent to Energy Laboratories.

Total nucleic acid extraction
from environmental samples

Total nucleic acid from the Crater Hills monitor site was extracted using the
UltraClean™ Water DNA Extraction Kit (Mo-Bio, Solana Beach, CA) as manufacturer
recommends. Briefly outlined, ~500mL water is filtered through a 0.2um filter, and the
filter is bead-beated with SDS to break open cells. The subsequent steps include
precipitating the nucleic acid with sodium acetate, washing with ethanol, and
resuspending in ImL 10mM Tris-Cl (pH 8.2). The integrity and yield of the extracted

DNA was analyzed by agarose gel electrophoresis.

Primer design for amplification of viruses

SSV-like sequences were amplified from the total nucleic acid extracted from the
environment. Based on an alignment of four SSV genomes from geographically isolated
areas around the world (Wiedenheft ez. al. 2004), two “universal” primer sets were
designed (figures 3.1 and 3.2) to amplify two different regions in SSVs (figure 3.3). The
primer set named UnvSSV#3F (5’-caatcgccataggctacgg-3’) and UnvSSV#4R (5°-
cgttta(c/t)tactataacggtac-3’), amplifies ~250-260 base pairs (bps) in the largest open
reading frame (ORF) of each sequenced isolate (figure 3.1 and table 3.1). The second

primer set, UnvSSV#7F (5’-attcagattctg(a/t)at(a/t)cagaac-3’) and UnvSSV#8R (5°-
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gatgagtgcgttagg(c/g)ga-3’), amplifies the coat protein genes (figure 3.2). Depending on

the presence of VP2, these amplicons range in size from 682 bps to 1,069 bps (table 3.1).

Figure 3.1. The alignment of four sequenced
SSV isolates and the 3F/4R primer set, which
amplifies a portion of the largest ORF in SSVs.

3F CAATCGCCATAGGCTACGG

SSV1 CGGTGCAATCGCCATAGGCTACGGAGTGAACTTTCCCGC...
SSV2 CGGTTCAATCGCCATAGGCTACGGTGTAAATTTCCCTTC...
SSVRH CGGTTCAATCGCCATAGGCTACGGTGTTAATTTTCCTTC..
SSVK1 CGGTTCAATCGCCATAGGCTACGGTGTAAATTTCCCTTC..

SSV1 ..TTAGGGTTCTTTCACTTTACGTTTACTACTATAACGGTACTT
SSV2 ..GGTACTTACCCCAACTTTACGTTTATTACTATAACGGTACTT
SSVRH ..AGGGTTCTGGTCAACTTTACGTTTATTACTATAACGGTACTC
SSVK1 ..AGGGTTTTGGTCAACTTTACGTTTACTACTATAACGGTACTC
4R CGTTTAYTACTATAACGGTAC

Red=conserved in 3 or more
Blue=conserved in 2
Green=not conserved

Figure 3.2. The alignment of four sequenced
SSV isolates and the 7F/8R primer set, which
amplifies the viral coat proteins.

1F ATTCAGATTCTGWATWCAGAAC

ssvl CAAATTCAGATTCTGAATTCAGAACTGGA...
Ssv2 CAAATTCAGATTCTGTATACAGAACTAGA..
SSVRH CAAATTCAGATTCTGAATTCAGAACTGGA..
SSVK1 GAAATTCAGATTCTGAATTCAGAACTGGA..

SSV1l ..TCCCTGATGAGTGCGTTAGGGGATGTAATCTAC
SSv2 ..TTCTTGATGAGTGCGTTAGGGGACATCATATAC
SSVRH ..CTCTTGATGAGTGCGTTAGGCGATGTAATCTAC
SSVK1 ..GTTTTGATGAGTGCGTTAGGGGATGTAATCTAC
8R GATGAGTGCGTTAGGSGA

W=A or T

S=C or G

Red=conserved in 3 or more
Blue=conserved in 2
Green=not conserved
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Figure 3.3. A genomic map of SSV-RH showing
the locations of the universal SSV primer set
3F/4R and 7F/8R.

A83

Primer set
TF/8R

16473 bp

Table 3.1. Number of bases amplified by universal SSV primers
in four sequenced isolates.

Amplicon Size in SSVs
UnvSSV#3F/4R UnvSSV#7F/SR
SSV1 (Japan) 253 bps (ORF ¢792) 1,069 bps (vpl; vp3; vp2)
SSV2 (Iceland) 259 bps (ORF c809) 682 bps (vpl; vp3)
SSVRH (YNP) 259 bps (ORF b812) 692 bps (vpl; vp3)
SSVK1 (Russia) 259 bps (ORF b793) 825 bps (vpl; vp3)

SIRV-like viral sequences were amplified from environmental extracts of total
nucleic acid. One primer set that amplifies the coat protein was designed based on the
alignment of SIRV1, SIRV2, and two partially sequenced samples from YNP (figure
3.4). The primers were designed based on the assumption that the start and the stop of
the coat protein gene would be conserved. The DBP-F (5’-gatattgaccaaaaatggcaaaagg-
3’) and DBP-R (5’-gcttaaatattttaacttacgtatcc-3’) primer set amplifies the entire 405 base
pairs (bps) of the coat protein (the start and stop of the coat protein are underlined in each

respective primer).
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Figure 3.4. Alignment of primers used to amplify the coat protein of
SIRV-like viruses in YNP.

DBPF GATATTGACCAAAAATGGCAAAAGG

SIRV2 GAATAAAATTGGATATTGACCAAATATGGCAAAAGGTCACACATCAAGAAGT
SIRV1 GAATAAAATTGGATATTGACCAAAAATGGCAAAAGGTCACACAAAAAGATCA
RC7T#4 ——————— ATGGCAAAAGGTAGAACACCAAGATCA
9Y-NL —————— e ATGGCAAAAGGTAGAACACCAAGATCA

SIRV2 CATAACTGGAAGCCCAACTGGATATGTAAGTTAAAATATTAAGCTATTTTTT
SIRV1 AATAACTGGAAGCCCGACTGGATACGTAAGTTAAAATATTAAGCTATTTTTT
RC7#4 AATAACCGGTAGTCCAACTGGATACGTAAGTTAA——————————————————
9Y-NL AATAACCGGTAGTCCAACTGGATACGTAAGTTAA-—————————————————
DBPR GGATACGTAAGTTAAAATATTAAGC

*RC7#4 and 9Y-NL are two partially sequenced isolates from YNP.

PCR sensitivity of the primer sets

Once the primer sets were chosen, the sensitivity was measured before attempting
to use them on environmental samples. To test the sensitivity of the aforementioned
primer sets, purified DNA from SSV1, SSV2, SSV-K1, and SSV-RH was used to test the
limits of the 3F/4R and 7F/8R primers. The sensitivity of the DBPF/R primers was tested
using purified SIRV1 DNA. The purified DNA from each of the four SSVs and SIRV1
was serially diluted to 10" from a starting concentration of 1ug. The viral template
concentration ranged from 1ug to 10 ug (0.001 femptogram). The PCR reactions were
conducted in both a standard PCR machine (Perkin-Elmer DNA Thermal Cycler 9700,
Wellesley, MA) and a real time PCR machine (RotorGene, Corbett Research, Mortlake,
Australia) to determine if there was a significant difference. The standard PCR protocol
was as follows: 5ul. 10X PCR buffer with MgCl,, 10mM dNTPs, S0pmol/uL each
primer, 1uL diluted viral template, 1 unit 7aq, and ddH,O to bring the final reaction
volume to 50ul.. The reaction conditions started with an initial 2 minute denaturation at

95°C followed by 35 cycles of 1 minute at 95°C, 1 minute at 40°C (SSV primers) or
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50°C (SIRV primers), and 2 minutes at 72°C, followed by a final extension step of 7
minutes at 72°C.

The real time PCR conditions were similar except the addition of SYBR Green
(Molecular Probes, Carlsbad, CA). The real time PCR protocol was as follows: 2.5ul
10X PCR buffer with MgCl,, SmM dNTPs, 7.5pmol/uL each primer, 1uL diluted viral
template, 0.25 units of Tag, SYBR Green, and water to bring the reaction volume to
25ulL. The reaction parameters for the real time PCR started with an initial denaturation
at 95°C for 2 minutes, followed by 40 cycles of 95°C for 20 seconds, 40°C (for SSV
primers) or 50°C (for SIRV primers) for 30 seconds, and 72°C for 45 seconds (to acquire
SYBR), a hold at 72°C for 3 minutes, and finally a melt from 55-99°C. The melt cycle
allows the user to distinguish between real products and primer dimers based on the
temperature of the DNA when it melts. The samples were either analyzed by agarose gel
electrophoresis or visualized by fluorescence on the real time PCR machine.

The same PCR conditions used to test the primers were used to amplify SSV-like
and SIRV-like DNA from the environment. The concentration of environmental DNA
was estimated between 1pg and 10ng. Only the standard PCR machine was used for
environmental PCR because of difficulties in cloning DNA intercalated with SYBR

Green.

Archaeal 16S rDNA primers and PCR

16S rDNA gene sequence analysis was used to determine the identity of the
potential archaeal host populations in the Crater Hills monitor site. Two primer sets were

chosen to amplify 16S rDNA from the total DNA extracted from the hot spring samples,
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20F (5’-ttccggttgatectgecgg-3’) and UA1406R (5°-gacgggcggtgtgtrca-3’), and 348Fa (5°-
tccaggccctacggg-3’) and UA1406R (Baker et. al. 2003). The forward primers (20F and
348Fa) are archaeal specific and the reverse primer (UA1406R) is universal. The
reaction parameters were identical to the PCR conditions for the viral genes, with the
exception of the annealing temperature and the extension time. The annealing
temperature for the primer set 20F/UA1406R was 60°C and 55°C annealing temperature
was used for primer set 348Fa/UA1406R. The extension times for primers was increased
to 1.5 minutes. The primer set 20F/UA1406R should yield a product of ~1,400 bps with
348Fa/UA1406R yielding a 1,000 bps product. The amplicons were analyzed by agarose

gel electrophoresis.

Cloning PCR products

The PCR products (both viral and 16S rDNA) were cloned into the pCR2.1 vector
via TOPO-TA cloning (Invitrogen, Carlsbad, CA). The vector is provided linearized,
supplied with overhanging thymidines (T) on the 3’ ends, and Topoisomerase I
covalently bound to the vector. This results in an easy ligation with PCR products
originally amplified with Taq because Taq has a nontemplate-dependent terminal
transferase activity that adds a single deoxyadenosine (A) residue to the 3’ end of each
amplicon. The ligation is efficient, occurring at room temperature in five minutes. The
vector encodes for both ampicillin and kanamyacin resistance, and encodes for the lacZa
gene, which allows for blue-white screening of the transformants. Every time a positive

PCR product was generated, the product was ligated into the TOPO-TA vector,
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transformed into E. coli (One Shot® TOP10, Invitrogen), and the white colonies were
screened for insert.

Following transformation into E. coli and plating on selective media, colonies
were inoculated into 2mL deep 96-well plates (Millipore, Billerica, MA), and incubated
in ImL LB** for 24 hours. The cells were then pelleted by centrifuging and the media
was removed. The protocol to purify plasmid follows the manufacturer’s directions
(Millipore). Briefly, the cells are resuspended and lysed. The RNA is removed with
RNase, and the solution neutralized. The following steps involve filtering and washing
the plasmids. Once completed, there is a 96-well plate with a different plasmid in each

well.

DNA sequencing

Once the 96-well plasmid preps are complete, a second screen is done to estimate
insert ratio on the plate. A random sampling of plasmid from the plate is digested with
EcoR1 (Promega, Madison, WI) to test insert size and DNA quality. The plasmid DNA
is sequenced using either M13R (5’-caggaaacagctatgac-3") or T7 Promoter (5°-
ccctatagtgagtcgtatta-3’) primers. The DNA sequencing protocol is as follows: SuL
ddH,0, Spmol/uL primer (M13R or T7 Promoter), 2uLL plasmid DNA, 1uL 5X
sequencing buffer, and 1uL BigDye Terminator Mix (Applied Biosystems, Foster City,
CA). The sequencing reaction is composed of three different temperatures repeated 40
times: 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes. Once the
sequencing reaction is complete the samples are filtered and cleaned up with 0.3mM

EDTA using Multiscreen® SEQ5,, sequencing reaction cleanup plates (Millipore) (as
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recommended by the manufacturer). The reactions are resuspended in 20ul. 0.3mM

EDTA and sequenced on an ABI 9700 automated sequencer (Applied Biosystems) in the

lab of Dr. Francisco Roberto at the DOE-INL in Idaho Falls, Idaho.

Sequence and phylogenetic analysis

Viral sequences. The environmental SSV-like and SIRV-like sequences were
edited using Sequencher version 4.2.2 (Gene Codes Corporation, Ann Arbor, MI). Once
vector sequence was removed and sequences edited, the sequences were aligned (in
Sequencher) to determine how many (if any) were 100% identical matches. The
sequences were subsequently exported to Sequence Alignment Editor (Rambaut 1997) to
manually verify the alignments produced by Sequencher. The sequences were then
exported to ClustalX (Thompson et. al. 1997) to produce an alignment. The alignments
were subsequently analyzed by PAUP 4.0b10 (Swofford 2002) and a maximum
parsimony analysis was conducted. Bootstrap values were obtained by resampling the
data 10,000 times, and a bootstrap 50% majority-rule consensus tree was produced.

Using Modeltest version 3.6 (Posada et. al. 1998) on a Macintosh platform, the
appropriate nucleotide substitution model for maximum likelihood was selected.
Modeltest is used to test the model of evolution the data best fits. This program tests 56
different models of evolution by performing hierarchical hypothesis testing. At each
level the null hypothesis is accepted or rejected until the model that best fits the data is
determined. Based on the nucleotide substitution model, a maximum likelihood analysis

was conducted using MrBayes version 3.0 (Huelsenbeck and Ronquist 2001) on a
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Macintosh platform. Clade credibility values were derived using MrBayes where two
million permutations were sampled every ten thousand generations.

The viral DNA sequences were translated with Sequence Alignment Editor
(Rambaut 1997) and maximum parsimony analyses were carried out as described above.
The environmental SSV-like 3F/4R protein sequences were 85 to 87 amino acids from
the largest ORF in the SSVs (812 amino acids predicted in the SSV-RH ORF). When the
SSV-like DNA sequences were translated to protein, some sequences resulted in a
truncated protein sequence. The translated DNA sequences that resulted in an interrupted
OREF (those with stop codons throughout) are termed non-functional ORFs, and the DNA
sequences that resulted in un-interrupted ORFs (no stop codons) are termed functional
ORFs. The distinction between functional and non-functional ORFs was used to
determine which viral sequences might have come from integrated copies of the virus.
The interrupted SSV-like ORFs were not used in the analyses, unless otherwise noted.
The environmental SIRV-like coat protein sequences were 135 amino acids in length.
This represents the full-length of the coat protein. The molecular evolutionary analyses
(rates of transitions and transversions) for both viruses were conducted using MEGA
version 3 (Kumar et. al. 2004) on a PC based platform.

Phylogenetic trees were constructed sequentially in order to compare the new
viral sequences to the viral sequences detected in earlier samples. In all of the following
phylogenetic trees, the sequences from the sample being discussed will be presented in
red, sequences from previous samples will be presented in black, and the sequences from

the completely sequenced isolates (SSV1, SSV2, SSV-RH, and SSV-K1 for the 3F/4R



73
and 7F/8R primer sets; SIRV1 and SIRV2 for the DBPF/R primer set) will be blue. The
black sequences are only presented as a reference to more easily determine how or if the
viral population changed since the last sample was collected. I will define a viral
group/clade as a monophyletic cluster of viral sequences. The viral group is supported by
high bootstrap values and Bayesian clade credibilities.

In the DNA analysis, numbers next to principle branches show bootstrap support
>50% using maximum parsimony and Bayesian clade credibilities using maximum
likelihood. In the protein analysis, the number at the principle branches show bootstrap
support >50% using maximum parsimony. The frequency of a particular sequence is

noted in parentheses following the name of the sequence.

Archaeal host sequences. 16S rDNA sequences were edited using Sequencher
version 4.2.2 (Gene Codes Corporation). The environmental 16S rDNA sequences were
compared to published 16S rDNA sequences (http://www.ncbi.nlm.nih.gov/BLASTY/).
Environmental sequences were aligned to published 16S rDNA genes with ClustalX.
Alignments were subsequently analyzed by PAUP 4.0b10 (Swofford 2002) and a

maximum parsimony analysis was conducted as described above.

Results

Temperature, pH, and water
chemistry of the Crater Hills monitor site

This monitor site was sampled thirteen times from August 2002 through June

2004. The site ranged in temperature from 67 to 86°C and the pH ranged from 1.6 to 2.6
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(figure 3.5). The chemistry analysis revealed this site was distinct from the other two
monitor sites in this study. Surprisingly, the chemistry did not significantly change

during this research.

Figure 3.5. Temperature and pH over time at the Crater Hills monitor site
(left) and a picture of the site (right).

Crater Hills Temperature and pH
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Sampling Dates

The water chemistry analysis started January 3, 2003 and continued through June
14, 2004 for a total of 11 samples (table 3.2). Of the metals tested, several were not
detected, or detected sporadically at very low levels (antimony, barium, calcium, copper,
magnesium, mercury, molybdenum, nickel, and selenium) (table 3.2).

This site is a sulfate-dominated system with very high levels of sulfate in all
samples collected from this hot spring (figure 3.6a). The average sulfate concentration
was 1022mg/L with a range of 427-1610mg/L. The chloride levels remained low during
this research (0-7mg/L) with one spike in the August 2003 sample (see figure 3.6a), and
an average chloride concentration of 1.8mg/L. The dissolved organic carbon (DOC)
concentration varied from 3-9.6mg/L with an average concentration of 5.7mg/L (table

3.2).
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Table 3.2. Water chemistry values measured at the Crater Hills monitor
site from January 2003 through June 2004.

Sample

numbers 1 2 3 4 5 6 7 8 9 10 11
Sample dates  0//03 02/03 05/03 07/03 08/03 09/03 10/03 11/03 02/04 04/04 06/04
pH 22 22 2.1 24 2.6 1.6 2.6 2.3 2.1 22 1.9
Temp (C) 72 81 85 86 80 67 80 74 80 82 81
Chloride 2 1 1 1 7 0 0 2 0 2 4
Sulfate 427 726 719 807 1610 1560 1230 1050 770 980 1320
DOC 3 6.4 52 6.6 6.8 9.6 6.5 3.1 5.89 39 6.2
Ammonia 122 146 217 21.1 18.7 143 137 8.9 11.2 14.6 11.4
Nitrogen 0 0 0 0 0.07 0 0 0.1 0 0 0.07

Phosphorus 022 013 011 019 298 043 023 026 0.15 0.18 0.33
Aluminum 11.4 11 8.1 21.1 358 342 30.1 194 134 186 262

Antimony 0 0 0 0 0 0 0 0 0 0 0
Arsenic 0 0 0.015 0.021 0.009 0.009 0.017 0.007 0.007 0 0.034
Barium 0 0 0 0 0 0.1 0 0 0 0 0.1

Boron 1.3 1.3 1.8 1.6 1.7 1.6 1.5 1 1.1 1.2 1.3

Cadmium 0.002 0.001 0.004 0 0 0 0 0 0 0 0
Calcium 0 0 0 0 0 2 0 0 0 0 0
Copper 0 0 0 0 0.01 0 0.01 0 0 0 0

Iron 0.83 1.06 1.25 1.48 233 214 1.72 1.2 0.94 1.74 147

Lead 0 0 0.01 0 0.03 0.02 0.02 0.03 0 0 0.03
Magnesium 0 0 0 0 0 0 0 0 0 0 0

Manganese 0.01 0.02 002 002 004 003 004 002 002 003 003
Mercury 0 0 0 0 0 0 0 0 0 0 0
Molybdenum 0 0 0 0 0 0 0 0 0 0 0
Nickel 0 0 0 0 0 0 0 0 0.04 0 0

Potassium 7 4 7 10 13 12 12 7 7 11 9

Selenium 0 0 0 0 0 0 0 0 0 0 0
Silicon 932 944 115 119 120 119 114 93.5 101 114 104
Sodium 2 1 11 2 2 3 3 1 1 3 2

Zinc 0.09 0.03 012 006 004 024 006 002 006 006 0.02

*Sample numbers refer to numbers on corresponding graphs.
*Chemical species measured in mg/L.

The nutrients measured in the hot spring were ammonia, nitrogen, and phosphorus
(table 3.2). The ammonia levels peaked in the May 2003 sample and have since been
decreasing (figure 3.6b) with an average ammonia concentration of 14.8mg/L and a range
of 8.9-21.7mg/L. Nitrogen, which was expressed as nitrate and nitrite, was only detected
three times at very low levels (0.07mg/L-0.1mg/L) (table 3.2). The phosphorus

concentrations were consistently low except for the sample collected in August 2003



76
(figure 3.6b). The average phosphorus concentration was 0.47mg/L; however, that may
be high because of the spike in phosphorus in August 2003. If that sample is omitted, the
overall average of phosphorus concentration was 0.22mg/L.
Figure 3.6. Water chemistry values obtained from the Crater Hills monitor site

over the course of this research. The sample number corresponds to the
sampling date in table 3.2. All values are represented in mg/L.
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The metals detected consistently over time were aluminum, arsenic, boron, iron,
lead, manganese, potassium, silicon, sodium, and zinc (table 3.2). The aluminum

concentrations were the highest detected in the three monitor sites with an average
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aluminum concentration of 20.8mg/L (figure 3.6¢). Boron was detected continuously
ranging from 1-1.8mg/L with an average of 1.4mg/L (figure 3.6¢).

The highest iron concentration was 2.33mg/L in August 2003, and then it began
to decrease until April 2004 (see figure 3.6d). The iron concentrations ranged from 0.83-
2.33mg/L with an overall average of 1.47mg/L. Potassium was consistently detected
(figure 3.6d), ranging in concentration from 4 to 13mg/L with an average of 9mg/L.

Silicon remained very constant in this monitor site (figure 3.6e). The silicon
concentrations ranged from 93.2 to 120mg/L with an average of 108mg/L. Sodium was
also consistently detected; however, there was one spike in concentration in the May
2003 sample, but another spike was not detected (figure 3.6e). The sodium was very low,
ranging from 1-3mg/L with the spike at 11mg/L. Arsenic, lead, and manganese were all
detected; however, at low levels (table 3.2). The last metal tested was zinc, and it was
consistently detected at levels of 0.02-0.12mg/L (table 3.2).

Overall, the water chemistry of this monitor site was distinct from the chemistry
of the other two monitor sites (see Chapters 4 and 5). The Crater Hills monitor site is a
vapor-dominated system with no visible inflow or outflow channels. During the
monitoring period, this monitor site was dominated by high sulfate and aluminum levels
(figure 3.7). This hot spring was also characterized by the lowest observed pH values of
the three monitor sites throughout the sampling time (1.6-2.6), and the temperatures
ranged between 67-86°C (figure 3.5). Surprisingly, the chemical composition did not
significantly change over time. A summary of the average water chemistry values

measured over time is presented in figure 3.8.
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Figure 3.7. Comparison of sulfate (A) and aluminum (B) levels in the three monitor
sites during the course of this research. The sample numbers correspond to the
sampling dates in table 3.2.
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Figure 3.8. The average water chemistry values measured over
time in the Crater Hills monitor site. A. The average of all the
chemical species measured. B. The average values of the metals
detected in the monitor site. All values are measured in mg/L.
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Archaeal population in the Crater Hills monitor site

To determine the archaeal host population, 16S rDNA sequence analysis was
conducted on specific sampling dates. Six of thirteen samples were used to determine the

dominant archaeal population over time in Crater Hills.

Archaeal population determined by the 20F/UA1406R primer set. The 16S rDNA

genes from three samples were amplified with the 20F/UA1406R primer set. An

overview of the results with this primer set is illustrated in figure 3.9.

Figure 3.9. The archaeal population in Crater Hills over time measured
with the 20F/1406R primer set. The numbers indicate how many 16S
rDNA clones most closely matched the published16S rDNA sequence.
The absence of sequences does not reflect an absence of 16S rDNA
sequences from the environment; not all samples were used for 16S
rDNA gene sequence analysis.
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The first sample was collected on January 3, 2003, and 30 full-length 16S rDNA
clones were sequenced and compared against 16S rDNA genes in the public database
(figure 3.11). Most of the environmental sequences (26) belong in clade A, two belong

in clade B, and two sequences belong to clade D (figure 3.10). Surprisingly, only one
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Sulfolobus-like 16S rDNA sequence was detected in this sample (clade D in figure 3.10).
Rather, 28 out of 30 sequences (93%) most closely matched Caldococcus noboribetus
(accession number D85038) with 89-95% identity (clade A in figure 3.9 and table 3.3).
The remaining two clones matched published 16S rDNA sequences for Sulfolobus
solfataricus (accession number X03235), and Acidianus convivator (accession number
AJ634763) at low percentages (clade D in figure 3.9). The sequence that aligned best to
A. convivator was only a 93% match, and the environmental sequence that most closely
matched S. solfataricus was only a 92% match (table 3.3). These low percentage
matches are indicative of archaeal species that are similar to these named species, but
clearly distantly related.

Seventeen clones were obtained from July 18, 2003, and once again,
Caldococcus-like sequences dominated the environmental library representing 88% of
the clones (15/17) and matching with 89-97% identity to the published Caldococcus 16S
rDNA gene (clades A and C in figure 3.10 and table 3.3). The other sequences detected
in this sample matched Vulcanisaeta distributa (accession number AB063640) at 94-95%
identity (clade C in figure 3.10 and table 3.3).

Twenty-five 16S rDNA clones were obtained from February 19, 2004 (table 3.3).
The population was similar to that measured in July 2003. The environmental sequences
belong in clades A and C (figure 3.10). Again, the dominant sequences most closely
matched Caldococcus (23/25) with identities ranging from 85-96% (clades A and C in
figure 3.10 and table 3.3). The other two sequences most closely matched Stygiolobus

azoricus (accession number X90480) (84% identity) and Vulcanisaeta (96% identity)
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(clade C in figure 3.10 and table 3.3). The archaeal population in the environmental

clone libraries appears to be predominantly Caldococcus-like organisms (figure 3.11).

Figure 3.10. Environmental 16S rDNA sequences amplified with the 20F/

UAT1406R primer set from the Crater Hills monitor site.
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Figure 3.11. Crater Hills host population based on closest match in the public
database (nearly full-length or full-length 16S rDNA clones over time).
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Archaeal population determined by the 348Fa/UA1406R primer set. The 16S

rDNA genes from five samples were amplified with the 20F/UA1406R primer set. An
overview of the results with this primer set is illustrated in figure 3.12.

Thirty-six 16S rDNA clones from January 2003 were analyzed (table 3.3). The
environmental sequences belong to clades A and B (figure 3.13). Eighteen Sulfolobus-
like environmental sequences were 87-93% identical to the published S. solfataricus
sequence (clades A and B in figure 3.13 and table 3.3). Nine environmental sequences
most closely matched C. noboribetus with 90-95% identity (clade B in figure 3.13 and
table 3.3). Three V. distributa sequences were detected; two of these clones showed 98%
identity to the published V. distributa 16S rDNA sequence (clade B in figure 3.13 and
table 3.3). In contrast to the sequences amplified with 20F/UA1406R, S. solfataricus-like

sequences make up the majority of our environmental library (figure 3.11).
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Figure 3.12. The archaeal population in Crater Hills over time measured
with the 348Fa/1406R primer set. The numbers indicate how many 16S
rDNA clones most closely matched the published16S rDNA sequence.
The absence of sequences does not reflect an absence of 16S rDNA
sequences from the environment; not all samples were used for 16S
rDNA gene sequence analysis.
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Another sample used for host analysis was collected on February 27, 2003. There
were sixty-two clones obtained from this sample (table 3.3). The environmental
sequences belong to clades A and B (figure 3.13). Fifty-two percent of the sequenced
environmental clones (32/62) most closely matched S. solfataricus at 88-94% identity
(clades A and B in figure 3.13 and table 3.3). Nine environmental clones most closely
matched V. distributa at 93-98% identity (clade B in figure 3.13 and table 3.3). Of the
nine clones, there were only two that matched the published V. distributa 16S rDNA gene
at 98% (table 3.3). Eight clones most closely matched C. noboribetus at 91-96% identity,
and seven clones most closely matched S. azoricus at 87-95% identity (clade B in figure
3.13 and table 3.3). Five clones were most similar to uncultured archaeal sequences with

only 93% identity to the uncultured clones, and one clone was most similar to Sulfolobus
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tokodaii (accession number AB022438) with 92% identity (clade A in figure 3.13 and
table 3.3).

Figure 3.13. Environmental 16S rDNA sequences amplified with the
348Fa/UA1406R primer set from the Crater Hills monitor site.
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The sample collected in July 2003 was also used for 16S rDNA gene sequence
analysis (table 3.3). The dominant population in July 2003 appears to be Caldococcus-
like organisms regardless of the primer set, but the 348Fa/UA1406R primer set amplified
a more diverse population of species including S. solfataricus-like sequences. Nineteen
Caldococcus-like sequences were amplified from this sample (clade B in figure 3.13 and
table 3.3). The environmental sequences matched the published Caldocccus sequence at
88-95% identity (table 3.3). Seven environmental clones most closely matched
Vulcanisaeta with 92-98% identity (clade B in figure 3.13 and table 3.3). Only two of
these clones matched the published Vulcanisaeta sequence at 98% identity. Six

environmental clones were 91-93% identical to S. solfataricus (clade A in figure 3.13 and

table 3.3). The remaining clones matched Pyrodictium occultum (1/36) at 91% identity,

and environmental clones isolated from Monteserrat (2/36) at 87% identity (clade A in

figure 3.13 and table 3.3).

Table 3.3. The percent identities of environmental 16S rDNA clones from the Crater
Hills monitor site to published 16S rDNA sequences in the public database.

Sag;)tléng Primer | Clones | Caldococcus | Vulcanisaeta | Sulfolobus | Acidianus | Other**
1/3/03 20F 30 28 (89-95%) ND 1(92%) 1 (93%) ND
1/3/03 348Fa 36 9 (90-95%) | 3 (93-98%) 18 (87- 2 (95- 4 (88-

93%) 99%) 93%)
2/27/03 | 348Fa 62 8 (91-96%) | 9 (92-98%) 32 (88- ND 12 (87-
94%) 95%)
7/18/03 20F 17 15 (89-97%) | 2 (94-95%) ND ND ND
7/18/03 | 348Fa 36 19 (88-95%) | 7 (92-98%) 6 (91- ND 3 (87-
93%) 91%)
10/23/03 | 348Fa 56 24 (92-94%) | 19 (87-98%) 5091- 1 (99%) 7 (83-
93%) 90%)
2/19/04 20F 25 23 (86-96%) 1 (96%) ND ND 1 (84%)
6/14/04 | 348Fa 31 ND* 28 (92-98%) | 1(92%) ND 2 (90-
94%)

*ND=Not Detected
**Other=Clones matched Desulfurococcus, Pyrodictium, and environmental clones from Monteserrat.
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A similar pattern was observed in the sample from October 23, 2003 (figure 3.11).
Overall, Caldococcus-like sequences dominated the environmental library (figure 3.11).
Twenty-four environmental clones matched C. noboribetus with 92-94% identity (clade
B in figure 3.13 and table 3.3). Vulcanisaeta-like sequences were also detected in this
sample (figure 3.11). Ten of the 19 clones were 98% identical to the published V.
distributa 16S rDNA sequence (clade B in figure 3.13 and table 3.3). There were five
Sulfolobus-like sequences detected in this sample (figure 3.11). All of these clones
showed low identity to the published Sulfolobus sequences (clade A in figure 3.13 and
table 3.3). The remaining clones showed low identity to Desulfurococcus and
Stygiolobus 16S rDNA sequences (clade A in figure 3.13 and table 3.3).

In the last sample, the archaeal population in Crater Hills has shifted dramatically
(figure 3.11). Thirty-one 16S rDNA clones were sequenced from the sample collected on
June 14, 2004. All of the environmental 16S rDNA sequences belong to clade B (figure
3.13). Twenty-eight of the environmental clones most closely matched Vulcanisaeta
distributa with 94-98% identity (figure 3.11 and table 3.3). Twenty-one of the clones
matched the published V. distributa 16S rDNA sequence with 98% identity. Two
sequences most closely resembled Stygiolobus (94% identity) and one other sequence
matched Sulfolobus with only a 92% identity (figure 3.11 and table 3.3).

Overall, the archaeal population within this monitor site was diverse (figure 3.11).
Sulfolobus-like, Caldococcus-like, and Vulcanisaeta-like sequences were the commonly
detected 16S rDNA sequences in environmental libraries from this site. However, as

discovered in the other monitor sites (see Chapters 4 and 5), the percent identities to
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published 16S rDNA sequences were typically low (table 3.3). All of the detected
sequences are likely representative of crenarchaeotes with low pH and high temperature
growth optimums. Information concerning electron donors and acceptors for most of
these organisms is unknown. However, based on the water chemistry, there are
numerous potential donors and acceptors. Based on the pH, temperature, and water
chemistry, it is reasonable the 16S rDNA sequences represent Sulfolobus-like,
Caldococcus-like, and Vulcanisaeta-like organisms.

The presence of a primer bias was detected in the sample from January 2003;
however, a bias was not as obvious in the sample collected in July 2003 (table 3.4). The
20F/UA1406R primer set resulted in the detection of four clades (figure 3.10) while the
348Fa/UA1406R primer set only detected two clades over time (figure 3.13). Itis
unknown why both primer sets were not successful in all samples. Perhaps, the archaeal
population changed enough that one primer set would not amplify the 16S rDNA
sequences. The optimal way to determine the archaeal population in this monitor site

would investigate more samples and use numerous 16S rDNA primer sets.

Table 3.4. The presence of a primer bias in the January 2003 sample from Crater
Hills; however, the same bias is not present in the July 2003 sample.

CH3MS (January 2003) CHMS3 (July 2003)

20F/1406R 348Fa/1406R 20F/1406R 348Fa/1406R
Sulfolobus ND* 47% ND 17%
Vulcanisaeta ND 14% 12% 20%
Caldococcus 93% 14% 88% 52%
Stygiolobus 3% 4% ND ND
Acidianus 3% 9% ND ND
Uncultured** ND 9% ND 5%

*ND=Not Detected
**Uncultured=sequences most closely matched uncultured 16S rDNA sequences.
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Population dynamics of viruses in the Crater Hills monitor site

SSV-like population dynamics in the Crater Hills monitor site. Total DNA was

extracted from water collected from the Crater Hills monitor site and used as a source of
template for PCR amplification of SSV-like sequences. There was not a discernable
difference between the real time PCR and the standard PCR protocols. The primers were
shown to be very sensitive on the purified viral DNA templates. The SSV primer set
3F/4R successfully amplified 0.1pg purified viral DNA while the 7F/8R primer set had a
detection limit of 1ng purified viral DNA. The 3F/4R primer set was 10,000X more
sensitive than the 7F/8R primer set. Therefore, the universal SSV primer set 3F/4R was
used to measure the total diversity of SSVs in this monitor site. It is important to point
out that the universal SSV primer set 7F/8R did not result in positive PCR products from
this hot spring. There are numerous possibilities as to why this may be the case and they
will be addressed later. An overview of SSV-like 3F/4R phylogenetic results is provided
in figures 3.14 and 3.15.

The first sample was collected on August 6, 2002. Forty clones of SSV-like
3F/4R sequences were obtained that had ten different sequences (table 3.5). A
phylogenetic tree was constructed with the clones from this sample illustrating one major
group of SSV-like sequences (figure 3.16a). The 3F/4R sequences from the four
sequenced SSV isolates are distinct from the SSV-like 3F/4R sequences from Crater Hills
(figure 3.16a). When these sequences are translated to amino acids, there are a total of
four inferred functional protein sequences and no non-functional protein sequences (table

3.6). The protein analysis resembles the DNA-based analysis (figure 3.16b).
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Figure 3.16. The SSV-like population detected in Crater Hills on August 6, 2002.
The parentheses indicates the number of times a particular sequence was detected.
(A) DNA sequences, and (B) inferred protein sequences.
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Few changes in the SSV-like population structure were observed in the next
sample collected from this monitor site. The second sample was collected on October 26,
2002, and 16 SSV-like 3F/4R clones were sequenced (table 3.5). When these sequences
are added to the clones from the previous time point, they belong in the same group
(clade A in figure 3.17). Even though two months had passed and the pH decreased by
one unit (table 3.5), it does not appear that many changes occurred in the SSV-like
population. When the sequences from this sample are translated, there are four inferred
functional protein sequences and one non-functional protein sequences (table 3.6). The
October 2002 protein-based analysis is similar to the DNA-based phylogenetic analysis

in that the sequences belong to the largest group of protein sequences detected in this
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monitor site (represented in blue in figure 3.17). There was one protein sequence from
October 2002 that was identical to a sequence detected in August 2002 (figure 3.18; the *
is positioned by the two identical sequences). The non-functional ORF contained two
stop codons resulting from an insertion of an adenine (A).
Table 3.5. Number of SSV-like clones sequenced from the

Crater Hills monitor site and how many unique DNA
sequences in each library.

CH4 Aug 6,2002 2.8 79 40 10
CHMS Oct 26,2002 1.9 80 16 8
CH3MS Jan 3, 2003 2.2 72 0
CH_MS Feb 27,2003 2.2 81 71 52
CHMS2  May 30,2003 2.1 85 10 8
CHMS3 July 18,2003 2.4 86 26
CHMS4 Aug4,2003 2.6 80 56 22
CHMS5  Sept11,2003 1.6 67 17 12
CHMS6 Oct 23,2003 2.6 80 56 31
CHMS7  Nov?24,2003 2.3 74 0 0
CHMSS Feb 19,2004 2.1 80 0 0
CHMS9 Apr 15,2004 2.2 82 0 0
CHMS10  June 14,2004 1.9 81 0 0
Total Number of Clones Sequenced 292 128

The third sample was collected on January 3, 2003, the pH was 2.2 and the
temperature was 72°C (table 3.5). However, no SSV-like sequences were amplified from
this time point (figure 3.13). We do not believe this can be attributed to an experimental
or technical problem. SSV-like 3F/4R sequences were not amplified even after repeated
attempts, and both 16S rDNA and SIRV-like coat protein sequences were amplified from
the same total environmental DNA. It is more likely the SSV-like population was at an

abundance below detection level (<0.1pg in PCR reaction).
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The SSV-like population began to expand within clade A in the fourth sample

collected on February 27, 2003. When 71 SSV-like 3F/4R clones from this sample are

added to the clones from the previous two sampling points, most of the SSV-like

population is very similar to the two previous time points (clade A in figure 3.17).

However, the SSV-like sequences within clade A are beginning to show differences.

There are more outliers from this time point than the previous two; however, it might be

assumed similar SSV-like sequences were present in the previous sampling time points,

but there were not enough clones to detect them (40 clones from August 2002 and only

16 clones from October 2002, compared to 71 clones from February 2003) (table 3.5).

Another possible reason for the outlying sequences could be that they are amplified from

integrated copies of the SSVs.

Table 3.6. The comparison of SSV-like functional and non-functional protein sequences
detected from the Crater Hills monitor site. For a description of terms, see text.

Sample
Sample Date Name
August 6, 2002 CH4

October 26, 2002 CHMS
February 27, 2003 CH_MS
May 30, 2003 CHMS2
July 18, 2003 CHMS3
August 4, 2003 CHMS4
September 11,2003  CHMSS
October 23, 2003 CHMS6
TOTAL

Unique DNA
Sequences

10
8
52
8
7
23
12
31
128

Functional
Protein
Sequences
4
4
25
6

2
9
9

20
74

Non-Functional
Protein
Sequences

Ruovo—~og~—o

This sample contained 25 inferred functional protein sequences and ten non-

functional protein sequences translated from 52 unique DNA sequences (table 3.6). The

protein-based analysis on this sample does not reflect the changes obvious in the DNA-
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based analysis. The inferred protein sequences from this sample are placed in the group
of protein sequences from earlier samples (blue in figure 3.18). The environmental SSV-
like sequences with long branch lengths represent the interrupted ORFs (see Appendix A,
figure 3.29). Upon closer investigation of these sequences, they contain numerous stop
codons.

The emergence of a new SSV-like clade, and the apparent disappearance of clade
was observed when the fifth sample was collected. This sample was collected on May
30, 2003, and only 10 clones were sequenced from SSV-like viruses (table 3.5). The
SSV-like sequences from this sample (May 2003) comprise a distinct group from the rest
of the SSV-like sequences that were collected at previous time points (clade B in figure
3.17). Itis interesting to point out that the sequences collected on May 30, 2003 are more
similar to SSV-K1 (isolated from the Kamchatka peninsula in Russia) than they are to
sequences detected three months previously from the same hot spring. Perhaps with
more clones we would see SSV-like 3F/4R sequences related to the sequences in clade A
from previous months. Regardless, the formation of a new viral clade is still evident.
The formation of the new SSV-like group is only apparent in the DNA-based analysis.
When the sequences from this sample are translated, there are six inferred functional
protein sequences that fall into the same group as all of the previous protein sequences
thus far (represented in blue in figure 3.18).

The SSV-like population shows change in the following sampling time. When 26
SSV-like 3F/4R clones from July 18, 2003 (table 3.5) are added to the previous

sequences, they are related to the sequences from May 2003 from clade B (figure 3.17).
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When the DNA sequences from this sample are translated, there are two inferred
functional protein sequences and one non-functional protein sequence (table 3.6). The
functional protein sequences group with all of the protein sequences detected previously
in this monitor site (represented in blue in figure 3.18). The non-functional protein
sequence was similar to interrupted ORFs detected in February 2003 (see Appendix A,
figure 3.31). Upon closer investigation, the ORF contains a frameshift that resulted in
numerous stop codons throughout the sequence.

The sample collected in August 2003 reveals the viruses are undergoing change in
this monitor site. Previous to this sampling point, there had been little change within the
SSV-like population. The sample collected on August 4, 2003 resulted in 56 SSV-like
3F/4R clones (table 3.5). When these SSV-like sequences are added to the DNA-based
phylogenetic analysis, more change in the viral population is apparent. Sequences
detected from this time point fall into the group closely related to SSV-K1 (clade B in
figure 3.17). Another new group of viral sequences is evident that is more closely related
to SSV1, and is very distinct from all of the previous sequences detected thus far (clade C
in figure 3.17). Again, it is interesting to point out that some SSV-like sequences from
this sample are more closely related to SSV1 or SSV-K1 than they are to other viral
sequences from this monitor site (figure 3.17).

Based on the functional protein sequences, there has been a significant change in
the SSV-like population (figure 3.18). When the sequences from this time point are
translated, there are nine functional inferred protein sequences and 10 non-functional

protein sequences (table 3.6). The inferred protein sequences detected from this sample
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represent the two distinct groups of viruses detected in this monitor site (figure 3.16).
Like the DNA-based analysis, the protein-based analysis reveals some SSV-like protein
sequences are closely related to SSV1 (represented in green in figure 3.18). Three of the
10 non-functional ORFs contain numerous stop codons, and seven of the interrupted
ORFs contain a first position transversion in amino acid seven changing a glycine (GGA)
to a stop codon (TGA) (see Appendix A, figure 3.32).

Surprisingly, there is little change in the viral population when 17 clones from
September 11, 2003 are added to the analysis (table 3.5). The pH drastically dropped
from 2.6 in August 2003 to 1.6 at this sampling point and the temperature also dropped
from 80°C to 67°C (table 3.5). More viral sequences detected in this sample are related
to the group composed of SSV-like sequences closely related to SSV-K1 (clade B in
figure 3.17). Environmental viral sequences are detected that belong in the new group
detected in August 2003 that is closely related to SSV1 (clade C in figure 3.17), and there
are a couple of sequences that are most related to sequences first detected during the
February 2003 sampling point (clade A in figure 3.17).

When the viral SSV-like 3F/4R DNA sequences from this sample are translated,
there are nine inferred functional protein sequences (table 3.6). These nine sequences fall
into the two previously established groups of protein sequences (figure 3.18). Two
protein sequences from this sample were identical to protein sequences detected in May
2003, and one protein sequence was identical to a sequence detected in August 2003

(figure 3.18; the * represents the groups of identical sequences).



96

Figure 3.17. The functional ORFs from SSV-like DNA sequences
detected in Crater Hills over time. The number in parentheses indicates
how many times a particular sequence was detected. Inset: an unrooted
phylogram to show the three major SSV-like virus groups detected in

Crater Hills.
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Figure 3.18. The SSV-like functional protein sequences detected in
Crater Hills from August 2002 through October 2003. Each color
represents a group of different viral sequences. The * represent
identical protein sequences detected over time. The number in
parentheses indicates how many times a particular protein sequence

was detected.
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The SSV-like virus population is showing little change in the October 2003
sample. This sample was collected on October 23, 2003, and 56 SSV-like 3F/4R clones
were sequenced (table 3.5). The SSV-like 3F/4R sequences collected from this time
point fall into previously established groups (clades B and C in figure 3.17). There are
two sequences detected in this sample that are distinctly different from SSVs sequenced
previously (see Appendix A, figure 3.36), but they might represent integrated copies of
virus.

When the SSV-like 3F/4R sequences from this sample are translated, there are 20
inferred functional protein sequences and five non-functional sequences (table 3.6). As
with the DNA-based analysis, the protein-based phylogenetic tree shows little change
from the previous months (figure 3.18). There was only one protein sequence detected in
this sample with an identical sequence to those found in previous samples (figure 3.18;
the * represents the identical group of protein sequences). Three of the interrupted ORFs
contain numerous stop codons, and two of the non-functional sequences reveal a
transversion in the first position of a glycine (GGA) that results in a stop codon (TGA)
(see Appendix A, figure 3.36).

Four more samples were collected during the time period from November
2003 —June 2004, but there were not any SSV-like 3F/4R sequences detected from these
last four samples (table 3.5). The environmental DNA extracted from these samples
resulted in 16S rDNA and SIRV-like coat protein sequences. Therefore, I do not believe
it was an experimental issue, but rather the abundance of the SSV-like viruses dropped

below our detection limits (<0.1pg/PCR reaction).
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In summary, from August 2002 to June 2004 a total of 292 SSV-like 3F/4R
clones were sequenced (table 3.5). There appeared to be three dominant groups, based on
3F/4R DNA sequence, of SSV-like sequences over time with a few outlying sequences
(figure 3.17). In May 2003, a switch from clade A to clade B was observed (figure 3.14).
In August 2003, a switch from a single clade (clade B) to a mixture of two clades (clades
B and C) was observed (figure 3.14). When comparing protein sequences, there are two
distinct groups, comprised of 74 unique protein sequences, of viruses over time within
this monitor site (figure 3.18). Unlike the DNA-based phylogenetic analysis, one clade
of viral protein sequences was consistently detected with a second clade detected in
August 2003 (figure 3.15). The complete phylogenetic analysis of SSV-like sequences
included analysis of sequences after collection of every sample. For a step-by-step view
of the changes in the SSV-like population over time, see Appendix A.

The SSV-like 3F/4R sequences detected in Crater Hills vary with time. The first
group (clade A; represented by all blue sequences in figure 3.17) is represented by
sequences from August 2002, October 2002, and February 2003; these were the dates of
the first three samples collected from Crater Hills (table 3.5). There are also two
sequences from the September 2003 sampling point (figure 3.17). The second group of
sequences (clade B) is related to SSV-K1 and contains sequences from May 2003
through September 2003 with one large group of identical sequences (represented by the
*in figure 3.17). The third group of SSV-like sequences from Crater Hills is similar to
SSV1 from Japan (clade C in figure 3.17). This group of viruses is only composed of

samples collected later in the study (August 2003, September 2003, and October 2003).
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It is interesting the environmental SSV-like sequences were not more similar to SSV-RH.
It was suspected the YNP environmental SSV-like sequences would be more related to
SSV-RH than to the other three sequenced SSV isolates (SSV1, SSV2, and SSV-K1)
because it was isolated from YNP.

It is interesting to compare the phylogenetic positioning of functional and non-
functional SSV-like 3F/4R DNA sequences (figure 3.19). The non-functional ORFs were
included in a DNA-based phylogenetic analysis. Many of the non-functional ORFs are
similar to functional ORFs from this monitor site (figure 3.19). When the non-functional
ORFs are not included in the SSV-like DNA analysis, the topology of the phylogenetic
tree is similar, but the presence of three distinct groups of SSV-like viruses is more
obvious (figure 3.17). The long branch lengths of the interrupted ORFs made it difficult
to separate some of the viral groups close to the backbone of the tree because of the close
branches (figure 3.19). However, without the long branches in the DNA-based analysis,
it is much easier to visually determine the presence of three SSV-like viral groups present
from August 2002 to October 2003 (figure 3.17).

Phylogenetic analysis of the inferred protein sequences revealed two major groups
of SSV-like viruses (figures 3.18). The virus group closely related to SSV1 (represented
by green in figure 3.18) appeared in this monitor site in August 2003, but the other major
group of protein sequences was consistently detected (figures 3.15 and 3.18). By
translating the SSV-like 3F/4R sequences retrieved from the environment, we could
determine what sequences may be representing old integrated forms of SSVs. The

interrupted ORFs were not included in most of the protein-based analyses. However,
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they were included in an analysis of all the SSV-like inferred protein sequences isolated

from this monitor site (figure 3.20).

Figure 3.19. All SSV-like 3F/4R DNA sequences detected in the Crater
Hills monitor site over time. This analysis included the SSV-like DNA
sequences that resulted in non-functional ORFs. The interrupted ORFs are
colored green. The clades from figure 3.14 are indicated on this tree.
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There are a couple of interesting results when the 26 non-functional protein
sequences from all of the samples collected (table 3.6) are added to analysis (figure 3.20).
Fourteen of the interrupted SSV-like ORFs are very distinct from the inferred functional
protein sequences (figure 3.20; the interrupted ORFs are represented in red). When these
inferred protein sequences are investigated more closely, there are many insertions,
deletions, transversions, and transitions resulting in numerous stop codons throughout the
sequence. The other non-functional protein sequences are closely related to the group of
functional protein sequences related to SSV1 (figure 3.20; represented in red with **). It
was unexpected that these sequences were closely related to functional protein sequences
when some of the non-functional sequences were so distinct (figure 3.20). However,
when these protein sequences are more closely examined, there is a first position
transversion in amino acid seven changing it from a glycine (GGA) to a stop codon
(TGA). Besides that change, these protein sequences are very similar to the group of
functional protein sequences related to SSV1 (represented by green in figure 3.20). 1 do
not believe the errors in the sequences can be contributed to PCR or sequencing errors.
During the course of this research, there were not any interrupted ORFs detected in the
SIRV-like (discussed below) or the 16S rDNA sequences. If the mistakes were the result
of sequencing or PCR errors, they should also be detected in these other sequences.

Of the 74 protein sequences isolated from Crater Hills, there were only three
sequences that were detected in more than one sample (figure 3.18; the * represents
groups of identical protein sequences). The largest group of SSV-like viruses based on

3F/4R inferred protein sequences was detectable in the samples that SSV-like sequences
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were detected (represented in blue in figure 3.18). However, the smaller group related to
SSV1 was not detected until August 2003 (represented in green in figure 3.18). It is also
interesting to note the changes in DNA sequences did not necessitate changes in the

protein sequences (figures 3.14 and 3.15).

Detailed analysis of SSV-like population dynamics. From August 2002 to June

2004, there was a total of 292 SSV-like 3F/4R clones sequenced from this site (table 3.5).
Using Modeltest version 3.6 (Posada er. al. 1998), the nucleotide substitution model for
maximum likelihood estimations was determined to be a general time reversible (GTR)
model (Rodriguez et. al. 1990) with heterogeneity between sites (gamma=2.1351),
invariant sites (I=0.0091), base frequencies A=0.2773, C=0.1954, G=0.2382, and
T=0.2891, and a substitution model A-C=1.4833, A-G=1.6068, A-T=0.9438, C-
G=0.4277, C-T=2.3008, and G-T=1.0000.

Of the 292 SSV-like 3F/4R clones sequenced during the course of this research,
128 groups of identical sequences were detected. The most commonly detected SSV-like
sequence was found 33 times, which composes 11.3% of the SSV-like population (table
3.7). This group of SSV-like sequences is only composed of sequences from August and
October 2002 (table 3.7). The next most frequently detected sequence was found 32
times, which composes 10.9% of the SSV-like population (table 3.7). This group of
sequences was found in most of the samples that were collected from this monitor site, so
it is likely this is a group of SSV-like viruses that were consistently present during our
sampling period (table 3.7). A group of 24 sequences was also detected, which

composed 8.2% of the SSV-like virus population (table 3.7). This group was composed
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of sequences from later samples (August, September, and October 2003); therefore, it

seems to be a group that was identified later, but persisted until the end of the sampling

(table 3.7).

Table 3.7. Crater Hills SSV-like 3F/4R sequence abundance illustrating the
groups of identical sequences, how many times a group this size was detected,
the percent of the SSV-like population, and what samples the group contained.

CRATER HILLS SSV-like SEQUENCE ABUNDANCE

Identical Ti Percent of
entica 1mes SSV-like Samples®
Sequences Detected .
Population
33 1 11.3% CH4,CHMS
32 1 10.9 CHMS2;CHMS3;CHMS4;CHMS5;CHMS6
24 1 8.2 CHMS4;CHMS5;CHMS6
10 1 3.4 CHMS4;CHMS5
10 1 3.4 CH4;CHMS;CH_MS
8 1 2.7 CHMS3;CHMS4;CHMS6
7 1 2.4 CHMS4
5 3 unique® | 1.7% each®
4 3 unique | 1.4% each
3 7 unique | 1.1% each
2 u 0.68% each
unique
1 97 0.34% each
unique

“*sequences from these samples were present in the indicated groups
beach of the smaller groups were detected this many times, however, they are
unique

Two unique groups composed of 10 sequences each were also detected (table
3.7). The first group of ten was composed of sequences from August and September
2003, and the second group of ten identical sequences included earlier samples (August
2002 —February 2003) (table 3.7). The groups of ten each made up 3.4% of the SSV-like
population. One group of eight sequences from July — August 2003 and October 2003

made up 2.7% of the SSV-like population, and one group of seven sequences from
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August 2004 composed 2.4% of the SSV-like population (table 3.7). There were other
groups of identical sequences detected ranging in size from two to five identical
sequences (table 3.7).
Unique SSV-like sequences made up the majority of the SSV-like population in
the Crater Hills monitor site (figure 3.21). There were 99 unique SSV-like 3F/4R
sequences, which translates to 33% of the SSV-like population over the course of

sampling (figure 3.21).

Figure 3.21. A sequence abundance plot for SSV-like 3F/4R sequences
from Crater Hills monitor site. The left end of the x-axis represents most
commonly detected sequences, and the right end of the x-axis represents
the most rare sequences. Most of the SSV-like sequences in Crater Hills
were detected only once.
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In comparing the SSV-like DNA sequences to the SSV-like protein sequences,
one can predict the changes in the DNA sequence will most likely be in the third position

in the codon. The rate of transitions (Ti) and transversions (Tv) is almost equal to each
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other (Ti=3.9076 and Tv=3.8548; Ts/Tv=0.8). When comparing the base changes in
each position of the codon, it is as predicted, the third position base is changing more

frequently than the first or second base positions (table 3.8).

Table 3.8. Numbers of transitions and transversions in SSV-like
sequences collected from the Crater Hills monitor site.

SAMPLE | IDENTICAL | TRANSITIONS | TRANSVERSIONS
DATE BASES 1] o | 3 I o 3
08/06/2002 258/259 1 0 0 0 0 0
10/26/2002 257/259 0 0 0 1 0 1
02/27/2003 251/259 3 0 3 1 0 1
05/30/2003 255/259 0 0 2 1 0 1
07/18/2003 258/259 0 0 0 0 1 0
08/04/2003 205/255 7 4 16 8 5 10
09/11/2003 215/257 6 2 14 6 4 9
10/23/2003 221/253 5 2 11 3 2 7

In comparing the 128 unique SSV-like DNA sequences (3F/4R) obtained over
time, 194 bps (out of an average of 256 bps) did not change in all of the samples (table
3.9). When comparing all of the SSV-like sequences, 76% of the bases in the 3F/4R
sequence remained unchanged (table 3.9). Transversions occurred slightly more (35)
compared to transitions (27). Nineteen changes occurred in the first position of the
codon; there were eight transitions and 11 transversions (table 3.9). Only 14 changes
occurred in the second position with five transitions and nine transversions (table 3.9). A
total of 28 changes occurred in the third position; there were 14 transitions and 14
transversions (table 3.9). The first five samples collected from Crater Hills contained
sequences that were very similar to each other, but the last three samples revealed as

increased diversity within the sequences (table 3.8). As expected, the third position
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based on protein sequences (figure 3.18).

Table 3.9. The numbers of transitions and transversions for all
SSV-like sequences collected from Crater Hills throughout this

research.
Sample Range Position Iden';;‘;l:sBase Ts Pairs Tv Pairs
Aug 2002- Ove::all 194/256 27 35
1 66/85 8 11
Oct 2003 »
(256 bps) 2 72/86 5 9
P 31 56/85 14 14

Ts=transitions; Tv=transversions

SIRV-like population dynamics in the Crater Hills monitor site. The same total

environmental DNA extracted from the monitor site and used for the SSV-like 3F/4R
PCR was used to amplify the coat protein gene from SIRV-like viruses. The primer set
designed to amplify the coat protein gene of SIRV-like viruses (DBPF/R) was found to
amplify 0.001pg (1 femptogram) of purified viral template. This primer set was 100X
more sensitive than the SSV 3F/4R primer set and 1,000,000X more sensitive than the
SSV 7F/8R primer set. An overview of the phylogenetic results from SIRV-like
sequences detected in Crater Hills is illustrated in figures 3.22 and 3.23.

The first sample was collected on August 16, 2002 (table 3.10). Forty-three
clones were analyzed and compared to the SIRV1 and SIRV?2 coat proteins sequenced
from viruses isolated in Iceland. As seen in figure 3.24a, the SIRV-like sequences show
little diversity within the monitor site population; however, they are distinctly different
from the viruses isolated from Iceland. The inferred protein sequences of the SIRV-like

coat proteins from August 2002 are comparable to the DNA sequences (figure 3.24b).
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Both the DNA-based and protein-based analysis revealed similar phylogenetic structures.

The DNA sequences may reveal a slightly more diverse SIRV-like population.

Clade 1

Clade H

Clade G
Clade F

Clade E

Clade D

Clade C

Clade B

Clade A

Figure 3.22. The different groups of SIRV-like viruses detected in the
Crater Hills monitor site over time. The colors of the groups correspond to
figure 3.25. The clear ovals refer to outlying sequences not belonging to a
major group.
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The next sample reveals diversification of the SIRV-like coat protein sequences.

Eighty-four clones were obtained from October 26, 2002 (table 3.10) and analyzed with

the previous sampling point. Within two months, the SIRV-like population has

dramatically changed (figure 3.22). There is only one SIRV-like sequence from October

2002 that clusters with the sequences from August 2002 (clade A in figure 3.25). The

SIRV-like population is much more diverse than it was in August 2002, forming at least
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four new groups (clades B, C, D, and E) with numerous outlying sequences (figure 3.25).
However, the inferred protein sequences do not reveal as much diversity indicating that
most base changes are in the third position of the codon. There is a new group present in
the protein tree (protein group represented by blue in figure 3.26). There was one protein
sequence detected in this sample that was identical to the dominant sequence detected in

the August 2002 sample (figure 3.26; the identical sequence is marked with *).

Figure 3.23. The different groups of SIRV-like viruses detected in the
Crater Hills monitor site over time based on protein sequences. The
colors of the groups correspond to figure 3.26.
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Continued change is apparent in the SIRV-like population in the next sample.
This sample was collected in January 2003, and 46 clones of SIRV-like coat protein
sequences were obtained (table 3.10). When analyzed with sequences from August 2002
and October 2002, the SIRV-like sequences from January 2003 represented numerous
groups (figure 3.22). Twenty-three SIRV-like coat protein sequences formed a new

group (clade F in figure 3.25), seventeen sequences were associated with the October
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2002 sequences in a dominant group from that time point (clade B in figure 3.25), and six
sequences were placed into another group with October 2002 sequences (clade E in
figure 3.25). Similar to the DNA-based phylogenetic analysis, the inferred protein
sequences reveal the formation of a new group and new sequences added to existing
groups (figure 3.26). The new protein group (colored orange in figure 3.26) is distinct
from the other two groups detected in this sample (represented by purple and blue in
figure 3.26). The dominant inferred protein sequence detected in the previous two
samples was not detected in this sample.

Figure 3.24. The SIRV-like sequences obtained from Crater Hills in August

2002. The number in parentheses indicates how many times a sequence was
detected. (A) DNA sequences, and (B) inferred protein sequences.
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Although the diversity of SIRV-like population has been steadily increasing, the
diversity decreases in the fourth sample collected from this monitor site. This sample
was collected in February 2003. Eighty-three SIRV-like coat protein clones were
obtained (table 3.10). This time point revealed a change in the viral population. All of
the SIRV-like sequences from this sample were more closely related to sequences that
had been detected in August 2002 (clade A in figure 3.25). All of these sequences were
very similar to each other, in fact of the 83 clones, 50 clones had identical sequences.
The inferred amino acid sequence also reveals the decrease in diversity from numerous
groups to one group (represented in purple in figure 3.26). However, the dominant
inferred protein sequence detected in the first two samples was detected in this sample
after being undetectable in January 2003 (figure 3.26; the identical sequences are
represented by *).

Table 3.10. Number of SIRV-like clones obtained from the Crater

Hills monitor site, number of unique sequences in each library, and
number of unique protein sequences.

CH4 Aug 6,2002 2.8 79 43 23 14
CHMS Oct 26,2002 1.9 80 84 50 34
CH3MS Jan 3,2003 2.2 72 46 28 17
CH_MS  Feb27,2003 22 81 83 13 10
CHMS2 May 30,2003 2.1 85 116 37 24
CHMS3 July 18,2003 2.4 86 78 2 2
CHMS4  Aug4,2003 2.6 80 60 27 19
CHMSS5  Sept 11,2003 1.6 67 41 15 12
CHMS6  Oct23,2003 2.6 80 62 34 27
CHMS7 Nov 24,2003 2.3 74 42 3 2
CHMS8  Feb 19,2004 2.1 80 67 42 26
CHMS9  Apr 15,2004 2.2 82 43 23 18
CHMS10 June 14,2004 1.9 81 47 19 16
Total Number of Clones Sequenced 812 280 211
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The diversity of the SIRV-like population continues to decrease in the next
sample. The fifth sample was collected on May 30, 2003 (table 3.10). One hundred and
sixteen SIRV-like coat protein clones were sequenced from this sampling point. As seen
with the February 2003 time point, these clones closely resembled the August 2002 viral
sequences (clade A in figure 3.25). This sample contained numerous identical sequences.
For example, one sequence was represented 52 times in the environmental library. There
were 37 unique DNA sequences that translated to 24 unique inferred protein sequences
(table 3.10). All of the sequences from this sample belong in the largest group of SIRV-
like protein sequences (represented in purple in figure 3.26). As with previous samples,
only one sequence was detected from this sample that was identical to protein sequences
detected in previous samples (figure 3.26).

The sixth sample reveals the lowest amount of SIRV-like diversity detected in one
sample thus far. This sample was collected on July 18, 2003, and 78 clones were
obtained; however, only two different sequences were detected from this sample (table
3.10). One sequence was detected 69 times and the other sequence was detected only
nine times. The two sequences grouped with the SIRV-like sequences from May 2003
(clade A in figure 3.25). The inferred protein sequences are also similar to sequences
from previous samples with all belonging to the largest group of protein sequences
(represented by purple in figure 3.26). One of the two DNA sequences from this sample
is identical at the protein level to the most abundant and dominant group of SIRV-like

sequences (figure 3.26).
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Figure 3.25. All of the SIRV-like DNA sequences collected from the Crater
Hills monitor site. The different colors represent different groups of viruses

and correlate with figure 3.22.
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Figure 3.26. All of the SIRV-like protein sequences collected from the Crater Hills
monitor site. The * represents identical sequences. Inset: unrooted phylogram
illustrating the three SIRV-like groups based on protein sequence.

SIRV1

SIRV2

|— 1 change

After months of little change in the SIRV-like population, changes in the virus
population begin to appear. The next sample was collected on August 4, 2003 (table
3.10). Sixty SIRV-like coat protein clones were sequenced from this sample comprising
27 different identical DNA sequences (table 3.10). The majority of the sequences from
this sample (August 2003) fall into a previously established group (clade A in figure

3.25). However, there are sequences that belong in a group that is quite distinct from the
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other August 2003 sequences (clade D in figure 3.25). The inferred protein sequences of
the SIRV-like coat protein are much more conserved than the DNA sequences; all the
protein sequences from this sample belong to one group (represented in purple in figure
3.26).

The diversity of SIRV-like sequences decreases in the eighth sample. This
sample was collected on September 11, 2003 and yielded 41 SIRV-like coat protein
clones (table 3.10). All of the sequences detected from this sample belong in previously
established SIRV-like viral groups (clade A in figure 3.25). The inferred protein-based
phylogenetic tree also shows the September 2003 sequences in the largest group of
SIRV-like viruses (represented in purple in figure 3.26).

The ninth sample shows diversification of SIRV-like sequences compared to the
previous samples. The next sample was collected in October 2003, and 62 SIRV-like
coat protein clones were sequenced (table 3.10). DNA sequence of the SIRV-like coat
protein reveals two groups of SIRV-like viruses in this sample (clades A and C in figure
3.25). Four coat protein sequences are in a group of SIRV-like coat protein sequences
that was detected in October 2002 and January 2003 (clade C), and the other sequences
from this sample are in the predominant group of SIRV-like viruses (clade A) (figure
3.25). Inferred protein sequence reveals that all of the SIRV-like sequences from this
sample belong in the largest group of SIRV-like viruses (represented in purple in figure
3.26). There were three inferred protein sequences in this sample that were identical to

protein sequences that had previously been detected in other samples (figure 3.26).
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The diversity of SIRV-like sequences decreases in the next sample. The tenth
sample was collected in November 2003, and 42 SIRV-like coat protein clones were
sequenced (table 3.10). Even though 42 clones were sequenced, there were only three
unique sequences detected from this time point. When comparing this sample to previous
samples, the diversity of the SIRV-like viral population has been decreased to a single
group (clade C) (figure 3.25). Even though there is only one viral group detected in this
sample, a change in the SIRV-like population occurred. Until this sample we had been
consistently detected SIRV-like sequences belonging to clade A (figure 3.22). However,
we do not detect any SIRV-like sequences belonging to clade A in this sample (figure
3.22). There are only two inferred protein sequences from this sample (table 3.10). Both
of the protein sequences belong in the largest group of protein sequences (represented in
purple in figure 3.26).

Significant change in the SIRV-like population is apparent in the next sample.
The next sample was collected in February 2004 and 67 SIRV-like coat protein clones
were sequenced (table 3.10). When compared to SIRV-like sequences from previous
samples, the SIRV-like population has greatly diversified since the last sample was
collected in November 2003 (figure 3.22). As opposed to the November 2003 sample in
which only one group of SIRV-like viruses was detected (clade C), the February 2004
sample reveals viruses from at least four major groups and numerous minor groups
(clades A, C, D, G, H, and 1) (figure 3.25). This sample still contained SIRV-like
sequences from groups detected in previous samples (clades A, C, and D) (figure 3.25).

However, there were three new groups of sequences (clades G, H, and I) (figure 3.25).
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When translated, the DNA sequences collected in February 2004 result in 26 unique
inferred protein sequences (table 3.10). Most of the protein sequences are detected for
the first time. However, all the protein sequences belong to the largest group of protein
sequences detected thus far (figure 3.26).

There is still diversity in the SIRV-like population, however, not to the extent that
was observed in the February 2004 sample. The twelfth sample was collected in April
2004 and 43 SIRV-like coat protein clones were sequenced (table 3.10). The SIRV-like
viruses are represented by sequences belonging to clades C and G with one outlying
sequence (figure 3.25). The inferred SIRV-like protein sequences show much less
diversity in the SIRV-like population. There were 18 unique inferred protein sequences
obtained from this sample (table 3.10). There were no protein sequences from this
sample that were identical to protein sequences that had been detected in previous
samples. The sequences from this sample belong to the same large group as most of the
other SIRV-like sequences (represented in purple in figure 3.26).

Little change in the SIRV-like sequences is detected in the last sample collected
from this monitor site. This sample was collected in June 2004 (table 3.10). Forty-seven
clones were sequenced from this sample and compared to sequences obtained from
previous samples. Most of the SIRV-like sequences from this sample fall into two
separate groups that are related to sequences from February 2004 (clades H and I in
figure 3.25). Some of the other sequences from this sample are related to samples from
October 2002 and August 2003 (clade D in figure 3.25). There were 16 unique inferred

protein sequences detected in this sample (table 3.10), and all of them were related to the
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largest group of protein sequences (represented in purple in figure 3.26). One sequence
(detected seven times) was identical to sequences that had previously been detected in
this monitor site (figure 3.26; the * represents the group of identical sequences).

In summary, the SIRV-like population was very dynamic over time. It is
interesting to note that changes in the DNA sequences did not always result in changes in
the inferred protein sequences (figures 3.22 and 3.23). It appears as though the SIRV-
like population in Crater Hills was undergoing a population re-structuring in the last three
samples collected from the monitor site (figure 3.22). It would be interesting to
determine whether this is a temporary shift or a permanent change. Overall, there were
nine groups of SIRV-like viruses (figure 3.25). The complete phylogenetic analysis of
SIRV-like coat protein sequences included analysis of sequences after every sample. For

a step-by-step view of changes in the SIRV-like population over time, see Appendix A.

Detailed analysis of SIRV-like population dynamics. After almost two years of

regularly sampling and sequencing SIRV-like coat proteins from this site, we detected
many different groups of SIRV-like viruses (figure 3.25). One large group of SIRV-like
DNA sequences was most commonly detected (clade A) (represented by blue in figure
3.25), eight smaller groups were detected (clades B-I), and finally, many groups
containing four or fewer sequences were detected throughout the two years (figure 3.25).
There were three major groups of SIRV-like viruses based on inferred amino acid
sequence (figure 3.26). One protein sequence (represented by * in figure 3.26) was

continuously detected from this monitor site.
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From August 2002 to June 2004, there was a total of 812 SIRV-like coat protein
clones sequenced from this monitor site (table 3.10). Using Modeltest version 3.6
(Posada et. al. 1998), the nucleotide substitution model for maximum likelihood
estimations was determined to be K81uf (Kimura 1981) with heterogeneity between sites
(gamma=0.8990), base frequencies A=0.3276, C=0.1814, G=0.1833, and T=0.3077, and
a substitution model A-C=G-T=1.0000, A-G=C-T=2.8331, and A-T=C-G=1.2451.

For approximately two years (August 2002—June 2004), this monitor site was
sampled and the SIRV-like viruses were detected in every sample (table 3.10). The
largest group of identical DNA sequences was composed of 250 SIRV-like coat proteins,
which translates to 31.4% of the total SIRV-like population that was sampled during the
two years of this research (table 3.11). This sequence was detected during the first year
and a half, but was no longer detected after October 2003 (table 3.11).

Another group of identical sequences detected composed of 75 identical
sequences, which makes up 9.4% of the SIRV-like population in our samples (table
3.11). The third largest group of sequences was composed of 62 identical sequences,
which correlates to 7.8% of the SIRV-like population (table 3.11). This group was
detected in earlier samples, and then in late samples, but was not detected in the middle
of the sample collection.

Smaller groups of identical sequences were also detected, ranging in size from
two to 20 identical sequences. A large portion of the SIRV-like population was

composed of single sequences (figure 3.27). A total of 236 unique SIRV-like coat
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protein DNA sequences were detected over the course of this research, which translates

to 29% of the SIRV-like population.

Table 3.11. Crater Hills SIRV-like sequences illustrating the groups of identical

sequences, how many times a group this size was detected, the percent of the SIRV-
like population, and what samples the group contained.

CRATER HILLS SIRV-like SEQUENCE ABUNDANCE

Identical Times Percent. of
SIRV-like Samples®
Sequences Detected Population
250 1 31.4% CH4;CH_MS;CHMS2—CHMS6
75 1 9.4 CH4;CH_MS;CHMS2—CHMS6
62 1 7.8 CHMS;CHMS6—CHMSS8
20 1 2.5 CHMSS8;CHMS9
16 1 2 CHMS;CHMS7—CHMS9
13 1 1.6 CHMS;CHMS8;CHMS10
. 1.25%
10 3 unique each
8 1 1
6 1 0.75
. 0.63%
5 2 unique cach
4 2 unique | 0.5% each
3 4 unique | 0.38% each
> 25 | 025% each
unique
1 236 0.125%
unique each

“*sequences from these samples were present in the indicated groups
beach of the smaller groups were detected this many times, however, they are unique
‘each of the unique groups makes up this percentage of the population

There were 211 unique protein sequences detected in this monitor site (table

3.10). There were nine viral groups based on DNA sequences, but only three distinct

protein groups detected in this monitor site (figures 3.22 and 3.23). Upon closer

inspection, most of the viral clades (clades A, C, D, G, H, and 1) translated to protein

sequences belonging in the largest protein group (purple in figures 3.23 and 3.26).
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Clades B and E were (detected in October 2002 and January 2003) translated to protein
sequences belonging to a minor group (blue in figures 3.23 and 3.26). Finally, clade F
was only detected in January 2003 and the sequences from this clade comprised a unique
protein group in this monitor site (yellow in figures 3.23 and 3.26). Even though the
DNA sequences of the SIRV-like coat protein were constantly changing, the inferred
protein sequences appear to be more stable. A large group of identical sequences was
detected in most of the samples (figure 3.26; the * represents the large group of identical

protein sequences).

Figure 3.27. A sequence abundance plot for SIRV-like sequences from
Crater Hills. The left end of the x-axis represents most commonly
detected sequences, and the right end of the x-axis represents the most rare
sequences. Most of the SIRV-like sequences in Crater Hills are detected
only once.

SIRV-like sequence abundance in Crater Hills
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Using the program MEGA version 3 (Kumar 2004), the changes in the SIRV-like
DNA sequences in each sample collected from Crater Hills were calculated (table 3.12).

When comparing all of the sequences, 88% of the bases in the SIRV-like coat protein
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sequences remained unchanged (table 3.13). Transversions occurred somewhat more
(25) compared to transitions (22). Eight changes occurred in the first position of the
codon; there were four transitions and four transversions (table 3.13). Only seven
changes occurred in the second position with two transitions and five transversions (table
3.13). A total of 32 changes occurred in the third position; there were 16 transitions and
16 transversions (table 3.13). The third position changes occurred more frequently,

explaining the fewer number of groups based on protein sequences (figure 3.26).

Table 3.12. Numbers of transitions and transversions in SIRV-like
sequences in each sample collected from the Crater Hills monitor site.

SAMPLE | IDENTICAL | TRANSITIONS [ TRANSVERSIONS
DATE BASES lst 2!1(] 3rd lsl 2nd 3rd
08/06/2002 403/405 1 1 0 0 0 0
10/26/2002 350/405 5 2 18 4 6 19
01/03/2003 343/405 6 2 21 6 7 21
02/27/2003 402/405 1 1 0 0 1 0
05/30/2003 402/405 1 1 0 0 1 0
07/18/2003 404/405 0 0 0 0 1 0
08/04/2003 391/405 2 1 5 1 1 5
09/11/2003 402/405 1 1 0 0 1 0
10/23/2003 386/405 2 1 6 2 3 6
11/24/2003 403/405 0 0 1 0 1 0
02/19/2004 372/405 2 2 12 2 4 11
04/15/2004 394/405 1 1 3 1 2 3
06/14/2004 395/405 1 1 4 1 2 2

Table 3.13. The numbers of transitions and transversions for all
SIRV -like sequences collected from Crater Hills.

Sample Range Position Iden;)l;?:sBase Ts Pairs Tv Pairs
Overall 358/405 22 25
Aug 2002- 1 127/135 4 4
June 2004 2n 128/135 2 5
3¢ 103/135 16 16

Ts=transitions; Tv=transversions
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Comparing SSV-like and SIRV-like population dynamics

Unlike the SSV-like population, we were able to detect SIRV-like sequences in
every sample collected over the two years of this research. We sequenced 292 SSV-like
3F/4R clones (table 3.5) and 812 SIRV-like clones (table 3.10) from this monitor site
over time. It appears that SIRV-like viruses are permanent residents in this hot spring.
Or, perhaps the SSV-like population occasionally dropped below our detection limits,
and therefore, appeared to be absent from the environment. The detection limit of the
SSV 3F/4R primers was 100X lower than the SIRV DBPF/R primers.

The SSV-like population was characterized by three distinct viral groups over
time (figure 3.17). We detected changes on the DNA level, but the inferred protein
sequences revealed modest change (figure 3.18). The SIRV-like population was much
more diverse than the SSV-like population (figures 3.25 and 3.26). The SIRV-like
population was characterized by approximately nine viral groups over time with
numerous outlying sequences (figure 3.25).

There was one consistency between the two viral populations. Each virus
population appeared to fluctuate over time. Occasionally both virus populations were
relatively stable from sample-to-sample. The SSV-like population was mostly composed
of sequences detected only one time (table 3.7). However, the SIRV-like population was
dominated by a large group of viral sequences detected throughout this research (table
3.11).

The virus populations do not appear to be changing based on a changing

environmental parameter. For example, on September 11, 2003 the pH of the monitor
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site decreased from 2.6 (in August 2003) to 1.6 and the temperature decreased from 80°C
(in August 2003) to 67°C. Even this seemingly drastic change did not alter the viral

populations detected in this monitor site.

Conclusions

This monitor site proved to be a very dynamic thermal area with many
unexpected results. This was the first detailed study that we know of investigating a
thermal feature within the Crater Hills thermal area. This site was sampled continuously
for approximately two years (August 2002 —June 2004). During that time, the water
chemistry, the dominant archaeal population, and changes in the population structures of
two viruses were continually monitored.

The water chemistry was characterized by high sulfate and high aluminum
concentrations (figure 3.7). The sulfate levels in this monitor site were at higher
concentrations than the other two monitor sites (figure 3.7). The monitor site is a vapor-
dominated system with no visible inflow or outflow channels. This site is turbulent due
to out-gassing and therefore likely to be well mixed. From July 2003 through August
2003, there was an increase in the aluminum concentration followed by a decrease over
the next four samples (figure 3.6c). This cycle appears to be repeating itself in the April
2004 and June 2004 samples (figure 3.6¢); perhaps aluminum is present in high
concentrations seasonally. Surprisingly, the water chemistry did not significantly change
over time, and most of the observed changes could be contributed to seasonal

fluctuations. The pH and temperature of this monitor site were relatively consistent. The
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pH was measured between 1.6 and 2.8, and the temperature was measured at 67-86°C.
With the exclusion of the conditions on September 11, 2003 (pH 1.6 and temperature
67°C), the site was very stable over the course of our sampling. By analyzing the water
chemistry at this hot spring, we learned it is a unique system dominated by high sulfate
concentrations.

This monitor site contained a fairly diverse archaeal population that changed over
time. The full-length (~1,400bps) and almost full-length (~1,000bps) 16S rDNA
sequences showed low identity to published 16S rDNA sequences (table 3.3). The 16S
rDNA clones showed low identities to published 16S rDNA sequences with the exclusion
of some high identity matches to Vulcanisaeta (table 3.3). This result gives an indication
of the large amount of sequences that are not present in the existing public databases due
to the limited work done in high temperature acidic environments.

The 16S rDNA sequences most commonly detected in environmental libraries
constructed from this hot spring over time were Caldococcus-like and Vulcanisaeta-like
sequences. Caldococcus was originally described in 1996 from a Noboribetsu hot spring
(Aoshima et. al. 1996). The growth of Caldococcus was observed between pH 1.5 to 4.0
with optimal pH being pH 3.0, and the growth temperatures ranged from 70-96°C with an
optimal temperature at 92°C. Based on these growth characteristics, it is very reasonable
to expect Caldococcus or Caldococcus-like organisms in this monitor site.

Vulcanisaeta was originally isolated from hot springs in Japan and grows
optimally at 85-90°C and pH 4.0-4.5 (Itoh et. al. 2002). These conditions do not seem to

match the conditions of Crater Hills when it was sampled in June 2004 (pH 1.9 and
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81°C); however, perhaps this organism has a larger growth range in nature. Current
research is aiming towards culturing Caldococcus and Vulcanisaeta from the Crater Hills
monitor site.

We detected an apparent primer bias in the beginning of this research (figure
3.11). By using both 16S rDNA primer sets on the January 2003 environmental DNA,
different dominant host populations were indicated based on the primer set used in PCR
assay (figure 3.11 and table 3.4). However, when both primer sets were used on the July
2003 environmental DNA, a consensus appeared concerning the dominant host
population (figure 3.11 and table 3.4). The 20F/UA1406R primer set did not detect
Sulfolobus sequences (table 3.4). The reason for this remains unexplained; each primer
set matches published Sulfolobus 16S rDNA sequences 100% (table 3.14). It is curious
that we were able to detect 16S rDNA sequences similar to published organisms with
primers that did not match the published 16S rDNA sequence (table 3.14). For example,
S. azoricus was detected in the January 2003 sample using the 20F primer. However, the
20F sequence does not align to the published Stygiolobus sequence (table 3.14).
However, most of the 16S rDNA clones from this monitor site did not match published
sequences very highly (table 3.3). The 16S rDNA sequences from Crater Hills are related
to the published sequences, but not the same species.

The host population in Crater Hills was not as we had expected. By sequencing
16S rDNA genes from the environment, we learned this hot spring was dominated by

different hosts throughout this study. Sulfolobus-like sequences were detected in the
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beginning; we saw a shift to Caldococcus-like organisms, and finally Vulcanisaeta-like

sequences dominated in the last sample.

Table 3.14. The matches between the 16S rDNA primers and
the published 16S rDNA sequences. The numbers indicate
where on the gene the primer aligns.

20F 348Fa UA1406R
S. solfataricus AN A VAN
: (2-21)  (339-353)  (1354-1370)
A, infer ++ +++ +++++
- tjernus (110-128)  (323-337)  (1341-1355)
. ++++ +++++
S-azoricus — Nomatch 311 355)  (1329-1343)
. A4+ F+++ ++++
C. noboribetus (2-21) (338-352)  (1353-1369)
. ++ F+++ FH+++
V. distributa (248-266)  (319-333)  (1339-1355)

+++++: perfect match; ++++: one mismatch; +++: two mismatches; ++:
three or more mismatches

The archaeal population appeared to drastically change within a month from
Caldococcus-like sequences to Sulfolobus-like sequences (figure 3.11). But, two
different primer sets were utilized in these samples. The January 2003 sample, which
was predominantly Caldococcus-like sequences, was amplified with 20F/UA1406R, and
the February 2003 sample, which was predominantly Sulfolobus-like sequences, was
amplified with 348Fa/UA1406R. It must be mentioned that the environmental sequences
within both samples are not matching Caldococcus or Sulfolobus at very high
percentages. We are likely detecting a primer bias between the two samples and not
representing what is occurring in the natural environment. Initially, the amplification of
archaeal 16S rDNA genes was attempted with both 16S rDNA primer sets. However, in

each instance one primer set was successful and the other was not.
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Based on 16S rDNA gene sequence analysis from this monitor site, Sulfolobus is
not a dominant member in this particular hot spring over time. In fact, our limited
sampling did not always detect Sulfolobus. Surprisingly, only one environmental 16S
rDNA clone from this monitor site was similar to Sulfolobus sequences that had been
previously detected in YNP (Whitaker ez. al. 2003). We had been assuming the dominant
host organism was Sulfolobus due to the ease of culturing this organism directly from
environmental samples. These results lead to serious questions concerning the virus
populations. We are easily detecting Sulfolobus viruses, however, we are unable to detect
large numbers of Sulfolobus based on 16S rDNA sequence. Even the sequences that are
most similar to published Sulfolobus 16S rDNA sequences are found at very low
percentages (table 3.3). There are many approaches to addressing this anomaly. First,
the virus sequences may be easily detected because they are present in a higher copy
number than the Sulfolobus 16S rDNA gene. It has previously been shown that SSV1 is
present at high copy numbers in its host organism in culture (Yeats et. al. 1982). Or,
perhaps SSVs and SIRVs have a broader host range than just Sulfolobus. This would
explain why we retrieve SSV-like and SIRV-like sequences, but not Sulfolobus
sequences. Perhaps the viruses that we are amplifying infect other archaeal species. For
example, Rachel er. al. (2002) discovered viruses infecting Acidianus organisms from
Crater Hills that were morphologically similar to SSVs and SIRVs. However, I believe
that we are amplifying Sulfolobus viruses. Throughout this research, Sulfolobus-like

sequences were the only 16S rDNA sequences detected in each of the monitor sites (see
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also Chapters 4 and 5). Even thought the host populations in each monitor site differed,
we were able to amplify viral sequences from each of the monitor sites.

SSVs and SIRVs continuously monitored in Crater Hills were constantly
undergoing change. SSV-like sequences were detected in eight samples. The fact that
primer set 3F/4R yielded positive results, but the 7F/8R primer set did not, is interesting.
The most likely reason for this result is the different sensitivity levels of the ‘universal’
SSV primer sets. The 3F/4R primer set was 10,000X more sensitive on purified viral
template than was the 7F/8R primer set. It is likely the SSV-like coat protein sequences
would be amplified with more sensitive primers.

It is curious as to why SSV-like sequences were no longer detected after the
October 2003 sample (table 3.5). Perhaps the SSV-like viral population dropped below
the detection limits of our primers (<0.1pg). Another possibility is the SSV-like viral
population changed with the dominant host population. Sulfolobus-like 16S rDNA
sequences were detected in this hot spring through October 2003 (figure 3.11). Although
these sequences were not detected in large numbers and did not show a high identity to
published Sulfolobus 16S rDNA sequences, they may be representing organisms closely
related to Sulfolobus that are subject to infection by the same viruses. The absence of
Sulfolobus-like sequences correlates with the ability to detect SSV-like sequences.

We do not believe the absence of SSV-like 3F/4R sequences reflects an
experimental issue. The fact that SIRV-like and 16S rDNA sequences were amplified

from the same samples indicates the source DNA is suitable for PCR and the technique is
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not flawed. The most likely explanation is the SSV-like viral population dropped below
what we could detect with our primers (<0.1pg).

SIRV-like sequences were detected in every sample collected from this monitor
site (table 3.10). The primers designed to amplify the entire SIRV-like coat protein
(405bps; 135aa) reliably detected this gene. This primer set was found to be very
sensitive on purified viral template (0.001pg). SIRVs have not been shown to integrate
into their host cell’s chromosome; instead they are maintained within the cell as a stable
carrier state (Prangishvili et. al. 1999). Over the course of this study, there were not any
interrupted ORFs detected among the SIRV-like coat protein sequences obtained from
this hot spring. This supports our claim that the interrupted SSV-like ORFs may be from
integrated copies of the virus, instead of sequencing or PCR errors.

The SIRV-like population within Crater Hills is dynamic. The changes in the
SIRV-like population are detected immediately and continue through numerous samples
(figure 3.22). The fourth sampling point reveals the diversity of SIRVs has decreased
from numerous groups to only one (figure 3.22). This dominant group of viruses is
detected within the next samples (figure 3.22). The seventh sample the SIRV-like
population diversifies again, revealing numerous groups of SIRV-like viruses (figure
3.22). However, this increased diversity is only detected in one sample because in the
next sample (September 2003) the viral diversity drops again to only one group of viruses
(figure 3.22). The remaining samples reveal the SIRV-like population is constantly

changing and fairly diverse (figure 3.22).
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There were numerous groups of SIRV-like viruses detected over time within this
monitor site (figure 3.25). Unlike the SSV-like viruses, which had three distinct groups
of viruses, the SIRV-like viruses are not as clearly distinguished. It appears that perhaps
the SIRV-like population is dominated by a large group of viruses with many smaller
groups of viruses, and finally a large number of singlets in the population. Perhaps the
singlets are present and ever-changing in case an environmental parameter changes, the
virus can take advantage and become dominant in the population.

Both SSVs and SIRVs were shown to change over time. Our data revealed that
the population structures of SSVs and SIRVs are different in the same thermal area even
though they are both archaeal viruses living at low pH and high temperature. The SIRV's
were more diverse than the SSVs in this particular system. It will be interesting to see
how this is maintained over a longer period of time, and how this compares to the other
monitor sites.

In conclusion, we discovered both viral populations within this hot spring are
dynamic and diverse. The SSV-like population was only detected through October 2003;
however, the population changed and showed diversity within that time. The SIRV-like
population was detected in each sample, and was shown to be very diverse. Even though
there may be questions concerning the hosts of these viruses in nature, we were able to

show the viral populations do change over time.
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CHAPTER 4

RABBIT CREEK MONITOR SITE: VIRUS DYNAMICS, HOST
POPULATIONS, AND WATER CHEMISTRY

Introduction

A thermal acidic feature within the Rabbit Creek area was selected as a monitor
site. The reasons for selecting this site included the following: the thermal area is at least
70 years old, the site is characterized by high temperature and low pH, the area is easy to
access year round, and we have previously cultured Sulfolobus and its viruses from this
hot spring. The goal of this research is to determine if there are significant changes in
viral population structures over time. The hypothesis we are testing is whether there is a
relationship between virus population dynamics and observed changes in the host
populations and water chemistry of an individual thermal feature. From July 2002
through June 2004, we monitored an acidic hot spring within the Rabbit Creek thermal
area in Yellowstone National Park (YNP) for changes in virus populations, host
populations, and water chemistry.

The Rabbit Creek area has been known as a geothermal site for more than 70
years (Allen and Day 1935). Because of the age of this thermal site, examination of this
site allows an opportunity to monitor viral population dynamics in an established thermal
feature as compared to younger thermal sites (see Chapters 3 and 5).

The population dynamics of SSV-like and SIRV-like viruses were monitored over

time in the Rabbit Creek monitor site. These viruses were chosen because in an initial
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survey of acidic thermal areas in YNP, both SSV-like and SIRV-like viruses were
commonly detected in enrichment cultures, and sequence data for both viruses is
available. Four SSV genomes from isolated thermal areas have been sequenced
(Weidenheft ez. al. 2004), and two SIRVs from Iceland have been sequenced (Peng et. al.

2001).

Materials and Methods

Site location
The Rabbit Creek monitor site is located within the Midway Geyser Basin

geothermal area (44° 31.287'N, 110° 48.647'W).

pH and temperature monitoring

The temperature of the Rabbit Creek monitor site was continuously monitored via
a data logger. The data logger recorded the measured temperature every 20 minutes. The

pH of the monitor site was measured each time a sample was collected.

Sample collection and water chemistry

The hot spring water samples were collected and water chemistry analyses were

performed as previously described (see Chapter 3).

Total nucleic acid extraction
from environmental samples

Total nucleic acid from the Rabbit Creek monitor site was extracted using the

UltraClean™ Water DNA Extraction Kit (Mo-Bio, Solana Beach, CA) following
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manufacturer’s instructions (for a brief description, see Chapter 3). The integrity and

yield of the extracted DNA was determined by display on agarose gels.

Primer design and PCR for viruses

SSV-like sequences were PCR amplified from the extracted environmental
nucleic acids. Two “universal “primer sets were chosen to amplify environmental SSV-
like sequences (figures 3.1 and 3.2). The UnvSSV#3F and UnvSSV#4R primer set
amplifies ~250-260 base pairs (bps) in the largest ORF of each sequenced isolate (figure
3.1 and table 3.1). The UnvSSV#7F and UnvSSV#8R primer set amplifies the coat
proteins of the SSV viruses (figure 3.2). Depending on the presence of VP2, the
amplicon ranges in size from 682 bps to 1,069 bps (table 3.1). A standard PCR protocol
was employed containing 1pg-10ng total environmental nucleic acid (described in
Chapter 3). The products were analyzed by agarose gel electrophoresis.

SIRV-like sequences were also amplified from the total nucleic acid extracted
from the environment. Using the primer set DBPF/R (figure 3.4), the PCR reaction and
cycling conditions are previously described (see Chapter 3). The DBPF/R primer set
amplifies the entire coat protein gene of SIRVs (405bps). The products were analyzed by

agarose gel electrophoresis.

Archaeal 16S rDNA primers and PCR

16S rDNA gene sequence analysis was used to determine the identity of the
resident archaeal populations in the Rabbit Creek monitor site. Two primer sets

(20F/UA1406R and 348Fa/UA1406R) (Baker et. al. 2003) were chosen to amplify the
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16S rDNA gene from the extracted total nucleic acid. The PCR parameters were
identical to previously described protocols (see Chapter 3). The primer set
20F/UA1406R yields a product of 1,400 bps with 348Fa/UA1406R yielding a 1,000 bps

product. The amplicons were analyzed by agarose gel electrophoresis.

Cloning PCR products

Viral and 16S rDNA PCR products were cloned via TOPO-TA cloning into the
pCR2.1 vector using the standard protocol (Invitrogen, Carlsbad, CA). The

transformation into E. coli and plasmid purification was previously described (see

Chapter 3).

DNA sequencing

The screening of the plasmids for insertion of PCR products was performed as
previously described (see Chapter 3). DNA sequencing conditions were as described

previously (see Chapter 3).

Sequence and phylogenetic analysis

Viral sequences. SSV-like and SIRV-like sequences were edited, aligned, and a

maximum parsimony analysis was conducted as previously described (see Chapter 3). A
maximum likelihood analysis was conducted using MrBayes version 3.0 (Huelsenbeck
and Ronquist 2001) as described in Chapter 3.

Viral DNA sequences were translated, aligned, and a maximum parsimony

analysis was conducted as described previously (see Chapter 3). The SSV-like 3F/4R
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protein sequences were 85 to 87 amino acids from the largest ORF in the SSVs (812
amino acids predicted in the SSV-RH ORF). When the SSV-like DNA sequences were
translated to protein, some sequences resulted in a truncated protein sequence. The
translated DNA sequences that resulted in an interrupted ORF (those with stop codons
throughout) are termed non-functional ORFs, and the DNA sequences that resulted in un-
interrupted ORFs (no stop codons) are termed functional ORFs. The distinction between
functional and non-functional ORFs was used to determine which viral sequences might
have come from a previously integrated copy of the virus. These interrupted ORFs were
not used in the protein analysis, unless otherwise noted. The SIRV coat proteins were
also translated into amino acid sequence (135 amino acids). The molecular evolutionary
analyses (rates of transitions and transversions) were conducted using MEGA version 3
(Kumar et. al. 2004).

Phylogenetic trees were constructed sequentially in order to compare the new
viral sequences to the viral sequences detected at previous sampling times. In the
phylogenetic trees, the sequences from the sample being discussed will be presented in
red, sequences from previous samples will be presented in black, and the sequences from
the completely sequenced isolates (SSV1, SSV2, SSV-RH, and SSV-K1 for 3F/4R and
7F/8R primer sets; SIRV1 and SIRV2 for the DBPF/R primer set) will be represented by
blue. The black sequences are only presented as a reference to make it visually easier to
determine how or if the viral population has changed since the previous sampling times.

A viral group/clade will be defined as a monophyletic cluster of environmental viral
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sequences. This group is supported by high bootstrap values. The viral sequences within
a specific group/clade contain 5-10% sequence difference.

In the DNA analysis, numbers next to principle branches present bootstrap
support >50% using maximum parsimony and Bayesian clade credibilities using
maximum likelihood. In the protein analysis, the number at the principle branches show
bootstrap support >50% using maximum parsimony. The frequency of a particular
sequence is noted in parentheses following the name of the sequence. I will define a viral

group as a monophyletic cluster of environmental virus sequences.

Archaeal host sequences. 16S rDNA sequences were edited and compared to

published 16S rDNA sequences (http://www.ncbi.nlm.nih.gov/BLAST/). The
environmental 16S rDNA sequences obtained from this site were analyzed as previously

described (see Chapter 3).

Results

Temperature, pH and water
chemistry of the Rabbit Creek monitor site

The Rabbit Creek monitor site was sampled twelve times from July 2002 through
June 2004. Although this site is old, it has changed significantly in three years during
this research (figure 4.1). The monitor site ranged in temperature from 64 to 90°C and

pH values ranged from 3.2 to 5.1 (figure 4.2).
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Figure 4.1. Pictures of the Rabbit Creek monitor site taken three years
apart. The left picture was taken in July 2001, and the right picture was
taken in June 2004.

The water chemistry indicated a well-weathered geothermal site. The chemistry
analysis started January 20, 2003 and continued through June 3, 2004 for a total of nine
samples. Of the metals tested, several were not detected (or detected sporadically at very
low levels) (table 4.1). Metals not detected include antimony, barium, boron, cadmium,
copper, lead, magnesium, mercury, molybdenum, nickel, and selenium. The chloride
levels remained low (0-6mg/L) during this research (figure 4.3a) with the average
chloride concentration of 3mg/L. The sulfate levels in this monitor site were also at low
levels (23-225mg/L) during this research (figure 4.3a) with the average sulfate
concentration at 87mg/L. The dissolved organic carbon (DOC) concentration varied
from 1.22-9.2mg/L with an average concentration of 5.3mg/L (table 4.1).

Essential nutrients were also monitored in the hot spring water. The nutrients
measured were ammonia, nitrogen, and phosphorus (table 4.1). Ammonia levels
remained constant with the exception of an increase in ammonia concentration in the July

2003 sample (figure 4.3b). The ammonia concentration ranged from 1.9-16.3mg/L with
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an average concentration of 5.3mg/L. Nitrogen, expressed as nitrate and nitrite, was not
detected (table 4.1). Phosphorus concentrations were higher from this monitor site in

comparison to the other two sites (figure 4.3b) with the average phosphorus concentration

at 0.7mg/L.

Figure 4.2. Temperature and pH over time at the Rabbit Creek monitor site (left)
and a picture of the monitor site (right). The sampling dates correspond to the
sampling dates in table 4.1.
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The metals regularly detected were aluminum, arsenic, calcium, iron, manganese,
potassium, silicon, sodium, and zinc (table 4.1). Most of these metals were lower
concentrations in Rabbit Creek as compared to the other two monitor sites. The average
aluminum concentration was 1.4mg/L with a range of 0.1-4.9mg/L (figure 4.3c). The
concentrations of arsenic ranged from 0.02-0.06mg/L (figure 4.3c) with an average of
0.04mg/L. The concentration of calcium was low with an average calcium concentration
of 1.5mg/L (figure 4.3c).

Iron concentrations were the highest measured in the three monitor sites. The iron
concentrations ranged from 1.96-45.5mg/L. with an overall average of 12.2mg/L (figure

4.3d). Potassium was constantly detected at lower levels than the other two monitor sites
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(figure 4.3d), ranging in concentration from 3 to 14mg/L, with an overall average of

5.8mg/L.

Table 4.1. Water chemistry values measured at the Rabbit Creek monitor site
from January 2003 through June 2004.

Sample
Numi’ers 1 2 3 4 5 6 7 8 9
Sample Dates 01/03 06/03 07/03 08/03 10/03 11/03 01/04 03/04 06/04
Chloride 4 5 6 3 2 3 1 0 3
Sulfate 94 129 225 74 70 52 23 37 45
DOC 32 5.7 9.2 5.3 5.1 5.2 5 1.22 8.1
Ammonia 4.6 6.3 16.3 5.5 35 5 1.9 2.4 2.8
Nitrogen 0 0 0 0 0 0 0 0 0

Phosphorus 123 0.46 2.1 041 0.034 021 0.16 0.03 0.81
Aluminum 2.7 0.2 4.9 0.3 23 1.6 0.1 0.5 0.2

Antimony 0 0 0 0 0 0 0.008 0 0.006
Arsenic 0.023 0.063 0.058 0.062 0.02 0.044 0.55 0.007 0.051
Barium 0 0 0.2 0 0 0 0 0 0

Boron 0 0 0 0 0 0.01 0 0 0

Cadmium 0 0 0.001 0 0 0 0 0 0
Calcium 0 2 6 1 1 3 0 0 1
Copper 0.07 0.01 0 0 0 0 0 0 0.02

Iron 355 174 455 132 356 11.6 643 1.96 6.93
Lead 0 0.01 0 0 0 0 0 0 0
Magnesium 0 0 2 0 0 0 0 0 0
Manganese 0.01 009 033 0.07 0.07 0.11 003 0.03 0.05
Mercury 0 0 0 0 0 0 0 0 0
Molybdenum 0 0 0 0 0 0 0 0 0.009
Nickel 0 0 0 0 0 0 0 0 0

Potassium 3 6 14 6 5 5 3 3 7

Selenium 0 0 0 0 0 0 0 0 0
Silicon 188 362 394 336 249 173 147 162 232
Sodium 5 14 29 9 8 24 4 3 9

Zinc 0.03 009 032 008 009 0.12 0.07 0.1 0.28

*Sample numbers refer to numbers on corresponding graphs.
*Chemical species measured in mg/L.

Silicon appeared to be cyclic (figure 4.3¢), and it was the lowest of the three

monitor sites. The silicon concentrations ranged from 14.7 to 39.4mg/L. with an average
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of 24.9mg/L.. Sodium was also cyclically detected (figure 4.3¢e), ranging in concentration
from 3-29mg/L.. Manganese and zinc were both consistently detected at low levels (table
4.1).
Figure 4.3. Selected water chemistry values measured over time in Rabbit

Creek. The sample numbers correspond to the sampling dates listed in table
4.1. All values are measured in mg/L.
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In summary, the water chemistry supports the supposition that this is a
geothermally older site than either Crater Hills (see Chapter 3) or Ragged Hills (see
Chapter 5). The water chemistry suggests a de-mineralized environment brought on by

high temperature leaching of underlying rocks. This monitor site is a vapor-dominated
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system with no visible out-flowing channel. This site is dominated by high iron levels
(figure 4.4) and high manganese levels (figure 4.5). This hot spring was also
characterized by the highest observed temperature values of the three monitor sites
throughout the sampling time (64-91°C), and the highest measured pH values of 2.8-5.1
(figure 4.2). The chemistry of this monitor site did not significantly change during the
course of this research. It was determined the chemical composition was unique from the
other monitor sites. For an overview of the average water chemistry values obtained, see

figure 4.6.

Figure 4.4. Iron concentrations over time in the
three monitor sites. The sample numbers
correspond to the sampling dates in table 4.1.
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Figure 4.5. Manganese concentrations in the three
monitor sites over time. The sample numbers
correspond to the sampling dates in table 4.1.
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Figure 4.6. Average water chemistry values measured in the Rabbit
Creek monitor site over time. A. Average values of all chemical
species measured during this research. B. Average values of the
metals measured in this research. All values are mg/L.
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Archaeal population in the Rabbit Creek monitor site

To determine the host population, 16S rDNA sequence analysis was conducted on
specific sampling dates. Only two of twelve samples were used to determine what the

dominant archaeal population was over time. All of the samples collected from Rabbit
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Creek were used in 16S rDNA PCR. However, only two samples resulted in 16S rDNA
products. This result was unexpected and the reasons are unknown. The environmental
DNA was suitable for PCR because viral sequences were detected in all of the Rabbit
Creek samples. Numerous 16S rDNA primers were used on the samples. An overview

of the host diversity is presented in figure 4.7.

Figure 4.7. The archaeal population in Rabbit Creek over time. The
numbers indicate how many 16S rDNA clones most closely matched
the published16S rDNA sequence. The absence of sequences in
most samples reflects the inability to amplify 16S rDNA sequences
from that particular time point and not a reflection of an absence of
sequences in the environment.
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Archaeal population determined by the 20E/UA1406R primer set. The first

sample used for host identification was collected on January 20, 2003. Thirty-two full-
length 16S rDNA clones were obtained from this sample (figure 4.8). When compared to

16S rDNA sequences available in the public database, all of the collected sequences
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closely matched Acidianus species (96-99% identity), which divides into three clades
(clades A, B, and C in figure 4.9 and table 4.2). The species of Acidianus detected were
A. infernus (accession number X89852), A. ambivalens (accession number D85506), A.
tengchongensis (accession number AF226987), and A. brierleyi (accession number
D26489). A. infernus and A. ambivalens essentially have published 16S rDNA sequences
with 99% identity; however, other published Acidianus species range from 90-91%
identity to other Acidianus species. Fifteen of thirty-two clones most closely matched A.
brierleyi with an identity of 97-99% (clade A in figure 4.9). Twelve of these clones
matched the published A. brierleyi 16S rDNA sequence at 98-99% identity. Five
environmental clones matched A. infernus with 96-99% identity (clades B and C in figure
4.9). Only three of these clones were 98-99% identical to the published A. infernus 16S
rDNA gene. Nine clones most closely matched A. ambivalens with 98-99% identity
(clades B and C in figure 4.9), and the remaining three clones matched A.

tengchongenesis with 99% identity (clade A in figure 4.9).

Figure 4.8. Rabbit Creek host population based on nearly
full-length or full-length 16S rDNA clones over time.
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Figure 4.9. Environmental 16S rDNA sequences amplified with the
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20F/UA1406R primer set from the Rabbit Creek monitor site on January 20, 2003.
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Archaeal population determined by the 348Fa/UA1406R primer set. The other
sample used for 16S rDNA sequence analysis was collected on October 2, 2003. There
were 65 16S rDNA clones sequenced from this sample. There were numerous attempts
to amplify 16S rDNA sequences with 20F/UA1406R without success. When the
sequences from this sample were compared against the public database, the result was a
more diverse population (figure 4.8). The majority of the population most closely
matched Vulcanisaeta distributa (accession number AB063640). Forty-six clones
(70.7% of the clone library) from this sample showed 94-98% identity to V. distributa
(clades A and B in figure 4.10 and table 4.2). Thirty-three of these clones matched the
published V. distributa 16S rDNA sequence at 98% identity (clade B in figure 4.10). Ten
clones (15.3%) matched Caldococcus noboribetus (accession number D85038) with 90-
97% identity (clades A and C in figure 4.10). Six clones (9.2%) showed 97% identity to
Metallosphaera prunae (accession number X90482) (clades A and D in figure 4.10). The
three remaining sequences each matched a different published 16S rDNA sequence at
low identity (clade A in figure 4.10); one clone matched an unidentified Archaeon at only
86% identity, another clone showed 95% identity to Sulfolobus islandicus, and the
remaining clone showed 91% identity to Pyrodictium occultum. The environmental
sequences from this sample belong to four clades (figure 4.10). Clades B, C, and D are
closely related to a published 16S rDNA sequence, and clade A is not closely related to
any published 16S rDNA sequences. Perhaps Clade A represents an undiscovered

archaeal population within this monitor site.
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Figure 4.10. Environmental 16S rDNA sequences amplified with the
348Fa/UA1406R primer set from the Rabbit Creek monitor site on October

2,2003.
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There was a primer bias in the PCR amplification of the archaeal host population
from the Rabbit Creek monitor site (figure 4.8 and table 4.2). The two samples contained
drastically different host populations, but each was amplified with a different primer set.
The 348Fa/UA1406R primer set resulted in the detection of four clades (figure 4.10) and
the 20F/UA1406R primer set resulted in the detection of three clades (figure 4.9). Even
though a similar number of clades were detected with each primer set, the
348Fa/UA1406R primer set resulted in a more diverse population (figures 4.9 and 4.10).
It is unknown why only two samples were positive for 16S rDNA sequences from this
monitor site. PCR amplification of the 16S rDNA sequence was attempted numerous
times with both primer sets. SIRV-like DNA sequences were amplified from each
sample collected from this monitor site suggesting that the environmental DNA was
sufficient quality for PCR amplification. The 16S rDNA sequences detected within the
monitor site likely represent crenarchaeal organisms that live in high temperature acidic
conditions. To further understand and identify the archaeal population, more samples

would need to be screened and both primer sets would need to be used.

Table 4.2. The percent identities of environmental 16S rDNA clones from the
Rabbit Creek monitor site to published 16S rDNA sequences in the public database.

RCMS (20F/UA1406R) | RCMS6 (348Fa/UA1406R)
January 20, 2003 October 2, 2003
Total clones=32 Total clones=65
Acidianus species 32 (96-99%) ND
Vulcanisaeta distributa ND 46 (94-98%)
Caldococcus noboribetus ND 10 (90-97%)
Metallosphaera prunae ND 6 (97%)
Sulfolobus islandicus ND 1 (95%)
Pyrodictium occultum ND 1 (91%)
Unidentified Archaeon ND 1 (86%)

*ND=Not Detected
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Population dynamics of viruses in the Rabbit Creek monitor site

SSV-like population dynamics in the Rabbit Creek monitor site. Total DNA was

extracted from water collected from the Rabbit Creek monitor site as described above.
Universal SSV primer sets 3F/4R and 7F/8R were used to measure the total diversity of
SSVs in this monitor site (table 4.3). The universal SSV 3F/4R primer set resulted in the
detection of viral sequences in seven out of twelve total sampling points. The coat
protein primer set (7F/8R) was successful on only two samples collected from Rabbit
Creek. An overview of SSV-like 3F/4R phylogenetic analysis is presented in figures
4.11 and 4.12.

Table 4.3. Number of SSV-like clones sequenced from the Rabbit Creek

monitor site and how many unique DNA sequences in each library.
Number Number

Collection H Temp of Unique of Unique
Date p () Clones Sequences Clones Sequences
3F/4R 7F/8R

RC7 July 26,2002 3.8 88 34 15 50 28
RCM Oct 17,2002 2.8 91 27 15 0 0
RCMS Jan 20,2003 5.1 75 67 45 0 0
RCMS2  May 30,2003 4.1 78 0 0 0 0
RCMS3  June 24,2003 3.8 85 0 0 0 0
RCMS4  July 25,2003 3.7 73 0 0 0 0
RCMS5  Aug 26,2003 4.2 81 5 4 0 0
RCMS6 Oct 2, 2003 3.2 71 21 0 0 0
RCMS7  Nov 13,2003 3.8 64 44 2 61 38
RCMS8 Jan 19,2003 34 80 10 0 0
RCMS9 Mar4,2003 4.2 65 0 0 0 0
RCMS10  June 3,2004 4.2 90 0 0 0 0
Total Number of Clones Sequenced 208 94 112 65

The first sample was collected on July 26, 2002, and 34 SSV-like 3F/4R clones
were sequenced (table 4.3) and compared to the four sequenced SSV isolates (figure

4.13a). Some of the environmental SSV-like sequences are more related to SSV-RH and
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SSV1 than they are to SSV-like sequences collected from the same hot spring (figure
4.13a). When the 3F/4R DNA sequences from this sample are translated, there are nine
inferred functional protein sequences and one sequence that resulted in non-functional
OREF (table 4.4). The diversity of inferred functional protein sequences is very similar to
the pattern of the DNA sequences from this sample (figure 4.13b). The non-functional
OREF from this sample is similar to the un-interrupted ORFs (figure 4.13a; the ®
represents the non-functional sequence). Upon closer investigation, the interrupted ORF
has three stop codons due to an insertion causing a frameshift in the sequence.

Table 4.4. The comparison of SSV-like 3F/4R functional and non-functional protein

sequences detected from the Rabbit Creek monitor site. For a description of terms,
see text.

. Functional Non-Functional
Sample Date sl U 1IN, Protein Protein
Name Sequences
Sequences Sequences
July 26, 2002 RC7 15 9 1
October 17, 2002 RCM 15 8 4
January 20, 2003 RCMS 45 25 14
August 26, 2003 RCMS5 4 1 3
October 2, 2003 RCMS6 9 7 1
November 13, 2003 RCMS7 12 4 2
January 19, 2004 RCMSS8 8 3 3
TOTAL 112 49 28

SSV-like viral coat proteins (7F/8R) were also detected during the first sampling
point (table 4.3). Fifty SSV-like coat protein clones were obtained and compared to the
coat proteins from the completely sequenced isolates (figure 4.14a). The four sequenced
SSV isolates show a different relatedness to the environmental sequences based on coat
protein analysis compared to the 3F/4R analysis. SSV2 and SSV-K1 are not closely

related to the Rabbit Creek environmental sequences based on 3F/4R (figure 4.13a). This
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result was expected, as it has been determined the ORFs in the four sequenced SSV

genomes did not show geographic correlation (Wiedenheft 2004). All of the four

sequenced isolates are related to the environmental 7F/8R sequences (figure 4.14a).

Clade C

Clade B

Clade A

Figure 4.11. The different groups of SSV-like viruses
detected in the Rabbit Creek monitor site over time
based on DNA sequences. The colors of the groups
correspond to figure 4.15. The sampling dates without
sequences represent the inability to amplify SSV-like
sequences from the monitor site.
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Figure 4.12. The different groups of SSV-like viruses
detected in the Rabbit Creek monitor site over time
based on protein sequences. The colors of the groups
correspond to figure 4.16. The sampling dates without
sequences represent the inability to amplify SSV-like
sequences from the monitor site.
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When the SSV-like coat protein sequences are translated, a very different tree is
obtained (figure 4.14b). The coat proteins are distinct from SSV1, SSV2, and SSV-RH,
and more related to SSV-K1, which was not observed in the DNA analysis (figure 4.14a).
It is interesting to mention that when the 50 coat protein DNA sequences are translated to
protein sequence, only 16 sequences result in functional proteins (figure 4.14b). These
results indicate we may be amplifying coat protein sequences from viruses integrated into
their host’s chromosome. There were numerous stop codons in the non-functional 7F/8R

protein sequences. This may be indicative of a past integration event.

Figure 4.13. SSV-like 3F/4R sequences collected in July 2002 from the
Rabbit Creek monitor site. The numbers in parentheses indicate how many
times a particular sequence was detected. A. DNA sequences; the ®
represents the non-functional ORF. B. Inferred protein sequences.
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Figure 4.14. SSV-like 7F/8R sequences collected in July 2002 from Rabbit Creek.
The numbers in parentheses indicate how many times a particular sequence was
detected. A. DNA sequences. B. Inferred protein sequences.
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The second sample was collected on October 17, 2002, and 27 SSV-like 3F/4R
clones were sequenced (table 4.3). When the 27 clones from this sample were compared
to the sequences from July 2002, the viral population structure did not drastically change.
The dominant viral groups present in July 2002 are still present in October 2002 (clades
A and C in figure 4.15). The inferred protein analysis resulted in a similar tree topology;
most of the sequences from July 2002 were similar to the October 2002 sequences

(represented by the blue and green in figure 4.16). There are three protein sequences that
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are detected in this sample that are identical to protein sequences detected in the previous

sample (figure 4.16; identical sequences represented by *).

Figure 4.15. The functional ORFs from SSV-like DNA sequences
detected in Rabbit Creek over time. The number in parentheses
indicates how many times a particular sequence was detected. The
colors correspond to figure 4.11.
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Figure 4.16. The groups of SSV-like 3F/4R protein sequences
detected from July 2002 to January 2004 in Rabbit Creek. The *
represent the identical protein sequences detected. The numbers in
parentheses indicate how many times a protein sequence was
detected. The colors correspond to figure 4.12.
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The translated sequences from this sample resulted in eight functional ORFs and
four non-functional ORFs (table 4.4). Two of the non-functional ORFs are obvious in the
phylogenetic analysis because they have long branch lengths, and they are related to the
non-functional sequence from the previous sample (see Appendix B, figure 4.29). These
two sequences contain numerous stop codons, and the two remaining non-functional
sequences are similar to the functional ORFs, except at codon 68. There is a second
position transversion and a third position transition that results in a leucine (TTA) being
changed to a stop (TAG).

The third sample was collected on January 20, 2003, and 67 SSV-like 3F/4R
clones were sequenced (table 4.3). This month most of the SSV-like sequences are
similar to the sequences detected in previous months (clade A in figure 4.15). The
translation of the DNA sequences resulted in 25 functional ORFs and 14 non-functional
ORFs (table 4.4). All of the sequences from this sample are included in the largest group
of protein sequences (represented in blue in figure 4.16). There were not any sequences
in this sample identical to protein sequences detected in earlier samples (July 2002 and
October 2002). Most of the non-functional ORFs from this sample are obvious in the
phylogenetic analysis (see Appendix B, figure 4.30). One has a very long branch length
and is related to the interrupted sequence from the July 2002 sample. The remaining non-
functional ORFs compose two groups in the phylogenetic tree. These groups are strictly
composed of the non-functional sequences from this sample excluding the two non-
functional sequences from October 2002. Upon closer investigation, all of these

sequences were found to contain numerous stop codons.
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Three more samples were collected over the next six months (February
2003 —July 2003), but no SSV-like sequences were detected in these samples (table 4.3).
This is most likely due to a low abundance of SSV-like viruses in the natural
environment (<0.1pg). It is not expected to be the result of a technical issue as SIRV-like
sequences (discussed below) were detected in these samples.

The next sample that contained SSV-like sequences was collected on August 26,
2003, but only five SSV-like 3F/4R clones were obtained and sequenced (table 4.3).
When these SSV-like sequences were compared to sequences detected in previous
samples, they are related to sequences from July 2002, October 2002, and SSV1 (clade C
in figure 4.15). Over the past few months, the SSV-like population in Rabbit Creek
shifted from representing clade A to sequences representing clade C (figure 4.15).
However, conclusions regarding the SSV-like population must be made carefully because
of the lack of clones.

Of the five clones sequenced from this sample, only one represented a functional
protein sequence (table 4.4). The inferred protein-based analysis indicates this sequence
is related to protein sequences from previous samples and SSV1 (represented in green in
figure 4.16). In fact, the sequence is identical to SSV-like 3F/4R protein sequences
detected in previous samples (figure 4.16; the * represents the identical sequences).
When looking at the DNA-based phylogenetic analysis, it is not obvious what sequences
are non-functional (see Appendix B, figure 4.31). The non-functional ORFs contain a

first position transversion at nucleotide 21, which results in a glycine (GGA) being
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changed to a stop codon (TGA). However, besides this one change, the remaining
sequence is almost identical.

When SSV-like sequences collected from October 2003 (table 4.3) were
compared to the sequences isolated from earlier samples, 20 clones are related to SSV1
and Rabbit Creek sequences from July 2002, October 2002, and August 2003 (clade C in
figure 4.13). One sequence from this sample belonged to clade A (figure 4.15). This
sample contained seven functional protein sequences and one sequence that resulted in a
non-functional ORF (table 4.4). The protein sequences from this sample belong in two
groups of viral sequences (represented by blue and green in figure 4.16). Most of the
protein sequences are identical to a sequence that has been detected in previous samples
(figure 4.16; the identical sequences are represented by *). The other protein sequence is
located within the largest group of sequences (represented in blue in figure 4.16). The
non-functional sequence contains a first position transversion that results in a glycine
(GGA) being changed to a stop codon (TGA) at nucleotide position 19 (see Appendix B,
figure 4.33).

The next sample was collected in November 2003 resulted in 44 SSV-like 3F/4R
clones (table 4.3). When compared to sequences from previous sampling points, most of
the new sequences belong in groups previously established (clade C in figure 4.15). The
majority of the November 2003 sequences resembled sequences from July 2002, October
2002, August 2003, and October 2003 (clade C in figure 4.15). However, 11 of the
sequences were most similar to SSV-K1 (clade B in figure 4.16). There were four

inferred functional protein sequences and two non-functional protein sequences in this
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sample (table 4.4). The inferred protein sequences detected from this sample belonged to
two groups of protein sequences represented in this monitor site. Two inferred protein
sequences belonged to a group of protein sequences detected previously in this monitor
site (represented by green in figure 4.16). The remaining protein sequences belonged to a
new group of protein sequences related to SSV-K1 (represented in purple in figure 4.16).
The non-functional sequences contain a first position transversion that causes a glycine
(GGA) to become a stop codon (TGA) at nucleotide position 19.

The SSV-like viral coat proteins (7F/8R) were detected in November 2003 and 61
clones were sequenced (table 4.3). When compared to the SSV-like coat protein
sequences from July 2002, the sequences from this sample are very different from the
sequences detected earlier (figure 4.17). As opposed to the July 2002 sample, there were
not any sequences from this sample that resulted in non-functional ORFs. The inferred
protein analysis also reveals the differences between the two sampling times (figure
4.18). Most of the protein sequences from this sample do not show any relatedness to
sequences from the July 2002 sample (figure 4.18). Perhaps it is the change in viral
sequences that occurred over one year. The SSV-like viral coat proteins were not
detected again from this monitor site (table 4.3).

The last sample that SSV-like sequences were detected was collected on January
19, 2004 (table 4.3). Only ten clones were sequenced from this sample, and they
represent one group in the SSV-like population (clade B in figure 4.15). The SSV-like
sequences show relatedness to SSV-K1 (figure 4.15). Translating the sequences from

this sample resulted in three functional ORFs and three non-functional ORFs (table 4.4).
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The three inferred functional protein sequences belonged to the group of sequences in
this monitor site related to SSV-K1 (represented in purple in figure 4.16). The three non-
functional ORFs from the January 2004 sample are grouped with the non-functional
sequences from July 2002 (see Appendix B, figure 4.37). These three sequences each
contain five stop codons that are a result of an insertion of a cytosine (C) at nucleotide

position 49, which resulted in a frameshift.

Figure 4.17. SSV-like 7F/8R DNA sequences
collected from Rabbit Creek. The red sequences
represent those collected in November 2003. The
numbers in parentheses indicate how many times a
sequence was detected.
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Figure 4.18. SSV-like 7F/8R protein sequences
collected from Rabbit Creek. The red sequences
represent those collected in November 2003. The
numbers in parentheses indicate how many times a
protein sequence was detected.
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Two more samples were collected on March 4, 2004 and June 3, 2004; however,
there were no SSV-like sequences (3F/4R or 7F/8R) detected from either of these
samples (table 4.3). I believe this result reflects the low abundance of the viruses in the
natural environment and not a technical error.

In summary, twelve samples were collected over the course of the two years of

this research (July 2002 —June 2004). Based on the SSV-like 3F/4R primer set, there
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were three groups of SSV-like DNA sequences during the course of sampling this
monitor site (figure 4.15). Inferred protein analysis of the 3F/4R SSV-like sequences
reveals the presence of two major groups of viruses over time with a smaller group
related to SSV-K1 (figure 4.16). The complete phylogenetic analysis of SSV-like
sequences included analysis of sequences after every sample. For a step-by-step view of
the changes in the SSV-like population over time, see Appendix B.

It is interesting to compare the phylogenetic positioning of functional and non-
functional DNA sequences (figure 4.19). This DNA-based analysis was performed
including the non-functional SSV-like sequences (figure 4.19; green represents the non-
functional sequences). When the non-functional ORFs are removed from the SSV-like
3F/4R DNA analysis, the topology of the phylogenetic tree is similar, but the presence of
distinct groups of SSV-like viruses is more obvious (figure 4.15). Without the long
branches in the DNA-based analysis, it is much easier to visually determine the presence
of different SSV-like viral groups present from July 2002 to January 2004 (figure 4.15).
Instead of four viral groups, as could be estimated from figure 4.17, there are only three
major SSV-like viral groups (figure 4.15). The SSV-like 3F/4R sequences from this
monitor site are more closely related to SSV1, SSV2, and SSV-K1 than they are to the
SSV from YNP (SSV-RH) (figure 4.15).

The SSV-like sequences appear to vary through time (figure 4.20). The first
group related to SSV1 (clade C; represented by green in figure 4.20) is represented by
sequences from July —October 2002 and August—November 2003. The largest group of

viral sequences is composed of sequences from July —October 2002, January 2003, and
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October 2003 (clade A; colored blue in figure 4.20), and the minor group related to SSV-
K1 (clade B; colored purple in figure 4.20) contains sequences from November 2003 and
January 2004. The other, smaller group of SSV-like sequences contains only three
sequences from July 2002 (colored black in figure 4.15). By looking at the phylogenetic
analysis without the non-functional ORFs, it is more obvious that there were three
distinct groups of SSV-like viruses that vary over time (figure 4.20).

It is more difficult to conclude how many virus groups were present based on the
SSV-like coat protein DNA analysis because the coat proteins were only detected twice
(one year apart) (table 4.3). However, we can estimate there were approximately two
groups of SSV-like viruses based on coat protein DNA sequences (figure 4.17). The two
groups vary with time; the sample from July 2002 is more diverse than the November
2003 (figure 4.17).

Of the 49 unique SSV-like 3F/4R protein sequences, there were only four protein
sequences that were detected in more than one sample (figure 4.16; the * represents
groups of identical protein sequences). By translating the 3F/4R sequences retrieved
from the environment, we could determine what sequences may be representing old
integrated forms of SSVs. These interrupted ORFs were not included in most of the
inferred protein-based analyses. However, these sequences were included in an analysis
of all the SSV-like protein sequences (figure 4.21).

When the 28 non-functional protein sequences (table 4.4) are added to analysis,
there are several interesting results (figure 4.21). Nineteen of the interrupted SSV-like

ORFs are very distinct from the functional protein sequences (figure 4.21; the interrupted
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ORFs are represented in red). When these protein sequences are investigated more
closely, there are many insertions, deletions, transversions, and transitions resulting in
numerous stop codons throughout the sequence. Five of the non-functional protein
sequences are closely related to the group of functional protein sequences related to
SSV1 (figure 4.21; represented in red with **). It was unexpected that these SSV-like
sequences were closely related to functional protein sequences when most of the non-
functional sequences were so distinct. However, when these protein sequences are more
closely examined, there is a first position transversion at nucleotide 19 changing the
codon from a glycine (GGA) to a stop codon (TGA). Besides that change, these protein
sequences are very similar to the group of functional protein sequences (represented by
green in figure 4.21) related to SSV1. The remaining two non-functional ORFs are
located in the largest group of protein sequences from Rabbit Creek (represented in blue
in figure 4.21; represented in red with *). When these sequences are more closely
investigated, it was found an adenine (A) was deleted at nucleotide position 153 which
caused a frameshift. Then, at nucleotide position 182 a cytosine (C) was inserted, which
resulted in the re-establishment of original frame of the ORF. However, because of these
insertions and deletions, two stop codons resulted.

It is not likely the differences in functional and non-functional protein sequences
are the result of PCR or sequencing errors. As described for Crater Hills (see Chapter 3),
the SIRV-like sequences did not result in non-functional protein sequences. SIRVs have

not been shown to integrate into their host’s chromosome (Prangishvili 1999). If the
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differences were the result of PCR or sequencing errors, we would also expect to see

errors in the SIRV-like sequences.

Figure 4.19. All SSV-like 3F/4R DNA sequences detected in the
Crater Hills monitor site over time. This analysis included the SSV-
like DNA sequences that resulted in non-functional ORFs. The
interrupted ORFs are colored green. The viral clades from figure
4;51v§ are indicated.
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Figure 4.20. SSV-like 3F/4R DNA sequences collected over time
in Rabbit Creek. The sequences that resulted in non-functional
ORFs are not included in this analysis. The unrooted phylogram
makes it easy to see the presence of three major SSV-like groups in
the Rabbit Creek monitor site over time.
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Figure 4.21. SSV-like 3F/4R protein sequences
detected in Rabbit Creek from July 2002 to January
2004. The red sequences represent non-functional
ORFs. The numbers in parentheses indicate how
many times a protein sequence was detected.
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Phylogenetic analysis of the inferred amino acid sequences of the SSV-like coat
proteins reveal the presence of one major group with a couple of outlying sequences
(figure 4.18). More SSV-like coat protein sequences would be necessary to better
determine the number of SSV-like groups in this monitor site. There are numerous
reasons as to why the SSV-like 3F/4R sequences were more commonly detected. First,

the viral sequences amplified by 3F/4R and 7F/8R are in different parts of the viral
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genome (figure 3.3), therefore, they may be under different selection pressures. Second,
the length of the PCR amplicon for 3F/4R is smaller than the 7F/8R amplicon (~250bps
for 3F/4R and ~800bps for 7F/8R; table 3.1). Finally, the 3F/4R primer set was more
sensitive in amplifying sequences from purified viral template (0.1pg) compared to the

7F/8R primer set (1ng purified template).

Detailed analysis of SSV-like population dynamics. From July 2002 to June

2004, there was a total of 208 SSV-like 3F/4R clones sequenced from this monitor site
(table 4.3). Using Modeltest 3.6 (Posada et. al. 1998), the nucleotide substitution model
for maximum likelihood estimations was determined to be HKY+G (Hasegawa et. al.
1985) with heterogeneity between sites (gamma=6.3662), base frequencies A=0.2608,
C=0.2123, G=0.2163, and T=0.3105, and the ratio of transitions to transversions is
0.8384.

The SSV-like 3F/4R sequences represented 94 groups of identical sequences. The
largest group of sequences was composed of 52 identical sequences, which comprised
25% of the SSV-like population over time in this monitor site (table 4.5). This group of
sequences contained sequences from most samples (excluding the January 2003 sample)
(table 4.5). The second largest group of sequences was comprised of only 10 identical
sequences, which makes up 4.8% of the SSV-like population (table 4.5). However,
unlike the larger group, this group was only composed of sequences that were sampled
later in this research. Therefore, this group may represent a new group of viruses. There

were six different groups of six sequences, and each group comprised 2.9% of the total
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SSV-like population (table 4.5). These groups contained samples from early and later

collection dates (table 4.5).

Table 4.5. Rabbit Creek SSV-like 3F/4R sequence abundance illustrating the
groups of identical sequences, how many times a group this size was detected, the
percent of the SSV-like population, and what samples the group contained.

RABBIT CREEK SSV-like SEQUENCE ABUNDANCE

Identical Times Percent of
Sequences | Detected SSV'hke Samples®
Population

22 1 25% RCT:RCM:RCMS5:RCMS6:RCMST

2 1 4.8 RCMS7;RCMS8

2 1 29 RC7;RCMS

- : 2.9 RC7;RCM;RCMS

0 ! 2.9 RCMS

0 ! 2.9 RCMS

) ! 2.9 RCMS7

0 ! 2.9 RCMS7

S 2 unique’ | 2.4% each®

4 3 unique | 1.9% each

. 0.96%
2 7 unique each
1 73 10.48% each
unique

*sequences from these samples were present in the indicated groups
Peach of the smaller groups were detected this many times, however, each is unique
‘each of the unique groups makes up this percentage of the population

There were other smaller groups of identical sequences (table 4.5). They ranged
from groups of two to five identical sequences; however, similar to the SSV-like
population in Crater Hills (see Chapter 3), the unique SSV-like 3F/4R sequences made up
the majority of the SSV-like population (figure 4.22). There were 73 unique SSV-like
3F/4R sequences, which translates to 35% of the sampled SSV-like population.

In comparing the 112 unique SSV-like DNA sequences (3F/4R) obtained over

time, 175 bps (out of an average of 255 bps) did not vary (tables 4.6 and 4.7). When
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comparing the base changes in each position of the codon, the third position base changes
more frequently than the first or second base positions (tables 4.6 and 4.7). The rates of
transitions and transversions varied with individual samples; some samples contained

more changes than other samples (table 4.6).

Figure 4.22. A sequence abundance plot for SSV-like 3F/4R sequences from
Rabbit Creek monitor site. The left end of the x-axis represents most commonly
detected sequences, and the right end of the x-axis represents the most rare
sequences. Most of the SSV-like sequences in Rabbit Creek are detected once.
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When comparing all of the sequences, only 67% of the bases in the 3F/4R
sequence remained unchanged (table 4.7). Transversions occurred more (50) compared
to transitions (31). Twenty-five changes occurred in the first position of the codon; there
were 10 transitions and 15 transversions (table 4.7). Only 22 changes occurred in the
second position with seven transitions and 15 transversions (table 4.7). A total of 34

changes occurred in the third position; there were 15 transitions and 19 transversions
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(table 4.7). As expected, the third position changes occurred more frequently, therefore

explaining the fewer number of groups based on protein sequences (figure 4.16).

Table 4.6. Number of transitions and transversions in SSV-like 3F/4R
sequences collected from the Rabbit Creek monitor site.

SAMPLE | IDENTICAL | TRANSITIONS | TRANSVERSIONS
DATE BASES 1] o | 3 I o 3
07/26/2002 191/256 10 | 4 14 | 11 9 16
10/17/2002 208/255 8 3 12 7 5 13
01/20/2003 230/258 4 3 5 6 5 6
08/26/2003 252/253 0 0 1 0 0 0
10/02/2003 229/253 4 2 6 3 2 6
11/13/2003 196/254 8 4 19 9 5 13
01/19/2004 181/256 8 6 4 20 18 21

Table 4.7. The numbers of transitions and transversions for all
SSV-like 3F/4R sequences collected from Rabbit Creek throughout
this research.

Sample Range Position Ideng;?:SBase Ts Pairs Tv Pairs
July 2002- Ove::all 175/255 31 50
1 60/85 10 15
Jan 2003 nd
(255 bps) 2 64/86 7 15
ps 31 51/85 15 19

Ts=transitions; Tv=transversions

Only two of the twelve samples were positive for the SSV-like coat protein
(primer set 7F/8R) (table 4.3). Using Modeltest version 3.6 (Posada et. al. 1998), the
nucleotide substitution model for maximum likelihood estimations was determined to be
TVM+I+G (Posada et. al. 1998) with heterogeneity between sites (gamma=0.2560),
invariant sites (I=0.0029), base frequencies A=0.2868, C=0.2079, G=0.2310, and
T=0.2743, and a substitution model A-C=G-T=1.0000, A-G=1.4098, A-T=C-G=0.9561,

and C-T=1.7129.
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In comparing the 65 unique SSV-like coat protein DNA sequences (7F/8R)
obtained over time, 512 bps (out of an average of 667 bps) did not change in all of the
samples. Unexpectedly, the third position base does not change more frequently than the
first or second base positions. In the first sample collected in July 2002, 205 bps were
identical over an average of 561 total base pairs (36% of the bases were identical) (table
4.8). The second sample collected in November 2003 revealed less change when

compared to the first sample (table 4.8); 662 bps out of 706 bps were identical (93%).

Table 4.8. Number of transitions and transversions in SSV-like 7F/8R

sequences collected from the Rabbit Creek monitor site.

SAMPLE | IDENTICAL | TRANSITIONS | TRANSVERSIONS
DATE BASES 1t 2 | 3¢ ™ ond 31

07/26/2002 205/561 50 | 36 | 41 72 79 79

11/13/2003 662/706 6 6 4 9 8 11

When comparing all of the sequences, 77% of the bases in the coat protein
(7F/8R) sequence remained unchanged (table 4.9). Transversions occurred more
frequently (99) compared to transitions (56). Fifty-five changes occurred in the first
position of the codon; there were 22 transitions and 33 transversions. Only 48 changes
occurred in the second position with 17 transitions and 31 transversions. A total of 53

changes occurred in the third position; there were 18 transitions and 35 transversions.

Table 4.9. Transitions and transversions for all SSV-like 7F/8R
sequences collected from Rabbit Creek throughout this research.

Sample Range | Position Ideng;?l!sBase Ts Pairs | Tv Pairs
July 2002- Ove:: all 512/1667 57 99
November 2003 ! 168/222 22 33
V(667 bps) 2 174/222 17 31
P 3 170/222 18 35

Ts=transitions; Tv=transversions
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SIRV-like population dynamics in the Rabbit Creek monitor site. SIRV-like coat

proteins were detected in all the samples (table 4.10). As observed in Crater Hills, all of
the SIRV-like coat proteins translated to un-interrupted ORFs. An overview of the

DNA-based and protein-based phylogenetic analyses is represented in figures 4.23 and

4.24.

Figure 4.23. The different groups of SIRV-like viruses
detected in the Rabbit Creek monitor site over time. The
colors of the groups correspond to figure 4.26. The clear
ovals refer to outlying sequences not belonging to a major
group.
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Forty-four SIRV-like coat protein sequences were collected from the first
sampling point in July 2002 (table 4.10). The viruses form three major groups in Rabbit

Creek with one group showing diversity (figure 4.25a). The YNP sequences are distinct
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from the two Icelandic sequences (SIRV1 and SIRV2) (figure 4.25a). The 12 unique
DNA sequences translated to 12 unique inferred protein sequences, which illustrated
similar topology as the DNA-based phylogenetic analysis (figure 4.23b).
Figure 4.24. The different groups of SIRV-like viruses
detected in the Rabbit Creek monitor site over time based
on protein sequences. The colors of the groups correspond

to figure 4.27. The clear oval refers to outlying sequences
not belonging to a major group.
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Change in the SIRV-like population is detected in the second sample. In October
2002, twenty-nine SIRV-like clones were sequenced (table 4.10). The groups from July
2002 are still represented in October 2002 (clades A and E) (figure 4.26). A new group
of SIRV-like coat protein sequences is also detected (clade D in figure 4.26). The 22
SIRV-like coat protein DNA sequences translated to 20 unique inferred protein
sequences (table 4.10), and four groups of viral protein sequences are evident

(represented by the purple, pink, red, and green groups in figure 4.27).
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Table 4.10. Number of SIRV-like clones obtained from the Rabbit
Creek monitor site, number of unique DNA sequences in each library,
and the number of unique protein sequences.

RC7 July 26,2002 3.8 88 44 12 12
RCM Oct 17,2002 2.8 91 29 22 20

RCMS Jan 20,2003 5.1 75 66 12 7
RCMS2  May 30,2003 4.1 78 39 24 18
RCMS3  June 24,2003 3.8 85 21 19 18
RCMS4  July 25,2003 3.7 73 145 35 23
RCMSS5  Aug 26,2003 4.2 81 80 24 19
RCMS6 Oct 2, 2003 3.2 71 98 31 20
RCMS7 Nov 13,2003 3.8 64 57 30 25
RCMS8  Jan 19,2004 3.4 80 51 33 26
RCMS9 Mar 4,2004 4.2 65 12 10 10
RCMS10  June 3,2004 4.2 90 46 46 20
Total Number of Clones 688 240 198

The diversity of SIRV-like viruses decreases in the next sample. The third sample
was collected in January 2003, and sixty-six SIRV-like clones were sequenced (table
4.10). The population of SIRV-like viruses has been decreased to one group at this time
point (clade A in figure 4.26). The inferred protein-based analysis resembles the DNA-
based analysis. The seven protein sequences collected from January 2003 are all closely
related to protein sequences from July and October 2002 (represented by the purple group
in figure 4.27). There was one protein sequence that was identical to sequences detected
from previous samples (figure 4.27; the * represents the group of identical protein
sequences).

In the next sample collected in May 2003, the diversity of the SIRV-like viruses
in Rabbit Creek increases (figure 4.23). The fourth sample was collected in May 2003

yielded 39 SIRV-like coat protein sequences (table 4.10). When these sequences were
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compared to sequences sampled from previous times, the diversification of SIRV-like
viruses becomes apparent. SIRV-like sequences were detected that represented clades A,
C, D, and E (figure 4.26). The 39 unique DNA sequences translated to 24 unique
inferred protein sequences (table 4.10). Like the DNA sequences, the protein sequences
diversified in this sample (figure 4.24). There were protein sequences detected in this
sample that were identical to sequences detected in previous samples that represented

each group of viral protein sequences (figure 4.27; the * represents identical sequences).

Figure 4.25. SIRV-like sequences collected in July 2002 from Rabbit Creek.
The numbers in parentheses indicate how many times a particular sequence was
detected. A. DNA sequences. B. Inferred protein sequences.

A B

SIRV1 RC7
SIRV2 RC7
— Rc7

RC7(12)

— Rc7(5)

L RC7 RC7(17)

RC7

99
RC7(12) RC7

L RC7(5) L Rrc7

+ RC7 SIRV1

82

L RC7 SIRV2

RC7(2) 2
0100 499‘\
L rc7 RC7

0.05 substitutions/site —— 1change




179

The SIRV-like diversity measured in the previous sample is maintained in the
next sample (figure 4.23). The fifth sample resulted in only 21 SIRV-like coat protein
clones (table 4.10). The SIRV-like sequences from this sample belong in viral groups
that had been previously established (clades A, B, C, and D in figure 4.26). Eighteen
unique inferred protein sequences were translated from the 19 unique DNA sequences
obtained from this sample (table 4.10). Most of the inferred SIRV-like protein sequences
belong in the largest group of protein sequences (represented in purple in figure 4.27).
One sequence in this sample was identical to the group of identical sequences detected
from each sample collected thus far (figure 4.27; the * represents the identical
sequences).

The sixth sample reveals a decrease in the diversity in the SIRV-like population
(figure 4.23). The sixth sample was collected in July 2003 (table 4.10). One hundred and
forty-five SIRV-like coat protein clones were sequenced from this sample, and 90 clones
were identical. When all of the clones from July 2003 were compared to sequences from
previous samples, the majority of the July 2003 SIRV-like sequences belong in one major
group (clade A in figure 4.26). The 35 unique DNA sequences translated into 23 unique
inferred protein sequences (table 4.10). The SIRV-like protein sequences have decreased
to represent one major group (represented in purple in figure 4.27). However, one
protein sequence belonged to a group detected in July and October 2002 (represented by
pink in figure 4.27). Two protein sequences from this sample were identical to protein

sequences detected previously (figure 4.27; the * represents the identical sequences).
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Figure 4.26. SIRV-like DNA sequences collected from Rabbit
Creek from July 2002 to June 2004. The numbers in parentheses
indicate how many times a sequence was detected. The colors
correspond to figure 4.23.
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Figure 4.27. SIRV-like protein sequences collected from Rabbit Creek from July
2002 to January 2004. The * represent identical protein sequences. Inset: unrooted
phylogram of SIRV-like protein sequences.

RCMS3

|— 1 change
69

72

— 1change

In August 2003, the SIRV-like population represents two groups of SIRV-like
sequences (figure 4.23). The seventh sample yielded 80 SIRV-like coat protein clones
(table 4.10). When these sequences were compared to sequences obtained from earlier

samples, the SIRV-like population now represents two groups of viruses (clades A and D
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in figure 4.26). The groups present in previous samples are still evident. Half of the
SIRV-like sequences (40) from August 2003 are associated with the largest group of
SIRV-like sequences (clade A in figure 4.26). The remaining coat protein sequences are
associated with a smaller group of SIRV-like sequences (clade D in figure 4.26).
Nineteen unique inferred protein sequences were detected from this sample (table 4.10).
Most of them belong in the largest group of SIRV-like coat protein sequences
(represented by purple in figure 4.27). However, some protein sequences belong in a
group detected in earlier samples (represented by green in figure 4.27). Once again, the
largest group of identical sequences that has been continually detected in this hot spring
was detected in this sample (figure 4.27; the identical sequences are represented by *).

The SIRV-like viral diversity has decreased in October 2003 (figure 4.23). The
sample collected on October 2, 2003 was the eighth sample (table 4.10). The diversity of
SIRV-like sequences has been decreased to a single group (clade A in figure 4.26).
There were 20 unique inferred protein sequences detected in this sample (table 4.10).
The decrease in SIRV-like diversity is also evident in the protein sequences (figure 4.24).
There were 54 cloned protein sequences detected in this sample that were identical to the
largest group of identical SIRV-like sequences (figure 4.27; the * represents the identical
sequences).

There is more diversity in the November 13, 2003 sample when compared to the
previous sample collected in October 2003 (figure 4.23). The ninth sample contained 57
SIRV-like coat protein clones (table 4.10). This sample shows diversification of the

SIRV-like viruses compared to the sample collected in October 2003 (figure 4.23). The
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majority of the sequences from this sample (35) belong in the dominant group of SIRV-
like viruses (clade A in figure 4.26). The sequences appear to be further sub-divided
within this sub-group, revealing more diversity (clade B in figure 4.26). Twenty-five
unique inferred protein sequences were obtained from this sample (table 4.10). They
represent three groups in the SIRV-like sequences (figure 4.24). Most of the SIRV-like
inferred protein sequences belong to the largest group of viruses (represented by purple in
figure 4.27). Two of the inferred protein sequences each belong to a different smaller
group of viruses; each of these sequences was shown to be identical to sequences
previously detected from this monitor site (figure 4.27; the * represents the identical
sequences).

The diversity of the SIRV-like population significantly decreases in the next
sample collected in January 2004 (figure 4.23). Fifty-one SIRV-like coat protein clones
were sequenced from this sample (table 4.10) and compared to sequences from previous
samples. The population of SIRV-like viruses has decreased to represent one major
group (clade A in figure 4.26). There were 26 unique inferred protein sequences detected
in this sample (table 4.10). The inferred protein sequences represent one group of viruses
(represented by purple in figure 4.27). There were not any sequences detected in this
sample that were identical to sequences detected in previous samples.

The diversity of SIRV-like viruses increases in the next sample (figure 4.23).

This sample was collected on March 4, 2004, and only 12 clones were sequenced (table

4.10). The diversity of SIRV-like viruses in this monitor site has increased to represent
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two groups of viruses (clades A and D in figure 4.26). The inferred protein sequences
also reveal the increase in diversity of SIRV-like viruses (figure 4.24).

The last sample continues to reveal change in the SIRV-like population (figure
4.23). The sample was collected on June 3, 2004 and 46 clones were sequenced (table
4.10). Some SIRV-like sequences belonged to the largest group of viruses (clade A);
however, there were also sequences that represented smaller groups of viral sequences
(clades B, C, and E) (figure 4.26). The inferred protein sequences also reveal an
increasing diversity (figure 4.24). Approximately half of the protein sequences from this
sample represent the largest group of protein sequences (the purple group in figure 4.27).
The other half of protein sequences from this sample represent a group detected in earlier
samples from this monitor site (the red group in figure 4.27).

In summary, the SIRV-like population was detectable in every sample collected
from this hot spring (table 4.10). Like the SIRV-like viruses in Crater Hills (see Chapter
3), the diversity of viruses appears to fluctuate between several (3-4) groups to few (1-2)
groups of viruses. It is interesting to note that changes in the SIRV-like DNA sequences
did not always result in changes in the SIRV-like proteins sequences (figures 4.21 and
4.24). The complete phylogenetic analysis of SIRV-like sequences included analysis of
sequences after every sample. For a step-by-step view of the changes in the SIRV-like

population over time, see Appendix B.

Detailed analysis of SIRV-like population dynamics. After two years of regularly

sampling (July 2002 —June 2004), and sequencing SIRV-like coat protein clones from

this site, we detected five different groups of SIRV-like viruses (figure 4.26). However,
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there were only four groups of SIRV-like viruses based on inferred amino acid sequences
(figure 4.27). The viral DNA sequences belonging in clade B translated to protein
sequences belonging in the largest group of protein sequences (blue in figure 4.27). The
largest group of identical protein sequences (represented by * in figure 4.27) was only
detected in early samples from this monitor site (July 2002 —October 2003). There were
four other groups of identical sequences detected in this monitor site over time; all of
these sequences belonged to the smaller groups of viral protein sequences (figure 4.27;
the identical sequences are represented by **).

Over the two years of sampling, one large group of SIRV-like viruses was most
commonly detected (clade A; represented by blue in figure 4.26), four smaller groups
were detected (clades B, C, D, and E), and finally, some groups containing four or fewer
sequences were detected (figure 4.26). The environmental population of SIRV-like
viruses is similar to that of Crater Hills (see Chapter 3) and Ragged Hills (see Chapter 5),
which are comprised largely of one group of sequences and numerous smaller groups of
sequences. However, the SIRV-like population is not as diverse as the SIRV-like
population in either Crater Hills (see Chapter 3) or Ragged Hills (see Chapter 5).

Using Modeltest version 3.6 (Posada et. al. 1998), the nucleotide substitution
model for maximum likelihood estimations was determined to be K81uf+G (Kimura
1981) with heterogeneity between sites (gamma=6.3662), base frequencies A=0.3188,
C=0.2040, G=0.1945, and T=0.2826, and a substitution model A-C=G-T=1.0000, A-

G=C-T=3.7182, and A-T=C-G=1.5007.



There were 688 SIRV-like coat protein clones sequenced during the course of two
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years (July 2002 —June 2004). These sequences composed 239 groups of identical

sequences. The largest group of SIRV-like coat protein sequences contained 207

identical sequences, which correlates to 30% of the total SIRV-like population sampled

during this research (table 4.11). This group consists of sequences collected in July 2002

to October 2003, but in recent samples, it was no longer detected.

Table 4.11. Rabbit Creek SIRV-like sequences illustrating the groups of
identical sequences, how many times a group this size was detected, the percent
of the SIRV-like population, and what samples the group contained.

RABBIT CREEK SIRV-like SEQUENCE ABUNDANCE

Identical Times Percent of
SIRV-like Samples®
Sequences Detected .
Population
207 1 30% RC7;RCM;RCMS —RCMS6
66 1 9.6 RC7;RCMS —RCMS6;RCMS9
32 1 4.7 RCM;RCMS2;RCMS5;RCMS7;RCMS9
29 1 4.2 RC7;RCM;RCMS10
24 1 3.5 RCMS3;RCMS7—RCMS8
20 1 2.9 RC7;RCMS4
17 1 2.4 RCMS8;RCMS10
11 2 unique” | 1.6% each®
7 3 unique 1% each
. 0.47%
3 2 unique each
22 0.29%
2 .
unique each
1 2.0 3 0.15% each
unique

“sequences from these samples were present in the indicated groups
beach of the smaller groups were detected this many times, however, they are unique
‘each of the unique groups makes up this percentage of the population

Another group of identical viral sequences that was present during the majority of

the sampling time was composed of 66 sequences, which consisted of 9.6% of the total




187
population (table 4.11). This group consisted of samples from the middle of the research;
however, some samples from later in the research were also in this group (table 4.11).
There was a group containing 32 identical sequences of SIRV-like coat proteins (table
4.11), and it comprised 4.7% of the total population of SIRV-like viruses. Another group
of 24 identical sequences was detected in some samples representing 3.5% of our
sampled SIRV-like population (table 4.11). Other groups of identical sequences ranged
from two to 20 identical sequences comprising 0.29% to 2.9% of the total population
(table 4.11). The unique sequences comprised 29.5% of the total population of SIRV-like

coat protein sequences (figure 4.28).

Figure 4.28. A sequence abundance plot for SIRV-like sequences from Rabbit
Creek. The left end of the x-axis represents most commonly detected
sequences, and the right end of the x-axis represents the most rare sequences.
Most of the SIRV-like sequences in Rabbit Creek are detected only once.
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Over the course of sampling, there were 198 unique SIRV-like protein sequences
(table 4.10). Seven protein sequences were detected more than once. However, the
largest group of identical sequences was only detected in the July 2002 —October 2003
samples (figure 4.27; the * represents the largest group of identical protein sequences).

Using MEGA version 3 (Kumar et. al. 2004), changes in the SIRV-like sequences
were calculated (tables 4.12 and 4.13). When comparing all of the sequences, 89% of the
bases in the SIRV coat protein sequence remained unchanged (table 4.13). Transversions
occurred more (24) compared to transitions (19). Nine changes occurred in the first
position of the codon; there were four transitions and five transversions (table 4.13).
Only seven changes occurred in the second position with two transitions and five
transversions (table 4.13). A total of 26 changes occurred in the third position; there

were 13 transitions and 13 transversions (table 4.13).

Table 4.12. Numbers of transitions and transversions in SIRV-like
sequences in each sample collected from the Rabbit Creek monitor site.

SAMPLE | IDENTICAL | TRANSITIONS | TRANSVERSIONS
DATE BASES 1] o | 3¢ 1 2 3«
07/26/2002 345/405 6 1 20 6 5 23
10/17/2002 342/405 6 2 | 22 6 6 21
01/20/2003 403/405 1 0 0 0 1 0
05/30/2003 349/405 6 2 | 20 5 5 18
06/24/2003 365/405 4 2 13 4 4 13
07/25/2003 395/405 1 1 3 1 1 3
08/26/2003 374/405 2 2 10 2 4 11
10/02/2003 403/405 0 1 0 0 1 0
11/13/2003 390/405 2 1 5 2 2 4
01/19/2004 402/405 1 1 0 1 0 0
03/04/2004 369/405 3 2 13 2 3 12
06/03/2004 357/405 5 2 17 5 4 16
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Table 4.13. The numbers of transitions and transversions for all

SIRV-like sequences detected over time in Rabbit Creek.

Sample Range | Position Ideng;?:sBase Ts Pairs Tv Pairs
Overall 362/405 19 24
July 2002- 1™ 126/135 4 5
June 2004 2 127/135 2 5
34 109/135 13 13

Ts=transitions; Tv=transversions

Comparing SSV-like and SIRV-like population dynamics

Unlike the SSV-like population, we were able to detect SIRV-like sequences at
every sample collected over the two years of this research. We sequenced 688 SIRV-like
coat protein clones (table 4.10) compared to 320 SSV-like clones (208 3F/4R clones and
112 7F/8R clones; table 4.3). It appears that SIRV-like viruses are more permanent
residents in this hot spring. The SSV-like population consisted of three groups of viruses
based on 3F/4R sequences (figure 4.11). The SIRV-like population was much more
diverse than the SSV-like population (figure 4.23). There was one consistency between
the two viral populations; the changes in the diversity of each virus population appeared
to fluctuate. The increased diversity of SIRV-like viruses is not likely a result of the
increased number of sequenced SIRV-like clones. The overall population structures of
the SSV-like viruses in each monitor site were very similar. It is likely if a larger number
of SSV-like clones were sequenced, the same population structure would be evident.

There is no obvious correlation between viral populations and environmental
changes. The changes occurring in the SSV-like populations do not seem to correlate
with an environmental change. Some changes in the SIRV-like population may be

attributed to a change in the environment. In October 2002, two new groups of SIRV-
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like DNA sequences were detected (figure 4.23). The pH had decreased by one unit
between the samples collected in July 2002 and the sample from October 2002 (table
4.10). Perhaps the decrease in pH can be correlated to the formation of a new group of
SIRV-like viral sequences. The SIRV-like population was diverse until a decrease in
diversity occurred in the January 2003 sample (figure 4.23). The pH in October 2002
was measured at 2.8, and the pH in January 2003 was 5.1 (table 4.10). Perhaps this
increase of several units of pH caused the decrease of SIRV-like viral diversity. These
examples illustrate that perhaps some changes are environmentally linked. However,
there are other examples that show changes in the virus population do not relate with
environmental change. Therefore, it is not known whether environmental conditions are

significant enough to change a virus population.

Conclusions

The Rabbit Creek monitor site proved to be a very dynamic thermal area. This
thermal feature was chosen as part of this research for two reasons. The first reason is the
ability to culture Sulfolobus and detect viruses from this particular hot spring, and the
second reason being the age of this site. The other monitor sites chosen in this research
are thought to be younger in comparison. This site was sampled continuously for
approximately two years. During that time, the water chemistry was monitored, the
dominant archaeal population was monitored, and changes in the population structures of

two viruses were continually investigated.
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The water chemistry was characterized by high iron and manganese
concentrations as compared to the other two monitor sites (figures 4.4 and 4.5).
Surprisingly, the water chemistry did not significantly change over the monitoring period.
Most of the observed changes in water chemistry could be contributed to seasonal
fluctuations in water levels affecting the concentration and possibly the precipitation of
metals. The only exception was the sample collected in July 2003 where most of the
metals and nutrients showed a dramatic increase in concentration (table 4.1 and figure
4.3). This appeared to be an isolated incident, as a similar spike did not occur in other
samples. This is an example of how unstable and unpredictable the thermal areas are in
YNP. This monitor site is a vapor-dominated system without visible inflow or outflow
channels. The pH and temperature of this monitor site were not as consistent as the other
two monitor sites (see Chapters 3 and 5). The pH range was measured between 2.8 and
5.1, and the temperature was measured at 64-91°C.

By analyzing the water chemistry at this hot spring, we learned it is a unique
system dominated by high iron and low metals compared to the other two monitor sites.
These results suggest that this is an older geothermal feature compared to Crater Hills
(see Chapter 3) and Ragged Hills (see Chapter 5).

The environmental libraries from this site contained a diverse archaeal population
dominated by Acidianus-like and Vulcanisaeta-like sequences. Most of the full-length
(~1,400bps) and almost full-length (~1,000bps) 16S rDNA sequences showed high
identity to published 16S rDNA sequences (table 4.2). All of the 16S rDNA sequences

matched published 16S rDNA sequences at 86-99% identity (table 4.2). The archaeal
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population detected in environmental libraries from this monitor site was not as diverse
as the Crater Hills monitor site (see Chapter 3), but it was more diverse than the Ragged
Hills monitor site (see Chapter 5).

The 16S rDNA sequences most commonly detected in this hot spring over time
were Acidianus-like and Vulcanisaeta-like sequences. Acidianus species are
chemolithotrophic and S° dependent by oxidation or reduction of S°. Cells grow at
temperatures ranging from 65 to 96°C, with optimal growth occurring around 90°C. The
pH suitable for growth ranges from 1.0 to 5.5, with optimal growth at pH 2 (Segerer et.
al. 1986). Acidianus species are abundant in thermal areas around the world (Segerer et.
al. 1986; Rachel er. al. 2002). As mentioned in Chapter 3, Vulcanisaeta grows optimally
at 85-90°C and pH 4.0-4.5 (Itoh et. al. 2002). Based on the conditions in Rabbit Creek, it
is reasonable to predict these organisms or similar organisms could survive in this
monitor site.

The detected archaeal population was dependant on primer usage and the
sampling date (table 4.2). The host population changed drastically in the 10 months
between each sample date; however, the use of two different primers may contribute to
the difference in populations. The growth and pH ranges for archaeal organisms of
interest are consistent with the temperatures and pHs measured on January 20, 2003 and
October 2, 2003 (table 4.2). However, more 16S rDNA sequences would need to be
analyzed to further characterize the archaeal population. Current research is aiming

towards culturing Vulcanisaeta and Acidianus.
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Based on 16S rDNA sequences from this monitor site, Sulfolobus is not a
dominant organism in this hot spring. In fact, only one of the samples contained clones
resembling Sulfolobus (table 4.2). This clone had 95% identity to the published S.
islandicus 16S rDNA sequence (table 4.2). This was the only sequence detected from
this monitor site that was similar to a Sulfolobus sequence previously detected within
YNP (Whitaker et. al. 2003). Based on results from previous studies, we assumed that
Sulfolobus and Sulfolobus-like organisms would dominate these systems. But like the
Crater Hills monitor site (see Chapter 3), Sulfolobus species do not appear to be the
dominant archaeal organism in the Rabbit Creek monitor site.

The results concerning the host population lead to serious implications concerning
the virus population. While easily detecting Sulfolobus viruses in the environment, we
are unable to detect large numbers of Sulfolobus species based on 16S rDNA sequence.
There are many potential reasons for this apparent anomaly. First, the virus sequences
may be easily detected because they are present in a higher copy number than the
Sulfolobus 16S rDNA gene. Or, perhaps SSVs and SIRVs have a broader host range than
just Sulfolobus. However, we believe the viral sequences we amplified infect Sulfolobus.
Each of the monitor sites consisted of its own unique archaeal population. Regardless,
we were able to amplify both SSVs and SIRVs consistently from each monitor site.
Furthermore, Sulfolobus-like 16S rDNA sequences were the only 16S rDNA sequences
detected in all three monitor sites.

Both virus populations (SSVs and SIRVs) that were continuously monitored were

constantly undergoing change. SSV-like sequences were only detected in seven samples
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using the 3F/4R primer set, and only two samples using the 7F/8R primer set. The fact
that primer set 3F/4R yielded more dependable results is consistent with the results in the
other two monitor sites (see Chapters 3 and 5). A plausible explanation is the detection
limit of the 3F/4R primers was 10,000X greater on purified viral template (0.1pg) than
the detection limit of the 7F/8R primer set (Ing). We can say, with confidence, the SSV-
like sequences are not from host organisms. The sequences have been compared to
numerous organisms that may be found within these environments and there are no
matches detected.

The entire SSV-like population was undetectable from May 2003 to August 2003
(table 4.3), and from March and June 2004 (table 4.3). There is not an obvious
explanation as to why the SSV-like population was undetectable in these samples
especially because SIRV-like sequences were detected in each sample (table 4.10). The
Rabbit Creek monitor site was the most dynamic of the three monitor sites as far as highs
and lows in pH and temperature. Perhaps because of this, the SSV-like viruses could not
establish a permanent, stable population. We do not attribute the absences of SSV-like
sequences to experimental errors. We were able to amplify SIRV-like sequences from
every sample collected from this monitor site. This indicates the source DNA is suitable
for PCR and it was not experimental technique. Perhaps the SSV-like viruses are present
in the environment at a lower abundance that SIRV-like viruses.

As opposed to the SSV-like sequences, the SIRV-like sequences were detected in
every sample collected from this monitor site (table 4.10). The primers designed to

amplify the entire coat protein (405bps and 135aa) of SIRV reliably detected this gene.
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SIRVs have not been shown to integrate into their host cell’s chromosome; instead they
are maintained within the cell as a stable carrier state (Prangishvili ez. al. 1999). Over the
course of this study, there were not any interrupted ORFs detected among the SIRV-like
coat protein sequences obtained from this hot spring. This helps to support our claim that
the interrupted SSV-like ORFs may be from integrated copies of the virus (as discussed
above), instead of sequencing or PCR errors. If the interrupted SSV-like ORFs were a
result of PCR or sequencing errors, we would expect to see the same errors occurring in
the SIRV-like sequences.

The SIRV-like population was consistently detected from this monitor site (table
4.10). The diversity in the SIRV-like population is detected immediately in the first two
samples (figure 4.23). The third sampling point reveals a decrease in the diversity of
SIRVs from numerous groups to only one (figure 4.23). The next sample reveals an
explosion of diversity in the SIRV-like population (figure 4.23). This diversity is
maintained through the next two samples (figures 4.23); the diversity is reduced to a
single group in the sixth sample from this monitor site (figure 4.23). The diversity
decreases in the seventh sample (figure 4.23). The next samples fluctuate between
numerous groups of SIRV-like viruses and one group of viruses (figure 4.23).

There were numerous groups of SIRV-like viruses detected over time within this
monitor site. The SIRV-like viruses were composed of four distinct groups based on
protein sequences (figure 4.24). There is one large group of SIRV-like viruses (colored
purple in figure 4.27) and numerous smaller groups (colored pink, red, and green in

figure 4.27).
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In conclusion, we discovered the viral populations within this hot spring are

dynamic and diverse. The SSV-like population was only detected sporadically through
January 2004. The SSV-like population changed and showed diversity within the
samples that contained SSV-like sequences. The SIRV-like population was detected in
all of the samples and was shown to be very diverse. Even though there may be
questions concerning the hosts of these viruses in nature, we were able to show the viral
populations do change over time. It will be interesting to determine how the virus

populations change in the youngest of our study sites, Ragged Hills.
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CHAPTER 5

RAGGED HILLS MONITOR SITE: VIRUS DYNAMICS, HOST
POPULATIONS, AND WATER CHEMISTRY

Introduction

A thermal acidic feature within the Ragged Hills area was selected as a monitor
site. The reasons for selecting this particular site included the following: the monitor site
is a new thermal feature, it is both thermal and acidic, the site is large and easy to access
year round, and we are successful in culturing Sulfolobus and its viruses from this hot
spring. Over the course of two years, we monitored an acidic hot spring within the
Ragged Hills thermal area in Yellowstone National Park (YNP) for changes in the viral
and host populations, and water chemistry. The goal of this research is to determine if
there are significant changes in viral population structures over time. The hypothesis we
are testing is whether there is a correlation between virus changes and observed changes
in the host populations and water chemistry of an individual thermal feature.

The Ragged Hills area is one of the most geothermally active areas within YNP.

The Ragged Hills area is a new geothermal feature that developed in June 1999.
Because its relative young age, examination of this site affords a unique opportunity to
examine viral population dynamics in a new thermal feature as compared to older thermal
sites (see Chapters 3 and 4).

SSV-like and SIRV-like viruses were chosen to monitor during this study. These

viruses were selected because (i) in an initial screening, both SSV-like and SIRV-like
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virus particles were commonly observed in primary enrichment cultures established from
this region, (ii) Sulfolobus species could be routinely cultured, and (iii) genomic sequence
data was available for each virus type from a diversity of geographically distributed
thermal features worldwide (Wiedenheft er. al. 2004; Peng et. al. 2001; Prangishvili et.

al. 1999; M. Young lab, unpublished).

Materials and Methods

Site location
The monitor site is located across the northwest ridge of a small saddle

connecting the Ragged Hills area of Norris Geyser Basin to another small hill to the north

(44° 43.653'N and 110° 42.862'W).

pH and temperature monitoring

The temperature of the Ragged Hills monitor site was continuously monitored
with a data logger. The data logger recorded the measured temperature approximately
every 20 minutes. The pH of the monitor site was measured each time a sample was

collected.

Sample collection and water chemistry

Hot spring water samples were collected extracted as previously described (see
Chapter 3). The water chemistry samples were collected and analyzed as previously

described (see Chapter 3).
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Total nucleic acid extraction
from environmental samples

Total nucleic acid from the Ragged Hills monitor site was extracted using the
UltraClean™ Water DNA Extraction Kit (Mo-Bio, Solana Beach, CA) per the
manufacturer’s protocol (for a brief outline, see Chapter 3). The integrity and yield of the

extracted DNA was estimated by display on agarose gels.

Primer design and PCR for viruses

SSV-like sequences were PCR amplified from total environmental nucleic acid
extracts. Two “universal” primer sets were chosen to amplify different regions of SSVs
(figures 3.1 and 3.2). The primer set termed UnvSSV#3F and UnvSSV#4R amplifies
~250-260 base pairs (bps) in the largest open reading frame (ORF) of each sequenced
isolate (figure 3.1 and table 3.1). The primer set termed UnvSSV#7F and UnvSSV#8R
amplifies the coat proteins of SSVs (figure 3.2). The amplicon ranges in size from 682
bps to 1,069 bps (table 3.1) depending on the presence of the VP2 gene. The PCR
protocol utilized a standard reaction mixture of S0uL containing 1pg-10ng total
environmental nucleic acid. The reaction conditions were described previously (see
Chapter 3). PCR products were analyzed by agarose gel electrophoresis.

SIRV-like sequences were also amplified from the total nucleic acids extracted
from the environment. Using the DBPF/R primer set (figure 3.4), the PCR reaction and
cycling conditions were previously described (see Chapter 3). PCR products were

analyzed by agarose gel electrophoresis.
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Archaeal 16S rDNA primers and PCR

16S rDNA gene sequence analysis was used to determine the identity of the
potential archaeal host populations in the Ragged Hills monitor site. Two primer sets
(20F/UA1406R and 348Fa/UA1406R) (Baker et. al. 2003) were chosen to amplify the
16S rDNA gene from the total nucleic acid extracted. The forward primers (20F and
348Fa) are archaeal specific and the reverse primer (UA1406R) is universal. The
reaction parameters were identical to the PCR conditions previously mentioned (see
Chapter 3). The primer set 20F/UA1406R should yield a product of 1,400 bps, with
348Fa/UA1406R primer set yielding a 1,000 bps product. The amplicons were analyzed

by agarose gel electrophoresis.

Cloning PCR products

Viral and 16S rDNA PCR products were cloned via TOPO-TA cloning into the
pCR2.1 vector using the standard protocol (Invitrogen, Carlsbad, CA) as previously
described (see Chapter 3). The transformation of the plasmids and plasmid purification

was previously described (see Chapter 3).

DNA sequencing

An additional screening of the plasmid preps was done as previously described
(see Chapter 3). The sequencing reaction and conditions were identical to previously

described methods (see Chapter 3).
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Sequence and phylogenetic analysis

Viral sequences. Environmental SSV-like and SIRV-like sequences were edited,

and aligned as previously described (see Chapter 3). The sequences were exported to
ClustalX (Thompson et. al. 1997) for an alignment, and a maximum parsimony analysis
was conducted using PAUP 4.0b10 (Swofford 2002) as previously described (see Chapter
3). A maximum likelihood analysis was conducted using MrBayes version 3.0
(Huelsenbeck and Ronquist 2001) as previously described (see Chapter 3).

Viral DNA sequences were translated, aligned, and a maximum parsimony
analysis conducted as previously described (see Chapter 3). The environmental SSV-like
3F/4R protein sequences were 85 to 87 amino acids from the largest ORF in the SSV's
(812 total amino acids predicted in the SSV-RH ORF). When the SSV-like DNA
sequences were translated to protein, some sequences resulted in a truncated protein
sequence. The translated DNA sequences that resulted in an interrupted ORF (those with
stop codons throughout) are termed non-functional ORFs. DNA sequences that resulted
in un-interrupted ORFs (no stop codons) are termed functional ORFs. The distinction
between functional and non-functional ORFs was used to determine which viral
sequences might have come from integrated copies of the virus. Interrupted SSV-like
ORFs were not used in the protein analysis, unless otherwise noted. The environmental
SIRV-like coat protein sequences were 135 amino acids. The molecular evolutionary
analyses (rates of transitions and transversions) for both viruses were conducted using

MEGA version 3 (Kumar et. al. 2004).
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Phylogenetic trees were constructed sequentially in order to compare the new
viral sequences to previously detected viral sequences. In all of the phylogenetic trees,
sequences from the sample being discussed will be presented in red, sequences from
previous samples will be presented in black, and the sequences from the completely
sequenced isolates (SSV1, SSV2, SSV-RH, and SSV-K1 for 3F/4R and 7F/8R primer
sets; SIRV1 and SIRV2 for the DBPF/R primer set) will be represented by blue. The
black sequences are only presented as a reference to make it visually easier to determine
how or if the viral population has changed since the last sample was collected. A virus
group/clade will be defined as a group of monophyletic viral sequences supported by
high bootstrap and Bayesian clade credibility values.

In the DNA analysis, numbers next to principle branches show bootstrap support
>50% using maximum parsimony and Bayesian clade credibilities using maximum
likelihood. In the protein analysis, the number at the principle branches show bootstrap

support >50% using maximum parsimony.

Archaeal host sequences. 16S rDNA sequences were similarly edited to remove
vector sequence. The environmental sequences were compared to published 16S rDNA
sequences (http://www.ncbi.nlm.nih.gov/BLAST/). Environmental sequences were

analyzed as previously described (see Chapter 3).



203

Results

Temperature, pH, and water
chemistry in the Rageed Hills monitor site

We sampled the Ragged Hills monitor site fifteen times from October 2002
through June 2004. During this time, the monitor site ranged in temperature from 57 to
78°C and the pH ranged from 2.6 to 3.7 (figure 5.1). In general, this monitor site has
been cooling off during this study. The water chemistry of this monitor was unique in
comparison to the other monitor sites, but stable over time. Most of the chemical
changes occurring in this monitor site can be attributed to seasonal fluctuations. This
monitor site is the youngest of the three study sites, and that is apparent in the water

chemistry.

Figure 5.1. Temperature and pH over time from Ragged Hills monitor site (left)
and a picture of the monitor site (right). The sample numbers correspond to the
sampling dates in table 5.1.
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Water chemistry analysis started February 17, 2003 and continued through June 3,
2004 for a total of 12 samples (table 5.1). Of the metals tested, several were not detected

(or detected sporadically at very low levels) (barium, calcium, copper, lead, magnesium,
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mercury, nickel, and selenium) (table 5.1). This monitor site is a chloride-sulfate
dominated system and we observed the chloride levels remained high (569-668mg/L)
during this research (figure 5.2a) with the average chloride concentration at 61 1mg/L.
The average sulfate concentration was 135mg/L with a range of 109-187mg/L (figure
5.2a). The dissolved organic carbon (DOC) concentration varied from 0.3-4.9mg/L with

an average concentration of 2.5mg/L (table 5.1).

Table 5.1. Water chemistry values measured at the Ragged Hills monitor site
from February 2003 through June 2004.

sammle 1 2 3 4 5 6 7 8 9 10 11 12
numbers

Sample dates  02/03 04/03 05/03 05/03 06/03 07/03 08/03 10/03 11/03 01/04 04/04 06/04
Chloride 595 601 630 622 569 583 604 631 623 617 668 588

Sulfate 136 127 116 136 136 187 141 161 136 118 109 122
DOC 0.7 1.1 1.3 2.7 4.7 4.2 3.9 2.5 4.9 33 0.3 0.5
Ammonia 0.6 0.7 0.9 0.8 0.7 0.9 1.1 1 0.9 0.9 0.9 0.8
Nitrogen 0 0 0 0 0 0 0.08 0 0 0 0 0

Phosphorus 0.2 0.14 012 016 013 021 007 022 037 046 0.15 0.2
Aluminum 2.1 1.5 2.1 1.5 1.3 2.8 2.3 1.5 1.7 2 24 1.9
Antimony 0.19 0.12 011 012 009 015 014 0.12 0.13 0.116 0.112 0.106

Arsenic 195 131 0.871 0.904 0.638 2.09 0899 0899 0.615 0.712 0.857 0.464

Barium 0 0 0 0 0 0 0 0 0 0 0 0
Boron 8.1 6.3 72 8 8 8.2 8.5 83 7.5 8 8.5 8.7
Cadmium 0 0 0 0 0 0 0.001 0 0 0 0 0
Calcium 6 5 5 6 6 6 6 6 6 6 6 6
Copper 0 0 0 0 0 0 0 0 0 0.01 0 0
Iron 386 299 234 1.87 149 812 254 138 234 1.6 2.21 1.52
Lead 0 0 0 0 0.01 0 0 0 0 0 0 0
Magnesium 0 0 0 0 0 0 0 0 0 0 0 0
Manganese 0.04 003 003 005 0.03 004 003 003 003 005 0.04 0.04
Mercury 0 0 0 0 0 0 0 0 0 0 0 0
Molybdenum 0.332 0.184 0.141 0.14 0.144 0.297 0.241 0.175 0.18 0.131 0.145 0.112
Nickel 0 0 0 0 0 0 0 0 0 0 0 0
Potassium 53 52 58 63 60 62 58 61 59 61 63 59
Selenium 0 0 0 0 0 0 0 0 0 0 0 0
Silicon 184 174 164 415 185 186 192 183 180 189 181 149
Sodium 350 312 294 338 310 316 328 367 305 306 330 355
Zinc 0.03 001 0.03 0.04 0.1 0.08 0.03 0 0.03 0.12 0.03 0.01

*Sample numbers correlate with numbers on corresponding graphs.
*Chemical species measured in mg/L.
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The nutrients assayed were ammonia, nitrogen, and phosphorus (table 5.1).
Ammonia levels remained steady throughout the study with an average ammonia
concentration of 0.85mg/L over a range 0.6-1.1mg/L (figure 5.2b). Nitrogen, expressed
as nitrate and nitrite, was detected once at a low level of 0.08mg/L (table 5.1).
Phosphorus concentrations at this monitor site were consistently lower in comparison to
the other two sites (figure 5.2b) with the average phosphorus concentration of 0.20mg/L.
Figure 5.2. Select water chemistry values detected in Ragged Hills monitor site over

time. The sample numbers correspond to the sampling dates listed in table 5.1. All
values are measured in mg/L.
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The metals detected consistently over time were aluminum, antimony, arsenic,
boron, iron, manganese, molybdenum, potassium, silicon, sodium, and zinc (table 5.1).
Many of these metals were in the highest concentration as compared to the other monitor
sites. The highest concentrations of arsenic were detected, ranging from 0.46-2.1mg/L
(figure 5.2c) with an average of 1.0mg/L. Boron and calcium were detected at the
highest levels (table 5.1). Boron was constant in this hot spring with an average
concentration of 7.9mg/L and a range between 6.3-8.7mg/L (figure 5.2d). The calcium
concentrations were very constant (6bmg/L) with the exception of the April 2003 and May
6, 2003 samples where the calcium dropped by Img/L (figure 5.2d).

Silicon remained constant (figure 5.2e) with the exclusion of the May 13, 2003
sample. The silicon concentrations ranged from 149 to 415mg/L, with an average of
198.5mg/L. Sodium was also consistently detected (figure 5.2¢) ranging from 294-
367mg/L.

The average aluminum concentration was 1.9mg/L. with a range of 1.3-2.8mg/L.
(figure 5.2c). This was the only monitor site in which antimony and molybdenum were
detected (table 5.1). The antimony levels ranged from 0.10-0.19mg/L with an average of
0.12mg/L (figure 5.2¢), and molybdenum ranged from 0.13-0.33mg/L with an average of
0.18mg/L (table 5.1). Iron in Ragged Hills was maintained at fairly low levels except for
the July 2003 sample (figure 5.2d). In July 2003, the iron concentrations approach the
concentrations detected in the Rabbit Creek monitor site (see Chapter 4); however, the

increased iron is only detected in July 2003 (figure 5.2d).
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Similar to manganese detected in Crater Hills and Rabbit Creek, manganese was
consistently detected in the samples albeit very low concentrations (table 5.1).

Potassium was constantly detected at much higher levels than the other two monitor sites
(figure 5.2e), ranging in concentration from 52 to 63mg/L with an average potassium
concentration of 59mg/L. The last metal assayed was zinc, and it was consistently
detected at levels of 0-0.1mg/L (table 5.1).

In general, the chemistry of this monitor site was distinct from the chemistry of
the Crater Hills (see Chapter 3) and Rabbit Creek (see Chapter 4) monitor sites.
Surprisingly, the water chemistry did not significantly change over time. Similar to the
other monitor sites, this site is a vapor-dominated system without any visible outflow
channels. This site is dominated by high chloride concentrations (figure 5.3 and high
arsenic concentrations (figure 5.3). This site was characterized by the lowest observed
temperature values of the three monitor sites throughout the sampling time (57-78°C).
Measured pH values were 2.8-3.7 (figure 5.1). The results from the water chemistry
analysis reveals, that indeed, this is a young geothermal site. An overview of the average

water chemistry values over time is illustrated in figure 5.4.

Figure 5.3. The chloride and arsenic levels in the three monitor sites over time.
The sample number corresponds to the sampling date in table 5.1.
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Figure 5.4. The average water chemistry values measured over time in
the Ragged Hills monitor site. A. Average of all the chemical species
measured. B. Average values of the metals detected in the Ragged Hills

monitor site. All values are mg/L.
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Archaeal population in the Ragged Hills monitor site

The archaeal host population was estimated by 16S rDNA sequence analysis.
Seven of fifteen samples were used to determine the dominant archaeal host population
over time. Only the 20F/UA1406R primer set was successful on samples collected from
this monitor site. The 348Fa/UA1406R primer set was attempted numerous times
without success. An overview of the dominant archaeal populations detected in this

research over time is presented in figure 5.5.

Figure 5.5. The archaeal population in Ragged Hills over time. The numbers
indicate how many 16S rDNA clones belong to each clade. Only selected
samples were used in the archaeal host analysis, therefore, the absence of
sequences on some sampling dates does not reflect the absence of the sequences
in the environment.
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The first sample was collected on November 5, 2002. Twenty-eight full-length
16S rDNA clones were obtained and compared to 16S rDNA genes in the public

database. Surprisingly, no Sulfolobus-like 16S rDNA sequences were detected (figure
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5.6). Rather, 25 out of 28 sequences (89%) most closely matched Stygiolobus azoricus
(accession number X90480) at 95-99% identity (figure 5.6 and table 5.2). These
sequences belonged to clades A and B (figure 5.7). Thirteen of the environmental clones
were =98% identical to the published S. azoricus 16S rDNA sequence (clade A in figure
5.7). Two of the remaining clones matched Metallosphaera sedula (accession number
X90481) with 94% and 95% identity (clade D in figure 5.7) (table 5.2). The last clone
(clade C in figure 5.7) most closely matched Thermocladium modestius (accession
number AB005296) at 96% identity (table 5.2). These lower percentage matches are
indicative of archaeal species that are similar to these named species, but clearly distantly

related.

Figure 5.6. The archaeal population present in Ragged Hills at specific times
based on 16S rDNA sequences.
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The next sample used for host analysis was collected on April 24, 2003, and 42

16S rDNA clones were sequenced. The host population at this time was similar to that

observed in November 2002 (figure 5.6). One hundred percent of the sequenced

environmental clones (42/42) most closely matched Stygiolobus azoricus (figure 5.6).

Thirty-seven of the environmental clones (clade A in figure 5.7) were =98% identical to

the published S. azoricus 16S rDNA sequence (table 5.2).

Table 5.2. The percent identities of environmental 16S rDNA clones from the Ragged
Hills monitor site to published 16S rDNA sequences in the public database.

Sag;)tl;ng Clones | Stygiolobus | Thermocladium | Metallosphaera | Sulfolobus
11/5/02 28 25 (95-99%) 1 (96%) 2 (94-95%) ND
4/24/03 42 42 (95-99%) ND ND ND
5/13/03 33 31 96-99%) ND 2 (94-97%) ND
10/2/03 51 51 (97-99%) ND ND ND
11/13/03 34 32 (98-99%) 1 (97%) ND 1 (98%)
1/19/04 47 43 (95-99%) ND 2 (96%) 2 (98%)
4/15/04 45 45 (95-99%) ND ND ND

*ND=Not Detected

For the sample collected on May 13, 2003, 33 clones were sequenced from this

sample, and once again, Stygiolobus-like sequences dominated the population (clades A

and B in figure 5.7). Ninety-three percent of the clones in this environmental library

(31/33) were most similar to Stygiolobus at high percentages (96-99% identity) (figure

5.6 and table 5.2). Twenty-five clones from this sample were 98-99% identical to the

published S. azoricus 16S rDNA sequence (table 5.2). The other organism (clade D in

figure 5.7) detected in this sample was Metallosphaera sedula (2/33) at 94% and 97%

identity (table 5.2).
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Figure 5.7. The 16S rDNA sequences obtained from the Ragged Hills monitor site over
time. The clades and colors correspond to figure 5.6.
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On October 2, 2003, all of the environmental clones (clade A in figure 5.7) most
closely resembled Stygiolobus at 97-99% identity (figure 5.6 and table 5.2). All, but two
clones, showed 98-99% identity to the published S. azoricus 16S rDNA sequence. On
November 13, 2003, 34 16S rDNA clones were obtained. Most of the sequences most
closely matched Stygiolobus (32/34) with identities ranging from 98-99% (clades A and
B in figure 5.7 and table 5.2). The other two sequences most closely matched
Thermocladium modestius (97% identity) and Sulfolobus solfataricus (accession number
X03235) (98% identity) (clades B and C in figure 5.7 and table 5.2), which is the first
time that a Sulfolobus-like sequence has been detected from this monitor site during this
research.

Stygiolobus-like organisms dominated the 47 full-length 16S rDNA clones
collected on January 19, 2004 (figure 5.6). Ninety-one percent (43/47) of the clones
matched Stygiolobus azoricus with 95-99% identity (clades A and B in figure 5.7 and
table 5.2). Forty-one clones from this sample were 98-99% identical to the published S.
azoricus 16S rDNA sequence. Of the remaining clones, two most closely matched
Metallosphaeara sedula with 96% identity (clade D in figure 5.7), and the other two
clones matched Sulfolobus solfataricus (98% identity) (clade A in figure 5.7 and table
5.2). For only the second time, S. solfataricus-like sequences were detected.

The last sample from Ragged Hills used for 16S rDNA analysis was collected on
April 15, 2004. Forty-five 16S rDNA sequences were cloned from this sample and all of

these clones most closely matched Stygiolobus azoricus (figure 5.6). Forty-two clones
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from this sample were more than 98% identical to the published S. azoricus 16S rDNA
sequence (clades A and B in figure 5.7 and table 5.2).

We detected an obvious primer bias from this monitor site. Surprisingly, the
348Fa/UA1406R primer set never resulted in the amplification of 16S rDNA sequences
from Ragged Hills. This is especially perplexing because based on the published S.
azoricus 16S rDNA sequence, the 348Fa primer matches better than the 20F primer (table
3.14). In spite of this, all of the S. azoricus-like 16S rDNA sequences from this site were
amplified using the 20F/UA1406R primer set.

Overall, the archaeal population within the Ragged Hills monitor site was the
least diverse of the three study sites (see Chapters 3 and 4). The clone libraries from this
site were dominated by Stygiolobus and Stygiolobus-like 16S rDNA sequences (figure
5.6). In fact, a Sulfolobus 16S rDNA sequence was not detected from this monitor site
until October 2003. Based on the 16S rDNA gene analysis, Sulfolobus-like sequences

are not present in high numbers within this monitor site.

Population dynamics of viruses in the Ragged Hills monitor site

SSV-like population dynamics in the Ragged Hills monitor site. Total DNA was

extracted from water as described previously. Universal SSV primer sets 3F/4R and

7F/8R were used to measure the total diversity of SSVs in this monitor site. The SSV
3F/4R primer set was successful in six samples out of 15 total collected samples (table
5.3), and the 7F/8R primer set only amplified sequences from two samples (table 5.3).

An overview of SSV-like 3F/4R phylogenetic results is provided in figures 5.8 and 5.9.
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Figure 5.8. The different groups of SSV-like viruses detected in the Ragged
Hills monitor site over time based on DNA sequences. Only functional
SSV-like ORFs were included in the analysis. The colors of the groups
correspond to figure 5.12. The empty sampling dates represent the inability

to amplify SSV-like 3F/4R sequences from the environment.
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Figure 5.9. The different groups of SSV-like viruses detected in the Ragged
Hills monitor site over time based on protein sequences. The colors of the
groups correspond to figure 5.13. The empty sampling dates represent the
inability to amplify SSV-like 3F/4R sequences from the environment.
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The first sample was collected on October 17, 2002 and 76 cloned SSV-like
sequences were amplified with the 3F/4R primer set (table 5.3). As shown in figure
5.10a, there appears to be one dominant population of SSV-like sequences with a couple
of outliers. It is interesting to note the similarity between some of the environmental
sequences to the four sequenced isolates (figure 5.10a; sequenced isolates in blue). SSV-
K1 is closely related to two environmental sequences, SSV1 is also closely related to two
environmental sequences, and SSV2 and SSV-RH are not closely related to any
environmental sequences from October 2002 (figure 5.10a). It is interesting that SSV-
RH is not more closely related to the SSV-like environmental sequences because it was
isolated from the same geothermal area within YNP (Wiedenheft 2004). The SSV-like

3F/4R sequences from this sample belong in clades A, B, and C (figure 5.12).

Table 5.3. Number of SSV-like clones sequenced from the Ragged Hills
monitor site and how many unique DNA sequences in each library.

Number Number

Collection H Temp of Unique of Unique
Date p (&) Clones Sequences Clones Sequences
3F/4R 7F/8R

RH Oct 17,2002 3.7 72 76 24 56 12
Plaza Nov 5,2002 2.7 70 54 27 57 33
RGMS Feb 17,2003 3.2 68 64 44 0 0
RHMS1 Apr 24, 2003 3.1 72 43 21 0 0
RHMS?2 May 6,2003 2.8 70 39 18 0 0
RHMS3  May 13,2003 3.1 66 0 0 0 0
RHMS4  June 19,2003 2.9 72 0 0 0 0
RHMS5  July 14,2003 3.1 72 0 0 0 0
RHMS6 Aug 4, 2003 2.6 78 0 0 0 0
RHMS7 Aug 26,2003 3.3 74 0 0 0 0
RHMSS Oct 2, 2003 2.8 74 0 0 0 0
RHMSY9  Nov 13,2003 3.5 65 9 7 0 0
RHMSI10  Jan 19,2004 2.7 64 0 0 0 0
RHMSII  Apr15,2004 3.5 57 0 0 0 0
RHMS12 June 3, 2004 3.2 69 0 0 0 0
Total Number of Clones Sequenced 285 109 113 48
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From October 2002, there are 14 inferred functional protein sequences and five
sequences that resulted in non-functional ORFs (table 5.4). The functional protein
sequences form one group with the exception of three outliers, which are more similar to
one of the completely sequenced isolates (figure 5.10b). The non-functional ORFs in this
sample are not obvious in the phylogenetic tree and are similar to the un-interrupted
ORFs (figure 5.10a; the ® represents the non-functional ORFs). Upon closer
investigation, four of the five interrupted ORFs have one stop codon. The first sequence
contains an insertion of guanidine (G) at position 214, which results in a premature stop
codon. Three sequences contain a transition or transversion that results in a stop codon,
but the frame of the sequence is maintained. The fifth interrupted ORF contains two stop
codons due to the deletion of a guanidine (G) at position 174, which results in a

frameshift.

Table 5.4. The comparison of SSV-like 3F/4R functional and non-functional
protein sequences detected from the Ragged Hills monitor site.

. Functional Non-Functional
Sample Date S LTI DS Protein Protein
Name Sequences
Sequences Sequences

October 17, 2002 RH 24 14 5
November 5, 2002 Plaza 27 18 3
February 17, 2003 RGMS 44 37 0
April 24,2003 RHMSI1 21 12 1
May 6, 2003 RHMS2 18 8 5
November 13, 2003 RHMS9 7 4 2

TOTAL 109 87 16

Fifty-six SSV-like coat protein (primer set 7F/8R) environmental clones were also
obtained from this sample (table 5.3). The coat protein sequences of the SSV-like viruses

show different results compared to the 3F/4R primer set (figure 5.11a). In the coat
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protein (7F/8R) analysis, SSV1 and SSV-K1 are not closely related to environmental
sequences (figure 5.11). Instead, the sequenced SSV isolate from Ragged Hills (SSV-
RH) is most closely related to a smaller group of environmental sequences, and SSV2
shows similarity to one sequence from Ragged Hills (figure 5.11). This result is

consistent with previous results from comparing the four sequenced isolates (Wiedenheft

et. al. 2004).

Figure 5.10. SSV-like 3F/4R sequences collected from Ragged Hills in October
2002. The numbers in parentheses represents the number of times the sequence was
detected. The ® represents DNA sequences that are translated to non-functional
ORFs. (A) DNA sequences, and (B) inferred protein sequences.
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The SSV-like 7F/8R inferred protein sequences from October 2002 reveal that
three of the sequenced isolates (SSV2, SSV-RH, and SSV1) are distinct from the YNP
sequences (figure 5.11b). The environmental SSV-like coat protein sequences form two
major groups based on amino acid sequence (figure 5.11b). Interestingly, the smaller
group is comprised of SSV-like sequences that contain three coat proteins (indicated by
orange in figure 5.11b). It was unexpected that SSV1 did not group with these
sequences, but on closer inspection, the YNP sequences are quite distinct from the
Japanese isolate. These seven SSV-like coat protein sequences were the only sequences
detected throughout this research (from all three monitor sites) that contained three coat
proteins.

The second sample was collected on November 5, 2002, and 59 SSV-like
environmental 3F/4R sequences (table 5.3) were compared to the SSV-like sequences
from October 2002. The sequences from this sample belong to SSV-like 3F/4R clades A,
D, and E (figure 5.12). There are two smaller groups of environmental SSV-like
sequences detected in November 2002 that were not detected in October 2002 (clades D
and E in figure 5.12). The inferred protein analysis resulted in a similar tree topology
when comparing the October and November 2002 sequences. Most of the sequences
from November 2002 are related to the October 2002 sequences (blue group in figure
5.13). However, there were two protein sequences that were outliers of the large group
(figure 5.13). There was one protein sequence detected in this sample that was identical
to a protein sequence from October 2002 (figure 5.13; identical sequence represented by

*). The translated sequences from this sample resulted in 18 functional ORFs and three
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non-functional ORFs (table 5.4). Two of the non-functional ORFs are somewhat obvious
in the phylogenetic analysis; however, they resemble a group of functional sequences
(see Appendix C, figure 5.25). These two sequences contain numerous stop codons. The
remaining non-functional sequence groups with many functional sequences. Upon closer
inspection of the sequence, three stop codons occurred in the beginning of the sequence,

but the frame was maintained.

Figure 5.11. SSV-like coat protein (7F/8R) sequences collected from Ragged Hills
in October 2002. The orange represents sequences composed of three coat proteins.
The number in parentheses represents the number of times the sequence was
detected. (A) DNA sequences, and (B) Inferred protein sequences.
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Fifty-seven SSV-like coat protein clones (7F/8R) were also sequenced from the
November 2002 sample. Most of the coat protein sequences (7F/8R) from November
2002 are similar to October 2002 sequences (figure 5.14); however, there is the formation
of two new groups. The inferred protein analysis reveals the November 2002 protein
sequences are similar to the October 2002 sequences (figure 5.15). None of the coat
proteins from this sample consisted of three coat proteins.

The third sample was collected on February 17, 2003, and 73 SSV-like 3F/4R
clones were sequenced (table 5.3). The SSV-like sequences from this sample belong to
clades A, E, and F (figure 5.12). We no longer detect the minor group of SSVs that was
detected in November 2002 (clade D in figure 5.12). However, we detect a new group of
SSV-like 3F/4R sequences (clade F in figure 5.12). The DNA sequences resulted in 37
functional ORFs and no non-functional ORFs (table 5.4). Most of the inferred protein
sequences from this sample belong in the largest group of viruses (represented by blue
figure 5.13). However, this sample contained one protein sequence that was most closely
related to SSV1 (represented by green in figure 5.13). More protein sequences that are
identical to each other were detected in this sample (represented by * in figure 5.13). The
SSV-like viral coat proteins were not detected in this sample or any of the future samples
collected from this monitor site (table 5.3).

There is continued change in the SSV-like population with the next sample. The
fourth sample collected in April 2003 yielded 43 SSV-like 3F/4R clones (table 5.3).
When the sequences from this sample were compared to SSV-like sequences previously

detected, two groups that are distinctly different are present (clades B and C in figure
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5.12). The largest group of viruses detected from this monitor site (clade A) was not
detected in this sample. The protein-based analysis indicates these sequences are highly
related to protein sequences from previous samples (groups represented by purple and
green in figure 5.13). There are two groups of protein sequences; the larger group is
closely related to SSV-K1 (purple in figure 5.13), and the other group is more closely
related to SSV1 (green in figure 5.13).

This sample contained inferred protein sequences that were identical to sequences
previously detected from this monitor site (figure 5.13; the * represents identical protein
sequences). When the DNA sequences from this sample were translated, 12 functional
protein sequences and one non-functional protein sequence resulted (table 5.4). When
looking at the DNA-based phylogenetic analysis, it is not obvious what sequence
represents the non-functional ORF (see Appendix C, figure 5.29). The non-functional
OREF contains a second position transversion at nucleotide 167, which results in a serine
(TCA) being changed to a stop codon (TAA).

The diversity of SSV-like 3F/4R sequences decreases with the 39 clones collected
on May 6, 2003 (table 5.3). The sequences from May 2003 belong in previously
established groups (clades B and C in figure 5.12). This sample contained eight inferred
functional protein sequences and five sequences that resulted in non-functional ORFs
(table 5.4). The functional protein sequences from this sample belong in the previously
established groups in this monitor site (represented by purple and green in figure 5.13).
Most of the protein sequences from this sample are identical to a sequence that has been

detected in previous samples (figure 5.13; the identical sequences are represented by *).
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Figure 5.12. SSV-like 3F/4R DNA sequences from Ragged Hills with
new group colors. Colors correspond to figure 5.8. Inset: An unrooted

phylogram of SSV-like sequences from Ragged Hills.
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Figure 5.13. SSV-like 3F/4R protein sequences from Ragged Hills. The
The * represents identical sequences.
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The DNA sequences resulting in non-functional ORFs are similar to functioning
ORFs from this sample (see Appendix C, figure 5.31). Two sequences contain a change
from a tyrosine (TAT) to a stop codon (TAA) at nucleotide position 252. The three
remaining sequences all contain one base change that results in a stop codon.

Six more samples were collected during the time period from May
2003 —October 2003, but no SSV-like 3F/4R sequences were detected from these
samples (table 5.3). These samples were extensively analyzed. We believe the lack of
detected SSV-like sequences is not likely a technical issue because (i) there were
numerous attempts to amplify SSV-like sequences (typically =20 PCR reactions), (ii) the
controls used in PCR amplifications indicated our primers were very sensitive (see
Chapter 3), and (iii) we were able to amplify 16S rDNA and SIRV-like sequences from
the same extracted environmental nucleic acid. We believe the lack of SSV-like
sequences is due to the fact these viruses were present in very low abundance in the
environment during this time (<0.1pg/PCR reaction).

The next sample that SSV-like sequences were collected was on November 13,
2003, but only nine SSV-like 3F/4R clones were sequenced (table 5.3). When these nine
SSV-like sequences were compared to sequences from previous samples, they were
similar to sequences that had been previously identified (clades A and B in figure 5.12).
However, in comparison with the sample collected on May 6, 2003, the large SSV-like
group (clade A) is detected again (figure 5.12). There were only four functional protein
sequences and two non-functional protein sequences in this sample (table 5.4). The

functional protein sequences detected from this sample belonged to two previously
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established groups (represented by blue and purple in figure 5.13). One of the non-
functional protein sequences contains a single base change in a glycine (GGT) at amino
acid seven resulting in a stop codon (TGA), and the other non-functional sequence

contained four stop codons (see Appendix C, figure 5.33).

Figure 5.14. SSV-like 7F/8R DNA sequences from Ragged
Hills. The different colors represent the three major groups of
virus detected over time. The number in parentheses indicates
how many times that particular sequence was detected.
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Figure 5.15. SSV-like 7F/8R protein sequences from Ragged Hills. The
green represents the sequences collected in October 2002, and the purple
represents the sequences collected in November 2002.
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Three more samples were collected from the Ragged Hills monitor site (January
2004-June 2004), however, there were not any SSV-like sequences detected from these
samples (table 5.3). However, as mentioned above, we do not contribute this absence to
an experimental or technical problem. It is most probable the SSV-like viruses were in
low abundance during this time period (<0.1pg/PCR reaction).

In summary, fifteen samples were collected from this monitor site over the course
of two years of this research (October 2002 —June 2004). Based on the SSV-like 3F/4R
sequences, there were three major and two minor groups of SSV-like 3F/4R DNA
sequences during the course of sampling this monitor site (figure 5.12). Surprisingly,
each of the dominant groups is more closely related to a completely sequenced SSV
isolate than they are to each other (figure 5.12).

It is more difficult to conclude how many viral groups were present over time
using the SSV-like coat protein analysis (7F/8R). The SSV-like coat proteins were only
detected twice in the early samples collected from this monitor site (table 5.3). However,
we can estimate there were approximately three major groups of SSV-like viruses based
on coat protein DNA sequences (figure 5.14). The three groups contain SSV-like coat
protein sequences from both samples (October and November 2002) (figure 5.14). The
four sequenced isolates all belong to one group of SSV-like coat proteins from this
monitor site (figure 5.14). The complete phylogenetic analysis of SSV-like sequences
included analysis of sequences after collection of every sample. For a step-by-step view

of the changes in the SSV-like population over time, see Appendix C.
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It is interesting to compare the phylogenetic positioning of functional and non-
functional SSV-like 3F/4R DNA sequences (figure 5.16). This DNA-based analysis was
performed including the non-functional SSV-like sequences (figure 5.16). Some of the
non-functional ORFs were obvious in the phylogenetic analysis lying outside of
functional virus groups. However, some non-functional ORFs were very similar to
functioning ORFs (figure 5.16). When the non-functional ORFs are not included in the
SSV-like 3F/4R DNA analysis, the topology of the phylogenetic tree is similar, but the
presence of distinct groups of SSV-like viruses is more apparent (figure 5.12). Without
the long branches in the DNA-based analysis, it is much easier to visualize the presence
of different SSV-like viral groups present from October 2002 to November 2003 (figure
5.12).

SSV-like 3F/4R DNA sequences vary with time. The first group related to SSV1
(clade C in figure 5.12) is represented mostly by sequences from April 2003 and May
2003, and contains two sequences from October 2002. The other groups of sequences
were harder to visualize in the phylogenetic tree containing the interrupted ORFs (figure
5.16), but when the interrupted ORFs are omitted from the analysis, the groups are more
distinguishable (figure 5.12). The largest group from this monitor site (clade A in figure
5.12) represents the first three samples (October and November 2002 and February
2003). Another group related to SSV-K1 contains sequences from April, May, October,
and November 2003 (figure 5.12). Three smaller groups (clades D, E, and F) were

detected in November 2002 and February 2003, and not detected again (figure 5.8).
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Figure 5.16. SSV-like 3F/4R DNA sequences from Ragged Hills. This
phylogenetic analysis contained both functional and non-functional ORFs.
The sequences colored green represent the DNA sequences that when
translated result in an interrupted ORF. The viral clades from 5.12 are
indicated on this tree.

o
4 }} Clade A

Clade B

i i

00D

DI DI IDDNDDD:
ITPTPITTTTOTTIL
ZEz====2<
DPDHINDBD
QB2

=x &

1
.}
T
=5
_/

NG RN

BRBIDRRBBDBBINSDDBBDDDD

> Clade C

18)

BRRULRRRRRNINNRRRRA!

b

MS2

BRDDB )
RORIORIRO M

srsi

o o e e e o o o o o s o M o o o 4 ) T

TDDDDDIDDIVD DD DDV DTN DD DDV VDTN I DD DD DDA D:
DD
ORI
L4

HMS2
SSVRI j
o0:| | Plaza

b,
" Clade F

wofie Clade E

Plaza(5;
927:| Plaza(4)
100/10¢ Plaza
SSSSS 15z
Plaza

Plaza

RGMS(7)
RGMS

D DI0D;
[ololanla]
====o==<
BDBBBIH
Ne o

>Clade A

ommmmm%mommmommo

DDV DIWp DoV DD IND DD DL
ittt

fo
BB PPTP PP BODHTDHD

et ect s

DDDDIVVDDD:
TOOOONO0
D

9(2) j

HMS9

0.1 substitutions/site

Clade D



231

Phylogenetic analysis of the SSV-like 3F/4R inferred protein sequences revealed
three major groups over the duration of sampling (figure 5.13). These groups were
consistently detected over time (figure 5.9). The inferred amino acid sequences of the
SSV-like coat proteins (7F/8R) reveal the presence of two major groups with a couple of
outlying sequences (figure 5.15). Three of the four sequenced SSV isolates are distinct
from the SSV-like 7F/8R environmental sequences (figure 5.15). This separation is
supported by a 100% bootstrap value (figure 5.15). More coat protein sequences would
be necessary to better determine the number of SSV-like groups in this monitor site. It is
interesting to note that changes in the DNA sequence of SSV-like viruses did not always
result in a change in the inferred protein sequence.

Of the 87 SSV-like 3F/4R protein sequences, there were only three protein
sequences that were detected in more than one sample (figure 5.13; the * represents
groups of identical protein sequences detected more than once). The three SSV-like
3F/4R protein groups detected over time were consistently present (figure 5.9). The
interrupted ORFs were not included in most of the protein-based analyses; however, they
were included in an analysis of all the SSV-like 3F/4R protein sequences (figure 5.17).
When the 16 non-functional protein sequences (table 5.4) are added to analysis, there are
a couple of interesting results (figure 5.17). Only five of the interrupted SSV-like ORFs
were very distinct from the functional protein sequences (figure 5.17; the interrupted
ORFs are represented in red). When these protein sequences are investigated more
closely, there are many insertions, deletions, transversions, and transitions resulting in

numerous stop codons throughout the sequence.
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Seven of the non-functional protein sequences are closely related to the group of
functional protein sequences related to SSV1 (figure 5.17). It was surprising that these
sequences were closely related to functional protein sequences when some of the non-
functional sequences were so distinct. However, when these protein sequences are more
closely examined, there is a first position transversion at nucleotide 19 changing it from a
glycine (GGA) to a stop codon (TGA). But, besides that change, these protein sequences
are very similar to the group of functional protein sequences (represented by green in
figure 5.17) related to SSV1. The remaining non-functional ORFs are located in the
largest group of protein sequences (figure 5.17). When these sequences are more closely
investigated, it was found a third position transversion at nucleotide 252 occurred
resulting in a tyrosine (TAT) being changed to a stop codon (TAA).

It is possible that the non-functional SSV-like sequences are the result of PCR or
sequencing errors. However, I believe this is unlikely. As discussed in previous
chapters, when the SIRV-like sequences are translated there are not any non-functional
sequences (see Chapter 3, 4, and below). If there were significant errors due to PCR or
sequencing, we would expect to see them in the SIRV-like sequences and the 16S rDNA
sequences. It is more likely the non-functional ORFs are due to the detection of
integrated viral sequences. These sequences would no longer be under selection, and

therefore, would accumulate errors.

Detailed analysis of SSV-like population dynamics. From October 2002 to June

2004, there was a total of 285 SSV-like 3F/4R clones sequenced (table 5.3). Using

Modeltest version 3.6 (Posada et. al. 1998), the nucleotide substitution model for
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maximum likelihood estimations was determined to be a general time reversible (GTR)
model (Rodriguez et. al. 1990) with heterogeneity between sites (gamma=1.9455), no
invariant sites, base frequencies A=0.2781, C=0.1927, G=0.2068, and T=0.3224, and a
substitution model A-C=1.5710, A-G=1.9212, A-T=1.2963, C-G=0.8857, C-T=2.4901,
and G-T=1.0000.

Of the 285 SSV-like 3F/4R clones sequenced, 109 identical sequences were
detected. The most commonly detected SSV-like sequence was found 54 times, which
composes 19% of the SSV-like population (table 5.5). This group is composed of
sequences from October 2002 through February 2003 and then not detected again until
November 2003 (table 5.5). The next most frequently detected sequence was found 29
times, which composes 10.1% of the SSV-like population (table 5.5). This group of
sequences was found in most of the samples that were collected early from this monitor
site (October 2002-May 2003) (table 5.5). A group of 16 sequences was also detected,
which composed 5.6% of the SSV-like virus population (table 5.5). This group was
composed of sequences from early samples (October 2002-February 2003 samples). This
group was present early, but was undetectable in later samples (table 5.5). One group
was composed of 13 identical sequences detected in April and May 2003, and detected
again in November 2003 (table 5.5). One group of eight identical sequences was only

detected in the October 2002 sample (table 5.5).
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Table 5.5. Ragged Hills SSV-like 3F/4R sequence abundance illustrating the
groups of identical sequences, how many times a group this size was detected,
the percent of the SSV-like population, and what samples the group contained.

RAGGED HILLS SSV-like SEQUENCE ABUNDANCE

Identical Ti Percent of
entica tmes SSV-like Samples®
Sequences Detected .
Population
54 1 19% RH;Plaza;RGMS;RHMS9
29 1 10.1 RH;RGMS;RHMS1;RHMS2
16 1 5.6 RH;Plaza;RGMS
13 1 4.5 RHMS1;RHMS2;RHMS9
8 1 2.8 RH
7 1 2.4 RGMS
7 1 2.4 RGMS
6 1 2.1 RHMS1;RHMS2
6 1 2.1 RGMS
5 2 unique® | 1.7% each’
4 1 unique | 1.4% each
3 1 unique 1% each
2 1 ! 0.7% each
unique
1 85 0.35% each
unique

“*sequences from these samples were present in the indicated groups

beach of the smaller groups were detected this many times, however, they are

unique

Two unique groups composed of seven sequences each were also detected (table

5.5). Both groups were each composed of sequences from February 2003 (table 5.5).
Two groups of six sequences were also detected in April-May 2003, and February 2003
(table 5.5). There were other groups of identical sequences detected ranging in size from
two to five identical sequences (table 5.5).

Like the SSV-like sequences from the Crater Hills (see Chapter 3) and Rabbit

Creek (see Chapter 4) monitor sites, unique sequences made up the majority of the SSV-
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like population (figure 5.18). There were 95 unique SSV-like 3F/4R sequences, which

translates to 33% of the SSV-like population over the course of sampling.

Figure 5.18. A sequence abundance plot for SSV-like 3F/4R sequences from
Ragged Hills monitor site. The left end of the x-axis represents most commonly
detected sequences, and the right end of the x-axis represents the most rare
sequences. Most of the SSV-like sequences in Ragged Hills are detected once.
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In comparing the 109 unique SSV-like 3F/4R DNA sequences obtained over time,
201 bps (out of an average of 256 bps) did not change in all of the samples (table 5.6).
The rate of transitions (Ts) and transversions (Tv) are almost equal to each other
(Ts/Tv=0.8). When comparing the base changes in each position of the codon, the third
position base changes more frequently than the first or second base positions (table 5.6).

The rates of transitions and transversions varied with individual samples (table 5.6).
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Table 5.6. Numbers of transitions and transversions in SSV-like
3F/4R DNA sequences collected from the Ragged Hills monitor site.

SAMPLE | IDENTICAL | TRANSITIONS | TRANSVERSIONS

DATE BASES | " [ 27 [ 39 | 1¥ | 2@ | 3¢
10/17/2002 | 231/258 3 26 5 | 4 6
11/05/2002 | 213/258 6 | 4 [ 8] 8 [ 9 |10
02/17/2003 | 245/258 3 1 |51 1 2
04/24/2003 | 236/253 2 2 5] 212 3
05/06/2003 | 214/253 6 | 2 [ 13] 6 | 3 9
11/13/2003 | 243/258 2 o6 2 1 2

When comparing all of the sequences, 78% of the bases in the 3F/4R sequence
remained unchanged (table 5.7). Transversions occurred slightly more (31) compared to
transitions (24). Sixteen changes occurred in the first position of the codon; there were
seven transitions and nine transversions (table 5.7). Only 12 changes occurred in the
second position with four transitions and eight transversions (table 5.7). A total of 26
changes occurred in the third position; there were 13 transitions and 13 transversions
(table 5.7). As expected, the third position changes occurred more frequently, therefore

explaining the fewer number of groups based on protein sequences (figure 5.13).

Table 5.7. The numbers of transitions and transversions for all SSV-like
3F/4R sequences collected during this research at Ragged Hills.

Sample Position Identlc?l Base —_— T Pairs
Lo Pairs
Oct 2002- Overall 201/256 24 37
I 68/85 7 9
Nov 2003 "
(256 bps) 2 74/86 4 ¢
b 3 59/85 13 3

Ts=transitions; Tv=transversions

From October 2002 to June 2004, there was a total of 285 SSV-like 7F/8R clones

sequenced (table 5.3). Using Modeltest version 3.6 (Posada et. al.1998), the nucleotide
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substitution model for maximum likelihood estimations was determined to be HKY+G
(Hasegawa et. al. 1985) with heterogeneity between sites (gamma=0.6804), and base
frequencies A=0.2872, C=0.2218, G=0.2132, and T=0.2779.

In comparing the 48 unique SSV-like DNA coat protein sequences (7F/8R)
obtained over time, 441 bps (out of an average of 717 bps) did not change in all of the
samples. The rate of transitions (Ts) and transversions (Tv) was (Ts/Tv=0.5). In the first
sample collected in October 2002, 354 bps were identical over an average of 639 total
base pairs (55% of the bases were identical). The first position showed more changes in
comparison to the second and third positions (table 5.8). The second sample collected in
November 2002 revealed slightly less change when compared to the first sample. Within
this sample 363 bps out of 588 bps were identical (61%). There were 81 transitions and
144 transversions, with the majority of the changes occurring in the third position of the
codon (table 5.8).

Table 5.8. The numbers of transitions and transversions in SSV-like
7F/8R DNA sequences collected from the Ragged Hills monitor site.

SAMPLE | IDENTICAL | TRANSITIONS | TRANSVERSIONS
DATE BASES 1| 2 | 3¢ 1" 2" 3¢

10/17/2002 354/639 36 | 32 | 33 60 62 63

11/05/2002 363/588 30 | 25 | 26 | 45 49 51

When comparing all of the SSV-like coat protein sequences, only 61% of the
bases in the sequence remained unchanged. Transversions occurred twice as often (184)
compared to transitions (92) (table 5.9). Ninety-one changes occurred in the first position

of the codon; there were 31 transitions and 60 transversions. Ninety-two changes



occurred in the second position with 29 transitions and 63 transversions. A total of 92

changes also occurred in the third position; there were 32 transitions and 60 transversions

(table 5.9).
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Table 5.9. The numbers of transitions and transversions for all
SSV-like 7F/8R sequences collected from Ragged Hills during this

research.
Sample Range Position Ideng;?:sBase Ts Pairs Tv Pairs
October 2002- Overall 441/717 92 183
November 2002 ! 14/239 31 60
OV(311][17 b ) 2" 146/239 29 63
» 3 147/239 3 60

Ts=transitions; Tv=transversions

During the monitoring period, there were 87 unique SSV-like 3F/4R inferred
protein sequences (table 5.4). There were six viral clades based on 3F/4R DNA
sequences, but only three clades based on protein sequences (figures 5.8 and 5.9). Upon
closer inspection, clades B and C represent minor protein groups (purple and green,
respectively in figures 5.9 and 5.13). The largest protein group detected in this monitor
site over time included clades A, D and E (blue in figures 5.9 and 5.13). Like the other
two monitor sites, changes in SSV-like DNA sequences do not always result in changes

in the protein sequences (figures 5.8 and 5.9).

SIRV-like population dynamics in the Ragged Hills monitor site. SIRV-like coat

proteins were detected in all but one sample collected from the Ragged Hills monitor site
(table 5.10). A total of 663 SIRV-like coat protein clones were sequenced from the
Ragged Hills monitor site (table 5.10). As observed in Crater Hills (see Chapter 3) and

Rabbit Creek (see Chapter 4), all of the SIRV-like coat proteins translated to un-
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interrupted ORFs. For an overview of the SIRV-like phylogenetic analysis in the Ragged
Hills monitor site, see figures 5.19 and 5.20.
Table 5.10. Number of SIRV-like clones obtained from the Ragged

Hills monitor site, number of unique DNA sequences in each library,
and the number of unique protein sequences in each library.

RH Oct 17,2002 3.7 72 56 22 16
Plaza Nov 5,2002 2.7 70 43 28 21
RGMS Feb 17,2003 3.2 68 60 12 9

RHMS1 Apr 24,2003 3.1 72 41 28 22
RHMS2 May 6,2003 2.8 70 37 18 12
RHMS3  May 13,2003 3.1 66 76 33 28
RHMS4  June 19,2003 2.9 72 25 15 13
RHMS5  July 14,2003 3.1 72 75 21 17
RHMS6 Aug4,2003 2.6 78 60 33 25
RHMS7  Aug?26,2003 3.3 74 50 22 17
RHMSS Oct 2, 2003 2.8 74 54 20 15
RHMS9  Nov 13,2003 3.5 65 24 10 9
RHMSI0  Jan 19,2004 2.7 64 0 0 0
RHMSI1  Apr 15,2004 3.5 57 14 7 6
RHMSI12  June 3,2004 3.2 69 48 32 19
Total Number of Clones Sequenced 663 240 208

The first sample collected in October 2002 yielded 70 environmental clones of the
SIRV-like coat proteins (table 5.10). This revealed one large population of SIRV-like
viruses with a couple of outlying sequences from the major group (figure 5.21a). The 21
unique DNA sequences translated to 16 unique inferred protein sequences, which
illustrated the same large group, excluding one outlying sequence that branches away

from the other SIRV-like sequences (figure 5.21b).
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Figure 5.19. The different groups of SIRV-like viruses detected in the
Ragged Hills monitor site over time. The colors of the groups correspond
to figure 5.22. The clear ovals refer to outlying sequences not belonging to
a major group.
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Change in the SIRV-like population is detected in the second sample. This
sample was collected in November 2002 and reveals new SIRV-like virus groups in this
hot spring (clades A, C, and H in figure 5.22). When 48 SIRV-like coat protein clones
are compared to the sequences from October 2002, three new groups are evident (figure
5.22). Some of the November 2002 sequences are similar to the October 2002 sequences
(clade B in figure 5.22), but most of them form new groups (clades A, C, and H in figure
5.22). The 28 SIRV-like coat protein DNA sequences translated to 21 unique inferred
protein sequences (table 5.10), and three new groups are also evident based on these

sequences (represented in purple, turquoise, and orange in figure 5.23).
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Figure 5.20. The different groups of SIRV-like viruses detected in the
Ragged Hills monitor site over time. The colors of the groups correspond
to figure 5.23. The absence of SIRV-like sequences in January 2004
reflects the inability to amplify SIRV-like sequences from this sample.
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The diversity of SIRV-like viruses is decreased in the next sample. The third
sample was collected in February 2003 (table 5.10). Sixty SIRV-like coat protein
sequences were obtained from this sample representing 12 unique DNA sequences (table
5.10). When the sequences from this sample are compared to SIRV-like sequences
collected from previous dates, the diversity of the SIRV-like virus population is reduced
to a single group (clade A in figure 5.22). The February 2003 sequences are most related
to one of the groups of sequences collected in November 2002 (clade A in figure 5.22).
The inferred protein-based analysis resembles the DNA-based analysis in that only one
group was represented in this sample (represented in purple in figure 5.23). The nine
inferred protein sequences collected from February 2003 are all closely related to protein

sequences from November 2002 (figure 5.23).
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Figure 5.21. SIRV-like sequences from Ragged Hills collected in October 2002.
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In the next sample collected in April 2003, the diversity of the SIRV-like viruses

increases (clades A, C, E, H, and a few outliers in figure 5.22). Forty-one SIRV-like coat

protein sequences collected in this sample represent each of the three major groups (clade

A, C, and E in figure 5.22). Like the DNA-based analysis, the protein-based analysis

represents increasing diversity in the SIRV-like population in this sample. The sequences

detected in this sample belong to four different groups of protein sequences (represented

by purple, pink, turquoise, and orange in figure 5.23). The 28 unique DNA sequences

translated to 22 unique inferred protein sequences (table 5.10). There were three protein
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sequences from this sample that were identical to sequences from previous samples
(figure 5.23b; the * represents the identical sequences).

The SIRV-like diversity measured in previous samples is maintained in the fifth
sample. This sample was collected in May 2003, and 37 SIRV-like coat protein clones
were sequenced from this sample (table 5.10). When these SIRV-like clones are
compared to sequences from previous samples, most belong in previously established
groups (clades A, C, E, and H in figure 5.22). The majority of the clones belong in the
larger group (clade A) represented by sequences from November 2002, February 2003,
and April 2003 (figure 5.22). Twelve unique inferred protein sequences were translated
from the 18 unique DNA sequences obtained from this sample (table 5.10). The SIRV-
like protein sequences belong in the largest group of protein sequences from this monitor
site (purple in figure 5.23). One sequence in this sample was identical to the group of
identical sequences from February and April 2003 (figure 5.28b).

The next sample does not reveal significant change in the SIRV-like population.
The sixth sample yielded 76 SIRV-like coat protein sequences (table 5.10). When these
sequences were compared to sequences from previous samples, major change in the
SIRV-like virus population is not detected. Most of the sequences belong in the largest
group of SIRV-like viruses (clade A in figure 5.22). Most of the remaining sequences
belong in minor groups (clades E and F in figure 5.22). The single remaining sequence is
quite distinct from the other SIRV-like sequences obtained from this sample (clade D in
figure 5.22). The thirty-three unique DNA sequences translated into 28 unique inferred

protein sequences (table 5.10). Most of the protein sequences belong in the largest group
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of viral protein sequences detected from this site (represented in purple in figure 5.23).
One remaining SIRV-like protein sequence was unique from the others detected in this
sample (represented in orange in figure 5.23). Two protein sequences from this sample
were identical to protein sequences detected previously (figure 5.23; the * represents the
identical sequences).

In June 2003, the SIRV-like population remains similar to previous samples. This
seventh time point resulted in only 25 SIRV-like coat protein clones (table 5.10). When
compared to previous samples, the population shows little change from May 13, 2003.
The majority of the detected sequences from this sample belong in the largest group of
SIRV-like sequences (clade A in figure 5.22). Other SIRV-like sequences from this
sample belong to clades C, E, and F (figure 5.22).

Thirteen unique SIRV-like protein sequences were detected from June 2003 (see
table 5.10). Most of them belong in the largest group of SIRV-like coat protein
sequences (represented in purple in figure 5.23). SIRV-like sequences detected from this
sample were identical to sequences detected previously in this monitor site (figure 5.23;
the * represents the groups of identical sequences).

The previous sample collected in June 2003 contained sequences representing
four groups in the SIRV-like population (clades A, C, E, and F in figure 5.22). However,
the SIRV-like diversity has decreased dramatically in July 2003. The eighth sample
contained 75 SIRV-like coat protein clones (table 5.10). All of the SIRV-like sequences
belong to one group, which is the major group of SIRV-like sequences (clade A in figure

5.22). There were 17 unique inferred protein sequences detected in this sample (table
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5.10). The decrease in SIRV-like diversity is also evident in the protein sequences. All
of the SIRV-like protein sequences from this sample belong in the largest group of viral
protein sequences (represented by purple in figure 5.23).

There is more diversity in the August 4, 2003 sample when compared to the
previous sample collected in June 2003. Sixty clones were sequenced from this sample
resulting in 33 unique DNA sequences (table 5.10). Most of the sequences from this
sample represent the largest group of SIRV-like viruses (clade A in figure 5.22). Other
SIRV-like sequences belong to three groups (clades C, E, and F in figure 5.22).

The SIRV-like diversity has also increased in the protein-based analysis in August
2003. Twenty-five unique inferred protein sequences were obtained from this sample
(table 5.10). The sequences represent three groups in the SIRV-like sequences. Most of
the protein sequences belong to the largest group of identical SIRV-like sequences
(represented in purple in figure 5.23; the * represents identical sequences).

The diversity of the SIRV-like population does not significantly change in the
next sample. The tenth sample was collected on August 26, 2003, and there were 50
SIRV-like coat protein clones sequenced from this sample (table 5.10). When these
SIRV-like sequences were compared to sequences obtained from previous time points,
the same population structure is evident as in the earlier sample collected in July 2003.
Most of the SIRV-like DNA sequences belong to the largest group of sequences detected
in this monitor site (clade A in figure 5.22). Other SIRV-like sequences detected in this
sample represented clades E, F, and H (figure 5.22). There were seventeen unique

inferred protein sequences detected in this sample (table 5.10). The inferred protein
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sequences represent one group of viruses (represented in purple in figure 5.23). One
sequence from this sample was identical to the largest group of SIRV-like viruses (figure
5.23; the * represents the identical sequences).

The diversity of SIRV-like viruses decreases in the next sample. This sample was
collected on October 2, 2003, and 54 clones were sequenced (table 5.10). The diversity
of SIRV-like viruses in this monitor site has decreased to one group, which is the largest
group of SIRV-like viruses (clade A in figure 5.22). The inferred protein sequences also
reveal the decrease in diversity (represented in purple in figure 5.23).

The diversity of SIRV-like viruses increases in the twelfth sample collected on
November 13, 2003. Twenty-four clones were sequenced resulting in only 10 unique
DNA sequences (table 5.10). When these SIRV-like sequences are compared to
sequences from previous samples, they represent three groups of SIRV-like sequences
(clades A, E, and F in figure 5.22). The inferred protein analysis reveals that although the
DNA sequences were separated into two groups, the amino acid sequences belong to the
largest group of SIRV-like protein sequences (represented in purple in figure 5.23). More
sequences were detected from the largest group of identical SIRV-like protein sequences
(figure 5.23; the * represents the groups of identical sequences.

The next sample collected on January 19, 2004 failed to yield positive PCR
products for the SIRV-like coat protein. However, this same source of DNA yielded
positive results for the 16S rDNA PCR. This suggests that the source DNA is competent

for PCR.
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Figure 5.22. SIRV-like DNA sequences collected from October 2002

through June 2004 from Ragged Hills. The group colors correspond to
figure 5.19.
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Figure 5.23. SIRV-like protein sequences collected from October 2002
through June 2004 from Ragged Hills. The * represents identical sequences.
Inset: An unrooted phylogram of SIRV-like groups detected over time in the
Ragged Hills monitor site.
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The sample collected on April 15, 2004 contained only seven unique DNA
sequences out of 14 clones (table 5.10). There has not been noteworthy change in the
SIRV-like virus population for some months. When the SIRV-like sequences from April
2004 were compared to sequences from previous samples, they belong in three groups
(clades A, E, and F in figure 5.22). Most of the SIRV-like DNA sequences belong to the
largest group of SIRV-like sequences (clade A), and a few of the sequences belong to
smaller groups (clades E and F) that were also detected in the November 2003 sample
(figure 5.22). The inferred protein sequences belong in the largest group of SIRV-like
protein sequences (represented in purple in figure 5.23).

The last sample begins to show change in the SIRV-like population. The sample
was collected on June 3, 2004 and 48 clones were sequenced (table 5.10). These SIRV-
like sequences composed two new groups that had not been previously detected (clades D
and G in figure 5.22). Most of the sequences from this time point composed a fairly large
group (clade D) of SIRV-like sequences, while the other group is much smaller (clade G)
(figure 5.22). Surprisingly, there were no sequences detected that belonged to previously
established SIRV-like groups. The inferred protein sequences revealed change, as did the
DNA sequences (figure 5.23). A new group of SIRV-like protein sequences (represented
in green in figure 5.23) was detected in this sample along with one protein sequence that
belonged to the largest group of SIRV-like protein sequences (represented in purple in
figure 5.23).

In summary, during the course of two years eight clades of SIRV-like viruses

were detected (figure 5.22). One of these clades (clade A) was maintained throughout
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most of the study (excluding the October 2002 sample). Clades B, C, D, E, F, G, and H
were only present transiently (figure 5.8 and 5.22). The complete phylogenetic analysis
of SIRV-like coat protein sequences included analysis of sequences after every sample.
For a step-by-step view of the changes in the SIRV-like population over time, see

Appendix C.

Detailed analysis of SIRV-like population dynamics. After almost two years of

regularly sampling and sequencing 663 SIRV-like coat protein clones from this site, we
detected eight different groups of SIRV-like viruses (figure 5.22). There are eight groups
of SIRV-like viruses based on DNA sequence; however, there are only five groups of
SIRV-like viruses based on inferred amino acid sequence (figure 5.23). The SIRV-like
population is not as diverse as the SIRV-like population in Crater Hills (see Chapter 3);
however, it is more diverse than the SIRV-like viruses in Rabbit Creek (see Chapter 5).

Using Modeltest version 3.6 (Posada et. al. 1998), the nucleotide substitution
model for maximum likelihood estimations was determined to be a transversional model
with heterogeneity between sites (gamma=0.9389), base frequencies A=0.3368,
C=0.2082, G=0.1758, and T=0.2792, and a substitution model A-C=0.3905, A-G=C-
T=1.8530, A-T=0.7612, C-G=0.9023, and G-T=1.000.

The SIRV-like population contained one large group of 203 identical sequences,
which comprised 30.6% of the total population (table 5.11). This large group (clade A in
figure 5.22) was maintained in most of the samples collected from this monitor site, with
the exception of the samples collected in October and November 2002. Since this

population was present in the remaining samples, it is surprising it was undetectable in
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the January 19, 2003 sample in which SIRV-like coat proteins were not detected (table
5.6). Another group (clade A in figure 5.22) of identical viral sequences that was present

during the majority of the sampling time was composed of 77 sequences, which consisted

of 11.5% of the total population (table 5.11).

Table 5.11. Ragged Hills SIRV-like sequences illustrating the groups of identical
sequences, how many times a group this size was detected, the percent of the
SIRV-like population, and what samples the group contained.

RAGGED HILLS SIRV-like SEQUENCE ABUNDANCE

Identical Ti Percent of
entica 1mes SIRV-like Samples®
Sequences Detected .
Population
203 1 30.6% RGMS;:RHMS1—RHMS9;RHMS11—12
77 1 115 Plaza;RGMS;RHMS1—RHMS9;
' RHMS11—RHMS12
33 1 5 RH;Plaza
33 | 5 RHMS1;RHMS3;RHMS4;RHMS6;
RHMS7;RHMS9;RHMS11
14 1 2.1 RHMS12
14 1 2.1 Plaza;RHMS4;RHMS6
10 1 1.5 RHMS1;RHMS7;RHMS9
. b 0.75%
5 2 unique cach®
4 1 0.6
. 0.45%
3 4 unique each
2 16 0.3% each
unique
1 2.22 0.15% each
unique

“*sequences from these samples were present in the indicated groups
beach of the smaller groups were detected this many times, however, they are unique
‘each of the unique groups makes up this percentage of the population

There were two distinct groups each containing 33 identical sequences of SIRV-

like coat proteins, and each of them comprised 5% of the total population of SIRV-like
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viruses (table 5.11). One of these groups of 33 identical sequences was in clade B and
the other group belongs to clade E (figure 5.22). Other groups of identical sequences
ranged from two to 14 identical sequences comprising 0.3% to 2.1% of the total
population (table 5.11). Similar to Crater Hills and Rabbit Creek, the unique sequences
made up a large portion of the total population. The unique sequences comprised 33% of
the total population of SIRV-like coat protein sequences. The population structure of the

SIRV-like viruses is similar to the other monitor sites (figure 5.24).

Figure 5.24. A sequence abundance plot for SIRV-like sequences from Ragged
Hills. The left end of the x-axis represents most commonly detected sequences,
and the right end of the x-axis represents the most rare sequences. Most of the
SIRV-like sequences in Ragged Hills are detected only once.
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Over the course of sampling the Ragged Hills monitor site, there were 208 unique
protein sequences (table 5.10). Twelve protein sequences were detected more than once;

but only the largest group of identical sequences was detected throughout most of the
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samples (figure 5.23; the large * represents the largest group of identical protein
sequences detected in Ragged Hills).

There were eight viral clades of SIRV-like viruses based on DNA sequences, but
only five groups were present based on protein sequences (figures 5.19 and 5.20). The
largest group of protein sequences detected in this monitor site (purple in figures 5.20 and
5.23) included sequences from clades A, E, F, and H. A protein group (pink in figures
5.20 and 5.23) detected in early samples (October 2002, November 2002, and April
2003) represented sequences from clade B and a few outlying sequences. Another minor
protein group (turquoise in figures 5.20 and 5.23) represented outlying DNA sequences
collected in November 2002 and April 2003.

The remaining protein groups were not consistently detected in this monitor site.
A viral protein group detected sporadically (orange in figures 5.20 and 5.23) contained
sequences from clade C and some outlying sequences. Finally, the protein group that
appears to be dominant at the conclusion of this research (green in figures 5.20 and 5.23)
contains sequences from clades D and G.

Using the program MEGA version 3 (Kimura et. al. 2004), the changes in the
SIRV-like sequences were calculated (table 5.12). When comparing all of the sequences,
86% of the bases in the SIRV-like coat protein sequence remained unchanged (table
5.13). Transversions occurred somewhat more (30) compared to transitions (27). Eleven
changes occurred in the first position of the codon; there were five transitions and six

transversions (table 5.13). Only seven changes occurred in the second position with two
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transitions and five transversions (table 5.13). A total of 38 changes occurred in the third

position; there were 19 transitions and 19 transversions (table 5.13).

Table 5.12. The numbers of transitions and transversions in SIRV -like
sequences in each sample collected from the Ragged Hills monitor site.

SAMPLE | IDENTICAL | TRANSITIONS | TRANSVERSIONS
DATE BASES 1| 20 | 3d IS 2nd 31
10/17/2002 392/405 2 1 4 1 1 4
11/05/2002 346/405 6 2 20 7 4 20
02/17/2003 403/405 1 0 0 0 1 0
04/24/2003 334/405 7 3 24 7 5 24
05/06/2003 373/405 4 2 11 2 3 11
05/13/2003 388/405 2 1 6 1 2 5
06/19/2003 371/405 3 2 11 3 3 11
07/14/2003 402/405 1 0 1 0 1 0
08/04/2003 363/405 4 3 14 3 4 14
08/26/2003 373/405 2 2 11 2 4 11
10/02/2003 401/405 0 1 0 0 2 1
11/13/2003 373/405 2 2 10 3 4 11
04/15/2004 374/405 2 2 10 2 4 11
06/03/2004 391/405 2 1 4 1 2 4

Table 5.13. The numbers of transitions and transversions for
SIRV-like coat protein sequences collected from Ragged Hills.

Sample Range | Position Ideng;:i«l:SBase Ts Pairs Tv Pairs
Overall 348/405 27 30
Oct 2002- ™ 124/135 5 6
June 2004 o 127/135 2 5
3 97/135 19 19

Ts=transitions; Tv=transversions

Comparing SSV-like and SIRV-like population dynamics

Unlike the SSV-like population, we were able to detect SIRV-like sequences at
every sample, excluding one, collected over the two years of this research (tables 5.3 and
5.10). It appears that SIRV-like viruses are more permanent residents in this hot spring.

There were 663 SIRV-like coat protein clones compared to 398 total SSV-like clones
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(285 3F/4R clones and 113 7F/8R clones) (tables 5.3 and 5.10). However, the SIRV
DBPF/R primer set was 100X more sensitive that the SSV 3F/4R primer set and
1,000,000X more sensitive than the SSV 7F/8R primer set.

The SSV-like population revealed diversity even though it was not detected in all
samples (figure 5.8). The SIRV-like population was much more diverse than the SSV-
like population (eight SIRV-like clades compared to five SSV-like 3F/4R clades) (figures
5.8 and 5.19). However, there was one consistency between the two viral populations,
each virus population appeared to be dynamic, changing over the course of the
monitoring period. Occasionally both virus populations were relatively stable from
sample-to-sample.

The SIRV-like population appeared, at times, to respond to environmental
change. The sample collected in November 2002 reveals new virus groups not
previously detected in this hot spring. Perhaps the new groups of viral sequences could
be representative of the drop in pH from 3.7 in October 2002 to 2.7 in November 2002
(table 5.10). Also, in July 2003 the pH increased from 2.9 in June 2003 to 3.1 in July
2003 and the diversity of SIRV-like viruses decreased from two groups to only one
group. However, a change in an environmental parameter was not necessary to detect
change in the SIRV-like population. Although there are examples of environmental
change followed by the detection of a new viral group, I do not think there is enough
evidence to support temperature and pH changes are significant enough to change a virus
population in nature. The viral populations within the hot springs in YNP appear to be

changing regardless of a change in an environmental parameter.
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Conclusions

This monitor site proved to be a very dynamic thermal area. This site was
sampled continuously for approximately two years. During that time, the water
chemistry was monitored, the dominant archaeal population was determined, and changes
in the population structures of two viruses were continually investigated.

The water chemistry was characterized by high chloride and high arsenic
concentrations (figure 5.3). Surprisingly, the water chemistry did not significantly
change over time, and most of the observed changes could be contributed to seasonal
fluctuations. This monitor site is a vapor-dominated system without visible inflow or
outflow. This site is also very turbulent due to out-gassing and likely to be well mixed.
In July 2003, there was a spike in sulfate, aluminum, iron, and molybdenum
concentrations (table 5.1); it will be interesting to determine whether these are cyclic
events or an isolated occurrence. This was the only monitor site that antimony and
molybdenum were detected (table 5.1). The presence of these metals is indicative of
undergoing rapid demineralization. The pH and temperature of this monitor site were
relatively consistent. The pH was measured between 2.6 and 3.7, and the temperature
was measured at 57-78°C. During this research, we noticed a general cooling of this
monitor site. Even though this monitor site is acidic and thermal, it is chemically unique
with respect to the monitor sites in Crater Hills (see Chapter 3) and Rabbit Creek (see
Chapter 4).

By measuring the water chemistry at this hot spring, we learned it is a unique

system dominated by high chloride and sodium compared to the other two monitor sites.
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This monitor site also contained the highest concentrations of most metals that were
analyzed in this study. This result is indicative of the young age of this monitor site.
Surprisingly, the water chemistry of this hot spring did not significantly change over the
two years of this study.

This site maintained a fairly constant, low complexity archaeal population
dominated by Stygiolobus-like sequences. The full-length (~1,400bps) 16S rDNA
sequences showed high identity to published 16S rDNA sequences (table 5.2). All of the
sequences that matched Stygiolobus azoricus were 95-99% identical to the published S.
azoricus 16S rDNA gene (table 5.2). Of 269 Stygiolobus-like environmental 16S rDNA
clones, 237 matched the published S. azoricus 16S rDNA sequence with 98-99% identity.
The archaeal population detected in clone libraries established from this monitor site was
not as diverse as the Crater Hills (see Chapter 3) or Rabbit Creek (see Chapter 4) monitor
sites. In fact, there were only four sequences (Stygiolobus, Sulfolobus, Metallosphaera,
and Thermocladium) detected from this hot spring during the course of this research
(table 5.2).

Surprisingly, the other 16S rDNA primer set (348Fa/UA1406R) never resulted in
positive PCR products from this monitor site. It is especially perplexing because the
dominant member of this archaecal community appears to be Stygiolobus-like organisms,
and the published Stygiolobus azoricus 16S rDNA gene does not match the primer 20F,
but matches 348Fa (table 3.14). The dominant organisms in this monitor site are likely

closely related to Stygiolobus because the percent identity match of most the full-length
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16S rDNA genes are very high (98-99%). These percentages are considered quite high
when comparing 16S rDNA genes, and therefore most likely represent Stygiolobus.

The 16S rDNA sequences most commonly detected in this hot spring over time
were Stygiolobus-like sequences. Stygiolobus azoricus was originally isolated from
solfataric fields on Sao Miguel Island, Azores (Segerer et. al. 1991). This organism
grows obligately chemolithotrophically by reduction of S° with H,, and it was the first
strictly anaerobic member of the order Sulfolobales. Stygiolobus grows at temperatures
ranging from 57-89°C, with optimal growth occurring around 80°C. The pH suitable for
growth ranges from 1.0 to 5.5, with optimal growth at pH 2.5 to 3. At the time of
isolation of this organism, its growth range seemed to be restricted to the solfataras on
S@o Miguel Island because the researchers were unable to isolate it from YNP, Iceland,
Italy, and numerous other thermal areas worldwide (Segerer et. al. 1991). However,
based on this data, it is quite possible that Stygiolobus is not restricted to the Azores. The
growth and pH ranges for this organism are concurrent with the temperatures and pHs
measured in Ragged Hills (figure 5.1). Current research is aiming towards culturing
Stygiolobus from the Ragged Hills monitor site.

Similar to the other monitor sites (see Chapters 3 and 4), Sulfolobus-like
sequences are not commonly detected in this site. The 20F/UA1406R primer resulted in
the detection of three Sulfolobus-like sequences from Ragged Hills (table 5.2). Only two
of seven samples contained clones resembling Sulfolobus (table 5.2). However, the
environmental sequences matching Sulfolobus were 98% identical to the S. solfataricus

16S rDNA gene. The results concerning the host population lead to serious implications
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concerning the virus population. We are easily detecting Sulfolobus viruses, however, we
are unable to detect large numbers of Sulfolobus species based on 16S rDNA sequence.
There are many potential reasons for this apparent anomaly. First, the virus sequences
may be easily detected because they are present in a higher copy number than the
Sulfolobus 16S rDNA gene. It has previously been shown that SSV1 is present at high
copy numbers in its host organism in culture (Yeats 1982). Or, perhaps SSVs have a
broader host range than just Sulfolobus. This would explain why we retrieve SSV-like
and SIRV-like sequences, but few Sulfolobus sequences. It is also a possibility that these
viruses may infect hyperthermophilic bacterial organisms. Interestingly, previous
research has indicated archaeal organisms are not large constituents of the microbial
population in hot springs within YNP (Spear et. al. 2005; Blank ez. al. 2002; Hugenholtz
et. al. 1998). However, these studies were not conducted in high temperature acidic
environments. We consider alternative hosts unlikely since Sulfolobus-like sequences
were the only archaeal 16S rDNA sequences common to all three monitor sites.

SSV-like sequences were only detected in six samples using the 3F/4R primer set,
and only two samples using the 7F/8R primer set. The fact that primer set 3F/4R yielded
more dependable results is consistent with the results in the other two monitor sites (see
Chapters 3 and 4). We hypothesized the 7F/8R primer set, which should amplify the
SSV-like coat proteins, would amplify SSV-like sequences in most samples. One would
hypothesize the structural proteins of a virus to be very conserved, but since we know so
little about these viruses ORF b812 (in SSV-RH) may be more conserved than the coat

proteins. The most likely explanation for this result is the SSV 3F/4R primer set was
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10,000X more sensitive on purified viral template than the SSV 7F/8R primer set.
Potentially, if the 7F/8R primer set was as sensitive, the SSV-like coat protein sequences
would have been detected more frequently.

The entire SSV-like population was undetectable after May 2003 even with the
universal SSV 3F/4R primer set (table 5.3). There was one instance where nine SSV-like
3F/4R clones were obtained from the November 2003 sample. Perhaps the temperature
drop from 70°C on May 6, 2003 to 66°C on May 13, 2003 was enough to eliminate the
SSV-like population or the viral population decreased below our detection limit
(<0.1pg/PCR reaction). However, the temperature of the monitor site slowly recovered
to the mid-70’s within a couple of months, but the SSV-like population was still
undetectable. Perhaps the viral population (and the host population) was unable to
recover following the decrease in temperature. We do not believe the absence of SSV-
like sequences is the result of technical issues. There were numerous attempts to PCR
amplify the SSV-like sequences, and the same source DNA was used for the
amplification of SIRV-like and 16S rDNA sequences. It is possible the SSV-like
population decreased below the detection limit of our primers. In order to determine
whether this was the case, primers with greater sensitivity would need to be designed.

By extracting total environmental nucleic acids, it is difficult to determine
whether the amplified SSV-like sequences are from an episomal form of the viral genome
or from integrated form of the virus. However, by translating the sequences, we could
limit the number of integrated viral sequences in the phylogenetic methods. This

distinction is important because the ability of SSVs to integrate into their host cell’s
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chromosome (Muskhelishvili ez. al. 1993; Wiedenheft ez. al. 2004). In our clone
libraries, some of the translated SSV-like ORFs contained numerous stop codons
resulting in an interrupted ORF, and therefore, probably a non-functional viral sequence.
There were a total of 17 sequences that were considered interrupted ORFs detected from
our samples collected from Ragged Hills (table 5.3).

Some of the SSV-like non-functional ORFs are closely related to the functional
ORFs (figure 5.16). Each of the SSV-like viral groups detected from this monitor site
contains both functional and non-functional SSV-like ORFs (figure 5.16). Most of the
non-functional sequences are very similar to the functional ORFs except that an error is
made early in the sequence resulting in a premature stop codon. However, the remaining
sequence is almost identical to the functioning ORFs. It is unlikely these errors are the
result of PCR or sequencing errors. SIRV-like sequences from this monitor site never
resulted in interrupted ORFs. If the errors in the SSV-like sequences were the result of
PCR or sequencing errors, one would expect to see the same types of errors in the SIRV-
like sequences. Perhaps these types of sequences represent a more recent event of
integration into the host chromosome, and not as many errors have accumulated because
of the recent integration.

As was the case in Rabbit Creek (see Chapter 4), it is more difficult to predict the
number of SSV-like groups based on coat protein analysis. The 7F/8R primers were
designed to amplify the viral coat proteins, but they were found to be unreliable in this
research. Only two samples yielded a positive product for the coat proteins (table 5.3).

The two samples were collected at the very beginning of this research (October and
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November 2002) and then not detected again. Unlike the Rabbit Creek SSV-like coat
protein sequences that were very distinct from each other, the sequences from Ragged
Hills were closely related. The molecular analysis revealed that 61% of the bases in the
coat protein sequence remained identical through the two samples. Perhaps the coat
protein sequences from this monitor site were more similar to each other because they
were sampled within one month of each other. In contrast, the coat protein sequences
from Rabbit Creek were sampled over one year apart. However, it is difficult to make
any conclusions concerning the SSV-like groups present in Ragged Hills because of the
lack of coat protein sequences.

As opposed to the SSV-like sequences that were only detected in six samples, the
SIRV-like sequences were detected in every sample, excluding one (table 5.10). The
primers designed to amplify the entire coat protein (405bps; 135aa) of SIRV-like viruses
reliably detected this gene. SIRVs have not been shown to integrate into their host cell’s
chromosome; instead they are maintained within the cell as a stable carrier state
(Prangishvili et. al. 1999). Over the course of this study, there were not any interrupted
ORFs detected among the SIRV-like coat protein sequences obtained from this hot
spring. This supports our claim that the interrupted SSV-like ORFs may be from
integrated copies of the virus (as discussed above), instead of sequencing or PCR errors.

Changes in the SIRV-like population are detected (figure 5.19). The third
sampling point (February 2003) reveals a decrease in the diversity of SIRVs from
numerous groups to only one (figure 5.19). The next sample (April 2003) reveals an

explosion of diversity in the SIRV-like population (figure 5.19). This diversity is
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maintained through several samples (figures 5.19). The diversity is reduced to a single
group in the eighth sample (July 2003) from this monitor site (figure 5.19). In the next
samples the SIRV-like population diversifies again, revealing numerous groups of SIRV-
like viruses (figure 5.19). However, this diversity is short-lived because in the very next
sample (October 2003) the viral diversity drops again to only one group of viruses (figure
5.19). The next sample (November 2003) reveals two groups of SIRV-like viruses
(figure 5.19), and the detection of a new group occurs in the final sample (figure 5.19).

There were numerous groups of SIRV-like viruses detected over time within this
monitor site. Unlike the SSV-like viruses, which had three distinct groups of viruses, the
SIRV-like viruses are not as simple. It appears there are eight major groups of SIRV-like
viruses based on the sequence of the coat protein (figure 5.22).

In conclusion, we discovered the viral populations within this hot spring are
dynamic and diverse. The SSV-like population was only detected through November
2003; however, the population changed and showed diversity within that time. The
SIRV-like population was detected in all, but one sample, and was shown to be very

diverse.
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CHAPTER 6

COMPARISON OF THREE ACIDIC HOT SPRINGS IN
YELLOWSTONE NATIONAL PARK

Introduction

This research involved studying two virus populations (SSVs and SIRVs),
archaeal host populations, and water chemistry over time in three distinctive,
geographically isolated, acidic hot springs in Yellowstone National Park (YNP). This is
the first type of this study conducted in any natural environment over time. The overall
goal of this research was to investigate the interaction of time and environment on virus
populations. However, this research has many other potential impacts as well. We know
very little about the life in the acidic hot springs within YNP. This research will help
expand our knowledge about the virus populations, archaeal host populations, and the
water chemistry of the three monitor sites. Understanding viral diversity and how the
viral populations change over time will help in further understanding the microbial
community as a whole in these environments. This research may also contribute to
understanding how these viruses have evolved over time. Even though this research
encompassed only a two year period, there were many changes obvious in such a short
time.

It was hypothesized that simultaneous monitoring of viral populations, host
populations, and water chemistry would lead to new insights in how these environments

operate. The 16S rDNA sequences obtained from this research helps further define the
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archaeal communities in these hot springs. In many cases, assumptions concerning the
dominant microbial population were challenged by this analysis. The water chemistry
data collected for this research was aimed at achieving a better understanding of how
these acidic hot springs fluctuate over time with respect to their chemistry. This was the
first time that any of the three sites had been monitored continually over time for virus

populations, archaeal populations, and water chemistry.

Comparison of water chemistry in three acidic hot springs

The water chemistry from each of the three monitor sites was continuously
monitored for two years. Each monitor site was chemically unique. Originally, these hot
springs were chosen as monitor sites because they all had the temperature (70-95°C) and
pH (1-5) ranges that are appropriate for the growth of Sulfolobus species. Due to
sampling logistics, the samples for chemical analysis at all three sites could not always be
collected on the same day; therefore, comparisons are based on the closest sampling
times (table 6.1). An overview of the water chemistry in each site is illustrated in figure
6.1.

Each monitor site displayed a wide variety of water chemistry. Of the three sites,
chloride was highest in the Ragged Hills monitor site (figure 6.2a). The average chloride
concentration in Ragged Hills was 611mg/L. compared to only 1.8mg/L in Crater Hills
and 3mg/L in Rabbit Creek (table 6.2). High sulfate levels were characteristic of the
Crater Hills monitor site over time (figure 6.2b). The average sulfate concentration in

Crater Hills was 1,022mg/L (table 6.2). This compares to 87mg/L sulfate in Rabbit
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Creek and 135mg/L sulfate in Ragged Hills (table 6.2). Dissolved organic carbon (DOC)
fluctuated in each monitor site over time (figure 6.2c). However, based on the average
DOC concentration over time, the Crater Hills (5.74mg/L) and Rabbit Creek (5.3mg/L)
monitor sites contained twice as much DOC as the Ragged Hills monitor site (2.5mg/L)

(table 6.2).

Table 6.1. The dates of chemical analysis for each
monitor site. The sample numbers correspond to figure
6.2a-r. RHMS=Ragged Hills monitor site; RCMS=
Rabbit Creek monitor site; CHMS=Crater Hills monitor

site.
Sample Water Chemistry Samples Collected
Number RHMS RCMS CHMS
1 02/17/03 1/20/03 1/3/03
2 4/24/03 2/27/03
3 5/6/03
4 5/13/03 5/30/03
5 6/19/03 6/24/03 7/18/03
6 7/14/03 7/25/03 8/4/03
7 8/4/03 8/26/03 9/11/03
8 10/2/03 10/2/03 10/23/03
9 11/13/03 11/13/03 11/24/03
10 1/19/04 1/19/04 2/19/04
11 4/15/04 3/4/04 4/15/04
12 6/3/04 6/3/04 6/14/04

The nutrient concentrations varied in the monitor sites over time. Nitrogen
(nitrate and nitrite) was not detected in any of the monitor sites (table 6.2). Average
ammonia concentrations were three times higher in the Crater Hills monitor site
(14.8mg/L in Crater Hills compared to 5.3mg/L and 0.85mg/L in Rabbit Creek and
Ragged Hills, respectively) (table 6.2). The ammonia in Crater Hills and Rabbit Creek

appeared to fluctuate over time, as opposed to the low, constant levels in the Ragged
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Hills monitor site (figure 6.2d). Phosphorus concentrations in the three monitor sites
were constantly low (table 6.2). Interestingly, the phosphorus concentrations in Crater
Hills and Rabbit Creek spiked in the sixth sample from each site (figure 6.2e). This
corresponds to the July 25, 2003 sample collected from Rabbit Creek and the August 4,
2003 sample from Crater Hills (table 6.1). The spike in phosphorus did not occur in all
the monitor sites even though a sample from Ragged Hills was collected the same day as

the Crater Hills sample (table 6.1).

Figure 6.1. A comparison of the average water chemistry
values measured in the three monitor sites over time. For
more details, see table 6.2. A. Crater Hills, B. Rabbit
Creek, and C. Ragged Hills. All values are mg/L.

Arsenic—~antimony
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Table 6.2. The overall averages of water
chemistry analysis from each of the three
monitor sites. All values are mg/L.. CHMS=
Crater Hills monitor site, RCMS=Rabbit
Creek monitor site, and RHMS=Ragged Hills

monitor site.

CHMS RCMS RHMS
Chloride 1.8 3 611
Sulfate 1022 87 135
DoC 5.74 5.3 2.5
Ammonia 14.8 53 0.85
Nitrogen 0 0 0
Phosphorus 0.47 0.7 0.203
Aluminum 20.8 1.4 1.9
Antimony 0 0 0.125
Arsenic 0.01 0.04 1.01
Barium 0 0 0
Boron 14 0 79
Cadmium 0 0 0
Calcium 0 1.5 5.8
Copper 0 0 0
Iron 1.47 12.2 2.7
Lead 0.012 0 0
Magnesium 0 0 0
Manganese 0.02 0.08 0.03
Mercury 0 0 0
Molybdenum 0 0 0.18
Nickel 0 0 0
Potassium 9 5.8 59
Selenium 0 0 0
Silicon 108 24.9 198.5
Sodium 2.8 11.7 326
Zinc 0.07 0.13 0.04

The chemical uniqueness of each monitor site is further illustrated in the dissolved
metals detected in each site. Seven metals (barium, cadmium, copper, magnesium,
mercury, nickel, and selenium) analyzed for in the chemical analysis were not detected
(table 6.2). Aluminum in Crater Hills appears to increase and decrease cyclically (figure
6.2f). The aluminum concentrations increase during the summer months (May — August

2003), decrease during the fall and winter months (September 2003 —February 2004),
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and begin to increase again in the spring (April—June 2004). This correlates with lower
water levels in the summer and higher water levels in the winter months at the Crater
Hills monitor site. Aluminum in the Ragged Hills monitor site (1.9mg/L) was similar to
the aluminum measured in Rabbit Creek (1.4mg/L), but a fluctuation over time was not
apparent in either site (figure 6.2f). One of the two metals only detected in the Ragged
Hills monitor site was antimony (figure 6.1g and table 6.2). The Norris Geyser Basin is
known for its high concentrations of arsenic, and indeed, the Ragged Hills monitor site
contained the highest levels of arsenic (1.01mg/L arsenic in Ragged Hills compared to
0.01mg/L and 0.04mg/L in Crater Hills and Rabbit Creek, respectively) (figure 6.2h).
Both of these results correlate with the fact the Ragged Hills monitor site is a younger
thermal site, and undergoing rapid de-mineralization.

The differences between the three monitor sites are further illustrated with boron,
calcium, and iron concentrations. Boron was not detected in the Rabbit Creek monitor
site, but was detected in both the Crater Hills and Ragged Hills sites (table 6.2). Boron
was present in higher concentrations in Ragged Hills (7.9mg/L) than it was in Crater
Hills (1.4mg/L), but it remained relatively stable over time in both monitor sites (figure
6.21). Calcium was detected consistently and at the highest levels in the Ragged Hills
monitor site (5.8mg/L), and it appeared to fluctuate at low levels in the Rabbit Creek
monitor site (figure 6.2j). The fluctuation of calcium in Rabbit Creek was not correlated
with pH change, temperature change, or seasonal change. Iron was detected in all of the
three monitor sites in each sample (figure 6.2k). Previous research had indicated that the

Rabbit Creek area contained high concentrations of iron. However, except for the sample
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collected on July 25, 2003 from Rabbit Creek (45.5mg/L), the iron levels in all three sites

are comparable (figure 6.2k).

Figure 6.2. The water chemistry values measured at the Crater Hills
(CHMS), the Rabbit Creek (RCMS), and the Ragged Hills (RHMS)
monitor sites. The sample numbers correlate with table 6.1. All

values are measured in mg/L.
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Figure 6.2 (cont).
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Lead, manganese, and molybdenum were detected in the monitor sites at very low
levels (table 6.2). Lead was constantly detected in Crater Hills over time albeit very low
levels (0.012mg/L), and it was only detected once in Ragged Hills and Rabbit Creek
(figure 6.21). It is interesting to note the samples containing the lead in Ragged Hills
(June 19, 2003) and Rabbit Creek (June 24, 2003) were collected within one week of

each other (tables 6.1 and 6.2). Manganese was detected in all the monitor sites at low
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levels (figure 6.2m). The manganese levels in Rabbit Creek (0.08mg/L) were slightly
higher than the other two sites (0.02mg/L and 0.03mg/L in Crater Hills and Ragged Hills,
respectively). One sample collected from Rabbit Creek on July 25, 2003 contained three
times more manganese than other samples (figure 6.2m). However, this does not
correlate with pH or temperature changes and the spike was not detected again.
Molybdenum (along with antimony) was only detected in Ragged Hills (table 6.2). The
molybdenum concentrations appear to be fairly unstable in the Ragged Hills monitor site
with many fluctuations (figure 6.2n). Again, this could be contributed to the young age
of this thermal site.

The high levels of potassium, silicon, and sodium in the Ragged Hills monitor site
indicate the young age of this thermal feature. Potassium was detected in all of the
monitor sites over time (figure 6.20). The highest levels were detected in Ragged Hills
(59mg/L), but the levels in all sites remained constant over time (figure 6.20). The
Ragged Hills monitor site also contained the highest levels of silicon (198.5mg/L) and
sodium (326mg/L) (figures 6.2p and 6.2q). The silicon concentrations remained stable in
each of the monitor sites (figure 6.2p). Sodium appeared to spike every five months in
Ragged Hills (figure 6.2q). Zinc was also detected in each of the three monitor sites at
low levels (figure 6.2r). However, over time, zinc concentrations were the highest in the
Rabbit Creek monitor site (0.13mg/L) (table 6.2).

In summary, the chemical composition of each of the three monitor sites is unique
in comparison to each other (figure 6.1). The Crater Hills monitor site contained the

highest concentrations of sulfate, ammonia, aluminum, and lead (table 6.2). The Rabbit
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Creek monitor site contained the highest levels of phosphorus, iron, manganese, and zinc
(table 6.2). Finally, the Ragged Hills monitor site contained the highest concentrations of
chloride, antimony, arsenic, boron, calcium, molybdenum, potassium, silicon, and
sodium (table 6.2). In short, each of the monitor sites is characterized by a high
temperature and low pH; however, chemically they are very distinct from each other.

Although a lot was learned about these acidic hot springs, this water chemistry
analysis was not exhaustive. There are numerous other chemical components that could
be analyzed to give a better understanding of each monitor site. For example, analyzing
chemical speciation and gasses could be useful in learning more about these

environments.

Water chemistry comparison with YNP monitor sites

Water chemistry in Lassen National Park. It is illustrative to compare the water

chemistry of these three monitor sites with another thermal environment. Water
chemistry was measured in Lassen National Park (LNP), California. The chemical
analysis was conducted in the same way as the samples collected from YNP. The sample
from Devil’s Kitchen in LNP was collected on June 19, 2004, and the sample from
Boiling Springs in LNP was collected on June 21, 2004 (table 6.3). The results from
these two springs were compared to the water chemistry of the three monitor sites in
YNP (table 6.3). Only the last sample from each YNP monitor site was used as a basis

for comparison.
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Table 6.3. The water chemistry measurements in Lassen National Park
(LNP) and Yellowstone National Park (YNP). The sampling dates
compared were the closest of the samples collected from each location.
The chemical species are measured in mg/L.

LNP LNP YNP YNP YNP
Devil’s Boiling Rabbit Crater Ragged
Kitchen Springs Creek Hills Hills
Sample Date June 19, June 21, June 3, June 14, June 3,
2004 2004 2004 2004 2004
Chloride 1 0 3 4 588
Sulfate 543 636 45 1320 122
DOC 2.5 1.2 8.1 6.2 0.5
Ammonia 12.2 0.8 2.8 11.4 0.8
Nitrogen 0.09 0.06 0 0.07 0
Phosphorus 0.11 0.06 0.81 0.33 0.2
Aluminum 0.9 21.1 0.2 26.2 1.9
Antimony 0 0 0.006 0 0.106
Arsenic 0 0 0.051 0.034 0.464
Barium 0 0 0 0.1 0
Boron 54 0.2 0 1.3 8.7
Cadmium 0 0 0 0 0
Calcium 60 6 1 0 6
Copper 0.04 0.04 0.02 0 0
Iron 21.2 29.8 6.93 1.47 1.52
Lead 0 0 0 0.03 0
Magnesium 24 4 0 0 0
Manganese 1.03 0.16 0.05 0.03 0.04
Mercury 0 0 0 0 0
Molybdenum 0 0 0.009 0 0.112
Nickel 0 0.04 0 0 0
Potassium 15 0 7 9 59
Selenium 0.007 0 0 0 0
Silicon 142 49 23.2 104 149
Sodium 38 0 9 2 355
Zinc 1.46 0.28 0.28 0.02 0.01

The acidic hot springs in LNP and YNP have very similar water chemistry (table
6.3). This result was not unexpected. The acidic hot springs in LNP and YNP share
many characteristics. For example, both areas contain many acidic thermal sites that are
ideal conditions for the growth of Sulfolobus and other archaeal organisms. Also, the
geology and predicted age of each thermal area is similar, therefore the chemistry of the

water should be similar.
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Water chemistry of Lake Victoria, Africa. It is also interesting to compare the

water chemistry of the three monitor sites to a non-thermal environment. Limited water
chemistry is known about Lake Victoria in Africa (Talling et. al. 1965). Surprisingly,
the differences in water chemistry of the three sites in YNP and Lake Victoria are similar
to the differences observed between the three monitor sites (table 6.4). There are slight
differences in the water chemistry between the two environments. For example,
magnesium was not detected in YNP, but it was present in Lake Victoria (table 6.4).
Potassium and sulfate concentrations were higher in the YNP monitor sites compared to
Lake Victoria (table 6.4). Unfortunately, the chemical analysis of Lake Victoria was not
as extensive as the water chemistry analysis in the three monitor sites. It is suspected the
metal concentrations would be quite different because of the underlying rock present in

YNP.

Table 6.4. A comparison of the average water chemistry
measured in the three monitor sites within YNP, and a non-
thermal environment, Lake Victoria, Africa. CHMS=Crater
Hills, RCMS=Rabbit Creek, and RHMS=Ragged Hills.
Chemistry values are measured in mg/L.

CHMS | RCMS | RHMS | Lake Victoria,
Africa
pH* 1.9 4.2 3.2 8-8.8
Calcium 0 1.5 5.8 5-15
Magnesium 0 0 0 1.59-8
Sodium 2.8 11.7 326 10.4-13.5
Potassium 9 5.8 59 3.7-4.2
Sulfate 1022 87 135 2.3
Chloride 1.8 3 611 3.9-7
Nitrogen** 0 0 0 0.011-0.029
Phosphorus | 0.47 0.7 0.203 0.047-0.067

*pH of each monitor site in June 2004.
**Expressed as nitrate + nitrite.
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In summary, the monitor sites in YNP are distinct from each other. The acidic hot
springs within YNP are chemically similar to acidic hot springs in LNP (table 6.3), but
distinct from non-thermal environments (table 6.4). Although each of the YNP monitor
sites is thermal and acidic, they are chemically distinct. The differences could be
attributed to local variations in underlying rocks, water levels, and time. The variation in
water chemistry could be supporting the variation in microbial communities in the three
monitor sites. Finally, the chemistry of the three monitor sites is not highly dynamic over

time.

Comparison of archaeal populations in three acidic hot springs

The dominant archaeal population of each monitor site was unique. For an
overview of the archaeal host populations within each monitor site, see figure 6.3.
Perhaps the unique water chemistry of each monitor site is driving the unique archaeal
population. 16S rDNA gene sequence analysis was used to identify the dominant
archaeal population in each monitor site. Two primer sets were chosen to amplify full-
length (20F/UA1406R; 1,400 bps) or almost full-length (348Fa/UA1406R; 1,000 bps)
sequence of the 16S rDNA gene. The environmental sequences were compared to 16S
rDNA sequences in the public database.

The Crater Hills monitor site contained the most diverse archaeal population over
time (table 6.5 and figure 6.3). The majority of the environmental sequences most
closely matched Caldococcus noboribetus (126 clones at 86-97% identity) and

Vulcanisaeta distributa (69 clones at 87-98% identity) (table 6.5). Sulfolobus-like
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sequences were detected 63 times in Crater Hills during the course of this research (table
6.5). Because of the low sequence identity to published Sulfolobus 16S rDNA sequences,
it is likely this population within Crater Hills is closely related to Sulfolobus, perhaps
another member of the Sulfolobales. The potential host population in Crater Hills is
composed of archaeal organisms that favor low pH and high temperature environments.
All of the sequences isolated from this monitor site represent organisms that grow
anaerobically (excluding Sulfolobus). Most organisms in this hot spring are currently
undescribed, but based on 16S rDNA sequences, they are related to described archaeal

organisms.

Figure 6.3. A comparison of the archaeal populations
detected within each monitor site. A. Crater Hills
monitor site; B. Ragged Hills monitor site; C. Rabbit
Creek monitor site.
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The archaeal population within the Ragged Hills monitor site was the least diverse
of the three monitor sites (table 6.5 and figure 6.3). Over the course of this study, only
four distinct 16S rDNA sequences were collected from Ragged Hills. The most
commonly detected sequence represented Stygiolobus azoricus (269 clones at 95-99%
identity) (table 6.5 and figure 6.3). Sulfolobus is indeed present in Ragged Hills, just at
low numbers (table 6.5 and figure 6.3). Surprisingly, the youngest of the three monitor
sites is currently dominated by a single species. Perhaps the low nutrient level of the
Ragged Hills monitor site and high concentration of metals (table 6.2) does not support a
diverse microbial community. Like the Crater Hills monitor site, 16S rDNA sequences

from the Ragged Hills site belonged primarily to anaerobic archaeal organisms.

Table 6.5. The organisms detected in each of the three monitor sites and
the percentage identities to published 16S rDNA sequences. ND=not

detected.
Organism Number of clones and percent match range
Name Crater Hills =~ Ragged Hills  Rabbit Creek
Caldococcus 126 (86-97%) ND 10 (90-97%)
Vulcanisaeta 69 (87-98%) ND 46 (94-98%)
Sulfolobus 63 (87-94%) 3 (98%) 1 (95%)
Acidianus 4 (93-99%) ND 32 (96-99%)
Metallosphaera ND 6 (94-97%) 6 (97%)
Pyrodictium 1 (90%) ND 1 (91%)
Stygiolobus 15 (88-95%) 269 (95-99%) ND
Thermocladium ND 2 (96-97%) ND
Desulfurococcus 1 (83%) ND ND

Only two samples from the Rabbit Creek monitor site were used for 16S rDNA
gene analysis, and the archaeal population detected in Rabbit Creek was dependant on the

primer set. The first sample was exclusively composed of Acidianus sequences that were
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highly related to published Acidianus 16S rDNA sequences (table 6.5 and figure 6.3).
The archaeal population of Rabbit Creek shifts drastically in the next sample used for 16S
rDNA analysis. This sample yielded a more diverse population, similar to that found in
Crater Hills. The majority of the environmental clones most closely resembled V.
distributa (table 6.5 and figure 6.3). Although only two samples were examined, the
Rabbit Creek monitor site contained a diverse collection of archaeal organisms. Like the
other two monitor sites, anaerobic organisms dominated the archaeal community based
on 16S rDNA analysis. There appeared to be a dramatic shift in the archaeal population
within Rabbit Creek; however, different primers were used in each sample. For unknown
reasons, 16S rDNA PCR was only successful on these two samples even after numerous
attempts with varying 16S rDNA primers. In order to more fully understand the archaeal
population in Rabbit Creek, both primer sets would need to be used on more samples.

Overall, the environmental sequences collected in this research most closely
resembled nine published 16S rDNA sequences and some matched uncultured archaeal
clones (table 6.6). Most of the organisms were detected in two or more monitor sites,
excluding Thermocladium-like sequences that were only detected in Ragged Hills and a
Desulfurococcus-like sequence only detected in Crater Hills (table 6.6). Sulfolobus was
the only 16S rDNA sequence detected in all three monitor sites (table 6.6).

It was predicted that Sulfolobus species would be commonly detected in these
monitor sites. Indeed, one reason these three particular hot springs were chosen for this
study was based on the fact that Sulfolobus could be easily cultured from each of the

sites. However, based on environmental 16S rDNA gene analysis, the dominant
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organism in these hot springs is not Sulfolobus or even Sulfolobus-like species (table 6.6).
This research has revealed a broader range of the archaeal diversity present in these
extreme thermal environments within YNP. Previous to this research, some species had
not been detected outside the location of original isolation. For example, Stygiolobus
azoricus was originally discovered in the Azores and had not been detected in other

locations worldwide (Segerer et. al. 1991). However, it was found to be quite abundant

in the YNP hot springs, especially in the Ragged Hills monitor site.

Table 6.6. The organisms detected in this research, how many times
they were detected, and the location(s) they were detected.

Closest match* Number of Location(s)
Sequences
. Crater Hills;
Caldococcus noboribetus 136 Rabbit Creek
. o Crater Hills;
Vulcanisaeta distributa 115 Rabbit Creek
Crater Hills;
Sulfolobus solfataricus 67 Ragged Hills;
Rabbit Creek
o ' Crater Hills;
Acidianus species 36 Rabbit Creek
Ragged Hills;
Metallosphaera sedula 12 Rabbit Creek
o Crater Hills;
Pyrodictium occultum 2 Rabbit Creek
_ ' Crater Hills;
Stygiolobus azoricus 284 Ragged Hills
Thermocladium modestius Ragged Hills
Desulfurococcus mobilis 1 Crater Hills
Crater Hills;
Uncultured archaeal clones 11 Rabbit Creek

*closest match from NCBI BLAST based on 1,000-1,400bps of environmental

16SrDNA sequence.
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The three monitor sites each contained unique microbial communities and unique
water chemistries. The 16S rDNA genes sequenced in this study represent archaeal
organisms that are anaerobic thermophilic acidiophiles (excluding the aerobic
Sulfolobus). Stygiolobus-like, Acidianus-like, Vulcanisaeta-like, Caldococcus-like, and
Sulfolobus-like sequences were the most commonly detected 16S rDNA genes (table
6.6). The information considering electron donors and acceptors is limited in these
organisms. However, Vulcanisaeta has been shown to utilize FeCl, and sulfate as
possible electron acceptors (Itoh et. al. 2002). It is reasonable the water chemistry of
Rabbit Creek and Crater Hills would support Vulcansaeta-like populations.

Many of the organisms that were detected utilize elemental sulfur. Caldococcus
requires sulfur in order to maintain a high growth rate (Aoshima et. al. 1996). Sulfolobus
and Acidianus also utilize elemental sulfur to produce sulfuric acid (Garrity 2001).
Stygiolobus grows anaerobically with elemental sulfur to produce hydrogen sulfide
(Garrity 2001). Even though the chemistry analysis did not examine sulfur, the Crater
Hills monitor site contains visible amounts of elemental sulfur in the hot spring and
crusted around the border of the site.

Although there is little information concerning the growth of these organisms in
nature, the water chemistry of each monitor site is likely to support the growth of the
detected archaeal organisms. As mentioned previously, analyzing the chemical
speciation and gasses present in the monitor sites will aid in the understanding of these
microbial communities. Further understanding the chemistry in the acidic hot springs

within YNP may help achieve a better understanding of archaeal organisms in nature.
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It is likely that archaea are dominant in the high temperature acidic environments
within YNP. Previous research has revealed that hyperthermophilic bacteria are
dominant in many hot springs within YNP (Spear et. al. 2005; Hugenholtz et. al. 1998;
Reysenbach et. al. 2000). However, these studies were conducted within high
temperature (~70°C) and neutral pH environments. Current research with 16S rDNA
PCR with universal primers (Spear et. al. 2005) has revealed the monitor sites contain
exclusively archaeal organisms (M. Young lab, unpublished). Therefore, unlike neutral
hot springs, the bacterial community in the acidic hot springs is likely not significant.

The archaeal host populations in Crater Hills and Rabbit Creek changed during
this study. The dynamics of the potential host populations cannot be correlated to water
chemistry. It is currently unknown what may be driving the changes in the host
population structures. Perhaps viruses are driving the changes in the host populations.

These three acidic hot springs within YNP each contain a unique collection of
archaeal organisms. We were underestimating the diversity of these communities when
we assumed Sulfolobus species would be dominant because that was the organism easily
cultured. Instead, I found archaeal communities that, for the most part, are currently
undescribed. We hope to learn more about each of the common archaeal organisms

detected in each of the monitor sites by culturing each organism and looking for viruses.

Comparison of SSV-like populations in three acidic hot springs

SSVs were monitored continuously over time in three acidic hot springs in YNP.

Previous research revealed the most commonly isolated viruses from samples collected in
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YNP were SSV-like viruses (Rice et. al. 2001). Four SSVs have been sequenced from
various locations around the world and their genomes compared (Wiedenheft et. al.
2004). This allowed for the design of two sets of “universal” SSV primers to amplify
SSV-like sequences from the environment. The 3F/4R primer set amplifies
approximately 255bps of the largest ORF in the viruses (b812 in SSV-RH). This primer
set was the most successful at amplifying SSV-like sequences from the three monitor
sites. The 7F/8R primer set amplifies the coat proteins of the viruses. The amplicon
ranged from approximately 600-1,000bps, depending on the presence of VP2
(Wiedenheft et. al. 2004). This primer set was not as successful at amplifying
environmental viral sequences. In fact, a 7F/8R product was never obtained from the
Crater Hills monitor site, and only four samples from the Ragged Hills and Rabbit Creek
monitor sites resulted in a product. This result is likely a result of difference in
sensitivity of the SSV 3F/4R and 7F/8R primer sets on purified viral templates. SSV

3F/4R had a detection limit of 0.1pg, and 7F/8R was 10,000X less sensitive (1ng).

Comparison of SSV-like populations using 3F/4R primer set

The ‘universal’ SSV 3F/4R primer set was successful at amplifying SSV-like
sequences from the three monitor sites. However, not every sample was positive for
SSV-like sequences with these primers. Overall, there were three major clades of SSV-
like viruses detected in the three monitor sites over time (figure 6.4). The three major
SSV-like clades were detected in all three monitor sites, but at different times. The
Ragged Hills and Rabbit Creek monitor sites each contained one SSV-like clade not

detected in the other sites.
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Figure 6.4. The SSV-like DNA 3F/4R sequences obtained from the
three monitor sites over time. A maximum likelihood analysis was
conducted using MrBayes version 3 (Huelsenbeck 2001) with Bayesian
clade credibility values, and a maximum parsimony analysis conducted
with PAUP 4.0b10 (Swofford 2002) with 10,000 bootstrap replicates.
The numbers at main nodes represent the Bayesian clade credibility and
the maximum parsimony bootstrap. Inset: an unrooted phylogram to
better illustrate the three major groups of SSV-like 3F/4R sequences.
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The Crater Hills monitor site contained the best results for the SSV-like 3F/4R
data. Eight of fourteen samples were positive for SSV-like sequences for a total of 292
SSV-like 3F/4R clones (table 6.7). Most of the detected SSV-like sequences were
obtained in the first five samples collected from the Ragged Hills monitor site. The
Ragged Hills monitor site resulted in approximately the same number of clones as the
Crater Hills monitor site (285 SSV-like 3F/4R sequences; table 6.7); however, only six of
fifteen total samples yielded positive results. The Rabbit Creek monitor site resulted in
208 SSV-like 3F/4R sequences (table 6.7) in seven out of twelve samples collected from

this site.

Table 6.7. The viral clones sequenced from each monitor site
during this research.

Crater Rabbit Ragged

Hills  Creek  Hills et
SSV 3F/4R 202 208 285 785
SSV 7F/$R 0 112 113 225
SIRVDBPF/R 812 688 663 2163

The three monitor sites contain SSV-like virus populations that are dynamic and
changing in a short period. The SSV-like populations in the three monitor sites that were
studied for approximately two years were found to have similar overall population
structures (figure 6.5). However, the presence or absence of a particular virus clade at a
particular time varied widely. It is, therefore, impossible to predict which virus clades
would be present at a particular site at a particular sampling time. The sequence
abundance graphs of the SSV-like sequences from each of the three monitor sites reveal

that sequences detected only one time (singletons) were the most common sequences
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detected in each of the three monitor sites (figures 3.21, 4.22, and 5.18) usually
composing more than a third of our sampled population. This unusually high number of
singletons commonly indicates a high migration rate or a high mutation rate in these

organisms.

Figure 6.5. Unrooted phylograms illustrating the different groups of SSV-like
3F/4R sequences detected from the three monitor sites over time. A maximum
likelihood analysis was conducted using MrBayes version 3 (Huelsenbeck and
Ronquist 2001) with Bayesian clade credibility values, and a maximum parsimony
analysis conducted with PAUP 4.0b10 (Swofford 2002) with 10,000 bootstrap
replicates. The numbers at main nodes represent the Bayesian clade credibility and
the maximum parsimony bootstrap. The colors correspond to figure 6.4.
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I have shown that the SSV-like population can be drastically different from month
to month. I sequenced 785 SSV-like 3F/4R clones (table 6.7) during this research.
However, we did not capture the total diversity of SSV-like sequences in these hot
springs (figure 6.6). A species accumulation curve (generated using the Vegan program
version 1.7-50; http//:cc.oulu.fi/~jarioka/softhelp/vegan/html/00Index.html) for the SSV-
like viruses from all study sites illustrates the large diversity of sequences (figure 6.6). It
also reveals that a saturation of the viral community was not achieved (figure 6.6). It is
unknown how many more clones would need to be sequenced to capture the total viral
diversity within these hot springs. However, it could be potentially a very large number.
When the SSV-like 3F/4R sequences from the monitor sites are combined, a Zipf
distribution results (figure 6.7). The Zipf distribution indicates that there is one dominant
sequence and the other sequences are present in much lower numbers (Cancho et. al.
2003). This indicates the presence of a dominant group of SSV-like viruses with other
SSV-like viral populations present in lower numbers.

This is in contrast to SSV1 sequences once placed in culture, which do not change
significantly over time. Nevertheless, it must be remembered that organisms behave very
differently in culture than they would in the natural environment. In the environment,
organisms are consistently dealing with a changing environment, and potentially
competition with other organisms. In culture, these pressures are not as severe, and
therefore the organisms might not have to adapt as much as they would in a natural

setting.
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Figure 6.6. A sequence accumulation curve for the SSV-like
viruses detected over time in all three monitor sites. This
indicates the total diversity of SSV-like sequences in YNP was
not captured.
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When all of the SSV-like 3F/4R sequences obtained from the three different
monitor sites are compared, there are three major clades of SSV-like viruses within YNP
with two outlying, smaller groups (figure 6.4). The differences between the clades of
SSV-like viruses represent differences of 5-10% in the 3F/4R sequence. One group of
viruses represented by sequences from all the monitor sites is more closely related to
SSV-KI1 than to other YNP sequences (colored purple in figure 6.4). Another group that
is also represented by sequences from all three acidic hot springs is more closely related

to SSV1 than to other YNP sequences (colored green in figure 6.4). Finally, the largest
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major group of viruses includes SSV-RH and SSV?2 (colored blue in figure 6.4). There
were two smaller, outlying groups of SSV-like sequences from YNP that represented
sequences from Ragged Hills (colored pink in figure 6.4) and Rabbit Creek (colored
orange in figure 6.4).

Figure 6.7. SSV-like distribution at all three monitor sites over time.
All models were attempted, but the Zipf model best fit the data.
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The data from this research indicates the differences between the four sequenced
SSV isolates are not due to geographical isolation. One reason the four sequenced SSV
isolates may be distinct from each other is the fact that prior to sequencing the viral

genome, each of the viruses was maintained in culture (Palm et. al. 1991; Stedman et. al.
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2003; Wiedenheft er. al. 2004). We detected a difference between cultured SSV-like
sequences enriched from two monitor sites within YNP (Rabbit Creek and Ragged Hills;
see Chapter 2). However, environmental SSV-like sequences do not reveal differences
based on monitor site (figure 6.4).

The four sequenced SSV isolates do not represent all major viral types present in
the individual environments (YNP, Japan, Iceland, and Kamchatka). The results are
biased when a single cultured isolate is considered a geographical representative. A
single SSV genome cannot be used to define the viral population structure and diversity
within a thermal area. It is likely if a similar study were conducted in Japan, Iceland, or
Kamchatka, the results would be similar to the results from YNP. Likewise, if one SSV
was cultured and the genome was sequenced from each of the three monitor sites, the
differences between the three genomes may be similar to the differences between the
sequenced SSV genomes from Japan, Iceland, Kamchatka, and YNP.

Based on the 3F/4R analysis, the SSV-like populations in the three acidic hot
springs within YNP are dynamic. Each site underwent a shift in SSV-like clades present
over time. It is curious as to why the SSV-like viruses were not always detected in each
of the monitor sites at each of the sampling times. However, the SSV-like 3F/4R
population was missing from the monitor sites at similar times. Therefore, it is likely the
viruses were not present in the environment during those months or they were present
below our detection level. SIRV-like and 16S rDNA sequences were detected from the
samples not containing SSV-like 3F/4R sequences indicating the source DNA was

suitable for PCR. The amplification of the 3F/4R gene was attempted numerous times
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before the absence of SSV-like sequences was declared, and a positive control of spiking
environmental samples with known templates was successful. Therefore, it is unlikely
the absence of SSV-like sequences is due to experimental error.

When comparing all of the SSV-like sequences collected from the YNP monitor
sites, 77% of the bases in the 3F/4R sequence were identical over time (table 6.8). There
were 320 unique SSV-like DNA sequences detected from 785 SSV-like 3F/4R clones.
The largest group of identical sequences was composed of 88 sequences comprising
11.2% of the sequenced clones. This large group consisted of sequences from all three
monitor sites (table 6.9). There were smaller groups of identical sequences ranging from
two to 58 identical SSV-like sequences, but the majority of the SSV-like sequences (256)
were detected only once. SSV-like singletons comprised 32.6% of the clones that were
sequenced during the two years of this research. The base frequencies from SSV-like
3F/4R sequences in each monitor site were similar (table 6.10). Surprisingly, the SSV-
like populations in each monitor site had different nucleotide substitution models (table
6.10); perhaps indicating differences in individual environments will cause evolution to

proceed differently.

Table 6.8. Numbers of identical bases, transitions, and
transversions over time in each of the monitored virus
populations.
Identical Transitions Transversions
BaseS 1 st 2nd 3rd 1 st 2nd 3rd
SSV 3F/4R | 199/258 8 4 20 8 5 14
SSV 7F/8R | 329/509 22 22 22 38 34 42
SIRV 343/405 4 0 20 7 7 24
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Table 6.9. The groups of identical SSV-like sequences from the three
monitor sites over time. There were also groups of two to five identical
SSV-like sequences and 256 singletons. CHMS=Crater Hills monitor site,
RCMS=Rabbit Creek monitor site, and RHMS=Ragged Hills monitor site.

. SSV-like SSV-like SSV-like
# of Identical
Sequences sequences sequences sequences
from CHMS from RCMS from RHMS
88 24 52 12
58 0 4 54
52 32 10 10
38 30 0 5
22 0 16 6
16 10 6 0
15 5 5 5
15 2 6 7
14 7 6 1
13 0 6 7
11 0 5 6
10 10 0 0
10 8 1 1
8 0 0 8
7 1 6 0
6 1 1 4

There are similarities and differences between the SSV-like populations in the
three monitor sites over time based on DNA sequences. We detected the largest group of
SSV-like sequences from each monitor site early in the research (July 2002 —February
2003), but it was undetectable for seven to nine months (figures 3.14, 4.11, and 5.8; the
largest group of SSV-like viruses is indicated in blue). When the group was detected
again, it was done so at very low numbers; only one SSV-like sequence from this group
was detected from each monitor site in September 2003 (Crater Hills), October 2003

(Rabbit Creek), and November 2003 (Ragged Hills) (figures 3.14, 4.11, and 5.8).
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Table 6.10. The base frequencies and nucleotide substitution models for each data
set from each monitor site. The models were selected using the AIC criterion in
Modeltest version 3.06 (Posada et. al. 1998). CHMS=Crater Hills monitor site,
RCMS= Rabbit Creek monitor site, and RHMS=Ragged Hills monitor site.

SSV 3F/4R SSV 7F/8R SIRV DBPF/R
CHMS | RCMS | RHMS | RCMS RHMS | CHMS | RCMS | RHMS
0.2773 0.2608 | 0.2781 0.2868 0.2872 | 0.3276 0.3188 | 0.3368
0.1954 0.2123 | 0.1927 0.2079 0.2218 | 0.1814 0.2040 | 0.2082
0.2382 0.2163 | 0.2068 0.2310 0.2132 | 0.1833 0.1945 | 0.1758
0.2891 0.3105 | 0.3224 0.2743 0.2779 | 0.3077 0.2826 | 0.2792
Model | GTR+1+G | HKY+G | GTR+G | TVM+1+G | HKY+G | K81uf+G | K81uf+G | TVM+G

Q| Q>

In Crater Hills, the SSV-like sequences related to SSV-K1 (represented by purple
in figure 6.4) and the sequences related to SSV1 (represented by green in figure 6.4)
appeared later in the study (May 2003) and were detectable through October 2003 (figure
3.14). In the Rabbit Creek monitor site, SSV-like sequences related to SSV-K1 were not
detected until November 2003 (figure 4.11), but the SSV-like sequences related to SSV1
were detected in most samples that SSV-like sequences were detected (figure 4.11).
However, in the Ragged Hills monitor site, SSV-like sequences related to SSV-K1 or
SSV1 were detected in most samples that SSV-like sequences were detected (figure 5.8).
These results illustrate that although the same groups of SSV-like sequences were
detected in each of the monitor sites over time, they were not present in all the sites at the
same time.

The Ragged Hills monitor site contained SSV-like sequences that were not
detected in Crater Hills or Rabbit Creek (figure 5.8; orange, red, and turquoise ovals), but
these groups were only detected in November 2002 and January 2003. It is interesting to

note the similarity in the absence of SSV-like sequences in the Rabbit Creek and Ragged
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Hills monitor sites (figures 4.11 and 5.8, respectively). SSV-like sequences were
undetectable in these sites during the summer and fall of 2003, but they were detected
again in the winter of 2003 (figures 4.11 and 5.8). The SSV-like sequences in Crater
Hills had the opposite trend; sequences were detected through fall 2003, and then
undetectable (figure 3.14).

It is interesting to note that differences in the SSV-like DNA sequences detected
in the three monitor sites did not always result in changes in the inferred protein
sequences (figures 3.14 and 3.15,4.11 and 4.12, and 5.8 and 5.9). When the SSV-like
3F/4R inferred protein sequences from all three monitor sites are compared, there are two
major clades of SSV-like protein sequences (figure 6.8). The group of SSV-like DNA
sequences related to SSV-K1 from the three monitor sites belongs to the largest group of
protein sequences detected in this research (blue in figure 6.8).

A concern is whether we were amplifying viral sequences from virions or whether
they were integrated into their host organisms. All four SSV viruses that have been
completely sequenced have been shown to integrate into tRNA genes of Sulfolobus
(Wiedenheft et. al. 2004). By extracting total DNA and performing PCR on the entire
environmental sample, it is possible, if not likely, that proviruses were amplified and
sequenced as well as episomal forms of viral DNA. The interrupted ORFs detected in
this research may be representing old SSV integration events that may have acquired
mutations over time (She et. al. 2001). However, recent events of integration may look

like functional (uninterrupted) ORFs. Using the methods employed in this research, it
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would be difficult to determine if the SSV-like sequences are from viruses or from recent

integration events.

Figure 6.8. SSV-like 3F/4R inferred protein sequences
from the three monitor sites collected during this
research. A maximum parsimony analysis was
conducted with 10,000 bootstrap replicates (Swofford
2002).
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In summary, the SSV-like 3F/4R sequences detected from the three monitor sites
changed over time. The population structures of the SSV-like sequences detected in all
three monitor sites was comparable (figure 6.5). However, the clades of viruses were not
always present in the three sites at the same time, making it impossible to predict the
presence or absence of viral clades at a particular time. There is an enormous amount of

diversity in SSV-like sequences within the three monitor sites over time.

Comparison of SSV-like populations using 7F/8R primer set

The primers that were designed to amplify the coat proteins of SSVs were not as
successful as the 3F/4R primer set in amplifying SSV-like sequences from the
environment (table 6.7). The SSV-like coat proteins were never detected from the Crater
Hills monitor site. They were only detected four times during the course of this research,
twice from the Ragged Hills monitor site, and twice from the Rabbit Creek monitor site.
This result brings up the possibility that the 3F/4R primers may amplify sequences in
many thermophilic organisms, and may not be specific to the SSV-like viruses.
However, when compared to genomes and sequences of described thermophilic
organisms, there is not a region that would be amplified by these primers. Furthermore,
the environmental 3F/4R sequences were the correct size (~255bps) and they closely
matched known SSV sequences (SSV1, SSV2, SSV-RH, and SSV-K1). Even though
archaeal populations changed and varied between monitor sites, 3F/4R sequences were
detected. These results indicate that the 3F/4R sequences were viral.

Perhaps the inability to consistently detect SSV-like coat proteins in the

environment is a result of the sensitivity of the 7F/8R primer set (1ng/PCR reaction). The
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primers designed to amplify the viral coat proteins were not as sensitive on purified viral
templates as the 3F/4R primers (0.1pg/PCR reaction) (see Chapter 3). Presumably if the
coat protein primers (7F/8R) were as sensitive as the 3F/4R primer set, more coat protein
sequences would have been detected.

It is difficult to compare the two samples of SSV-like coat protein sequences from
Rabbit Creek because of the separation in sampling times. The first sample that
contained SSV-like coat protein clones was collected on July 26, 2002, and the coat
proteins were not detected again until November 13, 2003 (table 4.3). There was more
than a year in between the two samples containing SSV-like coat protein sequences.
Regardless, over time the SSV-like coat protein sequences in Rabbit Creek changed from
a diverse population to a population represented by one group (figure 4.17).

There were also only two samples collected from Ragged Hills that contained
SSV-like coat protein sequences (table 5.3). However, as opposed to Rabbit Creek, the
samples containing SSV-like coat protein sequences from Ragged Hills were both
collected at the beginning of this research. The samples collected from Ragged Hills on
October 17, 2002 and November 5, 2002 were the only samples from this monitor site
that were positive for the SSV-like coat protein sequence. For the most part, the
sequences collected in November 2002 were similar to the sequences collected from
October 2002 (figure 5.14).

Perhaps a drastic change was not obvious in Ragged Hills as it was in Rabbit
Creek because of the proximity in the collection of samples. In Rabbit Creek, the two

samples containing SSV-like coat protein sequences were collected over one year apart;
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however, in Ragged Hills, the samples were collected within three weeks of each other.
In any case, to better determine changes occurring in the SSV-like populations based on
changes in the coat proteins, more clones would need to be acquired over time and
sequenced.

In comparing the limited number of SSV-like coat protein sequences from Rabbit
Creek and Ragged Hills, they appear to be geographically separated. When the inferred
amino acid sequences from SSV-like coat proteins from Rabbit Creek and Ragged Hills
are compared, they appear to be separated primarily based on location (figure 6.9). The
major group from Rabbit Creek is only composed of Rabbit Creek sequences (red in
figure 6.9), the major group from Ragged Hills (yellow in figure 6.9) contains only two
Rabbit Creek sequences, and some of the minor groups contain sequences from both
monitor sites (figure 6.9). Three of the sequenced isolates (SSV1, SSV2, and SSV-RH)
are distinct from the YNP environmental sequences, but SSV-K1 is related to a minor
group of Rabbit Creek coat protein sequences (figure 6.9). When comparing all of the
SSV-like 7F/8R sequences collected from the monitor sites, only 64% of the bases in the
coat protein DNA sequences were identical over time (table 6.7).

These results indicate the number of SSV-like 7F/8R clones examined in this
study was severely limited. Presumably if more 7F/8R clones were sequenced and
analyzed, the results would be comparable to the 3F/4R results indicating that similar
groups of SSV-like viruses are present in the monitor sites over time. The SSV-like coat
protein results are analogous to comparing one sequenced SSV isolate from each monitor

site. They would presumably be quite different, and the differences may be contributed
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to geographic isolation. However, the differences in viral sequences between thermal
areas are not likely a result of geographic isolation, but rather a large diversity of viruses
present in these environments. Overall, to better understand the diversity and dynamics
of SSV-like viruses based on coat protein sequences, more clones need to be collected,
sequenced, and analyzed.

Figure 6.9. The amino acid sequences of SSV-like coat

proteins from Ragged Hills and Rabbit Creek. A maximum

parsimony analysis conducted with PAUP 4.0b10 (Swofford

2002) with 10,000 bootstrap replicates. RHMS=Ragged
Hills Monitor Site; RCMS=Rabbit Creek Monitor Site.
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This research has indicated that SSV-like viral populations within hot springs in
YNP are very diverse and dynamic. In fact, the virus populations are changing at such a
high rate that it would be difficult to characterize the viral community at any one point in
time. The overall SSV-like population structure, based on 3F/4R sequence, is similar in
three hot springs that are geographically isolated from each other within YNP. However,
the viral clades detected within the monitor sites were present in the sites at varying
times. This result indicates non-selective migration of these viruses between the thermal
sites within YNP. In order to fully understand the dynamics based on SSV-like 7F/8R
sequences, more sequences will need to be analyzed and the design of more sensitive

primers might be useful.

Comparison of SIRV-like populations in three acidic hot springs

The second virus monitored over time in this research was the SIRV-like
population in YNP. Previous research revealed SIRV-like viruses were the second most
commonly detected virus in enrichment cultures from YNP (Rice et. al. 2001). The
complete genomes of two SIRVs have been sequenced from Iceland (Peng et. al. 2001),
and one is currently being sequenced from the Norris Geyser Basin in YNP (M. Young
lab, unpublished). One primer set was chosen to amplify SIRV-like sequences from the
environment. The primer set, named DBPF/R, amplifies the entire coat protein (405
nucleotides and 135 amino acids). This primer set was very successful at amplifying
SIRV-like sequences from the three monitor sites. This primer set was the most sensitive

of the three viral primer sets used in this research (SIRV DBPF/R 0.001pg; SSV 3F/4R
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0.1pg, and SSV 7F/8R 1ng). As opposed to the SSV-like viruses, the SIRV-like viruses
were detected in all samples collected from the monitor sites during this study, excluding
one sample from Ragged Hills. Overall, there were 2,163 SIRV-like coat protein clones
from the monitor sites that were sequenced during this research (table 6.7).

When comparing all of the SIRV-like sequences collected from the monitor sites,
84% of the bases in the coat protein sequence were identical over time (table 6.8). From
2,163 SIRV-like coat protein clones there was 722 unique DNA sequences. The largest
group of identical sequences was composed of 660 clones (table 6.11). This group
contained sequences from each of the three monitor sites, and comprised 30.5% of the
total SIRV-like clones sequenced during this research. Other groups of identical
sequences ranging from two to 218 sequences were also detected in the sampled SIRV-
like population (table 6.11). The unique DNA sequences (613) composed 28.34% of the
SIRV-like clones sequenced during this research. In contrast to the SSV-like 3F/4R
sequences, SIRV-like singletons were not the most commonly detected group over time.
Instead, the largest group of identical sequences (comprised of 660 sequences from all
three monitor sites) was the most commonly detected sequence over time (table 6.11).

Similar to what was detected with SSV-like viruses, the SIRV-like viral diversity
was very large. The SIRV-like populations in the three monitor sites are also very
dynamic over time. Even though over 2,100 SIRV-like coat protein clones were
sequenced, we did not capture the total amount of diversity present in the hot springs
(figure 6.10). However, the sequences we did collect reveal an astounding amount of

diversity in these viruses over time (figure 6.10). When all of the SIRV-like sequences



303
detected in all three monitor sites are combined, a Mandelbrot distribution results (figure
6.11). The Mandelbrot distribution is similar to the Zipf distribution (as seen in the SSV-
like viruses) in that one sequence occurs often while many others occur rarely
(Mandelbrot 1966). This indicates the presence of a dominant, resident group of SIRV-

like viruses, and the presence of numerous smaller groups of viruses that may be present

transiently.

Table 6.11. The groups of identical SIRV-like sequences from the three
monitor sites over time. There were also groups of two to five identical
sequences and 613 singletons. CHMS=Crater Hills monitor site, RCMS=
Rabbit Creek monitor site, and RHMS=Ragged Hills monitor site.

. SIRV-like SIRV-like SIRV-like
# of Identical
Sequences sequences sequences sequences
from CHMS from RCMS from RHMS
660 250 203 207
218 75 72 77
127 62 32 33
53 10 29 14
42 4 24 14
38 0 3 35
33 16 7 10
22 0 20 2
20 0 17 3
20 20 0 0
17 1 11 5
16 2 11 3
13 13 0 0
12 10 1 1
10 10 0 0
8 8 0 0
7 7 0 0
7 7 0 0
7 0 7 0
7 0 7 0
6 6 0 0
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The SIRV-like viruses were more diverse than the SSV-like viruses in the three
monitor sites over time. The SIRV-like populations sampled in Crater Hills and Ragged
Hills were found to be the most diverse with approximately nine and eight viral groups
detected over time, respectively (figures 3.22 and 5.19). The Rabbit Creek SIRV-like
population was the least diverse with only five groups of viruses detected over time
(figure 4.23). The largest group of SIRV-like sequences from all three monitor sites was
detected consistently throughout this research. Smaller groups of SIRV-like viruses
appeared and disappeared over time, but the largest group seemed to be a permanent
resident of the viral community in each monitor site.

Figure 6.10. A species accumulation curve for the SIRV-like

viruses detected over time in all three monitor sites. This indicates
the total diversity of SSV-like sequences in YNP was not captured.
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Figure 6.11. The SIRV-like distribution in all monitor sites
over time. Of all the models tested, the Mandelbrot
distribution best fit the data.
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The Rabbit Creek SIRV-like population was the most stable of the three monitor
sites (figure 4.23). The largest group of viruses was consistently detected from this
monitor site over time (figure 4.23; represented by dark blue ovals). The minor groups of
viruses were also consistently detected, however, their presence appeared to fluctuate
over time (figure 4.23). It will be interesting to determine whether the dominant group
(represented by blue in figure 4.23) is still consistently detected over time or whether it
disappears and another group of SIRV-like viruses becomes dominant.

The Ragged Hills and Crater Hills SIRV-like populations were both diverse over

time. The eight SIRV-like viral groups in Ragged Hills were detected in most of the
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samples collected from this monitor site (figure 5.19). As found in Rabbit Creek, one
group was reliably detected throughout this study (blue ovals in figure 5.19). However,
many of the smaller groups were also commonly detected in Ragged Hills (figure 5.19).
In the last sample collected from Ragged Hills (June 3, 2004), a new group of SIRV-like
viruses (represented by turquoise in figure 5.19) is obvious and appears to be dominant.
It will be interesting to determine whether this indicates a change occurring in the
dominant SIRV-like population in Ragged Hills.

The Crater Hills SIRV-like population was the most diverse of the three monitor
sites over time. The population in Crater Hills was also dominated by one group of
SIRV-like sequences throughout this research (figure 3.22; represented by blue ovals).
However, this dominant group of viruses was not as consistently detected as it was in the
other two monitor sites (figure 4.23 and 5.19). The diversity in Crater Hills was
continually cycling from many groups of sequences to only one or two groups of SIRV-
like sequences (figure 3.22). In the last three samples collected from Crater Hills
(February 2004, April 2004, and June 2004), a shift in the SIRV-like population is
apparent. The group of viruses that has dominated Crater Hills throughout this research
(represented by blue in figure 3.22) is no longer detected, and three new groups appear
(represented by purple, orange, and dark blue in figure 3.22).

The SIRV-like inferred protein sequences detected in each site did not show the
drastic changes visible in the DNA sequences over time (figure 3.23, 4.24, and 5.20).
Overall, the SIRV-like protein sequences comprised seven groups over time (figure 6.12).

The largest group (purple in figure 6.12) was consistently detected from each of the
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monitor sites throughout this study, excluding the October 17, 2002 sample from Ragged
Hills (figures 3.23, 4.24, and 5.20). This was the only group of protein sequences that
was detected in all three monitor sites. The remaining six groups of SIRV-like protein
sequences were detected in one or two monitor sites, but at varying times. Two groups of
SIRV-like protein sequences were only detected in the Rabbit Creek and Ragged Hills
monitor sites (represented by pink and green in figure 6.12). These two groups were not
present in Rabbit Creek and Ragged Hills at the same times (figures 4.24 and 5.20). Two
SIRV-like protein groups were exclusively found in Crater Hills (represented by yellow
and blue in figure 6.12). These two groups were detected in October 2002 and January
2003 in Crater Hills, but were not detected again (figure 3.23). One group of SIRV-like
protein sequences was exclusively detected in Ragged Hills (represented by orange in
figure 6.12). This group was detected sporadically in the samples collected from Ragged
Hills (figure 5.20). Finally, one group was exclusively detected in the Rabbit Creek
monitor site (represented by red in figure 6.12). The presence of this group fluctuated
over time in Rabbit Creek (figure 4.24). However, the majority of protein sequences
collected in June 2004 from Rabbit Creek belong to this group (figure 4.24).

The SIRV-like populations appear to be undergoing a change in the last samples
collected Crater Hills and Ragged Hills (figures 3.22 and 5.19). It is interesting the
SIRV-like population shifts in February 2004 in Crater Hills, but a change in Ragged
Hills is not apparent until June 2004. It will prove to be interesting to determine whether

the SIRV-like population in each site underwent a permanent change in the dominant



308
virus group or whether the change was temporary, and whether a change in the SIRV-like

population occurs within the Rabbit Creek monitor site.

Figure 6.12. An unrooted phylogram of SIRV-like protein sequences from all three
monitor sites collected during this research. A maximum parsimony analysis
conducted with PAUP 4.0b10 (Swofford 2002) with 10,000 bootstrap replicates.

— 1 change
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The SIRV-like populations in the three monitor sites were very diverse and
dynamic over time. Identical SIRV-like sequences were detected from each monitor site,
but they were not detected during the same time. Like the SSV-like sequences in YNP, it
would be impossible to predict the SIRV-like population at a particular time and place.
The SIRV-like protein sequences were more conserved than the DNA sequences.
However, each monitor site contained SIRV-like protein groups that were exclusive to
that particular monitor site. Presumably these protein groups would be detected in all

three monitor sites with enough sampling and analysis of sequences.

Figure 6.13. A dissimilarity index of the SSV-like and SIRV-like sequences
collected over time from all three monitor sites over time.
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When the two virus populations are combined from all three monitor sites, the
time between collection of samples and differences in viral sequences are not correlated
(figure 6.13). The Jaccard’s Dissimilarity Index measures dissimilarity in sequences over
time (Faith ez. al. 1987). However, this index does not factor shared absences of

sequences, therefore a bias is present towards shared similarity. Regardless, even
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sequences collected on the same day from different monitor sites (0 on the x-axis in
figure 6.13) can be 100% dissimilar. This result indicates that we are detecting high

change over in these viral sequences over time.

Discussion

This was the first attempt to continuously monitor two populations of
hyperthermophilic viruses in three acidic hot springs in YNP. Based on results of
previous research, we chose to monitor SSV-like and SIRV-like viruses from Crater
Hills, Rabbit Creek, and Ragged Hills over the course of two years. We also monitored
the dominant archaeal populations and the water chemistry in each of the sites.

Through this research, we were able to demonstrate the ability to successfully
amplify both viral and archaeal DNA from high temperature acidic environments. Based
on sequenced viral genomes, primers were designed to amplify conserved genes in SSVs
and SIRVs. These primers were used to determine the viral population structure and how
these virus populations might change over time in three acidic hot springs in YNP. We
were able to demonstrate that the virus populations in these thermal areas are very
dynamic.

The water chemistry was analyzed each time a sample was collected from each of
the monitor sites. There were significant differences in the water chemistry of each site,
but each site was relatively stable over time. Each monitor site had its own unique

archaeal community, which may be influenced by the unique chemical environment.
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However, despite the chemical uniqueness of each monitor site, identical viral sequences
were detected in all monitor sites.

The archaeal populations in each monitor site were determined via 16S rDNA
gene sequence analysis. Based on previous research, it was expected the dominant
members of each site would be Sulfolobus species. However, Sulfolobus was present in
each site at low abundance based on its 16S rDNA frequency in clone libraries. A total
of nine different organisms were detected from the three sites, however, most of the
environmental sequences showed low identity to published 16S rDNA sequences. The
archaeal populations in these hot springs are clearly related to known organisms, but most
of the organisms inhabiting the acidic thermal springs in YNP are likely unidentified
species. Perhaps the difference in the dominant archaeal populations reflects the unique
chemical environment of each hot spring. Most of the organisms we detected were found
to be present in more than one monitor site; however, Sulfolobus-like sequences were the
only ones that were detected in all three sites (table 6.6). Although each monitor site was
dominated by different archaeal 16S rDNA sequences, both SSVs and SIRVs were
detected. These results suggest that Sulfolobus species are not dominant organisms of the
microbial communities within the monitor sites, but the viruses infecting Sulfolobus are
present in high copy numbers.

The SSV-like population in the monitor sites was detected by sequencing two
different conserved genes in the SSV genome. The primer set 3F/4R amplifies a portion
of the largest predicted ORF in each virus, and the 7F/8R primer set amplifies the viral

coat proteins. Surprisingly, the 3F/4R primer set yielded the best results; the coat protein
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primers were successful in only four samples collected during this research. The SSV-
like sequences in the three monitor sites were not always detectable. Overall, the SSV-
like sequences from each site were similar and showed the same population structures
(figure 6.5). Each monitor site contained a large group of sequences not closely related
to any of the four sequenced SSV isolates, a group of SSV-like sequences closely related
to SSV-K1, and a distinct group related to SSV1 (figure 6.5). This result indicates there
is migration of these viruses throughout thermal environments around the world.

Changes in the SSV-like 3F/4R DNA sequences did not always result in changes
in the inferred protein sequences. Over time, there were two major groups of protein
sequences detected in the three monitor sites (figure 6.8). The first group was very large
and was closely related to SSV2, SSV-RH, and SSV-K1 (figure 6.8). The second group
of protein sequences was distinct from the larger group and closely related to SSV1
(figure 6.8). These results indicate SSV-like 3F/4R inferred protein sequences were more
conserved over time or the changes in the SSV-like DNA sequences are occurring in the
third position of the codons. Indeed, molecular analysis of the SSV-like DNA sequences
reveals 34 changes in the third position compared to 25 changes in the first and second
positions of the codon combined (table 6.8).

It had been previously hypothesized the genetic differences between the four
sequenced SSV isolates were due to the fact the four viruses had been isolated from each
other and had evolved independently because of functioning in different chemical

environments (Wiedenheft ez. al. 2004). My results suggest the differences in the four



313
sequenced SSV isolates is the result of a culturing bias and the large amount of viral
diversity present in thermal environments.

The SIRV-like population was monitored by sequencing the viral coat protein in
each of the three monitor sites. As opposed to the SSV-like sequences, SIRV-like coat
protein sequences were detectable in all samples (excluding one from Ragged Hills)
collected during this research. Each monitor site contained a dominant group of SIRV-
like viruses that was consistently detected for most of this research, and a few smaller
groups of viruses that appeared and disappeared over time (figures 3.22, 4.23, and 5.19).
Near the conclusion of this research, a change in the dominant SIRV-like group in Crater
Hills and Ragged Hills was detected (figures 3.22, and 5.19). These changes do not
correlate with chemical changes or changing host populations. It will be interesting to
determine whether this was a temporary or permanent change in the SIRV-like viruses,
and if over time the SIRV-like population in Rabbit Creek will undergo a similar change.

There were numerous SIRV-like groups based on DNA sequences in each
monitor site (nine in Crater Hills, eight in Ragged Hills, and five in Rabbit Creek);
however, there were only seven groups of viruses based on inferred protein sequences
(figure 6.12). The majority of SIRV-like protein sequences belonged in a large group
that was detectable in all samples collected from each monitor site during this research
(excluding the October 17, 2002 sample collected from Ragged Hills) (see figures 3.23,
4.24, and 5.20). This was the only group of SIRV-like protein sequences that was
detected in all three monitor sites over time. The remaining groups of SIRV-like protein

sequences represent viruses detected in one or two sites (figure 6.12).
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The SIRV-like populations in the three monitor sites were more diverse than the
SSV-like populations detected over time. Perhaps SIRV-like viruses are more diverse
than SSV-like viruses as part of a replication strategy. If numerous variants are
produced, the likelihood of a variant surviving in the environment will increase.

The SSV-like and SIRV-like viruses in the three monitor sites were very diverse.
Even though we continually sampled for two years from three hot springs, we did not
capture the diversity of virus sequences present in the environment. The amount of viral
diversity that was detected was astounding (figures 6.6 and 6.10). In order to fully
understand the viral populations in these hot springs, many more sequences need to be
collected and analyzed. It is difficult to predict how many more viral sequences would
need to be analyzed; it could potentially be a very large number. Over time the viral
population structures were similar in each of the monitor sites. However, because the
viruses are constantly changing, it would be very difficult to attain a complete
understanding of the viral community within one sample, or even numerous samples.
Therefore, attempting to describe a viral community over time is difficult because of the
frequent change.

In this study, we were able to detect significant changes within one month of
sampling. By studying viruses in these environments, we may begin to further
understand how they function in the natural environment. However, the two viruses
studied in this research were so dynamic that it would be difficult to achieve a complete

understanding of the total virus populations in nature.
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Implications of this research

To our knowledge, this is the first study to monitor a virus population in any
natural environment over a two year period. Until now, it had been assumed that a single
virus clade of a particular virus type would exist in an environment at any one time.
However, this research has revealed that multiple virus clades can be simultaneously
present in an environment at any one time. Moreover, this research revealed that virus
population structure for any particular virus type may change drastically over a relatively
short period of time (for example, less than 30 days).

There are two possible explanations for the considerable amount of diversity of
viruses observed within the acidic hot springs within YNP: migration and immigration of
viruses into and out of each spring or mutation within the resident virus population. The
diversity of the SSV-like and SIRV-like viruses in YNP could be attributed to migration
and immigration of these viruses between different acidic thermal features. The large
number of viral sequences detected only one time in this research suggests that the
viruses are not subject to high selection pressures in the acidic thermal environments of
YNP. In other words, there may not be an advantage of one viral clade over another viral
clade in these environments. The other plausible explanation for the diversity of viruses
within YNP is a high rate of mutation within the resident virus population. The diversity
of these viruses may be a result of the frequent change occurring in viruses (during
replication, for example). However, such rampant change has been suggested for RNA
viruses, but not for DNA viruses. It seems unlikely that mutations within the resident

virus population could be the reason for change in the dominant virus group. It is more
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probable that each monitor site is subject to migration and immigration of viruses. Both
of these models propose that there is little or no selection of viruses within these
environments.

The results of this study suggest biogeographical isolation of viruses may be
dependent on the particular virus type. The SSV-like viruses from acidic thermal areas
around the world do not appear to be biogeographically isolated. SSV-like sequences
were detected from YNP that were more similar to the SSVs from Japan and Kamchatka
than they were to other SSV-like sequences from YNP. Given a large enough sampling
size, there is no evidence for biogeographical isolation of SSVs. I would hypothesize that
repeating this research in Japan or Kamchatka would reveal similar results in the overall
population structure of SSV-like viruses. In contrast, the SIRV-like viruses may be more
subject to biogeographical isolation than are the SSV-like viruses. Even though more
SIRV-like sequences were analyzed, there were not any sequences from YNP that were
closely related to the SIRVs isolated from Iceland (figure 6.12). The different
conclusions from each virus type may be a consequence of differences in replication
cycles or differences in selection pressures on each virus.

The results of this research impact our current understanding of biodiversity. It is
likely the diversity of organisms inhabiting thermal acidic features worldwide is much
higher than previously thought. Significant diversity was detected in viral sequences
over a two year period. In fact, we were unable to sample the total diversity of either
virus as indicated by sequence abundance curves (figures 6.6 and 6.10). The large

amount of diversity in viruses may be more easily detected because of the short
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generation time of viruses compared to other organisms. Viral diversity detected in the
ocean has also been significant. Viruses in the marine environment have been detected in
numbers as high as 10® virus particles/mL seawater. Viruses may represent the dominant

sequences on the planet, both in numbers and diversity.

Summary

Throughout this research, the water chemistry of the three monitor sites was
relatively stable over time. However, the water chemistry in each site was unique. The
archaeal population slowly changed and was unique in each site, perhaps reflecting the
unique water chemistry in each monitor site. Even though the water chemistry and
dominant archaeal populations were unique in each site, the detected viral population
structures were similar. The viruses rapidly changed over time, so it would be difficult to

predict the population structure of these viruses at any particular time and place.
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CHAPTER 7

CONCLUSIONS TO QUESTIONS AND HYPOTHESIS

Question 1

Our goal was to determine whether virus populations in high temperature acidic
environments within YNP change over time. To our knowledge, this is the first time
anyone has attempted to monitor any population directly in the environment. We were
able to detect significant changes within two virus populations (SSV-like and SIRV-like
viruses) in three monitor sites over a two year period. The overall population structures
of the SSV-like viruses from the three monitor sites were similar. However, each site
demonstrated independent viral population dynamics. The SSV-like viruses were not
detected in all the monitor sites at the same times. The SIRV-like viruses were more
diverse and dynamic than the SSV-like viruses. Similar to the SSV-like viruses, identical
SIRV-like sequences were detected in all the monitor sites over time. However, these
identical sequences were not detected at the same time in each monitor site. The virus
populations changed frequently, even more so than the potential host populations. In
fact, we have determined it would be difficult to fully characterize an individual viral
population over time because of the frequent and rapid change occurring in the virus

populations.
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Question 2

A second objective of this research was to determine whether different viruses
undergo the same dynamics or whether they change independently of each other. We
discovered that change in the two virus populations is independent. The SSV-like viruses
appeared to be more structured and the same groups were found in all monitor sites over
time. The SIRV-like viruses were more diverse than the SSV-like viruses. Larger groups
of SIRV-like viruses were detected in each monitor site, but we also detected numerous
groups present in only one of the sites. Moreover, changes in one viral population did not

necessitate changes in the other viral population.

Question 3

We also investigated if there was a difference in viral populations inhabiting
different thermal acidic sites in YNP. The overall population structure of each virus in
different hot springs was not significantly different. However, even though the
population structure of both viruses over time was similar in each hot spring, the viral
population structures at individual time points were unique. Overall, there were three
major clades of SSV-like viruses detected during this research in the monitor sites.
However, all of the viral clades were not present in the monitor sites at the same times.
Like the SSV-like viruses, the SIRV-like viruses comprised numerous groups that were
common to all three monitor sites. However, the presence of the SIRV-like clades varied

widely. The overall population structures of each virus should not be used to characterize



320
a viral community over time because changes in the viral populations occurred frequently

during smaller time scale.

Question 4

Finally, we investigated whether the changes in virus populations could be
correlated to changing host populations or changing water chemistry. We determined the
virus populations in the thermal acidic environments in YNP are very dynamic.
However, those changes appear to be independent of water chemistry or host populations.
Attempts to correlate viral change with water chemistry did not produce significant
results. The water chemistry of the three monitor sites was relatively constant during this
research. The water chemistry in each monitor was unique. Surprisingly, we were able
to detect both viruses (SSV-like and SIRV-like viruses) in the three sites. Both virus
populations could change drastically even when the water chemistry did not significantly
change. Likewise, the changes in host populations could not be correlated to changes in
virus populations. Each of the monitor sites contained a unique dominant archaeal
population, which could vary over time. Regardless, we were able to amplify both
viruses from each monitor site. Even with changing dominant hosts, virus populations

were still detectable.

Hypothesis

We hypothesized that changes in viral population structures would be a sensitive

indicator of change in the environment. Through this research we determined the viral



321
populations are changing independently of the factors we measured (host populations and
water chemistry). In fact, the viruses are changing at such high rates that it would be
difficult to fully describe a virus population in the high temperature acidic sites within
YNP. Therefore, because there are drastic changes in virus populations within short
periods, they would not be sensitive indicators of change within a high temperature acidic

environment.
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Figure 3.28. The SSV-like population detected from Crater Hills over time. The
red sequences were collected in October 2002. A. DNA sequences; the ®
represents a non-functional ORF. B. Inferred protein sequences; the * represents
identical protein sequences.
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Figure 3.29. The SSV-like population detected in Crater Hills over time. The red
sequences are those collected in February 2003. A. DNA sequences; the ® represents
non-functional ORFs. B. Inferred protein sequences.
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Figure 3.30. The SSV-like sequences detected in Crater Hills over time. The
sequences from May 2003 are colored red. A. DNA sequences. B. Inferred protein
sequences. The number in parentheses indicates how many times a sequence was

detected.
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Figure 3.31. The SSV-like sequences detected in Crater Hills over time. The red
sequences represent those collected in July 2003. A. DNA sequences; the ®
represents non-functional ORFs. B. Inferred protein sequences.
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Figure 3.32. The SSV-like DNA sequences detected in Crater
Hills over time. The red sequences were detected in August 2003.
The number in parentheses represents the number of times a
particular sequence was detected. The ® represents non-functional
OREFs.
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Figure 3.33. The SSV-like protein sequences detected in Crater Hills
over time. The red sequences were collected in August 2003. The
number in parentheses represents the number of times a particular

sequence was detected.
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Figure 3.34. The SSV-like DNA sequences detected in Crater Hills
over time. The sequences in red were collected in September 2003.
The numbers in parentheses represents the number of times a
sequence was detected.
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Figure 3.35. The SSV-like protein sequences detected in Crater Hills
over time. The sequences from September 2003 are colored red. The *
represents identical sequences. The numbers in parentheses represents

the number of times a sequence was detected.
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Figure 3.36. The SSV-like DNA sequences detected in Crater Hills
over time. The sequences obtained from October 2003 are represented
by red. The ¢ represents the non-functional ORFs. The numbers in
parentheses represents the number of times a sequence was detected.
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over time. The sequences in red were detected in October 2003. The *

represents a group of identical protein sequences. The numbers in

Figure 3.37. The SSV-like protein sequences detected in Crater Hills
parentheses represents the times a sequence was detected.
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Figure 3.38. The SSV-like DNA sequences isolated from
Crater Hills monitor site from August 2002 through October
2003. This analysis was conducted with non-functional and
functional ORFs. The numbers in the parentheses represents
how many times a particular sequence was detected.
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Figure 3.39. The SIRV-like sequences collected from Crater Hills. The red
sequences are those sampled in October 2002. A. DNA sequences; B. Inferred
protein sequences; the * represents identical protein sequences.
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Figure 3.40. The SIRV-like DNA sequences collected from
Crater Hills. The red sequences were collected in January 2003.
The number in parentheses represents how many times a

sequence was detected.
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Figure 3.41. The SIRV-like protein sequences from Crater Hills.
The red sequences are those collected in January 2003. The *
represents identical protein sequences. The number in
parentheses indicates how many times a sequence was detected.
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Figure 3.42. The SIRV-like DNA sequences collected from Crater
Hills. The red samples were collected in February 2003. The
number in parentheses indicates how many times a sequence was

detected.
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Figure 3.43. The SIRV-like protein sequences from Crater Hills.
The sequences detected in February 2003 are colored red. The *
represents identical protein sequences. The numbers in parentheses
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Figure 3.44. The SIRV-like DNA sequences collected from Crater
Hills. The red sequences were detected in May 2003. The numbers in
parentheses indicates how many times a sequence was detected.
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Figure 3.45. The SIRV-like protein sequences collected in Crater
Hills. The sequences from May 2003 are colored red. The *
represents identical protein sequences. The number in parentheses
indicates how many times a sequence was detected.

— &

é

MS
gg(l’;;(zﬁMs CHMS
—§H¥§£ :
; 2
— " i3
— s
MS
—=
— s égﬁﬁg‘)
g L L
5 g

—— gﬂMg
—— cHi§ 97 —— CHMS(2) CHMS

E="™5  chus

& CHS%%E

CH3|

—— CHMB vs
s@)

3MS
MS(12)

99

——— SIRV,

élRVQ
70 gﬁggg
100
55
g(z

_____1change



357

Figure 3.46. The SIRV-like DNA sequences detected in Crater
Hills. The sequences detected in July 2003 are colored in red. The
numbers in parentheses indicates how many times a sequence was

detected.
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Figure 3.47. The SIRV-like protein sequences from Crater Hills.
The sequences collected in July 2003 are colored red. The *
represents identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 3.48. The SIRV-like DNA sequences from Crater Hills. The
samples in red were collected in August 2003. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 3.49. The SIRV-like protein sequences collected from Crater
Hills. The samples in red were collected in August 2003. The *
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Figure 3.50. The SIRV-like DNA sequences from Crater Hills. The
samples collected in September 2003 are colored red. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 3.51. The SIRV-like protein sequences from Crater Hills
over time. The samples in red represent those collected in
September 2003. The * represents the identical protein sequences.
The numbers in parentheses indicate how many times a sequence
was detected.
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Figure 3.52. The SIRV-like DNA sequences from Crater Hills. The
sequences in red were collected in October 2003. The number in
parentheses indicates how many times a sequence was detected.
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Figure 3.53. The SIRV-like protein sequences from Crater Hills.
The sequences collected in October 2003 are colored red. The *
represent sets of identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 3.54. The SIRV-like DNA sequences from Crater Hills. The
sequences collected in November 2003 are in red. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 3.55. The SIRV-like protein sequences from Crater Hills. The
sequences in red were detected in the November 2003 sample. The *
represents groups of identical sequences. The numbers in parentheses
indicates how many times a sequence was detected.
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Figure 3.56. The SIRV-like DNA sequences obtained from Crater Hills.
The sequences in red represent those collected in February 2004. The
numbers in parentheses indicate how many times a sequence is detected.
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Figure 3.57. The SIRV-like protein sequences from Crater Hills. The
sequences in red were collected in February 2004. The * represents

groups of sequences with identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 3.58. The SIRV-like DNA sequences from Crater Hills. The
sequences collected in April 2004 are indicated in red. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 3.59. The SIRV-like protein sequences from Crater Hills. The
protein sequences detected in April 2004 are colored red. The numbers

in parentheses indicate how many times a sequence was detected.
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Figure 3.60. The SIRV-like DNA sequences collected from Crater Hills. The
sequences collected in June 2004 are colored red. The numbers in
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Figure 3.61. The SIRV-like protein sequences from Crater Hills. The
sequences colored red were collected in June 2004. The * represents a
group of identical protein sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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APPENDIX B

SUPPLEMENTARY PHYLOGENETIC ANALYSES
FROM THE RABBIT CREEK MONITOR SITE
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Figure 4.29. SSV-like 3F/4R sequences collected from Rabbit Creek. The red
sequences represent those collected in October 2002. A. DNA sequences; the ®
represent non-functional ORFs. B. Inferred protein sequences; the * represents
identical protein sequences. The numbers in parentheses indicate how many times
a sequence was detected.
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Figure 4.30. SSV-like 3F/4R sequences collected from Rabbit Creek. The red
sequences represent those collected in January 2003. A. DNA sequences; the ®
represent non-functional ORFs. B. Inferred protein sequences; the * represents
identical protein sequences. The numbers in parentheses indicate how many times a

sequence was detected.
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Figure 4.31. SSV-like 3F/4R DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in August 2003.
The * represent non-functional ORFs. The numbers in parentheses
indicate how many times a sequence was detected.
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Figure 4.32. SSV-like 3F/4R protein sequences collected from Rabbit
Creek. The red sequences represent those collected in August 2003.
The * represents identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.33. SSV-like 3F/4R DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in October 2003.

The * represent non-functional ORFs. The numbers in parentheses
indicate how many times a sequence was detected.
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Figure 4.34. SSV-like 3F/4R protein sequences collected from
Rabbit Creek. The red sequences represent those collected in
October 2003. The * represents identical protein sequences. The
numbers in parentheses indicate how many times a sequence was

detected.
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Figure 4.35. SSV-like 3F/4R DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in November
2003. The ® represent non-functional ORFs. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.36. SSV-like 3F/4R protein sequences collected from
Rabbit Creek. The red sequences represent those collected in
November 2003. The * represents identical protein sequences. The
numbers in parentheses indicate how many times a sequence was

detected.
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Figure 4.37. SSV-like 3F/4R DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in January 2004.
The * represent non-functional ORFs. The numbers in parentheses
indicate how many times a sequence was detected.

98/9H RCMS8(2)
S

RCM(10) RCMS
RCMS5(2)

RCMS6
RCMS7(6)
RCMS6(12)
RCMS6

.| jrEvSs
REMS7 (6)
RCMS6

91/82

0.1 substitutions/site



383

Figure 4.38. SSV-like 3F/4R protein sequences collected from
Rabbit Creek. The red sequences represent those collected in January
2004. The * represents identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.39. The SSV-like 3F/4R DNA sequence groups detected
from July 2002 to January 2004 in Rabbit Creek. This analysis
included functional and non-functional ORFs. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.40. SIRV-like sequences collected from Rabbit Creek. The red sequences
represent those collected in October 2002. The numbers in parentheses indicate how
many times a sequence was detected. A. DNA sequences. B. Inferred protein sequences;
the * represents identical protein sequences.
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Figure 4.41. SIRV-like DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in January
2003. The numbers in parentheses indicate how many times a

sequence was detected.
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Figure 4.42. SIRV-like protein sequences collected from Rabbit
Creek. The red sequences represent those collected in January 2003.
The * represents identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.43. SIRV-like DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in May 2003.
The numbers in parentheses indicate how many times a sequence

was detected.
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Figure 4.44. SIRV-like protein sequences collected from Rabbit Creek.
The red sequences represent those collected in May 2003. The *
represents identical protein sequences. The numbers in parentheses

indicate how many times a sequence was detected.
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Figure 4.45. SIRV-like DNA sequences collected from Rabbit Creek.
The red sequences represent those collected in June 2003. The numbers
in parentheses indicate how many times a sequence was detected.
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Figure 4.46. SIRV-like protein sequences collected from Rabbit
Creek. The red sequences represent those collected in June 2003.
The * represents identical protein sequences. The numbers in

parentheses indicate how many times a sequence was detected.
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Figure 4.47. SIRV-like DNA sequences collected from Rabbit Creek.
The red sequences represent those collected in July 2003. The numbers
in parentheses indicate how many times a sequence was detected.
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The red sequences represent those collected in July 2003. The *
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Figure 4.49. SIRV-like DNA sequences collected from Rabbit Creek.
The red sequences represent those collected in August 2003. The
numbers in parentheses indicate how many times a sequence was

detected.
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Figure 4.50. SIRV-like protein sequences collected from Rabbit
Creek. The red sequences represent those collected in August 2003.
The * represents identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.51. SIRV-like DNA sequences collected from Rabbit Creek.
The red sequences represent those collected in October 2003. The
numbers in parentheses indicate how many times a sequence was
detected.
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Figure 4.52. SIRV-like protein sequences collected from Rabbit
Creek. The red sequences represent those collected in October 2003.
The * represents identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.53. SIRV-like DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in November
2003. The numbers in parentheses indicate how many times a
sequence was detected.
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Figure 4.54. SIRV-like protein sequences collected from Rabbit
Creek. The red sequences represent those collected in November
2003. The * represents identical protein sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 4.55. SIRV-like DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in January
2004. The numbers in parentheses indicate how many times a
sequence was detected.
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Figure 4.56. SIRV-like protein sequences collected from Rabbit Creek.

The red sequences represent those collected in January 2004. The
numbers in parentheses indicate how many times a sequence was

detected.
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Figure 4.57. SIRV-like DNA sequences collected from Rabbit
Creek. The red sequences represent those collected in March 2004.
The numbers in parentheses indicate how many times a sequence was
detected.
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Figure 4.58. SIRV-like protein sequences collected from Rabbit
Creek. The red sequences represent those collected in March
2004. The * represents identical protein sequences. The numbers
in parentheses indicate how many times a sequence was detected.
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Figure 4.59. SIRV-like coat protein DNA sequences collected from
Rabbit Creek. The red sequences represent those collected in June
2004. The numbers in parentheses indicate how many times a
sequence was detected.
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Figure 4.60. SIRV-like protein sequences collected from Rabbit Creek.
The red sequences represent those collected in June 2004. The *
represents identical protein sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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APPENDIX C

SUPPLEMENTARY PHYLOGENTIC ANALYSES
FROM THE RAGGED HILLS MONITOR SITE
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Figure 5.25. SSV-like 3F/4R sequences from Ragged Hills. The red sequences
represent those collected in November 2002. The numbers in parentheses indicate how
many times a sequence was detected. A. DNA sequences; the ® represents non-
functional ORFs. B. Inferred protein sequences; the * represents identical sequences.
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Figure 5.26. SSV-like 7F/8R sequences from Ragged Hills. The red sequences
represent those collected in November 2002. The numbers in parentheses
indicate how many times a sequence was detected. A. DNA sequences. B.

Inferred protein sequences.
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Figure 5.27. SSV-like 3F/4R DNA sequences from Ragged Hills. The
red sequences represent those collected in February 2003. The numbers
in parentheses indicate how many times a sequence was detected.
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Figure 5.28. SSV-like 3F/4R protein sequences from Ragged
Hills. The red sequences represent those collected in February
2003. The * represents identical sequences. The numbers in

parentheses indicate how many times a sequence was detected.
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Figure 5.29. SSV-like 3F/4R DNA sequences from Ragged Hills.
The red sequences represent those collected in April 2003. The
numbers in parentheses indicate how many times a sequence was
detected. The ® represents a non-functional ORF.
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Figure 5.30. SSV-like 3F/4R protein sequences from Ragged

412

Hills. The red sequences represent those collected in April 2003.
The * represents identical sequences. The numbers in

parentheses indicate how many times a sequence was detected.
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Figure 5.31. SSV-like 3F/4R DNA sequences from Ragged Hills.
The red sequences represent those collected on May 6, 2003. The
numbers in parentheses indicate how many times a sequence was
detected. The ® represents a non-functional ORF.
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Figure 5.32. SSV-like 3F/4R protein sequences from Ragged Hills.
The red sequences represent those collected on May 6, 2003. The *
represents identical sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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Figure 5.33. SSV-like 3F/4R DNA sequences from Ragged Hills.
The red sequences represent those collected in November 2003. The
numbers in parentheses indicate how many times a sequence was
detected. The ® represents a non-functional ORF.
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Figure 5.34. SSV-like 3F/4R protein sequences from Ragged
Hills. The red sequences represent those collected in November
2003. The * represents identical sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.35. SSV-like 3F/4R DNA sequences from Ragged Hills. The
different colors represent different groups of viruses detected over time.
This analysis was conducted with both functional and non-functional
ORFs. The numbers in parentheses indicate how many times a sequence
was detected.
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Figure 5.36. SIRV-like DNA sequences from Ragged Hills. The red represents
sequences collected in November 2002. A. DNA sequences. B. Inferred protein
sequences; the * represents identical protein sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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Figure 5.37. SIRV-like DNA sequences from Ragged Hills. The red
represents the sequences collected in February 2003. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.38. SIRV-like protein sequences from Ragged Hills. The
red sequences represent those collected in February 2003. The
numbers in parentheses indicate how many times a sequence was
detected.
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Figure 5.39. SIRV-like DNA sequences from Ragged Hills. The
red sequences represent those collected in April 2003. The numbers
in parentheses indicate how many times a sequence was detected.
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Figure 5.40. SIRV-like protein sequences from Ragged Hills.
The red sequences represent those collected in April 2003.
The * represents identical sequences. The numbers in
parentheses indicate how many times a sequence was

detected.
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Figure 5.41. SIRV-like DNA sequences from Ragged Hills. The red
sequences represent those collected on May 6, 2003. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.42. SIRV-like protein sequences from Ragged Hills.
The red sequences represent those collected on May 6, 2003.
The * represents identical sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.43. SIRV-like DNA sequences from Ragged Hills. The red
sequences represent those collected on May 13, 2003. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.44. SIRV-like protein sequences from Ragged Hills. The red
sequences represent those collected on May 13, 2003. The * represents
identical sequences. The numbers in parentheses indicate how many
times a sequence was detected.

F{Hl\/@éwls3
MI%};MSG»

RHMS2

!

NI GO0,

N

g(n
e

T
TINE=1IN
GG

U

RAMIS3(2) 222
RHMS3

? 9)

{3

i

=N
0 A UNNTNIDLE

)L LGX00 G0 G0 G

RHMS1§2
561 RHMS3(2

—RAMS1(2)
[—RHMS3

78— SIRV1
L SIRV2

1
Plaza(gi)

93

200030000
TTIITITT

69 MS1

73

@
=)
EyEvEy)
ITT
I

R

61| RH

88— Rk )

62
RH Plaza RHMS1

64 Plaza

)( )

I-0In:

R

T
I
=N

Z

e

85 HMS1

RHMS1 RHMS1
——=—RHMS1

1 change _PlazaRHMS1




427

Figure 5.45. SIRV-like protein DNA from Ragged Hills. The red
sequences represent those collected in June 2003. The numbers in

parentheses indicate how many times a sequence was detected.

RH(33) 100100
r——1

i

i)

r a
o

0.01 substitutions/site

—RHMS1

i )
il
e ey
A,

i

——RHMS1



428

Figure 5.46. SIRV-like protein sequences from Ragged Hills. The
red sequences represent those collected in June 2003. The *
represents identical sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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Figure 5.47. SIRV-like DNA sequences from Ragged Hills. The red
sequences represent those collected in July 2003. The numbers in

parentheses indicate how many times a sequence was detected.
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Figure 5.48. SIRV-like protein sequences from Ragged Hills. The
red sequences represent those collected in July 2003. The *
represents identical sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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Figure 5.49. SIRV-like DNA sequences from Ragged Hills. The red
sequences represent those collected on August 4, 2003. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.50. SIRV-like protein sequences from Ragged Hills. The red
sequences represent those collected on August 4, 2003. The * represents
identical sequences. The numbers in parentheses indicate how many
times a sequence was detected.
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Figure 5.51. SIRV-like DNA sequences from Ragged Hills. The red
sequences represent those collected on August 26, 2003. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.52. SIRV-like protein sequences from Ragged Hills. The
red sequences represent those collected on August 26, 2003. The *
represents identical sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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Figure 5.53. SIRV-like DNA sequences from Ragged Hills. The
red sequences represent those collected in October 2003. The
numbers in parentheses indicate how many times a sequence was
detected.
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Figure 5.54. SIRV-like protein sequences from Ragged Hills.
The red sequences represent those collected in October 2003.

The * represents identical sequences. The numbers in

parentheses indicate how many times a sequence was detected.
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Figure 5.55. SIRV-like DNA sequences from Ragged Hills. The
red sequences represent those collected in November 2003. The
numbers in parentheses indicate how many times a sequence was
detected.

aaaaa 100/100

1007100

100/100)

99/98

79/94

99/100

62/71

99/100

69/98

90/100}




438

Figure 5.56. SIRV-like protein sequences from Ragged Hills.
The red sequences represent those collected in November 2003.
The * represents identical sequences. The numbers in
parentheses indicate how many times a sequence was detected.
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Figure 5.57. SIRV-like DNA sequences from Ragged Hills. The
red sequences represent those collected in April 2004. The
numbers in parentheses indicate how many times a sequence was
detected.
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Figure 5.58. SIRV-like protein sequences from Ragged
Hills. The red sequences represent those collected in April
2004. The * represents identical sequences. The numbers
in parentheses indicate how many times a sequence was
detected.
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Figure 5.59. SIRV-like DNA sequences from Ragged Hills. The
red sequences represent those collected in June 2004. The numbers
in parentheses indicate how many times a sequence was detected.
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Figure 5.60. SIRV-like protein sequences from Ragged Hills.
The red sequences represent those collected in June 2004. The *
represents identical sequences. The numbers in parentheses
indicate how many times a sequence was detected.
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